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Abstract

Lichens are traditionally described as symbionts of fungi and algae and are renowned for their
diverse secondary metabolites. Our group identified and annotated 48 secondary metabolite
biosynthetic gene clusters of the fungal partner of the lichen Cladonia uncialis using de novo
whole genome sequencing. Out of these, putative assignment of biosynthetic functions of ‘ten’
gene clusters in C. uncialis was done by Bertrand (2018) including the usnic acid (UA) gene cluster
(the most extensively studied lichen secondary metabolite). This research work deduced
biosynthetic pathways and proposed biosynthetic function of seven more gene clusters using a
'homology mapping’ approach in combination with phylogenetics. The UA gene cluster contains
two genes, one encodes for PKS enzyme and other for a post PKS tailoring enzyme, that have been
respectively named as methylphloracetophenone synthase (MPAYS) and
methylphloroacetophenone oxidase (MPAO, a cytochrome p450). MPAO is believed to catalyze

the oxidative dimerization of methylphloroacetophenone (MPA) to usnic acid (UA). Electron
transfer reactions from NAD(P)H to a cytochrome p450 are supported by redox partner,
cytochrome P450 oxidoreductase (CPR). We have identified a gene, cu-cpr in the genome of C.
uncialis that encodes for a similar redox partner. We have successfully developed heterologous
expression protocols for first lichen cytochrome p450 (mpao) and CPR (cu-cpr) in E. coli and, the
purification protocols for these lichen proteins. We have also established a protocol for
heterologous co-expression system for mpao and cpr in E. coli. This study demonstrates the first
successful biosynthesis of UA (a lichen polyketide) with the development of bioconversion
protocol of MPA to UA catalyzed by both MPAO and CPR. Biofilm-disruption and antibacterial
assays were carried out to compare the bioactivity of MPA and UA, where UA was found to be
more bioactive. That could suggest a rationale for why lichen fungus exerts the effort required to
produce UA. Phloroglucinol derivatives (including MPA derivatives) were chemically synthesized
and tested for their antibiotic properties against S. aureus (an important CF pathogen). Out of
which, diacylated derivatives displayed the strongest bactericidal activity against MRSA clinical

isolates.
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Chapter 1

Introduction to lichens and their secondary metabolites/natural products

1.1. Natural Products

Natural products are a collection of small molecules derived from plants, animals, micro-
organisms, terrestrial vertebrates, and invertebrates [Chin et al., 2006]. These molecules have been
a rich source of structurally diverse and biologically active organic molecules with great
pharmacological, pharmaceutical, and therapeutic importance. Many years of exploration of
natural products have resulted in the discovery of almost 300,000 natural product-based drug
molecules. The beginning of the scientific research that pertained to these natural products was
from the isolation of morphine from opium poppy (Papaver somniferum) by Friedrich Wilhelm
Sertrner in 1805 [Goerig and Esch, 1991]. Before that, Mesopotamia’s medicinal documentation
from 2900 to 2600 BCE [Borchardt, 2002; Siddiqui et al., 2014] witnessed the earliest application
of natural products to treat human ailments. By the 1900s, most people were using natural products
(80%) derived from plants as medicines [Sneader, 1997; Siddiqui et al., 2014]. The discovery of
penicillin from Penicillium notatum by Alexander Fleming in 1928 [Fleming 1944] and its
subsequent development into medicine by Florey and Chain in the 1940s miraculously laid a
foundation for the development of microbial natural products as a cornerstone of new drug
discovery in the 20" century [Chain et al., 1940/2005]. Natural products have a plethora of
biological activities positively relevant to the human health, such as antibiotics: Erythromycin A,
[McGuire et al., 1952; Zhang et al., 2010; Cobb et al., 2013], anti-fungal: Nystatin [Stanley and

English, 1965], anti-tumour/cancer: Actinomycin D [Waksman and Woodruff, 1940 and 1941,



Hollstein, 1974], immunosuppressants: Rapamycin [Vezina, C. et al., 1975], biofilm inhibition:
Cahuitamycins C [Park et al., 2016] etc. (Figure 1.1).

Vancomycin, artemisinin, taxol, aspirin and cephalosporins are some of the most widely
used natural products in the modern pharmaceutical industry (Figure 1.1). Meanwhile,
avermectins, pyrethrins and azadirachtins (Azadirachta indica plant) are the most widely used
natural pesticides [Butterworth, J. H. et al. 1968; Kraus, W. 1995] (Figure 1.1). In this study, the

focus is on the biosynthesis of lichen natural products (LNPs).

Nystatin (Anti-fungal)
Isolated from Streptomyces noursei

Erythromycin A (Antibiotic)

Isolated from Saccharopolyspora erythraea
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H/go :
Cahuitamycin C (Biofilm inhibitor) Chis Chs
Isolated from Streptomyces gandocaensis Rapamycin (Immunosuppressant)

Isolated from Streptomyces rapamycinicus

Figure 1.1: Natural products isolated from different species of bacteria, fungi and plants, and their biological properties
[Butterworth, J. H. et al. 1968; Cobb et al., 2013; Hollstein, 1974; Kraus, W. 1995; McGuire et al., 1952; Park et al., 2016; Stanley
and English, 1965; Vezina, C. et al., 1975; Waksman and Woodruff, 1940 and 1941; Zhang et al., 2010].



1.2. Primary versus secondary metabolism

Metabolism is the sum of all the biochemical reactions within a living cell, providing
energy for vital processes and the metabolites are the intermediates of these chemical reactions.
Despite the immense difference in characteristics of various living organisms, the pathways to
modify and synthesize these metabolites are essentially the same, with minor variations in all the
living organisms. There are two types of metabolisms: primary and secondary, and the
combination of these two results in the synthesis of NPs. Therefore, there is a categorization of

NPs as primary and secondary metabolites (SMs).

1.2.1. Primary metabolites

Primary metabolites are usually limited to small molecules, and living cells synthesize
these molecules by themselves. These metabolites are directly involved in cell growth,
development, and reproduction. Therefore, these molecules are essential for the survival of a living
being, and their absence would lead to cell death. The cells assemble these macromolecules using
different building blocks like nucleotides and amino acids. Primary metabolic processes that
produce these building blocks are Krebs/citric acid/tricarboxylic acid cycle, glycolysis, beta-
oxidation of fatty acids and oxidative phosphorylation (part of photosynthesis) in aerobic
organisms. Carbohydrates, proteins, and fats are primary metabolites, which further catabolize into
citric acid, acetic acid, ethanol, etc. Primary metabolites are also modified to other compounds

such as vitamins and coenzymes (Figure 1.5).

1.2.2. Secondary metabolites
In contrast to primary metabolism, secondary metabolism, which is limited to certain
organisms, is responsible for producing organic compounds or natural products that are not directly

involved in cell growth, development, and reproduction. These organic molecules are known as



secondary metabolites (SMs) which have unusual structures and their production arises from
primary metabolites (Figure 1.5). Simple structures of primary metabolites are condensed into
more complex structures of SMs by defined biochemical pathways. A. Kossel introduced the term
secondary in 1891, which means their absence does not curtail the life of a living organism as they
do not take part in the synthesis of the basic molecular skeleton of an organism (vegetative growth
of an organism). But the survival of an organism is significantly affected due to the lack of these

metabolites. SMs are used for different purposes by different organisms, for example:

=

Protection from predation, from environmental stress

2. Competition and toxicity against other animals, plants, insects, and microorganisms [Fox
and Howlett, 2008; Derntl et al., 2017]

3. Metal transporting agents

4. Agents for symbiotic relations with other organisms and communication between
organisms

5. Reproductive agents and differentiation effectors

Therefore, each species is characterized by a specific profile of SMs [Mitrovic et al., 2011].

1.3. Lichens Natural Products

1.3.1 Lichen

Lichens, by definition, are symbiotic organisms. Symbiotism is a mutualism (where all the
partners gain benefits from the association) between a fungal partner (a mycobiont) and a
photobiont; which could be green algae or cyanobacteria [Ahmadjian and Jacobs, 1981; Seaward,
1997; Brodo et al., 2001; Papazi et al., 2015]. This dual nature of lichen was established by Simon
Schwedner (1844) [Honegger R. Great Discoveries in bryology and lichenology - Simon

Schwendener (1829-1919)]. Studies have shown that the fungal partner may have a parasitic,

4



commensalistic, mutualistic, or saprophytic/saprobic relationship with the algal partner. Overall,
the lichen symbiosis has been the most successfully established and adaptive entente (evolutionary
divergent) on Earth so far. That is because of their ability to withstand all types of environmental
conditions ranging from the tropics to polar regions [Hawksworth, 1991] (Figure 1.2). Lichens
can be found on or within rocks, on soil, on tree trunks and shrubs, on the surface of living leaves,
on animal carapaces, and on any stationary, undisturbed artificial surface such as wood, leather,
bone, glass, metal, concrete, mortar, brick, rubber, and plastic [Brightman and Seaward, 1977,
Seaward, 2008] (Figure 1.2). Lisick (2008) reported 18 lichen species on an acrylic-coated
aluminum roof. Most lichens are terrestrial, but a few species occur in freshwater streams and

others in marine intertidal zones [Nash, 2008].

Tree Trunk
Figure 1.2: Abundance of various adaptive lichen species in diverse habitats [Brightman and Seaward, 1977; Seaward, 2008],
http://i1272.photobucket.com/albums/y387/TulaKrystal2/Moab%20Desert/LichenStevenl_zps9b3d7c9a.jpg,

https://cl.staticflickr.com/7/6004/5981642447 dcea004cl4 z.jpg,
https://www.lamtree.com/lichen-on-your-trees-good-or-bad/,
https://lagomeral.blogspot.com/2014/06/lichens-on-rock.html
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https://c1.staticflickr.com/7/6004/5981642447_dcea004c14_z.jpg
https://www.lamtree.com/lichen-on-your-trees-good-or-bad/
https://lagomera1.blogspot.com/2014/06/lichens-on-rock.html

One of the main reasons for their abundance in diverse habitats is the unique mutualism
between fungus and green algae, where both organisms separately would be rare or non-existent.
The oldest fossil of the lichen on record is 600 million years old, and it came from China [Yuan,
X. et al., 2005]. Therefore, lichens are known to be the first colonizers of terrestrial habitats
(pioneers). Approximately 13,500 to 18,500 lichen species have been described worldwide.
Nevertheless, many lichens are very sensitive to various air pollutants, mainly nitrogen because
they receive all their nutrients and water from wet and dry atmospheric deposition (fall out).
Nitrogen deposition can increase the load of nutrients. Too much nitrogen can harm and kill the
algae’s chlorophyll which is used to produce sugars that feed the fungi. Lichens are also sensitive
to other atmospheric pollutants such as sulphur and heavy metal-based compounds. Therefore,
lichens have been widely used as bioindicators [Fernandez-Salegui et al., 2007; Glavich and
Geiser, 2008; Gries, 1996; Sheppard et al., 2007 — only a few of many studies].

Although most of the general textbooks and researchers refer to lichens as a classic
example of mutualism, the potential relationship of a mycobiont and a photobiont may be complex.
A rigorous classification of many types of relationships was developed by Rambold and Triebel
(1992), where they proclaimed lichens as holo-bionts (many organisms living together), including
yeast, or secondary fungi or another algal species and sometimes bacteria as a third or a fourth
partner. Lichens are mainly classified as fungi (a dominant mycobiont), and the most significant
number of lichen fungi belong to the phylum Ascomycota. There are also a few known lichen fungi
that belong to Basidiomycota and Deuteromycota phyla. So far seventeen thousand fungal species
as mycobionts of lichens are known.

The photobionts of approximately 98% of lichens are not known at the species level

[Honegger, 2001]. Only 40 genera of algae/blue-green algae are known as photosynthetic partners



in lichen formation, of which 25 are algae, and 15 are cyanobacteria/blue-green algae [Kirk et al.,

2008].

1.3.2 Classification and anatomy of lichens

Lichens grow in many forms, and these organisms exhibit a fantastic array of colours. The
morphology of lichen thallus is mainly influenced by the type of photobiont and mycobiont
associated with it. Based on the morphology and the anatomy of lichens, they are classified into
four different categories such as (Figures 1.3 and 1.4) [Nash, T. H., 2008]; 1) Crustose, adhering
tightly to the substrate like a thick coat of the paint where a photobiont forms a separate layer from
an upper mycobiont cortical layer without any cortex underneath; 2) Foliose, a flat leafy structure
where a photobiont is in a layer below an upper cortex with a discrete cortex below, separated
from a substrate on which it grows; 4) Fruticose, tiny, leafless hair-like branches could be either
strap-shaped or shrubby, they stand out from the surface of the substrate and majority of them
possess radial symmetric thalli; 3) Squamulose, exist as numerous small rounded lobes that are
tightly clustered and slightly flattened pebble-like units. They comprise some scaly patterns or
squamules. In the Cladonia genus, the thallus is usually differentiated into fruticose thallus-

verticalis and crustose-squamulose to folios thallus-horizontalis.



C) Fructicose D) Squamulose

Figure 1.3: Classification of lichens based on its morphology and anatomy of mutualistic photobiont and a mycobiont
https://www.fs.usda.gov/wildflowers/beauty/lichens/images/biology/crustose lichens_lg.jpg

https://wwwz2.palomar.edu/users/warmstrong/pljan98f.htm,  https://pixels.com/featured/fruticose-lichen-on-tree-branch-yvonne-
johnstone.html, https://www.projectnoah.org/spottings/1576186027/fullscreen [Nash, T. H., 2008].

The anatomy of the lichens varies based on these different forms of lichens but there is a universal
anatomical lichen structure detailing different components of lichens are shown in Figure 1.4. The
function of each component is as follows, a) the upper cortex (fungal hyphae) provides some small
measure of protection, as well as provides color in some species, b) underneath upper cortex there
is a layer of algal cells or cyanobacteria in some cases that are responsible for the production of
nutrient molecules via photosynthesis and these nutrients are absorbed by fungal hyphae wrapped
around the algal cells, c) the third layer is called the medulla and the majority of the lichen thallus
is comprised of this medulla with the loosely packed fungal cells, d) the fungal hyphae from the
medulla extend further to form the lower cortex and finally the rhizines. Rhizines have no vascular
capabilities like the roots in plants. They do not move water or nutrients to the lichen; they simply

attach the lichen to its substrate.
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https://pixels.com/featured/fruticose-lichen-on-tree-branch-yvonne-johnstone.html
https://pixels.com/featured/fruticose-lichen-on-tree-branch-yvonne-johnstone.html
https://www.projectnoah.org/spottings/1576186027/fullscreen
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Figure 1.4: The anatomy of lichens consists of a compact fungal hypha (fungal partner in a symbiotic relationship) making the
upper cortex layer. Below that the algal cells wrapped in fungal hyphae make an algal layer or a photobiont layer. Then, there is a
layer of medulla in which fungal hyphae are loosely packed, below that there is a lower cortex layer consists of compact fungal
hyphae and, finally the rhizine through which the lichen attaches to the substrate. Created with BioRender.com

1.3.2 Lichen SMs

The specific existence of a symbiotic relationship between an algal and a fungal partner
and their ability to grow almost everywhere bestows lichens with unique bioactive natural
products/SMs. More than 1,050 different lichen chemical structures have been reported from
various species of lichens such as Ramalina, Usnia, Cladonia, Evernia, Alectoria, Peltigera,

Letharia, Bryoria etc. and, apo-symbiotically cultured mycobionts [Molnar and Farkas, 2010].

1.3.3 Mycobiont is a significant contributor to lichen SMs

Most of these lichen SMs are produced by the fungal partner in a symbiotic association and
are exported outside the fungal hyphae and deposited as crystals in different parts of the thallus,
often in the upper cortex or specialized structures such as fruiting bodies (Figure 1.4) [Culberson
and Armaleo 1992; Fahselt 1994; Hamada et al. 1996; Kon et al. 1997; Stocker-Worgotter and

Elix, 2002].


https://biorender.com/

Although lichen SMs are exclusive in fungal origin, the metabolic interaction between the
mycobiont and photobiont is essential to produce these secondary chemicals. Many articles show
that a mycobiont grown without a photobiont does not synthesize the same metabolites as the intact
lichen species and sometimes synthesizes an entirely different set of chemical products [Molina et
al., 2003; Fazio et al., 2009]. Some researchers have also shown that the photobiont, mainly
cyanobacteria, is responsible for synthesizing SMs [Cox et al., 2005; Yang et al., 1993]. Over
1,050 SMs have been reported for lichens, and most of these SMs are unique to lichens. Out of
these, very few have been reported in non-lichenized fungi or higher plants [Elix and Stocker-
Worgotter 2008]. One example is the anthraquinone parietin which is present in other fungi like
Aspergillus and Penicillium, as well as in the vascular plant genera Rheum, Rumex and Ventilago
[Romagni and Dayan 2002].

1.3.4 Biosynthetic pathways and biological properties associated with lichen SMs

The source of carbon in lichens is a photobiont (a cyanobacteria or algae) that produces
carbohydrates via photosynthesis (Figure 1.5). These carbohydrates (primary metabolites) are
transported to the mycobiont (the fungal partner) by the photobiont. Mycobiont converts primary
metabolites to SMs (Figure 1.5), and the mechanism of metabolism of these primary metabolites
is summarized by Mosbach in 1969. The term biosynthesis refers to the synthesis of structurally
diverse organic molecules (SMs) catalyzed by different enzymes encoded by specific genes found
in the genome of a microorganism. A pathway that leads to the biosynthesis of a SM is called a

biosynthetic pathway.
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Secondary metabolites

Lichen Algae
€0, +H,0

Depsides,
Polyketidesmmp ~ Depsidones,
Dibenzofurans,
Xanthones, Chromones

Photosynthesis

Acetyl CoA
+ Malonyl CoA

Glucose
Erythritol
Mannitol
Ribitol

Mono, di, tri and sesquiterpenes
Carotenoids
Steroids

Pulvinic acid
Pulvinic acid Derivatives

Terphenylquinones

Primary metabolic products

Figure 1.5: Pictorial representation of primary and SM biosynthesis in lichen symbionts [Mosbach, K. 1969].
Table 1.1: Enlisting three biosynthetic pathways involved in the synthesis of different categories of lichen SMs.

1. Acetate/Polymalonate pathway: Most lichen SMs are aromatic polyketides derived from
the polyketide pathway. These aromatic compounds are derived from either one or more
than one molecule of acetyl CoA or a combination of acetyl CoA and malonyl CoA units.
Therefore, this biosynthetic pathway is also known as the acetate—polymalonate
pathway. These compounds are unique to lichens and formed from linking two aromatic
units (orcinol and p-orcinol) through ester, ether, and C-C bonds. Examples are depsides,
depsidones and dibenzofurans. Xanthones, chromones and anthraquinones are some

more interesting examples of polyketides (Figure 1.6A).

2. Mevalonic acid pathway: Terpenes and steroids are biosynthesized from MEP
(methylerythritol phosphate) pathway. Most of these compounds are unique to lichens;

only some are found in higher plants (Figure 1.6B).

11



3. Shikimic acid/Shikmate pathway: This pathway provides an alternate route to aromatic
compounds and is mainly responsible for synthesizing two categories of pigmented
molecules, terphenyl quinones and pulvinic acid derivatives. The pentose phosphate
pathway leads to the formation of shikimic acid from erythritol (a sugar molecule
synthesized by algae via photosynthesis and transported to the fungal partner in lichens),
which ultimately gets converted to the aromatic amino acids such as L-phenylalanine,
L-tyrosine, and L-tryptophan. And most of the pulvinic acid derivatives are derived from

phenylalanine (Figure 1.6C).

There are other categories of lichen SMs, such as non-ribosomal peptides (NRPS), and hybrid
compounds include PKS-NRPS and meroterpenoids (a combination of polyketides and
terpenoids).

Lichen SMs have been used in folk medicines for centuries to treat a broad array of
common ailments such as blood and heart diseases, bronchitis, scabies, leprosy, asthma
inflammations, stomach disorders, and many more, all around the globe [Dayan and Romagna
2001, Shukla et al. 2010] (Figure 1.6). Advances in medical research resulted in the exploration
of various biological activities that have been demonstrated to be associated with these lichen SMs,
including anti-tumour [Bucar et al. 2004; Burlando et al. 2009; Kumar and Muller 1999a-c],
antifungal, anticancer [Bezivin et al. 2003; Bezivin et al. 2004; Mayer et al. 2005; O’Neill et al.
2010; Ren et al. 2009], antibacterial/antibiotic [Balaji et al. 2006; Burkholder et al. 1944; Paudel
et al. 2010; Turk et al. 2003], antiviral, antiprotozoal [De Carvalho et al. 2005; Schmeda-
Hirschmann et al. 2008], anti-inflammatory, analgesic, antipyretic, anti-HIV [Nakanishi et al.

1998; Neamati et al. 1997], antioxidant [Bhattarai et al. 2008; Gulluce et al. 2006; Hidalgo et al.
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1994], and anti-herbivore etc. [Muller 2001; Molnar and Farkas, 2010; Shukla et al.,

Shrestha and St. Clair, 2013] (Figure 1.6).

A) Lichen polyketides, xanthones, chromones and, anthraquinones
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Terpenes: Fukinanolide
(Anti-inflammatory)

Steroids: Ergosterol peroxide Carotenoids: Zeaxanthin
(Antitumor) (Anti-oxidant)

C) Lichen pulvinic acid derivatives and terphenylquinones

oH COOCH;
Pulvinic acid derivatives: Vulpinic acid Terphenylquinones: Polyporic acid
(UVB-Blocker, Antioxidant) (Antifungal, Antibacterial)

Figure 1.6: Examples of lichen SMs with their biological properties, A) Polyketides; B) Terpenoids and Steroids; C) Pulvinic acid
derivatives and Terphenylquinones [Balaji et al. 2006; Bezivin et al. 2003; Bezivin et al. 2004; Bhattarai et al. 2008; Burkholder et
al. 1944; Bucar et al. 2004; Burlando et al. 2009; De Carvalho et al. 2005; Gulluce et al. 2006; Hidalgo et al. 1994; Kumar and
Muller 1999a-c; Mayer et al. 2005; Molnar and Farkas, 2010; Muller 2001; Nakanishi et al. 1998; Neamati et al. 1997; O’Neill et
al. 2010; Ren et al. 2009; Paudel et al. 2010; Schmeda-Hirschmann et al. 2008; Shukla et al., 2010; Shrestha and St. Clair, 2013;
Turk et al. 2003].

1.4. Polyketides

1.4.1. History of polyketides and their origin

Polyketides are among the most studied classes of lichen natural products (LNPSs),
exhibiting an incredible structural and functional diversity range. The biosynthesis of these unique
polyketone structures is catalyzed by multifunctional mega-synthases (enzymes), also known as
polyketide synthases (PKSs). In 1893 at London University, a young scientist named James Collie

serendipitously discovered the first polyketide molecule known as orcinol from dehydroacetic acid
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[Collie, J. N. et al., 1893] (Figure 1.7). He later also suggested the formation of a triketone
intermediate during orcinol biosynthesis and proposed a mechanism of polyphenol biosynthesis.
However, most of his work was pre-emptive due to the lack of vision and knowledge of natural
products of organic chemists during the 1900s [Collie, J. N. 1907]. After many years of Collie’s
pioneering work, Arthur Birch 1950 established that the biosynthesis of patulin (a toxin produced
by a fungus Penicillium patulum) involves the formation of an aromatic polyketide intermediate
named 6-methylsalicylic acid (6-MSA) and later demonstrated the incorporation of the acetate
(radiolabeled acetate was used) to 6-MSA using Penicillium griseofulvin in 1955 [Birch, A. J. et
al., 1955]. He also showed the formation of m-cresol and acetic acid upon heating and oxidation
of 6-MSA. In 1990 Schweizer’s group successfully cloned 6-acetylsalicylic acid synthase (6-

MSAS), the first fungal PKS gene that putatively catalyzes the biosynthesis of 6-MSA [Beck, J. et

al.,1990].
A i H,O i ®) Q
2 4 x
— - OH
Q Ao
HaC” 07 “CH, H¢™\9_/~0 o e OH O
Dehydroacetic acid HH 6-Methylsalicylic acid
l -H,0 Hea:/ \?"03
OH 0 . 9
5 AU
- OH
OH
HsC OH H;C o 75% 25% 25%
Orcinol

Figure 1.7: The experiment resulted in the first polyketone structure, orcinol during the work of 6-MSA [Collie, J. N. 1907; Birch,
A.J. etal., 1955]

1.4.2. Classification of PKSs
Polyketide synthases (PKSs) are multi-domain enzymes where each domain has a specific

catalytic function [Staunton, J. and Weissman, K. J. 2001; Dewick, P. M. 2009]. The detailed study
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of PKSs and their mechanistic nature led to the categorization of PKSs into three general types
[Staunton, J. and Weissman, K. J. 2001; Dewick, P. M. 2009] (Figure 1.8): Type | PKSs are
extensive multifunctional proteins with individual catalytic functional domains and are found in
bacteria, fungi, and the lichen fungi. Type Il PKSs are composed of a complex of monofunctional
proteins that are restricted to bacteria only, and Type Il are homo-dimeric proteins that utilize
coenzyme A esters rather than ACPs to make polyketide intermediates. Type 111 PKSs employ a
single active site to perform a series of decarboxylation, condensation, cyclization, and
aromatization reactions. These are also known as chalcone-synthase like PKS and could be isolated
from plants, bacteria, and fungi. In addition to acetyl-CoA, there are examples in the literature that
show propionyl-CoA and hexanoyl-CoA as starter units and sometimes methyl malonyl-CoA as
an extender unit in polyketide pathways (usually in Type I). Type 111 PKSs use cinnamoyl-CoA as
starter units for the chain extension and result in the formation of flavonoids and stilbenes. Type |
PKSs are subdivided into iterative PKSs, iPKSs (i.e., repeating) found in fungi and lichen fungi
and non-iterative modular systems found in bacteria only. Iterative PKSs use its functional
domains repeatedly, whereas non-iterative PKSs possess a distinctive site for every enzyme-
catalyzed step to produce a polyketide chain. Iterative PKSs are further subcategorized into three
classes: non-reducing polyketide synthase (nr-PKS), partially reducing synthase (pr-PKS) and
reducing polyketide synthase (r-PKS). Non-reducing polyketide synthase catalyzes the
biosynthesis of fungal/lichen fungal linear polyketides, pr-PKS catalyzes the biosynthesis of
fungal/lichen fungal both linear and aromatic polyketides. Reducing PKS catalyzes the
biosynthesis of fungal/lichen fungal aromatic polyketides (Figure 1.8). This classification has
been done based on the domain architecture of polyketide synthase (Figure 1.9), and the function

of each domain is elaborated in Section 1.4.3. (Figure 1.10) In non-reducing and partially reducing
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PKS, the reduction step is either entirely or partially emitted because of the absence of reducing
domains (DH, ER, KR: elaborated in Section 1.4.3.) [Staunton, J. and Weissman, K. J. 2001;

Dewick, P. M. 2009] (Figure 1.10).

Polyketide Synthases (PKSs)

Types of PKSs
\
Type | Type ll Type Il
(Bacteria and Fungi) (Bacteria only)  (Bacteria and Plants, very rare in fungi)
Biosynthesis of Bacterial Biosynthesis of Flavonoids
‘ Aromatic Polyketides & Stilbenes
. 1 l Reducing Polyketide synthases (r-PKSs
Non-Iterative/Modular Iterative ] g. Y : Y : ( . )
(Found in Bacteria only) (Found in fungi/lichen fungi) (Biosynthesis of fungal/lichen Linear Polyketides)
l iPKSs Partially reducing Polyketide synthases (pr-PKSs)

Biosynthesis of Macrolides (Biosynthesis of fungal/lichen both Linear & Aromatic Polyketides)

Non-reducing Polyketide synthases (nr-PKSs)
(Biosynthesis of fungal/lichen Aromatic Polyketides)

Figure 1.8: Types of polyketide synthases (PKSs) [Staunton, J. and Weissman, K. J. 2001; Dewick, P. M. 2009].

SAT  Starter acyltransferase CLC  Claisen cyclase

KS ketosynthase KR Ketoreductase
AT Acyltransferase DH Dehydratase
PT Product template ER Enoylreductase
ACP  Acyl carrier protein TE Thioesterase

cMeT Methyltransferase

—mm sAT | ks | AT [AcP| cmeT [ KR | DH  ER Reducing PKS (r-PKS)
—mm 5T | ks | AT [AcP| cMeT [ KR | DH [ TE m)———  Partially-reducing PKS (pr-PKS)
— AT | ks | AT [ PT [ACP [ cMeT [ TE-CLC )————  Non-reducing PKS (nr-PKS)

Figure 1.9: Classification of PKS based on its domain architecture [Staunton, J. and Weissman, K. J. 2001; Dewick, P. M. 2009].

1.4.3 Function of each catalytic domain of PKSs
Like fatty acids, polyketides (both fatty acid and polyketide pathways have very high
homology) are assembled from C2 units by repeated head-to-tail linkages catalyzed by PKSs. All

the chain extension chemical steps [Staunton, J. and Weissman, K. J. 2001; Dewick, P. M. 2009]
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are shown in Figure 1.10, where a starter unit is an acyl/acetyl CoA and malonyl-CoA acts as an
extender unit that undergo concerted decarboxylation to facilitate the electrons for the new C-C
bond formation. Acetyl-CoA and malonyl-CoA do not get involved in the condensation step
directly but rather get converted into enzyme-bound thioester and the malonyl ester using an acyl
carrier protein (ACP). PKS enzyme contains an ACP binding site and an active-site cysteine
residue in the ketosynthase (KS) domain. The ACP carries a phosphopantetheine group that
provides a long flexible arm which enables a growing polyketide chain to reach the active site of
each enzyme in the complex and, therefore, allows the different chemical reactions to be performed
without releasing intermediates from the enzyme [Dewick, P. M. 2009].

Acetyl and malonyl groups are successively transferred from coenzyme A esters and
attached to the thiol groups of Cys and ACP, respectively, by the same malonyl/acetyltransferase
(MAT/AT; Figure 1.10). First, the growing polyketide chain is constructed by Claisen
condensation catalyzed by the KS domain, which leads to the formation of [-ketoester
(acetoacetyl-ACP). Next, the ketone group is reduced to alcohol by the action of the ketoreductase
domain (KR), followed by dehydration to the conjugated ester catalyzed by dehydratase (DH), and
then reduction of the double bond using the enoyl reductase (ER) domain. This 3-step reduction
process occurs after each condensation step and before the next round of chain extension. As
shown in Figure 1.10, after several rounds of chain extension of beta-ketoesters and the partially
or highly (hydroxy esters/conjugated/reduced esters), reduced forms of beta-ketoesters lead to the
formation of compounds 1 (poly beta-ketoesters) and 2. Then both these compounds undergo the
methylation step catalyzed by the cMeT domain (methyltransferase), and the TE domain
(thioesterase) is often used to terminate the chain reaction and release the final product. Ultimately

that leads to the formation of non-reducing aromatic polyketides from compound 1 and partially
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or highly reduced complex polyketides from compound 2 (Figure 1.10). Product complexity arises
from the number of cycles (chain length control), and the selective reductive processing carried
out during product assembly. Both CLC (or CYC/Claisen cyclase) and PT (Product template)
domains are responsible for the proper folding/cyclization of a polyketide chain [Tsai, S. C. et al.,
2009], and it has also been proposed that the PT domain is required for chemical stabilization of

reactive poly-p-keto intermediates [Udwary, D. W. et al., 2002]. However, these domains are

present in only NR-PKSs.
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Figure 1.10: Detailed schematic representation of the function of each catalytic domain of PKS results in the formation of aromatic
polyketides, partially or highly reduced polyketides and, fatty acids [Staunton, J. and Weissman, K. J. 2001; Dewick, P. M. 2009;
Tsai, S. C. etal., 2009; Udwary, D. W. et al., 2002].

1.4.4. Polyketides derived from either single or two and more polyketide chains

Figure 1.11 presents some interesting examples of lichen polyketides with a plethora of
biological activities ranging from antibacterial, antifungal, antitumor, photosystem 11 (PSII)
inhibitors, cytotoxic agents etc. Biosynthesis of these molecules involves the addition of a specific
number of 2-carbon units which leads to the formation of a desired linear polyketide chain. All
these molecules are of non-reducing type | iPKS or NR-PKS (solely present in lichens) that have
been classified into two sets: One set of molecules is derived from a single polyketide chain that
folds and cyclizes in a particular fashion to facilitate the final product (Figure 1.11). For example,
lichen aliphatic acids (protolichestrinic acid), monocyclic aromatic compounds (orcinol, beta-
orcinol and, and divaric acid) cyclized from 4 basic units (a tetrakide), chromones (lepraric acid)
are derived from the cyclization of 5 basic unit (pentaketides), and xanthones (lichexanthone) from
6 basic unit (hexaketide) precursors. Larger polyketide-derived compounds, such as the
anthraquinones parietin and haemoventosin, are derived from the cyclization of 8 basic units
(octaketide) (Figure 1.6 Part A and Figure 1.11) [Dayan, F. E. et al., 2001]. The other set of
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molecules are derived from two or more polyketide chains [Karunaratne, V. et al., 2005] and are

known to be the products of oxidative coupling/linking between either two or more polyketide

chains.
A) Polyketides derived from two or more polyketide chains
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Figure 1.11: Examples of polyketides with their biological properties, divided in two categories based on the length of original
polyketide chain [Dayan, F. E. et al., 2001; Karunaratne, V. et al., 2005].
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1.5. Biosynthetic gene clusters (BGCs)

Genes involved in the biosynthesis of SMs in lichen fungi are co-localized in the genome
of a micro-organism and organized as clusters of genes and known as biosynthetic gene clusters
(BGCs). Typically, BGCs are minimally composed of one or more synthase or synthetase genes
encoding backbone enzymes, which produce the core structure of the compound (Figure 1.12).
Backbone enzymes determine the class of SM produced by a BGC. BGCs may also contain other
genes such as those encoding tailoring enzymes, cluster-specific transcription factors, transporters,
and genes with hypothetical functions (Figure 1.12). Tailoring enzymes are responsible for

modifying the core compound to generate various SMs.

Transporter Encode for Gene with
gene backbone enzyme Hypothetical function

——

{ Genes encode for }

Tailoring enzymes

Figure 1.12: Pictorial representation of a biosynthetic gene cluster (BGC) with a synthase gene that encode for backbone enzyme
and the other genes such as transporter gene, gene with a hypothetical function and genes encoding tailoring enzymes [Bertrand,
R. L.etal., 2018].

1.6. Biosynthesis of Aromatic/Non-reducing Polyketides

1.6.1 Function of PKS gene (the key enzyme) in a polyketide BGC

In polyketide BGCs, polyketide synthetase/synthase genes code for backbone enzymes/key
enzymes. The most common example of a fungal non-reducing polyketide is aflatoxin biosynthesis
catalyzed by NR-PKS. There are many examples of non-reducing lichen polyketides that have
been reported in the literature, such as UA, atranorin, lecanoric acid, fumarprotocetraric acid and

grayanic acid etc [Abdel-Hameed, M. et al., 2016; Calchera, A. et al., 2019; Wang, Y. et al., 2018;
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Kim, W. et al., 2021; Chooi, Y. H. et al., 2008; Armaleo, D. et al., 2011]. During the biosynthetic
assembly of these lichen non-reducing polyketides catalyzed by NR-PKSs, the first step common
to all polyketide biosynthetic pathways, is the formation of a polyketide chain (a
tetraketide, Figure 1.13, part A) from a starter unit acetyl CoA and an extender unit, malonyl CoA
following recursive chain extension steps catalyzed by SAT, ACP, AT and KS catalytic domains
as shown in (Figure 1.10). The folding of a tetraketide chain in a particular fashion has been
facilitated by a PT domain followed by a ring closure via regiospecific 2, 7-aldol condensation
also known as O-type of cyclization [Korman, T. P. et al., 2010]. CLC (CYC) and in some cases
TE/CLC domain, are deemed to direct the C-C cyclization (P-type) via 1, 6 -Claisen condensation.
There has been a quite elaborative research work done to establish the exact role of TE and
TE/CLC domains [Korman, T. P. etal., 2010; Zhou, H. et al., 2008; Yuquan Xu et al., 2013; Chooi,
Y. H. et al., 2012; Crawford, J. M. et al., 2008, Liangcheng Du and Lili Lou, 2010]. There are
some examples where the TE/CLC domain has shown to be involved in C-C bond formation
through Dieckmann cyclization. Very few fungal iPKSs feature the TE domain catalyzing O-C
cyclization for example, RAL or DAL; resorcylic acid lactone and the dihydroxyphenylacetic acid
lactone biosynthesis [Zhou, H. et al., 2008; Wang, M. et al. 2009.] and in some cases it is coupled
to product truncation by diacylation [Vagstad, A. L. et al., 2012]. The TE domain achieves the
precise control over the mode of final product release by hydrolysis of Compound j to orsellinic
acid (OA) and enolization of Compound k towards phloroacetophenone (PA) as shown in Figure
1.13, part A. The methylation of a tetraketide chain catalyzed by the cMeT domain followed by a
similar set of folding and cyclization steps results in the formation of 3-methyl orsellinic (3-MOA,
b-orsellinic acid) and methylphloroacetophenone (MPA) (Figure 1.13, part B) from a methylated

tetraketide [Chooi, Y. H. et al., 2008; Abdel-Hameed, M. et al., 2016]. These are monocyclic
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aromatic polyketides and are key intermediates in the biosynthesis of dibenzofurans, depsides and
depsidones (UA, lecanoric acid, atranorin, fumarprotocetraric acid and grayanic acid) unique to

lichens.
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Figure 1.13: Schematic outline of two modes of cyclization of a polyketide chain (tetraketide) with the representation of the
difference in the function of PT v/s CYC/CLC domains and TE v/s TE/CLC domains. A) O-type (orsellinic acid-type) and P-type
(phloroacetophenone-type) cyclization of a tetraketide leads to the formation of orsellinic acid and phloroacetophenone B) O-type
and P-type cyclization of a tetraketide with an addition of the cMeT domain leads to the formation of 3-MOA and MPA [Abdel-
Hameed, M. et al., 2016; Chooi, Y. H. et al., 2008; Dewick, P. M. 2009].

1.6.2. Post PKS/Accessory genes (tailoring enzymes)

Conversion of 3-MOA and MPA to diverse polyketide structures such as UA and atranorin
is catalyzed by post-PKS/tailoring enzymes encoded by accessory/post-pks genes. These are
present either upstream or downstream of a polyketide synthase gene in a polyketide producing
gene cluster. Monooxygenase, cytochrome p450 (CYP), FAD oxidase/monooxygenase, O-
methyltransferase, short-chain dehydrogenase/reductase (SDR), oxidoreductase, dehydratase,
GNAT (general control non-repressible 5 (GCNb5)-related N-acetyltransferases), hydrolase, non-

heme halogenase (NHH) are some examples of post-PKS enzymes (Figure 1.14).
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Figure 1.14: Examples of post-PKS/accessory/tailoring genes [Bertrand, R. L. et al., 2018].

1.6.3. Background on cytochrome p450s

The superfamily of cytochrome p450 (CYP) enzymes was first identified in 1958 as an
absorption spectrum taken from rat liver microsomes with an unusual peak at 450 nm. Cytochrome
p450 monooxygenases, also known as CYPs, are b type heme-containing enzymes that play key
roles in nature, particularly in the evolution of organisms, including the dawn of multicellular life
[Nelson, D. R. 2013; Silverman, R. B. 2002]. By far these oxidative enzymes represent one of the
largest and most ancient gene superfamilies that encode for enzymes [Degtyarenko, K.N. et al.,
1993]. Since their identification occurred five decades ago, more than 18,500 CYPs from hundreds
of species have been discovered across all the biological kingdoms from bacteria to humans.
The “Fungal Cytochrome p450 Database” hosted in Korea lists more than 8700 fungal p450
sequences from 113 species (http://P450.riceblast.snu.ac.kr; Seoul National University:
2014/03/20), and the “SuperCYP” database contains 1170 drugs, 2785 cytochrome p450-drug
interactions, and 1200 p450 alleles (http:// bioinformatics.charite.de/supercyp; Charité-University
Medicine Berlin; 2014/03/20. The first fungal p450 sequence identified from Sacchromyces
cervisiae (yeast) is known as CYP51.

These versatile biocatalysts have been very useful to pharmaceutical industry, agriculture,
biotechnology and even cosmetics [Urlacher, VV.B. and Girhard, M. 2019]. During the biosynthetic

assembly of natural products, at many instances the pathways utilize unique oxidation reactions to
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generate diverse functions. Many reduced chemical scaffolds undergo a diverse range of redox
reactions and ultimately generate highly complex bioactive molecules. These oxidative enzymes
that catalyze redox reactions are categorized as monooxygenases and dioxygenases. The former
category includes cytochrome p450s and FAD dependent monooxygenases and the latter includes

non-heme iron alpha-ketoglutarate-dependent oxygenases [Silverman, R. B. 2002].

1.6.3a. Prosthetic group of Cytochrome p450

The active site of a cytochrome p450 contains a heme-iron center specifically heme ‘b’
(Figure 1.15). Heme b is the most abundant heme, also present in hemoglobin and myoglobin.
Heme consists of a complex organic ring structure called protoporphyrin, where a single iron
atom/Fe(I11) is bound to the four nitrogen atoms of the tetrapyrrole ring system forming a planar
active site. The heme is also chelated to the cysteine residue (fifth ligand) and connected to the
heme iron through a sulphur atom of the thiol axially within the p450 active site [Silverman, R. B.
2002] (Figure 1.15). Therefore, cytochrome p450 enzymes are classified as heme thiolate proteins
[NC-1UB, Nomenclature Committee of the International Union of Biochemistry [NC-1UB, 1991].
The nomenclature of these well-known heme-thiolate pigments is not based on their function
(which is usual for enzymes) but their spectral properties which displays an adsorption band at 450
nm by their reduced carbon monoxide bound form [Omura, T. et al., 1964]. This unusual spectral
feature is induced due to a cysteine thiolate group [Ichikawa, Y. et al., 1967] and a water ligand

which is also bound to heme-iron in the resting state of p450.
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Cytochrome P450

COCH COOH

Figure 1.15: Prosthetic of cysteinato-heme enzymes: an iron-(111) protoporphyrin-IX linked with a proximal cysteine ligand and
an axial water ligand [Silverman, R. B. 2002].

1.6.3b. Hydroxylation reaction catalyzed by CYPs

Heme enables the activation of molecular oxygen and is responsible for the oxidation of
nonactivated C—H bonds. The most common reaction that CYPs are known to catalyze (Scheme
1.1, Figure 1.16; part A) is the transfer of molecular oxygen to X-H bonds (X: -C, -N, -S) of a
substrate with the reduction of the other oxygen atom to water [Ruckpaul, K., Rein, H. and, Blanck,

J. 1989; Mansuy, D. 1998].

Most catalyzed reaction

CYP
NADPH +RH +H*+0, —— ROH + H,0 + NADP*

Scheme 1.1: Hydroxylation reaction catalyzed by cytochrome p450 monooxygenase by activating the molecular oxygen and
inactivated C-H bond [Silverman, R. B. 2002].

In catalysis, a direct reaction of a molecular oxygen (O2) which is in triplet state with a
carbon molecule in a singlet state is spin-forbidden [Bugg, T.D. 2003; Guengerich, F. P. and
Yoshimoto, F. K. 2018; Hernandez, A. et al. 2015]. Cytochrome p450 metalloproteins overcome
this barrier by complexing the oxygen to a metal (iron), so that the metal-oxygen complex can

react with carbon substrates, as well as some heteroatoms. The first industrial list of bio-
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transformations in 1950s undertaken by filamentous fungi in the production of corticosteroids by
using their cytochrome p450 enzymes includes hydroxylation reactions at carbon 11 of the steroid
skeleton. These are a class of oxidation reactions that are difficult to achieve via chemical

synthesis.

1.6.3c. Catalytic cycle of CYPs

The catalytic cycle of p450, is shown in Part A of Figure 1.16. The first step in the
catalytic cycle of p450 is the binding of substrate molecule (RH) that replaces the water ligand,
and the low spin ferric heme state gets converted to high-spin state. The sequential input of two
electrons is required to complete the catalytic cycle of p450 enzymes and these two electrons are
derived from the cellular cofactors such as NADH (nicotinamide adenine dinucleotide) or
NAD(P)H (nicotinamide adenine dinucleotide phosphate). These electrons, required to reduce the
active site to restart the catalytic cycle, are transported to CYPs by their redox protein partners
known as flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). The next step in
the catalytic cycle is the reduction of enzyme-substrate complex that results in the increase in redox
potential of heme prosthetic from ferric (+3) to the ferrous (+2) state by the associated reductases
(FAD and FMN). The following step is the binding of molecular oxygen to the iron center where
electrons are transferred from heme-iron to the oxygen which gives a low spin heme peroxy radical
also known as ferric superoxide complex. The second electron transfer generates a low spin heme
peroxy anion or iron-peroxo (Compound 0), which is then protonated to give a low spin heme-
hydroxyperoxide/iron-hydroperoxy (Figure 1.16, part A). A subsequent protonation promotes
heterolytic cleavage of the O—O bond with the release of water molecule to form Fe (\)-oxo radical
(Compound I). There are other possible high valent resonance forms of Compound I such as Fe,

Fe (V)-oxo species and Fe (IV)-oxoporphyrin r-radical cation. Most of the reactions have been
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shown to be catalyzed by =-radical cationic form of Compound | (the catalytic intermediate of
CYP) via hydrogen abstraction from a substrate R—H bond (formally a proton-coupled 1-electron
oxidation of the substrate) yielding compound 1l and a substrate radical. Following a hydroxyl
radical rebound from the heme to the substrate to release a hydroxylated product which is both
thermodynamically and kinetically favored (Figure 1.16, part B). The enzyme returns to the
default ferric resting state restarting the catalytic cycle (Figure 1.16, part A) [Mclintosh, J. A. et

al., 2014; Silverman, R. B. 2002].

Low spin heme
peroxy radical

Low spin heme
peroxy anion

Ferric heme
high spin state

A) Ferric heme planar
low spin state
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:(‘); N N /N o, T |
R-H C L ,
A== WA AV Ve
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S L
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Figure 1.16: part A) Catalytic cycle of a cytochrome p450, part B) Hydroxylation reaction catalyzed by ‘Compound I’, one of the
intermediates in the catalytic cycle of CYP [Silverman, R. B. 2002].
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1.6.3d. Reactions catalyzed by CYPs other than hydroxylation

One of the distinguishing features of cytochrome p450 enzymes are the capabilities for
regio- and stereo-specific oxidation of substrates, which makes these enzymes essential in the
primary and secondary metabolism of organisms. The reactions catalyzed by p450 are more
diverse than simply hydroxylation reactions. Some examples of the other types of reactions
catalyzed by p450 enzymes are 1) alkene, arene epoxidation, 2) dealkylation of amines, sulphides,
and ethers, 3) oxygenation of amines and sulfides, 4) oxidative deamination that leads to the
conversion of primary amines to aldehydes, ketones and NHs, 5) oxidative dehalogenation-
conversion of halides to aldehydes, ketones and HX, and 6) dehydrogenation, conversion of
alcohols to aldehydes and aldehydes to acids [Guengerich, F. P. 2018; Guengerich, F. P. 2001; de
Montellano, O. 2015; Isin, E. M. & Guengerich, F. P. 2007]. Most of these oxidations can be
rationalized by mechanisms involving Compound I (Figure 1.16, part A). Compounds 0 (heme
hydroperoxide) and other intermediates in the catalytic cycle of p450 (Figure 1.16, part A) have
also been reported to catalyze some of the p450 transformations. For example, the iron-peroxo (or
hydroperoxide) intermediate can mediate epoxidation and sulfoxidation under some
circumstances; in others this species also carries out C—C bond cleavage [De Voss, J. J. et al.,
2006; Jin, S. et al., 2003]. Compound I act as an electrophile contrary to Compound 0 and the
other intermediates, which are nucleophilic in nature.

