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ABSTRACT

The mycobacterial cell wall is a highly complex macromolecular structure that provides intrinsic resistance
to several anti-tuberculosis drugs, making it critical in the success of Mycobacterium tuberculosis
infection. Multiple layers encapsulate the cell membrane, including arabinogalactan chains and mycolic
acids that are covalently bonded to the peptidoglycan layer, resulting in a highly selectively permeable
barrier that is unique to this genus. The current treatment for tuberculosis (TB) utilizes antibiotics that
weaken the structural integrity of the cell wall to allow easier access for drugs that have intracellular
targets. Although this approach is theoretically effective, patient adherence is often poor owing to the
lengthy treatment times and negative side effects associated with the multidrug combination regimen. As
such, rational drug design to develop more potent, faster-acting anti-TB compounds requires a
comprehensive understanding of the composition and functioning of the mycobacterial cell envelope to
ensure effective penetration through this barrier. Bioinformatic approaches to compound validation
provide a crucial foundation for drug development, but empirical validation of these molecules can present
a serious bottleneck in the drug discovery pipeline. Here, we investigated fluorescent click chemistry as
a rapid and inexpensive means of ascertaining molecular properties that impact compound permeation
of the mycobacterial cell envelope. The variability in permeation of different click-reactive moieties could
be rapidly determined using fluorescent read-outs; this, in combination with the availability of a wide array
of click-reactive side chains, presents a potentially powerful platform for establishing the properties
required by a compound to effectively cross the mycomembrane. Enzymatic degradation of cell wall
components further revealed the resilience of mycobacteria as the resulting organisms, spheroplasts,
were capable of surviving in the absence of this seemingly essential protective layer. This presents a
potentially novel form of intrinsic resistance whereby stripping of the cell wall could allow for tolerance to
cell wall active antibiotics, a previously under-appreciated strategy that has been reported in other
pathogenic bacteria. Together, these findings highlight the highly dynamic nature of the mycobacterial
cell envelope and the need for further investigation into the properties of this structure that allow for such

efficient antibiotic evasion.
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CHAPTER 1: INTRODUCTION

MYCOBACTERIAL EVOLUTION

Tuberculosis is a disease that has been present in the human population for millennia and is still a major
contributor to annual mortality today2. Although Mycobacterium tuberculosis (Mtb) was only identified
as causative agent in 1882, estimates indicate co-evolution with the human host for as long as 500 000
years'2. The Mycobacterium tuberculosis Complex (MTBC) consists of a group of highly genetically
similar mycobacterial species that cause tuberculosis in humans or animals3. The MTBC originated in
Africa and spread across to other continents during the Neolithic expansion, developing distinct clades
associated with different human settlements*. The nature of tuberculosis infection is interesting in that it
displays characteristics suggestive of its existence in the human population before the Neolithic
expansion; namely, slow progression to disease, latency and reactivation. However, tuberculosis has
also developed a mode of transmission that is optimal in high density populations, and can have a high
death rate when left untreated, these traits reflect a disease that arose after the Neolithic expansion when
human populations began living in more crowded settlements and airborne transmission became a highly

effective method of spreading disease*.

The MTBC has undergone many horizontal gene transfer (HGT) events during the course of its evolution,
acquiring genes beneficial to its survival in the various environmental niches of its human host and
concurrently losing genes deemed dispensable for the lifestyle of an obligate pathogen®. Although
differing in many ways from other mycobacteria, current species of the MTBC show incredibly low genetic
diversity and recent evolution provides little to no evidence of further HGT, rather, adaptations arise solely
from nucleotide substitutions and deletions, and chromosomal rearrangements, and even these occur at
a curiously low rate258, These findings suggest that the MTBC has co-evolved with its human host for
such a great expanse of time that it has a near perfect set of genes for its persistence and survival when
it comes to host interactions’. This is observed when studying not only the mechanisms by which the
pathogen has increased its virulence over time but also the evolution of beneficial traits, such as stress
tolerance, that have arisen as a result of adaptive pressures experienced within the host8®. Genetic
variation within the host contributes towards the variability of clinical phenotypes associated with TB
infection, supporting the hypothesis of co-evolution and providing an evidential basis for the evolutionary
adaptations experienced by humans to combat this long-standing pathogen®. Geographical isolation of
certain Mtb lineages suggests co-evolution with specific host populations, whereby other strains exhibit
wide-spread distribution, this underscores the importance of host factors and the role they play in

determining outcome of disease'0.!". Further evidence suggests that the heterogeneous nature of Mib,



both within the host and on a phylogeographical basis, is a potent contributor to antibiotic evasion, making

the development of a universally effective treatment regimen all but impossible2.

The highly dynamic properties of the cell envelope allow for effective adaptation to different host
environments, through alterations in lipid composition’. This variation in cell wall composition can be
observed within a single infecting Mtb population and across different variants, confounding our
understanding of host-pathogen interactions's. As the cell wall is exposed to host immune factors, it is
vital to fully appreciate its composition within various environmental niches to better understand the route
of infection and the inflammatory responses elicited in the host'3. The exceptionally hydrophobic nature
of the mycomembrane further bolsters in-host survival by providing protection in harsh environmental
niches and posing a robust barrier to the entry of many anti-TB drugs’ 4. This intrinsic resistance to
antimicrobials is augmented by resistance acquired through chromosomal mutations, which act in one or
more of three mechanisms; namely, target modification, antimicrobial inactivation and increased drug
efflux'214. Acquired resistance is both complex and dynamic, and likely involves the interplay of several
genes as well as epigenetic effects on the organism which, combined, result in robust and efficient
evasion of antibiotics and immune factors”.'2. Of further consequence is the ability of the pathogen to
develop resistance mutations with no reduction in fitness or transmissibility, negating the dogma that
acquired drug-resistance is accompanied by fitness costs’ 12, In light of these unique disease traits, it is
important to highlight that Mtb has developed a long-lasting relationship with humans as both a host and
sole reservoir, emphasizing the need for further study of ancient mycobacterial evolution in order to gain
clarity about the evolution of Mtb pathogenesis2$. Critical to this is a comprehensive grasp of cell wall
structure and adaptations that contribute to host-pathogen interactions and facilitate intrinsic resistance
to antimicrobials, in addition to the inexorable emergence of acquired resistance following the advent of

tuberculosis chemotherapy3.15.

EVOLUTION OF THE BACTERIAL CELL WALL

Prior to the acquisition of a cell wall, ancestral bacterial cells would have had to possess sufficient
functionality in major physiological processes such as DNA replication, translation and central metabolism
to ensure robust growth capabilities'®. In order to accommodate the increased osmotic pressure resultant
from such metabolic success, the last common ancestor of bacteria evolved an additional lipid layer to
provide resilience in the face of turgor stress'”. Modern bacteria are classified by their ability to retain the
Gram stain; the thick peptidoglycan layer of monoderm bacteria gives them the ability to retain this stain,

making them Gram positive; whereby Gram negative cells contain much less peptidoglycan, flanked on



either side by cell wall components, classifying these organisms as diderms'8.1%, The question remains,
how did these variations in cell wall composition arise from the prokaryotic progenitor? Most researchers
agree that the last common ancestor of the bacterial domain was a monoderm, whereby studying the
composition of modern bacterial cell walls provides insufficient information due to observations of near-
identical structure in distantly related phyla and a wide diversity of structure in closely related phyla, this
theory is largely supported by phylogenetic analyses'6-2021, A recent study of phylogenetic classification
and rooting of modern bacteria found that with several different modelling approaches, the last common
ancestor can be traced back to an organism possessing a single outer layer?. Further modelling
postulated that gaining an additional outer layer is much easier than losing one, a concept previously
supported based on the growth strategy of monoderms being far simpler than that of diderms'6.20, This
hypothesis is intriguing in that it indicates evolution of diderms was not a unique event, but rather an
example of convergent evolution. Substantiating this claim are observations of antibiotic selection driving
diderm evolution and alternate mechanisms involving endospore formation giving rise to the second cell

wall layer'9.22,

Most bacterial species can be classified as canonical monoderms and diderms; however, there are some
atypical organisms that do not exhibit conventional cell wall architecture!®20. Mollicutes are the sole class
belonging to the phylum Tenericutes, pleomorphic organisms that lack a peptidoglycan layer altogether,
being defined by their cholesterol-containing triple-layer cell membrane and a unique internal
cytoskeleton for maintenance of cell shape?324. These organisms have extremely small genomes in
comparison to other bacterial species, having undergone degenerative evolution in response to unknown
environmental pressures2324, Mycoplasma pneumoniae is a prominent species within this phylum as its
role in pneumonia pathogenicity has made it the best known and most widely studied member of
Tenericutes?. Of particular relevance to this study, was the early concept proposed by Emmy
Klieneberger of mycoplasmas representing a cell wall deficient state of known bacterial species?526.
Although later classified as a unique class of bacteria, the absence of a cell wall in Mycoplasma spp.
drove Klieneberger to dedicate her research to proving the existence of cell wall deficient variants, termed
L-forms, and several other researchers contributed towards these investigations to elucidate their

potential role in pathogenicity?’-3!. These findings are discussed in detail in Chapter 3.



THE MYCOBACTERIAL CELL WALL

Whereas Tenericutes exhibit complete absence of a cell wall, species of the suborder Corynebacterineae
(including Mtb) possess an additional lipid layer composed of arabinogalactan and mycolic acids
(FIGURE 1.1)%2. Members of this group are highly impermeable to a vast array of molecules, exhibiting
impermeability to antibiotics such as -lactams that is up to 1000-fold greater than that of Gram negatives,
making it unsurprising that we see pronounced drug resistance of pathogenic species within this
suborder3334, A prominent example of this is the intrinsic drug resistance observed in Mtb that arises from
the tight regulation of cytoplasmic access conferred by this additional layer of encapsulation3®36. The Mtb
bacillus possesses a plasma membrane homologous to that of most other bacteria and is separated from
the cell wall by a periplasmic space containing mannose-derived glycophospholipids37-38. The periplasm
precedes a tripartite layer of covalently linked constituents that form a single macromolecular structure
which is referred to here as the cell wall (FIGURE 1.1)37:3, The innermost layer of the mycobacterial cell
wall is composed of cross-linking peptidoglycan chains, various forms of which are present in almost all
bacteria®®. However, the composition of the outer cell wall layers is largely unique to mycobacteria,
although, as previously mentioned, is present in a limited number of Corynebacterineae species®. The
arabinogalactan layer is a highly-branched macromolecule, consisting of arabinose and galactose sugar
molecules which form covalent bonds with the peptidoglycan layer and bind mycolic acid chains that
extend towards the outer leaflet of the mycomembrane38. The outer leaflet of mycolic acids and trehalose
conjugates is interspersed with free lipids, providing a uniquely hydrophobic environment which is
intrinsically resistant to the entry of a multitude of compounds®2%. The cell wall constituents, in
combination with the periplasmic space and plasma membrane, form the mycobacterial cell envelope
(FIGURE 1.1)3339, Furthermore, a capsule composed of proteins and polysaccharides is present in
infection models of Mtb, this capsule is severely diminished in conventional culture media that contains
detergents such as Tween 80, meaning the study of its role in pathogenicity and host survival is of
particular difficulty”. The wealth of protective layers possessed by mycobacteria makes these organisms

all but impenetrable and seemingly inexorable in the face of antibiotic treatment33:37.
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FIGURE 1.1. Model of the mycobacterial cell envelope. The mycolic acid layer (green), arabinogalactan layer
(blue-grey), peptidoglycan layer (blue), periplasm (pale blue) and plasma membrane (purple) form the constituents of
the mycobacterial cell envelope; whereas the cell wall component of the envelope is comprised of mycolic acids,
arabinogalactan and peptidoglycan alone.

PERMEATION

Christopher Lipinski most famously defined the physio-chemical properties required by a molecule to
penetrate a membrane in what is known as the Lipinski rule of 54041, This rule defines the molecular
weight, lipophilicity and number of hydrogen donors and acceptors required by a compound to diffuse
passively across a cell membrane®. Although a very useful starting point to determine drug-likeness of
a molecule, the Lipinski rule of 5 should be used in combination with other determining factors. Hopkins
and colleagues proposed a system they termed the quantitative estimate of drug-likeness (QED) that
they believe to build upon the concept of Lipinski’s rules*2. The QED outlines eight physical properties
that confer desirability (including those defined by Lipinski) to determine the drug-likeness of a compound
along a continuum scored from zero (no desirable properties) to one (all desirable properties)*042, This
method of analysis enhances the ability to differentiate drug from non-drug in a target-specific manner by
allowing for weighting of property values relative to the desirability required. Quantitative structure-
activity relationship (QSAR) models are widely implemented during drug design to assess the
physicochemical properties of lead compounds, several software packages containing various descriptor
sets exist, achieving predictive modelling to effectively quantify 3D molecular surface properties*3. The
MycPermCheck bioinformatic tool developed by Sotriffer and colleagues is an example of QSAR software
designed to address the specific permeation parameters necessary for passage across the mycobacterial
cell envelope. This technique involves collating data from enzyme inhibition assays and bacterial killing
efficacy to provide detailed information on permeability4. A compound with poor permeation capabilities
may exhibit high inhibitory potency in the enzyme-based assay but variable killing efficacy data, providing



vital insight into compounds that display high target affinity but inability to reach the target site
effectively4. A comprehensive understanding of the physicochemical properties that enhance both entry
into host infection sites and across the bacterial cell wall is essential in developing efficacious drug

compounds to combat infectious disease445.

THE MYCOBACTERIAL CELL WALL IN INTRINSIC DRUG RESISTANCE

The cell wall of Mtb is crucial in its survival as this complex compartment provides a rigid outer layer that
maintains cell structure, plays an active role in cell division, protects against unfavourable environmental
conditions and is essential for cellular transport and adhesion to host receptors3?46. The cell wall makes
up to 60% of the lipid content of the bacillus, contributing to a unique abundance in overall lipid content
that constitutes 40% of its dry mass®%46, This high lipid content plays an important role in the
impermeability of mycobacteria to many small molecules, presenting a hydrophobic environment that

confers intrinsic resistance to antibiotics34:39:46.

The substantial barrier to tuberculosis treatment posed by the impermeability of the Mtb cell wall is further
complicated by the plasticity of the various constituting layers and the temporal and spatial changes an
individual cell can undergo, able to exhibit differences in lipid composition of drug-resistant vs. drug-
sensitive strains. Phthiocerol dimycocerosate (PDIM) is a potent virulence factor that is only present in
pathogenic mycobacteria, this surface lipid is able to mask pathogen-associated molecular patterns
(PAMPs) of the cell wall, allowing for highly effective immune evasion'33347. The combination of virulence
factors such as PDIMs and the adaptability of the cell wall to differing host environments are key in
establishing infection and show active participation in the development of drug resistance’. As the cell
wall is the Mtb compartment to most frequently encounter host immune cells, it stands to reason that
such alterations in lipid profile and expression of virulence factors can significantly impact disease state,
making the dynamics of cell wall composition a critical determinant in registering the state of an Mtb

infection33.

Beyond the intrinsic drug resistance posed by the architecture of the mycobacterial cell wall, Mtb encodes
several drug efflux pumps*849, Drug efflux transporters are categorized into five families, two of these,
ATP-binding cassette (ABC) transporters and major facilitator superfamily (MFS) transporters, represent
a large number of efflux pumps and are considered superfamilies®®. The other three families are the
multidrug and toxic compound extrusion (MATE) family, the small multidrug resistance (SMR) family and

the resistance-nodulation-cell division (RND) family%0. The Mtb genome exploits efflux pumps from all five



families, providing an impressive repertoire for intrinsic drug resistance to a wide range of antitubercular
compounds*. The innate presence and promiscuity of some efflux pumps presents a severe threat to
drug discovery, exemplified by the efflux-mediated resistance to Bedaquiline shortly after its approval as
the first drug with a novel mechanism of action to be clinically implemented in the past 40 years®'. The
efflux pump accountable for Bedaquiline resistance was MmpL5 (Mycobacterial membrane protein Large
5), a member of the RND family and part of a group of proteins thought to be unique to mycobacteria4®:52,
MmpLs have also been implicated in transport of virulence factors, such as PDIM, and mycolic acids
across the plasma membrane, making them potentially promising drug targets*®%. It is essential to
remain aware of the critical role of efflux pumps in intrinsic, non-specific resistance to drugs, making

development of efflux pump inhibitors a promising avenue of rational drug design*8.

The inability of antibiotics to gain access to the interior of bacilli necessitates co-treatment with drugs that
permeabilize the mycobacterial cell wall. The current first line of treatment for drug-susceptible TB
consists of four antibiotics, two of which target cell wall components®. Isoniazid is a prodrug that was
discovered and first implemented in 1952; it inhibits mycolic acid synthesis via the InhA enzyme upon
activation by a catalase-peroxidase enzyme encoded by katG55:56, Ethambutol was discovered to have
anti-tubercular effects a few years later in 1961; acting on an arabinosyl transferase (EmbB) to inhibit
arabinogalactan synthesis and reduce mycolylation sites in the mycomembrane3254, These two drugs
impair cell wall integrity to enhance entry of the other two first line drugs — rifampicin and pyrazinamide —
which inhibit transcription and translation, respectively457, Second and third-line drugs exist for treatment
of multi-drug resistant (MDR) and extensively drug resistant (XDR) TB, but these treatments do not have
high rates of implementation or success and regimens have to be specifically modified for maximal benefit
to individual patients, incurring considerable costs and prolonged treatment times®. Resistance to
frontline drugs is therefore an enduring concern requiring development of more effective drugs that can

either target or easily permeate the mycobacterial cell wall.

Moving beyond the obstacle of permeability in the efficacious treatment of TB, the mycobacterial cell wall
also undergoes dynamic changes throughout the infective cycle, allowing it to evade host immune
responses, tolerate drug treatment and adapt to changing host environments33. Mycobacteria undergo
asymmetric division, resulting in daughter cells of differing length, growth rate and macromolecular
composition, this variability is considered one of the factors that contribute towards the heterogeneous
response Mth shows to both host immune factors and antibiotics3358. The elements driving heterogeneity
in cell wall structure across a seemingly clonal population of Mtb can be both temporal and spatial3?.

Although we are aware of such cell-to-cell variations in cell wall composition, the mechanisms underlying



such alterations remain unclear. Further investigation into the adaptability of the mycolic acid and
arabinogalactan layers is crucial in the development of novel drug targets that can impact cell wall stability
in this heterogeneous population of infecting Mtb, allowing for effective permeation of the cell envelope

and easier access for drugs with cytoplasmic targets.

PHENOTYPIC HETEROGENEITY IN MYCOBACTERIA

In recent years, the rapid increase in drug resistance, including multi-drug resistance, in mycobacteria
has led to major research efforts into understanding the genetics behind the evasion of antibiotics5®.
However, there are other evasive mechanisms inherent to bacteria that allow for survival in harsh
environments06'. These mechanisms were first observed in the 1940s, when bacteria were found to
survive extensive exposure to penicillin without developing resistance mutations6263, This survival
phenotype - distinguishable from genetic resistance - came to be known as tolerance or persistences?.
The ambiguity surrounding these two terms is gradually dissipating but conflicting definitions still
existt1.6264 Here, | will apply the definitions suggested by Brauner and colleagues in using “tolerance” to
refer to the phenomenon occurring at a population level where bacteria are capable of surviving transient
exposure to lethal concentrations of bactericidal drugs by entering a slow or non-growing states2.
Persistence, on the other hand, is a non-heritable, reversible physiological state of non or slow-growth,
allowing a subpopulation of bacteria to tolerate lethal concentrations of antibiotic and resuscitate once
the environmental stress has been alleviateds'62. As such, persistence, which has previously been

defined as “heterotolerance” can be considered a subcategory of tolerance®56.

The tolerance phenotype of arrested cell division accompanied by filamentation promotes development
of genetic resistance mutations”. Phenotypic heterogeneity within bacillary populations allows for
recrudescence of disease resultant from survival of these few antibiotic tolerant bacteria®®. Persisters are
currently distinguished from viable but non-culturable (VBNC) cells within a bacterial population but these
two states of metabolic and/or replicative stasis are considered to be phenotypes along the same ‘growth-
arrested state’ continuums'68, It is hypothesized that this state allows for recalcitrance of Mtb infection
following antibiotic treatment, making persister and/or VBNC cells potentially important contributors to
chronic disease!. Although metabolically inactive cells arise in response to environmental stress, they
are also capable of arising, in a seemingly stochastic fashion, in nutrient-replete environments suggesting
their role in the so-called ‘bet-hedging strategy’ of bacteria to ensure survival upon unanticipated
stress81.68, The presence of a persistent subpopulation predating exposure to antibiotics raises interesting

questions about the underlying molecular mechanisms involved in generation of this phenotype®.



Mtb belongs to the family of slow-growing mycobacteria, characteristics accompanying this classification
make the bacterium very difficult to treat, and long drug treatment regimens serve to increase the
likelihood of the emergence of resistance and persistence®. As humans are both the host and only known
reservoir of Mtb, these slow-grower traits are further strengthened by the adaptations that the bacillus
has developed over millennia of co-evolution?. As a result, the process of TB infection goes against the
classical definition of pathogenicity, that the key mechanism underlying a diseased state is the
unrestricted growth of a microorganism?0. Conversely, Mtb does not tend to grow in an uncontrolled
manner but rather a complex interaction between host and pathogen, involving metabolic interactions
that are still poorly understood results in a disease that is incredibly difficult to treat’. These factors allow
for multiple infection outcomes that vary immensely in severity, making it difficult to develop a set of
criteria for predicting disease progression8. Beyond the most obvious pathways down which an infection
may go — namely, clearance of the pathogen without disease symptoms or onset of active disease — TB
can also cause latent infection, by which the Mtb bacilli enter a state of so-called dormancy, making the
host an asymptomatic carrier with the potential to develop active disease when conditions within the host
undergo certain changes®. Mycobacteria are capable of entering a state of metabolic inactivity which
leads to growth arrest and allows for survival in unfavourable conditions®7. Elucidating the metabolic
changes that Mtb undergoes when surviving within the various environmental niches of the host is critical

to understanding its pathogenicity.

The life cycle of Mtb brings the organism into contact with an exceedingly diverse array of environmental
niches that put the bacteria under many different stresses to which they have adapted by evolving a
unique set of metabolic pathways?. The Mtb bacillus is capable of infecting several different types of
immune and non-immune cells, where it is faced with a milieu of host defenses to which it has developed
several protective metabolic responses*.70. Co-catabolism of carbon sources has proven a useful
adaptation of Mtb in the face of nutrient-depleted environments, enabling the bacterium to utilize several
carbon substrates simultaneously to facilitate growth?. The bacillus is also capable of surviving in
extracellular host compartments such as caseous lesions, wherein nutrient uptake is limited and a state
of non-growth is favored to survive within these hypoxic niches’2. The phenotypic heterogeneity exhibited
by Mtb to accommodate environmental hardship experienced in different host compartments severely

impacts antimicrobial susceptibility, contributing an additional barrier to effective treatment*>72,

One highly effective mechanism by which the bacilli achieve drug tolerance is by undergoing a thickening

of the cell wall. Studies have shown increased production of mycolic acids and peptidoglycan in response



to hypoxia, this increased cell wall mass reduces permeability and can significantly decrease the ability
of drugs to enter the bacilli and reach their desired targets’*.73-75. Conversely, certain pathogenic bacteria
have exhibited the ability to transiently shed cell wall components to avoid detection and killing by cell
wall active (CWA) antibiotics, a mechanism known as spheroplasting®®76. Cell wall active (CWA)
antibiotics are one of the most clinically relevant groups of antibiotics on the frontline of fighting bacterial
infection®5, As such, understanding the various mechanisms deployed by bacteria to evade these
molecules is critical to the advancement of drug discovery. Unlike conventional persisters, which remain
in a state of arrested growth until antibiotic pressure has been removed from the environment, cell wall
deficient (CWD) bacteria are capable of growth and division, albeit in a more primitive manner and at a
much slower rate than their cell wall replete counterparts’®. Cell wall deficient variants of Mtb have been
implicated in tolerance to ethambutol and suggested to play a role in disease recurrence’’. The ability of
bacteria to switch to a CWD form to evade treatment with CWA antibiotics is of increasing interest in
infectious diseases research, and could pose a previously disregarded threat as it effectively renders cell

wall targeting drugs insufficient in the treatment of clinical disease’8".

