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Chapter 1 : General introduction

1.1 Plant-derived triterpenoid and its important

Secondary metabolism, also known as specialized metabolism, refers to biosynthetic
pathways that produce small molecules that are not essential to an organism's growth or survival
(Pusztahelyi et al., 2015; Cui et al., 2018). They are a rich source of bioactive compounds with
potential pharmacological properties, consisting of biosynthetic pathways of numerous chemical
compounds that have been and are being used as, among other things, anti-cancer, immune-
boosting, and anti-microbial drugs (de Frias et al., 2018; Bose et al., 2019). In the past decade,
secondary metabolite research has been challenging, particularly regarding the relationship between
biosynthetic genes and product diversity. The recent expansion of high throughput next-generation
sequencing tools, metabolomics techniques, and high-performance computational resources has
made it possible to conduct informational analyses (e.g., transcriptome analysis, comparative
genomics) to obtain information about unannotated genes, particularly in non-model plant species.
Consequently, our understanding of the coding genes involved in the biosynthesis of plant
secondary metabolites has expanded (Nascimento and Fett-Neto, 2010; Seki et al., 2015; Al-Jumaili
et al., 2018). Secondary metabolites perform numerous crucial roles in plant biology. They defend
plants against herbivores and microbial illnesses and communicate with symbiotic bacteria and
mycorrhiza. In addition, they serve as allelopathic agents in natural ecosystems and as physical and
chemical barriers to abiotic stresses like as UV and evaporation. They also regulate plant growth
hormones (Mizutani and Sato, 2011; Piasecka et al., 2015; Cui et al., 2018). On the basis of their
biosynthetic origins, the secondary metabolites derived from plants can be divided into three major
groups: (i) Flavonoids and allied phenolic and polyphenolic compounds, (ii) terpenoids (e.g.
diterpenoids (C-20), sesterterpenoids (C-25), triterpenoids (C-30), and tetraterpenoids (C-40)), and
(ii1) nitrogen-containing alkaloids and sulfur-containing compounds (Saito, 2003; Sumner et al.,

2003).
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Triterpenoids are a class of specialized plant-derived metabolites that contain six isoprene
units (C-30 hydrocarbon). They are produced when squalene is cyclized in numerous plant species.
(Phillips et al., 2006; Sheng and Sun, 2011; Fukushima et al., 2013; Seki et al., 2015). Triterpenoids
are a diverse group of compounds classified according to their skeletons as acyclic, monocyclic,
bicyclic, tricyclic, tetracyclic, and pentacyclic triterpenoids. Tetracyclic triterpenoids (e.g.,
protostanes, cycloartanes, dammaranes, and euphanes) and pentacyclic triterpenoids (e.g., ursanes,
gammaceranes, lupanes, oleananes, and hopanes) are the most extensively studied (Xu et al., 2004;
Sheng and Sun, 2011; Seki et al., 2015)

The pentacyclic triterpenoid is present in medicinal plants and other types of plants. Mainly,
the lupane- (lupeol, betulin, or betulinic acid aglycone), oleanane- (B-amyrin, erythodiol, or
oleanolic acid aglycone), and ursane- (a-amyrin, uvaol, or ursolic acid aglycone) are the most
abundant. Triterpenes display a variety of pharmacological effects devoid of toxicity.
Consequently, these triterpenes have the potential to be utilized in the creation of new bioactive
agents with multiple targets (Figure 1-1) (Jager et al., 2009). In addition to other nutraceuticals,
Mediterranean spices and fruits contain pentacyclic triterpenes from the lupane, oleanane, and
ursane groups. Lists of the abundant plant sources of triterpenes from the lupane, oleanane, and
ursane groups as materials for triterpene extraction shown in Table 1-1 (Jager et al., 2009). Among
the many compounds found in olive tree berries and leaves are oleanolic and maslinic acids (O.
europaea). There are small amounts of ursolic and betulinic acids in olive products. The oleanolic
and maslinic acids on olive leaves are thought to help the plant's defense against water loss and
pathogens by creating a physical barrier (Chen et al., 2005; Jager et al., 2009; Romero et al., 2010;

Gudoityte et al., 2021).

lupane- oleanane- ursane-

Figure 1-1 Molecule structures of lupane-, oleanane- and ursane triterpenes.
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Table 1-1 Triterpene distribution within various dry plant materials

(This table was modified from (Jager et al., 2009).

Plant species Common name Plant part [g/100 g dry matter]
LUS BE BA BAM ER OA AM | UV UA
Aesculus hippocastanum horse-chestnut leaves <0.3
Aloe vera aloe vera leaves 0.1
Arctostaphylos uva-ursi bearberry leaves 0.29 0.12 0.1 0.18 0.27 03 |04 ] 124
Betula alba birch bark 0.9-2.1|10.5-18.3 | 0.5-1.3 0.2-0.4 | 0.1-1.1
Calendula officinalis, pot marigold flowers <0.3 2.0
Centaurium erythraea common centaury herb <0.3 0.16 | <03
Coffea arabica coffee leaves <0.3 1.8
Cornus mas european cornel leaves 0.15
Crataegus hawthorn leaves, flowers 0.1 0.52
Eucalyptus euca-lyptus leaves 0.84 0.31 1.17
Lavandula angustifolia lavender leaves 0.13 0.45 1.59
Lavandula angustifolia lavender flowers 0.12 0.4 1.05
Malus domestica 11 diff. apples fruit peel <0.3 0.28 143
0.07 0.3-0.7
Malus domestica apple pomace pomace 0.16 0.8
Melissa officinalis lemon balm leaves 0.16 0.67
Nerium oleander oleander leaves 0.11 0.37 1.27
Ocimum basilicum sweet basil leaves <0.3 <0.3
Origanum majorana marjoram leaves 0.19 0.66
Origanum vulgare oregano leaves <0.3 0.28
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Table 1-1 Triterpene distribution within various dry plant materials (continue)

Plant species Common name Plant part [g/100 g dry matter]
LUS BE BA BAM | ER OA AM | UV UA
leaves <03 3.1 03| 0.18
Olea europeae olive bark <03 <0.3 <0.3 | 098 <0.3
fruit 0.21
pomace 0.18
Pimpinella anisum anisseed seed <0.3
Plantago major greater plantain leaves <0.3 0.21
Platanus acerifolia planes bark <0.3 2.44 <03
Prunus cerasus sour cherry unripe fruit <0.3
Pyrus communis pear williams' fruit peel 0.2
Rosmarinus officinalis rosemary leaves 1.53 1.23 2.95
Salvia officinalis sage leaves 002 | <03 0.67 1.8
leaves 0.12 0.58
Sambucus nigra black elder bark 03 =03 0.03 032
Satureja montana winter savory leaves 0.04 0.14 0.49
Solanum lycopersicum tomato fruit peel <0.3
Syringa lilac leaves <0.3
Syzygium aromaticum clove flower <03 1.65 <0.3
Thymus vulgaris common thyme leaves 0.37 0.94
Verbena officinalis common vervain herb <0.3 0.17
Viscum album mistletoe sprouts <0.3 0.86
Vitis vinifera grape vine leaves <0.3

Table Abbreviation: lupane- (lupeol (LUS), botulin (BE), or betulinic acid (BA) aglycone), oleanane- (B-amyrin (BAM), Erythodiol (ER), or Oleanolic
acid (OA) aglycone), and ursane (a-amyrin (AM), Uvaol (UV), or Ursolic acid (UA) aglycone)
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Triterpenoids exhibit a diverse array of unique biological properties. Extensive
pharmacological and mechanistic research has been conducted to maximize the therapeutic
potential of plant-derived triterpenoids (Chen et al., 2005; Dzubak et al., 2006; Sheng and Sun,

2011; Ayeleso et al., 2017) Table 1-2.

Numerous scientific research has shown that triterpenoids have a wide range of bioactive
effects, such as anti-viral, anti-inflammatory, anti-microbial, anti-cancer, anti-parasitic, and
gastroprotective. Several plant-derived triterpenoid therapies are now on the market. Clinical
investigations of synthetic plant-derived triterpenoid derivatives have gained much attention due to
their various pharmaceutical characteristics (Liu, 1995; Kensil et al., 1998; Chen et al., 2005;
Dzubak et al., 2006; Yadav et al., 2010; Fukushima et al., 2013; Yan et al., 2014; Ayeleso et al.,

2017; Jin et al., 2019).
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Table 1-2 The current profile of natural plant-derived triterpenoids compounds as therapeutic

agents or dietary supplements around the world

(This table was modified from (https://clinicaltrials.gov, 2000; Sheng and Sun, 2011)

Name of active Category Indications Status Region
compound
S Drug Liver diseases Registered China
Oleanolic acid (OTC drug)
Dietary Sarcopenia Phase 11 South Korea
S supplement (Muscle loss with
Ursolic acid aging) Phase 11 Mexico
Drug Diabetes, obesity
Dietary Diabetes, obesity Registered Japan
supplement
Maslinic acid
Dietary Cardiovascular Phase III Spain
supplement Diseases
Betulinic acid Drug Dysplastic Nevus Phase III United States
Syndrome
Glycyrrhizic acid Drug Liver diseases Registered China, Japan
Carbenoxolone Drug Gastptls and Registered Asia, Europe
pepticulcers
e . Drug Wound healing Registered China, Europe
Asiaticoside (OTC drug)
Corosolic acid Dietary Diabetes, obesity Marketed Asia, America
supplement
Dietary Diabetes Marketed Asia,
Gymnemic acids supplement America,
Europe

1.1.1 Triterpenoid biosynthesis

The current knowledge reported that they are biosynthesized in three steps: cyclization of

2,3-oxidosqualene catalyzed by oxidosqualene cyclases (OSCs), site-specific oxidations catalyzed

by cytochrome P450 monooxygenases (CYPs) and glycosylations catalyzed by UDP-

glycosyltransferases (GTs) (Fukushima et al., 2013; Seki et al., 2015) (Figure 1-2).
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Acetyl-CoA

v

HMG-CoA
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Figure 1-2 General scheme of enzymes involved in triterpenoid biosynthesis in plant cells.

However, their productivity in plant is low, their purification and chemical synthesis are
difficult, and their complete biosynthetic pathway is not yet elucidated in most species. Information
in the elucidation of their biosynthesis at the molecular level would help increase their production
yield in both native and heterologous production (Fukushima et al., 2013; Reed et al., 2017; Dale

et al., 2020).

1.2 Synthetic biology in heterologous host for triterpenoid production

Triterpenoids are a diverse class of plant-derived chemicals that are considered protective
against pathogenic microorganisms and herbivores (Sawai and Saito, 2011). Due to their diverse
human-beneficial qualities, triterpenoids are used in a variety of applications beyond medicine
Tablel-2. Very little is accumulated by plants, and its chemical synthesis is difficult. Consequently,
the commercial potential of these advantageous compounds is minimal. (Sawai and Saito, 2011;
Sheng and Sun, 2011; Yan et al., 2014).

Moreover, the extraction of triterpenoids from a plant's natural resources is unusually

environmentally unfriendly and costly due to the poor yield of the compound in the plant, which
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needs a considerable volume of plant biomass. Furthermore, the complexity of plant triterpenoids
structure makes chemical synthesis extraordinarily difficult. Thus, there is an urgent need to
develop new methods of producing plant-based products (Sawai and Saito, 2011; Moses et al.,
2013; Moses et al., 2017; Cravens et al., 2019). Methods for producing triterpenoids compounds in
heterologous host such as Saccharomyces cerevisiae and Nicotiana benthamiana have been studied

using synthetic biology techniques (Fukushima et al., 2013; Reed et al., 2017).

1.2.1 Synthetic biology in Saccharomyces cerevisiae

Widespread use of microbial hosts for plant metabolite synthesis. Yeast has been found to be
the most effective heterologous host to produce a wide variety of secondary metabolites from
plants, including triterpenoids, when compared to other microorganisms. When comparing yeast
and E. coli, the availability of some biosynthesis pathways in yeast provides a more suitable
environment for CYPs activity in relation to plant triterpenoids biosynthesis. Yeast contains
endogenous enzymes that are involved in the biosynthetic pathway of 2,3-oxidosqualene (a
common C-30 precursor that yeast naturally produces) to produce triterpenoids. Like plants, yeast
produces isopentenyl diphosphate and dimethylallyl diphosphate as squalene precursors from
acetyl-coA through its own mevalonate pathway. Because yeast does not contain any triterpenoids
biosynthetic enzymes, it is possible to express triterpenoids biosynthesis enzymes heterologously
without interfering with the native metabolic pathway of yeast (Siddiqui et al., 2012; Moses et al.,
2013; Moses et al., 2017; Cravens et al., 2019).

Synthetic biology techniques have been used to investigate methods for producing
triterpenoids compounds in heterologous hosts such as the yeast Saccharomyces cerevisiae. The
genome of the yeast S. cerevisiae has been completely sequenced and is being used as a model
organism for fundamental molecular biology research. Numerous studies have been aided in recent
decades by the availability of a complete yeast genomic database, which has revealed detailed

models of S. cerevisiae metabolic pathways and processes, making it easier to control and
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manipulate metabolic networks to produce a variety of plant secondary metabolites, including
triterpenoids (Sheng and Sun, 2011; Fukushima et al., 2013; Xiao and Zhong, 2016; Cravens et al.,

2019; Zhang and Hong, 2020; Carsanba et al., 2021).

1.2.2 Synthetic biology in Nicotiana benthamiana

Triterpenes (C-30) are synthesized via the mevalonate pathway, which is present in most
eukaryotic organisms, including animals, fungi, and higher plants Figure 1-2. Triterpenes
biosynthetic enzymes derived from distantly related plant species appear to be generally
appropriately targeted and functional in N. benthamiana (Huang et al., 2017; Reed and Osbourn,
2018). Consistently, the yield of the target pathway's products can be increased by removing
bottlenecks in upstream pathways or obstructing the flow of intermediates into competing
pathways. A thorough understanding of the metabolic process associated with the target metabolite
is essential to generate the desired molecule successfully. Understanding the regulatory enzymes
required in each biosynthetic pathway and how they affect yield has consequently received
considerable study. Quick screening of candidate genes and reconstruction of metabolic pathways
are made possible by transient expression (Liu et al., 2011; Reed et al., 2017; Reed and Osbourn,
2018).

A 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) is a known rate-limiting enzyme
for the mevalonate pathway. The N-terminus of HMGR has a crucial regulatory function but is not
required for catalysis (Polakowski et al., 1998; Reed et al., 2017; Robertlee et al., 2018). This
region's truncation generates a feedback-insensitive protein (tHMGR) and increases the yields of
mevalonate end products like squalene (van Herpen et al., 2010; Liu et al., 2011; Cankar et al.,
2015; Reed and Osbourn, 2018; Srisawat et al., 2019). This method constitutes a standard technique
for boosting the production of mevalonate-derived sesquiterpenes (C-15) and triterpenes (C-30)

Table 1-3.

Chapter 1 9



Table 1-3 Examples of various mevalonate-derived terpenes produced through transient expression

in N. benthamiana

(This table was modified from (Reed and Osbourn, 2018)

Compound Class Quantity Strategy Fold increases
RNAi of N. Fivefold increase
Caryophyllene | Sesquiterpene — benthamiana upon silencing
VAMP72 genes VAMP72 genes
15-fold increases
. . Targeting to from mitochondrial-
Costunolide Sesquiterpene 60 ng/g FW mitochondria targeting versus
cytosol
Fourfold increases in
. . Expression of the parthenolide
Parthenolide Sesquiterpene 1.4 ng/g FW HMGR precursor costunolide
with HMGR
0.70 ng/g FW/ Expression of 2.9-fold increases
) tHMGR & FPS, .
(+)-Valencene @ Sesquiterpene 24 h silencing of SQS from expression of
(unopti-mised) and EAS tHMGR and FPS
Genes fused Use of the fuglon
together with construct with
se of 2A mitochondrial FPS
4 and tHMGR
ribosomal .
skipping mcriasqd
Artemisinic acid | Sesquiterpene 16.6 mg/kg sequences/mitoc amorp 'afhene?
FW . (artemisinic acid
hondrial !
targeting of h P (riecursolr)) n )
eadspace by ~ 2-
ADS anc‘l FP3/ fold, and internal leaf
expression of .
(HMGR amorphadiene by ~ 7-
fold
Expression of | Approx 50% increase
Artemisinin Sesquiterpene | 3 ng/mg DW | LTP3 and PD2 in artemisinin at 13
plus HMGR days after infiltration
12,13-epoxy,
16-hydroxy-f3- Triterpene 1.18 mg/g DW — -
amyrin
tHMGR, Fourfold increases in
. . 0.12-3.3 mg/g .
Various Triterpene DW vacuum -amyrin upon
infiltration expression of tHMGR

Table Abbreviation: FW Fresh weight, DW dry weight, VAMP vesicle-associated membrane
protein, (t)HMGR HMG-CoA reductase (“t” denotes N-terminal-truncated form), FPS farnesyl
diphosphate synthase, ADS amorphadiene synthase, SQS squalene synthase, EAS 5-Epi-
aristolochene synthase, LTP3 lipid transfer protein 3, PD2 pleiotropic drug resistance 2
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1.3 Cytochrome P450 monooxygenase

CYPs are monooxygenases that carry heme as a co-factor and play an important role in
diversifying triterpenoid structures by site-specific oxidation of the cyclized backbone (Nelson and
Werck-Reichhart, 2011; Fukushima et al., 2013; Seki et al., 2015). Almost all CYPs in plants are
linked to the endoplasmic reticulum or chloroplast via a membrane anchor and hinge domain. Each
CYPs possesses motifs that facilitate interactions with the heme cofactor, a cytochrome P450
reductase (CPR) domain, and recognition sites that interact with a wide variety of substrates

(Figure 1-3).

I——- Globular domain -—| | Membrane anchor
- Signature domain

. . Substrate recognition sites
N — - e o = o om € I Proline rich hinge

Figure 1-3 Diagram of globular domain important for functional analysis of CYPs.

The heme-binding motif is the most conserved region in the CYPs enzyme family because
it contains the cysteine ligand and is strong enough to hold the heme in place during oxygenation
(Fontana et al., 2005; Sirim et al., 2010; Bak et al., 2011; Sugimoto and Shiro, 2012; Poulos and
Johnson, 2015; Prall et al., 2016) (Figure 1-4). The ExxR motif locks the heme pocket into the
ligand-binding site and stabilizes the core structure (Poulos and Johnson, 2015; Prall et al., 2016)
(Figure 1-4). The PERF motif is required for protein-protein interactions with cytochrome P450
reductase (Sirim et al., 2010; Prall et al., 2016) (Figure 1-4). The oxygen-activating region is
positioned above the heme group in the I-helix, which extends the core region of the CYP. This
domain region conserved residues that contribute to the development of a proton groove required
for oxygenation via breaking the O-O bond and formation of active Fe-O hydroxylating species
(Bak et al., 2011; Poulos and Johnson, 2015; Prall et al., 2016) (Figure 1-4). Substrate recognition
sites (SRSs) are conserved in the globular domain (Figure 1-4). The amino acid characteristics of

SRSs determine their enzymatic function in terms of substrate specificity, catalytic activity, region-
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specificity, and shape of the substrate-binding pocket (Gotoh, 1992; Sugimoto and Shiro, 2012)

(Figure 1-4).

SRS |

Proline rich
SRS IV

-—

Heme binding| |

\
. X A
NN
{9
N NN

Heme '

Oxygen activation

PREF
Figure 1-4 Homology modelling of CYP716A12.

Orange color highlighted signature region. Green color highlighted substrate recognition site.

The analysis of CYPs family diversity is important to understand the contributions of these
enzymes to plant evolution (Nelson and Werck-Reichhart, 2011). CYPs are generally classified by
their homology and named; accordingly, the first numbers following CYPs represent the family,
the following letters indicate the subfamily, and the last numbers indicate the individual locus. A
group of CYPs should share at least 40% of amino acid identity to belong to the same family and
at least 55% to belong to the same subfamily (Nelson et al., 2004; Nelson, 2006). For Example,

CYP716A is a CYPs that belongs to the subfamily A of CYP716 family.
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1.3.1 CYP716 family enzyme

An enzyme of the CYP716 family belongs to the CYP85 clan of CYPs, which corresponds
to non-A type P450s generally regarded as housekeeping enzymes, providing an evolutionary
context for this clade’s origin in the primary metabolism of triterpenoid compounds (Miettinen et
al., 2017). It has been isolated from a wide range of plant families that are functionally characterized
as triterpene oxidases. The CYP716 is a key enzyme family involved in the biosynthetic pathway

for diversifying triterpenoid products in eudicot plants (Figure 1-5).

a b ' CYP716 subgroups

Eudicot CYP716s

Red algae
Green algae

Liverworts.
Bryophyta (mosses) n
Hornworts

Lycophytes " Em

L
[ Cyoadales (cycads)
Conifers

n
i L
Angiosperm Ginkgosles (Ginkgo) '

CYP716s

(Amborella) n
(Nuphar)

P
Ancient CYP716s

AM

Figure 1-5 A Maximum likelihood analysis of the CYP716 family phylogeny. The picture was

taken from Miettinen et al., (2017).

