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Scientific Abstract

Tuberculosis (TB) affects nearly a third of the world’s population and has been termed a
‘Global Emergency’ by the WHO. The emergence of multi/extensively drug resistant
(M/XDR) strains of Mycobacterium tuberculosis (Mtb), the causative agent of TB, and the
increasing incidences of azole drug resistant sterol demethylases (CYP51) from pathogenic
fungi has propelled studies to understand mechanisms of azole drug resistance on the drug
target CYP51. Since Mtb is devoid of a sterol biosynthetic pathway, the presence and study of
CYP51B1 and 19 other Cytochrome P450s in its genome is important to clarify host-pathogen
mechanism of infection and the potential of using azole drugs to treat TB. In this study,
CYP51B1 from Mtb was used as the model enzyme to study CYP51 mutants from Candida
albicans fluconazole-resistant clinical strains. By protein engineering methods, F89H, L100F,
S348F, G388S and R391K CYP51B1 mutants were made and azole drug binding properties
were investigated using stopped-flow kinetics and static equilibrium methods. Dissociation
constant (K,) values were derived for a range of commercially available azole drugs by fitting
the equilibrium binding data to a hyperbolic equation. K, values for stopped-flow kinetics were
derived by plotting observed binding rates (k) across different azole drug concentrations
against time, followed by fitting multiple k,, data to a linear equation to derive azole drug de-
binding (kK. and binding (k,,) rate constants — the K, was obtained by k/k,,. Extinction
coefficient for heme b content in mutants and Wild Type (WT) CYP51B1 were an average of
€40 = 96.1 mM™ cm™. Biochemical characterisation of the mutants were carried out using
established experiments on CYP51 — reduction of Fe(l11)-heme to Fe(l1)-heme, NO binding
to Fe(ll1)-heme, rates of CO-Fe(ll) adduct formation and rates of collapse of the P450 to
P420 species in the presence of CO and estriol with redox partners from Mtb. In order to
elucidate the effects of the above mutations on the iron-heme catalytic region, electron
paramagnetic resonance (EPR) experiments were carried out with and without azole drugs.
Circular dichroism (CD), differential scanning calorimetry (DSC) and multi-angled laser light
scattering (MALLS) analysis confirmed that F89H, R391K and L100F mutants were stable
and homogeneous. Crystallogenesis was successful for the above mentioned mutants and
atomic structures were obtained for all mutants and WT CYP51B1 (in ligand-bound and
substrate-free forms), except for S348F and G388S mutants which were expressed as inclusion
bodies and 60% holoenzyme, respectively. Reconstituted catalytic assays to determine the
sterol demethylating propensity of the mutants were carried out using redox partners from
Mtb or E. coli, and with lanosterol and dihydrolanosterol as the surrogate substrates. Redox
potentiometry showed similar potentials to WT for all mutants except for the G388S mutant
which was relatively positive (=102 mV). Redox cycling experiments followed by EPR analysis
for mutants and WT resulted in a novel P450 high-spin species at g value 5.84 (80 %) which
gradually collapsed to the initial low spin state over 48 h. Expression trials were concurrently
carried out on two other Mth P450 genes — CYP123 (Rv0744c¢) and CYP136 (Rv3059) products
of which may have similar functions to CYP51B1 or may share similar redox partners.
CYP123 is located on the same operon as CYP51B1 while CYP136 has a 29% sequence
identity to another CYP51 from a marine slime bacterium. Although further work is necessary,
in this study CYP123 was expressed totally as inclusion bodies while CYP136 was expressed
as soluble apoprotein fused with trigger factor chaperone.
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Lay Abstract

Tuberculosis (TB) is an airborne infectious disease caused by Mycobacterium tuberculosis (Mtb)
which has been called a ‘Global Emergency’ by the World Health Organisation because of
increasing numbers of multi-drug resistant (MDR) or extreme multi-drug resistant (XDR)
cases. Mtb is a bacterium which contains a relatively large number of proteins from the P450
superfamily which are innately red in colour due to the presence of a catalytically important
heme centre anchored within the proteins. One of the 20 P450s in Mtb is called a sterol
demethylase (CYP51), an enzyme which is necessary to produce cholesterol in humans,
phytosterol in plants and ergosterol in fungi. Amazingly, CYP51B1 does not have a known
function in Mtb, since this bacterium does not produce sterols, and yet its molecular structure
has been solved. CYP51 however, is the main target for azole-antifungal drugs in patients with
fungal infections (candidiasis or aspergillosis caused by Candida albicans and Aspergillus fumigatus,
respectively). Concurrently with TB, drug resistant cases in patients with candidiasis are on the
rise and researchers have identified important locations at the surface and near the heme in
the CYP51 drug target from resistant C. albicans that have changed or mutated. These mutated
points have been mapped out onto CYP51B1 of Mtb, which is the only soluble version of this
enzyme and therefore can be easily studied. These azole drug resistant mutants have been
designated F89H and L100F at the surface (which are also flexible regions), S348F buried in
the enzyme, and G388S and R391K near the heme centre. By using various methods, these
mutants have been compared to its original non-mutated enzyme (WT) and studied in terms
of their biochemical behaviour and binding to azole drugs and a substrate-mimic (estriol). The
azole drugs and substrate-mimic interactions with these mutants have been recorded using
two methods, one being time-dependent (stopped-flow Kkinetics) and the other time-
independent (equilibrium binding). The values for drug/substrate binding from these two
methods were very different from one another. The affinities from stopped-flow values were
substantially greater (i.e. weaker binding) than from equilibrium binding values. These values
were compared across the different drugs and substrate-mimic to understand the extent of
their interactions with the mutants. The heme quantity for each mutant was also measured and
the G388S mutant was shown to gradually lose its heme and to exist in two forms, with heme
and without heme. This heme loss event substantially influenced G388S mutant biochemical
behaviour and interactions with the drugs and substrate-mimic. Mutants at the surface flexible
regions and R391K near the heme centre were successfully crystallised in order to solve their
molecular structures. These high quality crystals, though small, produced good molecular
structures which proved crucial toward understanding the drug interactions near the heme
centre and how the azole drug resistant mutations affected these interactions. At the same
time, preliminary studies were done for two more P450 proteins from Mtb, which may have
similar roles to CYP51B1. They are CYP123 and CYP136, whose functions are also unknown.
CYP123 was highly insoluble while CYP136 was partially soluble with heme incorporation
problems. Results from this study will eventually help researchers define the function of
CYP51BL1 in Mtb, explain the mechanism of azole drug resistance in C. albicans and identify
potential drugs to address antifungal and TB MDR and XDR problems.

C.C. Fernandez JPage]ll1



Preliminary Pages |

DECLARATION

No part of this thesis has been submitted in support of an application for any degree or
qualification of The University of Manchester or any other University or Institute of learning.

COPYRIGHT STATEMENT

The author of this thesis (including any appendices and/or schedules to this thesis)
owns certain copyright or related rights in it (the “Copyright”) and s/he has given The
University of Manchester certain rights to use such Copyright, including for
administrative purposes.

Copies of this thesis, either in full or in extracts and whether in hard or electronic copy,
may be made only in accordance with the Copyright, Designs and Patents Act 1988 (as
amended) and regulations issued under it or, where appropriate, in accordance with
licensing agreements which the University has from time to time. This page must form
part of any such copies made.

The ownership of certain Copyright, patents, designs, trade marks and other intellectual
property (the “Intellectual Property”) and any reproductions of copyright works in the
thesis, for example graphs and tables (“Reproductions”), which may be described in this
thesis, may not be owned by the author and may be owned by third parties. Such
Intellectual Property and Reproductions cannot and must not be made available for use
without the prior written permission of the owner(s) of the relevant Intellectual
Property and/or Reproductions.

Further information on the conditions under which disclosure, publication and
commercialisation of this thesis, the Copyright and any Intellectual Property and/or
Reproductions described in it may take place is available in the University IP Policy (see
http.//www.campus.manchester.ac.uk/medialibrary/policies/intellectual-property.pdf),
in any relevant Thesis restriction declarations deposited in the University Library, The
University Library’s regulations (see
http.//www.manchester.ac.uk/library/aboutus/regulations) and in The University’s
policy on presentation of Theses

C.C. Fernandez JPage]l2



Preliminary Pages |

BIOGRAPHY

The author was born in Melaka, Malaysia and is the eldest of two siblings. She is also known
as Mariam Aisha Fatima or Mariam-Aisha Jamal. She received her primary education from the
Sacred Heart Convent National Primary Girls’ School and secondary education from the
Infant Jesus Convent National Secondary Girls’ School, both in Melaka.

Upon achieving distinctions in all her government examinations, she pursued her Bachelor’s
degree in 2001 at the Faculty of Science, Universiti Teknologi Malaysia, Skudai, Johor under
the Department of Public Services study scholarship and the Charles E. Spork scholarship
program sponsored by the National Semiconductor Corporation in which she actively
participated in academic and extracurricular activities. During her final year project under the
supervision of Professor Dr. Noor Aini Abdul Rashid, she published her first journal
publication in the Pakistan Journal of Biological Sciences on phenol degradation enzyme
Kinetics.

Graduating with a BS (Hons) and Dean’s Award in Industrial Biology in 2005 she continued
her postgraduate studies by research at the Institute of Bioscience, Universiti Putra Malaysia in
May 2005 under the supervision of Assoc. Prof. Dr. Suraini Abdul Aziz. Throughout her
tenure as MS student she participated in several international and local conferences and
symposia as well as workshops, and contributed as a demonstrator for the Bioreactor
Operations Workshop organised by the then Laboratory of Enzyme and Microbial
Technology, Institute of Bioscience in 2006. She was the committee member and vice
president of the Bioscience Postgraduate Club in 2005 and 2006 respectively. Until 2008 she
was the committee member for the same club. In 2006 till June 2007 she was the research
assistant of Assoc. Prof. Dr. Suraini Abdul Aziz.

Following her completion of MS (Enzyme Technology) in 2007, she was awarded the
prestigious scholarship: Biasiswa Yang Di-Pertuan Agong 2007 (BYDPA 2007) (The King's
Scholarship) to pursue her PhD (Biotechnology) at the University of Manchester, United
Kingdom. Since January 2008 to July 2011 she has been working at the Manchester
Interdisciplinary Biocentre on an EU funded project called New Medicines for Tuberculosis
(NM4TB) under the excellent supervision of Professor Andrew W. Munro. At the same time,
she spent her free time working as a graduate teaching assistant for the Faculty of Life
Sciences, UoM (2008-2010) and as a part-time internet networking representative for
University halls of residences (2008-2010).

She is presently a contributor for Vitae's postgraduate researchers’ ‘What’s Up Doc? blog
where she contributes articles monthly on a voluntary basis.

A list of scientific publications by the author can be found at
http://www.christinefernandez.blogspot.com

C.C. Fernandez JPage]l3


http://www.christinefernandez.blogspot.com/�

Preliminary Pages |

ACKNOWLEDGEMENTS

I am truly in debt to the following persons who were instrumental in my doctoral training:

Professor Andrew Munro: for the best research supervision | have had to date, for the
opportunities to attend international scientific meetings overseas, fully funded, and for all the
hawk-eyed reading and corrections he has done in impressive detail and timescales of this
work and more!

Dr. Kirsty McLean: for all her patience and expert help in guiding me through new techniques
in the laboratory for P450 research and much more.

Professor David Leys: for solving my crystal structures and for crystallographic advice.

Dr. Karl Fisher: for proofreading this thesis, for EPR assistance, GCMS vials and motivation
in time of need.

Marina Golovanova, Michiyo Sakuma, Dr. Binu Raj and Dr. Adrian Dunford: for guidance
with AKTA purification systems, centrifuges, media services and advice.

Arshad Jamal: my significant other and the one who made it possible for me to finish my 4
year writing-up in comfort and serenity.

The Malaysian government: for sponsoring the first 3 years of my PhD studies in the UK.

I thank Marj Howard, Dr. Tom Jowitt, Dr. Steve Rigby, Paul Williams, Dr. Patrick Bryant for
technical help and advice with MALLS, DSC, EPR, LCMS and Crystal Phoenix instruments,
respectively. Finally, thanks to the Munro group for their unending support.

C.C. Fernandez |Page]l4



Preliminary Pages |

DEDICATION

“As with scientific research, batik, a traditional Malaysian art is unique, yet unlike science, batik
is never reproducible.”

In this thesis you will find batik motifs indigenous to the Malay community of South East Asia
at chapter pages as a commemoration to the novelty of science and as a remembrance of my
late grandmother who was from the unique Straits-born Chinese-Malay community of
Malaysia. The women-folk of this community wear traditional batik cloth as a daily garment.

grandpa, mama
&
aunty Beelin

all the good memories

C.C. Fernandez JPage]l5



11
1.2

1.3

14

1.5
1.6
1.7
1.8
1.9

1.10
1.11
1.12
1.13

Chapter 1 | Introduction

Tuberculosis — A Global Emergency
Fungal Infections and Azole
Antifungals

Candida albicans and Azole Drug-
Resistance

Mycobacterium tuberculosis (Mth)
and Antitubercular Drugs
Cytochrome P450

P450 Catalytic Cycle

P450 Systems in Mtb

Mtb P450 as Drug Targets
Background on Sterol Demethylase
(CYP51)

Evidence of Multiple CYP51 Systems
Characterisation of CYP51B1

Scope of Research

Objectives of Research




Introduction |Chapter 1
1 INTRODUCTION

1.1 Tuberculosis — A Global Emergency

Tuberculosis (TB), an airborne bacterial disease, has emerged as a primary global
infectious disease with the development of drug resistant Mycobacterium tuberculosis (Mtb)
strains. The World Health Organisation (WHO) has engaged a Stop TB Strategy Global
Plan (2006 — 2015) to dramatically curb TB spread by 2015. According to the WHO, 8.8
million new TB cases were estimated in 2005 alone, with 18.2% of the patients dying of the
disease including those infected with the human immunodeficiency virus (HIV) (NIH
1996; WHO 2007). The WHO reported recently that 9.2 million new cases of TB occurred
in 2006, an alarming increase. In 2008 and 2009, as a manifestation of the efficacy from
Stop TB Strategy Global Plan, the total number of new TB cases stabilised at 9.4 million.
Incidences of new TB cases are slowly declining with respect to population growth, but not
fast enough to eradicate TB from the world in our lifetime (WHO 2010b). This problem
intensifies by the synergistic effect of the HIV virus and AIDS especially when TB is
manifested in people who are immunosuppressed/immunodepressed,
undernourished/malnourished, in the very young and the elderly and in those with
increased exposure to atypical mycobacteria (Andrews et al. 2007; Llerena et al. 2010; Marais
2008; Salvado et al. 2010; Scullion 2003; Zanoni et al. 2011). The emergence of multidrug-
resistant (MDR) and extensively drug-resistant (XDR) Mtb strains has aggravated the
disease mostly in the Americas, Europe and Asia (Figure 1.1 and Table 1.1), with India and
China alone accounting for more than 50% of the cases (Cox et al. 2010; Kumar et al. 2010;
WHO 2010a; Zager and McNerney 2008).

Table 1.1: Estimated number of MDR-TB cases.

WHO region Estimated number of MDR-TB  No. of countries resistant to
cases in 2008 by thousands second-line anti-TB drugs (%)

African 69 3(7N

Americas 8.2 3(9)

East Mediterranean 24 1(5)

European 81 31 (58)

South East Asia 130 2 (18)

Western Pacific 120 6 (22)

Total 432.2 46 (24)

Note: These cases include primary and acquired TB in 2008, and from countries reporting bacterial
resistance to second-line anti-TB drugs (WHO 2010a).
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Figure 1.1: Map of the distribution of countries reporting XDR-TB incidences.
Countries shaded in red are reported to have at least one case of extensively drug resistant
tuberculosis as of January 2010, while non-shaded countries are either unaccounted for or free from
XDR-TB (source: WHO 2010a).

Essentially, TB infects the pulmonary system and only 25% is seen as secondary
TB infection in other organs such as the pleura, the central nervous system in meningitis,
the lymphatic system in the scrofula of the neck, the genitourinary system in urogenital TB,
endometrial and abdominal TB, and bones and joints in Pott's disease of the spine (Golden
and Vikram 2005; Kim et al. 2009; Nigg et al. 2008; Peto et al. 2009; Semba et al. 2010).
Another form of TB is disseminated TB, more commonly known as miliary TB, which
develops upon direct exposure of Mtb while living in unhygienic conditions, with
infections either in the lungs or other organs in the body (Dugdale et al. 2009). Although
extra pulmonary TB is not contagious, it may co-exist with pulmonary TB, which is
contagious and is easily spread through aerosols from sneezes and coughs (Toth et al. 2004,
WHO 2010b).

1.2 Fungal Infections and Azole Antifungals

Another nascent global issue is fungal infections which affect humans, animals
and crops alike. Fungi, being robust, are able to thrive in almost any conditions in the form
of spores and hyphae. In crops, fungal infections disrupt plant growth and affect post-
harvest storage of seeds and legumes (Al-Abdalall 2010; Meissle et al. 2010; Pande et al.
2006). The production and consumption of mycotoxins by Fusarium spp. and aflatoxins by
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Aspergillus spp. on infected crops has had serious repercussions on animals and humans
which has led to death (Edlayne et al. 2009). Since 1920, Aspergillus flavus has been a well
known crop pathogen and the main producer of the carcinogenic aflatoxins which can be
transferred through the food chain via cows milk (when eaten by ruminant animals) to
humans and from mothers’ milk to newborns (Al-Abdalall 2010; Machida and Gomi 2010).
Once thought to be a crop pathogen, now concurrently with A. fumigatus and A. terreus as
opportunistic pathogens, A. flavus has emerged as a causative agent for aspergillosis in
humans (Barnes and Marr 2006; Sales 2009; Soubani and Chandrasekar 2002).

In humans, unlike TB, fungal infections spread by different means depending on
the particular type of fungus involved. High risk individuals who can easily contract fungal
infections  are  immunosuppressed/immunodepressed, post-organ  transplant
patients/donors, babies, the elderly and those practicing unhygienic conditions and
unprotected sex (Achkar and Fries 2010; Al Sogair and Hay 2000; Dorko et al. 2003; Gupta
2001; Yamanouchi et al. 2010). Yeasts are the most common cause of fungal infections
among the young and old, emerging as regular as dandruff, eczema, diaper rash and thrush
(Achkar and Fries 2010; Cernicka and Subik 2006; Dorko et al. 2003; Leibovici et al. 2008;
Massone et al. 2006; Xu et al. 2007). The most reoccurring isolate is Candida albicans, the
main culprit for the rising urethrovaginal candidiasis cases among women (Achkar and
Fries 2010). A widely used treatment for this infection is by azole antifungal drugs. Clinical
C. albicans strains isolated from infected patients demonstrated resistance towards
fluconazole, a derivative of the azole antifungal drugs, in microbial inhibitory concentration
(MIC) tests. Fluconazole, voriconazole and other derivatives of azole drugs and antifungals
in Table 1.2 are used to treat C. albicans infections both orally and topically in patients with
candidiasis. Although fluconazole is a safe and compatible oral and intravenous treatment
with other drugs (HIV/AIDS and cancer), the latest azole antifungal drugs on the market,
voriconazole, posaconazole, itraconazole, isovuconazole and ravuconazole showed adverse
effects and drug interactions with patients on other medications (Cronin and Chandrasekar
2010; Pasqualotto et al. 2010). To address the problem of drug resistance and cross-drug
compatibility issues, antifungal drugs from different classes (echinocandins, tetracycline
derivatives, ibuprofen, thymol and nicotinamide) have recently been introduced, with
ongoing laboratory and clinical studies targeting patients on treatment with a cocktail of
other drugs as shown in Table 1.2.
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Table 1.2: Antifungal drugs used in oral and topical treatment of aspergillosis and candidiasis in humans.

Causative agent Drug class Representative structure Drug name Drug target or mechanism Ref.
Triazoles Fluconazole, All azoles
Voriconazole, — Inhibition of sterol 14 alpha demethylase.
Isavuconazole, | — Disruption of the ergosterol biosynthetic pathway and cell
Itraconazole, wall/membrane integrity.
Posaconazole (Musaji 2010;
Imidazoles Miconazole, Miconazole Pasqualotto et al. 2010)
Clotrimazole, — Inhibition of sterol 14 alpha demethylase, peroxidase and

Filamentous
fungi:
Aspergillus spp.
- A. flavus

- A fumigatus
- A. terreus

Yeast:
Candida spp.
- C. albicans
- C. glabrata

Ravuconazole,
Albaconazole,
Ketoconazole

catalase.
— Increase in cellular reactive oxygen species, disruption of the
ergosterol biosynthetic pathway and cell membrane integrity.

Echinocandins

Caspofungin,
Micafungin,
Anidulafungin

Inhibition of beta (1, 3)-D-glucan synthase and the disruption of
cell membrane integrity.

(Grover 2010; Hoehamer
et al. 2010; Liu et al. 2005;
Munoz et al. 2010)

Natural
isopropyl
cresols/
monoterpenoids

Thymol (5-
methyl-2-(1-
methyl ethyl)
phenol),
Carvacrol

Chemosensitisation and disruption of oxidative stress response
system in synergy with azoles and amphotericin B, and inhibition
of ergosterol biosynthesis and the disruption of cell membrane
integrity.

(Ahmad et al. 2011a; Guo
et al. 2009; Kim et al.
2010; Kumbhar and
Dewang 2001)

Polyene
antimycotics

Amphotericin B

Binds to ergosterol, creating inter-membrane aqueous pores.
This leads to efflux of Na* and Ca?* and other ions out of
cytoplasm. Disruption of cell membrane integrity results in cell
death.

(Cohen 2010; Hoehamer
et al. 2010; Liu et al. 2005)
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Tetracycline OH Oq0 OH OH Minocycline Broad range antimicrobial properties on Candida spp. biofilms in
derivatives H_N,l% W synergy with azole drugs )
- AL P (Shi et al. 2010)
IR T
Ibuprofen Ibuprofen Fungicidal with synergistic effect with azole drugs
oH (Li et al. 2010)
0

Nicotinamide 0 Nicotinamide Broad range antifungal properties targeting histone acetylation
treatment . Il (Harrison 2010; Wurtele

(I et al. 2010)

o
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1.3 Candida albicans and Azole Drug-Resistance

Recent studies showed various forms of azole drug-resistance mechanisms in both
the Aspergillus and Candida pathogenic strains. These are: (i) the up-regulation and over-
expression of ATP-dependent cross (ABC) membrane efflux pumps in Candida krusei and
Candida glabrata (Lamping et al. 2009; Mansfield et al. 2010; Niimi 2010) (ii) amino acid
modifications across the azole drug target, sterol demethylase (CYP51), ERG11 gene
(Marichal et al. 1999; Mellado et al. 2007; Sanglard et al. 1998); (iii) possible existence of
complementary or alternative CYP51s in the genome (Martel et al. 2010c; Mellado et al.
2001; Warrilow et al. 2010b); (iv) modifications of other enzymes in the fungal ergosterol
biosynthetic pathway, i.e. ERG3 gene coding for sterol C-5 desaturase and ERG5 gene
coding for sterol C-22 desaturase (Lo et al. 2005; Martel et al. 2010a; Martel ¢t al. 2010b). Of
particular interest are clinical C. albicans azole drug-resistant strains isolated from infected
patients with oral or vaginal candidiasis who demonstrated mutation-prone regions in the
gene for the azole drug target CYP51 from the cytochrome P450 superfamily of proteins
(Marichal et al. 1999; Sanglard et al. 1998). Similar cases were recently reported for CYP51A
from A. fumigatus, the opportunistic pathogen causing aspergillosis or aspergillomas in the

lungs and respiratory tract (Mellado et al. 2007).

Fluconazole, the front line drug which targets CYP51 of C. albicans has been used
for over 20 years as both oral and intravenous treatments for candidiasis (Cronin and
Chandrasekar 2010). Over the years numerous cases of resistance towards this azole drug
have been reported. With this, reoccurring incidences of modifications towards the azole
drug target have been isolated from clinical and laboratory strains of fluconazole resistant
C. albicans. Microarray and RT-PCR studies identified specific mutation-prone regions at
conserved substrate recognition sites (SRS) throughout the CYP51 fluconazole resistant
enzymes (Marichal et al. 1999). The SRS regions are parts of a P450 protein sequence that
line the active site towards the N-terminal regions with conserved amino acid residues
(albeit often having very different functions from one P450 protein to another) coming
into contact to the bound substrate, as proposed in early studies by Gotoh et al. (1985)
using structural information from the P450cam camphor hydroxylase from Pseudomonas
putida (Gotoh et al. 1985). The retention of the SRS region was confirmed and defined over
a larger P450 library from the protein database in 1992 (Gotoh 1992). Due to the
popularity of azole drugs as a wide spectrum antifungal treatment in humans and as
fungicides for plants targeting sterol demethylase of fungi (Stergiopoulos et al. 2003; Zarn et
al. 2003; Zwiers et al. 2002), and with the high tolerability of fluconazole as a systemic drug

treatment and to address azole drug-resistance issues, derivatives of these azole antifungals
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are being actively designed (Bueid et al. 2010; Cecil and Wenzel 2009; Lipp 2011,
Pasqualotto et al. 2010; Sakagami 2010). Recently, as additional antifungal agents, the azole
drug econazole and nitroimidazole derivatives which have entered the second phase (out of
three phases before being approved as a new drug) of clinical trials have been successfully
reported to curb the infection of Mycobacterium tuberculosis (Mtb), the causative agent of TB,
in murine TB cases (Ahmad et al. 2008; Ahmad et al. 2011b; Ahmad 2006). The potency of
econazole against the infectivity of Mth has been further analysed in studies of its
mechanism of binding to CYP130, a gene which is important for Mtb virulence and which

is deleted from the Mycobacterium bovis strain used in the BCG vaccine (Ouellet et al. 2008).

1.4 Mycobacterium tuberculosis (Mtb) and Antitubercular Drugs

The causative agent of TB is the gram positive Mtb (Figures 1.2 A and B). It has
the properties of both gram negative and gram positive bacteria, being acid-fast, slow-
growing, and with a G+C-rich genome (Cole et al. 1998; Crick 2001). The bacterium was
first identified and described by Robert Koch in 1882 and, after 39 years, the BCG
vaccination was introduced to infants to curb the spread of tuberculosis in humans (Ducati
et al. 2006; Tala-Heikkila 2002; Wang and Xing 2002). Mtb has an extended generation time
of 24 hours in normal media and, in the infected host, nearly 50 times longer than the
normal time for Escherichia coli (Cole et al. 1998). Even before its discovery, Mtb had made a
dramatic spread throughout the world. Recently, and specifically within the past decade,
drug- and multidrug-resistant strains have become widespread and the WHO has declared
the situation a ‘global emergency’. This has pushed the WHO, the National Institutes of
Health (NIH), and the Centre for Disease Control (CDC) to work towards a solution for
MDR and XDR Mtb strains (Centers for Disease Control and Prevention 2006; NIH 2007,
WHO 2010a). New drug strategies including chemotherapy in the directly observed therapy
short course (DOTS) scheme are desperately required to deal with the increased threat
from Mtb, particular since the major drugs (including rifampicin, isoniazid and
ethambuthol) are becoming ineffective against many clinical strains (Ducati et al. 2006;
Tomioka and Namba 2006).
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Figure 1.2: Morphology of Mycobacterium tuberculosis. A) Colony forming units on an
agar plate which shows typical colourless rough surface of Mycobacterium tuberculosis colonies (Kubica
1976), B) transmission electron micrograph of Mycobacterium tuberculosis (Wadsworth 2008).

Mycobacteria produce an extremely unusual cell wall structure; the peptidoglycan
contains N-glycolylmuramic acid instead of the usual N-acetylmuramic acid found amongst
most other bacteria (Chatterjee 1997). Up to 60% of the mycobacterial cell wall is
composed of lipids that consist basically of uncommon long-chain fatty acids with 60 to 90
carbons, dominated by mycolic acids. Mycolic acids are branched fatty acids that have a
short and a long branch, with 22 to 24 and 40 to 64 carbons, respectively, they are
covalently linked to the polysaccharide that composes the cell wall, the arabinogalactan,
which in turn is attached to peptidoglycan by a phosphodiester link (Figure 1.3) (Chatterjee
1997). Amongst mycobacterial species, Mtb is one of the more permeable to hydrophilic
antimycobacterial agents and, thereby, less resistant to hydrophilic drugs, ethambuthol for
instance (Sabri 2007). However, due to its increasing resistance to first-line TB drugs, TB
has become a leading cause of mortality next to AIDS and malaria (WHO 2010b).
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Figure 1.3: A schematic diagram of the Mycobacterium tuberculosis cell wall. The
three-dimensional and spatial arrangements of the key molecules are largely unknown.
Mycobacterial cell walls conform to this model, whereby mycolylarabinogalactan peptidoglycan
(mAGP) and lipoarabinomannan (LAM) are the two principal constituents. A capsular-like
substance surrounds the bacillus and is rich in polysaccharides. These extracellular polysaccharides
are usually glycogen (glucan) (Galf), galactosamine (GalN), arabinomannan (Araf) and mannan
(Manp). The surface glycolipids include a variety of species- and strain-specific glycopeptidolipids,
lipooligosaccharides, and phenolic glycolipid, the chemical identity and amount of which varies
from one species to another. The sites of action of some known antimycobacterial drugs are also
depicted (grey arrow) in the model. Diagram is taken from Chatterjee (1997) (Chatterjee 1997) to
illustrate the site of action of classical antitubercular drug targets on the mycobacterial cell wall used
more than a decade ago in DOTS chemotherapy for TB. INH - Isoniazid, PIMS -
phosphatidylinositol-mannan.

Taking advantage of Mtb’s unique cell wall composition, the majority of
antitubercular drugs available target a component of the cell wall as illustratively described
by Chatterjee in his review for drug activity in the cell wall of Mtb (Chatterjee 1997).
However, in order to address the Mtb MDR/XDR concern, present and up-coming
antitubercular drugs are actively aiming at different enzymes and systems involved in Mtb’s
metabolic pathways, as was comprehensively discussed by Koul et al. and others (Cole and
Alzari 2005; Koul et al. 2011; Zhang et al. 2006) and as summarised in Table 1.3. It is highly
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encouraging that there are new drugs from different classes being developed and aiming
not only at the Mtb’s unique cell wall, but also targeting Mtb strains whether drug-resistant
(MDR) or susceptible, and acting at other sites beyond the cell wall. Prominent among
these are the new diarylquinolines which are in development by Johnson and Johnson
(Cole and Alzari 2005). Diarylquinolines target particularly the mycobacterial ATP
synthases and showed higher antimycobacterial performance compared to the well
established isoniazid (INH), pyrazinamide (PZA) and other prodrugs in this class (Andries
et al. 2005). Newer drugs from the nitroimidazole derivative class targeting mycolic acids in
Mtb’s cell wall and cell respiration are also under development (Koul et al. 2011). One
could observe by comparing both tables 1.2 and 1.3 that the drug classes for fungal
infections and TB are almost overlapping with the introduction of azole drug derivatives in

antitubercular treatment e.g. nicotinamide and azole drug derivatives.

The determination of the genome sequence of Mtb provided an important boost
in this area, and enabled some crucial observations relating to the physiology of the
bacterium (Cole et al. 1998). Among these was the finding that an extraordinarily large
number of Mtb genes are involved in biosynthesis and metabolism of lipids — in accord
with the complex lipid composition of Mtb, which contains some extremely long and
intricate lipid structures (e.g. the mycolipids) (Brennan 2007; McLean et al. 2007a). In
addition, it was found that Mtb encodes a very large number of cytochrome P450 enzymes
(or P450s): 20 in all (McLean et al. 2006a). The genome of the model organism Escherichia
coli is of similar size — but contains no P450 genes — while the human genome contains 57
P450s (McLean et al. 2006a; Nelson 2009). The large number of P450s must indicate their
importance to the biochemistry and physiology of Mtb, and likely points to their potential

as novel drug target enzymes.
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Table 1.3: Upcoming and classical antitubercular drugs targeting various systems in Mtb.
t[;:;gt Drug class Drug name Mechanism of action Representative drug structure
Cell Azole - PA 824, Novel and complex mechanism of inhibition of mycolic acids in cell wall, and R
membrane | nitroimidazoles OPC 67683 inhibits cell respiration. )
H"-\-\_,{ rNUz
—
1,2-ethylene Ethambuthol Interferes with the polymerisation of cell wall arabinan and of lipoarabinomannan by on
diamine (EMB) since 1962 targeting arabinosyltransferase. i "
S M e N e
SQ 109 Derivative of EMB. Inhibition of cell membrane synthesis. " H.;J,
Nicotinamide Isoniazid (INH) Prodrug activated by catalase peroxidase to form an isonicotinic acyl radical which
derivatives since 1952 binds to NAD*. Inhibits mycolic acid (long chain C7o-Cgo a-branched B-hydroxy
fatty acids) synthesis leading to disruption of cell membrane and cell death.
CF,
Sudoterb (Rivers Derivative of INH. _ L e \
and Mancera 2008) e R =T N
IIII "-"c_xr..--'-._N_,-"‘--h
Pyrazinamide (PZA) | Prodrug activated by pyrazinamidase/nicotinamidase to form pyrazinoic acid which S b,
since 1952 gets charged and accumulates in the cytoplasm under acidic conditions, making i =
intracellular conditions acidic. This inhibits activity of other enzymes vital for =
membrane synthesis and affects membrane transport leading to cell death. ﬂ;x_.q,,l-
Ethionamide (ETH) | Prodrug. Disrupts the synthesis of mycolic acids leading to disruption of cell
since 1956 membrane integrity.
Benzothiazinones BTZ043 Targets essential cell membrane arabinan synthesis. -
- a
%J\NJ
H
RNA Rifampin since 1957 Rifamycin, Broad spectrum antibacterial which inhibits RNA synthesis by binding to RNA |
synthesis (McLean and Munro Rifabutin, polymerase. "

2008)

Rifapentin, Rifalazil

O il

c.C.
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Protein Oxazolidinones PNU 100480 Targets ribosomes and inhibits protein synthesis. o
synthesis N ?
AZD 5847 = N"To g
)
H
Macrolides since 1943 | Streptomycin Targets ribosomal S12 protein and 16S rRNA W
Kanamycin Targets 16S rRNA " :Hr j-..\} z-_'_,, —
Capreomycin Targets 16S rRNA, 50S ribosome, rRNA methyltransferase (TIyA) ILJQH 'ih¥‘
{
ATP Diarylquinolines TMC 207 Highly efficient mycobacteria-cidal effect. Best substitute for prodrug-MDR Mtb. It
synthase (Andries et al. 2005; inhibits the synthesis of the mobile disk subunit of mycobacterial ATP synthase, a .
Cole and Alzari 2005) membrane-bound enzyme, which results in insufficient proton translocation and o LA
drastic pH changes in the cytoplasm leading to cell death. |
DNA Fluoroguinolones Ciprofloxacin, Broad-spectrum antibacterial. Inhibits DNA gyrase enzymes which are necessary to e
gyrase Gatifloxacin, separate bacterial DNA, leading to disruption in cell division and cell death. ; o ?”
Moxifloxacin mnT>r -
HO. AL -
o o

Note: Table was adapted from data and reviews of Zhang et al. (2006), Koul et al. (2011), the National Institute of Allergy and Infectious Diseases (NIAID) (NIH 2007),
and cited references. Drugs shaded in grey are undergoing development. Drugs shaded in red are first-line antitubercular drugs introduced in the mid-1900s and are now
susceptible to resistance mechanisms.
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1.5 Cytochrome P-450 — Background and Physicochemical Properties

The cytochrome P-450 (EC 1.14.14.1) are a superfamily of heme-containing
mono-oxygenase enzymes which are classified into families and sub-families based on the
extent of amino acid sequence identity. They were first described as mixed-function
oxidases (Mason et al. 1955) and then mono-oxygenases (Hayaishi et al. 1957). They were
first indentified in the early 1950s and before the term cytochrome P-450 was first coined
in 1962 when Omura and Sato (Omura and Sato 1962) repeatedly observed a spectroscopic
signature species at 450 nm (Soret band or absorption maximum) upon binding dithionite-
reduced pigments in rat liver microsomes to carbon monoxide (CO). This was when they
made the pivotal distinction between other membranous cytochromes and the P450
pigments (cytochrome P-450) containing heme type b. A new classification system was
soon established for what became a hemoprotein superfamily of more than 11 512
members (and growing) (Nelson 2009). Cytochromes P-450, more routinely called CYPs or
P450s are classified in the same family when they meet >40% amino acid sequence identity
and members of the same family often exhibit similar substrate selectivity (McLean et al.
2006a; McLean et al. 2007a; Nelson et al. 1996). Subsequently, P450s were characterised by
their low spin oxidised ferric-heme resting state Soret band at approximately 418-419 nm
and by their conserved cysteinyl proximal heme iron ligand which can exist either as a thiol
(Cys-SH) or thiolate (Cys-S) proximal ligand, with the latter being the catalytically active
state (Poulos et al. 1987). Previously, the thiol and thiolate states of the cysteinyl proximal
ligand have been the subject of much debate with respect to the formation of the ‘inactive’
P420 species with its CO complex spectral maximum close to 420 nm (Perera et al. 2003;
Wells et al. 1992). It was thought that the P420 species is a portrayal of irreversibly
denatured P450 with a Soret band at ~420 nm (hence its name P420) and with its proximal
cysteine ligand displaced by a histidine, often due to interactions with denaturants or a
result of high pressure treatments (Hui Bon Hoa et al. 2002; Perera et al. 2003; Wells et al.
1992). However, it was demonstrated by Dunford et al. (Dunford et al. 2007) that two states
of the cysteinyl axial ligand (the thiolate and thiol, the latter formed cysteinate proximal
ligand protonation) can also be manifested in a reversible spectral shift of the Soret band
from ~448 nm (thiolate P450 species) to ~426 nm (thiol P420 species) and back to ~448
nm according to pH adjustments during studies of the reduced/CO bound form of
CYP121 heme iron, and these data will be discussed simultaneously with my results in
Chapter 3. The capability of the P450 Soret band to shift towards a lower or higher

wavelength in accordance to different ligand (substrates/inhibitors) binding at the heme
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pocket, its heme iron redox states and the different heme iron spin states is of fundamental
importance in P450 characterisation (Lewis 2001).

Presently, these P450 spectral changes can be categorised in three major ways
which are the type I, type Il and the reverse type | (modified type I1) spectral changes
(Schenkma 1970; Schenkma et al. 1972). The type I shift or blue shift (hypsochromic shift),
when the Soret band (which is the spectral signature of the major heme species) moves to a
shorter wavelength, is accompanied by a spin state change of the heme iron from low spin
(LS) to high spin (HS) when the distally bound water molecule of the resting (oxidised)
ferric-heme is displaced upon substrate/substrate analogue coordination at the catalytic
pocket near the heme (Lewis 2001). This is reflected by the Soret absorbance shifting form
~420 nm to ~390 nm, seen for example in the binding of substrate cholest-4-en-3-one to
the Mtb CYP142 (cholesterol 27-hydrolase), shifting the Soret band from 418 nm to 394
nm (Driscoll et al. 2010). This spectrally observable spin state shift is attributed to the
change in electron pairing arrangements in the five d orbitals of the ferric-heme (Gibson
and Skett 2001). Inherently, P450 ferric-heme iron binds to the four pyrrole nitrogen atoms
of its protoporphyrin 1X skeleton and its five d orbitals have different energy states which
will change according to the number and type of ligands to the heme iron e.g. whether it
has penta-coordinated HS (Figure 1.4 A) or hexa-coordinated LS (Figure 1.4 B) heme iron
with a cysteinate ligand (Gibson and Skett 2001). The protoporphyrin IX serves as a good
electron donor and acceptor for iron in P450s thus conferring its specific redox properties
in its various biological functions. Simultaneously, iron with its unique chemistry is able to
exist in different oxidation states; and the ferric, ferrous and ferryl forms are the backbone
to the P450 catalytic cycle (Lewis 1996). Ferrous iron has six electrons in the 3d shell and
two 4s electrons in the valence shell. In the conversion between its ferric (Fe** or Fe(l11))
and ferrous (Fe** or Fe(ll)) forms, a 3d electron is added which results in the 3d° (ferric)
and 3d° (ferrous) forms, respectively (Lewis 1996).
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Figure 1.4: Spectral properties and spin state changes of ferric-heme P450. d orbital
electron distribution for high spin (HS) 5/2 (A) and low spin (LS) 1/2 (B) states of ferric-heme
P450 are shown correspondingly to their spectral properties at ~390 nm and 418 nm of the Soret
band respectively. Panel A) Upon coordination to type | substrates, the penta-coordinated HS
species form with an out-of-plane iron atom which descends axially beneath the porphyrin ring as
the central cavity is too small to accommaodate a larger cationic radius and the energy equilibrium of
the paired electrons of ferric-heme changes to achieve a higher energy rearrangement to fill the two
empty higher energy d orbitals, which means five electrons singly occupying five d orbitals, hence a
paramagnetic configuration of S=5/2, resulting in a HS state (Gibson and Skett 2001). Panel B) In
the LS resting state when a water molecule occupies the sixth distal ligand space of ferric-heme, five
electrons fill the three lower energy d orbitals with one unpaired electron, hence a configuration of
S=1/2, and two empty d orbitals (Gibson and Skett 2001). This LS hexa-coordinated ferric heme is
stabilised by a ligand making the iron in-plane with the porphyrin ring.

In the LS resting ferric heme iron state when a water molecule occupies the sixth
distal ligand position, five electrons fill the three lower energy d orbitals (t,g) with one
unpaired electron, and hence an overall spin of S=1/2, and the two higher energy eg d
orbitals are empty (Gibson and Skett 2001). This LS hexa-coordinated ferric heme is
stabilised by a sixth axial ligand (water), making the iron in-plane with the porphyrin ring.
When the water molecule is displaced by an incoming substrate/substrate analogue, which
locates itself in the heme iron catalytic space without physically binding to the cofactor, the
electronic organisation of the 3d electrons of the ferric-heme iron changes to achieve a
higher energy rearrangement, populating the two previously empty higher energy eg d
orbitals, which means five electrons singly occupying each of the five d orbitals, hence a
paramagnetic configuration of S=5/2, resulting in a HS state (Gibson and Skett 2001) with
a spectral Soret band signature at ~390 nm, an EPR signal at g,= ~7.80 and a resonance
Raman v3 band at 1487 cm™ for the Mtb cholesterol hydroxylase CYP125, and also for

most P450s which exist in a HS state or in a mixture of LS and HS forms in their resting
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state (Lewis 1996; McLean et al. 2009). This HS penta-coordinated ferric heme exhibits an
out-of-plane iron atom which descends axially beneath the porphyrin ring (Figure 1.4 A) as
the central cavity is too small to accommodate a larger cationic radius (Gibson and Skett
2001). Type | shifts are produced by the binding of type I ligands at the catalytic pocket
near the heme, these usually being the indigenous substrates e.g. camphor to P450cam
(CYP101A1) of Pseudomonas putida (Schlichting et al. 2000) and the fatty acid palmitate to
P450 BM3 (CYP102A1) of Bacillus megaterium. Alternatively, type | shifts can be induced by
substrate-like inhibitors which mimic the substrate binding in the catalytic pocket but
which do not undergo oxidation to form product e.g. metyrapone to P450 BM3
(Macdonald et al. 1996).

Type 11 spectral changes are observed when the heme iron is bound to type Il
ligands which are essentially heme iron binding inhibitors which have lone electron pairs to
directly ligate to the heme iron (Lewis 1996). Type Il or red shifts (bathochromic shifts),
when the Soret band moves to a longer wavelength, happens when the axial ligating water
molecule is displaced by an inhibitor with a free pair of electrons from its donating (often
nitrogen) atom which distally ligates directly to the heme iron, enhancing or stabilising the
LS hexa-coordinated form of the ferric iron, as it binds more tightly than water, and
bringing the iron in-plane with the porphyrin ring (Gibson and Skett 2001; Schenkma.Jb
1970), particularly in the case of HS P450s when the iron is out-of-plane prior to inhibitor
binding. For example, the Mtb CYP125 is predominantly HS in its resting state and upon
binding to azole drug inhibitors at the distal position a dominant hexa-coordinated LS
species is formed (McLean et al. 2009). Spectrally, the Soret band shift is observed from
~390-405 nm to ~425-435 nm (Lewis 2001), and such changes have been reported in all
imidazole and triazole drug binding experiments on P450s from Mtb (Driscoll et al. 2011;
McLean et al. 2007a) and also for the azole-antifungal drug target CYP51 in Candida spp.,
Aspergillus spp., humans and plants (Lamb et al. 2000; Strushkevich et al. 2010; Warrilow et
al. 2010a; Warrilow et al. 2010b). The third spectral change event is the reverse type | or
modified type 11 shift (Schenkma et al. 1972). A reverse type | shift is characterised by an
increase in absorption at ~420 nm and a decrease at ~390 nm when a substrate/substrate
analogue/ inhibitor binds to the active site close to the heme iron causing a mirror-image
of the type I substrate binding. Initial studies on this modified type 11 shift did not reach an
evidential consensus on the manner by which the heme iron is ligated in response to the in-
coming reverse type | ligand, e.g. whether by replacement of the distal water molecule, by
indirect substrate ligation to the heme iron via the distal water molecule, or by coordination

of the modified type | substrate to a hydrophobic region of the heme pocket (Lewis 2001).
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Recently, structural studies have complemented spectroscopic observations of modified
type | substrates coordination to the heme iron of CYP125 from Mtb (McLean et al. 20023;
McLean et al. 2009; Ouellet et al. 2011; Seward et al. 2006). The structure of CYP125 of Mtb
was solved with a modified type I substrate (LP10 or alpha-[(4-methylcyclohexyl)carbonyl
amino]-N-4-pyridinyl-1H-indole-3-propanamide) and the heme iron was shown to ligate
the substrate via the distal water ligand, creating the predominant LS hexa-coordinate heme
iron ligand complex upon ligand binding in this P450 (McLean et al. 2009; Ouellet et al.
2011; Seward et al. 2006). Essentially, these spectral properties of P450 heme iron and the
various spectral Soret band shifts are sensitive characterisation methods using convenient
UV-visible spectroscopic analyses to monitor ligand binding events qualitatively or for
quantitative measurements of dissociation constants (K,) of substrates and inhibitors, both
kinetically and statically. These techniques are systematically employed in this study of
fluconazole-resistant CYP51B1 mutants.

In terms of its catalytic cycle, the vast majority of P450s catalyse the reductive
breakage of the bond between oxygen atoms in dioxygen (i.e. atmospheric oxygen) when
this is bound to the ferrous form of their heme iron. Electrons for this process are usually
supplied from NADPH or NADH, and transferred to the P450 by one or more redox
partner enzymes (Denisov 2005; Munro et al. 2007a; Munro et al. 2007b). The mechanism
of P450 catalysis can be surmised by Equation 1.1 and will be elaborated in the following
subchapter. RH is the substrate which binds to the heme iron catalytic site with the
contribution of 2 electrons from NADPH via redox partner proteins and 2 protons from

aqueous solution to form product ROH and a water molecule.

RH+ O, +2H" + 2e - ROH + H,O Equation 1.1

The roles of human adrenal P450s in steroid synthesis and of multiple hepatic isoforms of
P450s in xenobiotic metabolism have been intensively studied, and the importance of
P450-dependent metabolism in human physiology is well characterized (Guengerich 2006;
Guengerich 2008; Guengerich and Rendic 2010; Rendic and Guengerich 2010). Major
reviews have been published on human P450s, their characterisation and roles by
Guengerich and co-workers (Guengerich 2008; Guengerich et al. 2011; Guengerich et al.
2010) and de Montellano and co-workers (Ortiz de Montellano 2005; Ortiz de Montellano
2010) but will not be discussed in detail here as | approach the mechanisms of P450

monooxygenation.
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1.6 P450 Catalytic Cycle

The irony in P450 heme b structural diversity is reflected in their common
catalytic mechanism (Omura 2010). The P450s catalyse the reduction of molecular oxygen
at the ferric ion of the heme that results in the mono-oxygenation of an adjacent bound
substrate, and produces a molecule of water from the second oxygen atom. The whole
mechanism requires two electrons, delivered by NAD(P)H from one (or few) redox
partners which are either from flavoproteins or iron-sulfur proteins, and two protons
contributed by the bulk solvent. These protonation reactions are likely mediated by the
active site amino acid side chains. The existence of multiple reactive intermediates which
are catalytically relevant oxidative radicals that attack the substrate within the P450 catalytic
cycle as outlined by the dotted boxes in Figure 1.5 (A) is typically transient. The sequential
formation of these relatively reactive and transient intermediate species from steps (iv-vi)
have been intensively researched with few direct measurements due to the high reactivity
and the low accumulation of these intermediates in kinetic studies (Denisov 2005;
Guengerich and Isin 2008; McLean and Munro 2008).

The most reactive yet transient species in the cycle is Compound I or the ferryl-oxo
porphyrin radical intermediate which has been actively studied since the 1970s by Klaus
Ruckpaul’s group (Jung 2011) and subsequently by Steve Sligar's (Newcomb et al. 2006),
John Dawson’s, Brian Hoffman’s and Mike Green’s groups. Compound I, or the ferryl-oxo
intermediate is the most reactive compound in the P450 catalytic cycle which transfers an
oxygen atom to the substrate to form the product. The four research groups above,
reported important sightings of transient unstable intermediates (iv-vi) (Figure 1.5 A) at
cryogenic temperatures. Co-60 gamma-irradiation and thermal annealing steps gave
evidential EPR/ENDOR spectra for formation of intermediates (iv), (v) leading to product
formation (Davydov et al. 2001; Davydov et al. 2005). Laser flash photolysis (Newcomb et
al. 2006) and stopped-flow spectrophotometry (Kellner et al. 2002) analysis proved
spectrally the formation of Compound | prior to product release, and very recently, Rittle
and Green (2010) successfully reported the isolation and characterisation of the elusive
Compound I, the final transient P450 catalytic cycle intermediate to be characterised (Rittle
and Green 2010) and isolated from CYP119 of the thermophilic archaeon Sulfolobus
solfataricus (Denisov 2005; Isin and Guengerich 2008; Rittle and Green 2010; Rittle et al.
2010; Sligar 2010; Yano et al. 2000). The intermediate (v) has only been observed at
cryogenic temperatures (Denisov et al. 2008) and has been defined as the rate limiting step
in P450 hydrocarbon hydroxylation reactions (Bach 2010). The generally accepted

mechanism for cytochrome P450 hydrocarbon oxidation was proposed by Groves ¢t al. in

C.C. Fernandez | Page | 34



Introduction |Chapter 1
the late 1970s involving steps shown in the yellow box of Figure 1.5 (A). This concept,
termed the ‘oxygen rebound’ mechanism, introduces the last marginally stable intermediate
— Compound 0 (protonated intermediate (iii)) following the activation of molecular oxygen
to ferrous-heme-substrate complex (ii), which becomes intermediate (iii) in Figure 1.5 (A).
The protonation of Compound 0 leads to loss of a water molecule and the formation of
the catalytically active Compound | which abstracts a hydrogen from the substrate to yield
a one-electron reduced ferryl-oxo species or a protonated-ferryl-oxo species (Compound
I1) and a carbon radical intermediate (R-C") from the substrate as shown in Figure 1.5 (B)
(Green 2009). This carbon radical group then recombines with Compound Il to give an
enzyme—product complex; the final alcohol product is then released. This mechanism is
also called the ‘alkyl rebound’ state by Shaik et al. (Shaik et al. 2007; Shaik et al. 2005) who
proposed multi-state C-H activation and alkyl group dissociation forms prior to product
release from (at step (vii)) Compound II. While the presence of Compound I1, the oxygen
rebound consensus mechanism and the role of thiolate ligand enhancing the oxidative
potential of Compound I in cytochrome P450 has been reaffirmed by Green et al. (Green et
al. 2004) and Rittle and Green (Rittle and Green 2010), theoretical work, describing by
guantum mechanical dynamics that the distal oxygen atom in Compound 0 is less likely to
be protonated and that P450 hydrocarbon hydroxylation occurs by another mechanism
involving Compound I and Il via a ‘somersault’ rearrangement mechanism, is argued by
Bach (Bach 2010; Bach and Dmitrenko 2006).

Essentially, the P450 reaction begins with the binding of substrate at the catalytic
pocket (i) and the immediate dissociation of the loosely bound distal water molecule (as the
sixth ligand to the heme-iron) making it a five-ligated high spin (HS) heme-iron. Next, the
five-ligated HS ferric-heme will be reduced by the first electron from NADH/NADPH via
a redox partner enzyme (in which case the redox partner enzyme(s) depends on the class of
P450 — mammalian, fungal or bacterial) to become ferrous-heme (ii) with the Soret band at
418 nm, a B-band at 555 nm, and a weak o-band at 580 nm shifting to ~410 nm and the «
and B-bands merging at ~558 nm for P450cam (Ortiz de Montellano 2010). The oxy-P450
complex (Fe**-O,) is the last ‘stable’ intermediate following the (iii) step of molecular
oxygen binding (Denisov 2005; Guengerich and Isin 2008). After the reduction of the oxy-
P450 complex by the second electron from NADH/NADPH via the redox partner
enzyme, there is a sequential formation of a peroxo-ferric intermediate (iv), then the
protonated form called the hydroperoxo-ferric intermediate (v), followed by the second
protonation at the distal oxygen atom with subsequent heterolysis of the stable O, bond

resulting in the Compound | ferryl-oxo (vi) species and formation of a water molecule.
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Finally, this is followed by the oxidation of Compound I to form a product complex after
step (vii), before the dissociation of the final substrate ROH (viii) and the return of the
heme to its initial resting state (de Montellano and De Voss 2002; Denisov 2005; Poulos
2005). Due to the reactivity of some of the intermediates in the P450 cycle, some side
reactions may occur at the expense of cellular energy (Ortiz de Montellano 2010; Poulos
2005) (Figure 1.5 (A) dashed arrows 1-3). These are — 1) the autooxidation of the last stable
intermediate (Denisov et al. 2007) (iii), the oxy-P450 complex, where the bound oxygen
leaves as a superoxide ion and the P450 returns to its ferric-heme state. 2) The reverse
peroxide shunt at the hydroperoxo-ferric intermediate (v) happens when the inner oxygen
atom is protonated instead of the outer oxygen bound to hydrogen, resulting in the release
of a hydrogen peroxide molecule and the return of intermediate (v) to the ferric-heme state.
3) The oxidase shunt at the Compound 1 ferryl-oxo intermediate (vi) happens when the
oxygen atom is reduced to a water molecule and Compound I again returns to the ferric-
heme state. These reactions occur largely in mammalian drug metabolising P450 systems
when the P450s are inefficiently coupled to their electron donors resulting in these
autooxidation pathways because the monooxygenase systems are imperfect for substrate
turnover (Poulos 2005).
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Figure 1.5: The catalytic cycle of cytochrome P450, showing known intermediates
and the rebound mechanism. Panel A) The classical catalytic cycle of P450s begins with (i)
Substrate binding, (ii) Reduction, (iii) O, binding, (iv) Reaction of the FeO,2* complex, (v — vii)
with delivery of 2nd e-1 from redox partners and 2 protons, (viii) Dissociation of final product ROH
and return to low spin state of the Fe3+ at the heme catalytic centre (Denisov 2005; McLean et al.
2006a). The dashed arrows show alternative pathways which may occur due to the reactivity of
some intermediates which by-passes the cycle (Poulos 2005). A i to iii as shown by the coloured
(red/blue) dotted arrows are pathways in the P450 catalytic cycle which were being exploited/used
in the characterisation of CYP51B1 variants in this work as designated accordingly to the section
title in Chapter 3 results. Panel B) details the rebound mechanism in the P450 catalytic cycle
shaded in red. P450 intermediates are shown and substrate and heme porphyrin radical are
indicated by (® ) adjacent. Compound | — is the ferryl-oxo reactive intermediate which transfers an
oxygen atom to the substrate according to the consensus oxygen rebound mechanism described by
Groves and McClusky (1976) by H abstraction from substrate to form the transient Compound Il
(a protonated ferryl-oxo species and substrate-C radical) before these species recombine to
dissociate an alcohol product and complete the monooxygenase reaction in the P450 catalytic cycle
(Green 2009; Ortiz de Montellano 2010).
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In addition to monooxygenation of substrates, P450s have also been found to
participate in other chemical reactions; desaturation reactions to increase the production of
penicillin by a mutation in CYP504 of Aspergillus nidulans which suppresses the
hydroxylation of phenylacetate (Mingot et al. 1999), for instance. Also, the reduction of
some substrates e.g. reductive dehalogenation of alkyl halides, reductive ring-cleavage of
the anticonvulsant drug zonisamide and the reduction of 4-nitropyrene, oxidative cleavage
of ester and amide bonds, as well as catalysing subsequent rearrangement reactions which
may form an unexpected reactive product that may then undergo another spontaneous
rearrangement reaction (Guengerich and Isin 2008; Ortiz de Montellano 2005; Ortiz de
Montellano 2010). An example is in the case of murine CYP2B1 involving unusual
isomerase activity of the hydroperoxide-substrate complex at steps (iv) — (v) in Figure 1.5
(A) when another methylene group (next to the primary CH,R group but closer in
proximity to the ferryl radical) was hydroxylated instead, resulting in the transfer of the
reactive oxygen of Compound I into the secondary methylene group (Kupfer et al. 2001).
This spontaneous rearrangement of groups in substrates of some P450s, i.e. an isomerase
activity, is attributed to substrate intramolecular stereoselectivity coupled with the high
reactivity of the transient intermediates, especially the Compound 1 radical (Ortiz de
Montellano and De Voss 2002). Another unusual P450 mechanism which describes the
diversity of P450 reactions takes place during the last step of estrogen production by
human CYP19 aromatase when the sequential production of hydroperoxy-ferric
intermediate (v) was not detected, directly forming the ferryl-oxo Compound | and
enabling nucleophilic competition between the other reactive intermediates (Gantt et al.
2009). There have been cases where metabolism of xenobiotic compounds by P450s
produces more toxic side products which may be carcinogenic to cells (Myasoedova 2008).
This occurs especially by human hepatic CYP3A4 and 2C9, where 70% of ingested
xenobiotic compounds are metabolised, including the toxic trichloroethylene (TCE)
compound via epoxidation and rearrangement reactions to its oxide and toxic intermediates
which then fuse to important enzymes (CYP2E1l, CYP2B1 and P450 reductase) by
covalently modifying the polypeptides in the enzymes with formyl or chlorinated groups,
irreversibly deactivating them (Cai and Guengerich 2001). Also the activation of
benzo[a]pyrene (a carcinogenic product from combusted organic material) from cigarette
smoke to its carcinogenic epoxide form by CYP1Al-dependent catalysis have been
reported (McLean et al. 2007b). Other P450-dependent xenobiotic metabolism includes
heteroatom dealkylation to deactivate caffeine and heteroatom oxygenation of toxic solvent

pyridine which all share the same P450 catalytic cycle (Furge and Guengerich 2006).
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1.7 P450 Systems in Mtb

The P450s are widespread in nature (humans have 57 isoforms), but are generally
present in rather small numbers in bacteria (Lewis 2004). Their presence in such large
numbers (20 P450s) in Mtb is almost certainly related to the complicated lipid biochemistry
of the pathogenic bacterium, which (in turn) is known to be essential to viability and
infectivity of Mtb (Ehrt 2007; McLean et al. 2010). Similar to Mtb, other actinomycetes (e.g.
Mycobacterium bovis and Streptomyces coelicolor) also possess a large number of P450s in their
genome (Lamb et al. 2002; McLean et al. 2006a). Studies on some P450s in Mtb has
revealed their importance for metabolic purposes and their response systems to external
stimuli, immune response or chemical exposure (Betts et al. 2003; Sassetti et al. 2003).
CYP121 was induced when the bacilli were exposed to antibiotics (isoniazid and
thiolactomycin) which inhibit mycolic acid synthesis in Mtb, while CYP123 and CYP138
were induced at higher temperatures (Betts et al.). In addition, both CYP123 and CYP138
may share an operon with CYP51B1 and its related ferredoxin redox partner (McLean et al.
2006¢). CYP128 was shown to be important for growth in vitro when it was induced during
cell starvation (Sassetti). CYP144, although not necessary for growth, may be essential for
azole drug resistance as deletion strains showed increased susceptibility to azole drugs
(Driscoll et al. 2011). CYP124 has an unusual hydroxylase activity toward methyl-branched
lipids which may prove a unique drug target once its function is understood (Johnston et al.
2009). Further evidence for the importance of P450 chemistry to Mtb is the fact that azole
drugs (known inhibitors of the fungal sterol demethylase CYP51 P450 and widely used
antifungal antibiotics) are potent anti-Mtb drugs with typical MIC values of ~5 mg/mL
(McLean et al. 2002b). Agents such as clotrimazole and econazole are particularly effective
as antituberculars, and econazole was also reported to clear Mtbh bacteria from infected
mice (Ahmad et al. 2008; Ahmad 2006). The same azoles are essentially inactive against E.
coli, reinforcing the importance of the P450s as targets in Mtb (McLean et al. 2002b). Figure
1.6 shows the crystal structures of Mth P450 enzymes solved to date either ligand-free or

bound to azole drug inhibitors.
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(D) CYP125
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Figure 1.6: Structures of crystallised Cytochromes P450 from Mycobacterium
tuberculosis. Green helix — I-helix, pink loop/helix — BC-loop region, orange spheres — N-
terminal, blue spheres — C-terminal, red sticks — iron-heme porphyrin, yellow spheres — azole drug
ligand. (A) CYP51 (PDB: 1eal) also known as sterol 14a-demethylase (Podust et al. 2001a) and (B)
CYP121 (PDB: 2ij7) in complex with the inhibitor fluconazole (yellow spheres) which is bound to
the iron of the heme active site. Fluconazole forms the sixth axial ligand to the Fe3+ of the heme
replacing a water molecule in their ligand-free forms. CYP51 is the only cytochrome P450 structure
that has a characteristic kink in the middle of the I a-helix (green), and near its N terminus (Leys et
al. 2003; McLean et al. 2006b; Podust et al. 2004). (C) CYP130 (PDB: 2uvn) in complex with
econazole (yellow spheres) (Ouellet et al. 2008). (D) CYP125 (PDB: 3iw2) in complex with
econazole (yellow spheres) distally coordinated to the iron-heme, shown here at the ‘letter box’
(denoted by the red FG-loop and BC-loop opening) entry channel to the iron-heme catalytic
pocket. As with fluconazole, econazole forms the sixth axial ligand to ferric-heme replacing a water
molecule (McLean et al. 2009). (E) CYP124 (PDB: 2wmb) in the ligand-free form is a methyl-
branched lipid omega-hydroxylase (Johnston et al. 2009). (F) CYP142 (PDB: 2xkr) is a novel
cholesterol oxidase (ligand-free form) which catalyses the 27-hydroxylation of cholesterol and
cholest-4-en-3-one to their 27-hydroxy derivatives and on to 5-cholestenoic acid and cholest-4-en-
3-one-27-oic acid, respectively, which may be important for host-cholesterol metabolism (Driscoll
et al. 2010). All models were drawn using PyMol™ software (DeLano Scientific, 2005) based on
published pdb files.

