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ABSTRACT

Unveiling relationships am ong triterpene synthases in higher plants
through enhanced heterologous expression in yeast

By

G ia C. Fazio

N atural product biosynthesis is heavily influenced by external stimuli; therefore,
at any given tim e the host may contain only a subset o f the products that these organisms
can biosynthesize. Consequently, com pounds isolated from a native source m ay not be a
full collection o f the organism ’s biosynthetic capacity. G enom e m ining offers the first
com prehensive approach to

investigating natural product biosynthesis.

Genomic

sequence provides the ability to obtain, for our purposes, all o f the triterpene synthases
(oxidosqualene cyclases, OSCs) that exist in a given plant.
T he origins o f triterpenoid skeletal diversity were explored by characterizing OSCs
through heterologous expression in the yeast Saccharom yces cerevisiae.

The w ork o f

this thesis utilized tw o approaches to increase OSC substrate accum ulation and
production

in Saccharomyces through

genetic

engineering

concentration for heterologous expression o f OSCs.
focused

on

m odifying

Saccharomyces

to

to

increase

substrate

M etabolic engineering efforts

accum ulate

oxidosqualene

(OS)

and

dioxidosqualene (DOS), the precursors for triterpene biosynthesis. A particularly useful
aspect o f this w ork is that several cyclases that showed little to no activity in vitro are
quite active in these hosts, which has allowed us to characterize several genes that were
previously thought not to encode OSCs.

The generated strains facilitated the second
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aspect o f this thesis, which characterized several OSCs from Arabidopsis thaliana,
Sorghum bicolor, Lactuca sativa and Lactuca serriola. G enom e-m ining approaches have
uncovered new triterpene skeletons, broadened the m etabolic profile o f several plants,
and illum inated evolutionary relationships between these genes.
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1

Chapter 1 : Introduction

1.2 Natural product biosynthesis

1.1.1 Primary and secondary metabolic products in plants
The plant kingdom provides a diversity o f natural products through a complex
metabolism.

Specifically, terpenoids comprise one o f the largest groups of natural

products; over 30,000 terpenoids have been isolated from simple prokaryotes to higher
eukaryotic organisms.

Extensive studies o f terpene precursors have elucidated the

genesis o f diverse products to be structurally derived from the C5 isoprene unit, isopentyl
pyrophosphate (IPP).1,2 Terpenes have been found to be part o f the primary (essential)
and secondary (non-essential) metabolism.

Primary metabolites provide membrane

integrity through sterols, function in electron transport through heme A and ubiquinone,
produce dolichols for protein glycosylation, biosynthesize carotenoids as photosynthetic
pigments, and generate hormones for growth regulation. Secondary metabolites are more
diverse in structure and function, including monoterpenes (10 carbons),3 sesquiterpenes
(15 carbons),4 diterpenes (20 carbons),5 and triterpenes (30 carbons).6 Sources o f flavor
and fragrance include monoterpenes and sesquiterpenes. Sesquiterpenes and triterpenes
are produced in response to plant-pathogen interactions and insect herbivory.7,8,9 Other
triterpenes are components o f epicuticular wax o f vascular plants.10 Important diterpenes
include the anticancer compound paclitaxel (Taxol™)11 and the gibberellins, a family o f
growth regulating hormones.12 The cyclization o f a single substrate to generate an array
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o f products through manipulation o f a single pathway makes terpenes and terpenoid
biosynthesis an attractive area o f study.

1.1.2 Oxidosqualene cyclases as sources of metabolic diversity
A large body of literature contributes to our knowledge of triterpenoids. Most of
these papers describe the isolation of these compounds from nature, and nearly 200
distinct triterpenoid skeletons have been found.13 Of these, the biosynthesis of the sterol
precursor lanosterol has been investigated in some detail. Lanosterol synthase protonates
oxidosqualene and the resultant tertiary carbocation initiates a series of cation-olefin
cyclization reactions that transfer the trans stereochemistry of the olefins to anti
configured angular methyl groups. Hydride and methyl shifts then undergo a series of
1,2 antiperiplanar shifts, terminated by deprotonation to yield lanosterol.1416 Although
the biosynthesis of no other triterpene alcohol has been subjected to similar scrutiny, all
of these structures can be accessed by a similar sequence of protonation, cyclization,
rearrangement, and neutralization of either oxidosqualene or squalene.

The set of

observations that describe possible cyclization and rearrangement reactions are known as
“The Biogenetic Isoprene Rules”.17'18
Over the past decade, numerous plant oxidosqualene cyclase genes have been cloned.
Cycloartenol synthases provide polycyclic precursors of sterols.19’21 These enzymes are
ubiquitous in the plant kingdom and appear to be the evolutionary ancestors of plant
enzymes that cyclize oxidosqualene to triterpenes of the secondary metabolic pathway.
O f the enzymes that generate non-steroidal triterpenoids, (5-amyrin synthases have
been isolated most frequently22'26 and have been shown to participate in the plant saponin

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3

biosynthetic pathway.9,27'29 Accurate lupeol synthases26’30,31 are the next most commonly
encountered cyclases and lupeol displays anti-cancer32 and anti-malarial33 capabilities.
Skeletal diversity is expanded by many cyclases that generate multiple OSC
products.24,29,34'36 Further, several genes have been recently characterized that cyclize OS
to novel products (Xiong et al. and Kolesnikova et al., unpublished data).37'41

As

investigation o f OSCs continues, the expanse o f OS cyclization products could increase
exponentially.

1.2 Metabolic engineering of the Saccharomyces cerevisiae sterol biosynthetic
pathway

1.2.1 Sterol biosynthesis in yeast
Sterols are essential to proper eukaryotic cellular function.

Cholesterol, the

predominant animal sterol, has a primary role in modulating membrane fluidity, and is a
precursor of steroid hormones and bile acids. Evolution has conserved a mechanism of
high regulation so complex the details have evaded discovery.

However, a healthy

organism maintains a delicate balance of production and inhibition to make the correct
amounts of each terpenoid product to perform the necessary functions. Although yeast
and other fungi utilize a different sterol known as ergosterol, the first half of the pathway,
which is heavily regulated, is identical.
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Figure 1.1 Saccharomyces cerevisiae ergosterol biosynthetic pathway. HMGR directs
the conversion of HMGCoA to mevalonate. E rglp epoxidizes squalene to form OS. OS
can re-enter the active site of E rglp to be epoxidized on the distal terminus to form
dioxidosqualene.