CURRENT STATE OF TB DRUG DISCOVERY

The number of reported TB cases saw a major decline in 2020 and 2021 as a result of the restrictions
implemented to combat the COVID-19 pandemic; nevertheless, the World Health Organisation estimates
9.9 million people fell ill with TB in 2020, a minor decrease from previous years80. Of greater concern is
the predicted rise in TB deaths over the coming years, as mortality rates have been severely impacted
by limited access to healthcare during the pandemic8%8'. The current TB treatment regimen was
established over 40 years ago and has undergone little change since that time, with the recent
introduction of bedaquiline, delamanid, and pretomanid to tackle drug-resistant TB%48283, Although
several trials are under way to address the lengthy treatment times associated with TB, the paucity of
low-toxicity anti-TB drugs to combat both drug-resistant and drug-sensitive TB is evident, emphasizing
the necessity for development of rapid and effective drug discovery methods884, Early drug discovery
adopted the drug-to-target approach whereby compound efficacy was tested in whole-cell assays, but
this was discarded for a target-to-drug based approach which aimed to exploit perceived “vulnerabilities”
in the mycobacterial metabolic repertoire®>. Despite early promise, this approach has generally yielded
poor outcomes owing to the fact that, while a drug may show effective inhibition when exposed to a
purified enzyme in a biochemical assay, this is not always the case when presented with a permeability
barrier such as the mycobacterial outer membrane82. Hence, the drug-to-target approach has been

revisited as the initial step to discovering novel compounds with good inhibitory efficacy in whole-cell
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assays, incorporating whole-genome sequencing (WGS) and a range of ‘omics techniques downstream
to elucidate mode-of-action of compounds with demonstrated activity8s. For medicinal chemists, this
approach presents major challenges: attempts to optimize physicochemical and pharmacological
properties are confounded by the inability of the collaborating biology teams to provide any actionable

reasons for loss of activity in derivative molecules modified at different sites on the core pharmacophore?’.

In vitro compound efficacy in Mtb is most commonly determined in a standard minimal inhibitory
concentration (MIC) assay. This method provides the drug concentration at which cell growth is inhibited
but it is difficult to discern whether poor compound efficacy is a result of low permeability, drug efflux or
biotransformation, or weak target binding®. A further limitation of MIC assays is their implementation in
nutrient-rich media which fails to account for the metabolic state of Mth experienced in the nutrient-
depleted environmental niches of the host89. Moreover, since permeation can only be inferred from
activity in these assays, the number of compounds satisfying the criterion of “permeation” is very limited.
For this reason, it is necessary to dissociate the measure of permeation from that of compound activity.
A combination of MIC determination with methods that allow monitoring of permeation and efflux, as well
as simple, rapid target identification would enhance in vitro compound testing, significantly increasing the

throughput of validated molecules into in vivo models in the later pre-clinical phases of TB drug discovery.

RATIONALE

The application of fluorescent probes and high-resolution imaging has proven a powerful tool in
understanding the growth dynamics of bacteria, providing a non-invasive and highly specific means of
investigating the mechanisms involved in transcription, translation, and cell division®-%'. Implementation
of bio-orthogonal probes as a means of fluorescent tagging is gaining traction in bacterial research. Bio-
orthogonal reactions exploit non-natural functional groups that allow for highly selective coupling of a
target molecule to the probe in complex biological systems®2. Of further benefit is the diminutive size of
these functional groups that make them unlikely to present structural perturbations to the target
molecule®2. Such reactions have been utilized to study in vivo drug distribution, cellular localization of
biomolecules, and translational activity%3-9. Previous research implementing bio-orthogonal chemistry

has informed much of the work presented here and is discussed in detail in Chapter 3.

Fluorescence microscopy can be readily applied to drug discovery, with the most commonly used method
being a live/dead indicator such as propidium iodide which is incorporated into dead cells as a result of

their compromised membrane structure®.97. Another commonly applied technique involves the use of a
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constitutively-expressed fluorophore such as GFP to monitor population growth in the presence of
environmental stressors such as nutrient starvation or antibiotic exposure®.9, More targeted approaches
rely on fluorescent protein fusions to track localization of drug targets, or use environmentally dependent
probes such as the pH-sensitive fluorescent reporter developed by Darby et al. to screen compounds for

disruption of intra-bacterial pH levels84.100,

There is little literature evaluating the use of fluorescent probes as a proxy for drug permeation. The
ability of drugs to permeate the mycobacterial cell envelope is a crucial factor in their efficacy; however,
the physico-chemical properties of small molecules that facilitate passage through this barrier are not
well documented'®!, Several machine learning approaches have been developed in recent years to allow
high-throughput analysis of mycomembrane permeation, with the aim of developing a set of parameters
that accurately describe the molecular properties required by a drug-like compound to cross the cell
envelope and reach its target44.101.102, Although computational drug discovery provides a rapid means of
molecular screening, there is a lack of empirical data supporting such findings. We proposed to exploit
bio-orthogonal reactions to develop a permeation assay that might provide empirical data to support in
silico determination of molecular properties that define a good permeator. As mentioned previously, bio-
orthogonal probes offer a potentially powerful tool for understanding drug permeation due to their minimal
impact on native molecular structure®2. As such, they are expected to have a minor effect on compound
permeation while providing the ability to react with an intracellular target to deliver an end-point readout

of cytoplasmic access.

The second part of this research addressed the potential for CWD bacilli as a tool for assessing the
impact of the cell wall on compound permeation. Cell wall deficiency has recently re-emerged as an area
of interest, with studies in different bacterial species investigating their potential role in pathogenicity and
recalcitrance of disease®79. Treatment with cell wall-targeting antibiotics is capable of driving a switch to
cell wall deficiency as a means of escaping detection, and these CWD organisms can persist within the
host and revert to a walled state upon withdrawal of antibiotics, presenting a previously underappreciated
mechanism of evading antibiotic treatment and potentially contributing to recurrence of disease’. Beyond
their potential role in disease, CWD bacteria provide an excellent tool in biotechnology and research into
cell wall synthesis'3.104. Organisms lacking a cell wall have been utilized as protein expression systems,
removing the hindrance presented by the cell wall when extracting heterologous proteins'%. More
recently, CWD Mycobacterium smegmatis (Msm) have been exploited to elucidate the mechanisms
behind mycobacterial cell wall synthesis®.104, These studies, discussed further in Chapter 4, exemplify

the capacity to apply cell wall deficiency in understanding the role of the cell wall in compound permeation.
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HYPOTHESIS

The hypothesis informing this doctoral research was that the mycobacterial cell wall confers intrinsic
resistance to anti-TB drugs, necessitating an enhanced understanding of its role in small molecule
permeation, as well as implementable tools to assist efforts towards new TB drug discovery. This further
led to exploration of the intriguing possibility that stripping the cell wall under certain environmental

conditions may provide an underappreciated form of tolerance to cell wall-targeting drugs.

AIM

This study set out to investigate the parameters by which the mycobacterial cell wall regulates entry of
molecules into the cytoplasm; and to elucidate the functioning of the bacillus in the absence of the cell

wall components.

OBJECTIVES

The objectives were designed to facilitate a comprehensive analysis of the role of the mycobacterial cell

wall in permeation and bacterial survival, and comprised:

1. Determining the utility of BONCAT (Bio-orthogonal Non-canonical Amino Acid Tagging) to
empirically determine compound penetration through the mycobacterial cell envelope to evaluate

the reliability of in silico predictions of permeability.
2. Evaluating the utility of BONCAT to report on metabolic heterogeneity in mycobacteria
3. Developing and characterizing a cell wall-deficient “spheroplast” model of Msm.

4. Validating loss of cell wall components in lysozyme-treated Msm by means of microscopic

exploration and fractional proteomic analysis.
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CHAPTER 2: METHODS AND MATERIALS

BACTERIAL STRAINS AND STANDARD CULTURE CONDITIONS

Mycobacterium smegmatis (Msm) strains were grown in Middlebrook 7H9 growth medium supplemented

with 0.05% Tweengo, 2% glycerol and 10% OADC at 37°C in a shaking incubator. Freezer stocks of Msm

were grown overnight and sub-cultured to reach mid-log phase (ODeoo 0.5-0.8) the following day. Where

necessary, antibiotics were added to mycobacterial cultures at the required concentrations.

Table 2.1. Bacterial Strains used in this study

mc2155 (wild-type)

Msm Strain

Snapper et al. 106

Reference

parB::mCherry

Santi & McKinney 107

PREPARATION OF STOCK SOLUTIONS AND SPECIALIZED MEDIA

TABLE 2.2 Reagents required to perform BONCAT Analyses

BONCAT Reagents

Reagent Constituents Provider Additional Steps

PBS Buffer 1 PBS tablet Sigma-Aldrich Filter sterilized
200ml ddH20

50mM THPTA 21.7g THPTA Sigma-Aldrich
1ml ddH20

20mM Copper 3.19g Copper sulfate Sigma-Aldrich

Sulfate 1ml ddH20

100mM 11mg Aminoguanidine Sigma-Aldrich *Made fresh for each experiment

Aminoguanidine Hydrochloride

Hydrochloride 1ml PBS Buffer

100mM Sodium 19.8mg Sodium Sigma-Aldrich *Made fresh for each experiment

Ascorbate Ascorbate
1ml PBS Buffer

100mM 2-Chloro- 93.5g 2-Chloro-acetamide | Sigma-Aldrich

acetamide 10ml PBS Buffer

100mM Azido- 180mg Azido- Sigma-Aldrich Stored at 4°C

homoalanine homoalanine
10ml ddH.0

1mM TAMRA 1mg TAMRA Alkyne DivBio Science Stored at -20°C

Alkyne 467ul DMSO

1mM TAMRA 1mg TAMRA DBCO Sigma-Aldrich Stored at -20°C

DBCO 936ul DMSO

1mM ROX Alkyne 1mg ROX Alkyne DivBio Science Stored at -20°C
572ul DMSO

1mM ROX DBCO 1mg ROX DBCO DivBio Science Stored at -20°C
835ul DMSO

1mM Cy3 Alkyne 1mg Cy3 Alkyne DivBio Science Stored at -20°C
530ul DMSO

1mM Cy3 DBCO 1mg Cy3 DBCO DivBio Science Stored at -20°C
903ul DMSO

5mM coumBARAC | 1.9mg coumBARAC NIH/NIAID Stored at -20°C
1ml DMSO




TABLE 2.3 Spheroplasting media, reagents and buffers

Spheroplast Reagents

Reagent Constituents Provider Additional Steps
0.2M Maleate Buffer | 24.2g Tris Sigma-Aldrich Adjusted to pH6.6 with 10mM NaOH
23.2g Maleic Acid Sigma-Aldrich Made up to 1L with ddH20
900ml ddH20 Filter sterilized
SMM Buffer 171g Sucrose Sigma-Aldrich Made up to 1L with ddH20
1.9g Magnesium Chloride | Sigma-Aldrich Filter sterilized
100ml 0.2M Maleate
Buffer
TSB-SMM 30g TSB Powder Sigma-Aldrich Made up to 1L with ddH20
171g Sucrose Sigma-Aldrich Filter sterilized
1.99g Magnesium Chloride | Sigma-Aldrich
100ml 0.2M Maleate
Buffer
20% (w/v) Glycine | 20g Glycine Sigma-Aldrich Made up to 100ml with ddH20
60ml ddH20 Filter sterilized
10mg/ml Lysozyme | 10mg Hen Egg White Sigma-Aldrich Stored at 4°C
Lysozyme *Lysozyme stocks were made once a
10ml ddH20 month to avoid lysozyme
degradation

TABLE 2.4 Reconstitution of fluorescent probes

Fluorescent Probes

Reagent Constituents Provider Additional Steps
10mM NADA 2.67mg NADA H3D Stored at -20°C
1mlI DMSO
823uM FM™ 4-64 | 100ug FM™ 4-64 ThermoFisher Stored at -20°C
200u1 DMSO *Stock solutions were unstable and
discarded after 2 weeks
5mM BODIPY™ 1mg BODIPY™ 581/591 | ThermoFisher Stored at -20°C
581/591 C11 c11
400ul DMSO

TABLE 2.5 Reagents required for proteomic analysis

Proteomics Reagents

Reagent Constituents Provider Additional Steps
Lysis Buffer 1 Protease Inhibitor Roche Stored at 4°C
Tablet
10ml PBS Buffer
Cell Wall Detergent | 20l Triton-X-100 Sigma-Aldrich Stored at 4°C
10l Tween-20 Sigma-Aldrich
40mg CHAPS Sigma-Aldrich
20ml PBS Buffer
Cell Debris 315mg Tris Sigma-Aldrich Stored at 4°C
Detergent 400mg SDS Sigma-Aldrich
31mg DTT Sigma-Aldrich
20ml PBS Buffer
Denaturation Buffer | 3.6g Urea Sigma-Aldrich Stored at -20°C
1.5g Thiourea Sigma-Aldrich
12mg Tris Sigma-Aldrich
Solution A 2% (viv) Acetonitrile Sigma-Aldrich
0.1% (v/v) Formic Acid Sigma-Aldrich




Solution C

60% (v/v) Acetonitrile
0.1% (v/v) Formic Acid

Sigma-Aldrich
Sigma-Aldrich

TABLE 2.6 Reconstitution of antibiotics

Antibiotic Stock Solutions

Australia

Reagent | Constituents Provider Additional Steps

10mM Streptomycin | 14.6mg Streptomycin Sigma-Aldrich Stored at 4°C
Sulfate
1ml ddH20

10mM Rifampicin 8.2mg Rifampicin Sigma-Aldrich Stored at 4°C
1ml DMSO

10mM Ethambutol 2mg Ethambutol Sigma-Aldrich Stored at 4°C
1ml ddH20

500uM Linezolid 0.17mg Linezolid Sigma-Aldrich Stored at 4°C
1ml ddH20

500uM Linezolid 0.2mg Linezolid Azide Institute for Molecular Stored at 4°C

Azide 1ml ddH20 Bioscience, Queensland,

Australia

500uM 0.42mg Roxithromycin Sigma-Aldrich Stored at 4°C

Roxithromycin 1ml ddH0

500uM 0.44mg Roxithromycin Institute for Molecular Stored at 4°C

Roxithromycin Azide Bioscience, Queensland,

Azide 1ml ddH0 Australia

500uM Vancomycin | 0.72mg Vancomycin Sigma-Aldrich Stored at 4°C
1ml ddH20

500uM Vancomycin | 0.8mg Vancomycin Azide | Institute for Molecular Stored at 4°C

Azide 1ml ddH20 Bioscience, Queensland,

TABLE 2.7 Standard reagents used for molecular biology

Standard Reagents

Reagent | Constituents Provider Additional Steps

2% (w/v) Alamar 2g Resazurin Sodium Salt | Sigma-Aldrich Stored at 4°C

Blue 100ml ddH-0

1M Hydrogen 0.88ml 8.8M Hydrogen Sigma-Aldrich

Peroxide Peroxide Solution
9.12ml ddH.0

50X TAE Buffer 2429 Tris Sigma-Aldrich Adjust volume to 1L with ddH20
100ml 0.5M EDTA Sigma-Aldrich Dilute to 1x working stock for gel
Solution Sigma-Aldrich electrophoresis
57.1ml Glacial Acetic Acid

1X TE Buffer 121mg Tris Sigma-Aldrich Adjusted to pH8.0 with 10mM HCI
2.9mg EDTA Sigma-Aldrich
100ml ddH-0

Loading Dye 40mg Bromophenol Blue | Sigma-Aldrich Filter sterilized
4.5ml Glycerol Sigma-Aldrich Pipetted into 1ml aliquots
10.5ml ddH:0 Stored at -20°C
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IN SILICO PERMEABILITY PREDICTION

The formula established by Lee et al. to calculate predicted permeability of drug-like compounds in
Mycobacterium tuberculosis (Mtb) was adapted for the specific purposes of this work'%, Available
molecular structures of click chemistry fluorophores were collected from several commercial websites
(see Supplementary Table 1) and imported into Marvin Sketch to calculate lipophilicity (logD), polar
surface area (PSA) and fraction of rotatable bonds (fi). The following formula was applied to all

fluorophores to calculate predicted permeability values:

P(caic) = (0.2*logD) + (-0.004*PSA) + (0.36*f) — 4.313

BIO-ORTHOGONAL NON-CANONICAL AMINO ACID TAGGING (BONCAT)

The BONCAT labelling method was adapted from Hydrocarbon and Lipid Microbiology Protocols!®.
Briefly, 10ml cultures of Msm were grown to an ODeqo of ~0.3-0.4 before incubation with TmM AHA for
3h at 37°C. For protein synthesis inhibition, pre-treatment with “4x MIC (0.67uM) streptomycin at was
carried out for 3h at 37°C before AHA labelling. Cultures were centrifuged at 4000rcf for 10min and
resuspended in 1ml of PBS to concentrate cells, before being passed through a 5um filter to remove
clumps. Cells were either used immediately or frozen at -20°C for future use. 50yl of cells was added to
a poly-L-lysine coated coverslip and incubated at room temperature for 15min. The coverslips were
washed once with PBS and incubated at room temperature with 80% ethanol or PBS for 30min for
permeabilized and non-permeabilized cells, respectively. The CUAAC reaction cocktail was prepared in
two separate microtubes; 220pl PBS, 12.5ul of 100mM aminoguanidine hydrochloride and 12.5pl of
100mM sodium ascorbate were added to Tube 1 and 2.5ul of 20mM copper (11) sulphate, Sul of 50mM
THPTA and 2.5ul of 500uM alkyne dye were added to Tube 2. The tubes were incubated for 3min, 5ul
was added from Tube 2 to Tube 1 and mixed by inversion. 20l of the reaction cocktail was added to the
coverslip and incubated at room temperature for 30mins. The coverslip was then washed 3 times with
PBS before placing on a microscope slide for analysis. For SPAAC, cells were incubated with 50yl of
100mM 2-chloroacetamide after ethanol permeabilization for 1h in the dark. The cells were then
incubated with 1uM dibenzocyclooctyne (DBCO) dye for 30min in the dark. The coverslip was then

washed 3 times with PBS before placing on a microscope slide for analysis.
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TREATMENT WITH AZIDE-FUNCTIONALIZED DRUGS

Treatment with azide-functionalized drugs was performed in a similar manner as with the BONCAT
assays. 10ml cultures of Msm were grown to an ODspo of ~0.3-0.4 before incubation with azide-
functionalized drugs at 1x MIC for 3h at 37°C, following this the fluorogenic coumBARAC probe was

employed for SPAAC labelling, performed as before, of internalized azide-tagged drugs.

GENERATION OF SPHEROPLASTS

Wild-type Msm was grown in TSB growth medium to an ODsqo of 0.8-1.0 before addition of 1.2% (w/v)
glycine for 16-20h at 37°C. The cells were then centrifuged at 4000rcf for 10min, washed once with SMM
buffer and centrifuged as before. The cell pellet was then resuspended in TSB-SMM media containing

1.2% glycine and 100ug.ml-" lysozyme for overnight incubation at 37°C.

DNA EXTRACTION

1ml of culture was centrifuged at 13000rcf for 5Smin and the pellet was resuspended in 50ul TE Buffer
before incubating at 80°C for 5min to rupture cells. 100pl chloroform-isoamyl alcohol (1:1) was added to
the solution and mixed by inverting then the sample was centrifuged at 13000rcf for Smin. The
supernatant (containing the DNA) was carefully removed for subsequent gel electrophoresis and PCR

analyses.

GEL ELECTROPHORESIS

1% (w/v) agarose gels were prepared by adding 0.3g agarose powder to 30ml Tris-acetate-EDTA (TAE)
buffer and dissolving by heating in a microwave. The agarose was allowed to cool slightly before addition
of 0.5ul ethidium bromide and setting of the gel in a casting tray. Set gels were placed in a gel
electrophoresis tank containing 1x TAE buffer and 5yl DNA and 2ul loading dye were added to
appropriate wells. Molecular Weight Marker Il (Roche Applied Science) was used to determine band
sizes. The tank was then attached to a power bank (Bio-Rad) and gels were run at 80V for 30min.

PCR

PCR reactions were performed using Q5® High-Fidelity DNA polymerase (NEB) and set up in a reaction
tube containing 5ul 5% Q5 Reaction Buffer (NEB), 0.5ul 10mM dNTPs, 1.25pl of both forward and reverse
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primers achieving a final concentration of 0.5uM, 0.25ul Q5® High-Fidelity DNA polymerase, 5ul 5x Q5
High GC Enhancer, 50ng template DNA (DNA concentration determined using NanoDrop) and nuclease-
free water up to 25pl. Cycling conditions to amplify the metH fragment (2382bp) were as follows: initial
denaturation at 98°C for 2min, 35 cycles of 98°C for 10s, 68°C for 25s and 72°C for 2min and final

extension at 72°C for 4min. Primers used were:

metH Forward Primer; CAACATGGACGAGGGCATGA
metH Reverse Primer;: GACTGCGGGTGCGAGAAATA

CELL ENVELOPE STAINING

All staining was carried out in wild-type and spheroplast Msm. 10ml cultures were centrifuged at 4000rpm
and pellets were resuspended in 1ml 7H9 (for wild-type) or TSB-SMM (for spheroplasts) to concentrate
the bacteria. 100l aliquots were taken for each sample and cells were then stained with either 100uM
DMN-trehalose or 100uM NADA for 20min at 37°C, washed two times in PBS (for wild-type) or SMM
buffer (for spheroplasts) and imaged immediately to track changes in cell envelope composition. FM™
4-64 Dye (ThermoFisher Scientific) was added to 100l of each sample on ice to a final concentration of

Sug/ml for 1min and bacteria were imaged immediately without washing.

NUCLEIC ACID STAINING

Cells were prepared as described previously and 2ul Syto™ 9 was added to 1ml concentrated culture to
reach a final concentration of 10uM. Cells were incubated at room temperature for 10min and imaging

was conducted immediately without washing.

LIPID PEROXIDATION ASSAY

Cultures of wild-type Msm were grown to an ODego of 0.6-0.8 and spheroplasts were prepared as
previously indicated. For hydrogen peroxide (H202) treatment, wild-type cultures were incubated with
1mM H.0for 1.5h at 37°C before washing twice with PBS. All 10ml cultures were centrifuged at 4000rpm
and pellets were resuspended in 1ml 7H9 (for wild-type) or TSB-SMM (for spheroplasts) to concentrate
the bacteria. 500ul aliquots of each culture were stained with BODIPY™ 581/591 C11 (ThermoFisher
Scientific) at 5uM for 1h at 37°C. Cells were washed twice in the relevant buffers and imaged

immediately.

19



MICROPLATE ALAMAR BLUE ASSAY (MABA)

S0ul of 7H9 was added to all wells of a 96-well plate, before addition of tested drugs at the relevant
concentrations to the top row of all wells. A 2-fold serial dilution of drug was performed down the columns
of the plate. Wild-type Msm was grown to ODsoo ~0.5 before 1:1000 dilution with 7H9 media and addition
of 50ul to rows B-D of the plate. As spheroplasts showed little ability to replicate, cultures were filtered to
remove clumps and 50yl of culture was added directly to the plate in rows E-G. Rows A & H served as
the “growth” and “no growth” controls, respectively (Figure 2.1). Plates were incubated for 48h at 37°C
before addition of 10ul Alamar Blue to all wells. Plates were incubated with Alamar Blue for 4h during
which respiring cells reduced the die from a blue to pink colour. Absorbance was read using the FLUOstar
OPTIMA (BMG LABTECH) microplate reader and calculations were performed to determine MICqgo of

tested drugs.

