THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfilment of the requirements for a

postgraduate degree (e. g. PhD, MPhil, DClinPsychol) at the University of

Edinburgh. Please note the following terms and conditions of use:

This work is protected by copyright and other intellectual property rights,
which are retained by the thesis author, unless otherwise stated.

A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge.

This thesis cannot be reproduced or quoted extensively from without
first obtaining permission in writing from the author.

The content must not be changed in any way or sold commercially in
any format or medium without the formal permission of the author.
When referring to this work, full bibliographic details including the

author, title, awarding institution and date of the thesis must be given.



Enhancing glycosylated triterpenoid

production in Saccharomyces cerevisiae

Jess Tallis

Thesis presented for the degree of Doctor of Philosophy
Institute of Quantitive Biology, Biochemistry and Biotechnology
The University of Edinburgh

2023



Declaration

| declare that this thesis was composed by myself and that the work presented is my
own, except where otherwise stated. This thesis has not been submitted for any other
academic degree or professional qualification. The publication in Appendix A is my
own work in collaboration with the other authors who are indicated and whose

individual contributions are outlined within the publication.

Jess Tallis

29t September 2023






Table of Contents

D LCTol I T = (o] o PP PPPPPPPP 2
ADSTTACT ...t a e 10
LAY SUMIMIAIY ..ottt e e e e e e e e e e e e e et e e e e e e et e e e e e e eanneeeanns 12
IS A0 T U R 13
LISt Of TADIES ... 18
ADDIEVIALIONS ... 19
Chapter 1: - INtrOAUCTION. .......uu e e e e e e e eaa e e aene 22
1.1 Glycosylated triterpenoidsS IN NALUIE ............uueiiii i 22
1.1.1 Diversity and ADUNAANCE .......ccooiiiiiiiiiiiiie e 22

1.1.2 Functional role of terpenoids, triterpenoids and glycosylated triterpenoids

........................................................................................................................... 26
1.2 Glycosylated triterpenoid biosynthesis in plants...........cccccoovieeiiiieiiciiiee e, 29
1.2.1 The Mevalonate pathway and production of 2,3-oxidosqualene................ 29
1.2.2 Cyclisation of 2,3-oxidosqualene to triterpenes ..........ccccoeeeeiiiiiiiiienneneennns 32
1.2.3 Oxygenation of triterpene backbones ...........ccoovvvviiiiiii e, 35
1.2.4 Glycosylation of triterpenoid backbones ............ccccccceeiiiiiiiiiiiiccice e, 39
1.2.5 Other modifications of the triterpenoid backbone................ccccooeeiiiinnnn. 43
1.3 Commercial interest in triterPeNOIAS..........uvuiiiiiiiii e 45
1.3.1 Triterpenoids as bulk surfactants............ccooviiiiiiiiiic e, 45
1.3.2 Triterpenoids as PharmaceutiCals.............cccueiiiiiiiiiii i 48
1.4 Approaches to triterpenoid production ..............cuiiiiiiiiiiii i 50
1.4.1 Extraction of glycosylated triterpenoids ............ccouvueiiiniiiiiiiiiiiiiiee e 50
1.4.2 Production of triterpenoids in S. CEreviSiae.........ccccoeeeeiviiiiiieeviiiie e, 51
1.4.3 Increasing flux to triterpenoid production in S. cerevisiae.................cccuu. 54
1.4.4 Engineering Cell SITUCTUIE ... 57
1.4.5 ENZYME OPIMISALION.....uuui s 58



1.4.6 Overcoming the toxic burden of triterpenoids ............cccveiiiiiiiiiie e, 58

1.4.7 Production of triterpenoids in other yeast Strains ............ccceeevviiiiiineeeeeeee. 59
1.5 The glycosylated triterpenoid ESCIN ...........uuuuiiiiiiiiiiiiiiii e 61
1.5.1 Chemical and functional characterisation of @SCin..............cccceeiiiiiiiiiiennns 61
1.5.2 BIOSYNthESIS Of @SCIN ..ccevviiiiiii e e e e 62
R G I Y [ S PSP P PPPPPPPPPPPPP 62
Chapter 2: - Materials and MethOdsS ............uueiiiiiiiiiiiiiiiiiiiiiieiiieie e 64
2.1 MALEIIAUS ..ottt e e 64
2.1.1 S. cerevisiae growth media.............ceiiieieeiiieiiiiiee e e e 64
2.1.2 E. cOli growth Media ........ccoooeiiiiiieecie e 65
2.1.3 ANEIDIOLICS ..o 65
2.1.4 Molecular DIOIOgY ......ccooeuiiie e 65
2.1.5 Yeast transformation.............ooooiiiiiiiiii 66
2.1.6 Yeast gDNA extraction (bust N’ grab) ... 66

2.1.7 Metabolite Extractions for Gas Chromatography-Mass Spectrometry (GC-

Y ) 67
2.1.9 GC-MS a@Nnd LC-MS......ouiiii it e e e e e e e e e e e e e e eeeeeannnns 67
2.1.10 MICIOPIAtE @SSAYS ...ueeeeiiiieeiiiiie e ettt e et e e e et e et e e e et e e e e e e e eeae 68

2.1.11 Quantitive Reverse Transcription-polymerase chain reaction (QRT-PCR)

........................................................................................................................... 68
2.1.12 Propidium [0dide ASSAYS .....ccceeeiiuiiiiiiaeeeee ettt e et e e e e eeeeannn 69
2.1.13 CoNnfOCal MICIOSCOPY ..evvvuieiiiiiieeeeieie ettt e e e e e e e e e e e e eenes 69
2.1.14 Membrane permeability ............oouiiiii s 69
2.2 MEBTNOUS ... 70
2.2.1 Storage of S. cerevisiae and E.COli...........oooooi 70
2.2.2 Preparing competent E.COli..........oooooiiii 70



2.2.3 Plasmid preparation..........cccceeuiiie e 71

2.2.4 Polymerase Chain Reaction (PCR) ........cooiiiiiiiiiiiiiee e 71
2.2.5 RESHICHON AIgEST ...t e et e e e e e eeeenenes 72
2.2.6 Agarose gel electrophOresSIS .........uuuuiiii i 72
2.2.7 Gl EXITACHON. ...ttt e e e e e 73
2.2.8 SANQET SEOUENCING ..vevvruuuneeeeeeereeeiatiiiaaeeeeeeeesesnnnnaaaaaeeeeeennnsnaaaaeeeeeessnnnns 73
2.2.9 Plasmid CONSIIUCTION.........oooiiiiiiiiii e, 73
2.2.10 Yeast tranSfOrMAatioN..........cooiiiiiiriiiii e 75
2.2.11 Yeast genomic DNA (gDNA) eXtraction ...........cccceeeeeeeeeiiiviiiineeeeeeeeeennnnns 76
2.2.12 Yeast Strain VerifiCatioN............ccvvriiieiiiiiiii e 77
2.2.13 Triterpenoid eXtraCtioN ..........coueiiuuiuniiie e e e e e e eeeeeeee 78
2.1.14 Glycosylated triterpenoid extraction.............ccoeuiiieiiiiiiie e 78
2.1.15 Yeast Sterol eXtraction ............ooooiiiiiiiiiii 79
2.0.06 GC-MS . et e e e e e e e eae 80
2.0 07 L M St e e e eaa e eeae 81
2.1.18 MICIOPIAE @SSAYS ..cevvvuuniiieeeieiieiiitiia e e e e e e e ee et e e e e e e e e e eeatte e e e e e e eeeeennnnns 82
2.1.19 RNA EXIFACHON ... 83
2.1.20 CDNA SYNENESIS ...coiiiiiiieeee e 84

2.1.21 Quantitive Reverse Transcription polymerase chain reaction (QRT-PCR)

........................................................................................................................... 85
2.1.22 Propidium iodide (P1) @SSAYS .....cceeiiiiiiieeeeeeeeeeeeeeeeeeeee 85
2.1.23 CoNfOCAl MICIOSCOPY ..evuuiieeeiiiiiiiiiiiee e e e ettt e e e et e e e e e e eeeeeeenes 86
2.1.24 Membrane permeability ... 87

2.3 LiSt Of YEAST StraINS .......uuiiiiiiiie e e 88
2.4 LISt Of PIIMEIS ..o e et e e e et e e e e eaa e e eaeae 91
Chapter 3: - Verification of Saccharomyces cerevisiae sterol mutants..................... 92
G T S (=T o 92



3.1.1 Ergosterol biosynthesis in Yeast .........ccccvviiii i 94

3.1.2 Cholesterol biosynthesis in animals..............oouiiiiiiii e, 99
3.2 Sterol biosSynthesisS MULANTS .........cooiiiiiiiiiiee e 100
3.2.1 ViabIe StraiNS ... 100

3.3 Confirming sterol composition of S. cerevisiae and sterol mutants with Gas

Chromatography-Mass SPeCtrOMELrY ........cevvvviiiiiieeeeeieeeee e 103
3.3.1 Sterol composition of wild-type Saccharomyces cerevisiae.................... 103
3.3.2 Sterol composition of the sterol biosynthesis mutants ............................ 107

3.3 DUSCUSSION. ...ttt ettt ettt e e e e e e e e e et ettt e e e e e e e e eeeaesaan e e e eeeeeeeesnnnns 123

Chapter 4: - Escin and its effects on Saccharomyces cerevisiae............ccccoeeeeeene.e. 126

o R o [ o PP SUPPPPUPRPRRR 126
4.1.1 Complete escin and its effect on S.cerevisiae growth...............cccceeeenee 129

4.2 Effects of escin on S. cerevisiae sterol mutants’ growth ...................ccees 131

4.3 S. cerevisiae membrane permeability ..........ccccoooiiiiiiiiiii 135

4.4 Escin and its interaction with exogenous ergosterol .............ccccceeeevviiiieeennnns 137

4.4.1 Assessment of cell death caused by escin treatment using propidium iodide.

4.4.2 Yeast growth in the presence of escin and exogenous ergosterol.......... 142

4.4.3 Yeast growth in the presence of escin and exogenous brassicasterol.... 146

4.5 Determining the physical interaction of ergosterol and escin ........................ 148
4.5.1 Isothermal titration calorimetry.........coooveviiiiiiiii e 148
4.5.2 Confocal microscopy to determine interaction in Vivo..............cccuveeeeeens 150

4.6 Differential gene expression after escin treatment................veeeieiiieriieeinnnns 160

A7 DISCUSSION . ..etttieeeeeeeeeeetttt e e e e e e e e e eeeatt e e e e e e e e eeestaaa s e e eeeeaeeessssnn e aaeeeaeeeesnnnns 168

Chapter 5: - Structure-activity relationship of the escin isomers on S. cerevisiae growth
AN INNIDITION ... et e e e e e e e e e e e e e e e e e e e eeeeennnns 171

o A Yol | W LT 0) 14 (=) £ T TR T TP RUP TR TRPRR 171



5.1.1 Effects of escin isomers on growth of S. cerevisiae and ergosterol

biosynthesis mutants grown iN YPD .......coouuiiiiiiiiiiii e 173

5.1.2 Effects of escin isomers on the growth of S. cerevisiae and ergosterol

biosynthesis mutants grown iN CSM............iiiiiiiiiiiiiece e 181
5.2 Differential gene expression in the presence of escin 1b and isoescin 1a.... 189

5.3 Investigation into the C21 and C22 groups and the impact on structure-activity
FEIAtIONSNIP. ... e 196

D IS CUSSION. ..t et et e et e 200

Chapter 6: - Production of escin-like glycosylated triterpenoids in  S. cerevisiae.. 202

6.1 JESCIN ettt 202
L0000 N | =E o] I ] o o [ 1o 1 o o R 202
6.1.2 Expression of the genes required for JEscin biosynthesis...................... 207
6.1.3 Analysis of chromosomal integration of JEscin genes with GC-MS........ 219
6.1.4 LC-MS analysis of chromosomal integration of JEscin genes ................ 224

6.2 Introduction of the erg3 knockout in 16-hydroxy-erythrodiol producing strain226

6.2.1 LC-MS analysis of erg34A mutant JEscin producing strains .................... 232

5.3 DISCUSSION.....ciiiiititee it e ettt e e e e e e e e e e e e e e e e e e e e eas 233
Chapter 7: - Conclusions and future WOrK ............ccoiiiiiiiiiini e 237
7.1 PrOJECT OVEIVIEW ...ttt e e e e e e e e e e e e ea e e e e e ra e e 237
7.2 FULUIE WOTK ... s 239
7.3 ClOSING COMMENTS ....oiiiiiiieiiiie et e e e e e e e e aa e e e aaa e 240
ACKNOWIEAGEMENTS ...t e e e e e e et e e e eaa e 241
F Y o] 1= g o 1 QTS PTTR 243
REFEIENCES ...ttt eeeeees 255






Abstract

Glycosylated triterpenoids are secondary metabolites found in plants with numerous
potential applications in medicine, food, agriculture, and household cleaning products.
These compounds are produced through the cyclisation of 2,3-oxidosqualene by
oxidosqualene cyclases. The resulting triterpenes can be further modified and oxidised
by cytochrome P450 enzymes to form triterpenoids. Triterpenoids are then
glycosylated by UDP-glycosyltransferases, resulting in the formation of glycosylated
triterpenoids, commonly known as saponins. The diverse nature of these compounds
allows for various modifications that are essential for their bioactivity. The industrial
potential of glycosylated triterpenoids is extensive and encompasses a wide range of
applications in home and personal care products, medicine, cosmetics and food.
However, the production of glycosylated triterpenoids for industrial purposes poses
significant challenges. In plants, the yield is low, and obtaining glycosylated
triterpenoids can be influenced by factors such as seasonal growth and associated
expenses. Synthetic production of these compounds is also exceedingly difficult due
to their chiral nature and the sheer diversity of glycosylated triterpenoids. As a result,
it has been established in the field to produce these compounds using microbial hosts,
such as Saccharomyces cerevisiae. Although S. cerevisiae is a suitable host for
glycosylated triterpenoid production, the vyield of the desired product remains

insufficient for industrial applications.

This study focuses on escin, a medically relevant glycosylated triterpenoid, currently
unattainable in S. cerevisiae due to its inherent toxicity at elevated concentrations.
There are well-known interactions of escin with cholesterol, leading to cell membrane
disruption. This led us to investigate its potential analogous toxicity to the yeast
membrane sterol, ergosterol. Our findings support this hypothesis, emphasising the
need for identifying suitable S. cerevisiae sterol mutants as hosts for escin production.
Importantly, this research demonstrates the potential of sterol biosynthesis mutants as
chassis for glycosylated triterpenoid production. The key findings provide insights into
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escin toxicity mechanisms, paving the way for developing robust microbial hosts for
enhanced glycosylated triterpenoid production.
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Lay Summary

Plant chemicals have significant potential for applications in medicine, food production,
and cleaning products. However, plants produce these chemicals in limited quantities,
which slows down their commercial use. Therefore, there is a need to explore
alternative methods for producing these plant chemicals. One promising approach
involves using baker's yeast as a production host by incorporating the necessary plant
DNA into the yeast genome. This allows the yeast to make the desired plant chemicals.
Yeast offers several advantages, including the ability to multiply quickly and good
growth all year round. Nevertheless, certain plant chemicals, such as escin, remain
challenging to produce in yeast due to their complex structure and toxicity to the yeast.
This research aims to overcome these obstacles and develop a commercially viable

method for producing escin, a toxic plant chemical, in baker's yeast.
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Chapter 1: - Introduction

1.1 Glycosylated triterpenoids in nature

1.1.1 Diversity and Abundance

Traditional herbal medicine, which has existed for thousands of years, harnesses the
capacity of plants to synthesise and accumulate small molecules, known as natural
products (Croteau et al., 2000; Firenzuoli & Gori, 2007). These natural products play
crucial roles in various physiological and ecological processes of plants while offering
significant benefits to humans. With advances in our understanding of the production
and pathway regulation of these small molecules, natural products derived from plants
have emerged as high-value commodities in fields such as medicine, household and
cleaning products, cosmetics, fragrances, food additives, and colourants. Plant natural
products can be categorised into groups such as alkaloids, flavonoids, lignans, and

terpenoids (Croteau et al., 2000).

Among these natural products, terpenoids stand out as a remarkable class, comprising
more than 80,000 compounds. They represent the largest group of secondary
metabolites and are characterised by immense chemical and structural diversity,
encompassing substances like steroids and carotenoids (Ashour et al., 2010;
Christianson, 2017). Terpenoids originate from terpenes, which, in turn, are
synthesised from the 5-carbon compound isoprene. The classification of terpenes
depends on the number of isoprenoid units present in their structure (Table 1), which
correlates with the quantity of carbons they contain. This classification results in mono-
(two isoprenoid units, C10), sesqui- (three isoprenoid units, C15), di- (four isoprenoid
units, C20), sester- (five isoprenoid units, C25), tri- (six isoprenoid units, C30), sesqua-
(seven isoprenoid units, C35), and tetra-terpenes (eight isoprenoid units, C40) (Ashour
etal., 2010). Terpenes can be subject to modifications that yield terpenoids, and further
alterations can lead to the formation of glycosylated terpenoids (also referred to as
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saponins) (Thimmappa et al., 2014). In this thesis, our primary focus will be on

triterpenes, and consequently triterpenoids and glycosylated triterpenoids.

Table 1: - Classification of terpenes based on number of isoprene units and

carbon atoms.

Isoprene

Carbon

] Name Examples Reference
units atoms
Isoprene,
1 5 Hemiterpene Tiglic acid, Ludwiczuk et al., 2017
Angelic acid
Linalyl acetate,
2 10 Monoterpene Menthol, Trombetta et al., 2005
Thymol
Polygodial,
3 15 Sesquiterpene Artbasin, Paddon & Keasling, 2014;
q P Helenalin, Ludwiczuk et al., 2017
Artemesinin
Paclitaxel
. ’ Ashour et al., 2010;
4 20 Diterpene Phytol, Mosquera et al., 2021
Sclareol
Santonin, Ashour et al., 2010;
5 25 Sesterterpene Hippolide E, Ludwiczuk et al., 2017
Manoalide
Squalene, .
6 30 Triterpene B-amyrin, Ludwiczuk et al., 2017
Oleanolic acid
Sato et al., 2011;
Tetraprenyl-p- Sato, 2013;
7 35 Sesquaterpene curcumene Mosquera et al., 2021
B-carotene; Ludwiczuk et al., 2017
8 40 Tetraterpene Lycopene, v
Zeaxanthin.
Ashour et al., 2010;
9 - 30,000 > 40 Polyterpene Rubber Ludwiczuk et al., 2017

Triterpenes comprise one of the most extensive classes of plant natural products, with
over 20,000 reported variations (Hill & Connolly, 2013; Thimmappa et al., 2014),

underscoring the vast diversity inherent in plants (Thimmappa et al., 2014).

Triterpenoids have a ubiquitous presence across all domains of life. Among

eukaryotes, they manifest as sterols, saponins, steroid hormones, and sterol
analogues (Mallory et al., 1963; Stocco & Clark, 1996; Thimmappa et al., 2014; Hillier
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& Lathe, 2019). Prokaryotes have hopanoids which act as sterol analogues, as well
as carotenoids (Maoka, 2020). Archaea possess membranes composed of isoprenoid
chains, analogous to terpenoids (Jain et al., 2014). These terpenoids exhibit diverse
structures and functions, with some, like hopanoids and tetrahymanol, stabilising cell
membranes, while others, such as cucurbitacins, act as defence mechanisms (Mallory
et al., 1963b; Kaushik et al., 2015; Saenz et al., 2015).

The realm of triterpenes covers over 100 distinct scaffolds, each giving rise to a vast
spectrum of structures. More than 700 modified triterpene structures derived from
these scaffolds have been identified, highlighting the remarkable diversity in
triterpenoid molecules (Xu et al., 2005; Thimmappa et al., 2014; Hill & Connolly, 2020).
These scaffolds undergo further modifications such as glycosylation, expanding the

array of structures with extensive structural variation (Thimmappa et al., 2014).

Plant triterpenes, triterpenoids, and glycosylated triterpenoids (Figure 1) constitute
secondary metabolites in plants and play diverse roles in plant growth, development,
and defence mechanisms (Thimmappa et al., 2014). Triterpenes and triterpenoids are
widespread across various plant kingdoms, including angiosperms (flowering plants),
gymnosperms (conifers and ginkgoes), ferns (non-flowering vascular plants),
bryophytes (mosses), algae (macroalgae such as seaweeds), lichens, and
non-vascular plants (liverworts and hornworts) (Moses et al., 2014b). In contrast,
glycosylated triterpenoids are primarily found in angiosperms, where they serve as
secondary metabolites with a multitude of ecological functions, which are discussed in
1.1.2. However, they may also be present, albeit to a lesser extent, in marine
invertebrates such as starfish (Culcita and Asteroidea) and sea cucumbers
(Holothuroidea) (Williams & Gong, 2007; Bordbar et al., 2011; Liu et al., 2008; Osbourn
et al., 2011; Moses et al., 2014b; Nakayasu et al., 2021).
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A) Triterpene B) Triterpenoid

CHs,, aCHs

Figure 1. - The structures of a pentacyclic triterpene, triterpenoid and
glycosylated triterpenoid. A) The triterpene shown is 3-amyrin; B) the triterpenoid
shown is echinocystic acid; C) the glycosylated triterpenoid shown is echinocystic

acid-3-glucoside. Hydroxyl and carboxyl groups shown in red, glucose shown in blue.

Plants typically produce triterpenoids and glycosylated triterpenoids in relatively low
concentrations. Take ginsenosides, for instance, which are glycosylated triterpenoids
found in various parts of Panax ginseng, including the roots, leaves, stems, and fruit
(Shi et al., 2007; Chung et al., 2016). Ginsenosides account for approximately 4 % of
the root dry-cell weight and 7 % of the leaf dry-cell weight (Shi et al., 2007; Goodwin
& Best, 2023). While these figures might initially appear significant, it's essential to
note that ginsenosides encompass approximately 30 different structural variations
within the same plant (Shi et al., 2007; Christensen, 2008; Goodwin & Best, 2023).

This diversity significantly diminishes the dry-cell weight value for each ginsenoside.

This presents a significant challenge for the commercialisation of glycosylated

triterpenoids. The inherently low concentration of these compounds in the plant,
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combined with extended cultivation periods (typically 4-6 years for P. ginseng), results
in very limited overall yields. The yield is roughly 4 % of the root dry weight, and 7 %
of the leaf dry weight (Shi et al., 2007; Goodwin & Best, 2023).

1.1.2 Functional role of terpenoids, triterpenoids and glycosylated
triterpenoids

Terpenoid biosynthesis in plants is intricately regulated due to its many roles in
development and overall plant growth (Tholl, 2006; Nagegowda, 2010). Notably,
terpenoid biosynthesis often occurs within specific plant tissues, demonstrated by
specialised glandular trichomes dedicated to the synthesis of terpenoids intended for
secretion and believed to serve as protective agents for the plant (Lange & Turner,
2013). For instance, Arabidopsis thaliana has specialised tissues that secrete volatile
terpenoids, which not only attract pollinators but may also act as a defence mechanism
against microbial pathogens, all while protecting the plant against photooxidative
stress (Sharkey & Yeh, 2001; Loreto et al., 2004; Tholl, 2006).

Furthermore, certain terpenoids play vital roles in plant development, functioning as
phytohormones or essential photopigments. Carotenoids, for instance, are
tetraterpenoids that serve as pigments crucial for photo-protection, antioxidation,
colour attractants, and as precursors to plant hormones. These compounds achieve
this by capturing light energy and subsequently transferring it to chlorophyll, providing

essential photo protection (Maoka, 2020).

Triterpenoids and glycosylated triterpenoids, being secondary metabolites, primarily
play functional roles within the domain of plant defence mechanisms but have been
shown to have some role in plant development as well. These metabolites
predominantly serve as deterrents to pests and herbivores through mechanisms such
as imparting a bitter taste or disrupting the cell membranes of potential attackers. This
defensive function is notably observed in the fruits of bitter melon (Momordica

charantia), which contain triterpenoids known as cucurbitacins. These compounds are
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responsible for the fruit's bitter taste, a result of the unique ester bridge formation
between positions C5 and C9 of the triterpenoid backbone (Figure 2; Takase et al.,
2019).

Studies have shown that several glycosylated triterpenoids can slow down food
passage through the gut, increase larval mortality, and decrease progeny per female
in Spodoptera littoralis (Adel et al., 2000). Notably, the glycosylation of these
triterpenoids also influenced their insecticidal activity, as the aglycones of the same
compounds were found to exhibit lower toxicity in comparison (Nozzolillo et al., 1997;
Adel & Sammour, 2012).

Studies on the glycosylated triterpenoid avenacin from oat root have demonstrated its
significance in resisting soil-borne pathogens, such as the fungal pathogen
Gaeumannomyces graminis var. avenae. Mutants affected in avenacin biosynthase
lose their protection against these pathogens, highlighting the role of glycosylated
triterpenoids in defence-related processes (Papadopoulou et al., 1999; Lambert et al.,
2011). The anti-fungal properties of avenacins are thought to be attributed to their
ability to form complexes with membrane sterols, compromising membrane integrity
(Morrissey & Osbourn, 1999). Resistance to avenacins has been observed, where G.
graminis produces an extracellular avenacinase that removes glucose from the sugar
moiety of the glycosylated triterpenoid, underscoring the importance of the glycolic

region in avenacin's defence against pathogens (Turner, 1960; Crombie et al., 1986).

Another example of the role of glycosylated triterpenoids in plant defence mechanisms
come from Barbarea vulgaris R. Br. with 3-O-B-cellobiosyloleanolic acid. This
glycosylated triterpenoid plays a crucial role in resisting Plutella xylostella
(diamondback moth). In new leaves, a high concentration of 3-O-f3-cellobiosyloleanolic
acid provides resistance to diamondback moth larvae during the spring, but as the
plant ages, the concentration decreases, and the leaves lose their resistance to
diamondback moth feeding (Agerbirk et al., 2003; Badenes-Perez et al., 2014).
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Triterpenes also play a significant role in plant development, as demonstrated by the
presence of B-amyrin in oats. In oat plants, the presence of 3-amyrin in the roots has
been shown to influence their length and morphology. Elevated levels of B-amyrin in
the roots lead to the development of shorter roots with a more densely-haired
phenotype (Kemen et al., 2014). This, in turn, alters the fate of the root epidermis and
consequently impacts overall plant development (Moses et al., 2014b).

Due to their highly toxic nature, glycosylated triterpenoids have attracted significant
commercial interest as potential anti-pathogenic agents. This interest has led to the
discovery that these compounds have diverse applications, ranging from medicinal
uses to home care products, foodstuffs, and cosmetics. An example of this is found in
medicine with Carbosan gel. This gel, designed for treating mouth and stomach ulcers,
derives its main component from liquorice root, featuring the triterpenoid
carbenoxolone as the active ingredient. It is synthesised by refluxing glycyrrhetic acid
with an organic acid in the presence of an organic solvent and then neutralised by
sodium hydroxide (Pindado et al., 1996). Research has demonstrated that
carbenoxolone stimulates mucous membranes, facilitating the protection of ulcers and

expediting their healing process (Doll et al., 1962; Pindado et al., 1996).

Beyond pharmaceuticals, plant metabolites contribute to the food industry, where
glycyrrhizic acid has been used as a natural sweetener (Yang et al., 2019). As well as
in the cosmetic sector, where lupeol has found application as a skin-protective agent
in moisturisers (Saleem et al., 2001; Saddique & Saleem, 2011). Due to these products
being high value and produced in a low volume, the need for them in these different

industries is warranted.
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1.2 Glycosylated triterpenoid biosynthesis in plants

1.2.1 The Mevalonate pathway and production of 2,3-oxidosqualene

Glycosylated triterpenoids, have a triterpenoid backbone and are glycosylated with
various sugar molecules, including glucose, fructose, and galactose. The synthesis of
triterpenoids starts from terpene precursors, composed of repeating units of
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), to
produce a linear terpene backbone (Figure 2A), which is then cyclised to a triterpene
(Figure 2B) (Wagner & Elmadfa, 2003; Thimmappa et al., 2014). Eukaryotes utilise the
mevalonic acid pathway (MVA), while prokaryotes use the non-mevalonate pathway
(MEP) to supply these precursors, and plants employ both MVA and MEP pathways.

A) 2,3-oxidosqualene

Figure 2: - Linear 2,3-oxidosqualene and cyclised B-amyrin. A) The linear structure
of 2,3-oxidosquelene. B) The numbering and labelling convention for cyclised
triterpenes. Carbons are numbered in red, and the rings are labelled in blue The

triterpene shown is B-amyrin

Triterpenes undergo subsequent modifications through the action of cytochrome P450

monooxygenases (CYPs), leading to the formation of triterpenoids. These
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triterpenoids are further altered by UDP-glycosyltransferases (UGTs) (Thimmappa et
al., 2014). These modifications can occur at various positions along the triterpene
backbone, resulting in a wide array of diverse triterpenoid structures (Moses et al.,
2014). The following section provides an in-depth overview of the biosynthesis of

glycosylated triterpenoids.

Biosynthesis of triterpenes, and in turn triterpenoids and glycosylated triterpenoids
begins with two acetyl-CoA molecules. First two acetyl-CoA molecules are used in the
mevalonate pathway (Figure 3). One of these proteins is acetylacetyl-CoA thiolase
which transfers the acetyl group from acetyl-CoA to another molecule, producing
acetoacetyl-CoA. This molecule is then converted to 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) by 3-hydroxy-3-methylglutaryl-CoA synthase. HMG-CoA is further
reduced to mevalonate by HMG-CoA reductase (HMGRp; Hampton et al., 1996;
Feldmann, 2012.), and this step is tightly regulated through negative feedback control.

Mevalonate is then utilised for the biosynthesis of farnesyl pyrophosphate (FPP), a
process that occurs in the cytosol. FPP biosynthesis begins with the activation of
mevalonate by mevalonate kinase, resulting in the production of mevalonate
5-phosphate. This is rapidly converted to mevalonate 5-pyrophosphate by
phosphomevalonate kinase (Liao et al., 2016). These reactions rely on phosphate
groups donated by ATP. Next, mevalonate pyrophosphate decarboxylase removes a
carbon atom from the six-carbon mevalonate 5-pyrophosphate, introducing a double
bond and yielding isopentenyl diphosphate (IPP; C5) (Miziorko, 2011; Liao et al.,
2016). IPP serves as the foundation for all subsequent reactions in triterpene
production (Liao et al., 2016). Isopentenyl diphosphate isomerase catalyses the
isomerisation of IPP to dimethylallyl diphosphate (DMAPP; C5) (Moses et al., 2014;
Kirby & Keasling, 2009). Then, farnesyl pyrophosphate synthetase facilitates the
formation of farnesyl pyrophosphate (FPP) units. This occurs through the initial
condensation of IPP and DMAPP to form geranyl pyrophosphate (GPP; C10), followed
by the condensation of DMAPP to GPP to generate FPP (C15). Two FPP molecules
are then converted to squalene (C30) via squalene synthase (SQS) and then to 2,3-

oxidosqualene via squalene epoxidase (SQE) (Phillips et al., 2006; Liao et al., 2016).
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Figure 3: - Generation of farnesyl pyrophosphate from acetyl-coenzyme A
(acetyl CoA) via the mevalonate pathway. The mevalonate pathway converts
acetyl-CoA to isopentenyl pyrophosphate (IPP), a 5-carbon molecule, via 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) and mevalonate. In triterpenoid biosynthesis,
mevalonate is used to produce IPP, which undergoes isomerisation to dimethylallyl
pyrophosphate (DMAPP; 5C). GPP synthase joins the two molecules, forming geranyl
pyrophosphate (GPP; 10C), and then adds another IPP to generate farnesyl
pyrophosphate (FPP; C15).
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1.2.2 Cyclisation of 2,3-oxidosqualene to triterpenes

The biosynthesis of triterpenes is catalysed by oxidosqualene cyclases (OSCs) in
eukaryotes. These cyclise 2,3-oxidosqualene to produce either sterol or triterpene
backbones (Augustin et al., 2011). In prokaryotes, non-oxidised squalene is cyclised
to form a triterpene backbone alone (Volkman, 2005). The specific backbone produced
depends on the orientation of cyclisation, with the chair-chair-chair (CCC)
conformation leading to specialised triterpenes and the chair-boat-chair (CBC)
conformation leading to sterols (Hoshino et al., 2012; Thimmappa et al., 2014) (Figure
4).

In animals and fungi, lanosterol synthase catalyses the cyclisation of
2,3-oxidosqualene, yielding lanosterol. This compound is subsequently converted into
cholesterol in animals or ergosterol in fungi. On the other hand, in plants, cycloartenol
synthase transforms 2,3-oxidosqualene into cycloartenol, which serves as the
precursor for phytosterols (Thimmappa et al., 2014). Triterpene biosynthesis, including
sterols, can be differentiated by the conformation of the first three rings during
cyclisation. In triterpene biosynthesis, these rings adopt the chair-chair-chair (CCC)
conformation, while in sterol biosynthesis, they adopt the chair-boat-chair (CBC)

conformation (Thimmappa et al., 2014).

The initial cyclisation step in oxidosqualene cyclases (OSCs) is determined by whether
they function as triterpene or sterol synthases. During this step, the OSC binds
2,3-oxidosqualene, which adopts either the CCC or CBC conformation (Thimmappa
et al., 2014). An aspartate residue within the OSC catalyses the protonation of the
epoxide group in 2,3-oxidosqualene, initiating the cyclisation process (Hoshino, 2017).
This complex cyclisation involves multiple rounds of ring formation, subsequent ring
expansion, and skeletal rearrangements, leading to various carbocation intermediates
(Thimmappa et al., 2014; Hoshino, 2017). The deprotonation of the carbocation serves
as the termination point for triterpene reactions, determining the resulting structure.
This intricate process underscores the immense diversity of triterpenes. Numerous
carbocations aren't depicted in Figure 4, contributing to the vast array of triterpene
products (Thimmappa et al., 2014).
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The protonation of 2,3-oxidosqualene initiates the formation of the Aring in triterpenes,
which also incorporates a hydroxyl group derived from the epoxide in 2,3-
oxidosquelene (Hoshino, 2017). Subsequently, the B, C, D and E rings form
sequentially. Each ring generation involves the creation of a five-membered ring,
followed by ring expansion yielding a six-membered ring (Hoshino, 2017). As the rings
form, protonation shifts throughout the structure, giving rise to diverse carbocation
intermediates. Consequently, each intermediate can result in a distinct triterpene,
featuring varying ring sizes, positions of double bonds, and methyl group placements
(Thimmappa et al., 2014; Hoshino, 2017).

The reaction terminates after deprotonation, leading to the formation of a double bond
or the addition of a second hydroxyl group (Thimmappa et al., 2014). For instance, the
cyclisation of 2,3-oxidosqualene in the CCC conformation produces the dammarenyl
cation, featuring three 6-carbon rings and one five-carbon ring. Further expansion of
the 5-carbon ring and generation of the 6-carbon ring led to the lupyl cation, which,
upon deprotonation, yields the triterpene lupeol (Thimmappa et al., 2014; Hoshino,
2017). The oleanyl cation gives rise to -amyrin, derived from five 6-carbon rings
through the expansion of the germanicyl cation and a structural rearrangement to the
oleanyl cation. Deprotonation ultimately results in B-amyrin formation (Thimmappa et
al., 2014).

OSCs are categorised as mono- or multifunctional, with monofunctional OSCs
producing a single triterpene and multifunctional OSCs generating multiple triterpenes.
This classification is based on their ability to effectively terminate specific carbocation
reactions. Ineffective termination can lead to the generation of multiple carbocations
and, consequently, different triterpene products (Thimmappa et al., 2014). An instance
of a multifunctional OSC is found in apples (Malus domestica), where the gene
MdOSC4 encodes an OSC-producing germanicol, B-amyrin, and lupeol (Andre et al.,
2016).
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Figure 4: - 2,3-oxidosqualene cyclisation to produce triterpenes. 2,3-
oxidosqualene can either form sterols via the chair-boat-chair (CBC)
conformation or triterpenes via the chair-chair-chair (CCC) conformation.

Dashed arrows represent multiple reactions.
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1.2.3 Oxygenation of triterpene backbones

Following cyclisation, triterpenes undergo enzymatic modifications, such as
oxygenation catalysed by cytochrome P450-dependent monooxygenases (CYPs).
CYPs play a pivotal role in the biosynthesis of specific triterpenoids, facilitating the
oxidation of the carbon backbone and yielding a diverse spectrum of triterpenoids
(Fukushima et al., 2011; Fukushima et al., 2013; Thimmappa et al., 2014; Moses et
al., 2014; Moses et al., 2014c; Ghosh, 2017; He et al., 2019) (Figure 5).

CYPs are conventionally categorised into families based on amino acid sequence
identity; this grouping occurs when sequence identity is = 40%. Subfamily members
are further distinguished for those with 2 55% sequence identity (Bak et al., 2011;
Nelson, 2011). The nomenclature for CYPs follows a specific pattern: the family is
indicated by the first numeral after the CYP name, while the subfamily is denoted by
the initial letter that follows (Nelson, 2009; Nelson, 2011).

Cytochrome P450 monooxygenases catalyse many reactions and are ubiquitously
present across vertebrates, insects, fungi bacteria, archaea and viruses and are
particularly abundant in plants, forming the largest family of biosynthetic enzymes
(Nelson & Werck-Reichhart, 2011; Sezutsu et al., 2013). CYP-mediated catalysis
(Figure 6) relies on activating and heterolytically cleaving molecular oxygen,
incorporating one oxygen atom into the substrate while reducing the other to water
(Bak et al., 2011). CYPs feature a catalytic centre comprising a haem moiety with iron
coordinated to a cysteine residue's thiolate (Werck-Reichhart & Feyereisen, 2000;
Graham & Peterson, 1999). For plant CYPs, the reaction necessitates electrons, which
are supplied by NADPH-cytochrome P450 reductases (CPRs). These enzymes accept
electrons from NADPH, channelling them to the CYP haem group (Werck-Reichhart &
Feyereisen, 2000; Bak et al., 2011). Thus, CYPs require i) molecular oxygen, ii)
cofactors like NADPH and haem and iii) CPR.
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Figure 5: - Triterpenoid diversity. Oxygenation of B-amyrin by different cytochrome
P450s. The oxygenation of triterpenes happens in multiple positions. Colours indicate
the enzymes of the same group, CYP71; red, discovered in Bupleurum falcatum, and
Medicago trunculata, CYP72; purple, discovered in Medicago trunculata and Glycine

max and CYP93; blue, discovered in Phaseolus vulgaris.
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CYPs exhibit regiospecificity, mediating alterations such as carboxylation,
hydroxylation, epoxidation, and addition of aldehyde groups etc. on the triterpene
backbone (Augustin et al., 2011; Geisler et al., 2013; Thimmappa et al., 2014;
Miettinen et al., 2018). The modification of triterpenoids frequently involves multiple
CYPs acting on the same triterpene backbone, resulting in numerous modifications
(Moses et al., 2014; Arendt et al.,, 2017). Many CYPs possess multifunctional
capabilities, overseeing multiple reactions. The entire family of the C28 oxidase family
of CYPs possess multifunctional capabilities (Ghosh, 2017). For instance,
CYP716AL1 from Catharanthus roseus acts as a C28 oxidase, sequentially oxidising
the C28 position of triterpenes and triterpenoids. Starting with a-amyrin, CYP716AL1
oxidises the C28 position to yield uvaol and can further oxidise the same position to
generate ursolic aldehyde and ursolic acid (Huang et al., 2012). Another example is
CYP716A which hydroxylates the C28 position of B-amyrin to produce erythrodiol
which in turn can be further oxidised twice to produce oleanolic aldehyde and oleanolic
acid (Figure 5) (Ghosh, 2017). Additionally, CYPs can target various regions of the
triterpene backbone; an instance is CYP716A2 from A. thaliana, which hydroxylates
B-amyrin at three distinct positions: C16, C22, and C28. Hence, a single CYP can
produce multiple triterpenoids (Yasumoto et al., 2016).
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Figure 6: - The P450 cytochrome monooxygenase reaction cycle. The substrate,
represented here as RH, is a triterpene molecule. The cycle starts with the binding of
the substrate to the enzyme's active site, resulting in a reduction of the redox potential
and necessitating an electron (e”) donation from NADPH. This electron transfer alters
the spin state of the haem iron within the active site. Subsequently, Fe3*is reduced to
Fe?* through the donation of an electron from NADPH, facilitating the binding of
oxygen (O2) to Fe?* to generate Fe3* and O2". The iron is then once again reduced, by
another electron from NADPH. The oxygen molecule bound to the iron is subsequently
cleaved, and it reacts with nearby protons to form water, resulting in the formation of
(Fe + O)%*. The oxygen ligated to the iron is then transferred to the triterpene substrate,
leading to the creation of a hydroxylated triterpenoid, as depicted in this case.
Following the formation of the triterpenoid, it is released from the active site, and the
enzyme resets to its initial state (Hamdane et al., 2008). This figure was created using

BioRender.com.
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1.2.4 Glycosylation of triterpenoid backbones

Numerous functional groups introduced by CYPs can serve as targets for subsequent
modifications, such as acetyltransferases and UDP-glucuronosyltransferases (UGTs)
(Thimmappa et al., 2014; Moses et al., 2014). Glycosylation, catalysed by UGTs,
contributes further diversity to triterpenoid products, yielding glycosylated
triterpenoids, which are found exclusively in photosynthetic organisms (Paczkowski &
Wojciechowski, 1994). The glycosylation process uses UDP-sugar donors to modify
the triterpenoid substrate (Thimmappa et al., 2014). Monosaccharides are sequentially
added, with common donors including UDP-arabinose, UPD-galactose, -glucose, -
glucuronic acid, -rhamnose, and -xylose (Thimmappa et al., 2014; Augustin et al.,
2011).

