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ABSTRACT

Cytochrome P450 monooxygenases (P450s/CY Ps) are ubiquitous enzymes with unique regio-
and stereo-selective oxidation activities. Due to these properties, P450s play a key role in the
biosynthesis of natural metabolites. Mycobacterial species are well-known producers of
complex metabolites that help them survive in diverse ecological niches, including in the host.
In this study, a comprehensive analysis of P450s and their role in natural metabolite synthesis
in 2666 mycobacterial species have been carried out. The study revealed the presence of 62815
P450s that can be grouped into 182 P450 families and 345 subfamilies. Blooming (presence of
more than one copy of the same gene) and expansion (presence of the same gene in many
species) were observed at the family and subfamily levels. CYP135 was the dominant family
in mycobacterial species. The mycobacterial species have distinct P450 profiles, indicating
lifestyle impacts P450 content in their genome vis a vis P450s play a key role in organisms'
adaptation. Analysis of the P450 profile revealed a gradual loss of P450s from non-pathogenic
to pathogenic mycobacteria. Pathogenic mycobacteria have more P450s in biosynthetic gene
clusters that produce natural metabolites. This indicates that P450s are recruited for the
biosynthesis of unique metabolites, thus helping these pathogens survive in their niches. This
study is the first to analyze P450s and their role in natural metabolite synthesis in many
mycobacterial species.
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CHAPTER 1: INTRODUCTION

1.1. Background and problem statement

Cytochrome P450 monooxygenases (CYPs/P450s) are undoubtedly one of the most
extensively studied enzymes due to their role in organisms' primary and secondary metabolism
(‘Yamazaki, 2014, McLean et al., 2015, Nelson, 2018). The word “cytochrome” indicates the
presence of a chromophore such as heme as a prosthetic group, and “P450” denotes their
characteristic absorbance spectrum of 450 nm wavelength when they are reduced and
complexed with carbon monoxide (Garfinkel, 1958, Klingenberg, 1958, Omura and Sato,
1962, Omura, 2011). The word “monooxygenase” indicates the incorporation of one oxygen
into substrates by these enzymes (Garfinkel, 1958, Klingenberg, 1958, Omura and Sato, 1962,
White and Coon, 1980, Omura, 2011). However, since their discovery, it has been identified
that P450s catalyze diverse enzymatic reactions with regio- and stereo-selectivity (Sono et al.,
1996, Bernhardt, 2006, Yan et al., 2022). Due to their unique enzymatic properties, P450s were
explored for their biomedical and biotechnological applications (Kelly and Kelly, 2013,
Jawallapersand et al., 2014, Girvan and Munro, 2016, Lepesheva et al., 2018, Urlacher and
Girhard, 2019, Li et al., 2020).

P450s are ubiquitous as they were found in living and non-living entities such as viruses
(Nelson, 2018, Lamb et al., 2019). The International P450 Nomenclature Committee developed
a nomenclature and annotation method for correctly identifying P450s in species across all the
biological kingdoms (Nelson, 1998, Nelson, 2006, Nelson, 2009). The nomenclature system
begins with the prefix “CYP” for cytochrome P450 monooxygenase, followed by an Arabic
numeral designating the family, a capital letter representing the subfamily, and an Arabic digit
specifying the individual P450 in a family. The annotation criteria include assigning family
and subfamily with > 40% identity belong to the same family and all P450s with > 55% identity
belong to the same subfamily (Nelson et al., 1993, Nelson, 1998, Nelson, 2006, Nelson, 2009).
All researchers have universally accepted this nomenclature and annotation method; thus, any

P450 identified should be subjected to this criterion for its proper identification.

P450 application in synthesizing natural metabolites has gained momentum (Podust
and Sherman, 2012, Rudolf et al., 2017, Greule et al., 2018). Natural products are metabolites,
either primary or secondary, produced by organisms. Primary metabolites are involved in
organisms' physiology. In contrast, the secondary metabolites, although they have no direct

role in organisms' physiology, they tend to play a role indirectly helping organisms in their
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survival. The ongoing genome sequencing rush revealed many P450s from the species across
the biological kingdoms (Nelson, 2018). It is impossible to clone, express, and characterize
many P450s. Due to this hurdle, in silico analysis of P450s will help understand their role in
different biological processes. One such in silico tool is identifying P450s that possibly play in

the biosynthesis of natural products.

In silico studies based on genome-wide analysis of P450s and their role in the
biosynthesis of natural products revealed the presence of many P450s in biosynthetic gene
clusters (BGCs) in bacterial species. BGCs are none other than a physical grouping of two or
more genes in a genome that is responsible for the biosynthesis of a metabolite (Medema et al.,
2015). Analysis of BGCs across different bacterial species revealed that Salinispora species
have the highest percentage of P450s, and Bacteroidetes species and cyanobacterial species
have the lowest percentage of P450s as part of BGCs (Parvez et al., 2016, Mthethwa et al.,
2018, Senate et al., 2019, Khumalo et al., 2020, Padayachee et al., 2020, Mnguni et al., 2020,
Msomi et al., 2021, Malinga et al., 2022, Msweli et al., 2022, NKosi et al., 2022, Nzuza et al.,
2021). The percentage of P450s part of BGCs from highest to lowest is as follows: Salinispora
species (47%) > Streptomyces species (23% > Firmicutes species (18%) > mycobacterial
species (15%) > proteobacterial species (12%) > Bacteroidetes species = cyanobacterial

species (8%).

Mycobacterial P450s gained attention due to their potential as drug targets (Ortiz de
Montellano, 2018) and the production of valuable human metabolites (van Beilen et al., 2005).
CYP121A1 and CYP128A1 from Mycobacterium tuberculosis H37Rv are involved in the
biosynthesis of natural metabolites mycocyclosin (McLean et al., 2008, Belin et al., 2009) and
sulfomenaquinone (Sogi et al., 2016). A point to be noted is that CYP121A1 is essential for the
survival of M. tuberculosis, indicating that the metabolite it synthesizes is a vital primary
metabolite (McLean et al., 2008). Menaquinone is a primary metabolite involved in electron
transport in M. tuberculosis (Sogi et al., 2016). CYP139 family members were found to be part
of different BGC types indicating their involvement in the biosynthesis of diverse natural
compounds (Syed et al., 2019). Based on the results authors proposed that these metabolites
might provide mycobacterial species with advantageous traits in diverse niches competing with
other microbial or viral agents and helping these microbes infect hosts by interfering with the
host's metabolism and immune system (Syed et al., 2019). Genome-wide analysis of P450s in
60 mycobacterial species revealed that 15% of P450s belonging to 31 different families are

part of BGCs (Parvez et al., 2016). It is well-known that mycobacterial species have complex
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metabolites as part of their cellular structure, and some of these metabolites are well-known
for their virulence (Quadri, 2014, Bansal-Mutalik and Nikaido, 2014, Ghazaei, 2018). Based
on P450s and their BGCs, the authors concluded that these P450s of BGCs possibly play a role

in the synthesis of complex metabolites (Senate et al., 2019).

Studies as mentioned earlier, which are limited to a family (CYP121, CYP128, and
CYP139) and a few species (60 species), to date, a comprehensive analysis of P450s and their
role in natural metabolites biosynthesis in a large number of mycobacterial species has not been
carried out. This study aims to address this research gap to understand the P450s role in natural

product biosynthesis concerning different mycobacterial categories.

1.2. Aim and Objective
1.2.1. Aim

To annotate and understand the P450s role in secondary metabolites synthesis in mycobacterial

species.