The pathway begins with acetyl-CoA produced by oxidation of fatty acids. AcetylCoA is first dimerized by acetyl-CoA acyltransferase, and HMG-CoA synthase
condenses the resultant acetoacetyl-CoA with a third acetyl-CoA molecule to form 13hydroxy- p-methylglutaryl-CoA (HMG-CoA, Figure 1.1). HMG-CoA is generated either
in the cytosol for cholesterol biosynthesis or in the mitochondria to serve as precursors
for ketone bodies. The conversion of HMG-CoA to mevalonate consumes two NADPH
molecules in each reaction, mediated by HMG-CoA reductase. HMG-CoA reductase is a
highly regulated enzyme,42 and details of this regulation are discussed later.
The mevalonate pathway converts mevalonate to isopentenyl pyrophosphate (IPP)
through the action of three enzymes: mevalonate kinase, phosphomevalonate kinase, and
IPP synthase.

IPP is isomerized to dimethylallyl pyrophosphate (DMAPP) by
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IPP.DMAPP isomerase. Farnesyl pyrophosphate synthase condenses IPP and DMAPP in
a head-to-tail reaction to form the 10-carbon geranyl pyrophosphate (GPP), to which it
adds a second IPP molecule to generate the 15-carbon farnesyl pyrophosphate (FPP).
FPP is a branch intermediate that can enter either of two pathways. Further addition of
another IPP molecule can generate geranylgeranyl pyrophosphate (GGPP). GGPP is not
a sterol precursor, but is used to prenylate proteins, and is the precursor to polyprenols
including dolichols and ubiquinones, which act in glycosylation and electron transport,
respectively.

GGPP also serves the precursor molecule to diterpenes.

Alternatively,

head-to-head reductive condensation of two FPP molecules forms the 30-carbon
molecule squalene, which is then epoxidized by squalene epoxidase (Erglp) to form 2,3oxidosqualene (OS), the last acarbocyclic precursor of the sterol biosynthetic pathway.
Lanosterol synthase then cyclizes OS to lanosterol, the first carbocyclic ergosterol
precursor.43,44 If the activity of squalene epoxidase is higher than that of lanosterol
synthase, OS can re-enter the epoxidase active site to be epoxidized on its distal end to
produce dioxidosqualene (DOS). DOS is not an ergosterol precursor, but can undergo
lanosterol synthase mediated cyclization to epoxylanosterol, an oxysterol regulator of the
sterol biosynthetic pathway.
Because lanosterol does not promote the ordering of phospholipids in artificial
membranes to the extent that cholesterol and ergosterol do,45 the three extraneous methyl
groups in the sterol nucleus must be removed, and the side chain must be modified. This
process is similar in different organisms, but slight differences exist that generate the
distinctive sterols of animals and fungi.

Plants cyclize OS to the cyclopropyl sterol

cycloartenol,46 which is converted to sitosterol and stigmasterol through metabolic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

6

processes that resemble those used to make cholesterol and ergosterol. This part of the
pathway will not be discussed in detail as this work has focused on the upstream enzymes
through the formation of OS.

1.2.2 Saccharomyces cerevisiae as a host for heterologous gene expression
Escherichia coli is a well-studied host, but it is not ideal because it lacks an
endogenous sterol pathway. Exploiting the existing sterol pathway in Saccharomyces
cerevisiae eliminates the necessity to introduce genes that may be a metabolic burden to
E. coli and may not express well in bacteria. Yeast has been established as a model
eukaryote for metabolic studies47 and all of the genes in its sterol biosynthetic pathway
are known.42 Saccharomyces is readily transformed with high efficiency and is capable
of maintaining large plasmids.48 The genome of this organism has been sequenced and
deletion mutants are readily available for genetic study and manipulation.49 Furthermore,
eukaryotes are often more reliable hosts than prokaryotes to express a eukaryotic gene.
Metabolic engineering efforts discussed below focus on modifying Saccharomyces
cerevisiae to overproduce squalene, oxidosqualene (OS), and bis-oxidosqualene (DOS),
which are precursors for triterpene biosynthesis. Appropriate enzymes are then installed
to convert these linear precursors to cyclic triterpenes. Many cyclases function well in
these metabolically engineered strains. A particularly useful aspect of this work is that
several cyclases that have been recalcitrant to in vitro study are quite active in these
hosts, which has allowed us to characterize several genes that were previously thought
not to encode oxidosqualene cyclases (OSCs).
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Metabolically engineered strains that accumulate OS are particularly useful because
OS can be cyclized to form diverse secondary metabolites. OSCs from higher plants
accurately convert OS to more than 100 complex triterpenes that can have 1-6 rings.13 In
principle, any should be accessible by modifying the sterol biosynthetic pathway of yeast
to accumulate OS and concomitantly expressing a foreign OSC to generate the cyclic
triterpene. Furthermore, metabolic engineering of the early genes in the pathway should
also optimize yields.

1.2.3 Previous generation of a lanosterol synthase deletion strain to accumulate
oxidosqualene in vivo
Initial experiments with native yeast established that significant changes were
necessary to accumulate OS or foreign triterpenes.

The wild-type yeast JBY575

accumulates only 200 pg OS/L. Although the native lanosterol synthase is too efficient
to allow significant amounts of OS to accumulate, flux through the pathway is rather
high. JBY575 accumulates 15 mg/L of ergosterol (Fazio, unpublished results), which is
biosynthesized from OS. To evaluate the function of a foreign cyclase in yeast, JBY575
was transformed with an expression construct encoding the Arabidopsis lupeol synthase
(LU Pl).50,51 The results are discussed in Chapter 4.
A yeast strain was previously generated to avoid competition between the
endogenous lanosterol synthase and the heterologously expressed cyclase. The lanosterol
synthase mutant SMY852 is a frequently used host in the Matsuda lab, and foreign OSCs
expressed in this strain would not have to compete with the native lanosterol synthase for
substrate. However, using SMY8 mandated some constraints on growth medium. Yeast
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does not import sterols under aerobic conditions, so SMY8 was constructed in a hem l
mutant background. The introduction of a heme deficiency mimics the effects of being
grown anaerobically and it has been shown that sterols are imported.53 SMY8 has the
desired sterol auxotrophy, but the hem l mutation causes slow growth.