In pentacyclic triterpenoids, glycosylation primarily targets the C3 position (originating
from the epoxide group in 2,3-oxidosqualene) or the CYP-modified C28 position
typically featuring a carboxyl group (Thimmappa et al., 2014). In the C28 glycosylated
triterpenoids, prior modification by a CYP from the CYP716A subfamily is necessary
for the initial carboxylation of C28, which can then be glycosylated (Moses et al., 2014).
The appended sugar moieties can exhibit linear or branched structures, generally
encompassing 2-5 monosaccharides. Monodesmosidic glycosylated triterpenoids
contain a single sugar chain, often glycosylated at the C3 region, while bidesmosidic
counterparts have two sugar chains, situated at both the C3 and C28 positions.
Examples of monodesmosidic glycosylated triterpenoids include escin, glycyrrhizin,
lessonioside, avenacin (Figure 7A). Bidesmosidic glycosylated triterpenoids include
soyasaponin Aa (Figure 7B), leiyemudanoside A and ginsenoside. Glycosylated
triterpenoids with three sugar chains, known as tridesmosidic, are less common and
include  3-O-B-D-xylopyranosyl-6-Of-D--glucopyranosyl-16-O-3-D-glucopyranosyl-
3B,60,16B, 24 (S)-25-pentahydroxycycloartane (Figure 7C) (Oleszek et al., 1992;
Vincken et al., 2007; Augustin et al., 2011; Augustin et al., 2012; Owatworakit ef al.,
2013; Katano et al., 2015; Rehan et al., 2020).
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Figure 7: - Glycosylated triterpenoids with differing numbers of sugar moieties.
A) The monodesmosidic glycosylated triterpenoid avenacin A2, with a single chain of
arabinose and two glucose moieties branching from the C3 position of the triterpenoid
backbone. B) The didesmosidic glycosylated triterpenoid soyasaponin Aa with two
sugar chains branching from positions C3 and C22. Soyasaponin Aa contains glucose,
glucuronic acid, arabinose and acetyl xylose C) The tridesmosidic glycosylated
triterpenoid 3-0-B-D-xylopyranosyl-6-Op-D--glucopyranosyl-16-O-3-D-
glucopyranosyl-383,6a,1683, 24 (S)-25-pentahydroxycycloartane which contains sugar
moieties at position C3, C6 and C16. This glycosylated triterpenoid contains glucose

and xylose.
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An example of triterpenoid glycosylation from a single precursor to produce multiple
products is glycyrrhetinic acid glycosylation (Figure 8). Cellulose-synthase-derived
glycosyltransferases (CSyGTs), identified in various plants, add a glucuronic acid to
the C3 position of glycyrrhetinic acid, forming glycyrrhetinic acid
3-O-monoglucuronide. This intermediate can undergo further modification by
UGT73P12, adding another glucuronic acid to yield glycyrrhizin. Alternatively,
UGT73F13 can modify glycyrrhetinic acid to produce glycyrrhetinic acid
3-O-monoglucoside, with a glucose moiety at C3 rather than glucuronic acid (Chung
et al., 2020).

Like CYPs, UGT families are categorised based on amino acid sequence similarity;

families feature an amino acid sequence identity of > 40 %, and subfamilies exhibit >

60 % amino acid sequence identity (Augustin et al., 2011).
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Figure 8: - Glycosylation patterns of triterpenoids. Glycosylation reactions
involving glycyrrhetinic acid are depicted, including the attachment of a glucuronic acid
via cellulose-synthase-derived glucosyltransferase (CSyGT) and Glycyrrhiza
uralensis UGT73P12 (GuUGT73P12), resulting in the formation of glycyrrhizin. An
alternate glycosylation pathway mediated by G. uralensis UGT73F13 (GUUGT73F13)
involves the addition of a glucose moiety, yielding Glycyrrhetinic acid 3-O-

monoglucoside. Figure adapted from Chung et al., 2020.
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1.2.5 Other modifications of the triterpenoid backbone

In addition to glycosylation, further modifications, such as acylation, methylation,
malonylation, and epoxide hydrolysis, can also occur (Moses et al., 2014; ltkin et al.,
2016; Cardenas et al., 2019). Acylation can take place on sugar chains or the
aglycone, and it has been shown to significantly impact the bioavailability and
bioactivity of glycosylated triterpenoids (Ragupathi et al., 2011; Chan, 2007; Al
Qathama et al., 2020). Plant acylation is mediated by acyltransferases (ACTs), which
belong to two distinct families differing in their acyl donors and subcellular localisation.
The first family, known as BAHDs, utilise acyl-CoA thioesters as acyl donors and are
located in the cytosol. The second family, serine carboxypeptidase-like ACTs (SCPLs),
employ acyl-sugar derivatives as acyl donors and are confined to the vacuole
(Milkowski & Strack, 2004; Bontpart et al., 2015).

Acylation can occur at various positions along the aglycone backbone, including C16,
C22, C23, and/or C25, leading to vast structural diversity. For instance, over 80
glycosylated triterpenes with C16 acylation have been identified (Figure 9A).
Twenty-seven have been found to have C23 acylation, and an additional 15 possess
multiple acyl groups on the triterpene backbone (Figure 9B) within the Holothuroidea
genus alone (Bahrami & Franco, 2016). Escin is another illustrative example of a
triterpenoid featuring both glycosylation and acylation (Figure 9C). It is characterised
by a glucuronic acid at the C3 position and the addition of two other sugars, along with

acyl groups, commonly located at either positions C21 or C22 (Savarino et al., 2023).

Another intriguing example of a triterpenoid with diverse modifications is irpeksolactin
F (Figure 9D). This triterpenoid possesses a hydroxyl group at position C16 and a
branched side chain at position C17. Additionally, it features a 5,8-endoperoxy moiety,
further contributing to the wide array of structures that can be produced (Tang et al.,
2019). Other CYPs, such as CYP51H10 from Avena spp. have been shown to both
hydroxylate at C16 and introduce an epoxide group at positions C12(13) on B-amyrin
(Geisler et al., 2013).
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A) Lessonioside B) Cladoloside H2

C) Escin D) Irpeksolactin F

Figure 9: - Further modifications of triterpenoids. A) Lessonioside, a glycosylated
triterpenoid with an acyl group modification at position C16. B) Cladoloside, a
glycosylated triterpenoid with acyl group modifications at positions C16 and C22. C)
Escin, a glycosylated triterpenoid with an acyl group modification at position C22 and
a tiglic acid at position C21. D) Irpeksolactin F, a triterpenoid with an unusual
endoperoxy bond at positions C5 and C8. Red in the figure represents the different

modifications, attached acyl groups, acid groups and epoxide groups.
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1.3 Commercial interest in triterpenoids

Triterpenoids and glycosylated triterpenoids are commercially very valuable. They
have a wide range of uses in many different fields, from cosmetics (Malinowska et al.,
2021), home care products (Chen et al., 2020b; section 1.3.1), healthcare (section
1.3.2) and gelling agents (Ghiulai et al., 2020). Moreover, these compounds find
practical utility as feed additives, bacterial and vegetal growth regulators, soil
remediation agents, foaming agents, and emulsifiers in water-based beverages across
diverse industries (Cheeke, 2000; Roy et al., 1997; Martin & Briones, 2000). Notably,
certain glycosylated triterpenoids, like tomatine and digitonin, contribute to healthier
dairy products by removing cholesterol content (Micich et al., 1992). The high potential
of triterpenoids and glycosylated triterpenoids as bulk surfactants and in medicine are
reported in more depth below.

1.3.1 Triterpenoids as bulk surfactants

It is increasingly evident that the sustainable production of chemicals without relying
on fossil fuels is a pressing priority across all scientific fields. The urgency to shift away
from fossil fuel-based production towards more environmentally friendly alternatives is
vital. The 2016 Paris Agreement is the commitment of all countries to reduce their
carbon emissions and work together to reduce the impact of climate change. It states
that the global average temperature increase should not exceed 1.5 °C compared to
pre-industrial levels (Paris Agreement). During the most recent United Nations Climate
Change Conference (COP27) the progress made towards this goal was deemed
insufficient with the current efforts to reduce the global temperature through the use of
more sustainable alternative fuels (United Nations Climate Change). Therefore, there
is a high priority for the reduction of greenhouse gas emissions and in this field, one
way we can do this is by reducing our dependence on fossil fuels. Currently,
surfactants are derived from both petrochemicals and oleochemicals and are
extensively used in laundry detergents (41 % of the total production), industrial

cleaners (18 %), hard surface household cleaners (11 %), dishwash household
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products (11 %), domestic maintenance products (10 %), soaps (5 %) and domestic
bleach products (4 %) (Karsa, 2006). However, this reliance on crude oil is
unsustainable due to its decreasing global supply and the volatile nature of
compounds released when in production (Hibbs, 2006). Glycosylated triterpenoids can
act as surfactants (Figure 10A), which are compounds which display both hydrophobic
and hydrophilic regions due to both polar and apolar areas of the molecule (Figure
10B). While plant-based alternatives, such as glycosylated triterpenoids, have been

known for decades, their large-scale industrial production remains untapped.

When glycosylated triterpenoids are present in aqueous media, surfactants decrease
the surface tension between the two phases. This is because in aqueous solution, the
surfactant molecules will gather at the substrate (such as clothing) to minimise the
contact of the hydrophobic region with water, forming micelles (Figure 10C; Figure
10E). The hydrophilic head groups stay in contact with the water, but the hydrophobic
regions stay in contact with each other, and can be cylindrical, lamellar or spherical.
Therefore, in aqueous media, the hydrophobic domains solubilise the substrate,

removing it from the surface (Figure 10F) (Karsa, 2006).
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Figure 10: - Micelle formation. A) Escin and the hydrophilic and hydrophobic regions
which correlates with B) showing the generic surfactant structure. C) Shows micelle
formation with the hydrophobic regions joining together and the hydrophilic regions in
contact with the aqueous environment. D) Surfactant solution in the presence of a dirty
surface. E) The surfactant hydrophobic regions are absorbed by the substrate due to
the difference in polarity, leaving the hydrophilic regions to contact the aqueous

environment. F) Micelle formation with substrate removed from the surface.
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Glycosylated triterpenoids present valuable products with surfactant properties that
can be harnessed and produced in biological systems. Their amphiphilic nature, with
a hydrophobic triterpenoid backbone and hydrophilic glycosidic region, enables the
formation of micelles that effectively remove dirt from surfaces and clothing (Dargel et
al., 2019). Additionally, glycosylated triterpenoids offer a more environmentally friendly
and biodegradable alternative to conventional commercial surfactants, making them
highly desirable (Schmitt et al., 2014; Honda et al., 2019).

1.3.2 Triterpenoids as Pharmaceuticals

In addition to their surfactant properties, glycosylated triterpenoids showcase
remarkable biological activities, encompassing over 45 distinct effects. These effects
span antifungal, antiparasitic, chemopreventive, neuroprotective, and sedative
properties (Lacaille-Dubois & Wagner, 1996; Milgate & Roberts, 1995; Francis et al.,
2002; Gugli-Ustiindag & Mazza, 2007).

A pharmaceutically relevant glycosylated triterpenoid is from Quillaja saponaria, which
produces a blend of bidesmosidic glycosylated triterpenoids, glycosylated at both C3
and C28 positions. While historically employed as a detergent, these compounds have
gained traction as food additives, cosmetic industry components and pharmaceuticals.
These glycosylated triterpenoids exhibit antiviral, antifungal, antibacterial,
antiparasitic, anti-inflammatory, hypocholesterolemic, and haemolytic attributes (Sen
et al., 1998; Roner et al., 2007; Holtshausen et al., 2009; Dixit et al., 2010; Tam &
Roner, 2011; Fleck et al., 2019). The antimicrobial effects stem from the interaction of
glycosylated triterpenoids with cholesterol, leading to cholesterol removal from
membranes and subsequent cell lysis (Holtshausen et al., 2009; Cheeke, 2000).
Moreover, the surfactant properties of these glycosylated triterpenoids disrupt
bacterial cell membranes, compromising their integrity and rendering them more
susceptible to antibiotics. Their application has extended to the treatment of skin

disorders and scalp diseases (Fleck et al., 2019).

Reports highlight that QuilA, a vaccine adjuvant derived from the crude mixture of

glycosylated triterpenoids in Q. saponaria, plays a crucial role in stimulating the
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immune system to elicit a robust response in pharmaceutical vaccines (Pulendran et
al., 2021). QS-21 is a fraction of QuilA (Figure 11), distinguished by a more
hydrophobic region due to acyl chain attachment to a sugar moiety. This hydrophobic
modification has paved the way for its significant contributions to vaccine
development. For example, ASO1, a vaccine adjuvant system incorporating QS-21 and
3-O-desacyl-4’-monophosphoryl lipid A (MPL), demonstrated efficacy in mice infected
with malaria antigens and underwent clinical trials. These trials unveiled that ASO1
induced the innate immune response, thereby enhancing vaccine efficiency by
fostering antigen-specific responses (Coccia et al., 2017). Beyond its role as a vaccine
adjuvant, QuilA and QS-21 exhibit anti-tumour potential, as its interactions with
cholesterol, resulting in compromised cell membranes and subsequent lysis (Fleck et
al., 2019). To address its toxicity toward healthy cells, specific fractions of the
glycosylated triterpenoid mixture, as opposed to the crude extract, have been
employed, along with binding it to cholesterol on nanoparticles (Hu et al., 2010).

O  OH / OH

Figure 11: - The QS-21 fraction of QuilA. The acyl chain is prominent which gives
the QS-21 more hydrophobicity and in turn enables it to interact with cholesterol of
tumour cells more freely. Sugar moieties include glucuronic acid, xylose, galactose,

fucose, rhamnose and arabinose.
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Another glycosylated triterpenoid of significant pharmaceutical relevance is
glycyrrhizin, synthesised by Glycyrrhiza glabra. It is a monodesmosidic glycosylated
triterpenoid, featuring glucuronic acid (GIcA) as its attached sugar moiety. Glycyrrhizin
has demonstrated antiviral, antibacterial, and anticancer effects, akin to the
mechanisms mentioned for QS-21. Additionally, it has hepatoprotective properties.
Studies have indicated that the consumption of glycyrrhizin alongside alcohol results
in no elevation of liver function enzymes, which typically surge with alcohol intake.
Consequently, glycyrrhizin protects against alcohol-induced liver toxicity, culminating
in enhanced liver function and overall health when contrasted with alcohol
consumption alone (Chigurupati et al., 2016).

Furthermore, glycyrrhizin exhibits potent anti-inflammatory properties. It effectively
modulates the secretion of cytokines (immune response molecules that trigger
inflammation) by macrophages. The slowed cytokine release leads to diminished
inflammation. This anti-inflammatory capacity of glycyrrhizin is attributed to its ability
to bind with cholesterol, hindering the formation of cholesterol-rich lipid rafts that are
pivotal for toll-like receptor 4 (TLR-4) binding in the plasma membrane. This disrupts
TLR-4 translocation, which initiates the cascade of the inflammatory pathway upon

pathogen recognition (Fu et al., 2014; Graebin, 2018).

1.4 Approaches to triterpenoid production

1.4.1 Extraction of glycosylated triterpenoids

Given their broad range of biological activities and industrial applications, glycosylated
triterpenoids represent a promising area for further exploration and utilisation. As
previously mentioned, glycosylated triterpenoids are plant products, and the extraction
from plants can be inefficient, requiring pretreatment of the samples, such as drying
and grinding, to increase surface area and reduce particle size. Typically, a solvent is
used for extraction due to the apolar nature of these compounds, which allows for

easier dissolution and extraction from the plant cells (Guglu-Ustiindag & Mazza, 2007).
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To enhance efficiency, other technologies like microwave (Vongsangnak et al., 2004;
Le etal., 2018) and ultrasound (Wu et al., 2001) have been employed to further disrupt
the cell structure and facilitate the extraction of intracellular products. However, the
choice of extraction method and solvent can influence the composition of the
glycosylated triterpenoid extract, as different glycosylated triterpenoids have varying
solubilities (Du et al., 2004). Following extraction, the glycosylated triterpenoids need
to be purified and a common method involves partitioning between aqueous extracts
and a water-immiscible solvent, followed by further purification through

chromatography (Gucli-Ustiindag & Mazza, 2007).

It is essential to consider that plants typically produce glycosylated triterpenoids in low
amounts and in response to stress, leading to challenges in terms of long growing
times, seasonal variations, low yield and complex mixtures of glycosylated
triterpenoids. While synthetic production of these compounds is attempted, the
complex stereochemistry of glycosylated triterpenoids often renders chemical
synthesis too expensive or even impossible (Dale et al., 2020). These limitations
underscore the significance of efficient extraction and purification processes from plant
sources and highlight the need for alternative approaches to enhance the production

and utilisation of these valuable compounds.

1.4.2 Production of triterpenoids in S. cerevisiae

Glycosylated and non-glycosylated triterpenoids hold significant promise in
biotechnology, but their large-scale production through traditional plant cultivation
faces challenges due to their low abundance, seasonal cycles, many structural
analogues and complex process (Farhi et al., 2013; Sun et al., 2019). Moreover, the
complexity and chirality of these compounds make chemical synthesis a daunting task
(Zhu et al., 2008). However, a promising solution lies in using the yeast S. cerevisiae
as a host system, circumventing the need for synthetic chemical production and
reducing reliance on plants for triterpenoid production (Farhi et al., 2013; Arendt et al.,

2017). Recent advancements in plant genomics and transcriptomics have enabled the
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identification of the plant enzymes responsible for synthesising glycosylated and non-
glycosylated terpenoids (Miettinen et al., 2018).

S. cerevisiae naturally produces ergosterol, an analogue of cholesterol, from
2,3-oxidosqualene. By introducing heterologous oxidosqualene cyclases (OSCs) from
plants, we can generate glycosylated triterpenoid precursors within the yeast.
Furthermore, producing biosurfactants from glycosylated triterpenoids in systems like
S. cerevisiae offers advantages over chemical synthesis using petroleum or harsh
chemicals, as glycosylated triterpenoids pose a lower environmental risk (Scheibel,
2004; Song et al., 2008). Likewise, the ability to selectively produce the specific
glycosylated triterpenoid of interest, rather than yielding a complex mixture requiring
subsequent separation, offers significant advantages of using S. cerevisiae to produce

these compounds.

S. cerevisiae is the preferred choice for these industrial applications due to its simple
nutritional requirements, robust growth at low pH, and flexibility in genetic manipulation
techniques. The capacity to thrive in low pH environments is highly advantageous for
the fermentation process, a critical technique widely employed in industrial
applications. As fermentation advances, the medium undergoes gradual acidification
owing to the generation of carbon dioxide and acids by the yeast (Maicas, 2020). Low
pH also reduces the potential for contamination as other micro-organisms are less well
adapted to the acidic environment. The pH is also important in this case as the change
in pH can alter the chemistry of the compounds produced. For example, the
glycosylated triterpenoid escin is affected by pH. An increase in pH increases its
solubility by deprotonating the sugar moiety (Geisler et al., 2020) as well as the
migration of acetyl groups present on the backbone. In high pH, the acetyl groups
present on escin move to a different position, generating a different isomer which has
different properties (this is discussed in more detail in Chapter 5) (Wu et al., 2010).
Consequently, microorganisms capable of enduring acidic conditions, such as S.
cerevisiae exhibit better performance in industrial settings and the glycosylated
triterpenoids produced will be more stable. There is lots of flexibility in genetically
modifying S. cerevisiae and is a relatively straightforward process which is facilitated
by the modularity of parts and the abundance of accessible strains. Additionally, this

yeast species has been comprehensively characterised and is genetically tractable,
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therefore, engineering their native metabolism to redirect metabolic flux towards
heterologous pathways is possible (Moses et al., 2013). The yeast system also allows
for heterologous enzyme expression with the potential for post-translational
modifications, a feature not available in other model organisms like Escherichia coli
(Hammer & Avalos, 2017; Dale et al., 2020). Thus, S. cerevisiae is well-suited for
large-scale industrial production of high-value compounds. While bacterial systems,
such as E. coli, could theoretically produce triterpenoids, the membrane-bound nature
of CYPs required for triterpenoid production poses challenges in expressing them in
systems lacking an endoplasmic reticulum (Kim et al., 2019). Yeast systems exhibit
better activity than their prokaryotic counterparts in this regard (Bill, 2014). Additionally,
bacterial triterpenoid analogues use squalene as a precursor instead of
2,3-oxidosqualene, necessitating additional steps involving SQE to produce the

desired precursor (Taylor, 1984).

Progress in the identification and characterisation of CYPs and UGDs has opened
new possibilities for heterologous expression of these genes in biological systems, like
yeast, to produce specific triterpenoids and other terpenoids with immense industrial
potential. For example, artemisinic acid, a sesquiterpene and precursor used in
artemisinin-based malaria therapies, can now be produced in yeast by integrating
genes from Artemisia annua L., including an amorphadiene synthase gene (ADS) and
a cytochrome P450 monooxygenase (CYP71AV1). This yeast-based production
achieves artemisinic acid comparable to A. annua but in a fraction of the time (5 days
compared to months). As a result, synthetic biology has successfully employed S.
cerevisiae to produce the precursor for the antimalarial drug artemisinin. Chemical
synthesis is used for the final stages due to the well-established high-yielding
conversion of artemisinic acid to artemisinin (Acton & Roth, 1992; Ro et al., 2006;
Paddon et al., 2013).
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1.4.3 Increasing flux to triterpenoid production in S. cerevisiae

Extensive research has been dedicated to the heterologous expression of plant genes
in yeast (Farhi et al., 2011; Liu et al., 2019; Lv et al., 2019). The yeast membrane
sterol, ergosterol has the same 2,3-oxidosquelene precursor needed for triterpenoid
biosynthesis, but previous studies have shown that completely terminating the
ergosterol pathway is not feasible due to its essential role in cell viability, contributing
to cell membrane fluidity, mitochondrial respiration, and endocytosis (Bagnat et al.,
2000; Heese-Peck et al., 2002; Altmann & Westermann, 2005; Abe & Hiraki, 2009).
The ergosterol pathway initiates with 2,3-oxidosqualene, and lanosterol synthase
(Erg7p) produces the ergosterol precursor, lanosterol. An alternative approach
involving an erg7A mutant and supplementation with ergosterol is expensive and not
ideal for industrial applications (Kirby et al., 2008). Due to this field being relatively
well established, there have been multiple efforts to increase terpenoid and
glycosylated terpenoid production in S. cerevisiae. Table 2 displays just some of the
methods used to increase the yield and the fold change achieved by some terpenes

and terpenoids.

To enhance flux through the mevalonate pathway, it is well-established that
overexpression of a truncated form of 3-hydroxy-3-methyl-glutaryl-coenzyme A
reductase (Hmgrp) is effective. Hmgrp is natively inhibited by mevalonate and farnesyl
pyrophosphate (FPP) at the N-terminal domain, leading to reduced pathway flux
through negative feedback inhibition. Truncating the protein (tHmgrp) at the
N-terminus eliminates this inhibition, enabling continuous production of mevalonate
and FPP (Donald et al., 1997; Kirby et al., 2008).

The upregulation of pivotal genes involved in mevalonate synthesis is a common
strategy in engineering S. cerevisiae to enhance triterpenoid biosynthesis. In many
instances, genes like tHMGR, ERGY9, and ERG1 are reintroduced to amplify the
production of FPP (a precursor that is converted into 2,3-oxidosqualene) and this
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increased pool of precursors results in an elevated triterpenoid output (Dale et al.,
2020).

Another approach to redirect flux towards triterpenoid biosynthesis in yeast involves
coupling the overexpression of genes responsible for acetyl-CoA production with the
deletion of competing pathways that consume acetyl-CoA. For instance, in S.
cerevisiae, a 200 % increase in B-amyrin production was achieved through the
overexpression of alcohol dehydrogenase (ADHZ2), acetaldehyde dehydrogenase
(ALD®6), acetyl-CoA synthase (ACS), ATP-citratelyase (ACL), phosphoketolase (PK),
acetylating aldehyde dehydrogenase (A-ALD), and phosphotransacetylase (PTA).
These genes collectively contribute to the generation of acetyl-CoA from both glucose
and pyruvate, thus leading to a heightened availability of acetyl-CoA and subsequently
elevating 3-amyrin production (Liu et al., 2019). Furthermore, in the same yeast strain,
an impressive 330 % increase in B-amyrin production in S. cerevisiae was achieved
by eliminating competing pathways that consume acetyl-CoA. This was accomplished
by deleting malate synthase (MLS7) and citrate synthase (CIT2), enzymes responsible
for producing malate and citrate from acetyl-CoA derived from glucose. The removal
of these pathways resulted in a substantial boost in 3-amyrin production compared to
the original B-amyrin-producing strain without carbon flux redirection (Liu ef al., 2019).

Another approach used to enhance the production of triterpenoids in S. cerevisiae
involves the engineering of promoters. An example of this involves the modification of
promoters for B-amyrin synthesis to incorporate Upc2p binding activity. Upc2p serves
as a transcription factor that triggers the upregulation of the sterol biosynthesis
pathway by interacting with promoters harbouring UPC2 binding domains.
Consequently, upon activation of Upc2p (induced by sterol depletion, a consequence
of triterpenoid synthesis that uses 2,3-oxidosqualene), it binds to the promoters of 3-

amyrin synthesis genes, effectively activating their expression (Zhang et al., 2011).

55



Table 2: - Examples of some methods for the overproduction of essential

terpene products or precursors of glycosylated terpenoids. Full legend on next

page.

Target

Technique used

Fold change

Reference

Amorphadiene

Amorpha-4,11-
diene

Artemisinic acid

B-amyrin

B-amyrin

B-amyrin

B-amyrin

B-amyrin

Betulinic acid

Betulinic acid

Carotenoid
(tetraterpenoid)

Ginsenoside
compound K

Isoprene

Medicagenic-28-
0O-glucoside and
others

Oleanolic acid

Oleanolic acid

Protopanaxadiol

Squalene
(triterpenoid
precursor)

Targeting FDP synthase and amorphadiene
synthase to the mitochondria

Relocalisation of amorpha-4,11-diene
synthase to the mitochondria

Expression of CYB5, ADH1, ALDH

Truncation of HMGR and and expression of
AaBAS and downregulation of ERG7

Coupling of endogenous and heterologous
acetyl-CoA synthesis pathways to B-amyrin
production, and removal of competing
acetyl-CoA using pathways

Use of cyclodextrin to sequester B-amyrin
out of the cell

Introduction of heterologous squalene
monooxygenase and introduction of tHMGR

Overexpression of UPC2.1 (transcription
factor for sterol biosynthesis) combined with
the above technique

Excess ethanol and nitrogen limitation
fermentations

Increasing triterpenoids by decreasing flux to
competing fatty acid biosynthesis pathway

Mutations in ERG20
(Y95S) and ERG12 (W186R)

Balancing fatty acid and betulinic acid
producing pathways and tHMGR
overexpression

Cytoplasmic and mitochondrial targeting of
the MVA pathway

ER expansion by disruption of PAH1

Optimal CgqBAS used

Improvement of pairing efficiency between
cytochrome P450 monooxygenase and
reductase

ER expansion by overexpression of INO2

Overexpression of truncated HMGR

20x increase

16x increase

10x increase

1.5x increase

3.3x increase

1.6x increase

49x increase

69x increase

5x increase

39x increase

11x increase

5x increase

2.1x increase

16x increase

24x increase

1.6x increase

8x increase

10x increase

Farhi et al., 2011

Yuan and Ching,
2016

Paddon et al., 2013

Kirby et al., 2008

Liuetal., 2019

Moses et al., 2014

Zhanget al., 2015

Zhanget al., 2015

Czarnotta et al.,
2017

Li and Zhang, 2014

Jakocitnas et al.,
2018

Yanetal., 2014

Lvetal., 2016

Arendtet al., 2017

Dale et al., 2020

Zhao et al., 2018

Kim et al., 2019

Donald et al., 1997
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Table 2: - Examples of some methods for the overproduction of essential terpene
products or precursors of glycosylated terpenoids. AaBAS, Artemisia annua B-amyrin
synthase; ADH1, artemisinic alcohol dehydrogenase; ALDH1, aldehyde dehydrogenase;
CqgBAS, Chenopodium quinoa B-amyrin synthase; CYB5, cytochrome b5; ER,
endoplasmic reticulum; ERG7, lanosterol synthase; ERG72, mevalonate kinase; ERG20,
Farnesyl pyrophosphate synthase gene; FPP, farnesyl pyrophosphate synthase; HMGR,
3-Hydroxy-3-MethylGlutaryl-coenzyme a reductase; [INO2, Inositol requiring
transcription factor; MVA, mevalonate; PAH1, phosphatidic Acid phosphohydrolase;
tHMGR, truncated 3-Hydroxy-3-MethylGlutaryl-coenzyme a reductase.

1.4.4 Engineering cell structure

Enhancing terpene and triterpenoid productivity can be achieved through organelle
engineering of the endoplasmic reticulum (ER), as the latter stages of the biosynthetic
pathway (SQS, SQE, BAS and all CYPs) are channelled toward this cellular organelle
(Kim et al., 2019). Research demonstrates that disruption of phosphatidic acid
phosphatase (PAH17) leads to ER expansion, resulting in a remarkable 16-fold
increase in glycosylated triterpenoid production compared to the control strain (Arendt
et al., 2017).

Furthermore, an alternative avenue for achieving this enhancement involves the
overexpression of INO2, a pivotal transcription factor governing ER size regulation.
Overexpression of INO2 triggers an expansion of the ER in comparison to normal
cells. This expanded ER capacity heightens the synthesis potential for both
endogenous and heterologous proteins associated with the ER, thereby substantially
increasing squalene production (the precursor to 2,3-oxidosqualene, which serves as
the triterpene precursor) (Kim et al., 2019). This highlights another promising strategy
for the elevated production of glycosylated triterpenoids.

An alternative technique employed in cell engineering involves localising mevalonate
pathway genes to the mitochondria, which harbours more acetyl CoA than the rest of

the cell. By incorporating mitochondrial localisation sequences (MLS) onto MVA
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proteins, researchers were able to guide their transportation to the mitochondria.
Erg10p, Hmgrp, Erg12p, Pmkp, Mvd1p, and Idi1p were all equipped with the MLS,
along with reporter proteins for easy identification. By channelling these proteins to the
mitochondria, the surplus acetyl-CoA available facilitated a 2.1-fold increase in

isoprene production, a precursor to both triterpenes and triterpenoids (Lv et al., 2016).

1.4.5 Enzyme optimisation

Another engineering technique used is the modification and optimisation of enzymes
needed for triterpenoid biosynthesis. Mutant strains of S. cerevisiae carrying
alterations in ERG20 (encoding farnesyl pyrophosphate synthase/Erg20p) and ERG1
(encoding squalene monooxygenase/Erglp) have proven beneficial for triterpenoid
production (Foresti et al., 2013; Jakociunas et al., 2018). For example, the Y95S
mutation in Erg20p of S. cerevisiae, which replaces a tyrosine with serine at position
95, has been shown to increase carotenoid (tetraterpenoid) production by 5-fold. This
mutation is believed to improve the ligand binding pocket of Erg20p without altering its
overall 3D structure, enhancing its ability to bind a catalyse FPP from GPP
(JakocCiunas et al., 2018).

Likewise, mutations in ERG1 (squalene epoxidase) have also been found to boost the
production of triterpenoid precursors. The K311R mutation, which replaces lysine at
position 311 with arginine, reduces the impact of DoalO, an E3 ubiquitin ligase
involved in the ER-associated degradation pathway. Doal0 attaches a ubiquitin tag to
proteins which thus labels them for degradation. Therefore, the mutation in Erglp
stops Doal0 tagging it with ubiquitin, and so it is not degraded. This increases the
concentration of the terpene precursor 2,3-oxidosqualene inside the cell (Foresti et al.,
2013).

1.4.6 Overcoming the toxic burden of triterpenoids

A common challenge in synthetic biology and biotechnology concerns the toxic load

imposed on microbial hosts by the products they synthesise. For instance, the
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hydrophobic nature of triterpenoids means there is accumulation intracellularly or
within the membrane, this could be a significant drawback as it might be detrimental
to the cell but also may cause negative feedback inhibition for the beginning of the
pathway (Sun et al., 2019b). In response to this challenge, research endeavours have
been dedicated to harnessing the potential of cyclodextrins (CDs). CDs, cyclic
oligosaccharides with a toroidal configuration composed of glucopyranoside units,
have a pronounced ability to solubilise drugs due to their hydrophobic interior
juxtaposed with a hydrophilic exterior (Stella & He, 2008; Moses et al., 2014). Methyl-
B-cyclodextrin (MBCD), a specific type of CD, has been effectively employed to
sequester triterpenes from yeast cells, facilitating their relocation into the surrounding
media (Moses et al., 2014). This innovative approach involves the synthesis of
triterpenes within the cell, followed by their secretion into the media via MBCD, only
possible by its unique toroidal structure. This dual action not only limits intracellular
accumulation but also mitigates growth inhibition by eliminating feedback inhibition
products (Sun et al., 2019b).

Collectively, the interventions mentioned harbour the potential to elevate triterpenoid
production by redirecting pathway inhibition, using more efficient enzymes, amplifying
cofactor availability, and mitigating the toxic overload of intracellular product

accumulation.

1.4.7 Production of triterpenoids in other yeast strains

Other yeast hosts can also be harnessed for triterpenoid production, including
Yarrowia lipolytica. Many triterpenoids exert a toxic effect on cell viability, making
alternative yeast systems like Y. lipolytica advantageous due to their high lipid content
(Zhang et al., 2020). To achieve high concentrations of toxic terpenoids, such as
lycopene, in S. cerevisiae, increasing lipid droplet size has been shown to yield the
highest reported production (2.37 g.L'"), enabling S. cerevisiae to tolerate higher
lycopene concentrations (Ma et al., 2019). This tolerance is attributed to the lipophilic
nature of terpenes, which accumulate in lipid droplets, storing them without causing
cellular damage (Larroude et al., 2018; Zhang et al., 2020). Y. lipolytica, an oleaginous
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yeast, harbours substantial lipid reserves stored as intracellular lipid droplets (Bhutada
et al., 2018), making it suitable for enhanced terpene production, such as lycopene
(Matthaus et al., 2014), B-carotene (Gao et al., 2017), and lupeol (Zhang et al., 2020).

While Y. lipolytica appears promising for terpene production, there are challenges
associated with working with this genus. Y. lipolytica is an obligate aerobe (Coelho et
al., 2010), unlike S. cerevisiae, which is a facultative anaerobe. Strict aerobes can be
challenging to control in an industrial setting, as maintaining precise oxygen levels is
crucial; excessive oxygen leads to excessive growth but insufficient product production
and vice versa (Coelho et al., 2010; Kar et al., 2012; Park & Ledesma-Amaro, 2023).
Higher oxygen requirements also result in excessive foam formation, necessitating
antifoaming agents that increase production costs and reduce productivity (Kar et al.,
2012; Snopek et al., 2021). Additionally, there is insufficient foundational knowledge;
despite several Yarrowia strains having annotated genomes, functional and
biochemical studies on these strains remain limited (Park & Ledesma-Amaro, 2023).
Furthermore, there is a lack of adequate engineering tools, Y. lipolytica primarily
employs nonhomologous end joining (NHEJ) rather than homologous recombination
(HR) for DNA repair, making targeted deletions or integrations challenging (Schwartz
et al., 2017; Park & Ledesma-Amaro, 2023).

Another yeast host used for triterpenoid production is Pichia pastoris, which has been
engineered to produce the tetracyclic triterpenoid dammarenediol-Il (Liu et al., 2015).
P. pastoris is an established host for industrial protein production and can efficiently
secrete heterologous proteins into the media (Karbalaei et al., 2020). The production
of dammarenediol-Il in P. pastoris reached 1.073 mg.g™" dry cell weight (DCW) and
while this is promising, further development is needed to increase the yield (Liu et al.,
2015). Lycopene has also been produced in P. pastoris, with higher yields observed
when the lycopene pathway genes were expressed in the peroxisome (Bhataya et al.,
2009; Zhang et al., 2020b). However, drawbacks include the lack of selectable marker
genes for strain transformation and yields like those obtained in S. cerevisiae
(Karbalaei et al., 2020; Zhang et al., 2020b).

Therefore, triterpenoid production in S. cerevisiae remains a focus. However,

leveraging the advantages of these diverse yeast hosts may enhance triterpenoid
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yields. For instance, directing triterpenoid pathway genes to the peroxisome, which
increased lycopene production in P. pastoris (Bhataya et al., 2009), or enhancing S.
cerevisiae's intracellular lipid bodies to resemble those of Y. lipolytica (Matthaus et al.,
2014; Ma et al., 2019).

1.5 The glycosylated triterpenoid Escin

1.5.1 Chemical and functional characterisation of escin

An industrially important glycosylated triterpenoid is escin, also referred to as aescin
or aescine. Escin is a mixture of glycosylated triterpenoids that has garnered
significant interest in the pharmaceutical and home-care industries. It is derived from
the seeds of horse chestnut trees (Aesculus hippocastanum L.) and has various
industrial applications, in pharmaceuticals and as surfactants. Escins exhibit natural
insecticidal properties due to them being bitter and thus deterrents for insects such as
Drosophila (Freeman et al., 2014). Additionally, it acts as a repellent against the
invasive pest Cameraria ohridella (horse chestnut leafminer moth) (Ferracini et al.,
2010).

Escin possesses a wide range of pharmaceutical applications as an anti-inflammatory
agent, which can be administered both orally and topically (Cravotto et al., 2011,
Gallelli et al., 2021). Its primary use lies in the treatment of various vascular disorders,
with extensive research conducted in this field. Escin is believed to exert its effects by
acting as a glucocorticoid-type steroid, akin to cortisol, which binds to glucocorticoid
receptors (GR). These receptors facilitate the transcriptional activation of genes
involved in suppressing inflammation (Gallelli et al., 2021). The structural backbone of
escin closely resembles that of hydrocortisone (cortisol), leading to the hypothesis that
escin functions similarly. Unlike other anti-inflammatory drugs such as ibuprofen,
which block cyclooxygenase (COX) to inhibit prostaglandin synthesis, escin operates
through a distinct mechanism (Bushra & Aslam, 2010; Gallelli et al., 2021).

Prostaglandins are responsible for inducing the pain and swelling associated with
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inflammation. The anti-inflammatory response of escin reduces the permeability of
small blood vessels, thereby mitigating swelling (Gallelli et al., 2021). In addition to its
use in inflammation, escin has been investigated for its efficacy in treating other
vascular disorders, including haemorrhoids (Sirtori, 2001; Zhang et al., 2010), varicose
veins (Lichota et al., 2019), and chronic venous insufficiency (Zhang et al., 2010; Yu
& Su, 2013). The availability of different anti-inflammatory drugs that target distinct
pathways is highly beneficial, considering individual patient variations in drug
response. Escin and its biotechnological production hold promising potential for
developing diverse anti-inflammatory agents with varying modes of action. This allows

for personalised treatment options tailored to individual patient needs.

1.5.2 Biosynthesis of escin

The precise biosynthesis mechanism of escin remains unknown, although several
enzymes crucial for B-amyrin hydroxylation and subsequent modifications leading to
escin production have been identified, albeit not exhaustively. Presently, our
understanding encompasses multiple cytochrome P450 enzymes (CYPs) and
acyltransferases (ACTs) responsible for orchestrating C21, C22, C28, and C16
hydroxylation, followed by further alterations to attach acetyl groups on C21 and C22
positions. Subsequent glycosylation of the C3 position, mediated by
UDP-glycosyltransferases (UGTs), culminates in the formation of escin (Unpublished
data presented in the PhD thesis of Eliot Jan-Smith, 2023, John Innes Centre).

1.6 Aims

The primary goal of this thesis is to enhance the production of glycosylated
triterpenoids in S. cerevisiae by investigating their interactions with the yeast and
finding ways to overcome their toxic effects. We focus on escin and aim to understand
its mechanism of action on S. cerevisiae and identify and develop a tolerant yeast
strain that can produce escin-like compounds in high quantities without being
compromised by toxicity or production burden. To achieve this, we use sterol

biosynthesis mutants that exhibit higher tolerance to glycosylated triterpenoids
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compared to the wild-type S. cerevisiae, and we employ this mutation in production

strains to determine if an increase in yield is observed.
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Chapter 2: - Materials and Methods

2.1 Materials

2.1.1 S. cerevisiae growth media

ODeoonm measurements were conducted using a WPA Biowave CO8000 cell density
meter and all media was autoclaved (121 °C for 15 minutes) before use.

CSM + 2% (w/v) galactose: 6.9 g.L"" yeast nitrogen base, 0.77 g.L-' complete synthetic

media, 2% (w/v) galactose

CSM agar: 6.9 g.L' yeast nitrogen base, 0.77 g.L-' complete synthetic media, 2%
(w/v) D-glucose, 20 g.L"" agar

CSM: 6.9 g.L" yeast nitrogen base (Sigma Y0626), 0.77 g.L”' complete synthetic
media (Formedium DCS0019), 2% (w/v) D-glucose

SC-HIS-LEU: 6.9 g.L™" yeast nitrogen base, 0.77 g.L-' complete synthetic media -HIS
-LEU (Formedium DCS0469), 2% (w/v) D-glucose

SC-URA agar: 6.9 g.L' yeast nitrogen base, 0.77 g.L'' complete synthetic
media -URA, 2% (w/v) D-glucose, 20 g.L-! agar

SC-URA: 6.9 g.L" yeast nitrogen base, 0.77 g.L-! complete synthetic media -URA
(Formedium DCS0169), 2% (w/v) D-glucose

YPD agar: 10 g.L-! yeast extract, 2 g.L" peptone, 2% (w/v) D-glucose, 20 g.L™" agar
(Oxoid LP0011)

YPD: 10 g.L" yeast extract (Acros Organics 84604-16-0), 2 g.L" peptone (Millipore
70173-500G), 2% (w/v) D-glucose (media kitchen)

YPG: 10 g.L" yeast extract, 2 g.L-! peptone, 2% (w/v) galactose (media kitchen)
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2.1.2 E. coli growth media

ODeoonm measurements were conducted using a WPA Biowave CO8000 cell density
meter and all media was autoclaved (121 °C for 15 minutes) before use.

