


 

ABSTRACT 

Characterization of Oxidosqualene Cyclases in Brassicaceae: 

 the ABCs (Arabidopsis, Brassica and Capsella) 

By 

Jing Jin 

One major class of plant secondary metabolites is the triterpenes, whose biosynthesis 

from oxidosqualene is catalyzed by oxidosqualene cyclases (OSCs). This thesis describes the 

characterization of OSCs from plants within the Brassicaceae family, which include the model 

species Arabidopsis thaliana and Capsella rubella as well as the crop species Brassica rapa and 

Brassica oleracea. Detailed product profiles of those cyclases are combined with phylogenetic 

analysis, synteny analysis, active-site prediction, plant tissue extraction and transcriptome 

analysis to explore enzyme mechanisms and evolutionary relationships within the OSC family.  

First, detailed product profiles are constructed for four Arabidopsis thaliana OSCs. Those 

cyclases exemplify the range of product specificity among OSCs, ranging from the 94% specific 

At PEN4 to the multi-functional cyclase At LUP5 which makes two major products at similar 

levels. Despite their varying product specificity, all those OSCs form many minor products. 

Next, the characterization of three OSCs from Brassica species is detailed. Bra032185 

was determined to be an astertarone A synthase, which is the first reported OSC with 6/6/6/5 20R 

stereospecificity. Bra039929 is the first reported euphol synthase and is another 6/6/6/5 20R 

specific cyclase. In addition, Bol021540 was amplified from broccoli seedling RNAs and it was 

determined to be a mixed-amyrin synthase. Those results were combined with Brassica plant 

extraction results to explore the triterpene biosynthesis in this species.  

Lastly, the complete characterization of all Capsella rubella OSCs is described. The 

triterpene biosynthetic capability of this plant includes one cycloartenol synthase, five functional 



OSCs in the secondary metabolism and one pseudogene. The only secondary metabolic OSC 

conserved between A. thaliana and C. rubella is camelliol C synthase (LUP3). In addition, three 

C. rubella cyclases show similarity to their A. thaliana counterparts but different products are 

made.  

Overall, the comparison of OSCs across species illustrates the fast divergence of plant 

secondary metabolism and explores OSC evolution among the Brassicaceae family. The OSC 

family showcases rapid enzyme functional evolution as evident by neofunctionalization and 

convergent evolution, and thus it can be a valuable model for enzyme evolution studies.   
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Chapter 1. Introduction 

 Triterpenoids: important plant natural products  

The largest class of plant natural products is terpenoids, with >40,000 known members 

(Phillips et al., 2006). Among the terpenoids, triterpenoids are a group of compounds with a 30-

carbon skeleton consisting isoprene units. Over 23,000 triterpenoids have been discovered from 

natural sources (Ghosh, 2017; Hill & Connolly, 2017). The 30-carbon triterpene skeletons from 

which the triterpenoids are derived, are synthesized via the oxidosqualene-cyclase (OSC) 

mediated cyclization of the linear 30-carbon substrate oxidosqualene.  

Although animals and fungi produce a triterpene (lanosterol), the plant kingdom 

encompasses the vast majority of the triterpene diversity, which provides the foundation for the 

remarkable triterpenoid diversity in plants. More than 100 different triterpene scaffolds ranging 

from one to six rings have been reported from plants, and further modifications on those 

triterpenes have been reported by enzymes such as cytochrome P450s, sugar transferases, and 

acyltransferases (Thimmappa, Geisler, Louveau, O’Maille, & Osbourn, 2014).  

Triterpenoids serve vital functions in plants and may have important ecological and 

agricultural implications. Cycloartenol (a triterpene) is the precursor to plant sterols and steroidal 

hormones, which are essential membrane components and signaling molecules. Other plant 

triterpenoids have less well-defined roles, and they are mostly involved in specialized (or 

secondary) metabolism (Philips et al., 2006). Plant secondary metabolites are produced to 

address specific needs, especially for plant defense such as pest and pathogen resistance. For 

example, Avena species (oats) use a common triterpene, β-amyrin, to synthesize the 

antimicrobial compounds, avenacins (Geisler et al., 2013). Therefore, plant triterpenoids can 

have important agricultural and ecological functions.  

In addition, triterpenoids have important pharmaceutical applications. Triterpenoids have 

been demonstrated to show anticancer, anti-inflammatory, antioxidant, antimicrobial, 
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antidiabetic, antiviral, hepatoprotective and cardioprotective properties (Salvador et al., 2017). 

Their anticancer (or antitumor) effect is the most well-studied medicinal application with over 

7000 scientific publications (Salvador et al., 2017). Many triterpenoids have demonstrated 

anticancer potential through anti-inflammatory, anti-proliferative and pro-apoptotic effects 

(Bishayee, Ahmed, Brankov, & Perloff, 2011; M.R. Patlolla & V. Rao, 2012; Yue et al., 2016). 

Examples of naturally-occurring triterpenoids, such as ursolic and oleanolic acid, betulinic acid, 

celastrol, pristimerin, lupeol, and avicins, show antitumor and anti-inflammatory properties. 

Also, some synthetic triterpenoid derivatives have antitumor activities (Petronelli et al., 2009). 

Many triterpenoids are shown to be promising antidiabetic agents by inhibiting the enzymes in 

glucose metabolism (Nazaruk & Borzym-Kluczyk, 2015; Santos et al., 2012). The above 

therapeutic effects of triterpenoids have been observed in both in vitro and in vivo experiments. 

However, although a large number of studies using the mouse model demonstrated promising 

results, most of those studies are still in the pre-clinical stage.  

 Plant primary and secondary metabolism 

The plant primary metabolism is defined as the metabolism essential to the plant’s 

survival, and the secondary metabolism is defined to be excluded from the primary metabolism. 

Although not directly involved in a plant’s normal growth or development, secondary 

metabolites carry out important functions such as plant defense. Most plants are sessile 

organisms, and they need to defend themselves against exogenous stressors (biotic and abiotic) 

by synthesizing and utilizing secondary metabolites. As plant secondary metabolites help the 

plant to maintain an intricate balance with its environment, they are adapted to the specific needs 

of a plant; thus the secondary metabolites are also commonly referred to as the specific 

metabolites.  

Because of their specific functions, secondary metabolism is tailored to individual plant 

species or specific plant lineage, and secondary metabolites can reflect the unique evolutionary 

history of a plant on the molecular level (Pichersky & Gang, 2000). In contrast, the biosynthesis 

of primary metabolites is often conserved across the entire plant kingdom. However, plant 

secondary metabolites are not well studied in comparison to the primary metabolites. In addition 

to presenting much greater number and structural diversity, the secondary metabolites are often 
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produced in minute amounts, under specific conditions or environmental stimuli and in complex 

mixtures of structurally similar compounds.  

Many of the plant secondary metabolites have been used in the pharmaceutical industries, 

or as flavors, supplements, cosmetics, fragrances and dyes. Knowledge on the plant secondary 

metabolism and its applications can have enormous value for the agricultural industry (Guerriero 

et al., 2018). Additionally, learning more about enzymes involved in the plant secondary 

metabolic pathways can potentially help with production of metabolites through new engineered 

pathways.  

 Oxidosqualene cyclases (OSCs) in plants  

Cycloartenol is generated by the OSC cycloartenol synthase (CAS), which is maintained 

in all examined plant lineages (Philips et al., 2006). Plant CAS genes are orthologous to the CAS 

genes in amoebae and bacteria, such as Stigmatella aurantiaca, suggesting that CAS predates the 

emergence of plants (Bode et al., 2003). CAS is also the basal plant OSC from which the other 

OSCs are derived by gene duplication and diversification. 

 CAS is required for sterol biosynthesis in plants, which is essential in membrane 

functions and signaling. The Arabidopsis thaliana cycloartenol synthase (CAS1) is necessary for 

plant cell vitality, as an inducible mutant results in tissue defects upon induction (Babiychuk et 

al., 2008). Being essential to a plant’s normal growth and development, CAS is involved in the 

primary metabolism. The CAS subfamily shows great conservation and minimal expansion after 

plant speciation, while most other OSC subfamilies have proliferated extensively (Philips et al., 

2006).  

Most plants encode a variety of OSCs to produce diverse triterpenes. The plant OSCs 

outside of CAS are involved in plant secondary metabolism. Those OSCs show substantial 

expansion, and might have evolved for specialized functions, such as for pest resistance. Those 

OSCs reflect how triterpene biosynthesis differs in closely-related species and may indicate the 

environmental stresses and selection that a plant faces. Thus, OSCs involved in the secondary 

metabolism are the focus of my study. 
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A total of about 100 OSCs have been characterized and reported, among which more than 

20 are CAS (Thimmappa et al., 2014). Of the reported OSCs in secondary metabolism, β-amyrin 

synthases appear to be the most common OSCs, which is expected because β-amyrin is 

frequently found in plant extracts (Shan, Wilson, Castillo, & Matsuda, 2015). Some OSCs of the 

secondary metabolism are mixed-product synthases, where the enzyme lacks a clear major 

product and may synthesize two or more products at similar level (Kushiro, Shibuya, Masuda, & 

Ebizuka, 2000). 

Cytochrome P450-mediated modification on triterpene scaffolds by introduction  of 

hydroxyl, ketone, aldehyde, carboxyl, or epoxy groups are common (Thimmappa et al., 2014). It 

is believed that such modification plays a key role in bringing functional groups to the triterpene 

scaffold and further allowing modifications by UDP-glycosyltransferases and acyltransferases. 

More than 80 triterpene-modifying P450s have been reported in the literature, and the most 

common substrate for those reported P450s is β-amyrin (Ghosh, 2017). Biological functions of 

some modified triterpenes have been investigated. One example is avenacin, which is an 

antimicrobial compound produced by oats from the common triterpene β-amyrin by a P450 

AsCYP51H10 (Geisler et al., 2013).  

 Human lanosterol synthase 

Although the scope of my study is within plant OSCs, the human OSC (lanosterol 

synthase) is an integral part to our understanding of OSCs since it is the only OSC with an X-ray 

crystallography structure (Thoma et al., 2004). Because the human lanosterol synthase plays an 

essential role in cholesterol biosynthesis, it has attracted substantial research interest, such as the 

development of inhibitors for the human lanosterol synthase (Chen et al., 2017; Rabelo, 

Romeiro, & Abreu, 2017).  

 OSCs share the same substrate as well as the same process to initiate cyclization and ring 

formation, so they should share the same overall protein scaffold and certain key residues. 

Therefore, sequence alignment and homology modeling with the human lanosterol synthase can 

be used to predict the active-site residues and some key residues in the cyclization process of 

plant OSCs (Jin, Moore, Wilson, & Matsuda, 2018; Thimmappa et al., 2014). However, the 
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human lanosterol synthase shares relatively low sequence identity to plant OSCs (generally 

around 40-60%). Additionally, the differences among many OSC products are small, such as the 

position of one double bond or the opposite configurations of one stereo center. Therefore, using 

human lanosterol synthase as a model has limited ability to predict intricate differences in the 

plant OSC active sites to achieve product specificity.   

 OSCs as a system to study enzyme evolution 

As discussed previously, plant secondary metabolism (or specialized metabolism) is 

highly specific for adaptation to the plant’s ecological niches. Because plants continuously 

evolve to synthesize novel, specialized metabolites, enzymes of specialized metabolism can 

reveal enzyme functional divergence and enzyme family expansion.  

In general, the reactions in primary metabolism are catalyzed with high specificity and 

low mechanistic elasticity. Therefore, the enzymes involved in primary metabolism tend to be 

“evolutionarily constrained”, as selection constrains those enzymes to maintain the most stable 

and functional form (Weng, Philippe, & Noel, 2012). Consequently, those enzymes typically 

show high conservation across species. In contrast, the secondary metabolism enzymes tend to 

evolve more rapidly, have lower catalytic efficiency, and traverse the functional space more 

easily. They are more tolerant to mutations that are normally destabilizing to protein structure 

and function (Weng et al., 2012). In addition to evolving new functions more frequently, the 

secondary metabolism enzymes show high “metabolic plasticity” or “catalytic promiscuity” 

meaning that they commonly show relaxed substrate or product specificity.  

The process of enzyme divergent evolution occurs through two main mechanisms: (1) 

gene duplication (or genome duplication) followed by random mutations, which in rare cases 

will result in a new function; and (2) a speciation event followed by the divergence of 

orthologous genes in different species. It is believed that in primary metabolism, new genes 

almost always arise by mechanism (1) which requires gene duplication (Pichersky & Gang, 

2000). This makes sense because when the original gene has an essential function, a duplicate 

that is not restricted by natural selection is the prerequisite to accumulation of nonlethal 

mutations. However, enzymes can evolve without prior gene duplication in plant secondary 
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metabolisms through mechanism (2). In this case, orthologous enzymes are not under strict 

selection and can acquire different functions. In my study, which compares different OSCs in 

different plant species of varying evolutionary distances, we will observe both mechanisms.  

Through many case studies of enzyme function evolution, it has been observed that 

substrate promiscuity plays a central role. However, those cases are more difficult to discover, as 

the scientists needs to pre-select a pool of potential substrates (Baier, Copp, & Tokuriki, 2016; 

Glasner, Gerlt, & Babbitt, 2006). One example is the study on the β-keto acid cleavage enzyme 

family, in which 16 substrates were tested with 124 uncharacterized enzymes, where 80 enzymes 

were found to be active to at least one substrate (Bastard et al., 2014). The number of 

experimental characterizations can increase markedly as a larger pool of potential substrates 

needs to be tested. For example, one study on the haloacid dehalogenase superfamily functions 

screened over 200 enzymes against a library of 167 phosphoate and phosphonatase substrates to 

test for activity between each enzyme-substrate pair (Huang et al., 2015). In contrast, OSCs 

present an excellent model for study of function evolution, because plant OSCs all act on the 

conserved substrate oxidosqualene.   

One key disadvantage of OSC as the model system is the limited knowledge of their 

biological functions. Although we have accumulated extensive knowledge of their product 

structures, there are few OSCs with specific roles assigned to their products or product 

metabolites (Thimmappa et al., 2014).  

A key characteristic of plant specialized metabolism is that convergent evolution is 

common (Pichersky & Lewinsohn, 2011). A specific case of convergent evolution in plant 

secondary metabolism is particularly intriguing: “repeated evolution” is defined as a similar 

function arises independently from homologous genes that are not directly orthologous 

(Pichersky & Gang, 2000). The cases of repeated evolution exemplify the evolutionary and 

catalytic plasticity of the secondary metabolism enzymes. The OSC family with many 

homologous members provides a good opportunity for studying convergent evolution and 

repeated evolution of enzymes.  

As a result of the secondary metabolic enzymes’ rapid functional evolution, it is 

challenging and often misleading to assign the catalytic functions of those enzymes based on 



7 

 

sequence identity to known enzymes (Baier et al., 2016). Many public databases annotate gene 

functions with automated computational annotation based upon homology to published entries, 

so misannotation is common. A study shows that the misannotation level is >80% in 10 of the 37 

investigated enzyme superfamilies (Schnoes, Brown, Dodevski, & Babbitt, 2009). The 

experimental characterization of OSCs can exemplify the extent to which sequence homology 

can predict enzyme functions in plant specialized metabolism.  

 Brassicaceae family and model species  

The Brassicaceae (Cruciferae, or mustard family) is a large plant family comprised of 

over 340 genera and over 4000 species distributed worldwide. Many species within this family 

are of great economic and scientific importance (Sharma, Li, & Lim, 2014). This family contains 

many commonly cultivated vegetable and vegetable oil species, such as the Brassica species and 

Raphanus sativus (radish). The model organism Arabidopsis thaliana also belongs to this family. 

A. thaliana has traditionally been a primary model organism in plants, and thereby serves as a 

valuable reference offering a wealth of scientific knowledge. Therefore, other Brassicaceae 

species can be good models to transfer knowledge from the model species to agricultural crops. 

Complete and well-annotated genome sequences from more than 10 species among Brassicaceae 

have been published (Koenig & Weigel, 2015).  

1.6.1 Arabidopsis thaliana  

The model species A. thaliana has 13 OSCs, all of which have been experimentally 

characterized to some extent (Corey, Matsuda, & Bartel, 1993; Ebizuka, Katsube, Tsutsumi, 

Kushiro, & Shibuya, 2003; Fazio, Xu, & Matsuda, 2004a; Herrera, Bartel, Wilson, & Matsuda, 

1998; Kolesnikova, Obermeyer, et al., 2007a; Kolesnikova, Wilson, Lynch, Obermeyer, & 

Matsuda, 2007; Kolesnikova, Xiong, Lodeiro, Hua, & Matsuda, 2006; Kushiro et al., 2000; 

Lodeiro et al., 2007; Morlacchi et al., 2009a; Shibuya et al., 2009; Xiang et al., 2006; Xiong, 

Wilson, & Matsuda, 2006). Most of the characterization was achieved by heterologous 

expression in yeast. Combined, those 13 OSCs generate a large array of triterpenes as their major 
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and minor products. Also, there are ongoing efforts to produce more detailed product profiles of 

those OSCs with improved detection limits or to report previously missed products.  

Those 13 A. thaliana OSCs include one cycloartenol synthase (CAS), one lanosterol 

synthase, and 11 other OSCs separated into two distinct clades – LUP1 to LUP5 and PEN1 to 

PEN6 (Morlacchi et al., 2009a). It is important to note that the clear grouping of LUPs and PENs 

is not a universal pattern among plants. Some had observed that the LUPs show close homologs 

in other eudicots, while the PEN clade appears to be restricted to the Brassicaceae family (Field 

& Osbourn, 2008). While this is highly plausible, the systematic examination of OSCs across 

more plant species could better support this observation. More plants with completed genome 

sequences would allow the genome mining of putative OSCs across different clades of plant 

species. Notably, the PEN clade appears to have undergone accelerated evolution compared with 

other A. thaliana OSCs.   

Some of the 13 A. thaliana OSCs synthesize products that are commonly found in plants, 

such as β-amyrin. Also, β-amyrin synthase is the most common OSC reported from plant 

secondary metabolism. On the other hand, some A. thaliana OSCs produce triterpene structures 

that appear to be more rare and unusual in nature, such as marneral (Xiong et al., 2006) .  

 In addition, cytochrome P450s that modify OSC products have been reported from A. 

thaliana. Those studies are the first step to investigate further metabolism after the triterpene 

biosynthesis. Those P450s were located in co-regulated gene clusters close to their 

corresponding OSCs on the A. thaliana chromosome, and such operon-like gene clusters 

appeared only with OSCs in the PEN clade (Field et al., 2011; Field & Osbourn, 2008). Those 

reported P450s are: CYP708A2, which hydroxylates the PEN3 major product, thalianol; 

CYP705A1 (At4g15330), which cleaves the side chain of the PEN1 major product, arabidiol; 

CYP71A16, which hydroxylates the PEN5 major product, marneral (Castillo, Kolesnikova, & 

Matsuda, 2013). More importantly, the role of CYP705A1-mediated cleavage of arabidiol has 

been demonstrated to be important to A. thaliana’s defense against pathogens (Sohrabi et al., 

2015). This is particularly valuable because the functions of most OSC products and their 

derivatives are currently unknown.  
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1.6.2 Arabidopsis lyrata 

The closest plant species to A. thaliana with a published genome sequence is Arabidopsis 

lyrata (Hu et al., 2011). Unlike the self-compatible A. thaliana, A. lyrata is self-incompatible. 

Those two Arabidopsis species diverged between 5 to 13 million years ago (Beilstein, 

Nagalingum, Clements, Manchester, & Mathews, 2010; Hu et al., 2011; Wright, Lauga, & 

Charlesworth, 2002). About 92% of the A. lyrate genes are found to be orthologous to A. 

thaliana (Sharma et al., 2014). Dr. Melisa Moreno Garcia undertook the project to characterize 

A. lyrata OSCs: she predicted 14 putative OSCs within the A. lyrata genome and she completed 

detailed product profiles for 3 of those enzymes (Garcia, 2016). In her comparative analysis 

between those two closely-related Arabidopsis species, she was able to capture small differences 

during the product formation mechanisms. For example, she reported that A. lyrata PEN6 and A. 

thaliana PEN6 share 93% overall sequence identity with 2 different active site residues. Those 

two OSCs make the same major product in different ratios (72% vs. 38%), as the A. lyrata PEN6 

is a more specific enzyme for synthesizing its major product.  

1.6.3 Capsella rubella 

In my thesis, I will describe OSCs from two Brassicaceae species that are outside of the 

Arabidopsis genus (Capsella and Brassica). Their OSCs have diverged further from the 

previously characterized OSCs in A. thaliana, therefore offering more opportunities to uncover 

novel OSCs or enzymatic mechanisms. On the other hand, those OSCs are not too distant from 

the previously-characterized OSCs, therefore allowing reliable analysis to explore the 

phylogenetic relationships among those enzymes. In conclusion, those Capsella and Brassica 

OSCs are related to their Arabidopsis homologs but also show sufficient differentiation to 

exemplify enzyme functional changes during the enzyme family expansion.   

Capsella rubella has been a valuable model species for studying recent change in plant 

reproduction, specifically a shift from outcrossing to self-compatibility. C. rubella is a highly 

selfing species, and it was recently separated from the obligate outcrosser species C. grandiflora. 

The speciation event occurred less than 200,000 years ago (another study predicted ~50,000 
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years ago), and it was concurrent with the change in mating system (Guo et al., 2009; Slotte et 

al., 2013).  

C. rubella diverged from Arabidopsis about 10 to 14 million years ago (Koch & Kiefer, 

2005), and 88% of C. rubella genes are determined to be orthologous to A. thaliana genes 

(Sharma et al., 2014). Both the C. rubella and C. grandiflora genomes have been published and 

well annotated (Slotte et al., 2013).  

1.6.4 Brassica species  

Brassica oleracea (broccoli, Brussels sprouts, cabbage, cauliflower, kale), Brassica rapa 

(Chinese cabbage, turnip) and Brassica napus (canola or oilseed rape) are important vegetable 

species and oilseed crops. Combined, the Brassica species contribute to ~10% of the world’s 

vegetable and ~12% vegetable oil production (Cheng et al., 2011a; Liu et al., 2014).  

The Brassica rapa genome assembly was published first among the Brassica species in 

2011 followed by Brassica oleracea genome in 2014 (Liu et al., 2014; X. Wang et al., 2011). 

Since then, the Brassica napus, Brassica nigra and Brassica juncea genomes have been 

assembled (Chalhoub et al., 2014; Yang et al., 2016). Additionally, the Brassica rapa genome 

V2.0 was published with major expansion on the genome coverage (80%) from V1.5 (41%) (Cai 

et al., 2017).   

Brassica species and A. thaliana diverged 20-40 million years ago (Beilstein et al., 2010). 

Brassica species are in the Brassicaceae family Lineage II as the A. thaliana is within Lineage I 

(Koenig & Weigel, 2015). The speciation of B. rapa and B. oleracea occurred about 4 million 

years ago (Liu et al., 2014). Previous studies have demonstrated broad-range chromosome 

correspondence as well as specific gene content conservation between A. thaliana and Brassica 

genomes (Ayele, 2005; Mun et al., 2009; O’Neill & Bancroft, 2000; Park et al., 2005). It is 

estimated that about 78% of B. rapa genes are orthologous to A. thaliana (Sharma et al., 2014). 

The Brassica species are the closest crop relatives to A. thaliana, and they provide excellent 

models for studying knowledge transfer or genetic tool transfer from the model organism to 

agricultural crops (Snowdon, 2007). 
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In addition to their agricultural importance, the Brassica species have been used as model 

species to study plant genome polyploidization and hybridization. The genomes of more than 

90% of angiosperms (flowering plants) have undergone one or more genome duplication. All 

Brassicaceae have undergone three rounds of whole genome duplication. Brassica species have 

undergone one additional genome triplication after their divergence from A. thaliana (Mun et al., 

2009). This unique phylogenetic position makes the Brassica species excellent models for 

studying plant genome expansion as well as gene functional diversification and loss of genes by 

accumulation of mutations. Additionally, six widely cultivated Brassica species described by the 

“U’s triangle” present a classic model for studying genome duplication and polyploidy in plant 

evolution. Included in the “U’s triangle”, there are the diploid model species in my study: 

Brassica rapa (AA, 2n=20) and Brassica oleracea (BB, 2n=18). Hybridization between those 

diploid species gave the tetraploid Brassica napus (AABB, 2n=38) about 7,500 years ago 

(Chalhoub et al., 2014; Kim et al., 2018; Park et al., 2005).  

 Heterologous expression in yeast 

Most plant OSCs were characterized by heterologous expression in the yeast system, 

because plant extraction alone is a limited and incomplete method to study plant secondary 

metabolism. In the case of OSCs, most higher plants possess more than one OSC. Therefore, it 

would be challenging to match the products of plant extracts to each OSC. Additionally, some 

OSCs are not constitutively expressed. Those involved in plant defense may only be turned on 

after a specific invasion. Lastly, some OSC products are further metabolized in the plant. 