Fatty acid

desaturation and some steps of ergosterol biosynthesis require mixed function oxygenases
that require heme.53,54

More critically, squalene epoxidation is blocked without

porphyrin. Fortunately, heme mutants grown with hemin chloride grow at nearly wildtype rates when grown with exogenous ergosterol and oleic acid. SMY8 was found to
accumulate 20 pg OS/L and 1.7 mg/L of DOS. Although the flux to OS in SMY8 is less
than that in the wild-type yeast JBY575, the lanosterol synthase mutation markedly
decreases OS consumption and thereby promotes OS accumulation in SMY8.

1.3 Comparative genomics: deducing the evolutionary history of triterpenoid
skeletons

1.3.1 Natural product investigation in plants
A classical biochemical approach to studying enzymatic catalysis entails incubating
radiolabeled

substrate

with

a homogenate

derived from

a biological sample.

Radiolabeled products are then identified by co-chromatography or co-crystallization
with authentic standards. This approach is not ideal for studying terpene biosynthesis.
Like many other secondary metabolites, terpenes are usually accumulated at low levels,
and native sources consequently yield relatively little enzymatic activity. Because most
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plants generate complex mixtures of terpenoids through the action of multiple terpene
synthases, it is rarely practical to study a single activity in a crude homogenate.
Another method is to wash tissues of the plant in organic solvent and look at the
crude extract using GC, GC-MS or NMR. While a great amount of information can be
gathered by a single experiment, again, the approach lacks the ability to examine the
products of a single enzyme. Natural product biosynthesis is also heavily influenced by
external stimuli; the host may contain only a subset of the products that these organisms
can biosynthesize upon harvest. Consequently, compounds isolated from a native source
may not be a comprehensive accounting of the organism’s biosynthetic capacity.
Isolation of natural products from the original organism can also result in low yields.
Heterologous gene expression provides the opportunity to obtain large amounts of
enzyme, free of contaminating cyclase activities.

1.3.2 Genome mining to uncover putative triterpene synthases
Genomic methods offer the first comprehensive approach to investigating natural
product biosynthesis. New tools have been developed to facilitate our pursuit into this
area that had previously been limiting. Dramatic improvements in methods to fractionate
extracts and to determine the structures of trace components have provided a wealth of
natural products, many of which have important biological activities.

Furthermore,

metabolic engineering increases yields for chromatographic and spectral analysis.
Sequence data of many organisms is being unveiled and becoming readily available
using basic local alignment search tool (BLAST) found on the National Center for
Biotechnology Information (NCBI) website.

Performing a BLAST search with a
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characterized OSC yields innumerable sequences encoding full-length genes, fragments
of enzymes, all organized by degree of relatedness. The selections can be narrowed by
organism, motifs, translated sequences, or protein-coding sequences, to name a few.
Such an approach has afforded the identification of all OSCs discussed herein.
Several plant genomes are in various degrees of completion.
thaliana genome was released in 2000.

The Arabidopsis

The Arizona Genomics Institute is currently

sequencing high-copy expressed sequence tag (EST) libraries of Lactuca sativa and
Lactuca serriola. The genome of Medicago truncatula is currently being pursued; over
200,000 ESTs have been sequenced. The scientific community released the sequenced
genome of Populus trichocarpa. The Populus genome consists of 500 million bases, 50
times smaller than pine, making it an ideal tree model system. The Institute for Genomic
Research (TIGR) is currently acquiring sequences through a collaborative efforts for over
30 plants including, but not limited to: maize (Zea mays), wheat (Triticum aestivum), rice
(Oryza sativa), potato (Solarium tuberosum), petunia (Petunia hybrida), and onion
(Allium sepa).
Genome mining approaches discussed here have revealed several oxidosqualene
cyclases from Lactuca sativa, Lactuca serriola, Arabidopsis thaliana, and Sorghum
bicolor. Complementing our own results with OSCs characterized by other researchers,
characterization of these putative enzymes was pursued to broaden the metabolic
capabilities of plants, while connecting evolutionary dots among many plant systems.

1.4 Overview
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Plants generate thousands of triterpenoids as part of their primary and secondary
metabolism.

To circumvent limitations of natural product extraction from the native

source, genome mining was used to identify triterpenes from Sorghum bicolor,
Arabidopsis thaliana, Lactuca sativa, and Lactuca serriola.

Utilizing this approach

unveiled two novel products from Arabidopsis, three highly conserved plant metabolites
from both Arabidopsis and Lactuca, and parallel evolution of OSC activity in monocots
and dicots.
This work was facilitated by the metabolic engineering of the yeast host
Saccharomyces cerevisiae.

Select genes that encode key enzymes of the sterol

biosynthetic pathway were overexpressed to accumulate substrate for the heterologously
expressed plant OSCs. Such efforts led to the accumulation of OS 40-fold over wild-type
levels,

enabling

the

high-throughput

characterization
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Chapter 2 General methods

2.1 Materials
Polymerase chain reactions (PCR) were used to amplify all cloned genes discussed in
this thesis. All reactions were carried out using an Eppendorf Mastercycler Gradient
(Brinkmann Westbury, NY).

TripleMaster and Pfu Polymerase were purchased from

Brinkmann (Westbury, NY) and Stratagene (La Jolla, CA), respectively. Buffers for each
enzyme were provided with the polymerase. All restriction enzymes, the Quick Ligation
Kit, and BstE II-digested lambda DNA molecular weight marker were purchased from
New England Biolabs (Beverly, MA). The Qiaquick Gel Extraction Kit was purchased
from Qiagen (Valencia, CA). Luria-Bertani (LB) media, dextrose, galactose, peptone,
yeast extract, yeast nitrogen base and agar were purchased from Fisher Scientific
(Pittsburgh, PA).

Heme, ergosterol, cholesterol, epicoprostanol and other chemical

reagents were purchase from Sigma/Aldrich (St. Louis, MO). Organic solvents, silica gel
60 and silica gel 60 plates were purchased from EM Science (Gibbstown, NJ). Double
deionized (Milli-Q) water was obtained by filtering deionized water through a Super-Q
water system (Millipore, MA). Centrifugations of 1.5-mL tubes were performed in a
variable speed Eppendorf Centrifuge Models 5415C, 5415D, or 5810R. Centrifugations
(3-50 mL) were performed using an Eppendorf Model 5810R centrifuge (variable
temperature), or a Sorvall Model RC-5B centrifuge (variable temperature).

