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ABSTRACT

One-third of the human population is infected by latent tuberculosis (TB). Active TB can be
cured with drugs unless it is drug-resistant. The study showed that P450 CYP123ALl is highly
expressed during the latent phase of M. tuberculosis, the infectious agent that causes TB.
Based on meta-analysis of the expression data, CYP123Al is selected as the best drug
candidate against the dormant phase of M. tuberculosis. It is noteworthy that CYP123A1 is

present only in TB-causing bacteria, suggesting its essential role.

Despite the grate importance of CYP123Al as drug target for both latent TB and
active TB, to date this P450s has not been characterised for its function or for its structure.
This study is the first of its kind on M. tuberculosis P450 CYP123 characterisation.
Furthermore, the distribution of P450s in the genus Mycobacterium is unknown. Thus, in this
study, the molecular evolutionary dynamics of P450s were examined with special focus on

mycobacterial P450s.

In this study, 17 598 P450s belonging to 113 P450 families (bacteria — 42; fungi — 19;
plant — 28; animal — 22; plant and animal — 1 and common P450 family — 1) were analysed
and highly conserved and rapidly evolving P450 families was identified. The results
suggested that bacterial P450s, particularly P450s belonging to mycobacteria, are highly
conserved both at protein and DNA levels. Mycobacteria possess the highest P450 diversity
percentage compared to other microbes and have high coverage of P450s (>1%) in their
genomes, as found in fungi and plants. Phylogenetic and functional analyses revealed the
functional conservation of P450s despite belonging to different biological kingdoms,
suggesting the adherence of P450s to their innate function, such as their involvement in either

generation or oxidation of steroids and structurally related molecules, fatty acids and

l|Page
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terpenoids. This study’s results offer new understanding of the dynamic structural nature of

P450s.

In silico structural analysis of CYP123A1 is carried out where a 3D homology model
of CYP123A1 is constructed using the template 3A4G. The 3D model of CYP123A1 was
found to be of high quality, based on validation programmes. The docking of model
CYP123A1 with the ligands clotrimazole, econazole, fluconazole, itraconazole,
ketoconazole, miconazole, posaconazole and voriconazole was performed in Autodock vina.
The molecular docking studies showed that ketoconazole forms a much better complex than
other azole drugs, with the best interaction rate and lowest energy of -9.0 kcal/mol.
ketoconazole forms a tight hydrogen bond with residue Lys246 of CYP123A1. Clotrimazole
did not show interaction with the 3D model of CYP123A1. Lys246 forms a hydrogen bond
with fluconazole and heme forms two Pi-Pi stacking with fluconazole. Voriconazole is
involved in one Pi-Cation interaction and hydrogen bond with the CYP123Al residues

Arg82.

In order to validate the in silico studies, CYP123A1 was cloned and recombinant cells
carrying CYP123A1 in a novel expression vector was generated. In conclusion, the multiple
cloning site of the pINK-A vector was successfully modified by adding more suitable
restriction enzymes and the revised vector was named pINK-d. Sixteen restriction enzymes
were added in such a way that they did not cause any shift or change in the reading frame of
the vector. The new vector can be used in future for the cloning of other P450s. CYP123A1
cDNA and the modified expression vector were successfully synthesised by GenScript.
Synthesised CYP123A1 was further cloned into expression vector pINK-d. The construct
containing the CYP123A1 gene and the empty pINK-d vector were transformed into E. coli
cells and recombinant cells were selected on Luria-Bertani ampicillin plates. Plasmids were

isolated and the presence of the correct size insert (CYP123A1) was verified by restriction
2|Page
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enzyme digestion analysis. Recombinant E. coli cells carrying CYP123A1 and an expression

vector were stored at -80°C for future expression and functional analysis of CYP123A1.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1. Mycobacterium tuberculosis

The actinomycete Mycobacterium tuberculosis causes tuberculosis (TB), a chronic lung
disease, in humans and remains one of the greatest threats to mankind. M. tuberculosis was
discovered by Robert Koch and described in a well-known lecture on 24 March 1882 (Koch,

1882). M. tuberculosis is a rod-shaped bacterium and grows as sticky, waxy lumps on the

petri dish (Figure 1.1).

Figure 1.1. M. tuberculosis appearance as rod-shaped bacterium (left panel) and sticky
growth on plates (right panel) (pictures taken from

http://atccmicrobiology.blogspot.co.za/2014/04/the-need-for-tuberculosis-reference.html).

The unusual waxy coating of the M. tuberculosis cell surface is primarily due to the
presence of mycolic acids in its membrane. A study by Bansal-Mutalik and Nikaido (2014)
sheds light on the membrane composition of M. tuberculosis. The authors discovered that the

outer leaflet of the outer membrane contains a similar number of hydrocarbon chains as the

4|Page
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inner leaflet composed of mycolic acids covalently linked to cell-wall arabinogalactan
(Figure 1.2). The inner membrane contains one-half of the hydrocarbon chains contributed by
an unusual lipid, diacyl phosphatidylinositol dimannoside. The inner leaflet of this membrane
is probably composed almost entirely of this lipid. The proposed model of the

M. tuberculosis cell envelope is presented in Figure. 1.2.

PG

IM nﬂ'
d

o

Figure 1.2. A probable model of a mycobacterial cell envelope (taken from Bansal-Mutalik
and Nikaido, 2014). Based on lipid composition data obtained by the authors, a model of the

outer membrane (OM) and inner membrane (IM) is proposed.

Based on the membrane structure and lipid composition of the outer membrane and
inner membrane, the authors proposed that the bilayer environment of M. tuberculosis creates
unusually low fluidity and may slow the influx of drugs, contributing to the general drug

resistance phenotype of mycobacteria (Bansal-Mutalik and Nikaido, 2014).
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1.2. M. tuberculosis: mode of infection

M. tuberculosis is carried in airborne particles, called droplet nuclei, of 1- 5 microns in
diameter. Infectious droplet nuclei are generated when people who have pulmonary or
laryngeal TB disease cough, sneeze, shout or sing. Depending on the environment, these tiny
particles can remain suspended in the air for several hours. M. tuberculosis is transmitted
through the air, not by surface contact. Transmission occurs when a person inhales droplet
nuclei containing M. tuberculosis, and the droplet nuclei traverse the mouth or nasal

passages, upper respiratory tract and bronchi to reach the alveoli of the lungs (Figure 1.3).

TB TRANSMISSION

Transmission is defined as the spread of an
organism, such as M. tuberculosis, from one
person to another.

Figure 1.3. Transmission of M. tuberculosis (taken from Bates, 1980).
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1.3. M. tuberculosis: life cycle

Exposure to M. tuberculosis can result in the elimination of the pathogen, either because of
innate immune responses or because of acquired T cell immunity (Pai et al., 2016) (Figure
1.4) or depending on changes in host immunity and comorbidities, M. tuberculosis can be in
active form (active TB) that may lead to TB disease or stay in the latent form (latent TB)
(Figure. 1.4). 1t may also advance or reverse between the two stages, i.e. active TB and latent

TB (Pai et al., 2016).

Infection eliminated Latent TB Subclinical Active

infection T8 disease TB discase
With innate or With acquired
imr

mmune response* MMUNE response
Mycobacterium
tuberculosis
N
I\ r 4 \
-—— - -~ -

/ Granuloma

2\ ‘ ’L /.

) ) 8

Figure 1.4. The spectrum of TB (taken from Pai et al., 2016).

1.4 TB: global pandemic

TB, a pre-historic disease (Bunyan, 1988; Zink et al., 2003), remains a leading infectious
cause of death worldwide, despite global efforts in disease-control programmes during the
past 20 years (WHO, 2016; Quan et al., 2017; TB Alliance). TB is a global disease, found in
every country in the world (Figure 1.5.). The World Health Organisation (WHO) estimates
that two billion people, one third of the world's population, are infected with M. tuberculosis.
Each year, 10.4 million fall ill from TB and 1.8 million die (WHO, 2016; Quan et al., 2017;
TB Alliance). TB is a leading killer of people living with HIV, causing one quarter of all

deaths. Co-occurrence of TB with HIVV/AIDS has further worsened the treatment of TB or

7|Page
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HIV/AIDS and many patients are dying because of TB rather than the initial viral infection
(Gandhi et al., 2006; WHO, 2014) (Figure 1.6). Death rates due to TB in sub-Saharan Africa,
especially in South Africa, are alarming and need immediate attention. The prevalence of
HIV/AIDS in the region worsens the situation (Gandhi et al., 2006; WHO, 2016; Quan et al.,

2017; TB Alliance) (Figure 1.7).

Estimated TB incidence rates, 2014

Estimated new TB
cases (all forms) per
100 000 population
per year \
0-9.9

10-19

20-49 %
[ s0-124 o /
B 125299

B 300-499 No data
500 I Notapplicable

The boundaries and names shown and the designations used on this map do not imply the expression of Data Source: Global Tuberculosis World Health
any opinion whatsoever on the part of the World Health Organization concerning the legal status of any Report 2015. WHO, 2015. f ) heal t

country, territory, city or area or of its ities, or ing the delimitation of its iers or i Orgamzatlon
Dotted and dashed lines on maps represent approximate border lines for which there may not yet be full agreement. © WHO 2015. Al rights reserved.

Figure 1.5. World-wide distribution of new TB cases (WHO, 2015).
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Percentage of notified TB patients with known HIV status by country, 2013

°
e
o L]
o
e © Percentage of &
notified TB patients
o4
[ 15-49
I s0-74
-5
:’ No data
- Not applicable
The boundaries and names shown and the designations used on this map do not imply the expression of Data Source: Global Tuberculosis World Health
any opinion whatsoever on the part of the World Health Organization concerning the legal status of any Report 2014. WHO, 2014. orid riea
country, territory, city or area or of its ities, or co ing the delimitation of its frontiers or boundaries. Organization

Dotted and dashed lines on maps represent approximate border lines for which there may not yet be full agreement. © WHO 2014. All rights reserved.

Figure 1.6. World-wide distribution of TB patients with HIV (taken from WHO, 2014).

TB-HIV deathe (per 100,000
High-Endemuc (> 30.5)
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Figure 1.7. Tuberculosis in Africa (taken from

https://sites.qoogle.com/a/bluedemons.org/tuberculosis-in-africa/).
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1.5. Effect of TB in South Africa

According to WHO, 8.8 million new cases of TB worldwide are reported in a year (Floyd et
al., 2011). South Africa is one of the countries reporting a high number of cases, with an
incidence of 971 per 100 000. This means that one percent of the population develops TB
each year. Fifteen percent are children and two thirds will be co-infected with HIV. The
presence of drug-resistant bacteria in South Africa, including multidrug-resistant (MDR)
strains, defined as resistant to rifampicin and isoniazid, has been reported (Jackson et al.,
2013). According to the WHO, in 2009 about 600 cases of extensively drug-resistant (XDR)
TB were diagnosed. Most cases of MDR-TB and XDR-TB in South Africa have been

detected in the Western Cape, the Eastern Cape and KwaZulu-Natal (Table 1.1).

Table 1.1. The incidence of multidrug-resistant and extensively drug-resistant TB by

province in 2009 (taken from Jackson et al., 2013).

Province Number of cases of Number of cases of
multidrug-resistant extensively drug-resistant
tuberculosis tuberculosis
Eastern Cape 1858 123
Free State 123 3
Gauteng 1307 65
KwaZulu-Natal 773 254
Limpopo 204 6
Mpumalanga 446 18
10|Page
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North West 520 13
Northern Cape 631 40
Western Cape 2078 72

1.6. TB: treatment and problems

The currently available anti-TB drugs (Table 1.2) were developed over 40 years ago and they

have become ineffective against drug-resistant TB. Long-term TB treatment (6-12 months)

causes serious side effects and promotes the development of drug-resistant TB (WHO, 2011;

Abubakar et al., 2013) (Figures 1.8 and 1.9).

Table 1.2. Currently available anti-TB drugs (Rendon et al., 2016)

Grouping of drugs

Drugs line category

First-line anti-TB drugs

Group 1

Isoniazid, rifampicin, ethambutol, pyrazinamide

Second-line anti-TB drugs

Group 2 Moxifloxacin, high dose levofloxacin
(fluoroquinolones)

Group 3 Linezolid, delamanid, bedaquiline (newer
drugs with increased evidence)

Group 4 Amikacin, capreomycin, kanamycin (injectables)

Group 5 Clofazimine, ethionamide/prothionamide, carbapenems
(imipenem, meropenem, ertapenem)

Group 6 Cycloserine, para-amino salicylic acid,

amoxicillin/clavulanate
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[ At least one case reported
[ No cases reported
I Not applicable

Figure 1.8. Countries with at least one case of extensively drug-resistant TB (taken from

Abubakar et al., 2013).
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Figure 1.9. Percentage of new TB cases with multidrug-resistant TB (taken from Abubakar

etal., 2013).
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Since 1990, about 10 new drugs have been in clinical trials (Table 1.3). These drugs

are relatively safe, have potent bactericidal effectiveness and early bactericidal activity,

resembling that of isoniazid.

Table 1.3. New anti-TB drugs in development (Neurmberger et al., 2010; Field et al., 2012).

Drug Class Mechanism of | Target
action

Bedaquiline Diarylquinoline Inhibits ATP | Subunit C in F,
synthesis proton ATP

synthesis

PA-824 Nitroimidazopyran Inhibits protein | The  production
synthesis, inhibits cell | of mycolic acid,
wall lipid synthesis | protein and
and releases nitric | intracellular NO
oxide

Delaminid Nitroimidazol oxazole Inhibits lipid | The production
synthesis, cell wall | of mycolic acid,

(OPC-67683)
synthesis, inhibits | protein and

protein synthesis and

releases nitric oxide

intracelluar NO

SQ-109 Diethylamine Inhibits  cell ~ wall | Unknown
synthesis
LL-3858 Pyrrole Unknown Unknown
13| Page

© Central University of Technology, Free State




( Central University of
CHAPTER 1. INTRODU J@T”“”Q‘/—\FFE.%‘E._ITERATURE REVIEW

PNU-100480 Oxazolidinone Inhibits protein | Ribosomal
Linezolid, AZD5847 synthesis Initiation
complex
BTZ0O43 Benzothrazinone Interferes with | Inhibits
production of | epimerase

polysaccharides  in

the cell wall

moxifloxation Fluoroquinolone Inhibits DNA | DNA gyrase
synthesis

gatifloxacin Fluoroquinolone Inhibits DNA | DNA gyrase
synthesis

1.7. TB: urgency of basic research

Despite people living in the most advanced medicinal era, TB remains a major threat to
human health. TB is one of mankind’s oldest and worst enemies owing to its widespread
nature across the world and the development of resistance to known and available drugs. The
development of MDR-TB, XDR-TB and the recent occurrence of totally drug-resistant M.
tuberculosis (TDR-TB) strains (Migliori et al., 2012), together with the paucity of new drug
targets currently being explored, suggest that new basic research is required to delineate

novel potential targets.
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TB is a deadly threat, especially in areas with high HIV rates. Co-occurrence of TB
with HIV/AIDS has further worsened the treatment of TB or HIV/AIDS and many patients
are dying because of TB rather than the initial viral infection (Gandhi et al., 2006). The
alarming death rates due to TB in sub-Saharan Africa, especially in South Africa, necessitate
more basic research to find new drugs that act with novel mechanisms, leading to a shorter

treatment period, fewer side-effects and compatibility with HIVV/AIDS treatment.

1.8. M. tuberculosis and cytochrome P450 monooxygenases

Cytochrome P450 monooxygenases, also known as CYPs/P450s, are heme-thiolate enzymes
playing key roles in nature, particularly in the evolution of organisms, including the dawn of

multicellular life (Nelson, 2013; Parvez et al.,

2016). P450s are well known for their stereo- and
regio-specific oxidation of substrates, which makes
these enzymes essential in the primary and
secondary metabolism of organisms. Apart from
their well-known oxygenation reaction, P450s

perform different reactions, as listed in Figure 1.10.

Redilcliw
Figure 1.10. Reactions catalysed by cytochrome N-Oxide
Epoxide 1
P450 (taken from Bernhardt, 2006). Reductive
NO reduc
[somerizz
Oxidative
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Genome sequencing of M. tuberculosis revealed the presence of 20 P450s in its
genome (Cole et al., 1998). The preponderance of P450 genes in the M. tuberculosis genome
is an idiosyncratic feature for a prokaryote and it might underlie the possible importance of

the P450 gene-family in the life history of M. tuberculosis.

Table 1.4. M. tuberculosis P450s and their respective gene IDs.

