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SUMMARY

One of the grand themes in the field of synthetic biology is the promise
of the development of the tools that will help facilitate the global transition
towards a renewable and sustainable bio-based economy. One such step towards
that sustainable future is the use of microbial cell factories for the production of
active pharmaceutical ingredients and nutraceuticals. In this line, the
commercial production of the ergot alkaloids and their semi-synthetic
derivatives is one such avenue that is appropriately poised to be improved on
by being produced by microbial cell factories.

Ergot alkaloids have throughout history been known for their potent
biological effects. These properties have been extensively exploited in the
development of the semi-synthetic derivatives that are used in the treatments for
Parkinsonism and dementia, amongst many others. Their production, however,
is limited by the difficulty in the cultivation of the parasitic ergot fungi.

This thesis thus describes the progressive effort made to heterologously
reconstitute the ergot alkaloid pathway to the main ergoline therapeutic
precursor, D-lysergic acid, in Saccharomyces cerevisiae. Fundamental to this
work is the adaptation of a Golden Gate-based cloning methodology, which
would enable the easy and rapid assembly of customizable expression cassettes,
and that is compatible with automation. Finally, this work presents for the first
time, the development of a prototype yeast strain that before any extensive strain
or bioprocess optimization, is capable of producing up to 71.5 ug/L of D-
lysergic acid. This demonstration effectively lays the groundwork for a more
efficient commercial production method, as well as a platform for the discovery

of novel ergot alkaloid therapeutics.
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CHAPTER 1: INTRODUCTION

1.1 MICROBIAL CELL FACTORIES FOR THE PRODUCTION OF
PRIVILEDGED SCAFFOLDS

Synthetic biology is broadly defined as the design or redesign of
biological systems towards the goal of imbuing some form of novel
functionality (Synthetic Biology: Applying Engineering to Biology : Report of
a NEST High-Level Expert Group, 2005). The field has been made accessible
by the advancements made towards lowering the cost of DNA synthesis and
sequencing (Hughes & Ellington, 2017). One of the premises from this
perspective is that biology can be engineered in a manner similar to the design
and engineering of electrical components (Endy, 2005).

An inherent application would be the development of microbial cell
factories for the production of commercially important chemicals, as a
“greener” and potentially more efficient substitute for current industrial
practices based on synthetic chemistry. This is especially pertinent in our
current era where global issues such as climate change and economic
sustainability as a result of human industrial activity are becoming larger and
more menacing concerns.

While the current level of biotechnology has not been able to provide a
consistently economically competitive platform for the production of most bulk
chemicals, high-value targets such as those for pharmaceutical products or
flavour and fragrance compounds are ripe with opportunity (Erickson &
Winters, 2012). Privileged structures or scaffolds, molecular structures that are
capable of providing versatile and useful ligands for biological receptors,
through the decoration of these scaffolds with different functional groups

(Duarte, Barreiro, & Fraga, 2007), are an example of such high-value targets.



These structures are usually not easily accessible by total synthesis and are
usually produced at low yields in nature.

The path towards improving the commercial viability of engineered
microbial cell factories would be via targeting the production of these privileged
scaffolds. This would enable the developed strains to compete across a broader
market for all existing derivative products. Development efforts and costs
would also be mitigated with the reduction of the degree of specialisation of the
strain.

This work, therefore, seeks to demonstrate a proof of concept for the
production of one such privileged scaffold — the ergoline ring, in the form of the

common ergoline therapeutic precursor, D-lysergic acid.

1.2 THE ERGOT ALKALOIDS
1.2.1 A TUMULTUOUS JOURNEY

The history of the ergot alkaloids has been one which truly embodies
the classical maxim in toxicology by Paracelsus, “Alle Dinge sind Gift, und
nichts ist ohne Gift, allein die Dosis macht das sein Ding kein Gift ist.”, which
translates, “All things are poison, and nothing is without poison, the dosage
alone makes it so a thing is not a poison.” (Paracelsus, 1965). While the ergot
alkaloids have been referenced throughout history for their therapeutic
purposes, they were most notably remembered for their role in the mass
poisonings they caused. This gave rise to the namesake ‘“ergotism”, a
description of the collective symptoms for ergot poisoning (de Groot, van

Dongen, Vree, Hekster, & van Roosmalen, 1998).



Their use in modern medicine began in the early 1900s after Arthur Stoll
had successfully isolated and identified ergotamine and ergometrine to be the
key components from the sclerotia of the ergot fungus, Claviceps purpurea, that
are responsible for the observed oxytocic effects (Minghetti & Crespi-Perellino,
1999). The use of ergotamine and ergometrine for the treatment of post-partum
haemorrhage was short-lived. Their usage was soon found to be associated with
an increase in the number of stillborn neonates. This prompted a search for ergot
derivatives with fewer drastic side effects, that led to the eventual discovery of
lysergic acid diethylamide (LSD) by Albert Hoffman (Hofmann, 2010).

As much as the reputation of the ergot alkaloids has been tarnished by
their history, as both a poison and a psychedelic of abuse, their utility as a
privileged scaffold cannot be discounted. LSD is one of the most potent drugs
known, with binding affinities for several receptors reported in the low
nanomolar range (Wacker et al., 2017). Several derivatives of the ergot
alkaloids have also been found to be effective for numerous therapeutic
applications in Parkinson’s (Lieberman, Kupersmith, Estey, & Goldstein,
1976), dementia (Winblad et al., 2008), hypertension (Tandowsky, 1954), and
possibly some forms of cancer (Mrusek, Seo, Greten, Simon, & Efferth, 2015)
(Figure 1-1). Furthermore, LSD in recent times is being revisited for its
application in treating depression and addiction (dos Santos et al., 2016; Liechti,
2017; Ly et al., 2018), despite the controversy amassed by its notorious use as
a psychedelic of abuse.

For all the notoriety that has surrounded the history of the ergot
alkaloids, there is still clearly a wealth of beneficial therapeutics yet to be tapped

from the ergoline scaffold.
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Figure 1-1: Natural and semi-synthetic ergot alkaloids with their established
therapeutic uses. The tetracyclic ergoline core highlighted in purple serves as the
key pharmacophore, while the various modifications to the ring help determine
its target receptor specificity and therefore biological activity.

1.2.2  BIOSYNTHESIS AND GENETICS OF THE ERGOT ALKALOIDS

A major characteristic of most of the naturally occurring ergot alkaloids
is the tetracyclic ergoline scaffold. This core scaffold, derived from L-
tryptophan has been proposed to be the key structure responsible for the
multitude of biological activities exhibited by the various ergot alkaloids and
their derivatives (Pertz & Eich, 1999). This attributed to the way the ergoline
ring mimics the positioning of the main functional groups in serotonin,

dopamine, and adrenaline (Figure 1-2) (Mantegani, Brambilla, & Varasi, 1999).
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There are two main divisions of ergot alkaloids: the first are the
derivatives of D-lysergic acid, which include the ergopeptides and other simple
modifications to the carboxyl moiety. The second are the clavines, which
encompasses the earlier intermediates along the pathway and their derivatives
outside the main pathway to the tetracyclic ergot alkaloids, as well as the
derivatives of 6,8-dimethylergoline (Figure 1-2).

The divergence is predominantly determined by the point at which they
deviate from the pathway to the tetracyclic ergoline products. This has been
attributed to the presence or absence of the respective late pathway enzymes
that vary between the organisms that produce them. Our understanding of the
biosynthesis of the ergot alkaloids has undoubtedly been advanced
tremendously with the advent of Next-Generation Sequencing technologies and
the ensuing flood of genomic data. Genome mining of the Clavicipitaceae and
Trichocomaceae families of fungi, the main producers of these alkaloids, has
identified several homologous gene clusters that could suitably account for the
chemodiversity observed in the ergot alkaloids (Young et al., 2015).

Given the common starting point at L-tryptophan, the four enzymes
involved in the early ergot pathway were found to be strongly conserved
amongst all ergot-producing organisms. The pathway is initiated with the
prenylation of tryptophan at the C-4 position of the indole ring with
dimethylallyl pyrophosphate (DMAPP) catalysed by dimethylallyl
prenyltransferase (dmaW) to produce 4-dimethylallyl tryptophan (DMAT). This
step commits the substrate to the biosynthetic pathway (S.-L. Lee, Floss, &
Heinstein, 1976). Next, a methyltransferase (easF/ FgaMT) catalyses the N-

methylation of the amine at position 6 in DMAT, forming 4-dimethylallyl-1-



abrine (4DMA) (Otsuka, Quigley, Groger, Anderson, & Floss, 1980; Rigbers &
Li, 2008). The last detectable intermediate of the early pathway, chanoclavine-
I, has been postulated to be a product of a multi-step reaction through the
tandem action of genes with sequence similarity to a catalase (easC) and an
FAD-dependent oxygenase (easE) (Goetz, Coyle, Cheng, O’Connor, &
Panaccione, 2011; Lorenz, Olsovska, Sulc, & Tudzynski, 2010; K. Ryan,
Moore, & Panaccione, 2013) (Figure 1-3, green arrows). In this reaction, the
C10 position on the isoprene group is proposed to be first hydroxylated by easC,
followed by a dehydration to produce a diene intermediate. This diene
intermediate is then oxidized by easE to form an epoxide intermediate that
cyclizes the C ring via the decarboxylation at the C5 position, which then leads
to C5-C10 bond formation that opens the epoxide into chanoclavine-I
(Kozikowski et al., 1993). However, the difficulty encountered with the
heterologous expression and purification of easE has greatly limited any effort
made to directly validate this hypothesis (Nielsen et al., 2014).

The next segment of the pathway is where the two main classes of ergot
alkaloids diverge, most notably between the members of the Clavicipitaceae
and Trichocomaceae families. Where the former tending to the formation of
agroclavine and D-lysergic acid derivatives, the latter form the clavine type
alkaloids that may lead to the formation of the fumigaclavines or the

dihydroergot alkaloids.
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From chanoclavine-1, a short-chain dehydrogenase (easD) catalyses the
oxidation of the -OH group using NAD", to form chanoclavine-I-aldehyde
(Wallwey, Matuschek, Xie, & Li, 2010). This step serves to activate the
functional group for the cyclization of the ergoline D ring. The cyclization is
catalysed by another enzyme pair, eas4 and easG. Sequence alignments of easA
and its homologs show a high degree of similarity with the Old Yellow Enzyme
(OYE) family. Previous work by Sarah O’Connor’s group have demonstrated it
to be responsible for reducing the C8-C9 double bond, which allows the
carbonyl group to re-orientate and react with the secondary amine group to form
the D ring and form an iminium intermediate (J. Z. Cheng, Coyle, Panaccione,
& O’Connor, 2010b). This cyclization step is the first major structural branch
point in the ergot alkaloid pathway, where the varying isoforms of easA4 and the
presence of the downstream processing enzymes determine the ergot alkaloid
profile. At least two isoforms of eas4 have been identified: a reductase form
that completely reduces the C8-C9 double bond, and an isomerase form that re-
orientates the carbonyl group and regenerates the C8-C9 double bond upon
formation of the iminium intermediate (J. Z. Cheng, Coyle, Panaccione, &
O’Connor, 2010a; Coyle, Cheng, O'Connor, & Panaccione, 2010). The enzyme
easG, a NADPH oxidoreductase, catalyses the reduction of the iminium
intermediates to form either festuclavine or agroclavine (Figure 1-3, blue
arrows). Every branch from this point entails its unique lineage of enzymes,
each tailoring the ergoline core further towards each individual end point.

For the production of D-lysergic acid, a cytochrome P450 enzyme
(CYP450), clavine oxidase (cloA), catalyses the oxidation of the C8-methyl

group (Haarmann, Ortel, Tudzynski, & Keller, 2006; Robinson & Panaccione,
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2014). Early studies of clo4 suggested that the oxidation of agroclavine is
catalysed by the enzyme and possibly a second oxidase through a series of
oxidized intermediates, elymoclavine and paspalic acid, leading to the
formation of D-lysergic acid (Schardl, Panaccione, & Tudzynski, 2006).
However, further studies have suggested that different isoforms of c/o4 might
be capable of varying product profiles. Expression of the C. purpurea clo4 in
C. fusiformis produced D-lysergic acid, whereas the reverse did not, which
corroborated with the ergot alkaloid profiles of C. purpurea and C. fusiformis
(Lorenz, Wilson, Machado, Schardl, & Tudzynski, 2007). In the study
conducted by the Panaccione group, expression of cloA from Epichloe sp. Lpl
in A. fumigatus produced only D-lysergic acid and no detectable paspalic acid
or elymoclavine, suggesting that they may not be distinct intermediate products
from disparate oxidation reactions (Robinson & Panaccione, 2014). More
recently, a CYP450, sharing homology to cloA in certain festuclavine-
producing species, was found to be responsible for catalysing a similar reaction
on festuclavine to produce dihydrolysergol and dihydrolysergic acid (Arnold &
Panaccione, 2017). These studies suggest that a variety of oxidised agroclavine/
festuclavine products isolated from the different ergot producing species are the
result of the varied product profiles from their respective cloA orthologs (Figure
1-3, blue arrows).

Further down the pathway to the ergopeptides, a pair of Non-Ribosomal
Peptide Synthetases (NRPS) introduce another level of diversification. LpsB
catalyses the activation D-lysergic acid or dihydrolysergic acid such that Lps4
or LpsC may append either an assortment of tripeptide moieties or an L-alanine

reside respectively, onto the acyl group to produce an ergopeptide (Walzel,



Riederer, & Keller, 1997). This is a manner similar to earlier branch points in
the pathway, where different isoforms of Lps/ present varying specificities to
different amino acids substrates and add to the diversity of the ergopeptides
observed (Ortel & Keller, 2009). Finally, an Fe*'/2-ketoglutarate-dependent
dioxygenase (easH), hydroxylates the N-(D-lysergyl-aminoacyl)-lactam which
allows the spontaneous cyclolization into the terminal ergopeptine (Havemann,
Vogel, Loll, & Keller, 2014) (Figure 1-3, orange arrows).

While the focus of this work is on the heterologous biosynthesis of D-
lysergic acid and its accessible derivatives, the rich chemodiversity of the ergot
alkaloids is not limited to this scope. In 2015, a group at UCLA were able to
trace the biosynthesis of communesins from the Penicillium fungi to originate
from the early ergot pathway intermediate, DMAT. DMAT was found to be
shunted out into claviciptic acid and subsequently aurantioclavine, via enzymes
homologous to easE and easC (Lin et al., 2015); this was initially thought to be
a derailment of the pathway (Figure 1-3, black arrows). Modified ergoline
scaffolds, such as cycloclavine and rugulovasine can also be found from other
species of Aspergillum and Penicillium fungi (Dorner, Cole, Hill, Wicklow, &
Cox, 1980; Furuta, Koike, & Abe, 1982) (Figure 1-2).

Millions of years of evolution have inherently built an elaborate system
for the diversification of ergot alkaloids. The development of a microbial cell
factory for the production of a key ergoline precursor would set the stage for
the next leap forward in the discovery of new natural or semisynthetic ergot-

based therapeutics.
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1.2.3 COMMERCIAL RELEVANCE AND CURRENT PRODUCTION
METHODS

As it stands, the current demand for ergopeptines and lysergic acid for
use in the manufacture of the semisynthetic ergot alkaloids-based therapeutics
is estimated to be 8 and 10-15 tons respectively. Of this, approximately 60% of
the supply is produced by the submerged fermentation of specially cultivated
strains of C. purpurea, while the rest are obtained from field cultivation (Cvak,
1999).

Field cultivation of the ergot fungi as a commercial source of ergot
alkaloids is the oldest large-scale method for its production. It entails the
parasitic culture of the fungi on top of fields of susceptible cereal crops, most
usually rye (Loveless, 1971). The main feature of field cultivation is the large
variety of ergot alkaloids produced. This method, when adequately optimized,
stands to be the most economically competitive method (Németh, 1999). It
should be noted, however, that it is no trivial matter to maintain the required
conditions for optimum yield. As with most agricultural methods, the entire
process is affected by a whole suite of environmental factors that influence both
the sclerotia yield as well as the ergot alkaloid yield per sclerotia (Németh,
1999). Furthermore, the parasitic nature of the ergot fungi adds another
dimension of complexity, where additional factors such as infection rates and
host effects on the variety of ergot alkaloids produced needs to be considered as
well. One large concern surrounding field cultivation is the extensive care
required to ensure the ergot infection does not spread beyond the desired
cultivation area. Due to the potential risk of an outbreak of ergotism in both
humans and livestock, ergot cultivation areas cannot be in the vicinity of any

farms cultivating susceptible cereal strains.



The efficiency of ergot cultivation would therefore benefit greatly if
they could be produced by fermentation, where the growth medium can be
better controlled to reduce undesired side products and improve yields.
Saprophytic culture of the ergot fungus is not a new concept; stationary surface
cultures were originally used for the production of infecting material in field
cultivation. These cultures involved the growth of the fungi either on the surface
of a solid or liquid medium (Malinka, 1999). While these were useful for
preparing infectious material, the surface area required makes it inadequate for
industrial-scale manufacturing. Submerged cultivation is currently the method
of choice for most microbial-based fermentation methods. Unfortunately, wild-
type ergot producers are usually filamentous in nature and only produce the
ergot alkaloids in planta. Special sclerotia-like strains adept for submerged
cultures have been developed through extensive strain development, but these
strains require constant selection to prevent any reversions or degeneration over
long-term storage and successive generations in scale-up production (Malinka,
1999).

Over the years, a fair amount of effort has been geared towards strain
engineering for reduced product variability and improved fermentation yields.
The use of synthetic biology tools to deliver a microbial cell factory for ergot
alkaloids presents an elegant solution to these persistent issues in ergot alkaloid
manufacture. Through this approach, a single directed heterologous pathway
could be grafted into each strain for the production of a single product,
immediately resolving the problem of producing multiple types of ergot

alkaloids that complicates the separation process. Developing such a strain
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would also undoubtedly be crucial in understanding the extent of ergot alkaloid
diversity.
1.3 A HETEROLOGOUS ERGOT PRODUCER: THE CURRENT STATE

The allure of a microbial cell factory capable of producing a singular
ergot alkaloid product that is unencumbered by the natural regulatory elements
in secondary metabolite biosynthesis has over the years attracted a fair amount
of interest. Several groups have had exemplary amounts of success engineering
certain parts of the pathway into a few heterologous systems, specifically in A4.
nidulans, A. fumigatus, and S. cerevisiae (Jakubczyk et al., 2015; Nielsen et al.,
2014; Robinson & Panaccione, 2014; K. Ryan et al., 2013). These
demonstrations have helped establish the necessary groundwork for our
understanding of the pathway.

Daniel Panaccione’s group first successfully demonstrated that the early
ergot pathway could be grafted from A4. fumigatus into A. nidulans, a model
organism of the Aspergillum genera that does not contain the ergot biosynthesis
gene cluster, for the production of chanoclavine-I. Their work tested out
combinations of the early pathway to chanoclavine-I and validated earlier easC
and easE knockout experiments from a bottom-up approach. This work
confirmed that both enzymes are required for the turnover of 4DMA into
chanoclavine-I (K. Ryan et al., 2013). They also identified the accumulation of
ergotryptamine in strains lacking easFE, suggesting that the decarboxylation of
4DMA is possibly independent of C-ring formation and that easC is the likely
candidate for the C10 hydroxylation of 4DMA (K. L. Ryan, Akhmedov, &

Panaccione, 2014).



The following year, they removed easA4 in A. fumigatus and replaced it
with an ortholog from Epichloe sp. Lp1. This strain was shown to have switched
from a festuclavine to an agroclavine producer, and the addition of c/loA4 from
Epichloe sp. Lp1 yielded an A. fumigatus strain capable of producing D-lysergic
acid (Robinson & Panaccione, 2014).

A parallel series of experiments was performed by Sarah O’Connor’s
group in S. cerevisiae, using the orthologs of dmaW, easF, easC, and easE they
had identified from A. japonicus. In their work, they identified signal peptide
sequences in easE and easC and showed that they were crucial for easE
function, presumably for its proper folding and generation of a holo-easE with
FAD within the cell’s ER, but not essential in easC (Nielsen et al., 2014). They
also found that different orthologs of easC and easE from different sources were
still be able to produce chanoclavine-I at similar levels. In a subsequent
publication, they reported successfully extending the pathway to the formation
of cycloclavine and festuclavine through the incorporation of easD, easA, easG,
and easH (all sourced from A. japonicus) to their yeast host (Jakubczyk et al.,
2015). Through some bioprocess optimization in a 1 L fermenter, they were
able to produce cycloclavine from their yeast strain at a reasonably high titre of

529 mg L1,

1.4 SKETCHING THE BLUEPRINT FOR A MICROBIAL ASSEMBLY
LINE

In spite of the success achieved in reconstituting parts of the ergot alkaloid
pathway described earlier, it should be noted that they were performed using
more traditional methods in molecular cloning designed for the purpose of the

heterologous expression of one or two proteins. While excellent for directed

15



16

studies of a few gene targets, they are not particularly suited for the
manipulation and optimization of large multi-component biosynthetic
pathways. Even in the landmark works by the Keasling group for the semi-
synthetic artemisinin project and the Smolke group’s complete biosynthesis of
the opioids, the methods employed to generate the ground-breaking constructs
were tedious and less than congenial to automation (Galanie, Thodey,
Trenchard, Interrante, & Smolke, 2015; Paddon et al., 2013).

A core tenet in synthetic biology is the ability to easily and rapidly iterate
through the “Design—=>Build—> Test=>Learn” cycle, where biological data may
be generated at a higher throughput to better match the pace of computational
tools used for modelling, and design-of-experiment to facilitate the intelligent
design and improvement of desired goals in a synergistic manner. At the heart
of this issue is finding a suitable DNA assembly method that would adequately
fulfil the requirements for this project. This would be ideally a system that
allows ample flexibility for the variation of modular parts yet simple enough to

be made compatible for automation and high-throughput construction.

1.4.1 BREWING THE NEXT WAVE OF ERGOT ALKALOID
PRODUCTION

The first consideration towards creating a microbial cell factory is the
choice of a host organism. From the engineering perspective, the host organism
serves as the “motherboard” on which the additional “hardware” and associated
“programming” are built on. Picking a DNA assembly method is then akin to
choosing a programming language that would need to be compatible with the

host.



For this project, S.cerevisiae or baker’s yeast was selected as the host
organism for a number of reasons. Firstly, the required post-translational
modification essential for the functional expression of the enzyme easE
(Nielsen et al., 2014) and the documented improved capability to express the
cytochrome P450 family of enzymes, which clo4 has been identified to belong
to (Gonzalez & Korzekwa, 1995). Secondly, S. cerevisiae is not filamentous in
nature, making it a more suitable host for the fermentative production of
chemicals. Thirdly, as a model organism, there exists a wealth of knowledge
that has been generated surrounding all aspects of its genetics, physiology, and
metabolism (Walker, 1998). This repository of information would greatly
facilitate the metabolic engineering and bioprocess optimization of the
developed strain. Lastly, the ongoing Sc.2.0 project promises an additional
platform for further strain engineering and optimization through the use of
SCRaMbLE (Jia et al., 2018). As the workhorse behind the millennia of
producing alcoholic beverages, the associated fermentation technology would
likely be easily translated to accommodate the new strains (Walker, 1998).

These points, in addition to its GRAS status and the comparative ease of
introducing large DNA fragments into the yeast genome through homologous
recombination, make it one of the most preferred hosts for the development of

microbial cell factories (Yuan & Alper, 2019).

1.42 YEASTFAB ASSEMBLY: A GENOME COMPILER

Given the increasing complexity in the design of genetic networks and
pathways that drive the field of synthetic biology, molecular biology toolkits
are required to be versatile, efficient, and compatible with automation. A

multitude of DNA assembly systems have since been developed to meet this
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need (Casini, Storch, Baldwin, & Ellis, 2015). These methods are usually
creative new ways of utilizing one or more of the classical methodologies such
as restriction-ligation technology, homologous recombination, or long overlap
PCR.

One system that most adequately meets the needs of this project is the
Golden Gate method. It is a restriction-ligation based technique that capitalizes
on the unique ability of type IIS restriction enzymes to cleave DNA a few bases
down from its recognition site. This allows the user to define the overhanging
sequences used and enables the concatenation of multiple DNA fragments in a
predefined order all within a single reaction tube (Engler, Kandzia, &
Marillonnet, 2008). Amongst the many Golden Gate systems available, the
YeastFab assembly method provides a framework that would fit the desired
workflow of this project with the fewest modifications (Guo et al., 2015).

Essentially, the system standardizes the core parts — promoters, ORFs,
and terminators, on to entry-level vectors. These vectors can be hierarchically
mixed and matched together to form assorted transcriptional units or “POTs”
followed by pathways. The assembled pathways can be integrated via
homologous recombination into the HO locus of their developed acceptor strain
(JDY52) or into their designed plasmid (Figure 1-4).

To accommodate the workflow for this study, the pathway acceptor
plasmids and the loci for genomic integration were modified to allow a direct
assembly of the pathway into a pathway acceptor vector and integration onto
sites within the genome of any S. cerevisiae S288C-derived strain. The details

of these modifications are discussed in Chapter 2.
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expression cassettes from standardized biological parts. Adapted from Guo et. al., 2015

19



20

1.4.3 DESIGN- BUILD-> TEST-> LEARN

The reconstitution of the ergot alkaloid pathway to D-lysergic acid in
yeast involves the heterologous expression of the eight enzymes that catalyse
the six chemical transformations from L-tryptophan (Figure 1-5A). The
approach taken for this project was to reconstruct the pathway in segments,
partitioned at crucial points in the pathway whose products are easily detectable.
The segments were built in E. coli and tested in yeast. They were initially
screened as plasmids then subsequently integrated into the genome. This
approach facilitated the troubleshooting process as well as enabled each prior
strain to serve as a control for each subsequent strain.

