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2 Glossary

Arabinogalactan- a complex polysaccharide consisting of glycosidically-linked arabinose and
galactose subunits. Two classes of arabinogalactan exist, derived from either plants or
microbes, with differing structural characteristics.

Arabinose- A 5-carbon monosaccharide, widespread in plant cell walls as the L-isomer, but
also found more rarely in the D-isomerisation state in the cell wall of Mycobacteriales and a
small number of other bacteria.

Cytosine- One of four nucleobases found in DNA. Forms 3 hydrogen bonds with guanine

Furanose- a conformation adopted by aldose monosaccharides composed of a 5-membered

ring system and at least one hydroxyl outside of the ring.

Galactose- a hexose monosaccharide found throughout nature in hemicellulose of plants and

as a ubiquitous component of protein glcyosylations in Eukaryotes and prokaryotes.

GIcNAc- an acetylated derivative of glucose, and one of the two monosaccharide components

of the peptidoglycan backbone.

Glycan- a compound consisting of glycosidically-linked monosaccharide subunits.

Guanine- One of four nucleobases found in DNA. Forms 3 hydrogen bonds with cytosine
Hexose- A monosaccharide consisting of 6 carbon atoms .

Leprosy- The disease caused by the bacterium Mycobacterium leprae, it is characterised by

thickening of skin in reddish-pink lesions, loss of sensation in the hands and feet, and cartilage

damage.



Lipoarabinomannan- a lipid-linked glycan found in the cell wall of mycobacteria, responsible

for providing cell wall rigidity and immune interactions with the host.

Mannose- hexose monosaccharide

MurNAc- an n-acetylated derivative of muramic acid, is one of the two monosaccharides

found in peptidoglycan. Is the attachment point for peptide stems which crosslink the glycan

strands of peptidoglycan.

Mycobacteriales- A phylogenetic order of bacteria consisting of Corynebacteriaceae,

Dietziaceae, = Gordoniaceae, Lawsonellaceae, = Mycobacteriaceae,  Segniliparaceae,

Tsukamarellaceae.

Pentose- A monosaccharide consisting of 5 carbon atoms

Peptidoglycan- A rigid polysaccharide conjugated with crosslinked peptide strands that

provides mechanical rigidity and support against osmotic lysis to the bacterial cell wall.

Pyranose- A conformation adopted by aldose monosaccharides composed of a 6-membered

ring system. The ring system consists of the anomeric oxygen and 5 carbon atoms.

Tuberculosis- The disease caused by the bacterium Mycobacterium tuberculosis, active

disease is indicated by chest pains, bloody sputum, fever, chills and weight loss.
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3 Introduction

3.1 Microbial glycobiology

Glycobiology is the study of the contributions of sugar-containing molecules to the lifestyles
of living organisms. Glycans are ubiquitous in nature and have been found to play pivotal roles
in diverse fields. They act as virulence factors in bacteria, viruses, and eukaryotic pathogens
such as Plasmodium spp. (Pearce, 2018; Behrens et al., 2016; Ben Ami Pilo et al., 2022; Ocafia-
Ortega et al., 2023). Furthermore, glycans function as storage molecules for multicellular
lifeforms, and as structural motifs, providing rigidity and support to a huge range of organisms
(Bisson-Filho et al., 2017; Mills et al., 2004; Mistretta et al., 2019). Until recently, studying
sugars in vivo has been difficult. However, with advances in chemical biology techniques such
as click chemistry, the mechanisms by which these sugars exert their phenotypic effects, both
on the host and the pathogen have begun to be elucidated (Kamariza et al., 2018; Swarts et
al., 2012). Studying the glycobiology of mycobacterial pathogens represents a particularly
exciting avenue of research due to the diverse contributions of glycans to their lifestyle,
governing their cell wall ultrastructure, cellular metabolism, and immune interactions. In this
project we initially aimed to explore the importance of novel D-arabinan hydrolases in

mycobacteria, but rapidly their importance across Mycobacteriales species became clear.

3.2 CMNR group organisms

The Corynebacterium-Mycobacterium-Nocardia-Rhodococcus group of bacteria are a group
of organisms found within the order Mycobacteriales (Tindall, 2019; Arahal et al., 2022). This

order contains a wide variety of important soil-dwelling bacteria, as well as a significant
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human pathogens including Corynebacterium diphtherieae, Nocardia asterioides, and
Mycobacterium tuberculosis (Hoskisson, 2018; Beaman and Beaman, 1994). These organisms
are differentiated from other bacteria through their unique cell wall ultrastructure, making
them resistant to acid destaining in Gram-staining, hence them sometimes being referred to
as acid-fast organisms (Minnikin and Goodfellow, 1980). This phenotype is caused by
exceptional retention of lipophilic molecules due to the hydrophobic mycolic acids in the

mycobacterial outer membrane which are discussed later.

3.3 Mycobacteria

The genus Mycobacterium represents a huge global health burden. In 2021, Mycobacterium
tuberculosis, the most prominent pathogen from the genus, caused an estimated 1.78 million
deaths (WHO, 2022). In addition to this, non-tuberculous mycobacteria (NTM), such as
Mycobacterium avium complex and Mycobacterium abscessus are of increasing concern
worldwide (Gopalaswamy et al., 2020). Whilst those with cystic fibrosis are particularly
vulnerable to infection by NTMs, those without pre-existing health conditions are often
infected, and between 1997 to 2003, incidence of NTM infection increased from 9.1 to 14.1

cases/ 100,000 (Gopalaswamy et al., 2020).

Mycobacteria, especially Mycobacterium tuberculosis are some of humanity’s oldest
pathogens. Initial bioinformatic analysis based on the lack of single nucleotide polymorphisms
in modern lineages of extant mycobacteria indicated an origin of around 35,000 years ago
(Brosch et al., 2002). But more recent analysis suggests modern mycobacterial pathogens
represent a recent clonal expansion from a significantly older mycobacterial progenitor,

between 2.6-2.8 million years ago (Gutierrez et al., 2005). Regardless, M. tuberculosis co-
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expanded with early humans during the Neolithic expansion out of Africa, and has been

causing disease for all of known human history (Comas et al., 2013).

Over the course of this ancient evolutionary relationship between Homo sapiens and M.
tuberculosis, the organism has evolved to efficiently evade the human immune system,
hijacking our own cellular processes to benefit it in the course of infection (Jankute, Nataraj,

et al., 2017).
3.4 Mycobacterial disease

As mentioned before, mycobacteria cause diverse pathology in a wide variety of organisms,
as summarised in Table 1. Mycobacteria, excluding M. tuberculosis and Mycobacterium
leprae, are ubiquitous environmental organisms that can be found in water and soil (Honda

et al., 2018).

Table 1. Table outlining the host range and disease states of mycobacterial pathogens

Mycobacterium Humans Tuberculosis (lungs) (Keane et al., 1997)

tuberculosis

Mpycobacterium Humans Chronic lung infection (lungs) (Lee et al., 2015;

abscessus Other (central nervous system, Wiersma etal., 2020)

soft tissue, eye)

Mycobacterium Humans Buruli Ulcer (skin) (Marsollier et al., 2007)

ulcerans

Mycobacterium = Cows Tuberculosis (lungs) (Malone et al., 2018;

bovis Humans O’Reilly and Daborn,
1995)

Mycobacterium Fish Fish tuberculosis (Gills) (Aronson, 1926; Aubry et

marinum Humans Skin infections al., 2002)

Mycobacterium Humans Chronic lung infection (lungs) (Guerrant et al., 2011)

avium

Mycobacterium Humans Leprosy (Peripheral nervous (Chavarro-Portillo et al.,

leprae system, skin) 2019)
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The pathogenesis of Mycobacterium tuberculosis is complex. The organism is spread primarily
through droplets produced by an infected patient coughing, which can remain in the air for
several hours (Escombe et al., 2008). The organism is highly infectious, with an estimated 30%
of household contacts of an infected person going on to become infected themselves (Chang
et al., 1992). Symptomatic tuberculosis only occurs in 10% of infections, with 90% not
becoming acutely symptomatic (Sdenz et al., 2013). In the 10% of symptomatic cases, M.
tuberculosis bacilli go on to infiltrate alveolar macrophages, which are the principal cell type

infected by the bacilli (Keane et al., 1997).

Macrophages normally envelop pathogens into phagosomes, which then undergo a series of
fusions with other intracellular compartments, delivering antibacterial agents, reactive
oxygen species, and ATPases which acidify the compartment (Stewart et al., 2005; Buter et
al., 2019; Simeone et al., 2012). However, through a host of factors secreted by the type 7
secretion system ESX-1 and direct interactions with the glycolipid lipoarabinomannan (LAM),
tuberculosis bacilli prevent this maturation of the phagosome (Houben et al., 2014;
Dinadayala et al., 2006; Kang et al., 2005). This allows the bacterium to occupy a privileged
niche, protected from the adaptive immune response by the body’s own cells, where it
subsists on host-derived long chain fatty acids (Gouzy et al., 2021). At this point, most people
can sequester this infection into lesions referred to as granuloma. These are aggregations of
multinucleated fused phagocytes encased in a hard exterior, with dormant bacteria within
(Davis and Ramakrishnan, 2009). In most cases, bacteria within granuloma remain dormant
for life. However, they can be can become resuscitated upon immunosuppression, causing
rupture of the granuloma (Kana and Mizrahi, 2010). This leads to active infection. Interaction
of mycobacterial sulfolipid-l with nociceptive (damage-sensing) neurons, leads to tuberculosis
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cough via an inflammation-independent route, thereby distributing active bacteria to new
hosts (Ruhl et al., 2020). Without treatment, the rate of mortality for tuberculosis is 50%.
However, using a combination of isoniazid, ethambutol, and rifampicin, mortality is relatively
low (World Health Organisation, 2018). Unfortunately, as is increasingly common in bacterial
disease, antibacterial resistance is proliferating rapidly, and the drug development pipeline

remains sparse (Sterling et al., 2003; Tahlan et al., 2012).

3.5 Structure of the mycobacterial cell wall

Whilst it is important to frame mycobacteria in the context of their pathogenicity, this focus
can lose sight of the commonalities between the members of the genus Mycobacterium. As
mentioned previously, the core cell wall ultrastructure is conserved not only in mycobacterial
species, but also in other acid-fast pathogens. Often, only minor modifications in the cell wall
cause the differences seen in their pathogenicity and host range seen in Table 1 (Angala et
al., 2018; Bacon et al., 2014). The cell wall core of CMNR group organisms is broadly

constituted of 4 major components, this ultrastructure is shown in the below figure.
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Figure 1. Schematic of the cell wall ultrastructure of M. tuberculosis (adapted from Dulberger et al., 2020). The
innermost leaflet is a phospholipid bilayer composed primarily of PIMs. Exterior to this are LAM and PG.
Covalently attached to the PG is AG, and the outermost leaflet is the mycomembrane. Note that the site of
arabinose attachment in AG is not the terminal galactose, the structure has been shown in this way for ease of
presentation. Additionally, mycolic acids external to LAM are also covalently attached to AG, but for
presentation purposes this has not been shown under the LAM molecule. Mycolic acids in black represent
trehalose mycolate, those in red represent other species such as PDIM and phenolic glycolipids.

17



The innermost leaflet of the cell envelope is the cell membrane composed of phosphatidyl-
myo-inositol mannosides (PIMs), cardiolipin (CL) and phosphatidylethanolamine (PE). PIMs
are unique to Mycobacteriales and are the majority species in the membrane, outnumbering
CL and PE at a ratio of 5:1 based on dry mass (Bansal-Mutalik and Nikaido, 2014; Bansal-
Mutalik and Nikaido, 2011; Brown et al., 2023). Unlike other bacteria, the remainder of the
core cell wall ultrastructure is a single covalent unit named the mycolyl-arabinogalactan-
peptidoglycan (mAGP) complex. Exterior to the cell membrane is the peptidoglycan sacculus,
which provides support to maintain turgor pressure of the cell. Mycobacterial peptidoglycan
is unusual amongst bacteria due to the fact it contains N-glycolylmuramic acid (MurNGlyc) as
well as N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc) (Hansen et al.,
2014; Mahapatra et al.,, 2005). The [-1,4-linked sugar backbone is then extensively
crosslinked by the lactoyl-linked peptide crosslinks of muramic acid (Baranowski et al., 2018).
Covalently linked to this PG layer is a branching heteropolysaccharide called arabinogalactan,
which is composed of two distinct moieties of furanoses. The first of these domains is D-
galactan, which is linked to peptidoglycan by a rhamnose-GIcNAc-phosphate linker unit
(Harrison et al., 2016; McNeil et al., 1990). D-galactan is a linear chain of alternating B-1,5 and
B-1,6 galactofuranose (Galf) units, which at the 8™, 10, and 12" monosaccharides are
substituted with [-1,3-linked arabinofuranose (Araf) (Justen et al., 2020). These Araf
substituents are then polymerised in a branching manner with a-1,5 Araf monomers, and

then further branched with 3-1,3 linkages (Larrouy-Maumus et al., 2012).

Arabinan chains are terminated with 3-1,2 caps of b-Araf (Alderwick et al., 2015). These caps
are then lipidated with mycolic acids, a class of long-chain lipid unique to Mycobacteriales

organisms (Tahlan et al., 2012). The structure of these molecules is discussed further below.
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These covalently attached lipids then serve as an anchor for a wide variety of other lipids to
intercalate, forming an exterior lipid membrane (Dover et al., 2004), which similar to diderm

Gram-negative organisms is asymmetric (Bansal-Mutalik and Nikaido, 2011).

In addition to this core cell wall unit is another glycoconjugate named lipoarabinomannan
(LAM) and its biosynthetic precursor, lipomannan (LM). LAM is a hyperglycosylated PIM
which has a a-1,6 mannopyranose (Manp) backbone, with 3-1,2 Manp sidechains ligated to
an arabinan core similar to that of arabinogalactan (Choudhary et al., 2018; Guerardel et al.,
2002). The outermost layer of the cell wall ultrastructure is the capsule. This component is
arguably the most cryptic and poorly understood, but is important in pathogenesis
(Kalscheuer et al., 2019). Similar to other cell wall components, its composition varies with
species and growth phase, being described as an electron-transparent zone which resisted
staining by established pathology methodologies, leading to a halo-like occlusion under both
light and electron microscopy (Brieger and Glauert, 1956; Yamamoto et al., 1958). More
recent analyses revealed that it is primarily composed of a-glucan, mannan, arabinomannan,
and lipids. The ratio of these three major components seems to widely vary between

mycobacterial species and growth phase (Dinadayala et al., 2008).

3.6 Lipids of mycobacteria

The thick layer of complex lipids forming the mycomembrane distinguishes Mycobacteriales
bacteria, causing them to have a uniquely hydrophobic cell surface. This gives them an
appearance similar to candle wax on agar plates (Jankute, Nataraj, et al., 2017). As mentioned

previously, a critical element of the mycomembrane are the mycolic acids, a family of lipids
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which constitute 50% of the mycomembrane (Tahlan et al., 2012; Dai et al., 2020; Bansal-
Mutalik and Nikaido, 2014). These are a class of long, two chain, 3’ hydroxylated (Ceo-90) fatty
acids (Daffé et al., 1991). Within the mycomembrane, mycolic acids can either exist in their
fatty acid forms, or covalently attached to trehalose to form an amphipathic glycolipid.
Following their synthesis, detailed later, trehalose monomycolate is incorporated into the
mycomembrane in a variety of ways through the Antigen 85 enzyme complex (Armitige et al.,
2000). Firstly, the acyl chain can be transferred to arabinan termini to produce covalent
mycolate (Alderwick, Dover, et al., 2006). Secondly, one acyl chain can be transferred to
another trehalose monomycolate to produce trehalose dimycolate (TDM) also known as cord
factor which is a principle virulence factor in M. tuberculosis (Indrigo et al., 2003; Silva et al.,
1985; Ojha et al., 2010). Finally, the fatty acid can be transferred to outer membrane proteins
(Huc et al., 2010). A proportion of trehalose dimycolate are modified with sulfate groups on
the 3’ position of each glucose monomer of the trehalose to form sulfolipid-1, which is the
primary driver of tuberculosis transmission through induction of cough (Ruhl et al., 2020;

Gilmore et al., 2012)

Interspersed between these covalent anchors are an assortment of other lipids. The most
important of which are pthiocerol dimycoceroserate (PDIM). These lipids are abundant in the
mycomembrane and are implicated in the pathogenesis of M. tuberculosis, where they are
responsible for the rupture of the phagolysosome in concert with ESAT-6 (Cambier et al.,
2020; Simeone et al., 2012). Additionally, due to their lack of polarity, they provide an efficient
means of exclusion of water-soluble chemical aggressors such as drugs and damaging small

molecules (Camacho et al., 2001).
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3.7 Biogenesis of the mycobacterial cell wall

3.7.1 Synthesis of Peptidoglycan

Peptidoglycan is a near-ubiquitous bacterial cell wall polysaccharide usually consisting of
linear chains of B-1,4 linked disaccharides of N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc) crosslinked by pentapeptide crosslinks (Healy et al., 2020;
Boneca et al., 2000; Glauner et al., 1988). As in many bacterial species, mycobacterial
peptidoglycan synthesis relies on lipid-borne sugar precursors which are polymerised by
glycosyltransferases and transpeptidases (Gupta et al., 2010). As mentioned previously, a
proportion of MurNAc in mycobacterial peptidoglycan is replaced by MurNgly. This
monosaccharide is believed to be one reason why the mycobacterial cell wall possesses such
extraordinary immunostimulatory effects, with a preparation of it named Freund’s Complete
Adjuvant and was previously widely used in vaccines in order to increase their potency (Dubé
et al., 2019). Mycobacterial peptidoglycan synthesis is initiated by formation of uridine
diphosphate N-acetylglucosamine (UDP-GIcNAc) by GImU (Rv1018c)(Zhang et al., 2009). This
is then further processed in two subsequent pathways to generate the three
monosaccharides used in peptidoglycan synthesis in mycobacteria. MurA (Rv1315) and MurB
(Rv0842) catalyse the conversion of a proportion of UDP-GIcNAc to UDP-MurNAc by addition
of a enolpyruvate moiety from phosphoenolpyruvate and subsequent reduction into UDP-
MurNAc using NADPH (De Smet et al., n.d.; Eniyan et al., 2018). UDP- MurNglyM is then
generated by NamH from UDP-MurNAc via hydroxylation (Raymond et al., 2005). The UDP-
MurNglyM are then decorated with the pentapeptide L-alanine-D-isoglutamine-meso-

diaminopimelic acid-D-alanine-D-alanine by the ligases MurC, MurD, MurE and MurF (Eniyan
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et al., 2018; Basavannacharya et al., 2010). This UDP MurNglyM-pentapeptide unit is then
ligated onto decaprenyl-phosphate (C50-P) on the inner membrane leaflet by MraY (Rv2156c)
to produce Lipid | (Chung et al., 2013). The MurG glycosyltransferase then catalyses the
formation of lipid Il through generation of a B-1,4 linkage of UDP-GIcNAc to the UDP-NGlyM
of Lipid I, thus generating the complete disaccharide on its lipid carrier, termed Lipid Il

(Mengin-Lecreulx et al., 1991).

Subsequently, the entire lipid is flipped to present the GIcNAc-MurNglyM-pentapeptide to
the periplasm by Mur) (Garcia-Heredia et al., 2021; Zheng et al., 2018). Once on the
extracellular face, PBPs and Shape, Elongation, Division, and Sporulation (SEDS) proteins
catalyse the condensation of disaccharides into the long B-1,4 chains characteristic of
peptidoglycan (Sher et al., 2020; Meeske et al., 2016; Nygaard et al., 2023). Bifunctional PBPs
represent a subclass of these enzymes (Rv0050 and Rv3682) which also possess
transpeptidase activity, catalysing crosslinks between meso-diaminopimelic acid and Dp-Ala
between peptide stems in neighbouring glycan chains (Baranowski et al., 2018). This nature
of crosslinking is quickly replaced in 80% of peptide linkages by the activity of L,D-
transpeptidases which cleaves the next p-ala, forming the final 3-3 linkage (mDAP-mDAP)
crosslinked peptidoglycan characteristic of mycobacteria (Baranowski et al., 2018; Gupta et

al., 2010; Lavollay et al., 2008).
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3.7.2 Synthesis of arabinogalactan

uedA|bopiydaq
|

B N-acetylglucosamine
A -rhamnose

® p-galactofuranose
W o-Arabinfuranose

N Galactosamine

Figure 2. Schematic of the final polymerised structure of arabinogalactan, the structure of which has been
elucidated through the work of many groups in collaboration, as reviewed by Alderwick et al (2015).
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Arabinogalactan is the heteropolysaccharide which serves to anchor the external mycolic
acids to the peptidoglycan sacculus in the cell wall, acting as a scaffold between the layers of
the mAGP complex. Like peptidoglycan, its synthesis is dependent on long chain polyprenyl
(Cso) borne monosaccharide components which are transferred to the periplasm and
processively polymerised. Arabinogalactan is comprised of 3 key moieties. The first of these
is the linker unit binding it to peptidoglycan which is GIcNAc linked to a-L-rhamnose by an a-
1,3 linkage (Mills et al., 2004; McNeil et al., 1990). Attached to this is the D-galactan moiety,
consisting of 28-30 residues of b-galactofuranose (Galf) joined by alternating $-1,5 and B-1,6
linkages (Belanova et al., 2008; Poulin and Lowary, 2016). From this extends the p-arabinan
domain, consisting of a-1,5 linear chains of D-arabinose, with branch points beginning with

an a-1,3 linkage and then terminating in B-1,2 linked residues (Jankute et al., 2018).

Arabinogalactan synthesis begins with the condensation of the rhamnose-GIcNAc linker unit
formed by the phosphotransferase enzyme Lcpl onto GIcNAc residues on PG (Harrison et al.,
2016). The reducing end of the rhamnose then serves as the acceptor for the bifunctional
galactosyltransferase Glftl. This enzyme first primes the rhamnose by addition of a B-1,4-
linked Galf residue from an undecaprenol-D-Galf donor, followed by another p-Galf residue
with a B-1,5-linkage (Belariova et al., 2008). The processive glycosyltransferase GIft2 then
polymerises the D-galactan backbone through successive addition of around 28 alternating B-
1,5 and B-1,6-linked D-Galf residues (Poulin and Lowary, 2016). After polymerisation of the D-
galactan backbone, the DbD-arabinan domain is polymerised using the lipid donor
decaprenylphosphoryl-B-b-arabinofuranose (DPA). This substrate donor is synthesised from
the pool of ribose-5-phosphate from the pentose phosphate pathway in central carbon
metabolism (Huang et al., 2005). The first stage of this is addition of a pyrophosphate group
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to the ribose by PrsA. This phosphate group is then displaced with a decaprenyl phosphate
(Cso-P), which is the lipid carrier for the molecule. The additional phosphate group is then
cleaved from the molecule, thereby creating decaprenylphosphoryl-B-D-phosphoribose. This
then undergoes two stages of epimerisation by DprEl and DprE2 (Rv3790 and Rv3791,
respectively), to produce DPA (Brecik et al., 2015). The DPA is then flipped to the periplasmic

face of the cell membrane by an unidentified transport protein.

The p-arabinan of AG is then polymerised successively by a suite of glycosyltransferases in the
periplasm, using DPA as the donor. First, the 5’ carbon on the 8th, 10th and 12th B-1,6 Galf
residues is primed with three Araf residues with a-1,5 linkages (Alderwick, Seidel, et al., 2006).
The D-arabinan is then polymerised by the Emb proteins, so named due to their inhibition by
the drug ethambutol (Zhang et al., 2020). Studies using the closely-related Corynebacterium
glutamicum, knocking out its singular Emb arabinosyltransferase, resulted in complete loss of
all arabinan other than the 3 priming monosaccharides (Jankute et al., 2018). Knockdown of
the EmbA and EmbB genes in M. smegmatis clearly implicates the gene products in
polymerisation of the a-1,5 arabinan, but each of their precise enzyme functions remain
unclear (Escuyer et al., 2001; Bakuta et al., 2013; Tan et al., 2020). The AftC and AftD proteins
introduce single a-1,3-linked residues which act as branch points to be further elongated by
the EmbA and EmbB proteins (Jian Zhang et al., 2011). This processive addition results in a
heterogenous, branched final structure. This branching network of p-arabinan is terminated
by the AftB protein introducing a B-1,2 hexa-Araf cap, thus completing the final structure of

arabinogalactan (Escuyer et al., 2001; Birch et al., 2008).
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3.7.3 Synthesis of mycolic acids

The outermost layer of the mycobacterial cell wall is analogous to the outer membrane of
Gram-negative bacteria, albeit consisting of a highly unusual mix of covalently bound and
non-covalently-associated long chain lipids named mycolic acids (Daffé et al., 2017). Seminal
work of Prof. David Minnikin and collaborators identified them as Ci6-Cz4 in size, constituting
a monolayer at the outermost point of the mycobacterial cell wall (Minnikin and Goodfellow,

1980; Minnikin et al., 1984; Villeneuve et al., 2005)

Fatty Acid Synthase | (Fasl- Rv2524c) mediates synthesis of mycolic acids (Zimhony et al.,
2000). The enzyme consists of seven domains, each catalysing a different step in the
sequential synthesis of a long chain fatty acid. These enzymes are often likened to molecular
assembly lines, with each domain acting sequentially (Elad et al., 2018). Synthesis begins in
the acyltransferase domain of Fasl, with the transfer of an acetate moiety from acyl-CoA to
the Acyl carrier protein (ACP) domain (Kremer et al., 2002). The lipid is then elongated
processively using malonate (Cs) moieties donated by malonyl-CoA (Kremer et al., 2001). The
malonate moieties are then dehydrated and saturated by auxiliary modules of the Fasl

complex to produce mycolic acids (Dong et al., 2015)

By an as yet unknown mechanism, the final products of FASI follow a bimodal distribution,
with equal proportions of C16-C18 (short) and C24-C26 (long) chain lengths being produced
by the same enzyme (Zimhony et al., 2000). The nascent lipid chain is then shuttled to the
FASII complex by malonyl acyl carrier protein M (AcpM), whereupon the lipid undergoes a

series of cis/trans cyclopropanations, methylations and methoxy and keto group ligations, to
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produce a mature mycolic acid (Bhatt et al., 2007). Polyketide synthase 13 will then catalyse
the condensation between a short and long chain mycolic acid (57). The mycolic acid will then
be ligated to its carrier sugar, trehalose, to produce trehalose monomycolate (TMM) (Gavalda
et al., 2014; Belisle et al., 1997). TMM is then transported across the cytoplasmic membrane
by Major Membrane Protein Large 3 (Mmpl3) where it acts as the substrate for the tripartite

antigen 85 complex for its incorporation into the cell wall (Zhang et al., 2019).
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3.7.4 Synthesis of lipoarabinomannan
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Figure 3. Schematic of lipoarabinomannan structure adapted from Kaur et al., 2014. Monosaccharides are
annotated using symbolic nomenclature for glycans (SNFG) linkages are indicated by numbers between residues.
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The final polymerised structure of LAM is summarised in Figure 3. LAM is a cell wall glycolipid
that begins as a PIM. Synthesis of LAM is initiated by the glycosyltransferase family A protein
PimA (Korduldkova et al., 2002). This enzyme catalyses the formation of a glycosidic bond
between the 2’ hydroxyl of inositol of Pl and an a-b-mannopyranose (Manp) from GDP-
mannose (Korduldkova et al., 2002), thus forming PIMi. This initiating mannose is then
acylated by Rv2611 (Korduldkova et al., 2003), forming AcPIMi. A further Manp residue is
linked to the 6" hydroxyl of the first mannose by PimB (Guerin et al., 2009) to form AC:1PIM,.
A further Manp monomer is then added to the PIM by PimC to form Ac:PIMs and then a final
Manp residue is added by PimD to produce Aci1/2PIMs which is the branching point for
glycolipid synthesis (Morita et al., 2006). A proportion of these mature PIMs will be
hyperglycosylated to produce LAM (Mishra et al., 2008) This process is believed to be initiated
by flipping of the Aci1/2PIM4 to the periplasmic face of the membrane by an unknown
translocase. PimE then adds an a-1,2 Manp residue, the a-1,6 backbone is extended with
further Manp residues by MptA and MptB to form the mannan core of LAM (Morita et al.,
2006; Mishra et al., 2007; Mishra et al., 2008). MptC then catalyses the intermittent addition
of a-1,2-linked Manp monomer sidechains (Khoo et al., 1996). EmbC then polymerises the
linear a-1,5 arabinan chains, 12-16 residues in length, on the terminus of the mannose
backbone (Alderwick et al., 2011). As in arabinan from AG, this is intermittently branched with
a-1,3-linked Araf residues by AftC (Jian Zhang et al., 2011). Finally the arabinan domain is
terminated with B-1,2-arabinofuranoside caps to form LAM (Jankute, Alderwick, et al., 2017;

Seidel et al., 2007).

In slow-growing mycobacteria such as M. tuberculosis and Mycobacterium marinum, this

glycan acquires further structural complexity from a-1,2-linked mannose caps on the
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arabinan termini by the CapA enzyme (Dinadayala et al., 2006). Significant evidence for the
immunomodulatory capabilities of these mannose caps on LAM exists within the literature

(Kaur et al., 2008; Maeda et al., 2003; Torrelles et al., 2012).