Though many potential oxidants occur during the cycle of P-450s, but often these enzymes
are quite specific in the reactions that they catalyze. Specificity is directed by protein sequences
molded by the force and filter of natural selection to favour certain intermediates while tuning their

reactivity and selectivity.
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1.6.3e. C-C & C-O coupling reactions catalyzed by CYPs

Organic molecules known as biaryls with direct carbon-carbon bonds between aromatic
rings, are notoriously difficult to chemically synthesize in the laboratory. However, CYPs have
been known to catalyze these biaryl formations efficiently. There are many examples that have
been reported of p450 catalyzing phenolic coupling reactions such as lignin, melanin, teicoplanin,
vancomycin, flaviolin dimers and trimers, bicoumarin P-kotanin [Stadler, R., and Zenk, M. H.
1993]. The mechanism by which Compound | can mediate oxidation reactions in these cases is
through sequential one-electron oxidations which is distinct from the above-mentioned hydrogen

atom abstraction [Guengerich, F. P. 2018].
1.6.4. Function of Post PKS/Accessory genes (tailoring enzymes) in a polyketide BGC

Investigation of fungal and a few lichen-fungal gene clusters reveals the function of many
post-PKS/tailoring enzymes. UA BGC consists of two genes: a PKS gene and a post-PKS gene
encoding a cytochrome p450 enzyme. Examples of lichen gene clusters involved in the
biosynthesis of non-reducing polyketides such as UA, grayanic acid and atranorin are found in
three different species of lichens named C. uncialis, C. grayi, and C. rangiferina where post-PKS

genes are either upstream or downstream of a PKS gene (Figure 1.17).

PKS gene Post-PKS gene

—m sAT | ks | AT | PT |ACP | cMeT | TE-CLC »—m Usnic acid gene cluster

(Cladonia uncialis)

PKS gene Post-PKS genes
—m sat | ks | AT | pT [Ace [Ace| TE P450 3 OMT Grayanic acid gene cluster
(Cladonia grayi)
oMT X MFs B pgsp SAT | ks | AT | PT [AcP | cmet | TE Mp— Atranorin gene cluster
' (Cladonia rangiferina)
Post-PKS genes PKS gene 1Kb
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Figure 1.17: Post-PKS genes encode for different post-PKS enzymes such as cytochrome p-450 (P-450), O-methyltransferase
(OMT). in three gene clusters responsible for grayanic acid, UA and, atranorin biosynthesis. MFS is a major facilitator
superfamily (a general substrate transporter) [Bertrand, R. L. et al., 2018].

The function of CYP (a post-PKS enzyme) in UA (dibenzofuran) biosynthesis is the
catalysis of iC-C coupling (a post-PKS reaction) of two molecules of MPA (Scheme 1.2) [Abdel-
Hameed, M. et al., 2016]. In grayanic acid biosynthesis, cytochrome p450 catalyzes the C-O
coupling between two aromatics to convert a depside (4-O-demethyl sphaerosporin) to a depsidone
(4-O-demethyl grayanic acid) and O-methyltransferase (OMT) catalyzes the O-methylation of
hydroxyl functional group of 4-O-demethyl grayanic acid leads to the formation of grayanic acid
(Scheme 1.3) [Armaleo, D. et al., 2011; Bertrand, R. L. et al., 2018]. Post-PKS reactions in
atranorin biosynthesis involves, 1) Oxidation of methyl group to hydroxy and subsequently to an
aldehyde functional group on phenolic ring structure is catalyzed by p450 tailoring enzyme and,
2) O-methylation of hydroxyl and ester functional groups are catalyzed by OMT tailoring enzyme

[Kealey, J. T. etal., 2021] (Scheme 1.4).

)
OH 0 CHy
OH O c

ytochrome p450 HO

HsC R LTTN 1 HCH (CYP) HyC H3CQ OH

3

_—

HO OH Ho OH HO o

07 “CH, e Yo

C-C Ring coupling of two molecules of

MPA (Methylphioroacetophenone) Usnic Acid (UA)

Scheme 1.2: Oxidative coupling of two MPA molecules to UA catalyzed by a CYP [Abdel-Hameed, M. et al., 2016].
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HO
4-O-demethyl sphaerophorin 4-O-demethyl grayanic acid Grayanic acid

Scheme 1.3: Post-PKS C-O coupling catalyzed by cytochrome p450 (CYP) and methylation of -OH catalyzed by O-
methyltransferase (OMT) in grayanic acid biosynthesis [Armaleo, D. et al., 2011; Bertrand, R. L. et al., 2018].
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Scheme 1.4: Post-PKS reactions catalyzed by OMT and CYP in atranorin biosynthesis [Kealey, J. T. et al., 2021].
1.7. Proposed mechanisms of cytochrome p450
In this study we propose the two different catalytic mechanisms: radical and cationic, of

cytochrome p450 mediated oxidation reactions during the biosynthesis of UA and grayanic acid.

1.7.1. Proposed radical-2 coupling mechanism catalyzed by MPAO in UA biosynthesis

The identification of the UA gene cluster will be discussed in detail in Chapter 3 based on
genome sequencing work of C. uncialis [Abdel-Hameed, M. et al., 2016]. The oxidation reaction
in UA biosynthesis is catalyzed by a cytochrome p450 (CYP) enzyme, also named as
methylphloroacetophenone oxidase (MPAQ) encoded by an accessory gene in UA gene cluster.
MPAO catalyzes the oxidative dimerization of two molecules of MPA to UA (Scheme 1.2). Here,
we propose the two different catalytic mechanisms for the oxidative enzyme (MPAOQ) that are

plausible and consistent with the known chemistry of CYPs.
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The first mechanistic step in the coupling of two radical forms of MPA to UA is the conventional
hydrogen abstraction by the Fe'V-oxoporphyrin n-radical cation intermediate (Compound 1) of
CYP catalytic cycle. The initial proton abstraction has been presumed to occur at the phenolic -
OH that in turn leads to the formation of an MPA radical with the electron density concentrated
on the oxygen atom. The Fe'V-oxoporphyrin n-radical cation gets converted to Fe (1V)-hydroxo
species (Scheme 1.5). It is expected that the MPA radical has the most significant resonance
contributor as a tertiary radical (most stable radical) with the electron density highest on the carbon
adjacent to the methyl group (A). The hydrogen abstraction from the second molecule of MPA by
Fe (IV)-hydroxo species leads to formation electron density localized at O-atom which again gives

the resonance stabilized MPA radical (B) (Scheme 1.5).

Further, we propose a radical coupling of two resonance-stabilized radicals; A and B
followed by the Michael addition and condensation steps that could lead to the most widely
occurring form of the UA molecule (Scheme 1.6). A similar CYP mechanism has been proposed
in case of the synthesis of flaviolin dimers, extracted from a bacterial species Streptomyces

coelicolor A3(2) [Zhao, B. et al., 2005].
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Scheme 1.5: Cytochrome p450 (MPAO) in UA biosynthesis catalyzes the two consecutive H-abstractions of from two MPA

substrate molecules to two resonance-stabilized MPA radicals; A & B.
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Scheme 1.6: Radical-radical C-C oxidative coupling of two MPA radicals to UA.
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1.7.2. Cationic mechanism of MPAO

The cationic mechanism that has been proposed in case of MPA oxidation catalyzed by
MPAO is also via cationic intermediate, where the nucleophilic attack on FeV-oxo (one of the
intermediates in the catalytic cycle of CYP) from C3-C4 double bond of benzene ring of first MPA
molecule makes a FeO-C-3 complex (Scheme 1.7). This covalent intermediate then further
undergoes the rearrangement to achieve the localization of positive charge at C-6 that is the most
stable tertiary carbocation followed by the scission of Fe-O bond. This results in the oxidation of
the benzene ring along with the dissociation of cationic MPA intermediate from the enzyme
(Scheme 1.7) and a concerted removal of water molecules takes place. Rather than attack of the
iron-heme center of the p450 on the second molecule of MPA, there is a nucleophilic attack of this
second molecule of MPA on the cationic MPA. These steps then lead directly to the formation of
a C-C bond (Scheme 1.7). The next two steps are the formation of a furan ring via Michael addition
and the release of a water molecule giving the final product (UA) are identical to the earlier
proposed radical mechanism (Scheme 1.7). Yet there is no experimental evidence to support these
proposed mechanisms. However, we have some very preliminary data of DFT calculations, and
this work has been in collaboration with Dr. Rebecca Davis that offers some support for the radical
mechanism proposed in Scheme 1.5 (not reported in this study). Specifically, the calculations
suggest that the second oxidation potential to the cation proposed in Scheme 1.7 is too high to be
achievable by CYP enzyme. However, this work is still in progress and will require further

computational or experimental results to confirm this hypothesis.
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Scheme 1.7: Proposed cationic mechanism ‘2’ of cytochrome p450 that catalyzes the oxidative conversion of two molecules of

MPA to UA.

1.7.3. Grayanic acid gene cluster and its biosynthetic scheme

The lichen natural product grayanic acid has been putatively linked to a gene cluster found

in C. uncialis genome which consisted of a core non reducing polyketide synthase Cu-nr-pks-7

and was flanked by a series of accessory genes [Bertrand, R. L. et al., 2018]. Based on homology
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mapping and AntiSMASH results, this C. uncialis gene cluster is found to be a possible functional
homologue [Bertrand, R. L. et al., 2018] of grayanic acid cluster found in the genome of C. grayi
[Armaleo, D. 2011]. The gene cluster from C. uncialis has three genes: one encodes for a PKS
enzyme that has been proposed to catalyze the synthesis of orsellinic acid from acetyl CoA and
malonyl CoA and the synthesis of 1,5-dihydroxyl-3-heptyl benzoic acid from octanoyl CoA and
malonyl CoA (Scheme 1.8). The functions of two accessory genes encode for cytochrome p450

and O-methyltransferase (OMT) enzymes have already been discussed in Section 1.6.4 (Scheme

1.3).
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Scheme 1.8: Grayanic acid biosynthesis [Armaleo, D. 2011; Bertrand, R. L. et al., 2018].
1.7.4. Proposed radical-2 C-O coupling mechanism catalyzed by CYP

The first p450 catalytic mechanism in grayanic acid biosynthesis is rationalized with
‘Compound I’ (Scheme 1.9), which is an Fe'V-oxoporphyrin n-radical cation. The initial
oxidation of 4-O-demethyl sphaerophorin is postulated to occur from hydrogen atom abstraction
from the (phenolic) OH (Scheme 1.9). This oxidation leads to the formation of a radical
intermediate of 4-O-demethyl sphaerophorin and further rearrangement of this radical is proposed

to localize the electron density at C-4 atom of 4-O-demethyl sphaerophorin (Scheme 1.9). When
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the substrate is still in the active pocket of the p450 enzyme, the second H-abstraction can be
proposed to proceed via a Fe'V-hydroxo species that in turn results in the formation a biradical
species (Scheme 1.9). This biradical species undergoes an intramolecular radical C-O coupling
followed by a release of water molecule and the re-aromatization of this ring drives the formation
of 4-O-demethyl grayanic acid (Scheme 1.9). The final step has been proposed to be catalyzed by
OMT (O-methyltransferase) to convert 4-O-demethyl grayanic acid to grayanic acid (Scheme 1.9)
[Armaleo, D. et al., 2011].

There is a second plausible radical C-O coupling mechanism (Scheme 1.10) which follows
steps nearly identical to those in Scheme 1.9. The second mechanism differs only in the
conformation of an active pocket of CYP enzyme that could impact the angle at which the
hydrogen atom abstraction occurs. This speculation is just theoretical, there is no experimental
data to back this theory. This theory is being postulated based on the previously reported crystal
structures of cytochrome p450s that catalyze C-O and C-C radical-2 couplings [Zhao B. et al.,
2005; Guengerich, F. P. et al., 2016].

The third proposed radical-radical C-O coupling mechanism (Scheme 1.11) involves the
formation of an arene oxide, which is a well-established precedent for cytochrome p450 enzymes
[Guengerich, F. P. 2001]. In this study, we propose that the Compound | make a complex with a
substrate molecule via one-electron oxidation followed by arene oxide/epoxide formation. Rather
than a usual rearrangement of the arene oxide to an aromatic system, a nucleophilic attack by the
-OH of the second phenol ring of the substrate results in the formation of ether linkage between
two phenol rings. A subsequent elimination of water would lead to the formation of 4-O-demethyl

grayanic acid (Scheme 1.11). The last step is catalyzed by OMT that converts 4-O-demethyl
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grayanic acid (a depside) to the desired product grayanic acid (a depsidone) identical with the other

proposed biosynthetic schemes [Armaleo, D. et al., 2011].

Scheme 1.9: First proposed radical-2 C-O coupling in grayanic acid biosynthesis.
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Scheme 1.10: Second proposed radical-2 C-O coupling in grayanic acid biosynthesis.




Scheme 1.11: Third proposed radical-2 C-O coupling in grayanic acid biosynthesis that involves an epoxide formation.

1.8. Biosynthesis of Reducing Polyketides

Very few examples of reduced polyketides (r-PKS) have been published so far that are
found in lichens. Out of those very few examples, the two research articles that have been
published our research group in 2018 demonstrate 16 fully annotated putative reducing polyketide
synthase gene clusters based on the genomic studies of the lichen species C. uncialis. Where we
proposed [Bertrand, R. L. et al. 2018, 723-731 and 732-748]. Some of these have been linked to
the biosynthesis of already known polyketide molecules, for example patulin (mycotoxin) and
betaenone. There is one more article published where the author reported the identification of 6-
MSAS like PKS in a lichen species [Schmitt, I. et al., 2008]. The Chapter 6 of this study, embarks
upon more work on proposed biosynthetic schemes of reduced polyketides catalyzed by r-PKSs

gene clusters found in C. uncialis. There are some popular model examples of fungal r-PKS gene
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clusters that are involved in the biosynthesis of reduced fungal polyketides such as lovastatin
(cholesterol-lowering drug), compactin, equisetin, solanapyrones A-D, alternapyrone etc

[Kasahara, K. et al., 2010; Fujii 1. et al., 2005].

1.8.1. Highly reducing v/s partially reducing PKSs

As mentioned earlier in Section 1.4.3, the unique feature of r-PKSs (reducing polyketide
synthases) is the presence of KR-DH domains, where a keto-reductase (KR) domain reduces the
beta-keto group to hydroxyl, succeeding dehydration of the hydroxyl group to an alkene catalyzed
by a dehydratase (DH) (Figure 1.10). On some occasions, the participation of the ER domain
(reducing catalytic domain) has also been shown to be involved in the reduction of alkene which
has been generated by the DH catalytic step (Figure 1.10). LovB (lovastatin nonaketide) is an
example of highly reducing PKS (HR-PKS/R-PKS), where all three reductive domains (KR, DH,
and, ER) are present [Chantel D. Campbell and John C. Vederas, 2010; Ma S. M. et al., 2009]. 6-
methyl salicylic acid synthase (6-MSAS) is a partially reducing PKS (PR-PKS) where only KR-
DH domains are involved in the biosynthesis of 6-methyl salicylic acid (6-MSA) and the ER

domain is absent [Peul, O. et al., 2010] (Figure 1.19).

1.8.2. Biosynthesis of first polyketide, 6-MSA

6-MSA was the first polyketide to be biosynthetically investigated [Birch, A. J. etal., 1955;
Lynen, F. et al, 1961] and isolated from wvarious species of fungi belonging
to Penicillium, Aspergillus etc. 6-MSA is a catalytic intermediate in patulin biosynthesis and it is
assembled by the programmed chain extension cycles of 6-MSAS from acetyl CoA and malonyl
CoA (Figure 1.18). A few more additional post-PKS reaction steps ultimately convert 6-MSA to
patulin (Scheme 1.12) [Tannous, J. et al., 2014]. Patulin biosynthetic gene clusters found in

different species of Aspergillus fungus that have been reported to have a total of 15 genes out of

45



which one is the PKS gene (6-MSAS), few are regulatory genes, and others are the post-PKS
genes. The function of many these post-PKS genes is unknown except '4' genes are with the known
function, 6-MSA decarboxylase (PatG), Isoepoxydon dehydrogenase (PatN), m-cresol
hydroxylase (PatH) and m-hydroxybenzyl alcohol hydroxylase (Patl) (Figure 1.18) [Peul, O. et
al., 2010]. Two separate pathways have been reported that lead to the formation of 6-MSA, 1)
pathway A, which involves a 3-hydroxytriketide intermediate tethered to an acyl carrier protein
that undergoes dehydration and isomerization and, 2) pathway B involves the conversion of 3-
hydroxytriketide to 5-hydroxytetraketide which further cyclizes, dehydrates, and aromatizes prior
to the TH (thioester hydrolase)-mediated product release (hydrolysis) (Figure 1.19). TH domain
has been recently renamed as THID; thioester hydrolase with interdomain linker [Parascandolo, J.
S. etal., 2016] which is a DH domain with an adjacent region of interdomain (ID) linker (Figure
1.19). These two different pathways exist because of the presence of the THID domain of 6-MSAS
found in Aspergillus terreus in place of the DH domain of Aspergillus clavatus 6-MSAS (Figure

1.19) [Moriguchi, T. et al.,2010, Parascandolo, J. S. et al., 2016].
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PatA PatB PatC PpatD PGIE _PatF--PGt&  PatH  patl PatD: Alcohol dehydrogenase  PatM: ABC transporter
""" PatE: Unknown function PatN: Isoepoxydon
<:| ‘ <;| <:| ® E:> PatF: Unknown function dehydrogenase
PatG: 6-MSA decarboxylase PatO: Isoamyl alcohol oxidase
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Figure 1.18: Patulin biosynthetic gene cluster with 15 different genes named PatA-O. Aspergillus clavatus 6-methylsalicylic acid
synthase (6-MSAS)/PKS/PatK domain architecture: ketosynthase (KR) domain, acyltransferase (AT) domain, dehydratase (DH)

domain, ketoreductase (KR) domain and acyl carrier protein (ACP) and domain architecture of 6-MSAS found in A. terreus with
THID domain in place of DH domain [Bertrand, R. L. et al. 2018, 723-731 and 732-748].

46



2 x CoA-SH CO,
AT AP —% AT AcP . @ AT AcP
\ Claisen \ \
SH SH S S condensation SH S
CoA CHs
0] (0]
O:< OH
Malonyl CoA
onyto Malonyl transfer
Acetyl CoA OH
KR condensation
@ o . @i T @ o
\ \ i \ N
SH S NADH - \s S c A SH
o Reduction o (0] °
3-Hydroxy- o (0]
triketide (0]
0]
O o)
_Hzol DH Pathway A
Dehydration, Isomerization
condensation
@ AT AP ——> AT AP — > @ AT AcP
Malonyl / /

transfer

N Sz o

o

o]

o]
(o] OH >
H,0 (Hydrolysis) ‘%)/q‘;\\o(\
6-Methyl AT AcCP &
salicylic acid HO - : y e o
Malonyl -
transfer (6-MSA) THID’ SH S
0]
)\
NS OH
/ 00
AT AP — > @ AT ) AcP | To?
/ / /
5 HS HS g g
>_2:O CoA 0
S 5-Hydroxy
0 OH 0 tetraketide 0
o OH
OH Pathway B o

47




Figure 1.19: Biosynthesis of 6-methylsalicylic acid (6-MSA) catalyzed by 6-methylsalicyclic acid synthase (6-MSAS). Two
different catalytic pathways: Pathways A and B with two different intermediates, 3-hydroxytriketide in former and 5-
hydroxtetraketide in the latter. Enzymatic activity of two different domains; dehydratase (DH) in pathway A and thioester hydrolase
interdomain linker (THID) in pathway B, ultimately leads to the formation of 6-methylsalicylic acid [Moriguchi, T. et al.,2010,
Parascandolo, J. S. et al., 2016].

Post-PKS reactions in patulin biosynthesis are catalyzed by post-PKS enzymes named as
PatG, PatH, Patl and PatN that catalyze the modification of 6-MSA (Scheme 12). PatG is a
decarboxylase that catalyzes the decarboxylation of 6-MSA leads to the formation of m-cresol.
PatH and Patl are the two cytochrome p450s, PatH catalyzes the hydroxylation of a methyl group
on m-cresol leading to the formation of m-hydroxy benzyl alcohol. Whereas Patl catalyzes the
hydroxylation of the benzene ring in m-cresol to toluquinol and of m-hydroxy benzyl alcohol to
gentisyl alcohol. Patl has also been known to catalyze the epoxidation of m-hydroxy benzyl
alcohol to isoepoxydon. PatN, named isoepoxydon dehydrogenase catalyzes the conversion of
isoepoxydon to phyllostine. The remaining genes with the unknown function in this gene cluster

are predicted to catalyze the further steps in the biosynthesis final molecule, patulin.
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Scheme 1.12: Post-PKS reactions catalyzed PatG; 6-MSA decarboxylase, PatH; m-cresol hydroxylase, Patl; m-hydroxy benzyl
alcohol hydroxylase, PatN; Isoepoxydon dehydrogenase, in patulin biosynthesis [Moriguchi, T. et al.,2010, Parascandolo, J. S. et
al., 2016].
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1.9. Terpenes

Terpenoids constitute a large group of natural products [Christianson, D. W., 2008; Quin,
M. B. et al., 2014]. This structurally diverse class of terpenes is derived from the simple five-
carbon precursor (C5 isoprene units) molecules dimethylallyl diphosphate (DMAPP) and
isopentenyl diphosphate (IPP) (Figure 1.20). In lichen fungi, these two isomers are produced from
acetyl-CoA via mevalonate pathway (Figure 1.5, Table 1.1, and Figure 1.20) [Miziorko, H. M.,
2011]. Condensation of IPP and DMAPP monomers results in linear prenyl diphosphate chains of
varying length such as C10 geranyl pyrophosphate (GPP), C15 (2E,6E)-farnesyl pyrophosphate
((2E,6E)-FPP, or FPP), and C20 geranylgeranyl pyrophosphate (GGPP). These linear prenyl
diphosphate chains undergo a dephosphorylation and cyclization cascade to produce terpenes.
These highly complex reactions are catalyzed by enzymes known as terpene synthases
[Christianson, D. W., 2006]. Depending on the length of the precursor molecule, fungal terpene
synthases are known to produce monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20),
triterpenes and steroids (C30) (Figure 1.20). Further tailoring enzymes such as cytochrome p450s,
different group transferases and oxidoreductases modify the initial terpene scaffold and produce
the final terpenoid SM.

The combination of two isoprene units, IPP and DMAPP in a head-to-tail fashion leads to
the formation of geranyl pyrophosphate (GPP) and GPP further undergoes some catalytic
modifications to produce a monoterpene, limonene (Figure 1.20). Limonene shows antimicrobial
and antifungal activities and is extracted by hydro-distillation from Evernia prunastri [Kahriman,
N. et al., 2011]. GPP reacts with the first isoprene unit to give farnesyl PP (3-isoprene units) and
all the sesquiterpenes are derived from FPP. Graphilane has been recently isolated from a lichen

fungal species and found to be cytotoxic against K592 cancer cell lines upon evaluation. This
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lichen mycobiont is isolated from native lichen Graphis sp. in Vietnam and cultivated in test tubes
[Vo, V. G. et al., 2022]. Farnesyl PP reacts with the second isoprene to give geranylgeranyl PP
(GGPP, 4-isoprene units). GGPP ultimately gets converted to phytol, one of the best-known
diterpenes (Figure 1.20) that shows antimycobacterial activity against Mycobacterium
tuberculosis [Rajab, M. S. et al., 1998]. Triterpenes are derived from squalene, six isoprene units
containing a compound where one molecule of farnesyl pyrophosphate added to another molecule
of FPP leads to the formation of C30 — Squalene. Squalene further oxidizes to 2,3-oxidosqualene/
squalene oxide and this squalene oxide cyclizes to a lichen triterpenoid, zeorin [Shukla, V. et al.,
2010] and a lichen steroid, lichesterol (Figure 1.20) [Goga, M. et al., 2018]. Triterpenes and sterols
are the cyclized products of squalene. Zeorin, isolated from lichen Lecanora frustulosa exhibits
antibacterial and antifungal activities [Kosani¢, M. et al.,, 2015]. Previous studies have
demonstrated that sterols may play a role in the membrane permeability in the lichen thallus and
lichesterol has been isolated and characterized in many lichen species such as Usnea
longissima, and Lobaria pulmonaria, Lobaria scrobiculate and Ramalina Africana [Shukla, V. et

al., 2004].

1.10. Genome sequencing, BGCs and mining of novel SMs

The discovery of novel natural products or SMs has ramped up with the advent of whole
genome sequencing technology. The declining cost and expanding availability of this technology
over the years have increased the input of information on biosynthetic gene clusters [Goodwin et
al., 2016]. Examples include large-scale microbial genome sequencing using Illumina and low-
throughput short read Sanger sequencing. In addition to genome sequencing, the development and

improvement of programs designed to detect genes associated with secondary metabolism, such
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as, AntiSMASH [Blin et al., 2017], SMURF [Khaldi et al., 2010], and PRISM [Skinnider et al.,

2017] have also revolutionized the quantum of the secondary metabolome.
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Figure 1.20: Classification of lichen terpenoids [Kahriman, N. et al., 2011; Goga, M. et al., 2018].
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Although genome sequencing projects in bacteria, plants, and fungi have resulted in the
discovery of a plethora of biosynthetic gene clusters encoded within organisms, this number vastly
exceeds the number of SMs known to be produced by these organisms [Schorn et al., 2016; Huang
et al., 2017; Nielsen et al., 2017]. Most gene clusters are ‘cryptic’ meaning they cannot be
associated with any SM or are speculated to encode undiscovered SMs. Investigating these
‘cryptic’ clusters using biotechnological and bioinformatic tools is a process known as ‘genome
mining’. This process has led to the identification of new natural products [Cacho et al., 2015;
Ziemert et al., 2016].

There are several means of investigating the biosynthetic function of gene clusters. In the
case of ‘cryptic’ gene clusters, one method is to activate their expression and look for any
metabolic changes. If silence is due to a regulatory ‘switch’ that is only ‘turned on’ given a specific
stimulus (e.g., UV radiation, co-culturing with other organisms, etc.), applying that stimulus could
result in gene expression and metabolite biosynthesis [Pettit, 2009; Bode et al., 2002; Tanaka et
al. 2010]. Alternatively, the regulatory ‘switches’ can be engineered within the organism to either
induce or increase the rate of gene expression [Aigle and Corre, 2012; Suroto et al., 2017; Saha et
al., 2017]. This strategy is becoming increasingly widespread due to the advent of CRISPR Cas9
gene-editing technology [Zhang et al., 2017]. In cases where the metabolite is known but the
associated gene cluster is speculative, the second method of investigation is to knock out candidate
genes and observe whether the studied metabolite is no longer being produced. This technique is
particularly useful for dissecting the function of encoded enzymes and how they individually
contribute to the formation of a complete biosynthetic pathway [Alhawatema et al., 2017; Fuller
et al., 2015]. The third method of investigation is to insert biosynthetic genes into a host and

observe de novo metabolite biosynthesis within the host, a process known as a heterologous
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expression [Zhang et al., 2015; Alberti et al., 2017]. A variety of expression hosts have been
developed specifically for the functional heterologous expression of biosynthetic gene clusters
from prokaryotes and eukaryotes alike [Anyaogu and Mortensen, 2015; Yaegashi et al., 2014;
Billingsley et al., 2016; Li and Neubauer, 2014; Loeschcke and Thies, 2015; Gomez-Escribano
and Bibb, 2014; Baltz, 2010; lkram et al., 2015].

The motivation to find and functionally characterize biosynthetic gene clusters rests in the
biotechnological applications arising from their cloning and heterologous expression. One
common barrier to the commercialization of natural products concerns their mass production. The
most obvious way to produce a biogenic compound is to cultivate the producing organism at a
commercial scale, then extract the compound from it. However, this approach is often untenable
because cultivation is difficult, and expensive, and the native organism produces the compound in
minuscule quantities. Although one may initially suggest that this problem could be overcome
through chemical syntheses, such as task is greatly complicated by the numerous stereocenters
and, functional groups that are often present on complex SMs. For instance, the major barrier to
the commercialization of Taxol, an FDA-approved anti-cancer drug produced by Pacific yew trees,
was that it required cutting down three trees to produce enough drugs to treat one patient. This was
an ecologically devastating process that was met with adverse public opinion. The development of
a protocol for the complete chemical synthesis of Taxol was justifiably heralded as a breakthrough,
nonetheless, requiring 17 (!) chemical steps [Nicolaou et al., 1994].

These problems could be overcome by harnessing the molecular machinery responsible for
producing these complex molecules. The enzymes that are responsible for producing SMs have
been ‘programmed’ by evolution to perform precise chemical modifications. If the genes encoding

these biosynthetic enzymes were expressed in a heterologous host, and the enzymes purified, a
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chemist could use these enzymes to resolve difficult steps via a semi-synthetic approach.
Alternatively, if the complete biosynthetic gene cluster were to be expressed in a fast-growing host
such as yeast or bacteria, commercially relevant amounts of the molecule might be produced in
large bioreactors. For example, the mass production of the potent anti-malarial drug artemisinin
by heterologous expression of its biosynthetic gene cluster in yeast is arguably one of the greatest
success stories within the field of biotechnology [Paddon et al., 2013].

Another fascinating field of natural products chemistry, known as ‘combinatorial
biosynthesis’ emerged during the early 2000s, where various components of these molecular
factories could be swapped to produce ‘unnatural’ derivatives of natural products. This aims to
develop enzymes that can produce libraries of derivatives of naturally occurring molecules with

improved drug-like properties [Sun et al., 2015; Bayly and Yadav, 2017; Winn et al., 2016].

1.11. Problems associated with lichens and the production of their SMs

Although lichen SMs have a great deal of industrial importance and applications because
of their extensive biological properties, yet their potential to be fully explored and utilized. One of
the major reasons behind this is the very slow growth of lichens, less than 1cm/year. Lichenologists
have developed a biometric dating method known as ‘lichenometry’ that can be used to estimate
the age of ancient ruins or monitor climate changes, with a timescale on the order of several
thousand years [Benedict, 2009; Armstrong, 2004]. Despite their wide range of ecological
adaptation (mentioned earlier in Section 1.3.1), lichens prefer to grow in a familiar environment.
As a result, it is very difficult to grow them in their non-native habitat. Figure 1.21 shows one of
the examples of the slow growth of lichens, where an experiment was conducted by Dr. Abdel-
Hameed (an ex-PhD student in our lab) to grow a lichen fungus named C. uncialis in the laboratory

conditions. Only a tiny circle of lichen fungal growth was observed after 18 months (Figure 1.21).
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After growth of
18 months

| Fresh field collected C. uncialis | Cultured C. uncialis mycobiont

(no algal partner present)

Figure 1.21: Experimental evidence of slow growth of a lichen fungus named Cladonia uncialis.

It is also very challenging to replicate the natural mutualism of lichen fungus and green
alga in the lab. Many articles talk about the change in the secondary metabolome of a lichen species
when comparing the samples from axenic cultures of mycobionts to the samples of cultures where
mycobionts are grown in combination with photobionts [Calcott, M. J. et al., 2018]. All these
challenges make the typical extraction method to discover novel lichen SMs/biomolecules
untenable. Also, the elucidation of the function of gene clusters via gene knockout experiments in
lichens is limited because of their extended lifespans.

Therefore, heterologous expression of a single gene, a cassette of genes, or an entire
biosynthetic gene cluster within a genetically tractable host is a more practical approach to
identifying and engineering the lichen natural product. In the post-genomic era, besides the
transcriptional studies and heterologous expression of lichen BGCs, lichenologists have started
going back to more traditional and non-definitive approaches to linking genes to metabolites. This
includes the study of an evolutionary relationship between organisms by comparing their
DNA/protein sequences, known as phylogenetics. A core premise of phylogenetics is that genes
with common ancestry that evolved within a recent timeframe are more likely to encode proteins
with similar functions compared to related genes within a distant timeframe. In SM biosynthetic

studies, observation of common and recent ancestry between a subject and reference gene is used
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as supporting evidence that the encoded proteins possess similar roles in metabolite biosynthesis

[Ziemert and Jensen, 2012].

1.12. Summary of this research project objectives

The lichen species that our research group works with is Cladonia uncialis. To achieve the
successful functional expression of lichen biosynthetic genes within a heterologous host, the first
rational step was the de novo whole-genome sequencing of Cladonia uncilais. The following step
was the functional annotation of lichen biosynthetic gene clusters. The whole-genome sequencing
of C. uncialis and functional annotation of its biosynthetic gene clusters was carried out between
2010-2018 by Dr. Abdel-Hameed and Dr. Bertrand (ex-PhD students). This was the time when
whole-genome sequencing was quite expensive, and limited lichen genetic information was
available. My Ph.D. research focus was to develop a method of heterologous expression and
functional characterization of these annotated lichen genes (C. uncialis). This would in turn
provide the methodological groundwork for the mass production and commercialization of
interesting SMs from lichens. | have summarized the goals of my doctoral research into four

objectives:

1. Chemical syntheses of small polyketide molecules that have been found to act as catalytic
intermediates (Chapter 3) during the biosynthesis of lichen polyketides. Examples are
given in Section 1.6.1 and their biosynthesis is summarized in Figure 1.13. Chemical
synthesis of analogs of these catalytic intermediates (Chapter 4) and exploration of the
bioactivities of all these molecules by performing biofilm disruption and anti-microbial
assays.

2. Todevelop areliable protocol for the heterologous expression of lichen biosynthetic genes

within a fast-growing host.
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3. Functional characterization of lichen biosynthetic post-PKS genes to catalyze the
conversion of chemically synthesized polyketide intermediates to final natural products
(more complex polyketide molecules, Schemes 2, 3 and, 4).

4. To generate putative assignments of the function of the annotated C. uncialis gene clusters
and propose whole biosynthetic pathways catalyzed by these gene clusters based on

‘homology mapping’ and phylogenetics.
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Chapter 2

Materials and methods

2.1. Materials and methods related to Chapter 1

Not applicable.

2.2. Materials and methods related to Chapter 2
For a list of primers used in all chapters, see Table S1 in the Appendix. For a list of
plasmids constructed in all chapters, see Table S2 in the Appendix. For a list of bacterial strains

used in Chapter 4, see Table S3 in the Appendix.

2.3. Materials and methods related to Chapter 3

2.3.1. Collection and taxonomic identification of C. uncialis

This section is described in detail by Abdel-Hameed [2015]. The internal transcribed spacer
(ITS) sequence that was acquired by Abdel-Hameed [2015] matched entries for C. uncialis with
>95 % sequence identity [Bertrand, R. L. 2019]. Throughout this thesis, BLAST alignment
statistics will be reported in terms of “Identity % / Coverage %”. The “identity” is the percentage
of nucleotides or amino acids within a queried sequence that are identical to those of the reference
gene or protein. The “coverage” is the percentage of overlap between the analyzed portions of the
queried gene and the reference gene. These statistics are reported as XX / YY throughout this

thesis.

2.3.2. Sub-culturing of C. uncialis from the algal partner
The ITS sequence that was acquired by Abdel-Hameed [2015] matched entries for C.

uncialis with >95 % sequence identity [Bertrand, R. L. 2019].
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2.3.3. Genome sequencing and assembly

As described by [Bertrand, R. L. 2019], the genome of the fungal partner was de novo
sequenced by MICB DNA sequencing services (Manitoba Institute of Cell Biology, CancerCare
Manitoba, University of Manitoba), using an Illumina MiSeq sequencer with a MiSeq Micro V2
sequencing kit. The genomic DNA sample from the fungal culture was used to generate a paired-
end DNA library for 150 bp paired-end sequencing reads. The genome was estimated to be 30 MB
in length, an estimate based on studies of genome length of Cladonia grayi [Armaleo, D. & May,
S. 2009]. The average length of the raw reads was 147 nucleotides with a standard deviation of 16
nucleotides. A total of 515.7 million nucleotides of information was generated. A Phred quality
score of 30 or greater was achived for 441.1 million nucleotides, signifying that 85.54 % of the
nucleotides generated were correctly identified as A, T, G, or C with confidence of 99.9 % or
greater [Ewing et al., 1998; Ewing & Green, 1998]. Raw sequence reads were deposited in
GenBank and are available under accession number SRR4418292. The raw data obtained from
Illumina MiSeq sequencing were assembled into contigs using four DNA assembly programs:
DNAstar, Geneious, SPAdes, and Velvet [Kearse et al., 2012; Bankevich et al., 2012; Zerbino &
Birney, 2008]. The results generated by SPAdes was chosen for subsequent analysis. This
assembly generated a total of 2109 contigs (= 1 KB) with a combined total of 32.9 million
nucleotides. This result was consistent with our prior estimation of 30 million nucleotides based
on the estimated length of the C. grayi genome [Armaleo, D. & May, S. 2009]. The GC/AT ratio
of the assembled DNA was 46.38 %. The contig N50 (defined as the value at which half of the
genomic DNA is contained within contigs of X length or greater) was 34.7 KB. The longest contig
was 143.1 KB. The 2109 contigs were deposited in GenBank under accession number

NAPTO00000000.
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2.3.4. Annotation of SM gene clusters
The rapid in silico identification of putative polyketide synthase (PKS) genes was
performed using Antibiotics and Secondary Metabolite Analysis Shell (AntiSMASH Version 2.0)

[Blin et al., 2013], freely available for academic use at http://www.secondarymetabolites.org/

2.3.5. Synthesis of MPA

The synthesis of MPA was described by [Hawranik, D. J. et al. 2009]. In this study the
reaction protocol and product purification methodology were modified to increase the yield of
MPA. Biotage automated flash chromatography was used to get the final purified product with a

solvent gradient of EtOAc/Hexane.

2.3.6. Test Compounds for bioassays
UA was purchased from ChromaDex USA (>98% purity by HPLC) and used as received.
MPA was synthesized using a previously reported method [D. J. Hawranik et al., 2009] and the

spectroscopic characterization data were identical to the previously reported data.

2.3.7. Bacterial Strains

Reference strains (S. aureus MTCC 96, B. subtilis MTCC 441, and Pseudomonas
aeruginosa MTCC 2453) were used for assay. The strains were maintained on Nutrient Agar (NA)
plates and stored at 4 °C. A single colony was transferred to Mueller Hinton broth (MHB) and,
incubated at 37 °C. Density of the broth (containing the suspended organisms) was adjusted to 0.5

McFarland standard [Sarkar et al., 2014].

2.3.8. Bacterial susceptibility assay
The minimum inhibitory concentration (MIC) was determined using the broth micro-

dilution method. Briefly, a standardized test inoculum (10 pL of a 1-5x10° CFU/mL suspension)
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was added to the wells of 96 well microtiter plate, containing 100 puL of two-fold serially diluted
sample (UA and MPA) in MHB (final concentrations ranging from 0.015 to 2 mg/mL). Plates
were then incubated (100 rpm, 37 °C) for 18 h. DMSO (0.1%) was used as the negative control.
The MIC value is defined as the lowest concentration where no viability was observed after 18 h

[Sarkar et al., 2014].

2.3.9. Effect on biofilm formation

The effect of UA and MPA on biofilm formation was performed in 96-well polystyrene
plates. A standardized inoculum (5 pL of a 1-5x10° CFU/mL suspension) was inoculated with
100 pL of fresh MHB in presence or absence (non-treated control) of UA and MPA. Following
incubation (24 h), non-adherent bacteria were removed by washing with sterile phosphate buffer
saline (PBS; pH 7.2). Biofilms were stained with 1% crystal violet solution. The absorbance of the
crystal violet solution (stain bound to biofilm was removed from each well employing 33% glacial
acetic acid) was measured at 492 nm (Spectramax M5, Molecular Device). Wells containing
medium and extract were used as blanks [Sarkar et al., 2015]. The percentage of inhibition of

biofilm formation was calculated with the following formula:

Equation 2.1

( Optical density at 492 nm of the test sample ) 100
X
Optical density at 492 nm of non — treated control

2.3.10. Pyoverdine bioassay

Samples of UA and MPA over a range of concentrations were incubated for 24 h with a
10% culture of P. aeruginosa. The cells were removed by centrifugation, and the cell-free
supernatant was used for the pyoverdine assay. The pyoverdine concentration in the supernatant
was measured with fluorescence spectroscopy with excitation @ 405 nm and emission @ 465 nm

in a multimode microplate reader (Spectramax M5; Molecular Device). The activity was recorded
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in relative fluorescence units [Sarkar et al., 2014] and reported as the mean with the error expressed

as the standard error of the mean (SEM).

2.3.11. Pyocyanin bioassay

The test for the effect of UA and MPA on pyocyanin production was performed in 15 mL
falcon tubes. A standardized inoculum (250 pL of a 1-5 x 10° CFU/mL suspension) of P.
aeruginosa was inoculated with 5 mL of fresh MHB in absence (non-treated control) and presence
(treated) of UA and MPA. The cell culture (5 mL) was extracted with chloroform (3 mL) and 1
mL of 0.2 M hydrochloric acid was added. The organic layer was collected by centrifugation and
the absorbance was recorded at 520 nm [Chang, C. Y. et al., 2014] and reported as the mean with

the error expressed as the standard error of the mean (SEM).

2.3.12. Swimming motility bioassay

Tryptone swim plates (1% tryptone, 0.5% NaCl, 0.3% agar) were inoculated with a sterile
toothpick and incubated for 16 h at 25 °C. Motility was assessed qualitatively by examining the
circular turbid zone formed by the bacterial cells migrating away from the point of inoculation

[Déziel, E. et al., 2002].

2.3.13. Swarming motility bioassay

Swarm plates were composed of 0.5% Bacto Agar and 8 g of nutrient broth/liter (Difco,
Detroit, Mich.), supplemented with 5 g of dextrose/liter, and dried overnight at room temperature.
Cells were point inoculated with a sterile toothpick, and the plates were incubated at 30 °C for 24

h [Déziel, E. et al., 2002].
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2.3.14. Twitching motility bioassay

Cells were stab inoculated with a toothpick through a thin (approximately 3-mm) LB agar
layer (1% agar) to the bottom of the petri dish. After incubation for 24 to 48 h at 30 °C, a hazy
zone of growth at the interface between the agar and the polystyrene surface was observed [Déziel,

E. etal., 2002].
2.4. Materials and methods related to Chapter 4

2.4.1. Bacterial strains and growth conditions
Strains (Appendix Table S3) were grown in tryptic soy broth (TSB) (Difco) at 37 °C and

230 rpm shaking for routine overnight culturing unless otherwise stated.

2.4.2. Minimum inhibitory concentration (MIC) and Minimum bactericidal concentration (MBC)
assays

The CLSI protocol for determining the MIC and MBC of antibiotic activities in S. aureus
was followed [CLSI, 2012]. Briefly, an overnight culture was diluted equivalent to a 0.5
McFarland standard and then further diluted to inoculate wells of a 96-well plate, containing an
antibiotic dilution gradient, with 5x10° cells each. The plate was grown statically at 37 °C for 24
h. To determine the MIC the plates were visually inspected for growth and by reading the optical
density (ODeoo) With a BioTek plate reader. To determine the MBC, 101-10" dilutions of cell
suspensions exposed to the antibiotic dilution gradients were plated on LB plates and incubated at
37°C for 24 h. The number of colony forming units (CFU) per dilution was recorded. As a positive
control, cells suspensions treated similarly but without exposure to the compounds were used. The

MBC was calculated using the formula:
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MBC = no.of CFU in a specific concentration 100 Equation 2.2

no.of CFU in the positive control

Where no. of CFU in a specific concentration is the average CFU of each dilution at each
concentration tested. A concentration was considered bactericidal if it killed 99.9% of the bacterial

population [Pankey, G. A. & Sabath, L. D., 2004].

2.4.3. Minimum biofilm inhibitory concentration (MBIC) assay

Assays were performed as previously described [Zhang, E. et al., 2018]. Briefly, an
overnight culture was diluted 100-fold and incubated at 37 °C for 3 h to reach mid-log phase. The
subculture of S. aureus was prepared by diluting the overnight culture in 1:1000 (~10° CFU ml?)
into TSB. Wells of a 96-well plate were used to serially dilute the desired compound in TSB and
then inoculated with 5x10° cells each and grown statically at 37 °C for 24 h. The wells were then
rinsed twice with PBS (pH 7.2, 0.8% NaCl, 0.02% KCI, 0.17% Na2HPOa, 0.8% KH.PO4) and this

was followed with the resazurin cell variability assay below.

2.4.4. Minimum biofilm eradication concentration (MBEC) assay

Assays (Appendix Table S4) were performed as previously described [Zhang, E. et al.,
2018]. Briefly, an overnight culture was diluted 100-fold and incubated at 37 °C for 3 h to reach
mid-log phase. The subculture of S. aureus was prepared by diluting the overnight culture in
1:1000 (~10° CFU ml?) into TSB. Wells of a 96-well plate were inoculated with 5x10° cells each
and grown statically at 37 °C for 24 h. The media was then removed from each well. Then serial
dilutions of the desired compound in TSB were added to the wells and grown statically at 37°C
for 24 h. The wells were then rinsed twice with PBS (pH 7.2, 0.8% NaCl, 0.02% KCI, 0.17%

Na2HPO4, 0.8% KH2PO4) and this was followed with the resazurin cell viability assay.
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2.4.5. Resazurin cell viability assay

Viable cells with active metabolism reduce resazurin into fluorescent resorufin [Evie, I. M.
etal., 2017]. To the washed wells, 20 uL of Cell Titre-Blue (Promega) was added with 100 uL of
PBS and cells were incubated at 37°C for 1 h. Fluorescence was measured (530/25 nm excitation
and 590/35 nm emission) using a BioTek Synergy plate reader. Wells that had the same

fluorescence as a resazurin-only control were considered to have no cell viability.

2.4.6. Checkerboard Assay

Checkerboard assays in 96-well format were performed as previously described [Garcia,
L. S., 2016]. Briefly, the inoculum was prepared as for the MIC testing above and added to a two-
dimensional gradient of the compound of interest. Plates were grown statically at 37 °C for 24 h
then visually inspected for growth. The fractional inhibition concentration (FIC) index is

calculated using the formula.

Cq C, Equation 2.3

FIC Index = +
naex = uic, " Mic,

where MIC and MIC; are the MICs of antibiotics 1 and 2 alone, respectively, and C1 and
C> are the concentrations of antibiotics 1 and 2, respectively, when at the combined MIC. When
the FIC index was <0.5 the antibiotic combination was synergistic; when the FIC index was >0.5
and <4.0 the effect of the two antibiotics was considered to be additive. Finally, when the FIC
index was >4.0, the antibiotic combination was defined as antagonistic [Belkum, V. A. et al.,

2015].

2.4.7. Hemolysis assay
Hemolytic activity on ovine erythrocytes was assessed as previously described [Hogan, A.

M. et al., 2018 and Selin, C. et al., 2015]. Briefly, ovine erythrocytes were gently pelleted by
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centrifugation and washed thrice with PBS then resuspended in PBS at a 1:5 dilution. In 96-well
format, 100 pl erythrocyte suspension was added to a dilution gradient of the desired compound
and incubated statically at 37 °C for 1 hour. Triton X-100 at 0.1% was included as a positive
control and a dimethyl sulfoxide (DMSQO) concentration gradient as a negative control.
Erythrocytes were pelleted and the absorbance of the supernatant was measured at 540 nm. The

percentage (%) of lysis was calculated as follows.

% Lysis = X — BT — B x 100% Equation 2.4
where B is the Assonm Of the negative DMSO control, T is the Assonm Of the positive Triton
X-100 control, and X is the Assonm Of the analyzed sample. Asaonm > 40% hemolysis was considered
as high percent hemolysis and 5-10% hemolysis was considered as low percent hemolysis for a

given compound [Sperandio, D. et al., 2010].