A. Growth Control
B.WT

C.WT

D.WT

E. Spheroplasts

F. Spheroplasts

G. Spheroplasts
H. No Growth Control

i

HIGH Drug Concentration LOW

Figure 2.1. MABA plate setup. Standard microplate Alamar Blue assays were performed in clear, U-bottom, 96-
well plates with 2-fold drug dilutions from rows 1-12. Growth control wells contained no antibiotic, and no growth
controls were not inoculated with bacteria. Green wells indicate wild-type (WT) controls and purple wells indicate
spheroplast controls.

END-POINT MICROSCOPY

All end-point imaging was carried out using a Zeiss Axio Observer with 100x oil immersion phase contrast
lens. For BONCAT analyses, coverslips that were pre-incubated with bacteria and stained were added
to microscope slides using 5ul PBS. For cell envelope staining and lipid peroxidation assays, Syl of
culture was placed directly onto a microscope slide and sealed with a coverslip for imaging.
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TIME-LAPSE MICROSCOPY

Gene Frame® Preparation

Before preparation of time-lapse samples, the microscope was switched on to allow the incubation
chamber and heating ring on the 100x objective lens to reach 37°C. Mid-log phase cultures were passed
through a 5um filter using a syringe to remove any clumps. 1.5% (w/v) low-melting point agarose was
dissolved in 10ml deionized water and allowed to cool slightly before addition of 10ml pre-warmed 2x
concentrated 7H9 or TSB-SMM media to obtain a 1x concentration of media containing 0.75% agarose.
A Gene Frame® was adhered to a glass microscope slide before addition of 50ul agarose-containing
media. Another glass slide was placed over the agarose and the two slides were tightly sandwiched
together using tape. The agarose was allowed to set for 15min before carefully removal of the top slide.
The top layer of the Gene Frame® was removed to expose the adhesive edge before addition of 2ul
filtered culture to the agarose pad. The culture was gently distributed across the pad by tilting the slide
and allowed to dry out for 5min before sealing with a coverslip. Prepared slides were inserted into the
incubating chamber of the Zeiss Axio Observer and left for 30min to allow stabilization of the sample at
37°C. Immersion oil was placed on the 100x objective lens before inserting the incubating chamber into

the stage piece.

CellASIC® ONIX2 Preparation

Mid-log phase cultures were passed through a 5um filter using a syringe to remove any clumps. 200yl

of media was pipetted into the first row of solution inlet wells of a CellASIC® ONIX2 bacterial plate and
where necessary, media or buffer containing relevant antibiotics or lysozyme was dispensed into
subsequent wells (row 2-5). A 50yl aliquot of culture was pipetted into the cell inlet wells (row 8) of the
plate and 200ul PBS or SMM buffer was added to the outlet wells (row 7). Immersion oil was placed on
the 100x objective lens, the plate was sealed with the manifold and placed on the microscope stage.
Using the CellASIC® ONIX2 software, the bacteria in row 8 were perfused into the viewing chamber and
this step was repeated until an adequate number of cells were visible. Next, the experimental settings
were defined in the software, determining the length of time each row of media or reagents was perfused

across the viewing chamber of the plate.

For both agarose pad and CellASIC® ONIX2 experiments, time-lapse parameters were set using the
ZEN software, using the Time Series and Tile Setup settings. The necessary imaging channels were
selected and fluorescence settings were applied where necessary. Software autofocus was set to scan

20pm above and below the designated z-plane to ensure images remained in focus throughout the
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experiment. Regions of interest were selected, and parameters were set to automatically image regions
of interest at 30min intervals with experiments taking place over a 16-24h period.

Solution inlets Cell outlet Outlet Cell inlet

Figure 2.2. Diagram of a CellASIC® ONIX2 bacterial plate'*°.

IMAGE ANALYSIS

All image analysis was carried out using Fiji 2.1.0. Fluorescence image brightness settings were kept
constant across all samples being compared. Fluorescence quantification was achieved by thresholding
brightfield images to obtain a binary output displaying the bacteria. Measurements were set to capture
information pertaining to area, standard deviation, mean grey value and integrated density and binary
images were redirected to fluorescent images to obtain the above data for individual bacteria. Integrated
density values were employed in determining single cell fluorescence. Number of foci in Msm
parB::mCherry and Syto™ 9 samples were determined using the Total Maxima function for foci
displaying prominence >200. Medial axis profiling was performed using the MicrobeJ plugin and the

Profile descriptor following detection of bacteria.

PREPARATION OF PROTEIN FRACTIONS FOR MASS SPECTROMETRY

50ml cultures of wild-type and spheroplast Msm were centrifuged at 4000rpm for 10min and washed
twice in PBS (wild-type) and SMM buffer (spheroplasts) twice before another centrifugation step followed
by snap-freezing of pellets in liquid nitrogen. Samples were thawed at room temperature, pellets were
resuspended in 1ml lysis buffer and transferred to a sterile 2ml microtube. Microtubes were placed in a
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beaker containing an ice slurry for sonication using a probe sonicator (United Scientific) with pulse
settings of 15s on and 15s off for a period of 5min at an amplitude of 30V for each sample. The probe
was wiped with 70% ethanol and pulsed for 1min in ddH.O between samples. Lysates were then
centrifuged at 8000rcf for 10min at 8°C and the supernatant was carefully removed and passed through
a 0.22um filter into a fresh microtube using a 1ml syringe. The remaining pellet contained the cell debris
which was washed twice with PBS and centrifuged at 8000rcf for 10min at 8°C. The PBS was removed
from the samples, the debris pellet was resuspended in cell debris detergent and boiled at 95°C for
30min. Debris samples were allowed to cool on ice before a final centrifugation step at 8000rcf for 10min
at 8°C, after which the supernatant was transferred to a fresh microtube and stored at -20°C for

downstream analysis.

The supernatants collected after sonication were subjected to centrifugation at 22 000rcf for 30min at
4°C to separate the cell envelope fraction from the cytoplasmic fraction. The supernatant formed here
contained cytosolic proteins, these were carefully removed and placed in a fresh microtube for storage
at -20°C until downstream analysis took place. The cell pellet, containing cell envelope proteins, was
washed twice with PBS and centrifuged as before. After removal of PBS, the cell pellet was resuspended

in 1ml cell wall detergent and stored at -20°C.

MASS SPECTROMETRY

Fractions isolated for each cell type were allowed to thaw at room temperature before transfer to a Falcon
tube containing acetone and methanol to obtain a sample:acetone:methanol ratio of 1:8:1. Samples were
stored overnight at -20°C for protein precipitation. Following this, samples were centrifuged at 4000rcf
for 10min before washing with ice-cold 80% acetone and repeating centrifugation. The protein pellet was
allowed to briefly air-dry before resuspension in 1ml denaturation buffer and transfer to a fresh microtube

for storage at -20°C until further use.

A Bradford assay was performed to quantify protein present in each fraction, whereby 5ul of each sample
and 10ul of each standard (BSA ranging from 25-200ng/pl) were aliquoted into a 96-well plate in
duplicate before addition of 250l Bradford reagent to all wells. Absorbance at a wavelength of 595nm
was read using a microplate reader and protein concentrations in each sample were determined based
on the standards. A volume of each sample containing 20ug protein was aliquoted into a fresh microtube,
to which DTT was added to a final concentration of 3mM for incubation at room temperature for 20min.

Next, iodoacetamide was added to a final concentration of 15mM and samples were incubated in the
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dark at room temperature for a further 20min. A 40ug/ml solution of LysC was added to samples at a
ratio of 1:100 and incubated at 30°C for 3h. Samples were then diluted 5x with 5mM ammonium
bicarbonate and pH was confirmed to be 8.0. Lastly, trypsin was added to each sample at a ratio of 1:100,

incubated overnight at 30°C and the tryptic digested halted by addition of 0.5% formic acid.

The final step in protein preparation required desalting of tryptic digests using C18 resin for mass
spectrometry. The stage tips were prepared for desalting by creating a hole in the centre of each sterile
2ml microtube into which a 200yl pipette tip was placed. Discs of C18 resin were cut using the base of a
sterile pipette tip and gently down into the stage tip to ensure it was firmly wedged in place. The C18
resin within the stage tips was activated by adding 100ul of 100% methanol and the microtubes were
centrifuged at 50g for 1min to allow the liquid to pass through the resin. Following this, 200l of Solution
A was added to the stage tip to equilibrate the C18 resin and microtubes were centrifuged as before.
Flow-through was discarded from the microtube as was necessary. A volume of each sample containing
10ug of tryptic peptides was pipetted into each stage tip and centrifuged at 50g for 5min to allow for
protein binding to the resin. The bound peptides were then washed with 200l of Solution A, centrifuged
at 200rcf for 1 min and the flow-through was removed. A glass vial was inserted into the microtube
beneath the stage tip and peptides were eluted with addition of 100ul of Solution C and centrifugation at
20rcf until the C18 resin appeared dry. Finally, eluted peptides were dried using a SpeedyVac
concentrator and resuspended in Solution A to a final concentration of 1ug/pl before carrying out tandem

mass spectrometry.

BIOINFORMATIC ANALYSIS

Initial steps of proteomic analysis were carried out by Tariq Ganief (Blackburn Lab, IIDMM, University of
Cape Town) using the MaxQuant software to obtain label free quantification (LFQ) values for all identified
peptides. Protein lists for each fraction were obtained after protein identification using the Uniprot
proteome for Msm (Proteome ID: UP000000757, 6601 proteins, 14/05/2016) and removal of reverse hits
and common contaminants. Only proteins with a g-value <0.01 and number of unique peptides exceeding
2 were used from downstream analysis. Further analysis was performed using Perseus V1.52.6 to identify
proteins unique to each fraction and significance analysis to determine changes in relative abundance
between spheroplast and wild-type fractions. All protein lists were exported to Excel for downstream
analysis. To infer functional annotation, Cytoscape V3.9.1 was utilized, and the ClueGO V2.5.8
application allowed for download of the Mycobacterium smegmatis str. mc2155 annotation list. ClueGO

functional annotation was performed using UniProt protein IDs and annotation from Gene Ontology and
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KEGG databases. Figures were generated by selecting for display of pathways with p>0.05 and the
Significance visual style, all other parameters were set to default. Functional association networks were
saved as images and ClueGO results tables were exported to Excel for further analysis. Volcano plots

were generated in R Studio to demonstrate alterations in protein abundance between samples.
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CHAPTER 3: INVESTIGATING CELL WALL PERMEATION

Background

BIO-ORTHOGONAL CHEMISTRY

Bio-orthogonal reactions present a powerful tool in biology, providing a means of labelling molecules of
interest in a way that allows for reliable reaction with the target without interfering with its biological
system'"".112, The wide variety of conditions present across biological systems present challenging
environments in which these reagents must remain inert to their surroundings but exhibit robust reactivity
with one another to generate stable linkages between target and probe!'!. In spite of these demands,
chemical biologists have developed an impressive collection of bio-orthogonal functional groups that
show remarkable selectivity owing to their non-natural properties while causing only minor perturbations
to the functionality of their targets due to their diminutive size'12113. This method of biomolecule tagging
accommodates linkage of reactive moieties to fluorescent probes, allowing for thorough investigation into
biological processes, from in vivo evaluation of drug activity in mouse models to peptidoglycan labelling

for live imaging of bacteria®114.

Bio-orthogonal reactions are largely composed of cycloaddition reactions which fall under the umbrella
of click chemistry, a powerful set of reactions that is reliable, distinctly selective, and capable of
generating high yields of product!5.116. Evidence of such reactions occurring in nature was observed by
Sharpless et al. who noted the significance of primary metabolites in providing the building blocks of life
that can undergo reversible condensation to form polymers''s. The simple and highly versatile nature of
such reactions provides a promising basis for rapid compound synthesis with the added benefits of
proceeding with high yields at each step in the synthetic process and generating low-level, inoffensive
by-products that are easily removed from the system'15.117, The crux of such reactions is the coupling of
small molecules using heteroatom links (C-X-C), to provide a robust tool for molecular synthesis that

utilizes readily available reagents in a near-complete reaction that generates a single product!*®.

Huisgen’s 1,3-dipolar cycloaddition of azides and alkynes to yield a triazole product (FIGURE 3.1) rapidly
emerged as a frontrunner in the click chemistry field owing to the easy installation of azide and alkyne
moieties in compounds of interest and their tolerance to a range of functional groups and reaction
conditions16-118_ Furthermore, the low reactivity of azides and alkynes towards biological molecules and
absence of azide in naturally occurring molecules suggested applicability in biological systems!13.117.118,

However, this inertness is reflected in the kinetic properties of the reaction, making Huisgen’s 1,3-dipolar
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cycloaddition an incredibly slow process. In the development of click chemistry, this was rapidly
circumvented by the addition of a copper(l) catalyst that resulted in significant rate enhancement, thus
propelling copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC) to the forefront of synthetic
chemistry"12.117.119_ Although a versatile tool for medicinal chemists, the copper(l) catalyst required for
this process to occur timeously is not ideal in biological systems due to its cytotoxic effects!'2.

To circumvent the problem of metal toxicity caused by the copper(l) catalyst, ligands can be added to
stabilize the oxidation state of copper(l) and prevent generation of reactive oxygen and nitrogen
species''6.120, Although this method has shown efficacy in live cells, an alternative approach to eliminate
the need for a copper catalyst altogether was introduced by Bertozzi et al. who exploited the unstable
nature of cyclic alkynes to drive the reaction3112. The strain experienced by an alkyne in its cyclic
conformation (FIGURE 3.1) is able to drive triazole formation in the absence of a catalyst, allowing for
non-toxic labelling of live cells®12!. Hence, strain-promoted azide-alkyne cycloaddition (SPAAC) has
become an attractive method for molecular labelling in live organisms and much work has been invested

in optimizing cyclooctynes for bio-orthogonal applications!12.113,

Triazole
A Ring
y —
Azide
B Triazole

-+

Cyclic
Alkyne

FIGURE 3.1. Huisgen’s 1,3-dipolar cycloaddition. (A) Cycloaddition reaction occurring between alkyne and
azide moieties to form a triazole functional group between target and probe, a slow reaction that can be catalysed
by the addition of a copper(l) catalyst. (B) Cycloaddition reaction between azide and cyclo-alkyne moieties forming
a triazole functional group between target and probe, driven by the strained ring conformation of the cyclo-alkyne.
Probes and targets are represented by blue circles and purple diamonds, target and probe can be linked to either
moiety to achieve bio-orthogonal tagging.
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FLUOROGENIC PROBES

A challenge in fluorescent bio-orthogonal reactions is the issue of background fluorescence arising from
unreacted probe in the sample, which necessitates several wash steps and consequently poses a
problem for in vivo studies''3.The use of fluorogenic probes, labelling molecules that only become
fluorescent upon reaction, alleviates the need for wash steps'22123, Although a number of these probes
exist for copper(l)-catalysed bio-orthogonal reactions, their application in live-cell imaging again drove
the development of fluorogenic molecules that could be incorporated into the SPAAC system?24. Owing
to the bulky nature of cyclic alkynes, it is preferable to attach the azide moiety to the target molecule to
prevent any steric hindrance, in turn requiring the fluorogenic probe to be linked to the cyclo-alkyne'22.
Again, the Bertozzi group pioneered this research, utilizing the photophysical properties of coumarin-
based fluorophores which lend themselves to easy modifications that enhance brightness, to develop
coumBARAC'23.125, This fluorogenic compound, which exhibits 10-fold fluorescent enhancement upon
triazole formation, has shown efficacy in live imaging of mammalian cells'23126. Since then, several other
fluorogenic probes have been developed and implemented in both mammalian and bacterial

Systems114,124,127.

BONCAT (BIO-ORTHOGONAL NON-CANONICAL AMINO ACID TAGGING)

Bio-orthogonal non-canonical amino acid tagging - or BONCAT’ - involves fluorescent labelling of newly
synthesized proteins to detect metabolically active cells within a population'28, This technique was initially
developed for the study of mammalian cells but has been rapidly adapted for application in
prokaryotes'2.1%0, Two methionine analogues, L-azidohomoalanine (AHA) and homopropargylglycine
(HPG), are currently utilised in BONCAT'3!, These non-canonical amino acids carry small functional
groups (azide in AHA, alkyne in HPG) that can be applied in bio-orthogonal reactions?3'.132, BONCAT
relies on the metabolic incorporation of these non-canonical amino acids into proteins followed by
covalent coupling of the resultant proteins with a biotin- or fluorophore-linked tag'®. Although the cell wall
of mycobacteria provides a potential obstacle to entry of these synthetic amino acids, their similarity to
methionine suggests they can gain entry into the cell via the same pathway as the native amino acid.
Indeed, it has previously been found that a D-alanine analogue is capable of entering Mtb cells to allow
BONCAT labelling'3, suggesting that methionine analogues will be capable of the same. Moreover,
previous work in my host laboratory (Moosa, Mashabela, unpublished) and in other groups'3 has
established the ability of Mtb to assimilate exogenous L-methionine.
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Upon successful incorporation of the methionine analogue into proteins, the azide/alkyne group
undergoes click cycloaddition with the click-modified probe to form a triazole conjugate which links the
non-canonical amino acid to the relevant tag?.130. Biotinylated peptides from active cells can then be
captured and purified using avidin beads and analysed using mass spectrometry'32, Alternatively, newly
synthesized proteins are bio-orthogonally labelled with fluorescent probes for visualization under the
microscope (FIGURE 3.2)%.128,132,

De novo

protein synthesis l Huisgen's 1,3

cycloaddition

(& ) — —

Translationally active
bacterium

FIGURE 3.2. BONCAT in bacteria. Newly synthesized proteins incorporate the methionine analogue (AHA)
containing an azide moiety that reacts with an alkyne-linked fluorophore (red), forming a triazole link between probe
and target to allow for visualization of active translation in bacterial cells using fluorescence microscopy. AHA
residues are represented by blue circles in the newly synthesized protein, red circles represent the alkyne-linked
fluorophore.

Protein labelling offers a much more reliable approach to understanding cellular metabolism in
comparison to studying RNA levels which often vary and can show poorly correlation to expression levels
of their encoded proteins'®>. BONCAT allows unbiased study of whole-cell translational activity in
response to external stimuli. Although currently limited to labelling proteins containing methionine, this
approach allows for tagging of the majority of cellular proteins as most species, across eukaryotes and
prokaryotes, harbour a very high percentage of methionine-containing proteins'3. Furthermore,
BONCAT provides an intriguing solution to the problem of unculturable bacteria as the synthetic amino
acid can be added to bacterial populations in situ to allow study of protein synthesis in a native
environment'28, This technique also offers a much more affordable and higher throughput method to
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study in situ activity of individual cells in comparison to other currently available technologies which
involve stable isotopes or radioactive molecules and invariably require the use of specialized facilities
and expensive equipment®. Other means of protein labelling are also biased in that they involve probes
that are designed to target specific proteins, hindering the ability to grasp the inner workings of the
proteome as a whole'®. Therefore, BONCAT offers a promising approach to understand whole-cell

protein activity and cellular metabolism.
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Results

IN SILICO PERMEABILITY PREDICTION

Based on previous work in Mycobacterium tuberculosis (Mtb), we selected a set of parameters to
calculate hypothetical permeability values (Pcac) to inform mycomembrane permeation'®. The
descriptors selected to generate our formula were the distribution coefficient of hydrophobicity (LogD),
polar surface area (PSA) of the molecule, and fraction of rotatable bonds (fr). Although lipophilicity is
commonly measured using logP, the logarithmic value arising from the partitioning of a neutral molecule
between n-octanol and water, it does not take into consideration the potential ionisation of a molecule at
different pH values; therefore logD, a distribution coefficient of hydrophobicity, may be a more apt
descriptor37.138,_ [ ogD not only accounts for the lipophilicity of a molecule, but also considers the extent
of ionisation experienced by the molecule at different pH levels; this is important when considering the
pH of the body compartment for which a drug-like molecule is destined!%8.137, Polar surface area, along
with logP/logD are often considered the most important factors in describing the properties of a drug*s.
PSA refers to the area of a molecule associated with oxygen and nitrogen atoms and their accompanying
hydrogen atoms and is considered a good parameter for determining drug-likeness as it provides
information about molecular polarity and solubility43.139.140, L astly, we determined the fraction of rotatable
bonds compared to the total number of bonds in a molecule. Rotatable bonds can be used as a 2D
descriptor of molecular flexibility, they tend to increase with increasing molecular weight and are an
important factor when considering the oral bioavailability of a drug compound'#1-43, Current literature
suggests that a lower number of rotatable bonds makes for a good candidate drug molecule as this
provides structural rigidity, which increases the likelihood of a compound binding to its prospective target
ligand™!. As a high molecular weight can result in an increased number of rotatable bonds, skewing
prospective calculations, we opted to implement the fraction of rotatable bonds (fi) in our equation to
normalise predicted permeation values for molecular size. We derived a formula from previous published
data using these parameters to determine their role in mycobacterial cell wall permeation and calculated
the predicted permeability values (Pcaic) for a set of commercially available click chemistry fluorophores'08
(Table 3.1).
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Table 3.1. Calculated molecular properties of commercially available click-adapted fluorophores

Compound MW (g.mol')  log D (pH7.4) PSA fro P(calc)
Cyanine5.5 DBCO 1029.14 9.91 55.7 0.106 -2.515
Cyanine7 DBCO 885.62 8.92 55.7 0.107 -2.713
6-FAM-DBCO 676.71 8.65 84.9 0.074 -2.896
Sulfo-Cyanine3.5 Alkyne 1028.32 7.60 354 0.085 -2.904
Cyanine5 DBCO 929.03 7.93 55.7 0.117 -2.907
Cyanine7.5 Alkyne 7224 7.07 354 0.091 -3.007
Cyanine3 DBCO 902.99 740 55.7 0.113 -3.015
Sulfo-Cyanine5 Alkyne 717.94 6.59 233 0121 -3.045
Sulfo-Cyanine5.5 DBCO 1317.69 10.20 243.0 0.144 -3.193
Cyanine5.5 Alkyne 656.3 6.07 354 0.102 -3.203
AF568 Alkyne 807.97 6.49 64.3 0.057 -3.252
Sulfo-Cyanine3 DBCO 955.23 8.04 156.2 0.134 -3.281
6-R6G-Alkyne 495.57 5.73 38.3 0.086 -3.289
5-ROX-DBCO 835 5.80 64.9 0.065 -3.389
Cyanine7 Alkyne 622.28 5.09 354 0.104 -3.399
AF430 Alkyne 578.64 4.90 58.6 0.138 -3.517
Cyanine5 Alkyne 556.18 4.09 354 0.119 -3.593
Sulfo-Cyanine7 Alkyne 784.04 5.79 135.9 0.126 -3.653
Sulfo-Cyanine7.5 Alkyne 1120.46 741 222.7 0.136 -3.672
Cyanine3 Alkyne 530.14 3.57 354 0.113 -3.700
Sulfo-Cyanine5 DBCO 981.27 5.94 170.1 0.131 -3.758
Sulfo-Cyanine5.5 Alkyne 1054.36 6.68 222.7 0.150 -3.813
5-ROX-Alkyne 571.66 3.00 326 0.047 -3.826
BDP-581/591-DBCO 692.6 3.20 57.9 0.125 -3.859
Sulfo-Cyanine3 Alkyne 691.9 4.52 135.9 0.138 -3.903
5-FAM-Alkyne 413.38 3.16 105.1 0.040 -4.087
6-FAM-Alkyne 413.38 3.16 105.1 0.040 -4.087
AZDye 430 DBCO 761.81 3.16 133.32 0.124 -4.169
5/6-Texas Red-PEG4-Alkyne 819.98 3.45 155.77 0.142 -4.195
BDP-R6G_DBCO 640.53 1.25 574 0.112 -4.252
TAMRA PEG4 DBCO 936.06 3.24 171.04 0.159 -4.292