Therefore, the original OSC products may not accumulate in the plant tissue. To conclude, 

although plant extraction has yielded tremendous discoveries on natural compounds, 

characterization of individual OSC in the native plants remains to be limited and challenging.  

There are two Saccharomyces cerevisiae strains commonly used in our work for plant 

OSC expression. EHY41 is a yeast strain that has an upc2-1 mutation and overexpresses HMG-

CoA reductase, and it consequently produces high levels of sterols and foreign triterpenes 

(Jackson, Hart-Wells, & Matsuda, 2003). We use EHY41 to conduct in vivo experiments, in 

which the plant OSC on the pRS426GAL vector is transformed into EHY41, and the plant OSC 

products are produced in vivo upon galactose induction. Then the yeast cells are collected and 
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saponified in a mixture with ethanol, water and KOH at 70 °C for 2-3 hours. The mixture is 

extracted with hexanes and we obtain the crude non-saponifiable lipids (NSL) after evaporating 

the hexanes. The crude NSL extract contains the plant OSC products as well as yeast 

metabolites: squalene, lanosterol, T-MAS, ergosterol and others. Then SiO2 chromatography 

with different solvent systems and High Performance Liquid Chromatography (HPLC) are used 

to purify the plant OSC products from the impurities for identification and quantification by Gas 

Chromatography-Mass Spectrometry (GC-MS) and Nuclear Magnetic Resonance (NMR) 

spectroscopy.  

RXY6 is a double-mutant yeast strain that is ideal for in vitro studies of cyclases (Fazio, 

Xu, & Matsuda, 2004b). Its lanosterol synthase mutation ensures that all isolated products are 

generated by the foreign cyclase. The squalene epoxidase mutation prevents the biosynthesis of 

2,3-oxidosqualene and thereby abolishes the formation of in vivo products, which could be 

further metabolized. These traits ensure that OSC products arise from the foreign enzyme and 

that they are not metabolized. The plant OSC gene is expressed in RXY6, and a homogenate is 

prepared and is used to cyclize the added synthetic racemic oxidosqualene. After 24 h, the 

mixture is extracted with hexanes. The crude extract contains the plant OSC products, squalene, 

remaining OS, and ergosterol added during cell culture. The crude extract would be purified by 

chromatography and examined by GC-MS and NMR.  
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Chapter 2. Materials and Methods 

 Materials 

Restriction enzymes NotI-HF and SalI-HF, digestion buffers, the Quick Ligation Kit, and 

5-alpha competent E. coli were purchased from New England Biolabs (Ipswitch, MA). Dextrose, 

galactose, yeast nitrogen base, yeast extract, LB broth and amino acids were from United States 

Biological (Salem, MA), agar for cell cultures was from Amresco (Solon, OH), and GenePure 

agarose LE for gel electrophoresis was from BioExpress (Kaysville, UT). Deoxyribonuclease 

and Superscript III reverse transcriptase were from Invitrogen (Carlsbad, CA). Hexanes (mixture 

of isomers), heme (in the form of hemin chloride), pyridine, ergosterol, 

bis(trimethylsilyl)trifluoroacetamide (BSTFA), Tween 80, Triton-X, diethyl ether, 

dichloromethane, sodium chloride, sodium hydroxide, anhydrous sodium sulfate, methanol, 

sequencing primers, and TRI reagent for RNA extraction were from Sigma Aldrich (St. Louis, 

MO). The GelRed® nucleic acid gel stain was from Biotium (Fremont, CA). The Qiagen Gel 

Extraction Kit used in DNA recovery from gels came from Qiagen (Germantown, MA). SPE 

cartridges were obtained from Phenomenex (Torrance, CA) and deuterated chloroform from 

Cambridge Isotope Laboratories (Tewksbury, MA). The gene was synthesized by GenScript 

(Piscataway, NJ) and DNA was sequenced by Lone Star Labs (Houston, TX).  

 Method 

2.2.1 Genome mining and plasmid construction 

A general strategy for genome mining, gene synthesis and plasmid construction is 

described here. However, specific results from genome mining and plasmid construct details are 

described separately for the OSCs characterized in my work.  

A. thaliana OSCs were used as query for searching putative OSCs in plant genome 

database. Putative OSCs of interest were checked for splicing accuracy through sequence 

alignment to characterized OSCs and examining the sequences at each predicted splicing site of 
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the retrieved sequence. After a putative OSC was predicted to be correctly spliced, this sequence 

was sent to GenScript® for synthesis. The sequence was codon optimized for S. cerevisiae; and 

SalI and NotI restriction sites were added to flank the coding sequence. The synthesized gene in 

pUC57 was used to transform 5-alpha competent E. coli by following NEB’s transformation 

protocol. E. coli colonies selected by ampicillin resistance were grown in liquid culture, and the 

plasmid was extracted by plasmid prep methods. The resulting plasmid was digested with SalI 

and NotI, the desired insert (~2.3 kb) was purified by gel electrophoresis and ligated into 

pRS426GAL. Sequencing was used to confirm the correct construct of the plasmid.  

2.2.2 Common plasmid DNA protocols 

Miniprep Plasmid Purification 

E. coli cultures (2 mL) were grown in LB + Ampicillin media in 12-well plate with 

constant shaking overnight at 37 °C. Each culture was pelleted by centrifugation and the 

supernatant was removed. The cells were resuspended in 200 μL P1 solution (50 mL Tris-HCl 

pH 8.0, 10 mM ethylenediaminetetraacetic acid (EDTA)) supplemented with 20 mg/mL RNase. 

To this mixture, 200 μL of P2 solution (200 mM NaOH, 1% sodium dodecyl sulfate (SDS) were 

added to lyse the cells. The mixture was incubated at room temperature for 3 min. Then 200 μL 

of P3 solution (3M potassium acetate, 1.88 M acetic acid) were added and mixed. The mixture 

was incubated for 5 min on ice. The cell debris would form a white precipitate and was pelleted 

through centrifugation. The supernatant was transferred into a fresh microcentrifuge tube with 

750 μL isopropanol added. The mixture was incubated at -20 °C for at least 20 min (sometimes 

overnight). Then the DNA was pelleted by centrifugation for 30 min at 12,000 rpm. The 

supernatant was removed, and the pellet was resuspended with 47 μL TE8 buffer (10 mM Tris-

HCl, pH 8.0, 0.1 mM EDTA) followed by the addition of 100 μL 100% ethanol. (The original 

protocol in the lab called for 3 μL 5 M sodium chloride solution, which was commonly skipped).  

The tubes were incubated at -20 °C for at least 30 min, then the DNA was pelleted by 

centrifugation for 30 min or more at 12,000 rpm. The supernatant was removed and the pellet 

was allowed to air dry with the tube lid open. Lastly the pellet was dissolved in 50 μL TE8 buffer 

and stored at -20 °C.  
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Maxiprep Plasmid Purification 

This protocol followed the same general scheme of the Miniprep Plasmid Purification 

with different volumes listed below. E. coli cultures (50 mL) were grown to saturation with 

constant shaking at 250 rpm in a shaker at 37 °C. In the subsequent steps, 1 mL of P1, P2 and P3 

were used. After the addition of P3 buffer and incubation on ice, the mixture was divided into 

three clean microcentrifuge tubes. The cell debris was then pelleted by centrifugation, and the 

supernatant was transferred into three fresh microcentrifuge tubes (~800-900 μL each). To each 

tube, 750 μL chilled isopropanol was added. Following incubation and centrifugation, the 

supernatant was removed and each DNA pellet was dissolved in 100 μL of TE8 buffer followed 

by the addition of 200 μL 100% ethanol. (An alternative practice is to combine the mixture into 

one microcentrifuge tube). Following incubation, centrifugation, removal of the supernatant and 

air drying, the DNA pellet(s) were dissolved in 30 μL TE8 buffer per tube (or 100 μL if 

combined).   

DNA Digestion by Restriction Enzymes 

A typical test digestion was performed for the purpose of assessing the correct plasmid 

construction. In this digestion, 2-3 μL of miniprep DNA solution was mixed with 5 units of each 

restriction enzyme, 2.5 μL of the corresponding manufacturer provided buffer and Milli-Q water 

to a final volume of 25 μL. The digestion mixtures were incubated at the manufacturer’s 

recommended temperature for 1 h. The entire mixture was run on an electrophoresis gel.  

A typical preparative digestion was performed for the purpose of preparing enough 

digested plasmid for the next step modification. Usually ~35 μL DNA was mixed with 20-30 

units of restriction enzymes, 10 μL of the corresponding manufacturer provided buffer and Milli-

Q water to a final volume of 100 μL. Following incubation, the DNA fragments were separated 

by gel electrophoresis and the desired band(s) were excised with a razor and weighed. The DNA 

was extracted by following the Qiaquick Gel Extraction kit according to the manufacturer’s 

protocol.  

Gel Electrophoresis 
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DNA samples were analyzed and separated by gel electrophoresis. A standard 1% 

agarose gel in TAE buffer was suitable for most of the DNA samples in my work. The TAE 

buffer 50× stock was prepared by adding 242 g Tris base, 57.1 mL glacial acetic acid,  37.2 g 

Na2.EDTA.(H2O)2 with water added to the final volume of 1 L. Gel mixture was prepared by 

combining 5 g agarose with 500 mL TAE buffer and homogenized by heating in a micro wave 

oven. Before pouring the gel for each run, ethidium bromide (10mg/mL) or GelRed® nucleic 

acid gel stain solution (~4 μL for each 100 mL gel) was mixed into the gel. After the agarose gel 

solidified, TAE buffer was added into the electrophoresis chamber to submerge the gel. DNA 

samples were mixed with gel loading dye and loaded into the lanes. The molecular weight 

markers used alongside were usually Lambda DNA-BstEII digest and 1 kb DNA ladder. The 

electrophoresis was run at voltages between 90 and 110V and DNA was visualized under UV 

light. 

DNA Ligation 

The vector and insert were ligated using the Quick Ligation Kit obtained from New 

England Biolabs by following the manufacturer’s Quick Ligation protocol. Usually an excess of 

the insert was desirable to minimize empty vector formation. A molar ratio of 1:3 between the 

vector to insert was used in the ligation. Usually ~50 ng vector was combined with the insert, 

and the volume was brought to 10 μL with Milli-Q water. Then 10 μL of Quick Ligase buffer 

and 1 unit of the Quick Ligase were added. The solution was incubated at room temperature for 5 

min.  

DNA Sequencing 

DNA samples were sequenced by Lone Star Labs (Houston, TX). The plasmids prepared 

in my work were sequenced to ensure the correct construction. 

2.2.3 E. coli protocols 

E. coli Transformation  
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The competent E. coli stain DH5α from New England Biolabs was used in this work. The 

competent E. coli were stored and handled according to the manufacturer’s instructions. The 5 

Minute Transformation Protocol from NEB was followed.  

E. coli Culture 

E. coli cultures were grown in Luria-Bertani broth (LB) (10 g/L tryptone, 5 g/L yeast 

extract and 5 g/L NaCl) supplemented with antibiotic for selection (Ampicillin at 0.1 mg/mL in 

my work). The liquid media was sterilized by autoclave for ~20-25 min and allowed to cool to 

room temperature before the addition of Ampicillin. For solid media (LB/Agar), 15 g agar/L 

were added into the media and autoclaved. All E. coli cultures were incubated at 37 °C 

overnight, and the liquid cultures were at constant shaking (~250 rpm).  

2.2.4 Yeast protocols 

Yeast Transformation 

 To prepare for yeast transformation, 10 to 15 mL liquid cultures of EHY41 (or RXY6) 

were grown to saturation at 30 °C with constant shaking at 250 rpm. The media used were YP 

media (10 g/L yeast extract, 20 g/L peptone), and RXY6 cultures were additionally 

supplemented with ergosterol (20 μL/mL), Tween 80 (5 g/L) and hemin chloride (13 μL/mL). 

After the culture had reached saturation (by visual determination or Optical Density), the culture 

was centrifuged at 3000 rpm for 10 min to harvest the pellets which the supernatant was 

discarded. 

 The transformation protocol was modified from the high efficiency transformation 

protocol with lithium acetate and ss carrier DNA. First the cells were washed 3 times. Each time 

the pellet was suspended in ~20 mL sterile MQ water and palette through centrifugation. In the 

meantime, single-stranded salmon sperm DNA (SS DNA) was denatured by water bath in 

boiling water for 5 min. Following the last wash, the pellet was resuspended in 100 μL sterile 

water followed by the addition of 10 μL of plasmid DNA, 50 μL ssDNA and 2 mL yeast 

transformation buffer (40% polyethylene glycol 3350, 0.1 M lithium acetate, 10 mM tris buffer 

pH 7.5, 1 mM EDTA, and 100 mM dithiothreitol). Then the mixture was vortexed. For EHY41, 
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the transformation mixture was heat shocked for 45 min at 42 °C; for RXY6, the mixture was 

left overnight at room temperature.  

Then the mixture was washed with sterile MQ water for 3 times with centrifugation. 

After the final wash, the cell pellet was resuspended in 500 μL to 1 mL sterile MQ water and 

spread onto a selection plate. The selection plates were made with synthetic complete medium 

lacking uracil (2% glucose and 1.5% agar; RXY6 was also supplemented with heme, Tween 80, 

and ergosterol) and incubated at 30 °C until transformant colonies appeared (2-5 days).  

Yeast Culture 

Cultures of EHY41 carrying plasmids were grown in sugar and synthetic complete 

without uracil (1.7 g/L yeast nitrogen base, 5 g/L ammonium sulfate, 2 g/L amino acid mixture). 

Amino acid mixtures were prepared by combining 10 g of leucine with 2 g each of alanine, 

arginine, asparagine, aspartic acid, cysteine, glutamine, glutamic acid, glycine, histidine, 

isoleucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, 

valine and adenine. RXY6 carrying plasmids was grown in the same medium supplemented with 

ergosterol (13 μg/mL), Tween 80 (5 mg/mL), and heme (20 μg/mL) as previously described.  

The sugar in media for EHY41 and RXY6 was used as carbon source for the yeast. For cultures 

grown prior to the expression of the OSC on the plasmid, dextrose was supplied (20 g/L). For 

cultures grown to expression the OSC on the plasmid, galactose (20 g/L) was supplied as the 

carbon source in addition to inducing the GAL promoter. Cultures were scaled up to one Liter 

cultures and 4-8 L were typically grown for each experiment. All yeast cultures were grown to 

saturation at 30 °C with shaking at 250 rpm.  

For large-scale RXY6 cultures, optical density measurements were often used to assist 

the determination of the culture’s growth and saturation. A Shimadzu 1601-UV spectrometer 

was used. 0.1 mL of culture was transferred into a 1 cm cuvette and diluted with 900 μL of Milli-

Q water and the absorbance of this sample was measured at 600 nm. The readings were 

multiplied by a factor of 10 to obtain the optical density (OD600). 
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2.2.5 In vivo experimental scheme using EHY41  

Small-scale trial 

For small-scale trial experiments, initial EHY41 cultures were grown by inoculating a 

single transformant colony into 10 mL of synthetic complete media lacking uracil with dextrose. 

Cultures were incubated at 30 °C with shaking at 250 rpm. The 10 mL culture was grown to 

saturation and then inoculated into 100 mL of synthetic complete media lacking uracil with 

galactose. The 100 mL culture was grown to saturation under the same conditions. The yeast 

cells were harvested by centrifugation in tared 50 mL Falcon tubes. Afterwards, based on the 

weight of the cell pellet, the pellets were resuspended in 5 mL 10% KOH (w/v) in 80% ethanol 

(v/v) per gram of cells. Then saponification was carried out when the mixture was heated in 70 

°C water bath for 2-3 h. 

Following saponification, the cell debris was pelleted by centrifugation and the 

supernatant was poured in to a fresh Falcon tube. The cell pellet was washed with a small 

quantity of ethanol, and the ethanol was combined into the supernatant. The liquid was extracted 

3 times with 15 mL hexanes each. The hexane layers were combined and rotary evaporated to 

dryness in a round-bottomed flask, which gave the crude non-saponifiable lipids (NSL). The 

crude NSL was transferred into a tared scintillation vial with diethyl ether, and the solvent was 

evaporated under a stream of nitrogen gas. A small amount of the crude NSL (typically ~1%) 

was prepared for GC-MS analysis, which was used to confirm the expression of the OSC in yeast 

and to check the major products. 

Large-scale experiment 

Large-scale experiments typically require 2-8 L of yeast culture and can give more minor 

products of the OSC to construct a detailed product profile for this enzyme. This experimental 

procedure generally followed the same scheme as the small-scale trials. 

Using a restreaked plate from the same yeast colony that gave successful small-scale trial 

experiments previously, 10 mL initial culture was grown in synthetic complete media lacking 

uracil with dextrose. After reaching saturation, the 10 mL liquid culture was inoculated into 100 

mL to 300 mL of the same media. After saturation, the cultures were divided to inoculate 
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multiple 1 L synthetic complete media lacking uracil with galactose. Cultures were grown into 

saturation and collected via centrifugation into 12 to 24 tared 50 mL Falcon tubes. The cell mass 

was calculated, then the cells were transferred and resuspended in one flask and using 5 mL 10% 

KOH (w/v) in 80% ethanol (v/v) per gram of cells. The saponification was carried out when the 

mixture is heated in 70 °C water bath for at least 3 h with agitation every 30 min.  

Following saponification, the supernatant solution was poured into a round-bottomed 

flask and the cell debris was washed 3-4 times with ethanol. The ethanol was combined with the 

supernatant, and the mixture was rotary-evaporated to remove most of the ethanol. The removal 

of ethanol was intended for minimizing the formation of microemulsions during hexane 

extraction. Then the remaining aqueous mixture was extracted 5 to 6 times with 100 mL 

hexanes. Afterwards the hexane layers were combined into a fresh round-bottomed flask and 

were rotary-evaporated into dryness. Then the crude NSL was transferred into a tared 

scintillation vial with diethyl ether and the solvent was dried under a stream of nitrogen. The 

mass of the NSL was recorded, and a small sample (0.1-0.2%) was prepared for GC-MS 

analysis.  

A routine practice was to dissolve the crude NSL in diethyl ether, filter it through a glass 

wool plug and then through a 500 mg silica SPE cartridge using diethyl ether. Those two filter 

steps removed contaminations from the aqueous phase in the previous extraction. Usually the 

crude NSL was prepared for NMR analysis, and then purified by SPE chromatography and 

HPLC for further analysis.  

Epimerization by saponification 

 To confirm that certain triterpene compounds could epimerize under saponification 

conditions, the purified triterpene sample (mg scale) was dissolved in 0.5 mL methanol with one 

small pellet of KOH and one drop of water. The mixture was heated at 65 °C for 3 h, and then 

the triterpenes were extracted with hexanes (1 mL × 5). After NMR confirmed the formation of 

epimer from the saponification, both SPE chromatography (eluted in 15 × 10 mL fractions of 0% 

to 4% ether in hexanes) and HPLC were used to purify the epimer for detailed NMR and GC-MS 

characterization.  
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2.2.6 In vitro experimental scheme using RXY6  

Small-scale trial 

Prior to large-scale cultures of RXY6 with OSC expression, small-scale cultures were 

used to confirm the expression of the desired cyclase. This step is crucial because in vitro 

experiments are more time-consuming and have a much higher failure rate. In addition, small-

scale in vitro experiments test several different pH values for the reaction in order to determine 

the optimal pH for a higher product yield. 

 For small-scale trial experiments, initial RXY6 cultures were grown by inoculating a 

single transformant colony into 10 mL synthetic complete media lacking uracil with dextrose, 

and supplemented with ergosterol and heme. Cultures were grown to saturation and inoculated 

into 100 mL of the synthetic complete media lacking uracil with galactose, and supplemented 

with ergosterol and heme. After saturation, the yeast cells were harvested by centrifugation in 

tared 50 mL Falcon tubes. After the supernatant was removed, the cell pellet was resuspended in 

1 mL/g sodium phosphate buffer. If different pH values are tested for optimization, then the 

culture was grown in triplicates. After the cells were harvested, they would be resuspended in 

sodium phosphate buffer of varying pH values (typically 6.8, 7.0 and 7.2). Then 0.5 mg synthetic 

racemic oxidosqualene were added per g of cell, and the mixture was transferred to fresh 

microcentrifuge tubes containing 200-300 μL of 0.5 mm borosilicate glass beads. Then the cells 

were lysed by “bead beating” using a Scientific Industries Disruptor Genie Cell Disruption for 

two periods of three minutes, with one to three minutes on ice in between. Then the reaction was 

allowed to proceed at room temperature for about one day. 

The in vitro reaction was quenched by transferring the mixture to fresh Falcon tubes and 

the addition of 10 mL ethanol. Then the mixture was centrifuged to remove the cell debris and 

glass beads, and the supernatant was extracted three times with 15 mL of hexanes each. The 

hexane layers were combined into a round-bottomed flask and rotary evaporated to dryness. The 

crude extract was transferred to a tared scintillation vial with diethyl ether. After drying under a 

stream of nitrogen, the crude extract was analyzed for GC-MS. 

Large-scale experiment 
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Although large-scale in vitro experiments do not yield as much OSC products as in vivo 

experiments, they can provide confirmation to the in vivo experimental results to ensure the 

accurate product profile is generated. In particular, if the in vivo experiments showed uncertainty, 

such as possible experimental artifact among the enzymatic products, the in vitro experiments 

were crucial.  

Typically, 3-8 L of RXY6 culture was grown for a large-scale experiment. The initial 

cultures were started by inoculating the desired yeast into 10 mL synthetic complete media 

lacking uracil with dextrose supplemented with ergosterol and heme. The inoculant was from a 

restreaked plate from the same yeast colony that gave successful small-scale trial experiments 

previously. The 10 mL cultures were allowed to saturate and then inoculated into 100 mL of the 

same media. Upon saturation, the 100 mL culture was inoculated into 1 L cultures of synthetic 

complete media lacking uracil with galactose supplemented with ergosterol and heme. Those 1 L 

cultures were grown to an OD600 of at least 6.0. The OD600 requirement ensured that there would 

be sufficient growth and replication in galactose to induce the cyclase expression, especially 

when RXY6 growth was slow and appeared stagnant.  

Then the cells were harvested by centrifugation in tared 50 mL Falcon tubes. Then the 

sodium phosphate buffer with the optimal pH was added at 1 mL/g of cell. Then the mixture was 

divided into multiple microcentrifuge tubes containing 200-300 μL of 0.5 mm borosilicate glass 

beads. Cells were lysed by “bead beating” as in small-scale experiment. Due to the large number 

of tubes used, the tubes were kept on ice whenever possible. After bead beating, the mixture was 

poured into a clean Erlenmeyer flask with the addition of 0.5 mg synthetic racemic 

oxidosqualene per g of cell. Reactions were allowed to proceed for about 24 hours at room 

temperature. 

Then the reaction was quenched by transferring into fresh Falcon tubes and the addition 

of at least two volumes of ethanol. Then the cell debris and glass beads were removed by 

centrifugation. The supernatant was poured into a clean round-bottomed flask, and rotary 

evaporation was used to remove most of the ethanol. The mixture was then extraction with six 

100 mL hexanes. The hexane layers were combined and then rotary evaporated to dryness. The 

crude extract was dissolved in diethyl ether and then transferred to a tared scintillation vial. 
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Usually 0.1% of the sample was prepared for GC-MS analysis, followed by SPE and HPLC 

purification and further analysis.  

Racemic 2,3-oxidosqualene synthesis and solution preparation 

For in vitro experiments using RXY6, synthetic racemic 2,3-oxidosqualene was used. 

This compound was synthesized from squalene by following Nadeau and Hanzlik’s method 

(Nadeau & Hanzlik, 1969). Then NMR was used to examine the purity of the product. 

A 20 mg/mL stock solution of racemic 2,3-oxidosqualene was prepared. First, 200 mg 

synthetic racemic 2,3 oxidosqualene was weighed into a tared round-bottomed flask. Then 2 g 

Triton X-100 and 15 mL dichloromethane were added. The mixture was mechanically stirred 

until homogeneous. Then dichloromethane was removed by rotary evaporation. Then 7.84 mL 

water was added to make a final volume of 10 mL and stirred until homogeneous. The mixture 

was stored at -20°C.  

2.2.7 Extraction of triterpene alcohols from plant tissue 

Extraction of the cuticle layer of the plant tissue was the first step to the extraction. Fresh 

plant tissue was separated by type of tissue (flower, stem, leaf and silique). Then each type of 

tissue was submerged in hexanes in a clean container for over 12 hours with occasional agitation. 