1.2.2. Objectives

To perform genome-wide identification of P450s in 2666 mycobacterial species

To annotate identified P450s from 2666 mycobacterial species

To identify the P450s part of biosynthetic gene-clusters

To perform a comparative analysis of P450 features between mycobacterial species

with other bacterial species

1.3. Thesis layout
This dissertation is divided into five chapters apart from the supplementary information listed

below:

Chapter 1: Introduction

Chapter 2: Literature review
Chapter 3: Results and discussion
Chapter 4: Methodology

Chapter 5: Conclusions and future perspectives
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Supplementary information: Due to the nature of the data, a separate excel file with six tables

and a word file with a dataset are provided.

All the information provided in this dissertation is the same as the article submitted to
the International Journal of Molecular Sciences (see research outputs). The dissertation layout

is designed in the same format as the journal article.
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CHAPTER 2: LITERATURE REVIEW

2.1. The genus Mycobacterium

The genus Mycobacterium contains gram-positive, rod-shaped, and acid-fast species
(Ingenbleek, 2017, Ventura et al., 2007). These species adapted to diverse ecological niches
and can be found in water bodies, soil, and metalworking fluids (Ingenbleek, 2017). Due to
their diverse lifestyles, species belonging to this genus were categorized into six categories
(Parvez et al., 2016). The six categories are Mycobacterium tuberculosis complex (MTBC), M.
chelonae-abscessus complex (MCAC), M. avium complex (MAV), Mycobacteria causing
leprosy (MCL), Nontuberculous mycobacteria (NTM) and Saprophytes (SAP).

2.2. Mycobacterium tuberculosis complex (MTBC)

2.2.1. Mycobacterium tuberculosis H37Rv

M. tuberculosis H37Rv is a pathogenic, aerobic, chemoorganotrophic, rod-shaped, non-motile
bacterium that causes Tuberculosis (TB) in humans (Cole et al., 1998). M. tuberculosis is
typically a slow-growing, dormant, intracellular pathogen with a complex cell envelope and
genetic homogeneity (Cole et al., 1998). M. tuberculosis, although primarily affecting the
lungs, can affect almost every organ in the body, producing symptoms imitating both
inflammatory and malignant disease (Gillespie and Bamford, 2012). The presence of M.
tuberculosis in a clinical specimen is almost always associated with infection (Menzies et al.,
2007). The genome sequence of M. tuberculosis H37Rv is probably the best-characterized
strain. It has been investigated and analyzed to improve our understanding of its biology and
help discover new prophylactic and therapeutic interventions (Cole et al., 1998, Camus et al.,
2002).

2.2.2. Mycobacterium africanum GM041182

M. africanum was first isolated from a non-infected, HIV-positive patient in 2004 with a
positive smear for pulmonary tuberculosis (Bentley et al., 2012). In contrast to other species in
this category, M. africanum possesses all the biochemical properties usually used to
differentiate between the different species, especially M tuberculosis and M. bovis (Mostowy
et al., 2004). Due to this trait, M. africanum is an unspecified classification and is generally
applied to isolates in the category that differs in their phenotypic presentation and genomic
content (Mostowy et al., 2004).

M. africanum is also known for causing TB in humans, especially in West African

countries (Vasconcellos et al., 2010). Symptoms of infection are very similar to those caused
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by M. tuberculosis, and predisposing factors include immune-compromised states, such as in
patients with HIV (Galagan et al., 2010). Although the host range of M. africanum is believed
to be human, the organism is isolated with a much lower frequency than M tuberculosis
(Mostowy et al., 2004). M. africanum is found commonly in Northern, Western, and Central
Africa (Galagan et al., 2010).

2.2.3. Mycobacterium bovis

M. bovis causes bovine, and human TB and avirulent strains of the organism are used for the
Bacille Calmette-Guérin (BCG) vaccine (Bentley et al., 2012). Although the organism mainly
causes TB in cattle, it may infect other animals, including dogs, cats, swine, rabbits, antelope,
lions, buffalo, and sometimes certain birds of prey (Vissa and Brennan, 2001). Bovine TB is
still common in less developed countries, causing severe economic losses from livestock
deaths, chronic illness, and trade restrictions. The organism may also be a threat to endangered

animals.

2.3. Mycobacterium chelonae-abscessus complex (MCAC)

2.3.1. Mycobacterium abscessus

M. abscessus ATCC 19977 this strain was first isolated in 1953 in a subcutaneous lesion from
a knee infection in a human (Choo et al., 2012), and M. abscessus subspecies bolletii 50594
was isolated from a Korean patient with a pulmonary infection (Kim et al., 2017). M. abscessus
is one of the most clinically important of the rapidly growing mycobacteria (Ripoll et al., 2009).
It is a common water and soil contaminant (Ripoll et al., 2009). M. abscessus commonly causes
skin infection, often evolving into draining subcutaneous abscesses, particularly in patients
with compromised immunity (Yano et al., 2006). Although present in many water sources, the
organism is also an important causative agent of pulmonary disease in patients with chronic
respiratory disease (Ripoll et al., 2009). Other predisposing factors for infection include organ
transplantation, rheumatoid arthritis, trauma, and invasive medical procedures (Yano et al.,
2006). Lung infections with M. abscessus in patients with cystic fibrosis are becoming
increasingly frequent (Ripoll et al., 2009).

Pulmonary infection with M. abscessus is considered very serious, with a much higher
fatality rate than any other rapidly growing mycobacterium (Ripoll et al., 2009). Although
considered an environmental contaminant, this organism is frequently found on hospital
equipment. It has been associated with nosocomial and community-acquired infections,

ranging from superficial skin and soft tissue infection to disseminated disease (Choo et al.,
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2012). The frequent observation of the organism in healthcare-associated disease is because
the organism is resistant to most disinfectants and biocides and can survive in harsh

environments (Ripoll et al., 2009).

2.4. Mycobacterium avium complex (MAC)

2.4.1. Mycobacterium avium

M. avium is a natural pathogen of birds (Wu et al., 2006, Gillespie and Bamford, 2012) and an
opportunistic pathogen of humans. However, very little epidemiologic information is available
regarding human disease (Horan et al., 2006). It is a gram-positive, non-spore-forming, slightly
curved, aerobic, slow-growing bacteria (Galagan et al., 2010). In the childrens, they cause
mycobacterial lymphadenitis, osteomyelitis in immune-compromised patients, and chronic
pulmonary infection in the elderly (Gillespie and Bamford, 2012). In the advanced stages of
AIDS, the organism can cause a disseminated infection or bacterial sepsis (Vissa and Brennan,
2001, Gillespie and Bamford, 2012).

Patients at risk for M. avium include those suffering or affected by chronic obstructive
pulmonary disease, bronchiectasis, chronic aspiration or recurrent pneumonia, TB,
pneumoconiosis, and bronchogenic carcinoma (Zink et al., 2003). There has been some
correlation between infection with M. avium and cystic fibrosis (Zink et al., 2003). In non-
immune compromised patients, the disease presents like an infection with M. tuberculosis
(Zink et al., 2003), and occasionally patients are asymptomatic. M. avium 104 is widely
distributed in the environment and is an opportunistic pathogen known to cause infection in
immune-compromised patients (Wu et al., 2006). The first strain was isolated in 1983 in South

California from an adult patient infected with AIDS.

