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ABSTRACT

Mycobacterium abscessus causes pulmonary infections in patients with impaired lung function. In
particular, the prevalence of lung disease caused by M. abscessus is increasing among patients
with cystic fibrosis. M. abscessus is a multidrug resistant opportunistic pathogen that is notoriously
difficult to treat due to a paucity of efficacious therapeutic regimens. M. abscessus is clinically
resistant to the front-line tuberculosis regimen of isoniazid, rifampicin, pyrazinamide, and
ethambutol, which achieves cure rates of 90% or greater for drug-sensitive M. tuberculosis.
Currently, there are no standard regimens for M. abscessus, and treatment guidelines are based
empirically on drug susceptibility testing with cure rates of 50% or less. Thus, novel antibiotics

are required.

In Chapter 2, we developed and validated a robust 96-well format assay using an engineered strain
of M. abscessus ATCC 19977 with constitutive luminescence. We then screened a library of 517
natural products purified from fermentations of bacteria/myxobacteria, fungi, and plants.
Lysobactin and sorangicin A were the most promising hits and showed activity against all

subspecies in the M. abscessus complex as well as drug resistant clinical isolates.

In Chapter 3, we identified epetraborole as a potent inhibitor of the leucyl-tRNA synthetase
(LeuRS) in M. abscessus. Epetraborole provided protection to zebrafish embryos from lethal M.
abscessus infection and decreased the M. abscessus burden in a mouse model. We mapped
epetraborole resistance to the editing domain with the LeuRSP**! substitution, which prevents
epetraborole from binding but enables non-cognate aminoacylation with norvaline. This translated
into the incorporation of norvaline across the proteome and loss of cell viability in LeuRSP4+3¢H A7,
abscessus mutants when challenged with norvaline. From these data, the adjuvant nature of
norvaline with epetraborole was explored, which resulted in decreased epetraborole resistance in

vitro and improved epetraborole efficacy in vivo.

In Chapter 4, spontaneous M. abscessus mutants resistant to both epetraborole and norvaline were
raised and further characterized. We excluded modified hydrophobicity of the membrane and

increased efflux activity as mechanisms for norvaline resistance in the editing-deficient mutants.



Whole-genome sequencing mapped norvaline resistance to the allosteric binding site for leucine
in a-isopropylmalate synthase (a-IPMS) with the a-IPMS#3%5V substitution. a-IPMS is an enzyme
in the biosynthetic pathway for leucine with negative feedback regulation. We measured increased

leucine production from the a-IPMSA3%Y

mutants that rescued growth when challenged with
norvaline. We showed using whole cell assays that leucine can act as a competitive inhibitor to
norvaline which prevents norvaline incorporation across the proteome and therefore, increases the

viability of the mutant.

Overall, these findings support a M. abscessus-centric approach for drug discovery and how
current drug discovery efforts can be improved through creative approaches with adjuvant-like
molecules. However, the data also act as a stark reminder of the antimicrobial resistant nature of
M. abscessus and highlight the need for increased population of the M. abscessus drug pipeline.
These observations make important contributions to the field of drug discovery and antimicrobial

resistance for M. abscessus.



RESUME
Mycobacterium abscessus provoque des infections pulmonaires chez les patients dont la fonction
pulmonaire est altérée. En particulier, la prévalence des maladies pulmonaires causées par M.
abscessus augmente chez les patients atteints de mucoviscidose. M. abscessus est un agent
pathogeéne opportuniste multirésistant qui est difficile a traiter en raison du manque de schémas
thérapeutiques efficaces. M. abscessus est cliniquement résistant au traitement antituberculeux de
premicre intention a base d'isoniazide, de rifampicine, de pyrazinamide et d'éthambutol, qui permet
d'obtenir des taux de guérison de 90 % ou plus pour M. tuberculosis sensible aux médicaments.
Actuellement, il n'y a pas de schémas thérapeutiques standard pour M. abscessus, et les directives
de traitement sont basées empiriquement sur des tests de sensibilit¢ aux médicaments avec des

taux de guérison de 50% ou moins. Ainsi, de nouveaux antibiotiques sont nécessaires.

Dans le chapitre 2, nous avons développé et validé un test de format robuste a 96 puits a l'aide
d'une souche modifié¢e de M. abscessus ATCC 19977 avec luminescence constitutive. Nous avons
ensuite criblé une bibliothéque de 517 produits naturels purifiés a partir de fermentations de
bactéries et de plantes. La lysobactin et la sorangicin A étaient les résultats les plus prometteurs et
ont montré une activité contre toutes les sous-espéces du complexe M. abscessus ainsi que contre

les isolats cliniques résistants aux médicaments.

Au chapitre 3, nous avons identifi¢ l'epetraborole comme un inhibiteur de la leucyl-ARNt
synthétase (LeuRS) chez M. abscessus. L'epetraborole a fourni une protection aux embryons de
poisson zebre contre l'infection mortelle & M. abscessus et a diminué la charge de M. abscessus
dans un modele murin. Nous avons cartographié la résistance a I'epetraborole au domaine d'édition
avec la substitution LeuRSP#®H qui empéche l'epetraborole de se lier mais permet une
aminoacylation avec norvaline. Cela s'est traduit par l'incorporation de norvaline a travers le
protéome et la perte de viabilité cellulaire chez les mutants LeuRSP*#! M. abscessus lorsqu'ils
sont confrontés a la norvaline. A partir de ces données, la nature adjuvante de la norvaline avec
l'epetraborole a été explorée, ce qui a diminué la résistance a l'epetraborole en vitro et amélioré

l'efficacité de l'epetraborole en vivo.



Dans le chapitre 4, des mutants spontanés de M. abscessus résistants a l'epetraborole et a la
norvaline ont été¢ élevés et caractérisés. Nous avons exclu 1'hydrophobicité modifiée de la
membrane et 'augmentation de I'activité d'efflux comme mécanismes de résistance a la norvaline
chez les mutants déficients en édition. Le séquengage du génome entier a cartographié la résistance
de la norvaline au site de liaison allostérique de la leucine dans a-isopropylmalate synthase (o-
IPMS) avec la substitution A555V. a-IPMS est une enzyme biosynthétique de la leucine avec une
régulation par rétroaction négative. Nous avons mesuré l'augmentation de la production de leucine
a partir des mutants a-IPMS*5°V qui ont sauvé la croissance lorsqu'ils ont été confrontés a la
norvaline. Nous avons montré a 1'aide d'essais sur cellules enticres que la leucine peut agir comme
un inhibiteur compétitif de la norvaline, ce qui empéche l'incorporation de la norvaline a travers le

protéome et, par conséquent, augmente la viabilité du mutant.

Ces résultats soutiennent une approche centrée sur M. abscessus pour la découverte de
médicaments et comment les efforts actuels de découverte de médicaments peuvent étre améliorés
avec des molécules de type adjuvant. Cependant, les données agissent également comme un rappel
de la nature résistante aux antimicrobiens de M. abscessus et soulignent la nécessité d'augmenter
la population du pipeline de médicaments de M. abscessus. Ces observations apportent des
contributions importantes au domaine de la découverte de médicaments et de la résistance

antimicrobienne pour M. abscessus.
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CHAPTER 1

Literature Review & Research Objectives

1.1 MYCOBACTERIA

Mycobacteria are a diverse group of bacteria most known for causing tuberculous diseases from
species belonging to the Mycobacterium tuberculosis complex (MTBC). However, there are non-
tuberculous mycobacteria (NTM) that cause non-tuberculous disease. Unlike the MTBC which
includes 13 species, NTM make up the largest diversity in the Mycobacterium genus with nearly
200 species identified by modern molecular techniques like 16S rRNA-sequencing and whole-

genome sequencing (WGS) that have supplanted traditional semi-quantitative biochemical testing

(FIGURE 1.1).!2

1.1.1 Mycobacterium tuberculosis Complex

The MTBC is a group of clonally related (99.9% nucleotide identity) lineages that are pathogenic
to a variety of mammalian hosts. The ancestral root of the MTBC is believed to be the smooth
tubercle bacillus M. canettii (97.3% nucleotide identity), which is a facultative pathogen with an
environmental reservoir according to epidemiological evidence.> The MTBC are grouped into
seven human-adapted lineages and several animal-adapted lineages. Human-adapted lineages
include M. tuberculosis sensu strictu Lineages 1-4, Lineage 7, and M. africanum Lineages 5 and
6. These lineages have distinct geographical patterns where Lineage 7 is exclusively in Ethiopia
and Lineages 5 and 6 are restricted to West Africa, Lineages 1 and 3 show an intermediate
distribution in Oceania and Central Asia while Lineages 2 (East Asian) and 4 (Euro-American) are

distributed globally.*¢

Animal-adapted lineages are defined as not completing infection-transmission cycles in humans.*’
Such species include M. bovis, M. orygis, M. microti, M. caprae, M. pinnipedii, M. mungi, M.
suricattae, and the dassie bacillus; these have been found in a variety of animals like cattle, voles,
shrews, goats, seals, mongooses, meerkats and hyraxes.>® There is significant concern regarding

bovine tuberculosis (TB) for agricultural purposes but also as a proxy for measuring zoonotic



tuberculosis (zTB) in human populations. The goal of the World Health Organization (WHO) is
to reduce the incidence of TB by 90% by the year 2035.° As such, the estimated 143 000 cases of
human TB due to zZTB would need to be reduced.! However, the definition of zTB as human
infection with M. bovis was recently challenged and shown to be inadequate. In fact, in India, the
country with the highest population of cattle, M. orygis was more frequently recovered than M.
bovis from patients suspected of having TB.!! These results urged the WHO to modify their

definition of ZTB to gain a more accurate estimate of zZTB.

1.1.2 Mycobacterium leprae

M. leprae is unique among the species of mycobacteria as it is neither classified as a member of
the MTBC nor as an NTM.2 M. leprae is the causative agent of leprosy, or Hansen’s disease, one
of the oldest recorded diseases and is characterized by its unusually slow doubling time. In fact,
the M. leprae bacillus cannot be cultured under standard laboratory conditions and requires culture
in the footpad of the naturally infected nine-banded armadillo as a surrogate host where it
undergoes a doubling time of 14 days.!?!3 Until the recent discovery of a methanotrophic species
of mycobacteria from a biofilm with a pH of 1 in a volcanic cave that has a doubling time of 150-
200 days, M. leprae had the longest doubling time of all known mycobacteria, which could be
explained by the loss of genomic content in the genome of M. leprae (3.27 Mb) compared to M.
tuberculosis (4.41 Mb).!»!* The loss of genes and abundance of pseudogenes with intact
counterparts in M. tuberculosis has been hypothesized to result in impaired metabolic pathways

and reliance on the host metabolism for growth as an obligate intracellular parasite.!>!1>

1.1.3 Nontuberculous Mycobacteria

Other than the MTBC and M. leprae, all other mycobacteria are classified as NTM.! NTM are
environmental bacteria that present as opportunistic pathogens incapable of host-to-host
transmission. This contrasts to the MTBC that do not have an environmental reservoir and are
transmitted exclusively between hosts as professional pathogens. In the pre-molecular era, Runyon
classified NTM into four groups based on two attributes.!® First, NTM are divided into slowly
growing (SGM) and rapidly growing mycobacteria (RGM), the latter defined by whether colonies
are formed before or after 7 days on solid media. Second, the SGM can be further described

according to their pigmentation. Group 1 SGM are photochromogenic and become pigmented



when exposed to light, group 2 are scotochromogenic and are always pigmented, and group 3 are

never or weakly pigmented.'® Group 4 includes the RGM.

With the advent of molecular typing techniques, the number of validated Mycobacterium species
quadrupled from 15 in the 1980’s to 61 by the late 1990’s. This was largely attributed to the
seminal work by Carl Woese who first demonstrated the utility of phylogenetic analyses using the
16S rRNA gene."!7 Although 16S rRNA phylogenetics provides speciation across NTM, many
NTM share nearly identical 16S rRNA sequences. Therefore, a shift from ribosomal genes to more
rapidly evolving housekeeping genes like /sp65, encoding the 65-kDa heat shock protein is
required for species discrimination. This is pertinent in hospital clinical microbiology and research

laboratories where accurate speciation is required for diagnosis or culture work.

Now with WGS routinely available, over 200 species of NTM have been described. Although the
majority are saprophytic, soil and water-dwelling bacteria, some species are known to cause

disease in hosts ranging from humans to fish or have relevance for research purposes.!8

The SGM Mycobacterium avium complex (MAC) is comprised of 12 species with certain species,
such as M. avium more clinically relevant than others.!” M. intracellulare is isolated from patients
with pulmonary disease; and M. chimaera was recently found to be the agent responsible of a
global outbreak of prosthetic valve endocarditis infections from contaminated heater-cooler units
during cardiac surgery.?®-2> Within M. avium, there are subspecies with different reservoirs and
pathogenicity. M. avium subsp. avium causes avian TB; M. avium subsp. paratuberculosis is the
causative agent of Johne’s disease in cattle and may have a link to Crohn’s disease; M. avium
subsp. hominissuis is prevalent in the cystic fibrosis (CF) community and was the cause of

disseminated M. avium infections in patients with AIDS during the 1990s epidemic.

M. marinum is another SGM that causes tuberculous-like infections in aquatic animals and skin
lesions in humans that have a close contact history of handling fish.2 M. marinum is also used
known as a model organism for studying host-pathogen interactions in the zebrafish (Danio rerio)
model of TB.2* Zebrafish are naturally susceptible to M. marinum infection and amenable to

genetic perturbations. Additionally, zebrafish embryos are translucent making them suitable for



microscopy. Because they lack an adaptive immune system, they are used to study the early

immune response following mycobacterial infection.?>-2

M. marinum and M. ulcerans are genetically similar yet distinct in the diseases they cause and their
epidemiology.! M. ulcerans is the causative agent of Buruli ulcer and is endemic to Western and
Central Africa and regions in Australia.?®* Despite its genomic reduction of nearly 1 Mb of
genomic material, one key feature that makes M. ulcerans unique in the Mycobacterium genus is
the production of a plasmid encoded toxin.! This polyketide mycolactone molecule is thought to

have immunosuppressive activity and to be instrumental in its pathogenesis.*

M. kansasii is an opportunistic pathogen that can cause lung disease in some immunocompromised
individuals or people with underlying conditions like chronic obstructive pulmonary disease and
silicosis.*!3? Like M. marinum, recent literature on M. kansasii suggests its utility as a research
tool to study the stepwise evolution of M. tuberculosis. Phylogenetic analyses of horizontal gene
transfer (HGT) events predicted M. kansasii to be the nearest neighbour to the MTBC.3? This study
hypothesized that the M. kansasii-MTBC common ancestor acquired genes through HGT to
become a more virulent, professional pathogen as opposed to an opportunistic pathogen. With the
M. kansasii whole-genome sequenced, it was shown that the heterologous production of 1-
tuberculosinyladenosine (1-TbAd) in M. kansasii from the M. tuberculosis operon resulted in an

increased virulent phenotype in macrophages and mice.>*3°

Of the clinically relevant RGM, M. abscessus is the most formidable. M. abscessus is second to
MAC in frequency of clinical isolates but causes notoriously difficult-to-treat pulmonary
infections in patients with CF and skin and soft tissue infections (SSTI) .36 M. abscessus is one of
the most antimicrobial resistant mycobacteria and is recalcitrant to the frontline antimicrobials
used for M. tuberculosis infections.’”-*® This has sparked interest for new drug discovery efforts
not only from an unmet clinical need but also from a basic science perspective, to uncover new
mechanisms of antimicrobial resistance. Phylogenetic analyses cluster M. abscessus near the
outgroup of the Mycobacterium tree which has generated debate as to whether it should be
classified under its own genus. In fact, it was recently proposed to revise the Mycobacterium genus

to better reflect the genetic and biological diversity (Mycobacterium, Mycolicibacterium,



Mpycolicibacter, Mycolicibacillus, and Mycobacteroides) where M. abscessus is the sole bacterium
in the genus Mycobacteroides.>® However, traditional NCBI nomenclature using Mycobacterium

has maintained its dominance.

M. smegmatis may not be clinically relevant but it has become established as one of the most well-
known names in the Mycobacterium genus. M. smegmatis is the model organism in mycobacteria
research as Escherichia coli (E. coli) is to the Gram positive/negative world.*>*! Features that
make M. smegmatis an attractive model to study M. tuberculosis include: 1) growth rate (3 hour
doubling for M. smegmatis vs 18-24 hour doubling for M. tuberculosis), 2) biosafety level (BSL1-
2 depending on the country for M. smegmatis vs BSL-3 for M. tuberculosis which requires a
dedicated facility and staff), 3) genetic tractability and protocols available for M. smegmatis.
Nevertheless, as with all model systems, data obtained using M. smegmatis must be interpreted
with caution and the translation of knowledge onto M. tuberculosis is not straightforward nor

guaranteed.

1.2 MYCOBACTERIUM ABSCESSUS COMPLEX
1.2.1 Brief History

M. abscessus is the most commonly encountered pathogenic RGM in clinical medicine where it
causes pulmonary and extrapulmonary disease.’® M. abscessus was first isolated in 1953 from a
knee abscess after a traumatic knee injury.** The abscess-like lesions and tuberculoid structure
earned it a new species, Mycobacterium abscessus. Then in 1972, M. abscessus lost its designation
as a separate taxon when a consortium of investigators proposed that M. abscessus and M. chelonae
be merged into a complex, the M. chelonae complex, based on a series of semi-quantitative clinical
tests.*> However, DNA hybridization experiments in 1986 and 1992 showed different annealing

patterns and thus restored the status of Mycobacterium abscessus.***

Recent phylogenetic analyses from WGS show M. abscessus as a distinct clade in the
Mycobacterium genus.>**3°46 This has fueled debate as to whether M. abscessus should be in its
own genus—most notably with the recent NCBI nomenclature amendment with Mycobacteroides
abscessus.>® Nevertheless, this species can be further classified into three subspecies: M. abscessus

subsp. abscessus, M. abscessus subsp. massiliense, and M. abscessus subsp. bolletii to create the



M. abscessus complex (MABSC).2#-3% Unlike the clonal MTBC, M. abscessus displays a high
degree of genotypic heterogeneity among the MABSC, which could be explained by its

environmental reservoirs as opposed to the host-associated MTBC.>!

1.2.2 Disease Epidemiology

The prevalence of pulmonary NTM infections is increasing worldwide with an estimated NTM
disease prevalence of 1.8/100,000 in 1987 and 5 to 10/100,000 between 2006 and 2012.5%5
However, formal epidemiological evaluation of this apparent increase in NTM prevalence had
been missing until 2013 with recent updates in 2022.>*3% Defining the epidemiology of pulmonary
NTM disease is more challenging than with M. tuberculosis for several reasons. 1) NTM infections
are thought to be acquired from their environmental soil and water sources rather than transmitted
from person-to-person as is the case with M. tuberculosis.>*>® Studies have identified NTM from
swimming pools, hot tubs, and hot water tanks heated above 130 °F. MAC was found in nearly
one third of showerheads sampled in the United States with matched isolate pairs to patient
respiratory cultures, suggesting household acquisition.>” 2) Due to their ubiquitous presence in soil
and municipal water systems, exposure to NTM is likely common. Therefore, the presence of NTM
in respiratory secretions may be from transient or asymptomatic colonization and might not
necessarily indicate NTM pulmonary disease.>* 3) Public health authorities in most countries do
not require reporting of NTM disease unlike the global surveillance networks for M.

tuberculosis.>*8

Indeed, the reporting of NTM pulmonary disease can vary based on the geographic region. One
study from Ontario, Canada reported an NTM isolation prevalence of 9.1-14.1/100,000 from 1997-
2003 while during a similar time period the prevalence of NTM isolation was 0.9-2.9/100,000 in
regions of the United Kingdom.>*®? These studies reflect the diversity in people colonized with

NTM but do not shed light on NTM pulmonary disease.

NTM disease prevalence has been estimated across the globe. Taiwan and Australia reported a
prevalence of 1.3-7.9/100,000 from 2000-2008 and 2.2-3.3/100,000 from 1999-2005,
respectively.®1:%? Data from the United States is also available with NTM disease prevalence of

8.6/100,000 from 2005-2006 in Oregon, 4.1/100,000 from 2000-2008 in California, 5.5/100,000



from 2004-2006 in a multi-region study of California, Colorado, Pennsylvania, and Washington,
and 47/100,00 from 1997-2007 across the United States (study population was limited to patients
> 65 years 0ld).0%-66 NTM disease prevalence is variable across geographic regions but is
increased in elderly populations. From 2008-2013 in the United States, one study reported the
highest prevalence of NTM cases in the 80+ year age group, followed by the 50-80 year age group
and 0-49 year age group.®’

Globally, the prevalence of MABSC pulmonary infections is second to MAC pulmonary
infections. However, the distribution of MABSC can vary across countries. In the United states,
up to 13% of mycobacterial pulmonary infections are caused by MABSC while in Taiwan it can
be as high as 17.2%.%® Other studies reported up to 16% of NTM isolates were MABSC in Asia,
12% in Oceania, 5.7% in South America, 3.2% in North America and 2.9% in Europe.®’° Of the
three subspecies in MABSC, M. abscessus subsp. abscessus is most commonly isolated, followed
by M. abscessus subsp. massiliense. M. abscessus subsp. bolletii is rarely isolated (< 5% of all
MABSC isolates) except for regions in France and the Netherlands where it can be found in up to

18% of MABSC isolates.’!-72

Like MAC, household water sources could be reservoirs for MABSC infections. MABSC was
shown to resist levels of chlorine typically used in water treatment facilities.”>’* MABSC is also
resistant to organic-mercurial disinfectants with its mercury-metabolising plasmid and alkaline

glutaraldehyde disinfectants, possibly from the formation of biofilms.%7%:76

1.2.3 Clinical Aspects

NTM are ubiquitous in the environment with ecological niches of soil, and natural and engineered
water supplies. Yet, relative to their abundance, NTM disease is uncommon. Therefore, it is
unclear whether exposure is sufficient to cause disease. Specifically, M. abscessus is known to
cause pulmonary, skin and soft tissue, and ocular infections.”””’”® The most common clinical
presentation of MABSC infections is pulmonary disease in patients with CF, chronic lung disease,
or undergoing lung transplantation.’® Although MAC is known to be the most frequently isolated

NTM from patients with CF, M. abscessus is becoming more common in some CF centres.” 52



Unlike MAC that has a higher prevalence in patients over 25 years of age, M. abscessus causes

infections in all age groups.®?

CF is an autosomal recessive multiorgan disorder characterized by a dysfunctional CF
transmembrane conductance regulator (CFTR).®* CFTR functions to transport chloride and
bicarbonate ions across the apical surface of epithelia. In the lungs, chloride ions function to create
an electrochemical gradient for sodium ion transport, followed by hydration of the mucosal surface
powered by the sodium-water osmotic gradient, which is essential for proper ciliary function and
antimicrobial activity. Defects in CFTR, including the AF508 mutation, among others, create a
dehydrated airway surface which leads to mucopurulent secretions, impaired mucociliary

clearance, and chronic infections.?*%

The importance of CFTR for M. abscessus infection has previously been explored in the context
of zebrafish infections.®¢ Like M. marinum, the zebrafish model has been adapted for M. abscessus
host-pathogen interactions.?”-%¢ Larvae with knocked down CFTR showed decreased survival with
enhanced proliferation and dissemination of M. abscessus. Although infections in CF patients are
largely thought to be the result of impaired mucociliary clearance, the zebrafish evidence suggests
a role for CFTR in reactive oxygen species (ROS) production to modulate bactericidal functions
in macrophages and proper granuloma formation for M. abscessus while having no effect on

infection by other NTM like M. marinum or M. smegmatis.3®

Many CF patients undergo therapy with small molecule drugs termed CFTR modulators.®> CFTR
modulators can either improve the function of CFTR previously localized at the cell surface or
assist in trafficking CFTR to the cell surface.®® Potentiators and correctors, respectively, are
powerful tools in the treatment of CF disease. However, one of the most common correctors,
ivacaftor, is a substrate for the drug detoxifying enzyme cytochrome P450 3A4 (CYP3A4).* This
poses challenges for M. abscessus drug discovery efforts, for example, new data suggests that
clinically inactive rifampicin could be replaced with rifabutin for the treatment of M. abscessus,

however rifamycins are known to be inducers of CYP3A4.909!



1.2.4 Diagnostics

Diagnosing pulmonary M. abscessus disease is not trivial. Isolating M. abscessus from nonsterile
sites like sputum does not automatically indicate disease. Pulmonary M. abscessus disease is
diagnosed with evidence from clinical symptoms, radiographic findings, and isolation of M.
abscessus from multiple specimens. Many of the symptoms of pulmonary NTM disease are similar
to pulmonary M. tuberculosis infection, which can often lead to a mistaken diagnosis of TB.”? In
fact, NTM pulmonary disease is often mistaken as multidrug-resistant tuberculosis (MDR-TB) in

TB-endemic areas and leads to the erroneous treatment of MDR-TB.5%%3

1) M. abscessus pulmonary disease is often associated with cough, sputum production, hemoptysis,
and dyspnea, and patients can experience weight loss and fever.”? 2) Chest radiographs and
computed tomography can reveal any lung cavities. 3) M. abscessus must be isolated from at least
two separate sputum samples or one bronchial lavage. If all 3 criteria are met, the pulmonary isolate
is sent for identification using 16S rRNA sequencing to distinguish MTBC vs NTM. This is
followed by another molecular typing method like 4sp65 sequencing to differentiate M. abscessus
from the closely related M. chelonae and determine the subspecies (abscessus, massiliense,

bolletii).

Once the subspecies of M. abscessus is identified, the isolate is sent for drug susceptibility testing
(DST) using the Clinical and Laboratory Standards Institute (CLSI) guidelines. RGM undergo

DST using the microbroth dilution technique.”*

1.2.5 Treatment

M. abscessus is known to cause pulmonary disease and SSTI, however, only guidelines for
pulmonary disease are available. The British and American Thoracic Societies and the Canadian
Tuberculosis Standards created overlapping recommendations where the biggest contrasts are with
the exact number of antibiotics and length of duration.”>?>¢ The US Cystic Fibrosis Foundation
and European Cystic Fibrosis Society have consensus recommendations for the management of
pulmonary M. abscessus infections for patients with CF.3! Because the treatment benefit/risk ratio

for M. abscessus is poorer than for M. tuberculosis, treatment is performed on an individual case-



by-case basis.””> The treatment of M. abscessus is difficult with its notoriously drug resistant

phenotypes. M. abscessus is intrinsically resistant to most antitubercular agents used to treat TB.

The treatment for M. abscessus pulmonary disease is a long and arduous multi-drug regimen with
a combination of oral and parenteral agents. Treatment regimens are designed around a macrolide
backbone due to the potent activity measured in vitro. Although no studies have compared
macrolide-containing versus macrolide-deficient regimens, numerous studies compared treatment
outcomes in patients with M. abscessus subsp. abscessus or massiliense infections. Culture
conversion ranged between 25-42% for M. abscessus subsp. abscessus and 50-96% for
massiliense.”” The difference in culture conversion and positive outcome was attributed to the
presence of inducible macrolide resistance in M. abscessus subsp. abscessus that is missing in M.
abscessus subsp. massiliense.’” The culture conversion differences underscore the benefit of

macrolides in M. abscessus pulmonary disease management and identifying the correct subspecies.

Treatment regimens are divided into initial and continuation phases. The British Thoracic Society
(BTS) recommends an initial 4-week minimum course of intravenous amikacin, tigecycline, and
imipenem, and an oral macrolide like azithromycin or clarithromycin. An antiemetic is
recommended to limit the tigecycline/imipenem-induced nausea. As 3 times weekly dosing of IV
amikacin can be impractical if the patient does not live near a medical centre or if [V amikacin
interacts with other medications, nebulized amikacin can be used as a substitute.”® The American
Thoracic Society (ATS) recommends 2 to 5 drugs in the initial phase due to a lack of consensus
among physicians.” If the isolate was shown to be macrolide resistant either through inducible or
mutational resistance, the intravenous agents are used without a macrolide. However, the ATS
recommends the continued use of azithromycin even when the isolate is macrolide resistant as it

has been shown to have immunomodulatory activity.!%%-101

The BTS and ATS recommend an all-oral regimen for the 12-month-minimum continuation phase
of therapy. If the isolate is macrolide sensitive, the regimen should include azithromycin or
clarithromycin, nebulized amikacin, and 1 to 3 oral antibiotics (clofazimine, linezolid,
moxifloxacin, doxycycline) guided by DST of the patient isolate. When isolates are macrolide

resistant, patients are given 2 to 4 oral antibiotics with nebulized amikacin.
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For individuals with CF and a pulmonary M. abscessus infection, treatment regimens are similar
to non-CF patients but with an extended duration (FIGURE 1.2).3! The US Cystic Fibrosis and
European Cystic Fibrosis Society recommend a 3-month initial phase of IV amikacin, tigecycline,
and imipenem, and oral azithromycin. Because IV amikacin is given for three months and is known
to cause ototoxicity, monthly audiometry consults are required. Following this intensive phase,
depending on the severity of the infection and the tolerability of the regimen, patients continue
with the oral macrolide and substitute the injectable agents with all oral clofazimine, minocycline,

moxifloxacin, and nebulized amikacin for 14 months.

1.3 DRUG RESISTANCE

Antibiotic resistance in mycobacteria has been known since the early clinical trials carried out by
the Medical Research Council (MRC) for tuberculosis in 1946.!% Investigators used intramuscular
injection of streptomycin to treat pulmonary TB in 55 patients with 52 patients in the control group.
Although some patients receiving streptomycin treatment showed improvement, isolates resistant
to streptomycin could be recovered by the end of the second month of treatment. Of the 35 patients
with strains for which the minimum inhibitory concentration (MIC) was > 10x higher than the
reference strain, 13 patients had strains with an MIC 2,000x higher than the reference strain. The
magnitude of streptomycin resistance had a statistically significant effect on treatment outcome
and led to patient deterioration and even death. The streptomycin MRC trial was one of the first
studies to highlight the antibiotic resistant nature of M. tuberculosis despite, two years previously,
streptomycin showing potent in vitro activity against M. tuberculosis and having success in
treating TB in an experimental guinea pig model. Overall, the investigators concluded that
monotherapy should not be considered for mycobacterial infections due to the lengthy treatment
durations and high rates of resistance. The adoption of combination therapy for most mycobacterial

infections was largely influenced by this study.

Guidelines from the ATS, BTS, and the US and European CF Societies recommend combination
therapy for M. abscessus pulmonary infections due to its drug resistant nature. The four-drug
combination therapy of isoniazid, rifampicin, pyrazinamide, and ethambutol for drug-sensitive TB

that typically achieves cure rates greater than 90% in six months is clinically inactive against M.
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abscessus. Now termed the “new antibiotic nightmare”, M. abscessus is resistant to most clinically
useful antimycobacterial agents through a variety of intrinsic, inducible, and acquired resistance
mechanisms (FIGURE 1.3).37 Recently it has been shown that in addition to genotypic resistance,
M. abscessus can also evade chemotherapeutic insult through the formation of persisters.!?®* Under
laboratory conditions such as low nutrient and microaerophilic environments, M. abscessus can
form non-replicating persisters and biofilms that can withstand drug treatment. These assays could
be valuable in the drug discovery assay gap, but the in vivo relevance remains to be determined.
Today, cure rates for M. abscessus are on par with extreme drug-resistant M. tuberculosis, arguing

that M. abscessus is one of the most antibiotic resistant bacteria.!?*

1.3.1 Intrinsic Resistance

Bacteria can often become resistant to antibiotics from de novo mutations or the acquisition of new
genes once the antibiotic is prescribed to the patient. Besides chromosomal mutations and
horizontal gene transfer, many bacteria possess an array of intrinsic mechanisms that dampen or
neutralize the effect of antibiotics. For M. abscessus and other mycobacteria, the list includes a
uniquely hydrophobic cell wall, porin channels and efflux pumps, enzymes that can modify or

degrade antibiotics, and enzymes that modify the antibiotic target.>!-10°

1.3.1.1 Mycomembrane

Peptidoglycan is often used as a defining feature of bacterial cell walls. Unlike Gram-positive
bacteria with cell walls largely produced of peptidoglycan or Gram-negative bacteria with cell
walls that contain outer membranes, mycobacteria produce a unique cell wall. For most bacteria,
peptidoglycan is composed of repeating N-acetylglucosamine-(1-2>4)-N-acetylmuramic acid units
that are crosslinked via a pentapeptide bridge, but mycobacteria produce peptidoglycan with N-
glycolylmuramic acid residues.! Although it is unclear as to why mycobacteria N-glycolylate
their peptidoglycan, it has been speculated that N-glycolyl could strengthen the peptidoglycan
structure with additional hydrogen bonding.!% In addition to peptidoglycan, mycobacteria produce
the polysaccharide arabinogalactan. The layer of arabinogalactan acts as a scaffold for covalent
attachment of long-chain fatty acids termed mycolic acids.!’” The arabinosyl transferase, EmbB,
responsible for the polymerization of arabinogalactan became an important front-line

antitubercular target for the treatment of tuberculosis when ethambutol was shown to inhibit the
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growth of M. tuberculosis via arabinogalactan polymerization. However, amino acid variants in
the ethambutol-resistance determining region of the target gene embB preclude the activity of

ethambutol against M. abscessus.'%%1%

Mycobacterial mycolic acids are high molecular weight a-alkyl, B-hydroxy fatty acids that can be
esterified to the arabinogalactan layer or in the extractable form as trehalose dimycolate. Mycolic
acids are not unique to mycobacteria but are distinguishable from other genera like
Corynebacterium, Nocardia, and Rhodococcus.'*® Namely, mycobacterial mycolic acids are the
largest with 70-90 carbon units in length and a 20-25 carbon unit a-branch. This inner leaflet is
predicted to be in a near-crystalline state and have low fluidity due to the length of the mycolic
acids.!”” To compensate for the low fluidity of the mycomembrane, double bonds and
cyclopropane rings in the cis conformation are introduced near the arabinogalactan end of the
mycolic acid to produce kinks and modulate the tight lipid packing. Mycolic acids have been a
topic of mycobacterial drug discovery since the identification of the drug isoniazid (INH) in
1958 110111 INH has excellent in vitro and in vivo activity against M. tuberculosis and was shown
to be far superior to other drugs used at that time such as streptomycin and para-aminosalicylic
acid.!''!12 The mechanistic details took some time before being solved. It was shown that INH
was a pro-drug that required activation by the catalase-peroxidase KatG present in

mycobacteria.!!?

The cellular target of activated INH proved to be controversially as there was
evidence to support KasA and InhA as targets, both being part of the fatty acid synthase type II
system required for mycolic acid synthesis.!!3"!'7 Overall, the evidence pointed to InhA as the
target of INH and uncovered the sensitivity of mycobacteria to inhibition of mycolic acid synthesis.
M. abscessus, among others, carry natural variants of KatG that do not catalyze the formation of

the active species of INH. Thus, M. abscessus and many other NTM are resistant to INH.

