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ABSTRACT

The classification and characterization of cytochrome P450 monooxygenases in Eurotiomycetes
species of fungus have unfolded various structure-function correlates of the enzyme and its
variants from the perspective of evolutionary history and drug resistance. The present thesis
explored the attributes of azole resistance of Aspergillus strains in terms of point mutations and
polymorphisms in CYP51 and CYP51. The azole resistance in Eurotiomycetes was studied
Aspergillus fumigatus as the case study. Studies reveal that Aspergillus houses CYP51A and
CYP51B and both of them are required for functionality of the CYP51. The CYP51 is chemically
14-alpha demethylase that converts lanosterol to ergosterol. Ergosterol helps in the membrane
fluidity and virulence of the fungal isolate. The enzyme is a putative target of azoles, especially
the active heme molecule within the active site. The present study was based on in-silico analysis
that involved BLAST, FASTA, phylogenetic analysis, and protein modeling to explore the novel
single nucleotide polymorphisms and point mutations and its extrapolation to CYP51 structures as
enlisted in the PDB database. The study showed that deletion mutations in CYP51 could lead to
non-functional 14-alpha demethylase. Moreover, the deletion mutations could also potentiate the
over activity of the ABC transporter proteins (efflux pump) because the alignment of the amino
acid residues in mutated CYP51 nearly matched that for ABC transporter proteins in the same
fungal isolate. It was further contended that mutations in CYP51 promoter could have sensitized

the binding of various transcription factors that reduced the expression of 14-alpha demethylase.
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CHAPTER 1: INTRODUCTION
1.1.Background

Efforts are now being aimed to decipher the molecular basis of complex diseases from the high
throughput strategies that are available for identifying the dynamics of the bio-molecules that drive
such diseases (Bencurova et al., 2018, p. 81). The successful completion of the human-genome
project coupled with different technological advancements in the field of bioinformatics have
provided a myriad of opportunities to scientists and investigators to undertake multidimensional
analysis of different biological systems including fungi, bacteria, and humans (Sammut, Finn,
Bateman, 2008, p. 210). Such attributes have been related to the enormous transitions in the field
of transcriptomics. The affordable accessibility and ready availability of genomic data which
support investigations have further expedited data generation in the field of bioinformatics. Since
most the biological systems are studied at the genomic level, a large amount of relevant data is
accessible through the public databases (Jensen et al., 2008, p.36). Hence, different computational-
based methodologies have gained popularity for disseminating genomic data in attempt to ensure

superior prognosis of a disease.

In this regard, In silico methods have generated wide interests across microbiologists, molecular
biologists, and pharmacologists for identifying novel drug targets through computational analysis
(Letunic & Bork, 2018, p.D493). In-silico analysis is derived from the phenomenon of the mass
use of silicon that is inherent to computer chips. Since any form of computational data involves
the mass use of computer chips they are often referred to in-silico analysis. In simplest terms, in-
silico analysis is the analysis and prediction of future data from existing data through simulations
conducted through the computer programs. In-silico analysis has become an integral part of

systems biology because most of the structural and functional correlates of an organism are driven

© Central University of Technology, Free State
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by bio molecules which are either genomes themselves or their expression products (Szklarczyk
et al., 2014, p. D447). The aberrant expression of these genomes or their intrinsic features is
related to the genesis of a disease from the perspective of the humans and the microbial species
respectively. It is contended that the genomic expressions of microorganisms or humans regulate
a wide array of cellular functions that either help to combat a disease or leads to the genesis of a
disease. Therefore, biomedical scientists have always focussed on identifying the molecular basis
of a disease to develop novel therapeutic strategies. However, historically such process involved
the characterization of single molecules from a specific cell or a microorganism (Galperin et al.,
2015, p. D261). On the contrary, such techniques often led to blind ends because most of the
diseases caused by pathogenic fungi or bacteria are complex in nature and involved polygenic
involvement rather than single molecule. Therefore, studying single molecules or single species at
one time did not provide orchestrated information regarding the involvement of cellular pathways
and its transition over time in the genesis of a disease. It is well-known that all the biological

changes in a cell or a microorganism is governed by the expressional variations of different genes.

The ability of the cell to switch on of and switch off gene expression is the basis of different
biological activities that are driven by the cell. It is contended that gene transcription is a facilitator
of different pathogenomic events that governs the genesis of a disease. Hence, most of the interests
have centred in identifying the gene expression profile of key genes or gene clusters that underpins
the genesis of a disease. The comparison of gene expression profiles of various identical species
of organisms or proteins help to predict the molecular basis of a disease as well as the mechanisms
through by which they could switch-on or switch-off their expressions under various conditions.
It is contended that the comparison of gene expression under various conditions it is possible to

identify the role played by a single gene or its associated genes in regulating signalling cascades
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(Birney & Ensembl, 2003, p, 213). Expression profiling through in-silico analysis is also required
for understanding the functions of a gene and whether they could act as potential therapeutic targets

(Bateman et al., 2000, p. 263).