Following complete synthesis of the LAM and AG, they can then be further modified in some
species to change the biophysical characteristics of the polysaccharide. The most thoroughly
investigated of these modification is succinylation, which can be found on the C2 position of
the a-1,3-p-arabinofuranose branch points of arabinan in LAM and AG (Xie et al., 2015). This
modification is found in many mycobacteria, including M. smegmatis, M. tuberculosis, and M.
abscessus (Bhamidi et al., 2008a). The modification occurs in a stoichiometry of around 1-4
residues per arabinogalactan molecule (Bhamidi et al., 2008a). The transferase SucT was
shown to be responsible for this modification in M. smegmatis (Palcekova et al., 2019). Loss
of succinylation has diverse effects on cell surface hydrophobicity, fitness in infection, and

mannose capping of LAM in M. tuberculosis (Pal¢ekova et al., 2023; Palcekova et al., 2020).

3.8 Cell wall turnover in mycobacteria

Cell wall turnover is a dynamic process carried out in bacteria whereby soluble fragments of
the cell wall ultrastructure are released in response to changes in environment. The process
was first observed in 1962 in Bacillus megaterium, whereby gradual release of radioactive
material of chemostat-grown cultures of the bacteria which had been previously labelled with
14C-mDAP (Chaloupka, Kfec¢kova, et al., 1962; Chaloupka, Kreckova, et al., 1962). It was also

noted that release of this radioactive material was concomitant with changes in tolerance to
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treatment with lysozyme, implying the process on some level changed the biochemical

properties of the bacteria.

Today, cell wall turnover is understood to be the cornerstone of binary fission. The process of
cell division in bacteria is a tightly regulated process, coordinated by FtsZ, a tubulin homolog
which polymerises in a ring at the site of division(Bi and Lutkenhaus, 1991; Bisson-Filho et al.,
2017). FtsZ causes the concerted recruitment of enzymes such as lytic transglycosylases which
cleave peptidoglycan, as well as penicillin binding proteins and SEDS proteins which
synthesise and crosslink nascent peptidoglycan, preventing bacterial lysis during replication,

resulting in daughter cells (Bisson-Filho et al., 2017; Meeske et al., 2016).

However, in recent years, it has been shown that cell wall turnover is critical in multiple other
processes, particularly in immune interactions. Nucleotide-binding Oligomerisation Domain-
containing (NOD) proteins one and two are critical in the detection and response
coordination against peptidoglycan-containing pathogens (Deshmukh et al., 2009). The
minimal ligand for NOD1 is y-D-glutamyl-meso-diaminopimelic acid (muramyl dipeptide),
whilst NOD2 detects muramyl dipeptide (N-acetylmuramyl-L-alanyl-L-isoglutamine) (Girardin
et al., 2003; Inohara et al., 2003). Formation of substrate-NOD protein complexes results in
induction of expression of NF-kB, which in turn triggers production of proinflammatory
cytokines. This makes NOD proteins master regulators of the innate immune response in
humans (Deshmukh et al., 2009). Futhermore, errors in NOD signalling have been associated

with the incidence of Crohn’s disease (Inohara et al., 2003).

In a similar manner, the lectin Galectin-9 is implicated in detection of mycobacterial infections

by binding to arabinogalactan (Wu et al., 2021). However, mechanisms regarding how soluble
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fragments of arabinogalactan could be detected by the immune system remain unclear.
Lipoarabinomannan can, however, be detected in the urine of HIV-TB coinfected patients,
and represents a promising avenue for tuberculosis diagnosis in this cohort (Broger et al.,
2019). Taken together, the significance of the interplay between enzymatic products of

bacterial cell wall homeostasis and the human immune system is difficult to overstate.

Cell wall turnover in mycobacteria is a growing field, with trehalose catabolism being one of
the earliest explorations into the question of whether and how mycobacteria remodel their
unusual cell wall components. The process is mediated by the high-affinity trehalose LpqY-
SugA-SugB-SugC reuptake system (Kalscheuer et al., 2010). The system is critical in virulence,
with knockout of SugC causing a 3-log drop in bacterial burden in a mouse infection model
(Kalscheuer et al., 2010). Further study found that the recycling is not essential but enables
energy-efficient cell envelope remodelling in response to redox stress and carbon starvation
(Pohane et al., 2021). Given the importance of trehalose as a carrier molecule in the synthesis
of mycolic acids, it is obvious why this recycling pathway is so important in M. tuberculosis
Furthermore, whilst no evidence exists to show mycobacteria directly recycle the glycan
portion of their PG, they can survive on the lactate liberated from muramic acid by Lpq|
(Moynihan et al., 2019). Whilst no transporter has yet been identified, it is likely that there
exists a transporter for the lactate to allow it to return to central carbon metabolism within

the cell (Moynihan et al., 2019).

The presence of soluble cell wall components liberated from the bulk cell wall ultrastructure
of M. tuberculosis is reminiscent of the 1962 chemostat experiments in Bacillus megaterium.
Therefore, it is likely that the genome of Mycobacterium tuberculosis encodes enzymes

capable of the depolymerisation of other cell wall components than peptidoglycan, likely
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essential in viability due to the need to allow division as mediated by FtsZ. Therefore, the
discovery of arabinogalactan remodelling enzymes in Mycobacteriales species could be

informative for understanding disease progression of mycobacterial pathogens.
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3.8.1 Glycoside hydrolases

The two principal families of enzymes that are capable of breaking glycosidic bonds are
polysaccharide lyases and glycoside hydrolases. Polysaccharide lyases catalyse cleavage of a
polysaccharide by elimination or other mechanisms, whilst glycoside hydrolases are so named
for their inclusion of water in their cleavage mechanism (Sutherland, 1995; Ardévol and

Rovira, 2015).

Glycoside hydrolases play many pivotal roles in biology. Within humans, saliva contains large
amounts of the starch-specific glycoside hydrolase amylase in order to liberate glucose from
food (Pajic et al., 2019). Furthermore, GHs function biogeochemically in saprophytic
organisms, allowing release of carbon-containing monosaccharides from dead and rotting
organic matter, thus are critical in carbon cycling (Attia et al., 2018). Additionally they are
critical in global cycling of sulfur through turnover of the sugar sulfoquinovose, with 10 billion
tons of it produced and turned over yearly (Sharma et al., 2022; Harwood and Nicholls, 1979).
They also play diverse roles in microorganisms. LacZ, the regulator of the lac operon in E. col,
is @ GH and neuraminidases are important virulence factors in influenza viruses (Huber et al.,
1976; Taylor and von ltzstein, 1994). Given the global importance of glycoside hydrolases,
both at the micro- and macroscopic scales, their study is widespread, and in response to this
the Carbohydrate-Active enZyme DataBase (CAZYDB) was established in order to curate the
wealth of information on enzymes active on carbohydrates (Henrissat, 1991). Glycoside
hydrolases within CAZYDB are primarily organised by sequence identity. As sequence leads to
structure this classification broadly groups enzymes by mechanism, substrate, and product

profile.
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3.8.1.1 Enzyme mechanism

The two major catalytic mechanisms for glycoside hydrolases are defined by the resultant
anomeric configuration, either retaining this configuration or inverting it. For example, a
retaining glycoside hydrolase will catalyse the breakdown of an a-glycoside and produce an
o-glycoside. Whereas an inverting glycoside hydrolase produces a B-glycoside from an a-
glycoside. This difference of final anomeric configuration is due to the steps taken in
enzymatic catalysis.

As summarised in Figure 4, retaining glycoside hydrolases proceed by a double displacement
reaction via a covalent glycoside-enzyme intermediate (Tanaka et al., 1994). The first step of
this catalysis is glycosylation of the enzyme. In this stage, the nucleophilic catalytic residue,
typically a glutamate or aspartate, attacks the anomeric centre forming an oxocarbonium ion
transition state to displace the aglycon and form the glycoside-enzyme intermediate
(McCarter and Withers, 1994). The second step, deglycosylation, occurs when a water
molecule is deprotonated by a catalytic base residue, also usually aspartate or glutamate. This
deprotonated water then hydrolyses the intermediate, liberating the final saccharide
products (Mclntosh et al., 1996). Structural information indicates that retaining glycoside
hydrolases typically position their active site residue side chains ~5.5 A from one another

(Davies and Henrissat, 1995).
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Figure 4. Mechanism of catalysis of a hydrolysis of a glycosidic bond by a glycoside hydrolase with retention of
anomeric configuration, adapted from CazyDB.

Inverting glycoside hydrolases catalyse the glycosidic cleavage through a single step reaction
whereby the basic residue deprotonates a water which then attacks the anomeric carbon
forming a non-covalent oxocarbonium transition state, with the acidic side chain then
protonating the aglycon to liberate product saccharides, this mechanism is summarised in
Figure 5 below. Catalytic sidechains of inverting glycoside hydrolases will tend to be 6-11 A
away from each other (McCarter and Withers, 1994). These distinctions matter if working on
a glycoside hydrolase therapeutically, as in the case of retaining catalysis, the process
involving a covalent enzyme-substrate intermediate is critical in the synthesis of small

molecule inhibitors.
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Figure 5. Mechanism of catalysis of hydrolysis of a glycosidic bond by a glycoside hydrolase with inversion of

the anomeric configuration, adapted from CazyDB.

Glycoside hydrolases can also be categorised by their products, as summarised in Figure 6.

Endo-acting GHs take a longer oligosaccharide and cleave it into two shorter oligosaccharides.

Exo-acting glycoside hydrolases successively depolymerise an oligosaccharide by releasing

monosaccharides from a longer chain. With this incredible diversity of substrate, glycoside

hydrolases are capable of degradation of almost every known polysaccharide and are pivotal

in carbon acquisition in all known life forms (Wardman et al., 2022).
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3.9 CAZymes in the mycobacterial genome

Carbohydrates play a uniquely important role in the physiology of mycobacteria. Within the
cell wall they play multiple functions as structural, immunological and storage molecules
(Bhamidi et al., 2008b; Lavollay et al., 2008; Torrelles et al., 2012). This means that the
genome of M. tuberculosis is rich in CAZymes responsible for the synthesis, remodelling, and
maintenance of glycan-containing structures. The full repertoire of CAZymes is underexplored
yet due to the lack of functional understanding of the mycobacterial genome. As of 2017,
roughly 40% of mycobacterial gene products lacked functional characterisation,
experimentally or bioinformatically (van Wyk et al., 2017). However, recent advances in large
language models such as eCAMI, AlphaFold, and accompanying search tools such as FoldSeek
have rapidly accelerated the rate at which functions can be predicted before experimental

methodologies (Xu et al., 2020; Jumper et al., 2021; van Kempen et al., 2023).

3.10 Bacteriodetes spp.

Members of the genus Bacteroidota are a prominent component of the gut microbiota,
representing approximately 20% of the species found commonly in the healthy human gut
(King et al., 2019). A reason for their ubiquity within this niche is due to their capacity for
breakdown of dietary polysaccharides, allowing them to utilise a greater variety of carbon
sources than their competitors (El Kaoutari et al., 2013). Additionally, this extensive glycolytic
capacity makes them important symbionts with their human hosts. The advantages
Bacteroidota members endow to their hosts are twofold. First, the human capacity for carbon

utilisation is limited, with our own genomes encoding the breakdown of only three
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carbohydrates, namely starch, lactose, and sucrose. It is thought that the breakdown of all
other carbohydrates we gain is due to processing by gut-resident organisms. Furthermore,
short-chain fatty acids produced by these organisms during carbohydrate fermentation are
extensively implicated with improved human health outcomes (Arumugam et al., 2011; Wu

etal., 2011).

A key genomic feature of carbohydrate degraders are Polysaccharide Utilisation Loci (PULs)
(Bjursell et al., 2006). Initially thought to be unique to Bacteroidota, but found in other
genera, these are discrete, co-expressed, co-regulated genomic loci which comprise the set
of proteins required for the recognition, uptake, and processing of a polysaccharide into its
monomeric components. PULs therefore consist of surface glycan binding proteins,
carbohydrate transporters, glycolytic enzymes such as glycoside hydrolases and
polysaccharide lyases, as well as auxiliary enzymes such as sulfatases, lytic polysaccharide
monooxygenases (LPMO), and proteases (Grondin et al., 2017). Therefore, the complexity of
a polysaccharide is proportional to the size of the PUL required for its catabolism. This elegant
genomic feature therefore allows for screening to be carried out using Bacteroides as a search
tool.

As mentioned previously, to date no enzymes had been isolated which were capable of the
breakdown of mycobacterial arabinogalactan. To address this gap in the literature, we grew
Bacteroides species on mycobacterial arabinogalactan and used proteomics to identify GHs
active on AG, leading to the identification of DUF4185 (GH183) and DUF2961 (GH172)
enzymes (Al-Jourani et al., 2023). BLAST analysis, and later analyses making use of the

recently released program Alphafold allowed identification of conserved homologs of these
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enzymes across the order Mycobacteriales, this work has been published and serves as the

basis of this thesis.
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4 Summary of findings

The work described in this thesis is the identification, biochemically characterisation, and
biological interpretation of the functions of pb-arabinofuranases and p-arabinofuranosidases
produced by members of the Mycobacteriales. Therefore, the work is split into three key

chapters.

1. Characterisation of D-arabinofuranases discovered through high throughput

screening

Mycobacterium tuberculosis appears to encode homologs of arabinogalactan-active glycoside
hydrolases discovered in the Bacteroides species Dysgonomonas gadei within its genome.
Within this chapter we set out to recombinantly express, purify and characterise

mycobacterial homologs of the D. gadei proteins.

2. Dissect the role of of b-arabinofuranosidases in cell wall recycling in species from

the genus Nocardia.

Nocardia are an unusual, neglected human and animal pathogen which bear many similarities
to Mycobacterium, this chapter identifies and explores a complete pathway of
arabinogalactan recycling in key pathogenic species of the genus to understand their

contribution to microbial fitness.
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3. Exploresecreted p-arabinofuranosidases as contributors to interspecies competition

between mycobacteria and their microbial peers.

Whilst D-arabinofuranosidases appear to play housekeeping roles in mycobacteria, many

mycobacteria possess further homologues whose function could not be ascertained, within

this chapter we study related enzymes which we hypothesise to be Type 7 effectors.
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5 Materials and Methods

5.1 Strains and Growth conditions

During this thesis a variety of strains were used. Table 2 summarises the relevant strains,

media, and growth temperatures.

Table 2. Table summarising strains grown, and media used for their cultivation along with growth temperatures

and selectable markers.

Media

Lysogeny Broth

Tryptic soy broth

Brain heart infusion
Broth

Middlebrook 7h9
Broth

7H10 Agar

Strains grown

Pseudomonas
aeruginosa PA7,
Escherichia coli 10-
beta, Escherichia coli
T7 Shuffle, Escherichia
coli BL21-DE3
Mycobacterium
smegmatis MC22155

Nocardia brasiliensis
(ATCC 19296),
Nocardia farcinica
(ATCC 3318), Nocardia
asterioides (ATCC
19247)
Mycobacterium
smegmatis MC?2155,
Mycobacterium bovis
BCG Danish,
Mycobacterium
marinum M,
Mycobacterium
abscessus ATCC 19977
Mycobacterium
smegmatis MC?2155,
Mycobacterium bovis
BCG Danish,
Mycobacterium
marinum M,
Mycobacterium
abscessus ATCC 19977
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Selections used

Kanamycin 50 pg/
mL, ampicillin 100
ug/mL, hygromycin
B 50 pug/mL

kanamycin 50 pg/
mL, hygromycin B
50 pg/mL
None used

Kanamycin 50 pg/
mL, hygromycin B
50 pg/mL

Kanamycin 50 pg/
mL, hygromycin B

50 ug/mL,
anhydrotetracycline
100 ng/mL

Temperatures used

30°C,37°C

37 °C

30°C

30°C,37°C

30°C,37°C



5.2 Sauton’s media preparation

Sauton’s media was prepared following Sauton’s recipe (Trémolieres, 1952). Briefly, for one
litre of media 0.5 g potassium phosphate monobasic, 0.5 magnesium sulfate, 4.0g L-
asparagine, 0.05 g ferric ammonium citrate, 2.0 g citric acid were dissolved in 800 mL of
deionised water. One-hundred pL of a 1% zinc sulfate solution was then added to this
solution. The pH was then adjusted to 7.0 with sodium hydroxide and final volume adjusted

to 1 L before sterilisation using a 0.22 um membrane.

5.3 Plasmids and primers used in this study
During this thesis, a variety of plasmids were used for protein overexpression for protein

biochemistry and toxicity assays. Table 3 summarises the plasmids used in this project.

Table 3. Plasmids used in this study

Plasmid name Function

pET28a IPTG-inducible expression of hexa-histidine
tagged proteins of interest in E. coli.
Kanamycin resistance cassette.

pMYBADc-KAN Mycobacterial shuffle plasmid for L-
arabinose inducible overexpression of a
target protein. Kanamycin resistance
cassette.
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Table 4. Primers used in this study

Primer name

Rv3707cE270ARev70

Rv3707cE270AFor70

Rv3707cD86ARev69

Rv3707cD86AFor69

Rv3707cD69ARev71

Rv3707c D69AFor71

Function

Site directed
mutagenesis of
pET28a_Rv3707c_P30M
Site directed
mutagenesis of
pET28a_Rv3707c_P30M
Site directed
mutagenesis of
pET28a_Rv3707c_P30M
Site directed
mutagenesis of
pET28a_Rv3707c_P30M
Site directed
mutagenesis of
pET28a_Rv3707c_P30M
Site directed
mutagenesis of
pET28a_Rv3707c_P30M

5.4 SDS-PAGE gel electrophoresis

Sequence (5’-3’)

CACCCAGCTGGTCTGGCC

GCGGATGTCCATCCGTCAGATGGACG

CGCCACAQACCTGCAGGA

GCGTTCTTTCGCAGGCCAGGG

CGGTCGCGCCAATGCCGT

GCGCCTGTGCGAATTTCGTAGAATTCCCG

Gels were cast according to the procedure of Laemmli and colleagues (Laemmli, 1970). Briefly,

a solution of 12-15% bis-acrylamide (Bio-Rad) was prepared in 375 mM Tris pH 6.8 and 0.001%

SDS. This was then polymerised using 25 pL 10% ammonium persulfate and 12.5 %

trimethylamine. Before polymerisation began, the solution was transferred into a Mini-

Protean glass gel cassette. This was then covered with a layer of propan-2-ol and allowed to

cure for 30 minutes. Following removal of the propan-2-ol, the loading gel was then poured

over the top and wells generated using combs. These were then stored in damp tissue until

used. For SDS-PAGE, protein samples were prepared in 5x SDS-page loading dye (30 %

Glycerol; 250 mM Tris ph 6.8; 10% SDS; 5% B-mercaptoethanol; 0.02% bromophenol blue)

and boiled for 10 minutes before loading into the gel. The gel was then separated using a
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current of 50 mA and 200 V for 50 minutes in 1x premade TGX running buffer (Thermo Fisher

Scientific). Proteins were visualised using Ready Blue (Thermo Fisher Scientific) protein stain.

5.5 Agarose Gel electrophoresis

For a 1% (w/v) agarose gels, agarose (Merck) was dissolved in tris acetate-EDTA buffer
(Thermo Fisher Scientific). The agarose solution was then melted in a microwave for 1 min
and allowed to cool slightly before addition of 5 uL midori green (Nippon Biochemicals) and
then cast in a gel form. Gels were then loaded with samples and electrophoresed at 140 V,

400 mA for 40 mins using tris acetate-EDTA as a running buffer.

5.6 Restriction-free cloning

Restriction free cloning was carried out using established protocols outlined by Lowe and van
den Ent (van den Ent and Léwe, 2006). Briefly, 50 bp primers were designed with 25 base
pairs complementary to the insert and 25 base pairs complementary to the destination. These
were then used to amplify the insert from template (IDT DNA synthesised geneblock or
genomic DNA) using polymerase chain reaction (PCR) with Q5 2x Mastermix (New England

Biolabs) using the following steps:

This fragment was then separated using agarose gel electrophoresis. The fragment of interest
was excised from the gel using a clean scalpel and purified from the gel using a GenElute Gel
Extraction kit (ThermoFisher Scientific). 4 uL of this product was then used as primers for a
100 pL second PCR using 1 ng of the destination plasmid as template. This reaction was then

split across three tubes and subjected to gradient PCR with the following steps:
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Temperature Time No. cycles

98 °C 1 minute 1x
98 °C 30 seconds
Tm 30 seconds
o 1 minute/ 35x
72°¢C kilobase
72 °C 3 minutes 1x

The 3 reactions were then pooled and digested with 1 pL of Dpnl to remove methylated
template DNA, and then cleaned using a Qiagen PCR clean kit. 20 pL of the final product was
then transformed into heat-competent Escherichia coli 10-f3 cells (NEB) and then plated on LB
plates supplemented with kanamycin 50 pug/mL. Successful transformants were screened
using colony PCR with appropriate primers and Sanger sequencing (Source Biosciences).

5.7 Qb5 site-directed mutagenesis

Primers to create the mutation of interest were designed using the NEBchanger web tool

(http://nebasechanger.neb.com/). PCR was carried out using Q5 2x mastermix (NEB) using

plasmid of interest as template at a concentration of 1 ng of DNA as template. PCR cycling

conditions were:

Temperature Time No. cycles
98 °C 1 minute 1x
98 °C 30 seconds
Tm 30 seconds
o 1 minute/ 35x
72°C kilobase
72°C 3 minutes 1x

PCR products were analysed using 0.9% agarose gel electrophoresis, and the fragment of
interest was excised and purified using the GenElute Gel Extraction Kit (ThermoFisher). This
was then treated with T4 DNA ligase, Dpnl, and polynucleotide kinase (NEB) for 1 h at room
temperature and then transformed into DH5a E. coli and plated on LB agar supplemented

with appropriate antibiotic.
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5.8 Induction and protein production

One litre of terrific broth containing appropriate antibiotic was inoculated with the bacteria
from 1 plate of freshly transformed T7 SHuffle cells transformed with an appropriate plasmid.
Flasks were incubated at 37 °C until the OD reached 0.5-0.8. Flasks were cooled on ice and
induced with an appropriate concentration of isopropyl-thio-galactopyranoside (IPTG). Cells

were allowed to grow overnight at 18 °C and then harvested by centrifugation at 5000 x g; 4

°C.

5.9 Protein buffer preparation

Buffers used for protein purification in this thesis:

Table 5. Composition of buffers used for the purification of recombinantly expressed proteins in this thesis.

Name

Buffer 1

Buffer 2

Buffer 3

Buffer 4

Storage
Buffer 1

Storage
Buffer 2

Components
400 mM NacCl; 25 mM HEPES pH 8

400 mM NaCl; 25 mM HEPES pH 8;
500 mM imidazole pH 8
400 mM NaCl; 25 mM HEPES pH 8; 5%
glycerol; 50mM l-arginine/ |-glutamic
acid; 2 mM -mercaptoethanol
400 mM NaCl; 25 mM HEPES pH 8; 5%
glycerol; 50mM l-arginine/ I-glutamic
acid; 2 mM B-mercaptoethanol; 500
mM imidazole

200 mM NaCl; 25 mM HEPES pH 8

400 mM NaCl; 25 mM HEPES pH 8; 5%
glycerol; 50mM l-arginine/ I-glutamic
acid; 2 mM dithiothreitol
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Proteins purified with
MAP4185; MAPnhibitor; Ga0Oaass;
GaOinhibitor; Ga0truncation; NBrasgHi72
MAP4185; MAPInhibitor; Ga0Oaass;
GaOinhibitor; GaOtruncation; NBrasghi72

Rv3707c_P30M; MSMEG_2107

Rv3707c_P30M; MSMEG_2107

MAP4185; MAPInhibitor; Ga0aass;
GaOinhibitor; Ga0truncation; NBrasghi72

Rv3707c_P30M; MSMEG_2107



5.10 Protein purification by Immobilised Metal Affinity Chromatography

Following harvest, cell pellets were resuspended in lysis buffer (as outlined above) to a final
volume of 37 mL. DNAse A and lysozyme were then added to the cell suspension to a final
concentration of 20 pug/mL and 50 ug/mL, respectively. After incubation on ice for 30 min,
suspensions were lysed using either three passages through a French pressure cell, or by
sonication (30 sec on; 45 sec off; 10 cycles). Following lysis, lysates were clarified by
centrifugation at 40,000 x g. The resulting lysates were then loaded onto a column containing
metal affinity chromatography resin and flowthrough collected. Columns were then washed
with three column volumes (~ 60 mL) lysis buffer before elution using defined mixtures of the
above buffers. Collected fractions were then assessed for purity using SDS-PAGE. Protein-
containing fractions were pooled and dialysed against 3 L of storage buffer as above at 4 °C.
Following dialysis, proteins were concentrated using Pierce™ protein concentrators
(ThermoFisher Scientific). Proteins were then flash frozen in liquid nitrogen in aliquots for

later use.

5.11 Preparative size exclusion Chromatography

Following initial purification, size exclusion chromatography was carried out on crude protein
samples. Size exclusion was carried out on an Akta Pure 25 system using a Superdex 26/600
200 pg column at a flow rate of 3 mL/min. Prior to chromatographic separation, the column
was equilibrated with 1.5 column volumes of buffer. Fractions of 2 mL were collected using

a fraction collector and pure fractions determined by SDS-PAGE.
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5.12 Protein Crystallography

After polishing, fractions containing purified protein were pooled and concentrated to 10
mg/mL. The resultant protein solution was crystallised using sitting drop vapour diffusion.
Briefly 2 uL of the protein solution was mixed with 2 pL of the buffer to produce the mother
liquor. The tray was then allowed to equilibrate and upon successful crystallisation, the crystal
was transferred a buffer identical to the mother liquor but for the addition of 30% glycerol or

ethylene glycol.

5.13 X-ray diffraction data collection

5.13.1 Crystallography of Rv3707c

Rv3707c was concentrated to 7 mg/mL and loaded into a sitting drop crystallisation tray
(Clover) using JCSG-plus crystallisation screen (Molecular Dimensions) at a ratio of 2 uL
protein with 2 pL reservoir solution. Crystals were formed in a buffer containing 0.8 M succinic
acid (pH 7) over a period of 1 month. The crystals were cryoprotected in a solution of 0.8 M
succinic acid pH 7 with 30% glycerol and flash frozen in liquid nitrogen. X-ray diffraction data

were collected at beamline 104 of Diamond light source, Oxford.

5.13.2 Crystallography of N. brasiliensis GH172

Protein was concentrated to a 10 mg/ml before loading into a sitting drop vapour diffusion
tray (Clover) using the JCSG-plus crystallisation screen in a 4 uL drop containing a 1:1 mix of
protein solution and mother liquor. Crystals formed in a condition containing 0.1 M

Phosphate/citrate pH 4.2 40 % v/v PEG 300 in three days. Following crystallisation, crystals
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were cryoprotected using the above buffer supplemented with 30% ethylene glycol. X-ray

diffraction data were collected at beamline 104 of Diamond light source, Oxford.

5.13.3 Crystallography of MABGH1s3

Protein was concentrated to a 10 mg/ml before loading into a sitting drop vapour diffusion
tray (Clover) using the JCSG-plus crystallisation screen in a 4 uL drop containing a 1:1 mix of
protein solution and mother liquor. Crystals formed in a condition containing 0.15 M
Potassium bromide 30 % w/v PEG 2000 MME. Following crystallisation, crystals were
cryoprotected using a final concentration of 30% glycerol before collection of diffraction data

at beamline 104 of Diamond light source, Oxford.

5.13.4 Crystallography of MAPcomplex

Following analytical size exclusion chromatography on an AKTA Pure 25 system equipped with
a Sephacryl 26/600 200 pg column, fractions from the centre of the complex peak were
pooled and concentrated to 6 mg/ml and loaded into a sitting drop vapour diffusion tray
(Clover) using the BCS crystallisation screen in a 4 uL drop containing a 1:1 mix of protein
solution and mother liquor. Crystals formed in a buffer condition containing 0.05 M
Ammonium acetate, 0.15 M Magnesium sulphate heptahydrate, and 0.1 M HEPES 7.0; 12%
v/v PEG Smear Medium. Crystals were cryoprotected in a 70:30 mix of this buffer with
ethylene glycol before collection of diffraction data at beamline 104 of Diamond light source,

Oxford.
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5.13.5 Phasing and structural refinement

Data were auto-processed using Xia2 and general file manipulations were performed using
the CCP4 suite of programs (Winn et al., 2011). Data were phased by molecular replacement
using the Alphafold structural prediction of Rv3707c as a search model using PHASER (TFZ of
21.1) (Liebschner et al., 2019). The structure was then auto built in PHENIX with rounds of
refinement carried out by PHENIX-refine and manually in COOT (Emsley and Cowtan, 2004) .
Final models were then submitted to the PDB-REDO web server to carry out structural

adjustments to optimise for PDB deposition (Joosten et al., 2014).

