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Abstract

A key component of the mycobacterial cell envelope are the glycolipids. These
molecules play important roles in both structural support and modulation of the host
immune system. One of the major phospholipids produced by mycobacteria is
phosphatidylinositol. This molecule can be glycosylated to produce phosphatidylinositol
mannosides, as well as lipomannan and lipoarabinomannan. These mannosylated
glycolipids make up the majority of the lipids in the cytoplasmic membrane. However,
within the capsule of mycobacteria are lipid-free glycans thought to be derived from
lipomannan and lipoarabinomannan. Currently, there is no explanation as to how
arabinomannan and mannan are released from their lipid anchors. In this thesis, a
glycoside hydrolase family 76 enzyme is identified which cleaves lipomannan and
lipoarabinomannan and drives export of the carbohydrate domains to the capsule. In
addition, this thesis demonstrates that the loss of this enzymes activity results in a loss
of capsular arabinomannan. Furthermore, the loss of arabinomannan leads to an
increase in lag phase and significantly slower exponential growth. This thesis provides
evidence that arabinomannan acts as a signalling molecule which triggers the transition
from lag phase to exponential growth. The findings presented in this thesis will serve as
a basis for a better understanding of the digestion of mycobacterial glycolipids and the
trafficking of these molecules to the outer most layer of the cell. This may lead to a more
detailed appreciation of the role lipoarabinomannan and its derivatives play in host-

pathogen interactions and bacterial physiology.
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1. Introduction

1.1 The Mycobacterium genus

The Mycobacterium genus was named in 1896 by Lehmann and Neumann after they
identified specific characteristics of the human pathogen Mycobacterium tuberculosis,
the causative agent of tuberculosis (Lehmann and Neumann, 1896). However, the first
discovery of mycobacteria came in 1874 when Hansen identified the bacillus-shaped
bacteria, Mycobacterium leprae, in patients suffering with the disease leprosy (Kobro,
1925). Mycobacteria belong to the order of Actinomycetales which was codified in 1916.
This is a group of mould-like bacteria (Williams et al., 1993). To date, the Mycobacterium
genus consists of over 190 species which includes M. tuberculosis and other human
pathogens such as M. leprae, as well as non-tuberculosis mycobacteria such as

Mycobacterium avium and Mycobacterium abscessus (Meehan et al., 2021).

Mycobacterium species are aerobic bacteria in the Actinomycetota phylum (Ghosh and
Chaudhuri, 2015; Cook et al., 2009). They are guanine and cytosine (G+C) rich organisms
with unique cell walls that have both Gram-positive and Gram-negative features (Cook
et al., 2009). They are identified as acid-fast bacilli. This is a physical property of the
bacilli that enables the bacterium to resist decolourisation by acids during staining
procedures (Marlon, Mirza and Sandeep, 2022). All mycobacteria share a complex cell
wall structure with the defining mycolic acids feature that contributes to making the

cells hydrophobic and resistant to treatment (Asselineau and Lederler, 1950).
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One clear difference amongst mycobacteria, which was identified very early, was the
variability in growth rates of the bacteria (Tsukamura, 1967). This means the genus can
be subdivided into two categories; slow-growing bacteria where more than seven days
are required for colonies to form, and fast-growing bacteria where colonies form in less
than seven days (Nataraj et al., 2015). These two groups can then be further divided into
specific complexes. For example, the M. tuberculosis complex is a group of slow-growing
mycobacteria that cause tuberculosis in humans or other animals. It includes the
organisms: M. tuberculosis, Mpycobacterium bovis, Mycobacterium canetti,
Mycobacterium orygis, Mycobacterium microti, Mycobacterium caprae, Mycobacterium
pinnipedi, Mycobacterium suricattae, Mycobacterium mungi, and Mycobacterium

africanum (Fedrizzi et al., 2017).

In 2018, Gupta, Lo and Son proposed to further divide the Mycobacterium into five
genera based on their genome sequences. These were: Mycobacterium based on the
slow-growing tuberculosis-simiae clade, Mycobacteroides based fast-growing
abscessus-chelonae clade, Mycolicibacillus based on the slow-growing triviale clade,
Mycolicibacter based on the slow-growing terrae clade, and Mycolicibacterium based on
the fast-growing fortuitum-vaccae clade (Gupta, Lo and Son, 2018). However, due to the
complicated nature of diagnosing and treating these organisms, a return to the original
convention of Mycobacterium has been widely supported (Gupta, Lo and Son, 2018;

Meehan et al., 2021).
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1.2 The history of tuberculosis

Tuberculosis (TB) is an ancient disease. It is estimated that M. tuberculosis is roughly
70,000 years old (Hayman, 1984). However, it is believed that the Mycobacterium genus
originated over 150 million years ago, during the Jurassic period, with the
Mycobacterium ulcerans species (Hayman, 1984). As recent as 3 million years ago, there
were M. tuberculosis ancestors which were infecting the early hominids in East Africa
(Gutierrez et al., 2005), and there have been Egyptian mummies from 2400 BC which
show skeletal deformities consistent with tuberculosis infection (Morse, Brothwell and

Ucko, 1964).

The earliest written documents describing tuberculosis are from around 2000 to 3000
years ago, and these were found in China and India (Barberis et al., 2017). Tuberculosis
is also mentioned in the Old Testament of the bible where the ancient Hebrew word
schachepheth is used to describe the disease (Daniel and Daniel, 1999). Furthermore,
the ancient Greeks referred to the disease as Phtisis where the symptoms were
accurately identified by Hippocrates (Barberis et al., 2017). During this time, some of the
earliest tuberculosis researchers proposed that the disease was infectious and could

therefore be transmitted from person to person (Daniel, 2006).

During the 1700’s, tuberculosis was known as the ‘white plague’ due to the paleness of
those suffering with the disease. The term ‘tuberculosis” was not used until 1834 when
Johann Lukas Schonlein used the word to describe diseases that were characterised by

the presence of tubercules (Barberis et al., 2017).
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It was not until the late 1800’s that tubercule bacilli were first successfully isolated and
proven to be infectious. Robert Koch identified the presence of the bacterium in animal
serum, isolated them, and then inoculated laboratory animals with the bacilli to
reproduce the disease. Koch then presented these findings to the Society of Physiology
on the 24" March 1882 where he announced his discovery of the bacterium responsible
for causing tuberculosis. This was during a period where the disease was responsible for
the deaths of one in every seven people living in the United States and Europe
(Gradmann, 2001). One hundred years to the day later, The 24" of March became World
TB Day. This is a day dedicated to educating the public about the global impact

tuberculosis still has (CDC, 2016).

1.3 Tuberculosis

Today, tuberculosis is the second biggest infectious killer worldwide behind COVID-19,
and the thirteenth leading cause of death globally (WHO, 2022). During the year 2021,
it is estimated that 10.6 million people became ill with tuberculosis including 1.2 million
children (WHO, 2022). Tuberculosis is predominantly a disease of the poor, with 87% of
new cases in 2021 coming from 30 of the high burden countries. These include countries
such as India, China, and Indonesia (Xue et al., 2022). India was responsible for over a
quarter of new tuberculosis cases during 2021. This is predominately due to the lack of
available diagnostics. Typically, tuberculosis in India is diagnosed through sputum
smears taken throughout the day. There is a high margin of error involved in this test,
and positive tuberculosis cases will often be diagnosed after an individual has become

sick (Xue et al., 2022).
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Figure 1: Estimated tuberculosis incidence rate during 2021. Darker green indicates
higher incidence rate. Incidence is defined as proportion of people with a new episode
of TB. Highest incidence rates during 2021 were mostly seen in African countries.
Figure taken from World Health Organisation, (2022). Global Tuberculosis Report.
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As shown in Figure 1, tuberculosis is present all over the world. According to the Office
for National Statistics, there are around 4000 people infected with the disease each year
in the UK (GOV.UK, 2022). The infected demographic is largely found in the London area,
and this consists mostly of individuals born outside of the UK (GOV.UK, 2022). The UK
remains a low incidence country however, with an infection rate of 7.3 per 100,000
people in 2020. This is below the 10 per 100,000 which the World Health Organisation
defines as a low incidence country. In contrast, high incidence is defined as more than

100 infections per 100,000 people (WHO, 2021).

Tuberculosis will primarily affect the lungs, but it is capable of infecting other parts of
the body such as the brain and spine. Pulmonary tuberculosis is the most common
clinical presentation of the disease, and symptoms of this infection will include a chronic
cough, chest pain, weakness, fatigue, weight loss, fever, and night sweats (Zaman,
2010). Around 95% of people infected with the pathogen will never go on to develop
active tuberculosis, with just 5% of infected individuals going on to develop the disease
(Haddad et al., 2018). Tuberculosis will predominantly affect adults, but no age group is
immune to infection. Those individuals most at risk of developing active tuberculosis are
people living in low to middle income countries, and people infected with human
immunodeficiency virus (HIV). Those infected with HIV are 16 times more likely to
develop active tuberculosis. Malnutrition can also be a contributing factor to an
increased risk of active tuberculosis, as during 2021 2.2 million cases of reported

tuberculosis could be attributed to undernutrition (WHO, 2022).
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Tuberculosis will primarily be transmitted through the inhalation of aerosolized droplets
from an infected individual. These droplets, containing the tubercule bacilli, will be
deposited into the lungs where there are several possible outcomes (Churchyard et al.,
2016). First, and the most common outcome, is that the host will immediately clear the
pathogen from the body and prevent infection. Second, the body is unable to deal with
the invading bacilli and this leads to active tuberculosis. Third, the host will contain the
bacteria, but will not clear them from the body. This leads to a latent infection which
can last a person’s lifetime. This occurs in around 40% of people exposed to tuberculosis
(Young, Gideon and Wilkinson, 2009). Weakening of this person’s immune system, or a
general reduction in health, can lead to reactivation of the latent infection and this can
become active tuberculosis (Delogu, Sali and Fadda, 2013). The general life cycle of M.

tuberculosis is shown in Figure 2.
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Figure 2: Life cycle of M. tuberculosis. Infection begins with inhalation of M. tuberculosis
bacilli which has been released by a person with active tuberculosis. The bacilli will enter
the lungs of a new host and adhere to the surface of alveolar macrophages. The
macrophage engulf the bacteria and provide both protection and a mode of transport
across the lung epithelium. Additional macrophages and other immune cells are
recruited to deal with the growing infection, forming the granuloma. The bacteria
continue to grow inside the granuloma, until necrosis occurs and the bacteria are
released. At this point, they can be transmitted to a new host. Figure adapted from
Cambier, Falkow and Ramakrishnan, (2014).
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Upon inhalation of tubercule bacilli, and transport to the lungs, the bacteria will be
engulfed by alveolar macrophages if the innate immune system has not cleared the
infection (Urdahl, Shafiani and Ernst, 2011). M. tuberculosis produces many virulence
factors, including the presence of arabinomannan within the capsule, that will inhibit
the maturation of the macrophage into a phagolysosome. This enables the bacilli to
establish a niche inside the immune cell where they will begin to proliferate (Chowdhury
et al., 2018). Infected macrophages will produce chemokines and cytokines that will
attract other immune cells such as neutrophils and monocytes. This leads to the
formation of a granulomas structure referred to as a tubercle. Within this structure, the
bacilli can keep proliferating until an effective immune response can develop (Githinji,
Gray and Zar, 2018). If the host is unable to effectively control the proliferating bacilli, it
can lead to extensive damage. This is because the release of tumour necrosis-factor
alpha, reactive oxygen species, and cytotoxic cells can all contribute to host damage if
they are unsuccessful in eliminating the tubercule bacilli (Githinji, Gray and Zar, 2018).
If the bacilli are allowed to grow without host intervention, it can lead to dissemination
of the pathogen which will result in multi organ infection. Without treatment, the
mortality rate in this case will be above 80% (Chowdhury et al., 2018). The primary site
of tuberculosis infection will be the lungs and will be referred to as the Ghon focus
(Innes, Schaaf & Cotton, 2009). The Ghon focus will typically enter a state of dormancy
in most people as a latent infection (MacPherson et al., 2020). For most people who
become ill with tuberculosis, they do so after reactivation of the Ghon focus. This can
also be referred to as secondary tuberculosis and will occur in around 5% of latent

tuberculosis infections (Githinji, Gray and Zar, 2018).
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To diagnose active tuberculosis, several tests are used including a chest x-ray, sputum
evaluation, and lipoarabinomannan urine assays. This will include an acid-fast bacilli
smear, and mycobacterial culture to confirm the presence of M. tuberculosis (Fachri et
al., 2018). Sputum samples will be taken at multiple points during a day, where the Acid-
Fast Bacilli test will confirm the presence of mycobacteria. It will not however diagnose
the infecting species. Mycobacterial culture can be used to diagnose active tuberculosis
and will be performed on both solid and liquid media. It can also be used to test for drug
susceptibility to help direct the treatment approach (Pfyffer and Wittwer, 2012). Within
the past few years, a lateral flow test based on the presence of mycobacterial
lipoarabinomannan in urine has emerged. Although the test is not suitable for use in all
situations, it has been shown to be particularly effective at diagnosing tuberculosis in
individuals infected with HIV as the lower CD4 cell count improves the sensitivity of the
test (Bulterys et al., 2019). CD4 cells participate in protection against tuberculosis, and
so the lower cell count in HIV-infected individuals allows for greater proliferation of
tubercule bacilli (Lu et al., 2021). For those who do not have active tuberculosis, it is
possible to test for a latent infection using the Mantoux test or Interferon Gamma
Release assays (Nayak and Acharjya, 2012). The Mantoux test involves injecting a
purified protein derivative into the arm of a patient and observing the skin for a period
of time. If a person has mycobacteria present, the purified protein derivative will cause
a small, red bump to form within two days of the injection (Nayak and Acharjya, 2012).
An increasingly more common test for latent tuberculosis is the Interferon Gamma

Release assay. This is a much simpler test that quantifies the level of TB-specific
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inflammatory cytokines in the blood. However, this is a much more expensive test, and

requires technical training to perform (Pai et al., 2014).

Treatment of active tuberculosis involves taking multiple drugs over a course of 6
months. This will include isoniazid, rifampin, ethambutol, and pyrazinamide. For multi-
drug resistant infections, fluoroquinolones are used, and these will be required for over
two years (Peloquin and Davies, 2021). Tuberculosis medication can be highly toxic to
the liver and can cause other side effects such as: loss of appetite, blurred vision, nausea,
vomiting, yellow coloured skin, and easy bruising and bleeding (Bansal, Sharma and
Singh, 2018). Due to this, patient compliance can be poor, and this has contributed to
the rise of multi-drug resistant and extensively-drug resistant strains of M. tuberculosis

(Seung, Keshavjee and Rich, 2015).

1.4 The mycobacterial cell wall complex

The unique and complex cell wall of all mycobacteria is an important feature that
enables the bacteria to evade host immune systems, survive within the alveolar
macrophages and resist antibiotic treatments (Abrahams and Besra, 2018). It has been
well-studied over the past 15 years, and this has led to a detailed understanding of the
biosynthetic pathways involved in producing the cell wall complex (Dulberger, Rubin and

Boutte, 2020).
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Figure 3: The mycobacterial cell wall. A cross-section schematic depiction of the
mycobacterial cell wall. Prominent positions of glycolipids are shown anchored to the
cell membrane. The glycan-rich capsule consists of AM and a-glucan. LM, lipomannan;
ManLAM, mannose-capped lipoarabinomannan; AM, arabinomannan.
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As shown in Figure 3, the mycobacterial cell envelope is a massive molecular structure
that consists of three main essential components: the peptidoglycan, arabinogalactan,
and mycolic acids. This was primarily studied from 1950 to 1975 and was defined by
groups from Japan and France (Adam et al., 1969; Lederer et al., 1975; Wietzerbin-
Falszpan et al., 1970; Petit et al., 1969). The outermost layer is the capsule, which
contains a mixture of polysaccharides and secreted proteins, and has important roles in
both interacting with the host immune system and in virulence (Daffe and Etienne,
1999). Biosynthesis of the mycobacterial cell envelope requires many enzymes to build
and regulate the complex. There will be cell wall precursor enzymes, transport proteins,
cell wall assembly proteins, and cell wall synthesis regulators involved in the process
(Shetty and Dick, 2018). The whole envelope structure is rich in both lipids and
carbohydrates making it an effective permeability barrier and ensuring that the
pathogen is capable of surviving and thriving inside host immune systems during the

infection process (Jarlier and Nikaido, 1994).

1.4.1 Peptidoglycan

Peptidoglycan is the first major component of the mycobacterial envelope. It is found in
the cell wall of both Gram-positive and Gram-negative bacteria, and its primary function
is to maintain the cell shape and resist osmotic pressure from the cytoplasm (Vollmer,
Blanot and de Pedro, 2008). It is comprised of alternating N-acetylglucosamine and N-
acetylmuramic acid residues which are then crosslinked by peptide stems. The N-
acetylglucosamine and N-acetylmuramic acid residues are bonded together through B-

1,4 linkages. This forms a very rigid structure which is essential in most bacteria for
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growth and survival (Petit et al., 1969). However, as peptidoglycan is only found in
prokaryotes and some plants this has made it an ideal target for antibiotics — as reviewed

by Wright, (1999).

1.4.2 Arabinogalactan

Covalently bound to the peptidoglycan layer is another polysaccharide called
arabinogalactan. This is comprised of D-galactose and D-arabinose sugars in the 5-carbon
furanose ring form (McNeil et al., 1987). The arabinogalactan polymers are connected
to the peptidoglycan layer through a rhamnose-N-acetylglucosamine linker unit (Besra
et al., 1995). As shown in Figure 4, the galactan is a linear chain of B-p-galactofuranose
residues which consists of B-1,5 and B-1,6 linkages, and then highly branched arabinan
chains which extend from the galactan. This consists of a-1,2, a-1,3, and a-1,5 as well as
B-1,2 linkages. The non-reducing ends of the arabinan chains will serve as attachment
points for mycolic acids (Liu et al., 1996). Arabinogalactan has only been described in
the cell wall of mycobacteria, but it is highly prevalent in many plant species (Abrahams

and Besra, 2018).
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Figure 4: Schematic structure of mycobacterial arabinogalactan. Arabinan chains
branch out from linear galactan. Which is connected to the peptidoglycan layer.

Termini of arabinan chains serve as attachment points for mycolic acids. Key bonds are
indicated by arrows.
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1.4.3 Mycolic acids

The mycobacterial outer membrane is the final major component of the cell wall
complex. It is composed of mycolic acids which are attached to the arabinogalactan
layer. These are long chain fatty acids which consist of a long beta-hydroxy chain and a
short alpha-alkyl side chain (Nataraj et al., 2015). There are three classes of mycolic
acids: alpha-mycolates, methoxy-mycolates, and keto-mycolates. The structure of these
are shown in Figure 5. The mycolic acids are essential for cell viability and virulence, and

have roles in cell wall permeability (Liu et al., 1996).
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Figure 5: Mycolic acids present in M. tuberculosis. Structures of alpha-mycolates,
methoxymycolates, and keto-mycolates are shown. Alpha-mycolates account for more
than 70% of all mycolic acids whilst methoxy- and keto- mycolic acids combined account
for the remaining 30%. Alpha-mycolates are cis-dicyclopropyl fatty acids whilst metho-
and keto- can be either cis- or trans-cyclopropane rings. Figure adapted from Basso et
al., (2005).
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1.5 The mycobacterial glycolipids

Within the cytoplasm and periplasm of mycobacteria there are glycolipids non-
covalently anchored to the cell membrane (Dao, et al, 2004). These are the
phosphatidyl-myo-inositol mannosides (PIMs), lipomannan (LM), and
lipoarabinomannan (LAM). These structures share a common biosynthetic pathway and
have important roles in maintaining cell wall integrity and host immune system
interactions (Guerardel et al, 2002). It has been suggested by Bansal-Mutalik and
Nikaido (2014), that PIMs are likely to be involved in reducing the permeability of the
mycobacterial cell envelope and that this contributes to increased resistance to

chemotherapeutic agents (Bansal-Mutalik and Nikaido, 2014).
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Figure 6: PIMs biosynthesis pathway. A schematic representation of the current
understanding of the pathway required to synthesise PIMs. Initial biosynthesis takes
place in the cytoplasm until the branch point molecule is produced. This is then
translocated across the membrane into the periplasm where higher-order PIMs can be
synthesised.
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PIMs consist of a core phosphatidyl inositol (PI) anchor unit which can then be
glycosylated with mannopyranose (Manp) units (Ballou, Vilkas and Lederer, 1963).
Mannosylation at the O-2 and O-6 positions of the Pl unit results in the formation of the
mannosyl phosphate inositol (MPI) anchor (Guerin et al., 2009). The MPI anchor can
then be further mannosylated and acylated to form the PIM species: PIM1, PIM3, AcPIM,
Acz2PIM;, AcPIM3, AcPIMa, Ac,PIMa, AcPIMs, AcPIMe, and Ac2PIMe (AckPIMy where xis the
number of acyl chains and y is the number of Manp units) (Guerin et al., 2009). The most
abundant forms of PIMs in the mycobacterial cell wall are AcPIM;, Ac2PIM3, AcPIMs, and
Ac2PIMs (Court et al., 2011). These are predominantly found in the cytoplasm and
periplasm anchored to the cell membrane (Bansal-Mutalik and Nikaido, 2014). It is
predicted that the PIMs contribute to around 56% of all phospholipids in the cell
envelope of mycobacteria (Court et al.,, 2011). In addition to their roles in structural
support, cell wall integrity, and permeability, it has also been suggested that PIMs have
an essential role in septation and cell division (Fukuda et al., 2013). This was
demonstrated when Patterson et al., (2003) knocked out the enzyme phosphomannose
isomerase which is required for mannose metabolism in M. smegmatis. The result was
that of a phenotype unable to grow in media unless supplemented with a source of
mannose and which grew with a hyperseptation phenotype (Patterson et al., 2003).
More recently, Sparks et al., (2023), demonstrated that septation in M. smegmatis is
regulated by LAM. Through the use of M. smegmatis mutants with LAM deficiencies,
they show that LAM is required for the cells to maintain cell wall integrity in media
specific conditions. For example, when grown on LB agar plates, the mutant cultures

formed significantly smaller colonies. However, when grown on 7H10 agar the colonies
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were much more comparable to wild type. Additionally, LAM deficiencies are also shown
to be associated with increased envelope deformations as well as the formation of
abnormal septa and new poles (Sparks et al., 2023). On the other hand, in M. smegmatis
mutants producing abnormally large LAM, they highlight that cells form multiple septa
(Sparks et al., 2023). This study highlighted that LAM plays an important role in the

division of mycobacteria.

The biosynthesis of PIMs begins with the phosphatidyl inositol anchor unit in the
cytoplasm. The initial step involves the transfer of one Manp residue from a GDP-Manp
donor to the O-2 position of the Pl anchor ring to form PIM: by the enzyme PimA
(Korduldkova et al., 2002). Next, a second Manp residue will be transferred to the 0-6
position of the inositol ring by a second mannosyltransferase, PimB’, to produce PIM;
(Guerin et al., 2009). Following this, the acyltransferase, PatA, will acylate the first Manp
residue, in the O-2 position on the inositol ring, to form AcPIM, (Boldrin et al., 2021).
Further acylation on the inositol can be performed by an unknown enzyme to form
Ac;PIM; (Angala et al., 2014). The enzyme PimC will further mannosylate AcPIM; to form
AcPIM3, however currently a homologue of this enzyme has not been identified in M.
tuberculosis (Kremer et al., 2002). The hypothesised enzyme, PimD, will transfer the
fourth Manp unit to produce AcPIM4 and then subsequent acylation can be performed
by an unknown enzyme to form Ac2PIMs (Angala et al., 2014). This is discussed further
below. Formation of AcPIM4 is regarded as the transition point towards synthesis of the
higher order PIMs, and so it is termed the ‘branch point’ molecule. It is hypothesised

that at this point in the pathway, AcPIM4 is flipped from the cytoplasm to the periplasm
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by the ATP-binding cassette transporter, Rv1747, and the remaining steps in the
pathway will subsequently take place in the periplasm (Glass et al., 2017). However, the
role of Rv1747 as a PIM transporter has yet to be proven. Glass et al., (2017) argued the
role of the enzyme as a transporter. This was because a M. tuberculosis Rv1747 mutant
had an atypical PIM profile. Currently, there is no data to prove that this is the case
though and the exact transporter remains unknown. Additionally, the exact point at
which PIMs are flipped across the membrane has also yet to be proven. Once
transported into the periplasm, biosynthesis can continue in two different pathways.
AcPIM4 can either be further mannosylated to produce higher order PIMs, or it can be
hyper-mannosylated to form lipomannan. Within the periplasm, the
mannosyltransferases can no longer rely on nucleotide-based sugars as mannose
donors, and so use polyprenyl-phosphate-based mannose donors (Berg et al., 2007). Up
to this point, the Manp residues have been linked through a-1,6 linkages (Berg et al.,
2007). In the biosynthesis of higher order PIMs, AcPIMs is further mannosylated by PimE
to produce AcPIMs and then AcPIMe. The two additional Manp residues are added via
an a-1,2 linkage (Morita et al., 2006). This pathway is shown in Figure 6. Alternatively,
AcPIM4 can be hyper-mannosylated by the mannosyltransferases MptA and MptB to
produce lipomannan (Mishra et al., 2008). It has been suggested by Crellin et al., (2008)
that the lipoprotein LpgW will direct AcPIM4 towards either higher order PIMs synthesis
or lipomannan biosynthesis (Crellin et al., 2008). The a-1,6 linked mannan backbone of
LM is then decorated with a-1,2 linked Manp residues via the enzymes MptC and MptD.
This results in the formation of mature LM (Mishra et al, 2011). This pathway is

summarised in Figure 7.
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Figure 7: LM and LAM biosynthesis pathway. A schematic representation of the
current understanding of the pathway required to synthesise LM and LAM starting from
AcPIMa. The branch point molecule is translocated across the membrane into the
periplasm. Production of LM requires hyper-mannosylation of the mannan backbone.
This can then be further elaborated with an arabinan domain to produce LAM.
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Mature LM can be further modified to produce LAM. To do this, around 80
arabinofuranose residues are added in a similar structure to that of the arabinogalactan
domain. This is initiated by an unknown D-arabinofuranose transferase. Following this,
EmbC will elongate the arabinan domain adding D-arabinofuranose residues with a-1,5
linkages (Shi et al., 2006). An enzyme named AftC, also required for arabinogalactan
synthesis, will integrate a-1,3 linked branch point arabinofuranose residues (Birch et al.,
2008). The arabinan domain will then be terminated with B-1,2 linked arabinofuranose
residues. This is catalysed by AftB (Jankute et al., 2017; Seidel et al., 2007). Finally, the
LAM molecule can be capped. In many slow-growing pathogenic species such as M.
tuberculosis LAM is capped with a-1,2 linked Manp residues to produce ManLAM. This
is catalysed by the enzyme CapA (Rv2181) which will add the first Manp residue
(Dinadayala et al., 2006). MptC will then add additional Manp residues (Kaur et al.,
2008). This is done using polyprenyl-phosphate-based mannose donors (Stoop et al.,
2013). In some fast-growing, non-pathogenic mycobacteria, the LAM is capped with
phosphatidylinositol. This modification can, however, be move diverse. In some species,
such as M. chelonae, their LAM is uncapped and termed AraLAM (Brown and Taffet,
1995). The function of CapA was characterised by Dinadayala et al., (2006) who
disrupted the gene, Rv1635c, by transposition in M. tuberculosis CDC1551. They found
that when comparing the LAM to that of the wild-type strain, the mutant LAM migrated
more rapidly and it did not react with concanavalin A, a carbohydrate-binding protein,
which the wild-type LAM did. Furthermore, since there is no orthologue of Rv1635c in
M. smegmatis, a recombinant strain was constructed and CapA was expressed. The

result of this was the LAM from this recombinant strain had a higher molecular weight
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than that of the wild-type, and was reactive with concanavalin A. In addition, structural
analysis revealed the presence of a single mannose residue capping the terminal
arabinan. These results suggested that CapA is a mannosyltransferase responsible for
synthesising the first mannose residue in mannose-capped LAM (Dinadayala et al.,

2006).