2.2 Bacterial media
Escherichia coli cultures were grown in Luria broth (LB, 5 g tryptone, 2.5 g yeast
extract, and 2.5 g sodium chloride dissolved in 500 mL MilliQ water, autoclaved no less
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than 30 min) in a 37 °C shaker or on LB agar plates (with 7.5 g agar added to the above
liquid media before sterilization) in a 37 °C incubator. E. coli cultures containing an
ampicillin-resistant plasmid were grown with ampicillin (LB + amp) added from 250 x
stock solution (25 mg/mL ampicillin 1:1 ethanol:aqueous solution, filter sterilized, stored
at -20 °C) to the LB broth or LB agar plates to the final concentration of 100 pg/mL.

2.3 Yeast media
Yeast cultures were grown in liquid media in a 30 °C platform shaker or grown on
solid media in a 30 °C incubator.

Yeast media contained both carbon and nitrogen

sources, which varied depending on conditions necessary for strain growth and/or
selection. Carbon sources were 2% dextrose (D, 2 x solution: 20 g sugar dissolved in 500
mL MilliQ water, autoclaved for no less than 30 min) for yeast propagation or 2%
galactose (G, 2 x solution: 20 g sugar dissolved in 500 mL MilliQ water, autoclaved for
no less than 30 min) for induction of the recombinant gene(s). For solid yeast media, 7.5
g agar was added to a 500 mL 2 x sugar solution before sterilization. The metabolic
engineering studies occasionally used 4% galactose (40 g/L, 4% gal) to optimize
conditions where indicated.
Two nitrogen sources were used depending on the strain.

Yeast strains not

carrying a plasmid were grown in yeast extract and peptone (YP, 2 x YP solution: 10 g
yeast extract, 20 g peptone dissolved in 500 mL MilliQ water, autoclaved no less than 30
min). Yeast strains hosting a plasmid were grown in synthetic com plete m edia (Sc, 2 x

Sc stock solution: 1.7 g yeast nitrogen base, 5 g ammonium sulfate, 2 g amino acid
dropout mixture, 500 mL MilliQ water then autoclaved 20 to 30 min).
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dropout mixtures were prepared from 10 g o f leucine, 2 g each o f alanine, arginine,
asparagine, aspartic acid, cysteine, glutamic acid, glutamine, glycine, histidine,
isoleucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan,
tyrosine, valine, adenine, and/or uracil. Sc deficient media in leucine (Sc-Leu), and/or
uracil (Sc-Ura) were used to select for recombinant yeast strain containing the plasmid
with the corresponding amino acid biosynthetic gene marker.
Sterol auxotrophs require exogenous sterol and heme for growth; however, yeast does
not import sterols under aerobic conditions.

The introduction of a heme deficiency

mimics the effects of being grown anaerobically and it has been shown that sterols are
imported.53 Yeast media were supplemented with 20 pg/mL fresh ergosterol (E, 100 x
stock: 20 mg ergosterol dissolved in 5 mL ethanol by sonication and then mixed with 5
mL Tween 80) or 20 pg/mL fresh cholesterol (C, 100 x stock: 20 mg ergosterol dissolved
in 5 mL ethanol by sonication and then mixed with 5 mL Tween 80), and 13 pg/mL
hemin (H, 100 x hemin stock: 65 mg hemin dissolved in a mixture of 25 mL ethanol, 25
mL MilliQ water, and 1 mL 1 M sodium hydroxide). Deletion strains require selection
on antibiotic. 200 pg/mL Geneticin (100 x stock: 200 mg Geneticin dissolved in 20 mL
MilliQ water, filter sterilized) was added where noted.

2.4 Oligonucleotides
All custom oligonucleotides were synthesized by Integrated DNA Technologies, Inc.
(Coralville, IA). Upon receipt of freeze-dried pellets, all were dissolved in sterile MilliQ
water to a final concentration of 100 pmol/pL and stored at -2 0 °C.
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2.5 DNA sequencing
Genes amplified through polymerase chain reaction (PCR) were thoroughly
sequenced to ensure no mutations were introduced that differed from available genomic
sequence. Genomic sequence for Lactuca clones obtained through the Arizona Genomics
Institute is not available and therefore each sequence was scrutinized for ambiguity and
mutations that interrupted coding sequence.

The Arabidopsis thaliana cycloartenol

synthase served as a reference for start site codons, common oxidosqualene cyclase
motifs (discussed in text) and approximate protein length. Sequencing was performed by
either Lone Star Labs, Inc. (Houston, TX) or SeqWright, Inc. (Houston, TX); both
companies use an Applied Biosystems International sequencer.

2.6 Restriction enzyme digest and gel analysis
Cloning and subcloning enzymatic digest reactions were performed in an Eppendorf
tube using 10 pg DNA, 5 pL selected restriction enzyme, 7 pL of recommended 10 x
NEB buffer, and sterile MillQ water to a total volume of 70 pL. Each reaction was
incubated at the recommended temperature for at least 1 h. The resulting DNA fragments
were purified using gel electrophoresis through a 1% agarose gel in GTAE buffer (TAE
buffer: 242 g Tris base, 57.1 mL glacial acetic acid, 37.2 g Na2.EDTA.2H20, pH 8.5,
MilliQ H20 to 1L total volume; 0.283 g/L guanosine) stained with ethidium bromide.
DNA fragments of the appropriate size (as measured against the appropriate molecular
weight marker) were excised from the gel and purified from the agarose by a Qiaquick
Gel Extraction Kit (Qiagen) according to manufacturer’s instructions.
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2.7 Plasmid ligation and bacterial transformation
Ligation of DNA fragments with complementary cohesive ends was accomplished
using a Quick Ligation kit (New England BioLabs).

The reaction was performed

according to the manufacturer’s instructions, including at least a 3-fold excess of insert.
The ligation reaction was immediately used to transform chemically competent E. coli.
Chemically competent D H 5a E. coli cells (stored at -8 0 °C) were thawed on ice. A
5-pL aliquot of the pre-chilled ligation mixture was added to 100 pL of competent cells.
If the yield from gel purification of the DNA insert was low, a larger volume of the
ligation reaction was used to increase efficiency.