P450 Gene ID
CYP51B1 Rv0764c
CYP132A1 Rv1394c
CYP139A1 Rv1666¢
CYP136A1 Rv3059c
CYP135A1 Rv0327c
CYP135B1 Rv0568
CYP137A1 Rv3685c¢
CYP138A1 Rv0136
CYP143A1 Rv1785c
CYP121A1 Rv2276
CYP141A1 Rv3121
CYP140A1 Rv1880c
CYP123A1 Rv0766¢
CYP130A1 Rv1256¢
CYP128A1 Rv2268c
CYP144A1 Rv1777
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CYP124A1 Rv2266
CYP125A1 Rv3545c
CYP126A1 Rv0778
CYP142A1 Rv3518c

1.9. P450s’ importance in M. tuberculosis physiology

Among 20 M. tuberculosis P450s, three P450s, CYP121A1 (McLean et al. 2008),
CYP125A1 (Sassetti and Rubin, 2003) and CYP128A1 (Sassetti et al., 2003), were found to
be essential for survival of M. tuberculosis. Further, gene knockout studies showed that
CYP121A1 is essential for in vitro M. tuberculosis growth (McLean et al., 2008) and
CYP125A1 is essential for infection in mice (Sassetti and Rubin, 2003) and survival in
macrophages (Chang et al., 2007). Since the CYP128A1 mutant could not initially be
obtained during in vitro growth, it could only be presumed that it played an important role
during infection (Ouellet et al., 2010). However, a recent study has shown that the
CYP128A1 mutant is viable and has proven to be hyper-virulent in nature (Sogi et al., 2016).
In vitro M. tuberculosis latency model studies, including a carbon starvation model (Betts et
al., 2002) and hypoxia model (Rustad et al., 2008), showed up-regulation of three
M. tuberculosis P450s, CYP128A1 and CYP135A1 and CYP123Al, suggesting their
potential role during M. tuberculosis. Based on meta-analysis of expression data, CYP123A1l
is selected as the best drug candidate against the dormant phase of M. tuberculosis (Murphy
and Brown, 2007). It is noteworthy that CYP123A1 and CYP135A1 are present only in TB-

causing bacteria, suggesting their essential role.
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1.10. Functional analysis of M. tuberculosis P450s

Despite the greater importance of M. tuberculosis P450s as novel drug targets (Ouellet et al.,

2010; Hudson et al., 2012), only four M. tuberculosis P450s, apart from highly conserved

CYP51, have been functionally characterised for their in vivo role (Hudson et al., 2012)

(Figure 1.11). To date, physiological roles have been proposed for CYP121 for the formation

of an intramolecular C-C bond between 2 tyrosyl carbon atoms of cYY (cyclic dipeptide

cyclo-L-Tyr-L-Tyr) (Belin et al., 2009); CYP125 and CYP142 in cholesterol catabolism

(McLean et al., 2009; Capyk et al., 2009; Van der Geize, 2007; Driscoll et al., 2010);

CYP124 in oxidation of branched chain fatty acids (Johnston et al., 2009) and for CYP51, a

conserved P450 across the phyla, in sterol demethylation (Bellamine, 1999). Based on the

genetic location of CYP128A1 and in vivo studies, it is predicted to be involved in oxidation

of menaquinone (Holsclaw et al., 2008; Sogi et al., 2016).

CYP51B1
sterol 14a-demethylase

lanosterol

CYP121
cYY C-C bond coupling

cyclodityrosine (cYY)

For sterol
biosynthesis

Role unknown

CYP124, 125 & 142
sterol 27-monooxygenases

cholesterol

CYP124
lipid w-hydroxylase

phytanic acid
(mixture of stereoisomers)

.....

For catabolism of
host cholesterol

For biosynthesis of
cell wall components

Figure 1.11. Catalytic reactions of characterised M. tuberculosis P450s (taken from Quellet

etal., 2010).
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1.11. M. tuberculosis P450s’ orphan nature and problems

Despite the most advanced methods available for gene expression and protein
characterisation, to date 15 M. tuberculosis P450s remain orphans. The major challenges in
M. tuberculosis P450 research are (i) expression of M. tuberculosis P450s and (ii) finding the
physiological substrate(s). For example, even leading M. tuberculosis P450 research groups
have been unable to express CYP128A1 (Ouellet et al., 2010; Driscoll, 2011) or to identify

the substrate for CYP130 (Ouellet et al., 2008) and CYP144 (Driscoll et al., 2011).

1.12. Rationale and aims of the study

One-third of the human population is infected by latent TB. Active TB can be cured
with drugs, unless it’s drug-resistant, but not latent TB. A study showed that P450
CYP123A1 of M. tuberculosis is highly expressed during the latent phase of M. tuberculosis
and also in macrophages (Rustad et al., 2008). Based on meta-analysis of expression data,
CYP123A1 is selected as the best drug candidate against the dormant phase of
M. tuberculosis (Murphy and Brown, 2007). It is noteworthy that CYP123A1 is present only

in TB-causing bacteria, suggesting their essential role (Ouellet et al., 2010).

Despite the great importance of CYP123A1 as drug target for both latent TB and
active TB, to date this P450s has not been characterised for its function or for its structure.
This study is the first of its kind on M. tuberculosis P450s. The study paves the way to

develop CYP123Al-based anti-TB drugs.

Furthermore, to date, the distribution of P450s in the genus Mycobacterium is
unknown. Thus, in this study, molecular evolutionary dynamics of P450s were carried out

with special focus on mycobacterial P450s.
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CHAPTER 2

MOLECULAR EVOLUTIONARY DYNAMICS OF CYTOCHROME P450
MONOOXYGENASES ACROSS KINGDOMS: SPECIAL FOCUS ON

MYCOBACTERIAL P450s

2.1. INTRODUCTION

Cytochrome P450 monooxygenases, also known as CYPs/P450s, are heme-thiolate enzymes
playing key roles in nature, particularly in the evolution of organisms, including the dawn of
multicellular life (Nelson et al., 2013). P450s are well known for their capability for stereo- and
regio-specific oxidation of substrates, which makes these enzymes essential in organisms’
primary and secondary metabolisms. Since their identification five decades ago, quite a large
number of P450s have been identified in species across biological kingdoms, primarily because
of the current genome sequencing rush (Nelson et al., 2009). Studies on P450 enzymes have
been reported from animals owing to their role in drug metabolism (particularly from mammals)
(Guengerich et al.,2015) or analysis of diversity (Nelson, 2013; Sezutsu et al., 2013), from fungi
owing to their role as drug target (Kelly and Kelly, 2013; Jawallapersand et al., 2014) and for
evolutionary analysis (Moktali et al., 2012; Chen et al., 2014; Syed et al., 2014) from bacteria
owing to P450 structure-functional analysis (Poulos et al., 2015) and generation of products
valuable to humans (McLean et al., 2015); and from plants owing to their role in key cellular
processes and defense mechanisms (Mizutan and Ohta, 2010; Hamberger and Bak, 2013,
Schuler, 2015). Irrespective of their origins, P450s from all organisms have been exploited for

their biotechnological potential (Girhard et al., 2015). Although quite a large number of P450s
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have become known to date (Guengerich et al., 2015), genome annotation of P450s in recently
available organism genomes has led to the discovery of a novel P450 fused family (Sello et al.,
2015), suggesting that much remains to be explored and understood about the evolution of these

enzymes.

The origin of P450s in organisms was ascribed to CYP51 (Nelson, 1999; Yoshida et al.,
2000). CYP51 is regarded as an ancient P450 despite confusion on its origin, either in
prokaryotes or in eukaryotes (Nelson, 1999; Yoshida et al., 2000). It has been postulated that the
evolution of present-day P450s is due to the divergence and duplication of this ancient P450
(Nelson, 1999; Yoshida et al., 2000). The proposed hypothesis of “descendance of P450s from
CYP51” is strongly supported by the fact that CYP51 is the only P450 that is conserved across
species belonging to different biological kingdoms (Lepesheva and Waterman, 2007). Recent
studies showing the conservation of amino acid patterns in EXXR and CXG motifs in CYP51
P450s collected from species across biological kingdoms (Syed and Mashele, 2014) further
supported the idea that the origin of CYP51 predates the divergence of biological kingdoms, as

mentioned in earlier studies (Nelson and Strobel, 1987).

Since CYP51 P450 was established to be the origin of all P450s, further studies have
focused on unravelling the P450 complement from different organisms, analysis of P450
diversity and their evolution. To date, a large number of P450 families have been reported in
species from different biological kingdoms, with fungi reported to have more diverse P450
families than plants, animals or bacteria (Nelson, 2011). Thorough studies on the origins of P450
diversity have been conducted using animal and plant P450s as model P450s (Sezutsu et al.,
2013). Eukaryotic microbes such as fungi and oomycete P450s have also been extensively

studied with respect to their diversity and duplications (Moktali et al., 2012; Chen et al., 2014;
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Syed et al., 2014; Sello et al., 2015; Qhanya et al., 2015). However, bacterial P450s have been
virtually unexplored in the above context, considering the general assumption that bacterial

species have a low number of P450s, with many bacteria lacking P450s.

Although a plethora of information on P450s is available, to date two key research gaps
have not been addressed in P450 research. The first gap is that, since the origin and divergence
of P450s from CYP51 into different biological kingdoms (Nelson and Strobel, 1987), P450s’
molecular dynamics in terms of their primary structure both at protein and DNA level have not
been studied. Studies on understanding the molecular dynamics of P450s’ primary structure are
limited to the P450 family CYP51 (Yoshida et al., 1997) (in 1997) and the biosynthetic-type (710
P450s) and detoxification-type P450s (543 P450s) from vertebrate (14) and invertebrate (6)
genomes (Kawashima and Satta, 2014). Moreover, comprehensive analysis of P450 families
from different biological kingdoms and their dynamics in terms of evolutionary rate both at
protein and DNA levels have not been reported. Identification of P450 families with the highest
evolutionary rate will provide important answers, such as P450 families that are possibly
adapting to different substrates or emerging into new P450s, thus creating new P450 families.
Quite the opposite is true for the P450s with a lower evolutionary rate, indicating their
conservation by the organism owing to their critical role in organisms’ physiology and therefore
possibly strict substrate specificity. The second gap is that comparative genomic analyses of
P450s in bacteria have not been reported despite the comprehensive bacterial P450 functional
data (McLean et al., 2015). As mentioned above, compared to fungal, animal and plant P450s,

bacterial P450s have not been explored in terms of their diversity and evolutionary analysis.

In this study, we address these research gaps per se by performing genome-wide

identification, annotation and phylogenetic analysis of P450s in 60 mycobacterial species
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belonging to six different categories. The species belonging to the genus Mycobacterium are
selected because of the public availability of quite a large number of mycobacterial species
genomes and the presence of diverse species (Ventura et al., 2007), thus possibly representing
diverse P450 complements. Furthermore, the highest G+C content and high genome level
conservation among mycobacterial species make them interesting candidates for observation of
the distribution, diversity and evolution of P450s in these organisms. The results from the
mycobacterial P450 analysis allowed us to carry out comprehensive evolutionary analysis (both
at protein and DNA level) and phylogenetic analysis of 17 598 P450s belonging to 113 P450s

families from species across biological domains: bacteria, fungi, plants and animals.

2.2. METHODS

2.2.1. Mycobacterial species

A total of 60 mycobacterial species belonging to six different categories were used in this study
(Table 2.1). The six categories include Mycobacterium tuberculosis complex (MTBC) (27
species), M. chelonae-abscessus complex (MCAC) (6 species), M. avium complex (MAC) (8
species), Mycobacteria causing leprosy (MCL) (2 species), nontuberculous mycobacteria (NTM)
(6 species) and Saprophytes (SAP) (11 species). The criteria for separation of mycobacterial
species into six different groups is based on their characteristic features, including ecological
niches, nature of infection and site of infection as described elsewhere (Ventura et al., 2007).
Also taxonomical grouping of mycobacterial species is taken into consideration as described
elsewhere (Tortoli et al., 2012). Detailed information on species and category is listed in Table

2.1.
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Table 2.1. List of mycobacterial species used in the study. As listed in the table, 60
mycobacterial species were grouped under six different categories based on their characteristic
features, including ecological niches, nature of infection and site of infection as described
elsewhere (Reddy et al., 2009; Galagan et al., 2010; Kanehisa and Goto, 2000; Kanehisa et al.,
2016; The UniProt Consortium, 2015). Also taxonomical grouping of mycobacterial is taken into

consideration as described elsewhere (Tortoli et al., 2012).

Mycobacterium tuberculosis complex (MTBC)

1 Mycobacterium africanum GM041182

2 Mycobacterium tuberculosis C

3 Mycobacterium tuberculosis F11

4 Mycobacterium tuberculosis H37Ra

5 Mycobacterium tuberculosis H37Rv

6 Mycobacterium tuberculosis Haarlem

7 Mycobacterium tuberculosis KZN 1435

8 Mycobacterium tuberculosis KZN 605

9 Mycobacterium tuberculosis KZN 4207

10 Mycobacterium tuberculosis RGTB327

11 Mycobacterium tuberculosis CDC1551

12 Mycobacterium tuberculosis strains CCDC5079
13 Mycobacterium tuberculosis 7199-99

14 Mycobacterium tuberculosis Beijing/NITR203
15 Mycobacterium tuberculosis CAS/NITR204
16 Mycobacterium tuberculosis EAIS

17 Mycobacterium tuberculosis EAIS/NITR206
18 Mycobacterium tuberculosis Erdman= ATCC 35801
19 Mycobacterium tuberculosis UT205

20 Mycobacterium canetii CIPT 140010059

21 Mycobacterium canetii CIPT 140060008

22 Mycobacterium canetii CIPT 140710010

23 Mycobacterium bovis AF 2122/97

24 Mycobacterium bovis BCG Pasteur 1173P2
25 Mycobacterium bovis BCG Korea 1168P

26 Mycobacterium bovis BCG Mexico

27 Mycobacterium bovis BCG Tokyo 172
Mycobacterium chelonae-abscessus complex (MCAC)
28 Mycobacterium abscessus ATCC 19977

29 Mycobacterium abscessus subsp. bolletii 50594
30 Mycobacterium abscessus 47J26

31 Mycobacterium abscessus103
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32 Mycobacterium abscessus subsp. bolletii MA 1948
33 Mycobacterium abscessus VO6705
Mycobacterium avium complex (MAC)

34 Mycobacterium Avium 104

35 Mycobacterium Avium subsp. paratuberculosis K10
36 Mycobacterium avium subsp. paratuberculosis MAP4
37 Mycobacterium intracellulare ATCC 13950
38 Mycobacterium intracellulare MOTT-02
39 Mycobacterium Intracellulare MOTT-64
40 Mycobacterium intracellulare MOTT-36Y
41 Mycobacterium Indicus pranii MTCC 9506
Mycobacteria causing leprosy (MCL)

42 Mycobacterium leprae Br4923

43 Mycobacterium Leprae TN
Nontuberculous mycobacteria (NTM)

44 Mycobacterium sp. JDM601

45 Mycobacterium liflandii 128FXT

46 Mycobacterium ulcerans Agy99

47 Mycobacterium Marinum

48 Mycobacterium massiliense

49 Mycobacterium kansassii ATCC 12478
Saprophytes (SAP)

50 Mycobacterium sp. JLS

51 Mycobacterium sp. KMS

52 Mycobacterium sp. MCS

53 Mycobacterium vanbaalenii PYR-1

54 Mycobacterium smegmatis MC2 155

55 Mycobacterium chubuense NBB4

56 Mycobacterium gilvum PYR-GCK

57 Mycobacterium gilvum Spyrl

58 Mycobacterium smegmatis JS623

59 Mycobacterium rhodesiae NBB3

60 Mycobacterium neoaurum VKM Ac-1815D

2.2.2. P450 mining in mycobacterial genomes

Mycobacterial genomes that are publicly available at different genome databases as listed in
Table 2.2 were mined for P450s as described elsewhere (Sello et al., 2015; Syed and Mashele,

2014; Qhanya et al., 2015; Syed et al., 2014). Briefly, the whole proteome of mycobacterial
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species was downloaded from the respective data bases listed Table 2.2 and subjected to the

NCBI Batch Web CD-Search Tool (http://www.nchi.nlm.nih.qov/Structure/bwrpsb/bwrpsb.cgi).

Table 2.2. Information on mycobacterial species genome databases and their web links

used in the study.

Database | Weblink Reference

TB http://genome.tbdb.org/tbdb_sysbio/Genomesindex.html Reddy et al., 2009;

Database Galagan et al., 2010

KEGG http://www.genome.jp/kegg- Kanehisa and Goto,

bin/show_organism?category=Mycobacterium 2000; Kanehisa et al.,

2016

UniProt | http://www.uniprot.org/taxonomy/36809 The UniProt
Consortium, 2015

Proteins that belong to a P450 superfamily were selected and further subjected to BLAST
analysis against bacterial P450s at the Cytochrome P450 Homepage (Nelson, 2009). Based on
the International P450 Nomenclature Committee rule, proteins with >40% identity and >55%
identity were grouped under the same family and subfamily, respectively. For each species of
P450s different databases were consulted; all databases gave the same results and hence P450s
from one of the databases were selected. Some mycobacterial P450s were annotated and made
available at the Cytochrome P450 Homepage (Nelson, 2009). In this case, the same
nomenclature for P450s was continued. The same procedure was followed for mycobacterial
P450s documented in the literature. P450s that showed less than 40% identity to known P450s at
the Cytochrome P450 Homepage (Nelson, 2009) were assigned to new P450 families and

subfamilies as per International P450 Nomenclature Committee rules.
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2.2.3. Protein and cDNA sequence collection

Protein sequences and the respective cDNAs for 113 P450 family members (17 598 P450s) were
collected from different databases and published resources. Some of the bacterial P450 family
members’ protein sequences and cDNAs, particularly P450 families present in mycobacterial
species were collected from the KEGG database

(http://www.genome.jp/kega/catalog/org list.html). These P450 families include: CYP108,

CYP121, CYP123-CYP126, CYP128, CYP130, CYP132, CYP135-CYP144, CYP150, CYP164,
CYP185, CYP187-CYP191, CYP268, CYP279 and CYP291. Identification of P450 family
members was carried out using the methodology described elsewhere (Sello et al., 2015; Syed
and Mashele, 2014; Qhanya et al., 2015; Syed et al., 2014). Briefly, a representative P450 for
each of the families was taken from mycobacterial species from the Cytochrome P450
Homepage (Nelson, 2009) and protein BLAST was performed at KEGG against prokaryote
genomes. The resulting hit proteins were sorted into P450 families according to the International
P450 Nomenclature Criteria i.e. >40% identity as a family. The hit proteins were subjected to
BLAST analysis against named bacterial P450s at the Cytochrome P450 Homepage (Nelson,
2009). Based on the percentage identity to the homolog P450 (>40% identity), the hit proteins

were sorted into different P450 families.