LB agar: 10 g.L" tryptone, 5 g.L-! yeast extract, 1 g.L-' NaCl, 20 g.L-" agar

LB: 10 g.L" tryptone (Formedium TRP03), 5 g.L-" yeast extract, 1 g.L-' NaCl (Fisher
Chemical 7647-14-5)

2.1.3 Antibiotics

Ampicillin: 100 pg.mL™" in 70% ethanol working concentration
Chloramphenicol: 40 pug.mL-'in 99% ethanol working concentration
Geneticin: 50 mg. mL"in dH20 working concentration

Hygromycin B: 100 mg. mL-" in dH20 working concentration
Kanamycin: 50 pg.mL™" in dH20 working concentration

Spectinomycin: 100 yg.mL"" in dH20 working concentration

2.1.4 Molecular biology

10X T4 DNA ligase buffer: (NEB B0202S)
6X Orange DNA Loading Dye: (Thermo Scientific R0631)
E.Z.N.A Plasmid mini kit |, (Q-spin): (Omega Bio-Tek D694245759-111)

Escin fractions: Gifted from Unilever. Dissolved in HPLC grade methanol to a stock of

40 mg.mL"

Escin: (Sigma E1378-1G) dissolved in HPLC grade methanol to a stock concentration
of 40 mg.mL"’
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OneTaqg: OneTag® Quick-Load® 2X Master Mix with Standard Buffer. NEB

Q5: 5X Q5 Reaction Buffer, 2 mM dNTPs (Invitrogen 09733739), 2 U.uL' Q5
High-Fidelity DNA Polymerase. (NEB MO491L)

Restriction enzymes: (NEB)
T7 DNA ligase: (NEB M0318)
TAE (1X): 40 mM Tris, 20 mM acetate, 1 mM EDTA

TFB1 buffer: 30 mM CH3COOK, 100 mM RbCI, 10 mM CaCl2, 50 mM MnClI2, 15 %
(v/v) glycerol; pH adjusted to 5.8 with acetate; filter sterilised (0.22 ym)

TFB2 buffer: 10 mM MOPS (pH 6.5), 75 mM CaCl2, 10 mM RbCl, 15 % (v/v) glycerol;
pH adjusted to 6.5 with KOH; filter sterilised (0.22 pm)

Thiozole orange: (Sigma 390062-1G)
UltraPure Agarose: (ThermoFisher 16500500)

Zymoclean Gel Recovery Kit: (Zymo Research D4002)

2.1.5 Yeast transformation

Lithium Acetate (1 M): (Sigma L6883-250G)
PEG 3350, 50 % (w/v): 50 g PEG 3350 (Sigma 88276) dissolved in 100 mL dH20

Salmon sperm DNA (10 mg.mL-"): (Invitrogen 15632-011)

2.1.6 Yeast gDNA extraction (bust n’ grab)

Lysis buffer: (2 % Triton X-100, 1 % SDS, 100 mM NaCl, 10 mM Tris-HCI at pH 8, and
1 mM EDTA at pH 8)
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2.1.7 Metabolite Extractions for Gas Chromatography-Mass
Spectrometry (GC-MS)

Coprostan-3-ol: (Sigma C7578) dissolved in 100 % ethanol to a concentration of 2.57
mM (-20 °C)

Ethyl acetate (anhydrous, 99.8 %): Sigma (270989)
GeneVac EZ-2 Elite evaporator

Lysis Buffer: 20 % KOH (SLS CHE3000); 50 % ethanol; 80 nmol.mL"" coprostan-3-ol
(Sigma C7578)

N-Hexane (99 %): Sigma (32292-M)

2.1.8 Metabolite Extractions for Liquid Chromatography-Mass
Spectrometry (LC-MS)

Acid-washed glass beads (425-600 um): Sigma (G8772)
Butan-1-ol (= 99 %): (Acros Organics 167695000).
Echinocystic acid-glucoside: (Extrasynthase 0110S)

YeastBuster: (Millipore 71186)

2.1.9 GC-MS and LC-MS

1.1 ml autosampler vials: 1.1 ml microliter crimp neck vial ND11, 32 x 11.6 mm, clear
glass, 1st hydrolytic class; Gerstel (093640-121-00)

Crimp caps: 11 mm autosampler vial crimp caps with rubber or silicone liner (Thermo
Scientific 11-MC-8RT1 or Thermo Scientific 11-MC-ST15)

MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroacetamide with 1% trimethylchlorosilane):
(Sigma 69478)
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Pyridine (anhydrous, 99.8 %): (Sigma 270970)

2.1.10 Microplate assays

96 well plates: (Thermo Scientific 167008)

Micropore tape: (Micropore 1530-1)

2.1.11 Quantitive Reverse Transcription-polymerase chain reaction
(QRT-PCR)

Buffer RLT + B-mecaptoethanol: 10 uL of B-mecaptoethanol for every 350 uL Buffer
RLT (provided in QIAgen RNeasy mini kit)

Buffer Y1: 1 M sorbitol (Acros Organics 50-70-4), 0.1 M EDTA (Acros Organics
6381-92-6), pH 7.4. Before use add 0.1 % B-mecaptoethanol (Sigma 60-24-2) and 10
U.uL" lyticase (Sigma L2524)

DEPC-treated water: (Ambion AM9915G)
dNTPs: (Invitrogen 09733739)
E. coli RNase H: (Invitrogen 18021071)

MicroAmp EnduraPlate Optical 96-well Fast Blue Reaction plate: (Thermo Fisher
4483486)

Microseal B adhesive sealer: (Bio-Rad MSB-1001)

Oligo(dT)20 primer: Integrated DNA Technologies

QIAgen RNeasy plant mini kit: (QIAGEN 74904)

RiboLock RNase Inhibitor (40 U.uL™"): (Thermo Scientific EO0381)

RNase-Free DNase Set: 1500 U DNase | (RNase-free, lyophilised) in 550 pL buffer
RDD (QIAGEN 79254)

RNaseZAP: (ThermoFisher Scientific AM9780)
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SuperScript IV First-Strand Synthesis System: (Invitrogen 18091200)

2.1.12 Propidium lodide Assays

Brassicasterol: (Sigma 474-67-9) dissolved in HPLC grade methanol at a

concentration of 13 mM
Chambered slides: (Ibidi 80807)
Concanavalin A: (Sigma C2010), 2 mg.mL"’

Ergosterol: (Sigma m45480-10G-F) dissolved in HPLC grade methanol at a

concentration of 13 mM
Leica DMi8 inverted microscope
Propidium iodide: (Invitrogen P3566)

Treatment media: 400 uL PBS, 1.25 % methanol, varying escin concentrations

2.1.13 Confocal Microscopy

Alpha Plan Apochromat objective

Chambered slides: (Ibidi 80807)

Concanavalin A: (Sigma C2010), 2 mg.mL""

Treatment media: 400 uL PBS, 1.25 % methanol, varying escin concentrations

Zeiss LSM 880 (Airyscan) Microscope

2.1.14 Membrane permeability

Hanna conductivity meter: (H199300)
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0.5 mm glass beads: (Sigma Z250465-1PK)

2.2 Methods

2.2.1 Storage of S. cerevisiae and E.coli

The long-term storage of both wild-type and produced strains of S. cerevisiae involved
preservation at -80 °C in a solution containing 20% (w/v) glycerol. For shorter-term
storage, these strains were streaked onto agar plates and maintained at 4 °C. In
contrast, E. coli strains which were used for plasmid cloning were preserved for the
long term at -80 °C in a 40% (w/v) glycerol solution, while for shorter-term storage,

they were also streaked onto agar plates and kept at 4 °C.

The process of preparing yeast glycerol stocks began with the inoculation of 5 mL of
YPD medium with the appropriate yeast strain, followed by incubation at 30 °C for a
minimum of 24 hours (up to 48 hours) with continuous shaking at 200 rpm.
Subsequently, 750 uL of yeast culture was combined with 250 pL of cold 80 % glycerol
and stored at -80 °C. In the case of E. coli glycerol stocks, the procedure began by
inoculating 5 mL of LB medium (with the appropriate antibiotic, if necessary) with the
E. coli strain, followed by overnight incubation at 37 °C (approximately 16 hours) with
continuous shaking at 200 rpm. Afterwards, 500 uL of the E. coli culture was mixed
with 500 uL of cold 80 % glycerol and stored at -80 °C.

2.2.2 Preparing competent E.coli

Competent cells were prepared using a method involving RbCI. Initially, E. coli TOP10
was inoculated in 5 mL of LB medium and allowed to grow overnight, approximately
16 hours, at 37 °C with continuous shaking at 200 rpm. Subsequently, the culture was

diluted by a factor of 1:400 into 200 mL of pre-warmed LB medium supplemented with
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20 mM MgSOa. The culture was then incubated at 37 °C with continuous shaking (200
rom) until the optical density at 600 nm (OD600nm) reached approximately 0.5.
Following this, the bacterial cells were carefully transferred to a 50 mL falcon tube and
allowed to incubate on ice for 10 minutes, ensuring that the cells remained cold
throughout this process. The cultures were then subjected to centrifugation at 4 °C,
with a relative centrifugal force (RCF) of 3750 for 5 minutes, resulting in the formation
of a pellet. This pellet was subsequently resuspended in 20 mL of cold TFB1 buffer
and incubated on ice for an additional 5 minutes. Following another round of
centrifugation, this time at 4 °C with an RCF of 1350 for 10 minutes, a new pellet was
formed. This pellet was then resuspended in 2 mL of cold TFB2 buffer, and the culture
was once again incubated on ice, this time for 15 minutes. Finally, 200 pL aliquots of
the prepared competent cells were rapidly frozen using liquid nitrogen and stored at -

80 °C for future use.

2.2.3 Plasmid preparation

A 5 mL volume of LB medium was inoculated with a single colony of E. coli containing
the desired plasmid, and this culture was grown overnight at 37 °C, approximately for
16 hours while being agitated at 200 rpm. Subsequently, plasmid extraction was
carried out using the E.Z.N.A. Plasmid Mini Kit I, following the manufacturer's
instructions. The elution step involved using 30 uL of deionised water (dH20) to
recover the extracted plasmid.

2.2.4 Polymerase Chain Reaction (PCR)

PCRs were employed to generate DNA fragments for subsequent cloning into the
pYTKOO1 vector, utilising Q5 DNA polymerase as the enzyme of choice. The reaction
mixture consisted of 1X Q5 reaction buffer, 0.2 mM dNTPs, 0.5 uM of both forward
and reverse primers, 1 yL of template DNA, and 1 unit of Q5 High-fidelity DNA

polymerase.
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The thermal cycling program for the PCR reactions involved an initial denaturation
step at 98 °C for 30 seconds, followed by 30 cycles consisting of denaturation at 98
°C for 10 seconds, annealing for 30 seconds at a temperature 3 °C above the melting
temperature of the lowest primer, and extension at 72 °C for 2 minutes. The reaction
was then concluded with a hold at 4 °C. The extension time during the cycling was
adjusted to 30 seconds per kilobase (kb) of the expected PCR product length.
Following the PCR amplification, the resultant products were subjected to purification

through gel extraction.

2.2.5 Restriction digest

For plasmid minipreps, a restriction digestion procedure was used. This involved the
combination of 1000 ng of plasmid DNA, 0.5 pL of each respective restriction enzyme
from New England Biolabs (NEB), and 1 uL of 1X CutSmart buffer (NEB) to attain a
final volume of 20 uL. The mixture was then subjected to incubation at the specific
optimal temperature for each enzyme for a minimum duration of 3 hours. Following
incubation, the digested products were subsequently analysed using agarose gel
electrophoresis.

2.2.6 Agarose gel electrophoresis

For restriction digests and PCR reactions, the samples were mixed with 6X Orange
DNA Loading Dye and then loaded onto a 1% agarose-TAE gel containing thiazole
orange. However, for PCR reactions utilising OneTaq, they were directly loaded onto

the gel.

The gel electrophoresis was conducted by running the gel at a voltage of 100 V in 1X
TAE buffer for 30 minutes. Subsequently, the gel was subjected to imaging using a Gel

Doc™ XR+ Gel Documentation System manufactured by BioRad.
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2.2.7 Gel extraction

The PCR reactions were subjected to analysis on agarose-TAE gels and subsequently
purified using the QIAquick Gel Extraction Kit, following the guidelines provided by the
manufacturer. The purified DNA fragments were eluted in a final volume of 30 pL of
dH20.

2.2.8 Sanger sequencing

Plasmids were sequenced by MRC PPU DNA Sequencing and Services (University of
Dundee) using the Sanger sequencing method.

2.2.9 Plasmid construction

The assembly of all plasmids was carried out using the MoClo-YTK method as
described by Lee et al., (2015). The process involved the cloning of individual genetic
parts, such as promoters, open reading frames, and terminators, into a part plasmid
entry vector known as pYTKO0O01, which included a GFP dropout part. Transcriptional
units, comprising promoter-ORF-terminator sequences, were constructed by further
cloning these parts into a transcriptional unit vector. Pathways were formed by
assembling multiple transcriptional units into a destination vector, which contained
transcriptional units, destination homology arms, E. coli markers, origin sequences,
and S. cerevisiae markers. Most of the genes were synthesised previously in the
Rosser Lab, designed by Dr Matthew Dale, Dr Emily Johnston, and Dr Tessa Moses,
and codon-optimised using GeneArt, Gen9, or IDT. All these genetic parts were cloned
into the MoClo-YTK entry vector pYTKO001.

To prepare the genetic parts for cloning, PCR was performed to introduce appropriate
BsmBlI restriction sites. The resulting PCR products were then cloned into pYTKO001.

This cloning process involved mixing the PCR product with 20 fmol of pYTKO001, 1500
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U of T7 DNA ligase (NEB), 1X T4 DNA ligase buffer (NEB), and 5 U of BsmBI (NEB),
resulting in a final volume of 10 yL. The thermocycler program for this reaction
included the following steps: 42 °C for 2 minutes, 16 °C for 5 minutes (25 cycles), 60
°C for 10 minutes, and 80 °C for 10 minutes, followed by a hold at 16 °C. Similar
assemblies into transcriptional unit vectors followed the same procedure, except with
the addition of 20 fmol of each plasmid (the transcriptional unit vector and the parts in
pYTKO001), and using 5 U of Bsal (NEB) as the restriction enzyme. Assemblies into
destination vectors were conducted in a manner identical to that for transcriptional unit

vectors, except that 5 U of BsmBI (NEB) was used as the restriction enzyme.

The assembled constructs were transformed into E. coli TOP10 cells. In this process,
5 pL of the reaction mixture was added to 50—200 uL of chemically competent cells,
which were subsequently incubated on ice for 30 minutes, followed by a heat shock at
42 °C for 30 seconds and another ice incubation for 2 minutes. Next, 400 pL of super
optimal broth with catabolite repression media (SOC media) was added, and the cells
were incubated at 37 °C for 90 minutes with shaking at 200 rpm. A 100 uL aliquot of
the transformed cells was plated onto LB-agar containing the appropriate antibiotic,
which included 40 ug.mL-" chloramphenicol for assemblies into pYTK001, 100 pg.mL""
ampicillin for transcriptional unit vectors, and 200 ug.mL"' spectinomycin for
destination vectors. The transformed E. coli cells were incubated at 37 °C until

colonies had formed, typically overnight or for approximately 16 hours.

The plasmids were extracted using a miniprep method with the E.Z.N.A Plasmid Mini
Kit | and subsequently verified through restriction digest analysis and Sanger
sequencing by the DNA Sequencing and Services facility at the University of Dundee.
Miniprep involved centrifuging the culture at 10,000 g for 1 minute at room
temperature. Following this, 250 uL of Solution I/RNaseA was added to the pellet and
vortexed for thorough mixing. Subsequently, 250 yL of Solution Il was gently added
and mixed by inverting the tube, followed by the addition of 350 L of Solution Il with
further gentle inversion until a precipitate formed. The culture and solution mixture
were then centrifuged at 13,000 g for 10 minutes, and the supernatant was transferred

to a HiBind® DNA Mini Column, followed by centrifugation at 13,000 g for 1 minute.
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This step discarded the filtrate unless otherwise specified. Next, 500 uL of HBC Buffer
was added and centrifuged at 13,000 g for 1 minute, followed by the addition of 700
ML of DNA Wash Buffer and another centrifugation at 13,000 g for 1 minute. The
column was then dried by centrifuging for 2 minutes at 13,000 g and transferred to a
microfuge tube. Finally, 50 yL of sterile dH20 was added to the column, allowed to rest
for 1 minute, and then centrifuged at 13,000 g for 1 minute to elute the DNA. The

filtrate was not discarded. DNA concentration was measured using a nanodrop.

Verification by restriction digest involved using 500 ng of DNA, digesting it with 1 pL of
the appropriate restriction enzyme, 1 uL of the appropriate restriction enzyme buffer,
and adding water to reach a final volume of 10 pL. This mixture was incubated at the
designated temperature for the respective restriction enzyme and visualized on a 1%
agarose-TAE gel. The gel electrophoresis was run at 100 V in 1X TAE buffer and
imaged using a Gel Doc™ XR+ Gel Documentation System from BioRad.

2.2.10 Yeast transformation

To generate production strains for JEscin, destination vectors encoding transcriptional
pathways were introduced into yeast cells. In the case of JEscin production discussed
in Chapter 6, the parent strain utilised was TME90. TME9O had been previously
constructed in the Rosser lab, originating from the background strain TMEO4. TMEO4
was created by integrating pMGSEOIS(LEU2)-MEV2, which was constructed by Dr.
Matthew Dale and consisted of a destination plasmid with LEU2 homology, enabling
galactose-inducible expression of tHMG1, ERG9, and mERG1(K311R), into the
BY4741Agal80 strain. TME90, on the other hand, was developed by chromosomally
integrating TM94, a destination plasmid with URA3 homology that encoded galactose-
inducible expression of AaBAS, CYP716A75, and ATRZ2, into the TMEO4 background.

For JEscin production, various JEscin strains were transformed using either high copy
number plasmids or destination plasmids for chromosomal integration. Specifically, in
transient JEscin production, TME90 was transformed with plasmids containing the

transcriptional units of the genes of interest. These plasmids included components

75



such as BfCYP716Y1, MtCYP72A61v2, PvCYP93E9, and HHS (a high copy number
plasmid with a spectinomycin resistance gene), among others. In the case of
chromosomal integration for JEscin production, TME90 was transformed with specific
constructs involving 308a homology sequences, which allowed for galactose-inducible
expression of genes like HsUGT1A3, AtUGD1, and GmCYP72A69, ultimately
producing a strain denoted as JTEQ09. For JEscin strains with erg34, TME90
underwent a two-step transformation process. First, it was transformed with pE381,
which encoded a spacer disrupting the erg3 gene, leading to the creation of strain
JTEOQ6. Subsequently, JTEO6 was further transformed with pJT019, another construct
featuring 308a homology sequences and encoding HsUGT1A3, AtUGD1, and
GmCYP72A69, resulting in the production of strain JTE11.

2.2.11 Yeast genomic DNA (gDNA) extraction

To prepare yeast samples, either 1.5 mL of liquid yeast culture grown overnight at 30
°C was utilised, or a sizable colony from an agar plate was selected. For the liquid
culture, it was pelleted via centrifugation at 14,000 rpm for 2 minutes. Subsequently,
the pelleted cells or the agar plate colony were re-suspended in 200 L of lysis buffer
composed of 2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCI at pH 8, and
1 mM EDTA at pH 8. The resulting mixture was then frozen at -80 °C for 10 minutes.
This was followed by transferring the mixture to a 95 °C heat source for 1 minute,
completing a freeze-thaw cycle. Freeze-thawing was repeated twice. The cells were
then vortexed for 30 seconds, and 200 uL of chloroform was added, followed by an

additional 2-minute vortexing step.

The next stage involved centrifuging the mixture at 14,000 rpm for 3 minutes.
Following centrifugation, the upper aqueous phase was carefully transferred to a clean
Eppendorf tube, where it was combined with 400 L of cold ethanol and gently mixed
by inversion. This mixture was then incubated at -20 °C for 5 minutes. Afterwards, the
cold tube was once again subjected to centrifugation for 5 minutes at 14,000 rpm, and

the supernatant was removed without disturbing the DNA pellet.
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To further purify the DNA pellet, it was washed with 500 uL of 70% ethanol, and the
pellet was allowed to air-dry at 60 °C for 10 minutes. Finally, the dried pellet was
re-suspended in 30 uL of water, and the concentration of DNA was determined using
a nanodrop spectrophotometer. This protocol follows the methodology outlined by
Harju et al., (2004).

2.2.12 Yeast strain verification

To extract genomic DNA (gDNA) from individual colonies obtained after
transformation, two different methods were employed. In one approach, gDNA
extraction was performed using 20 uL of 20 mM NaOH by heating the sample at 95
°C for 10 minutes. Alternatively, the Bust n' Grab protocol, as detailed previously, was
utilised for gDNA extraction.

Subsequently, the gDNA extracts were subjected to analysis through colony PCR,
employing a touch-down protocol. The reaction setup included the following
components: 0.5 pL of each primer at a concentration of 10 mM, 2 pL of the gDNA
extract, 12.5 pL of OneTaq Quick Load 2X Master Mix with Green Buffer (NEB M0486),
and 9.5 pL dH20. The thermal cycling program for the colony PCR consisted of the
following steps: an initial denaturation at 94°C for 30 seconds, followed by 20 cycles
of denaturation at 94 °C for 30 seconds, annealing at 70 °C for 45 seconds (with a
gradual decrease of 1 °C per cycle), and extension at 68 °C for 1 minute.
Subsequently, an additional 15 cycles were carried out, including denaturation at 94
°C for 30 seconds, annealing at 55 °C for 45 seconds, and extension at 68 °C for a
duration calculated based on the size of the expected DNA fragment (1 minute per
kilobase of DNA expected). The final step involved a 68 °C extension for 5 minutes.
The entire PCR reaction was subsequently analysed using agarose gel

electrophoresis to verify the presence and size of the DNA fragments.
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2.2.13 Triterpenoid extraction

To prepare pre-cultures, 50 mL Falcon tubes were used, and the process involved
inoculating 5 mL of YPD or CSM with the desired yeast strain. These pre-cultures were
then incubated at 30 °C for 24 hours with shaking at 200 rpm. Subsequently, the pre-
cultures were diluted to an ODsoonm Of 0.25 in 5 mL of YPG within a Falcon tube and

incubated at 30 °C for 72 hours with continuous shaking at 200 rpm.

For the extraction process, the ODesoonm Of the yeast culture was first measured. Then,
1 mL of the yeast culture was transferred to a microtube and centrifuged at 14,000
rpm for 1 minute. The resulting pellet was re-suspended in 500 pL of lysis buffer, which
consisted of 20 % KOH, 50 % ethanol, and 80 nM coprostanol. This suspension was
incubated at 100 °C for 10 minutes, with the lids of the microtubes kept open to
facilitate the evaporation of ethanol. Next, the cells were subjected to extraction
procedures, which involved two rounds of extraction with 500 pL of hexane and two
rounds with 500 uL of ethyl acetate. In each extraction step, 500 uL of the respective
solvent (hexane or ethyl acetate) was added to the cell suspension, followed by
vortexing at maximum speed for 10 seconds. Afterwards, the microtubes were
centrifuged at 14,000 rpm for 1 minute, and the organic phase was carefully
transferred to separate microtubes. During each extraction, 400 yL of the organic
phase was removed, and these fractions were pooled together to yield a total of 1600
ML of extract. Subsequently, 600 pyL of the extract was transferred to a 1.1 mL
autosampler vial and subjected to evaporation using a GeneVac EZ-2 Elite evaporator,
using the Low BP Mix program at 40 °C. The vials were then sealed with crimp caps,
and the evaporated extracts were stored at room temperature until they were ready

for analysis.

2.1.14 Glycosylated triterpenoid extraction

To initiate pre-cultures, 5 mL of YPD medium was inoculated with the desired yeast

strain within 50 mL Falcon tubes. These pre-cultures were incubated at 30 °C for 24
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hours with continuous shaking at 200 rpom. Subsequently, the pre-cultures were diluted
to an ODsoonm Of 0.25 in 20 mL of YPG medium within a conical flask and incubated at

30 °C for one week, while being subjected to shaking at 200 rpm.

For the extraction process, the ODesoonm Of the yeast culture was first measured,
following which 1 mL of the yeast culture was transferred to a microtube and pelleted
at 14,000 rpm for 1 minute. The resulting pellet was then re-suspended in a solution
comprising 10 yL of 4 mM echinocystic acid-glucoside and 50 uL of Yeast Buster.
Approximately 100 uL of acid-washed glass beads were added to the microtube,
followed by vortexing for 1 minute. This mixture was allowed to incubate at room
temperature for 1 hour to facilitate cell lysis. Following the incubation period, the
microtube was vortexed again for 1 minute. In parallel, 500 yL was withdrawn from the
initial yeast culture supernatant and supplemented with 10 yL of 4 mM echinocystic

acid-glucoside to prepare the supernatant for further processing.

Subsequently, both the lysed cells and the supernatant were subjected to extraction,
each with two rounds of 500 pL butan-1-ol. In each extraction step, 500 pL of
butan-1-ol was added, followed by a brief 10-second vortexing at maximum speed and
subsequent centrifugation at 14,000 rpm for 1 minute. The resulting organic phases
were transferred to separate microtubes. During each extraction, 400 L of the organic
phase was collected, and these fractions were combined to yield a total of 800 pL of
extract. Following extraction, 600 uL of the extract was transferred to a 1.1 mL
autosampler vial and sealed with caps. These extracts were stored at 4 °C until they

were ready for analysis.

2.1.15 Yeast sterol extraction

To initiate cultures, 5 mL of YPD or CSM medium was inoculated with the desired yeast
strain within 50 mL Falcon tubes. These cultures were incubated at 30 °C for 24 hours

while shaking at 200 rpm. The cultures were subjected to a washing process involving
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two rinses with 5 mL of dH20. For each wash, the pellet was vortexed in water and
subsequently centrifuged at 4000 rpm for 2 minutes. After centrifugation, the pellet
was re-suspended in 1.5 mL of dH20. Following the washing steps, the cultures were
diluted to an ODsoonm of 2.7, which corresponds to approximately 36.9 x 108 cells in
1.5 mL of culture. For the subsequent extraction, 1.5 mL of the yeast culture was
pelleted at 14,000 rpm for 1 minute. The resulting pellet was re-suspended in 500 uL
of lysis buffer consisting of 20 % KOH, 50 % ethanol, and 80 nM coprostanol. This
suspension was then incubated at 100 °C for 10 minutes, with the lids left open to

facilitate the evaporation of ethanol.

The cells were then subjected to a series of extractions with 500 pL of hexane,
repeated thrice. In each extraction step, 500 yL of hexane was added, followed by
vortexing for 10 seconds at maximum speed, centrifugation at 14,000 rpm for 1 minute,
and removal of the organic phase to a separate microtube. Each extraction step
collected 500 pL of the organic phase, and these fractions were combined to yield a
total of 1500 pL of extract. Subsequently, 1 mL of the extract was transferred to a 1.1
mL autosampler vial and subjected to evaporation using a GeneVac EZ-2 Elite
evaporator with the Low BP mix program at 40 °C. The vial was then sealed with crimp
caps, and the evaporated extracts were stored at room temperature until they were

ready for analysis.

2.1.16 GC-MS

Triterpenoid extracts were analysed using an Agilent 7200 gas chromatogram (GC)
coupled to an Agilent 7890B quadrupole time-of-flight mass spectrometer (Q-TOF)
with Gerstel Multi-Purpose Sampler (MPS) for automated sample derivatisation.
Samples were trimethylsilylated by adding 50 yL MSTFA: pyridine (4:1) to the dried
extract, vortexed for 30 s at 3000 rpm, and incubated at 37 °C for 60 min with shaking
at 750 rpm. Samples were derivatised sequentially, with each sample being injected
immediately after derivatisation. 1 uL of the derivatised sample was injected at a 10:1
split ratio into an Agilent DB-5ms column (30 m with 10 m guard x 250 pm x 0.25 ym).

The GC parameters were as follows: constant helium flow of 1 mL/min; the inlet was
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set to 250 °C; the oven was initially held at 100 °C for 1 minute, then increased to 300
°C at a rate of 60 °C/minute, then held at 300 °C for 25 minutes. Electron ionisation
(El) was performed at a source temperature of 230 °C, 35 pA filament current, 70 eV
electron energy, and the mass range of 60-900 m/z was scanned at an acquisition rate
of 4 spectra/s with a solvent delay of 10 minutes. Total ion chromatograms and mass
spectra were analysed using the Agilent MassHunter Qualitative Analysis B.10.00
software. Many thanks to EdinOmics for devolving this protocol and machine

operations.

2.1.17 LC-MS

Glycosylated triterpenoid extracts were subjected to analysis using an Agilent 6560 IM
Q-TOF LC-MS system, which was coupled to an Agilent 1290 Infinity || UHPLC. The
analytical procedure involved the injection of samples at a volume of 5 uL onto an ACE
C18 PFP column, measuring 100mm in length and 2.1mm in diameter, with a particle
size of 1.8 ym. During the analysis, a gradient elution method was employed, the
details of which are outlined in Table 3. Specifically, Buffer A consisted of H20 with 0.1
% formic acid, while Buffer B was composed of methanol with 0.1 % formic acid. The
column was maintained at a temperature of 30 °C, and a constant flow rate of 0.3
ml/min was sustained throughout the procedure. For ionisation, electrospray ionisation
(ESI) was employed. The acquisition mode was ion mobility-QTOF, and the analysis
was conducted in positive ion mode. The mass spectrometer settings were configured
as follows: the gas temperature was set at 325°C, the drying gas flow rate was
maintained at 13 L per minute, the nebuliser operated at 20 psig, the sheath gas
temperature and flow rate were 275°C and 12 L/min, respectively. Other settings
included a VCap of 3500 V, a nozzle voltage of 700 V, a fragmenter voltage of 400 V,
a collision energy of 65 V, a mass range spanning from 100 to 1600 m/z, and an
acquisition rate of 1 frame per second. Data generated during the analysis, including
total ion chromatograms and mass spectra, were processed and analysed using the
Agilent MassHunter Qualitative Analysis B.10.00 software. It's important to
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acknowledge EdinOmics for their contributions to protocol development and machine

operation guidance.

Table 3: - Gradient of buffers for LC-MS analysis. Buffer A is H20 with 0.1 % formic
acid and buffer B is methanol with 0.1 % formic acid.

Time (min) Buffer A% BufferB %

0 70 30
1 64 36
4 60 40
5 56 44
11 50 50
12 44 56
15 42 58
16 10 90
20 6 94
21 0 100
21.1 70 30

2.1.18 Microplate assays

To initiate pre-cultures, 5 mL of YPD or CSM medium was inoculated with the desired
yeast strain within 50 mL Falcon tubes. These pre-cultures were then incubated at 30
°C for 24 hours while being shaken at 200 rpm. Subsequently, the ODsoonm of the pre-
culture was measured, and the culture was diluted to an ODeoonm 0f 0.2 in 1 mL of YPD
within a microtube. A stock solution of 40 mg.mL"' complete escin (or escin isomer)
was diluted to the desired concentration in the same microtube, and methanol was
added to maintain a uniform concentration of 1.25 %. The control sample consistently

contained 1.25 % methanol.

Following these preparations, 100 pL of the culture with complete escin (or escin
isomer) at an ODeoonm Of 0.2 was pipetted into 96-well plates. A lid was placed on the
plate and sealed with micropore tape. ODsgsnm measurements were taken using a
Tecan Sunrise plate reader at 30 °C, with a shaking mode set to "inside" and shaking
intensity set to "high." Measurements were recorded at 15-minute intervals over 48

hours. The resulting data was exported into Microsoft Excel and subsequently
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analysed using GraphPad Prism. Data was normalised to the endpoint values of the
0 pug.mL" escin control, unless otherwise specified. Averages were calculated and

plotted along with standard deviation for further analysis.

2.1.19 RNA Extraction

To maintain RNA integrity, the laboratory bench and all pipettes were thoroughly
decontaminated with RNaseZAP (ThermoFisher Scientific AM9780).

Pre-cultures were prepared as previously described. The pre-cultures were diluted to
an ODeoonm of 0.4 in 5 mL of YPD and incubated at 30 °C with shaking at 200 rpm for
5 hours. Subsequently, the ODesoonm was recorded, and specific treatments were
administered. These treatments included 100 ug.mL-"! of escin suspended in water, 75
ug.mL" escin suspended in water, 100 ug.mL"" escin 1b dissolved in methanol, 100
ug.mL" isoescin 1a dissolved in methanol, or methanol only (adjusted to 1.25 %). The
treated cultures were then further incubated at 30 °C with shaking at 200 rpm for an
additional 2 hours. Following this incubation, 1.5 mL of culture from each treatment (in

triplicate) was used for total RNA extraction.

To extract RNA, 1.5 mL of culture was pelleted in a 1.5 mL Eppendorf tube at room
temperature through centrifugation at 4000 g for 5 minutes, with the supernatant being
discarded. The resulting pellets were flash-frozen using dry ice and subsequently
stored at -80 °C until RNA extraction. Total RNA was isolated using the QIAgen
RNeasy mini kit (QIAGEN 74104). Initially, the cell pellets were removed from the -80
°C freezer and lysed using 100 uL of Buffer Y1. The lysate was then incubated at 30
°C for 30 minutes at 200 rpm. Following this incubation, 350 pL of Buffer RLT with
B-ME (B-mecaptoethanol) was added and vigorously vortexed. Next, 250 uL of 100 %
ethanol was added and mixed via pipetting. The resulting sample was then transferred
to an RNeasy spin column placed within a 2 mL collection tube and centrifuged for 15

seconds at 13,000 rpm. The flow-through was discarded unless otherwise specified.
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Subsequently, 350 pL of Buffer RW1 was added to the column, and the centrifugation
step was repeated. Then, 80 yL of DNase | in RDD was directly pipetted onto the
membrane column and incubated at room temperature for 15 minutes. After
incubation, 350 pL of Buffer RWI was added to the column and centrifuged for 15
seconds at 13,000 rpm. Following this step, 500 pL of Buffer RPE was added to the
column and centrifuged for 15 seconds at 13,000 rpm. This process was repeated, but
the centrifugation was extended to 2 minutes at 13,000 rpom. The column was then
transferred to a new 2 mL collection tube and centrifuged at 13,000 rpm for 2 minutes.
Subsequently, the column was moved to a new microfuge tube, and 50 pL of DEPC-
treated water was added. A final centrifugation step at 13,000 rpm for 1 minute was
performed to elute the RNA, which was collected without discarding. The
concentration of RNA was measured using a nanodrop, and 500 ng of total RNA was
analysed by agarose gel electrophoresis (1 % agarose-TBE) to verify RNA integrity.
The RNA was then stored at -80 °C for future use.

2.1.20 cDNA synthesis

To ensure RNA integrity, the laboratory bench and all pipettes were meticulously
cleaned and decontaminated with RNaseZAP (ThermoFisher Scientific AM9780).

For cDNA synthesis, RNA was retrieved from the -80 °C freezer and processed using
the SuperScript IV First-Strand Synthesis System (Invitrogen 18091200). Initially, 500
ng of RNA was combined with 1 pyL of 50 uM Oligo d(T)20, 1 uL of 10 mM dNTP, and
DEPC-treated water (Ambion AM9915G) to achieve a total volume of 13 pL. This
mixture was then incubated at 65 °C for 5 minutes, followed by a transfer to ice for at
least 1 minute. Next, the 5x SSIV buffer provided in the kit was briefly vortexed, and 4
WL of this buffer was added to 1 uL of 100 mM DTT, 1 pL of RiboLock (ThermoScientific
EO0381), and 1 pL of SuperScript IV Reverse Transcriptase. Negative control samples
received 1 pL of DEPC-treated water in place of the reverse transcriptase. The
resulting mixture was then added to the RNA reaction mix and incubated at 50 °C for
10 minutes, followed by an additional incubation at 80 °C for 10 minutes.

Subsequently, 1 yL of RNase H (Invitrogen 18021071) was added, and the mixture
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was incubated for 20 minutes at 37 °C. The prepared cDNA samples were then stored

at -20 °C for future use.

2.1.21 Quantitive Reverse Transcription polymerase chain reaction
(QRT-PCR)

For quantitative reverse transcription PCR (qRT-PCR) analysis, 4 uL of cDNA was
combined with 5 uL of PowerUp SYBR Green master mix and 0.5 mM of each primer.
This mixture was placed into a MicroAmp EnduraPlate Optical 96-well Fast Blue
Reaction plate and securely sealed with a Microseal B seal, resulting in a total volume
of 10 pL per well. The plate was then subjected to centrifugation for 1 minute at 3000
rom. The thermocycling program consisted of the following steps: initial denaturation
at 95 °C for 20 seconds, followed by 40 cycles of denaturation at 95 °C for 3 seconds
and annealing/extension at 60 °C for 30 seconds. Subsequently, a melt curve analysis
was conducted, involving steps at 95 °C for 15 seconds, 60 °C for 1 minute, and 95
°C for 15 seconds. The qRT-PCR data obtained from the instrument was exported and
subjected to analysis using Microsoft Excel. Graphs representing the results were

generated using GraphPad Prism.

2.1.22 Propidium iodide (Pl) assays

In each well of an Ibidi chambered slide (Ibidi 80807), 100 uL of concanavalin A was
carefully pipetted, allowed to incubate for 30 seconds and then aspirated off.
Subsequently, the wells were meticulously washed with water three times to ensure
proper preparation. Yeast pre-cultures were grown in 5 mL CSM for 24 hours and then
re-suspended in 5 mL of fresh CSM. Yeast cultures were cultivated until they reached
an ODeoonm Of 0.4. Following this, 400 pL of the yeast culture was transferred to each
well. After a 5-minute incubation period, the culture was gently aspirated, and the wells
were washed three times with treatment media, which consisted of 400 yL of PBS
containing 1.25 % methanol and varying escin concentrations. This setup was then

incubated for 1 hour at 30 °C with constant shaking at 200 rpm in a dark environment.
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Subsequently, the cells were washed three times with 400 pyL of PBS containing 5
ug.mL-" of propidium iodide (Pl) and incubated for 20 minutes under the same
conditions as before (30 °C, 200 rpm, in the dark). After this incubation, the cells were
again washed three times with 400 uL of PBS. The prepared samples were then
imaged using a Leica DMi8 inverted microscope, using an excitation/emission
wavelength range of 540-580/592-668 nm.

2.1.23 Confocal microscopy

On the day of experimentation, chambered slides were prepared by treating them with
concanavalin A (ConA). A volume of 45 L of conA was carefully pipetted into each
well and evenly spread across the surface using a sterile inoculation loop. The slides
were then incubated at 30°C for 15 minutes. Subsequently, the conA solution was
aspirated from each well, and thorough washing was performed with 500 uL of sterile
water, repeated three times. These prepared slides could be stored at room

temperature and used on the same day.

For the experimental setup, a 5 mL preculture of S. cerevisiae expressing surirm-RFP
and nce102-GFP in minimal media lacking uracil and histidine (ura-his-SD) was diluted
to an ODsoonm Of 0.2 on the day of the experiment. The diluted culture was allowed to
grow until it reached the exponential phase (ODsoonm 0.4), and it was then vigorously
vortexed. Subsequently, 400 uL of the cultured cells were pipetted into each well of
the prepared chambered slides. The wells were covered with their respective lids and
placed in a dark incubator for 20 minutes at 30°C with continuous shaking at 200 rpm.
After the 20-minute incubation, the remaining cell suspension was aspirated from the
wells, and each well was washed twice with ura- his- SD. Following the second wash,

400 L of fresh media was added to each well.

Images were acquired at the Centre Optical Instrumentation Laboratory (COIL) using
a Zeiss LSM 880 (Airyscan) microscope with an Alpha Plan Apochromat 100x/1.46 oil

DIC M27 Elyra objective. Images were captured before any treatment, immediately
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after the addition of media containing escin, and again after 1 hour. These steps were
carried out in staggered intervals to ensure consistent exposure to escin across all
samples. To analyse the confocal images, a Fiji plugin developed by Dr David Kelly
from the COIL facility at the University of Edinburgh was used. This plugin analysed
the fluorescence along the cell's circumference and generated histograms based on
this data. The histograms were employed to identify the regions of the brightest

fluorescence, providing insights into the localisation of the GFP-tagged proteins.

2.1.24 Membrane permeability

A preculture of WT S. cerevisiae was initially prepared by culturing it in 5 mL of CSM
for 24 hours at 30 °C with continuous shaking at 200 rpm. The following day, this
culture was diluted to an ODsoonm 0f 0.1, and yeast cells were subsequently grown until
they reached an ODsoonm Of 0.4, all in CSM.

The grown cultures were then subjected to centrifugation at 4,800 rpm for 1 minute,
and the resulting pellet was re-suspended in water. The resuspension process was
carried out to concentrate the yeast cells to an ODsoonm of 0.7. The culture was then
divided into separate Falcon tubes, and escin was introduced to achieve final
concentrations of either 0 pyg.mL" (in the presence of 1.25 % methanol), 31.25
ug.mL", or 62.5 ug.mL-. For the positive control, escin was not added and mechanical
lysis was used. The culture was instead subjected to two freeze-thaw cycles, involving
freezing at -80 °C for 5 minutes and then thawing at 50 °C for 1 minute. Subsequently,
sterile 0.5 mm glass beads were added to the culture, which was vortexed for 1 minute,
and allowed to rest for 1 minute, and this vortex-rest cycle was repeated twice.
Measurements were recorded at specific time points: at the moment of escin addition
or mechanical lysis, at the 2-hour mark, and after a total incubation period of 24 hours.
The data collected was then analysed using Microsoft Excel and presented using
GraphPad Prism.
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2.3 List of yeast strains

List of yeast strains generated or gifted, and the compound produced.

Strain Genotype Compound Notes
engineered
to produce
S. cerevisiae MATa; his3A1; leu2A0; Wild-Type
BY4741 met15A0; ura3A0
S. cerevisiae BY4741; YMLO51w::KanMX4 Galactose
BY4741 Agal80 independent
S. cerevisiae BY4741; YMR202w::kanMX4 erg2/A mutant
BY4741 erg2A
S. cerevisiae BY4741; YLRO56w::kanMX4 erg3A mutant
BY4741 erg3A
S. cerevisiae BY4742; MATa; his3A1; leu2A0; erg4A mutant
BY4742 erg4A lys2A0; ura3A0;
YGLO012w::kanMX4
S. cerevisiae BY4741; YMRO15c::kanMX4 ergb/A mutant
BY4741 ergbA
S. cerevisiae BY4741; YMLOO8c::kanMX4 erg6A mutant
BY4741 erg6A
S. cerevisiae Gifted by Dr Jan
sur7m-RFP Milinsky. RFP-
ncel02-GFP tagged
membrane
protein Sur7p
and GFP-tagged
membrane
protein Ncel02p.
TME90 BY4741 Agal80; LEU2 Erythrodiol  Gifted by Tessa

5'[PGAL10-tHMG1-TENO2;
PGAL1-ERG9-TTDH1; PGAL7-
MERG1(K311R)-TPGK1]LEU2

Moses. Inducible
mevalonate and

erythrodiol.
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JTEO1

JTEO2

JTEO3

JTEO4

JTEO5

JTEOG

3'; URA3 5'[PGAL1-AaBAS-
TTDH1; PGAL10-CYP716A75-
TENO2; PGAL3-ATR2-TPGK1]

URAS 3

TME90; pMGS SEHHS[pGAL1-
BfCYP716Y1-tTDH1]

TME90; pMGS SEHHS[PGAL1-
BfCYP716Y1-TTDH1;
PGAL10v1-MtCYP72A61v2-
TENO1]

TME90; pMGS SEHHS[PGAL1-
BfCYP716Y1-TTDH1; PGAL7-
PVCYP939E-TADH1]

TME90; pMGS SEHHS[PGAL1-
BfCYP716Y1-TTDH1,
PGAL10v1-MtCYP72A61v2-
TENO1; PGAL7-PvCYP939E-
TADH1]

TME90; pMGS SEHHS[PGAL1-
BfCYP716Y1-TTDH1,;
PGAL10v1-MtCYP72A61v2-
TENOL1; PGAL7-PvCYP939E-
TADHL1]; pMGS SELHS]
PGAL7-GmCYP72A69-TADH1]
TME90; YLRO56w::spacer

16-hydroxy-

erythrodiol

16, 22-
dihydroxy-
erythrodiol

16, 24-
dihydroxy-
erythrodiol

16, 22, 24-
trinydroxy-
erythrodiol

16, 21, 22,
24-

tetrahydroxy

-erythrodiol

Erythrodiol

Transient
expression of 16-
hydroxy-
erythrodiol.
Transient
expression of 16,
22-dihydroxy-
erythrodiol.
Transient
expression of 16,
24-dihydroxy-
erythrodiol.
Transient
expression of 16,
22, 24-
trihydroxy-
erythrodiol.
Transient
expression of 16,
21, 22, 24-
tetrahydroxy-
erythrodiol.