Then the hexanes were poured into a round-bottomed flask and rotary evaporated. This yielded 

the crude extract of the plant tissue cuticle and was analyzed by GC-MS and NMR. The crude 

extract was subsequently purified by SPE chromatography and further analyzed by GC-MS and 

NMR.  

After the cuticular extraction was completed, the plant tissues were extracted for their 

inner triterpene alcohols. A modified Folch extraction was performed which the tissue was finely 

crushed or chopped and soaked in 2:1 dichloromethane and methanol mixture for about 48 hours 

on constant stirring. Then the liquid was poured out, and the remaining plant tissue was washed 

with a small amount of fresh dichloromethane and methanol mixture. The liquid was combined 

and rotary evaporated. The remaining material was weighed and saponified with 5 mL 10% 

KOH (w/v) in 80% ethanol (v/v) per gram of material. Then the ethanol was removed by rotary 
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evaporation and the remaining mixture was extraction with hexanes. The hexane layers were 

rotary evaporated to yield the crude extract. The crude extract was analyzed by GC-MS and 

NMR.  

2.2.8 mRNA extraction from plant tissue 

B. oleracea seeds (broccoli and kale) were planted directly into potting soil and grew in 

regular lab conditions under 24-hour light. After 20 days, the aerial tissue part of the plant 

seedlings was harvested and put directly into liquid nitrogen. In addition, flowers from flowering 

broccoli plants were obtained from a local farm. Those tissue samples were taken from the live 

plants and immediately flash-frozen in liquid nitrogen. The tissue was then stored in -80 °C.  

Without thawing the plant tissue, it was quickly ground up into fine power in liquid 

nitrogen. Then the total RNA was extracted using the Tri reagent-chloroform method and treated 

with DNAse. Primers specific to the putative B. oleracea OSCs were designed and used for 

reverse transcription and Polymerase Chain Reaction (PCR). 

2.2.9 Transcriptome search 

The NCBI Transcriptome Shotgun Assembly (TSA), Expressed Sequence Tag (EST) and 

BioProject Sequence Read Archive (SRA) were used to search for mRNAs (or mRNA 

fragments) corresponding to the OSCs characterized in my work.  

2.2.10 OSC product purification methods 

Solid Phase Extraction (SPE) Chromatography 

In my work, column chromatography with pre-packed silica column was a routine 

procedure to purify OSC products from common yeast metabolites. The most common yeast 

metabolites that are targeted for removal were squalene, oxidosqualene and yeast sterols such as 

ergosterol. Those compounds often presented in large quantity in the yeast extract and removing 

those allowed for better detection of OSC products in both GC-MS and NMR analysis. 
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The crude extracts were purified by flash chromatography using Strata® SPE cartridges 

(5, 10, or 20 g silica gel, 55 μm particle size, 70 Å pore size) from Phenomenex (Torrance, CA) 

in a standard SPE vacuum manifold. The sizes of SPE cartridges were chosen based on the mass 

of the crude extracts and would be specified for each experiment described in my work. 

Generally, a silica to sample mass ratio between 20 and 100 would be desirable.  

Two most commonly used SPE solvent systems are described below:  

1) Dichloromethane (DCM) followed by diethyl ether: 25 × 8 mL fractions of 

dichloromethane followed by 10 × 8 mL fractions of diethyl ether were collected. This 

SPE solvent system was often used as the first step in purifying yeast extracts. The early 

DCM fractions would elute the majority of squalene and separate triterpene alcohols 

across a few fractions. Then the ether fractions would elute the triterpene diols for 

separate analysis.  

2) Hexane-ether gradient: 10 × 8 mL fractions of 5% hexanes in ether, 10 × 8 mL fractions 

of 10% hexanes in ether, 5 × 8 mL fractions of 20% hexanes in ether, 3 × 8 mL fractions 

of 50% hexanes in ether and 3 × 8 mL fractions of ether. This gradient allowed for 

removal of a large percent of ergosterol from the triterpene alcohol products. 

High Performance Liquid Chromatography (HPLC) 

If further purification of the triterpene fractions from yeast or plant extracts was required 

after SPE chromatography, an Agilent 1100 instrument with a Rheodyne 7125 injector was used 

to perform reverse-phase HPLC. Fractions were eluted using a linear gradient of 95–100% 

methanol in water (or 85–100% methanol for better separation). Preparative scale (Phenomenex 

Prodigy, C18, 250 × 21.2 mm, 5 μm particle size) and analytical scale (Imtakt Cadenza, CD- C18, 

250 × 4.6 mm, 3 μm particle size) columns were used. Runs were monitored by UV at 210 nm. 

The samples injected were prepared by dissolving in 200 μL chloroform (CHCl3), followed by 

the addition of 800 μL of methanol (MeOH) and filtration through a tightly-packed glass wool 

plug. The samples were loaded onto a 2 mL loop prior to injection onto the column.  
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2.2.11 Analytical tools for OSC products 

Gas Chromatography-Mass Spectrometry (GC-MS) 

Non-saponifiable lipid (NSL) and triterpene alcohol samples were derivatized to TMS 

ethers by dissolving them in 1:1 BSTFA- pyridine and placing them in a 70-80 °C heat block for 

20 min. The most common routine was to transfer the sample into a GC-MS vial containing an 

insert and to evaporate the solvent. Then the dried sample was dissolved in 20 μL BSTFA and 20 

μL dry pyridine. This step would change the –OH group on triterpene alcohols and sterols into a 

–OTMS group.  

Most of the GC-MS analyses were performed on an Agilent 7890 GC with a 5% 

phenyl/95% methyl polysiloxane Rxi-5Sil MS column (30 m × 0.25 mm × 0.1 μm) connected to 

an Agilent 5975 MSD. Additionally, another instrument used was an Agilent 6890 GC with a 5% 

phenyl/95% polysiloxane column (60m × 0.18mm × 0.1 μm) interfaced with a Agilent 5973 

MSD. Samples (2 μL) were injected in pulse-splitless mode into an inlet at 280 °C, and spectra 

were collected with electron-impact ionization at 70 eV with a scan of 50 to 650 m/z after a 5-

min solvent delay. Comparisons of fragmentation patterns and GC retention times with our lab’s 

triterpene database and NIST libraries were used for product identification. 

Nuclear Magnetic Resonance (NMR)  

Samples were prepared in CDCl3 (pre-filtered through basic alumina) in thin- or thick-

walled 5 mm glass NMR tubes (Wilmad LabGlass Co., Vineland, NJ). 1H, 13C, and 2D NMR 

spectra were collected at 25 °C on Bruker Avance or Varian Inova 600 or 800 MHz 

spectrometers equipped with cryogenic probes and analyzed by Bruker Topspin 3 software. 

Chemical shifts were measured to ±0.01 (13C) or ±0.001 (1H) ppm, a level of precision essential 

for identifying minor sterol and triterpene products by automated searching of our lab’s NMR 

database. HSQC peak intensity was used to calculate product ratios.  
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Chapter 3. Detailed Characterization of A. thaliana 

OSCs: LUP4, LUP5, and PEN4  

This chapter describes my work to construct detailed product profiles for three A. 

thaliana OSCs: LUP4, LUP5 and PEN4. Prior to my work, all three OSCs have been 

experimentally characterized by the Matsuda lab and other groups, and the major product(s) of 

those enzymes have been reported in the literature. To build on the previous work, my work 

characterizes more minor compounds from those enzymes and contributes to more detailed 

product profiles. Those product profiles gave insights into the enzymes’ catalytic specificity and 

mechanisms. In addition, the experimental procedures in this work were established to be 

effective methods for OSC product purification, and they remained as standard procedures for 

my work and the Matsuda lab. My experimental work on those three enzymes were conducted as 

a part of the research projects by Dr. Paul Bodager and Dr. Dorianne Castillo-Rivera. Dr. Paul 

Bodager guided me through the experimental work and data analysis for At LUP4 and LUP5 

described in this chapter.  

 Previous work  

Previous work on A. thaliana LUP4 reported the major product to be the pentacyclic 

triterpene alcohol β-amyrin (Shibuya et al., 2009). A few minor products were observed but only 

the tetracyclic triterpene alcohol butyrospermol was identified. Several members of the Matsuda 

lab had attempted to characterize this OSC with more detail. Prior to my start in the Matsuda lab, 

Dr. Paul Bodager cloned a version of the codon-optimized gene into the pRS426Gal expression 

vector and transformed the resulting plasmid into the yeast strain EHY41. 

Two previous reports on A. thaliana LUP5 described two major products: tirucalla-7,24-

dienol and isotirucallol, both of which were tetracyclic triterpene alcohols (Ebizuka et al., 2003; 

Morlacchi et al., 2009a). In addition, several minor products were reported: euferol, tirucallol, 

butyrospermol, and 13βH-malabarica-14(27),17,21-trienol. The plasmid used in this work was 

constructed by Dr. Pietro Morlacchi and the yeast strains were constructed by Dr. Paul Bodager. 
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The major product of At PEN4 has been determined to be a tricyclic triterpene alcohol, 

(3S,13S,14R)-malabarica-8,17,21-trien-3-ol or thalianol. Another tricyclic triterpene byproduct 

was also detected in low amount. At PEN4 was described to generate a single major product 

cleanly (Fazio et al., 2004b). 

 

 LUP4 is a 74% accurate β-amyrin synthase 

The EHY41 yeast strain containing codon-optimized At LUP4 in pRS426Gal 

(EHY41[pPGB2.0]) was obtained from Dr. Paul Bodager (Bodager, 2014). A 7-L culture of 

EHY41 expressing the A. thaliana LUP4 protein was grown to saturation. The yeast cells were 

obtained by centrifugation, and the cell pellet (160.5 g) was saponified in ~800 mL of 10% (w/v) 

KOH in 80% (v/v) ethanol. After 4 h at 70 °C, the liquid was decanted into a round-bottomed 

flask and was concentrated by rotary evaporation. The concentrated liquid was then extracted 5 × 

100 mL with hexanes. The combined organic layers were rotary evaporated until dry, yielded 

about 400 mg crude non-saponifiable lipids (NSL). A sample was derivatized with 

BSTFA/pyridine for GC-MS analysis, and NMR was also used to examine this crude sample.  

The crude NSL was purified on a 10 g silica column (Luknova), collecting 8-mL 

fractions. Dichloromethane (240 mL) eluted triterpene alcohols produced by LUP4 and related 

yeast metabolites such as lanosterol. Diethyl ether (50 mL) eluted triterpene di-alcohol products 

of LUP4. GC-MS analysis uncovered triterpene diols in fraction 27, which was examined by 

NMR. Fractions 5-11 were shown by GC-MS to contain triterpene alcohols which are LUP4 

products. Those fractions were combined, and the 50 mg crude triterpene alcohols were purified 

on a 5 g silica column (Phenomenex). A 240-mL gradient from hexane to diethyl ethers 

separated the LUP4 products from yeast metabolites, e.g. lanosterol and ergosterol. GC-MS 

showed that fractions 23-29 contained LUP4 products. Those fractions were combined, and the 

solid mass of 30.6 mg was examined by NMR. In collaboration with Dr. Paul Bodager, the 

relative amount of each LUP4 product was determined by GC-MS and NMR. At LUP4 is a β-

amyrin synthase, which produces 74% β-amyrin, and 18 minor products. Interestingly, A. 
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thaliana has another β-amyrin synthase At LUP2 (Kushiro et al., 2000), which is categorized as a 

mixed-amyrin synthase or a multifunctional cyclase but produces β-amyrin as the major product.  

 LUP5 produces tirucalla-7,24-dienol and isotirucallol at similar levels. 

An 8-L culture of EHY41 expressing LUP4 (EHY41[pPM2.0]) was grown to saturation. 

The 205 g of yeast was saponified in 1025 mL 10% (w/v) KOH in 80% (v/v) ethanol to provide 

670 mg of crude NSL, which was purified and analyzed as for LUP4. The first SPE provided an 

alcohol and a diol fraction. Further purification of the alcohol fraction yielded 60 mg of LUP5 

products, and 30 mg was used for NMR analysis. 

LUP5 cyclizes 3S-oxidosqualene into at least 19 triterpenes with various skeletons, but it 

does not produce one true major product. The two LUP5 products produced in largest 

percentages are tirucalla-7,24-dienol (40% of total products) and isotirucallol (31% of total 

products). Therefore, LUP5 is a mixed-tirucallol synthase. Interestingly, A. thaliana has another 

tirucalla-7,24-dienol synthase At PEN3 (Morlacchi et al., 2009a), which has higher specificity 

for its major product (~85% of total products). 

 

Figure 1. LUP5 and LUP4 product profiles. Solid bars represent ratios from EHY41 experiments, 

and lined bars represent ratios from RXY6 experiments done by Dr. Paul Bodager (Unpublished 

data, Bodager, Jin & Matsuda).    
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 PEN4 is an accurate thalianol synthase. 

The JBY575 yeast strain expressing At LUP4 (JBY575[pGCF4.0]) was constructed by 

Dr. Gia Fazio and it was obtained from Dr. Dorianne Castillo. A total of 8 L liquid culture was 

grown to saturation. The cell pellets were harvested, saponified and extracted by hexanes, which 

yielded 134 mg crude non-saponifiable lipid (NSL). About 0.01% of this crude sample was 

derivatized with BSTFA/pyridine then used for GC-MS analysis. Proton NMR and 

Heteronuclear Single Quantum Coherence (HSQC) were collected for the crude NSL. The crude 

NSL was subsequently purified with a standard first SPE chromatography, where fractions 4 

through 10 were found to contain triterpene alcohols. Those fractions were combined and further 

purified by a standard second SPE purification. Then the triterpene alcohol fractions were 

combined to be analyzed by GC-MS and NMR. Afterwards, the combine triterpene alcohols 

were better separated by HPLC and analyzed. From the first SPE, fractions 24 through 27 

contained triterpene diols, which the main diol component was epi-arabidiol. The product ratios 

were determined by manual integration of the corresponding HSQC peaks (Figure 2).  

 

Figure 2. PEN1 and PEN4 product profiles. (At PEN1 EHY41 in vivo experiments were done by 

Alejandra Garcia Piantanida and the details are not described here. The data analysis for PEN1 

and PEN4 were done by Jing Jin and Bill Wilson).  
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At PEN4 produces thalianol at 96% of the total products, which makes it an accurate 

OSC. Analysis of the product’s stereochemistry at C13 or C14 allows one to identify if the 

product comes from the 13R or 13S malabaricadienyl tricyclic cation. Tricyclic triterpeonids are 

unusual; most common plant triterpene products are tetracyclic or pentacyclic, resulting from 

ring expansion from the 13R tricyclic cation. Steric conflicts preclude 13S malabaricadienyl 

tricyclic cation from ring expansion (Kolesnikova et al., 2007). This suggests that enzymes such 

as At PEN4 face a mechanistic challenge in preventing ring expansion in order to accurately 

produce the tricyclic product. At PEN4 achieves its high product accuracy mostly through 

producing the 13S malabaricadienyl tricyclic cation accurately (97%). This high accuracy for 

13S malabaricadienyl tricyclic cation is also observed in At PEN1, which At PEN1 also products 

a tricyclic product with high accuracy (91% of total products). This shared strategy in producing 

tricyclic products with high accuracy is consistent with a shared ancestry between the two A. 

thaliana OSCs. Therefore, it will be valuable to examine if such strategy is preserved in other 

OSCs from different plants.  

 Insights from the product profiles 

This chapter is relatively short because characterization of A. thaliana OSCs was an 

initial project designed to complete and complement previous lab members’ experimental efforts.  

The four characterized A. thaliana OSCs in this chapter exemplified the different levels 

of product specificity. The most accurate OSC, At PEN4, is 96% specific for its major product, 

while the least accurate OSC, At LUP5, is only 41% specific for its product. Our analysis on 

product profiles from the accurate cyclases focus on the mechanisms for enzyme to control 

mistakes. Because multiple intermediates could form during OS cyclization and rearrangement, 

the formation of byproducts is often difficult to avoid. Studying those highly specific enzymes 

may give insights into the enzyme’s mechanisms in controlling product formation, which can be 

applicable to engineering proteins for making specific compounds. On the other hand, enzymes 

like At LUP5 makes two major products are similar levels. Although this can be a result from 

failing to control product formation, this can also be a case of a multi-functional enzyme. In this 

case, synthesizing both products may provide an evolutionary advantage to the plant. 

Additionally, multi-functional enzymes are thought to have a greater evolutionary plasticity.  
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Although the major products of the A. thaliana OSCs have been determined before, 

constructing detailed OSC product profiles can provide additional insights, as such illuminating 

some shared characteristics of OSCs. Overall, those four A. thaliana OSCs produce a diverse 

array of minor products, regardless of whether this OSC has 40% or 96% accuracy for its major 

product. Therefore, product diversity is an inherent trait in oxidosqualene cyclases regardless of 

their product specificity.  

Analysis of the minor products by At PEN1 and PEN4 uncovered a shared strategy for 

overcoming a mechanistic challenge. It is possible that this similarity arose from a shared 

evolutionary origin of those OSCs. To further investigate the evolutionary relationship of similar 

OSCs, it will be valuable to characterize both the major and minor products of those OSCs. Such 

analysis may even yield insights into the evolution of OSCs in A. thaliana and related plant 

species. 

Additionally, analysis of minor OSC products requires substantial work to purify those 

products from common yeast metabolites such as oxidosqualene and ergosterol. Previously, there 

were a number of different approaches for the purification steps practiced by different members 

of the lab. Through the work conducted for At LUP4 and LUP5 experiments, Dr. Paul Bodager 

and I established the two SPE purification schemes that were effective and easy to perform. The 

first SPE column is eluted with 25 10 mL fractions of dichloromethane (DCM) followed by 10 

10 mL fractions of diethyl ether. Among the DCM fractions, squalene and other long chain 

impurities elute from the column first, and the triterpene alcohols typically elute between 

fractions 4 and 12. Then ergosterol elutes with some of the late-eluting triterpene alcohols or in 

later fractions. The triterpene diols elute separately from the triterpene alcohols and yeast 

impurities in fractions 27 through 30. This allows for the separate analysis of the triterpene diols. 

If removing more ergosterol is desired, then all the fractions containing triterpene alcohols are 

combined and further purified by a second SPE. The second SPE utilizes a slow hexane-ether 

gradient to achieve a better separation, which allows more ergosterol to elute later than triterpene 

alcohols. The second SPE can often separate the majority of ergosterol from the triterpene 

alcohols. Because ergosterol is presented in large quantity in the crude yeast extract, removing 

ergosterol allows for better detection of the signals from OSC products through both GC-MS and 

NMR.  
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Chapter 4. Characterization of OSCs from Brassica 

species 

This chapter describes my work towards the characterizations of three OSCs from the 

Brassica species Brassica rapa and Brassica oleracea. In this chapter, I report detailed product 

profiles of Bra032185 (an astertarone A synthase), Bra039929 (a euphol synthase) and 

Bol031540 (a mixed-amyrin synthase). Those product profiles were examined in the context of 

phylogenetic relationships with closely-related OSCs from A. thaliana and C. rubella. In 

addition, B. rapa and B. oleracea plant tissues were extracted for the triterpene content and 

analyzed. 

 Previous Work 

Prior to my studies of Brassica OSCs, there was no product profile reported for any of 

the enzymes from B. rapa and B. oleracea. There have been some reports of plant extraction 

work from the Brassica species, but not in high detail. The genomes of both B. rapa and B. 

oleracea have been assembled (Cheng et al., 2011b; Sharma et al., 2014). In particular, the B. 

rapa genome V2.0 has greatly improved genome coverage and is well-annotated (Cai et al., 

2017).  

 Bra032185: an astertarone A synthase from Brassica rapa 

Disclaimer: Parts of this section (Section 4.2) are reproduced with permission from Jin, J., 

Moore, M. K., Wilson, W. K., & Matsuda, S. P. T. (2018). Astertarone A Synthase from Chinese 

Cabbage Does Not Produce the C4-Epimer: Mechanistic Insights. Organic Letters, 20(7), 1802-

1805. doi:10.1021/acs.orglett.8b00302. Copyright 2018 American Chemical Society. 
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4.2.1 Phylogenetic analysis 

A BLAST search with A. thaliana OSC sequences against the B. rapa genome provided 

several putative OSCs. Among these candidates for study, Bra032185 (XM_009142199, 

bioinformatically annotated as tirucalladienol synthase-like enzyme) was particularly intriguing 

because of its moderate similarity (79% amino acid sequence identity) to its closest homolog 

among all characterized enzymes. The closest homolog was Arabidopsis thaliana PEN3 

(abbreviated At PEN3), which makes ~85% tirucalla-7,24-dien-3β-ol and is clustered together 

with Bra032185 in the phylogenetic tree, shown in Figure 3.  

 

Figure 3. Maximum likelihood tree of Bra032185 with A. thaliana OSCs using the cycloartenol 

synthase (CAS) from Amborella trichopoda as the outgroup (1000 replicates; bootstrap 

percentages are given at the nodes). The tree was constructed using amino acid sequences with 

MEGA version 6.    

Based on previous knowledge about OSCs, a 79% amino acid sequence identity usually 

results in different enzyme products. In addition, the At PEN3 was an OSC of unusually low 

catalytic efficiency during the yeast expression study (Morlacchi et al., 2009). The study reported 

growing 24 L of yeast liquid culture in order to characterize six of its most abundant products 

(Morlacchi et al., 2009). This has made Bra032185 an interest of study in order to explore 

potentially novel products and to examine the phylogenetic relationship between this OSC and 

At PEN3. 
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Bra032185 has close Brassica homologs that are expected to share similar product 

profiles: BnaA04g13460D from Brassica napus (99% identity) and XP_013633230 from 

Brassica oleracea (97% identity). The 97% to 99% sequence identity level usually results in 

almost identical product profiles.  

4.2.2 Experimental procedures for product determination 

Through homology to A. thaliana PEN3 and checking for sequences at each predicted 

splicing site, the retrieved sequence for Bra032185 (XP_009140447.1) was predicted to be 

correctly spliced. In addition, this retrieved sequence was supported by high conservation of 

splicing patterns from many other characterized OSCs. This sequence was codon optimized for 

S. cerevisiae; SalI and NotI restriction sites were added to flank the coding sequence. The 

synthesized gene in pUC57 was used to transform 5-alpha competent E. coli by following NEB’s 

transformation protocol. E. coli colonies selected by ampicillin resistance were grown in liquid 

culture, and the plasmid was extracted with standard alkaline lysis. The resulting plasmid was 

digested with SalI and NotI, the desired insert (~2.3 kb) was purified by gel electrophoresis and 

ligated into pRS426GAL (a yeast high-copy shuttle vector with a URA3 selectable marker and a 

GAL promoter sequence). Sequencing confirmed the correct construct of the plasmid.  

For transformation, 15 mL liquid cultures of EHY41 and RXY6 were grown to saturation 

and centrifuged to harvest the pellets. The protocol followed was the high efficiency 

transformation protocol with lithium acetate and ss carrier DNA. For EHY41, the transformation 

mixture was heat shocked for 45 min at 42 °C; for RXY6, the mixture was left overnight at room 

temperature. Then yeast colonies were selected on synthetic complete medium lacking uracil 

(2% glucose and 1.5% agar; RXY6 was also supplemented with heme, Tween 80, and 

ergosterol) and incubated at 30 °C. 

Cultures of EHY41 were grown in galactose and synthetic complete without uracil; 

RXY6 was grown in the same medium supplemented with ergosterol (13 μg/mL), Tween 80 (5 

mg/mL), and heme (20 μg/mL) as previously described. Cultures were scaled up to 8 L (Exp I) 

or 4 L (Exp II and III) and grown to stationary phase at 30 °C with shaking at 250 rpm. After 

saturation, the liquid cultures were centrifuged to harvest the cell pellets.   



36 

 

Yeast Heterologous Expression Experiments:  

Experiment I (saponification): 0.5 g KOH, 4 mL ethanol, and 1 mL H2O were added per gram of 

cells; the saponification mixture was incubated for 3 h at 70 °C. Cell debris was removed by 

decantation and ethanol was removed by rotary evaporation. The liquid was extracted by 

hexanes, and the solvent was removed by rotary evaporation to give the crude extract. 

Experiment II (Folch extraction): Cell pellets were sonicated for 1 h in a modified Folch mixture 

(2:1 dichloromethane - methanol; 5 mL per gram of cells); then the supernatant was extracted 

with hexanes. The solvent was removed by rotary evaporation to give the crude extract.  

Experiment III (RXY6 in vitro reaction): After adding 1 mL pH 7.0 phosphate buffer per gram of 

cells, the cells were lysed by bead-beating twice for 8 min each and kept on ice in between. Then 

25 μL of 20 mg/mL OS solution was added per gram of cell pellet and the mixture was left to 

react for 24 h. The mixture was centrifuged and the supernatant was extracted with hexanes. The 

solvent was removed by rotary evaporation to give the crude extract. 