2.4.8. Synthesis and characterization of compounds 1 — 12

Reagents and solvents were used as purchased without further purification. Thin Layer
Chromatography (TLC) was conducted with 0.25 mm Fas4 silica gel on aluminum plates and
visualization was conducted with 254 nm UV light. The purification of all compounds was carried
out over flash grade-silica gel and fractions combined according to TLC. Solvent was removed
under reduced pressure. The *H (300 MHz) and 3C NMR (125 MHz) spectra were collected on a
Bruker Avance-300 console and were referenced to solvent (CDClz = 7.24 ppm). The complete
synthetic procedures and characterization data for compounds 1 — 12 are included in the Chapter

4 Section of the Appendix.
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2.5. Materials and methods related to Chapter 5

2.5.1. RNA extraction from C. uncialis and cDNA synthesis

The lichen sample of C. uncialis (lichen species), collection number Normore 8774
(Michelle Piercey Normore lichen collection), was collected in Manitoba, Canada, on a Jack Pine
dominated south-facing granite ridge. The lichen material was air dried and stored in the University of
Manitoba Herbarium cryptogam division until needed. The lichen sample was crushed in liquid
nitrogen and 150 mg of lichen fungal cells were used to extract & purify RNA using a
MasterPure™ Yeast RNA Purification Kit from Lucigen. But this kit did not work for lichen
fungus RNA extraction and purification. Subsequently total mRNA was extracted using the
E.Z.N.A. Fungal RNA Mini Kit (Omega), in accordance with the manufacturer’s protocol to
successfully get an average quality RNA (209.4 ng/ ul). An aliquot of mRNA extract was set aside
for analysis, and the remainder was treated with DNase (ThermoScientific). An aliquot of DNase-
treated MRNA was set aside for analysis, and reverse transcription was applied to the remainder
using the RevertAid H Minus First Strand cDNA Synthesis Kit (ThermoScientific) using Oligo
(dt)1s primers, in accordance with the manufacturer’s protocol. Aliquots of the DNA-contaminated
MRNA and DNase-treated mMRNA were cleaned using a PCR cleanup kit (ThermoScientific). The

efficacy of DNase was evaluated by using the cleaned aliquots as templates for PCR reactions.

2.5.2. Polymerase chain reaction

All PCR reactions were performed using Phusion polymerase and reagents
(ThermoScientific). Per 20 uL: 4 puL Phusion HF Buffer (containing 7.5 mM MgCl.), 0.8 uL 10
mM dNTP mix, 0.6 uL of 50 mM EDTA, 0.8 uL of 10 uM forward primer, 0.8 uL of 10 uM
reverse primer, template DNA (variable concentration), 0.2 uL of 2 U/ uL Phusion polymerase,
11.8 uL of water. Primers are provided in Table S1 in the Appendix. PCR was performed with a
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SimpliAmp thermocycler (Applied Biosystems): Initial denaturation was at 94°C for 60 sec., 25
rounds of denaturation at 94°C for 10 sec., 25 rounds of annealing at 3-5°C below primer Tm for
15 sec., 25 rounds of extension at 72 °C for 30 sec. per KB, and final extension at 72 °C for 30
sec. per KB. Amplicons were electrophoresed on a 1 % agarose gel containing 1.25 pL of CYBR
Safe DNA Gel Stain (Invitrogen) and electrophoresed for 45-60 min. using a gel box (BioRad) and
Powerpack (VWR) programmed at 230 mA and 200 V. Amplicons were visualized using blue light,
excised from the gel, and the DNA purified using the Genelet Gel Purification Kit
(ThermoScientific) in accordance with the manufacturer’s protocols. The amplified DNA was
prepared for plasmid construction by concentrating the template using a SpeedVac. DNA

concentration and quality were evaluated using a model 2000c NanoDrop (ThermoScientific).

2.5.3. Preparation of plasmids

2.5.3a. InFusion method

Transformation plasmids (pETite N-His SUMO & pET21a) were linearized by restriction
digestion with FastDigest Notl (ThermoScientific) in accordance with the manufacturer’s
instructions. The linearized plasmid was electrophoresed on agarose gel, purified, concentrated,
and evaluated for concentration and quality (see ‘PCR’, above). Genes amplified from C. uncialis
were bound to linearized plasmid using InFusion (Takara) in accordance with the manufacturer’s
instructions. Plasmid constructs were screened by transformation into Stellar E. coli (Takara)
using the manufacturer’s recommended heat-shock method, then plated on LB media (Per 1 L of
water: 10 g tryptone, 5 g yeast extract, 5 g NaCl, 0.03 g kanamycin; pH unadjusted for pETite N-
His SUMO) & (Per 1 L of water: 10 g tryptone, 5 g yeast extract, 5 g NaCl, 0.1 g ampicillin; pH
unadjusted for pET21a). Transformants were inoculated by sterile toothpick into liquid LB media

containing appropriate selection marker/antibiotic and grown overnight. Plasmids were extracted
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from E. coli suspension using the GenJet Plasmid Miniprep Kit (ThermoScientific), in accordance
with the manufacturer’s instructions. The extracted plasmids were evaluated by DNA sequencing

using a commercial service provider (Eurofins MWG Operon).

2.5.3b. Conventional ligation method

Transformation plasmids (pET28b, pET21c & pETDuet-1) were linearized by restriction
digestion with FastDigest restriction enzymes (ThermoScientific); ECoRI/Ndel for pET28b,
Hindl1l/Notl for pET21c and, ECoRI/Notl to insert cu-cpr357 gene in pETDuet-1 and Fsel/Kpnl
to insert MPAO in pETDuet-1, in accordance with the manufacturer’s instructions. Linearized
plasmids were electrophoresed on agarose gel, purified, concentrated, and evaluated for
concentration and quality (see ‘PCR’, above). Genes from C. uncialis were amplified (see ‘PCR’,
above) and digested with appropriate FastDigest restriction enzymes. After restriction digestion,
genes with their sticky ends were bound to linearized plasmid using T4 DNA Ligase
(ThermoScientific) in accordance with the manufacturer’s instructions. Plasmid constructs were
screened by transformation into Stellar E. coli (Takara) using the manufacturer’s recommended
heat-shock method, then plated on LB media (Per 1 L of water: 10 g tryptone, 5 g yeast extract, 5
g NaCl, 0.1 g ampicillin; pH unadjusted for). Transformants were inoculated by sterile toothpick
into liquid LB media containing ampicillin and grown overnight. Plasmids were extracted from E.
coli suspension using the GenJet Plasmid Miniprep Kit (ThermoScientific), in accordance with the
manufacturer’s instructions. The extracted plasmids were evaluated by DNA sequencing using a
commercial service provider (Eurofins MWG Operon). A list of all plasmids prepared for this

work is provided in Table S2 in the Appendix.
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2.5.4. cDNA amplification & cloning of cu-mpao

Further, cDNA was amplified with MPAO specific primers. The primers were designed
for In-Fusion seamless directional cloning in Stellar cells using pETite N-His SUMO vector
system. The plasmid was linearized as mentioned above (Section 2.5.3a). The PCR product (see
‘PCR’, above), and the linear plasmid was purified from agarose gel using a gel extraction kit
(ThermoScientific). The gel purified PCR product and the pETite vector were then incubated using
InFusion master mix for 15 min. (In-Fusion HD Cloning Kit by Takara Bio) and the reaction
product was transformed into Stellar cells (Takara). The extracted plasmid was evaluated by DNA

sequencing using a commercial service provider (Eurofins MWG Operon).

2.5.5. Transformation and expression of Truncated MPAO, codon optimized for E. coli in
BL21(DE3)pLySs

Custom synthesized plasmid pET28a carrying MPAO without a transmembrane domain
and codon optimized for E. coli was obtained from ABE Ikuro’s laboratory at University of Tokyo,
Japan. Primers were designed to amplify MPAO out of pET28a and clone into pETite N-His
SUMO vector (see ‘PCR’, above). In-Fusion cloning strategy was used to clone MPAO codon-
optimized for E. coli w/o TMD gene (named as MPAO(Eco)-pETite) into stellar competent cells.
Further, pETite vector with MPAO was gel purified from the selected and tested stellar cell
colonies and then transformed into E. coli BL21(DE3)pLySs (ThermoScientific) using the
manufacturer’s recommended heat-shock method. Colonies were selected on the agar plate with a
specific antibiotic (kanamycin in this case). A single colony was resuspended in 5 mL of LB media
with kanamycin (at a conc. of 30 mg/mL) and was grown overnight at 37 °C. The overnight grown

bacterial culture was divided into multiple microcentrifuge tubes (each with 500 uL of sample)

and 500 pL of 40% glucose in LB solution was added to each of the tubes to make the final 1 mL
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of 20% stock solution and stored at -80 °C. 10 mL of LB containing 30 mg/mL kanamycin was
inoculated with 1 mL of stock solution (thawed on ice) and the culture was grown overnight at 37
°C. The following morning, overnight growth with ODgoo = 1.0 was measured using a UV
spectrophotometer and the cultures were diluted to ODesoo = 0.02 in 250 mL LB media plus
kanamycin. When cultures reached an optical density at 600 nm (ODsgo) of 0.4-0.6, a 1-mL aliquot
of uninduced cells was collected by pelleting in a microcentrifuge tube (12,000 x g for 1 min). The
cell pellet was resuspended in 50 uL SDS-PAGE loading buffer (BioRad) and stored at -20 °C
until SDS-PAGE analysis. To induce the protein expression, IPTG was added (ThermoScientific)
to a final concentration of 0.5 mM and the cultures were shaken continuously at 37 °C for 2 h The
ODeoo of the induced culture was recorded and a 500 uL culture was harvested by
microcentrifugation. The cell pellet was resuspended in 50 uL SDS-PAGE loading buffer
(BioRad) and stored at -20 °C until SDS-PAGE analysis to evaluate the protein expression. The
remaining culture was harvested by centrifugation at 4000 x g for 15 min. The supernatant was
discarded, and pellet was re-suspended in 5 mL (1/20 to 1/50 lysis buffer of the volume of culture
used) of lysis buffer (50 mM NaH2PO4or 20 mM Tris HCI, 300 mM NaCl or 150 mM NacCl, pH
8.0) on ice. Protease inhibitor cocktail (10 uL/100X) (ThermoScientific) was added to 1 mL of the
lysis buffer, which protects an intact, active cellular protein from degradation by endogenous
proteases. Cells were lysed by sonication on ice. Six-ten pulses were used for 10 sec each with a
microtip and the samples were allowed to cool for 30 sec between pulses to avoid frothing. Avoid
frothing. The lysate was centrifuged at 10000 x g for 20 min at 4 °C. The supernatant was collected
in a microcentrifuge tube on ice, which contained the soluble protein and protein concentration
was measured using nanodrop. The sample were saved at -20 °C for the further purification step.

The pellet was resuspended, containing insoluble proteins and un-lysed cells in 5 mL of urea lysis
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buffer (7.5-8M Urea, 50 mM NaH2PO4, 300 mM NaCl, pH 12.5). Samples after treatment with
SDS-loading buffer were analyzed with SDS-PAGE gel. For minigels, 0.05 ODeoo equivalent per

lane usually contains the appropriate amount of protein for Coomassie blue staining.

2.5.6. Expression of CPR357, MPAO w/o SUMO tag, STCB (A. nidulans Sterigmatocystin B) and
SCYP (Pencillium marneffi 1 Sterigmatocystin cytochrome p450)

A similar protein expression protocol was followed as detailed above in Section 2.5.5
except with some modifications in protein induction temperature, time conditions and IPTG

concentration.

2.5.7. Double transformation of two genes in a bacterial cell.

A plasmid harboring one gene (Gi) was transformed into E. coli BL21(DE3)pLySs
(ThermoScientific) using the manufacturer’s recommended heat-shock method. Colonies were
selected on the agar plate with a specific antibiotic. A single colony was resuspended in 5 mL of
LB media with the respective antibiotic and was grown overnight at 37 °C. The overnight growth
with ODesoo = 1.0 was measured using a UV spectrophotometer. The following morning, the
overnight growth with ODegoo = 1.0 was measured using a UV spectrophotometer and the competent
bacterial cells were synthesized in accordance with the manufacturer’s instructions

(http://mcb.berkeley.edu/labs/krantz/protocols/calcium_comp_cells.pdf). The competent bacterial

cells harboring G clone were thawed on ice and transformed with the second plasmid with another
gene (G») using the manufacturer’s recommended heat-shock method. Colonies were selected on
the agar plate with two antibiotics (each for two plasmids). A single colony with both genes (G1 &
G2) was resuspended in 5 mL of LB media plus antibiotic and was grown overnight at 37 °C. 500
uL of 40% LB with glucose was inoculated with 500 uL of the overnight grown bacterial culture

to make the final 20% of the stock solution (1-mL) and stored at -80 °C.

92


http://mcb.berkeley.edu/labs/krantz/protocols/calcium_comp_cells.pdf

2.5.8. Co-expression of two proteins

Colonies were selected on the agar plate with a specific antibiotic. 10 mL of LB containing
specific antibiotic was inoculated with 1 mL of stock solution (thawed on ice) and the culture was
grown overnight at 37 °C. The following morning, the overnight growth with ODgoo = 1.0 was
measured using a UV spectrophotometer and the cultures were diluted to ODeoo = 0.02 in 250 mL
TB (Terrific Broth) media with a specific antibiotic. When cultures reached an optical density at
600 nm (ODsoo) of 0.4-0.6, a 1 mL aliquot of uninduced cells was collected by pelleting in a
microcentrifuge tube (12,000 x g for 1 min). The cell pellet was resuspended in 50 uL SDS-PAGE
loading buffer (BioRad) and stored at -20 °C until SDS-PAGE analysis. IPTG (1 mM)
(ThermoScientific) was added to induce the expression of recombinant proteins and the cultures
were shaken continuously at 22 °C for 16 h The ODeoo Of the induced cultures was recorded and a
500 pL of each culture was harvested by microcentrifugation. Resuspended the cell pellet in 50
uL SDS-PAGE loading buffer (BioRad) and stored at -20 °C until SDS-PAGE analysis to evaluate
the protein expression. The protocol used for the co-expression of two proteins was same in both
cases, either two genes were cloned on a single plasmid (pETDuet-1) and transformed in
BL21(DE3)pLySs cells or two genes were cloned into two separate plasmids and doubly
transformed in BL21(DE3)pLySs cells using the manufacturer’s recommended heat-shock

method.

2.5.9. Protein Purification

Purification of the soluble proteins tagged with six N-terminal histidine residues from E.
coli was performed utilizing a Ni?*-NTA (ThermoScientific) resin under nondenaturing
conditions, in accordance with manufacturer’s instructions. Concentration of all eluted fractions

of a pure protein was measured using UV spectrophotometrically at 450 nm.

93



2.5.10. SDS-PAGE

A stacking gel was prepared within Mini-Protean System Glass Plates (BioRad) to a final
acrylamide concentration of 7.5 % or 10.0 % (Resolving layer, per 20 mL: 4.68 mL or 6.24 mL of
40% 29/1 acrylamide/bisacrylamide, 7.50 mL of 1 M Tris (pH 8.8), 0.20 mL of 10 % ammonium
persulfate, 0.02 mL of TEMED, 7.86 mL or 9.42 mL of water; stacking layer, per 10 mL: 0.93 mL
or 1.24 mL of 40% 29/1 acrylamide/bisacrylamide, 3.76 mL of 1M Tris (pH 6.8), 0.10 mL of 10
% ammonium persulfate, 0.01 mL of TEMED, 5.20 mL or 5.51 mL of water). The concentration
of protein samples was measured using the Bradford technique (Bradford, 1976). Protein samples
were mixed in a 3:1 ratio with 4x loading buffer (2 mL of 1 M Tris (pH 6.8), 0.8 g of sodium
dodecyl sulfate, 4 mL of glycerol, 0.4 mL of 14.7 M B-mercaptoethanol, 1 mL of 0.5 M EDTA,
0.008 g of bromophenol blue, water to 10 mL). Proteins were denatured by incubation at 95 °C for
5 min., and 15 mg of total protein extract was loaded into each well. Molecular weight standards
used were either 5 uL of PageRuler Plus Pre-Stained Protein Ladder (ThermoScientific) or 10 uL
of HiMark Pre-stained Protein Standard (Invitrogen). Electrophoresis was performed using a Mini-
Protean Tetra System (BioRad) and a Powerpack (VWR) set to 230 mA and 200 V. Samples were

electrophoresed under constant current for 1-3 h.

2.5.11. Western Blot

Two Trans-Blot Turbo Mini-size Transfer Stacks (BioRad) and the SDSPAGE gel were
washed/wetted with Trans-Blot Turbo Transfer Buffer (BioRad) and assembled into a tower along
with a methanol-activated Immun-Blot PVDF membrane (BioRad), in accordance with the
manufacturer’s instructions. Blotting was performed using a Trans-Blot Turbo system (Biorad) set
to 1.3 A, 25V, and 7 min. The tower was disassembled, and the membrane was washed for five

min. on an end-to-end rotator in 10 mL of TBS solution (Per 1 L of water: 3 g Tris, 0.2 g KCI, 8 ¢
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NaCl, pH adjusted to 7.4). Blocking was performed by incubating the membrane in a 5 % milk
powder-TBS solution for one hour on rotator. Primary antibody application was provided by
applying for one hour on rotator 10 ml of 5 % milk powder-TBS solution containing 1 pL of Goat
Anti-Mouse 1gG (EMD Millipore). The membrane was washed three times with TBS solution in
ten min applications. Chemiluminescence was performed by applying 1.5 mL of Immobilon Forte
Western HRP Substrate (EMD Millipore) for five min. on rotator. Membranes were imagined

using FluorChem Q system (Cell Biosciences) in accordance with manufacturer’s instructions.

2.6.12. Bioassays of converting MPA to UA catalyzed by MPAO (whole-cell catalyst; in vivo)
MPA (5 mg, the substrate) was dissolved in 400 uL water + 100 uL acetone, as MPA is
not water soluble but sparingly soluble in acetone and the high percentage of acetone solvent
causes bacterial cell death [Dyrda, G. et al., 2019]. Water plus acetone solution containing MPA
(5 mL) was added to 250 mL of bacterial culture (LB media) harboring MPAO clone which was
grown to ODeoo 0.569 at 37 °C. Protein was expressed following the protocol discussed in Section
2.5.5. After 1 h of protein induction at 37 °C and the substrate incubation, 25 mL of culture was
collected from each flask, acidified using 1M HCI to quench the reaction and the product was
extracted using 25 mL of ethyl acetate. Combined ethyl acetate fractions were dried over sodium
sulphate (Na2SQO4) and solvent was evaporated using rotovap and the sample was stored at 4 °C.
The same procedure was repeated after 2 h of protein induction period (25 mL collection from the
remaining bacterial culture, followed by extraction & sample preparation). The rest of the 200 mL
of culture was harvested after 3 h of protein induction and extracted in portions, each of 25 mL
following the same steps as for earlier extraction. Experiments were done in triplicates and all the
samples were dissolved in 1mL of HPLC-grade methanol to screen for UA using UV coupled

HPLC detector.
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2.5.13. Incubation conditions of MPA with both MPAO and CPR357 enzymes (in vitro)

Both MPAO and CPR357 proteins were expressed separately in E. coli (protein expression
protocol was already discussed in Section 2.5.5). Protein expression was induced for 2-3 h using
0.5 mM IPTG. Both bacterial cultures (250 mL each) were harvested by centrifugation at 4000 x
g for 15 min where one was harboring the MPAO clone and the other was harboring the CPR357
clone. The supernatants were discarded, and the cell pellets were re-suspended in 5 mL of lysis
buffer (50 mM NaH2PO4or 20 mM Tris HCI, 300 mM NaCl or 150 mM NacCl, pH 8.0) on ice.
Protease inhibitor cocktail (50 uL, 100X) (ThermoScientific) was added to the 5 mL of the lysis
buffer solutions, which protects intact, active cellular proteins from degradation by endogenous
proteases. Cells were lysed by sonication on ice. Six-ten pulses were used for 10 sec each with a
microtip and the samples were allowed to cool for 30 sec between pulses to avoid frothing. The
lysate was centrifuged at 10000 x g for 20 min at 4 °C. The supernatants were collected in a
microcentrifuge tube on ice, which contained the soluble MPAO and CPR357 proteins and their
concentration was measured using nanodrop. 4 mg of MPA (substrate) & 24 mg of NADH
(electron donor) were dissolved in 1 mL of acetone. The reaction mixture of 150 uL of MPAO
protein sample (in lysis buffer), 150 uL of CPR357 protein sample (in lysis buffer) and 75 uL of
20% glycerol (prepared in water) was prepared in a microcentrifuge tube where 125 pL of acetone
(dissolved MPA & NADH) was added to the mixture on ice. Both proteins were incubated with
the substrate and the electron donor for 2 h at 4 °C in the cold room. Reaction was quenched with
500 pL mixture of 1:1 MeOH & acetone. Samples were vortexed for a few seconds and then
centrifuged at 16000 x g for 2 min. Filtered the supernatant using 0.45-micron filter and 250 pL

was transferred to an HPLC vial and further diluted by adding 750 uL of HPLC-grade MeOH to
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be analysed for UA on HPLC. Another 250 uL was diluted with 750 uL acetonitrile to be analysed

for UA on LC-MS.

2.5.14. Incubation experiments of MPA with co-expressed MPAO+CPR357 proteins and co-
expressed STCB+CPR357 proteins (in vivo)

The protein expression protocol was already discussed in Section 2.5.7. Protein expression
induction period was 48 h using 1 mM IPTG. Bacterial cultures (125 mL each) were harvested by
centrifugation at 4000 x g for 15 min and the supernatant was discarded after centrifugation. Cells
were resuspended in 1 mL of 100 mM potassium phosphate buffer with 12.5 mM glucose (prepared
in sterile water) in a microcentrifuge tube. MPA (20 mg) was dissolved in 1 mL of DMSO and
100 mg of NADH was dissolved separately in 1mL of water. The reaction mixture was incubated
on the rocker for 4 h at room temperature in a shaker. MPA (50 pL, final concentration is 0.2 mM)
and 70 uL of NADH (final concentration is 0.7 mM) were added to 1 mL of the potassium
phosphate buffer (SigmaAldrich) reaction mixture. Then the reaction mixture was transferred in a
glass vial and the reaction was quenched with 1 mL of MeOH and a drop of conc. HCI. Samples
were vortexed for a few seconds and then centrifuged at 16000 x g for 2 min. The supernatant was
filtered using 0.20-micron filter and 250 uL was transferred to an HPLC vial. Further the
supernatant was diluted by adding 750 uL of HPLC-grade MeOH to be analysed for UA on HPLC.

Another 250 uL was diluted with 750 pL acetonitrile to be analysed for UA on LC-MS.

2.5.15. Incubation experiments of MPA with co-expressed MPAO+CPR357 proteins and co-
expressed STCB+CPR357 proteins (in vitro)

The protein expression protocol was already discussed in Section 2.5.7. The protein
expression induction period was 48 h using 1 mM IPTG. Bacterial cultures (125 mL each) were

harvested by centrifugation at 4000 x g for 15 min and the supernatant was discarded after
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centrifugation. The cell pellet was re-suspended carefully in ImL of lysis buffer (composition is
provided in Section 2.5.5) and added 20 uL of protease inhibitor. Cells were frozen in liquid
nitrogen and thawed on ice and then sonicated at 50% amplitude for 15 sec on and 15 sec off with
6 pulses on ice. The cells were centrifuged at 10,000xg for 20 min at 4 °C and supernatant (soluble
fraction) was collected in a 1 mL microcentrifuge and pellet was redissolved in 1 mL of 7.5M urea
lysis buffer (lipid fraction) in a cold room at 4 °C. In each, soluble and lipid fractions, 50 uL of
MPA (substrate, 20 mg was dissolved in 1 mL of DMSQO) at a concentration of 0.2 mM/ mL. And
70 uL of NADH was also added to each of the reaction mixture (electron donor, 100 mg dissolved
in ImL of water) to a concentration of 0.7 mM/ mL. Incubated these samples on the rocker for 3
hrs at 4 °C and added 1 mL of methanol after incubation to quench the reactions. Sample

preparation procedure is mentioned above in Section 2.5.12 for analyses on HPLC and LC-MS.

2.5.16. HPLC

Analysis by HPLC of extracts of E. coli media was performed using a Waters HPLC
Separations Module 2695 combined with a PDA Detector Model 2996. The column was a
uBondapak® Waters C18 (3.9 X 300 mm) column, with a particle diameter of 15-20 um with 125
A pores. The flow rate was 1 mL/min, and the eluent was monitored continuously at 210-600 nm.
The elution was done at 20 % methanol and 80 % water containing 0.075 % aqueous trifluoracetic
acid for 10 min, following which a linear gradient was applied to 80 % methanol and held at that
composition for 20 min, followed by application of a linear gradient back to 20 % methanol for 10

min and held there for 10 min. The total run time was 60 min.

2.5.17. LC-MS/MS
LC-MS/MS analyses were performed on a Bruker system coupled to a Bruker compact
qTOF mass spectrometer equipped with an electrospray ionization interface (ESI).
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Chromatographic separations were performed on an Intensity Solo 2 C18 (100 x 2.1 mm 1.7 um)
column. The mobile phase comprised H20 (A) and MeCN (B), both of which were acidified with
0.1% formic acid. The column temperature and sample organizer were maintained at 35 °C and 15
°C, respectively. A stepwise gradient method at constant flow rate of 0.4 mL/min was used to elute
the column with the following conditions: 40-80% B (0—25 min), followed by a 30 min run of
MeCN for washing and 5 min of reconditioning. Analyses of the samples (5.0 puL injected) were
performed in negative ion mode consisting of a full MS survey scan in the m/z 100-1500 Da range
(scan time: 100 ms) followed by MS/MS scans for the three most abundant ions. The collision
energy was applied at 10 V. The negative ESI conditions were set as follows: capillary voltage 3.5
kV, source temperature 200 °C, gas flow 4 L/h. Samples were prepared by extracting 10 mg of
sample into 1 mL of acetonitrile, centrifuging at 15.0 rpm at 20 min twice so that the samples were

ready for HRMS. All data analysis was through the Bruker Data Analysis program.

2.5.18. BLAST search, multiple sequence alignment and phylogenetic

Amino acid sequences of C. uncialis CYP (also known as MPAO, accession no.
AUW31051.1) were selected for pBLAST [Atlschul, S. F. et al. 1990] and multiple sequence
alignment analysis. Two out-groups were selected, a human and a fungal p450 (Accession no.
10G2_A, XP_749134.1). The 30 most genetically similar entries in GenBank were compiled for
phylogenetic analysis with more than 90% query cover and 35% amino acid identity Multiple
sequence alignment of MPAO, PM1 or SCYP (Accession no. XP_002145795.1) & STCB
(Accession no. XP_081093.1) was performed using MView from EMBL-EBI [Brown N. P. et al.,
1998]. Phylogenetic tree was constructed using MEGAX [Kumar et al., 2018]. Evolutionary
history was inferred using the maximum-likelihood (ML) method [Whelan, S. and Godman, N.,

2001]. The assembled tree was evaluated with 1000 replicates of the bootstrap test [Felsenstein, J.
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1985]. The evolutionary distance was estimated using the poisson model [Zuckerkandl, E. &
Pauling, L. 1965] and are in the units of the number of amino acid substitutions per site. The rate
variation across sites was uniform, the gaps/missing data treatment selected as partial deletion and
the site coverage cut-off% was 95. Under the system resource usage, number of threads were

chosen to be ‘4’. The resulting tree was saved as a PDF file and is provided in Appendix.
2.6. Materials and methods related to Chapter 6

2.6.1. Annotation of lichen gene clusters
As described in detail by [Bertrand, R. L. 2019], the annotation of the gene clusters was
performed using Antibiotics and Secondary Metabolite Analysis Shell (AntiSMASH version 3.0)

[Weber et al., 2015], freely available for academic use at http://www.secondarymetabolites.org/.

2.6.2. BLAST search of genetically similar gene clusters

Data was modified and added (Appendix Table S5-S11) to those already described by
[Bertrand, R. L. 2019] based on the new entries in GenBank. pBLAST analysis was performed on
each genetically similar gene to determine percent similarity score [Altschul, S. F. et al., 1990].
Lichen genes not identified as genetically similar to genes of the reference clusters were manually
analyzed using comparative pBLAST to confirm absence of similarity. The reporting of ‘no

significant similarity found’ was interpreted as a negative result.

2.6.3 Phylogenetics

Genes were analyzed via pBLAST [Atlschul, S. F. et al. 1990] and the 38 most genetically
similar entries in GenBank were compiled for phylogenetic analysis with more than 90% query
cover and 50% amino acid identity. Two out-group proteins were selected from organisms known

to be more distantly related than organisms of the in-group genes that also share the general
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function of in-group genes. Two out-group proteins were included for a total of 40 entries per
phylogenetic tree. Amino acid sequences (Multiple sequence alignment) were aligned by ClustalW
[Higgins, D. et al., 1994] package of MEGAX [Kumar, S. et al., 2018] and exported as a mega

file, freely available for download at http://www.megasoftware.net/. This mega file was processed

in Neighbour-Joining (NJ) statistical method, which was used while reconstructing phylogenetic
trees. In some cases, the maximum-likelihood (ML) [Whelan, S. and Godman, N., 2001] method
was used to perform evolutionary analyses. One-thousand replicates of pseudo samples were used
of bootstrap support [Felsenstein, J. 1985] for analyses. The poisson model [Zuckerkandl, E. &
Pauling, L. 1965] was used as a substitutional model to evaluate the evolutionary distances and
data are expressed in the units of the number of amino acid substitutions per site. The rate variation
across sites was uniform, the gaps/missing data treatment selected as partial deletion and the site
coverage cut-off% was 95. Under the system resource usage, the number of threads was chosen to
be ‘4’. The resulting trees were saved as PDF files (Figures S1-S25) and are provided in the

Chapter 6 Section of the Appendix.

2.7. Materials and methods related to Chapter 7

Not applicable
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Chapter 3

Identification of the UA gene cluster, its biosynthetic pathway and

chemical synthesis of MPA and bioassays of MPA v/s UA.

This chapter is already published. Sarkar R, Mittal N, Sorensen J, Sen T. A Comparison of the
Bioactivity of UA versus Methylphloroacetophenone. Natural Product Communications.

December 2018. d0i:10.1177/1934578X1801301224. My contribution was the chemical synthesis

of Methylphloroacetophenone (MPA).

3.1. Introduction

UA is a yellow-coloured dibenzofuran, and it is one of the most well-studied lichen natural
products so far. It is the first polyketide isolated from lichens in 1844 (Figure 3.1). UA is widely
distributed amongst many species of lichens such
as Cladonia, Usnea, Lecanora, Evernia and Ramalina, etc. (Figure 3.1). Many biological
activities are associated with this molecule such as anti-bacterial, antitumor, antiviral, anti-
inflammatory, antiprotozoal, larvicidal and treating tuberculosis (Figure 3.1) [Aradjo et al. 2015].
The existence of such rich literature highlighting its pharmacological importance makes it an
important candidate in the world of research on lichen NPs. Commercial availability of the
chemical standard of UA at Sigma-Aldrich increases the tenability of UA biosynthesis research.
The test organism that we chose to understand the science behind the biosynthesis of this unique
lichen SM is C. uncialis. This lichen species can be found locally in Manitoba and UA is one of
the main chemical constituents of this lichen species. Freshly field-collected C. uncialis was

provided to our research group by Dr. Michelle Piercey-Normore, a lichenologist at the
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Department of Biology, the University of Manitoba (Presently, Memorial University).
Morphological identification was done by Dr. Michelle Piercey-Normore and genetic
identification of this species was done by Dr. Abdel-Hameed (ex-PhD student in Sorensen’s lab)
by PCR amplification of the internal transcribed spacer (ITS) region and sequenced the amplicon
using a conventional Sanger platform [Abdel-Hameed, M. et al., 2016]. In addition, previous in
situ imaging of UA within the thallus of C. uncialis performed in collaboration with Dr. Michelle
Piercey-Normore research group provided us with in-house expertise on stimulating UA
biosynthesis in C. uncialis [Liao et al., 2010].

C. uncialis belongs to the order Lecanorales and the family Cladoniaceae. The thallus of
this lichen is yellow-green or greenish, often brownish towards the pointed apices. C.
uncialis frequently grows on soil among mosses, in well-lit and typically, dry places. It is common
in coniferous forests, on heathland and on sand dunes in Europe, North America, and Asia [Purvis
et al., 1992]. C. uncialis produces dibenzofurans such as UA and depsides: squamatic acid and

thamnolic acid [Culberson 1969; Purvis et al., 1992; BeGora & Fahlset 2001].
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Figure 3.1: Chemical structure of UA and its biological properties.
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3.2. History of biosynthesis of UA

A biosynthetic scheme was proposed by Taguchi et al. in 1969, where feeding experiments
of isotope-labelled sodium acetate and diethyl malonate were performed to four different lichen
species, the resulting product enrichment pattern was consistent with UA biosynthesis (Figure
3.2). A 14C-labelled sodium formate feeding experiment confirms the incorporation of methyl
groups into UA to be derived from a C1-unit (Figure 3.2). 14C-labelled MPA was also fed to
lichen species and enriched UA was re-isolated, which ultimately demonstrated that UA is a dimer
of two molecules of MPA (Figure 3.2). An in vitro oxidation experiment of MPA to UA using
horseradish peroxidase also demonstrated the oxidative coupling of MPA to UA (Figure 3.2). On
the contrary, when 14C-labelled phloroacetophenone was fed to lichen species, enriched UA was
not isolated which demonstrated the addition of methyl group during polyketide chain elongation
(Figure 3.2). The isotope-labelling experiments by Taguchi et al. (1969) also demonstrate that the
PKS must also have a C-methyltransferase (cMeT) domain. We now know that S-adenosyl
methionine substrate is required as a methyl donor for cMeT to catalyze the addition of methyl
group to a polyketide chain. This work laid a foundation for the discovery of the categorical
classification of UA-associated PKS as a non-reducing polyketide synthase (NR-PKS) [Taguchi

etal., 1969].
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A) Acetate as a building
block of most polyketides
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Figure 3.2: Isotope-labelled (**C) feeding experiments of lichens (Taguchi in 1969) & proposed UA biosynthetic pathway. A)
Feeding experiment of *4C-labelled sodium acetate to different lichen species and enriched UA was isolated (* = 1“C) B) Feeding
experiment of 24C-labelled diethyl malonate and sodium formate to different lichen species and enriched UA was re-isolated (* =
14C from diethyl malonate, A = !4C from sodium formate) C) Both feeding experiment of “C-labelled MPA to different lichen

species and its oxidation to **C-labelled UA using horse-radish peroxidase.
3.3. Steps towards genome annotation of C. uncialis

The methodology that was adopted to annotate biosynthetic genes found in the genome
of C. uncialis [Abdel-Hameed et al. 2016] is as follows: 1) Spores from C. uncialis were collected
onto a water-agar media, then transferred to nutrient-rich agar and to generate enough biomass
for de novo whole-genome sequencing, this fungus was grown on agar for one year. As mentioned
earlier in Chapter 1, lichen is a symbiont of a fungus and algae or cyanobacterium. Although the
photosynthetic partner is known to produce a few of the SMs arising from the lichen partnership
[Kassalainen et al. 2012, Kampa et al. 2013], the fungal partner is responsible for most of the
lichen secondary metabolome. Therefore, it was imperative to grow the fungal partner separately
(an axenic culture) from the photosynthetic partner in the lab. 2) The genomic DNA of C.
uncialis fungus was isolated and sequenced using an Illlumina platform, then assembled using
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SPAdes [Kearse et al., 2012]. 3) Contigs generated from SPAdes were submitted to the Antibiotic
and Secondary Metabolite Analysis Shell (AntiSMASH V. 2.0) [Blin et al., 2013]. This program
annotates biosynthetic genes and when motifs indicative of a biosynthetic gene (e.g., a polyketide
synthase) are discovered, the program then expands its analysis of the nucleotides flanking the
biosynthetic gene to search for accessory genes (e.g., p450, O-methyltransferase, halogenase)
[Medema et al., 2011; Weber et al., 2015; Blin et al., 2017] (Figure 3.3). As described earlier
in Chapter 1, a combination of a biosynthetic gene that encodes for a backbone enzyme (e.g., a
polyketide synthase or a terpene cyclase) and one or more accessory genes encoding for
accessory/tailoring enzymes makes a biosynthetic gene cluster (BGC). And a total of 48

biosynthetic gene clusters were found in the genome C. uncialis (Figure 3.3).
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Figure 3.3: Schematic representation of C. uncialis genome sequencing, assembly, and annotation of biosynthetic genes [Abdel-
Hameed, M. et al. 2016].

3.4. Identification of UA gene cluster

The first successful gene architecture of UA-associated nr-pks and UA biosynthetic gene
clusters was proposed by our research group by carrying out an extensive C. uncialis genome
sequencing and gene knockout experiments [Abdel-Hameed, M. et al., 2016]. A total of 32 types
I PKS genes (Figure 3.4) were identified within the assembled contigs of 48 annotated gene
clusters using AntiSMASH V. 2.0. (Described above in Section 3.4).

Each identified gene was also submitted to the Basic Local Alignment Search Tool
(BLAST) [Altschul et al., 1990] and the probable function of each gene was noted based on
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consensus similarity to characterized genes deposited in GenBank. Earlier mentioned isotope-
labelling experiments [Taguchi et al., 1969] also demonstrated that UA must be produced by a
non-reducing PKS possessing methyltransferase (cMeT) and methyl group introduces before
cyclization of polyketide chain. This cyclization is catalyzed by the Claisen cyclase (CLC) domain
via Claisen condensation instead of conventional aldol cyclization catalyzed by the TE domain
(explained in detail in Chapter 1). A single oxidative enzyme, most probably a cytochrome p450,
should be found near the PKS and known as a post-PKS/tailoring enzyme (Chapter 1) [Bernhardt
2006; Guengerich & Munro, 2013; Isin and Guengerich 2007]. Taking into the account
presence/absence of reducing domains (Chapter 1), out of 32 PKS genes, 14 genes were found to
be non-reducing and 18 were reducing. Of these 14 remaining non-reducing genes, only five had
the requisite cMeT domain. Out of these 5 genes, only one was consistent with UA biosynthesis
with regards to the presence of the CLC domain and one tailoring gene, a cytochrome p450 (Figure
3.4). Domain architecture of UA nr-pks gene (Figure 3.4): ACP trans-acylase domain (SAT), this
advanced priming unit starts the polyketide chain extension, acetyl transferase domain (AT), acyl-
carrier protein (ACP), keto-synthase domain (KS), methyltransferase (cMeT), product template
domain (PT) and Claisen cyclase (CLC) domain and function of each domain has been elaborated
in Chapter 1. This nr-pks gene was named by Bertrand & Abdel-Hameed [Abdel-Hameed et al.
2016] as mpas (methylphloroacetophenone synthase) encodes for MPAS enzyme and the
cytochrome p450 as mpao (methylphloroacetophenone oxidase) encodes MPAO enzyme (Figure

3.4).
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Figure 3.4: Gene-knockout experiment for the identification of UA gene clusters after de-novo genome sequencing of C. uncialis,
gene architecture of UA gene cluster and domain architecture of mpas (Abdel-Hameed, M. et al. 2016).

3.5. Biosynthesis of UA

The biosynthesis of UA has been demonstrated [Taguchi et al., 1969; Abdel-Hameed et al.,
2016] to proceed via the intermediate MPA (Figure 3.5) which is produced from acetyl-CoA,
malonyl-CoA and S-adenosylmethionine (SAM) by an MPAS. The intermediate MPA is in turn

dimerized by an MPAO enzyme to produce UA (Figure 3.5).
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Figure 3.5: A schematic outline of biosynthesis of UA catalyzed MPAS and MPAO.

Experiments of functional heterologous expression of MPAS in both fungal and bacterial
hosts, were performed by Dr. Robert Bertrand (ex-PhD student). Unfortunately no functional

heterologous expression of MPAS could be detected.

3.6. Chemical synthesis of MPA

The first key experiment was the chemical synthesis of MPA. Both phloroacetophenone
(substrate) and potassium carbonate (K.COgs, a Lewis base) were dissolved in acetone at r. t. This
reaction mixture was kept in an ice bath to bring the temperature between 0 to 5 °C. As a
methylated reagent, 3 equivalents of iodomethane were added dropwise for 3 h. 1 equivalent at the
start, 2" equivalent after 1 h and the 3" equivalent after 2 h of reaction time. The reaction mixture
was stirred for 1 hour and then quenched with 1 M HCI. The product was extracted using ethyl
acetate and was stored at 4 °C. The reaction resulted in many O-methylated side products along
with the synthesis of MPA (Scheme 3.1). The crude product was purified with flash column
chromatography and the final yield of MPA was 39% and the yield was improved up to 48% when
purified using automated flash chromatography (Biotage). As already mentioned in Chapter
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2, that this reaction was already published by [Hawranik, D. J. et al. in 2009], and we only did

some modifications to increase the % yield and reduce the number of O-methylated side products.

CH,
"o on CHl, 0-5°C "o " 45-50 % yield
CHs = CHy ¢
KoCOg
OH O 3 hrs., Acetone OH O

Phloroacetophenone Methylphloroacetophenone (MPA)

+
CH, CHj
H3;CO OCHjg H3;CO OCHj3
CHjs HyC CHj
. OH O OH O
side products CH, CH,
H;CO OCH; H3CO OCHj,4
CHjy CHgy
HiC
OcH, © OCH, ©

Scheme 3.1: Chemical synthesis of MPA. K2COs: Potassium carbonate and CHsl: lodomethane.
3.7. Bio-film disruption activity, MPA v/s UA

This work was done in collaboration with the late Dr. Tuhinadri Sen and his research group
at the Department of Pharmaceutical Technology, Jadavpur University, Kolkata, India. UA has
been shown to possess antimicrobial activity against several planktonic gram-positive bacteria,
including Staphylococcus aureus, Enterococcus faecalis, and Enterococcus faecium. Although the
exact mechanism of action is still unknown [Shibata et al., 1948; Lauterwein, M. et al., 1995] there
is some evidence that the antibacterial activity of UA is due to the inhibition of RNA transcription
[Campanella, L. et al., 2002]. In addition, it appears that UA can also affect biofilm formation in
organisms such as Staphylococcus aureus and Pseudomonas aeruginosa [Francolini, I. et al.,
2004]. Opportunistic human pathogens such as Pseudomonas aeruginosa can sense their

population density by using an intercellular signalling system known as quorum-sensing (QS),
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which in turn regulates a diverse array of physiological activities such as biofilm formation and
the production of virulence factors [Mih, U. et al., 2006; Fuqua, C., 2002]. Opportunistic
pathogens embed themselves in an extracellular polymeric matrix that forms the basis of the
biofilm, which can contribute to bacterial resistance and pathogenicity [O'Brien, K. T. et al., 2016].
Targeting the quorum-sensing circuit in P. aeruginosa could be a useful approach to preventing
bacterial pathogenesis. This approach could render pathogenic bacteria non-virulent without
affecting their viability, which will result in less pressure to develop resistance as is observed in
antibiotic therapy [Sarabhai, S. et al., 2013; Welsh, M. A. et al., 2015]. Recently natural products
have become of interest as a source of QS inhibitors. For example, ajoene from Allium
sativum [Jakobsen, T. H. et al., 2012], curcumin, from Curcuma longa [Rudrappa, T., et al., 2008],
iberin from Armoracia rusticana [Jakobsen, T. H. et al., 2012] have all been shown to interrupt
the bacterial QS signalling system. In addition, methanolic extracts from plants used in traditional
medicine applications have been also shown to disrupt the formation of biofilms [Sarkar, R. et al.,
2014; Sen, T. etal., 2015]. There has been some recent interest in exploring lichen natural products
and their ability to disrupt biofilm formation [Singh, N. et al.,, 2015]. There has been a
demonstration of the potential application of UA in thin-film coatings for this purpose
[Grumezescu, V. et al., 2014]. However, little is known about the potential of the biosynthetic
intermediate MPA for disruption of biofilm formation. One possible explanation for the conversion
of MPA into UA in a lichen is that the latter may have increased biological activity, providing
greater protection from bacterial infection for the slow-growing lichen. Therefore, we set out to
compare the bioactivity, specifically concerning biofilm formation, of UA and the biosynthetic
precursor MPA. It is interesting to note that there have been no reports of the isolation of MPA as

a natural product, suggesting that MPA is rather efficiently converted into UA in lichen species.
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We demonstrate here, for the first time, that in our experiments UA displays more biological
activity than MPA.

The presence of UA in some lichen species may offer some protective effect from
colonization by bacteria through the mechanism of disrupting biofilm formation and the quorum
sensing pathways. UA is known to inhibit the growth of numerous Gram-positive bacteria, while
it has no effect on Gram-negative microorganisms [Macigg-Dorszynska, M. et al., 2014;
Lauterwein, M. et al., 1995], but interestingly in our present investigation UA was found to exhibit
strain-specific antibacterial activity against both Gram-positive and Gram-negative standard

reference strains at concentrations in the 7.8-500 pg/mL range (Table 3.1).

Table 3.1: Assessment of minimum inhibitory concentration (MIC) of UA and MPA against different bacterial strains.

Micro-organisms Agents MIC (ug/mL)
Escherichia coli MTCC 2939 UA 7.8

MPA 250
Pseudomonas aeruginosa MTCC 2453 UA 500

MPA >500
Staphylococcus aureus MTCC 96 UA 150

MPA 500
Bacillus subtilis MTCC 441 UA 25

MPA 500

UA has been found to be more active as compared to MPA against all tested reference
strains. Pyoverdine and Pyocyanin are virulence factors regulated by QS and play an important
role in bacterial invasion of the host cell. Pyoverdine promotes microbial growth by competing for
iron with mammalian transferrin, causing iron deficiency in the host cells with subsequent
improvement of iron availability in the bacterial cells [Sarkar, R. et al., 2014; Adonizio, A. et al.,

2008]. Pyocyanin is functioning as a redox-active toxin and promoting extracellular DNA (eDNA)

118



release for biofilm formation [Das, T. et al., 2012; Chang, C. Y. et al., 2014]. UA and MPA have
significantly inhibited the production of these virulence factors in a dose-dependent manner (Table
3.2). UA was found to be more active than its intermediate at any given concentration. Bacterial
motility is one of the major QS regulated factors responsible for biofilm formation [Sarkar, R. et
al., 2014]. Flagellum-dependent swimming, swarming motility, and type IV pilus-based twitching
motility are required for the initial attachment, development of a biofilm by P. aeruginosa and for

the overproduction of virulence factors [de la Fuente-NUfez, C. et al., 2012; Déziel, E. et al., 2002].

Table 2.2: Pyoverdine and Pyocyanin production in Pseudomonas aeruginosa, grown in presence or absence of UA and MPA.
The fluorescence emission spectrum was recorded by exciting at 405 nm. The activity was expressed in relative fluorescence units
for Pyoverdine production. Salicylic acid was used as a positive control. Values are expressed as mean + SEM (standard error of
the mean).; (n = 3); *P < 0.05 (vs control), variable were compared using the t test.

Pyoverdine production Pyocyanin  production

Treatment Concentration | RFU % Absorbance %

(ng/mL) (Excitation 405 nm Inhibition at 520 nm Inhibition

&, Emission 465 nm)

Control 9600 + 100 0 0.408 + 0.006 0
UA 31.3 3400 + 200* 63.9 0.230 £ 0.01* 43.9

15.6 5600 + 100* 414 0.267 £ 0.017* 34.6

7.8 6900 £ 300* 27.8 0.316 + 0.021* 22.5
MPA 31.2 4200 + 200* 55.9 0.259 + 0.011* 36.5

15.6 6900 + 200* 28.0 0.312 £ 0.013* 235

7.8 8100 + 300* 15.2 0.352 £ 0.023* 13.7
Salicylic acid 50 4400 + 100* 54.4 0.265 + 0.007* 35.1
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UA and MPA inhibited swimming, swarming and twitching motility in a dose-dependent

manner (Table 3.3). The effect of UA and MPA on bacterial biofilm formation was assessed by

crystal violet assay. Both UA and MPA were found to inhibit bacterial biofilm formation in a dose-

dependent manner (Figure 3.6). UA (31.25 pg/mL; 48.2% inhibition) was found to be more active

as compared to MPA (31.25 pg/mL: 21.1% inhibition).