5-TAMRA-Alkyne
6-TAMRA-Alkyne
TAMRA Alkyne
AFDye 405 Alkyne
BDP-FL DBCO

BDP 581/591 Alkyne
BDP 630/650 Alkyne
BDP 650/665 Alkyne
AZDye 430 Alkyne
Sulfo-Cy5.5-Alkyne

32



TAMRA PEG4 Alkyne

BDP TR Alkyne

BDP TMR Alkyne

Carboxyrhodamine 110 DBCO 879.97 1.36 216.4 0.167 -4.846
Sulfo Cy5 DBCO 1009.22 147 221.6 0.136 -4.856
BDP R6G Alkyne 377.2 -2.27 37.0 0.102 -4.878
BDP 558/568 Alkyne 383.22 245 37.0 0.109 -4.912
Sulfo Cy3 DBCO 983.18 0.94 221.6 0.133 -4.963
Carboxyrhodamine 110 Alkyne 587.63 -0.43 166.99 0.190 -4.998
BDP FL Alkyne 329.15 -3.09 37.0 0.091 -5.046
Cy7 DBCO 1259.53 1.24 275.97 0.133 -5.121
Cy5.5DBCO 1175.37 1.18 275.97 0.116 -5.139
5/6-FAM-PEG4-DBCO 881.94 -0.46 199.26 0.169 -5.141
AF546 DBCO 1104.15 0.4 2319 0.079 -5.294
Sulfo Cy5 Alkyne 787.96 -1.19 201.29 0.158 -5.299
AZDye 594 DBCO 980.1 -0.87 216.59 0.080 -5.324
AFDye 546 Alkyne 855.34 -1.19 213.2 0.082 -5.374
AZDye 350 Alkyne 350.34 -2.78 135.79 0.103 -5.375
Sulfo Cy3 Alkyne 761.93 -1.72 201.29 0.155 -5.406
AF647 DBCO 1131.36 -0.83 275.97 0.159 -5.525
AZDye 680 DBCO 1086.73 -1.84 234.83 0.157 -5.563
AZDye 555 DBCO 1105.32 -1.35 275.97 0.156 -5.630
AF594 DBCO 980.28 247 213.76 0.079 -5.633
MB660R DBCO 1003.19 -2.01 240.36 0.114 -5.635
AZDye 568 DBCO 953.04 214 233.51 0.083 -5.645
AZDye 405 DBCO 774.79 -2.92 212.52 0.103 -5.710
AF546 Alkyne 885.25 -3.06 211.59 0.083 -5.741
AZDye 594 Alkyne 758.18 -3.52 196.28 0.085 -5.771
AF647 Alkyne 910.1 -3.48 255.66 0.184 -5.965
AZDye 680 Alkyne 865.47 4.5 21452 0.183 -6.005
AZDye 350 DBCO 722.14 -4.06 239.57 0.119 -6.040
AZDye 555 Alkyne 883.06 -4.01 255.66 0.182 -6.072
MBG660R Alkyne 781.93 -4.67 220.05 0.129 -6.081
AF594 Alkyne 759.19 513 193.45 0.084 -6.082
AZDye 568 Alkyne 731.39 4.8 213.2 0.090 -6.093
AZDye 488 DBCO 792.79 -3.95 257.38 0.079 -6.104
AF488 DBCO 792.12 -5.19 257.38 0.079 -6.352
AZDye 488 Alkyne 571.53 -6.61 238.81 0.085 -6.560

*MW (molecular weight), PSA (polar surface area), frp (fraction of rotatable bonds), P(cac) (calculated permeation value),
DBCO (dibenzocyclooctyne).

** Compounds displaying the best qualities of a good permeator are highlighted in blue.
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It is assumed that a low polar surface area, small fraction of rotatable bonds and high lipophilicity (high
logD) impart good cell wall penetration ability. However, an intermediate set of values stands to be more
beneficial as a compound that is too lipophilic may easily enter the cell wall itself but not be able to pass
into the cytosol to reach its target. Similarly, if a compound is too hydrophilic, it may be readily soluble
but will have difficulty entering the lipid-rich mycomembrane. Therefore, a small range of intermediate
P(cac) values was determined to predict good cell wall permeation based on previous work; here, we
define molecules with a P(caic) between -4.30 and -4.70 to be good permeators of the mycomembrane'8,
Compounds displaying the best qualities of a good permeator are highlighted in Table 3.1 and mean
values of each molecular property that contributes to this range of values can be seen in Table 3.2.

Table 3.2. Mean values of calculated molecular properties

P (catc) log D(pH7.4)  PSA MW (g.mol)
43t0-4.7 0.535 88.577 0.115 541.259
<47 1,943 213.493 0.124 848.535
>-4.3 5.407 90.683 0.110 768.195

*PSA (polar surface area), frp (fraction of rotatable bonds), MW (molecular weight).

From Tables 3.1 and 3.2, it was evident that the logD values resulting in a desirable P(cac) were much
lower than anticipated, in turn suggesting that a high degree of lipophilicity was not a desirable factor in
predicting permeation. This was somewhat surprising as the mycomembrane is lipid-rich and we would
expect to see a logD value higher than 1. Yet, as previously mentioned, this may be beneficial to
mycobacterial permeation as, once a compound passes through the cell wall, it must enter the more
hydrophilic cytoplasm to reach its molecular target. Furthermore, even though the mean logD value for
predicted effective permeation was low (Table 3.2), it was still a positive integer, indicating that the set of
compounds were more lipophilic than hydrophilic (negative logD values). This observation bolstered the
notion that intermediate values might be optimal for permeation — ideal compounds are marginally
lipophilic, allowing entry into the mycobacterial cell but not too lipophilic to prevent entry into the cytosol.
The PSA and MW values of desirable compounds were both low, indicating a small, low polarity molecule
is a suitable candidate for permeation. The fraction of rotatable bonds in compounds with good predicted
permeability were close to the lower end of the range, indicating that molecular rigidity was likely
beneficial when entering a mycobacterial cell. Therefore, all findings from the applied equation fit the

previously described criteria for predicting a good cell wall permeator.
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To investigate the in vitro applicability of predicted permeability, a subset of fluorophores with Pcaic values
predicting “good” or “bad” permeation was selected for microscopic analysis. Our objectives were twofold:
firstly, to analyse the effects of the alkyne and dibenzocyclooctyne (DBCO) moieties on permeation and,
secondly, to determine whether uptake of the selected fluorophores mirrored the predicted permeation
qualities defined in silico. Therefore, we selected three fluorophore backbones with different predicted
permeation qualities to ascertain the impact of each moiety in addition to verification of the Pcarc (Table
3.3). Upon analysis of Table 3.3, it was apparent that addition of the DBCO moiety increased MW, logD
(suggesting increased lipophilicity), and PSA of the fluorescent backbone. The increased MW most likely
explained the rise in PSA values and was considered of little significance as logD is the major contributing
factor when determining Pcac. These observations suggested that molecules carrying the DBCO moiety
might be capable of entering the cell wall but, owing to their lipophilic qualities, would struggle to reach
the cytoplasm. When comparing the fluorescent backbones of these molecules, we saw that a low logD
value, indicating reduced lipophilicity, gave a more favourable Pca, reinforcing the notion that logD is a
critical factor in determining permeation into the cell cytoplasm.

Table 3.3. Selected click-adapted fluorophores for in vitro evaluation of predicted permeability

Compound P(calc) logD (pH7.4) PSA fro MW (g.mol)
Cy3 Alkyne -3.70 3.57 35.40 0.11 530.14
Cy3 DBCO -3.28 8.04 156.2 0.13 955.23
ROX Alkyne -3.83 3.00 326 0.05 571.66
ROX DBCO -3.39 5.80 64.90 0.07 835.00
TAMRA Alkyne -4.30 1.63 84.70 0.06 467.51
TAMRA DBCO -4.29 3.24 171.04 0.16 936.06

*Suppliers listed in Materials and Methods.
**Molecular structures in Supplementary Table 1.

COMPARISON OF ALKYNES AND DIBENZOCYCLOOCTYNES (DBCOS)

Initial experiments set out to determine whether the addition of the bulky DBCO moiety negatively
impacted the ability of the fluorophore backbone to enter Msm bacilli, as was predicted in silico. Cultures
were incubated in triplicate with AHA for 3 hours before staining with selected fluorophores. For the Cy3
and TAMRA backbones, there was a significant decrease in fluorescence for the DBCOs when compared
to the alkynes (FIGURE 3.3 A & B). This suggested that the bulky DBCO moiety significantly impacted the
ability of the molecules to reach the cytoplasm, an observation in agreement with the prediction of
increased molecular weight inhibiting passage through the cell wall. The high logD value of 8.04
calculated for Cy3 DBCO suggested that the DBCO side chain considerably increased lipophilicity, as
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compared to the logD of 3.57 calculated for Cy3 alkyne, likely further contributing to the reduced ability
of the molecule to enter the cytoplasm. Furthermore, both TAMRA and Cy3 DBCOs exhibited high PSA
values of 171.04A and 156.2A, respectively, further diminishing their permeation capabilities due to raised
polarity. Conversely, the greater fluorescence observed for the Cy3 and TAMRA alkynes might be
attributable to their relatively small size, decreased lipophilicity and comparatively low PSA values.

The ROX DBCO fluorophore displayed significantly higher fluorescence than its alkyne counterpart
(FIGURE 3.3C). Although this was not predicted given the permeation parameters of this molecule, we
observed that it possessed logD and MW characteristics similar to those of the other DBCOs but its PSA
value of 64.9A was significantly lower. It was possible this reduction in surface polarity proved beneficial
in gaining access to the cell wall. Notably, while ROX DBCO exhibited greater fluorescence than its
alkyne counterpart, we observed a unique pattern of fluorescence localization to the cell envelope,
suggesting the inability of the molecule to enter the cytoplasm (FIGURE 3.3C). This might be ascribed to
its high logD value of 5.8, resulting in a level of lipophilicity that promoted association with the lipid-rich

cell wall.
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FIGURE 3.3. Alkyne and DBCO functional groups affect total fluorescence. Whole-cell fluorescence was
compared between alkyne- and DBCO-linked Cy3 (A), ROX (B) and TAMRA (C). Top panels of each figure show
fluorescence across each population and bottom panels display representative images of Msm stained with the
corresponding fluorophore. The ROX DBCO fluorescent image has been enlarged for the purpose of highlighting
fluorescence localization in the sample. Fluorescence was visualized using a Zeiss Axio Observer inverted
fluorescence microscope and quantified using Imaged software. For each condition, 100 cells were measured in
triplicate. An Independent t-test was used to determine significance, p=0.005).

ENHANCING THE UPTAKE OF FLUORESCENT PROBES

Next, we set out to determine the effect of cell wall permeabilization on fluorophore uptake. The
comparatively poor permeation characteristics of the Cy3 alkyne relative to the other two alkynes in both
in silico predictions and the initial staining experiments made it a good candidate for an experiment aimed
at determining the best method of increasing fluorophore uptake by Msm. Based on commonly applied
fixation and permeabilization protocols, we assessed the efficacy of paraformaldehyde (PFA), a cross-
linking agent, and ethanol, a denaturing agent, in enhancing fluorescent signal of Cy3 alkyne'44.145,
Bacteria were treated with 4% PFA or 80% ethanol before staining and compared to untreated organisms.
Ethanol treatment showed a significant increase in fluorescence when compared to 4% PFA and
untreated cells, suggesting its efficacy in increasing cell envelope permeability and enhancing uptake of
Cy3 alkyne (FIGURE 3.4). This observation led us to proceed with 80% ethanol treatment as a means of

permeabilization of samples before carrying out further BONCAT analyses.
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FIGURE 3.4. 80% ethanol increases fluorophore uptake. Whole-cell Cy3 alkyne fluorescence was compared
between non-permeabilized, 4% PFA- and 80% ethanol-permeabilized samples. Fluorescence was visualized
using a Zeiss Axio Observer inverted fluorescence microscope and quantified using ImageJ software. For each
condition, 50 cells were measured, and Student’s t-test was used to determine significance between samples,
p=0.005.

Cultures were grown as before, and an 80% ethanol permeabilization step was incorporated into the
protocol before proceeding with cell staining. The purpose of this experiment was to investigate whether
heterogeneity in fluorophore uptake was due to the varying abilities of individual cells to allow entry into
the cytoplasm or, alternatively, a true representation of metabolic heterogeneity as a function of
differences in protein synthesis (and thus uptake of AHA) between individual bacilli. Across all 6
fluorophores, there was a significant increase in whole-cell fluorescence upon permeabilization,
indicating that 80% ethanol treatment enhanced the ability of the fluorophores to gain entry to the
cytoplasm of Msm (FIGURE 3.5). For Cy3 and TAMRA (FIGURE 3.5 A, B, E & F), it was noticeable that
DBCO-containing fluorophores exhibited lower fluorescence than their alkyne counterparts following
permeabilization of the cell envelope, confirming our initial observations that DBCOs were poor
permeators of the mycobacterial cell envelope. As noted in the previous experiment, this was not the
case for ROX, with the DBCO variant exhibiting a higher level of fluorescence than the alkyne. However,
it was interesting to note that, even with 80% ethanol permeabilization, ROX DBCO still exhibited
fluorescent localization to the exterior of the cell (FIGURE 3.5D). This suggested that, although the cell
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wall had become more permissive to the entry of molecules, this lipophilic probe preferred the lipid-rich
environment of the cell wall. In contrast, all other fluorophores used in this experiment exhibited a diffuse

fluorescence signal throughout the cell, indicative of uptake into the cytoplasmic region.

When addressing the dilemma of permeability versus metabolic heterogeneity, this experiment allowed
for visualisation of the variation in single-cell fluorescence under permeabilized and non-permeabilized
staining conditions. We postulated that permeabilization of the several layers encapsulating the bacilli
would, to some extent, eliminate the concern that single-cell heterogeneity was linked to the inability of
some cells to take up a fluorophore. Consequently, we noticed an increase in the spread of data in all
fluorescent probes when subjected to 80% ethanol permeabilization (FIGURE 3.5). Our tentative
conclusion was that the variability in these cells could be ascribed to heterogeneous protein synthesis,

given that the confounder of cell-cell heterogeneity in permeability was reduced through ethanol

treatment.
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FIGURE 3.5. Permeabilized cells show elevated fluorescence for all fluorophores. Whole-cell fluorescence
was compared between non-permeabilized (No Perm) and 80% ethanol-permeabilized (Perm) samples . The three
fluorophore backbones used were Cy3, ROX and TAMRA, the alkyne-linked probes are visualized in A,C and E
and the DBCO-linked probes are visualized in B, D and F. Top panels of each figure show fluorescence across
each population and bottom panels display representative images of Msm stained with the corresponding
fluorophore under the different conditions. Fluorescence was visualized using a Zeiss Axio Observer inverted
fluorescence microscope and quantified using ImageJ software. For each condition, 100 cells were measured in
triplicate and Student’s t-test was used to determine significance between samples, p=0.005.
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INVESTIGATING MYCOBACTERIAL METABOLIC ACTIVITY USING BONCAT

After verifying that 80% ethanol permeabilization increased uptake of fluorescent probes, in turn providing
a more authentic representation of metabolic heterogeneity within a cell population, we proceeded to
investigate the effect of protein synthesis inhibition on BONCAT fluorescence in permeabilized samples.
Cultures were pre-exposed to streptomycin, an aminoglycoside that binds irreversibly to the
mycobacterial 30S ribosomal subunit, interfering with protein synthesis4. Cells were treated at /ax MIC
(0.67uM) for 3h before 3h labelling with AHA and subsequent staining. Across all fluorophores, a
significant decrease in fluorescence was observed following streptomycin treatment (FIGURE 3.6). These
results indicated that pre-incubation of cultures with a protein synthesis inhibitor reduced the level of
newly synthesized proteins that incorporated AHA, decreasing availability of the azide tag to which the
click fluorophores could bind. Furthermore, we observed reduced variance among bacterial populations
treated with streptomycin, potentially indicative of greater homogeneity in protein expression. This result
was consistent with our previous findings suggesting that observed fluorescence was not solely
dependent on permeation of molecules but was also a function of changes in protein synthesis levels,
thus providing an indication of altered metabolic activity in single cells.
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FIGURE 3.6. Streptomycin treatment decreases total fluorescence. Whole-cell fluorescence was compared
between untreated samples and samples exposed to streptomycin at ¥4 MIC. The three fluorophore backbones
used were Cy3, ROX and TAMRA,; the alkyne-linked probes are shown in A,C and E and the DBCO-linked probes
are shown in B, D and F. Top panels of each figure show fluorescence across each population and bottom panels
display representative images of Msm stained with the corresponding fluorophore under the different conditions.
Fluorescence was visualized using a Zeiss Axio Observer inverted fluorescence microscope and quantified using
Imaged software. For each condition, 100 cells were measured in triplicate and Student’s t-test was used to
determine significance between samples, p=0.005.
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APPLICATION OF AZIDE-FUNCTIONALIZED DRUGS

BONCAT proved useful in characterizing the molecular properties required by a compound to allow
effective penetration of the mycobacterial cell envelope. However, as we set out to develop this as a tool
to inform drug discovery, we wanted to see if this technique could be applied to drugs known to be active
against Mtb. A small panel of azide-functionalized antibiotics was obtained through collaboration with
Prof. Mark Blaskovich (Institute for Molecular Bioscience, University of Queensland, Australia). Initial
assessments of minimum inhibitory concentration (MICgo) were conducted to ensure addition of the azide
group did not alter the antibiotic efficacy against Msm. For all azide-functionalized drugs, we found no
reduction in efficacy compared to the native molecules (Table 3.4, Supplementary Information 1). This
was an important result as it implied the addition of the azide moiety had no impact on the mechanism of
action of the respective compounds. Based on the innate inactivity of trimethoprim and polymyxin against
mycobacteria, these drugs were excluded from further analyses.

The assumption was made that the azide-functionalized drugs would accumulate within cells at a much
lower concentration than that of the previously investigated methionine analogue (AHA). Therefore, we
opted to utilize a fluorogenic probe to eliminate any potential background fluorescence caused by
unreacted probe. Based on methods reported by the Bertozzi lab, our collaborators in the Barry laboratory
(NIH/NIAID) completed synthesis of coumBARAC, a DBCO derivative reported to undergo a 10-fold

increase in fluorescence following triazole formation'23.

Table 3.4. MICy values (um) for azide-functionalized drugs and native compounds

Roxithromycin  Trimethoprim Polymyxin Vancomycin Linezolid

Native Compound 1.25 25 No action 1.25 3.125
Azide-functionalized Compound | 1.25 50 No action 0.3125 6.25

Fluorescence microscopy was performed utilizing azide-functionalized roxithromycin, vancomycin and
linezolid, all anti-mycobacterial compounds involved in impeding protein synthesis. Msm cultures were
incubated with azide-functionalized drugs at 1x and 2x MICqo for 3h before carrying out click chemistry
with coumBARAC to allow for observation of drug uptake. Unfortunately, we observed fluorescence in
our treated samples that was only marginally higher than that of the untreated controls. Linezolid-azide
showed the most promising indication of successful labelling, giving a strong fluorescent readout at 2x
MICqo (FIGURE 3.7, top panel). Both roxithromycin-azide and vancomycin-azide were unable to generate
fluorescence higher than that seen in the controls (FIGURE 3.7, middle and bottom panels). Owing to
these initial findings and limited amounts of both azide-functionalized drugs and coumBARAC, we were
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not able to pursue this investigation further, including performing quantitative analyses on fluorescence

readouts.

Control 1XMIC 2XMIC

LNZ-Azide

ROX-Azide

VAN-Azide

FIGURE 3.7. Azide-functionalized drugs show weak fluorescent signal. Representative images of
fluorescence in Msm following click chemistry tagging with a fluorogenic probe (coumBARAC) of linezolid-azide
(top panel), roxithromycin-azide (middle panel) and vancomycin-azide (bottom panel) at 1x and 2x MICqo.
Untreated cells were used as a control for autofluorescence. Fluorescence was visualized using a Zeiss Axio

Observer inverted fluorescence microscope and processed using ImageJ software.
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Discussion

MOLECULAR PROPERTIES THAT IMPACT PERMEATION

The ability to cross the cell membrane and enter the cytoplasm to reach its desired target is a crucial
factor in determining the success of candidate drug compounds, and is complicated by the presence of
a cell wall in bacteria'8146, The peptidoglycan layer in the majority of bacteria presents an array of
difficulties in the penetration of molecules, and is compounded in mycobacteria by the presence of the
lipid-rich mycolic acid and arabinogalactan layers'46. The inability to predict in advance — or even
determine rapidly downstream - whether a compound possesses the capacity to penetrate the
mycobacterial cell wall presents a serious obstacle to rational medicinal chemistry efforts. In addition to
penetrating the mycobacterial cell wall, anti-TB drugs need to first gain access the various host
environments in which the bacillus resides*. These barriers to drug discovery emphasize the critical need
for developing a set of permeation parameters that effectively inform rational drug design'%2. Important
molecular descriptors of permeation include polar surface area (PSA) and hydrophilicity (logP/logD)38.139,
PSA is defined by the presence of oxygen and nitrogen atoms on the surface of a molecule and high PSA
values are commonly associated with poor permeation of molecules39.140, The lipophilicity of compound
can be ascertained using logD, a pH-dependent descriptor that indicates the ability of a molecule to pass
through a hydrophobic barrier such as the lipid-rich mycomembrane'3.146, Finding a molecule with
qualities that accommodate both entry into infected tissues and immune cells and through the lipophilic
mycobacterial cell envelope presents a significant challenge to medicinal chemists*5.102, As a result, there
is a general lack of permeation data, meaning that structure-activity relationship (SAR) analyses are
incapable of determining whether loss of activity in a close analogue of an “active” molecule results from
differential permeation, bacillary-mediated biotransformation, efflux, or disruption of target engagement.
Although click chemistry is widely used in the process of lead optimization as it provides a rapid and
reliable means of molecular modification, this study set out to evaluate the applicability of click chemistry
as a tool for enhancing our understanding of permeation in rational drug design, and to aid in

differentiating true inactivity from lack of permeation7.

When analysing the molecular structure of commercially available click chemistry fluorophores in relation
to permeability of the mycobacterial cell wall, several distinguishing features arose. First, the majority of
good permeators were alkynes, indicating that the dibenzocyclooctyne (DBCO) moiety is a hindrance
when passing through the cell wall. This is unsurprising when considering the molecular weight of each

component, with alkynes having a mass of just 15g.mol" in contrast to the 206g.mol-' of DBCOs.
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Furthermore, the addition of a DBCO moiety often resulted in an increased logD value, indicating its role
in elevating hydrophobicity. These observations suggest that, although the strained-ring conformation of
DBCOs provides the benefit of cycloaddition in the absence of the potentially toxic levels of copper
required to promote the conventional click chemistry reaction, the unfavourable qualities associated with
their bulky configuration may outweigh their utility in this context''2. We also noted that many of the
compounds predicted to have desirable permeation qualities were derivatives of the BODIPY and TAMRA
skeletons (FIGURE 3.8). The logD values showed the closest association with generating a good Pcaic
value, supporting the notion that this pH-dependent descriptor of lipophilicity is key in determining
effective compound permeation'37.148, Both BODIPY and TAMRA derivatives displayed intermediate logD
values ranging from -1.66 to 1.63, suggesting the necessity for a degree of lipophilicity that allows
penetration of the lipid-rich cell envelope but does not exceed levels that become detrimental to
cytoplasmic entry. Polar surface area also proved an important factor in determining permeation, with
most good permeators exhibiting low PSA values ranging from 37A to 85A; this is in agreement with
research that indicates a high level of surface polarity negatively impacts permeation'%. Lastly, the size
and compact nature of TAMRA and BODIPY backbones (192g.mol* and 430g.mol, respectively) are
likely an important contributing factor in penetration of the mycomembrane. Compounds that showed
poor permeability tended to be bulky, with molecular weights exceeding 650g.mol* and a PSA greater
than 200A, conferring poor penetrating capabilities. These characteristics were accompanied by either a
highly negative logD value (< -1.7), suggesting a very hydrophilic molecule that would not be able to pass
through the lipid-rich mycomembrane, or a highly positive logD value (> 2.8), indicating a molecule that
is too lipophilic and runs the risk of getting trapped in the mycomembrane. Collectively, these in silico
observations may provide insight into future drug discovery: current research tends to focus strongly on
drug-like factors required for efficient host absorption and more emphasis should potentially be placed
on the ability of the drug to enter the infecting organism#5. This calls for an intermediate range of desired

values that take into consideration both host and pathogen permeation.