CYP126 and CYP144 have also recently been solved (Professor Andrew Munro,
pers. comm.). Out of these eight structurally solved P450s from Mtb, two, CYP125 and
CYP142 demonstrated catalytic activity on intermediates in cholesterol oxidation and are
important for host-cholesterol metabolism (Driscoll et al. 2010; McLean et al. 2009).
CYP125 was shown to be important for infectivity when Mtb break down host cholesterol
when engulfed in macrophages in TB infected mice (Kendall 2004). CYP51B1, encoded by
the gene Rv0764c, was the first P450 structurally solved from Mtb and the first sterol
demethylase found in a prokaryote (Aoyama et al. 1998). Although its sterol demethylating
activity on lanosterol, 24, 25-dihydrolanosterol and the plant sterol obtusifoliol has been
proven (Bellamine et al. 1999), the absence of a sterol biosynthetic pathway (specifically the
absence of squalene monooxygenase and oxidosqualene cyclase genes, required to form the
initial sterol) in Mtb suggest that CYP51B1 may utilise host sterol substrate upon host
infection of the pathogen making it one of the antitubercular drug targets next to CYP121,
CYP125 and CYP142 (Munro et al. 2003). Of these, CYP51B1 and four azole-resistant
mutants mapped from Candida albicans CYP51 fluconazole-antifungal resistant strains
(Aoyama et al. 2000; Kudo et al. 2005; Marichal et al. 1999; Sanglard et al. 2003) will be
studied in detail in Chapters 3 and 4 with regards to its azole drug binding kinetics,

biophysical characterisation and structural elucidation.
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1.8 Mtb P450 as Drug Targets

Recent work has highlighted the importance of certain Mtb P450 isoforms as
likely azole drug targets. Initially, P450s make good drug targets because they are
specifically involved in an essential pathway for the viability of fungal cells (i.e. cell wall
biosynthesis) or in pathogenicity. In Mtb, an increasing number of P450s were found to be
involved in cholesterol metabolism (Mclean et al. 2009; Driscoll et al. 2010). Cholesterol is
the substrate of the product of two essential genes for pathogenicity in Mtb while Mtb
itself does not have a de novo cholesterol biosynthetic pathway (Mclean et al. 2009; Driscoll et
al. 2010; Cole et al. 1998, Sassetti et al. 2003; Lamichhane et al. 2003). Azole drugs were
chosen based on their high affinity towards P450 proteins, making them obvious candidate
for antitubercular drugs especially when this class of drugs have been widely established as
antifungal drugs (Munro et al. 2003). The major P450 drug targets are likely to be (i)
CYP121, which was recently demonstrated to be essential for Mtb viability in vitro (McLean
et al. 2008). CYP121 has been structurally characterised to high resolution, and recent work
demonstrated a novel mode of binding of an azole drug (fluconazole) to the P450, with
heme iron interaction occurring via a bridging water molecule (Leys et al. 2003; Seward et al.
2006) (Figure 1.7 B, D); (i) CYP128, which was shown to be an essential gene for Mth
viability through analysis of libraries of transposon insertion mutants (McLean et al. 2006a);
(iif) CYP125, which is located in a cluster of genes associated with catabolism/metabolism
of cholesterol and which is essential for the ability of Mtb to establish an infective state in
humans (McLean et al. 2009); (iv) CYP142, which is located in the gene cluster for host
cholesterol metabolism and is known as a cholesterol 27-oxidase required for initiation of
cholesterol breakdown (Driscoll et al. 2010) and (v) CYP51B1, which is a sterol
demethylase, has orthologues in fungi, humans, plants, and trypanosomes, and for which
the major difference with eukaryotic forms is the absence of an N-terminal membrane
anchor in the Mtb CYP51B1 enzyme. It is the only P450 in Mtb whose structure is in the
open conformation and with a characteristic ‘kink’ in its I-helix (Figure 1.7 A), thus
enabling accommodation of a large range of ligands at its catalytic pocket (Lepesheva and
Waterman 2007; McLean et al. 2006a; Stout 2004; Waterman and Lepesheva 2002). Lack of
a membrane anchor is a typical feature of prokaryotic P450s, virtually all of which are
soluble, cytoplasmic enzymes (Lamb et al. 1998; Warrilow et al. 2010b; Yoshida et al. 2000).
Due to the difficulties in expressing, purifying and performing detailed kinetic and
spectroscopic analysis of membranous yeast and filamentous fungi CYP51 enzymes, the
soluble nature of the CYP51B1 isoform from Mtb (due to the absence of the N-terminal

membrane anchor in bacterial CYP51) and that its redox partners are also soluble (McLean
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et al. 2003a; McLean et al. 2003b; McLean et al. 2006¢) makes it a better candidate. This is
unlike eukaryotic CYP51 systems, whose components are membrane bound rendering the
expression and purification of the eukaryotic CYP51 systems more problematic. Therefore,
CYP51B1 from Mtb could easily facilitate its use as a model enzyme and for structural
analysis and examination of the mode of interaction between CYP51 enzymes and azole

drugs, as demonstrated in Figure 1.7 (C).

Figure 1.7: Crystal structures of Mtb P450s CYP51B1 and CYP121. (A) and (B) are distal
views of CYP51B1 and CYP121 with the N-terminal (orange) and C-terminal (cyan) shown as
spheres, B-C loop (pink), I helix (green), fluconazole (yellow spheres or yellow and blue sticks),
heme (red sticks) and red arrows suggest the entry route of fluconazole into the enzymes via the B-
C loop opening. A) Overall structure of CYP51B1 and topology of the fluconazole-bound form of
Mtb CYP51B1 (PDB: 1eal). The large deviation in the I helix is evident. Fluconazole is depicted as
yellow spheres above the heme for CYP51B1. B) A similar representation of the structure of
fluconazole-bound CYP121, with a straight | helix (PDB: 2ij7). Parts (C) and (D) show close-ups of
the immediate heme environments in the P450s. C) Direct coordination of the CYP51B1 heme
iron (N-Fe) by fluconazole. D) Interactions of Arg386 and the | helix residue Ser237 with the water
ligand (blue) to the heme iron in CYP121, which leads to stabilization of the low-spin heme iron
form of CYP121 (PDB: 2ij5) (Leys et al. 2003; McLean ¢t al. 2006b). All images were drawn using
PyMol™ software (DeLano Scientific, 2005) based on the pdb files stated.
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Of particular interest would be the exploitation of CYP51B1 and mutant forms
that mimic azole drug-resistance-conferring mutations in yeast (e.g. Candida albicans)
CYP51. Analysis of such mutants could enable a more detailed understanding of the
structural basis of azole drug-resistance, and also of how this could be avoided through
intelligent drug design. Both antifungal and antitubercular drugs may confer adverse effects
in humans during the course of treatment (Gibson and Skett 2001, Harrison 2010). Dosage
is a matter of balancing the effectiveness (fungicidal/bactericidal activity) of the drugs on
the pathogen during the duration of treatment without exceeding the harmful threshold in
the host, hence, the vigorous clinical screening of new drugs before it can be considered
safe for use during treatment (Zhang et al. 2006, Koul et al. 2011). The potency of azoles as
antitubercular drugs means such work could be of even greater relevance with respect to
rationalising azole resistance mechanisms and de novo drug design. Although the potency of
azoles as systemic drugs has been established, the fact that this class of drugs have high
affinity for other P450 proteins in humans (e.g. CYP3A4) and that they are also used widely
in other medications means that individual screening of these drugs need to be stringently
tested for drug-drug interactions when taken alongside other drugs (e.g. antifungal,
antitubercular, AIDS/HIV drugs) and drug-protein interactions to rule out negative effects
before it can be administered safely (Guengerich and Rendic 2010).

Since the completion of Mtb genome in 1998 by Cole et al. (1998), much effort
has been involved in determining the real function of CYP51B1 in Mtb, but without
confirmatory results. The nearest explanation to the CYP51B1 function in Mtb has been
borrowed from the catalytic cycle of CYP51 of plants and yeast or fungi which involves the
main CYP51-dependent pathway whereby CYP51 catalyses a three step oxidation of sterol
substrates. For instance, lanosterol for yeast and obtusifoliol for plants, which inherently
leads to the production of ergosterol and phytosterol (sitosterol), respectively (Lepesheva
and Waterman 2007). Cholesterol is important for the infectivity of Mtb into macrophages.
However, Mtb itself does not produce cholesterol intrinsically due to the absence of a de
novo sterol metabolic pathway, but it uses cholesterol from the host’s membrane, likely
breaking it down as an energy source while engulfed in the host macrophage (Waterman
and Lepesheva 2005). This appears to be the main reason which clouds the efforts to
uncover the primary role of CYP51B1 in Mtb, i.e. there is no compelling evidence as yet
for its role in host sterol demethylation, but instead a suspicion that it may perform such a
role or else be involved in a pathway involving host cholesterol metabolism. A large cluster,
or regulon, of genes in Mtb is known to be involved in the oxidation of host cholesterol as

a carbon source for growth, and these genes include CYP125 and CYP142, both shown to
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encode cholesterol 27-hydroxylase P450 enzymes that likely initiate a pathway of
cholesterol degradation (Driscoll et al. 2010; McLean et al. 2009; Waterman and Lepesheva
2005). However, the specific role (if any) of CYP51B1 in this process is unclear, and
CYP51BL1 is not located in this regulon. However, CYP51B1 has been shown to catalyse
oxidative demethylation of sterols, with highest activity towards the plant sterol obtusifoliol
(Bellamine et al. 1999).

1.9 Background on Sterol Demethylase (CYP51)

CYP51 from Mtb, now designated CYP51B1, was suggested to be a progenitor
for the entire CYP enzyme superfamily, but was also hypothesized to have arisen by lateral
gene transfer from plants (Rezen et al. 2004). Eukaryotic CYP51s are integral membrane
proteins tethered by a hydrophobic N-terminal anchor domain (McLean et al. 2006a). A
multiple amino acid sequence alignment and the construction of a molecular phylogenetic
tree revealed that CYP51 formed a distinctive evolutionary cluster independent of other
P450 families, and thus is unlikely to have been a progenitor in the P450 superfamily.
Figure 1.8 (A) taken from Yoshida et al. (2000), represents the most probable molecular
phylogenetic tree of the CYP51 family with the closest relatives being CYP7AL, 7B1 and
CYP8ALl, 8B1 from humans which are cholesterol 7-alpha hydroxylase,
dehydroepiandrosterone 7-alpha hydroxylase, prostacyclin synthase and sterol 12-alpha
hydroxylase, respectively. The numbers at each node represent bootstrap values. In this
tree, four eukaryotic kingdoms form a single cluster (animals, fungi, plants, slime mould).
This suggests that CYP51 arose during the prokaryotic era even before the divergence of
animals and fungi and has been distributed into major biological kingdoms concomitant
with their diversification (Yoshida et al. 2000). A complementary multiple alignment
analysis of CYP51s from the above mentioned kingdoms was made, as shown in Figure 1.8
(B). It revealed that CYP51BL1 is closely related to CYP51s from the plant kingdom, the
protozoan orthologues and the sole viral orthologue of unknown function (Lamb et al.
2009), instead to CYP51s from the animal kingdom, or from the fungi. This interesting fact
paves the way for further research into CYP51B1 as a drug target using surrogate
substrates from the plant and bacterial sterol metabolic pathway, especially since the precise
function of CYP51B1 in Mtb is still unknown.
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Figure 1.8: Phylogenetic comparison of CYP51 across families and phyla. Panel A describes
the most probable molecular phylogenetic tree of the CYP51 family. The amino acid sequences of
CYP7 and CYP8 families, which are the closest neighbours of the CYP51 family, are included as
outlying groups to show the direct associations within the cytochrome P450 superfamily. The
diagram was adapted from Yoshida et al. (2000). Panel B shows amino acid sequence multiple
alignment analysis of CYP51 represented by the plant, fungi and animal kingdoms in comparison
with CYP51B1 of Mycobacterium tuberculosis. The amino acid sequences of the respective CYP51
enzyme were aligned using the ClustalW2 programme via the EBI server
(http://www.ebi.ac.uk/Tools/clustalw2/index.html). The phylogenetic tree was generated by
comparing diverse CYP51s from different origins using the neighbour joining method. The only
viral isoform is an outlier with longer C-terminal sequences and a relatively large molecular mass of
78 kDa. P450s tend to have molecular masses of 44 — 60 kDa (Nelson 2009).
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Present conclusions are widely based on data from the end product of the whole
sterol metabolic pathway in Mth. CYP51B1 was, until recently, the only structurally solved
sterol demethylase since 2001 (Podust et al. 2001a). However, CYP51 from humans
(Strushkevich et al. 2010) and protozoa (Chen et al. 2010; Lepesheva et al. 2010b) have been
successfully crystallised in their truncated forms without the N-terminal insoluble
membrane anchor (which does not participate in catalysis), increasing the potential of drug
targeting efforts especially those using azole antifungal drugs and their derivatives to
address human infections e.g. candidiasis and trypanosomiasis (Chagas disease) on this
particular enzyme as a drug target (Lepesheva et al. 2010a; Lepesheva et al. 2008; Zhang et
al. 2010).

Sterol demethylase activity from the yeast Saccharomyces cerevisiae —was first
discovered in 1968 by Moore and Gaylor (Moore and Gaylor 1968) and was designated a
gene name — ERG11 in the 1970s (Trocha and Sprinson 1976). This led to the first
characterisation and to the inhibition studies of 14-alpha demethylase activity on lanosterol
in S. cerevisiae, by a fungicide buthiobate which conferred a characteristic type Il Soret shift
as identified by Aoyama and co-workers in 1983 (Aoyama et al. 1983). Subsequently, a plant
CYP51 orthologue was discovered in sorghum grain (Sorghum bicolour) (Kahn et al. 1996)
and studies on a mammalian CYP51 orthologue in rat liver was reported (Trzaskos et al.
1986). In 1998, at the same time as the publication of the Mtb genome, Aoyama and
Yoshida identified a 14-alpha sterol demethylase-like protein in Mtb which showed 29-39%
amino acid identity to known CYP51 orthologues in plants, mammals and fungi. They then
went on to characterise the first novel soluble CYP51B1 heterogeneously expressed in E.
coli binding it to an inhibitor ketoconazole, which happens to be a topical azole antifungal
drug (Aoyama et al. 1998; Yoshida et al. 1997). Early catalytic studies on CYP51B1 by
Bellamine and co-workers showed that it was able to turnover mammalian/yeast lanosterol
(1%), 24, 25-dihydrolanosterol (20%) and plant obtusifoliol (98%) to the respective
amounts of 8,14-diene product and liberating formate (formic acid) as the by-product.
However, to date the in vivo role of CYP51B1 in Mtb remains a mystery since the bacterium
lacks its own sterol biosynthetic pathway (Bellamine et al. 1999). The most likely
explanation for the roles of CYP51B1 in Mtb is that it could function in host-cholesterol
metabolism upon infectivity (or re-infection), in concert with the activities of CYP124,
CYP125 and CYP142 of Mtb (Driscoll et al. 2010; Johnston et al. 2009; Johnston et al. 2010;
McLean et al. 2007a; McLean et al. 2009). The above may hold true for Mtb as the functions
of CYP51 homologues in prokaryotes are represented only by the bacterial sterol 14-alpha

demethylase in Methylococcus capsulatus which is involved in cholesterol metabolism of its
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intracellular membrane layers (Jackson et al. 2002). Interestingly, CYP51 from Mycobacterium
avium, also an opportunistic pathogen in immunosuppressed patients, has a 79% amino acid
sequence identity to CYP51B1 of Mth, yet was reported to catalyse the 14-alpha
demethylation of lanosterol but not of obtusifoliol (Pietila et al. 2006). Indeed, this proves
that sequence similarity does not necessarily dictate the substrate specificity of CYP51

homologues, even from the same genus.

Six substrate recognition sites/sequences (SRS) in P450s were first postulated by
Gotoh et al. (Gotoh 1992) and this was substantiated by the first evidences for substrate
recognition and substrate distinction in the lanosterol backbone for yeasts, plants and
mammalian CYP51, which were provided by Aoyama and co-workers from 1987-1992
(Aoyama and Yoshida 1991; Aoyama and Yoshida 1992; Aoyama et al. 1987; Aoyama et al.
1989a; Aoyama et al. 1989b; Aoyama et al. 1989c; Aoyama et al. 1991; Aoyama et al. 1992).
The hydroxyl group at C3 and the double bond at C8 in the lanosterol backbone were
important for substrate interactions with CYP51 (Aoyama et al. 1989b; Aoyama et al. 1989c¢)
while different substrate preferences of yeast and mammalian CYP51 were identified
(Aoyama and Yoshida 1991). The C3 hydroxyl and C14 methyl group are important for
substrate recognition for both eukaryotic and prokaryotic CYP51 (Bellamine et al. 2001).
The side chains at C25, C26 and C27 were crucial for heightened catalytic activity of
CYP51 in yeast yet not essential for substrate recognition at the heme iron catalytic pocket
(Aoyama et al. 1991). In addition to its crucial role in sterol biosynthesis in fungi, plants and
mammals, CYP51 has also been reported to be involved in mammalian regulatory
expression system as housekeeping genes and in the production of nuclear receptors in
feedback regulatory control (Rozman et al. 1997; Stromstedt et al. 1996b). Besides hepatic
cells, CYP51 is also present in mammalian germ cells and is involved as a key enzyme in
the production of meiosis activating sterols in human spermatogenesis/oogenesis and
estrogen biosynthesis (Rozman et al. 1999; Rozman et al. 1997; Rozman and Waterman
1998; Stromstedt et al. 1996a; Stromstedt et al. 1998), during pregnancy and lactation (He et
al. 2007) and as a crucial enzyme in cholesterol regulatory control (Bartley et al. 2010;
Debeljak et al. 2003). Irrespective of which kingdom it originates from, CYP51 shares the
same three-step catalytic reaction as shown in Figure 1.9 (A) by demethylating the C-14
methyl group (Lepesheva and Waterman 2007).
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Figure 1.9: The CYP51 three-step reaction scheme. Panel A) The cholestane backbone
with the respective C numbers and the CYP51 three-step catalysis. CYP51 catalyses a three-step
reaction in plants, yeasts/fungi, humans/animals and protozoa sterol biogenesis by demethylating
the C-14 methyl in a step-wise manner and producing first an alcohol derivative, then an aldehyde
derivative, and finally a C-14 demethylated product from the cholestane ring with the release of
formic acid as the other final product (Lepesheva et al. 2008; Waterman and Lepesheva 2005).
Panel B) Substrates of CYP51 from plants — obtusifoliol (O), filamentous fungi — eburicol or 24-
methylenedihydrolanosterol (M), trypanosomes — norlanosterol (N) and mammals/yeasts —
lanosterol (L) or 24, 25-dihydrolanosterol (D) with their respective end products in Panel C) plants
— sitosterol (S), filamentous fungi/trypanosomes — functional sterols with a double bond at C6/C7
or alkyl or alkylene groups at C24 (R), mammals — cholesterol (C), yeast — ergosterol (E)
(Lepesheva and Waterman 2007).
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In three step-wise reactions in sterol biogenesis according to the P450 catalytic
cycle, using NADPH as the electron donor, molecular oxygen and its redox partners, a
ferredoxin and a ferredoxin reductase or a flavoprotein and a flavoprotein reductase
(depending on its origin) (McLean et al. 2005), CYP51 introduces a hydroxyl group to the
C-14 methyl of the cholestane backbone to produce an alcohol derivative, followed by a
second monooxygenase reaction to produce an aldehyde derivative, and finally the last
monooxygenase reaction for the final demethylated C-14 and formic acid as the by-product
(Aoyama and Yoshida 1992; Bellamine et al. 1999). Substrates and products of CYP51 vary
from phylum to phylum uniquely due to its bulky catalytic crevice above the heme-iron
which differs from other more substrate specialised P450s (Aoyama 2005; McLean et al.
2007a). This CYP51 substrate preference varies with crucial side group differences across
the substrates and products, as can be seen in Figure 1.9 (B). Substrate of CYP51 from
plants is obtusifoliol (O), filamentous fungi and some trypanosomes share eburicol or also
known as 24-methylenedihydrolanosterol (M) as the substrate, and in general CYP51 from
trypanosomes utilise norlanosterol (N) as their substrate and mammals/yeasts use
lanosterol (L) or 24, 25-dihydrolanosterol (D) as a common substrate for sterol
demethylation. Their respective CYP51 end products in are shown in Figure 1.8 (C) plants
— sitosterol (S) or phytosterol, filamentous fungi/trypanosomes produce sterols with a
double bond at C6/C7 or alkyl or alkylene groups at C24 (R) depending on the substrate,
mammals — cholesterol (C) and yeast — ergosterol (E) (Lepesheva and Waterman 2007).

As increasing numbers of CYP51 isoforms are being structurally solved in their
truncated (excluding the highly hydrophobic N-terminal membrane anchor which confers
the insoluble characteristic to eukaryotic CYP51 isoforms) soluble forms, e.g. CYP51 from
protozoa — Trypanosoma cruzi, T. brucei, Leishmania infantum (Lepesheva et al. 2010g;
Lepesheva et al. 2010b), and CYP51 from humans (Strushkevich et al. 2010); researchers are
beginning to realise that sequence similarity and functional relatedness which was typically
used to classify a P450 protein into its family (>40% amino acid identity) and subfamily
(>55% amino acid identity) may not be the only way to predict a P450’s function, especially
when CYP51B1 of Mtb, falling short (29-39% sequence identity to other CYP51 isoforms)
of the >40% cut-off rule, was still retained in the same family due to its sterol
demethylating activity (Yoshida et al. 1997). Substrate recognition sites (SRS) which are
usually conserved across a P450 enzyme’s secondary and tertiary structure may not overlap
in its primary amino acid sequence with similar enzymes from different phyla (Lepesheva
and Waterman 2011). This observation may initiate a different classification strategy based

on secondary, tertiary and quaternary structures, so complementing the traditional
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sequence/functional relatedness classification system, especially for the CYP51
homologues across phyla.

Structurally, there are six SRS regions on CYP51 where the majority of the
conserved residues important for substrate recognition and binding are clustered (Podust et
al. 2001b). Interestingly, these SRS regions are found only at the distal portion of the
enzyme as shown in Figure 1.10 (A) away from the conserved cysteine axial ligand. CYP51
has a distinctively crooked I-helix, the longest helix (aI), almost broken in the middle,
architecture extending across the molecule. This sets it apart from other P450 structures
previously solved. In CYP51B1 this kink in the I-helix shifts depending upon the types of
ligands coordinating to the heme, i.e. whether 4-phenylimidazole (smaller hence less
interactions with substrate binding residues) or fluconazole (bulkier hence more
interactions with the substrate binding residues on the I-helix) is coordinating to the heme
iron (Podust et al. 2001a). SRS4 consist of amino acid residues at the C-terminal region of
the I-helix (coloured green in Figure 1.10 A) which forms the ceiling above the heme iron
and substrate cavity, with residues important for substrate binding (coloured red in Figure
1.10 B). Upon substrate binding, SRS1 forms the initial encounter with highly mobile, yet
conserved, regions of the B-C loop, B’-helix and C-helix. SRS1 is also the region most
prone to mutations in the CYP51 orthologue from clinical isolated of fluconazole-resistant
C. albicans, as can be seen from the clustering of point mutations annotated in red across
the molecule in Figure 1.10 (B). For example, the most commonly reported mutation at
SRS1 is Y132H, corresponding to the F89 residue (Y145 in human CYP51) in CYP51B1 of
Mtb. Studies done on this mutant showed decreased catalytic activity and modified spectral
properties, which reflects structural perturbations affecting the heme region (Kudo et al.
2005). Essentially, both these SRS1 and SRS4 regions are considered the hallmark regions
for CYP51 where its substrate binding (in red) architecture is the most conserved in other
CYP51 structures, and has been extensively studied (Lepesheva et al. 2010a; Strushkevich et
al. 2010). Indeed, this is how CYP51 maintains strict substrate selectivity from phylum to
phylum with residue 78 suggestively the important discriminator of substrates in different
CYP51 homologues (Podust et al. 2004). Yet in CYP51B1 of Mth and CYP51 of M. avium
the sharing of phenylalanine at position 78 does not translate into the same substrate for
14-alpha demethylase activity, since the latter enzyme prefers obtusifoliol over lanosterol,
and the former enzyme prefers lanosterol (Bellamine et al. 1999; Pietila et al. 2006). In a
related topic, CYP51B1 of Mtb coordinated directly to the heme iron for various azole
drugs (both imidazoles and triazoles) demonstrating a clear-cut type Il spectral shifts

(Bellamine et al. 1999). However, for CYP51 of M. avium, only imidazole drugs (econazole
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and ketoconazole) coordinated directly to the heme iron with prominent type 11 spectral
shifts and the spectral shifts of triazoles (itraconazole, fluconazole and voriconazole)
binding studies were relatively insignificant (Pietila et al. 2006). Ultimately, this would
suggest that retention of residues considered important for substrate selectivity does not
necessarily correlate with similar substrate turnover in all cases. Illustrated in Figure 1.10
(B), the substrate binding space can be portrayed as a funnel-shaped cavity with the B’-
helix making up the wall just above the I-helix and the C-helix making up the wall just
below the I-helix in-plane with the heme macrocycle, and the mobile B-C loop and F-G
loop regions making up the funnel-like entry into the substrate cavity (Lepesheva et al.
2003; Podust et al. 2001a; Podust et al. 2001b). Studies on mutants at conserved residues at
these sites have identified the importance of these substrate recognition and substrate
binding residues for the formation of functional enzyme in Mtb and its human orthologue.
Not only do mutants at these positions exhibit decreased protein expression but also
aggregation and loss of its heme cofactor (Lepesheva et al. 2003; Sabri 2007). SRS2 and 3
are on the F and G helices, respectively while SRS5 and 6 ranges along the distal loop and

the C-terminal end loop, respectively.

In this work, point mutants targeting SRS1 hinge regions where the initial substrate
recognition occurs at the substrate cavity entry site, F89H and L100F mutations
(corresponding to the Y132H and F145L mutants from its CYP51 orthologue from
fluconazole-resistant C. albicans) on the B-C loop and G388S and R391K mutations (G464S
and R467K) on the conserved cysteinyl loop (Figure 1.10 B) of CYP51B1, based on
mutation site mapping of CYP51 from fluconazole-resistant C. albicans, have been
structurally analysed and their azole-binding properties studied in Chapters 4 and 3
respectively.
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Figure 1.10: CYP51B1 substrate recognition sites (SRS), substrate binding sites
(SBS) and mutations-prone residues by comparison with C. albicans CYP51. A)
CYP51BL1 is oriented 90° to the heme plane, looking from the top of the molecule. The SRS were
as described by Gotoh on P450cam and Podust et al. on CYP51B1 (Gotoh 1992; Podust et al.
2001b). B) Mutation-prone residues were mapped from fluconazole-resistant Candida albicans
CYP51 onto CYP51B1 of Mycobacterium tuberculosis (Podust et al. 2001b). The CYP51B1 molecule is
oriented parallel to the heme plane where SRS are coloured in blue. The SBS are usually found
within the SRS sites and are in red. All spheres represent the mutation-prone amino acids labelled
in red with respective coordinates of Mtb CYP51B1 and of C. albicans CYP51 in parentheses. F83
(red) is the only mutation-prone residue to constitute both a substrate binding and recognition
residue. Spheres coloured in yellow (F89H), orange (L100F), cyan (G388S), green (R391K) and
purple (S348F) are point mutants studied in this thesis.
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1.10 Evidence of Multiple CYP51 Systems

The presence of multiple copies of CYP51 genes in various species across the
phyla is ambiguous in relation to whether it occurs as a result of evolution from an
ancestral progenitor or by means of lateral gene transfer (Rezen et al. 2004; Yoshida et al.
1997). As a result of this humans have three CYP51 genes each on chromosome 3, 7 and
13 with the functional CYP51A1 enzyme on chromosome 7 (Rozman et al. 1996),
Arabidopsis thaliana has two, with one functional CYP51A2 enzyme, Aspergillus fumigatus has
two and both CYP51A and CYP51B are functional enzymes (Garcia-Effron et al. 2005;
Mellado et al. 2005), rice has 10, Aspergillus orizag has three, tobacco has two, Fusarium
graminearum has three and black oats have two. By the end of 2005, when three main
Aspergillus spp. genome projects were completed, the feasible existence of two sterol
demethylase homologues in filamentous fungi was reiterated by the presence of multiple
CYP51 genes (Jones 2007; Nierman et al. 2005). Prior to this, Mellado et al. (Mellado et al.
2001) successfully cloned and identified two 14-alpha sterol demethylase genes in A. terreus,
A. nidulans, A. flavus and A. fumigatus, launching a new realm of CYP51 research for the
ongoing quest to establish whether these genes encode functional CYP51 enzymes or are
non-translated pseudogenes (Lepesheva and Waterman 2007). A. fumigatus, being an
opportunistic pathogen in humans as aforementioned, gained popularity by having two
functional sterol demethylases, CYP51A and CYP51B with 63% amino acid sequence
identity, and which function in a complementary manner in its ergosterol biosynthesis.
Gene knock-out experiments of either one did not affect growth. However, the removal of
both the genes simultaneously inhibits growth (Garcia-Effron et al. 2005; Mellado et al.
2005). Interestingly CYP51B bound/coordinated more tightly to azole antibiotics (0.2
UM<K,<4.0 uM, while weaker binding was observed for CYP51A (1.0 pyM<K;<12.0 uM),
and both demonstrated type 11 difference spectra unique from each other (Warrilow et al.
2010b). Results of these studies will impact current azole drug design efforts for
aspergillosis treatment and influence treatments with current azole antibiotics derivatives
(Warrilow et al. 2010b). CYP51A has higher protein sequence similarity to CYP51 of C.
albicans and CYP51B1 of Mtb, and its affinity towards azole drugs is comparable to CYP51
of C. albicans (Martel et al. 2010c; Warrilow et al. 2010a; Warrilow et al. 2010b). Interestingly,
both these CYP51 homologues from C. albicans and A. fumigatus (CYP51A) share a similar
azole drug (fluconazole for C. albicans and voriconazole for A. fumigatus) resistant mutation-
prone residue, with mutations G464S and G448S, respectively. This mutation-prone
residue corresponds to the highly conserved glycine residue in CYP51 across the phyla, and

located at position 388 on CYP51B1, which was preliminarily characterised and reported in

C.C. Fernandez | Page | 54



Introduction |Chapter 1
a PhD thesis previously (Sabri 2007). A multiple sequence alignment of CYP51 isoforms
which have been studied with regards to azole drug resistance and binding in Figure 1.11

pin-points the above mutations sites as illustrated in Figure 1.10 (B) and also other

fluconazole-resistant mutation-prone residues studied in the following chapters.

M.tuberculosis W  ——————mmmm MSAVA 5
M.avium e MTTSTV 6
C.albicans = ——————mmmmo MAIVETVIDGINYFLSLSVTQQISILLGVPFVYNLVWQYLYSLRKDR 47
C.krusei  ————- MSVIKAITAADVQRYVLLAYSHFQTFSLLQQTLLVISIPFLYSALWQLLYSFRKDR 55
A_fumigatus-A - MVPMLWLTAYMAVAVLTAILLNVVYQLFFRLWNRTE 36
A_fumigatus-B =~ ———————- MGLIAFILDGICKHCSTQSTWVLVGIGLLSILAVSVIINVLQQLLFKN-PHE 51
P.digitatum - MDLVPLVTGQIKCIAYYTTGLVLASIVLNVIKQLVF--YNRKE 41
C.neoformans MSAT11PQVQQLLGQVAQFFPPWFAALPTSLKVAIAVVGIPALIIGLNVFQQLCLPRRKDL 60
T.cruzi @ —mmmmmmmmmm MFIEAIVLALTALILYSVYSVKSFENTTRPTD 31
T.brucei = MLLEVAIFLLTALALYSFYFVKSFNVTRPTD 31
L.infantum = ——mmmmmmmm MIGELLLLLAAGLALYGWYFCKSFNTTRPTD 31
H.capsulatum = ——————mmmmmmm MSWST IGTFGVLAFVAAVALNLVYQLLFRFLNKTR 35
M.graminicola —--MGLLQEVLAQFDAQFGQTSLWKLVGLGFLAFSTLAILLNVLSQLLFRGKSSD 52
B.graminis = = o——————-- MG I SESFMFPYLQPLLQLGFGIALASGI ISLLLLLTFLNVLKQLLFKN-PNE 51
H.sapiens MLLLGLLQAGGSVLGQAMEKVTGGNLLSMLLIACAFTLSLVYLIRLAAGHLVQLPAGVKS 60
M.tuberculosis LPRVSGGHDEHGHLEEFRTDP I GLMQRVRDECG-DVGTFQLAGKQVVLLSGSHANEFFFR 64
M.avium VPRVSGGEEEHGHLEEFRTDP I GLMQRVRDECG-DVGWFQLVDKHV ILLSGAQANEFFFR 65
C.albicans APLVFYWIPWFGSAASYGQQPYEFFESCRQKYG-DVFSFMLLGK IMTVYLGPKGHEFVFN 106
C.krusei VPMVHYWIPWVGSAVVYGMQPYEFFENCRKQHG-DVFSFLLLGKVMTVYLGPKGHEFVLN 114
A._fumigatus-A PPMVFHWVPYLGSTISYGIDPYKFFFACREKYG-DIFTFILLGQKTTVYLGVQGNEFILN 95
A.fumigatus-B PPVVFHWFPFIGSTISYGIDPYKFFFDCRAKYG-DIFTFILLGKKTTVYLGTKGNDFILN 110
P.digitatum PPVVFHWIPFIGSTVAYGMDPYQFFFASRAKYG-NIFTFILLGKKTTVYLGVEGNEFILN 100
C.neoformans PPVVFHY IPWFGSAAYYGEDPYKFLFECRDKYG-DLFTFILMGRRITVALGPKGNNLSLG 119
T.cruzi PPVYPVTVPFLGHIVQFGKNPLEFMQRCKRDLKSGVFT ISIGGQRVT IVGDPHEHSRFFS 91
T.brucei PPVYPVTVPILGHI IQFGKSPLGFMQECKRQLKSGIFTINIVGKRVTIVGDPHEHSRFFL 91
L.infantum PPVVHGTTPFVGH I 1QFGKDPLGFMLKAKKKYG-GIFTMNICGNRITVVGDVHQHSKFFT 90
H.capsulatum PPLVFHWIPFLGSTIRYGTDPYKFFFSCRQKHG-DIFTFVLLGRPTTVYLGIKGNEFILN 94
M.graminicola PPLVFHWVPFIGSTITYGIDPYKFFFSCREKYG-DVFTFILLGKKTTVCLGTKGNDFILN 111
B.graminis PPIVFHWIP 1 I1GSTISYGMNPYKFFHESQAKYG-NIFTFILLGKKTTVYLGRQGNNFILN 110
H.sapiens PPYIFSPIPFLGHAIAFGKSP IEFLENAYEKYG-PVFSFTMVGKTFTYLLGSDAAALLFN 119
clustalw annotation * * ToouF o - oo, - :
M.tuberculosis AGDDDLDQAKAYP-FMTP I FGEGVVFDASPERRKE--MBHNAALRGEQVKGHAATIEDQV 121
M.avium SADEDLDQAEAYP-FMTP I FGKGVVFDASPERRKE--MBHNSALRGEQMKGHASTIEGEV 122
C.albicans AKLSDVSAEDAYKHLTTPVFGKGV IYDCPNSRLMEQKKBAKFALTTDSFKRYVPKIREEI 166
C.krusei AKLSDVSAEDAYTHLTTPVFGKGV 1 YDCPNWKLMEQKKBAKVALTKESFIRYVPLIKDEM 174
A._fumigatus-A GKLKDVNAEEVYSPLTTPVFGSDVVYDCPNSKLMEQKKEIKYGLTQSALESHVPLIEKEV 155
A_fumigatus-B GKLRDVCAEEVYSPLTTPVFGRHVVYDCPNAKLMEQKKEBVKYGLTSDALRSYVPLITDEV 170
P_.digitatum GKLKDVNAEE ' YGKLTTPVFGSDVVYDCPNSKLMEQKKEIKYGLSQEALESYVPLIADEI 160
C.neoformans GKISQVSAEEAYTHLTTPVFGKGVVYDCPNEMLMQQKKEIKSGLTTESLQSYPPMITSEC 179
T.cruzi PRNEILSPREVYT-IMTPVFGEGVAYAAPYPRMREQLNELAEELTIAKFQNFVPAIQHEV 150
T.brucei PRNEVLSPREVYS-FMVPVFGEGVAYAAPYPRMREQLNELAEELTIAKFQNFVPAIQHEV 150
L. infantum PRNEILSPREVYS-FMVPVFGEGVAYAAPYPRMREQLNELAEELTVAKFQNFAPSIQHEV 149
H.capsulatum GKLKDVNAEEVYGPLTTPVFGPDVVYDCPNSKLVEQKKEIKYGLTQAALESHVPLIEKEV 154
M.graminicola GKLKDVNAEE I YSPLTTPVFGKDVVYDCPNSKLMEQKKEBVKYGLTTSALQSYVTLIAAET 171
B.graminis GKLRDVNAEEIYTVLTTPVFGTDVVFDCPNSKLMEQKKEMKAALTTEAFRSYVPIIQNEV 170
H.sapiens SKNEDLNAEDVYSRLTTPVFGKGVAYDVPNPVFLEQKKMLKSGLN IAHFKQHVSTIEKET 179
clustalw annotation : P G - : B * -
M.tuberculosis RRMIADWG---=---- EAGE IDLLDFFAELT1YTSSACL I GKKFRDQLDG-RFAKLYHELE 173
M.avium KKMIADWG-—-=---- DEGEIELLDFFAELTIYTSTACL IGLKFREQLDH-RFAEYYHDLE 174
C.albicans LNYFVTDESFKLKEKTHGVANVMKTQPE I TIFTASRSLFGDEMRRIFDR-SFAQLYSDLD 225
C.krusei LKYFN----- ANFRGDSGKTDVLKSQSEMTLFTASRSLFGDALRNRLDA-SYAEMYSDLD 228
A.fumigatus-A LDYLRDSP---NFQGSSGRVDISAAMAE I TIFTAARALQGQEVRSKLTA-EFADLYHDLD 211
A.fumigatus-B ESFVKNS---PAFQGHKGVFDVCKTIAE I TIYTASRSLQGKEVRSKFDS-TFAELYHNLD 226
P.digitatum SSY IKSSP---SFKGQSGT IDLVPAMAE I TTFTAARTLQGEEVRSKLTT-EFAKLFHDLD 216
C.neoformans EDFFTKEVG- 1 SPQKPSATLDLLKAMSEL I ILTASRTLQGKEVRESLNG-QFAKYYEDLD 237
T.cruzi RKFMAENWK - -—-—-— EDEGVINLLEDCGAMI INTACQCLFGEDLRKRLNARHFAQLLSKME 205
T.brucei RKFMAANWD----— KDEGE INLLEDCSTMI INTACQCLFGEDLRKRLDARRFAQLLAKME 205
L. infantum RKFMKANWN---—-— KDEGE INILDDCSAMI INTACQCLFGEDLRKRLDARQFAQLLAKME 204
H.capsulatum MDYLDSSP---NFLGTSGEVDVSAVMAEITIFTAGSALQGEEVRSKLTA-EFAVLYHDLD 210
M.graminicola RQFFDRNNPHKKFASTSGT IDLPPALAELTIYTASRSLQGKEVREGFDS-SFADLYHYLD 230
B.graminis KSFIEKCD---DFRKSKGI INIDAVMAEITIYTASHTLQGKEVRDRFDS-SLAVLYHDLD 226
H.sapiens KEYFESWG----—-- ESGEKNVFEALSEL I 1LTASHCLHGKE IRSQLNE-KVAQLYADLD 231
clustalw annotation .= : *: i * i
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M.tuberculosis RGTDPLAYVDP---YLP IESFRRRDEARNGLVALVAD IMNGRIANPPTDK---—--— SDR 223
M.avium RGTDPLCYVDP---YLP IESFKRRDEARVKLVALVQE IMDQRLANPPKDK-———--- ADR 224
C.albicans KGFTPINFVFP---NLPLPHYWRRDAAQKK ISATYMKE IKSRRERGD IDP-———---— NRD 275
C.krusei KGFTPLNFVFS---YLPLPNYWKRDAAHKNISNTYLDL INTKRAGGE IK——-——--- NED 277
A.fumigatus-A KGFTP INFMLP---WAPLPHNKKRDAAHARMRS 1 YVD 1 I TQRRLDGE--KDSQKS----- 261
A.fumigatus-B MGFAP INFMLP---WAPLPHNRKRDAAQRKLTETYME I IKARRQAGS------— KKDS-E 275
P_digitatum LGFTPINFMLP---WAPLPQNRKRDRAHRRMRE 1'YVD 1 1QARREAGEEANDNGRDKTKGT 273
C.neoformans GGFTPLNFMFP---NLPLPSYKRRDEAQKAMSDFYLKIMENRRKGES----—----- DHEH 285
T.cruzi SSLIPAAVFMPWLLRLPLPQSARCREARAELQKILGE I IVAREKEEASKD-—---— NNTS 259
T.brucei SSLIPAAVFLPILLKLPLPQSARCHEARTELQKILSEN I IARKEEEVNKD-----— SSTS 259
L. infantum SCLIPAAVFLPWILKLPLPQSYRCRDARAELQDILSEI I IAREKEEAQKD-----— TNTS 258
H.capsulatum KGFSP INFMLP---WAPLPHNKKRDAAHTLMHATYLD I EKRRRAARNANGSQTQ----- 262
M.graminicola MGFTP INFMLP---WAPLPQNRRRDYAQKKMSETYMS I 1QKRRESKT------- GEHE-E 279
B.graminis MGFTP INFMLH---WAPLPHNRARDHAQRTVAKIYME I INSRRTQKE------- TDDSNL 276
H.sapiens GGFSHAAWLLPG--WLPLPSFRRRDRAHRE IKDIFYKAIQKRRQSQE----—--—-- KID 279
clustalw annotation - *: *ro: -
M.tuberculosis DMLDVL IAVKAETGTPRFSADE I TGMF I SMMFAGHHTSSGTASWTL 1ELM--RHRDAYAA 281
M.avium DMLDVLVSIKDEDGKPRFSADE I TGMF I SLMFAGHHTSSGTSAWTLIEL 1--RHPDVYAE 282
C.albicans LIDSLLIHSTYKDGVK-MTDQEIANLLIGILMGGQHTSASTSAWFLLHLG--EKPHLQDV 332
C.krusei LVDALLKNSVYKDGTR-MTDEELAHLMIGVLMGGQHTSSATSAWFLLHLG--EKPQLQEE 334
A._fumigatus-A DMIWNLMNCTYKNGQQ-VPDKE IAHMMI TLLMAGQHSSSS I SAWIMLRLA--SQPKVLEE 318
A_fumigatus-B DMVWNLMSCVYKNGTP-VPDEEIAHMMIALLMAGQHSSSSTASWIVLRLA--TRPDIMEE 332
P_.digitatum DMISNLMRCVYRDGTP-1PDKEITAHLMITLLMAGQHSSASISCWILLRLA--SQPEMTEK 330
C.neoformans DMIENLQSCKYRNGVP-LSDRDIAHIMIALLMAGQHTSSATSSWTLLHLA--DRPDVVEA 342
T.cruzi DLLGGLLKAVYRDGTR-MSLHEVCGMIVAAMFAGQHTST I TTSWSMLHLMHPKNKKWLDK 318
T.brucei DLLSGLLSAVYRDGTP-MSLHEVCGMIVAAMFAGQHTSSITTTWSMLHLMHPANVKHLEA 318
L. infantum DLLAGLLGAVYRDGTR-MSQHEVCGMIVAAMFAGQHTSTITTTWSLLHLMDPRNKRHLAK 317
H.capsulatum DMIENLMQCTYKNGQR-LPDKEIANIMISLLMAGQHSSSTTSSWIMLHLA--SEPAVVEQ 319
M.graminicola DMIHNLMQCKYKDGNA- I PDKE I AHMMIALLMAGQHSSSATESWITLRLA--SRPDIQDE 336
B.graminis D IMWQLMRSSYKDGTP-VPDKE I AHMMIALLMAGQHSSSSSSTWIMLWLA--ARPDITEE 333
H.sapiens DILQTLLDATYKDGRP-LTDDEVAGML IGLLLAGQHTSSTTSAWMGFFLA--RDKTLQKK 336
clustalw annotation : * . * L. ITooIInooniuEIEIR: oo
M.tuberculosis VIDELDELYGDGR------ SVSFHALRQIPQLENVLKETLRLHPPL I ILMRVAKGEFEVQ 335
M.avium VLAELEELYADGQ------ EVSFHALRS IPKLDNVVKETLRLHPPL I ILMRVAKGEFEVE 336
C.albicans 1YQEVVELLKEKG--GDLNDLTYEDLQKLPSVNNTIKETLRMHMPLHSIFRKVTNPLRIP 390
C.krusei 1'YREIQSVLGEN----FERELTYDDLQKLDLVNATIKETLRLHMPLHSIFRKVTRDLPVP 390
A.fumigatus-A LYQEQLANLGPAGPDGSLPPLQYKDLDKLPFHQHVIRETLRIHSSIHSIMRKVKSPLPVP 378
A.fumigatus-B LYQEQIRVLGS----- DLPPLTYDNLQKLDLHAKVIKETLRLHAPIHS1IRAVKNPMAVD 387
P_.digitatum LFAEQVNNLG-——-- ADLPLLQYKDLDKLPLHRNVIKETLRLHSSIHTLMRKVKNPMPVP 385
C.neoformans LYQEQKQKLGNPD--GTFRDYRYEDLKELP IMDS 1 IRETLRMHAPIHSTYRKVLSDIPVP 400
T.cruzi LHKE IDEFPAQLN-——————- YDNVMDEMPFAERCVRES IRRDPPLLMVMRMVKAEVKVG 370
T.brucei LRKE 1EEFPAQLN--------YNNVMDEMPFAERCARES I RRDPPLLMLMRKVMADVKVG 370
L. infantum LHQEIDEFPAQLN-——————- YDNVMEEMPFAEQCARES IRRDPPLVMLMRKVLKPVQVG 369
H.capsulatum LYQEQLDNLPRTGPNGSLGPLQYGDLDRLPLHRNVIKETLRLHTSIHSLLRKVMNPMPVA 379
M.graminicola LLQEQKDMLGVNA-DGSIKELTYANLSKLTLLNQVVKETLR IHAPVHSILRKVKSPMPIE 395
B.graminis LYQEQLELLGS-—--- ELPPLKYEDLSKLSLHQNVLKEVLRLHAP IHSILRKVKNPMPVP 388
H.sapiens CYLEQKTVCGEN----- LPPLTYDQLKDLNLLDRCIKETLRLRPPIMIMMRMARTPQTVA 391
clustalw annotation * - i ST :
M.tuberculosis G- HRIHEGDLVAASPAISNRIPEDFPDPHDFVPARYEQPRQ-————————— 375
M.avium G-——mmm———- FPIHEGDYVAASPAISNR IPEDFPDPDAFKPDRYNKPEQ---——-——-- 376
C.albicans E-—mmm——- TNY 1VPKGHYVLVSPGYAHTSERYFDNPEDFDPTRWDTAAAKAN--SVSFN 440
C.krusei N-——mm——— TSY1VPKGHYVL ISPGYTMLSERYFPNASEFQPHRWDE IKSIDG--GISLP 440
A.fumigatus-A G-——————- TPYMIPPGRVLLASPGVTALSDEHFPNAGCWDPHRWENQA-—-—————-—— 419
A.fumigatus-B G-——————- TSYVIPTSHNVLSSPGVTARSEEHFPNPLEWNPHRWDEN-——-——————— 1 428
P_digitatum G-——————- TDFVIPPSHTLLSSPGVTARDERHFRDPLRWDPHRWGSR-——-=——————— 425
C.neoformans PSLSAPSENGQY I 1PKGHY IMARPGVSQMDPR IWQDAKVWNPARWHDEKG----- FAAAA 455
T.cruzi S——mm - YVVPKGD I | ACSPLLSHHDEEAFPNPRLWDPER-DEKVDG----—----- 410
T.brucei S——mm - YVVPKGD I | ACSPLLSHHDEEAFPEPRRWDPER-DEKVEG--------- 410
L. infantum Kemmmm - YVVPEGD I I ACSPLLSHQDEEAFPNPREWNPERNMKLVDG----—----- 410
H.capsulatum G-——————- TPYVIPPSHVVLSAPGVTALSDEYFPNPTMWDPNRWETQE-—-—————-—— 420
M.graminicola G-——————- TAYVIPTTHTLLAAPGTTSRMDEHFPDCLHWEPHRWDESPSEKYKHLSPTT 447
B.graminis G-——————- TSYVIPKTHSLLAAPGWTSRDASYFPNPLKWDPHRWDTG--—----- SGGV 432
H.sapiens G- YTIPPGHQVCVEPTVNQRLKDSWVERLDFNPDRYLQDNP-————————— 431
clustalw annotation - - - R
M.tuberculosis  ———————————————- EDLLNRWTWIPFGAGRHR®VGAAFAIMQIKAIFSVLLREYEFEM 419
M.avium = mmmmmmme ADIVNRWTWIPFGAGRHR®VGAAFAQMQIKAIFSVLLREYDFEM 420
C.albicans SSDE----- VDYGFGKVSKGVSSPYLPFGGGRHR®IGEQFAYVQLGTILTTFVYNLRWTI 495
C.krusei AEGENAKETVDYGFGKISKGVASPYLPFGGGRHR® I GEPFAYTQLGTLLVHY IQNFKWTA 500
A_fumigatus-A TKEQENDKVVDYGYGAVSKGTSSPYLPFGAGRHR® I GEKFAYVNLGVILATIVRHLRLFN 479
A_fumigatus-B AASAEDDEKVDYGYGLVSKGTNSPYLPFGAGRHR® I GEQFAYLQLGT ITAVLVRLFRFRN 488
P_.digitatum VEAEDSSDTVDYRYGAVSKGTRSPYLPFGAGRHR®IGEKFAYLNLGV I IATLLREFRFFN 485
C.neoformans MVQYTKAEQVDYGFGSVSKGTESPYQPFGAGRHRE®VGEQFAYTQLSTIFTYVVR--NFTL 513
T.cruzi = e AF 1GFGAGVHK®1 GQKFALLQVKTILATAFREYDFQL 447
T.brucei = ——mmmmmmmm AF 1GFGAGVMHK® I GQKFGLLQVKT ILATAFRSYDFQL 447
L.infantum = ————mmmmm AFCGFGAGMHK®I GEKFGLLQVKTVLATVLRDYDFEL 447
H.capsulatum PKVDEKEDMVDYGYGA I SKGTSSPYLPFGAGRHR®I GEKFAYVNLTVIVAIMVRHLQFSN 480
M.graminicola ALGSIAEEKEDDGYGLVSKGAASPYLPFGAGRHR®IGEQFAYVQLQT ITATMVRDFKFYN 507
B.graminis I1GTDMEDEKFDYGYGL I STGAASPYLPFGAGRHR®I GEQFATVQLVTIMATMVRSFKFHN 492
H.sapiens = = ——————mmm———m ASGEKFAYVPFGAGRHR®IGENFAYVQIKT IWSTMLRLYEFDL 474
clustalw annotation LI EEE RpEow ok 1oLt -
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M.tuberculosis AQPP-ESYRNDHSKMVVQLAQPACVRYRRRTGV--—--~ 451
M.avium AQPA-DSYRNDHSKMVVQLARPAKVRYRKRNA------ 451
C.albicans DGYK--VPDPDYSSMVVLPTEPAEI IWEKRETCMF--- 528
C.krusei K== VPPIDYTSMVTLPTQPAEIKWERRQKN-~---~ 528
A.fumigatus-A VDGKKGVPETDYSSLFSGPMKPS I IGWEKRSKNTSK-- 515
A.fumigatus-B LPGVDGIPDTDYSSLFSKPLGRSFVEFEKRESATKA-- 524
P._digitatum PEGMEGVPDTDYSSLFSRPMQPATVRWEVRS - —----— 516
C.neoformans KLAVPKFPETNYRTMIVQPNNPLVTFTLRNAEVKQEV- 550
T.cruzi LRD--EVPDPDYHTMVVGPTLNQCLVKYTRKKKLPS-- 481
T.brucei LRD--EVPDPDYHTMVVGPTASQCRVKY IRRKAAAA-- 481
L. infantum LG---PLPEPNYHTMVVGPTASQCRVKY IKKKKAAA-- 480
H.capsulatum 1GGKTGVPRTDYSSMFSEPMKPAR INWKRRTAKSG--- 515
M.graminicola VDGSDNVVGTDYSSLFSRPLSPAVVKWERREEKEEKN- 544
B.graminis LDGRNSVAETDYSSMFSRPMAPAT IAWEKRDKKDKTEC 530
H.sapiens IDG--YFPTVNYTTMIHTPENPVIRYKRRSK------- 503

clustalw annotation  :1: _:.

Figure 1.11: Multiple sequence alignment of CYP51 isoforms identified as drug
targets with their respective host organisms shown. The highlighted residues correspond
to frequently reported mutation hot-spots isolated from clinical strains of C. albicans which are
reported in this thesis. Other CYP51 isoforms in the alignment except for M. avium and H. sapiens
have been reported in azole drug resistant strains of their respective organisms. CYP51 of M. avium,
an opportunistic pathogen in immunosuppressed patients, has been reported to bind to azole drugs
and the pathogen has shown sensitivity to imidazole drugs (Pietila et al. 2006). Alignments were
generated using the BLOSUM matrix on CLUSTALW (Thompson et al. 1994). (*) means the
column contains the same residues, (:) means highly conserved types of amino acid residues, while
(.) means the residues in the column have some similar characteristics but differing side chain
properties. The cysteine proximal ligand is highlighted in black.

1.11 Characterisation of CYP51B1

There are 25 atomic structures of CYP51 solved to date in the protein data bank
(PDB). CYP51B1 of Mtb, whether ligand-bound or substrate-free, represents 12 of the
solved structures in the PDB and it has been extensively characterised biochemically and
structurally (Lepesheva and Waterman 2007; Lepesheva and Waterman 2011; McLean ¢t al.
2007a). All CYP51 isoforms (inclusive of the sole viral and three protozoan CYP51s)
reported till now were purified in the LS hexa-coordinated resting form with the major
heme b feature reflected via the Soret band absolute spectrum at 417-419 nm and the
corresponding o and 8 bands (Q bands) at ~572 nm and 535-536 nm, respectively, while
the CO-Fe(ll) adduct shifts and stabilises the Soret band to 446-447 nm for most CYP51
isoforms (Lamb et al. 2009; Lepesheva and Waterman 2007; McLean et al. 2006¢c). The
earliest characterisation of CYP51B1 was performed by Aoyama et al. (Aoyama et al. 1998)
by binding CO to dithionite-reduced ferrous heme, establishing its P450 heme thiolate
instability to form the controversial P420 heme thiol species over a matter of six minutes
(Aoyama et al. 1998). This conversion to the P420 form was widely thought to be an
irreversible structurally denatured P450 form, as earlier mentioned (Hui Bon Hoa et al.
2002; Perera et al. 2003; Wells et al. 1992). However, this perception was refuted by
demonstration of the reversibility of P450/P420 transition in Mtb CYP51 and CYP121 by
McLean and co-workers, who attributed the transition to thiol and thiolate ligand
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protonation and deprotonation (Dunford et al. 2007). The temporary CO-Fe(l1)-thiolate
adduct at 449 nm (P450) which progressively collapses to the CO-Fe(ll)-thiol form at 422
nm (P420) can be stabilised by the introduction of a substrate analogue, estriol, to the
system where it was shown to substantially stabilise the Fe(ll)-thiolate form at 448 nm
(McLean et al. 2006b; McLean et al. 2006c). Catalytically, CYP51B1 was shown to catalyse
the 14-alpha demethylation of lanosterol, 24, 25-dihydrolanosterol and obtusifoliol in the
presence of two different redox partner systems which help facilitate electron transfer from
NADPH,; these being the 3Fe-4S ferredoxin (Fdx — Rv0763c) of Mtb and its electron donor
spinach ferredoxin reductase (Fnr) (since the Fdx electron donor was not known at that
time, but could now possibly be the Mtb flavoprotein reductase A or FprA); and E. coli’s
flavodoxin (FId) and flavodoxin reductase (FIdr) (Bellamine et al. 1999). Mtb itself has
several potential P450 redox partner systems, two of which have been characterised: Fdx
(McLean et al. 2006¢) and an adrenodoxin reductase homologue — FprA (McLean et al.
2003b), and 20 P450s which may all share these redox partners for their monooxygenase
activity (McLean et al. 2007a).

1.12 Scope of Research

This project aims (1) to holistically describe the effects of introducing mutations
into Mtb CYP51B1, corresponding to reoccurring fluconazole-resistant point-mutants
situated at important structural regions of CYP51B1, have on its function and structure and
(2) to understand the underlying mechanism of azole drug-resistance in CYP51 from
Candida albicans by using the soluble CYP51B1 from Mtb as a template. Results of which
may aid the understanding of mutations which may influence viability and infectivity of
Mtb. The chapters were written in a manner to focus on rationalising the structure and
function of the Mtb CYP51B1 mutants at important regions (substrate entry/exit channel)
of this enzyme. This work is also done with a view to determining if the azole antifungal
drugs may be potential antitubercular drugs targeting one or several of the 20 P450
enzymes in Mtb, hence the presentation of K, values of azole drug binding to CYP51B1
(Tables 3.5 and 3.6).

This thesis starts off with Chapters 1 and 2 as the introduction and materials and
methods sections leading on to the research work presented in Chapters 3, 4 and 5. Initial
studies will focus on the CYP51B1 enzyme — the soluble sterol demethylase of Mtb, and on
F89, L100, S348, G388 and R391 mutants of this P450, which mimic mutations found in
azole resistant isolates of C. albicans CYP51. Little is known of how the C. albicans CYP51

mutations afford azole drug-resistance, and the membranous protein is not well
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understood structurally. By contrast, the Mtb CYP51BL1 is readily expressed, purified and
structurally analysed without use of detergents or chaotropic agents to facilitate solubility.
As such, it provides an excellent model system for analysis of the molecular basis of azole
drug-resistance. CYP51B1 and relevant mutants were heterogeneously expressed in E. coli,
protein production and purification by standard methods were done (e.g. by His-tag
technology and/or ion exchange methods typically used in purification strategies for other
P450 enzymes). CYP51B1 has already been shown to express well in E. coli (Sabri 2007).
Purification of these enzymes is simplified by their red colour and by the fact that the
bacterial P450s are soluble, cytosolic enzymes. Purified wild-type and mutant P450s were
subjected to detailed characterisation by a variety of biophysical and kinetic methods. The
formation and the kinetic collapse of the CYP51B1 P450 complex were followed when
ferrous enzyme was bubbled with carbon monoxide (CO) gas which reports on the
protonation of the cysteinate ligand to the heme iron that occurs in the ferrous form as

shown in Figure 1.12.
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Figure 1.12: Example of Mtb CYP51B1 P450 complex collapse to P420 (McLean et
al. 2006b). The formation of the P420 species following carbon monoxide bubbling is illustrated,
due to the protonation of the cysteinate ligand to the heme iron and the formation of Fe2+-CO
adduct. Directions of absorbance change are shown by arrows. The inset shows spectra collected in
a parallel experiment with the starting (ferric) enzyme indicated by a thick solid line; an early Fe2+-
CO spectrum is shown as a dotted line and with similar amounts of P450 and P420 species; and the
final P420 form is indicated by a thin solid line.
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The main spectrum shows the formation of an Fe(ll)-CO adduct of Mtb
CYP51B1 (~2 uM) recorded immediately following bubbling of ferrous CYP51B1 with
CO gas (spectrum with highest absorption at 450 nm) and subsequent spectra collected at
regular intervals over the next 30 min, demonstrating the progressive collapse of the P450
form to the P420 species (spectrum with highest absorption at 420 nm). Also see Figure 1.5
for association to the P450 catalytic cycle. Arrows indicate directions of absorption change
with time at these wavelengths. The inset shows spectra collected in a parallel experiment
(again with ~2 uM CYP51B1), with the starting (ferric) enzyme indicated by a thick solid
line; an early Fe(11)-CO spectrum is shown as a dotted line and with similar amounts of
P450 and P420 species, and the final P420 form is indicated by a thin solid line. The P420
species clearly has a substantially larger Soret molar absorption coefficient than does the
ferric form (Dunford et al. 2007), where the Soret is the major heme absorption band. The
same experiment was followed systematically with WT and mutants substituting dithionite
with NADPH and redox partner enzymes found in Mtb, and with the addition of estriol
which was shown to stabilise the P450 complex in previous work (McLean et al. 2006c).
The reduction of CYP51B1 and mutants with dithionite were followed kinetically using
stopped-flow analysis under anaerobic environments to study the Soret band trends in
ferric to ferrous reduction and the conversion of thiolate to thiol species without external
ligands involved. This step was replicated using Mtb redox partner proteins (ferredoxins
and/or ferredoxin reductases) with the view to establish a functional class | redox partner

system for substrate turnover reactions with CYP51B1 variants.

Aside from spectrophotometric characterisation and analysis of the P450/P420
equilibrium, the binding of WT and mutant CYP51B1 enzymes to a range of azole and
other P450 inhibitor drugs was established by spectrophotometric titrations, as described
previously (McLean et al. 2002a). The azoles coordinate to P450 heme iron and induce a
well-defined spectral shift of the Soret band. This enabled simple optical titration studies to
measure drug binding at equilibrium (i.e. to determine the K, value) (Figure 1.13). The K,
values reflect the affinity of the drug to the P450 heme iron. By determining the K, values
of a range of azole drugs for the different Mtb CYP51B1 mutants, inferences may be made
regarding drug binding to the drug-resistant forms of fungal CYP51. Furthermore, trends
could be correlated with the positions of the mutations on the protein structure.
Equilibrium binding (EB) K, were previously determined with sporadic results in the
Y132H and G464S mutants of CYP51 from C. albicans due to the use of detergents (Kelly
et al. 1999a, b). This work was aimed to address the gap within the already available data

and to avoid the use of chaotropic agents throughout.
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Figure 1.13: Example of spectral binding data for the interaction of an azole drug
(miconazole) with a bacterial P450 (Bacillus subtilis P450 Biol). The main figure shows
heme spectral changes induced on binding miconazole (arrows indicate direction of absorption
changes as miconazole is added). The inset shows a tight binding curve for the drug, with a K4 value
of 0.045 pM determined in this case (Lawson et al. 2004).

The K, values determined in this way (EB) were correlated with K, values
independently determined using stopped-flow absorption methods by defining the k,, and
k. parameters (K, = K /k,,). By this method, K, values from equilibrium and transient
kinetic studies were compared and substantial differences were observed suggesting the
importance of structural rearrangements in the P450 following azole binding. Typically,
substrates and substrate-like molecules bind close to the P450 heme and induce a large type
I spectral shift as a consequence of their removing a water ligand from the heme iron
(Munro et al. 2007a). This provides a simple assay by which substrate-like molecules can be
identified. Reconstituted catalytic assays with type | substrates, as described by Bellamine et
al. (1999) were utilised in this way and the turnover products were examined using HPLC
and/or gas chromatography linked to mass spectrometry. Crystallisation trials were
undertaken to obtain mutant CYP51B1 azole-bound and substrate-free crystals that
diffracted x-rays well and could be used to determine the crystal structures of these new
forms of the P450. Further work was then pursued to determine structures in presence of
other CYP51B1-stabilising ligands and the P450-ligand mixtures were subjected to stability

assays by difference scanning calorimetry to establish the extent of their protein-stabilising
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properties before crystal trials were set up. The crystal structures of the mutants solved in
the presence and absence of ligands by difference Fourier and molecular replacements
methods helped to establish whether structural changes in the P450 occurred following
azole entry into the CYP51B1 active site and whether the point mutations affected the
overall structure of CYP51B1. The monomeric properties of CYP51B1 proteins were
determined using light scattering (MALLS) analysis and their secondary structural
compositions were verified using far-UV circular dichroism. Locations of some of these
mutants were not only in the SRS regions, but also at the highly conserved cysteinyl loop.
Therefore, EPR analyses were also conducted on all the mutants in ligand-free and azole-
bound forms to check if there were any structural perturbations at the ferric-heme site
which might affect the ability of these mutants to bind azoles or to bind azoles directly to
the heme iron, or otherwise to bind azoles by indirectly coordinating to them, perhaps via
an interstitial water molecule. These studies provided important data on the role of
individual amino acids in conferring azole-resistance in CYP51 and to provide an idea of
how these mutations at Mtb CYP51B1 hinge regions across the molecule affected overall

structure.