Given the lack of commercially available standards for most of the
pathway, a preparative strain serving as a negative control for each extension to
the pathway was essential for demonstrating the creation of a new product
(Figure 1-5B). This also confers the advantage of having strains at points along
convenient branch points of the pathway to easily probe diverging directions
down alternative branches in the ergot alkaloid pathway.

In the development of the next-generation of microbial cell factories for
the production of ergoline-derived therapeutics, the aims of this study are:

1) The characterization of a set of yeast expression tools in the YeastFab
assembly framework for rapid, modular pathway construction and
optimization.

2) The complete reconstitution of the ergot alkaloid biosynthesis pathway to D-

lysergic acid in Saccharomyces cerevisiae.
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strategy towards reconstituting the biosynthetic pathway to D-lysergic acid in
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CHAPTER 2: LAYING THE FOUNDATIONS FOR A MICROBIAL
CELL FACTORY

2.1 INTRODUCTION

Secondary metabolites such as the ergot alkaloids and numerous other
biologically active compounds are typically biosynthesized through long and
tenuous pathways. These pathways, more often than not, are comprised of
several enzymes and are usually complexly regulated. The reconstitution of
these pathways in more amenable heterologous hosts through traditional
cloning methods are extremely tedious and time-consuming. The key challenge
for the adaptation of a bio-based chemicals economy, built on microbial cell
factories, is that first generation strains typically produce minute quantities of
the target compound (Galanie et al., 2015). Extensive optimization is then
required to try bring their yields and titres up to commercially competitive
levels. Unfortunately, most of these prototypes are abandoned because the costs
of further optimization are prohibitive and design optimization entails the
reconstruction of the pathway painstakingly from scratch.

This project aims to design and build the ergot alkaloid pathway in yeast
with the considerations of these issues in mind. The use of the Golden Gate
methodology with the help of automation, should enable any further
downstream pathway optimization and redesign to be performed rapidly, once
the biological parts and major issues have been ironed out from the first
iteration. To this end, the YeastFab assembly method was selected amongst the
many available Golden Gate kits. The advantage of this system over the
conventionally more popular kits such as the MoClo system (M. E. Lee,

DeLoache, Cervantes, & Dueber, 2015), is the reduced number of parts for each



assembly reaction. In the many Golden Gate systems described in the literature,
a common reported finding is that the assembly efficiency decreases as the
number of assembly fragments increases (Engler et al., 2008). Given the large
nature of this particular pathway, it would be prudent to limit the number of
assembly fragments as much as possible - a trade-off in assembly flexibility for
a higher degree of assembly efficiency.

The YeastFab assembly kit however, is not without its limitations.
Firstly, it depends on the homologous recombination machinery in yeast to affix
the assembled pathway onto either their pathway acceptor vector or onto the
specially modified HO locus within their unique strain, JDY52. While S.
cerevisiae has been shown to be an efficient system for the recombination of
DNA, it is not the most suitable host to attempt to rapidly iterate through the
design—>build>test cycle. The doubling time for E. coli is half that of yeast
(Plank & Harvey, 1979; Salari & Salari, 2017), which makes E. coli a much
more attractive host to rapidly iterate through the cloning and assembly process.
Furthermore the screening process of yeast transformants is complicated by the
presence of a tough chitinaceous cell wall, this is not present in E. coli and hence
simplifies and expedites the screening process.

Secondly, the YeastFab assembly kit offers only one integration locus
for pathway construction. While it is theoretically possible to affix the entire
pathway onto the site, having a single massive modification on one point in the
genome would unlikely produce a very stable strain. It would be more prudent
to distribute smaller parts of the pathway over multiple sites in the design of a

stable production strain. Having multiple integration loci would also allow for
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the incorporation of multiple copies of the same gene, thus enabling another
method for expression level and metabolic flux tuning.

Lastly, the strain JDY52 used in the YeastFab system is a tryptophan
auxotrophic strain. Building a pathway that utilizes tryptophan as the starting
material in such a host would decouple the pathway from central metabolism
and require to be constantly supplied with exogenous tryptophan for the
production of D-lysergic acid as well as cell growth. A more efficient design
would utilize a strain that allows for the pathway to tap into central metabolism
and produce the desired products from the most economical feedstock available.
It is hence imperative to adapt this system to fulfil these requirements prior to

the assembly of the pathway..



2.2 MATERIALS AND METHODS
2.2.1 ADAPTATIONS TO THE YEASTFAB SYSTEM

The pathway acceptor plasmids and genome integration plasmids were
created through Gibson Assembly using their published method (Gibson et al.,
2009). For the genome integration plasmids, they were assembled from five
fragments, each containing a separate vector element. The first fragment
containing the URR2-URA3-URR2 was created via overlap PCR of the URR2
regions and the URA3 marker before being assembled with the remaining
fragments. The second fragment containing the RFP expression cassette is
flanked by the pathway insertion sites, which were amplified from the
HCKan_O vector of the original YeastFab suite of plasmids. The third fragment
containing the Amp resistance gene and the ColE1 origin of replication was
amplified by PCR from the POT vectors of the original YeastFab suite of
plasmids. The fragments containing the upstream and downstream genome
integration homology regions were amplified from S.cerevisiae S288C genomic
DNA by PCR. The integration sites chosen were based on reported integration
efficiency and expression levels for those loci from the Nielson and Keasling

groups (Table 2-1) (Apel et al., 2016; Bai Flagfeldt, Siewers, Huang, & Nielsen,

2009).
Table 2-1: List of constructed genome integration plasmids
Plasmid Integration locus Chromosome Reference

pGAU-YMRW-RFP YMRWALIS Chr. XIII

pGAU-YPRC-RFP  YPRCAIS  Chr.xvi (B4 Flz%f)e;?t etal,
pGAU-YORW-RFP YORWAL17 Chr. XV

pGAU-A308-RFP ARS308 Chr. 111

(Apel et al., 2016)

pGAU-A208-RFP ARS208 Chr. IT
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The same strategy was used for the creation of the pathway acceptor
plasmids (Table 2-2) and they were assembled from four fragments. The
fragments containing the Kan resistance gene and ColE1 origin, and the RFP
cassette flanked by the pathway insert sites were amplified by PCR from the
HCKan_O plasmid. The fragments containing the yeast origin of replication (2-
micron/ CEN-ARS) were amplified from pYES2/CT and the POT vectors
respectively. The last fragment containing the yeast selection marker (URA3/
HIS3/ LEU2) were amplified by PCR from the POT vectors, pMV-HIS3, and
pMV-LEU2 respectively. Both sets of pathway acceptor plasmids and genome

integration plasmids were verified by sequencing and restriction digest.

Table 2-2: List of constructed pathway acceptor plasmids

.. Yeast origin of Yea§t E.coli origin of E. co.ll
Plasmid . selection .o selection
replication replication
marker marker
pMKU 2-micron URA3 ColEl Kan®
pMKH 2-micron HIS3 ColEl Kan®
pMKL 2-micron LEU2 ColEl Kan®
pCKU CEN-ARS URA3 ColE1 Kan®
pCKH CEN-ARS HIS3 ColEl Kan®
pCKL CEN-ARS LEU2 ColE1 Kan®R

2.2.2 IDENTIFICATION AND CLONING OF BIOLOGICAL PARTS
2.2.2.1 PROMOTERS AND TERMINATORS

The promoters used in this project were chosen from the database
published by the Promoter Database of S.cerevisiae (SCPD)(Zhu & Zhang,
1999). The selected promoters were chosen by the virtue of them having been
characterized in other studies; this allowed for easy cross-reference when
validating the promoter strength data produced in this study. Despite the

extensive research done on baker’s yeast, there is still a lack of understanding



surrounding its promoter sequence architecture. To simplify what constitutes a
yeast promoter sequence and for modularity, each promoter is defined to be the
sequence -500 base pairs to 0 upstream of its corresponding open reading frame.
The selected promoters are thus named after the gene in the open reading frame
they drive.

For this project, 19 such sequences were chosen and are listed in Table
2-3. They were amplified from the genomic DNA of S.cerevisiae S288C and
cloned into the HCKan_P vectors and the pGY 026 vector using the Golden Gate

method and verified by sequencing.

Table 2-3: List of promoter sequences cloned from S.cerevisiae S288C

Promoter Abbreviated Promoter Abbreviated Promo tel‘Abbreviated
Number Number Number

ENO2 1 GPM1 8 RPL3 -
PDCl1 2 PDA1 9 HXT7 -
PGK1 3 PGI1 10 ACT1 -
PYK1 4 RPL8B 11 YEF3 -
TDH2 5 RPLI15 12 TEF1 -
TEF2 6 TDH3 13

TPI1 7 SSA1 14

Terminator sequences used in this project were selected from a
published database that were characterized for their effect on transcription and
translation (Yamanishi et al., 2013). Similar to the promoter sequences, they
were defined as the region beginning after the stop codon of an open reading
frame to +500 base pairs downstream.

From the database, 17 sequences with the smallest difference in

expression strength were chosen. To reduce the complexity and possible
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number of promoter-gene-terminator combinations, each gene was arbitrarily
assigned a terminator sequence in the course of developing the prototype strain
(Table 2-4). The selected sequences were amplified from genomic DNA of
S.cerevisiae S288C and cloned into the HCKan T vectors using the same

Golden Gate protocol and verified by sequencing.

Table 2-4: List of terminator sequences cloned from S.cerevisiae S288C. Genes
in red represent the genes not involved directly with the enzymatic pathway.

Systematic Gene Relative expression strength Assigned
Name Name (tPGK1) gene
YHLO15W RPS20 1.953 eask
YDRI165W TRMS82 1.959 EROI
YKROO01C VPSI1 1.961 PDI1
YGL161C YIPS 1.967 easC
YDR368W YPRI1 1.968 easD
YLR206W ENT2 1.971 dmaW
YERO31C YPT31 1.977 easA
YBL064C PRX1 1.982 easF
YHLO39W EFM1 1.983 FADI1
YKL135C APL2 2.022 easG
YDR206W EBS1 2.104 -
YDL223C HBTI 2.110 -
YLRO029C RPLI5A 2.123 -
YDL133C-A RPL41B 2.127 cloA
YDR382W RPP2B 2.144 NCP1
YBR127C VMA2 2.146 -
YIL043C CBRI1 2.156 mKOK
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2.2.2.2 IDENTIFICATION, CLONING, AND PURIFICATION OF dmaW
AND easF

The first two enzymes of the ergot alkaloid pathway, dmaW and easF, have
been studied extensively and a structure previously obtained for dmaW
(Metzger et al., 2009; Rigbers & Li, 2008; Stec et al., 2008; Unsold & Li, 2005).
The gene sequences were codon-optimized for yeast expression and synthesized
into pET15b vectors by Genescript (Table 2-5). Using the synthesized genes as
templates, they were amplified by PCR and cloned into the HCKan_O vectors

via Golden Gate assembly for use in the YeastFab assembly system.

Table 2-5: List of genes used and their source

Gene Source PDB ID Uniprot ID Reference

dmaW  Aspergillus fumigatus 314X  QS0ELO (Metzger et al., 2009)
easF Aspergillus fumigatus - Q4WZ60 (Rigbers & Li, 2008)

The proteins were also recombinantly expressed in E.coli BL21(DE3)
using the pET15b constructs. Cells were grown in 2YT media to an ODsoo of
0.7 at 37 °C, prior to induction with IPTG (2 mM) at 20 °C for 20 hrs, before
they were harvested by centrifugation at 4 °C, 5000 rpm for 10 mins.

Harvested cells were resuspended in binding buffer (5 mM imidazole,
0.5 M NacCl, 20 mM Tris-HCI, pH 7.9) at 4 °C and lysed via sonication. Cell
debris was removed by centrifugation at 15000 rpm for 20 mins at 4 °C. All
subsequent purification steps were done at 4 °C. The cell supernatant was added
to 200 uL of Ni>*-NTA chelating sepharose resin equilibrated in binding buffer.
This was incubated for 30 mins with shaking at 140 rpm. The resin was washed
three times with 2 mL wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM

Tris-HCI, pH 7.9) for 5 mins with shaking at 90 rpm for each washing step. The
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bound protein was eluted twice from the resin with 500 uL of His-Elute buffer
(100mM L-histidine, 0.5M NaCl, 20 mM Tris-HCI, pH 7.9) for 10 mins with
shaking at 70 rpm. The fractions were analysed using SDS-PAGE (Appendix
AS5-1). Fractions containing the protein were concentrated using 3 kDa
molecular weight cut-off (MWCO) Ultra-0.5 spin filters (Amicon). The protein
solution was dialysed against the storage buffer containing 50 mM Tris-HCI,

pH 7.5, 5 mM CaCls, 50% glycerol and subsequently stored at -20 °C.

2.2.3 GOLDEN GATE ASSEMBLY

The golden Gate assembly mixture (10 uL) contained 10 U of either
Bsal-HF (NEB)(HCKan/ pMKU assembly) or Esp3l (NEB)(POT/ pGAU
assembly) with 0.5 U of T4 DNA ligase (Thermo Scientific) and an equimolar
mixture of part vectors (HCKan P, HCKan O, and HCKan_T) and acceptor
plasmid in 1X T4 DNA ligase buffer (Thermo Scientific) and 10X BSA (NEB).
The reactions were carried out at 37 °C for 10 mins, followed by 25 cycles of
37 °C for 5 mins, 25 °C for 10 mins, before finishing with 50 °C for 20 mins
and 80 °C for 20 mins.

The reaction mixture was directly used for transformeation in NEB10b
chemically competent cells. The colonies were selected on either LB kanamycin
(HCKan or pMKU) or LB ampicillin (POT/ pGAU) plates. The colonies were
then screened for the presence of the gene by colony PCR and further analysed

by restriction enzyme digestion or sequencing.



2.24 CHARACTERIZATION OF PROMOTER STRENGTHS
2.2.4.1 FLUORESCENT PROTEIN EXPRESSION

The sequence-verified pGY026 vectors containing the promoter inserts
were transformed into chemically competent S.cerevisiae BY4741 cells (Gietz
& Schiestl, 2007). Transformed cells were selected on SC-URA-LEU plates
with 2% glucose.

Three separate colonies per promoter construct were picked and patched
onto a fresh SC-URA-LEU plate. The patched colonies were then grown in 10
ml SC-URA with 2% glucose at 30 °C overnight; each construct was sub-
cultured in 10 mL SC-URA 2% glucose at a 1:1000 dilution and grown at 30
°C. After 24 and 48 hrs, an aliquot of 100 uL from each culture was removed
and its fluorescence signal was measured at 530 nm for yeCitrine and 610 nm
for mCherry using the BioTek Synergy H1 microplate reader with a gain value
of 50. The fluorescence signal of yeCitrine was first normalized to the
fluorescence signal of mCherry to account for plasmid copy number and cell
density. The value of promoter strength was normalized against the value of the

weakest promoter, PDC1.

2.2.4.2 PRODUCTION OF DMAT

The ensemble of assembled pMKU vectors containing dmaW driven by
the various promoters were transformed in chemically competent S.cerevisiae
BY4741 cells as described earlier and selected on SC-URA plates supplemented
with 2% glucose.

Three independent colonies for each promoter construct were picked
and patched onto a fresh SC-URA plate. Each clone was then grown in 10 mL

SC-URA with 2% glucose at 30 °C for 48 hrs. A 1 mL aliquot of spent media

31



32

was filtered through a 0.2 um PTFE syringe filter and analysed for the presence
of DMAT using LC-MS. An estimate of the relative amounts of DMAT
produced in each construct was obtained from the extracted ion chromatograms
at m/z 257.1598 £+ 20 ppm. These values were then normalized against the

PDC1 driven construct.

2.2.5 IN VITRO BIOSYNTHESIS OF DMAT AND 4DMA

The in vitro biosynthesis of DMAT was prepared in a 60 uL reaction
volume containing 50 mM Tris-HCl, pH 7.5, 5 mM CaCl,, 1 mM L-tryptophan,
1 mM DMAPP, and 10 uL purified dmaW. The reaction was incubated at 30 °C
for 18 hrs. The reaction was stopped by filtering off the enzyme using a 3 kDa
MWCO Ultra-0.5 spin filters (Amicon). The sample was either stored at -20 °C
or immediately analysed using LC-MS. The in vitro biosynthesis of 4DMA was

prepared similarly but with the addition of 1 mM SAM and 10 uL purified easF.

2.2.6  GENOMIC INTEGRATION AND /N ViVO PRODUCTION OF
4DMA

The linear DNA fragments to be integrated into the yeast genome were
released from their pGAU vectors by restriction digest with Bsal-HF and
subsequently gel purified. The linear DNA inserts were then transformed into
chemically competent S.cerevisiae BY4741 cells. Transformed cells were
selected on SC-URA plates with 2% glucose, and screened by performing a
quick genomic DNA extraction followed by PCR (Looke, Kristjuhan, &
Kristjuhan, 2011). The verified clones were then grown in 10 mL SC-URA
supplemented with 2% glucose at 30 °C, for 48 hrs. A 1 mL aliquot of spent
media was filtered through a 0.2 um PTFE syringe filter analysed for the

presence of 4DMA using LC-MS.



2.277 LC-MS ANALYSIS OF SAMPLES

All LC-MS analysis were performed using the Agilent 1290 Infinity LC
System with an Agilent Zorbax Eclipse Plus C18 column, 2.1 x 100 mm
dimensions, 1.8 um particle size. The samples were loaded into the column and
eluted over a stepped gradient of Buffer A (water with 0.1% formic acid) and
Buffer B (acetonitrile with 0.1% formic acid) at a constant flow rate of 0.5 mL
min!'. The column was washed with the following buffer programme — 95% A/
5% B for 0.6 mins; 65% A/ 35% B for 2.6 mins; 1% A/ 99% B for 4.6 mins;
100% B for 2 mins. The column was re-equilibrated at 95% A/ 5% B for 1 min
after every analysis.

The mass analysis was done using the Agilent Technologies 6550
iFunnel QTOF. The acquisition parameters were set to acquire MS data from
an electrospray ionization source on positive mode for a mass range of m/z =
50 — 1000 m/z, at a scan rate of 3 spectra s'. The instrument parameters were
set at gas temperature: 200 °C, gas flow: 12 L min'!, nebulizer: 50 psig, sheath
gas temperature: 350 °C, sheath gas flow: 11 L min!. The scan source
parameters were set at VCap: 4500 V, Nozzle voltage: 0 V, Fragmentor: 110 V,

Skimmer: 65 V, Octopole RF peak: 750 M.
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2.3 RESULTS AND DISCUSSION
2.3.1 ADAPTING YEASTFAB ASSEMBLY

In the envisioned workflow for this project, the pathway segments were
quickly designed, built, and screened first in E. coli before testing them for
functionality in yeast. The YeastFab workflow was thus remodelled to
accommodate this by the creation of new pathway acceptor vectors and a new
suite of genome integration vectors (Figure 2-1A). Performing the molecular
work using E. coli as the host would reduce the time taken for the assembly of
pathway segments into testable plasmids from four days to one day.
Additionally, the screening process would be greatly ameliorated because
colony PCR can be performed easily and reliably in E. coli.

A series of pathway acceptor plasmids were created from the ensemble
of vector elements available. A total of six new pathway acceptor plasmids were
assembled, one for each combination of yeast origin of replication (2-micron/
CEN-ARS) and selection marker (URA3/ HIS3/ LEU2) (Figure 2-1B). This
suite of vectors were designed to accommodate the 4-base overhang prefix of
either POT1 or POT2 and the terminal 4-base overhang from the odd numbered
POT-s.

Further in line with this project’s workflow, a series of genome
integration vectors were designed as well, to accept the pathway segments once
they have been tested. These integration vectors were designed with a URA3
selection marker flanked by the 500 bp URR sites, which are uniquely
homologous to each other but not to anywhere else within the yeast genome
(Richardson, Nunley, Yarrington, Boeke, & Bader, 2010). These sites were

originally used in the YeastFab assembly as recombination sites at the HO locus



or onto their pathway acceptor vector. In this design, the URR sequences
allowed for the removal of the URA3 selection marker by homologous
recombination upon counter-selection with 5-fluoroorotic acid (SFOA). This
also enabled the recycling of the same selection marker for integration at
alternative sites (Figure 2-1C).

The different regions on the yeast genome are known to affect the
propensity for the acceptance of inserts, as well as the overall transcription and
expression levels. The genome integration loci chosen and used for the creation
of this suite of integration vectors were selected based on the loci
characterization data from earlier studies (Apel et al., 2016; Bai Flagfeldt et al.,

2009).
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2.3.2 CHARACTERIZATION OF PROMOTER STRENGTHS
2.3.2.1 FLUORESCENT PROTEIN EXPRESSION

After adapting the YeastFab system, the next foundational requirement
is a library of biological parts which the pathway will be built from. Biological
parts such as promoters, open reading frames (ORFs), and terminators are
required to be standardized and “domesticated” into the system. Different
endogenous yeast promoters that have been previously characterized in other
systems were tested for functionality in the context of the YeastFab expression
cassette.

Eighteen promoters were cloned upstream of a yeCitrine reporter on the
promoter characterisation plasmid (pGY026) used in the YeastFab study
(Figure 2-2A). The characterization plasmid contained an mCherry expression
cassette which acted as a more reliable measure for copy number and cell
density. The expression of yeCitrine by the promoters was used to predict the
expression of the target enzymes in the ergot alkaloid pathway.

The eighteen promoters tested were found to fall roughly into three
groups of expression levels after 24 hrs: strong, medium, and weak (Figure 2-
2B, C, D). The measured relative promoter strengths generally corroborated
with existing published data at the level classifying them into strong, medium,
or weak promoters (Partow, Siewers, Bjorn, Nielsen, & Maury, 2010). The
specific orders of relative promoter strengths within each class however did not
agree completely with the existing data. These were to be expected when
considering the variations in experimental conditions used, the exact length and

sequence used to define a “promoter” sequence, as well as the overall
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architecture of the test construct and the different linker lengths and sequences

used by the different studies.
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Figure 2-2: Characterization of yeast promoter strengths based on expression of
fluorescent proteins. (A) Illustration of the characterization plasmid used for this
experiment. (B) Strong promoters. (C) Medium promoters. (C) Weak promoters.
Error bars represent standard deviation of calculated values from three biological
replicates.

Interestingly, this double cassette system appeared to highlight some
competition between the two cassettes. The 48 hr measurements for most
promoters appear to drop whilst the reading for the TEF2 promoter on both
yeCitrine and mCherry increased at the later phase of cell growth. It is useful to
note such effects for pathway optimization; to capitalize on the effects of
diauxic shifts to channel expression of late stage pathway enzymes. This
experiment nevertheless suggested that the established methodology should

adequately reflect the functionality of the procured promoter sequences in the

context of the 4-base linker between promoter and ORF.



2.3.2.2 PRODUCTION OF DMAT

With a functional set of promoter sequences, the following step was the
validation of the assembled expression cassettes. Most fortunately, the first
enzyme of the ergot pathway, dmalV, has been extensively studied and shown
to be very well-disposed to heterologous expression. It was hence elegantly
situated to allow the validation of the relationship between expression strength
and enzymatic turnover capacity, the adapted YeastFab pipeline, and the
demonstration of the first reaction of the ergot pathway all at once.

A matrix of dmaW expression cassettes was constructed with 14 of the
previous 18 promoters and was used to test the pathway acceptors (Figure 2-
3A). In order to reduce the complexity and combinations to be tested throughout
this project, each of the pathway enzymes were arbitrarily assigned a fixed
terminator. The 14 dmaWW expression cassettes were assembled with a GAL1
driven yEGFP on an odd numbered POT vector onto the pMKU-RFP pathway
acceptor and screened for the production of DMAT. From the LC-MS analysis
of the spent media from the tested constructs, a compound with an [M+H]" of
m/z = 273 was consistently detected to elute at around 199-201 s (Figure 2-3C),

suggesting the successful production of DMAT in all constructs (Table 2-6).
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Figure 2-3: Characterization of yeast promoter strengths by production of DMAT. (A) Illustration of the assembly process to generate pMKU-dmaW
plasmids. (B) Reaction catalysed by dmaW producing DMAT. (C) Overlaid extracted ion chromatograms for 273 m/z of the analysed samples showing
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Table 2-6: Exact mass and retention time of DMAT detected

Promoter Calculated Observed Mass error R§tention
m/z m/z o (ppm) time (s)
1 273.1598 273.1602 1.46 199.2
2 273.1598 273.1609 4.03 199.8
3 273.1598 273.1604 2.20 199.2
4 273.1598 273.1600 0.73 201.0
5 273.1598 273.1600 0.73 199.8
6 273.1598 273.1626%* 10.25 201.0
7 273.1598 273.1619%* 7.69 200.4
8 273.1598 273.1618%* 7.32 200.4
9 273.1598 273.1603 1.83 199.8
10 273.1598 273.1599 0.37 200.4
11 273.1598 273.1602 1.46 199.2
12 273.1598 273.1605 2.56 198.6
13 273.1598 273.1624%* 9.52 200.4
14 273.1598 273.1599 0.37 199.9

*: denotes saturating ions.