The reaction was incubated on ice

between 20 and 60 min, heat shocked at 42 °C for 45 s and spread on LB agar plates
containing ampicillin. The plates were placed at 37 °C for approximately 16 h.

2.8 Preparative DNA Purification
A 50 mL culture of LB media containing amplicillin was inoculated with a single
bacterial colony containing the desired plasmid. The L. sativa and L. serriola clones
obtained

from

the

Arizona

Genomics

Institute

contained

a

low-copy

vector

(pBRcDNASfilAB) and therefore required a 100-mL culture to isolate adequate amounts
of plasmid DNA. The culture was grown overnight in a 37 °C shaker to saturation. Cells
were harvested by centrifugation (3000 x g, 10 min, 4 °C). To isolate the plasmid DNA,
the cells were lysed by the addition of 2 mL PI buffer plus RNase A (50 mM Tris-HCl
(pH 8.0), 10 mM EDTA, 20 mg/mL RNase A, stored at 4 °C). A 2-m L aliquot o f P2 (200

mM NaOH, 1% SDS (w/v)) was added, mixed by gentle inversion, and incubated at
ambient temperature (23 ± 1 °C) for 5 min before the addition of 2-mL cold P3 buffer
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(3.1 M potassium acetate, pH 5.5). Cell lysates were mixed by inversion and chilled on
ice for 1-2 h. The solution was filtered through Miracloth (Calbiochem, La Jolla, CA)
and mixed with 0.7 volume of isopropyl alcohol. After storing at -20 °C for at least 30
min, DNA was pelleted by centrifugation and the supernatants discarded. Pellets were
resuspended in 400 pL 10 mM Tris-HCl EDTA, pH8.0 (TE8), and 40 pL 1 M NaCl was
added followed by 2 volumes absolute EtOH prior to chilling at -20 °C for at least 20
min. DNA containing pellets were obtained by centrifugation (12000 x g, 10 min, room
temp) and supernatant discarded. Residual EtOH was removed by drying at 37 °C for
approximately 1 h. The pellets were redissolved in 50-100 pL of TE8 and stored at -20
°C.

2.9 Yeast transformation
A single yeast colony was used to inoculate a 10 mL culture and incubated for 36 h in
a 30 °C shaker. Cells were harvested by centrifugation (3000 x g, 3 min, 22 °C), the
supernatant was discarded, and the pellet washed with 10 mL sterile MilliQ water. Cells
were again obtained by centrifugation and the pellet washed two more times. The pellet
was resuspended in 100 pL in sterile MilliQ water by vortexing. 5-10 pg DNA and pre
warmed (90 °C) single-stranded DNA (50 pL) were added and mixed by inversion. 2 mL
of yeast transformation buffer (40% polyethyleneglycol 3350, 0.1 M lithium acetate, 10
mM Tris pH 7.5, 1 mM EDTA, 0.1 M dithiothreitol; filter sterilized, stored at -2 0 °C)
were added and mixed by inversion. The reaction was incubated at room temperature 812 h). 10 mL of sterile MilliQ water was added and the pellet harvested by centrifugation
(2000 x g, 3 min, 22 °C). The pellet was washed two more times, harvesting the cells by
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centrifugation each time (3000 x g, 3 min, 22 °C).

The pellet was resuspended by

vortexing in 100-300 pL sterile MilliQ water and plated on selective media, spread with
sterile glass beads and placed in a 30 °C incubator until colonies were observed.

2.10 Yeast gene integration
To generate the yeast strains discussed in Chapter 3, the recombinant plasmids
utilized the galactose-inducible integrative yeast expression vector pRS305GAL.55 The
plasmid first was linearized prior to transformation to allow for homologous
recombination into a specific locus; pRS305GAL integrates into the yeast genome at the
LEU2 locus. The reaction was contained in a sealed Eppendorf tube using 10 pg DNA, 2
pL BstEII, 10 pL NEB3 buffer, and sterile MillQ water to a total volume of 100 pL. The
reaction was incubated in a heat block at 60 °C for 2 h. The entire reaction was used to
transform yeast as described in 2.7.

2.11 Preparation of 20 x (±)-2,3-oxidosqualene solutions
In vitro reactions required exogenous oxidosqualene substrate. (±)-Oxidosqualene
(200 mg) and Tween 80 detergent (200 mg) were added to a round bottom flask. Mixing
was facilitated by the addition o f methylene chloride solvent, which was completely
removed by rotary evaporation after mixing. Sterile MilliQ (9.8 mL) water was added
and the solution stirred for at least 1 h prior to storage at 4 °C. Prior to use, the solution
w as stirred at least 30 min at room temperature.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

19

2.12 Cell lysis
Yeast cells from a small-scale culture were lysed with glass beads by vortexing.
Yeast pellets from a large-scale culture were lysed by cell disruption using an
Emulsiflex-C5 homogenizer (Avestin).

2.13 In vitro assay
A 10-mL ScD-UraHE culture was inoculated with a single colony of the selected
strain and was grown in a 30 °C shaker to saturation.

A 1-mL aliquot was used to

inoculate a 100-mL ScD-UraHE culture then grown under the same conditions to
saturation. The entire 100 mL culture was used to inoculate a 1-L ScG-UraHE culture
grown in to saturation in a 30 °C shaker.

Upon saturation, cells were harvested by

centrifugation (3000 x g, 3 min) in tared 50-mL Falcon tubes.

The supernatant was

discarded and the pellet weighed. The cells were resuspended as a 40% slurry in 100
mM sodium phosphate buffer at pH 6.4, passed through an 18-guage needle fixed to a 20
mL syringe.

The cells were lysed by passing the suspension twice through an

Emulsiflex-C5 homogenizer.

Racemic oxidosqualene56 was added from a 20 mg/mL

solution in 20% Triton X-100 to a final concentration of 1 mg/mL. The enzymatic
reaction was allowed to incubate at room temperature for 24 h.
TLC was used to monitor the reaction. Aliquots (5-p.L) were spotted on a plate as a
thin vertical band in addition to a standard of combined ergosterol and lanosterol. The
products were focused to a single horizontal line using ethyl ether, then run in 1:1 ethyl
ether:hexanes. The products were visualized with />-anisaldehyde (270 mL ethanol, 10
mL concentrated sulfuric acid, 3 mL acetic acid and 0.74 mL p-anisaldehyde).
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After 24 h the reaction was quenched with 2 volumes of 100% ethanol and the
cellular debris was pelleted by centrifugation (3000 x g, 3 min).