The outer leaflet in M. abscessus contains extractable mycolates like trehalose monomycolate and

118 Recently, the transporter,

trehalose dimycolate, and other lipids including glycopeptidolipids.
MmpL3, with flippase activity responsible for the translocation of trehalose monomycolate across

the cell wall has been investigated as a potential drug target.!!-120
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All of the lipid species in the cell wall account for up to 60% by weight of the cell wall.!%” This
created speculation that the mycobacteria cell wall could act as a permeability barrier to solutes
like antibiotics, however, it took until 1990 for the first quantitative study to define the
permeability to hydrophilic molecules.'?! In their study, Jarlier and Nikaido used M. chelonae
(until the early 1990’s, M. abscessus and M. chelonae were thought to be the same species) as a
model organism. They measured permeability coefficients for small hydrophilic nutrients
(glucose, glycerol, glycine, leucine) and a series of cephalosporins. Their data suggested a 10-
1,000x decrease in permeability across the cell wall of M. chelonae relative to E. coli and P.
aeruginosa. Their data also showed that the uptake of cephalosporins was not dependent on the
lipophilicity of the drug or temperature, which suggests an aqueous pathway through porins.
Lipophilic molecules are proposed to traverse the hydrocarbon interior of the mycolic acid bilayer,
but the near-crystalline state of the lipids has been speculated to limit this process. Nevertheless,
the lipophilic pathway plays a contribution to solute entry as evidenced by the studies using
antibiotics. Generally, antibiotics with more lipophilic properties exert greater activity against
mycobacteria. Examples include the addition of a 16 carbon fatty acyl chain to INH, the more
hydrophobic tetracycline derivatives like doxycycline and minocycline, and the increased

hydrophobicity of clarithromycin over erythromycin.

The mycomembrane of mycobacteria is viewed as a necessary but not a sufficient component for
drug resistance. Although experiments have shown decreased permeability to solutes, the cell wall
is thought to synergize with other mechanisms to create the drug resistant phenotype similar to
Gram-negative bacteria. In mycobacteria, this is exemplified with -lactamases. Mycobacteria
produce B-lactamases however, their activity is minimal relative to Gram-negative bacteria.!?2-124

Yet, together with the limited permeability of the cell wall, the (-lactamase activity is able to

reduce the concentration of B-lactams below their minimum inhibitory concentrations.!??

1.3.1.2 Efflux Activity

Efflux pumps are membrane bound proteins that actively transport substrates across the cell wall.
Many efflux pumps mediate the translocation of endogenous substrates, but some have alternative
functions as xenobiotic pumps to create drug resistant and virulent phenotypes across the

Mycobacterium genus.'?>'27 Efflux pumps are grouped into superfamilies: resistance nodulation
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cell division (RND), major facilitator superfamily (MFS), ATP-binding cassette (ABC), small
multidrug resistance (SMR), and multidrug and toxic-compound extrusion (MATE). RND, MFS,
and SMR efflux pumps are powered by the electrochemical gradient from the proton motive force
created through the electron transport chain while MATE efflux pumps require a sodium
electrochemical gradient for proper function. ABC efflux pumps require the hydrolysis of ATP for

active transport of substrates.

The AcrAB-TolC pump in E. coli, a member of the RND family, is one of the most well-studied
efflux pumps. Initially, it was understood that AcrAB-TolC actively transports antibiotics out of
the cell as the primary function however, newer evidence emerged that suggested AcrAB-TolC to
have an alternative function to eliminate toxic bile salts produced from the host during infection.!?8
This contrasts with the largest group of efflux pumps in M. abscessus, the RND-like mycobacterial
membrane protein Large (MmpL) proteins that first emerged as modulators of the cell wall but are
now understood to transport alternative substrates like antibiotics using the electrochemical proton
gradient.!? Mycobacteria display a similar range of MmpL transporters with on average 15 mmpL
loci predicted. However, M. abscessus appears to be an outlier with 27 predicted mmpL genes
whereas M. tuberculosis is reported to have 13. The high diversity of MmpL transporters in M.
abscessus could be a source of unidentified multidrug efflux pumps. MmpL3 transports trehalose
monomycolate across the cell wall, important for the integrity of the outer leaflet of the
mycomembrane, making it the only essential mmpL gene in mycobacteria. M. abscessus is known
to exist in two morphotypes: smooth or rough depending on the presence or absence of
glycopeptidolipids on the surface of the cell.!** MmpL4a and MmpL4b are the MmpL transporters
responsible for exposing glycopeptidolipids to the surface. Recently, two unidentified MmpL
transporters (MAB 2300-MAB 2301 and MAB 1135¢c-MAB _1134c) have been implicated in
the cross resistance to the ATP synthase inhibitor, bedaquiline, and electron transport chain
inhibitor, clofazimine, in M. abscessus.'3"!3? Additionally, MmpL5 was shown to increase

resistance to a series of thiacetazone derivatives in M. abscessus.'*’

Despite the drug resistant activity of efflux pumps, synthetic efflux pump inhibitors exist. Ca*

channel blockers like verapamil and protonophores like carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) impair efflux pump activity by disrupting the transmembrane
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potential. Originally thought to be a direct inhibitor of efflux pumps, new evidence suggests
verapamil interacts with the lipid bilayer in the membrane to disrupt the transmembrane
potential.!3* CCCP, on the other hand, acts as a protonophore that sequesters free protons thereby
diminishing the proton motive force.'** Since efflux pumps have been implicated in drug
resistance, efflux pump inhibitors could prove to be successful adjuvant therapies.!* In fact,
verapamil has been shown to improve the activity of bedaquiline and moxifloxacin in a

macrophage and murine model of M. tuberculosis infection.!?%137

1.3.1.3 Drug Modifying Enzymes

Intrinsic resistance to antibiotics is often accomplished through enzyme-mediated modifications
of the antibiotic.'*® Depending on the enzyme, modifications can range from small acetyl groups
to larger ribose sugars mediated by transferases or chemical transformation by monooxygenases.
M. abscessus is endowed with numerous antibiotic-modifying enzymes to create a complex

resistome.

Although aminoglycosides like amikacin are used clinically for the treatment of M. abscessus
pulmonary disease, its genome encodes at least two acetyltransferases (AAC) and one
phosphotransferase (APH) implicated in resistance.!** The N-acetyltransferase AAC(2) uses
acetyl-CoA as a cofactor for the acetylation of the 2’ amino group. As a result of the specificity
for the 2’ amino group, aminoglycosides like kanamycin B, gentamycin C, and tobramycin are
susceptible to AAC(2°).!%" M. abscessus encodes two Eis enzymes (Enhanced in Intracellular
Survival), Eisl and Eis2.'*! Deletion of eis/ in M. abscessus was not associated with increased
aminoglycoside resistance while eis2 created a hypersusceptible phenotype to amikacin.!*> These
results have since been corroborated with detailed structural analyses.!**!4* Aminoglycoside
modifying enzymes are known to have selective substrate specificity.!*> Therefore, numerous
modifying enzymes are required to cast a wide net of aminoglycoside resistance. Streptomycin
avoids acetylation by AAC(2) and Eis2 but was shown to be susceptible to phosphorylation by a
putative 3’’-O-phosphotransferase through deletion experiments in M. abscessus and M.

142

Sfortuitum.'*> The net result of acetylation and phosphorylation of aminoglycosides is impaired

binding to the 30S ribosomal subunit.!#®
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Rifamycins have historically been used in the treatment of tuberculosis and were pivotal in
reducing the duration of treatment from 18 months to 6 months largely due to their potent in vitro
activity against M. tuberculosis.'*® Because rifamycins bind to the  subunit of the bacterial RNA
polymerase and prevent elongation along the DNA/RNA channel, rifamycin resistant isolates often
have mutations in an 81-base pair region encoding the rifampicin resistance determining region.'#’
M. abscessus and other NTM are clinically resistant to rifamycins despite homology between
mycobacterial RNA polymerases. First shown in M. smegmatis, M. abscessus encodes an ADP-
ribosyltransferase (Arr Mab) with activity against rifamycins that confers resistance. Experiments
using a series of rifamycin analogs revealed that C23 on the rifamycin backbone is prone to ADP-
ribosylation.!*® This was the rationale for the low activity of rifampicin against M. abscessus.
Recently in 2021, Dick and colleagues demonstrated that the rifampicin analog, rifabutin was
active against M. abscessus in vitro and in a mouse model.!**!%0 From these data, it was thought
that rifabutin escaped ADP-ribosylation by Arr Mab. Initial genetic experiments in M. abscessus
showed innate resistance to rifampicin through arr Mab knockout however, the activity of
rifabutin also increased in this genetic background suggesting a role for ADP-ribosylation of
rifabutin.'! Promising new rifabutin analogs with ester linkages at C25 that effectively block

ADP-ribosylation at position C23 have been synthesized with improved activity.!>?

Tetracyclines inhibit bacterial growth by binding to the 30S ribosomal subunit and interfering with
aminoacylated tRNA delivery. Although bacteria can become resistant to tetracyclines through
efflux pumps, M. abscessus encodes a flavin adenine dinucleotide (FAD)-dependent
monooxygenase, TetX, that was shown to increase tetracycline resistance 500-fold compared to
M. tuberculosis .">*1>* Data from UV-Vis spectroscopy and mass spectrometry suggest tetracycline
and doxycycline undergo TetX-dependent monooxygenation. These authors also reported a TetR-
dependent repression of TetX that is lifted during tetracycline and doxycycline replete conditions
but not by tigecycline, a next-generation tetracycline approved in 2005 and used sparingly for M.
abscessus pulmonary disease treatment.!> Moreover, tigecycline was shown to be a poor substrate
of TetX. Unfortunately, single amino acid substitutions in TetX could improve the activity against
tigecycline and conferred resistance when expressed heterologously in E. coli. Current drug

discovery efforts have identified omadacycline and eravacycline with activity against multi-drug
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resistant M. abscessus clinical isolates.!#>!>3 It remains to be determined if the new tetracyclines

are substrates of TetX.

1.3.1.4 Drug Degrading Enzymes
Penicillins were the first mass-produced antibiotics and are still the most widely used antibiotics

today. 156,157

Despite their broad-spectrum activity, -lactams have had limited success in the
treatment of mycobacterial infections. 3-lactams inhibit peptidoglycan synthesis by outcompeting
the natural substrates of DD-transpeptidases. The structural mimicry of the C-terminal end native
stem peptide of peptidoglycan allows [-lactams to irreversibly bind the active site of DD-
transpeptidases.!>* Inhibition of DD-transpeptidase crosslinking activity results in impaired
peptidoglycan scaffolding required for the structural integrity of the cell wall. Until 1974, the
model of mycobacterial peptidoglycan architecture was a 43 linked peptide network catalyzed
by DD-transpeptidases.'”* When a predominance of 3->3 linkages were discovered in the
peptidoglycan of M. tuberculosis, it became clear that other transpeptidases were required for this
type of scaffolding.!®® Specifically, LD-transpeptidases catalyze the 3->3 linkages. Studies
confirmed that M. abscessus encodes LD-transpeptidases and DD-transpeptidases to create 423
and 33 linkages across the peptidoglycan network.!”® While most B-lactams inhibit DD-
transpeptidases, only the subclasses of carbapenems and cephalosporins show some activity
against LD-transpeptidases.!?#16%161 The predominant reliance on LD-transpeptidases in M.
abscessus could explain why only imipenem (a carbapenem) and cefoxitin (a cephalosporin) show
moderate activity in vitro.'*? Although the clinical use of imipenem and cefoxitin is hampered due

to their unstable nature in vitro, which complicates routine drug susceptibility testing.!'®?

In addition to the selectivity of B-lactams for LD- and DD-transpeptidases, M. abscessus has a
chromosomally-encoded class A -lactamase, Blamab, which is thought to be the primary driver of
B-lactam resistance.!®® B-lactamases hydrolyze the B-lactam ring leading to inactivation. During
the characterization of Blamap, it was shown to have a broader spectrum compared to the (-
lactamase, BlaC, found in M. tuberculosis and to be resistant to common [3-lactamase inhibitors
like tazobactam, sulbactam, and clavulanate.!61%* Avibactam was identified as the first efficient
inhibitor of Blama, with activity in a macrophage and a zebrafish infection model of M.

abscessus.'® Recently avibactam has proven to be instrumental in the combination of sulopenem,
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tebipenem, cefuroxime, and amoxicillin to create an effective bactericidal in vitro regimen against
M. abscessus.'®® This represents an important first step into creating an all-oral regimen using a
combination of B-lactams with avibactam adjuvant therapy for the potential treatment of
pulmonary M. abscessus disease. M. abscessus subsp. massiliense harbours an additional (-

123 Blamap and Blammas were shown to hydrolyze penicillins and cephalosporins

lactamase, Blayvmas.
with similar efficiency, but Blammas also exhibited mild carbapenemase activity.!?* This could

suggest an evolutionary step to becoming an extended spectrum [3-lactamase.

1.3.1.5 Target Modifying Enzymes

The fact that macrolides like clarithromycin and azithromycin are the only consistent element in
an antibiotic regimen for M. abscessus pulmonary infection does not underscore enough how
important these drugs are for increasing the chance of a positive treatment outcome.”>%
Macrolides are known to bind the 50S ribosomal subunit and block the nascent polypeptide exit
tunnel.!*? Eventually this leads to the dissociation of the growing polypeptide prematurely and
arrest of protein synthesis. Resistance to macrolides has been well-studied with the example of
target modification by an erythromycin ribosome methyltransferase (Erm) enzyme. The role of
Erm enzymes is to transfer a methyl group from the S-adenosyl methionine donor to nucleotide
A2058 of the 23S rRNA.!3® A new study from 2021 performed a structural analysis of the Erm-
modified 70S ribosome and proposed an alternative model for how dimethylation of A2058
prevents macrolide binding.!¢” The authors identified a critical water molecule that is coordinated
by A2058 and G2505 on the 23S rRNA and the dimethylamino group of the macrolide desosamine.

This could pave the foundation for a new, rationally designed series of macrolides that could

overcome Erm-mediated resistance.

Prior to 2009, it was believed that M. abscessus relied on mutations at positions A2058 and A2059
on the 23S rRNA for resistance to macrolides.'®®!® However, since then, an Erm enzyme has
been implicated through inducible macrolide resistance in M. abscessus that is absent from the
closely related M. chelonae. A study by Nash et al identified erm(41) as the gene responsible for
conferring inducible macrolide resistance.”” The studied examined 10 clinical isolates of M.
abscessus subsp. abscessus deemed clarithromycin sensitive using standard CLSI microbroth

dilution measurements. Seven isolates showed inducible resistance after pre-exposure to
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macrolides for 14 days (MIC < 0.5 pg/mL to MIC > 32 pg/mL), although erm(41) induction could
be detected as early as 24 hours. In the remaining 3 isolates, a T28C single nucleotide
polymorphism (SNP) was identified in erm(41) that resulted in a non-functional allele. Subspecies
typing revealed that only M. abscessus subsp. abscessus and subsp. bolletii have inducible
resistance to macrolides through the T28 sequevar of erm(41).!7° M. abscessus subsp. massiliense
does not have the inducible resistance phenotype due to a 200-250bp internal deletion in erm(41)
and therefore, requires the A2058C or A2058G mutation in the 23S rRNA for resistance. This
could explain the improved outcomes for M. abscessus subsp. massiliense infections when the
patient is on a macrolide-base regimen.””> These results have since been reproduced with larger

sample sizes of MABSC and M. chelonae clinical isolates.!”!

1.3.2 Inducible Resistance

The study by Nash et al identified the presence of erm(41) and the link to an inducible macrolide
resistant phenotype in M. abscessus, but stopped short of describing the molecular mechanism of
induction.”” Inducible erm genes in bacteria are known to be predominantly regulated by
translational attenuation as described for erm(B), erm(C), and others with one example of
transcriptional attenuation for erm(K).!>"'7* One prominent exception is erm(37) found in M.

tuberculosis, which is regulated by WhiB7.

whiB7, found in Streptomyces and mycobacteria, is a conserved mycobacterial transcription factor
first shown to coordinate ribosomal protection genes and multidrug efflux pumps from exposure
to sub-inhibitory concentrations antibiotics.!”> The exact nature of the whiB7 inducer is unclear
since the activating agents are structurally dissimilar with Tanimoto scores < 0.7 and target
different proteins. whiB7 was induced in the presence of 50S and 30S ribosome inhibitors like
clarithromycin and streptomycin, and by inhibition of DNA synthesis by fluoroquinolones but
induction was absent when challenged with cell wall synthesis inhibitors.!”® The data suggests the

induction of whiB7 results from pleiotropic effects of antibiotics on cell metabolism.
Currently, it is thought that WhiB7 acts as a redox sensor that links cell metabolism, redox

homeostasis, and antibiotic resistance. WhiB7 contains four conserved cysteine residues, which

are thought to bind iron-sulfur clusters or form disulfide bridges.!’® By quantifying the reduced
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and oxidized species of the dominant reducing agent in mycobacteria, mycothiol, after antibiotic
challenge, WhiB7 was shown to become activated in a reduced intracellular environment.!”® These
results were replicated using the hydroxyl radical scavenger thiourea. The leading model is that
WhiB7, when in a reduced state from diverse cellular stresses, can bind WhiB7-specific promoters

with SigA to modulate a protective response.'”’

In 2016, a transcriptomic analysis of M. abscessus under antibiotic stressed conditions revealed a
whiB7 transcriptional signature.!”® These results were followed up by a detailed study describing
the induction of the whiB7-erm(41) axis of M. abscessus in vivo. Azithromycin and clarithromycin
induced erm(41) expression in a whiB7-dependent process in zebrafish infected with a strain of M.
abscessus carrying tdTomato under the control of the erm(41) promoter.!” Two publications
described the antibiotic landscape of M. abscessus through a whiB7 lens. Hurst-Hess et al linked
the induction of whiB7 to clinically relevant antibiotics including macrolides, aminoglycosides,
and tetracyclines, as was previously demonstrated for M. tuberculosis.'®® Among the genes
included in the whiB7 regulon is eis2, which leads to acetylation of amikacin and resistance in
vitro.'®® Pryjma er al described the antagonistic effect between clarithromycin and amikacin.!'8!
Specifically, clarithromycin, but not amikacin, was shown to induce whiB7 and subsequently

erm(41) and eis2.'8!

Unlike for M. tuberculosis, the correlation between in vitro drug susceptibility testing and clinical
outcomes for patients with M. abscessus infections is poor. It is now established that
clarithromycin and amikacin are some of the most potent antimycobacterials against M. abscessus
in vitro when used alone, however, the combination results in antagonism in vitro. One question
looming in the field is if the in vitro antagonism is recapitulated in vivo. Whether this is driven by
the master regulator whiB7 in vivo or other factors has yet to be investigated. Nevertheless, cure
rates of < 50% on a macrolide-aminoglycoside-based regimen highlight the disconnect between

our understanding of drug susceptibility testing and patient outcome.

1.3.3 Acquired Resistance
Drug resistance is the omnipresent enemy of players in the field of antibiotic discovery. This

includes academic labs that identify novel cellular pathways to target with antibiotics, industry
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partners that bring new antibiotics to the market, and clinicians that rely on antibiotics to provide
a benefit to their patients. Modern medicine is grateful to the aforementioned groups for their
contributions to the discovery of agents that can treat infections as simple as ofitis media to diseases

like tuberculosis that have plagued human populations for thousands of years.

The success of antibiotics can be split into two hurdles. Ideally, an antibiotic should successfully
clear the first hurdle of intrinsic resistance before being brought to the clinic, although this is not
always upheld and results in antibiotics with limited efficacy being used in clinical practice. The
second hurdle that many antibiotics appear to clear but then stumble over is with acquired
resistance. Limiting acquired resistance is essential for the continued success of that agent.
However, this has proved challenging as evidenced by the limited publications describing
antibiotics without detectable resistance. The most recent success story is the discovery of the
bacterial cell wall inhibitor, teixobactin, from uncultured bacteria grown in situ.'®? Teixobactin
highlights the need to expand the chemical space beyond small molecules produced by the handful
of microorganisms culturable under standard laboratory conditions. Expanding the boundaries of
the chemical landscape further, efforts have been made to implement machine learning for in silico

drug discovery with the recent discovery of the repurposed halicin.!83

The emergence of variant alleles and spread of antimicrobial resistance genes has sparked the
creation of surveillance programs and resistance databases.”®!8% The earliest version of the
Comprehensive Antibiotic Resource Database (CARD) was released in 2013. CARD is a curated
sequence resource and informatics tool that can identify putative antibiotic resistance genes in
unannotated genomes.'®> Since the 2020 update, CARD now features an enhanced statistical
analysis of in silico predictions, 82 pathogens, and more than 100,000 genomes to better model
trends in antimicrobial resistance mobility and detect new resistance variants.!®¢ In 2015, the
World Health Organization launched the Global Antimicrobial Resistance and Use Surveillance
System (GLASS) as the first global effort to standardize antimicrobial resistance surveillance
using a One Health approach.!®” Namely, GLASS reports on resistance and antimicrobial use in

humans, agriculture, and the environment.
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It is primarily due to the cataloguing of acquired resistance mutations that drug susceptibility
testing has taken a more modern approach for some bacteria. Resistance to rifampicin in M.
tuberculosis frequently occurs from mutations in an 81bp region in the target gene, rpoB. This
81bp region is known as the rifampicin resistance determining region. Because rifampicin is part
of the front-line regimen given for the treatment of tuberculosis and rifampicin resistance is
frequently observed in patient isolates, a probe-based cartridge assay was designed by Cepheid
that can detect common rifampicin resistance mutations and lead to more appropriate treatment

plans in as little as 6 hours as opposed to 1-6 weeks.!'®8

Molecular drug susceptibility testing has
recently established a niche in M. abscessus with a probe-based assay for easier detection of M.
abscessus in sputum that is often difficult to acquire from children or detection of clarithromycin
resistance either through the common 23S rRNA A2058C/G mutation or the T28C sequevars on

erm(41) for non-functional inducible clarithromycin resistance.!®’

HGT is also responsible for the acquisition of antibiotic resistance in bacteria, however that role
in M. abscessus is less understood.'”® HGT has been shown to be an important factor in the
evolution of three dominant circulating clones of M. abscessus that have been reported across the

191,192

globe. Phylogenomics identified the acquisition of a DNA methylase DpnM that modulates
the expression of 52 genes, some of which impart increased intracellular survival in macrophages,

increased tolerance to nitric oxide, and decreased susceptibility to amikacin.!*!

1.4 DRUG DISCOVERY

The goal of antimicrobial drug discovery is to find new medicines to treat infectious diseases.
Today, research and development are accomplished through global collaborative efforts between
academic, industry, and government partners. However, some have argued that moving forward,
the field should pivot away from relying on traditional ‘big pharma’ towards an open science
business model, which has drawn criticism regarding the capital required for late-stage clinical

trials.!®?

The history of antibiotics is documented to pre-date the antibiotic era of the 1940s.!%* The Eber’s

papyrus from 1550 BC is perhaps the oldest recorded medical document that describes the use of

traditional poultices of mouldy bread to treat open wounds.!?>!%® Some of the first evidence of
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tetracycline use was found during histological analysis of bones from the Sudanese Nubia region
(350-550 CE) with fluorescence microscopy, and later confirmed with mass spectrometry.!7:198
Before Alexander Fleming and the discovery of penicillin, Paul Ehrlich hypothesized of a
substance that could selectively target the disease-causing microbes over the host tissue from his
work using synthetic aniline dyes that showed permeability to certain microbes. Thus, the first
large-scale synthetic screening program to discover an antimicrobial agent was born. From this
screening campaign, in 1910, the synthesis and evaluation of a compound marketed by Hoechst as

Salvarsan was completed for the treatment of syphilis.!?*-2%

This idea of screening molecules with antimicrobial activity followed by medicinal chemistry was
not a one-hit-wonder. Chemists at Bayer produced Prontosil, a sulfa drug, using this platform of
drug discovery but could not secure a patent as the active metabolite of Prontosil was commonly
used in the dye industry.!”#!%> Sulfonamide derivatives became widely available from the off-

patent label and cheap production.'#+1%

Most people know Alexander Fleming as making the serendipitous discovery of penicillin in
1928.29! However, the molecule was identified and purified by chemists at Oxford University in
1941 while Dorothy Hodgkin solved the B-lactam structure in 1945 helping establish penicillins
as a dominant tool in the clinic.222% By the time these collaborative efforts occurred, resistance
had been documented for Salvarsan and sulfonamides.!®> In fact, resistance to penicillin had
already been documented a few years before being introduced in the clinic in 1945 but these claims
were disregarded as merely laboratory observations.!®*?** Thus started the on-going conflict

between antibiotic discovery and the inevitable rise of antimicrobial resistance.

1.4.1 Chemical Space

The discovery of Salvarsan, Prontosil, and penicillins highlighted the chemical space available for
chemists and pharmaceutical companies at the time. Salvarsan was the product of chemical
modification of the toxic drug, Atoxyl, and perhaps the first attempts at what we know as structure
activity relationship (SAR) studies. Prontosil demonstrated, for the first time, that libraries of small

molecule compounds curated in laboratories could be screened for antimicrobial activity. On the
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contrary, penicillins showed the world that biology can make excellent antimicrobials with

incredible diversity in the chemical space of natural products.

1.4.1.1 Natural Products

Natural products are a proven source of antimicrobial agents with nearly two-thirds of clinically
used antibiotics having a natural product scaffold.?®> The success of natural products as
antimicrobial agents is largely due to their evolutionary history. Natural products are small
molecules of 200-3,000 Da derived from the secondary metabolism of plants and microorganisms.
These specialized molecules have undergone millions of years of evolution to create a diverse pool
of signalling molecules.??® The array of secondary metabolites from bacteria alone are enough to
surpass the diversity of synthesized compounds.??>-27 Within the pool of secondary metabolites
are compounds with antimicrobial properties co-opted by bacteria for defensive or predatory
functions in their natural environments. The ancient evolutionary history of natural products has

shaped complex scaffolds that have optimized interactions with their biological targets.2%8-2%

The diversity of natural products is inherently linked to multifaceted biosynthetic pathways.?!°
Biosynthetic gene clusters (BGCs) are genomic units, often up to hundreds of kb in length, that
consist of the core biosynthetic genes, positive regulators, repressors, and self-resistance-
conferring genes.?%2!! Currently, only 0.3% of the 400,000 predicted BGCs in public databases
from 60,000 genomes have been experimentally validated, opening avenues for new chemistries
to be discovered.?*® Despite the availability of predicted BCGs from metagenomic data obtained
environmental samples, culturing these bacteria under standard laboratory conditions remains a
challenge. Achieving the right set of conditions for growth and awakening silent BCGs might not
coincide.?!? The development of an in situ chip-based technology has helped increase the diversity
of culturable environment microorganisms under natural conditions and lead to new antimicrobial

molecules. 82213

Natural products can be classified based on the type of BCG required for synthesis. Polyketide
synthases (PKS) produce polyketides through the formation of a basal polyketide chain from
acetate-derived building blocks.?*> Non-ribosomal peptide synthases (NRPS) generate metabolites

with a peptide backbone, often with non-proteinogenic amino acids, and a cyclic structure. PKSs
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and NRPSs share a modular and linear architecture with covalently linked catalytic domains. Each
module, consisting of bundled domains, can perform one specific function such as the
incorporation of one type of building block. Unlike PKSs, NRPSs can increase the diversity of
intermediates through isomerization, hydroxylation, methylation, and halogenation reactions
imparted by additional modifying domains. Although PKSs and NRPSs can produce distinct
molecules independently, examples have been recorded of metabolites synthesized by PKS-NRPS
hybrids.

Terpenes are comprised of isoprene units and synthesized from the mevalonate and deoxyxylulose
phosphate pathways. Many lipid species in mycobacteria are derived from terpene metabolites
including 1-tuberculosinyladenosine (1-tbad), which is synthesized from geranylgeranyl
pyrophosphate in the presence of class II terpene cyclase and tuberculosinyl transferase
enzymes.’!'* Recent evidence suggests that the acquisition of 1-tbad-producing enzymes helped
lead M. tuberculosis towards a intracellular lifestyle.>> While terpenes are the largest class of
natural products, there has been limited progress made towards identifying terpene-like
metabolites with antimicrobial activity.?!>217 Rather than act directly as antimicrobial properties,
the position of terpenes in the realm of antimicrobials may be best suited as adjuvant-like

molecules.?!821°

Ribosomally synthesized and post translationally modified peptides (RiPPs) are alternatives to
peptides synthesized by NRPSs. The precursor peptide is synthesized by the ribosome and upon
release is directed to a post translational modifying enzyme for modification, proteolysis, and
export.20>220 Recently, a new mechanism of RiPP synthesis has recently been identified. The
precursor peptide synthesized by the ribosome undergoes amino acid extension and modification
from NRPSs before the completed metabolite undergoes proteolysis to regenerate the precursor

peptide for additional rounds of RiPP synthesis.??!-222

Antimycobacterial drug discovery owes much gratitude to natural products. Rifampicin is
invaluable as one of the front-line agents for tuberculosis and the injectable aminoglycosides like
streptomycin and kanamycin are used for multidrug resistant tuberculosis regimens. Amikacin as

the standard aminoglycoside and clarithromycin and azithromycin as the predominant macrolides
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form the backbone of the multidrug regimen for pulmonary M. abscessus infections where it has
been established that resistance to macrolides is one of the biggest risk factors for treatment

failure.’®

Looking to the future with natural products for antibiotic drug discovery, the PKS-NRPS hybrid
metabolite, pyridomycin could be promising for the treatment of M. abscessus pulmonary

infections and tuberculosis.??

Like isoniazid, pyridomycin is an inhibitor of the well-validated
target InhA in M. tuberculosis and recently validated target in M. abscessus.?**??> However, unlike
isoniazid, pyridomycin does not require pro-drug activation by the catalase-peroxidase KatG. This
could lower resistance against pyridomycin in M. tuberculosis since KatGmp S315T mutations are
the most common genotype resulting in isoniazid resistance.??622 Moreover, by pyridomycin
bypassing pro-drug activation, InhA now becomes a tractable target by chemical inhibition in M.
abscessus since KatGmap cannot catalyze the formation of the INH:NAD adduct required for InhA
inhibition.?%-2%°

1.4.1.2 Synthetic small molecules

In the clinical world of antibiotics, natural products are still the dominant source while synthetic
small molecules occupy only a minority of the chemical space.?*° On the contrary with respect to
non-communicable diseases, synthetic small molecules are the front-line players in the field.?*°
This discrepancy might be explained by the fact that natural products have had an evolutionary
advantage for acquiring chemical properties required for optimal microbial biology while curated
libraries of synthetic molecules have been tailored for human biology. Nevertheless, some of the

most successful antimycobacterials are synthetic small molecules with the most recently approved

antimycobacterial, bedaquiline, leading by example.

The last two agents of the front-line regimen for tuberculosis are isoniazid and ethambutol.
Isoniazid binds to and inhibits InhA, the reductase component of the fatty acid synthase II cycle in
mycobacteria that is responsible for synthesizing mycolic acids. Isoniazid has been a mainstay
component of the tuberculosis regimen since the early 1950’s but its demise is linked to its pro-
drug nature.!'>!% Tsoniazid requires activation by the catalase-peroxidase KatG to form the

isoniazid-NAD adduct, which is the inhibitor of InhA. Since KatG is non-essential for M.
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tuberculosis, mutations in KatG are acquired that lead to isoniazid resistance. Furthermore,
isoniazid shows no activity against M. abscessus due to the absence of a functional KatG.
Experiments have shown that M. abscessus becomes sensitive to isoniazid if katGmw is

heterologously expressed.?!

Ethambutol was discovered and introduced into the clinic in 1962.!%° The activity against
arabinosyl transferase makes ethambutol an attractive antimycobacterial agent since the mycolic
acids are covalently linked to peptidoglycan through an intermediate arabinogalactan layer.!%
Despite being a potent antibiotic against M. tuberculosis, M. abscessus encodes natural variants of

the target EmbB, which lead to ethambutol resistance.!%

Few synthetic antimicrobials demonstrate appreciable in vitro activity against M. abscessus. The
synthetic class of fluoroquinolones established in the 1980’s, although potent broad-spectrum
antimicrobials, show poor in vitro activity against M. abscessus.*> NTM resistant to
fluoroquinolones contain amino acid variants in the quinolone resistance determining region of the
target GyrA. %8233 Recent drug discovery efforts identified the DNA gyrase inhibitor SPR719 with

activity against M. abscessus and has moved into clinical trials for NTM lung disease.?3*2%

Clofazimine is a synthetic small molecule with a complicated history. First used in conjunction
with rifampicin and dapsone to treat leprosy, clofazimine was recently shown to be effective in
treating M. avium lung disease.?*® Unfortunately, regular ingestion of clofazimine results in a pink-
orange pigmentation of the skin, which can further exacerbate stigmatization of patients
historically treated for leprosy and has toxic side effects. Furthermore, the mechanism of action of
clofazimine is unclear as multiple mechanisms have been proposed. Clofazimine is thought to
inhibit the electron transport chain, bind to guanine residues of DNA, and increase the activity of
bacterial phospholipase A».2372% Notwithstanding the in vitro activity of clofazimine against M.
abscessus, the combination of side effects and obscurity of the mechanism has limited the

development of clofazimine as a potential therapy for M. abscessus infections.

One of the most recent success stories for the treatment of mycobacterial infections was the

discovery of bedaquiline by Johnson & Johnson in 2004.2*° Bedaquiline is a diarylquinolone with

28



activity against the ATP synthase of mycobacteria. Bedaquiline is unique among antibiotics since
the final market-ready compound was the hit identified from the high-throughput screening
campaign. Hits routinely undergo multiple rounds of medicinal chemistry for further optimization
however, this was not necessary for bedaquiline as derivatives generated were less potent. The
highlight of bedaquiline is the activity against multidrug resistant tuberculosis. The most recent
data from the Nix-TB and ZeNix clinical trials shows promising results of a bedaquiline-
pretomanid-linezolid optimized combination for multi and extreme drug resistant tuberculosis with
six months of therapy over the standard 18 months with multiple oral and intravenous agents with
severe side effects.?*242 Bedaquiline maintains potent in vifro and in vivo activity against M.

abscessus and could be valuable if included in a M. abscessus antibiotic regimen.?43-24/

Anacor Pharmaceuticals produced a series of benzoxaboroles in 2006 that gave rise to a potent
antifungal agent for the treatment of onychomycosis.?*® The benzoxaboroles are an interesting
class of compounds with boron chemistry that provide high affinity for ribose sugars.?*’ It was,
thus, unsurprising that the mechanism of action of the benzoxaborole antifungal agent was the
inhibition of an aminoacyl tRNA synthetase (aaRS).2> Benzoxaboroles form a unique semi-
covalent tricomplex with the leucyl-tRNA synthetase (LeuRS) and tRNA", The benzoxaborole
hydrogen bonds with residues in the editing domain of LeuRS and forms a covalent interaction
between the boron of the oxaborole ring and the 2’ and 3’ ribose hydroxy groups of the terminal
adenosine nucleotide of the non-aminoacylated tRNAM", which is tethered through appropriate
contacts with the C-terminal and anticodon binding domains of LeuRS.%%%! The current
understanding of the oxaborole tRNA trapping (OBORT) mechanism is a decrease in available
aminoacylated tRNAM" and thereby protein synthesis.