5.14 Mycobacterium smegmatis cell wall preparation

Large scale purification of mycobacterial arabinogalactan was achieved by established
methodologies. Briefly, 8 L cultures of appropriate mycobacteria were grown to mid
logarithmic phase then pelleted and washed once in PBS. The resulting cell suspension was
lysed using an Emulsiflex. Following lysis, lysate was heated to 100 °C following the addition
of SDS to a final concentration of 1% and refluxed for one hour. The insoluble material was
then lyophilised and washed 10-15 times to remove SDS. Mycolic acids were subsequently
removed from the material by saponification using 1% potassium hydroxide in methanol at
37 °C for three days. Free fatty and mycolic acids were then washed by three washes with
diethyl ether. The phosphopdiester linker unit between PG and AG was then hydrolysed using
0.1 M H2S04 and heating the mixture to 95 °C. Following cooling, the mixture was neutralised
using anhydrous sodium carbonate. The free arabinogalactan was then isolated through
collection of the supernatant through centrifugation. The solution was desalted using 3.5 kDa
molecular weight cutoff dialysis tubing against 5 litres of deionised water overnight. The

arabinogalactan was then lyophilised and yielded around 22.5 mg/ litre of cells collected.
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5.15 Mycobacterial glycolipid extraction

Cultures of mycobacterial species were grown in appropriate media to an ODeggo of 0.5-0.8 and
harvested by centrifugation at 5000 x g. Cells were then washed 3x in sterile PBS
supplemented with 0.05% Tween-80 and sonicated using 5 min total process time consisting
of 30 s ON; 1 mins OFF. The lysate was then transferred to a Teflon-capped glass centrifuge
tube and incubated at 65 °C with an equal volume of 90% phenol (Merck) for 3 h, with the
mixture vortexed at hourly intervals. The suspension was then centrifugated at 3000 x g for
15 min and the aqueous upper layer was transferred to a fresh glass centrifuge tube and
phenol washes were repeated two further times. The purified glycolipids were then dialysed
exhaustively against tap water overnight and then into deionised water for 3 hours using 3.5
kDa molecular weight cutoff dialysis membrane (Servapor). The resulting glycolipids were

then frozen and lyophilised for 3 h.

5.16 Pseudomonas aeruginosa PA1596 pilin glycan preparation

Plates of LB agar were inoculated with liquid culture of Pseudomonas aeruginosa at an OD of
0.1-0.5. The plates were grown at 30 °C overnight. Plates were then scraped into 2 mL/plate
of ice-cold PBS containing COmplete protease inhibitor tablets (Roche) and 0.02% sodium
azide. The resulting suspension was transferred into 50 mL falcon tubes and vortexed at max
speed for 3 bursts of 1 min, cooling on ice between mixing. Cells were pelleted at 4000 x g
and then the supernatant transferred into Oak Ridge centrifuge tubes and insoluble debris
removed by centrifugation at 16,000 x g for 40 min at 4 °C. The clarified solution containing

sheared pili was filter sterilised and pilins were precipitated using 30% v/v acetone. The
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resultant cloudy suspension was centrifuged as previously, and pilins collected as a smudge
in the bottom of the tube. Pilin glycans were liberated by B-elimination using 1 M sodium
hydroxide at 37 °C overnight. Pilins were then isolated using porous graphitic carbon

chromatography as below.

5.17 Porous graphitic carbon chromatography

Hypercarb PGC columns (ThermoFisher Scientific) were washed in 50% tetrahydrofuran in
water followed by 80% acetonitrile in water, using a syringe and a vacuum manifold to
accelerate flow. The column was then exhaustively equilibrated using water (10 column
volumes minimum). Following equilibration, sample was loaded onto the equilibrated column
and flowthrough collected. The column was then washed using 5 column volumes water and

then sample eluted using 50% acetonitrile in water with 0.1% trifluoroacetic acid.

5.18 Polysaccharide enzymatic digestion assays

Purified protein solutions at a known concentration (1-5 uM) were incubated with substrates
at a final concentration of 1 mg/mL for a defined time at 37 °C. At the end of the assay, the
reaction was terminated either by addition of sodium hydroxide to a final concentration of 5

mM or by boiling for 10 min.

5.19 Thin layer chromatography of carbohydrates
For the analysis of reaction products 10 pL of sample was spotted 1 cm from the base of a
silica gel sheet60 Fas4 (Merck). The TLC was then developed twice in a system of 2:1:1 (butan-

1-ol: acetic acid: water). After drying, TLCs were stained with a solution of 500 mg 4-
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methylresorcinol dissolved in 100 mL 70% ethanol in water, acidified with 10 mL concentrated

sulfuric acid. TLCs were charred using a heat gun.

5.20 High performance anion chromatography with pulsed amperometric detection
(IC-PAD)

Oligosaccharides produced by enzymatic treatment of polysaccharide digestions were
analysed using an ICS-6000 ion chromatography system fitted with a CARBOPAC PA-300
analytical colum (Thermo Fisher Scientific). Oligosaccharides were detected using pulsed
amperometric detection using the standard Carbo Quad waveform. The following program
was used for the separation of oligosaccharides. 0-10 mins 100% Buffer A (100 mM NaOH)
followed by 60 minutes of a linear gradient increasing to 60% Buffer B (100 mM NaOH; 500
mM NaCOOH3s) 70-80 minutes was 100% Buffer B. the final 20 minutes of the prpgram, the
column was washed with 500 mM NaOH before a 10 minute recalibration into buffer A. L-
arabino-oligosaccharides (DP = 2-8) obtained commercially (Megazyme) were used as
standards at a concentration of 25 uM. Data were processed using
Chromeleon™ Chromatography Management System V.6.8. Final graphs were created using
GraphPad Prism 10.0.1

5.21 Isothermal titration calorimetry

Al ITC experiments were carried out on a Malvern Panalytical MicroCal PEAQ-ITC instrument.
The reference cell temperature was set to 25 °C with a reference power of 0.1 pcal/min and
a needle rotation of 250 RPM. Unless otherwise stated, concentration of protein in the

chamber was 20 uM and in the needle was 200 puM. Each experiment comprised 20x 10
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microlitre injections with a 1.5-min delay between injections carried out in technical triplicate.

All analysis was carried out on Malvern Panalytical ITC software.

5.22 Analytical size exclusion chromatography of protein complexes

Concentrations of protein solutions were assayed using the ThermoFisher Scientific BCA assay
following manufacturer’s instructions. Samples were then diluted to 150 uM and then mixed
1:1 with inhibitor proteins or buffer (25 mM HEPES; 400 mM NacCl), to a final concentration
of 75 uM. Samples were then injected using a 100 pL loop and subjected to size exclusion
chromatography using an Akta Pure 25 system equipped with a Superdex 75 increase 10/300
GL column (Cytiva), at a flow rate of 0.8 mL/min, equilibrated with with Storage Buffer 1.

Abs;go readings were taken at a rate of 5 Hz.

5.23 Nocardia species carbon source assay

Starter cultures of N. brasiliensis ATCC 19296, N. farcinica ATCC 3308, and N. asterioides ATCC
19247 were first grown in Brain-Heart Infusion Medium (Merck) supplemented with 0.05%
Tween-80. These were diluted into Sauton’s media supplemented with 1% glycerol and 0.05%
Tyloxapol and allowed to grow overnight to an ODego 0.6-0.8. Cultures were pelleted and
washed 3x in sterile PBS + 0.05 % tyloxapol and ODeoo measured. Cultures were then diluted
to an ODsgo of 0.05 in Sauton’s media containing no carbon source and 0.05% tyloxapol and
99 uL/well inoculated into a sterile 96 well plate, the wells had been primed with 1 plL of a
50% solution of appropriate carbon source. The plate was wrapped in parafilm and incubated
at 37 °C for 21 hours. At this point 30 pL of a 0.15 mg/mL solution of Resazurin in 0.05%

tyloxapol was added to each well and the plate was incubated for a further 3 hours at 37 °C.
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Absorbance was measured on a Clariostar plate reader (BMG Lab Tech). Data were plotted
using GraphPad Prism 10, each value is representative of 8 technical replicates, and each

experiment was carried out in biological duplicate.

5.24 Spot dilution assays
Mid to late log bacterial suspensions were prepared to an ODgsoo of 0.8 and then diluted serially
1in 10 in a sterile Greiner 96-well plate. Dilutions 3 to 9 were spotted onto 1.5% agar plates

supplemented with appropriate antibiotics and stressors and allowed to grow.

5.25 Proteomics

N. brasiliensis was grown to an ODesgo of 1 and then washed twice in PBS with 0.05% tyloxapol,
the bacteria were then disaggregated using a fine gauge needle and luer syringe and
sonication for 30 seconds. A suspension of washed bacteria was then prepared in 2x Sautons
media to an ODsgo of 0.1. This was then mixed 1:1 into filter sterilised stock solutions of carbon
source prepared in ddH,O (arabinogalactan 20 mg/mL; glucose 20 mg/mL; glycerol 1%) to
yield a bacterial suspension with an ODsgo of 0.05 and final concentrations of arabinogalactan,
glucose and glycerol of 10 mg/mL, 10 mg/mL, and 0.5%, respectively. These were then
incubated at 30 °C until late stationary phase. The bacteria were then pelleted by
centrifugation (30 °C; 4000 x g; 10 mins) and washed once in 500 pL of PBS. The bacteria were
then pelleted once again and resuspended in 600 uL 100 mM Tris-HCL and bead beaten twice
at a velocity of 6 m/s for 45 seconds, cooling on ice for 2 minutes between cycles. 500 ulL of
this lysate was transferred into a protein lobind tube (Eppendorf). SDS was added to this at a

final concentration of 4% in 720 pL and the samples were boiled with shaking for 20 minutes

57



to fully denature the proteins. The proteins were then transferred into 15 mL Falcon tubes
containing 80 puL 1 M NaCl, and proteins were precipitated by addition of 3.2 mL frozen
acetone and tubes were incubated for 2 days at -20 °C. Precipitated proteins were then
pelleted by centrifugation at 3 °C and were washed with ice cold acetone once. Following this

the proteins were dried using a Speedvac at room temperature.
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6 Recombinant expression and purification of endogenous GH183
enzymes from Mycobacteriales

6.1 Contribution statement
The pET28a-based constructs used in results section 5.3 were cloned by Abigail Layton.
Portions of this chapter have been published in a recent article from our laboratory (Al-

Jourani et al., 2023)

6.2 ldentification of putative GH183 enzymes within the genome of M. tuberculosis

After the successful identification of b-arabinan active glycoside hydrolases encoded in the
genome of Dysgonomonas gadei, we reasoned that it is likely that these genes may play
functions within the lifestyles of bacteria that possess arabinogalactan. To identify potential
homologues of HMPREF9455_02480 and HMPREF9455_02481, we carried out BLAST analysis
for homologs in mycobacteria. Later in the project, with the release of the Alphafold database
(AFDB) and FoldSeek, we revisited this analysis to confirm homologs were not missed in our
initial screen. Using the 3-dimensional structural prediction of HMPREF9455_02480 as a

search model, we restricted searches to M. tuberculosis H37Rv.
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Table 6. Table summarising the top 6 structural homologues of HMPREF8455_02480 encoded in the genome of
M. tuberculosis H37Rv. Structural homologues were identified using Foldseek using the Alphafold structural
prediction of HMPREF9455_02480 as the search model. Probability was calculated by FoldSeek using the
expected bit score of a coincidental match compared to the bit score distribution of the experimental
structure, as outlined in Van Kempen et al, 2023(van Kempen et al., 2023)

Target Description Prob. Seq.ld. E-Value Score Query Pos.

Rv1754c A Conserved protein 1 27.2 | 2.56E-28 996 | 15-374

Rv3707c | DUF4185 domain- 1 20.3 | 3.45E-15 511 | 47-370
containing protein

Rv1502 | Uncharacterized protein 1 11.5 | 2.04E-08 239 | 45-372
Rv1502

Rv3748 | Dioxygenase 1 9.8 | 2.40E-04 90 | 72-372

LppL Probable conserved 0.9 8.8 | 5.09E-03 67 | 15-370
lipoprotein

LppZ Probable conserved 0.9 10.8 | 6.63E-03 67 | 2-357
lipoprotein

As can be seen in Table 6, the genome of M. tuberculosis encodes 2 distinct structural
homologues of HMPREF9455_02480 with a probability of 1.00 and e values higher than 1e1°.
The accessions for these genes are Rv1754c and Rv3707c. Excitingly, both these proteins
contain the domain of unknown function 4185 (DUF4185), which is also found in D. gadei
homologues. Therefore, they are likely to encode gene products which catalyse similar
reactions. Lower confidence hits in the results encode proteins with five-bladed beta-
propeller structures, these are likely involved in synthesis, turnover, or binding of other
carbohydrate moieties found within mycobacteria. Rv1502 is one such example, whose M.
marinum homologue has been shown to catalyse the synthesis of lipooligosaccharide (Chen

et al., 2016). These were therefore not pursued in more depth.

A major benefit of this methodology over sequence identity methodologies such as BLAST is
that it identifies conserved protein structural motifs independent of their primary structure.

As can be seen in Figure 7c and d, whilst both the amino acid and nucleotide identity of all

60



proteins identified is low, the structural homologues identified by Foldseek possess a very
high degree of similarity in their tertiary structures, all possessing RMSD values lower than
1.2A. Therefore, we set out to biochemically characterise these mycobacterial homologues

to verify that they possess D-arabinanase activity.
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Rv1754c Rv3707c Rv1502
RMSD: 0.793 A RMSD: 1.168 A RMSD: 1.160 A

High confidence Low confidence
C. D.

Rv0782 Rv1502 Rv1754c Rv3435 Rv3707c Rv0782 Rvi502 Rv1754c Rv3435 Rv3707c
Rv0782 22,048 31778 20071 22373 RvO782 | 8289 10.165 7.820 5760
Rv1502 22.046 19.955 15697 21.586 Rv1502 8.289 6.958| 9135  5.155
Rvi754¢ 31.778 19.955 17.057 21.165 |Rvi754c| 10165  6.958 5793 10.968
Rv3435 20.071 15697 | 17.057 28.402 Rv3435 7820 9.135 5.793 4.928

Rv3707¢ 22373 21586 21.165 28.402 |[Bu3707c)| 5760 5.155| 10.968| 4.928

Figure 6. Comparison of outputs generated by bioinformatic searches for homologues of HMPREF9455_02480.
A. Side by side comparison of top hits generated by Foldseek structural homology search. RMSD have been
calculated using Chimera X matchmaker using Rv1754 as the reference scaffold. Values displayed are the paired
RMSD of the regions where the proteins align, not full length. B. Alphafold structural predictions coloured by
pLDDT (Jumper et al., 2021). C/D. Nucleotide and amino acid sequence identity comparison of selected hits.
Alignment grid produced using MUSCLE alignment. (Edgar, 2004).
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6.3 Recombinant expression of Rv3707c

A pET28a vector containing the C-terminal His-tagged annotated genomic locus of Rv3707c
(annotated amino acids 1-336) was generated using restriction-free cloning. Cell pellets
resulting from a 3-hour induction using 250 uM IPTG were first lysed by sonication in Buffer
1 supplemented with a COmplete protease inhibitor tablet (Roche). The fractions were
purified using an imidazole gradient generated by mixing of Buffers 1 and 2 in increasing
proportions on a gravity column containing a bed of Ni-NTA resin (Thermo Fisher Scientific).
The expected molecular weight of the protein was 36.482 kDa. The protein appeared to
express very poorly, as can be seen in Figure 8, with no protein being visibly over-expressed
in the whole cell lysate lane. As highlighted by the red box over the 100 and 250 mM Imidazole
elutions, there was a very small amount of protein of roughly 37 kDa eluting in these fractions.
Regardless, the protein was left to dialyse overnight against 3 litres of 25 mM Tris-HCI pH 8
with 400 mM NaCl at 4 °C, but the protein was insoluble and had precipitated. For the
purposes of structural biology and efficient biochemistry we wanted to increase the solubility
and therefore yield of the recombinant protein, therefore we set about identifying potential
truncations of the protein we could generate to produce protein with more favourable
characteristics. To ensure that the correct start site had been identified, we carried out

thorough bioinformatic analysis of the genetic locus to clarify its characteristics.

63



16 > =

<

6.5 B =

Figure 7. SDS-PAGE electrophoresis gel of a protein purification of Rv3707c expressed from a pET28a vector. Cell
pellets were harvested from one litre cultures induced overnight at 18 °C with 250 uM IPTG. Cells were lysed
using a French pressure cell for three passages before clarification of the lysate through centrifugation.
Processing of lysate was carried out on a drip column with Ni-NTA resin using Buffer 3, and an imidazole gradient
generated through mixture of increasing proportions of buffer 4 diluted into buffer 3.
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6.4 ldentification of full length Rv3707c

To exert D-arabinanase activity within the cell, we hypothesised that Rv3707c would require
a secretion signal to be exported into the periplasm where it can then catalyse the breakdown
of arabinogalactan. Based on the current annotation of the M. tuberculosis Rv3707c locus,
there was no canonical secretion signal encoded, despite experimental proof of its secretion
in vivo (Perkowski et al., 2017). Therefore, we searched for alternative start sites within the
region to find a correct start site. As shown in in Figure 9a, ORFinder identified multiple
different start sites within the region. Interestingly, upon closer analysis of the ORF outlined
in red in Figure 9a using Interproscan, the new ORF appeared to contain both a canonical SEC
signal peptide, as well as a proline-rich linker region between the signal peptide and the
DUF4185 region (Figure 9b) (Jones et al., 2014). This was further supported by SignalP 6.0
analysis of the sequence in Figure 9c (Teufel et al., 2022). We therefore hypothesised that the
protein we had previously cloned had a part of this proline-rich linker region which would
contribute to poor solubility due to translational stalling towards the start of translation
(Brewer and Wagner, 2022; Krafczyk et al., 2021). To further improve our purification efforts
we had the DUF4185 portion of Rv3707c codon-optimised for E. coli and synthesised in a

pCOLD backbone by Twist Biosciences, which we designated Rv3707as9(Sugiki et al., 2017).
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Figure 8. Bioinformatic analysis of the locus encoding Rv3707c. A. comparison of annotated ORF encoding
Rv3707c, with proposed different start site in orange. B. output resulting from InterproScan using the full-length
protein sequence from A, including signal peptide and linker region. C. SignalP-5.0 output for Rv3707c,

identifying it as a Sec signal peptide.
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6.5 Removal of proline-rich region does not stabilise Rv3707c in solution

Protein purification was attempted using cell pellets from 1 L cultures of BL21-DE3 E. coli
transformed with pCOLD-Rv3707case which had been induced overnight at 4 °C. This
construct was selected as it is reported to produce poorly folding proteins in good yield (Sugiki
et al., 2017). The pellets were lysed in Buffer 1 and then processed by IMAC on a gravity
column containing Ni-NTA resin, then eluted using imidazole gradient generated by mixing
buffers 1 and 2 together in increasing proportions. Figure 10 displays the SDS-PAGE gel
generated from the IMAC purification of Rv3707s9. The expected Mg of the truncated protein

was 34.188 kDa. Unfortunately, no soluble protein was produced.

Following discussions with Prof. Andrew Lovering, we hypothesised that the proline-rich
region of Rv3707c could be important structurally, as such regions can sometimes act as
‘zipper’ motifs which maintain structural integrity of proteins (Gachon et al., 2011). Therefore,
using TBLASTN against the Mycobrowser plus database, an alignment of the N terminal region
of Rv3707c and its homologues was generated. Despite the protein often being truncated, it
could be seen from Figure 10b that the prolines were deeply conserved, particularly prolines
52 and 59, both of which had been removed in the Rv3707cass construct. Due to the deep
structural conservation of these residues within the protein we reasoned that the protein
produced must be destabilised due to loss of this N-terminal proline-rich region that stabilises
the protein by some mechanism. We therefore had further codon-optimised pET28a plasmids
synthesised by Twist Biosciences, this time with 3 different start points, at M1, L13, and P30.
These three start points represent full-length, signal peptide truncation, and a small N-

terminal truncation, respectively.
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, Mycobacterium orygis 112400015 Mo_81, whole genome... nCEWV\:ﬁCSIWSFIVPDCVWYIRRG
, Mycobacterium szulgai strain DSM 441 66 contig_163, wh... (NN PNLORM N ARIAD PIVAPVPTAP | LIGPL AIZGQVILR | GPRIAGTGTIATIEDYG | GATD
, Mycobacterium tuberculosis H37Rv, complete genome IMRVie S ATAYR S LAV 1\YIZ0@YTNAADP PAPINPIHP | LIZPT ARGQVILR | GPRIAGTGTPTEDYG | GATD ]
, Mycobacterium bovis BCG Pasteur 1173P2, complete gen... MERYCSEWWVEESEVVS FIIVPEC VW YRR ABEEZZARR EINN PRV CERNN:IE: TING GG ITNDI
, Mycobacterium africanum GM041182 complete genome MR CEEWWVESEVVS FIIVPEIC VWY AR ABTEZZARR NN PRV CERNN:IE: TING GG AITNDI
, Mycobacterium canettii CIPT 140010059 complete genome MR REFAWVVIESEVVS FIIVPEIC VWY RRIZZNIAR [{PLAPGQVLR | GPRIAGTGTRTIEDYG | GATD |
, Mycobacterium bovis strain ATCC BAA-935, complete gen... NERY AW VIESHVVS FIVPEC VWY ARASITZNZARR EINI PRV TG oMl NbI
, Mycobacterium kansasii ATCC 12478, complete genome VIR SEFAWW V& SIVVS FIRVPEWFWVAHABTZZE Y [E £ RN PRI TN A oMl NbI
, Mycobacterium europaeum strain DSM 45397 contig_34, ... ARG LN LINSOIaIMANADPPAPIAPIEP | VIEPLAP GQVLR | GPIIAG TG TP T{EDYG | GATD ||
, Mycobacterium palustre strain DSM 44572 contig_137, w... SEA - - TEXESIL | ALMVPEIE | WARNGHAD PRABARE P | | /IO TGOl NDI
, Mycobacterium genavense ATCC 51234 T428DRAFT_scaff... S AN |[@ RN LA\ZOl ANADPPAPAPIEP | VIEPLAPGQVLR LGPRIAGTGTPTINDYG | GATD U

, Mycobacterium yongonense 05-1390, complete genome JLAZASN L PNZOWIRAARIAD P PAPTIPIEP I LIGPLAPGQVILR | GPRIAGTGTPTEDYG | GATD U
, Mycobacterium conspicuum strain DSM 44136 contig_32,... RV | TAARRFVFAACLINAPECF S VIAHABIZANGVECEINN PEIWA R[EOIVN:IIE: TING NN CONMITNDI
, Mycobacterium chimaera strain DSM 44623 chromosom... (L2 LENONIRVAAARADP PAPTAPIAP I LISPLAPGQVLR | GPIIAGTGTPTIEDYG | GATD Ul

, Mycobacterium intracellulare ATCC 13950, complete gen... [VAS LINAPEW F WARHESEIZNIARE PPLAPGQVLR IGPIIAGTGTPTEDYG | GATD U
, Mycobacterium interjectum strain DSM 44064 contig_39, ... RYSHE--TRVSEVVALIIVPEIC FWARHESTZZNZAR & RN CEW-IEoVN I TR GO NDBI
, Mycobacterium triplex WGS project CCAU000000000 dat... ~ EYSEEARFV-LPICLSLFVPEY | P SERAEZARARCEIR W CERNN:INE: TING TGN« bMcIdNnI
, Mycobacterium triplex strain DSM 44626, whole genome ... EYSEHEARFV-LPICLSLFVPEY | P SERADEZRARCEIR AW CERNN:INE: TING TGN« DNMcldgNnn

, Mycobacterium indicus pranii MTCC 9506, complete geno... (L2 LENLONIRVAAARIADP PAPTIPIAP I LISPLAPGQVLR | GPIIAGTGTRTIEDYG | GATD Ul
, Mycobacterium riyadhense strain DSM 45176 contig_114,... [GQVLR IGPRIAGTGTPTEDYG | GATD ]
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, Mycobacterium avium subsp. paratuberculosis strain DS... ARG LN N | PNCONIR P ANAD PPAPIEPIEP | VIEPL APGQVILR | GPRIAGTGTPTEDYG | GATD 1|
, Mycobacterium paraense strain IEC33 contig_44, whole g...  RYSEE - - T F SIIVAA FIEVPEIC FWP R ESTZNZ AR £ RN QWO 1N TR RGO I TNIBI
, Mycobacterium nebraskense strain DSM 44803 contig_10... 2RO LIV LENLONIRTINARIADPPAPEIPIEP | VIePLAPGQVILR | GPRIAGTGTPTIEDYG | GATD ||
, Mycobacterium florentinum strain DSM 44852 contig_6, ... FIRSLECWP LN@DIILLCL FVPECL S PERARIZRVECEIRY QLW Ie: TN NGNGB
, Mycobacterium bohemicum DSM 44277 genome assemb... QY LEV LV ARADPPAPLIPIEP VLISPLAP GQVLR | GRIIAGTGTPTIND YBIVGATD
, Mycobacterium leprae TN chromosome, complete genome JGQVLR IGPIAGTGTHTEDYG | GATD L}
, Mycobacterium marinum M, complete genome HAARZRCSLIRRVIEIOMYiIAKADPPAPEPIYP | LEZPLAP GQVILRMGPYIAGTGTRTIEDYG | GATD
, Mycobacterium liflandii 128FXT, complete genome S AIRYR A LIRS O MIARIADPPAPEPIIP I LIZPL AP GQVILRVGPIIAGTGTPTEDYG | GATD
, Mycobacterium xenopi RIVM700367 contig68, whole gen... ARG LYZNe L\OINS TN ANADPPAPYPIEP VLI PLAPGE VIR LGPIIAGTGTRTIHDYG | GATD LI
, Mycobacterium ulcerans Agy99, complete genome ESARYRASLINIIVIISQE I ATADPPAPEPAP | LIZPLAPGQVILRMGPIIAGTGTP (€D G| GATD ]
, Mycobacterium sherrisii strain ATCC BAA-832 contig_57, ... AAAAZ ORI ARIADPPAPIAPIEP | VIERIL AP GQVLR LGPRIAGTGTPTISDYG | GATD 4
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, Mycobacterium colombiense CECT 3035, complete genome [GQVLR IGPRIAGTGTRTEDYG | GATD ]
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, Mycobacterium gordonae strain DSM 44160 contig_187, ... |SARZRAWVAY el L INRORERNY ARADPPAPHPEPVILIEPLAP GQVLRMGPIAGTG TP TEAWYG | GATD ||
, Mycobacterium saskatchewanense strain DSM 44616 con... [GEVVR IGPIIAGTGTPTISDFNVGATD I}
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Figure 9. A. SDS-PAGE gel analysis of an attempt to purify Rv37074ss From cell pellets after cold shock induction
overnight, protein was purified in Buffer 3. B. MSA of the N terminal proline rich region using BLAST against the
Mycobrowser Plus database, figure generated using Geneious. Proline region highly conserved.
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6.6 Rv3707c can be produced recombinantly using a 30 amino acid N-terminal
truncation
An aspect of protein purification that we had not yet optimised in purification of Rv3707¢c was
buffering conditions. As shown in Figure 11a, we carried out protein solubility trials from 10
mL cell culture pellets lysed in Tris-HCI (pH 8.0) with 300 mM NacCl as well as the supplements
below. Rv3707c_M1 has an expected Mg of 38.058 kDa, and as shown it is expressed
reasonably well during induction. However, the intact Sec secretion signal means that the
protein is likely being exported from the cell and is therefore not present in the lysate samples
due to pelleting of the cells and subsequent removal of the protein-containing supernatant.
Rv3707c_L13M appears to not be as well expressed as M1 version, with no notable band in
the post induction lane. However, a notable band of protein can be observed in the post-
induction sample of the P30M construct. This is of the correct molecular weight and is not
present in the pre-induction sample, meaning its presence is likely due to induction and not
another cellular process. Additionally, the presence of 5% glycerol in the lysis buffer appears
to efficiently solubilise the protein with a significant proportion of it in the glycerol lane, whilst

the other buffer components do not as efficiently extract the protein into the soluble fraction.

To optimise induction conditions, we also carried out a trial expression using autoinduction
media. The lysates were this time prepared in Tris-HCI (pH 8.0) with 300 mM NaCl and 5%
glycerol. All sugar mixtures appeared to produce the protein in good yield, and therefore we

proceeded to purify Rv3707c using BL21-DE3 cells transformed with pET28a_Rv3707¢_P30M.
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Figure 10. Induction trials of RV3707¢_M1, Rv3707c_L13M, and Rv3707c_P30M. A. SDS-PAGE analysis of trial
induction of protein expression from T7 Shuffle E. coli transformed with respective pET28a construct and
induced overnight at 18 °C overnight with 250 uM IPTG. B. SDS-PAGE analysis of an induction trial using
autoinduction media from BL21-DE3 cells transformed with respective plasmids A-E refers to different sugar
solutions used for autoinduction.
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6.7 Large-scale production of Rv3707c_P30M

Following the successful expression of the 30 amino acid truncation of Rv3707c_P30M in
small-scale cultures, we grew one litre cultures of the protein using similar conditions. Figure
12 summarises SDS-PAGE analysis of fractions obtained following IMAC. After lysis and IMAC
in the optimised buffer we analysed yield and found that the protein expressed with
reasonable yield. However, the protein bound poorly, with a significant amount of protein in
the flowthrough and wash fractions. Additionally, most of the protein eluted in the 50 mM
imidazole fraction and was therefore extensively contaminated with non-target proteins.
Therefore, we pooled the 100- and 250 mM fractions (purity of 51 and 75%, respectively) and
dialysed them overnight. Unfortunately, the protein was not soluble for long periods of time,
we therefore supplemented all buffers with 2 mM 3-mercaptoethanol and 50 mM L-arginine
and L-glutamic acid, to produce Buffers 3 and 4. These buffer components were chosen due
to the presence of an unpaired cysteine in RV3707c_P30M, which likely needed to be reduced
to carry out its function. Additionally, L-arginine and L-glutamic acid have been reported to
stabilise proteins in solution (Shukla and Trout, 2011). The inclusion of these components
allowed the protein to be stably purified without precipitation during overnight dialysis.