(a) The enzyme members of the CYP716 family form distinct subgroups that can be divided into
three categories: eudicot, angiosperm, and ancient CYP716s. (b) A distribution of CYP716
subgroups by plant order, indicating the time of emergence of distinct subgroups and implying

diversification of the CYP716 family in early eudicots.

To better understand the evolution of the CYP716 family enzymes, I performed a wide-
ranging phylogenetic analysis using full-length CYP716 family enzyme sequences that were made
publicly available. This data set contained 383 sequences from 181 plant species, all of which were

identified and named in a systematic manner. The outlier CYP51G1vl, isolated from the plant
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Nicotiana tabacum, was used to establish the root of the CYP716 phylogenetic tree. The CYP716
family is clearly distinguished from its closest relatives in the phylogenetic tree shown below. Even
though some members of the CYP716 family share less than 40% amino acid identity, they were
all classified as members of the same family because they all share the same amino acid sequence

(Figure S-1).

1.3.2 CYP716A subfamily enzyme

The CYP716A subfamily is highly conserved in this enzyme family (Fukushima et al., 2011;
Fukushima et al., 2013; Miettinen et al., 2017). The modification catalyzed by this subfamily is
mainly a three-step oxidation of a-amyrin, f-amyrin, and lupeol at the C-28 position into highly
valued compounds such as ursolic acid, oleanolic acid, and betulinic acid, respectively (Carelli et
al., 2011; Fukushima et al., 2011; Yasumoto et al., 2016; Miettinen et al., 2017; Yasumoto et al.,
2017; Sandeep et al., 2019). For example, CYP716A12 from the model legume Medicago
truncatula, CYP716A15 from Vitis vinifera, CYP716A48 from Olea europaea, and CYP716A49
from Beta vulgaris are known enzymes that catalyze this three-step oxidation process (Figure 1-
6).

Three step site-specific oxidation at the C-28 position of a-amyrin, B-amyrin, and lupeol
catalyzed by CYP716A subfamily enzyme to produce highly valued compounds such as ursolic
acid, oleanolic acid, and betulinic acid, respectively. bAS, B-amyrin synthase; aAS, a-amyrin

synthase; LUS, lupeol synthase.

However, there are some CYP716A subfamily enzymes that have been found to catalyze
other triterpenoid oxidation reactions, including C-16a and C-22a oxidations (Yasumoto et al.,
2016), C-16P of B-amyrin (Tamura et al., 2017), and C-3 oxidations of f-amyrin (Moses et al.,
2015). Significant differences in catalytic activity and substrate specificity of these enzymes led to
heterologous production of various oxidized triterpenoids in engineered yeast (Suzuki et al., 2018;

Dale et al., 2020).
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Figure 1-6 Propose of biosynthetic pathway of C-28 oxidized triterpenoids catalyzed by CYP716A

subfamily enzymes. This biosynthetic pathway was modified from Suzuki et al., (2018).

Additionally, cytochrome P450s catalytic activity and substrate specificity are considered as
a rate-limiting factors in triterpenoid biosynthesis, affecting the production of C-28 oxidized
triterpenoids in heterologous hosts (Zhou et al., 2016; Czarnotta et al., 2017; Suzuki et al., 2018;

Jin et al., 2019).

1.4 Objective and strategies

Triterpenoids are a class of specialized plant metabolites with a high therapeutic value and a
wide range of structural diversity. Cytochrome P450 monooxygenases (CYPs) are an enzyme
family that catalyzes the site-specific oxidation of the triterpene backbone, thereby contributing to
the structural diversity of triterpenoids. The CYP716 enzyme family has been isolated from various
plant families as triterpenoid oxidases. However, their experimental crystal structures are

unavailable, and the detailed catalytic mechanism remains elusive. Therefore, this research aims to
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improve bioactive triterpenoid production in the heterologous host through protein engineering of
CYP716A subfamily enzyme.

To achieve this purpose, firstly, I selected CYP716A12, isolated from a model legume plant
M. truncatula with a plenty of genomic data available, as the first of CYP716A subfamily enzymes
that have been functionally characterized. I performed homology modeling, structural alignment,
in silico site-directed mutagenesis, and molecular docking analysis to search and screen key amino
acid residues relevant to the catalytic activity and substrate specificity of the CYP716A subfamily
enzyme in triterpenoid biosynthesis. An in vivo functional analysis using engineered yeast that
endogenously produced plant-derived triterpenes was performed to elucidate the results. The
product profile of CYP716A12 got modified when the amino acids in the signature region and the
substrate recognition sites (SRSs) were substituted. In the results, I identified amino acid residues
that controlled the substrate contraction of the enzyme (D292) and engineered the enzyme to
improve its catalytic activity and substrate specificity (D122, 1212, and Q358) for triterpenoid
biosynthesis. In addition, I generated the mutants of Arabidopsis thaliana CYP716A1 (S356) and
CYP716A2 (M206, F210) by changing the properties of key residues in substrate recognition sites
(SRSs) to improve the catalytic activity at C-28 on the different triterpene backbones. Finally, I
used the benefits of identified mutant CYP716A12 combined with the Tsukuba system, one of the
most efficient agroinfiltration-based transient protein expression systems, to evaluate the
applicability of the Tsukuba system for triterpenoid production in N. benthamiana through pathway
reconstruction.

This research has the potential to help in the production of the desired triterpenoids in
engineered yeast by increasing the catalytic activity and substrate specificity of plant CYP716A
subfamily enzymes. In addition, this research provides an alternative transient expression platform
for high titer of valuable triterpenoid productions through heterologous expression in N.

benthamiana contributed to synthesizing and accessing previously inaccessible triterpenoid or the
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other natural products and its analogs, as well as the possibility of revitalizing drug discovery

pipelines.

1.5 Thesis outline

This thesis is divided into five chapters. Chapter 1 describes the general introduction of the
importance of triterpenoids and their biosynthesis, involvement of CYPs as key important enzyme
for the structural diversification in triterpenoids biosynthesis. Introduction of CYPs, CYP716
family and CYP716A subfamily enzyme for this study are also described briefly in this chapter.

In chapter 2, I used several bioinformatics approaches including, investigated through
homology modeling, structural alignment, in silico site-directed mutagenesis, and docking profile
from molecular docking analysis, to search the key amino acid residues in the ligand-binding site
of CYP716A12 that required for the catalytic activity of enzyme and substrate specificity in
triterpenoid biosynthesis. To elucidate the results of the bioinformatics analysis, I performed an in
vivo functional analyses of candidate mutants. I found the different of triterpenoids product profiles
in S. cerevisiae engineered harboring mutant CYP716A12 enzymes when key amino acids at
ligand-binding sites were substituted.

In chapter 3, because I succeeded in identifications of key amino acid residues involve in
catalytic activity and substrate specificity for site-specific oxidation at C-28 of different
triterpene backbones in triterpenoid biosynthesis via integrating bioinformatics approaches and
in vivo functional analysis in engineering yeast from chapter 2. In this chapter, I successfully
designed CYP716A1 and CYP716A2 with improving the catalytic activity at C-28 against different
triterpene backbones by following the framework from the chapter 2.

In chapter 4, I selected mutants CYP716A12 and introduced into N. benthamiana using
agroinfiltration-based transient protein expression system via Tsukuba system. Notably,
transient protein expression in N. benthamiana revealed that substituting amino acids on
substrate recognition sites significantly increased the production of valuable triterpenoids. In

this chapter, 1 established a general strategy for rapidly producing substantial quantities of
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triterpenoids and generating valuable and difficult-to-obtain triterpenoids with potent biological
activity.

Finally, in chapter 5, the conclusions of this study and the future perspectives were discussed.
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Chapter 2 : Identification of key amino acid residues toward
improving the catalytic activity and substrate specificity of plant-
derived cytochrome P450 monooxygenases CYP716A subfamily

enzyme for triterpenoid production in Saccharomyces cerevisiae

2.1 Introduction

Triterpenoids are a group of plant-specific metabolites that contain a variety of bioactive
chemicals with pharmacological effects, including anti-cancer, anti-inflammatory, anti-viral, anti-
diabetes, and anti-microbial activity (Yadav etal., 2010; Yan et al., 2014; Jin et al., 2019). However,
their production in plants is extremely low, and their purification and chemical synthesis are
difficult. In addition, the whole metabolic process for most species has not yet been elucidated. A
synthetic biology methodology utilizing expression in heterologous hosts, such as the yeast
Saccharomyces cerevisiae, has been examined as an alternate method of triterpenoid biosynthesis
(Fukushima et al., 2011; Suzuki et al., 2018; Dale et al., 2020). Cyclization and site-specific
oxidation processes, catalyzed by oxidosqualene cyclase (OSC) and cytochrome P450
monooxygenases (CYPs), convert 2,3-oxidosqualene to produce triterpenoids (Figure 1-2).

A CYP716 family enzyme, specifically described as a triterpene oxidase, has been isolated
from a wide range of plant species. Eudicot plants use a biosynthetic route that involves the CYP716
enzyme family to produce a wide variety of triterpenoid compounds. Among these enzymes, the
CYP716A subfamily is the most conserved (Fukushima et al., 2011; Nelson and Werck-Reichhart,
2011; Fukushima et al., 2013; Miettinen et al., 2017). To produce useful chemicals including ursolic
acid, oleanolic acid, and betulinic acid, this subfamily primarily catalyzes the three-step oxidation
of a-amyrin, B-amyrin, and lupeol at the C-28 position respectively (Figure 1-6) (Carelli et al.,
2011; Fukushima et al., 2011; Yasumoto et al., 2016; Miettinen et al., 2017; Yasumoto et al., 2017;

Sandeep et al., 2019). Examples of enzymes that catalyze this three-step C-28 oxidation process
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include CYP716A12 from the model legume Medicago truncatula, CYP716A15 from Vitis
vinifera, CYP716A48 from Olea europaea, and CYP716A49 from Beta vulgaris. Some CYP716A
subfamily enzymes have been found to catalyze other triterpenoid oxidation reactions, including
C-16 and C-22 oxidations (Yasumoto et al., 2016), C-16p of f-amyrin (Tamura et al., 2017), and
C-3 oxidations of B-amyrin (Moses et al., 2015). Nonetheless, engineered yeast can produce a wide
variety of oxidized triterpenoids due to the divergent of enzyme catalytic activities and substrate
specificities (Suzuki et al., 2018; Dale et al., 2020). The production of C-28 oxidized triterpenoids
in heterologous hosts is also affected by the catalytic activity and substrate specificity of
cytochrome P450s, which is a rate-limiting factor in triterpenoid biosynthesis (Zhou et al., 2016;
Czarnotta et al., 2017; Suzuki et al., 2018; Jin et al., 2019). It has been discovered that numerous
C-28 oxidized triterpenoids serve as precursors to various bioactive triterpenoids of commercial
interest, such as platycodin D, which has been reported to have anti-cancer and anti-viral properties
(Liu, 1995; Jeon et al., 2019; Kim et al., 2021). Onjisaponin F is utilized to boost nasal anti-
influenza virus IgA antibody titers (Li et al., 2016; Peng et al., 2020), and QS-21 is used as a vaccine
adjuvant in clinical trials against HIV and malaria (Kensil et al., 1998; Liu et al., 2002; Zhu and
Tuo, 2016).

Despite their widespread distribution and functional characterization of numerous CYP716A
subfamily enzymes, their crystal structure is not yet available. Little is known about the molecular
mechanisms that create the significant differences in catalytic activity and substrate specificity
between these subfamilies (Yasumoto et al., 2016; Miettinen et al., 2017; Suzuki et al., 2018).
However, bioinformatics approaches combined with knowledge from other CYP families may
mitigate these issues (Fukushima et al., 2013; Seki et al., 2015; Miettinen et al., 2017). This
computational analysis is more efficient than conventional methods like random mutagenesis at
identifying candidate amino acid residues likely to be involved in catalytic activity of CYP716

family enzyme.
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The goal of this chapter is to correctly identify key amino acid residues for enhancing the
catalytic activity and substrate specificity of CYP716As in S. cerevisiae triterpenoid production.
To accomplish this and serve as a model for this investigation, I selected CYP716A12, which was
isolated from the model legume Medicago truncatula. To date, CYP716A12 is the first member of
the CYP716A subfamily to have performed functional characterization. The enzyme catalyzes the
regioselective oxidation of a-amyrin, f-amyrin, and lupeol at C-28 (Fukushima et al., 2011; Suzuki
et al., 2018). Homology modeling, structural alignment, in silico site-directed mutagenesis, and a
docking profile from molecular docking analysis were used to determine the important amino acid
residues in the ligand-binding site of CYP716A12 required for catalytic activity of the enzyme and
substrate specificity. /n vivo functional analyses of candidate mutants were carried out to gain
insight on the findings of the bioinformatics investigation. S. cerevisiae engineered to harbor mutant
CYP716A12 enzymes showed altered product profiles after key amino acids at ligand-binding sites
were altered.

This investigation has the potential to improve protein engineering techniques for producing

desirable triterpenoids.

2.2 Materials and methods

2.2.1 Chemical authentic standards

All the triterpenoid standards (o-amyrin, uvaol, ursolic acid, B-amyrin, erythrodiol,

oleanolic acid, lupeol, betulin, and betulinic acid) were purchased from Extrasynthase (France).

2.2.2 Homology modeling

I chose the CYP716A subfamily enzymes CYP716A1, CYP716A2, CYP716A12,
CYP716A15, CYP716A48, and CYP716A49, which were functionally characterized as C-28
multifunctional oxidases. The protein sequences of the selected CYP716As are presented in

Supporting information Section 2. A Protein BLAST (BlastP) search with a BLOSUM62 matrix
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was conducted against the experimental structure in the Protein Data Bank (PDB) database to
discover homologous sequences (Madden et al., 1996). The structure model with the highest amino
acid sequence homology was chosen as a template. The target protein sequences were aligned with
the model structure, and construction, refinement, and validation of the homology models were
performed using Modeller 9.21 software (Webb and Sali, 2017). The model's non-water HETATM
residues were incorporated into the homology model. The structure was optimized using a multi-
domain assembler (MDA). Chimera 1.14 was used to visualize all homology models (Pettersen et
al., 2004). VERIFY3D was used to evaluate the quality of homology modeling, with at least 80%

of the amino acids scoring >= 0.2 in the 3D/1D profile. (Eisenberg et al., 1997).

2.2.3 Molecular docking analysis

Molecular docking analysis was used to determine the possible interactions between
CYP716As and their putative ligands (o-amyrin, uvaol, ursolic acid, B-amyrin, erythrodiol,
oleanolic acid, lupeol, betulin, and betulinic acid). The chemical structures of the putative ligands
were obtained from the Cambridge Structural Database (CSD) and the PubChem database
(https://pubchem.ncbi.nih.gov). After molecular docking analysis, the scoring function (docking
score) was used to predict the binding affinity between the two molecules. A I-TASSER modeling
pipeline was utilized to predict the ligand-binding site area for molecular docking analysis (Yang
et al., 2015). An analysis of molecular docking was performed using Auto Dock Vina 1.1.2 (Trott
and Olson, 2010) via Chimera 1.14 (Pettersen et al., 2004) with the box center: 50 x -5 x 15 and
box dimensions of 30 x 30 x 30 along X, Y, and Z, respectively, in the receptor coordinate system.
As criteria for the selection of binding poses, the lowest docking score, the shortest distance
between the oxidation target sites (C-28 of triterpene backbones), and the heme reaction center to
the ferrous iron fragment (Fe?*) moiety were chosen (Yuki et al., 2012; Geisler et al., 2013). The

catalytic site environment of the enzyme, including catalytic site capacity, amino acid side chain
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position and conformation, ligand orientation, and ligand position, was also chosen as a criterion

for docking. (Docking profiles).

2.2.4 Structural alignment

Homology modeling of CYP716A12 was used as the reference structure. CYP716A1,
CYP716A2, CYP716A15, CYP716A48, and CYP716A49 were matched and aligned with the
ClustalX algorithm for homology modeling comparison (Thompson et al., 2002). The residue-
residue distance cut-off was set at 5 A. The residue aligned in a column if it was within the cut-off
criteria of at least one other. A Chimera 1.14 was used to create visualizations of the analysis results

(Pettersen et al., 2004).

2.2.5 Insilico site-directed mutagenesis

Candidate residues for site-directed mutagenesis were decided by using the PyMol 2.0.5
software program (Schrodinger, 2015). The native residue of the target position in the CYP716A
homology model was replaced with a representative amino acid based on its properties; non-polar
alanine (A) and tyrosine (Y), non-charged polar glutamine (Q), basic amino acid lysine (K), acidic
amino acid aspartic acid (D), and residues in the loop have been replaced with proline (P). The
substitution of proline in the loop enhances the protein's stability and kinetics (Matthews et al.,
1987; Yuan et al., 2017). To keep the hydrogen bond in the homology model, an additional
hydrogen molecule was introduced and retrained. The PDB file was generated from the exported
structure (.pdb). A Chimera 1.14 was used to optimize and display the protein's structures (Pettersen
et al., 2004). At last, VERIFY3D was used to evaluate the quality of the structures (Eisenberg et

al., 1997).

2.2.6 Plasmid construction

Bioinformatic predictions were further used experimentally to verify the function of

CYP716A12 mutations. The entry clones of CYP716As, pENTR-CYP716A12, pENTR-
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CYP716A15, pENTR-CYP716A48, and pENTR-CYP716A49 were obtained from previous
research (Seki et al., 2008; Fukushima et al., 2011; Yasumoto et al., 2016). The mutations were
introduced into CYP716A12 through site-directed mutagenesis using the PrimeSTAR®
Mutagenesis Basal Kit (TaKaRa Bio, Shiga, Japan). The specific primers used for site-directed
mutagenesis were detailed in (Table S-1). Using the Gateway LR Clonase II Enzyme Mix (Thermo
Fisher Scientific), yeast expression clones were generated by transferring the coding sequence
(CDS) of CYP716A12 into pELC-GW (Seki et al., 2008), pYES-DEST52 (Thermo Fisher
Scientific), and a gateway-compatible version of pESC-HIS (Agilent Technologies) as destination
vectors (Seki et al., unpublished). Using the same method, yeast expression clones of the other
CYP716As were constructed, including pELC-CYP716As, pYES-DEST52-CYP716As, and

pESC-HIS-CYP716As.

2.2.7 In vivo functional analysis in engineering yeast

The expression clones for OSC (pYES3-ADH-OSC1, pYES3-ADH-aAS, or pYES3-ADH-
LUS) (Fukushima et al., 2011) were transformed into Saccharomyces cerevisiae INVScl (MATa
his3D1 leu2 trp1-289 ura3-52 MATo his3D1 leu?2 trp1-289 ura3-52; Invitrogen) using the Frozen-
EZ Yeast Transformation II Kit (Zymo Research, Irvine, CA, USA). Transformants were chosen
on SD selection medium with 2% glucose and incubated for three days at 30 °C. Each transformant
that had been chosen was grown in 2 ml of the SD selection medium. It was incubated overnight at
30 °C, shaking at 200 rpm. The overnight culture (500 1) was transferred into 5 ml of the same
medium broth and then incubated at 30 °C for two days at 200 rpm. To induce CYP716As
expression, yeast cells were harvested and resuspended in 5 ml of an appropriate SD medium
containing 2% galactose and grown at 30 °C for two days at 200 rpm. The yeast cultures were then
frozen at -80 °C until extraction could be performed. All assays were performed in triplicates (three

independent assays were obtained from different colonies to confirm the results). S. cerevisiae
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INVSc1 harbors the OSC expression vector (pYES3-ADH-OSC1, pYES3-ADH-aA4S, or pYES3-

ADH-LUS), with the empty vectors pELC-GW, pYES-DEST52, and pESC-HIS used as controls.