Unlike other aaRS inhibitors like mupirocin, which targets the aminoacylation domain of
isoleucyl-tRNA synthetase (IleRS), benzoxaboroles bind to the editing domain of LeuRS. The
editing domain of LeuRS is thought to reflect primordial cell biology before the standard
proteinogenic amino acids evolved.?*? Current data suggests that the aminoacylation domain of
LeuRS provides enough specificity for leucine over isoleucine and valine to maintain the error rate
of protein synthesis below the natural rate of 1/3000.25323* However, the aminoacylation domain

cannot distinguish leucine mimics like the non-proteinogenic amino acid norvaline. Being
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structurally similar to leucine, norvaline is thought to have been an early branched chain amino
acid (BCAA) but as proteins evolved more complex structures and required intricate folding
primarily driven by the hydrophobic effect, the more hydrophobic leucine became the dominant
amino acid.?*? Norvaline is rarely found in biology today, with few exceptions such as antifungal
peptides, bacteria with mutations in regulatory components of leucine biosynthesis, or
heterologous over-expression of leucine-rich proteins.22 The editing domain of LeuRS can
recycle tRNAM" misaminoacylated with norvaline through hydrolysis. Without the editing domain
of LeuRS, the error rate of norvaline misaminoacylation can be as high as 1/118, which is well

above the threshold for accepted protein synthesis errors.2

After showing good pharmacokinetics data and no serious side-effects in a phase 1 study, the
benzoxaborole epetraborole was brought to a phase 2 clinical trial to evaluate the efficacy of
treatment of complicated urinary tract infections from E. coli but was terminated early due to the
presence of epetraborole-resistant E. coli isolates from patients as early as day 1 post
treatment.?*!2%2 Since those reports, epetraborole and other benzoxaboroles have found potential
for mycobacterial infections namely, for M. tuberculosis and some NTM. The benzoxaborole
compound GSK656 shown to be active against M. tuberculosis has since undergone iterative
cycles of medicinal chemistry and passed a phase 1 safety and early bactericidal activity study and
is currently being evaluated in a phase 2 study.?6>-2 Epetraborole is currently in a phase 2 clinical
study spearheaded by AN2 therapeutics for refractory M. avium pulmonary disease. With good

results from the AN2 trial, there could be a M. abscessus clinical trial in the future.

1.4.2 Whole Cell Approaches

Whole-cell screening (WCS) has been the gold standard for antibiotic discovery since the early
1900’s when the first antimicrobial compounds Salvarsan, Prontosil, and penicillin were
discovered.?6%267 WCS identifies compounds that exhibit whole-cell phenotypes, which is most
commonly growth inhibition (FIGURE 1.4). However, growth inhibition can be substituted for a
number of other readouts using fluorescent or luminescent reporter systems, transcriptomics, or
proteomics .268270 This approach of inhibitor-first and allowing biology guide us to the best
cellular targets and identifying compounds with membrane permeable physicochemical properties

266,271

lead to the discovery of the most clinically useful antibiotics. Where target-based screens
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focus on one target, and thus the mechanism is known, WCS can identify compounds with diverse
mechanisms but resolving the mechanism is often challenging and never fully complete before the
antibiotic is brought to the clinic as was the case for isoniazid.!!3-!'” Other downsides to WCS are
compounds that act in a non-specific manner such as alkylating agents or detergents, however

these can be filtered out with rigorous cheminformatics tools.26-2

If a drawback of the target-based approach for antimicrobials is the lack of a priori knowledge of
cell permeable compounds, the equivalent drawback for WCS is the inherent link between the
mechanism of action of the compound and its in vivo potency. This was highlighted in a landmark
study where potent whole-cell inhibitors were identified against M. tuberculosis but showed no
activity in vivo. After careful elucidation of the mechanism of action, it was determined that the
compounds targeted glycerol metabolism, which is central for growth under standard laboratory
conditions but is not a required carbon source for growth in the host.?’? Understanding the
limitations of standard laboratory media has opened the doors to performing WCS in media with

different carbon sources or under nutrient starvation to simulate an in vivo environment.2”?

Another major pitfall for WCS in mycobacteria is the structural and mechanistic redundancy of
hits identified.267-274-276 A series of imidazo[1,2-a]pyridine-3-carboxamides were identified from
four separate screens,?’’ 2% tetrahydropyrazolo[ 1,5-a]pyrimidine-3-carboxamides were identified
from three screens,?®! and adamantly urea-based compounds were identified from two screens.?8?
284 Although WCS provides, in theory, the whole cell as a pool of potential targets, promiscuous
targets are often the resistance determinant when followed up by forward genetic assays. DprEl,
an enzyme critical for the synthesis of cell wall arabinan, has been targeted by five different
structural series.?®3286 The transporter of trehalose monomycolate, MmpL3, was shown to be a
common target of structurally divergent compounds.?®” Lastly, QcrB, subunit b of the cytochrome
bc1 oxidase of the electron transport chain in mycobacteria, is being explored as a drug target

through different series of small molecule inhibitors, 28828

1.4.3 Target-Based Approaches
Drug discovery using a target-based approach has been a mainstay for the development of

therapeutics for human biology including cancer but has struggled to make dividends for the field
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of antimycobacterials, despite expanded efforts for M. tuberculosis, and antibiotics in
general 267-290-21 Antimicrobial target-based discovery leveraging the power of the genomics era

uses a three step operational code.??

First, using a bioinformatics approach from whole-genome
sequencing data repositories, pathogen-specific genes without human orthologs are tabulated.
Second, loss-of-function mutations either by SNPs or transposon insertions are introduced into the
candidate genes to probe for essential genes. Finally, information on whether the target is
druggable is gathered using bioinformatics to identify druggable motifs, structural knowledge to
identify putative binding pockets, or prior enzyme kinetics data with small molecule inhibitors

(FIGURE 1.4).

Ideally, these principals could lead to the rational design of new antibiotics but are often

oversimplified or have failed to account for historical precedent.?*?

1) Most successful antibiotics
are derived from natural product scaffolds like macrolides and aminoglycosides or synthetic
fluoroquinolones that target processes conserved across all domains of life.?** ii) Prior to the
CRISPR era, essential genes were identified using different variations of transposon insertion

294297 These assays are prone to bias based on the transposon insertion and create a

screening.
dichotomous model of essential and non-essential genes. Now with the advent of CRISPR and
more specifically CRISPR-interference (CRISPRi) in mycobacteria, we have a better
understanding that essentiality is a spectrum and that two genes, declared essential from methods
likes Tn-Seq and TraSH, are in fact, quite different along the spectrum.?*®3% Historically, we have
known that genes involved in ribosome function and mycolic acid synthesis were vulnerable gene
targets for small molecule inhibition. However, coenzyme A and sulfur metabolism, both essential
processes in mycobacteria, are less vulnerable than previously thought and could explain why
developing small molecules targeting coenzyme A metabolism has not been fruitful 33! Other
essential processes that were previously overlooked were tRNA synthetases and Clp proteases,

which are high on the vulnerability scale.?63-300.302,303

ii1) Having prior enzyme kinetics data is
helpful but that pre-selects for targets with a molecular function that is well-known, potentially
omitting promising targets with a more complex mechanism. 4 priori knowledge on the target may
lead to being too selective but it may deconvolute the mechanism of action as the interaction

between the target and small molecule has already been characterized. However, a caveat is raised
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that the in vitro mechanism may not translate into a similar mechanism once in cellulo or the

cellular phenotype may arise from potential polypharmacology of the small molecule.

1.4.4 Whole Cell Target-Based Hybrid Approaches

To overcome some of the limitations of whole-cell and target-based approaches, new hybrid
methods using hypomorph strains are being developed that could spark new life in the field of drug
discovery. The goal of hybrid approaches is to uncover new chemical scaffolds rather than
redundant scaffolds using hypomorphs where each hypomorph could display a hypersusceptible
profile to a small molecule. By virtue of finding new chemical scaffolds, novel targets might
become available to small molecule inhibition. Hybrid assays maintain the in cellulo approach
insomuch that cell permeable chemistry is favoured and that the observed phenotype results from
the in cellulo milieu rather than in vitro conditions. In addition, hybrid methods preserve the target
specificity of target-based drug discovery through the generation of gene or protein specific

hypomorphs to aid in the deconvolution of the mechanism of action (FIGURE 1.4).

Recently, hypomorph strains generated by CRISPRi gene knockdown have shed light on the
spectrum of essentiality where some genes are more vulnerable than others.? Although these
pools of M. tuberculosis hypomorphs have yet to deliver new small molecules or new targets
besides proof of concept work, M. tuberculosis hypomorphs generated using the DAS-tag
proteolytic system have yielded deliverables.’** This method, termed PROSPECT, enabled the
screening of 100-150 M. tuberculosis proteolytic hypomorphs with a library of >50,000
compounds and identified 40 new scaffolds that target DNA gyrase, RNA polymerase, cell wall
synthesis, tryptophan and folate synthesis—all well-known drug targets.>%> Surprisingly, the
essential efflux pump EfpA, previously unknown as a druggable target, was discovered during this

screen.

The main limitation to the hypomorph hybrid approach is the inherent link between hit
identification and the hypersusceptible profile. Indeed, hypomorph strains will become more
susceptible to many molecules, and that scaffolds identified might appear as weak hits from a
more traditional in cellulo screening approach. This highlights the requirement for excellent

structure activity relationship analysis and medicinal chemistry efforts. For these reasons, the
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EfpA inhibitor, when first identified as a weak hit, underwent optimization to generate an EfpA
inhibitor with wild-type M. tuberculosis drug-like potency.** In the end, the PROSPECT
method was successful in uncovering new molecules against new targets that previously went

undetected by conventional screening.

1.5 RATIONALE & RESEARCH OBJECTIVES
The repertoire of antibiotics used for treating pulmonary M. abscessus infections has relied on

antibiotics from the tuberculosis world and other bacteria.’?’

For many other bacteria, this
repurposing process has worked in the past with broad spectrum antibiotics but most antibacterials
do not exhibit activity across the MTBC-NTM spectrum.’?® Some exceptions exist like rifampicin
but M. abscessus is an outlier with intrinsic resistance.!*®3% As a result, new antibiotics will be
needed considering the increase in M. abscessus pulmonary infections globally and the aging

population of CF patients.>>84

The first objective of this thesis was to construct a strain of M. abscessus with constitutive
luminescence and screen a library of 517 natural product compounds (Chapter 2). The reference
strain ATCC 19977 of M. abscessus was engineered to constitutively express the /uxCDABE
operon and generate luminescence. Next, the M. abscessus-lux strain was validated with a Z’ factor
> (.7 and used in all subsequent library screening. From the 517-compound library with natural
products from myxobacteria, fungi, and other diverse sources, lysobactin and sorangicin A were
identified as in vitro growth inhibitors of M. abscessus. Both compounds were active against multi
drug-resistant clinical isolates of M. abscessus and provide opportunities for the M. abscessus drug
pipeline. Currently, the pipeline does not have compounds like lysobactin targeting lipid II of the
cell wall. Additionally, sorangicin A targets the validated drug target RNA polymerase but unlike
other RNA polymerase inhibitors like rifampicin and rifabutin, sorangicin A does not induce drug
metabolising enzymes like cytochrome P450 that are known to interfere with the CF corrector
Ivacaftor. As interesting as lysobactin and sorangicin A are, both compounds are early in the
discovery phase and could benefit from iterative rounds of medicinal chemistry and formulation

optimization.
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Going forward, we wanted to identify compounds with a quick return on investment. From the
Medicines for Malaria Venture, we screened 400 compounds active against various disease sets
and 400 compounds with general antibacterial, antifungal, or antiviral activities (Chapter 3). We
identified epetraborole as the most potent hit and characterized the in vitro and in vivo
antimycobacterial activity in M. abscessus infected zebrafish and the recently described SCID
mouse model for M. abscessus. Using a forward genetic approach, epetraborole resistant mutations
were mapped to the editing domain of LeuRS. Keeping in mind the failed phase 2 clinical trial
with epetraborole, we looked for solutions to salvage epetraborole as a therapy. Taking advantage
of the lack of editing activity, we showed epetraborole mutants became sensitive to the non-
proteinogenic amino acid norvaline. Norvaline challenge inhibited growth of epetraborole mutants
and resulted in the misincorporation of norvaline in lieu of leucine across the proteome. When
used as an adjuvant-like molecule with epetraborole, norvaline decreased resistance to
epetraborole in both M. abscessus and M. tuberculosis. This highlights the potential of norvaline

as an adjuvant for LeuRS editing domain inhibitors.

M. abscessus mutants with resistance to both epetraborole and norvaline were raised
unintentionally and characterized (Chapter 4). The double mutants incorporated less norvaline in
the proteome, but we note no change in the hydrophobicity of the cell wall nor increased efflux
activity. WGS identified mutations in the first enzyme in the biosynthetic pathway of leucine, a-
isopropylmalate synthase (a-IPMS), and were mapped to the allosteric binding site for leucine.
Metabolomics showed that the double mutants had increased leucine production, but no change in
isoleucine, indicating a disruption of the allosteric regulation of IPMS. Ultimately, the increased

leucine production countered norvaline inhibition.

The findings in this thesis underscore a place for drug discovery tailored to M. abscessus and
highlight the antimicrobial resistant nature of M. abscessus. From the work presented here and
from others, epetraborole could be moved to a phase II clinical trial for M. abscessus pulmonary

infections as was done with epetraborole for MAC.
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FIGURE 1.1. Diversity of the Mycobacterium genus. Phylogeny of the Mycobacterium genus

0.009

using rpoB from a Neighbour-Joining tree built with the Jukes-Cantor distance model. Bar
represents 0.009 substitutions per nucleotide position. The Mycobacterium tuberculosis Complex
(MTBC) is highlighted in pink, and the non-tuberculous mycobacteria (NTM) are highlighted in
blues. NTM are divided into slow growing (light blue) and rapid growing (dark blue).
Mycobacterium leprae (grey) is located in between the MTBC and NTM. Nocardia farcinica

(black) was used as the outgroup.
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FIGURE 1.2. Treatment schedules for mycobacterial pulmonary infections. Pulmonary
infection with drug sensitive (black bars) or multidrug resistant (grey bars) M. tuberculosis.
Pulmonary infection with M. abscessus in a patient with CF (white bars). The M. abscessus
regimen is implemented in two phases: an intensive phase with parenterally administered
amikacin, tigecycline, and imipenem and an oral macrolide; after three months, an all-oral regimen
of three antibiotics plus a macrolide and nebulized amikacin are used for the continuation phase

up to 17 months. Adapted from Floto ez al.?!
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FIGURE 1.3. Antimicrobial resistance mechanisms in M. abscessus. Compounds highlighted
in bold represent the front-line regimen for TB (Isoniazid, Rifampicin, Pyrazinamide, Ethambutol).
Hashed arrow represents a process/pathway that no longer occurs in M. abscessus. M. abscessus
encodes a variant of KatG that does not catalyze the formation of the isoniazid-NAD adduct, which
is required for inhibition of InhA. Drug modifying enzymes such as acetyltransferases (AAC),
phosphotransferases (APH), and ADP-ribosyltransferases (Arr) impart resistance to
aminoglycosides and rifamycins. M. abscessus expresses one [3-lactamase (Blamap) with activity
against the penam and cephem family of B-lactams, and one (-lactamase (Blammas) with putative
carbapenem activity. Macrolides trigger inducible resistance through the transcription factor
WhiB7 that upregulates the target modifying enzyme Erm(41) and provides macrolide resistance.
NTM do encode the enzyme responsible for converting pyrazinamide into the active species
pyrazinoic acid (PncA), however, current evidence suggests pyrazinoic acid is effluxed from the
cell before inhibition of the putative target aspartate decarboxylase occurs. Non-enzymatic-
mediated resistance in M. abscessus includes target variants that preclude binding of certain
fluoroquinolones to gyrase A of the DNA polymerase complex and binding of ethambutol to the

arabinosyltransferase EmbB.
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FIGURE 1.4. Pathways for antimicrobial discovery. Drug discovery for antimicrobials is
carried out classically by the WCS method. Compounds are screened for activity against whole
cell bacteria most commonly through growth inhibition. Bacterial mutants are raised on high
concentrations of the hit compound and sent for WGS. Sequencing results can identify the target

gene, which is followed up with extensive experimental approaches to determine the mechanism
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of action. Target-based screening has yet to produce clinically useful antimicrobials. Starting with
a bioinformatics approach, essential genes that have prior structural or kinetic data available are
prioritized. Once a target has been selected, an in vitro assay is validated and used to screen for
inhibitors of the target. Hit compounds are then assayed for dose response activity and other
pharmacological parameters in vitro followed by a phenotypic assay that tests for cell permeability
and whole cell activity. Hybrid screening is a newer approach that combines aspects of whole cell
and target-based screening. Examples of hybrid screens use hypomorphic strains to gain insight
on the target while probing for compounds with cell permeability. Barcoded-hypomorphs can be
generated with CRISPRi or the DAS-tag proteolysis system. Compounds are screened against the
pool of hypomorphs followed by next generation sequencing of the barcode to determine which
hypomorphs were depleted. Depleted hypomorphs provide insight on the putative target and
mechanism of action of the compound. The red arrow indicates the step where that method
typically fails. Hybrid methods require more trial-and-error to determine which step is the

chokepoint.
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MmpL3, mycobacterial membrane protein large 3; LeuRS, leucyl-tRNA synthetase. The asterisk
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PREFACE TO CHAPTER 2

M. abscessus is known to cause chronic pulmonary infections in patients with impaired lung
function such as CF. Current antimycobacterials that are used to treat infections caused by M.
tuberculosis are not effective against M. abscessus due to a myriad of resistance mechanisms. The
antibiotics that do demonstrate in vitro activity against M. abscessus are inadequate for clinical
use with treatment success rates near 30-50%. We rationalized that since natural products make
up a majority of the clinically useful antibiotics today, the natural product chemical space could
be a valuable place to begin our drug discovery efforts. Known for its work in mycobacterial
genetics, the Behr lab’s first foray into antimicrobial drug discovery started with the construction
of a constitutively producing luminescence strain of M. abscessus. The luminescence readout was
correlated with the biomass of a growing culture and validated with a Z’ factor. Starting with a
small pilot library of natural products, lysobactin and sorangicin showed promising activity against
M. abscessus and clinical isolates, which suggests that no prior resistance to these novel scaffolds

has developed.

This chapter was adapted from the manuscript: Natural products lysobactin and sorangicin A show

in vitro activity against Mycobacterium abscessus complex. Sullivan et al. Microbiol Spectr. 2022
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2.1 ABSTRACT

The prevalence of lung disease caused by Mycobacterium abscessus is increasing among patients
with cystic fibrosis. M. abscessus is a multidrug resistant opportunistic pathogen that is notoriously
difficult to treat due to a lack of efficacious therapeutic regimens. Currently, there are no standard
regimens, and treatment guidelines are based empirically on drug susceptibility testing. Thus,
novel antibiotics are required. Natural products represent a vast pool of biologically active
compounds that have a history of being a good source of antibiotics. Here, we screened a library
of 517 natural products purified from fermentations of various bacteria, fungi and plants against
M. abscessus ATCC 19977. Lysobactin and sorangicin A were active against the M. abscessus
complex and drug resistant clinical isolates. These natural products merit further consideration to

be included in the M. abscessus drug pipeline.
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2.2 IMPORTANCE

The many thousands of people living with cystic fibrosis are at a greater risk of developing a
chronic lung infection caused by Mycobacterium abscessus. Since M. abscessus is clinically
resistant to most anti-TB drugs available, treatment options are limited to macrolides. Despite
macrolide-based therapies, cure rates for M. abscessus lung infections are 50%. Using an in-house
library of curated natural products, we identified lysobactin and sorangicin A as novel scaffolds

for the future development of antimicrobials for patients with M. abscessus infections.
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2.3 INTRODUCTION

Mycobacterium abscessus (M. abscessus) complex consists of three subspecies (M. abscessus
subsp. abscessus, M. abscessus subsp. massiliense, M. abscessus subsp. bolletii) that causes
disease in immunocompromised and immunocompetent hosts.! Although M. abscessus was first
isolated from a knee abscess in 1953, the most common clinical presentation is pulmonary disease
in patients with cystic fibrosis (CF), chronic lung disease, or undergoing lung transplantation and
is becoming more frequent.®?® In some instances, extrapulmonary disease can result from

dissemination or surgical site infections that lead to skin and soft tissue infections.®’

Clinical management of M. abscessus pulmonary disease is challenged by notoriously drug
resistant phenotypes and a lack of effective antimicrobials. M. abscessus is intrinsically resistant
to most antitubercular agents used to treat tuberculosis despite having a homolog of the target.!”
The treatment for M. abscessus pulmonary disease in a patient with CF includes an intensive phase
of an oral macrolide like clarithromycin or azithromycin, intravenous amikacin, and an additional
intravenous agent like cefoxitin or imipenem.!! The intensive phase of treatment lasts for up to
three months depending on the severity of the infection and the tolerability of the regimen.

Subsequently, patients continue with the oral macrolide and substitute the injectable agents with

oral clofazimine, minocycline, moxifloxacin, and nebulized amikacin for 14 months.!!

Treatment regimens can be further complicated by varying susceptibilities among the subspecies
where M. abscessus subsp. abscessus and bolletii display inducible resistance to macrolides
conferred by the ribosomal methyltransferase encoded by erm(41), resulting in worse treatment
outcomes. Comparatively, M. abscessus subsp. massiliense has a truncated erm(41) and higher
treatment success rates.'>"!* Consequently, the intrinsic resistance mechanisms of the bacteria and
the lack of effective antimicrobials against M. Abscessus necessitate additional drug discovery

efforts to identify novel antimicrobials.

Natural products are a reservoir of genetically encoded microbial metabolites with vast chemical
diversity.!>!1® These metabolites have been crafted by evolution to mediate chemical signaling roles
and thus, possess the required properties for microbial penetration and an affinity for biological

targets.!”!8 Considering that two-thirds of antibiotics used in the clinic are natural products or
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derived from a natural product scaffold, they are a proven source for antimicrobial discovery.!*2
Here, we screened an in house HZI/HIPS library of 517 natural products purified from
fermentations of various bacteria (mostly myxobacteria) and fungi against M. abscessus ATCC
19977. We discovered that the cyclic depsipeptide lysobactin (LYB) and the macrolide sorangicin
A (SOR) have activity against the reference strain and against a panel of drug resistant clinical

isolates from CF patients.
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2.4 METHODS

2.4.1 Compounds

Myxobacteria and fungi are prolific sources of structurally diverse metabolites displaying
innovative modes-of-action.?!?? The labs at HZI/HIPS focus on exploring understudied sources
and expanding the natural product space in biodiversity-driven approaches.!> Production and
isolation procedures are being developed and adapted to match compound properties, and we
typically aim at isolating compounds at > 90% purity. The library plates and master stocks are
stored at -80°C and undergo routine quality control via HPLC-MS/UV. For hit confirmation and
dose-response, independent powder stocks are provided which are typically at 95% purity. An in-
house collection of 517 natural products were included in the screen. The library includes 176
compounds isolated from diverse sources, 88 compounds isolated from fungi, and 253 compounds
isolated from myxobacterial fermentation. The natural products were prepared at 1 mM in 100%
dimethyl sulfoxide (DMSO). Amikacin (AMK) was resuspended in distilled H,O (dH-O).
Vancomycin (VAN) was resuspended in dH,O while lysobactin (LYB), rifampicin (RIF) and
rifabutin (RFB) were resuspended in 100% DMSO. Sorangicin A (SOR) was prepared in-house
and resuspended in 100% DMSO. For Sorangicin A, fermentation and downstream processing is
described elsewhere and the provided sample was > 95% purity. All drugs were purchased from

Sigma-Aldrich unless otherwise stated.

2.4.2 Bacterial Strains

Mycobacterium abscessus ATCC 19977 reference strain was used to create a constitutively
luminescent strain by integration of the /uxCDABE operon (M. abscessus lux) for screening assays.
The integration was accomplished by electroporating the plasmid plux that targets the attP site of
the mycobacterial genome and selecting on 7H10 plates containing 250 pg/mL of kanamycin. M.
abscessus lux cultures were grown in 100 pg/mL kanamycin for plasmid maintenance. Cultures
were passaged in antibiotic-free media one night prior to the primary screen assay. Clinical isolates
of M. abscessus subsp. abscessus and subsp. massiliense from patients with cystic fibrosis were
obtained from an epidemiologic study of M. abscessus transmission on the island of Montreal.
Isolates were characterized by Illumina Mi-Seq whole-genome sequencing. M. abscessus subsp.
bolletii clinical isolate was obtained from France. Single nucleotide polymorphisms (SNPs) in

erm(41), rpoB, and rrl were detected using Galaxy. Briefly, whole-genome sequence qualities
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were checked with FASTQC, and adapter sequences were trimmed with Trimmomatic. Snippy
was used to map whole-genome sequences to erm(41), rpoB, and rrl from ATCC 19977 reference
(GenBank accession: CU458896.1) with a minimum mapping quality of 60 and minimum
coverage of 40. SNPs in erm(41), rpoB, and rrl were confirmed with Sanger sequencing. erm(41)
primers: Pr GTGTCCGGCCAACGGTCGCGA; Pr TCAGCGCCGCCTGATCACCAGC. rpoB
primers: Pr TGTCGCAGTTCATGGACCAGAA; Pr GTCGTGCTCGAGGAACGGGAT. Rrl
primers: Pr GACGATGTATACGGACTGACGC; Pr CGTCCAGGTTGAGGGAACCTT.
Phenotypic clarithromycin resistance was confirmed genotypically by erm(41) sequevar (T28 for

active erm(41) or C28 for inactive erm(41)) or A2058/2059 polymorphisms in r7l.

2.4.3 Culture Conditions

M. abscessus strains were grown in rolling liquid culture at 37 °C in Middlebrook 7H9 broth (BD
Difco) supplemented with 10% (v/v) albumin dextrose catalase enrichment (ADC), 0.2% (v/v)
glycerol, and 0.05% (v/v) Tween 80 (7H9 complete) or on 7H10 agar plates supplemented with
10% (v/v) oleic acid ADC enrichment and 0.5% (v/v) glycerol at 37 °C unless otherwise stated.
7HO broth supplemented with 10% (v/v) ADC enrichment, 0.2% (v/v) sodium acetate, and 0.05%
(v/v) Tween 80 was used as an alternative carbon source. Cation-adjusted Mueller Hinton broth
(BD Difco) with 10% (v/v) ADC enrichment, 0.2% (v/v) glycerol, and 0.05% (v/v) Tween 80 was
used as an alternative media and bacteria were grown at 30°C. Sauton’s minimal media was used
as a defined minimal media (0.5 g/L monobasic potassium phosphate, 4.0 g/ L-asparagine
monohydrate, 2.0 g/L citric acid monohydrate, 0.05 g/L ferric ammonium citrate, 0.1 mL of 1%
zinc sulfate, 0.5 g/L magnesium sulfate heptahydrate, 60mL of 100% glycerol, 2.5 mL of 20%
Tween 80, pH 7).

2.4.4 Screening assay

The natural product library was screened against M. abscessus lux at a single-point concentration
of 10 uM in duplicate in 96-well flat-bottom white plates in 7H9 complete media. The culture was
grown to log phase (ODeoo 0.4-0.8) and diluted to an ODeoo of 0.005 (5x10% CFU/mL). 90 pL of
culture was mixed with 10 pL of 100 uM compound diluted in a mixture of 10% DMSO/90%
7HO. The final concentration of DMSO in each well was 1%. Plates were sealed with parafilm and

incubated at 37 °C for 48 hours. The last column of each plate had 1% DMSO as negative control
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in quadruplicate (drug-free conditions) and 110 uM of AMK as positive control in quadruplicate.
Luminescence was measured with an Infinite F200 Tecan plate reader. Percentage of luminescence
relative to DMSO control was plotted using GraphPad Prism version 9. Compounds that decreased
the luminescence to < 10% or < 50% of the drug-free conditions were classified as strong or

moderate hits, respectively.

2.4.5 Determination of minimum inhibitory concentrations (MIC)

MIC values were determined using the resazurin microtiter assay (REMA). Cultures were grown
to log phase (ODgoo of 0.4-0.8) and diluted to ODsoo of 0.005 (5x10° CFU/mL). Drugs were
prepared in two-fold serial dilutions in 96-well plates with 90 pL of bacteria per well to a final
volume of 100 pL. 96-well clear, flat bottom plates were incubated at 37 °C until drug-free wells
were turbid (48 hours for M. abscessus). Ten pL of resazurin (0.025% wt/vol) was added to each
well. Once the drug-free wells turned pink (3-4 hours), the fluorescence (ex/em 560nm/590nm)
was measured using an Infinite F200 Tecan plate reader. Fluorescence intensities were converted
to % viable cells relative to drug-free conditions and fit to the modified Gompertz equation using
GraphPad Prism version 9. MIC values at 90% growth inhibition were determined from the
nonlinear regression Gompertz equation.”®> To compare MICs across media or clinical isolates,

MIC values were log transformed. (pMIC = -log(MIC).
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2.5 RESULTS

2.5.1 Validation of M. abscessus lux for phenotypic screening

To identify new antimicrobial agents against the difficult-to-treat pulmonary pathogen M.
abscessus, we investigated the feasibility of M. abscessus constitutively expressing luciferase from
the /luxCDABE operon as a primary screening strain (M. abscessus lux). We showed that expression
of luxCDABE did not interfere with the growth kinetics of M. abscessus lux when compared to M.
abscessus ATCC 19977 by CFU/mL over 72 hours, and that /uxCDABE provided 1000-fold more
luminescence than background (FIGURE 2.1A). More importantly, luminescence production had
a positive correlation (Pearson r* = 0.9887) with growth kinetics (FIGURE 2.1B). Therefore, we

substituted the luminescence readout as a proxy for bacterial growth.

Primary screens of chemical libraries often include false positives that later prove to be inactive
against the microorganism of interest and thus, incur additional time and resources on screening
campaigns. Conversely, compounds with bona fide activity may be missed as false negatives. To
limit both scenarios, screening conditions are subjected to a Z’ factor measurement to determine
the robustness of a particular readout. We compared the Z’ factor of our M. abscessus lux to three
other readouts of bacterial growth, namely: optical density at 600nm (ODeoonm)>**?°, resazurin
microtiter assay (REMA)?%2% and Bactiter Glo?**°. M. abscessus ATCC 19977 and M. abscessus
lux were grown until mid-log phase, diluted to ODeoonm of 0.005 (5x10° CFU/mL) and incubated
with 1% DMSO or 100 uM amikacin in a 96 well plate format for 48 hours. We measured the
highest Z’ factor of 0.70 [95% CI, 0.65-0.82] using luminescence from M. abscessus lux while
luminescence from the commercial Bactiter Glo kit generated the lowest Z’ factor of 0.51 [95%
CI, 0.13-0.50] (FIGURE 2.1C). Importantly, the reproducibility between Z’ factors was highest
with M. abscessus lux as measured by the 95% CI range (M. abscessus lux = 0.17, REMA = 0.23,
Bactiter Glo = 0.38, OD = 0.39). The high Z’ factor and its reproducibility for the M. abscessus

lux readout gave us confidence to use it in our primary screening assays (FIGURE 2.1C).

2.5.2 Lysobactin and sorangicin A are identified as inhibitors of M. abscessus ATCC 19977
from a natural product library
To identify novel antimicrobials against M. abscessus, we carried out a phenotypic screen with an

in house HZI/HIPS library of 517 natural products against M. abscessus lux. The natural products
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originated from the fermentation of various biological sources, fungi, and myxobacteria.
Fermentations were fractionated into single compounds at 1 mM in DMSO. We screened the
natural products at 10 pM (1% DMSO) and applied a threshold of 90% and 50% reduction in
luminescence compared to drug free controls (1% DMSQO). These criteria provided us with
compounds with MICgo and MICso < 10 uM, respectively. The last column of each plate contained
drug free wells and 100 pM AMK wells as negative and positive controls, respectively. After
screening in duplicate, we identified 12 compounds that met our threshold of 90% loss of viability
and 20 compounds at 50% loss of viability at 10 uM (FIGURE 2.2, TABLE S2.1). Many of the
compounds identified are known DNA intercalators and were flagged as potentially cytotoxic.
Telithromycin was omitted through de-replication as it shares a similar mechanism of action to
CLR. Two compounds identified with specific targets were LYB (FIGURE 2.3) and SOR
(FIGURE 2.4). LYB was a compound of interest since there are currently no lead compounds that
target lipid II in the cell wall in the M. abscessus drug pipeline.’! Although traditional cyclic
peptides like vancomycin (VAN) do exhibit in vitro activity against M. abscessus,*> VAN is
associated with an increased risk ratio for total adverse events, nephrotoxicity, and vancomycin
flushing reaction.’ SOR, a known RNA polymerase (RNAP) inhibitor, was a compound of interest
since RNAP is a validated drug target in Mycobacterium tuberculosis targeted by the front-line
drug rifampicin (RIF).>* Relatedly, rifabutin (RFB) has been shown to be active against M.
abscessus,*>>*% and so SOR could be added to the group of repurposed RNAP inhibitors for M.

abscessus.

2.5.3 Lysobactin and sorangicin A maintain activity in different media compositions

To confirm the activity of LYB and SOR and determine the minimum concentration of each drug
that inhibits 90% of bacterial growth (MICoo), fresh LYB and SOR powder was obtained and tested
against the M. abscessus ATCC 19977 reference strain. We observed low micromolar dose-
response activity for both LYB and SOR as illustrated in TABLE 2.1. It was previously shown
that some antimycobacterial agents have carbon dependent activities.’” Therefore, we measured
the pMICo of LYB and SOR for M. abscessus ATCC 19977 grown in traditional Middlebrook
7H9 with glycerol, Middlebrook 7H9 with acetate, and Sauton’s minimal mycobacteria medium
with glycerol. Alternatively from a clinical perspective, the Clinical and Laboratory Standards

Institute guidelines recommend M. abscessus drug susceptibility testing in cation-adjusted Mueller
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Hinton (CaMH) broth.’® LYB and SOR retained activity across glycerol and acetate as carbon
sources, in a minimal media, and in media adjusted for Mg** and Ca?" (TABLE 2.1, TABLE
S2.2).