Protein aliquots were then flash frozen in liquid nitrogen and then stored at -80 °C until use.
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Figure 11. SDS-PAGE analysis of fractions resulting from IMAC purification of Rv3707_P30M from 1 litre cultures.
Lysate was prepared by three passages through a French Pressure cell before centrifugation and fractionation
by IMAC on nickel resin. Protein elutes reasonably cleanly in 100 and 250mM fractions, shown using the red
indicator.
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6.8 Identification of MSMEG_2107

Attempts to purify Rv1754c from any construct were unsuccessful. Therefore, we sought
homologues in other mycobacteria which may have better solubility. In Figure 13a, the very
long disordered N-terminal loop domain can be seen looping around the predicted structure.
This is common to all homologues of Rv1754c we could identify. Initial attempts at purifying
the protein made use of a construct without the N-terminal domain of the H37Rv homologue,
but seemingly the N-terminal domain plays a structural role, but its presence during
recombinant expression caused irreversible association with the membrane (data not
shown). Therefore, we ordered a synthetic pET28a plasmid containing MSMEG_2107
excluding it’s signal peptide (amino acids 28-441), as the 2107 N-terminal disordered domain
was shortest of any mycobacterial species and would likely be most favourable in protein

purification.
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Figure 12. Structural and sequence comparison of Rv1754c and MSMEG_2107. A. Side-by-side comparison of
the Alphafold structural predictions of Rv1754c and MSMEG_2107, coloured by secondary structure (blue=
strand; pink= helix; grey= coil) RMSD calculated using Chimera X MatchMaker and RMSD calculated based on
paired atoms.
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6.9 Recombinant expression and purification of MSMEG_2107

Following induction, MSMEG_2107 was purified using IMAC and then SEC to further purify
the protein. The predicted Mg of the expressed protein was 49 kDa and the protein was
expressed well upon induction, as shown in the band in the post-induction lane in Figure 14a.
As seen in Rv3707c_P30M, the protein was poorly retained by the nickel resin, with equal
amounts of the target protein seen in the lysate and flowthrough, this significantly decreased
yield. Relatively clean protein (purity of 47.7%) was obtained in 50-500 mM imidazole
elutions. However, a double band was observed for the target protein, which may be due to
a disulfide bridge in the protein not being completely reduced during sample preparation. To
obtain protein of a higher purity, the dialysed protein containing fractions were concentrated
and polished using SEC. Protein containing peaks were analysed for purity by a second SDS-
PAGE as shown in Figure 14b. The protein obtained was more than 95% pure but was
contaminated with a very small amount of a protein of roughly 20 kDa, which was likely
dimerising in solution to cause it to co-elute with the 39 kDA target protein. Despite this, the

protein was frozen and stored for biochemical analysis later.
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Figure 13. Purification of MSMEG_2107. A. IMAC of MSMEG_2107 following autoinduction. Protein purified in
buffer 3. B. SDS-PAGE analysis of flowthrough from size exclusion chromatography of MSMEG_2107
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6.10 Rv3707c_P30M is hydrolytic against D-arabinan-containing polysaccharides

Rv3707c_P30M was incubated with lipoarabinomannan and arabinogalactan purified from
M. smegmatis overnight. Reaction products were visualised using orcinol stained TLCs and
comparied to commercially available L-arabinofuranose oligosaccharide standards. As shown
in Figure 15, activity overall was weak, but notable activity was observed against LAM.
Rv3707c produced two distinct groups of oligomers either 3 or 4 units in length (Rf of 0.6 and
0.53, respectively). Against arabinogalactan, activity was not readily discernible. However,
oligosaccharides could be observed in the region of 6 and greater monosaccharides in length
in both the enzyme treated and substrate only controls. We hypothesised that these
contaminating oligomers are likely the products of the endogenous DUF4185 enzymes found
within M. smegmatis. Therefore, these products likely co-migrate with reaction products
from the recombinant enzymes. To remove this contaminating substrate, we used porous
graphitic carbon solid phase extraction (PGC-SPE) to bind small oligosaccharides, whilst likely
not retaining the larger, highly branched whole arabinogalactan molecules, improving our

ability to discern reaction products of Rv3707¢c more easily.
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Figure 14. Thin layer chromatogam (TLC) analysis of Rv3707c_P30M (5uM) overnight digestion products using
arabinogalactan purified from M. smegmatis (1 mg/ml) as a substrate. Following hydrolysis, reaction mixtures were
separated using a system of 2:1:1 butan-1-ol:acetic acid:water
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6.11 PGC-SPE allows removal of endogenous arabinanase reaction products

Porous graphitic carbon is a reversed phase chromatography substrate which specifically
binds phenolic and cyclic solutes, including mutarotationally fixed monosaccharides, such as
those in oligosaccharides and glycosides through n-bonding. A 1 g bed weight column was
used to remove endogenous oligosaccharides from our arabinogalactan preparations. Figure
16a summarises TLC analysis of fractions produced from the PGC-SPE clean-up of
arabinogalactan, the flowthrough to 1:16 fractions, as well as the 1:1 elution have a circular
mark at the indentation which was concluded to be whole arabinogalactan. These fractions
were pooled and dried using a speed-vac. In elutions 1:4 and 1:2, a smear of undefined length
high-order oligosaccharides elute from the cartridge. However, elution of the native DUF4185
products from the cartridge required the addition of 0.01 % trifluoracetic acid as a counterion

to cause elution, meaning the oligosaccharides were strongly retained by the matrix.

Use of PGC cleaned arabinogalactan in a hydrolysis assay where the pH was varied through
use of phosphate/citrate buffers shows that the endogenous oligosaccharides were no longer
present in the substrate, allowing clear visualisation of two groups of oligosaccharides
produced from arabinogalactan during a one-hour digest in the presence of exogenous
Rv3707c_P30M in Figure 16b. The arabinan species produced by Rv3707c migrate similarly to
the 6-8mer L-arabinose standards, with a similar retention to the endogenous Dp-arabinan
oligosaccharides found in arabinogalactan preparations from M. smegmatis. This supports
the designation of these enzymes as endogenous arabinan hydrolases from the
Mycobacteriales. These data also indicate that the pH optimum of the enzyme is in the region
of 7-9, with enzyme activity completely lost at pH 5 and below, likely due to protonation of

the catalytic carboxylic acid side chains.
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Figure 15. PGC-SPE of endogenous arabinanase oligosaccharides contaminating AG preparations. Following
loading of crude AG sample onto a PGC column, the column was washed with dilutions of butan-1-ol in water,
tlc analysis of resulting fractions. B. Use of PGC-SPE AG (1 mg/ml) using Rv3707c (5 uM) following overnight
digestion allows visualisation of reaction products due to removal of endogenous arabinan oligosaccharides.
Analysis by TLC.
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6.12 Optimisation of PGC-SPE to allow IC-PAD analysis of reaction products

lon chromatography with pulsed amperometric detection (IC-PAD) allows for the
exceptionally detailed analysis of sugars and other negatively charged analytes. However,
prior to analysis of the reaction products of enzymes prepared in Buffer 3, the amino acid
contamination needed to be removed, as arginine and glutamic acid are both charged and
easily reduced, meaning they would overload the PAD detector. To remove amino acid
contamination from the reaction mixtures, PGC-SPE was once again used. Mock reactions
mixtures were produced by mixing 10 pL of 1 mM L-arabinose standards with 90 pL of Buffer
3. This mixture was then loaded into a 50 mg bed-weight PGC-SPE cartridge. The cartridge
was washed with 5 mL water and then oligos were eluted with 80% acetonitrile in water.
Resulting fractions were then analysed in 2:1:1 butan-1-ol: acetic acid: water and TLC were
stained with either ninhydrin for amino acids or orcinol for carbohydrates. As shown in Figure
17, the amino acids were poorly retained by the stationary phase and eluted in the
flowthrough or wash fractions, a very small amount of one of the amino acids remained, but
the overall quantity of amino acids was orders of magnitude higher in these samples
compared to enzyme reactions using 5 M enzyme. In Figure 17, we can see that most oligos
in the samples were very well retained, eluting in 80% acetonitrile. Some of the
oligosaccharides were not retained by the cartridge, but this may be non-specific staining of
the amino acids eluting in the wash fraction. This methodology could therefore be used for

reaction clean-up before IC-PAD analysis of the reaction products.
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Figure 16. Trial solid phase extraction 1 mM L-arabinose oligosaccharides in protein purification buffer 3.
Following elution with 80% acetonitrile in water with 0.01% trifluoroacetic acid, fractions were developed teice
using thin layer chromatography in a system of 2:1:1 butan-1-ol:acetic acid:water. Oligosaccharides were well
retained by the matrix whilst contaminating amio acids were efficiently washed from the sample.
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6.13 MSMEG_2107 possesses a restricted substrate preference compared to Rv3707c

Overnight reactions using purified enzymes against LAM and AG from M. smegmatis were
solid phase extracted as previously described and resulting oligosaccharides were
resuspended in 100 pL water prior to analysis using IC-PAD. Figure 18a is a chromatogram of
reaction products liberated from LAM by each enzyme. MSMEG_2107 is highly active on the
substrate, producing short oligosaccharides eluting with a similar retention time to L-
arabinose oligosaccharides 2-3 monosaccharides in length. In contrast, Rv3707c is active,
albeit weakly against LAM, producing a small amount of oligosaccharide between 3 and 4
monosaccharides in length.

The chromatogram shown in Figure 18b summarises activity against arabinogalactan. In this
case, MSMEG_2107 possesses no visible activity against AG, with no difference between the
native oligosaccharides present and the enzyme treated sample. Rv3707c is once again
weakly hydrolytic against the substrate, but this time producing oligosaccharides with a chain
length of 6. Based on present knowledge of the structures of the arabinan domains of AG and
LAM, they are highly structurally similar, but these data suggest that the domains differ
significantly in structure due to the differences in product profiles produced by each enzyme.
In addition, the two proteins appear to possess different substrate preferences, with
MSMEG_2107 highly active against LAM and Rv3707c weakly active on both. Though these

low activities may be due to lower solubility of Rv3707c in the assay conditions.
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Figure 17. IC-PAD analysis of PGC-SPE cleaned hydrolysis reactions. Stadards are linear a-1,5 oligos of L-arabinose
of defined length. Reactions were carried out overnight. A. Analysis of reaction products resulting from
treatment of LAM (1 mg/ml) with MSMEG_2107 (5 uM) and Rv3707c (5 uM). B. Analysis of reaction products

resulting from treatment of AG (1 mg/ml) with MSMEG_2107 (5 uM) and Rv3707c (5 uM).
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6.14 Rv3707c is a five-bladed beta propeller glycoside hydrolase

Following successful purification of recombinant Rv3707c, attempts to crystallise the proteins
were made to provide structural data on this new family of glycoside hydrolases. Small
crystals were obtained from the JCSG-plus screen (Molecular Dimensions) in a condition
containing 0.8 M Succinic acid pH 8 after roughly two months. The crystal structure of
Rv3707c_P30M was determined at a resolution of 2.4 A in the apo form using the Alphafold
structural prediction (average pLDDT= 96.5) as a search model. The protein crystallised
coordinating a succinic acid molecule from the crystallisation condition. As shown in Figure
19D, the crystalline lattice contained large amounts of water, causing the region where N and
C termini meet to have a significant amount of mobility within the asymmetric unit, causing
B-factor to increase in this region, as shown in Figure 19c. The protein also possesses a high
degree of flexibility in residues 1-10, which we hypothesise may allow conformational change
to occur during substrate binding, thus allowing Rv3707c to accommodate the branched

arabinan domains of arabinogalactan and LAM.

The Five-bladed beta-propeller structure of Rv3707c is shown in Figure 19a. Also depicted is
the N-terminal proline-rich region which contributes the final strand of the 5% beta sheet
blade of the propeller, thus explaining its essentiality for protein solubility, and why
expression of a truncated version of the protein lacking the N-terminal 59 amino acids was
insoluble. The five-bladed beta propeller structure is notably deformed in the region of amino

acids 108-159, highlighted in light green in figures 19C and 19D.
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Table 7. Refinement statistics for Rv3707c

Wavelength
Resolution range
Space group
Unit cell
Total reflections
Unique reflections
Completeness (%)
Wilson B-factor
CC12(%)
Reflections used in refinement
Reflections used for R-free
R-work
R-free
Number of non-hydrogen atoms
macromolecules
ligands
solvent
Protein residues
RMS(bonds)
RMS(angles)

Ramachandran favored (%)

Rv3707c

0.9795

43.5-2.41 (2.497 -2.41)
R32:H

145.674 145.674 92.6806 90 90 120
153262

14695 (1458)

99.88 (99.73)

47.35

1.0 (0.382)

14680 (1454)

714 (67)

0.2046 (0.2942)

0.2495 (0.3172)

2417

2295

16

106

297

0.024

1.95

95.47
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Ramachandran allowed (%) 3.48

Ramachandran outliers (%) 1.05
Rotamer outliers (%) 4.45
Clashscore 11.93
Average B-factor 53.92
macromolecules 54.34
ligands 53.57
solvent 44.85
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Figure 18. Analysis of the crystal structure of Rv3707c A. top view of the protein, colo chchred by secondary
structure progression (blue= N-terminus; Red= C-terminus) B. degenerate blade of propeller highlighted in
green. C. structure colourd by b factor, which is roughly uniform but for a highly mobile loop containing an alpha
helix in the left of the diagram (Blue = 26.14 A, White= 74.255 A2, Red= 122.37 A%) D. Water content of the

asymmetric unit.
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6.15 Structural comparison of Rv3707c reveals a conserved active site across DUF4185
enzymes
Superpositioning of the experimental and Alphafold-predicted structures of Rv3707c using
MatchMaker in ChimeraX achieved an RMSD of 0.832 A, with variance mostly driven by
absence of coils found in the Alphafold model (Meng et al., 2023). Given that the structures
recapitulated each other well, we carried out BLAST analysis within ChimeraX using the
Alphafold structural model to search against the Uniprotl00 database, aligning 150
sequences. Using the resulting alignment, we coloured the ribbon representation by
conservation with red indicating a high level of conservation, as shown in Figure 20a. Figure
20b is a visualisation of this colour scheme mapped onto the protein surface, highlighting a

highly conserved cleft within the protein which could accommodate a glycan molecule.

During our work, another group reported the structure of a distantly related enzyme
(Shimokawa et al., 2023b). Including this enzyme in our analysis allowed for improved analysis
of our structure. Overlaying the experimental, Alphafold, and a ligand-bound structure of a
homolog from Microbacterium arabinogalactanolyticum (PDB ID= 8IC1) allowed visualisation
of a highly conserved active site architecture. The M. arabinogalactanolyticum active site is
shown in Figure 20c. To generate a Michaelis complex, the authors mutagenized aspartic acid
51 to asparagine, therefore removing the catalytic acid/base for the enzyme and rendering
the enzyme inactive. The distance between the catalytic residues in the M.
arabinogalactanolyticum structure is 6.31 A, whilst the Asp33 nucleophile is positioned 2.87
A from the anomeric carbon of the +1 p-arabinofuranose. Therefore, the Asp33 residue is
posed to carry out nucleophilic attack, initiating hydrolysis of the bond. The distance between

the two catalytic residues makes it difficult to deduce the mechanism by which catalysis is
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carried out. 5.5 A implies a retaining mechanism, whereas a distance of 6-11 A implies an
inverting mechanism. Due to the clear structural variability of these enzymes, as well as
flexibility in the enzyme, the specific mechanism of catalysis is unclear and further

experimentation is required.

Figure 20c shows the active site from the experimental structure of Rv3707c. Whilst Asp33 is
in the same location, the coordinating tyrosine and catalytic base Asp aren’t located
anywhere near the active site. This therefore indicates that the experimental structure has
likely crystallised in an enzymatically inactive conformation. However, this could be indicative
of adaptive conformational change in response to substrate binding. But without a ligand

form of Rv3707c, this is difficult to prove.
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Figure 19. In depth structural analysis of Rv3707c compared to other DUF4185 enzymes. A. structure of Rv3707c coloured
by sequence conservation (Maroon= highly conserved, Cyan= poorly conserved) using a multi-sequence alignment resulting
from BLAST against the Unireff100 database. N-terminus coloured in Blue, C terminus coloured in red due to poor
conservation. B. surface analysis of the protein sequence conservation identified highly conserved cleft on surface of the
protein. C. Overlay of active sites from DUF4815 enzymes (orange= 8IC1, Blue= Rv3707c experimental), Residue numbers
are green where residues from each structure are colocalised in each structure, and red for those that are not.
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6.16 Structural analysis successfully identifies catalytic residues in Rv3707c

Following comparative structural analysis, putative active site residues were mutagenized to
alanine using the Q5 DNA polymerase site-directed mutagenesis protocol. Residues targeted
were Asp39 Asp59, and Asp86. Following IMAC purification summarised in Figure 21, using
Ni-NTA resin in Buffer 3, the purified proteins were used in hydrolysis reactions of LAM. The
wildtype enzyme, as expected, produced oligomers. However, the D86A mutant remained
catalytically active, showing that the residue is not involved in catalysis, whereas the D39A
and D56A mutants, whilst not being fully catalytically null were notably less active, with none
of the same products produced as in WT Rv3707c. We therefore propose that D39 is the

nucleophile and D56 acts as the catalytic acid/base, these data are summarised in Figure 22.
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Figure 20. SDS-PAGE analysis of fractions resulting from IMAC of site-directed mutants of Rv3707¢c-P30M in putative
catalytic residues. Pellets were lysed in Buffer 3 using sonication and then processed on a gravity column using NI-NTA
resin
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Figure 21. Thin layer chromatographic analysis of reaction products resulting from the overnight hydrolysis of LAM purified from
M. smegmatis (1mg/ml) in an in vitro reaction against catalytic mutants of Rv3707c (5uM). TLCs were developed twice in a system
of 2:1:1 butan-1-ol: acetic acid: water.
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6.17 Discussion

In this chapter, we have purified, characterised, and structurally analysed two members of
the DUF4185 family. The enzymes presented have endo a-1,5-D-arabinofuranosidase activity.
This activity has been known to exist within the field of mycobacteriology for more than 30
years, both within mycobacteria (Xin et al., 1999), and within saprophytic organisms that
likely coexist with environmental Mycobacteriales, such as Cellulomonas spp. (Chatterjee et
al., 1993). Further reinforcing this is that there are multiple DUF4185 homologs encoded in
the genomes of Cellulomonas spp. Purified lysates of these species have been used as a source
of nonspecific endo-D-arabinanase activity for many years (Chatterjee et al., 1993). We have
proposed that the family DUF4185 is reannotated as GH183, and this has been updated in the
CAZY database (Henrissat, 1991). The biological functions of these GHs within the lifestyles of

mycobacteria remain elusive.

Whilst homologues of these enzymes from gut-resident bacteria were relatively easily
purified by our collaborators at Newcastle University, the mycobacterial homologues were
challenging to work with (Al-Jourani et al., 2022). The proteins required complex buffering
conditions, and extensive construct design consideration. Additionally, we have developed
methodologies to characterise the enzyme activity of the endogenous GH183 enzymes in vitro
using PGC-SPE. We believe that PGC is underutilised as a stationary phase in the analysis of
carbohydrates, and that it has proven to be instrumental in the analysis of the presented
work. Finally, until recently, we were the first group to crystallise and solve the structure of
any GH183 enzyme. However, during the preparation of this thesis, Fujita and colleagues
produced high quality apo- and ligand structures of GH183 paralogs found in Microbacterium

arabinogalactanolyticum. This structure proved instrumental in understanding the dataset
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we produced of Rv3707c, allowing us to better parse the structure we had produced.
Biochemical characterisation of the two enzymes indicates that they possess differing
substrate preferences, with Rv3707c-like enzymes seemingly possessing hydrolytic activity
against both AG and LAM, whilst Rv1754c-like enzymes are restricted to LAM. We therefore
propose that enzymes with homology to Rv3707c be annotated as AraH1, and Rv1754c
homologs as AraH2. Further work must be carried out to determine the mechanism by which

this substrate preference is determined.

The mAGP complex presents a unique engineering challenge to the bacteria that possess it in
coordinating cell growth, due to the fact the entire ultrastructure is covalently bound-
therefore meaning the division of the cell wall must differ from the elongasome and divisome
organisation found in bacteria possessing lateral growth (Escherichia coli, Bacillus subtilis) (de
Pedro et al., 1997; Spratt, 1975). This has been a well-established fact for many years, with
Mycobacteriales growing in a polar manner. Present understanding of cell division in bacteria
requires the presence of autolysins, enzymes which cleave cell wall components to release
daughter cells. To date, autolysins active on arabinan have not been identified. We therefore
propose that these enzymes may play a significant role in the division of mycobacteria and

may constitute another part of the divisome.

There has been a recent research interest in the mycobacterial divisome. In two studies using
co-immunoprecipitation of Rv0954 and LamA in mycobacteria both proteins have been
shown to participate in the mycobacterial divisome, but like many proteins involved in cell
division in other organisms, their deletion leads to a subtle phenotype, leading to uniform
polar growth instead of polar growth with more active growth localised at the old pole (Rego
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et al., 2017; Wang and Ehrt, 2021). An immediate avenue of work will be to conduct co-
immunoprecipitation of tagged AraH1/2 to identify interaction partners and regulators using
the pRIBO plasmid series (Ahamed et al., 2022). We can be confident that these genes play
important roles in the lifestyle of pathogenic organisms due to the fact they have appeared

in multiple high throughput screens of mycobacteria as described below.

The Mpycobacterium bovis BCG homologue of Rv3707c was identified in a transposon
sequencing of macrophage infections as insertion mutants of this gene could no longer
control phagosome maturation (Stewart et al., 2005). Additionally, knockout of Rv1754c
caused a significant defect in pathogenicity in mice infection models (Perkowski et al., 2017).
Furthermore, the amoeba predator Mycobacterium llaterenze significantly upregulates
expression of its Rv3707c homolog during infection of Acanthamoeba castellanii when it is
resisting phagocytosis (Delafont et al., 2017). We therefore hypothesise that Rv3707c
improves fitness of a pathogen by three possible mechanisms. The first is that the enzyme
reaction products have a conserved binding partner in eukaryotes, whose interaction causes
immunosuppression by some unknown mechanism. Arabinogalactan-binding lectins such as
Galectin-9 have been associated with disease progression in M. tuberculosis (Wu et al., 2021).
However, in the a more recent paper, Galectin-9 signalling results in worse disease outcomes,
complicating Galectin-9’s involvement in tuberculosis disease progression (Morrison et al.,
2023). Recently published work in a triple galectin (galectins 3, 8, and 9) knockout mouse
model shows that none of these are required for the acute suppression of M. tuberculosis,

but are less able to contain the bacteria in granuloma (Morrison et al., 2023).
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Alternatively, mycobacteria must undergo significant cell wall remodelling during the
transition from extra- to intracellular, and AraH enzymes may enable this. Finally, the AraH
enzymes could play a role in the extrusion of secretion systems used in delivering
pathogenicity factors such as ESAT-6 and PE-PPE proteins into the host and causing illness.
However, to better dissect these hypotheses, microbiological work must be carried out on

gene knockout strains of these organisms, which is a next avenue of work for the project.
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7 Biochemical characterisation of a putative arabinogalactan
pathway in Nocardia

7.1 Contribution statement

The protein biochemistry sections of this chapter involving the FGGY kinases and isomerases
were carried out in collaboration with MSci student, Amar Gudka, whom | supervised. | also
thank Dr. Hannah Doherty for producing diagrams of the proteomics data presented. The
expression construct for catalytically null NBrasghi72 was produced using Q5 SDM by Dr.

Jennifer Ross at the University of Newcastle.

7.2 Introduction

7.2.1 Central carbon metabolism in CMNR group bacteria

Central carbon metabolism is a fundamental cellular process responsible for the generation
of intracellular energy sources such as ATP. The pathway comprises of glycolysis, the pentose
phosphate pathway, the citric acid cycle, glyoxylate shunt, and gluconeogenesis (Sassetti and
Rubin, 2003; Li et al., 2019). Pathogenic mycobacteria require a highly adaptive CCM to enable
survival in restrictive host environments such as the phagolysosome, whilst also needing to
grow in competitive environments such as soil, bodies of water, and the lung microbiome.
Selection in biologically diverse communities often favours generalist bacteria able to utilise
a wide variety of carbohydrate sources (BriliGté et al., 2019). Therefore, extensive work has
been carried out to characterise the exceptional capability of mycobacteria to switch their
preferred carbon source throughout infection (Gouzy et al., 2021; Nandakumar et al., 2014;
Baughn et al., 2009; Tian et al., 2005). An early study from the Youmans laboratory showed

that only 3 carbon sources could support the growth of M. tuberculosis in laboratory media.
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These were glucose, glycerol and maltose (a-1,4-glucobiose) (Youmans and Youmans, 1953).
Recent studies by Gouzy and colleagues have shown that carbohydrate utilisation in M.
tuberculosis is pH-dependent, with glycerol preferred at neutral pH, whilst host-derived long
chain fatty acids such as oleic and arachidonic acid support growth of M. tuberculosis at pH
as low as 4.5 (Gouzy et al., 2021). This ability is unique amongst intracellular pathogens, and

likely amongst bacteria.

Another question remains over how CMNR organisms balance demand for ribose
pyrophosphate (PRPP) between purine, histidine, and p-arabinose synthesis. Additionally, a
pathway allowing recycling of D-arabinose into DNA and other cellular currencies could be
advantageous for slowly replicating intracellular populations of pathogenic CMNR group
bacteria, where carbon can be a growth limiting nutrient due to the exclusion of
phagocytosed pathogens from the rest of the cell through membrane partitioning. However,
no evidence in the literature exists for such a pathway, but our discovery of arabinan active

glycoside hydrolases is a pivotal first step in uncovering such a mechanism.

7.2.2 Pentose Phosphate Pathway

The pentose phosphate pathway is ultimately responsible for the conversion of non-typical
sugars into glucose for glycolysis. The pathway is deeply conserved across all kingdoms of life,
and it consists of two arms, the oxidative and the nonoxidative. The oxidative arm is
responsible for producing ribose-5-phosphate (R5P), a precursor for many fatty acids,
nucleotides and other critical molecules in mycobacteria, such as p-arabinan (Gouzy et al.,

2021). Whilst the nonoxidative arm produces NADPH, which is the principle cofactor
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responsible for the reduction of biomolecules within the cell (Hostetler and Landau, 1967;

Zhong et al., 2019).
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Figure 22. Schematic of the pentose phosphate pathway, this diagram highlights the central role of the ketopentoses ribulose
and xylulose as transition states between inputs and outputs, and ultimately are what allow for the conversion of glucose to
ribose-5-phosphate for DNA synthesis, cell wall metabolism and glycolysis in mycobacteria. Figure adapted from TeSlaa et

al., 2023.
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The two arms of the pentose phosphate pathway are summarised in Figure 23. As can be
seen, glucose-6-phosphate is redirected from glycolysis into 6-phosphogluconolactone by
glucose-6-phosphate dehydrogenase to liberate a proton which can be used to reduce one
NADP molecule to NADPH. This is then further processed to 6-phosphogluconate and then
dehydrogenated once further to ribulose-5-phosphate (Ru5P), liberating a further proton to
produce another NADPH molecule. This Ru5P is then processed in the nonoxidative arm of
the pentose phosphate pathway into R5P. In mycobacteria, the fate of this molecule can
either be in nucleotide synthesis or in the eventual synthesis of D-arabinan through the
phosphoribosylpyrophosphate  synthase  PrsA  producing 5-phospho-a-D-ribose-1-

diphosphate (PRPP)(Breda et al., 2012).

Due to the intensive study of central carbon metabolism across organisms in the last 60 years,
the biochemical steps governing synthesis of PRPP is well known, which have been recently
reviewed by TeSlaa and colleagues (TeSlaa et al., 2023). Nevertheless, given that we have
shown that mycobacteria and other related organisms readily turn-over their AG, we
wondered if AG-derived D-arabinose could be directly recycled in any Mycobacteriales

species.
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7.3 Results

7.3.1 lIdentification of homologs of HMPREF9455 02467 in Nocardia species

As described earlier, there are three DUF2961-containing proteins encoded in D. gadei PUL42
(Al-Jourani et al., 2023). In the previous chapter we characterised endo-acting homologues of
the GH183 enzymes within the same PUL. To use complex carbohydrates as a carbon source,
the bacteria require exo-acting enzymes like the GH172 family, to catalyse the complete
depolymerisation of oligosaccharides. We therefore hypothesised that the presence of
GH172 family enzymes in a Mycobacteriales species could be a marker of D-arabinose
recycling.