Fungal P450 sequences and corresponding cDNAs belonging to P450 families CYP61,
CYP63, CYP512, CYP5035, CYP5037, CYP5136, CYP5139, CYP5141, CYP5144, CYP5150
and CYP5152 were retrieved from published work (Chen et al., 2014; Syed et al., 2014; Syed
and Mashele, 2014) and their corresponding cDNAs were retrieved from each of the species’
genome databases at MycoCosm (Grigoriev et al.,2014) . The remaining P450 family members’

protein sequences, i.e. CYP1-9, CYP11, CYP12, CYP17, CYP19, CYP21, CYP24, CYP26-
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CYP28, CYP33, CYP39, CYP46, CYP51-CYP53, CYP55, CYP58, CYP65, CYP71-CYP76,
CYP78, CYP79, CYP81, CYP82, CYP84, CYP86, CYP87, CYP89, CYP90, CYP92-CYP94,
CYP96-CYP98, CYP102, CYP105-CYP107, CYP110, CYP116, CYP147, CYP152, CYP153,
CYP157, CYP195, CYP202, CYP325, CYP501, CYP505, CYP584, CYP620, CYP704-
CYP707, CYP709, CYP714 and CYP716 were retrieved from the Cytochrome P450

Engineering Database (https://cyped.biocatnet.de/) (Sirim et al., 2009) and their cDNAs were

collected from NCBI using the respective P450 family member protein IDs. The P450 protein
sequences (17 598 P450 sequences) belonging to 113 P450 families used can find out online

version (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5018878/) in this study are listed in

Supplementary Dataset 1 (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5018878/#S1).

2.2.4. Analysis of amino acid conservation

Analysis of the number of amino acids conserved across different mycobacterial P450 families
was carried out using PROfile Multiple Alignment with predicted Local Structures and 3D
constraints (PROMALS3D) (Pei et al., 2008). PROMALS3D aligns multiple protein sequences
based on their secondary structure prediction using the available homolog crystal structures. The
output alignment assigns numbers as conservation index from 4 to 9, where number 9 is the
invariantly conserved amino acid across the analyzed protein sequences (Pei et al., 2008). The
majority of mycobacterial P450 families contain fewer than 10 members. Hence in this study,
mycobacterial P450 families with more than 15 members were selected for amino acid
conservation analysis, considering that this number of member P450s will provide sufficient
information on amino acid conservation. This cut-off value is also set taking into account that
bacteria possess a low number of P450s in their genomes compared to species from other

biological kingdoms (Nelson, 2011). Based on the cut-off value, a total of 32 mycobacterial

34|Page

© Central University of Technology, Free State



\c | University of

entral Uni of
Technology, Free State

CHAPTER 2: MOLECULAR EVOLUTIONARY DYNAMICS OF CYTOCHROME P450 MONOOXYGENASES ACROSS KINGDOMS: SPECIAL FOCUS ON
MYCOBACTERIAL P450S

P450 families (CYP51, CYP105, CYP108, CYP121, CYP123, CYP124, CYP125, CYP126,
CYP128, CYP130, CYP132, CYP135, CYP136, CYP137, CYP138, CYP139, CYP140,
CYP141, CYP142, CYP143, CYP144, CYP150, CYP164, CYP185, CYP187, CYP188,
CYP189, CYP190, CYP191, CYP268, CYP279 and CYP291) were qualified for this analysis.
The P450 families from fungi, plants and animals were selected based on criteria described
elsewhere (Syed and Mashele, 2014). The P450 families used from different biological kingdoms
were listed in the Supplementary Datasetl
(https://mww.ncbi.nlm.nih.gov/pmc/articles/PMC5018878/#S1). CYP51 members from bacteria
and fungi individually were included in the analysis to see their ranking of conservation

compared to CYP51 members across biological kingdoms.

2.2.5. Construction of P450s phylogenetic trees

The phylogenetic analysis of P450s was conducted as described elsewhere (Chen et al., 2014).
Briefly, the P450 protein sequences were aligned by HMMER package 3.1
(http://hnmmer.janelia.org/) through adjusting them to the P450 profile hidden Markov model

PF00067 downloaded from the Pfam protein families database (http://pfam.xfam.org/) ( Eddy,

2011; Finnet et al., 2014). Then, the phylogenetic trees from alignments were inferred by Fast
Tree version 214 with the maximum-likelihood method

(http://www.microbesonline.org/fasttree/) (Price et al., 2009). In this study, the phylogenetic tree

of 1 772 mycobacterial P450s was viewed by iTOL (http://itol.embl.de/upload.cqgi) (Letunic and

Bork, 2007) and the phylogenetic tree of 17 598 P450s from 113 families was viewed by

Hypertree 1.2.2 (Bingham and Sudarsanam, 2000).
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2.2.6. Analysis of P450 diversity

The P450 diversity percentage is the percentage contribution of the number of P450 families in
the total number of P450s in an organism (Sello et al., 2015). The P450 diversity percentage in
mycobacterial species was calculated using the methodology described elsewhere (Sello et al.,
2015). For comparative analysis of the P450 diversity percentage between different microbial
populations, the P450 diversity percentage data from lower eukaryote microbes such as fungi and
oomycetes was retrieved from published literature (Nelson, 2009; Syed et al., 2014; Sello et al.,

2015; Qhanya et al., 2015; Syed et al.,2013; Kgosiemang et al., 2014).

2.2.7. Evolutionary rate analysis

The above-mentioned cDNA sequences of 113 P450 family members were used for evaluating
their evolutionary rates. Evolutionary rate for all P450s were calculated using full-length cDNA
sequences. Firstly, the cDNA sequences of each P450 family member were aligned by Muscle in
the codons module (Edgar, 2004). All positions containing gaps and missing data were
eliminated. Then, the aligned sequences were subjected to examination in order to estimate their
evolutionary rates under the Tamura-Nei model (Tamura and Nei, 1993). A discrete Gamma
distribution was used to model evolutionary rate differences among sites. The rate of substitution
for each site was drawn from a Gamma distribution with shape parameter o. If o was <1, the
distribution implied that there was a relatively large amount of rate variation, with many sites
evolving very slowly but some sites evolving at a high rate. For values of a >1, the shape of the
distribution changed qualitatively, with less variation and most sites having roughly similar rates
(Lio and Goldman, 1998). The evolutionary rate analyses were conducted in MEGA7 (Kumar et

al., 2016).
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2.3. RESULTS AND DISCUSSION

2.3.1. Mycobacterial P450s

Genome data-mining and annotation of P450s in 60 mycobacterial species revealed the presence
of 1784 P450s in their genome (Fig. 2.1 and Table 2.3 and can find out online version of
Datasets 2 and 3: https://www.ncbi.nlm.nih.gov/pmc/articlessPMC5018878/#S1). Among the
species, M. leprae species showed a single P450, whereas the highest number of P450s (70
P450s) was found in M. rhodesiae NBB3, followed by M. indicus pranii MTCC 9506 (61
P450s). An interesting pattern was observed when comparing the P450 pattern between
mycobacterial species belonging to different categories (Fig. 2.1). Comparison of the number of
P450s and average number of P450s among different categories revealed a gradual loss of P450s

from SAP to MTBC species (Fig. 2.1 and Table 2.3).
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Figure 2.1. Comparative analysis of P450s in mycobacteria. Mycobacterial species were
grouped into different groups such as MTBC (Mycobacterium tuberculosis complex), MCAC
(Mycobacterium chelonae-abscessus complex), MAC (Mycobacterium avium complex), NTM
(Nontuberculous mycobacteria) and SAP (Saprophytes). Each color in the circle represents a
mycobacterial species in that group. The numerical order from the inside to the outside of the
circle is as follows: number of P450s, number of P450 families, number of P450 subfamilies,
number of ORFs in an organism and percentage of P450s compared to ORFs of an organism.

Considering the presence of a single P450 in MCL (Mycobacteria causing leprosy) species, this
group is omitted from comparative analysis. Details on species and their P450s were listed in

table 2.3.
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Table 2.3. Genome data-mining, identification and annotation of cytochrome P450
monooxygenases in 60 mycobacterial species. Open reading frames (ORFs) for each species

were obtained from KEGG database (Kanehisa and Goto, 2000; Kanehisa et al., 2016).

Name of the species P450 | Families | Sub- OR | % of
count families | Fs P450s
Mycobacterium tuberculosis complex (MTBC)
Mycobacterium africanum GM041182 17 16 17 3830 | 0.4
Mycobacterium tuberculosis C 20 19 20 3851 | 0.5
Mycobacterium tuberculosis F11 20 19 20 3941 | 0.5
Mycobacterium tuberculosis H37Ra 20 19 20 4034 | 0.5
Mycobacterium tuberculosis H37Rv 20 19 20 3936 | 0.5
Mycobacterium tuberculosis Haarlem 19 18 19 3866 | 0.5
Mycobacterium tuberculosis KZN 1435 20 19 20 4059 | 0.5
Mycobacterium tuberculosis KZN 605 20 19 20 4001 | 0.5
Mycobacterium tuberculosis KZN 4207 21 19 20 3996 | 0.5
Mycobacterium tuberculosis RGTB327 14 14 14 3691 | 0.4
Mycobacterium tuberculosis CDC1551 20 19 20 4189 | 0.5
Mycobacterium tuberculosis strains 20 19 20 3646 | 0.5
CCDC5079
Mycobacterium tuberculosis 7199-99 19 18 19 3994 | 0.5
Mycobacterium tuberculosis 20 19 20 4110 | 0.5
Beijing/NITR203
Mycobacterium tuberculosis CAS/NITR204 | 17 16 16 3959 | 0.4
Mycobacterium tuberculosis EAIS 19 18 19 3902 | 0.5
Mycobacterium tuberculosis 20 19 20 4019 | 0.5
EAIS/NITR206
Mycobacterium tuberculosis Erdman= 19 18 19 4246 | 0.4
ATCC 35801
Mycobacterium tuberculosis UT205 19 18 19 3794 | 0.5
Mycobacterium canetii CIPT 140010059 19 18 19 3861 | 0.5
Mycobacterium canetii CIPT 140060008 18 17 18 3981 | 0.5
Mycobacterium canetii CIPT 140710010 21 19 20 3861 | 0.5
Mycobacterium bovis AF 2122/97 18 17 18 3920 | 0.5
Mycobacterium bovis BCG Pasteur 1173P2 | 18 17 18 3952 | 0.5
Mycobacterium bovis BCG Korea 1168P 18 17 18 4139 | 0.4
Mycobacterium bovis BCG Mexico 18 17 18 3951 | 0.5
Mycobacterium bovis BCG Tokyo 172 18 17 18 3944 | 0.5
Mycobacterium chelonae-abscessus complex (MCAC)
Mycobacterium abscessus ATCC 19977 25 19 22 4942 | 0.5
Mycobacterium abscessus subsp. bolletii 5185 | 0.4
50594 22 18 20
Mycobacterium abscessus 47J26 25 19 22 4823 | 0.5
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Mycobacterium abscessus103 25 19 22 4867 | 0.5
Mycobacterium abscessus subsp. bolletii 4883

MA 1948 24 18 21 0.5
Mycobacterium abscessus VO6705 28 19 24 5129 | 0.5
Mycobacterium avium complex (MAC)

Mycobacterium Avium 104 48 29 34 5120 | 0.9
Mycobacterium Avium subsp. 4350
paratuberculosis K10 43 30 33 1.0
Mycobacterium avium subsp. 4326
paratuberculosis MAP4 43 30 33 1.0
Mycobacterium intracellulare ATCC 13950 | 43 26 31 5144 | 0.8
Mycobacterium intracellulare MOTT-02 47 26 31 5149 | 0.9
Mycobacterium Intracellulare MOTT-64 42 25 28 5249 | 0.8
Mycobacterium intracellulare MOTT-36Y | 48 29 34 5129 | 0.9
Mycobacterium Indicus pranii MTCC 9506 | 61 30 36 5254 | 1.2
Mycobacteria causing leprosy (MCL)

Mycobacterium leprae Br4923 1 1 1 1604 | 0.1
Mycobacterium Leprae TN 1 1 1 1605 | 0.1
Nontuberculous mycobacteria (NTM)

Mycobacterium sp. JDM601 37 24 26 4346 | 0.9
Mycobacterium liflandii 128FXT 35 29 30 5064 | 0.7
Mycobacterium ulcerans Agy99 20 18 18 4241 | 0.5
Mycobacterium Marinum 47 36 39 5452 | 0.9
Mycobacterium massiliense 19 16 19 4314 1 0.4
Mycobacterium kansassii ATCC 12478 42 32 35 5866 | 0.7
Saprophytes (SAP)

Mycobacterium sp. JLS 56 30 38 5739 | 1.0
Mycobacterium sp. KMS 54 29 35 5975 | 0.9
Mycobacterium sp. MCS 53 28 34 5615 | 0.9
Mycobacterium vanbaalenii PYR-1 49 31 37 5979 | 0.8
Mycobacterium smegmatis MC2 155 42 27 30 6717 | 0.6
Mycobacterium chubuense NBB4 46 26 31 5843 | 0.8
Mycobacterium gilvum PYR-GCK 51 29 34 5579 | 0.9
Mycobacterium gilvum Spyrl 51 28 33 5349 | 1.0
Mycobacterium smegmatis JS623 51 30 38 6939 | 0.7
Mycobacterium rhodesiae NBB3 70 35 43 6147 | 1.1
Mycobacterium neoaurum VKM Ac-1815D | 23 19 23 5318 | 0.4

The order is as follows, where the minimum and maximum number of P450s, and after
the semicolon the average number of P450s, are shown in parenthesis: SAP (23-70:50)>MAC

(42-61:47)>NTM (19-47:33)>MCAC (22-28:25)>MTBC (14-21:19) (Fig. 2.1 and Table 2.3).
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This clearly indicates that the progression from soil mycobacteria (SAP) into human pathogens
such as those living in human blood and then settling as a lung pathogen (MTBC) resulted in
gradual loss of a considerable number of P450s. Furthermore, the reduction in P450 count
followed the pattern of genome reduction as number of Open Reading Frames (ORFs) in
organisms was reduced from SAP to MTBC (see ORF Table 2.3). The average number of P450s
in mycobacterial species, especially belonging to NTM, MCAC and SAP, is higher than some
human fungal pathogens (Syed et al., 2014; Kgosiemang, 2014). The percentage analysis of
P450s in mycobacterial species genomes reflected the same pattern and some of the species
belonging to MAC and SAP showed >1% of P450s in their genomes, indicating the important
role of this large number of P450s in their physiology (Fig. 2.1 and Table 2.3). It is noteworthy
that some fungi and plants also have >1% P450s in their genomes (Nelson, 2009), the same as
SAP and MAC, suggesting P450s play and occupy an important role in both prokaryotic and
eukaryotic organisms. Considering the presence of a single P450 in MCL species, this group is

omitted from comparative analysis.

2.3.2. P450 family and subfamily analysis in mycobacteria

All 1784 P450s were grouped into 77 P450 families and 132 subfamilies (See Table 32.4 and

can Dataset 2: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5018878/#S1).

41 |Page

© Central University of Technology, Free State



Central University of
Technology, Free State

CHAPTER 2: MOLECULAR EVOLUTIONARY DYNAMICS OF CYTOCHROME P450 MONOOXYGENASES ACROSS KINGDOMS: SPECIAL FOCUS ON
MYCOBACTERIAL P450S

Table 2.4. Comparative analysis of P450 families between different mycobacterial
categories. For each P450 family, the number of member P450s (P450 count) and their
percentage in the total number of P450s (1 786) found in mycobacterial species were shown.
This includes CYP164 P450s from the Mycobacterium causing leprosy (MCL). However, the
MCL category is not presented in the table, considering the presence of a single P450 CYP164 in
their genome. The number of species belonging to different categories (MTBC, MCAC, MAC,
NTM and SAP) used in the analysis is shown in parenthesis next to the category name. The
distribution of member P450s in the category is as follows: min-max number of P450s or number
of member P450s in the category members/number of category members possessing the member
P450. The empty boxes with green fluorescent color indicate the absence of P450 family
members in the category. Abbreviations: MTBC, Mycobacterium tuberculosis complex; MCAC,
Mycobacterium chelonae-abscessus complex; MAC, Mycobacterium avium complex; NTM,

Nontuberculous mycobacteria; SAP, Saprophytes.

f::fi:)y cl:)‘:xslft Percentage M;-,];' ¢ MCAC MAC (8) | NTM (6) | SAP (11)
CYP51 54 3.0
CYP123 63 3.5
CYPI125 | 114 6.4
CYP130 51 2.9
CYPI135 81 e
CYP136 82 4.6
CYP138 72 4.0
CYP140 72 4.0
CYP144 58 3.2
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CYP1128 | 10 0.6
CYP108 56 3.1
CcYpies | 29 1.6
CYPI24 | 59 33
CYP126 | 50 -
CYP128 32 1.8
CYP142 | 59 33
CYP143 62 =
CYP105 | 45 23
CYPI185 18 1.0
CYP187 54 -
CYPISS | 39 -
CYP189 86 i
CYP190 44 25
CYP191 21 12
CYP243 6 03
CYP268 | 28 1.6
CYP279 47 26
CYP150 | 84 47
CcYP1027| 6 03
CcYp137 | 32 18
CYP139 33 18
CYPI134| 7 .
CYP286 8 0.4
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CYP153 11 0.6
CYP161 8 04
cypi2 | 27 L5
CYP102 5 03
CcYpillo| 5 03
CYP1130 | 16 0.9
CcYPlI32| 7 0.4
CYP272 4 02
CYP291 15 038
CYP1034 3 02
CYPI124| 6 03
CYPI129 | 6 03
CYP107 2 0.1
CYP147 5 03
CYP278 4 02
CYPI21 23 13
CYP141 19 11
CYP1131 1 01
CYPI016 | 2 0.1
CcYp1017 | 2 .
CYP1018 6 03
CYP1019 | 4 02
CYP1067 1 0.1
CYP183 2 0.1
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CYP226 0.1
CYP269 01
CYP271 0.1
CYP274 0.1
CYP276 .
CYP1120 0.1
CYP1123 0.1
CYP1133 0.1
CYP1127 0.1
CYP110 02
CYP145 02
CYPI51 0.1
CYP186 02
CYP289 01
CYP292 03
CYP1119 0.1
CYP1121 0.1
CYP1122 01
CYP1125 0.1
CYP1126 .