M. avium subspecies paratuberculosis K10 is an obligate pathogen of animals such as
cattle, sheep, antelopes, deer, and giraffes, causing a disease characterized by enteritis (Wu et
al., 2006). Infection in animals causes significant economic losses, especially in the dairy
industry (Wu et al., 2006). M. avium subspecies paratuberculosis has also been associated with
Chron’s disease in humans, with symptoms like intestinal symptoms caused by an intestinal
infection in cattle (Wu et al., 2006). This strain can only be treated with a combination of
antibiotics such as Rifabutin and Clarithromycin. It is not susceptible to many anti-TB drugs,
making treatment very difficult (Wynne et al., 2010).

M. avium subspecies paratuberculosis MAP4 this strain is the causative agent for Johne’s

disease in animals like cattle, sheep, goats, deer, giraffes, antelopes, and camels (You et al.,
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2012, Bannantine et al., 2014). It is associated with Chron’s disease in humans (Bannantine et
al., 2014). Chron’s disease is a chronic granulomatous infection in the small intestine of these
animals with a worldwide distribution (Bannantine et al., 2014). Chron’s disease takes a
tremendous economic toll on the livestock industry (Bannantine et al., 2014). This strain was
isolated in 2000 from the breast milk of a patient with Chron’s disease. The organism has a
complex cell wall structure with mycolic acids and several lipids very similar to other strains
in this genus, but it is the most slow-growing of these organisms (Bannantine et al., 2014). The
organism requires 8 to 16 weeks before colonies are visible, and a siderophore is needed in the

laboratory medium for growth (Bannantine et al., 2014).

2.5. Mycobacterium causing Leprosy

2.5.1. Mycobacterium leprae

M. leprae is gram-positive, aerobic, and surrounded by the unique mycobacterial waxy coating.
The organism was identified in 1873 before M. tuberculosis, making it the first human
pathogenic mycobacterium to be identified (Vissa and Brennan, 2001). Up to date humans are
the only known host (Monot et al., 2009).

This bacterium causes leprosy, or Hansen’s disease, in humans. Leprosy is a chronic
infectious and primarily granulomatous disease of the peripheral nerves, mucosa, and upper
respiratory tract producing skin lesions. The organism initially attacks peripheral nerves,
followed by digital destruction and deformity, often leaving the patient severely disabled
(Monot et al., 2009, Gillespie and Bamford, 2012). Patients at risk are immune-compromised
(Gillespie and Bamford, 2012). M. leprae Br4923 strain was first isolated from a patient in
Brazil, the country with the second highest incidence of leprosy (Monot et al., 2009). M. leprae
TN strain was first isolated from an armadillo in Tamil Nadu, India (Cole et al., 2001).

2.6. Nontuberculosis mycobacteria

2.6.1. Mycobacterium marinum

M. marinum is a facultatively anaerobic, fast-growing organism with a growth rate of 4 to
6 hours (Stinear et al., 2008). Unlike M. tuberculosis, M. marinum cannot reduce nitrate and
produces a bright yellow carotenoid pigment when exposed to light, which protects it from UV
damage (Stinear et al., 2008). This organism can replicate in both single-celled organisms, such
as amoeba, and cultured mammalian macrophages, meaning the organism can survive in both

intracellular and unpredictable extracellular environments (Stinear et al., 2008).
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It is mainly a pathogen of fish and amphibians (Stinear et al., 2008) and is found in
aquatic environments such as swimming pools and drinking water. The systemic
granulomatous infection in amphibians and fish has histologic similarities to lesions of TB in
humans (Stinear et al., 2008). In humans, it causes granulomatous skin infections, mainly
acquired from contaminated rivers, poorly maintained swimming pools, and fish tanks through
cuts and scratches in the skin (Stinear et al., 2008). Infection with M. marinum, commonly
referred to as fish tank or aquarium tank granuloma (Stinear et al., 2008), has been reported in
lifeguards, fishermen, and people working in the aquatic industry (Yano et al., 2006). The
granulomatous infection is generally limited to the skin and soft tissue extremities, and it
resembles like dermal disease caused by M. tuberculosis (Stinear et al., 2008). M. marinum has
an optimal growth temperature at 35°C in Middlebrook 7H9 medium and grows poorly at 37°C,
which explains its tendency to infect poikilotherms and a superficial disease restricted to cooler

extremities of the human body (Stinear et al., 2008).

2.6.2. Mycobacterium ulcerans Agy99

This organism causes the devastating Buruli ulcer in humans and is believed to have derived
from M. marinum (Stinear et al., 2007, Stinear et al., 2008). Buruli ulcer is a necrotic disease
of subcutaneous tissue and is widespread in West and Central Africa (Stinear et al., 2007). The
transmission mode is still uncertain (Stinear et al., 2008). This is the only pathogen that does
not have an intracellular lifestyle in the granulomas, as it can lyse cells using its polyketide
toxin (Stinear et al., 2008). The toxin produced by the organism, mycolactone, is described as
a macrolide toxin (Stinear et al., 2007). The slow growth, ability to stimulate immune
suppressors, cell wall remodeling and modification and biofilm-forming capability give this
organism its survival ability (Stinear et al., 2007).

2.7. Saprophytes

2.7.1. Mycobacterium vanbaalenii PYR-1

M. vanbaalenii is a rod shaped, non-motile, non-spore forming bacteria. M. vanbaalenii plays
a role in bioremediation. This organism can degrade a wide range of environmentally toxic
chemicals, including high-molecular-weight polycyclic aromatic hydrocarbons (PAHS), like
pyrene, as a sole source of carbon and energy (Ripoll et al., 2009). This strain was first isolated
at a site close to the Harbour Island oil tank farm in the watershed of Redfish Bay. The
metabolic diversity of M. vanbaalenii makes it a potential source for bioremediation of PAH-

contaminated areas (Kim et al., 2017). The genome sequence of M. vanbaalenii contains 6012
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protein-coding sequences, many of which are involved in the catabolism of aromatic

compounds (Kim et al., 2017).

2.7.2. M. smegmatis JS623

M. smegmatis JS623, an ethane oxidising organism, can grow on vinyl chloride as a carbon
and energy source (Jin et al., 2010). Vinyl chloride is a toxic ground water pollutant associated
with plastic manufacture and chlorinated solvent used is a known human carcinogen (Jin et al.,
2010). This trait makes it potentially useful in the bioremediation of such pollutants (Jin et al.,
2010). This strain is also a useful model system for studying microbial enzyme evolution in

response to xenobiotic compounds (Jin et al., 2010).

2.7.3. M. gilvum PYR-GCK

This strain was isolated from the sediment of the Grand Calumet River in North-western
Indiana and can utilize the toxic polycyclic hydrocarbon pyrene for growth (Badejo et al.,
2014). It has been studied to try and glean some insight into mechanisms related to its

exceptional bioremediation abilities (Badejo et al., 2014).

2.8. M. tuberculosis P450s

Cytochrome P450 monooxygenases (CYPs/P450s) are heme-thiolate proteins well known for
their diverse enzymatic reactions, particularly in a stereo- and regio-specific fashion
(Bernhardt, 2006, Sono et al., 1996). As a result of this function, P450s have become vital for
organismal survival, playing a critical role in primary and secondary metabolism (Kelly and
Kelly, 2013). P450s are multifunctional oxidoreductases found in organisms across all
biological kingdoms (Nelson, 2018). P450s are divided into mainly two divisions by their
functionality; some play a role in biological processes in organisms, such as fatty acid
metabolism and sterol and cholesterol synthesis, and those that break down xenobiotic

compounds in organisms (Kelly and Kelly, 2013).