Table 3.3: Swimming and twitching motility of P. aeruginosa on semi-solid agar in presence and absence of UA and MPA. Values

are expressed as mean + SEM (standard error of the mean).; (n = 3); *P < 0.05 (vs control).

% of Inhibition of biofilm formation

70

Treatment Concentration | Distance of migration (mm)
(ng/mL) Swimming motility Swarming motility ~ Twitching motility
Control 31.2+26 16+2.1 23+19
UA 15.6 14 +1.2* 6+04* 5+0.5*
7.8 19+1.4* 10+ 0.8* 7+0.9*
MPA 15.6 20+£1.3* 9+ 0.5* 15+£1.1*
7.8 23+1.8* 12+0.7* 20 £1.2*
90
80

Concentration pg/ml

60 I
50
40
mUA

30 1
20 I MPA
10 I

0

125 62.5 313 15.6

Figure 3.6: Effect of UA and MPA on biofilm formation. Biofilm formation was assessed by a colorimetric technique using crystal

violet. The results are expressed as a percentage of biofilm inhibition for untreated control. Values are expressed as mean + SEM

(standard error of the mean).; n = 6.
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Our present investigation suggests that both UA and its intermediate MPA inhibit
bacterial biofilm formation and virulence factor production and may be by interfere with the

bacterial QS signalling system.

3.8. Summary

In this study, we have outlined the details of the C. uncialis genome sequencing project
resulted in the identification of 48 gene clusters [Abdel-Hameed, M. 2014 & Bertrand, R. L. 2019].
Description of the methodology of identification of the UA gene cluster & the proposed
biosynthesis of UA. We have also discussed the chemical synthesis of MPA (an intermediate
during UA biosynthesis). Bioactivity of MPA & UA was compared by doing the biofilm-
disruption & antibacterial assays. In conclusion, we have demonstrated that UA is more
biologically active than MPA in the whole-cell and biofilm disruption assays. This suggests a
rationale for why lichen fungi exert the effort required to produce UA. This knowledge may help

guide the discovery of other natural products that disrupt biofilm production.
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Chapter 4

Svynthesis of novel MPA analogues, acylated phloroglucinols and their

antibiotic activity against methicillin-resistant Staphylococcus aureus

This work was done and published in collaboration with Dr. Silvia Cardona research group at the
Department of Microbiology, University of Manitoba, Winnipeg, Canada. Where | (Navriti
Mittal') contributed towards the chemical synthesis of Compounds 1-12, and bioassays were
carried out by two students, Haben H. Tesfu? and Andrew M. Hogan®. Mittal, N., Tesfu, H.H.,
Hogan, A.M. et al. Synthesis and antibiotic activity of novel acylated phloroglucinol compounds

against methicillin-resistant Staphylococcus aureus. J Antibiot. 72, 253-259 (2019).
https://doi-org.uml.idm.oclc.org/10.1038/s41429-019-0153-4

4.1. Introduction

The emergence of multidrug resistant bacterial infections is a major health threat [Munita,
J. M. etal., 2017]. Agencies like the World Health Organization and the Public Health Agency of
Canada [2017 Report] have highlighted the need for investment in research and development of
new antibiotics. A remarkable example is the Gram-positive bacterium Staphylococcus aureus, a
ubiquitous commensal of the human skin. Naturally susceptible to most antibiotics, S. aureus can
cause infections in predisposed individuals and can acquire formidable antibiotic resistance
[Chambers, H. F. et al., 2009]. One of the most notorious antibiotic-resistant members of the
species is methicillin- resistant S. aureus (MRSA) [Stryjewski, M. E. & Corey, G. R. 2014], which
are grouped into two categories referred as hospital-associated (HA-MRSA) and community-

associated (CA-MRSA) [Miller, L. G. & Kaplan, S. L. 2009]. MRSA is also aconcerning pathogen
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for people with the genetic disease cystic fibrosis (CF) [Akil, N. & Muhlebach, M. S. 2016].
Studies show that lower airway inflammation in children with CF is associated with early
colonization with S. aureus [Gangell, C. 2011] and that the prevalence of MRSA in CF patients
is high [Pena Amaya, P. et al., 2017; Muhlebach, M. S. 2017]. Microorganisms such as bacteria
and fungi produce chemical compounds that have been successfully used as therapeutic antibiotics
[Harvey, A. L. et al., 2015]. Lichenized fungi are a rich source of mostly under-explored natural
products, many of which have chemical structures that suggest an origin from acetate via the
polyketide pathway. As already discussed in Chapter 3, UA is one of the most widely occurring
lichen natural products, and the biological activity of this polyketide has been extensively studied.
Chapter 3 also discusses the biosynthesis of UA, which has been demonstrated to proceed via the
intermediate MPA, which is produced from acetyl-CoA, malonyl-CoA, and S-adenosylmethionine
(SAM) by a polyketide synthase (PKS) [Heihachiro, T. etal., 1969] (Figure 4.1). The intermediate
MPA is in turn dimerized by an oxidative p450-type enzyme to produce UA (Figure 4.1). It has
been concluded in Chapter 3 that UA is more bioactive than MPA based on the results of series

of antibacterial and biofilm disruption assays.

CHj
HO OH
Acetyl-CoA PKS
Malonyl-CoA| ———> )
SAM
OH CHs CH
(MPA) (UA)

Figure 4.1: The biosynthesis of UA from acetyl-CoA, malonyl-CoA and S-adenosylmethionine (SAM) has been demonstrated to

proceed via MPA.

In this study, we systematically examined and explored other related phloroacetophenone
analogs including MPA analogs as potential source of novel bioactivity. Although MPA is a known

natural product none of the compounds reported here appear to be of natural origin. We synthesized
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12 novel phloroacetophenone analogs (Compounds 1-12, Schemes 4.2-4.4, Figure 4.3) and
explored their biological activity against S. aureus ATCC 29213 and MRSA strains isolated from
CF patients. Our results show that 4 of the 12 novel compounds displayed promising activity as a
monotherapy and one strongly synergized with doxycycline. These results suggest that
phloroacetophenone analogs may serve as promising lead compounds for the design of novel

antibiotics.

4.2. Synthesis of phloroglucinol compounds

We first set out to synthesize a series of analogs of MPA where the methyl ketone had been
replaced with asequentially longer hydrocarbon chain of 3—6 carbon atoms in length. The rationale
behind the synthesis of analogs of MPA was to ultimately biosynthesize the analogs of UA
catalyzed by p450 type-enzyme (Figure 4.2). UA has been reported to show some side effects
such as hepatotoxicity [Garcia-Cortés, M. et al., 2016] when it was taken as a dietary supplement
in higher concentrations and allergic contact dermatitis, sometimes accompanied by conjunctivitis
[Ingolfsdéttir, K., 2002]. Therefore, synthesizing the analogs of UA with long hydrocarbon acyl
side chains ultimately increase their lipophilicity and hence, the membrane permeability, could
result in prevention of hepatoxicity (Figure 4.2). However, other studies [Sahu et al., 2012]
indicate that low nontoxic concentrations of UA do not cause damage to the liver.

The synthesis of compounds 1-4 is summarized in (Scheme 4.1). Commercially available
trihydroxy-toluene was reacted with 0.5 equivalent of the appropriate anhydride in the presence of
1 equivalent of Lewis acid (BF3*OEt2) using dioxane as the solvent. Using the anhydride as the
limiting reagent resulted in a correspondingly low yield (18-40%) but prevented over acylation of
the substrate. We also undertook the synthesis of a series of acylated phloroglucinols, compounds

5-8, as described in (Scheme 4.2). Phloroglucinol was dissolved in carbon disulfide and
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nitrobenzene and treated with 10 equivalents of the appropriate acid chloride using AICI3z (10
equivalents) as catalyst. Heating for one hour followed by work-up afforded compounds 5-8 in a
range of 41-53% yield. A series of diacylated phloroglucinol derivatives were synthesized as
described in Scheme 4.3. Phloroglucinol was dissolved in dioxane and reacted with an excess of
the appropriate anhydride (10 equivalents) and an excess (10 equivalents) of Lewis acid. Heating
for 30 min followed by work up produced di-acylphloroglucinols 9-12 in a range of 17 to 55%

yield. The complete characterization data for each compound are provided in the appendix.

)
CHj —CH2 CHy
HO OH Paso enzyme HaC Q OH ~CH,J;CH,
O %CHz}CHa
R qﬁon}CH3
OH O
Methylphloro-acetophenone (MPA) Usnic acid analogs
analogs

Figure 4.2: MPA analogs, to be used in a proposed conversion to UA analogs catalyzed by cytochrome p450.

o CH,4 o o) CHs R =—CH,-CH; (1)
R0 (05eq) HO OH ~{CH,},CH;§ 22;
(

2
1eq BF,°OE, R ‘fCHszHs 3
30 min, A CH,1+CH; (4
OH dioxane OH O —6 2)_ 3 (@)

Scheme 4.1: The synthesis of compounds 1 — 4 is shown.

O R = —CH,—-CHj; (5)

HO OH RLCI (10eq) HO OH —€CH2>_CH3 (6)
10eq ACl; R ‘fCHﬁCHS )

1hr, A CH,+CH5 (8

OH CS,, Ph-NO, OH O < 2} 3(8)

Scheme 4.2: The synthesis of compounds 5 — 8 is shown.

Q R = —CH,~CH, (9)
HO OH R o HO OH —€CH2)'CH3 (10)
2_(10ed) CH,)-CHg (11)

10 eq. BF;*OFEt, R R + 2} 3 (
30 min, A CH,+CH5 (12
OH dioxane O OH O _€ 2} 3 (12)

Scheme 4.3: The synthesis of compounds 9 — 12 is shown.
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Figure 4.3: Chemical structure of the synthetized compounds. Compounds were grouped according to the synthesis scheme. Where

Group 1 compounds are the analogs of MPA, Group 2 are mono-acylated phloroglucinols and Group 3 contains the most bioactive

compounds (di-acylated phloroglucinols).

4.3. Evaluation of antibiotic properties

The minimum inhibitory concentration (MIC) of UA against S. aureus ranges between 6 and

32 ug ml~! depending on the strain [Sarkar, R. et al., 2018]. To evaluate the antibiotic activity of

the synthesized compounds, we performed MIC assays using a laboratory strain of S. aureus

(ATCC 29213) and MRSA strains isolated from the sputum of CF patients [Pena Amaya, P. et al.,

2018]. Table 4.1 shows MICs of the synthesized compounds. Group 3 had the lowest MICs, ranging

between 0.125 and 8 ug ml~!. Among them, compound 11 had the lowest MIC against all the strains
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of S. aureus tested ranging from 0.125 to 0.5 ug ml™!, while compounds 9 and 10 had MIC values
ranging from 2 to 8 ug ml~!. The common structural feature for the four most active compounds
(9-12) is a di-keto moiety with a mutual ortho phenolic group. The compounds differ only in the
chain length of the alkyl group on the anhydride that was used in the acylation step. We then tested
the ability of compounds 9-12 to effectively kill S. aureus by performing minimum bactericidal
concentration (MBC) assays. All compounds displayed MBC to MIC ratio lower than 4 for all the
strains tested with exception of compound 11 and strain CF188 (Table 4.2), indicating a
bactericidal action [Pankey, G. A. & Sabath, L. D., 2004]. We also evaluated the ability of the
synthesized phloroglucinol compounds to eradicate biofilms by performing the minimum biofilm
eradication concentration (MBEC) assay (Table S4). None of the four compounds from group 3

that had antibacterial activity possessed biofilm eradication activity (Table S4).

Table 4.1: MIC of the 12 novel phloroglucinol derivatives against S. aureus strains. Values presented are the median of three
biological replicates. SCV = Small colony variant.

Compound no.  MIC (ug/mL)

CF66 ATTC CF225 CF188 CF224 CF4 CF250 CF3

(MSSA) 29213  (MRSA) (MRSA) (MRSA) (MRSA) (SCV (MRSA)

MRSA)
1 >32 >32 >32 >32 >32 >32 >32 >32
2 >32 >32 >32 >32 >32 >32 >32 >32
3 >32 >32 >32 >32 >32 >32 >32 >32
4 >32 >32 >32 >32 >32 >32 >32 >32
5 >32 >32 >32 >32 >32 >32 >32 >32
6 >32 >32 >32 >32 >32 >32 >32 >32
7 >32 >32 >32 >32 >32 >32 >32 >32
8 >32 >32 >32 >32 >32 >32 >32 >32
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10 8 2 4 8 8 8 4 8
11 0.25 0.25 0.5 0.125 0.125 0.25 0.5 0.125
12 0.5 0.25 0.5 0.5 0.25 0.5 1 0.5

Table 4.2: MBC and ratio of MBC to MIC for the four novel phloroglucinol derivatives against S. aureus strains.

Compound no.  S. aureus CF3 S. aureus CF4 S. aureus CF66 S. aureus CF188

MBC MBC/  MBC MBC/  MBC MBC/  MBC MBC/

(ug/mL) MIC  (ug/mL)  MIC  (ug/mL) MIC  (ug/mL) MIC

ratio ratio ratio ratio
9 16 2 16 4 16 2 8 4
10 32 4 32 4 32 4 32 4
11 0.5 4 0.5 2 0.5 2 1 8
12 1 2 1 2 1 2 1 2

To further investigate the therapeutic potential of the four active compounds, we evaluated
their hemolytic properties against red blood cells (RBC) (Table 4.3). Only 11 displayed minor
hemolytic activity of 8% at the highest concentration tested (32 ugml—1), suggesting it would be

unsuitable for therapeutic purposes.

Table 4.3: In vitro hemolysis of ovine red blood cells by novel phloroglucinol derivatives. Values presented are the mean of three

biological replicates + SD.

Compound no.  Percentage hemolysis?

32 pg/mL 16 pg/mL 8 pg/mL
9 0.60+1.14 1.07+1.48 0.74+1.18
10 0.17+1.08 0.07 £ 0.56 0.28+1.0
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11 8.10 +0.89 0.49 +0.55 -0.52 +0.93

12 2.86 +1.88 227214 1.44 +1.49

aValues presented are the mean of three biological replicates £ SD

Table 4.4: Interaction of Compound 9 with several clinically relevant antibiotics against S. aureus. Values presented are the

median of three biological replicates.

Antibiotic S. aureus ATCC 29213 S. aureus CF225

FIC Index Interpretation FIC Index Interpretation

Oxacillin 0.625 Additive 0.75 Additive
Cephalexin 1 Additive 1 Additive
Rifampicin 0.75 Additive 1 Additive
Doxycycline  0.325 Synergistic 0.325 Synergistic
Trimethoprim 1.5 Additive 1.5 Additive

Furthermore, the lack of hemolytic activity for compounds 9, 10, and 12 suggests that this
class of compounds may have promising selectivity against bacterial cells. Hence, more research
on understanding the mechanism of action and the apparent selectivity is merited. We also
investigated the interaction of the compounds with clinically relevant antibiotics that have various
mechanisms of action. We selected compound 9 as representative for checkerboard assays as it
displayed strong activity, but without hemolysis. As shown in Table 4.4, Compound 9 interacted
additively with oxacillin, cephalexin, rifampicin, and trimethoprim, and acted synergistically with
doxycycline. This trend was seen in ATCC 29213 and the MRSA strains. It has been frequently
observed that synergies often occur between drugs that target the same cellular process [Brochado,
A. R. et al., 2018] and also can happen due to modulation of intracellular drug concentrations.

Doxycycline targets the small ribosome subunit (30S subunit) interrupting protein synthesis. In a
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study conducted by Sahuquillo-Arce et al. it was shown that linezolid interacted synergistically
with doxycycline [Sahuquillo Arce, J. M. et al., 2006]. Linezolid binds to the 50S ribosomal
subunit inhibiting protein synthesis. Therefore, the synergistic interaction between doxycycline
and linezolid occurs because the two compounds act on interacting targets [Sahuquillo Arce, J. M.
etal., 2006]. It is tantalizing to speculate that the mechanism of action of compound 9 is related to

the inhibition of protein synthesis, a hypothesis worth to further be tested.

4.4. Summary

In the present study, we have synthesized 12 phloroglucinol derivatives and characterized
their antibiotic properties against S. aureus, an important CF pathogen. Diacylated derivatives
displayed the strongest bactericidal activity against MRSA clinical isolates. Furthermore, these
compounds displayed apparent selectivity in their action, as these were not hemolytic. Of interest,
compound 9 interacted synergistically with doxycycline. Hence, it could potentially be used as a

drug combination to treat highly resistant MRSA strains.
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Chapter 5

Functional heterologous expression of lichen cytochrome p450 (CYP)

and p450-reductase (CPR) in bacteria responsible for UA biosynthesis

This chapter has been edited in the form of a manuscript and, planned to submit to Journal of

Nature Communications in December 2022.

5.1. Introduction

Chapter 3 described in some detail that the genome sequencing, assembly, and annotation
of C. uncialis resulted in the discovery of 48 putative gene clusters out of which 32 are polyketide
synthase (PKS) gene clusters. Further, these 32 PKS gene clusters are subcategorized into 16 non-
reducing &, 16 reducing PKSs [Abdel-Hameed, M. et al., 2016]. As discussed in Chapter 1, non-
reducing PKSs do not have reducing domains contrary to the reducing PKSs that have reducing
domains such enoyl & keto-reductases. In polyketide synthase gene clusters, there are PKS genes
encode for backbone enzymes and genes, up or downstream of PKSs encode for
tailoring/accessory/post-pks enzymes. PKSs are known to assemble different poly-ketonic chains
using different catalytic domains. Which further catalyzes the cyclization of poly-ketonic chains
in a particular fashion following different cyclization mechanisms leading to the formation of
unique polyphenol molecules. These polyphenols are usually the key intermediates in the
biosynthesis of different polyketides. Tailoring/accessory/post-PKS enzymes catalyze the
conversion of these key intermediates to more complex polyketide molecules. Polyketides are one
main class of natural products produced by lichens and are typically aromatic polyphenols with

varying degrees of oxidations and other modifications.
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The first NR-PKS gene cluster of C. uncialis that was identified and completely annotated
by Dr. Mona Abdel-Hameed and Dr. Robert Bertrand (ex-PhD candidates in our lab) is involved
in the biosynthesis of a natural product named UA (see Chapter 3) [Abdel-Hameed, M. et al.,
2016]. Earlier mentioned in Chapter 3, the details of various lichen sources of UA, its biological
importance, and its potential of being a versatile drug molecule in the pharmaceutical industry.
The UA gene cluster (see Chapter 3) consists of two genes, a non-reducing polyketide synthase
gene, encodes for NR-PKS enzyme named MPAS and a post-PKS gene encodes for a cytochrome
p450 enzyme named MPAOQO. The proposed biosynthetic scheme of UA (see Chapter 3) involves
a catalytic intermediate MPA and MPAO catalyzes the oxidation of two molecules of MPA to UA.
Cytochrome p450 (CYP) is an oxidative enzyme and Chapter 1 has already given a detailed
insight into cytochrome p450s (CYPs) in general and eukaryotic CYPs, their catalytic reaction
types, mechanisms, and their redox partners/proteins (RPs). Eukaryotic RPs are cytochrome p450

reductase (CPR), cytochrome b5 (CB5) and cytochrome b5 reductase (CB5R).

5.2. An Outline of all experiments for UA biosynthesis described in this chapter
This chapter illustrates:
1) Attempts toward a functional heterologous expression of MPAO in E. coli (Figure 5.1A).
2) The soluble expression of MPAO and its redox partner CPR proteins and their purification
(Figure 5.1B, C & D).

3) Attempt towards bioconversion of MPA to UA catalyzed by pure MPAO protein,

4) Attempt towards bioconversion of MPA to UA catalyzed by both purified; MPAO & CPR

proteins (Figure 5.1E).

5) Successful functional heterologous co-expression of C. uncialis CPR (cytochrome p450

reductase) with MPAO in E. coli (Figure 5.1F).

141



A) Functional heterologous expression of MPAO in E. coli
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(MPA) (in-vivo bio-transformation) (UA)

B) Large scale soluble MPAO expression in E. coli and its purification

MPAO protein with 6-His
SUMO tag purification

Analysis of purification

C) Bio-transformation of MPA to UA catalyzed by pure MPAO
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D) Large scale soluble CPR expression in E. coli and its purification
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E) Bio-transformation catalyzed by both pure MPAO and CPR, of MPA to UA

CHs I OH o o
HO OH H-C HaC
N O N
CHs \ HO 0 OH
OH O l 07 “cH

3
MPA Catalyzed by pure MPAO
and pure CPR proteins UA
(in-vitro)

F) Functional heterologous Co-express of MPAO and CPR in E. coli

H @] o]
CH; HGC Q HsC
o Lo~ |~
CH; HO 0 CH
OH O l 0™ “CHj3
Co-expression of MPAO &
MPA CPR in E. coli UA

(in-vivo bio-transformation)

Figure 5.1: Summary of the experimental work of functional heterologous expression of MPAO, and CPR; A. Schematic outline
of a bio-conversion experiment of MPA to UA catalyzed by MPAO by incubating MPA with E. coli transformants (in vivo), B.
Large scale production of soluble novel lichen CYP (MPAO with N-His SUMO tag), its purification aided by Ni-NTA (Ni-nitrilo
acetate) affinity column chromatography and screened with SDS-PAGE (sodium dodecyl-sulphate polyacrylamide gel
electrophoresis), C. Schematic outline of a bio-conversion experiment of MPA to UA by incubating MPA with purified MPAO (in
vitro experiments), D. Large scale production of soluble novel lichen CPR with T7 and Hiss tags, its purification aided by Ni-NTA
affinity column chromatography, E. Schematic outline of a bio-conversion experiment of MPA to UA by incubating MPA with
both purified MPAO and CPR (in vitro experiments), F. Schematic outline of a bio-conversion experiment of MPA to UA by
incubated MPA with E. coli transformants (in vivo) co-expressing MPAO and CPR.

5.3. Importance and the goal of this study

It is of great importance to characterize the biochemistry of these lichen proteins to better
understand lichen biology. The exploitation of the biochemistry of this lichen p450s is not only
necessary for lichen NPs biosynthesis but also for their applications in biotechnology and the
pharmaceutical industry. Isolation of p450s from native tissues, however, often results in modest
yields. Therefore, recombinant protein production is an attractive alternative. The development of
a heterologous expression system is often a principal step in biochemical and biotechnological
studies of eukaryotic proteins. This study aims to establish a methodology to achieve a functional

heterologous expression of these lichen fungal proteins, that are membrane-bound CYPs and their
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RPs such as cytochrome p450 oxidoreductase/reductase (CPR) in bacteria. To better understand
how to improve experimental procedures to institute purified lichen proteins for their formal in

vitro characterization.

5.4. Why biocatalysts over chemical synthesis

1) Biocatalysts can help reduce the number of tedious steps such as the use of protecting
groups and deprotecting those that are commonly required in conventional chemical synthesis, 2)
biocatalysts produce a single product with no by-product formation, which reduces the cost of
downstream purification steps, and 3) biocatalysts produce enantiomeric mixtures (rather than

racemic mixtures) that are strictly required in some fields, such as the pharmaceutical industry.

5.5. Advantages of using E. coli as a heterologous host (Figure 5.2)

It is important to produce large quantities of purified, properly folded and catalytically
active CYP proteins for the downstream biochemical and structural studies. Therefore, a fast-
growing bacterial system has always been a dominant host for the recombinant expression of
eukaryotic proteins. These prokaryotic cell factories provide a cost-effective avenue using
inexpensive media for large-scale protein production. E. coli is one of the most powerful tools for
heterologous protein production because of the well-established methods for their genetic
manipulation, the multitude of molecular tools and protocols at hand, the vast catalogue of

expression plasmids and many cultivation strategies [Demain, A. L. & Vaishnav, P. 2009].
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1. Fast growth kinetics 1. Requirement of redox proteins

2. High cell densities 2. Requirement of NAD(P)H cofactor

3. Inexpensive media 3. Lack of membrane binding systems

4. Established methods for genetic 4. Lack of post-translational modifications

manipulation

5. Vast catalog of expression plasmids 5. Protein folding and solubility issues

6. Various cloning and expression 6. Enzyme stability issues
protocols at hand

7. Many cultivation strategies 7. Requirement of heme precursor

Figure 5.2: Advantages and Disadvantages associated with a prokaryotic expression system [Durairaj, P. et al., 2019].

5.6. Challenges of using a prokaryotic host to express eukaryotic proteins (Figure 5.2)

Nevertheless, the recombinant production of soluble eukaryotic proteins in E. coli always
remains challenging and a laborious task owing to their membrane-bound nature [Durairaj, P. et
al., 2019]. The latest model has determined these eukaryotic CYPs as membrane-associated
proteins where they are anchored to the endoplasmic reticulum (ER) through N-terminal
transmembrane alpha helix on the luminal side and the catalytic domain is sprawling in the cytosol
as shown in (Figure 5.4A) [Srejber, M. et al., 2018; Urban, P. et al., 2018]. The lack of membrane-
bound organelles in prokaryotes results in either non-expression of eukaryotic CYPs or their
misfolding or incomplete folding into insoluble aggregates or inclusion bodies. Which eventually
hinders their functional and structural studies [Denisov, I. G. et al., 2012; Zelasko, S. et al., 2013,
Durairaj, P. et al., 2016]. Other factors impeding expression include the incorporation of a heme
group, the requirement of redox partners (CPR, CB5 & CB5R) for the electron transfer (ET) to
complete the catalytic cycle of CYP (Figure 5.4) and the co-expression of signal proteins to
achieve a soluble expression of these membrane proteins. Also, bacterial systems are not adapted
to perform post-translational modifications (PTMs) that are often necessary for a eukaryotic

protein to be functional. PTMs are chemical modifications of proteins after their translation and
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enable cells to respond quickly to any environmental changes. This includes the addition of
chemical groups such as phosphates and acetates or more complex molecules, e.g., carbohydrates
or lipids to proteins, the covalent linkage of small proteins (like ubiquitin and ubiquitin-like
proteins (UBLs)) or the modification of side chain residues of specific amino acids (like
deamidation or elimination) and all these activities are catalyzed by tightly regulated enzymes
[Chen, J. & Tsai, Y. H. 2021]. However, literature studies have shown that there are a few post-
translational modifications that occur in some species of bacteria [Macek, B. et al., 2019; Chapot-
Chartier, M. P. and Buddelmeijer, N. 2021] but still, many complex PTMs are unique to
eukaryotes. The absence of spliceosome machinery to automatically remove introns (the non-
coding regions in a DNA sequence) in prokaryotes results in some extra tedious steps to be able to
express a eukaryotic gene with introns, in E. coli. The codon mismatch between the host cell
(prokaryotic) and protein of interest (eukaryotic) slows down the rate of translation, which

ultimately results in low or faulty eukaryotic protein expression in E. coli.

5.7. Strategies to improve and achieve a high expression of Eukaryotic P-450s in bacteria
Several efforts have been put and many changes have been undertaken to achieve maximal

expression of eukaryotic p450s in bacteria (Figure 5.3) [Cheng, D. et al., 2004].

146



» Fusion partners/tags at amino terminus » Prevent intermolecular aggregation

of CYPs (SUMO, Hisg ) « Stabilize non-native conformation
» Favor proper folding and solubility of and promote proper folding
CYPs » Allow soluble CYP expression
* Promote high intracellular CYP
expression NeGrinie Co-expression
fasion Cha :T'ones
partners Strategies of .
eukaryotic protein
expression in E. coli
CYP
Codon
optimization

* Replacement of N-terminal sequence
with easily expressible hydrophobic
residues

« Allow ribosomal recogniton and

translation initiation

* Codon usage bias

* Exclude unfavorable motifs

* Harmonize GC content

* Minimize mRNA secondary
structure

Figure 5.3: Strategies/key approaches to improve the eukaryotic CYP production in bacteria [Cheng, D. et al., 2004].
5.7.1. Codon optimization

Modern biotechnological techniques of gene synthesis facilitate the appropriate codon
usage based on the choice of host expression system by harmonizing the favourable GC content
and eradicating the mRNA secondary structure at the 5 untranslated region. Codon optimization
of eukaryotic p450 exons for E. coli leads to high protein expression in lesser time as shown in

studies (Figure 5.3) [Claassens, N. J. et al., 2017].

5.7.2. N-terminal domain (TMD) modification or deletion

There is a lot of work that has been done so far related to the modification of the N-terminal
domain/transmembrane domain (NTD/TMD) [Pan, Y. et al., 2011; Hatakeyama, M. et al. 2016],
or the complete elimination of NTD [Budriang, C. et al., 2011; Ichinose, H. & Wariishi, H. 2012].
NTD is almost always cleaved or deleted to get solubilized p450 by redistributing it in the cytosol
upon expression in bacteria. The only exceptions are the two full-length microsomal CYPs, viz.,
CYP51 lanosterol 14 alpha-demethylase of Saccharomyces cerevisiae (PDB ID: 4L XJ and 5EQB)
[Monk, B. C. et al., 2014)] and CYP19 aromatase of Homo sapiens that were expressed

successfully in bacteria (PDB ID: 3EQM) [Ghosh, S et al., 2009]. The function of the NTD is
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mostly the protein trafficking to ER membrane upon recognition by a signal recognition particle
(SRP). Modifications have been carried out either by changing the native NTD or inserting a
previously established sequence (easily recognized by bacteria) to facilitate the full-length p450
expression in E. coli. The modification of this 20-30 amino acid hydrophobic NTD is preferred
over its deletion in the cause of retaining protein’s membrane-binding characteristics. NTD
correctly directs the protein towards the bacterial plasma membrane. Studies have shown that
NTD/TMD plays an important role in the electron transfer mechanism of CYPs by affecting the
interaction of CPR and CYP [Srejber, M. et al., 2018; Gideon, D. A. et al., 2012]. Hence, TMD
truncation might impair the catalytic activity of CYPs and affect the phospholipid bilayer

composition leading to folding and stability issues (Figure 5.3).

5.7.3. Co-expression of Chaperone proteins

Co-expression of ER-residing chaperone proteins with CYPs improves the vyield of
properly folded, active, and soluble eukaryotic p450s expressed in bacteria (Figure 5.3)
[Schlapschy, M., & Skerra, A. 2011]. Takara Bio's Chaperone Plasmid Set consists of five different
types of chaperone plasmids developed by HSP Research Institute Inc as shown in (Table 5.1).
The plasmids are designed to enable efficient expression of multiple molecular chaperones and
have been reported to increase the recovery of target CYPs in the soluble fractions upon co-
expression in the BL21 (DE3) strain of bacteria. Specifically, GroEL-GroES molecular chaperone
has been used widely in co-expressing eukaryotic CYPs [Sgrensen, H. P. and Mortensen, K. K.
2005; Ichinose, H. and Wariishi, H. 2013; Ichinose, H. et al., 2015; Wu, Z. L. et al., 2006; Wu, Z.

L. et al., 2009; Hatakeyama, M. et al., 2016].
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Table 5.1: Bacterial chaperone plasmids that express different chaperone proteins [Sgrensen, H. P. and Mortensen, K. K. 2005;
Ichinose, H. and Wariishi, H. 2013; Ichinose, H. et al., 2015; Wu, Z. L. et al., 2006; Wu, Z. L. et al., 2009; Hatakeyama, M. et al.,
2016].

No. | Plasmids Chaperone

1. pG-KJES dnaK-dnaJ-grpE, groES-groEL
2. pGro7 groES-groEL

3. pKJE7 dnaK-dnalJ-grpE

4. pG-Tf2 groES-groEL-tig

5. pTfl6 tig

5.7.4. Expression plasmids with Fusion proteins/tags

Another tailor-made strategy that has emerged greatly in the past few years to combat the
recombinant protein proper folding, solubility and purification issues in the bacterial system is the
gene fusion technology (Figure 5.3) [Costa, S. et al., 2014]. Where a bacterial expression plasmid
is used to incorporate fusion tags such as SUMO, 6-histidine (Hise), Fh8, Flag etc. that assist in
proper protein folding and increase the production of soluble and purified proteins. These fusion
proteins/tags are usually located at the N-terminal region of the expression plasmid. The
commonly used N-terminal fusion tag as a protein purification handle is the His(6)tag, where 6-
histidine residues bind with the nickel of Ni-NTA (Nickel-nitrilo triacetate) resin used in affinity
column chromatography and pure protein is later eluted by adding imidazole which displaces the
poly-histidine residues [Lee, C. D. et al., 2008; Gao, X. et al., 2010; Wang, H. et al., 2010;
Satakarni, M. et al., 2011]. Other fusion proteins are used in conjugation with the Hise tag to assist

both proper folding and protein purification, examples are maltose-binding protein (MBP); MBP-
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Hiss and small ubiquitin-related modifier (SUMO); SUMO-Hiss [Wang, Z. et al., 2012]. SUMO
is a small protein (100 amino acids; approx. 12 kDa), which promotes the proper folding and
solubility of CYP protein possibly by exerting chaperoning effects in a similar mechanism to the
described for its structural homolog Ubiquitin (Ub; Khorasanizadehetal, S. 1996). In addition, Ub
and Ub-like proteins (Ulp) have a highly hydrophobic inner core. The hydrophilic surface of Ub,
together with a tight & rapidly folding soluble structure, may explain SUMO’s behaviour as a
nucleation site for the proper folding of target proteins [Malakhovetal, M. P. et al., 2004;

Marblestoneetal, J. G. et al., 2006].

5.7.5. Fusion partners mimic eukaryotic PTMs catalyzing enzymes

Ubiquitination is one of the many complex post-translational modifications (PTMs)
reported in eukaryotes catalyzed by Ubiquitin enzyme [Katarzyna, K. et al., 2020]. It includes
coordinating cellular localization of proteins, activating, and inactivating proteins, regulating
protein degradation, and modulating protein-protein interactions. Fusion partners are also used for
translocating proteins to a different cellular location with less concentration of proteases present
to prevent protein degradation [Butt, T. R. et al., 2005]. SUMO is the structural homolog of Ub
[Ribet, D., & Cossart, P. 2010] and MBP fusion tags and is known to exhibit the same feature
[Costa, S. et al., 2014]. In the case of these fusion tags, a protease recognition sequence is present
between the fusion partner coding gene and the target protein-coding gene that allows the tags
removal after the protein purification step for downstream applications of proteins such as protein
therapies, vaccine development and structural analyses. The unique features present by fusion
partners have been constantly explored, and many novel strategies for facile and rapid protein

production are now available [Costa, S. et al., 2014].
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Despite all the above-mentioned strategies, there are still no well-established methods and
universal guidelines to enable successful eukaryotic p450 overexpression in bacteria. Instead, all
these tremendous efforts toward optimizing CYP protein yields, diverse expression systems and
the purification strategies are tedious trial and error based and all these strategies are case-specific
[Durairaj, P. et al., 2016; Maroutsos, D. et al., 2019; Zelasko, S. et al., 2013; Yun, C. H. et al.,

2006; Ichinose, H. et al., 2015; Hausjell, J. et al., 2018]

5.8. Co-expression of redox partners (RPs)

CYPs have a requirement of sequential input of two electrons to complete their catalytic
cycle. To conduct this two-electron transfer (ET) process, CYPs employ highly diversified redox
chains comprised of varied redox partners (RPs) such as ferredoxins (Fdx; an iron Sulphur protein),
ferredoxin reductase (FdR), cytochrome p450 reductase (CPR), cytochrome b5 (CB5) and
cytochrome b5 reductase (CB5R) etc [Durairaj, P. et al., 2016]. Where Fdx and FdR, RPs are
commonly found in prokaryotes and CPR, CB5, and CB5R are unique to eukaryotic systems. Like
CYP, CPR is also a membrane-bound multidomain protein containing the prosthetic cofactors
FAD and FMN, which transfer two electrons from NAD(P)H to the heme moiety of eukaryotic
endoplasmic reticulum-associated CYPs (Figure 5.4A). Alternatively, CPR may also transfer one
electron directly to CYP and the other electron to a third protein component, Cyt b5, which then
transfers it to an oxyferrous CYP (Figure 5.4B). Rarely, certain CYPs (CYP5150A2) can be
directly activated by Cyt b5 and NADH-dependant Cyt b5 reductase (CB5R) in the absence of
CPR [Ichinose, H. & Wariishi, H. 2012; Hatakeyama, M. et al., 2016] as shown in Figure 5.4C.
CPR, being an imperative redox partner of CYP and considering the requirement of CB5 and
CB5R in some cases, the co-expression of these RPs with CYPs is essential for the optimal

catalytic activity of CYPs.
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Figure 5.4: Three different electron transfer (ET) mechanisms of redox partners (RPs) of eukaryotic CYPs; CPR, CB5, and CB5R.
A. Microsomal Class Il: NAD(P)H-[CPR]-[CYP]; B. NAD(P)H-[CPR]-[Cyt B5]-[CYP]; C. NADH-[CB5]-[Cyt B5]-[CYP]
[Durairaj, P. et al., 2016].

5.9. Significance of cytochrome p450 reductase (the regulating effect of RPs)

There is experimental evidence of electrostatic interactions between negatively charged
amino acids of the FMN domain of CPR protein and positively charged amino acids of CYP
protein [Campelo et al., 2018; Esteves et al., 2020]. With some recent breakthroughs, it has been
found that the CPR enzymes not only function as auxiliary electron transfer proteins but also have
a significant impact on the product formation catalyzed by CYP. The efficacy of CYP in terms of
substrate selectivity and reactivity is dependent on the abundance of CPR and its ET compatibility
with CYP [Braun et al., 2012; Durairaj et al., 2015; Durairaj et al., 2016; Zhang et al., 2018;
Neunzig et al., 2013; Sagadin et al., 2019; Sagadin et al., 2018; Lah et al., 2011; Lv et al., 2019;
Novak et al., 2015; Li et al., 2020]. As a result of the CYP functioning-regulating role of RPs, it
has become extremely important to choose the right RP for a specific CYP and it is mainly

dependent on the aim of the respective study.

5.10. Classification of CYPs based on their interaction with RPs

Even with the low amino acid sequence identity of up to 16% within the superfamily of
diversified p450s, the 3D structural fold where cysteine is axially linked to the heme prosthetic
group is well conserved across all kingdoms of life. Depending on the topology of the protein
components involved in electron transfer, CYP systems are classified into 10 different classes, and
the fungal CYPs fall into classes II, VIII, and IX systems [Hannemann, F. et al., 2007; CreSnar,
B., & Petri¢, S. 2011]. Class II usually comprises two integral membrane proteins (microsomal):
CYP and CPR, but in some cases, ET is catalyzed by either a combination of CPR and CB5 or

CB5 & CB5R (Figure 5.4). Most of the fungal CYPs belong to class Il and perform extremely
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diverse catalytic reactions. Class V111 p450s are known to catalyze the subterminal hydroxylation
in fatty acid synthesis, high homology with bacterial p450s CYP (P450BM3) and Class 1X is
exceptionally unique and so far, only one CYP is known to belong to this class (P-450nor), which
is known to catalyze denitrification reactions. These CYPs do not need any redox partners to be
functional and are the only known soluble fungal CYPs. [Shoun, H. & Takaya, N. 2002; Durairaj,
P. et al., 2016]. Based on the above criteria of classification, MPAO posits to fall in the category

of class Il CYPs.

5.11. Heterologous expression of native MPAO (1554 bp) in E. coli

At the start of this research project when very little was known about lichen p450s &
nothing was published regarding the expression of lichen genes within a heterologous host. We
attempted the first experiment of functional heterologous expression of MPAO (a lichen p450)
within bacteria. RNA was extracted from freshly field-collected C. uncialis fungus and cDNA was
synthesized using reverse transcriptase (see Section 2.5.1) (Figure 5.5A).

MPAO cDNA (intact transmembrane domain) was amplified using gene-specific primers
with the overhangs homologous to two opposite ends of a linear plasmid (Figure 5.5B) (see
Section 2.5.2). The highly efficient In-fusion cloning technique (Figure 5.5B) for homologous
recombination of MPAO & pETite N-His SUMO plasmid was used in contrast to the traditional
cloning technique (see Section 2.5.3a). After the successful transformation in stellar cells, colonies
were tested for MPAO clone (1554 bp) using colony PCR with 1% DNA agarose gel (see Section
2.5.5) (Figure 5.5C). After the sequence was confirmed, the pETite plasmid with the MPAO clone
was transformed into BL21 (DE3)pLySs cells. MPAO protein was induced with IPTG (Figure
5.5C) and its expression was screened with 10% SDS-PAGE gel (see Section 2.5.5). No protein

was detected after many expression trials.
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Figure 5.5: Steps of cloning and heterologous expression of MPAO in E. coli. A) RNA extraction of lichen fungus and reverse
transcription for cDNA synthesis &, its amplification; B) plasmid map of pETite N-His SUMO vector, detailed steps of primer
design, restriction digestion to linearize pETite vector, PCR amplification of cDNA for In-fusion cloning of MPAO in stellar cells
and colonies of stellar cells were selected on agar plate with kanamycin selection marker and finally tested for MPAO clone by
colony PCR; C) Colony PCR, analyzed by running DNA agarose gel in which lane 1 shows the correct size band of full length
MPAO with an intact TMD at about 1554 bp when compared with 1 kb DNA ladder in lane 3 and lane 2 shows a band for +ve
control, the same colony was prepared for sequence confirmation, after the right sequence was confirmed, pETite vector with
MPAQO transformed into BL21 (DE3)pLySs (T7 promoter) cells and MPAO expression was induced using IPTG inducer, then cells
were lysed and both soluble and lipid fractions were tested for MPAO protein expression with 10% SDS-PAGE Gel.

5.11.1. Importance of choosing the appropriate bacterial strain

The choices of different expression vectors and bacterial strains are also the key variables
for the successful lichen CYP expression in bacteria. BL21(DE3)pLysS Competent Cells allow
high-efficiency protein expression of any gene that is under the control of a T7 promoter and has
a ribosome binding site. BL21(DE3)pLysS is lysogenic for A-DE3, which contains the T7
bacteriophage gene I, encoding T7 RNA polymerase under the control of the lac UV5 promoter.
BL21(DE3)pLysS also contains a plasmid, pLysS, which carries the gene encoding T7 lysozyme.

T7 lysozyme is a natural inhibitor of T7 RNA polymerase and serves to suppress basal expression
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of T7 RNA polymerase prior to induction of target protein with IPTG, under the control of the T7
promoter. Thus, stabilizing recombinants encoding target proteins that may also affect cell growth
and viability. In addition, empirical selection yields E. coli strains that are superior to the traditional
BL21(DE3) host strain by overcoming the toxic effects associated with the overproduction of

membrane and globular proteins under T7 transcriptional control [Terpe, K. 20006].

5.11.2. Importance of choosing the right expression vector

The selection of the expression vector is also crucial to confer specific features to
eukaryotic proteins such as solubility and/or affinity tags and to direct the protein synthesis in
either cytoplasm or the periplasm of bacteria. Other features of an expression vector such as
plasmid copy number, transcriptional promoters and antibiotic-selection markers also play
important role in recombinant eukaryotic protein expression. pET vectors are amongst the most
frequently used expression plasmids for bacterial hosts. Like a pET vector system, the pETite N-
His SUMO vector has also a T7 promoter where the transcription of a given CYP is initiated by
T7 RNA polymerase. This polymerase is not native to the bacterial host and must be introduced
into the host chromosome under a separate inducible lac operator [Studier, F. W. & Moffatt, B. A.
1986]. A tight production of T7 polymerase results in virtually no basal expression and once the
lacl repressor is deactivated by IPTG, the pET vector is over-expressed to produce very high levels
of protein [Domanski, T. L. et al., 2001]. T7 polymerase is also very specific towards the
replication of only vector plasmid. The pETite system also uses an engineered form of the SUMO
protein as a fusion partner and a Hiss motif at the amino terminus of the SUMO tag. SUMO is
derived from the yeast SMT3 gene product, and as mentioned earlier in Section 5.7.5 it enhances
the expression and solubility of proteins that are otherwise poorly expressed or insoluble. The Hise-

SUMO tag (moves around 15-18 kDa on SDS-PAGE gel) can later be removed precisely and
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efficiently by SUMO Express Protease. The protease recognizes the tertiary structure of SUMO
and cleaves precisely at its carboxyl terminus, allowing recovery of the intact protein. [Malakhov,
M.P. et al., 2004; Marblestone, J. G. et al., 2006; Mossessova, E. & Lima, C.D. 2000].

No modification or deletion of the N-terminal sequence (the hydrophobic transmembrane
domain; NTD) and no codon optimization of MPAO for E. coli was undertaken at this stage.
Because we found some examples in the literature where a eukaryotic p450 was successfully
expressed in E. coli without excision of the transmembrane domain (TMD), although the
expression levels were quite low [Ichinose, H. & Wariishi, H. 2013]. People also demonstrated a
loss of functionality of CYPs by removing NTD/TMD in some cases. Because the TMD truncation
does not facilitate proper folding of the protein and results in the inactive form of CYP [Durairaj,
P. et al. 2015]. We also found examples where E. coli strains were modified by adding some rare
codons recognized by tRNAs (also known as rare tRNAs) to achieve high levels of protein
expression via proper folding of a recombinant protein in codon bias-adjusted bacterial strains
[Rosano, G. L. & Ceccarelli, E. A. 2009]. Because sometimes incorporating the codon-biased
strategy to achieve a faster rate of protein translation confuses the bacteria and, eventually leads
to misfolding and protein aggregation into inactive insoluble inclusion bodies.

We did not co-express a redox protein; either a homologous CPR (from the same source as
CYP) or a heterologous CPR (from yeast or other fungi) with CYP. Bacteria also have redox
proteins (RPs) which act in conjuction with bacterial p450s for their proper catalytic activity
[Benarroch, J. M. & Asally, M. 2020]. Although E. coli lacks p450 enzymes, but they do produce
pyruvate dehydrogenase and ferredoxin oxidoreductase redox proteins [Blaschkowski, H. P. et al.,
1982; Noth, J. et al., 2013]. At the beginning of this project when my knowledge regarding these

proteins was very little, 1 presumed that the bacterial RPs could interact with a recombinant
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eukaryotic CYP and facilitate electron transfer from NAD(P)H or pyruvate to a recombinant CYP.
However, there is no experimental evidence so far that shows the transfer of electrons catalyzed

by bacterial RPs from NAD(P)H to recombinant eukaryotic CYP proteins in bacteria.

5.12. Heterologous expression of MPAO (w/o TMD &, codon-optimized for E. coli)

After getting no success in working with full-length MPAO w/ transmembrane domain,
the next approach was to use a custom synthesized MPAO gene. Which was codon-optimized
for E. coli and transmembrane-domain (TMD) was truncated. This gene was named
CO(Eco)_MPAO (C: codon O: optimized Eco: E. coli). Many articles reported the functional
sustainability of cytochrome p450s even after the removal of TMD [Hausjell, J. et al., 2018].

The vector pET2la with CO(Eco) MPAO clone was custom ordered from [Twist
Bioscience] (South San Francisco, CA, USA) and was later amplified using gene-specific primers
to clone into pETite N-His SUMO vector (In-fusion cloning) (Figure 5.6A). Stellar cells
harbouring CO(Eco) MPAO clone (1425 bp) were confirmed by colony PCR with 1% DNA
agarose gel 1 (Figure 5.6B). Successful MPAO expression in BL21 (DE3)pLySs strain was
detected with SDS-PAGE gel 2 (Figure 5.6B). An important observation was made after many
protein expression trials at different temperatures and induction periods that there was a soluble
expression of MPAO protein before lysing the cells with sonication. But, as soon as the cells were
lysed via sonication, the protein was aggregating into insoluble fractions (SDS-PAGE Gel 3,
Figure 5.6B), which was a result of localized heating during sonication. Upon troubleshooting,
1% Triton X-100 in lysis buffer was used; a non-ionic detergent that is widely used for cell lysis
to extract proteins. Especially in those cases where it is important to maintain the protein function
as well. Additionally, during sonication number of pulses was reduced from 8 to 4 and the cooling

time was increased from 30 secs to 1 min in between the pulses to avoid excessive heating. Finally,
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the protein was recovered successfully in the soluble fraction after cell lysis, but in low
concentration (Gel 1, Figure 5.7). The successful soluble protein expression was also confirmed
with Western blot using an anti-Hise antibody (Figure 5.7). MPAO was purified using a Ni-NTA
column (Gel 2, Figure 5.7).