2.2.8 Analysis of triterpenoid production in engineered yeast

Before yeast culture extraction, 50 pl of an internal standard (uvaol or betulin, 100 ppm in
methanol) was added to quantify triterpenoid production. A 5 ml of yeast cultures (cells and spent
media) were extracted with 5 ml of ethyl acetate (Wako, Osaka, Japan). The mixture was then
vortexed for 30 minutes and sonicated. Using a Pasteur pipette, the organic phase was transferred
to a new tube following centrifugation at 9000 g for 5 minutes. Using a centrifugal evaporator, the
extracted samples were evaporated for 45 minutes or until completely dry. This procedure was
repeated three times. The remaining powder was resuspended in methanol (1 ml). A new Pasteur
pipette was used to transfer the obtained samples into vials. Until the next analysis, the samples
were stored at 4 °C.

To quantify triterpenoid production in engineered yeast, 50 pl of the sample solution (j3-
amyrin-producing yeast extracts) or 100 ul of the sample solution (a-amyrin or lupeol-producing
yeast extracts) was transferred to vial inserts and then to a centrifugal evaporator for 60 min or until
completely dry. Finally, the evaporated pellet was derivatized with 50 pl of N-methyl-N-
(trimethylsilyl) trifluoroacetamide (Sigma-Aldrich) for 30 min at 80 °C before Gas
Chromatography-Mass Spectrometry (GC-MS) analysis. Like the method described above, Fifty
microliters of authentic standard solutions (a-amyrin, uvaol, ursolic acid, B-amyrin, erythrodiol,
oleanolic acid, lupeol, betulin, and betulinic acid, 10 ppm. in methanol) were used.

The metabolite analysis of sample extracts from lupeol-producing yeast was performed using
GC-MS analysis with a 5977A MSD (Agilent Technologies) coupled with a 7890B GC system
(Agilent Technologies) and a DB-1ms (length 30 m, 0.25 mm internal diameter, 0.25 pm film
thickness: Agilent Technologies). However, an HP-5ms (length 30 m, 0.25 mm internal diameter,

0.25 um film thickness; Agilent Technologies) capillary column was used for metabolite analysis
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of extracting the sample from a-amyrin or B-amyrin-producing yeast extracts. The injection
component and the MSD transfer line were set to 250 °C. The oven temperature was programmed
as follows: 80 °C for 1 min, followed by a rise to 300 °C at a rate of 20 °C min™!, and held at 300
°C for 14 min. The carrier gas was helium (He), and the flow rate was 1 ml min~'. Mass spectra
were recorded by scanning the m/z range of 50-750. Retention times and mass spectral patterns
were compared to reference standards to locate the peaks (Fukushima et al., 2011; Yasumoto et al.,
2016). The relative concentrations of the oxidized triterpenoids in the extracted samples were
determined by comparing the analyte's peak area to the internal standard's peak area. To quantify
the concentration of triterpenoids in the engineered yeast, a standard curve was constructed using
a-amyrin, uvaol, ursolic acid, f-amyrin, erythrodiol, oleanolic acid, lupeol, betulin, and betulinic
acid. The absolute quantity of triterpenoids in yeast was determined by comparing the standard

curve to the experimental data (Supporting information Section 4, S5, Figure S-2).

2.2.9 Statistical analysis

One-way analysis of variance (ANOVA) was used to determine the difference in oxidized
triterpenoid levels between the engineered yeast strains, and Tukey's test was used to determine the
significance of the differences between the means. p-values less than 0.05 (p < 0.05) were
considered significant in this study. All statistical analyses were conducted using JASP 0.16 for

macOS (JASP Team, University of Amsterdam, Amsterdam, the Netherlands).

2.3 Results

2.3.1 Comparative protein homology modeling of M. truncatula CYP716A12

CYP716A12 was selected as a model because it is the first CYP716A subfamily enzyme to
be functionally characterized; however, there is no experimental crystal structure for a CYP716A
subfamily enzyme. Enzymatic catalytic activity and substrate specificity cannot be determined

purely based on the primary protein structure (amino acid sequence). To visualize the location and
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orientation of each amino acid in protein folding structures, particularly at the ligand-binding site,
it is important to model and analyze the tertiary structure. (Prall et al., 2016). As a result, a
comparative homology modeling strategy was utilized to construct a homology model of
CYP716A12. CYP716A12 homology modeling was designed and modeled based on its amino acid
sequence and an experimental three-dimensional structure of a related homologous protein
(template), CYP120A1 (2VE3) chain A (Kuhnel et al., 2008), 38.1% identical (Figure 2-1A).
During homology modeling, unmatched template residues were removed.

Finally, 446 amino acid residues (30-475) were added to the optimized homology model. The
functionally relevant conserved CYP domain was highlighted in the CYP716A12 homology model.
Substrate recognition sites (SRSI-VI) are highlighted in green. Alternatively, the signature regions
are highlighted in orange (Figure 2-1B). The quality of this homology modeling surpassed
VERIFY3D's quality standards (Eisenberg et al., 1997) evaluation criteria of 89.24% of residues
with an average 3D-1D score greater than 0.2. The same strategy was applied to generate homology

models for CYP716A15 (Figure S-3A), CYP716A48 (Figure S-3B), CYP716A49 (Figure S-3C).
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Figure 2-1 Comparative homology modeling of CYP716A12.

(A) The structure of retinoic acid bound cyanobacterial CYP120A1 chain A (2VE3_A) shows the
highest similarity in amino acid sequence among of the experimental structures. It was selected as
a template model (Yellow) and homology model of CYP716A12 was in blue. (B) Homology
modelled CYP716A12 with a predicted ligand-binding site from molecular docking analysis.
Substrate recognition sites (SRS) was highlighted green and Signature region was highlighted in
orange. This homology model exceeded the quality criteria verified by VERIFY3D by 89.24%.
(C) The spatial positions of 15 (15 of 479) candidate amino acid residues were putatively involved
in the catalytic activity of the CYP716A12 enzyme in the ligand-binding site via a molecular
docking analysis and the I-TASSER pipeline.
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2.3.2 Identification of candidate amino acid residues putatively involved in the

catalytic activity of the CYP716A12 enzyme

Using the I-TASSER pipeline, the small spheres of the homology model were placed in the
ligand-binding pocket to highlight the substrate-binding region above the heme cofactor (Yang et
al., 2015). This area was used for molecular docking analysis (Figure 2-1B, C). Using the I-
TASSER pipeline, the spatial positions of 15 candidate amino acid residues (15 of 479) were
predicted as ligand binding site residues. Most of these residues were conserved at the catalytic site.
Thirteen of the 15 residues in the conserved CYP motifs were in SRSI (W108, V112, D122), SRSII
(I212), oxygen activation (1288, G289, D292, T293), SRSV (L357, Q358, G359, G360), and
SRSVI (L357, Q358, G359, G360) (F463). Two residues were discovered simultaneously at the
entrance of the binding pocket (F50 and S384) (Figure 2-1B, C). The catalytic site was not
predictive of the amino acids discovered on SRSIII and SRSIV. In addition, the vast majority of
amino acid residues in these regions are located opposite or away from the ligand-binding site. To
investigate the evolutionary and functional relationships that may not be discernible by comparing
CYP716As, structural alignment was performed utilizing the side-chain orientation and structural
conformation of the homology model. The structure-based amino acid sequence alignment based
on structural alignment is shown in Figure 2-2A. Most of the amino acid sequences in the signature
motif were conserved, as determined by structural alignment. Aspartic acid 292 is a conserved
residue in oxygen activation motif of the CYP716A subfamily. Its side chain is pointing to the
reaction center of the catalytic site (Figure 2-2B-2-2G). In contrast, the side chains of the
remaining conserved residues (1288, G289, T293) pointed away from the ligand-binding pocket.

Interestingly, the amino acid residues in SRS were variable. D122 in the SRSI of
CYP716A12; nevertheless, glutamine was a conserved in several other CYP716As. 1212 in SRSII
of CYP716A12 was also a conserved SRSII residue in CYP716As. Phenylalanine was a conserved
in this region, except in CYP716A1 and CYP716A2. On CYP716As SRS V, Q358 was a conserved

residue. The conserved residues in these aligned CYP716A1 and CYP716A2 are S356 and A352,
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respectively. F463, located in SRSVI, was not a structurally conserved residue; however,

methionine (M) was a conserved in CYP716A15 (M464), CYP716A48 (M463), and CYP716A49

(M463).

The most well-characterized CYP716A catalyzes a three-step oxidation reaction at the C-

28 position of B-amyrin, a-amyrin, and lupeol, yielding hydroxyl, aldehyde, and carboxylic

moieties. However, there is a distinction between the enzyme's catalytic activity and substrate

specificity. whereas certain CYP716A enzymes oxidize triterpene backbones at other carbon

positions (Fukushima et al., 2011; Miettinen et al., 2017; Yasumoto et al., 2017). Thus, the

predicted residues may have a direct impact on catalytic mechanisms and enzymatic activity. Thus,

all predicted ligand-binding site residues were considered potential candidates for amino acid

mutations.

(A)

CYP716A12_Medicago_truncanula_(30-475)
CYP7I6A15_Vitis_vinifera_(36-476)
CYP716A48_Olea_europaea_(35-477)_
CYP716A49_Beta_vulgaris_(34-474)
CYP716A1_Arabidopsis_thaliana_(34-477)_
CYP716A2_Arabidopsis_thaliana_(26-469)

CYP716A12_Medicago_truncanula_(30-475)
CYP7I6A15_Vitis_vinifera_(36-476)
CYP716A48_Olea_europaca_(35-477)..
CYP716A49_Beta_vulgaris_(34-474)
CYP716A1_Arabidopsis_thaliana_(34-477)_
CYP716A2_Arabidopsis_thaliana_(26-469)

CYP716A12_Medicago_truncanula_(30-475)
CYP7I6A15_Vitis_vinifera_(36-476)
CYP716A48_Olea_europaca_(35-477)_
CYP716A49_Beta_vulgaris_(34-474)
CYP716A1_Arabidopsis_thaliana_(34-477)_
CYP716A2_Arabidopsis_thaliana_(26-469)

CYP716A12_Medicago_truncatula_(30-475)
CYP716A15_Vitis_vinifera_(36-476)
CYP716A48_Olea_europaea_(35-477)_
CYP716A49_Beta_vulgaris_(34-474)
CYP716A1_Arabidopsis_thaliana_(34-477)_
CYP716A2_Arabidopsis_thaliana_(26-469)

CYP716A12_Medicago_iruncanula_(30-475)
CYP716A15_Vitis_vinifera_(36-476)
CYP716A48_Olea_europaca_(35-477)_
CYP716A49_Beta_vulgaris_(34-474)
CYP716A1_Arabidopsis_thaliana_(34-477)_
CYP716A2_Arabidopsis_thaliana_(26-469)

Heme binding

CYP716A12_Medicago_iruncamula_(30-475)
CYP716A15_Vitis_vinifera_(36-476)
CYP716A48_Olea_europaea_(35-477)_
CYP716A49_Beta_vulgaris_(34-474)
CYP716A1_Arabidopsis_thaliana_(34-477)_
CYP716A2_Arabidopsis_thaliana_(26-469)

Chapter 2

N
N
N
N
R
T

P
P
P
P
P
s

LKK
VQN
1QK
1QK]
I1EK
I1EK

M|
M

Proline-rich
NL KM@ YET 1 SLE T - -KGHPEKFIFDRMRKYSS - -« -« -« - - K@s 1 VEESTVEccElAs 92
K 1 M SLE TR---------- WKGHPEKFIFD----RISKYSSEV------- KMsLL@EPAAMFAGEAG
KT v SLE N@- - - - WKGHPEKFIFDR - - -« -« - TAKYSSYVERBHL FEEPAAMFCEGANG gg
T™ VV@EsLE T - ---KGYPEKFIFDRLSKYAPN - - - - -« - QI - - K@sIL@ExvAMIcBMAGc 93
NT@LBL 1 SFsS ABRQGHP - - - -EKFITDRVRRFSSSSS------ - CVennnn KBHLFEsPTAMVTEGEsG 95
1@ FBL TLS ABIRQ- -GH- - PEKFVTDRVRHFSS - - = = = = =« - - GI-woowon- K@HLF@sPFAMvTGNsG 91
SRS |
122
PQFF QENVG VB VIEQREFVT -H-JDNKNE I THYEEAER Y[ 180
PQFF Q 1IG1 H QRHFAD - § DNRDEVIMF ARRFE 181
PTFF QRN VG I HIEMQ - RHFSDG -MDNKNEVVMFBEAKR Y 180
PNFL Q TPI T I-RHME - SGWDGKDKVEMFBEAKR YH 180
SQFM RENVGVMBEMNQ - RHFETE - WANQDQV I MFIBET K Fl 182
M P S M| REMVGVMBEMMNQ - KHFETE - ANQDQL 1 MFBBTRK Fll 178
SRS I
AKFSDP ABINF I REEL 1K1 KRR IDLAE - - - - - GTASP - - - - - - TQ| 259
AKFEKP ABINFIREELRAMI KQRK IDLAE - - - - - GKASQ- - - - - - NQ 260
AKFADP SEINFIREELVSHIKQRK IDLAE - - - - - GKASP - ----- TQ 259
AKFAEP SEBINVVR LRAMI KON - - - - - KLDLADGKAST - « - - - - Q 259
RQLEEQ ABIRLLR VSABVROER - - - - - K-=-=--- EELKAGKAL - EEH| 261
RKLEEP ABIRLLSEEVsTHIRON- - - - - | EELKAGKV-SVEQ 257
SRS IV Oxygen activation
292
NGKSMNELNI ASVACTFLVK -BILGELBHE IEpKNYQ ME I -AKSK----P--AGEL 332
DGCHMNEME I ASAAITFLIK-@MABLBHIMEKMYE ME 1 -ANSKAPGEL - - - - - - - - 333
SGKFMHELDI ASSACTFVVK - ML ABLBE 1 e GMY Q| ME I -AKSKA---PGEL- - - - - 332
DGRFMTEMD I ASAACTFVVK - ML ABL BHVEEAMCK “MET----AKSKAE- - - - - - - - GELE 332
T-KDE---DL ASIVCTFVVN-MLABFEBHVEQRML Q - -KEILKEKKEKEG - - = = = = = = = = = = 330
T-KDE---DL -TSIVCTFVVNRILABFEH IMQRMLEBOIKE ILNNK- - - -DVNEK - = = = = = = = = - - - 326

ExxR

2222

PERF

AKDEEIELY - - -475
AKGEBVRLH - - -476
AKGERIRLYPL -477
ENGEBVEL - - - -474
DK G| 1R 1 FPQs477
AKGEE1 R -469

30



(B) ©

dlEt’. 1212 =5 1213

,' ‘N~ D292 K *\ = Y0200

Wy /

Jinternal bmdmg\i:\f ) Internal bmdmg

. - pocket o ¢ { . pocket

=Y =y

Q358 - “"‘w D122 Q359 Q123 e
) "’J
'al\! . =L //l{ - P ! G /
e ‘ﬁa??% I
CYP716A12 CYP716A15 CYP716A48
(E) (F) @)

F214
F210
.\_‘,@:}32 T
{ ~.\\ ) [ S
{ K\ { = D290 D286
1\ s , D292 ’g\\ g\i \}) \
Internal blndmg\ N )
‘\\ Giockat i Internal :lrt\dmg?\t . Internal bmdlng A’
\ # N e ) /
el / =

i m_lget /
e \ kﬁ{/ Q124 ;
& s Q120
7 =T . pos2 :
,H’—}\T > i« '*
Qﬁﬁ@\ 3 SEau IR el ‘

CYP716A49 CYP716A1 CYP716A2

Figure 2-2 Amino acid residues predicted to be in the substrate recognition sites and signature

region via structural alignment of CYP716A12 and selected CYP716As.

Structural alignment of selected CYP716As. (A) Structure-based Amino acid sequence alignment
of CYP716A12 against selected CYP716As with conserved CYP domains relevant to functional
analysis. Predicted substrate recognition sites (SRS), (green); SRSI (106-125); SRSII (207-221);
SRSIII (227-237); SRSIV (276-286); SRSV (354-365); SRSVI (460-469), and Signature region
(orange); Proline-rich (35-37); Oxygen activation (287-295); ExxR (349-352); PREF (403-4006);
Heme-Binding (417-428) are labeled. Comparison of focusing residues on catalytic activity site of
(B) CYP716A12 against (C) CYP716A15, (D) CYP716A48, (E) CYP716A49, (F) CYP716A1, and
(G) CYP716A2.

2.3.3 Screening candidate of amino acid residues for site-directed mutagenesis

To elucidate the substrate contacts of CYP716A12 that may affect the catalytic activity of the
enzyme, a molecular docking analysis was conducted on the wild-type and mutant versions of the
candidate residues identified above. Using in silico site-directed mutagenesis, the enzyme's

catalytic activity and substrate specificity-related ligand-binding sites were screened for important
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amino acid residues. Then, a docking analysis was performed on molecules. When only four of the
fifteen native amino acid residues at the ligand-binding site were replaced, the docking profiles
were modified.

When D292 was substituted in the oxygen activation motif, the docking profile closely
resembled that of the wild-type CYP716A12. When D292 was replaced with alanine, however, the
hydrophobicity of the amino acid residue and the environment of the ligand-binding pocket changed
(Figure 2-3B). Due to its location in the oxygen activation motif, this amino acid residue may
impact the oxygen activation and electron transfer processes of the enzyme, thereby influencing its
catalytic activity and substrate specificity.

Similarly, when the amino acid residues at SRSI, II, and V were changed, the docking profiles
changed. When D122 was substituted with glutamine, the direction and distance from the target
site (C-28) were straighter than when they were centered on the heme-Fe?" reaction center. This
substitution replaces the terms distal to the polarity and distance from the ligand-binding pocket
(Figure 2-3C). When 1212 in SRSII was replaced with proline, the binding orientation and substrate
distance changed. Additionally, the position of C-28 in the reaction center was altered (Figure 2-
3D). C-28 was oriented more directly toward the reaction center when proline 358 was substituted
for Q358 at SRS V. The ligand-binding pocket's capacity increased in part due to a change in the
orientation of the side chain (Figure 2-3E).

A Q358 (SRSV) was identified at an opposite position from D122 (SRS I) and isoleucine
212. (SRSII). As previously stated, docking profiles were altered when these amino acid residues
were replaced. Therefore, it is reasonable to hypothesize that the double replacement of residues on
either side of the ligand-binding site is key for modifying the enzyme's catalytic activity and
substrate specificity. Consequently, I designed a replacement variant of CYP716A12 Q358P
containing either Q122 or P212, resulting in the formation of CYP716A12 D122Q Q358P and
CYP716A12 1212P Q358P. The substrate orientation profile in the binding pocket of the

CYP716A12 D122Q Q358P variant did not differ significantly from the profile of the substituted
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residue, as stated previously. However, the properties, environment, and binding capacity of the
ligand-binding site were altered. (Figure 2-3F). CYP716A12 1212P Q358P has a B-amyrin-
binding orientation like that of a single isoleucine 212 substitution; however, the orientation of
erythrodiol binding was significantly altered in this variant (Figure 2-3G).

Comparing the four substituted residues to the homology model of CYP716A12 showed a
docking profile that was different from the other chosen CYP716As (Figure 2-2B-2-2G). The
selected CYP716A molecular docking analysis of the B-amyrin backbone was shown in Figure S3.
The ligand-target sites (B-amyrin and erythrodiol) were within the range and orientation for site-
specific oxidation in all homology models using the docking profile. A homology model revealed
a similar docking profile for ligands in wild-type of CYP716A12 (Figure S-4A) and CYP716A15
(Figure S-4B) whereas, it was different from CYP716A48 (Figure S-4C) and CYP716A49
(Figure S-4D), respectively.

The same analyses were performed on molecular docking analysis to reveal the docking
profile against the other putative substrates, a-amyrin (Figure S-5, S-6), and lupeol backbones
(Figure S-7, S-8). This analysis revealed differences in the docking profile of the engineered variant
of CYP716A12, which further altered the catalytic activity of enzyme and substrate specificity.

The preliminary results obtained from homology modeling, structural alignment, in silico
site-directed mutagenesis, and the docking profile from molecular docking analysis suggested a
strategy for understanding the amino acid differences at each CYP716A ligand-binding site. The
ligand-binding site's properties were changed when candidate amino acid residues were substituted.
This would also influence the enzyme's ability to generate vast variations in its catalytic activity
and substrate specificity. Altering the properties of key residues and the environment surrounding
the ligand-binding site may have a significant effect on substrate recognition, and binding may
affect the catalytic activity (Narayan et al., 2015; Blaha-Nelson et al., 2017; Li et al., 2017; Baek

etal., 2020; Sun et al., 2020). I hypothesized that altering the docking profile would affect substrate
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recognition, thereby altering the interaction between the binding pocket and the triterpene backbone

and the enzyme's catalytic activity
To test the hypothesis, I conducted an in vivo functional analysis to determine the catalytic

activity of enzyme and substrate specificity in order to provide a more detailed explanation of

enzymatic activity and quantify the desired product
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Figure 2-3 Representative interactions of selected CYP716A12 and its variants against the well-

known substrate f-amyrin backbone and its derivatives (Erythrodiol and oleanolic acids).