The finding that Aspergillus spp. have two functional sterol demethylases, while
humans have three genes and rice have ten genes encoding for CYP51s (including
pseudogenes) triggered the prospect of dual or triple sterol demethylase genes (or
pseudogenes) encoding more than one CYP51 in Mtb. In support of this idea, results from
BLASTp identified CYP136 of presently unknown function as a probable sterol
demethylase having >25% sequence identity to CYP51 from Plesiocystis pacifica (marine slime
bacteria), lanosterol 14-alpha demethylase from Rattus norvegicus (rat) and Mus musculus
(mouse) (McLean et al. 2006a). Another possible candidate is CYP123 which shares the
same operon as CYP51B1 and is encoded by Rv0766 gene next to Rv0764c encoding
CYP51B1. The results of expression and characterisation of both CYP123 and CYP136
genes and proteins of Mth form the basis of Chapter 5, as various molecular biology

techniques and expression systems were employed for both CYP123 and CYP136 genes.

1.13 Obijectives of Research

In conclusion, this PhD research consists of two major aims mentioned
elaborately in paragraph 1 section 1.12 i.e. (1) to describe the effects of point mutations in
Mtb CYP51B1 (corresponding to reoccurring fluconazole-resistant single mutations

situated at important structural regions of CYP51B1 as mapped from the Candida albicans
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ERG11 gene coding for CYP51ca) have on its function and structure and (2) to
understand the underlying mechanism of azole drug-resistance in CYP51ca from C. albicans
by using the soluble CYP51B1 from Mtb as a template. This thesis was also written to
reflect four method-based objectives. The objective are firstly to clone, express, purify and
characterise CYP51B1 and azole-resistant point mutants. Thereafter, optimisation of the
production of the Mtb CYP51B1 P450 and its mutants by fermentation to facilitate large
scale production with a view to detailed structural and mechanistic studies, and particularly
with a view to analysing interactions with azole drugs using equilibrium binding and
stopped-flow kinetic methods. Subsequently, the development of purification protocols to
enable isolation of pure CYP51B1 proteins. Secondly, the systematic characterisation of
each mutant with regards to P450/P420 conversions and CO and NO adduct formation
and biophysical characterisation to determine the effects of the mutations towards the
heme region. Thereafter, determination of the substrate specificity of CYP51B1 and
mutants with the examination of their steady-state/transient kinetic profiles in order to
understand their binding mechanisms and rate-limiting step(s) in their catalytic cycles and
their interactions with azole drugs and other prospective inhibitors. Thirdly, the
determination of K, values for binding of these molecules. Subsequently, the determination
of kinetic constants (k,, and k. values, and hence K, by independent measurement) to
obtain evidence for structural rearrangements in CYP51B1 following azole binding and to
help define roles of the mutated residues in affording azole-resistance. This leads to
crystallisation trials with CYP51B1 and mutants, both in presence and absence of potent
inhibitor molecules, and structural analysis by x-ray crystallography — leading to
understanding of their structural properties and interactions with inhibitors, and thus
providing the basis for de novo design of selective inhibitor molecules as novel antitubercular
drugs. Finally, to clone, express, purify and characterise CYP123 and CYP136 (potential
CYP51 homologues) from Mtb with the view to produce enough soluble holoenzyme to
study its binding capabilities to CYP51B1 surrogate substrates and inhibitors and
determination of their P450 assignment by biochemical characterisation through forming
CO adducts to ferrous heme. This will serve as an initial platform for further study of their
functions in Mtb, and to establish whether the idea of multiple sterol demethylases in Mtb
is plausible.
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2 GENERAL MATERIALS AND METHODS

2.1 Materials
2.1.1 E. coli Strains and Plasmid Vectors

Genes Rv0764c, Rv0744¢ and Rv3059 from the Mycobacterium tuberculosis H37Rv
genome project encoding CYP51B1, CYP123 and CYP136 respectively were obtained
from Professor Stewart Cole at the Pasteur Institute, France, on a chromosomal DNA
cosmid library. Genes for CYP51B1 and CYP123 from a pre-cloned pGEM-T easy vector
(Promega) were provided by Dr. Kirsty McLean and Dr. Jim Belcher respectively with
Ndel/HindlIl1 restriction sites (CYP51B1 in pET20b) and Ndel/BamHI restriction sites
(CYP123 in pET15b). Genes for CYP136 with Ndel/BamHI restriction sites and CYP123
with Ndel/HindlIll restriction sites were excised as sticky-ended-gene fragments from
pPGEM-T easy vectors and cloned into respective secondary vectors for expression trials
using the protocol from the Quick Ligation™ Kit (M2200S, NEB). Various high copy
number plasmid vectors were employed for construct and protein expression trials
(Novagen) (Figure 2.1 A-C). These constructs contain a T7 lac promoter which ensures
tighter control of gene expression with IPTG — pET11a, pET15b (N-terminal His,-tag),
pPET24b (C-terminal His,-tag), pET28b (C-, N-terminals His,-tag); T7 promoter — pET20b
(C-terminal His,-tag). To address insolubility issues, a novel high copy number cold shock
expression plasmid system with a T7 lac operator, pPCOLD™TF (Takara Bio Inc.) (Figure
2.1 D) was employed. It has an E. coli trigger factor as an N-terminal His,-tagged soluble
chaperone (48 kDa) that fuses to the target protein at the N-terminal and assists

translational folding of the target protein.
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Figure 2.1: Plasmid maps of vectors used for the expression of CYP51B1 WT and
mutants, CYP123 and CYP136. Mycobacterium tuberculosis (Mth) P450 genes (red arrow) were
excised from the pGEM-T easy (Promega) and inserted into the respective vectors above using
Ndel/BamHI or Ndel/Hindlll restriction sites. A) pET15b has an ampicillin (Amp) resistance
gene and the T7 lac operon and an N-terminal Hiss-tag. B) pET20b has the above without the T7
lac operon and an optional C-terminal Hise-tag depending on BamHI or Hindlll insertions. C)
pPET24b has a C-terminal Hisg-tag and kanamycin (Kan) resistance gene, and when induced
switches on the T7 lac operon and the expression of genes downstream. D) This pPCOLD™TF
(Takara Bio Inc.) vector is a novel cold-shock expression system with an ampicillin resistance gene,
T7 lac operon and a trigger factor chaperone which aids solubility and correct folding of target
proteins downstream. It has an N-terminal Hise-tag and a HRV3C protease restriction site that
enables cleavage of the chaperone post expression/purification.
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Escherichia coli strain HMS 174 (DE3), a T7 RNA polymerase expression host
(genotype: F, ompT, hsdR(r,,M,"), Riff, (DE3)) from Novagen was used for protein
expression of wild type and mutants of CYP51B1. The high copy number plasmid vector
pPET20b (Novagen) containing the gene of interest was transformed into the above
expression host. pET20b incorporates the E. coli T7 promoter, enabling IPTG-dependent
induction of the gene of interest downstream of the lac gene. Expression trials for CYP123
(Rv0766¢) and CYP136 (Rv3059) utilised several expression hosts also with the DE3
lysogens as follows; E. coli strains as mentioned above and BL21 (DE3) — a B834
derivation, general expression host and T7 RNA polymerase lysogen host as for the others
used (genotype: F, ompT, hsdSg(r;mg), gal, dem, (DE3)); Origami B (DE3) — derivative of the
Tuner™(B strain) which enables strict gene expression control by varying IPTG
concentration (genotype: F, ompT, hsdSg(rymg), gal, dem, lacY1, ahpC, (DE3), gor522::Tn 10,
trxB, Kan®, Tet®); Rosetta 2 (DE3) — derivative of BL21 (DE3) which provides tRNA
genes for seven rare codons (AGG, AGA, AUA, CUA, CCC, GGA, CGGQG) infrequently
found in the E. coli genome (genotype: F, ompT, hsdSg(rgmg), gal, dem, (DE3), pRAREZ2,
Cam®). The maintenance of plasmid DNA stocks and the genes of interest for protein
engineering methods were done using either E. coli strains XL-1 Blue (recAl, endAl, gyr96,
thi-1, hsdR17, supE44, relAl, lac [F’, proAB™, lacl® lacZMA15:Tn10, Tet®]) [Stratagene,
Amsterdam, The Netherlands] or NovaBlue (endAl, hsdR17(r,, My, ), SUpE44, thi-1, recAl,
gyrA96, relAl, lac [F, proAB*, lac1?, lacZMA15::Tn10, Tet"]) [Novagen].

2.1.2 Growth and Strain Maintenance Media

Expression host strain, HMS 174 (DE3), and plasmid maintenance strains, XL-1
Blue and NovaBlue, were maintained on Luria Bertani (LB) agar plates at 4°C as short term
stocks and at -80°C in glycerol as long term stocks. All media components were obtained
from ForMedium™ (Norfolk, UK). LB medium was used as general growth and inoculum
media and contained 10 g tryptone, 5 g yeast extract, and 10 g NaCl (per litre). Super
optimal broth with catabolite repression (SOC) medium was used as a rich medium for
growing transformed competent cells. This contained 20 g tryptone, 5 g yeast extract, 585
mg NaCl, and 187.5 mg KCI (per litre). Ten millilitres of pre-sterilised 1 M MgSO, and 20
mM glucose were added to the basal medium. Agar plate medium was prepared with LB
agar with the same constituents as LB medium, and with the addition of 12.5 g/L
bacteriological agar. Agar was allowed to cool to ~55°C following sterilization before
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adding respective antibiotics at their working concentrations for plasmid selection
according to Table 2.1. Cooled medium was then promptly poured into sterile Petri dishes.

2.1.3  Expression Media

Expression trials for target genes (Rv0764c, Rv0766¢, and Rv3059) were carried out
with LB, Yeast-Tryptone Broth (2xYT) and Terrific Broth (TB) media (ForMedium™).
Expression of mutant and wild type (WT) forms of CYP51B1 was carried out in 800 mL
(total volume) pre-sterile TB broth in ~30 x 2 L shake flasks. TB medium consists of (per
litre) 10 g tryptone, 24 g yeast extract, and 4 % (v/V) glycerol. After sterilization, 100 mL of
sterile potassium phosphate buffer (0.17 M KH,PO,, 0.72 M K,HPO,) were added to the
media to make a total volume of 800 mL. Filter-sterilised ampicillin (0.8 mL) from a 50
mg/mL stock was added to each shake flask.

2.1.4  Antibiotics and Other Reagents

Table 2.1 below summarises the preparation of antibiotic and reagent stocks used
in all experiments. All reagents were obtained from Sigma Aldrich (Poole, UK) and were of
the highest grade available, unless otherwise stated. All antibiotics were purchased from
Melford (Suffolk, UK). Aliquots of reagents and antibiotics were maintained at -20°C and

were filter sterilised prior to use.

Table 2.1: Antibiotics and reagents used throughout experiments.

Antibiotics/ reagents [Stock] Solvent [Working]

(mg/mL) (Mg/mL)
Ampicillin (sodium salt) 50 Deionised water 50
Carbenicillin (disodium salt) 50 Deionised water 50 (in broth)

100 (in agar)
Rifampicin 10 67 % methanol + 200
0.17 N NaOH

Chloramphenicol 34 Ethanol 34
Kanamycin 30 Deionised water 30
Tetracycline 5 Ethanol 125
IPTG 1M Deionised water 05-1.0mM
5 — aminolevulinic acid hydrochloride 0.45M Deionised water 0.18 mM
(6-ala)
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Chromatography resins were from the following suppliers: ion-exchange
chromatography and hydrophobic interaction (GE Healthcare, Bucks, UK), ceramic
hydroxyapatite (Bio-Rad, Hemel Hempstead, UK), and 2’, 5° —ADP-Sepharose resin (GE
Healthcare or Sigma). Azole antifungal drugs; fluconazole, voriconazole and clotrimazole
(MP Biomedicals, London, UK) and econazole, ketoconazole and miconazole (ICN
Biomedicals Inc., Hampshire, UK). 24, 25-dihydrolanosterol (8-lanosten-3p-ol) was
synthesized by Avanti Polar Lipids Inc. (Cat#179740).

2.1.5  Buffers for Protein Purification and Assays

Buffer systems for the preparation of gels, preparation of TB medium, and for use
during cell lysis and in purification protocols, during enzyme kinetic assays, redox potential
analysis and for other biophysical techniques are listed in Table 2.2 below.

Table 2.2: Composition of all buffers used in experiments.

Buffer name Constituents

A 50 mM Tris base, 1 mM EDTA, pH 7.2 adjusted with HCI

B 25 mM KPi by adding 25 mM KH;PO (dibasic) to 25 mM K;HPO4 (monobasic)
to reach pH 6.5

C 500 mM KPi by adding 500 mM KH;PO. (dibasic) to 500 mM K;HPO,
(monobasic) to reach pH 6.5

D 100 mM KPi by adding 100 mM KH,PO, (dibasic) to 100 mM K;HPO,
(monobasic) to reach pH 7.0+ 50 % (v/v) glycerol

E 10 mM Tris, 150 mM NaCl pH 7.5 in distilled water and adjusted with HCI

Assay 100 mM KPi by adding 100 mM KH,PO, (dibasic) to 100 mM K;HPO,
(monobasic) to reach pH 7.5

Redox 100 mM KPi by adding 100 mM KH,PO, (dibasic) to 100 mM K;HPO,
(monobasic) to reach pH 7.0 + 10 % (v/V) glycerol

TAE 40 mM Tris-acetate, 1 mM EDTA, pH 8.0 adjusted with HCI

HEPES 100 mM HEPES, pH 7.5 in distilled water and adjusted with HCI
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2.2 Methods

2.2.1  Agarose Gel Electrophoresis

Horizontal agarose gels were prepared for the separation, rough quantification,
and diagnostic restriction digest analysis of DNA fragments according to their sizes
(number of base pairs). Agarose gels were prepared by dissolving 1.1% (w/v) agarose into
1 x TAE buffer followed by microwave heating until the agarose has dissolved, before
adding 1.2 pg/mL ethidium bromide into the cooled solution. The mixture was promptly
poured into a gel cast and allowed to solidify. DNA samples (12 pL) were prepared by
mixing 2—4 uL. DNA (according to concentration) with 3 uL 6 x loading dye, and adding
sterile distilled water (11-13 uL) before dispensing into the gel wells. The pre-mixed
loading dye contains 0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% (v/v)
glycerol in water and was stored at 4°C till needed. The gels were run with a wide or mini-
sub cell GT cell (BioRad) at 80 V until appropriate DNA migration and separation of the
loading dyes were observed. A 2-log DNA ladder between 0.1-10 kb (N3200S, NEB) was

used in each run.

2.2.2  Sodium-Dodecyl-Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The separation of protein according to molecular weight and for protein
identification was done by SDS-PAGE for all protein expression and purification steps
analysis. The system contains the stacking gel and the separating gel, which contain 5% and
12.5% polyacrylamide respectively. Constituents of both gels are given in Table 2.3 and gels
were run in a Mini-Protean 111 vertical gel electrophoresis system (BioRad) at 180 V for 1
hr. Otherwise, 12% gels and 4-12% gradient (for higher molecular weight protein
separation) precast horizontal polyacrylamide Gebagel gels (Generon Ltd., UK) were run at
160 V for 1 h. Protein molecular weight markers between 2-212 kDa (P7702S, NEB) were

used in each run.
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Table 2.3: Constituents of stacking and separating gels for 12.5% gel in SDS-PAGE.

Constituents Stacking gel (mL) Separating gel (mL)
5% in 4 mL 12.5% in 10 mL

Distilled water 2.675 3.15

Tris HCI 0.625 (1 M pH 6.8) 25(15M pH 8.8)

10% (w/v) SDS 0.05 0.1

30% (w/V) acrylamide 0.65 4.2

10% (w/v) ammonium persulfate 0.05 0.05

(freshly prepared/stored at -20°C)

TEMED 0.008 0.008
(polymerisation catalyst)

2.2.3  Protein Engineering and Primer Design

The sterol demethylase gene from Mycobacterium tuberculosis (CYP51B1 or Rv0764c)
was cloned from Mtb strain H37Rv cosmid genomic library (obtained from Professor
Stewart Cole, Pasteur Institute, Paris) as described by McLean et al. (McLean et al. 2006b).
Mutants of CYP51B1 were mapped from CYP51 variants of fluconazole resistant Candida
albicans strains, and the mutant CYP51Bls were generated using the Stratagene
QuikChange kit using the following oligonucleotide primers for corresponding point
mutations: (new/removed restriction enzyme site(s) underlined, mutated nucleotides to
change amino acid in bold): F89Hfor- GGC GAG GGC GTG GTG CAC GAC GCC
AGC CCG GAA CGG (Taql site removed, new ApalLl site), F89Hrev- CCG CTC CCG
CAC CAC GTG CTG CGG TCG GGC CTT GCC; G388sfor- CGG TGG ACG TGG
ATT CCG TTC TCC GCC GGC CGG CAT CG (Kasl site removed), G388Srev- GCC
ACC TGC ACC TAA GGC AAG AGG CGG CCG GCC GTA GC; R391Kfor-CG TTC
GGC GCC GGC AAG CAT CGT TGC GTG G (Eagl site removed), R391Krev-GC
AAG CCG CGG CCG TTC GTA GCA ACG CAC C; S348Ffor-CTG GTG GCG GCC
TTC CCG GCG ATC TCC AAC CG (HpyAV site removed), S348Frev-GAC CAC CGC
CGG AAG GGC CGC TAG AGG TTG GC; L100Ffor-CGG CGT AAA GAG ATG
TTC CAC AAT GCC GCG CTA CGC G (HpyCHA4V site removed), L100Frev-GCC
GCATTT CTC TAC AAG GTG TTA CGG CGC GAT GCG C. His,-tagged primers (to
introduce 6 histidines at the C-terminal of the mutant P450 in the pET20b plasmid) were
amplified onto the WT and S348F mutant with the following primers: His;-tagged forward-
CCG GCG AAC GGG AGT-TAA GCT TGC GG, Hisg-tagged reverse- GGC CGC
TTG CCC TCA-ATT CGA ACG CC. PCR conditions were an initial denaturation step of
95°C (60 s), followed by 18 cycles of (a) denaturation at 95°C for 20 s, (b) annealing at
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55°C for 30 s, and (c) polymerization at 72°C for 60 s. The PCR was completed with a
polymerization step of 72°C for 10 min. PCRs were carried out in a Techne PHC-2 thermal
cycler. PCR mixes contained ~10-25 ng of template CYP51B1 WT DNA in pET20b
(Novagen), 0.2 uM primers (10 pmol), 0.2 mM dNTPs, 1.5 mM MgCl,, and 2 units of Pfu
Ultra 11, in a total volume of 50 uL. PCR products were incubated for an hour with Dpnl
at 37°C to digest methylated template DNA before transforming into XL1 Blue competent
cells (Stratagene). Successful transformants were screened on LB agar with 12.5 pg/mL of
tetracycline and 34 pug/mL of chloramphenicol. Stock mutant plasmid DNA was obtained
from cultures of successful XL1 Blue transformants using the QIAprep® Spin Miniprep
Kit (Qiagen) and stored at -20°C till further use. Mutant plasmid DNA sequences were
determined either by MWG Eurofins plasmid DNA sequencing service or by Geneservice
(Source BioScience LifeSciences). In each case the presence of the desired mutation and

absence of secondary mutations was confirmed in the CYP51B1 genes.

The CYP123 and CYP136 genes from Mtb were cloned from Mtb strain H37Rv
cosmid genomic library (obtained from Professor Stewart Cole, Pasteur Institute, France)
into pGEM-T vectors to introduce unique restriction enzyme sites before cloning into
pET15b (Dr. Kirsty McLean and Dr. Jim Belcher, University of Manchester, pers. comm.).
Consequently, both genes were re-excised from respective pGEM-T vectors and cloned
into pET20b, pET24b and pET28b for CYP123 and into pET1la, pET20b and
pCOLD™TF for CYP136.

2.2.4  Expression Trials

Preliminary expression trials of CYP123 and CYP136 were carried out in 100 mL
volumes in 250 mL shake flasks using various media, IPTG concentrations (0.1-1.0 mM),
expression temperatures (15-26°C), with/ without addition of heme-precursor d-
aminolevulinic acid (0.18 mM &-ala ), using pET vectors or the pPCOLD™TF cold shock
expression system and different expression hosts (Novagen). Expression vectors for
CYP51B1 WT and mutants were as previously reported (McLean et al. 2006b).The
CYP51B1 genes were expressed in E. coli HMS174 (DE3) under control of a T7 RNA
polymerase promoter in pET20b. Transformed cells were grown at 37°C overnight in LB
medium plus antibiotic (300 mL) as inoculum for 30 L Terrific Broth (TB medium), with
cells grown at 37°C for 3 hours then 26°C for 18 hours with IPTG (1 mM) induction at an
OD,,, of 0.6-0.8. CYP51B1 G388S and S348F mutants were expressed with the addition
of 0.2 uM heme precursor d-ala followed by 0.5 mM IPTG, while CYP51B1 F89H, L100F
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and R391K mutants were grown without the addition of &-ala or IPTG. Cells were
collected by centrifugation (5000g for 20 min at 4°C). Cell pellets were pooled, washed in
50 mM Tris-HCI and 1 mM EDTA (buffer A) and re-pelleted as previously described,
weighed and stored at —20°C until further use.

2.2.5 Protein Purification

Frozen cell pellets were thawed and resuspended in a minimal volume of ice-cold
buffer A containing protease inhibitors (phenylmethanesulfonyl fluoride [PMSF] and
benzamidine hydrochloride, both at 1 mM), and cells were broken by a passage through a
French press with one pass at 950 Ib/in.?, followed by sonication on ice (15 s bursts at 40%
amplitude on a Bandelin Sonopuls instrument, with 1 minute cooling time between pulses)
for an hour. Broken cells were centrifuged to pellet cell debris (60 000g for 20 min at 4°C),
and the extract was dialysed into buffer A for a minimum of two hours and loaded directly
onto a DEAE ion-exchange column which was equilibrated with buffer A (>3X column
volume) prior to loading. After >2X column volume washes with buffer A, elution in a
linear gradient with buffer A containing 500 mM KCI was carried out. Heme-containing
fractions were pooled, dialyzed into buffer A, and purified on an equilibrated Q-Sepharose
column followed by the same wash and gradient elution step used for the DEAE column.
Partially purified heme-containing fractions were pooled, concentrated and dialysed into
buffer B overnight with at least two buffer changes and loaded directly onto a
hydroxyapatite (HA) column which was equilibrated with buffer B prior to use. At least 2X
column volume washes with buffer B were carried out before elution in a linear gradient
with buffer C was done to obtain semi-pure heme-containing fractions. Selected post HA
column fractions were pooled, concentrated and buffer exchanged into buffer A by
dialysing overnight with at least two buffer changes before loading onto an equilibrated
hiPrep QXL or Resource Q column depending on concentration and volume of sample.
Wash and elution steps were the same as for the DEAE and Q-Sepharose columns. Pure
heme-containing fractions were pooled, concentrated and dialysed into buffer D before
carrying out further experiments or stored in -80°C until further use. The C-terminal His,-
tagged CYP51B1 S348F was extracted from cells as above using buffer containing 50 mM
potassium phosphate [KPi], pH 7.5, 0.1 mM NaCl, 10% (v/v) glycerol and 30 mM
imidazole. This was then loaded onto a Ni-NTA affinity column (Novagen). The column
was extensively washed before elution with the same buffer containing 70 mM imidazole.
Fractions with the highest purity (by RZ [Reinheitszahl] value of A, /A,,) Wwere
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concentrated by ultrafiltration (Centriprep 30 kDa cut off, Millipore) and applied to a G-25
Sephadex gel filtration column and eluted. Finally, all final fractions were analyzed for
purity spectrophotometrically according to the RZ value and pooled. Purity of final protein
preparations was confirmed by SDS-PAGE. Samples for crystallogenesis were
concentrated to at least 2 mM before loading onto a S-200 Sephacryl gel filtration column

and buffer exchangee into buffer E.

2.2.6  Protein Identification - MALDI-TOF and Western Blotting

Expressed and purified enzymes were identified (whether in the soluble or
insoluble fractions) by trypsin-digest and MALDI-TOF peptide identification, which was
then matched against the mass values of a collection of peptides on the Mascot database.
This identification technique was carried out by Dr. Chris Storey (MIB, University of
Manchester) who was provided with the target protein separated by 12% polyacrylamide

gel electrophoresis for trypsin digestion.

Protein with His-tags were isolated and identified by Western blot techniques
according to the Invitrogen Western Blotting workflow. Sufficient amounts of protein
(1.5-3.0 pg/mL) were loaded onto a 12% or 4-12% (for high molecular weight protein)
SDS-PAGE gel with 10 pL SeeBlue®Plus2 prestained standard protein marker (LC5925,
Invitrogen). Vertical gel electrophoresis was carried out at 180 V for 1 hr. Thereafter a
Western transfer of proteins from gel onto a PVDF membrane was carried out in an XCell
II™ Blot Module (E19051, Invitrogen) at 10 V for 16 h/ overnight. The successfully-
protein-transferred PVDF membrane was then processed according to the
WesternBreeze® chemiluminescent immunodetection kit (WB7104, Invitrogen) and
accompanying protocol. The PVDF membrane was subjected to a round of washing
according to the following: 10 min, milliQ water; 30 min, blocking solution; 10 min milliQ
water; 60 min, primary antibody (mouse) solution; 15 min, antibody wash solution; 30 min,
secondary antibody (anti-mouse) solution; 15 min, antibody wash solution; 4 min, milliQ
water; and 5 min, chemiluminescent substrate solution. The processed PVDF membrane
was exposed to an X-ray film (X-OMAT AR, KODAK) for between 30 s to 6 min in a
dark room. The PVDF membrane was subjected to a post-transfer analysis by 15 min

staining with Ponceau S in 7% acetic acid and destaining in water or 7% acetic acid for 1 h.
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2.2.7  Spectrophotometric P450 Characterisation

UV-visible and stopped-flow spectroscopic analyses of CYP51B1 WT and mutant
P450s were carried out on a Cary 50 UV-vis. spectrophotometer (Varian) and on an
Applied Photophysics SX18MV UV-visible stopped-flow instrument coupled to a
monochromator UV-visible detector, respectively.

2.2.7.1 Analysis of the Thiolate to Thiol Conversion in WT and Mutant CYP51B1

Enzymes

To analyse stability of the Fe(ll)-thiolate species during the reduction of Fe(l1l)
heme to Fe(ll) heme (in absence of CO) for WT and CYP51B1 mutants, stopped-flow
spectroscopic analysis of enzymes mixed with reductant was performed. Experimental set
up was as previously described under anaerobic conditions in a glove box with oxygen
levels of <2 ppm at 25°C (McLean et al. 2006b).CYP51B1 proteins were prepared in
anaerobic conditions with O,-free 100 mM potassium phosphate buffer, pH 7.5 (Assay
buffer) at a concentration of 9-10 uM (decreasing to 4.5-5 puM on mixing with an equal
volume of reductant). Stopped-flow studies were done on an Applied Photophysics
SX18MV UV-visible stopped-flow instrument coupled to a photodiode array UV-visible
detector. Stock concentrations of sodium dithionite were prepared fresh in O,-free assay
buffer and P450s were pulsed-mixed with dithionite at a final concentration of 4.5-5.0 uM.
Data were recorded over a 750-300 nm wavelength until such time as the spectral changes
were complete. To determine if buffer pH affected thiolate to thiol conversion, studies
were carried out for ligand-free CYP51B1 WT in the same assay buffer in the pH range
6.5-8.5, at 1.0 pH unit increments. CYP51B1 WT and mutants were reduced with 1 mM
and 10 mM concentrations of sodium dithionite to monitor effects of reducing agent’s
concentration on the thiolate to thiol conversion. Rate constants were determined by fitting
entire spectral changes observed using the global analysis ProKin software.

2.2.7.2 Analysis of the CYP51B1 Fe(l1)-CO P450 to P420 Conversion in WT and
Mutant CYP51B1 Enzymes

Conversion of the CYP51 Fe(ll)-carbon monoxide (CO) complex from the
thiolate-ligated form with a Soret band maximum close to 450 nm (P450) to the thiol-

ligated form with a maximum near 420 nm (P420) was monitored spectrophotometrically.
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Experiments were carried out as previously described under anaerobic conditions in a Belle
technology glove box with O, levels of <2 ppm and at 25°C (McLean et al. 2006b).
CYP51B1 WT and mutant proteins (final concentration 4-7 uM) were resuspended in 100
mM KPi buffer (pH 7.5) saturated with CO. UV-visible absorption spectra were recorded
for the oxidized proteins on a Cary UV-50 Bio spectrophotometer at 23°C between 800-
250 nm, and 10 pL of a freshly prepared 1 M sodium dithionite in the same buffer was
added. The samples were mixed and spectra recorded immediately, and then recorded at 30
s intervals for up to 1 h to observe the P450-to-P420 collapse. Plots of the absorbance
change at 448 nm or 420 nm against time were generated and data fitted to a single
exponential function to derive rate constants for the process for each P450. These derived
rates as obtained from data fitted to Equation 2.1 describe the transition from a water
(distal ligand)-ferric-thiolate (proximal ligand) (418nm) species to a ferrous-thiolate species
(essentially spectrally silent due to the rapid conversion to the CO-bound state), and on to
CO-ferrous-thiolate (P450) and CO-ferrous-thiol (P420) forms.

y =y, + DAg"»* Equation 2.1

Where y, = initial absorbance at the relevant wavelength; 4A = the change in absorbance
or amplitude; k,, = rate of P450 collapse or P420 formation; x = time at which observed
absorption y was made for the collapse or formation of the relevant species.

2.2.8  Kinetic Spectrophotometric Analysis

Equilibrium titrations and stopped-flow spectrophotometric analyses to determine
Ky values for the azole drugs and for the substrate analogue estriol were carried out at 25°C
with enzyme concentrations of 2—7 uM (equilibrium) and 4-6 puM (stopped-flow, post-mix
concentration), respectively, in 100 mM KPi (pH 7.5). The final dimethylsulfoxide (DMSQO)
solvent concentration for azole drugs and estriol was maintained at <2% of the final

volume of assay mixtures.
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2.2.8.1 Equilibrium Titrations

Equilibrium titrations to determine K, values were done by optical titration of six
azole drugs; the imidazoles clotrimazole, econazole, miconazole, ketoconazole; the triazoles
fluconazole and voriconazole; and the substrate analogue estriol. All experiments were
carried out in 1 cm path length quartz cuvettes at 25°C over a 250-800 nm wavelength
range. Procedures for the spectroscopic analysis using the optical titration method were
carried out according to McLean et al. (McLean et al. 2006b) by diluting CYP51B1 WT and
mutants in the assay buffer to between 1.4-6.0 uM in a 1 mL final volume. Titrations of
each azole drug and estriol were done using concentrated aliquots of each ligand in DMSO
solvent. Prior to this, a set of experiments were carried out, similar to the ligand titration
method, to determine the maximum DMSO solvent tolerance of each CYP51B1 enzyme.
Optical titrations were carried out using a micro-syringe (Hamilton) with the addition of
0.1-0.2 pL at each step. Difference spectra were generated from the initial scanning spectra
by the subtraction of the spectrum of ligand-free P450 from the spectra collected following
each addition of ligand. Wavelengths reflecting the minima and maxima in the difference
spectra were identified and the overall absorption difference between the two points was
determined for each difference spectrum. K, values from equilibrium titrations were
computed by fitting ligand-induced absorption change data versus the relevant ligand

concentration using a quadratic function (Equation 2.2).

Auss = (Ang X ED)* (X +E +K) -{I(X + E +K )*) - (4* X *E,)]**} Equation 2.2

Where A, = observed absorbance change determined at ligand concentration X; A, =
the maximal absorption change induced at saturating ligand concentration; E, = enzyme
concentration used; and K, = dissociation constant for the ligand bound to the protein. All
data analysis was done using MSoffice Excel (Microsoft) and unless otherwise stated, all
fitting was done using Origin 8.0 or 8.1 software (OriginLab).
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2.2.8.2 Stopped-Flow Kinetics

Stopped-flow kinetics approaches are necessary to determine the azole drug
binding reaction rate with heme iron of the cytochrome P450 on a millisecond timescale.
By using a monochromator detection unit and the photo-diode array detector with a
stopped-flow instrument (Applied Photophysics SX18MV), the rates of reaction both at a
single wavelength (that characterizes complex formation) and across a range of
wavelengths (800-250 nm, to determine full spectral evolution of the complexes) were
determined. All reagents, assay buffer solutions and the protein sample were filtered prior
to analysis. A series of serial dilutions was made up for each azole drug between the

concentrations of 10-500 uM (pre-mixed) using a stock concentration of 500 uM with a

maximum of 20% DMSO in assay buffer. CYP51B1 WT, F89H and G388S proteins were
diluted into 10 mL assay buffer within the range of 9-13 uM (pre-mixed). The experiment
was carried out at 25°C with the assay buffer as described in Table 2.2. The observed
reaction is the change in absorption at a particular wavelength against time

(milliseconds/seconds/minutes) with a particular ligand concentration (Figure 2.2 B).
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Figure 2.2: Derivation of second order rate constants from stopped-flow Kinetics.
Hlustration describes the derivation of rate of binding, ks, and rate of de-binding, Ky from the
gradient of the linear plot of individual rate constants (k) and the y-intercept of this line,
respectively. B) describes the initial observed reaction defined by the change in absorption at a
particular wavelength against time in seconds for a reaction rate of CYP51B1 with a particular
ligand concentration. A) is derived from multiple B plots at different ligand concentrations with the
linear fit shown through the various Kgs values plotted against their respective ligand
concentrations. If in the case where the reaction extends over time in B, data were fitted to a
double exponential equation yielding a two rate reaction with ke and Kese. Both these rates were
plotted and compared and the best linear fittings obtained from observed rates were used to
calculate Kon, Kot and the K.

Kinetic values from stopped-flow analyses were computed with ProKin software
(Applied Photophysics) by monitoring global or single wavelength absorption changes.
Reaction absorption transients were fitted using either single exponential (Equation 2.1) or
double exponential (Equation 2.3) functions to generate apparent rate constants (K,
values). The observed rates from each reaction with different ligand concentrations were
noted and a linear graph plotted with observed reaction rates (k) against different ligand
concentrations. The second order rate constant (k,) for ligand binding is given by the
gradient/slope of the linear function (k. values versus relevant ligand concentrations);
while the apparent de-binding rate constant (k) is derived from the y-axis intercept as
illustrated in Figure 2.2 (A). The K, was determined from the k/k,, ratio. Both K, values

from equilibrium titration and stopped-flow kinetics were compared.
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Y=Y, t DAg*»* Equation 2.1

With reference to Figure 2.2 (B) and the binding of a ligand to a protein, y = observed
absorption change y, = initial absorbance at the wavelength of interest for the starting
population; 4A = the overall change of absorbance at the respective wavelength associated
with the rate constant k,,; K., = observed rate of ligand binding; and x = time in seconds.

Y=Y, t DAlek°bSlx + DAgek°b52X Equation 2.3

With reference to Figure 2.2 (B) and the binding of a ligand to a protein, the equation
describes data fitting using a double exponential function. The terms are largely the same as
those detailed for Equation 2.1, with the exception that DA, and DA, refer to absorbance
changes in the first and second phases of the reaction that are associated with the

respective rate constants k., and Kk ,.

2.2.9  Hemoprotein Estimation by the Pyridine Hemochromogen Technique

Heme b concentration in CYP51B1 WT and mutants was estimated by the
technique developed by Berry and Trumpower (Berry and Trumpower 1987). Solutions of
0.5 mL pure protein (5-6 pM and 10-12 uM) were prepared with the Assay buffer in 1 mL
cuvettes (1 cm pathlength) and an initial UV-Vis scan was recorded. Using the same
protein sample (10-12 uM), 0.5 mL of pyridine stock solution (40% (v/v) pyridine, 0.8 mM
potassium ferricyanide, 200 mM sodium hydroxide) was added to a 1:1 ratio and mixed
promptly. The oxidised spectrum was recorded within 1 min of mixing. The solution mix
was reduced with 10 pL of a freshly prepared 1 M sodium dithionite in Assay buffer and
spectra were recorded until no further changes to the Soret band and 500-600 nm regions
were observed. The difference in absorbance at 557 nm between the oxidised and reduced
spectra was divided by a difference extinction coefficient Ae,;; = 23.98 mM“cm™ to obtain
the concentration value X according to the Beer-Lambert law. In order to obtain the heme

b extinction coefficient for the oxidised enzyme, ¢,,,, absorbance at the Soret band (A419)

C.C. Fernandez] Page]80



General Materials and Methods |Chapter 2
was divided by 2X. Averages of three separate experiments above were calculated to obtain
€40 for CYP51B1 WT and mutants.

2.2.10 Biophysical Analysis
2.2.10.1 Circular Dichroism (CD) Spectroscopy

Circular dichroism spectra in the far UV region (180-260 nm) were recorded
either on a Chirascan™ Applied Photophysics or a Jasco J-715 spectropolarimeter at 25°C
in 0.1 mm pathlength quartz cuvettes. Spectra in the visible region (300-600 nm) were
recorded on a Jasco J-715 spectropolarimeter at 25 °C in 2 mm pathlength quartz cuvettes.
Measurements were made in 100 mM potassium phosphate (pH 7.5) containing 0.1 and 1
mg/mL CYP51B1 for the far UV and visible regions, respectively. Spectra for protein-free
buffer were also recorded and subtracted from the protein spectra. Data from four scans

were averaged in each case.

2.2.10.2 Electron Paramagnetic Resonance (EPR) spectroscopy

The ferric forms of WT and mutant CYP51B1 proteins in their ligand-free and
azole-bound complexes were analysed by EPR spectroscopy. Spectra were obtained using a
Bruker E500/E580 ELEXSYS instrument operating at X-band. Signals generated were
from a 0.25 mL, 0.20-0.25 mM sample protein concentration in 4 mm Suprasil Quartz
EPR tubes (Wilmad, Vineland, NJ) frozen in liquid nitrogen prior to analysis. Temperature
control was effected using an Oxford Instruments ESR900 liquid helium cryostat in
conjunction with a ITC503 temperature controller. EPR spectra were obtained at 10 K,
100 mW microwave power, and at a modulation frequency of 100 KHz and a modulation
amplitude of 5-9 G. Protein samples were made in 100 mM potassium phosphate (pH 7.5)
(Assay buffer). Ligand-bound spectra were recorded using near-saturating amounts of azole
ligands (4-phenylimidazole [4-Pl1], voriconazole, and clotrimazole), as determined by

spectral analysis.
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2.2.10.3 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry studies were done on a Microcal VP-DSC
calorimeter. Protein samples (0.7 mL of a 1 mg/mL solution) and reference buffers (100
mM potassium phosphate, pH 7.5) were filtered and degassed. Reference buffer was loaded
in both sample chambers to obtain baselines. Readings were carried out between 20 — 90°C
and repeat scans were carried out until a consistent reading was obtained. Every ligand-free
and ligand-bound sample was recorded and baseline adjusted against only buffer with and
without ligands, respectively. Ligands were added into the enzyme at equilibrium
concentrations prior to initiating analysis. The same volume of enzyme sample and
reference sample were loaded for each measurement. Data obtained were fitted using DSC
OriginLab software (Microcal) to assign melting temperatures or transition midpoints (T,,),
and enthalpy or calorimetric heat change (AH) and van't Hoff heat change (AH,) values for
protein unfolding transitions. All the results obtained were baseline-subtracted and
normalized by concentration to convert from ACp (cal/deg) to Cp (cal/mole/deg).
Resulting data were fitted according to Model 2 — Non 2-state with zero ACp from
Levenberg-Marquardt non-linear least-squares method of the OriginLab DSC software
(Appendix G).

2.2.10.4 Multiangle Laser Light Scattering (MALLYS)

Purified samples of CYP51B1 WT and mutants (0.5 mL of 4-6 uM protein) were
applied to a Superdex 200 gel filtration column (GE Healthcare) running at a flow rate of
0.71 mL/min in buffer E. Samples eluting from the column were passed through an in-line
DAWN HELIOS-II laser photometer (laser wavelength 690 nm) and an Optilab rEX
refractometer with a quasi-elastic light scattering (QELS) dynamic light scattering
attachment (Wyatt) to measure the refractive index and the hydrodynamic radius values,
respectively. Light scattering intensity and eluant refractive index (concentration) were
analyzed using ASTRA v5.21 software to give a weight-averaged molecular mass (Mw).
Absorbance of eluted samples was monitored at 280 nm via a Jasco UV

spectrophotometer.
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2.2.11 Crystallogenesis

Crystallisation trials were carried out for CYP51B1 WT, F89H, R391K and L100F
with commercial screens from Qiagen (JCSG I, JCSG I, JCSG 111 and JCSG+) and using
screens from Molecular Dimensions (Clear Strategy | and Il, PACT Premier and
Morpheus). Custom screens of 0-7% isopropanol and 8-42% polyethylene glycol 4000
(PEG4K) were also employed as described by Podust et al. (Podust et al. 2007; Podust et al.
2004). Azole drugs and a-ethyl-N-4-pyridinyl- benzeneacetamide (EPBA) (Ambinter,
France) were prepared in DMSO and added within a range of 0.5 mM, 1 mM, and 2 mM
final ligand concentrations into 0.1-0.2 mM pure protein up to 2% (v/v) DMSO
concentration. All pure protein samples for crystallogenesis were passed through a S-200
Sephacryl gel filtration column and buffer exchanged into buffer E, concentrated (by
ultrafiltration) and made up to 0.1-0.2 mM in 20 mM Tris-HCI, 0.5 mM EDTA, 250 mM
NaCl (pH 7.5). Protein-enzyme mix was added 1:1 to mother liquor from screens using a
Mosquito® Crystal (TTP Labtech) protein dispenser to form sitting drops. A microseeding
protocol, as described by D'Arcy et al. (D'Arcy et al. 2007), was also employed for F89H
mutant crystallogenesis. The microseed stock was prepared with crushed co-crystals of
CYP51B1 R391K-EPBA and WT-EPBA resuspended in its respective mother liquors and
vortexed to obtain a homogenous stock solution of 0.5 mL volume. Immediately before
setting the screens, 192 pL of 0.2 mM pure protein was added to 48 pL microseed stock at
a 4:1 ratio of protein to seed and mixed gently to make the microseed-protein enzyme mix.
Screens for the microseed method were prepared by adding the microseed-protein enzyme
mix 1:1 to mother liquor using a Crystal Phoenix® protein crystallography dispenser (Art
Robbins Instruments). Screens for the microseed method were incubated at 21°C and the

others at 20°C in shake-proof incubators.

Crystals and co-crystals which appeared within a week were harvested with PEG
200 as a cryoprotectant and immediately flash-frozen in liquid nitrogen and transported to
the Diamond Synchrotron (Oxford, UK) for X-ray diffraction analysis. Diffraction data
were collected by Dr. Colin Levy and Dr. Mark Dunstan (University of Manchester). Data
collected were fitted using WinCoot (Emsley et al. 2010) and CCP4 programs by Professor
David Leys (University of Manchester) and the molecular structures were solved by the
molecular replacement method for ligand-free crystal data and by the difference Fourier
method for ligand-bound co-crystal data. Diagrams and models in this thesis were made by
PyMol™ DeLano Scientific (2005) molecular graphics software using CCP4 mesh files and
PDB files.
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2.2.12 Potentiometric Studies

Redox titrations were performed in a glove box under a nitrogen atmosphere, as
described previously (Munro et al. 2001; Ost et al. 2001; Prince et al. 1978). Purified
CYP51B1 enzymes were run through a gel filtration column (BioRad Econo-Pac 10DG
desalting column) in an anaerobic glove box with redox buffer (Table 2.2). Eluted fractions
were collected to a total of 4.99 mL. The final concentration of CYP51BL1 in a total of 5
mL was between 4.1-9.8 uM. Mediators for the redox reactions were prepared as follows
and added to top up to the total volume of 5 mL.:

Table 2.4: Mediators used in redox potential determination.

Mediators Concentration  Weight  Volume of Volume to Midpoint
(mM) (mg) buffer toadd add into 5 redox
to dissolve mL reaction  potentials
(mL) mix (uL) (mV)
Benzyl viologen (BV) 25 5.32 5 2 =350
Methyl viologen (MV) 15 1.93 0.3 1 —-440
Hydroxy 7 6.1 7 5 -140
naphthoquinone
(HNQ)
Phenazine methosulfate 5 153 2 2 +80
(PMS)

Both HNQ and PMS are light sensitive and were freshly prepared. All mediators
were added to the eluted and diluted CYP51B1 to an exact concentration as stated above
(Table 2.4) to mediate electrochemical potential readings between the solution mix and the
electrode from the range of —440 to 80 mV. A concentrated solution of sodium dithionite
(~100 mM) was made with redox buffer and a series of 10-fold dilutions were made in
aliquots for the reduction titration. A diluted solution (1-10 mM, progressively increasing
as the potential reduces) of sodium dithionite (1-2 pL) was titrated into the solution mix
and stirred gently until the reading reached equilibrium (4—6 min after every titration). The
changes in electrochemical potential (mV) were measured with a Hanna pH 211 meter
coupled to a platinum calomel electrode (Thermo Fisher) at 25°C. Changes in absorbance
were typically recorded between 250 and 800 nm wavelengths with a Cary UV-50 Bio UV-
visible scanning spectrophotometer. A correction factor of 244 mV was added to the
electrochemical potential data to account for the difference between the calomel electrode
and the standard hydrogen electrode (SHE). Change in absorbance versus electrochemical
potential (versus SHE) was plotted (at one or more wavelengths of the heme spectrum) via

Origin software and fitted to the single electron Nernst equation (Equation 2.4) with the
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RTF (Universal gas constant* temperature of experiment*Faraday constant) of =59 mV to
determine the midpoint potential for the P450 Fe(l11)/Fe(ll) couple in each case.

A _ (Aabs I'I' Babs - 10((E0 _E)/‘RTF))
B (1+ 10((E°-E)/ RTF)) Equation 2.4

In Equation 2.4, A is the absorption observed at the potential E, A, is the absorbance of
the oxidised hemoprotein; and B, is the absorbance of the reduced hemoprotein; E is the
applied electrode potential corrected against SHE, and E° is the midpoint redox potential
for the heme iron Fe(111)/Fe(11) transition. RTF is the compounded value of the Universal
gas constant, temperature of experiment and Faraday constant. In order to rule out any
possible hysteresis phenomena, reoxidation was carried out with potassium ferricyanide
dissolved in redox buffer. Readings were taken after every ~4-6 minutes or until the
system was equilibrated, and it was ensured that the oxidative pathway overlapped

spectrally with that of the reductive pathway in the same potential range.

2.2.13 Redox Cycling of CYP51B1

In order to mimic the CYP51B1 redox cycling with its electron transport partners
and to understand the consequence of repeated redox cycling on the heme of this P450, a
set of experiments were carried out in which reduction and reoxidation of WT and mutant
CYP51B1 enzymes were done with sodium dithionite and potassium ferricyanide in turns.
All experiments were carried out in an anaerobic environment at 21°C. All purified
CYP51B1 enzymes were run through a gel filtration column (BioRad Econo-Pac 10DG
desalting column) in an anaerobic glove box with degassed assay buffer (Table 2.2). Both
reducing and oxidising agents (100 mg/mL sodium dithionite and 70 mg/mL potassium
ferricyanide solutions) were prepared in degassed assay buffer. CYP51B1 and mutants were
prepared in 1 mL, 3-6 uM working concentration in a 1 cm pathlength quartz cuvette. One
microlitre of sodium dithionite solution was added into the enzyme solution and spectra
were taken every 1.5 min x 40, 6 min x 40 cycles until the maximum equilibrated (reduced)
ferrous-heme was observed. To reoxidise the ferrous P450-heme, 1-3 pL of potassium
ferricyanide were added to the mixture and again spectra were taken until the reoxidised
Soret band reached equilibrium. After each reduction and reoxidation step the pH of the
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enzyme mixture was taken to ensure pH maintained between 6.5 and 7.5. At this point the
enzyme was reduced again with 1-2 pL of sodium dithionite and the spectra were recorded
until equilibrium was reached, and CO was then bubbled into the solution and a spectrum
was recorded. The entire redox cycling experiment per enzyme took 48-60 hours. It was
observed that throughout this time the enzymes remained stable at 21°C with less than 5%

of the enzyme precipitating.

To understand the effect of redox cycling on CYP51BL1 ferric-heme, concentrated
enzymes (~150-250 uM) were prepared and were redox cycled in similar fashion as above
for EPR analysis. The concentrated reduced and reoxidised species were monitored by
Nanodrop scan (Thermo Scientific) using as little as 1 puL of concentrated enzyme and
reading absorption between 500 and 600 nm associated with the heme a and B bands.
Samples were promptly transferred into EPR tubes and frozen in liquid nitrogen upon
reoxidation with a saturated solution of potassium ferricyanide in degassed assay buffer,
added at up to 10% of the total concentrated enzyme volume. Samples were prepared for
EPR analysis according to the protocol in section 2.2.10.2.

2.2.14  Stabilisation of the P450 Species by CO Trapping with Redox Partners

The formation of the Fe (11)-CO adducts, (P450) species, in CYP51B1 is relatively
unstable as it collapses to its more stable P420 thiol-coordinated form over a period of
several minutes. The thiol/thiolate transition is reversible upon reoxidation, since the
reoxidised form was shown to regain thiolate coordination of the heme iron (Aoyama et al.
1998; MclLean et al. 2006a; McLean et al. 2006b). This experiment was aimed to
demonstrate how redox from partners in Mtb can influence the formation and stabilization
of the CYP51B1 thiolate-coordinated form in the presence of estriol and CO, and to
ascertain the properties of azole-resistant mutants in this respect. All redox partner proteins
were provided by Dr. Kirsty McLean (University of Manchester) (McLean et al. 2003;
McLean et al. 2006b; McLean et al. 2006¢) and prepared as in Table 2.5. Assay buffer and 1
mL sealed cuvettes (1 cm pathlength) were degassed and CO-flushed/saturated. Stock
solutions of 20 mM NADPH (freshly prepared in CO-saturated Assay buffer) and 50 mM
estriol (in DMSO) were prepared.
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Table 2.5: Mycobacterium tuberculosis redox partner proteins and components for
CO trapping experiment.

Redox partner proteins Gene Extinction coefficient  [Stock] [Working]

names (mM-1 cm-) (mM) (uMm)
(kmax)

Ferredoxin 1 (Fd1) Rv0763c 12.0 (412 nm) 0.627 16.20

Ferredoxin 2 (Fd2) Rv1786 12.0 (412 nm) 1.700 16.20

Ferredoxin reductase (Fdr) Rv0688 10.5 (454 nm) 0.938 3.24

Flavoprotein reductase A Rv3106 10.6 (454 nm) 1.392 3.24

(FprA)

P450 Sterol demethylase Rv0764¢ 134.0 (419 nm) various 3.24

(CYP51B1 WT and mutants)

Reaction components [Stock] (mM) [Working] (uM)
Estriol 50 200
NADPH 20 300

Components of the reaction were assembled and a UV-Vis spectrum recorded after
each addition on a Cary 50 UV-vis. spectrophotometer (Varian). The P450, ferredoxins and
reductases were combined according to a 1:5:1 concentration ratio. Each experiment was
carried out involving controls achieved by omitting the redox partner enzymes one after
the other. Corresponding experiments were also carried out with either none or all of the
redox partner enzymes. The reaction was initiated by the addition of NADPH (constantly
topped up when depleted as no regeneration system was used) when all components except
estriol were in the mixture, and a cycle of 10 x 1.5 min scans was started. Estriol was added
and another cycle of 80 x 1.5 min scans were recorded. The absorbance change for P450
species (448 nm) formation and its collapse to P420 species (421 nm) were plotted against
time. The resulting data were fitted to a single exponential equation to obtain rates of P450
collapse and P420 formation for CYP51B1 WT and mutants. The experiment was done at
30°C.
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2.2.15 CYP51B1 Reconstitution of Catalysis

Sterol demethylases catalyse the demethylation of the methyl group at C-14 of the
sterol backbone. As CYP51B1's in vivo function is still unknown, a variety of sterols have
been tried and reported as potential substrates, namely lanosterol, 24,25-dihydrolanosterol,
and obtusifoliol which gave 1%, 20% and 98% product yield respectively (Bellamine et al.
1999). In order to test the catalytic properties of CYP51B1 and the corresponding
fluconazole-resistant point mutants, lanosterol and 24, 25-dihydrolanosterol as the
substrates of choice were chosen based on chemical availability. Materials and methods
were adapted from various previously established catalysis experiments with CYP51B1 and
human CYP51 (Bellamine et al. 1999; Strushkevich et al. 2010). CYP51B1 WT and the
fluconazole point mutants were prepared and concentrated to 0.1-25 mM stock
concentration. Components of the catalysis reaction mixture were prepared in stock
concentration (Table 2.6) and all components were made up in 100 mM HEPES pH 7.5
unless otherwise stated. Solutions were combined on ice in Universal bottles. Mtb
ferredoxin (Fdx) and Mtb flavoprotein reductase A (FprA) were expressed, purified and
provided by Dr. Kirsty McLean (University of Manchester) (McLean et al. 2003; McLean et
al. 2006b; McLean et al. 2006c) as redox partner proteins of CYP51B1 forming electron
transfer complexes with the P450 itself. Reactions were initiated by adding NADPH (5
mM). A NADPH regeneration system was also incorporated in the reaction mixture. The
reactions were carried out on two or three different timescales, at 23°C (1 h) and 37°C (10
min) with both shaking at 180 rpm and static on ice overnight (18 h). Product turnover for
lanosterol was detected by GCMS as previously reported (Strushkevich et al. 2010). Product
turnover for 24, 25-dihydrolanosterol was detected by prior optimised LCMS techniques
(Dr. Kirsty McLean, pers. comm.).
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Table 2.6: Components of CYP51B1 catalysis reaction mixture.

No. Components Stock _ Working _ Volume (uL)
concentration concentration
(mM) (mM)
1.  CYP51B1 As stated above  0.004 Various
2. Mtb Flavoprotein reductase A 0.763 0.02 78.6
3. Mtb Ferredoxin 0.77 0.004 15.6
4.  Lanosterol (in EtOH and 50 mg/mL 10 0.2 60.0
B -cyclodextrin)
5. B-cyclodextrin 450 mg/mL 10 mg/mL 66.7
6.  Glucose-6-phosphate 10 0.2 60.0
7. Glucose-6-phosphate dehydrogenase 100 U/mL 0.1 U/mL 3.0
8. KCI 1000 250 750.0
9.  MgCl, 1000 25 75.0
10. NADPH 100 5 150.0
11. HEPESpH 75 100 100 Top up to
Total volume - - 3000
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3 BIOCHEMICAL CHARACTERISATION OF CYP51B1 AND
FLUCONAZOLE-RESISTANT MUTANTS

3.1 Mapping Fluconazole-Resistant Point Mutations from Candida albicans

In order to address the two main objectives of this research, which are (1) to gain
a better understanding of the molecular mechanisms underpinning Mtb CYP51B1
(CYP51B1) mode of action/physiological role (by observing the effects of point mutations
on its function and structure at important structural regions of CYP51B1 as mapped from
the fluconazole-resistant Candida albicans ERG11 gene coding for CYP51ca) and (2) to
understand the mechanism of azole-resistance in C. albicans CYP51 (CYP51ca), multiple
point mutations were engineered onto CYP51B1 from reoccurring mutation hot spots of
apparently ‘fluconazole-resistant’ CYP51ca isolated from fluconazole-resistant C. albicans
clinical strains. Upon screening of the azole antifungal drug target CYP51ca in resistant C.
albicans clinical strains, certain regions showed higher incidences of mutations. These point
mutations occurred at mutation hot-spot residues which are illustrated in CYP51B1 of Mtb
in Figure 3.1 (A) upon sequence alignment with CYP51ca. At the same time, Aspergillus
fumigatus resistance towards voriconazole was also reported and the same drug target
CYP51A was analysed and showed a mutual mutation hot-spot at glycine 388 of CYP51B1
when the three sequences were aligned (Figure 3.1 B). In CYP51B1 of Mtb, the N-terminal
hydrophobic amino acid sequences are absent indicating it to be a soluble sterol
demethylase, while in both CYP51s of C. albicans and A. fumigatus, the presence of 50-60 N-
terminal hydrophobic amino acid residues (Figure 3.1 B) confirm that these two
homologues are membrane-bound, insoluble sterol demethylases. Irrespective of whether
cytoplasmic or membrane-bound, these homologues share conserved sequences (magenta
shaded), at important substrate recognition sites (SRS) scattered throughout the molecule.
The azole drug-resistant recurring residues are situated close to these sites, if not directly in

these regions.

In this chapter, these heme-containing P450 proteins of the soluble Mtb sterol
demethylase enzyme, WT CYP51B1 and the *“azole-resistant” isoforms (i.e. Mtb CYP51B1
carrying mutations to mimic those found in azole-resistant fungal CYP51s), F89H, L100F,
S348F, G388S and R391K have been produced. Their biochemical properties were
interrogated in depth in the first half of this chapter to address objective no. (1) followed
by azole drug binding studies and the catalytic viability of these CYP51B1 enzyme variants
to address objective no. (2). Table 3.1 below summarises the location of point mutations
from the product of the ERG11 gene (CYP51) of clinical C. albicans fluconazole-resistant
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strains, while the following figure (Figure 3.1 A) maps these mutation points onto the
structure of CYP51B1 from Mtb. Note that L100F is a reverse mutant for CYP51ca of

azole-resistant C. albicans.

Table 3.1: Recurring point mutations in the ERG11gene encoding for sterol demethylase of

fluconazole-resistant Candida albicans.

ERG11 ERG11 Position  Rv0764¢ Similar mutations in References
amino mutation  in M. mutation  CYP51 from other
acid tuberculosis organisms which
position Rv0764c cause/may cause azole-
gene resistance
Y132 Y132H F89 F89H Aspergillus flavus, Delye ¢t al. 1998,
Mycosphagrella fijiensis, Sanglard et al. 1998,
Erysiphe graminis, Fla‘igeggt a'M1999H P|<e”y| e
Blumeria graminis, al. 1999, Marichal et al.
S 1999, Kakeya et al. 2000,
Kudo et al. 2005, Xu ¢t al.
2008, Canas-Gutierrez et
al. 2009, Stammler ¢t al.
2009, Kamai et al. 2004,
Wang et al. 2009, Yan et
al. 2009, Krishnan-
Natesan et al. 2008
F145 F145L L100 L100F n.d. Kudo ¢t al. 2005, Xu et al.
2008
S405 S405F S348 S348F n.d. Manavathu et al. 1999,
Sanglard et al. 1998,
Wang et al. 2009
G464 G464S G388 (G388S Aspergillus fumigatus, Kelly ¢t al. 1999b, Loffler
Aspergillus flavus, et al. 1997, Manavathu et
Cryptococcus neoformans ~~ @l- 1999, Sanglard et al.
1998, Takahata et al.
2005, Goldman et al.
2004, Martinez ¢t al.
2002, Krishnan-Natesan
et al. 2008, Wang et al.
2009
R467 R467K R391 R391K n.d. Lamb et al. 2000, White

1997, Sanglard et al. 1998,
Wang et al. 2009

Note: n.d. — not detected
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Figure 3.1: Fluconazole-resistant point mutations from Candida albicans CYP51 A)
The location of mutations mapped from C. albicans CYP51 corresponding to the amino acid
residues of CYP51B1 from Mycobacterium tuberculosis. Residues are located in the Mth CYP51B1 B-C
loop and C-helix (yellow-F89H and orange-L100F), I-helix (light blue), Fe-heme regions and the
cysteinyl loop (green-R391K and dark blue-G388S), and the C-terminal helix and beta-sheets
junction (magenta-S348F). B) Multiple sequence alignment (MSA) of CYP51B1 from Mtb,
CYP51A1 from C. albicans and CYP51A from Aspergillus fumigatus. Magenta coloured residues
denote sites of conserved amino acids; the blue highlighted glycine residue at G388 (Mth), G464 (C.
albicans) and G448 (A. fumigatus) positions was repeatedly found as the most-recurring fluconazole
resistant mutation in the respective species of fungi. MSA was generated by ClustalW2 and drawn
by Jalview software.
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3.2 Site-Directed Mutagenesis on CYP51B1

All mutants of CYP51B1 were successfully made using the QuikChange site-
directed mutagenesis kit from Stratagene and the resulting cloned pET20b plasmid
constructs, transformed into E. coli XL1 Blue competent cells, were confirmed post-
miniprep by DNA sequencing at MWG Eurofins using T7 forward and reverse primers
provided by the sequencing company. Initially, successful cloning of the mutants was
carried out by diagnostic restriction digestion against WT CYP51B1 pET20b plasmid
DNA, using DNA restriction enzymes HpyCH4V (L100F), HpyAV (S348F) and Eagl
(R391K). The sequencing data in Figure 3.2 show the codons responsible for each mutant
enzyme and confirmed the mutant pET20b clones from this site-directed mutation

technique.

TC
€ So
Gk A d T 6C G6G6CCTITTCCCG GC G

960 GCT 970

C A4 CCGGTGGACTGT

9]
= | i@
s117)

0
= 2

Figure 3.2: Sequencing results spectra for site-directed mutagenesis. Sequencing
spectra were viewed with Chromas Lite software. Mutation-target codons are underlined in red. A)
The L100F mutation introduces a phenylalanine by the substitution of C and G with T and C
nucleotides, respectively, in the WT CTG codon coding for leucine. B) The S348F mutation
introduced by substitution of C with T in WT TCC. C) The G388S mutation introduced by
substitution of two Gs in WT GGC with T and C. D) The R391K mutation introduced by
substitution of C in WT GCT with G to code for lysine.
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3.3 Expression and Purification of Mutants

Plasmid DNA for mutant and WT CYP51B1 enzymes were transformed into the
HMS174 (DE3) expression host and the respective isoforms were expressed and purified
using a protocol of ion exchange, affinity and size exclusion chromatography (as described
in section 2.2.5). Interestingly, although WT and mutant isoforms were grown and
expressed in the same manner, the level of mutant enzyme expression varied considerably
from one to another. For instance, the G388S and S348F mutants had to be expressed in
the presence of the heme precursor &6-ala, otherwise almost negligible amounts of enzyme
with its heme cofactor intact were detected by visually assessing the colour of the cell pellet
after 20 h of expression at 23°C. Figure 3.3 shows the purification chromatogram of WT
and G388S mutant enzymes using affinity Macro Prep Ceramic hydroxyapatite type 1 (HA)

and the strong anion exchanger Resource-Q (RQ) columns on an AKTA purifier system.
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Figure 3.3: Purification chromatogram of CYP51B1 WT and G388S. Both isoforms
were purified using an AKTA purifier system. Prior to ceramic-hydroxyapatite (HA) affinity
purification, both proteins were partially purified on a DEAE-Sepharose weak anion exchanger
column followed by a Q-Sepharose anion exchanger according to purification protocols in Chapter
2. Blue spectra represent 280 nm UV absorbance, red spectra represent 420 nm absorbance and
green dotted lines represent percentage of high salt elution buffer in the system. A) WT elution
chromatogram from 40 mL HA column at 25-30% 500 mM Kpi pH 6.5. B) WT elution
chromatogram from 6 mL high loading Resource Q strong anion exchanger column at 15-20% 500
mM KCI, 25 mM Tris, 1 mM EDTA pH 7.2. C) G388S eluted in clean peak (red line) from the HA
column at 20-25% 100 mM Kpi pH 6.5, comparable to WT. D) G388S eluted in a clean peak from
Resource Q at 12-15% high salt buffer represented in a red line as the holoenzyme, while the broad
blue line (arrow) following the sharp peak results from P450 apoprotein elution without its heme
cofactor.
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Comparing both protocols, WT and G388S showed similar purification and
elution gradients on the HA column (the third step in the CYP51B1 purification protocol),
with most of the enzymes eluting at 20-30% of high salt buffer, as shown by the red line
for absorbance at 420 nm and the blue line for absorbance at 280 nm in Figure 3.3.
However, purification of G388S on DEAE-Sepharose (weak anion exchanger) and Q-
Sepharose (strong anion exchanger) columns, before the HA and RQ columns, showed the
retention of heme on the column resin after elution, and even after 100% high salt buffer
and NaOH were used to wash both columns. The loss of the G388S heme cofactor during
purification reflected the effect this mutation had at such close proximity to the cysteine
proximal ligand which, aided by other conserved amino acid residues in the vicinity,
covalently anchors the heme iron of the macrocycle at the catalytic pocket. Conservation of
this particular residue (G388) in CYP51 across phyla (and functionally similar P450
proteins) suggests that it is an essential residue, and the importance of the conserved
glycine for catalysis/structural stability will be explored further on in this chapter. The loss
of heme, reflecting its weak binding, during purification of the G388S mutant enzyme on
the RQ column can be seen by the trail of a residual protein band (A280) in Figure 3.3 (D)
with the parallel absence of the P450 band (A420) denoted by the black arrow. In
comparison, the WT CYP51BL1 purification on the RQ column shows that A280 and A420
bands elute together, consistent with the near-complete binding of heme in this enzyme.
Thus, this column step can be used to separate holoenzyme and apoenzyme forms of
CYP51B1, as evidenced for the G388S mutant.