Different species of fungi are widely recognized for their pathogenic profile and economic
importance. Fungi represent the largest biological kingdom comprising of diverse lower eukaryotic
microorganisms. Different fungal species are pathogenic to both plants and animals. Moreover,
such pathogens are continuously evolving new strategies for adapting to diverse ecological niches
in spite of negative selection pressures. Hence, management of fungal diseases has raised concerns
across scientists and health care professionals. Most of the researches in fungal pathogenesis have
been limited to epidemiological studies. As a result, there was a limited scope in developing novel
therapeutic targets against fungal microbes. Although various antifungal are effective and
indicated against a wide array of diseases, such compounds are fast developing resistance against
the target fungal species. Antimicrobial resistance also imposes significant concern across
scientists and healthcare professional as it deteriorate the prognosis of a disease. Hence, scientists
and researchers across the globe are in hunt for novel antifungal drugs that could overcome the

challenge of antimicrobial resistance (Vandeputte, Ferrari, & Coste, 2012, n.p.).

Although different studies have implicated polymorphisms and functional correlates of CYP53 in
ascomycete and basidiomycete species of fungi, no studies until date have explored the diversity
of CYP53 family members in eurotiomycete species. These species of fungi represent a
morphological and ecological disparate set of fungi that are strongly associated with the genesis
of different life-threatening infections across animals and plants. Most of the members of the
Eurotiomycetes serve significant contributions to human welfare. However, some of its members

are also implicated in the genesis of life-threatening diseases. For example, mortality in humans
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due to Aspergillus fumigates infection is estimated to be 90%. The fungus can act as both primary
and secondary pathogen. As per phylogenic classification, the class Eurotiomycetes (also known
as Ascomycota, Pezizomycotina) comprises two major clades of ascomycetous fungi; subclass
Eurotiomycetidae and subclass Chaetothyriomycetidae. The subclass Eurotiomycetidae was
previously categorized as Plectomycetes due to the presence of enclosed ascomata and protunicate
asci. The subclass Chaetothyriomycetidae is featured by enclosed ascomata with opening
reminiscent those are common to Dothideomycetes or Soradariomycetes. Categorization and
classification of CYP53 family members in eurotiomycete species would help to develop potent

antifungal drugs against this class of fungi.

It is contended that potential drug targets can be developed if the target fungal genomes are
appropriately sequenced and characterized. As a result, different organizations such as MIT and
Harvard University are pursuing fungal genome sequencing projects. The center of interest in
sequencing fungal genomes pivots around the characterization and identification of different
isotypes of cytochrome P450 monooxygenase (CYP450). Genomic sequencing analysis confirmed
the presence of various isotypes of the CYP450 enzyme across different fungal species. CYP450s
are hemethiolate proteins those are ubiquitously present across different species of the biological
kingdom (including humans). CYP450s play a major role in metabolizing toxicants and drugs in
the respective organisms. Hence, such enzymes actively take part in primary and secondary
metabolic reactionincluding xenobiotic (toxicant) inactivation. These enzymes are primarily

considered as novel drug targets due to their importance in fungal pathophysiology.

Amongst different CYP450 isotypes, CYP51 (also referred as sterol-14a-demethylase) is the
highest conserved isotype across different biological kingdoms. Hence, CYP51 has been the

primary target of different antifungal drugs (such as azoles). CYP51 causes demethylation of

© Central University of Technology, Free State



: Central University of 15
Technology, Free State

lanosterol which converts the latter into ergosterol. Ergosterol is an important component of the
fungal cell membranes and is responsible for fluidity of the membrane. Hence, CYP51 plays a
major role in maintaining the integrity of the fungal cell membrane and in ensuring viability of the
fungal cell. Such dynamics in metabolism help to ensure the titer of pathogenic fungi. Different
studies suggest that fungal isolates have developed significant resistance against azole and azole
derivatives. Moreover, the antifungal compounds which are currently used have major limitations
because fungal metabolic pathways are almost similar host metabolic pathways. Such issues limit

the use of novel antifungal drugs that are targeted towards CYP5L1.