The structure homology modeling showed B-amyrin backbone and its derivatives in wild type of
(A) CYP716A12, and CYP716A12 variant (B) CYP716A12 D292A, (C) CYP716A12 DI122Q,
(D) CYP716A12 1212P, (E) CYP716A12 Q358P, (F) CYP716A12 D122Q_Q358P, and (G)
CYP716A12 1212P_Q358P.

2.3.4 In vivo functional analysis in engineered yeast harboring the CYP716A

sub-family enzymes

When candidate key amino acid residues at the ligand-binding site were replaced,
bioinformatics-based integration results altered the docking profile pattern. To demonstrate the
bioinformatics prediction and investigate their enzymatic activities, an in vivo functional analysis
of the yeast enzyme was conducted. Yeast strains expressing one P-amyrin synthase (bAS)
expression vector along with each of the three CYP expression vectors of CYP716A12 wild-type
and their variants (D122Q, 1212P, D292A, Q358P, D122Q Q358P, or 1212P_Q358P), selected
CYP716As (CYP716A15 wild-type, CYP716A48 wild-type, and CYP716A49 wild-type), or the
control vector (empty expression vector) were generated. To observe the triterpenoid profile of -
amyrin-producing yeast extract, product analysis was carried out using GC-MS (Figure 2-4A). The
extremely similar strategy was applied to engineered yeast, which generates the remaining
triterpene backbones, a-amyrin (Figure S-9A) and lupeol (Figure S-11A), harboring three target
CYPs expression vectors. GC-MS analysis results showed that the metabolite profile of
CYP716A12 variants against all triterpene backbones was altered in engineered yeast when native
amino acids at SRSs were substituted (Figure 2-4A, S-9A, and S-11A).

To determine the in vivo catalytic activity and substrate specificity of the engineered yeast by
comparing the production of triterpenoids, the concentration of triterpenes in a yeast culture

harboring CYP716As against B-amyrin backbones was quantified. Consequently, the concentration

Chapter 2 35



of the C-28 oxidized triterpenoid product (oleanolic acid) was significantly higher in yeast cultures
containing the wild-type CYP716A12 (5.22 + 0.08 pg/ml) than in those culture harboring
CYP716A15 (4.70 = 0.25 pg/ml). Nevertheless, yeast cultures harboring CYP716A48 (9.14 £0.15
pg/ml) and CYP716A49 (7.15 + 0.31 pg/ml) produced more oleanolic acid than those harboring
the wild type of CYP716A12 (Figure 2-4B). Compared to the wild type, the triterpene
concentrations of CYP716A12 variants were significantly different. When CYP716A12 variants
D122Q (1.85 times), Q358P (1.06 times), or D122Q Q358P (2.65 times) were co-expressed in
engineered yeast, oleanolic acid production was increased relative to wild-type yeast (Figure 2-
4B). The CYP716A12 variant D122Q Q358P contained the highest amounts of oleanolic acid,
13.82 £ 0.13 pg/ml. In yeast, co-expression of the CYP716A12 I212P variants (4.11 times) or
1212P_Q358P (4.85 times) significantly increased erythrodiol production (Figure 2-4B).

When CYP716A12 variants were expressed in a-amyrin-producing yeast, the concentration
of the C-28 oxidized triterpenoid product (ursolic acid) was lower in the yeast culture harboring the
wild-type CYP716A12 (2.58 + 0.17 pg/ml) compared to other selected CYP716As. The highest
concentration of ursolic acid (8.57 + 0.23 pg/ml) was observed in yeast containing the wild-type
CYP716A48 (Figure S-9B). Ursolic acid concentration increased in yeast strains carrying variants
of CYP716A12 D122Q, and D122Q Q358P (Figure S-9B). Although a-amyrin is the major
product of this yeast system, B-amyrin has also been detected as a minor product (Suzuki et al.,
2018), thus determining the substrate specificity of CYP716As in yeast. Since there is no a-
amyrin synthase that produces only o-amyrin, this occurs. In yeast co-expressing o-
amyrin synthase and CYP716As, 1 was able to detect both B-amyrin (Oleanane-Type) and a-
amyrin (Ursane-Type) derivatives, with a-amyrin being the more abundant of the two. Due to this
discovery, yeast strains containing the wild types CYP716A15, CYP716A48, and CYP716A49
were preferred for producing ursolic acid (Ursane-type) over oleanolic acid (Oleanane-type).
Surprisingly, yeast strains harboring CYP716A12, or its variants were found to preferentially

produce oleanolic acid (Oleanane-type) over ursolic acid (Ursane-type). The substrate specificity
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of CYP716A12 remained unchanged despite the substitution of key amino acid residues; however,
the enzyme's catalytic activity was enhanced (Figure S-9A, S-9B, S-10).

Although the engineered yeast produced lupeol, the concentration of the C-28 oxidized
triterpenoid product (betulinic acid) was significantly lower (1.39 + 0.10 pg/ml) in the yeast culture
harboring wild-type CYP716A12 than in the cultures harboring the other selected CYP716As.
However, the concentration of betulinic acid was enhanced in yeast harboring the CYP716A12
variants D122Q, Q358P, and DI122Q Q358P. The CYP716A12 variant with the highest
concentration of betulinic acid (8.75 = 0.17 pg/ml) was D122Q_Q358P (Figure S-11A, B).

Surprisingly, when the amino acid in the residual oxygen activation region 292 (D292A) was
substituted, no oxidized triterpenoid products were detected in any yeast strain producing triterpene
backbones (B-amyrin, a-amyrin, and lupeol) that possessed this variant (Figure 2-5, S-9, S-10, S-
11).

These data support the hypothesis that the observed changes in product profiles were the
result of a change in the docking profile following in silico site-directed mutagenesis and molecular

docking analysis performed.
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Figure 2-4 In vivo activities of selected CYP716As and CYP716A12 and its variants against

triterpene skeletons.

(A) Total ion chromatograms (TICs) of extracts from yeast harboring one »AS expression vector
for producing B-amyrin and three CYPs expression vectors (pELC-CYP716As, pYES-DESTS52-
CYP716As, and pESC-HIS-CYP716As) were used. (B) Triterpene concentration quantification in
engineered yeast harboring CYP716As relative to -amyrin backbone. Quantification and error
bars correspond, respectively, to the mean and standard deviation. The information is representative
of at least three biological replications (n=3). Letters indicate statistical differences between the
different oxidized triterpenoids levels (a-c: erythrodiol levels, u-z: oleanolic acid levels) for each

sample (one-way ANOVA; Tukey’s post-hoc test, p < 0.05). ND, not detected.

2.4 Discussion

The CYP716 enzyme family has been discovered in numerous plant species. These family
members catalyze a variety of triterpene backbone modifications. The most prevalent modification
of CYP716A in triterpenoids is a three-step site-specific oxidation at the C-28 position of the
triterpene backbone (Carelli et al., 2011; Fukushima et al., 2011; Yasumoto et al., 2016; Miettinen
et al., 2017; Yasumoto et al., 2017; Sandeep et al., 2019). This analysis demonstrates that even
though the structural alignment of the signature motif is highly conserved among CYP716As, their
SRS is highly variable. Variations in SRS determine the variety of enzyme functions in terms of
substrate specificity, catalytic activity, regio-specificity, and substrate-binding pocket properties
(Gotoh, 1992; Sugimoto and Shiro, 2012).

In this chapter, I revealed the amino acid responsible for the previously unknown significant
difference between catalytic activity and substrate specificity in C-28 oxidases. I was able to
identify the amino acids responsible for the differences between the catalytic activity and substrate
specificity of C-28 oxidases by combining bioinformatics techniques with in vivo functional

analysis in yeast. | observed that altering the properties of a key amino acid residue in the ligand-
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binding site could alter the product profile of CYP716A12, specifically the key amino acids present
on SRSs.

Aspartic acid 122, located in SRSI of CYP716A12, is a key residue for enhancing the
enzyme's catalytic activity. This residue is modifiable to control the direction of the target site
toward the reaction center, specifically in the B-amyrin and lupeol backbones, thereby increasing
the accumulation of oxidized products. Notably, engineered yeast increased the production of
oleanolic acid and betulinic acid significantly.

C-28 oxidation efficiency of triterpene backbones was significantly influenced by isoleucine
212 and neighboring residues in SRSII of CYP716A12. The amino acid side chain of a residue in
this region may alter the orientation of triterpene backbone binding in the internal binding pocket,
thereby altering the yield of triterpene-oxidized products in yeast.

While modifying glutamine 358 in SRSV has no effect on the orientation of the substrate, it
can slightly alter the catalytic activity of an enzyme. Specifically, the CYP716A12 D122Q Q358P
variant improved the catalytic activity of the enzyme and increased its ligand-binding pocket
capacity. The observed increase in oxidized triterpenoid yield was the result of the double
substitution of two essential residues. Using my current data, I can hypothesize that the Q358P
variant of CYP716A48 will be more active than its wild type. However, experimental work is
necessary to confirm this hypothesis. The Q358P and D122Q Q358P variants of CYP716A12
accumulate more of the alcohol intermediate (Uvaol) than the acid product (Ursolic acid) in a-
amyrin-producing yeast. The molecular docking research reveals that the Q358P substitution
altered the binding capability and environment of the ligand-binding site. It would enhance the
binding effectiveness of substrate a-amyrin at the ligand-binding site. Therefore, a high level of
uvaol (oxidized product) was identified in co-expression with two variations. To design an enzyme
with a function that can be altered to stop at the alcohol (Uvaol) (C-28 hydroxy function), molecular

docking analysis suggests that substituting 1212 with proline may increase alcohol synthesis by
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interfering with substrate binding. Therefore, triple substitution (D122Q 1212P_Q358P) may also
aid in stopping at alcohol production (Uvaol).

The CYP716A12 1212P Q358P variant significantly increased the ligand-binding site
capacity. However, the amino acid side chain at position 212 (proline 212) reduced the substrate's
binding effectiveness. Therefore, this enzyme's catalytic activity may be limited.

The side chain of proline is connected to its nitrogen backbone, forming a five-membered
pyrrolidine ring. Compared to other amino acids, this pyrrolidine ring decreases the backbone
conformational entropy of the unfolded protein. Proline substitution promotes protein stability by
decreasing the entropic difference between the unfolded and folded forms and increasing the free
energy difference (Matthews et al., 1987; Choi and Mayo, 2006; Yuan et al., 2017). Although, the
results from in vivo functional analysis demonstrate that the accumulations of triterpenoids
production were increased in engineered yeast when key amino acid residues were substituted with
proline. However, the molecular docking analysis showed that the capacity of the ligand-binding
site was modified when substituted with proline. To in-depth understand the interaction between
triterpene backbones (substrates) and the CYP716A12-variants that key residues were substituted
with proline, the analysis using another bioinformatics approach, such as molecular dynamics
simulation or related tools, is required in future.

Within the oxygen activation motif, the aspartic acid residue at position 292 is an extremely
important component. When alanine was substituted for this residue, the orientation of the
substrate, as determined by the docking profile, revealed that this possibility remained unaltered.
This was demonstrated by the fact that this possibility remained unchanged. However, the amino
acid characteristics of the ligand-binding pocket were altered, which would prevent the enzyme
from contracting with the substrate if it were to occur normally. In addition, the substrate's ability
to bind to the enzyme-binding pocket was thwarted. During the in vivo functional examination
performed on the engineered yeast that produced triterpene backbones and harbored this variation,

there was no sign of any oxidation product. As a direct consequence of this finding, this residue
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was identified as being essential for the proper functioning of the enzyme. In a prior study, it was
determined that this location in relation to aspartic acid residue 301, which is positioned in the
oxygen activation region, was significant in determining substrate specificity and CYP2D6 activity
(Ellis et al., 1995).

In this study, the variants of CYP716A12 were designed by substituting key amino acid
residues with only a representative amino acid based on its properties and proline at the loop.
Although, the integrated results of this research suggested that this strategy helped to increase
knowledge about key amino acids of CYP716A12 enzyme that were important in triterpenoids
biosynthesis toward improving the accumulation of triterpenoids production in engineered yeast.
However, the substitutions of key amino acid residues of CYP716A12 with all amino acids in all
properties are required in future experiments to provide complete coverage data. In addition, the
specific catalytic mechanism of the CYP716A12-variants is currently unknown. Therefore, in-
depth analysis by bioinformatics approaches and experimental studies are required to study the

function of enzymes following the substitution of key residues.

2.5 Conclusion

In a summary, [ was able to determine the key amino acid residues in the CYP716A12 that
contribute to the enzyme's catalytic activity as well as its substrate specificity. Through enzyme
engineering, this study provides a framework for improving the heterologous production of
oxidized C-28 triterpenoids in engineered yeast. The modification of the findings obtained has a
wide range of applications in protein engineering, particularly in the directed production of

triterpenoids, which makes it appropriate for a variety of biotechnological and medicinal uses.
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Chapter 3 : Improving the C-28 catalytic activity of Arabidopsis

thaliana CYP716A1 and CYP716A2

3.1 Introduction

The three-step site-specific oxidation that occurs at the C-28 position of the triterpene
backbone is the most common kind of CYP716A modification that can be detected in the process
of biosynthesis of triterpenoids (Carelli et al., 2011; Fukushima et al., 2011; Yasumoto et al., 2016;
Miettinen et al., 2017; Yasumoto et al., 2017; Sandeep et al., 2019). Catalytic activity at C-28 of
the triterpene backbone varied significantly between Arabidopsis thaliana CYP716A1 and
CYP716A2 isoforms. CYP716A1 catalyzes the site-specific oxidation of a-amyrin and f-amyrin at
C-28, resulting in the formation of ursolic acid and oleanolic acid, respectively. Although several
types of alcohol were found, ursolic acid and oleanolic acid were not detected in yeast containing
the CYP716A2 enzyme. Lupeol-producing yeasts harboring CYP716A1 and CYP716A2 do not
produce betulinic acid (Yasumoto et al., 2016) Figure 3-1.

Using bioinformatics and in vivo functional analysis in engineered yeast, I was able to identify
critical amino acids involved in catalytic activity and substrate specificity for site-specific oxidation
at C-28 of triterpene backbones in triterpenoid biosynthesis in chapter 2.

In this chapter, I aim to design mutants of A. thaliana CYP716A1 and CYP716A2 with
improved enzymatic activity at C-28 against diverse triterpene backbones. Through homology
modeling, structural alignment, in silico site-directed mutagenesis, and docking profile from
molecular docking analysis, the key amino acid residues in the ligand-binding site of
CYP716A1 and CYP716A2 required for the catalytic activity and substrate specificity of
enzyme were identified. To explore the result of the bioinformatics approach, in vivo
functional analyses of potential mutants were conducted. When key amino acids at ligand-
binding sites were substituted, distinct product profiles were detected in S. cerevisiae

engineered to contain mutant CYP716A1 or CYP716A2 enzymes.
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Finally, I successfully engineered CYP716A1 and CYP716A2 to improve the catalytic

activity at C-28 against different triterpene backbones by using the analysis framework from

chapter 2.
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3.2 Materials and methods

3.2.1 Chemical authentic standards

All triterpenoid standards (a-amyrin, uvaol, ursolic acid, f-amyrin, erythrodiol, oleanolic

acid, lupeol, betulin, and betulinic acid) were purchased from Extrasynthase (France).

3.2.2 Homology modeling

I selected six enzymes belonging to CYP716A subfamily functionally characterized as C-
28 multifunctional oxidases. 4. thaliana CYP716A1 and CYP716A2. The protein sequences of the
selected CYP716As are shown in Supporting information Section 2. To explore homologous
structure in the protein structure database, a Protein BLAST (BlastP) search with a BLOSUM®62
matrix was performed against the sequence available in the Protein Data Bank (PDB) database
(Madden et al., 1996). The structure model with the highest homology with experimental data was
chosen as a template. The target protein sequences were aligned with the model structure. The
construction, refinement, and validation of the homology models were performed using Modeller
9.21 software (Webb and Sali, 2017). The non-water HETATM residues of the model were
included in the homology model. Structure optimization was carried out using a multi-domain
assembler (MDA). All homology models were visualized using Chimera 1.14 (Pettersen et al.,
2004). The quality of homology modeling was evaluated using VERIFY3D, with at least 80% of

the amino acids having scored >= 0.2 in a 3D/1D profile (Eisenberg et al., 1997).

3.2.3 Molecular docking analysis

Molecular docking analysis revealed interactions between CYP716A1, CYP716A2 and
their putative ligands (a-amyrin, uvaol, ursolic acid, f-amyrin, erythrodiol, oleanolic acid, lupeol,
betulin, and betulinic acid) for attempting to determine the best match interaction between the two
molecules. The chemical structures of the putative ligands were obtained from the Cambridge

Structural Database (CSD) (https://www.ccdc.cam.ac.uk/theccdeprofile/) and the PubChem
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database (https://pubchem.ncbi.nlm.nih.gov). After performing a docking analysis, the scoring
function known as the docking score was utilized to provide predictions regarding the level of
binding affinity between two molecules. The I-TASSER modeling pipeline was utilized to make a
prediction regarding the ligand-binding site region in preparation for the molecular docking
experiment (Yang et al., 2015). Molecular docking analysis was performed using AutoDock Vina
1.1.2 (Trott and Olson, 2010) via Chimera 1.14 (Pettersen et al., 2004) with the box center: 50 x -
5 x 15 and box dimensions of 30 x 30 x 30 along X, Y, and Z, respectively, in the receptor
coordinate system. As criteria for the selection of binding poses, the lowest docking score, the
shortest distance between the oxidation target sites (C-28 of triterpene backbones), and the heme
reaction center to the ferrous iron fragment (Fe**) moiety were chosen (Yuki et al., 2012; Geisler
etal., 2013). The catalytic site environment of the enzyme, including catalytic site capability, amino
acid side chain position and conformation, ligand orientation, and ligand position, was also chosen

as an evaluation criterion for docking (docking profiles).

3.2.4 Structural alignment

CYP716A12 homology model was used as the reference structure. For the homology
modeling, CYP716A1, CYP716A2, CYP716A15, CYP716A48, and CYP716A49 were matched
and aligned with the ClustalX algorithm (Thompson et al., 2002). The residue-residue distance cut-
off was set at 5 A. The residue was correctly placed in the appropriate column if it met the cut-off
criteria of at least one other. A Chimera 1.14 was used to create a visualization of the findings of

the analysis (Pettersen et al., 2004).

3.2.5 Insilico site-directed mutagenesis

Candidate residues for site-directed mutagenesis were decided by using the PyMol 2.0.5
software program (Schrodinger, 2015). The target residue in the CYP716A1 or CYP716A2
homology model was replaced with a representative amino acid based on its properties following

the analysis framework from the chapter 2 (Materials and methods section 2.2.5). The substitution
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of proline in the loop increases the stability and kinetics of a protein (Matthews et al., 1987).
Hydrogen atoms were added and retrained to maintain hydrogen bond in homology model. The
structure was exported in PDB format (.pdb). A Chimera 1.14 was used to perform structural
analysis, optimization, and visualization on the designed protein (Pettersen et al., 2004).
VERIFY3D was then utilized to perform an evaluation of the overall quality of homology

modelling (Eisenberg et al., 1997).

3.2.6 Plasmid construction

Bioinformatic predictions were used to experimentally verify the CYP716A1 or CYP716A2
mutations. The entry clones of CYP716As, pENTR-CYP716A1, pENTR-CYP716A2 (Yasumoto
et al., 2016). The mutations were introduced to CYP716A1, and CYP716A2 by site-directed
mutagenesis using the PrimeSTAR® Mutagenesis Basal Kit (TaKaRa Bio, Shiga, Japan). The
specific primers used for site-directed mutagenesis are shown in (Table S-1). Yeast expression
clones were constructed using the Gateway LR Clonase I Enzyme Mix (Thermo Fisher Scientific)
by transferring the coding sequence (CDS) of CYP716A1 or CYP716A2 into pELC-GW (Seki et
al., 2008), pYES-DEST52 (Thermo Fisher Scientific), and a gateway-compatible version of pESC-
HIS (Agilent Technologies) as destination vectors (Seki et al., unpublished). Yeast expression
clones of the other CYP716As were constructed using the same approach, including pELC-

CYP716As, pYES-DEST52-CYP716As, and pESC-HIS-CYP716As.