As described previously, the mono-acylated PIM; and PIMg can be further acylated on
the inositol, by an unknown enzyme, to produce AcoPIM; and Ac2PIMe. However, the
mono-acylated forms are the dominant PIMs in standard culture conditions, with the di-
acylated forms being relatively low in abundance (Larrouy-Maumus et al., 2016). This
may suggest that acylation of AcPIM; and AcPIMge is a response to stress, as Larrouy-
Maumus et al., (2016), report that the abundance of Ac,PIM; and Ac2PIMg increases in
response to increasing levels of salt (Larrouy-Maumus et al., 2016). This suggestion has
been further supported by Nguyen et al., (2022), who report that acylation is induced
by increased concentrations of benzyl alcohol, and that this is a rapid response to stress.
Additionally, they show that this is an enzymatic response as acylation occurs when
translation has been inhibited (Nguyen et al., 2022). These findings support the
hypothesis that inositol-acylation is a response to severe membrane stress in
mycobacteria. Nguyen et al.,, (2022) hypothesise that inositol-acylation helps to
maintain cell wall integrity and low permeability of the membrane. This could be utilised
by the bacteria during antibiotic treatment for example. It is therefore a last resort to
ensure continued survival of the bacteria, and is not quickly reversible (Nguyen et al.,

2022).
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It is predicted that PIM biosynthesis predominately occurs during logarithmic growth in
mycobacteria, but it is downregulated during stationary phase (Morita et al., 2004). This
prediction is based on the fact that the universal stress protein (USP), which inhibits PIM
transport, is downregulated during log phase (Pang et al., 2007), but upregulated in
stationary phase by the activator proteins DosR and PknG (Rustard et al., 2008).
Currently, there is no PIM abundance data to support this. Activated USP will bind to the
putative PIM transporter Rv1747 to inhibit transport of AcPIM4 to the periplasmic face
of the membrane (Glass et al., 2017). Therefore, it is hypothesised that when USP is
active, in stationary phase, the relative abundance of PIMs in the periplasm will be
reduced (Dulberger, Rubin and Boutte, 2020). This hypothesis has been further
supported by Zhang et al, (2013) who reported that pimE is less important for cell
survival in chronic stage mouse infections compared to active phase infections. This
suggests that the biosynthesis of higher order PIMs is not as important during stationary
phase as it is during log phase (Zhang et al, 2013). During the early stages of infection,
when the cells are undergoing logarithmic growth, PIMs are required to induce
cytokines to form the granuloma. Therefore, it is logical that there should be a higher
abundance of PIMs during this stage compared to stationary phase (Dulberger, Rubin

and Boutte, 2020).

LM and LAM are predicted to have an alternative expression pattern to PIMs. In this
case, expression of LM and LAM is relatively low during logarithmic growth, but they are
highly expressed during stationary phase (Dulberger, Rubin and Boutte, 2020). It has

also been show by Bacon et al.,, (2014) that during nutrient-depletion in stationary
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phase, mycobacteria will modify the LAM to have increased arabinan chains in response
to the stress (Bacon, et al.,, 2014). Furthermore, Betts et al., (2002) describe how the
gene IpgW is upregulated during periods of starvation (Betts et al., 2002), but the genes
embC and mptA are downregulated during log phase (Peterson et al., 2019). It would
therefore appear that there is upregulation of genes involved in LM and LAM synthesis
during stationary phase, but a downregulation of these genes during logarithmic

growth.

There have been several studies that have investigated how knock out of genes involved
in the PIMs/LM/LAM biosynthesis pathway will affect cell viability. Previous studies have
shown that the genes pimA and pimB are essential in M. smegmatis and knock-out of
the patA gene will result in severe growth defects. However, knock-out of pimE, the
protein product of which is responsible for committing the branch point PIM to synthesis
of higher order PIMs, results in much more mild growth defects. When grown on solid
media, a mutant pimE colony appears small and lumpy compared to the larger wrinkled
phenotype of the wild-type cells (Eagen et al., 2018). These studies have demonstrated
that genes involved in the earlier stages of the PIMs pathway are essential to
mycobacteria, but mycobacteria can survive when genes involved in the production of

higher-order PIMs are lost.

1.5.1 Structure and function of lipoarabinomannan

It is estimated that LAM contributes to around 15% of the total mass of mycobacterial

cells (Lowary and Achkar, 2022). Combined with its role as an immunomodulator, this
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has made it a good target for tuberculosis diagnosis. Anti-LAM antibodies have long
been used to detect LAM or LAM fragments in urine samples of immunocompromised
individuals, such as HIV positive patients, due to the high M. tuberculosis load and
increased quantity of LAM in the urine (Flores, Cancino and Chavez-Galan, 2021).
However, recent improvements in antibody generation have resulted in more sensitive
anti-LAM antibodies with higher affinity for the antigen. This has resulted in more

effective LAM based diagnostic testing in HIV negative individuals (Sigal et al., 2018).

As eluded to above, lipoarabinomannan has a tripartite structure that begins with a

phosphatidylinositol lipid anchor, followed by a mannan core, and finally a capped-

arabinan domain (Lowary and Achkar, 2022). This is shown in figure 8.
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Figure 8: Structural schematic of lipoarabinomannan. Three structural domains
characterise LAM. First, a phosphatidylinositol lipid anchor; secondly, an a-1,6 linked
mannan backbone with a-1,2 linked mannose side chains; and thirdly, a mannose-
capped arabinan domain. The precise number of Manp residues in the mannan
backbone is not currently known.
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The immunomodulatory properties of LAM have previously been well studied. The host
immune system can have a number of responses to the lipoglycan and these will vary in
severity (Correia-Neves et al., 2019). However, little is currently known about which
parts of the molecule are required to trigger an immune response. Previously, it was
believed that the mannose caps of ManLAM were vital to the pathogenesis of M.
tuberculosis infection (Maeda et al., 2003). This was performed with purified ManLAM.
This was until Afonso-Barroso et al., (2013) showed that the mutations in the mannose
caps of M. tuberculosis had no effect on the virulence of the pathogen as well as having
very little impact on triggering inflammatory responses in mouse macrophages (Afonso-
Barroso et al., 2013). There are several host cell receptors which will interact with
mycobacteria during the initial infection process, for example Toll-like receptors and C-
type lectins (Correia-Neves et al., 2019). These pathogen recognition receptors will
recognise and bind to ManLAM through carbohydrate recognition domains which are
present on the surface of innate immune cells such as macrophages (Schnaar, 2015).
These receptors include the mannose receptor, DC-SIGN, DC-SIGNR, Dectin-2, and
langerin. They have been shown to interact with the mannose caps of purified LAM
(Yonekawa et al., 2014). The recognition and binding of ManLAM by receptors on innate
immune cells will induce endocytosis and internalisation of the tuberculosis bacilli.
Furthermore, it has been shown that purified ManLAM can trigger antimicrobial
signalling pathways via the C-type lectin Dectin-2 in immune cells which will result in the

secretion of pro-inflammatory cytokines (Decout et al., 2018).
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Once engulfed by alveolar macrophages, the role of ManLAM is not over. Mycobacteria
will prevent maturation of the phagosome and fusion with lysosomes to ensure the
bacilli can survive (Fratti et al., 2003). This is facilitated by LAM which acts as a mimic to
do so. The host cell lipid, phosphatidylinositol 3-phosphate, is required by macrophages
to drive phagosome maturation and lysozyme fusion. However, its formation and
accumulation has been shown to be inhibited by the presence of isolated ManLAM
meaning that phagosome maturation cannot occur (Torrelles and Schlesinger, 2010;

Sweet et al., 2010).

1.5.2 Capsular arabinomannan

As shown in Figure 3, LAM is not thought to be present on the outermost surface of
mycobacterial cells (Alsteens et al., 2008; Kalscheuer et al., 2019). Consequently, one
mechanism for LAM to interact with host cell receptors is via processing and transport
to the capsule. The capsule has been studied in mycobacteria for more than 60 years
(Barksdale and Kim, 1977). These early studies were focussed on the capsules of M.
leprae and M. lepraemurium and they concluded that the capsules were accumulations
of released glycopeptidolipids (Barksdale and Kim, 1977). However, later studies have
shown that mycobacterial capsules are diverse in their make-up, consisting of
polysaccharides, proteins, and small amounts of lipids (Ortalo-Magne et al., 1995;
Ortalo-Magne, Andersen and Daffe, 1996). It has been shown that in slow-growing
mycobacteria, polysaccharides will be the main constituent of the capsule, whereas
proteins will dominate in fast-growing mycobacteria (Ortalo-Magne et al., 1996). In the

M. tuberculosis capsule there are three major polysaccharides: a-p-glucan; b-arabino- D-
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mannan (AM); and b-mannan (Kalscheuer et al., 2019). As shown in Figure 9, the
structure of the arabinomannan found in the capsule looks to be identical to the

carbohydrate moieties found in LAM in the periplasm.

If the capsular AM is a derivative of periplasmic LAM, then a currently unknown
enzymatic step is required to remove the Pl anchor from the molecule (Pitarque et al.,
2008). It has been reported that LAM is restricted to the periplasm, so the mechanism
by which AM is able to travel to the capsule is also unknown (Hoffmann et al., 2008).
Two different studies have suggested that a lipoprotein, LprG, could be involved in
transferring LAM from the periplasm to the capsule (Shukla et al., 2014; Gaur et al.,
2014). In either case, it could be possible that the missing enzymatic step required to
cleave the Pl anchor from LAM could take place either at the periplasm prior to AM
transport to the capsule, or in the mycomembrane during transport of LAM to the
capsule (Kalscheuer et al., 2019). In support of these hypotheses, mycobacteria produce
extracellular vesicles, and it has been shown that these extracellular vesicles in
pathogenic mycobacteria are enriched in lipoproteins. Furthermore, lipidomic analysis
revealed that the vesicles originate at the cytoplasmic membrane and travel to the
capsule during phagosome infection (Kalscheuer et al., 2019). Additionally, the
extracellular vesicles are abundant with LAM. It is therefore possible that the missing
enzymatic step could be happening inside the vesicle (Kalscheuer et al., 2019). It has
been shown that under standard growth conditions, the major capsular polysaccharide
is a-D-glucan (Glatman-Freedman et al., 2004). However, it is possible that this is not the

case in different growth conditions. It is therefore likely that a-p-glucan and AM have

33



Aaron Franklin Chapter 1

different secretion pathways. Synthesis of AM could start in the cytoplasm where
AcPIMy is flipped across the cell membrane into the periplasm, allowing for biosynthesis
of LAM to take place. Following this, LAM is processed by an unknown enzyme to
produce AM, which is then trafficked to the capsule where it is able to interact with the

host immune system as described previously. This pathway is summarised in Figure 10.

As shown in Figure 10, for LAM to be processed into AM, an unidentified enzyme is
required to cleave the Pl anchor from the molecule. The structure of LAM includes an a-
1,6 linked mannan backbone that is covalently attached to the Pl anchor. Therefore, it
is possible that the missing enzyme is cleaving the mannan backbone close to the PI
anchor allowing the resulting AM product to be trafficked to the capsule. Enzymes
involved in cleaving glycosidic bonds, such as those found in the mannan backbone, are

called glycoside hydrolases and polysaccharide lyases.
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Figure 9: Structure of capsular arabinomannan. The a-1,6 mannan core is decorated
with a-1,2 linked mannopyranose residues, and arabinan side chains. Terminal arabinan
residues are capped with a-1,2 linked mannopyranose (Ortalo-Magne, Andersen and
Daffe, 1996). The structure of capsular AM is identical to that of the carbohydrate
domain of lipoarabinomannan.
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Figure 10: Pathway of LAM being processed into AM. An unidentified enzymatic step is
represented by a question mark. Cleavage of the lipid carrier would result in a
carbohydrate moiety similar to that found in capsular AM.
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1.6 Glycoside Hydrolases

Carbohydrates play a variety roles in life. They act as structural components of cell walls,
are involved in cell-cell signalling, and can be used as energy sources (Ardévol and
Rovira, 2015). They are the most abundant biomolecules in nature and exist in diverse
structures. This means there needs to be a diverse group of enzymes that are
responsible for synthesising, degrading, and modifying these glycans (Davies and
Henrissat, 1995). This group of proteins are called carbohydrate-active enzymes, or
CAZymes, and they include glycoside hydrolases (GHs), glycosyltransferases (GTs),
polysaccharide lyases (PLs), and carbohydrate esterases (Davies, Gloster and Henrissat,
2005). Carbohydrates are held together by glycosidic bonds, and the synthesis and
cleavage of these bonds is the responsibility of GTs and GHs/PLs respectively (Ardévol

and Rovira, 2015).

Glycoside hydrolases are found in most, if not all living organisms and will be involved
in metabolism, pathogenesis, virulence, and defence against antimicrobials (Naumoff,
2011). Due to the considerable diversity of characterised GHs, and the variety of roles
they play, the enzymes are grouped into families. To date, there are over 180 GH families

listed on the CAZy database (www.cazy.org) (Henrissat and Romeu, 1995). These

families are based on shared similarities in amino acid sequences and substrate
specificities. GH families can also be grouped into clans. A clan is a group of GH families
which share significant similarities in tertiary structures, catalytic residues, and their
mechanism. These clans are assigned a letter, and currently GH clans A-R exist (Voung

and Wilson, 2010). It is believed that clans consist of GHs that have a common
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evolutionary ancestry (Amin et al., 2021). Alternatively, GHs can be classified based on
whether they cut carbohydrates at the end of the glycan chain to produce monomers
(exo-acting), or if they cut in the middle of a glycan chain (endo-acting) (Davies and

Henrissat, 1995). This is shown in Figure 11.

Glycoside hydrolases can also be classified based on their mechanism of action. GHs can
either be inverting or retaining enzymes. This is regarding whether hydrolysis involves
retention or inversion of the anomeric carbon — shown in Figure 12 (Davies and
Henrissat, 1995). Typically, there are two catalytic residues required which are usually
aspartic or glutamic acids and they will be closely located to each other. In retaining
enzymes there is an average distance between the two catalytic residues of around 5.5
A. In inverting enzymes, this distance is greater with an average of around 10 A between
the two residues (Davies and Henrissat, 1995). These residues will act as either a general
acid/proton donor, or as a base/nucleophile to cleave a glycosidic bond (McCarter and

Withers, 1994).
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Figure 11: Classification of GHs based on location of action. Exo-acting GHs cut at the
end, typically the non-reducing end, of a glycan chain. Endo-acting GHs cleave in the
middle of a glycan chain.
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Figure 12: Classification of GHs based on mechanism of action. Retaining and inverting
mechanism is shown, based on configuration of anomeric carbon after hydrolysis (Davies
and Henrissat, 1995).
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1.6.1 Glycoside hydrolases of M. tuberculosis

According to the CAZy database, M. tuberculosis H37Rv encodes 32 known glycoside
hydrolase from 17 different GH families. Of these 32 genes, 15 belong to the GH13 and
GH23 families (van Wyk et al., 2017). To date, only a proportion of these genes have
been biochemically characterised. Therefore, it is only possible for their function to be
hypothesised based on the GH family they are a member of. As shown in Table 1, the 32
GHs of M. tuberculosis are grouped into 5 main categories: a-glucan targeting enzymes,
B-glucan targeting enzymes, peptidoglycan remodelling enzymes, a-mannan degrading
enzymes, and arabinofuranose degrading enzymes.

Table 1: Glycoside hydrolases of M. tuberculosis H37Rv

Name Gene Glycoside Hydrolase Family 3D Structure
Name Determined?
a-glucan targeting enzymes
Rv1327c glgE GH13 PDB: 4U33
Rv1326¢ glgB GH13 PDB: 3K1D
Rv1562c treZ GH13 No
Rv1564c treX GH13 No
Rv0126 treS GH13 PDB: 4LXF
Rv1563c treY GH13 No
Rv2741 aglA GH13 No
Rv2402 Rv2402 GH15 No
Rv3031 Rv3031 GH57 No
Rv2006 otsB1 GH65 No
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Rv3401 Rv3401 GH65 No
Rv1781 malQ GH77 No

B-glucan targeting enzymes
Rv0186 bgls GH3 No
Rv3096 Rv3096 GH5 No
Rv0062 celAl GH6 PDB: 1UPO
Rv1089 celA2b GH12 No
Rv0315 Rv0315 GH16 No
Peptidoglycan remodelling enzymes
Rv0237 Ipql GH3 PDB: 5G3R
Rv2450c rpfE GH23 PDB: 40W1
Rv1009 rpfB GH23 PDB: 4EMN
Rv1022 IpqU GH23 No
Rv1230c Rv1230c GH23 No
Rv0867¢ rpfA GH23 No
Rv1884c rpfC GH23 No
Rv2389c rpfD GH23 No
Rv3896¢ Rv3896¢ GH23 No
Rv2525c Rv2525 GH25* PDB: 4PMR
a-mannan degrading enzymes
Rv0648 Rv0648 GH38 No
Rv0365c Rv0365c¢ GH76 No
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Rv0584 Rv0584 GH92 No

Arabinofuranose degrading enzymes

Rv1754c Rv1754c GH183 No

Rv3707c Rv3707c GH183 PDB: 8ANO

* Not yet classified as a GH25 as no biochemical data to support it.
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1.6.2 Alpha-glucan targeting enzymes

Alpha-glucan is a polysaccharide consisting of D-glucose monomers. It is commonly
found in bacteria, yeast, plants, and insects. In mycobacteria, a-glucan is used to
synthesise carbohydrates such as trehalose and glycogen (Rashid et al., 2016). As shown
in Table 1, a large proportion of M. tuberculosis GH encoding genes are predicted to be
involved in targeting a-glucan. Furthermore, of these a-glucan targeting enzymes, over
half belong to the family GH13. This family is one of the largest families in the CAZy
database with over 20 different enzymatic activities associated with these proteins. Due
to this reason, the GH13 family was one of the first to be divided into subfamilies, where

each subfamily is only associated with one enzymatic activity (Stam et al., 2006).

1.6.3 Beta-glucan targeting enzymes

Beta-glucans are polysaccharides that are composed of B-glucose monomers. For
example, cellulose is comprised of B-glucan. As shown in Table 1, M. tuberculosis possess
5 genes that are predicted to be involved in targeting B-glucan. The genes Rv0062 and
Rv1089 for example have been shown to be capable of hydrolysing acid swollen
cellulose and other B-glucan substrates (Varrot et al., 2005; Mba Media et al., 2011).
However, despite M. tuberculosis having the ability to hydrolyse cellulose-like
substrates, the pathogen is not considered to be cellulolytic as it has yet to be proven
that the organism can utilise the crystalline form of cellulose (Koeck et al., 2014).
Furthermore, as M. tuberculosis and many other mycobacteria are present in an
intracellular environment, it is unlikely that they would utilise cellulose as an energy

source. This is with the exception of M. bovis which may require secreted B-glucan
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targeting enzymes to hydrolyse the substrate when infecting cows for example (Varrot
et al., 2005). It has been reported that M. tuberculosis is capable of synthesising
cellulose in order to form biofilms (Trivedi et al., 2016). However, currently the enzymes
involved in the synthesis or degradation of mycobacterial cellulose have not been

identified.

1.6.4 Peptidoglycan remodelling enzymes

As shown in Table 1, a large proportion of enzymes involved in peptidoglycan
remodelling belong to the family GH23. This family of enzymes have peptidoglycan lytic
transglycosylase activity and show structural similarities to lysozymes found in
eukaryotic organisms (Cohen-Gonsaud et al., 2004). These enzymes are therefore
lyases, but have been grouped into the GH23 family. One noteworthy enzyme that has
been grouped into the peptidoglycan remodelling enzymes is Rv2525c. This was
identified by Saint-Joanis et al., (2006) as having a possible role in peptidoglycan
remodelling when a genetic knockout of rv2525c showed increased sensitivity to -
lactams (Saint-Joanis et al.,2006). However, the enzyme has not yet been assigned to a
specific GH family. Despite this, the structure of the protein has been solved to a
resolution of 1.5 A by Bellinzoni et al., (2014). Rv2525c has an alpha/beta barrel fold
consisting of 8 beta strands and 5 alpha helices. Conventionally, alpha/beta barrel
proteins will have 8 beta strands and 8 alpha helices. This unusual structure of Rv2525c
with just 5 alpha helices is a structure that has only been found previously in the GH25
family (Vollmer et al., 2008). There is evidence therefore that Rv2525c belongs to the

GH25 family, but the lack of biochemical data means that it cannot be truly classified.
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1.6.5 Alpha-mannan degrading enzymes

There are three enzymes in M. tuberculosis that are predicted to be involved in
degradation of a-mannan. These are Rv0648, Rv0365c, and Rv0584. They each belong
to a different GH family, implying they each have a different role in a-mannan hydrolysis.
In M. tuberculosis, and other species, mannosylation is the process of adding activated
mannose sugar units onto lipids and proteins. This is seen in the biosynthesis of PIMs,
LM, LAM, and mannoproteins. As discussed previously, there are a large, but
incomplete, number of mannosyltransferases involved in the biosynthesis of these
glycolipids and so our understanding of these pathways is detailed. However, current
understanding of the hydrolysis of these substrates, and how this affects virulence of M.
tuberculosis is very limited. This is due to the lack of characterisation of the three «-
mannanases. To date, only Rv0648 has been shown to have a-mannanase activity, as
Rivera-Marrero et al., (2001) detected activity when assaying the protein on synthetic
a-mannan substrates (Rivera-Marrero et al., 2001). The true substrate for this enzyme

therefore remains unknown.

1.7 Alpha 1,6 mannan degrading enzymes

As shown in Table 1, M. tuberculosis encode just one predicted GH76 enzyme — Rv0365c.
Glycoside hydrolase family 76 enzymes are endo-acting a-mannanases which have
previously been studied in fungi and bacteria. They will specifically recognise and cleave
a-1,6 linked mannan which is found in mannoproteins in fungi as well as in the
mycobacterial glycolipids as previously discussed. The GH76 family began with the

characterisation of the founding member Aman6é from Bacillus circulans — an
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opportunistic, environmental human pathogen (Nakajima, Maitra and Ballou, 1976). It
was shown that this enzyme was able to cleave a-1,6 linked mannan to produce
mannobiose and mannotriose. Further study revealed that mannotriose was the
shortest length polysaccharide that Aman6 was capable of hydrolysing (Maruyama and
Nakajima, 2000). To date, only 11 GH76 enzymes have been characterised, and these

have predominantly been in non-pathogenic species.

Glycoside hydrolase family 76 enzymes have been primarily studied in Bacteroides
thetaiotaomicron as this organism encodes several GH76 proteins (Cuskin & Lowe et al.,
2015). In B. thetaiotaomicron, the carbohydrate degradation enzymes are often
organised into polysaccharide utilization loci (PULs). These are regions of the genome
which will be up-regulated in the presence of glycans, for example when fungal a-1,6
linked mannan is present. This was shown to be consistent in Salegentibacter, a marine
bacterium, which also encode a GH76 located within a PUL used for degrading fungal
mannan (Solanki et al., 2022). Studies have shown that these GH76 enzymes are active
on undecorated a-1,6 mannan, but are not active on wild-type a-1,6 mannan which is
highly branched with a-1,2 mannose residues (Cuskin & Lowe et al., 2015). In B.
thetaiotaomicron, several of the GH76 enzymes are located on the cell surface where
they degrade partially digested yeast mannan which has the a-1,6 backbone exposed
(Cuskin & Lowe et al., 2015). GH76s located within the periplasm however, have only
shown to be active on short a-1,6 mannan polysaccharides (Cuskin & Lowe et al., 2015).
This demonstrates that the GH76s are involved in a pathway of enzymes, and they

require the substrate to be partially digested before they can act on the a-1,6. It has
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been speculated that some fungal GH76s can act as transglycosylases. As there is
evidence to suggest the enzymes are involved in  cross-linking
glycosylphosphatidylinositol-anchored proteins into the cell wall of Saccharomyces
cerevisiae (Kitagaki et al., 2002). This was proven by Vogt et al, (2020), who
demonstrated that GH76 enzymes are responsible for transferring
glycosylphosphatidylinositol- anchored proteins to the nonreducing ends of acceptor

glycans in the fungal cell wall.