Genome sequence analysis of M. tuberculosis H37Rv shows the existence of 20 P450s
in its genome (Cole et al., 1998) (Figure 2.1). Among 20 P450s, only a few P450s have been
functionally characterized (Figure 2.1). The characterized P450s appear to have the less
specific physiological function of P450s rather than being devoted to removing xenobiotics
(Figure 2.1 and Table 2.1).

22



CYP51B1 (Rv0764c)
CYP132A1 (Rv1394c)
CYP139A1 (Rv1666c)
CYP136A1 (Rv3059)

— CYP135A1 (Rv0327c)
CYP135B1 (Rv0568)
CYP137A1 (Rv3685¢c)
CYP138A1 (Rv0136)

CYP143A1 (Rv1785¢c)

CYP121A1 (Rv2276) €—
CYP141A1 (Rv3121)
CYP140A1 (Rv1880c)

CYP123A1 (Rv0766c)

CYP130A1 (Rv1256¢c)

CYP128A1 (Rv2268c) €4—
CYP144A1 (Rv1777) <«— most attractive
anti-TB targets

CYP124A1 (RV2266) <-worvvrvvivees
CYP125A1 (Rv3545¢c) €— O Contiary (argels
PG, based on connection

characterised
isoforms

CYP142A1 (Rv3518¢) <p-rowwwweee to CYP125
CYP51B1 CYP124, 125 & 142
sterol 14a-demethylase sterol 27-monooxygenases

For sterol For catabolism of
lanosterol blosynthesis cholestarol host cholesterol
CYP121 CYP124
cYY C-C bond coupling lipid w-hydroxylase
HQ OH
(e}
Nt v xa NI g
HNTY sl L
UL~ R o o denh ooy
- OoH N o @, OH
o NH phytanic acid
(e} (mixture of stereoisomers) For biosynthesis of
cyclodityrosine (cYY) Role unknown cell wall components

Figure 2.1. Schematic representation of 20 Cytochrome P450s (A) and the ones that are
functionally characterized (B) (Ortiz de Montellano, 2015).

Table 2.1. Functional analysis of M. tuberculosis P450s.

P450 name Function Reference

CYP121A1 Play a key role in the formation of an | (Belin et al., 2009)
extra molecular C-C bond formation
between 2 tyrosyl carbon atoms of
CYY(Cyclic dipeptide Cyclo-L-Try-L-
Try)

CYP124A1 Play a key role in the oxidation of | (Johnston etal., 2009)

branched-chain fatty acids

CYP128A1 In vivo studies demonstrated that it is | (Sogi et al., 2016)
involved in the oxidation of

menaquinone
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CYP125A1-CYP142A1 |Play a key role in cholesterol | (McLean et al., 2009,

catabolism Capyk et al., 2009,
Van der Geize et al.,
2007), and
CYP130A1 Catalyzes the N-demethylation of | (Ortega Ugalde et al.,

dextromethorphan yielding 3- | 2018)

methoxymorphinan

2.9. Role of mycobacterial P450s in secondary metabolites production

Analysis of secondary metabolite biosynthetic gene clusters (BGCs) in sixty mycobacterial
species revealed many P450s are in the BGCs (Table 2.2) (Senate et al., 2019). A total number
of 204 P450s were found to be part of 9 types of BGCs in mycobacterial species (Table 2.2).
All the 204 P450s belonging to 31 P450 families (Table 2.3). Among these 31 P450 families
CYP139 family members were highly present as part of secondary metabolite gene clusters
(Table 2.3) (Senate et al., 2019) . Latest study further confirmed that CYP139 family members
are indeed involved in synthesis of secondary metabolites per se helping the mycobacterial
species in their pathogenesis (Syed et al., 2019). This indicates that mycobacterial P450s are
indeed involved in production of different secondary metabolites that are useful to

mycobacterium to survive in the host (Senate et al., 2019).

Table 2.2. Comparative analysis of biosynthetic gene cluster and their P450s in sixty
mycobacterial species (Senate et al., 2019). The abbreviation of biosynthetic gene clusters is
the standard abbreviation available at Anti-SMASH (Blin et al., 2021).

Biosynthetic gene cluster type Number of P450s
Other 73
Nrps 34
T3pks-T1pks 30
T1pks 24
T1pks-Nrps 19
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T3pks 14
Arylpolyene 3)
T2pks 3
Terpene 2
Total 204

Table 2.3. The list of mycobacterial P450s is part of the secondary metabolite biosynthetic gene
cluster (Senate et al., 2019).

P450 family No. of P450s
CYP139 32
CYP124 24
CYP128 22
CYP121 17
CYP187 14
CYP150 13
CYP144 10
CYP105 9
CYP1128 8
CYP135 8
CYP189 6
CYP279 6
CYP138 4
CYP1110 3
CYP125 3

25



CYP153 3
CYP102 2
CYP1034 2
CYP140 2
CYP143 2
CYP147 2
CYP185 2
CYP188 2
CYP1121 1
CYP1122 1
CYP126 1
CYP136 1
CYP161 1
CYP164 1
CYP292 1
CYP1123 1
204

2.10. Role of secondary metabolites in mycobacterial species physiology

In mycobacterial species, polyketide synthases (PKS) are involved in the biosynthesis of
complex lipids. Therefore, it is suggested that PKSs, in conjunction with fatty acid synthases,
can generate diverse and unusual lipids that constitute this organism's complex cell wall of this
organism thus evading the host immune system. For example, MAR/MAP BGC products are
found to be part of the cell envelope in M. marinum, possibly complicating its access to the
host immune system or drug actions (Parvez, 2018). Akaeolide has cytotoxic activity against

fibroblasts, suggesting it may play a role in tissue weakening in the host (Zhou et al., 2015);
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JBIR-100 exhibits cytotoxic activities and inhibition of proton pumps such as vacuolar-type
ATPases (V-ATPases) activities and is thus linked with an increasing number of diseases such
as osteopetrosis, male infertility and renal acidosis (Ueda et al., 2010, Huss and Wieczorek,
2009).

Lorneic acid A inhibits phosphodiesterase PDES5 blocking the degradation of cGMP (lwata
etal., 2009); thus, it might play a role in pulmonary hypertension. Meridamycin has been found
to bind FK506-binding proteins (FKBP12) (Salituro et al., 1995). FKBP12 proteins play a key
role in regulating fundamental aspects of cell biology and have been found to be critical in
mice survival (Aghdasi et al., 2001). Nigericin inhibits the Golgi functions in eukaryotic cells
and is a well-known activator of the NLRP3 inflammasome (Wawrocki and Druszczynska,
2017, Rao et al., 2008, Katsnelson et al., 2015), indicating a bacterial infection. One secondary
metabolite, namely mycolactone, a lipid-like toxin with cytotoxic, immunosuppressive, and
tissue necrosis activity, is involved in developing Buruli ulcers by M. ulcerans (Sarfo et al.,
2016).
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CHAPTER 3: RESULTS AND DISCUSSION

3.1. Saprophytic to pathogen lifestyle led to the loss of P450s in mycobacterial Species
Genome-wide data mining and annotation for P450s in 2666 mycobacterial species revealed
the presence of 62815 P450s and 90 P450 fragments/pseudo genes in their genomes (Tables 4
and S1). The 2666 mycobacterial species includes, Mycobacterium tuberculosis complex
(MTBC) (2128 species), M. chelonae-abscessus complex (MCAC) (255 species), M.
avium complex (MAC) (106 species), Mycobacteria causing leprosy (MCL) (4 species),
Nontuberculous mycobacteria (NTM) (203 species) and Saprophytes (SAP) (10 species).
Comparative analysis with other bacterial species revealed that mycobacterial species have a
high average number of P450s (24 P450s) compared to other bacterial species, only exceeded
by Streptomyces species (27 P450s) (Table 3.1), indicating Streptomyces species still have
more P450s as mentioned previously (Mnguni et al., 2020, Senate et al., 2019). However, a
point to be noted is that only 126 Streptomyces species data are available for comparison with
2666 mycobacterial species. Thus, analysis of more Streptomyces species probably bridges the
gap and shows a similar trend to mycobacterial species. Nonetheless, it is clear that among the
bacterial population, actinomycetes have the highest average number of P450s in their genomes
(Table 3.1), indicating that P450s play a key role in their primary and secondary metabolism
that including adaptation to diverse ecological niches as described elsewhere (Mnguni et al.,
2020, Senate et al., 2019, Parvez et al., 2016). Among mycobacterial species,
Mycolicibacterium rhodesiae JS60 has the highest (95 P450s), and Mycobacterium leprae
Br492 has the lowest number of P450s (3 P450s) in their genomes (Table S1).