Inducible
mevalonate and
erythrodiol,
erg3A knockout.
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JTEOQ9 TME90; 308a 5' [PGALL1-
HsUGT1A3-TTDH1; PGAL10v1-

AtUGD1-TENO1; PGALY-
GmCYP72A69-TADH1] 308a 3'

JTE11 JTEOG6; 308a 5' [PGAL1-
HsUGT1A3-TTDH1; PGAL10v1-

AtUGD1-tENO1; PGAL7-
GmCYP72A69-TADH1] 308a 3'

glycosylated
21-hydroxy-
erythrodiol

glycosylated
21-hydroxy-
erythrodiol

Inducible
mevalonate and
glycosylated 21-

hydroxy-

erythrodiol.

Inducible
mevalonate and
glycosylated 21-

hydroxy-

erythrodiol,
erg34 knockout.

The sterol biosynthesis mutants were obtained from the vyeast repository

EUROSCAREF.
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2.4 List of primers

List of primers used; all primers provided by Integrated DNA Technologies (IDT).

Primer

Sequence

Notes

0JTO75

0JTO76

0JT081
0JT082
0JT085
0JT086
0JT093
0JT094
0JT100
0JT101
0JT106
0JT107
0JT108
0JT109
0JT110
0JT111
0JT114
0JT115
0JT116
0JT117
oEJ157

0EJ158

TTGGTTTCTCCAGGTTACACTC

CGGAATAAGAGGAGGCAGAATC

CGAAGCTGACCGAAGTTCTG
ACTGAATGCCAACAAAGCGT
GACGGATGATATGGCCAGGA
TACTTTGTTGTACCGGGCCT
CATTTGGTGCTGTCAAGGCT
CGGTAGTGCCCCATTTCAAG
CGACGTCTTTTGCATCGCTA
CCATGGAACGGTCAACATCG
TTGGTACTGAAGGGCACACA
CCTGGCATGCTGTATTGCTT
TGATCGGGTTTCCACTGCTA
CCTTTTGTCCAAATCCCGGG
GGTGCAGGGAGAGGAGAAAA
ATCCACGATTCACCAGCCTT
AATAACTACGAGCCCCAGGT
TGGCCATGTCTGCAGTTTTC
CCTGGCGGACAATGATGATG
AACCAACCGCAGCATTTTCT
CAAACCGCTGCTCAATCTTCT

AATACCGGCAGATTCCAAACC

Used for gPCR of ERG11

(Yang et al., 2015b)

Used for gPCR of ERG11

(Yang et al., 2015b)

Used for gPCR of UPC2
Used for gPCR of UPC2
Used for gPCR of LAM4
Used for gPCR of LAM4
Used for gPCR of ARE2
Used for gPCR of ARE2
Used for gPCR of ERG3
Used for gPCR of ERG3
Used for gPCR of ERG2
Used for gPCR of ERG2
Used for gPCR of ERG4
Used for gPCR of ERG4
Used for gPCR of ERG4
Used for gPCR of ERG4
Used for gPCR of ERG5
Used for gPCR of ERG5
Used for gPCR of ERG6
Used for gPCR of ERG6
Used for gPCR of ACT1

(positive control)

Gifted by Dr Emily Johnston

Used for gPCR of ACT1

(positive control)

Gifted by Dr Emily Johnston
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Chapter 3: - Verification of Saccharomyces
cerevisiae sterol mutants

3.1 Sterols

The plasma membrane (PM) is composed of sphingolipids, sterols, and
glycerophospholipids, housing a myriad of proteins with pivotal roles in signalling,
transport, cytoskeletal organisation, and more (Van Der Rest et al., 1995). Sterols,
inherently hydrophobic, predominantly associate with the long-saturated acyl side
chains of sphingolipids (Ahmed et al., 1997; Wattenberg & Silbert, 1983). The most
renowned sterol in the animal kingdom is cholesterol, constituting 30-40 % of the
mammalian PM (Pinkwart et al., 2019). Conversely, fungi such as S. cerevisiae have
ergosterol, which is functionally analogous to cholesterol, comprising 12 mol % of the
S. cerevisiae lipidome (Zinser et al., 1993; Ejsing et al., 2009). Plants exhibit a more
intricate sterol composition, with more than 250 phytosterols identified (Cohn et al.,
2010). Stigmasterol and sitosterol are the predominant constituents of plant
phytosterols (Dufourc, 2008b). Sterols interact with lipids, modulating the fluidity and
permeability of the PM (Luo et al., 2020).

The PM exhibits three distinct phases: the liquid-disordered phase, the gel phase, and
the liquid-ordered phase. In the liquid-disordered phase, fluidity is high, and lipid
packing is irregular, resulting in pronounced disorder and lateral mobility. The gel
phase occurs when the temperature drops below the melting temperature, causing
lipids to tightly pack together into a gel-like phase, limiting lateral lipid movement. The
liquid-ordered phase, or sphingolipid-rich domain, forms when sterols are associated
with PM sphingolipids. This causes acyl chains to pack more closely together
compared to the liquid-disordered phase, all while retaining lateral mobility that the gel
phase lacks (Quinn, 1985; Sprong et al., 2001; Lingwood & Simons, 2010; Johnston
et al., 2020). This prevents gel phase formation at temperatures below the melting
temperature (Quinn, 1985). Consequently, sterols, when present in high

concentrations, augment PM rigidity and thickness (Nezil & Bloom, 1992; Sprong et
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al., 2001). This effect arises from the sterols interacting with bilayer lipids, elongating
the lipids relative to those without sterols (Nezil & Bloom, 1992). Sterols can form
complexes with sphingolipids and phospholipids featuring saturated acyl chains,
creating specialised membrane domains referred to as lipid rafts. These lipid rafts
represent microdomains rich in sterols and sphingolipids, embedded within a sea of
liquid disordered phases (Bagnat et al., 2000; Lingwood & Simons, 2010; Johnston et
al., 2020). They play pivotal roles in signal transduction and the orchestration of
molecular traffic across the membrane (Sheets et al., 1999; Waugh et al., 1999;
Baumann et al., 2005; Li et al., 2018).

Sterols are not confined solely to the PM; other organelles possessing lipid bilayers,
such as the endoplasmic reticulum (ER), also have sterols, though in lower quantities
due to the necessity for increased membrane fluidity within this organelle (Sprong et
al., 2001). Moreover, sterols influence the conformation of transmembrane proteins,
thereby aiding their functionality, and participating in interactions with sterol transport

proteins to regulate sterol production and distribution (Wong et al., 2019).

In yeast, investigations employing green fluorescent protein (GFP)-tagged PM
proteins have uncovered evidence of enhanced PM compartmentalisation. For
instance, yeast features MCC domains (membrane compartment of Can1),
characterised by the patch-like distribution of proton-dependent permeases such as
Can1, Fur1, and Tat2. In contrast, MCP domains (membrane compartments of Pma1)
describe the distribution pattern of the ATPase Pma1. Importantly, these MCP domains
are distinct from MCC domains (Merzendorfer & Heinisch, 2013).
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3.1.1 Ergosterol biosynthesis in yeast

Wild-type (WT) S. cerevisiae produce ergosterol, which is equivalent in function to
cholesterol in animals. The biosynthesis of ergosterol starts with isoprenoid
biosynthesis, which has been outlined in detail in chapter 1.1.3 (Figure 12). Acetyl-CoA
is converted to IPP and DMAPP in the cytoplasm, and then GPP synthase synthesises
GPP from IPP and DMAPP. Another IPP is added to produce FPP. In the endoplasmic
reticulum, two FPP molecules are condensed by squalene synthase (Erg9p) to
produce the C30 molecule known as squalene (Dequin et al., 1988; Oulmouden &
Karst, 1990; Fegueur et al., 1991; Jandrositz et al., 1991; Jennings et al., 1991; Tsay
& Robinson, 1991; Corey et al., 1994; Moses et al., 2014; Kirby & Keasling, 2009;
Feldmann, 2012).

Squalene is oxidised to 2,3-oxidosqualene by squalene epoxidase (Erglp). This
compound is then cyclised by lanosterol synthase (Erg7p) to produce lanosterol, which
serves as the dedicated precursor for the synthesis of the essential molecule
ergosterol. Then lanosterol 14-alpha-demethylase (Ergllp) demethylates C14 in
lanosterol, resulting in the production of 4,4-dimethylcholesta-8,14,24-trienol, a
process that requires haem. C14 sterol reductase (Erg24p) reduces the double C14-
15 bond, leading to the formation of 4,4-dimethylzymosterol. Production of zymosterol
utilises C-4 methyl sterol oxidase (Erg25p), C3 sterol dehydrogenase (Erg26p), and
3-keto sterol reductase (Erg27p) which collaboratively remove two methyl groups from
4,4-dimethylzymosterol. Additionally, two other proteins, Erg28p, which serves as a
scaffold anchor facilitating protein-protein interactions between Erg26p and Erg27p,
and Erg29p, which aids in regulating the activity of Erg25p, work together to produce
zymosterol (Feldmann, 2012; Moretti-Almeida et al., 2013).

The final stage of the pathway involves the conversion of zymosterol to ergosterol in
yeast or cholesterol in animals (Figure 13). While zymosterol can be incorporated into
cellular membranes as is, it undergoes further modifications to produce fecosterol
through the action of Erg6p (delta(24)-sterol C-methyltransferase) (Figure 14).
Subsequently, fecosterol is transformed into episterol by Erg2p (C8 sterol isomerase),

and finally into ergosterol through a series of desaturations and reductions catalysed
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by Erg3p (C5 sterol desaturase), Erg5p (C22 sterol desaturase), and Erg4p (C24-28
sterol reductase) (Jorda & Puig, 2020).
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Acetyl-CoA Acetyl-CoA
Acetyl-CoA # Acetoacetyl-CoA L. HMG-CoA

Acetoacetyl- HMG-CoA
CoA thiolase synthase 2x NADPH
(Erg10p) (Erg13p) HMG-CoA

reductase
AT (HMGR)

P ATP
Mevalonate-5- Z Mevalonate-5- Z Mevalonate
pyrophosphate Phospho- phosphate Mevalonate

Mevalonat mevalonate kinase
evalonate :
kinase (Erg8
diphosphate ATP (Erg8p) (Erg12p)
decarboxylase
(Erg19p)
IDI1p
IPP ‘—_\ DMAPP
GPP synthase
(Erg20p) | CH, CHy
‘ SN PN
GPP H,C \ \ O—I|=|'—0—l|=|’—0H
FPP synthase /IPP 0 o
Erg20
(Ergz0p) i CHy CH, 4 CH,
OH OH
FPP e N\ N N o—t—o—t—on
0 o]
Squalene — FPP v
synthase (Erg9p)
A J
Squalene
Squalene
epoxidase (Erg1p)
v
2,3-oxidosqualene
Lanosterol
synthase (Erg7p) CH3
Y
Lanosterol

HaC CHa
Figure 12: - Generation of lanosterol from acetyl-CoA. Full figure legend on next

page.
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Figure 12: - Generation of lanosterol from acetyl-Coenzyme A (acetyl-CoA). The
mevalonate pathway converts acetyl-CoA to isopentenyl pyrophosphate (IPP), a
5-carbon molecule, via 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) and
mevalonate. In ergosterol biosynthesis, mevalonate is used to produce IPP, which
undergoes isomerisation to dimethylallyl pyrophosphate (DMAPP; 5C). Erg20p
enzyme joins the two molecules, forming geranyl pyrophosphate (GPP; 10C), and then
adds another IPP to generate farnesyl pyrophosphate (FPP; C15). Two FPP
molecules combine to produce squalene (C30), which is subsequently epoxidised to
form 2,3-oxidosqualene. Finally, Erg7p converts 2,3-oxidosqualene to lanosterol. The

genes specific to S. cerevisiae are depicted in the figure.
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Lanosterol
Erg11p
Erg24p | cypsip
Erg25p | Tm7sf2p
Erg26p | Msmo1p
Erg27p | Nsdhip

Erg28p | Hsd17b7p
Erg29p

Y
Zymosterol

My,

Ergbp Dhecr24p
Erg2p Ebpp
Erg3p Scbdp
Erg5Sp Dher7p
Ergdp

Ergosterol Cholesterol

Figure 13: - Generation of ergosterol or cholesterol from lanosterol. The
conversion of lanosterol to zymosterol is mediated by specific enzymes in yeast
(presented on the left) and animals (presented on the right). In yeast, lanosterol
14-alpha-demethylase (Ergllp), C14 sterol reductase (Erg24p), C4 methyl sterol
oxidase (Erg25p), C3 sterol dehydrogenase (Erg26p), 3-keto sterol reductase
(Erg27p), endoplasmic reticulum membrane protein (Erg28p), and a protein involved
in ergosterol biosynthesis (Erg29p) are involved. In animals, the corresponding
enzymes are sterol 14-alpha-demethylase (Cyp51p), delta(14)-sterol reductase
(Tm7sf2p), methylsterol monooxygenase 1 (Msmolp), sterol-4alpha-carboxylate
3-dehydrogenase (Nsdhlp), and 17-beta-estradiol 17-dehydrogenase (Hsd17b7p). In
animals, two biosynthetic pathways contribute to cholesterol production: the Bloch
pathway and the Kandutsch-Russell pathway. These pathways differ in the order of
cholesterol synthesis and the organs in which they are localised. Zymosterol is then
converted to ergosterol in yeast through the action of delta(24)-sterol
C-methyltransferase (Erg6p), C8 sterol isomerase (Erg2p), C5 sterol desaturase

(Erg3p), C-22 sterol desaturase (Erg5p), and C24-28 sterol reductase (Erg4p).
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* Delta(24)-sterol C-
methyltransferase
HO HO
Zymosterol Fecosterol
Erg2p
C8 sterol
isomerase
HC, HiC,,
CHj CHjy
Erg3p
) C5 sterol
HO desaturase Ho
Ergosta-5,7,24(28)-trienol Episterol
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C22 sterol
desaturase HiC, 2, . »
/ Erg4p e
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C24-28 sterol
reductase -

HO'

Ergosta-5,7,22,24,(28)-tetraenol Ergosterol

HO

Figure 14: - Enzymatic pathway showing the production of ergosterol from
zymosterol in S. cerevisiae. Erg6p uses S-adenosyl-L-methionine to donate a methyl
group and thus S-adenosyl-L-homocysteine is produced. During the reaction of Erg3p
and Erg5p, NADPH and oxygen are used to reduce episterol to ergosta-5,7,24(28)-
trienol and ergosta-5,7,24(28)-trienol to ergosta-5,7,22,24(28)-tetraenol.

3.1.2 Cholesterol biosynthesis in animals

Cholesterol is produced by the same acetyl-CoA to mevalonate to lanosterol pathway

as ergosterol (Figure 12). In animals, cholesterol is synthesised from lanosterol
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through two interchangeable pathways known as the Bloch pathway and the
Kandutsch-Russell pathway. The main distinction between these pathways lies in the
saturation state of the side chain during the intermediates leading to cholesterol. In the
Bloch pathway, zymosterol remains unsaturated at C24, whereas the Kandutsch-
Russell pathway involves intermediates with side chain saturation. Both pathways
encompass demethylation, isomerisation, and desaturation reactions to produce
cholesterol (Cerqueira et al., 2016; Ershov et al., 2021). Finally, zymosterol is
converted to cholesterol in animals by 24-dehydrocholesterol reductase (Dhcr24p),
cholestenol delta-isomerase  (Ebpp), sterol-C5-desaturase (Sc5dp), and
7-dehydrocholesterol reductase (Dhcr7p).

Ergosterol and cholesterol share very similar structures, with both molecules having a
30-carbon sterol structure comprising four rings and an aliphatic side chain (Figure
13). In ergosterol, there are double bonds located at positions C7-8 and C22-23, which
are absent in cholesterol. Additionally, ergosterol contains a methyl group at C24 that

is not present in cholesterol.

3.2 Sterol biosynthesis mutants

3.2.1 Viable strains

Glycosylated triterpenoids such as escin have been reported to interact with
cholesterol (Augustin et al., 2011; Geisler et al., 2020; Sreij et al., 2019). Therefore,
the hypothesis is that escin may inhibit yeast growth by interacting with ergosterol in
the yeast PM (Zinser et al., 1993; Ejsing et al., 2009). Due to this we further
hypothesise that yeast sterol biosynthesis mutants which accumulate sterols other
than ergosterol, may show differing tolerances to escin. Therefore, we sought to

compare sterol biosynthesis mutants alongside the WT to test this hypothesis.
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There are five viable sterol biosynthesis single mutants, each with a single gene
knockout in one of the following genes: erg6, erg2, erg3, erg5, and erg4. These genes
have been replaced with a kanamycin resistance cassette (Giaever & Nislow, 2014).
The ergbA mutant lacks delta(24)-sterol C-methyltransferase (Erg6p), which is
responsible for methylating the C24 position of zymosterol to produce fecosterol in the
WT strain (Figure 14). The erg2A mutant lacks C8 sterol isomerase (Erg2p), which
catalyses the isomerisation of the C8-9 double bond to the C7-8 double bond. The
erg3A mutant lacks C5 sterol desaturase, an enzyme involved in the formation of the
second double bond in the B ring, specifically between positions C5-6, resulting in the
formation of episterol in the WT strain. The ergbA mutant lacks C22 desaturase
(Erg5p), a cytochrome P450 enzyme (CYP) responsible for the formation of the double
bond between positions C22-23. The erg4A mutant, the last mutant in the series, lacks
C24-28 sterol reductase (Erg4p), which is involved in the reduction of the double bond
between positions C24 and C28. Loss of any of these five genes leads to viable
mutants with different sterol compositions (Figure 15A). It is important to note that
although the enzymes are depicted as acting sequentially, they can also act on other
intermediates in the ergosterol biosynthesis pathway due to substrate promiscuity
(Johnston et al., 2020). As a result, the membranes of the sterol biosynthesis mutants

contain not just one sterol, but multiple sterols with slightly different configurations.

The ergb6A mutant primarily produces four different sterols: zymosterol, cholesta-7,24-
dienol, cholesta-5,7,24-trienol, and cholesta-5,7,22,24-tetraenol. The erg2A mutant
produces three different sterols: fecosterol, ergosta-8-enol, and ergosta-5,8,22-trienol.
The erg3A mutant also produces three sterols: episterol, ergosta-7,22,dienol, and
ergosta-7-enol. The ergbA mutant produces two sterols: ergosta-5,7,24(28)-trienol
and ergosta-5,7-dienol. Finally, the erg4A mutant produces
ergosta-5,7,22,24(28)-tetraenol (Heese-Peck et al., 2002; Abe & Hiraki, 2009; Aguilar
et al., 2010; Sun et al., 2013; Johnston et al., 2020). Ergosta-5,7,22,24(28)-tetraenol
has the same structure as ergosterol, with an additional double bond between
positions C24-28 (Figure 15B). The most predominant sterol in each mutant was
investigated using Gas Chromatography-Mass Spectrometry (GC-MS) to further verify
the mutants and check sterol compositions in different growth media.
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Figure 15: - Sterols in the sterol biosynthesis mutants. A) lllustration of the
pathway to ergosterol biosynthesis from zymosterol, with labelled enzymes. B) Sterols
that are found in the sterol biosynthesis mutants, with the predominant sterol
highlighted in colour. Sterol analysis was conducted using GC-MS. Adapted from
(Johnston et al., 2020).

3.3 Confirming sterol composition of S. cerevisiae and sterol
mutants with Gas Chromatography-Mass Spectrometry

3.3.1 Sterol composition of wild-type Saccharomyces cerevisiae

To confirm the sterol composition in the sterol biosynthesis mutants, sterols were
extracted in hexane and ethyl acetate and subjected to GC-MS analysis. Previous
studies have demonstrated that the sterol composition of these mutants is diverse,
with multiple sterol intermediates present (Heese-Peck et al., 2002; Abe & Hiraki,
2009; Aguilar et al., 2010; Sun et al., 2013; Johnston et al., 2020). In this study, we
focused on analysing the sterol content of the WT and sterol biosynthesis mutants
after 24 hours of growth in rich media (YPD) and complete synthetic media (CSM).
For the WT and erg3A mutant only, sterol content in low fluorescence media (LoFlo)
was also verified. The inclusion of LoFlo media for the WT and erg34 mutant aimed to
validate that the sterol composition was like that in other media, as it was required for
subsequent experiments. Structures were determined using fragmentation patterns

which have been previously published and compiled in Table 4.
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Table 4. - Theoretical sterol fragmentation patterns of sterols. Under
electron ionisation (EI) for various trimethylsilylated sterols present in the WT

and sterol biosynthesis mutants.

Sterol Molecular lons(m/z) Fragmentation
weight (Da)
Coprostanol 388 460 Parent ion [M]*
445 [M -CH,]*
370 [M -(CH;) 5SiOH]*
355 [M -(CH,) ;SiOH, -CH,]*
Ergosterol 396 468 Parent ion [M]*
453 [M -CH,]*
378 [M -(CH,) ;SiOH]*
363 [M -(CH;) 5SiOH, -CH,]*
Lanosterol 426 498 Parent ion [M]*
483 [M -CH,]*
393 [M -(CH,) ;SiOH]*
378 [M -(CH;) 5SiOH, -CH,]*
Ergosta-5,7,22,24(28)- 394 466 Parent ion [M]*
tetraenol
451 [M -CH,]*
376 [M -(CH,) ;SiOH]*
361 [M -(CH,) ;SiOH, -CH,]*
Ergosta-5,7,24(28)- 396 468 Parent ion [M]*
trienol
453 [M -CH,]*
378 [M -(CH,) ;SiOH]*
351 [M -(CH;) 5SiOH, -CH,]*
Ergosta-5,7-dienol 398 470 Parent ion [M]*
455 [M -CH,]*
480 [M -(CH,) ;SiOH]*
365 [M -(CH,) 5SiOH, -CH,]*
Episterol 398 470 Parent ion [M]*
455 [M -CH,]*
480 [M -(CH,) ;SiOH]*

365 [M -(CH,) ;SiOH, -CH.]*

Table continued...
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Sterol Molecular lons (m/z) Fragmentation
weight (Da)
Ergosta-7,22-dienol 398 470 Parent ion [M]*
455 [M -CH,]*
480 [M -(CH,) ;SiOH]*
365 [M -(CH;) ;SiOH, -CH,]*
Ergosta-7-enol 400 472 Parent ion [M]*
457 [M -CH,]*
482 [M -(CH,) ;SiOH]*
367 [M -(CH,) ;SiOH, -CH,]*
Fecosterol 398 470 Parent ion [M]*
455 [M -CH,]*
480 [M -(CH;) ;SiOH]*
365 [M -(CH;) ;SiOH, -CH,]*
Ergosta-8-enol 400 472 Parent ion [M]*
457 [M -CH,]*
432 [M -(CH;) ;SiOH]*
367 [M -(CH,) ;SiOH, -CH,]*
Ergosta-5,8,22-trienol 398 470 Parent ion [M]*
455 [M -CH,]*
480 [M -(CH,) ;SiOH]*
365 [M -(CH,) ;SiOH, -CH,]*
Zymosterol 384 456 Parent ion [M]*
441 [M -CH,]*
366 [M -(CH,) ;SiOH]*
351 [M -(CH,) ;SiOH, -CH,]*
Cholesta-7,24-dienol 384 456 Parent ion [M]*
441 [M -CH,]*
366 [M -(CH,) ;SiOH]*
351 [M -(CH,) 5SiOH, -CH,]*

Table continued...
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Sterol Molecular lons (m/z) Fragmentation

weight (Da)
Cholesta-5,7,24-trienol 382 454 Parent ion [M]*
439 [M -CH,]*
364 [M ~(CH,) ;SiOH]*
349 [M -(CH,) ;SiOH, -CH,]*
Cholesta-5,7,22,24- 380 452 Parent ion [M]*
tetraenol
437 [M -CH,]*
362 [M -(CH,) ;SiOH]*
347 [M -(CH,) ;SiOH, -CH,]*

In the WT strain, we observed slight differences in sterol content between YPD and
CSM (Figure 16A). In YPD, ergosterol was the predominant sterol, comprising 66 %
of the total sterols. Other sterols were also present and based on m/z ratios, previously
reported relative abundances and retention times, these were predicted to be ergosta-
5,7-dienol, and zymosterol (Nes et al., 2002; Bean et al., 2009; Guan et al., 2009;
Jensen et al., 2015; Kaneshiro et al., 2015; (Weichert et al., 2016; Santivafiez-Veliz et
al., 2017; Voshall et al., 2021). Lanosterol, the precursor to ergosterol, accounted for
5 % of the sterols in YPD. Considering the conversion of lanosterol to ergosterol, it is
expected that lanosterol content is low. Notably, 17 % of the sterols remained
unidentified at the time of analysis. In CSM, the proportion of ergosterol decreased to
60 %, while the predicted ergosta-5,7-dienol and lanosterol contents increased to 19
% and 10 %, respectively (Figure 16B). This change is likely attributed to the slower
growth of the WT in CSM compared to YPD, resulting in less conversion of lanosterol
to ergosterol. The increased ergosta-5,7-dienol content could also be a consequence
of the slowed growth, as it accumulates as the final intermediate in ergosterol
synthesis. In LoFlo media, the ergosterol content (62 %) was slightly higher compared
to that of the WT grown in YPD (Figure 16C). The elevated lanosterol content
(increased from 7 % in YPD to 17 % in LoFlo) can be attributed to slower growth in

LoFlo, leading to a build-up of precursors.

The determination of the sterols relied on the data presented in Table 4. Among these,
ergosterol (Figure 17A) was identified as the peak at 12.837 minutes due to the
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presence of the parent ion ([M]*) with a mass-to-charge ratio (m/z) of 486. This m/z
corresponds to the intact structure of ergosterol with the removal of one electron. The
peak with a m/z of 378 corresponds to ergosterol with the removal of trimethylsilylate,
while the 363 peak is ergosterol with neither trimethylsilylate nor a methyl group and
the 337 peak is that of ergosterol without the A ring fragment (Kenny & Wetzel, 1995;
Zhu et al., 2008; Feng et al., 2022). The other sterol positively identified in the WT was
lanosterol (Figure 17B) at the peak at 14.564 minutes. The [M]* ion has a m/z value of
496. Two other ions were identifiable with 486 denoting lanosterol with the loss of a
methyl group and 393 representing lanosterol with the loss of trimethylsilylate (Zhu et
al., 2008; Hull et al., 2014; Feng et al., 2022). Subsequent figures (Figure 26) provide
identification of zymosterol which is postulated to be present in the WT. The

determination of the presence of zymosterol in the WT is based on the retention time.

3.3.2 Sterol composition of the sterol biosynthesis mutants

In the remaining mutants, ergosterol is absent and sterols were determined based on
m/z ratios and relative abundances. In the erg4A mutant, only two sterols, ergosta-
5,7,22,24(28)-tetraenol and lanosterol, were identified. When cultures were grown in
YPD for 24 hours, the PM contained 93 % ergosta-5,7,22,24(28)-tetraenol and 7 %
lanosterol (Figure 18A). However, in cultures grown in CSM for the same duration, the
PM showed a lower percentage of ergosta-5,7,22,24(28)-tetraenol (73 %) and a higher
percentage of lanosterol (27 %) compared to growth in YPD (Figure 18B). This
indicates slower growth in CSM, as evidenced by the accumulation of lanosterol, the
precursor, due to reduced production of ergosta-5,7,22,24(28)-tetraenol. It is worth
noting that sterols can also be present in the cell interior, within the mitochondrial and
endoplasmic reticulum membranes, but the fluidity of these membranes requires much
less sterol than that of the PM. Therefore, throughout this thesis sterols are referred

to as PM sterols only.

The only sterol present in the erg4A mutant other than lanosterol was
ergosta-5,7,22,24(28)-tetraenol (Figure 19A) at peak 13.166 minutes. This was
determined by the [M]* ion peak with an m/z value of 466. Two other ions were also
present with 376 representing ergosta-5,7,22,24(28)-tetraenol with the removal of a
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trimethylsilylate group and the 361 peak having neither trimethylsilylate nor a methyl
group (Li Guan et al., 2009; Aguilar et al., 2010).

In the ergbA mutant, cultures grown in YPD for 24 hours exhibited three identifiable
sterols in the PM, along with some unidentified sterols (Figure 20A). The most
prevalent sterol in the ergbA mutant was ergosta-5,7-dienol at 79 %, followed by
lanosterol at 10 %. Approximately 9 % of the sterols remained unidentified. When
cultures were grown in CSM for 24 hours sterols present were ergosta-5,7-dienol at
54 % and its precursor lanosterol at 46 % (Figure 20B). The presumed slower growth
in CSM was determined by a decrease in ergosta-5,7-dienol (Figure 21A) and an

increase in lanosterol.

We were only able to identify ergosta-5,7-dienol (Figure 21A) in the ergbA mutant at
peak 13.791 minutes. The [M]* ion was present, with a m/z value of 470, as well as
m/z values for ergosta-5,7-dineol with the removal of either a methyl group (m/z 455),
a trimethylsilylate group (m/z 380), or both (m/z 365). It has been previously reported
that the ergbA mutant also has ergosta-5,7,24(28)-trienol in the PM (Guan et al., 2009;
Sun et al., 2013; Johnston et al., 2020), but in this study, this sterol was not identified.
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Figure 16: - Extracted ion Chromatograms (EICs) showing peaks corresponding
to sterols extracted from WT S. cerevisiae. Yeast was cultured in either A) YPD, B)
CSM or C) low fluorescence media for 24 hours. Peak annotation based on ion m/z,
relative retention times and relative abundances from previous reports (Heese-Peck
etal., 2002; Bean et al., 2009; Guan et al., 2009; Martel et al., 2010). (1) coprostanol,
(2) predicted zymosterol, (3) ergosterol, (4) unknown, (5) predicted ergosta-5,7-dienol,
(6) unknown, (7) lanosterol. Ergosterol and lanosterol were verified using reference

standards. Average of triplicate values presented.
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Figure 17: - Electron ion (El) spectra of the WT sterols. A) ergosterol and B)

lanosterol.
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Figure 19: - Electron ion (El) spectra of the sterols present in the erg4A mutant.
A) ergosta-5,7,22,24(28)-tetraenol.

In the case of the erg3A mutant, we examined the sterols present after growth in YPD,
CSM, or LoFlo media. In YPD-grown samples, ergosta-7,22-dienol dominated,
accounting for up to 83 % of the sterol content (Figure 22A). The identifiable sterols
were scarce, with episterol at 3 %, ergosta-7-enol at 2 %, and lanosterol at 0.3 %. The
samples grown in YPD exhibited a high proportion of unknown sterols (12 %).
However, in CSM, the content of ergosta-7,22-dienol halved to 42 %, while
ergosta-7-enol significantly increased to 32 % (Figure 22B). Episterol content rose to
8 %, and lanosterol content increased to 6 %. The proportion of unknown sterols
increased to 13 %. After 24 hours of growth in LoFlo media, the sterol composition of
the erg3A mutant still favoured ergosta-7,22-dienol, comprising 49 % of the total
sterols (Figure 22C). Ergosta-7-enol content decreased compared to CSM samples
(17 % from 32 %), but it remained higher than that in the YPD samples (2 %). Episterol
content was still higher in the LoFlo samples (12 %) compared to the YPD ones, while
lanosterol remained at low levels (3 %). Unknown sterols were still present in large
quantities (20 %).

The sterols present in the erg3A mutant were identified in peaks 12.586 minutes,
13.124 minutes and 14.129 minutes, corresponding to episterol (Figure 23A),
ergosta-7,22-dienol (Figure 23B) and ergosta-7-enol (Figure 23C) respectively. Both
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episterol and ergotsa-7,22-dienol have [M]* ions with a m/z value of 470 and similar
fragmentation patterns, with a 455 (methyl group removal), 380 (trimethylsilylate
removal) and 365 (methyl and trimethylsilylate removal) peak. Therefore, the
identification of these sterols was determined by previously reported retention times,
where episterol has been reported to have a quicker retention time than
ergosta-7,22-dienol (Bean et al., 2009; Martel et al., 2010). These sterols were also
differentiated based on composition reports, where ergosta-7,22-dienol has been
reported to be present in the erg3A mutant at a higher concentration than that of
episterol (Sanglard et al., 2003; Li Guan et al., 2009). Ergosta-7-enol was identified at
the 14.129-minute peak with a [M]" ion at 472 and subsequent methyl removal with a
m/z value of 457. Trimethylsilylate group removal was identified at peak 382 and both

methyl group and trimethylsilylate group removal was identified at peak 367.

In the erg2A mutant, the most abundant sterols observed after 24 hours of growth in
YPD were fecosterol and ergosta-8-enol, constituting 39 % and 29 % of the sterol
content, respectively (Figure 24A). Additionally, a significant portion (29 %) of unknown
sterols was found in the YPD-grown strain, while ergosta-5,8,22-trienol (Figure 25B),
and lanosterol were present in small proportions (5 %, and 0.1 % respectively).
Similarly, in CSM, fecosterol (Figure 25A) and ergosta-8-enol (Figure 25C) were
present in comparable amounts (41 % and 35 % respectively), with reduced levels of
unknown sterols (20 %) (Figure 24B). These results suggest that there are minimal

differences in the sterol composition of the erg2A mutant grown in either YPD or CSM.

The sterols were determined in the erg2A mutant to be fecosterol (Figure 25A),
ergosta-5,8,22-trienol (Figure 25B) and ergosta-8-enol (Figure 25C). Likewise, with
episterol and ergosta-7,22-dienol, fecosterol and ergosta-5,8,22-trienol have similar
fragmentation patterns. Both aforementioned sterols have a [M]* ion with a m/z value
of 470, and subsequent fragmentation ions with m/z values of 455 (methyl group
removal), 380 (trimethylsilylate removal) and 365 (methyl and trimethylsilylate
removal). Therefore, identification was based on the retention times, where fecosterol

has a slower retention time than ergosta-5,8,22-trienol (Jensen et al., 2015).
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Ergosta-8-enol has a [M]* ion with a m/z value of 472 and removal of the methyl group,
and trimethylsilylate group and both have m/z values of 457, 382 and 367 respectively.

Lastly, in the erg6A mutant, when cultures were grown in YPD for 24 hours, the
predominant sterol in the PM was zymosterol at 55 % (Figure 26A). Another common
sterol observed in the PM during YPD growth was cholesta-5,7,24-trienol at 29 %,
followed by cholesta-5,7,22,24-tetraenol at 10 %. Small amounts of lanosterol and
unknown sterols were detected at 3 % each. When cultures were grown in CSM for
24 hours, the proportions of zymosterol and cholesta-5,7,24-trienol remained relatively
unchanged, with 57 % and 34 %, respectively (Figure 26B). However, cholesta-
5,7,22,24-tetraenol exhibited a decrease in the PM of WT S. cerevisiae grown in CSM,
comprising only 3 % compared to 10 % in YPD. Additionally, another intermediate,
choelsta-7,24-dineol, was present in the CSM-grown cultures at 2 %. Similar to the
YPD-grown cultures, small amounts of lanosterol and unknown sterols were found at
2 % each. These results suggest minimal differences in the sterol composition of the

erg6A mutant when grown in YPD or CSM.

Present in the erg6bA mutant, zymosterol (Figure 27A) and cholesta-7,24-dienol
(Figure 27B) both have a [M]* ion with an m/z value of 456, therefore again these
sterols were determined by their retention times and the concentration of the sterols
in previous reports (Nes et al., 2002; Kaneshiro et al., 2015; Weichert et al., 2016).
Cholesta-5,7,22,24-tetraenol (Figure 27C) has a [M]* ion with an m/z value of 452 and
fragments at 362 (trimethylsilylate group removal) and 347 (trimethylsilylate and
methyl group removal). Cholesta-5,7,24-trienol (Figure 27D) has a [M]" ion with an m/z
value of 454 and subsequent m/z values of fragments of 364 (trimethylsilylate group
removal) and 349 (trimethylsilylate and methyl group removal) (Zhu et al., 2008; Liu et
al., 2011).
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Figure 21: - Electron ion (EIl) spectra of the sterols present in the ergs4 mutant.
A) ergosta-5,7-dienol.
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Figure 23: - Electron ion (El) spectra of the sterols present in the erg34 mutant.

A) episterol, B) ergotsa-7,22-dienol and C) ergosta-7-enol.
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Figure 25: - Electron ion (EIl) spectra of the sterols present in the erg24A mutant.

A) fecosterol, B) ergosta-5,8,22-trienol and C) ergosta-8-enol.
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Figure 27: - Electron ion (El) spectra of the sterols present in the erg6A mutant.

Full figure legend on next page.
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Figure 27: - Electron ion (El) spectra of the sterols present in the erg6A mutant.
A) zymosterol, B) cholesta-7,24-dienol, C) cholesta-5,7,22,24-tetraenol and D)

cholesta-5,7,24-trienol.

3.3 Discussion

The inclusion of LoFlo media in our experiments was due to subsequent experiments
involving this medium, specifically in the context of the WT and erg3A mutant strain.
Consequently, we wanted to confirm whether the sterol content in LoFlo media
resembled that in the CSM. LoFlo media differs from CSM in the absence of riboflavin
and folic acid, both of which are recognised for inducing background fluorescence in
sensitive microscopy experiments (Sim et al., 2021; Tsyupka et al., 2021). Riboflavin,
also known as vitamin B2, plays a crucial role in yeast growth as it serves as a
precursor for flavin coenzymes, participating in cellular redox processes (Di Canito et
al., 2023). Folic acid contributes to carbon metabolism, protein synthesis, and DNA
production, but LoFlo media substitutes riboflavin and folic acid with essential vitamins
and salts essential for yeast growth (Porzoor & Macreadie, 2015; Di Canito et al.,
2023). We were able to determine that the sterol content of the cells grown in LoFlo
media was different to that in CSM, but not different enough to hinder the following

experiments.

Our analysis confirmed the absence of ergosterol in all sterol biosynthesis mutants,
while in the WT strain, ergosterol emerged as the predominant sterol, accompanied
by minor concentrations of zymosterol and lanosterol. These findings align with
previous studies by Zinser et al., (1993) and Heese-Peck et al., (2002), although we
did not detect episterol or fecosterol, as previously reported by Heese-Peck et al.,
(2002).

In the erg4A mutant, the most prominent sterol observed was
ergosta-5,7,22,24(28)-tetraenol, consistent with (Aguilar et al., 2010). While no other
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sterols were identified by us, reports indicate the presence of small amounts of
ergosta-5,7,24(28)-trienol and ergosta-5,7-dienol (Aguilar et al., 2010).

The ergbA mutant predominantly exhibited ergosta-5,7-dienol, in agreement with
Aguilar et al., (2010). Although we could not identify any other sterols in this mutant,
even though it has been reported that there is ergosta-7,7,24(28)-trienol and small
amounts of ergosta-5,7,22,24(28)-tetraenol in the ergbA mutant (Aguilar et al., 2010).

In the erg3A mutant, ergosta-7,22-dienol and episterol (in YPD) emerged as the
dominant sterols, consistent with the findings of Heese-Peck et al., (2002) Hesse-Peck
et al. (2002) also noted a majority of ergosta-7,22-dienol followed by episterol in YPD.
In CSM, we observed a slight increase in episterol concentration, though significantly
less than the rise in ergosta-7-enol concentration. However, we did not detect
fecosterol or ergosta-8,22-dienol in these samples, which has been previously
reported (Heese-Peck et al., 2002).

The erg2A mutant predominantly featured ergosta-8-enol and fecosterol, mirroring the
findings of Heese-Peck et al., (2002), even with similar percentages. Heese-Peck et
al., (2002) reported 33.2 % fecosterol and 35.4 % ergosta-8-enol in YPD, whereas our
results indicated 35.8 % fecosterol and 29.1 % ergosta-8-enol. Additionally, we
identified small amounts of ergosta-5,8,22-trienol, which were also noted in their study,
but we did not detect zymosterol or ergosta-8,22-dienol.

The sterols predominantly observed in the erg6A mutant were zymosterol and
cholesta-5,7,24-trienol, consistent with the findings of Heese-Peck et al., (2002), albeit
at different ratios. While Heese-Peck et al., (2002) observed zymosterol at 39.4% and
cholesta-5,7,24-trienol at 32.3% of the S. cerevisiae sterol content in YPD, our results
showed 54.8% zymosterol and 29.3% cholesta-5,7,24-trienol in YPD.

124



In summary, our research provides a comprehensive and validated account of the
predominant sterols found in the PM of WT S. cerevisiae as well as sterol biosynthesis
mutants. We have established that the sterol composition remains relatively consistent
between CSM and LoFlo media, with only minor variations in sterol concentrations.
However, it is important to note that we observed more pronounced differences in
sterol profiles when the strains were cultivated in the YPD medium. This discrepancy
can likely be attributed to the favourable growth conditions that YPD offers to S.

cerevisiae (Hahn-Hagerdal et al., 2005).

In conclusion, our findings not only contribute to a better understanding of the sterol
landscape in S. cerevisiae but also underscore the importance of media selection in

experimental design when studying sterol-related processes.
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Chapter 4: - Escin and its effects on
Saccharomyces cerevisiae

4.1 Escin

Escin is a complex mixture consisting of more than 20 glycosylated triterpenoid
compounds (Yang et al.,, 1999; Savarino et al.,, 2023; Figure 28). Among these
compounds, the most biologically active molecules are four escin isomers, hamely
escin 1a, escin 1b, isoescin 1a, and isoescin 1b (Wu et al., 2010). Of the mentioned
escin isomers, two have an acetyl group at position C22 (R2), along with either a tiglic
acid group at position C21 (R1) in the case of escin 1a, or an angelic acid group at
position C21 (R1) in the case of escin 1b. In contrast, the isoescins have the acetyl
group at position C28 (Rs), and either a tiglic acid group at position C21 (R1) in the
case of isoescin la, or an angelic acid group at position C21 (R1) in the case of
isoescin 1b. In position C22 (R2) the isoescins have a hydroxyl group rather than the
acetyl group as seen in escin la and escin 1b. Of these four isomers, there is a
hydroxyl at position C16 and a hydroxyl at position C23 (Rs). The sugar moiety
positioned at C3 contains a glucuronic acid (GlcA) bound to two glucose (Glc)

molecules (Rs).

Escin has an amphiphilic structure with both polar and non-polar regions. The
glycosylated side chain at position C3 is hydrophilic and therefore polar, whereas the
triterpenoid backbone is generally hydrophobic and therefore non-polar. However,
there are additional polarities present in the triterpenoid backbone of escin, with all the
modifications being on the underside of the molecule (positions C21, C22, C28, C16
and C23), this creates a slightly more polar side compared to the top half of the
molecule (Wilkinson & Brown, 1999; Dargel et al., 2019; Geisler et al., 2020).
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The natural yield of escin in horse chestnuts is extremely low, at 2-3 % dry cell weight
(Singh, 2006). Consequently, it would be highly advantageous to produce escin in a
microbial host, such as the yeast S. cerevisiae (baker's yeast). However, the
biosynthetic enzymes required for escin biosynthesis in an exogenous host are

currently unidentified.