Glycoside hydrolase family 76 enzymes have been shown to be endo-acting, retaining
enzymes. This was first proven by Cuskin & Lowe et al, (2015) using a B.
thetaiotaomicron GH76 and Nuclear Magnetic Resonance analysis when the enzyme
was used to hydrolyse the substrate 4-nitrophenyl a-mannosyl-1,6-a-mannopyranose
(Cuskin & Lowe et al., 2015). To date, 8 GH76 proteins have had their three-dimensional
structures solved, such as Aman6 and the B. thetaiotaomicron enzymes BT2949 and
BT3792. As shown in Figure 13, it has been revealed that these enzymes have an
alpha/alpha 6 helix fold (Thompson et al., 2015). The structure of BT3792, shown in
Figure 14, revealed the catalytic residues to be a pair of consecutive aspartic acids, D258
and D259 (Cuskin & Lowe et al., 2015). The catalytic residues of Aman6 were then also
confirmed to be a pair of aspartic acid residues, D124 and D125, and identified as the
catalytic nucleophile and the general acid/base respectively using X-ray analysis of the
protein in complex with its substrate (Thompson et al., 2015). The Williams and Davies
group reported the first inhibitor of a GH76 when they identified that Aman6 could be

inhibited by a-mannosyl-1,6-isofagomine (Thompson et al., 2015). By performing highly

47



Aaron Franklin Chapter 1

detailed mechanistic, structural, and conformational analysis of the catalytic domain of
Aman6 the group identified that when Aman6 was in complex with a substrate the
protein distorted to a skew-boat conformation. However, when the protein is in
complex with its inhibitor, a-mannosyl-1,6-isofagomine, it adopts a high-energy Bs
conformation (Thompson et al., 2015). Additionally, the Williams and Davies group
report that Amané is unlike other mannosidase families, such as the GH38 and GH92
families, as Aman6 does not require metal ions to distort the geometry of its substrate.
The addition of EDTA had no effect on the activity of the enzyme, and there was no
evidence to suggest metal ions were required in any of the structures they determined

(Thompson et al., 2015).
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Figure 13: Crystal structure of Aman 6. a) Structure was determined by X-ray
diffraction to a resolution of 1.38 angstroms (Striebeck et al., 2013). Arrows indicate
the catalytic residues D124 and D125. b) Catalytic site of Aman 6.

Figure 14: Crystal structure of BT3792. a) Structure was determined by X-ray diffraction
to a resolution of 2.10 angstroms (Cuskin & Lowe et al., 2015). Arrows indicate the
catalytic residues D258 and D259. b) Catalytic site of BT3792.
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1.7.1 Rv0365c
The gene rv0365c is predicted to encode the only GH76 present in the M. tuberculosis
genome. This is a 1131bp gene with a protein product of 41.5 kDa in size and 376 amino

acids in length. A BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) reveals that it

has homologues in M. bovis, M. smegmatis, Mycobacterium marinum, M. canetti, and
M. abscessus as shown in Table 2.

Table 2: BLAST analysis of mycobacterial homologues of rv0365c¢

Organism Gene / Sequence ID E Value
Mycobacterium canetti ID: WP_230872063 0.0
Mycobacterium marinum MMAR_0667 0.0
Mycobacterium bovis Mb0372c, BCGDan_0378 0.0

Mycobacterium smegmatis MSMEG_0740 9e-163

Mycobacterium abscessus MAB_4257c 8e-121

There are many genetic screens conducted in mycobacteria which provides a rich source
of functional information for individual genes. For example, Rv0365c¢ was highlighted in
a screen by Miller and Shinnick (2001) where they were looking for genes involved in
macrophage survival. To do this, a library of M. smegmatis which contained an individual
integrated cosmid containing M. tuberculosis DNA was used to infect the human
macrophage THP-1 (Miller and Shinnick, 2001). The study focussed on looking for M.
smegmatis clones that exhibited a significant increase in survival rate compared to the
wild-type, non-pathogenic cells. The result of this was the identification of two genes,

which they named sur2 and sur3, that increased M. smegmatis ability to survive inside
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the macrophages. The genes were identified as rv0365c and rv2235 respectively. The
study demonstrated that when M. smegmatis cells carrying the rv0365c gene were used
to infect the macrophage, there was an increase in ratio of rv0365c to wild-type colonies
from 1:1 at 0 hours post infection to 20:1 at 24 hours post infection. As shown in Figure
15, these results demonstrated the increased survival rate rv0365c provided M.

smegmatis (Miller and Shinnick, 2001).
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Figure 15: Survival rate of M. smegmatis expressing rv0365c (orange) and rv2235
(green) compared to wild-type cells. The wild-type cells express the xy/E gene product,
catechol 2,3-dioxygenase, and so will remain white when sprayed with catechol. The
recombinant cells however, do not express this gene and so will turn yellow. This allows
direct comparisons to be made. Figure adapted from Miller and Shinnick, (2001).
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It has also been reported that the gene rv0365c is non-essential in M. tuberculosis H37Rv
(Griffin et al., 2011). In this study, Griffin et al., (2011) generated a transposon insertion
library in M. tuberculosis H37Rv. Loss of gene function was dependent upon where the
transposon was inserted within a gene. For instance, when the transposon is inserted
close to the start of the gene, then there would be a greater loss of function compared
to when the transposon is inserted close to the end of the gene. The result of this study
was that rv0365¢ was identified as a gene which loss of function was not essential for in
vitro growth of M. tuberculosis H37Rv (Griffin et al., 2011). This study built on previous
work by Sassetti, Boyd and Rubin, (2003) who also found Rv0365c to be non-essential.
Since then, there have been further projects that have also confirmed the non-

essentiality of Rv0365c (Delesus et al., 2017; Minato et al., 2019).

Using two-dimensional liquid chromatography-mass spectrometry, it has been shown
that Rv0365c is present in the membrane fraction of M. tuberculosis H37Rv (de Souza et
al., 2011). In this study, the authors defined the proteomic content of either culture
filtrate, membrane fraction, or whole cell lysate from M. tuberculosis H37Rv. Mass
spectrometry was then used to identify the proteins found in each fraction. From this
study, it was reported that Rv0365c is located within the membrane fraction (de Souza
et al., 2011). This result supported earlier studies that also reported the presence of
Rv0365c in the membrane fraction of M. tuberculosis (Mawuenyega et al., 2005; Xiong
et al., 2005). The current understanding of Rv0365c is therefore that it is a non-essential
membrane-localised protein that promotes intracellular survival of M. smegmatis inside

macrophages when overexpressed.
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1.8 Alpha 1,2 mannan degrading enzymes
M. tuberculosis, as shown in Table 1, also encode two other putative a-mannan
degrading enzymes which are predicted to be active on a-1,2 linked mannan. These

enzymes, Rv0648 and Rv0584, belong to the GH families GH38 and GH92 respectively.

1.8.1 Glycoside hydrolase family 38

Glycoside hydrolase family 38 enzymes are exo-acting, Class Il proteins. This means that
they show less biochemical specificity in terms of the type of bond they will cleave
(Gonzalez and Jordan, 2000). This is opposed to GH76 enzymes which are Class | and so
will strictly cleave one type of bond. GH38 enzymes have been shown to possess a-1,2,
a-1,3, and a-1,6 enzymatic activity (van der Elsen, Kuntz and Rose, 2001). As with GH76
enzymes, GH38 proteins are retaining enzymes that operate through a classical
Koshland double-displacement mechanism. This involves two inversion reactions in
order to retain the stereochemistry of the anomeric carbon. This was primarily
determined by Howard, He and Withers, (1998), and later confirmed by Numao et al.,
(2003). Again, GH38 catalytic residues have been shown to be a pair of aspartic acid

residues (Howard, He and Withers, 1998; Numao et al., 2003).

GH38 enzymes have primarily been studied using eukaryotic proteins. There is therefore
much less known about bacterial GH38 enzymes. According to the CAZy website, there
are numerous bacterial species that encode GH38 genes, but only 10 have been
characterised to date. Of the three mycobacterial a-mannan degrading enzymes, only

the GH38 Rv0648 has been biochemically shown to be active on a-mannan. This work
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was done by Rivera-Marrero et al., (2001). In this study, it was first shown that both an
attenuated and a virulent strain of M. tuberculosis had a-mannanase activity. To do this,
cells were lysed and the resulting lysate was used to conduct enzyme assays. These
assays were conducted using a fluorescent mannan substrate at varying pH conditions.
The result of this was that all lysate extracts were shown to have a-mannanase activity,
but only at pH 6.5, and activity increased with concentration of protein. This is shown in
Figure 16. Furthermore, the highly virulent strain extracts had a three-fold increase in

activity when compared to the attenuated extracts.
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Figure 16: a-mannanase activity of cell lysates on a fluorescent mannan substrate.
Cell lysates from the M. tuberculosis strains H37Ra (attenuated), H37Rv, and Erdman
(highly virulent) were assayed on the fluorescent substrate 4-methylumberlliferyl-a-p-
mannopyranoside at protein concentrations of 40, 200, and 400 micrograms. Figure

adapted from Rivera-Marrero et al., (2001).
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As the gene responsible for this activity was unknown, Rivera-Marrero et al., (2001)
conducted a BLAST search of the Saccharomyces cerevisiae a-mannosidase gene to look
for homologues in the M. tuberculosis genome. As a result of this, they identified a
coding region of 3.6kb named Rv0648. To confirm this was the enzyme responsible for
the a-mannanase activity they detected, the gene was cloned and expressed in
Escherichia coli and purified. The assays were repeated using the purified protein, and
again a-mannanase activity was detected but with an eight-fold increase when

compared to the cell lysate assays (Rivera-Marrero et al., 2001).

Rv0648 is a large protein with a molecular mass of 129.9 kDa. It has homologues in M.
bovis, M. marinum, and M. smegmatis (Rivera-Marrero et al., 2001). As with Rv0365c,
Rv0648 is a non-essential gene (Griffin et al,, 2011) that was identified in the cell
membrane fraction of M. tuberculosis H37Rv (Mawuenyega et al., 2005). To date, there
has been no study on the phenotypic effect on M. tuberculosis when Rv0648 activity is

lost.

1.8.2 Glycoside hydrolase family 92

Glycoside hydrolase family 92 are exo-acting a-mannanases. As shown in Figure 11, this
means they cleave a glycan chain at the end to release one monosaccharide (Davies and
Henrissat, 1995). The first GH92 enzyme to be reported was from Microbacterium which
demonstrated a-1,2 mannanase activity (Maruyama, Nakajima and Ichishima, 1994).
Following this, 22 GH92 enzymes were identified in B. thetaiotaomicron that

demonstrated a-1,2, a-1,3, a-1,4, and a-1,6 biochemical activity (Zhu et al., 2010).
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Through Nuclear Magnetic Resonance studies, it has been demonstrated that three
different GH92 enzymes all produced B-mannose. This suggests that these enzymes are
inverting enzymes and so catalyse the glycosidic bond hydrolysis using a single
displacement mechanism. This results in inversion of the anomeric carbon to produce
B-mannose (Zhu et al., 2010). GH92 enzymatic activity is usually dependent upon
calcium ions (Ca?*). This dependence has, so far, only been found in two other GH
families, GH38 and GH47 (Zhu et al., 2010). Interestingly, these three GH families are all
exo-acting a-mannanases. This suggests that the interaction with calcium ions is
required to provide enough binding energy in the catalytic site to allow hydrolysis to

occur (Zhu et al., 2010).

Glycoside hydrolase 92 enzymes have a two-domain structure. There is a small N-
terminal domain which is a B-sandwich, and then a large C-terminal domain which
adopts the alpha/alpha 6 helix fold. This is shown in Figure 17. The active site is made

up of amino acids from both the N-terminal and C-terminal domains (Zhu et al., 2010).
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Figure 17: Crystal structure of the GH92 Bt3990. Structure was determined by X-ray
diffraction to a resolution of 1.9 angstroms (Zhu et al., 2010).
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Rv0584, the predicted GH38 encoded by M. tuberculosis, is currently an uncharacterised
enzyme which has yet to be studied. It is encoded by a 2634 bp gene which produces a
protein product of 92.9 kDa. Interestingly, Rv0584 has homologues in both M. bovis and
M. marinum but does not have a homologue in M. smegmatis. This lack of a homologue
in M. smegmatis may infer a potential role for Rv0584. Previous studies involving Rv0584
have demonstrated that it is a non-essential gene in M. tuberculosis (Delesus et al.,
2017; Minato et al., 2019). However, there has been no further study to examine the

phenotypic effect that loss of Rv0584 has on M. tuberculosis.

1.9 Model Organisms

Due to M. tuberculosis being a category three human pathogen, use of this organism in
the laboratory requires a dedicated biosafety level three lab as well as substantial
training for all staff using the facility. The study of M. tuberculosis therefore employs the
model organisms M. bovis BCG, M. smegmatis, and M. marinum. M. bovis BCG is a
member of the tuberculosis complex but has been attenuated making it safe for use in
biosafety level two laboratories. Like M. tuberculosis, BCG has a slow growth rate with
a doubling time of around every 22 hours and has 99.95% genetic homology to M.
tuberculosis making it an ideal model organism. However, the slow growth rate of BCG
can limit research projects, and so fast-growing species can also be used. M. smegmatis
is a non-virulent soil dwelling mycobacterial species with a doubling time of 12 hours. It
is also more easily genetically manipulated than BCG. M. smegmatis does display
differences in glycolipid structure however. As described previously, there are

differences seen in the capping motifs of M. smegmatis LAM compared to M.
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tuberculosis LAM. M. marinum can be a human pathogen but primarily causes a
tuberculosis-like infection in ectotherms. It has a doubling rate of 12 hours and is similar
to M. smegmatis in that it is easily genetically manipulated. These faster-growing
mycobacteria are useful as model organisms when time is limited, but due to the high
genetic homology of BCG to M. tuberculosis, this makes it the ideal model organism

(Shiloh and Champion, 2010).

1.10 Aims and Objectives

The current literature regarding the biosynthesis of mycobacterial glycolipids is well-
established. Yet, there is extremely limited understanding in regard to how these
molecules are broken down and transported to the capsule of the cell. In addition, the
role of the three predicted a-mannan degrading enzymes has, to date, yet to be
characterised. Considering the previous research conducted by Miller and Shinnick,
(2001), where they show the expression of Rv0365c was able to increase the survival
rate of M. smegmatis cells in macrophages; and the current understanding of the
substrate specificities for glycoside hydrolase family 76 enzymes. It is our hypothesis
that Rv0365c is the enzyme responsible for hydrolysing the «-1,6 linked mannan
backbone of lipoarabinomannan and lipomannan to release arabinomannan and
mannan so that they can be trafficked to the capsule. The main objective of this project
was therefore to biochemically and phenotypically characterise the o-mannan

degrading enzyme, Rv0365c, of M. tuberculosis. This was split into two aims:
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1. Biochemically characterise Rv0365c
This aim involved the expression and purification of Rv0365c, followed by enzymatic
assays with different substrates to demonstrate the protein has a-mannanase activity
and that it was active on lipoarabinomannan and lipomannan. This aim is explored in

Chapter 3.

2. Phenotypic characterisation of loss of Rv0365c activity
This aim was centred around a transposon insertion mutant in BCG Danish where the
glycoside hydrolase 76 gene was inactivated. This involved analysing the effect on
growth, polar lipid composition, glycolipid composition, and capsular polysaccharide

content. This aim is investigated in Chapters 4, 5, and 6.
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Chapter 2

General Materials and Methods
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2. General Materials and Methods

2.1 Culture media

2.1.1 Luria-Bertani Broth

12.5 g of Luria-Bertani (LB) powder (Sigma-Aldrich, L3522) was dissolved into 500 mL of
distilled water (dH2.0) and then sterilised by autoclaving at 121 °C for 15 mins. LB broth

was then stored at room temperature.

2.1.2 Luria-Bertani Agar

18.5 g of LB agar (Sigma-Aldrich, L3147) was dissolved into 500 mL of dH,0 and sterilised
by autoclaving at 121 °C for 15 mins. Once cooled to 50 °C, the appropriate antibiotic
was added and then 25 mL was dispensed into a Petri dish and allowed to set. LB agar

plates were stored at 4 °C in a fridge.

2.1.3 Middlebrook 7H9 Media
4.7 g of Middlebrook 7H9 broth base (Sigma-Aldrich, M0178) was dissolved in 900 mL
of dH20 containing 2 mL of glycerol. Once fully dissolved, the media was filter sterilised

and then stored at 4 °C in a fridge.

2.1.4 Middlebrook 7H10 Agar
9.5 g of Middlebrook 7H10 agar base (Sigma-Aldrich, M0303) was dissolved into 450 mL
of dH,0 containing 5 mL of glycerol and then sterilised by autoclaving at 121 °C for 15

mins. Once cooled to 50 °C 50 mL OADC (oleic acid, albumin, dextrose, catalase) was
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added, and then 25 mL was dispensed into a Petri dish and allowed to set. 7H10 agar

plates were stored at 4 °C.

2.1.5 Terrific Broth
47.5 g of terrific broth powder (Sigma-Aldrich, T0918) was dissolved into 1 L of dH,0

containing 5 mL of glycerol and then sterilised by autoclaving at 121 °C for 25 mins.

2.2 Bacterial Cultures and Transformations

2.2.1 Bacterial Cultures

Bacteria used for the production of protein and for DNA extraction, Escherichia coli
strains T7 Shuffle and 10B respectively, were grown in culture tubes in LB media with
relevant selection antibiotics at 37 °C with shaking at 180 rpm. E. coli T7 Shuffle was
grown on a large scale in terrific broth using 2 L culture flasks with baffles to increase
aeration. M. bovis BCG were grown in 9 mL 7H9 media with the addition of 1 mL ADC
(Albumin, Dextrose, Catalase) and 25 ul 20% Tween80. For transposon insertion
mutants, kanamycin at a concentration of 25 pl/ mL was added. These cultures were
grown at 37 °C with 5% CO,. M. smegmatis mc?155 was grown in LB broth at 37 °C with

shaking at 180 rpm.

2.2.2 Transformation of Competent E.coli
5 pl of plasmid DNA was added to 50 ul of E.coli 108 cells and incubated on ice for 15
mins. The cells were then heat shocked at 42 °C for 45 seconds and then immediately

returned to the ice for 5 mins to allow the cells to recover. One mL of LB broth was
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added to the cells and then incubated at 37 °C for 1 hour. 100 pl of the mixture was then
plated out onto an LB agar plate with the relative selection antibiotic and incubated

overnight at 37 °C.

2.2.3 Electroporation of Mycobacteria

To make mycobacteria electrocompetent, cultures were grown until late log phase and
then chilled on ice for 1.5 hours. Cells were then harvested by centrifugation at 4000 x
g for 10 mins at 4 °C. The cells were resuspended in 20 mL solution of ice cold 10%
glycerol + 0.05% Tween 80. The cells were harvested by centrifugation, and this wash
was repeated once more. Finally, the cells were resuspended in 3 mL of the above

solution and then divided into 150 pl aliquots.

To electroporate plasmid DNA into the electrocompetent cells, 1 ul of plasmid was
added to the cells and incubated on ice for 10 mins. The electroporation cuvette was
also pre-chilled in the ice. Following this, the cells are transferred to the 2 mm gap
electroporation cuvette. Electroporation was performed at 2.5 kV, 800 Q, 25 pF. The
sample was transferred to a falcon tube, and 5 mL 7H9 media was added to
electroporated cells before being left to recover 4 hours at 37 °C. Cells were harvested
by centrifugation at 3000 x g for 10 mins, and resuspended in 100 pl of 7H9 media. The
sample was spread onto a 7H10 agar plate with suitable selection antibiotic and

incubated at 37 °C for 4 weeks.
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2.3 Molecular Biology

2.3.1 Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) was performed using the Q5 Hot Start High-Fidelity 2x
Master Mix (NEB, M0494S). Primers were supplied dry by Sigma-Aldrich, resuspended
to 100 uM, and then diluted to 10 uM for use. For a 25 pl reaction, 12.5 pl of Q5 Hot
Start High-Fidelity 2x Master Mix was added to 9 pl of dH20, followed by 1.25 ul of 10
UM forward primer and 1.25 pl of 10 uM reverse primer, and finally 1 pl of template
DNA at a concentration of 1-25 ng / pl. The reaction is conducted in a thermocycler using
the conditions outlined in table 3.

Table 3: Thermocycling conditions for routine PCR

Step Temperature (°C) Time Cycles
Initial Denaturation 98 30 seconds 1
Denaturation 98 10 seconds
Annealing 50-72 30 seconds 35
Elongation 72 30 seconds per kb
Final Extension 72 2 mins 1

2.3.2 Agarose Gel Electrophoresis

To prepare a 1% w/v agarose gel, 0.9 g of agarose powder is dissolved into 100 mL of
TAE buffer (40 mM Tris-acetate, 2 mM Na,EDTA) by heating in a microwave. Once cooled
to 50 °C, 5 pl of Midori Green is mixed in before the solution is poured into the mould
with a well-comb and allowed to set. Once the gel had set, the comb is removed and the

gel is placed into the gel tank filled with 1x TAE buffer. The DNA samples are mixed with
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6x purple loading dye (NEB, B7024S) and loaded into the wells. An additional well
containing a 1 kb DNA ladder (NEB, N3232S) mixed with purple loading dye is also
loaded. The samples are separated at 140 V, 400 mA, for 50 mins. The gel is then

visualised using a Bio-Rad Gel Dock with a U.V. imager.

2.3.3 DNA Extraction from Gel

DNA bands can be removed from the agarose gel using a scalpel and then placed into a
pre-weighed 15 mL falcon tube. The DNA is extracted using a Qiagen QlAquick Gel
Extraction Kit per manufacturer’s instructions. The DNA is eluted from the column using

30 ul elution buffer (10 mM Tris-HCI pH 8.5).

2.3.4 DNA Ligation

To ligate DNA fragments together T4 DNA ligase (NEB, M0202) was used. For a the
reaction, 2 pl of T4 DNA ligase buffer, 1 ul T4 DNA ligase, 0.020 pmol of vector DNA, and
0.060 pmol of insert DNA were made up to 20 ul with dH;0. The reaction was then
incubated at room temperature for 2 hours and then heat inactivated at 65 °C for 10
mins. The reaction can then be transformed into competent E. coli.

To calculate pmols of DNA:

DNA weight in ng x 1000
Base pairs x 650

2.3.5 Plasmid Purification from E. coli
Plasmid DNA was extracted from 10 mL overnight cultures of E. coli using the GenelET

miniprep kit (ThermoFisher, K0502) as per the manufactures instructions. Plasmid DNA
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was eluted from the column using 30 upl elution buffer. DNA concentration was

determined using a nanodrop.

2.4 Protein Biochemistry

2.4.1 Expression and Purification of Protein

Protein was expressed in E. coli T7 Shuffle and subsequently purified. One litre cultures
were grown to mid-log phase (ODeoo 0.5-0.8) in terrific broth at 37 °C with 180 rpm
shaking. Once mid-log was reached, the cultures were cooled in an ice bath before
isopropyl B-D-1-thiogalactopyranoside (IPTG) was added at a final concentration of 100
UM to induce protein expression. The cultures were incubated for a further 16 hours at
16 °C and then harvested by centrifugation at 6000 x g for 20 mins. The cell pellets were
stored at -20 °C until use. Cell pellets were resuspended in 30 mL of lysis buffer with the
addition of 10 mg lysozyme (Sigma-Aldrich, 89833) and 10 pug/ mL DNase (Sigma-Aldrich,
11284932001). The resuspended cells were then lysed by 3 passages through a French
Pressure Cell press before the lysate was collected by centrifugation at 10,000 x g for 45
mins at 4 °C. The clarified lysate was purified by nickel Sepharose affinity
chromatography at a rate of 1 mL /minute. The protein of interest was eluted from the
column with stepwise elutions of imidazole (25 mM, 50 mM, 100 mM, 250 mM, and 500
mM). Each fraction was collected separately, and positive fractions were identified by

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
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2.4.2 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

SDS-PAGE gels were cast at either 12% or 15% for smaller sized protein analysis. The gels

consist of both a running gel and a stacking gel. Each of which is prepared separately.

Table 4 describes the materials and quantities required for each gel.

Table 4: Preparation of SDS-PAGE gels

Component Quantity
12% SDS-PAGE Running Gel
Water 2.7 mL
1.5 M Tris pH 8.0 2.0mL
30% Acrylamide 3.2mL
10% SDS 80 pl
TEMED 8 ul
10% APS 80 pl
15% SDS-PAGE Running Gel
Water 2.4 mL
1.5 M Tris pH 8.0 2.5mL
30% Acrylamide 5.0 mL
20% SDS 50 pl
TEMED 10 pl
10% APS 100 pl
Stacking gel (6%)
Water 3.0 mL
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1.0 M Tris pH 6.8 1.25mL

30% Acrylamide 0.7 mL
10% SDS 50 pl
TEMED 5ul
10% APS 50 pl

Protein samples were prepared by adding 5 ul 6X loading dye (15 mL Tris-Cl pH 6.8, 6 g
SDS, 25 mg Bromophenol blue, 30 mL glycerol, and 2 mL Betamercaptomethanol) to 20
ul sample and boiling for 10 mins. The samples were then loaded into the wells of the
gel in a stepwise fashion (pre-induction sample, post-induction sample, clarified lysate,
flow through, 25mM elution, 50mM elution, 100mM elution, 250mM elution, and
500mM elution) with a Blue Prestained Protein Standard (NEB, P7718S). The samples

were separated at 200 v, 40 mA, for 1 hour.

2.4.3 Imidazole removal using dialysis

The fractions containing the protein of interest were loaded into dialysis tubing, with a
molecular weight cut off of at least half the size of the protein of interest, and secured
at either end. The tubing was placed into 2 L of pre-cooled, imidazole-free buffer for 2
hours with gentle mixing. The buffer was replaced after 2 hours with another 2 L of

buffer and left overnight.
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2.4.4 Sample Concentration

After dialysis, the protein was removed from the tubing and placed into a molecular
weight cut-off sample concentrator which was at least 15 kDa smaller than the protein
of interest. The protein was then concentrated down to a desired concentration and
volume by centrifugation at 14,000 x g at 4 °C in 5 mins intervals to ensure stability of
the protein. Once a desired concentration and volume was achieved, the protein was

flash frozen and stored in 50 pl aliquots at -80 °C until use.