2.5.4 Lysobactin and sorangicin A are active against the M. abscessus complex and drug
resistant clinical isolates

To compare the activity of LYB and SOR against other drugs with a similar target, we measured
the pMICoo of M. abscessus ATCC 19977 S and R reference strains against VAN as a
representative cyclic peptide cell wall antimicrobial, and RIF and RFB as representative RNAP
inhibitors. LYB and VAN demonstrated similar potencies against both M. abscessus S and M.
abscessus R reference strains while SOR and RIF exhibited lower potencies than RFB (TABLE
2.2, TABLE S2.3). To determine if LYB and SOR are active against the M. abscessus complex,
we measured the pMICo of the natural products against drug resistant clinical isolates that include
M. abscessus subsp. abscessus (n =5), M. abscessus subsp. massiliense (n = 5), and M. abscessus
subsp. bolletii (n = 1). These clinical isolates are resistant to a variety of antibiotics used to treat

M. abscessus pulmonary disease (TABLE S2.4).

Whole-genome sequencing of the clinical isolates identified SNPs in erm(41), rrl, and rpoB that
were confirmed with Sanger sequencing (TABLE 2.2). Clinical isolates represented T28
sequevars with a functional erm(41) for inducible CLR resistance and C28 sequevars with a non-
functional erm(41). Two strains possessed the A2058G (A2270G in M. abscessus) or A2059C
(A2271C in M. abscessus) SNP in the rr/ gene that conferred constitutive CLR resistance (TABLE
2.2). Most isolates harbored a D523E substitution in RpoB. LYB and VAN demonstrated nearly
equipotent activities against the clinical isolates (Median LYB pMICoo = 5.3 [95% CI, 4.9-5.4],
VAN pMICq = 5.3 [95% CI, 5.1-5.6], P = 0.46) (FIGURE 2.5A). SOR and RIF were less potent
compared to best-in-class RFB (Median SOR pMICyy = 4.9 [95% CI, 4.7-5.1], RIF pMICy = 4.9
[95% CI, 4.4-5.2], RFB pMICoo = 5.8 [95% CI, 5.5-5.9]) (FIGURE 2.5B). However, to measure
pre-existing resistance to the new compounds, pMICq values were standardized to the ATCC
19977 S reference strain. We measured up to a 10-fold change in pMICy of the clinical isolates
relative to the ATCC 19977 reference strain for LYB with median LYB ApMICy = 0.4 [95% CI,
0.3-0.9] and VAN ApMICy = -0.1 [95% CI, -0.4-0.1] (FIGURE 2.5A). Although the RpoBP>23E

78



variant was commonly identified in these M. abscessus clinical isolates, M. tuberculosis naturally
encodes E523 in the rifampicin resistance determining region. FIGURE 2.5B illustrates a similar
activity spectrum to SOR, RIF, and RFB. Taken together, these data suggest a lack of acquired
resistance in the clinic to LYB and SOR.

2.6 DISCUSSION

Ten hits were identified from a library of 517 natural products from fermented microorganisms.
Two compounds of interest are LYB and SOR. LYB, also known as katanosin B, is a cyclic
depsipeptide secondary metabolite produced by Lysobacter ezymogenes.***° First identified in
1988, LYB was found to inhibit peptidoglycan synthesis in Gram-positive bacteria but its
molecular mechanism remained undefined.’**° Later, it was shown that while VAN binds to the
terminal D-Ala-D-Ala residue of the pentapeptide stem on N-acetylmuramic acid/N-
acetylglucosamine units, LYB binds to the reducing end of the lipid-anchored peptidoglycan
precursor, lipid 113! Cyclic peptides have recently been investigated for activity against M.
abscessus. Teicoplanin showed synergy in combination with the glycylcycline, tigecycline and
VAN synergized with the macrolide, clarithromycin.*!*? Due to previous work showing that LYB
causes moderate toxicity in mice when administered intravenously*® but the absence of clinical
resistance shown here, LYB could benefit from novel formulations to increase the oral

bioavailability and limit side effects.

SOR is produced by the gliding myxobacterium Sorangium cellulosum and targets eubacterial but
not eukaryotic RNAPs.***#** Like RIF and RFB, SOR inhibits bacterial transcription via binding to
the RpoB subunit of wildtype RNAP but in M. tuberculosis, SOR was shown to prevent promoter
DNA unwinding specifically in RIF® mutants.>** Importantly, SOR maintained activity against
E. coli and M. tuberculosis rpoB mutants despite being resistant to RIF. This has important
implications for the treatment of M. tuberculosis as RIF is a front-line agent and for the treatment
of M. abscessus since the activity of RFB has recently been explored.’>*64 SOR could be a
promising candidate for the M. abscessus drug pipeline as it not only retains activity against M.
tuberculosis RIF® mutants, but induces cytochrome P450 3A4 to a lesser degree than the classic

RNAP inhibitors RIF and RFB.>* Cytochrome P450 3A4 induction from rifampicin has been
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shown to reduce the efficacy of the CFTR corrector, ivacaftor, for patients with CF through drug-

drug interactions.*’

M. abscessus drug discovery could benefit from additional library screening to identify novel
scaffold/drug target pairs like the oxaboroles and tRNA synthetases, but attrition rates are high.3-
0 Alternatively, focusing on pharmacologically and clinically validated drug targets like
peptidoglycan and RNAP might accelerate the drug discovery process.’! Although inhibitors for
these targets do not exert the most potent in vitro activity, they provide novel scaffolds with subtly
different mechanism of action, whose potency and drug disposition properties can be improved
through careful medicinal chemistry optimization or alternative biotechnological approaches for
compound improvement.'® Future studies should include structure activity relationship analysis
and novel formulations to improve the activity and bioavailability while minimizing toxicity of

the natural products LYB and SOR for the development of M. abscessus antibiotics.
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2.10 FIGURES AND TABLES

TABLE 2.1. Effect of carbon source and minimal media on potencies of
natural product hits against M. abscessus ATCC 19977 smooth reference
strain.

pMICyo (M)
7TH9? 7TH9? CaMH" Sauton®
Compound  Glycerol Acetate Glycerol Glycerol
Lysobactin -~ 55 5.5 5.4 53
Sorangicin A 4.9 4.8 4.8 4.4

aMiddlebrook 7H9 media
bCation-adjusted Mueller Hinton media
°Sauton mycobacteria minimal media
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TABLE 2.2. Characterization of M. abscessus clinical isolates.

Isolate Subspecies Morphotype K’XB rrl SNP s:’(;llf:\lfz)ir g:;el:)l:f[? illlilty;in
ATCC19977 abscessus  Smooth none none T28 Sensitive
ATCC19977 abscessus  Rough none none T28 Sensitive
MBO084806  abscessus ~ Smooth D523E  none T28 Sensitive
MB092927  abscessus ~ Smooth D523E  none C28 Sensitive
MB093261  abscessus ~ Smooth none none T28 Sensitive
L0007906 abscessus  Rough D523E  A2270G T28 Resistant
MBO086151  abscessus  Rough D523E  none C28 Sensitive
MBO088425  massiliense Smooth D523E  none deletion  Sensitive
MBO088215  massiliense Smooth D523E  none deletion  Sensitive
MB092961  massiliense Rough D523E  none deletion  Sensitive
L00042522  massiliense Rough D523E  A2271C deletion  Resistant
AV massiliense  Smooth D523E  none deletion  Sensitive
167P bolletii Rough D523E  none T28 Resistant
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TABLE 2.3. Potencies of natural product hits against M. abscessus reference strain and

clinical isolates.

PMICy (M)?
Isolate Subspecies Morphotype Cell Wall RNA Polymerase
LYB VAN SOR RIF RFB

ATCC19977  abscessus Smooth 5.7 52 5.0 4.9 5.7
ATCC19977  abscessus Rough 5.7 5.0 4.7 4.6 5.7
MBO084806  abscessus Smooth 5.4 5.6 5.1 52 6.1
MB092927  abscessus Smooth 5.1 55 4.7 4.8 5.8
MB093261 abscessus Smooth 5.1 5.1 4.8 5.0 5.8
L0007906 abscessus Rough 4.9 53 4.7 4.2 53
MBO086151 abscessus Rough 53 5.6 4.9 4.9 5.8
MBO088425 massiliense Smooth 5.4 53 5.1 52 5.8
MBO088215 massiliense Smooth 5.4 53 5.1 5.1 5.8
MB092961  massiliense Rough 5.4 53 5.1 5.2 59
L00042522  massiliense Rough 4.7 5.1 4.3 4.3 5.2
AV massiliense Smooth 4.8 5.1 4.5 4.4 5.5
167P bolletii Rough 53 5.7 5.5 54 6.1

ALYB, lysobactin; VAN, vancomycin; SOR, sorangicin A; RIF, rifampicin; RFB, rifabutin
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FIGURE 2.1. Validation of luminescence from M. abscessus constitutively expressing lux. A
M. abscessus 19977 ATCC 19977 was made to constitutively express the luxCDABE operon (M.
abscessus lux). Reference strain ATCC 19977 (circles) and M. abscessus lux (squares) were grown
in 7H9 complete with CFU/mL (black symbols) and luminescence (purple symbols) measured at
12-hour intervals. Data shown is n = 3 with mean + SD. P values from 2-way ANOVA with
Sidak’s multiple comparison test. B Correlation between luminescence output and bacterial growth
measured with Pearson’s correlation coefficient. C Z’ Factor measured using ODsoonm, resazurin
microtiter assay (REMA), and Bactiter Glo readouts on M. abscessus ATCC 19977, and

luminescence readout on M. abscessus [ux. Data shown is median with 95% CI of n = 3.
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FIGURE 2.2. Natural product primary screen. A library of 517 natural products was screened
against M. abscessus lux at a concentration of 10 pM. Dashed red line indicates 90% luminescence
reduction cut off. Natural product library includes 176 compounds fractionated from diverse
sources (blue, cyan), 88 compounds fractionated from fungi (green), 253 compounds fractionated
from myxobacteria (red, orange, yellow), 1% DMSO as vehicle control (purple), and 100 uM

amikacin as positive control (white). Data shown is mean of duplicate screening.
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FIGURE 2.5. Potencies of natural product hits against M. abscessus ATCC 19977 S and R
reference strains and clinical isolates. Clinical isolates comprise M. abscessus complex (M.
abscessus n = 5, M. massiliense n = 5, M. bolletii n = 1). A MICo (uM) of LYB and VAN
converted to pMICoo (M) (left). Change in pMICy relative to M. abscessus ATCC 19977 (pMICoo
atcc — pMICoo ciin iso). Values greater than 0 indicate lower potency against the clinical isolate.
Dashed lines represent 10-fold change in potency. Data shown is median with P values from
Wilcoxon matched-pairs rank test. B MICoo (uUM) of SOR, RIF, and RFB converted to pMICoo (M)
(left). Change in pMICoo relative to M. abscessus ATCC 19977 (pMICoo atcc — pMICoo clin iso)-
Values greater than 0 indicate lower potency against the clinical isolate. Dashed lines represent
10-fold change in potency. Data shown is median with P values from Friedman test with Dunn’s

multiple comparisons test.
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2.11 SUPPLEMENTARY MATERIAL

TABLE S2.1. Compounds with in vitro activity against M. abscessus identified from natural
product library.
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TABLE S2.2. Effect of carbon source and minimal media on potencies of natural product
hits against M. abscessus ATCC 19977 smooth reference strain.

MICyo (ULM)
7H9? Glycerol  7H9? Acetate CaMH" Sauton®
Compound Glycerol Glycerol
Lysobactin 3 3 4 5
Sorangicin A 13 16 16 39

aMiddlebrook 7H9 media with 10% ADC (albumin, dextrose, catalase), 0.05% Tween-80, 0.02%
carbon source

bCation-adjusted Mueller Hinton media with 10% ADC, 0.05% Tween-80, 0.02% carbon source
¢Sauton mycobacteria minimal media with 0.05% Tween-80, 0.02% carbon source
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TABLE S2.3. Potencies of natural product hits against M. abscessus reference strain and
clinical isolates.

MICso (LM)?
Cell Wall RNA Polymerase
Isolate Subspecies Morphotype :::::var :LI;?ceptibility LYB VAN ORI RFB
ATCC19977 abscessus  Smooth T28 Sensitive 2 7 11 13 2
ATCC19977 abscessus Rough T28 Sensitive 2 9 18 23 2
MB084806 abscessus  Smooth T28 Sensitive 5 2 7 7 1
MB092927 abscessus ~ Smooth C28 Sensitive 8 3 21 18 2
MB093261 abscessus  Smooth T28 Sensitive 9 7 17 10 2
L0007906 abscessus Rough T28 Resistant 13 5 15 69 5
MB086151  abscessus Rough Cc28 Sensitive 5 2 13 12 1
MBO088425 massiliense Smooth deletion  Sensitive 4 6 8 7 2
MB088215 massiliense Smooth deletion  Sensitive 4 5 8 7 2
MB092961 massiliense Rough deletion  Sensitive 4 5 8 7 1
L00042522 massiliense Rough deletion  Resistant 19 8 50 100 7
AV massiliense  Smooth deletion  Sensitive 15 8 30 46 3
167P bolletii Rough T28 Resistant 5 2 3 4 1

ACLR, clarithromycin; LYB, lysobactin; VAN, vancomycin; SOR, sorangicin A; RIF, rifampicin;
RFB, rifabutin
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TABLE S2.4. Drug susceptibility profile of M. abscessus complex clinical isolates.
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PREFACE TO CHAPTER 3

Indeed, the library of natural products from myxobacteria, other bacteria, and plants was a fruitful
source for M. abscessus antimicrobials, however, lysobactin and sorangicin A represent hit
compounds and would require extensive follow up studies before acquiring the status as a lead
compound. During this time, Cystic Fibrosis Canada revised their goals in accordance with patient
input and released a call for compounds near the pre-clinical stage. We therefore shifted our focus
on libraries of known antimicrobials with the potential for repurposing for M. abscessus.
GlaxoSmithKline (GSK) provided a set of 176 compounds that were pre-screened for activity
against M. tuberculosis while MMV provided two boxes of 800 compounds with activity against
various bacterial, fungal, and viral pathogens. This chapter describes the work that identified
epetraborole from the Pandemic Response Box from MMV, one of three hit compounds identified
(3/976). In the second half of this chapter, we describe the potential of using norvaline as an

adjuvant-like molecule with epetraborole.

This chapter was adapted from the manuscript: Efficacy of epetraborole against Mycobacterium

abscessus 1s increased with norvaline. Sullivan et al. PLoS Pathog. 2021, 17(10): €1009965.
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3.1 ABSTRACT

Mycobacterium abscessus is the most common rapidly growing non-tuberculous mycobacteria to
cause pulmonary disease in patients with impaired lung function such as cystic fibrosis. M.
abscessus displays high intrinsic resistance to common antibiotics and inducible resistance to
macrolides like clarithromycin. As such, M. abscessus is clinically resistant to the entire regimen
of front-line M. tuberculosis drugs, and treatment with antibiotics that do inhibit M. abscessus in
the lab results in cure rates of 50% or less. Here, we identified epetraborole (EPT) from the MMV
pandemic response box as an inhibitor against the essential protein leucyl-tRNA synthetase
(LeuRS) in M. abscessus. EPT protected zebrafish from lethal M. abscessus infection and did not
induce self-resistance nor against clarithromycin. Contrary to most antimycobacterials, the whole
cell activity of EPT was greater against M. abscessus than M. tuberculosis, but crystallographic
and equilibrium binding data showed that EPT binds LeuRSmabs and LeuRSmw with similar
residues and dissociation constants. Since EPT-resistant M. abscessus mutants lost LeuRS editing
activity, these mutants became susceptible to misaminoacylation with leucine mimics like the non-
proteinogenic amino acid norvaline. Proteomic analysis revealed that when M. abscessus LeuRS
mutants were fed norvaline, leucine residues in proteins were replaced by norvaline, inducing the
unfolded protein response with temporal changes in expression of GroEL chaperonins and Clp
proteases. This supports our in vitro data that supplementation of media with norvaline reduced
the emergence of EPT mutants in both M. Abscessus and M. tuberculosis. Furthermore, the
combination of EPT and norvaline had improved in vivo efficacy compared to EPT in a murine
model of M. abscessus infection. Our results emphasize the effectiveness of EPT against the
clinically relevant cystic fibrosis pathogen M. abscessus, and these findings also suggest norvaline
adjunct therapy with EPT could be beneficial for M. abscessus and other mycobacterial infections

like tuberculosis.
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3.2 AUTHOR SUMMARY

Current antimycobacterial drugs are inadequate to handle the increasing number of non-
tuberculous mycobacteria infections that eclipse tuberculosis infections in many developed
countries. Of particular importance for cystic fibrosis patients, Mycobacterium abscessus is
notoriously difficult to treat where patients spend extended time on antibiotics with cure rates
comparable to extreme drug resistant M. tuberculosis. Here, we identified epetraborole (EPT) with
in vitro and in vivo activities against M. abscessus. We showed that EPT targets the editing domain
of the leucyl-tRNA synthetase (LeuRS) and that escape mutants lost LeuRS editing activity,
making these mutants susceptible to misaminoacylation with leucine mimics. Most importantly,
combination therapy of EPT and norvaline limited the rate of EPT resistance in both M. abscessus
and M. tuberculosis, and this was the first study to demonstrate improved in vivo efficacy of EPT
and norvaline compared to EPT in a murine model of M. abscessus pulmonary infection. The
demonstration of norvaline adjunct therapy with EPT for M. abscessus infections is promising for

cystic fibrosis patients and could translate to other mycobacterial infections, such as tuberculosis.

103



3.3 INTRODUCTION

Mpycobacterium abscessus is a nontuberculous mycobacterium that commonly causes chronic lung
disease, especially among patients with cystic fibrosis.! Treatment of pulmonary exacerbation
relies on a regimen of intravenous amikacin (AMK), tigecycline, and imipenem plus an oral
macrolide if the isolate is susceptible to macrolides.>* Despite guideline-based treatment,
combination therapy typically results in cure rates of 50% or less due to the bacterium being
intrinsically resistant to many antibiotic classes.*> Unfortunately, the M. abscessus drug-
development pipeline is limited to a handful of repurposed drugs (clofazimine, rifabutin, and
bedaquiline).® Lately, antibiotics that have shown activity in pre-clinical studies include the
oxazolidinones (LCB01-03717 and tedizolid®) that target the 50S ribosomal subunit and
PIPD1/indol-2-carboxamides that target the mycolic acid transporter MmpL3.%1?

Recently, aminoacyl-tRNA synthetases (aaRSs) became targets of interest for drug discovery

IL12 33RSs are

when benzoxaboroles were identified as novel boron-based pharmacophores.
enzymes that aminoacylate tRNAs with their cognate amino acids. All aaRSs have an
aminoacylation domain while some are bifunctional and contain an editing domain. The
aminoacylation domain forms an aminoacyl adenylate through condensation of the amino acid
with ATP, and then transfers the aminoacyl moiety to the 3’ terminal adenosine of the tRNA
acceptor stem. Some aaRSs, however, have evolved an editing domain to ensure the correct amino
acid is ligated to its tRNA.!314 This domain is critical for aaRSs that must distinguish their cognate
amino acid from structurally similar amino acids like branched-chain amino acids. Leucyl-tRNA
synthetases (LeuRSs) are examples of aaRSs that rely on their editing domains to limit

misaminoacylation of tRNA with near-cognate amino acids and maintain the fidelity of the genetic

code.

Herein, we identified epetraborole (EPT) from the Medicines for Malaria Venture (MMV) Open
pandemic response box as a LeuRS inhibitor in M. abscessus with nanomolar activity in vitro and
activity in zebrafish embryos and NOD.SCID mice. Interestingly, EPT was more active against M.
abscessus than M. tuberculosis, and this observation was not supported by structural differences

in the crystal structures of the LeuRS editing domain of M. abscessus and M. tuberculosis bound
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to EPT. Furthermore, we highlighted the utility of norvaline to target LeuRS editing deficient
escape mutants and suppress resistance in vitro by misincorporation of norvaline in place of
leucine residues resulting in disrupted protein folding. Importantly, we showed that EPT and
norvaline combination has improved efficacy over EPT monotherapy in a murine model of M.
abscessus infection. These data support the potential of the benzoxaborole scaffold in the
antimycobacterial drug pipeline and suggest that its activity can be potentiated by supplementation

with norvaline or a norvaline derivative.
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3.4 METHODS

3.4.1 Ethics Statement

All protocols involving mice followed the guidelines of the Canadian Council on Animal Care
(CCAC) and were approved by the ethics committees of the RI-MUHC (project identifier [ID]
2015-7656).

3.4.2 Culture Conditions

Mycobacteria strains were grown in rolling liquid culture at 37 °C in Middlebrook 7H9 (Difco)
supplemented with 10% albumin dextrose catalase (ADC), 0.2% glycerol, and 0.05% Tween 80
(7H9 complete) or on 7H10 agar plates supplemented with 10% oleic acid ADC and 0.5% glycerol
at 37 °C. When mentioned, the carbon source was modified from glycerol to acetate or the
detergent Tween 80 was removed from the media. Bacillus cereus (clinical isolate),
Corynebacterium glutamicum (ATCC 13032), Escherichia coli, and Pseudomonas aeruginosa
PAO1 were grown in LB broth. HepG2 cells (ATCC HB-8065) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with phenol red (from Gibco) supplemented with 10% fetal
bovine serum at 37 °C with 5% COx.

3.4.3 Compound Libraries

The GSK library contains 176 small molecules with antimycobacterial activity, specifically against
Mycobacterium tuberculosis.'> Medicines for Malaria Venture created two compound sets: the
Pathogen Box and the Pandemic Response Box. The Pathogen Box is composed of 400 molecules

active against various disease sets (https://www.mmv.org/mmv-open/pathogen-box/about-

pathogen-box). The Pandemic Response Box is composed of 400 diverse drug-like molecules
broadly categorized as antibacterials (201 molecules), antivirals (153 molecules), and antifungals

(46 molecules) (https:/ www.mmv.org/mmv-open/pandemic-response-box/about-pandemic-

response-box).

3.4.4 Library Screening

MMV Pathogen Box, MMV Pandemic Response Box, and GSK TB-active libraries were screened
against M. abscessus ATCC 19977 strain which constitutively expressed the /uxCDABE operon
(M. abscessus lux) at 10 uM in duplicate in 96-well flat-bottom plates in 7H9 complete media.
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The culture was grown to log phase (ODeoo 0.4-0.8) and diluted to ODgoo 0.005 (5x10° CFU/mL).
90 pL of culture was mixed with 10uL of compound. Plates were sealed with parafilm and
incubated at 37 °C for 48 hours. Plates had a column of 0.1% DMSO as negative controls (drug-
free conditions) and 64 pg/mL of AMK as positive controls. Luminescence was measured with an
Infinite F200 Tecan plate reader. % Luminescence relative to DMSO control was plotted using
GraphPad Prism version 9. Compounds that decreased luminescence < 10% were classified as
primary hits. Primary hits were screened against M. abscessus ATCC 19977 at 10 uM in triplicate
using REMA (see “Determination of MIC” below). Plates were setup as performed for the primary
screen. Fluorescence was measured with an Infinite F200 Tecan plate reader. % bacteria viability
relative to DMSO control was plotted using GraphPad Prism version 9. Compounds that decreased
bacteria viability < 10% were classified as confirmed hits. Confirmed hits were followed up with

dose-response curves to determine the minimum inhibitory concentration (MIC).

3.4.5 Determination of minimum inhibitory concentrations (MIC)

MIC values were determined using the resazurin microtiter assay (REMA). Cultures were grown
to log phase (ODgoo of 0.4-0.8) and diluted to ODsoo of 0.005. Drugs were prepared in two-fold
serial dilutions in 96-well plates with 90 pL of bacteria per well to a final volume of 100 pL. Plates
were incubated at 37 °C until drug-free wells were turbid (2 days for M. abscessus). Ten pL of
resazurin (0.025% wt/vol) was added to each well. Once the drug-free wells turned pink (one
doubling time), the fluorescence (ex/em 560nm/590nm) was measured using an Infinite F200
Tecan plate reader. Fluorescence intensities were converted to % viable cells relative to drug-free
conditions and fit to the Gompertz equation using GraphPad Prism version 9. MIC values at 90%

growth inhibition were determined from the nonlinear regression Gompertz equation.

3.4.6 In vitro cytotoxicity in HepG2 cells

Drugs were prepared in two-fold serial dilutions in 96-well plates with 45 pL of Human HepG2
cells (2,000 cells/well) to a final volume of 50 pL. Plates were incubated for 3 days at 37 °C with
5% COs. Five pL of resazurin (0.025% wt/vol) was added to each well and incubated for 4 hours
at 37 °C. Cell viability was determined from the fluorescence intensity as done in the previous
REMA assay. 50% toxic dose concentrations (TDso) values were obtained using a nonlinear

regression fit equation ([inhibitor] vs response, variable slope) in GraphPad Prism version 9.
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3.4.7 Assessment of EPT efficacy in infected Zebrafish

Experiments in zebrafish were conducted according to the Comit¢ d’Ethique pour
I’Expérimentation Animale de la Région Languedoc Roussillon wunder reference
2020022815234677V3. Experiments were performed using the golden mutant and macrophage
reporter Tg(mpegl:mCherry) lines as previously described.!® Embryos were obtained and
maintained as described.!” Embryo age is expressed as hours post fertilisation (hpf). Green
fluorescent M. abscessus CIP104536" (R) expressing Wasabi were prepared and microinjected in
the caudal vein (2-3 nL containing ~100 bacteria/nL) in 30 hpf embryos previously dechorionated
and anesthetized with tricaine.!® The bacterial inoculum was checked a posteriori by injection of
2 nL in sterile PBST and plating on 7H10°AP€, Infected embryos were transferred into 6-well plates
(12 embryos/well) and incubated at 28.5°C to monitor kinetics of infection and embryo survival.
Survival curves were determined by counting dead larvae daily for up to 11 days, with the
experiment concluded when uninfected embryos started to die. EPT treatment of infected embryos
and uninfected embryos was commenced at 24 hpi (hours post-infection) for 5 days. The drug-
containing solution was renewed daily. Bacterial loads in live embryos were determined by
anesthetising embryos in tricaine as previously described,!® mounting on 3% (w/v) methylcellulose
solution and taking fluorescent images using a Zeiss Axio Zoom.V16 coupled with an Axiocam
503 mono (Zeiss). Fluorescence Pixel Count (FPC) measurements were determined using the
‘Analyse particles’ function in ImageJ.'® All experiments were completed at least three times

independently.

3.4.8 Isolation of resistant mutants

Early log phase M. abscessus (ODsoo 0.1-0.4) was cultured and resuspended to an ODgoo of 10.
Ten mL of culture was kept as a reference strain for future sequencing. One hundred pL of ODeoo
10 (approx 1 X 10° CFU/100uL) was plated on solid media containing 10X, 20X, or 40X MICog
of the compound of interest. AMK was used as a control antibiotic. Plates were incubated for 5
days at 37 °C. Number of colonies were counted to obtain mutation frequencies. Resistant colonies
were transferred into fresh media without antibiotics (to avoid the emergence of secondary
mutations). The MIC (REMA method) was measured for the mutant against the compound of

interest as well as a panel of reference compounds with different targets for negative controls.
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3.4.9 Sequencing resistant mutants

Genomic DNA (gDNA) was extracted from the 10 mL reference aliquot of M. abscessus harvested
during mutant isolation and fresh cultures of mutant strains with confirmed resistance (REMA
method) using the Qiagen QIAamp UCP Pathogen Mini kit with a modified mechanical lysis
protocol. Pellet culture by centrifugation and resuspend in 590 pL of ATL buffer containing the
Dx reagent in a low-bind tube. Add 40 pL of proteinase K (20 mg/mL) and 20 pL of lysozyme
(100 mg/mL) and incubate for 30 minutes at 56 °C under agitation. Transfer into a Pathogen Lysis
Tube L and vortex twice using a FastPrep-24 instrument at 6.5 m/s for 45 s with a 5-minute
incubation on ice in between. Transfer supernatant into fresh 2 mL low-bind tube. Follow
manufacturer’s instructions for sample prep with spin protocol. gDNA was quantified with Quant-
iT PicoGreen dsDNA kit. /euS from ATCC 19977 and EPT mutants was sequenced with Sanger
Sequencing with the primers listed in S5 Table.

3.4.10 Cloning and over-expressing mutant leusS in M. abscessus

Wildtype and mutant /euS (D436H) were PCR amplified from gDNA using Phusion with primers
1 & 2 (see S5 Table), ligated into pMV306_hsp60 digested with EcoRV and HindIII restriction
enzymes, and transformed into E. coli DH5a cells (Promega). Plasmids were extracted and

sequenced with primers 3-12 (see S5 Table) using Sanger sequencing.

3.4.11 Protein Purification

The M. abscessus LeuRS editing domain (residues 303-499 of WP005112800.1) and the M.
tuberculosis LeuRS editing domain (residues 311-512 of WP_003900794.1) were synthesized
with an N-terminal polyhistidine tag and tobacco etch virus (TEV) protease recognition site, with
codon optimization for E. coli and cloned into pET24a(+) by the company BioBasic to create
pMabsED and pMtbED, respectively. E. coli BL21 (DE3) cells were transformed with pMabsED
or pMtbED and grown overnight at 37 °C on LB-agar with 50 ng/mL kanamycin. Single colonies
were transferred into 100 mL of LB media with 50 pg/mL kanamycin (LB-kan) and grown
overnight at 37 °C. One liter of LB-kan was inoculated with 10 mL of the overnight culture and

grown at 37°C until an optical density at 600 nm of 0.6 was reached. Protein expression was then
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induced with addition of 0.5 mM IPTG and the culture further incubated for 18 h at 16 °C. The
cells were harvested by centrifugation (4000 g for 20 min), resuspended in buffer A (50 mM Tris,
150 mM NacCl, 2 mM BME) plus 2 mM PMSF, lysed using sonication (55% amplitude, 30 cycles
of 10s on 20s off) and the lysate clarified by ultracentrifugation (40,000 g for 30 min). The lysate
was loaded onto a HiTrap FF (Cytiva) and eluted with buffer A plus 500 mM imidazole. The eluate
was dialyzed in buffer A, digested with TEV protease overnight and the protease as well as non-
cleaved protein separated from cleaved protein by application to the HiTrap FF column with flow-
through collected. Protein was then subjected to size exclusion chromatography using a HiLoad

Superdex Increase 75 colum (Cytiva), with fractions containing pure protein pooled.

3.4.12 Isothermal titration calorimetry

ITC measurements were performed at 30 °C on a VP-ITC system (Malvern Panalytical Inc).
Epetraborole (100 uM) in measurement buffer (50 mM Tris, 150 mM NaCl, 2 mM BME, 10 mM
AMP) was titrated with protein solution (I mM) in measurement buffer over 29 injections of 10
ul with 300 seconds equilibration time between injections. The heat evolved after each protein
injection was calculated by integrating the calorimetric signal. The binding isotherms obtained
were fitted to a single-site model using Origin 7 (Microcal Inc.). Experiments were performed in

triplicates.

3.4.13 Crystallography

Initial crystals of the M. abscessus LeuRS editing domain were obtained from sparse matrix
screening in 96-well sitting drop format using a sample of 10 mg/mL protein in buffer A, and a
precipitant solution of 100 mM HEPES pH 7.0 and 2 M ammonium sulfate, at room temperature.
Diffraction-quality crystals were grown by mixing 2 pL of protein solution (7.5 mg/mL) and 2 uL
of reservoir solution (100 mM HEPES pH 7.0 and 2.5 M ammonium sulfate) in 24-well sitting-
drop format. Crystals were cryoprotected in 100 mM HEPES pH 7.0 and 3.5 M ammonium sulfate,
looped and flash-vitrified in liquid nitrogen. Diffracting co-crystals of the editing domain and
epetraborole were obtained by streak seeding un-liganded crystals shards into drops in 24-well
sitting-drop format with a reservoir solution of 100 mM HEPES, pH 7.5, 2% PEG400, 2.1 M

ammonium sulfate, 10 mM AMP, 1 mM epetraborole and 15% glycerol at room temperature.
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These crystals were directly looped and flash-vitrified in liquid nitrogen for diffraction

experiments.

3.4.14 Structure determination

Diffraction data for the unliganded editing domain was collected at the Advanced Photon Source
(24-ID-E) and data for the epetraborole — editing domain complex at the Canadian Light Source
(CMCF-08B1-1). The data sets were indexed, processed, and scaled with HKL2000%° (for the
unliganded editing domain) or DIALS?! (for the complex). Initial phases for the M. abscessus
LeuRS editing domain were obtained using molecular replacement with the program Phaser??

4 and manual

using 5SAGR?® as a search model. Iterative rounds of refinement with Phenix?
modeling in Coot® yielded the final unliganded structure. The structure of the M. abscessus LeuRS
editing domain with epetraborole bound in the active site crystallized in a different crystal form
(S5 Table). Therefore, initial phases for the co-complex structure were obtained with molecular
replacement using the program Phaser?? utilizing the unliganded structure as a search model. The
model for epetraborole was generated with eLBOW?® and geometrical restraints were obtained

with AceDRG?’. Tterative rounds of refinement using Phenix?* and manual modeling in Coot®®

yielded the final co-complex structure.

3.4.15 Time-kill assays

Log phase (ODgoo of 0.4-0.8) M. abscessus was diluted to an ODgoo of 0.0001 (10° CFU/mL) and
incubated with drugs of interest. One hundred pL aliquots were taken and serially diluted in 7H9
complete and plated on 7H10 agar. The starting inoculum was determined from time 0 before
drugs were added. CFUs were determined after 4 days of incubation at 37 °C. Bactericidal activity

is defined as a 3 logio decrease (99.9%) from the starting inoculum.

3.4.16 Checkerboard assays

Drug combinations were assessed for synergy, indifference, or antagonism using the standard
checkerboard format followed by REMA for MIC determination. Fractional inhibitory
concentrations (FICs): FIC (X+Y) = (MIC of X in combination with Y)/(MIC of X alone). The
fractional inhibitory concentration index (FICI) was calculated from FICx + FICy. FICI values <

0.5 are defined as synergy, FICI values > 4.0 are defined as antagonism, and FICI values in
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between are defined as indifferent. EPT was serially diluted two-fold from 4X MIC to 1/16 X MIC.
Mycobacterial drugs were serially diluted two-fold from 8X MIC to 1/32X MIC.

3.4.17 Inducible resistance assay

To test whether M. abscessus has inducible resistance to EPT, we performed a preexposure assay.
Briefly, log phase M. abscessus was diluted to 0.05 and grown overnight with 4 X MICso of EPT
(0.016 pg/mL) and CLR (0.016 pg/mL). After overnight growth, MICs were determined via
REMA. Data is reported as the ratio of pre-exposed culture MIC to MIC of culture grown in drug-

free conditions.