The urea-based lysis buffer was used to resuspend the cell pellet in the cue of solubilizing
the insoluble protein fractions at higher pH [Singh, A. et al., 2015]. In all these steps the quantity
of protein recovered was utilized to carry out the in vitro bioconversion assays of MPA to UA

catalyzed by pure MPAO protein.
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Figure 5.6: Cloning and heterologous expression of MPAO codon-optimized for E. coli without transmembrane-domain (TMD)
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band around 1425 bp and band for +ve control at 1995 bp (1% DNA agarose Gel 1); Protein expression was induced with IPTG
and screened with 10% SDS-PAGE Gel 2, lane 1: protein ladder, lane 2: a thick right size band at about 67-70 kDa of MPAO
protein and lane 3: un-induced sample (-ve control); Samples ran on Gel 3 (10% SDS-PAGE) were collected after bacterial cell
lysis with sonication, lane 1: protein ladder, lanes 2-4: protein (MPAO ~67-70 kDa) was detected in lipid fractions, lanes 5-7: no

protein was detected in soluble fractions.
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Figure 5.7: Screening of soluble expression of MPAO (Gel 1), purified MPAO protein with SDS-PAGE Gel 2 and Western Blot.
Western blot using his antibody to detect Hiss SUMO tagged MPAO, lane 1: protein ladder, lane 2: -ve control and lane 3: +ve
control with 69 kDa protein band, lane 4: CO(Eco)_MPAO with 67-70 kDa band; Gel 1 is the SDS-PAGE gel where lane 1: the
soluble fraction of MPAO protein (~67-70 kDa) after cell lysis, lane 2: un-induced sample of MPAO protein (-ve control), lane 3
and 5 are +ve control soluble fractions with bands at ~74.8 kDa (CPR357 protein) and 27 kDa (GFP protein), lanes 4 & 6 are un-
induced samples of CPR357 and GFP proteins (-ve controls); Gel 2 is the SDS-PAGE gel where lanes 1 & 2: fractions of pure

MPAO protein (~67-70 kDa), lane 3 is a protein ladder.
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5.12. Attempt towards bioconversion of MPA to UA catalyzed by MPAO

Whole-cell bioconversion experiment (in vivo) of MPA to UA was performed by
incubating MPA (substrate) with E. coli transformants expressing MPAO protein. Protein was
induced with 1 mM IPTG and three -ve control experiments (2-4) were set in parallel to experiment
1 (Figure 5.8). After 1 h of protein induction at 37 °C, 25 mL of the culture was collected from
each flask, acidified using 1 M concentrated HCI to quench the reaction and the product was
extracted using 25 mL of ethyl acetate solvent. Combined ethyl acetate fractions were evaporated
using rotovap and dried over sodium sulphate (Na2SOa4) and stored at 4 °C. The same procedure
was repeated after 2 h of protein induction period (25 mL culture collected from the remaining
bacterial culture, followed by extraction & sample preparation). The rest of the 200 mL culture
was harvested after 3 h of protein induction and extracted in portions with 25 mL each, following

the same steps as for earlier extractions (Figure 5.8).

5.12.1. HPLC analysis

Experiments were done in triplicates and all the samples were dissolved in 1 mL of HPLC-
grade methanol to screen for UA using UV coupled HPLC detector (Figure 5.9) (HPLC method
details are discussed in Section 2.5.17 of Chapter 2).

Comparing the HPLC chromatogram of the extract from experiment 1 with that of standard
UA (with a retention time 20-22 min and a UV spectrum with distinct bands at 231-232 and 282-
284 nm), there was no UA in the experimental extract (Figure 5.10). Protein expression was tested
with 10% SDS-PAGE gel and the MPAO protein was observed around ~67-70 kDa. The substrate,
MPA peak was absent in the chromatogram of experiment 1 when compared to the standard MPA,
has a retention time (tr) of 7.3 min & sometimes it elutes at 9.3 min and UV absorption band at

wavelength 293 nm. Three possible conclusions could be made based on the HPLC results. The
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first conclusion was that the MPA degrades during the experiment, the second was that the MPA
gets converted to some unknown compound catalyzed by a native bacterial protein or MPAO &
the third was that the MPAO catalyzes MPA to something else but not UA. The first two
possibilities were ruled out because of the presence of the MPA peak in the control experiments 2
& 4 (Figure 5.10). So, the only possible conclusion from these results was that the MPA is
permeable to bacterial membrane and gets converted to some unknown compound but not UA,

catalyzed by MPAO

Whole-cell Bioassays

2 3 4
-ve control -ve control -ve control

| |

Bacterial culture harboring MPAO clone Bacterial culture harboring MPAO clone Bacterial culture harboring MPAO clone Only Bacterial culture + 1 mM

(Induced with IPTG) (Un-induced, no IPTG) (Induced with IPTG) IPTG, no MPAO clone
+ + + +
MPA dissolved in MPA dissolved in No MPA; substrate MPA dissolved in
(400 pL water + 100 pL acetone) (400 pL water + 100 pL acetone) (400 pL water + 100 pL acetone)

Incubation period:
1-4 hrs.

Bacterial cells were inoculated with 250 ml LB broth

Reactions were quenched using 1M HCI

Organic phase
(EtOAc)
- +— Aqueous phase

Samples were extracted using ethyl acetate (EtOAc) as
UA s soluble in EtOAC

Figure 5.8: Whole-cell bio-conversion assays of MPA to UA catalyzed by MPAO with Hiss SUMO tag. 1. MPA (substrate)
dissolved in water + acetone, was incubated with E. coli transformants expressing MPAQO; 2. MPA was incubated with E. coli
transformants but did not induce MPAO expression with IPTG; 3. E. coli transformants expressing MPAO but did not add MPA;
4. MPA was incubated with Only BL21 (DE3)pLySs cells + IPTG. The incubation period was 1-4 h and samples were collected at
different time intervals, quenched with 1M HCI and extracted with EtOAc.
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Figure 5.9: Pictorial representation of sample analysis method, HPLC coupled UV detector for whole-cell bioassays.
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Figure 5.10: HPLC traces along with UV spectra at 254 nm wavelength of bioconversion experiment of MPA to UA catalyzed by
whole-cell E. coli catalysts. A) MPA in 1 mL MeOH; B) UA in 1 mL MeOH; 1) MPA incubated with E. coli transformant
expressing MPAO; 2) MPA incubated with E. coli transformant, did not induce MPAO expression (no IPTG); 3) Only E. coli
transformant expressing MPAO, no substrate; 4) MPA + Only E. coli cells (no transformation with MPAO).

5.13. Cloning and heterologous expression of Redox proteins
No functional catalytic activity of truncated MPAO with Hiss SUMO tag (codon-optimized
for E. coli) was observed in whole-cell biotransformation experiments. The next strategy was to

clone and express CYP redox partners CPR, CB5 and CB5R in E. coli, and purify those proteins,

and then to perform a biotransformation with the entire MPAO/reductase system in vitro.
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As mentioned earlier in Section 5.8, the efficacy of CYP catalyzed reactions also relies on
the abundance of their RPs and their electron transfer compatibility with CYPs [Braun, A. et al,
2012; Sono, M. et al., 1996]. Compared to the large and diverse CYPomes, most fungi possess
only one or two CPRs, except four putative CPRs in found F. oxysporum [Durairaj, P. et al., 2016;
Durairaj, P. etal., 2015; Lah, L. etal., 2011; Lah, L. et al., 2008] The reconstitution of recombinant
eukaryotic CYP with the RP belonging to three major sources of origin: endogenous CPR
(eukaryotic expression host’s native CPR), homologous (the same source of recombinant CYP
origin) and heterologous CPR (from yeast or other fungal strains). There are many examples of
fungal p450s that are catalytically active when co-expressed with heterologous CPR, where
expression profiles of CPRs are well established [Ide, M. et al., 2012; 194; Nazir, K. H. et al.,
2011; Hirosue, S. etal., 2011]. But research has shown that the electron transfer compatibility and
coupling efficiency of homologous CYP-CPR interactions are relatively higher [Durairaj, P. et al.,
2015, Braun, A. et al., 2012; Jennewein, S. et al., 2005]. Also, the substrate specificity of fungal
CYPs was significantly influenced by the source of reductase. CYP539A7 and CYP655C2 proteins
produced in higher yields with their homologous redox partners compared to the heterologous
CPRs [Durairaj, P. etal., 2015]. We found three genes in the genome of C. uncialis using Augustus
(gene prediction program) that are highly homologous to the known fungal CPRs, CB5s and
CB5Rs. These genes were named, cu-cpr357, cu-cb5-247 &, and cu-cb5r-347 based on the name
of the lichen species, the function of the gene itself and the contig number in the C. uncialis genome
(Figure 5.11). Genes cu-cpr357, cu-ch5-247 &, cu-ch5r-347 encode for proteins CPR357,
CB5247 &, CB5R347.

A library of plasmids was generated (Figure 5.11), where cu-cpr357 was cloned in

pET21a, cu-ch5-247 in pET21c, cu-cb5r-347 in pBTXbh4, both cu-cb5-247 & cu-cb5r-347 in a
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single plasmid pETDuet-1. Earlier mentioned in Section 5.8 that in most cases only CPR carries
both electrons from NADPH/NADH to CYP. So, the first strategy was to only express CPR357
in E. coli and to perform bioconversion experiments of MPA to UA catalyzed by both CPR357 &
MPAO (Figure 5.11). Plasmids with cu-ch5-24 & cu-cb5r-347 were kept as backup options if

CPR alone did not transfer both electrons to CYP from NADPH/NADH.

Using AntiSMASH, Augustus & BLAST search, three genes
found in C. uncialis genome show high homology with fungal
CPR, CB5 and CB5R genes. /

Based on the name of lichen species, gene type and the specific contig Augustus gene prediction
number these genes were named as cu-cpr357, cu-cb5-247 and cu-ch5r-347

N :
—__cu-cpr357 ) — cu-cb5-247>— cu-cb5r-347 \ Created a library of plasmids

5 — - 02—
e

o NiNTA . Transform into BL21 pET21a pBTXbh4 pET21a pETDuet-1

column s i
(DE3)plysSs strain of E. coli +cu-cpr357  +cu-ch5-247 4 cu-cb5r-347  + cu-ch5r-347
& Protem + cu-ch5-247
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Figure 5.11: Schematic representation of identification of CPR, CB5 and CB5R (redox proteins) homologs in C. uncialis, creation
of a library of plasmids with these redox proteins and the set of experiments performed with only CPR357 to get UA from MPA.

Successful cloning of cu-cpr357 was confirmed with colony PCR results (1995 bp, 1%
DNA agarose gel) and the soluble expression of CPR357 protein in E. coli was confirmed with
both, 10% SDS-PAGE gel and Western blot (Figure 5.12). Purified proteins (both CPR357 &

MPAO) were confirmed with 10% SDS-PAGE gel (Figure 5.13).
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Figure 5.12: Pictorial description of primer design to remove introns manually for cu-cpr357 gene and of sewing technique to
conjoin exon fragments using PCR, amplification of cu-cpr357 w/o (PCR), cloning into pET21a and transformation into stellar
cells. Results of colony PCR (DNA agarose gel) by testing three colonies of stellar cells show the right size band at 1995 bp for
cu-cpr357, the first two lanes are 1 kb and 100 bp DNA ladders and the last lane is the +ve control with a band at 1425 bp. Protein
expression results screened with SDS-PAGE gel, lane 1: soluble fraction of induced CPR357 protein with a right size band around
75 kDa, lane 2, 3: soluble fractions of uninduced protein (CPR357) samples, lane 4: protein ladder and Western blot (his antibody),
lane 1: band lights up around 75 kDa (C-terminus his tag) for CPR357 and lane 2: protein ladder.
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Figure 5.13: Purified MPAO and CPR357 were screened with 109% SDS-PAGE gel. Lanes 1-4: pure fractions of CPR357 proteins
(1% two fractions show a band around 75 kDa); Lanes 5-9: pure fractions of MPAO protein with a right size band around 67-70
kDa; Lane 10: protein ladder.

5.14. Attempt towards bioconversion of MPA to UA catalyzed by both MPAO & CPR357
The concentration of pure CPR357 protein was very low, so, the bioconversion
experiments were carried out using cell lysates of E. coli expressing CPR357 & MPAO instead of
using pure proteins (Figure 5.14A). Control experiments (2-5) were set up in parallel to avoid any
false positives (Figure 5.14B). Incubated MPA (substrate) and NADH (electron donor) with
CPR357 & MPAO in lysis buffer at 4 °C for an hour. Reactions were quenched with a drop of
conc. HCI, and samples were filtered using 0.45-micron filters. Samples were, dissolved in HPLC-
grade MeOH to run on HPLC analysis and dissolved in acetonitrile to run on LC-MS (Figure
5.14B). Based on HPLC and LC-MS data, there was no trace of UA in HPLC data of experiments
1 & 2 (Figure 5.15), when compared with the standard of UA (Figure 5.10B). But the presence
of MPA peak in both these experiments suggests that neither MPAO itself nor a combination of
MPAO & CPR357 catalyzes MPA to UA. It also contradicts the hypothesis proposed in Section

5.12 that MPA is converted to some unknown compound in vivo.
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Figure 5.14: Bio-conversion experiments of MPA to UA catalyzed by both MPAO and CPR357 (cell free extracts, in vitro). A)
Both MPAO and CPR357 proteins were expressed in parallel (In separate E. coli cultures) and soluble fractions of both proteins
were collected after cell lysis; B) Bioassays (in vitro) by taking cell-free extracts 1. MPAO (in lysis buffer A) + MPA + NADH
(electron donor), both were dissolved in acetone & glycerol, 2. MPAQO + CPR (in lysis buffer A) + MPA + NADH; 3. MPAO +
CPR (in lysis buffer A) but did not add MPA & NADH (-ve control) just acetone + glycerol, 4. Did not induce MPAO & CPR
proteins (no IPTG), added MPA & NADH (-ve control), 5. Just E. coli cells harboring MPAO & CPR clones (no protein induction,
no substrate & electron donor) + acetone & glycerol (-ve control).
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Figure 5.15: UV coupled HPLC analysis of bioconversion experiments of MPA to UA catalyzed MPAO only, MPAO+CPR both.
1) MPAO (in lysis buffer A) + MPA + NADH (electron donor), both were dissolved in acetone & glycerol; 2) MPAO + CPR (in
lysis buffer A) + MPA + NADH; 3) MPAO + CPR (in lysis buffer A) but did not add MPA & NADH (-ve control) just acetone +
glycerol; 4) Did not induce MPAO & CPR proteins in lysis buffer A (no IPTG), added MPA & NADH (-ve control); 5) Just E. coli
cells harboring MPAO & CPR clones in lysis buffer A (no protein induction, no substrate & electron donor) + acetone & glycerol

(-ve control).
5.15. Attempts toward the heterologous expression of MPAO using pET28b vector

After 3-4 unsuccessful attempts of quantifying purified CPR357 proteins, and
bioconversion experiments of MPA to UA using both MPAO and CPR357 proteins, the next
strategy was to clone MPAO (w/o TMD &, codon-optimized for E. coli) in pET28b vector (N-
terminal Hise tag). We decided to clone the MPAO gene into a pET28b vector which has only an
N-terminal Hise tag contrary to a 12.7 kDa Hiss SUMO tag in pETite vector systems. The cloning
of pET28b with MPAO in DHb5a cells; a band at 1425 bp resulting from a colony PCR was
successful and the sequence was confirmed (Figure 5.16). Expression of MPAO protein, induced
with 0.5 mM IPTG in E. coli was tested with SDS-PAGE gel and nothing was detected (Figure
5.16). Many expression trials were performed using different temperatures, media conditions,
IPTG concentrations and the varied number of induction periods. All attempts failed to give any

visible protein expression.
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Figure 5.16: Schematic representation of cloning and heterologous expression of MPAO using pET28b vector system in E. coli.
Traditional restriction digestion cloning of codon-optimized MPAO w/o TMD using ECoR1 & Ndel restriction enzymes in pET28b
with N-His tag, colony PCR result (1% DNA agarose gel) shows right size band at 1425 bp of MPAO clone, lane 1: 1 kb DNA
ladder, lane 2: +ve control (1995 bp); Sequence confirmation of MPAO, transformation in BL21 (DE3)pLySs cells and protein
induction with 0.5 mM IPTG, protein expression was tested with 10% SDS-PAGE gel, lane 1: induced MPAO protein in pET28b,
lane 2: uninduced MPAO protein in pET28b, lane 3: induced MPAO protein in pETite vector (+ve control) with a right size band

around 67-70 kDa, lane 4: uninduced MPAO protein in pETite vector, compared with a protein ladder in lane 5.
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5.16. Attempts toward co-expression of MPAO & CPR357 in E. coli.

The theory of protein-protein interaction in the case of eukaryotic p450s with their RPs
such as CPR & CBS led us to clone both cu-mpao and cu-cpr357 in a single vector. pETDuet-1
vector with two T7 promoters and two MCSs was used to co-express MPAO and CPR357 proteins
in E. coli. Cloning was successful, results of colony PCR of DH5a cells harbouring pETDuet-1

with both cu-mpao (1425 bp) and cu-cpr357 (1995 bp) are shown in Figure 5.17.

EcoRI Notl Hindlll

Fsel

CPR357_pETDuet-1 CPR357_MPAO_pETDuet-1
PETS'Z;:;'"" 7384 bp 8793 bp
p
MPAO 1 o
(1425bp) Ladder

CPR 357 ——
No protein expression was (19555p)
observed in E. coli Colony PCR

Agarose gel electrophoresis (1% agarose)

Figure 5.17: Cloning of both cu-mpao and cu-cpr357 on a plasmid pETDuet-1 with N-terminus Hiss tag and C-terminus S tag.
Colony PCR shows the right size band for cu-mpao (1425 bp) and cu-cpr357 (1995 bp).

The Co-expression of MPAO and CPR357 using the pETDuet-1 vector system was
unsuccessful. The next strategy was to co-express a chaperone protein with MPAO with Hiss tag
(PET28b vector) in E. coli and this was to get a successful soluble expression of MPAO with Hisg
tag. Chaperone proteins have been known to be used for the soluble expression of eukaryotic

membrane proteins. As their name suggests a helper/caretaker, these proteins assist the
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conformational folding of a membrane protein. Co-expression experiments of CPR357 with
different chaperone proteins in E. coli were also performed to achieve high levels of expression of
CPR357 protein (Figure 5.18). Several expression plasmids have been used in molecular biology
to express these chaperone proteins as mentioned in Section 5.7.3 (Table 5.1). Co-transformed
strains of BL21 (DE3) were generated as: pGro7 (Table 9) + pET28b (mpao), pKJE7 (Table 5.1)
+ pET28b (mpao), pGro7+ pET21a (cu-cpr357), pKIE7 + pET21a (cu-cpr357). Co-expression of
these proteins was tested with 10% SDS-PAGE gel (Figure 5.18). There was no successful protein
expression was observed.
Co-transformation of chaperone plasmids

CD = B

transformation

MPAO + pGr07/pKJE7 MPAO CPR357
pGro7 and pKJE7 are chaperone plasmids 1 Double
transformation
Proteins were induced \ Proteins were induced
using 1 mM IPTG using 1 mM IPTG
— / PR
CPR357 + pGro7/pKJE7
BL21 (DE3) Bacterial culture

harboring MPAO clone

\ Protein
Ladder 1. 2. 3. 4. 5. 6. T 8.

130

100

70 10% SDS-PAGE Gel

55

10 No protein expression was detected

35

Figure 5.18: Steps illustrating double transformation of pET28b harboring MPAO & pGro7 (chaperone plasmid with
GroEL/GroES chaperone proteins listed in Table 9) in E. coli, MPAO (pET28b) + pKJE7 (chaperone plasmid with
DnaK/Dnal/GrpE chaperone proteins listed in Table 9) in E. coli, CPR357 (pET21a) & pGro7 (chaperone plasmid with
GroEL/GroES chaperone proteins listed in Table 9) in E. coli, CPR357 (pET21a) + pKJE7 (chaperone plasmid with
DnaK/Dnal/GrpE chaperone proteins listed in Table 9) in E. coli and co-expression of these proteins were tested with 10% SDS-
PAGE gel, lane 1: Un-Induced samples of MPAO with 6-his tag + DnaK, Dnal, GrpE, lane 2: Induced samples of MPAO with 6-
his tag (53 kDa) + DnaK (70 kDa), DnaJ (40 kDa), GrpE (22 kDa), lane 3: Un-Induced samples of MPAQ with 6-his tag + GroEL,
GroES, lane 4: Induced samples of MPAO with 6-his tag (53 kDa) + GroEL (60 kDa), GroES (10 kDa), lane 5: Un-Induced samples
of CPR357 with 6-his tag + DnaK, DnaJ, GrpE, lane 6: Induced samples of CPR357 with 6-his tag (75 kDa) + DnaK (70 kDa),
DnaJ (40 kDa), GrpE (22 kDa), lane 7: Un-Induced samples of CPR357 with 6-his tag + GroEL, GroES, lane 8: Induced samples
of CPR357 with 6-his tag (75 kDa) + GroEL (60 kDa), GroES (10 kDa).
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5.17. Attempts toward the heterologous expression of Fungal p450s

When we were unsuccessful in demonstrating the function of MPAO protein, we decided
to find the functional homolog of this lichen protein in fungus. The experimental plan was to take
the known one or two fungal p450s that are homologous to MPAO and express those fungal p450s
in E. coli. Furthermore, see if they could catalyze the conversion of MPA to UA when used in

combination with the lichen CPR357 redox protein.

5.17.1 BLAST and phylogenetic analysis

Based on an extensive BLAST search (Table 5.2) and phylogenetic tree reconstruction
(Maximum likelihood method; ML) (Figure 5.19), two already known fungal p450 proteins were
found to be highly homologous to the lichen p450, MPAO. pBLAST results infer more than 95%
score of A.A. query (MPAO protein) cover of fungal p450s found in Penicillium/Talaromyces
marneffi and Aspergillus nidulans (Table 5.2). Using Clustal Omega, the multiple sequence
alignment (MSA) data was computed (Figure 5.20) and used to construct a phylogenetic tree. The
resultant phylogenetic tree showed that T. marneffi p450 and MPAO shared a close evolutionary
relationship based on the high bootstrap support of 94% (Figure 5.19). Also, both proteins were
clustered in one clade of the phylogenetic reconstruction (Figure 5.19). The evolutionary
proximity of A. nidulans p450 and MPAO was supported with a more than average bootstrap %
value (71). The topology of the phylogenetic tree also suggested that A. nidulans p450 & MPAO
had evolved in a recent time frame based on the short horizontal evolutionary distance between
them through the node. As Chapter 6 discusses in detail, the premise of phylogenetics is that
genes with close evolutionary relationships are more likely to share similar functions than ones
with a distant common origin. Therefore, based on this theory, we predicted that the two fungal

genes could be orthologous to MPAO. These fungal genes were named an-stch (A.
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nidulans Sterigmatocystin B) and pm1-scyp (Penicillium marneffi 1 Sterigmatocystin cytochrome

p450).

Table 5.2: BLAST statistics of C. uncialis MPAO protein sequence shows two fungal CYP homologs.

Blast results of MPAO

Description Total Query E Per. Accession no.
Score Cover value Identity
Methylphloroacetophenone  oxidase (MPAOQ) 922 100% 0 100% AUW31051.1
[Cladnoia uncialis)
Hypothetical protein [Alectoria fallacina ] 797 99% 0 84.91% CAF9912111.1
Putative  Sterigmatocystin  biosynthesis p450 386 95 3e-125 41.85% XP_002145795.1
monooxygenase [Talaromyces marneffi PM1]
i i i i " [
Probable Sterigmatocystin  biosynthesis p450 327 90 3e-102 38.91% XP_681093.1
monooxygenase STCB [Aspergillus nidulans]

Phylogenetic analysis of to find homologs of MPAO

100 L—— Pyrenophora tritici-repentis CYP

n Colletotrichum orbiculare CYP monooxygenase cypX

100 —— Dothistroma septosporum cypX protein in Dothistromin biosynthesis
L Passalora arachidicola CYP monooxygenase-like protein

100 —— Aspergillus novoparasiticus CYP
L Aspergillus flavus aflV/ cypX/ CYP monooxygenase

100

Podospora comata orthologous to A. nidulans stcB

Cercospora beticola P450 monooxygenase STCB

Aspergillus sp. HF37 CYP

Aspergillus ustus P450 monooxygenase

Aspergillus pachycristatus P450 monooxygenase

Aspergillus nidulans sterigmatocystin biosynthesis P450 monooxygenase STCB

99

Didymosphaeria enalia putative cytochrome P450

94 |_|: Talaromyces stipitatus putative CYP
100 Talaromyces marneffei PM1 putative sterigmatocystin biosynthesis P450 monooxygenase

I&E Cladonfa uncialis Cytochrome P450 monooxygenase (CYP) MPAO in Usnic acid biosynthesis|

Figure 5.19: Phylogenetic tree reconstruction of MPAO protein shows two fungal CYP orthologs; one found in T. marneffi with
high bootstrap support of 94% present in the same group as MPAO (monophyletic) and the other found in A.nidulans with an avg.
bootstrap support of 71% in a group other than MPAO (non-monophyletic) (PDF version of complete phylogenetic trees are in

Appendix Figure S25).

178



cov pid 1 [ . . . . : . . . 80

1 Aspergillus 100.0% 100.0% ATRIAYFTPLKHIPGP!

2 Cladonia 95.5% 31.0% MISPVSSILASIWDNSKLLLDHTSVLSIALIGVACAISIRSILYVRLACANYSIL-LLTHAORLRLAYSTPLRHVPGP

3 Talaromyces 97.6% 33.9% FLRTAAIVFAIYLFHKIIORFRIAYFSPLCCIPGPWH
consensus/100% 1AY . oPLpplPGPia
consensus/90% 1AY.oPLpplPGPia
consensus/80% 1AY.oPLpplPGPWa
consensus/70% 1AY . oPLpplPGPia

pid 81 . 1 . . . . : . 160

1 Aspergillus % 100.0% ASLTGLRLSWSVEANNRIHYVESL GPIVRIGPOEIDVADPVAGRETHEMGSGFMKAPH Y ELLSPGPVONT P

2 Cladonia 3 AKFTALGLRANDVAGNRWYYVQGLHKKYGSIVRIAPEEVAISDPKVVSKVHALGTEFRKRQ---QP--GTPFNIFSISDP

3 Talaromyces 97.6% 33.9% ARITGVVLKFHILNGNRVNYVQSLHEKYGPYVRVAPKEVVTCDSAATKEMHAVGTNWRKWS - - ~HI PDDVTPNIFSIVDP
consensus/100% AphTulhLphp.hssNRh. YVpuLHPKYGShVR1uPpElshsDshsspchHthGotah! .NIFsh.DP
consensus/90% AphTulhLphp.hssNRh. YVpuLHpKYGshVR1uPpElshsDshsspchHthGotah! IFsh.DP
consensus/80% AphTulhLphp.hssNRh. YVpuLHpKYGshVR1uPpElshsDshsspchHthGotah: Irsh.DP
consensus/70% AphTulhLphp.hssNRh. YVpuLHPKYGShVR1uPpElshsDshsspchHthGotah! Irsh.DP

cov pid 161 . . . 2 . . . . 240

1 Aspergillus 100.0% 100.0% LUAARRKLYARGFTLOSL PHVRDIIKLTVEKIKCDAVK----- GEARIMGHTLMANE IVCOLT GGG~ -AGIV

2 Cladonia 95.5% 31.0% AHRTRORFYAKAFSDETLKASTEPAVRQLIKTAVASIKRDAAL--RKDHTADVYKWCMLFGSDVAFOVIYGNSNTEGLM

3 Talaromyces 97.6% 33.9% KHSIRQRFYKNVFNQSTLRKTMEPAVLSTAQMATRGMKQDAEAVGNNKK I VNVHEHFMLFGNDMMYLLT FGEG- - FGLM
consensus/100% hHthRp+hYtpsFs.poL+tphEPtVhphhphsltthKpDA. .t.splhtWhhLhus-hhh.lhaGtu
consensus/90% hHthRp+hYtpsFs.poL+tphEPtVhphhphsltthKpDA.h .t.splhtWhhLhus-hhh.lhaGtu
consensus/80% hHthRp+hYtpsFs.poL+tphEPtVhphhphsltthKpDA.h .t.splhtihhLhus-hhh.lhaGtu
consensus/70% hHthRp+hYtpsFs.poL+tphEPtVhphhphsltthKpDA.h. ... .t.splhtWhhLhus-hhh.lhaGtu. ..

cov. pid 241 H B B . 3 . . 320

1 Aspergillus 100.0% 100.0% AKGVKEPFVLMLEREMGDLAHLLK HFAPPGY Y LGRALAW - IPPLODT MFARGGDVVS RAREAKKAOAEPRNL

2 Cladonia 95.5% 31.0% ATQKTTDEVIMGAYL--QRMNAWAQFCFPVFLLGRWLS - PLSPTLHNI FRVEEKYGDFWQE - -~ -~ G-QRQRETAARTV:

3 Talaromyces 97.6% 33.9% EKGQRKASVVTPIEF--HKMIVWTEISIPMFLLGRFILSHLSKRMNEIFRADVALNPTEDEATAQLR -MKKKDEEGRTV!
consensus/100% tpt.pps.Vlh...h..phh.hhtphs.PhahLGRhl...h...hppIFhsp.th.sh. sl
consensus/90% tpt.pps.Vlh.. h..phh.hhtphs.PhahLGRhl...h...hppIFhsp.th.sh. s1
consensus/80% tpt.pps.Vlh...h..phh.hhtphs.PhahLGRhl...h...hppIFhsp.th.sh.t-.... s1
consensus/70% tpt.pps.Vlh...h..phh.hhtphs.PhahLGRhl...h...hppIFhsp.th.sh.t-..... t..+ptp.tsRsl

cov. pid 321 . B H . B . . 4 400

1 Aspergillus 100.0% 100.0% O e LEAGNL IITDAGALLLAGSDPTAISLTFLLNCVLSRPEVOKOVEAEVATLEGELTDEAC

2 Cladonia 95.5% 31.0% VONTKYSKNDGVFSVSDEVKLSDVD IAHD I TTFLGAGGEPVGASLVFLINQVLRMPDLORELEAEVAGLTEPT TDATTAQ

3 Talaromyces 97.6% 33.9% ARATEDAKEDELLKDHGKTRLIDDEIAADALGFRLAGAEPVGVTLTYLAWCVLORPDVOKOVEALVADVN --VADARTEK

consensus/100%
consensus/90%
consensus/80%
consensus/70%

.Ds-IhtDhhshhhAGu-PsuhoLsaLhWpVLphP-10+plEAEVAslp. . 1sDtshtp
.Ds-IhtDhhshhhAGu-PsuhoLsaLhipVLphP-10+plEAEVAslp. . 1sDtshtp
.Ds-IhtDhhshhhAGu-PsuhoLsaLhWpVLphP-10+plEAEVAslp. . 1sDtshtp
.Ds-IhtDhhshhhAGu-PsuhoLsaLhWpVLphP-10+plEARVAslp. . 1sDtshtp

cov pid 401 . . . . : . ] 466

1 Aspergillus 100.0% 100.0% LPILNAVIDESLRLYGAAPGCMPRSPPS -~ ~GGVTIGGY FIPDDTIVA LORNPSIWDDAD-

2 Cladonia . LPILNGVIYETLRLYGGGVTOMPRYAPTAT- - -E-LGGYVIPPGTAVT THTGALHRNPAANDD PEK

3 Talaromyces 97.6% 33.9% LPILTAAILETLRLWGGNATAMRRKED ITEGGTVLGGMYRIPKGTVVSTOAY SLHRNPANWKDP-—
consensus/100% LPILsusI.EoLRLaGussstM.R..s........ hGhYhIP.sThVsTpshuLpRNPu.WeDs . .
consensus/90% LPILsusI.FoLRLaGussstM.R..s. . hIP.sThVsTpshuLpRNPu.WcDs
consensus/80% LPILsusI.EoLRLaGussstM.R..s. . hIP.sThVsTpshuLpRNPu.WeDs. .
consensus/70% LPILsusI.EoLRLaGussstM. hIP.sThVsTpshuLpRiPu.WcDs

Figure 5.20: Multiple sequence alignment (Clustal Omega) of A. nidulans CYP, C. uncialis MPAO and T. marnefii CYP.
5.17.2. Oxidation reactions catalyzed by STCB

The fungal homolog of MPAOQO; StcB/CypX/aflV (A. nidulans cytochrome p450) is
involved in aflatoxin biosynthesis [Keller, N. P. et al., 2000; Yu J. et al., 2004]. Where StcB
catalyzes Baeyer-villager style oxidation reaction and converts averufin (AVR) to 1-
hydroxyversicolorone (HVN) in aflatoxin biosynthesis (Scheme 5.1) [Henry, K. M. & Townsend,
C. A. 2005]. However, no expression work of StcB has been reported so far. Gene disruption
experiments of cypx (encodes CypX enzyme) were performed where a mutant A.
parasiticus NIAH-26 strain was created, and accumulation of AVR was confirmed with TLC
[Wen, Y. etal., 2005]. Feeding experiment of SM; AVR to A. parasiticus to analyze the enzymatic

activity of StcB by measuring the formation of HVN with HPLC analysis [Yabe K. et al., 2003].
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No experiments have been done so far regarding pml-scyp. pBLAST search, MSA, and

phylogenetic analysis show that pm1-scyp is highly homologous to an-stcb.

OH O OH
StcB/CypX/aflV
_—
HO 0] CHs
0]
Averufin (AVR) 1-Hydroxyversicolorone (HVN)
-
Aflatoxin B1 -— Sterignmatocystin

Wen Y. et al. Applied and environmmental microbiology, 2005, 71(6), 3192-3198

Scheme 5.1: Schematic representation of Baeyer villager style oxidative cleavage of averufin catalyzed by StcB/CypX/aflV (A.
nidulans cytochrome p450) during aflatoxin biosynthesis [Wen, Y. et al., 2005].

5.17.3 Heterologous expression of an-stcb & pm1-scyp in E. coli

Two custom synthesized plasmids, pET28a with an-stcb and pm1-scyp w/o introns, were
ordered from Twist Bioscience (Biotech. Co. located in the Bay area, California). Both genes were
not codon-optimized for E. coli, and in the case of an-stch, TMD was truncated, but for pmZ1-scyp,
TMD was intact. Both plasmids were transformed into BL21 (DE3)pLySs cells separately, and
protein expression was induced by 1 mM IPTG. After many experiments and trials analyzed with
SDS-PAGE gels, no protein expression was observed for STCB & SCYP proteins (Gel 1, 2 &, 3
Figure 5.21). Co-expression of chaperone proteins was also attempted with STCB and SCYP, and

all these attempts were unsuccessful (Gel 4 Figure 5.21).
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Protein expression results

Gell
Soluble fractions
T. marneffi p450
SCYP (~51 ‘:(4Da) A. nidulans p450 1v' 2 3 4 5 6 7
| STCB (~56-57 kDa) 6 control 100
f induced induced) L CUCPR Gel 2 ] 70
insolubl Induced di &
e winduced (cton oble  imokible \ 1000 | b 55
uninduced msohfble Uninduced gnmducea insoluble —~— B o
soluble raction fra;mn l slule l s l Lanes 1 & 2: Induced and uninduced C. uncialis g 40
- / MPAO (53 kDay) in pET28b with 6-histag - 2 =
100 . Lanes 3 & 4: Induced & un-induced A. nidulans i : Proteil
70 i : e STCB (~56-57 kDa) Lipid fractions g
. . 1. 2. 3 4 5 6 7.
Lanes 5 & 6: Induced & un-induced T. marneffi 100
—_— —h
w. . S==NE- - S SCYP (~51 kDa) o
35 : :: — —— Gel 3 — e e - e iz
— = 35
1. 2 3 4 5 6 7. 8 9 10
:ﬁler: Protein expression conditions Protein expression conditions
Induction time: 16-18 hrs. Induction time: 3 hrs.
IPTG: 1 mM IPTG: 1 mM
Temperature: 22 °C Temperature: 28 °C
Co-expression fungal (A. nidulans & T. marneffi)
p450s with chaperone proteins
1. 2. 3. 4 5 6. 7. 8 9
Gel 4

10% SDS-PAGE Gels

Figure 5.21: Results of heterologous expression of STCB and SCYP in E. coli were screened with 10% SDS-PAGE gels. Gel 1,
lane 1: Protein ladder, lane 2: Soluble fraction of un-induced sample of SCYP protein, lane 3: Soluble fraction of induced sample
of SCYP protein (expected band ~51 kDa), lane 4: lipid/insoluble fraction of un-induced sample of SCYP protein, lane 5:
lipid/insoluble fraction of induced sample of SCYP protein, lane 6: Soluble fraction of un-induced sample of STCB protein, lane
7: Soluble fraction of induced sample of STCB protein (expected band ~56-57 kDa), lane 8: lipid/insoluble fraction of un-induced
sample of STCB protein, lane 9: lipid/insoluble fraction of induced sample of STCB protein, lane 10: lipid/insoluble fraction of
induced sample of CPR357 protein with a right size band around 75 kDa (+ve control). Gel 2 has all soluble fractions and Gel 3
has all lipid fractions, Gel 4 lane 1: Induced MPAO with 6-his tag (expected band ~53 kDa), lane 2: Un-induced MPAO with 6-
his tag, lane 3: Un-Induced samples of SCYP with 6-his tag + DnaK, DnalJ, GrpE, lane 2: Induced samples of SCYP with 6-his tag
(51 kDa) + DnaK (70 kDa), DnaJ (40 kDa), GrpE (22 kDa), lane 4: Un-Induced samples of SCYP with 6-his tag + GroEL, GroES,
lane 5: Induced samples of SCYP with 6-his tag (51 kDa) + GroEL (60 kDa), GroES (10 kDa), lane 6: Un-Induced samples of
STCB with 6-his tag + DnaK, DnaJ, GrpE, lane 7: Induced samples of STCB with 6-his tag (~56-57 kDa) + DnaK (70 kDa), DnalJ
(40 kDa), GrpE (22 kDa), lane 8: Un-Induced samples of STCB with 6-his tag + GroEL, GroES, lane 9: Induced samples of STCB
with 6-his tag (~56-57 kDa) + GroEL (60 kDa), GroES (10 kDa).
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5.18 Proteins co-expression experiments in E. coli

Several lines of evidence demonstrate the successful co-transformation and the persistence
of two plasmids with the same origin of replication (ori) in the single cell of E. coli [Velappan, N.
et al., 2007]. In molecular biology, plasmids with the same origin of replication are usually
considered incompatible for co-transformation [Novick, R. P. 1987; Nordstrom and & Austin,
1989; Austin and Nordstrom, 1990]. The only downside of using this technique is the time of
persistence of these kinds of plasmids in a bacteria cell. Therefore, we did some experiments to
test the persistence time of two plasmids with the same origin of replication in a bacterial cell. We
found that such two plasmids cannot co-exist stably in a bacterial cell for more than two months,
and one plasmid was lost after that period. The role of antibiotic resistance markers in the
persistence of plasmids is not very clear yet, but it has been proved that a high copy plasmid
dominates the cell after many growth cycles.

In the case of MPAO and CPR357, both pETite N-His SUMO & pET21a vectors have low
copy pBR based origin of replication. So, the time of persistence of both plasmids in a single
bacterial cell was quite significant and independent of the antibiotic choice. For the protocol of
double transformation see Section 2.5.7 of Chapter 2. The following experiments were performed
simultaneously, pictorially represented in Figure 5.22. 1) Double transformation of E. coli with
pETite N-His SUMO vector harboring cu-mpao clone followed by pET21a harboring cu-cpr357
clone. 2) Double transformation of E. coli with pET28a (with only Hiss tag) vector harboring cu-
mpao clone followed by pET21a harboring cu-cpr357 clone. 3) Double transformation of E.
coli with pET28a vector harboring an-stcb clone followed by pET21a harboring cu-cpr357 clone.
4) Double transformation of E. coli with pET28a vector harboring pm1-scyp clone followed by

pET21a harboring cu-cpr357 clone. After successful transformation experiments and colonies
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were screened for all these combinations of genes via colony PCR, the co-expression experiments
started by setting up the starter cultures in BL21 (DE3) pLySs cells inoculated with LB media +
selection marker (Figure 5.22). Proteins Co-expression was induced using 1 mM IPTG, and the
induction period was quite long compared to previous experiments (Figure 5.23). The successful
reproducible co-expression of MPAO with SUMO tag and CPR357 and the co-expression of
STCB (fungal p450 from A. nidulans) and lichen fungal CPR357 were confirmed with SDS-PAGE
gels (Figure 5.23). In the first experiment, co-expression of MPAO with Hiss tag and CPR357
was observed (SDS-PAGE gel on the right, Figure 5.23), but a similar result could not be
reproduced in the second and third attempt. There was no co-expression detected in the case of
SCYP (fungal p450 from T. marneffi) and lichen fungal CPR357 (SDS-PAGE gel on the right,

Figure 5.23).

Created a library of bacterial cells harboring two different clones

1. cu-mpao in pETite &

2. cu-mpao in pET28b &
cu-cpr357 pET21a

cu-cpr357 pET21a

3. an-stcb in pET28a & 4. pm1-scyp in pET28a &

cu-cpr357 pET21a cu-cpr357 pET21a
BL21 (DE3)pLySs
Starter culture
= —= = —3 ==
1. cu-mpao in pETite & 2. cu-mpao in pET28b & 3. an-stcb in pET28a & 4. pm1-scyp in pET28a & 5. Only BL21 (DE3)pLySs
cu-cpr357 in TB broth cu-cpr357 in TB broth cu-cpr357 in TB broth cu-cpr357 in TB broth in TB broth

Figure 5.22: Double transformation of cu-mpao (N-His SUMO pETIte vector) & cu-cpr357 (C-His pET21a), cu-mpao (N-His
pET28b vector) & cu-cpr357 (C-His pET21a), an-stch (N-His pET28a vector) & cu-cpr357 (C-His pET21a), an-scyp (N-His
pET28a vector) & cu-cpr357 (C-His pET21a) in E. coli; BL21 (DE3)pLySs cells. Preparation of starter cultures with respective

antibiotic-resistance markers for co-expression of all these combination of proteins in bacteria.
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Protein expression results
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Gel1l 10% SDS-PAGE Gel Gel 2

Figure 5.23: Results of Co-expression experiments screened with 10% SDS-PAGE gels. Baffled flasks with LB media + selection
markers for the Co-expression of MPAO (N-His SUMO tag) & CPR357 (C-His tag), MPAO (N-His tag) & CPR357 (C-His tag),
STCB (N-His tag) & CPR357 (C-His tag), SCYP (N-His tag) & CPR357 (C-His tag) proteins in bacteria were induced with IPTG
and -ve controls (un-induced, no IPTG). SDS-PAGE Gel 1 with lane 1 is a protein ladder, lanes 2 & 4: Induced samples of co-
expressed MPAO (N-His SUMO tag ~67-70 kDa) & CPR357 (C-His tag ~75 kDa) proteins, lane 3: Un-induced samples. SDS-
PAGE Gel 2 lane 1: Induced co-expression of STCB (N-His tag ~56-57 kDa) & CPR357 (C-His tag ~75 kDa), lane 2: Induced
co-expression of SCYP (N-His tag ~51 kDa) & CPR357 (C-His tag ~75 kDa), lane 3: Just BL21 cells with IPTG (-ve control), lane
4: Induced co-expression of MPAO (N-His tag ~53 kDa) & CPR357 (C-His tag ~75 kDa), lanes 5-8 are un-induced samples (-ve
controls) in the same order as of lanes 1-4, lane 9: Protein ladder.

5.19. Bioconversion experiments of MPA to UA

Bioconversion experiments of MPA to UA were performed as follows: 1. MPA + NADH
+ MPAO (with Hiss SUMO tag) + CPR357. 2) MPA + NADH + MPAO with Hise tag + CPR357.
3) MPA + NADH + STCB (fungal A. nidulans p450) + lichen CPR357. 4) MPA + NADH + SCYP
(fungal T. marneffi p450) + lichen CPR357. Whole-cell bioconversion (in vivo) experiments were
performed twice and the experiments using cell free extracts were performed only once (in vitro).

Each time a different strategy was used.
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5.19.1. Strategy | of whole-cell bioconversion experiments (in vivo)

In the first strategy of whole-cell bioconversion experiments, 15 cultures were set up,
including 11 controls, as shown in Figure 5.24. BL21 (DE3)pLySs cells were inoculated with 50
mL of TB broth containing nutrients required to grow a bacterium for a longer period, and proteins
were expressed for 48 h at 22 °C using 1 mM IPTG. The substrate MPA and the electron donor
NADH were dissolved in DMSO and added directly to 10 out of 15 growing bacterial cultures
when proteins were expressed for 24 h. The substrate incubation period was 24 h, and then all the
samples were acidified to quench the reaction using a few drops of conc. HCI. Samples were
extracted with ethyl acetate, dried over sodium sulfate, and the solvent was evaporated using
rotovap. Samples were dissolved in MeOH and filtered using a 0.45-micron filter to run on HPLC,

and samples were prepared in acetonitrile for LC-MS analysis (Figure 5.25).

A) Un-Induced Induced Un-Induced Induced Un-Induced  Induced Un-Induced  Induced Un-Induced Induced

N A AT M7 A

WIMPA  jwMPA
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WIMPA, i MPA
+NADH'  +NADH.

WIMPA v MPA,

#NADH (+NADH'

WIMPA v MPA
4NADH' (+NADH'

WINPA, AWl MPA,
#NADH'  +NADH'

induced Induced Induced Induced Induced
1 J 1 I 1 =
w/O MEA}{\ fwlo MPA, w/o MPA), ,g:,,o MPA;\
{_NADH™ L. NADH ) (_NADH™ {_NADH Lol
MPAO with N-His SUMO MPAC with N-His ta N N o
Tag + CPR357 + CPRIST ST Cerar O ey 12 Only BL21 (DE3)pLySs cells
Bacterial cells were inoculated with 50 mL TB broth Proteins were induced using
1 mM IPTG at 16 °C for 48 hours
MPA (substrate) + NADH (electron donor) were dissolved
in DMSO
Both  MPA+NADH were incubated with whole cell ﬁ

catalysts for 24 hrs.

Reactions were quenched using 1M HCI Organic phase (UA dissolved EtOAc)

Samples were extracted using ethyl acetate (EtOAc) as

<————  Agqueous phase
UA is soluble in EtOAc

Figure 5.24: Co-expression of MPAO (N-His SUMO tag) & CPR357, MPAO (N-His tag) & CPR357, STCB (N-His tag) &
CPR357, SCYP (N-His tag) & CPR357, and bioconversion of MPA to UA catalyzed by these proteins. MPA (substrate) & NADH
(electron donor) were dissolved in DMSO and were directly added to bacterial cultures co-expressing earlier mentioned protein
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combinations inoculated with TB broth. There are 4-types of co-transformants, and three experiments were set up for each co-
transformant: Flasks with yellow and pink color cultures: Induced proteins with & w/o (-ve controls) MPA & NADH and flasks
with brown color cultures are un-induced proteins with MPA & NADH (-ve controls). Bioconversion reactions were quenched
with 1M HCI and extracted with ethyl acetate (EtOAc) because of high solubility of UA in EtOAc.