COOH
@]
CH,OH OH
o_ 0
OH
HO o
OH Re
Re 5y R, -

OH o OH Tiglic acid Angelic acid
Glucose Xylose Galactose o
3 CHs3
Rosia Rs ° - °
o CH, S o
N H OH H | e
v Isobutyryl 2-methylbutyryl

Acetyl

Figure 28: - The molecular structure of escin. The structure of escin contains
hydrophobic and hydrophilic regions. The glycosylation containing glucuronic acid
and glucose are hydrophilic (polar) whereas the triterpenoid backbone of escin is

hydrophobic (non-polar). Figure adapted from Savarino et al., 2023.

Escin has been found to interact with cholesterol, leading to the formation of robust

complexes that disrupt the permeability of the plasma membrane and inhibit cell
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growth (Béttger & Melzig, 2013; Sreij et al., 2019, Figure 28) These complexes have
several effects on the plasma membrane (PM). Firstly, they extract cholesterol from
the PM into the supernatant, leading to a decrease in PM cholesterol content.
Additionally, escin inhibits the uptake and integration of free cholesterol by occupying
cholesterol sites within the membrane. Another proposed mechanism is that the escin-
cholesterol complexes (in a ratio of 5:1), are significantly larger than cholesterol alone,
resulting in the formation of pores in the membrane. This increases permeability in the
membrane and allows small ions to pass through and impairs the structural integrity
of the plasma membrane, rendering it more rigid (Boéttger & Melzig, 2013; Sreij et al.,
2019). Furthermore, itis hypothesised that escin treatment leads to an elevated uptake
and liberation of cholesterol from the plasma membrane. Experimental evidence
supports this hypothesis, as human urinary bladder epithelial carcinoma cells treated
with escin exhibited a substantial reduction in membrane cholesterol compared to
untreated cells (Bottger & Melzig, 2013). Based on these findings, we hypothesise that
escin interacts with ergosterol, the sterol present in the yeast membrane, and this

interaction is likely to inhibit the growth of S. cerevisiae.

The structural resemblances between ergosterol and cholesterol prompted us to
hypothesise that they may exhibit similar interactions with escin. Therefore, the
objectives of this chapter are twofold: (i) to confirm whether escin inhibits yeast growth
and (ii) to determine the minimum inhibitory concentration of escin required to inhibit

yeast growth.
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4.1.1 Complete escin and its effect on S.cerevisiae growth

The impact of escin on the WT S. cerevisiae strain BY4741 remains uncertain.
Therefore, the growth of the strain in the presence of escin was examined using
microplate cultures. Initially, normal growth was assessed in both rich complex media
(YPD) and standard defined media (CSM), with or without 1.25% methanol, as shown

in Figure 29.
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Figure 29: - Growth curves of WT S. cerevisiae. The average absorbance of
triplicate measurements was plotted to depict the growth in A) YPD (rich media) or B)

CSM (minimal defined media), with the presence of either 0 or 1.25 % methanol.

The inclusion of methanol ensured that any observed effects were attributed to escin
rather than the methanol itself, as escin is dissolved in methanol. No significant change
in the growth of WT S. cerevisiae was observed in the presence of 1.25 % methanol
compared to growth without methanol. Consequently, the growth of the WT was
monitored in the presence of 1.25 % methanol (0 ug.mL" escin) or varying
concentrations of escin up to 500 pyg.mL-'. It was observed that escin inhibited the
growth of the WT. Hence, a minimum inhibitory concentration (MIC) assay, using
growth as a readout, was performed. The MIC represents the lowest concentration of
escin that prevents the growth of the WT S. cerevisiae, and it was determined to be
175 ug.mL™" after 24 hours of growth in YPD. The growth of the WT strain in the
presence of escin was also examined in CSM. Surprisingly, the MIC after 24 hours of
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growth differed from that observed in YPD (175 ug.mL-') and was determined to be
62.5 ug.mL" in CSM (Figure 30).
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Figure 30: - Growth curves of WT S. cerevisiae with escin. The average
absorbance of triplicate measurements was plotted to depict the growth in A) YPD
(rich media) or B) CSM (minimal defined media), with the presence of up to 500 pg.mL"

1 escin.

The cause of the difference in the MIC of the two different media is unknown, but it is
speculated that the extra buffering capacity of the rich medium could potentially protect
cells from the growth-inhibitory effects of escin, likewise, YPD has an increase in
carbon source and availability of complex molecules compared to CSM. YPD, unlike
CSM, has several undefined components which could also affect the direct interaction
of escin with ergosterol, supporting a higher MIC of escin in YPD. The difference could
also be caused by the naturally higher pH of YPD compared to CSM (~ 6.16 compared
to ~ 4.19). It is known that the solubility of escin increases with pH, as the carboxylic
acid on the hydrophilic aglycone is deprotonated above pH 4.7. Such deprotonation in
YPD could increase the solubility of escin and perhaps render it in a form that is less
toxic than intact escin (Hahn-Hagerdal et al., 2005; Dargel et al., 2019; Geisler et al.,
2020).
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4.2 Effects of escin on S. cerevisiae sterol mutants’ growth

In this chapter, our focus was to investigate the impact of escin on various ergosterol
biosynthesis mutants to gain insights into the mechanism behind the inhibitory effect
of escin. Our findings thus far demonstrate that escin exhibits toxicity to WT S.
cerevisiae at concentrations exceeding 175 pg.mL-' when grown in YPD and above
62.5 ug.mL"" when grown in CSM. Based on the hypothesis that escin interacts with
ergosterol to induce growth inhibition, we propose that S. cerevisiae ergosterol
biosynthesis mutants, which possess altered sterols in their cell membranes,
represent an ideal set of yeast strains for studying the specificity of sterols in mediating

growth inhibition by escin.

To compare the response of these strains to escin, we conducted growth assays in
microplates, exposing the strains to different concentrations of escin. Initially, the
strains were grown in YPD, and an initial screen was performed using various
concentrations of escin: 0 ug.mL™', 75 yg.mL"", 100 yg.mL"", 125 ug.mL"", 150 pug.mL"",
200 pug.mL™', 250 pug.mL", or 500 pg.mL-!, which were added to the medium just before
growth, which was monitored for 24 hours. In the absence of escin, the sterol mutant
strains exhibited poorer growth compared to the WT strain (Figure 31), with growth
order ranging from WT > erg6A > erg4A > erg2A > erg3A > ergb4, indicating the best
to least growth in 24 hours. In the presence of 175 pug.mL' escin (the MIC), both the
WT and all mutants, except the erg3A mutant, displayed no growth. Fig 4 illustrates
the variation in growth among the mutants at different concentrations of escin. The
erg4A and ergb/A mutants failed to grow even at concentrations as low as 100 ug.mL-
1 escin, while the erg6A mutant did not grow at 125 pg.mL-'. Surprisingly, the erg3A
mutant demonstrated robust growth in the presence of escin, which was evident

across all tested concentrations, up to 1 mg.mL-! (Figure 32).
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Figure 31: - Bar charts depicting the growth of ergosterol biosynthesis mutants

relative to the WT strain after 24 hours in YPD at different concentrations of

escin. The concentrations used were as follows: A) 0 ug.mL, B) 75 uyg.mL, C) 100
pug.mLt, D) 125 uyg.mL?, E) 150 yg.mL%, F) 175 pg.mL?, G) 200 pg.mL?t, H) 250

pug.mL*or 1) 500 ug.mL2. Statistical analysis was performed using a one-way ANOVA

to compare each mutant with the WT strain at 0 ug.mL1. The sample size was n=3,

and the p-values are indicated as follows: * = < 0.05, ** =< 0.01, *** =< 0.001, **** =

< 0.0001.
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Figure 32: - Bar chart comparing the growth of the erg34 mutant at 0 ug.mL*
escin and 1000 pg.mL™? escin after 48 hours of growth in YPD. The sample size

was n=3.

The erg3A mutant consistently exhibited tolerance to escin, which may be attributed
to its distinct sterol composition compared to the WT and other mutants. Our previous
findings highlighted that the primary sterol present in the erg3A mutant is
ergosta-7,22-dienol (chapter 3). This sterol possesses a lone double bond between
C7-8 in the B ring, whereas ergosterol contains an additional double bond between
positions C5-6. The absence of this second double bond could be a contributing factor

to the high tolerance of the erg3A mutant towards escin.

The growth of the WT and erg3A mutant in the presence of complete escin in CSM
was determined. Considering the elevated tolerance of the erg3A mutant to complete
escin, it was the sole mutant examined in this experiment. We examined the entire
concentration range, spanning from 7.8 ug.mL"' to 500 ug.mL"' (Figure 33), and
determined that the erg34 mutant maintained its tolerance to complete escin in CSM.

Additionally, we confirmed that the MIC of escin for the WT was 62.5 pyg.mL"".
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Figure 33: - Bar chart depicting the growth of the WT and erg34 mutant (relative to
the WT at 0 pg.mL* escin) after 24 hours in CSM at different concentrations of escin.
Statistical analysis was performed using multiple T-tests to compare the erg3A mutant with
the WT strain at each concentration. The sample size was n=3, and the p-values are
indicated as follows: * = < 0.05, ** =< 0.01, *** =< 0.001, **** =< 0.0001.
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4.3 S. cerevisiae membrane permeability

We hypothesise that complete escin interacts with ergosterol, leading to the formation
of pores in the membrane of WT S. cerevisiae. This hypothesis is based on the
observed effect of complete escin on cholesterol, as discussed in Chapter 3.2.1. To
further investigate this, we conducted a test to assess any changes in permeability in
WT S. cerevisiae following escin treatment. Such changes would indicate that escin is
indeed responsible for membrane disruption through pore formation. Therefore, we
performed a membrane conductivity assay following the methodology described in
(Simons et al., 2006).

Firstly, we tested the conductivity of the CSM and escin, which showed no difference
(Figure 34A). Therefore, in this experiment, WT S. cerevisiae cultures were subjected
to different treatments: a control treatment consisting of 0 yg.mL-" complete escin and
1.25 % methanol, 31.25 pug.mL-' complete escin, 61.5 uyg.mL' complete escin, or
mechanical lysis. The cultures were monitored using a conductivity meter at three
intervals over 24 hours. Mechanical lysis served as a positive control to assess
complete membrane compromise. Electrolyte leakage, measured in pSiemens,
reflects the presence of ions in the supernatant, indicating cell lysis or increased pore
formation in the membrane of WT S. cerevisiae. However, no conclusive evidence of
increased electrolyte leakage was observed upon the addition of complete escin
(Figure 34).

Although there appears to be a slight increase in electrolyte leakage after escin
treatment, a similar trend is also observed in the control condition (0 ug.mL-' complete
escin, 1.25 % methanol). Consequently, this experiment did not yield consistent results
with the previously published data, prompting the exploration of alternative

approaches.
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Figure 34: - Electrolyte leakage (measured as conductivity) of WT S. cerevisiae
after treatment with 0 pg.mL, 31.25 pg.mL™?, 62.5 ug.mL* escin and mechanical
lysis. A) Treatment conditions were tested alone to ensure that any differences seen
were due to the electrolyte leakage from the cells and not the escin or methanol
present. B) WT S. cerevisiae with varying amounts of escin. Measurements were
taken at time 0, 2 hours and 24 hours after complete escin treatment or mechanical

lysis. The sample size is n=3.
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4.4 Escin and its interaction with exogenous ergosterol

4.4.1 Assessment of cell death caused by escin treatment using
propidium iodide.

To determine whether escin acted on the yeast by inhibiting growth or causing cell
death, we conducted a dye-based viability assay. In this assay, propidium iodide (PI)
was used as an indicator for cell death. Pl binds to chromosomal DNA, intercalating
between the base pairs, with one dye molecule per 4 - 5 base pairs. This binding
occurs only when cells are dead or when the plasma membrane is compromised. In
live cells, Pl is actively pumped out of the cell by transporters in the plasma membrane,
thereby indicating cell viability and intact membrane integrity. The excitation/emission
maximum (ex/em) of free Pl in aqueous solution is 493/636 nm. However, once bound
to base pairs, the fluorescence of Pl enhances and the ex/em shifts to 535/617 nm
(Crissman & Steinkamp, 1973; Davey & Hexley, 2011; Zhang et al., 2018).
Consequently, fluorescent cells are considered dead or have compromised

membranes, while non-fluorescent cells are considered alive.

However, it should be noted that the use of PI in yeast studies is not always
straightforward. In the study by Davey & Hexley (2011), yeast cells subjected to stress,
such as non-lethal temperatures or exposure to 30% ethanol, showed fluorescence
when stained with PI. This fluorescence might conventionally be interpreted as cell
death, but the study demonstrated that it could be attributed to a temporary increase
in membrane permeability, allowing the uptake of PIl. Hence, when referring to PI
staining in this context, we are specifically indicating the compromise of the cell wall
and not necessarily implying cell death, as absolute certainty cannot be achieved in

such cases.

WT cells and the erg34 mutant were examined using PI staining in the absence and
presence of escin in CSM. At 0 yg.mL"" escin, there was no significant difference in

the percentage of stained and non-stained cells between the two strains, with
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approximately 6 - 10% stained cells observed (Figure 35). Similarly, in the presence
of 31.25 yg.mL™" escin (a concentration below the MIC), the results remained quite

comparable.
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Figure 35: - Bar graph illustrating the percentage of stained WT S. cerevisiae
cells following treatment with various concentrations of escin, along with
supplementation with ergosterol. For statistical analysis, multiple t-tests were
conducted to compare the WT in each treatment with the erg3A mutant. The sample
size was n=16. The p-values are indicated as follows: * = < 0.05, ** =< 0.01, *™* =<
0.001, **** =< 0.0001.

However, at 62.5 yg.mL" (the MIC of escin in CSM) a substantial increase in the
percentage of stained cells was observed in the WT strain. The WT showed a 4.4-fold
increase in stained cells (approximately 44 %), whereas the erg3A mutant did not
display any significant difference. This increased fluorescence of cells suggests that
62.5 ug.mL™" escin possibly induces cell death in the WT strain, or at the very least,
compromises the plasma membrane (Figure 36; Figure 37). The disparity in stained
cells between 62.5 ug.mL-" escin and 31.25 yg.mL-" is intriguing, as it implies that the
latter concentration might be insufficient to affect the S. cerevisiae membrane

significantly.
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To further investigate the interaction between escin and ergosterol, we introduced
exogenous ergosterol at a 1:2 molar ratio with escin. Interestingly, the staining
decreased to levels comparable to the 0 ug.mL™" escin control (from 44 % to 10 %).
This finding suggests that the externally supplied ergosterol competes with the
endogenous ergosterol in the membrane for binding to escin (Figure 35). Moreover, it
indicates that escin exhibits a greater affinity for binding to the exogenous ergosterol
due to it being free in solution and not surrounded by the phospholipids of the PM.
This observation provides compelling evidence for the interaction between ergosterol

and escin.
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Figure 36: - Propidium iodide staining of WT S. cerevisiae in the presence of
escin at concentrations of 0, 31.25, or 62.5 ug.mL?, with the addition of
exogenous ergosterol at a 1:2 molar ratio in the final row. The first column exhibits
the differential interference contrast (DIC) images of the cells, the second column
presents the fluorescent images (where red fluorescence indicates cell death or a
compromised plasma membrane), and the final column displays the merge of the two

images.
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Figure 37: - Propidium iodide staining of the erg34 mutant in the presence of
escin at concentrations of 0, 31.25, or 62.5 pg.mL?, with the addition of
exogenous ergosterol at a 1:2 molar ratio in the final row. The first column exhibits
the differential interference contrast (DIC) images of the cells, the second column
presents the fluorescent images (where red fluorescence indicates cell death or a
compromised plasma membrane), and the final column displays the merge of the two

images.
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4.4.2 Yeast growth in the presence of escin and exogenous ergosterol

To investigate the hypothesis that exogenous ergosterol mitigates the impact of escin
on yeast cells, we assessed the toxicity of escin in the presence of exogenous
ergosterol. It is already well established that S. cerevisiae does not uptake exogenous
ergosterol under aerobic conditions (Lorenz et al., 1986), which gave us confidence
that the addition of ergosterol would not alter the membrane composition of WT S.
cerevisiae. Ergosterol was dissolved in methanol at 55 °C and combined with cells in

a 1:1 or 1:2 molar ratio along with escin.

Firstly, we determined that the addition of exogenous ergosterol did not influence the
growth of WT S. cerevisiae after 48 hours in CSM (Figure 38). Next, stoichiometric
effects were taken into account, and parallel experiments were conducted as follows:
(i) ergosterol and escin were premixed and incubated for one hour before being added
to the yeast culture, and (ii) ergosterol and escin were separately added to the culture
without premixing and incubation (Figure 39). Interestingly, it was observed that the
timing of ergosterol addition (premixed or simultaneous) had no significant impact on
the growth of the WT strain. Therefore, in subsequent experiments, both ergosterol

and escin were added simultaneously to the culture.
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Figure 38: - Growth of WT S. cerevisiae in the presence of either 88 pyM
ergosterol (35 mg.mL) or 88 uM escin (100 pg.mL?) in CSM after 48 hours. For
statistical analysis, a one-way ANOVA was performed to compare each treatment with
the 0 uM escin control. The sample size for each group was n=3. The p-values are
indicated as follows: * = p < 0.05, ** = p <0.01, ** =p <0.001, and **** = p < 0.0001.
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Figure 39: - WT S. cerevisiae grown in the presence of either 88 uM ergosterol
(35 mg.mL"!) or 88 uM escin (100 pg.mL') in CSM after 48 hours. The compounds
were either premixed for an hour or added to the culture simultaneously. The sample

size was n = 3.

Next, we investigated the impact of the ratio of escin to ergosterol on yeast growth.
Escin and ergosterol were combined at 1:1 or 1:2 molar ratios, and the effect on culture
growth was monitored for 48 hours in microplates. A concentration of 62.5 pg.mL™ of
escin was used, and the cultures were grown in CSM. As expected, the WT strain
exhibited no growth in the presence of escin, while growth remained unaffected in the
presence of ergosterol (Figure 40). However, when both escin and ergosterol were
present in the culture, the growth of the WT strain was restored. This restoration of
growth was consistent across all tested ratios, with both ratios effectively restoring
growth to levels equivalent to the 0 ug.mL* escin control. These findings suggest that
the exogenous ergosterol acts as an inhibitor, dampening the toxicity of escin by
competitively inhibiting its interaction with endogenous ergosterol in the plasma

membrane.
To further support this observation, Pl experiments were conducted to assess changes

in fluorescent staining in the presence of exogenous ergosterol, presented in the

previous section. The level of staining, and thus the number of dead cells or cells with
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compromised cell walls, did not significantly differ from the 0 pug.mL"! escin conditions.

This result further strengthens the hypothesis that exogenous ergosterol mitigates the

effect and reduces the toxicity of escin. To compare, the erg34 mutant was used, and

no increase in fluorescence was observed at any tested concentrations with PlI.
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Figure 40: - Growth of WT S. cerevisiae in the presence of different molar ratios

of escin and ergosterol after 48 hours, relative to the growth of the WT at 0 pM

escin (0:0 represents the 0 uM escin control). Specifically, the ratios tested are as

follows: 1:0 indicates 62.5 pg.mL! escin (55 uM); 0:1 corresponds to ergosterol alone

at 21 mg.mL* (55 uM); 1:1 represents escin and ergosterol mixed at a 1:1 ratio; and

1:2 denotes escin and ergosterol mixed at a 1:2 ratio. For statistical analysis, a one-

way ANOVA was conducted to compare each treatment with the 0 yM escin control.

The sample size for each group was n=3. The p-values are indicated as follows: * = p
<0.05, *=p<0.01, ** =p=<0.001, and **** = p < 0.0001.
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4.4.3 Yeast growth in the presence of escin and exogenous
brassicasterol

Ideally, we would have repeated the above experiment using ergosta-7,22-dienol, the
most prevalent sterol found in the erg3A mutant. Unfortunately, this sterol is not
commercially available. Nevertheless, we have already demonstrated that escin
interacts with ergosterol, leading to cell membrane compromise in the WT.
Interestingly, in the erg3A mutant, there is no cell inhibition, suggesting that the sterols

present in the erg3A mutant might not interact with escin as readily as ergosterol does.

To explore this further, we examined brassicasterol (Figure 41B), a phytosterol found
in rapeseed and canola oils. Brassicasterol was chosen for testing because its
structure closely resembles that of ergosterol (Figure 41A). with the only difference
being the absence of one double bond in the B-ring at position C7-8. This characteristic
of having only one double bond in the B ring is shared by all the sterols that accumulate
in the erg3A mutant. Conversely, other ergosterol biosynthesis mutants accumulate
sterols with at least one sterol containing two double bonds in the B ring (Johnston et
al., 2020).

A) Ergosterol B) Brassicasterol

H3C,’,r QH3 H3C

.,
“,

CH,

HO HO
Figure 41: - Structural differences between ergosterol and brassicasterol. A)

Ergosterol and B) brassicasterol. Different bonds are highlighted in red.

When escin was mixed with brassicasterol at a 1.1 molar ratio, the growth of yeast
cells did not differ significantly from the treatment with 62.5 pg.m_L™ escin (Figure 42).

However, at a 1:2 molar ratio of escin to brassicasterol, the yeast growth was slightly
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better than that of the 0 ug.mL™* escin treatment. These results provide additional

support for the hypothesis that escin interacts directly with ergosterol, and to a lesser

extent, with brassicasterol.

1.5
2
S0
o c
£5 ¢
? 3
- o
< <
_|
S$E 05
©2
o
0.0

-

O 0 uM escin

B 55 uM escin

Bl 55 uM brassicasterol
Il 1:1 molar ratio

3 110 uM brassicasterol
O 1:2 molar ratio

*hkk
I
i -

Ratio of escin to brassicasterol

1:2

Figure 42: - Growth of WT S. cerevisiae in the presence of different molar ratios

of escin and brassicasterol after 48 hours in CSM, relative to the growth of the

WT at 0 uyM escin. Specifically, the ratios tested are as follows: 1:0 indicates 62.5

pug.mL? escin (55 uM); 0:1 represents brassicasterol at 22 mg.mL? (55 uM); 1:1

represents escin and brassicasterol mixed at a 1:1 ratio; and 1:2 denotes escin and

brassicasterol mixed at a 1:2 ratio. For statistical analysis, a one-way ANOVA was

conducted to compare each treatment with the 0 uM escin control. The sample size

was n=3. The p-values are indicated as follows: * = < 0.05, ** =< 0.01, ** =< 0.001,

¥ =<0.0001
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4.5 Determining the physical interaction of ergosterol and escin

4.5.1 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a commonly used physical technique to
determine direct interactions between molecules, and we attempted to apply it to study
the interaction between escin and ergosterol. Unlike methods relying on reporter
signals like fluorescence, ITC measures the binding affinity (Ka) of a biomolecular
reaction and provides a complete thermodynamic and kinetic profile, making it
advantageous for avoiding false positives (Srivastava & Yadav, 2019; Johnson, 2021;
Callies & Hernandez Daranas, 2016). ITC is considered the "gold standard" label-free
technique for protein-ligand characterisation (Johnson, 2021), although ergosterol and
escin are not proteins, we aimed to gain insights into their possible binding affinity,
similar to what was done in Welscher et al., 2008.

In our experiment, we attempted to dissolve ergosterol in 2:1 phosphate-buffered
saline (PBS): ethanol and escin in DMSO (5 mM). However, it became evident that
this procedure to dissolve ergosterol in 2:1 PBS: ethanol was not compatible with our
experimental conditions due to insolubility.

Unfortunately, despite three attempts, we were unable to obtain any conclusive results
from the ITC data due to a significant mismatch in the similarity of the two buffers used
in the cells. As a result, the heat generated during each titration likely stemmed from
the difference in buffers between the syringe and cell solution, rather than from the
binding of escin and ergosterol. This discrepancy is likely attributed to the high solvent

content required to dissolve escin, which is unavoidable.

Considering the challenges posed by the solvent content of escin solutions, it was
determined that continuing the experiment without using lipid unilamellar vesicles

(LUVs), as described in Welscher et al., 2008, was not a feasible approach. As such,
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we were unable to obtain meaningful insights into the binding affinity of escin and

ergosterol using ITC under our experimental conditions.

The ITC instrument comprises two cells made of a highly thermally conducting
material: one cell for injecting the molecules of interest, and another filled with
reference buffer (Figure 43). Tiny volumes of the ligand are injected into the sample
cell, where they are mixed with a paddle, and the resulting temperature change caused
by binding is measured (Johnson, 2021).

Ergosterol

Figure 43: - Simplified schematic of ITC. A syringe is filled with ergosterol and
injected into the sample cell. The heat difference is compared to the reference cell and
the binding affinity (Ka) is calculated. Figure created in Biorender.com.
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4.5.2 Confocal microscopy to determine interaction in vivo

The data presented thus far strongly supports the hypothesis of an interaction between
escin and ergosterol. As a result, we sought to investigate the impact of escin on the

dynamics and organisation of the plasma membrane.

The plasma membrane (PM) of S. cerevisiae is approximately 7.5 nm thick and
consists of a lipid bilayer that houses enzymes involved in signal transduction, cell wall
synthesis, and transport, as well as serving as cytoskeletal anchors. Notably, the PM
features occasional invaginations or furrows known as eisosomes, which protrude into
the cytoplasm (Stradalova et al., 2009; Feldmann, 2012; Douglas & Konopka, 2014).
Key components of the PM include sterols and phospholipids, and their structure and
functionality undergo frequent changes depending on various conditions and stages
of growth (Feldmann, 2012).

Sterols play a vital role in maintaining optimal PM dynamics for essential biological
functions (Dufourc, 2008). They are crucial for the formation of liquid-ordered
membrane states, commonly known as lipid rafts, which are specialised microdomains
within the membrane responsible for regulating signal transduction, cellular sorting,
and more. Sterols are also essential for maintaining the fluidity of the plasma
membrane, especially under environmental stressors (Dufourc, 2008; Feldmann,
2012).

Moreover, the PM exhibits lateral organisation into microdomains, such as the MCC
domains (membrane compartment of Can1), which contain colocalised family
tetraspanner proteins Can1p, Sur7p, and Nce102p (Douglas & Konopka, 2014).
Eisosomes are closely associated with MCC domains, forming around the upper edge
of the furrows (Stradalova et al., 2009). These eisosomes and MCC domains are rich
in ergosterol, and the size and distribution of these structures are known to be
disrupted in ergosterol biosynthesis mutants (Grossmann et al., 2008; Spira et al.,
2012).
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To understand the dynamics and organisation of the S. cerevisiae membrane following
the addition of escin, we utilised a strain expressing two plasma membrane proteins
tagged with fluorescent markers: sur7-mRFP and nce102-GFP, both under the control
of their native promoters. Sur7p serves as a marker for MCC domains, exhibiting
stable localisation at these domains even after various treatments (Grossmann et al.,
2008; Douglas & Konopka, 2014). On the other hand, Nce102p primarily localises at
MCC domains and eisosomes. However, under conditions of increased membrane
tension, such as alkaline stress, Nce102p is distributed across the plasma membrane
due to the flattening of eisosomes when the cell volume increases (Appadurai et al.,
2020; Figure 44).
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Figure 44: - Schematic illustrating the S. cerevisiae eisosome. Canlp is
associated with MCC domains and regions of high ergosterol content. Within the
eisosome complex, both NcelO2p and Sur7p are present, with Sur7p in closer
proximity to Canlp. Under conditions of membrane stress, the tension of the eisosome
increases, causing NcelO2p to spread out across the membrane. This figure was

created using Biorender.com.
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To ensure that this strain responds to escin similarly to the WT, we conducted a growth
analysis in the presence of escin in CSM for 24 hours (Figure 45). The results
confirmed that the growth of the sur7-mRFP; nce102-GFP S. cerevisiae strain was

comparable to the WT strain, with the MIC of escin determined to be 62.5 ug.mL™".
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Figure 45: - Growth of the sur7-mRFP; ncel02-GFP S. cerevisiae strain in the
presence of escin after 24 hours of growth in CSM relative to the 0 uyg.mL! escin
control. For statistical analysis, a one-way ANOVA was conducted to compare each
treatment with the 0 uM escin control. The sample size was n=3. The p-values are
indicated as follows: * =< 0.05, ** =<0.01, *** =< 0.001, **** =< 0.0001

This study aimed to investigate potential changes in the size and distribution of MCC
domains, as well as the overall size of yeast cells after treatment with escin. The
hypothesis was that escin, through its interaction with ergosterol, creates pores in the
membrane, leading to observable differences in the size and distribution of these

domains rich in ergosterol.
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To visualise the yeast cells, they were immobilised on slides and observed using
confocal microscopy. Concanavalin A was used for immobilisation, as it binds to
glycans on the yeast cell wall, effectively securing them in place without causing any
damage to the yeast cell (Caloca et al., 2022). The treatment conditions included 0,
31.25, and 62.5 yg.mL"" escin, as well as 400 ug.mL" geneticin (G418) for 1 hour.
G418 is an aminoglycoside known to block polypeptide synthesis, serving as a control
to discern changes in the plasma membrane during cell death, rather than specifically
due to escin treatment (Johnston et al., 2023). Additionally, a positive control of 50 mM
Tris-HCI pH 8 was included, as it has been previously shown to disrupt the osmotic
pressure and increase membrane tension of the yeast PM, resulting in the dissipation
of MCC domains into the membrane, leading to a more disordered membrane
(Appadurai et al., 2020).

Each cell was compared to itself, and analysis was conducted using IMARIS software,
which measured the volume of MCC domains (um3), the number of MCC domains,
and cell area (um?) (Figure 46). Throughout the experiment, it was evident that the
MCC domains per cell (normalised to cell area), cell area, and volume of individual
clusters did not exhibit significant changes under the various treatments with the
positive control, escin, or G418.
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Figure 46: - Bar charts displaying the fold change of MCC domains and cell area
under different treatment conditions. A) MCC domain fold change under the
following treatments: control 0 ug.mL* escin (MeOH 1.25 %), 50 mM Tris-HCI (pH 8),
31.25 pg.mL? escin and 400 ug.mL? geneticin. B) Cell area fold change under the
same treatments mentioned above. The sample size for each treatment condition was

n=9.

Cell area (um?) did not change after any of the treatments and neither did the number
of MCC domains in each cell or volume of the clusters (Figure 46), even in the positive
control treatment. Using the IMARIS software allowed us to annotate the volume of
the clusters and the number of them but did not allow analysis of the differences in
fluorescence levels between the clusters. Therefore, a different mode of analysis was
used, with help from Dr David Kelly, facility manager of the COIL facility where the
experiment was conducted. In the new analysis, fluorescence intensity around the
membrane from a slice of the image around the midsection was measured, peaks of
high intensity indicate MCC domains and the lack of peak is the background
fluorescence/plasma membrane (Figure 47). It was reasoned that if the membrane is
undergoing stress, either due to escin pulling ergosterol from the membrane or escin
incorporating itself in the membrane, then the intensity of the SUR7-RFP and NCE102-
GFP would change. This is due to the proteins leaking into the membrane and away

from MCC domains (as would be seen in Figure 44) during membrane stress.
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Figure 47: - The frequency distribution of membrane cluster volume before and
after 15 mins of treatment. A) 0 ug.mL* escin (1.25% methanol) treatment; n=421.
B) 50 mM Tris-HCI pH 8 treatment; n=394. C) 31.25 pug.mL™? escin treatment; n=430.
D) 400 pg.mL* geneticin treatment; n=449.

In all conditions, where we measured the same cell before and after treatment, there
was no difference in the change of intensity of the MCC domains. In the negative
control (Figure 48) we saw both results we expected and results that were not
expected. The expected result resembles what is observed in Figure 48C, where there
is no difference in the intensity of the MCC domains before and after methanol
treatment. However, in Figure 48F there are some cells which display a difference after
15 minutes of treatment. This occurred in all the conditions tested. This was apparent
in all treatments tested, in the positive control (Figure 49) escin treatment (Figure 50)
and G418 (Figure 51).
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Figure 48: - Confocal microscopy images and histogram data representing MCC
domain intensity of two individual cells before and after treatment with methanol
(1.25%). A) and D). Three-dimensional images of the Sur7-mRFP Ncel02-GFP strain
were captured using confocal microscopy before and after treatment with methanol
(1.25%) on two different cells. Co-localisation of the proteins is represented in yellow.
B) and E) Two-dimensional images of two different cells of the Sur7-mRFP (red)
Ncel02-GFP (blue) strain before and after treatment with methanol (1.25%). A line
was drawn around the perimeter of the cells and intensity was measured. Clusters of
high intensity are shown in C and F as histograms. C) Demonstrates what was
expected of the negative control. After 15 minutes of methanol treatment, the intensity
of the peaks and background intensity of the membrane is the same, as demonstrated
by the dotted line. However, as seen in F) mapping the cell present in D, a different

result is shown, where it shows a clear difference between the two-time points. n = 22.
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Figure 49: - Confocal microscopy images and histogram data representing MCC
domain intensity of two individual cells before and after treatment with Tris-HCI
pH8. A) and D) Three-dimensional images of the Sur7-mRFP Ncel02-GFP strain
captured using confocal microscopy before Tris-HCI| pH8 exposure on two different
cells. Co-localisation of the proteins is represented in yellow. B) and E) Two-
dimensional images of two different cells of the Sur7-mRFP (red) Ncel02-GFP (blue)
strain before and after 15 minutes of Tris-HCI pH8 exposure. A line was drawn around
the perimeter of the cells and intensity was measured. Clusters of high intensity are
shown in C and F as histograms. C) Demonstrates what was expected of Tris-HCI pH8
treatment as a positive control for a change in membrane dynamics. After 15 minutes,
the intensity of the peaks and background intensity of the membrane decreases, as
demonstrated by the dotted line. However, as seen in F) mapping the cell present in
D, a different result is shown, where there is no correlation with treatment and intensity
of the MCC domains. n = 18.
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Figure 50: - Confocal microscopy images and histogram data representing MCC
domain intensity of two individual cells before and after treatment with 31.25
pug.mLt escin. A) and D) Three-dimensional images of the Sur7-mRFP Ncel02-GFP
strain captured using confocal microscopy before 31.25 pug.mL* escin exposure on
two different cells. Co-localisation of the proteins is represented in yellow. B) and E)
Two-dimensional images of two different cells of the Sur7-mRFP (red) Ncel02-GFP
(blue) strain before and after 15 minutes of 31.25 pg.mL™* escin exposure. A line was
drawn around the perimeter of the cells and intensity was measured. Clusters of high
intensity are shown in C and F as histograms. C) demonstrates what was expected of
31.25 pg.mL? escin treatment. After 15 minutes, the intensity of the peaks and
background intensity of the membrane decreases, as demonstrated by the dotted line.
However, as seen in F) mapping the cell present in D, a different result is shown, where

there is no correlation with treatment and intensity of the MCC domains. n = 29.
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Figure 51: - Confocal microscopy images and histogram data representing MCC
domain intensity of two individual cells before and after treatment with 400
Hug.mL? geneticin. A and D) Three-dimensional images of the Sur7-mRFP Ncel02-
GFP strain captured using confocal microscopy before 400 pg.mL* geneticin
exposure on two different cells. Co-localisation of the proteins is represented in yellow.
B and E) Two-dimensional images of two different cells of the Sur7-mRFP (red)
Ncel02-GFP (blue) strain before and after 15 minutes of 400 pg.mL* geneticin
exposure. A line was drawn around the perimeter of the cells and intensity was
measured. Clusters of high intensity are shown in C and F as histograms. C)
demonstrates what was expected of 400 pg.mL? geneticin treatment. After 15
minutes, the intensity of the peaks and background intensity of the membrane is the
same, as demonstrated by the dotted line. However, as seen in F) mapping the cell
present in D, a different result is shown, where it shows what is expected of Tris-HCI

pH8 and escin 31.25 pg.mL* treatment. n = 24.
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4.6 Differential gene expression after escin treatment

Transcriptomic analysis was conducted by Dr Emily Johnston which allowed for the
identification of stress indicator genes in response to 100 uyg.mL™* escin. The data
revealed differential gene expression of LAM4, ARE2, and UPC2 in wild-type (WT)
yeast, but not in the erg3A mutant (Johnston et al., 2023). These genes are primarily
involved in sterol biosynthesis. Lam4p, a membrane-anchored lipid binding protein,
acts as a sterol binding protein localised at the contact sites between the endoplasmic
reticulum (ER) and the plasma membrane (PM), where sterols are synthesised and
located. Lam4p belongs to a family of six LAM proteins, all of which possess
steroidogenic acute regulatory protein-related lipid transfer domains (Jentsch et al.,
2018), facilitating sterol binding. These proteins are believed to be involved in
intracellular sterol transfer between membranes, and deletion of these genes has been
shown to increase the sterol content in the PM (Sokolov et al., 2020). Are2p, a sterol-
acetyl transferase, is an ER enzyme responsible for sterol esterification (Polakowski
et al., 1999; Zweytick et al., 2000). AREZ2 is a paralogous gene that arose from a
whole-genome duplication event involving ARELl. Are2p is the primary enzyme
involved in the formation of most cellular ergosteryl esters derived from ergosterol.
These sterol esters are translocated to lipid particles and combined with
triacylglycerides to form lipid droplets, which serve as storage sites for sterols.
Excessive ergosterol accumulation triggers the transport of sterols out of the cell (Liu
et al., 2019c; Jorda & Puig, 2020). Upc2p, a sterol regulatory element binding protein,
functions as a zinc cluster transcription factor (TF) that influences ergosterol
biosynthesis when ergosterol levels are depleted. In the presence of ergosterol, it
binds to Upc2p, covering the nuclear localisation signal (NLS) and keeping the TF in
the cytoplasm (Marie et al., 2008). However, in the absence of ergosterol, the NLS of
Upc2p is exposed, allowing it to translocate to the nucleus and induce the transcription
of most ergosterol biosynthesis and sterol uptake genes (Yang et al., 2015b; Jord4 &
Puig, 2020).

We also investigated ERG11, an enzyme known as lanosterol 14-alpha-demethylase
(Ergl1p), which plays a role in the demethylation process of lanosterol. Lanosterol is

a precursor to ergosterol, and Ergllp is among the genes responsible for ergosterol
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biosynthesis, which is regulated by Upc2p (Vik & Rine, 2001). Our selection of ERG11
for analysis was based on its activation by Upc2p and the observed upregulation in
both the erg34 and erg6A mutants under control conditions (Johnston et al., 2023).
Previous studies have highlighted the significance of ERG11, along with ERG3 and
NCP1, as important targets for Upc2p (Woods & Hofken, 2016). However, since our
analysis focused on an erg3A mutant, which was not a viable target, and our
transcriptomics data did not indicate any differential expression in NPC1, we did not
pursue further investigation with those genes. This enabled us to determine whether
any upregulation in Upc2p resulted in increased activation of the ERG11. Reverse
transcription-quantitative real-time polymerase chain reaction (RT-qPCR) was

performed to verify the transcriptome data with the mutants available to us in replicate.

We conducted a transcriptomic analysis to examine gene expression levels,
specifically focusing on the expression of LAM4 and AREZ2 genes in both the WT strain
and the erg34 and erg6A mutant strains. The baseline expression of LAM4 showed
no significant difference between the WT and erg3A mutant strain, which is consistent
with the RT-qPCR data (Figure 52). However, in the erg6A mutant data, we observed
a small but significant increase (1.4-fold) in LAM4 expression compared to the WT.
Additionally, we noticed a slight increase in LAM4 expression in the erg2A mutant (1.5-
fold) and a more substantial increase in the ergbA mutant (3.9-fold; Figure 52A).
Similarly, we observed a 1.5-fold increase in the baseline expression of AREZ in the
erg2/AA mutant. This could be attributed to the presence of erg2A-specific sterols,
particularly ergosta-8-enol, which might serve as a potential regulatory signal for
ARE?2. Previous studies have demonstrated that ergosterol intermediates can
modulate the gene expression of ARE2 and a decrease in ergosterol content has been
shown to upregulate AREZ2 expression as well (Jensen-Pergakes et al., 2001).
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Figure 52: - Analysis of the gene expression in methanol controls (1.25 %) only
for four genes of interest. Comparisons were made between the WT and individual
strains only. The following genes were investigated A) LAM4, B) ARE2, C) UPC2 and
D) ERG11. For statistical analysis, multiple t-tests were conducted to compare each
strain with the WT. The sample size was n=3. The p-values are indicated as follows: *
=<0.05, *=<0.01, *** =<0.001, **** =< 0.0001.

In the transcriptome analysis (Johnston et al., 2023), an elevated expression of UPC2
was observed in the erg3A and erg6A mutants. This finding aligns well with our data,
as we confirmed increased UPC2 expression in the erg24, erg44, and ergbA mutants
(Figure 52C). Specifically, we noted a 4.1-fold increase in UPC2 expression in the
erg2/A mutant compared to the WT, a 7.7-fold increase in the erg3A mutant, a 3.2-fold
increase in the erg4A mutant, an 11.9-fold increase in the ergbA mutant, and a 4.2-
fold increase in the erg6A mutant. These observations may be due to the absence of

ergosterol in the mutants. Consequently, more Upc2p is produced to compensate for
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the lack of ergosterol, thereby activating the biosynthesis genes responsible for
ergosterol production. The correlation between the RT-gPCR data and the
transcriptomics data is also evident for ERG11, where the erg3A mutant exhibited a
3.5-fold increase in baseline expression compared to the WT (Figure 52D). This
relationship can be explained by the influence of the transcription factor Upc2p on
ERGL11, as the increase in Upc2p levels (Figure 52C) promotes the activation of
ergosterol biosynthesis genes, including ERG11, in the absence of ergosterol in all the
mutants. We only investigated ERG11 expression in the WT and erg3A strains due to

limitations in plate setup.

Treatment with 100 yg.mL* of escin resulted in a slight increase in LAM4 expression
in the WT, but not in any of the other mutants. Although this increase was not
statistically significant in this experiment, it corresponds with the findings from the
transcriptomic study. The transcriptomics study indicated a general upregulation of
ARE2 expression, which is also consistent with the RT-qPCR results (Figure 53B).
The WT and erg3A mutant exhibited expression levels similar to those observed in the
transcriptomic data, although they did not reach statistical significance. Notably, we
observed a general increase in ARE2 expression in the WT, while significant increases
were observed in the erg2A and ergbA mutants, with a 2.3 and 2.4-fold increase
respectively. It is important to note that the previous study did not report this trend for
the ergbA mutant, and the erg2A mutant was not included in their analysis. The erg4A
mutant exhibited a non-significant increase in ARE2 expression following exposure to
escin, while no difference in ARE2 expression was observed in the ergbA mutant after

escin exposure.