3.4.18 CRISPRIi conditional knockdown of leuS

The PLJR962 plasmid was restriction digested with BsmBI and gel purified. Synthetic oligo
primers (S4 Table) for the sgRNA with the PAM sequence for /euS were annealed and ligated into
digested PLJR962 vector and transformed into E. coli DH5a. Clones were sequenced using
sequencing primer (S4 Table). 500 ng of CRISPRi /leuS vector was electroporated into M.
abscessus ATCC 19977. Colonies were picked from 7H10 plates containing 250 pg/mL
kanamycin and confirmed by PCR. M. abscessus CRISPRi leuS was grown in liquid culture to
early log phase (ODsoo 0.1-0.4) and diluted to 1x10* CFU/mL. One hundred uL of culture was
plated on 7H10 containing either serial dilutions of EPT or RFB as control, and 0, 0.05 pg/mL, or
0.1 pg/mL ATec, the inducer of the sgRNA and catalytically inactive Cas9 (dCas9). The MICyo is
the concentration of EPT or RFB that prevented growth relative to the drug free plate.

3.4.19 Norvaline suppression of mutants

Early log phase M. abscessus or M. tuberculosis (ODsoo 0.1-0.4) was cultured and resuspended to
an ODeoo of 10 (M. abscessus) or ODeoo of 1 (M. tuberculosis). One hundred pL of culture (approx.
1 X 10° CFU for M. abscessus and 1 x 10% CFU for M. tuberculosis) was plated on solid media
containing 10X MICoo EPT, 10X MICoo EPT + 5 mM norvaline, or 5 mM norvaline. The
experiment was repeated with 10X MICoo RFB as control. M. abscessus plates were incubated for
5 days at 37 °C, M. tuberculosis plates were incubated for 5 weeks at 37 °C. Number of colonies

were enumerated to obtain mutation frequencies. Since mutations are considered rare events,
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mutation frequency rates between 10X MICoo EPT and 10X MICy EPT + 5 mM norvaline were
compared using the two Poisson rates.
The Poisson rate is defined as the number of events divided by the sample size: 1 = X /N

The rates were compared using the small sample z-test:

11 1
2N TN,

Zsp =

3.4.20 LC-MS/MS measurement of norvaline in the proteome

Wildtype, mutant, and complement M. abscessus strains were grown for 12 h or 3 days in 0.5 mM
norvaline or 0.5 mM valine. Proteins were extracted using an optimized protocol for mass
spectrometry follow-up 2. Cells were collected, washed with ice-cold PBS, and resuspended in
ImL lysis buffer (50 mM NH4sHCO;s; pH 7.4, 10 mM MgCly, 0.1% NaN3z, 1 mM EGTA, 1 x
protease inhibitors (Roche), 7 M urea, and 2 M thiourea). Cells were lysed with zirconia beads and
the cell lysate was collected and filtered through a 0.22 um membrane. Proteins were precipitated
overnight at 4 °C with TCA at 25% (v/v). The precipitate was washed with 1 mL cold acetone and
250 puL cold water. The final wash is only water. The pellet was resuspended in 200 pL
resuspension buffer (50 mM NH4HCO3, 1 M urea). Protein extraction was quantified with the
Bradford assay and the quality of proteins was examined on SDS-PAGE. Protein lysates were
dissolved in SDS-PAGE reducing buffer and electrophoresed onto a single stacking gel band to
remove lipids, detergents and salts. For each sample, a single gel band was reduced with DTT
(Sigma), alkylated with iodoacetic acid (Sigma) and digested with LCMS grade trypsin (Promega).
Extracted peptides were re-solubilized in 0.1% aqueous formic acid and loaded onto a Thermo
Acclaim Pepmap (Thermo, 75 uM ID X 2 cm C18 3 uM beads) precolumn and then onto an
Acclaim Pepmap Easyspray (Thermo, 75 uM X 15 cm with 2 uM C18 beads) analytical column
separation using a Dionex Ultimate 3000 uHPLC at 250 nl/min with a gradient of 2-35% organic
(0.1% formic acid in acetonitrile) over 2 hours. Peptides were analyzed using a Thermo Orbitrap
Fusion mass spectrometer operating at 120,000 resolution for MS1 with HCD sequencing at top
speed (15,000 resolution) for all peptides with a charge of 2+ or greater. The raw data were
converted into *.mgf format (Mascot generic format) for searching using the Mascot 2.5.1 search

engine (Matrix Science) against Mycobacterium abscessus protein sequences (Uniprot
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downloaded 2020.11.30). A modification for Xle->Val was used to detect incorporation of Val
into WT sequences. The database search results were loaded onto Scaffold Q+ Scaffold 4.4.8

(Proteome Sciences) for statistical treatment and data visualization.

3.4.21 Murine model of chronic M. abscessus infection using NOD.CB17-Prkdc*“/NCrCrl
mice

RFB (Sigma), EPT (Cayman Chemical), and norvaline (Sigma) were dissolved in 0.5% w/v sterile
low viscosity carboxymethyl cellulose pH 7 (vehicle). Drugs were aliquoted and stored at -20 °C
for the duration of the 10-day treatment. 6-8 week-old female mice were ordered from Charles
River Labs. Mice were intranasally infected with ~10° CFU (25 pL of 5x10® CFU/mL) of M.
abscessus CIP 104536" (rough morphotype). Five mice were sacrificed 4 hours post-infection to
determine initial lung inoculum and on day 1 to enumerate CFU prior to drug administration. Mice
were treated daily by oral gavage with 100 pL of vehicle or drug. On day 11, mice were humanely
euthanized, the lungs were collected and homogenized in ImL of 7H9 complete. Lung
homogenates were plated on 7H11 agar and plates were incubated at 37 °C for 5 days. CFU data
was log-transformed for one-way ANOVA with Tukey’s multiple comparisons test using

GraphPad Prism version 9.
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3.5 RESULTS

3.5.1 Discovery of an antimycobacterial inhibitor against M. abscessus

To identify compounds with antimycobacterial activity, we first engineered a luminescent M.
abscessus ATCC 19977 strain which constitutively expressed the /uxCDABE operon (M.
abscessus lux).?* We then screened the 176 compound open-library provided by GlaxoSmithKline
(FIGURE S3.1 A-C) and the 400 compound Pathogen and Pandemic Response Boxes from MMV
(FIGURE S3.1 D-F) using a threshold > 90% reduction in luminescence compared to non-treated
bacteria at 10 uM. Primary hits (20 compounds) were tested in a secondary screen using the
resazurin microtiter assay (REMA) at 10 uM on the M. abscessus ATCC 19977 strain. Secondary
hits (9 compounds) were then tested in a dose-response assay on M. abscessus ATCC 19977 from
a fresh solid compound to determine MICq. The HepG2 (human hepatocytes) cell line was used
to assess the toxicity of hits. Among three compounds (0.3% positive hits of 976 compounds) from
the pandemic response box that satisfied primary and secondary criteria, we identified EPT
(FIGURE 3.1A) as having the most potent antimycobacterial activity and highest therapeutic
index (TABLE 3.1, MICyy 0.23 pM (0.063 pg/mL), TI (TDso/MICeo) EPT > 430). It was
previously reported in M. tuberculosis that potent in vitro growth inhibitors could display carbon-
source-dependent effects, which leads to a loss of activity when advanced into in vivo models.*
We thus measured the MICqo of EPT on different carbon sources (glycerol vs acetate), in the
presence or absence of the detergent Tween-80, and in different nutrient bases (Middlebrook 7H9
vs cation-adjusted Mueller-Hinton). EPT was active in all assayed growth conditions but lost
potency in cation-adjusted Mueller Hinton (CaMH) media (TABLE S3.1). Lower activity of EPT
in CaMH media is unsurprising as it was previously shown that rifamycins®! as well as other
antimicrobials®? lose activity in CaMH media (0.5mg/L Ca?* and 0.05mg/L Mg>" in 7H9; 20-
25mg/L Ca?" and 10-12.5mg/L Mg?* in CaMH). It is thought that some antimicrobials may chelate

divalent metal ions, thus limiting their uptake in cells.

Next, we tested the in vitro activity of EPT against a panel of M. abscessus clinical isolates
belonging to the three subspecies of the M. abscessus complex (M. abscessus, M. massiliense, and
M. bolletii) with smooth and rough colony morphologies and with different drug susceptibility
profiles to various antibiotics. There was no loss in activity against clinical isolates (range of 0.014-

0.046 pg/mL) nor different morphologies (TABLE S3.2). To determine the spectrum of activity
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of EPT, we curated a panel of various mycobacteria and representative gram-positive and gram-
negative bacteria. Interestingly, EPT appears to be more selective for M. abscessus with lower
activity against M. tuberculosis H37Rv (TABLE S3.3). In vitro growth kill kinetics indicated that
EPT is bacteriostatic against M. abscessus as previously demonstrated against M. tuberculosis,*
while 10% of CFUs were lost at 24 hours with AMK and rifampicin (RIF) at 20X MICoo.
Interestingly, these two antimycobacterial agents with bactericidal action against other

mycobacteria lose this ability when targeting M. abscessus (FIGURE 3.1B) *.

3.5.2 Clinical considerations for EPT

Macrolides represent the cornerstone of M. abscessus therapy. However, macrolide susceptibility
in vitro does not correlate with clinical outcome success due to point mutations at positions 2058
or 2059 in the 23S rRNA rrl gene (E. coli numbering), and inducible macrolide resistance
conferred from the recently identified ribosomal methyltransferase erm(41).34* Nash et al (2009)
discovered that M. abscessus exhibited an inducible resistant phenotype to macrolides, like
clarithromycin (CLR), during a 14-day incubation. To this extent, we asked if EPT induced self-
resistance or cross-resistance to macrolides. To answer this question, we performed the inducible
macrolide resistance assay where M. abscessus was cultured with a subinhibitory concentration of
CLR (0.02 uM) or EPT (0.06 uM) for 14 days. At 24 hours and 14 days, aliquots of culture were
collected, and the MICqp of CLR and EPT was determined using REMA. Relative to drug-free
conditions, M. abscessus cultured with CLR displayed an increased MICqg to CLR while the EPT
MICo for bacteria exposed to EPT remained unchanged up to 14 days (FIGURE 3.1C). To ensure
the increased MICoo resulted from inducible resistance rather than the selection of spontaneous
CLR and EPT resistant mutants, the cultures were passaged in antibiotic-free media for 6
additional days and the MICqo measurements were repeated. In the case of CLR resistance, the
MICo returned to baseline after the antibiotics were removed (FIGURE 3.1C). In addition, EPT
stimulation did not result in cross-resistance to CLR, and CLR induction did not result in cross-
resistance to EPT. The latter is an important finding with clinical significance because CLR is

known to impart resistance to aminoglycoside antibiotics.*¢

Because M. abscessus infections require 18-24 months of antibiotic courses, multidrug treatments

are standard practice.>® To ensure EPT would not hamper a multidrug regimen, we performed
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checkerboard assays with common antimycobacterial drugs. In the checkerboard assays, we used
RIF/CLR and CLR/AMK as the synergy and antagonism controls, respectively.>*3” We did not
observe antagonism between EPT and various antimycobacterial agents that target a range of
cellular processes (FIGURE S3.2). Whether EPT should be included in a multidrug regimen

remains to be determined.

3.5.3 EPT protects zebrafish from M. abscessus infection

In order to investigate the in vivo activity of EPT, we used the embryonic zebrafish model of M.
abscessus infection, which has been developed to test the in vivo efficacy of drugs against M.
abscessus.'"*%3% Tnitial experiments indicated that EPT concentrations up to 40 pg/mL (final
concentration in fish water) did not interfere with larval development and was well tolerated in
embryos when treatment was applied for up to 5 days with daily drug renewal (FIGURE 3.2A).
Green fluorescent wasabi-expressing M. abscessus (R variant) was microinjected in the caudal
vein of embryos at 30 hours post-fertilization. EPT was directly added at 1 day post-infection to
the water containing the infected embryos, with EPT-supplemented water changed on a daily basis
for 5 days. Embryo survival was monitored and recorded daily for 11 days. While a slight increase
in the survival rate was observed with 10 pg/mL EPT, this effect was significantly improved with
40 pg/mL EPT with a delay in larval mortality, as compared to the untreated group (FIGURE
3.2B). The protection provided by EPT is maintained throughout the 5-day treatment course and
was correlated with decreased bacterial burdens beginning 4 dpi demonstrated by fluorescent pixel
counting (FIGURE 3.2C and 3.2D). These results clearly indicate that EPT protects zebrafish

from M. abscessus infection.

3.5.4 EPT targets LeuRS in M. abscessus

Benzoxaboroles were shown to inhibit LeuRS in fungi, gram-negative pathogens and most recently
M. tuberculosis.''*** To determine the target of EPT in M. abscessus, 10° CFUs were plated on
solid media with 10X, 20X, or 40X MICoqo of EPT to select EPT-resistant mutants. Control mutants
were also selected on 40X MICoo of AMK. Unlike the EPT resistance frequency of 4.8 x 1078 in
Pseudomonas aeruginosa, the resistance frequency was 10-fold lower in M. abscessus (TABLE
S3.4, 2 x 10”).*° The low in vitro resistance frequency to EPT is highlighted when compared to

the control mutants against AMK (1.3 x 10°®). In order to confirm that isolated resistant mutants
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were true mutants to EPT, we performed REMA using a panel of antimycobacterial agents on the
four mutants (one selected on 10X, one on 20X, and two on 40X MICy of EPT). We also screened
one AMK mutant. As illustrated in FIGURE S3.3, the four EPT mutants were resistant up to 2.7
pg/mL EPT, while maintaining susceptibility to AMK, bedaquiline (BDQ), and RIF. Likewise,
the AMK control mutant was only resistant to AMK.

Since benzoxaboroles are known to target LeuRSs, we used a focused approach to identify the
mutation(s) in /euS that could be responsible for the observed EPT resistance. leuS was PCR
amplified from gDNA from the four EPT mutants, and single-nucleotide polymorphisms (SNPs)
were identified using Sanger sequencing (TABLE S3.5). In all four mutants, a G to C transversion
at position 1306 was identified, which resulted in the conserved D436 residue critical for the
catalysis of editing misaminoacylated tRNA*" substituted for H436 (FIGURE 3.3A and 3.3B).*!
This was further supported with whole-genome sequencing of the M. abscessus ATCC 19977
reference strain, one mutant isolated at 20X MIC, and one mutant isolated at 40X MIC. When
compared to the reference strain, five variants were identified in the 20X mutant including a T to
G transition at position 1261 in leuS which resulted in a Y421D substitution. Furthermore, the G
to C transversion at position 1306 which lead to the D436H substitution was confirmed in the 40X
mutant (TABLE S3.6). This contrasts with LeuRS variants identified in P. aeruginosa such as
T323P, T327P, and V429M from Hernandez et al. or LeuRS variants such as T322I, D326N,
A414V, and R435H identified in a phase 2 clinical trial for complicated urinary tract infections
caused by E. coli from O’Dwyer et al.**** However, the phase 2 clinical trial did identify E. coli
isolates with a LeuRS D436A variant. (M. abscessus numbering). To verify the functional
significance of the D436H substitution, the leuS genes from M. abscessus ATCC 19977 wildtype
(EPT sensitive) and M. abscessus containing the G1306C substitution (EPT-resistant) were cloned
into the mycobacterial integrative vector pMV306 under the control of the constitutive Asp60
promoter, yielding pMVhsp60_leuSP and pMVhsp60_leuSP*¢H, EPT-sensitive M. abscessus was
electroporated with pMVhsp60 leuSP, pMVhsp60 leuSP*¢H: or empty vector control. Only EPT
sensitive M. abscessus complemented with the mutant leuS (pMVhsp60_leuSP*%H) and not the
wildtype leuS (pMVhsp60 leuSP) had increased resistance to EPT (FIGURE 3.3C). The
integrative complement system using pMVhsp60 may not have provided a complete phenocopy

of the true mutant when compared to the episomal equivalent. Also, M. abscessus may not use the
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hsp60 promoter from M. bovis with optimal efficiency. Lastly, the ~sp60 promoter may not operate

with the same strength as the /euS promoter.

We showed that LeuRSP#%! confers high-level resistance to EPT and that complementing the
resistant allele into a wildtype background imparts resistance. As a complementary means of
verifying the target, we adapted a CRISPR-interference (CRISPRi) system for gene knockdown in
M. abscessus.** CRISPRI facilitates gene knockdown using a guide RNA and catalytically inactive
Cas9 endonuclease to sterically prevent transcription of a gene of interest when induced with
anhydrotetracycline (ATc). We used CRISPRi to knockdown /euS which resulted in hyper
susceptibility to EPT. Since /euS is an essential gene in M. abscessus (FIGURE 3.3D), we used
10-fold and 20-fold less ATc than required for complete growth suppression when targeting an
essential gene. The EPT MICy of the strain induced with 0.1 pg/mL ATc decreased 10-fold
compared to uninduced conditions, while induction did not affect the rifabutin (RFB) MICy9 (Fig
3E). These results provide further evidence that EPT targets LeuRS in M. abscessus.

3.5.5 EPT binds the editing active site of LeuRS

Although EPT is active against M. abscessus and M. tuberculosis, the MICoo for M. abscessus
whole-cell activity is 7-fold lower (MICoomabs 0.063 pg/mL vs MICoomw 0.46 pg/mL). We
hypothesized that EPT had a higher affinity for the M. abscessus LeuRS editing active site. We
therefore performed binding studies between EPT and the editing domains of LeuRS from M.
abscessus and M. tuberculosis using isothermal titration calorimetry (ITC) (FIGURE S3.4). M.
abscessus LeuRS and M. tuberculosis LeuRS contain a single binding site for EPT, and we
obtained similar equilibrium dissociation constants and Gibbs free energies (TABLE 3.2). The
EPT — M. abscessus LeuRS binding has a higher enthalpic contribution (1.1 to 3.2 kcal mol™!),
while the EPT — M. abscessus LeuRS binding has a lower entropic contribution (5.5 to 3.3 kcal

mol™).

To gain insight into the interactions between EPT and LeuRS, we solved the crystal structure of
the M. abscessus editing domain (LeuRS303.498). We obtained the crystal structures of the LeuRS
editing domain unliganded at 2.1 A resolution (PDB 7N11) and in complex with the adenosine
monophosphate (AMP) adduct with EPT at 1.7 A resolution (PDB 7N12, TABLE S3.7). AMP
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acts as a surrogate for the 3’ end of the tRNA acceptor stem. In concordance with the binding mode
of action of benzoxaboroles,?® we detected strong electron density in the active site corresponding
to the EPT-AMP adduct formed through covalent interactions between the boron atom of EPT and
the 2° and 3’ hydroxyl groups on the ribose ring of AMP (FIGURE 3.4A and FIGURE S3.5A).
Comparing unliganded and liganded residues in M. abscessus editing domain structures shows a
sizable shift of residues 416-422, located around the adenosine pocket, upon drug binding,
including ordering of Y421 to interact with the EPT-AMP adduct phosphate, and a decrease of B
factors in the neighbouring residues (FIGURE S3.5B). This increase in order could explain the
relatively lower entropic contribution to binding observed in ITC, although an unliganded M.

tuberculosis structure is not available for comparison.

Once bound with benzoxaborole-AMP adduct, the active sites of M. tuberculosis (PDB: 5AGR)?
and M. abscessus LeuRS, and mode of adduct binding are very similar (FIGURE 3.4A and
FIGURE S3.5C). Both proteins make critical contacts with the primary amine side chain through
D433 (D447 in M. tuberculosis) and the universally conserved D436 (D450 in M. tuberculosis)
(FIGURE 3.4A). In addition, R435 (R449 in M. tuberculosis) hydrogen bonds with the ethoxy
oxygen of EPT and packed with the ribose of AMP (FIGURE 3.4A). The packing interaction on
the ribose of AMP is underscored from E. coli mutants with R435H variants that lead to resistance
early in the phase 2 clinical trial for complicated urinary tract infections. EPT has a hydroxypropyl
ether moiety, rather than the ethyl ether in the benzoxaborole bound to M. tuberculosis LeuRS, but
the extension shows very weak electron density and likely does not contribute to binding. The only
notable difference is a ~1 A shift in phosphate group of the EPT-AMP adduct (FIGURE 3.4B). In
both complexes, the phosphate is pinned between Y421 (Y435) and T323 (T337). The electron
density indicates that there are multiple rotomeric conformations of T323, meaning its hydroxyl
could hydrogen bond with the phosphate or with the 3’ O and ether oxygen of the adduct (FIGURE
3.4B). M. tuberculosis LeuRS T337 is modelled in the latter position, but inspection of deposited
maps also indicates multiple rotomeric conformations. Variants at T322, T323 and T327 were
identified in P. aeruginosa and E. coli mutants resistant to benzoxaboroles, which supports the
importance of the threonine rich region for editing activity.** From the structural data, we propose
that EPT binds LeuRS from M. abscessus and M. tuberculosis in a similar manner with similar

affinity, providing a shared pathway for future structure-activity relationship analysis.
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3.5.6 Norvaline is toxic to editing-deficient EPT mutants

Since resistance to EPT was shown in a phase 2 clinical trial of complicated urinary tract infections
from E. coli, we sought a way to minimize the emergence of resistance in M. abscessus pulmonary
infections.*> We hypothesized that norvaline, a non-proteinogenic amino acid absent from extant
proteins,* would be toxic to M. abscessus editing-deficient mutants that acquired EPT resistance.
When challenged with 0.5 mM norvaline, the D436H editing-deficient mutant was significantly
reduced in growth, while the wild-type strain was not inhibited (FIGURE 3.5A). The mutant strain
complemented with wild-type leuS (D436H::1euSP) displayed a two-day lag before significant
growth. As controls, leucine and isoleucine were not toxic to the D436H mutant. There was
however a minor reduction in mutant growth in 0.5 mM valine, but no growth difference between
the D436H and D436H::1euSP strains. Thus, we cannot conclude that valine exerts some toxicity
to editing-deficient strains. Next, we asked if norvaline toxicity could be rescued with branched-
chain amino acids (BCAAs). The D436H mutant was grown in 0.5 mM norvaline with varying
concentrations of BCAAs. Leucine but not isoleucine nor valine rescued growth (FIGURE 3.5B).
These observations corroborate the results that LeuRSs contain natural selectivity with their
aminoacylation site for leucine and can discriminate against isoleucine and valine, but to a lesser

extent against norvaline as non-cognate amino acids.*®

3.5.7 Norvalination of the proteome induces the heat shock response

To provide a mechanism of norvaline toxicity, we analyzed the proteomes of wild-type, D436H
mutant, and D436H:1euSP grown in norvaline or valine as control. We analyzed ~2500 proteins
from whole-cell lysates after 12 hours or 3 days of incubation in 0.5 mM norvaline or valine using
reverse-phase HPLC/MS. Proteins filtered for leucine residues 14 Da lighter (14 Da corresponds
to missing methylene group on norvaline) were enumerated using spectral counting. The wild-type
maintained preferential incorporation of leucine into proteins, while the D436H mutant had a
median norvaline misincorporation in 6% of the proteome after 12 hours. However, the amount of
norvaline misincorporation between the D436H mutant and the D436H::leuSP strain was not
significantly different (FIGURE 3.6A). Given that there was a two-day delay when the
complemented strain was grown in norvaline (FIGURE 3.5A), we hypothesized that the effects

of gene complementation would be seen at a later time point when grown in 0.5 mM norvaline.
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The experiments were repeated, and the strains were incubated for 3 days. Again, the median
norvalination increased in the D436H mutant relative to wildtype, but the level of misincorporated
norvaline increased to 20% of the proteome. At this time point, the complemented strain partially
rescued the level of norvalination after 3 days (FIGURE 3.6B). In all conditions tested, we
measured background misaminoacylation of valine in the proteome (FIGURE 3.6A and FIGURE
3.6B).

Next, we asked how the cell responded to stress caused by norvaline misincorporation in the
proteome. Using total spectral counting, we determined the fold change in protein abundance from
D436H mutant relative to wildtype. There was a distinct increase in proteins when challenged with
norvaline that was absent from the valine control (FIGURE 3.6C-F). We used the protein-protein
interaction (PPI) mapping tool STRING to identify upregulated proteins with common functions.
When 130 of the most highly abundant proteins after norvaline stress were mapped for PPIs
(FIGURE 3.7A), proteins belonging to the Clp protease family (ClpP1, ClpP2, ClpX) and GroEL
chaperonin family (GroEL, GroL2, GroS) were identified (False discovery rate 7.2x10** at 12 h,
2.1x107 at 3 d) (FIGURE 3.7C). As a control, 130 randomly selected proteins from the norvaline
dataset were not enriched for chaperonins and proteases when analyzed for PPIs (FIGURE 3.7B).
We also observed a temporal change in chaperonin and protease levels where early stress from
norvaline at 12 hours upregulated chaperonins followed by protease upregulation at 3 days
(FIGURE 3.7D). This data suggests that norvaline misincorporation into the proteome results in

toxicity from misfolded proteins,!44347-52

3.5.8 Norvaline reduces resistance to EPT in vitro and potentiates EPT activity in vivo

Knowing that norvaline targets LeuRS editing domain, we asked if norvaline could prevent escape
mutants to EPT in vitro. We observed a 23-fold reduction in escape mutant frequency when M.
abscessus ATCC 19977 was plated on 7H10 plates containing 10X MICoy EPT and 5 mM
norvaline (1.89 x 107!%) over EPT alone (4.28 x 10) (FIGURE 3.8A); as a control, RFB did not
benefit from norvaline supplementation. To test whether this effect would be observed in other
mycobacteria, we repeated with M. tuberculosis, again observing a suppression of EPT mutants
with norvaline exposure (FIGURE 3.8A). Next, the MICqo of EPT against M. abscessus ATCC
19977 was measured with differing doses of norvaline (FIGURE 3.8B). Norvaline had no effect
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on the MICyo even up to 5 mM. These results suggest norvaline does not act as a traditional

adjuvant to EPT.

We evaluated EPT and norvaline combination therapy for in vivo activity in a NOD.SCID mouse
model of M. abscessus infection.>® Mice were infected intranasally with a high inoculum of M.
abscessus (~10% CFU). Treatment was started 1-day post-infection with once-daily oral vehicle
(carboxymethylcellulose), RFB as positive control (10 mg/kg), EPT (10 mg/kg), EPT + norvaline
(10 mg/kg + 3.3 mg/kg), or norvaline (3.3 mg/kg). Norvaline was dosed at 3.3 mg/kg (5 mM)
which represents ~10X MICoo in vitro against the editing deficient D436H mutant. Previously,
norvaline had been shown to be an effective in vivo neuroprotective agent as an arginase inhibitor
at 2 mM in a triple-transgenic mouse model of Alzheimer’s disease.’* Compared to vehicle-treated
mice, we measured a 1 logio decrease in bacterial burden in the lungs from RFB or EPT treatment.
Furthermore, the addition of norvaline to the EPT group was significantly more active than EPT
alone with an additional ~1 logio decrease in bacterial burden in the lungs while norvaline alone

had no significant effect (FIGURE 3.8C).

3.6 DISCUSSION

Our data and two recent publications>>->

confirmed the activity of benzoxaboroles against
mycobacteria using zebrafish and murine models of infection and we showed that benzoxaboroles
can be potentiated when combined with norvaline. Specifically, we demonstrated that the
combination of EPT with norvaline reduces the emergence of M. abscessus and M. tuberculosis
mutants and results in increased activity in vivo compared to EPT. Whether norvaline can be a
therapeutic adjunct for other benzoxaboroles remains to be established, but is supported by
observations with tavaborole and norvaline in E. coli.’” The potential for combination therapy may

be of value in non-mycobacterial applications, such as the treatment of urinary tract infections,

where EPT did not progress beyond phase 2 studies owing to the rapid emergence of resistance.*?

While we documented that EPT is active against both M. abscessus and M. tuberculosis in vitro,
unexpectedly, we observed that EPT is more active against M. abscessus, which conflicts with the
standard experience in antimycobacterial drug discovery.5>%6> Our cocrystal structure and ITC

data point to similarities and differences in the interaction of EPT with the respective LeuRS
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proteins. Most notably, while the Kd values were similar, the enthalpy was greater for the EPT
interaction with LeuRS of M. abscessus. Knowing that compounds with more enthalpically
favourable binding are prioritized in hit-to-lead optimization,* it may be possible that the
discordance in enthalpy in part explains the difference in biological activity of EPT against the
two organisms (MICoomabs 0.063 pg/mL vs MICoomep 0.46 pg/mL). Other possibilities explaining
the difference in whole cell activity may be linked to differential expression level of /euS in both
species, the lack of efflux pumps in M. abscessus, or the inability of M. abscessus to survive
conditions that mimic leucine starvation, although these remain to be addressed. At a minimum,
the current data can be used for future structure-activity relationship studies aimed at uncovering
analogues with improved potency against LeuRS of M. abscessus, M. tuberculosis and other

mycobacteria.

Our in vivo data shows the value of EPT alone in rescuing zebrafish embryos from lethal M.
abscessus infection and that EPT + norvaline can control experimental pulmonary M. abscessus
infection to a greater degree than the control antibiotic, RFB. Rather than acting as a traditional
adjuvant like B-lactamase inhibitors for S-lactams,% we propose that norvaline potentiates EPT in
vitro activity by maintaining a pharmacological pressure on M. abscessus to remain editing
proficient and limit the toxicity induced by the unfolded protein response and thus, limiting escape
mutants. However, given that our in vivo model of pulmonary M. abscessus infection in
NOD.SCID mice does not exceed a bacterial burden of ~107 in the lungs and that the rate of
resistance against EPT is ~10, other mechanisms might better explain our findings. Since the
NOD.SCID model is immunocompromised for NK cells and adaptive immunity, macrophages—
the most notable front-line defence for mycobacterial pulmonary infections—would be the main
immune cell responsible for controlling the M. abscessus infection. One of the primary
mechanisms of macrophages for controlling infections is the production of reactive nitrogen
species like nitric oxide (NO) from inducible nitric oxide synthase (iNOS). Because NO is
produced from arginine by iNOS, macrophages must regulate arginine metabolism between iNOS
and the urea cycle, which naturally metabolizes arginine through the enzyme arginase.
Interestingly, norvaline was shown to be an inhibitor of arginase and this resulted in increased

production of NO in activated macrophages.®®®” This increased production of NO from arginase
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inhibition might explain the lower bacterial burden observed in the NOD.SCID mouse group that

received EPT + norvaline treatment.

Given that response rates to M. abscessus treatment are poor, resulting in chronic and potentially
untreatable pulmonary and dermatologic infections, we submit that benzoxaboroles with the
addition of a leucine mimic hold promise for the treatment of M. abscessus infections, and

potentially other mycobacterial infections, such as tuberculosis.
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3.10 FIGURES AND TABLES

TABLE 3.1. MMV Open pandemic response box hits and reference
compounds.

Compound
Parameter
EPT ERV IQN BDQ AMK
MICo (ug/mL)  0.063 1.9 3.3 0.67 4.0
TDso (ng/mL) >27 >63 >39 9.42 18
TI (TDso/MICoo) >430 33 12 14 4.5

MW (g/mol) 237.06 631.52 393.40 555.51 585.60

EPT, Epetraborole; ERV, Eravacycline; IQN, Isoquinoline urea; BDQ,
Bedaquiline; AMK, Amikacin; MICoo, concentration of drug that inhibits 90%
of bacterial growth; TDso, concentration of drug with 50% toxicity against
HepG2 cell line. TI, therapeutic index.

aData from Lupien et al. Antimicrob Agents Chemother. 2018
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TABLE 3.2. Thermodynamic analysis of EPT binding with LeuRS.