2.4.5 Western Blot

Western blot was performed using an unstained SDS-PAGE gel inside a blotting cassette
with a Amersham Protean Premium Nitrocellulose Blotting Membrane (GE Healthcare)
and separated by electrophoresis in a transfer buffer (25 mM Tris-HCI, 190 mM glycine,
20% methanol) at 100 v, 40 mA, for 1 hour. The nitrocellulose membrane was then
removed and washed with tris buffered saline with tween (TBST) (25 mM Tris-HCI pH
7.5, 150 mM NaCl, 0.1% Tween20) for 5 mins. Following this, the membrane is incubated
in blocking buffer (5% skimmed milk powder) overnight. In the morning, the blocking
buffer is decanted and the primary antibody (5 pl His Mouse IgG primary antibody
(Sigma-Aldrich, 11922416001) in 50 mL TBST) is added for 1 hour. Following this, the
primary antibody is removed and the membrane is washed 3x with TBST for a total of
30 mins. The secondary antibody (2 ul anti-mouse IgG-alkaline phosphatase secondary
antibody (Sigma-Aldrich, A3562) in 50 mL TBST) is added and the membrane is incubated

for 1 hour. The membrane is again washed 3x with TBST for a total of 30 mins. The bands
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are then detected by dissolving a SIGMAFAST BCIP/NBT tablet in 10 mL dH.O and

incubating the membrane in the solution until bands were visible.

2.5 Enzyme assays

2.5.1 a-mannan purification from Saccharomyces cerevisiae

Purification of a-mannan from S. cerevisiae was performed by culturing 8 L of the
desired S. cerevisiae strain in Yeast Extract-Peptone-Dextrose (YPD) media (10 g yeast
extract, 20 g peptone, 20 g dextrose dissolved in 1 L dH,0 with 10% glucose) at 37 °C for
24 hours. Pellets were harvested by centrifugation at 6000 x g for 20 mins. The pellets
were then pooled and stored at -20 °C until use. The pooled cell pellets were
resuspended in 20 mL 0.02 M citrate buffer pH 7.0 and then autoclaved for 90 mins at
121 °C. The sample is centrifuged at 6000 x g for 10 mins, and the supernatant is
collected. The remaining pellet was resuspended in 75 mL of 0.02 M citrate buffer pH
7.0 and autoclaved once more at 121 °C for 90 mins. The sample was centrifuged at
6000 x g for 10 mins, and the resulting supernatant was pooled with that previously
collected. A volume of 2X Fehling’s reagent, equal to that of the supernatant, is
measured out and heated to 40 °C. The supernatant was carefully added to the 2X
Fehling’s reagent (7% CuSOa, 35% potassium sodium tartrate, 5% NaOH) and stirred
vigorously at 40 °C for 1 hour. Following this, the mixture was centrifuged at 6000 x g
for 10 mins to harvest the pellet. The pellet was dissolved in 8 mL of 3 M hydrochloric
acid before 100 mL of methanol: acetic acid solution (8:1 v/v) is added and stirred for 1
hour at room temperature. The mixture was centrifuged at 12,000 x g for 15 mins and

the pellet was collected. This was resuspended in 20 mL methanol: acetic acid solution
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(8:1 v/v) and centrifuged again. This process was repeated until the pellet was
colourless. The pellet was the left to dry at room temperature overnight. In the morning,
the dry pellet was resuspended in 20 mL dH,0 and then dialysed against 4L of dH,O for
24 hours. The following day, the dH,O is replaced for fresh dH,O and dialysed for a
further 2 hours. Finally, the mixture is lyophilised to complete dryness in a pre-weighed

falcon tube.

2.5.2 Lipoarabinomannan and Lipomannan Purification from Mycobacteria

Mycobacterial cultures were grown to either mid-log phase or stationary phase before
being harvested by centrifugation at 6000 x g for 10 mins. The cell mass is measured and
recorded. The cells were resuspended in 10 mL PBS, and then centrifuged again. The
pellet was resuspended in PBS for a final time before being lysed with a Bead Beater set
at 6.0 m/sec for 45 seconds per cycle. The lysate was then transferred to a glass tube,
and an equal volume of phenol is added. The mixture was incubated at 85 °C for 2 hours,
and vortexed at 30 minute intervals. Following this, the aqueous phase was separated
from the phenol phase by centrifugation at 4000 x g for 10 mins. The aqueous phase is
transferred to a clean glass tube. An equal volume of water is added to the remaining
phenol phase, and incubated again at 85 °C for 2 hours with regular mixing. The aqueous
phase is harvested by centrifugation and pooled with the previously collected aqueous
phase. The solution is then dialysed against 4L of flowing tap water, overnight, to
remove any residual phenol. In the morning, the mixture is further dialysed against 2.5
L dH,0 for 3 hours at room temperature. Finally, the sample is lyophilised to complete

dryness. For analysis, glycolipid extracts were resuspended in ddH,0 to a concentration
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of 5 mg / mL based on the original cell mass used for extraction. This ensured that an

equal volume of cells was being analysed.

2.5.3 General Assay Procedure

For the enzymatic assays conducted, in general, 1 uM of protein was incubated with 0.5
mg / mL substrate with equal volumes of a desired buffer and dH,0 in a total reaction
volume of 100 ul. The assay was incubated at 37 °C overnight, and then heat inactivated

by boiling for 10 mins. Enzyme activity was detected by thin layer chromatography (TLC).

2.5.4 Thin Layer Chromatography

TLC was carried out using silica gel bonded to aluminium sheets (Merck, TLC Silica Gel
60 Fs4). The TLC sheet was cut to the required size, and then samples were spotted 1
cm from the base of the TLC. The plate is then placed into a TLC tank with a desired
solvent system, and run until the solvent front reaches 5 mm from the top of the sheet.
The TLC is allowed to dry and then is either stained and heated to reveal products, or

exposed to an X-ray film if the samples are radioactive.

2.6 Lipid Extraction and Analysis

2.6.1 Polar Lipid Extraction

Mycobacteria cultures were grown to mid-log phase (ODsoo 0.6-0.8) and harvested by
centrifugation at 6000 x g for 10 mins. For radiolabelled cultures, the desired isotope
was added once the culture had reached an ODsgpo of 0.1-0.2. The pellets were

resuspended in PBS, transferred to glass tubes, and re-pelleted. Following this, 2 mL of
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methanol: 0.3% NaCl (100: 10 w/v) and 2 mL petroleum ether (60-80) is added to the
pellet. This is mixed on a rotator for 24 hours. The samples were centrifuged at 4000
rpm for 10 mins to form a bilayer, with the top layer being transferred to a fresh tube.
An additional 2 mL of petroleum ether is added to the lower layer and mixed on a rotator
for a further 1 hour. Again, the samples were centrifuged, and the top layer is pooled
with the previous harvest. These are non-polar lipids and were dried down in a pre-
weighed tube. To extract the polar lipids, 750 ul of chloroform: methanol: 0.3% NaCl (9:
10: 3 v/v/v) is added to the remaining mixture. This is mixed on a rotator for 2 hours,
and then centrifuged at 4,300 rpm for 10 mins. The supernatant is collected and
transferred to a fresh tube. Following this, 950 pl chloroform: methanol: 0.3% NaCl (5:
10: 4 v/v/v) is added to the pellet, and mixed for an additional 30 mins. The sample is
then centrifuged at 3,500 rpm for 5 mins and the supernatant is pooled. Finally, the
polar lipids are harvested by adding 1 mL chloroform and 1 mL 0.3% NaCl to the pooled
supernatants and mixing for 10 mins. A bilayer formed and the lower, polar lipid
containing, layer was collected and dried down in a pre-weighed tube. The lipid samples
were resuspended in chloroform: methanol (2:1 v/v) and analysed on a TLC. For
radioactive samples, a 5 pl sample was taken from the resuspended lipids and used to

determine the counts per minute of the sample.

2.6.2 Glycolipid Analysis
Analysis of lipomannan and lipoarabinomannan was performed using the Pro-Q Emerald
300 Glycoprotein Stain (ThermoFisher, P21857) and a Bio-Rad Precast Protein Gel 4-20%

(Bio-Rad, 4561094). 20 ul of glycolipid sample was mixed with 5 ul 6x loading dye and
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then loaded into the wells of the gel. The samples were separated at 200 v, 40 mA, for
1 hour. Following this, the glycolipids were stained and visualised as per the

manufacturer’s instructions.

2.7 Cell Strains

The strains used in this thesis were: Escherichia coli T7 Shuffle (New England Biolabs)
which was used to express Rv0365c, catalytic null Rv0365c, and BT3792; Saccharomyces
cerevisiae Mnnl, Mnn2, and Mnn5; Mycobacterium bovis BCG Danish 1331 WT and
Mycobacterium bovis BCG A0378; Mycobacterium smegmatis mc?> 155 WT and

Mycobacterium smegmatis mc? 155_ A0740.
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Chapter 3

Biochemical Characterisation of Rv0365c
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3. Biochemical Characterisation of Rv0365c

3.1 Introduction

M. tuberculosis encodes just one predicted glycoside hydrolase family 76 enzyme, as
shown in Table 1, and this was the primary focus of this chapter. As previously reported
by Nakajima, Maitra and Ballou, (1976), GH76 enzymes will specifically recognise and
cleave a-1,6 linked mannan. This chapter describes the purification of recombinant
Rv0365c expressed in E. coli T7 Shuffle and the use of this purified protein to confirm
the enzyme possesses GH76 activity. To do this, mannans purified from mutant strains
of Saccharomyces cerevisiae were used as substrate. Following confirmation that
Rv0365c has a-mannanase activity, purified lipomannan and lipoarabinomannan from
M. bovis BCG were used as enzymatic substrates as this was the basis of the thesis
hypothesis. As enzymatic activity was again detected on the hypothesised natural
substrates, this chapter next set out to identify the reaction product by employing the
use of mass spectrometry. In addition, this chapter will utilise the services of AlphaFold
to explore how the predicted structure of Rv0365c compares to that of experimentally
determined GH76 structures. Finally, we confirm the catalytic residues in the active site

by generating and validating a catalytic null mutant.
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3.2 Materials and Methods

3.2.1 Expression and Purification of Rv0365c

The Rv0365c gene was purchased as a codon-optimised construct from Twist
Biosciences in a pET28a vector including residues 2-376 with an N-terminal hexa-
histidine tag (all numbering relative to the genomic annotation). This was transformed
into a T7 Shuffle expression strain of E. coli and grown in terrific broth at 37 °C with 180
rpm shaking until an ODeoo of 0.6 was reached. At this point, expression of Rv0365c was
induced with the addition of 0.1 mM IPTG and the cells were incubated for a further 16
hours at 16 °C with 180 rpm shaking. Cell pellets were resuspended in 30 mL of a 100
mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) pH 8.0, 300 mM
NaCl, 5 mM imidazole pH 8.0 buffer with the addition of 5% glycerol and 1% Tween20.
Cell lysis and protein purification was as described in Chapter 2.4. Positive fractions,
which contained the protein of interest, were identified by SDS-PAGE gel
electrophoresis and dialysed into 100 mM HEPES pH 8.0, 150 mM NaCl dialysis buffer
for 16 hours at 4 °C. Protein samples were concentrated to a final volume of 100 pl and
a concentration of 5.3 mg / ml. Subsequently, the protein solution was aliquoted and

flash frozen until use.

3.2.2 Expression and Purification of BT3792

The bt3792 gene in a pET28a expression vector was provided to us from our collaborator
Dr Elisabeth Lowe based in Newcastle University. The plasmid was transformed into E.
coli T7 Shuffle and grown in terrific broth at 37 °C with 180 rpm shaking until an ODeoo

of 0.6 was reached. Following this, IPTG at a final concentration of 0.2 mM was added
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to induce protein expression, and the cultures were incubated for a further 16 hours at
16 °C with 180 rpm shaking. Cell pellets were resuspended in 30 mL of a buffer consisting
of 150 mM Tris pH 8.0, 300 mM NacCl, 20 mM imidazole pH 8.0. Cell lysis and protein
purification was as described in Chapter 2.4. Positive elutions were identified by SDS-
PAGE gel electrophoresis and dialysed against 150 mM Tris pH 8.0, 300 mM NaCl dialysis
buffer for 16 hours at 4 °C. Protein was at a suitable concentration for use without the

requirement for further concentration.

3.3 Results

3.3.1 Purification of Rv0365c

To begin biochemical characterisation of Rv0365c, the enzyme first needed to be
purified. E. coli T7 Shuffle was employed to express the recombinant protein upon
induction with IPTG. Immobilised metal-ion affinity chromatography and SDS-PAGE gel
electrophoresis were utilised to purify the protein from the lysate and identify protein
containing fractions. This is shown in Figure 18. Purification of Rv0365c took around 9
months to fully optimise. The presence of disulphide bonds and being a predicted
membrane localised protein meant that the protein was largely insoluble. Therefore, a
range of detergents and additives were used until the protocol was optimised. The T7
Shuffle strain was used to express the protein because of its ability to correctly fold
disulphide bonded proteins. The presence of detergents helps to solubilise membrane

associated proteins as well as releasing them from the cell membrane during lysis.
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Unknown bands

<+— Rv0365c¢
41.5 kDa

Figure 18: Purification of Rv0365c on an SDS-PAGE gel. Lanes: (1) Pre-stained protein
ladder (kDa), (2) cell lysate, (3) flow through, (4) 5 mM imidazole wash, (5) 50 mM
imidazole elution, (6) 100 mM imidazole elution, and (7) 500 mM imidazole elution.
Protein of interest was present in the 500 mM fraction — indicated by arrow.

82



Aaron Franklin Chapter 3

3.3.2 Western Blot Analysis

As shown in Figure 18, Rv0365c (41.5 kDa) eluted from the column in the 500 mM
imidazole fraction. This was therefore dialysed overnight and subsequently
concentrated to 5.3 mg / mLin a 100 pl solution. The protein was then aliquoted into 50
ul samples, flash frozen, and stored at -80 °C until use. However, the presence of the
two large protein bands in the 50 mM elution and 100 mM elution were a concern. To
check if these species were related to the protein of interest, a western blot was

performed to identify His-tagged proteins. This is shown in Figure 19.

The western blot revealed that the two larger protein species observed in the 50 mM
and 100 mM imidazole fractions were not His-tagged and were therefore not likely
related to Rv0365c. Furthermore, the western blot confirmed the presence of His-
tagged protein at 41 kDa, consistent with the size of Rv0365c. We were therefore

confident that the protein we purified was Rv0365c.
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Figure 19: Western blot of Rv0365c. Lanes: (1) Pre-stained protein ladder (kDa), (2) cell
lysate, (3) flow through, (4) 5 mM imidazole wash, (5) 50 mM imidazole elution, (6) 100
mM imidazole elution, and (7) 500 mM imidazole elution. Methodology described in
Chapter 2.4.5. Results indicated that the only his-tag containing proteins were at the size
of the protein of interest.
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3.3.3 The structure of Rv0365c is consistent with previously characterised GH76s

We were unable to experimentally determine a structure for this protein, despite
repeated attempts to crystalise it. However, during this project AlphaFold 2.0 became
available, providing access to a high-confidence predicted structure for this protein. The
predicted structure, shown in Figure 20, suggests the overall fold is consistent with
previously characterised GH76 enzyme structures. This includes the presence of an

alpha/alpha 6 helix fold to create a barrel.

To confirm the structure of Rv0365c was consistent with previously characterised GH76
proteins, a pairwise sequence alignment was performed. This is shown in Figure 21. The
alignment was performed using Aman6 (PDB: 4BOK) with the AlphaFold 2.0 predicted
structure of Rv0365c (Uniprot: 006315) using the protein data bank pairwise structure

alignment tool (https://www.rcsb.org/alignment). The results revealed that the core

structure of the protein is consistent with Aman6. The active site of Rv0365c is highly
conserved with that of Aman6. However, Rv0365c¢ possesses a unique beta-hairpin cap
which covers the predicted active site that is not found in experimentally determined
GH76 structures. This can be observed in both Figure 20 and 21. As shown in Figure 21B,
the beta-hairpin cap is predicted to cover the active site of the enzyme. Therefore,
complex substrates would be unable to enter the active site such as mannan backbones
decorated with «a-1,2 mannose. This beta-hairpin cap would likely clash with the

decorated substrate and result in no cleavage taking place.
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B Beta-hairpin cap

. Very confident (pLDDT > 90)
. Confident (90 > pLDDT > 70)

Low (70 > pLDDT > 50) ‘ S

. Very low (pLDDT < 50)

Figure 20: AlphaFold predicted structure of Rv0365c. A) Structure viewed from barrel
axis. Predicted catalytic site indicated by arrow B) Structure viewed from axis parallel
with barrel. Model confidence is indicated by colour shown in key. AlphaFold produces
a per-residue confidence score (pLDDT).
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Figure 21: Pairwise structural alignment of Rv0365c (blue) and Aman6 (orange). A)
Alignment revealed there are 322 equivalent residues with a root mean square
deviation of 2.2 A. Rv0365c is predicted to possess a beta-hairpin cap which is a
structural motif unique to the mycobacterial protein. It is not seen here in Amané. B)
Ribbon diagram of Rv0365c aligned with Aman6 in complex with mannotetraose.
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3.3.4 Rv0365c¢ has a-mannanase activity

Rv0365c is predicted to be a glycoside hydrolase family 76 enzyme and would therefore
likely recognise and cleave a-1,6 linked mannan. Once we had purified the protein, we
set out to confirm that Rv0365c was active against a-1,6 linked mannan. To do this, we
were provided with three mutant strains of Saccharomyces cerevisiae from our
collaborator Dr Elisabeth Lowe from Newcastle University (Cuskin & Lowe et al., 2015).
These three mutants; Mnn1, Mnn2, and Mnn5, produced mannan with different levels
of backbone decoration (Cuskin & Lowe et al., 2015). This is shown in Figure 22.
Following the methodology detailed in Chapter 2.5.1, we were able to purify these
mutant mannans from the S. cerevisiae strains and use them as a substrate for testing

for GH76 enzymatic activity.

The three mutant mannans, shown in Figure 22, were purified so that they could be used
as a substrate for Rv0365c. These mannans have differing structures ranging from Mnn2
which was the simplest substrate as it consisted of just the core a-1,6 linked mannan
backbone with no decorations, to Mnn1 which was the most complex mannan with a-
1,2 linked mannose side chains covering the whole of the backbone. To determine if
Rv0365c was enzymatically active on any of these substrates, 1 mg / mL of substrate
was incubated with 1 uM protein for 16 hours at 37 °C. A 20 ul sample was then spotted
onto a TLC plate and separated in a solvent system consisting of n-butanol: acetic acid:
water (2:1:1 v/v/v). To visualise the TLC, it was then stained with orcinol and heated.

This is shown in Figure 23.
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Mnn2

m N-acetylglucosamine @ mannose - 0-1,2 - a-1,3 =- 0-1,6 - 3-1,4

Figure 22: Structure of the mannans purified from the S. cerevisiae mutants Mnn1,
Mnn2, and Mnn5. Structures vary in their complexity of backbone decoration as a
result of loss of glycosyl transferases required for a-1,2 decorations. Key bonds are
indicated by colours shown in key.
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Figure 23: TLC analysis of Rv0365c assay on mannan substrates. (1) Mannose standard
(2) Mnn1 enzyme-free control (3) Mnn5 enzyme-free control (4) Mnn2 enzyme-free
control (5) Mnn1 with Rv0365c (6) Mnn5 with Rv0365c (7) Mnn2 with Rv0365c. No
activity was observed for any of the reactions. TLC was stained with orcinol and then

charred to reveal products.
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These results showed that Rv0365c was not able to cleave any of these mannan
substrates. We hypothesised that these substrates were too large for Rv0365c, and so
the next approach was to take a previously characterised glycoside hydrolase 76 enzyme
and digest the mannans to produce smaller oligosaccharides. To do this, Dr Elisabeth
Lowe provided us with a plasmid containing the gene for expression of BT3792. This is
an endo-acting glycoside hydrolase 76 from Bacteroides thetaiotaomicron that has
formerly been shown to be active on these substrates (Cuskin & Lowe et al., 2015). This
plasmid was transformed into a T7 Shuffle expression strain and the protein was

expressed and purified as described in Chapter 2.4.

As shown in Figure 24, the 50 mM, 100 mM, and 250 mM imidazole elutions all
contained the protein of interest. These were therefore pooled and dialysed for 16
hours. Protein concentration was checked after dialysis and recorded at 3.7 mg / mL.
The protein concentration was sufficient for use without the need for further
concentration. To produce the shorter mannan oligos, 5 uM of protein was added to 1
mg / mL of substrate and incubated at 37 °C for 2 hours. The mixture was then heated
at 100 °C for 10 mins to denature the enzyme. Figure 25 shows the bonds cleaved by

BT3792 and an example of the resulting products produced.
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BT3792
43.43 kDa

Figure 24: SDS-PAGE gel of BT3792 purification. Lanes: (1) Prestained protein ladder,
(2) cell lysate, (3) flow through, (4) 25 mM imidazole wash, (5) 50 mM imidazole elution,
(6) 100 mM imidazole elution, (7) 250 mM imidazole elution, and (8) 500 mM imidazole
elution. Protein of interest, indicated by the arrow, was well expressed and was present
in the 50, 100, and 250 mM fractions.
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BT3792

Figure 25: Model of Mnn2 mannan digestion by BT3792. Boxes indicate examples of
bonds BT3792 will cleave. BT3792 was digest the a-1,6 glycosidic bonds between the
mannose residues in the mannan backbone. This results in the production of shorter
a-1,6 linked mannan oligosaccharides including trimannose.
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To investigate if Rv0365c was enzymatically active on these shorter substrates, 1 uM of
Rv0365c was added to 1 mg / mL of the substrate with 150 mM HEPES buffer at pH 7.5
and incubated for 16 hours at 37 °C. Subsequently, 20 ul of sample was spotted onto a
TLC plate, and separated in a n-butanol: acetic acid: water (2:1:1 v/v/v) solvent system.

This is shown in Figure 26.

These results demonstrated that enzymatic activity could be detected when Rv0365c is
incubated with the short, undecorated a-1,6 linked mannan oligos. This confirmed that
Rv0365c was capable of a-mannanase activity and was therefore a confirmed member
of the glycoside hydrolase 76 family. Furthermore, it showed that Rv0365c has a
preference for short length oligos of mannan as enzymatic activity was not detected
when assayed on the full-length substrate. Following this, a time-course assay was set

up. This is shown in Figure 27.

To conduct the time-course assay, a 1 mL reaction was set up consisting of 1 mg / mL
substrate and Rv0365c at a concentration of 1 uM. The reaction was incubated at 37 °C
and a 20 pl sample was taken at the described time points and heated at 100 °C for 10
mins to denature the enzyme and stop the reaction. As shown in Figure 27, enzymatic

activity could be detected after around 1 hour of incubation.
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1 2 3 4 5 6 7
Figure 26: TLC analysis of Rv0365c assay on short mannan oligos. (1) digested Mnn2
enzyme-free control (2) digested Mnn2 with Rv0365c (3) mannose standard (4)
digested Mnnl enzyme-free control (5) digested Mnn1 with Rv0365c (6) digested
Mnn5 enzyme-free control (7) digested Mnn5 with Rv0365c. TLC was stained with
orcinol and charred to reveal products. Enzymatic activity was detected when
Rv0365c was assayed on the shorter Mnn2 oligos.
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Figure 27: TLC analysis of time-course assay of Rv0365c on short a-1,6 linked mannan
oligos. A) (1) 5 minutes (2) 10 minutes (3) 30 minutes (4) 1 hour (5) 1.5 hours (6) 2
hours B) (7) 2.5 hours (8) 3 hours (9) 3.5 hours (10) 4 hours (11) 4.5 hours (12) 24 hours.
Reactions were separated in n-butanol: acetic acid: water (2:1:1 v/v/v), stained with
orcinol, and charred to reveal products. Enzymatic activity could be detected after 1
hour of incubation time.
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3.3.5 Rv0365c is active on lipomannan and lipoarabinomannan

Following confirmation that Rv0365c was capable of cleaving a-1,6 linked mannan, we
next set out to determine the true substrate of the enzyme in the mycobacterial cell
wall. Our hypothesis was that lipoarabinomannan and lipomannan were these
substrates, as it contains undecorated «-1,6 linked mannan within the mannan
backbone, as shown in Figure 8. Lipoarabinomannan and lipomannan were purified
from M. bovis BCG Danish as described in Chapter 2.5.2. A 100 mL culture was grown to
an ODggo of 0.8, and then a phenol extraction was performed. This produced a glycolipid
yield of 15 mg dry weight. The lyophilised material was then resuspended in water to a
concentration of 5 mg / mL. To test if Rv0365c was active on this LAM/LM mixture, 1 uM
of protein was incubated with 1 mg / mL of substrate and incubated for 16 hours at
37 °C. Following this, the reaction was stopped by heat inactivation at 100 °C for 10
mins. A 15 ul sample was spotted onto a TLC plate (Merck, TLC Silica Gel 60 F2s4) and
separated in a chloroform:methanol:water (65:25:4 v/v/v) solvent system. This is shown

in Figure 28.
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Figure 28: TLC analysis of Rv0365c assay on lipoarabinomannan, lipomannan, and
PIMs purified from M. bovis BCG Danish. A) Rv0365c assay on LAM/LM. TLC is stained
with orcinol and heated to reveal carbohydrate products. B) Rv0365c assay on
LAM/LM. TLC is stained with phosphomolybdic acid (MPA) and heated to reveal lipid
products. Lane 1 represents an enzyme-free control assay. Lane 2 represents the assay
containing Rv0365c. Enzymatic activity was detected in protein containing reactions.
C) Wild-type PIMs extracted from BCG. D) Rv0365c assayed with wild-type PIMs.
Samples were separated first in chloroform:methanol:water (60:30:6 v/v/v), and in
second direction in chloroform:acetic acid:methanol:water (40:25:3:6 v/v/v/v). TLC
was stained with orcinol and heated to reveal products.
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As shown in Figure 28 enzymatic activity can be detected when Rv0365c is assayed with
lipoarabinomannan and lipomannan. There is a small reaction product produced that
stains positive for both carbohydrate and lipid, as shown in Figure 28a and 28b
respectively. In addition, we also tested the activity on a PIMs extract. PIMs are the
precursor molecules of LM and LAM, and so also contain a-1,6 linked mannan. The
extracted PIMs were resuspended to a concentration of 10 mg / ml. Subsequently, 1 uM
of protein was incubated with 1 mg / mL of PIMs. However, as can be seen in Figure 28d
no activity could be detected on the PIMs. This suggests that Rv0365c is specifically
active on LM and LAM. Following confirmation that Rv0365c was active on LAM, a time-
course assay was performed to monitor the rate of the reaction. As before, 1 uM of
protein was incubated with 1 mg / mL of substrate and incubated at 37 °C. A 20 pl sample
was taken at the described time points, and heat inactivated at 100 °C for 10 mins. This

is shown in Figure 29.