The estimation of the relative amounts of DMAT, produced by each
construct largely corroborated with the earlier expression strength data
measured from the expression of fluorescent proteins (Figure 2-3D), with two
exceptions. The constructs driven by the TPI1 and PDA1 promoters performed
very differently when compared with the expression of fluorescent proteins. The
two promoters were found to be weak in the expression of fluorescent proteins,
but were found to be among the strongest promoters when assessed for DMAT
production. This observation suggested that when these promoters with shared
transcriptional regulatory elements are place in proximity to each other, they
exert some form of cis-regulatory effects on one another that is likely due to
some form of competitive binding to these regulatory elements or transcription
factors. A review of the existing literature reporting identified transcriptional

regulatory elements of the genes TPI1, PDAI, and TEF2 revealed that several
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of these regulatory elements are common to these genes (Appendix Al-1) (Z.
Hu, Killion, & Iyer, 2007; Lickwar, Mueller, Hanlon, McNally, & Lieb, 2012;
Venters et al., 2011). The removal of these promoters in proximity to one
another in the DMAT production experiment, releases this competitive
suppression.

DMAT is not commercially available; thus, DMAPP and tryptophan
were incubated with purified dmaW to catalyse the biosynthesis of DMAT. This
was used for the verification and characterization of DMAT production. A
comparison of the products from the in vitro and in vivo biosynthesis showed a
similar compound being eluted at around 200-201 s with an [M+H]" that is
within 20 ppm of the theoretical DMAT value of 273.1598 (Figure 2-4).
Furthermore, the fragmentation patterns observed in both experiments show the
similar production of two simple fragment ions from the cleavage of the amine
group and the C10-C11 bond on the dimethylallyl moiety. Analysis of the
fragments again showed that they are within 20 ppm of their respective
theoretical values (Table 2-7).

Overall, the observed DMAT production levels from the dmaW
promoter matrix would serve as a better indicator of the effects the different
promoters would have on enzyme expression levels and therefore substrate
turnover. This data served as a guide towards the selection of strong promoters
as the prototype strain was developed. The successful use of the new pathway
acceptors also demonstrated their functionality and successful remodel of the
YeastFab workflow.

Additionally, this experiment has also highlighted the issue of potential

promoter crosstalk that could occur when promoters sharing similar regulators



are in close proximity to one another. Whilst this would be an important and
interesting aspect of such a system, it is not the focus of this work and was not

pursued further.
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Figure 2-4: Comparison of retention time and mass spectra of DMAT produced in vivo (A) and in vitro (B). Mass spectra of both compounds show
similar fragment ions. Structures of the simplest hypothesized fragment ions shown for comparison.
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Table 2-7: Exact mass of the simplest fragment ions from DMAT

Observed m/z Mass Error 6 (ppm)
F Calculated
ragment m/z TEF2-  Inviro  TEF2-  Invitro
dmaW assay dmaW assay
- NH: 256.1338  256.1339 256.1376* 0.58 15.03
- C4Hy 217.0977  217.0980 217.1015* 1.38 17.50

*: denotes saturating ions

2.3.3 TESTING GENOME INTEGRATION SITES WITH 4DMA
PRODUCTION

Following the successful demonstration of the production of DMAT and
the functional validation of the pathway acceptor plasmids, this next experiment
sought to test the genome integration plasmids created, as well as expand the
pathway to the second reaction for the production of 4DMA (Figure 2-5B).
Following the modified YeastFab workflow outlined earlier (Figure 2-1A),
dmaW and easF were assembled into POTs driven by the TEF2 and GPM1
promoters respectively. These POTs were then condensed onto a pMKU
plasmid and moved onto the genome integration vector, pGAU-YMRW, for
integration at the YMRWALS5 loci to create the strain illustrated (Figure 2-5A).
This strain was found to produce a compound with an [M+H]" of 273 m/z that
eluted at around 201 s and a second compound with an [M+H]" of 287 m/z that
eluted at around 206 s (Figure 2-5C), that alluded to the production of DMAT
and 4DMA.

As with DMAT, there is no commercially available standard for ADMA.
The earlier in vitro DMAT biosynthesis catalysed by dmaW was expanded to
include SAM and purified easF. The reaction mixture contained DMAPP,
tryptophan, SAM, dmaW, and easF produced a compound with an [M+H]" of

287 m/z that eluted at around 207 s (Figure 2-5D). A comparison of the mass
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spectra of both in vivo and in vitro products showed the accumulation of a
compound with an [M+H]" within 20 ppm of the theoretical 4DMA value of
287.1598 m/z (Table 2-8). Analysis of the fragmentation patterns showed the
production of similar fragment ions for the cleavage of the methylamino group
and dimethylallyl moiety, all within 20 ppm of the theoretical values (Table 2-

9).
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Figure 2-5: Integration of dmaW and easF into the yeast genome for a 4DMA
producing strain. (A) Illustration of the strain created. (B) Reactions catalysed by
the strain containing dmaW and easF converting tryptophan to DMAT and
4DMA. Comparison of the extracted ion chromatograms and mass spectra for in
vivo (C) and in vitro (D) biosynthesized 4DMA.

Lending further support to the determination that these compounds
observed are DMAT and 4DMA, is the nature of the major fragment ions were
determined. The first fragment of 4DMA, obtained from the cleavage of the

methylamino group produces the same fragment expected from the cleavage of



the amino group from DMAT. The second fragment of 4DMA, obtained from
the cleavage of the dimethylallyl moiety, is exactly 14 m/z larger than the
fragment from DMAT of the same cleavage site. This accounted for the

appended methyl group in the reaction of DMAT to 4DMA from SAM.

Table 2-8: Exact mass and retention time of DMAT and 4DMA detected
Mass Error o

Observed M/z Retention time (S)
C Calculated (ppm)
ompound
M/z YMRW-  Invitro YMRW- Invitro YMRW- In vitro
WeFs assay WeFs assay WikF's assay
DMAT 273.1598  273.1620 273.1648%* 8.05 18.30 201 203
4DMA 287.1754  287.1790* 287.1792* 12.54 13.23 206 207

*: denotes saturating ions

Table 2-9: Exact mass of the simplest fragment ions from 4DMA

Observed m/z Mass Error 6 (ppm)
F ¢ Calculated
ragmen m/z YMRW- In vitro YMRW- In vitro
WeFs assay WeFs assay
- NHCH3 256.1338 256.1359 256.1356* 8.20 7.03
- C4H7 231.1134 231.1153* 231.1155* 8.22 9.09

*: denotes saturating ions

While it might appear concerning that the mass error for several of the
detected compounds are relatively large (>10 ppm) for high-resolution mass
spectrometry, a much larger tolerance for error is acceptable in the accurate
determination of small molecules (<300 Da) because the permutations possible
for a compound consisting of carbon, nitrogen, hydrogen, and oxygen are still
relatively limited (Stoev, Xuan, Peycheva, & Scigelova, 2012). Furthermore,
the samples with the larger errors observed are an artefact of peak broadening
due to the saturation of the QTOF detector. This issue is easily resolved in

subsequent iterations of LC-MS method development.
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This experiment has suitably demonstrated the successful use of the
newly expanded YeastFab system. This section showed the creation of a yeast
strain harbouring the first two enzymes of the ergot alkaloid pathway. This

served as the foundation on which the next few chapters were built upon.



CHAPTER 3: BUILDING THE EARLY ERGOT PATHWAY TO
CHANOCLAVINE-I
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3.1 INTRODUCTION

The inclusion of two more enzymes is required to complete the early
ergot pathway which is common to all ergot alkaloid-producing organisms.
These two enzymes, easC and easE, have been previously identified to be
responsible for the double oxidation event that circularizes the ergoline C ring
to produce chanoclavine-I (Figure 3-1A) (Lorenz et al., 2010; Nielsen et al.,
2014; K. Ryan et al., 2013). An early study on this reaction, using isotopic
labelling, showed that the oxygen atom on the hydroxyl group in chanoclavine-
I'is from molecular oxygen (Kozikowski et al., 1993). This information, coupled
with sequence similarity of easC to iron-heme catalases (Figure 3-1B) and easE
to FAD-dependent berberine-bridge type oxidase enzymes (Figure 3-1C), has
led to several hypotheses about the role each enzyme performs (Kozikowski et
al., 1993; Kozikowski, Wu, Shibuya, & Floss, 1988).

Efforts to produce direct experimental validation for these hypotheses
however, have not met with much success. This was largely because of the
difficulty met by various groups in their attempts at the heterologous expression
and purification of easE (Nielsen et al., 2014). Most studies have been in fungi
that are very closely related to the source of the easE sequence used. The most
successful “truly” heterologous expression of easE was performed by Sarah
O’Connor’s group, using an ortholog of easE identified from Aspergillus
Jjaponicus (Jakubczyk et al., 2015; Nielsen et al., 2014). Even so, they were
unable to purify the enzyme to adequately validate any of the proposed reaction

mechanisms of the ergoline C ring formation.
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Figure 3-1: (A) The early ergot alkaloid pathway leading to chanoclavine-I
formation. The focus of this chapter is the extension of the pathway from 4DMA
to chanoclavine-1. (B) Heme catalase active site from the peroxisomal catalase of
Hansenula polumorpha, PDB ID: 2XQ1. (C) Predicted model of the active site in

easE_Aj. This model was created using the Phyre2 web portal (Kelley, Mezulis,
Yates, Wass, & Sternberg, 2015).

Bioinformatics analysis of the sequence of easE suggests its relation to
bicovalently-bound FAD-dependent oxidases that require a certain degree of
post-translational modification to be functionally expressed. This might account
for the difficulty expressing it in prokaryotic hosts. Another common and
plausible explanation is the erroneous prediction of the amino acid sequence.
These errors are usually due to the difficulty in accurately identifying the introns
and exons from DNA sequences and are not just limited to the ergot gene

clusters, but for most eukaryotic gene structures (Brent & Guigo, 2004).
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The approach taken for this part of the study was to find a diverse pool
of easE orthologs in the hope that at least one would be successfully and
functionally expressed. A Sequence Similarity Network (SSN) was generated
using the sequence of easE from A. japonicus as the query. A set of orthologs
was then selected from the predicted isofunctional cluster of easE and screened
for expression and function in yeast. The best performing combination was
incorporated into the prototype strain, completing the early pathway to the next

stably accumulating intermediate, chanoclavine-I.



3.2 MATERIALS AND METHODS

3.2.1 CREATING AN ENTRY-LEVEL VECTOR FOR APPENDING
SUMO-TAGS

The construction of an ORF entry-level vector that appends a SUMO-
tag on the N-terminal site of the insert ORF was performed in two stages. The
first stage involved the replacement of the MCS region within a pET28M-
SUMO vector with the Golden Gate assembly insertion region from HCKan_O.
This was done by linearizing pET28M-SUMO around the MCS region by PCR,
using the primers to append the Bsal recognition sites and the 4-base prefix and
suffix at its ends. The Golden Gate insert region from HCKan O was then
released by Esp3i digestion, gel purified, and ligated onto the linearized
pET28M-SUMO fragment (Figure 3-2A). This produced a version of pET28M-
SUMO compatible with Golden Gate cloning that was named p28SGG-RFP.

The lacI coding region and rop protein-coding region on p28SGG-RFP
was removed and the Esp3i recognition sites were added in the second stage to
create the simplified pSGG-RFP vector. This was done by the amplification of
p28SGG-RFP into three fragments, that excluded these extraneous features
(Figure 3-2B). The first fragment consisted of the T7 expression elements with
the included Esp3i recognition site upstream of the 4-base prefix. The second
was made up of the Golden Gate assembly insert region, with Esp3i recognition
sites incorporated both upstream of the 4-base prefix and downstream of the 4-
base suffix. The last fragment comprised of the E.coli origin of replication and
Kan® selection marker. These three fragments were then joined by Gibson
Assembly as described earlier, to form the SUMO-tag entry-level vector,

pSGG-RFP (Figure 3-2C).
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Figure 3-2: Illustration of method devised to create a SUMO-tag entry-level vector
compatible with YeastFab assembly. (A) Commercially available SUMO-tag
vector pET28M-SUMO was used as the starting material. (B) Modified pET28M-
SUMO with the MCS site replaced with the YeastFab insert region. (C)
Extraneous elements were removed to reduce vector size and complexity to create
pSGG-RFP.

3.2.2 IDENTIFICATION AND SCREENING OF easE ORTHOLOGS
3.2.2.1 GENERATING AN SSN FROM THE EFI-EST WEBTOOL

To generate the SSN from the Enzyme Function Initiative — Enzyme
Similarity Tool (EFI-EST) (Gerlt et al., 2015), the sequence of easE from A.
Jjaponicus, identified from the work published by the O’Connor group was used
as the input (Option A). The initial BLAST parameters were set to pull a
maximum of 9000 sequences with a minimum alignment E-value of 5 (Figure
3-3A). From the returned pool of sequences, an SSN was generated from the

sequences with an alignment length ranging from 560 to 670 amino acids. The



edges were initially chosen with an E-value of at least 100, which corresponded
to 40% sequence identity (Figure 3-3B). These initial parameters generated an
output for the initial SSN representing the “known universe” of presumably
FAD-dependent oxidases. The “easE” cluster was selected for by searching for
nodes that were annotated, either manually or automatically, in the Uniprot
database. This selection was expanded to include all the first neighbours and

highlighted in orange (Figure 3-3C).

(A) (B)

Figure 3-3: Workflow for the generation of SSN using the EFI-EST webtool. (A)
Sequence input and initial BLAST parameters used. (B) Demographics of the
sequences returned from the initial BLAST search. Selection of an alignment
score corresponding to 40% sequence identity is used as a threshold for
distinguishing isofunctional cluster. Selection of sequence length thresholds to
limit the size of the network file. Full graphs are shown in appendix A4-1, 2, 3, 4.
(C) Full SSN generated for returned “easE” hits, first neighbours of sequences
annotated to be ergot alkaloid biosynthesis related are highlighted in orange. (D)
Expansion of a single isofunctional cluster revealed the divergent lineages of easE
enzymes.
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From this pool of easE-related sequences, a hypothetical isofunctional
cluster for easE was identified and further refined to display edges with an
alignment score greater than 170. The cluster was found to then further diverge
into sub-clusters that corresponded to the different lineages of easE enzymes
from the different ergot alkaloid producing species (Figure 3-3D). Eight
sequences on top of the sequence from A. japonicus were selected from the
expanded isofunctional cluster of easE (Figure 3-3D). As none of the sequences
have been annotated to have data demonstrating their existence at the protein
level, two sequences from each of the four major sub-clusters were randomly
chosen to represent each sub-cluster (Table 3-1). The selected sequences were
codon-optimized for yeast expression, synthesized, and cloned onto pET15b

and pSGG-RFP vectors.

Table 3-1: List of easE orthologs selected from the SSN generated

Abbreviated name Organism Uniprot ID

easE Aj Aspergillus japonicus -

easE NI Neotyphodium lolii S5TDBY9
easE Ef Epichloe funkii ROW1Q5
easE Pi Periglandular ipomoeae ~ G9FM46
easE Ee Epichloe elymi KOHDR9
easE Ei Epichloe inebrians I7DFY5
easE Cf Claviceps fusiformis A8C7R9
easE Al Aspergillus lentulus  AOAOS7TDKVS
easE Ec Epichloe coenophialia RIW261

3.2.2.2 BUILDING THE SCREENING STRAIN YMC17

In order to screen the identified easE orthologs, a functional variant of
easC was required to build the envisioned screening strain. Earlier literature
found that most orthologs of easC contained a classical PTS1 peroxisomal

targeting sequence on the C-terminal end. The presence or absence of this



feature did not seem to negatively affect the production of chanoclavine-I
(Goetz et al., 2011; Nielsen et al., 2014). The deletion of the sequence in the 4.
Jjaponicus ortholog was even found to marginally improve chanoclavine-I
production. The sequence from Claviceps purpurea was selected because it
naturally does not contain the targeting sequence (Table 3-2). This sequence
was synthesized into a pET15b vector by Genscript and cloned into the

HCKan_O vector.

Table 3-2: Details of the sequence of easC synthesized

Gene Source Uniprot ID

easC Claviceps purpurea  M1WA44

To test for the functional expression of easC, the pET15b construct was
transformed into BL21(DE3) E.coli cells and selected on LB ampicillin plates.
Cells were grown in 2YT to an ODgoo of 0.7 at 37 °C, before induction with
IPTG (2 mM) at 20 °C for 20 hrs. They were subsequently harvested by
centrifugation at 4 °C, 5000 rpm for 10 mins. Harvested cells were then
resuspended in binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI,
pH 7.9) at 4 °C and lysed via sonication. The cell lysate was then clarified by
centrifugation at 15000 rpm for 20 mins at 4 °C. The protein was then purified
from the cell supernatant in the same manner as previously described for dmaW
and easF. Fractions were analysed on SDS-PAGE (Appendix A5-2) to detect
the presence of easC. Fractions containing the protein were concentrated and
dialysed in the same manner as previously described for dmaW and easF.

The catalase activity of easC was tested in two ways: these demonstrated

the functional expression of easC in isolation of easE. A rough preliminary test
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was first performed by adding 1 uL of purified easC onto the edge of a 5 uL
drop of 1% H20» solution; this solution was observed for the catalytic release
of O,. After the formation of bubbles was observed, a simple assay to
quantitatively test the activity of easC on ECL substrate was performed. Each
reactions contained 60 uL of pre-mixed ECL substrate and varying amounts of
purified easC to a final volume of 100 uL with 50 mM Tris-HCI, pH 7.5, 5 mM
CaCl,. The samples were incubated for 1 min at room temperature and
measured for luminescence at 300 to 500 nm, using the BioTek Synergy HI
microplate reader.

The construction of the easE screening strain, YMC17, was done by first
assembling an easC transcriptional unit with a GAL10 promoter and YIP5
terminator onto a POTS5 acceptor vector, using the Golden Gate assembly
protocol described in chapter 1. The created POT plasmid was put through the
modified YeastFab pipeline with POTs containing dmaW and easF, as
described in chapter 2 (Figure 2-1A), and integrated into a S.cerevisiae BY4741
host as previously described.

The successfully integrated strain was then cured of the URA3 marker
by growing the strain in 5 mL YPD at 30 °C, followed by counter-selection on
SC plates with 1 mg/L 5-fluoroorotic acid (SFOA) and 2% glucose at 30 °C.
The colonies that formed were put through a second round of selection on a
fresh SC plate with 5-FOA and grown overnight at 30 °C. The emergent
colonies were then checked for the loss of the URA3 marker by patching onto
a YPD plate and a SC-URA plate, as well as screened by PCR for the presence

of the insert genes together with the URA3 marker.



3.2.2.3 SCREENING SELECTED easE ORTHOLOGS FOR ACTIVITY

The suite of selected easE orthologs were assembled into expression
cassettes driven by a GAL1 promoter and a RPS20 terminator onto a POT3
acceptor vector. This ensemble were transformed into YMCI17 chemically
competent cells, prepared from the cured strains following the same protocol
described previously. Successful transformants were selected for on SC-URA
plates with 2% glucose. Three separate colonies per easE ortholog were picked
and patched onto a fresh SC-URA plate. Each clone was then grown in 10 mL
SC-URA supplemented with 0.1% glucose at 30 °C for 16 hrs.

Expression of easC and easE were induced by the addition of 500 uL of
filter-sterilized 40% galactose after the cells grew to an ODeoo of 0.8. The
induction and production of chanoclavine-I was performed over 48 hrs at 24 °C,
and the screw caps of the 50 mL falcon tubes were replaced with autoclaved
aluminium foil covers to facilitate aeration. A 1 mL aliquot of spent media from
each culture filtered through a 0.2 um PTFE syringe filter and analysed for the
presence of chanoclavine-I using LC-MS. The relative amounts of
chanoclavine-1 biosynthesized, catalysed by easE Aj and easE Ec were
estimated by the area under the peak from the extracted ion chromatogram at
257 m/z.

Statistical analysis of chanoclavine-I production levels was performed

using the student’s T-test.

3.2.2.4 SEQUENCE ALIGNMENTS

The sequence alignments of the selected easE orthologs with easE Aj
were performed using the Clustal Omega program, accessed through the

Uniprot website (Pundir, Martin, O'Donovan, & Consortium, 2016).
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3.2.3 DEVELOPMENT OF A CONSTITUTIVE CHANOCLAVINE-I
PRODUCER

3.2.3.1 ASSEMBLY AND EVALUATION OF THE INITIAL STRAIN

The transcriptional unit for easC was assembled into the POT2 acceptor
vector using the TDH3 promoter on HCKan P, easC on HCKan_ O, and the
YIP5 terminator on HCKan T. The transcriptional unit for easE Aj was
likewise assembled into the POT3 acceptor vector using the TPI1 promoter,
easE_Aj on pSGG, and RPS20 terminator. These POTs were then condensed
into the pMKU pathway acceptor plasmid and transformed into YMRW-W¢F3
BY4741 chemically competent cells that were developed previously. Three
colonies of the created construct were selected and tested using the same
protocol described earlier. Samples were prepared for LC-MS analysis as
mentioned previously.

The relative amounts of chanoclavine-I, 4DMA, and DMAT produced
were estimated by the area under the peak from the extracted ion chromatogram

at 257, 287, and 273 m/z respectively.

3.2.3.2 IDENTIFICATION OF THE SHUNT PRODUCTS

Commercial standards for MTCA (Sigma) were prepared by dissolving
in fresh SC-URA media with 2% glucose to a final concentration of 10 uM, and

1 mL of the solution used for LC-MS analysis.

3.2.3.3 PREPARATION OF BUFFERED YEAST CULTURES

Buffered SC-URA media (800 mL) was prepared by mixing 100 mL of
1 M MOPS pH 7, 100 mL 10X SC-URA dropout solution, 100 mL 10X Yeast

Nitrogen Bases (YNB), 50 mL 40% glucose. The pH of the solution was



adjusted to pH 7 and the final volume was brought up to 1 L by adding deionized
water and filter-sterilized. Cultures were grown and analysed using this buffered

media and also regular SC-URA media previously described.

3.2.4 DESIGN AND ASSEMBLY OF THE CHANOCLAVINE-I
PROTOTYPE

The assembly of the pMKL-Cgari0EcaL1 construct was performed in a
similar manner as pMKU-C3E7, but with the GAL10 and GAL1 promoter on
HCKan_P and using the pMKL acceptor vector instead of pMKU. The pMKL-
Coari0EcaL1 construct was moved into the pGAU-YORW integration vector for
insertion into the YMRW-WgFg BY4741 genome. Three PCR verified colonies
of the pMKL -CgarioEGar1 construct and YORW- CgarioEgar1 strain were
cultured and the spent media analysed on the LC-MS as previously described.

The relative amounts of chanoclavine-I, 4DMA, and DMAT produced
were measured by the area under the peak from the extracted ion chromatogram

at 257, 287, and 273 m/z respectively.

3.2.5 VALIDATION OF CHANOCLAVINE-I PRODUCED
3.2.5.1 EXPRESSION AND PURIFICATION OF EASE Al

The heterologous expression of easE_Aj cloned into the pET15 vector
was attempted in BL21(DE3), Shuffle® T7 Express (NEB), and Origami™
B(DE3) E.coli cells (Novagen). The same expression protocol used previously
with dmaW, easF, and easC was tested but no soluble protein was produced
(Appendix AS5-3). Extensive effort was undergone to find a successful
expression condition, but to no avail.

The heterologous expression of the SUMO-easE_Aj fusion protein was

then attempted in S.cerevisiae BY4741. Transformed cells containing the
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POT3-pGAL1-SUMO-easE_Aj-tRPS20 vector were grown in SC-URA media
supplemented with 0.1% glucose at 30 °C to an ODsoo of 0.8, prior to induction
with galactose at a final concentration of 2%. Induction was carried out at 24
°C for 18 hrs. Cells were then harvested by centrifugation at 5000 rpm, 10 mins
at 4 °C. The cells were then lysed by first resuspending them in 2 mL binding
buffer 5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCL, pH 6) and treatment
with lyticase from Arthrobacter luteus (Sigma) at 30 °C for 1 hr, followed by
sonication. The cell lysate was then clarified by centrifugation at 15000 rpm for
20 mins at 4 °C. The purification of the protein was attempted using the
Protemist® DTII with Ni2+-NTA chelating sepharose resin following the
purification protocol described before, and fractions were analysed on SDS-

PAGE (Appendix A5-4).

3.2.5.2 IN VITRO BIOSYNTHESIS OF CHANOCLAVINE-I

Purified dmaW, easF, and easC were prepared as described earlier. Cell
lysates of easE_Aj and yEGFP were obtained following the expression protocol
described previously, and used directly without further purification.

The in vitro biosynthesis of chanoclavine-1 was prepared as 200 uL
reactions. Each reaction consisted of 50 mM Tris-HCI, pH 7.5, 5 mM CaCl,, 1
mM DMAPP, 1 mM L-tryptophan, 1 mM SAM, and 10 uL of each purified
enzyme or cell lysate. Reactions were incubated at 24 °C for 48 hrs and were
stopped by the removal of enzymes by filtration through a 3 kDa MWCO Ultra-
0.5 spin filter (Amicon). The samples were either stored at -20 °C or directly

analysed using LC-MS.



3.2.6 LC-MS ANALYSIS OF SAMPLES

All analyses using LC-MS were performed using the Agilent 1290
Infinity LC System. Screening of the easE orthologs and constructed strains
were carried out using an Agilent Zorbax Eclipse Plus C18 column, 2.1 x 50
mm dimensions, 1.8 um particle size. Samples from the screen of easE
orthologs were run using a shortened run method as previously described, that
corresponded to the reduced column volume. Analysis of the in vitro reactions
were carried out using an Agilent Zorbax Eclipse Plus C18 column, 2.1 x 100
mm dimensions, 1.8 um particle size and run on the same stepped gradient
described in chapter 2. Mass analysis for all samples were performed as

previously described.
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3.3 RESULTS AND DISCUSSION

3.3.1 EXPANDING THE ENTRY-LEVEL VECTOR RANGE FOR
FUSION TAGS

In the only successful heterologous expression of easE, the reported
construct was expressed as a SUMO-fusion protein. Thus, the entry-level vector
for ORFs was modified to similarly accept generically cloned ORFs but be
released as a SUMO-ORF fusion when assembled into transcriptional units
(Figure 3-4).