3.2.7 In vivo functional analysis in engineered yeast

Saccharomyces cerevisiae INVScl (MATa his3D1 leu2 trp1-289 ura3-52 MATa his3D1 leu2
trp1-289 ura3-52; Invitrogen) harboring the expression clones for OSC (pYES3-ADH-OSCI,
pYES3-ADH-aA4S, or pYES3-ADH-LUS) (Fukushima et al., 2011) were further transformed with
the constructed expression clone(s) (pELC-CYP716As, pDEST52-CYP716As, and pESC-HIS-
CYP716As) using the Frozen-EZ Yeast Transformation II Kit (Zymo Research, Irvine, CA, USA).

Transformants were selected on SD selection medium containing 2% glucose, incubated at 30 °C
g g
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for three days. Each selected transformant was cultured in 2 ml of the SD selection medium. It was
cultured at 30 °C overnight at 200 rpm. The overnight culture (500 ul) was transferred into 5 ml of
the same medium broth and then cultured at 30 °C for two days, shaking at 200 rpm. Yeast cells
were harvested and resuspended in 5 ml of an appropriate SD medium containing 2% galactose to
induce CYP716As expression and cultured at 30 °C for two days at 200 rpm. Yeast cultures were
then stored at -80 °C until extraction was performed. All assays were performed in triplicates (three
independent assays were obtained from different colonies to confirm the results). S. cerevisiae
INVSc1 harbors the OSC expression vector (pYES3-ADH-OSCI, pYES3-ADH-aA4S, or pYES3-

ADH-LUS), with the empty vectors pELC-GW, pYES-DEST52, and pESC-HIS used as controls.

3.2.8 Analysis of triterpenoid production in engineering yeast

To quantify triterpenoid production in the yeast culture, 50 pl of internal standard (uvaol or
betulin, 100 ppm in methanol) was added to the yeast culture before extraction. Yeast cultures (cells
and spent media, 5 ml) were extracted with 5 ml of ethyl acetate (Wako, Osaka, Japan). The mixture
was then vortexed and sonicated for 30 min. After centrifugation at 9000 g for 5 min, the organic
phase was transferred to a new tube using a Pasteur pipette. The extracted samples were evaporated
using a centrifugal evaporator for 45 min or until they were dry. This procedure was repeated three
times. The remaining powder was resuspended in methanol (1 ml). The obtained samples were
transferred into vials using a new Pasteur pipette. The samples were stored at 4 °C until the
subsequent analysis.

To quantify triterpenoid production in engineered yeast, 50 pl of the sample solution (j3-
amyrin-producing yeast extracts) or 100 ul of the sample solution (a-amyrin or lupeol-producing
yeast extracts) was transferred to vial inserts and then to a centrifugal evaporator for 60 min, or
until dry. Finally, the evaporated pellet was derivatized with 50 pl of N-methyl-N-(trimethylsilyl)
trifluoroacetamide (Sigma-Aldrich) for 30 min at 80 °C before GC-MS analysis. Fifty microliters

of authentic standard solutions (a-amyrin, uvaol, ursolic acid, f-amyrin, erythrodiol, oleanolic acid,
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lupeol, betulin, and betulinic acid, 10 ppm. in methanol) were applied with the same method as
stated previously.

For quantification of triterpenoid production in engineered yeast, GC-MS analysis using a
5977A MSD (Agilent Technologies) coupled with a 7890B GC system (Agilent Technologies) and
a DB-1ms (length 30 m, 0.25 mm internal diameter, 0.25 um film thickness; Agilent Technologies)
capillary column was used for metabolite analysis of sample extracts from lupeol-producing yeast
extracts. Nevertheless, an HP-5ms (length 30 m, 0.25 mm internal diameter, 0.25 pm film thickness;
Agilent Technologies) capillary column was utilized to sample extracts from a-amyrin or -amyrin-
producing yeast. The injection component and the MSD transfer line were set to 250 °C. The oven
temperature was programmed as follows: 80 °C for 1 min, followed by a rise to 300 °C at a rate of
20 °C min™!, and held at 300 °C for 14 min. The carrier gas was helium (He), and the flow rate was
1 ml min~!. Mass spectra were recorded by scanning the m/z range of 50-750. Peaks were identified
by comparing retention times and mass spectra patterns to those of authentic standards (Fukushima

et al., 2011; Yasumoto et al., 2016) Supporting information Section 4.

3.3 Result

3.3.1 Screening candidate amino acid residues for site-directed mutagenesis of

CYP716A1 and CYP716A2

A previous study indicated that CYP716A1 and CYP716A2 catalyzed the C-28 oxidant
against a similar triterpene backbone in many enzymes belonging to the CYP716A subfamily
(Yasumoto et al., 2016). In engineered yeast harboring CYP716A1, oleanolic acid, and ursolic acid
are detected when co-expressed with B-amyrin synthase and o-amyrin synthase, respectively.
However, these products were undetectable in the engineered yeast expressing CYP716A2.
Surprisingly, a variety of alcohols, including erythrodiol, 16-hydroxy-f-amyrin, 22a-hydroxy-f3-

amyrin, and 22o0-hydroxy-a-amyrin, are detected in engineered yeast harboring CYP716A2
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(Yasumoto et al., 2016). Despite this, betulinic acid cannot be detected in engineered yeast that
produce lupeol and contain either CYP716A1 or CYP716A2 enzymes (Yasumoto et al., 2016).
When the amino acid in the SRS of CYP716A12 was replaced, the product profile of C-28
oxidases was altered depending on the triterpene backbones, according to the findings of chapter 2.
Specifically, amino acid variations in SRSII and SRSV were replaced. Isoleucine 212 was a
conserved residue in SRSII of CYP716A12 and the other CYP716As, as described in chapter 2.
However, phenylalanine (F) was a conserved in SRSII of CYP716A1 (F214) and CYP716A2
(F210). On SRSV of the other CYP716As, glutamine 358 was a conserved residue. Nevertheless,
the conserved residues in these aligned with CYP716A1 and CYP716A2 were a serine 356 and an
alanine 352, respectively. Therefore, the amino acid sequences on SRSII and SRSV of CYP716A1
and CYP716A2 were structurally conserved with CYP716A12 to increase the catalytic activity at

C-28 of triterpene backbones (Figure 2-2A).

3.3.2 Improving the C-28 catalytic activity of Arabidopsis thaliana CYPT716A1
and CYP716A2 inspired by CYP716A12 variants

When isoleucine was substituted for F210 in SRS II of CYP716A2, the docking profile of the
variant against erythrodiol was altered. The C-28 direction and distance were almost perfectly
centered at the reaction center (Figure 3-2A, B). An in vivo functional analysis of B-amyrin-
producing yeast harboring this variant revealed the production of oleanolic acid (red arrow) and 16-
hydroxy-fB-amyrin. In comparison, 22-hydroxy-B-amyrin was not detected (Figure 3-2C).

Additionally, when alanine (A) was substituted for M206 on SRS II of CYP716A2 and the
docking profile was compared to that of the wild-type, the docking profile of the variant was altered
(Figure 3-2D, E). Ursolic acid (red arrow) and 22a-hydroxy-a-amyrin production were detected in
a-amyrin-producing yeast harboring this variant (Figure 3-2F). Likewise, when glutamine was
substituted for S356 on SRSV of CYP716A1, the docking profile against betulin was altered

(Figure 3-2G, H). Similarly, the docking profile indicated that the orientation of betulin in the
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ligand-binding pocket of CYP716A2 was different in the variant in which isoleucine was
substituted with F210 on SRS II. The direction and distance of C-28 were determined using points
centered on the Fe?" moiety heme reaction center (Figure 3-2I, J). However, betulinic acid
production (red arrow) was observed in the engineered lupeol-producing yeast harboring these

variants (CYP716A1_S356Q and CYP716A2_F210I) (Figure 3-2K).
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Figure 3-2 In-silico study and In vivo activity of CYP716A1 and CYP716A2 toward triterpene

skeletons in co-expressing yeast strain.

Representative interactions of (A) CYP716A2 wild-type, and (B) its variant (CYP716A2 F210I)
against erythrodiol backbone. (C) TICs of extracts from yeast harboring one bAS expression vector
for producing B-amyrin and three CYPs expression vectors of CYP716A2 or its variant
(CYP716A2 F210I). Representative interactions of (D) CYP716A2 wild-type, and (E) its variant
(CYP716A2 M206A) against uvaol backbone. (F) TICs of extracts from yeast harboring a4S
expression vector for producing a-amyrin as a major substrate and three CYPs expression vectors
CYP716A2 or its variant (CYP716A2 M206A). Representative interactions of (G) CYP716A2
wild-type, and (H) its variant (CYP716A2 M206A) (I) CYP716A1 wild-type, and (J) its variant
(CYP716A1 _S356Q) against betulin backbone. (K) EIC of extracts from yeast harboring one LUS
expression vector for producing lupeol and three CYPs expression vectors of CYP716A2 or
CYP716A2 M206A or CYP716A1 or CYP716A1 _S356Q. Data are representative of at least three

biological replicates (n=3).
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3.4 Discussion

Previously undiscovered amino acid residues in C-28 oxidases are responsible for the
considerable difference in catalytic activity and substrate specificity identified in chapter 2. A key
amino acid residue in the ligand-binding site of CYP716A12 can change the product's profile by
modifying its characteristics. Especially, the key amino acids were found on SRSs.

I demonstrated that changing the characteristics of SRS II residues (M206A, F210I) can
enhance the catalytic activity of CYP716A2 for heterologous synthesis of oxidized C-28
triterpenoids in engineered yeast. Nonetheless, it impaired the CYP716A2 variant site-specific
oxidation activity at C-22 of the B-amyrin backbone. Similarly, engineering of SRSV serine 356
changed the catalytic activity of CYP716A1 on the lupeol backbone. I propose engineering by
double mutation at SRSII and SRSV to improve CYP716A1 and CYP716A2 more functionally
efficient at C-28 oxidases.

The results suggest a strategy for increasing knowledge about critical amino acid residues
involved in the catalytic activity and substrate specificity of CYP716A1 and CYP716A2 in
triterpenoid biosynthesis. However, the specific mechanism of the enzymatic catalysis following

substitution of critical residues is currently unknown.

3.5 Conclusion

In summary, I identified critical amino acid residues in the CYP716A1 and CYP716A2 that
contribute to its catalytic activity and substrate specificity. In chapter 2 provides a framework for
enhancing heterologous production of oxidized C-28 triterpenoids in engineered yeast through
enzyme engineering of CYP716As. 1 demonstrated the enormous utility of this approach by
engineering A. thaliana CYP716A1 and CYP716A2 to modify the catalytic activity at C-28 on

triterpene backbones.
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Chapter 4 : High-yield bioactive triterpenoid production by
heterologous expression in Nicotiana benthamiana using the Tsukuba

system

4.1 Introduction

Oleanolic acid is a pentacyclic triterpenoid that occurs naturally in over 200 plant species.
Numerous studies indicate that it is a precursor to a quantity of bioactive triterpenoids of
commercial interest, such as bardoxolone methyl, a powerful activator of the Nrf2 pathway and
inhibitor of the NF-«kB pathway that is undergoing a phase 2 clinical study for the treatment of
chronic disorders (Liby and Sporn, 2012). Additionally, oleanolic acid is a precursor of onjisaponin
F, which boosts nasal anti-influenza virus IgA antibody titers (Li et al., 2016; Peng et al., 2020);
platycodin D, which has anti-cancer and anti-viral properties (Jeon et al., 2019; Kim et al., 2021);
and maslinic acid, which is now being researched as a potential novel medicinal drug, possesses
anti-inflammatory, hepatoprotective, analgesic, anti-bacterial, anti-mycotic, virostatic, and
immunomodulatory properties, as well as a few others (Fukumitsu et al., 2016; Reyes-Zurita et al.,
2016). On the other hand, oleanolic acid only accumulates to very low levels in plant cells, and its
chemical synthesis is challenging due to the complexity of its structure (Dale et al., 2020).

Oleanolic acid is biosynthesized from 2,3-oxidosqualene via cyclization catalyzed by
oxidosqualene cyclase (OSC), i.e., B-amyrin synthase (bAS), to produce B-amyrin, followed by
three-step oxidation at C-28 of the f-amyrin backbone through erythrodiol (28-hydroxy-p-amyrin)
and oleanolic aldehyde as reaction intermediates Figure 4-1. This oxidation process is mostly
catalyzed by enzymes belonging to the CYP716A subfamily (Fukushima et al., 2011; Suzuki et al.,
2018). The CYP716A subfamily is a member of the CYP716 family of enzymes, which has highly

conserved functionality in the process of triterpenoid biosynthesis. The three-step site-specific
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oxidation of the C-28 position of a-amyrin, B-amyrin, and lupeol is the most common modification
of the triterpene backbone that is catalyzed by CYP716A (Fukushima et al., 2011; Fukushima et
al., 2013; Miettinen et al., 2017). In the CYP716A subfamily of enzymes, Medicago truncatula
CYP716A12 was the first enzyme to be functionally described as a multifunctional triterpene
oxidase able to generate these C-28-oxidized products (Carelli et al., 2011; Fukushima et al., 2011).

In chapter 2, I identified the key amino acid residues responsible for determining the catalytic
activity and substrate specificity of CYP716A12 using in vivo functional analysis utilizing
Saccharomyces cerevisiae engineered to produce the f-amyrin backbone. Changing the product
profiles of CYP716A12 by replacing key amino acid residues in substrate recognition sites (SRS).
Three mutant CYP716A12s (D122Q, Q358P, and D122Q Q358P) enhanced oleanolic acid product
yield, whilst two others (I212P and 1212P Q358P) produced erythrodiol predominately.

As an alternate approach of triterpenoid production, a synthetic biology strategy that involves
pathway reconstruction in heterologous hosts, such as yeast and Nicotiana benthamiana, has been
researched and examined (Fukushima et al., 2011; Buyel et al., 2017; Reed et al., 2017; Suzuki et
al., 2018; Dale et al., 2020). Transient protein expression in N. benthamiana leaves using
agroinfiltration is a simpler, more flexible, and cost-effective methodology for researching cell
biology and physiology and producing excessive quantities of recombinant proteins than stable
transgenic procedures or conventional cell culture systems (Buyel et al., 2017; Suzaki et al., 2019).

Several natural product pathways have been reconstructed because of transient expression
experiments in N. benthamiana. N. benthamiana has emerged as a good host to produce terpenes,
particularly triterpenoids (Reed et al., 2017; De La Pena and Sattely, 2021). A high yield of the
desired compound is required to be generated by a transient expression method that is both high
level and efficient. Utilizing the high-expression binary vector pPBYR2HS, the Tsukuba system is
one of the most effective transient protein expression systems for various plant cells (Yamamoto et
al., 2018). It has been demonstrated that this vector, which contains geminiviral replication

machinery and a double terminator, considerably improves the transient protein expression
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efficiency in lettuce, N. benthamiana, tomatoes, eggplant, hot pepper, melon, and orchid. When
compared to a single terminator, the double terminator can eliminate transcriptional interference,
which leads to an increase in the expression level. Additionally, the geminiviral replication
machinery leads to a high yield of expression of foreign proteins. In addition to this, the pPBYR2HS
vector has an expression cassette for the gene-silencing suppressor p19 protein from tomato bushy
stunt virus. This protein can also contribute to an increase in the expression of target proteins
(Yamamoto et al., 2018; Suzaki et al., 2019). However, it has not yet been used to reconstruct
plant triterpenoid biosynthesis pathways.

Through pathway reconstruction, I examined the applicability of the Tsukuba system for
triterpenoid biosynthesis in N. benthamiana in this study. I evaluated the efficacy of pPBYR2HS in
enhancing oleanolic acid production by comparing the pBYR2HS-based expression construct to a
conventional binary vector without geminiviral replication machinery and a double terminator. I
also selected the host based on the oleanolic acid-producing qualities of two Nicotiana species. To
prevent leaf necrosis and enhance oleanolic acid production, the appropriate incubation period and
application of ascorbic acid following agroinfiltration were also evaluated. In addition, I proved the
need for an additional NADPH-cytochrome P450 reductase (CPR) to improve the
microenvironment of CYPs and enhance the production of oleanolic acid. I chose five mutant
CYP716A12s with altered product profiles based on chapter 2, along with several wild-type
CYP716A enzymes, such as Vitis vinifera CYP716A1S5, Olea europaeca CYP716A48, and Beta
vulgaris CYP716A49, to compare the potential for high-titer oleanolic acid production using the
Tsukuba system. The enzyme mutation CYP716A12 D122Q has the greatest potential for
heterologous oleanolic acid synthesis. I also optimized the biosynthetic pathway to improve
oleanolic acid biosynthesis through the co-introduction of mutant Arabidopsis thaliana HMGR1
catalytic domain (AtHMGR1cd-S577A) to enhance the mevalonate pathway. I finally established
the applicability of this expression system for increasing production in the bioactive triterpenoid

pathway by using maslinic acid as a case study Figure 4-1.
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This study developed a general technique for efficiently synthesizing substantial quantities
of triterpenoids and producing important and difficult-to-obtain triterpenoids with potent biological
activity.
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Figure 4-1 Proposed biosynthetic pathway of the triterpenoids detected in chapter 4.

4.2 Material and method

4.2.1 Chemical Authentic Standards

The following triterpenoid standards were purchased from Extrasynthese: uvaol, B-amyrin,

erythrodiol, oleanolic acid, and maslinic acid (Genay, France).

4.2.2 Plasmid Construction

pRI 201-AN (TaKaRa Bio, Shiga, Japan), a standard binary vector developed for high-level
foreign gene expression in dicotyledonous plants, was utilized in this investigation. To develop
pYS 015, a gateway cassette was introduced into pRI 201-AN digested with Ndel and Sacl to
construct a gateway-compatible version (Srisawat et al., 2019). pRI201-AN was also applied as a
template vector for cassette amplification during the construction of pPBYR2HS (Yamamoto et al.,

2018). The structures of the T-DNA regions of the expression constructs pPBYR2HS and pRI201-
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AN are displayed in Figure S-12. To construct a gateway-compatible version of pBYR2HS,
pBYR2HS-Sall (Yamamoto et al., 2018) was digested with Sall, blunted with KOD polymerase,
and ligated with GATEWAY conversion cassette frame A (Invitrogen, Carlsbad, CA, USA).

The entry clones of pPENTR-CYP716A12, pENTR-selected mutant CYP716A12s, pENTR-
CYP716A15, pENTR-CYP716A48, pENTR-CYP716A49, mutant A. thaliana HMGRI catalytic
domain (AtHMGR1cd-S577A), and Lotus japonicus NADPH-cytochrome P450 reductase class 11
(LjCPR2) were obtained in previous studies (Seki et al., 2008; Fukushima et al., 2011; Robertlee
et al., 2018; Suzuki et al., 2018; Istiandari et al., 2021). The amino acid sequences of the enzymes
in this chapter are shown in Supporting information Section 2. The mutant CYP716A12s were
generated by site-directed mutagenesis using a PrimeSTAR® Mutagenesis Basal Kit (TaKaRa Bio)
in chapter 2. Complete codon-optimized L. japonicus B-amyrin synthase (LjOSC1) was synthesized
for expression in N. benthamiana (Supporting information Section 10). Using Gateway LR
Clonase II Enzyme Mix (Thermo Fisher Scientific, Waltham, MA, USA), the coding sequences
(CDSs) of the target genes were transferred to gateway-compatible versions of pPBYR2HS and pYS

015 to generate plasmids for transient expression in plant cells.

4.2.3 Transient expression in Nicotiana benthamiana

Electroporation was used to transfer expression constructs for target genes into
Agrobacterium tumefaciens strain GV3101 (pMP90) (MicroPulser™; Bio-Rad, Hercules, CA,
USA). Three days of incubation at 28°C on LB selection medium with 50 mg/l kanamycin, 25 mg/1
gentamycin, and 100 mg/1 rifampicin was used to select transformants. Each selected transformant
was cultured overnight in 2 ml LB selection medium at 28°C with 200 rpm shaking. Transferred
75 ul of the overnight cultures into 5 ml of the same medium and then cultured overnight at 28°C
with 200 rpm shaking. Freshly grown 4. tumefaciens cells were resuspended in infiltration buffer
(10 mM MgCly, 10 mM MES, pH 5.6, 100 uM acetosyringone) to adjust ODeoo to ~1.00 as

described previously (Yamamoto et al., 2018). A 1 ml needleless syringe was used to infiltrate
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equal volumes of A. tumefaciens harboring target constructions into the abaxial air spaces of the
leaves of 5-week-old N. benthamiana plants.