As shown in Figure 29, enzymatic activity could be detected after 30 minutes of
incubation. Therefore, a shorter time-course assay was performed where samples were

taken and heat inactivated over the course of 1 hour. This is shown in Figure 30.

The short time-course revealed that enzymatic activity could be detected after around

15 minutes of incubation. However, incubation for at least 1 hour was required to

achieve a similar intensity to those seen previously.
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Figure 29: TLC analysis of time-course assay of Rv0365c on LAM and LM. (1) Enzyme-
free control (2) 30 minutes (3) 1 hour (4) 1.5 hours (5) 2 hours (6) 2.5 hours (7) 3 hours
(8) 16 hours. Reactions were separated in chloroform: methanol: water (65: 25: 4 v/v/v),
stained with MPA, and charred to reveal products. Enzymatic activity was seen after 30
minutes of incubation time.
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Figure 30: Short time-course assay of Rv0365c on LAM and LM. (1) 1 minute (2) 5
minutes (3) 10 minutes (4) 15 minutes (5) 30 minutes (6) 1 hour. Reactions were
separated in chloroform: methanol: water (65: 25: 4 v/v/v), stained with MPA, and
charred to reveal products. Activity could be seen after 15 minutes of incubation time.
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3.3.6 Digestion of LM/LAM produces AcPIM; lipid carrier product

After confirmation that Rv0365c was active on LAM and LM, the next aim for this chapter
was to identify the small glycolipid reaction product. To isolate the product, 1 mL of
chloroform and 1 mL methanol were mixed with a 300 pl reaction to produce a 10:10:3
mixture. This was mixed on a rotator for 1 hour. Subsequently, 1.75 mL chloroform and
750 ul water were added to form a bilayer. The organic phase (lower phase), which
contained the lipid product, was transferred to a fresh tube and further purified using a
Octadecyl C18 column (Amprep, RPN 110). The sample was eluted from the column with
chloroform, and dried under a stream of nitrogen. The dried product could then be
resuspended in a mixture of methanol and water (1:1) and submitted for mass
spectrometry analysis by Dr Todd Mize at the University of Birmingham. The result of
this was a peak of interest at m/z 1413.9. This was further fractionated in MS/MS. The

result of this is shown in Figure 31.
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Figure 31: Negative electrospray ionisation process (ESI) mass spectra of reaction
product. Reaction product was directly injected and analysed in negative ion mode. Peak
indicated by arrow is of interest as it is m/z consistent with AcPIM; structure. This peak
was further fractionated in MS/MS.
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Figure 32: MS/MS profile of isolated reaction product. The peak of interest at m/z
1413.90 was fractionated by ms/ms. The fragmentation pattern is consistent with an
AcPIM; species. This suggests that out isolated reaction product is this species. Also
shown is the structure of AcPIM; and its fragmentation patterns with associated peaks
indicated by letters A-M.
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The initial direct injection analysis of the purified reaction product revealed a peak at
m/z 1413.9. This peak of interest was then fractionated in MS/MS. This data was

replotted in Figure 32 to show the fractionation of the product.

There were several possible sites that Rv0365c could be cleaving in the LAM / LM
structure. The results shown in Figure 32 demonstrate that the small reaction product
we purified had a structure consistent with that of AcPIM,. Therefore, we concluded
that Rv0365c is acting on LAM and LM to cleave this small lipid carrier from the

molecule.

3.3.7 Catalytic residues are consistent with previously characterised GH76 enzymes

Previously characterised GH76 catalytic residues have been reported to be a pair of
consecutive aspartic acids (Cuskin & Lowe et al., 2015; Thompson et al., 2015). To
confirm that this was consistent in Rv0365¢, the equivalent pair of consecutive aspartic
acids were located by comparing the AlphaFold prediction to Aman6 (PDB: 4BOK). The
resulting sequence analysis revealed an overall sequence homology of 24.78%.
However, the catalytic residues of Aman6 were perfectly aligned with a homologous pair
of aspartic acids in Rv0365c. The first of these residues, Asp96 (numbering relative to
genomic annotation), was substituted for an alanine using the NEB Q5 mutagenesis
protocol. The primers used for this are listed in Table 5. PCR was performed as described
in Chapter 2.3.1. The annealing temperature was 58 °C, and the Kinase, Ligase, Dpnl
(KLD)  treatment was performed as per manufacturer’s instructions

(https://nebasechangervl.neb.com).
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Table 5: Primers used for Site-Directed Mutagenesis

Name Sequence Length Tm (°C)
CatNull_Fwd TCCTACTATGgcgACATGGCTTGG 24 58
CatNull_Rvs GTTGAGCCAGCTAAAG 16 57

The KLD mixture was transformed into competent E. coli top 10 cells as per Chapter
2.2.2. Successful transformation was confirmed by sequencing, and the plasmid was
transformed into the T7 Shuffle expression strain of E. coli. As described in Chapter 2.4,
the catalytic null version of Rv0365c was expressed and purified. This is shown in Figure

33.

As shown in Figure 33, the catalytic null version of Rv0365c was present in the 500 mM
elution. This was therefore dialysed overnight against 100 mM HEPES pH 8.0, 150 mM
NaCl. Following this, the protein solution was concentrated to 3.1 mg / mL and flash

frozen in liquid nitrogen.

Following purification of the catalytic null variant of Rv0365c, an assay was prepared
using the Mnn2 substrate that had been pre-digested with BT3792 in which Rv0365c
enzymatic activity was previously detected. 1 uM of catalytic null Rv0365c was added to
1 mg / mL of pre-digested Mnn2 and incubated for 16 hours at 37 °C. Following this, 20
ul of sample was spotted onto a TLC plate, and separated in a n-butanol: acetic acid:

water (2:1:1 v/v/v) solvent system. This is shown in Figure 34.
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Figure 33: Purification of Catalytic Null Rv0365c on an SDS-PAGE gel. Lanes: (1) Pre-
stained protein ladder (kDa), (2) cell lysate, (3) flow through, (4) 5 mM imidazole wash,
(5) 50 mM imidazole elution, (6) 100 mM imidazole elution, and (7) 500 mM imidazole
elution. Protein of interest, indicated by arrow, was present in the 500 mM fraction.
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1 2 3

Figure 34: TLC analysis of catalytic null Rv0365c assay on Mnn2. (1) enzyme-free
control, (2) Rv0365c assayed with digested Mnn2, (3) catalytic null Rv0365c assayed
with digested Mnn2. TLC was stained with orcinol and charred to reveal products.
Enzymatic activity was only detected with the wild-type variant of the protein. Catalytic
null variant was unable to hydrolyse the substrates.
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Figure 34 confirms that when the first catalytic residue, Asp96, is mutated to an alanine
there is a complete loss of enzymatic activity. However, enzymatic activity is still
detectable in the wild-type version of the protein. This confirmed that the catalytic
residues were consistent with previously characterised GH76 proteins. Following this,
an assay with the LM/LAM substrate was set up to confirm that enzymatic activity was
also lost on the natural substrate for the enzyme. As before, 1 uM of catalytic null
Rv0365c was added to 1 mg / mL of LM/LAM and incubated for 16 hours at 37 °C.
Following this, 20 ul of sample was spotted onto a TLC plate, and separated in a
chloroform:methanol:water (65:25:4 v/v/v) solvent system. The TLC was stained with

MPA and products were revealed with heating. This is shown in Figure 35.

As shown by Figure 35, no enzymatic activity can be detected when the cat null variant
of Rv0365c is assayed with the LM/LAM substrate. However, enzymatic activity is
detected when the wild-type version of the protein is assayed with LM/LAM. This
provided further support that the catalytic residues of Rv0365c are consistent with that

of previously characterised GH76's.
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Figure 35: TLC analysis of catalytic null Rv0365c assay on LM/LAM. (1) Enzyme-free
control LM/LAM, (2) catalytic null Rv0365c assay on LM/LAM, (3) Rv0365c assay on
LM/LAM, (4) Enzyme-free control LM/LAM. TLC was stained with MPA and charred to
reveal products. Catalytic null variant of the protein was unable to digest LM/LAM.
Enzymatic activity was still seen when substrate was incubated with the wild type
protein.
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3.3.8 Rv0365c is active on both LAM and LM

The final aim for this chapter was to determine if Rv0365c was active on both
lipomannan and lipoarabinomannan. The evidence shown previously in this chapter only
confirms that the enzyme is active on the mixture of substrates. Therefore, to determine
if the enzyme was active on both LM and LAM, the assays were conducted and separated
via SDS-PAGE. Following this, a ProQ Emerald glycolipid gel stain was employed to
visualise the separated glycans. As before, 1 uM of enzyme was incubated with 1 mg /
mL of the LM/LAM substrate mixture for 4 hours at 37 °C. 20 pl of reaction was then
mixed with 5 pl of 6x loading dye, and the samples were separated on a 4-20% precast
gel. The glycolipid stain was performed, as per Chapter 2.6.2, and the results are shown
in Figure 36. Three technical replicates are shown whereby the assay was repeated three

times using the same protein and substrate stocks.
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Figure 36: ProQ Emerald 300 Glycoprotein stained gel. Samples were separated at 200
v, 50 mA, for 45 minutes. Bands were visualised with ProQ Emerald staining. (1) Enzyme-
free control, (2) Rv0365c assay on LM/LAM, (3) catalytic-null Rv0365c assay on LM/LAM.
Wild-type Rv0365c assay resulted in visible reduction of LM/LAM band intensity in each
replicate. Catalytic null reaction had no effect on LM or LAM band intensity.
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The results shown in Figure 36 show that levels of LAM and LM appear to be reduced
when Rv0365c is present. To confirm this, ImagelLab software was used to determine
the intensity of each of the bands. This is shown in Table 6. The intensity readings were
then plotted, and this is shown in Figure 37. The levels of LAM and LM are significantly
reduced after enzymatic digestion with Rv0365c. Furthermore, the catalytic null variant
of Rv0365c had no significant effect on the level of LAM and LM. This confirmed that

Rv0365c was active on both LAM and LM.

Table 6: Fluorescence intensity of bands in Figure 36

Lane LAM Intensity LM Intensity
1 2086 2368
2 978 1068
3 2000 2356
4 2068 2322
5 1032 1070
6 2020 2172
7 2094 2273
8 862 923
9 1906 2147
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Figure 37: Fluorescence intensity of LM/LAM bands from Table 6. A) LAM and B) LM.
Intensity of bands was determined using Imagelab software, and then plotted in
GraphPad Prism v10.0.2. For each assay n=3, significance determined by one-way
ANOVA test where ****p<0001. Values shown are mean with error bars showing
standard deviation. Rv0365c incubation resulted in significant reduction in LM/LAM
intensity. Catalytic null incubation had no significant effect on levels of LM or LAM.
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To further explore the reaction rate of Rv0365c and LM/LAM. A time-course assay was
conducted, and samples were taken at various time points. This was repeated for a total
of 3 replicates. These samples were analysed via SDS-PAGE with ProQ staining. The

results of this are shown in Figure 38.

The results in Figure 38 show that LM and LAM levels reduce over the 4 h incubation
time. To quantify this, ImagelLab was again used to determine the intensity of each band
for each replicate, shown in Table 7. These values were then plotted using GraphPad
Prism v10.0.2 and expressed as a percentage of the relevant control, shown in Figure

39.

The results shown in Figure 39 suggest that the rate of reaction is not different between
LAM and LM as both substrates decrease at the same rate. For LAM degradation the
rate of the liner portion of the curve was 0.82 % / min and for LM degradation the rate
was 0.67 % / min. These values were found to be not significantly different by t-test.

Therefore, it is not likely that Rv0365c prefers one substrate over the other.
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Figure 38: Time course assay of Rv0365c on LM/LAM. Samples separated at 200 v, 50
mA, for 45 minutes. (1) Enzyme-free control (2) 5 minutes (3) 15 minutes (4) 30 minutes
(5) 1 hour (6) 2 hours (7) 3 hours (8) 4 hours. Three replicates are shown. Replicate 3
does not have an enzyme-free control. Visible reduction in intensity of both LM and
LAM bands can be seen over the 4 hour incubation period.
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Table 7: Fluorescence intensity of bands in Figure 38
Lane LAM Intensity LM Intensity
Replicate 1
1 2467 2530
2 2471 2710
3 2073 2272
4 1891 2048
5 1577 1738
6 1426 1578
7 1220 1327
8 1122 1164
Replicate 2
1 405 443
2 403 436
3 353 371
4 323 334
5 282 291
6 245 251
7 213 206
8 180 179
Replicate 3
1 405 443
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2 331 335
3 323 334
4 298 315
5 287 305
6 241 270
7 179 205
8 151 177
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Figure 39: Relative intensity of LAM / LM levels during incubation with Rv0365c.
Fluorescence determined using ImagelLab and expressed as a percentage of the starting
material in GraphPad Prism v10.0.2. Values shown are the mean with error bars showing
standard deviation.
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3.4 Discussion

The aim of this chapter was to biochemically characterise Rv0365c and confirm that it is
a legitimate member of the glycoside hydrolase 76 family. This primarily meant the
enzyme needed to be purified, and this presented the first challenge faced in this thesis.
Despite good expression of the protein, purification was exceedingly difficult. The
majority of our attempts to purify this enzyme resulted in low yields, and precipitated
protein. Following a 9-month period, where reduced lab hours and socially distanced
training had to take place, the purification protocol was optimised to a point where we
could confidently purify the protein and begin biochemical characterisation. The
optimised protocol included the addition of 5% glycerol and 1% Tween20 to the lysis
buffer. This improved stability of the protein during purification. Furthermore, pre-
chilling of the dialysis buffer was essential. The buffer was made at least one-day before
use and kept at a constant 4 °C. Unfortunately, we have not yet been able to purify
Rv0365c to a high enough concentration to obtain an experimentally determined crystal
structure. We therefore had to rely on the services of AlphaFold to predict the structure
and compare this to pre-existing experimentally determined GH76 structures (Jumper
et al., 2021; Varadi et al., 2022). In Figure 21 the predicted structure of Rv0365c was
compared to the experimentally determined Aman6 (PDB: 4BOK). The structural
alignment indicated that the two enzymes are similar (R.M.S.D = 2.2 A), but that
Rv0365c possesses an additional beta-hairpin cap that covers the predicted active site
of the enzyme. This appears to be a structural motif which is unique to the mycobacterial

protein as it can be seen in the AlphaFold predicted models for MMAR_0667 and
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MSMEG_0740. These are the homologues of Rv0365c from M. marinum and M.

smegmatis.

As previously reported, GH76 proteins will specifically recognise and cleave a-1,6 linked
mannan (Cuskin & Lowe et al., 2015; Maruyama and Nakajima, 2000; Nakajima, Maitra
and Ballou, 1976). Within the mycobacterial cell wall, there is currently only one known,
described site of a-1,6 mannan. This is in the mannan backbone of the glycolipids
lipoarabinomannan and lipomannan as well as in PIMs which act as precursor molecules.
This became the basis of our hypothesis as we predicted that Rv0365c would be active
against these substrates. However, first we needed to show that the enzyme was
specifically active against a-1,6 mannan. LAM and LM have complex structures, as
shown in Figures 7 and 8. This meant they were unsuitable to use as substrates to
determine specific linkage activity of this enzyme. We therefore employed three mutant
strains of S. cerevisiae which lacked glycosyltransferases required to synthesise mannan,
and so produced mannans of varying complexity. These mannans, shown in Figure 22,
were purified and used for our first assays with Rv0365c. Our initial attempts to
demonstrate GH76 activity were unsuccessful. As shown by Figure 23, there were no
observable reaction products following the assay indicating that Rv0365c was unable to
digest the substrates. The mannan backbone of LAM and LM contains a short stretch of
undecorated a-1,6 mannan followed by a longer stretch of a-1,6 mannan decorated
with a-1,2 Manp side chains. We therefore hypothesised that Rv0365c was specific for
the shorter, undecorated a-1,6 mannan. To test this, we used a previously characterised

GH76 family protein, BT3792, which has been shown to be active on these substrates to
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produce shorter mannan oligos (Cuskin & Lowe et al., 2015). Using these shorter
mannan oligos, we were able to confirm GH76 activity as observable reaction products
were produced when the enzyme was assayed on the shorter Mnn2 substrate. This is
shown in Figure 26. Furthermore, these data also confirmed that the enzyme is unable
to act on the backbone when the a-1,2 side chains are present. Taken together, this data
suggested that Rv0365c is a genuine member of the GH76 family, and it prefers short,
undecorated a-1,6 linked mannan. Additionally, this data supported our theory that
Rv0365c was acting on the short, undecorated stretch of a-1,6 mannan at the start of

the mannan backbone in the LM/LAM structure.

Following confirmation that Rv0365c was a GH76 family member, we next turned our
attention to identifying the true substrate for Rv0365c in the mycobacterial cell wall. To
do this, LAM and LM were purified from M. bovis BCG Danish and incubated with
Rv0365c. To analyse this reaction, a TLC solvent system was utilised that would see the
carbohydrate domain retained at the origin but separate any glycolipids. Using this
system, we were able to show that when Rv0365c is assayed on LM and LAM it will
release a small glycolipid product which stains positive for both carbohydrate and lipid
(Figure 28). This small product was isolated from the reaction mixture, further purified
using a C18 column, and then analysed by mass spectrometry. The result of this analysis
was that we could identify a fragmentation pattern which was consistent with an AcPIM;
structure. This demonstrated that the small product being released from the reaction
was AcPIMs,. This is a molecule used in the biosynthesis of LM and LAM (Figure 6). This

finding led to the hypothesis that this reaction product could be recycled by
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mycobacteria, and used to synthesise new PIMs, LM, or LAM. This is a hypothesis which
we will test in Chapter 4. As a-1,6 mannan is also present in PIMs, we speculated
whether Rv0365c would be active on the higher-order PIMs (AcPIMe species) and if it
would release the same product. To test this, we extracted PIMs from M. bovis BCG and
assayed Rv0365c on them. To analyse the reactions, we employed the use of two-
dimensional thin-layer chromatography. This allows for samples to be separated in two
different directions and allows for better separation of the different PIM species.
However, the result of this was that we did not detect any visible changes in the PIM
profile when incubated with Rv0365c. This suggested that the enzyme was not able to
digest the high-order PIMs. Earlier in the chapter, we demonstrated that Rv0365c was
only active on undecorated a-1,6 mannan. However, the structure of the AcPIMs species
contains «-1,2 linked Manp residues. We therefore speculated that these a-1,2

decorations were inhibiting the activity of the enzyme somehow.

To continue the biochemical characterisation of Rv0365c, we next sought to identify the
catalytic residues in this enzyme. Previously characterised GH76 proteins have had
catalytic residues which consist of a pair of consecutive aspartic acids (Cuskin & Lowe et
al., 2015; Thompson et al., 2015). To confirm that Rv0365c was consistent with the
family members, the equivalent pair of aspartic acids were identified as D96 and D97.
We then generated a D96A mutant version of the protein and could no longer detect
activity when this mutation was present (Figure 35). These findings provided further

evidence that Rv0365c was a true GH76 family member.
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The final objective for this chapter was to verify that Rv0365c was active against both
LM and LAM rather than preferring one substrate over the other. Our data so far had
provided evidence that the enzyme was active against a mixture of LM/LAM. To do this,
we needed a way to visualise both LM and LAM, and quantify their relative abundance.
We therefore separated the reaction products by SDS-PAGE gel electrophoresis and
used a ProQ Emerald stain, which generates a fluorescent signal when it reacts with
periodic acid-oxidised carbohydrate groups, to visualise the relative levels of LM and
LAM (Figure 36). This allowed us to confirm that Rv0365c was active on both LM and
LAM, and demonstrate that the catalytic null enzyme had no enzymatic activity. The
fluorescence was visualised by U.V. exposure using a GelDoc and quantified using
ImagelLab. This allowed us to show that the levels of both LM and LAM are significantly
reduced when Rv0365c is present. As shown in Figure 38, there is a small band beneath
the LM in the Rv0365c reaction which is not present in the control or catalytic null assay.
We therefore speculated that this was one of the reaction products. This is supported
by Kaur et al., (2008), as they separated LAM, LM, and PIMs by SDS-PAGE gel
electrophoresis and identified a band, similar to ours, as PIMs. However, so far, we are
yet to confirm that the band seen in Figure 36 is PIMs. Following the success of the ProQ
Emerald staining, we utilised the stain to perform a time-course assay in which we could
track the abundance of LM and LAM over a period of time. This allowed us to
demonstrate that Rv0365c hydrolyses both substrates at a comparable rate, and so does
not likely have preference for one structure over the other. This is important as it
demonstrates that the enzyme is not affected by the presence of the arabinan domain

in LAM. Rv0365c is specific for the glycosidic bond between the second and third a-1,6
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manp units in the mannan backbone of LM/LAM. The biochemical data we presented
on the yeast mannans helps to explain this specificity. The enzyme was only able to
digest the short, undecorated a-1,6 mannan substrates. The presence of a-1,2 mannan,
even on the pre-digested substrates, inhibited the enzyme to the extent that we could
not detect activity. This data clearly shows that Rv0365c is specific for short,

undecorated a-1,6 mannan which is only described at the site specified above.

Recent work by Al-Jourani & Benedict et al., (2023), which | was a contributing author
on, has identified another mycobacterial GH enzyme that is active on LAM. In this work,
the GH183 family enzymes Rv1754c and Rv3707c (named AraH1 and AraH2) are shown
to be active on LAM. The study demonstrates that the first of these GH183 enzymes,
AraH1 is specific for LAM and is not active on arabinogalactan. The second of these
enzymes, AraH2, is active on both LAM and arabinogalactan. It is suggested that these
enzymes may have overlapping substrate specificities and that they may compensate
for each other if one enzyme’s activity is lost. Identification of p-arabinanases when
combined with the work described here, demonstrates that following synthesis, LAM is
not a static product. Whether these enzymes act synergistically, however, remains to be
determined. Taking into account the findings presented in this chapter, it highlights how
LAM is a dynamic molecule that can be digested and potentially recycled. Furthermore,
there are now two families of enzymes that are known to be active on LAM when prior

to these studies there were zero.
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As discussed in Chapter 1.7, GH76 enzymes are also capable of glycoside transferase
activity. In contrast to GH activity, this is where a mannose unit is transferred from a
donor molecule to an acceptor molecule in a condensation reaction as opposed to the
hydrolysis reaction observed in the breaking of glycosidic bonds (Davies and Henrissat,
1995). For example, Pan et al., (2021) describe a GH76 gene in Pyricularia oryzae which
acts as a glycosyl transferase. In this thesis, we have not ruled out the possibility that
Rv0365c could also have glycosyl transferase activity. However, based on the
biochemical data we have presented we are confident that its primary role is the

cleavage of LM and LAM.

In conclusion, the data presented in this chapter provide strong evidence that Rv0365c
is an authentic glycoside hydrolase family 76 member with the ability to hydrolyse LM
and LAM purified from BCG. We can therefore hypothesise that the role of this enzyme
in the mycobacterial cell wall involves the degradation of LM and LAM to release the
larger carbohydrate domain from the small AcPIM; lipid carrier. The fate of these two
products is explored in later chapters. We also show that mutation of the predicted
catalytic residues results in loss of enzymatic activity, and that the enzyme will digest
both LM and LAM at an equal rate with no preference for one substrate over the other.
The results discussed in this chapter next led us to speculate how the levels of LM and
LAM, in mycobacteria, would be affected when GH76 activity was lost. It has previously
been shown that Rv0365c is a non-essential gene (Griffin et al., 2011), and so this meant
we could examine how the loss of this enzyme’s activity would impact the abundance

of its newly identified substrates. This is explored in the following chapter.
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M. tuberculosis is predicted to encode three alpha-mannan degrading enzymes. This
chapter set out to biochemically characterise the predicted GH76 enzyme, and so to
continue the work started here the next aim for this study would be to purify and
characterise the other two predicted alpha-mannanases. As shown in Table 1, these are
Rv0648 which is predicted to be a GH38 and Rv0584 which is a predicted GH92 family
member. Additionally, one of the biggest drawbacks of this chapter is that we were
unable to obtain any structural data for Rv0365c. Therefore, given more time, future
work would focus on further optimising the purification of Rv0365c so that structural
data could be collected. An experimentally determined structure could provide us with
an insight into how the D96A mutation effects the structure of the protein, and why the
catalytic activity is lost. Finally, AlphaFold cannot teach us about the working
mechanisms of Rv0365c or any interactions it may have with other proteins. This is
something an experimentally determined structure could help to answer. AlphaFold
only predicts one structural conformation of a protein with no corresponding
information as to what state it is in. However, proteins will adopt different
conformations that can impact the biological role the protein plays. For example,
Munoz-Munoz et al., (2017) describe a glycoside hydrolase family 145 enzyme which
has an active site located on the posterior surface of the protein. This was something
never seen before in other experimentally determined structures of GH145 enzymes.
Additionally, it is shown that this enzyme’s catalytic apparatus utilises a single histidine
residue instead of a canonical pair of carboxylate residues seen in the majority of

glycoside hydrolases (Munoz-Munoz et al., 2017).
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Chapter 4

Phenotypic Characterisation of Glycolipid Abundance
when Glycoside Hydrolase 76 Activity is Lost
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4. Phenotypic characterisation of glycolipid abundance when glycoside hydrolase 76

activity is lost

4.1 Introduction

Following the results discussed in Chapter 3, this chapter set out to investigate how a
transposon insertion mutant in M. bovis BCG Danish in the glycoside hydrolase 76 gene,
BCGDan_0378, would affect the abundance of lipoarabinomannan and lipomannan in
the cell. BCGDan_0378 is a homolog of Rv0365c with 100% sequence identity. The
results discussed in Chapter 3 demonstrated that the protein, Rv0365c, was active on
both lipomannan and lipoarabinomannan. Therefore, we were interested to see how
loss of the activity of this enzyme would affect the abundance of these glycolipids in the
cell. In this chapter, the abundance of LAM and LM are compared between the
transposon insertion mutant and the wild type strain of M. bovis BCG Danish.
Furthermore, the abundance of these glycolipids is compared between exponential
growth and stationary phase as previous reports have demonstrated that LAM and LM
synthesis is upregulated during stationary phase (Dulberger, Rubin and Boutte, 2020).
The findings reported in this chapter reveal that loss of GH76 activity leads to an
accumulation of LAM and LM in the cell. Furthermore, to investigate if this phenotype
could be complemented, a complementation plasmid was produced with the wild type
gene, as well as a complementation plasmid with the catalytic null variant of the gene.
The wild type GH76 gene is shown to fully restore the wild-type phenotype, whilst
complementation with the catalytic null protein has no effect on the levels of glycolipid.