1) Samples were dried over Na,SO,, and solvent
was evaporated using rotovap

2) Samples were dissolved in 1 mL of MeOH and
filtered using 0.45-micron filter

3) Samples were analyzed using HPLC &, LC-MS

LC-MS
HPLC data

analysis

= ) Intensity
3
N

i

Figure 5.25: Sample preparation of all the bioconversion experiments by evaporating EtOAc, drying over sodium sulfate (Na2SOs),
dissolved in HPLC-grade methanol (MeOH) and filtered for UV-HPLC analysis. Samples were further diluted with acetonitrile for
LC-MS analysis.

5.19.2. Strategy Il of whole-cell bioconversion experiments (in vivo)

In strategy 11, 15 whole-cell bioconversion experiments, including 11 controls, were set, as
shown in Figure 5.26. BL21 (DE3)pLySs cells were inoculated with 50 mL of TB broth, and
proteins were expressed for 48 h at 16 °C using 1 mM IPTG. Then cells were harvested, after
centrifugation, the supernatant was discarded, and the cell pellet was resuspended in potassium
phosphate and glucose buffer. MPA + NADH were dissolved in DMSO and incubated with 10 out
of 15 samples at r. t. for 3 h All the samples were acidified to quench the reaction with two drops
of conc. HCI and extracted with ethyl acetate. Samples were dissolved in HPLC-grade MeOH and
filtered to run on HPLC. Also, samples were prepared in acetonitrile for LC-MS analysis (Figure

5.27).
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The pellet was resuspended in Pot. Phosphate
(KH2POy4) + Glucose (CgH1206) dissolved in water

Figure 5.26: Bacterial cultures co-expressing MPAO (N-His SUMO tag) & CPR357, MPAO (N-His tag) & CPR357, STCB (N-
His tag) & CPR357, SCYP (N-His tag) & CPR357 inoculated with TB broth. There are 4-types of co-transformants, and three

experiments were set up for each co-transformant: Flasks with yellow and pink color cultures: Induced proteins, and brown color

cultures are un-induced proteins. Proteins were induced for 2 days with 1 mM IPTG at 16 °C. Then cells were harvested,

centrifuged, and pellet was resuspended in potassium phosphate (KH2PO4) + glucose buffer.
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3) Reactions were quenched by adding a drop of conc. HCI
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Figure 5.27: Bioconversion of MPA to UA catalyzed by these proteins. MPA (substrate) & NADH (electron donor) were dissolved
in DMSO and were incubated for 3 h at r. t. with induced and un-induced samples (yellow & brown color coded). Bioconversion
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reactions were quenched with a drop of HCI, diluted in 500 uL HPLC-grade methanol (MeOH), and filtered for UV-HPLC analysis.

Samples were also prepared in acetonitrile for LC-MS analysis.
5.19.3. Strategy |1l of whole-cell bioconversion experiments (in vivo)

In strategy 11, eight co-expression experiments were set up, of which four samples were
induced with IPTG & four were not induced (Section 5.18). BL21 (DE3)pLySs cells were
inoculated with 50 mL of TB broth, and proteins were expressed for 48 h at 16 °C using 1 mM
IPTG. Then cells were harvested and lysed on ice with sonication (Figure 5.28). Both soluble
protein fractions in lysis buffer A and lipid fractions in lysis buffer B were incubated with DMSO
dissolved MPA + NADH. Also, the soluble fractions of un-induced samples were incubated with
MPA & NADH. The incubation was done at 4 °C for 2 h and after that, all the reactions were
quenched with two drops of conc. HCI. Samples were extracted using ethyl acetate, dissolved in
HPLC-grade MeOH, and filtered to run on HPLC. Samples were also prepared in acetonitrile for

LC-MS analysis (Figure 5.29).

MPAO with N-His SUMO MPAO with N-His tag STCB with N-His tag  SCYP with N-His tag

tag + CPR357 + CPR357 + CPR357 + CPR357
1) Induced 3) Induced 5) Induced 7) Induced
2) Un-Induced 4) Un-Induced 6) Un-Induced 8) Un-Induced

Cell lysis at 4°C in Protein Protein of interest in

Protein expression . . X
induction with IPTG lysis buffer A with suspension lysis buffer A
protease inhibitor

Centrifuge .
at 10,000 x g for 20 e ) ’
mins. at4°C =

= ’ Collect the cell pellet
i e— dissolve it in Lysis \ /
TB media buffer B with 7.5 M Urea v
Proteins were induced
at 16 °C for 48 hrs.

e

Figure 5.28: Bacterial cultures co-expressing MPAO (N-His SUMO tag) & CPR357, MPAO (N-His tag) & CPR357, STCB (N-
His tag) & CPR357, SCYP (N-His tag) & CPR357 inoculated with TB broth. Proteins were induced for 2 days with 1 mM IPTG
at 16 °C. Then cells were harvested, centrifuged, lysed using lysis buffer A and the pellet was resuspended in lysis buffer B (7.5 M
Urea).
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1) MPA (substrate) + NADH (electron donor) were dissolved in DMSO and were added LC-MS
to soluble fractions in lysis buffer and lipid fractions in 7.5M urea buffer. HPL? d‘:f’ta
analysis

2) Incubated for 1.5 h at 4 °C. z
? g
3) Reactions were quenched by adding a drop of conc. HCI i —

4) Then samples were dissolved in MeOH as UA is sparingly soluble in MeOH

Wi

5) Samples were filtered using a 0.45-micron filter and screened for HPLC and LC-MS

Figure 5.29: Bioconversion of MPA to UA. There are 4-types of co-expressed protein samples [MPAO (N-His SUMO tag) &
CPR357, MPAO (N-His tag) & CPR357, STCB (N-His tag) & CPR357, SCYP (N-His tag) & CPR357]. Two experiments were
set up for each co-expressed protein sample. Eppendorf tubes with yellow samples are induced soluble protein fractions, and tubes
with brown samples are induced lipid protein fractions. MPA (substrate) & NADH (electron donor) were dissolved in DMSO and
were incubated for 1.5 h at 4 °C with both soluble and lipid fractions in lysis buffer A & B. Bioconversion reactions were quenched
with a drop of HCI, diluted in 500 mL HPLC-grade methanol (MeOH), and filtered for UV-HPLC analysis. And samples were

prepared in acetonitrile for LC-MS analysis.
5.20. LC-MS analysis

Nothing was detected on HPLC using our standard lab-created UA detection method. In
Figure 5.30, sample A is an extracted ion chromatogram (EIC) and mass spectrum (MS2) of
standard MPA (substrate) with a peak at reterntion time (tr) 4.5 min & a base ion peak at m/z=
181.06 (-ve ion mode). Sample B of Figure 5.30 is an extracted ion chromatogram (EIC) and mass
spectrum (MS2) of standard UA (product) with a peak at reterntion time (tr) 14.2 min & a base
ion peak at m/z=343.10 (-ve ion mode). UA (product) was detected in LC-MS analysis of a sample
C (Figure 5.30) of in vitro reaction of, STCB (A. nidulans p450) and CPR357 proteins lysis buffer
A with MPA + NADH dissolved in DMSO (strategy Ill, in vitro Section 5.19.3). EIC of sample

C has a peak at 14.3 min retention time (tr) and MS2 has a parent ion peak at m/z= 343 in the -ve
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ion mode with fragmentation ions 83.02, 231.07, 259.07, 313.04 & 348.07 in MS2 similar to
standard UA (Figure 5.30). Sample D is a negative control experiment of sample C, where STCB
& CPR357 proteins were not induced (No IPTG) (Figure 5.30). The peak of the substrate, MPA,
at tr 4.5 min with a base ion peak at m/z= 181.06 with fragmentation ions 95.06, 137.07 was
observed in the Sample D (-ve control) (Figure 5.30) after comparing it to the standard MPA. UA
was also detected in the sample E (Figure 5.30) of whole-cell reaction of E. coli cells in potassium
phosphate and glucose buffer, co-expressing MPAO (with Hiss SUMO tag) and CPR357 proteins
with MPA + NADH dissolved in DMSO (strategy Il in vivo Section 5.19.2). The peak at 14.3 min
tr in EIC with a mass of about 343.14 in MS2 was consistent with the standard UA spectra (Sample
E, Figure 5.30). This peak was missing in the negative control (sample F) where MPAO (with

Hiss SUMO tag) and CPR357 proteins were not induced (Figure 5.30).
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Figure 5.30: LC-MS results of MPA to UA bioconversion experiments, liquid chromatogram (on the top of each chromatogram)
with a retention time on the x-axis and intensity on the y-axis. Mass spectra (on the bottom of each chromatogram) with a base
peak and (MS/MS) & the fragmentation pattern/ product ion (MS2). All spectra were acquired in the negative ion mode. A. MPA
in acetonitrile; B. UA in acetonitrile; C. MPA + NADH + E. coli transformants co-expressed STCB & CPR357 (Sample C) (in
vitro, strategy 3 bioconversion experiments); D. MPA + NADH + No induction of STCB & CPR357 proteins (-ve control, Sample
D); E. MPA + NADH + E. coli transformants co-expressed MPAO (N-His SUMO tag) & CPR357 (Sample E) (in vivo, strategy
2 bioconversion experiments); F. MPA + NADH + No induction of MPAO (N-His SUMO tag) & CPR357 proteins (-ve control,
Sample F).

5.21. Summary

This study has experimentally demonstrated the first successful heterologous expression of
a lichen fungal cytochrome p450 (MPAO), lichen fungal cytochrome p450 reductase (CPR) in
bacteria. First successful purification of lichen fungal CYP and CPR proteins. First successful
functional characterization of lichen fungal CYP and CPR proteins in bacteria. First successful
UA (lichen SM) biosynthesis catalyzed by MPAO & CPR357 proteins both in vivo & in vitro. This
study establishes a successful protocol for soluble expression of a lichen CYP & it’s redox partner
in bacteria and, also a protocol for the biosynthesis of a lichen SM (UA) both in vivo & in vitro

reproducibly.

Here, is the summary of both successful & failed experiments (all proteins were expressed
within a bacterial host; E. coli):

1. Full length-native MPAO-pETite N-His SUMO expression plasmid- No protein expression was
observed.

2. Truncated MPAO (w/o TMD) codon-optimized for E. coli-pETite N-His SUMO expression
plasmid- Soluble protein expression was observed.

3. Truncated MPAO (w/o TMD) codon-optimized for E. coli-pET28b N-Hiss expression plasmid- No
protein expression was observed.

4. Truncated CPR357 (w/o TMD) non-codon-optimized for E. coli-pET21a N-Hiss expression

plasmid- Low soluble protein expression was observed.
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10.

11.

12.

13.

Fungal STCB (A. nidulans p450), w/o TMD non-codon-optimized for E. coli-pET28b N-Hiss
expression plasmid- No protein expression was observed.

Fungal SCYP (T. marneffi p450), with TMD non-codon-optimized for E. coli-pET28b N-Hiss
expression plasmid- No protein expression was observed.

Co-expression of the chaperone with fungal STCB (A. nidulans p450), w/o TMD non-codon-
optimized for E. coli-pET28b N-Hiss expression plasmid- No protein expression was observed.
Co-expression of the chaperone with fungal SCYP (T. marneffi p450), with TMD non-codon-
optimized for E. coli-pET28b N-Hiss expression plasmid- No protein expression was observed.
Co-expression of the chaperone with Truncated MPAO (w/o TMD) codon-optimized for E. coli-
PET28b N-Hiss expression plasmid- No protein expression was observed.

Co-expression of fungal STCB (A. nidulans p450), w/o TMD non-codon-optimized for E. coli-
PET28b N-Hiss expression plasmid + Truncated CPR357 (w/o0 TMD) non-codon-optimized for E.
coli-pET21a N-Hises expression plasmid- functional expression of proteins was observed.
Co-expression of fungal SCYP (T. marneffi p450), w/o TMD non-codon-optimized for E. coli-
PET28b N-Hiss expression plasmid + Truncated CPR357 (w/o0 TMD) non-codon-optimized for E.
coli-pET21a N-Hises expression plasmid- No expression of SCYP was observed

Co-expression of truncated MPAO (w/o TMD) codon-optimized for E. coli-pETite N-His SUMO
expression plasmid + Truncated CPR357 (w/o TMD) non-codon-optimized for E. coli-pET21a N-
Hiss expression plasmid- functional expression of proteins was observed.

Co-expression of truncated MPAO (w/o TMD) codon-optimized for E. coli-pET28b N-Hisg
expression plasmid + Truncated CPR357 (w/o TMD) non-codon-optimized for E. coli-pET21a N-

Hiss expression plasmid- No expression of MPAO was observed.
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Chapter 6

Assignment of Biosynthetic pathways to Lichen Gene Clusters

6.1. Introduction

In Chapters 1 and 3 the emergence of next-generation genome sequencing and its impact
on the field of natural product chemistry was described. Along with the development of next-
generation genome sequencing technology, there was a constant improvement and maturation of
other techniques in genomics such as AntiSMASH, fungiSMASH (SM gene cluster annotation
software) that have been developed to facilitate the annotation of assembled genomes. The release
of third version of AntiSMASH (V. 3. 0) [Weber et al. 2015], introduced an additional feature
called ‘KnownClusterBLAST’ which is an algorithm that compares the gene clusters identified
within an imputed sequence to a compilation of well-characterized gene clusters [Medema et al.,
2015]. In 2015 Abdel-Hameed used AntiSMASH V. 2.0 [Blin et al. 2013] to identify only the PKS
genes within the draft assembly of their C. uncialis genome. A total of 48 SM biosynthetic gene
clusters were identified in C. uncialis genome, out of which Cu-nr-pks-2 cluster was identified as
UA gene cluster using a gene annotation approach [Abdel-Hameed, M. et al., 2016]. The remaining
47 lichen gene clusters was submitted to AntiSMASH (V. 3.0) and using a ‘homology mapping’
approach in combination with AntiSMASH V. 3.0, Dr. Bertrand proposed the biosynthetic
pathways of ‘9’ gene clusters out of these 47 clusters [Bertrand, R. L. et al., 2018 (part | & 11)].
Whereas some genes were still of unknown function [Bertrand, R. L. et al., 2018 (part | & I1)].
Homology mapping included BLAST consensus similarity and alignment to characterized genes
deposited in GenBank and, genetic homology supported by phylogenetic analysis approach was

used.
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Originally our research group was only interested in identifying the UA biosynthetic gene
cluster as this chemotype of C. uncialis is known to produce only UA. Profiling work in
nonlichenized fungi and bacteria demonstrates that more biosynthetic clusters are present in these
organisms than metabolites known to be produced by them [Nielsen, J. C. et al., 2017; Schorn, M.
A. etal., 2016; Guo, C. & Wang, C. C. C. 2014; Aigle, B. et al., 2014]. And a similar observation
was made in C. uncialis [Bertrand, R. L. et al., 2018 (part I)].

In continuation with the work published by Dr. Bertrand in 2018, | decided to analyze the
rest of 38 biosynthetic clusters in the year 2020, because of the more fungal & lichen genes and
gene clusters were discovered, reported and deposited in GenBank. I narrowed down my research
to only those gene clusters (16 out of 38) which had cytochrome p450 as one of the accessory
genes after having a better understanding of the classification, chemistry, and the functioning of
lichen p450s. Bertrand already predicted and reported the function of all the genes found in these
gene clusters [Bertrand, R. L. et al., 2018 (part 1)]. Similar to Bertrand approach, I also used a
‘homology mapping’ approach to determine probable pathways of these gene clusters. The result
of this work, described in this chapter, is the assignment of biosynthetic pathways of ‘7’ gene
clusters out of 16 with cytochrome p450 as one of the accessory genes.

The procedure for identifying a plausible biosynthetic function via the ‘homology

mapping’ approach is summarized by addressing the following three questions:

1. Are the genes genetically similar to those of a known biosynthetic gene cluster?
2. Do the identified genes form a coherent biosynthetic pathway?

3. Is genetic homology supported by phylogenetic analysis?

Predictions that contain many paired genes with a high degree of evolutionary homology

and form a coherent series of chemical steps comprise a more useful prediction of function. Out
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of seven putative biosynthetic pathways, there are only two gene clusters in this study that could
be associated to already reported metabolites in the literature. The seven pathways proposed are
described below, in order of terpene synthase gene clusters followed by non-reducing polyketide
synthase (NR-PKS) gene clusters and then reducing polyketide synthase (R-PKS) gene clusters.
Note that it is not obligatory for all genes in a pathway to be assigned with a specific biosynthetic
function.

The strength of these predictions rest in the genetic similarity of already characterized
genes deposited in GenBank, their genetic homology as supported by multiple sequence alignment,
phylogenetics, and their ability to form a coherent chemical pathway. Throughout this work,
phylogenetic analyses will be conducted to ascertain the degree of evolutionary homology between
the C. uncialis and identified reference genes. Complete phylogenetic trees, including trees that do

not support a homologous relationship, are shown as Figure S1 to S24 in the Appendix.

6.1.1. Phylogenetics

Phylogenetics is the study of evolutionary relationships among biological entities, often
species, individuals or genes. In this era of mega-scale genome sequencing, novel phylogenetic
methodology has provided us a platform to depict the functionality of some of the known genes
and identify the unknown genes present in these lichen gene clusters. We can predict the biological
relatedness of two genes based on the same root, branch length, distance from one node to the
other, grouping of the genes/proteins. Protein-based trees, taking amino acid sequences under
consideration and their multiple sequence alignment (MSA) files for the comparative analysis of
the function of two different proteins have been constructed. Bootstrap support values describe the
statistical value for the nodes in a phylogenetic tree. Horizontal line distances or also be called

scale bars, that represent number of substitutions per site, give you information about sequence
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divergence between the tips through the nodes. If there are no horizontal lines between any
sequences in a phylogenetic tree that means those sequences have no difference and are known as
haplotypes. Descendants from a node share a common ancestor and those descendants are put

together in one clade. An outgroup is a more distantly related sequence in an evolution.

6.2. Terpene synthase gene clusters

Bertrand in 2018 reported nine terpene synthase gene clusters, named Cu-terp-1 to Cu-
terp-9 found in the C. uncilias mycobiont, where the gene that encodes for terpene synthase is to
be considered a backbone enzyme and the other genes, both upstream and downstream to terpene
synthase encode for tailoring enzymes. These tailoring enzymes are also known as accessory
enzymes. Ultimately, a whole cluster (backbone and tailoring enzymes) was identified to be
involved in the biosynthesis of a lichen SM.

Terpenes are the largest and most diverse class of natural compounds, structurally
composed of isoprene units with the molecular formula (CsHsg) n [Schmidt-Dannert, C. 2015].
Although most terpenes are typically found in plants. In the last 10-15 years, many genes, and their
biosynthetic pathways responsible for the biosynthesis of these SMs/terpenes have also been

discovered and characterized in both, fungi [Quin, M. B. et al., 2014] and lichen fungi (mycobiont).

6.2.1 Terpene synthase gene cluster, Cu-terp-4

Bertrand in 2018 also reported that a gene cluster containing a terpene synthase Cu-terp-4
is basically a 2,3-oxidosqualene cyclase (OSQCY). These are class Il terpene cyclases (Figure
6.1) and usually have an alpha 6-barrel fold. 2,3-oxidosqualene cyclase (OSQCY) are integral
membrane proteins that catalyze a cationic cyclization cascade converting linear triterpenes to
fused ring compounds. Eukaryotic OSQCY transforms the 2,3-epoxide of squalene to compounds

such as, lanosterol in fungi and in some mammals or, cycloartenol in plants.
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Figure 6.1: Terpene synthase gene clusters in the C. uncialis mycobiont genome. Abbreviations: KS, ketosynthase; AT,
acyltransferase; DH, dehydratase; MT, C-methyltransferase; ER, enoylreductase; KR, ketoreductase; ACP, acetyl carrier protein;
GNAT, Genb-related N-acetyltransferase and the representation of cytochrome p450s (tailoring genes); part of these lichen cu-terp
gene clusters (Reprinted with the permission from Journal of Natural Products 2018 81 (4), 723-731. Copyright 2018 American
Chemical Society, see Figure S26 in the Appendix for copyright clearance).

The work described in this chapter predicts the function of a putative cytochrome p450, an
accessory gene in Cu-terp-4 cluster, which | have named as Cu-cypl-terp4, (Figure 6.1) and
numbered as gene 1. Through an extensive sequence database search (BLASTp) we identified the
closest homolog of Cu-cypl-terp4; an already known group of CYPs present in a non-lichen fungal
species named Lasallia pustulata (Figure 6.2). A phylogenetic tree was constructed (using
Neighbour joining; NJ method) and in this evolutionary analysis, it was discovered that both lichen
and fungal CYPs are orthologs and makes a monophyletic group with 100% bootstrap support.
This group of CYPs represents class E cytochrome p450 proteins (oxidoreductases) that fall into
sequence cluster group 1V. Group IV comprises of CYP7Al1l (cholesterol 7-alpha-
hydroxylase/monooxygenase) type enzymes, which catalyze a rate-limiting step in cholesterol
catabolism and bile acid biosynthesis by introducing a hydrophilic moiety at position 7 of
cholesterol, ultimately converts cholesterol to 7-alpha-hydroxycholesterol. This enzyme is
important for cholesterol homeostasis and inhibition of cholesterol 7-alpha-hydroxylase

(CYPTAL) represses bile acid biosynthesis [Li, T. et al., 2013]. It is also proposed that the second
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CYP in Cu-terp-4 cluster (numbered as gene 8) named as Cu-cyp2-terp4, catalyzes the second
hydroxylation step of 7-alpha-hydroxycholesterol, that leads to the formation of cholic acid (a

primary bile acid) as shown in Scheme 6.1. The function of other genes could not be predicted.

Squalene Squalene-2,3-epoxide Lanosterol

Cu-cyp1-terp4

E-class
CYP
—_— —_—
Cholesterol
Cu-cyp2-terp4
CYP

all other enzymes
encoded by rest of the
genes in this gene cluster

? -~

Unknown

Cholic acid

Scheme 6.1: Cytochrome p450 part of terpene synthase gene cluster found in C. uncialis appears to be genetically similar to E-

class group IV CYPs that catalyze the hydroxylation of cholesterol to 7-alpha hydroxycholesterol.
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56 _|— Cladonia uncialis subsp. uncialissANM86719.1 putative squalene cyclase

Polytolypa hystricissPGH19455.1 squalene-hopene cyclase Cu-terp-4

100 ——————  Aspergillus ellipticus/PYH94738.1 squalene cyclase

CZT52284.1 related to squalene cyclase Rhynchosporium secalis
100

166 T— CZT12320.1 related to squalene cyclase Rhynchosporium agropyri

Dissoconium aciculare/XP 033455459.1 putative P450 monooxygenase

100 —————————Cladonia uncialis IAUW30920.1 putative cytochrome p450 Cu-cypl-terp4

38

Lasallia pustulata/SLM34165.1 Cytochrome P450 E-class group IV

64 Rhizodiscina lignyota/KAF2092603.1 cytochrome P450

69 Aulographum hederae/KAF1991366.1 cytochrome P450

Cladonia uncialis /AUW30950.1 putative cytochrome p450
Cu-cyp2-terp4

99— Elaphomyces granulatus/OXV06852.1 hypothetical protein

100

Polytolypa hystricis/PGH19456.1 hypothetical protein

92

- Coniochaeta sp. [KAB5557998.1 cytochrome P450

99 li Xylaria longipes/RYC55381.1 hypothetical protein

Figure 6.2: Truncated phylogenetic trees of Cu-terp-4, Cu-cypl-terp4 & Cu-cyp2-terp4 illustrates the degree of relationship
between C. uncialis genes and non-lichen fungal genes (PDF version of complete phylogenetic trees are in Appendix Figure S1-
S3).

6.2.2. Terpene synthase gene cluster, Cu-terp-6

Bertrand in 2018 reported a farnesyl diphosphate farnesyl transferase, also known as
squalene synthase, labelled Cu-terp-6, that catalyzes the synthesis of squalene via condensation of
two molecules of farnesyl pyrophosphate (Figure 6.1) [Ha, N. T., & Lee, C. H. 2020].

A cytochrome p450 upstream of this squalene synthase in this gene cluster (Figure 6.1) is
named Cu-cyp3-terp6. The function of this cytochrome p450 is predicted to be involved in the
catalysis of terminal hydroxylation of the alkyl side chain in lanosterol (which is synthesized from
squalene-2,3-epoxide). The phylogenetic tree shows a high homology of Cu-cyp3-terp6 with a
fungal (Rutstroemia sp.) cytochrome p450 (Figure 6.3). Both CYPs are the part of one clade with

strong bootstrap support (100% for NJ method). Also, the short evolutionary distance computed
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between these two genes in the units of the number of amino acid substitutions per site conclude
their biological and functional relatedness. The fungal CYP belongs to a CYP52A13 which is an
alkane hydroxylase 2, together with an NADH cytochrome p450 enzyme system catalyzes the
terminal hydroxylation as the first step in the assimilation of alkanes and fatty acids. So, based on
the phylogenetic reconstruction we predict the function of Cu-cyp5-terp6 that could catalyze the
hydroxylation of any of terminal methyl groups present on alkyl side chain of lanosterol (Scheme

6.2) could result in the formation of either of the ‘3’ novel molecules named ‘Compound 13-15’.

% Cladonia uncialis IAUW30977.1 putative cytochrome p450 Cu-cyp3-terp6

Endocarpon pusillum/XP 007786991.1 hypothetical protein

83 ——  Nannizzia gypsea/XP 003173913.1 hypothetical protein

Rutstroemia sp./PQE08010.1 cytochrome P450 alkane hydroxylase protein

Cladonia uncialis subsp. uncialis/AUW30978.1 putative farnesyl-diphosphate farnesyl transferase
Imshaugia aleurites/ICAF9937714.1 bifunctional farnesyl-diphosphate farnesyltransferase/squalene synthase
Alectoria fallacinal/CAF9912571.1 bifunctional farmesyl-diphosphate farnesyltransferase/squalene synthase

100
XP 037164174.1 uncharacterized protein HO173 007005 Letharia columbiana Cu-terp-6

70

Figure 6.3: Truncated phylogenetic trees of Cu-terp-6 & Cu-cyp3-terp6 illustrates the degree of relationship between C. uncialis
genes and non-lichen fungal genes (PDF version of complete phylogenetic trees are in Appendix Figure S4 & S5).
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Lanosterol

%u-cyp3-terp6

Compound 13 Compound 14 Compound 15

Scheme 6.2: Proposed biosynthetic pathway of a novel ‘Compounds 13-15’ catalyzed by terpene synthases and an accessory

enzyme cytochrome p450 encoded by two genes in Cu-terp-6 gene cluster (Figure 31).
6.2.3. Terpene synthase gene cluster, Cu-terp-9

The function of two p450 genes, numbered as genes 1 & 3 in terpene synthase the gene
cluster labelled Cu-terp-9 (Figure 6.1) could be predicted based on BLAST consensus similarity
and alignment to be similar to functionally characterized genes deposited in GenBank (genetic
homology). Homologs and orthologs of these two p450 matches found in non-lichen fungal species
using iterative phylogenetic reconstruction (NJ method). The first p450 in Cu-terp-9 gene cluster
named as Cu-cyp4-terp9 shows high homology with two genes coding for fungal p450. One gene
found in Elsinoe australis encodes for cytochrome p450 monooxygenase like protein and the other
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gene found in Sphaerosporella brunnea encode for cytochrome p450 oxidoreductase (bootstrap
support is 70%) (Figure 6.4). All three share the common ancestor and have evolved in a very
recent time frame which means the evolutionary distance between all these three p450 genes is
less and, they all are the part of one clade (Figure 6.4). Based on the phylogenetic results we can
propose that the function of the proteins encode by these CYP genes is more likely to be similar.
Again, based on phylogenetic reconstruction results, the second p450 in Cu-terp-9 gene cluster
named as Cu-cyp5-terp9 has been found orthologous to a known fungal p450 gene encodes
trichothecene C-15 hydroxylase protein (TRI11) found in Elsinoe australis as shown in Figure
6.4. The tree shows that these two genes form part of one clade and are likely strongly related in
their functional properties. Scheme 6.3 shows the hydroxylation step catalyzed by TRI11; an
enzyme encoded by TRI11 cytochrome p450 monooxygenase which is a part of trichothecene gene

cluster [Schmidt-Dannert C. 2015].

Trichothecene
+OH C-15 hydroxylase

’

OAC

(TRIT1)

HO™
Trichodiene Isotrichodermin 15-Decalonectrin

Scheme 6.3: Hydroxylation reaction catalyzed by TRI11; trichothecene C-15 hydroxylase that converts isotrichodermin to 15-
decalonectrin [Schmidt-Dannert C. 2015].

It is therefore possible to propose the function of these two CYP enzymes (Scheme 6.4),
where one (Cu-cyp5-terp9) catalyzes the hydroxylation of methyl group of aristolochene molecule
and leads to the formation of ‘Compound ¢’ (hydroxylated aristolochene), while the other (Cu-
cyp4-terp9) acts as an oxidoreductase that catalyzes the oxidation of squalestatin tetraketide chain
and leads to the formation of ‘Compound d’.

After analyzing the evolutionary history and the functional aspect of p450 genes, we

deciphered through the sequences of other predicted genes in this gene cluster assembly. The aim

215



was to predict their function based on their genetic similarity, BLAST consensus alignment and
homology comparison using phylogenetics with already characterized non lichen fungal genes
deposited in GenBank. There are four more putative genes other than CYPs, aristolochene synthase
(AS) reported earlier [Bertrand, R. L. et al., 2018], reducing polyketide synthase (Cu-rPKS-2)
shows high homology with squalestatin synthase found in a fungus named Phoma sp., short chain
dehydrogenase/reductase (SDR) named as Cu-terp9-SDR has been found to be highly homologous
to short-chain dehydrogenase like protein 44 found in Elsinoe fawcetti (fungus) with high bootstrap
support of 87% and cytochrome p450 transferase/acetyltransferase shows high homology with
transferase like protein found in Elsinoe fawcetti with high bootstrap support of 98%.
Avristolochene is a biosynthetic precursor of several toxins [Deligeorgopoulou, A. and
Allemann, R. K. 2003]. Here, we propose the biosynthetic pathway of a putative SM which might
show similar properties as aristolochene (a toxin molecule) with terpenoid core and a polyketide
side chain (Compound 16) (Scheme 6.4). In this biosynthetic route, the first reaction is catalyzed
by aristolochene synthase (AS) (Cu-terp-9) that converts farnesyl pyrophosphate (FPP, alicyclic
sesquiterpene precursor) to aristolochene (a sesquiterpene) [Agger, S. et al., 2009] (Scheme 6.4).
Aristolochene gets converted to ‘Compound ¢’ by the action of p450 enzyme (Cu-cyp4-terp9) (as

discussed above) (Scheme 6.4).

The second part of this biosynthetic route involves the synthesis of squalestatin tetraketide
(SQTK), inhibits the formation of cholesterol and a key intermediate in the biosynthesis of
squalestatin S1 [Lebe, K. E. and Cox, R. J. 2019]. Squalestatin tetraketide synthase (SQTKS), a
reducing polyketide synthase (rPKS) catalyzes the synthesis of SQTK which followed by the
action of p450 enzyme (Cu-cyp4-terp9) results in ‘Compound d’ (as discussed above) (Scheme

6.4). Cu-terp9-SDR catalyzes the reduction of ketone to -OH moiety of ‘Compound d’ could lead
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to the formation of ‘Compound e’. The final step is proposed to be catalyzed by acetyl transferase
which transfers the polyketide chain (Compound c) onto hydroxylated aristolochene (Compound

¢). Which could result in a novel molecule named as Compound 16.

Farnesyl pyrophosphate Hd ated
FPP . yaroxylate
( ) Aristolochene Aristolochene
s
“ A
Cu-terp-9 } Cu-cyp5-terp9 )
\ ‘., '1,]/
OPP H Aristolochene
synthase (AS) / HO (c)
Polyketide chain transfers Ho H ©
onto hydroxylated aristolochene
o H O oo WOH
w o Cutor 9
Transferase/acetyltransferase (e)
like protein

Compound 16
/ Cu-terp9-SDR

1 Acetyl CoA ?S;éf Cu- cyp4 terp9
r
+ W

2 Malonyl CoA
+ Squalestatin tetraketide
SAM (SQTK)

Programme:

Round 1 KS CMeT KR DH ER
Round 2 KS CMeT KR DH ER
Round 3 KS KR DH

Release tetraketide chain

Scheme 6.4: Putative biosynthetic pathway of a novel molecule with a terpenoid core & a polyketide side chain; Compound 16.
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Figure 6.4: Truncated phylogenetic trees of Cu-terp-9, Cu-cyp5-terp9, Cu-terp9 acetyltransferase, Cu-rPKS-2, Cu-cyp4-terp9 &

Cu-terp6-SDR illustrates the degree of relationship between C. uncialis genes and non-lichen fungal genes (PDF version of

complete phylogenetic trees are in Appendix Figure S6-S11).

6.3. Non-reducing polyketide synthase gene clusters

As discussed in Chapter 3, out of 32 putative type | PKS genes found in C. uncilias,14

genes are non-reducing named from Cu-nr-pks-1 to Cu-nr-pks-14 [Abdel-Hameed, M. et al., 2016;

Bertrand, R. L., 2018] (Figure 6.5). These fungal NR-PKSs are a family of multidomain enzymes

that generate substituted aromatic natural products. Structural diversity is achieved through

“programmed” selection of starter unit, polyketide chain length, regiospecificity of backbone

cyclization(s), and mode of product release.
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Figure 6.5: Type | nonreducing polyketide synthase (PKS) gene clusters in the C. uncialis mycobiont genome. Abbreviations:

SAT, starter acyltransferase; KS, ketosynthase; AT, acyltransferase; PT, product template domain; MT, C-methyltransferase; ACP,

acetyl carrier protein; KR, ketoreductase; DH, dehydratase; ER, enoylreductase; CYC, Claisen cyclase; TE, thioesterase; R,

reductase; GNAT, Genb-related N-acetyltransferase and representation of cytochrome p450s as post-PKS/tailoring genes present

in these gene clusters (Reprinted with the permission from Journal of Natural Products 2018 81 (4), 723-731. Copyright 2018

American Chemical Society, see Figure S26 in the Appendix for copyright clearance).

6.3.1. Non-reducing polyketide synthase gene cluster, Cu-nr-pks-4

A functionally characterized homolog of a non-reducing polyketide synthase could not be

observed in this gene cluster (Cu-nr-pks-4) (Figure 6.5). However, the functionality of p450

named as Cu-cyp6-nrpks-4 gene in this gene cluster (Figure 6.5) could be predicted. Based on

protein BLAST search (Table 6.1); 99% query cover proposes a genetic proximity of C. uncialis
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CYP to a fungal CYP found in many species of Lachnellula fungus. Inspite of the low boostrap
support value in the phylogenetic tree reconstruction (Figure 6.6), we could still predict the
putative function of CYP protein encoded by Cu-cyp6-nrpks-4, that has been found to be
homologous to a fungal pisatin demethylases (PDAs). This PDA gene was initially found in a pea
pathogen Nectria haematococca mating population VI (MPVI); which is a filamentous
ascomycete, amongst few fungal species which were tolerant to an antimicrobial named
phytoalexin pisatin produced by pea plants [Delserone, L.M. et al., 1999; George, H. L. &
VanEtten, H. D., 2001]. These fungal species circumvent the host defense mechanism by
detoxification of pistatin (a phytoalexin) and studies have shown that first step of degradation of
pisatin molecule is catalyzed by a cytochrome p450 (Pda) via demethylation (Scheme 6.5)
[Delserone, L.M. et al., 1999; George, H. L. & VanEtten, H. D., 2001]. Later, by performing some
gene disruption experiments in other fungal species such as Fusarium oxysporum, Fusarium
polyferatum the function of Pda was determined [Milani, N. A. et al., 2012] and BLASTp results
show a strong genetic similarity of this fusarium Pda to cytochrome p450s found in Lachnellula

species (Table 6.2).

[ | — Pseudogymnoascus sp./KFY31267.1 hypothetical protein

— Pseudogymnoascus sp./KFZ15367.1 hypothetical protein

Cladonia uncialisfAUW31122.1 putative cytochrome p450

, _ Cu-cyp6-nrpks-4
a8 Pseudogymnoascus sp./KFY98256.1 hypothetical protein

Lachnellula suecica/TVY84829.1 Pisatin demethylase

41

67 { Lachnellula subtilissima/TVY32474.1 Pisatin demethylase

9 Lachnellula hyalina/XP 031003063.1 Pisatin demethylase

100 l_ Lachnellula occidentalis/TVY39419.1 Pisatin demethylase

Figure 6.6: Truncated phylogenetic tree of cytochrome p450; Cu-cyp7-nrpks4 shows an evolutionary relationship between lichen
CYP/AUW31122.1 to a known fungal CYP (pisatin demethylase; Pda) found in many Lachnellula species (PDF version of
complete phylogenetic trees are in Appendix Figure S12).
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Table 3: BLAST statistics of C. uncialis cytochrome p450 (Cu-cyp6-nrpks-4) which has been found genetically similar to pisatin

demethylase, an enzyme found in many species of Lachnellula fungus.

Description Max. | Total | Query | E Per. Accession no.

Score | Score | Cover | value Identity

putative cytochrome p450 [Cladnoia uncialis] | 284 284 100% | 8e-97 100% AUW31122.1

Pisatin demethylase [Lachnellula willkommii] 104 104 99% | 4e-25 40.88% | TVY87722.1

H;CO O
O 6al LOH cyp, pisatin demthylase
da
oL s
O
(+) pisatin 3,6a-dihydroxy-8,9-

methylenedioxypterocarpan
(DMPA)

Scheme 6.5: Enzymatic demethylation of (+) pisatin catalyzed by pisatin demethylase into 3,6a-dihydroxy-8,9-
methylenedioxypterocarpan (DMDP).

Table 6.2: Blast statistics that show a genetic similarity of CYP named as pisatin demethylase in Lachenulla fungus to a known

CYP found in F. profiferatum whose function is also described.

Descripion Max. Query | E Per. Accession no.
Score Cover | value Identity

Pisatin demethylase [Lachnellula willkommii] 281 100% 7e-95 100% TVY87722.1

Pisatin demethylase [Lachnellula cervina] 272 100% 2e-91 96.27% TVY52984.1

Hypothetical protein [Exophiala xenobiotica] 184 99% 2e-54 62.41% XP_013320560.1

Pisatin demethylase cytochrome p450 [Fusarium | 182 97% 2e-52 58.46% XP_0131090391.1

proliferatum ET1]
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6.3.2. Non-reducing polyketide synthase gene cluster, Cu-nr-pks-6

The Cu-nr-pks-6 gene cluster as shown in Figure 6.7, has been reported [Bertrand, R. L.
et al., 2018] to have one nr-pks gene encodes for non-reducing polyketide synthase (backbone
enzyme) and, downstream of nr-pks there are four accessory genes encode for four post-
PKS/tailoring enzymes: short chain dehydrogenase/reductase (Cu-nr-pks6-SDR), scytalone
dehydratase (Cu-nr-pks6-SD), monooxygenase (Cu-nr-pks6-MO) &, a cytochrome P-450 (Cu-
cyp7-nr-pks6).

SAT-KS-AT-PT-ACP-ACP-TE

G0 —— e

2 3 1K

PKS (Cu-nr-pks-6)

Short-chain dehydrogenase/reductase (SDR)
Scytalone dehydratase (Cu-nr-pks6-SD)
Mono-oxygenase (Cu-nr-pks6-MO)
Cytochrome P-450 (Cu-cyp7-nr-pks6)

ol o U

Figure 6.7: Uncharacterized C. uncialis gene cluster, Cu-nr-pks-6 (accession no. AUW31152.1). Gene in red color encodes for
non-reducing polyketide synthase, gene in green color encodes for cytochrome p450 (Cu-cyp6-nrpks-6), an accessory enzyme. And
genes in black color encode for rest of the accessory enzymes: short-chain dehydrogenase/reductase (SDR), scytalone dehydratase
(SD) & monooxygenase (MO). Domain abbreviations: Starter acyltransferase (SAT), ketosynthase (KS), acyltransferase (AT),
product template (PT), acetyl carrier protein (ACP), thioesterase (TE).

A putative biosynthetic pathway is proposed for Cu-nr-pks-6 gene cluster, which suggests
the biosynthesis of six novel polyketide molecules (Compounds 17-22, Scheme 6.8) that are
unique to C. uncialis.

As shown in Table 6.3, two homologs of non-reducing PKS gene (part of Cu-nr-pks-6
gene cluster) have been found after an extensive protein BLAST search that shows 99% query
cover and approximately 53-54% amino acid (A.A.) identity to already known non-lichen fungal
type I NR-PKSs (found in Hyaloscypha variabilis F & Xylona heveae species). The topology of
the phylogenetic tree (using NJ method) (Figure 6.8) suggests that Cu-nr-pks and NR-PKS
(Xylona heveae) genes have evolved quite recently based on short horizontal distance between
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them through the node. Both genes are the part of two separate in-groups descending from one
node (share a common ancestor) with 87 bootstrap support that ultimately makes a stronger case

of their functional similarity.

Table 6.3: BLAST statistics of C. uncialis NR-PKS (Cu-nr-pks-6) which has been found genetically homologous to functionally
characterized NR-PKS found in a non-lichen fungal species (Xylona hevae) and has been reported to be involved in the
biosynthesis of a yellow pigment (Melanin).

Descripion Max. Query | E Per. Accession no.

Score | Cover | value | ldentity

Type | non-reducing pks 4185 100% | O 100% AUW31152.1

[Cladonia uncialis subsp. Uncialis]

BcPKS12, polyketide synthase 2214 99% 0 54% PMD39418.1

[Hyaloscypha variabilis F]
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Figure 6.8: Truncated phylogenetic trees of Cu-nr-pks-6, Cu-nr-pks6-SD, Cu-nr-pks6-SDR, Cu-nr-pks6-MO and Cu-cyp7-nrpks-
6 illustrate the degree of relationship between C. uncialis genes and non-lichen fungal genes (PDF version of complete phylogenetic
trees are in Appendix Figure S13-S17).

On the contrary NR-PKS gene found in Hyaloscypha variabilis F is very far from Cu-nr-
pks in the phylogenetic tree (review Figure S13 in the Appendix), which suggests a low functional
similarity between these two genes. Therefore, we propose that Cu-nr-pks-6 (NR-PKS) is
orthologous to type | fungal NR-PKS (Xylona heveae) based on both the BLASTp, and
phylogenetic reconstruction results. According to the BLAST search Type | NR-PKS found in
Xylona heveae catalyzes the biosynthesis of a conidial yellow pigment molecule. This type | NR-
PKS is homologous to wA naphthopyrone synthase found in A. nidulans that catalyzes the
synthesis of a heptaketide napthopyrone (a conidial yellow pigment molecule) (Scheme 6.6) [Fujii,
| et al., 2001]. BcPKS12 is involved in the biosynthesis of 1,8-dihydroxynapthalene (DHN)-
melanin pigment found in Botrytis cinerea [Zhu, P. et al., 2017]. The heptaketide napthopyrone is
a catalytic intermediate which is produced during melanin biosynthesis by inactivating or deletion
of thioesterase/Claisen cyclase (TE/CLC) domain of NR-PKS [Watanabe, A. et al., 2000, Fujii, |
etal., 2001]. The absence of TE/CLC domain results in the spontaneous O—C cyclization to release
full-length pyrone shunt product, a napthopyrone [Crawford, J. M. et al., 2010].

However, if the TE/CLC domain is present or fully functional in NR-PKS, it catalyzes C-
C bond formation via Claisen cyclization. Hence, we propose the conversion of intermediate I-1
to intermediate I-1 catalyzed by TE/CLC domain of CU-NR-PKS (part of Cu-nr-pks-6 gene
cluster) (Scheme 6.6). Many of the recently published articles on melanin biosynthesis have
discussed the difference in the architecture and the substrate specificity of these NR-PKSs results
in the formation of three possible polyketide intermediate such as pentaketide, hexaketide and a
heptaketide based on the varying number of malonyl CoA molecules [Chang, P. K. et al., 2020,

Griffith, S. A. etal., 2018, Fujii, I et al., 2001, Tsai, H. F. etal., 2001, Zhu, P. et al., 2017]. Usually
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melanin synthase (NR-PKS) produces a pentaketide intermediate that directly cyclizes to 1, 3, 6,
8-tetrahydroxy-napthalene (4-THN) [Griffith, S. A. et al., 2018, Thompson, J. E. et al., 2000]. But
there are many other fungal NR-PKSs that have been reported to produce hexaketide or heptaketide
intermediates in melanin biosynthesis, such as 2-acetyl-1,3,6,8-tetrahydroxy-napthalene (ATHN),
2-butyl-1,3,6,8-tetrahydroxy-napthalene (BTHN) and heptaketide napthopyrone (Scheme 6.6).
Albl1 gene found in Aspergillus fumigatus is one of the examples of these kinds of NR-PKSs

[Watanabe, A. et al., 2000].

Heptaketide precursor

OH OH O OH O
Napthopyrone ’
(yellow conidial CH,
igment
P9 ) 0" OH
R= CH2COCH3 T
R= CH3
O

YSCOA cp
2
0 KS, AT S
+ > o O
% SCoA Cu-nr-pks6 Cu-nr-pks6

50r60\g(\f(

0 PT l Cu-nr-pks6
OH OH O
SO Cﬂd
Clalsen
HO OH cyclization

BTHN; R= CH,COCHj
ATHN; R= CHj

Scheme 6.6: Proposed biosynthesis of 2-butyl-1,3,6,8-tetrahydroxy-napthalene (BTHN), 2-acetyl-1,3,6,8-tetrahydroxy-
napthalene (ATHN) and, napthopyrone catalyzed by Cu-nr-pksé

The usual next step in melanin biosynthesis is the conversion of intermediate 1-2 or
heptaketide napthopyrone to 1, 3, 6, 8 -tetrahydroxynaphthalene (4-THN) by the removal of

acetyl/butyl side chain in case of intermediate 1-2 & chain-length shortening of heptaketide
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napthopyrone, catalyzed by a separate (other than thioesterases; TE) enzyme known as serine
hydrolases [Tsai, H. F. et al., 2001] (Scheme 6.9). In the Cu-nr-pks-6 gene cluster, there are no
serine hydrolases and the formation of either ATHN or BTHN (intermediate 1-2) has been
predicted but not 4-THN. The proposed next step is the formation of intermediate 1-3, catalyzed
by Cu-nr-pks6-SDR (C. uncialis short-chain reductase/dehydrogenase) followed by a dehydration
step catalyzed by Cu-nr-pks6-SD (scytalone dehydratase) could lead to the formation of
intermediate 1-4 (Scheme 6.7). The prediction of the function of these two genes is again based
on the BLAST consensus alignment and the constructed phylogenetic trees (using NJ method).
Evolutionary history shows that Cu-nr-pks6-SDR has high homology with a fungal tetrahydroxy-
napthalene reductase arp2 (Lasallia pustulata) with a very high 99% bootstrap support, and the
evolutionary distance between two genes is very less and similarily Cu-nr-pks6-SDR has high
homology with a fungal scytalone dehydratase arpl (Lasallia pustulata) with a considerable
bootstrap support value of 60% (Figure 6.8).

There are two different possible routes that can be considered here that could lead to the
formation of six novel molecules named as Compounds 17-22 from Compounds f-i (Scheme
6.6). Compounds f-g are basically hydroxy-napthalenedione derivatives with/without acyl side
chain (Scheme 6.7). The first route uses the SDR and SD enzymes again in a cyclic fashion and,
results in the conversion of intermediate 1-4 to I-5. Followed by the oxidation of intermediates
I-5 which is being proposed to be catalyzed by Cu-nr-pks6-MO (Monooxygenase) could result in
two different molecules ‘Compounds h & i’ (Scheme 6.7). The function of this monooxygenase
has been proposed based on the phylogenetic relationship (using NJ method) between Cu-nr-pks6-
MO and, a known bacterial monooxygenase MomA with the 68% bootstrap support as shown

(Figure 6.8). MomA monooxygenase is known to oxidize 4-THN to flaviolin [Funa, N. et al.,
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2005]. There was no fungal monooxygenase in the protein BLAST that could be related to Cu-nr-
pks6-MO.