In the presence of escin, there were slight, non-significant increases in the expression
of LAM4 and AREZ2 in the WT. This can be attributed to the role of Lam4p as a sterol
transfer protein. When the sterol concentration is lower, the demand for Lam4p
decreases accordingly. If escin removes ergosterol from the plasma membrane (PM),
Lam4p becomes redundant, and there is no need for additional expression. Similarly,
the presence of escin affects Are2p, which is responsible for esterifying excess
ergosterol for storage or transport out of the cell. If escin reduces the content of
ergosterol, it is reasonable to assume that ARE2 would not be induced since there is

insufficient ergosterol rather than an excess. However, previous findings have shown
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increased ARE2 expression under conditions of ergosterol depletion (Jensen-
Pergakes et al., 2001).

Furthermore, the transcriptomic data indicated an upregulation in the expression of
UPC2 in the presence of escin, both in the WT and the erg6A mutant. This finding
aligns with the RT-gPCR study, where a statistically significant 2.1-fold increase in
UPC2 expression was observed in the WT treated with escin. The same trend was
observed in the erg2A and erg6bA mutants, with fold increases of 2 and 1.4,
respectively. There was no change in UPC2 expression in the erg3A or erg5A mutants,
while the erg4A mutant displayed a small, non-significant increase in expression. The
observed increase in UPC2 expression (Figure 53C) following the addition of escin in
the WT suggests a hypothesis that escin leads to a depletion of ergosterol in the PM.
This hypothesis is supported by the fact that Upc2p is activated in response to
ergosterol deficiency and subsequently binds to ergosterol biosynthesis genes in the
nucleus. Therefore, we can infer that escin is responsible for removing the excess

ergosterol, thereby triggering the need for replacement ergosterol.
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Figure 53: - Analysis of the gene expression relative to the methanol controls
for four genes of interest in the presence or absence of escin (100 pg.mL1).
Expression levels were normalised to the mean of the individual methanol controls.
The following genes were investigated A) LAM4, B) ARE2, C) UPC2 and D)
ERG11.The expression levels of these genes were compared between the methanol
control and exposure to escin (100 pg.mL1). For statistical analysis, multiple t-tests
were conducted to compare each treatment with its respective methanol control. The
sample size was n=3. The p-values are indicated as follows: * =< 0.05, ** =< 0.01, ***
=<0.001, **** =< 0.0001.

The significant increase in the expression of ARE2 and UPC2 in the presence of escin

within the erg2A and erg6A mutants suggests that the sterols present in these mutants
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also play a role. This influence can potentially be attributed to the specific structures
of the prominent sterols in these mutants. Ergép and Erg2p are sequential enzymes
in the ergosterol biosynthesis pathway, responsible for converting zymosterol to
fecosterol and then to episterol (refer to Figure 3.4). Consequently, the sterols
produced by these knockout mutants exhibit striking similarities. The ergbA mutant
predominantly produces zymosterol, while the erg2A mutant predominantly produces
ergosta-8-enol (Figure 54) These mutant sterols share a common characteristic of
having a double bond in the main sterol backbone between positions C8-9. Their
differences lie in the branch chain extending from position C17, with zymosterol
possessing a double bond between position C24-25 and ergosta-8-enol lacking

double bonds in the branching chain.

A) Zymosterol B) Ergosta-8-enol

Figure 54: - Structures of the predominant sterols found in the erg6A and erg2A

mutants. A) zymosterol and B) ergosta-8-enol. The red bond shows the difference

between the two sterols.

Given the structural similarities between these sterols, particularly the presence of the
C8-9 double bond (which is absent in other mutant sterols), it is plausible to
hypothesise that these specific sterols may interact with both ARE2 and UPC2 in a
manner more akin to ergosterol. When sterol depletion occurs, UPC2 may be activated
similarly to transcriptional responses triggered by ergosterol depletion. Therefore, in
the absence of escin, it appears that both zymosterol and ergosta-8-enol possess
inhibitory capabilities similar to those of ergosterol. The observed increase in ARE2
expression in the presence of escin in the erg2A and erg6A mutants may be attributed
to the baseline increase in ARE2 expression already present in these strains under
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normal conditions. When escin is introduced, it induces cellular stress, leading to
further expression of ARE2. This could be explained by the interaction between the
sterol intermediates and the activation of ARE2. Consequently, the depletion of these

sterols caused by escin could potentially enhance the activation of ARE2 expression.

Lastly, we investigated ERG11 expression in only the WT and erg3A strains due to
limitations in plate setup (Figure 53D). While the transcriptomic data showed no
increase in ERG11 expression in the WT in the presence of escin, we observed a
significant 0.5-fold decrease in expression in the erg3A mutant when exposed to escin.
This finding is particularly interesting because, under control conditions, the erg3A
mutant exhibits a higher expression of ERG11 compared to the WT strain (3.5-fold).
However, when escin is introduced, the expression of ERG11 in the erg34 mutant
decreases dramatically. This suggests that escin may specifically repress ERG11 in
the erg3A mutant, or the unique sterols present in the erg3A mutant are capable of
binding to Upc2p in the presence of escin, thereby suppressing the activation of
ERG11.

Based on our RT-gPCR experiment, we can conclude that LAM4 is not a reliable
indicator of stress response in the presence of escin, as we did not observe any
significant differential gene expression in any of the strains. On the other hand, ARE2,

UPC2 and potentially ERG11 serve as better indicators of this stress response.
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4.7 Discussion

In this comprehensive study, we delved into the intricate interactions between the
natural compound escin and yeast cells, particularly Saccharomyces cerevisiae. Our
investigation spanned various aspects, from cellular morphology to gene expression,

highlighting the multifaceted effects of escin on yeast physiology.

The primary focus was on understanding how escin interacts with ergosterol, the
cholesterol equivalent in the yeast cell membrane. In the initial experiments,
conducted with WT S. cerevisiae, we confirmed the toxic impact of escin on yeast
cells. The addition of exogenous ergosterol, however, demonstrated a restorative
effect, returning growth and reducing toxicity. The stoichiometry of escin to ergosterol
played a role, with both 1:1 and 1:2 molar ratios effectively restoring growth. This
indicated that exogenous ergosterol acts as an inhibitor, competing with endogenous

ergosterol and dampening the toxic effects of escin.

Furthermore, we explored the impact of escin on yeast cells in the presence of
brassicasterol, a sterol found in rapeseed and canola oils. The results, which were
similar to the results with ergosterol, provided additional support for the hypothesis
that escin has a specific interaction with ergosterol. However, this interaction was less
pronounced with brassicasterol, further emphasising the specificity of escin on yeast

membranes.

To gain insights into the dynamics and organisation of the plasma membrane, we used
a strain expressing fluorescently tagged proteins (sur7-mRFP and nce102-GFP) which
are associated with membrane microdomains. Confocal microscopy revealed that
escin did not induce significant changes in the size and distribution of membrane
compartments, which suggested that despite its impact on growth and ergosterol,
escin might not disrupt the overall organisation of specific membrane domains. As well
as this, our attempts to use ITC to directly measure the interaction between escin and

ergosterol faced challenges due to the solubility of escin and ergosterol. Despite these
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limitations, ITC remains a powerful technique for studying molecular interactions, and

future studies may benefit from alternative experimental conditions or techniques.

The transcriptomic analysis provided a deep dive into the molecular responses
triggered by escin exposure. Key sterol biosynthesis genes, LAM4, AREZ2, and UPC2,
exhibited differential expression. While Lam4p appeared less responsive, Are2p and
Upc2p emerged as good indicators of stress response to escin. Particularly, the
specific genetic background and sterol composition of yeast strains played a
significant role in shaping the observed responses, introducing a layer of complexity

to the impact of escin on gene expression.

The influence of escin on yeast cells appears to be complicated. Escin interacts
specifically with ergosterol, altering membrane dynamics and triggering stress
responses at the molecular level. The differential gene expression patterns highlight
the dynamic interplay between escin, sterol composition, and cellular stress pathways.
In conclusion, this study provides a comprehensive understanding of how escin affects
yeast cells. From the cellular to the molecular level, these findings contribute insights
into the specificity and complexity of escin and the impact it has on S. cerevisiae. This
knowledge lays the groundwork for further investigations, which could lead to the
development of targeted strategies for using or avoiding the cytotoxic effects of escin
in different biological contexts.
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Chapter 5: - Structure-activity relationship of the
escin isomers on S. cerevisiae growth and
Inhibition

Due to the interesting relationship of escin with the erg3A mutant, it was decided to
investigate the bioactive isomers of escin to determine the structure-activity

relationship of the isomers.

5.1 Escin isomers

As previously mentioned in Chapter 4, complete escin is a mixture of many
glycosylated triterpenoids. The biologically active compounds, escin 1a, escin 1b,
isoescin 1a and isoescin 1 (Figure 55) were further investigated to identify whether
there were differences in the toxicity to S. cerevisiae and ergosterol biosynthesis
mutants. We received characterised fractions of escin from Unilever, containing escin

1a, escin 1b, isoescin 1a and isoescin 1b with a purity of 80 %.

The effect of the escin isomers on S. cerevisiae growth has not been studied.
Therefore, we conducted growth assays on WT S. cerevisiae using the same
methodology as described in Chapter 4 where we identified the MIC of complete escin.
It was found that the MIC of escin on WT and mutant S. cerevisiae was 175 ug.mL""’
in YPD and 62.5 yg.mL-" in CSM.
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Figure 55: - The most bioactive escin isomers. A) escin l1a, B) escin 1b, C) isoescin
la, D) isoescin 1b. Escin 1la and escin 1b have an acetyl group at position C22, and
a hydroxyl at position (B). Isoescin 1a and isoescin 1b have a hydroxyl group at
position C22, an acetyl at position C28 and an acid at C21. The acid group is either
tiglic acid (C) or an angelic acid (D). C28 and an acid at C21. The acid group is either
tiglic acid (A) or an angelic acid.
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5.1.1 Effects of €scin isomers on growth of S. cerevisiae and ergosterol
biosynthesis mutants grown in YPD

In the case of WT S. cerevisiae, complete escin inhibited growth completely after 24
hours (Figure 56A). However, when only escin 1a was present, we observed growth
at the concentration of 125 ug.mL"" but not at higher concentrations. In contrast, escin
1b alone showed a similar inhibitory effect as complete escin, with no growth observed
at any of the tested concentrations. This suggests that escin 1b has a stronger impact
on WT S. cerevisiae compared to escin 1a, as the growth pattern in escin 1b mirrors
that of complete escin. The fact that escin 1a does not show an inhibitory effect at 125
ug.mL" indicates that the WT is more tolerant to this isomer than to escin 1b. In
contrast, there was no significant change in the growth of the WT at any of the tested
concentrations in the presence of isoescin 1a or isoescin 1b, indicating that these two

isomers alone do not have inhibitory properties against the WT strain.

Due to the differences seen in escin 1a and escin 1b, we decided to mix them both at
a 1:1 ratio to attempt a restoration of full toxicity known percentages of escin 1a to
escin 1b in horse chestnuts naturally, which is roughly 1:1 (Savarino et al., 2023).
When we mixed escin 1a and escin 1b in a 1:1 ratio, we observed some growth at 125
ug.mL" and no growth at higher concentrations. We can conclude that escin 1b
contributes to the toxicity of complete escin more than escin 1a. These findings
suggest that complete escin contains a higher proportion of escin 1b than escin 1a
since the growth at 125 ug.mL" is more indicative of the growth pattern in the
presence of escin 1a, which does not correlate with the current literature. Savrarino et
al., 2023 observed that escin 1a and escin 1b are present in horse chestnuts at a
percentage of 21.7 and 18.4 % respectively and therefore, there must be otherisomers

present in complete escin that is affecting the viability of the cells.

These findings indicate that the structural characteristics of the escin isomers are
associated with their inhibitory effects. Both escin 1a and escin 1b have an acetyl
group at position C22, which is absent in the isoescins. Additionally, the angelic acid

at position C21, present in escin 1b, exhibits greater biological activity compared to
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the tiglic acid found in escin 1a. Therefore, the positioning of the acid and acetyl groups
are responsible for the inhibitory effect of these compounds on WT S. cerevisiae.
Considering the stronger inhibitory effect of escin 1b, we can hypothesise that the
position of the angelic acid plays a role in this inhibition. It is plausible that the proximity
of the acid and acetyl groups in space allows for interactions between them, thereby
resulting in enhanced inhibition. In escin 1b the region between the C21 angelic acid
and C22 acetyl group is a bit more open than that in escin 1a, due to the conformation
of the tiglic acid group. This more open conformation may be the reason for the
increased inhibitory effect, as there is more room for interactions with ergosterol. In
contrast with the isoescins, the acetyl group is found on position C28, which is even
further away than the C21 acid group in space. The difference in stereochemistry may
play a role too, as in the isoescins C21 acid and C28 acetyl project from the plane in
the same direction, which is not the case for the C21 acid and C22 acetyl in escin 1a
and 1b (Figure 55). Therefore, the distance between the acid group at C21 and the
acetyl at either C22/C28 plays a role in the inhibitory effect of the different escin

isomers.

To further consolidate these findings, we investigated the impact of escin 1a, escin 1b,
isoescin 1a, isoescin 1b, and a mixture of escin 1a and 1b on ergosterol biosynthesis
mutants. Beginning with the erg4A mutant which exhibited no growth when exposed
to complete escin at concentrations of 125, 250, or 500 ug.mL" (Figure 56B). This
lack of growth was also observed in the presence of escin 1a and escin 1b.
Furthermore, there was no noticeable change in the growth of the erg4A mutant when
isoescin 1a was present. However, in the presence of isoescin 1b, we observed growth
inhibition at the concentration of 500 ug.mL' and a decrease in growth at the
concentration of 250 ug.mL™". This observation is intriguing since the isoescins were
previously shown to be non-inhibitory to WT yeast. However, our results indicate that
isoescin 1b does exhibit inhibitory effects on the erg4A mutant at high concentrations.

When escin 1a and 1b were combined, no growth was observed in the erg4A mutant.

The ergbA mutant displayed a very similar growth pattern to the erg4A mutant. No
growth was observed in the presence of complete escin, escin 1a, and escin 1b (Figure

56C). In the isoescin 1a condition, the growth of the ergbA mutant was comparable to
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that of the WT. However, in the isoescin 1b condition, growth was observed except at
the concentration of 500 pug.mL-". Similarly, when the mixture of escin 1a and escin 1b
was tested, no growth of the ergbA mutant was observed at any of the tested

concentrations.

The erg3A mutant showed no inhibition in any of the concentrations tested and this
did not change in the presence of the different isomers (Figure 56D).

In the erg2A mutant, we observed growth inhibition at concentrations of 250 ug.mL"’
and above in the presence of complete escin. However, there was reduced growth,
32.4 % of that of the erg2A mutant at 0 pg.mL"" escin, at the concentration of 125
ug.mL-" (Figure 56E). This suggests that the erg24A mutant may exhibit slightly higher
tolerance to complete escin compared to the WT. In the presence of escin 1a, we
observed growth like the no escin control (1.25 % methanol) at 125 ug.mL", reduced
growth at 250 yg.mL"' compared to the WT (30 % of that of the WT at 0 ug.mL"" escin),
and no growth at 500 ug.mL-"'. For escin 1b, we observed some growth at 125 ug.mL"
! but not at higher concentrations. These results further support the hypothesis that
escin 1b has stronger inhibitory effects than escin 1a, as the erg24 mutant was still
able to grow to some extent in the presence of 250 ug.mL™" escin 1a. When examining
the isoescins, we observed that the erg2A mutant displayed reduced growth compared
to the WT, although it still exhibited growth. This suggests that the isoescins are
relatively harmless to the yeast, and the decreased growth in the erg2A mutant could
be attributed to the mutant strain's overall reduced tolerance and slower growth
characteristics. In the case of the 1:1 mixture of escin 1a and 1b, we observed growth
at 125 ug.mL™" but not at higher concentrations, which aligns with the similar results

observed in the WT under the same conditions (Figure 56A).

This heightened tolerance in the erg2A mutant could be attributed to the structural
similarities in the membrane sterol composition between the erg2A and erg3A
mutants. The structures of ergosta-8-enol and fecosterol (the most common sterols in

the erg2A mutant) and ergosta-7,22-dienol (the most prevalent sterol in the erg3A
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mutant) are similar in the sense that they both have only one double bond in the B
ring. Although they are in different positions, the presence of only one double bond
appears to play a crucial role. The absence of two double bonds in the B ring could
potentially impede the ability of escin to interact with the sterol, leading to the increased

tolerance observed in the erg3A mutant.

The ergbA mutant did not exhibit any growth at any of the tested concentrations in the
presence of escin 1a and escin 1b. Only a minor decrease in growth was observed in
the presence of isoescin 1a at concentrations of 250 and 500 pug.mLt. However,
growth inhibition was evident when isoescin 1b was present at a concentration of 500
ug.mL1. Similar to the erg5A mutant, the growth of the erg6A mutant was completely

inhibited when a mixture of escin 1a and 1b was introduced to the culture (Figure 56F).
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Figure 56: - Bar charts illustrating the growth of S. cerevisiae relative to 0 pg.mL"
L escin in YPD after 24 hours of growth. A) Growth of WT in the presence of 125,
250, and 500 pg.mLt complete escin, escin 1a, escin 1b, isoescin 1a, isoescin 1b,
and a mixture of escin 1a and 1b at a 1:1 ratio. B) Growth of the erg4A mutant in the
presence of 125, 250, and 500 pug.mL* complete escin, escin 1a, escin 1b, isoescin
la, isoescin 1b, and a mixture of escin 1la and 1b at a 1:1 ratio. C) Growth of the ergbA
mutant in the presence of 125, 250, and 500 pg.mL-t complete escin, escin 1a, escin
1b, isoescin 1a, isoescin 1b, and a mixture of escin 1la and 1b ata 1:1 ratio. D) Growth
of the erg3A mutant in the presence of 125, 250, and 500 pug.mL* complete escin,
escin 1a, escin 1b, isoescin 1a, isoescin 1b, and a mixture of escin 1a and 1b ata 1:1
ratio. E) Growth of the erg2A mutant in the presence of 125, 250, and 500 pg.mL
complete escin, escin 1a, escin 1b, isoescin 1a, isoescin 1b, and a mixture of escin 1a
and 1b at a 1:1 ratio. F) Growth of the erg6A mutant in the presence of 125, 250, and
500 pg.mL* complete escin, escin 1a, escin 1b, isoescin 1a, isoescin 1b, and a mixture
of escin 1a and 1b at a 1:1 ratio. Relative averages compared to the 0 ug.mL™! control,
and standard deviation were plotted. Statistical analysis was performed using a one-
way ANOVA to compare each treatment to the 0 pg.mL™? escin sample. The sample
size is n=3, and p-values are indicated as follows: * < 0.05, ** < 0.01, *** < 0.001, ****
< 0.0001.
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5.1.2 Effects of escin isomers on the growth of S. cerevisiae and
ergosterol biosynthesis mutants grown in CSM

When cultivated in CSM at concentrations of 31.25, 62.5, and 125 ug.mL"" for each
treatment, we observed outcomes like those grown in YPD. The concentrations used
in CSM were lower due to the MIC of S. cerevisiae in the presence of escin being 62.5

ug.mL-!, whereas it was 175 ug.mL"" in YPD.

In the case of the WT, it is evident that complete escin slightly inhibits growth at 31.25
ug.mL" (78.6 % of that of the WT at 0 yg.mL"") and fully inhibits growth at 62.5 yg.mL""
and higher (Figure 57A). Escin 1b has a more pronounced inhibitory effect on the WT
compared to escin 1a, particularly at the 62.5 ug.mL-' concentration. However, there
was no difference in growth when treated with isoescin 1a and 1b, compared to the
control with 0 ug.mL™" of escin. When escin 1a and escin 1b are combined in a 1:1
ratio, we observe a growth pattern similar to the escin 1b treatment, further indicating
that escin 1b is more toxic than escin 1a. The absence of a consistent inhibition pattern
with either escin 1a or 1b in comparison to complete escin suggests that other isomers
present in complete escin might play a role in the inhibition, particularly in WT cultures

grown in CSM.

These findings provide additional support for the hypothesis that complete escin is
more toxic to S. cerevisiae in CSM than in YPD. Moreover, the structural differences
of escin 1a, escin 1b, isoescin 1a, and isoescin 1b, and their effects on toxicity are
evident here as well, with escin 1b showing more growth inhibition at 62.5 pyg.mL""
compared to escin 1a. Likewise, the S. cerevisiae grown in the presence of isoescin
1a and isoescin 1b in CSM shows comparable growth to the control with 0 ug.mL-" of

escin, similar to the YPD-grown cultures.

For the erg4A mutant, there was no growth observed in the presence of complete
escin, across all concentrations tested in CSM (Figure 57B). This finding provides

further evidence that the erg4A mutant is less tolerant to complete escin compared to
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the WT strain. When exposed to escin 1a, growth was comparable to the 0 pg.mL""
escin control at 31.25 ug.mL™", but growth was inhibited at higher concentrations. A
similar pattern was observed for cultures treated with escin 1b. In the case of isoescin
1a, there was no significant difference in growth, whereas isoescin 1b led to inhibited
growth at 125 pyg.mL-'. These results parallel those observed with the erg4A mutant
grown in YPD and treated with isoescin 1b, where isoescin 1a had no inhibitory effect,

while isoescin 1b did.

This provides additional evidence that the configuration of escin 1b and isoescin 1b
has a stronger inhibitory effect on the yeast compared to escin 1a and isoescin 1a,
suggesting that the angelic conformation of the acid at C21 plays a more significant
role in inhibition than the tiglic acid at C21 found in escin 1a and isoescin 1a. When
escin 1a and escin 1b were combined, growth inhibition was observed at all tested
concentrations. The inhibition observed in the mixture of escin 1a and escin 1b
indicates a synergistic effect, where the two components work together. This is evident
from the fact that when treated with escin 1a and escin 1b individually, the erg4A
mutant's growth is comparable to the WT strain. However, when both components are
mixed at a 1:1 ratio, growth inhibition occurs. This suggests that the presence of both
escin 1a and 1b may interact in a way that increases the affinity towards ergosterol,

thereby causing heightened growth inhibition.

In the ergbA mutant, complete growth inhibition was observed when exposed to both
complete escin and escin 1b at all three tested concentrations (Figure 57C). However,
there was reduced growth at 31.25 ug.mL™" of escin 1a (60 % of that of the erg5A
mutant with 0 ug.mL™" of escin), reaffirming that escin 1a is less inhibitory compared
to escin 1b. When treated with isoescin 1a, the growth was comparable to the 0
ug.mL-! escin control, whereas isoescin 1b led to inhibition at 125 ug.mL-'. Upon
mixing escin 1a and escin 1b, reduced growth was observed at the 31.25 ug.mL"’
concentration, and no growth was evident at the higher concentrations. The observed
reduction in growth resembles that of the escin 1a sample, this is likely to be due to
the lower concentration of escin 1b in the media, which explains the lack of complete

inhibition.
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In the erg3A mutant, there was no significant difference in growth in the presence of
any of the treatments (Figure 57D). Although there was a slight reduction in growth at
the 125 ug.mL-' concentration for all treatments, none of them led to complete growth
inhibition. This slight reduction in growth might be attributed to the very high escin
concentration in CSM, keeping in mind that the MIC of complete escin on S. cerevisiae
in CSM is 62.5 ug.mL"". While it may be possible to grow the erg3A mutant in 1
mg.mL-" complete escin in YPD, this is not the case in CSM without experiencing some

minor growth reductions.

In the erg2A mutant, we observed inhibited growth in the presence of complete escin
at all tested concentrations (Figure 57E). When exposed to escin 1a, growth was
observed even at the MIC (62.5 yg.mL-"), but not at the higher concentration of 125
ug.mL. In the presence of escin 1b, there was growth at the lowest concentration but
not at higher concentrations. However, growth inhibition was evident in the erg2A
mutant when treated with 125 ug,mL" of complete escin, escin 1a, and escin 1b. When
escin 1a and escin 1b were combined, a growth pattern like the escin 1b culture was
observed, with reduced growth at 31.25 ug.mL"" and significantly reduced growth at
62.5 and 125 uyg.mL".

In the erg6A mutant, minimal growth was observed in the presence of 31.25 ug.mL""
of complete escin, and complete growth inhibition occurred in the 62.5 and 125
ug.mL-! samples (Figure 57F). However, in the presence of escin 1a and 1b, similar
results were obtained. Some growth was observed at the 31.25 ug.mL-! concentration,
with growth inhibition at higher concentrations. WWhen exposed to isoescin 1a and
isoescin 1b, there was no inhibition of growth in the erg6A mutant, but there was some
reduced growth at 125 ug.mL-" of isoescin 1b. Upon mixing escin 1a and 1b, almost
complete inhibition was observed at all concentrations tested, with slight growth (31 %

of that of the erg6A mutant with 0 ug.mL-! of escin) remaining at 31.25 ug.mL-".
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Figure 57: - Bar charts illustrating the growth of S. cerevisiae relative to 0
pug.mL* escin in CSM after 24 hours of growth. A) Growth of WT in the presence of
125, 250, and 500 pg.mL* complete escin, escin 1a, escin 1b, isoescin 1a, isoescin
1b, and a mixture of escin 1a and 1b at a 1:1 ratio. B) Growth of the erg4A mutant in
the presence of 125, 250, and 500 pug.mL* complete escin, escin 1a, escin 1b, isoescin
la, isoescin 1b, and a mixture of escin 1a and 1b at a 1:1 ratio. C) Growth of the ergbA
mutant in the presence of 125, 250, and 500 pg.mL-! complete escin, escin 1a, escin
1b, isoescin 1a, isoescin 1b, and a mixture of escin 1a and 1b at a 1:1 ratio. D) Growth
of the erg3A mutant in the presence of 125, 250, and 500 pug.mL™* complete escin,
escin 1a, escin 1b, isoescin 1a, isoescin 1b, and a mixture of escin 1a and 1b ata 1:1
ratio. E) Growth of the erg2A mutant in the presence of 125, 250, and 500 pg.mLt
complete escin, escin 1a, escin 1b, isoescin 1a, isoescin 1b, and a mixture of escin 1a
and 1b at a 1:1 ratio. F) Growth of the erg6A mutant in the presence of 125, 250, and
500 pg.mL* complete escin, escin 1a, escin 1b, isoescin 1a, isoescin 1b, and a mixture
of escin 1a and 1b at a 1:1 ratio. Relative averages compared to the 0 ug.m_L control,
and standard deviation were plotted. Statistical analysis was performed using a
one-way ANOVA to compare each treatment to the 0 pg.mL™? escin sample. The
sample size is n=3, and p-values are indicated as follows: * < 0.05, ** < 0.01, *** <
0.001, **** < 0.0001.

In conclusion, the findings from this study provide valuable insights into the toxicity
and inhibitory effects of the escin isomers on WT and ergosterol biosynthesis mutant
S. cerevisiae. The main conclusions drawn from the results are as follows: a) the
isoescins exhibit significantly lower toxicity towards S. cerevisiae compared to the
escins, b) escin 1b demonstrates a more pronounced inhibitory effect on the WT and
the majority of ergosterol biosynthesis mutants growth than escin 1a, c) complete
escin contains a higher concentration of escin 1b and escin 1a compared to isoescin
1a and isoesicn 1b, d) isoescin 1b is the more toxic than isoescin 1a. The greater
inhibitory effect of escin 1b and isoescin 1b compared to escin 1a and isoescin 1a
suggests that the structural differences, specifically the presence of the angelic acid
group at position C21, play a crucial role in this function. The hypothesis is that escin
1b and isoescin 1b have a stronger interaction between the angelic acid group at

position C21 and ergosterol, potentially contributing to the removal of ergosterol from
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the membrane and thus inducing cell death. Esicn 1a and isoescin 1a have the tiglic
acid conformation at position C21 and this is less inhibitory to the yeast. Additionally,
the acetyl group at position C22, as seen in escin 1b and escin 1a, may further
enhance the interaction between escin and ergosterol, intensifying its impact on

membrane integrity.

The sterol composition of the ergosterol biosynthesis mutants plays a significant role
in determining their tolerance to escin. The presence or absence of specific double
bonds in the B ring of the sterols appears to be crucial. For instance, the erg34A mutant
is unique in having only one double bond in the B ring, which is not found in the sterols
produced by the other ergosterol biosynthesis mutants. The other mutants have at
least one sterol that contains a second double bond in the B ring. In the case of the
erg2A mutant, it possesses one double bond in the two most prominent sterols it
produces, which might explain its slightly increased tolerance to escin compared to
the WT strain.

These findings deepen our understanding of the structure-activity relationships of the
escin isomers, shedding light on their mode of action and potential implications for

further research and development of related compounds.
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5.2 Differential gene expression in the presence of escin 1b
and isoescin 1a

Likewise, to the experiment conducted in chapter 4.5, It was decided to focus on our
panel of stress response genes (LAM4, AREZ2, UPC2 and ERG11; described in
chapter 4.5) and investigate the impact of escin 1b and isoescin 1a on the gene
expression in WT S. cerevisiae and the ergosterol biosynthesis mutants. In the
previous chapter, we discussed the difference in toxicity between the escin isomers
towards WT S. cerevisiae, which implies potential dissimilarities in gene expression
when exposed to different isomers. For this analysis, we specifically chose escin 1b
and isoescin 1a due to their contrasting structural configurations (Figure 58). Escin 1b
has an angelic acid group at C21 and an acetyl group at C22, while isoescin 1a
features a tiglic acid group at C21, a hydroxyl group at C22, and an acetyl group at
C28.

CH,OH OH OH
0.0 Q.0
OH OH
HO . HO
CH;0OH Escin 1b GH-0OH .
on G oH |2 Isoescin 1a
[+ e o 0
OH OH
H Hi
OH OH

Figure 58: - Structural comparison of escin 1b and isoescin 1a.

In both the WT (Figure 59A) and the ergbA mutant (Figure 59E), the presence of escin
1b (100 pg.mL™) resulted in a decrease in LAM4 expression, resulting in a 0.6-fold
and 0.7-fold decrease. On the other hand, no significant difference was observed in
LAM4 expression when isoescin 1la was present compared to the control in the WT or

the mutants.
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Figure 59: - Analysis of the gene expression relative to the methanol controls
for four genes of interest in the presence or absence of escin 1b (100 pg.mL™?)
or isoescin l1a (100 pg.mL™?). Expression levels were normalised to the mean of the
individual methanol controls. The following strains were investigated A) WT, B) erg44,
C) ergbA, D) erg3A, E) erg2A and F) erg6A. The expression levels of these genes
were compared between the methanol control and exposure to escin 1b or isoescin
la (100 pg.mL™1). For statistical analysis, multiple t-tests were conducted to compare
each treatment with its respective methanol control. The sample size was n=3. The p-

values are indicated as follows: * =< 0.05, * =<0.01, *** =<0.001, **** =< 0.0001.
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The specific reduction in LAM4 expression observed in the presence of escin 1b, but
not with complete escin, suggests that in the WT, ergosterol depletion prevents its
binding to Lam4p (refer to chapter 4.5 for protein functions). This finding supports the
hypothesis that escin, particularly escin 1b, effectively removes ergosterol from the
PM. Furthermore, the absence of differential LAM4 expression in the presence of
isoescin 1a further suggests that escin 1b plays a more active role in ergosterol
removal from the PM. In the erg5A mutant, the primary sterol produced is ergosta-5,7-
dienol which has a highly similar structure to ergosterol (Figure 60), LAM4 expression
also decreased in the presence of escin 1b. These sterols share a common cyclic
backbone with two double bonds in the B ring, specifically between positions C5-6 and
C7-8. However, ergosterol has an additional double bond between C22-23, which is
absent in ergosta-5,7-dienol. Hence, the decrease in LAM4 expression in the presence
of escin 1b in the ergbA mutant may be attributed to the removal of ergosta-5,7-dienol
from the PM, similar to the hypothesised removal of ergosterol in the WT strain. The
depletion of these sterols subsequently reduces the requirement for Lam4p, leading

to decreased transcription of the LAM4 gene.

A) Ergosta-5,7-dienol B) Ergosterol

Figure 60: - Structures of the predominant sterols found in the ergbA mutant and

WT. A) ergosta-5,7-dienol and B) ergosterol. The red bond shows the difference

between the two sterols

Significant differences in UPC2 expression were observed, particularly in the erg2A,
erg4A, ergbA and erg6A mutants (Figure 59B, D, 3 and F). Escin 1b caused a 2.7-fold
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increase in expression in the erg2A mutant, a 4.7-fold increase in the erg4A mutant, a
2-fold increase in the ergbA mutant and a 2.2-fold increase in the erg6A mutant. On
the other hand, isoescin 1a led to a 1.6-fold increase in the erg2A mutant but a 0.6-

fold decrease in the ergbA mutant.

The significant increase in UPC2 expression observed in all the mutants, except the
erg34A mutant, along with the non-significant increase in the WT strain, demonstrates
the effectiveness of this gene as a stress indicator. It is not surprising to find that the
expression of UPC2 remains unchanged in the presence of escin 1b in the erg3A
mutant, as this mutant has been shown to tolerate high concentrations of complete
escin. However, noticeable changes in UPC2 expression are observed in the other
mutants. These findings suggest the possibility of synergistic effects among the escin
isomers present in complete escin. Escin 1b induces a reduction in sterol levels in the
mutants, indicating that the presence of other isomers is necessary to achieve this
sterol decrease in the WT strain. This observation is further supported by the data on
isoescin 1a, where an increase in UPC2 expression is observed in the erg2A mutant,
despite the assumption that this isomer is less toxic than escin 1b. In this case, it is
plausible that isoescin 1a can bind to the predominant sterol (ergosta-8-enol) in the
erg2/A mutant and remove it from the PM, preventing its potential interaction with
Upc2p. Conversely, the decrease in UPC2 expression in the ergbA mutant further
suggests for the synergistic effect of the escin isomers. In this scenario, isoescin la
fails to reduce the sterol content in the membrane, thereby failing to activate Upc2p

and resulting in decreased expression of UPC2.

In the case of ARE2, no expression differences were observed in the presence of
isoescin for any of the strains. However, escin 1b resulted in a 3.2-fold increase in
expression in the erg4A mutant (Figure 59D). ERG11 expression exhibited changes
in the presence of isoescin 1b in the erg34, erg44, and ergbA mutants (Figure 59C,
D and E). Notably, a 1.4-fold increase was observed in the erg3A mutant, whereas the

erg4A and ergbA mutants displayed 0.4-fold and 0.3-fold decreases, respectively.

The observation that ERG11 expression only changed upon the addition of isoescin
la is intriguing. Interestingly, the erg3A, erg4A, and ergbA sterol mutants exhibit

distinct responses to complete escin in terms of growth (refer to Figure 4.4). Notably,
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the erg3A mutant demonstrates tolerance to complete escin up to 1 mg.mL?, a
significantly higher concentration compared to the other two mutants. The unique
characteristic of the erg3A mutant sterols is the presence of a single double bond in
the B ring of the sterol backbone between positions C7-8, which is absent in the other
mutants. This suggests that perhaps only the isoescins can interact with these specific
sterols, thereby explaining the observed activation of ERG11 expression. This could
also shed light on why the erg3A mutant exhibits higher tolerance to complete escin,
as it is possible that only the isoescins (the less toxic isomers) can interact with the
erg3A mutant sterols, rendering them more resistant to the effects of complete escin.
The decreases in ERG11 expression in the erg4A and ergbA mutants are likely due
to the similarities in their sterols. Erg4p and Erg5p are sequential enzymes in the
ergosterol biosynthesis pathway (refer to figure 3.4), resulting in the main sterols
having only a difference of two double bonds. Ergosta-5,7-dienol (the predominant
sterol in the ergbA mutant) lacks double bonds in the branching chain, while ergosta-
5,7,22,24(28)-tetraenol (the sterol present in the erg4A mutant) has two double bonds,
one between positions C22-23 and another between positions C24-28 (Figure 61).
The decrease in ERG11 expression could be attributed to these sterols binding to
Upc2p and subsequently repressing its activity, given that they share the closest
structural backbone as ergosterol. In the presence of isoescin 1b, there is reduced
pressure on the cell to produce more sterols (considering that isoescin la is less toxic
than escin 1b and is believed not to extract sterols from the membrane). Consequently,

the expression of ERG11 is decreased.

In conclusion, our findings highlight the critical role of specific groups located at the
C21 and C22 positions of escin in exerting inhibitory effects on S. cerevisiae and
ergosterol biosynthesis mutant strains. The presence of the angelic acid group at
position C21 in escin 1b appears to contribute to its heightened toxicity compared to
escin 1a and isoescins. The positioning of the acetyl group is also pivotal for the toxicity
of complete escin, as isoescins exhibit significantly fewer inhibitory effects on WT S.

cerevisiae compared to escins.

193



A) Ergosta-5,7-dienol B) Ergosta-5,7,22,24(28)-tetraenol

Figure 61: - Structures of the predominant sterols found in the erg54 and erg4A
mutants. A) ergosta-5,7-dienol and B) ergosta-5,7,22,24(28)-tetraenol. The red bond

shows the difference between the two sterols.

Moreover, we observed a synergistic effect between the escin isomers when mixed at
a 1:1 ratio, the pattern of inhibition differed from that of complete escin. This suggests
that the presence of other escin isomers may inhibit or mitigate the toxicity of escin 1b
and escin 1a. This is further supported by the gene expression changes observed,
particularly in the expression patterns of LAM4. However, simple modifications such
as hydroxylation at C21 and C22 do not seem to play a significant role in complete

escin toxicity.

Furthermore, our results indicate that the sterol content of the ergosterol biosynthesis
mutants influences the toxicity of complete escin. The sterols found in the erg3A
mutant (episterol, ergosta-7-enol, and ergosta-7,22-dienol; refer to chapter 3.3)
remain unaffected by the escin isomers. These sterols possess a single double bond
in the B ring, specifically between positions C7-8 (Figure 62). This isolated double
bond alone does not exist in other sterols produced by either WT S. cerevisiae or
ergosterol biosynthesis mutants. Hence, the position of this double bond appears to
be crucial for escin binding. When this double bond is present alone, escin cannot
interact with the sterol, thereby failing to inhibit growth. However, when this double

bond is accompanied by other double bonds in the B ring, escin can interact and
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induce inhibition. These findings show the structural and functional factors of complete
escin toxicity and provide insight for further investigations and potential applications.

B) Ergosta-7-enol "<,

CH,

HO HO

CHj

HO

Figure 62: - Structures of the erg34A mutant sterols. A) episterol, B)
ergosta-7-enol, and C) ergosta-7,22-dienol.
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5.3 Investigation into the C21 and C22 groups and the impact
on structure-activity relationship

To further explore the significance of the C21 and C22 groups in the escin isomers
and their associated toxicity, our investigation extended to commercially available
triterpenoids with similar structures (Figure 63). Limited options exist for compounds
that closely resemble the general structure of escin from the precursor $-amyrin, with
soyasapogenol B, soyasapogenol A, and protoescigenin being the only candidates
commercially available. These compounds exhibit minor structural variations, with
soyasapogenol B featuring a hydroxyl group at position C22, soyasapogenol A having
an additional hydroxyl group at position C21, and protoescigenin sharing the same
structural framework as escin but lacking the specific acetyl/acid groups at positions
C21 and C22 as well as the glycosylation at position C3 (Figure 64). Motivated by this,
we chose these triterpenoids to investigate the individual inhibitory effects of the C21
and C22 modifications, determining whether they act independently as hydroxyl
groups or not. For the scope of this study, we intended to maintain consistent
compound concentrations as previously tested in CSM. CSM was the chosen media
as the MIC of escin for S. cerevisiae is lower than that in YPD. These compounds are
only available in small quantities and there is little knowledge of the solubility in
methanol, it was deemed the lower concentrations would be the most reasonable to
test. We used the same concentrations as tested in the other CSM experiments 62.5,

100 and 250 pg.mLt (which are equivalent to 55, 88, and 220 uM respectively).
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Protoescigenin ) Soyasapogenol A ) Kudzusapogenol C

OH

Figure 63: - Sequence of structures depicting the transformation from B-amyrin

to escin. Each structure exhibits only one or two distinct differences from the
preceding one. It is important to note that these structures are not presented in
sequential order and are not synthesised by the same species. The purpose of this
representation is solely to emphasise the singular differences in the structures, which

are circled in red.

The presence of soyasapogenol A, soyasapogenol B, and protoescigenin did not
impact the growth of WT S. cerevisiae, as observed in the growth curves (Figure 64)
In fact, their growth was comparable to or even better than that of the WT at
concentrations up to 250 pug.mL1. Particularly, the presence of soyasapogenol A
resulted in slight increases in the growth of the WT (Figure 64D). These findings
indicate that the specific conformation of the acid and acetyl groups at positions C21
and C22 in escin la and escin 1b are crucial for its toxicity, while the general

hydroxylation of these carbons does not contribute significantly to its toxic properties.
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Glycosylation is recognised in the field for enhancing triterpenoid solubility, potentially
rendering them more toxic to cells (Simons et al., 2006). This effect can be attributed
to the facilitated entry of glycosylated triterpenoids into the cell membrane, which may
lead to the removal of ergosterol from the membrane and is therefore also essential in

the toxicity of escin.
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Figure 64. - Growth curves and bar charts illustrating the growth of the WT in

the presence of different escin like compounds in CSM after 48 hours of growth.

Structure and growth curve of the WT in the presence of 55, 88, and 220 pM A)

protoescigenin, B) soyasapogenol A, and C) soyasapogenol B. The sample size was

n=3 and averages have been plotted. Bar chart of the WT relative to the methanol

control in the presence of 55, 88, and 220 uM D) protoescigenin, E) soyasapogenol

A, F) soyasapogenol B. Statistical analysis was performed using multiple t-tests to

compare each treatment to the methanol control sample. The sample size n=3, and p-

values are indicated as follows: * < 0.05, ** <0.01, *** <0.001, **** < 0.0001.
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5.4 Discussion

This chapter provides an exploration of the toxicity and inhibitory effects of escin
isomers on both WT Saccharomyces cerevisiae and various ergosterol biosynthesis
mutants. The study delves into the structural variations among escin isomers,
specifically escin 1a, escin 1b, isoescin 1a, and isoescin 1b, and theirimpact on growth
and gene expression. The findings elucidate the intricate relationship between the

chemical structure of escin isomers and their biological activity.

The investigation starts by evaluating the growth inhibition patterns of escin isomers
on WT S. cerevisiae and ergosterol biosynthesis mutants. The study reveals
differential responses, with escin 1b demonstrating stronger inhibitory effects on both
WT and mutants compared to escin 1a and isoescins. This observation is possibly
attributed to the presence of an angelic acid group at position C21 in escin 1b,
suggesting its crucial role in the toxicity mechanism. The acetyl group at C22 is also
highlighted as significant, indicating its contribution to the interaction with ergosterol
and subsequent growth inhibition.