Finally, capsular polysaccharide extracts from these strains show that no capsular
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arabinomannan is observed when GH76 activity is lost in BCG. However, arabinomannan
can be detected in wild type cells. These findings support the hypothesis that Rv0365c

is the enzyme responsible for cleaving LAM to release arabinomannan to the capsule.

4.2 Materials and Methods

4.2.1 Capsular Polysaccharide Extraction

M. bovis BCG cultures were grown on 7H10 agar plates for 4 weeks. Subsequently, cells
were scraped from the plates and a cell mess was measured. The cells were then
resuspended in ddH,0 and gently vortexed for 1 minute to shed capsular material. Cells
were harvested by centrifugation at 2000 x g for 10 minutes. The capsule-containing
supernatant was collected and filtered using a 0.45 uM Millipore filter to ensure no
bacterial debris remained. The capsular extract was frozen and lyophilised to complete
dryness. Dry capsular polysaccharides were then resuspended in ddH.O to a
concentration of 10 mg / mL. This was based on the original cell mass used which was
harvested and used for capsular polysaccharide extraction. This was to ensure all

samples were normalised based on cell mass.

4.2.2 Fluorescent Labelling of Capsule Extracts

Fluorescent labelling of the capsular polysaccharide extracts was carried out following
the methods of Ruhaak et al., (2010). In brief, 50 pl of capsular material was mixed with
25 ul of freshly prepared label (48 mg / mL 2-AB in DMSO/acetic acid (85:15 v/v)).

Additionally, 25 ul of 1 M 1-picolane-borane in DMSO was added to achieve a final
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volume of 100 pl. Subsequently, the mixture was incubated at 65 °C for 2 hours. The

samples were then allowed to cool to room temperature before being analysed.

4.2.3 High Performance Liquid Chromatography Analysis of Fluorescently Labelled
Capsular Polysaccharides

Analysis of the fluorescently labelled capsular extracts was performed using a
Phenomenex BioZen 1.8 uM Size Exclusion Chromatography-2 column (BioZen, 00H-
4769-E0) at room temperature. Mobile phase was 0.1 M phosphate buffer pH 6.8 with
0.025% sodium azide, flow rate = 0.400 mL / min. Glycans detected with fluorescence

detection (Ex = 320 nm Em =420 nm), sample volume injected = 2.5 pL.

4.3 Results

4.3.1 Loss of GH76 Activity Results in Increased Abundance of LM/LAM

The first aim of this chapter was to determine how the loss of GH76 activity in M. bovis
BCG Danish would impact the abundance of lipoarabinomannan and lipomannan.
Therefore, wild type BCG Danish and BCGDan_A0378 were grown in 7H9 media until an
ODeoo of 0.8 was reached. At this point, the cells were harvested at the glycolipids were
extracted as per Chapter 2.5.2. The lyophilised extracts were then resuspended in a
volume of ddH>0 so that equal concentrations of cells could be analysed. A 10 pl sample
of each extract was taken and mixed with 10 pl of ddH,0 and 5 pl of 6X loading dye. The
samples were separated via SDS-PAGE using a 4-20% gradient gel, as described in
Chapter 2.5.2. The gel was then stained with the ProQ Emerald glycoprotein gel stain

and imaged using ImageLab. This is shown in Figure 40.
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Figure 40: LAM and LM extractions from WT BCG Danish and BCGDanA0378
separated via SDS-PAGE and stained with ProQ Emerald glycoprotein stain. Samples
separated at 200 v, 50 mA, for 45 minutes. (1) WT BCG replicate 1, (2) BCGDan_A0378
replicate 1, (3) WT BCG replicate 2, (4) BCG_DanA0378 replicate 2, (5) WT BCG
replicate 3, (6) BCGDan_A0378 replicate 3. LM/LAM band intensity of BCGDan_A0378
appears darker than that of the wild type cells.
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Using the Imagelab software, the intensity of each band was determined. This is shown

in Table 8. The intensity was then plotted using GraphPad Prism v10.0.2 and a t-test was

used to determine significance. This is shown in Figure 41.

Table 8: Fluorescence intensity of bands from Figure 40

Lane LAM Intensity LM Intensity
1 1785 1967
2 2322 2583
3 1737 2019
4 2343 2627
5 1715 1990
6 2231 2578

The results from Figure 41 show that when GH76 activity is lost, there is a significant

increase in both lipoarabinomannan and lipomannan abundance in M. bovis BCG Danish

cells. On average, this was an increase of 1.31x more glycolipid in the GH76 knockout

cells compared to the wild type cells.

To investigate if this increase in glycolipid abundance was also seen during stationary

phase, the experiment was repeated using cells harvested at ODsgo of 1.10. As before,

the samples were separated via SDS-PAGE, stained with ProQ Emerald glycoprotein

stain, and then Imagelab was used to visualise the gel (Figure 42), and determine band

intensity (Table 9). The intensities were then plotted using GraphPad Prism v10.0.2

(Figure 43).
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Figure 41: Fluorescence intensity of LM and LAM bands from Figure 40. (A) LAM
extracts (B) LM extracts. Intensity of bands determined using Imagelab software, and
plotted in GraphPad Prism v10.0.2. For each assay n=3, significance determined by t-
test where ***p<0.001 and ****p<0001. Values shown are mean with error bars
showing standard deviation. Loss of GH76 activity results in significantly increased
intensity of LM/LAM bands
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Figure 42: LAM and LM extractions from stationary phase WT BCG Danish and
BCGDanA0378 separated via SDS-PAGE and stained with ProQ Emerald glycoprotein
stain. Samples separated at 200 v, 50 mA, for 45 minutes. (1) WT BCG replicate 1, (2)
BCGDan_A0378 replicate 1, (3) WT BCG replicate 2, (4) BCGDan_A0378 replicate 2, (5) WT
BCG replicate 3, (6) BCGDan_A0378 replicate 3. Band intensity was measured and plotted
in GraphPad Prism v10.0.2.
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Table 9: Fluorescence Intensity of bands from Figure 42

Lane LAM Intensity LM Intensity
1 1620 1697
2 1950 1975
3 1723 1773
4 2225 2453
5 2058 2363
6 2427 2902

The results displayed in Figure 42 and 43 show that, despite a consistent increase in both
lipoarabinomannan and lipomannan abundance during stationary phase, the

differences seen are not significant between the wild type and GH76 knock out cells.
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Figure 43: Fluorescence intensity of LM and LAM extracts from stationary phase. (A)
LAM extracts (B) LM extracts. Intensity of bands determined using Imagelab software,
and plotted in GraphPad Prism v10.0.2. For each assay n=3, significance determined by
t-test. Values shown are mean with error bars showing standard deviation. There was
no significant change in the intensity of LM/LAM bands.
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4.3.2 Complementation Returns LM/LAM Levels to Wild Type Phenotype

To investigate if the increased abundance of glycolipids during exponential growth was
a true effect of the loss of GH76 function, or if it was a polar effect of the transposon
insertion, a complementation plasmid was ordered from GENEWIZ

(www.genewiz.com). The wild type M. bovis BCG Danish_0378 gene was synthesised

into the plasmid backbone pmv306. This included the 250 base pair upstream region of
the gene and the presumed native promoter as well as a hygromycin resistance cassette
for selection. Furthermore, using the primers from Table 5, a catalytic null variant of the
complementation plasmid was produced to use as an additional control. In this variant
the mutation D96A was present (where numbering is relative to the M. tuberculosis
genome). The complementation plasmids were electroporated into electrocompetent
BCG Dan_A0378 cells, as per Chapter 2.2.3, to produce the strains BCG
Dan_A0378::0378 and BCG Dan_A0378::CatNull0378. Following this, the complemented
strains, were cultured to an ODego of 0.8, harvested, and the glycolipids were extracted
as per Chapter 2.5.2. As before, the lyophilised extracts were resuspended in ddH,0
based on the wet cell mass to ensure the extracts were normalised. A 10 ul sample of
each extract was taken and mixed with 10 ul of ddH,0 and 5 pl of 6X loading dye. The
samples were then separated via SDS-PAGE together with the wild type and A0378
samples. The gel was stained with ProQ Emerald glycoprotein gel stain and imaged using
Imagelab. The result of this is shown in Figure 44. The intensity of each band was
determined using Imagelab, as shown in Table 10. These were then plotted using
GraphPad Prism v10.0.2 and significance was determined by one-way ANOVA. This is

shown in Figure 45.
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Figure 44: LAM and LM extractions from complement strains. Samples separated at 200
v, 50 mA, for 45 minutes. 1) WT BCG, 2) BCGDan_A0378, 3) BCGDan_A0378::0378, 4)
BCGDan_A0378::CatNull0378. Three biological repeats are shown. LM/LAM band
intensity was measured using Imagelab software, and plotted using GraphPad Prism
v10.0.2.
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Table 10: Fluorescence intensity of bands from Figure 44

Lane LAM Intensity LM Intensity

Replicate 1

1 1846 1872

2 2567 2339

3 1901 1808

4 2534 2169
Replicate 2

1 1656 1848

2 2311 2276

3 1820 1785

4 2203 2145
Replicate 3

1 1882 1856

2 2628 2347

3 1921 1798

4 2431 2256
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Figure 45: Fluorescence intensity of LM and LAM bands from Figure 44. (A) LAM
extracts (B) LM extracts. Intensity of bands determined using ImageLab software, and
plotted in GraphPad Prism v10.0.2. For each assay n=3, significance determined by one-
way ANOVA test where **p<0.01, ***p<0.001, and ****p<0001. Values shown are
mean with error bars showing standard deviation. Complementation with wild type
gene restores the phenotype, but catalytic null complementation has no effect.
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The results shown in Figures 44 and 45 confirm that the increased abundance of
glycolipid shown in Figures 40 and 41 is a direct result of loss of GH76 activity.
Complementation with the wild type GH76 gene restored the glycolipid abundance to
wild-type levels. Furthermore, the abundances for both LAM and LM were not
significantly different between the wild type and the complemented cells. However,
when the GH76 mutant was complemented with the catalytic null GH76 gene, the
glycolipid abundance was unchanged and still significantly higher than the wild type.
This provides strong evidence that the phenotype shown is a direct result of loss of GH76

activity, and it is not a polar effect from the transposon insertion.

4.3.3 Loss of GH76 Activity Effect is seen cross species in M. smegmatis

To determine if the increase in glycolipid as a result of loss of GH76 activity is an effect
seen in other species, the fast-growing M. smegmatis mc?155 and M. smegmatis A0740
were cultured until an ODsoo of 0.8 was reached. The M. smegmatis mutant was
generated by a colleague in the lab, Rudi Sullivan, via ORBIT-mediated mutagenesis
(Murphy et al., 2018). The cells were harvested, and the glycolipids were extracted as
before. Once again, the extracted glycolipids were separated via SDS-PAGE, and then

stained with ProQ Emerald stain. This is shown in Figure 46.
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Figure 46: LAM and LM extractions from WT smegmatis and M. smeg_A0740
separated via SDS-PAGE and stained with ProQ Emerald glycoprotein stain. Samples
separated at 200 v, 50 mA, for 45 minutes. (1) WT smegmatis replicate 1, (2) M.
smeg_A0740 replicate 1, (3) WT smegmatis replicate 2, (4) M. smeg_A0740 replicate
2, (5) WT smegmatis replicate 3, (6) M. smeg_A0740 replicate 3. Visible increase in
band intensity can be seen in mutant samples.
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The bands shown in Figure 46 were quantified by determining their intensity in
Imagelab. These values are shown in Table 11. These values were then plotted using
GraphPad Prism v10.0.2, and significance was determined using an unpaired t test. This
is shown in Figure 47.

Table 11: Fluorescence intensity of bands from Figure 46

Lane LAM Intensity LM Intensity
1 1903 2141
2 2537 2938
3 2111 2300
4 2562 2764
5 2086 2170
6 2426 2625
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Figure 47: Fluorescence intensity of LM and LAM bands from Figure 46. (A) LAM
extracts (B) LM extracts. Intensity of bands determined using ImagelLab software, and
plotted in GraphPad Prism v10.0.2. For each assay n=3, significance determined by t-
test where **p<0.01. Values shown are mean with error bars showing standard

deviation.
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The results shown in Figures 46 and 47 confirm that the increase in glycolipid abundance
as a result of loss of GH76 function is observed cross-species. Figure 47 shows that both
LAM and LM were significantly higher in the GH76 deficient cells compared to wild type

M. smegmatis.

4.3.4 Loss of capsular AM is observed when GH76 activity is lost

The next aim for this chapter was to determine how the capsular polysaccharide content
compared when GH76 activity was lost. As reported by Ortalo-Magne et al., (1996), the
capsule of slow-growing mycobacteria consists primarily of polysaccharide. Kalscheuer
et al., (2019), identified that these glycan rich capsules consist of around 70% o-D-
glucan; 20% Dp-arabino-bD-mannan (AM); and 5% b-mannan as well as small quantities of
other glycans such as xylose. We hypothesised that loss of GH76 activity could lead to a
reduction in AM and mannan in the capsule. To test this, wild type BCG and BCG Dan-
00378 were cultured on 7H10 agar and allowed to grow for around 4 weeks. Following
this, the capsule was extracted as per Chapter 4.2.1. To analyse the capsular material
we separated the polysaccharides via size exclusion chromatography. This was possible
due to significant size differences in the three main capsular polysaccharides. a-b-glucan
is approximately 100 kDa, AM is 14 kDa, and mannan is 4 kDa (Kalscheuer et al., 2019).
To detect the sugars, 2-aminobenzamide, which is fluorescent, was added to the
reducing terminus of the glycan, as per Chapter 4.2.2. As observed in Figure 48, we were

able to detect a-D-glucan and AM in the wild type samples.
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This was consistent with the findings reported by Kalscheuer et al., (2019), as the
predominant polysaccharide was the a-D-glucan and there was only a smaller
abundance of AM present. However, analysis of the BCG Dan_A0378 capsule extracts

revealed no detectable AM, as shown in Figure 49.

The data presented in Figure 49 confirmed our hypothesis showing that no AM was
detectable in the capsular extracts of BCG Dan_A0378 cells. There was however, an a-
D-glucan peak suggesting that this glycan is unaffected by the loss of GH76 activity. To
confirm that the peaks we observed were in fact the glycans we believed them to be, an
amylase, arabinanase, and mannanase were used to digest the peaks to confirm their
identity. To do this, wild type extract was incubated with each of the three enzymes
separately. To digest the a-D-glucan peak, an a-amylase from Aspergillus oryzae (Sigma-
Aldrich, 10065) was incubated with 5 mM calcium chloride and the wild type capsule
extract for 3 hours at 37 °C. Subsequently, the reaction was heat inactivated at 100 °C,
and the labelling process was repeated (Chapter 4.2.2). To digest the AM peak, the wild
type sample was incubated with an endo-D-arabinanase, Rv3707 (Al-Jourani & Benedict
et al., 2023), and a GH76 mannanase, BT3792 (Cuskin & Lowe et al., 2015), separately
and as a co-digestion. The reactions were inactivated as before and labelled once again.
The samples were then analysed via HPLC size exclusion. The result of this, as shown in

Figure 50, confirmed the identity of the peaks as a-D-glucan and arabinomannan.
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Figure 48: Size exclusion chromatogram of wild type capsular polysaccharides.
Capsular material was harvested, fluorescently labelled, and separated. Three
biological replicates were analysed and the glycans a-D-glucan (retention time
between 2 and 5 minutes) and AM (retention time between 7 and 8 minutes) were
detected.
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Figure 49: Size exclusion chromatogram of GH76 knock-out capsular
polysaccharides. Capsular material was harvested, fluorescently labelled, and
separated. Three biological replicates were analysed and only a-b-glucan (retention
time between 2 and 6 minutes) was detected.
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Figure 50: Size exclusion chromatogram of enzymatically-digested capsular
polysaccharides. Wild-type capsular polysaccharides were digested with specified
enzymes, fluorescently labelled, and separated to confirm identity of each peak. Each
assay was conducted one time, and so only one replicate is shown for each assay.
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As shown in Figure 50, when the capsular polysaccharides are digested with the
amylase, there is a complete loss of detectable a-b-glucan, but the AM peak remains. In
this case, the AM peak has started to merge with a neighbouring peak which we
hypothesise to be the products of the amylase digestion. When incubated with the
endo-D-arabinase and the mannanase, as well as the co-incubation, there is complete
loss of the AM peak. We were therefore confident that the peaks we had previously

assigned as a-D-glucan and AM were in fact these glycans.

We previously demonstrated that complementation with the wild type GH76 gene
restored LM and LAM levels to that of the wild-type phenotype. To investigate if the
complement could also restore the capsular AM phenotype, the capsular polysaccharide
extraction was repeated with the strains BCG Dan_A0378::0378 and BCG
Dan_A0378::CatNull0378. The extracts were labelled with 2-AB, and separated as
before. As shown in Figure 51, complementation with the wild type GH76 gene restored

the capsular AM phenotype.

To confirm that the restoration of the wild-type phenotype was due to catalytic activity
of the GH76 in the complement, the catalytic null complement capsular polysaccharides
were analysed. As shown in Figure 52, complementation with the catalytic null variant
of the GH76 resulted in no capsular AM being detected, suggesting that the catalytic

activity of the enzyme is required for the presence of AM in the capsule.
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Figure 51: Size exclusion chromatogram of BCG Dan_A0378::0378 capsular
polysaccharides. Capsule material was harvested, fluorescently labelled, and
separated. Three biological replicates were analysed, and both a-b-glucan (retention
time 3-6 minutes) and arabinomannan (retention time 7.5 — 8.5 minutes) could be
identified.
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Figure 52: Size exclusion chromatogram of BCG Dan_A0378::CatNull0378 capsular
polysaccharides. Capsular material was harvested, fluorescently labelled, and

separated. Three biological replicates were analysed, and only a-p-glucan (retention
time 3-6 minutes) could be identified.
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To further investigate to what extent the complementation restored the wild-type
phenotype, the a-D-glucan and arabinomannan peaks were quantified, and then the AM
was plotted as a percentage of the total capsular polysaccharide abundance. This is
shown in Figure 53. The results of which show that only partial complementation of the

capsular arabinomannan phenotype had occurred.
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Figure 53: Relative quantity of arabinomannan in wild-type BCG and BCG
Dan_A0378::0378. For each sample n=3, significance determined by t-test where
*p<0.05. Values shown are mean with error bars showing standard deviation.
Complemented cells are producing significantly lower amount of AM.
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4.3.5 Loss of GH76 activity results in accumulation of Ac;PIM;

The penultimate aim for this chapter was to investigate how the abundance of PIMs
differed between our GH76 knock-out strain and wild type BCG. As PIMs, LM, and LAM
share a common biosynthetic pathway, we were interested to see how the
accumulation of LM and LAM may alter the PIM profile of the GH76 knock-out strain. To
do this, wild type BCG and BCG Dan_A0378 were grown until an ODsgo of 0.2 was
reached. At this point, the cultures were labelled with 10 pl of [**C] acetic acid
(10,545,000 cpm, Perkin Elmer) and incubated for a further 72 hours. Following this, the
cultures were pelleted by centrifugation and then the polar lipids were extracted as
described in Chapter 2.6.1. To visualise the PIM profiles, the polar lipid extracts were
analysed via two-dimensional TLC. Equal counts were loaded onto the lower left corner
of a 6 x 6 cm TLC plate. The samples were separated in the first direction in a
chloroform:methanol:water (60:30:6 v/v/v) solvent system, and then in a
chloroform:acetic acid:methanol:water (40:25:3:6 v/v/v/v) solvent system in the second
direction. Following this, the PIMs were visualised by exposure to x-ray film by
autoradiography for 48 hours (Kodak Biomax MR film). The result of this is shown in

Figure 54.
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Figure 54: 2D TLC profile of ['*C] labelled polar lipids from wild type and BCG
Dan_A0378. A) replicate 1 B) replicate 2 C) replicate 3. Radiolabelled polar lipids were
extracted, separated by two-dimensional TLC, and visualised by autoradiography. TLC

annotated as per Driessen et al., (2009).
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The polar lipid profiles shown in Figure 54 were annotated to identify the PIM species.

The intensity of each spot was then quantified using Imagelab and plotted as a

percentage of pixel density of the total pixel density on the TLC. These values are shown

in Table 12. The relative abundance of each PIM species could then be compared

between the two strains. This is shown in Figure 55.

Table 12: Relative intensity of PIM species

0.39 1.04 1.9 1.5 0.21 0.42 0.21 0.29
0.39 0.96 1.69 1.49 0.37 0.42 0.12 0.33
0.32 0.83 1.47 1.14 0.16 0.31 0.16 0.19
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Figure 55: Relative intensity of PIM species in wild-type and BCG Dan_A0378 cells.
Intensity determined using ImagelLab For each sample n=3, significance determined by one-
way ANOVA test where *p<0.05 and ***p<0.001. Values shown are mean with error bars
showing standard deviation. Loss of GH76 activity results in significant accumulation of
Ac2PIM2 and AcPIM..
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As shown by Figure 55, the loss of GH76 activity results in a significant increase in
Ac2PIM; species, but a significant decrease in AcPIM; species. There was no significant

change in the higher-order PIMs species.

4.3.6 PIM recycling pathway

LM and LAM are often considered dead-end products (Kaur et al., 2008). As the results
from Chapter 3 demonstrated that the lipid carrier of LM/LAM could be released from
the carbohydrate domain and as this is the same structure as the LM/LAM precursor
AcPIM;, we speculated that this lipid carrier could be recycled by the bacteria to
synthesise new LM/LAM or higher-order PIMs. To test this, radiolabelled LM and LAM
were extracted from M. smegmatis and digested with Rv0365c. We then extracted the
radiolabelled AcPIM; product. This was then fed to fresh cultures and the LM/LAM

extraction was repeated. This protocol is summarised in Figure 56.

The results of this experiment did not show any recycling activity. When the LM/LAM
extraction was carried out on the cultures, 5% of the sample was used to determine the
CPM. The CPM of the LM/LAM extraction was 12, indicating that the sample did not
contain any radioactive material. For a radioactive sample, a CPM value would be
around 30,000. We therefore decided not to analyse the samples via SDS-PAGE and x-

ray autoradiography.
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Figure 56: Summary of recycling assay. (1) A 100 ml culture of wild-type M.
smegmatis was grown to an ODeoo of 0.2 and labelled with 100 pl of [**C] acetic acid
(10,545,000 cpm, Perkin Elmer). The culture was then further incubated for 24 hours.
(2) The cells were harvested by centrifugation, and as described in Chapter 2.5.2, the
radiolabelled glycolipids were extracted from the cells. (3) The glycolipids are digested
with Rv0365c, and the AcPIM; lipid carrier is isolated using a 10:10:3 separation. (4)
The radiolabelled lipid carrier is added to a fresh culture of M. smegmatis and allowed
to grow for 4 generations. (5) The LM/LAM extraction is repeated. (6) The extracted
LM/LAM is separated by SDS-PAGE, the gel is dried, and then visualised by exposure
to x-ray film by autoradiography for 48 hours (Kodak Biomax MR film).
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4.4 Discussion

In Chapter 3, we provided evidence that Rv0365c was digesting the substrates
lipomannan and lipoarabinomannan to release the lipid carrier, AcPIM;, from the
carbohydrate domain. The aim of this chapter therefore, was to investigate how the loss
of Rv0365c activity would affect the abundance of these substrates in the model
organism M. bovis BCG Danish. BCG is an excellent model organism for studying cell
envelope biogenesis in M. tuberculosis as the species is 99% identical to that of M.
tuberculosis. Fortunately, we had access to an ordered gene deletion library of this
organism where each non-essential gene is knocked-out by transposon insertion. As our
previous results had shown that this GH76 was responsible for degrading the LM and
LAM, we hypothesised that loss of activity would result in an increase in abundance of
these glycolipids. To test this, wild-type and our knock-out strain were grown to mid-log
phase, and the glycolipids were harvested. By normalising our analysis based on the
initial cell mass, we could then load an equal volume of cellular glycolipid on the gel.
This meant that any difference we observed on the gel would be as a result of the knock-
out, and not a difference based on unequal loading. Furthermore, we employed the use
of the ProQ Emerald glycolipid stain, used in Chapter 3, so that we could quantify the
differences we observed. The result of this was that the loss of GH76 activity resulted in
significant accumulation of both LM and LAM in the cell. In each case, we observed an
approximately 30% increase in glycolipid when GH76 activity was lost (mean = 1.31x
increase in LAM and 1.30x increase in LM in mutant). As has been reported previously,
expression of LM and LAM is increased during stationary phase (Dulberger, Rubin and

Boutte, 2020). We therefore repeated the analysis, but used cells harvested from
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stationary phase cells. In this case, we did not see a significant increase in levels of LM
or LAM. It is possible that rather than the cells actively upregulating the biosynthesis of
LAM during stationary phase, they are instead down-regulating the expression of
rv0365c. Therefore, during stationary phase in wild-type cells LM and LAM levels will
naturally increase as less GH76 is available to digest them. This may explain why we did
not see a significant increase in levels of LM/LAM in our mutant cells during stationary
phase. To confirm that the effect seen during exponential growth was seen in other
mycobacterial species, the experiment was again repeated using M. smegmatis and the
knock-out of the GH76 gene, msmeg _0740. As before, when the glycolipids were
extracted and analysed, we found that there was significantly higher levels of LM and
LAM in the GH76 knock-out cells when compared to the wild-type. The effect was not
as pronounced however, with around a 20% increase observed in this fast-growing

species.