FIGURE 3.8. Molecular structures of BODIPY™ (A) and TAMRA (B). Images generated in Marvin Sketch.

46



BONCAT FOR THE EVALUATION OF PERMEABILITY

Determining the parameters that define a good permeator is essential in the rational design of drugs to
ensure that a compound is capable of reaching its intended target. This is especially true in the
development of anti-TB drugs as the thick, lipid-rich mycobacterial cell envelope presents a robust barrier
to the entry of many molecules'02. Extensive research has been directed towards defining permeation
parameters for the mycobacterial cell wall as it presents an intrinsic mechanism of drug resistance that
can prevent even the most potent drugs from reaching their targets4.192, In silico drug design allows for
rapid evaluation of large compound libraries to assess permeability of the Mtb cell wall by applying various
models based on molecular descriptors of structures predicted to exhibit effective penetration??!.
Although these bioinformatic approaches are powerful in their high throughput capabilities, there is a
need for empirical validation of these permeability predictions. This is further confounded by the
inefficiency of current approaches utilized to inform lead compound potency to provide an accurate
representation of Mtb infection, where enzyme inhibition assays fail to account for permeation and
minimum inhibitory concentration assays in standard laboratory media do not take the metabolic state of

Mtb in the harsh environmental niches of the host into consideration8®.101,

This set of experiments intended to discern the potential application of BONCAT as a means of
ascertaining molecular permeation of the mycobacterial cell wall through fluorescent readouts. The
methionine analogue, AHA, can be readily incorporated into newly synthesized proteins due to the
promiscuity of tRNAs and promises good coverage due to the high prevalence of methionine residues
across bacterial proteins’30. We expected to observe fluorescence only when the click-adapted
fluorophores gained entry into the cytoplasm and underwent cycloaddition with AHA; these assays, in
conjunction with in silico permeability prediction, provided a platform to establish molecular attributes of

compound penetration.

When determining the impact of click chemistry moieties on fluorophore permeation, experimental
findings showed close association with in silico predictions. The impact of molecular weight was made
apparent in the decreased fluorescence of the Cy3 an TAMRA DBCOs in comparison to their alkyne
counterparts, a finding in agreement with the permeation parameters set out by Christopher Lipinski in
defining a molecule with MW > 500g.mol! as being a poor permeator'42. The DBCO moiety also
severely impacted logD, increasing its value to result in a highly lipophilic compound that cannot gain
access to the cell at all (as seen for Cy3 and TAMRA DBCOs) or inhibiting its ability to pass beyond the

lipid-rich cell envelope and enter the cytoplasm (as seen for ROX DBCO). PSA exhibited a similar
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elevation in DBCOs, contributing a further adverse effect on permeation, as has been observed in
previous studies in mammalian cells'*. The known difference in reaction kinetics of alkyne and DBCOs
was addressed during method development, ensuring extended incubation times for DBCOs which
exhibit a slower reaction rate than their alkyne counterparts; however, this component of the study may
warrant future investigation to fully distinguish the effects of molecular structure on observed fluorescence
from those resulting from variations in reaction kinetics. The comparison of alkynes and cyclic alkynes
performed here provides a basis for applying click chemistry to the understanding of mycomembrane
permeation and the availability of several structurally distinct bio-orthogonal probes could be readily
applied to augment this strategy in developing a set of permeation parameters that accurately inform

rational drug design'13.

PERMEABILIZING THE MYCOBACTERIAL CELL ENVELOPE

The mycobacterial cell envelope constitutes a robust barrier to the entry of antibiotics, posing a critical
impediment to drug discovery's0. As such, a thorough understanding of the composition of the
mycomembrane and the mechanisms by which it regulates entry of molecules is paramount in informing
rational drug design®. The cell envelope of Mtb is a highly lipophilic environment that is capable of
undergoing remodelling under different environmental stresses in order to survive in the various
conditions presented by different sites of infection'®'. This makes the cell wall a desirable drug target,
both via direct killing through inhibition of essential cell wall biosynthetic enzymes and indirectly by

weakening structural integrity to allow easier access of compounds with intracellular targets33:5,

The impenetrability of the mycobacterial cell envelope often requires harsh chemical treatment to allow
for uptake of probes, commonly implementing degrading enzymes such as lysozyme to grant access to
intracellular components of the bacillus's2. However, lysozyme causes severe degradation of the
peptidoglycan layer and can result in lysis, making this method unsuitable for our purposes’ss.
Furthermore, lysozyme treatment is known to result in morphological changes and at elevated
concentrations can almost completely degrade the cell wall; these observations form the basis of the
second component of this work and are discussed in further detail in the subsequent chapter!54.155, We
opted to utilize treatment 80% ethanol to permeabilize the Msm cell envelope which resulted in a
significant increase in total BONCAT fluorescence that effectively displayed the efficacy of this agent to
destabilize the cell wall and allow for easier access of fluorophores to their intracellular target. These
experiments exhibited not only the impenetrability of the mycomembrane but the inherent heterogeneity

in permeability within a population that determines compound uptake on a single cell level.
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METABOLIC HETEROGENEITY IN MYCOBACTERIA

Phenotypic heterogeneity is a well-documented phenomenon that occurs during Mtb infection as the
bacteria adapt to the various environmental niches within the host and is now recognized as playing an
essential role in the emergence of persisterst27215, This heterogeneity not only contributes towards
effective in-host survival through changes in metabolic and physiological states, but also gives rise to
variations in drug susceptibility experienced by a bacterial population?. The ability of a single bacillus
within a population to enter a different metabolic state poses a major challenge for drug discovery as
many antibiotics prove ineffective in the face of such heterogeneity®. As such, it is essential to invest
ample research into understanding the level of heterogeneity present in mycobacterial populations and
the mechanisms underlying this phenomenon to inform ration drug design. Here, we sought to apply
BONCAT as a means of evaluating heterogeneity in protein expression on a single cell basis. The
variance observed when analysing single cell BONCAT fluorescence demonstrated the extent to which
a population of Msm growing under the same environmental conditions can exhibit cell-cell heterogeneity
in protein synthesis. Treatment with streptomycin to inhibit protein expression revealed a decrease in
population variance, suggestive of a more homogenous level of translational activity in response to
antibiotic treatment. These findings emphasized the capacity for BONCAT, an inexpensive and easily
applicable assay allowing for single cell analysis, as a proxy for enhancing our knowledge of phenotypic

heterogeneity.

FLUORESCENT ANTIBIOTICS IN DRUG DISOVERY

The application of fluorescent antibiotics in evaluating drug-target interactions provides an intriguing
strategy in advancing our ability to understand the mechanistic effects of antibiotic challenge on bacterial
growth dynamics and metabolic activity'®”. Such techniques also provide scope for in vivo studies that
give insight into bioavailability of drugs during host-pathogen interactions'®’. Taking advantage of the
small molecular weight of fluorescein and the reactivity of an amine residue located on the vancomycin
molecule, researchers were able to develop a fluorescent derivative of vancomycin to investigate
peptidoglycan biosynthesis in B. subtilis'®8.15%, Fluorophores such as fluorescein and BODIPY™ are
preferable in development of fluorescent antibiotics due to their low molecular weight, limiting the effects
of fluorescent tagging on target binding; however, the beneficial properties of click chemistry as a means

of probing biological systems makes it attractive for visualizing antibiotic localization in live cells'57.160.161,
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As previously mentioned, the small, unreactive moieties involved in the click chemical linking of probe

and target presents a highly effective means of investigating biological interactions'"!.

Recent work by Phetsang et al. utilized azide-functionalized drugs as a means of fluorescently tracking
antibiotic localization in several species of bacteria6%.61, Importantly, the authors reported that addition
of the azide moiety did not impact antibiotic efficacy, for both a linezolid analogue targeting Gram-positive
bacteria and a trimethoprim analogue for Gram-negative studies, emphasizing the potential of azide-
functionalized drugs as a powerful tool in elucidating mechanism of action'€0.161, |n collaboration with this
group, we were able to gain access to a set of azide-functionalized drugs for application in Msm. We
isolated three of these compounds that showed killing efficacy comparable to that of the native drugs and
went on to investigate their applicability in fluorescent labelling. Azide-functionalized vancomycin (1x
MIC) and roxithromycin (1x and 2x MIC) were unable to generate a signal exceeding background
fluorescence; as they showed effective killing in the growth inhibition assay confirming their ability to
penetrate the cell envelope to reach their targets, this result suggested that the intracellular concentration
of azide able to bind the fluorophore was insufficient in producing a detectable fluorescent signal. This
was highlighted by the lack of fluorescent localization seen for the vancomycin analogue at 2x MIC which,
owing to its activity being dependent on binding to peptidoglycan residues, is expected to localize to the
cell wall'®®, However, the azide-functionalized linezolid analogue showed some promise, displaying a
reasonable amount of fluorescence at 2x MIC. These experiments represent a proof of concept that, with
future development of more powerful fluorescent probes, click chemistry might be readily applied as a

quick and inexpensive means of conferring drug permeation and localization in mycobacteria.

Conclusion

Mycobacteria are notorious for their uniquely impermeable cell wall that poses innumerable obstacles to
effective drug administration3®. The majority of ongoing research into novel drugs selects a lead
compound, usually from a biological source, and uses mathematical and bioinformatic calculations to
develop a panel of derived potential drug compounds’s2. We hypothesized that adaptation of the
BONCAT protocol as a proxy for drug permeation, in combination with in silico permeability prediction,
could provide beneficial insight into desirability of candidate molecules. Use of fluorescent dyes with
modified side chains and ring structure could prospectively present a quick, inexpensive and simple assay
to biochemically elucidate the desirable properties of a candidate molecule. Coupling of calculated

molecular properties to predict mycobacterial cell envelope permeation with BONCAT provided a platform
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for elucidating how well these predictors represent permeation in empirical investigations. The small set
of click-functionalized fluorophores tested allowed us to demonstrate the impact of different moieties on
mycobacterial permeation and, combined with the substantial collection of commercially available click
chemistries utilizing different reactive groups and coupling mechanisms, provided a basis for future work

in applying these side chains to better understand the properties contributing to molecular permeability12.

The second component of this study aimed to apply BONCAT in mycobacteria to profile the variability of
protein activity within apparently homogenous bacillary populations. The population variance observed
for single cell BONCAT fluorescence revealed heterogeneity in protein expression that was reduced upon
treatment with a protein synthesis inhibitor. These findings provide a foundation for further investigation
into how different antibiotics affect heterogeneity in translational activity. Furthermore, elucidating the
mechanisms behind this heterogeneity could further clarify the parameters defining persistent and
tolerant bacilli. Moreover, it could prove very useful in delineating translational inhibition as part of

mechanism of action studies for novel TB drug discovery.
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CHAPTER 4: CELL WALL DEFICIENCY IN MYCOBACTERIUM
SMEGMATIS

Background

L-FORM BACTERIA: A BRIEF HISTORY

Morphologically atypical bacteria were most notably recorded in the 1880s, especially by Ernst B.
Almquist working with Vibrio cholerag?’. Similar work was performed in Mycobacterium tuberculosis (Mtb)
by Elie Metchnikoff in 1888 and parallels can be drawn across studies conducted during this period,
involving several bacterial species and reflecting strong interest in plotting the so-called life cycle of a
bacterium?’.163, Although cell wall deficient (CWD) forms of bacteria have been noted as far back as 1852,
they entered the spotlight when observed and cultured in 1935 by Emmy Klieneberger at the Lister
Institute in London. Klieneberger designated these bacteria L1 and L2 (named for the Lister Institute),
noting their similarity to the causative agent of pleuropneumonia and identifying them as members of this
group of organisms which were later classified as Mycoplasma26:27.164, |n 1937, Louis Dienes advanced
this work by exhibiting a pathogenic capacity of the so called “L-organisms” and their apparent evolution
from canonical bacterial parent cells'®. Although noting their distinct fragility and pleomorphic properties,
Dienes was able to culture the L-organisms indefinitely, providing evidence for their independence from
the parental bacillus'®s. Soon after, the reversion of L-forms to the parental phenotype was observed,
incontrovertibly distinguishing L-forms from Mycoplasma'®. From that point forward, there was an
abundance of literature concerning L-form bacteria, elucidating their chemical composition and
understanding their role in disease pathogenesis?®.166-169. However, research diminished due to the
challenges accompanying this avenue of interest, specifically the complexities inherent in L-form isolation
and cultivation in conjunction with their obscure and unquantifiable role in pathogenicity. Intriguingly, over
the past few years, there has been a resurgence in research into CWD bacteria'’0.171, Revival of the field

compels further research in applying past knowledge to modern technology.

CLASSIFICATION OF CELL WALL DEFICIENT FORMS

Scattered throughout the literature are the terms “L-form”, “L-phase”, “L-variant’, “protoplast’,
‘spheroplast” and “cell wall-deficient”, presenting much ambiguity in the details that separate one
definition from another. L-form bacteria were first noted to be similar to protoplasts in 1957 but deemed
distinct in their ability to reproduce'”2. Following this, the initial designation of “L-form” was given to stable

variants of bacteria that lacked a cell wall and exhibited Mycoplasma-like colony growth?’. However,
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certain studies still used the word “spheroplast” in defining these cell wall deficient bacteria'73.174, This
abstruse nomenclature can be simplified into four broad categories of cell wall deficiency - namely, stable
and unstable forms of both protoplasts and spheroplasts that arise from a parental walled organism
(FIGURE 4.1). Protoplasts are defined by electron microscopy as devoid of any cell wall structure, whereas
spheroplasts retain residual cell wall components; however, both can be considered L-forms if they are
capable of replication!”s. Further subdivision into stable and unstable L-forms is determined by their ability
to revert to parental cell wall status (unstable) or to replicate indefinitely as L-forms (stable) in the absence

of cell wall synthesis inhibitors'7s.
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FIGURE 4.1: Categorizing cell wall deficiency. Spheroplasts and protoplasts are considered stable when
capable of producing cell wall-deficient progeny and unstable when reverting to wild-type, cell wall replete state.

INDUCTION AND MAINTENANCE OF CELL WALL DEFICIENCY

Initially, L-forms were isolated solely from clinical samples and subjected to penicillin as a means of
isolation from cell wall replete organisms'76. Upon removal of penicillin, reversion to walled bacilli could
be observed in broth culture, suggesting these organisms to be unstable L-forms'76.177, In 1958, Claes

Weibull implemented lysozyme treatment in sucrose solution as a means of generating L-forms; this
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method was refined over the next decade and is still the most commonly applied protocol today®3.178-180,
The development and survival of L-forms rely on two key criteria; firstly, peptidoglycan synthesis must be
inhibited and, secondly, an osmotic stabilizer must be present in the growth medium to prevent lysis.
Inhibition of cell wall synthesis can be achieved in various ways: external factors such as lytic enzymes
and cell wall inhibiting antibiotics can be utilized; alternatively, genetic manipulation can give rise to
mutants that have lost the ability to synthesize cell wall components!s5.181. Maintaining an osmotically
stable environment is critical to unstable L-form survival, and this is most commonly achieved by use of
a sucrose buffer but can also utilize various salt solutions to the same end'%. It is possible for stable L-
forms to arise through passage in various media or by treatment with mutagenic agents, but this can be
a challenging and time-consuming process'?. Interestingly, successful induction seems more likely to
occur under anaerobic as opposed to aerobic conditions'82. This hypothesis was recently confirmed in
Bacillus subtilis, in which absence of a cell wall was found to result in increased flux through the glycolytic
pathway, increasing the risk of generating reactive oxygen species'®. L-form functionality and growth
could be restored when glycolysis was bypassed, either by depleting oxygen or utilizing the
gluconeogenesis pathway'83, Furthermore, whilst many Gram positive and Gram negative bacteria have
been successfully converted into a CWD state, tailored media and methods can be required for certain
species whereas others are seemingly impossible to transform?95, When considering observation of these
CWD variants naturally arising in bacterial populations, the aforementioned treatments are not so much

‘inducers’ of cell wall deficiency but rather selective agents?’.

L-FORMS IN PATHOGENICITY

The clinical relevance of CWD bacteria and their role in disease outcome remains controversial despite
being studied for an extensive period. The very first L-forms isolated were from Streptobacillus
monoliformis, found in the naso-pharynx of rats and now known to cause Rat Bite Fever26-28. Following
this discovery, L-forms were isolated from a wide range of pathogenic bacteria including Streptococcus
spp., Nocardia spp. and Mycobacterium spp29:166.184.185 Although it is generally accepted that L-forms
can arise within a host as a result of antibiotic treatment or via host immune interactions, it is less clear
whether the bacteria have any role in actively causing disease when present in this state'85. One
intriguing avenue of investigation postulates that CWD bacteria are involved in persistence of certain
diseases: the lack of a cell wall allows evasion of cell wall targeting antibiotics so that, upon completion

of treatment, the bacteria revert back to their native, walled state and are able to cause disease
again’8.79,105.185,
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Several poorly characterized chronic conditions may be explained by the presence of CWD bacteria, an
example being their association with relapse in urinary tract infections (UTI)7. In certain cases of chronic
renal disease, where no expected species of bacteria can be cultured, the search has been redirected to
CWD forms and microscopy has successfully revealed their presence in both urine samples and renal
epithelial sections'8.187, The chronicity of such ailments appears consistent with hypotheses that CWD
bacteria can act as persisters, causing relapse of active disease after an indeterminate period of time. L-
forms implicated in urinary and renal infections have been found to revert to Streptococci, which has also
been shown to be the case in rheumatic fever and aphthous stomatitis'®. It has been suggested that
these variants are induced by cell wall targeting antibiotics administered during UTI treatment and can
remain viable in the kidneys to later cause recalcitrance of disease’® 189, The kidneys provide a potentially
supportive environment for the survival of CWD organisms given their hypertonicity might promote
conversion of wild-type bacteria to a CWD state'®. Furthermore, it has been shown that altering kidney
osmolarity by ingestion of glucose water can result in lysis of CWD forms, clearing infection'®!. The
hypertonic nature of the urinary tract and normal acidity of urine are factors that further promote
conversion to a CWD state and allow maintenance of bacteria in this form, making it likely that there is
constant flux within the system between traditional and aberrant variants of its bacterial
inhabitants2’.192.193 A recent study supporting these hypotheses found L-form Escherichia coli present in
the urinary tracts of patients suffering from recurrent UTI7. Walled bacteria from urine samples were
capable of transitioning to an L-form state in the presence of cell wall-targeting antibiotics, and these L-
forms retained the ability to revert to wild-type organisms?®. These findings show the potential implications

of L-form switching as a physiologically relevant event in certain disease states’.

A major confounder to fully understanding CWD pathogenicity lies in the difficulty to culture and identify
these atypical organisms, with most clinical culture methods resulting in loss of L-forms owing to their
osmotic instability, their low proportion within a bacterial population, and their significantly slower rate of
replication'®4. Another complication lies in the lack of modern evidence utilizing advanced methods; the
majority of research in this area was carried out before the advent of molecular techniques and comprises
primarily of small case studies utilizing variable methods of detection and culture, undermining
reproducibility and credibility'85.19. Notwithstanding these concerns, the weight of historical and —
increasingly — modern reports suggests that CWD bacteria should not be disregarded owing to their
potential role in persistence. Also, the potential for decreased but not completely absent
immunomodulatory properties suggests they might prove useful in eradicating chronic disease, and in

aiding vaccine development'9.
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MYCOBACTERIAL L-FORMS

Cell wall deficient mycobacteria have been associated with Crohn’s disease and sarcoidosis; for example,
CWD Mycobacterium avium subsp. paratuberculosis (MAP) is a bacterium responsible for Johne’s
disease in livestock'8.19%.197  Sarcoidosis is a disease with unknown aetiology, resulting in the
development of granulomas most commonly in the lungs, lymph nodes, or skin'%. Several studies have
isolated CWD forms of both MAP and Mtb from sarcoidosis patients but no direct role of mycobacteria
has been demonstrated in the pathogenesis of the disease!94.199-201, Similarly, while CWD MAP has been
found in patients across several studies of Crohn’s disease, a disorder characterized by inflammation of
the bowel, it is yet to be proven that CWD mycobacteria are the causative agent. Notably, there is no
clinical evidence of antimycobacterial treatment having a positive effect on disease outcome?9:202,
Crohn’s disease has more recently been attributed to dysbiosis of the gut microbiome caused chiefly by
alterations in diet, being labelled as a polymicrobial infection203. However, with both sarcoidosis and
Crohn’s, there is an immune-reactive component that appears to enhance disease symptoms, bearing a
striking resemblance to several other chronic infections in which a role for CWD bacteria has been

proposed?9.203,

Mtb L-forms were most notably isolated from pulmonary TB patients in 1960 by Lida H. Mattman, a
pioneer in the field of mycobacterial L-form research?7.204, Mtb L-forms have subsequently been isolated
from TB cases by several groups, hinting at their importance in disease status'#420". Artificially generated
CWD Mtb has been shown to persist within the lungs of guinea pigs for an extensive period of time without
causing disease and only exhibiting pathogenic properties upon reversion to the bacillary state??. Studies
carried out in Russia have found CWD Mtb to be the cause of relapse and destructive cavities in patients
showing a false negative result for bacillary growth in conventional culture?”.1%. More recent studies have
noted the unique properties of CWD Mtb formed in vitro from clinical strains, including their potential to
confer phenotypic resistance to cell wall synthesis inhibitors?7-155.205. That work highlights the potential
importance of L-forms in persistence and recurrence of TB, but also emphasizes the need for more
reliable and universally implemented methods of detecting CWD bacteria, including trials with large

enough participant cohorts to provide statistical support for the significance of these findings 8.

CELL WALL DEFICIENCY AS A TOOL IN MICROBIOLOGY

The utilization of CWD bacteria to study the enzymes involved in cell wall synthesis is increasingly popular
owing to the importance of understanding cell wall biosynthetic pathways in developing effective cell wall

targeting antimicrobials. The role of the flippase enzyme, MmpL3, in transporting trehalose

56



monomycolates to the mycobacterial cell wall was recently elucidated in Msm by utilizing CWD bacteria
in combination with metabolic labeling techniques®. Similarly, Melzer et al. applied CWD Msm in
conjunction with fusion proteins and metabolic labelling to demonstrate the role of the protein DivIVA in
polar envelope assembly'%4. Vibrio cholerae spheroplasts have been used to study the Type VI secretion
system which plays an important role in the virulence of this organism, again in combination with modern
techniques such as fusion proteins and fluorescent time-lapse imaging2%6. These examples highlight the

potential for CWD bacteria as important research tool.