On the contrary, studies conducted on CYP53 isotype of cytochrome p450 monooxygenase have
shown promising results to act as a novel and alternate drug target to the currently available
antifungal compounds. The hallmark of such isotypes is their selective presence in fungal species
only. Hence, antifungal drugs against CYP53 isotypes would not inhibit metabolic pathways in
the host (animals, mammals, or plants). The CYP53 isotypes functions as benzoate
parahydroxylases as they hydrolyze benzoate to benzoate parahydroxylate. Benzoate is a naturally
occurring antifungal compound and is highly toxic to fungal cells. The major actions of benzoate
include disruption of the fungal cell membrane, inhibition of cellular and biochemical processes
in fungi, changes in pH balance and induction of stress response in fungal species. Hence,
parahydroxylation of benzoate is an important phenomenon for any fungal cell to overcome the
challenges of negative selection pressure. CYP53 P450-mediated conversion of benzoate to
benzoate parahydroxylate is the only known biochemical pathway in fungi which channels and

detoxifies benzoate through the beta-ketoadipate pathway.
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1.2. Problem Statement and rationale

Vandeputte et al. (2012, n.p.) highlighted that antifungal resistance imposes critical healthcare
challenges despite radical improvements in antifungal therapies. Over the past decade, the
molecular mechanisms those underpins antifungal resistance have been extensively explored.
However, managing fungal pathogens is a dilemma across clinicians and allied healthcare
professionals. There are two facets of such dilemma; basic physiology of different fungal isolates
is still obscure, and the growing prevalence of resistance to antimicrobial compounds. Although
different authors have categorized and elucidated the functions of CYP53 in Ascomycetes and
basidiomycete class of fungi, little is known regarding the structural-functional correlates of
cytochrome p450 monooxygenase system in the fungal class “Eurotiomycetes.” Eurotiomycetes
represents a morphologically and ecologically unique set of fungi which are capable of causing
serious infections in both plants and animals. In fact, the pathogenic potential of Eurotiomycete

class of fungi is speculated to be more than Ascomycetes and Basidiomycetes.

Till date, there have been no attempts to conduct in silico analysis of cytochrome P450
monooxygenases in studying the chronic infection caused Eurotiomycetes species. Although
recent studies have highlighted the annotations of these CYP450 species, there is a gap in
knowledge whether the annotations and phylogenetic analysis could help to predict antimicrobial
resistance or sensitivity. In-silico analysis would provide the platform for supporting or
challenging such speculations. Studies suggest that most fungal species related to Eurotiomycetes
species are treated by azole drugs such as ketoconazole and itraconazole. However, these drugs
are fast turning out to be resistant against the target fungal species. It is well known that the azole
group of drugs acts by inhibiting CYP450 enzyme systems especially the CYP51 species which is

involved in ergosterol synthesis. The CYP450s are a class of heme-thiolate proteins that are widely
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distributed across related and distant fungal species as well as in other organisms. Till date, there
is no information how the CYP450 enzyme systems in Eurotiomycetes could act as putative drug
targets for azoles and their derivatives. Recent annotation of this fungal species has provided an

opportunity to study the distribution and sequencing of CYP450 in these organisms.
1.3.Purpose of the Study

Despite radical improvements in antifungal therapies over the past 30 years, antifungal resistance
still remains a global concern across clinicians and researchers. Fungal isolates belonging to the
class Eurotiomycetes is significantly associated with life-threatening infections in humans and
plants. It is contended that novel antifungal compounds those target CYP553 would be effective
against a wide range of pathogenic fungal isolates. The present study aimed to identify various
CYP53 members in eurotiomycetes and their role in fungal physiology. The study was based on
the analysis of comparative evolutionary and structural identification of different CYP53 members
in the fungal class “Eurotiomycetes.” The study deployed different bioinformatics tools to estimate
the distribution (phylogenetic relationships) and structural conservation of such isotype of
cytochrome p450 monooxygenase. The findings of the present study could elucidate the possibility
of developing novel antifungal compounds against eurotiomycetes class of fungi. The antifungal
action would pivot around the inhibition of the CYP53 family members in the target fungal

population.

However, there has been no attempts to compare the isolated CYP450s of Eurotiomycete with
related CYP450s from other fungal species that are either sensitive or have developed resistance
against the azoles. Therefore, the present study aimed to identify whether CYP450s in

Eurotiomycete species could act as putative target for the azole group of anti-fungals. The CYP450
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database of pathogenic Eurotiomycete would be compared with related fungal species that infest
animal and plant species and against whom the azole group of drugs is active or resistant. The
study would also reflect whether CYP53 could be a potent and selective target for antifungal
compounds even in Eurotiomycetes. The extrapolations were based on the possible three-
dimensional structural attributes of the CYP53 members that were explored in the present study.
The study also investigated the possible causes for the existence of different paralogs of CYP53 in
the genomes of eurotiomycetes. Once again, such possibilities were extrapolated from the
sequence identity of CYP53 from different isolates of the fungal class ‘Eurotiomycetes’ and related
(aligned) fungal species. This study was centered on Eurotiomycetes because till date no study
explored the distribution or structural-functional correlates of CYP53 in this pathogenic class of
fungi. The findings of the present study might be beneficial for clinicians and researchers in
developing therapeutic strategies against Eurotiomycetes class of fungi. Such initiatives could

reduce the prevalence of mortality due to life-threatening infections across at-risk individuals.
1.4. Aims and Objectives