A portion of the

remaining extract was removed and concentrated to dryness under a nitrogen stream and
stored at -2 0 °C to serve as a crude standard. The remaining material was concentrated
to near dryness using rotary evaporation and extracted with 3 volumes of ethyl acetate.
The organic layer was removed and dried onto 5 g of neutral alumina using rotary
evaporation. The alumina-bound crude was loaded onto a silica plug (5 g) and eluted
with ethyl ether. The remaining material was concentrated to dryness under a nitrogen
stream and stored at -2 0 °C. Portions of the material were analyzed by GC-FID, GCMS, and NMR.

The remaining material served as a crude mixture for further

purification.

2.14 In vivo assay
Yeast cultures were grown as described for the In vitro assay. Upon saturation, the
cells were harvested by centrifugation (10-100 mL cultures: 3000 x g, 3 min, 22 °C; 1 L+
cultures: 4000 x g, 15 min, 22 °C) and alkaline lysis was used to release the organic
material. Saponification solution (10% potassium hydroxide (KOH) in 80% ethanol) was
added (10 mL solution/1 g wet cell mass) and the reaction incubated in a 70 °C water
bath for 2 h. The material was extracted after cooling to room temperature or otherwise
stored at -2 0 °C. The non-saponifiable lipids (NSL) were extracted into hexanes and the
extract concentrated to dryness using rotary evaporation. The crude material was stored

at -2 0 °C and portions were analyzed by GC-FID, GC-MS, and NMR. The remaining
material served as a crude mixture for further purification.
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2.15 Column Chromatography
Silica gel chromatography was used to purify desired squalene metabolites from
crude extracts. Approximately 7 g of silica gel 60 (230-400 mesh) was used per 100 mg
of material. Products were eluted with either 10% hexanes in methylene chloride or a
gradient of ethyl ether:hexanes.

Fractions

were monitored using

thin layer

chromatography (TLC) stained with p-anisaldehyde.

2.16 Preparative thin-layer chromatography (PTLC)
Preparative thin-layer chromatography was used to obtain a crude mixture of
triterpene products generated by a single cyclase. A silica gel 60 plate was first washed
by running 1:1 methanol:methylene chloride to the top of the plate, after allowing the
solvent to evaporate, the plate was dried in a oven overnight. Using a capillary glass tube
(10 pL), the plate was spotted with approximately 3 mg of crude extract from a 1-L yeast
culture containing only NSL, spreading the material across a single line 2 cm from the
bottom as evenly as possible, taking care not to spot within 1 cm of either edge. Once the
material had dried, the homogeneity was confirmed using UV light and the plate was
eluted in methylene chloride solvent. For the separation o f a crude yeast culture, UV
locates the area of the plate that contains ergosterol. Doing so allows one to ascertain the
migration of products up the plate; an improperly loaded crude sample can cause certain
areas to migrate faster, interfering with the ability to isolate a pure fraction of desired
product(s).

The plate was air-dried and the band corresponding to ergosterol was

marked. A 2 cm strip was cut from one side and stained with p-anisaldehyde to calculate
the Rf value of the triterpene area. The area corresponding to the desired fraction was
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marked and the silica stripped from the plate using a clean razor. The silica-bound crude
was ground in a mortar and pestle and placed in a polyethylene frit. Aliquots of ethyl
ether ( 2 x 5 mL) were used to elute the products from the silica into a tared glass vial.
The extract was concentrated to dryness under a nitrogen stream and stored at -2 0 °C.
The triterpene crude was analyzed by NMR, GC-MS and GC-FID.

2.17 High Performance Liquid Chromatography (HPLC)
Following silica gel chromatography, reversed-phase purification was occasionally
necessary. Separations were carried out using a Phenomenex 5-pm ODS3 column (250 x
21.20 mm id) using an Agilent 1100 HPLC system with a Rheodyne 7125 injector (500
pL loop) with ultraviolet detection at 210 nm.

Separations were performed at room

temperature with isocratic elution (95% methanol in water) at a flow rate o f 8 mL/min for
90 minutes. All samples were dissolved in 300 pL methyl tert-butyl ether (MTBE) and
filtered through a 0.45 pM Whatman filter fixed to a 3 mL syringe prior to load.

2.18 Trimethylsilyl (TMS) derivatization of triterpene alcohols
For all quantification experiments, triterpene alcohols were converted to the TMS
ethers through derivatization. A 10% aliquot of the total extract was dissolved in 200 pL
bis(trimethylsilyl)trifluoroacetamide/pyridine, sealed and incubated at 37 °C for at least 2
h prior to GC-FID or GC-MS analysis.

Triterpene alcohol products monitored for

purposes other than quantification were analyzed either with or without derivatization

where indicated.
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2.19 Gas Chromatography Flame Ionization Detector (GC-FID) and
quantification of metabolites and products
GC-FID spectra were obtained using an Agilent 6890 Series GC System equipped
with a Rtx-35MS column (30 m, 0.25 mm id, 0.10 pm df; Restek, Bellfonte, PA). The
inlet and FID-detector temperatures were 280 °C, the oven kept isothermal 270 °C, split
injection 40:1, and helium served as the carrier gas at a constant flow rate of 20 cm/s.
Further studies investigated the degradation rate of squalene metabolites and accuracy of
FID-detection of these products. These studies varied the conditions slightly and are
noted below.

2.20 Gas Chromatography Mass Spectrometry (GC-MS)
GC-MS spectra were obtained using an Agilent 6890 Series GC System interfaced to
a 5973 MSD using electron impact at 70 eV. The inlet temperature was 280 °C, the oven
kept isothermal 260 °C, split injection 40:1, and helium served as the carrier gas at a
constant flow rate of 20 cm/s.

2.21 Nuclear Magnetic Resonance (NMR)
Proton ('H) NMR spectra were collected on a Bruker Avance 500 NMR spectrometer
at 500 MHz with a 5 mm inverse geometry probe. Later, 'H NMR spectra of PTLC
fractions for minor product analysis were collected at 800 MHz on a Varian Inova 800
M H z NM R equipped with an inverse geometry probe. A ll spectra were collected at 25

°C and referenced to the internal standard tetramethylsilane (0 ppm). Carbon (l3C) NMR
spectra were collected at 125 MHz on a Bruker Avance 500 NMR spectrometer and all
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shifts were referenced to CDC13 at 77.0 ppm.