Analysis of the P450 profile of six mycobacterial categories revealed a gradual loss of
P450s from SAP to MTBC (Tables 5 and S1). The order is as follows: SAP (35-95:51) > MAC
(28-69:48) = NTM (9-89:48) > MCAC (22-52:26)>MTBC (5-74:20) > MCL (3-7:5) where
the minimum and maximum number of P450s, and after the semicolon, the average number of
P450s, are shown in parenthesis. This suggests that during the progression from saprophytic to
pathogenic lifestyle, mycobacterial species lost P450s (Tables 5 and S1). This phenomenon of
gradual loss of P450s in mycobacterial species from SAP to MTBC/MCL was previously
reported (Parvez et al., 2016). However, in the previous study, only 60 mycobacterial species
were analyzed (Parvez et al., 2016). Observation of the same phenomenon in this study, where
many species (2666 species) were examined, strongly supports that mycobacterial species lost

P450s in their genomes to adapt to diverse ecological niches. As described elsewhere (Parvez
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et al., 2016, Mnguni et al., 2020, Senate et al., 2019, Syed et al., 2019, van WyKk et al., 2019),
the P450s retained in these species played a crucial role in their adaptation to diverse ecological
niches. A detailed analysis of P450 key features in six mycobacterial categories is presented in
Table 3.2.
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Table 3.1. Comparative analysis of key features of P450s and their association with secondary metabolism in different bacterial species.
Abbreviation: No., number of; BGCs: biosynthetic gene clusters.
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Species analyzed 126 203 2666 114 334 972 599 513 1261 107 216
Species with P450s 126 203 2666 114 77 229 229 290 169 23 53
Percentage of species
with P450s 100 100 100 100 23 24 38 57 13 21 25
No. of P450s 2643 5460 62815 | 341 98 712 873 603 277 333 53
No. of families 45 253 182 36 21 14 143 79 81 74 2
No. of subfamilies 103 698 345 79 28 53 214 119 102 171 2
Dominant P450 CYP1 CYP133 &
family CYP105 CYP107 35 CYP110 CYP1103 CYP107 CYP202 CYP116 CYP107 CYP107 CYP172
Average No. of P450s | 21 27 24 3 1 3 4 2 2 14 1
No. of P450s part of
BGCs 1236 1231 9399 27 8 126 21 107 49 69 0
No. of P450 families
part of BGCs 35 135 68 6 5 10 16 18 22 37 0
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Percentage of P450s

part of BGCs 47 23 15 8 8 18 2 18 18 21 0
(Malinga et | (Mnguni et al, 2020, | This (Khumalo et | (Nkosi et | (Padayachee et | (Nzuza et | (Msweli et | (Msomi et | (Msweli et | (Msweli et
Reference(s) al., 2022) Senate et al., 2019) work | al., 2020) al., 2022) al., 2020) al., 2021) al., 2022) al., 2021) al., 2022) al., 2022)
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Table 3.2. Comparative analysis of key features of P450s and their association with secondary
metabolism in mycobacterial categories. Abbreviation: MTBC, Mycobacterium tuberculosis
complex; MCAC, M. chelonae-abscessus complex; MAC, M. avium complex; MCL,
Mycobacteria causing leprosy; NTM, Nontuberculous mycobacteria and SAP, Saprophytes;
No., number of; BGCs: biosynthetic gene clusters.

Category MTBC | MCAC | NTM MAC SAP MCL

Total No. of species analyzed 2128 255 163 106 10 4

Total No. of P450s 42917 | 6519 7760 5093 505 21

P450 fragments/pseudo 2 10 69 3 6 0

Average No. of P450s 20 26 48 48 51 5

Min No. of P450s 5 22 9 28 35 3

Maximum No. of P450s 74 52 89 69 95 7

No. of P450 families 66 37 145 59 66 9

No of P450 subfamilies 95 48 261 88 101 9
CYP13 | CYP12 | CYP12 | CYP15 | CYP18 | CYP136 &

Dominant P450 family 5 5 5 0 9 CYP184

No of the P450s part of BGCs 8153 438 450 328 30 0

No. of P450 families part of BGCs 19 13 56 11 15 0

Percentage of P450s part of BGCs 19,0 6,7 5,8 6,4 5,9 0

Percentage of P450 families part of

BGCs 28,8 351 38,6 18,6 22,7 0

3.2. P450 family and subfamily blooming/expansion in mycobacterial species

Based on the International P450 Nomenclature Committee rules (Nelson et al., 1993, Nelson,
2006, Nelson, 1998), the percentage identity of > 40% for a family and > 55% for a subfamily,
the 62815 P450s from 2666 mycobacterial species can be grouped into 182 P450 families and
345 P450 subfamilies (Figure 3.1 and Table S2). Among mycobacterial species, M. rhodesiae
JS60 had the highest number of P450s and also had the highest number of P450 families (53)
and subfamilies (75) (Table S1). No P450 family was conserved in mycobacterial species
(Table S1). Among 182 P450 families, 21 P450 families contributed 85% of total P450s in
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mycobacterial species (Figure 3.1 and Table S2), indicating their important role in these
species. Among the P450 families, CYP135 is dominant with 4702 members, followed by
CYP125 with 4085 members, CYP123 with 3019 members, and CYP136 with 3017 members
(Figure 3.1 and Table S2). It is safe to say that these P450 families bloomed (present more than
one copy in a species) in mycobacterial species, considering the number of species analyzed in
this study. The P450 families include CYP138, CYP140, CYP144, CYP51, CYP130, CYP142,
CYP124, CYP143, CYP126, CYP139, CYP128, CYP137, CYP132, CYP141, and CYP121
has members between 2000-3000 indicating their expansion in mycobacterial species (Figure
3.1 and Table S2). Contrary to the P450 families that bloomed/expanded, 43 P450 families had

a single member, and 25 P450 families had only two members (Table S2).

Among P450 families, CYP107 had the highest number of subfamilies (15), followed
by CYP125 (13 subfamilies) and CYP105 (11 subfamilies) (Table S2). The
Blooming/expansion phenomenon is also observed at a P450 subfamily level (Tables 6 and
S2). P450 subfamily analysis revealed that specific subfamilies were bloomed or expanded in
mycobacterial species indicating a selective preference for distinct subfamilies by the species
(Tables 6 and S2).

Comparative analysis with other bacterial species revealed that mycobacterial species
have the highest number of P450 families and subfamilies but only next to Streptomyces
species (Table 3.1). This suggests that Streptomyces species have the highest P450 family and
subfamily diversity compared to mycobacterial species (Table 3.1).