Purification and analysis 

The crude extracts were purified by flash chromatography using Strata® SPE cartridges 

(5, 10, or 20 g silica gel): 

Experiments I and II: 25 × 8 mL fractions of dichloromethane followed by 10 × 8 mL fractions 

of diethyl ether were collected.  

Experiment III: 15 × 8 mL fractions of 3% ether in hexanes followed by 10 × 8 mL fractions of 

ether were collected. A second SPE column was eluted with 5% to 50% ether in hexanes in 30 × 

8 mL fractions. 

For further purification of the triterpene fractions after SPE chromatography, reverse-

phase HPLC was performed. GC-MS and NMR were combined to analyze the triterpenes and to 

construct the product profile.  
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4.2.3 Product profile of Bra032185 

All three independent experiments described previously showed astertarone A (1) as the 

major product of Bra032185, accompanied by 20 byproducts. The product profiles from GC-MS, 

1H NMR, and HSQC were generally compatible among spectral methods and across the three 

experiments.  

 

Figure 4. Product profile of Bra032185.  

The major product astertarone A had not been previously reported as a direct enzymatic 

cyclization product from oxidosqualene. It was discovered in 1998 as a natural substance in the 

roots of Aster tataricus and it was predicted to be an OSC product (Akihisa et al., 1998). 
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Like other triterpene synthases, Bra032185 makes many minor products in addition to its 

major product astertarone A. NMR (notably HSQC) and GC-MS were used to identify and 

determine the relative amounts of these products, which were obtained by yeast heterologous 

expression in strains EYH41 and RXY6. As described previously, we isolated Bra032185 

triterpenes from cell pellets of EHY41 cultures by either saponification or modified Folch 

extraction. HSQC quantification of the upfield methyl signals, as described previously, gave very 

similar product profiles.  

 

Figure 5. Product profiles of Bra032185 from saponification and modified Folch extraction. 
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The saponification extracts contained somewhat lower levels of diols 5, 6, and 15 than 

modified Folch extracts; these differences are attributable to a high level of ergosterol species, 

which masked the signals from triterpenes.   

HSQC quantification of the RXY6 extracts showed mainly astertarone, with 4-5% of 

dammar-21-ene-3β,18-diol (18S), butyrospermol, and euphol. However, the amount of triterpene 

product was insufficient to obtain a more complete analysis. 

4.2.4 Detection and synthesis of 4-epiastertarone A 

As discussed above, a consistent product profile was generated from multiple spectral 

methods and three experimental methods. However, one inconsistency arose during the 

experimental process, which was the detection of an astertarone A epimer from experiment I 

(standard in vivo experiment) but not in experiment III (standard in vitro experiment). This 

epimer showed identical fragmentation pattern in the MS but different retention time, which later 

was determined to be a novel compound, 4-epiastertarone A. Spectral characterization of 

astertarone A and 4-epiastertarone A are included in the Appendix.  

Initially, the cause of this inconsistency between experiment I and III was unclear. Upon 

detection of this new compound, we predicted it to be either the C18 epimer or the C4 epimer, 

but we required detailed spectroscopy data in order to determine the compound structure. It was 

unclear to us how this new compound would move on the SPE or HPLC column regarding to 

astertarone A, therefore we might have missed it during the Experimental III analysis. 

Additionally, in vitro experiments typically yielded much less minor products, therefore 4-

epiastertarone A (~2% of total triterpenes) might simply be under the detection limit in 

Experiment III.   

Therefore, I performed another large-scale in vivo experiment but extracted the yeast 

cells using a different method (Experiment II), in which no saponification was performed. This 

in vitro experiment allowed for detection of minor products at very low levels, therefore we were 

confident that the astertarone A epimer would not be missed. After careful analysis, we 

concluded that 4-epiastertarone A was not found in Experiment II. Combing results from 
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Experiment I, II and III, we concluded that 4-epiastertarone A arose non-enzymatically in 

Experiment I by epimerization under the saponification conditions.  

For the purposes of testing the epimerization under saponification as well as generating a 

pure sample of the 4-epiastertarone A, I attempted to epimerize a sample of astertarone A. From 

the HPLC fractions of Experiment II, I was able to isolate a sample which the contained ~ 3 mg 

of ≥98% pure astertarone A (by HSQC analysis). This astertarone A sample was treated for 3 h 

under saponification conditions (10% KOH in 98:2 methanol-water), and HSQC which used to 

examine the mixture. NMR was used to confirm that the saponification gave a ~22:1 ratio of 

astertarone A: 4-epiastertarone A. Afterwards, flash chromatography and HPLC purification 

provided a clean sample of 4-epiastertaone A. Because 4-epiastertaone A was a novel compound, 

detailed spectral analysis of this compound was performed and reported (including 1H NMR, 13C 

NMR, DEPT, HSQC, HMBC and cosydec). Additionally, astertarone A had only an incomplete 

set of NMR chemical shifts reported in the literature (Akihisa et al., 1998). Here we reported 

detailed NMR spectra of astertarone A as well (see Appendix).  

Another complication during the determination and detection of 4-epiastertarone was 

epimerization during GC-MS analysis. Later we determined that both astertarone A and 4-

epistertarone A were partially epimerized during GC-MS analysis, which we deduced to be the 

GC injection (e.g., by acidic or basic residue in the injector). Even when injecting pure samples 

of astertarone A or 4-epiastertarone A, GC-MS always resulted in two peaks with identical MS, 

but different retention times. This epimerization explained the confusion during the analysis of 

triterpene mixtures from the three experiments, as the two epimers were always present based on 

GC-MS analysis. This also greatly limited the value of GC-MS for assaying the purity of 3-keto 

triterpenes derived from OSCs.  
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Figure 6. HPLC-purified 1 and 2 were partially epimerized during (A) GC-MS analysis but not 

during (B) NMR analysis. 

The mechanism of epimerization of astertarone A is via H4 deprotonation to the enolate, 

followed by reprotonation at C4 from below or above to give astertarone A or its 4-epimer. 

Based on quantum-mechanical calculations, the formation of astertarone A should be favored 

kinetically (by the 5β-methyl sterically hindering reprotonation from above) and 

thermodynamically (by generating an equatorial C4 substituent). DFT calculations (ΔG, 

B3PW91/6-311G(2d,p)) predicted a Boltzmann distribution of 3.0% and 4.4% of 4-

epiastertarone A at 25 °C and 65 °C, relative to astertarone A. 
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Figure 7. Mechanistic pathway for the formation of astertarone A (1) and 4-epiastertarone A (2). 

4.2.5 Epimerization on 3-keto triterpenes 

To date, there are three natural 3-keto triterpenes reported, including astertarone A, 

friedelin and shionone. Shionone and friedelin have been reported as plant extracts as well as 

enzyme products. Aside from Bra032185, there are three other experimentally-characterized 

triterpene ketones, which are Aster tataricus shionone synthase (SHS), Kalanchoe 

daigremontiana friedelin synthase (FRS), and Maytenus ilicifolia friedelin synthase (FRS). 

Although reports on astertarone A were very limited, reports and studies were quite abundant on 

the other two compounds, especially on friedelin. 

In addition to the previously discussed epimerization of astertarone A and 4-

epiastertarone A under basic conditions or GC analysis, friedelin and shionone have been 

reported to epimerize under a variety of natural and artificial conditions (summarized in Figure 

8) (Aoyagi, Yamada, Tsuyuki, & Takahashi, 1973). In our hands, astertarone A and 4-

epiastertarone A were stable in CDCl3 filtered through basic alumina for NMR sample 

preparation, whereas extended storage of NMR samples at room temperature in unfiltered CDCl3 

can cause C4 epimerization of shionone and friedelin (by acid catalysis from phosgene 

hydrolysis). On silica gel during chromatography purification, we found astertarone A and 4-
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epiastertarone A to be stable, consistent with similar stability reported for friedelin and shionone 

epimers. However, others reported 4-epifriedelin epimerization on an alumina column.   

 

Figure 8. Causes of C4 epimerization in 3-keto 4-methyl-triterpenes (astertarone A, shionone, 

and friedelin). 

Apart from acid or base catalysis, photolysis is used to prepare 4S epimers from friedelin 

and shionone in modest yield (<10%) (Aoyagi et al., 1973). Those epimerization reactions were 

performed using UV lamps in laboratory conditions. However, this allowed me to hypothesize 

that sunlight can provide a natural source of 4S epimers. Moreover, 4-epifriedelin has been 

isolated as a natural product from the leaf of Syzygium formosanum, which further supported 

photolysis epimerization could occur in nature (C.-W. Chang, Wu, Hsieh, Kuo, & Chao, 1999). 

Although astertarone A has only been reported only in roots, its 30-hydroxy derivative (Ohsaki 

et al., 2004) and chair-boat isomers (Toiron, Rumbero, Wollenweber, Javier Arriaga, & Bruix, 

1995) are found in aerial plant parts, where sunlight may naturally produce the 4S epimer. 

Based on our results with Experiment I, II and III, we concluded that the 4-epiastertarone 

A was an experimental artifact and not an enzyme product. By similar mechanism, we propose 

that OSCs (triterpene ketone synthases) do not produce the 4S epimers, because the enol form of 

the ketone is not an intermediate of enzymatic cyclization. The key step is the fate of the C4 

cation: whether the H3 undergoes a hydride shift to C4 or deprotonation to the enol. However, 

OSCs generally have no proton acceptor sites below C3 to prevent deprotonation of the initial 

OS cationic product to give the 3-keto squalene derivative. As illustrated in Figure 7, the 

stereospecific 1,2-hydride shift of H3α to C4 ensures that no 4S epimer is formed in the enzyme 

cavity.  
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A previous study characterizing the shionone synthase also discovered the 4-epishionone, 

which led the authors to think that both C4 epimers were produced enzymatically (Sawai et al., 

2011; Thimmappa et al., 2014). This further led the authors to conclude that the enol was the 

intermediate in the ketone formation. However, saponification was used to treat the yeast cells in 

their study, which we believe to have produced misleading results.  

4.2.6 Product profile and enzyme active-site discussion 

Among the 20 minor products of Bra032185 reported here, 13 are 6/6/6/5 tetracycles. 

The 18R tetracycles account for ~90% of total products, whereas 18S tetracycles altogether 

comprise less than 1%. PEN3 and LUP5 from A. thaliana were two closely-related tetracycle 

synthases, and they both make predominantly 18S tetracycles. Both At PEN3 and At LUP5 have 

a modified F696 residue. The F696 modification has been hypothesized to be important for the 

formation of rearranged dammaranes (Morlacchi et al., 2009a). This modification is observed in 

Bra032185 as well, and the Bra032185 homology model shows Y696 in close proximity 

underneath C18.  

 

Figure 9. Comparison of active-site residues (within 5 Å of lanosterol) in human lanosterol 

synthase (LSSh) with corresponding residues in Bra032185, A. thaliana OSCs, Aster tataricus 
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shionone synthase (SHS), Kalanchoe daigremontiana friedelin synthase (FRS), and Maytenus 

ilicifolia friedelin synthase (FRS). Residue numbering is based on human lanosterol synthase. 

More predictors of product structural features from specific OSC residues have recently 

been developed (Hoshino, 2017; Hoshino et al., 2017; Salmon et al., 2016). For example, V453L 

is observed for all characterized 3-keto synthases except Bra032185 (Figure 9) (Souza-Moreira 

et al., 2016). L453, two residues upstream of the catalytic D455, has been experimentally shown 

to be essential for friedelin synthesis. Interestingly, Bra032185 has the unchanged V453, 

suggesting a different evolutionary pathway to OSCs making 3-keto triterpenes. 

Bra032185 is the first characterized cyclase with high specificity for the 6/6/6/5 18R 

structure, whereas multiple OSCs specific for 18S stereochemistry, such as PEN3and LUP5 have 

been reported (Morlacchi et al., 2009a). The absence of 18R-specific OSCs prior to the 

characterization of Bra032185 might suggest that the evolutionary barrier for making 18R 

instead of 18S was high. However, the closest homolog to Bra032185 in A. thaliana, PEN3, is 

specific for 18S products. The formation of an 18S or 18R product potentially arises from 

different C17 configurations of the dammarenyl cation (17α vs. 17β side chain), depending on 

the direction of C17-C20 side chain rotation. Despite the presence of relatively few amino acid 

changes in the hypothesized active site and ~80% overall sequence identity, Bra032185 and 

PEN3 were able to evolve high specificity for the opposite C18 configurations. This suggests 

that the evolutionary barrier between cyclases accessing different C18 configurations can be 

relatively low, which further suggests the possible presence of more 18R-specific OSCs, even in 

species close to A. thaliana.  

4.2.7 Homology modeling 

For proteins lacking a crystal structure (e.g., Bra032185), a model structure can be 

constructed by homology modeling from a template (e.g., lanosterol synthase crystal structure) 

that resembles the target (Bra032185). Software, such as Swiss-Model, is then used to build, 

refine, and validate the homology model of the target structure. 
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The quality of the final homology model is directly linked to sequence similarity between 

the template and target. Generally, a threshold of 50% sequence similarity is considered to 

provide sufficient accuracy for applications such as drug discovery. 

Homology modeling has limited predictive power in the context of OSCs, primarily 

because the only reasonable template is the crystal structure of human lanosterol synthase, which 

typically shows low sequence identity to plant OSCs of secondary metabolism. For example, the 

sequence identity between Bra032185 and our template is only 36.7%. Moreover, the active site 

of OSCs is largely comprised of many loops that are weaved together as a cover. Because these 

loops lack the systematic hydrogen-bonding interactions found in -helices or β-sheets, residue 

differences between the target and template can make loop structure prediction very challenging, 

especially in OSCs. Overall, homology modeling can give only a superficial overview of the 

OSC structure and its active site.  

Cognizant of these limitations, we used Swiss-Model to generate a homology model 

based on human lanosterol synthase (Protein Data Bank ID 1W6K), with the aim of gaining 

insight into the role of key active-site residues (Waterhouse et al., 2018). The target structure 

covers residues 92-758 (85% of Bra032185), which encompass all first-tier active-site residues. 

In addition, structure 1W6K was obtained by co-crystallization with lanosterol, and for Figure 12 

we placed astertatone A into the predicted Bra032185 catalytic cavity. 
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Figure 10. Predicted model of Bra031285 by Swiss-Model (lanosterol structure shown in green, 

active-site residues shown in red, and other residues in grey) (Waterhouse et al., 2018). Two 

residues of interest are labeled here: Val485 (V453 by human lanosterol synthase or LSSh 

numbering) and Tyr730 (Y696 by LSSh numbering).  

 

Figure 11. Predicted active site of Bra031285 by Swiss-Model (lanosterol structure shown in 

green, active-site residues shown in red). The pictures show a top-down view on the lanosterol 

(left) and a slight sideway view (right).  
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Figure 12. Predicted active site of Bra031285 by Swiss-Model (astertarone A structure shown in 

magenta). Residues labels indicate astertarone A numbering above and LSSh numbering in 

boldface below.  

V485 (or V453 in LSSh numbering) is adjacent to the A-ring, which is similar to the 

positioning of L482 (or V453L in LSSh numbering) from the predicted structure of Maytenus 

ilicifolia friedelin synthase. V453L was shown to play an essential role in ketone formation by 

site-directed mutagenesis. Through homology modeling, V453L was suspected to sterically 

stabilize the cation intermediate during rearrangement in friedelin formation. Also, V453L is 

found in all three characterized ketone synthases (two friedelin synthases and one shionone 

synthase). However, Bra032185 has the conserved V485 (or V453), which suggests an 

alternative way to make 3-keto triterpenes. This further illustrates that although OSCs retain a 

conserved core structure, small changes in the active site can easily impact product formation 

through steric or structural effect.  

Our predicted model shows Y730 (or Y696 in LSSh numbering) in close proximity 

underneath the D-ring at C18. OSCs typically have the conserved F696 but a modified F696 was 

observed in PEN3 and LUP5, so this residue was suspected to be important for dammarane 

formation. While it is still unclear how 696 affects cyclization, the location of Y730 (Y696) in 
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the predicted Bra032185 active site suggests a potential role during the D-ring and side chain 

formation.  

4.2.8 Conclusion and discussion  

Bra032185 is the first reported astertarone A synthase. This is the first case of astertarone 

A reported as an enzyme product, as astertarone A was only reported from plant extracts 

previously. However, our preliminary studies of Brassica rapa tissues, including bok choy (stem, 

leaf, flower, and silique) and turnip (roots) did not detect astertarone A; and searching through 

the published B. rapa transcriptomes did not yield the transcribed RNA for Bra032185. These 

preliminary results suggest that Bra032185 may not be expressed constitutively, such as only 

during development or as a defense response. Also, astertarone A may be mostly present as 

oxygenated metabolites in the plant tissue, as observed for shionone (Zhou et al., 2014).  

3-Keto triterpene synthases were previously unknown in the Brassicaceae family. Prior to 

this work, the only known 3-keto triterpene synthases were shionone synthase from Aster 

tataricus and two friedelin synthases from Kalanchoe daigremontiana and Maytenus ilicifolia 

(Sawai et al., 2011; Souza-Moreira et al., 2016; Z. Wang, Yeats, Han, & Jetter, 2010). Those 

four enzymes come from plant species within three distinct subclasses, suggesting the ability to 

form the 3-ketone arose multiple times independently as examples of convergent evolution. 

Although those OSCs seem rare, their apparently facile evolution suggests that they may be 

widespread among higher plants. Furthermore, this study demonstrates that OSCs are able to 

achieve diverse product structures with a few active site residue changes over a relatively short 

evolutionary distance, thereby limiting the capability of model plants to represent the scope of 

plant triterpene synthesis. 
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 Bra039929: an euphol synthase from Brassica rapa 

4.3.1 Phylogenetic analysis 

Bra039929 appeared intriguing because it lacks orthologs in all the characterized OSCs. 

Bra039929 is only 76% identical on the amino acid level to its closest homolog in A. thaliana, 

which is At PEN6 (a seco-amyrin synthase) (Ebizuka et al., 2003). In addition, Bra039929 

contains five different active-site amino acid residues out of the 26 predicted active-site residues 

in comparison to At PEN6. The low amino acid identity and the differences in active site both 

indicated that Bra039929 might be a novel enzyme.  

Furthermore, Bra039929 lacks an ortholog in B. oleracea, which is particularly 

interesting. Out of nine putative OSCs from B. rapa, Bra039929 appears to be the only one 

lacking an ortholog in B. oleracea. This will illuminate the differences between the two closely-

related Brassica species.  

Bra039929 sequences were obtained from BRAD (Cheng et al., 2011b). The coding 

sequence required some minor manual editing to correct the splicing. The resulting edited 

sequence appeared to have no gaps when aligned with its homologs.  

4.3.2 Experimental procedures for product determination 

The edited Bra039929 coding sequence was codon optimized for S. cerevisiae, and the 

gene was synthesized by GenScript® with SalI and NotI restriction sites were added to flank the 

coding sequence. The synthesized gene in pUC57 was used to transform 5-alpha competent E. 

coli. E. coli colonies selected by ampicillin resistance were grown in liquid culture, and the 

plasmid was extracted with standard alkaline lysis. The resulting plasmid was digested with SalI 

and NotI, and the desired insert (~2.3 kb) was purified by gel electrophoresis and ligated into 

pRS426GAL. Sequencing confirmed the correct construct of the plasmid.  

An EHY41 strain expressing Bra039929 was constructed by following the previously-

described protocol for yeast transformation. Then 5 L liquid culture of this EHY41 strain was 
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grown and yeast cells were harvested. About 150 mg crude non-saponifiable lipid was extracted 

from the 5 L culture and the crude NSL was examined by GC-MS and HSQC. Bra039929 is an 

accurate euphol synthase, and the primary minor product butyrospermol also displays the 20R 

configuration. Bra039929’s specificity for 20R stereochemistry may have important implications 

in the enzyme’s phylogenetic lineage.  

The 150 mg crude NSL was purified by two SPE column chromatography. The first SPE 

column was eluted with dichloromethane followed by diethyl ether and the second SPE was 

eluted with a hexane-ether gradient. By GC-MS analysis on the first SPE fractions, Fx 4 to 11 

were found to contain triterpene alcohols and Fx 28 to 30 were found to contain the triterpene 

diols. The combined Fx 4 to 11 from SPE 1 were further purified in SPE 2, and Fx 20 to 29 

contained triterpene alcohols and were combined to a 110 mg sample. I used 35 mg of that 

combined triterpene alcohol sample to prepare an NMR sample. Product ratios were determined 

based on HSQC peak intensity.  

 

Figure 13. Total Ion Chromatogram (TIC) of the combined triterpene alcohol fraction from 

Bra039929 EHY41 experiments after two SPE purifications. 

4.3.3 Product profile of Bra039929 

Bra039929 produces euphol at 90% of total products and butyrospermol at 7.8% of total, 

thus it shows high specificity for 20R configuration (Figure 14). All of its other minor products 
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are below 1% of total. Its minor products range from monocyclic products to pentacyclic 

products.  
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Figure 14. Product profile of Bra039929. 
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Bra039929 is the first euphol synthase discovered. Prior to the characterization of this 

OSC, euphol has only been reported as minor product from other OSCs. In addition, this is the 

second characterized cyclase with high specificity for the 6/6/6/5 20R structure in Brassicaceae 

(Jin et al., 2018). The first reported 20R specific enzyme is Bra032195 astertarone A synthase, 

which has been discussed in Section 4.2. Specifically, 6/6/6/5 20R triterpenes account for about 

97% of Bra039929’s total products and for about 90% of Bra032185’s total products. 

Additionally, a butyrospermol synthase has been reported from Euphorbia lathyris (Forestier et 

al., 2019). Butyrospermol (6/6/6/5 20R) is structurally similar to euphol as the two compounds 

only differ by the position of one double bond. (Note there are two different systems for 

numbering used for 6/6/6/5 triterpenes: the sterol numbering and the dammarane numbering. 

Both numbering systems are well-accepted and are used in this document. Therefore, C20 and 

C18 for 6/6/6/5 triterpene compounds are used interchangeably in this document).  

The C20 stereospecificity is particularly interesting because two 20R specific OSCs are 

found in B. rapa. On the other hand, the three 6/6/6/5 cyclases found in A. thaliana and C. 

rubella are all specific for the 20S stereochemistry (At PEN3, At LUP5 and Carubv10016727). 

This is intriguing because those OSCs all show a strong specificity for only one of the C20 

configurations. It will be valuable to investigate whether this C20 stereospecificity can have 

functional or evolutionary implications.  

Although it will be interesting for future researchers to investigate whether the C20 

stereochemistry can affect the biological functions of the 6/6/6/5 triterpene compounds, currently 

the function of those 6/6/6/5 triterpenes in plants is unknown. From existing plant extraction 

results, those 6/6/6/5 triterpenes do not accumulate in significant amounts in the plant tissues. It 

is possible that the presence of such compounds is highly localized to small parts of the plant, or 

those compounds are further metabolized. Many OSC products were modified by enzymes such 

as cytochrome P450s. Therefore, if a cytochrome P450 is found for those OSCs, it will be 

interesting to investigate whether the C20 configuration affect substrate recognition for those 

P450.  

Furthermore, it will be valuable to identify and characterize 6/6/6/5 cyclases in other 

Brassicaceae species or other plants, and to examine whether those cyclases also exhibit the 20R 
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or 20S. This will allow one to see whether the C20 specificity is the result from an evolutionary 

divergence event. Furthermore, studying how those two types of OSCs can achieve such 

stereospecificity through mechanistic analysis and enzyme active-site comparison will be 

insightful. Drug designing often requires specificity in one a stereocenter, which is very 

challenging to achieve through chemical synthesis. If the mechanism from those 6/6/6/5 cyclases 

can be generalizable or modified to engineer other proteins, this will have tremendously valuable 

implications.  

 

 Characterization of B. oleracea OSC: Bol021540  

4.4.1 Experimental procedures 

Unlike the rest of the OSCs characterized in my work, Bol021540 was obtained by RNA 

extraction from plant tissues. Broccoli and kale seeds were grown in soil into seedlings. Twenty-

day old broccoli and kale seedlings (aerial tissues) were harvested and the total RNA was 

extracted using the Tri-reagent and chloroform method. Then extracted total RNA was examined 

by gel electrophoresis for its integrity and to estimate the amount to be used for reverse 

transcription.  

Primers specific to the putative B. oleracea OSCs and containing restriction sites of NotI, 

SalI and XhoI were designed and synthesized by Sigma-Aldrich®. Those primers were first used 

for first-strand synthesis and then the primer pairs were used for PCR. Then 2 µL of the PCR 

product was ran on an electrophoresis gel to check for the desired 2.3 kb band. A total of 6 OSCs 

were attempted for reverse transcription and PCR. From the broccoli RNA, both Bol021540 and 

Bol042555 showed bands at the correct molecular weight. Because Bol042555 was predicted to 

a CAS, it was not experimentally characterized.  