Samples were dissolved in deuterated

chloroform (CDC13, Cambridge Isotope Laboratories; Andover, MA) filtered prior to use
through basic alumina (ICN Alumina B, Activity I) and transferred to 5 mm glass tubes
(Wilmad Glass Co., Inc. or Shigemi, Inc.).
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Chapter 3 Metabolic engineering of Saccharomyces cerevisiae
to produce oxidosqualene substrate in vivo

3.1 Metabolic engineering of Saccharomyces cerevisiae through select expression
of specific enzymes

Additional genetic changes were introduced to the previously generated lanosterol
synthase mutant.

We wanted to optimize formation o f OS and DOS and to convert

further to cyclic triterpenes. Manipulating HMG-CoA reductase (HMGR) and squalene
epoxidase (ERG1) would ensure OS would not be a limiting substrate for production with
known cyclases and to facilitate characterization of novel OSCs. Overexpression of each
gene was predicted to push more carbon through the pathway because are regulated
enzymes o f the sterol biosynthetic pathway.57 Overexpressing the genes overcomes such
a barrier, thus producing more OS, facilitating the isolation and characterization of OSC
products.
The work described here generated two yeast strains, GCFY2 and GCFY3 to
accumulate OS and DOS, respectively. While a great amount o f material is accessible
through synthetic means, the biosynthetic production approach discussed here generates
the single enantiomer o f OS accessed by OSCs. Previous work has shown only chiral OS
has been isolated from in vivo production in yeast. Biosynthetic production of OS is a
more efficient method o f substrate production for enzymatic study.

Furthermore, as

natural product investigation reveals DOS as a substrate for OSCs,58 GCFY3 will
facilitate in vivo production and structural determination o f novel products.
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3.1.1 The rate-limiting hydroxymethylglutaryl coenzyme A reductase (HMGR)
HMGR converts HMG-CoA to mevalonate and has been shown to the rate-limiting
step in sterol biosynthesis.59 Saccharomyces has two isozymes o f HMGR, H m glp and
Hmg2p.60 H m glp is a proteolytically stable protein, whereas Hmg2p is rapidly degraded
in response to specific signals.61
Several studies have investigated the complex regulation of the Saccharomyces sterol
biosynthetic pathway. Lang and colleagues have specifically investigated accumulation
of ergosterol precursors through overexpression of selected genes in a wild-type
background. The strain used contained an intact sterol pathway, differing only by the
overexpression of specific genes controlled behind the AD H promoter.6263 The authors
found overexpressing trHMGl (truncated hydroxymethylglutaryl reductase) leads to
significant accumulation of squalene (40-fold higher) in yeast with an intact sterol
pathway.62 H m glp is an integral membrane protein o f the endoplasmic reticulum.64,65
Previous efforts to overexpress the full-length protein resulted in karmellae stacks o f the
endoplasmic reticulum.66 It was later shown that truncation o f the N-terminal membrane
anchor (1656 nucleotides) releases the active C-terminal domain in the cytosol.62
Overexpressing the truncated reductase (trHM Gl) therefore removes the transcriptional
regulation o f HMGR.Sterol metabolites beyond squalene increased 2- to 4-fold, yet there
was not a proportional increase of ergosterol.

3.1.2 Overexpression of squalene epoxidase (ERG1)
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E rglp67 epoxidizes squalene to form 2,3-OS, which can re-enter the active site to be
epoxidized on the distal terminus to form DOS.68 Because the distal terminus of OS is
structurally comparable to the termini of squalene, E rglp can epoxidize OS further to
(S,S)-DOS when cyclase levels induce the accumulation of OS, allowing OS to compete
with squalene for the epoxidase active site. Studies have shown OSCs can accept DOS as
a substrate when DOS is available58,69 expanding the skeletal diversity of known
triterpenes.

The cyclization of DOS by human lanosterol synthase produces

epoxysterols, which have been found to inhibit sterol biosynthetic enzymes.70
Cyclization of DOS may also lead to novel products that would only be discovered if
DOS accumulates.

I identified a novel product produced by an OSC cloned from

Arabidopsis.40 The product, later known as thalianol epoxide (see Figure 4.3b), could
have arisen from the cyclization of DOS. We hypothesized higher E rglp levels would
increase DOS accumulation. E rglp is transcriptionally regulated, probably by sequences
contained in the promoter region upstream of the gene.57 Consequently, higher Erglp
levels were obtained by overexpressing the gene from a galactose inducible promoter.
A study performed by Lang and colleagues overexpressed all o f the genes one at a
time downstream from squalene to determine whether ERG1 (squalene epoxidase) was
another bottleneck o f the sterol pathway. They found ERG1 overexpressed in a wild-type
background leads to lanosterol accumulation and a 50% decrease in squalene.63 The
authors suggested because lanosterol (3.6-fold higher than wild-type) accumulated rather
than OS, that epoxidase levels are limiting and lanosterol synthase activity is not. Both
studies revealed introduction o f simple genetic changes can dramatically alter the
metabolic profile o f Saccharomcyes. For our purposes, metabolic engineering of these
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specific genes offers the opportunity to harness an available carbon sink to provide more
substrate for heterologously expressed OSCs.

3.2 Experimental procedures

3.2.1 Strain construction and confirmation of gene integration
Saccharomyces HMG1 was obtained by PCR amplifying the coding sequence for the
selected amino acids 545-1054. This truncates the membrane-spanning domain o f the
enzyme. The 5’ primer also contained a the ATG start codon in frame with the first
residue. Truncated H m glp was cloned into a galactose inducible yeast expression vector
pRS305GAL and the resulting clone was named pEH12.1. The plasmid was linearized
with BstE II and transformed into the lanosterol synthase mutant SMY852 to generate a
trHM Gl overexpressor.

The resultant strain was named GCFY2 (Mata erg7:: HIS3

hem l::TRPl trHMGl::LEU2 ura3-52 trpl-A 63 his3-A200 ade2 GAL+).
E rglp was similarly cloned and integrated to generate GCFY3.