(A) (€)

\ Esp3i release
ORF / fragment

prefix suffix
( HCKan_O )

( B) N A .
\ \ Esp3i release
_| SUMOL /* ORF — fragment

LB
prefix . Jprefix suffix
SUMO)I—I-I—I-:
ﬁ_l‘:i pSGG-RFP

Figure 3-4: Illustration of the ORF released from pSGG-RFP. (A) Fragment
released from HCKan_O. (B) Fragment released from pSGG-RFP, SUMO-ORF
fusion. (C) Vector map of pSGG-RFP.

pSGG-RFP

4173 bp

17 terminator
om0

The modification of the entry-level vector to allow the assembled
transcriptional units to express various common protein fusion constructs or
tags expands the versatility of the assembly system, while maintaining the
compatibility of the method with automation and ease of introducing new
ORFs. With enough modified entry-level vectors for each of the different types
of'tags, this approach would facilitate the screening of an assortment of different

tags and fusions that might help with the expression and solubility of new target



proteins, without needing to re-clone the target gene. This vector, pSGG-RFP,
was henceforth used for the creation of SUMO-easE fusions that were screened

for activity and subsequently built into the pathway.

3.3.2  PROSPECTING FOR FUNCTIONAL PREDICTIONS
3.3.2.1 MINING WITH SEQUENCE SIMILARITY NETWORKS

Like a double-edged sword, the exponentially increasing amount of
genome sequencing data has facilitated the discovery and identification of the
biosynthesis for numerous known and unknown secondary metabolites. It has,
however, also made it unrealistic and unfeasible to manually curate and
experimentally validate all the coding regions of the enzymes within these
clusters. The only viable method to perform the herculean task of making sense
of this colossal amount of data is to parse it with predictive algorithms
computationally, and then analysing the summarized data.

When coupled with the extensive multitudes of ways in which different
organisms might organize their introns and exons, the prediction of coding
sequences from such data is more often than not prone to errors (Brent & Guigo,
2004). This is most evident in the common difficulty encountered in studies
attempting to express and research proteins from higher eukaryotes with

alternative splice variants (Mathé, Sagot, Schiex, & Rouzé, 2002; Zhang, 2002).
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Figure 3-5: SSN for the expanded isofunctional cluster of easE from the redefining
of the alignment score for an edge to 170. Nodes in green represent sequences from
the Aspergillus family, nodes in purple represent sequences from the Epichloe
family, nodes in orange represents sequences from Claviceps, and nodes in
represent sequences from the other collective families.

To mitigate this, an SSN was generated using what presumably is a
correctly annotated easE sequence. An SSN is one of several methods
commonly used to visually represent sequence relationships and by proxy
sequence function. In the representation of an SSN, each sequence surveyed is
denoted by a node and is linked by an edge to other relevant nodes that show
the degree of similarity equal to or greater than a predefined value. By using the
EFI-EST webtool to generate an SSN, the program uses the input sequence and
queries the Uniprot database to procure a collection of sequences that are of a

specified degree of similarity to the query. An all-by-all BLAST is then



performed on this said collection to identify the degree of similarity between all
sequences within this collection and used to draw the edges. The further
refinement of the alignment score that defines an edge, will then split the pool
of sequences into clusters. By setting an appropriate alignment score, these
clusters will conceptually progress to delineate into isofunctional groups. A
small library of orthologous proteins, selected from this pool might not only be
properly annotated and functional, but also agreeable to heterologous
expression and purification.

From the predicted isofunctional cluster of easE, the different orthologs
from the various ergot-producing organisms could be further delineated by
increasing the alignment score used as a cut-off for defining an edge (Figure 3-
5). From this expanded isofunctional cluster, representative sequences for each

of the major groups of organisms were chosen to be screened for easE activity.

3.3.2.2 A SCREENING METHOD FOR CHANOCLAVINE-I
PRODUCTION

In the catalysis of 4DMA to chanoclavine-I, both easC and easE are
essential for the reaction to take place. Fortuitously, easC has been shown to
likely be able to function with any ortholog of easE regardless of the source,
allowing the enzymes from different sources to be mixed and matched (Nielsen
et al., 2014). Furthermore, the studies conducted by the Panaccione and
O’Connor groups have demonstrated that functional expression of easC could
be discerned in isolation of easE; either from the production of a side product,
ergotyptamine, when co-expressed with dmaW and easF (K. L. Ryan et al.,

2014) or by the presence of catalase activity (Nielsen et al., 2014).
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With these considerations in mind, an easE screening yeast strain was
designed to have dmalW, easF, and easC stably integrated on its genome.
Plasmids containing expression cassettes of the various easE orthologs to be
tested could be screened for the production of chanoclavine-I (Figure 3-7A). To
create this strain, the ortholog of easC from C. purpurea was chosen and tested.
EasC from C. purpurea was successfully expressed in E. coli and yeast, and the
purified enzyme was found to exhibit chemiluminescence when incubated with

ECL substrate (Figure 3-6); suggesting that this easC ortholog is functionally

expressed.
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Figure 3-6: Incubation of easC with ECL substrate produces chemiluminescence.
Demonstrating catalase activity from purified easC. Error bars were calculated
from three technical replicates.

EasC was then put through the YeastFab pipeline to create the screening
strain, YMC17, where easC is under the control of a GAL10 promoter as
illustrated, and can be induced when required together with easE (Figure 3-
10A). The eight selected orthologs of easE, together with the ortholog from 4.

Jjaponicus, and a negative control (YEGFP) were all constructed to be under the



control of the GAL1 promoter on POT plasmids. These were transformed into
YMC17 and screened for chanoclavine-I production. Of the eight easE
orthologs, only one of them, from Epichloe coenophialia, was found to produce
a compound with an [M+H]" of 257 m/z that corresponded to the compound
produced by the A4. japonicus ortholog (Figure 3-7C). Comparison of the mass
spectra from both compounds and the theoretical mass values, suggested that

they are both chanoclavine-I (Figure 3-7E, F) (Table 3-3).
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Figure 3-7: (A) Illustration of the easE screening strain (YMC17) and screen
design. (B) Reaction producing chanoclavine-1 from 4DMA, catalysed by easC
and easE. (C) Extracted ion chromatograms of easE orthologs tested for 257 m/z.
(D) Relative amounts of chanoclavine-I produced from the A. japonicus and E.
coenophilia orthologs, estimated from the area under the peak highlighted in blue
from C. Error bars represent standard deviation from three biological replicates.
(E, F) Mass spectra for compound eluting at 121 s.
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Table 3-3: Exact mass and retention time of Chanoclavine-I produced

Calculated Observed  Mass error Retention
easE source .
m/z m/z 0 (ppm) time (s)
A. japonicus 257.1648 257.1644 -1.56 120.6
E. coenophialia  257.1648 257.1681 12.83 120.6

The E. coenophialia ortholog was, however, found to be producing
approximately 10-fold less chanoclavine-1 than the A. japonicus ortholog
(Figure 3-7D). Further analysis of the sequence alignments between the A.
Jjaponicus ortholog with the selected orthologs revealed that the E. coenophialia
ortholog shared more similarity in the first half of the predicted FAD-binding
domain compared to the other seven (Figure 3-8).

This discrepancy in sequence similarity and the four amino acid gap in
the catalytic domain is present in all dysfunctional easE sequences, hinting on
the possibility that there is an exon that has been left out in the prediction of
these seven sequences. It is possible that in the annotation of the E. coenophialia
ortholog from its genomic DNA sequence, this particular exon was partially
recognized and correctly translated. Therefore depositing a partially correct
amino acid sequence that was sufficient to restore some semblance of activity
but insufficient to match that of the A. japonicus ortholog.

The regulation of the production levels of secondary metabolites do not
usually occur through the sequence variation of its enzymes, but rather at the
transcriptional level. This suggests that the decreased production levels of
chanoclavine-1 from the E. coenophialia ortholog are more likely to be due to

erroneous exon annotation than due to regulation of ergot alkaloid production.
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Figure 3-8: Sequence alignments for the FAD-binding domain of the easE
orthologs. Alignments of the domain between orthologs of E. coenophialia and A.
Jjaponicus (B) showing a higher degree of similarity compared to an alignment
between all selected orthologs (A). Red boxes in (A) and (B) highlighting region
within the conserved FAD-binding domain that presents the most variation
between the easE orthologs.

Nevertheless, these results have allowed the identification of a suitable
combination of easC (C. purpurea) and easE (A. japonicus) sequences that can

be used to complete the early ergot alkaloid pathway.
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3.3.3 DEVELOPMENT OF A CONSTITUTIVE CHANOCLAVINE-I
PRODUCER

3.3.3.1 AN INITIAL ASSESSMENT

Having identified a functional set of enzymes to complete the early ergot
pathway, a construct with easC and easE driven by constitutive promoters was
created to develop a more consistent producer of chanoclavine-I (Figure 3-9A).
Going down the list of promoters characterized (Figure 2-3D), the next two
strongest promoters TDH3 and TPIl were selected and used to drive the
expression of these two enzymes respectively. This test strain was found to be
capable of producing the same 257 m/z compound as before (Figure 3-9B). It
was noticed, however, that the amount of chanoclavine-I being produced was
drastically less than previously observed, and approximately two orders of

magnitude lower than the estimated levels of DMAT and 4DMA (Figure 3-9C).
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Figure 3-9: (A) Cartoon representation of the pMKU-C3E; strain tested. (B)
Extracted ion chromatogram of the strain tested for 257 m/z. (C) Relative
amounts of DMAT, 4DMA, and chanoclavine-I produced, estimated from the
area under the peaks for their respective extracted ion chromatograms. Error
bars represent the standard deviation from three biological replicates.



3.3.3.2 DISCOVERY AND IDENTIFICATION OF SHUNT PRODUCTS

In addition to the accumulation of DMAT and 4DMA, this strain
(pMKU-Ci3E7) as well as the 4DMA producing strain developed from the
earlier chapter (YMRW-WgF3), was found to be producing two compounds with
an [M+H]" of 231 m/z and 299 m/z at levels that were abundantly observable
from the Total Ion Chromatogram (TIC). A literature search suggested that
these compounds might be MTCA and dimethylallyl-MTCA, shunt products
formed from the reaction of tryptophan and DMAT with endogenous
acetaldehyde non-enzymatically, at low pH (Figure 3-10) (Backhaus, Ludwig-

Radtke, Xie, & Li, 2017).
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Figure 3-10: Pictet-Spengler reaction of tryptophan and DMAT with
formaldehyde producing the shunt products MTCA and its prenylated form,
DMA-MTCA. Media acidification during late log phase growth produces the
conditions required for the reaction.
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LC-MS analysis of commercially obtained MTCA dissolved in SC
media verified the identity of the 231 m/z product to be MTCA, with both
commercial standard and in vivo produced MTCA eluting at around 102 s
(Figure 3-11B) and with similar mass spectral patterns (Figure 3-11D, E).
Further analysis of the mass spectra of the 299 m/z compound and its most
abundant fragment ions, consistently show a mass difference of 69 m/z from
MTCA and its corresponding fragments that corresponds to the prenyl moiety
(Figure 3-11F). This indicated DMAT also underwent the same Pictet—Spengler
reaction as tryptophan at low pH with acetaldehyde; the 299 m/z product being

the prenylated version of MTCA, dimethylallyl-MTCA (DMA-MTCA).
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Figure 3-11: (A) Shunt products MTCA and DMA-MTCA. (B) Extracted ion
chromatograms for 231 m/z showing the peaks at 102 s corresponding to one
stereoisomer of MTCA. (C) Extracted ion chromatograms for 299 m/z showing
the peak at 181 s corresponding to DMA-MTCA. (D, E) Mass spectra for the
peaks at 102 s for MTCA (F) Mass spectra for the peaks eluted at 181 s for DMA-

MTCA.

Table 3-4: Exact mass and retention time of MTCA and DMA-MTCA produced

MTCA DMA-MTCA
Mass Mass
Construct |y, Obs. error Calc. Obs. ror &
m/z m/z B m/z mz &0
(ppm) (ppm)
Y\%E}‘:" 231.1128 231.1105 -9.95 [299.1754 299.1705 -16.38
ngj' 231.1128 231.1100 -12.12 |299.1754 299.1706 -16.04
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3.3.3.3 PREVENTING THE FORMATION OF SHUNT PRODUCTS

Suspecting that the metabolic flux to chanoclavine-I was being
significantly shunted away to produce these products at late log phase, pMKU-
C13E7 and YMRW-WiFg were grown in SC media buffered by 100 mM MOPS,
pH 7. Maintaining the pH of the cultures above 4 managed to almost completely
eradicate the production of MTCA and DMA-MTCA (Figure 3-12A, B).

However, it did not improve the turnover of 4DMA to chanoclavine-I (Figure
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Figure 3-12: (A, B) Buffering the culture media at pH 7 eradicates the formation
of MTCA and DMA-MTCA. (C) Preventing the formation of MTCA and DMA-
MTCA does not improve the production of chanoclavine-I. Amounts of
chanoclavine-I produced estimated from the area under the peak from the
extracted ion chromatogram for 257 m/z. Error bars represent the standard
deviation from three biological replicates. (D) Comparison of the levels of
intermediates produced between pMKU-C;3E; and pMKL-CgaLiEcar: strains.
Relative amounts of the intermediates were estimated from the area under their
respective peaks from their extracted ion chromatograms. Error bars represent
standard deviation calculated from three biological replicates.



The poor production of chanoclavine-I may be due to the poor catalytic
efficiency of easC/easE. This would also explain the required presence of four
copies of easC in the strain developed by Sarah O’Connor’s group that was
shown to be capable of producing up to 529 mg/L of cycloclavine (Jakubczyk
et al., 2015). Holding true to this hypothesis, when pMKU-C13E7 was compared
against pMKL-Cgari0Ecar1 it was immediately observed that detected levels of
DMAT, 4DMA, and chanoclavine-I increased by approximately an order of
magnitude (Figure 3-12D). More importantly, increasing the expression of easC
and easE as much as possible, through the use of strong inducible promoters,
narrows the difference in levels of DMAT, 4DMA and chanoclavine-I produced
to within an order of magnitude. Through these series of experiments, it is
postulated that the key limiting factor behind the turnover of 4DMA to
chanoclavine-I was the catalytic efficiency of easC/easE. Unfortunately, the
determination of kinetic parameters was not obtainable, due to the difficulty
encountered in purifying easE from any source. Lastly, the determination of the
shunt products MTCA and DMA-MTCA that formed at low pH, while not
limiting at this juncture, would certainly be an important consideration during

the eventual bioprocess development and optimization.
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3.3.4 VALIDATION OF THE CHANOCLAVINE-I PRODUCED

Building on the earlier finding that pMKL-Cgar10EcaL1 was the best
performing construct, it was chosen to be moved into pGAU-YORW for
integration into the genome. Both strains holding the construct on a plasmid and
the genome integrated variant showed the same production profile (Figure 3-
13B).

To validate the production of chanoclavine-I on all the strains created
over the course of this phase, the same approach to create a biosynthesized
standard was taken, similar to the production of DMAT and 4DMA. Despite the
difficulty with purifying easF, it was noticed that the clarified cell lysate of the
yeast strains solely expressing easE Aj were capable of showing catalytic
activity. Thus, this was used as a substitute for the purified enzyme in
reproducing the production of chanoclavine-I observed in vivo. Following the
procedure from the previous chapter, in vitro biosynthetic reactions were set up
with purified dmaW, easF, easC, and yeast cell lysate either expressing easE
alone or yEGFP (negative control).

From the in vitro biosynthetic reactions, a compound with the [M+H]+
of 257 m/z was found to elute at around 147 s. This was much later than the
elution times of the corresponding compounds detected from the in vivo
biosynthesis (Figure 3-13B, C). The mass spectra for these compounds,
however, showed comparable masses that corresponded to the theoretical value
of chanoclavine-I (Table 3-5). Analysis of the fragment ions produced from
both sources of the compound further showed similar profiles (Figure 3-13D,
E, F) (Table 3-6). This indicated that the detected compound from both reactions

was chanoclavine-I.
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Figure 3-13: (A) Illustration of strains pMKL-CcaLi0EcaL1 and the genome integrated construct YOCE-CcaLwEcaLi. (B) Extracted ion chromatograms for 257 m/z,
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to chanoclavine-I.
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Table 3-5: Exact mass and retention time for chanoclavine-I produced

Calculated Observed Mass error Retention time  Retention time
Construct

Relative retention

m/z m/z o (ppm) (257 m/z) (4DMA) to ADMA
In vitro assay 257.1648 257.1668* 7.78 146.49 208.86 0.70
pMKL-CiaLi0EGaL1  257.1648 257.1610 -14.78 121.81 183.29 0.66
YORW-CqgarioEcaL  257.1648 257.1607 -15.94 123.27 183.44 0.67
Table 3-6: Exact mass of the simplest fragment ions from chanoclavine-I
Observed m/z Mass Error 6 (ppm)
Fragment Calculated m/z pMKL YORW In vitro pMKL YORW In vitro
-Cgar10-EcaL1  -Ccar-EcaL1 assay  -Ccgavri0-EcarLi  -Ccavio-EcaLr  assay
- NHCH; 226.1226 226.1192 226.1191 226.1241 -15.04 -15.48 6.63
- OH, - NHCH; 208.1121 208.1088 208.1088 208.1130 -15.86 -15.86 4.32
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Upon closer inspection of the in vitro biosynthetic reaction, the
production of 4DMA was likewise shifted back by approximately 20 s
compared to the 4DMA from the in vivo biosynthesis. The difference between
the retention time for chanoclavine-I and 4DMA is the same in both experiments
(Table 3-5). Thus, the discrepancy between the retention time of chanoclavine-
I produced in vivo and in vitro may be attributed as an artefact stemming from
the difference in column length used for LC-MS analysis. A 100 mm column
was used for the analysis of the in vitro biosynthetic reactions, while a shorter
50 mm column was used for the analysis of the in vivo biosynthesis samples.
The shorter column was used for the analysis of the in vivo samples to shorten
the overall run time for each sample, in order to expedite the screening process.

This chapter has successfully replicated the work published by Sarah
O’Connor’s group for the heterologous production of chanoclavine-I in yeast
(Nielsen et al., 2014); albeit using a different set of biological parts and from a
different approach. The creation of this chanoclavine producing strain, YORW-
Coari0EcaLt (YOCE), solidified the platform where the pathway can be further

expanded to agroclavine and D-lysergic acid.
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CHAPTER 4: DEVELOPING AND OPTIMIZING AN AGROCLAVINE
PRODUCING STRAIN
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4.1 INTRODUCTION

The reaction producing agroclavine is a key structural branch point in
the biosynthesis of the ergot alkaloids; the formation of the ergoline D ring from
chanoclavine-I requires two chemical reactions. The first reaction is catalysed
by easD, a short-chain alcohol dehydrogenase that oxidizes the hydroxyl group
on chanoclavine-I to an aldehyde (Wallwey, Matuschek, & Li, 2010); which
can react with the adjacent secondary amine (Figure 4-1). However, the sp2-sp2
planarity (rigidity) of the C8-C9 double bond in chanoclavine-I-aldehyde
prevents intramolecular cyclization, as the aldehyde functional group is held in
an unproductive, distal orientation relative to the methylamino functional group.

The isoforms of easAd, from the different lineages of ergot alkaloid
producing organisms, catalyses either a reduction or a cis-trans isomerization
across the C8-C9 alkene (J. Z. Cheng et al., 2010a, 2010b; Floss et al., 1968).
This repositioning of the aldehyde group to a proximal and productive
orientation, with respect to the methylamino group, facilitates the
intramolecular cyclization. This reaction forms the ergoline D ring and creates
an iminium intermediate. An NADPH-dependent oxidoreductase, easG,
catalyses the reduction of the iminium intermediate that leads to the formation
of a tetracyclic clavine (Matuschek, Wallwey, Xie, & Li, 2011). The reduction
or retention of the C8-C9 double bond at the end of this process, depending on
which isoform of easA catalysed the reaction, diverges the pathway towards the
eventual formation of the fumigaclavines, dihydroergopeptides, the lysergic
acid derivatives, or the more recently discovered cycloclavine (J. Z. Cheng et
al.,2010a; Coyle et al., 2010; Jakubczyk et al., 2015; Wallwey, Matuschek, Xie,

et al., 2010) (Figure 4-1).
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Figure 4-1: Reactions converting chanoclavine-I to the tetracyclic ergoclavines.
Oxidation of the hydroxyl group on chanoclavine-I produces chanoclavine-I-
aldehyde, which gets cyclized by different combinations of eas4 and easG from
different ergot alkaloid producers to form the different clavine precursors of their
respective ergot alkaloid profile.

The selection and incorporation of an isomerase variant for easA is
therefore crucial to establish the successful heterologous production of D-
lysergic acid in yeast. Earlier research into the mechanism of the ergoline D ring
formation catalysed by easA has highlighted the importance of the tyrosine-178
residue in the A. fumigatus ortholog of easA, as well the its structurally
corresponding phenylalanine-176 residue in the N. lolii ortholog (Figure 4-2)
(J. Z. Cheng et al., 2010a). It was postulated that the hydroxyl group on tyrosine-
178 provides the second proton that facilitates the complete reduction of the C8-
C9 double bond. The lack of a hydroxyl group in phenylalanine prevents this

from happening, allowing for rotation about C8-C9 bond before the hydride at



C9 is abstracted by FMN and the double bond reformed (Figure 4-2). This
hypothesis was validated with the creation of the N. lolii easA F176Y mutant.
This mutation switched its activity from being an isomerase to become a
reductase. The A. fumigatus easA Y 178F mutant, on the other hand, was unable
to effect the corresponding switch to become an isomerase variant. This
suggested that there were other unidentified factors that determined the precise
nature of an easA ortholog. Nevertheless, this study pointed out an important
feature that would help narrow the search for more isomerase variants that may

be used to expand the pathway within the existing strain to produce agroclavine.
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Figure 4-2: Proposed reaction mechanisms of easA for the (A) isomerization of the
C8-C9 double bond in the formation of agroclavine; or, (B) reduction of the C8-
C9 double bond in the formation of festuclavine or pyroclavine. The presence of
the tyrosine at the 178 position is a key feature of the reductase variants of easA.
Figure adapted from (J. Z. Cheng et al., 2010a, 2010b)
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The sequence of a known isomerase variant of easA from N. lolii was
used as the query to generate an SSN. While several in vitro biosynthetic studies
have been performed on easA, they have predominantly been done using the
reductase variant from 4. fumigatus (Chilton, Ellis, & Lamb, 2014; Gerhards &
Li, 2017; Matuschek, Wallwey, Wollinsky, Xie, & Li, 2012; Wallwey,
Matuschek, Xie, et al., 2010). Furthermore, the isomerase variants characterized
mostly within the source organism or a closely related species (Coyle et al.,
2010; Floss et al., 1968; Robinson & Panaccione, 2014). This SSN served as
the pool from which isomerase variants of easA4 orthologs were selected to be
screened for functional expression in yeast. This chapter described the efforts
made to identify an optimal variant of easA4 to extend the capabilities of the
chanoclavine-I producing yeast to now produce agroclavine, and its subsequent

improvement for enhanced stability.



42 MATERIALS AND METHODS
4.2.1 IDENTIFICATION AND CLONING OF easD AND easG

EasD from A. fumigatus and easG from C. purpurea have been reported
to be successfully cloned, recombinantly expressed, and purified in E. coli; they
were also demonstrated to be active in in vitro studies (Matuschek et al., 2011;
Wallwey, Matuschek, & Li, 2010). These sequences were therefore selected,
codon-optimized for yeast expression and synthesized onto pET15b vectors
(Genescript). These were then cloned into the HCKan_O vector and assembled
into an assortment of POTs, driven by various different promoters and at

varying POT positions used in this study.

Table 4-1: Sequence details for the genes easD and easG used in the construction
of an agroclavine producer

Gene Source Unlllp)rot Reference
Aspergillus (Wallwey, Matuschek, & Li,

easD fumigatus QaWZ66 2010)

easG Claviceps purpurea M1WENS (Matuschek et al., 2011)

4.2.2 BIOINFORMATICS FOR THE IDENTIFICATION OF
ISOMERASE VARIANTS

In the search for isomerase variants of easA, the sequence of easA4 from
the N. lolii ortholog (J. Z. Cheng et al., 2010a; Robinson & Panaccione, 2014),
was used as the input (Option A). Initial BLAST parameters were set to pull a
maximum of 9000 sequences with a minimum alignment E-value of 5 (Figure
4-3A). The initial SSN generated from these sequences was limited to the
sequences with an alignment length within 370 to 390 amino acids. Edges were
initially specified as relationships with an E-value of 85, corresponding to 40%

sequence identity (Figure 4-3B).
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Figure 4-3: Workflow for the generation of an eas4 SSN. (A) Sequence input and
initial BLAST parameters. (B) Demographics of the sequences returned from the
initial BLAST. Selection of an alignment score corresponding to 40% sequence
identity was used to define the initial threshold of an edge. Full graphs are shown
in Appendix A4-5, 6, 7, 8 (C) SSN refined into isofunctional clusters at an
alignment score of 130. (D) Expansion of the isofunctional cluster to delineate
isomerase and reductase variants of easA.