33



CYP150; 1056 CYP189; 1002

CYP121; 2029 \\\ |

CYP141; 2105

CYP132; 2160
CYP137; 2167
CYP128; 2243

CYP136; 3017

CYP126; 2434
CYP143; 2470 CYP140; 2810
CYP124; 2484 CYP144; 2700
CYP142; 2540 /

CYP130; 2640 \CYPSI; 2680

Figure 3.1. Comparative analysis of P450 families in 2666 mycobacterial species. P450
families with >1000 members were presented in the figure. The P450 family name and number
of P450s are shown in the figure. Detailed information on P450 families and subfamilies is
presented in Table S2.
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Table 3.3. Analysis of P450 subfamily blooming/expansion in mycobacterial species.
Subfamily information for P450 families with >500 members is presented in the table, along
with the nature of the subfamily (blooming/expansion). A detailed analysis of P450 subfamilies
is shown in Table S2.

P450 family Count Subfamily | Count Nature of the subfamily
CYP123 3019 A 2908 Bloomed
CYP125 4085 A 3978 Bloomed
CYP136 3017 A 2687 Bloomed
CYP105 674 Q 377 Expanded
CYP108 714 B 703 Expanded
CYP121 2029 A 2029 Expanded
CYP124 2484 A 2425 Expanded
CYP126 2434 A 2429 Expanded
CYP128 2243 A 2143 Expanded
CYP130 2640 A 2640 Expanded
CYP132 2160 A 2160 Expanded
CYP135 4702 A 2149 Expanded
B 2543 Expanded
CYP137 2167 A 2167 Expanded
CYP138 2810 A 2733 Expanded
CYP139 2286 A 2286 Expanded
CYP140 2810 A 2401 Expanded
CYP141 2105 A 2105 Expanded
CYP142 2540 A 2507 Expanded
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CYP143 2470 A 2387 Expanded
CYP144 2700 A 2421 Expanded
CYP150 1056 A 932 Expanded
CYP164 514 A 505 Expanded
CYP189 1002 A 987 Expanded
CYP51 2680 B 2680 Expanded

3.3. Different mycobacterial categories have distinct P450 profiles

P450s play a key role in organisms' adaptation vis a vis lifestyle impacts P450 content in their
genome (Msweli et al., 2022, Padayachee et al., 2020, Senate et al., 2019, Parvez et al., 2016,
Mnguni et al., 2020, Nkosi et al., 2022). This phenomenon is evident in mycobacterial species,
as mycobacterial categories have distinct P450 profiles (Figure 1.2 and Tables 5 and S3).
Among mycobacterial categories, NTM had the highest number of P450 families and
subfamilies (145 and 261), followed by SAP (66 and 101), MTBC (66 and 95), MAC (59 and
88), MCAC (37 and 48), and MCL (9 families and subfamilies) (Tables 5 and S3). A point to
be noted is that despite the lower number of species analyzed for NTM (163 species) compared
to MTBC (2128 species) and MCAC (255 species), NTM has the highest number of P450
families (145) and subfamilies (261) (Tables 5 and S3). The same can be attributed when
compared to SAP and MTBC, where only ten species of SAP and 2128 species of MTBC had
the same number of P450 families (Tables 5 and S3). This indicates that NTM had a high P450
family and subfamily diversity among mycobacterial categories, indicative of diverse P450s in

the species.

P450 family conservation analysis revealed different P450 families conserved in
different mycobacterial categories. CYP135 is conserved in MTBC, CYP125 is conserved in
MCAC, CYP105 and CYP150 are conserved in MAC, CYP189 is conserved in SAP, and
CYP164 is conserved in MCL (Tables S1 and S4). No P450 family was conserved in NTM,
possibly due to the high P450 family diversity mentioned above. However, CYP125 was the
dominant P450 family in NTM (Table 3.2). Analysis of unique and shared P450 families
among mycobacterial categories revealed that NTM has the highest number of unique P450
families (71 families), followed by SAP (23 families), MAC (15 families), MTBC (11
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families), and MCAC (6 families) (Tables 3.4 and S4). No P450 family was unique for MCL
(Tables 3.4 and S4). As indicated in Table 3.4, many P450 families shared among
mycobacterial groups. CYP105, CYP125, CYP150, and CYP189 families are dominantly
shared across mycobacterial categories (Tables 3.4 and S4). This indicates that these P450
families play an important role in mycobacterial species; thus, they not only retained but also
bloomed/expanded (Table 3.3). MCL shares the CYP136 and CYP164 families with other
bacterial groups (Table 3.4).
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Figure 3.2. Comparative analysis of P450s families in six mycobacterial categories. The P450
family, members and their percentage in the total number of P450s in a category are presented
in the figure. Abbreviations: MTBC, Mycobacterium tuberculosis complex; MCAC, M.
chelonae-abscessus complex; MAC, M. avium complex; MCL, Mycobacteria causing leprosy;
NTM, Nontuberculous mycobacteria and SAP, Saprophytes. Detailed information on P450
families with their specific count for each mycobacterial category is presented in Table S3.
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Table 3.4. Analysis of unique and shared P450 families among mycobacterial categories. P450
family dominantly shared among mycobacterial categories is listed in parenthesis. A detailed
analysis of P450 families and their member count is presented in Table S4. Abbreviations:
MTBC, Mycobacterium tuberculosis complex; MCAC, M. chelonae-abscessus complex;
MAC, M. avium complex; MCL, Mycobacteria causing leprosy; NTM, Nontuberculous

mycobacteria and SAP, Saprophytes.

Category MTBC MCAC NTM MAC SAP MCL
8 (CYP136
MTBC 11 22 (CYP125) | 49 (CYP189) | 36 (CYP150) | 34 (CYP189) | & CYP164)
5 (CYP136
MCAC 22 (CYP125) | 6 28 (CYP125) | 20 (CYP105) | 19 (CYP125) | & CYP164)
NTM 49 (CYP189) | 28 (CYP125) | 71 34 (CYP189) | 29 (CYP189) | 7 (CYP164)
9 (CYP136
MAC 36 (CYP150) | 20 (CYP105) | 34 (CYP189) | 15 25 (CYP189) | & CYP164)
SAP 34 (CYP189) | 19 (CYP125) | 29 (CYP189) | 27 (CYP189) | 23 5 (CYP136)
8 (CYP136 |5 (CYP136 9 (CYP136
MCL & CYP164) | & CYP164) | 7(CYP164) | & CYP164) |5(CYP136) |0

3.4. CYP121, CYP124, and CYP128 P450s are part of the same biosynthetic gene cluster
Analysis of P450s involved in natural metabolite biosynthesis in mycobacterial species
revealed a total of 9399 P450s out of 62815 (15%) are part of BGCs (Tables 4 and S4).
Mycobacterial species have the highest percentage of P450s that are part of BGCs compared
to cyanobacterial species, Bacteroidetes species, Firmicutes species, and proteobacterial
species (Table 3.1). However, Streptomyces-, and Salinispora-species had the highest
percentage of P450s part of BGCs compared to mycobacterial species (Table 3.1). This
indicates that actinomycetes have more P450s involved in natural metabolite biosynthesis
among bacterial species and particularly Salinispora species have more P450s part BGCs
(Table 3.1). Among 182 P450 families identified in mycobacterial species, only 68 P450
families (37%) are part of BGCs (Figure 3.3 and Table S5).