The primary aim of this study was to undertake a comparative analysis of different cytochrome
P450 monooxygenases that were reported in pathogenic and non-pathogenic strains of

Eurotiomycetes. The objectives of the present study are as follows:

a. To identify the mutational hotspots in the CYP450 gene in Eurotiomycetes species
b. To identify phylogenetic tree of pathogenic Eurotiomycetes based on CYP450
c. To identify the mutational hotspots in the CYP51 gene in Aspergillus species

d. To identify phylogenetic tree of pathogenic Aspergillus based on CYP450
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e. To predict azole resistance from evolutionary deviation of pathogenic Eurotiomycetes
from non-pathogenic Eurotiomycetes

f. To predict azole resistance from evolutionary deviation of pathogenic Aspergillus from
non-pathogenic Aspergillus

1.5.Research Questions and Hypothesis

Whether in-silico analysis of CYP450s in Eurotiomycete species promises identification of

putative targets that have turned resistant to azole group of drugs?

HO: In-silico analysis of CYP450s in Eurotiomycete species does not promise identification of

putative targets that have turned resistant to azole group of drugs

H1: In-silico analysis of CYP450s in Eurotiomycete species promises identification of putative

targets that have turned resistant to azole group of drugs
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CHAPTER 2: LITERATURE REVIEW

2.1. CYP 450 monooxygenases
Cytochrome p450 monooxygenases are a group of heme-thiolate proteins which are widely

distributed across the plant and animal kingdom. These proteins predominantly act as enzymes for
major metabolic and biosynthetic processes within the biological Kingdom. They exhibit distinct
and diverse catalytic activity on a wide range of substrates (Bernhardt, 2006). Hence, cytochrome
p450 monooxygenases have been widely implicated for the production of different chemicals
having value-added needs for humans, for the manufacture of pharmaceutical compounds such as
antibiotics, fragrances, and degradation of foreign materials those are toxic to the animal or plant
species (Chen et al., 2014). The study of cytochrome 450 monooxygenases has received by the
attention due to their thermostable properties and for acting as potential target antibiotic for
antifungal compounds. CYP 450 monooxygenases represent an extensive super family of diverse
hemo-thiolate proteins. This super family of proteins exists in nature across all phylogenetic
domains of life ranging from microscopic prokaryotes to multicellular eukaryotes (Hoffmeister &
Keller, 2007). Archaea and bacteria are examples of microscopic prokaryotes those house CYP
450 monooxygenases, while lower eukaryotes containing such enzymes include protists, fungi,
and insects. On the other hand, the plant and animal kingdom houses the most variant forms of
CYP 50 monooxygenase enzyme systems those are witnessed in higher eukaryotes. The plant
kingdom exhibits higher number and variety of CYP450 super family genes compared to animals,
fungi, protists, Archaea, and bacteria (Deng, Carbone, Dean, 2007). Although fungal genomes
have lower numbers of CYP 450 monooxygenase gene than plants, they exhibit the highest
diversity of such genes across all phylogenetic domains. It is estimated that approximately 399

families of P450 gene are distributed across 2784 annotated fungal species. On the contrary, plant
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genomes contain only 129 CYP 450 families those are located across 4267 annotated plant species

(Doddapaneni, Chakraborty, & Yadav, 2005).

Presently, almost 22000 CYP 450s have been sequenced, annotated, and described. These enzyme
systems have existed throughout the biological kingdom for billions of years and played a
significant role in surviving environmental stress. For example, these enzymes have been
instrumental in ensuring resistance to insecticides in mosquitoes (those act as vectors for malarial
pathogens) (Chen et al., 2014). On the other hand, CYP 450s also play a pivotal role in the
bioremediation of hexahydro-1,3,5-trinitro-,3,5,-triazine in contaminated soil. Different studies
suggest that CYP 450s are not only implicated in metabolism of toxicants, but they became
extensively modified in the course of evolution to perform different functions (Hargrove et al.,
2012). However, most of these functions were related to ensure the adaptability and viability of
the respective biological species under temperature extremes. For example, different CYP 450s
became modified in some biological species to enable them to overcome high hydrostatic pressures
or thermal stress of solfataric hot springs. On the other hand, some of its counterparts became
modified in wood to utilize carbon that was fixed by photosynthesis. Hence, diversity and
existence of CYP450s in lower and higher organisms across the biological kingdom is strongly

mandated for ecological sustenance (Kelly & Kelly, 2013).