This initial SSN returned a single massive cluster, which indicated that
an edge threshold of 40% sequence identity was insufficient for isolating
isofunctional clusters in this enzyme family. Increasing the E-value to 130,
enabled the separation of the initial single cluster into more distinct clusters,
from which a hypothetical easA isofunctional cluster was identified (Figure 4-
3C). Further refinement on this cluster to an E-value of 180 allowed the
delineation of clusters containing orthologs from known ergot alkaloid
producers from the reductase and isomerase lineages (Figure 4-3D).

A sequence alignment of the orthologs found in the isomerase cluster

was performed using the Clustal Omega program, accessed through the Uniprot



website. Alignments of the selected sequences and the easA ortholog from 4.
fumigatus are shown in Figure 4-6.

Three sequences from each representative family within the isomerase
cluster were selected, and together with the N. lolii ortholog, were codon-
optimized and synthesized into a pET15b vector (Table 4-2). These selected
easA orthologs were then cloned into HCKan_O and used for the assembly of
the POTs used in this study, following the same Golden Gate assembly protocol

described in the earlier chapters.

Table 4-2: List of hypothetical isomerase variants of easA selected from the SSN

Abbreviated name Organism Uniprot ID
easA NI Neotyphodium lolii S5TCl14
easA Pi Periglandular ipomoeae ~ G9FMS51
easE_Ec Epichloe coenophialia ROW1HO

easE Cpur Claviceps purpurea MIWO0YO

4.2.3 SCREENING OF eas4A ORTHOLOGS

4.23.1 ASSEMBLY AND CONSTRUCTION OF PLASMID
CONSTRUCTS

The pCKU-GAD constructs used to screen the selected easA4 orthologs
were constructed by Golden Gate assembly as described in the earlier chapters.
The three parts used were: easG on POT2, under the control of the ENO2
promoter and APL2 terminator; eas4 on POT4, under the control of the SSA1
promoter and YPT31 terminator; easD on POTS5, under the control of the TDH3
promoter and YPRI1 terminator. These were assembled into the pCKU-RFP
acceptor vector, containing the low copy-number yeast origin of replication
(CEN-ARS) and a URA3 selection marker.

The assembled and verified plasmid constructs were transformed into

chemically competent YOCE competent cells, as described previously. Three
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colonies per construct were selected and tested as described before. Spent media

samples were prepared for LC-MS analysis as described previously.

4.2.3.2 PREPARATION OF AGROCLAVINE STANDARDS AND
QUANTIFICATION

A stock solution of the agroclavine standard (Chiron) was prepared by
dissolving 5 mg of the compound in 5 mL of LCMS grade ethanol and stored at
-20 °C. A standard curve of agroclavine was generated by preparing various
dilutions, ranging from 0.1 to 160 nM of agroclavine, using the spent media
from the YOCE strain as the matrix. This covered the full linear range within
the limit of detection. The media was prepared as described in chapter 3.

The amount of agroclavine produced by the tested strains was quantified
by measuring the area under the curve for the peak response from the MS-MS

ion transition of [M+H]" 239 = 208 m/z.

4.2.4 IMPROVING THE PRODUCTION OF AGROCLAVINE

4.2.4.1 ASSEMBLY AND CONSTRUCTION OF PLASMID
CONSTRUCTS

The GACD constructs were assembled using the same eas4 and easG
POTs as described previously with additional parts: easC on POT6, under the
control of the TDH2 promoter and YIPS terminator; easD on POT7, under the
control of the TDH3 promoter and YPR1 terminator.

The GAFCD constructs were assembled in the same manner as the
GACD constructs with the modifications: easF on POT6, under the control of
the TEF2 promoter and PRX1 terminator; easC on POTS, under the control of
the TDH2 promoter and YIPS5 terminator; and easD on POT9, under the control

of the TDH3 promoter and YIPS5 terminator.



All constructs were assembled onto the pathway acceptor plasmid,
pCKU-RFP, followed by the integration vector, pGAU-YPRC, using the
modified YeastFab assembly pipeline described in chapter 2.

Genome integrated strains were created by linearizing the insert
fragments from pGAU-YPRC and transformed into chemically competent
YOCE cells as described earlier.

Three colonies from each verified construct were tested and prepared for

LC-MS analysis as described earlier.

4.2.4.2 TESTING STRAIN STABILITY ACROSS MULTIPLE
PROPAGATIONS

The YP-GAD/GACD/GAFCD strains were tested for stability across
multiple propagations. The cells from the first round of biosynthesis were
diluted in sterile deionised distilled water to an ODegoo of 2. From this
suspension, 20 uL was streaked out onto fresh SC-URA plates supplemented
with 2% glucose and grown at 30 °C until single colonies emerged.

Three colonies per construct were then picked and patched onto a fresh
SC-URA plate and further grown at 30 °C. These colonies were then grown as
described earlier for the production of agroclavine, and similarly prepared for
LC-MS analysis.

The relative proportions of the intermediates were estimated by the
analysis of the peak area under the curve of their respective extracted ion
chromatograms, and these values were normalized against the largest value for

each construct.
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4.2.43 CONSTRUCTION AND TESTING OF AGCM33B AND
AGCM32B

AgcM33B and AgcM32B strains were envisioned to contain the
genotype summarized in Table 4-3. The POTs required for the assembly of each
constituent integration fragment were assembled from the existing library of
parts, following the same Golden Gate assembly protocol described in chapter
2 (Table 4-4, 5, 6). A schematic representation of this assembly is illustrated in

Appendix A4-1.

Table 4-3: Summarized genotype of the redesigned strains

Chromosome Construct

Chr. XIII YMRWAI1S:: dmaWs/ easFs/ easE™q/ easC3/ pCUP1-mKOK
Chr. XVI YPRCAL17:: easGi/ easA™ 14/ (easFs)/ easCs/ easDi;
Chr. 111 ARS308:: pRPL3-PDI1/ easDo/ pACT1-FAD1/ easCio/ dmaW-

The genes for PDI1 (chromosome III: 50221 — 48653) and FADI1
(chromosome IV: 373608 — 372688) were PCR-amplified from the genomic
DNA of S.cerevisiae S288C and cloned into the HCKan_O entry-level vectors

for “domestication” into the YeastFab pipeline as described in chapter 2.

Table 4-4: List of POTs assembled for the YMRWAL1S integration fragment
POT number Promoter Gene Terminator

2 TDH2 dmaW ENT2
4 GPM1 easl PRX1

6 TEF2 casE Aj RPS20
8 PGK1 easC YIP5

9

CUP mKOK CBRI1




Table 4-5: List of POTs assembled for the ARS308 integration fragment

POT number Promoter Gene Terminator
2 RPL3 PDI1 VPS1
4 PDAI1 easD YPR1
6 ACT1 FADI EFM2
8 RPLI15 easC YIP5
9 TPI1 dmaW ENT2

Table 4-6: List of POTs assembled for the YPRCA17 integration fragment

AgcM33B AgcM32B
nlll)lfl)bTel’ Prom Gene Term nlll)lfl)bTel’ Prom Gene Term
2 RPL8B easG APL2 2 RPL8B easG APL2
4 SSA1 easA Ec YPT31 4 SSA1 easA Ec YPT31
6 TEF2 easF' PRX1 6 TDH2 easC YIP5
8 TDH2 easC YIP5 7 TDH3 easD YPR1
9 TDH3 easD YPRI1

Pathway segments were assembled first onto the pMKU-RFP acceptor
vector and screened, after which they were transferred onto their respective
integration vectors. Integration of the segments were performed sequentially,
beginning with the YMRWAL1S insert, followed by the ARS308 insert, and
finally the YPRCA17 insert. At each iterative integration step, the transformants
were screened by PCR and tested for functionality (Appendix A4-2), before
they were cured of the URA3 marker. Thereafter, the strains were prepared as
competent cells to move onto the next integration. These were all performed
following the workflow and protocols described in chapters 2 and 3.

The completed and verified strains were tested by growing three
biological replicates, using the same galactose induction protocol described
earlier. A 1 mL aliquot of the spent media was filtered through a 0.2 um PTFE

syringe filter and analysed on the LC-MS.

93



94

The strains were also tested for stability and the relative amounts of

intermediates accumulated were also performed as previously mentioned.

4.2.44 LC-MS QUANTIFICATION OF AGROCLAVINE PRODUCED

The agroclavine produced in the samples were quantified using a

standard curve of agroclavine spiked into YOCE media as previously described.

4.2.5 VALIDATION OF AGROCLAVINE PRODUCTION USING !*C-
LABELLED TRYPTOPHAN

Stock solutions of tryptophan (Sigma) and '*C-2-indole tryptophan
(Sigma) were prepared by the dissolution of the powder in 20% (w/v) galactose
to a final concentration of 10 mM, and filter-sterilized.

Tryptophan feeding was performed by culturing the strains as described
earlier with a few differences. The prepared stock solutions containing 20%
galactose, 10 mM tryptophan/ or '3C-2-indole tryptophan were added to the
cultures to a final concentration of 2% galactose, I mM tryptophan/ *C-2-
indole tryptophan. Cultures were incubated and prepared for LC-MS analysis

as previously mentioned.

4.2.6 LC-MS ANALYSIS OF SAMPLES

All analyses using LC-MS were performed using the Agilent 1290
Infinity LC System using an Agilent Zorbax Eclipse Plus C18 column, 2.1 x 50
mm dimensions, 1.8 um particle size. Samples were run using the same method
described earlier.

The acquisition parameters were set to acquire MS-MS data from an
electrospray ionization source on positive mode. MS data acquisition was set to

a mass range of 50 — 1000 m/z, at a scan rate of 3 spectra s’!. MS-MS data



acquisition was set to targeted MS-MS mode for a mass range of 50 — 1000 m/z,
MS-MS scan rate of 6 spectra s™!, with a fixed collision energy of 16. Instrument
parameters were set at; Gas temperature: 200 °C, Gas flow: 15 L min!,
Nebulizer: 50 psig, Sheath Gas temperature: 350 °C, Sheath Gas flow: 10 L
min!'. Scan source parameters were set at VCap: 4000 V, Nozzle voltage: 0 V,
Fragmentor: 110 V, Skimmer: 65 V, Octopole RF peak: 750 M.

Targeted masses for the samples screening the eas4 orthologs and
testing strain designs were set to: 1) 239.1543 m/z, on a narrow isolation width
(1.3 amu), collision energy of 15; 2) 257.1648 m/z, on a narrow isolation width
(1.3 amu), collision energy of 15.

Targeted masses for the '*C-2-indole tryptophan feeding experiments
were set to: 1) 239.1543 m/z, on a narrow isolation width (1.3 amu), collision
energy of 15; 2) 240.1576 m/z, on a narrow isolation width (1.3 amu), collision

energy of 15.
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4.3 RESULTS AND DISCUSSION
4.3.1 ISOLATING ISOMERASES FROM REDUCTASES

Bioinformatics analyses on the protein sequence for easA showed it to
be closely related to the Old Yellow Enzyme (OYE) family of FMN-binding
oxidoreductases. This family of enzymes have been known to share a high
degree of sequence similarity, with the largest source of sequence variation
coming from the enzyme surface regions (Toogood, Gardiner, & Scrutton,
2010). Hence, it was unsurprising to find that the initial SSN generated, for an
alignment score of 85, that corresponds to a sequence identity of 40%, could
not differentiate the retrieved sequences (Figure 4-4A). Redefining an edge to
an alignment score of 130, corresponding to a sequence identity of 60%, only

then begins to fractionate the sequences into discernible clusters (Figure 4-4B).

Figure 4-4: (A) Initial SSN generated for eas4 at an alignment score of 85,
corresponding to 40% sequence identity; this was unable to distinguish
isofunctional clusters. (B) Increasing the alignment score to 130, corresponding to
60% sequence identity allowed for the identification of isofunctional clusters. The
hypothetical easA isofunctional cluster is highlighted in yellow.

From this SSN, the isofunctional cluster for eas4 enzymes could be
identified from the sequences that were up to two degrees of separation. Further
increasing the alignment score to 180, allowed the distinction of a tight cluster

of sequences that contain several orthologs from known lysergic acid derivative



producers and numerous sub-clusters that were littered with sequences from
fumigaclavine and dihydroergot alkaloid producers (Figure 4-5). While it would
be possible to speculate the nature of the eas4 variant present within the gene
cluster of an ergot alkaloid producing organism based on its ergot alkaloid
product profile, this approach using an SSN, provided a more diverse pool of

sequences from which a correctly predicted amino acid sequence may be found.

zINPUTSEQ

ADA1TY2UGGS ihe i

iworos (D

Figure 4-5: Expanded SSN for the isofunctional cluster of easA, obtained by
defining an edge to an alignment score of larger than 180. Isomerase variants
remain tightly clustered, while the reductase variants splinter off into several sub-
clusters. Nodes in purple denote sequences from the Epichloe family, nodes in
denote sequences from the Claviceps family, nodes in green denote
sequences from the Aspergillus family, nodes in red denote sequences from the
Penicillium family, nodes in brown are for sequences from Claviceps gigantea and
Africana (known producers of the dihydroergot alkaloids), and nodes in
represent sequences from the other collective families not well characterized.

This predicted isomerase cluster was aligned with the query sequence

and the A. fumigatus reductase ortholog and they were confirmed to have the
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characteristic phenylalanine residue at the 176 position (Figure 4-6). Four
representative orthologs were then selected from the families of eas4 sequences

present in the isomerase cluster to be screened.

S5TCI4 117 Al /SSSAVPVSPGEPTPRAL ' /OAAKNAVLEAGFDGVELHGANGE 176
G9FM51 117 L} EVPVAPGEPTPRPLSE! Y I FDYAQGAKNAVHEAGFDGVE I HGANGE 176
ROWIHO 117  ANGI ; NGE 176

M1WOYO0 117 SQGLKLESSSEVPVAPGEPTPRALDEIDEIQQYILDYVQGAKNAVHGAGFDGVEIHGANGF 176
Q4wWzZ70 121 D-MKDLISSSAVPVEEKGPLPRALTEDEIQQCIADFAQAARNAI-NAGFDGVEIHGANGY 178

* KAk A kk * kK Kk R * ke Kk Kkekka Ak hkhkhkhk ks khkhhkh o

Figure 4-6: Sequence alignment of the selected eas4 orthologs with the N. lolii
ortholog (M1S0Y0) and A. fumigatus ortholog (Q4WZ70) for the catalytic region
containing the important phenylalanine/ tyrosine reside (highlighted in red).

4.3.2 SCREENING FOR ISOMERASES

The conversion of chanoclavine-I to agroclavine involves its
progression first into chanoclavine-I-aldehyde catalysed by easD, before its
cyclization into the iminium intermediate catalysed by easA and subsequent
reduction to agroclavine catalysed by easG. As easD and easG have been
previously shown to be very responsive to heterologous expression (J. Z. Cheng
et al., 2010a; Wallwey, Matuschek, & Li, 2010), unlike the previous chapter,
there was no pressing need to extensively test them in isolation from easA.

Test strains for each of the four easA4 orthologs (pCKU-GAD), with all
three enzymes under the control of different constitutive promoters, were
created to screen their ensuing product profiles for agroclavine and/or
festuclavine (Figure 4-7A). The spent media samples from all the strains
containing different easA orthologs eluted a compound with an [M+H]" of 239
m/z at around the same time as the standard of agroclavine spiked into the media
of the YOCE strain (Figure 4-7B) (Table 4-7). The MS-MS fragmentation
patterns between the agroclavine standard and the eluted compounds from the
pCKU-GAD strains were found to be the same (Figure 4-7D, E). This confirmed

the production of agroclavine (Table 4-8).
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Figure 4-7: Screening of easA orthologs selected. (A) Illustration of the construct assembled for the screening experiments. (B) Total ion chromatogram from the
selected ion monitoring of all fragments produced from precursors with an [M+H]" of 239 m/z. (C) Total ion chromatogram from the selected ion monitoring of all
fragments produced from precursors with an [M+H]"* of 241 m/z. (D, E) Mass spectra for the peaks eluting at 151 s from the agroclavine standard and sample of the
E. coenophialia ortholog. (F) Mass spectra for the 241 m/z peak.
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Table 4-7: Exact mass and retention time for the agroclavine standard and agroclavine produced

Mass error o

Retention time

Construct Calculated m/z Observed m/z
(ppm) (s)
Agroclavine standard 239.1543 239.1496 -19.65 150.8
easA Pi 239.1543 239.1486 -23.83 151.3
easA NI 239.1543 239.1505 -15.89 1514
easA_ Cpur 239.1543 239.1502 -17.14 151.5
easA Ec 239.1543 239.1507 -15.05 151.3

Table 4-8: Exact masses of the fragment ions from agroclavine produced

224 m/z fragment 208 m/z fragment 183 m/z fragment
Construct | geandard  Observed Mass Standard  Observed Mass Standard  Observed Mass
m/z m/z error m/z m/z error m/z m/z error
6 (ppm) 6 (ppm) 6 (ppm)

easA Pi 224.1243 224.1244 0.45 208.1078 208.1101 11.05 183.0891 183.0940 26.76
easA NI 224.1243 224.1272 12.94 208.1078 208.1090 5.77 183.0891 183.0893 1.09
easA Cpur| 224.1243 224.1260 7.59 208.1078 208.1084 2.88 183.0891 183.0890 -0.55
easA Ec 224.1243 224.1281 16.96 208.1078 208.1085 3.36 183.0891 183.0899 4.37
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Surprisingly, on the extracted ion chromatograms for the [M+H]* of 241
m/z, a small peak close to the retention time of agroclavine was found in all
samples. This same peak was most pronounced in the agroclavine standard, and
analysis of its mass spectra revealed that is it likely be the fragments of
agroclavine adducts. This indicated that the chosen orthologs of easA
exclusively produced agroclavine and not festuclavine nor its (9S)-
stereoisomer, pyroclavine.

A calibration curve of agroclavine was also created to quantify the
amounts produced by these strains (Figure 4-8A). It was found that amongst the
four tested orthologs, the P. ipomoeae ortholog was barely functional. The
amount of agroclavine is almost at the lowest limit of detection by LC-MS. The
other three orthologs were found to perform marginally better, producing
agroclavine approximately in the range of 2.8-3.1 ug/L (Figure 4-8B).

Putting it all together, despite the low levels of agroclavine being
produced across all the orthologs tested, this is the first successful
demonstration for the complete biosynthesis of agroclavine in an entirely

heterologous host.
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Figure 4-8: Quantification of the agroclavine produced by the easA orthologs. (A)
Agroclavine standard curve established in YOCE media. Peak area response for
the ion transition of 239 to 208 m/z plotted against spiked agroclavine
concentrations, over a range of 0.1 — 160 nM. (B) Relative amounts of agroclavine
produced in test strains to the standard curve, measured by the peak area
response for the ion transition of 239 to 208 m/z. Error bars represent standard
deviation from three biological replicates.



4.3.3 IMPROVING THE PRODUCTION OF AGROCLAVINE
4.3.3.1 WIDENING THE PATHWAY’S BOTTLENECKS

Armed with the knowledge that the selected sequences to complete the
pathway to agroclavine are functional in yeast, the next goal was to improve the
production yields sufficiently before completing the pathway to D-lysergic acid.
This is exceptionally important because of the extremely low yields observed.
Across all chemical transformations, whether biologically-catalysed or not, the
efficiency of turnover at each reaction is rarely, if ever, a hundred percent. It is
therefore not uncommon to observe the gradual decline of product over each
successive intermediate. In terms of the yields measured, it is rather concerning
that the detected amounts of agroclavine are so close to its limit of detection.
Any further decline in signal over the subsequent reaction to produce D-lysergic
acid would likely be within the range of the background noise and rendered
undetectable.

Based on the information obtained from the previous chapter, the
reaction catalysed by easC/easE is likely to be a choke point along the pathway.
Furthermore, apart from buffering the media, the methylation of the amine
group catalysed by easF is another way to prevent the diversion of metabolic
flux of DMAT into DMA-MTCA. Two additional designs containing either an
extra copy of easC (YP-GACD) or both easC and easF (YP-GAFCD) were
built and integrated on the yeast genome, in an attempt to mitigate these
identified limiting factors (Figure 4-9A).

Curiously, simply having the GAD constructs integrated onto the yeast

genome improved agroclavine production around seven-fold to 21.7-28.1 ug/L
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(Figure 4-9C), even though the pCKU vector used previously was a low copy
number vector and should have been representative of a genomic construct.
Having an additional copy of easC driven by the TDH2 promoter on top
of the GAL10 driven one produced the most improvement; especially for the
GACD construct with the easA ortholog from E. coenophialia. This construct
showed an increase of almost 20-fold, producing the equivalent of 55.2 ug/L

agroclavine (Figure 4-9B, C).
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Figure 4-9: Screening alternative segment designs. (A) Illustration of GAD,
GACD, and GAFCD constructs tested. (B) Agroclavine standard curve
established in YOCE media. Peak area response for the ion transition of 239 to
208 m/z plotted against spiked agroclavine concentrations, over a range of 0.1 —
1.5 uM. (C) Relative amounts of agroclavine produced to the standard curve,
measured by the peak area response for the ion transition of 239 to 208 m/z. Error
bars represent standard deviation from three biological replicates.

The improvement was not observed in any construct containing the N.
lolii ortholog. No improvement was also observed from the addition of a second

copy of easF for all easA orthologs. Instead, it was noticed that while all other



strains grew to saturation, all GAFCD constructs as well as the GACD construct
with the N. lolii ortholog appeared to stagnate at an ODgoo around 0.8-1, upon
induction by galactose. This suggested that the poor performance observed was
likely due to the lack of biomass accumulation. The decreased cell fitness
observed in these strains was unusual, considering how they are more
pronounced with the N. lolii orthologs.

While the new designs showed a very encouraging improvement in
agroclavine yields, the peculiarities around the diminishing cell fitness raised
another cause for concern. This prompted a series of repeats, to determine if
further propagation of the other strains would show the same decline in cell
fitness, as well as to re-introduce the GAD/GACD/GAFCD constructs into the

YOCE strain to find out if it was a technical issue or something else altogether.

4.3.3.2 INSTABILITY IN THE INITIAL DESIGNS

From the repeats performed, it was noticed that all the constructs tested
eventually displayed the same growth retardation as the N. /olii constructs.
Furthermore, analysis of the AUC for each intermediate from their respective
peaks on the extracted ion chromatograms showed the same relative decline in
chanoclavine-I and agroclavine across multiple propagations. This indicated
that all the constructs created were gradually losing the ability to produce
chanoclavine-I and agroclavine, and started accumulating DMAT and 4DMA
from the second propagation onwards (Figure 4-10B). The re-introduction of
the easCleasE cassettes to these strains, or the re-creation of the YP-
GAD/GACD/GAFCD strains from fresh YOCE competent cells, restored their

ability to produce chanoclavine-I and agroclavine.
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These findings suggested that the expression of the genes responsible
for the production of chanoclavine-I and beyond are likely being selected
against. While agroclavine has been noted for having cytotoxic effects to a few
cancer cell lines and found to be mildly antimicrobial, it was also shown to not
be toxic to another yeast strain, Saccharomyces uvarum. Therefore, it is unlikely
to be inhibiting the growth of the closely related S. cerevisiae (Eich & Pertz,
1999; Mrusek et al., 2015). Instead, it is believed that the decline of cell fitness
and therefore selection pressure experienced by the agroclavine producing
strains are more likely a function of the metabolic burden exerted by the
extensive heterologous pathway driven by the suite of strong promoters that
were introduced (Carrier, Jones, & Keasling, 1998; Colletti et al., 2011; Z.-F.
Hu et al., 2019).

Given the specific loss of production from chanoclavine-I, it was
postulated that the selection pressure was likely targeting the easCgaLio-
easEgar1 cassette for modification or deactivation. The GAL10 and GAL1
promoters are effectively the same sequence running in opposing directions;
this was an oversight in the earlier design (Figure 4-10A). This allowed the
endogenous yeast recombination machinery to easily flip the easC cassette or
possibly form a loop to delete the region. With a sequence homology length of
332 bp, it is within the documented capability of the endogenous yeast
recombination machinery (Hohnholz & Achstetter, 2019; Hua, Qiu, Chan, Zhu,

& Luo, 1997).
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Figure 4-10: (A) Illustration of the possible inversion occurring on the easC/easE
cassette as a result of the homology between GAL1 and GAL10 promoter
sequences. (B) Estimation of the relative amounts of intermediates produced by
the GAE«erhliaC]) strain from the peak area response of their respective
extracted ion chromatograms at 273, 287, 257, and 239 m/z. AUC values
normalized to the largest mean value of each sample. Error bars represent the
standard deviation calculated from three biological replicates.

In order to circumvent this issue as well as to prepare for further
expansions to the pathway, an overhaul on the strain design was done. In this
next design iteration, the easA Ec ortholog was selected to trial a design similar
to the one used in the cycloclavine producing yeast (Jakubczyk et al., 2015).
This design sought to reallocate the stronger promoters to the difficult enzymes,
such as easE, and maintain the expression levels of the other early pathway
enzymes with multiple copies of expression cassettes driven by weaker

promoters. At the same time, the re-design included extra copies of the genes
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FADI and PDI1, which were cloned from the yeast genome to aid protein
folding and the production of the co-factor, FAD, for easE (Nielsen et al., 2014)
(Table 4-3).

When tested, these new strains (AgcM33B, and AgcM32B illustrated in
Figure 4-11A) were found to produce the calibration curve equivalent of 35.7
and 40.2 pug/L. of agroclavine respectively (Figure 4-11B). These new strains,
while found to produce marginally less agroclavine than the YP-GACD
constructs, were more importantly no longer showing the same relative decline
in chanoclavine-I and agroclavine production (Figure 4-11D). Instead, the
relative peak area responses against 4DMA showed a shift in proportions of the
detectable intermediates towards agroclavine downstream in the pathway. This
phenomenon is likely because the host cells have accumulated larger quantities
of each enzyme along the pathway on the second “passage” and more rapidly
reaches this observed equilibrium of metabolic flux across the pathway. The
equilibrium state is likely due to the accumulation of agroclavine to levels where
its inhibitory effects on dma W become apparent (L.-J. Cheng, Robbers, & Floss,
1980).