Among 68 P450 families that are part of BGCs, CYP139 was the most dominant with
2171 members, followed by CYP128 with 1960 members, CYP121 with 1953 members, and
CYP124 with 1946 members (Figure 3.3 and Table S5). In total, these four P450 families
contributed 85% of P450s part of BGCs in mycobacterial species (Figure 3.3 and Table S5). A

point to be noted is that these four P450 families possibly play a key role in natural metabolite
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biosynthesis and, thus, are expanded in mycobacterial species (see Section 2.2). One example
is CYP139 BGC clusters known to produce metabolites that provide mycobacterial species
with advantageous traits in diverse niches competing with other microbial or viral agents,
which might help these microbes infect hosts by interfering with the host's metabolism and
immune system (Syed et al., 2019). CYP128 was found to play an essential role in producing
a metabolite that acts as a negative regulator of virulence (Sogi et al., 2016, Ngcobo et al.,
2020). CYP121 is a crucial P450 and drug target against pathogenic mycobacterial species and
is involved in synthesizing a metabolite named mycocyclosin (Belin et al., 2009, Nguyen et
al., 2019, Ortiz de Montellano, 2018, Rajput et al., 2019). CYP124 is a lipid hydroxylase and
secondary drug target in pathogenic mycobacterial species (Johnston et al., 2009, Johnston et
al., 2010, Ortiz de Montellano, 2018). A recent study reported that CYP128 and CYP121, and
CYP124 are part of the same BGC, indicating their collective role in synthesizing complex
natural metabolites that play an important role in mycobacterial species (Ngcobo et al., 2020).
In this current study, we also observed that these three P450s are part of the same BGC (Table
S4), further supporting the previous observation and conclusion on the collective role of these
P450s in synthesizing natural metabolites in mycobacterial species (Ngcobo et al., 2020).

Five P450 families, CYP144 with 216 members, CYP135 with 198 members, CYP1128
with 193 members, CYP150 with 132 members, and CYP187 with 130 members, contributed
9% of P450s part of BGCs in mycobacterial species (Figure 3.3 and Table S5). The remaining
59 P450 families contributed only 6% of P450s part of BGCs, indicating their minor role in
natural metabolite biosynthesis in mycobacterial species (Figure 3.3 and Table S5). A point to
be noted is that CYP135, despite being the most dominant P450 family and CYP144 and
CYP150 families being expanded in mycobacterial species (Figure 3.1), only a fraction of these
family members are part of BGCs (Figure 3.3 and Table S5). Furthermore, CYP125, CYP123,
CYP136, CYP138, and CYP140 families, despite being bloomed/expanded (see section 2.2),
their role in natural metabolite biosynthesis is negligible as only a few members are found to
be part of BGCs (Figure 3.3 and Table S5). This suggests that these P450s might be involved
in key primary metabolism and thus are bloomed/expanded in these species. This also supports
previous observations that the dominant P450 family may not necessarily play a role in natural
metabolite biosynthesis (Khumalo et al., 2020, Malinga et al., 2022, Mnguni et al., 2020, Nkosi
et al.,, 2022, Nzuza et al., 2021, Padayachee et al., 2020, Parvez et al., 2016). Detailed

information on P450s part of BGCs, their species name, and BGC type, the similar known-
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gene cluster is presented in Table S5, and the data on the analysis of P450s that are part of
BGCs is shown in Table S6.

2500
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Figure 3.3. Comparative analysis of P450s involved in natural metabolite biosynthesis in
mycobacterial species. The number next to the bars represents the number of members in a
P450 family. Detailed information on the P450s part of biosynthetic gene clusters (BGCs),
their species names, and BGC types are presented in Table S5.

3.5. More P450s are involved in natural metabolite biosynthesis in pathogenic mycobacterial
species

Analysis of P450s involved in natural metabolite biosynthesis revealed that more P450s are
part of BGCs in pathogenic mycobacteria compared to non-pathogenic (Figure 3.4 and Tables
5 and S6). The number of P450s part of BGCs in MTBC was the highest (8153 P450s),
followed by NTM (450 P450s), MCAC (438 P450s), MAC (328 P450s), and SAP (30 P450s)
(Figure 3.4 and Tables 5 and S6). As expected, due to reduced genome size and having few
P450s in their genomes, MCL has no P450s as part of BGCs, and thus, we did not include MCL
for comparative analysis, same as followed elsewhere (Parvez et al., 2016). One can argue that
the number of species analyzed for MTBC is the highest compared to other categories, and thus
one can see the highest number of P450s part of BGCs (Table 3.2). To clarify and nullify this
argument, we have compared the percentage of P450s part of BGCs in different mycobacterial
categories (Table 3.2). Analysis of the percentage of P450s part of BGCs revealed that indeed
MTBC has the highest percentage of P450s (19%) part of BGCs, followed by MCAC (6.7%),
MAC (6.4%), SAP (5.9%), and NTM (5.8%) (Table 3.2). This suggests that pathogenic
mycobacterial species such as MTBC indeed have more P450s as part of BGCs and, thus, more

P450s in these species involved in the biosynthesis of natural metabolites. The point to be noted
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is that MTBC has more P450s part of BGCs (Table 3.2) despite having the lowest number of
P450s in their genomes compared to MCAC, MAC, NTM, and SAP (Table 3.1). This indicates
that P450s in MTBC may play a vital role in the biosynthesis of natural metabolites, thus
helping these organisms survive in the host, as mentioned in section 2.4.
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Figure 3.4. Comparative analysis of P450s that are part of biosynthetic gene clusters (BGCs)
in mycobacterial categories. Detailed information on the P450s part of BGCs, their species
names, and BGC types are presented in Table S5. P450 family analysis in individual categories
is presented in Table S6. Abbreviations: MTBC, Mycobacterium tuberculosis complex;
MCAC, M. chelonae-abscessus complex; MAC, M. avium complex; MCL, Mycobacteria
causing leprosy; NTM, Nontuberculous mycobacteria; and SAP, Saprophytes.

Analysis of P450 families part of BGCs revealed that NTM has the highest number of
P450 families part of BGCs, followed by MTBC, SAP, MCAC, and MAC (Figure 3.4 and
Table S6). The number of P450 families part of BGCs followed the same pattern as the number
of P450 families in these categories indicating diverse P450s are indeed involved in natural
metabolite biosynthesis in NTM (Figure 3.4 and Table 3.2). A clear picture emerged when we
compared the percentage of P450 families part of BGCs, where NTM still had the highest P450
families as part of the BGCs, followed by MCAC, MTBC, SAP, and MAC (Table 3.2). The
lowest percentage of P450 families part of BGC indicates blooming/expansion of a particular

P450 family. This is true as few P450 families are populated in BGCs in different
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mycobacterial categories (Figure 3.4 and Table S6). Four P450 families such as CYP139,
CYP128, CYP121, and CYP124 have contributed 97% of P450 families as part of BGCs in
MTBC; CYP150, CYP139, CYP187, and CYP105 families contributed 87% in MAC, and
CYP1128 and CYP135 families contributed 83% in MCAC (Figure 3.4 and Table S6)
indicating these P450 families preferred in these species possibly due to their importance in the
natural product synthesis. Pathogenic mycobacterial species seem to have recruited more P450
families belonging to the same family for natural metabolite biosynthesis. In contrast, the non-
pathogenic mycobacterial species have less and more diverse P450s for natural metabolite
biosynthesis. This suggests that natural metabolites produced by MTBC play a role in their
survival in the host (as mentioned in section 2.4). Thus, P450s play a crucial role in

synthesizing these metabolites.
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CHAPTER 4: METHODOLOGY

4.1. Species and their genome database information

Mycobacterial species genomes (permanent and finished draft genomes) available for public
use at the Joint Genome Institute Integrated Microbial Genomes and Microbiomes (JGI
IMG/M) (Chen et al., 2021) were used in the study (last accessed on April 2022). Information

on the species and their genome IDs used in the study is provided in Table S1.