Several studies have utilized B-lactams to demonstrate the capacity for cell wall deficiency as a bacterial
survival strategy. The long-standing method of confirming L-form morphology was via electron
microscopy (EM), which defined protoplasts as possessing a cell membrane only and spheroplasts as
retaining some cell wall remnants'75. More recently, with the use of molecular techniques and advances
in widefield microscopy, limited peptidoglycan synthesis has been confirmed as essential for survival and
propagation of Gram negative L-forms207. However, this almost negligible peptidoglycan biosynthetic
activity seems to be unaffected by cell wall-targeting enzymes. For example, Bacillus subtilis is capable
of generating and propagating L-forms under Iytic conditions such as those experienced in the host
macrophage to avoid cell death'>. Similarly, L-forms have been shown to play an important role in
phenotypic resistance of Mtb to the frontline drug, ethambutol””. The target of ethambutol is an enzyme
responsible for the polymerization of arabinose monomers which make up a portion of the
mycomembrane; by sloughing its cell wall, the mycobacterial L-form renders the drug ineffective’’. Other
work has shown that heat stress in E. coli and nutrient starvation in Mtb can lead to the formation of CWD
bacteria as a mechanism of survival205208, Combined, these studies strongly suggest that cell wall

deficiency may play a central role in bacterial persistence under stress conditions.

A major driver behind the use of CWD bacteria in biotechnology is their increased permeability in
comparison to their walled counterparts. They were initially used as expression systems because
transformation of plasmid DNA proved easier without the obstacle of a fully intact cell wall and protein
yields were found to be comparable to those of conventional expression systems105209, The absence of
a cell wall proved beneficial in a multifactorial manner; amongst others, the protein product of the plasmid
no longer became trapped within the periplasm and was not exposed to extracellular proteases?'0. A
more recent paper proposed the utilization of L-forms with the intent of creating a simple system for the
synthetic design of therapeutic phages'. In their study, Kilcher et al. subjected Listeria L-forms to both

native and synthetic phage genomes in an attempt to develop a robust system for the rebooting of phage
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DNA for propagation of viable phages'®. This study provides an excellent example of the potential
applications of CWD bacteria in the fields of synthetic biology.
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Results

GENERATION OF CELL WALL DEFICIENT MYCOBACTERIUM SMEGMATIS

Previous investigations into the development of CWD bacteria have implemented various strategies to
chemically strip the cell wall. In this study, we adopted a protocol in which Msm was grown in medium
containing 1.2% glycine to initiate the process of spheroplasting, with addition of lysozyme in an
osmotically stable medium causing further degradation of cell wall components. Successful generation
of CWD Msm organisms was determined using phase contrast and fluorescence microscopy (FIGURE
4.2A). An Msm parB::mCherry bioreporter mutant'?” was used as the experimental strain to ensure the
maintenance of the same species throughout the spheroplasting process based on the expression (and
detection) of the endogenous fluorophore. This was validated using fluorescence microscopy and PCR
amplification of the mCherry gene (FIGURE 4.2A&B).

The essentiality of an osmoprotective environment was investigated by placing CWD organisms in
standard 7H9 medium. This resulted in both cell lysis, expected due to the fragility of CWD bacteria, and
apparent reversion to a walled state (FIGURE 4.2C). In the presence of only a semi-permeable
cytoplasmic membrane, bacteria become extremely sensitive to changes on osmolarity, whereas cell wall
replete organisms can withstand such environmental changes and maintain osmotic pressure. Therefore,
the results indicated that some Msm spheroplasts were unable to cope with the changes in osmotic
pressure and underwent lysis, whereas others appeared to regenerate cell wall components in response

to the environmental changes experienced.
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FIGURE 4.2: Lysozyme treatment degrades cell wall components. (A) Microscopic validation of Msm
parB::mCherry when cell wall replete (top), during initial stages of spheroplasting in the presence of 1.2% glycine
(middle), and following complete loss of cell wall components after lysozyme treatment (bottom). (B) PCR
validation of species maintenance throughout the treatment by continued presence of the Msm metH gene (Lane
1, cell wall replete; Lane 2, lysozyme treated). Molecular Weight Marker Il (Roche Diagnostics) was used to
estimate PCR product size (2382bp). (C) Morphological changes observed in spheroplasts following transfer to
standard Middlebrook 7H9 medium. All image analysis was carried out in ImageJ.
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TIME-LAPSE MICROSCOPY OF SPHEROPLAST FORMATION

To fully understand the steps involved in spheroplast formation, time-lapse microscopy was used to
monitor cell wall degradation over time (FIGURE 4.3). Treatment was initiated in culture with the addition
of 1.2% glycine for 16h before loading the bacteria in a CellASIC® ONIX2 bacterial plate and perfusing
1.2% glycine and lysozyme into the viewing chamber for time-lapse microscopy. Within 3h of exposure
to lysozyme, the cells began to undergo minor morphological changes; by 7h, fully formed spheroplasts
were observed. The intensity of the phase contrast decreased as the cells underwent morphological
changes, implying the loss of cell wall components. Furthermore, once spheroplast formation had taken
place, a ‘shell’ was often visible which suggested the spheroplasting process separated the surviving
structure from the cell wall (FIGURE 4.3, bottom panel).

"

FIGURE 4.3: Time-lapse microscopy reveals formation of cell wall deficient Msm. An osmoprotective
medium containing 1.2% glycine and lysozyme was perfused across wild-type Msm for 18h to visualize
morphological changes experienced by bacteria in response to chemical treatment to degrade cell wall
components. Time-lapse microscopy was carried out using a CellASIC® ONIX2 microfluidic device and Zeiss
Axio Observer inverted microscope. Image analysis was done in ImageJ. Scale bars represent 3um.



INVESTIGATING LOSS OF CELL WALL COMPONENTS

Staining the Mycolic Acid Layer

To investigate the changes in cell wall structure resulting from lysozyme treatment of Msm, we began by
analyzing mycomembrane composition utilizing DMN-trehalose. This fluorescent trehalose analogue is
incorporated into trehalose monomycolates, the building blocks of the mycomembrane, where it
experiences a substantial increase in fluorescence in the hydrophobic environment of the cell wall,

allowing for visualization under the microscope?!".

Both wild-type Msm and derivative spheroplasts were exposed to DMN-tre for 20min at 37°C before
fluorescence quantification. When comparing the distribution of fluorescent signal across the medial axis
of individual cells, we quickly noted that cell wall replete bacilli exhibited stronger fluorescence than
spheroplasts (FIGURE 4.4A&B). There was a distinct localization pattern in wild-type organisms in which
fluorescence was concentrated at the poles, an effect readily discernible in the representative images
(FIGURE 4.4D) and in agreement with previous research into the polar growth dynamics of
mycobacteria®®. It was also clear that, with increasing cell length, we more frequently saw a fluorescent
focus appearing towards the centre of individual rods, representing the accumulation of cell wall material
at the site of septum formation for division8. In stark contrast, spheroplasts exhibited very low levels of
fluorescence with no apparent localization, strongly suggesting that mycolic acid biosynthesis had not
taken place. We observed low-level, mid-cell fluorescence in spheroplasts that increased with cell length,
perhaps implying a slow accumulation of cell wall constituents required to reconstruct the mycolic acid
layer. Comparison of whole-cell fluorescence between samples showed a significant decrease in
spheroplasts, reiterating our interpretation that these organisms were not actively synthesizing

mycomembrane components (FIGURE 4.4C).
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FIGURE 4.4: Decreased incorporation of mycomembrane stain in spheroplasts. Demographs displaying
single-cell medial axis profiling of DMN-tre fluorescence in wild-type (A) and spheroplast (B) Msm. Whole-cell
fluorescence was quantified for each cell type (C) and representative fluorescent images of each sample were
generated (D). Fluorescence was visualized using a Zeiss Axio Observer and quantified in ImageJ. For each
condition, 100 cells were measured in triplicate and Student’s t-test was performed to determine significance,
p=0.005.
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Peptidoglycan Staining

The peptidoglycan layer is considered essential for bacterial survival in almost all environments2'2; it was
important, therefore, for us to investigate the potential (and extent of) loss of this structure in spheroplasts.
To this end, we utilized the metabolic probe, N-acetyl-D-alanine (NADA), a fluorescent D-alanine
analogue that is metabolically incorporated into the peptidoglycan layer during active synthesis?'3. As
before, both Msm morphotypes — wildtype and spheroplasts — were incubated with NADA for 20min at
37°C before visualization. Medial axis profiling revealed a strong fluorescent signal in cell wall replete
bacilli that exhibited similar polar localization patterns to those seen with DMN-tre (FIGURE 4.5A&D).
However, fluorescence was also observed across the midsection of wild-type cells, agreeing with other
findings that peptidoglycan synthesis occurs not only at the poles but also along the sidewalls of
mycobacterial species?. NADA staining of spheroplasts differed markedly from that seen in wild-type
(FIGURE 4.5B), exhibiting near-complete absence of fluorescence and no localization patterns; this
suggested little to no peptidoglycan synthesis. Analysis of whole-cell fluorescence revealed significantly
decreased probe incorporation in the cell wall deficient variant, in concordance with medial axis profiling
and mycomembrane staining data. These results further supported the hypothesis that, given an
osmoprotective environment, these variants are capable of surviving in the absence of cell envelope

components that are conventionally considered essential to most bacteria.
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FIGURE 4.5: Peptidoglycan staining is reduced in spheroplasts. Demographs displaying single-cell medial
axis profiling of NADA fluorescence in wild-type (A) and spheroplast (B) Msm. Whole-cell fluorescence was
quantified for each cell type (C) and representative fluorescent images of each sample were generated (D).
Fluorescence was visualized using a Zeiss Axio Observer and quantified in ImagedJ. For each condition, 100 cells
were measured in triplicate and Student’s t-test was performed to determine significance, p=0.005.

Plasma Membrane Staining

The lipophilic styryl dye, FM™4-64, was used to investigate the changes in plasma membrane
composition between wild-type cells and derivative spheroplasts. FM™4-64 is highly lipophilic, requiring
very short incubation times in mammalian cells to prevent endocytosis and ensure labelling of only the
plasma membrane. As this dye has very broad specificity, it was predicted that lipid-based components
of the mycomembrane such as the free lipids and various mycolates found in this layer of the cell wall
would incorporate the stain along with the lipid components of the plasma membrane. As a result, the
cell wall replete wild-type bacteria were expected to incorporate higher levels of FM™4-64 than their cell

wall deficient counterparts.

Wild-type and spheroplast Msm were stained with FM™4-64 and fluorescence was quantified to inspect
variations in labelling efficiency. Interestingly, the CWD bacteria showed significantly lower staining
capacity when compared to wild-type (FIGURE 4.6A). This finding substantiated our hypothesis that
lysozyme treatment removes most cell wall components, leaving behind the plasma membrane as the

only layer encasing the organisms.
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FIGURE 4.6. Spheroplasts exhibit plasma membrane staining. (A) Whole-cell fluorescence of wild-type and
spheroplast Msm. (B) Representative images of wild-type and spheroplast bacteria stained with FM™4-64.
Fluorescence was visualized using a Zeiss Axio Observer and quantified in Imaged. For each condition, 100 cells
were measured in triplicate and Student’s - test was used to determine significance, p=0.005.

ARE CWD BACTERIA CAPABLE OF PROLIFERATING?

Studies in Bacillus subtilis have tracked the potential for CWD bacteria to undergo replication, revealing
a primitive mechanism by which excess membrane synthesis drives fission2'5, The potential that
mycobacteria might be capable of replication in the absence of a cell wall was intriguing, and suitable for
investigation in Msm using time-lapse microscopy (FIGURE 4.7). Image analysis revealed patterns similar
to those seen in studies conducted in B. subtilis, with cells displaying a blebbing mechanism consistent
with an attempt to generate an excess of membrane components. This is thought to cause a shift in the
surface area to volume (A/V) ratio of the organism that drives fission into daughter cells in order to restore
the ratio to within normal limits. The top two panels display instances of cellular expansion that alter the
A/V ratio and the bottom two panels show tubulation and blebbing processes that allow for the budding
of daughter cells (FIGURE 4.7). These finding suggested that, once bacteria had been stripped of their

cell wall, they did not simply persist in an inactive state but were potentially capable of replicating.
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FIGURE 4.7. Excess membrane synthesis in spheroplasts. Excess membrane synthesis in spheroplasts can be seen in the top two panels. The bottom two
panels show blebbing and tubulation to produce progeny. Time-lapse microscopy was carried out using a GeneFrame® placed on the incubated stage of a Zeiss
Axio Observer inverted microscope. Image analysis was done in ImageJ. Scale bars represent 3um.
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The ParB protein is involved in chromosome partitioning during cell division. Following DNA replication,
ParB binds near the origin of replication (oriM) and pulls chromosomes towards the poles in preparation
for cell division'07. We sought to utilize this protein to investigate alterations in nucleic acid localization in
spheroplasts using a chromosomal parB::mCherry translational fusion'%”. Fluorescence microscopy was

used to visualize localization of the ParB protein and fluorescent maxima were counted.

Spheroplasts displayed a decrease in number of ParB::mCherry foci when compared to wild-type, cell
wall-replete Msm (FIGURE 4.8A&B). Wild-type cells exhibited between 1 and 5 foci, with ~50% of the cells
analyzed (149/300 cells) containing 2 foci. This observation was in accordance with the role of the ParB
protein in partitioning newly replicated chromosomes in preparation for cell division%”. In contrast, the
majority of spheroplasts displayed only a single focus (237/300 cells) suggesting diffusion of the ParB
protein throughout the cytoplasm. It is tempting to suggest these findings are consistent with previous
reports of a FtsZ-independent mode of proliferation in CWD organisms2'5. Nearly all bacteria require FtsZ
to develop a Z-ring at the site of cell division; in rod-shaped bacteria, this process is closely coupled with
polar signals that allow for the correct partitioning of chromosomes and cytoplasmic components in
preparation for division2'5. The structural and morphological changes required to generate spheroplasts
may have resulted in loss of polar signaling as cells transitioned from a rod to sphere shape. ParB
therefore appears to have lost its role in chromosome partitioning in spheroplasts due to the absence of

polar signaling, resulting in the diffuse signal seen in FIGURE 4.8B.

These findings were validated using Syto™9. This cell membrane permeating nucleic acid stain displays
enhanced fluorescence when bound to DNA or RNA. Although this fluorophore is capable of staining
RNA as well as DNA, it can be used as an indicator of chromosome number within a cell due to the
fluorescent foci that develop when a chromosome is in its condensed state. As such, this assay aimed to
confirm the internal fluorescence properties exhibited by ParB::mCherry in wild-type and spheroplast
Msm. Fluorescence microscopy was utilized to visualize and quantify the staining intensities and

localizations of Syto™9 in both wild-type and spheroplast bacteria.

Evaluation of Syto™9 fluorescent maxima showed concordance with parB::mCherry data: whereas wild-
type cells showed a wide distribution of maxima (between 0-8 per cell), spheroplasts largely contained a
single maximum (209/300 cells) (FIGURE 4.8C). Again, the single focus detected in spheroplasts
appeared to be due to the presence of diffuse signal throughout the cell, whereas cell wall replete bacilli
showed distinct fluorescent foci (FIGURE 4.8D). These findings indicated that wild-type cells were actively
undergoing DNA condensation in preparation for cell division, whereby spheroplasts were likely unable

to carry out this process. This could be due to reduced metabolic rate and/or, as previously observed in
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our time-lapse experiments, possible unconventional methods of replication in CWD bacteria that do not
conform to the typical route of chromosomal condensation and segregation generally observed in bacteria

preparing for cell division2'6,
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FIGURE 4.8: Spheroplasts show loss of chromosome localization. The number of fluorescent maxima were
counted for wild-type and spheroplast Msm for the endogenous parB::mCherry tag and the exogenous Syto™9
nucleic acid stain (C) and representative images of ParB::mCherry fluorescence (B) and Syto™9 fluorescence (D)
can be seen for each variant. Fluorescence was visualized using a Zeiss Axio Observer and quantified in Image.J.
For each condition, 100 cells were measured in triplicate.

OXIDATIVE STRESS IN SPHEROPLASTS

Oxygen is the terminal electron acceptor of energy production in all aerobic organisms'0. However,
reactive oxygen species (ROS) can be produced as byproducts of this pathway, causing damage to
essential metabolites within the cell and resulting in oxidative stress'702'7_ |t has previously been shown
in B. subtilis that oxidative stress is a major factor affecting the viability of CWD bacteria'”0. To investigate
whether this holds true in mycobacteria, the fatty acid analogue, BODIPY™ 581/591 C11, a probe of lipid
peroxidation, was used to assess the level of oxidative stress experienced by spheroplast Msm.
BODIPY™ 581/591 C11 is incorporated into all lipids, fluorescing red under normal conditions but
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undergoing a shift to green fluorescence upon oxidation by free radicals'?. Fluorescence microscopy
was utilized to visualize BODIPY™ 581/591 C11 fluorescence and quantify the level of lipid peroxidation
experienced by wild-type and spheroplast Msm. This was achieved by normalizing the fluorescence
resulting from lipid peroxidation (green) to that of total lipid content (red).

As a proxy for oxidative stress, wild-type Msm was treated with H,O, which reacts with Fe?* ions to
produce *OH radicals?'®. Wild-type bacteria treated with H202 showed significantly higher levels of
oxidative stress compared to untreated cells, providing a positive control for the efficacy of the probe in
detecting increased levels of free radicals. The lipid peroxidation of H.O-treated wild-type bacteria
resembled that experienced by spheroplasts but was significantly lower. This large increase in oxidative
stress experienced by spheroplasts was suggestive of a metabolic imbalance elicited by the removal of
the cell wall (FIGURE 4.9A). Representative images clearly show the elevated levels of peroxidation-
associated fluorescence for H2O:-treated and untreated spheroplast variants (FIGURE 4.9B). These
results correspond with those reported in previous B. subtilis studies, suggesting that elevated oxidative

stress is experienced when Msm is stripped of its cell wall components!70.
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FIGURE 4.9. Cell wall deficiency results in increased lipid peroxidation. BODIPY™ 581/591 C11 fluorescence
was used as a proxy for oxidative stress, with peroxidized lipid normalized against total lipid content. (A) Normalized
fluorescence in spheroplasts compared to wild-type and H,O--treated Msm. (B) Representative images of C1s-
BODIPY%81591 staining (magenta indicates total lipid content, cyan indicates peroxidized lipid). Cyan fluorescence
was normalized against unstained cells before fluorescence analysis to account for autofluorescence in this
channel. Fluorescence was visualized using a Zeiss Axio Observer and quantified in ImageJ. For each condition,
100 cells were measured in triplicate and a pairwise comparison was used to determine significance, p=0.005.
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PROTEOMIC PROFILING OF THE CELL ENVELOPE

We next set out to validate our microscopic findings by implementing a fractional proteomic analysis
adapted from Hermann et al2'®. Their protocol is based on centrifugation of protein digests at varying
speeds to allow for the separation of cytoplasmic from cell envelope and cell debris fractions. Applying
this method, in which each fraction was subjected to label-free LC-MS/MS, vyielded a total of ~2800
proteins across all samples. After filtering for common contaminants and reverse hits, proteins with g-
value < 0.01 and two or more unique peptides were used for downstream analysis. Only proteins present
in all three replicates for each fraction were included (TABLE 4.1). Owing to the lipid rich nature of the cell
envelope, these fractions yielded the lowest amount of protein, whereas the debris fractions contained

the most proteins given that it comprised all insoluble molecules.

TABLE 4.1. Proteins present in all three biological replicates of wild-type and spheroplast samples for each
fraction and those that were significantly associated with a functional category from either the Gene
Ontology or KEGG databases

Cell Envelope Proteins Cytoplasmic Proteins Cell Debris Proteins

Present in All 3 Replicates

Wild-type 325 657 844

Spheroplast 244 557 811
Functionally Annotated

Wild-type 167 407 507

Spherop|ast 132 344 451

Functional annotation of proteins present in each fraction was carried out using the ClueGO application
within Cytoscape?20.22', Ontologies and pathways recognized in Mycobacterium smegmatis str. mc2155
were assembled from GO Molecular Function, GO Biological Process, GO Cellular Component and
KEGG to assign function to the identified proteins in each fraction. Only proteins that showed significant
association with each pathway were included in the analysis; this allowed us to generate functional
networks representing the number of identified proteins associated to a particular pathway (represented
by node size) and the level of significance with which these proteins were linked to each category

(represented by node colour).

We initially looked at functional annotation for all proteins present in all three replicates for each fraction
for both wild-type and spheroplasts (FIGURE 4.10). Analysis of the cytoplasmic fractions revealed little
difference between each condition (FIGURE 4.10 E & F). The cell envelope fractions showed a high level

of contamination with known and predicted cytoplasmic proteins; however, the wild-type samples
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included 33 proteins associated with ABC transporter activity and 10 proteins associated with protein
export (FIGURE 4.10A) - functional categories that were absent in the spheroplast cell envelope fraction
(FIGURE 4.10B). Similarly, the wild-type debris fraction contained proteins linked to ABC transporter
activity, protein export, and membrane components (FIGURE 4.10C). Interestingly, the spheroplast cell
debris samples also showed association with membrane components and protein export (FIGURE 4.10D)
which suggested these proteins may be closely linked to the plasma membrane and not the cell wall,
resulting in their ability to remain intact during the spheroplasting process. Only 77 proteins in the
spheroplast samples were found to be integral to the membrane, whereas the cell wall replete fraction
showed 179 protein associations (Supplementary Information 2), strongly suggesting loss of a large
proportion of components associated with the membrane. Together, these results implied an extensive
decrease in cell envelope-associated proteins in spheroplasts, supporting previous experimental findings
that lysozyme treatment causes degradation of the outer layers of the mycobacterial envelope.
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FIGURE 4.10. Altered protein content in spheroplasts. Functional categories from the Gene Ontology and
KEGG databases were assigned to proteins present in each fraction for wild-type cell envelope (A), debris (C), and
cytoplasm (E); or spheroplast cell envelope (B), debris (D), and cytoplasm (F). Node size represents the number
of genes mapped to each functional category. Only functional categories that showed significant association
(p<0.05) with identified proteins were included in the analysis. Analysis was carried out using ClueGO within

Cytoscape.
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Next, we sought to remove any cytoplasmic contaminants from the data that may have skewed the
functional associations found in each fraction. To this end, we performed bioinformatic enrichment to filter
out all proteins present in the cell envelope or cell debris fractions that were also found in the cytoplasmic
samples. Cytoplasmic contaminants constituted 169 of the 244 proteins identified in the spheroplast cell
envelope fraction and 148 of the 325 wild-type cell envelope proteins. Analysis of the proteins unique to
these fractions provided further clarity on the proteins found in the cell envelope (FIGURE 4.11). For
example, the proteins contained within the wild-type cell envelope following filtering of cytoplasmic
proteins consisted solely of ABC transporters, protein exporters, and plasma membrane components
(FIGURE 4.11A). In stark contrast, there was a notable reduction in proteins significantly linked to a
functional category in the spheroplast cell envelope samples, with a few proteins assigned to protein
export and transmembrane transport and others associated with cytoplasmic functions (FIGURE 4.11B).
Of the 844 proteins present in the wild-type cell debris fraction, 523 were absent in the cytoplasmic
fraction, while the spheroplast debris sample contained 476 proteins after removal of cytoplasmic
contaminants. Functional annotation of these filtered protein sets showed similar results to those seen in
the cell envelope. A majority of proteins found in the wild-type sample were linked to the ABC transporter
superfamily, with others showing involvement in peptidoglycan biosynthesis, protein export, cell
membrane and cell periphery (FIGURE 4.11C). In comparison, functional annotation of the spheroplast
cell debris fraction revealed a subset of proteins involved in protein export, with the bulk of remaining

proteins predicted to perform intracellular functions (FIGURE 4.11D).
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FIGURE 4.11. Bioinformatic enrichment reveals absence of cell wall associated proteins in spheroplasts.
Bioinformatic enrichment was performed to remove all proteins present in the cytoplasmic fractions from the debris
and cell envelope protein lists. Functional categories from the Gene Ontology and KEGG databases were assigned
to proteins present each fraction for wild-type cell envelope (A) and debris (C), or spheroplast cell envelope (B)
and debris (D). Node size represents the number of genes mapped to each functional category. Only functional
categories that showed significant association (p<0.05) with identified proteins were included in the analysis.
Analysis performed using ClueGO within Cytoscape.