2.2. Nomenclature and Biochemistry of CYP 450 monooxygenases

The term “CYP 450 monooxygenase” was coined by Omura and Sato during 1962 to 1964. The
protein was first named “pigment 450 because these proteins are hemoprotein in nature and

exhibit unpredictable spectral properties as a reduced form of CO-bound complex. They exhibited
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maximum absorption at a wavelength of 450nm in the visual spectra. Hence, cytochrome P450
enzyme systems are classified as either monooxygenase or reductase depending on its function as
an oxidant or reductant. The unique spectral properties of the CYP 450 super family is attributed
to cyteine-thiolate group whereby it forms the 5" ligand of the of the heme-iron complex.
However, the absorption spectrum of P450 super family was first elucidated in 1958 by
Klingenberg. The nomenclature of CYP450s is based on the percentage homology between their
amino acid sequences. The percept of CYP and 450 comes from cytochrome and their peak
absorption spectra which are followed by the family number, subfamily annotation, and a unique
E.C. (Enzyme Commission) number that denotes the functional property of the enzyme. A
particular species of P450 is said to fall within a common family if it exhibits a 40% homology in
their amino acid sequences with other members of the same family. Likewise, particular species
of P450 is said to fall within a common subfamily if it exhibits a 60% homology in their amino

acid sequences with other members of the same subfamily (Chen et al., 2014).

Although the CYP450s exhibit low sequence similarity in multiple sequence alignments across
different species within a same family or subfamily, they exhibit high conservation in their
topographical and structural domains across such species. Such findings suggest that the basic
function of CYP 450s have remained strongly conserved over the period of evolutionary history
(Kelly & Kelly 2013). In fact, the correlation between the structural and topographical orientation
of different domains of the CYP 450 molecule is the new quest for defining and redefining their
structural-functional attributes. The highly conserved and consensus sequences of the CYP450
domains hold the key of understanding the phylogenetic convergence and divergence of such
proteins in the history of evolution. Such high conservation in their structural domains also reflect

that the mechanism of extracting and transferring molecular oxygen to its respective substrates
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have remained similar during evolutionary history (Kodner et al., 2008). Cytochrome P450s are
classified into respective clans based on a large group of families or groups compared to genes
within a respective clan. This is because genes within the respective clans do not originate from a
common ancestor. On the contrary, studies suggest that such genes have diverged from the
common ancestor and are likely to share functional and structural traits those are common between
each other. The spectral characteristics of CYP450s are based on spectral assay which works on
the principle of the reaction between ferrous form of the molecule and carbon monoxide. The
carbon monoxide-bound hemoprotein generates a spectrum which exhibits maximum absorption
at a wavelength of 450nm in the visible spectra. Such spectral properties are attributed to the
cysteine-thiolate axial ligand bound to the hemoprotein molecules of the CYP 450 families

(Nebert, Wikvall, & Miller, 2013).

Monooxygenases (earlier referred as mixed function oxidases) are unique enzymes those catalyze
molecular oxygen by extracting its first oxygen atom and inserting the same on the target substrate.
On the other hand, the second atom in the oxygen molecule is reduced to water by the accepting
two electrons from NADH or NADPH. However, an external reductase protein (such as NADPH
reductase) is used to transfer the electrons from NADH or NADH to the second atom in the oxygen
molecule. As a result, the ferrous state of the hemoprotein is converted to the ferric state and
donates the first atom of the oxygen molecule to the respective and becomes reconverted into the
ferrous form. Hence, if the second atom of the oxygen molecule was not reduced into water then
the CYP 450 oxidation cycle would not have been viable. CYP 450s also act as potent biocatalysts
to catalyze a wide variety of chemo-specific, region-specific, and stereo-specific reactions that
involve activation of sp3 hybridized carbon atoms, dehalogenation, hydroxylation of aliphatic and

aromatic hydrocarbons, sulfoxidation, oxidative deamination, desulfuration, epoxidation,
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peroxidation, and dealkylation of nitrogen, oxygen and sulfur atoms. However, the CYP 450s also
carry out more unusual reactions such as carbon-carbon and carbon-oxygen phenol coupling,
carbon-carbon bond cleavage, Baeyer-Villinger oxidation, and a plethora of rearrangement
reactions such as ring formation and oxidative aryl migration and isomerization reactions. The
diversity in the catalytic mechanisms of CYP 450s reflects their unique ability to bind with
different substrates. The major substrates of CYP 450s include fatty acids, steroids, terpenes and
terpenoids, prostaglandins, eicosanoids, fat soluble vitamins, bile acids, and a plethora of aromatic
and aliphatic compounds those are primarily xenobiotics to the respective biological species. The
major xenobiotics those are catalyzed by CYP 450s include pharmacological compounds, organic
solvents, polycyclic aromatic hydrocarbons, antibiotics, pesticides, herbicides, anesthetics, and
ethanol, carcinogens, and various alkyl and aryl hydrocarbon products. Syed et al. (2014) stated
that CYP 450s are indeed versatile biocatalysts owing to the presence of flexible substrate
recognition sequences and regions (SRS). The authors further stated that these proteins exhibit