P450 family annotation revealed the presence of 17 new P450 families in mycobacterial

species. The new P450 families included: CYP1067 and CYP1119- CYP1134. Among

subfamilies 43 new subfamilies were identified in mycobacterial species used in this study. The
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lowest number of P450 families was found in M. tuberculosis RGTB327 (14 P450 families) and
the highest number of P450 families was found in M. marinum (36 P450 families), followed by

M. rhodesiae NBB3 (35 P450 families) (Table 2.3).

Analysis of P450 families revealed that the CYP125 family is the dominant P450 family
with 114 members (6.4% of total P450s found in 60 mycobacterial species), followed by
CYP189 with 86 members (4.8%), CYP150 with 84 members (4.7%) and CYP136 with 82
members (4.6%) (Table 2.4). CYP150 and CYP189 P450 families were present with a high copy
number in mycobacteria, with one to six copies, followed by CYP125 (one to five copies),
CYP187 and CYP279 (one to four copies) (Table 2.4). The presence of a high number of
member P450s in the above P450 families suggests possible blooming of these P450 families.
This implies that the bloomed P450 families play a key role(s) in the physiology of
mycobacteria, hence they are present in high copy numbers, as suggested in other organisms
(Syed et al., 2014). Ten P450 families, CYP51, CYP123, CYP125, CYP130, CYP135, CYP136,
CYP138, CYP140, CYP144 and CYP1128, were conserved across the different mycobacterial
categories, suggesting their important role in mycobacteria (see Table 2.4). The P450 families
CYP124, CYP126, CYP128, CYP142 and CYP143 were missing only in MCAC (Table .2.2).
Interestingly, two P450 families, CYP121 and CYP141, are only present in MTBC. Among 27
MTBC species, CYP121 is present in 23 species and CYP141 is present in 19 species. The
presence of CYP121 and CYP141 only in MTBC species suggests that these P450 families can
serve as diagnostic markers in the detection of MTBC species. The use of CYP141 as a
diagnostic marker in the detection of M. tuberculosis was reported earlier (Darban-Sarokhalil et
al., 2011). The results from this study however suggest that the use of CYP141 as a diagnostic

marker is not limited to the detection of M. tuberculosis, but can also be employed in detecting
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other MTBC species. Furthermore, this study suggests that CYP121 can serve as a better
diagnostic marker compared to CYP141, as 23 species out of 27 contain this P450 (see Dataset
2: https://www.ncbi.nlm.nih.gov/pmc/articlessPMC5018878/#S1). The retention/evolution of
these two P450 families by MTBC species suggest the key/essential role of these P450 families
and experimental data further strengthen this assumption that CYP121 is found to be essential for
the survival of M. tuberculosis (McLeanet et al., 2008) . The new P450 family CYP1131 is
present only in MCAC species. All six MCAC species contain this P450, suggesting that
CYP1131 can serve as a diagnostic marker in the detection of MCAC species. Five P450
families, CYP1016, CYP1017, CYP1018, CYP1019 and CYP1067 (new P450 family), are
present only in MAC species. Ten P450 families (CYP183, CYP226, CYP269, CYP271,
CYP274, CYP276, CYP1120, CYP1123, CYP1127 and CYP1133) were unique to NTM and 11
P450 families (CYP110, CYP145, CYP151, CYP186, CYP289, CYP292, CYP1119, CYP1121,
CYP1122, CYP1125, and CYP1126) were present only in SAP species. Among these unique
P450 families four and five P450 families were new P450 families that were present in NTM and
SAP species, respectively. One of the most studied self-sufficient P450s, CYP102, involved in
fatty acid hydroxylation (Li and Poulos, 1997), was found in both MCAC and SAPs. A detailed
analysis on the comparison of different P450 families across different mycobacterial categories is

presented in Table 2.4.

Despite different geographical locations, M. bovis species showed a truncated CYP142 in
their genome (see Dataset 3: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5018878/#S1).
This suggests that the truncation of the CYP142 P450 event occurred before speciation and thus
resulted in a non-functional CYP142 in M. bovis species. Further evidence for the non-

functionality of CYP142 P450 in these species can be obtained from earlier studies where
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CYP125 gene-knockout strains of M. bovis and M. bovis BCG were unable to grow on
cholesterol as a carbon source compared to M. tuberculosis H37Rv, where CYP142 is
complementing the CYP125 (Driscoll et al., 2010). The CYP51 P450 family that is highly
conserved across different living organisms (Lepesheva and Waterman, 2007) is absent from
M. tuberculosis UT205, M. canetii CIPT 140060008, M. canetii CIPT 140710010, M. liflandii
128FXT and M. massiliense, further strengthening the argument that CYP51 is not an essential
gene in mycobacteria and it is therefore unlikely to be an azole drug target in mycobacteria, as
identified earlier (Sassetti et al., 2003). Interestingly, M. intracellulare MOTT-02 contains two
copies of CYP51 in its genome (see Dataset 2:

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5018878/#S1).

2.3.3. Phylogenetic analysis of mycobacterial P450s

Phylogenetic analysis of mycobacterial P450s revealed that P450s within the same family are

clustered together (Fig. 2.2 and Table 2.5).
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Taxonomy

Figure 2.2. Phylogenetic analysis of P450s in mycobacteria. A phylogenetic tree was
constructed with 1772 mycobacterial P450s. The inner circle is the phylogenetic tree based on
the consensus sequences of the mycobacterial P450s against the Pfam seed PF00067. The
branches with different colors show their taxonomic groups: MTBC (Mycobacterium
tuberculosis complex), MCAC (Mycobacterium chelonae-abscessus complex), MAC
(Mycobacterium avium complex), MCL (Mycobacteria causing leprosy), NTM (Nontuberculous

mycobacteria) and SAP (Saprophytes). Ancestral branches with children that had identical colors
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were assigned the same color as the children. The middle circle shows the corresponding CYPs,
which are covered by different colors to show their taxonomic groups. Each taxon links the
branch with a dotted line. The outermost numbers indicate the 15 clades based on this study, and
their ranges are marked by alternating red and black. Distribution of P450s families into different
clans was listed in Table 2.5.

Table 2.5. Clan-level classification of mycobacterial P450 families. Abbreviations: MTBC,
Mycobacterium tuberculosis complex; MCAC, Mycobacterium chelonae-abscessus complex;

MAC, Mycobacterium avium complex; NTM, Nontuberculous mycobacteria; SAP, Saprophytes.

Clan CYP family Group
1 CYP183, CYP274, CYP102, CYP185, CYP1131, MTBC, MCAC, MAC,
CYP1132, CYP1130, CYP1121, CYP1133, NTM, SAP
CYP1134, CYP132

2 CYP1119, CYP186, CYP286 SAP, MCAC, NTM, SAP

3 CYP139 MTBC, MAC, NTM

4 CYP51 MTBC, MCAC, MAC,
NTM, SAP

5 CYP136 MTBC, MCAC, MAC,
NTM, SAP

6 CYP110, CYP137, CYP138, CYP135 MTBC, MCAC, MAC,
NTM, SAP

7 CYP1125, CYP226, CYP1034, CYP187 MAC, SAP, NTM, MTBC

8 CYP276, CYP161, CYP151, CYP279 NTM, MCAC, MAC, SAP

9 CYP141, CYP1127, CYP105 MTBC, NTM, MAC, SAP

10 CYP147, CYP1128, CYP164 MTBC, MCAC, MAC,
NTM, SAP

11 CYP1067, CYP1110, CYP140 MTBC, MCAC, MAC,
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NTM, SAP

12 | CYP278, CYP1016, CYP269, CYP121, CYP1120, MTBC, MCAC, MAC,
CYP1126, CYP144, CYP150 NTM, SAP

13 | CYP1122, CYP1123, CYP128, CYP145, CYP289, MTBC, MCAC, MAC,
CYP1018, CYP1019, CYP292, CYP1017, NTM, SAP
CYP1129, CYP243, CYP188, CYP271, CYP272,
CYP1027, CYP143

14 CYP123, CYP130, CYP190, CYP189 MTBC, MCAC, MAC,
NTM, SAP

15 CYP191, CYP142, CYP108, CYP291, CYP153, MTBC, MCAC, MAC,
CYP125, CYP126, CYP268, CYP124, CYP1124 NTM, SAP

This suggests that the annotation (assigning the family and subfamilies) of P450s in
mycobacterial species in this study is correct. Moreover, the phylogenetic relationship of the
mycobacterial P450s is also related to species taxonomy. It is evident that the mycobacterial
P450s from the same taxonomic group are generally clustered together in the tree. Particularly,
P450s in the same family from the group MTBC are clustered together in the branches,

suggesting their conserved evolution after speciation into different groups.

In order to understand the evolution of mycobacterial P450s and their relation to their
groups, higher-level P450 classifications, i.e. clan level (Nelson, 1998), have been carried out.
Clan-level classification of P450s will give an idea of P450 families that probably diverged from
a single common ancestor irrespective of their host and possibly with overlapping functions. This
type of classification has been reported for P450s belonging to different biological kingdoms
(Chen et al., 2014; Sello, 2015; Nelson, 1998). In this study, based on their phylogenetic
relationships, 77 mycobacterial P450 families were grouped into 15 clans (Fig. 2.2 and Table

2.5). Clan 13 has most P450 families (16 families), followed by clan 1 (11 families), clan 15 (10
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families) and clan 12 (8 families). Clans 3-5 contain a single P450 family, suggesting the
independent divergence of these P450 families. Analysis of P450 families with respect to
mycobacterial groups suggested that most clans consist of members from wide mycobacterial
groups, thus these P450 families probably diverged from a common ancestor. Grouping of
CYP124, CYP125 and CYP142 P450 families in the same clan (clan 15) strongly authenticates
our clan-level classification of mycobacterial P450s, being consistent with the argument that
these P450 family members have overlapping functions, as it is evident from experimental data
that these P450 families are shown to be involved in cholesterol catabolism in M. tuberculosis
(Driscoll et al., 2010; McLean et al., 2009; Ouellet et al., 2010; Capyk et al., 2009; Frank et al.,
2014). In addition to cholesterol catabolism, CYP124 and CYP153 P450s are involved in
oxidation of aliphatic hydrocarbons (Johnston et al., 2009; Funhoff et al., 2006) and were also
grouped in the same clan, indicating divergence in function for CYP124 that is possibly acquired
during the course of evolution. Considering that most mycobacterial P450s are orphans, future
functional characterization of mycobacterial P450s will provide more information on clan-level

grouping of P450 families with respect to their functional relationship.

2.3.4. Mycobacterial species have the highest P450 diversity

P450 diversity is a good indication of diverse P450 families that organisms harbor. Low P450
diversity suggests blooming of certain P450 families, possibly via duplication of the same P450
in an organism (Syed et al., 2014; Sello et al., 2015; Feyereisen, 2011). Analysis of P450s in
microbes, particularly lower eukaryotes such as fungi and oomycetes, suggested that fungal

species have the highest P450 diversity in their genomes (Sello et al., 2015).
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In this study, analysis of P450 diversity between different mycobacterial categories
revealed that MTBC species have the highest P450 diversity percentage in their genomes (Fig.
2.3 and Table 2.6). The P450 diversity percentage between different mycobacterial groups is as
follows: MTBC > NTM > MCAC > MAC > SAP (Fig. 2A). The low P450 diversity percentage
observed in MAC and SAP group species is due to the fact that certain P450 family members are
populated in their genomes (Table 2.6 and Dataset 2:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5018878/#S1). For example, five and six copies
of CYP189 P450s are present in MAC and SAP; up to four copies of CYP125 and CYP187 are
present in both groups; six and five copies of CYP150 P450s are present in MAC and SAP
respectively (Table 2.4). Overall, 60 mycobacterial species showed an average P450 diversity

percentage of 72%.
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Figure 2.3. P450 diversity percentage analysis. (A) Comparative analysis of P450 diversity

percentage between different mycobacterial categories. (B) Comparative analysis of P450

diversity percentage between microbes such as prokaryote mycobacterial species and lower

eukaryote fungi and Oomycetes. The number of species in each of the groups (A) or microbe (B)
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used for this analysis is shown in parenthesis. Detailed analysis of the P450 diversity percentage
values were presented in Supplementary Table S6. Abbreviations: MTBC, Mycobacterium
tuberculosis complex; MCAC, Mycobacterium chelonae-abscessus complex; MAC,
Mycobacterium avium complex; MCL, Mycobacteria causing leprosy; NTM, nontuberculous
mycobacteria; SAP, Saprophytes; Myc, Mycobacterial species; Sac, Saccharomycetes; Pez,

Pezizomycetes; Bas, Basidiomycetes; Zyg, Zygomycetes and Oom, Oomycetes.

Table 2.6. P450 diversity percentage analysis in mycobacterial species. Comparative analysis
of P450 diversity percentage between mycobacterial species with other lower eukaryote
microbes such as fungi and oomycetes are also shown in the table. The P450 diversity percentage
data for lower eukaryotes such as fungi and oomycetes were retrieved from published literature
(Nelson, 2009; Syed et al., 2013; Kgosiemang et al., 2014; Syed et al., 2014; Sello et al., 2015;

Chen et al., 2014).

Group Number of | P450 diversity

species percentage
MTBC 27 95
NTM 6 79
MCAC 6 75
MAC 8 61
SAP 11 59

Number of Average Average Average P450
species number of number of diversity
P450s P450 families percentage
Mycobacterial 60 29.75 21.5 72
species
Saccharomycetes 19 8.11 4.79 59
Pezizomycetes 17 87.35 59.71 68
Basidiomycetes 13 157.00 32.85 21
Zygomycetes 3 50.33 15.00 30
Oomycetes 13 27.38 4.00 15
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Comparative analysis of the P450 diversity percentage between different microbial
populations such as mycobacterial species and other lower eukaryote microbes (fungi and
oomycetes) revealed that the mycobacterial species have the highest P450 diversity percentage in
their genomes (Fig. 2.3B and Table 2.6). The P450 diversity percentage observed in
mycobacterial species (average 72%) is slightly higher compared to Pezizomycetes (68%) and is
clearly the highest compared to other fungal categories and oomycetes. Future analysis of P450s
in a greater number of bacterial species will provide a clear answer on whether the observed
highest P450 diversity percentage in mycobacterial species is a general characteristic of
prokaryotes, and thus provide information of the P450 diversity percentage of prokaryotic vs

eukaryotic microbes.

2.3.5. Some P450s show the highest amino acid conservation in Mycobacteria

During the annotation of mycobacterial P450s (this study) we observed that the mycobacterial
P450s belonging to the same family showed the highest percentage identity, suggesting the
highest conservation in member P450s’ primary structure, i.e. amino acid level. This
phenomenon, the highest number of amino acids conserved in the primary structure of P450, was
recently reported for CYP53 family members in fungi (Jawallapersand et al., 2014). In order to
understand the nature and extent of conserved amino acids, mycobacterial P450 families were
subjected to PROMALS3D analysis (Pei et al., 2008). PROMALS3D analysis of 32
mycobacterial P450 families revealed the highest number of amino acids conserved in some of
the P450 families (Fig. 2.4 and Table 2.7). As shown in Fig. 2.4, the CYP141 P450 family has
the highest number of conserved amino acids (389 amino acids) in its members, followed by
CYP121, CYP132, CYP137 and CYP51. It is noteworthy that CYP141 and CYP121 P450

families are present only in MTBC species and both families have the highest conservation in
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their primary structure, indicating that these P450 families were protected from any changes in
their primary structure. Changes in the primary structure might be deleterious, as CYP121 is

known to be essential for M. tuberculosis survival (McLean et al., 2008).
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Figure 2.4. Conserved amino acid analysis in mycobacterial P450 families. Numbers of
amino acids that are conserved in member P450s were determined using PROMALS3D31 and
presented in the figure with conservation index where the number “9” indicates conserved amino
acid in P450 family members. Number of member P450s analyzed for each P450 family is
presented in parenthesis next to P450 family. A PROMALS3D analysis of member P450s and

the conservation index scores for each mycobacterial P450 family were presented in Table 2.7.
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Table 2.7. Conserved amino acid analysis in mycobacterial P450s. The conservation score (5-
9) obtained via PROMALS3D is shown in the table, where the number “9” indicates conserved

amino acid in P450 members.

P450 family Number of member PROMALS3D conservation score
CYP141 19 0 0 0 0 398
CYP51 54 11 102 0 0 264
CYP137 32 146 0 0 0 267
CYP132 27 0 0 0 0 325
CYP121 23 0 0 0 0 391
CYP191 21 56 51 54 0 197
CYP140 72 65 24 57 0 72
CYP139 33 130 0 0 0 211
CYP124 59 60 23 86 0 111
CYP126 50 54 89 36 0 140
CYP123 58 86 9 76 0 69
CYP108 55 76 9 90 0 91
CYP130 51 48 35 66 0 186
CYP190 44 54 14 82 0 92
CYP144 56 33 7 88 0 88
CYP185 18 84 23 82 0 89
CYP291 15 0 128 0 0 89
CYP188 39 66 34 76 0 163
CYP136 82 61 20 76 0 76
CYP268 28 61 29 62 0 74
CYP142 65 99 55 48 0 67
CYP143 62 66 12 73 0 60
CYP135 81 51 30 73 0 60
CYP138 72 44 38 31 30 56
CYP128 32 0 147 0 0 120
CYP189 86 42 36 37 21 61
CYP164 29 58 30 60 121
CYP187 54 37 29 60 55
CYP150 84 43 50 23 30 36
CYP279 47 42 31 74 1 69
CYP105 45 41 18 34 23 37
CYP125 114 43 34 41 18 44
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The highest conservation of amino acids in CYP121 and CYP141 is quite
understandable, considering these families exist only in MTBC species. The lowest number of
conserved amino acids was observed for P450 families CYP150 (36 amino acids), CYP105 (37
amino acids) and CYP125 (44 amino acids). This might suggest that P450 families that are
populated across mycobacterial species (Table 2.4) are subjected to changes in their primary
structure. This is however not true, as P450 families such as CYP51, CYP137, CYP132,
CYP191 and CYP140 that are present across different mycobacterial categories (Table 2.4)
showed the highest number of conserved amino acids (Fig. 2.4). This clearly suggests that
irrespective of the widespread nature of a P450 family, some of the P450 families have been

highly conserved despite their divergence into different mycobacterial species.