Having demonstrated the stability of the new designs, the two new
strains (AgcM33B and AgcM32B), should now be more adequately to serve as

the next stepping stone towards a heterologous D-lysergic acid producer.
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Figure 4-11: Testing the production yields and stability of the new strains
AgcM33B and AgcM32B. (A) Diagrammatic representation of the strains created.
(B) Agroclavine standard curve established in YOCE media. Peak area response
for the ion transition of 239 to 208 m/z plotted against spiked agroclavine
concentrations, over a range of 0.1 — 1.5 uM. (C) Relative amounts of agroclavine
produced to the standard curve, measured by the peak area response for the ion
transition of 239 to 208 m/z. Error bars represent standard deviation from three
biological replicates. (D) Estimation of the relative amounts of intermediates
produced by the AgcM33B and AgcM32B strains from the peak area response of
their respective extracted ion chromatograms at 273, 287, 257, and 239 m/z. AUC
values normalized to the largest mean value of each sample. Error bars represent
the standard deviation calculated from three biological replicates.

43.4 VALIDATION OF AGROCLAVINE PRODUCTION WITH !3C-
LABELLED TRYPTOPHAN

In the earlier experiments, the production of agroclavine was validated
by the comparison of its retention time, mass, and mass fragmentation patterns
against a commercially-obtained standard. In the spirit of scientific rigour, the

AgcM33B strain was fed with *C-2-indole tryptophan (!3C-W) to track the
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production of 3C-labelled intermediates along the reconstituted pathway,
ending in 13C-2-agroclavine ('*C-Agc). This served as an independent method
for validating the production of agroclavine (Figure 4-12A).

The ion transitions for the precursors with an [M+H]" of 239 m/z
replicated the earlier results, which demonstrated the elution of agroclavine at
around 150 s, for both cultures fed with 1 mM tryptophan or 3C-W (Figure 4-
12B). This is as expected since the strain AgcM33B is capable of endogenously
producing its own tryptophan. Furthermore, the SC media used for its culture is
supplemented with unlabelled tryptophan. Analysis of the precursor ions with
an [M+H]+ of 240 m/z, showed the same peak eluting only from the culture fed
with BC-W (Figure 4-12C). A comparison of the mass spectra from the two
cultures illustrated a distinct shift of +1 m/z in the mass corresponding to
agroclavine and all of its fragment ions, to levels well above the expected
isotopic abundance (Figure 4-12D, E) (Table 4-9).

This experiment demonstrated the metabolism of C-W into the
pathway to produce '3C-Agc; ergo the first successful, complete heterologous

reconstitution of the pathway to agroclavine in yeast.
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Figure 4-12: Validation of agroclavine production using *C-labelled tryptophan.
(A) Cartoon representation of the experiment. (B) TIC from the selected ion
monitoring of precursors with an [M+H]" of 239 m/z. (C) TIC from the selected
ion monitoring of fragments precursors [M+H]" of 240 m/z. (D) Overlay of the
mass spectra for the peaks at 150 s. Spectral lines in black represent the masses
observed from tryptophan-fed samples. Spectral lines in red represent the masses
observed from the culture fed with *C-W. (E) Difference in mass spectra between
cultures fed with tryptophan or *C-W.

Table 4-9: Exact masses of *C-2-agroclavine produced and its fragment ions

Detected [*C-M+H]* ions Calculated Observed Mass error
m/z m/z o (ppm)

13C-2-Agroclavine 240.1576  240.1525 -21.24
2243225 2251276  225.1284 3.55
210211 211.1272 211.1268 -1.89
208->209 209.1111 209.1113 0.96
198->199 199.1276 199.1269 -3.52
184->185 184.0924 184.0933 4.89
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CHAPTER 5: COMPLETING THE PATHWAY TO LYSERGIC ACID
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5.1 INTRODUCTION

The last step on the biosynthesis of D-lysergic acid (DLA) involves a
two-step oxidation of the C8 methyl group in agroclavine and the migration of
the double bond from the C8-C9 position to the C9-C10 position (Figure 5-1A).
In 2006, Haarmann and colleagues identified the CYP450 monooxygenase,
cloA, that catalysed this reaction (Haarmann et al., 2006). While the reactions
required for the conversion of agroclavine to DLA can be deduced from their
structural differences, not much is known about the sequence of events that lead
to its formation, nor the precise mechanism by which this happens.

Previous studies showed that the reaction requires the presence of
NADPH and molecular oxygen (Maier, Schumann, & Groger, 1988; Quigley &
Floss, 1981). Furthermore, corresponding homologous sequences have been
identified in the gene clusters of all organisms producing oxidized tetracyclic
clavine derivatives. From these organisms, different derivatives of agroclavine
that correspond varying degrees of oxidation, have been isolated (Figure 5-1A)
(Kozlovsky, 1999; Kren & Cvak, 1999). Elymoclavine and DLA have been
isolated from numerous ergot fungi from the Clavicipitaceae family, where
most of the research into the ergot alkaloid biosynthetic pathway was conducted
on. Strains of C. purpurea with the proposed cloA4 gene knocked out were found
to accumulate elymoclavine and agroclavine (Haarmann et al., 2006). These
findings added credence to the school of thought that the conversion from
agroclavine to DLA progressed stepwise through elymoclavine. Together with
the finding that microsomal fractions of C. purpurea PCCE] strains produced
paspalic acid from elymoclavine, and that paspalic acid was predominantly

produced in the closely related Claviceps paspali (Kobel, Schreier, &
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Rutschmann, 1964), it was postulated that the reaction progresses from
agroclavine to elymoclavine, followed by paspalic acid, before being
spontaneously isomerized to DLA. Each individual oxidation step was proposed
to be catalysed by a different oxidase, and that the isomerization of the C8-C9

double bond to the C9-C10 position happened spontaneously.

C. purpurea
(A) N lolii
C. purpurea C. paspali P. ipomoeae
0. _0OH 0. OH
[0] [O] I Iso
Agroclavine Elymonlavme Paspalu. acid D lyserglc acid
[M+H]*= 239.1543 [M+H]+— 255.1492 [M+H]+= 269.1285 [M+H]+= 269.1285

@ P. ipomoeae

Lysergol
[M+H]*— 255 1492

N 2 [0] C. africana
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HN /

Festuclavine Dlhydrolyserglc acid
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FgaPMO 2 P. commune
HN /
Festuclavine/ Fumxga:.lavme B
Pyroclavine

Figure 5-1: Reactions oxidizing the clavine alkaloids in the late ergot alkaloid
pathway. (A) Hypothesized sequence of reactions catalysing the conversion of
agroclavine to DLA and its derivatives in ergopeptine producing fungi. The
isomerization of the C8-C9 double bond to produce DLA or lysergol could either
occur catalytically or spontaneously in the presence of a base. (B) Reaction
catalysed by the ortholog of cloA in the dihydroergot alkaloid producers. (C)
Hydroxylation of festuclavine/ pyroclavine in the biosynthesis of the
fumigaclavines.
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Recent studies have found that when the cloA4 ortholog from Epichloe
sp. Lp1 was heterologously expressed in A. fumigatus with the corresponding
easAisomerase gene, no production of elymoclavine or paspalic acid was detected
(Robinson & Panaccione, 2014). Another study found that homologous
sequences of cloA found in Claviceps africana and Claviceps gigantea are
responsible for the double oxidation of festuclavine into dihydrolysergic acid
(Figure 5-1B) (Arnold & Panaccione, 2017). Given these new findings, it is
possible that sequence variations between the orthologs from different lineages
or ergot alkaloid producers might be responsible for the varying extent of
oxidation performed on the tetracyclic clavine products (Figure 5-1A, B, C).
Certain variations between the clo4 orthologs might favour the termination of
the reaction at different degrees of oxidation, as well as the possibility for the
migration of the C8-C9 double bond. The possible combinations of either a
single or double oxidation, coupled with the option of the migration of the C8-
C9 double bond to the C9-C10 position, would account for the production of
elymoclavine (single oxidation, no isomerization), lysergol (single oxidation
with isomerization), paspalic acid (double oxidation, no isomerization), and
DLA (double oxidation with isomerization).

The characterization of the different c/oA4 orthologs and their resulting
product profiles is one aspect of a colleague’s research. In his work, an SSN
was generated to attempt to identify the different lineages of clo4 that might
account for the variability in the oxidized tetracyclic clavine profiles of the
known ergot alkaloid-producing organism (Figure 5-2A). From the hypothetical
clavine oxidase supercluster, the sequences could be further fractionated into

several clusters that appeared to distinguish between the CYP450s responsible
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for the oxidation of the different tetracyclic clavines (Figure 5-2B). Further
refinement of the “Cl17-oxidase” cluster allowed for the separation of cloA
orthologs from the Epichloe, Claviceps, Metarhizium families, the unusual
variants from C. africana and gigantea, and lysergol-producing P. ipomoeae.
This roughly corroborated with the findings for an exclusively DLA-producing
group (Epichloe), elymoclavine and DLA-producing group (C. purpurea), the
dihydrolysergic acid producing group (C. Africana and gigantea), and lysergol
producing (P. ipomoeae) (Figure 5-2C). From four of the most dissimilar sub-
clusters (Figure 5-3), 15 cloA orthologs were selected and characterized for their
expression in yeast and production of elymoclavine, lysergol, paspalic acid, or
DLA. Of these 15 sequences, five orthologs were found, when fed with
agroclavine, to produce a compound with an [M+H]" 0of 269 m/z, corresponding

to either paspalic acid or DLA.

o~ Tt

Figure 5-2: Sequence similarity networks of cloA. (A) Initial SSN covering the
superfamily of cytochrome P450 monooxygenases. Hypothetical “cloA4”
supercluster coloured in orange. (B) Expansion of the “clo4A” supercluster,
showing the divergence of cloA sequences between the different families of ergot
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alkaloid producers. (C) Further expansion of the cluster of cloA sequences from
organisms identified to perform an ergoline C17 oxidation.
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Figure 5-3: Expanded SSN of the cloA supercluster from Figure 5-2B, obtained
by defining an edge as a relationship corresponding to a sequence identity greater
than 60%. Nodes in purple denote sequences from the Epichloe family, nodes in
orange denote sequences from the Claviceps family, nodes in green denote
sequences from the Aspergillus family, nodes in red denote sequences from the
Pennicilium family, nodes in brown are for sequences from Claviceps gigantea and
Africana (known producers of the dihydroergot alkaloids), nodes in denote
sequences from the Colletotrichum family, nodes in teal denote sequences from
the Metarhizhium family, nodes in dark blue denote sequences from the Fusarium
family, and nodes in light blue represent sequences from the other collective
families not well characterized.

The completion of the ergot alkaloid pathway to DLA in yeast would
require the incorporation of an ortholog of c/oA that favours its production. This
chapter describes the incorporation of three of the five orthologs, found to
produce the 269 m/z compound, into the previously developed agroclavine

producing strain (AgcM33B/ AgcM32B).
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5.2 MATERIALS AND METHODS
5.2.1 GENERATING AN SSN OF THE cloA ORTHOLOGS

To generate the SSN of cloA, the sequence from Epichloe sp. Lpl was
used as the query for the initial BLAST search (Option A). The initial BLAST
parameters were set to pull a maximum of 9000 sequences with a minimum
alignment E-value of 5. An initial SSN was generated from all the returned
sequences, and the edges were defined as relationships with an alignment score
corresponding to greater than or equal to 40% sequence identity. These
parameters return the SSN shown in Figure 5-2A. From this SSN, the predicted
clavine oxidase supercluster was identified and coloured orange. Expansion of
the supercluster by increasing the edge definition to greater than or equal to 60%
sequence identity, produced the SSN in Figure 5-3. Further expansion of the
“agroclavine” cluster by redefining an edge as a relationship greater than 77%

produced the SSN in Figure 5-2C.

5.2.2 PROCUREMENT OF clo4 ORTHOLOGS

Three of the five cloA orthologs identified to be producing a 269 m/z
compound from agroclavine were obtained from a colleague, Lim. L. R. (Table
5-1). These sequences were cloned into a pYES2/CT vector, and are the

constructs used by Lim, L. R.

Table 5-1: Summary of cloA orthologs used in this study

Abbreviated name Organism Uniprot ID
cloA Cpur Claviceps purpurea MIWEN?7
cloA_Ecoe Epichloe coenophiala ROVXNG6
cloA Pipo Periglandular ipomoeae G9FM49
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5.2.2.1 TRANSFORMATION, CULTURE AND GROWTH CONDITIONS

The cloA constructs were transformed into chemically competent
AgcM33B and AgcM32B cells that were prepared and transformed as described
previously.

Three colonies per construct to be tested were grown as described
before. Expression of the cloA orthologs were induced by the addition of 20%
galactose to a final concentration of 2%, when the cultures reached an ODgoo of
0.8. Culture tubes (50 mL) were left uncapped and covered with autoclaved
aluminium foil caps, and subsequently incubated further at 24 °C for 5 days. A
1 mL aliquot of spent media was prepared and analysed using LC-MS as

described earlier.

5.2.2.2 PREPARATION OF STANDARDS

The stock solution of agroclavine (Chiron) was prepared as described in
chapter 4. The stock solution of DLA (Chiron) was prepared by dissolving 10
mg of the compound in 10 mL 50% (v/v) LC-MS grade ethanol/ deionised
water. The DLA standards were stored in the dark at -20 °C. A stock solution
of lysergol standard (Toronto Research Chemicals) was prepared by dissolving
the dry powder in DMSO to 100 mM and stored at -20 °C. The standards used
for analysis were prepared by their appropriate dilutions in the filter-sterilized

media of their corresponding negative controls.

5.2.2.3 QUANTIFICATION WITH A STANDARD CURVE

The standard curves for agroclavine and DLA were prepared by their
appropriate dilutions in filter-sterilized media of their corresponding negative

controls, over a range of concentrations from 10 nM to 1.5 uM.

119



The standard curve for agroclavine was generated by plotting the area
under the curve for the peak response from the detection of the MS-MS ion
transition of [M+H]+ 239 - 208 m/z. Likewise, the standard curve for DLA
was generated by plotting the area under the curve for the peak response from

the detection of the MS-MS ion transition of [M+H]+ 269 = 223 m/z.

5.2.2.4 QUANTIFICATION BY STANDARD ADDITION

The prepared DLA standard was diluted 1:1000 into 50% (v/v) LC-MS
grade ethanol/ deionised water, and subsequently spiked into samples from each
replicate of the pYES2/CT-cloA_Cpur construct. Three replicates were created
for each concentration level of standard added.

To generate the calibration curve, a total of five concentration levels
were used, corresponding to 0, 100, 200, 300, and 400 nM of DLA added. The
calibration curve was obtained by plotting the area under the curve for the peak
response from the detection of the MS-MS ion transition of [M+H]+ 269 = 223
m/z against the concentration of DLA added.

The concentration of DLA present in the original sample was calculated
using the regression line obtained that corresponded to the added concentration
producing double the peak response compared to the sample with no DLA
added. Confidence intervals of the measured sample concentration were

calculated from the derived confidence intervals of the regression line.

5.2.3 DEVELOPMENT OF A GENOMIC DLA PRODUCER
5.2.3.1 TRANSFORMATION, CULTURE AND GROWTH CONDITIONS

Genome integration plasmids for the cloA ortholog was obtained from

Lim, L.R. The obtained plasmid construct was linearized by Bsal digest, and
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gel purified. The purified linear integration fragment was transformed into
chemically competent AgcM33B cells that were prepared and transformed as
described previously. Successful transformants were selected for on SC-URA
plates with 2% glucose, and screened for successful integration by PCR.

Three colonies per verified construct were selected and tested as
described previously. Induction of cloA4 expression and DLA biosynthesis were

performed as described earlier.

5.2.3.2 QUANTIFICATION BY STANDARD ADDITION

Quantification of the DLA produced by the DLAM33B strain was

performed as described earlier.

5.2.4 CHARACTERIZATION OF DLAM33B
5.2.4.1 TRYPTOPHAN SUPPLEMENTATION EXPERIMENTS

Stock solutions of tryptophan (Sigma) were prepared in 20% (W/v)
galactose to a concentration of 10 mM and 50 mM, and filter-sterilized.

Tryptophan supplementation was performed by culturing the strain as
described in the earlier sections for the biosynthesis of DLA. Cultures were fed
the additional tryptophan and induced for c/o4 expression concurrently by the
addition of the prepared stock solution to a final concentration of either 1 mM
tryptophan with 2% (w/v) galactose, or 5 mM tryptophan with 2% (w/v)
galactose. Induction and biosynthesis was carried out as described previously.

Estimation of the quantities of agroclavine and DLA produced in the
tryptophan supplementation experiments were performed using the standard

curves generated.
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5.2.4.2 BC-TRYPTOPHAN FEEDING EXPERIMENTS

Stock solutions of tryptophan (Sigma) and '*C-2-indole tryptophan
(CIL) were prepared as described in chapter 4. Tryptophan feeding was
performed as described in chapter 4 as well, with the exception that cultures
were induced for cloA expression and incubated at 24 °C, over 5 days. All spent

media samples were prepared for LC-MS analysis as before.

5.2.4.3 QUANTIFICATION OF 3C-DLA WITH A STANDARD CURVE

Estimation of the amount of '*C-DLA produced from '*C-2-indole
tryptophan was calculated using a standard curve of DLA. It is assumed that
BC-DLA and DLA are chemically identical and will produce the same peak
area response for a given concentration and matrix when ionized using the

electrospray ionization method.

5.2.44 CALCULATION OF PREDICTED LOGP VALUES

Predicted values of LogP for all the compounds discussed were obtained
from the chemical properties function of ChemDraw® Version: 18.0.0.231

(4318).

5.2.5 LC-MS ANALYSIS OF SAMPLES

LC-MS analyses were performed using the Agilent 1290 Infinity LC
System using an Agilent InfinityLab Poroshell 120 EC-C18 column, 2.1 x 100
mm dimensions, 1.9 um particle size. Samples were run using the same LC
method as previously described.

MS-MS analysis was performed as previously described. Targeted

masses for the experiments testing the c/oA4 orthologs and DLAM33B were set
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to: 1) 239.1543 m/z, on a narrow isolation width (1.3 amu), collision energy of
20; 2) 255.1492 m/z, on a narrow isolation width (1.3 amu), collision energy of
20; 3) 269.1285 m/z, on a narrow isolation width (1.3 amu), collision energy of
20.

Targeted masses for the 3C-labelled tryptophan experiments were set
to: 1) 269.1285 m/z, on a narrow isolation width (1.3 amu), collision energy of
20; 2) 270.1318 m/z, on a narrow isolation width (1.3 amu), collision energy of

20.

5.2.6 STATISTICAL ANALYSIS

Comparisons between the levels of DLA produced by the constructs
expressing the cloA orthologs episomally were performed using a One-way
ANOVA. Analyses of the quantities of DLA and agroclavine produced from the

supplementation of tryptophan were performed with a Two-way ANOVA.
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5.3 RESULTS AND DISCUSSION
5.3.1 BIOINFORMATICS GUIDED PREDICTION OF cloA ACTIVITY

The utility of an SSN for the identification of a suite of enzymes for the
catalysis of a desired reaction has been demonstrated extensively over the
course of this project. This approach proved to be especially useful for
delineating the slightly different reactions catalysed by otherwise highly similar
enzymes, such as easA. Therefore, the same approach was therefore taken to
probe the substrate and product specificities of the various cloA4 clades.

Within the predicted cloA supercluster, it was immediately apparent that
the homologs from the Aspergillum and Penicillium families, that corresponded
to the CYP450s that act to produce the fumigaclavines, were distinctly more
divergent from the ones from the Clavicipitaceae family (Figure 5-3). This is
rightly so, given the knowledge that they catalyse the hydroxylation of the C9
position on festuclavine or pyroclavine that would require the substrate to be
oriented in a starkly different position relative to the catalytic iron-heme co-
factor (Bilovol & Panaccione, 2016). Another distinct sub-cluster that was
picked up in the cloA supercluster, were a group of sequences where around half
were from the Fusarium family of fungi and annotated as trichodiene
oxygenases. The other half of this group were annotated as ent-kaurene oxidases
from the Gibberella family of plant parasitizing fungi. Both groups were likely
to have been picked up because of the similar active site resides used for binding
polycyclic substrates.

Once these extraneous clusters were excluded, the remaining pool of 49
predicted cloA sequences could be re-organised into four major groups (Figure

5-4). Of these, the most distinct 15 sequences between the four groups were
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selected to be characterized as part of the study probing the features of clo4
substrate and product specificity. In this separate work, five orthologs were
found to catalyse the production of a 269 m/z product from agroclavine (Table
5-2), indicating the production of either paspalic acid or DLA (Lim, L.R.,
personal communication, 10 November 2017). Three of the most distinct
sequences, cloA Cpur, cloA Ecoe, and cloA Pipo were selected to be used for

completing the pathway to DLA.
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Figure 5-4: Expanded SSN of the cloA supercluster, obtained by defining an edge
as a relationship corresponding to a sequence identity greater than 75%.
Exclusion of the clusters containing the trichodiene oxidases and clusters with
known C10-ergoline hydroxylases reduced the remaining sequences into four
distinct groups. Fifteen of the most dissimilar sequences representing each of the
four groups were selected and tested by Lim, L. R. for activity on agroclavine.

125



Table 5-2: Summary table of the cloA orthologs that were found to be producing
a compound with [M+H]+ of 269 m/z

CloA Organism Uniprot ID
cloA_ Cpur Claviceps purpurea MIWEN?7
cloA_Ecoe Epichloe coenophiala ROVXNG6
cloA Pipo  Periglandular ipomoeae G9FM49
cloA_ Nilol Neotyphodium lolii S5SWI2
cloA 253 Epichloe coenophialia ROW253

5.3.2 DEMONSTRATING THE COMPLETE BIOSYNTHESIS OF D-
LYSERGIC ACID

5.3.2.1 PLASMID-BASED TRIALS

In the characterization of the clo4 orthologs, the sequences were
synthesized and cloned into pYES2/CT plasmids. In order to replicate the
production of the 269 m/z compound observed, the previously developed
agroclavine-producing strain (AgcM33B/ AgcM32B) was used as a platform
for assaying these three orthologs (Figure 5-5A).

The presence of a compound with an [M+H]" of 269 m/z was detected
from the spent media samples from all three of the orthologs tested (Table 5-3).
These results were consistent with the experiments where the strains, which
only expressed a cloA4 ortholog, were fed with commercial agroclavine. Samples
of spent media from the negative control (AgcM33B) spiked with commercial
DLA, was found to co-elute the same 269 m/z compound (Figure 5-5B). This
allowed for the determination of the compound to be DLA.

The fragmentation pattern obtained from the targeted MS-MS from
these peaks showed that all orthologs presented a similar profile to the spiked
standard (Figure 5-6A, B, C, D). This demonstrated the biosynthesis of DLA
from agroclavine and the complete reconstitution of the ergot alkaloid

biosynthesis pathway to DLA in yeast (Table 5-4).
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Figure 5-5: Testing of the three cloA orthologs using the agroclavine producing
strains AgcM33B and AgcM32B. (A) Cartoon representation of the constructs
used. (B) Total ion chromatogram from the selected ion monitoring of all
fragments produced from precursors with an [M+H]" of 269 m/z. All orthologs
tested eluted a compound with [M+H]+ of 269 m/z at 125 s that corresponded to
the DLA standard spiked into the media of the negative control.

Table 5-3: Exact mass and retention time for the compounds detected

Calculated Observed Mass error Retention time

Construct m/z m/z 5 (ppm) s)
DLA standard  269.1285 269.1267 -6.69 125.99
cloA Cpur  269.1285 269.1272 -4.83 126.12
cloA E.coe  269.1285 269.1274 -4.09 126.00
cloA P.ipo  269.1285 269.1275 -3.72 126.15
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Figure 5-6: Mass spectra from the MS-MS of the peaks eluting at 125 s from the (A) DLA standard, (B) C. purpurea ortholog, (C) E. coenophialia
ortholog, and (D) P. ipomoeae ortholog.

Table 5-4: Exact masses of select fragment ions detected from the DLA standard and DLA detected in the samples

254 m/z fragment 238 m/z fragment 223 m/z fragment
Construct Standard Observed  Mass error | Standard Observed Mass error | Standard  Observed  Mass error
m/z m/z o (ppm) m/z m/z 0 (ppm) m/z m/z 0 (ppm)
cloA C.pur | 254.1032 254.1040 3.15 238.0850 238.0854 1.68 223.1219 223.1224 2.24
cloA E.coe | 254.1032 254.1051 7.48 238.0850 238.0858 3.36 223.1219 223.1214 -2.24
cloA P.ipo | 254.1032 254.1092 23.61 238.0850 238.0849 -0.42 223.1219 223.1222 1.35
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5.3.2.2 QUANTIFYING PRODUCTION FROM PLASMID BASED
STRAINS

After establishing the production of DLA from the plasmid-based
strains, a standard curve was generated to quantify the amounts of agroclavine
and DLA produced (Figure 5-7A, C). The level of production of DLA varied
across the three orthologs; while the C. purpurea and E. coenophialia orthologs
produced similarly sized peaks, the peak from the P. ipomoeae ortholog
suggested it was producing approximately three times less product than the

other two orthologs (Figure 5-7B).
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Figure 5-7: Quantification of the DLA and agroclavine produced in the plasmid-
based strains by standard curve. (A) Relative amounts of DLA produced in test
strains to the standard curve. Error bars represent standard deviation from three
biological replicates. (B) Relative amounts of agroclavine produced in test strains
to the standard curve. Error bars represent standard deviation from three
biological replicates.