To gain insight into those proteins associated with significantly altered relative abundances in spheroplast
versus wild-type fractions, we evaluated fold-change in label-free quantification (LFQ) values of proteins
present under both conditions for each fraction. Comparison of the wild-type and spheroplast cell debris
fractions yielded the most interesting findings (FIGURE 4.12B, TABLE 4.2), with both Ag85A and Ag85C -
components of the mycolyltransferase complex necessary for mycolic acid biosynthesis® — showing 7.5-
fold and 5-fold reductions, respectively, in relative abundance in spheroplasts. Other proteins showing
decreased abundance included Subl which is involved in transmembrane transport, and the predicted
secreted protein, MSMEG_3493. Within the subset of proteins exhibiting a decreased abundance of 2-

fold or more in spheroplasts, 67 of the 120 cell debris proteins were known or predicted to be found in

the cell envelope compartment (TABLES 4.2 & 4.3).

TABLE 4.2: Proteins displaying altered abundance in spheroplast debris fraction

Fold Gene Name Metabolic Function/Biological Cellular Essentiality
Change Process Compartment (DeJesus?2?)
-7,55 fbpB, fopA Antigen 85 complex Extracellular region GA, NE
-6,30 subl Membrane transport Periplasm GD
5,50 MSMEG 3493 Unknown Unknown NE
-4,95 fbpC Antigen 85 complex Extracellular region NE
4,85 cysA1 ABC transporter Plasma membrane GD
-4,83 cysA2 Thiosulfate sulfur-transferase Unknown GA

Glutamine-binding periplasmic N/A
-4,49 MSMEG_6307 protein Periplasm

Transmembrane transport of fatty NE
-4,49 mmplL4b acids Plasma membrane
4,29 MSMEG_2963 Lipoprotein Plasma membrane | NE
-4,26 MSMEG_3599 Carbohydrate transport Unknown N/A
-4,22 MSMEG_3027 Conserved membrane protein Unknown NE
-4,21 sseC1 Sulphur metabolism Unknown GA
-4,20 MSMEG_3058 Lipoprotein Unknown N/A
4,15 mmpL4 Transmembrane protein Plasma membrane NE
-4,15 OppA Periplasmic lipoprotein Plasma membrane NE
4,12 MSMEG_6242 | Alcohol dehydrogenase Unknown N/A
-4,03 groES Chaperone protein Cytoplasm ES

Integral to ES

=377 MSMEG_0973 Conserved membrane protein membrane
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-3,74
-3,73
-3,73
-3,70

-3,62
-3,58

3,50
3,47

-3,44
-3,23
3,22

-3,10
-3,08
-3,02

-3,02

-3,00
-2,98
-2,95
-2,94

-2,93
-2,92
-2,89
-2,87
-2,87
-2,85
-2,84
-2,82
-2,80
-2,78

2,77
-2,76
2,75

2,75
-2,74
2,73
2,71
2,70

-2,69

MSMEG_2820
MSMEG_4561
MSMEG_3280
MSMEG_2727

MSMEG_2793
MSMEG_4535

phoR
eccC1la

mmp14a
eccC3
MSMEG_1684

pknB
MSMEG_3235
MSMEG_4692

aftB

MSMEG_1643
shdA
MSMEG_3598
sdhD

MSMEG_0987
fecB

cydA

acpM
MSMEG_1060
MSMEG_4560
MSMEG_5452
MSMEG_5225
rocA

lpqW

MSMEG_3641
mkl
MSMEG_3103

MSMEG_2739
MSMEG_3250
qerC
MSMEG_0412
kanY

MSMEG_1517

Unknown

Unknown

Lipoprotein

Glutamate binding protein

Sensor-type histidine kinase
Polysaccharide biosynthesis

Sensor kinase
ESX conserved component

Transmembrane protein
ESX-1 type VIl secretion system
Unknown

Transmembrane signal transduction
ABC transporter

Unknown

Probable conserved
transmembrane protein/arabinan
synthesis

Unknown

TCA cycle

Periplasmic sugar-binding proteins
TCA cycle

Unknown

Periplasmic binding protein
Cytochrome

Fatty acid biosynthesis
DNA-binding

Periplasmic binding protein
Predicted outer membrane protein
Unknown

Peptidoglycan biosynthesis

Lipid biosynthesis

Unknown
ABC transporter

Transketolase
Possible conserved transmembrane
protein

ABC transporter
Respiration, cytochrome
Possible exported protein

Unknown
Spfh domain/band 7 family protein,
putative

Unknown
Unknown
Periplasm

Unknown
Integral to
membrane

Unknown

Integral to
membrane
Integral to
membrane
Integral to
membrane

Plasma membrane

Unknown
Integral to
membrane

Periplasm
Unknown

Integral to
membrane
Integral to
membrane

Cytoplasm
Periplasm

Unknown
Integral to
membrane

Unknown
Membrane
Cytoplasm
Unknown
Periplasm
Unknown
Unknown
Cell wall

Unknown
Integral to
membrane

Membrane

Unknown
Integral to
membrane

Unknown

Plasma membrane
Outer membrane
Unknown

Unknown

N/A
N/A
N/A
N/A
N/A

NE
NE

NE
N/A

ES
NE
ES

N/A
NE
ES

N/A

NE
N/A
NE
N/A

NE
NE
ES
N/A
N/A
NE
NE
GA
ES
NE

GA
N/A
NE

N/A
GD
NE
NE
N/A
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-2,68

-2,67
-2,66
-2,65

-2,60
-2,60
-2,59
-2,59
-2,59
-2,59
-2,59
-2,58
-2,55
-2,55
-2,50
-2,50
-2,48
-2,47
-2,46
-2,46
-2,45
-2,44

-2,43

-2,43
-2,42
-2,42

-2,41
-2,41

-2,38
-2,37
-2,36
-2,35

-2,33
-2,33
-2,33
-2,32
-2,31
-2,30
-2,30
-2,28

MSMEG_4256

MSMEG_4484
ponA1
mftD

nrdF2

accD5
MSMEG_6595
mspA

mspB

mspC

mspD
MSMEG_3050
MSMEG_6518
IppH

htrA

ppiB
MSMEG_6137
pntB

wag31

qcrB
MSMEG_0750
rplO

pntA

MSMEG_6761
sucD
MSMEG_6942

MSMEG_0763
ctaC

MSMEG_6081
eccB3

TB15.3
MSMEG_6502

qcrA
MSMEG_1053
lepB
MSMEG_0643
secF

romF

embC
MSMEG_3689

Unknown
Possible conserved transmembrane
protein

Peptidoglycan biosynthesis

Mycofactin synthesis
Oxidation-reduction, DNA
replication

Fatty acid catabolism
Secreted protein

Porin

Porin

Porin

Porin

Integration host factor
Unknown

Lipoprotein

Serine protease

Protein folding
Non-ribosomal peptide synthetase
NAD(P) transhydrogenase
Cell division

Respiration. Cytochrome
Membrane protein
Ribosomal protein

NAD(P) transhydrogenase
Glycerol-3-phosphate
dehydrogenase 2

TCA cycle
Conserved transmembrane protein

Antibiotic transporter

Cytochrome
Probable conserved membrane
protein

Possible membrane protein
Stress response
Unknown

Cytochrome

Unknown

Signal peptidase

Extracellular solute-binding protein
Protein export membrane protein
Ribosomal protein

Arabinan biosynthesis

Sodium solute symporter

Unknown

Plasma membrane
Periplasm
Unknown

Unknown
Cytoplasm
Periplasm
Extracellular region
Extracellular region
Extracellular region
Extracellular region
Unknown

Unknown
Membrane
Unknown

Unknown

Unknown

Unknown
Cytoplasm

Plasma membrane
Plasma membrane

Cytoplasm
Integral to
membrane

Unknown
Unknown

Plasma membrane
Integral to
membrane

Plasma membrane
Integral to
membrane

Plasma membrane
Unknown

Unknown
Integral to
membrane

Unknown

Plasma membrane
Periplasm

Plasma membrane
Cytoplasm

Plasma membrane
Plasma membrane

NE
GA

NE
NE
ES

ES
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
ES
GD
N/A
N/A
ES
GD
N/A
*Absent from study
N/A

N/A

ES
ES
N/A

GD
ES

ES
ES
N/A
GD

N/A
ES
N/A
ES
*Absent from study
ES
N/A
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NE

-2,28 moeA Molybdopterin biosynthesis Unknown
Integral to N/A
-2,27 mmpL5 Membrane transport membrane
Integral to ES
-2,27 MSMEG_6929 Conserved transmembrane protein | membrane
-2,26 htpX Transmembrane protein Plasma membrane NE
-2,23 MSMEG_2936 Hydrolase Unknown ES
-2,22 bacA ABC transporter Plasma membrane | NE
Probable conserved NE
-2,22 MSMEG_4273 transmembrane protein Plasma membrane
2,22 MSMEG_1642 | ABC transporter Plasma membrane | NE
Integral to NE
-2,22 MSMEG_3884 Probable membrane protein membrane
-2,21 MSMEG_0690 Iron-sulfur-binding reductase Unknown ES
ABC transporter substrate-binding N/A
-2,16 MSMEG_3247 protein Unknown
-2,15 pstP Phosphorylation Plasma membrane ES
-2,13 embB Peptidoglycan biosynthesis Plasma membrane | ES
-2,12 MSMEG_0007 Conserved membrane protein Plasma membrane | NE
-2,12 embA Arabinan biosynthesis Plasma membrane | ES
Probable conserved membrane NE
-2,11 mmpS4 protein Unknown
-2,09 MSMEG_3237 ATP-binding protein Unknown N/A
Integral to NE
-2,09 fhaB Signal transduction membrane
Integral to NE
-2,09 MSMEG_5062 Probable transmembrane protein membrane
-2,08 MSMEG_1959 | Membrane protein Plasma membrane | NE
-2,05 sdhB TCA cycle Cytoplasm NE
-2,04 accA3 Fatty acid biosynthesis Cytoplasm ES
-2,04 MSMEG_0976 Conserved hypothetical protein Unknown N/A
-2,01 secE1 Protein export Plasma membrane ES
-2,01 MSMEG_3636 | ABC transporter Periplasm N/A
Integral to ES
-2,01 aftC Arabinan biosynthesis membrane
-2,00 IprG Lipoprotein Plasma membrane NE
2,08 ffh Export of extra-cytoplasmic proteins | Cytoplasm ES
2,13 thio Co-factor biosynthesis Unknown ES
2,19 MSMEG_5782 ABC transporter Unknown N/A
2,22 ivD Valine and isoleucine biosynthesis | Cytoplasm ES
2,26 MSMEG_3935 Unknown Unknown NE
2,28 rplF Translation Cytoplasm ES
2,29 MSMEG_3950 Stress protein Unknown NE
2,30 secA2 Protein export Plasma membrane NE
2,34 dnazZX DNA-binding Cytoplasm ES
2,36 coaA Coenzyme-A biosynthesis Cytoplasm ES
2,37 MSMEG_5246 Oxidation-reduction Unknown NE
2,40 MSMEG_0216 3-hydroxyacyl-coa dehydrogenase | Unknown N/A
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2,40
2,40
2,42
2,42
2,45
2,46
2,51
2,56
2,58
2,59
2,60
2,62
2,64
2,64
2,68
2,70
2,73
2,73
2,74
2,77
2,77
2,79
2,81
2,83
2,84
2,84
2,85
2,89
2,95
3,00
3,01
3,06
3,07
3,08
3,09
3,09
3,13
3,13
3,17
3,20
3,29
3,33
3,33

alaS

gadB

nrdE

asnB

metK

rho
MSMEG_1843
MSMEG_1954
mpa

tuf
MSMEG_3667
fadD32

fgd1

glpX
MSMEG_2788
MSMEG_0415
MSMEG_0370
MSMEG_1058
glpK

thrA

ribA2

kasA

ispG

asd
MSMEG_1543
SigA
MSMEG_3952
ksgA

hadC

dnaE1
MSMEG_2271
MSMEG_6512
ginA2

eccA1
MSMEG_4645
mtrA

clpP1

deaD

ftsZ
MSMEG_5199
MSMEG_4646
serC

crp

Translation

GABA production

DNA replication

Asparagine biosynthesis

Methyl cycle

Transcriptional regulation
Adenosylhomocysteinase

ABC transporter

Protein degradation

Translation

Para-nitrobenzyl esterase
Mycolic acid biosynthesis
F420-dependent dehydrogenase
Gluconeogenesis

Integral membrane protein
Oxidation-reduction

Unknown

Tnpr protein

Glycerol kinase

Threonine biosynthesis
Riboflavin biosynthesis

Fatty acid biosynthesis
Oxidation-reduction

Cell wall precursor biosynthesis
Aldehyde dehydrogenase

RNA polymerase
Oxidation-reduction

RNA binding

Fatty acid biosynthesis

DNA polymerase |l
Hydrogenase accessory protein
Acyl-CoA dehydrogenase
Glutamine biosynthesis

ESX-1 type VIl secretion system
TCA cycle

Transcriptional regulation
Protease

Cold shock protein

Cell division

Acyl-CoA dehydrogenase
Pyruvate synthase

Serine and pyroxidine biosynthesis
Transcriptional regulation

Cytoplasm
Unknown
Unknown
Unknown
Cytoplasm
Cytoplasm
Unknown
Unknown
Unknown
Cytoplasm
Unknown
Cytoplasm
Unknown
Cytoplasm
Unknown
Unknown
Unknown
Unknown
Unknown
Cytoplasm
Unknown
Cytoplasm
Unknown
Cytoplasm
Unknown
Cytoplasm
Unknown
Cytoplasm
Unknown
Cytoplasm
Unknown
Unknown
Cytoplasm
Cytoplasm
Unknown
Unknown
Cytoplasm
Cytoplasm
Cytoplasm
Unknown
Cytoplasm
Cytoplasm
Intracellular

ES
GA
ES
ES
ES
ES
N/A
NE
NE
ES
N/A
ES
NE
NE
NE
NE
N/A
N/A
N/A
ES
ES
ES
ES
GD
N/A
ES
N/A
NE
NE
ES
N/A
N/A
NE
NE
GD
ES
ES
NE
ES
N/A
GD
ES
*Absent from study
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3,41
3,43
3,44
3,45
3,48
3,51
3,56
3,60
3,63
3,63
3,63
3,66
3,67
3,71
3,76
3,77
3,87
3,91
3,94
3,99
4,02
4,04
4,07
413

417
4,23
4,4

4,4
4,29
4,34
4,38
4,48
4,65

4,69
470
472
477
4,83
5,07
5,31
544
573

pca
inhA
MSMEG_0915
ilvC

trpB
MSMEG_5512
rpoB
MSMEG_3124
MSMEG_5068
hupB

fabG1
MSMEG_4700
fadB
MSMEG_3080
cofD
MSMEG_3253
polA

guaA

gap

glyS

cysH

serA1

MSMEG 3965
MSMEG 0688

MSMEG_0239
clpP2
ivB1

prsA
accD6
fadE25
sufB
murA
fadA3

carB
pyrG

gyrB
MSMEG_1568

clpX

Ercc3

moeB1
MSMEG_1516
kasB

Gluconeogenesis
Mycolic acid biosynthesis
Kinase

Valine and isoleucine biosynthesis
Tryptophan biosynthesis
Magnesium chelatase
RNA polymerase

ABC transporter
ATP-binding
DNA-binding

Fatty acid biosynthesis
ABC transporter

Fatty acid degradation
Regulation of cell shape
Co-factor biosynthesis
Unknown

DNA polymerase
ATP-binding

Glycolysis

Translation

Cysteine biosynthesis
Serine biosynthesis
Unknown

Aspartate aminotransferase
O-acetylhomoserine/O-acetylserine
sulfhydrylase

Protease

Valine and isoleucine biosynthesis
Ribose-phosphate
pyrophosphokinase

Fatty acid biosynthesis
Lipid degradation

Fes assembly protein
Peptidoglycan biosynthesis

Lipid degradation
Arginine and pyrimidine
biosynthesis

Pyrimidine biosynthesis
DNA gyrase

Glutamine biosynthesis
Protein degradation
Nucleotide excision repair
Molybdopterin biosynthesis
Thioredoxin reductase
Fatty acid biosynthesis

Cytoplasm
Unknown
Unknown
Cytoplasm
Cytoplasm
Intracellular
Cytoplasm
Unknown
Unknown
Unknown
Cytoplasm
Unknown
Cytoplasm
Cytoplasm
Unknown
Unknown
Cytoplasm
Unknown
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Unknown
Unknown

Unknown
Cytoplasm
Cytoplasm

Cytoplasm
Cytoplasm
Unknown
Unknown
Cytoplasm
Unknown

Cytoplasm
Unknown
Cytoplasm
Cytoplasm
Unknown
Unknown
Unknown
Unknown
Cytoplasm

NE
ES
N/A
ES
ES
NE
ES
ES
ES
GD
ES
ES
NE
NE
NE
N/A
ES
ES
GD
ES
GD
ES
N/A
ES
N/A

ES
ES
ES

GD
NE
N/A
ES
GA
ES

ES
ES
N/A
ES
NE
ES
N/A
NE
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5,88 purL Purine biosynthesis Cytoplasm ES
5,99 MSMEG_0102 Oxidation-reduction Unknown N/A
6,11 pafA Ligase Unknown NE
6,33 MSMEG_1682 Monooxygenase activity Unknown N/A
6,76 guaB2 Purine biosynthesis Cytoplasm ES

Analysis of the proteins in the cell envelope fraction showing a significant decrease in abundance

revealed a similar trend to that which was observed in the cell debris. The membrane transport protein,

Subl, appears here again as well as a total of 9 of the proteins showing decreased abundance predicted

to reside in the cell envelope compartment.

-6,61
-3,04

-3,02
-2,99

-2,90
2,72
-2,62
-2,62
-2,53
-2,36
-2,30
-2,22

2,15
-2,10
-2,05
-2,05
2,15
2,15
2,15
2,16
2,17
2,19
2,30
2,30
2,39
2,42

Gene Name

subl
MSMEG_3058

MSMEG_0643
MSMEG_2727

MSMEG_6761
rpsL

sdhB

shdA

pknA
MSMEG_3235
MSMEG_5225
sugC

pntB
MSMEG_1642
MSMEG_3811
rpsJ

hupB

metK

accD6

clpX

glyS

ychF
MSMEG_4700
rplF

murA

SppA

Process

Membrane transport

Lipoprotein
Extracellular solute-binding
protein

Glutamate binding protein
Glycerol-3-phosphate
dehydrogenase 2

Translation

TCA cycle

TCA cycle

Signal transduction
ABC transporter
Unknown

ABC transporter

NAD(P) transhydrogenase
ABC transporter

Stress response
Translation

DNA-binding

Methyl cycle

Fatty acid biosynthesis
Protein degradation
Translation

(P)PPGpp synthesis

ABC transporter
Translation

Peptidoglycan biosynthesis

Proteolysis

TABLE 4.3: Proteins displaying altered abundance in spheroplast cell envelope fraction
Metabolic Function/Biological

Cellular
Compartment

Periplasm
Unknown

Periplasm
Periplasm

Unknown
Cytoplasm
Cytoplasm
Cytoplasm

Plasma membrane
Periplasm
Unknown

Plasma membrane
Integral to
membrane

Plasma membrane
Unknown
Cytoplasm
Extracellular region
Cytoplasm
Cytoplasm
Unknown
Cytoplasm
Intracellular
Unknown
Cytoplasm
Cytoplasm

Plasma membrane

Essentiality
(DeJesus?22)

N/A
N/A

N/A
N/A

ES
NE
NE
ES
N/A
NE
NE
N/A

NE
ES
GD
GD
ES
GD
ES
ES
NE
ES
ES
ES
NE
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Valine and isoleucine ES
2,44 ivC biosynthesis Cytoplasm
2,81 gap Glycolysis Cytoplasm GD
2,90 crp Transcriptional regulation Intracellular "Absent from study

ABC transporter N/A

2,98 pstS ABC transporter complex
3,11 sigA RNA polymerase Cytoplasm ES
3,17 rpoA RNA polymerase Cytoplasm ES
3,21 MSMEG_1516 Thioredoxin reductase Unknown N/A
3,36 cobl Cobalamin synthesis Cytoplasm NE
3,41 serA1 Serine biosynthesis Cytoplasm ES
3,59 MSMEG_5706 Nucleotide excision repair Unknown NE
4,00 fas Fatty acid biosynthesis Cytoplasm ES
4,99 rpoB RNA polymerase Cytoplasm ES
5,52 fadA3 Lipid degradation Unknown GA
5,82 guaB2 Purine biosynthesis Cytoplasm ES

Among the proteins demonstrating lower abundances in the spheroplast cytoplasm were Ag85A, KasA

and KasB, other enzymes known to be involved in mycolic acid synthesis (FIGURE 4.12C)33.223, However,

only 2 of the 33 proteins with reduced abundance in spheroplast cytoplasm could be classified as cell

envelope associated (TABLE 4.4), not unsurprising given that one wouldn’t necessarily expect to find

proteins associated with the cell envelope in the cytoplasmic fraction.