The band corresponding to the Bol021540 cDNA was cut off and purified from the gel. 

Then it was cloned the p-GEM-T vector and transformed into competent E. coli cells. Six 

individual colonies were picked, grown into Miniprep and Maxiprep cultures, and were sent for 
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sequencing. Sequencing showed that almost every colony had a few nucleotide differences from 

the expected cDNA sequences. Those were possible cases of single nucleotide polymorphisms 

between individual plants whereas the chance of PCR error was small. From a maxi-prep, NotI 

and SalI was used to digest out the Bol021540 cDNA, and the cDNA was ligated into the 

pRS426Gal vector.  

The resulting plasmid was transformed into EHY41 and RXY6 yeast strains. From the 8 

L EHY41 yeast liquid culture in total, 75.2 g cell pellet were harvested, saponified and extracted 

with hexanes. The crude non-saponifiable lipids (NSL) was purified through the two standard 

SPE methods. From the first SPE1, fractions (Fx) 6 to 11 contained the triterpene alcohols and 

Fx 27 to 31 contained small amounts of triterpene diols. Fx 6 to 11 were combined and purified 

by the second SPE, in which the triterpene alcohol fractions Fx 24 to 29 were combined and 

analyzed. GC-MS and NMR were used to examine the crude NSL, the combined triterpene 

alcohol sample and the diol sample. Product rations were determined from HSQC peaks.  

In addition, RXY6 in vitro experiment was done using cell pellets from 8 L liquid culture 

of RXY6 containing the Bol021540 in pRS426Gal plasmid. After product extraction and 

purification, the product profile confirmed the results from the in vivo experiment.  

4.4.2 Bol021540 product profile 

Bol021540 was the first α-amyrin synthase obtained from Brassicaceae. Its closest 

characterized homolog At LUP2 is a mixed-amyrin synthase that makes β-amyrin as the major 

product and α-amyrin as a byproduct (Kushiro et al., 2000). Because a large amount of α-amyrin 

was found in B. oleracea plant extracts, both the product profile and expression pattern suggest 

that Bol021540 should be responsible for synthesizing the α-amyrin observed.  

The amino acid sequence of Bol021540 is 83% identical to that of A. thaliana LUP2 (At 

LUP2), and four of the 26 active-site residues are different. This level of sequence conservation 

suggested that Bol021540 and At LUP2 probably form different products. This is confirmed by 

the product profile observed. In-depth discussion of various mixed-amyrin synthases (At LUP2, 

Bol021540 and Carubv10019849) is included in Chapter 5. Bol021540 is 91% identical to its 
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ortholog in B. rapa, Bra003630. Bol021540 and Bra003630 show only one amino acid difference 

among 26 active-site amino acid resides, which is at 702 (Met vs. Leu). Therefore, the two 

Brassica OSCs are predicted to share more similar product profiles.   
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Figure 15. Bol021540 product profile.  
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4.4.3 Discussion 

Although Bol021540 was a successful case of OSC characterization by using RNA 

extracted from plant tissue, Bol021540 was the only OSC characterized using this method in my 

work. All the other OSCs characterized in this work were obtained by genome mining for the 

most likely mRNA sequence followed by synthesis of the desired gene. This is because the 

mRNA extraction method has the following inherent disadvantages.  

1) Extraction of RNA from plant tissues yielded only a few OSC RNAs. This is the most 

important issue with mRNA extraction to yield OSCs, because many OSCs are not 

constitutively expressed in the plant. Other than cycloartenol synthase (CAS), the rest of 

OSCs are involved in plant secondary metabolism and they might be expressed conditionally: 

within a specific plant organ, in a specific developmental stage, under certain environmental 

conditions or even during a specific interaction with other species. Therefore, it will be a 

wildly time-consuming project to fish for certain OSC mRNAs without prior knowledge on 

the expression pattern of those genes. It will be a valuable future project to study gene 

expression patterns of those Brassica OSCs.  

2) The commonly expressed OSCs that can be easily amplified among total RNAs tend to be 

CAS or amyrin synthases (especially β-amyrin synthases). Those OSCs tend be expressed at 

high levels, while the number of RNA copies for other OSCs can be extremely low. There is 

already an abundance of CAS or amyrin synthases reported from various plants in the 

literature, and it will be more interesting to direct our research efforts onto rare and 

potentially novel OSCs.  

3) Extracted mRNA from plant tissues showed polymorphisms among individual plants. Also, 

plants such as the Brassica species have many different cultivars, which can have slight 

variations in transcript sequences for their OSCs.  

4) The process of obtaining plant tissue through seeds or searching among local farms, RNA 

extraction, reverse transcription, PCR and sequencing was extremely time-consuming. The 

efficiency of having OSC genes synthesized was unmatchable.  

5) I did not have access to the plant tissues required for my other studies, such as Capsella 

rubella.  
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 B. oleracea and B. rapa plant tissue extraction for triterpenes  

4.5.1 B. oleracea and B. rapa cuticle extraction 

Two types of Brassica plants were obtained from the farmer’s market; they were 

identified to be Brassica rapa and Brassica oleracea. Their fresh aerial tissues were separated 

into four general organs: flower (including buds and attached pedicels), silique, leaf (including 

cauline and rosette leaves), and stem. To extract cuticular triterpene products, each tissue was 

soaked in hexanes overnight. The hexanes were evaporated to give a crude extract containing the 

triterpenes.  

All four crude tissue extracts from B. oleracea were subsequently purified by 

chromatography using a silica cartridge and a gradient of hexane to methyl tert-butyl ether 

(MTBE). Each eluted fraction was examined by GC-MS, and the fractions containing triterpene 

products were combined. Figure 16 shows the major triterpenes in the cuticle of flowers, which 

represent the major triterpenes found in the other organs. Two major triterpenes α-amyrin and 

lupeol comigrate, and proton NMR was used to determine that they are present in approximately 

1:1 ratio in the α-amyrin/lupeol peak. From the GC-MS results, all B. oleracea organ cuticles 

contain α-amyrin, β-amyrin and lupeol as the major triterpenes. Similarly, the only nonsterol 

triterpenoids in A. thaliana cuticle are also α-amyrin, β-amyrin, and lupeol (Shan et al, 2008). 

However, lupeol and α-amyrin are the two most abundant triterpenes in the B. oleracea cuticles, 

while β-amyrin is the predominant triterpene in the A. thaliana cuticle.  

This observed difference further suggests some differences in the triterpene biosynthesis 

between B. oleracea and A. thaliana. It has been shown that α-amyrin in A. thaliana is a minor 

product of the A. thaliana OSC At LUP2, which produces more β-amyrin (Kushiro et al., 2000). 

Therefore, α-amyrin should be produced in B. oleracea by a different OSC than LUP2. The high 

level of α-amyrin in the cuticle, suggests that B. oleracea has an OSC which produces α-amyrin 

as its major product. I later discovered that the B. oleracea OSC, Bol021540, produces primarily 

α-amyrin, which should be responsible for the α-amyrin content.  
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Also, lupeol in A. thaliana is produced by LUP1 (lupeol synthase), which produces 

lupanediol as one major product (Segura, Meyer, & Matsuda, 2000). However, there is no 

lupanediol or trinorlupeol (a metabolite of lupanediol) found in B. oleracea extracts, while 

trinorlupeol is a major triterpene found in A. thaliana plant tissues (Shan, Wilson, Phillips, 

Bartel, & Matsuda, 2008). Furthermore, the phylogenetic tree shows no A. thaliana LUP1 

ortholog in B. oleracea. All the above information suggests that lupeol is produced differently in 

B. oleracea and in A. thaliana.  

 

Figure 16. Total Ion Chromatogram (TIC) of cuticular extraction from Brassica oleracea flowers 

with identified triterpenes. The sample is the combined triterpene fractions after 

chromatography.  

Finally, Heteronuclear Single Quantum Coherence (HSQC) spectroscopy was used to 

examine the combined triterpene fractions from B. oleracea flower sample. HSQC analysis of B. 

oleracea flower revealed some additional triterpenes: butyrospermol, cycloartenol, delta-amyrin, 

multiflorenol, and nematocyphol. Those triterpenes were not seen in the corresponding TIC as 

they are present in small quantities or they co-elute with other compounds. Impurities in the 

crude B. rapa extracts obscure some trace products. However, the GS-MS analysis suggests that 

the composition of B. rapa cuticular triterpenes resembles that of B. oleracea.  
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4.5.2 B. oleracea flowers modified Folch extraction  

The B. oleracea flower tissue after hexane extraction was extracted for its inner or 

cellular triterpenes. The sample was soaked in 900 mL 1:1 dichloromethane and methanol 

mixture for two days. The liquid were then saponified and extracted with hexanes, yielding the 

crude NSL extract. The major triterpenes identified are camelliol C, α-amyrin, cycloartenol and 

taraxasterol (or ψ-taraxasterol) (Figure 17). The GC-MS also showed a variety of sterols. A 

sample of 30.3 mg crude extract was used for HSQC spectroscopy.  

The cellular extracts of B. oleracea flower showed more plant sterols than the cuticular 

extracts, which is similar to the reported results for A. thaliana (Shan et al., 2008). The presence 

of camelliol in B. oleracea flowers supports the presence of camelliol synthase in B. oleracea. 

Camelliol C is synthesized by the camelliol C synthase (CAMS or LUP3) in A. thaliana, and B. 

oleracea has an OSC gene Bol038495 which appears to be an ortholog of At LUP3. A more 

detailed discussion on the conservation of camelliol synthases in Brassicaceae species is included 

in Section 5.4.  

 

Figure 17. Total Ion Chromatograms of cellular extraction from Brassica oleracea flower with 

identified triterpenes. 
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 Concluding remarks and future directions 

4.6.1 Brassica rapa OSCs overview  

There are 9 putative OSCs in the B. rapa genome, two are predicted to be CAS: 

Bra013167 and Bra014952; two others have been characterized by me: Bra039929 (euphol 

synthase) and Bra032185 (astertarone A synthase), and five remaining. I have ordered the 5 

remaining unknown B. rapa OSC genes to be synthesized. Therefore, future lab members can 

finish the characterization of all the B. rapa OSCs. Those putative OSC sequences were updated 

after the released genome updates, and I constructed the phylogenetic tree with B. rapa, B. 

oleracea and A. thaliana OSCs (Figure 18).  
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Figure 18. Phylogenetic tree of all OSCs in A. thaliana (At) and putative OSCs identified in B. 

rapa (Bra) and B. oleracea (Bol). Maximum likelihood tree constructed by MEGA 6 (Tamura et 

al., 2013) and rooted with the outgroup Amborella CAS.  

However, the B. oleracea and B. rapa OSCs only share 93-96% sequence identity, and 

this level of sequence identity may not infer the same product profile. It is known from two 

OSCs in A. thaliana and A. lyrata sharing 93% identity that they could produce the major 

product, seco-β-amyrin, at distinct ratios (37% vs. 71%) (Garcia, 2016). Therefore, we may not 

be able to conclude about B. oleracea OSC product profiles based on B. rapa OSC results.  

From my B. oleracea and B. rapa plant extract results, I know that the Brassica cuticular 

components are quite different from those in A. thaliana. The cuticular triterpene alcohols are 

mostly produced by the LUPs. Additionally, the LUP clade of phylogenetic tree shows multiple 
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differences between A. thaliana and B. rapa. Therefore, it can be a main point for further 

analysis and discussion on the divergence of the LUPs between Brassica and A. thaliana 

combining both plant extraction results and the individual cyclase product profile.  

Within the PEN clade, two novel OSCs from B. rapa have already been characterized. 

Both Bra029929 and Bra032185 are 6/6/6/5 20R specific cyclases. Both A. thaliana and C. 

rubella only have 6/6/6/5 20S specific cyclases, and this should also be an interesting topic for 

future investigations.  

4.6.2 Synteny Analysis 

In addition to sequence homology, conserved synteny can be a very useful measurement 

for examining the evolution among those OSCs. Conserved synteny is defined as genes (can be 

from the same or different organisms) sharing similar genomic environment on the chromosome, 

thus two chromosomal regions sharing conserved sets of genes are identified as syntenic block 

(Tang et al., 2015). In the tools mentioned below (SynFind and SynMap), a window of 40 genes 

are aligned between two genomes (Lyons, Pedersen, Kane, & Freeling, 2008). In addition to 

sequence homology, synteny analysis is a powerful tool in identifying orthologs, gene loss, gene 

transposition, or in ancestral gene reconstruction. In my previous results, synteny analysis 

provided important insights for understanding orthology between C. rubella and A. thaliana 

OSCs.  

However, synteny between B. rapa and A. thaliana is more complex, because those two 

species are more evolutionarily distant. Additionally, the Brassica species went through an 

additional genome triplication after its divergence from A. thaliana. Therefore, the synteny 

analysis on the whole chromosomal level shows mostly short and segmented syntenic blocks 

(Figure 19). This suggests a high level of chromosomal rearrangement between those two 

species.  
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Figure 19. Synteny plot of A. thaliana chromosomes 1-5 (vertical axis) and B. rapa 

chromosomes 1-10 (horizontal axis) generated by SynMap (Lyons, Pedersen, Kane, & Freeling, 

2008).  

When looking for syntelogs of individual B. rapa OSCs in the A. thaliana genome, most 

of the B. rapa OSCs only correspond to a syntenic region. This indicates that while the genes 

flanking a B. rapa OSC can be matched to a region on the A. thaliana chromosome, the B. rapa 

homolog itself is missing (fractionated or removed) from that region (Tang et al., 2015). This is 

additional evidence that there have been many chromosomal rearrangements between B. rapa 

and A. thaliana. Also, this complicates the identification of true orthologs between B. rapa and 

A. thaliana. Since B. rapa and A. thaliana appear to have diverged too far for direct 

comparisons, characterizing more enzymes that are more closely-related to those two species 

would be illuminating for future research. 
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Chapter 5. Capsella rubella OSC characterization 

This chapter describes my work towards the complete characterization of all OSCs from 

the model species Capsella rubella. This work allows me to construct a profile of the C. rubella 

triterpene biosynthetic capability, and to compare it to the model species Arabidopsis thaliana. 

Prior to my study, A. thaliana was the only plant species with all of its OSCs experimentally 

characterized. In this chapter, the detailed product profiles for all C. rubella OSCs are reported, 

which include two novel OSCs. I combined phylogenetic analysis, synteny identification and 

active-site comparison to further explore the evolutionary relationships between C. rubella and 

A. thaliana OSCs. Additionally, I found transcriptome data for the C. rubella and A. thaliana 

OSCs, which allowed me to compare their expression patterns and to hypothesize their potential 

functions.  

 Previous Work   

Prior to my C. rubella project, I have been working on characterizations of plant OSCs 

along with several other members of the Matsuda Lab. We had established an effective strategy 

of plasmid construction, heterologous expression, yeast extraction, purification and 

spectroscopy. However, C. rubella has not been studied as a model species in this lab. The 

genome assembly of C. rubella has been published, but no experimental characterization of C. 

rubella OSCs had been carried out by this lab or other groups (Slotte et al., 2013). In various 

databases, those putative C. rubella OSCs are labeled based solely on sequence identity to 

known OSCs. 

 Genome Mining for Putative OSCs 

The C. rubella genome was accessed through Phytozome, the Plant Comparative 

Genomics portal (Goodstein et al., 2012; Slotte et al., 2013). The A. thaliana cycloartenol 

synthase (CAS1) amino acid sequence was used as BLAST query to search against the C. rubella 

proteome (v1.0, generated by computational splicing and translation). This search was redone a 

number of times between the year of 2013 to 2018 in order to check for any changes with newly-
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released genome versions and annotations. However, the search always returned with 7 full-

length C. rubella genes ranging from 749 to 755 amino acids, which are the putative C. rubella 

OSCs.   

Those seven putative OSCs then were examined individually to ensure correct splicing. 

For each OSC, it was used as query in BLAST searches to compare it to its closest known OSC. 

In such comparisons, I searched for potential splicing mistakes such as missing exons or extra 

introns. I also checked the sequences at each splicing site from the DNA sequence of the putative 

OSCs. The sequence “AGGT” is the most commonly observed splicing site sequence with the 

splicing between the two G’s. Therefore, I checked for potential alternative splicing sites for 

places with a discrepancy between the putative OSC and a close known OSC. I did not find any 

alternative splicing for those putative C. rubella OSCs.  

Amino acid sequences from those 7 putative OSCs along with the previously-

characterized A. thaliana OSCs were aligned by MUSCLE (Edgar, 2004), and then a Maximum-

Likelihood tree was built using MEGA6 (Tamura et al., 2013). From the phylogenetic tree, those 

7 putative OSCs were clearly separated into CAS, the PEN clade and the LUP clade.  



69 

 

 

Figure 20. Maximum likelihood tree of putative C. rubella OSCs with A. thaliana OSCs using 

the cycloartenol synthase (CAS) from Amborella trichopoda as the outgroup (1000 replicates; 

bootstrap percentages are given at the nodes). The tree was constructed using amino acid 

sequences with MEGA version 6 (Edgar, 2004; Tamura, Stecher, Peterson, Filipski, & Kumar, 

2013b).   
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Figure 21. Maximum likelihood tree of Brassicaceae OSCs (A. thaliana (At), A. lyrata (lyrata), 

putative OSCs identified in B. oleracea (Bol), B. rapa (Bra), C. rubella (Carubv) and T. 

halophile (Thhalv)). The cycloartenol synthase (CAS) from Amborella trichopoda was used as 

the outgroup (1000 replicates; bootstrap percentages are given at the nodes). The tree was 

constructed using amino acid sequences with MEGA version 6 (Edgar, 2004; Tamura, Stecher, 

Peterson, Filipski, & Kumar, 2013).   

For each putative C. rubella OSC, the NCBI sequence ID and the current predicted 

function based on the database entry is listed below (Table 1). Overall amino acid sequence 

identity was used to identify the closest A. thaliana homolog to each putative C. rubella OSC.  

 

Table 1. Putative C. rubella OSCs with their sequence ID, predicted products and percent 

identity to the corresponding closest A. thaliana homolog. Note the predicted products are 

generated based on annotations in the genome databases. For example, Carubv10007073 are 

labeled as “seco-amyrin synthase” or “predicted: seco-amyrin synthase like” in various genome 

databases. The predicted products labeled with * are shown to be incorrect by my experimental 

characterization. Sequence identity is based on overall amino acid sequences.  

 In addition to the overall sequence identity, I predicted the active-site residues of the 

putative C. rubella OSCs and A. thaliana OSCs by alignment to the Human lanosterol synthase 

active-site residues (Table 2). The Human lanosterol synthase active-site residues were identified 

by close proximity to its product lanosterol in the published crystal structure (Thoma et al., 

2004).  
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Table 2. Predicted active-site residues of C. rubella OSCs and A. thaliana OSCs. The numbering 

is based on Human lanosterol synthase (HLSS) residue numbers, and multiple sequence 

alignment by MUSCLE (Edgar, 2004).    

The putative OSC Carubv10013036 is predicted to be a cycloartenol synthase with high 

confidence. Carubv10013036 shows ~95% overall amino acid sequence identity and 100% 

predicted active-site residue identity to At CAS1. Some At CAS1 active-site residues were 

confirmed by experimental mutagenesis to be key for cycloartenol formation, such as Ile453 

(Hart et al., 1999). The conservation of the key residue supports that Carubv10013036 is also 

cycloartenol synthase. Carubv10013036 also clusters with At CAS1 on the phylogenetic analysis 

(bootstrap value = 1000). Additionally, cycloartenol synthase is known to be essential for plants 

and C. rubella should contain at least one copy of CAS. Therefore, I determined that 

Carubv10013036 does not require experimental characterization.  
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 Experimental Procedures 

5.3.1 Plasmid and Yeast Strain Construction 

Each putative OSC sequence was codon-optimized for Saccharomyces cerevisiae and 

with the SalI and NotI restriction sites added to the beginning and the end of the coding 

sequence. Then the DNA oligo was synthesized by GenScript® into the standard pUC57 vector.    

GenScript syntheized 4 μg of the resulting plamid (Carubv in pUC57). When the product 

was received, the DNA was dissolved in 20 μL water and 2-3 μL of the resulting DNA solution 

was used for E. coli transformation. The transformation was performed using the New England 

Biolabs Five Minute Transformation Protocol with competent DH5α E. coli. The transformation 

mixture was plated onto an LB+Ampicillin (Amp) plate for selection, and the plate was 

incubated overnight at 37 °C. The following day, a single transformant colony was selected and 

inoculated into a 50 mL LB+Amp culture, and incubated (with shaking) overnight at 37 °C. 

Once the culture reached saturation, the cells were harvested, and the plasmid DNA was then 

purified according to the plasmid Maxi-prep protocol. The resulting plasmid prep was sent for 

sequencing to confirm the correct construction of the plasmid with the correct gene insert.  

Then ~50 μL of the plasmid prep was digested with SalI and NotI (or SalIHF and 

NotIHF) according to the New England Biolabs instructions. The digestion mixture was loaded 

onto a 1% TAE agarose and allowed to run until the 2.3 kb insert band was clearly separated 

from the 2.7 kb vector. The band corresponding to the insert was cut of the gel using a razor 

blade, weighed, and purified using the Qiagen Quick gel extraction kit.  

Then the insert and the pRS426Gal vector (at about 3:1 weight ratio) were ligated using 

the NEB Quick Ligation Kit. About 5 μL of the resulting ligation mixture was used to transform 

competent DH5α E. coli with the NEB High Efficiency Transformation Protocol and plated onto 

LB+Amp plate for selection. The next day 12 transformant colonies were randomly selected and 

inoculated into 2 mL LB+Amp liquid cultures in a 12-well plate. The following day those 

cultures had saturated; each was streaked onto another LB+Amp plate and the cultures were 

prepared by the MiniPrep protocol. From each Miniprep, about 5 μL was used for a test digestion 
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with SalI and NotI. The correct construct should give the 5 kb plasmid band and the 2.3kb insert 

band. One of the Miniprep with the correct construct was inoculate from the copy plate into a 50 

mL LB+Amp culture. DNA was extracted using the Maxi-prep protocol and an aliquot was sent 

for sequencing. The resulting plasmid was the pRS426[Carubv] plasmid for the corresponding 

OSC. The pRS426[Carubv] for each C. rubella OSC was transformed into two yeast strains: 

EHY41 and RXY6 according to the lithium acetate method.  

5.3.2 Carubv10021777 in vivo experiment 

A total of 4 L EHY41 (containing Carubv10021777 in pRS426Gal) liquid culture was 

grown to saturation and it gave 77.9 g of cell pellets. After saponification and hexane extraction, 

it yielded 223 mg of crude non-saponifiable lipids (NSL). The crude was NSL dissolved in ether 

and filtered through a tightly-packed glass wool plug then a 500 mg SPE cartridge with ether. 

The resulting filtered crude NSL was 152.2 mg, which GC-MS and NMR were used to analyze 

the crude NSL.  

 

Figure 22. Total Ion Chromatography (TIC) of crude NSL from Carubv10021777 EHY41 

experiment shows Carubv10021777 is a lupeol synthase. 

A standard first SPE purification with a 10 g silica cartridge was performed to purify the 

NSL. Among the 35 fractions collected, GC-MS allowed us to identity triterpene alcohol 

products in Fx 5 to 13 and triterpene diols in Fx 28 -29. Fx 28 and 29 diol sample was combined 
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for HSQC analysis. Fx 5 to 13 were combined for a standard second SPE purification using a 5 g 

silica cartridge. By GC-MS analysis, Fx 10 to 23 from SPE2 contained the triterpene alcohols, 

and they were combined for NMR analysis. (Note: Fx 18 was lost during handling by an 

undergraduate student after GC-MS analysis). The final combined triterpene alcohol fractions 

after two SPE purifications weighed at 59.5 mg.  

After NMR analysis, the combined triterpene alcohol fractions were further separated by 

preparative-scale HPLC, and GC-MS was used to analyze the HPLC fractions for minor product 

determination. Quantification of product ratios was calculated from HSQC peaks.  

5.3.3 Carubv10021777 in vitro experiment 

Four 1 L RXY6 culture was grown to OD of 4.85. After centrifugation, they gave 45 g of 

cell pellet. Based on the weight, 45 mL of pH 7 buffer was added to the cell pellet, and the cells 

were lysed with two 5 min bead beating, 4500 μL of OS solution added into the mix. After about 

40 hours, added 200 mL of ethanol mixed and centrifuged. Then the ethanol was rotary 

evaporated. Then the mixture was extracted with 5 × 100 mL of hexanes to produce the crude 

extract.  