To confirm that the effects we were observing were a direct result of the loss of GH76
activity, and not a polar effect from the transposon insertion, we synthesised a
complementation plasmid and a catalytic null complementation plasmid. Production of
this plasmid however, presented the second major issue faced in this thesis. We initially
attempted to use Gibson Assembly to produce the plasmid. However, despite numerous
attempts we were unsuccessful in obtaining the plasmid. Following this, we tried
restriction free cloning. Again, we were unsuccessful in doing this as obtaining colonies
after transformation was proving elusive. Eventually, in the interest of saving time, we

decided to have the plasmid synthesised by GeneWiz. Upon delivery of the plasmid
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however, we realised that we had included the wrong resistance cassette. Our
complementation plasmid contained the kanamycin resistance gene which was also
present in our M. bovis BCG mutant. We would therefore be unable to select for
successfully transformed cells after electroporation. Fortunately, we were able to easily
clone out and swap for an alternative resistance gene, and obtain our complementation
plasmid. To do this, we cloned out the kanamycin resistance gene and then inserted a
hygromycin resistance gene. The complementation plasmid consisted of the wild type
gene, and the 250 base pair upstream region of the gene as this would likely contain the
native promoter of the gene. Mycobacterial promoter regions are unlike traditional
bacterial promoter elements. There have been no recognisable -10 or -35 elements
described to date, and so we were unable to confidently identify the promoter. The
complementation plasmids were electroporated into our BCG mutant, and the glycolipid
analysis was repeated. The results of this demonstrated that the differences we had
previously observed were a direct result of the loss of enzyme activity, as
complementation with the wild-type gene fully restored the phenotype. However,
complementation with the catalytic null gene provided no difference to the glycolipid
levels. We were therefore confident that the increase in LM and LAM abundance in our

mutant was a direct result of loss of GH76 activity.

Increased levels of LM and LAM have previously been reported by McCarthy et al.,,
(2005). In this work, they demonstrate that the overexpression of Rv3257c, the gene
encoding the ManB enzyme, in M. smegmatis resulted in increased abundance of PIMs,

LM, and LAM when compared to a wild-type control culture. The ManB enzyme is
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involved in the conversion of mannose-6-phosphate to mannose-1-phosphate to
produce GDP-mannose (McCarthy et al., 2005). GDP-mannose is the primary mannose-
donor used by mycobacteria during the biosynthesis of PIMs. This work suggests that
the increased abundance of GDP-mannose led to increased production of PIMs and
therefore LM and LAM. The study conducted by McCarthy et al., (2005), suggests that
biosynthesis of PIMs, LM, and LAM is a tightly regulated process, and the increased
abundance of GDP-mannose can cause an increase in abundance of these glycolipids.
The authors also demonstrate that an increase in LM and LAM is associated with greater
association with human macrophages. The findings we presented in Chapter 3 may help
to explain this. The increased abundance of LM and LAM in the periplasm may be acted
upon by the GH76. This could result in an increased abundance of capsular AM and may
therefore lead to greater recognition of host cell receptors compared to the wild-type
cells, where LM/LAM levels are lower and so less capsular AM is being produced by the

GH76.

As reported by Kalscheuer et al.,, (2019), the capsule of slow-growing mycobacteria
consists primarily of a-b-glucan; with smaller levels of D-arabino-D-mannan; and D-
mannan. It is not thought that LAM extends to the capsule, illustrated by Alsteens et al.,
(2008), where they show that LAM can only be detected on the surface of mycobacteria
when the cells are first treated with the anti-mycobacterial drugs isoniazid and
ethambutol. Our overall hypothesis for this thesis was that Rv0365c is responsible for
cleaving LAM to release the AM so that it can be trafficked to the capsule. The results so

far had supported this theory, and so our next step was to investigate how the loss of
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GH76 activity would affect the capsular polysaccharides of BCG. Based on our
hypothesis, we predicted that loss of GH76 activity would result in a decrease in capsular
AM. To test this, we purified the capsular material from wild-type and GH76 knock-out
BCG, labelled it with a fluorescent tag, and analysed it via size-exclusion. The result of
this was that, consistent with previous reports, a-D-glucan was the predominant
polysaccharide in the capsule with much smaller amounts of AM present. However,
when GH76 activity was lost, we were unable to detect any capsular AM. We confirmed
the peaks identity by enzymatic digestion and were therefore confident in our results.
This data demonstrated that loss of GH76 activity results in a loss of AM in the capsule.
This supported our hypothesis, and provided strong evidence that Rv0365c is degrading

LAM to release AM to the capsule.

As we had previously demonstrated that complementation with the wild type GH76
gene fully restored the levels of LM and LAM, we were interested to see if this
complementation would extend to the capsular AM. Analysis of the capsular
polysaccharides extracted from the complement strains revealed that AM could be
detected when the wild type gene was present. However, when the catalytic null variant
was complemented, there was no AM present in the capsule extracts. This indicates that
catalytic activity of the GH76 is required for the release of AM to the capsule. To
investigate to what extent the complementation restored the wild type phenotype, the
relative abundance of AM was quantified in the wild type and complement strains. This
showed that there was a significant difference in the relative abundance of AM in the

capsules, and suggested that there was only partial complementation taking place.
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The importance of the mycobacterial capsule has been highlighted by Prados-Rosales et
al., (2016). In this study, the authors demonstrate that M. bovis BCG, when grown in the
presence of detergents, did not produce a capsule. This resulted in a much reduced
immune response in mice compared to BCG that were fully encapsulated (Prados-
Rosales et al., 2016). These findings detail the importance of the capsule to
mycobacteria and its ability to interact with the host immune system. Taking into
account the findings we have presented in this chapter, where loss of GH76 activity
results in loss of capsular AM, it suggests that the activity of Rv0365c is required for
effective interaction with the host immune system during infection. Loss of capsular
material has been shown to be connected to a reduced host immune response (Prados-
Rosales et al., 2016), and so loss of GH76 activity and subsequent loss of capsular AM

would also likely result in a reduced host immune response during infection.

The next aim for this chapter was to investigate the PIM profiles of wild-type and GH76
knock-out BCG. We were interested to see how the PIM profile of the mutant strain
would compare to wild-type, as PIMs act as precursor molecules to LM and LAM. The
results of this showed that when GH76 activity is lost, there is a significant increase in
Ac,PIM;, as well as a reduction in AcPIM,. There were no significant differences
observed in the other PIM species. As reported by Nguyen et al.,, (2022), inositol
acylation is a membrane stress response. We therefore hypothesised that the increase
in Ac,PIM; we were observing was a stress response to the other phenotypes we had
previously observed. It is possible that the increased levels of glycolipid in the cell

combined with the loss of capsular AM was affecting the integrity of the membrane. To
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compensate for this, the cells were upregulating synthesis of AcoPIM; as a way of
responding to the stress. Interestingly, AcPIM,, the small reaction product produced
from Rv0365c digestion of LM/LAM, was significantly reduced in the mutant. This could
be because this species is being acylated to produce Ac;PIM;, as previously discussed.
Alternatively, perhaps the reduction we are seeing is due to the loss of GH76 activity
meaning that the reaction product is not being produced. Therefore, the levels of

AcPIM; are lower than that seen in the wild-type cells.

The final aim for this chapter was to investigate the possibility that PIMs, LM, and LAM
are involved in a previously undescribed recycling pathway. The glycolipids, LM and
LAM, have previously been described as dead-end products (Kaur et al., 2008). However,
we wanted to explore the possibility that the lipid carrier, that is cleaved off by Rv0365c,
could be recycled by the bacteria and used to synthesise new LM or LAM. The reaction
product produced, AcPIM;, is one of the earliest PIMs in the biosynthesis pathway of
LM/LAM production. However, it is not clear if AcPIM; is used on the inner or the outer
leaflet of the cytoplasmic membrane. If it is used on the outer face, then the product
could be recycled without the need for translocation across the membrane. However,
transport across the membrane would be necessary if the product is used on the inner
face of the membrane. This could be a problem, as such a transporter has yet to be
described. If the product is recycled, and used to make LM/LAM, then this would be a
novel pathway for mycobacteria, as no such mechanism has been described previously.
To test this, we planned to digest radiolabelled LM/LAM with Rv0365c, isolate the

reaction product, and feed it back into new cultures. We could then extract the LM/LAM
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and check if it was *C labelled. Our initial attempt at this suggested that the product
was not being recycled by the bacteria under the conditions we have tested. We
hypothesised that the complexity of the mycobacterial cell wall was preventing the lipid
carrier from reaching the cytoplasmic membrane where PIM/LM/LAM biosynthesis
takes place. Therefore, to continue the work started in this chapter, the next aim would
be to increase the likelihood that the labelled lipid carrier can reach the cytoplasm. One
possible mechanism to do this would be to form mycobacterial spheroplasts and then
repeat the recycling assay. A spheroplast is a microbial cell which has lost its cell
wall/envelope and is bound by just the plasma membrane. The cells therefore appear
spherical as the shape-defining cell wall is lost. (Jurkowitz et al., 2022). To form the
spheroplasts, the cells are grown in the presence of 20% glycine. Following this, the cells
are harvested, washed in a sucrose, magnesium chloride, maleate solution, and then re-
cultured in this solution with the addition of lysozyme. Our hypothesis here would be
that the lack of cell wall would allow the radiolabelled lipid carrier to be localised to the
cytoplasmic membrane and be incorporated into the predicted novel recycling pathway.
Once the recycling assay was performed, the cells would be allowed to grow in 7H9
media and reform the cell wall structures. The glycolipids would then be harvested, and

checked to see if they are radiolabelled.

In conclusion, the data presented in this chapter demonstrates that the loss of GH76
activity results in an increased abundance of LM and LAM within the cell. These findings
support our hypothesis that Rv0365c is the enzyme responsible for degrading LM and

LAM to release the carbohydrate domains to the capsule. Furthermore, we show that
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loss of GH76 activity results in a loss of capsular AM. This is summarised in Figure 57.

This provides further support to our hypothesis. The data presented in this chapter

comply with the findings reported in Chapter 3 where we identified that Rv0365c was

active on LM and LAM. Therefore, it is logical that loss of enzymatic activity would lead

to an increased abundance of these substrates.
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Figure 57: Hypothesised BCG Dan_A0378 cell wall. Green arrow indicated increased
levels of periplasmic lipomannan and lipoarabinomannan. Red arrow indicates loss of
capsular arabinomannan.
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Chapter 5

Proteomic analysis of BCG Dan_A0378
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5. Proteomic analysis of BCG Dan_A0378

5.1 Introduction

The results discussed in Chapter 4 demonstrated that the loss of GH76 activity results in
an accumulation of LM and LAM in mycobacteria. However, we were surprised that this
was not a greater effect than the 30% increase we observed. The aim of this chapter was
therefore to investigate why the levels of LM and LAM were not more pronounced in
the knock-out strain. To do this, we conducted a whole-cell proteomics study of cells
harvested at mid-log phase. With the help of Dr Nichollas Scott, from the University of
Melbourne, we show that our knock-out cells respond to the increased abundance of
LM and LAM by downregulating several proteins involved in their biosynthesis pathway.
This therefore allows for the cells to reduce the production of LM and LAM.
Furthermore, this provides evidence that the synthesis and the levels of LM and LAM in
mycobacteria is a tightly controlled process, as the bacteria actively respond to

increased glycolipid by downregulating its production.

5.2 Materials and Methods

5.2.1 Preparation of proteomics samples

Wild-type and BCG Dan_A0378 cultures were grown in 7H9 minimal media (0.6%
glucose replaces ADC) until mid-log phase (ODsoo = 0.8) was reached. The cells were
harvested by centrifugation, washed with PBS to remove media proteins, and then
boiled in 4% SDS, 100 mM Tris-HCL pH 8.5 for 20 minutes. The sample was pelleted, and

the protein containing supernatant was acetone precipitated. To acetone precipitate
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the supernatant was incubated with 1 M NaCl and ice cold acetone overnight at -20 °C.
The following day, the sample was centrifuged at 4000 x g for 10 minutes and the
supernatant was discarded. The protein pellet was then resuspended in ddH,O and
further incubated with ice cold acetone at -20 °C for 4 hours. Finally, the sample was
centrifuged at 6000 x g for 15 minutes, and the resulting pellet was allowed to air dry
overnight. The samples were then sent for analysis with Dr Nichollas Scott at the

University of Melbourne.

5.3 Results

5.3.1 BCG Dan_A0378 downregulates proteins involved in LM/LAM biosynthesis

The aim of this chapter was to investigate how the proteome of our BCG Dan_A0378
strain compared to wild-type BCG. Protein samples were prepared from cells harvested
at mid-exponential phase, and sent for proteomic analysis. The results of this are shown
in Figure 57. The analysis demonstrates that the cells are responding to the increased
abundance of glycolipid by downregulating the synthesis of enzymes involved in the
production of LM and LAM. As shown in Figure 58, there are 8 key LM/LAM biosynthesis
proteins that are all downregulated in the GH76 knock-out strain: AftB, PimB’, AftD,
AftC, MptA, EmbC, PimA, and PatA. However, whilst PimA and PatA are downregulated,
they are not significantly downregulated. A summary of the LM/LAM biosynthesis

pathway and the involvement of these proteins is shown in Figure 59.
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Figure 58: Proteome analysis of WT BCG Danish and BCG Dan_A0378. Protein
samples were extracted from cultures harvested at mid-log phase. Three biological
replicates were analysed for each strain. Volcano plot showing proteome variations
between WT and AGH76 BCG. Proteins of interest involved in the LM/LAM
biosynthesis pathway are shown as red dots with accompanying labels. Analysis
carried out by Dr Nick Scott at the University of Melbourne. Proteins identified by
mass spectrometry and comparison to existing BCG protein database.
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Figure 59: Summary of LM/LAM biosynthesis pathway. Enzymes identified as being
downregulated when GH76 activity is lost are shown in white boxes next to the
process for which they are involved in. Enzymes identified as being downregulated
were predominantly involved in the conversion of mature LM to LAM (Kordulakova et
al., 2002; Boldrin et al., 2021; Guerin et al., 2009; Mishra et al., 2008; Shi et al., 2006;
Birch et al., 2008; Jankute et al., 2017; Seidel et al., 2007).
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As shown in Figure 59, most of the LM / LAM biosynthesis pathway proteins identified
as being downregulated are involved in the conversion of mature LM to LAM. These are
the enzymes responsible for the addition of the arabinan domain to LM (Shi et al., 2006;
Birch et al., 2008; Jankute et al., 2017; Seidel et al., 2007). Additionally, the first
mannosyltransferase, MptA, responsible for hyper-extending the mannan backbone to
produce precursor LM (Mishra et al.,, 2008), is also downregulated. Finally, the two
mannosyltransferases, PimA, PimB’, and the acyltransferase PatA which are involved in
the biosynthesis of lower-order PIMs (Korduldkova et al., 2002; Guerin et al., 2009;

Boldrin et al., 2021), are also downregulated.

5.3.2 Loss of GH76 activity results in upregulation and downregulation of non-LM/LAM
biosynthesis proteins

In addition to those proteins involved in the biosynthesis of LM and LAM, there were
also proteins not involved in this pathway which were either upregulated or
downregulated. Table 13 details the five of the most upregulated proteins when GH76
activity is lost as well as five of the most downregulated proteins.

Table 13: The five most upregulated and downregulated proteins in BCG Dan_A0378

Protein Proposed Function

5 most upregulated proteins

FCU26_1041 Hypothetical protein, involved in translation
FCU26_1812 L-gulono-1,4-lactone dehydrogenase
FCU26_2650 Hypothetical protein, unknown function
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FCU26_1533 Putative transcriptional regulatory protein

FCU26_0935 Hypothetical protein, unknown function

5 most downregulated proteins

FCU26_1842 PPE family protein

FCU26_4023 Conserved component of ESX-1 type VIl secretion system
FCU26_1526 Putative acyl-CoA dehydrogenase
FCU26_2330 Putative cutinase

FCU26_1841 PPE family protein

As displayed in Table 13, the five most upregulated proteins when GH76 activity is lost
have unknown functions or functions not involved in the biosynthesis of glycolipids.
FCU26_1812 is predicted to be involved in the production of vitamin C. Vitamin C has
been shown to act as an inhibitor of (p)ppGpp synthesis (Syal, Bhardwaj & Chatteriji,
2017). (p)ppGpp is the master regulator of the stringent response in bacteria. This is a
response to stress, such as membrane stress, which will divert resources in the cell away
from growth and division to prioritise amino acid production (Syal, Bhardwaj & Chatter;ji,
2017). Interestingly, vitamin C has been shown to inhibit (p)ppGpp synthesis to reduce
the impact of the stress response (Syal, Bhardwaj & Chatterji, 2017). Our mutant is
actively upregulating production of FCU26_1812 to increase production of vitamin C.

This suggests the cell is trying to inhibit the stringent response.

The most downregulated gene in our mutant was FCU26_1842. This is a PPE family

protein. The PPE proteins are only found in pathogenic, slow growing mycobacteria and
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their main function is involvement in host-pathogen interactions (Qian et al., 2020).
However, the function of most of the PPE family proteins remains unknown. As we have
previously demonstrated, the loss of GH76 activity results in loss of capsular
arabinomannan. This would likely reduce the pathogenicity of the cells as
arabinomannan is required to interact with host cell receptors. Interestingly, our mutant
is responding to the loss of GH76 activity by downregulating a protein that could be
involved in host-pathogen interactions. Perhaps this is because the cell is diverting
resources from pathogenicity towards cell survival. Additionally, the protein
FCU26_4023 was shown to be downregulated. This protein is involved in the ESX-1 type
VIl secretion system where in interacts with four other membrane proteins to form the
ESX-1 complex. This is a specialised type VII secretion system that is essential for
virulence of mycobacteria (Soler-Arnedo et al., 2019). As before, it would appear that
our mutant is responding to the loss of GH76 activity by downregulating proteins
involved in virulence. This provides further evidence that the cells are diverting

resources away from host-pathogen interactions and towards cell survival.

5.4 Discussion

We demonstrated previously that the loss of GH76 activity in mycobacteria results in
the increased abundance of LM and LAM in the cell. For each of these glycolipids, there
was a relative increase of approximately 30% when GH76 activity was lost. Despite this,
we were interested to understand why the increase was not more pronounced. We
therefore conducted a whole-cell proteomics study — a technique which would allow us

to compare the proteome of our GH76 mutant cells to wild-type BCG, and the relative
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abundancies of each protein. The results of this study highlighted a huge number of
proteins that were either up, or down regulated in our mutant cells, including several
enzymes involved in the biosynthesis of LM and LAM which were downregulated in the

mutant.

The enzymes EmbC, AftB, AftC, and AftD were all identified as being downregulated in
the GH76 mutant. EmbC is an arabinosyltransferase responsible for synthesising the
linear a-1,5 linked arabinofuranose residues in the arabinan domain of LAM (Shi et al.,
2006; Goude et al., 2008; Korkegian et al., 2014). AftC and AftD are also
arabinosyltransferases, and these enzymes are responsible for integrating a-1,3 linkages
into the a-1,5 linked linear chains (Birch et al., 2008; Skovierova et al., 2009; Birch et al.,
2010; Madduri et al., 2022;). AftB will terminate the arabinan domain with -1,2 linked
arabinofuranose residues (Jankute et al., 2017; Seidel et al., 2007). The downregulation
of these enzymes will therefore result in a decrease in the biosynthesis of LAM from LM.
This provides evidence as to why the loss of GH76 activity did not have a more profound

effect on the levels of LAM.

MptA was also identified as being downregulated in the GH76 knock-out. MptA is the
first mannosyltransferase that commits the branch point PIM (AcPIMa) to become LM
(Mishra et al., 2007; Mishra et al., 2008; Rahlwes, Osman & Morita, 2020; Sparks et al.,
2023). It is responsible for hyper-mannosylation of the a-1,6 mannan backbone of LM.

Therefore, downregulation of MptA would result in a reduced relative abundance of LM.
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This provides evidence as to why the GH76 knock-out cells did not have massive

amounts of LM within them.

Taken together, the downregulation of these enzymes involved in the biosynthesis of
LM and LAM suggest that mycobacteria respond to increased levels of LM and LAM by
downregulating the biosynthesis of these glycolipids. It implies that this is a tightly
controlled process, and that LM and LAM levels may be actively sensed by the cell so

that they can adjust synthesis accordingly.

In addition to the enzymes discussed above, also identified as being downregulated was
the enzyme PimB’, and also PimA and PatA though not to the same significance. These
enzymes are all involved in the biosynthesis of PIMs up to the branch point. PimA is
responsible for the addition of the first mannopyranose to the phosphatidyl inositol
anchor to produce PIM; (Crellin et al., 2008; Boldrin et al., 2014). PimB’ will add the
second mannopyranose to produce PIM; (Schaeffer et al., 1999; Guerin et al., 2009;
Fukuda et al.,, 2013), and then PatA will add the first acyl chain to produce AcPIM;
(Boldrin et al., 2021; Albesa-Jové et al., 2016). The downregulation of these enzymes will
therefore result in less branch point PIM being made, and so less substrate available for
synthesis of more LM and LAM. This provides yet more evidence that mycobacteria are
actively downregulating the synthesis of LM and LAM as a response to the increased

levels during loss of GH76 activity.
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As discussed in Chapter 4, the loss of GH76 activity is resulting in an altered cell envelope
morphology. This proteomics study highlights that the cells are actively responding to
this altered cell envelope by changing the expression of a range of proteins. The
increased abundance of periplasmic LM and LAM combined with the loss of capsular
arabinomannan may be causing stress to the cell. Along with the proteins already
discussed which are involved in the biosynthesis of these glycolipids, we identified a
number of other proteins which were significantly up- or down-regulated in our mutant.
An important protein we identified as being upregulated in our mutant was
FCU26_1812. This is an enzyme believed to be involved in the production of vitamin C
in mycobacteria. Vitamin Cis an inhibitor of (p)ppGpp synthesis which acts as the master
regulator for the stringent response (Syal, Bhardwaj & Chatterji, 2017). This suggests
that our mutant is actively trying to reduce the effect of the stringent response. The
stringent response will divert resources in the cell towards cell survival when a stress is

applied. However, our mutant is reducing the effect of this response.

In mycobacteria, there are two other predicted a-mannanases, a GH38 and GH92. In our
proteomics study we did not see a significant change in expression of either of these
two proteins. This suggests that the expression of these two proteins is not directly
affected by the activity of the GH76 enzyme. However, our hypothesis is that these other
two a-mannanases are also acting on LM and LAM, although we are yet to confirm this.
Therefore | would have expected that an increase in substrate for these enzymes may

have led to an increase in their expression. Whilst our dataset does not support our
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theory, it does not rule it out either. The activity of the GH38 and GH92 still remain of

interest and will be a follow up study to this thesis.

In Chapter 4, we demonstrated that during stationary phase there was no significant
increase in LM or LAM levels in our mutant. Therefore, if we were to repeat this
proteomics study using cells harvested during stationary phase, we might expect to see
less significant downregulation of the genes involved in the production of LM and LAM.
Additionally, the results of this proteomics study may also help to explain what happens
in wild-type mycobacteria during stationary phase. As reported by (Dulberger, Rubin and
Boutte, 2020), LM and LAM levels are upregulated during stationary phase. Therefore,
as the levels of LM and LAM are increased, the wild-type mycobacteria will actively
downregulate production of enzymes involved in their biosynthesis to ensure that the
levels of glycolipid do not increase too much. This would be similar to what we observe
in our mutant where expression of these enzymes is downregulated to account for the

high levels of LM and LAM.

In conclusion, this chapter highlights that PIM/LM/LAM biosynthesis is a tightly
controlled process and that mycobacteria actively respond to increased levels of LM and
LAM by downregulating production of these glycolipids. Additionally, the activity of

Rv0365c is necessary to maintain LM/LAM homeostasis.
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Phenotypic Characterisation of Growth when Glycoside
Hydrolase 76 Activity is Lost
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6. Phenotypic characterisation of growth when glycoside hydrolase 76 activity is lost

6.1 Introduction

Whilst conducting the experiments discussed in previous chapters, it quickly became
apparent that the GH76 knock-out cells had a slower growth rate compared to the wild
type cells. M. bovis is already a slow-growing species of mycobacteria, but the GH76
mutant was taking a significantly longer time to reach desired growth points. In this
chapter we therefore set out to quantify this phenotype. We identify that the loss of
GH76 activity results in an increased lag phase, and slower exponential growth. In
addition to this, we confirm that the slow growth phenotype observed is a result of loss
of GH76 activity as complementation with the wild type GH76 gene provides partial
restoration of the growth phenotype. However, complementation with the catalytic null
GH76 has no effect on the growth of the mutant. Finally, to further investigate the slow
growth phenotype, we investigate if the loss of AM in the capsule is responsible. We
show that adding enzymatically derived AM to BCG Dan_A0378 cultures can increase
the growth rate and reduce the lag phase that was observed. Additionally, we show that

this is a dose response, as higher concentrations are required to reduce the lag phase.
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6.2 Materials and Methods

6.2.1 Growth Point Determination

Bacterial growth was recorded by taking ODesoo readings daily, using a portable
spectrophotometer until stationary phase was reached. Cultures were grown static, in
triplicate, in 7H9 media at 37 °C with 5% CO; using Corning culture flasks (Sigma-Aldrich,
CLS431082). Starter cultures were grown until mid-log phase (ODeoo = 0.6) was reached.
Equal volumes were then used to inoculate 10 mL 7H9 media, and growth was recorded

every 24 hours.

6.3 Results

6.3.1 Loss of GH76 activity results in an increased lag phase

The first aim for this chapter was to record the growth of wild type BCG Danish and BCG
Dan_A0378 in order to compare them. ODsoo reading were taken each day over the
course of a 20-day period. The data was then plotted using GraphPad Prism v10.0.2. As
shown in Figure 60 the loss of GH76 activity resulted in an increased lag phase when

compared to the wild type.
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Figure 60: Growth curve of wild type BCG Danish and BCG Dan_A0378. ODgoo readings
were taken every day for 21 days, and then plotted using GraphPad Prism v10.0.2.
Values shown are mean with error bars indicating standard deviation. Three biological

replicates were plotted. Mutant cells exhibit lag-phase growth defect.
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The data presented in Figure 60 demonstrated that loss of GH76 activity results in an
increase in lag phase, from a period of 4 to 5 days seen in the wild type cultures, to a
period of around 13 days in the mutant. To investigate if the growth rate was consistent
during exponential growth, the data points for these periods were taken and simple
linear regression was performed. This was then plotted in GraphPad Prism v10.0.2. As
can be seen in Figure 61, the growth rate during exponential growth was significantly

lower in the BCG Dan_A0378 cells compared to wild type BCG.