unique chemical reactivity and catalyze a diverse range of substrates.

2.2.1. Class | CYP 450s

The classes | CYP 450s are predominantly witnessed in bacteria and are located in their inner
mitochondrial membrane. This class of CYP 450 enzymes is soluble in the cellular matrix and
obtains the lone pair of electrons from the NADH-dependant FAD containing reductase. Such
orientation in their electron abstraction mechanism is based on the formation of iron-sulfur cluster
(2Fe-2S) and a FAD (flavine adenine nucleotide) containing reductase (adrenodoxin reductase).
The first bacterial CYP 450 enzyme that was identified belonged to class of camphor hydrolase.
The enzyme was designated as CYP101 and was isolated from the bacterial isolate Pseudomonas

putida. Eventually, CYP101 became the first CYP 450 monooxygenase to be characterized both
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functionally and structurally. The electron transfer mechanism to CYP101 class of CYP 450
monooxygenase involved transfer of electrons from NADPH to the enzyme through FAD-
containing reductase (putidaredoxin reductase) and an iron-sulfur cluster (putidaredoxin). The
CYP101s are primarily responsible for metabolizing carbon compounds, xenobiotics, fatty acids
and also for the synthesis of secondary metabolites such as antibiotics and antifungal compounds.
On the contrary, the mammalian variations of CYP450s are involved in cleaving the side chain of
cholesterol, mediating phase-1 reactions of drug or toxicant metabolism, mediating 1lbeta-
hydroxylation of 11-deoxycortisol, and for the biosynthesis of vitamin D and mineralocorticoids (

such as aldosterone).

2.2.2. Class 11 CYP 450s

The Class I CYP 450s is present as integral proteins in the endoplasmic reticulum. The protein is
bound to the ER by a N-terminal anchor. The enzyme obtains the lone pair of electrons through
the membrane-anchored NADPH-dependent reductase that contain both FAD and flavin
mononucleotide (FMN) as cofactors. Due to their innate capability of catalyzing a diverse range
of substrates, CYP450s have immense biological potential as drug target and production of human
variables. Research on CYP450s has become an invaluable proposition in the field of
biotechnology, pharmacokinetics, toxicological Sciences, and pharmaceutical chemistry. Class Il
CYP450sare used for the production of fine chemicals, fragrances, production of biofuels, and for
their roles in biosensing and bioremediation techniques. The CYP450s have been asking you for
the production of transgenic plants such as blue roses. Apart from its biotechnological potential
introducing transgenic plants with superior aesthetic values, their role in producing disease
resistant and insecticide resistant plants cannot be undermined. In fact, the demand for transgenic

plants with aesthetic values has been estimated to be 27 billion U.S. dollars per annum. Hence,
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categorization and classification of novel CYP450s is strongly mandated from an economic point
of view. The CYP450s are widely using the field of drug discovery and development. For example,
CYP450s are traditionally used in the biotransformation of steroids active pharmaceutical
ingredients. Such properties are mediated by their ability to transfer the side chain of steroids and
cholesterol. They are also used to produce anticancer medications. For example, CYP450s in
mycobacterium species cause hydroxylation of the 7th position of 1-limonene to perillyl alcohol

which has potent anti-carcinogenic properties.

These enzymes are commonly used to detect clozapine, styrene, and cholesterol. The different
isoforms of CYP450s are also used to detect pharmaceutical compounds by using nanoparticles
carbon nanotubes. Such approaches exhibit greater device sensitivity and for achieving target
therapeutic range in patients. On the contrary, CYP101A isoform of CYP450s are routinely used
for the bioremediation of environmental toxins. For example, CYP101A of P. putida is used to
hydroxylate camphor and for mediating site -directed mutagenesis. XPla is another compound that
is widely used for bioremediation environmental toxicants. It is used in the microbial
biodegradation of synthetic military explosives and pollutants such as RDX in contaminated soils.
For the past few decades, scientists are in the search of novel renewable sources of energy. It is
contented that cytochrome p 450 monooxygenases provide promising approaches in the genesis of
first renewable sources of energy. These compounds could help to reduce exploitation of
petroleum and other biofuels in the near future. Cytochrome p450 monooxygenases are also
implicated in the production of biodegradable, sustainable, and renewable biofuels. The mutated
variants of cytochrome p450 monooxygenases are capable of hydroxylating alkanes to alkalones.