To prevent necrosis, I sprayed each leaf with 0.3 ml of 200 mM ascorbic acid or 200 mM
ascorbic acid sodium salt every two days (i.e., on days 1, 3, and 5) after infiltration. Seven days

after infiltration, the leaves of three plants were harvested for triterpenoid analysis.

4.2.4 Metabolite extraction of Nicotiana benthamiana leaves

To quantify triterpenoid production in the N. benthamiana leaves, 20 pl internal standard
(uvaol, 100 ppm in methanol) was added to the powdered freeze-dried leaf samples before
extraction. The samples (10 mg) were extracted with 1 ml methanol (Wako, Osaka, Japan). Then
the mixtures were vortexed and sonicated for 60 min (45% intensity: Sharp, Osaka, Japan). Using
a Pasteur pipette, the organic phase was transferred to a fresh tube after centrifugation at 12,000
rpm for 5 min. Using a centrifugal evaporator, the extracted samples were evaporated for 45 min or
until completely dry. One milliliter of methanol was used to resuspend the remaining powder. To
remove macromolecules such as sugar and chlorophyll from the extracted sample, 1 ml methanol
and 1 ml 4 M HCl were used to perform saponification. The mixtures were briefly vortexed, heated
at 80°C for 1 h, and left to stand at room temperature for 10 min. In the last extraction step, 2 ml of
ethyl acetate and hexane (1:1 v/v) were added. Using a Pasteur pipette, the organic phase was
transferred to a fresh tube following three minutes of centrifugation at 1,500 rpm. The extracted
samples were evaporated using a centrifugal evaporator for 60 min or until completely dry. A 500
ul of methanol were used to resuspend the remaining powder. The samples were transferred into

vials using a new Pasteur pipette and kept at 4°C until analysis.

4.2.5 GC-MS analysis of leaf extracts and standards

To quantify triterpenoid production in N. benthamiana, 50 plof sample solution was
transferred to vial inserts and subsequently evaporated in a centrifugal evaporator for 60 min, or

until dry. Then the evaporated pellet was derivatized with 50 pl N-methyl-N-(trimethylsilyl)
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trifluoroacetamide (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 80°C before GC-MS
analysis. Authentic standard solutions (uvaol, B-amyrin, erythrodiol, oleanolic acid, maslinic acid,
10 ppm in methanol) were applied in aliquots of 50 plusing the same method as described
previously. GC-MS analysis was conducted utilizing a 5977A MSD coupled with a 7890B GC
system and HP-5MS capillary column (length 30 m, 0.25 mm internal diameter, 0.25 pm film
thickness) (Agilent Technologies, Santa Clara, CA, USA). The injection component and the MSD
transfer line were set to 250°C. The oven temperature was programmed as follows: 80°C for 1 min,
followed by an increase to 300°C at a rate of 20°C min™!, and held at 300°C for 18 min. The carrier
gas was helium (He), and the flow rate was 1 ml min'.

Mass spectra were acquired by scanning the 50—750 m/z range. The retention times and mass
spectra of the peaks were compared to those of authentic standards. The relative concentrations of
triterpenoids in extracted samples were determined by comparing the peak areas of the analyte and
internal standard. The concentrations of triterpenoids in the N. benthamiana leaves were determined
by comparison with authentic standard curves constructed using f-amyrin, erythrodiol, oleanolic

acid, and maslinic acid (Supporting information Section 11 and Section13, Figure S-13).

4.2.6 Statistical analysis

The significance of the differences in oxidized triterpenoid concentrations between samples
extracted from each combination or condition was evaluated using Tukey's test and one-way
analysis of variance (ANOVA). Using the unpaired Student's t test, the differences in oxidized
triterpenoid levels between two groups were compared. Statistical analyses were conducted on
macOS using JASP 0.16 (JASP Team, University of Amsterdam, Amsterdam, the Netherlands). In

all analyses, a p-value (p < 0.05) was considered as statistically significant.
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4.3 Results

4.3.1 Establishing a method for improving oleanolic acid production

To compare the production of oleanolic acid in transiently transfected N. benthamiana leaves
containing pBYR2HS-based expression construct to the conventional pYS 015-based expression
construct, leaves were infiltrated with a mixture of 4. tumefaciens harboring pPBYR2HS expressing
LjOSCl1 (B-amyrin synthase), LjCPR2, and CYP716A12 D122Q or a combination of pYS 015
vector expressing LjOSC1, LjCPR2, CYP716A12 D122Q, and p19 by infiltration. Given that the
pBYR2HS vector contains a pl9 expression cassette, I introduced a separate pl9 expression
construct into the pYS_015 vector-based infiltration combination.

As a background control, a combination of pPBYR2HS expressing; LjOSC1, LjCPR2, and
empty vector or a combination of pYS 015 vector expressing; LjOSC1, LjCPR2, empty vector,
and p19 was used. I detected a single major product peak in the GC-MS chromatogram of the
extracts of transiently expressed CYP716A12 D122Q in N. benthamiana leaves, but not in the
background control (Figure 4-2A). This peak was determined to be oleanolic acid (3) by
comparison to the authentic standard (Figure 4-2A). I analyzed the triterpenoid content of N.
benthamiana leaf extracts to compare oleanolic acid production (Figure 4-2B). The accumulation
of oleanolic acid was detected using the conventional binary vector pYS 015 as 2.1 +£0.7 mg/g dry
weight (dw). When the pBYR2HS (Tsukuba system) vector was used, the accumulation of
oleanolic acid increased by 13.1-fold (27.3 = 2.6 mg/g dw) (Figure 4-2B).

The transformation of Nicotiana species, particularly N. tabacum and N. benthamiana, using
Agrobacterium utilizing leaf disks as the target explant is an incredibly important technique for the
speedy evaluation of transgenes in higher plants (Clemente, 2006). To choose the superior
Nicotiana species for generating oleanolic acid via agroinfiltration-based transient protein
expression, A. tumefaciens containing expression vectors expressing LjOSC1, LjCPR2, and

CYP716A12 D122Q was infiltrated in equal amounts into N. benthamiana and N. tabacum.
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The quantities of oleanolic acid in the infiltrated leaves of various Nicotiana species were
determined by GC-MS (Figure S-14). The yield of oleanolic acid in the leaves of N. benthamiana
was 37.9 £ 0.9 mg/g dw, which was 3.3 times that of N. tabacum (11.4 £1.7 mg/g dw) (Figure 4-
2C). This finding implies that both N. benthamiana and N. tabacum could serve as heterologous
hosts for oleanolic acid production using the Tsukuba system. In terms of product yield per leaf,
however, this discovery suggests that, of the two species, N. benthamiana provides the more

promising production platform.
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Figure 4-2 Comparison of the accumulation of oleanolic acid in leaves from different expression

systems and Nicotiana species.

(A) TICs of extracts from N. benthamiana leaves infiltrated with a mixture of A. tumefaciens
harboring pBYR2HS expressing LjOSC1, LjCPR2, and CYP716A12 D122Q or a combination of
the pYS_015 vector expressing LjOSC, LjCPR2, CYP716A12 D122Q, and p19. As a background
control, a combination of pBYR2HS expressing LjOSC, LjCPR2, and empty vector or pYSO15

binary vector expressing LjOSCI1, LjCPR2, empty vector, and pl9 was used. B-Amyrin (1),
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erythrodiol (2), and oleanolic acid (3) were used as authentic standards. Uvaol (*) was used as an
internal standard. (B) Comparison of triterpene concentrations in N. benthamiana leaves infiltrated
with different expression vectors. (C) Comparison of the triterpene concentrations in infiltrated
leaves of N. benthamiana and N. tabacum. Data are representative of at least three biological
replicates (n = 3) and are expressed as the mean + SEM. Differences in oleanolic acid production

were examined using Student’s ¢ test for each sample. **p < 0.01, ***p < 0.001, ND, not detected.

4.3.2 Requirement of additional CPR for optimization of the CYP

microenvironment to enhance oleanolic acid production

For site-specific oxidation, CYPs need electrons transported via NADPH-CPR. In a
heterologous host, native CPRs are probably insufficient for heterologous CYPs to reach optimum
efficiency (Zhu et al., 2018; Liu et al., 2019; Theron et al., 2019; Istiandari et al., 2021; Liu et al.,
2021). To determine the efficacy of co-expression of additional CPR in this system, equal volumes
of A. tumefaciens expressing LjOSC1, CYP716A12 D122Q with or without additional LjCPR2
were mixed and infiltrated into N. benthamiana. As a background control, a combination of 4.
tumefaciens with pPBYR2HS expressing LjOSC1, LjCPR2, and an empty vector was used. The GC-
MS analysis and quantification of oleanolic acid in leaf extracts were performed (Figure 4-3A).
The leaves of N. benthamiana that transiently expressed LjOSC1 and CYP716A12 D122Q with
LjCPR2 generated 39.3 + 3.4 mg/g dw oleanolic acid, which was 2.7-fold greater than the amount
produced without LjCPR2 co-expression (14.7 £ 0.3 mg/g dw) (Figure 4-3B).

These findings suggest that additional CPR co-expression was helpful in enhancing the
microenvironment and optimizing the performance of heterologous CYPs in N. benthamiana,

resulting in an increase in oleanolic acid production.
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Figure 4-3 Requirement of additional CPR to optimize the CYP microenvironment for

enhancement of oleanolic acid production in N. benthamiana.

(A) TICs of extracts from N. benthamiana leaves transiently expressing a combination of LjOSC,
CYP716A12 D122Q with or without LjCPR2 using pBYR2HS. A combination of LjOSC,
LjCPR2, and empty vector was used as a background control. B-Amyrin (1), erythrodiol (2), and
oleanolic acid (3) were used as authentic standards. Uvaol (*) was used as an internal standard. (B)
Quantification of triterpene concentration in N. benthamiana leaf extracts. Data are representative
of at least three biological replicates (n = 3) and are expressed as the mean = SEM. Differences in
oleanolic acid production were examined using Student’s 7 test for each sample. *p < 0.05, ND, not

detected.

4.3.3 Application of ascorbic acids for higher rates of oleanolic acid production

Agrobacterium-induced leaf necrosis, or leaf death, can occur in N. benthamiana leaves
following infiltration (Nosaki et al., 2021). To prevent necrosis following agroinfiltration, ascorbic
acid was sprayed on the leaves, and optimal incubation durations for enhancing the generation of
oleanolic acid were determined. The leaves were infiltrated with a mixture of equal volumes of 4.
tumefaciens harboring pPBYR2HS expressing LjOSC1, LjCPR2, and CYP716A12 D122Q. Equal
volumes of A. tumefaciens harboring pPBYR2HS expressing LjOSC1, LjCPR2, and empty vector
was used as the background control. Leaves were sprayed with a 0.3 ml of 200 mM ascorbic acid
or 200 mM ascorbic acid sodium salt (sodium L-ascorbate) every 2 days (i.e., days 1, 3, 5, and 7)
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post-infiltration. Negative controls consisted of leaves that were not treated with ascorbic acid. The
leaves of three plants were harvested for metabolites analysis at 3-, 5-, 7-, and 9-days post-
infiltration. GC-MS analysis and triterpenoid quantitation were conducted on leaf extracts (Figure
4-4, Figure S-15). Oleanolic acid production was greatly increased by spraying leaves with 200
mM ascorbic acid (30.3 + 3.3 mg/g dw) or 200 mM sodium L-ascorbate (24.7 + 2.8 mg/g dw) after
7 days of agroinfiltration, compared to production without ascorbic acid spraying (15.3 +£ 1.7 mg/g
dw). There was no significant variation in yield between 7- and 9-days following infiltration
(Figure 4-4).

As a finding, foliar spraying with 200 mM ascorbic acid and incubation for 7 days following
agroinfiltration resulted in the highest oleanolic acid production titer; hence, these conditions were
utilized in further experiments.
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Figure 4-4 Improving production of oleanolic acid in N. benthamiana leaves by application of

ascorbic acid.

Quantification of triterpene concentration in N. benthamiana leaf extracts transiently expressing a

combination of LjOSC, LjCPR2, and CYP716A12 D122Q or pPBYR2HS empty vector (control)
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with or without foliar application of 200 mM ascorbic acid or ascorbic acid sodium salt (sodium L-
ascorbate). Metabolites were extracted from leaves at 3-, 5-, 7-, or 9-days after agroinfiltration. As
a background control, a combination of pPBYR2HS expressing LjOSC, LjCPR2, and an empty
vector was used (9 days). The mean and standard deviation are indicated by the values and error
bars, and the data are representative of at least three biological replicates (n = 3). Letters indicate
significant differences in the levels of oleanolic acid (a—d) among samples (one-way ANOVA with

Tukey’s post hoc test, p < 0.05). ND, not detected.

4.3.4 Identification of CYP716A12 mutants with the highest potential for

oleanolic acid production

In chapter 2, I determined the key amino acid residues for enhancing the catalytic activity and
substrate specificity of CYP716A for triterpenoid synthesis in S. cerevisiae. | selected five mutant
CYP716A12s with changed product profiles when key amino acid residues in the substrate
recognition site were substituted, namely D122Q, I1212P, Q358P, D122Q Q358P, and
1212Q_Q358P. In addition, I compared the -catalytic activity of wild-type CYP716A12,
CYP716A15, CYP716A48, and CYP716A49 in the production of oleanolic acid to those of chosen
mutant CYP716A12s. Using the Tsukuba system, all candidate genes were cloned into the
pBYR2HS vector to select the mutation with the greatest potential for oleanolic acid production in
N. benthamiana. A N. benthamiana was infiltrated with equal amounts of A. tumefaciens harboring
a pBYR2HS expressing LjOSC1, LjCPR2, and candidate CYP716As. As a control for the
background, leaves were infiltrated with 4. fumefaciens with pBYR2HS expressing LjOSCI,
LjCPR2, and an empty vector. The triterpenoid profile of N. benthamiana leaf extract was
determined by GC-MS analysis. A single major peak of oxidized triterpenoid was observed in the
metabolite profiles of N. benthamiana leaves transiently expressing all candidates, but not in the
profiles of the background control. An oleanolic acid (3) was identified as the major peak based on
comparison to the authentic standard (Figure 4-5A). Erythrodiol (2) was identified as a minor
oxidized triterpenoid peak only when CYP716A12 1212P or CYP716A12 1212P_Q358P was
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transiently expressed (Figure 4-5A). The N. benthamiana leaf extracts transiently expressing each
of the five mutant CYP716A12s or wild-type CYP716A12, CYP716A15, CYP716A48, or
CYP716A49 were analyzed for their quantities of triterpenoids production. The highest amount of
oleanolic acid was found in transiently expressed CYP716A12 D122Q in N. benthamiana leaves
(36.9 £ 1.6 mg/g dw) (Figure 4-5B).

In previous research, co-expression of the A. thaliana HMGRI catalytic domain with the
S577A mutation (AtHMGRI1cd-S577A, lacking an inactivating phosphorylation site and
demonstrating more in vitro activity than AtHMGRI1cd) enhanced triterpenoid production in
agroinfiltrated N. benthamiana leaves (Robertlee et al., 2018; Srisawat et al., 2019). To increase
oleanolic acid production utilizing the Tsukuba system, I applied this strategy. A combination of
A. tumefaciens containing pPBYR2HS and expressing LjOSC1, LjCPR2, and CYP716A12 D122Q,
with or without AtHMGR1cd-S577A, was used to infiltrate leaves. As controls, I used leaves
infiltrated with a combination of 4. tumefaciens lacking CYPs.

Seven days after agroinfiltration, the leaves were harvested and processed for metabolite
extraction, GC-MS analysis, and quantification of oleanolic acid (Figure 4-5C, Figure S-16). The
accumulation of f-amyrin was increased almost 21-fold because of co-expression of AtHMGR1cd-
S577A (Figure 4-5C). The accumulation of oleanolic acid tended to increase when AtHMGR 1¢d-

S577A was co-expressed (30.8 = 6.0 mg/g dw) (Figure 4-5C).
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Figure 4-5 Identification of CYP716A with the highest potential for high-level oleanolic acid

production in N. benthamiana using the Tsukuba system.

(A) TICs of extracts from N. benthamiana leaves transiently expressing a combination of LjOSC,
LjCPR2, and mutant CYP716A12s (D122Q, 1212P, Q358P, D122Q Q358P, and 1212P Q358P),
wild-type CYP716As (CYP716A12, CYP716A15, CYP716A48, and CYP716A49), or empty
vector as a control. f-Amyrin (1), erythrodiol (2), and oleanolic acid (3) were used as authentic
standards. Uvaol (*) was used as an internal standard. (B) Quantification of triterpene concentration
in N. benthamiana leaf extracts analyzed in (A). Letters indicate significant differences in the levels
of oleanolic acid (a—d) among samples (one-way ANOVA with Tukey’s post hoc test, p < 0.05).
(C) The accumulation of triterpenes in N. benthamiana leaves transiently expressing a combination
of LjOSC1, LjCPR2, and CYP716A12 D122Q with or without AtHMGR1cd-S577A. Values and
error bars represent the mean and standard deviation, and the data are representative of at least three
biological replicates with similar results from three independent experiments (n =9). ND, not

detected.
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4.3.5 Combinatorial biosynthesis of maslinic acid in Nicotiana benthamiana

I had a hypothesis that this transient expression platform utilizing the Tsukuba system would
be appropriate for high-titer production of oleanolic acid as a precursor of other bioactive
triterpenoids. The pentacyclic triterpene maslinic acid, which has a history of usage in alternative
medical practices, can be derived from a wide variety of naturally occurring sources (Lozano-Mena
etal., 2014; Reyes-Zurita et al., 2016). In engineered yeast, our previously found CYP716C53 from
gray mangrove (Avicennia marina) demonstrated that it can catalyze the C-2a hydroxylation of
oleanolic acid to produce maslinic acid (Nakamura et al., 2018). To produce maslinic acid in N.
benthamiana leaves using the Tsukuba system, leaves were infiltrated with A. tumefaciens
harboring pPBYR2HS expressing LjOSC1, LjCPR2, CYP716A12 D122Q, and CYP716C53 with
or without AtHMGR1cd-S577A. Seven days following agroinfiltration, the leaves were harvested
and processed for metabolite extraction. I analyzed and quantified maslinic acid production in leaf
extracts using GC-MS analysis (Figure 4-6A). A maslinic acid (16) was found as a major peak of
oxidized triterpenoid in the leaves of N. benthamiana only when CYP716C53 was transiently
expressed, based on comparison with the authentic standard. Three novel minor peaks (peaks 17,
18, and 19) were discovered when CYP716C53 was expressed; nevertheless, their chemical
structures are unknown. According to the mass spectrometry results, peaks 17 and 19 are most
likely isomers of maslinic acid that differ in the position of the hydroxyl group added by
CYP716C53 from C-2. Peak 18 was presumed to be a mono-hydroxylated product of B-amyrin
(Figure 4-6A, Figure S-17).

Maslinic acid production was measured to compare co-expression conditions with and without
AtHMGR1cd-S577A (Figure 4-6B). N. benthamiana leaves transiently expressing LjOSCI,
LjCPR2, CYP716A12 D122Q, and CYP716C53 without AtHMGR 1¢cd-S577A showed maslinic
acid production of 16.6 + 1.0 mg/g dw, which was increased 1.6-fold (27.2 £+ 3.0 mg/g dw) after

co-expressing AtHMGR1¢d-S577A (Figure 4-6B).
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Figure 4-6 Production of maslinic acid in N. benthamiana leaves using the Tsukuba system.

TICs of extracts from N. benthamiana leaves transiently expressing a combination of LjOSC,
LjCPR2, CYP716A12 D122Q, and CYP716C53 with or without AtHMGRI1cd-S577A. A
combination of pPBYR2HS expressing LjOSC, LjCPR2, and empty vector was used as a background
control. B-Amyrin (1), erythrodiol (2), oleanolic acid (3), and maslinic acid (16) were used as
authentic standards. Uvaol (*) was used as an internal standard. (B) Quantification of the
concentration of maslinic acid in N. benthamiana leaf extract. Data are representative of at least
three biological replicates (n = 3) and are expressed as the mean £ SEM. Differences in maslinic
acid concentration were compared using Student’s ¢ test for each sample. *p <0.05, ND, not

detected.