Total P450 obtained after the purification process varied considerably for each
CYP51BL1 isoform. In contrast to the more weakly expressed G388S and S348F mutants,
the expression of F89H, L100F and R391K mutants was at least double that of WT
CYP51B1. From 25-30 L of culture, expression and non-tagged purification resulted in
isolation of 200 mg of WT CYP51B1 from a typical preparation, compared to 330 mg
from a typical preparation of F89H CYP51B1. Indeed, the true yield in the particular F89H
preparation could have been ~550 mg were it not for loss of some protein due to selective
retention of only fractions with highest heme content at the first purification step. In
contrast to recovery of 470 mg of L100F from a typical preparation, just 6 mg of G388S
was recovered in a particular preparation of this mutant CYP51B1. A typical preparation of
the R391K mutant yielded 590 mg of protein. Apparently, changing arginine to lysine at
position 391, although just three residues away from the strictly conserved 394 cysteine
proximal ligand and three residues away from the most-mutation prone 388 position, does

not confer problems in protein folding, heme incorporation and heterologous expression,
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all of which were issues for the G388S mutant which was expressed as ~64% holoenzyme,
demonstrated by comparing the Soret bands of both WT and G388S enzymes in Figure 3.4
(A). SDS-PAGE analysis showed all mutant enzymes and WT were relatively pure after at
least four steps of purification. The Reinheitszahl (RZ) value from the ratio of A418/A280
reflects the purity of each enzyme and was a useful and convenient way to spectrally
monitor hemoprotein purification before confirming its purity by the protein band(s)
visible from SDS-PAGE analysis. This is shown by the Soret bands, RZ values and SDS-
PAGE gels of WT and mutants in Figure 3.4.
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Figure 3.4: Expression of CYP51B1 WT and mutants. The Soret band of WT and G388S
CYP51B1 enzymes are shown with their respective protein bands on 12% SDS-PAGE gels. A) WT
(thick line) and G388S (thin line) shares the same Soret band and Q band wavelength maxima at
419 nm, 537 nm and 571 nm in their resting ferric-heme state. Intensity of the Soret band portrays
the amount of P450 holoenzyme, while the 280 nm band portrays the total protein content. Using
this ratio, WT has a 100% pure holoenzyme at 1.68 for the A419/A280 RZ value, while G388S has
64% pure holoenzyme with a 1.08 A419/A280 RZ value. SDS-PAGE gels Ai and Aii show the
purity of WT and G388S, respectively, after every purification step, for the 50.8 kDa protein band.
Lanes 1 — soluble cell lysate, 2 — post DEAE-Sepharose, 3 — post Q-Sepharose, 4 — post-ceramic
hydroxyapatite, 5i — post Resource Q and 5ii — post hiprep QXL-Sepharose. B) Illustrates the Soret
band spectra of R391K, L100F and F89H mutants with their respective SDS-PAGE gel insets i, ii,
iii after every purification step.
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Another mutant which had similar expression to G388S was the S348F mutant,
which was expressed without a His-tag as inclusion bodies, and was not red in colour
although &-ala was added to aid heme cofactor production. In addition, the expression of a
S348F His-tagged isoform in pET20b did not hugely improve its solubility, as shown by
the immunoblot in Figure 3.5 (A) where the His-tagged signal came largely from the whole
cell and insoluble fractions. The soluble fraction post-Ni-NTA affinity purification was
transparent yellowish in colour when concentrated. This soluble S348F mutant enzyme had
a Soret band at 409 nm and did not respond to the classical P450 CO-Fe(ll)
characterisation. It is believed that the soluble S348F mutant was expressed as soluble
apoprotein corresponding to the overwhelming protein absorbance at 280 nm (Figure 3.5
C) and was catalytically dysfunctional. The small heme-like signal seen in Figure 3.5 (C)
may result from a fraction of the S348F mutant with heme bound without cysteinate-
ligation to the P450. Figure 3.5 (D) shows the structure of CYP51B1 and the position of
the 348 phenylalanine mutant residue (red arrow) at the C-terminal domain of the enzyme.
This mutation is situated at the junction of a-helical and B-sheet secondary structures
which constitute the highly conserved cysteinyl loop residue region. The size of the purified
S348F mutant at ~50.9 kDa on SDS-PAGE gels, Western-blot His-tagged analysis and
MALDI protein identification confirmed that it was not expressed as a truncated version of
the apoprotein without its C-terminal region (which would likely lead to heme loss) in
either inclusion bodies or soluble forms. Substituting serine (a basic amino acid) with the
bulkier aromatic phenyalanine (non-polar) at this position apparently was compatible with
production of the S348F CYP51B1 enzyme, but resulted in failure to incorporate heme and
in an insoluble, aggregated form of this enzyme.
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Figure 3.5: Immunoblot and Soret band spectrum for the S348F CYP51B1 mutant.
Panel A shows the immunoblot for Hiss-tagged S348F CYP51B1 in Lanes 2, 3, 6 and 7 at different
purification stages after 60 seconds exposure. Panel B illustrates the corresponding protein bands
on the PVDF membrane post-Western Blot transfer after staining with Ponceau S in 7% acetic
acid. Lane 1 — broad range molecular weight marker ladder, 2 — whole cell fraction, 3 — insoluble
fraction, 4 — soluble fraction, 5 — after Ni-NTA elution with 40 mM imidazole, 6 — after elution
with 50 mM imidazole, 7 — after elution with 70 mM imidazole, 8 — after elution with 80 mM
imidazole and 9 — prestained SeeBlue® Plus2 protein ladder (Invitrogen). Panel C illustrates the
apparent Soret band of the Hiss-tagged S348F CYP51B1 mutant and the SDS-PAGE gel inset
shows purification of S348F CYP51B1 by Ni-NTA chromatography. Lanes 1 — whole cells, 2 —
insoluble fraction, 3 — soluble cell lysate, 4 — after Ni-NTA elution with 20 mM imidazole, 5 — after
elution with 40 mM imidazole, 6 — after elution with 50 mM imidazole, 7 — after elution with 70
mM imidazole. Panel D illustrates the overall structure of CYP51B1 and the location of the 348
residue at the conserved C-terminal end of the enzyme (magenta) encompassing the cysteinyl loop,
oL, and B-sheet regions. The red arrow points to the S348 residue substituted with phenylalanine,
which is located at the junction of the helix and sheet structures. The residues in coloured space-fill
spheres in the right-hand structure of Panel D are C394 (dark blue) — the heme proximal ligand,
(G388 (cyan) and R391 (green).
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3.4 The Effect of Drug Solvent DMSO Concentration on CYP51B1

Before beginning studies of ligand binding kinetics with CYP51B1 enzymes, the
influence of solvent on WT and mutant CYP51B1 enzymes was assessed. In order to
determine the maximum solvent concentration that is tolerated by CYP51B1 enzymes (and
as a prelude to titration with azoles suspended in DMSQO), a titration of DMSO solvent was
carried out for each enzyme to determine the maximum percentage of DMSO tolerated
before enzyme precipitation or heme loss. Figure 3.6 (A) shows that CYP51B1 WT started
to precipitate out of solution when the DMSO concentration was more than 2% of the
total solution. This result also correlated with that for the CYP51B1 G388S enzyme
tolerance to DMSO concentration in solution (Figure 3.6 C). However, it was interesting to
observe that CYP51B1 F89H was highly sensitive to increases of DMSO concentration.
This was shown when F89H started precipitating out even at the beginning of the DMSO
titration. These observations, however, may be correlated with the positions of the amino
acid mutations in the CYP51BL1 structure. Specifically, CYP51B1 F89H is a mutant enzyme
with a histidine substitution at the B-C loop region on the molecule. The B-C loop region
was well characterized to be the entry port of ligands into the catalytic site of CYP51B1
(Podust et al. 2001; Podust et al. 2007; Podust et al. 2004). The bulkier phenylalanine residue
with an aromatic ring in the WT enzyme could result in a smaller opening or entry for
ligands into the catalytic centre of the molecule, but with the azole-resistance-mimicking
residue F89H substitution, the smaller histidine side chain may widen the entry port,
suggesting a different B-C loop orientation and perhaps enabling easier access of DMSO to

the heme site.

The different mutation location of CYP51B1 G388S, which is situated within the
heme binding motif region near the catalytic site, away from both entry and exit ports of
the enzyme structure, resulted in a similar solvent tolerance pattern to CYP51B1 WT
(Figure 3.6 C). The perturbation of the heme cofactor of the enzyme (possibly causing
heme loss) due to high DMSO content would definitely affect successful kinetic analysis of
ligand binding with the highly water-insoluble azole drugs, and with the substrate analogue
estriol. Both of these hydrophobic ligands have to be dissolved in a certain concentration
of DMSO before any optical or stopped-flow analysis can be carried out. Keeping this in
mind, in the following titration experiments where DMSO was added, it was ensured that
less than 2% DMSO final volume was added to CYP51B1 enzyme solutions, and in
unavoidable cases (where larger amounts were needed), appropriate corrections were made
to the optical baseline to facilitate studies of ligand binding. Essentially, no Type | or Type

Il Soret shifts were observed on DMSO addition to the three enzymes, suggesting that
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(other than precipitating the enzyme out of solution and other effects including heme
dissociation and enzyme dilution, hereafter referred to as heme degradation), DMSO has
no relevant substrate- or inhibitor-like binding effects on the iron of the heme catalytic
centre. Other non-polar solvents, e.g. ethanol, have also been tried, but due to their lower
boiling point, volatility and limited azole-solubility properties, DMSO was the solvent of

choice in this study.

C.C. Fernandez | Page] 103



Biochemical

Characterisation

| Chapter 3

0.24 4

0.26 4

0.34

(=]
L

Absorbance
=]

Absorbance

2 4 & 8
% DMSO

& DMS0

0,00% DRSO

E
m“wr‘
=]
I
“*1 B —F89H
D34
5 032
0.30
0.2E 4
0.000 0.005

0.010
% DMSO

0.020

D.015

0,174

0.16
% DMS0

400 ] .
Wavelength [nm}

Figure 3.6: Heme perturbation profile of CYP51B1 titrated with DMSO. A) CYP51B1
WT has modest DMSO tolerance to a maximum 2% DMSO before the enzyme starts to precipitate
to a significant extent such that optical studies are made difficult, B) CYP51B1 F89H has the least
tolerance, with progressive enzyme degradation with as little as 0.005% DMSO, C) CYP51B1
G388S has similar DMSO tolerance to WT, with progressive loss of heme signal after ~4%
DMSO. The blue line in each graph inset is the starting spectrum before DMSO titration and the
red line is the end spectrum after titration at the respective DMSO concentrations.
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3.5 Understanding the Molecular Mechanisms and Mode of Action/
Physiological Roles of Mtb CYP51B1

3.5.1  Quantification of Heme b in WT CYP51B1 and Mutants

Previous work on heme quantification has been done on WT CYP51B1 and it
was found to have an extinction coefficient at 419 nm of 134 mM™ cm™ at the oxidised
Soret peak (McLean et al. 2006¢). Using this method (i.e. using characteristic absorption
spectrum differences between oxidized and reduced forms of the hemochrome formed by
replacing the axial Cys/water ligands of the heme with pyridine), the resting ferric enzyme
was firstly oxidised by a pyridine-ferricyanide solution and then reduced with dithionite to
obtain the reduced ferrous enzyme, as illustrated in Figure 3.7 for the R391K mutant
enzyme. The heme content of each CYP51B1 mutant, except for G388S, was
systematically determined using this method, and each displayed similar spectral trends for
the pyridine complex. The heme extinction coefficient of the CYP51B1 isoforms were
calculated at the Soret band at 419 nm, e,,. Interestingly, WT had an e,, of 96.1 + 2.0
mM™ cm™, and an average of five experiments were inconsistent with previously published
work (McLean et al. 2006¢). Almost similar e, values were observed for the mutants with
92.9 + 1.0 mM* cm™ for F89H, 93.8 + 1.0 mM™ cm™ for L100F and 90.7 + 2.0 mM™ cm™
for R391K. At least two experiments were done in each case to obtain these values. The
difference in WT ¢, from previously published values using this method might call into
question the reliability and convenience of this technique in quantifying heme b content in
hemoproteins. Ideally, this method should be complemented with other techniques, e.g.
employing reverse phase HPLC or radioactive heme labelling assays to determine heme
quantity (Sinclair et al. 2001). Alternatively, an EPR analysis using copper (11) as the metal
standard compared to P450 ferric-heme EPR spectra could be used. This would be done
by spectral integration and calculating the area within the integrated spectum to obtain the
ferric heme concentration. In this case, a rough estimation of heme b content was done to
determine if the mutations influenced heme content/absorption coefficient in the
hemoproteins. Essentially, the results obtained for WT and mutants were consistent with
the RZ ratio (A,/AL,) Of pure holoenzymes (Figure 3.4). Heme b concentrations in the
mutants studied here were subsequently quantified using the establised extinction
coefficient, e,, = 134 mM'cm™ for WT CYP51B1, reported by Mclean ¢t al. in a
comprehensive CYP51B1 biophysical characterisation study, and to provide consistency
with previous data (McLean et al. 2006c¢).
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Figure 3.7: Heme b quantification by the pyridine hemochromogen technique. The
Resting ferric heme enzyme (black spectrum, R391K CYP51B1) was oxidised by the same volume
of the pyridine-ferricyanide-hydroxide solution (red spectrum, see section 2.2.9 for solution
composition) and was then reduced with a few grains of sodium dithionite (green spectrum) until
no changes were observed at the Q-band region (557 nm). Using the established extinction
coefficient for the 557 nm heme signature of 23.98 mM-1 cm-, the heme b content and extinction
coefficient at 419 nm was calculated according to the Beer-Lambert law, which was 90.7 £ 2.0 mM-
1cmt for R391K CYP51B1.

3.5.2 CYP51B1 Heme-Coordination by NO and CO

Carbon monoxide (CO) and nitric oxide (NO) binding provides two signature
characterization methods to confirm whether a protein is a cytochrome P450. In particular,
the Fe(I1)-CO complex gives a hallmark absorption close to 450 nm (hence P450) that is
indicative of the proximal coordination of the heme iron by a cysteine thiolate. As
observed previously, CYP51B1 is unstable in this form, and there is a ‘collapse’ to a P420
form (Soret at close to 420 nm) that originates from protonation of the thiolate. The NO
complex also gives a quite diagnostic Soret shift for P450s to ~435 nm in the ferric form of
the hemoprotein, and with substantial changes in intensity of the Q-band features between
500-600 nm (McLean et al. 2006a; McLean et al. 2006c¢).

3.5.2.1 NO-Ferric-Heme Coordination of CYP51B1

Nitric oxide is a well known, tight binding diatomic ligand for P450s, often used to

characterize these enzymes, and frequently alongside other molecules such as cyanide (CN")
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and CO. NO is also recognised as an important intracellular signalling molecule (Ouellet et
al. 2009). In humans, there exists a NO-dependent Mtb inhibitory system governed by
CD4+ T cells (Cooper 2009), and NO is also released by Mtb infected macrophages as an
initial barrier to TB infection. NO targets P450s, other hemoproteins and iron-sulphur
cluster proteins, inhibiting them (and other enzymes) and rendering Mtb infection latent
(Long et al. 1999). At the same time, nitrate, a product of metabolised NO by nitrite
reductase activity in the host and the pathogen, aids Mtb’s survival in its dormant state
during O, depletion (Sohaskey 2008). Quantitative studies of NO as an inhibitory ligand of
heme iron in Mtb P450s (CYP51B1, CYP125, CYP130 and CYP142) have been carried out
on both the ferric and ferrous forms, with CYP130 and CYP51B1 exhibiting essentially
irreversible inhibition when their ferrous-NO complexes failed to dissociate in the presence
of O,, while CYP125 and CYP142 were more resilient and demonstrated reversible NO
dissociation to regenerate their ferric-heme states (Ouellet et al. 2009). In view of these data
and as a means of initial characterisation, CYP51B1 azole-resistant mutants were bubbled
with NO in their ferric enzyme forms to monitor spectral changes at the Soret band and
Q-bands when their nitrosyl complexes formed, and later dissociated back to the water-
bound hexa-coordinate low spin ferric-heme resting state as shown in Figure 3.8. WT and
mutant ferric-heme nitrosyl complexes were characterized by Soret, « and § bands located
at 433-435 nm, 572-574 nm and 541 nm, respectively, which were comparable to values
reported by Ouellet et al. (2009) for the WT CYP51B1 ferric-NO complex in anaerobic
conditions. All enzymes demonstrated a type Il Soret shift upon binding to NO, which (for
WT, L100F and R391K) collapsed back (indicated by red arrows) to the original LS ferric-
heme state over 30 min upon dissociation of NO and its depletion by reaction with oxygen.
However, over-bubbling with NO gas in an aerobic environment resulted in acidification
of the enzyme mixture by the formation of excess nitrous acid, and also resulted in long-
lived ferric-NO complexes for the F89H and G388S mutants (Figure 3.8 B, D). It was
likely that the persistent ferric-NO complex in both F89H and G388S was a consequence
of higher concentrations of NO, and this should eventually collapse in air over a longer

incubation time.
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Figure 3.8: Spectral characterisation of CYP51B1 ferric-heme nitrosyl complexes.
The graphs reveal that the oxidized CYP51B1 mutant enzymes (1.7-5.9 uM) have features similar
to WT (1.7 mM), with Soret maxima at 418-420 nm and an isosbestic point at 426-427 nm in all
cases upon binding to NO. Spectra are consistent with cysteinate as the proximal ligand in all cases.
The mutants and WT enzymes form NO complexes with the Soret band shifted to A) 435 nm
(WT), B) 435 nm (F89H), C) 434 nm (G388S), D) 433 nm (L100F) and E) 433 nm (R391K), and
are reversible to form ferric-heme resting enzyme over 30 minutes under aerobic conditions as
shown by the dotted lines. For F89H (B) and G388S (D) mutants, the reversible dissociation of
NO to form ferric-heme species was not observed over the same time scale following excessive
bubbling with NO gas, which also resulted in production of nitrous acid. All reactions were done at
23 °C in 100 mM Kpi buffer, pH 7.5. In A, C and E, spectra for the NO complex are shown in red,
and those for the reoxidized enzyme in blue. Intermediate spectra are shown as black dotted lines.
In B and D, the starting (oxidized) spectrum is in blue, and the NO complex formed on addition of
excess NO gas is in red. In each spectrum, maxima and minima are indicated in colour code.

C.C. Fernandez | Page] 108



Biochemical Characterisation | Chapter 3

3.5.2.2 CO-Ferrous-Heme Coordination of CYP51B1

The ferrous-CO (Fe(I1)-CO) adduct was formed when the reduced CYP51B1 was
bubbled with CO, as shown in Figure 3.9 in an anaerobic atmosphere. After reduction with
a reducing agent, in this case sodium dithionite, the formation and then the kinetic collapse
of the CYP51B1 P450 complex (when bubbled with CO gas) can be followed, and the later
formation of P420 reports on the protonation of the cysteinate ligand to the heme iron that
occurs in the ferrous form (McLean et al. 2006¢). The formation of an Fe(11)-CO adduct of
Mtb CYP51B1 was recorded immediately following bubbling of ferrous CYP51B1 with
CO gas (spectrum with highest absorption at ~450 nm) and subsequent spectra were
collected at regular intervals over the next 20-40 min, demonstrating the progressive
collapse of the P450 form to the P420 species (spectrum with highest absorption at 420
nm). In Figure 3.9, arrows indicate directions of absorption change with time at these
wavelengths. The P420 species (red spectra) clearly has a substantially larger Soret molar
absorption coefficient than does the ferric form (blue spectra), where the Soret is the major
heme absorption band. Mutants situated on the SRS 1 ‘hinge’ region, the B-C loop (F89H)
and «C (I.100F), demonstrated slower thiolate protonation compared to WT. The rate
constant for WT P450-to-P420 collapse was 0.31 + 0.02 min™, while those for F89H and
L100F were 0.17 % 0.01 min™ and 0.26 + 0.03 min™, respectively. The rate constants for
WT and L100F CYP51B1 enzymes are consistent with the one reported for WT CYP51B1
at 0.246 min™ at pH 7.0 (McLean ¢t al. 2006c). Inherently, a distinguishing characteristic of
CYP51BL1 lies in its formation of an unstable ferrous-thiolate (P450 species) in the presence
of CO, which more readily collapses to its P420 form by comparison with other Mtbh P450s
(McLean et al. 2007). Figure 3.9 demonstrates the transient formation and then collapse of
the unstable P450 species (449 nm) to the stable alternate P420 ferrous-thiol species (422
nm) in the absolute spectra in the panels on the left, with the corresponding difference
spectra on the right, collected over 30 min. WT, F89H and L100F enzymes exhibited an
isosbestic point at 434 nm throughout the transition. Interestingly, one would expect the
mutant rates of thiolate protonation to be comparable to WT, as these mutations are not
situated anywhere near the cysteine proximal ligand which could directly affect proton
transfer. Even faster rates of thiolate protonation might have been predicted by the
introduction of these mutations at the substrate entry hinge region, where the entry channel
to the enzyme active might be expected to widen, as previously discussed for the F89H
mutant with its increased sensitivity to DMSO solvent compared to WT CYP51B1, or for
the G388S mutant. Evidently, these F89H and L100F mutations, even though they are

distant from the heme motif region, have a significant impact on this important
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protonation reaction which can control the catalytic competence of the enzyme. This
suggests that dynamic regions of CYP51B1 can directly influence important biochemical
processes which happen buried elsewhere within the molecule, and that interactions
between these separate regions of the protein can have a ‘domino effect’ throughout the
molecule, apparently influencing rates of heme thiolate protonation. This ‘chain reaction’ is
discussed further, and complemented by data for solved mutant CYP51B1 crystal

structures, in the next chapter.
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Figure 3.9: Spectral properties of Fe(l1)-CO adduct complexes for CYP51B1
enzymes with B-C loop mutations. Graphs show accumulation, then collapse, of the Fe(ll)-
CO complex in the cases of WT, F89H and L100F enzymes (11-12 uM of CYP51B1). This is due
to heme thiolate protonation that occurs readily in the ferrous enzyme. The shift is from the P450
species towards the P420 species. The blue lines represent the spectra for the thiolate ferric-heme
forms, which upon reduction and CO coordination, form CO-ferrous thiolate adducts at ~450 nm
(P450 form, black lines) which then collapse (illustrated by dotted black lines) to the stable CO-
ferrous thiol adducts at ~420 nm (P420 form, red lines). A) WT P450-P420 formation with
coloured lines representing the transition between the two species. The inset shows a plot of P450
collapse (DA449 nm data), derived from the difference spectra (B). Spectra in C and E are the
P450-P420 transition absolute spectra for the F89H and L100F CYP51B1 mutants, respectively,
with their related difference spectra in panels D and F. Both these mutants demonstrated slower
thiolate protonation compared to WT (0.31 + 0.02 min-) with 0.17 + 0.01 min- for F89H (data
fitted using a single exponential function) and 0.26 = 0.03 min-! (single exponential fit) for L100F
CYP51B1. Fits are indicated in red in the insets in panels A, C and E. Peak absorption (and
difference absorption) features and directions of absorbance change occurring over time are
indicated with arrows.
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The mutants at the cysteinyl loop region, G388S and R391K, both demonstrated
Fe(11)-CO adduct formation and the collapse of their P450 species to the stable P420
species over several minutes. This is shown in Figure 3.10, with the arrows showing the
direction of the P450 species (447 nm — G388S and 449 nm — R391K) collapse, with the
concomitant increase in the P420 species (421 nm — G388S and 422 nm — R391K). Most
interesting, however, was that both these mutants demonstrated faster thiolate protonation
than WT CYP51B1 or the SRS1 hinge mutants, with G388S at 0.88 + 0.01 min* and
R391K at 054 + 0.02 min™ (derived from single exponential fits to the data). The
accessibility of the cysteinate axial ligand to protonation is possibly enhanced in both these
cysteinyl loop CYP51B1 mutants, which are only 6 (S388) and 3 (K391) residues away from
the C394 proximal ligand. Figure 3.10 (E) demonstrates how the apparent rates of thiolate
protonation were derived by fitting DA450 data from the difference spectra to either a
single exponential equation (blue line) or a double exponential equation (red line) in the
case of the WT CYP51B1. The rate constants reported are from single exponential fits,
since data for the thiolate to thiol transition event underlying the P450/P420 switch fit best
to a single exponential function for data collected over the first ~8 min of the reactions. In
the case of R391K CYP51B1, over prolonged data collection times (>8 min) the DA450
data were fitted better using a double exponential function. This may suggest that a slow
molecular rearrangement reaction occurs for this enzyme (and possibly also for other
CYP51B1s), and that this also influences the P450 collapse. Possibly, this is related to
conformational equilibria in the enzyme(s) and the kinetics of switches between

conformational states.
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Figure 3.10: Fe(I)-CO adduct complexes and their conversions in CYP51B1
cysteinyl loop mutants. A) The Fe(l1)-CO complex is less stable in the G388S CYP51B1 than
in the WT enzyme, where the mutation is located in the immediate vicinity of the heme cofactor.
Heme is more weakly bound in this mutant, with purified G388S P450 containing ~64%
holoenzyme. Thiolate in the G388S Fe(ll)-CO adduct was protonated more rapidly than in WT
CY51B1 and the other mutants, with a rate constant (k) of 0.88 £ 0.01 min-t (panel A inset). In
panel (C), the R391K mutant also demonstrated a relatively fast rate of P450 species collapse (data
fitted better using double exponential (DE) function in Inset C). From single exponential (SE)
fitting the rate for R391K P450 collapse was k = 0.54 + 0.02 min-t. B and D illustrate the P420
formation at the expense of P450 collapse for the G388S and R391K mutants, respectively, with a
clear isosbestic point at 433-434 nm describing the clean and near-complete transition of one
species to the other. Panel E shows the fitting data of the DA450 data for the WT CYP51B1, either
using a single exponential equation (blue line) or a double exponential equation (red line) over a
time period of ~36 min. These data plots show that the fitting was superior using the DE function
over the longer time period (k; = 0.482 £ 0.030 min-L, ko, = 0.101 £ 0.008 min-t compared to SE k
=0.310 £ 0.020 min1).
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3.5.3  Formation of CO-Free Ferrous-Thiol Species of CYP51B1

In the absence of added CO, none of the CYP51B1 enzymes (WT, or those with
mutations at the B-C loop region (F89H and L100F) and the heme motif region (G388S
and R391K)), form any notable amount of the Fe(Il)-CO complex, but instead can be
reduced to the ferrous CO-free state (Fe(l1)), which can react with dioxygen (O,) and then
disproportionate into Fe(l1l) and superoxide. However, under anaerobic conditions the
Fe(ll) form is stabilized and this enables the study of its properties. Previous work has
shown that the Fe(l1) form of WT CYP51B1 undergoes first a blue shift of the Soret band
(to ~414 nm), followed by a red shift (to ~425 nm), indicative of formation of a cysteine
thiolate-bound form which collapses into a thiol-bound state, as also seen for the CO
complex (McLean et al. 2006¢). To measure the P450/P420-type transitions for CO-free
CYP51B1 enzymes, a dithionite-reduced stopped-flow kinetic (millisecond timescale)
experiment was performed using a photodiode array (PDA) apparatus, and the transition
rates derived by fitting the absorbance change data using global kinetic software. WT and
mutant CYP51B1 enzymes were prepared in an oxygen-free atmosphere and the chemical
reductant sodium dithionite was freshly prepared at 10 and 1.0 mM concentrations in
degassed assay buffer. Upon reduction of each enzyme, 1600 spectra were recorded over
2100 seconds using different pH ranges for WT CYP51B1 and different dithionite
concentrations. The rate constants for the ferric-heme thiolate (A) to ferrous-heme thiolate
(B) transition, and for the B to ferrous-heme thiol (C) transition, were calculated by global
spectral analysis and are presented in Table 3.2 below.

Table 3.2: Rate constants for CYP51B1 ferrous thiolate to thiol conversion upon
reduction with dithionite.

pH CYP51B1 Fe(l1l) to Fe(ll) thiolate (s1)  Fe(ll) thiolate to Fe(ll) thiol (s2)
AaB BacC

6.5 WT 0.431 +0.001 0.00502 + 0.00001
7.5 WT 0.153 + 0.0008 0.00105 =+ 0.00001
8.5 WT 0.055 + 0.0001 0.00587 + 0.00002
WT 0.0521 + 0.0001 0.00104 + 0.00002
F89H 0.0673 £ 0.0002 0.00104 + 0.00001
75 L100F 0.0534 + 0.0003 0.00039 + 0.00001
' G388S 0.241 + 0.0005 0.00978 + 0.00002
R391K 0.0453 + 0.0001 0.00044 + 0.00001
R391K 0.118 + 0.0004 0.00068 + 0.00001

Note: All enzymes were reduced with 0.5 mM dithionite except for those in bold black text which
were reduced with 5 mM dithionite.

C.C. Fernandez | Page] 114



Biochemical Characterisation | Chapter 3

The rate constants for the A to B reduction for WT CYP51B1 decreased as the pH
increased. A to B reduction was also proportional to the concentration of dithionite, S,0,7,
which exist in equilibrium with its reducing SO, anion monomer (Hintz and Peterson
1980), i.e. slower ferric reduction to ferrous (0.0521 s™*) with 0.5 mM dithionite compared
to faster (0.153 s*) reduction with 5 mM dithionite. Differences were observed in the
apparent rate constants for protonation of the WT P450 thiolate species B to form the
stable but catalytically inactive P420 thiol species C. The apparent rate constants for heme
thiolate protonation at pH 6.5 (0.00502 s™) and 8.5 (0.00587 s™) were ~5 fold greater than
that observed at a more physiologically relevant pH 7.5 (0.00105 s™). The intracellular pH
of Mtb is maintained close to 7.0 (Zhang et al. 1999).

The rate constant for protonation of the cysteinate proximal ligand in WT
CYP51B1 was also not influenced significantly by the concentration of the dithionite anion
monomer, as demonstrated by the comparable WT P450 to P420 conversion rate constants
of 0.00105 s™ and 0.00104 s* at pH 7.5 for 5 mM and 0.5 mM dithionite, respectively.
These slower rate constants reflecting ferrous-cysteinate protonation were comparable to
those determined in similar studies previously done on WT CYP51B1 with NADPH (and
redox partners) as the electron donor, at ~0.0013 s™ in the absence of CO (Dunford et al.
2007). It is understood that the active form of the enzyme, ready to undergo catalysis upon
substrate binding and displacement of its weak 6™ distal water ligand, exists in the penta-
coordinated HS ferrous-cysteinate ligated form at step (ii) of the P450 catalytic cycle
(Figure 1.5 A). In aerobic environments this ferrous-penta-coordinated HS species will
complex with dioxygen to form ferrous-dioxygen or ferric-superoxide complexes (in
equilibrium, step iii), the last stable intermediates in the P450 cycle (Conner et al. 2011). In
the set of experiments performed here, the oxy complex could not form, as they were
carried out in an anaerobic atmosphere. The slow cysteinate protonation of CYP51B1,
demonstrated here, should result in inactivation of the enzyme as a sterol demethylase.
However, previous studies have shown that the binding of a substrate analogue (estriol)
substantially decreases the rate of heme thiolate protonation, and also that thiol
deprotonation occurs on reoxidation of the enzyme (i.e. that inactivation is reversible)
(McLean et al. 2006¢). The overall lower B to C rate constants compared to A to B rate
constants also provide an extended window for catalysis if atmospheric oxygen were
available to a substrate bound, ferrous CYP51B1 enzyme, since electron transfer and
catalysis would be expected to occur more rapidly than the reversible catalytic inactivation
to the P420 form by ferrous-cysteinate protonation (McLean et al. 2006c). Intracellularly,

this would suggest that the cysteinate protonation phenomenon might only happen in the
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absence of substrates for catalysis, and in situations in which electrons can be delivered to
the substrate-free enzyme from pyridine nucleotide coenzyme(s) (NAD[P]H) via redox

partner enzymes.

Azole-resistant mutants were also subjected to the same reduction experiments at
pH 7.5. While rate constants determined still reflected (i) the reduction of ferric to ferrous
enzyme and (ii) thiolate protonation from the ferrous-thiolate to the ferrous-thiol species,
spectral changes accompanying these events in the L100F mutant were subtly different
from WT and the other mutants, as shown in Figure 3.11 (D). In fluconazole-resistant C.
albicans the L100 residue differs from the others studied here because it is naturally mutated
from a phenylalanine to a leucine to afford resistance. In the CYP51B1 enzyme studied
here, a leucine is already present in the WT sequence, and the reciprocal mutation was
made (L100F) to provide comparison with the WT CYP51B1 (which already has the
“fluconazole resistant” sequence by comparison with the C. albicans enzyme). Thus, this
“reverse” mutation with respect to the C. albicans CYP51 was made to explore the influence
that a mutation in this position would have in CYP51B1 in terms of its effects on its
biochemical interactions with inhibitor ligands, and specifically the azole drugs which are

explored in detail further on in this chapter.

The global fitting for the absorption change data for CYP51B1 L100F (see panel D
in Figure 3.11) shows the intermediate species (red spectrum) as one with a Soret peak at
421 nm, and split alpha/beta band features. These features suggest that this intermediate
form (reflecting the transition of A to B in L100F) has both ferrous heme thiolate and
ferrous heme thiol character. This is different from the WT and G388S mutant (panel B
and C), where the intermediate form has its Soret peak at 414/412 nm, and appears mainly
thiolate in character. This could, for instance, suggest that a considerable proportion of the
L100F ferric heme iron is already in the thiol form. The relatively slow rate constant for the
B to C transition thus could reflect the residual ferrous thiolate portion of the enzyme
converting to ferrous thiol. The apparent rate constant for F89H CYP51B1 heme iron
reduction was comparable to that for WT CYP51B1, and the slightly faster F89H reduction
of ferric-cysteinate to ferrous-cysteinate at 0.0673 s*, compared to WT at 0.0521 s*
perhaps reflects that this mutation at the B-C loop hinge region facilitated the entry and

diffusion of the reducing agent towards the F89H ferric-heme centre.
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Figure 3.11: Formation of Fe(ll)-thiolate and Fe(ll)-thiol species in CYP51B1
enzymes. Black lines represent the resting Fe(I11)-heme, red lines are the intermediate Fe(ll)-
thiolate species following dithionite reduction, and blue lines are the final Fe(ll)-thiol species. The
dotted black lines illustrate progress of formation for the different species in the case of the G388S
mutant in Panel A. Panel A demonstrates the reduction of Fe(l11) heme iron in G388S CYP51B1
(2.0 uM) with dithionite, where the Soret band at 418 nm decreases in intensity in forming the
intermediate Fe(l1)-thiolate species (maximum at 412 nm) before the protonation of cysteinate to
form the Fe(l1) heme-thiol form at 426 nm in the final stage of the reaction. Panel A inset is a
magnified spectral region encompassing the Q-bands, and showing the changes upon heme iron
reduction. Panel B shows the global fitting of species formed for the CYP51B1 G388S mutant
upon reduction with dithionite (hence the term “fit scale” at the y-axis for the above global fit
graphs in panel B, C and D), with spectra shown at 12.4 s (heme Fe(ll)-thiolate) and 131 s (heme
Fe(l1)-thiol). Insets in panels B, C and D show progression curves illustrating the formation and
collapse of species A, B and C for the respective CYP51B1 isoforms. The main figure in panel C
illustrates species A (black), B (red) and blue (C) for WT CYP51B1 (2.9 uM), and that in panel D
shows the same species for CYP51B1 L100F (2.9 uM). The nature of the intermediate (ferrous-
thiolate) form is clearly different in the L100F CYP51B1 mutant compared to the WT and G388S
mutants. Parallel studies of the F89H (2.9 uM) and R391K (2.9 uM) CYP51B1 mutants showed
similar spectral trends to WT CYP51B1 on heme iron reduction, perhaps reflecting a proportion of
ferric heme thiol form in only the L100F mutant. The rate constant for the heme Fe(ll)-thiolate to
heme Fe(l1)-thiol conversion is much faster in the case of the G388S CYP51B1 mutant than for
the WT CYP51B1 and the other mutants.
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CYP51B1 mutants in the heme motif region, upon reduction with 5 mM sodium
dithionite, (and especially G388S) showed faster ferric-thiolate to ferrous-thiolate reduction
and thiolate protonation. Figure 3.10 (A) demonstrates the G388S resting Fe(ll1)-thiolate
(black spectrum) progressively collapsing (dotted black spectra) to its Fe(ll)-thiolate form
at 0.241 s™* (from data recorded at 412 nm and tabulated data in Table 3.2) and then slowly
converting to its ferrous-thiol form at 0.00978 s* (426 nm) over 130 s. These events
occurred in approximately half the time taken for WT CYP51B1, with rate constants of
0.153 s (A to B) and 0.00105 s (B to C) (see Table 3.2). Conversely, R391K had a slower
reduction rate than G388S and WT CYP51B1 at 0.118 s*, and also a substantially slower
thiolate protonation rate at only 0.00068 s, 8 times slower than that for the G388S
ferrous-thiolate protonation rate constant (please see Table 3.2). The rate constant for
R391K CYP51BL1 thiolate protonation is comparable to that for L100F, but with spectral
trends more similar to that for WT CYP51B1 (i.e. with a more clearly defined ferrous-

thiolate species formed before the collapse to the ferrous-thiol form).

The results for the collapse rate constant of R391K may initially seem
contradictory, since there was a faster P450 species collapse rate (protonation of ferrous-
thiolate) when bound to CO; the rate constant in this case being higher than that for WT
and comparable to that for G388S CYP51B1. However, the presence of a ligand (CO in
this case) to the R391K ferrous heme might stabilise the R391K mutant cysteinyl loop
structure. It is possible that interactions between the lysine (3 residues away from C394)
and/or other residues in close proximity to the heme macrocycle and the cysteinate-
proximal ligand stabilise the thiolate coordination for this mutant in its Fe(I1)CO form.
The importance of a strong 6™ distal ligand to the stability of this mutant have also been
shown in the next chapter, where ferric R391K CYP51B1 bound to 4P1 and EPBA (both
type Il inhibitors) readily leads to formation of co-crystals. By comparison, crystals of
CYP51B1 mutants at the SRS 1 hinge region proved more difficult to obtain, even in
ligand-bound forms.

3.5.4 Stabilisation of the P450 Form in the Presence of Estriol and Redox

Partners

Studies of the ferrous-CO adduct in WT CYP51B1, which forms a transient Soret
band at ~448 nm before collapsing back to the ferrous-CO thiol form at ~421 nm, have
been extensively studied by Mclean et al. (2006b; 2006c) Studies were done using a Class |

redox partner system comprising the ferredoxin (Fd1l, Rv0763c) situated next to the
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CYP51B1 gene and flavoprotein reductase A (FprA), and showed that the thiolate-bound
P450 form can be stabilised in the presence of estriol (a lanosterol substrate analogue).
Dunford et al. (Dunford et al. 2007) demonstrated that while kinetics of binding of CO to
Mtb CYP121 were biphasic (perhaps reflecting access of CO to the heme iron from both
an internal protein CO-binding site and the external solution), CO binding to ferrous
CYP51B1 was monophasic. In both these studies, the CYP51B1 ferrous CO-bound or
CO-free thiolate species were unstable and were readily protonated to form the P420
species in processes influenced by pH (Dunford et al. 2007; McLean et al. 2006c). Earlier in
this chapter, I reported that CYP51B1 WT and the azole-resistant mutants formed ferrous-
CO adducts at ~448 nm which were unstable and which readily collapsed to the P420 form
over a matter of minutes. In addition, these P420 formations (reflecting heme thiolate
protonation) differed according to location of the mutants in the enzyme. Here,
considering previous work done on CYP51BL in this field, similar experiments were done
to those by Mclean et al. (McLean et al. 2006¢), in order to attempt to stabilise the
CYP51B1 P450 form using estriol with the redox partner proteins, FprA and Fd1 (instead
of the chemical reducing agent, sodium dithionite). In addition, two more redox partner
enzymes from Mtb were introduced: the ferredoxin reductase (Fdr) situated next to the
CYP51BL1 operon in Mtb and a second Mtb ferredoxin 2 (Fd2, Rv1786 — located adjacent
to the P450 CYP143) in order to assess their electron transfer capabilities from NADPH to
CYP51B1. Table 3.3 summarises the P450 ferrous-thiolate formation in the presence of
CO and estriol in WT CYP51B1, coupled to various combinations of the four different

redox partner enzymes from Mtb.
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Table 3.3: Summary of P450 species formation in WT CYP51B1 with various Mtb
redox partners and coenzymes.

Rate of P450 Formation of FprA Fdr Fdl Fd2
formation (min-) P450 (\ ot X) Rv3106 Rv0688 Rv0763 Rv1786
a) n X \ X N X
b) n X \* X X v
¢) 0. ozo +0.001 (A) \ \ \ \ \
d) 0.024 +0.001 (B) \ \ V X \
e) 0.056 + 0.004 (C) \ & \ X X
f) 0.019 % 0.001 (D) \ & \ v X

g) 0.024 +0.001 (E) V X V X X
h) 0.082 = 0.009 (F) \ V X X X

note: n.d. = not detected. Basal reaction mixture consisted of 0.2 mM NADPH, CO-saturated, pH
7.5 100 mM phosphate buffer, 0.2 mM estriol and 3.24 pM WT CYP51B1 in anaerobic
environment. The concentration ratio of CYP450:reductase:ferredoxin used was 1:1:5. The
signage signifies functional redox partners while X signage denotes that respective redox partners
were not included in the reaction mixture and the \* signage signifies inactive FprA (FprA*) which
was used in the first batch of experiments and did not support an electron transport process.

From Table 3.3, the presence of Fdr in the reaction was the determining element
for the formation of ferrous-thiolate species. Control experiments constituting i) WT
CYP51B1 minus redox partner enzymes but with NADPH, CO and estriol did not result
in either P420 or P450 formation, and ii) WT with NADPH alone also did not result in any
spectral shifts. However, other reactions: iii) WT with NADPH, CO, estriol, FprA and
Fd1, iv) WT with NADPH, CO, estriol, FprA and Fd2 and v) WT with NADPH, CO,
FprA, Fdr, Fd2 without estriol all gave rise to formation of Fe(l1)CO adducts. The non-
formation of P450 species with the FprA* and Fdl combinaton (Table 3.3 a) was
inconsistent with published data by Mclean et al., where formation and stabilisation of the
P450 species in WT CYP51B1 was detected (McLean et al. 2006¢). In view of this
inconsistency, this initial result was attributed to an inactive FprA* prepration with respect
to electron transfer to the P450(s). In view of previous work (McLean et al. 2006c), a
second preparation of FprA was used and this time found to be functional in supporting
electron transfer to CYP51B1 in absence of other redox proteins (Table 3.3 h).

SDS-PAGE analysis of the initial inactive FprA* did not indicate proteolysis had
occurred, hence its inactivity in electron transfer may have been related to flavin loss or
loss of activity caused by freezing/thawing. Likely as a consequence of this, the FprA* and
Fd2 combination (Table 3.3 b) also gave negative P450 formation. The fomation of P450
species using the Mtb Fdr and Fd1 combination agreed with results published by Zanno et
al. (2005) with CO and NADH in terms of lanosterol turnover catalysis (but without estriol
present in this case), although individually the proteins did not support CYP51B1’s
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catalysis of lanosterol demethylation. Interestingly, NADH was reported as a better
electron donor compared to NADPH, yielding faster P450 formation (reaction completed
in less than 5 min), with the minimum NADH and NADPH concentrations being 0.1 mM
and 1.0 mM, respectively, for effective electron transfer during lanosterol catalysis by
CYP51B1 with Fdr and Fd1. However, no further improvements were observed when
these coenzymes were used above 1 mM in reconstitution of CYP51B1 lanosterol catalysis
(Zanno et al. 2005). Indeed, the concentration and choice of electron donors are also
important determining factors for the effective electron transfer process in the CYP51B1
system. The first occurences of P450 species formation in WT CYP51B1, and in all
positive cases from Table 3.3, were detected after ~8 min on average, except for cases
where the reductases were used individually (Table 3.3 g,h and Figure 3.12 E,F) where the
P450 formation was detected after 30 min (Fdr) and 25 min (FprA).

Rate constants presented in Table 3.3 were determined spectrally by following the
formation of the ferrous-thiolate species in WT CYP51B1, as illustrated by the gradual
spectral shift from the resting ferric-thiolate species and formation of the CO complex at
450 nm in Figure 3.12. The collective influence of estriol and electron transfer partners
(Mtb reductases and ferredoxins) in maintaining the P450 form of CYP51BL1 is clear from
the data presented in Figure 3.12 B. A native-like electron transfer system (compared to

dithionite) thus also appears to be important in stabilizing thiolate ligation in this enzyme.
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Figure 3.12: P450 species formation in CYP51B1 WT with various Mtb redox
partners. The thick solid black line is the Fe(l11)-enzyme before the addition of redox partners
(dashed black spectra) and the addition of NADPH (thin solid black spectra in panels D-F) and
estriol (thin solid blue spectra), followed by the first P450 Fe(11)-thiolate species formation (thin red
spectra) gradually changing (progressively shown by black dotted spectra) until the P450 species
was maximally stabilised at ~450 nm (thick red spectra). However, in A, with the presence of
FprA* (inactive FprA), Fdr, Fd1 and Fd2 redox partners, the P450 species collapsed (blue arrow)
over 2 h while the P420 species continued to form (red arrow in A-D), and this happened to a
lesser extent in B with the presence of FprA*, Fdr and Fd2, which was used in the following
experiments with the mutant CYP51B1 enzymes. Interestingly, formation and stabilisation of this
P450 species also occurred when only the reductases, FprA* and Fdr, were added in C,and this was
also the case in D with the addition of both FprA* and Fdr and Fd1. Both Fdr (E) and FprA (F)
individually were shown to support electron transport process from NADPH by P450 formation
(red arrow) of which ~80% (E) and ~98% (F) decayed (orange arrow) to the P420 form overnight
(~18 h) (solid orange spectra) while ~50% of the P450 species decayed over 7 h (E,F) (dashed
orange spectra). Insets show the data for P450 formation fitted using a single exponential
(Equation 2.1) to derive the rates as shown in Table 3.3. No formation of either P420 or P450
species occurred when either NADPH alone without (i) the redox partners present or (ii) without
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CO and estriol present were included in the system. Similarly, no formation of P450 species
occured when Fdr was omitted from the experiment.

Without Fd2 or Fd1, the formation of a P450 species still occurred, consistent with
the ability of Fdr and FprA to reduce CYP51BL1 in isolation (Figure 3.12 C, E, F). It would
be interesting to prove whether these reductases alone (either together or individually) can
also support CYP51B1 demethylation activity towards either lanosterol or 24,25-
dihydrolanosterol, results of which are still pending analysis via LCMS (Paul Williams,
LCMS/GCMS experimental officer, Manchester Interdisciplinary Biocentre, pers. comm.).

In all experiments, CYP51B1 WT ferric enzyme (thick solid black spectra) in
presence of CO was mixed with redox partner enzymes (dashed black line), followed by the
addition of estriol (thin solid blue spectra) and bubbling with more CO gas, before the
reaction was initiated with the addition of NADPH (thin solid black spectra). Absorbance
change data at A450 for the system containing both reductases and ferredoxins (Figure
3.12 A,B,D) were fitted with a single exponential function while the system containing only
reductases (Figure 3.12 C,E,F) were fitted with a sigmoidal function. Comparisons
between the reductases indicated that neither alone had the same P450 stabilizing effect as
observed in the presence of the Fd1/Fd2 ferredoxins. However, experiments using Fdr
resulted in ~65% P450 formation over 140 min, followed by a slow collapse to the P420
form over 7 h (~50%) and 18 h (~80%) (Figure 3.12 E) with a P450 formation rate
constant of 0.024 min™. In the case of FprA, a much lower amount of P450 was formed
(~30% at 90 min) albeit ~4 fold faster (0.082 min™) than the other combination, and again
decayed to P420 over 7 h (~50%) and 18 h (~98%). The FprA reductase system supported
P450 formation faster in isolation than when both (FprA and Fdr) were present in the
system together (0.056 min™).With these rate constants differences and the sigmoidal-
shaped curve in the systems with reductases only (in addition to an initial lag-phase) these
suggested a few possibilities including allosteric interactions between these co-enzyme
proteins and CYP51B1 (the heme domain) i.e. (i) a competitive binding between the two
FAD domains onto the heme domain of CYP51B1 surface recognition sites in order to
facilitate electron transfer (Figure 3.12 C), (ii) inefficient electron transfer from NADPH
via the FAD-reductases due to improper coupling to the heme domain of CYP51B1
(Figure 3.12 E,F), (iii) a slow complexing of the reductase with CYP51B1 and/or (iv) a
slower reduction of the FAD in the reductases before the electrons were transferred
relatively rapidly (inferred from the lag-phase to the exponential-phase) to the heme

domain.
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Flavin adenine dinucleotide (FAD)-containing flavoprotein/ferredoxin reductases
(FprA and Fdr) alone were demonstrated to enhance the rate of P450 formation (Table
3.3) suggesting that the first electron transfer process to CYP51B1 can take place with
these FAD-associated flavoproteins and without the presence of the partner iron-sulfur
cluster ferredoxins. Preceding discussions relating to FprA* likely indicate that Fdr alone
may be responsible for the CYP51B1 reduction. The absence of the 3Fe4S-ferredoxins
“shortens” the electron transport chain from NADPH via FAD-associated reductase(s) to
CYP51B1, as illustrated by the electron transfer scheme in Figure 3.13, likely explaining
the difference in rate constants for the reductase combinations in the above experiments
(Table 3.3).

NADPH +
H+
Fdr
FprA L CYP51B1
NADP*

Figure 3.13: Electron transfer scheme between Mtb redox partner enzymes and
CYP51B1. The electron donor NADPH is oxidised by Mtb FAD-containing flavoprotein
reductases, flavoprotein reductase A (FprA) (Rv3106) and ferredoxin reductase (Fdr) (Rv0688) and
the electrons can be passed through the FAD cofactor and onto the CYP51B1 heme via two
pathways; A) via Mth 3Fe4S-ferredoxin partner enzymes, Fd1l (Rv0763) or Fd2 (Rv1786) or B)
bypassing the ferredoxins and directly reducing ferric-heme P450 to ferrous-heme. The oxidation of
sterol substrate has been shown to occur when both ferredoxin reductase/ferredoxin are used, but
it is not clear whether a productive monooxygenase reaction can occur in absence of a ferredoxin
partner.

It is pertinent to note that these CYP51B1/redox partner combinations proposed
in the above scheme (Figure 3.13) have yet to be empirically proven with substrate
turnover experiments. By measuring sterol substrate turnover via LCMS with the above
Mtb redox partner combinations (and with different proven substrates of CYP51B1, e.g.
lanosterol, obtusifoliol or 24,25-dihydrolanosterol), an optimal partner set supporting
catalytic function may be established. Defining appropriate partner proteins would be

beneficial with respect to rationalizing CYP51B1’s proposed participation in Mtb-host
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macrophage infection (Gatfield and Pieters 2000) in concert with other Mtbh P450 enzymes
already established (or possibly) as essential for bacterial viability, virulence or host
cholesterol metabolism (CYP121, CYP124, CYP125, CYP128, CYP130, CYP142 and
CYP144) (Driscoll et al. 2011; McLean et al. 2010; McLean et al. 2007).

In view of the Fd2’s apparent stabilising effect on formation of the ferrous-
thiolate P450 Fe(I1)CO species and the availability of this redox partner enzyme, a mixture
of Fdr and Fd2 was employed for electron transfer and P450 stabilisation studies in the
azole-resistant mutants. Table 3.4 exhibits the rate constants for P450 formation for WT,
F89H, L100F and R391K, while the rate constant for the G388S mutant was for P420
formation. Although the P450 form was stabilized in WT CYP51B1 and mutant enzymes
(F89H, L100F and R391K) by the ferredoxins, the P450 form did, however, partially
collapse to the P420 form over several hours (Figure 3.14). This conversion was sufficiently
slow that it occurred over a similar timescale to the reoxidation of the Fe(I1)CO back to
Fe(l11).

Table 3.4: Rate constants for P450 species formation of CYP51B1 mutants with Mtb
Fdr and Fd2 redox partners.

CYP51B1 Rates of formation (min™)
WT 0.0241 = 0.0004
F89H 0.0206 + 0.0006
L100F 0.0352 + 0.0012
*(G388S 0.0176 = 0.0004
R391K 0.0265 = 0.0006

Note: * Rate constant for G388S is for P420 species formation. Conditions were as described in
section 2.2.14.

C.C. Fernandez | Page] 125



Biochemical Characterisation | Chapter 3

4 \ A F89H 0 - B L100F
05 Iy 3 t =T o
; . 0.5
4] o
204 F 433 iy 2
3 5 Soa}
# \ 2 5K
2 Zosf

=]
Fx
=
!
i
!
)}.f')l
#
.
’
¢
;
[
]

fa]
[~
L :
Tl
7

400 420 440 480 400 420 440 480
Wavelength {nm) Wavelength {nm)
06 4 C G388S R D R391K
05 i * ) I'._

g B ®

S04l %” 4

g 2 [

b g il

@ :

= g 0.3

=
ra
T

02F Seo
400 420 440 480 400 420 440 . 45
Wavelength {nm) Wavelength (nm)
ﬂa&ﬁ* E

05k
L &
S ot f F89H WT
é 0.4F . : . i

% .

1 e
2
‘g 0.3

0.2

0 20 40 60 80
Time (min)

Figure 3.14: P450 species formation and stabilisation in CYP51B1 mutants with Fdr,
and Fd2. In panels A-D, the solid black line is for the Fe(l11)-enzyme in each case, and before
the addition of redox partners (dashed black line) and the addition of NADPH and estriol (thin
blue line). The thin red line indicates the first P450 Fe(ll)-thiolate species formation observed, and
(progressively shown by black dotted lines and black arrows) this leads to the maximal P450 species
stabilised at ~448 nm (thick red line) in all but one case. The exception is for G388S (panel C),
where only the P420 species is formed. Over periods of 2 h or more, the P450 species collapsed
(blue arrow) while P420 species continued to form (red arrow). This was the general case for F89H
(A), L100F (B) and R391K (D), but not for G388S (C) which demonstrated only P420 Fe(l1)-thiol
species formation. Progression curves for the formation of the P450 species (*apart from G388S
which is for P420 formation) are illustrated as changes in A450 versus time in panel E, with L100F
CYP51B1 showing the least conversion to P450. The data for the G388S mutant show the DA420
versus time, since essentially no P450 was formed in this enzyme. In all the above cases (other than
(G388S) an apparent single P450/P420 isosbestic point was maintained at 433 nm.
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The instability of the G388S P450 Fe(I1)CO species may be consistent with the
underlying property of this mutation in destabilising the binding (leaching of the heme
cofactor during purification) of the heme, which in WT CYP51B1 is more firmly anchored
at the catalytic site. The direct reduction of the ferric-thiolate G388S to the ferrous-thiol
CO-bound species was a slower process (0.018 min™) in the presence of lanosterol-
substrate analogue (estriol) and Mtb redox partners (Table 3.4), as opposed to 0.880 min™
for ferrous-CO adduct reduction with sodium dithionite (Figure 3.10 A). The fact that
G388S has a more positive heme iron redox potential (-102 mV) compared to WT
CYP51BL1 (-283 mV) would boost its electronic affinity, and may expedite the electron flow
from reduced redox partners to its heme-iron, impressing the fact that the slower P420
formation for this mutant (compared to dithionite reduction) is probably due to inefficient
interactions and electron transfer reaction with the redox partner enzymes. This
information can be extrapolated to predict G388S mutant catalytic properties with its
substrate in vivo or in vitro. Since the G388S CYP51B1 is unstable in the active ferrous-
thiolate (Fe(I1)-S)form (when bound to substrate and primed for catalysis), its more rapid
conversion to the protonated ferrous-thiol form would render this mutant inactive in
substrate oxidation, unless second electron transfer occurs faster than heme thiolate
protonation. One might expect this “fluconazole-resistant” mutant to participate in
substrate turnover more effectively than the WT CYP51B1 while in the presence of
fluconazole inhibitor (assuming that the Mtb mutant enzyme faithfully reproduces the
properties of the C. albicans mutant. This might be reflected in a higher affinity towards
estriol compared to fluconazole (or at least weaker affinity for the latter). The K, values
from equilibrium binding experiments showed relatively tight binding of this ferric-heme
mutant enzyme to fluconazole (13 pM) compared to estriol (78 pM) while ferric-heme WT
CYP51B1 showed the same binding affinities to both fluconazole (21 uM) and to estriol
(21 uM). These profound results will be discussed later in this chapter.

From the table above, L100F showed the highest rate constant for P450 species
formation, while the F89H and R391K CYP51B1 mutants’ rate constants were quite
similar, and close to those for the WT enzyme, which confirms that the combination of
redox partner enzymes does facilitate electron transfer from NADPH to the heme-iron of
these mutants, and with a similar rate to the WT CYP51B1. The first clear P450 spectral
species formation for this combination of redox partner enzymes (FprA, Fdr and Fd2) was
seen at 7.5 min for WT and at 15 min, 6 min and 13 min for F89H, L100F and R391K
mutants, respectively. Spectral data for the formation and stabilisation of the P450 species

by estriol is shown in Figure 3.14. Resting ferric enzymes (solid black spectra) were mixed
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with the redox partners simultaneously (dashed black spectra) followed by addition of
estriol and CO bubbling, and initiation of the reaction by NADPH addition (thin blue
spectra). The gradual progress of formation of the Fe(I1)CO complex was followed (thin
dotted spectra) with the first P450 spectrum observed shown as thin red lines, and the
progressive P450 build up indicated by a black arrow. The maximally formed P450 species
in each case are shown as thick blue spectra, and its gradual collapse denoted by blue
arrows with the concurrent P420 species formation indicated by red arrows. The reactions
were terminated after ~8 h in each case. Substrate-analogue-assisted P450 species
stabilisation was observed for WT with the different redox partners (Figure 3.12).
However, for the mutant CYP51B1 enzymes (shown in Figure 3.14), partial P450
stabilisation was observed for F89H and R391K mutants, and a somewhat slower
formation of the P450 species was observed for the L100F mutant, albeit with stabilisation
of the P450/P420 equilibrium. In the above cases, the isosbestic points remained stable at
433 nm, denoting the clear transition between the two species (P450 and P420). Substrate-
assisted ferrous-thiolate stabilisation has been previously observed by the binding of native
substrate epothilone D to dithionite-reduced P450 EpoK from a myxobacterium Sorangium
cellulosum (an enzyme important for anticancer agent production [epothilones A and B] by
epoxidation of its substrate). This enzyme showed recovery at relatively low temperatures
(~15°C) of the ferrous-thiol P420 form to the catalytically active ferrous-thiolate P450
form (Ogura et al. 2004). In this study, estriol (a lanosterol analogue with greater solubility)
was observed to stabilise the ferrous-thiolate P450 form in WT CYP51B1, and to a certain

extent in the azole-resistant mutants at 30°C.

Related work done by Mclean et al. (2006¢c) on WT CYP51B1 showed that estriol
enhanced the P450 species formation (70/30 P450/P420 species ratio ~3.5 min after
introduction of CO to a dithionite-reduced sample), but did not prevent its eventual
collapse to P420. McLean et al. (2006¢) also showed that the CYP51B1 P420 species was
reversible upon complete reoxidation, and that the enzyme was able to undergo another
cycle of reduction to P450 and the subsequent collapse to P420. A similar phenomenon of
P450 species stabilisation was observed in Mtb CYP142 by cholest-4-en-3-one, a native
substrate, where a 80/20 P450/P420 ratio was achieved, and complete P420 formation
seen in absence of substrate (Driscoll et al. 2010). These findings lead to the conclusion
that, upon finding the native substrate for CYP51B1, it too will innately stabilise the active

P450 ferrous-thiolate species and likely prevent enzyme inactivation.
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3.5.5 Redox Potentials of WT and Mutant CYP51B1 Ligand-Free Forms

The redox potential or mid-point potential for any substance is a measure of its
affinity towards electrons and its oxidising potential. At pH 7.0, the reducing agent, sodium
dithionite, has a redox potential of -660 mV while the oxidising agent, potassium
ferricyanide, has a redox potential of 436-450 mV, both against the standard hydrogen
electrode (Mayhew 1978). The measurement of a CYP51B1 mutant enzyme’s heme iron
redox potential is important to ascertain its heme-iron affinity towards electrons which,
during catalysis, will be provided by NADPH and delivered via redox partners that have
been previously examined (section 3.5.4). A more positive redox potential would favour
electron transfer from the redox partner to the ferric-heme in a P450 and vice versa. With
respect to redox partner interactions, the importance of a positively charged region
surrounding the proximal face of the P450 heme is well established, and several basic
residues were identified in the structure of rabbit CYP2C5 (the first mammalian P450
crystal structure) that could form electrostatic interactions with an acidic surface on the
CPR partner (Wang et al. 1997; Williams et al. 2000). In the case of P450nor (CYP55A1),
however, the redox partner has been dispensed with in favour of direct interaction with
NADH, which binds within the active site cavity (Oshima et al. 2004). In P450nor (-307
mV) there is a distinct lack of positive charge on the heme distal surface, as might be
expected (Munro et al. 2007).