They are also used to decarboxylate and hydroxylate fatty acids.
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2.3. Eurotiomycetes and their pathogenic potential

Most of the members of the Eurotiomycetes serve significant contributions to human welfare
(Kosmidis & Denning, 2015). However, some of its members are also implicated in the genesis of
life-threatening diseases. For example, Aspergillus fumigates is life-threatening pathogen.
Mortality in humans due to Aspergillus fumigates infection is estimated to be 90% (Patterson et
al., 2000). The fungus can act as both primary and secondary pathogen. Hence, Aspergillus
fumigates is an opportunistic pathogen and is primarily witnessed across immunocompromised
individuals. As per phylogenic classification, the class Eurotiomycetes (also known as
Ascomycota, Pezizomycotina) comprises two major clades of ascomycetous fungi; subclass
Eurotiomycetidae and subclass Chaetothyriomycetidae. The subclass Eurotiomycetidae was
previously categorized as Plectomycetes due to the presence of enclosed ascomata and protunicate

asci.

The subclass Chaetothyriomycetidae is featured by enclosed ascomata with opening reminiscent
those are common to Dothideomycetes or Soradariomycetes. Eurotiomycetes have been
implicated across a wide range of pathologic conditions in both humans and plants. Apart from
Asperigillus sp. different strains of Eurotiomycetes is responsible for the pathogenesis of various
infections. Histoplasma capsulatum is a pathologic strain of Eurotiomycetes which is associated
with respiratory infections. It is estimated that approximately 10% Histoplasma capsulatum
infections are life-threatening in nature. The pathogen can cause infection in bones and other
subcutaneous tissues of the body. Histoplasma infections are more prevalent in the geriatric
community and immunocompromised individuals. On the other hand, Blastomyces dermatitidis
is responsible for an infection called blastomycosis. It occurs in those individuals who are acutely

immunocompromised. The pathogen primarily infects bone and connective tissues and can invade
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other organs. Coccidioides immitis is another type of pathologic strain of Eurotiomycetes that leads
to coccidioidomycosis or valley fever in humans. The infection occurs in a disseminated and
presents as acute infection in immunocompromised individuals. Arthroderma Benhamiae and
Trichophyton verrucosum represent two other pathogenic strains of Eurotiomycetes which is
responsible for various dermal infections in humans and animals. The disease is often featured by
a loss of hair in affected individuals. Although most of the strains of Eurotiomycetes are
pathogenic, some of the strains of this class of fungi exhibit economic viability. For example,
Asperigillus niger is used to produce citric acid and proteins at a commercial level. On the other

hand, Penicillium sp has been historically associated with the production of antibiotics.

2.4. Antifungal mechanisms: Challenges and prospects

Vandeputte, Ferrari, & Coste (2012) highlighted that antifungal resistance still remains a global
concern, despite radical improvements in antifungal therapies over the past 30 years. Over the past
decade, the molecular mechanisms underlying antifungal resistance have been extensively
explored. The major mechanisms of antifungal resistance include deregulation of effector genes
those confer microbial resistance against antifungal drugs. Such deregulations are speculated stem
from point mutations or single nucleotide polymorphisms directly in the genes that codes for
antifungal targets. The authors emphasized development of new and putative antifungal drugs
those could over microbial resistance by altering the expression of different genes which leads to
the genesis of such resistance. The major mechanisms that are deployed by fungi to overcome the
challenge of antimicrobial therapy are to increase the expression and up-regulation of efflux

pumps.
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2.4.1. Efflux pumps

Efflux pumps are integral proteins (belonging to the family ABC transporters) and play a major
role in exhibiting resistance towards azoles. Efflux pumps such as CDR1 and CDR2 are commonly
witnessed in Candida albicans and are responsible for Candida drug resistances 1 and 2
respectively. Studies suggest that such efflux pumps exhibit significant up-regulation on the cell
membrane of some azole resistance fungi. Up-regulation in efflux pumps is speculated to stem
from chemically unrelated inducers such as amorolfine, steroid hormones, and fluphenazine. The
authors isolated different cis-acting factors that were responsible for the up-regulation of such
genes in the given fungal species. Studies involving promoter deletions have indicated various
regulatory elements in the CDR1 promoter region. These elements include a basal expression
element, a drug response element, two steroid regulatory elements, and one NRE (negative
regulatory element). Studies reflected that internal deletions in the basal expression element and
the drug response element altered the basal and drug induced expression of the CDR1 gene. On
the other hand, internal deletions in the negative regulatory element significantly increased the
basal expression of cdrl. Such findings suggest that the altered expression and localization of
different proteins associated with drug efflux underpinned the principle of antifungal resistance
across a wide range of fungal isolates. However, studies also suggest that such changes in
expression of the efflux pump proteins are not uniform across a diverse range of fungal isolates.
Hence, development for novel antifungal drugs that aim to reduce efflux of antifungal drugs from
the fungal cells might not be solely effective in overcoming the challenge of fungal invasion or

resistance.
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2.4.2. Target alterations