We wanted to see if the GH172 enzymes were distributed similarly to the GH183 family and
so we carried out BLAST analysis against the Refseqg-protein database using BlastP, restricting
search results to the order Mycobacteriales (Taxonomic ID: 85007). When compared to the
distribution of GH183 enzymes, DUF2961 encoding genes appear to be found in a different
set of organisms, with none being found in M. tuberculosis complex, or other common model
mycobacteria, including M. smegmatis. Instead, they are concentrated in Nocardia, Gordonia,
and Rhodococcus and environmental or non-human pathogenic species of Mycobacterium,
as can be seen in Tables 8-10. These bacteria are widespread in the environment, suggesting
that DUF2961 enzymes play a different function in comparison to mycobacterial GH183
enzymes. To further verify this, we carried out syntenic analysis of the DUF2961 protein-
containing locus in Nocardia brasiliensis (Uniprot accession= 031_017420). This bacterium
was selected due to its clinical relevance as a rare but severe pathogen of the central nervous
system. In addition to this, SignalP 6.0 analysis indicated that this protein does not possess a
signal peptide, and therefore is likely cytosolic (Teufel et al., 2022). This localisation is

consistent with selfish-mechanisms of carbohydrate breakdown, exo-acting GHs typically act
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as the final degradative step within the cytosol or periplasm to release monosaccharides for

use in central carbon metabolism (Cuskin et al., 2015).
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Table 8. Top 30 hits resulting from BLAST analysis using HMPFREF9455_02467 against the REFSEQ-protein database.
Taxonomy was restricted to Mycobacteriales (TaxID: 85007). All proteins were annotated as DUF2961-containing proteins
so protein ID column has been removed

02467-Descriptions

Scientific Name Max Score Total Score Query Cover E value Per.ident Acc.Len Accession

Fodinicola feengrottensis 406 406 97% 3E-139 55.41 362 WP 163567793.1
Fodinicola acaciae 405 405 96% 1E-138 54.79 357 | WP_246281905.1
Fodinicola acaciae 389 389 97%  2E-132 52.16 362 | WP_163509140.1
Mycobacterium heckeshornense 348 348 95% 1E-116 50.41 357 WP 048892883.1
Mycobacterium heckeshornense 346 346 95% 1E-115 50.14 357 WP 203800010.1
Mycobacterium xenopi 346 346 95% 1E-115 49.03 353 | WP_003919415.1
Mycobacterium xenopi 344 344 95% 5E-115 48.48 353 WP_085195037.1
Nocardia 341 341 90%  5E-114 48.39 335 | WP_063026085.1
Nocardia sp. BSTNO1 339 339 90%  2E-113 48.68 335 | WP_194808931.1
Antrihabitans stalactiti 337 337 90% | 1E-112 48.24 338 | WP_169592358.1
Mycobacterium talmoniae 336 336 95% | 7E-112 49.03 356 WP 071028892.1
Nocardia sp. MDA0666 335 335 90% 7E-112 48.25 335 WP _106953469.1
Nocardia kruczakiae 333 333 90% | 4E-111 47.51 335 | WP_310398417.1
Nocardia nova 333 333 90% | 5E-111 48.10 335 WP 104377283.1
Nocardia tenerifensis 333 333 90% | 7E-111 49.12 339 WP 040741814.1
Nocardia cerradoensis 333 333 90%  1E-110 47.51 335 WP 039784108.1
Nocardia cerradoensis 333 333 90%  1E-110 47.51 335 | WP 094024998.1
Nocardia veterana 332 332 90%  2E-110 47.51 335 | WP_040717842.1
Nocardia violaceofusca 331 331 90%  6E-110 47.66 335 | WP_063063036.1
Nocardia africana 330 330 90%  8E-110 47.21 335 | WP_062967632.1
Nocardia aobensis 330 330 90% 9E-110 47.66 335 | WP_036502673.1
Nocardia kruczakiae 330 330 90% | 9E-110 46.92 335 | WP _063008563.1
Nocardia bhagyanarayanae 330 330 90% 1E-109 47.51 338 WP _185757181.1
Nocardia spumae 330 330 90% 1E-109 48.68 335 | WP_227983593.1
Nocardia vermiculata 329 329 90%  2E-109 47.09 338 | WP_067880654.1
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Table 9. Top 30 hits resulting from BLAST analysis using HMPFREF9455_02471 against the REFSEQ-protein database.
Taxonomy was restricted to Mycobacteriales (TaxID: 85007)

02471-Descriptions

Scientific Name Max Score Total Score Query Cover E value Per.ident Acc.Len Accession

Gordonia rhizosphera 158 158 75% = 1E-38 26.65 677 WP _040530813.1
Nocardia takedensis 139 139 76% | T7E-32 25.93 1021 | WP_040713023.1
Fodinicola acaciae 139 139 76% @ 8E-32 25.54 1074 WP 246281702.1
Fodinicola acaciae 131 131 72% | 4E-29 26.11 1097 | WP_163506300.1
Nocardia albiluteola 122 122 73% | 2E-26 23.98 690 WP_245400914.1
Mycobacterium colombiense 119 119 70% | 1E-25 25.21 680 WP 065027544.1
Mycolicibacterium vulneris 118 118 70% | 4E-25 25.21 680 WP _085292570.1
Mycobacterium colombiense 117 117 70% | 4E-25 25.98 680 WP 044487753.1
Nocardia vaccinii 114 114 72% | 3E-24 25.44 525 WP 084525821.1
Mycobacterium mantenii 115 115 70% | 4E-24 25.83 680 WP 067910335.1
Mycobacterium colombiense 114 114 70% | 4E-24 25.77 680 WP 248607048.1
Mycobacterium colombiense 114 114 70% @ 6E-24 25.82 670 WP_040630722.1
Nocardia sp. CS682 112 112 72% | TE-24 26.08 520 WP 240772408.1
Mycobacterium colombiense 114 114 71%  8E-24 26.07 680 WP_076102655.1
Nocardia miyunensis 112 112 2% 1E-23 25.45 525 WP 084532308.1
Nocardia sp. NRRL S-836 113 113 70% | 1E-23 26.78 1085 | WP _063798867.1
Mycobacterium sp. 1465703.0 112 112 70%  2E-23 24.79 680 WP_066989618.1
Mycobacterium malmoense 112 112 76%  3E-23 24.52 676 WP 065443052.1
Mycobacterium malmoense 112 112 76% @ 3E-23 24.52 653 WP_255309351.1
Mycobacterium malmoense 111 111 76%  3E-23 24.52 598 WP 065495265.1
Mycobacterium parascrofulaceum 111 111 74% | 3E-23 23.53 653 WP _244268820.1
Mycobacterium colombiense 112 112 70% @ 3E-23 26.03 680 WP 076055814.1
Mycobacterium fragae 111 111 72% | 4E-23 25.65 679 WP 085199937.1
Mycobacterium mantenii 111 111 70% = 5E-23 26.13 680 WP _067834322.1

Table 10. Top 30 hits resulting from BLAST analysis using HMPFREF9455_02479 against the REFSEQ-protein database.
Taxonomy was restricted to Mycobacteriales (TaxID: 85007)

02479-Descriptions

Scientific Name Max Score Total Score Query Cover E value Per.ident Acc.Len Accession

Mycobacterium sp. KBS0706 221 221 89%  3E-66 36.08 391 | WP_138890758.1
Rhodococcus sp. D2-41 218 218 87%  2E-65 39.09 360 | WP_277831809.1
Fodinicola acaciae 153 153 78%  1E-40 32.81 362 | WP_163509140.1
Fodinicola feengrottensis 147 147 77%  2E-38 32.80 362 | WP_163567793.1
Nocardia brasiliensis 135 135 76%  5E-34 29.08 342 | WP_174817079.1
Fodinicola acaciae 135 135 79%  5E-34 31.03 357 | WP_246281905.1
Nocardia anaemiae 135 135 85%  6E-34 29.95 343 | WP _062985556.1
Nocardia vaccinii 134 134 76%  1E-33 29.45 344 | WP _067890850.1
Nocardia bhagyanarayanae 134 134 75%  2E-33 29.28 338 WP 185757181.1
Nocardia amikacinitolerans 133 133 75%  2E-33 28.95 338 WP 253809698.1
Nocardia coffeae 133 133 76%  3E-33 29.77 343 | WP 235747360.1
Nocardia ninae 133 133 81% 3E-33 29.06 341 WP _147140347.1
Nocardia blacklockiae 133 133 76%  3E-33 29.87 346 | WP_195099557.1
Nocardia suismassiliense 132 132 81%  4E-33 28.77 341 | WP_107656310.1
Nocardia amikacinitolerans 132 132 75%  4E-33 29.04 338 | WP_253798129.1
Nocardia beijingensis 132 132 81%  4E-33 29.34 329 | WP _228828270.1
Nocardia vinacea 132 132 85%  5E-33 29.48 343 | WP _040701404.1
Nocardia miyunensis 132 132 75%  6E-33 30.49 343 | WP _067665207.1
Nocardia acididurans 132 132 75%  8E-33 32.46 335 | WP 232852094.1
Nocardia macrotermitis 131 131 76%  1E-32 30.55 343 | WP 153411466.1
Nocardia amikacinitolerans 131 131 75% 1E-32 28.62 338 WP 245909808.1
Nocardia araoensis 131 131 81% 1E-32 29.01 336 WP _051020692.1
Nocardia amikacinitolerans 131 131 75%  2E-32 28.62 338 WP 253781653.1
Nocardia sp. CS682 130 130 75% | 2E-32 29.80 341 | WP_135236999.1
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7.3.2 Syntenic analysis of the N. brasiliensis DUF2961 locus suggests a route for D-arabinan
recycling.
To understand if the N. brasiliensis genes were organised into a common syntenic locus, the
amino acid sequence of 031_017420 was submitted to the WebFLAGS server (Saha et al.,
2021). The result of this search is summarised in Figure 24, demonstrating strong synteny
across Nocardia species. The black triangle in the middle is O31_017420 from N. brasiliensis,
which is common to all loci. Towards the bottom of the data is the operon for N. brasiliensis,
which contains genes (left to right) 4, 1, 3, 8 and 7. WebFLAGS annotates gene 6 as a
pseudogene, but manual analysis indicates that the coding sequence possesses a start and
stop codon, therefore this annotation is possibly incorrect. Full protein information for each

protein and its corresponding number is summarised in Table 11.

Common to all the loci is the presence of at least one copy of an FGGY kinase. These are a
large family of carbohydrate active kinases active on ketopentoses such as ribulose and
xylulose, especially enriched in the pentose phosphate pathway (Saha et al., 2021). However,
most species (79%) possess two FGGY kinases in the locus. Additionally, the N. brasiliensis
operon possesses hypothetical protein 3, which is common to a bottom cluster of species
highlighted in the red box. Finally, N. brasiliensis also includes genes 7 and 8, which encode a
putative maleylpyruvate isomerase and an amidohydrolase family protein respectively. Gene
6 encodes a putative thioredoxin. Given the importance of xylulose and ribulose kinases in
metabolism through the pentose phosphate pathway we speculated whether the DUF2961

enzyme could then work with the encoded kinases.
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WP_063037610.1#19|Nocardia pseudovaccinii NBRC 100343
WP_040701404.1#15|Nocardia vinacea NBRC 16497
WP_062985556.1#18|Nocardia anaemiae NBRC 100462
WP_036502673.1#30|Nocardia aobensis NBRC 100429
WP_063026085.1#25|Nocardia nova
WP_063008563.1#29|Nocardia kruczakiae NBRC 101016
WP_068021221.1#23|Nocardia mexicana NBRC 108244
WP_067665207.1#26|Nocardia miyunensis NBRC 108239
WP_051192837.1#24|Nocardia jiangxiensis NBRC 101359
WP_067890850.1#27|Nocardia vaccinii NBRC 15922
WP_067848900.1#14|Nocardia lijiangensis NBRC 108240
WP_185757181.1#12|Nocardia bhagyanarayanae
WP_067472317.1#11|Nocardia amamiensis NBRC 102102
WP_040777824.1#13|Nocardia pneumoniae NBRC 100136
WP_051020692.1+#8|Nocardia araoensis NBRC 100135
WP_051168764.1#20|Nocardia abscessus NBRC 100374
WP_051046468.1#22|Nocardia asiatica NBRC 100129
WP_069167738.1#21|Nocardia altamirensis NBRC 108246
WP_150407132.1#16|Nocardia colli
WP_040741814.1#5|Nocardia tenerifensis
WP_014984300.1#1|Nocardia brasiliensis
WP_147140347.1#4|Nocardia ninae NBRC 108245
WP_107656310.1#3|Nocardia suismassiliense
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Figure 23. WebFLAGS analysis using 031_017420 as a search model. The left panel is a maximum likelihood phylogeny with
genetic distances based on local gene neighbourhood highlighted on each branch of the tree, scale is shown in the bottom
left. On the right is a schematic of the gene content of each locus including directionality of genes relative to the search
model, with numbered annotations in Table 8 below. Highlighted by the red box is the cluster containing N. brasiliensis.
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Table 11. Gene products labelled from Figure 23

Number Gene product Number Gene product

1 FGGY Kinase 13 DinB protein

2 L-fucose isomerase 14 Hypothetical protein

3 Hypothetical protein 15 LuxR C- transcriptional regulator
4 GH32/43 16 MFS transporter

5 Zn-dependent alcohol dehydrogenase 17 carbohydrate kinase

6 Thioredoxin 18 NAD(P)-dependent oxidoreductase
7 maleylpyruvate isomerase 19 N-acetyltransferase

8 amidohydrolase family protein 20 hypothetical protein

9 helix-turn-helix transcriptional regulator 21 o/ hydrolase

10 Ecrecl’i;(;c:rn—helix domain-containing 22 a/B hydrolase

11 hypothetical protein 23 GH25 lysozyme
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7.3.3  Purification of DUF2961-containing protein O31_017420 from N. brasiliensis

Due to the prior difficulty we experienced expressing protein recombinantly from high-GC
genomic DNA, we had the full-length O31_017420 synthesised into a pET28a plasmid, which
was transformed into T7 Shuffle Express cells (Lobstein et al., 2012). Cell pellets obtained

following induction were lysed by three passages through a French pressure cell before IMAC.

Fortunately, upon induction, a notable band appeared with a molecular weight slightly below
the 37 kDa standard (expected M,= 38.984 kDa), as shown in Figure 25. The protein bound to
IMAC resin with high affinity, with none eluting in the wash fraction. The protein was then
eluted with an imidazole gradient, with a large amounts of protein eluting at 80%
homogeneity in the 100-, 250-, and 500 mM fractions based on ratiometric analysis using
Image Lab. The protein was then further purified using size exclusion chromatography. As
shown in the chromatogram and gel in Figure 26, the protein eluted earlier than expected
based on its predicted molecular weight, indicating it was multimerising. It eluted at 148 mL
with a purity greater than 95%, which based on comparison to known standards is consistent
with a molecular weight of approximately 120 kDa. This molecular weight is consistent with
the protein being trimeric in nature. This hypothesis was supported with SEC-light scattering

by our collaborators (data published in Al-Jourani et al., 2023).
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Figure 24. SDS-PAGE analysis following IMAC purification of 031_017420 from T7 SHuffle pellets harvested from overnight
1L cultures induced with 250 uM IPTG. Cells were lysed by sonication and then processed on a gravity column using Ni-NTA
resin. Protein was purified in a buffer containing 25 mM HEPES pH 8 containing 400 mM NaCl.

111



, 4 — Standards
O 2 ANRA — Nocardia

” 1 Thyroglobulin

2 Ferritin

3 Catalase(158 kDa)
4 y-globulin

5 Aldolase
6 Ovalbumin

Absorbance

6

Figure 25. Size exclusion chromatography of 03I_017420 protein elutes just after the catalase standard which has a
molecular weight of 158 kDa, indicating its biological assembly is slightly smaller than that, confirming a multimeric assembly
in solution. SDS-PAGE analysis of the major peak indicate protein is a monomer around 37 kDa in mass. Analysis of band
intensity in ImageLab (Biorad) indicated that the protein was approximately 95% pure.
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7.3.4 NBrascghi72 is an a-1,5 exo-D-arabinofuranosidase

After successful purification of the 031 017420 gene product, we hypothesised that the
protein may be an exo-bD-arabinofuranosidase, as other DUF2961 family members purified by
colleagues had been shown to possess this activity. Therefore, we carried out an in vitro
analysis of reaction products formed from M. smegmatis arabinogalactan in the presence of

031_017420.

As shown in Figure 27, the protein rapidly produces a species which migrates with a retention
factor of 0.68, which is consistent with being D-arabinose, in a time-dependent manner. This
supports our hypothesis that the protein is an exo-acting b-arabinofuranosidase. Despite the
qualitative nature of TLC analysis, we can see that the product is present after 30 min but
does not appear to change in quantity after 90 min. The p-arabinose present in the reaction
versus the analytical standard appears to migrate slightly differently, this is due to different
concentrations of phosphate buffer in the reaction conditions causing retardation in the

reaction samples.

Due to the varied nature of D-arabinose linkages present in the whole arabinogalactan, use of
it as a substrate did not allow us to define the linkage specificity of the enzyme. We
hypothesised that the protein would likely cleave a-1,5 linkages between arabinose
monomers, given that is the dominant linkage in arabinogalactan. We therefore used the pilin
glycans purified from Pseudomonas aeruginosa PA7, which are linear chains of a-1,5-D-
arabinofuranose (Kus et al., 2008). As shown in Figure 27b, the enzyme liberates D-
arabinofuranose from the glycan, therefore confirming that the enzyme is an a-1,5 exo-D-

arabinofuranosidase.
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At the time of the work, this specificity of any DUF2961 enzyme had not yet been published.
However, during our work a paper was published on a DUF2961 protein from Bifidobacterium
dentium (Kashima et al., 2021). This publication established DUF2961s as the CAZy family
GH172. Therefore, for the remainder of this thesis, 031_017420 will be referred to as

NBrasgH172.
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Figure 26. TLC analysis of Products formed by 031_017420. A. Time course of an in vitro hydrolysis reaction using 5mM
purified enzyme with 1 mg/ml M. smegmatis arabinogalactan. B. In vitro hydrolysis reaction using 5mM purified enzyme
against 1 mg/ml PA7 pilin glycans. TLC has been cropped from a larger TLC for ease of understanding.
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7.3.5 NBrascnhi72 is a retaining glycoside hydrolase.

Methanolysis is a method for experimentally verifying whether a glycoside hydrolase is
retaining or inverting. It involves carrying out an in vitro hydrolysis reaction in the presence
of 10% methanol within the reaction mixture. A retaining glycoside hydrolase typically
requires a water molecule to resolve the oxazolinium intermediate produced in the first
inversion step of retaining catalysis. In 10% methanol, a proportion of product will thereby be

methylated due to replacement of this water by a methanol in the active site.

Figure 28 summarises TLC analysis of the reaction products produced from PA7 pilins by
NBrasgni72. As can be observed in the methyl-pD-arabinose standard, methylation causes a
decrease in polarity, thereby reducing retention factor and causing the product to migrate
higher on the TLC. In the absence of methanol, NBrascni72 produces only D-arabinose, but
with the inclusion of methanol, a second species, migrating with a similar retention factor
(0.85) to the methyl-p-arabinose standard (0.9) is observed, this subtle difference is likely due
to the calculation of retention factors between TLCs. This therefore supports the designation
of NBrasgn172 as a retaining glycoside hydrolase which proceeds through a covalent enzyme-

substrate complex.
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Figure 27. TLC analysis of methanolysis assay using Nbrasgn172 (5tM) and PA7 pilin glycans (1 mg/ml). TLC has been cropped
from a larger, single TLC for illustrative purposes. TLC has been developed twice in 2:1:1 butan-1-ol:acetic acid: water and

visualised using orcinol.
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7.3.6  NBrasgHi72 is trimeric

Given the trimerisation of NBrasgn172, we sought to structurally characterise the protein using
X-ray crystallography. We generated highly purified protein by SEC in Buffer B and crystallised
it using sitting drop vapour diffusion. The JCSG-plus screen was used as a sparse matrix
crystallisation screen and combined 1:1 with protein solution at 10 mg/mL. After
approximately 4 days, large crystals were observed in a condition containing 0.1 M
phosphate/citrate pH 4.2 with 40% PEG-2000 MME. These crystals were then cryoprotected
using the above buffer supplemented with 30% ethylene glycol as a cryoprotectant and flash
frozen in liquid nitrogen. Datasets were then collected on Beamline 104 at the Diamond light

source.

The crystals diffracted to a resolution of 1.54 A and the structure was solved by molecular
replacement using the structure of a hypothetical protein crystalised by the Joint Center for
Structural Genomics from Bacteroides uniformis (PDB ID: 4KQ7) as a search model. The
asymmetric unit contained a trimeric structure possessing C3 group symmetry. Superposition
of each monomer onto the others revealed no significant structural deviations with an RMSD
of 0.2 for each pair, as shown in Figure 29a. This supports the observation from size exclusion

chromatography that the biological assembly is likely trimeric.

The monomers are composed of two B-jelly fold motifs, which is common to all DUF2961
family proteins, which can be seen in Figures 29b and c. Use of Foldseek against the PDB100
database provided low confidence hits (E-value greater than or equal to 9.98e-5) against
several phage capsid proteins, as shown in Table 13. This indicates a potential evolutionary
ancestor, which was recently reported by Krupovic and colleagues(Krupovic et al., 2022). This
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fold is unusual and so far has only been observed in DUF2961 proteins and these phage capsid

assemblies.

Using the BLAST tool in ChimeraX, we analysed the sequence of NBrasgHi72 against the
Uniprot100 database and then used the resulting sequence logo to colour by sequence
conservation. This analysis indicates there are multiple regions of high conservation in the
protein (maroon regions on protein surface in Figure 29d). We hypothesised that these

regions are involved in catalysis and multimerisation of the protein.
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Table 12. Collection and refinement statistics for ngrasgH172-

Wavelength

Resolution range

Space group

Unit cell

Total reflections

Unique reflections

Multiplicity

Completeness (%)

Mean I/sigma(l)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

Reflections used in refinement

Reflections used for R-free

R-work

R-free

Number of non-hydrogen atoms
macromolecules

ligands

Nocardia brasiliensis GH172

0.9794

59.39 - 1.54 (1.56 - 1.54)
P1211

69.19 115.94 69.29 90 91.72 90
1318184 (55926)
160730 (5278)
6.8 (5.8)

99.93 (99.77)
15.5( 0.6)

28.61

0.039

0.042

0.016

1(0.4)

160730 (5278)
7676 (285)
0.1837 (0.4144)
0.2058 (0.4159)
8259

7848

18

120



solvent
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor

macromolecules

ligands

solvent

Statistics for the highest-resolution shell are shown in parentheses.
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393

998

0.006

0.85

95.33

4.36

0.30

0.76

3.80

4410

44.00

41.21

46.19



,,” )~ N ","‘/w,

V‘”‘%“s(»
y ﬁ’_,}%@@w

redaxs

\‘:05‘ i/
“(‘lljﬂ_i)
U

{

Figure 28. Structural analysis of NBrasgni72. A. Top view of the trimeric biological assembly of NBrasgh172, with each protomer coloured in a
different colour. B and C. monomeric form of NBrasgn172, highlighting the double {3-jelly roll fold of the monomer, C has been rotated
horizontally and vertically by 180 degrees. D. protein surface coloured by sequence conservation based on an alignment produced from
BLAST search against the UniRef100 database. Maroon= conserved Cyan= nonconserved
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Table 13. Hits arising from Foldseek analysis of the solved crystal structure of NBrasgni72. RMSD calculated in ChimeraX using
MatchMaker with NBrasgni7, as reference. Note that for many of the below structures, RMSD was calculated from as few as
18 paired atom pairs

Description Probability Sequence ID (%) E-value Pruned

RMSD (A)
2wf F Crystal structure of the major 1 9.6 9.98E-05 0.914
capsid protein P2  from
Bacteriophage PM2

6qg5u_G High resolution electron cryo- 1 104 7.83E-06 1.2
microscopy structure of the
bacteriophage PR772

8a01_C Bacteriophage phiCjT23 major 1 9.9 6.06E-05 0.7
capsid protein trimer type 1

1w8x_F Structural analysis of PRD1 1 104 3.49E-05 1.2
60j0_2Z Cryo-EM  reconstruction  of 1 9.7 3.64E-03 1.191
Sulfolobus polyhedral virus 1
(SPV1)
8h2i_bC Near-atomic structure of five-fold 0.91 9.1 3.85E-03 0.89

averaged PBCV-1 capsid
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https://www.rcsb.org/pdb/explore.do?structureId=2vvf

7.3.7 Multimerisation state of GH17, differs across family members

The B. dentium homolog found in the paper published during thesis preparation,
AOA6L9SN29_9BIFI, which we will refer to as BDENGH172 (PDB: 7V1W) for the remainder of the
chapter. Figure 30 summarises the structural comparison of the B. dentium homolog to the
experimental structure we obtained of NBrasghi72. As shown in Figure 29a, the two proteins
possess the core double B-jelly roll motif which typifies DUF2961 proteins. The proteins are
highly structurally similar, with an RMSD for paired atoms of 0.8 A. However, BDENgH172 has
a C-terminal extension which forms an extended alpha helix, shown in in figures 30b and c,
consisting of amino acids 396-449. Through these alpha helices, the BDENgH172 forms a dimer

of trimers, whereas NBrasgH172 forms one trimer due to the lack of this encapsulating a-helix.
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A. BDEN hexamer NBRAS trimer

GH172 GH172

B. BDENGH172 monomer NBRASGHmmonomer

C.BDEN monomer BDEN hexamer

GH172 GH172

Figure 29. Structural comparison of BDengni7> (PDB ID: 71VW) with NBrasghi72. A. multimeric assembly of each protein
coloured by secondary structure (Blue= sheet; pink= helix; grey= coil). Monomeric forms of each protein coloured as in A. C.
Highlighting of encapsulating helices causing associating of two trimers.
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7.3.8 Active site architecture of NBRASgh172

GH172 enzymes are highly unusual as the active site is found at the interface between two
protomers, with residues from both contributing to active site architecture. As stated above,
it has been hypothesised that these proteins are ancestrally related to phage capsids, perhaps
explaining this unusual architecture (Krupovic et al., 2022). NBrascgni72 crystallised with a
molecule of glycerol and five water molecules in each active site, as shown in Figure 31a. In
contrast, BDengh172 was crystallised as a product complex, therefore the active site contains
a D-arabinose molecule as well as three water molecules and a calcium ion. As shown in Figure
31c, this calcium ion was absent in the structure of NBraschi72, instead K72 from the adjacent
protomer replaces the positive charge provided by the ion, thus stabilising two adjacent water
molecules which likely play a role in H-bonding and stabilising the substrate within the active
site. Y183 from Chain B of NBrasgH172 also protrudes into the active site, perpendicular to the
two hydrogens from the C2 of glycerol, likely producing mt-stacking interactions and stabilising
the substrate during binding and catalysis, as well as engaging the protomer face to stabilise

the protein ultrastructure.

Identification of the catalytic residues of the enzymes is difficult due to the presence of 3
carboxylate side chains in appropriate poses for catalysis within the active site. In NBrasgh172,
the likely residues are Glu245, Glu267, and Asp268. Their counterparts in BDenghi72 are
Glu270, Glu291, and Asp292 with E270 and E292 having been confirmed as catalytic. To better
understand the catalytic mechanism of NBrasgn1i72, we drew insight from BDengH172. As shown
in Figure 31b, E270 and E291 are positioned 6.191 A from each other, perpendicular to the
C1 hydroxyl of p-arabinose which is the linkage they would be breaking in nature. Additionally,
replacement of these two residues by Koshani and colleagues in BDengh172 abolished catalytic
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activity of that enzyme. Informed by knowledge of the structural features of NBrasghi72, we
hypothesised that the conserved glutamic acid residues within the active site were involved
in the hydrolysis of the glycosidic linkage within the substrate. To test this hypothesis, we
carried out Michaelis-Menten kinetic analysis of the WT enzyme and compared it to the

putative catalytic-null mutant E245A.
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Figure 30. Superpositioning of the BDengn172 With Nbrasghi7, carried out using Matchmaker in ChimeraX reveals conserved
active site architecture (Meng et al., 2023). Active site site of NBrasgni72 (A.). BDengui72 (B.) C. Superposition of BDengni72
(blue) with NBrasgi172 (pink) (RMSD for paired atoms = 0.234).

128



7.3.9 Michaelis-Menten kinetics of NBrasgni72

Michaelis-Menten analysis was carried out using a D-arabinofuranose glycoside, which is
conjugated to 4- methylumbelliferone (4-MU) at the 1’ position with an alpha linkage, thereby
allowing it to act as a substrate analogue. This was synthesised in the laboratory of Prof.
Spencer Williams. This fluorogenic substrate enabled facile kinetic analysis of the protein.
These data are summarised in Figure 32, with the turnover rate at each substrate
concentration summarised in section A, whilst the velocity plot is in Figure 32b. Section C
summarises the Michaelis-Menten parameters for the two protein forms. Replacement of the
putative catalytic residue, E245, with alanine interestingly does not completely abolish
catalytic activity, instead reducing Vmax approximately 10-fold. Additionally, loss of E245
decreases the Km, from 0.88 mM to 0.56 mM, possibly through the loss of a negative charge

in the active site allowing the slightly acidic sugar into the active site more easily.

Loss of catalytic efficiency can also be observed in the reduction of Kcat, decreasing Kcat from
9.987 slin the WT to 1.239 st in the putative catalytically null protein. However, replacement
of E245 does not completely abolish activity, which may be due to the presence of the

proximal aspartate residue E245 to facilitate suboptimal catalysis.
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Figure 31. Michaelis-Menten kinetic analysis of NBrasg172 using 4-methylumbelliferone-p-arabinofuranoside as a substrate.
Methylumbelliferone was used at a maximum concentration of 5 mM, and NBrasgn172 at a fixed concentration of 10 nM.
Error bars calculated but are smaller than symbols denoting sample reference. Variance plotted in C as the 95% confidence
interval.
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7.3.10 Nocardia species are capable of growth on arabinogalactan as the sole carbon source

Given the robust data indicating that N. brasiliensis encodes at least one gene capable of
returning arabinan into D-arabinose, we hypothesised that Nocardia species might be able to
grow on arabinogalactan as a sole-carbon source. To verify this, we carried out a survival assay
of representative Nocardia species against a panel of carbon sources, including
arabinogalactan purified from M. smegmatis. As can be seen in Figure 33, sole carbon source
assays in Nocardia were limited by two significant challenges. First, the minimal media we use
for mycobacterial growth sustained growth of Nocardia in the absence of additional carbon.
Secondly, the filamentous bacteria were difficult to disaggregate, especially N. asteroides,
causing inoculation discrepancies in the data. With this in mind, we designed our assays to
provide end-point data based on cellular respiration using resazurin, which is significantly
more robust than optical density measurements (Chen et al., 2018). Consequently, sufficient

dynamic range and repeatability exists for us to analyse statistical significance.