Then the crude extract was dissolved in ether and filtered through a very tightly packed 

glass wool plug in a Pasteur pipette and resulted in 250 mg of extracts. The extracts were 

purified through a 5 g SPE column and hexane-ether gradient. 0.1% of fractions 6-25 was used to 

prepare GC-MS samples. Based on GC-MS results, fractions 14-23 had triterpenes and were 

combined. The resulted mass was 40 mg and it was used to prepare an NMR sample.  

5.3.4 Carubv10019849 in vivo experiment 

A total of 6 L liquid culture of EHY41 (containing Carubv10019849 in pRS426Gal) was 

grown to saturation and it gave 44.5 g of cell pellet. After saponification and hexane extraction, 

it yielded 236 mg of crude non-saponifiable lipids (NSL). The crude NSL was dissolved in ether 

and filtered through a tightly-packed glass wool plug then a 500 mg SPE cartridge with ether. 
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The resulting filtered crude NSL was 169.7 mg, which GC-MS and NMR were used to analyze 

the crude NSL.  

 

Figure 23. TIC of crude NSL from Carubv10019849 EHY41 experiment shows 

Carubv10019849 is a mixed-amyrin synthase.  

A standard first SPE purification was performed with a 10 g silica cartridge to purify the 

NSL. GC-MS allowed us to identity that the triterpene alcohol products were in Fx 4 to 11 and 

triterpene diols in Fx 27-29. The diol factions were combined for HSQC analysis. Fx 4 to 11 

were combined for a standard second SPE purification with a 5 g silica cartridge. By GC-MS 

analysis, Fx 10 to 22 from SPE2 contained the triterpene alcohols, and they were combined for 

NMR analysis. The final combined triterpene alcohol factions after two SPE purifications 

weighed at 44.9 mg.  

After NMR analysis, the combined triterpene alcohol fractions were further separated by 

preparative-scale HPLC, and GC-MS was used to analyze the HPLC fractions for minor product 

determination. Quantification of product ratios was calculated from HSQC peaks.  

No RXY6 in vitro experiment was performed for Carubv10019849. 



77 

 

5.3.5 Carubv10019844 in vivo experiment 

A total of 6 L liquid culture of EHY41 (containing Carubv10019844 in pRS426Gal) was 

grown to saturation and cell pellets were harvested. After saponification and hexane extraction, it 

yielded 174 mg of crude non-saponifiable lipids (NSL). The crude NSL was dissolved in ether 

and filtered through a tightly-packed glass wool plug then a 500 mg SPE cartridge with ether. 

The resulting filtered crude NSL was analyzed by GC-MS and NMR.   

 

Figure 24. TIC of crude NSL from Carubv10019844 EHY41 experiment shows 

Carubv10019844 is a camelliol C synthase.  

A standard first SPE purification was performed with a 10 g silica cartridge to purify the 

NSL. GC-MS allowed us to identity that the triterpene alcohol products were in Fx 4 to 11 and 

may be trace amount of triterpene diols in Fx 29. Fx 29 was further analyzed by HSQC. Fx 4 to 

11 were combined for a standard second SPE purification with a 5 g silica cartridge. By GC-MS 

analysis, Fx 12 to 22 from SPE2 contained the triterpene alcohols, and they were combined for 

NMR analysis. The final combined triterpene alcohol fractions after two SPE purifications 

weighed at 28 mg.  

After NMR analysis, the combined triterpene alcohol fractions were further separated by 

preparative-scale HPLC, and GC-MS was used to analyze the HPLC fractions for minor product 

determination. Quantification of product ratios was calculated from HSQC peaks.  
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5.3.6 Carubv10019844 in vitro experiment 

Four 1 L liquid cultures of RXY6 (containing Carubv10019844 in pRS426Gal) were 

grown in SC-U/Gal/Heme/Erg. However, one culture bottle showed clear signs of contamination 

during the culture growth (large floating particles that did not look like yeast). One culture bottle 

shattered in the shaker accidentally. Therefore, there was a total of 2 L culture grown to 

saturation.  

The harvested cell pellets weighed 22.4 g. According to the mass, 22.4 mL pH 7 buffer 

was added to the cell pellet and the cells were lysed with a bead beater for 8 mins twice (with 10 

min sitting on ice). Then the mixture was combined into one flask with 1120 μL of OS solution 

added and incubated for 24 hours. Then ethanol was added, and hexane extraction was 

performed.   

The crude extract was purified through a 5 g silica cartridge with the hexane-ether 

gradient. 100 mL ethanol was added, mixed and centrifuged. Then the ethanol was rotary 

evaporated. The mixture was extracted with 5 × 100 mL hexanes to produce the crude extract. 

Then 0.1% of fractions 11-25 were used to prepare GC-MS samples. GC-MS showed triterpene 

alcohols in Fx 12-18, and those fractions were combined. The resulting combined triterpene 

alcohol sample weighed 33 mg and was analyzed by NMR.  

5.3.7 Carubv10007073 in vivo experiment 

A total of 4 L EHY41 (containing Carubv10007073 in pRS426Gal) liquid culture was 

grown to saturation and it gave 52.4 g of cell pellets. After saponification and hexane extraction, 

it yielded 227.3 mg of crude non-saponifiable lipids (NSL). The crude was NSL dissolved in 

ether and filtered through a tightly-packed glass wool plug then a 500 mg SPE cartridge with 

ether. The resulting filtered crude NSL was 163.7 mg, which GC-MS and NMR were used to 

analyze the crude NSL.  
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Figure 25. TIC of crude NSL from Carubv10007073 EHY41 experiment shows 

Carubv10007073 is an achilleol A synthase. 

A standard first SPE purification with a 10 g silica cartridge was performed to purify the 

NSL. Among the 35 fractions collected, GC-MS allowed us to identity triterpene alcohol 

products in Fx 4 to 14 and no triterpene diols were detected. We also determined that one SPE 

purification sufficiently removed most of the impurities for product characterization. The 

combined triterpene alcohol fraction sample weighed 81 mg and ~30 mg was used to a prepare 

NMR sample for analysis.  HSQC peaks were used to determine the final product ratios. In 

addition, another ~30 mg of the combined sample was used for HPLC purification and further 

analysis by GC-MS.  

5.3.8 Carub10016727 in vivo experiment 

A total of 4 L EHY41 (containing Carubv10016727 in pRS426Gal) liquid culture was 

grown to saturation and it gave 46.4 g of cell pellets. After saponification and hexane extraction, 

it yielded 160.5 mg of crude NSL. The crude NSL was dissolved in ether and filtered through a 

tightly-packed glass wool plug then a 500 mg SPE cartridge with ether. The resulting filtered 

crude NSL was 124 mg, which GC-MS and NMR were used to analyze the crude NSL.  
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Figure 26. TIC of crude NSL from Carubv10016727 EHY41 experiment shows 

Carubv10016727 is a tirucallol synthase. 

A standard first SPE purification with a 10 g silica cartridge was performed to purify the 

NSL. Among the 35 fractions collected, GC-MS allowed us to identity triterpene alcohol 

products in Fx 4 to 15 and the triterpene diols in later fractions. We also determined that one SPE 

purification sufficiently removed most of the impurities for product characterization. The 

combined triterpene alcohol fraction sample weighed 48 mg and ~30 mg was used to prepare an 

NMR sample for analysis.  HSQC peaks were used to determine the final product ratios. After 

NMR analysis, the combined triterpene alcohol sample was used for HPLC purification and 

further analysis by GC-MS. 

5.3.9 Carubv10008384 in vivo experiment 

A total of six 100 mL EHY41 (containing Carubv10008384 in pRS426Gal) liquid 

cultures were grown as test trials. After the cell pellets were harvested, saponified and extracted 

by hexanes, the crude NSL contained only yeast metabolites and no traces of plant OSC products 

could be found by GC-MS.  

I redid the plasmid prep and the transformation into the EHY41 strain. Then three 100 

mL EHY41 liquid cultures were grown and yielded NSL that was consistent with previous test 

trials.  In addition, all the crude NSL from the test trials were combined to prepare an NMR 
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sample. Both 1H NMR and HSQC were collected to search for plant OSC products, but NMR did 

not show any plant triterpenes.  

A few steps were carefully reviewed or checked to ensure that the absence of plant 

triterpene production was not caused by experimental error: 

1) The plasmid construct and the Carubv10008384 coding sequence within the plasmid 

were confirmed to be correct. Sequencing results showed the plasmid construct was 

correct, including the position of the Gal promoter, Carubv10008384 coding sequence 

and the stop codon. Additional primers were designed to sequence almost the full-

length Carubv10008384 coding sequence within the plasmid.  

2) The Carubv10008384 coding sequence was confirmed to be correct based on 

computational prediction and manual splicing. I reviewed the genomic sequence of 

Carubv10008384 and the computer-spliced coding sequence from Phytozome, and I 

manually checked all the splicing site sequences. Also, I identified close homologs of 

Carubv10008384 through a BLAST search and checked for Carubv10008384 splicing 

by multiple sequence alignment. Overall, I concluded that the Carubv10008384 

coding sequence resulted from the best possible splicing with no unusual gaps or 

inserts. 

3) All GC-MS and NMR data were carefully examined to make sure that no unusual or 

novel triterpene structures escaped detection. Starting from the substrate 

oxidosqualene, there are only limited number of possible structures accessed by the 

plant OSCs. Additionally, the sensitivity of our instruments is very high, so we should 

be able to detect any triterpene products or fragments of those compounds.  

Additional evidence came from C. rubella RNA-seq datasets (Accession number: 

PRJNA336053). No Carubv10008384 mRNA was detected in any of the plant parts including 

silique, root, stem, flower or leave. In contrast to Carubv10008384, all the other six C. rubella 

OSC mRNAs were expressed in one or more plant parts.  

In summary, we concluded that Carubv10008384 is a pseudogene. Expression of this 

enzyme in the yeast system does not yield any products, and there is no evidence of 
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Carubv10008384 expression in the C. rubella plant tissues. Therefore, no Carubv10008384 

RXY6 in vitro experiment was conducted.  

 

 

 C. rubella OSC product profiles and discussion 

5.4.1 Carubv10021777: a lupeol synthase 
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Figure 27. Product profile of Carubv10021777. (The correct identification between taraxastane-

3β,20R-diol and taraxastane-3β,20S-diol were based on unpublished results from Hui Shan, 

William K. Wilson, Emma Kamaric, and Seiichi P. T. Matsuda).   
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The product profile shows Carubv10021777 to be a relatively accurate lupeol synthase. 

By sequence identity, Carubv10021777’s closest A. thaliana homolog is the multifunctional 

synthase, At LUP2. Those two enzymes share 88.6% overall amino acid sequence identity and 

24 out of 26 their active-site residues are identical. At LUP2 makes a number of products, among 

which the majority of the products are pentacyclic triterpenes including lupeol, taraxasterol, β-

amyrin, Ψ-taraxasterol, bauerenol, α-amyrin, and multiflorenol. Lacking a clear major product, 

At LUP2’s most abundant products are β-amyrin (~46%), taraxasterol (16%) and α-

amyrin(15%). Although many products from Carubv10021777 and At LUP2 overlap, 

Carubv10021777 clearly favors 6/6/6/6/5 products while At LUP2 produces predominantly 

6/6/6/6/6 products.  

 

Figure 28. The phylogenetic tree cluster with Carubv10021777, Carubv10019849, At LUP2, At 

LUP1 and At LUP5 with the predicted actives-site residues from those OSCs. 

By product profile, Carubv10021777 shares similarity with At LUP1. At LUP1’s major 

products are lupanediol and lupeol, and it also makes β-amyrin, taraxasterol, germanicol and ψ-

taraxasterol (Segura, Meyer, & Matsuda, 2000b). All of the At LUP1 products can be found 

among Carubv10021777’s major and minor products. However, those two OSCs share only 

79.6% overall sequence identity and different major products. At a comparable level, 

Carubv10021777 shares 79.7% overall sequence identity with At LUP5, which predominantly 

makes tetracyclic products. At LUP5 produces two major products at similar levels: tirucalla-

7,24-dienol (40% of total products) and isotirucallol (31% of total products). Interestingly, 

Carubv10021777 has several tetracyclic minor products. Specifically, it produces tirucalla-7,24-
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dienol as the third most abundant product. Moreover, the two active-site residues that differ 

between Carubv10021777 and At LUP2 are conserved between Carubv10021777 and LUP5.  

Overall, there is evidence of some evolutionary conservation between Carubv10021777 

with At LUP2, At LUP1 and At LUP5. However, A. thaliana does not have a lupeol synthase or 

a clear ortholog to Carubv10021777. Looking beyond A. thaliana, lupeol synthases are fairly 

common and widespread in plants. An incomplete list of reported lupeol synthases from plants 

include: Betula platyphylla (Japanese white birch), Bruguiera gymnorrhiza (black mangrove), 

Glycyrrhiza glabra (liquorice), Kalanchoe daigremontiana (Devil’s backbone), Lotus japonicas, 

Olea europaea (olive), Ricinus communis (castor oil plant), and Taraxacum officinale 

(dandelion) (Thimmappa et al., 2014). Furthermore, lupeol is a common triterepene alcohol 

found in plant extracts, indicating that lupeol synthases should be very widespread in nature.  

5.4.2 Carubv10019849: a mixed-amyrin synthase 

The product profile illustrates that Carubv10019849 is a mixed-amyrin synthase that 

favors α-amyrin (50%) over β-amyrin (26%). Overall, this OSC makes mostly pentacyclic 

triterpenes, which account for about 96% of total products. Out of those pentacyclic triterpenes, 

the majority of those are 6/6/6/6/6 ring structures (84% of total products). Many of those 

pentacyclic triterpenes are commonly found as components of the plant cuticle, and they are 

widespread across the plant kingdom.  
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Figure 29. Product profile of Carubv10019849. (The correct identification between taraxastane-

3β,20R-diol and taraxastane-3β,20S-diol were based on unpublished results from Hui Shan, 

William K. Wilson, Emma Kamaric, and Seiichi P. T. Matsuda).  

Carubv10019849’s closest A. thaliana homolog is also At LUP2. Those two OSCs 83.2% 

overall amino acid sequence identity and have 23 out of 26 identical active-site residues (Figure 

28). Carubv10019849’s three distinctive active-site residues are unique in comparison to those of 

At LUP1 and LUP5, which is different from Carubv10019849’s case. Also, in Figure 28 the 

phylogenetic tree has two low bootstrap values for the divergence of At LUP1 and 

Carubv10019849 indicating uncertain tree topology. This shows that the evolutionary 
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relationship between At LUP1 and Carubv10019849 in relation to At LUP2 and 

Carubv10021777 remains unclear, although those four OSCs should belong in the same cluster 

(bootstrap value = 100). 

Although both Carubv10019849 and At LUP2 are characterized as mixed-amyrin 

synthases, they show the clear difference in the ratio between α-amyrin vs. β-amyrin. In addition, 

I characterized a mixed-amyrin synthase from Brassica oleracea, Bol021540, which also makes 

α-amyrin as the major product like Carubv10019849. Despite their differences, all three mixed-

amyrin synthases are multi-functional enzymes favoring the 6/6/6/6/6 triterpene products and 

they all lack a predominant major product.  

 

Figure 30. Major product ratio comparison among three mixed-amyrin synthases: 

Carubv10019849, At LUP2 and Bol021540.  

In general, the amyrin synthases are among the most common OSCs in plant secondary 

metabolism. Other than cycloartenol synthases, β-amyrin synthases are the most frequently 
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reported OSCs from many plants (Thimmappa et al., 2014). The triterpenes α-amyrin and β-

amyrin are typical triterpenes found in almost all plant extracts, typically in the wax layer. Those 

two triterpenes have more than 2000 and 3000 scientific reports, demonstrating their common 

and widespread presence (Shan et al., 2015).  

5.4.3 Carubv10019844: a camelliol C synthase 

The final product profile shows that Carubv10019844 is a highly accurate camelliol C 

synthase. Its major product accounts for 99.7% of the total products, and the largest minor 

product β-amyrin is only at the 0.3% level. This level of accuracy is somewhat unusual for 

enzymes involved in secondary metabolism, because those enzymes are considered to be under 

relaxed selective pressure for synthetic accuracy.   

 

Figure 31. Product profile for Carubv10019844. 

Carubv10019844 has a close homolog in A. thaliana (At LUP3). They share 94% amino 

acid sequence identity with 100% conservation in predicted active-site residues. At LUP3 was 

characterized and reported in 2007, and its products were found to be camelliol C (98%), 

achilleol A (2%), and β-amyrin (0.2%) (Kolesnikova, Wilson, et al., 2007). Although both OSCs 

are accurate camelliol C synthases, Carubv10019844 has an even higher accuracy towards the 

major product.  
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Figure 32. The phylogenetic tree cluster with Carubv10019844, At LUP3 and At LUP4 with the 

predicted actives-site residues from those OSCs. 

The level of conservation between Carubv10019844 and At LUP3 is high, as supported 

by high overall amino acid sequence identity, conserved active-site residues and similar product 

profiles. In fact, the sequence identity level (94% overall amino acid sequence identity and 100% 

conserved active site) is equivalent to the level between the C. rubella CAS and the A. thaliana 

CAS, which are involved in the primary metabolism. Furthermore, synteny analysis identified 

those two genes to be in chromosomal regions that are conserved between the two species, 

therefore supporting the hypothesis that Carubv10019844 and At LUP3 should be true orthologs. 

Additionally, Ala453 is observed in both Carubv10019844 and At LUP3. The Ala453 

instead of Val453 or Ile453 was proposed to be important for promoting monocycle formation by 

decreasing steric bulk (Kolesnikova, Wilson, et al., 2007). Mutagenesis demonstrated that 

mutating the conserved Ile453 to alanine and glycine in At CAS1 shifted the enzyme products to 

producing monocycles (achilleol A and camelliol C) (Matsuda et al., 2000).  

A search for LUP3 or camelliol C synthase homologs across more species in the 

Brassicaceae family identified putative camelliol C synthases in each species with an annotated 

genome. Those putative camelliol C synthases show high sequence conservation. The 

phylogenetic tree with those camelliol C synthases shows the same tree topology with the species 

tree. It suggests that camelliol C synthase is a highly conserved OSC in the Brassicaceae family, 

and camelliol C can be of important function for those plants. However, preliminary study to 

grow A. thaliana lup3 mutant did not produce any results that suggest essential functions by this 
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OSC. The lup3 mutant plant grown under laboratory conditions did not show any abnormal or 

unusual phenotype in comparison to a wild-type A. thaliana. Therefore, further studies should 

investigate the potential phenotype of the mutant plant under different growth conditions.  

 

Figure 33. The phylogenetic tree cluster with camelliol C synthases (or putative camelliol C 

synthases) from Arabidopsis. thaliana, A. lyrata, C. rubella, Thellungiella halophile (current 

name: Eutrema salsugineum), Brassica rapa and B. oleracea.  

As mentioned before, the high level of product accuracy is rare for OSCs in the plant 

secondary metabolism. It is possible that the highly-accurate camelliol C synthases are conserved 

across species because camelliol C has an important function in those Brassicaceae species.  

Within the Brassicaceae family, camelliol C synthase is similar to a cycloartenol synthase in 

terms of conservation and product accuracy. Additionally, the high accuracy can be simply 

attributable to the short mechanistic pathway for making camelliol C, whereas the OSCs that 

make products with more ring structures must generate many carbocation intermediates which 

are subject to premature deprotonation or rearrangement to result in “mistakes”.  

In addition, β-amyrin is a low-level byproduct for both Carubv10019844 and At LUP3. 

The presence of a pentacyclic byproduct has been believed to be an evolutionary relic for At 

LUP3 (Kolesnikova, Wilson, et al., 2007). Both Carubv10019844 and At LUP3 are clustered 

within the LUP clade on the phylogenetic tree, which most of the LUP enzymes form pentacylic 

products. Specifically, both camelliol synthases were clustered with At LUP4, which is a β-

amyrin synthase. This is a plausible explanation for the formation of β-amyrin despite the 

mechanistic pathway towards pentacycle formation differs greatly from monocycle formation. 
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5.4.4 Carubv10016727: a tirucallol-8,24-dienol synthase 

The product profile shows Carubv10016727 to be a relatively accurate tirucallol-8,24-

dienol synthase producing the major product at 86.7% of total products. This enzyme makes 

predominantly 20S tetracyclic products (95.2% of total products) with a small amount of 20R 

tetracyclic byproducts (3.3% of total products).  



92 

 

 

Figure 34. Product profile of Carubv10016727. 
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 Carubv10016727 has a high specificity for the 6/6/6/5 20R structure, and the high 

specificity for either 20R or 20S stereochemistry appears to be true for all the reported 6/6/6/5 

synthases in secondary metabolism. Two other 20S specific OSCs have been reported from A. 

thaliana (At PEN3 and At LUP5), and they both produce tirucalla-7,24-dienol as the major 

product (Ebizuka et al., 2003; Morlacchi et al., 2009). Additionally, I have reported a 20R 

specific OSC from B. rapa, Bra032185 (Jin et al., 2018). Although Bra032185 produces the 

major 20R product astertarone A at only 60% of total products, the 20R products combined can 

account for 90% of the total products. For those five reported OSCs, there appears to be a 

mechanistic barrier or control for OSCs to access the two opposite C20 configurations. However, 

Bra032185 achieved a different C20 specificity despite being closely related to Carubv10016727 

and At PEN3. The evolutionary barrier between accessing the two C20 configurations may not 

be very high.  

 

Figure 35. Major products of 6/6/6/5 tetracycle synthases from reported Brassicaceae species 

show either 20S or 20R specificity.  
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 In addition to the reported products in the Carubv10016727 product profile, there is 

convincing NMR evidence that a small amount of 3-keto triterpene(s) are included in the product 

mix (less than 0.1%). The NMR methyl signals match perfectly to astertarone A at C23 and C24, 

indicating the presence of 3-ketone. However, the 3-ketone(s) do not present at high enough 

level for a clear characterization. Because Carubv10016727 is specific for the 6/6/6/5 20S 

compounds, we hypothesize that this 3-ketone may be the 20S-epimer of astertarone A. 

However, the 20S astertarone A would be a novel compound and would require a significant 

amount for isolation and characterization. Overall, the 3-ketone product from Carubv10016727 

and the phylogenetic clustering of Bra032185 with 6/6/6/5 triterpene alcohol synthases both 

suggest that Bra032185 could have evolved from 6/6/6/5 synthases. Therefore, this can be a case 

of convergence evolution for Bra032185 and other triterpene ketone synthases to emerge from 

distant OSC clades.  

 Carubv10016727’s closest homolog in A. thaliana is At PEN3. Those two enzymes share 

80.4% overall amino acid sequence identity and 23 identical active-site residues (out of 26). 

Those two enzymes are clustered together in a phylogenetic tree when only the A. thaliana and 

C. rubella functional OSCs are analyzed (bootstrap value = 100). However, when incorporating 

OSCs from other Brassicaceae species and pseudogenes into the phylogenetic analysis, the 

evolutionary relationship between At PEN3 and Carubv10016727 appears uncertain as the 

branches show low bootstrap values. Furthermore, synteny analysis shows a possible 

orthologous relationship between Carubv10016727 and At PEN7 pseudogene.  
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Figure 36. The phylogenetic tree cluster with Carubv10016727, At PEN3, Bra032185 and other 

closely related OSCs. Predicted actives-site residues Carubv10016727, At PEN3 and Bra032185 

are also shown here.  

Shown in the predicted active-site residues, the Y696 residue is shared among the 6/6/6/5 

synthases, which differs from the more conserved F696 residues among OSCs. It was first 

observed from At PEN3 and At LUP5 that the modified F696 was shared, and this modification 

was hypothesized to be important for the formation of rearranged dammaranes (Morlacchi et al., 

2009b). Lacking crystal structures for those plant OSCs, we used homology models to show that 

Y696 is positioned in close proximity underneath C20 to potentially influence the product 

formation (Jin et al., 2018).  

5.4.5 Carubv10007073: an achilleol A synthase 

The product profile of Carubv10007073 shows it to be a highly accurate achilleol A 

synthase producing the major product at 99.1%. Even at 0.1% detection level, I was able to 

identify only three minor products of this enzyme. All of Carubv10007073’s products are 

monocyclic or bicyclic products, indicating that Carubv10007073 has a strong control against 

further ring formation. Both Carubv10007073 and Carubv10019849 (camelliol C synthase) show 

high product specificity that appears to be rare among OSCs in the secondary metabolism. 

Considering both of the enzymes are monocyclic cyclases, it is possible that their short 
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biosynthetic pathways were easier to control (Kolesnikova, Wilson, et al., 2007). Those enzymes 

only need to prevent further cyclization to achieve high specificity for their major products.   

 

Figure 37. Product profile of Carubv10007073. 