4.2. Grouping of mycobacterial species

Mycobacterial species were grouped into six categories following the criteria described
elsewhere (Parvez et al., 2016). The six categories include Mycobacterium tuberculosis
complex (MTBC), M. chelonae-abscessus complex (MCAC), M. avium complex (MAC),
Mycobacteria causing leprosy (MCL), nontuberculous mycobacteria (NTM) and Saprophytes
(SAP). Briefly, mycobacterial species are grouped into six categories based on their
characteristic features, including ecological niches and the nature and site of infection, as
described elsewhere (Ventura et al., 2007). Also, a taxonomical grouping of mycobacterial
species is considered as described elsewhere (Tortoli, 2012). Mycobacterial species and their

categories are presented in Table S1.

4.4. Identification of P450s part of BGCs

P450s that are part of BGCs were identified following the method described elsewhere
(Mnguni et al., 2020, Syed et al., 2019, Malinga et al., 2022). Briefly, for each mycobacterial
species genome available at JGI IMG/M (Chen et al., 2021), the BGCs were searched for the
presence of P450s using the P450 gene ID. The cluster type is noted if a P450 is found as part
of the cluster. The gene cluster sequence was downloaded and submitted to anti-SMASH
(antibiotics & Secondary Metabolite Analysis Shell) (Blin et al., 2019) to find a similar known
cluster. Results were recorded on Excel spreadsheets and represented species-wise BGCs, BGC

type, percentage similarity to known gene clusters, and P450s part of specific BGCs.

4.5. P450 key features analysis

All calculations were carried out following the procedure reported previously by our laboratory
(Msomi et al., 2021, Msweli et al., 2022). The average number of P450s was calculated using
the formula: Average number of P450s = Number of P450s/Number of species. The percentage
of P450s that formed part of B.G.C.s was calculated using the formula: Percentage of P450s
part of B.G.C.s = 100 x Number of P450s part of BGCs/Total number of P450s present in
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species. P450 family/subfamily is considered bloomed when a member count exceeds the

number of species and expands when the member count exceeds >500.

4.3. Genome data mining and annotation of P450s

Genome data mining and identification of P450s in mycobacterial species were carried out
following the protocol described elsewhere (Mnguni et al., 2020, Syed et al., 2019, Malinga et
al., 2022). Briefly, each mycobacterial species genome available at JGI IMG/M (Chen et al.,
2021) was searched for P450s using the InterPro code "IPR001128". The hit protein sequences
were then searched for the presence of P450 characteristic motifs such as EXXR and CXG
(Syed and Mashele, 2014, Gotoh, 1992). Proteins with one of these motifs or short amino acid
length are considered P450-fragments. P450 fragments were not considered for the final P450
family and subfamily count. Proteins having both motifs were selected for assigning the family
and subfamilies. Following the International P450 Nomenclature Committee rule (Nelson et
al., 1993, Nelson, 2006, Nelson, 1998), proteins with >40% identity and >55% identity will be
grouped under the same family and subfamily, respectively. P450s with less than 40% identity
were assigned to a new P450 family. Mycobacterial species P450s identified in this study and
their protein sequences, assigned names, and species are presented in Supplementary Dataset
1.

4.6. Comparative analysis of P450s and BGCs data

For comparative analysis of P450s and BGCs, information for bacterial species belonging to
different groups such as phyla, Firmicutes (Padayachee et al., 2020), Bacteroidetes (Nkosi et
al., 2022), Proteobacteria (Msweli et al., 2022), and Cyanobacteria (Khumalo et al., 2020),
and the genera, Streptomyces (Senate et al., 2019, Mnguni et al., 2020), and Salinispora
(Malinga et al., 2022), was resourced from published articles.
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CHAPTER 5: CONCLUSIONS AND FUTURE PERSPECTIVES

Cytochrome P450 monooxygenases (CYPs/P450s) play a key role in synthesizing natural
metabolites in organisms. They attribute diversity to the metabolites by performing unique
regio- and stereo-selective oxidation reactions. Mycobacterial species have complex
metabolites that help them survive in diverse ecological niches. Previous studies limited to a
few P450 families or a few species indicated that P450s play a role in synthesizing natural
metabolites in mycobacterial species. The availability of many mycobacterial genomes allowed
us to look into the P450s role in the biosynthesis of natural metabolites concerning their
lifestyle. This study's results indicated that despite having a low number of P450s, pathogenic
mycobacterial species used most of the available P450s to synthesize natural metabolites. In
contrast, non-pathogenic mycobacterial species had fewer P450s playing a role in the
biosynthesis of natural metabolites. This suggests that the lifestyle of mycobacterial species
changed the P450 profiles vis a vis P450s playing a role in these species' adaptation to different
niches as observed in other bacterial species. Characterizing P450 biosynthetic gene cluster

metabolites will provide insights into their role in mycobacterial physiology.
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SUPPLEMENTARY INFORMATION

The following are supplementary tables and the information provided separately in the excel

file and word files.

Table S 1. Genome data-mining and annotation of P450s in mycobacterial species.
Mycobacterial species were presented as per their category described elsewhere (Parvez et al.,
2016), along with their Genome ID from JGI Mycocosm (Chen et al., 2021). The number of
P450s in each mycobacterial species, P450 IDs, and their annotated names as per the
International P450 nomenclature system are presented in the table.

Table S 2. Comparative analysis of P450 families and subfamilies in mycobacterial species.

Table S 3. P450 analysis in six mycobacterial categories. Abbreviation: MTBC,
Mycobacterium tuberculosis complex; MCAC, M. chelonae-abscessus complex; MAC, M.
avium complex; MCL, Mycobacteria causing leprosy; NTM, nontuberculous mycobacteria,
and SAP, Saprophytes.

Table S 4. Comparative analysis of P450 families among six different mycobacterial
categories. The number in parenthesis indicates the member count for a family. Abbreviation:
MTBC, Mycobacterium tuberculosis complex; MCAC, M. chelonae-abscessus complex;
MAC, M. avium complex; MCL, Mycobacteria causing leprosy; NTM, nontuberculous
mycobacteria, and SAP, Saprophytes.

Table S 5. Information on the P450s that are part of mycobacterial species biosynthetic gene
clusters (BGCs). Detailed information on species names and codes, the number of P450s part
of aBGC in a species, P450 ID and its identification number (ID), the biosynthetic cluster type,
and the similar known clusters are presented in the table. Abbreviation: MTBC,
Mycobacterium tuberculosis complex; MCAC, M. chelonae-abscessus complex; MAC, M.
avium complex; MCL, Mycobacteria causing leprosy; NTM, nontuberculous mycobacteria and
SAP, Saprophytes.

Table S 6. Comparative analysis of P450 families as part of biosynthetic gene clusters. The
number represents the member P450s in a family. Abbreviation: MTBC, Mycobacterium
tuberculosis complex; MCAC, M. chelonae-abscessus complex; MAC, M. avium complex;
NTM, nontuberculous mycobacteria, and SAP, Saprophytes.
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Supplementary Dataset 1. P450s identified and annotated in mycobacterial species are
presented with their assigned name, followed by species name, species code, and protein

sequence.
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