The synergistic effect observed when combining escin 1a and escin 1b in a 1:1 ratio
provides intriguing insights. The unique growth patterns, distinct from those of
complete escin, suggest potential interactions or counteracting effects between
different isomers. This phenomenon is further supported by the observation that the
mixture of escin 1a and 1b displays growth patterns like that of escin 1b alone,

emphasising the dominance of escin 1b in toxicity.

We also investigated ergosterol biosynthesis mutants, revealing distinct growth
patterns and responses to escin isomers. Most notably, the erg3A mutant
demonstrates higher tolerance to complete escin, which is attributed to the unique
sterol composition characterised by a single double bond in the B ring. This isolated

double bond appears to hinder the interaction with escin, leading to increased
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tolerance. Additionally, the erg2A mutant's structural similarities with erg3A contribute
to its slightly higher tolerance compared to the WT strain.

To further understand the molecular mechanisms behind escin toxicity, the study
explored the impact of escin 1b and isoescin 1a on the expression of stress response
genes (LAM4, ARE2, UPC2, and ERG11). The findings shed light on the differential
gene expression patterns, linking them to specific isomers. Escin 1b induces a
reduction in LAM4 expression, suggesting its active role in removing ergosterol from
the plasma membrane. UPC2 expression changes across various mutants indicate
the effectiveness of UPC2 as a stress indicator. The unique response of the erg34A
mutant supports the hypothesis that isoescins may interact specifically with its sterols,

leading to decreased toxicity.

In this chapter, we have highlighted examples of how structure plays a role in toxicity.
The presence of the angelic acid group at C21 in escin 1b is shown as a key factor in
its heightened toxicity, with potential interactions with ergosterol contributing to
membrane disruption and cell death. The acetyl group at C22 is recognised for its role
in enhancing the interaction with ergosterol, intensifying the impact on membrane
integrity. The study concludes that simple modifications, such as hydroxylation at C21

and C22, do not significantly affect the toxicity of complete escin.

In conclusion, this chapter provides a thorough analysis of the complex relationship
between escin isomers and S. cerevisiae, uncovering crucial structural determinants
of toxicity. The combination of growth assays and gene expression analyses deepens
our understanding of the underlying mechanisms, offering valuable insights for future
studies and potential applications in various fields.
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Chapter 6: - Production of escin-like glycosylated
triterpenoids in  S. cerevisiae.

6.1 JEscin

6.1.1 JEscin production

To assess the impact on the production of triterpenoids in strains containing the erg3A
mutant, we aimed to synthesise a compound closely resembling escin, which we
henceforth refer to as JEscin. We decided to try and produce this rather than escin as
the biosynthesis steps for escin production have not yet been identified. JEscin lacks
the acetylations present at the C21 and C22 positions found in escin and instead
features hydroxylations and carboxylations (Figure 65).

Our initial approach involved utilising strain TME9O0 (provided by Dr Tessa Moses), an
S. cerevisiae strain proficient in the production of the triterpenoid erythrodiol (Figure
65A). TME90 was genetically engineered, as detailed in Chapter 1.4.2, to incorporate
additional mevalonate pathway genes, including tHMG1, ERG9, and mERG1(K311R),
which increase the pool of precursors for triterpenoid biosynthesis (Dale et al., 2020).
Furthermore, TMEQOQ features the integration of specific genes, namely AaBAS,
CYP716A75, and ATR2, into its genome. AaBAS is a B-amyrin synthase from
Artemisia annua, catalysing the cyclisation of 2,3-oxidosqualene to B-amyrin with high
efficiency (Dale et al., 2020b)). MICYP716A75 from Maesa lanceolata is a P450
cytochrome monooxygenase responsible for hydroxylating the C28 position of
B-amyrin (Moses et al., 2015; Dale et al., 2020), while ATR2 functions as an NADPH
cytochrome P450 reductase, supplying electrons for the CYP-mediated hydroxylation

reaction.
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Figure 65: - The structures of erythrodiol, escin, and JEscin exhibit distinct
features. A) Erythrodiol showcases hydroxylations at positions C3 and 28. B) Escin
displays modifications at positions C21, C22, C28, and C16. Additionally,
glycosylations are present at the C3 positions of the backbone. C) JEscin contains a
C3 glucuronic acid moiety and hydroxylations at positions C21, 22, 16, 24, and 28.
Despite the structural differences, the pentacyclic backbone remains consistent across
all compounds. JEscin can theoretically be synthesised by modifying erythrodiol
through the involvement of cytochrome P450 monooxygenases (CYPs) and UDP

glycosyltransferases (UGTSs).

Given the substantial structural differences between erythrodiol and JEscin (Figure

65A; Figure 65C), additional cytochrome P450 enzymes (CYPs) were deemed
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necessary for the modification of C16, C21, C22, and C24 positions in erythrodiol.
Additionally, uridine diphosphate glycosyltransferases (UGTs) were required to
glycosylate the C3 region. Consequently, we introduced BfCYP716Y1 (for C16
hydroxylation), MtCYP72A61v2 (for C22 hydroxylation), PvCYP939E (for C24
hydroxylation), GmCYP72A69 (for C21 hydroxylation), HSUGT1A3 (for C3
glycosylation), and AtUGD1 (for C3 glucose to glucuronic acid conversion). As the
genes necessary for escin production were not fully identified, these genes were
sourced from various organisms, including Bupleurum falcatum, Medicago trunculata,
Phaseolus vulgaris, Glycine max, Homo sapiens, and Arabidopsis thaliana (Oka &
Jigami, 2006; Lu et al., 2009; Seki et al., 2011; Fukushima et al., 2013; Moses et al.,
2014; Moses et al., 2014c; Gao et al., 2016; Yano et al., 2017; He et al., 2019).

Plasmids for the transient and chromosomal integration of the genes were constructed
using the MoClo-YTK method (Lee et al.,, 2015), and these genes were codon-
optimised by Dr Matt Dale. The genes were assembled into transcriptional units
comprising promoters, genes, and terminators, all driven by galactose-inducible
promoters. This design allowed for a clear separation between the growth and
production phases. Initially, strains were cultured in glucose-containing media, and
once they reached the desired growth stage, the media was transitioned to
galactose-containing media, facilitating the transcription and translation of the
introduced genes. This is especially important as we do not know if or how strongly

JEscin will inhibit the growth of the strains.

For transient expression of the JEscin transcriptional units, plasmids (Table 5) were
introduced either in sets of three, with two full plasmids harbouring all six
transcriptional units, or individually, enabling the evaluation of enzyme productivity.
The backbone plasmids employed featured HIS3 and LEU2 genes, enabling plasmid
selection upon transformation into TME90 via media lacking histidine or leucine.
Additionally, the backbone plasmids were of high copy number, ensuring the
production of lots of protein. It is worth noting that the UGT/UGD genes were not

successfully expressed in the strain, leading to the creation of strains designated as

204



JTEO1, JTEO02, JTEOQ3, JTE04, and JTEOQS (refer to Chapter 2 for complete genome
details). These strains possessed distinct combinations of the introduced CYPs.

In the case of chromosomal integration plasmids, we consolidated the six
transcriptional units into two specialised plasmids designed for integration into specific
chromosomal loci, namely the HO and 308a loci. The HO locus encodes an
endonuclease responsible for interconverting the mating-type locus (Ivanov et al.,
1994; Voth et al., 2001), a function redundant in yeast strains not intended for mating.
Moreover, the HO locus plays no essential role in yeast growth, and mutations within
this locus are commonplace in laboratory strains (Bagnaz et al., 1997; Voth et al.,
2001). The 308a region, situated on chromosome |l and adjacent to an autonomously
replicating sequence (ARS), was another integration site selected. ARS regions are
known for containing origins of replication, enabling self-replication, but the 308a
region itself is non-essential for growth, has demonstrated efficient expression of
integrated heterologous genes, demonstrates good rates for successful integration
and exceptional expression of transgenes (Yamane et al., 1998; Flagfeldt et al., 2009
Apel et al., 2017).

The plasmids designed for chromosomal integration shared a structural similarity with
transient plasmids, featuring homology arms specific to the HO or 308a loci. TME90
was transformed with the plasmids alongside a single guide RNA (sgRNA) and Cas9
protein. This combination facilitated site-directed cleavage at the targeted integration
site via sgRNA recognition of the specific DNA strand within that region. Following
identification, the Cas9 protein introduced a double-strand cut at the site.
Subsequently, the homology arms present on the introduced plasmids used
homologous recombination with the cleaved DNA strands, thereby effecting repair of
the cut while simultaneously integrating the new transcriptional units into the
chromosome. In practice, we succeeded in integrating GmCYP72A69 (responsible for
C21 hydroxylation), HsSUGT1A3 (catalysing C3 glycosylation), and AtUGD1 (mediating
C3 glucose to glucuronic acid conversion) solely in the 308a region of the TME90

strain. This was confirmed with colony PCR (cPCR).
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This comprehensive approach allowed the investigation of the potential for enhanced

escin tolerance in the erg3A mutant by synthesising JEscin in S. cerevisiae using a

set of carefully selected genes.

Table 5: - Descriptions of the plasmids produced in this study.

Plasmid Genes Relevant characteristics Strain
Transient 1 BfCYP716Y1 High copy number, HIS3. JTEO1
C16 hydroxylation
Transient2  BfCYP716Y1, High copy number, HIS3. JTEO2
MtCYP72A61v2 C16 and C22 hydroxylation
Transient3  BfCYP716Y1, High copy number, HIS3. JTEO3
PvCYP939E C16 and C24 hydroxylation
Transient4  BfCYP716Y1, High copy number, HIS3. JTEO4
MtCYP72A61y, C16, C22 and C24 JTEO5 (with
PvCYP939E hydroxylation transient 5)
Transient5 GmCYP72A69 High copy number, LEUZ. JTEOS (with
C21 hydroxylation transient 4)
pJTO017 BfCYP716Y1, HO homology X
MtCYP72A61y, C16, C22 and C24
PvCYP939E hydroxylation
pJT019 GmCYP72A69, 308a homology JTEQ9,
HsSUGT1AS3, C21 hydroxylation JTE11
AtUGD1 C3 glucuronic acid
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6.1.2 Expression of the genes required for JEscin biosynthesis

The extract from strains JTEO1, JTEO2, JTEO3, JTEO4, and JTEOS underwent GC-MS
analysis, after being cultured for two weeks, to elucidate the compounds generated
and validate the functionality of the introduced CYPs. The TME9O0 strain served as the
background, having chromosomal integration of genes responsible for erythrodiol
production, while additional CYPs were expressed on plasmids into the other yeast
strains. Specifically, JTEO1 was equipped with a CYP catalysing C16 hydroxylation.
JTEOQ2 featured both the CYP for C16 hydroxylation and another responsible for C22
hydroxylation. JTEO3 harboured the CYP for C16 hydroxylation in addition to a C24
hydroxylation CYP. JTEO4 encompassed all the CYPs mentioned thus far, while JTE0S
included all of them along with a C21 hydroxylation enzyme (Table 6).

Table 6: - Strains used in this study, the genes introduced, the modifications

present and the theoretical compound produced.

Strain Genes introduced Modification Theoretical compound
produced
TME90 tHMG1, ERGY, Overproduction of Erythrodiol
mMERG1(K311R), AaBAS, mevalonate;
CYP716A75 ATR2 C28 hydroxylation
JTEO1 TMESO; BfCYP716Y1 C28 and C16 C16-hydroxy-erythrodiol
hydroxylations
JTEO2 TMESO; BfCYP716Y1, C28, C16, C22 16, 22-dihydroxy-
MtCYP72A61v2 hydroxylations erythrodiol
JTEO3 TMESO; BfCYP716Y1, C28, C16,C24 16, 24-dihydroxy-
PvCYP939E hydroxylations erythrodiol
JTEO4 TME90, BfCYP716Y1, C28, C16, C22, 16, 22, 24-trihydroxy-
MtCYP72A61v2, C24 erythrodiol
PvCYP939E hydroxylations
JTEO5 TMESO0; BfCYP716Y1, C28, C16, C22, 16, 21, 22, 24-
MICYP72A61v2, C24,C21 tetrahydroxy-erythrodiol
PvCYP939E, hydroxylations
GmCYP72A69

The strains were cultivated in a galactose-containing medium to induce the CYPs for
two weeks, with the addition of methyl-B-cyclodextrin (MBCD). MBCD is a
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toroidal-shaped sugar molecule featuring a slightly hydrophobic interior and a slightly
hydrophilic exterior, and so possesses the unique ability to encapsulate and solubilise
hydrophobic triterpenoids. This facilitates their sequestration into the growth medium
by mitigating the toxic burden of the product and reduces the loss of volatile products
(Moses et al., 2014), resulting in the presence of triterpenoids both in the cell pellet
and the supernatant. After growth, hexane and ethyl-acetate solvent extraction
procedures were performed on both the cell pellet and supernatant, followed by
GC-MS analysis.

For identifying compounds in this chapter, we relied on the theoretical triterpenoid
fragmentation patterns outlined in (Table 7). Our analysis allowed us to confidently
confirm the presence of erythrodiol, oleanolic aldehyde, oleanolic acid, f-amyrin, and
ergosterol. Modified hydroxylated forms of erythrodiol, B-amyrin, and oleanolic
aldehyde were determined based on theoretical values for the unmodified compounds

and differences in retention time.
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Table 7: - Theoretical fragmentation patterns of triterpenoids from electron

ionisation.
Triterpenoid Molecular lons  Fragmentation
weight (Da) (m/z)
B-amyrin 426 498  Parent ion [M]*
483  [M-CH,]*
408  [M -(CH,),SiOH]*
393  [M-(CH,),SiOH, -CH,]*
218  C*DE rings of [M]*
203 C*DE rings of [M -CH,]*
189 C*DE rings of [M -CH,, -CH,]*
CH; from C28 and CH, from C17
Erythrodiol 442 586 Parent ion [M]*
571 [M -CH,]*
496  [M -(CH,),SiOH]*
481  [M -(CH,),SiOH, -CH,]*
406  [M -2(CH,),SiOH]*
391 [M-2(CH,),SiOH, -CH,]*
306  C*DE rings of [M]*
216 C*DE rings of [M -(CH;) ;SiOH]*
203 C*DE rings of [M -(CH,) ;SiOCH,]*
189  C*DE rings of [M -(CH,) ;SiOCH,, -CH, |*
CH, from C17
188  C*DE rings of [M -(CH,),SiOCH,, -CH; ]
Oleanolic 440 512 Parent ion [M]*
aldehyde
497  [M-CH,)*
232 C*DE rings of [M]*
203 C*DE rings of [M -CHO]*
189 C*DE rings of [M -CHO, -CH,]*
CH, from C17
Oleanolic 456 600 Parent ion [M]*
acid
585 [M -CH,]*
482  [M-(CH,),SiOOH |*
320 C*DE rings of [M]*
203 C*DE rings of [M -(CH,) ,Si0O0]*
202  C*DE rings of [M -(CH,) ;SiOOH]*
189  C*DE rings of [M -(CH;) ;SiO0H, -CH,]*

CH, from C17
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We observed notable differences in the triterpenoids produced by the strains.
Additionally, we noted more variety of triterpenoids in the supernatant compared to the
pellet, attributable to MBCD's role in extracting triterpenoids from the cells and

releasing them into the growth medium.

In the TME9QO pellet (Figure 66), our analysis revealed the presence of ergosterol,
erythrodiol, and, upon specific [M]* extraction, oleanolic aldehyde. Ergosterol and
erythrodiol were consistently present in the pellets of all strains. However, in the JTE02
strain, we were able to detect B-amyrin, while in JTEQS, 16-hydroxy-erythrodiol was
identified inside the cell. In the supernatants (Figure 67), our analysis unveiled a more
extensive array of triterpenoids, including oleanolic aldehyde, 16-hydroxy-erythrodiol,
16-hydroxy-B-amyrin, and 22-hydroxy-B-amyrin. These identifications were based on

the following justifications
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Figure 66: - Total ion chromatograms (TICs) of the triterpenoids and sterols
extracted from the pellet of the strains. 1, coprostanol; 2, ergosterol; 3, B-amyrin;

4, erythrodiol; 5, 16-hydroxy-erythrodiol.

210



Supernatants

x102 TME9Q0 4
1 10.707 17‘?22
| [
o5 |1 2 i 6
[\ 12796 B 19.954
0,_“— —_— L —_— A —
x102 JTEO1 4
14 10722
f 17.723 6
os{ (1 2 7 5
o 1A 12.815 15.086 S 18.730 19.972
x102 JTEQ2 4
14 10.699
t 17.704 5 6
os{ |1 2 3 7 8 fi
: ) 12.792 18.697
A 14.505 15.063 15797 19.939
Py LV W o A _14.505 15.0¢ 579 — 9.93
x10 2 JTEO3
14 10.736 1;.1725
‘ : 5
os| |1 2 7 i 6
Il Al 18.740 .
0 ! 12.822 15.097 17.236 | | / 19.803 20.776
o2 JTEO4
11 10732 7‘713‘ 5
| .
os| |1 2 ’ | 18.735
ol 12.826 15100 15837 s 19978
<02 JTEOS
14 10759
i
05 1 3
0 I o MEQ 137_11}, - 19.683

11 15 12 125 13 135 14 145 15 155 16 165 17 175 18 185 19 195 20 205 21 215 22 225 23
Counts (%) vs. Acquisition Time (min)

Figure 67: - Total ion chromatograms (TICs) of the triterpenoids and sterols
extracted from the supernatant of the strains. 1, coprostanol; 2, ergosterol; 3, B-
amyrin; 4, erythrodiol; 5, 16-hydroxy-erythrodiol; 6, oleanolic aldehyde; 7, 16-hydroxy--
amyrin; 8, 22-hydroxy-p-amyrin.

In the TMEQO0 strain, our analysis revealed the presence of several triterpenoids,
including ergosterol, B-amyrin, erythrodiol, oleanolic acid, and oleanolic aldehyde. The
identification of oleanolic aldehyde and oleanolic acid demonstrates the multifunctional
nature of the CYP enzyme, as it can modify the C28 position of erythrodiol to produce
oleanolic aldehyde, and further transform it into oleanolic acid (as discussed in

Chapter 1 regarding multifunctional CYPs).
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We previously discussed the identification of ergosterol (chapter 3), and its recognition
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Figure 68: - Spectra of ergosterol and B-amyrin. A) Ergosterol is identifiable by the
parent ion [M]* with an m/z value of 486, and other fragments at m/z values of 378,
363 and 337. B) B-amyrin is identified by the [M]* ion peak at m/z value of 496, and
other notable peaks with values of 481, 391, and 216.

was straightforward (Figure 68A). The identification of B-amyrin was achieved by
observing its [M]* ion with an m/z value of 496 (Table 7) and locating the corresponding

peak at 14.5 minutes in the chromatogram (Figure 66; Figure 67; Figure 68B).

Erythrodiol was speculated at 17.7 minutes based on its fragmentation pattern and
retention time (Figure 69A). Although we could not confirm its [M]* ion, we observed
ions at 496 (representing the removal of a trimethylsilyate group), 481, 391, and 216.

These ions correspond to the [M]* ion with the removal of a trimethylsilylate and methyl
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group (-(CHs)sSiOH, -CHs), two trimethylsilylate groups and a methyl group
(-2(CH3)3SiOH, -CHs), or the removal of the ABC* rings alongside a trimethylsilylate
group (- ABC*, -(CH3)3SiOH), respectively. Additional unannotated ions in the spectra,
indicative of erythrodiol, had m/z values of 406, 203, and 188.

Oleanolic aldehyde was speculated as the peak at 19.9 minutes, primarily due to the
presence of the 203 and 190 fragments (Figure 69C). The 203 peak represents the
C*DE rings, which have lost the ABC* rings as well as the aldehyde group (M -ABC*
ring, -CHO), while the 190 peak corresponds to the same configuration but with the
additional loss of the C17 carbon and two hydrogen molecules (-ABC* rings, -
CHO, -CHz2). Oleanolic acid, known to elute after oleanolic aldehyde (Moses et al.,

2014), was also detected in the analysis (Figure 69B).

213



A) Erythrodiol [M -(CH,),SiOH, -CH,]*

[M -ABC* rings, -(CH,),SiOH]*

CHs/, #CHs
216 l
496 28

[M -2(CH,),SiOH, -CH,]*
(H3C)5Si0

~
=

-
©
@
o
n

u\?‘l‘ I‘H \h ‘\

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
Count vs. Mass-to-Charge (m/z)

Ha,C

391g 431‘

LY Y

=23
& 8
NN
i

=270

B) Oleanolic acid

)
Q
31

@ [M ‘CH3]+ CH3/_,," CH;
[M -ABC* rings]*
J [M -TMSiOH]* oRER
s 8 | [M]*
- 320 8
p g‘ s s @ 482 , OSi(HsC): 3

R | - Y 2 583600 HC Yo
i u“l‘“ H‘ ! \L el h | (\“LJI. il L L m R R TS L. ek i )

w 282

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

Count vs. Mass-to-Charge (m/z)

C) Oleanolic aldehyde
[M -ABC* rings, -CHO, -C17, -2H]*

[M -ABC* rings, -CHO]*

203 CHs,,, #CHs

73

v

M -ABC* rings]* : o
190 [ g ]

@ I

e E‘L OSi(H5C)3 3
8 5 R N HC  TCHs
LMLML J LAMA L8 N S

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
Count vs. Mass-to-Charge (m/z)

Figure 69: - Spectra of erythrodiol, oleanolic acid and oleanolic aldehyde. Full
figure legend on next page.
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Figure 69: - Spectra of erythrodiol, oleanolic acid and oleanolic aldehyde. A)
Erythrodiol is identifiable by the presence of the ions with a 496 m/z value which
indicates the parent ion [M]* with the loss of a trimethylsilylate group. Other notable
fragments are the m/z values of 481, 391, and 216. B) Oleanolic acid is identifiable by
the parent ion [M]* with an m/z value of 600, and other fragments at m/z values of 585,
482, and 320. C) Oleanolic aldehyde was identified via an extracted ion chromatogram

(EIC), where the ion extracted was the [M]* with a m/z value of 512.

In the case of JTEO1, we observed a peak at 18.7 minutes, which we hypothesise to
be 16-hydroxy-erythrodiol based on its fragmentation patterns. The presence of an ion
at 481 m/z suggests the [M]" ion with the loss of two trimethylsilylate groups and a
methyl group. This fragmentation pattern closely resembles that of erythrodiol, leading
us to believe it is a modified version of erythrodiol. Since JTEO1 contains a C16 CYP,
we can conclude that this peak represents 16-hydroxy-erythrodiol (Figure 70). The
observed peaks align with what we would expect for erythrodiol, considering that the
parent ion of 16-hydroxy-erythrodiol would have an m/z value of 674. Thus, the ions
present in the spectra are indicative of the stepwise removal of trimethylsilylate groups.
Another supporting factor that this is 16-hydroxy-erythrodiol is its presence in all the
strains except TME90. The common factor among these strains, but not in TME90, is
the inclusion of the C16 BfCYP716Y1.This observation leads us to infer that the C16

BfCYP716Y1 is efficient and functional in these strains.
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Figure 70: - Mass spectrum of 16-hydroxy-erythrodiol.
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Similarly, 16-hydroxy-B-amyrin was suspected to be the peak at 15 minutes (Figure
71). This compound was present in all strains except TME90, and again, shared CYP
among these strains was the C16 BfCYP716Y 1. The spectra of 16-hydroxy-B-amyrin
closely resemble those of B-amyrin, with the additional removal of a trimethylsilylate
group from the C16 modification. Additionally, it is known that hydroxy--amyrin elutes
after B-amyrin but before erythrodiol, and so this result is consistent with the elution

order described in previous studies (Moses et al., 2014).
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Figure 71: - Mass spectrum of 16-hydroxy-B-amyrin.

In the case of JTEO2, we successfully identified the previously noted peaks and
additionally detected the presence of 22-hydroxy-B-amyrin (Figure 72). This
identification was based on the observed fragmentation patterns which have been
previously described. Since this peak was observed in JTEO2 and not JTEO1, we can
confirm that it is likely the C22 modified version and not the C16 modified B-amyrin.
Furthermore, this compound was also found in JTEO4. Considering that both JTE02
and JTEO4 share the C22 MICYP72A61v2, it is reasonable to infer that this

modification is consistent between them.
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Figure 72: - Mass spectrum of 22-hydroxy-B-amyrin.

Conversely, JTEO3 did not exhibit any presence of 22-hydroxy-B-amyrin, suggesting
that the combination of the three CYPs (MICYP716A75, BfCYP716Y1, PvCYP939E)
might not work effectively together. However, the presence of 16-hydroxy-erythrodiol
and 16-hydroxy-B-amyrin in JTEO3 indicates that the C16 CYP remains functional.

Nevertheless, there were no other distinct triterpenoids identified in this strain.

In JTEO4, we exclusively identified compounds that had been previously identified in
the strains, including B-amyrin, erythrodiol, 16-hydroxy-erythrodiol, oleanolic
aldehyde, 16-hydroxy-B-amyrin, and 22-hydroxy-B-amyrin. The presence of these
compounds provides insights into the relative effectiveness of different CYPs. For
instance, the consistent presence of the C16 modification in all strains suggests that
this CYP can efficiently modify both B-amyrin and erythrodiol. Similarly, the presence
of 22-hydroxy-B-amyrin indicates that the C22 CYP can modify B-amyrin, although
possibly not erythrodiol or modified erythrodiol. Notably, the C24 CYP appears to be
less effective at modifying compounds, as it was not detected at all. It is worth noting
that this pattern might have been evident in the JTEOS strain as well, but this strain did
not exhibit robust growth compared to the others, and therefore, drawing conclusions
from it is challenging due to insufficient evidence. These results justified the decision
to proceed with the chromosomal integration of genes to determine if this approach
would yield better gene expression. All the strains and the triterpenoids produced are

shown in Table 8.
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Table 8: - The triterpenoids produced and predominant sterol in each
transiently expressing strain.

Strain Sterol Triterpenoids annotated

TMEQ90 Ergosterol B-amyrin, erythrodiol, oleanolic aldehyde,
oleanolic acid

JTEO1 Ergosterol B-amyrin, erythrodiol, oleanolic aldehyde,
oleanolic acid,
16-hydroxy-B-amyrin, 16-hydroxy-erythrodiol

JTEO2 Ergosterol B-amyrin, erythrodiol, oleanolic aldehyde,
oleanolic acid, 16-hydroxy-B-amyrin,
16-hydroxy-erythrodiol

JTEO3 Ergosterol B-amyrin, erythrodiol, oleanolic aldehyde,
oleanolic acid, 16-hydroxy-B-amyrin,
16-hydroxy-erythrodiol

JTEO4 Ergosterol B-amyrin, erythrodiol, oleanolic aldehyde,
oleanolic acid, 16-hydroxy-B-amyrin,
16-hydroxy-erythrodiol

JTEOQS Ergosterol B-amyrin
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6.1.3 Analysis of chromosomal integration of JEscin genes with GC-MS

Due to not being able to integrate all six JEscin transcriptional units, the anticipated
compound produced by the chromosomal integration strains is glycosylated
21-hydroxy-erythrodiol (Figure 73). The potential toxicity of this compound towards S.
cerevisiae remains uncertain. Previous engineering efforts have enabled yeast to
produce erythrodiol, and it is known to exhibit low toxicity at the concentrations
typically generated (Dale et al., 2020). However, the glycosylated form may exhibit
increased toxicity due to the generally higher toxicity associated with glycosylated

triterpenoids compared to their aglycone counterparts (Crombie et al., 1984).

A) 21-hydroxy-erythrodiol B) Glycosylated 21-hydroxy-erythrodiol

CHsy, aCHs

OH
Figure 73: - The structure of 21-hydroxy-erythrodiol and its glycosylated

derivative. Glycosylated 21-hydroxy-erythrodiol is the hypothetical product produced
by JTEO9 and JTE11 which can be in the form of either A) 21-hydroxy-erythrodiol
aglycone or B) glycosylated 21-hydroxy-erythrodiol which has a glucuronic acid moiety

at the C3 position.

The strain produced for this study is JTEQ9, which has a TME90 background with
chromosomally integrated GmCYP72A69 (responsible for C21 hydroxylation),
HsUGT1A3 (catalysing C3 glycosylation), and AtUGD1 (mediating C3 glucose to
glucuronic acid conversion) in the 308a region of the chromosome. Therefore, the only
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differences between these two strains are the potential addition of C21 hydroxylation

and hopefully the addition of a glucuronic acid at the C3 position.

Both the pellet and supernatant underwent solvent extraction for GC- and LC-MS
analysis to confirm the localisation of triterpenoids or glycosylated triterpenoids within
the cells, ensuring they were not exported into the supernatant. This confirmation was
successfully achieved using GC-MS (Figure 74A). A comparison of the
chromatograms between the TMEQ0 pellet and supernatant demonstrated that the
supernatant (Figure 74B). contained significantly fewer detectable sterols and
triterpenoids than the pellets. While this difference was less pronounced in the case
of JTEO9 due to lower sterol and triterpenoid production, comparing the normalised
peak areas still revealed reduced detectable levels in the supernatant (Figure 75). In
this context, the minimal triterpenoid presence in the supernatant resulted from our
omission of MBCD. Across all strains, 99 % of the total erythrodiol content was

localised in the pellet, with only 1 % detected in the supernatant.
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Figure 74: - Chromatograms of the sterols and triterpenoids present in the
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TME90 pellet and supernatant. A) The TME90 contained ergosterol, B-amyrin,
oleanolic acid and oleanolic aldehyde, whereas in B) the TME90 supernatant, there
was no detectable ergosterol or oleanolic aldehyde, detectable levels of -amyrin and
oleanolic acid. Peaks at 8.9 minutes are the internal standard coprostanol. The

unannotated at peaks could not be identified as triterpenes at this time.
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Figure 75: - Chromatograms of the sterols and triterpenoids present in the
JTEQ9 pellet and supernatant. A) The JTEQ09 contained ergosterol,  -amyrin and
oleanolic acid, whereas in B) the JTEQ9 supernatant, there was no detectable
ergosterol, but detectable amounts of B-amyrin and oleanolic acid. Peaks at 8.9

minutes are the internal standard coprostanol.

The extracts from JTEQ9 alongside TME90, underwent both GC- and LC-MS
analyses. This allowed us to assess the modifications resulting from GmCYP72A69
and determine whether glycosylation had occurred at the C3 position. Upon comparing
TME90 to JTEO09, no differences were observed in the composition of the compounds
produced, as evident in the overlay image. The chromatogram (Figure 76) revealed
the presence of expected compounds such as ergosterol and erythrodiol. Additionally,
oleanolic acid and oleanolic aldehyde were extracted. However, there was no

evidence of 21-hydroxy-erythrodiol.
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Figure 76: - Chromatograms of the compounds produced in TME90 and JTE09.
A) The TME9O0 pellet had ergosterol, erythrodiol, oleanolic acid and oleanolic aldehyde
present. In the B) JTEQ9 pellet only ergosterol and erythrodiol was identified. Peaks

at 8.9 minutes are the internal standard coprostanol.

Ergosterol was confidently identified based on the previously discussed fragmentation
patterns outlined in Chapter 3. The identification of B-amyrin was facilitated by its [M]*
ion with an m/z value of 498. This was identified in the same way as discussed
previously. Furthermore, we successfully identified erythrodiol, oleanolic aldehyde,
and oleanolic acid. Oleanolic aldehyde and oleanolic acid are produced due to the
multifunctional nature of CYPs. The MICYP716A75 used to produce erythrodiol can
further oxidise the hydroxyl group at the C28 position to yield oleanolic aldehyde and
subsequently oleanolic acid. This suggests that in our strains, MICYP716A75 could
convert some of the erythrodiol to oleanolic aldehyde and then to oleanolic acid. To
identify these compounds, we conducted an Extracted lon Chromatogram (EIC) using
their respective [M]* ions. Erythrodiol possesses a [M]* m/z value of 586, and although
this specific ion was not evident in the spectra, most other fragments associated with
erythrodiol were detected. Oleanolic acid, on the other hand, has an [M]* m/z value of
600, while oleanolic aldehyde features an [M]* m/z value of 512. These were,
therefore, identified as the peaks detected at 15.6 minutes for oleanolic acid and 15.8

minutes for oleanolic aldehyde.
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The peak appearing at 14.1 minutes was identified as erythrodiol based on the
observed fragmentation pattern. As previously mentioned, the [M]® ion was not
explicitly identified; however, the presence of ions at 496, signifying the removal of a
trimethylsilylate group, was evident. Additional ions in the spectra with m/z values of

406, 203, and 188 also corroborated the identification of erythrodiol.

The identification of the minor peak at 15.3 minutes as oleanolic acid was supported
by the presence of ions at 585 and 482, representing the removal of a methyl group
(-CH3) and a trimethylsilylate group with a carboxyl group (-(CH3)3SiOOH),
respectively. Furthermore, peaks at m/z 320 and 203 in the spectra indicated the
presence of the C*DE rings of the pentacyclic triterpenoid backbone, which had
undergone Retro-Diels-Alder fragmentation originating from the ABC* rings. The 320
peak denoted the C*DE rings, while the 203 peak represented the C*DE rings with the
removal of trimethylsilylate and carboxyl group (- (CHs)3SiOO). Oleanolic aldehyde
was confidently identified as the peak at 15.8 minutes due to the presence of the 203
fragment and the 190 fragment. A description of all the triterpenoids produced in each

strain is shown in Table 9.

Table 9: - The triterpenoids produced and predominant sterol in each

chromosomally integrated strain.

Strain Sterol Triterpenoids annotated
TME90 Ergosterol B-amyrin, erythrodiol, oleanolic aldehyde,
oleanolic acid
JTEOG6 Ergosta-7,22- B-amyrin, erythrodiol, oleanolic aldehyde,
dienol oleanolic acid
JTEO9 Ergosterol B-amyrin, erythrodiol, oleanolic aldehyde,
oleanolic acid
JTE11 Ergosta-7,22- B-amyrin, erythrodiol, oleanolic aldehyde,
dienol oleanolic acid
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6.1.4 LC-MS analysis of chromosomal integration of JEscin genes

The LC-MS analysis of both TME90 and JTEQ9 provided further evidence that neither
the glycosylated form of 21-hydroxy-erythrodiol nor glycosylated erythrodiol were
synthesised. This result was in line with our expectations, as we had previously failed

to detect any 21-hydroxy-erythrodiol in JTEQ9.

To ensure accurate quantification in the LC-MS analysis, we used echinocystic acid-3-
O-glucoside as an internal standard. This compound has a molecular weight of 634
Da, facilitating its identification in the LC-MS by searching for the specific ion with an
m/z value of 633. As depicted in the chromatograms at 4.2 minutes (Figure 77), the
presence of the internal standard is evident. However, it's worth noting that
glycosylated 21-hydroxylated erythrodiol also possesses a molecular weight of 634
Da. Consequently, identifying the product of interest becomes challenging, as it may

be concealed by the internal standard, if they have very similar retention times.
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Figure 77: - Chromatograms from the internal standard echinocystic acid-3-O-
glucoside of TME90 and JTE09. A) The TMEQ90 pellet which contains the genes
needed for erythrodiol only production. B) The JTEQ9 pellet which contains the genes
needed for glycosylated 21-hydroxy-erythrodiol production. Due to the similarities in
the spectra, we can conclude that there is no presence of glycosylates

21-hydroxy-erythrodiol.
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To distinguish between the internal standard and our target product, we conducted an
EIC analysis to search for the specific ion. The ion of interest was only observed at the
4.2-minute mark, indicating that if glycosylated 21-hydroxy-erythrodiol were produced,
it would likely exhibit a distinct retention time. To further validate that our product of
interest was not being masked by the internal standard, we compared the areas under
the peaks. This analysis revealed no significant difference in the peak areas between
TMEQ0 and JTEQ9. As a result, we can confidently conclude that no glycosylated

21-hydroxy-erythrodiol was generated in the course of this experiment.
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6.2 Introduction of the erg3 knockout in 16-hydroxy-erythrodiol
producing strain

Considering the erg3A sterol mutant's demonstrated increased tolerance to
exogenous escin, as discussed in chapters 4 and 5, we decided to introduce the erg3A
mutation into both TME90 and JTEQ9 strains. The objective was to assess whether
this genetic alteration would lead to an increase in 16-hydroxy-erythrodiol production
or enhanced cell viability. While these strains generated the same compounds
previously identified in Section 5.1.3, the sterol composition was in line with that of the
erg3A sterol mutant. We focused on investigating potential differences in the quantity
of the produced compounds, irrespective of their nature.

Using GC-MS, we successfully confirmed the functionality of the erg3A mutant and
determined that strains JTE06 and JTE11 did possess a non-functional erg3A gene.
This was introduced by introducing an early stop codon in the ERG3 gene.
Furthermore, our analysis revealed that the primary sterol present in TME9O and
JTEQ9 was ergosterol, whereas in JTEO6 and JTE11, it was ergosta7,22-dienol
(Figure 78). This finding aligns with the data presented in Chapter 3 that indicated the

erg3A sterol mutant predominantly contains ergosta-7,22-dienol (Figure 79).
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Figure 78: - An overlay of GC-MS chromatograms showing the accumulation of
oleanolic acid and oleanolic aldehyde produced in strains. TME9O expressing
mevalonate biosynthesis genes as well as AaBAS, CYP716A75 and ATR2, which
produce B-amyrin, and hydroxylate it at the C28 position. JTE06 expressing everything
present in TME90 but with an erg3A mutation, JTE09 expressing everything TME90 has
as well as HSUGT1A3, AtUGD1 and GmCYP72A69, which glycosylate the C3 region of
b-amyrin, modify it to a glucuronic acid and insert a hydroxylation at position C21. JTE11
expresses everything JTEQ9 has but includes the erg3A mutation like JTE06. JTEO6
and JTE1l produce ergsota-7,22-dienol instead of ergosterol in their plasma

membranes.

Erythrodiol was consistently identified as the most abundant compound produced in
all strains, comprising approximately 65 %, 80 %, 62 %, and 62 % of the total extract
on average in TMEQO, JTEO6, JTEQ9, and JTE11, respectively. Nevertheless, the
normalised peak area revealed variations in the amount of erythrodiol produced by the
different strains. TME90 and JTEOQG6, both of which primarily produced erythrodiol,
yielded considerably higher amounts compared to JTE09 and JTE11, which aimed to
produce glycosylated 21-hydroxy-erythrodiol. The marked disparity in the normalised
peak areas between these two groups of strains is evident (Figure 80; Figure 81)
Several factors could contribute to this observed difference. Firstly, the additional
burden placed on JTEQ9, which contains three extra heterologous genes to transcribe
and translate, might account for its reduced erythrodiol production. However, it is also
possible that the production of 21-hydroxy-erythrodiol, utilising erythrodiol as a

precursor, impacted the overall erythrodiol levels. Notably, we did not detect any
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evidence of 21-hydroxy-erythrodiol in the GC-MS spectra. Consequently, we can
reasonably conclude that the C21 GmCYP72A69 was unable to modify either [3-

amyrin or erythrodiol under the conditions tested in this study.
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Figure 79: - Mass spectrum of ergosta-7,22-dienol found in the JTEO6 and JTE11

strains.
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Figure 80: - Charts showing the normalised erythrodiol content in the strains
TMEQ90, JTEO6, JTEO9 and JTE11l. A) Compares TME90 and JTEO6 which are
erythrodiol producing strains with the same genome except from the presence of an
erg3A mutation in JTE06. B) Compares JTEQ9 and JTE11 which are JEscin producing
strains with the same genome except from the presence of an erg3A mutation in
JTE11l. Normalised averages compared to the internal standard coprostanol, and
standard deviation were plotted. Statistical analysis was performed using a t-test to
compare the strains. The sample size is n=3, and p-values are indicated as follows: *
<0.05, **<0.01, *** <0.001, **** < 0.0001.
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Figure 81: - Charts showing the normalised erythrodiol content in the strains
JTEO6 and JTE1l. Normalised averages compared to the internal standard
coprostanol, and standard deviation were plotted. Statistical analysis was performed
using a t-test to compare the strains. The sample size is n=3, and p-values are
indicated as follows: * < 0.05, ** < 0.01, *** <0.001, **** < 0.0001.

Based on our observations, we propose that the erg3A mutation does not lead to an
increase in the quantity of produced triterpenoids, particularly regarding erythrodiol.
Analysis of the chromatograms, specifically the area under the peaks, reveals no
significant difference in the production of oleanolic acid and oleanolic aldehyde among
the erg3A mutants (JTEO6 and JTE11) in comparison to TME90 or JTEQ9 (Figure 82).

Regarding oleanolic acid, there was no noticeable variance in the amount produced.
Conversely, concerning oleanolic aldehyde, the erg3A mutation itself did not alter the
production quantity, but the introduction of chromosomally integrated JEscin genes
did. Notably, JTEQ9 and JTE11 exhibited significantly lower levels of oleanolic
aldehyde in the extract compared to TME90 and JTEO06 (Figure 82B). This suggests
that the challenge of expressing three additional heterologous genes imposed a
burden on the cells, impeding their ability to produce oleanolic aldehyde.
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Figure 82: - Charts showing the normalised oleanolic acid or oleanolic aldehyde
content in the strains TMEQ0, JTEO06, JTEQ9 and JTE11l. A) Compares all the
strains and the amount of oleanolic acid produced. B) Compares all the stains and the
amount of oleanolic aldehyde produced. Normalised averages compared to the
internal standard coprostanol, and standard deviation were plotted. The statistical
analysis in B) show a *** or ** p-value compared to both the TME90 and JTEOQG6 strain.
Statistical analysis was performed using a t-test to compare the strains. The sample
size is n=3, and p-values are indicated as follows: * < 0.05, ** < 0.01, *** < 0.001, ****
< 0.0001.
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6.2.1 LC-MS analysis of erg3A mutant JEscin producing strains

Like the previous section (5.1.4), there was no significant difference in the peak area
of the internal standard, echinocystic acid-3-O-glucoside, between the JTE06 and
JTE11 strains (Figure 83). This once more supports our conclusion that this compound

was not produced in the current experiment.
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Figure 83: - Chromatograms from the internal standard echinocystic acid-3-O-
glucoside of JTEO6 and JTE1l. A) The JTEO6 pellet which contains the genes
needed for erythrodiol only production and has an erg3A mutation. B) The JTE11 pellet
which contains the genes needed for glycosylated 21-hydroxy-erythrodiol production
and has an erg3A mutation. Due to the similarities in the spectra, we can conclude

that there is no presence of glycosylates 21-hydroxy-erythrodiol.
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6.3 Discussion

This chapter aimed to synthesise a glycosylated triterpenoid analogous to escin, but
this was unsuccessful. By manipulating the yeast biosynthetic pathways and
introducing various heterologous genes, we aimed to explore the production of JEscin
and its impact on yeast physiology. Our results provide valuable insights into the
genetic modifications necessary for achieving this goal and offer implications for future
research in the field of triterpenoid biosynthesis. The motivation behind this was to
refine the production of glycosylated triterpenoids with specific modifications tailored
for precise applications. One such application is the use of glycosylated triterpenoids
as surfactants. Creating a compound like escin but with reduced toxicity to S.

cerevisiae could be advantageous in an industrial context.