Nocardia farcinica was able to demonstrate growth above background on glycerol and
arabinogalactan, whilst N. brasiliensis seemed to grow, albeit weakly in some cases, using all
carbon sources. Finally, N. asteroides displayed the most robust carbon utilisation capability,
growing significantly above background in all conditions. Importantly, significant utilisation
of arabinogalactan as a carbon source was observed for all species (1-way ANOVA; Cl= 95%;
P value = 0.02-0.0001). N. brasiliensis appears to have the smallest increase in growth in the
presence of arabinogalactan. To better understand which proteins enable the growth of N.
brasiliensis on arabinogalactan, we carried out biochemical analysis of further genes within

the locus.
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Figure 32. Growth of Nocardia species against a panel of carbon sources in Sauton’s media. Resazurin fluorescence was used to quantify
relative survival. Data are plotted as % survival compared to growth on glycerol. Glycerol was included at 0.5%, all other carbon sources

were used at 5 mg/ml. Data were collected 24 hours after inoculation at 0.05. Each condition was carried out with 8 technical replicates
Statistical analysis carried out using a one-way ANOVA against PBS only control. ****= p=0.00001, *= p=0.01



7.3.11 Purification of N. brasiliensis metabolic enzymes.

To reconstitute the metabolic pathway we hypothesise is responsible for arabinan recycling
in N. brasiliensis, the proteins first needed to be purified. As previously, pET28a plasmids
containing synthetic genes of interest were ordered from Twist Biosciences. Table 14

summarises the plasmid and protein inserts studied in this section, and Figure 34 summarises.

Table 14. Summary of metabolic proteins purified from the N. brasiliensis locus. Recombinant expression plasmids were
synthesised by Twist Biosciences in a pET28a backbone. The expected molecular weight of the expressed protein is in the

final column.
031_017410 FGGY kinase 1
031_017430 FGGY kinase 2
031_017435 GH43

HMPREF9455_02472 Fucose isomerase

HMPREF9455_02482 Fucose kinase

N. brasiliensis
N. brasiliensis
N. brasiliensis
D. gadei

D. gadei
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32.7
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Figure 33. SDS-Page analysis of IMAC protein purification of metabolic enzymes used in this section.
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7.3.12 FGGY Kinases 1 and 2 have differing substrate specificities

Following successful recombinant expression and purification of the N. brasiliensis FGGY
kinase 1 and 2, shown in Figure 34, we carried out in vitro phosphorylation reactions using
purified enzymes and pentoses. During initial attempts, we carried out the reactions in
phosphate/citrate buffer. However, this inhibited the reactions due to the fact FGGY kinases
are Mg?* dependent, and the buffering salts were chelating metal ions (Kenyon et al., 2012;

Agarwal et al., 2012).

Carrying out the reactions in 20 mM Tris-HCl pH 8 allowed analysis of the substrate preference
for each of the kinases. As shown in Figure 35, products from each of the enzymes are
highlighted with red arrows. FGGY kinase 1 is strongly active on D-ribulose, the ketopentose
epimer of D-ribose, sharing stereochemistry at carbons 3 and 4 with p-ribose and b-arabinose.
FGGY kinase 2 is weakly active on D-xylulose. Due to the limitations of TLC analysis, we cannot
define the position or degree of phosphorylation. Itis also important to note that both kinases
are weakly active on D-arabinose and D-galactose. Based on our data, we concluded that the
preferred substrates are ribulose for FGGY kinase 1 (which we will now refer to as RibuK) and
xylulose for FGGY kinase 2 (which we will now refer to as XyluK). However, at present this
model lacks a step catalysing the epimerisation of b-arabinose liberated from the cell wall into
sugars that will serve as substrates for RibuK or XyluK for feedback into the pentose

phosphate pathway.
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Figure 34. TLC analysis of FGGY kinase 1 and 2 substrate specificity. Enzyme was included at a concentration of
5 um, and monosaccharide substrate at a concentration of 1 mM. Following 3 hr incubation of enzyme with
appropriate substrate, reactions were boiled for 10 minutes to inactivate enzyme. 10 pL reaction mixture were
then spotted at the base of a silica gel TLC foil and developed once in a system of 2:1:1 butan-1-ol:acetic
acid:water. Carbohydrates were visualised using orcinol TLC stain.
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7.3.13 Identification of a putative arabinose epimerase

Despite repeated attempts to purify the N. brasiliensis fucose isomerase, it remained
completely insoluble. Fortunately, the ortholog from D. gadei was reasonably soluble and
possessed reasonable sequence conservation to the isomerase encoded in the N. brasiliensis
locus, and near-complete sequence identity in the predicted active site. Following
recombinant expression and purification of the D. gadei homolog (HMPREF9455_02472), we

once again carried out in vitro assays to identify its substrate and product.

As shown in Figure 36, the putative fucose isomerase catalyses the both the forward and
reverse epimerisation of arabinose into ribulose. Due to the fact the reaction is first order to
the amount of substrate, the reverse reaction can be catalysed with sufficient product. So, it
is difficult to say which is the preferred direction of reaction. However, with this enzyme, the
full pathway of recycling arabinogalactan to ribulose or xylulose phosphate for recycling
through the pentose phosphate is complete. We therefore designate this protein as an

arabinose isomerase (Aral).
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Figure 35. TLC analysis (system= 2:1:1 butan-1-ol:acetic acid:water) of 3 hr enzyme reaction using 5 uM
Isomerase with ribulose and arabinose (1 mM) as substrate. Lanes (left to right) p-ribulose standard, b-arabinose
standard; isomerase only; isomerase + D -ribulose, isomerase + D -arabinose; isomerase + D -arabinose co-
spotted with p-ribulose
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7.3.14 Characterisation of N. brasiliensis putative GH43

With the wide array of tools at our disposal for studying the specificity of b-arabinanases, we
next set about characterising the annotated GH43 (this will now be referred to as NBrascgHas).
NBrasghas is variably annotated as GH43 or GH32 in different nocardial genomes, suggesting
that it does not sit fully within either family. Given its proximity to the GH172 with proven a-
1,5-p-arabinofuranosides activity, we hypothesised that the enzyme might catalyse the
hydrolysis of a different linkage within arabinogalactan (Goyal et al., 2016; Farro et al., 2018).
Using recombinant purified enzyme, we carried out in vitro hydrolysis using a panel of b-
arabinan-containing substrates and analysed reaction products by TLC (Figure 37).

On this TLC the D-arabinose standard appears to be contaminated with an unknown
contaminant migrating with an Rf 0.45. We then used two arabinogalactans purified from
Corynebacterium glutamicum, a close relative of Mycobacterium smegmatis. The WT C.
glutamicum and M. smegmatis AG vyield D-arabinose (Rf= 0.68) upon treatment with
NBrasghass. Incubation of AG purified from a AaftB strain of C. glutamicum, which lacks 3-1,2
capping, does not appear to yield any product (Jankute, Alderwick, et al., 2017). This therefore
suggests that NBrascHas possesses exo-B-1,2-D-arabinofuranosidase activity. Subsequently, a
disaccharide of B-1,2-D-arabinofuranose was provided to us by Prof. Todd Lowary. This was a
glycoside of the disaccharide conjugated to an 8-carbon azide linker used in their synthesis.
The rightmost lane is untreated substrate, whilst to the left of it can be seen the enzyme
treated glycoside. Treatment of the glycoside with NBrasghasz causes the production of D-

arabinose. This confirms the NBrasgHas as a B-1,2-D-arabinofuranosidase.
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Figure 36. TLC analysis of in vitro hydrolysis assays of arabinan-containing substrates using 5 uM GH43 and 1
mg/ml of substrate. Following 3 hr incubation of enzyme with appropriate substrate, reactions were bioiled for
10 minutes to inactivate enzyme. 10 uL reaction mixture were then spotted at the base of a silica gel TLC foil
and developed twice in a system of 2:1:1 butan-1-ol:acetic acid:water. Carbohydrates were visualised using
orcinol TLC stain.
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7.3.15 Mass spectrometry proteomics of N. brasiliensis

To test our hypothesis that the locus identified was implicated in recycling of arabinogalactan
in N. brasiliensis, we carried out mass spectrometry proteomics of N. brasiliensis during
growth on arabinogalactan, glucose, and glycerol in collaboration with Dr. Nichollas Scott
(University of Melbourne). Bacteria were harvested following growth on each carbon source.
Samples were then prepared for analysis using two methodologies. Information on each trial

is summarised in Table 15.

Table 15. Sample information for mass spectrometry proteomics of N. brasiliensis grown on each carbon source.

Carbon source Average ODgqo at

Number of samples Lysis method

(attempt #) harvest (n=5)
Arabinogalactan 5 5 0.4 None
mg/ml (1)
0.4 N
Glucose 5 mg/ml (1) > one
4 N
Glycerol 0.5% (1) > 0 one
Arabinogalactan 10 5 0.6 Bead beating
mg/ml (2)
Glucose 10 mg/ml 5 1.2 Bead beating
(2)
Glycerol 0.5% (2) 5 1.2 Bead beating

As summarised in Table 15, the ODsgo across the samples at the stop point of the experiment
varied due to amount of available carbon in each sample. This is particularly notable
comparing arabinogalactan sample set two to the other samples in the same run. The ODsgo

reached 0.4 the day before and overnight increased by 0.2.
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Table 16. Twenty proteins with greatest change in abundance (log2 fold change) comparing growth on glucose
to arabinogalactan. -log p value describes the statistical significance of this change in regulation, not degree.
Signal peptide analysis was carried out using SignalP 5.0 using FASTA files for each protein obtained from uniprot
using Gram positive signal peptides as the searches. Additional literature search was carried out in the cases of
no secretion signal being observed through checking if homologs of genes found in bacteria are secreted through
mycobacterial Type 7 secretion systems such as ESX-1.

NCTC11294_03718
NCTC11294_01835
NCTC11294_02533
NCTC11294_03521
NCTC11294_06331
NCTC11294_01502
NCTC11294_07362
NCTC11294_06441
NCTC11294_01512
NCTC11294_00369
NCTC11294_03282
NCTC11294_03801
NCTC11294_01283
NCTC11294_08121
NCTC11294_02408
NCTC11294_02528
NCTC11294_02323
NCTC11294_01988
NCTC11294_02265

AOA379BKV2_NOCBR
AOA379A786_NOCBR
AOA379A8FO_NOCER
AOA379BJ01_NOCBR
AOA379BY61_NOCBR
AOA379A7)7_NOCBR
AOA379BZL3_NOCBR
AOA379BYG2_NOCBR
AOA379A7C5_NOCBR
AOA379A2D6_NOCBR
AOA379B132_NOCBR
AOA379BJC2_NOCBR
AOA379A4N5_NOCBR
AOA379C1E7_NOCBR
AOA379A7T1_NOCBR
AOA379A930_NOCBR
AOA379A8P3_NOCBR
AOA379A6M4_NOCBR
AOA379A7NS_NOCBR

Aminopeptidase S (M28 family)
Uncharacterized protein conserved in bacteria
Uncharacterized protein

MspA

Tat pathway signal protein

Uncharacterized protein
Phenylalanine-4-hydroxylase
Tyrosine-protein phosphatase iphP_3
Probable endopeptidase cgR_2070

LGFP repeat

Metallophosphoesterase, PPA1498 family
Aminopeptidase S

DUF4185 domain-containing protein
Uncharacterized protein
Poly(3-hydroxybutyrate) depolymerase
Uncharacterized protein

Aminopeptidase pepN_2,

Glutathione import ATP-binding protein GsiA
Sulfurtransferase
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4.3358
4.17985
4.1391
411126
3.99334
3.88798
3.87046
3.77937
3.746
3.70587
3.58323
3.56726
3.53042
3.5215
3.43778
3.13921
3.07759
3.0055

-4.19305

4.3358 Sec
5.5465 Sec
5.23835 Other
4.11126 Other
4.26539 Sec
3.25532 Sec
4.42914 Other
3.80417 Sec
3.8046 Sec
3.6973 Lipoprotein
3.58323 TAT
5.17157 Sec
5.27287 Sec
4,07815 Other (membrane associated)
4.35882 Sec
5.40294 Other (ESX-1-associated)
4.26431 Sec
5.89469 Other
5.80387 Other
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Figure 37. Manhattan plot summarising most significantly up or down hits found in analysis of the proteome of N.
brasiliensis grown on arabinogalactan compared to those grown on glucose. Proteins are colured by log2 fold change,
proteins with a -logP value of greater than 3 were considered significantly upregulated. Gene nuber referes to position in
the genome based on gene number.
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Cursory analysis of the dataset after processing revealed that the sample preparation
methodology was suboptimal. N. brasiliensis has a proteome of over 8000 proteins, but only
538 were identified in the analysis. As shown in Table 16, of the 20 proteins with the greatest
log-fold change, 14 (70%) possessed a secretion signal peptide based on SignalP 6.0 analysis,
had been identified as membrane-associated, or were type VIl secretion-associated (such as
ESX-1). This strongly suggested that lysis was a limiting factor in our methodology. The lack of
a mechanical lysis step meant only proteins that were external to the cell membrane were

being extracted into the sample, biasing the sample for proteins that are secreted.

Despite this, many differences in the proteome in response to growth on arabinogalactan are
apparent. Figure 38 is a Manhattan plot showing relative position of the ORF encoding the
protein in the genome along the x axis, with individual dots representing proteins. -Log P is
the significance of a proteins change in expression, and the colour of the dot represents
degree of up- (red) or downregulation (blue). Values with a -log P value of greater than 3
were considered significantly upregulated. Table 15 displays the 20 proteins with greatest
degree of change in expression in the dataset, which are also highlighted in Figure 38 with the

locus tag.

The protein with the greatest degree of upregulation in the proteome is annotated as
NCTC11294_ 03718 (Uniprot ID: AOA379A4N5_NOCBR). This is annotated as an M28 family
aminopeptidase, a class of proteins which are hypothesised to be involved in the activation
of alkaline phosphatases (Ishino et al., 1987; Yeh and Trela, 1976). The protein with the
greatest degree of downregulation in the dataset is a sulfurtransferase. PaperBlast identifies
the protein as a homolog of Rv0815c, which encodes an essential protein mediating the
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uptake of sulfur during infection, which mediates oxidative stress (Barth et al., 2021; Meza et

al., 2019).

Multiple small molecule uptake systems are upregulated in response to arabinogalactan,
including MspA and glutathione important ABC transporter GsiA. MspA is responsible for the
uptake of many classes of molecules and is the primary hydrophilic route allowing the
diffusion of sugars, ions, and other polar molecules (Stahl et al., 2001; Wang et al., 2017).
GsiA once again implicates sulfur metabolism in facilitating growth on arabinogalactan. Most
interestingly however is the significant upregulation of a DUF4185 containing protein. The
previous chapter identifies this family of proteins as GH183, with multiple members catalysing
the breakdown of arabinan containing polysaccharides. However, this DUF4185 enzyme is

distant from the putative recycling locus.
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7.3.16 Additional lysis step is required for representative proteomic extraction.

As demonstrated in Section 6.3.13, the existing methodology for proteome preparation was
not suitable for N. brasiliensis, therefore for the second attempt, we included a bead-beating
step before SDS boiling to break apart the mAGP complex and better release proteins from
the cell mass. Figure 39 demonstrates the significant improvement in protein extraction the
inclusion of a lysis step provides, increasing proteome representation from 537 proteins to
3378 of a total of 8810 genes, increasing percentage coverage from 6% to 38%, despite
marginal loss of 99 proteins only found in Experiment 1. Additionally, the lysis step removed

the need for imputation from most proteins identified, allowing more accurate quantification.
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2940

Experiment 1 Experiment 2

Figure 38. Venn diagram comparing number of proteins identified in Experiment 1 vs experiment 2. Experiment
1 made use of pretein samples prepared without a lysis step, whilst experiment 2 included a beadbeating step.
Venn diagrams were generated using Python comparing unique and conserved proteins between the datasets
with a -log(p-value) value of greater than 3. Inclusion of lysis step increased identified protein from 537 to 3378.
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7.3.17 Improved proteomic analysis of N. brasiliensis

With a greatly improved extraction methodology, we repeated the experiment. Figure 40 is a
Manhattan plot comparing relative protein abundance in the arabinogalactan condition
compared to cells grown on glucose. Table 17 summarises proteins with greatest change in
expression (up or down). With the improved resolution of the dataset, we can see operonic
control of gene regulation, observing multiple components of the Ssu sulfonate transport
complex, as well as multiple proteins from the glp operon, which is responsible for the
glycerol-3-phosphate (G3P) shuttle. The G3P shuttle allows the reduction of a further NAD
molecule using protons generated by glycolysis, which will be the primary mode of cellular
energy production during growth on glucose (Yeh et al., 2008), therefore downregulation of
GlpD (log fold chang= -10) during growth on arabinogalactan compared to glucose is not

unexpected.

Unfortunately, the translational response to arabinogalactan otherwise does not inform us of
any arabinogalactan recycling pathway. However, a starvation response is apparent in the
increased  expression of trigger factor (AOA379BGM7_NOCBR) and RelA
(AOA379C1Q8 NOCBR), mediators of central carbon stress and stringent response,
respectively (Baram et al., 2005; Kleine et al., 2017; Danchik et al., 2021). Due to the late
harvesting of cell mass, we hypothesise that the bacteria were undergoing translational
reprogramming to grow on another source of carbon in the arabinogalactan condition or
undergoing starvation response. However, without further experimentation, it is difficult to

identify what is supporting growth in the condition.
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Figure 39. Manhattan plot comparing relative protein expression levels of N. brasiliensis grown on
arabinogalactan compared to glucose. Gene number refers to position in the genome whilst the -log10(p-value)
refers to the significance of gene expression change. Colour of the dot indicates log fold change, or degree up
change in regulation, blue for upregulated and red for downregulated.

Table 17. Proteins from N. brasiliensis with the highest log-fold change in arabinogalactan vs glucose. Signal
peptide prediction carried out using SignalP 6.0

bglT

thcA_2
NCTC11294_00650
NCTC11294_03909
thcA_1
NCTC11294_05808
NCTC11294_03978
ssuB_4

fabH_5
NCTC11294_00649
ispG_2
NCTC11294 06733
ssuC_3
NCTC11294_06581
gla

alpK_3

accD5_3
NCTC11294_03230
F5X71_24245
stp_24
NCTC11294_03236
bspRIM
NCTC11294_06675
ppsB_2
NCTC11294_08152
glpD 3

AOA379A2H2_NOCBR
AOA379BK68_NOCBR

AOA379BMW3_NOCBR

AOA379A2Z0_NOCBR
AOA379BK21_NOCBR
AOA379BLES_NOCBR
AOA379BV38_NOCBR
AOA379BLN4_NOCBR
AOA379BY85_NOCBR
AOA379A2Z0_NOCBR
AOA379A4X1_NOCBR
AOA379BVY4_NOCBR
AOA379BXT4_NOCBR
AOA379BY29_NOCBR
AOA379BX33_NOCBR
AOA379A2C3_NOCBR
AOA379C0L7_NOCBR
AOA379BJM8_NOCBR
A0A379B181_NOCBR
AOA379BWYO_NOCBR
AOA379C053_NOCBR
AOA379BIA4_NOCBR
AOA379BX37_NOCBR
AOA379BZ75_NOCBR
AOA379BWA7_NOCBR
AOA379C1T9_NOCBR
AOA379C2F4_NOCBR

Acetamidase

Mal binding periplasmic pi /domains
4-hydroxy-3-methylbut-2-en-1-yl diphospk synthase (flavodoxin)
MspA

6-phospho-beta-glucosidase BgIT

Uncharacterized protein conserved in bacteria
Isoxanthopterin deaminase

EPTC-inducible aldehyde dehydrogenase

Aliphatic sulfonates transport permease protein ssuC
EPTC-inducible aldehyde dehydrogenase

MspA

Uncharacterized protein

Roadblock/l

k/ LS

A f

ining protein

Aliphatic sulfonates transport permease protein ssuC
Aliphatic sulfonates import ATP-binding protein SsuB
Beta-glucosidase A

Glycerol kinase

Probable propionyl-CoA carboxylase beta chain 5
Prokaryotic phospholipase A2

Alkyl hydroperoxide reductase subunit C
Spectinomycin tetracycline efflux pump

Glycine zipper domain-containing protein

Cyty specific hyt fe
Sterol carrier protein
Plipastatin synthase subunit B
Preprotein translocase subunit YajC
Glycerol-3-phosphate dehydrogenase
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5.38558
5.3042
5.16278
5.04081
5.02837
5.00922
4.78524
4.75765
4.4533
4.39498
4.36066
4.34965
4.21117
4.09585
4.08019
-0.667046
-4.05123
-4.06329
-4.06381
-4.27344
-4.34387
-4.37832
-4.6218
-4.77981
-4.82695
-5.59952
-10.1711

9.34618 Othe
4.5702 Other
8.90138 Other
8.43128 Sec
5.04632 Other
10.3062 Other
5.88751 Lipoprotein
6.49346 Lipoprotein
6.10759 Other
4.39498 Sec
8.71286 Sec
5.82614 TAT
5.17617 Other
5.42246 Other
7.90499 Other
1.37126 Sec
8.26685 Other
5.44398 Other
5.02891 Sec
8.03706 Other
8.05356 Other
3.90621 Sec
5.49983 Other
5.71686 Other
5.25911 Other
6.90819 Sec
7.07199 Other
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Figure 40. Manhattan plot comparing relative protein expression levels of N. brasiliensis grown on
arabinogalactan compared to glycerol. Gene number refers to position in the genome whilst the -log10(p-value)
refers to the significance of gene expression change. Colour of the dot indicates log fold change, or degree up
change in regulation, blue for upregulated and red for downregulated.

Table 18. Proteins from N. brasiliensis with the highest log-fold change in arabinogalactan vs glycerol. Signal
peptide prediction carried out using SignalP 6.0

NCTC11294_03978
bglT

amdA
NCTC11294_06733
ssuB_4
NCTC11294_03909
thcA_1

thcA_2
NCTC11294_06675
ppsB_2

bspRIM
NCTC11294_03236
NCTC11294_08152

AOA379BLN4_NOCBR  Mal binding peripl ic proteins/d i 9.16288 5.0964 Lipoprotein
AOA379BK68_NOCBR  6-phospho-beta-glucosidase BgIT 5.7629 5.10236 Other
AOA379A2H2_NOCBR  Acetamidase 5.34026 6.46832 Other
AOA379BXT4_NOCBR  Roadblock/LC7 domain-containing protein 494222 7.09451 Other
AOA379BY85_NOCBR  Aliphatic sulfonates import ATP-binding protein SsuB 4.39564 5.83391 Other
AOA379BK21_NOCBR  Uncharacterized protein conserved in bacteria 4.37082 4.13245 Other
AOA379BLE5_NOCBR  EPTC-inducible aldehyde dehydrogenase 4.17113 11.3059 Other
AOA379BMW3_NOCBR EPTC-inducible aldehyde dehydrogenase 4.0118 9.43309 Other
AOA379BZ75_NOCBR  Sterol carrier protein -4.07528 5.03461 Other
AOA379BWA7_NOCBR Plipastatin synthase subunit B -4.34993 5.43193 Other
AOA379BX37_NOCBR  Cytosine-specific methyltransferase -4.49524 5.36277 Other
AOA379BIA4_NOCBR  Glycine zipper domain-containing protein -5.09264 4.3254 Sec
AOA379C1T9_NOCBR  Preprotein translocase subunit YajC -6.08123 6.90251 Sec 4
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7.4 Discussion

To date, only one other enzyme involved in turnover of arabinogalactan in Mycobacteriales
has been identified. This is a galactofuranosidase enzyme, GIfH1 (Shen et al., 2020). However,
no further work on this enzyme has been reported since its publication in 2020. In this
chapter, we present evidence for the existence of a putative arabinan recycling pathway in a
pathogenic Nocardia species. In exploring this pathway, we have extensively characterised a
GH172 enzyme from N. brasiliensis. During our biochemical analysis, we have identified a new
oligomerisation state for the enzyme family, as well as the mechanism for this. Previously
identified enzymes from this enzyme family hexamerise, whereas loss of a C-terminal helix in
the NBrasghi72 enzyme prevents the face-to-face association of two trimers, preventing
further oligomerisation and causing it to remain as a trimer. Additionally, we add to existing
kinetic data of GH172 enzymes, indicating that our enzyme is somewhat lower in processivity
than its homologue in B. dentium (Kashima et al., 2021). A subject of further work will be
whether these proteins can exist in different oligomerisation states, and why this is
evolutionarily beneficial. We have also experimentally verified through our own methanolysis
experiment the conclusion reached by Kashima and colleagues using molecular dynamics that
GH172 enzymes are anomer-retaining (Kashima et al., 2021). Another unique aspect of these
enzymes is the localisation of the active site to the interaction face of two protomers, with
residues from each contributing to stabilisation of the oligomer. Furthermore, through our
Michaelis-Menten kinetic assays, we identify a putative catalytic residue, E245. Surprisingly,
replacement of this residue with alanine does not cause a complete loss of catalytic activity.

We hypothesise that other proximal carboxylate side chains may be allowing the enzyme to
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suboptimally mediate catalysis, and further site directed mutagenesis is required to better

ascertain these residues.

The first B-p-arabinofuranosidase was only recently reported and is a member of the GH116
family (Shimokawa et al., 2023). Our data show that 03/_017435 from N. brasiliensis encodes
an enzyme with a similar activity. This protein does not, however, belong to the GH116 family
and instead is likely the founding member of a new GH family (Shimokawa et al., 2023a). This
increases the number of GH families discovered during this project to three. We believe that
this enzyme is responsible for specifically removing the capping motifs of p-arabinan in
Nocardia. This will be a useful tool to the mycobacterial research community, permitting
structural analyses of arabinogalactan in much greater detail. Furthermore, in the context of
the recycling pathway, it allows complete depolymerisation of the arabinan to arabinose. This
therefore reduces waste from cell wall remodelling through allowing access to a-linked

arabinose.

We additionally present work showing growth of a microbial arabinogalactan-possessing
organism able to grow on arabinogalactan. This raises interesting questions as to how the
enzymes mediating this process are regulated and partitioned to not lyse cells through attack
of structurally essential arabinogalactan. However, questions remain as to how this pathway
functions fully in vivo. The presence of kinases specific for xylulose and ribulose confuses the
data slightly. While both sugars are involved in the pentose phosphate pathway, production
of both xylulose- and ribulose phosphates seems redundant. This pathway in M. tuberculosis
has been reviewed in depth by Wolucka and colleagues (Wolucka, 2008). In their paper they
show an alternative pathway by which exogenous D-arabinose is reduced into p-arabinitol,
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which can then be dehydrogenated to xylulose, which can then be phosphorylated and
reversibly epimerised into ribulose. Production of xylulose and ribulose can also allow for
greater diversity of products produced in the pentose phosphate pathway, as each have
distinct routes of enzymatic machinery, producing different products and thereby increasing
the number of metabolites produced from one monosaccharide. Indeed, many nocardial
species also include a dehydrogenase in this putative recycling locus, suggesting that flexibility

in this pathway varies amongst species of Nocardia.

Finally, to the best of our knowledge, we present the first ever proteomics dataset of a
Nocardia species, and one of only a handful of proteomics datasets available for
Mycobacteriales, in doing so we have prepared an optimised protein extraction procedure
for organisms with the mAGP complex, which will be of use to the wider mycobacterial
research community. Unfortunately, due to experimental error, the datasets do not support
our hypothesis that the locus identified is involved in arabinan recycling, however close
analysis of the datasets indicates that many GH183 enzymes are upregulated, but not
significantly so, this may indicate the end of the transition from active growth to stationary
phase, giving hope for future proteomics experiments. Due to time restraints, repeats on the
arabinogalactan samples were not possible but are a research priority in the short term.
However, in the first dataset, the presence of a secreted DUF4185 enzyme indicates that
arabinan recycling is biologically relevant. This is analogous to the selfish mechanism by which
some gut Bacteroides grow on fungal mannan (Cuskin et al., 2015). In that system, large
polysaccharides are cleaved into oligosaccharides extracellularly, but are not turned into

monosaccharides until they are within the cell and able to be phosphorylated, preventing
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their return across the negatively charged plasma membrane (Brililité et al., 2019; Crouch et

al., 2022).
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8 ldentification of a putative GH183 Type 7 effector-immunity pair in
Mycobacteriales

8.1 Introduction

8.1.1 Interbacterial competition

We have learned an immense amount from the study of microbes in pure culture. However,
the biological reality of microorganisms is that they grow in highly complex ecosystems such
as the human gut microbiome or within soil (Velayati et al., 2015; Arumugam et al., 2011).
With this complexity, competition for common goods such as carbon sources and essential
nutrients inevitably arises. For example, in the human gut microbiome, Bacteroides species
compete by diversifying the carbon sources they can use (Bjursell et al., 2006; BriliGité et al.,
2019; Chen et al., 2017). This would be an example of exploitative competition. However,
bacteria also compete directly in a process called interference competition, whereby
members of a microbial community seek to actively harm non-related organisms to gain
competitive advantage. One of humanity’s first glimpses into this was the isolation of
antibacterial secondary metabolites such as penicillin and vancomycin. These small molecules
trigger the lysis of peptidoglycan-possessing organisms, thereby selecting strongly in favour
of microorganisms without peptidoglycan (e.g. Penicillin molds) or those that possess
resistance mechanisms (e.g. Streptomyces spp.) (Marshall and Wright, 1998; Yocum et al.,
1980). Further work on this has included proteinaceous mediators of interference

competition.