In addition to the compounds reported in the product profile, there is a di-alcohol 

polypoda product identified from the mixture (less than 0.1%). It is unclear that whether this 

product is an enzymatic product, a self-cyclized compound or an artifact. There are reports of 

this compound in unpublished experiments from other members of the Matsuda lab. Currently 

we do not have the full structural characterization of this product; therefore we may isolate it and 

characterize it in the future.  

 

Figure 38. Structure of the uncharacterized polypoda-diol.  

Carubv10007073 is the first achilleol A synthase to be reported. Prior to the discovery of 

Carubv10007073, the only monocyclic triterpene synthase reported was camelliol C synthase. 

Among the At LUP3 camelliol C synthase products, achilleol A was reported as the most 

abundant minor product at ~2% of total products. 

 Achilleol A has not only been reported as a minor OSC product, but also as a product by 

site-directed mutagenesis studies. In one study, the A. thaliana cycloartenol synthase (CAS1) 
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Ile481 was mutated to alanine and glycine, which both resulted in the formation of achilleol A 

(Matsuda et al., 2000). (Note that 481 is based on CAS1 numbering, which is aligned with 453 

by Human lanosterol synthase numbering). Another study demonstrated that mutating two 

residues on the yeast lanosterol synthase (ERG7) could change the major product to achilleol A 

(C.-H. Chang et al., 2013). Those studies illustrated the relatively low barrier to derive an 

achilleol A synthase (or a monocyclic cyclase) from polycyclic cyclases.  

As discussed in the previous section, both camelliol C synthases (At LUP3 and 

Carubv10019844) share the Ala453, which was hypothesized to be important for the monocyclic 

product formation. Mutagenesis study also demonstrated the important of Ala453, since I453A 

changed At CAS1 to produce 13% achilleol A and 6% camelliol C. However, Carubv10007073 

does not have Ala453. Considering that Carubv10007073 is evolutionary distant from the LUP3 

clade by phylogeny, this is a likely case of convergent evolution where the camelliol C synthases 

and Carubv10007073 involved to produce monocyclic triterpene alcohols independently.  

 

Table 3. Predicted active-site residues of Carubv10007073 in comparison to other monocyclic 

cyclases and related OSCs.  

Carubv10007073 does not have a close A. thaliana homolog. Its closest A. thaliana OSC 

is At PEN6 (seco-amyrin synthase), hence Carubv10007073 is labeled as a seco-amyrin synthase 

in genome databases. Those two OSCs are only 72% identical in amino acid sequences. In the 

phylogenetic tree with C. rubella and A. thaliana OSCs, Carubv10007073 is not clustered with 

any other OSCs. However, in the phylogenetic with more Brassicaceae species, Carubv10007073 

is clustered with two putative OSCs from Brassica species with high bootstrap value. Therefore 

it will be interesting to characterize those two OSCs.  
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Figure 39. Two Brassica OSCs are clustered together with Carubv10007073 on the phylogenetic 

tree.  

 Synteny analysis  

In addition to sequence homology, conserved synteny is a very useful measurement for 

examining the evolution among C. rubella and A. thaliana OSCs. Conserved synteny is defined 

as genes (which can be from the same or different organisms) sharing similar genomic 

environment on the chromosome, thus two chromosomal regions sharing conserved sets of genes 

are identified as syntenic block (Tang et al., 2015). In comparison to sequence homology alone, 

syntenic analysis is more powerful in identifying orthologs, gene loss, gene transposition, or in 

ancestral gene reconstruction.  

However, C. rubella and A. thaliana genomes differ quite significantly in size, and large-

scale chromosomal fractionation and rearrangement have occurred over time. This can be 

visualized by a syntenic dotplot between C. rubella and A. thaliana genomes (Figure 40Figure 

40).  
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Figure 40. Syntenic dotplot of C. rubella and A. thaliana genomes generated by SynMap (Lyons, 

Pedersen, Kane, & Freeling, 2008). The eight C. rubella chromosomes are labeled on the x-axis 

with the five A. thaliana chromosomes on the y-axis. Each dot represents a syntenic block and 

large-scale synteny is labeled by boxes.  

Using the online tool SynFind (Tang et al., 2015), I searched every Capsella rubella OSC 

against the Arabidopsis thaliana genome for syntenic regions.  By default, this tool uses a search 

window of 40 genes (20 genes up and downstream flanking the query), and it gives the number 

of matching genes on the syntenic region as the “synteny score”. The minimal number of genes 

required for a syntenic region is four.  

In addition, when there is a homologous gene to the query in the identified syntenic 

block, this gene is identified as a “syntelog”. In this case, the synteny block may resemble an 
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ancestral chromosomal region and those two genes are highly likely to be orthologous to each 

other. On the other hand, when there is a syntenic region found but no “syntelog”, the case can 

be interpreted as gene loss or chromosomal rearrangement. Here I report the identified syntenic 

regions for all 7 Capsella rubella OSCs below.  

C. rubella OSC  A. thaliana Syntelog  Synteny 

Score 

Carubv10013036 

CAS 

 

scaffold_3: 

10542383..1054

8416 forward 

AT2G07050 

CAS 

Chr 2: 

2,924,629…2,930,

295 forward 

12 

Carubv10019849 

Mixed-amyrin 

synthase 

scaffold_2: 

13357486..1336

2499 forward 

AT1G78960 (LUP2) 

Mixed-amyrin 

synthase 

Chr 1: 

29,696,722…29,70

1,024 forward 

33 

Carubv10021777 

Lupeol synthase 

scaffold_2: 

13363941..1336

8797 forward 

AT1G78960 (LUP2) 

Mixed-amyrin 

synthase 

Chr 1: 

29,696,722…29,70

1,024 forward 

31 

Carubv10019844 

Camelliol C 

synthase 

scaffold_2: 

13348710..1335

4286 reverse 

AT1G78955 (LUP3) 

Camelliol C 

synthase 

Chr 1: 

29,689,153…29,69

4,255 reverse 
 

32 

Carubv10008384 

Pseudogene 

 

scaffold_1: 

5742804..57465

91 forward 

AT1G78960 (LUP2) 

Mixed-amyrin 

synthase 

Chr 1: 

29,696,722…29,70

1,024 forward 

13 

Carubv10016727 

Tirucallol synthase 

 

scaffold_5: 

3407295..34116

98 reverse 

AT3G29255 (PEN7) 

Pseudogene 

Chr 3: 11,209,586-

11,213,909 
forward 

17 

Carubv10007073 

Achilleol A 

synthase 

scaffold_7: 

14915832..1492

0739 reverse 

No syntelog 

One syntenic region 

(pos 14973610) 

 31 

Table 4. SynFind (Tang et al., 2015) results of C. rubella OSCs against the A. thaliana genome.  
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Figure 41. Maximum likelihood tree of all C. rubella OSCs with A. thaliana OSCs (bootstrap 

value =1000). Phylogenetic analysis done with MEGA6 (Tamura et al., 2013) and synteny 

identified by SynFind (Tang et al., 2015).   

 

Figure 42. LUP clusters on C. rubella chromosome 2 (top) and A. thaliana chromosome 1 

(bottom). The LUPs are shown within the black boxes: (from left to right) C. rubella 

Carubv10019844, Carubv10019849 and Carubv10021777; A. thaliana LUP3, LUP2 and LUP1.   
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My observations from the synteny analysis results are: 

a) Cycloartenol synthase (CAS) should be conserved through speciation. The identified synteny 

between the C. rubella CAS and the A. thaliana CAS was expected, and it confirms the 

orthology among cycloartenol synthases.  

b) The synteny in the LUP clade suggests that the camelliol C synthase (LUP3) and amyrin 

synthase (LUP2) may be ancestral. C. rubella has four LUPs (Carubv10019849, 

Carubv10021777, Carubv10019844, and Carubv10008384), and their identified syntelogs are 

restricted to A. thaliana LUP3 and LUP2. When including the putative OSCs from other 

Brassicaceae species, LUP3 appears to be highly conserved across many species within 

Brassicaceae, and it is the only OSC other than CAS showing such high degree of 

conservation. Although the biological function of LUP3 and camelliol C is currently 

unknown, this conservation suggests some important and conserved functions to the 

Brassicaceae species. On the other hand, LUP2-like OSCs show more variation among 

species with lower sequence conservation and variation in major product ratios. However, 

amyrins are common leaf wax components from many species, thus a LUP2-like enzyme 

may also be essential in function and highly conserved from ancestral plants. 

In addition, gene duplication has played an important role in the proliferation of the LUP 

clade. A. thaliana LUP1 through LUP4 are located in close proximity on chromosome 2, which 

is highly suggestive of some tandem duplication events. The three C. rubella LUP’s 

(Carubv10019849, Carubv10021777 and Carubv10019844) are also located in close proximity 

on scaffold 2. Therefore, it is plausible that the ancestral species had LUP3 and LUP2-like OSC 

which were both conserved through speciation, and LUP2 duplicated through tandem duplication 

to give rise to the current LUPs in those species.    

However, it is unclear whether this gene duplication of the LUP2-like OSC proceeds or 

follows the speciation between ancestral Arabidopsis and Capsella. From the chromosomal 

location and the enzyme products, this syntenic region (shown as the black box in Figure 42) of 

C. rubella contains Carubv10019844 (LUP3), Carubv10019849 (amyrin synthase) and 

Carubv10021777 (lupeol synthase) and A. thaliana region contains At LUP3, LUP2 (amyrin 

synthase) and LUP1 (lupanediol synthase). This appears to support the conservation of a three 
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LUP cluster in both species, therefore suggest the gene duplication before speciation. However, 

Carubv10021777 shows higher identity to At LUP2 rather than LUP1. If we assume a constant 

and universal rate for mutation (random genetic drift), this supports the duplication of an 

ancestral LUP2 into Carubv10019849 and Carubv10021777 after the divergence from 

Arabidopsis.  

c) The lack of syntelogs within the PEN clade leaves the origin of the PENs unclear. It is known 

that among the OSCs, the PENs appear to be a rapidly evolving clade. Therefore, the PENs 

are usually more distant from each other within a species and across species. The functions of 

the PENs are also more diverse and usually difficult to predict from their sequences. In this 

case, none of the C. rubella and A. thaliana functional PENs appear to be orthologous to 

each other. Therefore, it is still unclear that what ancestral PENs gave rise to the diverse PEN 

clade. 

Also, it is worth noting that Carubv10016727 (tirucalladienol synthase) and At PEN3 are 

not syntenic to each other. Those two OSCs are the closest homologs to each other in C. rubella 

and A. thaliana, and their major products are both tetracyclic products which only differ by the 

position of one double bond. However, Carubv10016727 is shown to be potentially orthologous 

to the pseudogene At PEN7 by synteny analyses. This case illustrates that the function or 

products of an OSC is not indicative of its evolutionary origin. In addition, this case 

demonstrates the value of synteny analysis in addition to the routine phylogenetic tree building. 

Also, it reveals that adding pseudogenes to our analysis can be important, because we often limit 

our scope to only the functional genes.   

 Capsella grandiflora OSCs 

Capsella grandiflora is a Brassicaceae species that is phylogenetically close to C. 

rubella. During the initial mining of the predicted C. rubella OSCs, we observed that the many 

predicted Capsella grandiflora OSCs appear to have high identity to C. rubella OSCs. Through a 

more in-depth analysis, I determined that Capsella grandiflora OSCs have 98 to 100% sequence 

identity to the corresponding C. rubella OSCs, and OSCs from those two species show clear one-

to-one clustering on the phylogenetic tree (Figure 43, Table 5). Therefore, the two Capsella 
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species appear to be sufficiently closely-related that their OSCs are orthologs with conserved 

functions. We should be able to predict those Capsella grandiflora OSC products without 

characterizing them experimentally.  
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Figure 43. Phylogenetic tree of all OSCs in A. thaliana (At) and C. rubella (Carubv), and 

putative OSCs identified in C.grandiflora (Cagra). Maximum likelihood tree constructed by 

MEGA 6 (Tamura et al., 2013) and rooted with the outgroup Amborella CAS.

C. grandiflora OSCs C. rubella OSCs AA Identity (%) 

Cagra17390s001.1 Carubv10013036  99 

Cagra1361s0043.1 Carubv10021777 99 

Cagra1361s0040.1 Carubv10019844 98 

Cagra1361s0042.1 Carubv10019849 100 

Cagra17192s0001.1 Carubv10016727 99 

Cagra0959s0002.1 Carubv10007073 98 

Cagra0824s0032.1 Carubv10008384 95* 

Table 5. Amino acid sequence identity between OSCs from C. grandiflora and C. rubella. The 

95% sequence identity marked by * includes the Cagra0824s0032.1 sequence, which is an 

incomplete sequence from the genome database.   

This high conservation between C. rubella and C. grandiflora OSCs was expected, 

because those two species diverged recently (less than 200,000 years ago). However, this recent 

speciation event was concurrent to C. rubella’s switch from obligatory outcrossing to self-

fertilization (Slotte et al., 2013). In addition to the main differences in mating systems, those two 

species show distinctive geographical distribution: C. rubella is found throughout southern and 

western Europe while C. grandiflora is restricted primarily to the northwest of Greece (Guo et 

al., 2009).  

OSCs are not known for direct involvement in plant reproduction, which can explain the 

observed high conservation of OSCs in those two Capsella species. Additionally, it is possible 

that the expression patterns of those OSCs could differ between those two species, which is not 

reflected in the genes’ coding sequences. For example, a study compared those two species to 

find little DNA sequence variation but significant difference in expression of genes associated 

with flowering phenotypes (Slotte et al., 2013). Therefore, RNA-seq data comparing C. rubella 

and C. grandiflora OSC expression under different conditions should be valuable, and it may 

reflect the unique environment encountered by those two species in different geographical 

locations.  

The putative OSC from C. grandiflora, Cagra0824s0032.1, was of particular interest 

because its C. rubella ortholog (Carubv10008384) was experimentally determined to be a 
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pseudogene. Additionally, those two OSCs share only 95% overall sequence identity, indicating 

that it is possible for Cagra0824s0032.1 to be a functional OSC. However, sequence alignment 

with Cagra0824s0032.1 with other OSCs show high probability of missing exons from the 

coding sequence (Figure 44). The missing exons appear to be a result from a genome sequencing 

error, as shown by the stretch of N’s in the retrieved genomic sequence of Cagra0824s0032.1 

(Figure 45). Because of the missing part in the coding sequence, it was not possible for me to 

further pursue the functional characterization of Cagra0824s0032.1.  
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Figure 44. Amino acid sequence alignment of Cagra0824s0032.1(Query) with Carubv10008384 

(Sbjct) shows possible missing exon of over 50 amino acids from Cagra0824s0032.1.  
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Figure 45. Genomic sequence of Cagra0824s0032 shows error from genome sequencing 

 C. rubella OSC RNA Expression  

In the NCBI BioProject, there are several published datasets from C. rubella RNA-seq 

experiments. Through mining those data for OSCs, we can confirm the mRNA sequence of those 

OSCs and learn about their expression in the plant. Additionally, we can compare C. rubella 

OSC expression pattern to other Brassicacea species, especially A. thaliana. Although the 

biological functions of OSCs in secondary metabolism are largely unknown, the expression 

pattern allows us to hypothesize the potential roles for those enzymes and their products.  

5.7.1 C. rubella OSC RNA expression by plant organ 

The most relevant dataset (accession number: PRJNA336053) that I found contains RNA-

seq short sequence reads for C. rubella, A. thaliana and A. lyrata, and each plant is separated by 

five tissue types – flower, stem, leaf, silique and root (J. Wang, Tao, Marowsky, & Fan, 2016). 

Therefore, we can learn about the distribution of the OSC RNAs by individual plant organ and 

compare them across species.  
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The short sequence reads in this dataset are 107 nucleotides long. Because the plants used 

in this study were reference lines, those short sequences should give 100% sequence match to the 

OSC sequences I have used in my study. In addition, I ran BLAST searches using some of those 

short sequences against all C. rubella nucleotide collection, and I confirmed that the107 bp 

sequences should be unique to the specific OSC.  

I performed BLAST searches using each C. rubella OSC coding sequence against the 

dataset from each C. rubella organ (Sequence Read Archive: SRA), and listed the plant tissue 

types where those RNAs are expressed:  

C. rubella OSCs Silique Root Stem Flower Leaf 

Carubv10013036 X X X X X 

Carubv10021777 X X X X X 

Carubv10019849 X X X X X 

Carubv10019844     X 

Carubv10008384      

Carubv10007073  X    

Carubv10016727  X  X  

Table 6. C. rubella plant organs where each OSC mRNA is expressed by searching the RNA-seq 

data.  

Carubv10013036 (cycloartenol synthase): 

The Carubv10013036 RNA is expressed in all five organs. This is evident as many hits 

were found in the dataset for each organ with 100% sequence matching the query, and those 

short hits combine to cover almost the full-length Carubv10013036 RNA. This expression 

pattern is expected as the cycloartenol synthase is required for plant survival.  
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Figure 46. Short sequence reads matching the Carubv10013036 mRNA query were found in all 

five plant organs.  
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Carubv10021777 

My BLAST results show short sequence hits that can cover most of the full-length 

sequence in all five organs. Therefore, Carubv10021777 appears to be expressed throughout all 

plant organs. Carubv10021777’s major product lupeol is a common triterpene alcohol 

component of plant cuticle. Because this OSC is expressed throughout the plant, it is possible 

that Carubv10021777 also produces lupeol for C. rubella cuticle.  
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Figure 47. Short sequence reads matching the Carubv10021777 mRNA query were found in all 

five plant organs.  

Carubv10019849 

Similar to Carubv10021777, my search results show that Carubv10019849 appears to be 

expressed throughout all five plant organs. Because Carubv10019849’s major products, α-

amyrin and β-amyrin, are the most common plant cuticular triterpene components, it is 

imaginable that Carubv10019849 is expressed through the plant to make those compounds. 
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Figure 48. Short sequence reads matching the Carubv10019849 mRNA query were found in all 

five plant organs. 

Carubv10019844 

My search results gave relatively few hits to the Carubv10019844 in different organs. 

Only those hits from the leaf dataset gave a relatively complete coverage of the full-length 

Carubv10019844 RNA sequence. Therefore, the Carubv10019844 RNA is expressed in the leaf 

and potentially in additional plant organs at very low levels. 
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Figure 49. Short sequence reads matching the Carubv10019844 mRNA query were 

predominantly found in the leaf.  

Carubv10008384 

My BLAST search only gave hits for two short fragments, and those hits show only 84-

88% sequence identity. This level of sequence identity suggest that the hits should match other 

C. rubella OSCs. Therefore, the Carubv10008384 mRNA is not found in any of the datasets in 

this project. This result is consistent with my experimental characterization that determined 

Carubv10008384 to be a pseudogene. 
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Figure 50. Short sequence reads matching the Carubv10008483 mRNA were not found in the 

five plant organs.  

 Carubv10007073 

The BLAST search found mostly 100% hits to the Carubv10017073 mRNA in the root 

dataset, and those hits cover most of the RNA with only a few gaps. In contrast, there were 

almost no matches found in the other four datasets. Therefore, Carubv10007073 should be 

expressed in the root. However, this search result does not rule out possibilities of 
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Carubv10007073 expression in other organs, such as conditional expression upon induction or 

expression at low levels.  

 

 

Figure 51. Short sequence reads matching the Carubv10007073 mRNA query were 

predominantly found in the root.  
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Carubv10016727 

My BLAST searches yielded mostly 100% hits in both root and flower that can cover 

most of the Carubv10016727 mRNA sequence with small gaps. Additionally, there are multiple 

100% matches in the leaf database, although they only cover about half of the full-length RNA. 

Considering that 100% sequence identity with those short reads can distinguish Carubv10016727 

from other C. rubella OSCs, Carubv10016727 should also be expressed in the leaf. This can be 

caused by low number of Carubv10016727 RNA or bias during amplification.  
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Figure 52. Short sequence reads matching the Carubv10007073 mRNA query were 

predominantly found in the root and flower.  

5.7.2 Comparison to A. thaliana OSCs 

Because A. thaliana is a well-studied model species, it has available microarray data 

which illustrate the expression pattern of OSCs. The available A. thaliana OSC expression data 

is also separated by plant organ, which are in much finer categories than the five types of plant 

tissues for the C. rubella data (Thimmappa et al., 2014). Therefore, I summarized the A. thaliana 

data into larger plant tissue type for a comparison to the C. rubella expression data. Here I 

compared the expression data of close homologs between A. thaliana and C. rubella.  

1) CAS1: moderate expression in seedling, inflorescence, seeds, shoot and roots. At CAS1 

shows the most widespread expression among different plant parts, which is expected based 

on the function of cycloartenol. This is similar to the expression pattern observed for 

Carubv10013036.  

2) As discussed before, At LUP2, At LUP1 and At LUP4 are clustered together with 

Carubv10021777 and Carubv10019849. Those enzymes also share high sequence identity 

and overlapping products. From the expression patterns, all three A. thaliana LUPs show 

widespread expression throughout the plant, which includes medium to high expression in 

most parts of inflorescence and low expression in many parts of the shoot and roots. As the 
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C. rubella homologs, Carubv10021777 and Carubv10019849 also show high levels of 

expression in all five plant organs. 

Interestingly, both At LUP2 and At LUP4 synthesize β-amyrin as their major product. 

Those two enzymes show distinct expression patterns in different parts of A. thaliana 

inflorescence. For example, At LUP4 is highly expressed in pedicel where LUP2 shows no 

expression. Additionally, At LUP2 is a mixed-amyrin synthase while At LUP4 is more specific 

for β-amyrin. I hypothesize that having both enzymes should allow the plant to fine tune the 

level of amyrin synthesis in each plant part and under different conditions. In contrast, C. rubella 

does not have any β-amyrin synthases, β-amyrin is only produced at ~5% and ~26% by those 

two C. rubella LUPs.  

3) LUP3 microarray data is missing because no At LUP3 transcript was detected. Historically 

At LUP3 was not identified as a gene but as a part of either LUP2 or LUP4. Therefore, no 

primers were designed in the microarray experiments to detect At LUP3. However, a search 

through the A. thaliana Short Reads Assembly showed that At LUP3 is expressed 

predominantly in the flower with many hits from the leaf (J. Wang et al., 2016). The 

Carubv10019844 expression pattern is mainly in the leaf with multiple hits from the flower, 

further supporting that those two camelliol C synthases may be conserved orthologs.  

Although the biological function of camelliol C in both plants is currently unknown, the 

shared expression pattern allows me to hypothesize that camelliol C has a conserved function in 

the flower and leaf of both plants.  
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Figure 53. Short sequence reads matching the At LUP3 mRNA query were predominantly found 

in the A. thaliana flower. 

4) At PEN3 shows low to moderate expression in many parts of the inflorescence, seed and 

root. At PEN3 is the closest homolog to Carubv10016727. Carubv10016727 is also shown to 

be expressed in flower and root (no seed data available). The similarity in the expression 

pattern and in their product structure (tiruculla-7,24-dienol vs. tiruculla-8,24-dienol) allows 

me to hypothesize a similar function by those two OSCs.  

 Concluding remarks 

Over 100 plant OSCs have been reported in the scientific literature, but A. thaliana is the 

only species with all of its OSCs experimentally characterized (Morlacchi et al., 2009b). Most of 

the OSC characterization studies reported one to a few individual OSCs. Although those reports 

can provide valuable information such as novel compound discovery or OSC enzymatic 

mechanisms, systematically characterizing all the OSCs from a single plant species can provide 

much more insight and allow for analysis on the species level. My complete characterization of 

C. rubella OSCs is the first attempt to report all OSCs from one species at once. As A. thaliana is 

the starting point for such systematic OSC characterization by species, C. rubella can be the first 

attempt to compare triterpene biosynthesis across species. This can be considered an unusual 

type of metabolomics which can showcase the full triterpene biosynthetic capabilities in both 

species and can allow for comparisons on the species level.  
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Figure 54. Comparison of all functional C. rubella (purple) and A. thaliana (black) OSCs.  

My comparison between the two species showed that, in addition to the primary 

metabolic OSC (CAS), camelliol C synthase is highly conserved and can potentially hold 

important functions in both plants, which requires future investigation such as knockout studies. 

The conservation of camelliol C synthase is supported by high sequence identity, conserved 

product profile, phylogenetic analysis, synteny as well as shared RNA expression pattern. 

Additionally, this conservation of camelliol C synthase appears to be present in other 

Brassicaceae species. This further indicates that camelliol C synthase could be an ancestral 

enzyme for the Brassicaceae species.  
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Although my preliminary study of the A. thaliana lup3 mutant plant did not let me 

observe any unusual phenotypes, I now have the guidance from available RNA-seq data which 

show A. thaliana lup3 is expressed in flowers with almost no expression in other organs. 

Therefore, if future researchers plan to study the lup3 mutant, the flower should a primary focus 

of the observation.  