Figure 3.15 depicts potentiometric titrations of CYP51B1 WT, G388S and R391K
enzymes and Nernst plots that enable the determination of the redox potentials for their
heme iron Fe(l11)/Fe(ll) couple. Reduction with the artificial reductant dithionite, rather
than by NADPH via redox partner enzyme flavoprotein/ferredoxin reductases (FprA/Fdr)
and ferredoxins, produced a characteristic absorption band at 423 nm in WT CYP51B1
consistent with the ferrous-thiol species. Subtly different spectral shifts were observed for
mutants at the cysteinyl loop region, G388S and R391K, with formation of the ferrous-
thiolate (402 nm — G388S and 399 nm — R391K) and ferrous-thiol (427 and 422 nm,
respectively) forms, and resultant differences in spectral shape and wavelength maxima. In
previous stopped-flow analysis with dithionite as reductant (section 3.5.3, Figure 3.11 C), a
similar 425 nm peak was observed in WT CYP51B1 over a timescale of several seconds
with a preceding peak at 414 nm indicative of ferrous-thiolate formation. In the
potentiometric procedure, the enzyme-reductant mixture was left to equilibrate over 4-6
minutes at each dithionite titration point before readings were taken, allowing the

thiol/thiolate system to come to equilibrium for ferrous enzyme at each applied potential.
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Figure 3.15: Redox potentials of ligand-free WT CYP51B1 and cysteinyl loop mutant

enzymes. A-B) Spectral redox titration of WT CYP51B1 (9.30 nM) and its accompanying
absorption versus potential plot, with a redox potential of -311 = 3 mV determined by fitting the
data using the Nernst function (Equation 2.4) in panel (B). The spectra accompanying the
reduction of the WT heme iron show a Soret band shift (A) from 417 nm (black spectrum) to 423
nm (purple spectrum). Intermediate spectra are shown as dotted black spectra. This titration shows
a near-complete formation of the thiol-coordinated species, consistent with previous studies
(McLean et al. 2006c). Repeated redox titrations of the WT enzyme showed similar spectral
conversions, although sometimes with a small proportion of thiolate-coordinated ferrous enzyme
retained at ~401 nm. Reoxidation with potassium ferricyanide followed a similar reduction path as
shown by dotted red spectra. C-D) show the comparable spectral and fitting data for the G388S
CYP51B1 (4.13 uM), with heme iron redox potential of -102 = 3 mV (D), and C) showing the
changes in absorption upon reduction with sodium dithionite and reoxidation with potassium
ferricyanide (dotted red spectra) for the G388S mutant, as shown by the red arrow, followed almost
similar pathways. SHE = standard hydrogen electrode. The solid black spectrum shows the initial
resting state of the enzyme with a 418 nm Soret peak. After progressive reduction, denoted by
dotted black spectra, the Soret maximum finally reaches 427 nm, with notable increases in spectral
intensity at 560 nm in the Q-band region (solid blue spectrum). E-F) A different type of Soret band
shift upon reduction for another mutant in the cysteinyl loop region is demonstrated by R391K
(6.57 pM), with a ~50% mixture of Fe(ll)-thiolate and -thiol forms observed as Soret maxima at
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~399 and ~422 nm, respectively (green spectrum). For this mutant (which binds heme much better
than does G388S) the resulting mid-point heme iron potential (-299 + 4 mV) did not differ
substantially from that for the WT CYP51B1.

Essentially, the approaches applied in section 3.5.3 measure the rate of reduction
of CYP51B1, while the potentiometric (spectroelectrochemical) procedures measure
equilibrium reduction of the heme iron with varying amounts of dithionite. Both these
methods complement one another: the kinetic procedures capture the reaction rates
associated with the P450 (ferrous thiolate) collapse to the P420 (ferrous thiol) form, while
the potentiometric analysis provides equilibrium data that report on the differing electron
affinity for WT and mutant CYP51B1 heme iron. Although complementary, the latter
procedure involved including mediators in the system and may be liable to subtle changes
in pH or ionic strength at different sodium dithionite titrations. During multiple
potentiometric assays of WT CYP51B1 (on three separate occasions) variations were
observed which were reflected by formation of small amounts of the ferrous-thiolate-
coordinated form as well as near-complete ferrous-thiol-coordinate form (data not shown)

may be attributable to the above factors.

In order to ensure that there was no hysteresis behaviour in the potentiometric
titrations (a phenomenon which may be observed in iron-heme proteins due to the
existence of iron in two states i.e. Fe(ll) and Fe(l1l) coupled with the electronic (electron
flow) affinity during reduction and reoxidation processes using either chemical or
physiological redox agents (McLean et al. 2006c)), reduced enzymes were subsequently
reoxidised using potassium ferricyanide. This showed that the process was fully reversible
in each case, and that the P420 form was not a permanently denatured version of the
protein. Furthermore, the reoxidation spectra followed the same absorbance versus

potential pattern as observed for the reductive path, ruling out any hysteresis phenomena.

Interestingly, the G388S mutant displayed a very positive heme iron redox
potential of -102 = 3 mV, revealing a higher electron affinity and thus a higher propensity
to attract electrons from NADPH (via the redox partners) in a ligand-free state due to an
increased driving force of about 209 £ 3 mV by comparison to WT CYP51B1. This
behaviour of the G388S mutant may be attributed to the location of the mutation within
the heme-binding region of the P450, where all catalytic redox reactions take place and in
the environment in which inhibitors and substrates bind, as shown in Figure 3.16. The
influence of a polar serine residue, by virtue of the G388S mutation near the heme site,
clearly results in an increase in heme iron redox potential, possibly as a direct consequence

of structural perturbations in the highly conserved glycine-rich cysteinyl loop surrounding
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the totally conserved cysteinate proximal ligand (C394 in Mtb, C470 in C. albicans and C454
in A. fumigatus CYP51 enzymes). The ~90% conversion to the P420 species, as shown by
the Soret shift from 418 nm to predominantly 427 nm (Figure 3.15 C) demonstrates the
destabilisation of the cysteine thiolate to protonation in the equilibrium redox titrations,
consistent with data from the stopped-flow dithionite reduction analysis (section 3.5.3). A
major difference of CYP51B1 from various other P450s is shown by its ready conversion
to the ferrous-thiol species (with absorption maximum at ~430 nm) during reduction,
while other P450s, e.g. Mtb CYP121 remained predominantly in the ferrous-thiolate form
(~410 nm) in their reduced state (McLean et al. 2006b). This instability of the catalytically
active P450 species to heme thiolate protonation was decreased on the binding of estriol,
consistent with structural rearrangements that prime the enzyme for substrate turnover.
However, the G388S mutant (that introduces a hydroxyl containing aliphatic chain close to
the cysteinate) accelerated the P450 to P420 conversion by ~9-fold (WT = 0.00105 min™,
G388S = 0.00978 min™) compared to WT CYP51B1 (Table 3.2).
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Figure 3.16: Residues at the B-bulge of the cysteinyl loop trans to the substrate
binding site. (A) shows the substitution of glycine to serine at position 388, six residues away
from the heme proximal Cys (green) ligand at position 394. Spheres representing Gly and Ser are
colour coded - NH; (blue), C backbone (yellow), COOH and OH ends (red) and H (white). The
model in (B) looks down towards the ligand free (pdb: 1h5z — WT CYP51 2.05 A: cyan residues
and dark blue heme porphyrin ring) and 4P1-bound (R391K-4PI mutant — 1.70 A: yellow and blue
4PI1, magenta residues and red heme porphyrin ring) heme of CYP51B1 and the cysteinyl loop
residues close to the C394 proximal heme ligand. Structures are backbone aligned and
superimposed. The network of residues at these positions (labelled) are highly conserved across
CYP51 enzymes from different kingdoms, likely pointing towards retention of structure around the
thiolate ligand that helps regulate the redox properties of the heme centre. (C) exhibits a multiple
sequence alignment of CYP51 enzymes in the heme motif region, with the cysteinate proximal
ligand highlighted in black and the highly conserved Gly residues highlighted in cyan. Gly-rich
heme sites are especially prominent in CYP51 enzymes of yeasts, slime mould and plants. Gly
residues highlighted in red in the C. albicans and A. fumigatus CYP51 enzymes are prone to azole-
resistance conferring mutations to a Ser residue.
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Assuming that the properties observed for the Mtb CYP51B1 G388S mutant are
also observed for the C. albicans CYP51, some suggestions could be made for how this
fungal mutation might affect the enzyme. (i) Assuming that, like WT CYP51B1 bound to
estriol, the redox potential of fungal CYP51 G388S bound to a substrate (lanosterol or 24,
25-dihydrolanosterol) is also further increased, this could translate into a faster reduction
by redox partner enzymes, and enhanced rates of 14o-demethylation of substrate. (ii) If,
due to increased heme iron potential, electron flow to the heme iron occurs even in the
absence of a sterol substrate, then a non-productive reduction of molecular oxygen will
occur via one of the three shunt pathways in the P450 catalytic cycle (Figure 1.5 A) and
reducing equivalents will be wasted in formation of superoxide, peroxide or water. It is not
immediately obvious how such thermodynamic/kinetic effects could impact on fluconazole
affinity, but they might help overcome azole effects by more rapid product formation in
non-azole inhibited enzymes. What remains unknown is whether the fungal G388S
mutants have a lower affinity for fluconazole (the antifungal drug to which the mutant
confers resistance in C. albicans) or voriconazole (in A. fumigatus), or whether structural
changes in the mutants otherwise affect their relative affinities for substrate and azole(s).
These phenomena are studied further on in this chapter for the Mtb CYP51B1 in

interactions with azoles and its substrate.

For the R391K mutant, the ligand-free heme iron redox potential (-299 + 4 mV)
was comparable to the WT ligand-free potential. The R391K mutant’s spectral properties
showed differences from that of the G388S mutant. However, the R391K mutant was
found to exist in an approximately 50/50 ferrous-thiolate (399 nm — P450 species) and
ferrous-thiol (422 nm — P420 species) equilibrium in its reduced form, as demonstrated in
Figure 3.15 (E), while the WT exhibited an ~30/70 P450 (401 nm) to P420 (425 nm)
species equilibrium. For the R391K mutant, there is a slower rate constant for the
P450/P420 transition (0.00044 s™*) compared to WT CYP51 (0.00104 s™) (Table 3.2). The
introduction of Lys at position 391 abolishes an important guanidinium arginine side chain,
which is a semi-conserved residue in the CYP51 family, with the exception of CYP51
enzymes in protozoa (Val), slime mould (Lys) and mimivirus (Val), as illustrated by the
multiple sequence alignment in Figure 3.16 (C). The conserved Arg at position 391 in Mtb
CYP51BL1 (position 467 in C. albicans CYP51), is adjacent to the second strictly conserved
Gly residue (the middle Gly residue highlighted in the cyan column in Figure 3.16 C) and
just 3 residues away from the totally conserved cysteinate proximal ligand. Lysine is also a
basic amino acid, but structurally different from the more complex guanidinium group

found in arginine. This structural change could potentially inhibit proton transfer to the
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cysteine thiolate, hence explaining the slower protonation of the ferrous-thiolate species
observed for this mutant and consistent with spectral trends from redox potential
experiments and stopped-flow reduction by dithionite. The guanidinium side chain of Arg
could thus have two roles at the cysteinyl loop of WT CYP51B1, i.e. (i) in forming H-
bonds with adjacent amino acid side chains and (ii) in establishing an efficient proton
transfer system during thiolate-thiol transitions of the reduced enzyme. The cysteinyl loop
structural detail shown in Figure 3.16 (B) shows that the Arg 391 guanidinium side chain
(for the WT ligand-free structure at 2.05 A) faces outwards away from other nearby amino
acids, while data from higher resolution (1.4-1.5 A) structurally solved WT and F89H
crystals from this work revealed that electron density for the Arg 391 side chain was
missing, suggesting mobility of this residue. This raises some questions on the role of the
guanidinium side chain in both stabilising the cysteinyl loop by H-bonds and/or in
facilitating proton transfer to the thiolate side chain of Cys 394. This is further discussed in

the next chapter, along with further data on solved CYP51BL1 crystal structures.

Redox potentiometry analyses were also done for mutants generated in the
flexible regions on the surface of the enzyme. The F89H and L100F enzymes were titrated
using stocks of ~10-30 mM sodium dithionite (made up in 0.1 M KPi pH 7.5). The pH of
the enzyme mixture did not vary from ~pH 7.5 during the titration. From Figure 3.17 (A,
C), it can be seen that there is apparent formation of larger amounts of the ferrous-thiolate
form (at ~401 nm) at earlier stages in the redox titration than are observed for the fully
reduced F89H and L100F CYP51B1 enzymes. On completion of the redox titrations, these
ferrous thiolate species have decreased somewhat in favour of the ferrous-thiol forms.
Regardless of the kinetics of the thiol/thiolate conversions in the ferrous enzymes, both
retain a small proportion of ferrous thiolate enzyme at the end of the titrations. It was
found that L100F mutant had a slightly more positive redox potential to WT CYP51B1 (-
239 = 4 mV and -283 £ 3 mV, respectively), while the F89H mutant (Figure 3.17 A, B)
had a more negative potential of -350 = 4 mV. This similar redox potential of L100F to
WT might have been predicted, since the mutation is situated away from the heme binding
region and may not therefore impact on the environment of the heme catalytic centre. The
more negative redox potential of F89H was not predicted. However, compared to previous
work done by McLean et al. (2006c) on WT CYP51B1, the F89H potential is close to the
potential reported for WT (-375 mV in the ligand-free form). Upon estriol binding, which
displaces the axial water ligand and shifts the spin state from LS to HS to yield a penta-
coordinated form, the WT heme-iron redox potential increased to -225 mV, which is

similar to that reported here for the L100F ligand-free mutant. This elevated potential
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evidently creates a positive driving force in the electron transport chain from NADPH (-
320 mV) via its redox partner enzymes, FprA (-230 mV for the 2-electron reduced FAD
hydroquinone) (Fischer et al. 2002; McLean et al. 2003) and Fd1 (-31 mV) to the estriol-
bound CYP51B1 (-225 mV) (McLean et al. 2006¢), which reflects steps (ii) and (iv) of the
P450 catalytic cycle (Figure 1.5 A). Spectrally, both these mutants showed similar trends to
that of WT CYP51B1, with the formation of a ferrous-thiolate species at 401 nm, and the
progressive conversion to the ferrous-thiol form at 422 nm (partial thiol form) and 426 nm
for the F89H and L100F CYP51B1 enzymes, respectively. In the Q-band region, there was
also the development of major band and a minor band at ~560 and ~535 nm, respectively,
upon reduction of all mutants and the WT CYP51B1, reflecting considerable amounts of

the ferrous-thiol form of the heme.

Reoxidation experiments were carried out for the reduced mutant and WT
CYP51B1 with potassium ferricyanide. Reoxidised spectra were consistent with reduced
spectra at the same applied potentials, thus, ruling out hysteretic behaviour. However, for
the L100F mutant in Figure 3.17 (E), reoxidation of the reduced form by titration with
potassium ferricyanide (using small volumes of an ~10-50 mM stock solution)
demonstrated the formation (arrow) of a mixed species with Soret maxima at 396 nm and
414 nm, and the concomitant collapse of the strong Q-band feature at 559 nm also
signalled the reformation of a ferric heme enzyme. Interestingly, the blue shift of the major
Soret band feature to 414 nm was distinct from that of the starting form, although its
positioning was likely influenced by the apparent simultaneous formation of a proportion
of a HS penta-coordinated band at 396 nm. To explain this atypical reoxidised Soret band
shift, further experiments were carried out on WT and mutant CYP51B1 enzymes, using a
redox cycling assay.
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Figure 3.17: Redox potentials of ligand-free CYP51B1 B-C loop mutant enzymes. A-
B) CYP51B1 F89H with a heme iron redox potential of -350 = 4 mV (B) and the Soret band shift
(A) from 419 nm (thick black spectrum) to 422 nm (yellow spectrum) accompanying heme iron
reduction. The dotted black spectra in A reflect the shift of the reduced Soret peak from ~430 nm
back to its ~420 nm species upon progressive reoxidation. This reoxidation step (dotted red
spectra) was carried out to rule out the occurrence of hysteresis in the titration, and data analysis
indicated that spectral changes were completely reversible and occurred at the same redox
potentials in both directions. C-D) L100F CYP51B1 redox titration with sodium dithionite
showing a gradual Soret red shift (oxidized enzyme in thick black spectrum, reduced enzyme in
orange spectrum) with the same trend as F89H (C), and with a heme iron redox potential of -239 +
4 mV (D). Both F89H and L100F demonstrate the formation of ferrous-thiolate form (401 nm)
which collapses during reduction into a ferrous-thiol species at 422 nm for F89H (partial
conversion to the thiol form) and 426 nm for L100F, comparable to WT CYP51B1’s complete
conversion to ferrous-thiol at 423 nm. E) Upon reoxidation with potassium ferricyanide, a gradual
shift of the Soret band towards a shorter wavelength (426 to 414 nm) occurred, apparently with a
concomitant formation of a HS component at 396 nm (red spectrum) for L100F. Dotted black
spectra in E are intermediate spectra in the reoxidation process.
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3.5.6  Redox Cycling with Chemical Reducing and Oxidising Agents

Following redox potential determination and the observation of a HS ferric
species formation in L100F CYP51B1 at 396 nm upon reoxidation with ferricyanide, a
diagnostic redox cycling experiment was carried out on all the mutant and WT CYP51B1
enzymes. Although spectra recorded in oxidative sections of redox titrations were generally
highly similar to those recorded at the same potential in the reduction direction, the mixed
formation of HS and LS species and the resulting Soret band peak poistion (414 nm) in the
fully reoxidised L100F mutant suggested that some alterations to heme ligands might have
occurred following successive reduction and oxidation of the L100F heme iron. To
investigate this phenomenon further, 0.1-0.2 mg/mL of sodium dithionite was added into a
solution of the enzyme, and the conversion of Fe(lll) to Fe(ll) heme iron was recorded
until the maximum Fe(I1)-thiol species was formed at 426 nm. This Fe(l1)-thiol species was
observed in WT and mutants, with no substantial differences in the nature and position of
the reduced Soret band peak. Subsequently, 0.2 mg/mL (final concentration) of potassium
ferricyanide was added to reoxidise the enzymes, with all experiments done in an anaerobic
atmosphere. The enzymes were left to reoxisidise at 21°C overnight and the formation of a
HS species was observed to a significant extent in L100F CYP51B1 (Soret at 394 nm) and
to a lesser extent in G388S CYP51B1 (at 396 nm). WT, F89H and R391K CYP51B1
enzymes did not demonstrate any notable amount of a ferric HS species at ~390 nm upon
reoxidation. In addition, the reoxidised LS Soret band did not return perfectly to its native
~418-419 nm Fe(l11)-resting state maximum, but instead to a shorter wavelength at 412
nm (WT), 413 nm (F89H and R391K) and 411 nm (L100F) in these experiments.

Figure 3.18 demonstrates the formation of Fe(ll)-thiol (solid red line) upon
reduction, collapse to Fe(ll1) HS or LS forms (thick blue line) upon reoxidation and once
more the gradual formation of Fe(ll)-thiol upon reduction (dotted red lines) for WT,
L100F and G388S enzymes. When the enzymes were reduced for the second time with
dithionite, a minor transient species at 463-464 nm was observed to form in all except
G388S, which collapsed within 30 min into the reduction. These experiments were done in
a semi-aerobic environment and there were no apparent pH changes from pH 7.5 (assay
pH) prior to reduction by dithionite. The 460 nm species is not commonly recognised in
reduction or CO binding experiments in P450s but due to the duration of the experiment
and the presence of residual dithionite from the first reduction cycle in the enzyme
mixture, it is possible that there is some formation of transient sulfur-ligated heme iron by
species arising from the breakdown of dithionite. A similar suggestion was previously

made for sulfur ligands binding to thiolate coordinated P450cam (Sono and Dawson 1982).
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An ~460 nm species has also been observed by formation of carbene adducts from the
breakdown of CO and chloroform with mammalian P450s. Some mutants of human
CYP2A6 and nitric oxide synthase have also demonstrated transient Soret band splitting at
~370 and ~460 nm, which was putatively attributed to hyperporphyrin formation and bis-
thiolate ligation (Gorren et al. 1997; Nolan 1986; Sakurai et al. 1990). To assess whether the
CYP51B1 enzymes still retained their P450 characteristics, CO gas was bubbled into the
second-round-reduced enzymes and the formation of P420 was observed (thin blue line) in
WT (417 & 404 nm), F89H (417 & 405 nm), L100F (417 & 405 nm), G388S (418 nm) and
R391K (417 & 405 nm) enzymes. Upon addition of estriol to reduced L100F, the same
spectrum as CO-Fe(l1)-bound was observed (Figure 3.18 D).

The entire redox cycling experiment was relatively slow and took 48 hours to
complete. It was most logical to identify what caused the apparent HS formation upon
reoxidation, particularly since this was not attributed to extreme pH changes (as the pH of
the enzyme mixture was stable throughout the experiment). EPR analyses were therefore
carried out for all reoxidised enzymes (except in the case of G388S, as no substantial HS
species was detected) in order to examine the ligation states of the ferric-heme, and this is

discussed in the next chapter.
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Figure 3.18: Redox-cycled CYP51B1 WT and mutants. A) F89H and R391K CYP51B1
mutants showed the same types of Soret band changes to WT CYP51B1 during the redox cycling
experiment, with formation of a minor (transient) 463-464 nm species which gradually disappeared
after 30 min in all enzymes, apart from G388S, where it was not observed (B). In B), G388S
demonstrated clean conversions from Fe(l11) to Fe(l1)-thiol species and upon reoxidation showed a
hint of a likely HS species at 396 nm, which was comparable to the 394 nm species in the L100F
mutant (C). This HS species at ~390 nm was not observed in WT, F89H and R391K CYP51B1
enzymes. D) After the second round of reduction with dithionite, CO gas was bubbled into all
enzymes, and in L100F the reduced Soret band at 420 nm shifted to a mixture of 405 and 415 nm
species at ~40% to ~60% content (based on spectral intensity), respectively. Both estriol (black
spectrum) and CO (blue spectrum) binding to ferrous-heme of L100F also showed the same Soret
shifts trends.
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3.6 Understanding the Mechanisms of Azole-Resistance in CYP5lca Using
CYP51B1 as a Template

3.6.1  CYPS51B1 UV-Visible Spectral Ligand Binding Properties

3.6.1.1 Photo-Diode Array Analysis of Estriol and Fluconazole Binding to
CYP51B1

Parallel Photo-Diode Array (PDA) stopped-flow absorption spectroscopy studies
were carried out on CYP51B1 WT and F89H mutant enzymes (post-mix concentrations at
4-5 uM) for their interactions with estriol and fluconazole, and across the 250-700 nm
wavelength range to achieve full spectral acquisition describing the ligand binding events
and to determine the wavelength with highest intensity spectral change, for subsequent
single wavelength stopped-flow analysis. Control experiments were carried out with the
solvent DMSO and assay buffer alone mixed with CYP51B1, to ensure that there were no
non-specific interactions which may have resulted in spectral changes throughout the
wavelength range. Essentially, the spectral observations for binding events with assay
buffer and DMSO did not show any changes to the overall spectrum. Binding events over
millisecond timescales with different concentrations of estriol and fluconazole were then
carried out. Estriol, at 50-500 uM (post-mix concentrations, henceforth all concentrations
used in stopped-flow analysis refer to post-mixing concentrations), was mixed in the
stopped-flow instrument with WT CYP51B1 with analysis between 0.25-1.0 s timescales
following the mixing event, and with a total of 100 spectra, and either 2.56 ms (estriol) or

5.12 ms (fluconazole) gaps between each spectrum collected.

As estriol concentration was increased in the stopped-flow mixing experiments,
higher proportions of high-spin (HS) heme iron were seen to develop in the enzymes. For
instance, at 100 UM estriol (concentration in the mixing chamber) negligible amount of HS
heme was detected in both WT and F89H, while at 250 uM estriol clear development of
HS species were observed at ~390 nm, and at 500 uM estriol substantial HS species
development was detected at ~391 nm, clearly signifying type I estriol binding. Higher
concentrations of estriol were not tested as the solubility of estriol is limited in DMSO
(estriol is even less soluble in ethanol), and it was important to avoid estriol precipitation in
the stopped-flow apparatus instrument. Precipitation of estriol could be observed by a shift
in the spectral baseline at 700 nm (and turbidity at lower wavelength). Finally, 500 uM of
estriol was stopped-flow mixed with both WT and F89H CYP51B1 enzymes over a 250 ms
timescale with 2.56 ms between spectra, as shown in Figure 3.19. From previous studies,
estriol was shown to bind to WT CYP51B1 and to induce a type | Soret band shift, with an
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equilibrium K, of 21.7 £ 0.8 uM. In contrast, the binding of the clinically relevant
fluconazole inhibitor induces a type 11 shift and binds tighter (K, 3.57 = 0.25 pM) (McLean
et al. 2006c¢).

The K, is an equilibrium binding constant, and can be described by the k. /K.,
ratio (Figure 2.2). Thus, if a K, value is low (tight binding), this means that the ligand
binding rate (k) is faster relative to the ligand de-binding rate (k) than would be the case
for a ligand displaying a higher K, value. To define the K, stopped-flow binding
experiments were done with estriol and with fluconazole at several different ligand
concentrations, and apparent rate constants (k,,,) were determined at each concentration. A
plot of k., versus [ligand] in each case then generated a straight line dependence, and a
second order rate constant (k) for the ligand in units of s* M. The y-axis intercept of the
line gave the apparent k. in units of s?, enabling the determination of the K, An
illustration of this was shown in Figure 2.2.

For the binding of estriol, there is a rapid formation of HS penta-coordinate
ferric-heme (with a signature Soret shift towards ~390 nm) was observed from spectra
collected during stopped-flow mixing at various estriol concentrations. The rapid binding
of estriol was demonstrated by the very fast drop (solid black spectra to dotted black
spectra) in the Soret band (Figure 3.19 A, B) and a concomitant blue shift in both WT and
F89H mutant Soret spectra. The absence of any obvious gradual HS spectral change from
the LS resting state (i.e. a series of spectra clearly defining the progression from the starting
species to the final estriol complex) indicate that much of the estriol binding to the P450
occurs during the dead-time of the stopped-flow instrument, and that the rates observed

are of the order of several hundred events per second at an estriol concentration of 500
M.
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Figure 3.19: Estriol binding to WT and F89H CYP51B1 analysed by stopped-flow
PDA analysis. Panels A and B show data collected from stopped-flow PDA analysis of
CYP51B1 WT (Kobs = 350.3 £ 1.5 s1) and F89H (Kops = 258.8 + 1.8 s1) binding to estriol (500 uM)
respectively. The rate constants cited are derived from fitting spectral changes to a simple A> B
model. The black line in both graphs denotes the initial spectrum for the ligand-free CYP51B1
enzymes. Dotted spectra were generated over a 250 ms timescale with multiple scanning and with
each scan at 2.56 ms intervals (i.e. a total of 100 spectra). The binding of estriol induced type |
spectral shifts for both enzymes, with increased HS absorbance at ~391 nm relative to the LS
feature at ~418 nm (which decreases in intensity). Protein concentrations were A 4.10 uM WT and
B 4.40 pM F89H in the mixture. Spectra shown were generated from Pro-Kineticist software
version 1.06 (Applied Photophysics Ltd), following data export into OriginLab. The inset in panel
B shows the start (black) and end (red) spectra from the global fitting process following mixing of
WT CYP51B1 and F89H mutant enzymes with estriol.

The spectral data in Figure 3.19 were fitted using a global analysis ProKin
software generating fitting spectra for WT and F89H (both having similar spectral trends),
and giving the best fit for start and end spectra as illustrated in the Figure 3.13 (B) inset for
the F89H mutant. Black arrows show the direction of LS Soret absorption change
(decrease) at ~416-418 nm, and red arrows show HS Soret formation at ~391 nm. From
this global fitting, estriol binding rates at 500 nM estriol (k) were determined as 350.3 +
1.5 s* for WT and 258.8 + 1.8 s for F89H CYP51B1, indicating very fast binding
reactions. There was also a baseline shift (as seen at 700 nm) on estriol mixing, possibly due

to the mixing with a hydrophobic substrate.

The next step was to analyse azole drug inhibitor binding kinetics to the
CYP51B1 ferric-heme. Interestingly, not all azole inhibitors which bind to CYP51B1
produce a type Il spectral shift, as demonstrated by 2-phenylimidazole (2P1) which, upon
binding to CYP51B1, resulted in a HS type | Soret band shift towards 395 nm (McLean et
al. 2006c¢). This uncharacteristic binding shift induced by 2Pl was caused by the
displacement of the 6™ axial water ligand, but without direct coordination of the imidazole

nitrogen to the heme-iron, producing the HS ferric-heme spectral signature (McLean et al.
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2006¢). This 2PI-bound spectral signature was very similar to the Soret band shift from
equilibrium titration of estriol (a substrate analogue), which is displayed further on in this
chapter. The clinically important antifungal drug fluconazole, as with various other
commercially available azole-antifungal drugs, however, does cause a red shift of the Soret
band, as demonstrated in Figure 3.20 for the binding of fluconazole to both WT and F89H
CYP51B1 enzymes. Employing the same methods as used for estriol stopped-flow binding
analysis, fluconazole (100 uM) was rapidly mixed with WT and F89H CYP51B1 (4-5 uM)
and data collected over a 2 s and a 1 s timeframe, respectively. 80 spectra were collected for
both mixing experiments, with a 25.5 ms gap between spectra for WT CYP51B1 and a 12.5
ms gap between spectra for F89H CYP51B1. Fluconazole, being more soluble than estriol
in DMSO, did not show any noticeable precipitation problems during the experiment.
Essentially, no baseline shift was observed during data collection. The type Il Soret band
shift (black arrows) from 418 nm to ~420 nm, and trough formation at 375 nm (F89H)
and 376 nm (WT) demonstrated fluconazole inhibitor binding to the CYP51B1 ferric
heme, reinforcing the LS form in both cases. Changes in the Q-band region (from 535 and
570 nm to 540-541 and 572 nm, respectively) are also a signature of type Il inhibitor
binding to CYP51B1. Data obtained were globally fitted to derive the fluconazole binding
rate constants, k., at this drug concentration, which were 24.45 + 0.32 s* for WT and
16.67 + 0.13 s™ for F89H CYP51B1.

These fluconazole inhibitor binding rate constants were an order of magnitude
slower than those for estriol binding (albeit at a 5-fold lower ligand concentration). It is
possible that a faster rate constant for the binding of estriol reflects the substrate-like
nature of estriol, i.e. that the structure of CYP51B1 enables more efficient access of this
molecule than it does for the non-physiological inhibitor fluconazole. It would be
interesting to perform competitive binding experiments with both fluconazole and estriol
(or a true substrate, i.e. lanosterol or obtusifoliol) to analyse spectral changes and their
kinetics, but given the solubility issues for estriol this was not considered experimentally

feasible.
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Figure 3.20: Fluconazole binding to CYP51B1 enzymes using stopped-flow global
analysis. Panels A and B show CYP51B1 WT (24.45 + 0.32 s) and F89H (16.67 + 0.13 s)
binding to fluconazole (100 uM) respectively. The solid black line in both graphs denotes initial
spectra for the ligand-free CYP51B1 enzymes. The dotted spectra in both main graphs were
generated with multiple scanning over A a 2.0 s timeframe with each scan at a 25.5 ms gap (total 80
spectra) and B a 1.0 s timeframe with scans at 12.5 ms gaps (total 80 spectra). Both experiments
demonstrated type Il optical shifts indicating direct ferric heme binding by an azole nitrogen group
from fluconazole. Protein concentrations were A 4.10 uM and B 4.40 uM. Spectra were generated
from Pro-Kineticist software version 1.06 (Applied Photophysics Ltd.), with further data analysis
using OriginLab. Arrows in both graphs illustrate the direction of type Il Soret band shift from 418
nm to 420 nm and the development of a spectral trough at 375-376 nm. Insets (i) show the
progression of formation of the final fluconazole bound complex (red line) on mixing ligand-free
enzymes with the drug (time course of 1 second shown). The black lines show the corresponding
data for the progress of depletion of the ligand-free heme forms. Insets (ii) are magnified spectra in
the 500 — 620 nm regions, illustrating the effect of fluconazole coordination to ferric heme on the
P450 Q-band absorptions.

3.6.1.2 Equilibrium Titration of Azole Drugs and Estriol

Binding of azole drugs results in a Soret shift from ~418 nm (for low spin P450
heme) to longer wavelengths, typically ~424-425 nm, i.e. a red shift, often referred to as a
P450 type Il inhibitor binding shift. For azole-type drugs this Soret shift is typically of the
order of ~5-8 nm (often dependent on the extent of heme iron coordination at ligand
saturation), although selected studies of binding of particular P450s with certain triazoles
caused a smaller shift of 2-4 nm (Jackson et al. 2003; Pietila et al. 2006). Different modes of
azole binding have been reported in various P450s (e.g. direct heme iron coordination,
indirect coordination via the 6™ ligand water or substrate-like binding without heme iron
coordination). These can usually be detected spectrally, but alternate methods including
alternative spectroscopic characterization or crystal structure determination have also been
used to prove the nature of certain types of interactions. CYP101ALl binds to 2PI at the
heme pocket while retaining the LS distal water ligand on its heme iron (Poulos and
Howard 1987), while Mtb CYP51B1 interacts with 2Pl with the ligand binding in the

vicinity of the heme iron, displacing the distal water ligand and thus conferring a HS
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spectral shift typical of a substrate complex (McLean et al. 2006c), and Mtb CYP121 binds
indirectly to fluconazole at the heme iron, with the distal water molecule remaining in
place. This mode likely explains the less extensive type Il Soret shift observed for
fluconazole binding to CYP121 (Seward et al. 2006). Mtb CYP130 (which is crystallized as a
dimer) shows binding titrations with econazole that are typical of cooperative interactions
between two or more molecules of the ligand, or between monomers in a CYP130 dimer
(Ouellet et al. 2008). In addition, the structure of human CYP3A4 showed two
ketoconazole molecules bound at the active site of this P450 (which has a large active site
cavity), and binding studies also indicated cooperativity in ketoconazole binding (Ekroos
and Sjogren 2006). There are clearly diverse types of interactions between azoles and
P450s, but the majority of CYP51B1’s interactions with clinically relevant azole drugs are
via direct coordination of the nitrogen atom from the imidazole or triazole moiety to the
heme iron, resulting in a LS hexa-coordinated ferric-thiolate species, and observed
spectrally through a red shift of the Soret band. Figure 3.21 illustrates how estriol (left
panel) and fluconazole (right panel) effected spectral perturbations on the Soret band of
WT CYP51B1 (with their corresponding difference spectra also shown) and which classify
the spectral shifts as type | (substrate-like) for estriol and type Il (inhibitor-like) for

fluconazole.

Substrate-bound (type 1) optical changes were observed when estriol was titrated
against the WT and mutant CYP51B1 enzymes. In such situations, there is a displacement
of the water molecule from the resting heme iron, resulting in a Soret peak shift to ~390
nm, as shown in Figure 3.21 (A). Estriol was titrated at 0.9 UM concentration/titration
point into WT CYP51B1 until a near-saturation state (130 pM estriol) was reached, at
which point this sterol substrate mimic began to come out of solution, as observed by the
increasing turbidity of the solution. Estriol is simpler in structure than cholesterol (or the
CYP51 substrate lanosterol). It contains the principal sterol rings, but misses the long
hydrocarbon side chain. This simpler structure, and the presence of a hydroxyl group
instead of the hydrophobic side chain, makes estriol a little more soluble and more
compatible with binding to CYP51BL1 in aqueous solution, and thus easier to work with as

a substrate mimic with which to determine K, values for a substrate-like molecule.
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Figure 3.21: Spectral changes in CYP51B1 displaying type | and type Il Soret band
shifts. Panel on the left (A-C) demonstrates type | Soret band shifts upon titration of the substrate
analogue estriol, which binds close to heme iron and induces the displacement of the sixth distal
ligand water (inset A). Absolute spectra are shown in (A), with various microlitre volumes of estriol
dissolved in DMSO titrated to give each spectrum shown. The related difference spectra,
confirming a type | shift, were generated (B), demonstrating the progressive spectral shift (arrows)
as the titration progresses to completion. Ligand concentrations used in the first and last difference
spectrum shown are given. Panel C shows a plot of the absorbance difference between peak and
trough in each difference spectrum, with data fitted to the quadratic function (Equation 2.2) to
obtain the dissociation constant, Ky, which was 20.55 = 1.65 pM for estriol binding to WT
CYP51B1. The panels on the right (D-F) demonstrate the type Il Soret band shift upon titration
with microlitre volumes of fluconazole inhibitor (dissolved in DMSO). In this case the ligand
coordinates directly to the heme iron (inset D). A set of difference spectra (E) was generated, again
confirming a typical type 11 spectral shift (arrows). Ligand concentrations used in the first and last
difference spectrum shown are again given. Panel F shows a plot of the absorbance difference
between peak and trough in each difference spectrum, with data fitted to the quadratic function
(Equation 2.2) to obtain a Kq of 20.49 =+ 1.34 uM for fluconazole binding to WT CYP51B1.
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Optical titrations with other azoles (performed in similar fashion to those
described above) enabled determination of K, values for a range of imidazoles and triazoles
binding to CYP51B1 enzymes. Considerable differences were noted for the azole K, values
between WT and the mutant CYP51B1 enzymes, as tabulated in Table 3.5. For mutants at
the SRS 1 region alone (F89H and L100F), there were some considerable variations in K,
values for the binding to azole drugs and estriol compared to the wild-type CYP51B1,
suggesting significant changes to the active site structure and/or ligand access/exit routes

in the mutants.

Both these mutations are situated at crucial semi-conservative regions of the B-C
loop, B’ and «C and the nearby aD, as shown in the MSA in Figure 1.11. Since the L100F
mutant is a manifestation of WT CYP51Al of C. albicans (will be termed CYP51A1 or
simply CYP51ca henceforth), the weaker binding of azole drugs to this mutant enzyme
could be a major reason for the difference between azole drug affinities between CYP51A1
and CYP51B1 isozymes. The K, values were also different between the two mutants at the
cysteinyl loop region, i.e. G388S and R391K. The latter generally binds tighter to estriol
and azole drugs (except for econazole and miconazole) than does the heme-depleted
G388S mutant.

Two recurring azole-resistance mutation hot-spots in CYP51A1 occur at positions
F145 and D153 (which correspond to L100 and E108 in CYP51B1 of Mth) and are
mutated to L145 and E153 in azole-resistant strains, as illustrated in Figure 1.10 (B)
(Podust et al. 2001). Thus, these C. albicans mutations appear to install residues already
found in WT CYP51B1 in the comparable positions. This would mean that WT CYP51B1
has similar residues at these positions to a potential “double azole-resistant” mutant of
CYP51A1, while the L100F mutant of CYP51B1 (generated in this study) could model an
“azole-susceptible” (WT) form of CYP51Al. It was found that the CYP51B1 L100F
mutant bound azoles more tightly compared to WT and the other mutants, which could be
considered consistent with it being a model of a CYP51A1 azole-susceptible isoform. Table
3.5 summarizes the K, values for CYP51B1 mutants from equilibrium binding studies with
six azole drugs and with estriol. Structures for the various drugs and the estriol substrate
analogue used in this experiment are shown in Figure 3.22. Across the board, fluconazole
binds more weakly to WT and CYP51B1 mutants in comparison to the five other azoles,
ketoconazole, voriconazole, clotrimazole, miconazole and econazole, as represented by
higher K, values for fluconazole binding. Enzyme concentrations used in these experiments
varied, but since the quadratic equation (Equation 2.2) takes into account the concentration

of enzymes used in these experiments (unlike the standard hyperbolic binding equation),
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the differences between the enzyme concentrations over the various experiments with WT
and mutant CYP51B1 enzymes are accounted for, and should not impact on accurate
determination of K, values. WT (20.55 = 1.65 pM) and F89H (22.41 + 1.32 uM) had
similar K, values for estriol binding, while R391K exhibited a slightly higher K, value (29.19
+ 0.77 uM). Interestingly, the L100F-estriol K, was double that of WT and F89H (41.22 +
0.72 uM) showing that the azole-resistance mutations at the SRS 1 region (i.e. F89H and
WT - by comparison to CYP51A1 sequence in this region) produced tighter binding for
this substrate analogue, suggesting that improved substrate recognition/affinity (and,
possibly, flexibility of the B-C loop region) may have occurred by the substitution of His at
position F89 (Y132) and, by extension, the presence of Leu at L100 (F145) and Glu at
E108 (D153) of the F89H mutant enzyme (which may thus be considered a putative
fluconazole-resistant “triple mutant” enzyme derivative of CYP51Al). Thus, WT
CYP51B1 may already, by default, have a “fluconazole-resistant” substitution with Glu at
E108 (D153), despite the fact that both Glu (E) and Asp (D) share similar properties,
making it comparable to an existing fluconazole point-resistant mutant of CYP51A1. These
described fluconazole-resistant mutations in the F89H mutant enzyme are all located at an
important substrate entry channel of CYP51B1, allowing ligand entry via the B-C-loop

region, but not necessarily influencing azole coordination with the heme iron.

Conversely, the G388S mutant at the cysteinyl loop showed weaker binding (78.75
+ 7.44 uM) to estriol compared to the L100F and R391K CYP51B1 enzyme (the latter a
mutant only 3 residues away), possibly as a consequence of the changes in its heme
environment that is also seen to give rise to instability in heme binding. The Gly residue is
highly conserved at this position in the CYP51 family of enzymes.
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Table 3.5: Dissociation constants of CYP51B1 WT and mutants from equilibrium binding analysis at pH 7.5.

Ligand WT Kq (UM)  [WT] F89H Kq (uM)  [F89H]  L100F Kg (uM)  [L100F] G388SKg(uM)  [G388S] R391K Ky (UM)  [R391K]
(M) (M) (M) (M) (M)
Estriol 2055+ 165 4.49 2241 +1.32 8.27 41.22 +0.72 5.8 78.75 £ 7.44 5.84 29.19 £ 0.77 6.05
Fluconazole 2049 +£134 589 10.20 = 0.20 3.40 459 +0.35 6.35 13.24 + 0.34 1.40 8.19+0.28 6.09
Voriconazole 210+ 0.16 5.96 1.59 + 0.05 2.20 0.31 +0.02 5.70 387+0.12 1.70 0.94 +0.05 6.01
Clotrimazole 0.18 £0.03 457 0.13+0.01 2.30 0.05+0.01 5.82 0.94 +£0.02 1.60 0.065 £ 0.005 6.17
Econazole 0.67 £0.08 454 0.58 £0.04 2.60 0.23+0.03 5.40 0.24 £0.02 1.60 0.49 £0.04 6.09
Miconazole 125+ 0.16 5.54 0.36 + 0.04 2.10 0.11 +0.01 571 0.58 £ 0.05 1.40 1.03 +0.04 6.09
Ketoconazole 455+ 0.27 571 1.10 £ 0.07 2.30 0.64 £0.03 6.40 9.77 £ 0.74 1.50 3.28 £0.07 6.16
4-phenylimidazole 3909 +232 535 n/a n/a n/a n/a n/a n/a 545.04 +£9.78 5.87
EPBA 131+0.12 5.35 n/a n/a n/a n/a n/a n/a 1.17 £ 0.05 5.05

Note: The concentrations (uM) of enzymes used in the various experiments are indicated as ‘[WT]' etc. Colour coded shades are assigned to each isoform and will be employed throughout
this thesis where possible. To be noted is that the L100F CYP51B1 mutant is comparable to the WT C. albicans CYP51 (azole-susceptible )enzyme, while WT and the remaining mutants
mimic the azole-resistant forms.
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Figure: 3.22: Structures of selected azole drugs and the substrate analogue estriol used in CYP51B1 ligand binding studies.
Note the differences between imidazole type drugs (2 nitrogens in azole ring) and the triazoles (fluconazole and voriconazole, with three nitrogens in the heme
coordinating azole ring).
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It might have been predicted that in the “azole-resistant” mutants of CYP51B1,
these azole drugs would bind less tightly (larger K, values) compared to estriol. However, it
should be remembered that estriol is not a true substrate for these enzymes. In addition, it
is not clear (for the C. albicans CYP51A1 enzyme) what is the exact extent of diminution of
affinity for fluconazole (or other azoles) in the various mutants, or indeed how the K,
values for estriol or lanosterol vary. The resistance of the C. albicans CYP51A1 mutants
towards the azole drugs may seem questionable, because the relevant Mtb CYP51B1
mutants actually bound tighter to azole drugs (except for the small 4P1 molecule and for
fluconazole with WT, whose K, was comparable to that for estriol for WT CYP51B1).
However, detailed analysis of the true affinity for fluconazole and several other azoles is
absent for the CYP51A1 mutants. The finding that various azole drugs bind tightly to WT
and mutant CYP51B1 enzymes, however, does point to their potential usefulness as potent
inhibitors of CYP51 mechanism either in vitro or in vivo. It is possible that these in vitro
experiments do not necessarily mirror the intracellular environment (where other proteins
may also have affinity for the azoles), thus possibly making the K, values determined here
slightly misleading with respect to comparative intracellular values. Also, it should be borne
in mind that estriol is not a true substrate for CYP51B1, and thus that relative affinities of
mutants versus WT CYP51B1 for this molecule may not correspond directly to those for
the known sterol substrates (e.g. lanosterol, dihydrolanosterol or obtusifoliol). Structural
comparisons of estriol with the preferred obtusifoliol substrate are shown in Figure 1.9 and
Figure 3.28, and these may have substantial effects on the binding of these substrate
molecules that are compounded by mutations in key regions of CYP51B1. Further
variations from in vivo conditions relate to use of DMSO solvent in these in vitro

experiments, and another factor could be temperature.

However, these equilibrium binding experiments and the K, values derived from
these studies serve as a tool to decipher the azole drugs’ affinity for heme iron in WT and
mutant CYP51B1 enzymes, and are useful to guide further stopped-flow kinetic assays with
these azole drugs by identifying wavelengths (of maximal change) at which K; values can be
determined through transient Kinetic experiments. Comparisons between azole K, values

from equilibrium binding and stopped-flow experiments are discussed later in this chapter.

Importantly, all the azole drugs elicited a type Il Soret band shift in WT and
mutant CYP51B1 enzymes, while estriol elicited a type | Soret band shift. Type | spectral
shifts upon binding estriol varied only slightly among the mutants, as depicted in Figure
3.23 (A, B). While the extent of accumulation of HS penta-coordinated ferric-heme at 394

nm was most pronounced in L100F CYP51B1 on estriol binding, the difference spectra for
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all mutants and WT clearly demonstrated type | binding behaviour in all cases (Figure 3.23
C-F). In studies of estriol binding by stopped-flow PDA, 500 uM estriol was the final
concentration used. However, in equilibrium binding studies, 130 uM (WT Figure 3.21 A)
and 139 uM (F89H Figure 3.23 A) estriol was the final concentrations used, which resulted
in near-maximal spin-state conversion. Stopped-flow studies did not appear to show the
same extent of heme HS formation (at ~390 nm) as in equilibrium binding studies for
CYP51B1 enzymes, even though higher concentrations of estriol were used than in the
equilibrium binding experiments. This may be a consequence of the limited solubility of
estriol in aqueous solution, and possibly due to influence of differing final concentrations
of DMSO solvent (~50% of total volume in stopped-flow mixing chamber).

However, regardless of issues of solubility of estriol and possible influences of the
use of DMSO and its affect on CYP51B1 heme stability, the following conclusions can be
drawn from the stopped-flow and equilibrium binding studies with estriol: (i) estriol is
bound by CYP51B1 WT and mutants in a substrate-like manner, eliciting a type | spectral
shift, (ii) the mutations created to mimic azole resistance conferring mutations in CYP51A1
had no substantial effect on these enzymes binding estriol in a substrate-like manner, and

(iii) estriol binding is rapid in WT and mutant CYP51B1 enzymes.
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Figure 3.23: Optical titrations of CYP51B1 enzymes with the substrate-like analogue
estriol. A) A F89H CYP51BL1 estriol equilibrium binding curve showing a type | Soret band shift
from the starting species (solid black spectrum, 8.2 M enzyme) through intermediate points
(dotted black spectra), until final, the near-saturated titration spectrum at 139 uM estriol (yellow
spectrum). B) The L100F (orange spectrum) and R391K (green spectrum) final spectra at the end
of an estriol titration show the high spin penta-coordinated ferric heme species signal at 394 nm.
The black spectrum shows the starting (ligand-free) spectrum in the case of the L100F mutant
(5.8 MM enzyme). Panels on the right illustrate F89H (C), G388S (D), L100F (E) and R391K (F)
equilibrium binding curves with estriol, fitted (red line) to the quadratic function (Equation 2.2) to
obtain Kq values for estriol. The respective initial (solid black spectra) and final (coloured spectra)
estriol titration spectra are shown in insets (C-F) as difference spectra (with the respective estriol
concentrations noted), with intermediate difference spectra shown as dotted black spectra).
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While performing optical titrations with azole drugs on WT and mutant CYP51B1
enzymes, it was considered that mutations below the heme macrocycle at the cysteinyl loop
region might be more “sensitive” to ligand binding (e.g. in terms of heme stability), noting
their proximity to the cysteinate ligand on the other side of the heme to the coordinating
site for inhibitors. While WT and other mutants showed typical type Il spectral shifts of
the Soret band (to ~422 nm, with a small loss in Soret intensity) (Figure 3.21 D), the
G388S mutant demonstrated a distinctive type Il Soret band shift upon ligating to
fluconazole (K, = 13.24 + 0.34 uM). This occurred without the slight drop in Soret peak
intensity (as illustrated by an arrow in Figure 3.24 A), but with a typical peak maximum
shift from 418 nm to 422 nm. This small drop of Soret intensity was also not observed for
G388S CYP51B1 on binding voriconazole (K, = 3.87 £ 0.12 pM), also a triazole drug. A
slightly larger shift of the Soret band with a drop in its intensity was seen when
clotrimazole (K; = 0.94 = 0.02 uM), and other imidazole-type drugs, were titrated to
(G388S, with the Soret band shifting from 418 nm to 426 nm. For G388S, this mutation is
within the heme binding motif region, and thus not at a substrate entry port for the
protein. Thus, effects on azole affinity are difficult to predict from first principles. It was
observed that the tested imidazole drugs bound more tightly to ferric heme compared to
the triazoles. Among the imidazoles, ketoconazole bound weakest to WT and mutant
CYP51B1 enzymes. Ketoconazole, with an extended hydrophobic structure, is a bulky
azole. Due possibly to a wider opening at the B-C-loop region in the F89H mutant, the
entry of larger and bulkier molecules into the active site may be facilitated, and thus affinity
of ketoconazole may be improved. This could explain the tighter binding of ketoconazole
to F89H than to WT CYP51B1. The larger Soret shift (~419 nm to 425 nm) upon azole
drug binding occurred only for imidazole type drugs, and was observed in Soret band
absolute spectra for CYP51B1 WT and mutants bound to clotrimazole, econazole,
miconazole and ketoconazole. The triazole type drugs, fluconazole and voriconazole,
demonstrated a smaller Soret shift from ~419 nm to 422 nm, consistent with previously
reported studies on Mtb CYP51B1 and CYP51 enzymes from M. smegmatis and M. avium
(Jackson et al. 2003; McLean et al. 2006c; Pietila et al. 2006). This might suggest that the
presence of a third nitrogen atom in the triazole ring might destabilise these triazole drugs’
coordination to CYP51B1 ferric heme. However, other explanations include incomplete
coordination (i.e. different binding modes for bound triazoles) and coordination occurring
via the 6™ water ligand — as was seen for CYP121 with fluconazole (McLean ¢t al. 2002;
Seward et al. 2006).
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Figure 3.24: Optical titrations of the G388S CYP51B1 mutant with azole inhibitors.
A) Optical titration of G388S (1.4 uM) with fluconazole (a triazole) yielding a Kq of 13.24 + 0.34
UM, and illustrating a type Il Soret shift from 418 nm to 422 nm. The graph inset in A shows the
optical difference spectra from different stages in the titration, with the first titration spectrum
collected at 0.82 uM fluconazole (solid black line) and the final spectrum collected at 98 uM (blue
line). B) The equilibrium binding plot was generated by subtracting A393 from A428 in each case,
then plotting these values against the relevant ligand concentration to obtain a hyperbolic
dependence. The chemical structure of fluconazole is also shown. C) Typical type Il spectral
changes (Soret shift from 418 nm to 425 nm) due to the binding of the azole inhibitor clotrimazole
(an imidazole) to G388S CYP51B1 (1.6 pM) are shown. The black spectrum is for the ligand-free
form, dotted black spectra are for intermediate points in the titration, and the blue spectrum is for
the near-saturated ligand-bound form of the P450. D) The equilibrium binding plot for
clotrimazole was generated by subtracting A393 from A428 in each case, and data points were
plotted against relevant ligand concentrations and fitted to quadratic function, Equation 2.2, to give
a Kq of 0.94 + 0.02 uM. The structure of clotrimazole is shown as an inset in D.
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In the case of the R391K mutant, when compared to WT and the two other stable
mutants F89H and L100F, a similar red shift of the Soret band (when titrated with
fluconazole and other azole drugs) was observed. However, in contrast to the previous
G388S-fluconazole results, the decrease in the Soret peak intensity (on ligand saturation)
was more pronounced (and consistent) when the same concentration of drugs and solvents
were used for this mutant. This can be seen in Figure 3.26, where the R391K CYP51B1
titrations with fluconazole and miconazole are compared to L100F CYP51B1 using similar
amounts of drugs and solvent concentrations. This could suggest that the introduced K391
residue (3 residues away from the proximal ligand) might destabilise the heme ligation
somewhat in the azole complex, or else this residue might otherwise influence the heme

absorption coefficient for the complex.
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Figure 3.25: Optical titrations of L100F and R391K CYP51B1 mutants with azole
inhibitors. Panels on the left show optical titrations of the L100F (6.35 pM, solid black line)
mutant enzyme with fluconazole (inset A) at 0.82 uM initial concentration and at each titration
point (dotted black line spectra) until near-saturation at 163 uM total fluconazole concentration
(orange line). A type Il Soret shift from 420 nm to 422 nm was observed. Panel B) shows L100F
(5.71 uM) titrated with miconazole (inset B) at an initial concentration of 0.80 uM until near-
saturation at 24 pM (orange line), where the Soret band shifted from 420 nm to 425 nm. Panels on
the right (C and D) are optical titrations with the aforementioned azole drugs with the R391K (6.09
UM for both C and D), and with CYP51B1 mutant demonstrating similar Soret band shifts for the
triazole (C) and imidazole (D) drugs. C) Fluconazole was titrated at an initial concentration of 0.82
UM until near-saturation at 122 uM, while miconazole (D) was titrated initially at 0.20 uM until near
saturation at 24 UM. The ligand-free enzymes are shown as solid black line spectra, intermediate
concentrations of azoles are represented by dotted black lines, and the near-saturated spectra are
shown as green spectra in both cases. All azole drugs were dissolved in DMSO.
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3.6.1.3 Stopped-Flow Analysis of Azole Drugs

Analysis of reaction processes by stopped-flow methods enables analysis of
CYP51B1 reaction rates down to the millisecond timescale (typically up to ~700 s™). The
positive points from use of this method are that it enables a rapid mixing of CYP51B1
enzymes with the relevant azole inhibitors at different concentrations, in order to
determine directly the kinetic components of the K,, which are k,, and k values from the
second order dependence of k, versus [azole], as described in the Methods chapter.
However, as previously shown, this method has its limitations in that reactions on a very
fast time scale might fall into the dead-time (i.e. the time for the mixing event) and be
immeasurable, e.g. for the apparently very fast binding of estriol to WT and F89H enzymes

analysed using PDA stopped-flow analysis (section 3.6.1.1).

Therefore, stopped-flow assays using the PDA monochromator detector unit
were not done for estriol binding, as it was considered that reactions might be completed
too quickly for analysis of complete spectral changes. Instead, analysis of the binding of
azole drugs to CYP51B1 enzymes was done by stopped-flow mixing, using single
wavelength data to report on the formation of the azole complexes. This approach enables
capture of more data points at the selected wavelength than would be the case for PDA
studies, and thus facilitates a more thorough analysis of absorbance changes over a short
timescale. Following stopped-flow experiments, data fitting for individual reaction
transients (DADs versus time) was done using both single (SE) or double exponential (DE)
functions. Thereafter, the various k,, values obtained from these fitting procedures were
plotted against the relevant azole drug concentrations, as shown in Figure 3.26 for
fluconazole and econazole with the L100F mutant. Linear correlations were obtained for
k., Values derived from fitting to the SE function (C) and to the first rate (k,,;) from the
DE function (A), but there was no apparent dependence of k., on fluconazole
concentration (B). Some differences were noted in the K, values computed (i.e. SE K, was
higher than DE K, derived from data using the k,, fit), although deviations were to be
expected once attempts were made to fit progress curves to a multiphasic process.

Since k,,, values obtained from SE fits provided better k., versus [azole] fits to
the linear function, all k, values for subsequent experiments were derived from fitting to
the SE function, in order to maintain uniformity of results. The fact that the slower rate
constants (k,,,) obtained from fits to the biphasic expression did not show any clear

dependence on [azole] also suggested that these may be related to a different phenomenon,
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e.g. protein structural changes in adaptation to the ligand binding that also influence the

absorption change.
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Figure 3.26: Plots of apparent azole drug-CYP51B1 binding rates (k) versus azole
concentration. Data were collected using single wavelength stopped-flow absorption
spectroscopy (as change of absorbance at 413 nm against time in milliseconds) for the binding of
fluconazole to the CYP51B1 L100F mutant. The reaction transients were thereafter fitted using
either a single exponential (Equation 2.1) or a double exponential equation (Equation 2.3) to obtain
the observed binding rate constants (Kops OF Konsi/Kobs2, respectively). The above plots of Kops Values
versus fluconazole concentrations illustrate how the values derived from double exponential fits
(using the first rate constant, DE Kons1) (A), and derived from single exponential fits (SE Kobs) (C)
fit to a linear equation, in order to calculate the kon and Kot values from the slope of the fit line and
the y-axis intercept, respectively. These fittings processes produced slightly differing Kq values, with
16.47 uM from a DE Kops fit and 23.27 uM from a SE Kgps fit. However, the Kons2 Values from
double exponential second rates, DE kons2 (B), showed a lack of any clear dependence of observed
rate versus ligand concentration. Since linear fitting of SE Kous Versus [azole] data was notably
superior to that for DE Keps: Versus [azole] data in all cases, all reaction transient data reported
subsequently were from fits to a single exponential equation (Equation 2.1).

Hence, the transient kinetics of azole binding were systematically investigated for
WT, F89H and G388S CYP51B1 enzymes with a range of different azole drugs:
fluconazole, voriconazole, clotrimazole, econazole, miconazole and ketoconazole. The
L100F and R391K enzymes were analysed with fluconazole. Ketoconazole however, due to
its bulky hydrophobic side chain, had solubility issues and the resulting data were affected
by turbidity (and did not fit well to either a SE or a DE function), and so further work with
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this azole was aborted. Figure 3.27 (B, C) depicts fluconazole binding reaction progress
curves for F89H CYP51B1 at low (5 uM) and high (250 uM) ligand concentrations, with
reaction transient data fitted (red line) to a SE equation to derive the k,, values. Multiple
k... Values at different concentrations were plotted against fluconazole concentration in
Figure 3.27 (A), and the second order Kinetic rate constant was calculated from a linear fit.
Figure 3.27 (E, F) depicts econazole binding to G388S at 5 pM and 20 puM ligand
concentration, again with transients fitted to a SE equation (red line), and the resulting K.,
values at various other miconazole concentrations were again plotted and fitted to a linear
function in Figure 3.27 (D) to obtain the second rate constant for miconazole binding. At
the lower end of the drug concentrations scale (i.e. where ligand concentration was less
than P450 concentration), signal intensity was lower. However, all reaction transients could
be fitted accurately. In these studies, it was important to maintain drug solubility using
solvent concentrations that were compatible with enzyme stability, and the data plots
shown (indicating a good linear dependence of k. on ligand concentration) indicate that
was achieved successfully.
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Figure 3.27: Apparent CYP51B1 enzyme with azole drug binding reaction rates
observed from stopped-flow binding studies. Panel A shows a plot of the kops values for
F89H CYP51B1 (4.6 pM) binding to fluconazole at different concentrations of the drug. The data
are fitted to a linear function. Panel D shows a similar data set for G388S CYP51B1 (4.2 uM)
binding to econazole. Panels B and E show reaction transients (black lines) reporting absorbance
changes at 413 nm for F89H and 408 nm for G388S (choice of wavelength obtained from maximal
absorbance changes observed in azole equilibrium binding difference spectra). These are shown
over a 1 s timescale for the binding of 5 uM fluconazole to F89H CYP51B1 (B), and over a 1.3 s
timescale for 5 UM econazole binding to G388S CYP51B1 (E). Panels C and F demonstrate the
reaction transients observed with 250 pM fluconazole over 0.2 s, and with 20 pM econazole over
0.12 s upon ligand binding to F89H and G388S CYP51B1 enzymes, respectively. Reaction
transients were fitted using a single exponential function (red line), Equation 2.1, to obtain
observed rate constants (Kos) at the respective wavelengths. The above graphs represent similar
trends that were observed for all the azole drugs employed in similar experiments done for
CYP51B1 WT and all mutant enzymes. The binding constants (Kq values) derived from Ke/Kon
ratios for fluconazole binding are 68.68 uM (WT), 66.36 uM (F89H), 23.27 uM (L100F), 60.78 uM
(G388S) and 36.96 pM (R391K). Insets show the chemical structures of fluconazole (C) and
econazole (F).
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Table 3.6 displays the rate constants derived from azole-binding stopped-flow
analyses, which were then used to calculate the “kinetic” K, values. These kinetic K, values
should be comparable to K, values obtained from equilibrium binding methods. The ligand
k., and K values reflect the ligand binding (second order) and dissociation (first order)
rate constants with the enzyme, and the K, values are computed by dividing the k value

by the k,, value in each case.

Table 3.6: Summary of K, values obtained through stopped-flow analysis of azole
drug with CYP51B1 WT and mutants.

CYP51B _ Ligand Kon Kon Kott Kot Kq Kaerror  premix
1 (sTuML) error  (si) error (UM) [mutant]
(uM)

WT Fluconazole 0.19 000 1267 08  66.68 0.09 9.1
Voriconazole  0.56 003 1244 563 2221 046 9.1
Clotrimazole  0.52 002 151 050 290 0.33 8.8
Econazole 2.33 017 1968 303 845 0.17 9.1
Miconazole  3.28 025 9220 689 2811 Ol 8.3

F89H Fluconazole 0.14 0003 957 03 6836 005 90
Voriconazole  0.42 003 1024 38 2438 038 9.0
Clotrimazole  0.39 0.02 2.48 0.52 6.36 0.22 12.8
Econazole 5.72 0.35 6.39 779 112 1.22 12.8
Miconazole  2.32 015 6339 989 2732 017 10.8

L100F Fluconazole 0.37 0.01 8.61 0.39 23.27  0.05 10.1
G388S  Fluconazole 0.09 0.00L  5.47 0.09 6078 002 97
Voriconazole  0.83 015 2705 980 3259 041 10.3
Clotrimazole  0.31 003 1201 052 3874 010 8.3
Econazole 6.23 049 161 599 026 3.73 83
Miconazole  3.08 020 3446 507 1119 016 8.0

R391K  Fluconazole 0.28 000 1035 08 3696 009 92

Comparatively, consistently lower K, values were obtained from equilibrium binding (EB)
studies of fluconazole binding (20.49 uM (WT), 10.20 uM (F89H), 4.59 uM (L100F),
13.24 yM (G388S) and 8.19 uM (R391K)) than those K, values determined from stopped-
flow methods. L100F exhibited tighter binding to fluconazole than WT CYP51B1 and
other mutants, as shown by both equilibrium K; and kinetic (SF) K, values. This would
seem to be consistent with the hypothesis that this “reverse” mutation indeed confers azole
drug susceptibility, as reflected in the apparent opposite effect seen for a fluconazole
resistant F145L C. albicans CYP51A1 mutant enzyme. On the whole, the SF K, value are

higher than the K, values from EB methods. Since the EB K, values likely accurately reflect
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affinity for these drugs, an interesting question is raised as to the origin of the difference
between the K, values from SF and EB methods. One possibility is that the structural
changes in the enzyme occur on ligand binding and over a time scale of e.g. hundreds of
milliseconds, and that these result in a ‘locking-in" of the azole drugs. These could possibly
occur by structural rearrangements of the P450 to ‘trap’ the ligand in the active site,
possibly involving changes in structure of the B/C and F/G loop regions that are known
to be critical for substrate/inhibitor entry and exit in the P450s. This type of structural
change could explain why higher affinity for the ligand is determined at equilibrium,
whereas the inferred K, from measurements on a stopped-flow timescale could be affected
by an overestimated k. rate projected from k,, data prior to the structural reorganization

being completed.