At present, there are three main mechanisms by which these effectors are delivered to exert

toxicity. The first is release by cell lysis, common in E. coli and P. aeruginosa. In this process,
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subsets of the population trigger autolysis and release of large proteins which bind to and kill
nearby competitor cells (Mavridou et al., 2018; Oliveira et al., 2022). This is the first known
example of division of labour in bacteria. Additionally, P. aeruginosa presents a set of
proteins, resembling phage tail fibre proteins, called tailocins on its cell wall. These physically
bind non-like bacterial sugar moieties such as other species’ O-antigens and teichoic acids

and then punch through the membrane leading to lysis (Oluyombo et al., 2019).

Arguably the best-studied of these proteinaceous interference mechanisms are the effectors
of the Type VI secretion system (T6SS). These were first identified in Vibrio cholerae in 2006,
and were initially proposed to be a protein secretion machinery for the delivery of host
effectors into cells of the immune system (Mougous et al., 2006; Pukatzki et al., 2006).
However, these systems were later shown to also mediate interbacterial competition (Hood
et al., 2010). The structure of the T6SS has been extensively elucidated and resembles phage
tail fibre proteins, contractile in nature and delivering effectors in a manner similar to a
syringe into the target organism (Bondage et al., 2016; Bonemann et al., 2009). Contact
dependent lysis of competitors can be executed by T6SS in diderm species such as V. cholerae
and P. aeruginosa. Monoderm bacteria, such as S. aureus, use a different protein secretion
apparatus, Type VII, to carry out this contact-dependent toxin delivery. S. aureus was recently
shown to make use of its T7SS system to deliver nuclease toxins to competitor bacteria
(Whitney etal., 2017; Cao et al., 2016). However, to date, no such mechanisms of interspecies

competition have been seen in Mycobacteriales.
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8.1.2 Type VIl secretion in Mycobacteriales species

Type VIl secretion systems (T7SS) are a widespread family of protein translocation complexes
found in Firmicutes and Mycobcteriales species such as Staphylococcus aureus, Bacillus
subtilis, and M. tuberculosis (Abby et al., 2016). T7SS were first discovered in M. tuberculosis
20 years ago and were quickly identified as critical virulence factors, with loss of a key T7SS
as part of the region of difference 1 (RD1) in M. bovis BCG being responsible for the species’
near-complete attenuation in humans (Stanley et al., 2003; Mahairas et al., 1996). Despite
their initial discovery in M. tuberculosis, their homologues in S. aureus have become the
model T7SS. Due to the differences in the cell wall between the two species, the secretion
systems differ significantly in architecture leading to categorisation of those found in

mycobacteria as T7SSa and those in Firmicutes as T7SSb (Klein et al., 2021).

Mycobacteria encode up to five T7SS, annotated as ESX-1 to ESX-5. Evidence suggests that
ESX-4 is the ancestral T7SS, with the others resulting from gene duplication or a form of
horizontal gene transfer enabled by ESX-1 and 4 called distributive conjugal transfer which
has been observed experimentally in M. smegmatis (Gray et al., 2016). M. marinum possesses
an additional plasmid-borne T7SS, ESX-P1. This secretion system acts as the conjugative
mediator of the plasmid pRAW (Ummels et al., 2014). ESX1,2, and 4 are nonessential for

growth, whereas 3 and 5 are essential (Serafini et al., 2009; Ates et al., 2015).

In S. aureus they have been implicated in export of host targeting toxins, as well as toxins that
mediate intra- and interspecies competition (Cao et al., 2016). In mycobacteria, the five ESX
systems carry out a diverse range of functions. In pathogenesis, ESX-1 is responsible for the
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export of ESAT-6 and CFP-1, which cause rupture of phagolysosomes and escape of the bacilli
into the cytosol of macrophage where they replicate freely (Gao et al., 2004; Simeone et al.,
2012). Additionally, tuberculosis necrotising toxin is a NAD glycohydrolase, whose locus
resembles a canonical Type VII toxin locus from S. aureus, where it is encoded proximally to
a proteinaceous inhibitor within the bacillus prior to translocation by the type VII machinery
into the host cell (Sun et al., 2015). Furthermore, they are believed to act as channels allowing
the passage of polar small molecules through the cell wall, which partially explains the
essentiality of ESX-3 and 5 (Ates et al., 2015; Stephan et al., 2005). The ESX-family proteins
are also responsible for the secretion of the PE/PPE proteins, which are proline and glutamic
acid rich proteins that account for 10% of the coding capacity of the M. tuberculosis genome
(Cole et al., 1998). Therefore, these secretion systems represent a key facet of the cell wall

of mycobacteria.

8.1.3 Mechanism of T7 secretion in mycobacteria

Despite the importance of T7SS in mycobacteria, studying them remains difficult due their
status as large transmembrane complexes. This means many questions remain on the
mechanism and functionality of these systems in mycobacteria. Recently, Beckham and
colleagues solved the structure of the ESX-5 system from Mycobacterium xenopi, which

constitutes a 1.8 MDa complex crossing the entire wall (Beckham et al., 2017).

Our current knowledge of the mechanism of secretion comes from studies of S. aureus T7SS.
The canonical secretory signal for T7 protein substrates is referred to as a WxG100 signal. The
name refers to the conserved WxG motif and the length of the signal being approximately
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100 amino acids in length (Poulsen et al., 2014). This motif forms a heterodimer with another
protein with the motif YxxxxD/E, sometimes called a carrier (Klein et al., 2021). Structural
analyses suggests that this pairing forms the active secretion signal which is a 4-helix bundle
(Arbing et al., 2010). Following this, the final 7 amino acids of the YxxxxD/E protein inserts
into the N-terminal binding domain of the ATPase EccC. This forms multimerisation of the
EccC ATPase domain. The remaining mechanism for translocation is unclear (Renshaw et al.,
2005). Despite this excellent work, questions remain on how the PE/PPE proteins are
recognised, whether substrates are exported folded or unfolded, and whether the secretion

is contact-dependent.

8.1.4 Identified T7SS toxins

The effectors of bacterial secretion systems represent an underexplored reservoir of
biochemical potential, highlighting new mechanisms of triggering lysis within bacteria, their
study can inform new treatment regimens and biotechnological applications. Type VI
effectors are the best understood group of interbacterial interference toxins, with Type VII
effectors now becoming similarly well characterised, as reviewed by the Palmer and
Whitney laboratories (Bowman and Palmer, 2021; Tran et al., 2021). Commonalities of the
effectors of both systems is that they target conserved, essential substrates such as DNA,
NAD* and PG. Toxins can broadly be grouped by locality of their substrate, either

periplasmic or cytoplasmic.

Cytoplasmic toxins target DNA and cofactors found within the cytoplasm to cause lysis and
death. Serratia marscesans and S. aureus secrete DNases to non-specifically cleave DNA to
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prevent transcription through their Type 6 and Type 7 secretion systems, respectively
(Alcoforado Diniz and Coulthurst, 2015; Cao et al., 2016). A family of deaminase effectors
can also catalyse the conversion of cytosine to uracil in double-stranded DNA to trigger
rapid mutation and subsequent lysis, such as the Type 6 effector DddA from Burkholderia
cenocepacia (Mok et al., 2020). Tse6 from P. aeruginosa is an NAD-specific glycohydrolase
which triggers the hydrolysis of NAD into nicotinamide and ADP-ribose, causing loss of the
universal reducing agent of the cell and subsequent collapse of cellular processes (Whitney

etal., 2015).

Periplasmic toxins trigger lysis by direct hydrolysis of essential cell wall components, or by
depolarisation of the cell membrane of competitor bacteria, which can cause uptake of
further toxic small molecules through membrane channels. Tse4 from P. aeruginosa can
permeabilise the membrane to ions, whilst VasX from V. cholerae even permits the uptake
of larger molecules such as propidium iodide (LaCourse et al., 2018; Miyata et al., 2011).
Both toxins are not toxic on their own, acting bacteriostatically, but can work in concert
with other T6 effectors to neutralise competitors. Furthermore, PG hydrolases, both
working on the glycan backbone similar to lysozyme, as well as peptidase and amidase

toxins have been identified in diderm bacteria (Whitney et al., 2013; Wang et al., 2020).

Despite this extensive body of knowledge on Type 6 and 7 interbacterial competition
effectors in other species, there is no evidence of any such mechanism in mycobacteria. This
may be due to the significant structural differences in the mycobacterial cell wall to other
monoderm or diderm species. However, based on the knowledge that AG is essential for the
viability of mycobacteria, it represents an appealing periplasmic target of type 7 effectors
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for mycobacteria. Despite the extensive involvement of Type 7 secretion systems in the
homeostasis of these organisms, interference competition mediated by any ESX system has
not been evidenced. This chapter aims to address this gap within the literature using the

arabinan hydrolases discovered so far.

8.2 Results

8.2.1 Count of GH183 enzymes across the Mycobacteriales indicates gene duplication.

Table 19. Number of DUF4185-containing proteins encoded in the genomes of representative species from the
order Mycobacteriales. Counts produced using taxonomic search of the DUF4185 protein family on PFAM.

M. smegmatis MC?155 5 MSMEG_2107; MSMEG_4352;
MSMEG_4360; MSMEG_4365;
MSMEG_6255

M. leprae TN 2 ML2491; ML2321

M. tuberculosis H37Rv 2 Rv1754c; Rv3707c

M. marinum M 2 MMAR_2586; MMAR_5220

M. avium subsp. K-10 3 Q74218 _MYCPA;

paratuberculosis Q743L4_MYCPA;
Q744N2_MYCPA

Mycobacterium N/A 1 B5LJL4_9CAUD

phage Myrna

Mycobacterium L948 2 SAMEA2259684 01641;

abscessus  subsp. SAMEA2259684 08800

abscessus

Mycobacterium GO 06 3 AOA82912D0_9MYCO;

abscessus  subsp. AOA829HSN6_9MYCO

massiliense AOA82911K4_9MYCO

Mycobacterium TMC 1529 5 XA26_21030; XA26_38440;

fortuitum XA26_56100;  XA26_38350;
XA26_38060

The absolute number of genes encoding GH183 enzymes varies widely across mycobacterial
species, as summarised in Table 19. Genome reduction is a prominent driver of evolution in
M. tuberculosis and M. leprae, due to their tropism now being obligate intracellular human

pathogens, thereby reducing their need for as much genomic utility as soil-dwelling species
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such as M. smegmatis (Vissa and Brennan, 2001; Chavarro-Portillo et al., 2019; Nimmo et al.,
2022). This is apparent in the number of GH183 encoding genes in M. smegmatis, M.
tuberculosis, and M. leprae being 5, 2, and 2, respectively. In many opportunistic pathogens,
such as M. avium and M. abscessus species, there are 3. This therefore led us to hypothesise
that 2 homologues are the minimum requirement for proper homeostasis of b-arabinan, and

others operate in an auxiliary manner, and are possibly not required for pathogenesis.

At the start of this project, when Rv3707c remained insoluble despite extensive work, we
used FDetect, a web server which predicts the solubility of proteins expressed recombinantly
from E. coli to find more soluble GH183 homologues in Mycobacteriales (Meng et al., 2018).
This search suggested that Q744N2_MYCPA (now referred to as MAPgH1g3 and
MYCMA_14050 (now referred to as MABgGH1s3) from M. avium subsp. paratuberculosis and M.

abscessus subsp. massiliense, respectively, would be most soluble in vitro.

8.2.2 Alphafold analysis indicates possible type 7 secretion of MAPgH1s3 and MABGgH1s3

Before carrying out purification of the new GH183 enzymes, we wanted to compare them to
Rv3707c. Following multiple sequence alignment, as shown in Figure 42b, we could see that
the two new proteins possessed low sequence similarity to Rv3707c, with MAPGH1s3
possessing 37% identity to Rv3707c at the amino acid level, and MABgGh1s3 with 27%. MAPGH183
and MABGgH1s3 only possess 53% sequence identity to each other. This indicates the proteins
are sequentially divergent. Notably, neither MAPGgH183 nor MABgh1g3 contain any cysteine
residues. Despite this, based on the Alphafold models, at the secondary structure level, the
catalytic domain of the proteins superpose with an RMSD of 0.767 A, indicating that they are
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highly structurally similar. However, an unexpected observation in each structure was the
presence of an N-terminal highly extended a-helical arrangement reminiscent of a Type 7
secretion signal (Figure 42). In MAPgH1s3, this constitutes amino acids 1-195, whereas in
MABGH1s3, this includes amino acids 1-102. We therefore hypothesised that these proteins
were Type VIl effectors and could be the first ever example of toxins used in interspecies
competition in mycobacteria. To test this hypothesis, we carried out FoldSeek analysis of the
N-terminal a-helical domains of each protein against the PDB. Encouragingly, MAPgH1s3
returned many high confidence hits against T7 substrates from their N-terminal domains such

as PE-PPE proteins, as shown in Table 20.

Informed by the presence of a putative Type VIl secretion signal on each of the proteins, we
had each gene synthesised by Twist Biosciences in a pET28a backbone for use in recombinant
protein expression from E. coli. The coding sequence used for each protein in the expression
constructs excluded the putative secretion signals. In MAPgH1s3, we excluded amino acids 1-
195 and in MAPgH1s3, we excluded amino acids 1-102 so that we could purify the GH183

domains of each protein.
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MABGH183
MAPGH183
Rv3707c

Figure 41. A. Side by side comparison of the Alphafold predicted models for MABgn1s3 and MAPG1s3. Ribbons of
each model have been coloured by secondary structure (blue = sheet; pink = helix; grey = strand). B. Distance
matrix comparing sequence similarity of MABg1s3, MAPGH1s3, and Rv3707c from M. tuberculosis calculated using

a MUSCLE alignment.

MABGH183 MAPGH183 Rv3707c

53.314% 27.273%

53.314% 37.110%
27.273% 37.110%
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Table 20. FoldSeek result for the N-terminal a-helical bundle from MAPG1s3 (amino acids 1-195) against the

PDB.

PDB ID
6vj5_B
4wal_B
2938_D
4wdk_D
6uuj_E
6uuj_K
6vhr_B
6uuj_H

5xfs_B

Description

PE25-PPE41(A124L) in complex with EspG5

EspGS5 in complex with PE25 and PPE41 from the ESX-5 type VII secretion system of M. tuberculosis
A PE/PPE Protein Complex from Mycobacterium tuberculosis

Crystal structure of a PE25-PPE41 heterodimer from a type VIl secretion system of M. tuberculosis
Structure of PE5-PPE4-EspG3 complex from the type VII (ESX-3) secretion system

Structure of PE5-PPE4-EspG3 complex from the type VII (ESX-3) secretion system

Structure of PE5-PPE4-EspG3 complex from the type VII (ESX-3) secretion system

Structure of PE5-PPE4-EspG3 complex from the type VII (ESX-3) secretion system

Crystal structure of PE8-PPE15 in complex with EspG5 from M. tuberculosis
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Scientific Name Prob. Seq. Id.
Mycobacterium tuberculosis H37Rv 1 13.5
Mycobacterium tuberculosis H37Rv 1 13.6
Mycobacterium tuberculosis H37Rv 1 13.6
Mycobacterium tuberculosis H37Rv 1 13.3
Mycobacterium tuberculosis H37Rv 1 13.3
Mycobacterium tuberculosis H37Rv 1 12.8
Mycobacterium tuberculosis H37Rv 1 134
Mycobacterium tuberculosis H37Rv =~ 0.99 12.9
Mycobacterium tuberculosis H37Rv =~ 0.99 11.2



8.2.3  Purification of MAPGH1g3 and MABGH1s3

Following bioinformatic analysis of the putative GH183 Type VIl effectors, we set out to
biochemically characterise the enzymes. The proteins both expressed extremely well in E. coli
and in high yield. The expected M; of MAPgH1s3 and MABgGH183 were 35.505 and 37.151 kDA,
respectively. As shown in Figure 43, MAPGH1s3 elutes with reasonable purity in the 10 and 100
mM imidazole fractions, with a ratiometric purity of 62.7% for MAPgu1s3 and 70% for
MABGH1s3. Whilst this purity is slightly lower than that is usual for biochemical analysis, it was
decided that these proteins were of sufficient quality for the analyses we were carrying out.
Additionally, there are no D-arabinan hydrolases encoded in the genome of our recombinant
expression strain, E. coli T7 SHuffle K-12. The presence of bands at a lower M, than the
protein, but not above, suggests that some of it was subject to proteolytic degradation.
Unfortunately, inclusion of COMplete protease inhibitor tablets in lysis did not prevent this.
MABGH1s3, as expected possesses a slightly higher M;, and like MAPgH1s3, there is significant

proteolysis of the protein.
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IVIAPGH183 IVIABGH183

Figure 42. SDS-PAGE analysis of TALON IMAC purification of MAPGgui1s3 and Mabgniss. Cells were lysed by
sonication in Buffer 1 before processing on a gravity column containing TALON cobalt resin. Elutions shown were
in 10 and 100mM imidazole. Figure has been cropped from a larger gel for ease of understanding.
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8.2.4 MABgH1s3is a retaining glycoside hydrolase

Due to the favourable traits of MABgH1ss compared to Rv3707c, we reasoned that
methanolysis analysis would be informative. Catalytic mechanism in GH enzymes is typically
conserved at the family level, therefore what is true for the MAB homologue is likely also true
for Rv3707c. Given the challenges of working with Rv3707c, having a facile system to study
will enable more sophisticated analysis of the enzyme family. This information is critical if we
wish to go on to design inhibitors of Rv3707c as retaining glycoside hydrolases can be locked
in their covalent enzyme-substrate complexes by inhibitors.

MABGH1s3 causes extensive degradation of arabinogalactan, as shown by the release of four
species of oligosaccharides in Figure 44. Based on the L-arabino standards, the products are
primarily 3, 4, 6, and 7 monosaccharides in length, with larger oligosaccharides migrating
below the standards. Compared to the product profiles of Rv3707c, the low sequence
conservation between the two proteins clearly leads to significant alterations in product
profile. Inclusion of methanol in the reaction also causes the appearance of methylated
products above the standards as indicated by the red box in Figure 44. We therefore posit

that GH183 enzymes are anomer-retaining.
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. Methylated
| products

l-arastandards @ O O O
MABsis O O @ @
ArabinogalactanO) @ @ @

10% methanol O O O ‘

Figure 43. TLC analysis of reaction products produced using recombinant MAB41ss (5 LM) against M. smegmatis AG
(1 mg/ml) for 3 hours. TLC system is 2:1:1 butan-1-ol:acetic acid: water, TLCs were developed twice in the system
before visualisation using orcinol TLC stain. Inclusion of methanol in the reaction mixture results in species with a
lower Ry, indicating a retaining reaction mechanism.
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8.2.5 Structure of MABGH183

Following successful crystallisation of MABgGH1s3, we collected a high-resolution dataset
(resolution = 1.953 A) on beamline 104 at Diamond Lightsource. As summarised in Table 19,
following molecular replacement using the Alphafold structural prediction for MABGH1s3, the
structure solved with high confidence. The protein crystallised with two protomers in the
asymmetric unit. Superposition of the two chains in the asymmetric unit results in an RMSD
of 0.250 A, indicating that there is very little structural flexibility captured in the crystal. The
proteins differ in the coordination of a glycerol molecule in a surface pocket formed on Chain
B. As shown in Figure 45b, the residues involved in coordination are R390 and D381, forming
one and two hydrogen bonds, respectively. Additionally, it appears that W393 is posed to
engage in m-stacking interactions with the glycerol, but it is at a distance of greater than 5 A,
which makes this unlikely. It is unclear if this coordination is biologically relevant or whether

it is an artefact of the cryoprotection of the crystal with 30% glycerol.

As is the case with Rv3707c, the protein adopts a five-bladed B-propeller conformation in the
crystalline lattice, with the five blades surrounding a central pore which penetrates the depth
of the protein, this can be seen in Figure 45a. This appears to be a core structural feature of
GH183 enzymes, with its conservation observed in both Rv3707c and MABGH1s3. Additionally,
the five blades appear slightly degenerate with one blade, consisting of amino acids 293-328

forming a smaller blade than the other 5 B-sheets.
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Table 21. Data collection and refinement statistics for MABGgH1s3

Wavelength

Resolution range

Space group

Unit cell

Total reflections

Unique reflections
Multiplicity

Completeness (%)

Mean I/sigma(l)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

cc*

Reflections used in refinement
Reflections used for R-free
R-work

R-free

CC(work)

GH183 from M. abscessus

0.9795

64.51 - 1.953 (2.023 - 1.953)

c2221

88.007 94.837 175.803 90 90 90

72756 (290)
36415 (145)

2.0 (2.0)

67.85 (2.72)
6.63 (1.33)
29.02

0.07291 (0.5035)
0.1031 (0.7121)
0.07291 (0.5035)
0.993 (0.59)
0.998 (0.861)
36409 (145)
1820 (2)

0.2242 (0.3180)
0.2452 (0.4232)

0.938 (0.657)
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CC(free) 0.920 (-1.000)

Number of non-hydrogen atoms 5361
macromolecules 5042
ligands 6
solvent 313

Protein residues 684

RMS(bonds) 0.009

RMS(angles) 1.20

Ramachandran favored (%) 96.76

Ramachandran allowed (%) 3.24

Ramachandran outliers (%) 0.00

Rotamer outliers (%) 1.32

Clashscore 3.05

Average B-factor 23.62
macromolecules 22.91
ligands 43.51
solvent 34.66

Number of TLS groups 2

Statistics for the highest-resolution shell are shown in parentheses.
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Figure 44. A. Superposition (RMSD = 0.254) of the two protomers of MABgH1s3 found in the asymmetric unit of
crystals obtained following molecular replacement phasing and manual solving. B. coordination site of glycerol
(GOL) molecule in Chain B of the asymmetric by R390 and D381.
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8.2.6 Identification of small ORFs upstream of MABgh1s3 and MAPGgH1s3 suggest formation of
a complex

A hallmark of Type-7 toxins in Firmicutes is the presence of a small immunity protein usually
encoded immediately upstream of the toxin. Initial analysis of the toxin locus failed to identify
such a gene in the M. absceussus subsp. massiliense strain GO-06 genome. However, use of
ORFinder identified a small ORF just downstream of the protein in the MAB genome, as shown
in Figure 46 (Rombel et al., 2002). The two loci differed in each species based on the
arrangement of the Type 7 secretion machinery. In the case of MAPgH1s3, the WxG100 motif
was encoded within the same gene as the GH183. However, in MABgH1s3, we observed two
small ORFs 5" of the GH183 which we hypothesised could be two carrier proteins which
multimerise with the protein to cause the actively secreted ternary complex, which has been

reported by the Palmer and Whitney laboratories (Whitney et al., 2017; Cao et al., 2016).
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8.2.7 Purification of MAB nhibitor and MAPinhibitor proteins

Following identification of the putative immunity protein ORF downstream of the GH183
proteins, we expressed and purified the proteins following recombinant expression in E. coli.
The proteins possessed expected molecular weights of 16.898 kDA (MAPinhibitor) and 16.443
kDa (MABinhibitor). The proteins both expressed well and were approximately 90% (MAPinhibitor),
and 86% (MABinnibitor) pure as judged by SDS-PAGE (Fig 47). Migrating to a position between
the 17 and 20 kDa markers there appeared to be higher molecular weight contaminating
proteins. We hypothesised that this was a recalcitrant disulfide bond in the proteins not being
fully reduced by the buffering conditions, thereby appearing to migrate at a position

consistent with a higher molecular weight on the gel.
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8.2.8 MABGH183 and MAPGH133 form complexes with their cognate inhibitors

With the putative inhibitor proteins in hand, we first wanted to test the hypothesis that the
two proteins formed complexes with their cognate GH183 proteins. To assay this, we carried
out analytical size exclusion chromatography on an AKTA Pure 25 system. Proteins were
mixed in a 1:1 molar ratio and compared with single protein samples. Due to the similarity in
size of the proteins, resolution is difficult but enough exists to see each peak in isolation. As
shown in Figure 47, both GH183 proteins elute at approximately 12 mL, whilst the inhibitor
proteins elute at approximately 14 mL. Upon mixing the two proteins with their cognate
inhibitors (complex samples in green in Figure 48), a higher molecular weight species can be
observed, eluting at approximately 11 mL. This supports the hypothesis that the proteins form
a stable complex. The identity of the elution fractions was subsequently confirmed by SDS-

PAGE analysis of the peak fractions (Figure 48).

Analysis of the fractions by SDS-PAGE supported the designation of the higher molecular
weight peak as a complex between the GH183 domain and the inhibitor protein. In the
complex sample we observed almost no inhibitor or GH183 proteins at elution volumes
consistent with un-complexed proteins. This is consistent with a 1:1 stoichiometric ratio.
Interestingly, when mixing non-cognate protein pairs (i.e. MAPgh1ss With MABinhibitor), NO
complex is formed. This indicates that the proteins selectively form a complex with their
syntenic neighbour. Protein complex formation can occur for multiple biological purposes,
this can include both activation and inhibition. Given the hypothesis that the GH183 proteins
are Type VIl effectors, we presumed that the inhibitor proteins would act to prevent toxicity
within the cell, and therefore we expected them to be inhibitory in arabinogalactan
degradation assays.
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8.2.9 Complexes formed between MABgH1s3, MAPGgH1s3, and upstream proteins are inhibitory
We next tested the hypothesis that these proteins are inhibitors of the GH183 using in vitro
hydrolysis of AG and TLC analysis. The first panel of Figure 49a shows the TLC resulting from
incubation of MABGH1s3 With MABinnib. Unfortunately, MABGH1s3 reached completion before
the end of the assay, therefore meaning we cannot observe true dose dependence, but at a
ratio of 1x and 2x (lanes 5 and 6), complete absence of D-arabinan hydrolysis is observed.
Below this ratio, no visible change in hydrolytic activity can be observed. In panel 2 of Figure
49a, we can see that the MAPinnib protein fails to prevent hydrolysis of the AG, even at a molar
ratio of 2x. Figure 49b shows the same experiment but with MAPgH1s3. In this case, dose
dependence can be seen using MAPinnib, With a gradual decrease in activity until the 1x molar
ratio, where no activity can be observed. Once again, incubation with the non-cognate
inhibitor, MABinnib, fails to produce any level of observable enzyme inhibition. Taken together,
this indicates that the GH183 and inhibitor proteins can only form a complex with the cognate
protein from the same species, and cross protection between the proteins tested does not
exist. This is the first biochemical evidence of interspecies toxins observed in a

Mycobacteriales member.
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Figure 48. TLC analysis of in vitro hydrolysis reactions using GH183 enzymes (5 uM) with 1 mg/mL
arabinogalactan from M. smegmatis. In lanes 3-6, inhibitor was included at a molar ratio of 0.25x, 0.5x, 1x, and
2x. the right most lane contains 10 uM of the inhibitor proteins without the GH183. TLCs were developed twice
in 2:1:1 butan-1-ol: acetic acid: water and spots visualised using orcinol TLC stain
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8.2.10 MAPgH1g3 forms an extremely high affinity complex with its inhibitor protein

Following the observation that complex formation leads to inhibition, we hypothesised that
the interaction between inhibitor protein and its cognate GH183 enzyme would be high
affinity, as poor association of the two would lead to toxicity in the cell. We therefore carried
out isothermal titration calorimetry analysis of complex formation between MAPGH1s3 and
MAPinhibitor. The experiment was carried out in HEPES pH 8 with 200 mM NaCl to reduce
buffering or ionic strength effects of the interaction. Following extensive technical and
biological replicates, the affinity was shown to be in the low nanomolar range (Kp= 8-11 nM
+ 7 nM), as shown in Figure 50. This makes the affinity comparable to that which is found
between known bacteriocins and their proteinaceous inhibitors (Keeble et al., 2006).
Additionally, a change of Gibb’s free energy (AG) of -10.8 kcal/mol indicates that the complex
formation is highly thermodynamically favourable. Interestingly, despite multiple biological
repeats, the stoichiometry of the interaction was consistently reported at 0.7-0.8
sites/protein. This may be due to experimental error with the true concentrations of the
proteins varying due to pipetting error. Additionally, based on the size exclusion data in the
previous section, the proteins seemed to complex in a 1:1 molar ratio. In comparison, no
binding could be observed in experiments using MAPGH1s3 and MABinhibitor. This recapitulates
the size exclusion data, and further reinforces our hypothesis that complex formation is the
driver of protein inhibition. This highly specific, high affinity interaction comparable to known
immunity mechanisms further supports our hypothesis that these enzymes likely play a role
in interbacterial competition due to the fact the biochemical mechanisms of toxicity and
detoxification remain well conserved across known systems (Granato et al.,, 2019).
Unfortunately, ITC analysis was unsuccessful with MABgH1s3 as the complex was not stable in
solution.
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Figure 49. Isothermal titration calorimetry of the complex formation between MAPGH1s3 and MAPihibitor at a
temperature of 25 °C. Data analysed using a 1:1 binding model. Isotherm shown is representative of the repeats
summarised in the table below.
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8.2.11 Structure of MAPgH1s3 in complex with its inhibitor protein

As we were able to isolate and purify complexes of GH183 enzymes with their cognate
inhibitor proteins, we attempted to crystallise both complexes using sitting drop vapour
diffusion. Unfortunately, the MABcomplex Was unstable in solution if left for too long, therefore
did not lend itself easily to crystallisation as it precipitated too rapidly. After many attempts,
we obtained X-ray diffraction datasets for the MABcomplex, but we have been unable to solve
the phases for the data. However, the purified MAPcomplex Was soluble and crystallised well.
Unfortunately, the crystals diffracted sub-optimally, with ice rings present, significant
anisotropy, and translational NCS meaning many reflections were not suitable for use in
refinement, the statistics for refinement are summarised in Table 22. This is apparent in the

very high Rwork and Rree values, exceeding 10% difference from each other.