It could be possible that the P. ipomoeae ortholog is less active or was
not expressed as well in the strain. However, all orthologs appeared to be
consuming similar amounts of agroclavine (Figure 5-7D). This suggested that

the P. ipomoeae ortholog was producing an alternative product from DLA. To

search for this alternate product, the spent media samples of the three orthologs
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were assessed for the presence of compounds with an [M+H]* of 255 m/z, which
may indicate the presence of elymoclavine, lysergol, or chanoclavine-I-
aldehyde. It was found that the C. purpurea and E. coenophialia orthologs did
not contain any distinct product with this [M+H]". On the other hand, the P.
ipomoeae ortholog was found to produce a compound with an [M+H]+ of 255
m/z that eluted at around 127 s (Figure 5-8A, B). The close retention time with
DLA suggested it was likely to be elymoclavine or lysergol rather than
chanoclavine-I-aldehyde.

Fortunately, lysergol was commercially available. The elution time and
mass fragmentation pattern of the 255 m/z compound produced by the P.
ipomoeae ortholog was found to be similar to commercial lysergol (Table 5-5).
This demonstrated that the P. ipomoeae cloA ortholog catalysed the production
of both DLA and lysergol from agroclavine. This finding demonstrated the
divergent capability inherent in the cloA P.ipo ortholog, and corroborated
earlier research on the isolation of lysergol from the seeds of the P. ipomoeae

plant (Hofmann & Tscherter, 1960).
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Figure 5-8: (A) Total ion chromatogram from the selected ion monitoring of all
fragments produced from precursors with an [M+H]|" of 255 m/z. (B) Mass spectra
from the MS-MS of the peak from the lysergol standard. (C) Mass spectra from
the MS-MS of the peak from the cloA Pipo sample.
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Table 5-5: Exact mass and retention time for the lysergol standard and
cloA Pipo sample, as well as the most abundant fragment ions

Calculated Observed Mass Ret.entlon
Construct error time
m/z m/z
6 (ppm) (s)
Lysergol 255.1492  255.1506 5.49 127.0
standard
cloA_P.ipo 255.1492 255.1497 1.96 127.2
Fragment Ions Standard
m/z
224 m/z 224.1068 224.1045 -10.26
196 m/z 196.1155 196.1155 0.00
168 m/z 168.1209 168.1215 3.57
110 m/z 110.0706 110.0704 -1.82
44 m/z 44.0491 44.0487 -9.08

These series of experiments are the first reported demonstration of the
complete biosynthesis of both lysergol and DLA in an entirely heterologous
host. It is also the first step towards supporting the hypothesis that the specific
ortholog of cloA present in an ergot alkaloid producer is responsible for an
additional dimension of diversification at the later segments of the ergot

alkaloid pathway.

5.3.2.3 QUANTIFICATION BY STANDARD ADDITION

With a sense of the relative amounts of DLA the produced by the
plasmid-based strains, it would be prudent to have a more absolute measure for
future developments in both strain and bioprocess optimization.

The amount of DLA produced by the strain with the C. purpurea
ortholog was quantitated using standard addition as a secondary measure to

account for any potential confounding matrix effects (Figure 5-9). Using this



method, the concentration of DLA was determined to be 74.15 £+ 19.89 ug/L
(Table 5-6). This calculated value was not significantly different from the value
derived from the standard curve, and indicated that any possible matrix effects
have already been accounted for.

While the overall yield was still considerably low for any direct
commercial application, the intrinsic design allowed for an ample amount of
space to perform further strain optimization.
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Figure 5-9: Quantification of DLA produced in the cloA Cpur sample by
standard addition. The calibration curve is obtained by plotting the area under
the curve for the peak response from the detection of the MS-MS ion transition of
[M+H]+ 269 = 223 m/z against the concentration of DLA added.

Table 5-6: Summary of the calculated DLA concentration from the cloA_Cpur
construct measured by standard addition

Concentration | Concentration
pYES2/CT-cloA C.pur (nM) (ug/L)
Mean concentration 276.90 74.30
95% Confidence Interval + 74.15 + 19.89
Upper limit 351.05 94.19
Lower limit 202.76 54.40
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5.3.24 TOWARDS A STABLE GENOMIC STRAIN

While the expression of the pathway in full or in parts from a plasmid
would adequately serve to demonstrate its reconstitution in a heterologous host,
housing the full pathway on the host genome would be a quintessential feature
for a microbial cell factory of industrial relevance. Integrating the full pathway
on the host genome confers the advantage of not requiring the perpetual
maintenance of a selection pressure to retain the plasmid and ultimately
pathway. Growth media catering to any form of selection, be it positive or
negative, is generally more costly than generic non-selective media.

In line with the penultimate goal of a microbial cell factory for ergot
alkaloid production, the expression cassette for cloA Cpur was moved into the
yeast genome. This new strain, housing the full pathway on its genome
(DLAM33B) (Figure 5-10A), was checked for the production of DLA (Figure
5-10B, C, D) (Table 5-7), and quantitated by standard addition. This strain was
found to be producing 71.48 +29.81 ug/L of DLA, which is approximately the
same amount produced by the plasmid-based strains (Figure 5-11) (Table 5-8).

This strain is a successful proof of concept in the utility of modern
synthetic biology methods for the heterologous expression of complex
biosynthetic pathways. With the existing characterized parts and assembly
system based on the adaptation of the YeastFab assembly, it will be a trivial
matter to re-design or re-build the existing strain.

Pushing forward to obtain commercially competitive yields will require
a fair amount of optimization. The focus of the subsequent work therefore shifts
towards the identification of the key factors that would improve the production

yields.
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Figure 5-10: Characterization of DLAM33B. (A) Diagrammatic representation of
the construct’s genotype. (B) Total ion chromatogram from the selected ion
monitoring of all fragments produced from precursors with an [M+H]" of 269 m/z.
(C) Mass spectra from the MS-MS of the DLAM33B sample showing the same
fragmentation pattern observed in the DLA standard and plasmid-based strains.
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Table 5-7: Exact mass and retention time for the DLA standard and DLAM33B
sample, as well as the most abundant fragment ions

Calculated Observed Mass Retfantlon
Sample m/z m/z error time
d (ppm) (s)
DLA standard 269.1285 269.1269 -5.95 125.0
DLAM33B 269.1285 269.1268 -6.32 124.9
Fragment Ions Standard
m/z
254 m/z 254.1034 254.1024 -3.94
238 m/z 238.0863 238.0863 0.00
223 m/z 223.1205 223.1209 1.79
1500-
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Figure 5-11: Quantification of DLA produced by DLAM33B by standard
addition. The calibration curve was obtained by plotting the area under the curve
for the peak response from the detection of the MS-MS ion transition of [M+H]+
269 - 223 m/z against the concentration of DLA added.
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Table 5-8: Summary of the calculated DLA concentration from the cloA_Cpur
construct measured by standard addition

Concentration | Concentration
DLAM33B (nM) (ug/L)
Mean concentration 266.42 71.48
95%11(1:;:;51;6““ +111.11 +29.81
Upper limit 377.53 101.30
Lower limit 155.31 41.67

5.3.3 EVALUATING THE ASSEMBLED PATHWAY
5.3.3.1 EFFECT OF SUPPLEMENTING ADDITIONAL TRYPTOPHAN

With the knowledge gathered, we have arrived at the “Test—>Learn”
phase of this project. To achieve a commercially viable strain, the yield from
DLAM33B needs to be improved by around five orders of magnitude, to the
range of 1 g/L (Cvak, 1999). The approach taken to surmount this seemingly
gargantuan obstacle is to identify the largest factors limiting the current yields
as rationally as possible.

Several pertinent questions needed to be answered. Firstly, the
efficiency of the pathway needs to be determined, and identify whether
engineering improvements to the pathway or enhancing substrate production
would most effectively bring up DLA yield. The simplest way to answer this is
by supplementing the culture media with additional tryptophan. Within the
generic SC-URA media used for yeast culture, there is already approximately
0.1 mM tryptophan. Supplementing 1 mM and 5 mM tryptophan to the media
would increase the tryptophan concentration by 11 and 51 fold, respectively.
This covered a comprehensive range within its solubility limit in water (55

mM).
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Measuring the concentration of DLA produced from DLAM33B
supplemented with additional tryptophan, found no corresponding increase in
DLA (Figure 5-12B). The additional tryptophan did however, increase the
amounts of agroclavine produced in both strains with or without clo4 (Figure
5-12D). This demonstrated that at the current level of pathway efficiency,
engineering any increase in substrate levels would have a minimal effect on
yields and that any engineering effort should be directed towards improving the
introduced pathway’s turnover efficiency.

This result showed two main features. Firstly, the increase in
agroclavine production with the increase in tryptophan suggests that the nature
of inhibition agroclavine has been documented to exert on dmaW (L.-J. Cheng
et al., 1980), is likely competitive in nature. The increase in tryptophan levels
displaces the feedback inhibition from agroclavine towards a new equilibrium
point.

Secondly, is the lack of change in DLA production levels, despite the
increase in tryptophan and the ensuing increase of agroclavine levels.
Comparing the molar ratios of DLA and agroclavine produced against the
increase in tryptophan supplemented, illustrated the relationship between DLA
and agroclavine produced resembles a reciprocal function (Figure 5-13A). A
further comparison of the differences in agroclavine produced in the strain
expressing cloA against the strain without clo4, suggested that an almost
constant amount of agroclavine is being consumed by c/loA4 across the varying
levels of tryptophan supplementation. This would suggest that c/oA is behaving

as if it were another substrate in the reaction rather than a catalyst.
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Figure 5-12: Quantification of the DLA and agroclavine produced in DLAM33B
and AgcM33B when supplemented with additional tryptophan. (A) Relative
amounts of DLA produced in test strains to the standard curve. Error bars
represent standard deviation from three biological replicates. (B) Relative
amounts of agroclavine produced in test strains to the standard curve. Error bars
represent standard deviation from three biological replicates.

In a canonical CYP450 monooxygenase system, the capability to
activate and oxidize an otherwise unreactive alkyl group stems from the

generation of a ferric peroxo intermediate (Figure 5-13B), as part of its catalytic

cycle (Figure 5-13C). This intermediate readily pulls protons to create, first a
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ferric hydroperoxo intermediate, followed by the tetravalent Fe**-heme radical
that performs the actual hydroxylation/oxidation reaction (Meunier, de Visser,
& Shaik, 2004). Regeneration of this system requires some redox partner
(usually a CYP450 reductase) to supply another pair of electrons to regenerate

the reactive intermediates (Cook, Finnigan, Cook, Black, & Charnock, 2016).
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Figure 5-13: (A) Calculated relative molarity of DLA/ Agroclavine from samples
fed with varying amounts of tryptophan supplemented. (B) The ferric peroxo
intermediate that is generated as part of the CYP450 monooxygenase cycle, after
picking up molecular oxygen and 2 electrons. (C) The catalytic cycle of CYP450
monooxygenases performing the archetypal hydroxylation reaction.

The lack of increase in turnover from agroclavine to DLA beyond what
appears to be a fixed concentration, suggests that the endogenous CYP450
reductases (or alternative redox partners) in yeast are not adequately resetting
cloA for subsequent reactions. This highlights the importance of engineering in

additional support systems such as co-enzymes and co-factors.



Bioinformatics analysis of the clo4 peptide sequence suggests that it is
most likely either a class I or class II fungal CYP450 system. The class I systems
are ER-anchored and depend on a CYPR for its supply of electrons (Figure 5-
14A), while the class II systems are similarly ER-anchored but utilize an
additional cytochrome Bs (CYPBs) partner to supply the second election
(Figure 5-14B) (Kumar, 2010). In an attempt to supplement the supporting
redox system for cloA, two commonly used CYPRs from S. cerevisiae and A.
thaliana were overexpressed in DLAM33B (Figure 5-14C) (Murakami,
Yabusaki, Sakaki, Shibata, & Ohkawa, 1990).

Simply overexpressing the CYPRs alone however did not help to
improve the DLA production titer (Figure 5-14D). This therefore suggests that
cloA is likely a class II CYP450 system and would probably require the
supplementation of CYPBs as well. Engineering any improvement in DLA yield
will require the exploration of this hypothesis by complementing the system

with a corresponding CYPBs and associated reductases.
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CYP450 systems. (C) Overexpression of NCP1 from S. cerevisiae (NCP1_Sc) and
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in DLAM33B. (D) Relative amounts of DLA produced by strains overexpressing
NCP1_Sc and NCP1_At did not show any significant difference against the empty
vector negative control or DLAM33B. Error bars were derived from three
independent biological replicates.

DLA titer
(ug L1 0D, ")
(]

o

=
o

0+

»
& "gy N
& &

(VI ¥
: 2 Y
9

S &S

&

142



5.3.3.2 STRAIN CHARACTERIZATION WITH LABELLED
SUBSTRATES

5.3.3.2.1 ASSESSING PATHWAY EFFICIENCY

In the preceding section, pathway efficiency could be gauged from the
tryptophan supplementation experiments. The genotype of the host yeast strain
used, however, is not tryptophan auxotrophic. Therefore the actual amount of
tryptophan available to the strain would have to include the amount it produces
endogenously. Any measurement of pathway efficiency from the earlier section
would have been confounded by this. In order to more accurately determine the
efficiency of conversion of tryptophan to DLA, a similar experiment was

conducted where 1*C-2-indole tryptophan was supplemented to the media.
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Figure 5-15: Characterization of the DLAMB33B strain by feeding *C labelled
tryptophan. (A) Cartoon representation of the experiment. (B) DLA standard
curve established in AgcM33B media. Peak area response for the ion transition of
269 to 223 m/z plotted against spiked DLA concentrations, over a range of 50 —
1000 nM. (C) Estimation of *C-DLA produced by comparison to the standard
curve of DLA.

13C-labelled DLA produced is chemically identical to DLA, and should

therefore be ionized to the same extent by electrospray ionization. The amount
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of ¥C-DLA produced from *C-W was thus estimated using a standard curve of
regular DLA (Figure 5-15). It was found that when fed with 1 mM 3C-W, the
DLAM33B strain produced approximately 92.8 nM of '3C-DLA that accounts
for around half (51.1%) the total amount of DLA produced. In general, this
translates to an overall pathway efficiency level of 9.28 x 103 %, and
improving the turnover across the reaction catalysed by cl/o4 could potentially

double it.

5.3.3.2.2 VALIDATION OF PATHWAY TURNOVER AND FLUX
TRACKING

The production of '3C-DLA when '*C-W is supplemented further
validates the complete reconstitution of the ergot alkaloid pathway in yeast. As
shown in chapter 4, feeding strains with labelled tryptophan produces a shift in
the masses recorded for DLA by 1 m/z (Figure 5-16A, B, C, D). Analysis of the
fragment ions produced further confirm the eluted compound at 126 s as the
[3C-M+H]" for DLA (Table 5-9).

Closer inspection of the data for all the detectable intermediates
produced from the strains fed with tryptophan and '3C-W, likewise show the
same +1 m/z shift across all the previously detected intermediates in the
pathway (Figure 5-17). This includes the shunt products MTCA and DMA-
MTCA, formed from the reaction of tryptophan and DMAT with acetaldehyde

after media acidification, that were discussed in chapter 3 (Figure 5-18).
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Figure 5-14: Production of *C-DLA from *C-W. Total ion chromatogram from
the selected ion monitoring of all fragments produced from precursors with an
[M+H]" of (A) 269 m/z, and (B) 270 m/z. (C) Overlay of the mass spectra for the
peaks eluting at 126 s. Spectral lines in black represent the masses observed from
the culture fed with tryptophan. Spectral lines in red represent the masses
observed from the culture fed with “C-W. (D) Mass spectra showing the
differences between cultures fed with tryptophan or *C-W.
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Table 5-9: Exact masses of *C-DLA produced and its fragment ions

Detected [*C-M+H]* Calculated Observed Mass error
ions m/z m/z o (ppm)
3C-2-DLA 270.1318 270.1303 -5.55
238->239 239.0896 239.0886 -4.18
2232224 224.1238 224.1262 10.71
184->185 185.0995 185.1015 10.80

In the process of tracking the different masses that were shifted by the
incorporation of *C-W, a peculiar group of peaks were found to display the
same +1 m/z shift. These peaks were found to elute at 170, 186, and 201 s and
predominantly consisted of a compound with an [M+H]" of 285 m/z (Figure 5-
19A, B). In this same group of peaks on the chromatogram, trace quantities of

another mass of 303 m/z was spotted as well (Figure 5-19C).
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Figure 5-17: Detection of all the 13C-labelled intermediates along the
reconstituted ergot biosynthesis pathway when fed 13C-labelled tryptophan. EIC
for compounds with [M+H]+ of (A) 239 and 240 m/z, corresponding to agroclavine
and 13C-agroclavine; (B) 257 and 258 m/z, corresponding to chanoclavine-I and
13C-chanoclavine-I; (C) 273, 274, 287, and 288 m/z, for DMAT, 4DMA, and their
the mass spectra for the peaks
corresponding to (D) agroclavine, (E) chanoclavine-I, (D) DMAT and 4DMA.
Spectral lines in black represent the masses observed from the culture fed with
tryptophan. Spectral lines in red represent the masses observed from the culture
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Figure 5-18: Detection of MTCA and DMA-MTCA formation from 13C-labelled
tryptophan. (A) Illustration of the reaction producing 13C-labelled MTCA and
DMA-MTCA. (B) Extracted ion chromatogram for compounds with [M+H]+ of
231 (light blue) and 232 (pink) m/z, corresponding to MTCA and its 13C-labelled
version; 299 (blue) and 300 (purple) m/z, corresponding to DMA-MTCA and its
13C-labelled version. Overlay of the mass spectra for the peaks corresponding to
(C) MTCA, and (D) DMA-MTCA. Spectral lines in black represent the masses
observed from the culture fed with tryptophan. Spectral lines in red represent the
masses observed from the culture fed with 13C-W.

In chapter 1 and 3, the proposed mechanisms for the cyclization of the
ergoline C ring, by several groups were discussed (Kozikowski et al., 1993).
Their work was based on labelling what would be C7 in the ergoline ring,
postulated that the cyclization occurs in somewhat two distinct oxidations steps
(Figure 5-20). The first oxidation step catalysed by one of the two enzymes, is
proposed to hydroxylate 4DMA at the C10 position on the isoprene moiety (1).
This product then gets dehydrated into a diene intermediate (2), which is then
epoxidated by the second enzyme using molecular oxygen. Decarboxylation of
the alpha carbon would then produce a carbanion on the C5, that would attack

the C10 to push open the epoxide ring and in the process form the ergoline C
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ring. While the deduction of this mechanism was based on extensive synthetic
work, it has not been possible to be experimentally verified from reactions using

purified enzymes.
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Figure 5-19: Detection of an unknown product displaying the same +1 m/z shift
when fed with 13C-W. (A) Extracted ion chromatogram for compounds with an
[M+H]+ of 285 and 286 m/z. (B) Overlay of the mass spectra from the peak eluting
at 170 s. Structure of the diene intermediate shown for comparison. (C)
Observation of trace quantities of an [M+H]+ of 303 = 304 m/z, co-eluting with
the 285 = 286 m/z compound. Structure of the hydroxyl intermediate shown for
comparison.
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Figure 5-20: Reaction mechanism proposed by Kozikowski et al., 1993, for the
formation of the ergoline C ring catalysed by easC and easE.

The minute difference between the theoretical [M+H]" of both
intermediates (1) and (2) to the observed values, suggests that the eluted
compounds are likely to be the proposed hydroxyl and diene intermediates,
respectively (Table 5-10). Comparisons of the predicted LogP (octanol/water) values
for all the validated compounds and the hypothesized intermediates further
support the observed retention time for the diene intermediate (Figure 5-21)

(Table 5-11).

Table 5-10: Exact masses of the detected 285, 286, 303, and 304 m/z compounds

Detected Molecular Calculated Observed Mass
error
masses formula m/z m/z
6 (ppm)

Intermediate (1)  Ci7 H2 N2 O3 303.1703 303.1690 -4.29
Intermediate (2)  Ci7 Hao N2 O 285.1598 285.1599 0.35
BC-(1) Cis P*CH2N203  304.1737 304.1710 -8.88
BC-(2) Cis P*CH20N202  286.1631 286.1627 -1.40
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Figure 5-21: Comparison of the predicted LogP values for all the intermediates of
the ergot alkaloid pathway in relation to the proposed detected intermediates.
Values of LogP were calculated by Chemdraw®, with an expected standard
deviation of 0.5 LogP units.

If the detected compounds are indeed the diene and hydroxyl
intermediates, their detection from the in vivo biosynthesis would further
solidify the validity of the proposed reaction mechanism. Further to this point,
observing the accumulation of the diene intermediate in the background of an
increased the copy number of easC, would support the hypothesis that easC is
responsible for the hydroxylation reaction that leads to the formation of the
diene intermediate. Therefore, alluding to easE being responsible for the

epoxidation of the resulting diene.
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Table 5-11: Comparison of the predicted LogP values against their
corresponding experimentally determined retention times

Compound Predicted Ob.serv.ed
LogP Retention time (s)
MTCA 0.09 135
DLA 0.71 125
Lysergol 0.75 127
Epoxide intermediate 0.85 -
chanoclavine-I 1.16 140
Intermediate (1) 1.23 -
DMAT 1.67* 202
DMA-MTCA 1.69%* 211
Agroclavine 1.81 169
Intermediate (2) 1.92 -
4ADMA 2.19 204

*: Instances where predicted LogP values did not corroborate with observed retention times.

Apart from shedding more light into the mechanism of the ergoline C
ring formation, the detected accumulation of these intermediates in the culture
media from in vivo biosynthesis has never been reported before. This finding
would suggest that the easC/easE junction, despite the design overhaul, is still
a major chokepoint and further reinforce the inference from chapter 3.

The characterization work discussed in this chapter has been focused on
the metabolites that have been extruded into the culture media. A more in-depth
analysis into the distribution of metabolic flux throughout the pathway in vivo,
would bring more useful information to guide strain optimization work.
Nevertheless, the knowledge generated here will indubitably be instrumental

for guiding the way towards building further design iterations.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

6.1 CONCLUSIONS

The rise of synthetic biology and its associated technologies brings
along the hopes that it might do what the advent of synthetic chemistry did in
the 19" century and perhaps go even further. Unlike the fundamentals of
synthetic chemistry that are usually of petrochemical origin, the beauty in
biological systems is that they are an inherently renewable resource and most
definitely biodegradable. While the notion of pushing forward the transition into
a sustainable bio-based economy is idealistically appealing, it is not currently
an entirely feasible prospect. The work described in this thesis has thus sought
to contribute to the collective effort of resolving this technological inhibition.

In line with the project goals, chapter two described the adaptations
made to the YeastFab assembly methodology that allowed for the rapid and
flexible construction of multi-gene pathways into the genome of any
S.cerevisiae S288C-derived strain. In chapter four, the ease at which the strain
design was completely revamped, demonstrated the utility of the adaptations
made for rapidly creating new strains or making changes to the existing designs.

Over the course of chapters three, four, and five, the specific orthologs
of easE, easA, and cloA required for the reconstitution of the pathway to DLA
were progressively identified and incorporated into the prototype strain. This
led to the demonstration of the first reported completely heterologous
production of agroclavine, DLA, and lysergol in yeast.

From the characterization work on DLAM33B described in chapter five,
two significant bottlenecks in the pathway that are severely limiting the

production capability of the current design have been pointed out. The first point
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is the reaction forming the ergoline C ring, catalysed by easC and easE. As
demonstrated from the accumulation and detection of the diene intermediate of
that reaction in chapter five, as well as the lack of metabolic flux through the
junction even after the inhibition of the formation of the [-carboline shunt
products in chapter three.

The second and more apparent point being the reaction catalysed by
cloA, where supplementary redox support systems are required to restore the
catalytic properties of c/lo4. Restoring the catalytic nature of this reaction would
not only serve to improve DLA yield through the direct production of DLA, but
by increasing the metabolic flux through the pathway via the removal of
agroclavine accumulation and its associated inhibition on dmaW as well (L.-J.
Cheng et al., 1980). These are all quintessential in the strain and bioprocess
optimization process, to achieve the overarching goal of developing the next
generation of microbial cell factories for the production medium to high value
targets.

Slightly tangential to the original goals set out for this project are the
implications for the detection of the diene intermediate from the in vivo
biosynthesis reactions. This finding from chapter five, adds to the experimental
validation for the reaction mechanism proposed for the formation of the ergoline
C ring by easC and easE (Kozikowski et al., 1993). Additionally, the
accumulation of this intermediate against the backdrop of a strain where the
copy number of easC is disproportionately more than easE, might hint at a
possible allocation of responsibilities of each enzyme for the hydroxylation and

epoxidation reactions, respectively.
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The work described in chapter three also identified an alternative
functional ortholog of easE; collating more functional sequences of easE would
help build a consensus sequence of the elements required for its functional
expression and aid the analysis of how and where the amino acid sequence
predictions for the rest of the orthologs could have gone wrong. These findings
that might allow the enzyme to eventually be successfully purified for
mechanistic and structural studies, to definitively validate the roles easC and
easE perform.

Finally, the serendipitous demonstration of lysergol production from the
P. ipomoeae ortholog of cloA, has provided compelling cause to rethink our
understanding of the reactions catalysed by cloA. Another exciting avenue of

discovery has opened up to be discussed further in future directions.