Bacteria AG (kcal mol'') AH (kcal mol') TAS (kcal mol!) Kd (uM)
M. abscessus -6.49 + 0.07 32104 -33+03 16 + 4
M. tuberculosis  -6.9 + 0.2 -1.1+0.3 55105 10+ 4

AG, change in Gibbs free energy; AH, change in enthalpy; AS, change in entropy; T,
temperature (303K); Kd, dissociation constant
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FIGURE 3.1. EPT in vitro activity against M. abscessus. A Structure of EPT. B Epetraborole

kill kinetics of M. abscessus in vitro. Bacteria were incubated in 7H9 complete with drug-free

(black circles), AMK 20X MICyg (blue squares, 80 pg/mL), RIF 20X MICoo (red triangles, 60
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pg/mL), EPT 20X MICoo (yellow hexagons, 1.6 pg/mL), EPT 40X MICy (orange diamonds, 3.2
pg/mL), or EPT 80X MICyo (brown inverted triangles, 6.4 pg/mL). The dashed red line indicates
99.9% or 3 logio reduction in CFU/mL threshold of a bactericidal drug. Data shown is mean +
SD of three independent experiments. C MICyo from induced cultures relative to drug free
conditions. Bacteria were grown to ODsoo 0.05 and induced with no drug (white), 0.02 uM CLR
(pink), 0.06 uM EPT (purple). After 24 hours (left) or 14 days (right) of induction, cultures were
passaged for 6 days in drug free media (CLR, green; EPT, yellow). Data shown is mean + SD
from three independent experiments. Error bars for drug free data derived from MICqo / MICog
average from three or six replicates. P values were obtained by one-way ANOVA with Tukey’s

multiple comparisons test.
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FIGURE 3.2. EPT in vivo activity against M. abscessus. A EPT toxicity against zebrafish
embryos. Groups of uninfected embryos were immersed in water containing 10 to 50 pg/mL EPT
for 5 days. Red bar indicates duration of treatment. Data is from two independent experiments. B
EPT in vivo activity in zebrafish embryos. Zebrafish embryos at 30 h postfertilization were infected
with approximately 200 CFUs of M. abscessus expressing green fluorescent wasabi or PBS via
caudal vein injection. At 1 dpi, embryos were randomly split into approximately 20 embryos per
group and exposed to increasing concentrations of EPT (10 and 40 pg/mL) in fish water. Drugs
were renewed at a daily basis for 5 days (red bar) after which embryos were washed twice in fresh
embryo water and maintained in fish water. Each treatment group was compared against the

untreated infected group with significant differences calculated using the log-rank (Mantel-Cox)
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statistical test for survival curves. Data shown are the merge of four independent experiments.
* p=0.02; *** p=0.0007. C Fluorescent Pixel Counts (FPC) determination using the ImageJ
software, reflecting the bacterial loads at 4 and 6 days post-infection (dpi). Each bar represents a
pool of the average of normalized FPC from three independent experiments (n=22 to 36 embryos).
Error bars represent standard deviations. Statistical significance was determined using Welch’s ¢
test. ** p < 0.0054. D Representative whole embryos from the untreated group (upper panels)
and treated group (10 or 40 pg/mL EPT; lower panels) at 4 and 6 dpi. Green overlay represents M.

abscessus expressing wasabi. Scale bar, 200 um.
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FIGURE 3.3. EPT targets the editing domain of LeuRS in M. abscessus. A Domains of M.
abscessus LeuRS. Zinc domain, pink; editing domain, cyan; catalytic domain, grey; leucine-rich
domain, green; anticodon-binding domain, purple; c-terminus, yellow. B Amino acid alignment of

part of the editing domain of LeuRS M. abscessus ATCC 19977, EPT mutant, and reference
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mycobacteria. Non-consensus residues are in red. Genbank accession numbers: POWFV1.1 (M.
tuberculosis) 11896261 (M. avium) 6224275 (M. marinum). C Dose-response curves of M.
abscessus ATCC 19977 (black circles), D436H mutant (pink squares), M. abscessus empty vector
(green diamonds), M. abscessus pMVhsp60 leuS WT (purple triangles) and M. abscessus
pMV306hsp60 leuS Mut (yellow crosses). Data shown is mean + SD from one experiment
representative of two. D JeusS is an essential gene in M. abscessus using CRISPRi gene knockdown.
M. abscessus carrying integrated empty CRISPRi vector (EV, circles), CRISPRi:mmpL4b as a
non-essential gene control (squares), or CRISPRi:/euS (triangles) were grown with/without 0.01
pg/mL ATc. Data is mean = SD from biological triplicates. E MICo to EPT and RFB in CRISPRi
knockdown of leusS in M. abscessus. P values were obtained by one-way ANOVA with Dunnett’s

multiple comparisons test. Data shown is mean + SD from three biological replicates.
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FIGURE 3.4. Similar binding of benzoxaboroles to the editing domain of LeuRS. EPT-AMP
(blue) bound in the active site of M. abscessus LeuRS (cyan) and a similar benzoxaborole-AMP
(brown) bound in active site of M. tuberculosis LeuRS (PDB SAGR) (orange). A Critical arginine
and aspartic acid residues make similar interactions with benzoxaboroles. B Phosphate from AMP
pivots towards threonine residue in M. abscessus LeuRS. Conformer 1 of T323 points OH towards

EPT, while conformer 2 orients OH towards the phosphate.
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19977, D436H mutant, and D436H:leuSP complement strains were grown in Sauton media with

0.5 mM leucine (top left), 0.5 mM isoleucine (top right), 0.5 mM valine (lower left), or 0.5 mM

norvaline (lower right). Data shown is from three biological replicates. B D436H mutant grown in

Sauton media with 0.5 mM norvaline and a range of leucine (left), isoleucine (right), or valine

(bottom) concentrations. D436H mutant grown in 0 mM norvaline and 0 mM BCAA represents

maximum growth control. D436H mutant grown in 0.5 mM norvaline and 0 mM BCAA represents

inhibited growth control. Data shown is mean + SD from three biological replicates.
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FIGURE 3.6. Norvaline misaminoacylation in editing deficient mutants alters the proteomic
landscape. A,B M. abscessus ATCC 19977 or D436H mutant was grown in 0.5 mM norvaline or
0.5 mM valine for 12 hours or 3 days. Valine was used as a specificity control. Total cell lysate
was collected. (Nor)valinated protein medians from the proteomes were compared using
Friedman’s test with Dunn’s multiple comparisons test. C-F Protein fold abundance shown as
D436H mutant relative to M. abscessus ATCC 19977. Dashed red lines indicate 0.5x and 2x fold

abundance thresholds for biologically relevant changes.
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FIGURE 3.7. Norvaline stress induces the heat shock response in editing deficient mutants.
A Protein-protein interaction network from the 130 most abundant proteins in D436H mutant when
challenged with 0.5 mM norvaline for 12 hours. 942 PPIs identified with PPI enrichment p-value
< 1.0x10'6, B PPI network from 130 randomly selected proteins in D436H mutant when
challenged with 0.5 mM norvaline for 12 hours. 102 PPIs identified with PPI enrichment p-value
0f 0.0397. C Clp protease/chaperonin family local network cluster identified in A (false discovery
rate: 0.00072). D Temporal signature of the heat shock response. Protein expression levels of

D436H norvaline relative to WT norvaline were measured by spectral counting.
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FIGURE 3.8. Norvaline improves epetraborole efficacy in vitro and in vivo. A Mutant
frequency to 10X MICyo EPT or 10X MICoo EPT + 10X MICog norvaline in M. abscessus ATCC
19977 and M. tuberculosis H37Rv. RFB was included as specificity control. Data shown is mean
+ SD from biological triplicates. Means compared using Poisson distribution. B M. abscessus
susceptibility to EPT with norvaline as an adjuvant. Data shown is mean + SD from one
experiment representative of three. C EPT in vivo activity in SCID mouse model of M. abscessus
lung infection with norvaline supplementation. RFB acts as positive control. Data shown is mean
+ SD of three to five mice per treatment group. Means compared using one-way ANOVA with

Tukey’s multiple comparisons test.
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3.11 SUPPLEMENTARY MATERIAL

TABLE S3.1. Carbon dependent variability on EPT activity.

Media
7H9 G + Tw80 7H9 G - 7TH9 A + Tw80 CaMH + Tw80
Tw80
MICoo (pg/mL) 0.06 +0.02 0.011 +£0.008 0.016 £+ 0.005 05+02

G, Glycerol; A, Acetate; Tw80, Tween-80; CaMH, Cation-adjusted Muller-Hinton.
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TABLE S3.2. Epetraborole in vitro activity against clinical isolates.

MIC (ng/mL)

Isolate Subspecies Morphology> EPT AMK RIF BDQ CFX CLR
ATCC abscessus S 0.063 4.8 9.1 0.67 12 0.90
19977

ATCC abscessus R 0.11 24 1.8 0.27 12 0.65
19977

MT16 1065 abscessus S 0.041 2.1 >24  0.36 13 34
MT16_6490 abscessus S 0.030 5.7 >24 083 13 2.9
MTI15 1748 massiliense R 0.022 14 9.1 0.23 26 0.068
MTI15 1749  massiliense R 0.014 8.8 6.7 040 16 0.082
Paris 167 bolletii R 0.027 4.8 7.4 0.39 16 2.8
AV bolletii S 0.046 7.0 >24 1.3 15 0.15

aMorphology as determined by smooth (S) or rough (R) colonies on 7H10 agar. Drugs
used: EPT, Epetraborole; AMK, Amikacin; RIF, Rifampicin; BDQ, Bedaquiline; CFX,
Cefoxitin; CLR, Clarithromycin
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TABLE S3.3. Epetraborole in vitro activity spectrum.

MIC (ng/mL)

Species Gram®* EPT AMK RIF BDQ CFX CLR
M. abscessus AF 0.063 4.8 9.1 0.67 12 0.90
M. avium hominissuis AF 27 5.6 0.063 0.038 4.7 0.18
M. avium intracellulaire ~ AF 27 38 0.063 0.014 042  0.014
M. tuberculosis H37Rv AF 0.46 0.30 0.0063 026  >98 >1.3
M. tuberculosis Erdman  AF 0.19 0.48 0.0065 0.061 >98 >1.3
B. cereus + >2.7 64 <0.063 >7.8  >98 >8.2
C. glutamicum + 2.0 0.064 <0.063 >7.8 98 >8.2
E. coli - 57 0.15 3.9 >7.8 4.0 >8.2
P. aeruginosa - >2.7 0.22 15 >7.8  >08 >8.2

2Acid fast (AF); gram positive (+); gram negative (-). EPT, Epetraborole; AMK, Amikacin;
RIF, Rifampicin; ERV, BDQ, Bedaquiline; CFX, Cefoxitin; CLR, Clarithromycin. Species:
Mycobacterium abscessus, Mycobacterium avium hominissuis, Mycobacterium avium
intracellulaire, Mycobacterium tuberculosis H37Rv, Mycobacterium tuberculosis Erdman,

Bacillus cereus, Corynebacterium glutamicum, Escherichia coli, Pseudomonas aeruginosa
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TABLE S3.4. In vitro resistance frequency.

Resistance frequency?

Compound® 10X 20X 40X
Amikacin 1.3X 1038 N.D N.D
Epetraborole 2X 107 1X10° 2X107

aN.D: not determined. ®MICyo values on 7H10 agar
used in this experiment were 4.0 ug/mL and 0.27
png/mL for amikacin and epetraborole, respectively.
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TABLE S3.5. Primers.

Primers Function Sequence Source

1. pMV306hsp60_leuS_ F Cloning %zgég%%i%%m This study
2. pMV306hsp60_leuS R Cloning ggzgg%g&% This study
3. pMV306hsp60_leuS_F1 Sequencing SCT}’%AGTAGCGGGGTTGC This study
4. pMV306hsp60 leuS RI1 Sequencing ESEGCCGCTTGTAGTTG This study
5. pMV306hsp60 leuS F2 Sequencing ECC}CAGACCGGCACCCAT This study
6. pMV306hsp60 leuS R2 Sequencing EF,ETGACCTTGTCCGGCCA This study
7. pMV306hsp60 leuS F3 Sequencing %ggCTACTCCGACAGGT This study
8. pMV306hsp60 leuS R3 Sequencing %’? GGCAAACCGAAGGTG This study
9. pMV306hsp60_leuS F4  Sequencing ﬁGGCACCGGTGGCATC This study
10. pMV306hsp60 leuS R4 Sequencing ]C“}((j: GGCATCACGTTGGTG This study
11. pMV306hsp60 leuS F5 Sequencing éééGTCGAGCTGGACCT This study
12. pMV306hsp60 leuS R6 Sequencing ?Xé’? CGTATCGGCACCA This study
13. pMV306hsp60 leuS F6 Sequencing ?gggCAAGAACTCGATC This study
14. pMV306hsp60 leuS R6 Sequencing EEF}SSAGTCGATCGTACG This study
15. CRISPRi leuS sgRNA F  CRISPRi g?g?&cgggg% TGCAC ™ Tyis study
16. CRISPRi leuS_sgRNA R CRISPRi ?ééggéggggggAGAGG This study
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TABLE S3.6. Whole-genome sequencing variants identified in EPT-resistant M. abscessus.

Gene Function Variant

20X 40X

38bp upstream  3-oxoacyl-[ACP] reductase =~ del CCAAGGAACCGCA
MAB 2723c

MAB 4932c Leucyl-tRNA synthetase T1261G G1306C
(Y421D) (D436H)
MAB 3268c Conserved hypothetical A266G
protein (Q89R)
MAB 4735 Putative starvation-induced G230A
DNA protecting protein (R77H)
MAB 4814 Conserved hypothetical A3576G
protein (E1192E)
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TABLE S3.7. Crystallography collection data.

M. abscessus
LeuRS editing domain

M. abscessus
LeuRS editing domain in
complex with
epetraborole-AMP adduct

Data collection
Space group
Cell dimensions

a, b, c(A)

a,B,y ()
Resolution (A)
Rsym
1/11
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork / Rfree
No. atoms
Protein
Ligand
Ton
Water
B-factors
Protein
Ligand
Ton
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

PDB accession code

P212:12y
37.25,51.59 116.15

90, 90, 90
1.69-50.00 (1.69-1.72) *
0.263 (0.824) *

4.4 (0.5) *

76.8 (5.5) *

6.8 (1.1) *

2.1

14741
0.1841/0.2258
2968

2822

/

15

131

25.44
/

63.20
31.17

0.008
0.999

TN11

Cl21

113.439, 37.1074,
100.287

90, 112.279, 90
1.52-92.97 (1.52-1.55) *
0.100 (1.071) *

7.7 (0.3) *

94.21 (49.23) *

5.54 (3.08) *

1.7

109484
0.1843/0.2265
5964

5435

126

5

384

20.14
19.98
56.13
31.70

0.013
1.216

TN12
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FIGURE S3.1. M. abscessus phenotypic screening with 176 TB-active compounds from GSK
(A-C) and MMV Open pathogen and pandemic response boxes (D-F). A Luminescence
relative to drug free conditions using M. abscessus lux. Data is shown in duplicate. B,C Secondary

screening of primary hits using REMA on M. abscessus ATCC 19977. % Bacteria viability relative
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to drug free conditions. Data is shown as mean £ SD from technical triplicates. Dashed red line
indicates 10% viability threshold when screened at 10 uM. Three hits were identified from primary
screen however, all three did not pass the secondary screen. No active compounds were identified
from this library. D MMV Pathogen box and E Pandemic response box; luminescence relative to
drug free conditions using M. abscessus lux. Data is shown in duplicate. F Secondary screening
of primary hits using REMA on M. abscessus ATCC 19977. % bacteria viability relative to drug
free conditions. Data is shown in technical triplicate. Dashed red line indicates 10% viability
threshold when screened at 10 uM. G Correlation between hits from luminescence primary screen
and bacterial viability secondary screen. Correlation calculated using non-parametric Spearman
correlation. 20 compounds passed the primary screen and 9 passed the secondary screen. Only
three compounds were still active after acquiring fresh batch and displayed dose-dependent
activity (3/800). EPT in cyan. AMK in blue as positive control. Two negative hits from
luminescence screen in magenta used as negative controls. Drug free in black used as media

control.
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FIGURE S3.2. Isobolograms for potential combination therapy with EPT. Green area
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FIGURE S3.3. Drug susceptibility assessment of resistant mutants. A-D Dose-response curves
of isolated EPT (10X, 20X, 40X MIC) mutants or AMK (40X MIC) mutant. AMK was used as
control compound for mutant isolation. RIF and BDQ were used for cross-resistance verification.
ATCC 19977 (black circles), D436H mutant-1 (pink squares), D436H mutant-2 (green diamonds),
D436H mutant-3 (purple triangles), D436H mutant-4 (orange inverted triangles), AMK 40X (grey

crosses). Data is mean = SD from two independent experiments.
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FIGURE S3.4. Thermodynamic analysis of EPT binding to LeuRS editing domain. Heat of
injection (upper panel) and single-site binding model of the integrated isotherm (lower panel). M.

abscessus LeuRS (left) or M. tuberculosis LeuRS (right) editing domains bound to EPT.
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FIGURE S3.5. Co-crystal structure of LeuRS and benzoxaborole adducts. A Difference maps
for the EPT-AMP adduct in 7N12. Unbiased FO-FC difference maps (2.80), calculated with
phases from a model that never included ligand. B Comparison of apo (green, PDB 7N11) and co-
complex (cyan, PDB 7N12) structures of M. abscessus LeuRS bound to EPT-AMP. C
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Benzoxaborole inhibitors of LeuRS. (Left) EPT-AMP adduct bound to M. abscessus LeuRS.
(Right) BNZ-AMP adduct bound to M. tuberculosis LeuRS.
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PREFACE TO CHAPTER 4

In Chapter 3, we demonstrated the use of epetraborole and norvaline in combination to limit
resistance to epetraborole in vitro and improve the efficacy in vivo supported by evidence of
uncontrolled protein misfolding caused by the incorporation of norvaline across the proteome.
Now, in Chapter 4, we document the unexpected resistance to norvaline through mechanistic
work. Bacteria have been shown to possess intrinsic antimicrobial resistance mechanisms like drug
and target modifying enzymes, efflux pumps, and drug degradation pathways. Alternatively,
bacteria acquire resistance through mutations in the drug binding site that preclude binding or
mutations that upregulate gene expression to minimize the effect of the drug on the physiology of
the cell. Our data in Chapter 4 suggests that M. abscessus developed resistance to norvaline
through a LeuRS editing-independent manner. These norvaline resistant mutants over produce
leucine, the natural substrate of LeuRS, and out-compete norvaline to prevent norvaline

misaminoacylation.
This chapter was adapted from the manuscript: Loss of allosteric regulation in a-isopropylmalate

synthase identified as an antimicrobial resistance mechanism. Sullivan et al. To be submitted

November 2022.
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4.1 ABSTRACT

Despite our best efforts to discover new antimicrobials, bacteria have evolved mechanisms to
become resistant. Resistance to antimicrobials can be attributed to innate, inducible, and acquired
mechanisms. Mycobacterium abscessus is one of the most antimicrobial resistant bacteria and is
known to cause chronic pulmonary infections within the cystic fibrosis community. Previously,
we identified epetraborole as an inhibitor against M. abscessus with in vitro and in vivo activities
and that the efficacy of epetraborole could be improved with the combination of the non-
proteinogenic amino acid norvaline. Norvaline demonstrated activity against the M. abscessus
epetraborole resistant mutants thus, limiting resistance to epetraborole in wild type populations.
Here we show M. abscessus mutants with resistance to epetraborole can acquire resistance to
norvaline in an LeuRS editing-independent manner. After showing that the membrane
hydrophobicity and efflux activity are not linked to norvaline resistance, whole-genome
sequencing identified a mutation in the allosteric regulatory domain of a-IPMS. We found that
mutants with the IPMS”3%V variant incorporated less norvaline in the proteome and produced
more leucine than the parental strain. Furthermore, we found that leucine can rescue growth
inhibition from norvaline challenge. Our results demonstrate that M. abscessus can modulate its
metabolism through mutations in an allosteric regulatory site to upregulate the biosynthesis of the
natural LeuRS substrate and outcompete norvaline. These findings emphasize the antimicrobial
resistant nature of M. abscessus while more broadly describe a unique mechanism of substrate and

inhibitor competition.

162



4.2 SIGNIFICANCE STATEMENT

Cystic fibrosis patients and immunocompromised individuals are at greater risk for acquiring
chronic pulmonary infections from Mycobacterium abscessus. Current antibiotics are not adequate
and require increased drug discovery efforts to identify better treatments for these patients. The
benzoxaborole, epetraborole has been shown by our group and others to be a promising candidate
against M. abscessus but epetraborole faced issues with resistance in a clinical trial for complicated
urinary tract infections. Previously, we identified the combination of epetraborole and norvaline
as a potential means to limit resistance against epetraborole. Our results here demonstrate that M.
abscessus can acquire resistance to both epetraborole and norvaline. These results call into
question the utility of combining non-proteinogenic amino acids like norvaline with benzoxaborole

antimicrobials.
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4.3 INTRODUCTION

Antimicrobial resistance is a major public health concern and is estimated to contribute to 5 million
deaths each year.! To facilitate antimicrobial research and development, the WHO created a
priority pathogen list based on trends of resistance, preventability, and the status of the drug
pipeline.*> Arguably, when compared to M. tuberculosis, M. abscessus, is more drug resistant,
more recalcitrant to treatment, and has less lead compounds in its pipeline than M. tuberculosis,
yet it is often neglected in discussions regarding the current threat of antimicrobial resistant

bacteria.® 10

Resistance to antimicrobials can be attributed to innate, inducible, and acquired mechanisms. M.
abscessus uses a variety of mechanisms to overcome the antibiotic regimens clinicians have at
their disposal. Besides common target mutations that alter the binding affinity for antibiotics like
clarithromycin,!! M. abscessus has a complex phenotypic resistome. Through its environmental
reservoir, M. abscessus has acquired numerous bi-functional efflux pumps that transport essential
lipid substrates and noxious xenobiotic agents.'? M. abscessus is estimated to have 27 transporters
belonging to the mycobacterial membrane protein Large (MmpL) group as opposed to 13 predicted
in M. tuberculosis.'> Clofazimine and bedaquiline, the most recently approved antitubercular

agent, were shown to be substrates of MmpL5 in M. abscessus.'*

Modification of antibiotics such as ribosylation, acetylation, and phosphorylation that disrupt key
interactions between the target and antibiotic is also a common defense. M. abscessus encodes the
ADP-ribosyltransferase arrvap that ribosylates rifamycins, and the N-acetyltransferase eis2 and 3’-
O-phosphotransferase aph(3’) that inactivate aminoglycosides.!~!8 Not only can M. abscessus
modify antibiotics, but the genome also contains -lactamases with extended spectrum activity to
limit the availability of the most widely-used antibiotic class used to treat bacterial infections.!’
The B-lactamases Blama, and Blammas can hydrolyze penicillins and cephalosporins with greater
efficiency than BlaC found in M. tuberculosis and are resistant to common BlaC (3-lactamase

inhibitors while Blammas imparts carbapenemase activity.?%?!

Many of the mechanisms listed above are under the regulation of inducible transcription factors

like WhiB7 and TetR. WhiB7 is considered the maestro of the resistome in M. abscessus. WhiB7
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is known to be activated by ribosomal protein synthesis inhibitors like macrolides, tetracyclines,
and aminoglycosides but also by molecules with pleiotropic effects on cell metabolism.?>2* In
2009, Nash and colleagues identified an inducible erm(41) gene in M. abscessus that encodes a
ribosomal methyltransferase and confers inducible macrolide resistance.?> Later, it was shown in
M. abscessus that inducible macrolide resistance is mediated through upregulation of erm(41) in a
WhiB7-dependent process.?®*” Most recently, a new explanation for how dimethylation of the 70S
ribosome confers macrolide resistance was proposed that could lay the foundation for the rational
design of macrolides that can overcome Erm-mediated resistance.?® The net result of specific
mechanisms combined with a hydrophobic membrane comprised of Cso-90 unit mycolic acids with
significantly less permeability than other mycobacteria is a synergism against most clinically

available antibiotics which results in a majority of treatment failures.?*32

By elucidating AMR mechanisms and leveraging the bacterial response to antimicrobial agents,
novel antimicrobials and combination therapies could be developed for M. abscessus infections.
Previously, we identified epetraborole with nanomolar whole cell activity against M. abscessus.*
During this screening program, we discovered that epetraborole had failed a phase 2 clinical trial
due to the rapid emergence of resistant Escherichia coli in complicated urinary tract infections.**
We rationalized and then experimentally showed that epetraborole resistant M. abscessus mutants
became sensitive to the non-proteinogenic amino acid L-norvaline. Sensitivity to L-norvaline is
derived from a D436H substitution in the editing domain of leucyl-tRNA synthetase (LeuRS),
which is the binding site for the epetraborole-tRNAL" adduct. LeuRS activates L-leucine and
subsequently transfers the activated amino acid onto the corresponding tRNAL®" isoacceptors.
Fortunately, tRNAL with non-cognate amino acids can undergo hydrolysis in the editing domain
to remove the erroneous amino acid before participating in polypeptide synthesis. However, by
gaining resistance to epetraborole from LeuRSP#%H, the ability to edit misaminoacylated tRNALe
is lost and the risk of translating incorrect proteins increases. Treatment of the epetraborole
resistant mutants with L-norvaline caused proteome-wide misincorporation with L-norvaline at
residues coding for L-leucine, and a decrease in the emergence of resistance to epetraborole when

given in combination.
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In this article, we show using a combination of genetics, proteomics, and small molecule analysis
that overproduction of L-leucine from insensitivity to feedback inhibition can abrogate the toxicity
of L-norvaline to levels similar to using the evolutionarily conserved editing domain on LeuRS.
These findings demonstrate the loss of allosteric regulation as the foundation for competitive
antimicrobial inhibition and highlight the propensity of M. abscessus to become increasingly

antimicrobial resistant.
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4.4 METHODS

4.4.1 Culture conditions

M. abscessus strains were grown in rolling liquid culture at 37 °C in Middlebrook 7H9 (Difco)
supplemented with 10% (v/v) albumin dextrose catalase (ADC), 0.2% (v/v) glycerol, and 0.05%
(v/v) Tween 80 (7H9 complete) or Sauton’s defined minimal media. 7H10 agar plates
supplemented with 10% (v/v) oleic acid ADC (OADC) and 0.5% (v/v) glycerol were used for
growth on solid media at 37 °C.

4.4.2 Norvaline time-dependent killing

Log phase (ODgoo of 0.4-0.8) M. abscessus was diluted to an ODgoo of 0.0001 (10° CFU/mL) and
challenged with an initial dose of L-norvaline at 4X MICoo of the sensitive M. abscessus
LeuRSP+%H strain or norvaline at 4X MICoo supplemented daily to create steady-state conditions
(4XSS). One hundred pL aliquots were taken and serially diluted in 7H9 complete and plated on
7H10 agar. The starting inoculum was determined from time 0 before norvaline was added. CFUs
were determined after 4 days of incubation at 37 °C. Bactericidal activity is defined as a 3 logio

decrease (99.9%) from the starting inoculum.

4.4.3 Minimum inhibitory concentrations (MIC)

MIC values were determined using the resazurin microtiter assay (REMA). Cultures were grown
to log phase (ODgoo of 0.4-0.8) and diluted to ODgoo of 0.005 (5x10° CFU/mL). Compounds were
prepared in two-fold serial dilutions in 96-well plates with 90 uL of bacteria per well to a final
volume of 100 pL. 96-well clear, flat bottom plates were incubated at 37 °C until drug-free wells
were turbid (2 days for M. abscessus). Ten pL of resazurin prepared at 0.025% (w/v) in distilled
water was added to each well. Once the drug-free wells turned pink (3-4 hours or one doubling
time), the fluorescence (Ex/Em 560/590) was measured using an Infinite F200 Tecan plate reader.
Fluorescence intensities were converted to percentage of viable cells relative to drug-free
conditions and fit to the modified four-parameter dose-response regression using GraphPad Prism
version 9. MIC values at 90% reduction of viability were determined from the Gompertz nonlinear

regression equation.®
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4.4.4 Isolating norvaline resistant mutants

L-norvaline resistant mutants of M. abscessus ATCC 19977 were isolated from L-norvaline time-
dependent killing assays. Single colonies were obtained from streaked 7H10 plates. Genomic DNA
(gDNA) was extracted from M. abscessus EPTR LeuRSP*¢H as the parental strain and two colonies
of M. abscessus EPTR Nva® 4XSS mutants with confirmed norvaline resistance (REMA method)
using the Qiagen QiaAMP UCP Pathogen mini kit with a modified mechanical lysis protocol.
Culture was pelleted by centrifugation and resuspend in 590 uL of ATL buffer containing the Dx
reagent in a low-bind tube. 40 pL of proteinase K (20 mg/mL) and 20 uL of lysozyme (100 mg/mL)
were added and incubated for 30 minutes at 56 °C under agitation. Solution was transferred into a
Pathogen Lysis Tube L and vortexed twice using a FastPrep-24 instrument at 6.5 m/s for 45 s with
a 5-minute incubation on ice in between. Supernatant was transferred into a fresh 2 mL low-bind
tube and gDNA was collected via spin protocol according to manufacturer’s instructions. gDNA

was quantified with Quant-iT PicoGreen dsDNA Kkit.

4.4.5 Sequencing and variant calling

Paired end read sequencing libraries were prepared using Illumina S4 kit. Whole genome
sequencing was performed on Illumina Novaseq 6000. Raw paired end reads were adapter and
quality trimmed with Trimmomatic v0.40 and aligned to the M. abscessus ATCC 19977 reference
genome (GenBank: CU 458896.1) using Burrows-Wheeler Aligner - maximum exact matches
algorithm (bwa-mem).’®37 Aligned reads were sorted using SAMTOOLSs.*® Duplicate reads were
filtered using Picard. Freebayes v1.3.6 was used for variant calling and filtering variants with
mapping quality 60, minimum coverage 10, minimum allele frequency of 0.5, and QUAL >100.%
Variants identified in parental and resistant strains were manually compared to isolate variants

unique to resistant strains.

4.4.6 Growth curves

Bacteria were grown to log phase (ODgoo of 0.4-0.8) in 7H9 complete or Sauton media and diluted
to ODsoo of 0.005 (5x10% CFU/mL). Branched-chain amino acids were added to 90 uL of bacteria
to a final volume of 100 pL. Growth curves were performed in 96-well clear, flat bottom microtiter

plates, incubated statically at 37 °C before measuring ODsoo on an Infinite F200 Tecan plate reader.
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Data was fit to an exponential plateau regression to determine the growth rate p and maximum

growth plateau Ywm.

4.4.7 Congo red uptake

Strains were grown on 7H10 agar plates supplemented with 10% (v/v) OADC, 0.5% (v/v) glycerol,
and Congo red at 140 uM at 37 °C. After five days, cells were scraped into an Eppendorf tube and
washed with water until the supernatant turned clear. Washed cells were incubated with 1 mL of
DMSO for 2 hours. Supernatants were collected and measured at Assg using an Infinite F200 Tecan

plate reader. Values were normalized to the dry weight of the pellet.

4.4.8 Ethidium bromide efflux

M. abscessus strains were grown to log phase (ODsoo of 0.4-0.8) in Sauton media and diluted to
ODeoo 0f 0.2. 80 uL of bacteria was added to a black, clear bottom 96-well plate with 10 pL serially
diluted ethidium bromide and 10pL of media. For efflux pump inhibition assays, media was
replaced with 10 pL of verapamil or CCCP for a final concentration of 0.5 mM or 25 uM,
respectively. Fluorescence (Ex/Em 525/600) was measured every 90 seconds for 2 hours at 25 °C

using an Infinite F200 Tecan plate reader.

4.4.9 Cloning and over-expressing leuA in M. abscessus EPTR LeuRSP4364

The wildtype and mutant /eud gene (MAB 0337c), which encodes a-isopropylmalate synthase,
including 250bp upstream to capture the native promoter were PCR amplified from gDNA using
Q5 polymerase with forward primer (5> ACTGCAGAATTCTCCTTGAGAGCGCTCGCGAAG)
and reverse primer (5° GATGATAAGCTTCTAGGCGCGAGCAGCACGG), ligated into
pMV306 hsp60 digested with EcoRV and HindIII restriction enzymes, and transformed into E.

coli DH5«a cells (Promega). Plasmids were extracted and sequenced using Sanger sequencing.

4.4.10 Initial growth kinetics and data theory

M. abscessus strains were grown to log phase (ODsoo of 0.4-0.8) in Sauton media and diluted to
ODsoo of 0.005 in 96-well clear, flat bottom microtiter plates with serial dilutions of norvaline.
Each set of norvaline dose-response curves was incubated with a constant amount of L-leucine as

anorvaline inhibitor. Plates were incubated statically at 37 °C and Asoo was measured on an Infinite
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F200 Tecan plate reader to monitor growth. Initial growth rates, p; (h'!), were measured during the
first 24 hours of growth. Growth rate inhibition, performed under variable norvaline concentrations
and constant L-leucine concentrations (0 mM, 0.0625 mM, 0.125 mM, or 0.250 mM) were fitted
to a dose-response curve

1= Himin — (Hmax-Bain) [1+(1 /1C0) ™41, )
where U is the rate in the presence of inhibitor at concentration /, pmax and pmin are the maximum
and minimum growth rates, /Cso is the concentration of inhibitor that inhibits the growth rate by
50%, and nu is the Hill coefficient. /Cso values were used to estimate an apparent inhibition
constant, Kj, using the Cheng-Prusoff equation for competitive inhibition

Ki = ICso/(1+ L/K,), @)
where Ki is the apparent inhibition constant for L-norvaline, L is the concentration of L-leucine,

and K is the substrate affinity constant of L-leucine.

4.4.11 LC-MS/MS measurement of norvaline in the proteome

M. abscessus strains were grown to early log phase (ODgoo of 0.1-0.2) and challenged with 0.5
mM L-norvaline in Sauton media for 24 hours. Proteins were extracted using an optimized protocol
for mass spectrometry follow-up.*’ Cells were collected, washed with ice-cold PBS, and
resuspended in 1mL lysis buffer (50 mM NH4HCO3 pH 7.4, 10 mM MgCl,, 0.1% NaNs, | mM
EGTA, 1 x protease inhibitors (Roche), 7 M urea, and 2 M thiourea). Cells were lysed with zirconia
beads and the cell lysate was collected and filtered through a 0.22 um membrane. Proteins were
precipitated overnight at 4 °C with TCA at 25% (v/v). The precipitate was washed with 1 mL cold
acetone and 250 pL cold water. The final wash is only water. The pellet was resuspended in 200
pL resuspension buffer (50 mM NH4HCOs, 1 M urea). Protein extraction was quantified with the
Bradford assay and the quality of proteins was examined on SDS-PAGE. Protein lysates were
dissolved in SDS-PAGE reducing buffer and electrophoresed onto a single stacking gel band to
remove lipids, detergents and salts. For each sample, a single gel band was reduced with DTT
(Sigma), alkylated with iodoacetic acid (Sigma) and digested with LCMS grade trypsin (Promega).
Extracted peptides were re-solubilized in 0.1% aqueous formic acid and loaded onto a Thermo
Acclaim Pepmap (Thermo, 75 uM ID X 2 cm C18 3 uM beads) precolumn and then onto an
Acclaim Pepmap Easyspray (Thermo, 75 uM X 15 cm with 2 uM C18 beads) analytical column
separation using a Dionex Ultimate 3000 uHPLC at 250 nl/min with a gradient of 2-35% organic
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(0.1% formic acid in acetonitrile) over 2 hours. Peptides were analyzed using a Thermo Orbitrap
Fusion mass spectrometer operating at 120,000 resolution for MS1 with HCD sequencing at top
speed (15,000 resolution) for all peptides with a charge of 2+ or greater. The raw data were
converted into *.mgf format (Mascot generic format) for searching using the Mascot 2.5.1 search
engine (Matrix Science) against M. abscessus protein sequences (Uniprot downloaded
2020.11.30). A modification for Xle->Val was used to detect incorporation of Val into wild-type
sequences. The database search results were loaded onto Scaffold Q+ Scaffold 4.4.8 (Proteome

Sciences) for statistical treatment and data visualization.

4.4.12 Principal component analysis

The dataset comprised of the 1000 most abundant proteins from each strain of M. abscessus based
on quantitative spectral counts. Spectral counts for each protein were standardized within strains.
PCA was performed using R to generate the loading data and scores. PCA was visualized with the

first two principal components which accounted for >95% of the variance.

4.4.13 LC-MS metabolomics of BCAAs

Samples aliquots were diluted with an internal standard (norvaline-d5) and derivatized with 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC; Toronto Research Chemicals, Ontario,
Canada) for analysis using reversed phase ultra performance liquid chromatography mass
spectrometry (UPLC-MS). Samples were prepared and analyzed along with calibration curves
containing isoleucine, leucine, norvaline and valine (Sigma-Aldrich, St. Louis, Missouri, USA) in
culture media. An internal standard working solution (ISWS) containing 50 pM norvaline-d5
(CDN Isotopes, Dorval, Quebec, Canada) in water was added to the experimental and calibration
samples prior to derivatization. ISWS aliquots (25 pL) were added to sample aliquots (25 pL) in
microcentrifuge tubes and vortexed. Aliquots (10 pL) then were transferred into glass tubes
containing 70 uL buffer solution (0.2M sodium borate pH 8.8) along with 20 uL derivatization
solution (10mM AQC in acetonitrile), mixed and incubated for 10 min at 55°C. After cooling to
room temperature, aliquots (5 uL) were transferred to autosampler vials containing 995 uL Type-
1 water for UPLC-MS analysis. Samples were analyzed by UPLC-MS using an Agilent 6460 triple
quadrupole mass spectrometer coupled with an Agilent 1290 UPLC system (Agilent, Santa Clara,
California, USA). Samples (5uL) were injected onto an Agilent Eclipse Plus C18 100 x 2.1 mm
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(1.8 um) column and chromatographed with a reverse phase gradient at 0.250 mL/min using 0.1%
formic acid in water and 0.1% formic acid in acetonitrile. The derivatized amino acids were
detected using electrospray positive mode ionization followed by MS/MS fragmentation. Data
acquisition was performed using Agilent MassHunter Data Acquisition (version B.04.01)
software. Peak area measurements from selected product ions, calibration curve regression
analysis and resulting sample quantification were performed using Agilent MassHunter

Quantitative Analysis (version B.05.00) software.