4.4 Discussion

The bioactive pentacyclic triterpenoids are abundantly found in plants. For instance, olive
tree (Olea europaea) fruits and leaves are particularly rich in oleanolic and maslinic acids.
Concentrated oleanolic and maslinic acids produce a physical barrier on the surface of olive leaves

that protects the plant from water loss and infections (Chen et al., 2005; Jager et al., 2009; Romero
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et al., 2010; Gudoityte et al., 2021). Recent research has shown that oleanolic acid possesses a wide
array of biological actions, including anti-cancer, anti-diabetic, anti-oxidant, cardioprotective,
neuroprotective, anti-parasitic, and growth-stimulating characteristics. Additionally, oleanolic acid
is a precursor of several industrially useful bioactive triterpenoids (Liu, 1995; Jeon et al., 2019;
Kim et al., 2021). CYP716A12 catalyzes the three-step oxidation of C-28 of f-amyrin to produce
oleanolic acid via the intermediates erythrodiol (28-hydroxy-f-amyrin) and oleanolic aldehyde
(Fukushima et al., 2011; Suzuki et al., 2018). In chapter 2, I found that the product profile of
CYP716A12 was modified by substituting key amino acid residues on substrate recognition sites
in yeast engineered to produce B-amyrin; three mutant CYP716A12s (D122Q, Q358P,
D122Q Q358P) had the potential for high-level oleanolic acid production, and two mutant
CYP716A12s (1212P, 1212P_Q358) had the potential for high-level erythrodiol production.

Significant progress in triterpenoid production has recently been reported using
microorganisms, particularly S. cerevisiae, as alternative hosts (Yao et al., 2021). To achieve high-
yield production with such microbial systems, considerable metabolic engineering to increase
upstream carbon flux flow from acetyl-CoA to 2,3-oxidosqualene and codon tuning of enzyme
activity are typically necessary. In comparison to microbial expression systems, Nicotiana species
provides the optimal environment for plant-derived biosynthetic enzymes. The chassis of a plant is
a rich source of precursor molecules, intermediates from primary metabolism, and enzyme
cofactors required for the proper functioning of biosynthetic pathways. Furthermore, several
biosynthetic enzymes can be expressed by co-infiltration of various A. tumefaciens strains, each
harboring a unique design, without the requirement to develop multi-gene constructs (Christ et al.,
2019; De La Pena and Sattely, 2021).

Using N. benthamiana as a heterologous expression host for rapid, cost - effective production
and reconstruction of plant triterpenoids pathways is a translational synthetic biology platform due
to its sensitivity to the scalable and adaptable Agrobacterium-based transient expression system
(Geisler et al., 2013; Reed et al., 2017; Reed and Osbourn, 2018). The Tsukuba system is one of
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the most effective transient protein expression systems for plant cells, employing agroinfiltration
to transport desired genes into plant cells for efficient recombinant protein production using
geminiviral replication machinery (Yamamoto et al., 2018; Suzaki et al., 2019). Heterologous
expression in N. benthamiana utilizing the Tsukuba system showed that mutant CYP716A12 had
potential for high-level oleanolic acid production. The mutant CYP716A12 in which aspartic acid
122 in SRSI was substituted with glutamine exhibited the highest quantity of oleanolic acid
production (D122Q). Using this expression system, I show that oleanolic acid production was
enhanced 13.1-fold (27.3 £ 2.6 mg/g dw) compared to the conventional binary vector (2.1 + 0.7
mg/g dw) (Figure 4-2B).

As indicated previously, CYP716A12 D122Q showed the highest production in N.
benthamiana, although CYP716A12 D122Q Q358P showed the highest production in engineered
yeast producing B-amyrin, followed by CYP716A12 D122Q. This might be due to differences in
the expression systems, which may affect the catalytic activity of enzyme (Czarnotta et al., 2017),
resulting in different oxidized product yields. An erythrodiol was detected as a minor product only
when mutant CYP716A12s, in which the key amino acid residue isoleucine 212 (SRSII) was
substituted with proline (I212P or I212P_Q358P). In the chapter 2, isoleucine 212 and its neighbors
in SRSII of CYP716A12 were identified as residues that significantly influenced the efficacy of C-
28 triterpene backbone oxidation. Therefore, it is potential to change the biosynthesis of triterpene-
oxidized compounds in N. benthamiana by substituting these residues in the ligand-binding pocket.

I compared N. benthamiana and N. tabacum as hosts for oleanolic acid production in this
work. Although there were no statistically significant differences in B-amyrin production between
the leaves of V. tabacum and N. benthamiana (Figure 4-2C), the levels of oleanolic acid production
in the leaves of N. benthamiana were 3,3-fold more than those of N. tabacum. In terms of product
yield per leaf, this observation suggests that N. benthamiana may be a more suitable host for
producing oleanolic acid.

Infection by Agrobacterium induces necrosis and/or dehydration, which reduces the
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transformation and expression efficiency of recombinant proteins (Herlache et al., 2001; Gils et al.,
2005; Magdum, 2013). Spraying leaves with sodium L-ascorbate following agroinfiltration reduced
leaf necrosis and increased the concentration of human recombinant proteins transiently produced
in N. benthamiana (Nosaki et al., 2021). This finding reveals that spraying 7-9 days after
agroinfiltration with 200 mM ascorbic acid caused a nearly two - fold increase in oleanolic acid
accumulation (Figure 4-4).

CYPs are involved for the structural diversity of triterpenoids by modifying the triterpene
scaffold. To catalyze site-specific oxidation, these enzymes require receive electrons from
NADPH-CPR (Istiandari et al., 2021). Triterpenoid production can be increased when CYPs are
established in a microenvironment conducive to their optimal performance (Zhu et al., 2018; Liu et
al.,2019; Theron et al., 2019; Istiandari et al., 2021; Liu et al., 2021). I observed a 2.70-fold increase
in oleanolic acid production following co-expression with LjCPR2 in this investigation (Figure 4-
3B). Additionally, our previous research demonstrated that the co-expression of CPRs derived from
plant species may or may not be the appropriate partners for CYPs in yeast (Istiandari et al., 2021).
For high-yield triterpenoid production in N. benthamiana, the appropriate combination of CYPs
and CPRs is essential. In addition, for optimal CYP activity, future research must establish the
appropriate CPR:CYP ratio.

In a previous report, the triterpenoid 12,13-epoxy,16-hydroxy-p-amyrin was obtained at a
yield of 1.18 mg/g dw from leaves following transient expression in N. benthamiana (Geisler et al.,
2013; Reed et al., 2017). Moreover, co-expression of the HMGR catalytic domain improved the
triterpenoid production; the levels of simple (B-amyrin) and oxidized triterpenoid (i.e., 12,13-
epoxy,l6-hydroxy-f-amyrin) production reached 3.3 and 3.9 mg/g dw, respectively (Reed et al.,
2017; Reed and Osbourn, 2018). In our previous studies using a conventional binary vector, a a-
amyrin production was increased in N. benthamiana after transient co-expression of AtHMGR 1cd
with the S577A mutation (AtHMGR1cd-S577A) lacking the inactivating phosphorylation site

(Robertlee et al., 2018; Srisawat et al., 2019). Using the Tsukuba system, I demonstrated that
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transient expression of AtHMGR1cd-S577A increased triterpenoid synthesis in N. benthamiana.
After transient co-expression of AtHMGR1cd-S577A, the concentration of both simple and
oxidized triterpenoids increased, resulting in the production of B-amyrin (9.4 mg/g dw, Figure 4-
5C), oleanolic acid (30.8 mg/g dw, Figure 4-5C), and maslinic acid (27.2 mg/g dw, Figure 4-6B).
Therefore, this transient expression system in N. benthamiana resulted in more triterpenoid
synthesis than the previously reported yield (Reed et al., 2017; Reed and Osbourn, 2018).
Maslinic acid, a pentacyclic triterpene used for centuries in traditional medicine, possesses
anticancer, anti-diabetic, antioxidant, cardioprotective, anti-parasitic, and growth-stimulating
activities (Jager et al., 2009; Romero et al., 2010; Reyes-Zurita et al., 2016). Maslinic acid was
obtained as a minor product in our previous in vivo functional analysis of CYP716C53 in
engineered yeast when co-expressed with bAS, CPR, and CYP716A259 (B-amyrin C-28 oxidase
of A. marina) (Nakamura et al., 2018). When CYP716C53 was expressed in N. benthamiana leaves
using the Tsukuba system, maslinic acid was identified as the major oxidized product (Figure 4-
6). Maslinic acid is found in a variety of natural sources, including olives, which are a particularly
rich source (Romero et al., 2010; Lozano-Mena et al., 2014). Age of the plant may also influence
the accumulation of triterpenoids in raw plant materials (Jager et al., 2009; Romero et al., 2010;
Reyes-Zurita et al., 2016). Maslinic acid was generated in the leaves of N. benthamiana in this
investigation, yielding 27.2 + 3.0 mg/g dw 7 days after agroinfiltration (Figure 4-6B). This quantity
was 20.7 times that of olive fruit (cv. Kalamata), which has been reported to contain a high

concentration of maslinic acid (1.3 mg/g dw) (Romero et al., 2010; Lozano-Mena et al., 2014).

4.5 Conclusion

In conclusion, our investigation developed a framework for enhancing oleanolic acid
production as a precursor of bioactive triterpenoids via Agrobacterium-mediated transient
expression in N. benthamiana using the Tsukuba system. I validated the efficacy of this method by

synthesizing considerable quantities of maslinic acid, an example of a triterpenoid produced from
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a plant with medicinal activity. This research will lead to the development of a more efficient
platform for synthesizing and gaining access to previously unavailable natural products and

analogues, as well as the potential revitalization of drug discovery pipelines.
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Chapter S : General conclusion

Plants produce triterpenoids, which are structurally and pharmacologically active
metabolites. Despite this, their purification and chemical synthesis are difficult, and their
productivity in plants is limited. The site-specific oxidation of the triterpenoid backbone is
catalyzed by cytochrome P450 monooxygenases (CYPs), an enzyme family important in
triterpenoid biosynthesis. Many plant species have been found to contain enzymes belonging to the
CYP716 family. The triterpene backbone is most commonly oxidized at the C-28 position by
CYP716A in a three-step process (Carelli et al., 2011; Fukushima et al., 2011; Yasumoto et al.,
2016; Miettinen et al., 2017; Yasumoto et al., 2017; Sandeep et al., 2019). However, their crystal
structures are not publicly available, and the specific catalytic mechanism that they implement is
an unknown.

Protein engineering of the CYP716A subfamily enzyme is being used in this study with the
intention of achieving the general goal of increasing the production of bioactive triterpenoids in
heterologous hosts. To achieve this objective, I decided to use the M. truncatula CYP716A12
enzyme as the first CYP716A subfamily enzyme to be functionally characterized.

Due to the findings of this study, I am now able to determine the key amino acid residues in
C-28 oxidases that are important for the catalytic activity and substrate specificity of CYP716A12
(D122, 1212, and Q358). These key amino acid residues were previously unknown. A CYP716A12
was then designed to increase its catalytic activity of enzymes in triterpenoids biosynthesis. The
substrate specificity of CYP716A12 remained unchanged despite substituting key amino acid
residues; nevertheless, the enzyme's catalytic activity was increased. In addition, I discovered the
amino acid residues that control the substrate contraction of the enzyme (D292). I also generated
mutants by modifying the characteristics of key residues in SRSs to enhance the catalytic activity

of CYP716A1 and CYP716A2 at C-28 on diverse triterpene backbones. Finally, all C-28 oxidase
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products (oleanolic acid, ursolic acid, and betulinic acid) were detected in yeast engineered to
harbor CYP716A1 or CYP716A2 mutants.

This study led to the development of a plant-platform for high-yield production of valuable
triterpenoids via heterologous expression in Nicotiana benthamiana through the identification and
engineering of plant-derived cytochrome P450 monooxygenases. The advantages of identified
mutant CYP716A12 were combined with the Tsukuba system, one of the most efficient
agroinfiltration-based transient protein expression systems, to evaluate the applicability of the
Tsukuba system for triterpenoid production in N. benthamiana via pathway reconstruction. Using
this plant platform, I was able to detect the high yield of oleanolic and maslinic acids, which are
being studied as potential new therapeutic treatments.

This research has the potential to increase the production yield of desired triterpenoids in
engineered yeast and N. benthamiana by increasing the catalytic activity and substrate specificity
of CYP716A subfamily enzymes. This research will also contribute to the synthesis and
accessibility of previously unavailable triterpenoids and analogs, as well as the revitalization of

drug discovery pipelines.

5.1 Future perspectives

In this research suggests a strategy for increasing the understanding of critical amino acid
residues involved in the catalytic activity and substrate specificity of CYP716A subfamily enzymes
to improve triterpenoid production in heterologous host. However, the low similarity of the
homology model to the experimental template might have been a constraint on accurately
identifying of orientation of amino acid residues, as well as the interaction and contraction between
substrate and enzyme. Therefore, the enzyme's specific catalytic mechanism following substitution
of critical residues are required to study in future experiment. The future update of the experimental

crystal structure of plant derived CYPs involved in triterpenoid biosynthesis might provide more
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accurate information for constructing the homology model of CYP716A subfamily enzymes and
suggest more knowledge about their roles in triterpenoid biosynthesis.

The quantifying of CYPs enzymes via in vitro experiment remains a difficult task. To
achieve and facilitate optimal CYPs activity in the heterologous host, the optimal pair match and
sustainable molecular ratio of CPR as an electron transfer partner of CYPs must be considered at

the molecular level.
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Section 1. phylogenetic analysis of CYP716 Family
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Figure S-1 Neighbor-joining phylogenetic analysis of CYP716 family.
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Section 2. The protein sequence of the CYP716A subfamily used in this study

> A AtCYPT716Al Arabidopsis thaliana (accession no. NM 123002.2)
MYMATMIILFLSSILLSLLLLLRKHLSHESYPNLPPGNTGLPLIGESFSFLSAGRQGHPEKF
ITDRVRRFSSSSSCVFKTHLEGSPTAVVTGASGNKFLETNENKLVVSWWPDSVNKIFPSSMQ
TSSKEEARKLRMLLSQFMKPEALRRYVGVMDE TAQRHFETEWANQDQVIVEFPLTKKFTEFSTA
CRSFLSMEDPARVROQLEEQENTVAVGIFSTIPIDLPGTREFNRATIKASRLLRKEVSAIVRQRKE
ELKAGKALEEHDILSHMLMNIGETKDEDLADKIIGLLTIGGHDTASIVCTEFVVNYLAEFPHVY
QRVLOEQKETILKEKKEKEGLRWEDIEKMRY SWNVACEVMRIVPPLSGTFREAIDHESFKGEY
IPKGWKLYWSATATHMNPDYFPEPERFEPNRFEGSGPKPYTYVPFGGGPRMCPGKEYARLET
LTIFMHNLVNRFKWEKVEFPNENKIVVDPLPTPDKGLPIRIFPQSX

> A AtCYPT716A2 Arabidopsis thaliana (accession no. LC106013.1)
MYLTITFLFISSIIFPLLFFLGKHLSNFRYPNLPPGKIGFPLIGETLSFLSAGRQGHPEKEV
TDRVRHFSSGIFKTHLFGSPFAVVTGASGNKELFTNENKLVISWWPDSVNKIFPSSTQTSSK
EEATKTRMLLMPSMKPEALRRYVGVMDE TAQKHFETEWANQDQLIVFPLTKKFTEFSTIACRLE
LSMDDLERVRKLEEPFTTVMTGVESIPIDLPGTREFNRATIKASRLLSKEVSTITROQRKEELKA
GKVSVEQDILSHMLMNIGETKDEDLADKITALLIGGHDTTSIVCTEFVVNYLAEFPHIYQRVL
EEQKEILNNKDVNEKLTWEDIEKMRYSWNVACEVMRIVPPLAGTFREAIDHFSFKGEYIPKG
WKLYWSATATHKNPEYFPEPEKFEPSRFEGSGPKPYTYVPFGGGSRICPGREYARLETILIFM
HNLVKRFKWEKVEFPKENKLVADPAPTPAKGLPIRIFPQS

> A MtCYP716Al2 Medicago truncatula (accession no. DQ335781.1)
MEPNEYLSLLLLEVSFISLSLEFFIFYKQKSPLNLPPGKMGYPIIGESLEFLSTGWKGHPEKF
IFDRMRKYSSELFKTSIVGESTVVCCGAASNKELFSNENKLVTAWWPDSVNKIFPTTSLDSN
LKEESTKMRKLLPOQFFKPEALQRYVGVMDVIAQRHFVTHWDNKNEITVYPLAKRYTFLLACR
LEMSVEDENHVAKEFSDPFQLIAAGIISLPIDLPGTPEFNKATKASNFIRKELTIKTITKQRRIDL
AEGTASPTODILSHMLLTSDENGKSMNELNIADKILGLLTIGGHDTASVACTFLVKYLGELPH
IYDKVYQEQMETAKSKPAGELLNWDDLKKMKY SWNVACEVMRLSPPLOGGFREATTDEMENG
FSIPKGWKLYWSANSTHKNAECEFPMPEKFDPTRFEGNGPAPYTEFVPEFGGGPRMCPGKEYARL
EILVEFMHNLVKRFKWEKVIPDEKIIVDPFPIPAKDLPIRLYPHKA

> A VvCYPT716Al5 Vitis vinifera (accession no. AB619802.1)
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MEVFFLSLLLIFVLSVSIGLHLLEFYKHRSHFTGPNLPPGKIGWPMVGESLEFLSTGWKGHPE
KEIFDRISKYSSEVEFKTSLLGEPAAVEFAGAAGNKELESNENKLVHAWWPSSVDKVEPSSTQT
SSKEEAKKMRKLLPOQFFKPEALQRYIGIMDHTIAQRHFADSWDNRDEVIVEFPLAKREFTFWLAC
RLFMSIEDPAHVAKFEKPFHVLASGLITVPIDLPGTPFHRAIKASNFIRKELRATTIKQRKID
LAEGKASONQDILSHMLLATDEDGCHMNEME IADKILGLLIGGHDTASAATITFLIKYMAELP
HIYEKVYEEQMETANSKAPGELLNWDDVQONMRYSWNVACEVMRLAPPLOGAFREAITDEVEN
GEFSIPKGWKLYWSANSTHKSPECFPQPENFDPTRFEGNGPAPYTEVPEFGGGPRMCPGKEYAR
LEILVEFMHNVVKRFKWDKLLPDEKI IVDPMPMPAKGLPVRLHPHKP

>A 0eCYP716A48 Olea europaea (accession no. G0244188.1)
MEFFYVSLLCLEVFLISLSLHFLEFYKNKSSFSGQIPPGKTGWPVIGESLEFLSNGWKGHPEK
FIFDRIAKYSSYVFRTHLEFGEPAAVFCGANGNKFLESNENKLVQAWWPASVDKVEPSSNQTS
SKEEAVKMRKMLPTFFKPEALQRYVGIMDHIAQRHESDGWDNKNEVVVEFPLAKRYTFWLACR
LEVSVEDPAHVAKFADPFNELASGLISIPIDLPGTPFHRATIKSSNFIRKELVSTITKQRKIDL
AEGKASPTODILSHMLLTSDESGKFMHELDIADKILGLLVGGHDTASSACTEFVVKYLAELPE
IYEGVYQEQMETAKSKAPGELLNWDDIQKMKY SWNVACEVLRLAPPLOQGAFREATTDEFMENG
FSIPKGWKLYWSANSTHRNSEFFPEPLKEFDPSRFEGSGPAPYTEFVPEFGGGPRMCPGKEYARL
EILVFMHHLVKRFKWEKLIPDEKIVVDPMPIPAKGLPIRLYPLNA

>A BvCYP716A49 Beta vulgaris (accession no. FG44256.1)
MELFFLCGLILFLSLSLASLYLLYNHNSTKGYRVPPGTMGWPVVGESLEFLSTGWKGYPEKF
IFDRLSKYAPNQIFKTSILGEKVAVICGAAGNKFLYSNENKLVOQAWWPSSVDKIFPSSTQTS
SKEESKKMRKLLPNFLKPEALQRYTPIMDTIATIRHMESGWDGKDKVEVFPLAKRYTFWLACR
LEFLSIEDPDHVAKFAEPEFNDIAAGIISLPVNLPGTPEFNRGIKSSNVVRKELRATTKQRKLDL
ADGKASTTODILSHMLLTADEDGRFMTEMDIADKILGLLTIGGHDTASAACTEVVKYLAELPH
VYEAVCKEQMETAKSKAEGELLNWEDIQKMKYSWNVACEVMRLAPPLOGGFREATISDEMYGG
FOQVPKGWKLYWSANSTHRNPECFPEPEKFDPSRFEGKGPAPYTYVPEFGGGPRMCPGKEYARL
EILVEFMHNVVKRFKWEKVLPNEKVIVNPMPI PENGLPVRLFPHPQIVAA
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Section 3. The specific primers for site-directed mutagenesis

Table S-1 Specific primer for site-directed mutagenesis

Primer name

Forward (5°->3°)

Reverse (5’->3’)

CYP716A12_D122Q

CYP716A12_1212P

CYP716A12_D292A

CYP716A12_Q358P

CYP716A1_S356Q

CYP716A2_M206A

CYP716A2_F2101

Supporting information

TCTCTTCAATCTAACT
TGAAGGAAGAA

GGAATCCCATCTCTAC
CAATTGATTTG

GGACATGCTACTGCTA
GCGTCGCATGC

CCACTCCCAGGAGGTT
TCAGGGAAGCC

CCTCTTCAAGGCACTT
TTCGTGAGGCC

ACGGTTGCTACGGGT
GTCTTCTCAATC

GGTGTCATTTCAATCC
CAATAGATTTA

GTTAGATTGAAGAGAAGTAG
TAGGGAA

TAGAGATGGGATTCCGGCTG
CAATTAA

AGCAGTAGCATGTCCTCCGA
TCAAAAG

ACCTCCTGGGAGTGGAGGGG
AAAGTCT

AGTGCCTTGAAGAGGAGGAA
CAATTCT

ACCCGTAGCAACCGTAGTGA
ATGGCTC

GATTGAAATGACACCCGTCA
TAACCGT
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Section 4. Experimental Procedures

Section 4-1 GC-MS analysis for the functional analysis of CYP716A2 in
yeasts producing B-amyrin

Gas chromatography-mass spectrometry (GC-MS) analysis was performed using an
HP-5MS capillary column. The injection component and the MSD transfer line were set to 250
°C. The oven temperature was programmed as follows: 150°C for 1 min, followed by an

increase to 260°C at a rate of 30°C min-1, followed by an increase to 300°C at a rate of 1°C

min—'.