To describe this model in an alternative way, there may exist a rapid and reversible reaction

which can be described by the following scheme:

E+| 0 E*| U El Equation 3.1

Where E = ligand-free enzyme, | = inhibitor or ligand, EI = enzyme-ligand complex, E*I

= a transient intermediate enzyme-ligand complex.

Equation 3.1 proposes the manner in which CYP51B1 WT and mutants may
behave during SF and EB experiments and how differences in the K, values may be
obtained. E + 1 is the initial state before CYP51B1 was mixed with the ligand (azole
drugs/estriol), E*I is a rapid transient state observed during the SF reaction, when
absorption measurement changes used to determine K, values were obtained over a
millisecond timescale, and EI is the final CYP51B1-ligand complex when the system
achieves equilibrium, and is the same state as that from which the K, values are obtained
via EB in optical titrations with azoles/estriol. It should be noted that the E*I state would
still require formal coordination of the heme iron by the azole drugs (since optical changes
of this type are observed on the stopped-flow time scale).

Tryptophan fluorescence experiments were carried out according to prescribed
protocols (Mugnol et al. 2008) with ligand-free and fluconazole-bound WT and F89H

enzymes, but no signal changes were observed between the two different enzyme forms,
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possibly due to the locations of Trp residues in the molecules (2 at the conserved cysteinyl
loop region near the C-terminal proximal to the heme, i.e. W382 and W384, 1 at the N-
terminal helical region, i.e. W128, and 1 at the static C-terminal end of the I-helix, i.e.
W267) and their relative lack of environmental change between the ligand-free and azole-
bound forms. As a consequence of this result, attempts were not made to probe CYP51B1
structural rearrangements and their kinetics by stopped-flow fluorescence. The possibility
of Cys-labelling with a fluorophore was also considered as a route to probing CYP51B1
structural changes, but the location of the 4 cysteine residues in the protein were
considered inappropriate. One of these cysteines is the proximal ligand to the heme iron
(C394), one buried at the N-terminal end (C151) and two are at the different terminals of
the enzyme polypeptide chain, i.e. C37 and C442 (and this might not provide useful
information on structural rearrangement), and one is buried in the molecule and would

likely be inaccessible to fluorophore labelling.

3.6.2 Reconstitution of CYP51B1 Enzyme Catalysis with Lanosterol and
Dihydrolanosterol

As described above, the various CYP51B1 mutants were characterised using
structural and spectroscopic methods, their electron transport systems were reconstituted
and azole drug binding affinity was determined using both transient kinetic and equilibrium
binding methods. However, their ability to catalyse 14o-demethylase reactions on sterol
substrates remained to be defined, and such data are required to establish whether these
mutations impair catalytic function or not. Turnover studies for WT and all mutants with
lanosterol and dihydrolanosterol were carried out according to methods previously
established by Bellamine et al. (1999), with minor modifications as described in Chapter 2.
CYP51B1’s native substrate is still uncertain, and the study of Bellamine et al. (1999)
indicated that its ability to catalyse 14a-methyl group demethylation of lanosterol and
24,25-dihydrolanosterol is limited to 1% and 20% turnover, respectively, following
extended incubation with the substrate and a redox partner system. In contrast, CYP51B1’s
preference for obtusifoliol (the substrate for plant sterol demethylases) was demonstrated
by a 98% turnover to its demethylated products in the same system. Figure 3.28 shows the
differences between these three substrates in comparison to estriol, the substrate analogue
used in equilibrium and stopped-flow binding studies in this thesis, and the three stages of
substrate oxidation that lead to the final demethylated products. Turnover products were
first analysed using the GCMS technique, and these experiments were done in the
laboratory of Prof. Irina Pikuleva (at CASE Western Reserve University, Cleveland, USA)
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by Dr. Kirsty McLean from our group. No 14a-demethylated products above the detection
threshold were obtained for all enzymes in reaction with lanosterol, perhaps reflecting the
poor solubility and/or reactivity of the enzymes with this substrate and/or interactions
with its redox partners. In these experiments FprA and Fdl were used as the redox
partners. While Fd1 has quite a positive potential, experiments reported earlier in this
chapter and from published work by McLean et al. (2006c) do indicate that this system is
viable in electron transport to CYP51B1 enzymes.

S . R
o %JGH
HO
Lanosterol Product 1 - alcohol derivative
on g\/\< . R
\> OH - . _
= /L b ] — o
= l O EHO
HO .
Fstriol 24,25-Dihydrolanosterol Product 2 = aldehyde derivative
w, R
P -14
Obtusifoliol roduct 3 - C-14 double bond

Figure 3.28: Structures of substrates and products of CYP51B1 catalysis, and
comparison with the substrate analogue estriol. Bonds and side chains unique for each
substrate are coloured in blue. The C-14 methyl group is highlighted in red, and is the site for the
triple oxidation reaction catalysed by CYP51B1. Products generated at each catalytic step are
presented in the panel on the right. The absence of the 2 hydroxyl groups found on the estriol 5-
membered ring and the presence of hydrophobic side chains at C-17 in the three known substrates
of CYP51B1 makes these molecules highly insoluble.

Obtusifoliol is not commercially available, but was reported by Bellamine et al.
(1999) to undergo 98% conversion to demethylated product with CYP51B1. In further
attempts to establish the catalytic capacity of the WT and mutant CYP51B1 enzymes
generated in this study, further experiments were performed using redox partner enzymes
from E. coli (flavodoxin) and spinach (ferredoxin reductase) as previously published
(Bellamine et al. 1999) and also using Mtb Fdr and Fd1 or Fd2 ferredoxin partners (Zanno
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et al. 2005). Initial results using WT CYP51B1 and lanosterol and the turnover products
detected by LCMS showed positive results with substantial amounts of C-14 demethylated
lanosterol. As the lanosterol stock used (Sigma-Aldrich) was apparently contaminated by
dihydrolanosterol (as revealed by HPLC analysis), it seemed that the turnover products
from WT CYP51B1 C-14 demethylase activity by were from both lanosterol and the
apparent dihydrolanosterol contaminant in near-equal amounts. This contrasts with
previous work, where dihydrolanosterol was reported to be demethylated to a 20-fold
greater extent than lanosterol (Bellamine et al. 1999). However, my results demonstrated
that catalytic turnover of dihydrolanosterol (the apparent contaminant) by WT
CYP51B1was definitely >50% over a similar incubation time to that used by Bellamine et
al. (1999), more than twice the extent of turnover reported previously. In addition,
lanosterol was extensively demethylated, in contrast to the 1% turnover reported by
Bellamine et al. (1999). In order to confirm these data and to test the mutant enzymes
catalytic activity, further sets of experiments were carried out with a cleaner and higher
quality 24,25-dihydrolanosterol stock and results are awaiting analysis (Paul Williams,

LCMS/GCMS experimental officer, Manchester Interdisciplinary Biocentre, pers. comm.).

3.7 Summary and Critical Assessment

This chapter, for the first time, presents quantitative biochemical characterisation
of CYP51B1 enzymes containing mutations mapped from fluconazole-resistant variants of
the membranous CYP51A1 (or CYP51ca) from C. albicans, thus addressing the second
objective of this study which is to understand the mechanisms of azole-resistance in
CYP51ca using CYP51B1 as a template. Although CYP51B1 (from Mtb) and CYP51A1
(from C. albicans) share only 26% amino acid sequence identity, they have both been shown
to catalyse 14a-demethylase reactions on sterol substrates (Bellamine et al. 1999). The
prospect of elucidating mechanisms of azole drug-resistance in CYP51B1 mutant enzymes
(using spectroscopic, kinetics and crystallographic methods) are much greater for the
soluble CYP51B1 enzymes by comparison to using detergent-solubilised CYP51A1, and
given the difficulties in expression and isolation of high quality CYP51A1 proteins.
Previous studies of CYP51A1 have used detergents and chaotropic agents, e.g. the recent
report from Warrilow et al. (2010a; 2010b) and the later report from Kelly et al. (1999a, b)
on CYP51A1 of C. albicans and A. fumigatus binding to azole drugs, and such studies have
not been able to provide serious quantitative or structural data on mutant enzymes and

their interactions with azoles. Results in this chapter and the next chapter have addressed
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the above issues by using the soluble CYP51B1 as the best template of choice. The fact
that CYP51ca and CYP51B1 are not 100% identical in the amino acid sequence
demonstrates the diversity of this enzyme (Figure 1.11) while multiple sequence alignment
showed essential conserved sites (Figure 3.1 B) between these two homologues which are
the SRS and SBS regions (blue and red shaded regions, respectively in Figure 1.10 B) on

this enzyme.

The choice of mutants presented in this chapter was based on their frequency in
azole-resistant clinical cases in CYP51A1 and on their location in the CYP51B1 structure.
These strategically located mutations in CYP51B1 enabled me to address the first
objective of this research together with crystal structure results of CYP51B1 variants from
the next chapter which is to understand the molecular mechanisms and mode of
action/physiological roles of Mtb CYP51B1 complementing previous work which have
been done on WT CYP51B1 by McLean et al. (2006). However, outsourced ongoing
analyses on various substrates (lanosterol and dihydrolanosterol) turnover studies with
different combinations of redox partners (Fd1/Fd2 and Fdr/FprA) and WT CYP51B1 and
the mutants are underway to fulfil both main objectives of this research.

Y132H (F89H in CYP51B1) and G464S (G388S) are two mutants with the
highest frequency found in clinical fluconazole-resistant C. albicans strains. Both F89H
(Y132H in CYP51A1) and L100F (a reverse mutant, restoring a CYP51A1 WT residue in
CYP51B1) are located at SRS 1 flexible hinge regions, while G388S (G464S) and R391K
(R467K) are at the highly conserved B-bulge of the cysteinyl loop. The S348F (S405F)
mutant is situated at the conserved C-terminal region between an N-terminal helix and beta
sheets. The S348F mutation resulted in a misfolded and inactive CYP51B1 enzyme. All the
mutants (except for G388S and S348F) showed full heme incorporation and expression
levels comparable of that of WT CYP51B1, as judged by the amount of their heterologous
expression in the absence of added d-ala heme precursor, and by their comparable RZ
values for pure enzyme and their heme b content relative to WT CYP51B1. The G388S
mutant, however, was expressed as a soluble protein at ~30x lower levels than WT
CYP51B1 and, with the addition of d-ala, could be purified with ~64% heme-bound
holoenzyme present. Spectrophotometric characterisation showed that all mutants (F89H,
L100F, G388S and R391K) retained their P450 nature by binding CO in the ferrous-heme
state, and through formation of a ferrous-CO complex with maxima at ~450 nm, which

decayed to the P420 form over time.
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Mutants in the cysteinyl loop region displayed interesting, yet contrasting,
behaviours during kinetic and equilibrium reduction studies with dithionite. G388S
CYP51B1 demonstrated fast reduction of ferric heme to ferrous-heme and a 9-fold faster
protonation of the cysteinate proximal ligand compared to WT CYP51B1. This was
consistent with the dominant ferrous-thiol species observed during redox potentiometry
experiments, and with the relatively fast collapse (0.88 min™) of the P450 ferrous-CO
adduct to the P420 thiol form. G388S CYP51BL1 exhibited a very positive redox potential (-
102 mV) in the substrate-free form, even higher than that reported for WT CYP51B1 in
complex with estriol, and thus reflecting a higher electron affinity than the estriol-bound
WT enzyme. Its inability to form a P450 ferrous-CO species with redox partners and
estriol is its distinguishing property. In WT CYP51B1, the P450 species was stabilised (i.e.
an equilibrium between P450 and P420 forms was obtained) with redox partners (FprA,
Fdr and Fd2) providing the electrons in the presence of estriol, while in the other mutants
this P450 species was stabilised to a certain extent in the presence of estriol. Indeed, the
effect of mutating the extensively conserved Gly residue mutation at the Gly-rich cysteinyl
loop (by incorporation of the hydroxyl side chain-containing Ser residue in G388S) not
only destabilised the binding of the heme cofactor, but also enhanced the rate of the
catalytically active P450 species formation on reduction with dithionite (and of the collapse
of the ferrous-CO P450 form to P420) and, more relevantly, no P450 formation was
detected when the G388S mutant was reduced by an enzyme-based system (NADPH,
FprA and/or Fdr, Fd1 and/or Fd2), likely as a consequence of relatively fast rate of heme
thiolate protonation with respect to heme reduction using this non-optimised electron
transport system. In view of the unusual behaviour of the G388S mutant, there might seem
to be two possible catalytic outcomes for this mutant (once CYP51B1’s physiological
substrate is confirmed and an efficient redox partner system established). These two routes
might be (1) a productive and relatively fast 14a-demethylation reaction on a hona fide
substrate (avoiding heme thiolate protonation through efficient turnover) and (2) a non-
productive route with decay of iron-oxo intermediates via one of the three shunt pathways
(forming superoxide, peroxide or water) and the abortive release of any bound substrate.
Given the presence of some thiolate bound heme in the G388S mutant, it might be
expected that this mutant would be functional in catalysis. However, its altered heme iron
potential would likely compromise its ability to reduce and activate dioxygen, and thus
further impact on its catalytic competence. In the next chapter, the biophysical
characteristics of G388S CYP51B1, the properties of its heme centre in ligand-free and -
bound forms and its hydrodynamic properties are explored, complementing results in this
chapter.
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While, for G388S CYP51B1, the rate constants for both its ferric-to-ferrous heme
iron reduction and heme thiolate protonation were increased by the mutation, in R391K,
the thiolate protonation rate was decreased by 2-fold as compared to WT CYP51B1. This
might suggest that the Arg391 residue is involved in proton transfer to the heme thiolate to
facilitate P420 formation, and that its replacement by a lysine affects structure in this region
and makes for less efficient thiolate protonation (which is possibly a beneficial outcome for
the enzyme). Thus, the R391K CYP51B1 exhibited slower heme thiolate protonation,
providing an extended duration of the catalytically active ferrous-thiolate form for substrate
monooxygenation. Whilst the G388S mutant’s heme cofactor was apparently weakly bound
to the protein (i.e. full heme incorporation was not achieved, and “leakage” of heme was
observed during purification) and was not further apparently stabilised (or destabilised) by
azole drug binding, the R391K mutant showed good heme incorporation, but upon
binding to a strong ligand (e.g. azoles), the stability of heme may have been perturbed, as
discussed previously and illustrated by the fall in Soret band heme intensity for the azole
complex seen in Figure 3.25. An alternative explanation might be that the extinction
coefficient at 419 nm is lower for the azole complexes for this mutant in comparison to
WT CYP51B1 and other mutants discussed in section 3.5.1. The G388S and R391K
mutations may thus have profound impacts on enzymatic activity in both these cysteinyl

loop mutant P450s, and these mutants have not been examined before in CYP51A1.

In contrast, the Y132H (F89H) and F145L (WT-like) mutants of CYP51A1
(CYP51B1) have been expressed and studies of fluconazole binding and catalysis have been
previously reported by Kudo et al. (2005) in CYP51AL1 of C. albicans and by Bellamine et al.
(2004) in CYP51B1 of Mtb, and in human CYP51. Both studies found that the F89H
mutant of CYP51B1 abolished 24,25-dihydrolanosterol demethylation and its binding at
the catalytic pocket, but had essentially no effect on fluconazole binding as concluded from
an absent type 11 spectral change derived from the difference spectra upon optical titration
of fluconazole to this mutant enzyme (Bellamine et al. 2004; Kudo et al. 2005). However,
these same mutants in CYP51A1 (Y132H) and human CYP51 (Y145H) did not confer any
deleterious effect on substrate metabolism, but exhibited tighter fluconazole binding in the
case of Y132H CYP51A1, and negligible effects in the latter case (Bellamine et al. 1999).
Both these studies concluded that the F145L CYP51A1 mutation was responsible for
fluconazole resistance in the fluconazole-resistant C. albicans isolates (Bellamine et al. 1999;
Kudo et al. 2005). In this work, the L100F “reverse mutant” of CYP51B1 (a “model” for
WT CYP51A1) and WT CYP51B1 (modelling the F145L fluconazole-resistant mutant of

CYP51A1) biochemical characterisation data were somewhat consistent with the data for
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the CYP51A1 enzyme, as noted by the ~3-4-fold higher K, values for the L100F mutant
enzyme compared to WT CYP51B1 for the binding of fluconazole in both equilibrium
binding (Table 3.5) and stopped-flow kinetic binding (Table 3.6) analysis.

The F89H and L100F CYP51B1 mutants in the SRS 1 flexible hinge region
exhibited similar redox potentials compared to WT CYP51B1 in the ligand-free state. Their
capacity to form P450 species (albeit slightly weaker in the case of L100F CYP51B1) with
redox partners and using dithionite reduction methods suggested that both these mutants
are probably capable of catalysing sterol 14a-demethylase reactions with the combination
of Mtb enzymes used (FprA/Fdr and Fd2). However, in previous studies, the F89H
mutant of CYP51B1 was reported to have no enzymatic activity (with 24, 25-
dihydrolanosterol) using E. coli flavodoxin and ferredoxin reductases (Bellamine et al. 2004).
With respect to fluconazole binding, the “resistance” to fluconazole was reflected in
relatively higher K, values of all the mutants compared to L100F (comparable with WT
CYP51A1) in the following fluconazole-resistance descending (higher K, to lower K)

order:
SF K, values: F8OH>WT>G3885>R391K>L100F
EB K, values: WT>G388S> R391K>F89H>L100F

Except for the F89H mutant data from SF studies, the order of K, values for other
enzymes were consistent using these two methods. The varying K, values using kinetic and
equilibrium binding methods for F89H may be explained by this mutation being located at
the highly mobile B-C loop entry channel of this enzyme, and reflect that this region is
conformationally mobile. For instance, adaptation of the structure on binding of azoles
could lead to the closure of the exit channel, thus explaining the lower K, values obtained
from EB studies compared to the K, values inferred from transient kinetic analysis.

In fact, as seen in both Tables 3.5 and 3.6, this difference in K, values across the
various ligands is consistent between EB and SF analysis methods (with larger K, values in
SF studies), likely highlighting an important mechanistic feature of CYP51B1, and one
which may have important ramifications for understanding mechanisms of azole drug
resistance. The simplest explanation for these differences is likely related to the different
time scales over which these measurements are made. The optical binding titrations likely
provide accurate estimates of binding affinity for the enzyme-ligand systems at equilibrium.
The stopped-flow studies may instead capture a pre-equilibrium state in which the P450
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molecules have not arrived at their final conformationally adapted states following azole
drug binding. Several P450s are known to undergo conformational changes (particularly
involving mobile loop regions involved in ligand entry/exit), and to crystallise in different
conformational states for ligand-free and substrate/inhibitor-bound forms (e.g CYP3A4,
CYP121 and CYP126). The weaker azole K, values determined by SF methods might thus
result from data that report on azole-heme ligation that occurs prior to completion of
CYP51B1 structural adaptations to accommodate the inhibitors. If, for instance, these
adaptations favour active site closure and a diminished “escape” rate for the azole, then the
apparent k. from stopped-flow studies may be inflated, leading to a K, value elevated in
comparison to the EB measurements. Such a phenomenon might be explored further by
further rapid kinetic studies aimed at monitoring protein structural changes on azole

binding.

Efforts to substantially confirm these suggestions were thus made by Trp
fluorescence analysis, but failed to yield convincing data to support the model due to
limited changes in fluorescence between ligand-free and fluconazole-bound forms of
CYP51BL1. Due to time constraints of this PhD project, further studies in this area were
curtailed. Further spectroscopic techniques, which will be discussed in the following
chapter, were aimed at addressing the effects of these CYP51B1 mutations on the heme
and its vicinity, and especially its axial ligation state. In particular, it was considered that
heme environment and axial ligation could be affected by the cysteinyl loop mutations at
close proximity to the heme’s absolutely conserved C394 proximal ligand residue. Crystal
structures of WT CYP51B1 and mutants at the B-C loop region were also determined (and
will be discussed in the following chapter), and these structural data also advance the
understanding of the mechanisms of ligand binding to CYP51B1 and conformational

changes that accompany azole interactions.
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4 BIOPHYSICAL AND STRUCTURAL CHARACTERISATION OF
CYP51B1 AND FLUCONAZOLE-RESISTANT MUTANTS

4.1 Available Crystal Structures of CYP51B1

At the time of thesis submission, there are 25 structures of CYP51 available in the
PDB, and 50% of these are structures of Mtb sterol 14-a demethylases (with and without
ligands), half of which were solved in the last 5 years. This relatively high number of solved
crystal structures of CYP51B1 from Mtb is attributed to its soluble nature, compared to the
more recently solved N-terminal truncated isoforms from eukaryotes, where membrane
anchor removal ultimately facilitated their successful crystallization. To date, CYP51B1 is
the only structurally solved bacterial form of this ancient enzyme family that is found in all
eukaryotes (Aoyama et al. 1996). While the role of one particular CYP51 bacterial isoform
(@ CYP51 fused to a ferredoxin) from Methylococcus capsulatus (MCCCYP51FX) is known
(Jackson et al. 2002), the roles of the other six bacterial isoforms in Mtb, M. smegmatis, M.
avium, Rhodococcus erythropolis, Nocardia farcinica and Streptomyces coelicolor remains undefined
(Aoyama 2005; Jackson et al. 2003; Lamb et al. 2002; Pietila et al. 2006). In contrast,
eukaryotic CYP51 has been shown to play an important role in sterol biosynthesis, and the
reaction intermediates of CYP51 catalysis, i.e. 14a-carboxyalcohol and 14o-
carboxyaldehyde, are important feedback regulatory transducers. In mammals, production
of the 14a-carboxyaldehyde derivative acts as a suppressor of HMG-CoA reductase
translation (an important enzyme in the mevalonate pathway preceding sterol precursors
synthesis) hence down-regulating cholesterol production (Acimovic et al. 2008). In
Trypanosoma spp. this aldehyde intermediate acts as a switch to hijack the mammalian host’s
sterol precursors and to manifest Chagas disease by switching from endogenous sterol
production to the energetically more favourable consumption of exogenous sterol
precursors in the host’s blood (Lepesheva et al. 2010). Despite the diverse physiological
roles of CYP51 and its various reaction intermediates, CYP51 shares similar architecture to
other structurally solved P450 proteins (Lepesheva and Waterman 2007; Lepesheva and
Waterman 2011). However, some distinctions in CYP51 structure between species has
been highlighted recently, especially in the SRS1 and SRS4 regions that correspond to the
B-C loop and al helical regions, respectively (Podust et al. 2001a). Figure 4.1 shows these
two regions, which help to classify specific CYP51 enzymes in different phyla. In
CYP51B1, an upward kink is prominent in the I helix (al), while in human and protozoan
isoforms a slight downward bend of the al is observed in both the ligand-free (white) and

azole-bound (blue) structures shown. This distinctive conformation of the CYP51B1 al
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places the B-C loop in a relatively open conformation, positioned parallel to the heme
plane (Figure 4.1 topmost right panel). However, in human and protozoan isoforms the
corresponding B-C loop is in a closed conformation restricting access/exit into/from the
heme pocket. However, the altered conformation of ol appears to induce another channel
perpendicular to the heme plane (between F-G loops and oA) to be in the open
conformation. In the case of the ligand-bound form with ketoconazole (in human CYP51),
the ligand is observed sticking out from this crevice. In CYP51B1, this 2" channel is
closed. However, it has been proposed by Podust and co-workers that while the 2™
channel closes (F-G loop-aA) and the 1% channel (B-C loop) opens prior to/during
substrate binding, a subsequent, concerted structural rearrangement occurs during catalysis
that causes the 1% channel to close and the 2™ channel to open, allowing product exit from
CYP51B1 (Podust et al. 2001a). The arc-shaped oG in human CYP51 (middle panel) and its
overall compact, yet bulky, architecture also differentiates it from T. brucei's CYP51 that is
slimmer and flatter (bottom panel). These relatively small structural differences and those
SRS-conserved residues which are phylum-specific ultimately underlie the distinctive
substrate/ligand binding properties of the various CYP51 isoforms characterized to date.
Previously, it was recognised that CYP51-specific sequence signatures lie predominantly in
the B-C loop and in the al, where particular residues can indicate substrate preference
(Lepesheva and Waterman 2007; McLean et al. 2007). These regions on CYP51B1 were
identified by Podust et al. (2001) as the six substrate recognition sites (SRS) and Lepesheva
et al. (2003) went on to identify phenylalanine at position 78 of CYP51B1 Mtb, which
corresponds to a leucine at position 121 of CYP51A1 from C. albicans, situated at the B-C
loop region (aB’) as a substrate determining residue; where Mtb CYP51B1 and CYP51s
from plants were shown to prefer substrates with mono-methylated C4 (obtusifoliol), while
CYP51s from fungal and animal strains prefer a mono-methylated C4 substrate (lanosterol
and 24,25-dihydrolanosterol) (Lepesheva and Waterman 2007; Bellamine et al. 1999). Also,
the al region has been extensively studied in site directed mutagenesis approaches by
Lepesheva and co-workers, in order to understand the roles of conserved SRS4 residues in
substrate binding and in catalytic function (Lepesheva et al. 2003). In this chapter, the
“azole-resistant” mutants at both the B-C loop and the highly conserved heme motif
regions have been biophysically and structurally characterised by spectroscopic techniques
and by crystallogenesis/structural elucidation to complement results in chapter 3, and in
order to understand their influence on interactions with azole drugs and the effects that

these point mutations have on the overall CYP51B1 structure.
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CYP51 T. brucei
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Figure 4.1: CYP51 from Mtb, human and 7rypanosoma brucei. CYP51 structures of ligand-
free (white) and azole-bound (blue) forms from these three species were C-alpha aligned and
superimposed. Structure elements highlighted are the I-helix (al) (green), heme (red sticks) and
azole inhibitors (yellow and blue spheres). The red arrows point to the proposed entry/exit
channels of the drugs into the heme binding site. Top panel represents CYP51B1 of Mtb in ligand-
free (pdb: 1h5z 2.05 A) and fluconazole-bound (pdb: leal 2.21 A) states, with root-mean-square
distance (rmsd) values of 0.242 A. Middle panel represents CYP51 of Homo sapiens in ligand-free
(pdb: 3juv 3.12 A) and ketoconazole-bound (pdb: 31d6 2.80 A) states with rmsd values of 0.624 A.
Bottom panel represents CYP51 of T. brucei in ligand-free (pdb: 3glq 1.89 A) and fluconazole-
bound (pdb: 2wv2 2.70 A) states with rmsd values of 0.445 A. The panel on the left looks down
into the enzyme through the F-G loop-aA crevice (entry/exit channel 1, SRS1) while the panel on
the right looks into the enzyme via the B-C loop-aC access channel, which is open in CYP51B1.

4.2 Circular Dichroism (CD) Comparative Analysis

In order to confirm the secondary structural integrity of mutants, far UV CD
spectra were carried out on enzymes using similar concentrations (0.1 mg/mL) ina 0.1 mm
quartz cuvette. Although Figure 4.2 (A) shows some variations in the CD trough intensity
at 224 nm (suggesting different protein concentrations) efforts were taken to ensure that
the same amounts of protein were used in each experiment. However, the analyses were
done using two different CD machines at different times in the research project. Despite
some differences in CD spectral intensity, all the mutants and WT CYP51B1 showed
similar features, with a trough at 224 nm. The differing intensities at 224 nm do provide
some issues in establishing the alpha-helical content of the CYP51B1, since the ellipticity
signal at this part of the spectrum is important in estimating a-helical content of a protein.
However, similar CD spectral shapes for most of these enzymes are consistent with their
conserved conformational states. All of the CYP51B1 enzymes showed alpha-helix rich
CD signatures, estimating ~50% helical content, except for G388S CYP51B1 which
showed a deeper trough at 224 nm and a flatter (less defined) peak at the 195 nm range.
Taking into account the manner in which the hemoprotein concentrations were calculated
(based on their heme b concentration) and the fact that the G388S CYP51B1 enzyme is a
mixture of both apoprotein and holoenzyme, it can be appreciated that the CD spectrum
describes both these conformations in equilibrium. Other measurements indicated that
~64% of G388S is the holoenzyme and the rest is apoprotein. The more intense G388S
CD spectrum may reflect the fact that protein quantification by heme content leads to
underestimation of total protein concentration. The different shape of its far UV CD
spectrum may also indicate that the apoprotein component adopts a different folded state,

and since previous work also indicated that this mutant loses heme progressively in
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solution, it is likely also the case that the proportion of apoprotein is ultimately greater than
36%.

Figure 4.2 (B) shows WT (thick solid line) and R391K CYP51B1 (dotted line) in
comparison to CYP121 (thin blue line), at protein concentrations of 0.93, 0.74 and 1.0
mg/mL, respectively. Similar far UV and visible CD studies have been done previously on
WT CYP51B1, providing data consistent with my own WT CYP51B1 CD spectra in the
far UV region, but demonstrated a negative (rather than positive) CD signal at 420 nm near
the Soret band maximum (Lepesheva et al. 2001). The R391K mutation, located 3 residues
away from the Cys axial ligand to the heme, did not dramatically change the structural
arrangement of adjacent residues at the conserved cysteinyl loop proximal to the heme
cofactor (see Figure 4.12 of section 4.7 on the crystal structure of the R391K mutant). The
near-UV visible spectra for WT and R391K CYP51B1 are highly similar, again suggesting a
similar heme environment in these proteins. A shoulder at 391 nm for WT and R391K
CYP51B1, which is missing from CYP121, suggests strongly that there is a HS heme iron
component in the CYP51B1 enzymes, while CYP121 is predominantly LS. These
observations were consistent with the UV-Vis absorbance spectra of the heme Soret band

for these three enzymes.
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Figure 4.2: Far UV and near UV-visible circular dichroism spectra of CYP51B1 WT
and mutants. A) Far UV CD spectra comparing mutants against WT CYP51B1. All spectra
display a-helical rich secondary structures, with G388S having a sharper trough at 224 nm, possibly
due to its ~64% holoenzyme and ~34% apoprotein mixture, and altered structural features for the
apoprotein component. B) Visible CD spectra of WT (0.93 mg/mL, thick solid line) and R391K
mutant CYP51B1 (0.74 mg/mL, dotted line) showing a positive heme peak at 420 nm (positive
Cotton effect) and a minor high spin species at 391 nm. By comparison, CYP121 (1.0 mg/mL)
(thin blue line) shows a similar heme peak at 420 nm but was predominantly low spin without any
high spin signature, consistent with its UV-vis absorbance spectrum (not shown). Far UV and near
UV-Visible CD analysis were carried out in 0.1 mm and 10 mm pathlength cuvettes, respectively.
Wavelengths of various peaks, trough minima and shoulders are indicated.
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4.3 Dynamic Light Scattering Analysis

Pure enzyme samples were passed through a size exclusion chromatography (SEC)
column as described in the Methods section (Chapter 2), before being analysed using
MALLS (Multi-Angle Laser Light Scattering) coupled to a QELS detector and another
SEC column. MALLS-QELS differs from normal light scattering analysis by being able to
report accurately on the average molecular weights of proteins (Mw), their radius of
gyration (Rg) and molecular conformation from hydrodynamic radius (Hd) values. It can
also provide a preliminary analysis of protein stability and homogeneity (Li et al. 2009). The
effects of the point mutations at mobile regions and at conserved heme proximal loops in
CYP51B1 were analysed in ligand-free forms and in P450 complexes with clotrimazole
using MALLS. This technique was initially used to determine the homogeneity (i.e.
presence of aggregates or oligomeric states) of pure protein samples before they were
subjected to crystallogenesis. Most Mtb P450 proteins are monomeric (including WT
CYP51B1, CYP121, CYP125 and CYP144) in their crystal structures, consistent with other
hydrodynamic studies (Driscoll et al. 2011). However, this is not always the case.
Hydrodynamic analysis of CYP130 in complex with econazole indicated a monomeric state
in solution. However, the crystal structures indicated a dimeric state (Ouellet et al. 2008).
The different conclusions reached from hydrodynamic and crystal structure studies are
likely due to inter- and intra-molecular interactions between ligand-protein and protein-
protein molecules, allowing CYP130 to dimerise in the crystal state, but for such
interactions to be undetectable in the solution state. A dimeric state was also observed for
the recently solved Mtb CYP126 crystal structures (David Leys, University of Manchester,
pers. comm.). Dimerisation is also observed for a particular P450 protein which is fused to
its redox partner. Bacillus megaterium flavocytochrome CYP102A1 (P450 BM3, and
presumably for its homologues in other bacteria). The heme (P450) domain is a monomer,
but when fused to its reductase partner (a cytochrome P450 reductase, or CPR) the
flavocytochrome dimerises to facilitate highly efficient electron transfer between the
monomers to drive fatty acid hydroxylation (Neeli et al. 2005). It is expected that the Mtb
P450 proteins are monomeric, and interact with monomeric ferredoxin reductase and
ferredoxin proteins in a typical NADPH-driven class | redox system (Munro et al. 2007a;
Munro et al. 2009). In this case, WT CYP51B1 and the F89H, L100F and R391K mutant
enzymes were all found to be globular monomeric proteins with average molecular weights
of 49.85 kDa, 51.49 kDa, 51.57 kDa and 54.46 kDa in their ligand-free forms, respectively.
When bound to clotrimazole, the monomeric state was retained for WT, F89H and R391K

enzymes, with average molecular weights of 50.82 kDa, 54.31 kDa and 55.60 kDa,
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respectively (Figure 4.3 B-E). These proteins demonstrated singular light scattering peaks
(red spectra) concurrent with refractive index peaks (blue spectra) and protein peaks at 280
nm (black spectra). The only exception is for the G388S mutant (Figure 4.3 A) which
resulted in five fractions and peaks, with fractions 3 (34% and Mw 99.6 kDa) and 5 (47%
and Mw 50.35 kDa) making up the majority of species, while peaks 1, 2 and 4 were the
minor species with lesser extents of light scattering but relatively higher average Mw. These
multiple peaks for G388S CYP51BL1 revealed different oligomerisation states in its mixture
of holoenzyme and apoprotein forms. This is likely explained by the different folded states
for the holoprotein and apoprotein components of the G388S protein mixture, with
interactions between these states giving rise to oligomeric forms not observed for the WT
enzyme. The 99.6 kDa species is potentially a dimer formed between -either
holoprotein/apoprotein or apoprotein/apoprotein molecules. The largest peak 5 is likely
that of the semi-stable holoenzyme, with a Mw of 50.35 kDa, close to the predicted WT
CYP51B1 Mw of 50.9 kDa.
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Figure 4.3: Multi-angle laser light scattering spectra of CYP51B1 WT and mutants.
The red line represents light scattering data, the black line represents protein absorption at 280 nm
and the blue line represents the refractive index of the protein. A) MALLS for the G388S mutant
showing five fractions with fractions 3 (34% and average molecular weight, Mw 99.6 kDa) and 5
(47% and Mw 50.35 kDa) making up the majority of species, while peaks 1, 2 and 4 are the minor
species with a lesser extent of light scattering, but relatively higher average molecular weights. B)
WT, C) F89H, D) L100F and E) R391K MALLS spectra show a single peak each, with average
molecular weights of 49.85 kDa, 51.49 kDa, 51.57 kDa and 54.46 kDa, respectively. F) The average
molecular weight (horizontal dots) spanning across the only peak eluted for WT CYP51B1. The
data obtained were similar for the F89H, R391K and L100F mutants. Polydispersity indexes are
1.00 for all main peaks, which reflect protein stability, except for G388S CYP51B1. The
hydrodynamic studies showed that all the CYP51B1 proteins were predominantly globular and
monomeric.
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4.4 Differential Scanning Calorimetry (DSC) of Ligand-Free and Bound Forms

Further stability assays were carried out for the azole-resistant mutants, using
calorimetric analysis to analyse the thermal stability of these enzymes and the effect of
ligand binding on stabilising the CYP51B1 structure. These studies were done initially in
light of multiple failed crystallogenesis trials for CYP51B1 in the ligand-free form, where
samples consistently precipitated rather than forming crystals. DSC measures enthalpy
changes (AH) for unfolding events caused by heat-induced protein denaturation. The
transition midpoint, T, is the temperature where 50% of the protein is in its native
conformation and the other 50% is denatured. The higher the T, the more stable the
molecule. During the same experiment, DSC also measures the change in heat capacity
(AC,) during thermal denaturation. Heat capacity changes associated with protein
unfolding are primarily due to changes in hydration of side chains that were buried in the
native state, but become solvent exposed in the denatured state (Gill et al. 2010). Control
experiments were done for WT CYP51B1 with buffer, and with DMSO before ligands
were added. It seemed unlikely that there would be large variations in the T, of mutant
enzymes from that of WT CYP51B1, particularly since CD analysis showed that all the
mutants were folded and had similar secondary structural content. This prediction held true
for all but the G388S CYP51B1 mutant, which showed interesting protein unfolding
transitions widely differing from those for WT CYP51B1 and as demonstrated in Figure
4.4, A general two stage unfolding event with T,, values of ~49 °C and ~51 °C (which were
slightly increased upon ligand binding) was observed for WT, F89H, L100F and R391K
CYP51B1 enzymes, and this possibly relates to the consecutive unfolding of the two major
structural domains in the P450 (i.e. the helix-rich alpha domain and the sheet-rich beta
domain) that occur before irreversible aggregation occurs at higher temperatures. In G388S
CYP51B1, however, the mixture of apoprotein and holoenzyme was evident by the
multiple T,, values for the enzyme at 41.5, 45.6, 54.1 and 58.3 °C. The major unfolding
event was at 54.1 °C, possibly reflecting one of the transitions for the major holoprotein
species. Aggregation of different forms of the enzyme (potentially both folded and
unfolded states) at higher temperatures was consistent with precipitation (observed by

increasing turbidity) of the enzyme solution at these temperatures.

The binding of inhibitors increased the CYP51B1 T,, values for both transitions (by
~2-4.5 °C for fluconazole and EPBA), as seen in Table 4.1. Inhibitors thus enhanced the
stability of enzymes, most effectively for the L100F CYP51B1 mutant bound to
fluconazole. Therefore, from these results, crystallogenesis trials for WT CYP51B1 and the

mutant enzymes (except for G388S) were carried out for their complexes with EPBA, 4PI
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and fluconazole. The fact that both 4PI and EPBA are more soluble in aqueous buffer than
is fluconazole made it easier to work with the latter two ligands in crystallogenesis studies,
particularly since DMSO (the solvent for fluconazole and other azole drugs) was shown to
have a minor destabilizing effect (decrease in the T, values) in WT CYP51B1 (Table 4.1).
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Figure 4.4: Protein unfolding transition thermograms for ligand-free and inhibitor-
bound CYP51B1. The overall fitting (solid red line) of raw data (solid black line) for protein
unfolding events are illustrated by step-wise heat changes with respective midpoint transition events
(Tm), shown by dashed red lines, obtained by fitting raw data to a non-two-state model available
from the OriginLab DSC software (OriginLab Corp., Northampton MA, USA) and as described in
section 2.2.10.3. All protein samples were diluted to 1 mg/mL in 100 mM KPi buffer pH 7.5. A)
WT + 0.5% DMSO, B) G388S, C) WT, D) F89H, E) WT + 0.2 mM estriol, F) F89H + 0.1 mM
fluconazole (Fluc).
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Table 4.1: Melting temperatures or transition midpoints (T ) for WT and mutant
CYP51B1 enzymes. The 4 values reported for the G388S mutant reflect T,, values 1-4

consecutively.
CYP51B1 Ligands T.1(°C) T.2 (°C) AT, (°C)
Ligand-free 49.40 +0.65 51.30 +£0.16 -
0.2 mM Estriol 50.25 + 0.81 52.47 +0.12 0.85/1.17
WT 0.1 mM Fluconazole 52.39 + 061 54.14 +0.19 2.99/2.84
2 mM 4-PI 49.29 +0.71 51.19 +0.16 0.11/0.11
0.05 mM EPBA 52.36 +0.55 54,15 +0.19 2.96/2.85
0.5% DMSO 48.65 +0.59 50.98 +0.08 0.75/0.32
F89H Ligand-free 48.85 + 054 51.01 +0.12 -
0.1 mM Fluconazole 51.35 +0.73 53.36 +0.16 2.50/2.44
L100F Ligand-free 47.85 +0.61 49.94 +0.20 -
0.1 mM Fluconazole  52.42 + 061 54.25 + 0.20 457/4.29
53885 Ligand-free 4551 + 250 54.12 +0.15 -
45.62 +0.29 58.30 +£0.10 -
Ligand-free 49.39 + 053 51.24 +0.16 -
R391K 0.1 mM Fluconazole 51.97 +0.67 53.94 +0.12 2.58/2.70
2 mM 4-PI 49.24 +0.90 51.34 +0.12 0.15/0.10

4.5 Analysis of Ferric-Heme Coordination by Electron Paramagnetic Resonance

(EPR)

451 EPR of CYP51B! Ligand-Free and Bound Forms

The effects of ligands to the P450 ferric heme was of interest for the CYP51B1
mutants studied here, and particularly for those at the cysteinyl loop (G388S and R391K
CYP51B1). The coordination of heme iron on binding azole drugs and the spin state of
ferric heme before and after azole drug coordination was investigated using EPR. The
rhombic LS EPR signals of hexa-coordinate ferric heme WT CYP51B1 were established
previously by Mclean et al. (2006) for ligand-free WT CYP51B1 and for its complexes with
fluconazole and 4Pl, indicating a near-homogeneous LS hexa-coordinated heme iron with
an aqua distal ligand and a cysteine thiolate proximal ligand in the resting state, with 3
major g values of g=2.44, g=2.25, and g= 1.91, indicative of a S = %2 nuclear spin state
(McLean et al. 2006). These values were in good agreement with g values obtained from
this study, as illustrated for the EPR spectrum of WT CYP51B1 shown in Figure 4.5, with
g values of 2.43, 2.25 and 1.91. Other Mtbh and bacterial P450 proteins also exhibited
similar major LS g-values, e.g. CYP121 (2.47, 2.25, 1.90) (McLean et al. 2002), CYP144
(2.42, 2.25, 1.93) (Driscoll et al. 2011) and P450cam (2.46, 2.26, 1.91) (Lewis 2007).
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However, Mtb CYP125 revealed heterogeneous LS EPR signals, as seen by the splitting of
the g values at 9,=2.40/2.42, 9,=2.25 and g,=1.94/1.93, which was attributed to different
heme conformations or different angles of the heme axial ligands at cryogenic temperatures
(10 K) (McLean et al. 2009).

These 3 main CYP51B1 WT LS g values in Figure 4.5 also compared well to the
mutant ligand-free enzymes. Along with the 3 major LS signature g values, additional minor
HS P450 signature g values at 7.55 and 8.00 for the F89H and G388S CYP51B1 mutants
were indicative of a proportion of HS thiolate-ligated, penta-coordinated ferric heme in the
dominantly LS hexa-coordinated mixture. Also, an unusual minor HS species with a g value
at 5.75 (F89H) and 5.86 (G388S) was seen for both these mutants in their ligand-free
forms, suggesting the presence of a small amount of a HS penta-coordinated thiol-ligated
species of ferric heme, which disappeared upon binding to azole ligands (discussed later on
and in Figure 4.7 B, C).
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Figure 4.5: EPR spectra of ligand-free mutants and WT CYP51B1. WT and mutant
CYP51B1 enzymes exhibited rhombic EPR signals typical of LS hexa-coordinated ferric heme with
water and cysteinate as the axial ligands, and with major g values of 2.42-2.44 g,, 2.25 gy and 1.91-
1.92 gx. Minor P450 HS species were detected in F89H and G388S mutants with g values at 7.55
and 8.00, respectively, indicative of HS penta-coordinated, thiolate-ligated ferric heme. Minor
atypical P450 HS g values at 5.75 and 5.86 (indicated as g+) were also observed for F89H and
(G388S, respectively, suggesting the presence of HS penta-coordinated, thiol-ligated ferric heme
species. Adventitious iron signatures were detected for F89H, G388S and R391K at a g value of
4.26, with G388S also having a larger signal at g 2.00, possibly due to superoxide radicals resulting
from its heme instability and reactions of free heme/heme iron with oxygen. G388S spectra are
shown in red for clarity. Panel A shows annotated symbols for the major features described in the
spectra. Panel B indicates the relevant g values for these EPR features.
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G388S CYP51BL1 also exhibited a large signal at g 2.00 that might be due to the

formation of superoxide anions or other free radicals which could result from interactions
of heme with solvents (e.g. DMSQO, acetone or benzene), as reported by Sakurai et al. (1990)
who found similar g ~2.00 values on studies with hemin complexes (Sakurai et al. 1990). In
the case of G388S, such signals could originate from free radicals due to heme and/or iron
released from the enzyme (and possibly from radicals caused by such heme or heme iron
interactions with DMSO solvent). Minor free ferric iron signals were also observed at g=
4.26 for G388S, F89H and R391K CYP51B1. Similar g values were also reported by
Mowat et al. in studies of mutants of the lactate dehydrogenase flavocytochrome b,, which
were assigned to free ferric iron and free copper (I1) for the WT b, enzyme and for a H66C
mutant that altered the heme iron proximal ligand. These free metal species were reported
with g values of 4.30 and 2.05, respectively (Mowat et al. 2000).

Atypical HS heme iron spectra with minor g values at g ~6.00 observed in F89H
and G388S CYP51B1 were also reported in HS non-P450 hemoproteins, e.g. HS
myoglobin or hemoglobin, both of which have an imidazole nitrogen ligated to the ferric
heme provided by its proximal His ligand (Dawson et al. 2001; Perera and Dawson 2004),
bis-methionine ligated cytochrome b, (Barker et al. 1996) and HS flavocytochrome b,
(Miles et al. 1993; Mowat et al. 2000). It was suggested that these g ~6.00 values could be
due to a thiol (Cys-SH) penta-coordinated HS species, and this might also be the
explanation for these signals in the CYP51B1 mutants reported in this thesis (Figure 4.7
and Figure 4.8). The different ligation states of ferric heme that give rise to diagnostic EPR
signals have been characterized for various heme-containing proteins, and some examples

are given in Table 4.2.
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Table 4.2: Examples of various ligation and spin states of ferric heme in proteins.

llustration of ferric
heme ligation states

Designation of
ferric heme

Description

Examples

H H
o~

1

SON_ L N=
SN2
$

“‘Cys
LS Hexa-thiolate

Azole
SN i N=<
SN TN
HS
“Cys

LS Hexa-thiolate

P450 LS hexa-
coordinated
thiolate

The typical resting
state ferric heme
configuration of a
P450.  This s
illustrated using a
iron-porphyrin
skeleton to illustrate
the
ferriprotoporphyrin
IX of the P450s.

1. A product of mutagenesis.

LS hexa-coordinated Cys-—-
Fe-Glu in A264E
CYP102A1 (Girvan et al.
2009).

. Ligation to inhibitors (e.g.

azole drugs) LS hexa-
coordinated thiolate with
imidazole or triazole as
the distal ligand in e.g.
Mtb CYP121, CYP142
and CYP144 (McLean et
al. 2006, Driscoll et al.
2010, 2011).

"
\Cys

HS Penta-thiol

P450 HS penta-
coordinated thiol

The neutral thiol
form  (protonated
cysteinate) of the
ferric proximal
ligand, also known
as the P420 species
when in the reduced
form with a CO
distal ligand. The
CYP51B1  ferrous
form has a spectral
signature at 422-427
nm.

. Suggestion of a neutral

thiol ligation in M80C
cytochrome ¢ mutant by
resonance Raman analysis
of penta-coordinated
(Cys80-ligated) ~ mutant
(Smulevich et al. 1994).

Ligand-free ferrous heme

| of CYP51B1 is prone to

protonation  of  Cys
thiolate ligand (to thiol) —
as seen by spectral
signature of ferrous heme
at 5585 nm, and by
development of P420
band in Fe(lI1)CO species.
(McLean et al. 2006).

0.

N2

.
SN

N—|—0O

Z—

H
His

LS Hexa-myohemaoglobin

LS hexa-
coordinated
myo/hemoglobin

Myoglobin and
hemoglobin are a
distinct  set  of
hemoproteins from
P450s and have
their heme
configuration as LS
hexa- or HS penta-

. HS myoglobin or

hemoglobin, both  of
which have an imidazole
nitrogen ligated to the
ferric heme iron, provided
by its proximal His ligand;
while the LS species
typically has either an O,

coordinated  states or CO molecule as the
S T Y HS penta- with an imidazole distal ligand (Dawson ¢t al.
N-FelN coordinated moiety of a histidine 2001; Perera and Dawson

R myo/hemoglobin  molecule as the 2004).

HN His proximal heme
X ligand.
HS Penta-myo/hemaoglobin
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The g values are very sensitive to the nature of the heme axial ligands and to
perturbations such as the orientations of the ligands at the ferric heme iron. While WT
CYP51B1 and the other mutants were near-homogeneous in their LS resting forms, L100F
CYP51B1 showed minor heterogeneity with a splitting of g, values at 2.44 and 2.41,
mirrored by g, values of 1.91 and 1.92 respectively, similar to the aforementioned
heterogeneity observed for Mtb CYP125. In studies using azole inhibitors, the L100F
CYP51B1 mutant enzyme’s heterogeneity in g values was emphasised upon binding to
imidazole type drugs (4Pl and clotrimazole), with their respective g values displayed in
Figure 4.6. For 4P1, whose structure is less bulkier than either clotrimazole or voriconazole,
it might be expected that this inhibitor can adapt to different binding orientations to the
heme iron, explaining the distinct g, values of 1.90, 1.85 and corresponding g, values of
2.44, 255, suggesting two major ligation states of the ferric heme by 4Pl in L100F
CYP51BL1. These could be explained by e.g. (i) different orientations of the 4P1 imidazole
ligating the ferric heme or (ii) a mixture of 4Pl imidazole coordinating directly to the heme
iron, or via an interstitial water ligand. The latter situation was observed in studies of Mtb
CYP121 in complex with fluconazole (Seward et al. 2006). 4P1 has a relatively weak affinity
for CYP51B1 with a K; of 390 uM, while bulkier azoles such as clotrimazole and
voriconazole bind more tightly with K, values of 0.05 and 0.31 uM, respectively. It is not
immediately clear how the mutations at the B-C loop region situated away from the heme
cavity can influence the imidazole-type ligand orientation at the heme iron, as seen by the
distinct sets of g values for L100F (Figure 4.6) and F89H (Figure 4.7 C) as compared to
mutants at the cysteinyl loop region, G388S and R391K CYP51BL1 in Figure 4.7 (B, C),
which had 2 and 3 sets of g, and g, values in their complexes with clotrimazole,

respectively.

Perhaps the L100F mutant can cause heterogeneity due to the side chain of the
F100 residue, which may form interactions with the 4P1 drug upon its entry/exit to the
active site, or possibly with adjacent residues, causing them to interact with the phenyl
group of 4PI, or with the three bulky aromatic groups of clotrimazole — a drug which also
gives a hetereogeneous set of g values on binding the L100F (and other CYP51B1) mutant
heme iron. Such interactions could thus cause major binding orientation perturbations for
the azoles, as is reflected by the different sets of g values in L100F CYP51B1 on drug
binding. Conversely, upon binding to voriconazole, the heterogeneity of the L100F
CYP51B1 ferric heme g values was lost, and a single set of g values (2.44, 2.25 and 1.89)
was observed. This likely indicates that the nitrogen atom from the triazole moiety of this

inhibitor coordinates in a single orientation to the heme iron, perhaps stabilized by bonding
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between its substituent groups (e.g. making hydrophobic interactions and H-bonding
interactions) and amino acid residues in the heme distal pocket.
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Figure 4.6: EPR spectra of the CYP51B1 L100F mutant enzyme bound to azole-
inhibitors. The EPR spectra for L100F CYP51B1 in absence of inhibitor (top) and in complex
with the azole inhibitors 4-phenylimidazole (4P1), clotrimazole and voriconazole are shown. The
inhibitor structures are also presented, with their heme iron coordinating nitrogen highlighted in
blue.

This apparent heterogeneity of heme iron coordination by imidazole drugs was
observed in all of the mutants, as demonstrated by the multiple g values for 4Pl and
clotrimazole complexes with WT, F89H and G388S CYP51B1 enzymes in Figure 4.7. This
proposed imidazole-ligand orientation heterogeneity for all these enzymes did not arise
from any prolonged incubation with the drugs, as was proven by recording the same g
values whether EPR analysis was carried out immediately upon adding the imidazole drugs
(followed by flash-freezing in liquid nitrogen) or when the imidazole drugs were added to
the enzyme and the mixture left to equilibrate for ~2 h before being flash-frozen. The
R391K CYP51B1 mutant also demonstrated multiple g values upon coordination to
clotrimazole, with g, values of 2.51, 2.46, 2.43, and corresponding g, values of 1.87, 1.89,
and 1.92. The g, value was constant at 2.25, and these values were similar to the multiple g
value sets found for the clotrimazole-bound F89H CYP51B1 mutant (Figure 4.7 C). The
R391K mutation is in the same vicinity as G388S, and both these mutants demonstrated
some apparent heme instability, with adventitious iron signatures at g 4.26. This signal was
also present in the F89H CYP51B1 mutant, but to a lesser extent. For R391K CYP51B1,
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this free iron signature at g 4.26 increased (~2 fold) upon binding to clotrimazole. This may
be consistent with the decrease in intensity of the R391K CYP51B1 Soret band observed
during equilibrium binding studies with fluconazole and miconazole in comparison to
L100F CYP51B1, as discussed in the last chapter (Figure 3.25). Possibly, R391K heme
binding is destabilized somewhat on addition of this drug and/or its solvent. The atypical,
minor HS species observed in F89H and G388S CYP51B1 were eliminated upon binding
to the azole inhibitors, consistent with the formation of LS hexa-coordinated ferric heme
on binding a strong 6" ligand. As a matter of fact, all of the enzymes (except WT and
L100F CYP51B1) demonstrated heme cofactor instability to a certain extent, as evidenced
by their adventitious iron signature at g 4.26.
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Figure 4.7: EPR spectra of WT and mutant CYP51B1 enzymes in resting and azole-
bound forms. A) WT and B) G388S EPR X-band spectra are shown for ligand-free enzyme (red
line) and for enzyme bound to inhibitors: 4-phenylimidazole (thick black line), clotrimazole (blue
line) and voriconazole (thin black line), along with the respective g values. C) Spectra of F89H and
R391K mutants are shown in the ligand-free (red) and clotrimazole-bound (blue) states.
Heterogeneity of gx and g, values is consistently observed in both these mutants upon binding to
the imidazole drug clotrimazole.
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45.2 EPR of CYP51B1 Post-Redox Cycling of the Enzyme

Following the redox cycling experiments from Chapter 3, fresh CYP51B1 enzyme
samples were prepared at concentration between 150-250 uM, and these were then reduced
and reoxidised, as described in the Methods chapter (section 2.2.13) in order to further
analyse (using EPR) the apparent HS spectral signature observed following reoxidation
with ferricyanide. Surprisingly, this atypical HS signal at g= 5.80-5.86 was increased
substantially in all CYP51B1 variants following redox cycling, as illustrated by the HS/LS
ratios shown in Figure 4.8 (blue spectra) after the cycling. The accumulation of radical
signals at g= 2.00 (likely due to superoxide anions or other free radicals) was also observed

after cycling.
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Figure 4.8: EPR spectra of redox-cycled WT and mutant CYP51B1 enzymes. EPR
spectra for the resting ferric heme enzymes are shown in red with A) WT, B) F89H, C) L100F, and
D) R391K., while samples analysed promptly after redox cycling are shown in blue. The black lines
represent the post-redox cycled samples following 24 h incubation on ice. WT CYP51B1 and all
mutants demonstrated a major high spin (HS) species immediately after redox cycling with
dithionite and ferricyanide. This 80% HS species (at g 5.80 and 5.84 according to particular enzyme)
to 20% LS species ratio collapsed back towards the thiolate-coordinated LS species over 24 h or
more with ~50/50 amounts of HS/LS species after 24 h.
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The other major g values, signifying LS hexa-coordinated ferric heme, were also
present, although some heterogeneity in this heme ligation state was observed in WT
CYP51B1 and all mutant enzymes except L100F CYP51B1 (Figure 4.6). These
heterogeneous g values and the major atypical HS g ~6.00 signal may be explained by the
following models: (i) the aqua distal ligand to the ferric heme could have been displaced or
perturbed by another molecule. Such a molecule might be sulfite or another breakdown
product of dithionite. Interactions of such ligands were spectrally demonstrated by
previous work with P450cam, as discussed in the previous chapter (section 3.9, Figure 3.17)
and with regards to transient spectral signatures at 463-464 nm (Sono and Dawson 1982).
Direct coordination by e.g. sulfite would be expected to produce a LS heme iron, however;
(i) the ferric heme could be in a thiol (protonated thiolate) penta-coordinated form to
explain the prominent HS signal; (iii) since the g ~6.00 signal is more often recognised as a
non-P450 HS signal for His-axial ligation to a ferric heme, e.g. in myoglobin and
hemoglobin, it could be the case that the nearby His392 (Figure 3.15), which is
phylogenetically conserved in the P450s, could replace the cysteine as the ferric heme
proximal ligand. This would likely be a temporary event, as demonstrated by the slow
reversibility of this HS species over 24 h. However, there has been no compelling proof for
such a Cys/His switch in other P450s.

Model (iii) was somewhat strengthened by studies of CO binding to the L100F
CYP51BL1 ferrous heme following the *second round (post redox >24 h) of EPR analysis.
These studies failed to show any spectral changes to either the P450 or P420 forms,
perhaps supporting the idea of a proximal ligand switch. However, it should be borne in
mind that both hemoglobin and myoglobin do bind to CO in their ferrous state to give a
Soret feature at ~420 nm. Thus, no firm proof of the nature of this HS species is available
as yet, although its slow reversibility to the LS thiolate-coordinated form is possibly most
consistent with the notion of a protonated cysteinate, which slowly reconverts to thiolate.

After the first EPR analysis (following redox cycling) and upon thawing, no protein
precipitation was noticed in the enzymes, but similar oxidised ferric Soret band features
were noticed at 411-415 nm, as described in the previous chapter. After the first round of
EPR analysis, these enzyme samples were left to thaw on ice overnight (~24 h). A
significant amount of precipitated protein was observed after this time, and this was
separated by centrifugation. The supernatant was once again flash frozen and the second
EPR analysis was done (*second round). From Figure 4.8, decreases in the HS (g ~6.00)
and free radical (g ~2.00) signals were observed (black spectra). The percentages of LS and

HS g ~6.00 species post redox cycling and after 24 h were estimated from integration of
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the EPR spectra. Immediately after the redox cycle, 80% of HS g ~6.00 species were
formed relative to 20% LS species. This 80% HS species collapsed back after 24 h of
incubation on ice to achieve an ~50/50 balance of both HS and LS species. This relatively
slow duration for the reversibility of this atypical P450 HS species indicated that this event
cannot be a biological event (which might be expected to happen at about the same rate of
as catalysis by the enzyme) but is probably instead a chemically reversible event that occurs
gradually over much longer periods, again possibly pointing to the controversial notion of
whether this HS g ~6.00 is a signature for either a proximally His-ligated ferric heme or a

P450 penta-coordinated neutral thiol-ligated form.

4.6 CYP51BL1 Crystallisation

Highly purified WT CYP51B1 and mutant forms (except for G388S) post SEC
purification were all subjected to crystal trials using a protocol published by Podust and co-
workers (Podust et al. 2001a; Podust et al. 2007; Podust et al. 2004). While initial crystal trials
for enzyme either in absence of ligands or in the presence of fluconazole and voriconazole
yielded only precipitate, crystals were observed in the presence of 4PI and when bound to
an azole-structure mimic (EPBA: «-ethyl-N-4-pyridinyl-benzeneacetanamide) which was
employed in earlier CYP51B1 structural studies (Podust et al. 2007). This yielded
reddish/dark brown protein crystals in different crystal shapes, and less than 0.5 mm in
size after a week’s incubation at 20 °C (Figure 4.9). However, crystals could not be
obtained for the F89H CYP51B1 mutant. Only after employing the microseeding method,
as described in section 2.2.11, F89H ligand-free and azole-bound protein crystals were
obtained. Crystals were thus obtained for all the mutants, either in ligand-free or 4PI-
/EPBA-bound forms, although no crystal formation was observed for triazole-bound
samples. Crystals which were large and robust enough to survive the crystal handling and
plunge-flash freezing in liquid N, technique were sent for X-ray diffraction data collection
at the Diamond Synchrotron near Oxford. Given the lack of successful co-crystallisation,
efforts were made to obtain fluconazole-, voriconazole- and clotrimazole-bound crystals by
the ligand soaking method, which entailed soaking the protein crystals with a saturated
solution of the azole drugs (dissolved in DMSO) in the mother liquor. Unfortunately,
structure solution revealed that the soaking technique did not lead to replacement of either
4P| or EPBA with the larger azole drugs.
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Figure 4.9: Protein crystals obtained and a representative diffraction pattern for
CYP51B1 WT and mutant forms. A-D) Formation of various co-crystals under different

Di-ii) R391K-EPBA, Diii) R391K-EPBA microcrystals used in microseed stock preparation. E)
Diffraction pattern of R391K-4PI (Ciii) mutant, solved at 1.8 A.
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4.7 CYP51BL1 Crystal Structure Features in Ligand-Bound Forms

WT and mutant CYP51B1 crystal structures were solved and refined using standard
methods, and the final structures were visualised using the PyMol molecular display
program (PyMol™ DelLano Scientific). Structures of WT-4P1, F89H-4P1, F89H-EPBA,
L100F-EPBA and R391K-EPBA CYP51B1 are exhibited in Figure 4.10, depicting the
mutated residues studied in this thesis. Crystallography statistics data for solved structures
can be found in Appendix H. All structures were C-alpha aligned and superimposed to
show structural perturbations which may have occurred due to different ligands binding to
the heme, or which are due to the point mutations at the B-C loop (F89 to H89 and L100
to F100) and at the heme proximal loop (R391 to K391).

Leu 100/
Phe 89 ¢ 2 A

Figure 4.10: Crystal structures of CYP51B1 mutants. An overlay of final structures
obtained for various CYP51B1 mutants in complex with 4-phenylimidazole (4PI) and a-ethyl-N-4-
pyridinyl-benzeneacetanamide (EPBA). The WT fluconazole-bound model (pdb: leal, 2.21A) was
used as the template structure to solve ligand-bound crystal structures of WT, F89H, L100F and
R391K CYP51B1 enzymes according to the difference Fourier technique. The longest helix, the al
(white), runs through the molecule with its characteristic kink in the middle. The model is oriented
such that the viewer looks into the heme binding site via the B-C loop opening, where Phe89 was
mutated to His and Leul00 was mutated to Phe. The structures of both F89H and L100F
CYP51B1 bound to EPBA were solved at 2.0 A (cyan) and 1.8 A (orange), respectively, while
F89H-4PI (yellow) was solved at 1.4 A. The CYP51B1 mutant R391K at the cysteinyl loop was
solved both bound to 4PI (green) and to EPBA, with both structures solved at 1.8 A. WT
CYP51B1 bound to 4PI was solved at 1.4 A (purple). The structures were superimposed and C-
alpha aligned to produce the model above, where the heme macrocycle, ligands and mutated
residues are illustrated as sticks and lines. Note that the guanidinium side chain of residue Arg 391
is disordered (see red arrow) in WT structures.
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The kink in the middle of the I-helix (al) is accentuated by interactions of the two
side groups of Phe256 and His259 residues with adjacent residues or ligands. Phe256 and
His259 are separated by Ala and Gly residues (i.e. a FAGH sequence). Glycine residues are
known to confer flexibility to secondary structural elements and to have a low propensity
to form a-helical structures, and are usually found in loop structures (Lepesheva et al.
2003). The observed conformational flexibility of the al confers either the open or closed
configuration of CYP51B1, allowing ligand entry, docking or exit. This conformational
flexibility is not observed for structures of CYP51 from human and protozoa, at this
position. In addition, Gly residues in CYP51B1 (e.g. Gly84 and Gly175) were identified as
important residues needed to maintain flexibility at loop regions and catalytic activity of
this enzyme with 24, 25-dihydrolanosterol (Lepesheva et al. 2003).