The final step that is postulated in this biosynthetic pathway is the oxidative dimerization of two
molecules of ‘Compound h’ catalyzed by Cu-cyp7-nr-pks6 (C. uncialis CYP) via radical coupling
that could lead to formation of a novel polyketide, ‘Compound 20’ (Scheme 6.8). Similarly, two
molecules of ‘Compound i’ could oxidize to either ‘Compounds 21 or 22’ via a radical or cationic
mechanisms (Scheme 6.8). The functional assignment of this cytochrome p450 is purely
theoretical. The closest homolog of Cu-cyp7-nr-pks6 that have been found in the BLASTp search
and through the evolutionary analysis (bootstrap support 91%) is a fungal p450 (Talaromyces
marneffi). However, this gene has not been functionally characterized yet. The function of C.
uncialis p450 can be predicted by taking into consideration of catalytic behavior of CYPs found
in other NR-PKS gene clusters of C. uncialis which is either C-C or C-O oxidative coupling
reactions in most of the cases so far.

Cytochrome p450 158A2 (CYP158A2) has been found in the soil bacterium Streptomyces
coelicolor A3(2) [Zhao, B. et al., 2005] and has been reported to catalyze the dimerization of two
molecules of flaviolin (flaviolin dimers) via a radical mechanism. In this lichen gene cluster, we
do not predict the biosynthesis of flaviolin (oxidation of 4THN catalyzed by MomA, Scheme 6.9),
because the genes that encode for SDR, and SD enzymes are absent. However, the function of
Mom A and CYP158A2 (part of flaviolin gene cluster) appear to be homologous the genes to Cu-
nr-pks6-MO adn, Cu-cyp8-nr-pks6.

The second proposed route in Scheme 6.7 is where both SDR and SD enzymes have not
been repeated in the catalytic cycle and intermediate 1-4 could be oxidized to ‘Compounds f &

g’ catalyzed by monooxygenase (MO). Two molecules ‘Compounds g’ could be oxidatively
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dimerizes to ‘Compound 19’ catalyzed CYP enzyme (Scheme 6.8). Whereas two molecules of

‘Compounds f* could either dimerizes to ‘Compound 17’ or ‘Compound 18’ (Scheme 6.8).

O OH O Cu-nr-pks6 OH OH O
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Scheme 6.7: Proposed biosynthetic pathway of four novel polyketide molecules named as ‘Compounds f-i’.
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Scheme 6.8: Proposed oxidative C-C couplings of ‘Compounds f-i’ to six novel polyketide molecules named as ‘Compound 17-
22’ catalyzed by Cu-cyp7-nrpks-6, where R= CHz or CH2COCHs.
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Scheme 6.9: Flaviolin biosynthesis, where deacetylation of 1-2 and chain chain shortening of napthopyrone to 4THN (1,3,6,8
tetrahydroxy-napthalene) catalyzed by serine hydrolases and MomA catalyzes the oxidation of 4THN to flaviolin.
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6.3.2a. Proposed radical-2 coupling catalyzed by Cu-cyp7-nr-pks6

The first proposed catalytic mechanism of oxidation of ‘Compound f* (Scheme 6.10) is
rationalized with the conventional H-atom abstraction from (phenolic) OH at C-1 atom by
‘Compound I’ or Fe'V-oxoporphyrin n-radical cation of CYP (Scheme 6.10). The following
proposed step is a second H-atom abstraction from the second molecule of ‘Compound f’ by Fe'V-
hydroxo radical cation species. The radical forms of two molecules of ‘Compound f’ are predicted
to have the maximum electron density on the carbon atoms para to the oxygen atom. These two
radical molecules of ‘Compound f’ undergo radical phenolic coupling followed by re-
aromatization lead to the formation of a novel polyketide molecule named as ‘Compound 17°
(Scheme 6.10). This mechanism is proposed based on an example in the literature of oxidative
coupling of two molecules of flaviolin substrate catalyzed by cytochrome p450 158A2" encoded

by a gene found in bacterial species named Steptomyces coelicolor A3(2) [Zhao, B. et al. 2005].
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Scheme 6.10: Proposed radical-2 coupling of two molecules of ‘Compound f* catalyzed by CYP in the putative biosynthesis of a

novel polyketide named as ‘Compound 17°.
Similarly, it is proposed that the radical oxidative coupling mechanism of two molecules
of ‘Compound g’, ‘Compound h” & ‘Compound i’ to predicted novel polyketide molecules be

named as ‘Compound 19°, ‘Compound 20’ &, ‘Compound 21°.

6.3.3 Non-reducing polyketide synthase gene cluster, Cu-nr-pks-12
The earlier reported gene cluster Cu-nr-pks-12 in the C. uncialis genome [Bertrand, R. L.

et al., 2018] is annotated in contig 32 (Figure 6.5). It consists of a non-reducing polyketide
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synthase (backbone enzyme) and, two accessory genes encoding a GNAT-family (General control
non-repressible 5 (GCNb5)-related N-acetyltransferases) enzyme and a cytochrome p450 (Cu-
cypl0-nr-pks12).

Based on the BLASTYp search C. uncialis nr-pks-12 gene has found to be homologous to
three lichen non-reducing PKSs found in C. grayi, C. metacorallifera and S. alpinium (Antarctic
lichen) (Table 6.4). Out of these three genes, only one found in Antarctic lichen (Stereocaulon
alpinium) has been functionally characterized [Kim, W. et al. in 2021]. In this article it has been
reported that a non-reducing polyketide synthase named as atrl is associated with the biosynthesis
of a very well-known lichen natural product, atranorin [Studzinska-Sroka, E. et al., 2017; Singh,

G. etal., 2021].

Table 6.4: BLAST statistics of C. uncialis NR-PKS (Cu-nr-pks-12) which has been found genetically homologous to
functionally characterized NR-PKS found in a lichen species (Stereocaulon alpinium), which has been reported to be involved in
the biosynthesis of atranorin.

Descripion Max. | Query E Per. Accession no.
Score | Cover value Identity

Putative type 1 PKS [Cladonia uncialis subsp. Uncialis] 5188 | 100% | 0.0 100% | AUW31240.1

Putative non-reducing PKS [Cladonia grayi] 4137 | 99% 0.0 87.71% | ADM79462.1

Polyketide synthase [Cladonia metacorallifera] 3781 | 87% 0.0 84.08% | QI1X11487.1

Atrl [Stereocaulon alpinium] 2122 | 98% 0.0 44.59% | QXF68953.1

Non-reducing polyketide synthase ascC [Physcia stellaris] 1599 | 95% 0.0 43.43% | KAG7007893.1

The percentage identity value is quite low as shown by BLAST statistics (Table 6.4).

However, if we construct a phylogenetic tree as shown in Figure 6.10, high (98%) bootstrap
support value and descendance of both proteins from one node with a very less horizontal distance
between them suggest that these two proteins could be predicted to be orthologous. After
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comparing both gene clusters as shown in Figure 6.9, Cu-nr-pks-12 and atrl (S. alpinium) it was
observed that other than PKS genes, all the accessory genes are different in both gene clusters.

Therefore, Cu-nr-pks-12 gene cluster cannot be associated with the biosynthesis of atranorin.

SAT-KS-AT-PT-ACP-MeT-CYC 1. GNAT Cladonia uncialis
(IO — ) o]
1 2 3 3. Cytochrome P-450
1Kb
atr4 atr3  atr2 atrl

(<0 4 4 > 1 <

SAT-KS-AT-PT-ACP-MeT-TE .
Stereocaulon alipnum

atr 1. Atranorin synthase; Non-reducing PKS gene cluster
atr 2. Cytochrome P-450 mono-oxygenase
atr 3. O-methyl transferase

atr 4. Multidrug transporter

Figure 6.9: Stereocaulon alipnum gene cluster involved in the biosynthesis of atranorin (accession no. QXF68953.1) &
uncharacterized C. uncialis gene cluster, Cu-nr-pks-6 (accession no. AUW31240.1). Genes in red color encode for non-reducing
polyketide synthases, genes in green color encode for cytochrome p450 enzymes. And rest of the accessory genes in black color:
GNAT in C. uncialis, O-methyltransferase (OMT) & Multidrug transporter S. alipnum. Domain abbreviations: Starter
acyltransferase (SAT), ketosynthase (KS), acyltransferase (AT), acetyl carrier protein (ACP), C-methyltransferase (CMeT), claisen
cyclase (CYC), thioesterase (TE). Gene abbreviations: Polyketide synthase (PKS), short-chain dehydrogenase/reductase (SDR),
general control non-repressible 5 (GCN5)-related N-acetyltransferases (GNAT).
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Figure 6.10: Truncated phylogenetic tree of Cu-nr-pks-12 illustrates the degree of relationship between C. uncialis genes and a
lichen S. alpinum NR-PKS gene (atrl). Cu-cyp8-nrpks-6 phylogenetic tree (truncated) shows a high homology b/w C. uncialis
p450 & a non-lichen fungal p450 (andk) found in T. lentiforme (PDF version of complete phylogenetic trees are in Appendix Figure
S18 & S19).

Next, the homologs of the accessory enzyme, GNAT (General control non-repressible 5
(GCNB5)-related N-acetyltransferases) in Cu-nr-pks-12 gene cluster was examined in detail. A
fungal (Lasallia pustulata) GNAT-family acetyltransferase protein also known as Nat4 have been
found to be homologous to C. uncialis GNAT based on the BLASTp consensus alignment (88%
query cover, ~60% A.A. identity) (Table 6.5) 74% positive and less than 2% gap in MSA. GNAT-
family enzyme is known to catalyze the transfer of an acyl moiety from acyl coenzyme A (acyl-
CoA) to a diverse group of substrates. Most of the literature shows the function of GNAT is the
transfer of acyl group from coenzyme A to acyl carrier protein (polyketide chain initiation) [Gu,
L. etal., 2007; Salah Ud-Din, A. I. et al., 2016]. While in other cases it has been shown that GNAT
catalyzes the decarboxylation of malonyl CoA during the claisen condensation step of acetyl CoA
and malonyl CoA [Skiba, M. A. et al., 2020]. There are some examples in the literature that
illustrate the role of evolutionarily conserved N-acetyltransferase, is the acetylation of the N-
terminal residues of histones H4 and H2A in all species from yeast to mammals [Song, O. K. et
al., 2003]. These articles also talk about the N-terminal acetylation of CYP proteins, which is
basically a post-translation modification of a protein that eventually increases the protein stability
(resistance to degradation). It also helps in the proper functioning of p450s. In another recently
published article, it has been shown that how the acetylation of N-terminal residue of histone H3

attenuates the expression of cytochrome p450 proteins [Pande, P. et al., 2020].
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Table 6.5: BLAST statistics of C. uncialis putative GNAT-family acetyltransferase which has been found genetically

homologous to a GNAT family enzyme (Nat4) found in a non-lichen fungal species (Lasallia pustulata)

Descripion Max. | Query E Per. Accession no.
Score | Cover value Identity

Putative GNAT-family acetyltransferase 1503 | 100% | 0.0 100% | AUW31241

[Cladonia uncialis subsp. Uncialis]

GNAT family acetyltransferase Nat4 259 88% 5e-84 59.62% | KAA6410295.1

[Lasallia pustulata]

Similarly, the functional assignment of C. uncialis p450 (Cu-cyp10-nr-pks12) has been
proposed based on the BLASTp (Table 6.6) search results and the phylogenetic reconstruction
that shows Cu-cyp10-nr-pks12 is homologous to a known fungal CYP also known as anditomin K
(andK). The topology of the tree suggests high bootstrap support (98%), both share a common
ancestor, and no other proteins are present between these two p450s, this laid a strong foundation
to posit the functional similarity of Cu-cyp8-nr-pks12 to anditomin K (Figure 6.10). Anditomin is
a fungal meroterpenoid isolated from Aspergillus variecolor [Matsuda, Y. et al., 2014] and this
article demonstrates that andK catalyzes the hydroxylation of the methyl group of 3,5-
diemthylorsellinic acid ring in a terpenoid structure followed by the lactonization (Scheme 6.11).

Based on above predictions, we have proposed a biosynthetic pathway of a putative novel
depside; named as ‘Compound 23’ and have been shown to be catalyzed by Cu-nr-pks-12 gene
cluster (Scheme 6.15). Cu-nr-pks-12 gene shares functional similarity with atr1(S. alpinium). The
first three proposed steps involve the formation of 4-O-methylbarbatic acid through two catalytic
intermediates, a methylated tetraketide and 3-methyl orsellinic acid (3-MOA) (Scheme 6.12).

Further the catalytic oxidation of 4-O-methylbarbatic to ‘Compound 23’ is proposed to be
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catalyzed by cytochrome p450 (Cu-cyp8-nrpks-12) (Scheme 6.12). Which is completely different

from atranorin biosynthesis, where atr2 (O-methyl transferase) catalyzes the methylation of

carboxylic acid functional group followed by two oxidation steps catalyzed by atr3 (CYP) leads

to the formation of atranorin (Scheme 6.12).

Table 6.6: BLAST statistics of C. uncialis putative CYP (Cu-cyp8-nrpks-12) which has been found genetically homologous to a

functionally characterized non-lichen fungal (T. lentiforme) CYP (andk).

Descripion Max. | Query E Per. Accession no.
Score | Cover value Identity
Putative cytochrome p450 1503 | 100% 0.0 100% | AUW31241
[Cladonia uncialis subsp. Uncialis]
Cytochrome p450 monooxygenase andk 488 71% 5e-162 | 47.46% | KAF3054724.1
[Trichoderma lentiforme]
Helicase mot 1 [Physcia stellaris] 431 69% 7e-140 | 44.01% | KAG7008765.1
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Scheme 6.11: Hydroxylation & lactonization of 3,5-dimethylorsellinic acid catalyzed by p450 (andk), anditomin K during the

biosynthesis of anditomin.
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Scheme 6.12: S. alpinum gene cluster responsible for the biosynthesis of atranorin and juxtaposed, biosynthetic pathway of a

novel lichen depside molecule named as ‘Compound 23’ that is proposed to be encoded in C. uncialis.

6.4. Reducing polyketide synthase gene clusters

6.4.1. C. uncialis reducing polyketide synthase gene clusters of Cu-r-pks-18

The earlier reported gene cluster [Bertrand, R. L. et al., 2018] that has been assigned as
contig no. 48 (Figure 6.11), which belongs to a class of type | iterative reducing polyketide
synthases (R-PKS). This gene cluster consists of one reducing PKS gene and four accessory genes

such as, O-methyltransferase,  cytochrome p450, FAD oxidase, short-chain

dehydrogenase/reductase (Figure 6.12).
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Figure 6.11: Type | reducing polyketide synthase (PKS; backbone genes) gene clusters in the C. uncialis mycobiont genome.
Abbreviations: KS, ketosynthase; AT, acyltransferase; DH, dehydratase; MT, C-methyltransferase; ER, enoylreductase; KR,
ketoreductase; ACP, acetyl carrier protein; R, reductase, and the representation of cytochrome p450s (tailoring genes); part of these
lichen cu-rpks gene clusters. (Reprinted with the permission from Journal of Natural Products 2018 81 (4), 723-731. Copyright
2018 American Chemical Society, see Figure S26 in the Appendix for copyright clearance).

Sol 1. Solanapyrone synthase; Reducing PKS Sol 4. Zn(11)2Cys6 zinc cluster transcription factor
Sol 2. O-methyl transferase Sol 5. FAD oxidase (Diels-alderases)
Sol 3. SDR (Short-chain dehydrogenase/reductase)  Sol 6. Cytochrome P-450

Alt ia solani
» D m m

sol1 sol2 sol3 sol4  sol5 sol6

KS-AT-DH-MeT-ER-KR-ACP

1Kb
) W) (@ER) [ e o] Gagonio uncials
2. O-methyl transferase 5. FAD oxidase |
KS-AT-DH-MeT-ER-KR-ACP 3. SDR (Short-chain dehydrogenase/reductase) gene cluster

Figure 22: Alternaria solani gene cluster involved in the biosynthesis of solanapyrone (accession no. BAJ09789.1) &
uncharacterized C. uncialis gene cluster, Cu-r-pks-18 (accession no. AUW31423.1). Genes in red color encode for reducing
polyketide synthases, genes in green color encode for cytochrome p450 enzymes. And rest of the accessory genes are in black
color: O-methyltransferase (OMT), short-chain dehydrogenase/reductase (SDR), Zn (I1)2Cyss zinc cluster transcription factor,
flavin adenine dinucleotide (FAD) oxidase. Domain abbreviations: Ketosynthase (KS), acyltransferase (AT), dehydratase (DH),
C-methyltransferase (CMeT), enoyl reductase (ER), keto-reductase (KR), acetyl carrier protein (ACP). Gene abbreviations:
Polyketide synthase (PKS).

After analysing its evolutionary history and protein database search along with multiple
sequence alignment results, it is predicted that this gene cluster could be linked to the biosynthesis
of solanapyrone (Scheme 6.13). The entire gene cluster is very similar to to the gene cluster that
has been shown to produce solanapyrone found in a fungus Alternaria solani (sol1-sol6) (Figure

6.12). The only difference between gene clusters appears to be the absence in C. uncialis of
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Zn,Cyss zinc cluster transcription factor. This gene is basically a GALA4-type transcriptional
regulator (sol4) required for the expression of galactose-induced genes.

Solanapyrones were first isolated as phytotoxins in 1983 from a pathogenic fungus named
Alternaria solani [Ichihara, A. et al., 1983]. The structure was deduced by spectroscopic analysis
[Ichihara, A. et al., 1983] and chemical degradation has been confirmed by the total synthesis
[Ichihara, A. et al., 1987].

Solanapyrones are biosynthesized from an acetate-derived octaketide with two C1 units
from methionine. The isolation of the solanapyrones in optically active forms solanapyrone B
and, solanapyrone E (Scheme 6.13). Kasahara et al. showed that the decalin system is formed
through a [4+2] cycloaddition from the achiral linear triene precursor prosolanapyrone I11 and this
is an enzyme-catalyzed Diels—Alder reaction [Kasahara, K. et al., 2010]. Sol5 (FAD oxidase/first
proven natural Diels-alderase) was the first example of an enzyme catalyzing a biological [4+2]
cycloaddition reaction, this single enzyme catalyzes both the oxidation and stereoselective
cycloaddition steps leads to formation the forms of two optically active forms of solanapyrone.
Similarly, all the four accessory genes have been found to be closely related to the genes found in
the same fungal species (Colletotrichum gloeosporioides) as we found in case of Cu-r-pks-18 and
all these genes are the part of one gene cluster found in C. gloeosprioides (solanapyrone
biosynthetic gene cluster).

Cu-rpks-18 has high homology (BLASTp, Table 6.7) to a fungal reducing PKS
(Colletotrichum gloeosporioides) prosolanapyrone synthase (99% query cover with approx. 68%
A.A. identity). The phylogenetic reconstruction (Figure 6.13) shows that the two proteins are
present very close to each other (low evolutionary distance), although both are the part of two

separate clades but both clades are related by 90 bootstrap value.
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Table 6.7: BLAST statistics of C. uncialis putative reducing polyketide synthase (Cu-r-pks-18) which is genetically similar to a

non-lichen fungal (C. gloeosporioides) R-PKS (prosolanapyrone synthase/sol1).

Descripion Max. | Query E Per. Accession no.
Score | Cover value Identity

Putative type | PKS [Cladonia uncialis subsp. Uncialis] 5365 | 100% | 0.0 100% | AUW31423.1

Prosolanapyrone synthase soll [Colletotrichum | 3592 | 99% 0.0 67.79% | KAF3806818.1

gloeosporioides]

Cu-r-pks18-O-methyltransferase homologous to the sol2 (O-methyltransferase) found in

C. gloeosprioides (99% query cover with 82% A.A. identity, Table 6.8), topology of the

phylogenetic tree shows that both genes are in separate clades but present quite nearby (65

bootstrap support, Figure 6.13).

Table 6.8: BLAST statistics of C. uncialis putative O-methyltransferase (Cu-r-pks18-OMT) which is genetically similar to a non-

lichen fungal (C. gloeosporioides) O-methyltransferase (sol2).

Descripion Max. | Query E Per. Accession no.
Score | Cover value Identity
Putative O-methyltransferase 895 100% | 0.0 100% | AUW31424.1
[Cladonia uncialis subsp. Uncialis]
O-methyl transferase sol2 [Colletotrichum gloeosporioides] | 742 99% 0.0 82.05% | XP_045265976.1/
KAF3806817.1
Cu-cyp9-r-pks18 homologous to sol6 (cytochrome p450 monooxygenase, C.

gloeosprioides) with 99% query cover with approx. 70% A.A. identity (Table 6.9). Phylogenetic

tree shows that two proteins are orthologs with 100% bootstrap support (Figure 6.13).
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Table 6.9: BLAST statistics of C. uncialis putative cytochrome p450 (Cu-cyp9-rpks18) which is genetically similar to a non-

lichen fungal (C. gloeosporioides) CYP 4F5 (sol6).

Descripion Max. | Query E Per. Accession no.
Score | Cover value Identity

Putative cytochrome p450 1213 | 100% 0.0 100% AUW31426.1

[Cladonia uncialis subsp. Uncialis]

Cytochrome p450 4F5 sol 6 887 99% 0.0 69.83% | KAF3806815.1

[Colletotrichum gloeosporioides]

Both genes, Cu-r-pks18-FAD oxidase and Cu-r-pks18-SDR are found to be homologous to

sol5 and sol3 with approximately 98% query cover with 70% A.A. identity (BLASTp, Tables 6.10

& 6.11). Although the topology of their phylogenetic trees shows that these genes are related to

sol5 and sol3 of C. gloeosprioides with the low bootstrap value, but still have been shown to evolve

in the recent time frame (low horizontal distances between the tips (proteins) through the nodes)

(Figure 6.13).

Table 6.10: BLAST statistics of C. uncialis putative FAD oxidase (Cu-r-pks18-FAD oxidase) which is genetically similar to a

non-lichen fungal (C. gloeosporioides) FAD-linked oxidoreductase afoF (sol5).

Descripion Max. | Query E Per. Accession no.
Score | Cover value Identity

Putative FAD oxidase [Cladonia uncialis subsp. Uncialis] | 1077 | 100% | 0.0 100% | AUW31427.1

FAD-linked oxidoreductase afoF sol 5 717 98% 0.0 69.34% | XP_045265973.1/

[Colletotrichum gloeosporioides]

KAF3806814.1
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Table 6.11: BLAST statistics of C. uncialis putative short-chain dehydrogenase/reductase (Cu-r-pks18-SDR) which is genetically

similar to a non-lichen fungal (C. gloeosporioides) FAD-linked oxidoreductase DtE (sol3).

Descripion Max. | Query |E Per. Accession no.
Score | Cover value Identity
Putative short-chain dehydrogenase/reductase 567 100% | 0.0 100% | AUW31425.1
[Cladonia uncialis subsp. Uncialis]
Putative oxidoreductase DtE sol3 407 98% 0.0 69.49% | XP_045265975.1/
[Colletotrichum gloeosporioides] KAF3806816.1
—_— -
_LE CRG92723.1 Lovastatin nonaketide synthase Talaromyces islandious 0.20 \_L . R : 0.22 s
MFRU fructicola.
] o OTAB4764.1 in Hypoxylon sp. EC38 la unciaiis subsp. 1 putative O-
- 41_|: XP 0447215281 polyketide sy ing protein Hirsutella rhossiliensis
[ Cladonia uncialis subsp. unciali/ANMBE502.1 putative type | PKS Cu-r pks-18 | pusesTRL©
synthase siamense EQB51711.10: C g-14
L XP 037171930.1 synthase i
L xpoososrase.1 ling protein Cx inicola M1.00° XP 037171929.1 O-methyltransferase sol2 Calletatrichum aenigma
XP 958165.1 polykots synthase § Neurospora crassa GRT4A Cu-r-pks18-0-methyl transferase
- KHE78391.1 hypothetical protein GE21DRAFT 5177 Neurospora crassa
OKP10353.1 Lovastatin diketide synthase LovF Penicilium subrubescens P4s0 TRIN3 G i
| XP 014172240.1 polyketide synthase Grosmannia clavigera kw1407
XP 037172405.1 C P450 TRI13 Cs
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E s omammn s
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” w OTAB4767.1 FAD-binding domail ining protein | sp.EC38 (1 00

XP 033440526.1 6-hydroxy-D-nicotine oxidase Daldinia childiae

XP 044721524.1 FAD binding domain-containing protein Hirsutella rhossiliensis
Cu-r-pks18-FAD oxidase
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.1 Cytochrome P450 4F5

protein MFRU 007902910 Monilinia fructicola
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Figure 6.13: Truncated phylogenetic trees of Cu-r-pks-18, Cu-r-pks18-O methyl transferase, Cu-r-pks18-FAD oxidase, Cu-cyp9-
r-pks18, Cu-r-pks18-SDR illustrate the degree of relationship between C. uncialis genes and non-lichen fungal genes (PDF version
of complete phylogenetic trees are in Appendix Figure S20-S24).

Taking all the genomic database search and the evolutionary studies into account we

propose the biosynthesis of solanapyrone (Scheme 34) catalyzed by lichen reducing PKS gene

cluster (Cu-r-pks-18).

Cu-nrpks-18 OH Cu-O-methyl OCHj3
8 x Acetate HsC j/f/ﬁ\/\/\/\/\/iansferases HsC.
P ~ |
1x SAM : | Sol2
Sol1; PKS o o — o~ = o o = N
Desmethylsolanapyrone Prosolanapyrone |

Cu-cyp11- | Sol6 (cytochrome
r-pks18 p-450)

OCH;,4
Cu-FAD
Cu-FAD ; HOH,C
oxidase oxidase =~
- /
Sol5 Sol5 o0~ ©
NN
Prosolanapyrone Il
Solanapyrone A Prosolanapyrone I
Cu-SDR Sol3 Cu-FAD | gol5
(Dehydrogenase) oxidase
OHC OCH;
0 Cu-SDR
Em—
Sol3
(Dehydrogenase)
H
Solanapyrone B Solanapyrone D Solanapyrone E

Scheme 6.13: Experimentally supported pathway for solanapyrone biosynthesis in A. solani and in parallel a biosynthetic

pathway for solanapyrone biosynthesis that is proposed to be encoded in C. uncialis.
6.5. Summary
By applying the ‘homology mapping’ approach described in this chapter, proposals of function

for seven gene clusters were generated. These proposals include what appear to be complete
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biosynthetic pathways for Compounds 16, 23 and solanapyrone B & E. Compounds 16 & 23 are
completely novel molecules that have not been extracted naturally so far and their proposed
biosynthetic pathways are entirely based on the functionality prediction model of individual genes in
their respective gene clusters. The functional prediction of individual genes is based on the BLAST
calculated genetic similarity of the proteins encoded by the individual genes and their evolutionary
studies. Evotionary relationships between different genes have been established by reconstructing a
phylogenetic tree which predicts either a homolog or an ortholog of a particular gene (protein
sequences were used to reconstruct all the trees). A similar concept was applied to predict the
biosynthetic pathway of novel ‘Compounds 17-22° & ‘Compounds 13-15’. Any one of the
Compounds 17, 18, 19, 20, 21 or 22 could be biosynthesized by Cu-nr-pks-6 gene cluster depending
upon the substrate specificity of all the enzymes encoded by different genes in this gene cluster. A
similar rationale could also be applied in case of biosynthesis of Compounds 13, 14 & 15 catalyzed
by Cu-terp-6 gene cluster. The order of different catalytic steps in a biosynthetic pathway of proposed
novels Compounds 17-22 was rationalized by finding the closest NR-PKS gene cluster which was
associated with a known SM (SM). Together with advances in bioinformatics and metabolomics,
these approaches have started to begin the facilitation of high-throughput discovery of natural
products pathways from genomic sequence information alone independent of lichen fungal
cultivation. As methods evolve and computational prediction pipelines become more powerful,
and these tools could not only be used to identify the gene clusters but also to predict the function
of each individual gene in the respective gene clusters. But to confirm these predictions, it will be
necessary to express these genes and search for de novo production of a metabolite in a heterologous
host. Proposed catalytic mechanisms of a putative lichen CYP (Cu-cyp7-nrpks6) converting
‘Compound f-1’ to ‘Compound 17-22’ give the basic understanding of the catalytic mechanism

of p450 in the context of electronic changes leading to oxygen activation and the oxidation of a
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substrate. In particular, the chemistry of lichen CYPs have been described in detail. Building upon
the already known different catalytic mechanisms of these novel lichen cytochrome p450s we have
been proposed that these enzymes catalyze C-C and C-O oxidative coupling reactions. In this
chapter, we also propose the two primary p450 catalytic mechanisms, either a radical mechanism
or a possible cationic mechanism. These proposals are still purely theoretical and will need further

confirmation by a combination of both computational and experimental results.
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Chapter 7

Conclusions and Future Prospects

There has been a lot of recent interest in the biosynthesis of lichen natural products. For instance,
within the last few months two papers demonstrated the functional heterologous expression of a
lichen PKS in Saccharomyces cerevisiae and a complete lichen gene cluster in the fungal
expression system. The functional heterologous expression of lichen PKS associated with
lecanoric acid biosynthesis was successfully observed in Saccharomyces cerevisiae. In addition,
the whole lichen gene cluster that has been reported to be functionally expressed within a fungal
host is associated with atranorin biosynthesis.

This study is the first experimental demonstration of functional heterologous expression
lichen post-PKS genes that encode for post-PKS/accessory/tailoring enzymes in bacteria. These
tailoring enzymes are cytochrome p450 (CYP) named MPAO & its redox partner (RP),
cytochrome p450 oxidoreductase (CPR) named CPR357. We have also established a protocol to
purify these lichen proteins. This research is the first conclusive experimental demonstration
linking the putative lichen p450 gene encodes for an enzyme, MPAO, to its function. MPAO has
been proposed to catalyze the biosynthesis of UA from MPA. Hence, this research is the first
experimental demonstration of biosynthesis of UA in E. coli catalyzed by MPAO.

Therefore, this is the first experimental evidence of both in vivo (a bacterial cell) and in
vitro reproducible production of UA from MPA (substrate) catalyzed by MPAO & its redox
partner CPR357 (see Chapter 5).

This study is a classic example of resolving untenable chemical synthesis of structurally

complex lichen SMs via a semi-synthetic approach. This approach includes 1) The heterologous
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expression of lichen accessory genes encoding accessory enzymes instead of the entire gene cluster
within the fast-growing host. 2) Chemical synthesis of simple polyketide molecules in the lab. One
of the examples is the chemical synthesis of MPA which is rather a simple polyketide molecule
and a catalytic intermediate during UA biosynthesis. However, in nature, these biosynthetic
intermediates are assembled by polyketide synthesis. 3) Either use the heterologously expressed
accessory genes in bacteria or the pure accessory enzymes to catalyze the biosynthesis of complex
polyketides/lichen SMs from simple polyketides molecules. In the future, the same approach
could also be followed to biosynthesize the analogs of UA from MPA analogs and, SMs other than
polyketides. The chemical synthesis of MPA analogs is discussed in Chapter 4.

In addition to MPA analogs, we also synthesized (see Chapter 4) many other (trivially
modified) polyphenols (acyl phloroglucinols). Out of which four compounds (Di-acyl
phloroglucinols) showed promising antibiotic properties, and one compound interacted
synergistically with doxycycline against MRSA clinical isolates. An article also shows that various
diacyl phloroglucinol analogs display antifungal activities. Similarly, more libraries of such
chemical analogs of lichen biosynthetic intermediates or the analogs of various polyphenols could
be generated in the future. Furthermore, these chemical analogs could exhibit multiple
bioactivities and potentially be used as drug combinations to treat highly resistant strains.

In the future, the substrate scope of MPAO & CPR enzymes can be examined by
catalyzing the bioconversion of MPA analogs to UA analogs. If these enzymes would stage a broad
substrate spectrum, more avenues could be opened to make artificial SMs or analogs of natural
products with new or improved biological activities. More accessory enzymes from different
biosynthetic gene clusters could be expressed within bacteria & tested for their substrate scope.

Although, most of the research work on CYPs shows that these enzymes are specific in their
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catalytic activity. However, none of that work included lichen p450s, as we are the first group to
get a purified lichen CYP. Therefore, at this stage, we cannot make any speculations about the
substrate specificity of MPAO.

For the future experiments, the yield of MPAO protein can be improved by adding 5-
aminolevulinic acid (a heme precursor) [Durairaj, P. 2022] and the functionality CPR357 protein
could be enhanced by adding riboflavin (used to form the flavin nucleotide coenzymes) [Pinto, J.
T. 2014], see Section 5.8 of Chapter 5. For the future work, pure MPAO and CPR proteins can
be the ideal candidates for determining the X-ray crystal structures of first lichen CYP and CPR
proteins. Enzyme-substrate (ES) complexes can also be studied using protein modeling in
structural biology.

This study has also proposed some of the unique biosynthetic pathways of putative lichen
SMs. All these predictions were made using bioinformatics tools. Phylogenetics combined with
the ‘homology mapping’ approach was used to assign the putative function of both biosynthetic
genes (encoding polyketide synthases & terpene cyclases) & their accessory genes. Based on the
putative functions of the biosynthetic genes of a gene cluster, we predicted rational biosynthetic
pathways of one known and a few unknown (novel) SMs. The functional annotation of
biosynthetic genes and the proposed biosynthetic pathways results in the identification of many
biosynthetic polyketide intermediates. Some of these molecules are structurally simple enough to
be chemically synthesized in the lab. Using the protocols established for MPAO & CPR proteins
expression, we could express more lichen accessory genes that have been functionally annotated
so far (Bertrand 2019). Like UA synthesis, accessory enzymes could catalyze the conversion of
chemically synthesized molecules to either novel or known SMs. However, all this data based on

genetic similarity & phylogenetics is theoretical & still needs to be experientially demonstrated.
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Still, the identification of biosynthetic gene clusters (BGCs) involved in the biosynthesis of lichen

SMs can be a costly and complex task, especially due to the genomic diversity of lichen fungal

BGCs in general. The shortage of lichen fungal genomic resources makes it challenging to

investigate key questions about lichen ecology, evolution, genetics, and physiology. But, at the

same time, it also makes them ideal targets for cost-effective genomics & metagenomic projects.

In Section 5.7. of Chapter 5, the strategies to achieve a soluble expression of eukaryotic

membrane-bound proteins in bacteria have been enlisted (Figure 3). After many experimental

trial-and-error, we got the successful soluble expression of eukaryotic membrane-bound proteins

in bacteria. Based on all the experiments that have been discussed in Chapter 5, some conclusions

have been drawn about the strategies that worked well for our protein functional expression work.

1.

3.

High-level soluble expression of membrane-bound lichen fungal proteins was observed
after removing the trans-membrane domain (TMD, membrane anchor). On the contrary,
we did not observe any expression for both lichen & non-lichen fungal p450s with an intact
TMD (full-length genes). As discussed in Section 5.7., there are reports showing a loss of
p450 catalytic activity after removing the TMD, but this was not the case with lichen p450
& CPR proteins.

High-level soluble expression was observed when expression plasmid with fusion
tag/protein such as SUMO (in case of MPAO) was used compared to a smaller fusion tag-
Hiss (in case of CPR357 & fungal protein STCB). Therefore, we conclude that SUMO aids
proper folding and improves protein solubility.

We also tried the co-expression of chaperone proteins with both lichen-fungal & fungal
proteins to get the soluble expression of proteins. This strategy did not work in our

experiments.
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4. Codon-optimized genes for E. coli showed a high level of soluble expression compared to
non-codon-optimized genes. But we did observe the protein expression in the case of non-
codon-optimized genes, although it was low.

5. Another interesting observation we made was that if express fungal p450 (STCB from A.
nidulans) using pET28b with his (6)-tag, there was no protein expression. When fungal
STCB using pET28b with his(6)-tag & lichen CPR357 using pET21a with his(6)-tag co-
expressed in a bacterial cell, we observed expression of both proteins. Co-expression
experiments worked well at lower temperatures with an induction time of 16-24 h

6. Bioconversion experiments (in vivo) of MPA to UA were successful when MPAO &
CPR357 co-expressed in a bacterial cell. A similar observation was made in the case of co-
expressed STCB (fungal p450) & CPR357 (lichen fungal CPR). We did not observe any
UA in the case of in vitro experiments when MPA was incubated with either cell lysates
with expressed proteins or pure enzymes.

There are a few shortcomings of this research, 1) To express the eukaryotic membrane-
bound protein in bacteria, we still have to go through a laborious task of genetic manipulation of
eukaryotic proteins. Including removal or modification of the N-terminal domain, codon-
optimization for E. coli, and still, it is not easy to get high levels of soluble expression of lichen
proteins. As we have seen in the CPR357 lichen redox protein case, the concentration of soluble
protein was so low even after optimizing the expression conditions. Because of that, we could not
perform bioconversion experiments of MPA to UA with pure proteins, 2) Low percentage yield of
chemically synthesized substrates and hence their limited availability to investigate the enzymatic
activity of expressed proteins. Therefore, we cannot produce SMs in large amounts without

improving the yield of substrate molecules.
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In future, more experiments can be performed to quantify the purified proteins and perform
more trials of in vitro biotransformation experiments of MPA to UA catalyzed by pure MPAO &

CPR357 proteins.
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Appendix

Supporting information items

Chapter 1

Not applicable

Chapter 2

Table S1: Primers used throughout this work

Name Sequence (5’ to 3°) Purpose (s)
CU-MPAO-F | CGCGAACAGATTGGAGGTGGA- Amplifies mpao (C. uncialis); contains
ATGATTTCACCAGTGTCT InFusion element for plasmid
construction.
CU-MPAO-R | GTGGCGGCCGCTATATTAAG- Amplifies mpao (C. uncialis); contains
CCTTTTCATCCGGAACTAT 21nt to insert gene into plasmid
SUMO-Hisg- CGCGAACAGATTGGAGGTGGC- Amplifies mpao; without TMD (codon
Eco-MPAO-F | ATGCGCTTACGCCTGGCG optimized for translation in E. coli);

attaches N-terminal His(6)-SUMO-tag;
contains InFusion element for plasmid

construction.
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SUMO-Hisg- | GTGGCGGCCGCTATATTA- Amplifies mpao; without TMD (codon-
Eco-MPAO-R | TGCCTTTTCGTCCGGCACAAT optimized for translation in E. coli);
contains 21nt to insert gene into plasmid.
Hiss-Eco- AGCCATATG- Amplifies mpao (codon-optimized for
MPAO-F CGCTTACGCCTGGCGTATAG translation in E. coli); attaches N-terminal
His(6)-tag; contains restriction enzyme
element for plasmid construction
Hiss-Eco- ATCGAATTC- Amplifies mpao; without TMD (codon
MPAO-R TCATGCCTTTTCGTCCG optimized for translation in E. coli);
contains restriction enzyme element for
plasmid construction
MPAO- ATGGCCGGCC- Amplifies mpao; without TMD (codon
pDuet-F ATGCGCTTACGCCTGGCGTATAGC optimized for translation in E. coli);
contains restriction enzyme element for
plasmid construction
MPAO- ATGGTACC- Amplifies mpao; without TMD (codon
pDuet-R TCATGCCTTTTCGTCCGGCAC optimized for translation in E. coli);
contains restriction enzyme element for
plasmid construction
CU-CPR AAGGAGATATACATATG- Amplifies cpr357; without TMD; attaches
357-F GACCCTTATGCAGGCGCTTACT N-terminal S-tag; contains restriction
enzyme element for plasmid construction
CU-CPR GACGGAGCTCGAATTCGG- Amplifies  cpr357; without TMD;
357-R AGACCAAACATCTTCTTGGTACTGATTACTC | contains restriction enzyme element for

plasmid construction
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CPR357- ATGAAGCTT- Amplifies mpao (codon-optimized for

pDuet-F ATGGACCCTTATGCAGGCG translation in E. coli); attaches N-terminal

His(6)-tag; contains restriction enzyme

element for plasmid construction

CPR357- ATGCGGCCGC- Amplifies mpao (codon-optimized for
pDuet-R CTAAGACCAAACATCTTCTTGG translation in E. coli); contains restriction

enzyme element for plasmid construction
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Table S2: Plasmids used throughout this work

Plasmid name Marker Description
MPAO-pETite Kanamycin Contains mpao from C. uncialis
Eco-MPAO-pETite Kanamycin Contains mpao codon-optimized for E. coli;
N-terminal His(6)-SUMO-tagged variant of entry
above
Eco-MPAO-pET28b Kanamycin Contains mpao codon-optimized for E. coli;
N-terminal His(6)-tagged variant of entry above
CPR357-pET21a Ampicillin Contains cpr357 from C. uncialis;
N-terminal S-tagged
Eco-MPAO-CPR357- Ampicillin Contains both, mpao codon-optimized for E. coli &
pPETDuet-1 cpr357 from C. uncialis; N-terminal His(6)-tagged
STCB-pET28a Kanamycin Contains Cytochrome p450 (stcb) from A. nidulans;
N-terminal His(6)-tagged
SCYP-pET28b Kanamycin Contains Cytochrome p450 (scyp) from T. marneffi;

pG-KJIE8
pGro7
pKJE7
pG-Tf2

pTfl6

Chloramphenicol
Chloramphenicol
Chloramphenicol
Chloramphenicol

Chloramphenicol

N-terminal His(6)-tagged
Contains chaperones dnaK-dnalJ-grpE, groES-groEL
Contains chaperones groES-groEL
Contains chaperones dnaK-dnaJ-grpE
Contains chaperones groES-groEL-tig

Contains chaperone tig
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Chapter 3

Not Applicable
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Chapter 4

Table S3: Bacterial Strains

S. aureus Genotype Resistance Reference
strain
ATCC 29213 Lab isolate N/A 28
CF3 Clinical isolate MRSA ST 5, SCCmec ERY, CLI, CIP 13
v
CF4 Clinical isolate MRSA ST 5, SCCmec ERY, CLI, GEN 13
v
CF 66 Clinical isolate MSSA 13
CF 188 Clinical isolate MRSA GEN, ERY, TET, CIP, LZD 13
CF 224 Clinical isolate MRSA ST 30, N/A 13
SCCmec IV
CF 225 Clinical isolate MRSA ST 30, CIP, LZD 13
SCCmec IV
CF 250 Clinical isolate MRSA (SCV) GEN, ERY, CLI, CIP 13

ERY - erythromycin, CLI-clindamycin, CIP-ciprofloxacin, GEN-gentamicin, TET-tetracycline, LZD- linezolid
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Table S4: Minimum biofilm eradication concentration (MBEC) of active phloroglucinol derivatives against S. aureus strains.

MBEC (ug/ml)
Compound | S.aureus | S.aureus | S.aureus | S.aureus | S.aureus | S.aureus | S.aureus
no. CF3 CF4 CF 66 CF 188 CF 224 CF 225 CF 250
9 >256 >256 >256 >256 >256 >256 >256
10 >256 >256 >256 >256 >256 >256 >256
11 >64 >64 >64 >64 >64 >64 >64
12 >256 >256 >256 >256 >256 >256 >256
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Synthesis and characterization data for Compounds 1 — 12

Synthesis of 1-(2,4,6-trihydroxy-3-methylphenyl)propanone (1)

Trihydroxytoluene (0.154 g, 1.0 mmol) was dissolved in 6.0 ml of dioxane under argon, to which
BF3OEt2 (0.123 ml, 1.0 mmol, 1.0 equiv.) was added. The mixture was heated to 40-45°C and then
propionic anhydride (0.065 ml, 0.5 mmol, 0.5 equiv.) was added slowly to the reaction mixture
over 1.5 hr with each addition of 0.016 ml in every 30 min. After the complete addition of
propionic anhydride, the reaction mixture was heated for another 30 min. Then the mixture was
cooled down to room temperature (r. t.) and poured into 10.0 ml of 1M HCI and extracted with
EtOAc (3 x 10.0 ml). The combined organic extracts were washed with water (3 x 10.0 ml), brine
(2 x 10.0 ml), dried with anhydrous Na SO, filtered, and concentrated under reduced pressure.
The crude product was purified using flash column chromatography on silica gel with a mixture

of Hexane/EtOAc (9:1 to 6:4) as an eluent to provide 1 (0.038g, 19 % yield).

'H NMR (300 MHz, Acetone-ds): & = 1.11 (3H, t, J =7.2 Hz, COCH2CHj3), 1.95 (3H, s, PhCH)
3.08 (2H, q, J = 7.2 Hz, COCH,CHj3), 6.05 (1H, s, aromatic H) 8.03 (1H, br s, OH,) 9.48 (1H, br

s, OHp) 13.85 (1H, s, OH.).

13C NMR (300 MHz Acetone-ds): § = 7.5, 9.1, 37.6, 94.9, 103.4, 104.9, 160.4, 162.7, 165.0, 207.0.

MS (ESI, 80 eV)): m/z (%) = 195.3 [M - H*] (100).

Synthesis of 1-(2, 4, 6-trihydroxy-3-methylphenyl)butanone (2)

Trihydroxytoluene (0.154 g, 1.0 mmol) was dissolved in 6.0 ml of dioxane under argon, to which

BF30OEt; (0.123 ml, 1.0 mmol, 1.0 equiv.) was added. The mixture was heated to 40-45°C and then
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butanoic anhydride (0.082 ml, 0.5 mmol, 0.5 equiv.) was added to the reaction mixture over 1.5 hr
with each addition of 0.020 ml in every 30 min. After the complete addition of propionic
anhydride, the reaction mixture was stirred for another 30 min. Then the mixture was cooled down
to r. t. and poured into 10.0 ml of 1M HCI and extracted with EtOAc (3 x 10.0 ml). The combined
organic extracts were washed with water (3 x 10.0 ml), brine (2 x 10.0 ml), dried with anhydrous
Na2SOg, filtered, and concentrated under reduced pressure. The crude product was purified using
flash column chromatography on silica gel with a mixture of Hexane/EtOAc (9:1 to 6:4) as an

eluent to provide 2 (0.030g, 14 % yield).

IH NMR (300 MHz, Acetone-ds): 8= 0.95 (3H, t, J =7.4 Hz, COCH,CHs), 1.62-1.74 (2H, m,
COCH2CH,CHs) 1.95 (3H, s, PhCHs) 3.04 (2H, t, J = 7.4 Hz, COCH2CHs), 6.05 (1H, s, aromatic

H) 9.05 (1H, br s, OHz) 9.39 (1H, br's, OHy) 13.87 (1H, s, OHe).

13C NMR (300 MHz Acetone-ds): § = 7.5, 14.3, 18.9, 46.4, 94.9, 103.4, 105.0, 160.4, 162.7, 165.4,

206.5.

MS (ESI, 80 eV)): m/z (%) = 209.3 [M - H*] (100).

Synthesis of 1-(2, 4, 6-trihydroxy-3-methylphenyl)pentanone (3)

Trihydroxytoluene (0.154 g, 1.0 mmol) was dissolved in 6.0 ml of dioxane under argon, to which
BF3;OEt2 (0.123 ml, 1.0 mmol, 1.0 equiv.) was added. The mixture was heated to 60°C and then
pentanoic anhydride (0.098 ml, 0.5 mmol, 0.5 equiv.) was added slowly to the reaction mixture
over 1.5 hr with each addition of 0.024 ml in every 30 min. After the complete addition of
propionic anhydride, the reaction mixture was stirred for another 30 min. Then the mixture was

cooled down to r. t. and poured into 10.0 ml of 1M HCI and extracted with EtOAc (3 x 10.0 ml).
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The combined organic extracts were washed with water (3 x 10.0 ml), brine (2 x 10.0 ml), dried
with anhydrous Na>SOg, filtered, and concentrated under reduced pressure. The crude product was
purified using flash column chromatography on silica gel with a mixture of Hexane/EtOAc (9:1 to

6:4) as an eluent to provide 3 (0.020g, 9 % vyield).