6.2 FUTURE DIRECTIONS

6.2.1 OPTIMIZATION, METABOLIC ENGINEERING, AND
BIOPROCESS CONTROL

In this presented work, the development and characterization of
DLAM33B have quite amply set the stage for an economically competitive
microbial cell factory for the production of the ergoline scaffold. On top of the
identified bottlenecks, several other variables could be further investigated to
achieve the commercially competitive yields required.

The simplest and foremost would be to work out the bioprocessing
controls that would help achieve this goal. It was found that pH control
measures that restrict MTCA and DMA-MTCA formation did not improve
chanoclavine-I production in the plasmid-based strain (pMKU-C13E7) (Chapter

3), but there ought to still be some merit to it. Sarah O’Connor’s group used a
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bioreactor, controlling for such variables in their demonstration for the
production of cycloclavine to a yield of approximately 0.5 g/L (Jakubczyk et
al., 2015). A follow-up on the optimization of these bioprocessing variables
such as pH, temperature, aeration, and feed, upon the inclusion of adequate
redox partners for cloA4, could conceivably improve DLA yields to within the
same order of magnitude.

Further strain optimization could also be performed by attempting to
tune the expression levels of the enzymes within the pathway. This approach is
usually an extremely laborious process, but by adopting the Design Of
Experiment (DOE) methods that were traditionally used in bioprocess
optimization (Telen, Logist, Van Derlinden, Tack, & Van Impe, 2012), and
implemented with automation, would become a viable approach to improve
product yields. The adaptations made to the YeastFab assembly methodology
were expressly designed for this eventuality. On one end, the use of DOE
software and its accompanying statistical inference methods would help limit
the design space required to be sampled, while the use of the modified YeastFab
assembly with automation on the other end would expedite and reduce the cost
of the construct assembly process and its iterations.

Alternatively, a more randomized approach could be taken by
replicating the strain (DLAM33B) in a synthetic yeast host, and thereafter
genetic diversity could be artificially created through the use of SCRaMbLE
(Jia et al., 2018; Jovicevic, Blount, & Ellis, 2014). Central to this method is the
design of multiple loxP sites interspersed within the synthetic chromosomes of
the synthetic yeast. Exposure of these sites to the Cre recombinase allows for

the “shuffling” between these sites for the induction of genomic diversity.
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Screening the libraries of the strain variants created has been successfully used
by several groups to identify strains with alterations that enabled the improved
production of their target products (Blount et al., 2018; Liu et al., 2018). Such
a method would also likely help streamline the identification of modifications
to tryptophan degradation pathways or regulatory mechanisms that might
improve product yield.

Lastly, engineering key limiting enzymes, such as easC, easE, and cloA,
for improved catalytic efficiency would also help to increase production levels.
Given the existing knowledge of these enzymes, trials with easC-easE or cloA-
CYP450 reductase fusions or other methods targeting the co-localization of
these partner enzymes could be another viable avenue to explore.

Regardless of the approach, bringing the production yield of DLAM33B
to 1 g/l would be the basic requirement for a strain useful for commercial
applications. DLAM33B has quite adequately served its role as a proof of
concept, actually translating it into something of industrial value would be the

metaphorical cherry on top.

6.2.2 DIVERSIFICATION OF OXIDIZED TETRACYCLIC ERGOLINE
PRODUCTS

The reaction oxidizing tetracyclic clavines, described in chapter five is
one of the few points in the ergot alkaloid pathway that is still not very well
understood. The existing literature on the reaction and the enzyme responsible
for it, cloA, are angled towards the one-size-fits-all view that either cloA
progressively oxidizes agroclavine into elymoclavine followed by a re-uptake
and second oxidation to paspalic acid, or some other CYP450 performs the first

oxidation and cloA4 performs the second.
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The observed product profiles of the tested clo4 orthologs, and the
results presented by the Pannaccione group (Robinson & Panaccione, 2014),
might however suggest that this is not entirely true. If c/lo4 were to indeed
perform a single two-electron oxidation at each pass, there should have been a
substantial build-up of the intermediate product, elymoclavine. Especially
within the DLAM33B system, which appeared to be limited in its capability to
regenerate the redox capability of c/oA. Instead, the products formed were either
DLA alone or DLA and lysergol (in the P. ipomoeae ortholog).

We propose that the full linear progression of agroclavine to
elymoclavine followed by paspalic acid and DLA might actually by catalysed
entirely by a single enzyme, clo4. The varied product specificity observed is
instead a result of some form of premature reaction termination within the
different orthologs, where the sequence variation between orthologs control the
extent of oxidation it is capable of performing.

The case for cloA’s capability to perform the double oxidations is
partially supported by the finding that the enmt-kaurene oxidases from the
biosynthesis of gibberellines are considerably closely related to c/oA4. Several
sequences of these ent-kaurene oxidases were picked up in the SSN of the clo4
supercluster, within the cluster containing the CYP450s from the Fusarium
family of trichodiene oxidases (Figure 5-2). The ent-kaurene oxidases have
been previously shown to perform the complete oxidation of a methyl group to
a carboxylic acid (Helliwell, Chandler, Poole, Dennis, & Peacock, 2001;
Tudzynski, Hedden, Carrera, & Gaskin, 2001).

On the other hand, the divergent product specificities are supported by

the apparent delineation of sub-clusters in the SSN by their clades and
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associated divergent product profiles. The demonstration of lysergol production
in the P. ipomoeae ortholog further solidifies this explanation. Furthermore, the
presence of multiple c/o4 sequences picked up from the same organism in the
SSN might account for the presence of the species presenting more diverse
clavine and DLA derivative profiles.

Finally, given the high degree of selectivity the clo4 enzymes show
towards the C8-C9 double bond and the tertiary amino group (Maier et al.,
1988), the isomerization of the C8-C9 double bond to the C9-C10 in lysergol
and DLA might also serve as one mechanism for terminating the reaction and
releasing the product. Further research into the c/o4 reaction mechanism and
sequence diversity might show how these oxidation extents are determined, and

possibly guide the development of novel DLA derivatives.

6.2.3 BIOSYNTHESIS OF HALOGENATED ERGOT ALKALOIDS

One attractive prospect of having a strain capable of heterologously
producing DLA, is the ability to then use it as a platform for the in vivo
derivatization of novel ergoline derivatives. This falls within the scope of
expanding natural metabolism into the synthetic (Erb, Jones, & Bar-Even, 2017;
Martin, Nielsen, Solomon, & Prather, 2009), and a particularly attractive target
group are the development of halogenated ergoline derivatives.

Running through the semi-synthetic ergoline therapeutics available on
the market and one would notice that of the six therapeutics being produced at
more than 1000 kg per year (Cvak, 1999), two of them (Nicergoline and
Bromocriptine) have a halogen appended to their structure (Figure 1-1).
Diversification of the ergoline scaffold with halogens would likely yield more

novel valuable products out of the pathway, or even enable further levels of
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diversification through cross-coupling reactions utilizing the halogenated group
(Maluenda & Navarro, 2015).

In 1998 and 2001, a Russian group reported the isolation and elucidation
of the chemical structure for the compounds pibocin and pibocin B (Makarieva,
Dmitrenok, Dmitrenok, Grebnev, & Stonik, 2001; Makarieva, Ilyin, Stonik,
Lyssenko, & Denisenko, 1999). These were not only the first ergoline
compounds isolated from marine organisms, but also the first natural
halogenated ergot alkaloids isolated. Structural characterization of pibocin and
pibocin B revealed the presence of a bromine substituted on the C2 position of
the indole portion of the ergoline scaffold. Genome mining of the ascidian,
Eudistoma sp. where these bromo-2-ergoline compounds were isolated from,
could potentially unveil orthologous enzymes from the ergot alkaloid pathway
that accepts halogenated tryptophan or a halogenase capable of performing this
modification directly on the ergoline scaffold.

Finding and incorporating these undiscovered ergoline halogenases into
the reconstituted pathway would certainly revolutionize the way the current

semi-synthetic ergoline-derived therapeutics are manufactured.

6.3 LEARNING THROUGH CREATING

Through the course of this attempt at re-constructing the ergot alkaloid
pathway, several findings relating to the fundamental understanding of this
process were brought to light. Gaps in our knowledge were highlighted, and
several new questions were raised. In this sense, through the process of creation
or rather “re-creation”, we have pushed forward our understanding of the ergot
alkaloid biosynthesis system. A core feature in the field of synthetic biology

that strongly resonates with some of the famous last words from Richard P.
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Feynman — “What I cannot create, I do not understand. Know to solve every

problem that has been solved.”
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APPENDIX
1. TPI1-PDA1-TEF2 REGULATION NETWORK

SUA7 l

Figure A1-1: Transcriptional regulation network between the genes TPI1, PDAI,
TEF2 in Saccharomyces cerevisiae. First degree common transcriptional
regulators between TEF2- TPI1 are coloured in red, TPI1- PDA1 are coloured in
teal, and TEF2-TPI1-PDAT1 are coloured . Extensive interactivity between
the transcriptional regulators of TEF2 and TPI1/PDA1 on both primary and
secondary degrees of relationship could account for the discrepancy in observed
promoter output as a result of proximal interactions on the plasmid-based
reporter system.
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2. PLASMID MAPS
2.1. Pathway acceptor vectors ( p[M/C]K]|U/L/H])

o b

p[C/M] K [U/L/H] - RFP
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Figure A2-1: Enlarged representative plasmid map for the pathway acceptor
vectors created (Chapter 2).
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2.2. Genome integration vectors ( pGAU-[int site]-RFP)

pGAU-[int site]-RFP
6441 bp

Figure A2-2: Enlarged representative plasmid map for the yeast genome
integration vectors created (Chapter 2).
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2.3. N-Terminal SUMO-Tag entry-level vector

Figure A2-3: Enlarged vector map for the SUMO-ORF entry-level vector.
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3. PRIMERS USED
3.1. Chapter 2
3.1.1. p [M/C] K [U/L/H]-RFP Assembly

Name 5'- Sequence - 3'

path-RFPF' | CCCTGACTAATGCCGACGTCTCGACCTCGAGACCGCAATACGCAAACCGCCTCTC
HIS3 F' GAGAGGCGGTTTGCGTATTGCGGTCTCGAGGTCGAGACGTCGGCATTAGTCAGGG
HIS3 R' CACGTATAGAATGATGCATTACCTTGTCATCTTCAGTATCATACTGTTCGTATACA
Kan R' TGTATACGAACAGTATGATACTGAAGATGACAAGGTAATGCATCATTCTATACGTG
Kan F' GCACGTGATGAAAAGGACCCAGGTGGCATTGACTTGATCGGCACGTAAGAGGTTC
CENR' GAACCTCTTACGTGCCGATCAAGTCAATGCCACCTGGGTCCTTTTCATCACGTGC
Cen F' CTACTAGAGTGGTCTCATGAGCGAGACGTCCGGCATCCGCTTACAGACAAGCTGT
path-RFPR' | ACAGCTTGTCTGTAAGCGGATGCCGGACGTCTCGCTCATGAGACCACTCTAGTAG

3.1.2. pGAU-[int site]-RFP Assembly

Name 5'- Sequence - 3'

pGAU-ORI F' GCAAAAGGCCAGGAACCGT

pGAU-ORI R' GTGGCACTTTTCGGGGAAATG

YPRCd15up F' ATTTCCCCGAAAAGTGCCACGGTCTCTGTCAGATAACGCC

YPRCd15up R' TGCTTCGAGCCAGGTAGAGATTTGCGAAACCCTATGCTCTGT

YMRWd15up F' ATTTCCCCGAAAAGTGCCACGGTCTCTGTCATCAATCAAAGCAACC
YMRWd15up F' TGCTTCGAGCCAGGTAGAGAGCGGTGTAAGAAAATGACATAAAGTTTGA
YORWd17up F' ATTTCCCCGAAAAGTGCCACGGTCTCTGTCAGTGCACAAAGGCCATAATATTATGT
YORWd17up F' TGCTTCGAGCCAGGTAGAGAATGGCATGAGTTATGGTTGCACAGT
ARS208up F' ATTTCCCCGAAAAGTGCCACGGTCTCTGTCAAAGGTACTAGGGCTGTTACC
ARS208up R' TGCTTCGAGCCAGGTAGAGAGTGTGTATGGTCCCTATTGGCACCG
ARS308up F' ATTTCCCCGAAAAGTGCCACGGTCTCTGTCATATTTCAGAAAAATTATTC
ARS308up R' TGCTTCGAGCCAGGTAGAGATTAGATAAAAAGAAAAAAATTCGAA
pGAU-URR2 F' TCTCTACCTGGCTCGAAGCA

HcK_O-URA3 F' CTGGTCTCGGATGCATACCACAGCTTTTCAATTCAATTCATCA
HcK_O-URA3 R’ CTGGTCTCGGCTACCTGATGCGGTATTTTCTCCTTACG

pGAU-URR2 R' TCTCTGCCTGAGGTGGTGC

pGAU-RFP F' TGCACCACCTCAGGCAGAGAACCTAGAGACGGCAATACGCAAACCGCCTCT
pGAU-RFP R’ CTCATGAGACGGAGCCAGTGTGACTCTAGTAGAGAG

YPRCd15down F' CACTGGCTCCGTCTCATGAGCGCTTGGAAGGTCGGGATG

YPRCd15down R' TACGGTTCCTGGCCTTTTGCGGTCTCTCCGACATAAAGCAG
YMRWdl15down F' | CACTGGCTCCGTCTCATGAGCGCTCATGGAAAATGCAACCG
YMRWd15down F' | TACGGTTCCTGGCCTTTTGCATCGGTCTCTCCGAGCCG

YORWd17down F' | CACTGGCTCCGTCTCATGAGCGTCCCCAACAAAAGTGGGCTCTCA
YORWd17down F' | TACGGTTCCTGGCCTTTTGCATCGGTCTCTCCGATCTTAAAGCTGGCTCCC
ARS208down F' CACTGGCTCCGTCTCATGAGACTTGTAGTTTATGTGCTTTATAGT
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ARS208down R’ TACGGTTCCTGGCCTTTTGCATCGGTCTCTCCGAATTAATTAATAAATTTAAATAG

ARS308down F' CACTGGCTCCGTCTCATGAGTCTTTGCTACATATTGCTACCACTT

ARS308down R’ TACGGTTCCTGGCCTTTTGCATCGGTCTCTCCGATGATAGAACGAGTACAAC

3.1.3. Cloning primers

3.1.3.1. ORFs
Name 5'- Sequence - 3'
dmaW_forGG ATTAGGTCTCGGATGCACCATCACCATCACCACAT
EasF_forGG ATTAGGTCTCGGATGACCATCTCTGCACCGCCGAT

dmaW_RevGGTag

ATTAGGTCTCGCAGCTCAATGTAAACCAGAG

EasF RevGGTag

ATTAGGTCTCGCAGCGTTCAGACGCAGGCGCAG

3.1.3.2.

Promoters and Terminators

Primers used to clone the promoters and terminators were designed by
appending the following prefix and suffix sequences to 25 bps of the start and
end of these sequences to be cloned.

prefix suffix
Promoters GGTCTCGGGCT GGTCTCGCATC
Terminators GGTCTCGTAGC GGTCTCGCCTC

3.2. Chapter 3

3.2.1. Assembly of pSGG-RFP

Name 5'- Sequence - 3'

pSGG_Ori Res F' CTAGTAGCGGCCGCTGCAGGGTCTCTTAGCTGAGACGGAGATCCGGCTGCTAACAAAGC

pSGG_Ori Res R' CCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATA

pSGG_CDS start F' | TTGTTTAACTTTAAGAAGGACGTCTCGGATGGGCAGCAGCCATCATCATCATCATCAC

pSGG_CDSendR' | GCTTTGTTAGCAGCCGGATCTCCGTCTCAGCTAAGAGACCCTGCAGCGGCCGCTACTAG

pSGG_T7F' CGCCAGCAACGCGGCCTTTTTACGGCGGGATCTCGACGCTCTCCC

pSGG_T7 R’ TCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAAT
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3.3. Chapter 4
3.3.1. Cloning primers

Name 5'- Sequence - 3'

EastforGG ATTAGGTCTCGGATGGCATCAGTGGAATCGCGTAT
EasD RevGG ATTAGGTCTCGGCTACGGCATACAGGCACCCA
EastforGG ATTAGGTCTCGGATGACAGTATTATTAACAGGTGG
EasG_RevGG ATTAGGTCTCGGCTACTTTCTTGCTCTCCATGCTGCC

easAPi_GGfwd

ATTAGGTCTCGGATGTCTACTTCCAACTTGTTCAACGAATTG

easAPi_GGrev

ATTAGGTCTCGCAGCAGCAACAGTAGTTTCTTGGTCACC

easANl_GGfwd

ATTAGGTCTCGGATGTCTACTTCTAACTTGTTCACCCCATTGCAA

easANl_GGrev

ATTAGGTCTCGCAGCAGCCAAAACAGCTTGCTTCTTGTTTTCAGT

easAEl_GGfwd

ATTAGGTCTCGGATGTCTACCTCTAACTTGTTCAACGCTT

easAEI_GGrev

ATTAGGTCTCGCAGCGTTCTTTCTCATAGAAGCAGTAGTAT

easACP_GGfwd

ATTAGGTCTCGGATGTCAACTTCTAATTTGTTTAATAC

easACP_Ggrev

ATTAGGTCTCGGCTAACCTGCAACAGCAGCTTCATCAGC

PDI1_forGG ATTAGGTCTCGGATGAAGTTTTCTGCTGGTGCCGTCC
FADI_forGG ATTAGGTCTCGGATGCAGTTGAGCAAGGCTGCTGAGATGTG
PDI1_RevGG ATTAGGTCTCGGCTACAATTCATCGTGAATGGCATCTTCTTCG
FAD1 RevGG ATTAGGTCTCGGCTAATTCTTGATCCTGCCTGCTCTCTCTAAAG

FAD1 bsmBIF'

CGCATTTAGAGATTTTATAAAGATATACCCTGAAACTGAAGCTATAGTGATAGGTATTAGACACACAG

FAD1 bsmBIR'

CTGTGTGTCTAATACCTATCACTATAGCTTCAGTTTCAGGGTATATCTTTATAAAATCTCTAAATGCG




4. Refinement of SSN parameters
4.1. SSN for easE orthologs

Number of Edges at Alignment Score for Job ID 293257

1030000 1200000 1400000
1 ' )

EDOO00
1

NMumber of Edgas

400000 00000
L

200000
L

B 12 1% 26 33 40 47 54 61 6B 75 @2 3% 96 104 113 122 131 140 14% 158 167 176 185 194 203 212 221 230 239 248 257 266 275 284 293 302 311 320 329 333 347 356 IG5 374 363

Alignment Score

Figure A4-1: Graphical representation of the distribution of edges for each alignment score. Line in black represents the cut off used to generate the
SSN used in this study.
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Number of Sequences at Each Length for Job ID 29257
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Figure A4-2: Graphical representation of the distribution of sequence lengths for the sequences retrieved by the initial BLAST search. Black lines
indicate the selected sequence length window used for the generation of the SSN used in this study.
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Percent Identity vs Alignment Score for job ID 29257
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Figure A4-3: Correlation between sequence identity against their corresponding alignment scores. Selection of an alignment score of 100 approximates
the sequences with 40% sequence identity.
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Al it Length vs Alig t Score for Job ID 29257
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Figure A4-4: Correlation between alignment score and alignment length between the sequences retrieved. Selection of an alignment score of 100
ensures the alignment length between retrieved sequences do not fall below 500 aa and ensures the alignment covers the full query sequence.
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4.2. SSN for easA orthologs

Number of Edges at Alignment Score for Job ID 29263
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Figure A4-5: Graphical representation of the distribution of edges for each alignment score. Line in black represents the cut off used to generate the
SSN used in this study
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Number of Sequences at Each Length for Job ID 29263
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Figure A4-6: Graphical representation of the distribution of sequence lengths for the sequences retrieved by the initial BLAST search. Black lines
indicate the selected sequence length window used for the generation of the SSN used in this study.
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Percent Identity vs Alignment Score for job ID 29263
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Figure A4-7: Correlation between sequence identity against their corresponding alignment scores. Selection of an alignment score of 130 approximates
the sequences with 60% sequence identity.
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Al t Length vs Alig t Score for Job ID 29283
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Figure A4-8: Correlation between alignment score and alignment length between the sequences retrieved. Selection of an alignment score of 130
ensures the alignment length between retrieved sequences do not fall below 300 aa and ensures the alignment covers the full query sequence.
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5. EXPRESSION AND PURIFICATION OF ERGOT ALKALOID
PATHWAY ENZYMES
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Figure A5-1: SDS-PAGE of purified dmaW (53 kDa) and easF (38 kDa) proteins
from A. fumigatus recombinantly expressed in E. coli.
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Figure AS-2: SDS-PAGE of easC (53 kDa) from C. purpurea expressed and
purified from E. coli.
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Figure A5-3: SDS-PAGE of easE (67 kDa) from A. japonicus expressed in E. coli.
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Figure AS5-4: SDS-PAGE of SUMO-easE (79 kDa) from A. japonicus expressed in
S. cerevisiae.
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6. Assembly and testing of AgcM33B/ AgecM32B
6.1. Scheme for assembly
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Figure A6-1: Schematic representation of the assembly process for AgcM33B/ AgcM32B.
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6.2. Assembly checks for AgcM33B and AgcM32B
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6.2.4. AgcM2B — Mass spectra
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7. Standard curves used for the quantification of DLA and Agroclavine
7.1. Quantification of DLA and Agroclavine from the episomal
expression of clo4 in AgcM33/32B.
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Figure A7-1: (A) DLA standard curve established in AgcM33B media. Peak area
response for the ion transition of 269 to 223 m/z plotted against spiked DLA
concentrations, over a range of 10 — 1000 nM. (C) Agroclavine standard curve
established in YOCE media. Peak area response for the ion transition of 239 to
208 m/z plotted against spiked agroclavine concentrations, over a range of 10 —
1000 nM. Error bars were calculated from three independent replicates.
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7.2. Standard curves used for the quantification of DLA and
Agroclavine from the tryptophan supplementation experiments.
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Figure A7-2: (A) DLA standard curve established in AgcM33B media. Peak area
response for the ion transition of 269 to 223 m/z plotted against spiked DLA
concentrations, over a range of 10 — 1000 nM. (B) Agroclavine standard curve
established in YOCE media. Peak area response for the ion transition of 239 to
208 m/z plotted against spiked agroclavine concentrations, over a range of 10 —
1000 nM. Error bars were calculated from three independent replicates.

194



8. List of strains created.

Strain

Genotype

Chr.

Modifications

YMWF

XIII

YMRWAL1S5

Prer-dmaW-Tent2
Pgpmi-easF-Trrx1
PGari-yEGFP-Tcgri

YMC17

XIII

YMRWAL1S5

Prer-dmaW-Tent2
Pgpmi-easF-Terxi
Pcavrio-easC-Tyips
Pcupi-mKOKk-Tcgri

YOCE

XIII

YMRWAL1S5

Prer-dmaW-Tent2
Pgpmi-easF-Trrxi
PGari-yEGFP-Tcgri

XV

YORWA22

Pgavrio-easC-Tyips
Piavi-easE_Aj-Tres2o

AgcM1B

XIII

YMRWAL1S5

Prpoma-dmaW-Tent
Pgpmi-easF-Terxi
Prer-casE_Aj-Tres2o
Prgxi-easC-Tyips
Pcupi-mKOKk-Tcgri

AgcM2B

XIII

YMRWAL1S5

Prpoma-dmaW-Tent
Pgpmi-easF-Terxi
Prer-casE_Aj-Tres2o
Prgxi-easC-Tyips
Pcupi-mKOKk-Tcgri

I

ARS308

Prpr3-PDI1-Typs:
Pppai-easD-Typri
Pacti-FAD1-Term2
Prpris-easC-Tyips
Prpii-dmaW-Tent2

195



AgcM33B

XIII

YMRWAL1S5

Prpm2-dmaW-Tent2
Pgpmi-easF-Terxi
Prer-easE_Aj-Tres2o
Prki-easC-Tyips
Pcupi-mKOKk-Tcgri

I

ARS308

PrpL3-PDI1-Typsi
Prpai-easD-Typri
Pacti-FADI1-Term2
Preris-easC-Tyips
Prpii-dmaW-Tenr2

XVI

YPRCAIS

Prrrsp-€asG-TarL2
Pssai-easA_Ec-Typrsi
Prer2-easF-Trrx1
Prpma-easC-Tyips
Prpus-easD-Typri

DLAM33B

XIII

YMRWAL1S5

Prpm2-dmaW-Tent2
Pgpmi-easF-Terxi
Prer-easE_Aj-Tres2o
Prki-easC-Tyips
Pcupi-mKOKk-Tcgri

I

ARS308

PrpL3-PDI1-Typsi
Prpai-easD-Typri
Pacti-FADI1-Term2
Preris-easC-Tyips
Prpii-dmaW-Tenr2

XVI

YPRCAIS

Prrrse-€asG-TarL2
Pssa1-easA_Ec-Typrsi
Prero-easF-Trrx1
Prpma-easC-Tyips
Prpus-easD-Typri

II

ARS208

Pgari-cloA Cpur-Trersis
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9. Proposed MSMS fragmentation ions

9.1. DMAT
NH, 256 m/z
————— -
217 m/z’ |
O
N
H
9.2. ADMA
256 m/z
,f
”
, 7 OH
217 m/z’ |
O

9.3. Chanoclavine-I
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9.4. Agroclavine

9.5. D-Lysergic acid

9.6. Lysergol
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9.7. Diene intermediate

----- 254 m/z

N —
239 m/z’ O OH

9.8. MTCA

OH
~~--185 m/z

9.9. DMA-MTCA
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