Apart from the modulation of expression and turnover of efflux pumps, fungal pathogens are
capable of developing antimicrobial resistance by decreasing the affinity of their antifungal targets.
However, a reduction in the affinity of antifungal targets does not reduce the sensitivity in the
target activity. The most exemplary example of target modulation is witnessed in resistance to
azole drugs. Studies suggest that azole exhibits decreased affinity towards mutated lanosterol 14-
alpha-demethylase. To recall, 14-alpha-demethylase plays a major role in converting azoles to
their active antimicrobial entities. Studies showed that point mutations in the ERG11 gene (which
codes forl4 alpha-demethylase) completely inhibited the binding capacity of azole to its target.
Most of these mutations in the ERG11 gene have been successfully demonstrated in C.

neoformans, C. albicans, and C. tropicalis.

Likewise, in Asperigillus fumigates the 14 alpha-demethylase is encoded by two distinct forms of
cytochrome p450 monooxygenases (CYP51a and CYP51b). Mutations in the CYP5la gene
account for different types of azole resistance that are witnessed across clinical settings. The
authors stated that “in these species of Asperigillus, the nature of nucleotide metabolism and the
nature of amino acid substitution influenced resistance kinetics of the fungal species to different
azole derivatives.” It was also evident that “some clinical isolates shared common mutations in the
CYP51a with environmental azole-resistant strains. Such findings suggest that clinical azole-
resistant isolates might originate from the environment.” (Vandeputte et al., 2012, p.13). Although
there are different strategies that are aimed against azole, mutations in the ERG11 gene or CYP51
have been implicated in the development of resistance against echinocandin compounds. Such
assumptions were confirmed in S. cerevisiae and C. albicans. Studies suggest that resistance to

echinocandin compounds stem from point mutations in the FK1 or FKS2 genes. Identification of
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the locus of such mutations in the respective genes exposed two “hotspots” which were essential
for the functional integrity of the FKS gene products that was associated with the enzymatic
conversion of metabolites. However, unlike azoles and ERG11 mutations in the FKS1 genes did
not jeopardize the affinity of beta-glucan synthase for its active target. However, there was some
reduction in the processivity of the referred enzyme. Mutational hotspots have been identified
across different genes that play a key role in fungal metabolic pathways. Such mutational hotspots

have been identified in different fungal isolates such as C. glabrata, C. krusei, and A.fumigatus.

2.5. CYP53 Family: Role in Fungal Metabolism and as Novel Targets for Antifungal drugs

The members of the CYP53 family of CYP450s play a key role in fungal metabolic pathways.
CYP53 family members play a significant role in both primary and secondary metabolism in fungi.
The primary metabolic pathway includes the beta-ketoadipate pathway, while the secondary
metabolic pathways are involved with the detoxification of phenolic compounds (Miceli &
Kauffman, 2015). The beta-ketoadipate pathway is the convergent pathway for the metabolism of
aromatic compounds in both bacteria and fungi.Being an integral part of the beta-ketoadipate
pathway, CYP53 family members readily detoxifies benzoate and ensures survival of fungi.
CYP53 family members hydroxylates benzoate into 4-hydroxybenzoate. The conversion of
benzoate into 4-hydroxybenzoate is considered the prime reaction in the fungal metabolic pathway
and benzoate metabolism. The 4-hydroxybenzoate subsequently leads to protocatechuate as the
ring fission substrate. This reaction is critical as it helps fungal species to detoxify benzoate. Till
date, this pathway is recognized as the sole pathway that is carried out by CYP53 family members

to detoxify benzoate in fungal species. The role of CYP53 family members in such primary
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metabolic pathway have been proved and endorsed by different authors. In one study, deletion
mutation in CYP53 significantly increased mortality in the fungal species. Such findings suggest
that CYP53 could have a promising role as a novel and alternative drug target for different

antifungal drugs.

Jawallapersand et al. (2014) highlighted that inhibitors directed towards CYP450 effectively
inhibited CYP53 activity and promoted growth inhibition across different fungal species such as
A. niger, P. ostreatu