4.4.14 Homology modeling

The models of a-IPMSwmans (MAB_0337¢) were generated using the SWISS-MODEL server and
the crystal structures of a-IPMSwmy as templates (PDB 3FIG, 3HPZ).4142

4.4.15 Data analysis

Data were processed by GraphPad PRISM 9.4.1, The PyMOL Molecular Graphics System 2.3.0,
R 4.1.2, and Scaffold Q+ Scaffold 4.4.8.
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4.5 RESULTS

4.5.1 Spontaneous generation of L-norvaline resistance in M. abscessus

M. abscessus that is resistant to both epetraborole and L-norvaline was raised spontaneously during
a kill kinetics experiment that sought to determine whether L-norvaline caused cell death to the
epetraborole resistant M. abscessus LeuRSP*®! strain. The wild type ATCC 19977 reference strain
of M. abscessus, the EPTR LeuRSP#®! mutant, and the EPTR LeuRSP**H mutant complemented
with wild type leuS were grown in 2.4 mM L-norvaline (4X MIC) for five days. In agreement with
the editing activity of LeuRS, the wild type and complemented strain but not the editing-deficient
mutant grew in 2.4 mM L-norvaline (FIGURE. 4.1A). In fact, L-norvaline challenge resulted in a
loss of viable bacteria, congruent with the toxicity from misfolded proteins. Unexpectedly, the
growth of EPTR LeuRSP*®! mutant recovered at later timepoints. We hypothesized that L-
norvaline might degrade over time and repeated the experiment where 2.4 mM L-norvaline was
supplemented each day to create a steady-state (4XSS). Again, however, the EPTR LeuRSP+¢H
mutant grew after day three (FIGURE. 4.1A). To confirm resistance to L-norvaline, aliquots of
the EPTR LeuRSP#" mutant grown without L-norvaline and in 4XSS were taken to measure the
MICyg of L-norvaline using the REMA method. Indeed, the EPTR LeuRSP+¢H 4XSS strain had a
MICqo > 40 mM while the original strain grown without L-norvaline maintained a MICqo of 0.2
mM.

2843 we asked whether

Since M. abscessus was shown to have inducible resistance to macrolides,
L-norvaline resistance was inducible or acquired. We previously showed that inducible macrolide
resistance in M. abscessus can be repressed after passaging the culture in drug-free media for six
days.*? Aliquots of the EPTR LeuRSP#*¢! grown in L-norvaline-free or 4XSS conditions on day
five were passaged for six days in L-norvaline-free media. The MICo to L-norvaline, epetraborole,
and amikacin were determined using REMA. We showed that L-norvaline resistance is not
inducible since passaging the culture in L-norvaline-free media did not change the MICo
(FIGURE. 4.1A). Alternatively, L-norvaline resistance could arise from a LeuRSP**H reversion
where the population regains editing activity but becomes susceptible to epetraborole. Refuting
this possibility, we observed resistance to epetraborole in both strains with MICgp > 0.05 mM

(FIGURE. 4.1A). Lastly, L-norvaline resistance was not the result of a multi-drug resistant

phenotype as evidenced with sensitivity to control drug amikacin.
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To further characterize the new mutant resistant to both epetraborole and L-norvaline, we
challenged M. abscessus ATCC 19977, M. abscessus EPTR LeuRSP*®! and M. abscessus EPTR
Nva®R 4XSS with 0.5 mM branched-chain amino acids (BCAAs) in Sauton’s minimal media and
fit their growth to an exponential plateau regression (FIGURE. 4.1B). As controls, M. abscessus
ATCC 19977 grew in L-norvaline while M. abscessus EPTR LeuRSP*®H failed to grow. Like the
wild type strain, the growth of M. abscessus EPTR NvaR 4XSS was not impeded by 0.5 mM L-
norvaline. From the exponential fit, we extracted the maximum growth plateau (Ym) and growth
rate (1). Quantitatively, we observed that L-norvaline impairs both the maximum growth and
growth rate of an editing deficient strain like M. abscessus EPTR LeuRSP*®! but that M. abscessus
EPTR NvaR 4XSS regained a normal growth rate with a lower plateau (FIGURE. 4.1C). Similar
results were obtained when the experiments were repeated in nutrient rich 7H9 media (FIGURE.

S4.1).

Growth in 0.5 mM BCAAs was repeated on solid media using 7H10 base and 100 pM amikacin
as control. We observed similar results where only M. abscessus EPTR LeuRSP#¢! failed to grow
on 0.5 mM L-norvaline while amikacin inhibited all strains (FIGURE. 4.1D). These results (7)
confirmed L-norvaline resistance and (ii) suggested a novel mechanism of L-norvaline resistance

has been acquired by M. abscessus that is editing independent.

4.5.2 Membrane hydrophobicity does not drive L-norvaline resistance

Mycobacteria are recognized for their unusually hydrophobic membrane with long-chain Ceso-90
mycolic acids. In 1990, Jarlier and Nikaido measured that the permeability of small nutrients and
antibiotics was 10,000x lower across the cell envelope of M. abscessus than in E. coli.’° Later in
1994, Jarlier and Nikaido repeated the permeability measurements with amino acids across the cell
envelope of different mycobacteria and concluded that M. abscessus was less permeable to amino
acids than M. tuberculosis.*® Tt has also been established that the cell wall synergizes with the
internal resistome that includes efflux pumps and drug modifying enzymes to limit the effect of

toxic compounds.®
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To examine whether the M. abscessus EPTR Nva®R 4XSS mutant has a modified cell envelope, we
measured the hydrophobicity via the uptake of Congo red dye. Strains were streaked onto 7H10
plates with 10% (v/v) OADC and 140 pM Congo red and incubated at 37 °C for five days
(FIGURE. 4.2A). M. abscessus ATCC 19977 strains with the smooth morphotype (S) or rough
morphotype (R) were used as representative hydrophilic and hydrophobic membranes,
respectively. The rough morphotype contains a mutation in mmpL4b, which prevents the transport
of glycopeptidolipids across the membrane and creates a uniform hydrophobicity across the cell
envelope unlike the smooth morphotype that has clusters of hydrophobic domains.** Gross
visualization of the colonies indicated that both the parental EPTR LeuRSP** and EPTR Nval
4XSS strains had a smooth morphotype which favors pink colonies with red borders while the
rough morphotype colonies were red (FIGURE. 4.2A). Congo red dye retained in the membrane
was extracted with DMSO and quantified at 488nm. We observed a significant increase in retained
Congo red dye in M. abscessus R compared to S, however there was no significant change in dye
retained in EPTR NvaR 4XSS relative to the parental strain EPTR LeuRSP#*%" (FIGURE. 4.2B).
These results suggest that the cell membrane of M. abscessus EPTR Nva® 4XSS has not undergone

morphotype switching that could decrease the permeability of L-norvaline.

4.5.3 L-Norvaline resistance is not mediated by efflux pump activity

Unlike the well-characterized multi-drug efflux system AcrAB-TolC of E. coli that facilitates
efflux of xenobiotics, MmpL proteins export endogenous lipophilic molecules.!>!* Besides being
involved in the architecture of the cell envelope however, some MmpL proteins were shown to be
antimycobacterial drug efflux pumps. Most notably, this was demonstrated for the recently
approved drug bedaquiline.'** We speculated that the large number of efflux pumps in M.
abscessus might contribute to L-norvaline resistance. To measure efflux pump activity, we used
an ethidium bromide (EtBr) accumulation assay previously used in M. abscessus and M.

tuberculosis to assess drug resistance.*64’

Initially, EtBr has limited fluorescence in aqueous
solution but becomes appreciably fluorescent when intercalated with dSDNA.* The fluorescence
(Ex/Em 525/600) of intracellular EtBr was measured over 2 hours in wild type M. abscessus
incubated with serial dilutions of EtBr (FIGURE. 4.3A). Fluorescence time curves were fit with
an exponential plateau regression to determine the fluorescence at equilibrium (Feq) and generate

a dose-response curve (FIGURE. 4.3A inset). Since EtBr fluorescence is balanced by influx and
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efflux and that the M. abscessus EPTR NvaR 4XSS mutant has a similar membrane hydrophobicity
to the parental strain (FIGURE. 4.2), we postulated that any difference observed could be
attributed to efflux activity.

The fluorescence of intracellular EtBr was measured in wild type, EPTR LeuRSP#¢H, and EPT®R
NvaR 4XSS strains of M. abscessus at 6.25 uM EtBr. ATCC 19977 S and R morphotypes were
used as controls. MmpL4b is non-functional in the rough morphotype, which resulted in impaired
efflux and greater accumulation of EtBr (FIGURE. 4.3B). Although we measured a statistically
significant difference in EtBr accumulation in the S morphotype compared to the R morphotype,
the difference in Feq between EPTR NvaR 4XSS and the parental strain was not statistically
significant (FIGURE. 4.3B). Next, we repeated the EtBr accumulation assay with verapamil and
CCCP as efflux pump inhibitors.*® Using 0.5 mM verapamil and 25 pM CCCP, we measured a
statistically significant increase in the Feq for all strains except M. abscessus R with CCCP
(FIGURE. 4.3B and C). To determine the effect size of verapamil and CCCP on efflux pump
inhibition, AFeq (Farug — Farug frec) Was compared between EPTR Nva® 4XSS and the parental strain
(FIGURE. 4.3D). Verapamil and CCCP had similar efficacies against EPTR Nva® 4XSS and the

parental strain, which suggests that both strains have comparable efflux phenotypes.

4.5.4 a-IPMSASY variant participates in L-norvaline resistance

To identify the putative mutation(s) underlying L-norvaline resistance, gDNA was extracted from
M. abscessus EPTR LeuRSP#®H ag the parental strain and two M. abscessus EPTR Nva® 4XSS
mutants for WGS. All strains sequenced retained the C to G transversion at position 1306 in leuS
gP436H

that translates into LeuR

D436H reversion as shown with the MIC to epetraborole (FIGURE. 4.1A). When compared to

, which confirmed that resistance was not acquired through a

the parental strain, both EPTR Nva® 4XSS mutants sequenced had a unique C to T transition at
position 1664 in leud (MAB 0337c) and T to C transition at position 44 in tRNAMUGAG)
(MAB t5031c). leud codes for a-isopropylmalate synthase (a-IPMS) which catalyzes the
carboxymethylation of 2-oxoisovalerate using acetyl-CoA to produce a-isopropylmalate as the
first step in the L-leucine biosynthetic pathway. tRNA" A9 is one of five encoded tRNALe

isoacceptors in M. abscessus.
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To determine which variant gene is responsible for the L-norvaline resistant phenotype, wild type
and mutant leud and tRNA*"GA® were cloned with 250bp upstream to capture the nascent
promoter into the integrative vector pMV306. These constructs, as well as an empty pMV306
vector (EV) were electroporated into M. abscessus EPTR D436H. Next, we measured the bacterial
viability of M. abscessus ATCC 19977, parental M. abscessus EPTR D436H, complemented
strains, and the natural double mutant M. abscessus EPTR NvaR 4XSS against L-norvaline,
epetraborole, and amikacin. Only M. abscessus EPTR D436H complemented with the mutant leuA
but not the wild type leuAd had increased resistance to L-norvaline (FIGURE. S4.2A). All strains
of M. abscessus with LeuRSP*®! retained resistance to epetraborole and all strains were equally
susceptible to amikacin (FIGURE. S4.2B and C). L-norvaline resistance was not observed when
M. abscessus EPTR D436H was complemented with wild type or mutant tRNA™(GAG (FIGURE.
S4.2D-F).

To corroborate the drug susceptibility results, we monitored the growth of M. abscessus ATCC
19977, M. abscessus EPTR D436H, the leud complemented strains and M. abscessus EPTR NvaR
4XSS in Sauton’s minimal media with 0.5 mM BCAAs. Complementing M. abscessus EPTR
D436H with the mutant variant of /eud nearly completely restored the growth in 0.5 mM L-
norvaline relative to L-norvaline-free media while M. abscessus EPTR D436H with wild type leuA
or M. abscessus EPTR D436H still exhibited reduced growth (FIGURE. 4.4A and FIGURE.
S4.3). These results suggest that a-IPMS#35V alone is sufficient to impart the L-norvaline resistant

phenotype while the role of tRNALUGAGTHC ig yet to be determined.

Previously, we showed that in the absence of LeuRS editing activity, L-norvaline becomes
misaminoacylated and incorporated into proteins at sites coding for L-leucine.®* Therefore, we
hypothesized that the M. abscessus EPTR Nva® 4XSS mutant would be lacking high levels of
norvalinated proteins after L-norvaline challenge. Cell lysates were collected from M. abscessus
ATCC 19977, M. abscessus EPTR D436H, complemented strains, and M. abscessus EPTR NvaR
4XSS after 24 hours of growth in Sauton’s minimal media with 0.5 mM L-norvaline and analyzed
by reverse-phase HPLC/MS. Principal component analysis (PCA) of cell lysate proteomes

identified three proteomic clusters among the five strains with PC1 and PC2 accounting for 91%
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and 5% of variance, respectively (FIGURE. 4.4B and FIGURE. S4.4A). Cluster 1 is the naturally
L-norvaline resistant strain ATCC 19977, cluster 2 is the L-norvaline sensitive strain M. abscessus
EPTR D436H and its complement with wild type a-IPMSYT, and cluster 3 is the novel L-norvaline
resistant strain M. abscessus EPTR NvaR 4XSS and the complement with a-IPMS#53V, The
clusters were separated based on GroEL abundance in PC1 with a small contribution from Acyl-
CoA dehydrogenase FadE abundance in PC2 (FIGURE. 4.4B and FIGURE. S4.4B). Proteins
with L-norvaline residues were identified by filtering for L-leucine residues missing the 14 Da
methylene group absent on L-norvaline. As expected from the PCA results, M. abscessus ATCC
19977 maintained preferential incorporation of L-leucine while the editing-deficient strain M.
abscessus EPTR D436H had a significant increase in norvaline misincorporation (FIGURE. 4.4C
and FIGURE. S4.5A). M. abscessus EPTR NvaR 4XSS reduced the median level of norvaline
misincorporation significantly despite lacking LeuRS editing activity (FIGURE. 4.4C and
FIGURE. S4.5A). A decrease in median norvalination was also observed in the strain
complemented with mutant /eud while the decrease observed with wild type leud was not
statistically significant (FIGURE. 4.4C) We also measured the level of L-norvaline in the culture
supernatants after 24 hours of exposure and found no evidence of L-norvaline degradation or
modification (FIGURE. S4.5B). To measure the overall bacterial stress response to L-norvaline
challenge, we compared the proteomes of M. abscessus EPTR D436H, complemented strains, and
M. abscessus EPTR Nva® 4XSS to the ATCC 19977 reference strain. Higher levels of L-norvaline
incorporation resulted in 134 statistically significant differentially expressed proteins (DEPs)
(FIGURE. 4.4D). While M. abscessus EPTR D436H had elevated levels of heat shock proteins
and Clp proteases relative to the ATCC 19977 strain, we observed a significantly attenuated stress
response in M. abscessus EPTR Nva® 4XSS with 10 DEPs and in M. abscessus EPTR D436H
complemented with a-IPMS#3%V with 28 DEPs (FIGURE. 4.4D).

4.5.5 a-IPMSA%55Y mutation located in allosteric site

To understand how the a-IPMSA%53V gubstitution results in minimal norvaline misincorporation
across the proteome, we modelled a-IPMSwmabs onto the experimentally determined structure of a-
IPMSwm using Swiss-Model.>® The current understanding is that the catalytic and regulatory
domains are separated by a flexible hinge domain to accommodate conformational changes

resulting from L-leucine bound in the allosteric site to elicit negative feedback inhibition.”® As a
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control, we compared the experimental structure of a-IPMSmw (PDB 3FIG) to the a-IPMSwmuw
structure generated with Swiss-Model. We generated a homodimeric structure (QMEAN 0.87 +
0.05) that was predicted to have the N-terminal catalytic (o/)s TIM barrel domain, a linker, and
C-terminal regulatory domain with the BBa architecture (FIGURE. S4.6A). Next, we compared
the overlaid structures of Swiss-Model generated a-IPMSwmw and a-IPMSwmaps and observed
substantial structural overlap with rmsd of 0.119 A. From these results, we inferred homology
between a-IPMSwmw and a-IPMSwmabs and used the modelled a-IPMSwmaps structure to hypothesize
the effect of a-IPMS#535V substitution identified in M. abscessus EPTR NvaR 4XSS.

The experimentally determined structure of a-IPMSmwp was solved as a homodimer with an N-
terminal catalytic domain and a C-terminal regulatory domain (PDB 3FIG and 3HPZ). The
regulatory domains contain two symmetrical pockets at the dimer interface with loops in an open
conformation when unbound to L-leucine (PDB 3HPZ and FIGURE. 4.5B)>° However, the loop
adopts a closed conformation when L-leucine is bound in the hydrophobic pocket of the regulatory
domain (PDB 3FIG, FIGURE. 4.5C)*° The A555V substitution identified from WGS in M.
abscessus EPTR NvaR 4XSS is located on this loop (FIGURE. 4.5C). We modelled the A555V
substitution on a-IPMSmaps and observed a deviation > 40 from the ideal angle with D557 and
S554 was identified as a rotamer outlier. Taken together with the additional electron density from
AS555V next to the side chain of L546, we hypothesized that A555V would prevent the loop from
adopting a closed conformation when bound by L-leucine and disrupt the allosteric feedback

inhibition.

4.5.6 Overproduction of L-leucine competitively inhibits norvaline

To understand the mechanism of L-norvaline resistance in the absence of LeuRS editing activity,
we hypothesized that the mutation in a-IPMS would disrupt the equilibrium of the L-leucine
biosynthetic pathway and confer abnormal L-leucine production through loss of allosteric
regulation in a-IPMS (FIGURE. 4.5D). To test this hypothesis, we grew M. abscessus ATCC
19977, M. abscessus EPTR D436H, complemented strains, and M. abscessus EPTR Nva® 4XSS in
Sauton’s minimal media and measured the concentration BCAAs in the culture filtrate using
HPLC/MS. Indeed, M. abscessus strains that harbored o-IPMSA%3V produced higher

concentrations of L-leucine relative to the ATCC 19977 reference strain while L-isoleucine
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concentrations were unaffected (FIGURE. 4.5E). L-Valine concentrations, however, were

significantly reduced in strains that produced excess L-leucine (FIGURE. 4.5E).

Next, we examined the rescue effect of L-leucine by growing M. abscessus EPTR D436H in 0.5
mM L-norvaline with increasing L-leucine concentrations. After day 7 of growth, we observed that
a 1:1 ratio of L-leucine:L-norvaine restored the growth of M. abscessus EPTR D436H to 50% of
the L-norvaline free conditions while L-isoleucine and L-valine had no rescue effect (FIGURE.
4.5F). Growth was completely restored with a 4:1 ratio of L-leucine:L-norvaline (FIGURE. 4.5F).
Motivated by these results, we asked whether L-leucine could act as a competitive inhibitor to L-
norvaline. We measured the initial growth rates from time 0 to 24 hours in serial dilutions of L-
norvaline to generate a dose-response curve (FIGURE. 4.5G). These measurements were repeated
with increasing L-leucine concentrations and required higher concentrations of norvaline to
generate saturating growth inhibition. To obtain ICso values for L-norvaline, the saturating curves
were fit to four parameter dose-response regression. Next, ICso values were used to estimate an
apparent inhibition constant of L-norvaline, Kj, and an apparent substrate constant of L-leucine,
Ks, using the Cheng-Prusoff theorem for competitive inhibition (FIGURE. 4.5H). The linear
relationship between the ICso of L-norvaline and the concentration of L-leucine suggests
competitive inhibition between the amino acids where L-norvaline (K; =9 pM) is 3-4x more potent

as an inhibitor than L-leucine (Ks =32 uM) is as a substrate (FIGURE. 4.5H).

4.6 DISCUSSION

M. abscessus infections are notoriously difficult to treat largely due to its enhanced toolkit of
antimicrobial resistance mechanisms.® We show that M. abscessus can subvert the toxicity of L-
norvaline, a non-canonical amino acid shown to be an experimental adjunct agent with
epetraborole.> Classically, M. abscessus is naturally resistant to L-norvaline because of the editing
domain on LeuRS. LeuRS provides pre-transfer editing before the incorrect amino acid is
transferred to tRNA or post-transfer editing when the erroneous amino acid has already been
transferred onto tRNA'5! In both mechanisms, the editing activity is mediated by a conserved
aspartic acid residue, D436. Our results demonstrate that a M. abscessus mutant can limit the

incorrect use of L-norvaline in the absence of pre and post-transfer editing activity. We show that
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resistance is not the result of modified membrane hydrophobicity nor increased efflux activity but
stems from the loss of allosteric regulation to overproduce a metabolite and out compete the

inhibitor.

The A555V mutation was found in a-IPMS, the first enzyme involved in L-leucine biosynthesis.>?
a-IPMS was previously shown to have a regulatory domain with a hydrophobic pocket where L-
leucine binds with the carboxylate positioned between the partial positively charged N-terminal
ends of two helices, similar to the bound chloride ion in the absence of L-leucine.”® From the
crystal structure, it was hypothesized to be a regulatory domain for feedback inhibition. Later,
kinetic evidence emerged that supported intradomain communication by an allosteric mechanism
with L-leucine.>® This regulation had also been postulated in yeast where mutations were identified
in the C-terminal regulatory domain that resulted in insensitivity to L-leucine feedback inhibition.>*
Other non-regulatory yeast a-IPMS mutants became resistant to Zn>*-mediated inactivation by
Coenzyme-A. This was later supported with kinetic data examining the effects of divalent cations

on the activity of a-IPMS as a mechanism to control energy metabolism.>*>>

In line with the allosteric mechanism of a-IPMS, our results show an increased production of L-
leucine by strains harboring a-IPMSA%3V relative to the ATCC 19977 reference strain. We also
tested L-isoleucine and observed no difference in BCAA production. L-Valine, however, was
significantly reduced in strains that produced more L-leucine. Although BCAAs share structural
features, the biosynthetic pathway for L-isoleucine is dependent on L-threonine production while
L-leucine/L-valine are synthesized from pyruvate. The a-IPMS negative feedback mechanism is
believed to be specific for L-leucine since a-IPMS catalyzes the first committed step of L-leucine
biosynthesis after diverging away from the shared L-valine pathway.>? L-Isoleucine and L-valine
have also been shown to be allosteric inhibitors and activators, respectively, but towards the L-
isoleucine chokepoint enzyme, threonine deaminase.>® Unregulated a-IPMS activity that shifts the
equilibrium of 2-oxoisovalerate could explain why L-valine production was stunted in strains with

o-IPMSAS3Y,

M. abscessus grown under L-norvaline challenge showed that a-IPMSA°%V strains were more

resistant to growth inhibition than a-IPMSWT strains. Strains with LeuRSP#*¢! fail to grow in 0.5
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mM L-norvaline however, the natural double mutant M. abscessus EPTR NvaR 4XSS and M.
abscessus EPTR D436H complemented with a-IPMS#33°Y had comparable growth to M. abscessus
ATCC 19977. These data suggest that overproduction of L-leucine from the mutation in the loop
capping the allosteric site results in resistance to L-norvaline. The growth kinetics of M. abscessus
EPTR D436H in L-norvaline and L-leucine shed light on the requirement for additional L-leucine
and the biochemical basis for L-leucine rescue. By measuring initial growth rates, we observed
increasing L-norvaline ICso values proportional to the L-leucine concentration, suggestive of
competitive inhibition with K; =9 uM for L-norvaline and Ks =32 uM for L-leucine. The inhibition
and substrate constants lend additional support to the L-leucine rescue experiments where nearly
4x more L-leucine was required to fully restore the growth of M. abscessus EPTR D436H in 0.5

mM L-norvaline.

Corroborating our previous results, strains that produced higher levels of L-leucine and
misincorporated less L-norvaline in the proteome had superior growth output in L-norvaline. The
proteomic profiles suggest that strains with a-IPMSA3%V can tolerate L-norvaline as the unfolded
protein response observed in M. abscessus EPTR D436H, characterized by heat shock proteins and
chaperonins in the dominant principal component 1, is diminished in M. abscessus EPTR Nva®
4XSS. The variance in principal component 2 is attributed to an increased FadE abundance in
strains that failed to grow during norvaline challenge. FadE is predicted to be an acyl-CoA
dehydrogenase involved in fatty acid B-oxidation, which suggests that M. abscessus EPTR D436H
and a-IPMS™ complemented strain upregulated fatty acid [3-oxidation to meet the metabolic
requirements of misfolded protein proteolysis. Overall, the proteome of strains with a-IPMSA3>3Y

clustered separately from M. abscessus EPTR D436H and appeared more similar to the ATCC

19977 reference strain.

In conclusion, we describe a novel mechanism of resistance to an antimicrobial agent in the
multidrug resistant pathogen, M. abscessus. Systematic evaluation revealed that resistance is not
mediated by a cell wall phenotype nor multidrug efflux pumps, but through the loss of allosteric

feedback inhibition in a biosynthetic enzyme. M. abscessus expressing a-IPMSA33V

gained the
ability to produce excess quantities of L-leucine, with no deleterious consequences, to out compete

L-norvaline from being used as a LeuRS substrate. This mutation reduces norvalination of the

182



proteome and toxicity associated with misfolded proteins. Our work here provides evidence for a
mechanism of antimicrobial resistance in M. abscessus where an orthogonal mutation in an
allosteric chokepoint enzyme rescues the bacteria through dysregulation of BCAA metabolism
that limits the clinical applicability of L-norvaline as an adjuvant to benzoxaborole LeuRS

inhibitors.
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FIGURE 4.1. Editing-deficient norvaline resistance in M. abscessus. A Left, M. abscessus
ATCC 19977, EPTR M. abscessus with LeuRSP#%H and complement strain with wild type LeuRS
were grown in media free of exogenous L-norvaline, 4X MICyy (MICgy = 0.6 mM) of the Nva®
/EPTR M. abscessus D436H strain. Alternatively, M. abscessus D436H strains were grown in
media free of exogenous L-norvaline, with an initial inoculum of 4X MICoo, or media replenished
with 4X MICy daily to establish a steady-state of L-norvaline (SS). Data represents mean + SD
from n = 2-5 independent experiments. Right, Aliquots of M. abscessus EPTR D436H grown in L-
norvaline free media (black squares) or L-norvaline at 4XSS (teal squares) from day 5 were used
to determine the MICoo of L-norvaline. Cultures were passaged for six days in L-norvaline free
media before measuring the MICyo for L-norvaline, and control drugs epetraborole and amikacin.
B Growth curves of M. abscessus ATCC 19977, M. abscessus EPTR D436H, and mutant with dual
EPTR and NvaR resistance raised at 4XSS. Strains were grown statically in 96-well plates with
nutrient limited Sauton media + BCAAs and fit with exponential plateau regression. Data is
representative of n = 3 independent experiments with mean + SD. P values were obtained by one-
way ANOVA with Dunnett’s multiple comparisons test. C Comparison of maximum growth
plateau (Ywm) and growth rates (1) in Sauton media + BCAAs. Data is mean + SD from n = 3
independent replicates with M. abscessus EPTR NvaR 4XSS in biological duplicates. D Growth on
solid 7H10 media + BCAAs. 100 uM amikacin was used as control. Data is mean + SD from n =
3 independent experiments. P values were obtained by one-way ANOVA with Dunnett’s multiple

comparisons test.
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FIGURE 4.2. Membrane hydrophobicity of M. abscessus. A Colony morphology of ATCC
19977-S (smooth), ATCC 19977-R (rough), M. abscessus EPTR D436H, and M. abscessus EPTR
Nva® on 7H10 plates supplemented with 10% (v/v) OADC and Congo red at 140 uM. B
Quantitative analysis of extracted Congo red dye retained in the membrane at Aasgsnm. Data
represents mean + SD of n = 4 independent experiments with M. abscessus EPTR NvaR 4XSS in
biological duplicates. P values were obtained by one-way ANOVA with Tukey’s multiple

comparisons test.
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FIGURE 4.3. Efflux activity of M. abscessus. A Dose response curve of ethidium bromide (EtBr,

EX5250m, Emesoonm) accumulation in M. abscessus ATCC 19977 S. B EtBr accumulation with 6.25
uM EtBr in ATCC 19977 S, ATCC 19977 R, M. abscessus EPTR D436H, and M. abscessus EPTR
Nvak 4XSS. 0.5 mM verapamil and 25 pM CCCP were used as efflux pump inhibitors in B. Data

is mean + SD of n = 3 independent replicates with M. abscessus EPTR NvaR 4XSS in biological

duplicates. P values were obtained by one-way ANOVA with Sidak’s multiple comparisons test.

C Efflux pump inhibitors promote EtBr accumulation. Data is mean + SD of n = 3 independent

replicates with M. abscessus EPTR NvaR 4XSS in biological duplicates. P values were obtained by

192



two-way ANOVA with Dunnett’s multiple comparisons test. D Quantification of efflux pump
inhibitor effect. ATCC 19977 R was omitted from CCCP as the effect was not statistically
significant. Data is mean + SD of n = 3 independent replicates with M. abscessus EPTR Nva®
4XSS in biological duplicates. P values were obtained by one-way ANOVA with Sidak’s multiple

comparisons test.
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FIGURE 4.4. M. abscessus EPTR Nva® mutant uses alternative mechanism to limit L-
norvaline toxicity. A Reference strain ATCC 19977 (black circles), EPTR mutant LeuRSP436H
(pink squares), naturally raised EPTR Nva® mutant (green triangles), EPTR mutant complemented
with a-IPMSWT (purple triangles) or a-IPMSA%3V (orange diamonds) grown in Sauton’s minimal
media with 0.5 mM L-norvaline and fit with exponential plateau regression. Data is representative
of n = 3 independent experiments with mean + SD of technical triplicates. P values were obtained

by one-way ANOVA with Tukey’s multiple comparisons test. B Principal component analysis of
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cell lysate proteomes after 24 h of growth in Sauton’s media with 0.5 mM L-norvaline. PC1
accounted for 90% of the variance, PC2 accounted for 5% of the variance. GroEL (MAB_0650)
and Acyl-CoA dehydrogenase FadE (MAB 4437) had the greatest PC1 and PC2 coefficients,
respectively. C Percentage of proteins with misincorporation of L-norvaline at leucine residues
from cell lysates after 24 h of growth in Sauton’s media with 0.5 mM L-norvaline. Data is median
with IQR, whiskers represent 1-99 percentile from spectral counting. P values were obtained by
Friedman test with Dunn’s multiple comparisons test. D Volcano plots depict fold change (log>)

and p-value(-logio) for each protein relative to the ATCC 19977 reference strain.
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FIGURE 4.5. a-IPMSA55 variant overproduces L-leucine to outcompete L-norvaline. A
Swiss-Model structure of a-IPMSwmaps from M. tuberculosis PDB 3FIG.>° Monomers in yellow and
purple, L-leucine in green, and Zn?* as blue spheres. B (top) C-terminal regulatory domain without
L-leucine bound in an open conformation (red loop). B (bottom) C-terminal regulatory domain
with L-leucine bound in a closed conformation. C Effects of mutated A555V highlighted. D
Pathway for L-leucine synthesis. E BCAA concentrations in culture filtrates of reference strain
ATCC 19977, EPTR mutant LeuRSP#®", EPTR mutant complemented with IPMSWT or IPMSA535V,
and naturally raised EPTR Nva® mutant grown in Sauton’s minimal media. Data is mean + SD of
n = 3 biological replicates. P values were obtained by one-way ANOVA with Tukey’s multiple
comparisons test. F M. abscessus EPTR D436H strain grown in Sauton’s minimal media + L-
norvaline and serial dilutions of L-leucine, L-isoleucine, or L-valine. Data is mean + SD of n =3
independent experiments. P values were obtained by one-way ANOVA with Tukey’s multiple
comparisons test. G Initial growth rates (first 24 h) of M. abscessus EPTR D436H in L-norvaline
supplemented with L-leucine. H L-norvaline inhibition fit to a model of competitive inhibition. K;
is the inhibition constant of L-norvaline. Ks is the substrate constant for L-leucine. L is the

concentration of L-leucine.
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4.11 SUPPLEMENTARY MATERIAL
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FIGURE S4.1. Growth characteristics of M. abscessus EPTR Nva® mutant in 7H9 media. A
Growth curves of M. abscessus ATCC 19977, EPTR M. abscessus with LeuRSP*%H, and a mutant
with dual EPTR and NvaR resistance raised at 4X MICoq SS. Strains were grown statically in 96-
well plates with nutrient rich 7H9 media + BCAAs and fit with exponential plateau regression.

Data is representative of n = 4 independent experiments with mean + SD of technical triplicates.
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B Comparison of growth rates (i) and maximum growth plateau (Ywm) in 7H9 media + BCAAs.
Data is mean + SD from n = 4-8 independent replicates. P values were obtained by one-way

ANOVA with Dunnett’s multiple comparisons test.
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FIGURE S4.2. M. abscessus EPTR D436H strain complemented with putative leud or
tRNAYU(GAG) resistance variants. Reference strain ATCC 19977 (black), EPT® mutant
LeuRSP+% (pink), EPTR mutant complemented with empty pMV306 vector (green), EPTR mutant
complemented with wild type leud (purple) or complemented with mutant /eud (orange), and
naturally raised EPTR Nva® mutant (grey) grown in A L-norvaline, B epetraborole, or C amikacin.

Alternatively, the EPTR LeuRSP#*H mutant was complemented with wild type tRNA'™" (purple) or
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mutant fRNA'™ (orange) and grown in D L-norvaline, E epetraborole, F amikacin. Data is n = 2
independent experiments with mean + SD of technical triplicates. P values were obtained by one-

way ANOVA with Tukey’s multiple comparisons test.
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FIGURE S4.3. Growth curves of M. abscessus complemented with leuA. Reference strain
ATCC 19977, EPTR mutant LeuRSP#®H EPTR mutant complemented with wild type leud or
mutant leud, and naturally raised EPTR Nva® mutant were grown statically in Sauton’s minimal
media + L-leucine (pink squares), L-isoleucine (green triangles), L-valine (purple inverted

triangles), or L-norvaline (orange diamonds) at 0.5 mM and fit with exponential plateau regression.