2.3.6. Bacterial P450s show highest amino acid conservation across biological kingdoms

The highest conservation of mycobacterial P450s at primary structure level (as shown above) led
us to assess the amino acid conservation in the P450 families across biological kingdoms to see
the conservation pattern with respect to biological kingdoms, if any, and also to assess where
Bacterial P450s, particularly P450 families present in mycobacterial species, rank among other

P450 families.

To this end, 17 598 P450 sequences belonging to 113 P450 families (Dataset 1:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5018878/#S1) were collected, as described in
the Methods. Among the P450 families, 42 belong to bacteria, 28 to plants, 22 to animals and 19
to fungi (excluding bacteria and fungi specific CYP51 members). CYP74 is common between
plants and animals and CYP51 is common among all biological kingdoms. Analysis of

conserved amino acids in 113 P450 families revealed that among the top 20 conservation ranked
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P450 families, 18 P450 families belonged to bacteria, three belonged to animals and one family

each belonged to fungi and plants (Fig. 2.5A and Table 2.8).
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Figure 2.5. Protein-level (A) and DNA-level (B) P450s structural dynamic analysis.
Structural dynamics for 17598 P450s belonging to 113 P450 families from different biological
kingdoms were analyzed. (A) Protein-level structure dynamics were assessed based on the
number of conserved amino acids present in each P450 family. The P450 families in the graph
are presented such that the P450 family CYP141 that has the highest number of conserved amino
acids is on top of the graph and the lowest number of conserved amino acids observed for the
CYP2 family is on the bottom of the graph. A detailed analysis of the number of conserved
amino acids and number of member P450s used and their hosts (biological kingdoms) and
conservation ranking for each member of the family is presented in Table 2.8. (B) Evolutionary
rate analysis of P450s. Evolutionary rates were estimated based on their cDNA sequences under
the Tamura-Nei model40. A discrete Gamma distribution was used to model the evolutionary
rate differences, as X axis of Fig. 2.5B presents, and more details are provided in Methods
section. A discrete Gamma distribution was used to model the evolutionary rate differences. The
P450 families in the graph are presented such that the P450 family CYP141 showing the lowest
evolutionary rate is on top of the graph and the highest evolutionary rate observed for the
CYP505 family is on the bottom of the graph. A detailed analysis of evolutionary rates for each

of the P450 family and their ranking is presented in Table 2.9.
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Table 2.8. Amino acid conservation analysis in P450 families from different biological
kingdoms. The conservation score (5-9) obtained via PROMALS3D is shown in the table where
the number “9” indicates conserved amino acid in P450 members. P450 families were arranged

in order of the highest to the lowest number of amino acids conserved.

P450 Number Kingdom PROMALS3D conservation Rank (highest
family of Index to lowest
member conservation)
P450s 5 6 7 8 9

CYP141 29 Bacteria 0 0 0 0 389 1

CYP51 50 Bacteria 11 102 |0 0 264 2

CYP137 38 Bacteria 145 |0 0 0 251 3

CYPI121 34 Bacteria 0 0 0 0 233 4

CYP132 39 Bacteria 175 |0 0 0 217 5

CYP124 71 Bacteria 52 35 59 [0 170 6

CYP188 67 Bacteria 62 0 100 | O 141 7

CYP123 74 Bacteria 62 0 82 |0 137 8

CYP108 67 Bacteria 52 12 92 |0 134 9

CYP126 78 Bacteria 65 16 98 |0 132 10
CYP21 84 Animal 34 30 104 |0 126 11
CYP139 54 Bacteria 126 |0 0 0 116 12
CYP291 23 Bacteria 0 111 |0 0 115 13
CYP142 90 Bacteria 60 6 83 |0 112 14
CYP501 106 Fungi i 60 113 |0 106 15
CYP128 49 Bacteria 0 132 |0 0 106 15
CYPl164 50 Bacteria 49 9 94 10 99 16
CYP130 98 Bacteria 31 31 91 |0 93 17
CYP73 155 Plant 52 69 57 |71 |91 18
CYP5 71 Animal 37 48 117 | 0 89 19
CYP116 93 Bacteria 98 92 39 |55 |89 19
CYP195 52 Bacteria 35 38 54 |21 |89 19
CYP24 65 Animal 87 11 9% |0 84 20
CYPg&4 62 Plant 68 64 48 |44 |80 21
CYP98 77 Plant 68 83 44 |48 |76 22
CYP190 76 Bacteria 34 19 87 |0 75 23
CYP185 42 Bacteria 65 20 72 |0 68 24
CYP61 70 Fungi 54 63 38 (25 |68 24
CYPI191 36 Bacteria 92 29 92 |0 65 25
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CYP202 84 Bacteria 34 34 27 |23 |65 25
CYP39 51 Animal 51 47 79 |0 64 26
CYP78 112 Plant 40 51 36 |40 |61 27
CYP106 93 Bacteria 38 27 64 |9 60 28
CYP28 51 Animal 84 59 44 |28 |55 29
CYP97 100 Plant 37 49 29 |25 |55 29
CYP17 99 Animal 56 68 44 |29 |54 30
CYP46 53 Animal 53 42 9 |0 54 30
CYP279 71 Bacteria 38 49 26 |37 |54 30
CYP19 176 Animal 53 57 44 |60 |53 31
CYP187 103 Bacteria 35 33 42 |13 |52 32
CYP135 124 Bacteria 48 46 22 |23 |51 33
CYP140 113 Bacteria 38 32 21 |26 |50 34
CYP7 89 Animal 69 43 34 |26 |50 34
CYP144 107 Bacteria 45 33 34 |35 |47 35
CYP26 131 Animal 69 63 30 |46 |47 35
CYP143 103 Bacteria 43 43 28 |30 |45 35
CYP147 52 Bacteria 45 29 35 |32 |45 35
CYP138 114 Bacteria 42 44 24 |32 |44 36
CYP51 82 Fungi 64 42 39 |33 |43 37
CYP705 50 Plant 66 49 41 |28 |43 37
CYP33 67 Animal 61 49 34 |40 |42 38
CYP706 51 Plant 53 49 34 |32 |42 39
CYP86 139 Plant 64 39 34 |29 |40 40
CYP707 100 Plant 59 54 47 |57 |40 40
CYP714 58 Plant 58 43 25 |26 |40 40
CYP136 171 Bacteria 48 34 25 |28 |39 41
CYP268 73 Bacteria 43 43 27 |33 |37 42
CYP125 103 Bacteria 42 39 29 |17 |37 42
CYP27 116 Animal 66 46 25 |25 |37 42
CYP150 164 Bacteria 59 45 20 |35 |36 43
CYP8 91 Animal 65 34 36 |37 |36 43
CYP96 61 Plant 57 40 29 |30 |35 44
CYP11 171 Animal 46 47 27 |29 |33 45
CYP153 164 Bacteria 41 34 37 |28 |33 45
CYP53 102 Fungi 64 45 48 |33 |31 46
CYP79 102 Plant 67 55 30 |31 |31 46
CYP90 117 Plant 63 44 44 130 |30 47
CYP152 90 Bacteria 46 38 19 |25 |30 47
CYP55 60 Fungi 34 56 51 |21 |29 48
CYP709 113 Plant 50 42 18 |26 |29 48
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CYP189 188 Bacteria 54 37 17 |27 |28 49
CYP704 109 Plant 45 43 33 |43 |27 50
CYP5152 | 66 Fungi 46 28 25 |15 |26 51
CYP12 119 Animal 59 37 23 |20 |26 51
CYP505 165 Fungi 95 76 48 |31 |25 52
CYP93 151 Plant 68 42 26 |20 |24 53
CYP58 106 Fungi 52 43 29 |21 |23 54
CYP75 251 Plant 74 48 31 |29 |23 54
CYP584 96 Fungi 56 35 30 |21 |23 54
CYP65 203 Fungi 38 25 13 |11 |22 55
CYP72 208 Plant 57 27 28 |27 |20 56
CYP89 134 Plant 48 38 28 |25 |20 56
CYP52 161 Fungi 51 26 24 |19 |17 57
CYP110 113 Bacteria 50 27 17 |18 |17 57
CYP325 53 Animal 50 31 19 |10 |17 57
CYP5035 | 129 Fungi 37 30 17 |9 15 58
CYP620 178 Fungi 33 21 12 |17 |15 58
CYP102 333 Bacteria 45 43 16 |19 |14 59
CYP63 133 Fungi 51 39 23 |13 |12 60
CYP5139 | 181 Fungi 35 12 3 9 12 60
CYP9 312 Animal 45 24 9 10 |12 60
CYP92 167 Plant 51 32 33 |17 |12 60
CYP716 103 Plant 53 30 17 |23 |12 60
CYP5136 |68 Fungi 44 42 20 |15 |11 61
CYP74 159 Plant/Animal | 40 29 23 |19 |11 61
CYP105 329 Bacteria 28 14 19 |6 11 61
CYP157 115 Bacteria 44 26 26 |18 |11 61
CYP5150 | 336 Fungi 48 26 8 7 10 62
CYP51 409 Bacteria/fungi | 36 19 11 |13 |10 62
/animal/plant
CYP94 170 Plant 39 44 34 |26 |10 62
CYP1 289 Animal 67 28 26 |24 |9 63
CYP3 248 Animal 59 44 27 |20 |9 63
CYP5141 |86 Fungi 40 21 13 |11 |8 64
CYP512 247 Fungi 25 12 8 5 8 64
CYP82 174 Plant 68 31 20 |21 |8 64
CYP87 78 Plant 58 29 23 |20 |8 64
CYP107 217 Bacteria 40 25 8 12 |8 64
CYP6 921 Animal 21 9 7 8 6 65
CYP5037 | 261 Fungi 19 6 7 5 5 65
CYP5144 | 514 Fungi 10 4 5 3 5 65
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CYP76 206 Plant 56 31 21 |10 |5 65

CYP81 235 Plant 40 30 29 |14 |5 65

CYP4 1076 Animal 27 11 5 6 4 66

CYP2 857 Animal 48 18 10 |9 3 67

CYP71 780 Plant 22 7 6 5 3 67
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Table 2.9. Evolutionary rate analysis of P450 families. The maximum likelihood estimates for
P450 evolutionary rates. Substitution pattern and rates were estimated under the Tamura-Nei
model (+G) (Tamura and Nei, 1993). A discrete Gamma distribution was used to model
evolutionary rate differences among sites. The rate of substitution for each site is drawn from a
Gamma distribution with shape parameter a. If o is <1, the distribution implies that there is a
relatively large amount of rate variation, with many sites evolving very slowly but some sites
evolving at a high rate. For values of a >1, the shape of the distribution changes qualitatively,

with less variation and most sites having roughly similar rates (Lio and Goldman, 1998).

CYP family Biological kingdom Shape parameter Ranking (highest to lowest
(o) rate of evolution)
CYP505 Fungi 0.4034 1
CYP126 Bacteria 0.4646 2
CYP130 Bacteria 0.5066 3
CYP188 Bacteria 0.5089 4
CYP191 Bacteria 0.5125 5)
CYP73 Plant 0.5186 6
CYP98 Plant 0.5341 7
CYP24 Animal 0.5525 8
CYP142 Bacteria 0.555 9
CYP501 Fungi 0.557 10
CYP195 Bacteria 0.5709 11
CYP26 Animal 0.5711 12
CYP97 Plant 0.5816 13
CYP19 Animal 0.5959 14
CYP55 Fungi 0.5982 15
CYP84 Plant 0.6002 16
CYP190 Bacteria 0.6028 17
CYP53 Fungi 0.6119 18
CYP116 Bacteria 0.6236 19
CYP78 Plant 0.6308 20
CYP63 Fungi 0.6371 21
CYP5144 Fungi 0.647 22
CYP153 Bacteria 0.6485 23
CYP202 Bacteria 0.654 24
CYP584 Fungi 0.654 24
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CYP106 Bacteria 0.6603 25
CYP189 Bacteria 0.6673 26
CYP512 Fungi 0.6681 27
CYP65 Fungi 0.6746 28
CYP5150 Fungi 0.6756 29
CYP164 Bacteria 0.6781 30
CYP86 Plant 0.6854 31
CYP125 Bacteria 0.6934 32
CYP187 Bacteria 0.695 33
CYP707 Plant 0.6989 34
CYP75 Plant 0.7185 35
CYP150 Bacteria 0.7188 36
CYP144 Bacteria 0.7228 37
CYP185 Bacteria 0.726 38
CYP279 Bacteria 0.7342 39
CYP143 Bacteria 0.7398 40
CYP5141 Fungi 0.7465 41
CYP136 Bacteria 0.7472 42
CYP52 Fungi 0.7476 43
CYP61 Fungi 0.7514 44
CYP5136 Fungi 0.7543 45
CYP6 Animal 0.7618 46
CYP71 Plant 0.7618 46
CYP33 Animal 0.763 47
CYP5035 Fungi 0.7634 48
CYP5152 Fungi 0.7641 49
CYP110 Bacteria 0.7748 50
Animal/Plant/
CYP51 Bacteria/Fungi 0.7794 51
CYP27 Animal 0.7858 52
CYP74 Plant/Animal 0.7879 53
CYP108 Bacteria 0.7896 54
CYP152 Bacteria 0.7904 55
CYP12 Animal 0.7908 56
CYP90 Plant 0.7922 57
CYP147 Bacteria 0.794 58
CYP58 Fungi 0.7948 59
CYP135 Bacteria 0.7983 60
CYP9 Animal 0.8016 61
CYP268 Bacteria 0.8037 62
CYP123 Bacteria 0.8084 63
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CYP17 Animal 0.8148 64
CYP4 Animal 0.8196 65
CYP5037 Fungi 0.8245 66
CYP72 Plant 0.8262 67
CYP5139 Fungi 0.8267 68
CYP124 Bacteria 0.8361 69
CYP706 Plant 0.8369 70
CYP620 Fungi 0.8391 71
CYP138 Bacteria 0.8462 72
CYP5 Animal 0.8516 73
CYP709 Plant 0.8529 74
CYP94 Plant 0.8562 75
CYP1 Animal 0.8636 76
CYP93 Plant 0.8768 77
CYP8 Animal 0.8791 78
CYP704 Plant 0.8941 79
CYP28 Animal 0.8978 80
CYP105 Bacteria 0.915 81
CYP705 Plant 0.9213 82
CYP157 Bacteria 0.9259 83
CYP325 Animal 0.9344 84
CYP716 Plant 0.9416 85
CYP140 Bacteria 0.9464 86
CYP7 Animal 0.9584 87
CYP2 Animal 0.9639 88
CYP107 Bacteria 0.969 89
CYP102 Bacteria 0.9767 90
CYP46 Animal 0.995 91
CYP714 Plant 1.0019 92
CYP92 Plant 1.0027 93
CYP76 Plant 1.0065 94
CYP39 Animal 1.0091 95
CYP82 Plant 1.0158 96
CYP81 Plant 1.0219 97
CYP89 Plant 1.0247 98
CYP79 Plant 1.0276 99
CYP96 Plant 1.053 100
CYP21 Animal 1.0927 101
CYP121 Bacteria 1.2102 102
CYP87 Plant 1.2841 103
CYP137 Bacteria 1.4553 104
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CYP291 Bacteria 1.5395 105
CYP128 Bacteria 1.7168 106
CYP132 Bacteria 1.7932 107
CYP139 Bacteria 1.9896 108

CYP3 Animal 2.9595 109
CYP11 Animal 3.1065 110
CYP141 Bacteria 3.2104 111

Among the 18 bacterial P450s, seven P450 families were exclusively present in
mycobacterial species (CYP108, CYP121, CYP123, CYP124, CYP132, CYP137 and CYP141).
The animal CYP21 P450 family was ranked 11 and CYP501 and CYP73 from fungi and plants
were ranked 15 and 18, respectively. The animal CYP5 family ranked 19. Interestingly, bacterial
CYP51 members ranked 2 compared to fungal CYP51 members (rank 37) and in general CYP51
members from all biological kingdoms (rank 62), suggesting that after speciation, CYP51 in each
biological kingdom had been subjected to speciation/kingdom-specific primary structure

conservation, as observed in a study described elsewhere (Chen et al., 2014).

The amino acid conservation ranking is independent of the number of member P450s, as
some of the P450 families, although they contain a low number of members, for example
CYP325 from animals (53 members), CYP706 and CYP87 from plants (51 and 78 members,
respectively), members) and CYP147 from bacteria (52 members) were ranked 57, 39 and 64,
and 35, respectively (Table 2.8). In contrast to the CYP5 P450 family (ranked 19), animal P450
families such as human P450 families CYP1 and 3, CYP2 and CYP4 ranked 63, 67 and 66,
respectively. Interestingly, fungal P450 families CYP5141, CYP512, CYP5144 and CYP5037
that ranked above 63 are shown to have bloomed in fungi via duplication of their member P450s
(Syed et al., 2014), hence their variation in primary structure. Overall, based on the conserved

amino acid analysis (see Table 2.8), it can be concluded that after the origin and divergence of
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P450 families into different biological kingdoms, some P450 families ranked in the top 20 (see
Table 2.8) have been conserved in organisms. The reason for the conservation of these P450
families is clearly that these families possibly play a key role in organisms’ physiology. For
example, two P450 families, CYP121 and CYP128, are known to be critical for the survival of
M. tuberculosis (Sassetti et al., 2003; McLean et al., 2008), suggesting that any changes in their
primary structure might create a problem for the organism’s survival. The P450 families that are
highly ranked are the ones prone to diversifying their substrate range, thus possibly serving to
generate new P450s. The broad substrate specificity of P450 families such as CYP1-3 (from
animals) (Guengerich, 2015) and CYP5141, CYP512, CYP5144 and CYP5037 (from fungi)

(Syed et al., 2014) strongly supports this argument.