Following this, we wanted to determine if the differences observed in growth were a
direct result of loss of GH76 activity, or if it was a polar effect from the transposon
insertion. Therefore, the BCG Dan_A0378 strain was complemented with both the wild
type BCG Dan_0378 gene as well as a catalytic null version of the gene. The growth
analysis was then repeated. As shown in Figure 61, complementation with the wild type

GH76 gene provided partial restoration on the growth phenotype.

Complementation with the wild type gene, as shown in Figure 62, did not fully restore
the growth phenotype. However, it did reduce the lag phase to around 9 days. Following
this, we repeated the analysis of the exponential growth period to assess if

complementation had restored the phenotype (Figure 63).
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Figure 61: Growth rate during exponential phase. Data points for exponential growth
period were analysed with simple linear regression. For each sample n=3, significance
determined by T- test where ****p<0001. Values shown are mean with error bars
showing standard deviation. Mutant cells have significantly slower exponential growth

rate.
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Figure 62: Growth curve of wild type BCG Danish, BCG Dan_A0378, and BCG
Dan_A0378::0378. ODsoo readings were taken every day for 21 days, and then plotted
using GraphPad Prism v10.0.2. Values shown are mean with error bars indicating
standard deviation. Three biological replicates were plotted. Complemented cells have
reduced lag-phase growth defect.
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Figure 63: Growth rate during exponential phase with complemented strain. Data
points for exponential growth period were analysed with simple linear regression. For
each sample n=3, significance determined by one-way ANOVA test where
****p<0001. Values shown are mean with error bars showing standard deviation.
Complemented cells restore the exponential phase growth rate to wild type levels.
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Figure 63 reveals that complementation with the wild type GH76 gene restored growth
during exponential phase to that of the wild type as there is no significant difference
between the two. To confirm that this was a direct effect of complementation with the
wild type gene, we then repeated the growth analysis again with a BCG Dan_A0378
strain complemented with a catalytic null version of the GH76 gene. The result of this is

shown in Figure 64.

As shown in Figure 64, complementation with the catalytic null version of the GH76 gene
had no effect on the growth rate of the cells. Furthermore, the growth rate during
exponential phase was also unchanged from that of the knock out strain, as shown by

Figure 65.

These results indicated that the catalytic null variant of the GH76 had no effect on either
reducing the lag phase, or returning the exponential growth rate back to that of wild
type BCG. We were therefore confident that the phenotype observed when BCG Dan-
_A0378 was complemented with the wild type gene was a direct result of the GH76

activity in the cell.
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Figure 64: Growth curve of wild type BCG Danish, BCG Dan_A0378, BCG
Dan_A0378::0378, and BCG Dan_A0378::CatNull0378. ODeqo readings were taken every
day for 21 days, and then plotted using GraphPad Prism v10.0.2. Values shown are mean
with error bars indicating standard deviation. Three biological replicates were plotted.
Catalytic null complement had no effect on the lag-phase defect.
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Figure 65: Growth rate during exponential phase with complemented strains. Data
points for exponential growth period were analysed with simple linear regression. For
each sample n=3, significance determined by one-way ANOVA test where
****p<0001. Values shown are mean with error bars showing standard deviation.
Catalytic null complementation had no effect on the exponential growth rate.
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6.3.2 Growing BCG Dan_A0378 in spent media had very little effect on growth

Following the reduced growth phenotype we observed, it was hypothesised that the
lack of AM in the capsule of BCG Dan_A0378 cells, shown previously in Chapter 3.3.4,
was playing a role in triggering the switch from lag phase to exponential growth.
Alternatively, the capsular AM could have a role in quorum sensing, and so the loss of
capsular AM in the BCG Dan_A0378 cells was delaying the initiation of exponential
growth phase. To test this, we first explored the idea that wild-type BCG may release
capsular AM into the media, and this could be used to trigger growth in BCG Dan_A0378
cells. Therefore, wild type BCG was grown in 100 mL 7H9 media until mid-log phase was
reached (ODeoo = 0.8). At this point, the cells were harvested and the media was filter
sterilised to remove any remaining wild type cells. The media was not autoclaved, as we
expected that this may have an adverse effect. Subsequently, BCG Dan_A0378 was
cultured in the spent media alongside BCG Dan_A0378 cultured in fresh media. As
before, ODsoo readings were taken on a daily basis until stationary phase was reached.

The data was then plotted using GraphPad Prism v10.0.2, as shown in Figure 66.

Figure 65 revealed that the spent media had very little effect on the growth of BCG Dan-
_A0378 in terms of reducing the lag phase, as the cells grown in spent media appeared
to enter exponential growth just one day earlier than those cells grown in fresh media.
However, when the exponential growth rates were compared we found that the cells
grown in spent media had a significantly higher growth rate compared to the cells grown

in fresh media. This is shown in Figure 67.
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Figure 66: Growth curve of BCG Dan_A0378 grown in fresh and spent 7H9 media.
ODeoo readings were taken every day for 21 days, and then plotted using GraphPad
Prism v10.0.2. Values shown are mean with error bars indicating standard deviation.
Three biological replicates were plotted. Cultures grown in the spent media exhibited
transition into log-phase one day earlier than those grown in fresh media.
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Figure 67: Growth rate during exponential phase of BCG Dan_A0378 grown in fresh
and spent media. Data points for exponential growth period were analysed with simple
linear regression. For each sample n=3, significance determined by t-test where
**p<0.01. Values shown are mean with error bars showing standard deviation. Log-
phase growth was significantly reduced in the cultures grown in fresh media.
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The data presented in Figure 67 suggests that the spent media is playing some sort of
role in increasing the growth rate of exponentially growing BCG Dan_A0378 cells.
However, the spent media only had a small impact on triggering the switch from

logarithmic growth to exponential growth in BCG Dan_A0378 cells.

6.3.3 Feeding AM to BCG Dan_A0378 cultures reduced lag phase

As the spent media had little impact on the growth rate of BCG Dan_A0378, we next
investigated whether the addition of enzymatically derived AM to naive media would
affect the growth rate. To do this, LAM and LM were incubated with Rv0365c for 4 hours,
and then a 10:10:3 separation was performed to isolate the resulting carbohydrates.
Following this, the derived AM was added to 7H9 media at a final concentration of 0.05
mg / mL. Growth was measured every 24 hours, and compared to a control culture. This

is shown in Figure 68.

As shown in Figure 68, the addition of 0.05 mg / mL AM had no effect on the growth of
BCG Dan_A0378. We therefore speculated that the dosage was not high enough for an
effect to be seen, and so we repeated the experiment with an increased concentration
of AM. In this case, AM was added to the media at a final concentration of 0.5 mg / mL.

The results of this are shown in Figure 69.
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Figure 68: Growth curve of BCG Dan_A0378 grown in 7H9 media supplemented with
purified AM. ODeoo readings were taken every day for 21 days, and then plotted using
GraphPad Prism v10.0.2. Values shown are mean with error bars indicating standard
deviation. Three biological replicates were plotted. Addition of the AM supplement
had no effect on the growth rate.
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Figure 69: Growth curve of BCG Dan_A0378 grown in 7H9 media with increased
concentration of purified AM. ODeoo readings were taken every day for 21 days, and
then plotted using GraphPad Prism v10.0.2. Values shown are mean with error bars
indicating standard deviation. Three biological replicates were plotted. Higher
concentration of AM supplement had reduced the lag-phase defect.
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As shown in Figure 69, when the increased concentration of purified AM was added to
7H9 media, it resulted in an improved growth rate of BCG Dan_A0378. The cells entered
exponential growth around 4 days earlier than the control cultures demonstrating that
the increased lag phase could be rescued by addition of AM to the media. To further
investigate if the addition of 0.5 mg / mL AM improved the growth rate of the cultures,
the growth during exponential phase was compared to both the wild type BCG as well

as BCG Dan_A0378 :: 0378. This is shown in Figure 70.

Analysis of the exponential growth rate of the AM supplemented cells revealed that
growth during this period was significantly different to that of the wild-type or the
complemented strains. This suggests that the addition of AM alone is not enough to
restore the exponential growth to the wild-type phenotype, and there must be

alternative pathways involved for processing the AM.
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Figure 70: Growth rate during exponential phase of wild-type BCG, BCG Dan_A0378::
0378, and BCG Dan_A0378 supplemented with 0.5 mg / ml arabinomannan. Data
points for exponential growth period were analysed with simple linear regression. For
each sample n=3, significance determined by one-way ANOVA test where ****p<0001.
Values shown are mean with error bars showing standard deviation. The exponential
growth rate of AM supplemented cells is significantly lower than the wild-type

phenotype.
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6.4 Discussion

Whilst conducting the experiments detailed in earlier chapters with the BCG Dan_A0378
strain, it became evident that this mutant had a growth defect when compared to wild-
type BCG Danish. The aim of this chapter, therefore, was to investigate this growth
phenotype and explore what was causing it. The first objective was to record the growth
of the knock-out strain and generate a growth curve. As the generation time of slow-
growing mycobacteria is around 20 hours, | decided to take one ODsoo reading per day.
This continued until the cultures reached stationary phase. The growth curves were
repeated in triplicate, and the data was plotted using GraphPad Prism v10.0.2. From
this, we were able to demonstrate that the loss of GH76 activity in BCG Danish causes
an increase in lag phase. The wild type cultures spent around 5 days in lag phase before
entering exponential growth. In contrast, the knock-out cultures spent around 14 days
in lag phase before entering exponential growth. In addition to this, we were able to
show that during exponential phase the growth rate of the knock-out cells is slower than

that of the wild type cultures.

To prove that this growth defect phenotype was a result of the loss of GH76 activity, and
not a polar effect from the transposon insertion, the complemented strains growth was
also quantified. Complementation with the wild-type gene provided partial restoration
of the growth phenotype, and fully restored the growth rate during exponential growth.
However, complementation with the catalytic null variant had no effect on the growth

defect, as well as not effecting the growth during exponential phase. We were therefore
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confident that the growth phenotype we were observing was a direct result of the loss

of GH76 activity, and not due to any polar effects from the transposon insertion.

Recent work published by Sparks et al., (2023), indicated that LAM plays an important
role in septation of mycobacteria. They show that M. smegmatis cells deficient in LAM
but not LM are unable to maintain cell wall integrity in certain media, as well as having
deformed envelopes. Additionally, they have a blebbing morphology. Furthermore,
these cells with deformed LAM exhibited an increase in peptidoglycan. In addition, they
highlight that mutants producing abnormally large LAM formed multi-septations and
new poles. Taken together, these results highlight that LAM plays an important role in
the growth and division of mycobacteria. This is comparable to the role lipoteichoic acids
play in Gram-positive bacteria. As discussed by Cleveland et al., (1975) loss of
lipoteichoic acids will result in poor septation and cell division. These studies

demonstrate how glycoconjugates are important molecules for growth.

Based on our growth results where the loss of GH76 activity results in an increased lag
phase, we hypothesised that the resulting products of the enzymatic breakdown of LM
and LAM may be acting as signals to enter exponential growth. Our first attempt at
testing this was to grow BCG Dan_A0378 in spent media which had been used to culture
wild type BCG. The inclusion of tween-80 in the media would cause the capsular material
to be shed. Therefore, after pelleting the cells, the resulting spent media would contain
the capsular material from the wild-type cells. Our theory was that the spent media

would be able to rescue the lag phase defect as the presence of the left over AM would
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act as a growth signal, and trigger exponential growth. When growth was quantified, we
were able to demonstrate that the spent media was able to partially rescue the lag
phase phenotype. Furthermore, the spent media provided an increase in exponential

growth in the spent media cultures.

To further investigate this, we followed this up by adding enzymatically derived AM to
naive media and quantifying the growth of BCG Dan_A0378. Initially, we added purified
AM at a final concentration of 0.05 mg / mL to the media. This had no effect on growth
as the final growth curves were almost identical. Therefore, we increased the
concentration of AM to 0.5 mg / mL. This had a profound effect, and the lag phase
phenotype was restored to the same extent that complementation with the wild-type
gene achieved. This demonstrated a dosage response of AM addition, as a higher
concentration was required to trigger the transition from lag phase to exponential
growth. However, the addition of AM alone was not enough to restore the exponential
growth phase. Comparison of logarithmic growth between wild-type and the AM
supplemented cells revealed that the growth was significantly slower in the AM
supplemented cells compared to the wild-type strains. This suggested that there must
be further processing of capsular AM required to fully restore the log-phase. This may

involve removal of the arabinan domain and/or removal of the mannose caps from AM.

Taking these findings together, we deduce that capsular arabinomannan plays a role in

triggering exponential growth in lag phase cultures. In wild-type cells, the gradual

accumulation of AM in the media eventually causes the culture to exit lag phase.
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However, in our BCG Dan_A0378 cells, where we have previously shown that AM is
lacking in the capsule, it takes a lot longer for the transition to exponential growth to
occur. Capsular AM therefore acts as a molecular signal for exponential growth in

mycobacteria.

The partial restoration of the growth phenotype by the complement strain may be, in
part, explained by the results discussed in Chapter 4. In this chapter, we demonstrated
that the complement strain does not fully restore the capsular AM phenotype observed
in the wild type cells. Therefore, during lag phase there will be less capsular AM present
in the complement cells compared to the wild type cells. Taking into account the results
discussed above, this may explain why the complement strain did not fully restore the

lag phase phenotype.

As discussed by Li et al., (2016), lag phase is the delay during growth as bacteria adapt
to a new environment/media. The authors report that bacteria can increase their lag
period as a mechanism for dealing with antibiotic stress. The increased lag time allows
for the cells to increase their tolerance to the stress before entering exponential growth.
This was termed ‘tolerance by lag’ by Fridman et al., (2014), and is a way for bacteria to
tolerate environmental stresses and build resistance. The findings by Li et al., (2016),
discuss how this tolerance by lag is a mechanism for surviving antibiotic stresses, and
how increased concentrations of antibiotic result in increased lag phases in E. coli and
Pseudomonas aeruginosa. They also report that increased lag phases can be associated

with injured or stressed cells. These studies highlight the importance of lag phase to
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bacteria and suggests that the lag phase defect we have detailed in this chapter may be
a mechanism for our mutant to deal with stress. We have previously demonstrated that
the GH76 knock-out mutant has an altered cell envelope physiology with increased
abundance of LM/LAM, altered PIM profiles, and loss of capsular AM. These changes
may be causing membrane stresses that the cells are responding to by increasing their
lag phase. The addition of AM to the media may help relieve this stress and signal
transition to exponential growth. The low abundance of cells during lag phase,
combined with the slow generation time of mycobacteria, makes it a challenging growth

period to study.

Extended lag phases in mycobacteria have only been described previously by Liu et al.,
(2017). In this study, they demonstrated that overexpression of the Rv2629 gene leads
to delayed entry into exponential growth in M. smegmatis. Additionally, they show that
this increased lag phase also increases the pathogenicity of M. smegmatis when
infecting mice. Rv2629 is a member of the dosR dormancy regulon (Liu et al., 2017). This
is a region of the mycobacterial genome which is expressed at low level during lag phase
and is completely repressed during logarithmic growth. The genes in this regulon have
been shown to be upregulated in response to low oxygen levels (Liu et al., 2017).
Additionally, it has been suggested that expression of Rv2629 correlates with higher
survival rates of drug-resistant strains of M. tuberculosis. The study by Liu et al., (2017),
speculates that the overexpression of Rv2629 delays entry into exponential growth by
inhibiting protein biosynthesis. This delay in growth is advantageous to the bacteria as

it increases their chance of survival in the host. In this work, the authors demonstrate
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that the strains overexpressing Rv2629 have increased survival rates in the mouse model
compared to wild type M. smegmatis strains. These finding further demonstrate that
the increased lag phase is a survival mechanism in bacteria, and that it can allow for

bacteria to adapt to stresses before entering exponential growth.

When considering the biological context of mycobacteria and the life cycle of TB during
the infection process, the transition from lag phase to exponential growth could be an
important switch to control for the bacteria. As discussed in Chapter 1, the majority of
TB infections result in a latent infection where the bacteria are contained by the immune
system but not cleared. The bacteria remain dormant in a lag phase period where they
are not actively growing but waiting for the immune system to weaken. Therefore, once
the cells can sense the weakening of the host immune system, they will need a signal to
trigger exponential growth. This signal could therefore be capsular AM. Upon
recognition that the host immune system is compromised, the enzymatic cleavage of
LAM to release AM to the capsule may act to trigger exponential growth of dormant TB
and lead to active TB disease. This suggests that this enzyme could be an important drug

target for reducing reactivation of latent TB infections.

In conclusion, the findings in this chapter demonstrate that capsular AM is required to
trigger exponential growth in mycobacteria. However, the results discussed here have
not differentiated between the different glycan products produced by the digestion of
LM and LAM. In our sample, we are adding both arabinomannan and mannan to the

samples. It is therefore not clear which of these glycans, if not both, is responsible for
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acting as the molecular signal. To test this, we would need to separate LAM from LM,
repeat the enzymatic digestion, and then test the separate glycans. It is my hypothesis
that the glycan responsible for triggering outgrowth is AM. This is because, it is found in
much larger abundance in the capsule than mannan is and would therefore be more
likely to act as a signalling molecule. The next aim for this chapter would therefore be
to investigate how the different derived glycans would impact the growth of our knock-

out mutant.
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Chapter 7

Conclusions
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7. Conclusion

The hypothesis for this thesis was that Rv0365c was the missing enzyme responsible for
the cleavage of lipomannan and lipoarabinomannan to release the carbohydrate
domains so that they can be trafficked to the capsule of the cell. To investigate this, the
thesis was split into two aims. First, to biochemically characterise Rv0365c to show that
the enzyme possessed a-mannanase activity, and more specifically GH76 activity, and
that the enzyme was active on both LM and LAM. The second aim of this thesis was to
investigate the phenotypic effects of loss of Rv0365c¢ activity, including the glycolipid
composition, capsular polysaccharide content, polar lipid composition, protein

expression, and growth.

In Chapter 3, Rv0365c was purified and GH76 activity was confirmed by assaying the
enzyme on a mannan substrate consisting of only an a-1,6 linked backbone. In addition
to this, the enzyme was shown to be active on both LM and LAM purified from M. bovis
BCG. This reaction produced a small glycolipid product which was isolated and analysed
by mass spectrometry. It was identified that this small product had a structure
consistent with that of AcPIM;, demonstrating that Rv0365c was cleaving this small lipid
carrier off of LM and LAM to release the carbohydrate domains. Following this, in
Chapter 4, the abundance of LM and LAM when Rv0365c activity was lost was analysed.
In this chapter, it was shown that loss of Rv0365c activity results in a significant
accumulation of LM and LAM in the cells. Furthermore, it was shown that the loss of
Rv0365c activity results in no detectable arabinomannan in capsular polysaccharide

extracts. These results provide evidence to support our theory that Rv0365c is the
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missing enzyme responsible for releasing the carbohydrate domains from LM and LAM
so that they can be trafficked to the capsule. Additionally, this thesis describes the first

extended lag phase in mycobacteria as a result of an altered LM/LAM phenotype.

The results presented in this thesis will serve as a basis for further studies into a currently
under-developed area of research — the breakdown and recycling of mycobacterial
glycolipids. The current literature is well established regarding the synthesis of LM and
LAM, but the degradation of these molecules is an area of research that has so far been
overlooked. There is also a plethora of research regarding the role LM and LAM play in
pathogenesis. However, there must be an additional function of LM and LAM beyond
virulence. All mycobacteria produce LM and LAM in some form, but not all mycobacteria
are pathogenic. This suggests that LM and LAM must play additional roles in the cell. In
this thesis, we have provided evidence of this as the lipid-free derivatives of these

glycolipids can be used as growth signals.

Arabinomannan is an important polysaccharide found in the capsule of pathogenic
mycobacteria. Although the specific function of AM has yet to be clearly defined, it has
been shown by Chen et al., (2020), that AM is important for binding of tuberculosis
bacilli to the human macrophage antibody IgG, as when antibodies specific for AM are
depleted binding is significantly reduced. This implies that AM plays a role in binding to
host cell receptors in order adhere to macrophages. In addition, Ishida et al., (2021),
demonstrated that human antibodies can recognise a range of AM oligosaccharide

motifs and are specific for AM over LAM. These studies have highlighted the importance
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of capsular AM to mycobacteria in regards to host-pathogen interactions. It implies that
capsular AM may play an important role in the infection process, and therefore loss of
capsular AM could be associated with a reduction in virulence. Studies conducted by
Miller and Shinnick (2001), showed that the expression of Rv0365c in M. smegmatis
increased the survival rate of the non-pathogenic bacteria inside macrophages. The
results discussed in this thesis could help to provide some explanation as to why this
might be. In fast-growing mycobacteria, the capsules are predominantly protein based
(Ortalo-Magne et al., 1995; Ortalo-Magne, Andersen and Daffe, 1996). Therefore, the
expression of Rv0365¢c may have increased the amount of AM present in the M.
smegmatis capsule. This could have resulted in increased virulence of the bacteria as
the cells are better equipped to interact with the host cell. This, in turn, could have

resulted in the increased survival rates of the Rv0365c expressing M. smegmatis cells.

The work presented in this thesis provides the evidence to justify the hypothesis that
Rv0365c cleaves LM and LAM to release AM and mannan from the lipid carrier.
However, the work carried out in this thesis does not provide an explanation for how
AM and mannan are trafficked from the periplasm to the capsule. This would become
the basis of future work that we would carry out following this thesis. To do this, we
would first need to identify proteins that associate with AM. We could identify these
proteins by digesting LAM with Rv0365c, isolating the AM product, and using it to
generate an AM-based affinity chromatography resin. This could be done by forming C-
glycoside ketones, a technique where the glycan is modified with a ketone at the

reducing end to facilitate attachment to a resin. Following this, whole-cell mycobacterial
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lysates would be passed over the column. The only proteins that will bind to the resin
will be those associated with AM. We could identify these proteins, with the help of Dr
Nichollas Scott, by proteomics. Any identified proteins would therefore be the basis of
our future studies. This future work would help to uncover more of the mystery of
LM/LAM digestion and help to explain how the carbohydrate motifs are trafficked from

the periplasm to the capsule.

Additionally, future work following on from this thesis would look to characterise the
other two mannanases present in mycobacteria. These proteins belong to the families
GH92 and GH38 and will therefore cleave a-1,2 linked mannan. Within the LM/LAM
structure there are «-1,2 mannan linkages protruding from the mannan backbone.
Furthermore, in mannose-capped LAM there are a-1,2 linkages present in the capping
motifs. Previous work by Rivera-Marrero et al., (2001), has demonstrated that the GH38
family protein Rv0648 has a-mannanase activity. The specific linkage being cleaved has
not been determined, however. To date, the GH92 family protein Rv0584 has not been
biochemically characterised. Therefore, future work would seek to purify both proteins
and assay them on the range of substrates we have purified already. We hypothesise
that both mannanases may be involved in the degradation of LM and LAM. Rv0584 has
homologues in M. bovis and M. marinum, but does not have a homologue in M.
smegmatis. M. smegmatis is a fast-growing Mycobacterium and does not produce
ManLAM. Therefore, it is possible that Rv0584 is targeting the a-1,2 linkages present in
the capping motifs of ManLAM in slow-growing, predominantly pathogenic

mycobacteria. Rv0648 however, has homologues in M. bovis, M. marinum, and M.
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smegmatis. Therefore, this enzyme must be targeting a-1,2 linkages which are present
in all these species. It is possible that Rv0648 is the enzyme acting on the «a-1,2 linkages
which decorate the mannan backbone of LM and LAM. Alternatively, it is possible that
either of these a-1,2 mannanases could be acting on mannoproteins in mycobacteria,

and play no role in the digestion of LM and LAM.

One potential avenue that we did not explore in this thesis was how overexpression of
Rv0365c would impact the phenotypes we observed. Overexpression of the GH76 gene
would result in a higher concentration of the protein in the cell. Whilst we cannot tell
how this may affect the bacteria, we can speculate that higher concentrations of
Rv0365c may lead to an increase in LM and LAM hydrolysis. Therefore, we would likely
see a reduction in LM/LAM in the cell compared to wild-type as well as an increase in
capsular AM. Additionally, the increased cleavage of LM may increase the amount of
mannan in the capsule to a level where we can detect in during size exclusion. If capsular
AM was increased, this has the potential to increase the growth rate of the bacteria and

trigger an earlier entry into exponential growth.

The biochemical activity of Rv0365c we have described in this thesis has implications as
a potential molecular tool for characterising lipid carriers from LM and LAM in other
mycobacterial species and clinical isolates of M. tuberculosis. We have demonstrated
that Rv0365c will cleave the lipid carrier, AcPIM,, off of LM/LAM extracted from M. bovis
BCG. However, future studies could employ the catalytic ability of Rv0365c to study the

lipid carriers in other mycobacterial LM and LAMs. The purification of the isolated lipid
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carrier and analysis through mass spectrometry could provide an insight into if all
mycobacterial LM and LAM is assembled using the same lipid carrier. As previously
discussed, there are differences in the capping of LAM observed in different species of
mycobacteria (Brown and Taffet, 1995; Dinadayala et al., 2006; Kaur et al., 2008).
Therefore, it is not impossible that there could be structural differences observed in the

lipid anchor in which these molecules are built upon.

Finally, the presence of LAM in urine has been used to diagnose active tuberculosis in
HIV positive individuals (Bulterys et al., 2019). However, it has remained unclear as to
how LAM is shed from the bacteria to end up in the urine. The biochemical activity of
Rv0365c presented in this thesis could provide some insight as to how LAM (or AM) is
released from M. tuberculosis during active infection, and why it is subsequently
detected in urine samples. As a molecular tool, Rv0365c could allow for digestion of
LM/LAM from clinical isolates so that the carbohydrate domain can be better

characterised and understood.

To conclude, this thesis has provided evidence that Rv0365c is an authentic member of
the GH76 family. The catalytic activity of this enzyme is required for the digestion of LM
and LAM to release AM to the capsule. Capsular AM is an important signalling molecule
required to trigger exponential growth phase from stationary phase and can be used to
recover a lag phase defect in GH76 knock-out cells. However, further investigation is
required into whether the arabinan or the mannan is the signalling molecule, and if

further processing of the AM is required to rescue the log phase defect observed.
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