Data is representative of n = 3 independent experiments with mean + SD of technical triplicates.
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FIGURE S4.4. Proteomic analysis of M. abscessus. Cell lysates were extracted from M.
abscessus ATCC 19977, M. abscessus EPTR D436H, M. abscessus EPTR NvaR 4XSS, M.
abscessus EPTR D436H complemented with IPMSWT or IPMS#3%Y grown in Sauton’s media with
0.5 mM L-norvaline for 24 hours. A Variance associated with each principal component. PC1
accounted for 90% of the variance, PC2 accounted for 5% of the variance. B Quantification of

GroEL (largest PC1 coefficient) and Acyl-CoA dehydrogenase (largest PC2 coefficient)

abundance.
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FIGURE S4.5. Norvalination of the M. abscessus proteome. A Percentage of proteins with
misincorporation of L-norvaline at leucine residues from cell lysates after 24 h of growth in
Sauton’s media with 0.5 mM L-norvaline. Data is median with IQR, whiskers represent 1-99
percentile. P values were obtained by Friedman test with Dunn’s multiple comparisons test. B
Concentration of L-norvaline remaining in culture supernatants after 24 h L-norvaline challenge

from A.
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FIGURE S4.6. Predicting homology between a-IPMSwmw and o-IPMSwmabs. A a-IPMSwmwp
model was generated using Swiss-Model and the experimentally determined structure PDB 3FIG
with QMEAN global 0.87 + 0.05.44257 B Overlay of a-IPMSwmw (green) and Swiss-Model
generated o-IPMSwmaps (blue) from PDB 3FIG with QMEAN global of 0.86 + 0.05. Overlay
generated rmsd of 0.199 A.
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CHAPTER S

General Discussion

M. abscessus is an opportunistic pathogen that causes chronic pulmonary and skin and soft tissue
infections.! This bacterium predominantly affects people with pre-existing lung conditions such as
CF, chronic obstructive pulmonary disease, and bronchiectasis. Unlike TB where a positive culture
demands isolation and treatment, diagnosing pulmonary M. abscessus infections can be
challenging.? Many people can be colonized with M. abscessus but have no signs of disease and
therefore, would not merit clinical intervention. Only with clinical symptoms, radiographic
evidence, and speciation from a clinical isolate is a diagnosis made.? Current treatment regimens
for pulmonary M. abscessus disease, however, are not adequate. A patient with CF and an M.
abscessus pulmonary infection requires 3 months of intravenous amikacin, tigecycline, and
imipenem and an oral macrolide.® For the following 14 months, the patient would receive an all-
oral regimen of a macrolide, minocycline, moxifloxacin, and nebulized amikacin.? Currently, this
is the standard of care for pulmonary M. abscessus infections with culture conversion rates of <
50%. The field recognizes this problem and antibiotic drug discovery for M. abscessus is
underway. Laboratories are discovering new chemistries against validated targets like InhA from
the TB literature, repositioning rifamycins traditionally known to be active against M. tuberculosis
but not M. abscessus, and identifying compounds for new cellular targets like MmpL3.*® Our
group joined these efforts and used the mainstay WCS method to carry out a drug discovery project
for M. abscessus. The central goal of this thesis work was to screen new libraries against M.
abscessus to find new compounds that could be added to the pipeline. This thesis describes two
natural products and one synthetic molecule combined with an adjuvant as potential candidates for

the M. abscessus pipeline.

5.1 MAIN FINDINGS

Drug discovery for M. abscessus has proven to be more challenging than for M. tuberculosis.
Historically, WCS campaigns against M. tuberculosis achieve a hit rate of 0.3-1% while WCS
against M. abscessus, on the other hand, may reach hit rates of 0.07-0.1%.° Therefore, the selection

of libraries with appropriate chemical space is an important factor inherently linked to the success
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of hit discovery. In order to achieve the best return on investment, we screened a library of natural
products and three libraries of repurposed antimicrobials with drug-like properties. Natural
products provide diversity in the chemical space and are a proven source of antibiotics as nearly
two-thirds of clinically used antibiotics contain a natural product pharmacophore or semi-synthetic
derivative.!? Curated libraries of compounds with activity against other microorganisms relieve
some of the uncertainty with novel synthetic libraries; most compounds have membrane
permeable chemistry and specificity for a druggable target and non-specific cytotoxic molecules

like detergents are filtered out.

In Chapter 2, we established our optimized screening conditions and detailed the natural product
screening against M. abscessus. The reference strain of M. abscessus ATCC 19977 engineered
with constitutive luminescence output was chosen for screening over standard readouts like optical
density and other non-traditional readouts like cell viability and ATP production based on the
correlation (r? = 0.99) between luminescence and bacterial burden, and a robust Z” factor (> 0.7).
The natural product library was provided through a collaboration with Rolf Miiller at the
Helmholtz Institute of Pharmaceutical Science where his group provided expertise in natural
product synthesis and characterization. The Miiller group provided a pilot library of 517
compounds from myxobacteria, fungi, and plants. We identified two hits with scaffolds not
currently in the M. abscessus pipeline, lysobactin and sorangicin A. Lysobactin (also known as
katanosin B), like vancomycin, binds cell wall substrates rather than a defined biosynthetic target,
which creates a high barrier to resistance that requires multiple genetic changes to remodel the cell
envelope.!! However, unlike vancomycin where resistance conferring alleles are circulating in the
microbial community, resistance to lysobactin has not been identified. Sorangicin A is a known
inhibitor of the validated RNA polymerase target in mycobacterial drug discovery but is
structurally different than traditional RNA polymerase inhibitors like the rifamycins. Importantly
for the patients in the CF community that receive corrector therapies, sorangicin A weakly induces
drug metabolizing enzymes such as CYP3A4 that have been shown to be strongly induced by
rifamycins and cause drug-drug interactions with the corrector therapy ivacaftor.!? Both natural
products displayed activity against multidrug resistant M. abscessus clinical isolates from CF
patients in the Montreal region. Lysobactin and sorangicin A are novel scaffolds where more

potent derivatives can be synthesized with novel formulations to improve oral bioavailability.
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Despite the progress made with the natural products from Chapter 2, published in Microbiology
Spectrum in November 2022, lysobactin and sorangicin A are still in the early discovery phase.
Cystic Fibrosis Canada published a set of revised goals for research proposals making the call for
pre-clinical candidates. With that goal in mind, we focused our efforts on libraries with repurposed
drugs in Chapter 3. We screened a set of 172 compounds active against M. tuberculosis provided
by GSK, and 800 general antimicrobials provided by Medicines for Malaria Venture (MMV).
Ultimately, our three hits (hit rate 0.3 %) were identified in the Pandemic Response Box by MMV
and no hits were obtained in the GSK box with compounds filtered for activity against M.
tuberculosis. One hit had previously shown off target activity against the hERG K-channel and
one had already been published for M. abscessus.'*'* The remaining and most potent hit was
epetraborole, a compound with the benzoxaborole pharmacophore, and at the time of these studies
no group had shown interest in epetraborole for M. abscessus. Epetraborole is a known LeuRS
inhibitor by binding in the editing site as opposed to the aminoacylation active that is observed
with mupirocin and IleRS. Although no literature had described the activity of epetraborole for M.
abscessus, GSK published a paper in 2016 discussing the potential of the benzoxaborole series for
M. tuberculosis."> Throughout this work, we showed that, unlike clarithromycin, M. abscessus
does not have inducible resistance to epetraborole and our epetraborole resistant mutants had
mutations mapped to the editing site of LeuRS. The conservation of LeuRS as the target of
epetraborole in M. abscessus was confirmed with CRISPRi knockdown of /euS, which generated
hypomorphs that displayed hypersusceptibility to epetraborole. Through a collaboration with the
group of Laurent Kremer a 1’Universit¢ de Montpellier, we showed that epetraborole has a
protective effect in zebrafish embryos against M. abscessus infection. The group of Martin
Schmeing at McGill University crystallized the editing domain of LeuRS bound to EPT to help
rationalize the effect of the LeuRSP#%! mutation we identified from whole-genome sequencing

(WGS) of epetraborole resistant mutants.

While reading the literature on benzoxaboroles and tRNA synthetase inhibitors, we found a
publication by GSK detailing the rapid onset of resistance to epetraborole during a failed phase II
clinical trial for complicated urinary tract infections from E. coli.'® These data raised the question:

can we limit resistance to epetraborole and prolong its lifespan? Based on the crystal structure and
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mutation of the universally conserved D436 residue, the epetraborole resistant strain of M.
abscessus was believed to be editing deficient. The editing domain is hypothesized to safeguard
against misaminoacylation of tRNAL® with non-proteinogenic amino acids like norvaline. We
showed that norvaline inhibited the growth of the epetraborole mutant and we found norvaline
residues across the proteome. The proteomic signature suggested that protein norvalination
triggers the unfolded protein response with abundant heat shock proteins and Clp proteases after
norvaline challenge. Lastly, we showed that norvaline in combination with epetraborole limited in
vitro resistance to epetraborole and improved the efficacy of epetraborole in the SCID mouse
model of M. abscessus pulmonary infection. By the time our work in Chapter 3 was published in
PLoS Pathogens in October 2021, three other studies independently described the activity of
benzoxaboroles as LeuRS inhibitors against M. abscessus between April 2021 and October
2021.17-1 Two of these studies also identified mutations in the editing domain of LeuRS that
resulted in resistance to epetraborole, however the D436H substitution was not identified.!”!8 The
translation of norvaline as an adjuvant could be further supported if other editing deficient mutants
were included in future experiments. Is the toxicity of norvaline reported in Chapter 3 unique to
editing deficient mutants that lost the universally conserved catalytic residue D436 or most editing

deficient mutants susceptible to norvaline challenge?

The question asked in Chapter 4 arose from an unexpected result from a seemingly trivial
experiment. Initially, we asked the question does norvaline challenge of the editing deficient
mutant lead to a bactericidal phenotype, which could help support our unfolded protein response
mechanism for norvaline-mediated growth inhibition. After generating kill kinetic curves of
different genetic backgrounds of M. abscessus, we observed a 1-3 logio decrease in CFU of the
editing deficient strain depending on the concentration of norvaline over 3 days. Unexpectedly,
the editing deficient strain grew on day 4 and had become resistant to norvaline. After controlling
for degradation of norvaline in the media and the reversion of M. abscessus LeuRSP#®H to M.

SH436D " we excluded smooth-to-rough morphotype switching and increased efflux

abscessus LeuR
activity as possible mechanisms of norvaline resistance. WGS identified a mutation in leuA, which
encodes a-IPMS. This mutation limited norvalination across the proteome and the proteomic
signature resembled that of wild type bacteria. We mapped the A555V mutation to an allosteric

binding site for leucine on a-IPMS. Since a-IPMS is an enzyme located at the branchpoint of
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valine and leucine biosynthesis, we hypothesized that this mutation could interfere with leucine
binding and disrupt the negative feedback loop on a-IPMS. Consistent with this hypothesis,
metabolomics data revealed an increase in leucine production and a decrease in valine production
while having no effect on isoleucine biosynthesis. Mechanistically, we worked out that leucine,
when given together with norvaline, antagonizes the growth inhibition phenotype of norvaline
through competitive inhibition as a substrate for LeuRSP#*¢!, This work is being submitted to

PNAS, November 2022.

5.2 LIMITATIONS OF THE WORK

5.2.1 Screening Conditions

The work in this thesis demonstrates the continued success of WCS by identifying compounds
with antimicrobial activity while retaining cell permeable chemistry.?>?! Unlike target-based
approaches where the focus of the assay is centred on the target of interest, whole cell approaches
bias the screen with the media used in the assay. Ultimately, the metabolism of bacteria is linked
to the growth media. The composition of media, such as different carbon sources, presence or
absence of detergents, and pH can have an impact on gene expression and thus, determine which
drug targets may or may not be available for modulation. Even if the target is produced under
standard laboratory conditions, the carbon sources available in vivo might be different. This was
emphasized in 2010 when potent growth inhibitors of glycerol metabolism in M. tuberculosis were
identified but failed to achieve any reduction in bacterial load in the mouse model.?? M.
tuberculosis primarily relies on cholesterol and other lipids as its primary carbon source ex vivo in
macrophages and in vivo.?> One option to lower the attrition rate of compounds along the drug
discovery pipeline is to perform the primary screen under various conditions to capture as much
diversity as possible. A similar approach is being used for drug combination testing for M.
tuberculosis where synergy/antagonism pairs are measured in a systematic manner under diverse

biological conditions.?*?>

One caveat to this approach is to include biologically relevant conditions. Because M. abscessus
can cause pulmonary infections in patients with CF, the environment of the CF lung might be the
most appropriate for identifying compounds with in vivo activity against M. abscessus. For the P.

aeruginosa community, synthesis cystic fibrosis media (SCFM) was created to mimic the nutrients
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available in vivo. Sputum from CF patients was analyzed my mass spectrometry to define
individual components. SCFM consists of a variety of salts, 18/20 common amino acids as well as
ornithine, glucose and lactose as carbon sources, and iron sulfate.?6 SCFM could be a valuable

media to include in future screening programs.

5.2.2 Epetraborole resistance in M. abscessus vs M. tuberculosis

Often the limitation of WCS is identifying the target of interest. By raising mutants against
epetraborole and using the power of WGS, we mapped mutations to LeuRS. Nevertheless, the
phenotype of epetraborole activity on M. abscessus is growth inhibition and could result from
polypharmacology in the complex cellular milieu. The rate of resistance to epetraborole in M.
abscessus is ~ 10~ while resistance to epetraborole is seen much more readily in M. tuberculosis
with rates ~ 107, The low rate of resistance for M. abscessus might suggest a second binding
pocket on LeuRS or another target that was missed with WGS. Alternatively, one can speculate
that leucine metabolism is regulated differently between M. abscessus and M. tuberculosis. One
of the few studies that reported the production of norvaline was from leucine regulatory mutants
in Serratia marcescens.*’ It could be hypothesized that if M. abscessus produces non-negligeable
quantities of norvaline, resistance to epetraborole through mutations in the editing domain might

have a higher genetic barrier.

5.2.3 SCID Mouse Model

The in vivo antimycobacterial activity of epetraborole was assessed in a severe combined
immunodeficiency (SCID) mouse model in a NOD.CB17 background (NOD.CB17-
Prkdc®Y/NCrCrl). This mouse model has impaired B and T lymphocytes from the SCID
background as well as impaired natural killer cell functions from the non-obese diabetic
background. The SCID model was first shown to be a valuable pre-clinical model for testing drug
efficacy against M. abscessus with bedaquiline and clofazimine in 2015 and later with rifabutin in
2020.2%2° The short duration of the SCID model used for our epetraborole study is not a model of
M. abscessus pulmonary disease. The SCID model can help address the questions: does the

antibiotic reach the site of infection and does the drug maintain activity in a complex environment?
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Additional genetic backgrounds suitable for assessment of drug efficacy are the nude and
granulocyte-macrophage colony-stimulating factor (GM-CSF--) knockout mice where a stable and
chronic infection can be observed up to 40 days.?®*? Other immunodeficient mouse models like
the beige, interferon-gamma KO (IFN-y7), and tumor necrosis factor receptor KO (TNFR”") can
clear or start to clear M. abscessus from the lungs by day 40 making it difficult to differentiate the
decrease in bacterial burden from natural clearance or from the intervention.”® To modify the
SCID, nude, and GM-CSF”- mouse models into models of disease pathogenesis, the infections
should persist for 40 days to develop necrotizing and non-necrotizing granuloma-like lesions and

foamy macrophages—hallmarks of pulmonary disease in patients with NTM infections.?831-32

As an alternative to genetically modified immunodeficient mouse backgrounds, a corticosteroid
mouse model for pulmonary M. abscessus infection has been developed to evaluate drug efficacy
and regimens. C3HeB/Fel mice are susceptible to M. tuberculosis infection but clear M. abscessus.
To limit the clearance of M. abscessus, C3HeB/Fel mice received 5 mg/kg dexamethasone daily
one week prior and two weeks post M. abscessus aerosol infection.?* Despite 21 consecutive days
of chemical immunosuppression with dexamethasone, the burden of M. abscessus in the lungs is
dynamic over seven weeks.> It remains to be determined if the corticosteroid model can provide

advantages to other less labour-intensive and invasive traditional immunodeficient mouse models.

5.2.4 Clinically Related Models

Once the CFTR gene was identified, the generation of CFTR F508del mouse models thought to
recapitulate disease became a focus of the CF research community.*® The mutation was introduced
in the endogenous CFTR gene which resulted in viable mice but no severe disease.>’ Besides
intestinal blockage, mice lacked pancreatic and lung disease which are hallmarks of CF disease in
humans.?” Other iterations of CF mouse models like B6-CFTR™!UNC were introduced but did not
develop chronic bacterial infections nor display spontaneous lung inflammation.’”*® The CF
community speculated that mice had alternative chloride channels or had fewer mucus glands than
humans. The B6-CFTR!'™UNC mouse model does, however, recapitulate CF-like manifestations in
the nasal mucosa with electrophysiological defects from Na* hyper-absorption and impaired CI-
secretion.*®3? Initial infections of CFTR null, CFTR hypomorphic, and CFTR F508del mutant mice

with P. aeruginosa resulted in acute infections followed by rapid clearance of the bacteria from

212



the lungs.** More recently, infection models of P. aeruginosa embedded in agar beads have gained
traction but require invasive tracheotomies.*®*” The development of a tractable CF mouse model
could not only help understand CF host-pathogen interactions but also provide a valuable tool for
antimicrobial discovery for many CF pathogens like M. abscessus, P. aeruginosa, and

Burkholderia cepacia.

Although the mouse is often considered to be the most common for models, the zebrafish model
has also been used to study host-pathogen interactions during M. abscessus infections.**8
Zebrafish embryos with CFTR knocked down by CFTR morpholinos showed increased
susceptibility to M. abscessus, but not other mycobacteria, via dysfunctional host oxidative

defences thus, establishing a role for CFTR in the control of M. abscessus infections.*

5.2.5 Pharmacokinetics

Another limitation is the lack of pharmacokinetics (PK) data throughout the epetraborole and
norvaline study. We referred to the PK data generated by Ganapathy et al for a similar
benzoxaborole.!” The authors noted attractive PK properties with high aqueous solubility and low
clearance in mouse and human microsomes. Furthermore, the drug given orally at 10 mg/kg in
C57BL/6 mice maintained 100% time above the MIC for M. abscessus. From these data, we
administered epetraborole orally at 10 mg/kg to SCID mice intranasally infected with M.

abscessus. However, the optimal dose of epetraborole remains to be determined.'®

There exists limited literature on the PK of norvaline. We referred to a study carried out by Polis
et al where the effect of norvaline in drinking water of a triple-transgenic mouse model of
Alzheimer’s disease was examined.’*>! The authors noted a protective benefit against Alzheimer’s
disease and no side-effects from norvaline dosed at 250 pg/mL (2 mM) in drinking water over 2.5
months. Therefore, we dosed norvaline in our study at 3 mM. However, going forward, a PK study
should be performed with the administration of oral and intravenous norvaline at various doses to
determine the proportion of free-drug available. It is uncertain whether 3 mM can achieve free-
drug concentrations high enough to exert antimicrobial activity. The results of the PK study could
support a hypothesis for a host-directed role for norvaline. In macrophages, the arginine pool is

shared among nitric oxide synthase (NOS) and arginase.>? Specifically in macrophages activated
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by TNF-alpha, IFN-y, or microbial factors, NOS expression is induced (iNOS) to produce nitric
oxide (NO) from the catabolism of arginine as an antimicrobial response. Concomitantly, arginine
can also be metabolised by arginase to produce ornithine and urea. It is known that arginase activity
is inversely related to NO production by iNOS in macrophages.>? Therefore, iNOS and arginase
can be viewed as competing enzymes for the pool of arginine maintained in macrophages.
Moreover, studies have shown that norvaline can inhibit arginase activity with maximum effects
at 10 mM, which increased the production of NO.>2>* These results suggest a potential role for
norvaline as a host-directed antimicrobial molecule, which inhibits arginase activity thereby

increasing the concentration of free arginine for iNOS metabolism and NO production.

To test this hypothesis, THP-1 macrophages were infected at MOI of 1 with smooth and rough
morphotypes of M. abscessus ATCC 19977 expressing tdTomato. Infected monolayers were
treated with PBS as the untreated control, control drugs clarithromycin and tigecycline,
epetraborole and L-norvaline alone or in combination for 72 hours (FIGURE 5.1). From these
data, we observed intracellular activity of epetraborole and the control drugs with a decrease of >
1 logio in viable intracellular smooth and rough bacteria relative to the untreated group. The
decrease in intracellular bacteria correlates with the loss of fluorescent tdTomato signal. Treatment
with L-norvaline alone, however, decreased the bacterial load of smooth M. abscessus by 0.5 logio,
albeit without statistical significance, and had no effect on rough M. abscessus. Host-directed
therapies alone often exhibit activities on a linear scale while antibiotic effects are logarithmic,
which is supported by the < 1 logio decrease in intracellular bacteria and 50% reduction in
tdTomato fluorescence by L-norvaline.>>-® Meanwhile, the addition of L-norvaline to epetraborole
did not increase the activity of epetraborole. These data contradict the results from the mouse
model but could be explained by a lack of iNOS induction in our experimental setup or the
maximum effect of epetraborole alone was reached and the additional effect of L-norvaline could
not be observed. Future studies are warranted to determine if there is a therapeutic benefit to using

epetraborole and L-norvaline in conjunction as opposed to epetraborole alone.
5.3 FUTURE PERSPECTIVES

Hybrid methods that combine WCS and target-based assays are an underexplored space that could

provide added value to the field of antibiotic discovery. The recent success with the hypomorph-
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based hybrid method, PROSPECT, has created a precedent to continue exploring and innovating
hybrid approaches. In the last section of this thesis, I will present preliminary data for the
development of a target engagement assay for drug discovery. Initially, the assay was envisioned
as a primary screening tool but other roles for the target engagement assay in the discovery phase

of the pipeline will be discussed.

5.3.1 nanoBRET Target Engagement

Small molecules affect change in the cell through an interaction with a specific target. Phenotypes
observed from whole cell activity can and should be linked with evidence to a drug target. Target
engagement is an important step in the drug discovery pathway and limits the development of
compounds with inadequate target binding or non-specific activity. Two prominent examples from
the field of anticancer drug discovery illustrate the benefit of exploring target engagement early in

the discovery phase.

Iniparib was shown to be a bona fide inhibitor of poly ADP ribose polymerase (PARP) but with a
different chemical scaffold relative to other known PARP inhibitors.’” This new drug was
cytotoxic to breast cancer cell lines in preclinical models but showed no efficacy in clinical trials.
Later it was confirmed that iniparib does not bind to PARP in cellulo but instead generates reactive

oxygen species to produce an initial antiproliferative effect with no long-term phenotype.

Clinical trials of the fatty acid amide hydrolase (FAAH) inhibitor BIA 10-2474 were terminated
early due to sever neurological lesions that lead to one patient fatality.>” Post hoc investigation
revealed that BIA 10-2474 can bind FAAH in cellulo and other host enzymes, which disrupted
lipid synthesis and a lethal phenotype.®

AstraZeneca and Pfizer estimated that one fifth of failed phase II clinical trials resulted from
inadequate target exposure to the small molecule.’®® Now target engagement assays play a

prominent role in the development of cancer drugs.®!-%3

Target engagement assays, however, are
an under explored area for antibiotic discovery. We developed a proof-of-concept (POC) in cellulo
target engagement assay to identify novel antimicrobials in M. abscessus termed nanoBRET

(FIGURE 5.2A).%* A fusion protein of the target of interest and a small 19 kDa nanoluciferase
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(NLuc) was constructed and cloned into M. abscessus. NLuc was engineered to be more suitable
as a fusion tag with higher luminescence intensity and a narrower bioluminescence spectrum
compared to traditional fusion tags like Renilla luciferase.®>¢ A cell permeable fluorescent tracer
with affinity for the target was added to the in cellulo system whereby the tracer will bind the
target of interest bringing the fluorescent moiety in proximity of NLuc where bioluminescence
resonance energy transfer (BRET) will occur. Bioluminescence generated upon the addition of the
Nluc substrate is transferred to the fluorescent moiety generating measurable fluorescence. BRET
shares similarities with its fluorescent counterpart, FRET, but omits the requirement for an
excitation laser. Moreover, BRET has a proven track record of monitoring receptor-ligand

interactions in cellulo.%*67-67

Target engagement can be quantified from the ratio of fluorescence
to bioluminescence (BRET = Frracer/Lumniuc). The purpose of the assay is to identify antimicrobial
compounds with cell permeable chemistry and affinity for the target of interest. Therefore,

compounds that match this description will displace the tracer and decrease the ratio of BRET.

We selected the established target dihydrofolate reductase (DHFR) with its well characterized on-
target inhibitor trimethoprim (TMP) to serve as the control for the target engagement assay POC.
DHEFR is a small, soluble protein amenable to fusion protein engineering. Moreover, the crystal
structure of TMP bound in the active site of DHFR was available. We postulated that TMP could
accommodate the addition of a fluorescent BODIPY moiety via a short linker based on the
perpendicular extension of the para-methoxy group (FIGURE 5.2B). The TMP-based tracer used
for the target engagement assays is illustrated in FIGURE 5.2C.

5.3.2 Preliminary work with nanoBRET

First, we demonstrated target engagement with the tracer in M. abscessus. We showed that the
TMP-based tracer is cell permeable by titrating increasing concentrations of tracer onto cultures
of M. abscessus expressing NLuc-DHFR. The NLuc substrate NanoGlo was added after one hour
of incubation and the luminescence (with 450 nm filter) and fluorescence (with 610 nm long pass
filter) were sequentially measured using a Biotek Synergy plate reader. The raw BRET values

were calculated as milli-BRET (mBRET) units according to eq 1:

Fluorescencegample

mBRET = ( )x 1,000 (1)

Luminescencegample
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The mBRET values were transformed to % of probe occupancy according to eq 2:

probe occupany (%) = (E) x 100 ()

Y-Z
where X is the remaining mBRET value in the presence of a test compound and tracer, Y is the
maximum mBRET with tracer only, and Z is background mBRET without test compound or tracer.
Using saturation binding curves from tracer titration experiments, we estimated an in cellulo
binding affinity with a dissociation constant (K4) of 109 nM for the TMP-based tracer to NLuc-
DHFR (FIGURE. 5.3). Second, we demonstrated tracer displacement in M. abscessus. The
addition of increasing concentrations of TMP displaced the tracer, when used at 1 uM, from the
NLuc-DHFR fusion protein in a dose-dependent manner. Using these displacement dose-response
curves, we estimated an in cellulo binding affinity with an apparent Kq (Kas) of 11 nM for the
unlabeled ligand TMP (FIGURE. 5.4B). Third, we asked whether the tracer concentration
influenced tracer displacement by TMP. We measured the Kas of TMP across different tracer
concentrations and found that even with a 10-fold increase in tracer concentration, the Kiu
remained relatively constant with a 2-fold difference (FIGURE 5.4A-E). This provided evidence
that potentially interesting displacing ligands will not be viewed as weak displacers from the
arbitrary tracer concentration selected in future experiments. Lastly, we showed that the BRET
tracer and the displacing ligand TMP undergo competitive inhibition at the binding site. From the
Kas values of TMP at various tracer concentrations, we calculated the respective ICso
(concentration of TMP that reduces probe occupancy by 50%) values using the Cheng-Prusoff
theorem. A proportional increase in the ICso of TMP with respect to the tracer concentration
suggests competitive inhibition between the two species. Allosteric inhibition, although not
observed with TMP, could also be captured with the BRET target engagement assay as the 1Cso
values of the displacing ligand would be independent of the tracer concentration for non-
competitive inhibition or would exponentially decrease relative to the tracer concentration for
uncompetitive inhibition. Other targets with known allostery would be valuable to expand the

repertoire of targets amenable to BRET target engagement.

We demonstrated a functional BRET target engagement assay in M. abscessus with a TMP-based
tracer and unlabeled TMP, however, the goal was to identify new chemistries other than TMP that
could displace the tracer and become alternative DHFR inhibitors. In a pilot experiment to find

DHFR inhibitors other than TMP, we selected four compounds from the Structure-guided Drug
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Discovery Coalition (SDDC) vault with known in vitro activity measured through enzymatic
inhibition of DHFR and used TMP as control. TMP and the four SDDC compounds displaced the
tracer with varying potencies as measured by the Kas (FIGURE 5.5 A-E). These results suggest
that the tracer displacement by TMP is not an artifact derived from the similarities of TMP and the
TMP-based tracer. The next question we asked was whether the on-target DHFR activity measured
by Ka4 correlated with the M. abscessus whole cell activity measured by the MICoo. Unexpectedly,
compound SDDC-1593 was an outlier among the compounds in the data set (FIGURE 5.5F). The
compound SDDC-1593 provided an example of a compound that is cell permeable, has whole cell
activity against M. abscessus, and inhibits DHFR activity in vitro but fails to show on-target
activity against DHFR in cellulo. These data suggest that the binding and inhibition of DHFR by
SDDC-1593 is an artifact of in vitro conditions and SDDC-1593 no longer has on-target activity
in the complex cellular milieu. However, SDDC-1593 does exhibit whole cell activity against M.
abscessus measured by the decreased cell viability. This discrepancy between target engagement
and whole cell activity could suggest off-target activity or a polypharmacology profile for SDDC-
1593 in M. abscessus.

From our preliminary results, in cellulo target engagement for antibiotic discovery could have two
roles in the discovery pathway. One option for target engagement is upstream as a primary
screening assay which provides the benefits of WCS with cell permeable compounds and the
benefits of target-based screening with a priori knowledge of the target of interest. We
acknowledge that using the target engagement assay as a primary screen might require intensive
libraries that are curated by ‘Big Pharma’ to identify the ‘magic bullet’ that is cell permeable and
on-target with your favourite protein of the month. Alternatively, the BRET target engagement
assay could provide a useful quality control step further downstream in hit-to-lead development
with SAR studies. As was shown with the apparent M. abscessus DHFR inhibitor SDDC-1593,
our target engagement assay revealed potential polypharmacology with this compound. Since this
compound came from a series of analogs with a core scaffold, target engagement might be best
used to ensure compounds retain on-target activity during iterative cycles of medicinal chemistry

for lead optimization.
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5.4 CONCLUDING REMARKS

In the work of this thesis, we joined the drug discovery efforts for M. abscessus and found three
promising compounds and one potential compound/adjuvant pair. Lysobactin and sorangicin A
are natural products with interesting scaffolds that could lend useful for offering alternatives to
similar compounds like vancomycin and the rifamycins. Epetraborole is further down the pipeline
and could have a future as a potent antimycobacterial agent. The GSK derivative of epetraborole,
GSK656, is currently in a phase II clinical trial for drug-sensitive M. tuberculosis pulmonary
infection and AN2 Therapeutics recently started a phase II clinical trial with epetraborole for
refractory M. avium pulmonary infection. Indeed, benzoxaboroles are making progress. Perhaps
results from these trials could support a clinical trial for M. abscessus. The future for norvaline as
an adjuvant-like molecule for epetraborole is more uncertain. Resistance to norvaline was shown
but the clinical relevance is unclear since the experiment that generated the resistance used
epetraborole and norvaline as two sequential monotherapies. More experiments are required to
develop an understanding of the pharmacokinetic profile of norvaline and whether there are
toxicity issues from lengthy norvaline administration. The future of drug discovery is moving away
from the dichotomy of whole cell versus target-based assays. Newer hybrid approaches are
becoming more widespread. We contributed a BRET-based in cellulo target engagement assay
that proved to be useful for identifying DHFR inhibitors as a POC but could be adapted for other
targets or bacteria of interest. Fortunately, progress is being made towards identifying new
compounds for M. abscessus. This will require regimen optimization to ultimately improve

treatment outcomes and the lives of patients with M. abscessus pulmonary infections.
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FIGURE 5.1. Intracellular activity of epetraborole and norvaline against M. abscessus. THP-
1 macrophages were infected with smooth (A) and rough (B) morphotypes of M. abscessus
tdTomato at MOI 1. Extracellular bacteria were killed with high dose amikacin (340 pM). Initial
bacterial load was quantified 6 hours post-infection (hpi). Wells were washed and treated daily
with PBS as untreated (UNT), 6.7 uM clarithromycin (CLR, 5X MIC), 43 pM tigecycline (TIG,
5X MIC), 1.5 uM epetraborole (EPT, 5X MIC), 3 mM norvaline (Nva, 5X MIC), or EPT+Nva
(X MIC). After 72 hours, cells were lysed with triton and plated for CFU counts. The fluorescence
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(Ex550/Em590) of the cell lysate was measured with a TECAN M200. Data shown is mean + SD
from biological triplicates. P values obtained from one-way ANOVA with Tukey’s multiple

comparisons test. N.D; not detectable above media background.
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FIGURE 5.2. NanoBRET in cellulo target engagement assay. A Illustration of in cellulo target
engagement assay. A fluorescent tracer binds to a target fusion protein with nano-luciferase
(NLuc). Bioluminescence resonance energy transfer (BRET) is measured as the ratio of
luminescence generated from NLuc and fluorescence emitted from the tracer (BRET =
Frracer/Lumnruc). BRET is highest when the tracer is in dynamic equilibrium with the intracellular

target and will decrease in a dose dependent manner from tracer displacement by the introduction
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of other compounds with affinity for the target. Tracer cartoon is depicted with target specific
moiety (purple) and fluorescent moiety (red). B NanoBRET proof of concept with dihydrofolate
reductase (DHFR). The fusion protein of NLuc (PDB 5IBO, blue) and DHFR (PDB 6XGS5,
rainbow) connected with a flexible GSSG linker is modelled with the small molecule trimethoprim
(TMP) bound in the DHFR active site. The binding of TMP positions the para-methoxy group in
the appropriate orientation for the covalent addition of a linker and fluorescent BODIPY domain
to minimize steric clashing. C Structure of the TMP-based (purple) BODIPY (red) tracer with
short linker (grey).
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FIGURE 5.3. Target engagement with DHFR tracer in cellulo. Tracer saturation binding curve
in M. abscessus expressing NLuc-DHFR. The dissociation constant (Kq) was obtained by non-
linear fitting of experimental data points (mean + SD of two independent experiments performed
in triplicate) to the hyperbolic dose-response equation. Inset shows fit of data at low tracer

concentrations.
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FIGURE 5.4. Competitive tracer displacement with TMP. A-D Tracer displacement at various

concentrations with increasing TMP concentrations. Apparent dissociation constants (Kaa) were

obtained by non-linear fitting of experimental data points (mean + SD from a single experiment

performed in triplicate) to a competitive one site model. E Tracer displacement by TMP is

independent of tracer concentration. F Competitive inhibition between TMP and the tracer at the

DHFR binding site. ICso values for TMP were calculated using Kga and the Cheng-Prusoff
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equation. Linear relationship between ICso of the displacing ligand and the the concentration of

tracer indicates competitive inhibition.
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FIGURE 5.5. Target engagement assay to identify novel DHFR inhibitors. A-E Tracer

displacement with new chemistries. TMP used as control with tracer at 1000 nM. K4a was obtained

by fitting the data (mean + SD from a single experiment performed in triplicate) to a competitive

one site binding equation. F BRET target engagement can identify off-target inhibitors.

Correlation of in cellulo on-target activity to whole cell activity with novel DHFR inhibitors

improves when the outlier DHFR inhibitor 1593 is removed. DHFR inhibitor 1593 with whole cell

activity against M. abscessus no longer retains on-target DHFR activity.
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