2.3.7. Evolutionary rate analysis of P450 families

In order to assess whether the conservation of amino acids observed for the top 20 ranked P450
families (as discussed in the above section) will align at the DNA level, we performed
evolutionary rate analysis using the cDNAs of P450 family members (Fig. 2.5B and Table 2.9).
Evolutionary rate analysis revealed that the CYP505 family showed the highest evolutionary rate
at the DNA level. It is noteworthy that this family showed the lowest amino acid conservation,
suggesting substitutions were nonsynonymous. Among the top 20 ranked P450 families for the
highest evolutionary rate, eight P450 families belonged to bacteria, three P450 families to
animals, four P450 families to fungi and six P450 families to plants (Fig. 2.5B and Table 2.9).
Evolutionary rate analysis of P450 families revealed that among the top 20 conserved bacterial
P450 families at the protein level only eight P450 families, the CYP21, CYP121, CYP128,
CYP132, CYP137, CYP139, CYP141 and CYP291 P450s families, showed the lowest

evolutionary rate at the DNA level. This indicates these P450 families are conserved both at the
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DNA and the protein levels. In the P450 families such as CYP24, CYP73, CYP116, CYP126,
CYP130, CYP142, CYP188, CYP195 and CYP501, despite showing the highest conservation at
the protein level, DNA-level analysis revealed the highest evolutionary rate (ranking below 20)
for these families, suggesting that nucleotide substitutions are synonymous (Fig. 2.5B and Table
2.9). This suggests that changes occurring at the DNA level in these P450 families are neutral or
synonymous substitutions, since they do not alter the protein sequence. Some of the other top 20
conserved P450 families at protein level, such as CYP5, CYP108, CYP123, CYP124 and
CYP164, also showed the highest evolutionary rate at the DNA level, suggesting most of the
changes were synonymous. It is quite interesting to observe that the CYP1-3 families that
showed the lowest protein-level conservation surprisingly showed the lowest evolutionary rate at
the DNA-level, as CYP1-3 ranked 76, 88 and 109, respectively, suggesting the DNA-level
changes were nonsynonymous substitutions and led to a change in the amino acid sequence, thus
altering protein function. It is noteworthy that these P450s are known for their catalytic
versatility and the single nucleotide polymorphism of CYP1-3 is well known to change the
response to xenobiotics such as drugs etc. (Guengerich, 2015). The fungal P450 families with
the lowest conserved amino acids, such as CYP5144, CYP512, and CYP5141, showed a
moderate evolutionary rate as they ranked 22, 27 and 41, respectively, suggesting DNA-level

changes were nonsynonymous substitutions.

2.3.8. P450 family dynamics of divergence

From the above results it is clear that irrespective of their parent organism (bacteria,
fungi, plants and animals) P450s follow an independent evolutionary route either for their
conservation or diversity at the protein or DNA level. This poses the question on how these P450
families diverged into different organisms since their origin.
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In order to understand the dynamics of divergence of P450 families, we carried out
evolutionary analysis of 17 598 P450 sequences from 113 P450 families covering the biological
kingdoms animals, bacteria, fungi and plants. Based on their phylogenetic relationships, these
113 families were grouped into 15 clans (Fig. 2.6 and Table 2.10). As indicated earlier, the P450
families grouped into a clan possibly diverged from a common ancestor irrespective of their host
(Nelson, 1999). P450 families grouped into clans 4 and 6 are distributed among all biological
kingdoms, suggesting the ancestral P450 of these P450 families was evolved before the evolution
of different biological kingdoms. Clan 11 and clan 15 contain P450 families that are distributed
between animals and fungi and animals and bacteria, respectively. Clans 1 and 14 contain P450
families of plants and fungi, whereas clan 5 contains P450 families of plants and bacteria. The
presence of P450 families belonging to two different biological kingdoms in the same clan
suggests that these P450 families originated from a common ancestral P450 that evolved before
the divergence of biological kingdoms. Clans 2, 3, 7 and 13 contain animal P450 families,
suggesting an independent origin of these P450 families. The same applies to P450 families
distributed among clans 8, 9 and 10 that contain exclusively bacterial P450s and clan 12 that
contains plant P450s (Fig. 2.6 and Table 2.10). Considering the presence of these P450 families
in a single biological kingdom, it appears that these P450 families originated after the divergence

of biological kingdoms.
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Figure 2.6. Phylogenetic analysis of 17 598 P450s belonging to 113 families from different
biological kingdoms such as bacteria, fungi, animals and plants. All 113 P450 families were
grouped under 15 clans based on their phylogenetic relationships and following the methods
described elsewhere (Chen et al., 2014). Clans were presented in different colors and the host
containing the respective P450 families that grouped under each clan is shown in schematic
diagrams. Schematic diagrams are representative only and the P450 family is not necessarily
confined to the depicted animals. Cartoon figures for plants, bacteria and fungi are shown as

representative of their kingdoms. The tree was viewed by Hypertree in fisheye pattern. Detailed
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information on clan-level grouping of 113 P450 families is presented in Table 2.10 and

functional data on P450s at family level is presented in Table 2.11.

Table 2.10. Clan-level classification of 113 P450 families belonging to different biological

kingdoms such as bacteria, fungi, animal and plant. A hundred and thirteen P450 families

were classified into different clans based on their phylogenetic relationships, as shown in Fig. 2.6

and following the procedure described elsewhere (Chen et al., 2014).

Clan CYP family Biological kingdoms
1 CYP71, CYP73, CYP75, CYP76, CYP78, CYP79, Plant, Fungi
CYP81, CYP82, CYP84, CYP89, CYP92, CYP93,
CYP98, CYP620, CYP705, CYP706, CYP5037,
CYP5144, CYP5152

2 CYP7,CYP8, CYP19, CYP39 Animal

3 CYP11, CYP12, CYP24, CYP27 Animal

4 CYP26, CYP51, CYP53, CYP58, CYP61, CYPG65, Animal, Fungi, Plant, Bacteria

CYP87, CYP90, CYP110, CYP116, CYP135, CYP136,
CYP137, CYP138, CYP501, CYP512, CYP707,
CYP716, CYP5035

5 CYP97, CYP132, CYP185 Plant, Bacteria

6 CYP55, CYP74, CYP102, CYP105, CYP106, CYP141, |Fungi, Plant, Animal, Bacteria
CYP153, CYP505

7 CYP46 Animal

8 CYP157 Bacteria

9 CYP101, CYP107, CYP108, CYP121, CYP123, Bacteria

CYP124, CYP125, CYP126, CYP128, CYP130,
CYP140, CYP142, CYP144, CYP147, CYP150,
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CYP164, CYP187, CYP188, CYP189, CYP190,
CYP191, CYP195, CYP202, CYP268, CYP279,

CYP291

10 CYP143 Bacteria

11 CYP3, CYP5, CYP6, CYP9, CYP28, CYP5136, Animal, Fungi

CYP5139, CYP5141, CYP5150

12 CYP72, CYP709, CYP714 Plant

13 CYP4, CYP325 Animal

14 CYP52, CYP63, CYP86, CYP94, CYP96, CYP584, Plant, Fungi
CYP704

15 CYP1, CYP2, CYP17, CYP21, CYP33, CYP139, Animal, Bacteria
CYP152

2.3.9. Functional conservation of P450s

To assess the relationship, if any, at the clan-level grouping of P450 families and their functional
conservation we assessed each of the P450 family functions at the family level (Table 2F.11).
Overall analysis of P450s’ function revealed that the majority of the P450s in all biological
kingdoms are involved either in generation or oxidation steroids and structurally related
molecules, fatty acids and terpenoids (Fig. 2.7 and Tables 2.11 & 2.12). The
generation/oxidation of these molecules is critical in the generation of different molecules of
biological significance, indicating that P450s are primarily evolved to serve organisms’
physiological process. The best example of functional conservation of P450s can be obtained
from Clan 1, where both plant P450s (CYP73, CYP75, CYP84, CYP98) and fungal P450s
(CYP5037, CYP5144 and CYP5152) are involved in oxidation of different molecules involved

either in biosynthesis of lignin (in plants) or oxidation of lignin-derived molecules generated
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Table 2.11. Family-level functional analysis of P450s. P450s known for their major role

(majority of member P450s function) is shown in the table.

Cl | CYP Broader biological/functional role Biological References
an | family kingdoms
1 |CYP71 Synthesis of indole aldoxime (hormones) - Plant, Fungi | Nafisi et al.,
terpenoid metabolism 2007)
CYP73 Biosynthesis of lignin (Cinnamic acid Hamberger
hydroxylation) and Bak,
2013; Teutsch,
1993; Pierrel
et al., 1994)
CYP75 Biosynthesis of lignin (Flavonoid Kaltenbach et
hydroxylation) al., 1999)
CYP76 Terpenoid metabolism; biosynthesis of Hofer etal.,
secoiridoids and terpene indole alkaloids; 2014; Batard
herbicide metabolism; 7-ethoxycoumarin etal., 1998
O-de-ethylation (hydroxylation of geraniol
and its derivatives, monoterpenes and
diterpenes and phenylurea)
CYP78 Fatty acid hydroxylation; growth and Katsumata et
gametophore formation al., 2011;
Imaishi et al.,
2000; Kai et
al., 2009
CYP79 Synthesis of indole aldoxime (hormones) Sugawara et
al., 2009;
Irmisch et al.,
2015
CYP81 Indole glucosinolates hydroxylation Pfalz etal.,
2011
CYP82 Terpenoic metabolism Pfalz et
al.,2011
CYP84 Biosynthesis of lignin Ehlting et al.,
(coniferaldehyde/coniferyl alcohol 5- 2006;
hydroxylase) Mizutani and
Ohta, 2010
CYP89 Formation of major chlorophyll catabolites Christ et al.,
during leaf senescence 2013
CYP92 Brassinosteroid synthesis Kang etal.,
2011
CYP93 Flavonoid biosynthesis Du etal.,,
2011
CYP98 Biosynthesis of lignin (3’-hydroxylation of Hamberger
76 |Page

© Central University of Technology, Free State




\c | University of

entral Uni of
Technology, Free State

CHAPTER 2: MOLECULAR EVOLUTIONARY DYNAMICS OF CYTOCHROME P450 MONOOXYGENASES ACROSS KINGDOMS: SPECIAL FOCUS ON

MYCOBACTERIAL P450S

phenolic esters p-coumaroyltyramine meta- and Bak, 2013
hydroxylation)
CYP620 Orphan
CYP705 Sterols desaturation and triterpenoid (Hamberger
metabolism and Bak,
2013;
Mizutani and
Ohta, 2010
CYP706 Sesquiterpenoid synthesis (nootkatol and Cankar et al.,
nootkatone) 2013
CYP5037 | Plant defence chemicals and degradation of Syed et al.,
compounds derived from plant components 2014;1de et
(lignin, cellulose or hemicellulose; al., 2012;
coumarin) Hirosue et al.,
2011
CYP5144 | Polycyclic aromatic hydrocarbons and plant Syed et al.,
defence chemicals and degradation of 2014;1de et
compounds derived from plant components al., 2012;
(lignin, cellulose or hemicellulose) Hirosue et al.,
2011
CYP5152 | Plant defence chemicals and degradation of Syed et al.,
compounds derived from plant components 2014;1de et
(lignin, cellulose or hemicellulose) al., 2012;
Hirosue et al.,
2011
2 |CYP7 Steroids hydroxylation (bile acid Animal Cohenetal.,
biosynthesis -cholesterol 7a-hydroxylation) 1992;
Guengerich ,
2015;
CYP8 Steroids hydroxylation (Prostacyclin and Guengerich ,
bile acid biosynthesis) 2015;
Yokoyana et
al., 1996
CYP19 Steroids (aromatase: aromatization of Guengerich ,
androgens into estrogens) 2015; Corbin
etal., 1988
CYP39 Steroids hydroxylation (cholesterol Guengerich ,
hydroxylation; Steroid 7-alpha hydroxylase) 2015
3 | CYP11 Steroids hydroxylation (steroids Animal Guengerich
biosynthesis) 2015
CYP12 Insecticide resistance Feyereisen,
2006
CYP24 Steroids hydroxylation (vitamin D) Guengerich
2015
CYP27 Steroids hydroxylation (bile acid Guengerich,
biosynthesis and viamin D) 2015
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4 | CYP26 Retinoic acid hydroxylation (Vitamin A) Animal, Guengerich ,
Fungi, Plant, | 2015
Bacteria
CYP51 Steroid metabolism (biosynthesis of Kelly and
membrane ergosterol) Kelly, 2013
CYP53 Benzoate and its derivatives hydroxylation; Syed et al.,
plant material stilbene demethylation 2014;1de et
al., 2012;
Hirosue et al.,
2011
CYP58 Mycotoxin biosynthesis (Aflatoxin and Ehrlich et al.,
trichothecene) 2004
CYP61 Steroid metabolism (biosynthesis of Kelly et al.,
membrane ergosterol) 1997
CYP65 Mycotoxin biosynthesis (Trichothecene and (Kimura et al.,
fumonisin) 2007; Proctor
et al., 2006;
Bojjaetal.,
2004)
CYP87 Triterpoind biosynthesis (Maesasaponins - Moses et al.,
C-16a oxidations of B-amyrin) 2015
CYP90 Steroid hydroxylation (Brassinosteroids) Szekeres, 1996
CYP110 Fatty acid w-hydroxylase Torres et al.,
2005
CYP116 Xenobiotics degradation Nagy, 1995;
Warman et al.,
2012
CYP135 Orphan
CYP136 Orphan (up-regulated by hydrocarbons)
CYP137 Orphan
CYP138 Orphan
CYP501 Orphan
CYP512 Steroids hydroxylation (progesterone and Syed et al.,
testosterone and dehydroabietic acid) 2014; Ide et
al., 2012;
Hirosue et al.,
2011
CYP707 Hormones hydroxylaiton (Abscisic acid - Saito et al.,
plants) 2004
CYP716 Triterpoind biosynthesis (Maesasaponins - Moses et al.,
oxidation of b-amyrin to oleanolic acid) 2015
CYP5035 | Plant chemicals, i.e. resin and flavonoids Syed et al.,
and the pharmaceutical chemical naproxen 2014;1de et
al., 2012;
Hirosue et al.,
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2011
5 | CYP97 Tetraterpenoids hydroxylaiton (carotenoids) | Plant, Ruiz-Sola and
Bacteria Rodriguez-
Concepcion,
2012
CYP132 Orphan
CYP185 Orphan (up-regulated by hydrocarbons)
6 | CYP55 Denitrification Fungi, Plant, | Tomuraetal.,
Animal, 1994
Bacteria
CYP74 Conversions of fatty acid hydroperoxides to (Stumpe and
bioactive oxylipins Feussner,
2006;
Grechkin,
2002
CYP102 Fatty acid hydroxylation Noble et al.,
1999
CYP105 Diterpenoids oxidation (abietic acid, Moody and
dehydroabietic acid, isopimaric acid); Loveridge,
Biosynthesis of drugs-antibiotics 2014
CYP106 Steroids, di- and triterpene hydroxylation Kiss et al.,
(progesterone, 11-deoxycortisol; 2015
dehydroepiandrosterone; 11-keto-4-
boswellic acid)
CYP141 Orphan
CYP153 Alkane hydroxylation Maier et al.,
2001
CYP505 Fatty acid hydroxylation and mycotoxin Kitazume et
biosynthesis (fumonisin) al., 2000
7 | CYP46 Steroids hydroxylation (cholesterol) Animal Guengerich,
2015; Lund et
al., 1999
8 | CYP157 Orphan (no EXXR) Bacteria Rupasinghe et
al., 2006
9 |CYP101 Terpenoid hydroxylaiton (camphor) Bacteria (Poulos, 1986)
CYP107 Macrolide hydroxylation (antibiotics/drugs), Cupp—Vickery
fatty acids oxidative cleavage, steroid and Poulos
hydroxylation (vitamin D3) 1995; . Sakaki
etal., 2011;
Cryle and De
Voss, 2004
CYP108 Terpineol oxidation Fruetel et al.,
1994
CYP121 Mycocyclosin production via intramolecular McLean et al.,
C-C bond formation of cyclo (L-tyr-L-tyr) 2008
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(cYY)-highly specific
CYP123 Orphan
CYP124 Steroids and fatty acids hydroxylation Johnston et
(Omega hydroxylation of methyl-branched al., 2009 &
fatty acids and cholesterol/cholest-4-en-3- 2010
one oxidation)
CYP125 Steroids hydroxylation ( cholesterol and 4- McLean et al.,
cholesten-3-one oxidation) 2009
CYP126 Orphan
CYP128 Menaquinone hydroxylaiton Holsclaw et
al., 2008; Sogi
etal., 2016
CYP130 Orphan
CYP140 Macrolide hydroxylation (mycolactone Mve-Obiang
synthesis) et al., 2005
CYP142 Steroid hydroxylation ( cholesterol and 4- Driscoll et al.,
cholesten-3-one oxidation) 2010
CYP144 Orphan
CYP147 Omega-fatty acid hydroxylation Bhattarai et
al., 2013
CYP150 polycyclic aromatic hydrocarbon Breznaet al.,
hydroxylation (pyrene, dibenzothiophene 2006
and 7-methylbenz(alpha)anthracene)
CYP164 Fatty acid hydroxylation Agnew et al.,
2012
CYP187 Orphan
CYP188 Orphan
CYP189 Orphan
CYP190 Orphan
CYP191 Orphan
CYP195 Orphan
CYP202 Orphan
CYP268 Orphan
CYP279 Orphan
CYP291 Orphan
10 | CYP143 Orphan Bacteria
11 | CYP3 Drug/Xenobiotic metabolism Animal, Guengerich,
Fungi 2015
CYP5 Eicosanoids hydroxylation (Thromboxane Guengerich,
A2 synthesis) 2015
CYP6 Xenobiotic metabolism (fatty acids, insecticides), plant Schuler, 2015
chemicals (furanocoumarins)
CYP9 Monoterpene conversion into pheromones, Schuler, 2015
xenobiotics
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CYP28 Orphan
CYP5136 | Xenobiotics degradation (Polycyclic aromatic and Syed et al.,
alkylphenols hydroxylation) 2014;1de et
al., 2012;
Hirosue et al.,
2011
CYP5139 | Xenobioitics degradation (7-ethoxycoumarin; Syed et al.,
carbazole and phenanthrene) 2014;1de et
al., 2012;
Hirosue et al.,
2011
CYP5141 | Plant defense chemicals or degradation of Syed et al.,
compounds derived from plant components (lignin, 2014;1de et
cellulose or hemicellulose) al., 2012;
Hirosue et al.,
2011
CYP5150 | Xenobiotics degradation (Polycyclic aromatic Syed et al.,
compounds) 2014;1de et
al., 2012;
Hirosue et al.,
2011
12 | CYP72 Steroid catabolism (Brassinosteroids) Plant | Neffetal.,,
1999
CYP709 Fatty acid hydroxylation Kandel et al.,
2005
CYP714 Diterpene hydroxylation (Gibberellins) Mizutani and
Ohta, 2010
13 | CYP4 Arachidonic acid and fatty acid hydroxylation; Anima | Guengerich,
insecticide resistance I 2015
CYP325 Insecticide resistance (based on up-regulation) David et al.,
2005; Reddy
etal., 2012
14 | CYP52 Alkanes and fatty acid hydroxylation Plant, | Kimetal.,
Fungi | 2007; van
Bogaert et al.,
2009
CYP63 Xenobiotics degradation (alkanes, polycyclic Syed et al.,
aromatic compounds and alkylphenols) 2013
CYP86 Fatty acid hydroxylation Guengerich,
2015
CYP9%4 Fatty acid hydroxylation Guengerich,
2015
CYP96 Alkane hydroxylation Greer et al.,
2007
CYP584 Orphan
CYP704 Fatty acid hydroxylation Lietal., 2010
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15 | CYP1 Drug/xenobiotic metabolism; Steroids Anima | Guengerich,
hydroxylation l, 2015;
Bacter | McKinnon et
ia al., 2008
CYP2 Drug/xenobiotic and steroid metabolism; Fatty Guengerich,
acids hydroxylation 2015;
McKinnon et
al., 2008
CYP17 Steroid biosynthesis (testosterone and estrogen Guengerich,
biosynthesis) 2015;
McKinnon et
al., 2008
CYP21 Steroid biosynthesis Guengerich,
2015;
McKinnon et
al., 2008
CYP33 Orphan
CYP139 Orphan
CYP152 Fatty acid hydroxylation Rude et al.,
2011
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® Terpenes