From the previous chapter, the R391K CYP51B1 mutant was shown to have a
slower rate of ferrous-thiolate protonation compared to WT CYP51B1 and to the other
mutants (Table 3.1 and Figure 3.14 E). This may be attributed to the missing arginine
guanidinium side chain in the R391K mutant. The guanidinium side chain of Arg391 might
have two roles at the cysteinyl loop region of CYP51B1, i.e. (i) by forming multiple H-
bonds with adjacent amino acid side chains and/or (ii) by establishing an efficient proton
transfer system during thiolate-thiol transitions of the reduced enzyme. The WT-4PI
(Figure 4.12, in purple) and L100F-EPBA (in cyan) crystal structures from this work
revealed that the Arg391 side chain was disordered (red arrow), which might suggest that
facilitating proton transfer to/from the proximal cysteine thiolate/thiol ligand is a more
likely role for this residue. However, it should also be remembered that Lys391 is also a

potential proton donor/acceptor.

CYP51B1 exhibits a disordered al region in the ligand-free form, and a profound
distortion of the al was observed in both estriol- and inhibitor ligand (4P1 or fluconazole)-
bound forms (Podust et al. 2004). This deformation, combined with the extended
conformation of the B-C loop region, creates a wide access channel to the active site, as
shown in Figure 4.1. Comparisons of the crystal structures of ligand-free and estriol-bound
forms of CYP51B1 show that the aC (the location of the L100F mutation) undergoes a
helix-to-coil transition on estriol dissociation and that the loss of the aC structure results in
a more extensive opening to the heme pocket (Podust et al. 2004). Binding of azoles or
estriol triggers substantial (4PI) or partial (fluconazole or estriol) aC ordering. Azole
binding does not affect the conformation of the B-C loop, but estriol binding releases the

loop from its surface position and enables it to adopt a more closed conformation (Munro
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et al. 2007b). The structures of WT and F89H mutant CYP51B1 enzymes at the B-C loop
regions are illustrated in Figure 4.11. Interestingly, this F89H mutation on the B-C loop
drastically affects the average mobility of this region, inducing severe disorder, as shown by
the near-absent electron density in this region of the F89H-4P1 mutant structure (Figure
4.11 B), as compared to the relative order of the corresponding segment of the WT-4PI
complex structure (Figure 4.11 A). It needs to be noted that, even in the WT CYP51B1
structures available, both those determined in this thesis and others available in the
literature, the BC loop has significantly higher mobility with respect to the core structure.
Nevertheless, the introduction of a F89H mutation leads to increased flexibility in this
region which results in total loss of ordered electron density (Figure 4.11).

Figure 4.11: Dynamics of the highly mobile CYP51B1 B-C loop. A) B-C loop of the
CYP51B1 WT-4PI structure solved at 1.5 A indicates limited disorder and a corresponding weak
electron density (as compared to the strong blue electron density of the heme) at the B-C loop B) A
similar view of the F89H-4PI CYP51B1 solved at 1.4 A. In this case, no significant electron density
could be observed for the BC loop region. Electron density was contoured at 1 ¢. A black arrow
indicates the 89 position.

Conserved residues in the C-terminal heme-binding site are thought to be
important for maintenance of P450 tertiary structure (Munro et al. 2007b; Ortiz de
Montellano 2005), and to contribute to heme binding. The CYP51B1 Gly388 is heavily
conserved at this position throughout the CYP51 family and across other P450s, as shown
by multiple sequence alignment (MSA) of this region by Kelly et al. (Kelly et al. 2001) and
Podust et al. (2001b). The cysteinate ligand to the heme iron is absolutely conserved and is
critical to P450 oxygenase function, and resides in the cysteinyl loop region (the B-bulge)
preceding the oL (Figure 1.10 B). This segment shields the C394 ligand from solvent and
enables it to accept hydrogen bonds from peptide NH groups (Munro et al. 2007b).
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The electron density at the heme proximal region for both the WT (magenta) and
the R391K CYP51B1 (green) mutant show few differences (Figure 4.12), implying that the
lysine mutation has little effect on the local protein structure or dynamics. Furthermore,
electron density for the guanidine moiety of Arg391 (black arrow in Figure 4.12 A, B) is
missing in WT structures, indicating its high mobility. This suggests that no stable H-bond
network is formed between the Arg391 side chain and surrounding residues. The inability
of the G388S CYP51B1 enzyme to form crystals was likely due to its heterogeneous nature,
existing in both unstable apoprotein and holoenzymes forms, and also in different
oligomeric states with various melting temperatures, as described in section 4.4.

(missing
side
chain)

Figure 4.12: Comparison of WT and R391K mutant structures. A) The arginine residue

at 391 in the WT-4PI CYP51B1 structure (1.5 A) was modelled up to the C, atom, due to the
absence of electron density for the Arg391 side chain. B) The R391K mutation results in little
structural change. No apparent major perturbations were observed for the CYP51B1 R391K
mutation at the conserved loop. Arg391 and Gly388 are shown as colour coded sticks (yellow-C,
blue-N, red-O). The electron density (blue) around the 4PI distal ligand to the heme macrocycle is
also shown.

In order to illustrate the regions of CYP51B1 which are highly mobile within the
crystal structure, the struture was coloured coded according to B-factors (from least
mobile-dark blue to highly mobile-red) for the F89H-4P1 mutant enzyme structure (Figure
4.13 A). The corresponding B-factor graph in Figure 4.13 (B) gives a relative numerical
value to the mobile regions of WT CYP51B1, as earlier published by Podust et al. (2004).
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Figure 4.13: Mobile regions of CYP51B1. A) F89H-4P1 CYP51B1 mutant structure coloured
according to B-factor values and using a colour gradient, with blue regions being the least mobile
and red regions being highly mobile. B) A plot of overall B-factor values for CYP51B1 adapted
from Podust et al. (2004). The majority of the point mutants studied in this work are situated at
highly mobile regions of the enzyme.

Podust et al. (2007) detected perturbations at His259 and Tyr76 residues in EPBA-
bound structures, where new hydrogen bonds were formed between these residues and the
inhibitor ligand. In mutant structures (F89H, L100F and R391K CYP51B1) bound to 4PI
and EPBA, we observed that certain residues did alter in position, depending on the ligand
identity (labelled red in Figure 4.14).

C.C. Fernandez] Page] 198




Biophysical and Structural |[Chapter 4

(A) $8S 1 | (B) SBS 2/3/4 »
2230, P178 4~
\Iv v181{")
F22 ‘1«. P26 F255 . r
e Y
5252 i L :‘1__59
12604
K97
A
M99 ,
(C) SBS 4/5/6 {

|<432§i '%5431

_ i\}‘:“-HaiED (D) 4-phenylimidazole
-

vazay )l

R s "P i@
2SS RS gy 0] 32 /
b5\ X % %

"L324 N
(E) et-ethyl-N-4-pyridinyl-
benzeneacetanamide

Figure 4.14: Structural differences induced by 4Pl and EPBA ligation in CYP51B1.
Three models, 1.5 A WT-4P1 (purple), 1.4 A F89H-4PI (orange) and 2.0 A F89H-EPBA (cyan),
were superimposed. The hemes are shown in the same colour scheme. The proximal cysteine 394
ligand is shown in purple stick and ball representation. A) Substrate binding site 1 (SBS 1) residues
at the B-C loop, aB’ and aC are shown in line structures. The side chains for M99, K97 and H101
(labelled in bold, black text) on the aC are disordered in the EPBA-bound enzyme structure,
suggesting that ligand-induced disorder occurs, while Y76, F78, M79, F83 and R23 (labelled in red)
showed slight perturbations, depending on the nature of the ligand. B) SBS 2 (on aF), SBS 3 (on
aG) and SBS 4 (on al) residues showed little change, except for H259 (labelled in red) on the al,
which directly interacts with the ligand. This is also shown in (C) where the imidazole side group of
H259 and the isobutyl side group of L321 are involved in binding the benzene ring of EPBA. D
and E illustrate the chemical structures of 4P1 and EPBA.

In the case of EPBA, the same two residues at SBS 1 (Tyr76) and at SBS 4
(His259), and other residues at SBS 1 (Phe78 and Met79) and SBS 6 (Leu321) are involved
in ligand binding. The His259 residue is one of the two residues (the other being Phe256)
associated with the kink in the ol of CYP51B1. The F89H CYP51B1 mutant structures
solved in complex with 4Pl and EPBA were superimposed. Interestingly, ligand identity
can significantly affect the mobility of SBS 1 residues at the B-C loop regions. This is
demonstrated by the absence of electron density for Met99, Lys97 and His101 (bold black
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text in Figure 4.14 A) when CYP51B1 is bound to EPBA in the F89H-EPBA, L100F-
EPBA and R391K-EPBA CYP51B1 structures, by comparison to the relative order of the
same residues in 4PI-bound mutant and WT CYP51B1 enzymes.

4.8  Summary and Critical Assessment

This chapter complements the biochemical results from chapter 3 by confirming
that the overall secondary structures of mutant CYP51B1 enzymes are not affected by
single-point mutations at important sites in the enzyme associated with azole drug-
resistance in C. albicans CYP51. All of the CYP51B1 variants generated in this study are a-
helix rich, as shown by the features at 209 nm and 224 nm from far UV CD analysis. The
deeper major trough at 224 nm, when observed without the minor trough at 209 nm, is one
signature for an unfolded random coil protein structure. This major trough (224 nm) was
observed concurrently with a minor trough at 209 nm for G388S CYP51B1, consistent
with this protein being extensively folded. However, the G388S CYP51B1 far UV CD
spectrum showed differences to that for other mutant and WT CYP51B1 enzymes, which
can possibly be attributed to its heterogeneous mixture of holoenzyme and apoprotein
forms. This heterogeneous nature of the G388S mutant was also detected by MALLS
analysis, which showed different oligomeric states that likely arise from aggregation of the
apoprotein with other apoprotein or holoprotein molecules. These various G388S enzyme
states were also indicated by the more complex protein unfolding patterns defined by DSC
analysis of ligand-free G388S CYP51B1 (with at least four distinct T, values). These
calorimetric and dynamic light scattering results were in contrast to those for WT and other
mutant CYP51B1 enzymes. For instance, a clear two stage unfolding was observed for WT
CYP51B1 with T,, values of ~49 °C and ~51 °C, and monomeric states of WT CYP51B1
and the other mutant enzymes were observed by MALLS analysis.

The ligation state of the ferric heme iron of WT and mutant CYP51B1 enzymes
was also probed by EPR, and this indicated some important differences in coordination
states and other properties. Although the typical LS set of g values in ligand-free CYP51B1
enzymes and the sets obtained for azole inhibitor-bound forms were highly similar to data
published on CYP51B1 previously by McLean et al. (2006), there were two novel EPR
features observed for the mutant CYP51B1 enzymes in different ligand-bound forms. The
most prominent novel feature was the g 2.00 signal observed in the G388S CYP51B1
enzyme, indicating adventitious metal (free iron in this case) that was likely due to the

instability of heme cofactor binding in this mutant. In addition, atypical P450 HS signatures
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at g ~6.00 (5.74, 5.80, 5.84 and 5.86 in different CYP51B1 enzymes) were novel
observations made for both F89H and G388S CYP51B1 enzymes in their ligand-free
states, and for all the CYP51B1 variants post redox-cycling. This atypical HS g ~6.00 value
in both F89H and G388S CYP51B1 diminished upon distal heme iron ligation by a N
atom from the triazole moiety of azole drugs. It appears likely that the signal arises from a
penta-coordinated, cysteine thiol-ligated HS state of the ferric heme, as illustrated in Table
4.2. The disappearance of the HS signal on distal ligation by a triazole drug would then be a
consequence of the spin-state shift to LS. For the post redox-cycled CYP51B1 variants that
all exhibit the HS g ~6.00 value, the most likely explanations may be that a sulfur-
containing molecule derived from dithionite influences the distal ligand environment, or
that the proximal thiolate ligand becomes protonated to thiol. The restoration of a LS
thiolate-ligated form that occurs on extended incubation of redox cycled CYP51B1
enzymes suggests that the latter explanation is more credible. Possibilities for the identities
of CYP51B1 ligands in the redox-cycled HS state were considered in light of previously
published data for ferric heme proteins having similar EPR g ~6.00 values and with a
histidine proximal ligand (Dawson et al. 2001; Perera and Dawson 2004), a HS methionine
proximal ligand (Miles et al. 1993) or bis-methionine axial ligands (Barker et al. 1996).
However, there is no firm structural data to indicate that a histidine can occupy either a
distal or proximal ligand position in a wild-type P450 enzyme, and thus a model of cysteine
thiol as proximal ligand in pentacoordinated redox-cycled CYP51B1 enzymes appears most
likely.

Co-crystals were derived from all the mutant CYP51B1 enzymes (except for the
(G388S mutant enzyme) in complex with 4P1 and EPBA inhibitors. Diffraction data were
collected for F89H-4PI, F89H-EPBA, ligand-free F89H, WT-4Pl, WT-EPBA, L100F-
EPBA, R391K-4PI and R391K-EPBA crystals (Appendix H). Analysis of the crystal
structures of R391K CYP51B1 bound to 4Pl and EPBA revealed that this mutation did
not influence the highly conserved cysteinyl loop structure. Mutations at the B-C loop
region (as evident from the F89H and L100F CYP51B1 structures) revealed that mobility
at this putative entry/exit channel was increased when compared to the already elevated
levels of the WT CYP51BL1.

Previous P450 structural studies have suggested that conformational flexibility is
key to the position of azole drug-resistance-conferring mutations found in C. albicans
CYP51A1. These mutations map mainly to flexible P450 regions (including the F-G and B-
C helical sections and their intervening loops) rather than to the active site, and this
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suggests that resistance may be achieved by altered conformational dynamics in CYP51, as
opposed to disruption of the substrate binding site (Munro et al. 2007b).

In this study, it was confirmed that selected mutations do not cause disruption to
the active site, as observed from solved crystal structures of the F89H mutant bound to
4Pl and EPBA, and for the L100F CYP51B1 mutant bound to EPBA. In contrast, the
mobility of various structural elements lining possible entry-exit routes to the active site can
be influenced by the mutations, possibly affecting the kinetics of binding (k,,) and
dissociation (k,¢) for the various ligands. Such altered ligand binding/debinding Kinetics
may be the key to affording azole drug-resistance e.g. as shown for the largely unique
(G388S variant which exists in a mixture of apo- and holoenzyme species, having highly
positive redox potentials and demonstrating much faster thiolate protonation than the
other variants of CYP51B1 studied here. These mutations at important SRS and SBS
regions on CYP51B1 could also potentially have less effect on substrate affinity than on
azole affinity so as not to compromise physiological function at the same time keeping in
mind that the point mutants of CYP51B1 do not necessarily reflect the true ‘fluconazole-
resistant’ CYP51A1 (CYP51ca) from fluconazole-resistant C. albicans due to other
circumstances i.e. variations in amino acid sequences of CYP51, effect of other
mechanisms of drug-resistance in C. albicans (mutations in the drug efflux pump genes) and
the in vitro experiments of CYP51B1 which may not reflect true in vivo conditions. Findings
in this study serve as a quantitative guide in elucidating the mechanisms of fluconazole
drug-resistance at the aforementioned regions of CYP51B1 at the molecular enzymology

level.
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5 MOLECULAR STUDIES OF CYP136 AND CYP123
5.1 Pseudogenes, Paralogues or New Enzymes

Several reports have highlighted important connections between CYP51 from
various different pathogenic organisms and human macrophages, with respect to human
diseases e.g. Leishmania infantum (Hargrove et al., J. Biol. Chem., in press) and Mycobacterium
tuberculosis (McLean et al. 2010). In the case of Mtb, the physiological role of CYP51B1 has
yet to be established. However, there is strong evidence for the functions of other Mtb
P450 enzymes in sterol metabolic pathways, i.e. CYP125 (A 27-hydroxylase of cholesterol
and cholest-4-en-3-one from the host, which was also shown to further oxidise 27-
hydroxycholest-4-en-3-one to cholest-4-en-3-one-27-oic acid) (McLean et al. 2009; Ouellet
et al., 2010) and CYP142 (a cholesterol-27-hydroxylase) (Driscoll et al. 2010). Both these
enzymes are involved in oxidation of host cholesterol to facilitate its catabolism by Mtb,
and there may be additional roles in detoxification of 4-cholesten-3-one and/or production
of immunomodulatory 27-hydroxycholesterol. Although Mtb appears not to have a sterol
biosynthetic pathway, CYP125 and CYP142 are clearly important for infection and survival
in the host, and it is highly likely that CYP51B1 also has an important role (e.g. for
infectivity or re-infection of Mtb in humans), along with these enzymes and possibly other
orphan Mtb P450 enzymes, which are present in high numbers in this human pathogen
(only ~6 of the 20 Mtb P450s have assigned functions). On this pretext, and also as a
consequence of the presence of dual functional copies of CYP51 in Aspergillus spp. (also
human pathogens) (Mellado et al. 2001; Warrilow et al. 2010), work was done in this chapter
to investigate the hypothesis that Mtb too could possibly have dual or multiple copies of
the sterol demethylases. However, to date, whether these other P450s are functional
enzymes and/or a product of evolution (paralogues) has yet to be proven, and was
addressed in this chapter with studies on Mtb CYP123 and CYP136.

Genetic evidence to support the hypothesis that Mth possesses additional sterol
demethylases comes from the proximity of some P450 genes to CYP51B1 (Rv0764c), e.g.
the CYP123 gene (Rv0766¢) which is situated upstream on the same operon dedicated to
intermediary metabolism and respiration and in a gene cluster rich in predicted
oxidoreductases (Tuberculist webserver: http://tuberculist.epfl.ch/) (Cole 1999). In
addition, the presence of an adjacent ferredoxin redox partner (Fd1 — 68 a.a.) (product of
Rv0763c) and a nearby Rv0688c gene coding for the novel FAD-associated reductase (Fdr -
406 a.a.), both of which were proven to facilitate electron transfer from NADPH to
CYP51BL1 in Chapter 3 (Figure 3.11), also highlights the proximity of redox proteins that
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could drive both CYP51B1 and CYP123 function. These genetic observations thus
strengthen the possibility that proximal potential sterol demethylase(s) could share these
redox partners to enable electron transfer in the C-14 demethylation of sterol substrates (or
related activities on similar substrates), probably using sterols provided by the host
(possibly in the host macrophage during Mtb infection/latency). CYP123 (402 a.a., product
of Rv0766¢) and CYP126 (414 a.a., product of Rv0778) share 32% amino acid sequence
identity, while CYP123 and CYP51B1 (451 a.a.) share 20% amino acid sequence identity
(Clustalw2: http://www.ebi.ac.uk/Tools/msa/clustalw2/). Both values are below the 40%
“cut-off” limit that would currently qualify them as members of the same family of P450
enzymes, however. These five genes (CYP51B1, CYP123, CYP126, Fd1l and Fdr) are
situated in the same locus dedicated to intermediary metabolism and respiration, suggesting
that they might have important roles in maintaining cell viability, although CYP51B1,
CYP123 and Fdr have been categorised as non-essential for growth (in rich media) in the
Mtb H37Rv pathogenic strain, while essentiality data for CYP126 and Fd1 are not available
(Lamichhane et al. 2003; Sassetti 2003). Interestingly, both Fdr and CYP123 have recently
been found in the cell membrane fractions of Mtb H37Rv using proteomics analysis
(Malen et al. 2010; Mawuenyega et al. 2005), suggesting a possible role for these proteins in
membrane biochemistry, or perhaps in maintaining cell wall integrity. In another study, the
Fd1 (Rv0763c) gene was found to be differentially expressed during Mtb infection in mice
(McLean et al. 2007; Etienne et al. 2002), suggesting an important role for this gene during

infection.

In addition to CYP123, another gene coding for a putative P450 (CYP136, 492 a.a.,
product of Rv3059) is situated ~2500 bp downstream of the genes coding for CYP51B1
and CYP123. CYP136 has been assigned as a possible sterol demethylase (possibly the
second in Mtb) by virtue of BLASTp results showing its similarity to a CYP51 (29% amino
acid identity) from Plesiocystis pacifica (marine slime bacterium) and its having FASTA scores
of >25% amino acid identity to the CYP51 lanosterol 14-alpha demethylase from Rattus
norvegicus (brown rat) and Mus musculus (house mouse) (tuberculist webserver:
http.//tuberculist.epfl.ch/). While there is a possibility that the CYP123 and CYP136 genes
code for P450s with functions divergent from CYP51B1 as a product of gene evolution
from an ancient progenitor (e.g. CYP51B1), and would thus be termed paralogues, it
appears unlikely that they are dysfunctional pseudogenes, since their DNA coding sequence
translates into full length protein sequences in both cases (Appendix B). In a related
pathogenic bacterium, Mycobacterium leprae, 12 P450 (CYP) pseudogenes were found, along
with only one functional P450 gene (coding for CYP164A1) (Warrilow et al. 2009). The fact
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that leprosy (caused by M. leprae infection) is less contagious than TB might explain the
high number of P450 pseudogenes in M. leprae and the apparent absence of pseudogenes
among the 20 P450 genes in Mtb (Pubmed Health), assuming that several of the P450s in
Mtb have key roles in bacterial infection and establishment of the disease state. Hence, the
possibility raised here is that these previously uncharacterized Mtb CYP123 and CYP136
genes have the potential to code for new enzymes with novel functions (possibly related to
sterol metabolism) that are unique to Mtb. Therefore, the main objective of the research in
this chapter was to put in place the molecular biology groundwork for CYP123 and
CYP136 proteins in order to optimise their expression, and also to understand their
biochemical features and whether they are functionally related to CYP51B1.

The multiple sequence alignment (MSA) in Figure 5.1 shows amino acid sequences
of the N-terminal sequence regions for CYP51 from A. fumigatus, C. albicans, H. sapiens, Mtb
and T. brucei, and for CYP136 and CYP123 of Mtb. The first ~30-60 non-
polar/hydrophobic amino acid residues at the N-terminal for the eukaryotic CYP51s
indicates the membrane anchor region, which is absent from CYP51B1 and CYP123.
CYP51A1 from C. albicans contains ~40% hydrophobic residues in its N-terminal
sequence, CYP51 from human has ~43%, while CYP136 has only ~25%. This predicts
that, even though it has an extended N-terminal region compared to none detected in
CYP51B1 and CYP123, CYP136 (full MSA comparison in Appendix D) has the potential

to be a soluble cytoplasmic protein.
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A fum gatus-CyP5la --------------- M/PMLWLTAYMAVAVLTAI LLNVWYQLFFRLWA- - - - - - - - - RTE 36
A. fumi gat us- CYP51b MGLI AFI LDG@ CKHCSTQSTW/LVG GLLSI LAVSVI | NVLQQLLFKN- - - - - - - - - PHE 51
C. al bi cans- CYP51A1 ---MAI VETVI DG NYFLSLSVTQQ SI LLGVPFVYNLVWAQYLYSLR- - - - - - - - - - KDR 47
H. sapi ens- CYP51 M_LLGLLQAGGSVL GQANVEKVTGCENLLSM LI ACAFTLSLVYLI RLAAGHLVQLPAGVKS 60
T.brucei -CYP51 - M.LEVAI FLLTALALYSFYFVKSFNVTR- - - - - - - - - PTD 31
M b- CYP136 MATI HPPAYL L DQAKRRFTPSFNNFPGVSEL VEHML LNTKFPEKKLAEPP- - - - - PGSGLK 55
M b- CYP123 oo MI 2

A. fumi gat us- CYP51a PPM/FHW/PYLGSTI SYG DPYKFFFACREKYG- DI FTFI LLGOKTTVYLGVQGNEFI LN 95
A. fumi gat us- CYP51b PPWFHWFPFI GSTI SYG DPYKFFFDCRAKYG- DI FTFI LLGKKTTVYLGTKGNDFI LN 110
C. al bi cans- CYP51A1 APLVFYW PWFGSAASYGQQPYEFFESCROKYG- DVFSFMLLGKI MIVYLGPKGHEFVFN 106
H. sapi ens- CYP51 PPY! FSPI PFLGHAI AFGKSPI EFLENAYEKYG- PVFSFTMWGKTFTYLLGSDAAALLFN 119
M b- CYP51B1 L PRVSGGHDEHGHL EEFRTDPI GL MQRVRDECG- DVGTFQL AGKQVVLL SGSHANEFFFR 64
T. brucei - CYP51 PPVYPVTVPI LGHI | QFGKSPLGFMQECKRQLKSG FTI NI VGKRVTI VGDPHEHSRFFL 91
M b- CYP136 PWGDAGLPI LGHM EM_LRGGPDYLMFLYKTKG- PVWWFGDSAVLPGVAALGPDAAQVI YS 114
M b- CYP123 VRVGDPELVLDPYDYDFHEDPYPYYRRL RDEAP- L YRNEERNFWAVSRHHDVLQGFRDST 61

Figure 5.1: Amino-terminal sequence alignment of CYP51s, CYP123 and CYP136.
The N-terminal sequence for Mtb CYP51B1 has been highlighted in black to indicate it as the
soluble “benchmark” without a hydrophobic amino acid N-terminal membrane anchor region,
which is present in other CYP51 isoforms from fungi, human and protozoa. The Mtb CYP136
does have an extended N-terminal region, and was suggested to resemble a mitochondrially-
localised protein using TargetP software (http://www.cbs.dtu.dk/services/ TargetP/).
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5.2. Gene and Protein Engineering

521 CYP123

Molecular biology steps were performed to excise the CYP123 gene (1.209 kb)
from the initial pPGEMT vector, using either Ndel/BamHI or Ndel/Hindlll restriction
enzymes, and the relevant CYP123 gene fragments were cloned into different pET vector
expression systems: pET15 (using Ndel/BamHI), pET20b (Ndel/BamHI and
Ndel/Hindl1l), pET24b (Ndel/HindlIl) and pET28b (Ndel/Hindlll). Examples of the
relevant CYP123 gene fragments resolved on agarose gels are shown in Figure 5.2.

kb
10.0
6.0
40
3.0
20 R = - i
15 N T K :
12
10

Figure 5.2: Plasmid and gene isolation for CYP123 vector construction. Plasmids were
digested with Ndel and HindlIII restriction enzymes at 37°C for 5 h to excise gene inserts, and
samples were loaded onto a 1% agarose gel as follows: L2 — 250 ng pET20b (3.7 kb, 36 ng/pL post
gel extraction - quantified by Nanodrop) with the CYP51B1 gene excised from the gel (~1.5 kb); L4
and L5 — 450 ng pGEMT loaded per well (~3.5 kb, 45 ng/uL) with the CYP123 gene excised from
gel (1.2 kb); L6 — 100 ng pET24b loaded (circular, undigested plasmid vector, 28 ng/uL); L8 — 100
ng pET28b (~6 kb, 20 ng/uL) with protein-encoding gene excised from gel (~4.5 kb). L1, L3 and
L7 are 2-log bp DNA ladders.

The CYP123 gene cloned using Ndel/HindlIll restriction sites resulted in a stop codon
immediately at the end of the P450. By mutating out the “T” nucleotide from the stop
codon, just before the Hindll1 recognition site, an in frame fusion to a C-terminal His,-tag
was created for CYP123, as illustrated in Figure 5.3. The same Ndel/Hindlll cloning and
mutation strategy was used to produce CYP123 with both a C-terminal and a N-terminal

His-tag in the pET28b expression vector.
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>cypl23pET28b_Nt er n&Ct er nHi s6t ag

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCT GGT GOCGOGCGGECAGCCA
Tat gaccgt ccgcgt cggt gaccccgaact ggt cct ggacccct acgact acgactttcac
gaagacccgt acccgt at t at cgt cggct gcgggacgaggccccgct gt accgt aacgag
gaacgcaatttct gggcggt gt cgcggcaccacgacgt gct gcaaggct t ccgggacagc
acggcgtt gt cgaat gcct at ggggt at ccct ggat ccgt cct cacgcactt ct gaggcg
t accgggt aat gt cgat gct ggccat ggacgaccccgcacat ct gcggat gcgt accttg
gt gt ccaagggctt caccccacggcggat ccgt gaact cgagccgcaggt gct cgaactt
gcccgcat t cacct ggat t cggccct gcaaaccgaaagtttcgatttcgt agcagaattc
gct ggcaagct gccgat ggat gt gatt t cagagct gat aggcgt gcccgacaccgaccgg
gcccgceat ccgegegcet ggecgat geggt gect gcaccgcgaggacggcegt ggeccgat gt g
cccccegecggegat ggecggegt cgat cgagcet gat gagat at t acget gacct gat cgeg
gaat t ccggcggcggcccgcgaacaat ct gacgt cggcact gct ggcagccgagct cgac
ggcgaccggctttccgaccaggaaat cat ggcgttcctgtttctcat ggt gat cgccggce
aacgagaccaccaccaagct act ggccaat gccgt ct act gggccgcccaccaccct ggce
cagct ggcccgcegt att cgccgaccact cccggat t ccgat gt gggt ggaggaaaccct g
cgct acgacacgt ccagccagatt ct ggcccgcaccgt cgcgcacgat ct cacgtt gt ac
gacaccacgat ccccgagggt gaggt gtt gct gct gct accgggat cggccaaccgt gac
gaccgggt gt t cgacgacccggacgact at cgcat cggccgcgaaat cggct gcaaact a
gt cagttt cggcagcggt gcccacttct gt ct gggggct cacct ggcccggat ggaagcec
cgggt ggccct gggecgegcet get gegt cggat ccgcaact acgaagt cgacgacgacaac
gt cgt gcgegt ccatt ccagcaacgt gcgcggattt gcccat ct gccgat cagegt gcag
gccaggaAGCT TGOGGCCGCACT CGAGCACCACCACCACCACCACT GAGATCCGGCTGCTAA
... aggffaAGCTTGLC. . .

: .. 5. AMAGCTT... %
Hndlll site: 3 TT G(Eﬁhﬂ. g
PCR pri ners:

Forward = 5° ATCAGCGTGCAGGCCAGGAAGCTTG 3
Reverse = 5° CAAGCTTCCTGGCCTGCACGCTGAT 3

Figure 5.3: Primer design for reading frame correction for the Rv0776c (CYP123
gene constructs. Reading frame correction to facilitate C-terminal Hise-tag fusion was done for
PET vector RvO776¢ gene constructs with C-terminal Hindlll sites and His-tags. Nucleotides in
lower case are the Rv0766c gene DNA, yellow highlighted nucleotides are the Hindlll recognition
site, nucleotides in UPPER CASE are pET28b vector DNA, and underlined nucleotides in the
Rv0776 sequence are those complementary to the reverse primer. A PCR single nucleotide deletion
mutation (f) was made following ligation/insertion to correct the reading frame shift and to enable
a C-terminal Hisg-tag fusion to CYP123.

5.2.2 CYPI136

The CYP136 gene was inserted into pET15b cut with Ndel/BamHI restriction
sites and expression trials were performed systematically in various expression hosts
with/without N and/or C-terminals His,-tags, as described in section 2.2.3. However, the
predominantly insoluble expression of CYP136 in a pET15b system (as described in more
detail later) led to further work involving cloning of this gene into pET11a and pET20b, as
shown in Figure 5.4. This was followed by cloning CYP136 into the novel pPCOLD™TF
vector. This is shown in Figure 5.5, which describes the insertion of CYP136 into the
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multiple cloning site of this vector. The pCOLD™TF plasmid will also be termed
pCOLDtf in this thesis. This vector is claimed to facilitate solubilization of otherwise
insoluble proteins by fusing them to a N-terminal His,-tagged trigger factor (tf) chaperone.
Thus, a His,-tf-CYP136 gene fusion was generated, and expressed under control of a T7 lac

promoter system.

Figure 5.4: Plasmid and DNA isolation for CYP136 vector construction. Plasmid DNA
samples (50 pL/well) were loaded onto a 1.1% agarose gel post Ndel/BamHI digestion at 37°C for
5 h, and quantified using a Nanodrop instrument. A-B) L1, L3 and L5 are 2-log bp DNA ladders,
L2 — 220 ng/uL pET1la (~6 kb) + CYP125 (~1.2 kb), L4 — 200 ng/uL pET20b (~4 kb) +
CYP51B1 (~1.2 kb), L6 — 520 ng/uL pCOLD™TF (~6 kb) + DGCR8 (~1.5+2.3 kb), L7 — 430
ng/uL pGEMT (~3 kb) + CYP136 (~1.5 kb). Plasmids and CYP136 gene were excised from B for
a DNA gel extraction procedure, after which 5 pL (out of 30 pL) of each sample were loaded onto
a 0.8% agarose gel shown in C, with L1 and L6 — 2-log bp DNA ladder, L2 — pET11a (70 ng/uL),
L3 — pET20b (22 ng/uL), L4 — pCOLD™TF (44 ng/pL) and L5 — CYP136 (18 ng/uL). After
DNA concentration normalisation to ~18 ng/uL, a ligation protocol was carried out using the
NEB Quick Ligation Kit. Post-ligated plasmid DNA was screened for successful ligation on a 0.8%
agarose gel D. D) Each well was loaded with 10 uL samples. L1 — 2-log bp DNA ladder, L2-4 —
pET11a, L5-7 — pET20b, L8-9 — pCOLD™TF. L2, L5 and L8 — controls, i.e. plasmid vectors only
without CYP136 gene insert, L3, L6 and L9 — plasmids with gene insert (1:3 ratio), and L4 and L7 —
plasmids with gene insert (1.6 ratio). Successful ligation can be observed by large sized DNA bands
in almost all the lanes, and also by faint bands in the control lanes (L2, 5 and 8), indicating
recircularised plasmid DNA. Successful ligation products from L3, L7 and L9 were transformed
into NB super-competent cells for vector DNA production (midiprep scale), followed by
confirmation of gene insertion by outsourced (Geneservice or MWG Eurofins) DNA sequencing.
The DGCRS8 sample used encodes a human microRNA synthesising enzyme, and was used as a
control in this study.
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S TAACGCTTCAARATCTGTAAAGCACGCCATATCGCCGARAG

IEE — His - Tag
GCACACTTAATTATTAAGAGGTAATACACCATGAATCACAAAGTGCATCATCATCATCATCAC
5D Met Asn His Lys Val His His His His His His
pCold ® -TF-F2 Primer pCold ® -TF-F1 Primer
ATG. Trigger Factor (1296 bp).... GCGAAAGTGACTGAAAAAGAAACCACTTTCAACGAGCTGATGAACCAGCAGGLG
Met...Trigger Factor (432 aa)...... Ala Lys Val Thr Glu Lys Glu Thr Thr Phe Asn Glu Leu Met Asn GIn Gln Ala
HEV 3C Protease I Thrombin i Factor

TCCGOGLGTCTGGAAGTTCTGTTCCAGG GG CCTCOGCGGGTCTGGTGOCACGOGGTAGTGGTGGTATCGAAGGTAGG
Ser Ala Gly Leu Glu Val Leu F'IueﬁlnTGIy Pro Ser Ala Gly Leu Val Pro Arg Gly Ser Gly Gly lle Glu Gly Arg

Nae| BamH EcoR1  Hind Nl Lall Pst Xhal
CATATGY.. Rv3059 1479 bp -.-JGGATCC GAATTC AAGCTT GTCGAC CTGCAG TCTAGA TAGGTAATCTCTGCT
His Met Gly Ser Glu Phe Lys Leu Val Asp Leu GIn Ser Arg End

pCold & -B Primer
TAAAAGCACAGAATCTAAGATCCCTGLCATTTGGCGGGGATT TTTTTATTTGTTTTCAGGAAATAAATAATCGAT 3
transcripticn terminator

Figure 5.5: Multiple cloning sites in pPCOLD™TF vector and position of Rv3059
gene. The Rv3059 gene (blue) coding for CYP136 was inserted at Ndel/BamHI restriction sites
downstream of the trigger factor (tf) chaperone with an N-terminal Hise-tag. Expression for this
fused protein, i.e. tf (48.2 kDa) and CYP136 (56.2 kDa), was done at 14 °C overnight in strain
HMS174(DE3). The red arrow points to the HRV3C protease restriction site used to cleave the
Hise-tagged tf chaperone from the CYP136 protein. DNA sequencing to confirm the presence of
the Rv3059 gene insert was done using pCOLD-TF-F1 and pCOLD-R primers (Takara Bio Inc.).
SD - Shine Dalgarno sequence. Figure was adapted from pCOLD™TF multiple cloning site
catalogue from Takara Bio Inc.

5.3 Expression Systems
531 CYP123

Following successful plasmid construct engineering of CYP123 and CYP136,
expression trials were carried out for chosen constructs using different expression hosts,
according to their availability and their expression properties. pET15b+CYP123 was
transformed into HMS174 (DE3), BL21 (DE3) and Rosetta2 (DE3) followed by
expression trials in TB medium, induced with 0.4-1.0 mM IPTG at 24 °C for 16 hours.
Apparently, no CYP123 expression was detected in BL21 (DE3) and HMS174 (DE3), but
it was expressed in the insoluble fraction using Rosetta2 (DE3) - which aims to improve
translation by expressing tRNAs for seven rare codons. In the soluble fraction of these
cells, a protein band of similar molecular weight to CYP123 (42.6 kDa) was apparently E.
coli TU elongation factor (43 kDa) which was constitutively expressed in large amounts, and
identified by mass spectrometry using MALDI, and by Western blot His-tagged protein

assays.

There was a similar occurrence for non-tagged pET20b+CYP123 and
pET24b+CYP123 constructs expressed in Rosetta2 (DE3) (Figure 5.6), with E. coli TU
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elongation factor again identified by MALDI. CYP123 expression remained insoluble,
although the expression temperature was decreased to 18-20 °C and the IPTG
concentration varied between 0.1-0.5 mM. The other two CYP123 constructs, pET20b and
pPET24b, were trialled without the C-terminal His-tags incorporated, using BL21 (DE3),
HMS174 (DE3) and Rosetta2 (DE3) expression strains, but without any change in CYP123
solubility. Figure 5.6 describes the protein expression using non-tagged pET20b and
pPET24b CYP123constructs, and with Rosetta2 (DE3) at 18 °C.
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Figure 5.6: Expression of CYP123 in non-tagged pET20b and pET24b constructs
with Rosetta2 (DE3) expression host. Optimisation of CYP123 expression was carried out
under various conditions in pET20b and pET24b using Rosetta2 (DE3) and with various
parameter changes, i.e. different media (TB and 2YT) and concentrations of IPTG (0.4 and 1.0
mM). The combination of pET20b in TB medium and induction with 0.4 mM IPTG resulted in
greatest CYP123 expression. Protein identification for the numbered bands was performed by
MALDI and the results were: 1 — WC (whole cells) — Mtb CYP123 (42.6 kDa). 2 — Insoluble (IB,
inclusion bodies) — Mth CYP123 42.6 kDa. 3 — Soluble (So) — E. coli TU elongation factor (43 kDa).

CYP123 constructs with C-terminal His,-tags in pET24b, and single (C-terminal)
and double (C- and N-terminal) His,-tags in pET28b were prepared as a result of the above
negative results, but due to time limitations of this project and the concurrent expression
trials of CYP136, systematic expression trials for CYP123 using these constructs were not
carried out, but should be done in future in attempts to produce soluble and active
CYP123 protein.
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5.3.2 CYP136

As mentioned in section 5.2.2, CYP136 was expressed in the insoluble fraction in a
pPET15b construct using BL21 (DE3), HMS174 (DE3), OrigamiB (DE3) and Rosetta2
(DE3) as expression hosts. Figure 5.7 (B) shows the resolution of the soluble and insoluble
cellular fractions on a PVDF membrane (post Western transfer). The corresponding
immunoblot (Figure 5.7 A) identifies the 56.2 kDa His-tagged CYP136 protein in the
insoluble fraction (odd numbered lanes). No significant amounts of CYP136 expression
were observed in Rosetta2 (DE3). Exhaustive measures were taken to increase CYP136
solubility using the other two constructs, pET11a and pET20b, including those taken for
CYP123, and additionally using four different types of media (LB, TB, 2YT and
autoinduction media) and supplementation with the heme precursor (5-ala) during general
cell growth and post-induction expression stages.

10 11 12 13 14

Figure 5.7: Expression of His,-tagged CYP136 in pET15b construct with various
expression hosts. SDS-PAGE gel Western transfer onto PVDF membrane was done overnight
(16 h) at 10 mV. A) An exposure time of 30 s was done to obtain the above immunoblot for Hise-
tagged CYP136tf from pET15b. B) Post immunoblot, the PVDF membrane was stained with
Ponceau S in 7% acetic acid. Terrific broth was used as the culture medium and cells were grown at
37 °C and then at 18 °C following IPTG induction of CYP136 expression (Lanes 1, 2, 5, 6, 9, 10,
13, 14), and at 25°C (Lanes 3, 4, 7, 8, 11, 12). Cells were induced with 0.1 mM IPTG (Lanes 1-12)
and 0.01 mM IPTG (Lanes 13, 14). Even-numbered lanes are soluble fractions while the rest are
insoluble inclusion bodies. Three expression hosts were used: BL21 (DE3) Lanes 1-4, HMS174
(DE3) Lanes 5-8, and Origami B (DE3) Lanes 9-14.

CYP136 was consistently expressed as an insoluble protein, and the light
yellowish nature of the pellets from expression of CYP136 using the pET15b construct in
HMS174 (DE3) was likely also indicative of poor heme cofactor incorporation (Figure 5.8).
To address insolubility issues and cofactor incorporation, the pCOLDtf expression vector
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was used together with 5-ala for CYP136 protein production. At this stage, no detergent
was included in the extraction buffer (which might have aided solubilisation of this
protein), and a regular aqueous buffer system was employed (as with CYP51B1) in order to
try to maintain a native conformation of this enzyme, and with a view towards future
crystallogenesis trials that were planned for CYP136.

Auto LB Auto LB T8 1B 1] TE
25°C Tmid 2H°C 25°C04m  25°C imid  20°C 0.dmi 20°C Amid
IFTG IFTG IFTG IPTG IFTG

Figure 5.8: Expression of CYP136 in pET15b with a HMS174 (DE3) expression
host. The white arrow points to the 56 kDa band for Hise-tagged CYP136, found predominantly
in pale white inclusion bodies (IB), and with no significant amounts of CYP136 seen in the soluble
fraction (So).

As can be seen in Figure 5.9, evidence for production of soluble CYP136tf fusion protein
(104.4 kDa) was detected by SDS-PAGE analysis followed by MALDI protein
identification confirmation. However, the fusion protein remained colourless, even though
it appeared soluble in PBS, pH 8.0 with 10% glycerol.

Insoluble

pE{ﬁa pET 20k pSoLD pET11a pET20h

Figure 5.9: Expression of CYP136 in various vectors with a HMS174 (DE3)
expression host. Numbered bands were sent for protein identification by MALDI and the
results were: 1 — Mtb CYP136 (56.2 kDa) and E. coli trigger factor (48.2 kDa). 2 — Mtb CYP136
(56.2 kDa). 3 — E. coli trigger factor (48.2 kDa), E. coli ATP synthase (55.2 kDa) and Mtb CYP136
(56.2 kDa). Soluble and insoluble cellular fraction lanes are indicated at the top of the gel.
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5.4 Purification of Native and Tagged Proteins

Following establishing that CYP136 could be produced in a soluble form when
fused to trigger factor, the next stage of experimentation was to attempt to reincorporate
heme into CYP136 apoprotein by introducing mild chaotropic agents (e.g. urea or
guanidinium chloride) in order to encourage partial unfolding of the apoprotein and to
facilitate heme binding. Thereafter, to perform dialysis to remove chaotropic agents from
the apoprotein-heme solution mixture in order to promote refolding with the heme
incorporated. The first step to this end was done by removing the N-terminal His,-tagged
tf chaperone. Therefore, purification of CYP136tf was carried out according to the Ni-
NTA affinity chromatography protocol in section 2.2.5. CYP136tf was expressed well in
the soluble fraction, but was colourless, as shown by the yellow arrow in lane 2 (L2) of
Figure 5.10. CYP136tf was then subjected to purification from this fraction. Truncated
versions of the CYP136tf fusion were also eluted in the 100 mM imidazole elution step, as
confirmed by MALDI protein identification. Truncation of CYP136tf during purification
may be attributed to the presence of protease activity in the expression strains, and also
perhaps due to instability of the fusion protein itself, despite the use of protease inhibitors
in both extraction and purification buffers. The pooled eluted fraction (L6) with 250 mM
imidazole was concentrated, dialysed and was used for tf chaperone proteolysis
experiments at the HRV3C protease restriction site (separating CYP136 and trigger factor)

as indicated by the red arrow in Figure 5.5.

Figure 5.10: Purification protocol for His,-tagged CYP136 fused to trigger factor
chaperone expressed from the pCOLDtf vector. L1 and L2 show the insoluble and soluble
fractions, respectively. The soluble fractions were pooled and loaded onto a Ni-NTA column
equilibrated with 50 mM Kpi, 0.1 mM NaCl, 10% glycerol buffer, pH 7.5 with 10 mM imidazole.
L3 is the flow-through fraction. L4-7 are the protein fractions eluted with 50, 100, 250 and 500 mM
imidazole in the above-mentioned buffer, respectively. The yellow arrow indicates the target protein
band of 104.4 kDa. Bands A and B (white arrows) were sent for MALDI protein identification and
were both found to contain peptides from both E. coli trigger factor and CYP136, suggesting that
these bands are from proteolytically cleaved segments of CYP136tf. The protein sample from L6
was used for further analysis.

C.C. Fernandez | Page | 215




Molecular Studies of CYP123 & CYP136 |Chapter 5

55  Chaperone Proteolysis

CYP136tf was incubated with HRV3C protease (Novagen) at various protease-to-
fusion protein ratios, i.e. 1.5, 1:25, 1:50, 1:100 and 1:200 at 4 °C for 16 h, and mixtures
were loaded onto a Ni-NTA column to separate His-tagged tf chaperone from CYP136.
Assuming the digestion was successful at the site shown in Figure 5.5, three bands should
be seen in the post digested mixture, with sizes ~56 kDa (CYP136), ~48 kDa (tf) and 22
kDa (HRV3C). Samples were loaded onto an SDS-PAGE gel, shown in Figure 5.11 (A).
Interestingly, Lanes 2-6 of Figure 5.11 (A) showed three bands at 56 kDa (indicative of
CYP136), ~25 kDa (indicative of HRV3C protease) and an unidentified fragment at <20
kDa. The non-tagged, cleaved CYP136 was in the Ni-NTA flow through fraction.
Assuming that both tf and CYP136 were of similar size and not resolved on the SDS-
PAGE gel (hence only one intense 56 kDa protein band, indicated by the yellow arrow),
digested protein from L6 (1:200 ratio) was concentrated by ultrafiltration and a Western
blot transfer was carried out, followed by an immunoblot (Figure 5.11 B). In lane 1 of
Figure 5.11 B, there is a single band giving a fluorescence signal at ~22 kDa (white arrow).
This is likely due to His-tagged HRV3C which has passed through the column. It is
expected that residual His-tagged HRV3C along with His-tagged tf are also retained on the
column following HRV3C treatment. Cleaved CYP136 is expected to be in the flow-
through, but does not have a fluorescence signal since it now lacks a His-tag. In lane 2 of
Figure 5.11 B, one major band is present. The fluorescent signal (yellow arrow) arises from
His-tagged tf which is released from the column on washing with the imidazole buffer.
MALDI protein identification of the band in L6 Figure 5.11 (A) (yellow arrow) showed
that it contained peptide fragments from both CYP136 and tf proteins. Closer inspection
of the gel indicates that there may be two closely migrating bands, and thus that the

CYP136 and tf proteins may have similar electrophoretic mobility.
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Figure 5.11: Trigger factor chaperone proteolysis trials by HRV3C protease. A) SDS-
PAGE analysis (12% gel) of post-HRV3C protease-digested CYP136tf fractions with different
volume ratios of HRV3C:CYP136tf of 1.5 (L2), 1:25 (L3), 1:50 (L4), 1:100 (L5) and 1:200 (L6) (40
units of HRV3C in each case). LO — Protein marker, L1 — HRV3C digested supplier's HRV3C
cleavage control protein (14 kDa and 39.1 kDa fragments), L7 — HRV3C protease (22 kDa), L8 —
undigested CYP136tf (104.4 kDa) and L9 — undigested control protein (53.1 kDa). B) Immunoblot
analysis of samples. L1 shows post-digested 1:200 fraction flow-through from Ni-NTA column,
with white arrow pointing to unbound His-tagged HRV3C at 22 kDa. There is no fluorescence
signal for a His-tagged tf or for full length CYP136tf. L2 shows the 1:200 fraction protein which
was bound to Ni-NTA following column elution using the imidazole-containing buffer. The yellow
arrow points to a His-tagged protein fluorescence signal indicative of a truncated tf from the same
fraction.

A scale-up HRV3C protease digestion of the CYP136tf fusion protein was carried
out in 50 mL volumes at a 1:200 protease-to-fusion protein ratio, using the same
parameters as the above optimised experiment (again with 40 units of HRV3C enzyme
added) and according to the Novagen HRV3C user protocol (TB420 Rev. A0804). Once
the protease digestion was terminated, the protein mixture was loaded onto a Ni-NTA
column, after ensuring that the pH of the solution was 8.0. The column flow-through,
which should contain the cleaved non-His-tagged CYP136, was loaded onto an SDS-
PAGE gel and a single resulting band at approximately 56 kDa molecular weight was
observed (yellow arrow in L3 of Figure 5.12), indicative of isolated CYP136, which still
appeared colourless and probably heme-depleted. However, according to MALDI protein
identification, this protein band was again a mixture of peptides from both CYP136 and tf.
Subsequent immunoblot analysis showed no fluorescence signal at ~56 kDa, indicating that
the CYP136 protein was proteolytically cleaved from its tf chaperone (which has a His-tag
at its N-terminal). As discussed above, it appears that tf and CYP136 have similar
electrophoretic mobility, resulting in MALDI identification of both proteins.
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From these observations, it appears that HRV3C digestion is successful, but that
the similar SDS-PAGE mobility of tf and CYP136 resulted in their lack of resolution on
the gel, as detected by MALDI. The lack of red colour in the samples also suggested
strongly that the CYP136 sample was in an apoprotein form. The absence of any protein
bands in L4-L7 in Figure 5.12 possibly suggests that the supposedly ‘free and soluble’
CYP136 may have precipitated out of solution and therefore was not collected in the
soluble fraction (but could be trapped within the Ni-NTA agarose) of the column flow-
through upon cleavage from the tf chaperone. However, another possibility is that
contaminant protease activity and/or aggregation/precipitation of protein samples post-
HRV3C treatment resulted in CYP136 loss, explaining lack of its detection in Lane 2 and
Lanes 4-7.

Figure 5.12: Scale-up of trigger factor chaperone proteolysis from CYP136. L1 -
CYP136tf (104.4 kDa, black arrow) before digestion with HRV3C protease. L2 — diluted (50-fold)
mixture of CYP136tf and HRV3C protease post-digestion. L3 — fraction bound onto Ni-NTA
agarose which was identified as containing both CYP136 and tf peptides (yellow arrow) from
MALDI protein analysis. L4-L7 — concentrated Ni-NTA flow-through. L8 — HRV3C protease (10
uL from 40 units stock — 22 kDa, white arrow).

The fact that an insoluble protein can be solubilised when expressed with a
molecular chaperone does not mean that, once dissociated from its chaperone, the target
protein will remain in solution (Hoffmann et al. 2010; Ranson et al. 1998). This has been
observed by other researchers with proteins which aggregated or which proved to be
incorrectly folded when they were dissociated from the molecular chaperone trigger factor.
For instance, D-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), cysteine proteinase
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and lysozyme (Huang et al. 2002; Huang et al. 2000). Also, antichaperone activity of trigger
factor, promoting protein aggregation or retarding protein export from the ribosome, has
also been reported under different buffer systems, high chaperone concentrations and/or
with over-expressed trigger factor with target proteins such as lysozyme, creatine kinase,
GAPDH and protein disulfide isomerase (PDI) (Huang et al. 2002; Lee and Bernstein
2002).

Trigger factor (48 kDa) is an early stage chaperone that assists proper protein
folding during ribosomal translation of mMRNAs into polypeptide chains. It is an ATP-
independent cold shock chaperone, unlike the DnaK (69 kDa) and GroEL/GroES (~800
kDa) molecular chaperonin systems, which are ATP-dependent heat shock-induced
chaperones (Hoffmann et al. 2010). Some proteins need a full system of molecular
chaperonins to be correctly processed into functional enzymes, while (at the other extreme)
some proteins can be folded into their correct native 3-dimensional functional forms
without the assistance of any molecular chaperones (Hoffmann et al. 2010). In Mtb, there
are a host of established molecular chaperones and one of the Mtb heat shock (HSP)
molecular chaperones, the alpha-crystallin family 2 gene (Acr2, 16.3 kDa), was reported to
be important for virulence and to be upregulated during heat shock, oxidative stress and
macrophage uptake, all of which conditions are representative of TB infection (Qamra et al.
2005; Stewart et al. 2002; Yuan et al. 1998). In addition, another HSP molecular chaperone
gene in Mtb, GroEL (cpn60), was found in duplicate copies in this bacterium and to be
highly conserved in all bacteria. It is essential for protein folding in this pathogen and both
copies of this gene product elicit strong immune responses in humans (Goyal et al. 2006;
Qamra et al. 2005). It appears likely that CYP136 requires at least one of these abundant
chaperonin systems when expressed in Mtb, and in order to correctly aid its folding into
the native functional enzyme conformation, and to enable heme binding. When expressed
heterologously in the fast-growing E. coli, the host chaperones may not be so efficient in
aiding folding of a functional CYP136, and trigger factor fusion may also be insufficient to
form a holoprotein CYP136.
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5.6 MALLS and CD Analysis

Due to likely CYP136 aggregation upon dissociation from the tf chaperone, further
spectroscopic analyses were carried out on the intact CYP136tf fusion protein. Purified
CYP136tf was found to exist in two different oligomeric states from hydrodynamic studies.
Figure 5.13 shows two peaks from MALLS analysis with protein absorption measurements
at 280 nm. The MALLS signals consist of a minor peak (7.3%) with an average Mw of
221.5 kDa and a major peak (92.7%) with an average Mw of 57.1 kDa. The Mw of the
minor species is likely indicative of a dimeric state of CYP136tf, resulting from the two
104.4 kDa protein molecules dimerizing with each other in solution. This is likely to result
from tf being predominantly in a dimeric state in order for it to maintain its chaperonin
functionality before it binds to target proteins to assist protein folding (Liu et al. 2005). The
lower Mw of the major peak observed (57.1 kDa) may represent one (or more) truncated
forms of the CYP136-tf fusion protein. This would be consistent with earlier results in this
chapter, and specifically regarding the presence of two protein bands at ~56 kDa and 66
kDa that were observed together with the full length fusion protein CYP136tf (see Figure
5.10).
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Figure 5.13: Light scattering results from analysis of the CYP136-trigger factor
chaperone fusion protein. Red line — light scattering; black line — absorbance at 280 nm; blue
line — diffraction index. Fraction 1 (7.3%) has an average Mw of 221.5 kDa and Fraction 2 (92.7%
of the total of fractions 1 and 2) has an average Mw of 57.1 kDa. The total size of CYP136tf is
104.4 kDa. CYP136 alone is 56.23 kDa. Fraction 1 is most likely CYP136tf in its dimeric form,
while fraction 2 is either the proteolytically separated CYP136 apoprotein or trigger factor
chaperone, or both truncated proteins mixed together. Assuming tf remains dimeric on proteolytic
separation from CYP136, the band is perhaps more likely to represent CYP136.
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Secondary structural analysis by CD spectrophotometry in Figure 5.14 indicated
that the full length CYP136tf fusion protein was «-helix rich, similar to tf itself (Hoffmann
et al. 2010) and as would be expected for a correctly folded P450 protein. Since tf exists in a
dimeric state in solution, as reported previously (Liu et al. 2005), the larger Mw (CYP136tf)
species from MALLS analysis is likely to be the fusion protein dimer. Since the folded state
of CYP136 is uncertain, the 6, ., Signals from the CD analysis of CYP136tf might be
mainly due to the secondary structural composition of tf in its dimeric state, while the
attached CYP136 at the C-terminal end of tf might be partially or extensively unfolded.
Alternatively, since a folded P450 is mainly alpha helical (like tf), this might contribute to
the magnitude of the observed far UV CD spectrum without altering significantly the
overall shape of the spectrum. Further quantitative analysis of the contributions of the
individual tf and CYP136 components to the CD spectra are necessary before a firm
conclusion can be drawn. However, the greater intensity of the CYP136tf CD spectrum
(compared to that for a similar quantity of the folded CYP51B1 protein, see Figure 5.14)
does suggest that a substantial amount of CYP136 may be folded correctly (albeit likely
lacking heme) in the CYP136tf protein.
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Figure 5.14: Far UV CD spectra of CYP136tf and CYP51Bl. Both proteins were
calculated to be 1.0 mg/mL from measurement of Az (CYP136tf) and A (CYP51B1). 100 pL of
1.0 mg/mL samples were used for each run, and both were aliquots from concentrated protein
stocks. The strong negative CD signals at 621-6226 hm are unique signatures for «-helix rich
proteins, and both tf and CYP51B1 are predominantly «-helical. The intense CD spectrum of the
CYP136tf protein possibly results from the composite contributions of folded tf and CYP136
proteins. However, it is also possible that at least part of the CYP136 enzyme is unfolded, and that
CD signals (or absence thereof) for unfolded portions of this enzyme are buried underneath the
dominant contributions from folded parts of CYP136 and fully folded tf protein. While it is feasible
that there is a small degree of error in protein concentration estimates based on absorption
measurements, this is unlikely to explain the large difference in CD intensity between the two
proteins. Thus, the CD data suggest that CYP136 (at least when bound to tf) is in an extensively
folded state.

5.7 Discussions from Bioinformatics Analysis

With regards to the possibility that CYP136 is a membrane associated protein (due
to its extended N-terminal region), this prediction was supported to some extent using
Expasy protein prediction tools online, e.g. TargetP for subcellular localisation
(Emanuelsson et al. 2000), TopPred for topology prediction of membrane proteins (Von
Heijne 1992) and TopCons also for «-helical membrane protein topology prediction based
on consensus, and suggested to be 80% superior to TopPred (Hennerdal and Elofsson
2011) (TargetP: http://www.cbs.dtu.dk/services/ TargetP/, TopPred:
http://mobyle.pasteur.fr/cgi-bin/portal.py?#forms::toppred and TopCons:
http.//topcons.cbr.su.se/). By PredictProtein (http://www.predictprotein.org/) (Rost et al.
2004), CYP136 is predicted to be localised in the Mtb cytoplasm. However, if CYP136 is
considered to be a eukaryotic protein, then it is predicted (albeit with low confidence levels,

i.e. 4/5) to be mitochondrially-localised, based on a predicted mitochondrial targeting
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peptide in its N-terminal amino acid sequence. This outcome does point to an N-terminal
extension in CYP136, which could have some role in membrane tethering in Mtb. In
contrast, human CYP51 is predicted to be in the secretory pathway (higher confidence i.e.
2/5, with lowest confidence score being 5/5 and highest confidence score at 1/5) based on
a signal peptide present in its N-terminal sequence (TargetP). It is known that human
CYP51BL1 is a membrane anchored enzyme with a N-terminal membrane spanning helix.

Thus, these predictions should be treated with some caution.

CYP136 has a relatively lower number of hydrophobic residues at the N-terminal
(first ~70 residues, as demonstrated in Figure 5.15 and Appendix E) compared to typical
membrane-bound proteins, e.g. C. albicans CYP51A1 and human CYP51 (TopPred and
TopCons). Essentially, the prediction results generated by both TopPred and TopCons
were in agreement with other protein prediction softwares e.g. SCAMPI, PRODIV, PRO
and OCTOPUS (Bernsel et al. 2009) (Figure 5.15). The “reliability” score for the predicted
transmembrane (TM) portion at the N-terminal region for CYP136 (Figure 5.15 A) is
superior to that predicted for CYP51B1, where the latter is a soluble protein without any
TM region at the N-terminal sequences (as indicated by the lowest reliability score at the
~1-70 amino acid residues for the TM region prediction in CYP51B1) (Figure 5.15 B).
These bioinformatics results essentially indicate that CYP136 could be a membrane-
associated protein in Mtb, although it is probably unlikely to have a formal membrane
anchor peptide.
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Figure 5.15: Transmembrane protein predictions for CYP136 and CYP51B1. The
above graphs were generated by TopCons (http://topcons.cbr.su.se/) (Hennerdal and Elofsson
2011) for the amino acid sequences of CYP136 and CYP51B1 from Mtb. The residues were
compared with other membrane proteins by consensus pattern recognition of membrane proteins
across six different membrane protein prediction programs, and the generated data from 50% of
these programs suggested that CYP136 (A) has a TM region at the N-terminal end (1-50 a.a.), with
a higher reliability score (y-axis) at the N-terminal end as compared to the prediction for CYP51B1
in B at the same region. CYP51B1, which is an established soluble P450, is predicted to have three
TM regions in its sequence. However, these have reliability scores of <0.3, indicating very low
confidence that these predictions are correct. Therefore, according to reliability scores, CYP136
may have only one probable TM region which is situated at the N-terminal end, making it a
probable membrane-associated protein in Mth. As discussed above, these annotations should be
taken with caution, although it remains clear that CYP136 does have a hydrophobic N-terminal,
which could possibly result in membrane attachment in the bacterium.
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58  Summary and Future Work

Conclusions which can be drawn from results of this chapter on CYP123 are (i)
that CYP123 is located close to CYP51B1 on the Mtb genome, possibly indicating their
involvement in related processes or similarity in substrate selectivity; (i) CYP123 may be a
P450 that has evolved from CYP51B1 (or vice versa) and/or has sterol demethylase
function, but this still needs extensive investigation before a conclusion can be drawn; and
(iii) due to its location in the same operon as CYP51B1, this gives CYP123 a reasonable
probability of association with sterol metabolism pathway(s). Although CYP123 has only
20% amino acid sequence identity to CYP51B1, this does not eliminate the possibility that
it may share a similar substrate specificity profile to CYP51B1. This proposal is supported
by studies of two other CYPs involved in sterol biosynthesis in humans i.e. CYP46A1 and
CYP11A1 (Irina Pikuleva, CASE Western Reserve University, personal communication).
These two proteins have >25% amino acid sequence identity but are able to catalyse
oxidation of the same substrate (cholesterol). The main structural difference between these
two proteins is in the size and conformations of their active sites (Mast et al. 2008; Mast et
al. 2011). Such observations may support the proposal that CYP123 could share the same
substrate(s) or substrate type(s) as for CYP51B1, or even for CYP126 (substrate still
unknown, but crystal structure resolved, Le van Duyet, University of Manchester, personal
communication) which share 32% amino acid identity with CYP123. The CYP123 gene is
up-regulated at high temperatures, which also may indicate the importance of CYP123
activity in the infective state of Mtb. Further work to investigate expression of CYP123 and
characterisation of the CYP123 protein is necessary to arrive at more definitive conclusions
on structure/function of the enzyme, as discussed earlier in this chapter. Due to the time
constraints of this PhD, further experiments on CYP123 were not possible, although novel
expression constructs (in vectors pET28b and pET24b) were prepared and stored in -80°C
for future CYP123 expression trials. Regarding CYP136, conclusions which can be made
are (i) that it is a potential membrane associated protein; (ii) that it may be expressed in an
apoprotein form in E. coli; and (iii) that the in vivo folding of CYP136 in Mthb may require
the association of one or more chaperonin systems, of which Mtb has several (Goyal et al.
2006) — this conclusion being supported due to CYP136’s apparent aggregation once

proteolytically cleaved from its soluble fusion to the tf chaperone.