However, outside of CAS and camelliol C synthase, most of the OSCs differ between A. 

thaliana and C. rubella. This is somewhat surprising because those two plant species are not 

very evolutionarily distant. C. rubella is more closely-related to A. thaliana than any crop 

species of high agricultural importance. A. thaliana has been traditionally used as the model 

plant species, but plant secondary metabolism appears to be divergent between even closely-

related species, which limits A. thaliana’s value as a model species for secondary metabolism. 

This is especially relevant because most plant secondary metabolites are involved in plant 

defense, which can have wide implications for agricultural purposes.  

I identified some C. rubella and A. thaliana OSCs to be moderately similar (such as the 

mixed-amyrin synthases), as they produce the same major products at different levels or their 

products are highly similar in structures. Those OSCs have been discussed within the earlier 

sections of this chapter. In addition, both C. rubella and A. thaliana have unique OSCs which 

lack similar OSCs. From phylogenetic and synteny analysis, the evolutionary origins of those 

OSCs remain unclear.  

Lastly, it is observed that A. thaliana not only has more OSCs, it also has OSCs of 

redundant products. A. thaliana has two β-amyrin synthases and two tirucalla-7,24-dienol 

synthases. Having C. rubella as a comparison here is tremendously valuable, because C. rubella 

has only one mixed-amyrin synthase and one tirucalla-8,24-dienol synthase. Overall, C. rubella 

has only six functional OSCs, which is less than half of A. thaliana’s 13 OSCs, and the products 

of the C. rubella OSCs show little redundancy.  

Interestingly, one of the two A. thaliana β-amyrin synthases is a multi-functional 

synthase producing only 46% β-amyrin, while the other one has higher specificity. The two A. 

thaliana tirucalla-7,24-dienol synthases also include a multi-functional synthase (producing 

about 40% tirucalla-7,24-dienol) and a specific synthase. The microarray data indicate that the 
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two β-amyrin synthases show different levels of expression across most plant organs. Overall, 

having two different β-amyrin synthases with different expression levels can allow the plant to 

fine-tune the product mixture in different plant parts or under different conditions. Another 

possible theory is that multi-functional enzymes, such as the mixed-amyrin synthase, can retain 

catalytic plasticity which can potentially provide an evolutionary advantage. Furthermore, if the 

more specific β-amyrin synthase originated from duplication of the mixed-amyrin synthase, this 

could be an interesting case of sub-functionalization.  
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Chapter 6. Concluding Remarks 

 OSC product profile characterization  

In my work, I characterized individual OSCs from three different plant species as well as 

completed OSC characterization from one plant species. In total, 12 OSCs with their detailed 

product profiles are reported, in which 9 of those OSCs were never experimentally characterized 

prior to my work. Among those OSCs, 6 cyclases came from C. rubella. Combined with the 

predicted CAS, all OSCs from C. rubella have been characterized. This is the first attempt to 

completely characterize all the OSCs from one plant species at once.  

Characterization of individual OSCs can lead to the discovery of OSCs with rare products 

or novel types of OSCs, such as Bra032185 astertarone A synthase, Bra039929 euphol synthase, 

and Carubv10007073 achilleol A synthase. Because those OSCs are divergent from any 

characterized OSCs, their predicted products based on their names in NCBI and other genome 

databases are incorrect and can be misleading. Therefore, it is essential to experimentally 

characterize those enzymes. In general, it is observed that two OSCs with over 90% sequence 

identity often produce highly similar product profiles; 80-90% sequence identity also can result 

in somewhat similar products; and OSCs with lower than 75% sequence identity rarely show 

conserved product profiles.  

From careful analysis of OSC products to include the minor products at low levels, we 

were able to explore enzyme mechanisms for product specificity. For example, all the reported 

6/6/6/5 cyclases appear to have high specificity for either the 20S or 20R configuration (At 

LUP5, At PNE3, Bra032185, Bra039929 and Carubv10016727). If those enzymes’ active sites 

can be better illustrated in the future, it will be possible to study the mechanisms for those 

enzymes to achieve such high stereospecificity. Such insights can have enormous applications 

for protein engineering and drug design.  

Additionally, analysis of the OSC product profiles can give insights into the evolutionary 

history of those enzymes. For example, two camelliol C synthases (At LUP3 and 

Carubv10019844) share highly-conserved product profiles. This observation, combined with 
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phylogenetic analysis, synteny and expression data, suggests that camelliol C synthase should be 

an ancestral OSC for the Brassicaceae species, and it may carry important biological functions in 

those plants. In addition, both OSCs produce β-amyrin as a byproduct at low level, which 

suggests that those enzymes might share an evolutionary origin with a pentacyclic synthase.  

Lastly, the detailed OSC product profiles can illustrate important aspects of the common 

experimental approaches. For example, the detection and analysis of 4-epi astertarone A during 

the characterization of Bra032185 allowed us to carefully review the origin of similar C4-pimers. 

This led us to conclude that saponification, GC injection and other experimental procedures 

could result in the epimerization of 3-keto triterpenes, which can mislead researchers in studying 

such compounds.  

 Product profiles as metabolomics 

Traditionally, metabolomics is characterized as the collective metabolites found in the 

plant tissue at a specific moment under specific conditions. However, combining the OSC 

product profiles of one species, such as C. rubella, allows us to see the full triterpene 

biosynthetic capacity of this plant. This compiled product list, in comparison to the traditional 

triterpene metabolomics of this plant, also includes products from OSCs that are not commonly 

expressed, OSCs products at very low levels and OSCs products that do not accumulate in plants 

(for instance, metabolized products).  

Characterizing and combining the OSC products from C. rubella can allow us to have a 

comprehensive picture of its triterpene biosynthesis. This can also allow us to make a thorough 

comparison to another plant such as A. thaliana on the species level. This approach of compiling 

product profiles is also helpful to discover or identify novel or rare compounds in nature.  

  Combining synteny analysis, phylogenetic analysis and transcriptomics  

In my work, I conducted synteny analysis in addition to the traditional phylogenetic 

analysis with multiple sequence alignment and tree building, because synteny analysis can allow 

us to look beyond the OSC sequences. Identifying synteny, or conserved genome regions, is 
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particularly valuable for determining the orthologous or paralogous relationship among OSCs. 

Specifically, high sequence identity and conserved products between two OSCs may suggest 

orthology between those enzymes, because orthology often results in conservation of the 

sequence and function. However, enzyme sequences and functions should not be used to 

determine orthologous relationships. Comparatively, two OSCs located in two conserved synteny 

regions is more indicative of potential orthology. Because both speciation and gene duplication 

have contributed to the extensive expansion of the OSC family, synteny analysis can be a 

powerful tool in studying the complex evolutionary relationships among those enzymes. 

 During the phylogenetic analysis of OSCs, I observed that entering more OSCs from 

related plant species, even including putative OSCs and pseudogenes, can be beneficial to 

deciphering the complex relationship among OSCs. When a phylogenetic tree branch contains 

divergent OSCs, the topology of that branch is usually uncertain. For this reason, entering OSCs 

that are more closely-related can help to clarify the evolutionary relationship for that branch. 

Also, all my model species experienced multiple rounds of genome duplication, where many 

loss-of-function instances occurred. Therefore, including pseudogenes can help to illuminate the 

evolutionary relationships among the functional OSCs.  

I also utilized the available transcriptomics data to learn about OSC expression in my 

model plants and to compare them across species. RNA expression data of OSCs was 

particularly valuable, because the biological functions of most of those OSCs are unknown. The 

expression of those OSC RNAs ensures that there is certain biological function for those 

enzymes, and it can illuminate the direction for future functional studies. Secondary metabolic 

OSCs are not involved in “essential functions” for plant survival, consequently the OSC 

mutations in plants may produce mild, hard-to-observe phenotypes. Knowing the specific plant 

tissue where an OSC is expressed can help to concentrate the research efforts and may help 

identify such mutant phenotypes. In addition, for those OSCs with unknown functions, I was 

able to compare them by their expression patterns. For example, I observed some closely-

conserved OSCs from A. thaliana and C. rubella to be expressed in the same type of plant tissue, 

which can allow me to hypothesize a shared function between those OSCs.  
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 OSC as a model system for enzyme evolution 

Evolution of enzyme families, including functional divergence (such as 

neofunctionalization and subfunctionalization), functional conservation or loss of function, is a 

research field with widespread interests and applications. The plant OSC family presents a great 

model for studying enzyme evolution.  

Firstly, the OSC family has expanded substantially and contains many divergent 

members even in closely-related species. OSCs are capable of modifying their products with 

relatively few changes in the amino acid sequence, giving rise to a vast variety of OSC products. 

Therefore, functional divergence and neofunctionalzation can be observed frequently in this 

family. In addition, there are many cases of convergent evolution observed within the OSC 

family. Specifically, repeated evolution, where enzymes of similar functions (or OSCs of similar 

products) emerged from distant branches within the phylogenetic tree, is common. Overall, this 

makes the OSC family a very interesting model to observe functional changes for enzyme 

evolution studies. 

Secondly, the OSCs share the conserved substrate oxidosqualene, and this makes 

experimental characterization of OSC products more feasible. In comparison to the enzyme 

families utilizing different substrates where some enzymes may have unknown substrates, the 

OSCs are much easier to characterize experimentally. Additionally, the product ratios in the OSC 

product profile can allow for the quantification of product change or functional change between 

the enzymes. The quantitative comparison of enzyme functions can further strengthen an enzyme 

evolution study. 

 Future directions 

Characterization of more OSCs from different plant species should be carried out, and the 

analysis should be performed on the enzyme level as well as on the species level. With more 

published genomes readily available, mining for putative OSCs, synthesizing the OSCs of 

interest and characterized them through heterologous expression can be engineered into a high-
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throughput process. This will allow us to readily characterize many OSCs through many species, 

and to explore functional and evolutionary insights through those studies.  

The functions of OSCs and OSC products in plants are largely unknown, and such 

functional characterization will be very valuable. To account for potential product redundancy or 

functional redundancy among the OSCs, double-mutant or multiple-mutant plants should be 

tested. Additionally, transcriptomic data illustrating the expression pattern of OSCs can provide 

important clues for those functional studies. If future research can demonstrate the function of 

certain OSC products in a specific plant defense mechanism, such results can have relevant 

applications for the agricultural industry. 

Lastly, it will be valuable for future researchers to determine the X-ray crystal structures 

for some plant OSCs. Currently we lack a detailed picture for plant OSC active site, thus limiting 

our analysis on enzyme mechanism and enzyme specificity. If some plant OSC structures 

become available, active-site analysis and homology modeling will greatly expand our 

understanding on how OSCs control such complex catalysis.  
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Appendix 

1. GC-MS and NMR Characterization of Astertarone A (1) and 4-Epiastertarone A (2) 

 

Figure S1. GC-MS of a derivatized sample from Experiment I, SPE1 fraction 5.  
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Table S1. 1H and 13C NMR Chemical Shifts and 1H-1H Coupling Constants for 1 and 2 a 

C NMR chemical shifts   H NMR chemical shifts and coupling constants 

C# 1 2  H# 1 1H-1H couplings 2 1H-1H couplings 

1 22.75 22.21  1 1.956 dddd 13.0, 7.4, 2.9, 2.2 1.831 m 

2 41.54 37.17  1 1.721 qd 13.0, 5.1 1.661 m 

3 213.16 216.51  2 2.301 dddd 13.8, 13.1, 7.2, 1.2 2.471 m 

4 58.25 58.90  2 2.394 ddd 13.8, 5.1, 2.0 2.219 m 

5 42.38 40.10  4 2.270  1.911 qd 7.3, 1.7 

6 40.80 36.98  6 1.330 td 12.7, 4.5 1.669 td 13, 4 

7 20.27 19.82  6 1.730 dt 12.8, 3.0 1.167 dt 12.8, 3.0 

8 49.75 50.11  7 1.274 dm 13 1.260 d-m 12 

9 37.87 37.47  7 1.513 tdd* 13, 12.3, 3.5 1.579 qd 12, 3 

10 59.05 48.98  8 1.559  1.480 dd 11.9, 2.0 

11 36.73 36.83  1 1.588  1.658 br d* 13 

12 30.10 30.09  11 1.408 td* 13.1, 4.5 1.420 td* 13.5, 4.1 

13 46.20 46.22  11 1.439 ddd* 13, 4.9, 3.0 1.425 m 

14 48.18 48.20  12 1.553 dt 13, 3 1.549 dt 13.2, 3.5 

15 33.97 34.01  12 1.759 tdq 13.1, 4.8, 0.7 1.755 ddd 13.2, 11.6, 5.8  

16 28.09 28.05  15 1.121 qm 10 1.136 m 

17 49.93 49.93  15 1.203 ddd 11.7, 9.1, 2.2 1.206 ddd 11.5, 9.2, 2.1 

18 35.23 35.20  16 1.300 m 1.303 m 

19 35.37 35.38  16 1.884 dtd 13.7, 9.1, 6.9 1.883 m 

20 24.72 24.71  17 1.512  1.515 m 

21 125.15 125.15  18 1.514 m 1.518 m 

22 130.94 130.96  19R 1.580 m J 31 1.578 m 

23 6.81 13.53  19S 1.115 13.3, 10.1, 8.3, 4.9 1.118 m 

24 14.64 23.15  20R 1.887 m J 41 1.889 m 

25 18.48 18.55  20S 2.021 m J 37 2.021 m 

26 19.32 19.43  21 5.094  5.095 t quintet 7.1, 1.4 

27 16.02 16.08  23 0.879 dd 6.7, 0.4 1.136 d 7.3 

28 18.97 18.97  24 0.722 quintet, 0.5 0.927 d 0.9 

29 25.73 25.74  25 0.855 dq, 0.6, 0.3 0.853 d 0.6 

30 17.67 17.68  26 0.791 d, 1.2 0.796 d 1.2 

    27 0.870 m J 1.2 0.872 d 0.6 

    28 0.864 d, 6.2 0.865 d 6.1 

    29 1.687 q 1.4 1.688 q 1.4 

    30 1.609 d 1.1 1.609 br d 1.3 
a Conditions: 5-10 mM in CDCl3, 25 °C, 800 MHz; 1H chemical shifts (±0.001 ppm or ±0.003 ppm for italicized 

values) were referenced to SiMe4; 13C chemical shifts (±0.01 ppm) were referenced to CDCl3 (77.00 ppm). 

Chemical shifts were measured from 1H, 13C, DEPT, COSYDEC, and HSQC spectra. J denotes the sum of all 

coupling constants.   
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Table S2. Observed and Calculated 1H and 13C NMR Chemical Shifts for 1 and 2 a 

13C astertarone A (1) 4-epiastertarone A (2) 1H astertarone A (1) 4-epiastertarone A (2) 

a t o m obsd calcd  obsd calcd  atom obsd calcd  obsd calcd  
1 22.8 23.9 1.2 22.2 23.2 0.9 1 1.96 1.83 -0.13 1.83 1.69 -0.13 

2 41.5 41.9 0.4 37.2 37.7 0.5 1 1.72 1.68 -0.04 1.66 1.58 -0.07 

3 213.2 213.8 0.6 216.5 215.6 -0.9 2 2.30 2.31 0.01 2.47 2.49 0.03 

4 58.2 59.2 1.0 58.9 59.1 0.2 2 2.39 2.35 -0.04 2.22 2.19 -0.01 

5 42.4 43.1 0.7 40.1 40.2 0.1 4 2.27 2.27 0.00 1.91 2.01 0.11 

6 40.8 40.5 -0.3 37.0 36.9 -0.1 6 1.33 1.27 -0.06 1.67 1.67 0.01 

7 20.3 20.4 0.2 19.8 20.0 0.2 6 1.73 1.66 -0.07 1.17 1.09 -0.06 

8 49.7 50.1 0.3 50.1 50.4 0.3 7 1.27 1.18 -0.09 1.26 1.17 -0.08 

9 37.9 37.7 -0.2 37.5 37.5 0.0 7 1.51 1.50 -0.01 1.58 1.56 -0.01 

10 59.1 60.0 1.0 49.0 49.9 0.9 8 1.56 1.65 0.09 1.48 1.57 0.10 

11 36.7 36.6 -0.2 36.8 36.5 -0.4 10 1.59 1.59 0.00 1.66 1.73 0.08 

12 30.1 30.5 0.4 30.1 30.0 -0.1 11 1.41 1.44 0.03 1.42 1.39 -0.03 

13 46.2 47.2 1.0 46.2 47.2 1.0 11 1.44 1.42 -0.02 1.43 1.42 0.01 

14 48.2 48.3 0.1 48.2 48.3 0.1 12 1.55 1.60 0.05 1.55 1.51 0.01 

15 34.0 33.3 -0.7 34.0 33.3 -0.7 12 1.76 1.79 0.03 1.76 1.80 0.06 

16 28.1 28.1 0.0 28.0 28.1 0.0 15 1.12 1.21 0.09 1.14 1.21 0.08 

17 49.9 50.5 0.6 49.9 50.5 0.6 15 1.20 1.19 -0.01 1.21 1.19 0.00 

18 35.2 35.8 0.6 35.2 35.8 0.6 16 1.30 1.32 0.02 1.30 1.32 0.01 

19 35.4 35.7 0.3 35.4 35.7 0.3 16 1.88 1.87 -0.01 1.88 1.87 0.04 

20 24.7 24.6 -0.2 24.7 24.6 -0.2 17 1.51 1.54 0.02 1.52 1.54 -0.01 

21 125.1 124.9 -0.3 125.2 124.9 -0.3 18 1.51 1.55 0.03 1.52 1.55 0.01 

22 130.9 130.5 -0.4 131.0 130.5 -0.5 19R 1.58 1.50 -0.08 1.58 1.50 0.00 

23 6.8 8.3 1.4 13.5 14.3 0.8 19S 1.12 1.12 0.00 1.12 1.12 -0.13 

24 14.6 15.0 0.3 23.2 23.5 0.3 20R 1.89 1.94 0.06 1.89 1.94 -0.01 

25 18.5 19.3 0.8 18.5 19.3 0.7 20S 2.02 2.07 0.04 2.02 2.07 0.09 

26 19.3 19.2 -0.2 19.4 19.3 -0.2 21 5.09 5.14 0.05 5.10 5.14 0.05 

27 16.0 16.0 0.0 16.1 16.0 -0.1 23 0.88 0.79 -0.09 1.14 1.02 -0.10 

28 19.0 18.5 -0.5 19.0 18.5 -0.5 24 0.72 0.69 -0.03 0.93 0.88 -0.04 

29 25.7 26.5 0.8 25.7 26.5 0.8 25 0.86 0.83 -0.02 0.85 0.82 -0.02 

30 17.7 17.0 -0.6 17.7 17.0 -0.7 26 0.79 0.78 -0.01 0.80 0.78 0.00 

       27 0.87 0.90 0.03 0.87 0.90 0.05 

       28 0.86 0.81 -0.05 0.87 0.81 -0.04 

       29 1.69 1.69 0.00 1.69 1.64 -0.04 

       30 1.61 1.62 0.01 1.61 1.57 -0.03 

average deviation 0.3   0.1    -0.01      0.00 

rms deviation 0.6   0.5    0.05   0.06 
 

a
 Average and rms deviation indicate the mean and root mean square of above values in the same column.  refers to 

the difference between calculated (calcd) and observed (obsd) values at the left. Predicted chemical shifts were 

derived from GIAO calculations at the B3PW91/6-311G(2d,p)/B3LYP/6-31G(d) level for 16 side-chain conformers 

of 2. Initially a set of conformer populations was derived from a Boltzmann distribution of the conformers, followed 

by calculation of a GRG2-optimized population distribution and application of empirical corrections.4 The observed 

chemical shifts are from Table S1 above. Predicted chemical shifts for 1 were obtained from a single side-chain 

conformer for atoms in rings A, B, and C, and the predictions for 2 were used for ring D and side-chain atoms. The 

close match of observed and predicted chemical shifts for 2 strongly supports its chemical structure.  
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Figure S2. 1H NMR spectrum of astertarone A (1). 
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Figure S3. 13C NMR spectrum of astertarone A (1). 
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Figure S4. 135° DEPT spectrum of astertarone A (1). 
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Figure S5. 1H NMR spectrum of 4-epiastertarone A (2). 
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Figure S6. 13C NMR spectrum of 4-epiastertarone A (2). 
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Figure S7. 135° DEPT spectrum of 4-epiastertarone A (2). 
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Figure S8. HSQC spectrum of 4-epiastertarone A (2). 
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Figure S9. HMBC spectrum of 4-epiastertarone A (2). 
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Figure S10. COSYDEC spectrum of 4-epiastertarone A (2). 
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Figure S11. NOESY spectrum of 4-epiastertarone A (2). 
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Spectra and Structure Identification of Minor Products (3 - 21) 

 

Table S3. Spectral evidences for Bra032185 minor products by NMR.  

 

Compound Name Product Number 

butyrospermol 3 

euphol 4 

dammar-21-ene-3β,18-diol (18S) 5 

boeticol 6 

dammar-21-ene-3β,18-diol (18R) 7 

isoeuphol 8 

dammara-18(28),21-dien-3β-ol 9 

camelliol C 10 

isohelianol 11 

9αH-polypoda-7,13E,17E,21E-tetraen-3β-ol 12 

isotirucallol 13 

dammara-12,21-dien-3β-ol (18R) 14 

9αH-polypoda-8(26),13E,17E,21- 

tetraen-3β-ol 15 

14-epi-arabidiol 16 

dammara-12,21-dien-3β -ol (18S) 17 

dammara-18(19)Z,21-dien-3β-ol 18 

dammara-18(19)E,21-dien-3β-ol 19 

tirucalla-7,21-dien-3β-ol 20 

β-amyrin 21 

lupeol 22 
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Figure S12. HSQC of Experiment I SPE chromatography combined triterpene fractions.  
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Figure S13. HSQC of Experiment II crude extract.  
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NMR Identification of Minor Products for C. rubella OSCs  

 

Table S4. Carubv10021777 product list.  

 

Compound Name Product Number 

lupeol 1 

β-amyrin 2 

tirucalla-8,24-dienol 3 

euphol 4 

dammar-24-ene-3β, 20R-diol  5 

dammara-20(22)Z,24-dienol 6 

lupanediol 7 

germanicol 8 

dammara-20(22)E,24-dienol 9 

dammar-24-ene-3β,20S-diol 10 

ψ-taraxasterol 11 

taraxasterol 12 

camelliol C 13 

achilleol A 14 

euferol 15 

taraxastane-3β,20R-diol 16 

taraxastane-3β,20S-diol 17 

butyrospermol 18 

tirucalla-7,24-dienol 19 
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Figure S14. HSQC of Carubv10021777 SPE chromatography combined triterpene fractions.  
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Table S5. Carubv10019849 product list.  

 

Compound Name Product Number 

α-amyrin 1 

β-amyrin 2 

lupeol 3 

ψ-taraxasterol 4 

butyrospermol 5 

taraxastane-3β,20R-diol 6 

dammar-24-ene-3β,20S-diol 7 

bauerenol 8 

taraxastane-3β,20S-diol 9 

lupanediol 10 

9αH -Δ7-polypodatetraenol 11 

taraxasterol 12 

dammar-24-ene-3β,20S-diol 13 

δ-amyrin 14 
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 Figure S15. HSQC of Carubv10019849 SPE chromatography combined triterpene fractions.  
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Table S6. Carubv10019844 product list.  

 

Compound Name Product Number 

camelliol C 1 

β-amyrin 2 

butyrospermol 3 
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Figure S16. HSQC of Carubv10019844 SPE chromatography combined triterpene fractions.  
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Table S7. Carubv10016727 product list. 

 

Compound Name Product Number 

tirucalla-8,24-dienol 1 

tirucalla-7,24-dienol 2 

dammar-24-ene-3β,20S-diol 3 

euphol 4 

isotirucallol 5 

dammar-24-ene-3β,20R-diol 6 

thalianol 7 

13αH-Δ14E-malabaricatrienol 8 

camelliol C  9 

butyrospermol 10 

9αH-Δ7-polypodatetraenol 11 

dammara-20,24-dienol 12 

dammara-20(22)E,24-dienol 13 

9aH-Δ8(26)-polypodatetraenol 14 

isoeuphol 15 

euferol 16 

13αH-Δ14(27)-malabaricatrienol 17 

14-epi-thalianol 18 

arabidiol 19 

achilleol A 20 

Δ7-thalianol  21 

β-amyrin 22 

20S-dammara-12,24-dienol 23 
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Figure S17. HSQC of Carubv10016727 SPE chromatography combined triterpene fractions.  
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Table S8. Carubv1007073 product list. 

 

Compound Name Product Number 

achilleol A 1 

9aH-Δ8(26)-polypodatetraenol 2 

9αH-Δ7-polypodatetraenol 3 

camelliol C 4 
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Figure S18. HSQC of Carubv10007073 crude extract. 
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