Post collection processing by DIALS starANISO brought completeness below 50%, making the
datasets unusable for traditional analysis. We therefore used the unprocessed, anisotropic
dataset for structural determination. The dataset solved with convincing metrics, and we
reasoned that insight could still be drawn from the data we had, despite its poor quality given
that the data were reasonably high resolution, at 2.49 A and had CC1/2 values more than
90%. Additionally, the completeness was 80%. We therefore set out to tentatively draw

insight from the sub-optimal solution but were cautious with interpretation.
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Table 22. Merging and refinement statistics for MAPgh1s3 in complex with MAPjqhibitor

Wavelength

Resolution range

Space group

Unit cell

Total reflections

Unique reflections
Multiplicity

Completeness (%)

Mean I/sigma(l)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

cc*

Reflections used in refinement
Reflections used for R-free
R-work

R-free

M. avium paratuberculosis GH183
toxin in complex with inhibitor
protein

0.9578
60.7 - 2.49 (2.579 - 2.49)

P 2121 21

67.751 104.923 121.403 90 90 90
55347 (4544)

27677 (2272)

2.0 (2.0)

88.98 (74.88)

4.51 (0.95)

32.43

0.1576 (0.633)

0.2229 (0.8952)

0.1576 (0.633)

0.983 (0.566)

0.996 (0.85)

27597 (2271)

1321 (109)

0.2888 (0.4109)

0.3656 (0.4512)
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CC(work) 0.921 (0.601)

CC(free) 0.879 (0.333)
Number of non-hydrogen atoms 7081
macromolecules 6949
ligands 0
solvent 132
Protein residues 947
RMS(bonds) 0.022
RMS(angles) 1.53
Ramachandran favored (%) 91.04
Ramachandran allowed (%) 8.54
Ramachandran outliers (%) 0.43
Rotamer outliers (%) 5.24
Clashscore 15.96
Average B-factor 47.99
macromolecules 48.36
28.17

solvent

Statistics for the highest-resolution shell are shown in parentheses.

Figure 51a shows the asymmetric unit of MAPmplex following solving and structural
refinement. The protein complex crystallised with four proteins in the asymmetric unit, two
copies of MAPGgH1g3 and MAPinnibitor. Figure 51b shows superposition of the two protein

complexes, which have an RMSD of 0.231 A. No clear differences between the two proteins
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are obvious based on manual examination. The crystallisation of two complexes in the ASU
further strengthens our hypothesis that the data are reasonably reliable as there are no

significant differences between each protomer, indicating the solution is feasible.
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Figure 50. Asymmetric unit of crystal structure of MAPGu1s3 in complex with MAP;nhibitor (termed MAPompiex). A.
asymmetric unit consisting of two copies of the complex, coloured by protein. MAPGu1ss is in blue, MAPinhibitor is
in pink. B. superposition of the two copies in the asymmetric unit superposed using MatchMaker (Meng et al.,

2023)
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8.2.12 Structure of MAPinhibitor

As highlighted in Figure 52, the antitoxin protein exists as a 10-sheet B-sandwich protein made
up of two B-meanders. Based on literature review, this is the first experimentally determined
structure of this fold. The protein also possesses a B-hairpin motif upstream of the sandwich

domain, extending 21 A away from the protein mass.

A search of the PDB using Foldseek finds no proteins of less than 3e-3 with all hits obtained
in the analysis corresponding to the helix-turn-helix motif, leading to structural similarities
with DNA damage proteins such as UvrB (van Kempen et al., 2023). This is because a B-hairpin
domains are widespread amongst DNA-binding proteins (Aravind et al., 2005). Higher
confidence hits were obtained when searching against the Alphafold database, where
significant similarity exists to the lipoprotein Lppl from N. brasiliensis and Mycobacterium
tuberculosis. The M. tuberculosis homolog, Rv2046, has been implicated in a link between
mycolic acid homeostasis and export in a high throughput screen (Touchette et al., 2017). The
conservation of the fold indicates a possible evolutionary relationship from Lppl to MAPinhibitor

through gene duplication and evolution.
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Table 23. Hit table resulting from a Foldseek search using the MAPinnivitor as @ search model against the alphafold
protein database, top 10 hits shown (van Kempen et al., 2023).

Description Scientific Name Prob. Seq. Id. E-Value Position in query (aa)
AF-KOFD73-F1-model_v4  Lipoprotein Lppl Nocardia brasiliensis ATCC 700358 1 217 1.36E-05 12-147
AF-KOF2M3-F1-model_v4  Uncharacterized protein Nocardia brasiliensis ATCC 700358 1 18.6 5.90E-05 1-147
AF-053489-F1-model_v4  Probable lipoprotein Lppl Mycobacterium tuberculosis H37Rv 1 14.2 6.58E-05 1-147
AF-X8F7Y7-F1-model_v4  Uncharacterized protein Mycobacterium ulcerans str. Harvey 1 20.8 7.74E-05 30-150
AF-KOF484-F1-model_v4  Uncharacterized protein Nocardia brasiliensis ATCC 700358 1 20.8 2.29E-04 3-147
AF-KOES25-F1-model_v4  Uncharacterized protein Nocardia brasiliensis ATCC 700358 1 20.7 4.16E-04 26-146
AF-KOEV32-F1-model_v4  Uncharacterized protein Nocardia brasiliensis ATCC 700358 1 19.8 8.88E-04 29-146
AF-KOF2A7-F1-model_v4  Uncharacterized protein Nocardia brasiliensis ATCC 700358 1 15.8 2.00E-03 1-138
AF-KOEZB7-F1-model_v4  Uncharacterized protein Nocardia brasiliensis ATCC 700358 0.18 16.6 8.23E-01 56-147
AF-ESPVGS-F1-model_v4  RIKEN cDNA 9530053A07 gene Mus musculus 0.12 77 8.69E-01 34-141

Table 24. Hit table resulting from a Foldseek search using the MAP;nhibitor as @ search model against the PDB
protein database, top 10 hits shown(van Kempen et al., 2023).

Targ Descriptio Scientific Name Prob. g.ld. E-Value Position in query
4dfc_C Core UvrA/TRCF complex Escherichia coli K-12 0.06 12 9.57E+00 106-150
2gcu_C X-Ray Structure of Gene Product from Arabidopsis Thaliana At1g53580 Arabidopsis thaliana 0.04 11.3 8.59E+00 98-134
3var_A Crystal structure of a UvrB dimer-DNA complex Bacillus subtilis subsp. subtilis str. 16 0.1 5.7 7.70E+00 108-138
4d4p_G Crystal Structure of the Kti11 Kti13 heterodimer Spacegroup P65 Saccharomyces cerevisiae S288C 0.03 152 6.91E+00 34-150
4uzr A Crystal Structure of Pyrococcus horikoshii Ph1500 Pyrococcus horikoshii OT3 0.03 106 587E+00 92-147
6i1d_A Structure of the Ysh1-Mpe1 nuclease complex from S.cerevisiae Saccharomyces cerevisiae S288C 0.11 111 4.73E+00 103-132
3hih_B Structure of human Plk1-PBD with glycerol and sulfate in the phophopeptide binding site Homo sapiens 0.07 144 3.42E+00 94-148
7tdz_i Cryo-EM model of protomer of the cytoplasmic ring of the nuclear pore complex from Xenopus laevis Xenopus laevis 0.06 10.8 3.42E+00 33-146
6o8e_A Crystal structure of UvrB bound to duplex DNA with ADP Bacillus) caldotenax 0.09 5 3.23E+00 106-149
Tegt A The crystal structure of the C-terminal domain of T. thermophilus UvrD complexed with the N-terminal domain of UvrB Thermus thermophilus HB8 0.08 8.3 3.23E+00 106-149

Figure 51. Top (left panel) and side view (right panel) of the MAPinnibitor (chains C and D from the ASU) crystal
structure coloured by secondary structure. Blue = B-sheet, pink = a-helix, grey = coil. As can be seen, the protein
forms two domains. The first is a 10-sheet beta sandwich motif consisting of a beta meander. Second domain is
the helix-turn-helix domain.
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8.2.13 MAPomplex is @ very closely association of the two proteins

Figure 53a shows the complex viewed form the top. In the left-hand panel, we can see the
MAPGH1g3 in purple, and then the MAPinnivitor in beige. The inhibitor clasps over one blade of
the propeller. In Figure 53b, the B-hairpin motif in red extends all the way into the active site,
resembling a hand pointing a finger. In the right-hand panel of 53b, we can see the semi-
transparent inhibitor protein overlaid with the hydrophobicity surface of the GH183. The
surface is uniformly polar, and the interaction face does not appear to be notably non-polar.

This indicates that the interaction is likely not due to hydrophobic interactions.
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Figure 52. Structural overview of crystal structure of MAPmpiex- A. complex coloured by chain with GH183 in
purple and inhibitor in beige. B. both proteins coloured by secondary structure. Sheets coloured iin blue, alpha
helix in pink and coil in grey. B. Hydrophobicity surface of MAPg1s3 (green= hydrophilic; yellow = hydrophobic),
with helix turn helix poking into the active site highlighted in red.
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8.2.14 Mechanism of inhibition

Figure 54 shows the active site of MAPgH1s3 in complex with the inhibitor protein. MAPgH1s3 is
shown in purple, whilst MAPinnibitor is Shown in beige. As can be seen in Figure 53, the two
active site residues from the GH183, D177 and E226, are posed pointed away from each other.
This is likely due to the insertion of R32 from the turn of the inhibitor’s helix-turn-helix
domain. The crystal formed in a buffer at pH 7, at the pH the arginine bears a positive charge.
This leads to H-bonding between E226, whilst R178 engages in a repulsive interaction with
R32 of the inhibitor protein. This pair of interactions therefore will remodel the loop carrying
D177 and cause this catalytically inactive pose to be adopted. This highly evolved interaction
therefore potently inhibits GH183 activity upon complex formation. This mechanism of action
is unlike any known inhibition mechanism of a glycoside hydrolase. Most known chemical
inhibitors, including those of other glycoside hydrolases, such as acarbose, bind their target
as a transition state mimic (Balaich et al., 2021). This non-covalent, but potent and highly
selective inhibition mechanism has evolved to protect cells from endogenous GH183 toxins.
To fully confirm this hypothesis, it would have been helpful to obtain the apo structure of
MAPGH183 and MAPinnibitor to observe conformational responses during binding. Unfortunately,

despite multiple crystallisation attempts, this was not possible during the project.
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Figure 53. Active site of MAPgH1s3 (purple) in complex with MAP;inhibitor (beige), with residues believed to occlude
substrate and contribute to complex formation shown coloured by heteroatom. The left hand sheet of the
hairpin in beige has been interrupted by a clipping plane to allow better view of the active site, there is no break
in peptide in the loop.
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8.2.15 Cross species inhibition is prevented by subtle conformational changes in the GH183
protein

Given we now understood with reasonable confidence how protein complex formation leads
to enzyme inhibition, we set out to use our data to gain insight into the mechanism by which
cross-species protection is prevented. Given the reasonable sequence conservation between
MAPGH1s3 and MABgGH1s3, we reasoned the structures would adopt a very similar conformation
but would perhaps possess minor differences. We therefore superposed MABgH1g3 with
MAPomplex, hid the MAPghH1s3, then displayed the hydrophobicity surface of MABgH1s3 to
produce Figure 55. What can be seen is that the MABgH1s3 has evolved two lobes, highlighted
in red, which induce steric clashing between the MAP;nnibitor and MAB proteins and therefore
prevent complex formation. These two lobes are amino acids 438-441, and the inclusion of a
bulky tryptophan sidechain at position 462 in the MABgH1s3. Of course, this cannot be
confirmed until apo and complexes for all the proteins have been solved, as this may be an

artefact of crystallisation, or might not include conformational change upon binding.
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Figure 54. Hydrophobicity surface of MABGgH1s3 superposed with MAPgu1s3in complex with its cognate inhibitor)
shown in beige. Highlighted in red are the surface modifications preventing complex formation between non-
cognate enzyme/inhibitor pairs through creation of steric clashing.
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8.2.16 Exogenous expression of MABgH1s3 in M. smegmatis leads to toxicity

Our biochemical analysis indicated that the two proteins formed a toxin-immunity complex.
We therefore wanted to test that MABgH1s3 is toxic when overexpressed in a mycobacterial
species. For this purpose, we used the mycobacterial L-arabinose-inducible plasmid
pMYBADc-KAN (Beckham et al., 2020). We had two versions of the MABgh1s3 construct
produced by GeneWiz. One with the GH183 fused to a Tat signal peptide, and the other
encoded the full genomic locus from M. abscessus subsp. massiliense, including the GH183
with its native N-terminal sequence and the two small ORFS upstream it, shown in Figure 56.
Without L-arabinose, all transformants displayed similar fitness. In the presence of L-
arabinose, the empty vector strains’ survival was unchanged but there was a two-log
reduction in viability of the two strains transformed with the plasmid containing a GH183
insert. In unpresented data, we found that growth of M. smegmatis is not inhibited by
presence of up to 500 uM recombinant exogenous MABgH1s3 included in the growth media.
This therefore indicates that the protein must reach a specific compartment, likely the
periplasm, which is inaccessible to proteins from the extracellular milieu to cause toxicity. We
therefore show that the likely biological function of this GH183 homologue in M. abscessus

subsp. massiliense is a mediator of interference competition between mycobacterial species.
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Figure 55. Overexpression of MABGn1s3 results in a 2-fold-log decrease in viability. Spot plates of M. smegmatis
transformed with kanamycin-selectable, L-arabinose-inducible plasmid pMyBADc-Kan with the following
inserts: MABGH1s3::Tat contains the GH183 domain of MABGh1s3 fused to a Tat signal peptide. MABGH183:: T7
carriers contains the full genomic locus of the putative GH183 toxin locus from M. abscessus subsp.
massiliense, including the two carrier proteins encoded upstream of the MABgh1s3-encoding gene. Dilutions
were spotted on LB agar containing 50 pg/mL kanamycin with or without 0.2% L-arabinose.
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8.3 Discussion

The data presented in this chapter strongly implicates a sub-family of GH183 enzymes in inter-
mycobacterial competition. Firstly, we serendipitously identified two distant homologs of
Rv3707c in Mycobacterium abscessus subsp. massiliense and Mycobacterium avium subsp.
paratuberculosis through use of a protein solubility prediction tool. Following biochemical
analysis, we have experimentally verified that GH183 enzymes are retaining. Whilst not
directly relevant to these homologues, Rv3707c and Rv1754c have been implicated in
pathogenesis of M. tuberculosis and retaining glycoside hydrolases lend themselves to
rational design of inhibitors (Perkowski et al., 2017). Covalent glycoside hydrolase inhibitors
such as acarbose for the treatment of diabetes mellitus and Tamiflu for influenza have been
used safely and effectively used clinically for many years, indicating the efficacy of such
treatments (Balaich et al., 2021; Oo et al., 2001; Babu et al., 2000). Following further study
into the efficacy of inhibition of GH183 enzymes in M. tuberculosis, such an avenue of enquiry

would be potentially very helpful in treating tuberculosis and other mycobacterioses.

Upon the public release of Alphafold during the project, we noticed both proteins possessed
N-terminal extensions which resembled Type 7 secretion signals from Staphylococcus aureus.
This led us to hypothesise that the enzymes carried out an extracellular function, unrelated
to Rv3707c and other housekeeping homologues. Given the availability of literature on the
functions of Type 7 secretion systems in S. aureus, we hypothesised that this function may be
interbacterial competition. This was supported by the presence of inhibitor proteins adjacent
to the GH183 proteins, which through analytical size exclusion chromatography and ITC we
have shown form a high affinity complex. Based on work from the Kleanthous laboratory,

most colicins and their cognate inhibitors form complexes with an affinities in the range of
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low nanomolar to picomolar, which is comparable to our Kq of 11 nM . Interestingly, colicins
seem to still complex with non-(Wallis et al., 1995; Housden and Kleanthous, 2011)cognate
inhibitors from other species, but with an affinity roughly 10-log-fold lower, but our putative

toxins cannot bind a non-cognate inhibitor protein (Blasco et al., 2023; Keeble et al., 2006).

Amongst glycoside hydrolases, proteinaceous inhibitors are rare, with two classes of glycoside
hydrolase experimentally shown to possess proteinaceous non-covalent inhibitors. We have
successfully crystallised both an apo form of MABghis3 and a complex of MAPGH1s3 with
MAPinnibitor. The first example of proteinaceous glycoside hydrolase inhibitors we found in the
literature were xylanase inhibitors produced by wheat and other monocots to prevent
excessive breakdown of xylose-containing polysaccharides by commensal bacteria such
Agrobacterium nidulans (Fierens et al., 2007). Whilst the overall structure of these complexes
are very different, a commonality exists in that both inhibitor proteins make use of a positively
charged lysine or arginine residue inserted into the enzyme active site (Payan et al., 2004).
Ivy is another example of a proteinaceous GH inhibitor and encoded in the genome of E. coli
among other bacteria (Abergel et al., 2007). This protein acts on eukaryotic (Class C)
lysozymes to cause their inhibition. lvy possesses significant difference structurally to
MAPinnibitor, but once again makes use of positively charged residue, histidine, which interacts
with the catalytic carboxylate side chains to inhibit the protein (Abergel et al., 2007).
Furthermore, it has been shown that M. tuberculosis encodes a lysozyme inhibitor, Lprl,
within its genome, which forms a complex with C type lysozymes with a 2 nM affinity (Sethi
et al., 2016). Whilst such a mechanism within itself is fascinating, it also may provide insight
into novel mechanisms of glycoside hydrolase inhibition more broadly. Furthermore, the
presence of toxin-immunity pairs in M. tuberculosis has been known for many years, following
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the discovery of tuberculosis necrotizing toxin, which is an NAD glycohydrolase (Sun et al.,
2015). The protein was initially identified solely as a host-targeting factor (U et al., 2019).
However, given NAD is conserved in all living cells, we believe that the toxin may have initially
evolved as an interbacterial competition effector which found utility in pathogenesis (Sasiak

and Saunders, 1996; Spaans et al., 2015; Sun et al., 2015)

Finally, using a plasmid-based spotting assay, we have shown that overexpression of these
enzymes in Mycobacterium smegmatis is toxic. Further experimentation is underway to
demonstrate that this toxicity is relevant to interbacterial competition. Additionally, further
work is underway to generate a catalytically inactive version of the GH183 enzyme for
overexpression in M. smegmatis to show the toxicity is catalytic and not due to an artefactual
effect such as overexpression causing amino acid starvation for other cellular processes
leading to a drop in viability (Danchik et al., 2021). We are also generating a system with a
related plasmid from the pMY series which contains the cognate immunity protein under the

control of an acetamide promoter to show that it can rescue viability (Beckham et al., 2020).

Taken together, these data are persuasive in supporting our hypothesis that these enzymes
cause toxicity in mycobacteria, likely through the hydrolysis of arabinogalactan. The linkages
found in the substrate the toxins target are phylogenetically restricted to Mycobacteriales
species and select other microbial species such as P. aeruginosa PA7 (Kus et al., 2008).
Furthermore, the presence of a putative type 7 secretion signal in both proteins indicates that
these proteins can be translocated to competing organisms. This is the first reported potential
mechanism of interspecies competition found in Mycobacteria, and the biological
implications are unclear.
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The question remains as to what purpose these proteins have in vivo. Unlike Rv3707c and
Rv1754c, these proteins do not appear in high throughput pathogenicity screening of
mycobacteria, indicating that whilst they might not contribute directly to pathogenesis, they
may provide a selective advantage in soil and human microbiomes. One possible explanation
is that most Tn-seq type experiments are not designed to address questions of competition
with the microbiome. These proteins may allow the bacteria to specifically compete with
related species for nutrients. Recent work from the Palmer laboratory indicates that loss of a
type VIl toxin in a monoculture infection model in zebrafish decreases bacterial burden (Ulhuq
et al., 2020). Drawing from existing knowledge of the function of these systems in P.
aeruginosa Type 6 secretion system-mediated competition, these systems likely enable more
efficient competition for available resources within sites of initial colonisation by
mycobacterial pathogens, such as the lungs in the case of M. abscessus subsp. massiliense,
and in the gut rumen for M. avium subsp. paratuberculosis. Both of these compartments
contain commensal species of Corynebacteria, another genus which possesses microbial
arabinogalactan, such as Corynebacterium vitaeruminis, which in many cases prevents
colonisation by harmful bacteria (Colombo et al., 2017; Kelly et al., 2022). However, these
Type 7 substrates would allow efficient killing of these Corynebacteria, enabling more
efficient colonisation and pathogenesis. Evidence to support this hypothesis is the complete
absence of Corynebacterial species in the gut rumen of cows recovering from Johne’s disease
(the disease resulting from M. avium subsp. paratuberculosis) up to 9 months following MAP
infection (Matthews et al., 2023). This loss of commensal corynebacteria following
mycobacterial disease certainly bears further investigation, as it may indicate competition, or
some other unexplained phenomenon.
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Future work will include in vivo models of competition, to show that expression of these genes
gives selective advantage against those lacking immunity mechanisms. Additionally, to verify
our proposed mechanism for enzyme inhibition, we need a full set of apo and complex
proteins, as well as site directed mutants within the interaction face, and in the warhead

arginine to verify that molecular mechanisms presented are biologically relevant.
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9 Discussion

Microbial arabinogalactans are rare in nature, only found in some members of the order
Mycobacteriales (Daffe et al., 1993; Jankute et al., 2014). The polysaccharide plays a critical
function covalently attaching the inner peptidoglycan sacculus to the mycolic acid outer
membrane (Armitige et al., 2000; Goins et al., 2018). Up until this study, whilst significant
evidence existed in the literature for release of arabinan oligosaccharides from growing
mycobacteria, arabinogalactan was largely viewed as a static entity, whose covalent
modifications were well characterised, but its turnover was under-studied (Dong et al., 2006;

Bhamidi et al., 2008c; Angala et al., 2017; Peng et al., 2012).

In the first chapter of this thesis, we report the recombinant expression, purification, and
characterisation of Rv3707c and MSMEG_2107. These two proteins, from M. tuberculosis and
M. smegmatis, respectively, are conserved in all mycobacterial species. Following rigorous
biochemical characterisation, including optimisation of porous graphitic carbon solid phase
extraction (PGC-SPE) for the analysis of resulting in vitro hydrolysis assays, we demonstrate
that mycobacteria encode p-arabinan hydrolases in their genomes. This activity had been
known for close to 50 years, but the enzyme that catalysed this activity had not been
determined (Dong et al., 2006). The enzyme family enclosing these enzymes and homologues
has since formed the basis for a new glycoside hydrolase family, GH183. Furthermore, we
show X-ray crystallography that these enzymes adopt a 5-bladed B-propeller conformation,
which is typical in carbohydrate-active enzymes such as glycoside hydrolases, lectins and
glycosyltransferases (Meng and Fitterer, 2008; Bonnardel et al., 2019; Afanasieva et al.,

2019). Through multiple sequence alignment and site directed, we successfully produced

204



catalytically null versions of the protein. Following exhaustive literature review of Rv3707c
and MSMEG_2107’s M. tuberculosis homolog, Rv1754c, we show that these proteins are
critical in pathogenesis. Further work will be to identify the biological function of these
enzymes, and how that utility benefits them in pathogenesis. We propose mechanisms for
this. The first being that direct interaction between the products of these arabinan hydrolase
directly interact with the human immune system to prevent pathogen clearance. The second
is that the enzymes remodel the cell wall to better withstand the environment found within
macrophage. Finally, the enzymes may remodel the cell wall to allow for the extrusion of type
VIl secretion systems which deliver virulence factors such as ESAT-6/CFP-10 to the host and

trigger damage (Gao et al., 2004; Renshaw et al., 2005).

The second package of work carried out during this project followed from the identification
of GH172 in the same PUL enabling growth of D. gadei in our paper published on arabinan
hydrolases. We show that these GH172 enzymes were distributed in a different manner to
GH183 enzymes, being particularly enriched in the genomes of Nocardia species. The family
Nocardiaceae are a group of understudied but severe pathogens of the human central
nervous system, responsible for Nocardiosis which can have a mortality rate of up to 80%
(Colaneri et al., 2021). These bacteria also can only be treated with Trimethoprim-
sulfamethoxazole, a treatment regimen with an incidence of resistance at approximately 21%
(Brown-Elliott et al., 2012). Within this chapter we began with the identification of a
conserved GH172 enzyme, which we extensively biochemically characterised using Michaelis-
Menten kinetics, structural biology, and thin layer chromatographic analysis we identify that
the NBrasgr172 enzyme adopts a significantly conformation to its homolog in B. dentium, with
the loss of a short N-terminal a-helix abolishing dimerization of the two hexamers and causing
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NBrasghi172 to remain as a trimer. Literature review indicated that the evolutionary origin of
the protein family containing GH172 is an ancient pre-viral replicating organism, which then

gradually became evolved to possess glycoside hydrolase activity (Krupovic et al., 2022).

Syntenic analysis of the loci encoding the GH172 enzyme across Nocardia species showed that
it was often encoded adjacent to genes associated with cycling of carbohydrates through the
pentose phosphate pathway such as isomerases and FGGY kinases. Following successful
recombinant expression of these enzymes, we believe that these enzymes function with the
encoded glycoside hydrolases to passage endogenous polymeric arabinan back into the
pentose phosphate pathway in times of carbon starvation to allow survival. During this
enquiry, we also discover a new glycoside hydrolase family specific for B-1,2-linked D-

arabinan, such as that which is found in the terminal caps of arabinogalactan.

Whilst the proteomic analysis we carried out was unsuccessful due to late harvest causing us
to solely see mediators of starvation response significantly upregulated, we present the first
known proteomic dataset of a Nocardia species, as well as an optimised proteomics
preparation protocol which allows for recovery of many proteins encoded within the genome
of N. brasiliensis. Given the recent interest in Nocardia species as secondary metabolite
producers, we believe this dataset and protocol will be very helpful tools for the research

community.

The final line of enquiry within this thesis is the characterisation of a less-well conserved
group of GH183 enzymes found in environmental opportunistic mycobacterial pathogens
such as M. abscessus subsp. massiliense and M. avium subsp. paratuberculosis. Their initial
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identification was serendipitous due to their purported favourable characteristics predicted
by FDetect (Meng et al., 2018). Following the release of Alphafold, it’s high-confidence
structural prediction led us to hypothesise that the homologues identified, MAPgH1s3 and
MABGH1s3 were Type VIl secreted, due to the presence of N-terminal a-helical bundles
resembling WxG100 motifs found in Type VIl substrates encoded in the genomes of S. aureus
(Poulsen et al., 2014). We then biochemically dissected the action of these homologs and
then identified small proteins adjacent to the GH183 enzymes which we hypothesised to be
inhibitor proteins, given Type VII substrates often require within-cell inhibition to prevent
self-poisoning. We show that these proteins complex in vitro, and that the complex formed is
inhibitory to the GH183 activity. This proteinaceous inhibition of a glycoside hydrolase is very
rare in nature. However, amongst enzymatically distinct, but functionally related type VII
effectors is very common to prevent toxicity within the cell and to related organisms (Ulhuq
et al., 2020). Finally, we show that cross-species inhibition of the GH183 enzymes is likely due
to subtle structural variations which prevent enzyme-inhibitor complex formation. Due to the
polytopic nature of the interaction formed, with multiple residues contributing to complex
formation, there is a snapshot of a highly evolved relationship between GH183 protein and
inhibitor. Finally, we show that overexpression of the identified toxin protein in trans in M.
smegmatis causes significant toxicity in vivo. These data support the first proposal of

interspecies competition between members of the Mycobacteriales.

To summarise, we show that p-arabinan hydrolysis, catalysed by GH172, GH183, and new
enzyme families represents a new facet of cell wall homeostasis in Mycobacteriales
organisms, disrupting the overarching belief that arabinogalactan in these organisms is a
static entity, and that acid-fast organisms remodel their cell wall extensively. Within this
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project we have gained an insight into mechanisms and significance of enzymes that cleave
D-arabinan in maintaining the cell wall of these organisms, as well as mediating competition
between species. Furthermore, we present tools enabling high-resolution analysis of arabinan
polysaccharides, as well as tools that allow fine analysis of cell wall components of
Mycobacteria and related organisms. As explained, we also believe that this project has wider
implications for the understanding of the pathogenesis and homeostasis of the mycobacterial

cell wall, and look forward to further work on this topic.
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