It is clear that several aspects of Mtb’s sterol metabolic biochemistry have yet to be
resolved. Major findings from our group (and others) have identified enzymes from the
P450 superfamily (i.e. CYP125, CYP142, CYP124 and CYP51B1) that are involved in

sterol and steroid oxidation reactions. However, it appears to be the case that their
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substrates are not synthesised by Mtb, but are likely instead derived from the host organism
(Bellamine et al. 1999; Cole et al. 1998; Driscoll et al. 2010; Johnston et al. 2009; McLean et
al. 2009; Ouellet et al. 2010). Further studies have also identified non-P450 proteins in Mtb
which are also related to sterol and steroid biosynthesis. Among these are protein kinase G
(Walburger et al. 2004), PE_PGRS protein products of the Rv0746 and Rv1651c genes
(Delogu et al. 2006), cholesterol oxidase (Brzostek et al. 2007), the product of Rv0760c, a
Mtb homologue of delta 5-3-ketosteroid isomerase (Cherney et al. 2008), and the product
of Rv1106¢, a Mth 3-beta-hydroxysteroid dehydrogenase (Yang et al. 2007). This highly
significant number of genes involved in sterol/steroid biosynthesis/breakdown in Mtb,
even though Mtb itself is devoid of its own sterol/steroid biosynthetic pathway, cannot be
ignored in the context of the importance of sterol metabolism to Mth. Many of these genes
are found near-exclusively in eukaryotes, and may have arrived in Mtb by lateral gene
transfer (Rezen et al. 2004; Yoshida et al. 2000). These genes, some of which are up-
regulated during infection of host macrophages, must surely play important roles (together
with host’s sterol biosynthetic enzymes) and are probably involved in utilising substrates
from the host’s sterol metabolism pathway(s) to enable Mtb to derive energy from the host
and/or to modulate host biochemistry/immune response. Until all the 4012 proteins
(TubercuList) from Mtb’s genome are characterised, which will take several decades (Cole
1999), definitive roles for all the P450s (including CYP51B1, CYP123 and CYP136) and
these other potential sterol metabolising enzymes must remain speculative. However, given
the importance of defining the role of sterol metabolism in Mth and its function in
pathogenicity, it is likely that this area will be well researched and may provide important

leads in developing new antitubercular drugs.
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6 CONCLUSIONS AND FUTURE WORK

6.1 Azole-Resistance in CYP51

For the first time, results from the work described in this thesis presents
quantitative biochemical characterisation of CYP51B1 enzymes containing mutations
mapped from fluconazole-resistant variants of the membranous CYP51A1 from C. albicans.
Although CYP51B1 (from Mtb) and CYP51A1 (from C. albicans) share only 26% amino
acid sequence identity, they have both been shown to catalyse 14a-demethylase reactions
on sterol substrates (Bellamine et al. 1999). The prospect of elucidating mechanisms of
azole drug resistance in CYP51 mutant enzymes (using spectroscopic, kinetic and
crystallographic methods) are much greater for the soluble CYP51B1 enzymes by
comparison to using detergent-solubilised CYP51Al, and given the difficulties in
expression and isolation of high quality CYP51A1 proteins. Previous studies of CYP51A1
have used detergents and chaotropic agents, e.g. the recent report of Warrilow et al. (2010a,
b) on CYP51ALl of C. albicans and A. fumigatus binding to azole drugs, and such studies have
not been able to provide serious quantitative or structural data on mutant enzymes and
their interactions with azoles. The choice of mutants presented in this chapter was based
on their frequency in azole-resistant clinical cases in CYP51A1 and on their location in the
CYP51B1 structure. Y132H (F89H in CYP51B1) and G464S (G388S) are two mutants
with the highest frequency found in clinical fluconazole-resistant C. albicans strains. Both
these mutants have been sporadically studied by Kelly et al. (19993, b) in CYP51A1 (or
CYP51ca) with little quantitative drug-binding data. Both F89H (Y132H in CYP51A1) and
L100F (a reverse mutant, restoring a CYP51A1 WT residue in CYP51B1) are located at
SRS 1 flexible hinge regions, while G388S (G464S) and R391K (R467K) are at the highly
conserved [-bulge of the cysteinyl loop. The S348F (S405F) mutant is situated at the
conserved C-terminal region between an N-terminal helix and beta sheets. The S348F
mutation resulted in a misfolded and inactive CYP51B1 enzyme. All the mutants (except
for G388S and S348F) showed full heme incorporation and expression levels comparable
of that of WT CYP51B1, as judged by the amount of their heterologous expression in
absence of added 5-ala heme precursor, and by their comparable Rz ratios for pure enzyme
and their heme b content relative to WT CYP51B1. The G388S mutant, however, was
expressed as a soluble protein at ~30x lower levels than WT CYP51B1 and, with the
addition of &-ala, could be purified with ~64% heme-bound holoenzyme present.
Spectrophotometric characterisation showed that all mutants (F89H, L100F, G388S and
R391K) retained their P450 nature by binding CO in the ferrous-heme state, and through
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formation of a ferrous-CO complex with maxima at ~450 nm, which decayed to the P420

form over time.

Mutants in the cysteinyl loop region displayed interesting, yet contrasting,
behaviours during kinetic and equilibrium reduction studies with dithionite. G388S
CYP51B1 demonstrated fast reduction of ferric heme to ferrous-heme and a 9-fold faster
protonation of the cysteinate proximal ligand compared to WT CYP51B1. This was
consistent with the dominant ferrous-thiol species observed during redox potentiometry
experiments, and with the relatively fast collapse (0.88 min™) of the P450 ferrous-CO
adduct to the P420 thiol form. G388S CYP51BL1 exhibited a very positive redox potential (-
102 mV) in the substrate-free form, even higher than that reported for WT CYP51B1 in
complex with estriol, and thus reflecting a higher electron affinity than the estriol-bound
WT enzyme. Its inability to form a P450 ferrous-CO species with redox partners and
estriol is its distinguishing property, and instead G388S formed exclusively the P420
ferrous-CO species. In WT CYP51B1, the P450 species was stabilized (i.e. an equilibrium
between P450 and P420 forms was obtained) with redox partners (FprA, Fdr and Fd2)
providing the electrons in the presence of estriol, while in the other mutants this P450
species was stabilised to a certain extent in the presence of estriol. Indeed, the effect of
mutating the extensively conserved Gly residue mutation at the Gly-rich cysteinyl loop (by
incorporation of the hydroxyl side chain-containing Ser residue in G388S) not only
destabilised the binding of the heme cofactor, but also enhanced the rate of the catalytically
active P450 species formation on reduction with dithionite (and of the collapse of the
ferrous-CO P450 form to P420) and, more relevantly, no P450 formation was detected
when the G388S mutant was reduced by an enzyme-based system (NADPH, FprA and/or
Fdr, Fd1 and/or Fd2), likely as a consequence of the relatively fast rate of heme thiolate
protonation with respect to heme reduction using this non-optimised electron transport
system. In view of the unusual behaviour of the G388S mutant, there might seem to be
two possible catalytic outcomes for this mutant (once CYP51B1’s physiological substrate is
confirmed and an efficient redox partner system established). These two routes might be
(1) a productive and relatively fast 14a-demethylation reaction on a bona fide substrate
(avoiding heme thiolate protonation due to efficient turnover of substrate) and (2) a non-
productive route with decay of iron-oxo intermediates via one of the three shunt pathways
(forming superoxide, peroxide or water) and the abortive release of any bound substrate.
Given the presence of some thiolate-bound heme in the G388S mutant, it might be
expected that this mutant would be functional in catalysis. However, its altered heme iron

potential would likely compromise its ability to reduce and activate dioxygen, and thus
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further impact on its catalytic competence. All of the CYP51B1 variants generated in this
study are a-helix rich, as shown by the features at 209 nm and 224 nm from far UV CD
analysis. However, the G388S CYP51B1 far UV CD spectrum showed differences to that
for other mutant and WT CYP51B1 enzymes, which can possibly be attributed to its
heterogeneous mixture of holoenzyme and apoprotein forms. This heterogeneous nature
of the G388S mutant was also detected by MALLS analysis, which showed different
oligomeric states that likely arise from aggregation of the apoprotein with other apoprotein
or holoprotein molecules. These various G388S enzyme states were also indicated by the
more complex protein unfolding patterns defined by DSC analysis of ligand-free G388S
CYP51B1 (with at least four distinct T,, values). These calorimetric and dynamic light
scattering results were in contrast to those for WT and other mutant CYP51B1 enzymes.
For instance, a clear two stage unfolding was observed for WT CYP51B1 with T,, values of
~49°C and ~51°C, and monomeric states of WT CYP51B1 and the other mutant enzymes
were observed by MALLS analysis.

While, for G388S CYP51B1, the rate constants for both its ferric-to-ferrous heme
iron reduction and heme thiolate protonation were increased by the mutation, in R391K,
the thiolate protonation rate was decreased by 2-fold as compared to WT CYP51B1. This
might suggest that the Arg391 residue is involved in proton transfer to the heme thiolate to
facilitate P420 formation, and that its replacement by a lysine affects structure in this region
and makes for less efficient thiolate protonation (which is possibly a beneficial outcome for
the enzyme). This structural difference was shown in Figure 4.13 by the absence of the
guanidinium side chain density of Arg391 in WT CYP51B1, but with electron density for
the side chain of Lys391 clearly present in the R391K mutant CYP51B1 structure. Thus,
the R391K CYP51B1 exhibited slower heme thiolate protonation, providing an extended
duration of the catalytically active ferrous-thiolate form for substrate monooxygenation.
Whilst the G388S mutant’s heme cofactor was apparently weakly bound to the protein (i.e.
full heme incorporation was not achieved, and “leakage” of heme was observed during
purification) and was not apparently further stabilised (or destabilised) by azole drug
binding, the R391K mutant showed good heme incorporation. However, upon R391K
binding to a strong inhibitor ligand (e.g. azoles), the stability of its heme may have been
perturbed, as discussed previously and illustrated by the fall in heme Soret band intensity
for the azole complex seen in Figure 3.25. An alternative explanation might be that the
extinction coefficient at 419 nm is lower for the azole complexes for this mutant in
comparison to WT CYP51B1 and other mutants discussed in section 3.5.1. The G388S and
R391K mutations may thus have profound impacts on enzymatic activity in both these
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cysteinyl loop mutant P450s, and these mutants have not been examined before in
CYP51A1. The ligation state of the ferric heme of WT and mutant CYP51B1 enzymes was
also probed by EPR spectroscopy, and this indicated some important differences in ligation
states and other properties. Although the typical LS set of g values in ligand-free CYP51B1
enzymes and the sets obtained for azole inhibitor-bound forms were highly similar to data
published on WT CYP51B1 previously by McLean et al. (2006), there were two novel EPR
features observed for the mutant CYP51B1 enzymes in different ligand-bound forms. The
most prominent novel feature was the g 2.00 signal observed in the G388S CYP51B1
enzyme, indicating adventitious metal (free iron in this case) that was likely due to the
instability of heme cofactor binding in this mutant. In addition, atypical P450 HS signatures
at g ~6.00 (5.74, 5.80, 5.84 and 5.86 in different CYP51B1 enzymes) were novel
observations made for both F89H and G388S CYP51B1 enzymes in their ligand-free
states, and for all the CYP51B1 variants post redox-cycling. This atypical HS g ~6.00 value
in both F89H and G388S CYP51B1 diminished upon distal heme iron ligation by a N
atom from the triazole moiety of azole drugs. It appears likely that the signal arises from a
HS penta-coordinated (protonated) thiol-ligated state of the ferric heme, as illustrated in
Figure 4.7. The disappearance of the HS signal on distal ligation by a triazole drug would
then be a consequence of the spin-state shift to LS. For the post redox-cycled CYP51B1
variants that all exhibit the HS g ~6.00 value, the most likely explanations may be that a
sulphur-containing molecule derived from dithionite influences the distal ligand
environment, or that the proximal thiolate ligand becomes protonated to thiol. The
restoration of a LS thiolate form that occurs on extended incubation of redox cycled
CYP51B1 enzymes suggests that the latter explanation is more credible. Possibilities for the
identities of CYP51B1 ligands in the redox-cycled HS state were considered in light of
previously published data for ferric heme proteins having similar EPR g ~6.00 values and
with a histidine proximal ligand (Dawson et al. 2001; Perera and Dawson 2004), a HS
methionine proximal ligand (Miles et al. 1993) and bis-methionine axial ligands (Barker et al.
1996). However, there is no firm structural data to indicate that a histidine can occupy
either a distal or proximal ligand position in a wild-type P450 enzyme, and thus a model of
cysteine thiol as proximal ligand in pentacoordinated redox-cycled CYP51B1 enzymes
appears most likely.

With regards to the mutants at the B-C loop region generated in this work, i.e. the
L100F “reverse mutant” of CYP51B1 (a “model” for WT CYP51A1) and WT CYP51B1
(modelling the F145L fluconazole-resistant mutant of CYP51A1), biochemical

characterisation data were somewhat consistent with the data for the CYP51A1 enzyme, as
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noted by the ~3-4-fold higher K, values for the L100F mutant enzyme compared to WT
CYP51B1 for the binding of fluconazole in both equilibrium binding (Table 3.5) and
stopped-flow kinetic binding (Table 3.6) analysis, and as summarised in Table 6.1. The
F89H and L100F CYP51B1 mutants in the SRS 1 flexible hinge region demonstrated
similar heme iron redox potentials compared to WT CYP51B1 in the ligand-free state.
Their capacity to form P450 species (albeit slightly weaker in the case of L100F CYP51B1)
with redox partners and using dithionite reduction methods suggested that both these
mutants are probably capable of catalysing sterol 14a-demethylase reactions with the
combination of Mtb enzymes used (FprA/Fdr and Fd2). However, in previous studies, the
F89H mutant of CYP51B1 was reported to have no enzymatic activity (with 24, 25-
dihydrolanosterol) using E. coli flavodoxin and ferredoxin reductases (Bellamine et al. 2004).
With respect to fluconazole binding, the “resistance” to fluconazole was reflected in the
relatively higher fluconazole K, values of all the CYP51B1 mutants compared to that for
L100F CYP51B1 (a mutant that is comparable with WT CYP51A1) in the following
fluconazole-resistance descending (higher K, to lower K,) order in Table 6.1:

Table 6.1: Mutant CYP51B1 fluconazole resistance and susceptibility based on K,
values from SF and EB measurements.

Ky : - .
measurement CYP51 Fluconazole resistant & fluconazole susceptible
Mtb CYP51B1 variants F89H > WT > G388S > R391K > L100F
SF K, values
— Corresponding C.
(Kinetic) albicans CYP51AL Y132H > F145L > G464S > R467K >WT
Mtb CYP51B1 WT > G388S > R391K > F89H > L100F
EB K, values
. Corresponding C.
(Static) albicans CYP51AL F145L > G464S > R467K > Y132H > WT

Except for the F89H (Y132H in CYP51A1) mutant data from SF studies, the
order of K, values for other enzymes were consistent using the SF and EB methods. The
varying K, values using kinetic and equilibrium binding methods for F89H (Y132H) may
be explained by this mutation being located at the highly mobile B-C loop entry channel of
this enzyme, and reflect that this region is conformationally mobile. For instance,
adaptation of the structure on binding of azoles could lead to the closure of the exit
channel, thus explaining the lower K, values obtained from EB studies compared to the

apparent K, values inferred from transient kinetic analysis. L100F, which mimics WT
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CYP51A1, showed relative susceptibility to fluconazole in both methods, consistent with
the productive antifungal activity of fluconazole in targeting CYP51A1 from C. albicans.

In fact (as seen in both Tables 3.5 and 3.6), this difference in K, values across the
various ligands is consistent between EB and SF analysis methods (with larger K, values in
SF studies), likely highlighting an important mechanistic feature of CYP51B1, and one
which may have important ramifications for understanding mechanisms of azole drug
resistance. The simplest explanation for these differences is likely related to the different
time scales over which these measurements are made. The optical binding titrations likely
provide accurate estimates of binding affinity for the enzyme-ligand systems at equilibrium.
The stopped-flow studies may instead capture a pre-equilibrium state in which the P450
molecules have not arrived at their final conformationally adapted states following azole
drug binding. Several P450s are known to undergo conformational changes (particularly
involving mobile loop regions involved in ligand entry/exit), and to crystallise in different
conformational states for ligand-free and substrate/inhibitor-bound forms (e.g. CYP3A4,
CYP121 and CYP126) (Ekroos and Sjogren 2006; Seward et al. 2006). The weaker azole K,
values determined by SF methods might thus result from data that report on azole-heme
ligation that occurs prior to completion of CYP51B1 structural adaptations to
accommodate the inhibitors. If, for instance, these adaptations favour active site closure
and a diminished “escape” rate for the azole, then the apparent k; from stopped-flow
studies may be inflated, leading to a K, value elevated in comparison to the EB
measurements. Such a phenomenon might be explored further by further rapid kinetic

studies aimed at monitoring protein structural changes on azole binding.

Efforts to confirm these suggestions were made by Trp fluorescence analysis, but
these experiments failed to yield convincing data to support the model, due to limited
changes in protein fluorescence between ligand-free and fluconazole-bound forms of
CYP51BL1. Due to the time constraints of this PhD project, further studies in this area were
curtailed. However, it is likely that alternative fluorescence-based techniques (e.g. using
fluorophore(s) attached to exposed or engineered Cys residues, or by using fluorophore-
tagged substrate mimics or fluorophore-tagged azole drugs during binding measurements
using stopped-flow-fluorescence techniques) could be used to measure the Kkinetics of
conformational rearrangements in WT CYP51B1 and mutants. These approaches could
thus be used to confirm structural adaptations of CYP51B1 enzymes post azole-ligation,
and to explain the systematic differences in K, values obtained from SF and EB analyses in

this project.

C.C. Fernandez] Page] 233



Conclusions and Future Work |JChapter 6

The studies of CYP51B1 variants were concluded by protein crystallogenesis. Co-
crystals were derived from all of the mutant CYP51B1 enzymes, (except for the G388S
mutant enzyme) in complex with 4P1 and EPBA inhibitors. Diffraction data were collected
for F89H-4PI, F89H-EPBA, ligand-free F89H, WT-4Pl, WT-EPBA, L100F-EPBA,
R391K-4PI and R391K-EPBA crystals (Appendix H). Analysis of the crystal structures of
R391K CYP51B1 bound to 4P1 and EPBA revealed that this mutation did not influence
the highly conserved cysteinyl loop structure. Mutations at the B-C loop region (as evident
from the F89H/L100F CYP51B1 structures) revealed that mobility at this putative
entry/exit channel was increased when compared to the already elevated levels of the WT
CYP51B1.

Previous P450 structural studies have suggested that conformational flexibility is
key to the position of azole drug-resistance-conferring mutations found in C. albicans
CYP51A1. These mutations map mainly to flexible P450 regions (including the F-G and B-
C helical sections and their intervening loops) rather than to the active site, and this
suggests that resistance may be achieved by altered conformational dynamics in CYP51, as
opposed to disruption of the active site (Munro et al. 2007b). In this study, it was confirmed
that selected mutations do not cause disruption to the active site, as observed from solved
crystal structures of the FB9H mutant bound to 4Pl and EPBA, and for the L100F
CYP51B1 mutant bound to EPBA. In contrast, the mobility of various structural elements
lining possible entry-exit routes to the active site can be influenced by the mutations,
possibly affecting on-and off-rates of the various ligands. Such altered ligand
binding/debinding kinetics may be key to affording azole drug resistance, and could
potentially also have less effect on substrate affinity than on azole affinity, so as not to
compromise physiological function.

6.2 Importance of Studying CYP123 and CYP136 from Mtb

The presence of 20 P450s in Mtb has initiated intensive study in various research
groups to de-orphanise novel Mth P450s in order to assign their possible substrates and
ultimately to expose their in vivo roles. In attempts to assign function for other orphan Mtb
P450s, and in view of the fact that increasing numbers of CYPs from Mtb were found to
be related to cholesterol metabolism in recent years (Driscoll et al. 2010; McLean et al. 2010;
McLean et al. 2007), CYP123 and CYP136 were chosen here as the next two Mtb CYPs to
subjected to this de-orphanising procedure, and based on their genomic context and
proximity to the sterol demethylase CYP51B1. Cholesterol is essential for TB infectivity
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and re-infection in human macrophages, and thus defining Mtb P450s involved in various
aspects of cholesterol metabolism is important. From preliminary studies in chapter 5, it
can be concluded that, since CYP123 is located almost adjacent to CYP51B1 on the Mtb
genome, these P450s may be involved in related processes or exhibit similarity in substrate
selectivity. Also, CYP123 may be a P450 that has evolved from CYP51B1 (or vice versa)
and/or has sterol demethylase function. However, this still needs extensive investigation
before any firm conclusion can be drawn. Due to its location in the same operon as
CYP51B1, this gives CYP123 a reasonable probability of association with sterol metabolism
pathway(s), although it should be noted that a complete cholesterol biosynthetic pathway is
absent in Mtb itself. While CYP123 has only 20% amino acid sequence identity to
CYP51B1, this does not eliminate the possibility that they may share a similar substrate
specificity profile. This proposal is supported by studies of two other CYPs involved in
sterol biosynthesis in humans, i.e. CYP46A1 and CYP11A1 (Irina Pikuleva, CASE Western
Reserve University, personal communication). These two proteins have only >25% amino
acid sequence identity, but are able to catalyse oxidation of the same substrate (cholesterol).
The main structural differences between these two proteins are in the size and
conformations of their active sites (Mast et al. 2008; Mast et al. 2011). Such observations
may support the proposal that CYP123 could share the same substrate(s) or substrate
type(s) as for CYP51B1, or even for CYP126 (substrate presently unknown, but crystal
structure resolved, Le van Duyet, University of Manchester, personal communication),
which shares 32% amino acid identity with CYP123. The CYP123 gene is up-regulated at
high temperatures, which also may indicate the importance of CYP123 activity in the
infective state of Mtb. Further work to investigate expression of CYP123 and to
characterise the CYP123 protein is necessary to arrive at more definitive conclusions on
structure/function of the enzyme, as discussed earlier in this chapter. Due to the time
constraints of this PhD, further experiments on CYP123 beyond cloning and expression
analysis were not possible, although novel expression constructs (in vectors pET28b and
PET24b) were prepared and stored at -80 °C for future CYP123 expression/enzyme
production trials.

Regarding CYP136, conclusions which can be made are that (i) it is a potential
membrane associated protein; (ii) it may be expressed in an apoprotein form in E. coli; and
(iii) the in vivo folding of CYP136 in Mth may require the association of one or more
chaperonin systems, of which Mtb has several (Goyal et al. 2006). The final conclusion is
supported by the apparent finding that CYP136 aggregates once it is proteolytically cleaved
from its soluble fusion to the tf chaperone.
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6.3 P450s in Mtb and Host Cholesterol Relationship

It is clear that several aspects of Mth’s sterol metabolic biochemistry have yet to be
resolved. Major findings from our group (and others) have identified enzymes from the
P450 superfamily (i.e. CYP125, CYP142, CYP124 and CYP51B1) that are involved in
sterol and steroid oxidation reactions. These functions are (at least) partially illustrated in
Figure 6.1 for CYP51B1, CYP125 and CYP142.

Acetyl-CoA

Mevalonate Pathway
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Squalene
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Figure 6.1: The sterol biosynthetic pathway. The common sterol biosynthetic pathway as
found in humans, animals, plants, protozoa and fungi is shown. This originates from acetyl-CoA as
the precursor for the melavonate pathway, followed by the isoprenoid pathway for the synthesis of
squalene - which is the precursor for the first sterol i.e. lanosterol and 24,25-dihydrolanosterol
(mammals, protozoa and fungi) and obtusifoliol (plants) and for further sterol and steroid
biosynthesis. Mtb CYP125 and CYP142 have been shown to hydroxylate cholesterol at C27 (dotted
purple circle). CYP51B1 demethylates C14 (highlighted in blue) of the lanostane backbone
upstream of the CYP125 and CYP142 sites of catalysis. Azoles antifungal drugs (fluconazole
structure shown) are well-known inhibitors for CYP51. This sterol biosynthetic pathway is
essentially absent in Mtb.
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However, it appears to be the case that their substrates are not synthesised by Mtb,
but are likely instead derived from the host organism (Bellamine et al. 1999; Cole et al. 1998;
Driscoll et al. 2010; Johnston et al. 2009; McLean et al. 2009; Ouellet et al. 2010). Further
studies have also identified non-P450 proteins in Mtb which are also related to sterol and
steroid biosynthesis. Among these are protein kinase G (Walburger et al. 2004); the
PE_PGRS protein products of the Rv0746 and Rv1651c genes (Delogu et al. 2006);
cholesterol oxidase (Brzostek et al. 2007), the product of Rv0760c; a Mtb homologue of
delta 5-3-ketosteroid isomerase (Cherney et al. 2008); and the product of Rv1106¢, a Mtb 3-
beta-hydroxysteroid dehydrogenase (Yang et al. 2007). This highly significant number of
genes involved in sterol/steroid biosynthesis/breakdown in Mtb, even though Mtb itself is
devoid of its own sterol/steroid biosynthetic pathway, cannot be ignored in the context of
the importance of sterol metabolism to Mth. Many of these genes are found near-
exclusively in eukaryotes, and may have arrived in Mtb by lateral gene transfer (Rezen et al.
2004; Yoshida et al. 2000). These genes, some of which are up-regulated during infection of
host macrophages, must surely play important physiological roles (together with host’s
sterol biosynthetic enzymes) and are probably involved in utilising substrates from the
host’s sterol metabolism pathway(s) in order to enable Mtb to derive energy from the host
and/or to modulate host biochemistry/immune response. Until all the 4012 proteins
(TubercuList) from Mtb’s genome are characterised, which will take several decades (Cole
1999), definitive roles for all the P450s (including CYP51B1, CYP123 and CYP136) and
these other potential sterol metabolising enzymes must remain speculative. However, given
the importance of defining the role of sterol metabolism in Mtb and its function in
pathogenicity, it is likely that this area will be well researched and may provide important

leads in developing new antitubercular drugs.

Overall, the two main objectives of this research which are (1) to describe the
effects of point mutations in Mtb CYP51B1 (corresponding to reoccurring fluconazole-
resistant single mutations situated at important structural regions of CYP51B1 as mapped
from the C. albicans ERG11 gene coding for CYP51ca) have on its function and structure
and (2) to understand the underlying mechanism of azole drug-resistance in CYP51ca from
C. albicans by using the soluble CYP51B1 from Mtb as a template have been met. Ongoing
analyses of substrate turnover activity for CYP51B1 variants with various substrates and
redox partners are still underway so as to conclude both objectives and to enable high
quality publishable results. It remains important to elucidate the functional nature, substrate
specificity and redox partner enzymes for CYP51B1 variants studied in this thesis, and
ultimately also for both CYP123 and CYP136. Experiments with lanosterol and
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dihydrolanosterol have been carried out for these CYP51B1 variants with Mtb redox
partners and are awaiting HPLC-MS product identification analysis at the time of
submission of this thesis. Results from this thesis are important in understanding the
nature of azole-resistance in CYP51A1 (using CYP51B1 as a model) and have exploited a
multifaceted approach using biochemical, biophysical and structural data to obtain a
comprehensive understanding of the mechanism and function of this enzyme. The
experience and knowledge I have obtained during my doctoral training has enabled me to
appreciate a multi-disciplinary approach in addressing important medical issues. At the
same time, | have become aware that sound fundamental science is important to
understand the bigger problem and that, most of the time, no single PhD project could
completely address global multi-drug resistant TB and antifungal drug resistance issues.
However, the results presented in this thesis provide important contributions towards
global collaborative efforts in dealing with MDR/XDR TB, and in particular towards
understanding the properties of the Mtb CYP51B1 enzyme and the factors influencing
azole inhibition of this enzyme and its homologue (CYP51A1) in C. albicans.
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Appendix A — Summary of CYP51B1 WT and Mutants Experimental Analysis

Table 8.1: Summary of experimental analysis on WT and fluconazole-resistant CYP51B1
mutants performed in this PhD thesis.

Analysis Ligands/ WT F89H L100F G388S R391K
comments
CD Far UV
Near UV-Vis
MALLS Ligand-free
Clotrimazole
DSC Ligand-free
4P1,2 mM
Fluc, 0.1 mM
Estriol
DMSO
EPBA
Thiolate-thiol PDA
CO binding P450 collapse
quantitative rate
NO binding Fe(l11)+NO
qualitative
CO trap FprA + Fdr + | at 7.5 min ...at 15 min ..at6 min | P420 only ..at 13 min
Fdz*-k*
+estriol FprA + Fdr + | at45 min
+CO Fd1 - -
FprA+ Fdr at 6 min No estriol
(k=In(2)/t1) added P420
only
k=rate of P450 FprA + Fd1 no P450 until
formation Fd2+Fdr was
tl=half life of added**
P450 FprA + Fd2 no P450 until P420 only | P420 only
Fdr was
added***
FprA + Fd1 + | at 7.5 min
Fd2 + Fdr**
Redox Ligand-free
potentiometry (mV)
Crystallisation Ligand-free
screens - trials Co-crystals
Structure Ligand-free
EPBA 23A 20A 18A 1.8 A
4PI 15A 14 A 1L7A
Redox cycle Anaerobic
Nanodrop
EPR Post-redox
Ligand-free
Clotrimazole
4PI
Voriconazole
Estriol+Fe(l11) Estriol-Fe(Il)
— +N2a,S,04 adduct
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Pyridine

hemochromogen

Ligand-free

Stopped-flow
analysis

Fluconazole

Voriconazole

Clotrimazole

Econazole

Miconazole

PDA-Fluc

PDA-Estriol

Equilibrium
titrations

4Pl

EPBA

Fluconazole

Voriconazole

Clotrimazole

Econazole

Miconazole

Ketoconazole

Estriol

= Experiments completed for all mutants and WT

= Experiments completed for some mutants

= Experiments not carried out
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Appendix B — Brief Genomics and Proteomics Summary of CYP51B1, CYP123 and CYP136
Table 8.2: Potential P450 drug target proteins from Mtb worked on 2008-2011 in this thesis.
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CYP51B1 CYP136 CYP123
Gene name Rv0764c¢ Rv3059 Rv0766¢
Gene length 1356 bp 1479 bp 1209 bp
Protein length 451 a.a. 492 a.a. 402 a.a.
Location on H37Rv | 858.04 kb 3419.49 kb 860.07 kb
Molecular Mass 50877 Da 56227 Da 45421 Da
Isoelectric point 5.70 7.00 531
Function — Sterol 14-alpha demethylase Unknown — intermediary metabolism and Unknown — intermediary metabolism and
functional respiration respiration
comments

Gene essentiality

non essential gene by Himarl-based transposon
mutagenesis in H37Rv and CDC1551 strains
(Sassetti et al.., 2003 and Lamichhane et al..,
2003).

non essential gene by Himarl-based transposon
mutagenesis in H37Rv and CDC1551 strains
(Sassetti et al.., 2003 and Lamichhane et al..,
2003).

non essential gene by Himarl-based transposon
mutagenesis in CDC1551 strain (Lamichhane et
al.., 2003) and potential drug target (McLean et

al.., 2006)

Comments/
Transcriptome

Involved in sterol biosynthesis. Unknown
precise biological substrate. Catalyses C14-
demethylation of lanosterol, 24,25-
dihydrolanosterol and obtusifoliol. First reaction
is critical for yeast ergosterol biosynthesis. It
transforms lanosterol into 4,4’-dimethyl
cholesta-8,14,24-triene-3-beta-ol.

Similar to other cytochrome P450-dependent
oxidases

MRNA identified by DNA microarray analysis
and up-regulated at high temperatures (Stewart
et al.., 2002). DNA microarrays show lower
level of expression in H37Rv than in phoP
(Rv0757) mutant (Walters et al.., 2006).

BLASTDp results

14-alpha sterol demethylase CYP51

>25% amino acid identity to CYP51 from
Plesiocystis pacifica (marine slimebacteria),
lanosterol 14-alpha demethylase from Rattus
norvegicus (rat) and Mus musculus (mouse)

Heme-thiolate proteins. 31% amino acid
identity to CYP126

Coding sequence

atgagcgctgttgcactaccecgggtttcgggtggecacgacgaacacgge
cacctcgaggagttccgeaccgatcegatcgggetgatgcaacgggtecge
gacgaatgcggagacgtcggtaccttccagetggecgggaageaggtegt

getgetgtecggetegeacgecaacgaattcttettcegggegggegacga

cgacctggaccaggccaaggeataccegttcatgacgecgatetteggega
gggcgtggtgttegacgccageccggaacggegtaaagagatgetgeaca
atgccgegetacgeggegageagatgaagggecacgetgecaccatcgaa

atggcgacgatccacceeccggceatacctecttgaccaagecaagegtege
ttcacgecgtegttcaacaactttcecggeatgagtcttgtcgaacacatget
gctgaacaccaaattcccggagaagaaactcgecgaaccgecgecaggea
gcgggctcaagecggtegteggtgacgeggggctgecgatecttgggeac
atgatcgagatgttgcgcggeggaccggactatctgatgttectgtacaaga
cgaagggtceggtegtattcggegactcagetgtgetgecgggtgtegeag
cactgggecctgacgeggegeaggteatctactccaaccgcaacaaggact

atgaccgtccgegteggtgaccecgaactggtectggaceectacgactac
gactttcacgaagaccegtaccegtattatcgtcggetgegggacgaggee
ccgetgtaccgtaacgaggaacgcaatttctgggeggtgtcgeggeaccac
gacgtgctgcaaggcttccgggacageacggegttgtcgaatgectatggg
gtatccetggatcegtectcacgeacttctgaggegtaccgggtaatgtega
tgctggccatggacgacceegeacatetgeggatgegtaccttggtgteea
agggcttcaccccacggeggatecgtgaactcgageegeaggtgetegaa
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gatcaagtccgacggatgatcgecgactggggtgaggecggegagatega

tctgctggacttettcgecgagetgaccatctacacctectcggectgectga
tcggcaagaagttccgegaccagetegacgggegattcgecaagetetate

acgagttggagcgeggeaccgacceactagectacgtcgaccegtatetge
cgatcgagagettcegtegecgegacgaageccgcaatggtetggtggeac
tggttgcggacatcatgaacggccggatcgecaacccacccaccgacaag

agcgaccgtgacatgctcgacgtgctcatcgecgtcaaggetgagacegge
actcceeggttctcggecgacgagatcaccggceatgttcatctcgatgatgtt
cgecggccatcacaccagetegggtacggettegtggacgcetgategagtt

gatgcgecatcgegacgectacgeggecgtgatcgacgaactcgacgage

tgtacggegacggecgateggtyagtttccatgegetgcgecagattecge

agctggaaaacgtgctgaaagagacgctgcgectgeacceteegctgatea
tcctcatgcgagtggecaagggegagttcgaggtgcaaggecaccggatte
atgagggcgatctggtggeggectecccggegatetccaaccggateeecy
aagacttccccgatceccacgacttegtgccageacgatacgageageege
gccaggaagatctgctcaaccgetggacgtggatteegtteggegecggee
ggcatcgttgegtgggggeggcgttcgecatcatgcagatcaaagegatctt
ctcggtgttgttgcgegagtatgagtttgagatggegeaaccgccagaaage
tatcgtaacgaccattcgaagatggtggtgcagttggeccageccgettgeg
tgcgetaccgecggegaacgggagtttaa

actcgcagcagggctgggtgccegtgatcgggeccttettecacegeggee
tgatgctgctegacttcgaagagcacatgttccaccgacggatcatgcagga
ggcgttegteeggtecaggetegecggetacctegageagatggacagggt
cgtctcgegggtygtegecgacgactgggtegtcaacgacgcacgcettect
tgtctatccggecatgaaggegctcacgcttgacatcgectegatggtettca
tgggccacgaacceggeaccgatcacgaactggtcaccaaggtgaacaag
gegttcacgattaccaccegtgecggeaacgeggtgatecgeaccagegty
ccaccgttcacctggtggegaggactgcgageacgegagetgetggaaaa

ctacttcaccgeccgagtcaaagagegecgcgaagegtcgggcaacgace
tgctgacggtgttgtgccagaccgaagacgacgacggeaaccggtteteeg
acgccgacatcgtcaaccacatgatcttcttgatgatggecgeccacgatac
ctcgacgtcaacggecacgacgatggectaccagetggeegeecaccegy
aatggcagcagegctgccgcgacgaatcggaccggeatggegatgggece

gctcgacatcgaatcectagagcagetggaategetegacctggtgatgaa

cgagtcgatccggttggtgacgeeggtecagtgggegatgeggeagacgg

tgcgegataccgaactgetgggetactacctacccaagggeaccaacgtga
tcgcatacccagggatgaatcatcgectgecggaaatctggacagaceege
tgacattcgacccggaacggtttaccgagccgcegeaacgageacaagegy

caccgctatgegttcacgeegtteggeggeggegtgcacaagtgcatcggg
atggtgttcgaccaattggagataaagacgatcctgcaccggctgctgegee
gctaccggetggagetgteccgteccgactaccageceegetgggactaca
gtgccatgccgateccgatggacgggatgecgategtgctgegteccaggt
ag

cttgccegcattcacctggattcggecctgcaaaccgaaagtttcgatttegt
agcagaattcgctggcaagctgecgatggatgtgatttcagagctgatagge
gtgcccgacaccgaccgggeccgeateecgegegetggecgatgeggtge
tgcaccgegaggacggegtggecgatgtgeccecgecggegatggegge
gtcgatcgagctgatgagatattacgetgacctgatcgeggaattceggeg
gcggeccgegaacaatctgacgteggeactgetggcagecgagetegacy
gcgaccggctttccgaccaggaaatcatggegttectgtttctcatggtgate
gccggeaacgagaccaccaccaagetactggecaatgecgtctactggge
cgeccaccaccetggecagetggeccgegtattegecgaccacteecgga
ttccgatgtgggtggaggaaaccetgegetacgacacgtccagecagatte
tggeccgeaccgtcgegeacgatetcacgttgtacgacaccacgateeeey
agggtgaggtgttgctgetgetaccgggatcggecaaccgtgacgaccgy
gtgttcgacgacccggacgactatcgeatcggecgegaaatcggetgcaa
actagtcagtttcggcageggtgcccacttctgtctgggggetcacctggee
cggatggaageccgggtggecctgggegegetgetgegteggatecgeaa
ctacgaagtcgacgacgacaacgtcgtgcgegtccattccagcaacgtgeg
cggatttgeccatctgccgatcagegtgcaggecaggtaa

Protein sequence

MSAVALPRVSGGHDEHGHLEEFRTDPIGLMQ
RVRDECGDVGTFQLAGKQVVLLSGSHANEFF
FRAGDDDLDQAKAYPFMTPIFGEGVVFDASP
ERRKEMLHNAALRGEQMKGHAATIEDQVRR
MIADWGEAGEIDLLDFFAELTIYTSSACLIGK
KFRDQLDGRFAKLYHELERGTDPLAYVDPYL
PIESFRRRDEARNGLVALVADIMNGRIANPPT
DKSDRDMLDVLIAVKAETGTPRFSADEITGM
FISMMFAGHHTSSGTASWTLIELMRHRDAYAA
VIDELDELYGDGRSVSFHALRQIPQLENVLKE
TLRLHPPLIILMRVAKGEFEVQGHRIHEGDLV
AASPAISNRIPEDFPDPHDFVPARYEQPRQED
LLNRWTWIPFGAGRHRCVGAAFAIMQIKAIFS
VLLREYEFEMAQPPESYRNDHSKMVVQLAQP
ACVRYRRRTGV

MATIHPPAYLLDQAKRRFTPSFNNFPGMSLVE
HMLLNTKFPEKKLAEPPPGSGLKPVVGDAGL
PILGHMIEMLRGGPDYLMFLYKTKGPVVFGD
SAVLPGVAALGPDAAQVIYSNRNKDYSQQG
WVPVIGPFFHRGLMLLDFEEHMFHRRIMQEA
FVRSRLAGYLEQMDRVVSRVVADDWVVNDA
RFLVYPAMKALTLDIASMVFMGHEPGTDHEL
VTKVNKAFTITTRAGNAVIRTSVPPFTWWRGL
RARELLENYFTARVKERREASGNDLLTVLCQ
TEDDDGNRFSDADIVNHMIFLMMAAHDTSTS
TATTMAYQLAAHPEWQQRCRDESDRHGDGP
LDIESLEQLESLDLVMNESIRLVTPVQWAMRQ
TVRDTELLGYYLPKGTNVIAYPGMNHRLPEI
WTDPLTFDPERFTEPRNEHKRHRYAFTPFGG
GVHKCIGMVFDQLEIKTILHRLLRRYRLELSR
PDYQPRWDYSAMPIPMDGMPIVLRPR

MTVRVGDPELVLDPYDYDFHEDPYPYYRRLR
DEAPLYRNEERNFWAVSRHHDVLQGFRDST
ALSNAYGVSLDPSSRTSEAYRVMSMLAMDDP
AHLRMRTLVSKGFTPRRIRELEPQVLELARIH
LDSALQTESFDFVAEFAGKLPMDVISELIGVP
DTDRARIRALADAVLHREDGVADVPPPAMA
ASIELMRYYADLIAEFRRRPANNLTSALLAAEL
DGDRLSDQEIMAFLFLMVIAGNETTTKLLAN
AVYWAAHHPGQLARVFADHSRIPMWVEETL
RYDTSSQILARTVAHDLTLYDTTIPEGEVLLLL
PGSANRDDRVFDDPDDYRIGREIGCKLVSFG
SGAHFCLGAHLARMEARVALGALLRRIRNYE
VDDDNVVRVHSSNVRGFAHLPISVQAR
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Appendix C — DSC Data for CYP51B1 Variants

Table 8.3: Melting temperatures or transition midpoints (T,,), enthalpy or calorimetric heat
change (AH) and van’t Hoff heat change (AH,) values.

CYP51B1 | Ligands T (°C) AH (keal/mol) x 103 ﬁi[(\)ls (kcal/mol/°C)
Ligand-free 49.40 + 0.65 10.0 +5.43 19.20 + 3.16
51.30 + 0.16 790 +4.12 30.20 + 5.84
Estriol 50.25 + 0.81 -10.9 + 4.61 16.3 + 1.57
5247 +£0.12 129+ 455 27.6 = 4.06
Fluconazole 52.39 £ 0.61 10.9 £ 6.55 22.1 £ 3.62
WT 54.14 +0.19 8.28 + 5.06 33.4 +7.69
4-Pl 49.29 +£0.71 8.60 + 4.42 19.0 + 2,55
51.19 +0.16 6.87 + 3.76 30.8 + 6.52
EPBA 52.36 + 0.55 9.98 + 5.23 22.0+2.96
54,15+ 0.19 8.14 + 4.26 31.2 +6.07
DMSO 48.65 + 0.59 11.1+3.16 15.2 + 1.06
50.98 + 0.08 11.9 + 3.04 265+ 291
Ligand-free 48.85 + 0.54 10.2 £4.15 18.1 +£2.19
F8oH 51.01+0.12 125 + 3.52 26.3+2.78
Fluconazole 51.35+0.73 11.3 +6.87 195+35
53.36 + 0.16 12.8 +5.42 29.0 + 4,57
Ligand-free 47.85 + 0.61 -10.3+7.31 -18.7 £ 451
L100F 49.94 + 0.20 -11.5+5.38 -26.5 +5.32
Fluconazole 52.42 £ 0.61 11.3+7.81 22.7 £ 4.84
54.25 + 0.20 12.4 +5.83 30.6 +5.41
Ligand-free 45,51 + 2.50 19.0 + 16.0 8.69 + 1.69
G388S 45.62 + 0.29 451+ 16.9 125 + 1.84
54,12 + 0.15 74.6 +6.09 109 +0.77
58.30 =+ 0.10 17.6 + 3.61 27.7+3.19
Ligand-free 49.39 + 0.53 9.78 £5.01 20.7 £ 2.96
51.24 +0.16 9.32 + 3.96 29.5+ 4.40
R391K Fluconazole 51.97 + 0.67 11.7 £ 5.45 18.1 + 2.09
53.94 +0.12 10.8 + 4.58 29.4 + 4,65
4-PI 49.24 + 0.90 9.28 +5.32 16.6 +2.46
51.34 +£0.12 116 +4.44 26.8 +3.68
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Appendix D — Multiple Sequence Alignment of CYP51 Enzymes, CYP123 and CYP136

36
51
- - - MAI VETVI DG NYFLSLSVTQQ Sl LLGVPFVYNLVAQYLYSLR: - - - - - - - - - KDR 47
M_LLGLLQAGGSVLGQAMEKVTGGNLLSM_LI ACAFTLSLVYLI RLAAGHLVQLPAGVKS 60
------------------------------------------------------- MBAVA 5
-------------------- M_LEVAI FLLTALALYSFYFVKSFNVTR: - - - - - - - - PTD 31
MATI HPPAYL L DQAKRRFTPSFNNFPGVBLVEHML LNTKFPEKKLAEPP- - - - - PGSGLK 55
---------------------------------------------------------- Mr 2

PPWFHWPYLGSTI SYG DPYKFFFACREKYG- DI FTFI LLGOKTTVYLGVQGNEFI LN 95
PPVWFHWFPFI GSTI SYG DPYKFFFDCRAKYG- DI FTFI LLGKKTTVYLGTKGNDFI LN 110
APLVFYW PWFGSAASYGQQPYEFFESCRQKYG- DVFSFMLLGKI MI'VYLGPKGHEFVFN 106
PPYI FSPI PFLGHAI AFGKSPI EFLENAYEKYG- PVFSFTM/GKTFTYLLGSDAAALLFN 119
LPRVSGGHDEHGHL EEFRTDPI GLMQRVRDECG- DVGTFQLAGKQVVLLSGSHANEFFFR 64
PPVYPVTVPI LGHI | QFGKSPLGFMQECKRQLKSG FTI NI VGKRVTI VGDPHEHSRFFL 91
PWGDAGLPI LGHM EM_.RGGPDYLMFLYKTKG- PVWFGDSAVLPGVAALGPDAAQVI YS 114
VRVGDPEL VL DPYDYDFHEDPYPYYRRL RDEAP- L YRNEERNFWAVSRHHDVL QGFRDST 61

GKLKDVNAEEVYSPLTTPVFGSDVVYDCPNSKLMEQKKFI KYGLTQSALESHVPLI EKEV 155
GKLRDVCAEEVYSPLTTPVFGRHVVYDCPNAKL MEQKKFVKYGLTSDALRSYVPLI TDEV 170
AKLSDVSAEDAYKHLTTPVFGKGVI YDCPNSRLMEQKKFAKFAL TTDSFKRYVPKI REEI 166
SKNEDLNAEDVYSRLTTPVFGKGVAYDVPNPVFLEQKKMLKSGLNI AHFKQHVSI | EKET 179
AGDDDL DQAKAYP- FMTPI FGEGVVFDASPERRKE- - MLHNAAL RGEQVKGHAATI EDQV 121
PRNEVLSPREVYS- FMWPVFGEGVAYAAPYPRVREQLNFLAEEL TI AKFQNFVPAI QHEV 150
NRNKDYSQ- QGAVPVI GPFFHRGLM_LDFEEHVFHR- RI MOEAFVRSRLAGYLEQVDRW 172
ALSNAYGVSL DPSSRTSEAYRVMSM.AVDDPAHL RVRTLVSKGFTPRRI RELEPQVLELA 121

LDYLRDSPNFQGSS- - - GRVDI SAAMAEI Tl FTAARALQGQEVRSKLTA- EFADLYHDLD 211
ESFVKNSPAFQGHK- - - GVFDVCKT! AEI Tl YTASRSLQGKEVRSKFDS- TFAELYHNLD 226
LNYFVTDESFKLKEKTHGVANVMKTQPEI Tl FTASRSLFGDEMRRI FDR- SFAQLYSDLD 225
KEYFES- - - - WGES- - - GEKNVFEALSELI | LTASHCLHGKEI RSQLNE- KVAQLYADLD 231
RRM ADWG- - - - - - - EAGE! DLLDFFAELTI YTSSACLI GKKFRDQLDG- RFAKLYHELE 173
RKFMAANWD- - - - - KDEGEI NLLEDCSTM | NTACQCL FGEDL RKRLDARRFAQLLAKME 205
SRVWADDW/VN- - - - - DARFLVYPAMKAL TLDI ASMVFMGHEPGTDHELVTKVNKAFTI T 227
RIHLDS---------- ALQTESFDFVAEFAGKLPMDVI SELI GVPDTDRARI RALADAVL 171

KGFTPI NFMLP- - - WAPL PHNKKRDAAHARMRSI YVDI | TQRRL- DGEKDSQKSDM WAL 267
MGFAPI NFMLP- - - WAPL PHNRKRDAAQRKL TETYMEI | KARRQ- AGSK- KDSEDMWWAL 281
KGFTPI NFVFP- - - NLPLPHYWRRDAAQKKI SATYMKEI KSRRE- RGDI DPNRDLI DSLL 281
GGFSHAAW.LPG- - W.PLPSFRRRDRAHREI KDI FYKAI QKRRQ- SQEK- - - | DDI LQTL 285
RGTDPLAYVDP- - - YLPI ESFRRRDEARNGLVALVADI MNGRI A- NPPTDKSDRDMLDVL 229
SSLI PAAVFLPI LLKLPLPQSARCHEARTELQKI LSEI | | ARKEEEVNKDSSTSDLLSGL 265
TRAGNAVI RTS- - - - VPPFTWARGLRARELLENYFTARVKERRE- - - - - - ASGNDLLTVL 277
HREDGVADVPP- - - - - - - - - - - PAMAAS| ELMRYYADLI AEFRR- - - - - - - RPANNLTSA 213

MNCTYKNGQQ: VPDKEI AHVM TLLMAGQHSSSSI SAW M_RLASQPKVLEELYQEQLAN 326
MBCVYKNGTP- VPDEEI AHVM AL L MAGQHSSSSTASW VLRLATRPDI NEELYQEQI RV 340
| HSTYKDGVK- MIDQEI ANLLI G LMBGQHT SASTSAWFLLHLGEKPHLQDVI YQEWEL 340
LDATYKDGRP- L TDDEVAGML| GLLLAGQHTSSTTSAWVGFFLARDKTLQKKCYLEQKTV 344
| AVKAETGTPRFSADE! TGVFI SMVFAGHHT SSGTASWIL| ELMRHRDAYAAVI DELDEL 289
LSAVYRDGTP- MSLHEVCGM VAAMFAGQHTSSI TTTWSMLHLIVHPANVKHLEALRKEI E 324
CQTEDDDGNR- FSDADI VNHM FLMVAAHDTSTSTATTMAYQL AAHPEWQQRCRDESDRH 336
LLAAEL DGDR- LSDQEI MAFLFLM/I AGNETTTKLLANAVYWAAHHPGQLARVFAD- - - - 268

LGPAGPDGSL PPLQYKDL DKLPFHQHVI RETLRI HSSI HSI MRKVKSPLPVPGTPYM PP 386
LG - - - - SDLPPLTYDNLQKLDLHAKVI KETLRLHAPI HSI | RAVKNPMVAVDGTSYVI PT 395
LKEKG- - GDLNDLTYEDLQKLPSVNNTI KETLRVHWPLHSI FRKVTNPLRI PETNYI VPK 398
CG- - - - - ENLPPLTYDQLKDLNLLDRCI KETLRLRPPI M MVRVARTPQTVAG- - YTI PP 397
DGRSVSFHALRQ PQLENVLKETLRLHPPLI | LMRVAKGEFEVQG- - HRI HE 341
------ AQLNYNNVMDEMPFAERCARESI RRDPPLLM.MRKVMADVKVGS- - YWPK 376
- - GPLDI ESLEQLESLDLVMNES| RLVTPVQMNMRQTVRDTELLG- - YYLPK 386
-------------------- HSRI PMAVEETLRYDTSSQ LARTVAHDLTLYD- - TTI PE 306

*e ok *

GRVLLASPGVTAL SDEHFPNAGOVDPHRAENQATKE: - - - GENDKVVDYGYGAVSKGTSS 442
SHNVL SSPGVTARSEEHFPNPL EWNPHRADENI AAS- - - - AEDDEKVDYGYGLVSKGTNS 451
GHYVLVSPGYAHT SERYFDNPEDFDPTRADT AAAKANSVSFNSSDEVDYGFGKVSKGVSS 458
GHQVCVSPTVNQRLKDSW/ERL DFNPDRYLQDNPAS- - - - - = = - = = < = = = - = = < - -

GDLVAASPAI SNRI PEDFPDPHDFVPARYEQPRQED-
GDI | ACSPL L SHHDEEAFPEPRRWDPERDEK- - - - - - - = - - - -
GTNVI AYPGVNHRL PE| WIDPL TFDPERFTEPRNEH-
GEVLLLLPGSANRDDRVFDDPDDYRI GREI G- - - - = - = = < == < === < e e me e e o

PYLPFGAGRHRCI GEKFAYVNLGVI LATI VRHLRLFNVDGKKGVPETDYSSLFSGPMKPS 502
PYLPFGAGRHRCI GEQFAYLQLGTI TAVLVRLFRFRNLPGVDG PDTDYSSLFSKPLGRS 511
PYLPFGGGRHRCI GEQFAYVQLGTI LTTEVYNLRWI1 DG - YKVPDPDYSSMAVLPTEPA 516
AYVPFGAGRHRCI GENFAYVQ KTI WSTM_RLYEFDLI DG- - YFPTVNYTTM HTPENP- 494
TW PFGAGRHRCVGAAFAI MY KAl FSVLL REYEFEMAQP- PESYRNDHSKMAVQLAQPA 441
AFI GFGAGVHKCI GQKFGLLQVKTI LATAFRSYDFQLLRD- - EVPDPDYHTMWGPTASQ 468
AFTPFGGGVHKCI GWFDQLE! KTI LHRLL RRYRLEL SRP- DYQPRWDYSAMPI PMDGVP 486
KL VSFGSGAHFCL GAHL ARVEARVAL GAL LRRI RNYEVDD- - DNVWRVHSSNVRGFAHLP 396

*k Kk Kk ke ok

| | GAEKRSKNTSK 515
FVEFEKRESATKA 524
El | WEKRETCMF- 528
VI RYKRRSK- - - - 503
CVRYRRRTGV- - - 451
CRVKYI RRKAAAA 481
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Appendix E — Membrane Protein Topology Prediction of CYP123, CYP136 and
CYP51B1 from Mtb

by TopPred: http://mobyle.pasteur.fr/cgi-bin/portal.py?#forms::toppred

Ref: von Heijne, G. (1992) Membrane Protein Structure Prediction: Hydrophobicity Analysis
and the 'Positive Inside' Rule. J. Mol. Biol. 225, 487-494.
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Figure 8.1: Topology prediction of membrane proteins. The graphs represent the amino
acid topology prediction of CYP123 (A), CYP136 (B), CYP51B1 (C) and CYP51 from human (D).
The graphs identify hydrophobic sections and can thus be used to predict whether the protein is
membrane-bound, membrane-associated or cytosolic. In the case of human CYP51, a N-terminal
hydrophobic membrane anchor is predicted.

Figure 8.2: Purification results for native non-His,-tagged CYP136 from pET20b
vector. Lanes 1 and 2 are the soluble and insoluble fractions, respectively. The soluble fraction was
loaded onto a Q-Sepharose column. Lanes 3 and 4 are the flow-through and wash fractions,
respectively. Elution was done step-wise using high-salt buffer A. Lanes 5 and 6 are eluted fraction
with 50% and 100% high salt buffer respectively. CYP136 (56.2 kDa) was only found in the insoluble
fraction identified by the yellow arrow.
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WT
g,=2.43
0,=2.25
0x=1.91

WT + clotrimazole
g, =251
g,=2.46
g,=2.43
0,=2.26
gx=1.88

Supplementary Results

Appendix F — EPR g Values for CYP51B1

(2756G)
(2974G)
(3510G)

(2669G)
(2721G)
(2757G)
(2965G)
(3562G)

several unresolvable components

WT + 4-phenylimidazole

g, =2.47
g,=2.26
gx=1.89
g,=2.54
0,=2.26
0x=1.86
WT + voriconazole
g,=2.46
g,=2.26
0x=1.89

F89H
g,=7.55

minor high spin species
gL=5.75

minor high spin species
g,=2.44
0,=2.25
gx=1.91

F89H + clotrimazole
g,=2.56
g,=2.52
g,=2.45
g,=2.26
gx=1.90
gx=1.87
gx=1.84

R391K
g,=2.43
gy=2.25
gx=1.91

R391K + clotrimazole
g,=2.51
g, =2.46
g,=2.43
gy=2.25
0x=1.92
gx=1.89
gx=1.87

(2717G)
(2965G)
(3556G)
(2638G)
(2965G)
(3606G)

(2727G)
(2965G)
(3547G)

(882G)
(1165)

(2751G)
(2974G)
(3510)

(2617G)
(2574G)
(2736G)
(2969G)
(35326)
(3590G)
(3634G)

(2756G)
(2974G)
(3510G)

(2669G)
(2722G)
(2755G)
(2967G)
(3497G)
(3545G)
(3576G)

74%

26%

G388S
g,=8.00

minor high spin species
gL =5.86

minor high spin species
g,=2.42
gy=2.25
gx=1.91

free iron at g =2.00

(G388S + clotrimazole
g,=2.49
g,=2.42
0,=2.39
g,=2.26
0y=2.24
gx=1.92
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(840G)
(1143G)

(2771G)
(2974G)
(3507G)

(2698G)
(2752G)
(2801G)
(2964G)
(2990G)
(3492G)

More g, unresolved in broad tail.
Maybe a little g = 5.86, but not much.
G388S + 4-phenylimidazole

g,=2.45
g,=2.26
gx=1.90
g,=2.51
0,=2.26
0x=1.86
G388S + voriconazole
g,=2.44
gy=2.25
0x=1.90

(2737G) 72%
(2965G)
(3533G)
(2668G) 28%
(2965G)
(3604G)

(2751G)
(2965G)
(3527G)

Plus all samples contain a small amount of
adventitious ‘rhombic’ ferric iron at g = 4.26

(1576G)

L100F
g,=2.44 (2747G)
g,=2.41 (2785G)
0,=2.25 (2980G)
gx=1.92 (3485G)
gx=1.91 (3515G)

L100F + 4-phenylimidazole
g,=2.55 (2629G)
g,=2.44 (2750G)
g,=2.25 (2982G)
gx=1.90 (3530G)
gx=1.85 (3630G)

L100F + clotrimazole
g,=2.53 (2658G)
g,=2.42 (2764G)
g,=2.25 (2978G)
0x=1.91 (3510G)
gx=1.87 (3575G)

L100F + voriconazole
g,=2.44 (2744G)
0,=2.25 (2983G)
0x=1.89 (3545G)
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Appendix G — Choice of Model Parameters in the DSC Software

Fitting of differential scanning calorimetry data to a Non-two-state model 2 with zero ACp.
(Reference: Lesson 1 and 5 of the DSC Data Analysis in Origin® Tutorial Guide Version 5.0
October 1998, MicroCal™, pg 45.)

Origin provides four models with which to fit a curve to your data. All four models use the
Levenberg-Marquardt non-linear least-square method, but differ in the number of parameters
involved, as shown below:

Model Parameters

Model 1: 2-State with zero ACp ™Tm, H

Model 2: Non-2-State with zero ACp Tm, H, Hv

Model 3: 2-State with non-zero ACp Tm, H, Cp, BLO, BL1
Model 4: Dissoc with non-zero ACp Tm, H, Cp, BLO, BL1, n

Tm is the thermal midpoint of a transition; H is the calorimetric heat change (DH);
Hv is the van't Hoff heat change (DHv); Cp is the DCp for each transition; BLO and BL1
define the slope and intercept of the low-temperature baseline segment; and n is the number
of sub-units.

All of the models except model 4 can be used to fit to one or more transitions. In the
case of multiple transitions, each transition has its own complete parameter set; e.g., if model 1
is used to fit two overlapping transitions there will be two independent parameter sets [Tm1,
H1] and [Tm2, H2]. These specify the thermal midpoint (Tm) and the heat change (DH) at the
Tm for each transition. The BLO and BL1 parameters are an exception to this rule. These
parameters appear only once in the model; they are not repetitive for each transition.

While all four models use a calorimetric heat change (DH), only the non-2-state
model (model 2) has a van't Hoff heat change (DHv). The calorimetric heat H is determined
only by the area under a transition peak, while the van't Hoff heat Hv is determined only by
the shape of the transition peak. The sharper the transition, the larger is Hv, and vice versa.
The relationship between H and Hv can sometimes provide insights not accessible from H
alone, For example, if a protein is composed of two identical domains which unfold
independently with the same Tm and H, then the ratio of H/Hv will be 2.0, while it would be
1.0 if the protein had only a single domain. If, on the other hand, the protein dimerised and
the dimer underwent only a single coupled transition then the H/Hv ratio would be 0.5. It is
clear from this that the calorimetric heat H refers to heat change per mole while Hv is heat change
per unfolding unit (called the cooperative unit). Thus the ratio H/Hv can, in simple cases, be
thought of as the number of cooperative units per mole.

(Note: It is important to realize that the ratio of calorimetric to van't Hoff heat depends on
concentration normalization, since calorimetric heat is always expressed on a per mole basis.
Thus for the protein dimer example considered above, the ratio will be 0.5 if concentration
normalization is carried out on a per mole of monomer basis while it will be 1.0 if concentration is
entered in terms of moles of dimer present.)
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Appendix H — Crystallographic Data Statistics of CYP51B1 Variants

Table 8.4: Crystallography Statistics of CYP51B1 Wild Type and Mutants.

Crystal WT F89H L100F R391K

Ligands 4P| EPBA 4P| EPBA EPBA 4PI EPBA

Space group P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2,

Unit cell a,b,c (A) 4556/85.24/ | 45.57/85.18 46.25/85.02/ | 45.47/85.22/ | 46.54/85.12/ | 46.50/84.88/ | 46.78/84.88/
110.36 /110.30 110.12 110.37 110.59 110.05 110.34

Data Collection

Resolution (A) 15.00-1.49 15.00-2.30 20.00-1.43 19.88-2.00 20.00-1.80 20.00-1.71 19.96-1.79

Unique reflections 63070 18539 72969 28025 39240 45115 3286

Completeness (%) 93.10 98.88 12& 100 98.87 99.08 98.66

Average 1/cl 16.4 8.2 38 17.3 15.4 235 9.3

Redundancy 4.2 2.9 8.7 5.3 3.1 4.7 2.9

Rym (%) 7.2 12.7 9.2 7.7 6.8 6.9

Refinement Statistics

Reye/ Riree (%) 12.45/17.06 21.7/29.4 16.94/19.84 17.95/23.84 | 15.72/20.56 14.95/18.80 15.61/20.47

Model Statistics

Average B-factor (A% 11.633 37.24 16.368 22.896 12.609 12.000 13.565

Ramachandran (allowed) (%) | 99.5% 99.0% 99.2 % 99.7% 99.8% 99.3% 99.3%

Rms deviations:

Bonds (A) 0.026 0.024 0.028 0.023 0.025 0.025 0.024

Angles (°) 1.905 2.016 2.263 1.880 1.895 1.901 1.834
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