TABLE 4.4: Proteins displaying altered abundance in spheroplast cytoplasmic fraction
Metabolic Function/Biological

-5,61
-5,40
-5,12
-4,34
-4,23
-4,18
-3,93
-3,70
-3,68
-3,53
-3,50
-3,49
-3,33
-3,13
-3,03

Gene Name

MSMEG_6761
MSMEG_6242
SirA

kasA

acs

glpK

sseC1
MSMEG_4645
MSMEG_0408
fadB
MSMEG_1543
MSMEG_2079
MSMEG_1547
MSMEG_3945
cysA2

Process
Glycerol-3-phosphate
dehydrogenase 2

Alcohol dehydrogenase
Oxidation-reduction

Fatty acid biosynthesis
Acetyl-CoA synthetase
Glycerol kinase

Sulphur metabolism

TCA cycle

Polyketide synthase
Fatty acid degradation
Aldehyde dehydrogenase
Oxidation-reduction
Glycerol dehydratase
Stress protein
Thiosulfate sulfur-transferase

Cellular
Compartment

Unknown
Unknown
Unknown
Cytoplasm
Unknown
Unknown
Unknown
Unknown
Unknown
Cytoplasm
Unknown
Unknown
Unknown
Unknown
Unknown

Essentiality
(DeJesus?22)

N/A
NE

ES

NE

N/A
GA
GD
N/A
NE

N/A
N/A
N/A
GA
GA
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-2,89
-2,56
-2,53
-2,52
-2,48
-2,48
-2,45
-2,35
-2,35
-2,30
-2,26
-2,21
-2,19
-2,13
-2,12
-2,11
-2,08
-2,02
2,00

2,01
2,09
2,17
2,20
2,24

2,25
2,25
2,31
2,37
2,62
2,91

2,96

2,96
2,98
3,13
3,21
3,62

4,76

gitB

kasB
MSMEG_0400
metC

ilvB1

thiG

fadE5S

fbpB, fopA

tuf
MSMEG_5404
hybC
MSMEG_0415
MSMEG_6512
canA
MSMEG_5245
MSMEG_1516
subl

desA1
MSMEG_6059

MSMEG_4971
glfT2

guaB1
MSMEG_4633
prcA

MSMEG_2410
atpG

add

echA8

atpC
MSMEG_5454

ndh

MSMEG_1517
fadD31
MSMEG_3620
ftsH

eis

pstS

Glutamate synthase
Fatty acid biosynthesis
Mycobactin biosynthesis
Amino acid metabolism
Valine and isoleucine biosynthesis
Thiazole biosynthesis
Lipid metabolism

Antigen 85 complex
Translation
Propionate-CoA ligase
Hydrogenase-2
Oxidation-reduction
Acyl-CoA dehydrogenase
Anhydrase

Stress response
Thioredoxin reductase
Membrane transport
Fatty acid desaturase

Catalytic activity
Possible alanine rich
oxidoreductase

Galactan biosynthesis
Purine biosynthesis
Peptidase

Protein degradation
Possible conserved membrane or
secreted protein

ATP synthase
Purine biosynthesis
Fatty acid oxidation
ATP synthase
Hydrolase

Electron transfer
Spfh domain/band 7 family protein,
putative

Lipid degradation
Oxidation-reduction
Cell division
Intracellular survival

ABC transporter

Unknown
Cytoplasm
Unknown
Unknown
Cytoplasm
Cytoplasm
Unknown
Extracellular region
Cytoplasm
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Periplasm
Unknown
Unknown

Unknown
Unknown
Unknown
Unknown

Cytoplasm
Integral to
membrane

Plasma membrane
Unknown
Cytoplasm

Plasma membrane

Unknown
Integral to
membrane

Unknown
Cytoplasm
Unknown

Plasma membrane

Extracellular region
ABC transporter
complex

ES
NE
N/A
NE
ES
ES
NE
GA, NE
ES
N/A
N/A
NE
N/A
NE
NE
N/A
GD
ES
N/A
NE

ES
GA
N/A
ES
ES

ES
NE
NE
*Absent from study
N/A
GD

N/A

GA
GA
NE
NE
N/A
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Proteins with elevated abundance in spheroplasts were those involved in RNA and lipid metabolism and
peptidoglycan biosynthesis (FIGURE 4.12 A & B), with GuaB, a key enzyme in purine biosynthesis,
showing the greatest increase in abundance in both the cell debris and cell envelope fractions of the
spheroplast samples (6,8-fold and 5,8-fold higher abundance, respectively) in comparison to the wild-
type224, The spheroplast cytoplasmic fraction also revealed a greater abundance of the ABC transporter,
MSMEG_5782, and FtsH, a transmembrane protein involved in cell division (FIGURE 4.12C). Neither of
these proteins was expected to be located in the cytoplasm, suggesting the over-representation relative
to wild-type might result from loss of the cell envelope compartment in spheroplasts. Indeed, around 37%
of the proteins with increased abundance in the spheroplast cytoplasm were predicted to be cell envelope
associated. Together, these data supported the notion that the spheroplasted bacilli underwent extensive

loss of cell wall structure.
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Cell Debris Fraction
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FIGURE 4.12. Spheroplasts exhibit decreased abundance of cell wall associated proteins. Protein
abundances were compared between spheroplasts and wild-type cells for each fraction: (A) Cell Envelope, (B)
Cell Debris, and (C) Cytoplasm. Volcano plots represent the log2 fold-change in protein abundance plotted against
-logP; proteins with significant changes in abundance are represented in blue (decreased abundance) and red
(increased abundance). Proteins of interest are labelled; for detailed lists, see Tables 4.2-4.4. Cutoff points were
set at 2-fold change in abundance and logP 0.05. Plots were generated in R Studio (See Supp. Methods for code).

ANTIBIOTIC EFFICACY IN SPHEROPLASTS

Although we were unable to generate spheroplasts that were capable of proliferating at a rate comparable
to that of wild-type Msm, we wanted to ascertain whether antibiotic efficacy was altered in these cell wall-
deficient variants. To this end, we implemented a standard microplate Alamar Blue assay (MABA) but,
owing to the near-absent replicative capacity of spheroplasts, we did not dilute these cultures before
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addition to the 96-well plate. We decided to explore the efficacy of two frontline anti-TB drugs with
different mechanisms of action — rifampicin, targeting RNA synthesis, and ethambutol, targeting
arabinogalactan/mycolic acid synthesis - to assess the impact of cell wall deficiency on bacterial killing.
Rifampicin treatment showed a high level of efficacy in spheroplasts, although only reaching 75%
inhibition at the highest concentration (100uM) compared to 100% inhibition of wild-type cells observed
at 50uM (FIGURE 4.13A). This suggested that spheroplasts still harbor some level of RNA polymerase
activity which is impaired by rifampicin treatment, leading to a reduction in viability. In contrast, ethambutol
displayed no inhibitory efficacy against spheroplasts but was able to reach 100% inhibition in cell wall
replete bacilli at a concentration of just 6.25uM (FIGURE 4.13B). This result suggested that lysozyme-
mediated depletion of cell wall components can result in generation of viable organisms that show

resistance to cell wall-targeting antibiotics.
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FIGURE 4.13. Altered drug efficacy in spheroplasts. Microplate Alamar Blue Assays (MABAs) were performed
on wild-type and spheroplast Msm to evaluate the inhibitory activities of rifampicin (A) and ethambutol (B).
Absorbance readings were taken using the FLUOstar OPTIMA microplate reader, and values were normalized
against growth and no growth controls. All assays were performed in triplicate.
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Discussion

LYSOZYME TREATMENT RESULTS IN CELL WALL DEFICIENCY

Several methods for the generation of CWD bacteria exist, including treatment with cell wall targeting
antibiotics such as penicillin, cell wall degrading enzymes such as lysozyme, and genetic
manipulations'70.180.207 Qwing to the innate resistance of mycobacteria to many cell wall-targeting
antibiotics (resulting from a combination of cell wall impenetrability and the presence of degrading
enzymes such as (-lactamases), we opted to investigate generation of spheroplasts via an enzymatic
approach??5, We adapted a protocol from Udou et al. utilizing a sucrose buffered, TSB-based medium
containing lysozyme that has been adopted by several others in the field%3.180226 After experiencing
difficulties with contamination in this nutrient-rich medium, we opted to utilize an Msm bioreporter mutant
expressing an endogenous fluorophore that allowed microscopic validation of spheroplast formation.
Using this approach, we were able to successfully generate spherical variants of Msm, utilizing previously
established methods, that maintained fluorescence; thereafter, we proceeded to investigate the ability of
these CWD variants to survive in different media. In light of reports highlighting their osmotic sensitivity,
we saw this as an initial means of validating loss of cell wall components'80.227.228 \When transitioning
lysozyme-treated Msm to standard 7H9 media, we observed lysis; in contrast, culture in any sucrose-
buffered nutrient-rich medium provided a protective environment for the maintenance of spheroplasts.
These findings supported the notion of cell wall deficiency, but we wished to investigate this further using

quantitative techniques.

Time-lapse microscopy has been used to visualize formation of CWD variants of various bacterial
species, but there are very few equivalent reports in mycobacteria??’.22%, We wished to observe the time
required to undergo this transformation and the mechanisms employed by Msm to “escape” the cell wall
and exist in a wall-deficient state. Utilization of a CellASIC® ONIX2 microfluidic device allowed us to load
cell wall-replete organisms into the viewing chamber and perfuse lysozyme-containing media across the
sample. Conversion to a CWD state took place as early as 7h into treatment and these variants persisted
in the media for the 18h duration of the experiment. It was intriguing to observe the conversion of some
bacilli into a single spherical daughter cell whereas others appeared to split into two or three spherical
cells. This may be an indicator of the stage of replication within each recorded cell, with those having
recently undergone cell division developing into a single spheroplast and those that have elongated and
replicated their DNA in preparation for division being capable of splitting into several wall-deficient
daughter cells. The influence of replicative state and/or cell cycle stage on spheroplast formation is a

potential avenue for future study. In support of validating loss of cell wall components, time-lapse
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microscopy revealed a notable decrease in phase contrast when rod-shaped bacilli converted to a

spherical form, indicative of decreased density that could be correlated to loss of cell wall mass.

FLUORESCENCE MICROSCOPY REVEALS LOSS OF CELL WALL COMPONENTS

To quantitatively assess the loss of cell wall components in lysozyme-treated Msm, we used fluorescence
microscopy to provide further validation of the efficacy of spheroplasting protocol. We began by assessing
loss of the mycomembrane layer by applying DMN-trehalose, a stain that is metabolically incorporated
into mycolic acids in place of trehalose mono- and di-mycolates?!!. Owing to the morphological changes
experienced during spheroplasting, we were cautious in comparing total fluorescence read-outs between
the cell wall replete rod-shaped bacteria and their cell wall deficient spherical counterparts. Our main
concern revolved around the fluorescence existing in out-of-focus z-planes that may be under-
represented in a 2D image, with rod-shaped Msm typically having a cell width/depth of ~0.6um and the
assumption that the spherical nature of the cell wall deficient bacteria would result in a z-plane depth
equal to that of the diameter (1.6-1.9um) However, owing to the nature of fluorescence detection on a
wide-field microscope, such that light from all z-planes is detected in a 2D image, we proceeded to
analyze whole cell fluorescence while simultaneously carrying out analyses of pixel intensity across the
medial axis of each bacterium. Medial axis intensity profiling provided information about the distribution
of fluorescence across each cell type while also providing a level of validation for total fluorescence
calculations. While total fluorescence calculations revealed a significant decrease in DMN-tre signal in
spheroplasts, medial axis profiling indicated that any residual fluorescence showed no localization to the
poles and site of division as is expected for cell wall biosynthesis?%. These findings provided a strong
indication of near-complete absence of active mycomembrane synthesis in cell wall deficient Msm. A
similar study was carried out using a metabolically incorporated D-alanine analogue, NADA, that is
inserted into sites of active peptidoglycan biogenesis?'3. Quantification of whole-cell fluorescence
revealed similar findings to those of DMN-tre, a significant reduction in NADA staining in spheroplasts
and total loss of fluorescent localization to the poles of the cells. Together, these findings support our
previous observations that lysozyme treatment results in near-complete degradation of both the mycolic

acid and peptidoglycan layers of Msm.

As an organism cannot exist without some form of barrier from its environment, we next looked at
evidence for the existence of a plasma membrane in spheroplasts. Application of FM™4-64, a non-
specific styryl dye that is not metabolically incorporated, we observe no polar localization and therefore

carrying out medial axis profiling was of no benefit. A comparison of whole cell fluorescence between cell
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wall replete and cell wall deficient forms of Msm revealed a significant decrease in FM™4-64
fluorescence in spheroplasts. Given the non-specific nature of this lipophilic dye, it was unsurprising that
a strong fluorescent signal was detected in the lipid-rich layers of the cell wall, surpassing that observed
in organisms retaining only the plasma membrane. However, whereas the mycomembrane and
peptidoglycan staining experiments displayed a level of fluorescence in spheroplasts that was invisible
to the naked eye and no apparent localization patterns, the FM 4-64 dye was readily visualized in both
wall replete and deficient variants and shows clear localization to the perimeter of both cell types. These
results displayed retention of the plasma membrane in spheroplasts while simultaneously exhibiting an
increased fluorescent signal in wall replete organisms that signified higher lipid content in the exterior of

these organisms, further supporting the concept of the absence of such components in spheroplasts.

POTENTIAL MECHANISM OF REPLICATION IN CWD ORGANISMS

Detailed studies in CWD B. subtilis have revealed a primitive mechanism of replication that relies heavily
on an overproduction of membrane components that results in an atypical surface area to volume ratio
that the organism attempts to resolve by means of membrane extrusion2'>. This means of division
depends on shape distortion and is postulated to represent the mode of replication employed by primitive
prokaryotes before the advent of the cell wall; modern bacteria are thought to retain the ability to carry
out such cell division in the event that cell wall synthesis in compromised?3'. These observations were
corroborated by studies revealing that the FtsZ protein, known to be essential in canonical cell division,
became redundant in a cell wall deficient background'?. This led us to question whether the same was
true in mycobacteria; to that end, time-lapse microscopy was implemented to investigate the potential for
CWD Msm to undergo replication. We observed excess membrane synthesis and blebbing as previously
described in B. subtilis, supporting the view that, in the absence of the rigid structural support offered by
the cell wall, spheroplast bacteria implement a means of replication that does not mirror canonical

processes?'s,

The potential for bacteria to undergo replication in the absence of typical replicative mechanisms presents
many questions regarding the ability of cell wall deficient variants to survive without implementing
processes long considered to be essential to bacterial life. The replication and division machinery utilized
by mycobacteria are the subject of extensive research, with evidence supporting roles for several
regulatory proteins and enzymes in ensuring correct partitioning of chromosomes prior to cell
division232233, Essential to this process are the DNA-binding protein, ParB, which ensures appropriate

chromosomal segregation and localization of newly formed replisomes; and Wag31, a protein that
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recognizes membrane curvature at the poles and is thought to recruit components of the elongation
complex in preparation for cell division233.234, Successful cell division requires migration of newly
replicated chromosomes towards the poles of the cell before initiation of the division ring at the mid-cell,
a process that is lost in ParB-deficient Msm'%7. This knowledge, accompanied by observations made
about the replicative mechanisms employed by cell wall deficient bacteria, led us to question the spatial
dynamics of the ParB protein in Msm spheroplasts. The ParB protein binds to sites near the origin of
replication, and fluorescently tagged ParB can be visualized as a defined focus at this location, situated
along the mid-cell following cell division and developing into two distinct foci following DNA replication
which then migrate towards the poles'?”. In the absence of typical replicative mechanisms and a change
in cell shape that is likely to disrupt the Wag31 signaling mechanisms that depend on membrane
curvature along the cell poles, we questioned whether cell wall deficient organisms would maintain these
ParB migration dynamics. Enumeration of ParB::mCherry foci revealed a loss of focus formation in
spheroplast Msm implying some form of dysregulation that inhibits the specific binding of this protein at
the origin of replication. Where distinct foci that migrated towards the poles were seen in cell wall replete
bacilli as expected, the diffusion of ParB::mCherry fluorescent signal in spheroplasts indicates that the
cells are under stress due to their cell wall deficient state or, as suggested previously, do not follow the
canonical route for DNA replication and cell division. These results were corroborated by investigations

using an exogenous nucleic acid stain, Syto9, which showed a similar capacity to form foci.

CELL WALL DEFICIENCY CAUSES OXIDATIVE STRESS

Oxidative stress is a well-reported phenomenon in bacteria, resulting in poor growth dynamics and
increased mutagenesis?'’. As bacterial life evolved in an oxygen-depleted environment, the rapid
oxygenation of the atmosphere that resulted from the evolution of photosynthetic organisms presented a
critical turn point for bacteria, necessitating development of effective coping strategies to survive in
oxygen-rich conditions?!”. Reactive oxygen species arise when oxygen is partially reduced, causing
damage to key macromolecules such as nucleic acids, proteins and lipids23. Although bacteria have
evolved several defense mechanisms to combat the oxidative stress that arises from ROS generation,
including ROS scavengers and protective enzymes, damage to metabolites can result in high levels of

toxicity and cause mutations to arise2.

Oxidative stress was first recognized as playing a key role in the survival of CWD bacteria by Kawai et
al. in 201570, Their findings suggested that toxic levels of ROS are produced due to the metabolic

imbalance created by removal of the cell wall, and that this oxidative stress is responsible for the inability
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of unstable L-form bacteria to undergo replication'?0. Mutation of the ispA gene caused downstream
synthesis inhibition of menaquinone, an electron transport chain (ETC) component resulting in stable
growth of cell wall deficient B. subtilis?®. The authors concluded that this mutation was essential in
decreasing ETC activity to limit ROS generation, leading to a stabilizing phenotype for cell wall
deficiency'70. Our inability to generate CWD Msm that exhibited stable replicative ability led us to question
whether elevated levels of ROS were responsible. As ROS are known to cause damage to nucleotides,
proteins and lipids, we exploited a fatty acid analogue, C11-BODIPY to assess levels of lipid peroxidation
in spheroplast Msm?217.235_Using hydrogen peroxide (H202)-treated wild-type bacteria as a positive control
for oxidative stress, we compared lipid peroxidation in spheroplasts to that of wall-replete wild type Msm.
Our results showed a significant elevation in lipid peroxidation in cell wall deficient organisms when
compared to both untreated and H»Ox-treated wild-type bacilli. This was in agreement with studies
conducted in B. subtilis and provided evidence of elevated levels of ROS in spheroplasts which may have
a critical role to play in the fragility of these variants'’0. As the mycobacterial cell envelope constitutes
40% of the total dry mass of the organism, it is reasonable to assume that loss of these components

would result in a severe metabolic imbalance that is likely have detrimental effects on survival®®.

MASS SPECTROMETRY CONFIRMS CELL WALL DEFICIENCY

Several proteomic studies into the composition of the mycobacterial cell wall have been conducted in
recent years, each employing various techniques of isolating cell wall associated proteins from those
found in the cytoplasmic compartment. One such approach applied sucrose density gradients to separate
plasma membrane proteins that showed close association with the cell wall from those that were distinctly
present in the plasma membrane alone2®. In doing so, the authors were able to identify 626 proteins
associated with the cell wall and 240 that were enriched for the plasma membrane and isolate several
plasma membrane proteins that play an essential role in the biosynthesis of cell wall components23, In
another study, a gel-free approach was implemented whereby centrifugation at high speeds allowed for
separation of cell wall proteins from those of the cytoplasm to ascertain the effects of rifampicin treatment
on cell wall protein levels2!?, Upregulation of peptidoglycan biosynthesis enzymes and ABC transporters
in response to antibiotic exposure supported the ability of mycobacteria to establish a phenotypic
response that allows for restructuring of the cell wall, with potential implications for virulence2'®. Of
particular importance is the distinct lack of overlap in protein identification seen between proteomic
studies, for which there are several contributing factors such as the methods of sample preparation,
number of replicates carried out and bioinformatic analysis pipelines implemented23. Consequently, in

spite of the numerous fractional proteomic studies performed in mycobacteria to identify proteins
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associated with the cell wall, we are far from obtaining a defined set of proteins that are conclusively

found within the mycobacterial cell envelope2¥'.

As we were working on a mycobacterial model that is assumed to possess a severely depleted cell wall,
we set out to investigate the biochemical composition of these variants in comparison to their wall-replete
counterparts. We employed the differential centrifugation method of sample preparation outlined by
Hermann et al. to prepare separate protein fractions for the cell envelope, cytoplasm and debris of both
cell wall-replete and CWD Msm, before performing tandem mass spectrometry for protein
identification2'®. Functional annotation of proteins unique to each fraction presented a distinct absence
of cell wall associated proteins in the spheroplast cell envelope and debris samples; of these, the loss of
all proteins showing functional association with ABC transporters was of particular significance. The ABC
transporter superfamily is comprised of integral membrane proteins that are essential for the import and
export of many molecules, components of which make up 2.5% of the Mtb genome?238, Of relevance to
our proteomic analyses are the ABC transporter domains that extend into the periplasm, the loss of
functional annotation of these domains in spheroplasts is indicative of cell wall loss and poses many
questions regarding the survival of such variants without these crucial nutrient importers. We also
observed a decrease in membrane-associated proteins and protein exporters in spheroplast samples,
further validating prior microscopic observations of mycomembrane and peptidoglycan loss. A difficulty
faced when allocating functional annotations to our protein lists using Gene Ontology was the paucity of
information regarding cellular localization. As such, separating proteins predicted to sit within the plasma
membrane from those that reside in subsequent envelope layers proved incredibly complex.
Nevertheless, regarding proteins functionally annotated to be ‘Integral to Membrane’ as those occupying
space somewhere within the cell envelope as a whole, we were able to observe a dramatic reduction in

spheroplasts.

The relative abundance of proteins found in both wild-type and spheroplast samples for each fraction
also yielded interesting results. The debris fraction of spheroplasts exhibited a significant reduction in
abundance of Ag85A and Ag85C, members of the antigen 85 complex that are essential in the formation
of mycomembrane components and some of the few enzymes known to sit within the lipid rich mycolic
acid layer3233, Several other proteins involved in ABC transporter systems and predicted to be
periplasmic were also identified as significantly reduced in the cell envelope and debris fraction of cell
wall deficient Msm. We were hesitant to draw conclusions regarding proteins that exhibited increased
abundance in spheroplast fractions owing to their likely over-representation in these samples as a result

of significant loss of biomass that resulted from removal of the cell wall. Indeed, many proteins in the cell
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envelope and debris fractions that showed higher abundance in cell wall deficient samples were found to
localize within the cytoplasm, making it unsurprising that these were lower in abundance in cell wall

replete fractions that were likely to contain cell wall associated proteins.

Our analyses of both relative abundance and functional annotation yielded intriguing results when
comparing the debris of each sample, as a surprising number of proteins were captured in this fraction.
This led us to question the validity of differential centrifugation as a means of fractionation; however, in
the development of this protocol, Hermann et al. made a similar observation, postulating that sonication
would result in enrichment of cell wall and plasma membrane associated proteins in the debris?2'®.
Analysis of the properties of proteins found in the debris fraction led them to conclude that it is likely
enriched for proteins that are smaller in size, exhibit decreased hydrophobicity and possess low
isoelectric points?2'®. Taking this into consideration, we determined the cell debris fraction to be of
comparable importance to the cell envelope fraction when evaluating changes in protein composition
between our samples. Application of fractional mass spectrometry to cell wall deficient mycobacteria is a
promising technique that future work aims to combine with the biorthogonal tagging utilized in Chapter 3
to observe the abundance of tagged proteins in the different cellular compartments and compare these

abundance profiles between cell wall replete and cell wall deficient organisms.

Conclusion

This study set out to characterize the extent of cell wall degradation in Msm incurred by treatment with
lysozyme. Application of fluorescence microscopy coupled with quantitative image analysis provided
novel insight into the loss of the peptidoglycan and mycolic acid layers through metabolic incorporation
of D-alanine and trehalose analogues, respectively. These observations were validated through
extensive proteomic profiling of spheroplast bacteria, showing substantial loss of cell wall associated
proteins that had not been shown previously in M. smegmatis. These variants gave rise to numerous
difficulties during experimentation due to their well-documented fragility and dependence on an
osmoprotective medium to prevent lysis'0. Despite these confounders, we were able to develop a
reproducible method of spheroplast generation that allowed us to proceed with characterization assays.
Previous efforts to illustrate the ability of mycobacteria to survive following treatment with cell wall
degrading enzymes are outdated and used electron microscopy as the gold standard of confirming the
absence of cell wall components?7.180, We present here a more reliable means of characterization,
applying modern techniques to tackle the definition of cell wall deficiency. With this characterization now

established, future work aims to combine the bio-orthogonal techniques developed in Chapter 3 with
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spheroplasting methods to better understand the impact of the mycobacterial cell wall on compound

permeation.

Cell wall deficiency is increasingly being recognized as an under-appreciated mechanism utilized by
bacteria that not only presents a possible role in pathogenesis but also provides a unique bacterial system
for application in biotechnology?8.79.103.105, CWD forms of E. coli and Listeria monocytogenes have been
implicated in tolerance to antibiotics and recurrence of disease, emphasizing the potential for cell wall
deficiency to present a novel form of persistence whereby shedding of cell wall components provides
immunity in the face of cell wall targeting antibiotics?879. Furthermore, the ability of these organisms to
arise in the presence of lysozyme (a key factor involved in host immunity to TB,) combined with an
apparent resilience in the face of cell wall targeting antibiotics and a potential to revert to a wall replete
status after the removal of such antibiotics alludes to their prospective participation in resurgence of
infection”®. Considering the global burden of TB disease, representing the top cause of death by an
infectious agent before the COVID-19 pandemic, characterization of mycobacterial spheroplasts and their

potential role in antibiotic evasion and disease recalcitrance warrants further investigation8.
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SUPPLEMENTARY INFORMATION

Supplementary Table 1: https:/figshare.com/s/98406fda72080626203c

Supplementary Information 1: https:/figshare.com/s/b57e7330e4e9e599edd4

Supplementary Information 2: https:/figshare.com/s/e107414d4046988ea673

Supplementary Information 3: https:/figshare.com/s/5135e12ea433132d4146

Supplementary Movies 1-7: https:/figshare.com/s/bdea81d4b2a25565e24d
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