® Lignin constituents
® Fatty acids

® Steroids

= Alkanes

® Vitamins

m Eicosanoids

Figure 2.7. Classification of P450s based on their main substrate class. Percentage of P450s
involved in oxidation of particular substrate class is shown in the figure. The functional
classification is presented in a broader terms of substrates as described elsewhere (Guengerich et
al., 2015). Detailed information on classification of P450 family members into different substrate

class is presented in Table 2.12.

during fungal-mediated degradation of wood, particularly the lignin component (see Tables 2.11
& 2.12). It is noteworthy that the molecules involved in biosynthesis of lignin were also found
during the fungal-mediated degradation of lignin (Vanholme et al., 2010; Martinez et al., 2005).
This indicates some overlap in substrate specificity in plant and fungal P450s grouped in this
clan, except that plant P450s’ reaction is directed towards lignin biosynthesis whereas that of
fungal P450s is directed towards de-lignification. Oxidation of different plant chemicals by
fungal P450s (Syed et al., 2014; Ide et al., 2012; Hirosue et al., 2011) that are part of the lignin

biosynthesis pathway further strongly supports this hypothesis (Tables 2.11 & 2.12).
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Furthermore, plant P450s (CYP86, CYP94, CYP96, CYP704) and fungal P450s (CYP52 and
CYP63) grouped under Clan 14 show perfect functional conservation such that these P450s are
involved in the oxidation of aliphatic hydrocarbons such as alkanes and fatty acids. Clan 4
harbors P450s from all biological kingdoms that possess oxidation activity towards steroids,
terpenoids and other structurally related aromatic compounds (see Table 2.11). The same
phenomenon can be found in Clan 6, where fungal (CYP505), bacterial (CYP102 and CYP153)
and plant/animal (CYP74) P450s are involved in oxidation of aliphatic hydrocarbons, including
fatty acids. Functional conservation can also be found between animal and fungal P450 families
grouped under Clan 11 where these P450s perform diverse catalytic reactions, including
oxidation of different xenobiotics (carcinogenic and endocrine-disrupting chemicals) and plant-
related compounds (Table 2.11). Functional conservation of different P450s belonging to
different biological kingdoms grouped under the same clans indicate that these P450s potentially
have a common parental ancestor and our analysis of grouping different P450 families into clans

makes sense.
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Table 2.12. Classification of P450s based on their main substrate class as described
elsewhere (Guengerich, 2015). Percent of P450s is calculated considering 75 P450s that are
functionally characterized as 100% for each of the substrate class. Considering study is aimed to
find common functions of all P450s and many P450s are involved in oxidation of different class
of xenobiotics, xenobiotics as substrate class data is not represented. This table is derived from

the functional data presented in Table 2.11.

Substra P450s Numb | Percent
te class er of | of P450s
P450s
Terpen | CYP714,CYP9,CYP108,CYP101,CYP106,CYP105,CYP97,CYP 16 21
es 716,CYP87,CYP706,CYP705,CYP82,CYP81,CYP79,CYP76,C
YP71
Lignin | CYP5141,CYP5139,CYP5152,CYP5144,CYP5037,CYP98,CYP 9 12
constit | 84,CYP76,CYP73
uents
Fatty CYP152,CYP2,CYP704,CYP94,CYP86,CYP63,CYP52,CYP4,C 19 25
acids YP709,CYP6,CYP164,CYP147,CYP124,CYP107,CYP505,CYP
102,CYP74,CYP110,CYP78
Steroid | CYP121,CYP17,CYP2,CYP72,CYP142,CYP125,CYP124,CYP4 22 29
S 6,CYP106,CYP512,CYP90,
CYP61,CYP51,CYP27,CYP11,CYP39,CYP19,CYP8,CYP7,CY
P705,CYP92,CYP76
Alkane | CYP96,CYP52,CYP153 3 4
S
Vitami | CYP107,CYP26,CYP27,CYP24 4 5
ns
Eicosa | CYP4, CYP5 2 3
noids

Animal P450s that are grouped into clans such as 2, 3, 7 and 13 are involved in steroid
hydroxylation. However, based on functional data, a functional divergence was observed for
CYP4, CYP12 and CYP325 P450s, as these P450s are known for their role in insecticide
resistance. CYP55, grouped under clan 6 that performs denitrification, shows functional
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divergence compared to other members that are involved in oxidation of aliphatic hydrocarbons
(see Table 2.11). Functional divergence of P450s in terms of their function can be observed for
P450s grouped across clans, as they involved in different xenobiotics oxidation. Clan 8 harbors a
single P450 CYP157 that is known to lack the EXXR motif. One of the P450 CYP121 belonging
to bacteria that are exclusively confined to the MTBC complex has been found to be highly

specific towards its known substrate (McLean et al., 2015 & 2008),

Based on the above data we conclude that functional conservation of P450s is quite
common, considering P450s’ prime evolution is to serve organisms through involvement in
different biological reactions of physiological importance and during evolution, in response to
constant pressure, these P450s acquired/evolved capabilities such as enhancing their substrate
specificity and performing different catalytic reactions. Functional conservation of P450s from
different biological kingdoms grouped into the same clan further strengthens the hypothesis of
common ancestral origin of these P450s. The results presented in this article enhance our
understanding of the molecular evolutionary analysis of P450s in terms of their dynamic nature

(both at protein and gene level) across biological kingdoms.
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CHAPTER 3

IN SILICO STRUCTURAL ANALYSIS OF CYP123A1 OF MYCOBACTERIUM

TUBERCULOSIS H37RV

3.1. INTRODUCTION

Genome sequencing analysis of the mycobacterial species give researchers an opportunity to
look for novel drug targets against these pathogens. It is of great significant to analyse the
three-dimensional (3D) structure of a protein/enzyme to develop an inhibitor based on its
active site cavity and residues involved in binding of the substrates (Vyas et al., 2012).
Among different techniques used in understanding the protein structure, 3D modelling, also
known as homology modelling, is now widely used (Vyas et al., 2012). 3D modelling is
gaining momentum because of its simplicity compared to nuclear magnetic resonance (NMR)
or X-ray-crystallography. In this technique, a 3D model of a protein is constructed
experimentally using a template, usually a homologous protein whose structure has been
revealed by crystallography. The 3D model of the protein construct helps to identify the
active site structure and its dynamics in terms of interacting with a ligand or substrate,
especially in drug discovery and design, a core aspect of pharmaceutical research (Vyas et

al., 2012).

Mycobacterium tuberculosis genome sequencing revealed the presence of 20 P450s in
its genome (Cole et al., 1998) and these are considered as novel drug targets against this
pathogen (Hudson et al., 2012). However, only six out of the 20 P450s have been structurally
characterised: CYP51B1 (Bellamine et al., 1999), CYP121A1 (Mc Lean et al., 2002),
CYP124A1 (Johnston et al., 2009), CYP125A1 (Mc Lean et al., 2009), CYP130A1 (Ouellet
et al., 2008) and CYP142A1 (Table 3.1) (Driscoll et al., 2010). One P450 CYP144A1 was

successfully expressed and its binding affinity to different azole drugs was shown (Driscoll et
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al., 2011). Moreover, CYP144 has been structurally characterised by in silico-based 3D

homology modelling (Driscoll et al., 2010).

Table 3.1. Information on M. tuberculosis P450 enzymes’ properties.

Crystal structure High affinity for
P450 Reference

Available azole
CYP121 YES YES Mc Lean et al., 2002
CYP124 YES YES Johnston et al., 2009
CYP125 YES NO Mc Lean et al., 2009
CYP130 YES YES Ouellet et al., 2008
CYP142 YES YES Driscoll et al., 2010
CYP144 NO YES Driscoll et al., 2011

Bellamine et al.,
CYP51 YES YES
1999

Considering that CYP123A1 is a novel drug target for both active and latent
M. tuberculosis, this study is aimed at understanding the CYP123A1 structure by in silico-
based 3D homology modelling and also at assessing binding affinity with different azole

drugs.
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3.2. METHODOLOGY
3.2.1. Homology modelling

The primary sequence of CYP123A1 (Kegg ID: Rv0766¢c) was blasted at the NCBI using
PDB databank option to select a template. BLASTp was used for identifying the homolog
protein. The protein 3A4G (cytochrome P450 vdh from Pseudonocardia autotrophica)
(Yasutake et al., 2010) was selected on the basis of maximum identity of 38% with query
cover 96%. The sequence alignment of model CYP123A1 with the template 3A4G was
accomplished using ClustalX2 2.0 (http://www.clustal.org/). The 3D structure of CYP123A1l
was generated by homology modelling using SWISS-MODEL
(https://swissmodel.expasy.org/). Both the template 3A4G and the modelled structure of
CYP123A1 were aligned using SPDBV 4.1.0 with carbon-alpha (CA) backbone with RMS
value 1.81 A. The 3D structure of CYP123Al obtained was visualised by Maestro
(https://www.schrodinger.com/maestro). The generated 3D structure of model CYP123A1l
was submitted to PDBsum database (http://www.ebi.ac.uk/thornton-srv/databases/pdbsum).
Thus, the quality of the model CYP123A1 was analysed by PROCHECK, which uses the

Ramachandran map.
3.2.2. Binding site analysis

As no data is available on the binding site of CYP123A1, the binding site pocket was
obtained by using FlexX software. The binding cavity includes amino acids, namely Leu87,
Ala239, Lys246, Asn250, GIn287, Pro314, Val341 and Ser342. These residues were used to
generate the grid box, which describes the binding pocket of model CYP123A1 for docking
calculation. The grid covered grid map dimensions 46Ax46Ax46A with grid spacing of

0.375A.
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3.2.3. Ligand database

The eight ligands were retrieved from PubChem and the ligand database was built using
Avogadro for conversion of SDF files to PDB file. The ligands were clotrimazole (PubChem
CID: 2812), econazole (PubChem CID: 3198), fluconazole (PubChem CID: 3365),
itraconazole (PubChem CID: 55283), ketoconazole (PubChem CID: 47576), miconazole
(PubChem CID: 4189), posaconazole (PubChem CID: 468595) and voriconazole (PubChem

CID: 71616). These were further prepared for docking in AutoDock tools 1.5.6.

3.2.4. Molecular docking

The modelled protein CYP123A1 was prepared for docking in AutoDock tools 1.5.6.
Molecular docking of model protein CYP123A1 with the respective ligands was carried out
using AutoDock Vina. In AutoDock Vina the ligands are docked in the binding site cavity.
All structures were docked successfully and the results were visualized in Maestro version

11.0.014 ((https://www.schrodinger.com/maestro)).

3.3. RESULTS AND DISCUSSION

3.3.1. Sequence alignment

The sequence alignment of CYP123A1 and the template 3A4G shows that leucine, arginine,
aspartic acid, alanine, glutamic acid and proline are the best conserved amino acid residues

among the residues (Fig. 3.1).
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Figure 3.1. Sequence alignment of protein CYP123A1 with template 3A4G.
3.3.2. Construction of CYP123A1 model

At present no crystallised structures of CYP123A1 are available. Therefore, to analyse
ligand-protein interactions, a model of CYP123A1 protein has been constructed (Figure 3.2).
The template 3A4G was obtained as a result of protein blast. Homology modelling was

achieved using SWISS-MODEL and its validation was carried out.
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Figure 3.2. 3D model of CYP123A1 constructed using template 3A4G

3.3.3. Validation of homology model

The model of CYP123A1 generated by homology modelling was validated by PDBsum and
the Ramachandran plot (Figure 3.3) was obtained. A secondary structure of CYP123A1 was
obtained as well (Figure 3.4) and PROMOTIF documentation was prepared, as shown below
(Figure 3.5). The root mean square derivative (RMSD) value of the model of CYP123A1 is

1.81 A, which was obtained in SPDBV with CA backbone.
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Plot statistics
Residues in most favoured regions [A,B,L] 320 88.9%
Residues in additional allowed regions [a,b,],p] 30 8.3%
Residues in generously allowed regions [~a,~b,~l,~p] 3 0.8%
Residues in disallowed regions 7 1.9%
Number of non-glycine and non-proline residues 360 100.0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 19
Number of proline residues 21
Total number of residues 402

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

y353_0l.ps

Figure 3.3. Ramachandran plot of CYP123A1 model.
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Figure 3.4. Secondary structure of the model CYP123A1.
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Figure 3.5. Secondary structure summary for CYP123A1 model.

3.3.4. Model-template alignment

Figure 3.6 shows alignment of model CYP123A1 (green colour) with the template 3A4G
(magenta colour) with RMSD 1.81 A, which was obtained using Maestro version 11.0.014
(Schrodinger). The RMSD of 1.81 A indicates that the 3D model of CYP123A1 is of good

quality.
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N-Terminus

Figure 3.6. Alignment of template (PDB ID: 3A4G) with CYP123A1 model

3.3.5. Molecular docking study

The docking of model CYP123A1 with the ligands clotrimazole, econazole, fluconazole,
itraconazole, ketoconazole, miconazole, posaconazole and voriconazole was performed in
Autodock vina. The best results and conformation were selected by comparing their lowest
binding energy, number of hydrogen bonds and bond distance. The results are shown in Table
3.1. The molecular docking studies showed that ketoconazole forms an excellent complex,
better than others, with the best interaction rate and the lowest energy of -9.0 kcal/mol.

Ketoconazole forms a tight hydrogen bond with the residue Lys246 CYP123A1 model
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(Figure 3.7). Clotrimazole did not show interaction with the 3D model of CYP123A1 (Figure
3.8). Lys246 forms a hydrogen bond with fluconazole; HEM also forms two Pi-Pi stacking
with fluconazole (Figure 3.9). Voriconazole makes one Pi-Cation interaction and hydrogen

bond with the CYP123AL1 residues Arg82 (Figure 3.10).

Figure 3.7. Ketoconazole forms a hydrogen bond with residue Lys246 of CYP123A1

model.
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Figure 3.8. Clotrimazole not showing any interaction with CYP123A1 model.
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Figure 3.9. Docking analysis of fluconazole with CYP123A1 model
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Figure 3.10. Voriconazole makes one Pi-Cation interaction and hydrogen bond with the

CYP123A1 residues Arg82.

The sulphur-containing residue Ser386 forms a hydrogen bond with both the
miconazole (Figure 3.11) and econazole (Figure 3.12) compounds with a binding affinity of -
7.3 kcal/mol and -7.0 kcal/mol respectively. Itraconazole has a binding affinity of -7.6
kcal/mol and forms hydrogen bond interaction with Lys246 (Figure 3.13). The basic amino
acid residue His385 forms a hydrogen bond with posaconazole, with binding affinity of -7.1

kcal/mol (Figure 3.14). Figure 3.15 shows that binding interaction of HEM with the
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CYP123A1 model. This interaction reveals that only the basic amino acids interact with

HEM, namely arginine (98) and histidine (348). Arg291 forms two hydrogen bonds and salt
bridge with HEM, Arg98 interacts with HEM forming one hydrogen bond, and His348 also

forms one hydrogen bond and makes one salt bridge.