Our inability to produce JEscin may be attributed to the specific CYPs employed in our
study. It is worth noting that certain CYPs identified in this research have not been
previously described to interact with erythrodiol; instead, they are known to primarily
target B-amyrin, which constitutes only a small fraction of the final product, as it is
consumed in the biosynthesis of erythrodiol. For instance, the literature has
documented that BfCYP716Y1 functions as a catalyst for both -amyrin and a-amyrin
(Moses et al., 2015). Our findings confirm this, as we detected the presence of
16-hydroxy-B-amyrin. However, the existing literature does not specify its activity on
erythrodiol. Nonetheless, our experiments confirmed that BfCYP716Y1 can use

erythrodiol as a substrate.

Conversely, MtCYP72A61v2 has been reported to use 24-hydroxy-B-amyrin as its
substrate (Fukishima et al., 2013; Seki et al., 2011), which explains why we did not
observe any C22-hydroxylated products in JTEO2, where only C28 and C16 hydroxy
CYPs were present alongside it. Similarly, PvCYP939E has been documented to
solely target B-amyrin as its substrate (Moses et al., 2014c), rendering the
combinatorial synthesis of 16-22-dihydroxy-B-amyrin or 16-22-dihydroxy-erythrodiol
an unexpected outcome. Moreover, the substrate of GmCYP72A69 is soyasapogenol

B (Yano et al., 2017), which may explain why we did not observe C21 hydroxylation
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on erythrodiol, as its structural dissimilarity compared to soyasapogenol B could

hamper the enzymatic conversion (Figure 84).

B) Erythrodiol

A) Soyasapogenol B

Figure 84: - Structures of soyasapogenol B and erythrodiol. A) Soyasapogenol B
has modifications at the C24 and C22 positions, whereas B) erythrodiol has
modification at the C28 position only. The differences in their structure is a likely

reason why the GmCYP72A69 was not able to use erythrodiol as a substrate.

Another plausible reason for the failure to produce JEscin could be the insufficient
expression of the integrated genes within the yeast genome. It remains unclear
whether these genes were adequately expressed under the galactose promoter in the
presence of galactose. To address this concern, two potential approaches can be
employed for verification. The first method involves a Western blot assay, which
requires the tagging of the protein with a marker recognised by a specific antibody.
Subsequently, all proteins in the sample are separated via electrophoresis, and the
protein of interest can be detected using the corresponding antibody (Mahmood &
Yang, 2012). Alternatively, protein expression can be analysed via RT-gPCR, a method
previously used in Chapters 4 and 5 of this thesis. Using RT-qPCR would provide
valuable insights into the transcription and translation of the genes in question,

explaining whether they are actively participating in the biosynthetic process.

Due to the possibility that JEscin might not be made due to its potential toxicity, the
erg3A mutant was explored as a potential solution. However, it was observed that this
mutant did not exhibit the same growth as the WT S. cerevisiae. Our investigation into
the erg3A mutant was twofold: to understand its mechanism of action and to explore

the possibility of modifying it to alleviate its interaction with ergosterol.
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One of the primary objectives of this study was to introduce the necessary genetic
modifications to enable the production of JEscin. To achieve this, we integrated a set
of heterologous genes, including CYPs and UGTs, into S. cerevisiae strains capable
of producing erythrodiol. Although we successfully integrated one set of the target
genes, the expected production of glycosylated 21-hydroxy-erythrodiol was not
observed. This outcome suggests that the introduced genes may not have functioned
as anticipated or that the glycosylation process at the C3 position was not efficient

under the conditions tested.

The low-level production of the hydroxylated forms of the compounds could be due to
suboptimal folding of the CYPs or the incorrect localisation of the CYPs within the cell.
Alternatively, there could also be mis-localisation of the precursors, limiting CYP
activity (Moses et al., 2014). These factors may have collectively contributed to the
observed results.

We have also successfully confirmed the efficacy of MBCD in transporting triterpenoids
out of the cell and into the growth media. This ability alleviates the burden on yeast
cells from toxic heterologous compounds, a factor that has been shown to enhance

production levels (Moses et al., 2014).

Comparative analysis of the engineered strains provided insights into the impact of
specific genetic modifications on triterpenoid production. Erythrodiol was identified as
the most abundant compound across all strains, with substantial variation in its
production levels. Strains with glycosylation modifications (JTE09 and JTE11)
exhibited decreased erythrodiol production compared to those without glycosylation
engineering (TME90 and JTEO06). This discrepancy may be attributed to the additional
metabolic burden imposed by the expression of three extra heterologous genes
involved in glycosylation. It is also possible that the glycosylation of erythrodiol and
subsequent production of 21-hydroxy-erythrodiol did not occur efficiently under the
conditions employed.

The introduction of the erg3A mutation, known to cause increased tolerance to

exogenous escin, aimed to assess its potential to enhance triterpenoid production or
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cell viability. Our results demonstrated that the erg3A mutation did not significantly
impact the overall triterpenoid production levels, particularly concerning erythrodiol.

This chapter provides insight into the challenges associated with engineering yeast to
produce structurally complex triterpenoids like JEscin. The lack of glycosylated
21-hydroxy-erythrodiol production suggests that further optimisation of the
glycosylation process and metabolic engineering may be necessary. Additionally, the
observed metabolic burden associated with production highlights the need for

strategies to enhance enzyme efficiency.

This chapter shows the challenges in engineering yeast to produce complex
triterpenoids like JEscin. The absence of glycosylated 21-hydroxy-erythrodiol
production emphasises the need for further optimisation of glycosylation processes
and metabolic engineering. The metabolic burden associated with production
underscores the importance of strategies to enhance enzyme efficiency. Future
research avenues should explore alternative glycosylation enzymes, optimise growth
conditions, and use synthetic biology tools for efficient JEscin production, keeping in
mind potential toxicity for both industrial and therapeutic applications. This work lays
the foundation for customised bio-surfactant production and sets the stage for future

projects in this domain.
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Chapter 7: - Conclusions and future work

7.1 Project Overview

This work aimed to engineer S. cerevisiae for enhanced glycosylated triterpenoid
production. Leveraging the yeast's inherent ability to produce 2,3-oxidosqualene, a
key precursor in triterpenoid biosynthesis, we aimed to introduce heterologous
pathways to transform 2,3-oxidosqualene into triterpenoids. This intricate process
involves the cyclisation of 2,3-oxidosqualene into triterpenes by oxidosqualene
cyclases, followed by oxidation through cytochrome P450 monooxygenases to yield
triterpenoids. Subsequently, these triterpenoids undergo glycosylation by
UDP-glucosyltransferases to form glycosylated triterpenoids, also known as saponins
(Thimmappa et al., 2014).

We conducted a series of investigations and experiments to advance our
understanding of this complex process. Chapter 3 delved into characterising the sterol
composition of sterol biosynthesis mutants under different growth conditions, providing
insights into how yeast adapts its sterol profiles. Our findings underscored the
significance of media selection, revealing substantial variations in sterol profiles when
strains were cultivated in a YPD medium, emphasising the role of growth conditions in

sterol-related processes (Hahn-Hagerdal et al., 2005).

Chapter 4 explored the toxicity of escin, an industrially relevant glycosylated
triterpenoid derived from conker seeds to, S. cerevisiae. We established that escin
exhibited toxicity towards the yeast, with the minimal inhibitory concentration (MIC)
varying in different growth media. In rich media (YPD), the MIC was determined to be

175 pg.mL-1, while in minimal media (CSM), it was 62.5 ug.mL™".
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Furthermore, in Chapter 5, we investigated the interaction between escin and yeast
membranes. Our research revealed that the structural isomers of escin, particularly
those with angelic acid at position C21, exhibited greater inhibitory effects on yeast
compared to their tiglic acid counterparts at the same position. Additionally, the
presence of an acetyl group at C22 played a pivotal role in the toxicity of escin, as
observed in escin 1a and 1b. These findings show the specific structural determinants
influencing the toxicity of escin, potentially through its interaction with ergosterol within

the yeast cell membrane.

Chapter 6 was dedicated to genetically engineering yeast strains to produce
triterpenoids, specifically glycosylated triterpenoids, and introducing the erg3A
mutation to discern differences in these strains. Our investigation, conducted through
GC- and LC-MS analysis, revealed that while the erg3A mutation was effective in
altering sterol composition, it did not lead to an increase in triterpenoid production in

the strains under scrutiny.

Whilst investigating the genetic modifications essential for glycosylated triterpenoid
biosynthesis in yeast, qPCR was shown to be a crucial tool in unravelling the intricate
transcriptional landscape. Across the chapters, QPCR data provided insights into the
expression patterns of heterologous genes integrated into S. cerevisiae strains.
Chapter 4 used qPCR to probe the impact of escin on the transcription of crucial
genes, revealing responses that underscored the complex regulatory network
governing yeast response to glycosylated triterpenoids. Chapter 5 extended this
exploration, employing qPCR to decipher the transcriptional changes induced by
different structural isomers of escin, shedding light on the specific gene expression
signatures induced by these variants. This approach enriched our understanding of
the regulatory dynamics influencing triterpenoid biosynthesis and also laid the
foundation for future investigations into optimising gene expression for enhanced

glycosylated triterpenoid production in yeast.
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7.2 Future work

Building upon the research conducted in this project, there are several promising
avenues for future investigations aimed at advancing the production and application
of glycosylated triterpenoids in yeast. One such avenue is the exploration of alternative
glycosylation enzymes capable of glycosylating the C3 position of erythrodiol and
other triterpenoids within a laboratory setting. The optimisation of this glycosylation
process holds the potential to diversify the range of glycosylated triterpenoids that can

be synthesised, each with unique properties and applications.

Furthermore, conducting a comprehensive toxicity assessment of glycosylated
triterpenoids is essential. While this study has addressed the toxicity of escin, a
broader evaluation of the toxicity of various glycosylated triterpenoids is warranted.
This assessment should encompass their impact on microbial hosts, such as S.
cerevisiae, including effects on cell growth, membrane integrity, and overall cellular
physiology. Insights gained from such research can inform the development of more
resilient yeast strains capable of withstanding the challenges posed by glycosylated

triterpenoids.

The investigation and engineering of yeast tolerance to escin and other glycosylated
triterpenoids represent another promising research direction. Given the influence of
yeast sterol composition on their susceptibility to escin, there is an opportunity to
explore engineering strategies that enhance yeast tolerance. These strategies may
involve modifying sterols without compromising yeast growth, thereby enhancing their

resistance to glycosylated triterpenoids.

Additionally, the potential use of alternative yeast hosts should be considered. Yeast
species like Y. lipolytica, could serve as improved platforms for glycosylated
triterpenoid production. These alternative hosts may offer advantages in terms of
mitigating the toxic effects of glycosylated triterpenoids, potentially by sequestering

them in lipid bodies, as has been observed with terpenes (Matthaus et al., 2014; Gao
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et al., 2017; Zhang et al., 2020). Further exploration is needed to ascertain whether Y.
lipolytica and similar yeast hosts can effectively manage glycosylated triterpenoids.

In conclusion, the future of glycosylated triterpenoid research in yeast holds
considerable promise, with opportunities for innovation and advancement in various
aspects of production, toxicity assessment, yeast tolerance enhancement, and the
exploration of alternative yeast hosts. These endeavours are poised to contribute to
the broader field of metabolic engineering and the utilisation of glycosylated

triterpenoids across diverse industries and applications.

7.3 Closing comments

In this thesis, the erg3A sterol biosynthesis mutant was widely described and
investigated due to its differing sterol content compared to WT S. cerevisiae. The
difference in membrane sterol composition allowed for the increased tolerance to escin
and gave insight into the mechanisms of action of escin on the yeast cell membrane.
However, the introduction of an erg3A mutation in erythrodiol and other triterpenoid-
producing strains did not increase the amount of triterpenoid produced.

In conclusion, this thesis represents a significant step in understanding the intricacies
of glycosylated triterpenoid biosynthesis in yeast. While challenges persist, the
research contributes valuable insights into genetic modifications, metabolic pathways,
and cellular responses. The pursuit of triterpenoid biosynthesis in S. cerevisiae holds
promise for diverse applications, contributing to the broader field of metabolic
engineering and natural product synthesis. Future endeavours can build upon these
findings, promoting innovation and advancements in glycosylated triterpenoid

research.
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Copy of “Yeast lacking the ergosterol biosynthesis gene ERG3 are tolerant to the anti-
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Yeast lacking the sterol C-5
desaturase Erg3 are tolerant
to the anti-inflammatory
triterpenoid saponin escin

Emily J. Johnston'®, Jess Tallis?, Edward Cunningham-Oakes?, Tessa Moses?,
Simon J. Moore*, Sarah Hosking® & Susan J. Rosser'™

Escin is a mixture of over 30 glycosylated triterpenoid (saponin) structures, extracted from the dried
fruit of horse chestnuts. Escin is currently used as an anti-inflammatory, and has potential applications
in the treatment of arthritis and cancer. Engineered yeast would enable production of specific
bioactive components of escin at industrial scale, however many saponins have been shown to be
toxic to yeast. Here we report that a Saccharomyces cerevisiae strain specifically lacking the sterol

C-5 desaturase gene ERG3, exhibits striking enhanced tolerance to escin treatment. Transcriptome
analyses, as well as pre-mixing of escin with sterols, support the hypothesis that escin interacts
directly with ergosterol, but not as strongly with the altered sterols present in erg3A. A diverse range
of saponins are of commercial interest, and this research highlights the value of screening lipidome
mutants to identify appropriate hosts for engineering the industrial production of saponins.

Saponins (glycosylated triterpenotds) are amongst the most numerous and diverse groups of plant natural prod-
ucts, with huge potential in many Industries' In addition to pharmaceutical applications as vaccine adjuvants’
and antl-inflammatories®, saponins also have potential in therapeutics against arthritis, obesity, cancer and
Alzheimer’s disease>”. Some saponins have also been used as foam stabilisers and emulsifiers in cosmetics and
soaps®. Many saponin compounds have haemolytic properties, and in nature saponins are generally considered
to function as plant defence compounds, although few studies have investigated the degree and mechanism of
antifungal activity®-'s. This is of relevance towards understanding the biological role of saponins in plants, and
towards the engineering of yeast as factorles for saponin production. Whilst saponin extraction from plants
1s seasonal and of limited yleld, yeast can easily be engineered to express plant genes, and there s established
Infrastructure for large-scale rapid yeast culture and product extraction. In contrast to bacterla, yeast have endo-
plasmic reticulum (ER) which support the activity of ER-localised cytochrome P450 enzymes that are involved
in saponin blosynthesis. Production in engineered yeast also enables targeted saponin structures to be produced
and extracted at high purity, in contrast to the mixtures of saponins which are extracted from plants.

Escin (also termed Aescin) 1s a mixture of over 30 saponin structures extracted from fruit of the horse chest-
nut tree Aesculus hippocastanum L. Approximately 60% of escin Is p-escin (Flg. 1a), comprisinga protoaescigenin
triterpenotd backbone, esterified at the C-22 position with acetic acid, and at the C-21 position with angelic or
tiglicactd". Escin has potent anti-inflammatory properties, and is used in the treatment of chronic venous nsuf-
fictency, postoperative oedema and haemorrhotds*'*'*. Escin also has promise in the treatment of arthritis*®
and cancer; escin interferes with tumour cell cycles, Induces cancer cell apoptosts, inhibits cell migration, and
Increases the Impact of chemotherapy drugs®. Whilst horse chestnut provides a seasonal supply of a mixture of
saponins, engineered yeast could potentially enable year-round Industrial-scale manufacture of specific active
components of this potent therapeutic, however escin has previously been shown to have antifungal activity®,
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Figure 1. (a) Structure of f-escin, which comprises approximately 60% of saponins In escin'”, The
protoaescigenin backbone Is esterified at C-22 with acetic acld and at C-21 with efther angelic or tiglic acld
(tiglic acid shown). Glucuronic acid (GlcA) is conjugated at C-3. Two glucose (Glc) sugars are attached to the
glucurontc actd, one of which can be substituted with xylose (Xyl). (b) Acttvity of enzymes involved In the

latter stages of ergosterol blosynthesls, from the precursor zymosterol. The reactions are deplcted in Fig, 51. (c)
Growth in microplate cultures indicated by A Ags; (0-24h). Three blological replicates +standard deviation (SD).

Many saponins, including escin, have been reported to Interact with the mammalian sterol cholesterol®™,
We hypothesised that escin may inhibit fungal growth via interaction with ergosterol, which comprises 12 mol%
of the 5. cerevisime 1ipidome, and 1s the predominant sterol at the yeast plasma membrane®. In support of this,
it has recently been shown that supplementation of Leptosphaeria maculans culture with ergosterol alleviates
growth inhibition medlated by escin treatment?®. We further hypothesised that yeast strains accumulating sterols
other than ergosterol, may exhibit enhanced escin tolerance. Here we report that a 5. cerevistae strain lacking the
sterol C-5 desaturase Erg3, exhibits striking enhanced tolerance to high concentrations of escin, supporting our
hypotheses. Therefore, an engineered strain lacking Erg3 would enable microbial production of escin saponins.

Results

Yeast lacking the C-5 sterol desaturase Erg3 exhibit striking enhanced tolerance to escin.  We
hypothesised that if escin toxiclty s mediated by direct interactlon with ergosterol, then ergosteral biosynthesis
mutants may differ in escin tolerance. Sterols are considered to have a key role in maintaining homeostasis of
plasma membrane dynamics®, however yeast strains lacking enzymes which catalyse the final five steps In ergos-
terol blosynthesis (Erg2, Erg3, Erpd, Erg5 or Ergé; Figs. 1band S1) are viable. Due to the substrate promisculty
of the latter enzymes in ergosterol biosynthests, these deletion mutants accumulate a mixture of sterol structures,
which differ from ergosterol in the number and position of double bonds in the sterol B-ring, and the stercl side
chain®. We used microplate cultures of the wild type straln BY4741 (WT) and mutants from the Yeast Deletion
Collection™, to assess growth of the ergosterol blosynthesis mutants in complex rich medium (YPD) in the pres-
ence and absence of escin (Flg. 1c). Sterol extraction and analysis by Gas Chromatography-Mass Spectrometry
verified that ergosterol did not accumulate in the mutant strains (Figs. 52 and S3). The Minimum Inhibitory
Concentration (MIC) of escin for the WT strain in YPD medium was 150 pg/mL. Similar MICs were observed
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for the erg2A, erg4A, erg5A and erg6A strains, however growth of the erg3A strain was uninhibited up to the
highest concentration tested (1000 pg/mL; Fig. S4).

Transcriptome analysis. In order to further explore the impact of escin on WT cells, and the mechanism
of escin tolerance in erg3A, we analysed the transcriptomes of WT, erg3A and erg6A cells, treated with 0 or
100 pg/mL escin in YPD for 1 h, in shake flask cultures. The erg6A strain was included in this experiment as this
strain shares many similar phenotypes with erg3A®, but does not have enhanced escin tolerance (MIC 150 pg/
mL; Fig. 1c). Within the scope of this experiment, we also analysed the transcriptomes of erg3A and erg6A cells
which were treated with 75 pg/mL escin for 1 h.

K means clustering of the 2000 genes with the most varlable expression levels 1s shown in Fig. S5, with full
detalls of gene set enrichment analyss Included in the Supplementary Information (SI). Cluster B genes (n=82)
are In general expressed at a higher level in erg3A and erg6 A compared to WT under all conditions and, as anticl-
pated, this cluster is enriched in genes relating to sterol blosynthests, sterol transport, siderophore transport, and
regulation of transcription by glucose. Cluster A genes (n=821) are downregulated in WT and erg6A In response
to escin treatment. This cluster is enriched in genes relating to ribosome blogenests and RNA processing. Cluster
C (n=897) and D (n=200) genes are in general upregulated in WT and erg6A In response to escin treatment,
with cluster D genes upregulated to a greater extent than cluster C. Cluster D is enriched in genes relating to
trehalose, mannose, fructose and glutamate metabolism, as well as glycolysis and cell wall organisation. Cluster
D isalso enriched in genes assoclated with responses to osmotic, oxidative, temperature and starvation stress.
Cluster Cis enriched in genes relating to late nucleophagy, lipid catabolism, sulphur assimilation, the tricarbo-
xylic actd cycle and gluconeogenests.

Differentlally Expressed Genes (DEGs) with = 2-fold differential expression between conditions of interest
(Fig. 2) are discussed in more detall below; with full gene set enrichment detatls in SI.

Impact of ERG3 and ERG6 deletion on the yeast transcriptome. Comparing the transcriptomes of
strains under control conditions reveals interesting differences between the mutant strains and WT. Deletion of
ERGS results In a greater number of DEGs (n=162) than ERG3 deletion (n=106). In both mutants, upregulated
DEGs are enriched in genes relating to sterol blosynthesis and transport, including the sterol sensor and tran-
scriptional activator UPC2 (Fig. S6). In contrast, only a very small number of genesinvolved in sphingolipid and
phospholipid supply are upregulated (YSR3, RSBI, FAA2 and ELO2 In both strains, and additionally SURI in
erg6A; Fig. S7), although large changes in sphingolipid composition have been reported for sterol blosynthests
mutants®.

Anaerobic response cell wall mannoproteln genes are also highly upregulated in both strains (Fig. S8). Several
steps of ergosterol blosynthests require oxygen and iron as cofactors, and there is complex crosstalk between
the regulatory responses to ergosterol, oxygen and fron**-*, A number of iron starvation response genes™ are
upregulated in erg6A (FIT2, FIT3, ARN2, SIT1, TIS11), but not erg3A, relative to WT (Fig. 3a). It has recently
been reported that the iron-sensing transcription factor Aft1, which usually shuttles between the cytoplasm and
nudeus, accumulates in the vacuoles of ergosterol-diminished 1pc2A cells”. Our data suggests that this signalling
pathway may be Impacted to differing extents in erg6A and erg3A.

UPREGULATED DOWNREGULATED
a Mutantsvs. WT under control treatment conditions
(0 pg/mL escin)
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Figure 2. Venn diagrams for Differenttally Expressed Genes (DEGs). DEGs have = 2-fold differential
expresslon, and a False Discovery Rate (FDR) <0.1.
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Figure 3. The erg6A strain exhibits elevated expression of sulphur assimilation genes and iron starvation
response genes. Expression of genesrelating to (a), iron homeostasis and (b), the methtonine blosynthesis
pathway, under control conditions, units log2(CPM + 4). Bold; gene upregulated =2-fold in erg6A versus WT.
Asterisk; gene upregulated = 2-fold 1n erg3A versus WT (FDR<0.1).

Methionine metabolism genesare also upregulated in erg6A, but not erg3A (Fig. 3b). Spectfically, the upregu-
lated genes are assoctated with the sulphur assimilation pathway (SUL2, MET3, MET14, MET16, METS5, METI10),
and the methyl cycle (MET6, SAM2, MHT!) which generates S-adenosylmethionine (SAM) (Fig. S9). The Ergé
enzyme uses the methyl donor SAM to methylate zymosterol*, and an Erg6-deficient strain has previously been
found to accumulate SAM, which was attributed to reduced SAM consumption®.

Both strains downregulate a number of genes involved in mating (Fig. 4). These are mainly genes which are
involved in conjugation between mating schmoo tips (FUS1, AGAL, AGA2, FIG1, SHC1), and notably reduced
mating effictency has previously been described for ergosterol blosynthesis mutants**+2,

Both strains also express NCE102 at alower level than WT (42% of WT level in erg3A, and 40% of WT level
In erg6A). Although primartly localised at plasma membrane efsosomes, Ncel102 has recently been reported
to have a role in vacuole fusion*?, and vacuoles are highly fragmented in many ergosterol biosynthesis mutant
strains, including erg3A, although not erg6A®-+%,

It is notable that several DEGs between the mutantsand W'T are of unknown function; 20 and 29 upregulated
DEGs, and 10 and 13 downregulated DEGs, in erg3A and erg6A respectively.

Transcriptome responses to escin treatment. In response to 100 pg/mL escin, the WT and erg6A
strains upregulate 473 and 494 genes, respecttvely (Fig. 2b). These DEGs are enriched in genes which are also
assoclated with responses to desiccation, osmotic stress, oxidative stress, temperature, chemical treatment and
changes In nutrlent levels (SI). Treatment of erg6A cells with 75 pg/mL escin resulted In upregulation of 199
genes (Flg. 2c). These 199 DEGs are enriched in genes which are assoclated with responses to oxidative stress,
chemical stress and starvation (SI).
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Figure4. The erg3A and erg6A strains exhibit reduced expresslon of mating genes. Expression of genes relating
to mating, units log2(CPM +4). Bold; downregulated =2-fold in the comparison erg6A 0 pg/mL escin versus
WT 0 pg/mL escin. Asterisk; downregulated =2-fold n the comparisons erg3A 0 pg/mL escin versus WT 0 pg/
mL escin (FDR<0.1).

The impact of escin treatment on central carbon metabolism genes is shown in Fig. $10. In response to 100 pg/
mL escin, both WT and erg6A strongly upregulate genes relating to the blosynthesis of trehalose, glycogen and
glycerol. The glucose polymer glycogen Is considered to primarily function as a storage carbohydrate, which has
little impact on the internal osmotic pressure of the cell**+’. The disaccharide trehalose is constdered to have
a key role In protecting the structure of lipid membranes and protelns, by displacing water from lipid bilayers
and protein surfaces, and preventing aggregation of denatured proteins which would prevent their subsequent
refolding®”. Glycerol acts as a key osmolyte during hyperosmotic stress, and forms the backbone of phospholip-
1ds and storage lipid triacylglycerols*. The upregulation of trehalose, glycogen and glycerol bfosynthess is part
of a general response to environmental change*-*°. Additionally, both WT and erg6A strains upregulate genes
encoding proteins of the Glucose Induced degradation Deficlent (GID) complex, which negatively regulates
gluconeogenests, in favour of glycolysis, by initiating polyubiquitination and degradation of fructose-1,6-bis-
phosphatase® (Fig. S11).

In response to 100 pg/mL escin, both WT and erg6A also upregulate genes encoding enzymes of the
y-aminobutyric acid (GABA) shunt pathway (Fig. S12) which degrades glutamate via GABA. In yeast, this
pathway has been shown to be important for heat and oxidative stress tolerance™.

‘The upregulated DEGs are also enriched in genes relating to cell wall organisation, including sporulation and
chitin blosynthests (Fig. S13). Crosstalk between the High Osmolarity Glycerol 1 (Hog1) and Cell Wall Integrity
(CWI) mitogen-activated protein kinase (MAPK) pathways mean that it is difficult to dissect specific stresses
which are Initiating the upregulation of these genes, without utilising mutants which are defective in specific
branches of these signalling pathways™>-*%,
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Many autophagy-related penes are upregulated in WT and erg6A In response to escln treatment (Flg. S14),
Including core phagosome components, and protelns involved in the cytoplasm-to-vacuole pathway, which
selectively deltvers Irydrolases to the vacuole™. In response to 100 pg/ml escin, more autophagy-related genes
are upregulated = 2-fold in the erp6A strain than WT (11 ve. 7).

The ergéA strain also downregulates more genes than WT In response to 100 pg/mL escin (159 vs. 50), and
these DEGs are enriched in genes relating to ribosome blogenests and translation. These processes require sub-
stantlal amounts of energy®, and their downregulation Is part of a general stress response, in which resources
are diverted to stress resistance rather than cell proliferation®™=,

If escin sequestered ergosteral from cells, or inhibited sterol sensing by Interaction with elther ergosterol ar
a sterol sensor, then we might expect to see a transcriptional change In sterol blosynthesls genes such as ERG2
and ERGI1 In response to escin treatment. These genes are regulated by the sterol sensors and transcriptional
activators Upc2 and Ecm22, In response to ergosterol content™", Differentlal expresslon of ergosterol blosyn-
thesls genes 15 not observed (Flg. S6), although there 15 statistically significant but small upregulation of UPC2
In each strain (1.3, 1.9 and 1.5-fold for W'T, ergs and erg3A respectively). A small number of genes related to
sphingolipid supply are upregulated in response to escin in WT and erg6a (Flg. S7), although it should be noted
that much of sphingolipid regulation is post-translational™.

In contrast to the large transcriptome changes observed for the W'T and ergSA strains, the erg3A strain
upregulates only 19 genes in response to 100 pg/mL escin, and downregulates 4 (Fig. 515). Most of thess DEGs
are also differentially expressed in the WT and/or erg6A strain In response to escin treatment, with the exception
of HAP4 (encoding a regulator of respiration), YOL163W (considered non-functional), YGLOSSW (unknown
function) and the cell wall mannoproteln genes DANI and DAN4.

The erg3A transcriptome is not primed for the stress of escin treatment. In order to explore
whether the escin response DEGs In the WT strain are already differenttally expressed in erg3A under control
condttions, potentially “priming’ erg3A for the stress of escin treatment, we compared DEGs In the comparisons
WT 100 versus 0 pg/mL escin, and eng3A 0 pg/mL escin versus WT 0 pg/mL escin (Fig. S16a). Under control
conditions, the erg3A straln has elevated expression of 18 genes which are also upregulated in WT In response
to escin treatment, and lower expression of 5 genes which are downregulated in WT in response to escin treat-
ment. A heatmap showing the expression levels of these overlapping penes 1s included in Fig. S16b. The majority
of these genes are also differentlally regulated in the ergsiA straln under contral conditions, and the erg6A strain
does not exhibit the enhanced escin tolerance phenotype. The exceptions are PAI3 (encoding a cytoplasmic
protelnase A Inhibltor), SRL3 (encoding a cell cycle regulator), HED! (encoding a melosis-specific protein),
MAL3! (encoding a maltose permease), ARG3 (encoding ornithine carbamoyltransferase), COS111 (encoding a
mitochondrial protein), genes YBROKIC and YKR075C of unknown function, and genes YJR037 W and YJLI95C
which are unlikely to encode functicnal proteins,

Owerall, this data shows that escin has no impact on growth and a negligible impact on the transcriptome
of erg3A cells. This is not likely to be due to erg3A cells being already primed for the stresses induced by escin
treatment, and 1s potentially attributable to the chemical composition of its membrane sterols.

Pre-mixing escin with ergosterol, but not brassicasterol, prevents escin-mediated growth
inhibition. In order to explore the hypothesis that escin mediates toxicity by directly interacting with ergos-
terol, butnot the altered sterols present in erg3A, we assessed the tmpact of treating WT cells with escin alone, or
escln which had been pre-mixed with ergosterol In a 1:1 molar ratlo. It was considered that if ergosterol inferacts
directly with escin, then an escin-ergosterol mixture would have reduced impact on WT growth than escin
alone, due to reduced accessibility of the escin saponins. Motably, yeast cells do not import exogenous sterols
under asrobic conditions™.

The experlment was carrled out using microplate cultures and complete supplement mixture (CSM) medla,
as opposed to YPD, as the exact content of CSM is defined, whereas YPD is a rich media containing complex
malecules from yeast extract, which may also interact with escin and/or sterols. Previous studies have reported
ergosta-7,22-dlencl to be the predominant sterol in yeast lacking Erg3, with episterol and ergosta-7-enal also
accumulating™**. When sterol content was verified by Gas Chromatography-Mass Spectrometry (Figs. 52 and
53), the relative retention time of the largest sterol peak in the erg3A Total Jon Chromatogram corresponded to
previous reports for ergosta-7,22-dienol, when the strain was grown in etther YPD or CSM.

The MIC of escin In CSM medla was determined to be &3 pg/mL for WT cells (Fig. 5b); 2.4-fold lower than
in YPD. Meanwhile growth of the erg3A strain was uninhibited up to the highest concentration tested (500 pg/
mL). When escin was pre-mixed with ergosterol in a 1:1 molar ratlo, and the mixture added to cells, prowth of the
WT strain in the presence of 63 pg/mL escin was completely restored (Fig. 5¢c). Pre-mixing escin with erposterol
also restored the percentage of cells stalned with the membrane impermeable dye propidium todide to control
treatment levels (Fig. 517), indicating decreased cell permeability and/or increased cell viability.

The sterols present in erg3A are of lmited avatlability, and so for comparison we also assessed growth when
escln was pre-mixed with the phytosterol brassicasterol, which also has one double bond in the B-ring, although
the position of this is between C-5 and C-6 (Flg. 5a). In contrast to the restored growth observed when escin
was pre-mixed with erposterol, restoration of WT growth was not observed when escln was pre-mixed with
brassicasterolin a 1:1 molar ratto (Flg. 5c).

This supports the hypotheses that escin Interacts directly with ergosterol, and that small changes In sterol
structure can have a large impact on the strength of sterol-saponin interactions.
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Figure 5. Restoration of growth when escin is pre-mixed with ergosterol, but not brassicasterol. (a) Structure of
ergosterol (the predominant sterol in S. cerevisiae plasma membrane), brassicasterol (a plant sterol), and sterols
which have been Identified as accumulating in the erg3A strain (episterol, ergosta-7,22-dtenol, ergosta-7-enol).
(b) and (c), Growth In microplate cultures Indicated by AAsss (0-24 h). Three biological replicates+ standard
deviation (SD). In (b), the MIC of escin in CSM medla is 63 pg/mL for WT, which 1s 2.4-fold lower than in rich
complex medium. In (c), WT cells were grown In the presence of 0 or 63 pg/mL escin (1.25% methanol), alone
or pre-mixed with ergosterol or brassicasterol in a 1:1 molar ratio. Ergosterol and brassicasterol only controls
were Included. Statistics: one-way ANOVA with post-hoc Tukey HSD test, conditions not connected by the
same letter are significantly different (p<0.05).

Discussion

Saponins are a diverse group of high-value plant natural products, with huge potential in many industries. A
recent Increase In the Identification of plant genes involved in saponin biosynthesis has enabled the engineer-
Ing of yeast for saponin production®’, however many saponins, Including escin, are known to have antifungal
activity and/or a lytic effect on red blood cells and synthetic membranes®**254243 1t is therefore likely that some
saponins will inhibit yeast growth, particularly at high concentrations, which would limit productivity. Here,
we explore the impact of the saponin mixture escin on yeast cells, as escin has potent therapeutic properties*,
and production of specific escin saponins In yeast would facilitate cost-effective blosynthests and purification of
bloactive components, at industrial scale.

We report that the MIC of escin to WT yeast 1s 150 pg/mL in rich undefined (YPD) medium and 63 pg/mL
in synthetic defined (CSM) medium. In addition to the richer YPD medium containing complex precursors to
many biosynthetic processes, these media differ in carbon content, buffering capacity and osmolarity®. These
differences are likely to contribute to the difference in MIC observed.

In order to Investigate the hypothesls that escin inhibits yeast growth via interaction with ergosteral, we
assessed the impact of escin on the growth of mutants in ergosterol biosynthesis. We fdentified that escin has
negligible impact on growth of the sterol C-5 desaturase mutant erg3A. There was also little impact on the tran-
scriptome of erg3A cells In response to escin treatment. In contrast there are large transcriptome changes in WT
and erg6A cells In response to escin treatment, and the upregulated processes correspond to those Induced in
response to osmotic, oxidative, temperature and starvation stress. Due to cross-over between stress signalling
pathways®2-%%, the specific initial perturbation which induces the transcriptome response cannot be pinpotnted
using transcriptome data alone. A comparison between genes which are differenttally expressed in the WT strain
In response to escin treatment, and genes which are differentially expressed in the erg3A strain compared to WT
under control conditions, indlcates that the erg3A transcriptome Is not ‘primed’ for the stress of escin treatment.
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The finding that pre-mixing escin with ergosterol in a 1:1 molar ratio alleviates the growth inhibitory impact
of escin to WT cells, supports the hypothests that the toxicity of escin to yeast 1s mediated by direct interaction
between escin saponins and ergosterol.

Phenotypes of the viable ergosterol biosynthesis mutants, and relevance to yeast cell factorles, have recently
been reviewed®. Mutants in ergosterol blosynthess are usually more susceptible to antifungal treatment than
WT cells®. This has been attributed to increased membrane permeability, hyperpolarisation of the plasma mem-
brane, and reduced acttvity of efflux pumps such as Pdr5p in the mutant cells, resulting In Increased Intracellular
accumulation of the antifungal drugs®. An exception to this 1s the enhanced fluconazole tolerance of Candida
albicans strains lacking the C. albfcans Erg3 enzyme®. Fluconazole inhibits the lanosterol 14-a-demethylase
enzyme Erg11, resulting in accumulation of 14a-methylergosta8-24(28)dlenol In cells with functional Erg3, and
14a-methyl-fecosterol in cells lacking Erg3 activity. It has been hypothesised that 14a-methylergosta8-24(28)
dienol is detrimental to C. albicans cells®.

Ergosterol biosynthesls mutants also exhibit varylng degrees of enhanced tolerance to the polyene antifun-
gals nystatin and amphotericin B®. Nystatin binds ergosterol in synthetic liposomes, forming pores at high
concentrations®, whilst amphotericin B sequesters ergosterol into cell surface aggregates™. It Is plausible that the
sterols present In the mutant strains do not Interact as strongly with nystatin and amphotericin B as ergosterol
does. Additionally, S. cerevisfae erg6A cells exhibit increased tolerance to the steroidal glycoalkalold a-tomatine,
whilst erg3A cells exhibit enhanced tolerance to tomatidine (the aglycone of a-tomatine)®. The sterotdal gly-
coalkaloid a-tomatine has been reported to Increase the permeability of synthetic vesicles via interaction with
sterols®, and again, it is plausible that a-tomatine and tomatidine interact with the sterols present in erg6A and
erg3A with lower affinity than ergosterol.

Recently, the impact of escin on synthetic model membranes has been studled using differential scanning
calorimetry, wide-angle X-ray scattering, small-angle X-ray scattering and small angle neutron scattering. These
studies indicate that escin increases the rigidity of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) phos-
pholiptd bilayers below the DMPC melting temperature, and increases the flutdity of DMPC bilayers above the
DMPC melting temperature'”#2%*, The membrane softening effect 1slikely due to headgroup interactions between
the glycoside component of escin and the phosphocholine component of DMPC, whilst the stiffening effect s
proposed to be due to Incorporation of the rigld triterpenotd backbone of escin saponins into the liptd bilayer'”.
When cholesterol is included in DMPC bilayers, strong complexes form between chol 1 and escin saponins,
reducing the amount of free escin avatlable to interact with the phospholipid membrane, and resulting in defor-
mation of small unflamellar vesicles®. It 1s plaustble that escin saponins also interact with ergosterol, and simi-
larly impact plasma membrane dynamics and organisation. This might Induce pore formation, disrupt plasma
membrane stability, and/or impact the lateral organisation and acttvity of plasma membrane lipids and proteins.

‘The finding that pre-mixing escin with ergosterol alleviates the inhibitory impact of escin, whilst pre-mixing
with brassicasterol does not, and that erg3A mutants exhibit increased tolerance to escin treatment, whilst erg24,
erg4A, erg5A and erg6A do not, highlights that small changes In sterol and plausibly saponin structure can have
alarge impact on saponin bloactivity. The disruption of the C-5 desaturase gene ERG3 Is a promising engineer-
ing strategy for the production of escin saponins in engineered yeast. Strains with different lipidomes may
exhibit enhanced tolerance to other saponin structures, and overall, this research demonstrates that screening
the product tolerance of lipidome mutants should be a cructal prerequisite to the engineering of yeast strains
for saponin production.

Methods

Yeast strains and media. This study used Saccharomyces cerevisiae BY4741 as the wild type background
strain, and deletion mutants from the Yeast Deletion Collection™. YPD medla; 10 g/L yeast extract, 20 g/L pep-
tone, 20 g/L glucose. CSM media; 6.7 g/L yeast nitrogen base (Sigma Y0626), 790 mg/L Complete Supplement
Mixture (Formedium DCS001), 20 g/L glucose.

Microplate cultures for growth studies.  Cells from overnight cultures were washed 1n sterile water and
Inoculated into 96 well plates (Thermo Scientific #167008), in 100 L culture volumes, with starting OD,, 0.2
(equivalent to Asgs 0.04 In the plate reader). Plates were incubated in Tecan Sunrise plate readers at 30 °C, with
‘normal’ shaking level. To assess growth Asqs was recorded, which correlates with cell density.

Extraction and analysis of yeast sterols. Yeast strains were inoculated into YPD or CSM media at
0Dy, 0.25 and Incubated for 24 h (30 °C, 200 rpm). The cell density of each culture was then adjusted to OD,
2.7, and approximately 36.9 10° cells (from 1.5 mL of culture) were collected by centrifugation, and lysed in 500
WL lysts buffer (20% KOH, 50% ethanol, 80 nM coprostanol) for 10 min (100 °C). Sterols were extracted into 500
WL hexane three times. Organic phases were pooled, and 1 mL evaporated to dryness using a GeneVac EZ-2 Elite
evaporator. Samples were trimethylstlylated with 50 pL pyridine:N-methylsilyltrifluoroacetamine (1:4) directly
prior to Gas Chromatography Time-Of-Flight Mass Spectrometry (GC/QTOF-MS). Full GC/QTOE-MS details
are Included in S

Transcriptome analysis. Overnight cultures in YPD media were used to inoculate 20 mL YPD In 100 mL
conical flasks at ODg, 0.1. Cultures were grown (30 °C, 200 rpm shaking) to mid-log phase, and then treated
with 0, 75 or 100 pg/mL escin in water for 60 min. Cell pellet samples of approximately 2 x 107 cells were frozen
inliquid nitrogen and stored at —80 °C prior to RNA extraction. For RNA extraction, sequencing and data analy-
sis methods, see Supplementary Information. RNA sequencing was carried out at the University of Liverpool
Centre for Genomic Research.
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Propidium iodide (Pl) assays. To prepare chambered slides (Ibidf 80807), 100 pL of 2 mg/mL concanava-
lin A (Stgma C2010) was pipetted into each well, Incubated for 30 s, and aspirated off. Wells were then washed
with water three times. Yeast was grown to ODgy, 0.4 in CSM media, and 400 pL transferred to each well. After
5 min, the culture was aspirated off, wells were washed three times with treatment media (400 L PBS 1.25%
methanol, varying escin concentrations) and incubated for 1 h (30 °C, 200 rpm, dark). Cells were then washed
three times with 400 yL of PBS containing 5 pg/mL PI (Invitrogen P3566), Incubated for 20 min (30 °C, 200 rpm,
dark), washed three times with 400 pL PBS and imaged on a Leica DM8 inverted microscope (540-580/592-668
ex/em).

Data availability

Supplementary figures, methods and detalls of Differentially Expressed Genes and Gene Set Enrichment results
are included In supplementary files. RNA sequencing data is avaflable at the European Nucleotide Archive
(Project Accession Number PRJEB61952).
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