Section 4-2 Standard curve for calculating the quantifications of triterpene

concentrations in engineered yeast

The relationship between the quantities of the two compounds was determined using
standard curves. They are used to calculate the value of an unknown quantity (triterpene
concentration) of metabolites extracted from engineered yeast relative to one that can be
measured more conveniently (triterpene standard), whose concentration is known. To quantify
triterpene concentrations extracted from engineered yeast, an authentic standard curve of
triterpene compounds was constructed, and the relative concentration was determined by
comparing the peak area of the authentic standard to that of an internal standard. The relative
peak area of the internal standard was plotted against a known but variable triterpene
concentration using an authentic standard curve.

Using the standard curve equation, the actual triterpene concentration in yeast was

calculated.
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Section 5. The authentic standard curve of the triterpenoid
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Figure S-2 The authentic standard curve of the triterpenoid used in Chapter 2 and Chapter 3.
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(A) B-amyrin, (B) erythrodiol, (C) oleanolic acid, (D) a-amyrin, (E) uvaol, (F) ursolic acid,
(G) lupeol, (H) betulin, and (I) betulinic acid. Data are representative of at least three biological

replicates (n=3). Error bars correspond to the mean and standard deviation.

Section 6. List of variants

Table S-2 CYP716As wild-type, Variants, and mutations in in vivo functional analysis

Sample Origin Mutations
CYP716A12 WT Wild type
CYP716A12 D122Q D122Q
CYP716A12 1212P 1212P
CYP716A12 D292A CYP716A12 D292A
CYP716A12 Q358P Q358P
CYP716A12 D122Q Q358P D122Q Q358P
CYP716A12 1212P _Q358P 1212P_Q358P
CYP716A15 WT CYP716A15 Wild type
CYP716A48 WT CYP716A48 Wild type
CYP716A49 WT CYP716A49 Wild type
CYP716A1 WT Wild type
CYP716A1
CYP716A1_S356Q S356Q
CYP716A2 WT Wild type
CYP716A2 M206A CYP716A2 M206A
CYP716A2 F210I F210I
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Section 7. Comparative homology modeling of CYP716As

(A) (8) ©

Internal binding Internal binding Internal binding _

Figure S-3 Comparative homology modeling of CYP716As with identified internal binding

pocket.

The crystal structure of retinoic acid bound cyanobacterial CYP120A1(2VE3) chain A was
selected as a template by homology sequence searching via Protein BLAST. (A) Homology
modeling of CYP716A15 was 37.3% identical against the template. (B) Homology modeling
of CYP716A48 was 37.8% identical against the template. (C) Homology modeling of
CYP716A49 was 36.9% identical against the template. (D) Homology modeling of CYP716A1
was 36.2% identical against the template. (E) Homology modeling of CYP716A2 was 36.6%
identical against the template. All homology modeling was passed to pass quality criteria
verified by VERIFY3D, with at least 80% of the amino acids having scored >= 0.2 in the
3D/1D profile.
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Section 8. Representative

triterpene skeleton
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Figure S-4 Representative interactions of selected CYP716As against f-amyrin backbone and

its derivatives (erythrodiol and oleanolic acids).

The structure homology modeling showed the B-amyrin backbone and its derivatives in wild

type of (A) CYP716A12, (B) CYP716A15, (C) CYP716A48, and (D) CYP716A49.
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Figure S-5 Representative interactions of CYP716As against a-amyrin backbone and its

derivatives (uvaol, ursolic acid).

The structure homology modeling showed a-amyrin backbone and its derivatives in wild type

of (A) CYP716A12, (B) CYP716A15, (C) CYP716A48, and (D) CYP716A49.
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Figure S-6 Representative interactions of CYP716A12 and its variants against o-amyrin

backbone and its derivatives (uvaol, ursolic acid).

The structure homology modeling showed a-amyrin backbone and its derivatives in wild-type
of (A) CYP716A12, and CYP716A12 wvariant (B) CYP716A12 D292A, (C)
CYP716A12 D122Q, (D) CYP716A12 1212P (E) CYP716A12 Q358P, (F)
CYP716A12 D122Q Q358P, and (G) CYP716A12 1212P_Q358P
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Figure S-7 Representative interactions of selected CYP716As against lupeol backbone and its

derivatives (betulin, betulinic acid).

The structure homology modeling showed the lupeol backbone and its derivatives in wild type

of (A) CYP716A12, (B) CYP716A15, (C) CYP716A48, and (D) CYP716A49.
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Figure S-8 Representative interactions of CYP716A12 and its variants against lupeol

backbone and its derivatives (betulin, betulinic acid).

The structure homology modeling showed lupeol backbone and its derivatives in wild type of
(A) CYP716A12, and CYP716A12 wvariant (B) CYP716A12 D292A, (C)
CYP716A12 D122Q, (D) CYP716A12 1212P, (E) CYP716A12 Q358P, (F)
CYP716A12 D122Q Q358P, and (G) CYP716A12 1212P_Q358P
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Section 9. In vivo functional analysis in yeast results
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Figure S-9 In vivo activities of selected CYP716As and CYP716A12, and its variants against

a-amyrin skeletons.

(A) TICs of extracts from yeast harboring one aA4S expression vector for producing a-amyrin
as a major substrate and three CYPs expression vectors (pELC-CYP716As, pYES-DEST52-
CYP716As, and pESC-HIS-CYP716As) were used. (B) Quantification of triterpene
concentration in yeast harboring CYP716As against a-amyrin skeletons. Quantitation and error
bars correspond to the mean and standard deviation, respectively. Data are representative of at
least three biological replicates (n=3). Letters indicate statistical differences between the
different oxidized triterpenoids levels (a-d: uvaol levels, v-z: ursolic acid levels) for each

sample (one-way ANOVA; Tukey’s post-hoc test, p < 0.05). ND, not detected.
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Figure S-10 Comparison of triterpene concentration from extracts of yeast producing a-amyrin

as a major substrate and f-amyrin as a minor substrate.

Yeast harboring one aAS expression vector for making a-amyrin as a major substrate and three
CYPs expression vectors (pELC-CYP716A, pYES-DESTS52-CYP716As, and pESC-HIS-
CYP716As) were used. Quantitation and error bars correspond to the mean and standard

deviation, respectively. Data are representative of at least three biological replicates (n=3). ND,

not detected.
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Figure S-11 In vivo activities of selected CYP716As and CYP716A12, and its variants against

lupeol skeletons.

(A) Extracted ion chromatogram (EIC) by selecting m/z of extracts from yeast harboring one

LUS expression vector for producing lupeol, and three CYPs harboring expression vectors
(pELC-CYP716As, pYES-DEST52-CYP716A, and pESC-HIS-CYP716A) were used. (B)
Quantification of triterpene concentration in yeast harboring CYP716As against lupeol
skeletons. Quantitation and error bars correspond to the mean and standard deviation,
respectively. Data are representative of at least three biological replicates (n=3). Letters
indicate statistical differences between the different oxidized triterpenoids levels (a-c: betulin
levels, w-z: betulinic levels) for each sample (one-way ANOVA; Tukey’s post-hoc test, p <
0.05). ND, not detected.
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Section 10. The nucleotide sequence of the codon-optimized CDS of LjOSC1

used in chapter 4

> Lotus japonicus P-Amyrin synthase I (LjOSC1)

ATGTGGAAACTTAAAGTTGCTGATGGCGGCAAGGACCCGTACATCTTCTCTACTAACAACTT
CGTTGGCCGGCAGACCTGGGAGTATGATCCTGATGCTGGTACTCCTGAAGAGAGAGCACAGG
TTGAAGAAGCTAGGCAGGACTTCTACAACAACCGGTACAAGGTTAAGCCTTGCGGCGATCTT
CTTTGGAGGTTCCAGGTTCTGCGTGAGAACAACTTCAAGCAGACCATTCCGAGCGTGAAGAT
CGAGGATGGTGAAGAGATTACCTACGAGAAGGCTACCACCACCTTGAAGAGAGCTGCTCATC
ATCTTGCTGCTCTGCAGACTTCTGATGGTCATTGGCCTGCTCAAATTGCTGGCCCTTTGTTT
TTCCAGCCTCCTCTGGTTTTCTGCATGTACATTACCGGCCACCTGAACTCTGTGTTCCCTGA
AGAGTACCGGAAAGAGATCCTGCGGTACATCTACGTGCACCAGAATGAAGATGGTGGTTGGG
GTCTGCATATTGAGGGACACTCTACTATGTTCTGCACCGCTCTGAACTACATCTGCATGAGG
ATGCTTGGTGAGGGTCCTGATGGTGGTCAGGATAATGCTTGTGCTAGAGCCCGGAAGTGGAT
TCTTGATCATGGTGGTGTGACCCACATTCCGTCTTGGGGTAAGACCTGGCTTAGCATTCTTG
GCATCTTCGACTGGAAGGGCTCTAACCCTATGCCTCCTGAGTTCTGGATTCTGCCTTCTTTC
CTTCCTATGCACCCTGCCAAGATGTGGTGCTATTGCAGGCTTGTGTACATGCCGATGAGCTA
CCTGTACGGCAAGAGATTCGTGGGTCCTATCACTCCTCTTATCCTGCAGCTTCGGGAAGAGT
TGTTCACTCAGCCTTATGAGAAGGTGAACTGGAAGAAAGCAAGGCACCAGTGCGCTAAAGAG
GACATCTATTACCCTCATCCGCTGATCCAGGATCTGATGTGGGATTCTCTGTACCTGTTCAC
CGAGCCTTTGCTTACTAGGTGGCCTTTCAACAAGCTGGTGAGAGAGAAGGCTCTCGAGGTTA
CCATGAAGCACATTCACTACGAGGACGAGAACAGCCGGTACATCACTATTGGCTGCGTTGAG
AAGGTTCTGTGCATGCTTGCTTGCTGGGTCGAAGATCCTAACGGGGACGCTTTTAAGAAGCA
CCTTGCTAGGATCCCTGACTACCTTTGGGTTAGCGAAGATGGCATGTGCATGCAGAGCTTCG
GTTCTCAAGAATGGGATGCTGGTTTCGCTGTGCAGGCTCTTTTGGCTACTAACCTTGTGGAT
GAGCTGGGTCCTACTCTTGCTAAGGGTCACGACTTCATCAAGAAGTCCCAGGTTAGGGATAA
CCCGAGCGGCGATTTCAAGAATATGCACCGGCACATCTCCAAAGGCAGCTGGACTTTTTCTG
ATCAGGACCACGGTTGGCAGGTTTCAGATTGCACTGCTGAGGGTCTTAAGTGCTGCCTTCTG
CTTTCTATGCTCCCTCCTGATATCGTGGGCGAGAAGATGGAACCTGAGTGCCTTTTCGATAG
CGTGAACCTTCTGCTGAGCCTGCAGTCTAAGAAAGGTGGACTTGCTGCTTGGGAACCTGCTG
GTGCTCAAGAGTGGCTTGAGCTTCTTAATCCGACCGAGTTCTTCGCTGACATCGTGGTTGAG
CATGAGTACGTTGAGTGCACCGGTTCTGCTATTGGTGCTCTTGTGCTGTTCAAGAAGCTGTA
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CCCTGGCCACCGGAAGAAAGAGATTGAGAACTTCATCAGCGAGGCCGTGAGATTCCTTGAGG
ATACTCAAACCGCTGACGGTAGCTGGTATGGTAATTGGGGAGTGTGCTTCACCTACGGCTCT
TGGTTTGCTCTTGGTGGTTTGGCTGCTGCTGGTAAGACTTACGCTAACTGCGCTGCTATCCG
GAAGGCTGTGAAGTTCCTTTTGACTACCCAAAGAGGTGACGGCGGTTGGGGAGAGTCTTATC
TGTCAAGCCCGAAGAAGATCTACGTTCCGTTCGAGGGCAACCGTTCTAATGTGGTTCATACC
GCTTGGGCTCTGATGGGTCTTATTCATTCAGGTCAGGCTGAGAGGGATCCAACACCTCTTCA
TAGAGCTGCTAAGCTGCTGATCAACAGCCAGCTTGAAGAAGGCGATTGGCCTCAGCAAGAGA
TCACTGGTGTGTTCATGAAGAACTGCATGCTGCACTACCCGATGTACAGGGACATCTACCCT
ATGTGGGCTCTCGCTGAGTATAGAAGAAGGGTGCCATTGCCTTCTACCGCCGTTTAG
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Section 11. Standard curve for calculating the quantifications of triterpene

concentrations in Nicotiana benthamiana leaves extracts

The relationship between the quantities of the two compounds was determined using
standard curves. They are used to calculate the value of an unknown quantity (triterpene
concentration) of metabolite extracted from N. benthamiana and N. tabacum leaf extracts
relative to the one that is more directly measured (triterpene standard), whose concentration is
known. To quantify the concentrations of triterpenes extracted from leaf extracts, an authentic
standard curve of triterpene compounds was constructed, and the relative concentrations were
determined by comparing the peak area of an authentic standard to that of an internal standard.
The relative peak area of the internal standard was obtained by plotting against a known but
variable triterpene concentration using an authentic standard curve.

Using the standard curve equation, the actual triterpene concentration in leaf extracts

was calculated.
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Section12. Schematic diagram of the T-DNA region of the plasmids
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Figure S-12 Schematic diagram of the T-DNA region of the conventional binary vector (pYS_015)

or gateway-compatible version of pPBYR2HS.

CaMV 35S-p: Cauliflower mosaic virus (CaMV) 35S promoter with double-enhanced element,
AtADHS5’: 5’-untranslated region (UTR) of Arabidopsis thaliana alcohol dehydrogenase gene,
HSPter: terminator of heat shock protein gene, Ext3": tobacco extensin gene 3’ element, Nos-t: NOS
terminator, LIR: long intergenic region of bean yellow dwarf virus (BeYDV) genome, SIR: short
intergenic region of BeYDV genome, C1/C2: BeYDV ORFs C1 and C2 encoding for replication
initiation protein (Rep) and RepA, LB and RB: the left and right borders of the T-DNA region,
respectively; Nos-p and Nos-t: NOS promoter and terminator, respectively; p19: a gene-silencing
suppressor gene from tomato bushy stunt virus; and NPTII: neomycin phosphotransferase II
enzyme of Escherichia coli TnS transposon; attR1 and attR2: attachment sites that allow
recombination cloning of the gene of interest from an entry clone; Cm®: chloramphenicol resistance

gene; ccdB gene: a lethal gene that targets DNA gyrase that allows negative selection of plasmid.
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Section 13. The authentic standard curve of the triterpenoid used in chapter 4
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Figure S-13 Standard curves of authentic used in chapter 4.

(A) B-amyrin (1), (B) erythrodiol (2), (C) oleanolic acid (3) and (D) Maslinic acid (16). Mean values
and standard deviation (error bars) for three replicates are shown.
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Section 14. GC-MS analysis and mass fragmentation patterns of triterpenoids

detected in leaves extract via transiently expression

—~—A\- ~— N.benthamiana_CYP716A12_D122Q
,/\_/\ N.benthamiana_control w/o CYPs
> L\ N.benthamiana_without_transient expression
2
[0]
S
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Figure S-14 Total ion chromatograms of the extracts from different Nicotiana species.

Total ion chromatograms (TICs) of extracts from N. benthamiana and N. tabacum leaves transiently
expressing a combination of LjOSC1, LjCPR2, and with or without CYP716A12 D122Q. As a
background control, leaves without transient expression were used. The quantification results are
shown in Figure 4-2C. B-Amyrin (1), erythrodiol (2), and oleanolic acid (3) were used as authentic
standards. Uvaol (*) was used as an internal standard.

Supporting information 116



L\ _ J\ A__ w/o spraying_3-D A N~ A~ Ascomicacid 3D
[\ s A
(. R U \ N spraying_5-D W 0 N A AL ascomicacid 5D
2 z
5 2
A
E \JV\ N -~ AJﬁ/\\ w/o spraying_7-D E 2 ;/L/\R Ascorbic acid_7-D
[\
v \_,;/Lﬂ ) AL - /L/L\ Ascorbic acid_9-D
—_ — w/o spraying_9-D
9]
Y A€ _~__ w/o spraying_control (9-D) AL ~ . Ascorbic acid_control (9-D)
) w/o CYPs (V) w/o CYPs
@ - @ @
\ & (
L L
) Authentic standards — Authentic standards
| T T T T U T T 1 T T T 1 T 1
175 18 185 19 19.5 20 205 21 17.5 18 185 19 19.5 205 21
Retention Time (min) (*) Internal standard (Uvaol) Retention Time (min) () Internal standard (Uvaol)

Intensity

\-/L_/uq—,\*/\_&/x Sodium L Ascorbate_3-D

/N

/\— Sodium L Ascorbate_5-D

o 0000 \i/k Sodium L Ascorbate_7-D

S J\f,ﬁ/\‘/& Sodium L Ascorbate_9-D
0
J—“A /— Sodium L Ascorbate_control (9-D)
) w/o CYPs
@
Jk f )
‘ /\,
|
J \ ~ Authentic standards
T T T T 1 T T
17.5 18 18.5 19 19.5 20 20.5 21
Retention Time (min) (*) Internal standard (Uvaol)

Figure S-15 TIC of the extracts from N. benthamiana leaves with or without application of ascorbic

acid after agroinfiltration.

TICs of extracts from N. benthamiana leaves transiently expressing a combination of LjOSC,

LjCPR2, and CYP716A12 D122Q or pPBYR2HS empty vector (w/o CYP control). (A) Leaves

without sprayed with ascorbic acid as negative control. (B) Leaves with foliar application of 200

mM ascorbic acid or (C) ascorbic acid sodium salt (sodium L-ascorbate). Metabolites were

extracted from leaves at 3, 5, 7, or 9 days after agroinfiltration. The quantification results are shown

in Figure 4-4. f-Amyrin (1), erythrodiol (2), and oleanolic acid (3) were used as authentic

standards. Uvaol (*) was used as an internal standard.
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Figure S-16 TICs of the extracts from N. benthamiana leaves transiently expressing a combination

of LjOSC1, LjCPR2, CYP716A12 D122Q, and with or without AtHMGR1cd-S577A.

The quantification results are shown in Figure 4-5C. B-Amyrin (1), erythrodiol (2), and oleanolic

acid (3) were used as authentic standards. Uvaol (*) was used as an internal standard.
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Figure S-17 Mass fragmentation pattern of three minor peaks from the GC profile shown in Figure
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The mass spectra of peaks 17 and 19 showed fragment ion at m/z 320 (a carboxyl group was added
to the C-28 of the B-amyrin backbone), suggesting that both products were derived from oleanolic
acid. The mass spectra of peak 18 showed fragment ion at m/z 306, suggesting that one hydroxyl
group was introduced into the f-amyrin backbone, probably at C-2.
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