Figure 3.11. Interaction of miconazole with CYP123A1 model.
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Figure 3.12. Interaction of econazole with CYP123A1 model.
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Figure 3.13. Interaction of itraconazole with CYP123A1 model.
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Figure 3.14. Interaction of posoconazole with CYP123A1 model.
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Figure 3.15. Binding cavity with HEM and azole derivatives
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Table. 3.2. Binding affinity analysis of different azole drugs with CYP123A1 model.

Binding affinity
P450 PDB ID
Clotrimazole Fluconazole | Voriconazole Miconazole Econazole Ketoconazole Itraconazole Posaconazole
CYP123A1_Model 3A4G -6.0 -7.6 -7.3 -7.0 -8.4 -9.0 -7.6 -7.1
Lys246
Arg82 (1HB)
(1HB), Ser3s6 Ser3s6 Lys246 Lys246 His385
Interacting Residues | Ligand No & (1Pi-
Hem (1HB) (1HB) (1HB) (1HB) (1HB)
Cation)
(2 Pi-Pi)
Arg291 (2HB) and one Salt Bridge,
Interacting Residues | Hem
Arg98 (1HB), His348 (1HB) and one Salt Bridge
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3.4. CONCLUSION

In conclusion, in this study, a 3D model of CYP123A1 is constructed and its binding affinity
with different azole drugs is analysed. The study revealed that ketoconazole forms an excellent
complex, better than other azole drugs, and clotrimazole did not show interaction with the 3D
model of CYP123A1. Results generated in this study are based on in silico analysis and these
results should be validated using in vitro binding studies with different azole drugs using purified

CYP123A1 protein.
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CHAPTER 4

CLONING AND GENERATION OF RECOMBINANT ESCHERICHIA COLI CELLS

CONTAINING CYP123A1 IN pINK-d EXPRESSION VECTOR

4.1. INTRODUCTION

Genome-sequencing analysis of Mycobacterium tuberculosis revealed the presence of 20
cytochrome P450 monooxygenases (P450s/CYPs) in its genome (Cole et al., 1998). Among
20 P450s, five M. tuberculosis P450 enzymes have been structurally and functionally
characterised, namely CYP51B1 (Bellamine et al., 1999), CYP121A1 (McLean et al., 2002),
CYP124A1 (Johnston et al., 2009), CYP125A1 (McLean et al., 2009; Johnston et al., 2010),
and CYP142A1 (Driscoll et al., 2010). One P450 CYP130Al has only been structurally
characterised (Ouellet et al., 2008), one P450 CYP1441 has been successfully expressed and
its binding affinity to different azole drugs has been shown (Driscoll et al., 2011). The

remaining P450s are still orphans with no function and structure.

In order to understand the function/structure of M. tuberculosis P450s, they were

expressed in E. coli using different expression vectors (Table 4.1.)

Table 4.1. Vector systems used for expression of M. tuberculosis P450s in E. coli.

M. tuberculosis P450 Expression vector References
CYP121A1 pET1la McLean et al., 2002
CYP124A1 pCW Johnston et al., 2009
CYP125A1 pET15b McLean et al., 2009
CYP130A1 pCW Ouellet et al., 2008
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CYP142A1 pET15b Driscoll et al., 2010
CYP51B1 pET17b Bellamine et al., 1999
CYP144A1 pET15b Driscoll et al., 2011

Considering that quite a number of M. tuberculosis P450s are orphans and that it is
difficult to express these P450s (Driscoll, 2011) in this study, the pINK-A expression vector
system that has been proven to be efficient to express proteins was used (Karim et al., 1993).
In this chapter, a strategy was developed to clone CYP123A1 in the modified pINK-A vector
(named pINK-d) and recombinant cells containing the CYP123Al in the pINK-d vector was

generated.

4.2. METHODOLOGY

4.2.1. CYP123A1 cDNA sequence

The cDNA sequence of CYP123A1 was obtained from Kyoto Encyclopedia of Genes and

Genomes database (Kanehisa et al., 2017) using its gene ID Rv0766c.

4.2.2. Information on expression vector

The expression vector (pINK-A) was a kind gift from Dr Naheed Kaderbhai, Institute of
Biological Sciences, University of Wales, Aberystwyth, Ceredigion, SY23 3DD, United
Kingdom. The vector’s multiple cloning site (MCS) was modified and used in this study.
Since the work is going to be patented and commercial aspects are involved, details on the

expression vector are not given.
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4.2.3. Restriction enzyme analysis

Restriction enzyme analysis of genes and the expression vector was performed using freely

available pPDRAW DNA analysis software (http://www.acaclone.com/). Restriction enzymes

and their sequences for creating a new multiple cloning site in the expression vector were

downloaded from the New England Biolabs (NEB) website (https://www.neb.com/products/r

estriction-endonucleases).

4.2.4. Primer design

Primers for the cloning of M. tuberculosis P450s in the expression vector were designed in

silico using IDT DNA OligoAnalyzer 3.1 (http://eu.idtdna.com/calc/analyzer). Forward and

reverse primer sequences were selected and after incorporating the appropriate restriction
enzyme sequence, their melting temperature was measured using OligoAnalyzer. Primers
were designed in such a way that forward and reverse primers had matching melting

temperatures.

4.2.5. Strains, plasmids, chemicals and Kits

E. coli DH5a strain was used in this study. E. coli cells were cultured on Luria-Bertani (LB)
broth and LB-agar (LB broth supplemented with 10 g/L agar). For selection of recombinant
E. coli cells LB was supplied with the antibiotic ampicillin. LB-antibiotic plates were
prepared by adding ampicillin at 100 pg/ml final concentration. Ampicillin stock solution
was prepared by dissolving 100 mg of ampicillin (Catalog No. A6140, Sigma-Aldrich, USA)
in 1 ml of DNase and RNase free water (Catalog No. L3152, Sigma-Aldrich, USA). The
ampicillin stock solution was stored at -20°C. The pINK-d expression vector was used for
cloning of CYP123A1. All chemicals used were of high quality and were purchased from

Sigma-Aldrich and Merck. The plasmid isolation kit was purchased from Qiagen, USA.
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4.2.6. Synthesis and cloning of CYP123A1l

The M. tuberculosis P450 CYP123 cDNA sequence along with the modified vector sequence
(pINK-d) and cloning strategy were submitted to GenScript (GenScript USA Inc, USA).
GenScript synthesised CYP123A1 and cloned this into the modified vector and the constructs

were received.

4.2.7. Preparation of competent cells and transformation

Recombinant plasmids were propagated using chemically competent E. coli DH5a, according
to the methods described by Inoue et al. (1990). To prepare competent cells, LB broth was
inoculated with a glycerol stock of the relevant cells, and incubated at 37°C for
approximately 10 hours. This pre-culture was then used to inoculate 250 ml of fresh SOB
medium (20 g/L tryptone, 5 g/L yeast extract, 0.584 g/L NaCl, 0.186 g/L KCI, 2.034 g/L
MgCl2, 2.464 g/L MgS04), which was incubated overnight at 18-20°C until ODgy ~0.55.
The culture was then incubated on ice for 10 minutes, followed by centrifugation at 2500 x g
for 10 minutes at 4°C. The cell pellet was resuspended on ice in 80 ml of ice-cold TB buffer
(10 mM HEPES, pH 6.7; 15mM CaCl2; 250 mM KCI; 55 mM MnCl2), and incubated on ice
for 10 minutes. The resuspension was then centrifuged at 2500 g for 10 minutes at 4°C,
followed by resuspension in 20 ml ice-cold TB buffer supplemented with DMSO (7% v/v).
This was incubated on ice for 10 minutes, before aliquoting 100 pl per 1.5 ml

microcentrifuge tube.

To transform the cells, 1 pl plasmid solution containing CYP123A1 gene, cloned in
expression vector (obtained from GenScript), was added to the 100 pl competent cells aliquot
and incubated on ice for 20 minutes. Cells were heat-shocked at 42°C for one minute,
followed by cold-shock on ice for two minutes. Thereafter, 250 pl SOC medium (SOB

medium supplemented with 20 mM glucose) was added to the cells, which were then
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incubated at 37°C for one hour. The solution was then centrifuged at 2500 g for five minutes,
after which 150 pl supernatant was removed and the cells re-suspended in the remaining 100
pl. The re-suspended cells were streaked on LB agar plates supplemented with 100 pg/ml

ampicillin and incubated at 37°C for 16 hours.
4.2.8. Plasmid isolation and purification

Plasmid isolation and purification of the recombinant cells were carried out using QlAprep
Spin Miniprep Kit (Catalog No. 27104, Qiagen, Germany) following the manufacturer’s
protocol. Plasmid DNA concentration was carried out using the SimpliNano microvolume

spectrophotometer (Catalog No. GE29-0617-13, Sigma-Aldrich, USA).
4.2.9. Restriction enzyme analysis of plasmids

The above isolated plasmids from recombinant E. coli cells were subjected to restriction
enzyme digestion to check the presence of the inserts and the correct size of the cloned
CYP123A1 cDNA. All restriction enzymes used in this study were purchased from New
England Biolabs, South Africa. Digested DNA fragments were analysed on 1% agarose gels.
Visualisation of DNA fragments was carried out using SYBR® Sae DNA gel stain (Catalog
No. S33102, Thermo Fisher Scientific, USA). The agarose gels were photographed using the

Gel Doc™ EZ System (Bio-Rad, South Africa).
4.3. RESULTS AND DISCUSSION
4.3.1. Modifying the multiple cloning site of the expression vector

The expression vector contained only a few restriction enzymes’ recognition sites in its MCS.
Therefore, the MCS was re-engineered by incorporating more recognition sites in order to
clone M. tuberculosis P450s. The vector can also be used in future for cloning other genes.

The expression vector sequence was analysed using pPDRAW and restriction enzymes that did
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not have recognition sites on the expression vector’s sequence were noted. Based on the
above criteria, a few of those restriction enzymes were selected and incorporated in the MCS
of the expression vector. The restriction enzymes selected are listed in Table 4.2. The revised

vector is named pINK-d and its map and other features are shown in Figure 4.1.

Table 4.2 List of selected restriction enzymes incorporated in the multiple cloning site of

the expression vector. The restriction enzyme and its recognition sequences are shown in the

table.
Restriction enzyme Recognition Sequences (5’ to 3”)
Absl CC'TCGAGG
Aflll CTTAAG
Agel A'CCGGT
Ascl GG’CGCGCC
Avrll C'CTAGG
Bglll A'GATCT
BsiwI C'GTACG
BspEl T'CCGGA
BssHII G'CGCGC
Fsel GGCCGG'CC
Kasl G'GCGCC
Mfel C'AATTG
Ncol C'CATGG
PIuTI GGCGC'C
Sacl GAGCT'C
Sbfl CCTGCA'GG
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Xa - 3130 .
aspA terminator - 164

His tag - 2797
phoA promoter - 2713

Figure 4.1. Vector map of pINK-d.

4.3.2. Strategy for cloning of CYP123A41 in expression vector

In order to design a strategy to clone CYP123A1 ¢cDNA in the expression vector, restriction
enzyme profiling of the CYP12341 was carried out using pDRAW. Table 4.3 shows the
restriction profiling of the CYPI2341 against pINK-d MCS enzymes. The restriction
enzymes that do not cut CYP/2341 and are part of the expression vector’s MCS were

selected for in-frame cloning of CYP12341 (Table 4.3).
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Table 4.3. Restriction enzyme profiling of CYP12341. The red-filled boxes indicate that
the corresponding restriction enzymes can cleave the gene. Two restriction enzymes with no
cleaving ability were selected for CYP12341, for forward and reverse primer design, and are

shown as yellow-filled boxes.

Restriction enzyme CYP123A1

BamHI

BstXI

Apal

EcoRV

Kpnl

MIul

Sphl

Xbal

The selected restriction enzymes were made part of the forward and reverse primer of
CYP12341, as shown i Table 4.4. Forward and reverse primers for each M. tuberculosis
P450 were designed as described in the methodology. The primers were designed in such a

way that they had almost the same melting temperatures (Table 4.4.).
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Table 4.4. Primer sequences and restriction enzymes selected for cloning of CYP123AL1.
The shaded regions represent the restriction enzyme recognition site. The appropriate
restriction enzyme in the forward primer (FP) and reverse primer (RP) is also presented in the

table. Tm represents melting temperature.

Direction of | Name of the Primer sequence m

primer primer

Forward primer CYP123A1-FP- TATATAGGTACCATGACCGTCCGC | 69.3

Kpnl GTCGGTGACCCCG

Reverse primer CYP123A1-RP- | GCCTTCTAGATTACCTGGCCTGCAC | 69.0

Xbal GCTGATCGGC

In theory, after gene synthesis with the designed forward and reverse primers, the
synthesised products will be digested and cloned into the expression vector with the
appropriate restriction enzymes. The vector maps with cloned CYP123A1 are shown in Figure

4.2.
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Xa-4307 Kpnl-23-G_GTAC'C

His tag - 3974
phoA promoter - 3890

Xbal -1234-T'CTAG_A

aspA terminator - 1341

Figure 4.2. Vector maps showing the cloning of CYP123A41 in pINK-d.

4.3.3. GenScript synthesis of CYP123A1 cDNA and cloning into expression vector

CYPI123A1 cDNA, along with the expression vector, was synthesised by GenScript, USA.
The constructs carrying CYP123A1 ¢cDNA and empty expression vector were received in a
microtiter plate. The constructs and the expression vector were resuspended in 100 pl of Tris-

Hcl buffer (pH: 8.0) and 1 pl of this solution was used for transformation.

4.3.4. Generation of recombinant E. coli cells containing CYP123A41

The pINK-d construct containing CYP123A1 c¢cDNA was transformed into E. coli DHS5a
using the transformation method described in the “Materials and methods” section (Inoue et
al., 1990). The recombinant cells were selected on LB-agar ampicillin plates. The figure

below (Figure 4.3) indicates the growth of recombinant cells on ampicillin-containing plates.
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This indicates that the constructs and expression vector were successfully transformed into

E. coli.

Control

Figure 4.3. Selection of transformed E. coli DH50 on LB medium plates containing
ampicillin antibiotic. H2: pINK-d_CYP123A1; A2: pINK-d vector and the control 1 plate:
plate speared with only E. coli cells. No growth on control plate indicates no contamination

during transformation.

From the above plates, a single colony was picked and plated on a separate LB-agar
plate containing ampicillin. Figure 4.4 below shows the propagation of selected recombinant

cells.

Figure 4.4. Propagation of selected recombinant E. coli cells containing CYP123A1 and
pINK-d vector. The labels on plates follow E. coli cells containing the respective genes: A2:

pINK-d_CYP123A1; H2: pINK-d vector.

4.3.5. Plasmid isolation and confirmation of the presence of CYP123A1 cDNA

The above selected recombinant E. coli cells carrying CYP123A1 cDNA and expression

vector were inoculated into 10 ml of LB broth and incubated at 37°C and 150 rpm overnight.
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The overnight bacterial culture was used for the isolation of plasmids. The plasmid DNAs
were extracted using a QlAprep Spin Miniprep Kit and the concentration of the plasmid DNA
was measured (Table 4.5) before it was subjected to restriction enzyme digestion analysis

with enzymes specified in Table 4.5.

Table 4.5. Recombinant plasmid DNA concentration and enzymes used for releasing

the inserted cDNA.

Name of the vector Yield (ug/ml) Restriction enzymes
pINK-d_CYP123A1 340 Kpnl and Xbal
pINK-d 278.3 EcoRI and HindllI

After digestion of different vectors, the digested products were run on a 1% agarose gel. The
figure below (Figure 4.5) shows the results of the gel electrophoresis, which indicate that
CYP123A1 cDNA was cloned using the suggested restriction enzymes and thus the correct

size of insert was released upon digestion.

10000
3809
2000
1000

500

Figure 4.5. Restriction enzyme digestion analysis of recombinant M. tuberculosis P450
cDNA plasmids. 300 ng of each plasmid was digested in a water bath at 37°C for 40 min,
and then later run on a 1% agarose gel. Panels A and B indicate: A: pINK-d, B: pINK-
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d_CYP123Al. In the panels, Lane M represents molecular weight markers (1 KB DNA
ladder) and Lanes 1 and 2 represent digested and undigested plasmid, respectively. The

respective enzymes used for digestion of plasmids were shown in Table 4.5.

4.4. CONCLUSION

In conclusion, the multiple cloning site of the pINK-A vector was successfully modified by
adding more suitable restriction enzymes and the revised vector was named pINK-d. In total
16 restriction enzymes were added in such a way that they did not cause any shift or change
in the reading frame of the vector. The new vector can be used in future for cloning other
P450s. Forward and reverse primers were also carefully designed to contain appropriate
restriction enzyme sites. The developed strategy will be used to synthesise vectors and genes

and clone the genes in the expression vector.

Furthermore, CYP123A1 cDNA and the modified expression vector were
successfully synthesised by GenScript. Synthesised CYP123A1 was further cloned into the
expression vector. The construct containing the CYP123AL1 gene and the pINK-d vector was
transformed into E. coli cells and recombinant cells were selected. Plasmids were isolated
and the presence of the correct size insert (CYP123A1) was verified by restriction enzyme
digestion analysis. Recombinant E. coli cells carrying CYP123A1 and the expression vector

were stored at -80°C for further expression analysis of CYP123A1.
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CHAPTER 5

CONCLUSION AND FUTURE PERSPECTIVES

In this study, molecular evolutionary dynamics of P450s were carried out with special focus
on mycobacterial P450s. Furthermore, in silico structural analysis of CYP123A1 was carried
out and the binding of different azole drugs was assessed. Furthermore, CYP123Al is
successfully cloned in a novel expression vector pINK-d and recombinant cells carrying this
P450 were successfully generated. Future work includes expression analysis of CYP123A1 in
E. coli, purification and assessment of the binding affinity with different azole drugs,

including substrate identification.
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