IH NMR (300 MHz, Acetone-ds): & = 0.91 (3H, t, J =7.4 Hz, COCH2CH>CH2CHs), 1.31-1.43 (2H,
m, COCH2CH2CH,CH3) 1.59-1.69 (2H, m, COCH,CH2CH,CH3), 1.95 (3H, s, PhCHs3), 3.06 (2H,
t, J = 7.2 Hz, COCH2CH,CH2CH3), 6.05 (1H, s, aromatic H) 8.99 (1H, br s, OHs) 9.39 (1H, br s,

OHb) 13.87 (1H, s, OHo).

13C NMR (300 MHz Acetone-ds): § = 7.5, 14.3, 23.3, 27.8, 42.2, 94.9, 103.4, 105.1, 160.3, 162.72,

165.1, 206.7.

MS (ESI, 80 eV): m/z (%) = 223.4 [M - H*] (100), 224.2 [M*] (16).

Synthesis of 1-(2, 4, 6-trihydroxy-3-methylphenyl)hexanone (4)

Trihydroxytoluene (0.154 g, 1.0 mmol) is dissolved in 6.0 ml of dioxane under argon, to which
BFsOEt2 (0.123 ml, 1.0 mmol, 1.0 equiv.) was added. The mixture was heated to 55-60 °C and
then hexanoic anhydride (0.115 ml, 0.5 mmol, 0.5 equiv.) was added to the reaction mixture all at
once. The mixture was stirred for another 40 min. After completion, mixture was cooled down to
r. t. and poured into 10.0 ml of 1M HCI and extracted with EtOAc (3 x 10.0 ml). The combined
organic extracts were washed with water (3 x 10.0 ml), brine (2 x 10.0 ml), dried with anhydrous
Na>S0s, filtered, and concentrated under reduced pressure. The crude product was purified using
flash column chromatography on silica gel with a mixture of Hexane/EtOAc (9:1 to 6:4) as a eluent

to provide 4 (0.020g, 8% vyield).
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IH NMR (300 MHz, Acetone-ds): & = 0.89 (3H, t, J = 6.9 Hz, COCH2CH2CH2CH2CHs), 1.31-1.36
(4H, m, COCH2CH,CH>CH2CHg), 1.62-1.71 (2H, m, COCH2CH2CH2CH,>CH3), 1.95 (3H, s,
PhCHz3), 3.06 (2H, t, J = 7.2 Hz, COCH2CH2CH2CH3), 6.05 (1H, s, aromatic H) 8.95 (1H, br s,

OHa) 9.50 (1H, br's, OHp) 13.88 (1H, s, OHL).

13C NMR (300 MHz Acetone-ds): & =7.5, 14.3, 23.3, 25.4, 32.5, 44.5, 94.9, 103.4, 105.0, 160.3,

162.7, 165.1, 206.6.

MS (ESI, 80 eV): m/z (%) = 237.4 [M - H'] (100) 238.3 [M*] (12).

Synthesis of 1-(2,4,6-trihydroxyphenyl)propanone (5)

Phlororglucinol (0.630 g, 5.0 mmol) was dissolved in 5.0 ml of CS; and 10.0 ml of PhNOg, to
which anhydrous AICIlz was added (1.995g, 15.0 mmol, 3.0 equiv.). The mixture was refluxed at
45 °C for 10 min. Propionyl chloride (0.262 ml, 3.0 mmol, 0.6 equiv.) dissolved in 5 ml of
nitrobenzene was added slowly to the reaction mixture for over 10 min before heating the mixture
for another 1 h. The reaction mixture was allowed to cool down and poured over ice-water bath
and then add 3-4 drops of conc. HCI. The mixture was stirred with a glass rod and brought tor. t.
before extracting it with EtOAc (3 x 10.0 ml). The combined organic extracts were washed with
water (3 x 10.0 ml), brine (2 x 10.0 ml), dried with anhydrous Na>SQg, filtered, and concentrated
under reduced pressure. The crude product was purified using flash column chromatography on
silica gel with a mixture of Hexane/EtOAc (9:1 to 6:4) as a eluent to provide 5 (0.288 g, 32%

yield) (63-200 mesh; Merck).

MP: 101-103 °C.

Rf: 0.4 (CHCl3-MeOH, 5:1).
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IR (KBr): 3254, 3110, 1710, 1680, 1535, 1460, 970 cm™.

UV/Vis Amax (MeOH) nm (log ¢): 234 (3.80), 280 (4.52), 324 (3.45).

H NMR (300 MHz, Acetone-ds): 6 = 1.12 (3H, t, J = 7.3 Hz, COCH2CHj3), 3.10 (2H, 9, J=7.3

Hz, COCH2CHz3), 5.93 (2H, s, aromatic H), 9.13 (1H, br s, OH), 11.69 (2H, s, OH).

13C NMR (100 MHz DMSO-ds): § = 8.9, 29.8, 37.4, 95.645, 105.289, 165.489, 166.502, 206.248.

MS (ESI, 80 eV): m/z (%) = 290.2 [M — H*] (100), 265.9 (90).

Synthesis of 1-(2.,4,6-trihydroxyphenyl)butanone (6)

Phlororglucinol (1.260 g, 10.0 mmol) was dissolved in 10.0 ml of CS2 and 15.0 ml of PhNO., to
which anhydrous AICI3 (1.333 g, 10.0 mmol, 1.0 equiv.) was added. The mixture was heated to
35-40°C and then butyryl chloride (1.03 ml, 10.0 mmol, 1.0 equiv.) was added slowly to the
reaction mixture for over 10-12 min before heating the mixture for another 1 h. The reaction
mixture was allowed to cool down to r. t. and poured over an ice-water bath and then add 3-4 drops
of conc. HCI. The mixture was stirred with a glass rod and brought to r. t. before extracting it with
EtOAc (3 x 10.0 ml). The combined organic extracts were washed with water (3 x 10.0 ml), brine
(2 x 10.0 ml), dried with anhydrous Na>SOs, filtered, and concentrated under reduced pressure.
The crude product was purified using flash column chromatography on silica gel with a mixture
of Hexane/EtOAc (9:1 to 6:4) as an eluent to provide 6 (1.090 g, 55.6% yield). (63—200 mesh;

Merck)
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IH NMR (300 MHz, Acetone-ds): & = 0.96 (3H, t, J = 7.3 Hz, COCH.CH2CHs), 1.69 (2H, m,
COCH,CH2CHj), 3.05 (2H, t, J = 7.5 Hz, COCH,CH2CH3) 5.93 (2H, s, aromatic H), 9.14 (1H, br

s, OH), 11.71 (2H, s, OH).

13C NMR (300 MHz Acetone-ds): § = 14.3, 18.8, 46.4, 95.8, 105.2, 165.1, 165.4, 206.4.

MS (ESI, 80 eV): m/z (%) = 195.3 [M — H*] (100).

Synthesis of 1-(2.,4,6-trihydroxyphenyl)pentanone (7)

Phlororglucinol (0.630 g, 5.0 mmol) was dissolved in 10.0 ml of CS; and 15.0 ml of PhNO, to
which anhydrous AICI3(1.333 g, 10.0 mmol, 2.0 equiv.) was added. The mixture was heated to
50°C and then valeroyl chloride (1.42 ml, 12.0 mmol, 2.4 equiv.) was added slowly to the reaction
mixture for over 10-12 min before heating the mixture for another 1 h. The reaction mixture was
allowed to cool down to r. t. and poured over an ice-water bath and then add 3-4 drops of conc.
HCI. The mixture was stirred with a glass rod and brought to r. t. before extracting it with EtOAc
(3 x 10.0 ml). The combined organic extracts were washed with water (3 x 10.0 ml), brine (2 x
10.0 ml), dried with anhydrous Na>SOg, filtered, and concentrated under reduced pressure. The
crude product was purified using flash column chromatography on silica gel with a mixture of

Hexane/EtOAC (9:1 to 6:4) as an eluent to provide 7 (0.480 mg, 46 % yield).

IH NMR (300 MHz, Acetone-de): & = 0.93 (3H, t, J = 7.2 Hz, COCH.CH2CHs), 1.39 (2H, m,
COCH2CH,CH2CHs), 1.65 (2H, m, COCH,CH:CH.CHs) 3.07 (2H, t, J=7.7 Hz

COCH,CH2CH,CH3) 5.93 (2H, s, aromatic H), 9.13 (1H, br s, OHa), 11.70 (2H, s, OHp).

13C NMR (300 MHz Acetone-ds): 8= 14.3, 23.2, 27.7, 44.2, 95.8, 105.2, 165.1, 165.4, 206.6.
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MS (ESI, 80 eV): m/z (%) = 209.4 [M — H*] (100).

Synthesis of 1-(2,4,6-trihydroxyphenyl)hexanone (8)

Phlororglucinol (0.630 g, 5.0 mmol) was dissolved 5.0 ml of CS; and 15.0 ml of PhANOz, to which
anhydrous AICl3 (1.999 g, 15.0 mmol, 3.0 equiv.) was added. The mixture was heated to 55-60°C
and then hexanoyl chloride (0.295 ml, 3.0 mmol, 0.6 equiv.) was added slowly to the reaction
mixture for over 10-12 min before heating the mixture for another 30 min. The reaction mixture
was allowed to cool down to r. t. and poured over an ice-water bath and then add 3-4 drops of
conc. HCI. The mixture was stirred with a glass rod and brought to r. t. before extracting it with
EtOAc (3 x 10.0 ml). The combined organic extracts were washed with water (3 x 10.0 ml), brine
(2 x 10.0 ml), brine (2 x 10.0 ml), dried with anhydrous Na>SOs, filtered, and concentrated under
reduced pressure. The crude product was purified using flash column chromatography on silica

gel with a mixture of Hexane/EtOAc (9:1 to 6:4) as an eluent to provide 8 (0.275 g, 24 % yield)

'H NMR (300 MHz, Acetone-ds): 5 =0.90 (3H, t, J = 7.1 Hz, COCH,CH2CH>CH>CHs), 1.34 (4H,
m, COCH2CH2CH2CH2CH3), 1.68 (2H, m, CH.CH.CH>CH3) 3.07 (2H, t, J=7.4 Hz, COCH) 5.94

(2H, s, aromatic H), 9.12 (1H, s, PhOH), 11.71 (2H, s, PhOH).

13C NMR (300 MHz Acetone-ds): § = 14.3, 23.3, 25.3, 32.5, 44.4, 95.8, 105.2, 165.1, 165.4, 206.6.

MS (ESI, 80 eV): m/z (%) = 223.4 [M — H*] (100)

1,3-(2,4,6-trihydroxyphenyldipropanone (9)

Phlororglucinol (0.630 g, 5.0 mmol) was dissolved in 2.0 ml of dioxane under argon, to which

BF3OEt, (1.500 ml, 12.0 mmol, 2.4 equiv.) was added. The mixture was heated to 40-45°C and

272



then propanoic anhydride (1.548 ml, 12.0 mmol, 2.4 equiv.) was added slowly to the reaction
mixture for over 12-15 min before heating the mixture for another 30 min. The reaction mixture
was allowed to cool down to r. t. and poured over an ice-water bath and then add 3-4 drops of
conc. HCI. The mixture was stirred with a glass rod and brought to r. t. before extracting it with
EtOAc (3 x 10.0 ml). The combined organic extracts were washed with water (3 x 10.0 ml), brine
(2 x 10.0 ml), dried with anhydrous Na>SOQg, filtered, and concentrated under reduced pressure.
The crude product was purified using flash column chromatography on silica gel with a mixture

of Hexane/EtOAcC (9:1 to 6:4) as an eluent to provide 9 (0.210 g, 18 % yield).

IH NMR (300 MHz, Acetone-ds): & = 1.1 (6H, t, J=7.1 Hz, CH2CHs), 3.1 (4H, q, J=7.1 Hz,

COCH) 5.94 (1H, s, aromatic H), 12.6 (2H, s, PhOH) 16.4 (1H, s, PhOH).

13C NMR (300 MHz Acetone-ds): § = 7.76, 36.9, 94.9, 103.5, 168.5, 171.7, 206.9.

MS (ESI, 80 eV): m/z (%) = 237.4 [M — H*] (100).
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1,3 -(2,4,6-trihydroxyphenyldibutanone (10)

Phlororglucinol (0.630 g, 5.0 mmol) was dissolved in 4.0 ml of dioxane under argon, to which
BF3OEt2 (0.741 ml, 6.0 mmol, 1.2 equiv.) was added. The mixture was heated to 50°C and then
butanoic anhydride (1.963 ml, 12.0 mmol, and 2.4 equiv.) was added slowly to the reaction mixture
for over 10-12 min before heating the mixture for another 1 h. The reaction mixture was allowed
to cool down to r. t. and poured over an ice-water bath and then add 3-4 drops of conc. HCI. The
mixture was stirred with a glass rod and brought to r. t. before extracting it with EtOAc (3 x 10.0
ml). The combined organic extracts were washed with water (3 x 10.0 ml), brine (2 x 10.0 ml),
dried with anhydrous Na>SOs, filtered, and concentrated under reduced pressure. The crude
product was purified using flash column chromatography on silica gel with a mixture of

Hexane/EtOAC (9:1 to 6:4) as an eluent to provide 10 (0.737 g, 55 % yield).

IH NMR (300 MHz, Acetone-ds): & = 0.98 (6H, t, J=7.5 Hz, COCH2CH,CHs), 1.71 (4H, m,
COCH2CH,CHs), 3.09 (4H, t, J=7.3 Hz, COCH,) 5.9 (1H, s, Ph—H), 12.6 (2H, s, PhOH) 16.4 (1H,

s, PhO-H).

13C NMR (300 MHz Acetone-ds): § = 14.2, 18.5, 46.5, 96.8, 104.6, 165.5, 172.8, 207.4.

MS (ESI, 80 eV): m/z (%) = 265.4 [M — H*] (100), 266.1 [M*] (14).

1,3-(2,4,6-trihydroxyphenyldipentanone (11)

Phlororglucinol (0.630 g, 5.0 mmol) is dissolved in 2.0 ml of dioxane under argon, to which
BF3OEt; (1.420 ml, 10.0 mmol, 2.0 equiv.) was added. The mixture was heated to 40-45°C and
then pentanoic anhydride (1.973 ml, 10.0 mmol, 2.0 equiv.) was added slowly to the reaction

mixture for over 10-12 min before heating the mixture for another 30 min. The reaction mixture
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was allowed to cool down to r. t. and poured over an ice-water bath and then add 3-4 drops of
conc. HCI. The mixture was stirred with a glass rod and brought to r. t. before extracting it with
EtOAc (3 x 10.0 ml). The combined organic extracts were washed with water (3 x 10.0 ml), brine
(2 x 10.0 ml), dried with anhydrous Na>SOQg, filtered, and concentrated under reduced pressure.
The crude product was purified using flash column chromatography on silica gel with a mixture

of Hexane/EtOAc (9:1 to 6:4) as an eluent to provide 11 (0.089 g, 6 % vyield).

IH NMR (300 MHz, Acetone-ds): & = 0.98 (6H, t, J =7.5 Hz, COCH2CH>CH2CHs), 1.70 (4H, m,
COCH2CH,CHCHs), 3.09 (4H, t, J=7.3, COCH3,) 5.92 (1H, s, aromatic H), 12.61 (2H, s, PhOH)

16.44 (1H, s, PhOH).

13C NMR (300 MHz Acetone-ds): § =14.2, 18.5, 46.5, 96.8, 104.6, 165.5, 172.8, 207.4.

MS (ESI, 80 eV): m/z (%) = 293.5 [M — H*] (100).

1,3-(2,4,6-trihydroxyphenyldihexanone (12)

Phlororglucinol (0.630 g, 5.0 mmol) is dissolved 5.0 ml of CS> and 15.0 ml of PhNO>, to which
anhydrous AICl3(1.999 g, 15.0 mmol, 3.0 equiv.) was added. The mixture was heated to 55-60°C
and then hexanoic anhydride (0.693 ml, 3.0 mmol, 0.6 equiv.) was added slowly to the reaction
mixture for over 10-12 min before heating the mixture for another 30 min. The reaction mixture
was allowed to cool down to r. t. and poured over an ice-water bath and then add 3-4 drops of
conc. HCI. The mixture was stirred with a glass rod and brought to r. t. before extracting it with
EtOAc (3 x 10.0 ml). The combined organic extracts were washed with water (3 x 10.0 ml), brine
(2 x 10.0 ml), brine (2 x 10.0 ml), dried with anhydrous Na>SOs, filtered, and concentrated under

reduced pressure. The crude product was purified using flash column chromatography on silica
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gel with a mixture of Hexane/EtOAc (9:1 to 6:4) as an eluent to provide 12 as a minor product

(0.198 g, 12 % vyield).

IH NMR (300 MHz, Acetone-ds): & = 0.91 (6H, t, J =7.5 Hz, COCH,CH>CH2CH>CHs), 1.37 (8H,
m, COCH,CH2CH2CH2CHs), 1.68 (4H, m, COCH,CH2CH,CH2CHs), 3.12 (4H, t, J=7.325,

COCH?>) 5.93 (1H, s, aromatic H), 12.69 (2H, bs, PhOH).

13C NMR (300 MHz Acetone-ds) & = 14.3, 23.3, 25.0, 32.3, 44.6, 95.8, 104.6, 172.8, 207.6.

HRMS (ESI, 70 eV): m/z (%) = 321.1936 [M — H*] (100) (321.1707 calcd. for C1sH250s").
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NMR of compound 1
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Mass Spectra of Compound 1:
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NMR of compound 3
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Mass Spectra of Compound 3:
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NMR of Compound 5
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Mass Spectra of Compound 5:

Print Date: 01 Sep 2017 13:41:03
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NMR of Compound 7
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Mass Spectra of Compound 7:
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NMR of Compound 9
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Mass Spectra of Compound 9:
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NMR of compound 11
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Mass Spectra of Compound 11:
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Chapter 6

Table S5: BLAST statistics for Cluster 15 in Figure 31. Reproduced from Bertrand et al. (2018a), Supporting Information file, in

accordance with authors’ retainment of privileges.

Gene Protein Protein Species Closest Homolog Identity (%) /
(No.)  Accession No. Putative function(s) homolog Accession No.  Coverage (%)

A AUW30916  Hypothetical protein Pseudogymnoascus KFY65896 52/90

B AUW30917  Thiosulfate U. pustulata SLM34737 71/91
sulfurtransferase

Cc AUW30918  No significant similarity - - -

D AUW30919  PLC-like phosphodiesterase P. scopiformis XP_018066270 66/92

1 AUW30920  Cytochrome P-450 U. pustulata SLM34165 59/98

2 AUW30921  2-succinylbenzoate-CoA S. lycopersici KNG47290 67/96
ligase

E AUW30922  BolA-like protein U. pustulata SLM34753 80/52

F AUW30923  GTP-binding protein Ypt5 U. pustulata SLM38500 90/72

G AUW30924  Phosphoinositide U. pustulata SLM38501 75197
phosphatase

H AUW30925  Hypothetical protein A. oryzae XP_001821260 32/69

I AUW30926  Nicotinate U. pustulata SLM34755 61/94
phosphoribosyltransferase

J AUW30927  No significant similarity - - -

K AUW30928  Hypothetical protein Pseudogymnoascus KFX93959 63/61

L AUW30929  Hypothetical protein Fungal sp. 11243 GAMB88438 57174

M AUW30930  Translation initiation factor X. heveae XP_018189790 60/78

N AUW30931  No significant similarity - - -

@] AUW30932  Hypothetical protein M. phaseolina EKG13067 30/76
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S

AUW30933

AUW30934

AUW30935

AUW30936

AUW30937

AUW30938

AUW30939

AUW30940

AUW30941

AUW30942

AUW30943

AUW30944

AUW30945

AUW30946

AUW30947

AUW30948

AUW30949

AUW30950

AUW30951

Hypothetical protein
Hypothetical protein
Short-chain dehydrogenase /
reductase

No significant similarity

No significant similarity
40S ribosomal protein
UPF0183 domain protein
Isoleucyl-tRNA synthetase
No significant similarity

No significant similarity
Hypothetical protein
4-coumarate-CoA ligase
AMP-dependent synthetase
/ ligase (not NRPS-like)
Phenylalanine ammonia
lyase

Opsin-1

Threonine dehydratase
Hypothetical protein
Multicopper oxidase
Laccase-2
Cytochrome P-450
Squalene

cyclase

(Cu-terp-4)

C. gloeosporioides

P. chrysogenum

U. pustulata

P. brasilianum
P. brasilianum

T. stipitatus

B. cinerea
E. dermatitidis

P. camemberti

L. vulpine

P. attae

B. spectabilis

M. brunnea

P. chlamysdospora

Fusarium fujikuroi

E. lata

A. oryzae

EQB59441
KZN85741

SLM34748

CEJ55024
CEJ55020

XP_002479535

CCD51123
XP_009156000

CRL23284

BAN29055

KP145543
GADY6042
XP_ 007288818
KKY?23553
KLO79025
XP_007795124

EIT72300

34177

37/81

73/98

91/83

49/98

51/98

58/99

47179

47/80

64/94

70/98

74/97

47/67

53/88

51/90

38/98

53/98
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Table S6: BLAST statistics for Cluster 17 in Figure 31. Reproduced from Bertrand et al. (2018a), Supporting Information file, in

accordance with authors’ retainment of privileges.

Gene

(No.)

Protein

Accession No.

Protein

Putative function(s)

Species Closest

homolog

Homolog

Accession No.

Identity (%) /

Coverage (%)

A

AUW30975

AUW30976

AUW30977

AUW30978

AUW30979

AUW30980

AUW30981

AUW30982

AUW30983

Molecular chaperone, heat

shock protein Hsp40, Dnal
Hypothetical protein
Cytochrome P-450

Farnesyl transferase

(Cu-terp-6)

Small nucleolar ribonucleo-

protein complex subunit
G1/S-specific cyclin Cinl
Cysteine protease
GPR/FUN34 family protein

Pnglp protein

P. camemberti

T. marneffei
A. flavus

S. borealis

A. fumigatus

A. oryzae
C. higginsianum
T. marneffei

U. reesii

CRL27427

XP_002143165
XP_002378813

ESZ91924

KMKS57755

XP_001818433
CCF41055
XP_002150578

XP_002542827

74/94

33/81

40/92

70/100

45/99

62/89

27/82

72/95

67/92
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Table S7: BLAST statistics for Cluster 20 in Figure 31. Reproduced from Bertrand et al. (2018a), Supporting Information file, in

accordance with authors’ retainment of privileges.

Gene Protein Protein Species Closest Homolog Identity (%) /
(No.)  Accession No. Putative function(s) homolog Accession No.  Coverage (%)
1 AUW31007  Cytochrome P-450 P. rogueforti CDM31319 44/96

2 AUW31008  Short-chain dehydrogenase/  C. gloeosporioides  XP_007286745 64/100

reductase
3 AUW31009  Cytochrome P-450 M. phaseolina EKG12700 62/93
4 AUW31010  Aristolochene synthase A. ustus KIA75982 59/99
(Cu-terp-9)
5 AUW31011  Cytochrome P-450 C. fioriniae XP_007596781 35/98
Transferase P. expansum KGO70752 41/98
6 AUW31012  Type | PKS P. membranacea AEE65373 53/99

Table S8: BLAST statistics for Cluster 24 in Figure 35. Reproduced from Bertrand et al. (2018a), Supporting Information file, in

accordance with authors’ retainment of privileges.

Gene Protein Protein Species Closest Homolog Identity (%) /

(No.)  Accession No. Putative function(s) homolog Accession No.  Coverage (%)

A AUWS31111  No significant similarity - - -

B AUW31112  Serine U. pustulata SLM37171 86/93

hydroxymethyltransferase

C AUW31113  Hypothetical protein A. candida CCl43743 29/73
D AUW31114  Hypothetical protein B. spectabilis GAD95252 31/62
E AUW31115  Hypothetical protein U. pustulata SLM33372 41/65
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AUW31116

AUW31117

AUW31118

AUW31119

AUW31120

AUW31121

AUW31122

AUW31123

AUW31124

AUW31125

AUW31126

AUW31127

AUW31128

AUW31129

AUW31130

AUW31131

Hypothetical protein

No significant similarity
Six-hairpin glycosidase
No significant similarity
No significant similarity
PKS (Cu-nr-pks-4)
Cytochrome P-450
Sugar transporter

No significant similarity
Ribonuclease
Caspase-like protein
Isopenicillin N synthetase

Clayaminate synthase-like

protein

1-aminocyclopropane-1-

carboxylate oxidase

Oxoglutarate/iron-

dependent dioxygenase
Gibberellin 20-oxidase
Thymine dioxygenase
Glycoside hydrolase
Hypothetical protein

No significant similarity

Hypothetical protein
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G. lozoyensis

G. lozoyensis

S. borealis
V. dahliae

T. reesei

N. parvum
G. lozoyensis
B. spectabilis

G. lozoyensis

P. attae

P. accitanis

R. emersonii
D. corticola
L. palustris

E. spinifera

P. sporulosa

XP_008078674

XP_008083366

ESZ91464
XP_009654521

ETR99312

XP_007580708
XP_008086178
GADY3339

XP_008077427

XP_018002059

PCHO03280

XP_013327414
XP_020130585
0CK80932

XP_016237774

XP_018031724

46/70

51/95

58/99

38/97

63/91

62/83

84/71

61/91

61/88

63/88

60/87

58/90

58/88

58/92

41/66

61/60



T AUW31132  Hypothetical protein P. arizonense XP_022483471 40/82

Table S9: BLAST statistics for Cluster 26 in Figure 35. Reproduced from Bertrand et al. (2018a), Supporting Information file, in

accordance with authors’ retainment of privileges.

Gene Protein Protein Species Closest Homolog Identity (%) /
(No.)  Accession No. Putative function(s) homolog Accession No.  Coverage (%)

A AUW31148  Ribosome biogenesis protein E. pusillum XP_007802122 87/100
B AUW31149  No significant similarity - - -

C AUW31150  Hypothetical protein C. europaea XP_008718010 50/68
D AUW31151  Hypothetical protein G. lozoyensis XP_008078151 38/95
1 AUW31152 PKS (Cu-nr-pks-6) C. macilenta AFB81352 94/99
E AUW31153  Transcription factor C. lagenaria BAE98094 32/97
2 AUW31154  Short-chain dehydrogenase / M. phaseolina EKG20376 68/80

reductase

F AUW31155  No significant similarity - - -

3 AUW31156  Scytalone dehydratase E. aquamarina XP_013257419 70/92
4 AUW31157  Monooxygenase R. secalis CZT49571 31/87
G AUW31158  Chromate transport protein P. secalis CZT47223 55/98
H AUW31159  No significant similarity - - -

I AUW31160  Hypothetical protein G. stellatum OCL07820 37/69
J AUW31161  MFS transporter P. rogueforti CDM36445 52173
5 AUW31162  Cytochrome P-450 T. stipitatus XP_002341512 53/95
K AUW31163  Hypothetical protein A. fumigatus KMK54740 51/66
L AUW31164  GABA permease A. fumigatus EDP50382 65/91
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M AUW31165

No significant similarity

Table S10: BLAST statistics for Cluster 32 in Figure 35. Reproduced from Bertrand et al. (2018a), Supporting Information file, in

accordance with authors’ retainment of privileges.

Gene Protein Protein Species Closest Homolog Identity (%) /
(No.) Accession No. Putative function(s) homolog Accession No. Coverage
(%)
A AUW31235  Kinesin S. borealis ESZ93150 65/97
B AUW31236  Tetrahydrofolylpolyglutamate B. spectabilis GAD96053 62/98
synthase
Tetrahydrofolate synthase R. emersonii XP_013329221 63/97
C AUW31237  Ribosome biogenesis protein C. posadasii EFW17846 62/98
D AUW31238  GPI transamidase component A. otae XP_002845857 64/100
1 AUW31239  GNAT acetyltransferase B. spectabilis GADY94037 49/88
2 AUW31240  PKS (Cu-nr-pks-12) C. grayi ADM79462 82/99
3 AUW31241  Cytochrome P-450 T. islandicus CRG89931 45/68

E AUW31242

No significant similarity

Table S11: BLAST statistics for Cluster 48 in Figure 41. Reproduced from Bertrand et al. (2018a), Supporting Information file, in

accordance with authors’ retainment of privileges.

Gene Protein Protein Species Closest Homolog Identity (%) /
(No.)  Accession No. Putative function(s) homolog Accession No.  Coverage (%)
1 AUW31423  PKS (Cu-r-pks-18) T. islandicus CRG92723 75/100

2 AUW31424  O-methyltransferase M. mycetomatis KOP50440 85/99
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3 AUW31425  Short-chain dehydrogenase / G. clavigera XP_014172074 68/99

reductase
4 AUW31426  Cytochrome P-450 T. islandicus CRG92717 79/97
5 AUW31427  FAD oxidase M. mycetomatis KOP50437 71/98

i

Cladonia uncialis subsp. uncialissAUW30951.1 putative squalene-hopene cyclase
Aspergillus ellipticus/PYH94738.1 squalene cyclase

{

Figure S1: Phylogenetic relationship between a putative Squalene cyclase of Cladonia uncialis and a genetically similar gene

encoding a squalene cyclase of Aspergillus ellipticus. The Squalene cyclase of Alkalihalobacillus pseudofirmus (ADC50961.1)

was chosen as an out-group.
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ladonia uncialis /AUW30920.1 putative cytochrome p450
Lasallia pust LM34165.1 Cytochrome P450 E-class group IV

Figure S2: Phylogenetic relationship between a putative Cytochrome p450 of Cladonia uncialis and a genetically similar gene

encoding a cytochrome p450 E-class group IV of Rhizodiscina lignyota. The cytochrome p450 (14-alpha demethylase) of

Aspergillus fumigatus (XP_749134.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.
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H=
.
=

ladonia ialislAUW30950.1 putative cytochrome p450

-

Coniochaeta sp. IKAB5557998.1 cytochrome P450

T

Figure S3: Phylogenetic relationship between a putative Cytochrome p450 of Cladonia uncialis (Cu-cyp2-terp-4) and a genetically
similar gene encoding a CYP of Coniochaeta sp. The cytochrome p450 (14-alpha demethylase) of Aspergillus fumigatus

(XP_749134.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.
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I

Cladonia uncialis IAUW30977.1 putative cytochrome p450

TWWWLM

R jia sp. IPQE08010.1 cytochrome P450 alkane hydroxylase protein
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Figure S4: Phylogenetic relationship between a putative Cytochrome p450 of Cladonia uncialis (Cu-cyp3-terp-6) and a
genetically similar gene encoding a CYP of Endocarpon gypsea. The cytochrome p450 (14-alpha demethylase) of Aspergillus

fumigatus (XP_749134.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.

Fﬂ FL\_%"_IF'\ RERRR

Cladonia uncialis subsp. uncialis
Imshaugia aleurites
-Alectoria fallacina

Figure S5: Phylogenetic relationship between a putative farnesyl-diphosphate farnesyl transferase of Cladonia uncialis (Cu-terp-
6) and a genetically similar gene encoding a bifunctional farnesyl-diphosphate farnesyl transferase of Imshaugia Aleurites. The
farnesyl-diphosphate farnesyl transferase of Cryomyces minteri (XP_037155202.1) and farnesyl-diphosphate farnesyl transferase

of Saccharomyces cerevisiae were chosen as out-groups.
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XP 031883788.1 Aristolochene synthase Colletotrichum tructicola
1 synthase C
1 synthase C
XP 007705515.1 uncharaciarized protain COCSADRAFT 348577 Bipolans sorokiniana NDSOPT

fructicola

camelliae

XP 014082907.1 nypothetical pratein COGGADAAFT 36610 Bipolars mayals ATOG 48331
EMO90750.1 hypothetical protein COGHEDRAFT 10970 Bipaaris maydis G5

XP 018136811.1 aristolochens synthase Pochonla chiamydosporia 170

KAES313518.1 Aristolochena synihase in complex with 1213 DI
KAEB327327.1 Aristolochene synthase In complex with 1213 Diffuoratamesy! diphosphate Aspergilius sergil

Asperglllus trar

KABE209383.1 Arisiolochene synthase In complex with 1213 Difluorofamesy! diphosphate Aspergilus parasiticus
KAES342149.1 nypothatical protein BOV24DRAFT 162700 Aspergillus arachidicola

KABS216387.1 Aristolochene synihasa In compiex with 1213 DI pergi
PLNBES70.1 Aristolochene syninase in complex with 1213 DI Aspergilus

XP 024670831.1 Arlsiolochena synthase in complex witn 1213 Difuorofarnasyl diphasphate Aspargiius candidus

KPP 024688659.1 Arlstolochens synthase in complex with 1213 D diphosphate Asparg 16T 28561

OBT39358.1

protein VEOD 10021 Pseudogymnoascus sp. WSF 3628

OGL11144.1

va synihase Glonium steliaium

XP 1 jprotein MBM 07677 Marssonina brunnea 1. sp. muttigermiutl M8 mi

10 KEY73226.1 hypothelical protein 57711 04188 Stachyboirys chartarum IBT 7711

1o KFAB1813.1 hypothetical protein S40288 09724 Stachybolrys chartarum (BT 40288
@ XP 0389336301 Uncharacterized protein LCP3604111 1082 Penicilium roquetort
1DGP A ARISTOLOCHENE SYNTHASE FARNESOL COMPLEX Penicillum roquetort
1o CAL1BB05.1 Terpenold synthase Penicillium camembent
® XP 002557473.1 Pc12g06310 Penlcillium rubens Wisconsin 54-1255
lignioola/KAF 19932471 Aristolochene synihase In complex with 1213 Difiuorofarnesyl diphosphate

' — Cladonka unclalls subsp. uncialls’/ANMBE6460.1 putative aristolochene synthase
L Lachneiula suotilissima/TVY35497.1 Aristolochene synthase

AOW15370.1 hypothenical protain VPNG 02267 Gylospora laucostoma

OTASB831.1 Aristolochana syninasa in complex with 1213 Difiuorofamesyl aiphosphate Hypaxylon sp. EG38
OTAZB860.1 hypathatical protein M434DRAFT 392541 Hypoxylon sp. CO27-5

OTB02484.1 hypothatical protein M426DRAFT 322581 Hypoxylon sp. Gl-4A.

KAF2973138.1 hypothetical protein GQX73 g338 Xylara multiplex

XP 1
KIAT5982.1

& synihase In complex with 1213 O diphosphale

SyNtnase Asp ustus

| [

KGO48192.1 Terpenoid synthase Panicillium axpansum

XP 016595385.1 Terpenosd syninase Penicilium expansum

P 1 camonyl recuctase (MADPH-dependant) an1 Aspargilus Nermomunalus
1 protain FE257 D04516 ASpargiius nanangensis

KAEB384177.1 Aristolochene synthase Asperglilus alliaceus

XP 0319031061 Aristolochene synthase Asperglius allaceus
KAF5862547.1 hypothetical pratein ETBS7 011544 Asperpillus bumetli
Aspergillus lameus/QAURDE. 1 Aristolochene synthase

4KUX A Crystal structure of Asp

terreus gynihasa with famesyl
5INB A Crystal struciure of Q'151H Aspergilus terreus arislolochene synthase Aspergllius temreus

5IMI A Crystal structure of S3034 Asperg!

(FSPP) Aspergillus larmeus

temeus synthase with i-B-{prop- y p temeus
e synihase with (1585%aR)- yl-B~(prop:

synthase with ) Tyh-8-(prop- pergl

SIMP A Crystal structure of N299A Aspergillus terreus

olizin-5-lum Aspergllius tameus

tarreus

5IMN A Crystal structure of \spergilius temeus
synthasa

— KAGE163031.1 hypothetical protein KVRO1 007509 Diaporthe batatas
@ | POS7A599.1 anstolocnena syninase Draponne hellantni

KAABS09878.1 brunnea

AHHB1945.1

synnasa Fusanum asiaticum

Figure S6: Phylogenetic relationship between a putative aristolochene synthase of Cladonia uncialis (Cu-terp-9) and a genetically
similar gene encoding aristolochene synthase of Lachnellula subtillssima. The trichodiene synthase of Fusarium asiaticum

(AHH81945.1) and was chosen as an out-group.
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—aa|: Pseudogymnoascus sp./KFX93708.1 hypothetical protein
o7
Pseudogymnoascus sp./KFY32674.1 hypothetical protein

100 i ica/RDL40135.1 L ized protein
106 A i i AE8378309.1 putative cytochrome P450 oxidoreductase
100 | A i ii/KAE8143180.1 putative cytochrome P450 oxidoreductase
9’ T ia pertusa/XP 033684409.1 putative cytochrome P450 oxidoreductase
C i igginsi IXP 018159357.1 Cytochrome P450
& _I— Nodulisporium sp./AVY05536.1 cytochrome P450 monooxygenase
e % Ci i idis/KAF1847374.1 putative cytochrome P450 oxidoreductase
100 i i P 660876.1 ical protein
s | Aspergillus vi YI24537.1 putative P450
L KAF4540642.1 C P450
0 A idil ibiae/XP 013429271.1 putative TPA: cytochrome P450 oxidoreductase
® Lentit ium fluviatile /KAF2677435.1 cytochrome P450
"
Rutstroemia sp./PQE16139.1 Cytochrome P450 protein
2
& l— Helicocarpus griseus/PGG99978.1 hypothetical protein
4 Glonium stell /0CL05914.1 P450
brunneaXP 007295574.1 hypothetical protein
ybotry EY73218.1 ical protein
100
@ Penicillium roqueforti’fCDM31319.1 Cytochrome P450
- | Penicillium rubens in/XP 0025574771
& icilli RL18801.1 C P450
% Elsinoe i/KAF4556504.1 C! P450-like protein
) _|— Elsinoe australisTKX26517.1 Paso like protein
ksl
T i bilosa/KAF2764141.1 hi P450
70
Cladonia uncialis I\UW31007.1 putative cytochrome p450
lia b /KA a P450
_9‘|'— iculi lignic 0.1 putative P450
0 @ P irgari itica/XP Ay P450
Monosporascus sp./RYP61519.1 hypothetical protein
i Xylaria YC55094.1 ical protein
@ | Diaporthe heli iIPOS72417.1 ical protein
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Figure S7: Phylogenetic relationship between a putative Cytochrome p450 of Cladonia uncialis (Cu-cyp4-terp-9) and a genetically
similar gene encoding a CYP oxidoreductase of Sphaerosporella brunnea. The cytochrome p450 (14-alpha demethylase) of

Aspergillus fumigatus (XP_749134.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.
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Figure S8: Phylogenetic relationship between a putative Cytochrome p450 of Cladonia uncialis (Cu-cyp5-terp-9) and a genetically
similar gene encoding a Trichothecene C-15 hydoxylase of Elsinoe australis. The cytochrome p450 (14-alpha demethylase) of

Aspergillus fumigatus (XP_749134.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.

309



(98) 1(16) KAF4919591.1 A BOA11 Cc viniferum

(23) KAF4830617.1 Acyltransferase BOA11 Colletotrichum siamense

(19) EQB59419.1 hypothetical protein CGLO 00191 Colletotrichum gloeosporioides Cg-14

02 (39) KAF3798810.1 Cytochrome P450 3A6 Colletotrichum gloeosporioides

(28) XP 031879044.1 uncharacterized protein CGMCC3 g14342 Colletotrichum fructicola
(21) XP 037178606.1 Acyltransferase BOA11 Colletotrichum aenigma

’

27) KAF4816478.1 Acyltransferase BOAL1 Colletotrichum tropicale

(33) KAF0330047.1 hypothetical protein GQ607 002814 Colletotrichum asianum
(32) XP 036493988.1 Acyltransferase BOA11 Colletotrichum siamense

4) [L(34) KAF4817504.1 Acyltransferase BOA11 Colletotrichum siamense

L-(25) KAH0427992.1 hypothetical protein CcaCcLH18 09351 Colletotrichum camelliae

(20) XP 038742593.1 uncharacterized protein CkaCkLH20 09295 Colletotrichum karsti

©0 (17) XP 036581234.1 transferase family protein Colletotrichum truncatum
(47) KAF6801010.1 cytochrome P450 82A2 Colletotrichum sojae

© |2 (37) KAF6827548.1 transferase family protein Colletotrichum plurivorum

1) (45) KAF6804431.1 cytochrome P450 82A2 Colletotrichum musicola
(24) KXH41521.1 transferase family protein Colletotrichum salicis

(40) EXF79505.1 cytochrome P450 82A2 Colletotrichum fioriniae PJ7
@)
(88)

) (31) KXH44311.1 transferase family protein Colletotrichum simmondsii

B6)

) (35) XP 035331301.1 cytochrome P450 82A2 Colletotrichum scovillei

(84) 1-(36) KXH60666.1 transferase family protein Colletotrichum nymphaeae SA-01

(79 . .
(41) TQN70645.1 Acyltransferase BOA11 Colletotrichum shisoi

©) (42) TID06178.1 Shikimate O-hydroxycinnamoyltransferase Colletotrichum higginsianum

(78 80)  1(43) XP 018151202.1 Transferase family protein Colletotrichum higginsianum IMI 349063

(29) OCK83581.1 hypothetical protein K432DRAFT 346763 Lepidopterella palustris CBS 459.81
(44) XP 028468911.1 hypothetical protein SODALDRAFT 396768 Sodiomyces alkalinus F11
@ (49) XP 043030344.1 uncharacterized protein INS49 001005 Diaporthe citri
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Figure S9: Phylogenetic relationship between a putative acetyl transferase of Cladonia uncialis (Cu-terp9-acetyltransferase) and
a genetically similar gene encoding a transferase-like protein 2 of Elsinoe fawcetii. The transferase of Ascochyta rabiei

(KZM22590.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.
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Figure S10: Phylogenetic relationship between a putative short chain dehydrogenase of Cladonia uncialis (Cu-terp9-SDR) and a
genetically similar gene encoding a short chain dehydrogenase-like protein 44 of Elsinoe fawcetii. The short chain dehydrogenase

of Dinoroseobacter shibae (KZM22590.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.
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Figure S11: Phylogenetic relationship between a putative type | PKS of Cladonia uncialis (Cu-terp9-SQTKS) and a genetically
similar gene encoding a squalestatin tetraketide synthase of Phoma sp. The type I PKS (synthase 3) of Neurospora crassa

(XP_959122.2.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.
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Figure S12: Phylogenetic relationship between a putative Cytochrome p450 of Cladonia uncialis (Cu-cyp6-nrpks-4) and a

genetically similar gene encoding a Pisatin demethylase of Lachnellula suecica. The cytochrome p450 (14-alpha demethylase) of

Aspergillus fumigatus (XP_749134.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.
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Figure S13: Phylogenetic relationship between a putative Type | PKS of Cladonia uncialis (Cu-nr-pks-6) and a genetically
similar gene encoding a conidial yellow pigment: melanin synthase of Xylona heveae. The 6-MSAS of Aspergillus terreus

(BAA20202.2) was chosen as an out-group.
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Figure S14: Phylogenetic relationship between a putative short-chain dehydrogenase of Cladonia uncialis (Cu-nrpks-6-SDR) and
a genetically similar gene encoding a tetrahydroxynapthalene reductase of Lasallia pustulata. The 6-MSAS of Aspergillus terreus

(BAA20202.2) was chosen as an out-group.

Cladonia uncialissAUW31157.1 putative monooxygenase
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— KAH7310372.1 cyclohexanone monooxygenase Rhexocercosporidium sp. MPI-PUGE-AT-0058

— KAAB6409496.1 conidial pigment biosynthesis oxidase Abr1 brown 1 Lasallia pustulata

38

—— Aspergillus fumigatus/XP 749134.1 14-alpha sterol demethylase

splQBUEG2.1IAFLN ASPPU RecName: Full=Cytochrome P450 monooxygenase aflN AltName: Full=Aflatoxin biosynthesis protein N

—
0.20

Figure S15: Phylogenetic relationship between a putative monooxygenase of Cladonia uncialis (Cu-nrpks-6-MQ) and a genetically
similar gene encoding a MomA of Streptomyces antibioticus. The cytochrome p450 monooxygenase of Aspergillus parasiticus

(QB6UEG2.1) was chosen as an out-group.
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Figure S16: Phylogenetic relationship between a putative scytalone dehydratase of Cladonia uncialis (Cu-nrpks-6-SD) and a
genetically similar gene encoding scytalone dehydratase arpl of Lasallia pustulata. The 6-MSAS of Aspergillus terreus

(BAA20202.2) was chosen as an out-group.
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Figure S17: Phylogenetic relationship between a putative Cytochrome p450 of Cladonia uncialis (Cu-cyp7-nrpks-6) and a
genetically similar gene encoding a CYP monooxygenase of Talaromyces marneffi. The cytochrome p450 (14-alpha demethylase)

of Aspergillus fumigatus (XP_749134.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.
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Figure S18: Phylogenetic relationship between a putative type | PKS of Cladonia uncialis (Cu-nr-pks-12) and a genetically similar
gene encoding a non-reducing PKS (atrl, atranorin biosynthesis) of Stereocaulon alpinum. The cytochrome p450 (14-alpha

demethylase) of Xylaria sp. (AAM93545.1) was chosen as an out-group.
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Figure S19: Phylogenetic relationship between a putative Cytochrome p450 of Cladonia uncialis (Cu-cyp8-nrpks-12) and a
genetically similar gene encoding a CYP monooxygenase (andK, part of Anditomin biosynthetic gene cluster) of Trichoderma
lentiforme. The cytochrome p450 (14-alpha demethylase) of Aspergillus fumigatus (XP_749134.1) and cytochrome p450 of Homo

sapiens were chosen as out-groups.
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Figure S20: Phylogenetic relationship between a putative Type I reducing PKS of Cladonia uncialis (C-r-pks-18) and a genetically
similar gene encoding a Prosolanapyrone synthase of Colletotrichum gloeosporioides. The melanin synthase of Xylaria sp. was

chosen as an outgroup.
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——————Cladonia uncialis subsp. uncialis/ANM86505.1 putative cytochrome p450

Figure S21: Phylogenetic relationship between a putative cytochrome p450 of Cladonia uncialis (C-cyp9-rpks-18) and a
genetically similar gene encoding a cytochrome p450 4F5 of Colletotrichum gloeosporioides. The cytochrome p450 (14-alpha

demethylase) of Aspergillus fumigatus (XP_749134.1) and cytochrome p450 of Homo sapiens were chosen as out-groups.
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Figure S22: Phylogenetic relationship between a putative O-methyltransferase of Cladonia uncialis (C-rpks-18-OMT) and a
genetically similar gene encoding a O-methyltransferase (sol2) of Colletotrichum gloeosporioides. The O-methyltransferase of

Pseudomonas aeruginosa (AXL70985.1) was chosen as an out-group.
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Figure S23: Phylogenetic relationship between a putative FAD oxidase of Cladonia uncialis (C-rpks-18-FAD oxidase) and a
genetically similar gene encoding a FAD-linked oxidoreductase afoF of Colletotrichum gloeosporioides. The FAD-dependant

oxidase of Bacillus thuringensis (EEM38188.1) was chosen as an out-group.
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96

54

.
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Figure S24: Phylogenetic relationship between a putative short-chain dehydrogenase/reductase of Cladonia uncialis (C-rpks-18-

SDR) and a genetically similar gene encoding a putative oxidoreductase DItE of Colletotrichum gloeosporioides. The of short-

chain dehydrogenase/reductase of Pseudomonas aeruginosa (KSG75976.1) was chosen as an out-group.
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Figure S25: Phylogenetic relationship between a putative cytochrome p450 of Cladonia uncialis (MPAO) and genetically
similar genes encoding cytochrome p450 of T. marneffi & p450 monooxygenase STCB of A. nidulans. The cytochrome p450
(14-alpha demethylase) of Aspergillus fumigatus (XP_749134.1) and cytochrome p450 of Homo sapiens were chosen as out-

groups.
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