Saccharomyces

ERG1 was PCR amplified from JBY575 gDNA as template and the primers were
ScERGl
ScERGl

5 ’Sal:
3’Not:

5 ’-T ATTGTCGAC ATT AATGTCTGCTGTTAACGTTGCA-3 ’

and

5 ’-AATGCGGCCGCTT AATT AACCAATC AACTCACC AA-3 ’

synthesized by Integrated DNA Technologies, Inc.

PCR conditions for amplification

using TripleMaster polymerase (Brinkmann, Westbury, NY) were: 40 cycles of 95°C for
30 sec, then 56°C for 30 sec followed by 72°C for 3 min in the presence of HiFi buffer
(provided with polymerase). The resulting amplicon was double digested with Sal I and
Not I then purified using a Qiaquick Gel Extraction Kit (Qiagen, Valencia, CA). The
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resulting 2 kb amplicon was ligated into Sal 1/Not I cut, gel-purified pRS305GAL vector.
The resulting plasmid, named pGCF6.0, was confirmed to be free from errors by
sequencing, then nicked using BstE II. The linear plasmid DNA was transformed into the
yeast lanosterol synthase mutant SMY852 (Mara erg7:: HIS3 hem lr.TR P l ura3-52 trpl-A
63 leu2-3,112 his3-A200 ade2 GAL+), using the lithium acetate method.48 The
transformants were selected on synthetic complete medium lacking leucine.52 A resultant
transformant was selected and named GCFY3 {Mata, erg?:: HIS3 heml::TRP1
ERG1 ::LEU2 ura3-52 trpl-A 63 his3-A200 ade2 GAL+).
The presence of the galactose inducible genes (either trHMGl or ERG1) was
confirmed by analysis of the lipid components from SMY8 and GCFY3. Each strain was
inoculated into two 10 mL cultures, differing only in the sugar source. Each culture was
grown to saturation, harvested, and the pellet was saponifed (10% KOH in 80% EtOH,
70°C 2 hrs). Each was extracted with hexane and 10% was used to monitor the amount
of OS using GC-MS analysis.

3.2.2 Squalene metabolite purification and identification
Material for structural determination was collected from 1 L cultures of each strain
grown in YP + 0.2 g/L ade in 4% galactose. The cells were harvested upon saturation by
centrifugation and saponified in 100 mL of buffer under conditions as previously
described. After cooling to room temperature, the non-saponifiable lipids were extracted
three times with 100-mL aliquots o f hexane. The organic fractions were combined and

rotary evaporation was used to concentrate the extract to dryness.

Silica gel

chromatography was used to purify the crude extract (1.7 g) using a gradient from 5% to
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20% ether in hexane. Elution of squalene, OS and DOS were monitored by TLC (1:1
ether/hexane). The structures of OS and DOS are shown in Figure 3.1. The squalene
metabolites OS and DOS share structural similarity. Detailed GC-MS and NMR analysis
were used to distinguish the metabolites from one another. GC-MS analysis of the
column fractions were performed for each fraction through the evidence of ergosterol.
The spectra were monitored for m/z 426 and 442 indicating the presence of OS and DOS,
respectively.
The structures of OS and DOS were confirmed by NMR. ‘H spectra were obtained
on a Bruker Avance 500 spectrometer at 25 °C in CDC13 solution and referenced to
internal tetramethylsilane. DOS contains a line of symmetry, which is indicated in Figure
3.1. Consequently, there are two shifts for the four methyl groups adjacent to the
epoxides (1.259 ppm and 1.301 ppm). The terminal olefinic methyl shifts of OS are
further downfield at 1.598 and 1.680 ppm (24-Me and 30-Me); DOS does not contain
these shifts. The spectra are shown in Appendix B. The independent confirmation of
both methods confirms the structures of OS and DOS.

oxidosqualene

dioxidosqualene

Figure 3.1 Structures of oxidosqualene and dioxidosqualene. The plane of symmetry
through DOS is indicated.

3.2.3 Culture optimization for metabolite accumulation
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The media composition was altered to optimize the accumulation o f triterpene
precursors. All strains used in the assay contain a mutation in the ade2 locus, causing a
red tint in each saturated culture. Strains that contain plasmids are typically grown in
synthetic complete medium, which contains adenine (0.2 g/L). Strains that lack plasmids
were initially grown using YP as a nitrogen source (1% yeast extract, 2% peptone), which
is known to have relatively low adenine content.

To investigate whether adenine

deficiency imparts a significant metabolic impairment, a series o f experiments were done
to assess the effect o f supplementing the medium with adenine.

2 x YP media was

prepared as previously described including 0.2 g/L o f adenine.
A second set o f experiments explored the effect o f increasing galactose content to 4%
(40 g/L galactose).

Yeast prefer glucose as a carbon source, but will metabolize

galactose when glucose is absent. Under these conditions, galactose-metabolizing genes
are strongly induced which allows us to utilize the GAL1-10 promoter for induced
expression o f a target gene.

3.2.4 Heat degradation of sterol metabolites and the effect on accurate
quantification

Heat Lability
Two samples were prepared containing 200 pg each o f squalene and OS. To ensure
the compounds were weighed to a high degree o f accuracy, 33 mg o f squalene and 20 mg
o f OS were weighed. Each oil was diluted in 3.3 mL and 2.0 mL of hexane, respectively,
as measured by a gas-tight Hamilton syringe. A volume o f 100 pL was removed from
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each and diluted to a total volume o f 1.00 mL yielding the concentration o f 100 pg/pL.
A 200-pL aliquot was removed to a GC vial and a second aliquot was removed to a 15mL polypropylene conical tube. The use o f the second sample is discussed below under
Saponification. The solvent was evaporated from both samples under a nitrogen stream
and the first sample was dissolved in 200 pL xylene, chosen for its decreased volatility
compared to hexane.

Samples (1-pL aliquots) were run on the GC-FID under

progressively lower inlet and oven temperatures (Table 3.1).

By lowering the

temperature, we can examine whether the products are degrading at the high inlet and
oven temperatures.
Table 3.1 GC-FID responses of squalene and oxidosqualene (OS)
Sample
temperatures
(inlet/oven, °C)

Retention time
(squalene,
minutes)

Response of
Squalene
(peak area)

Retention
time
(OS, minutes)

Response of OS
(peak area)

280/270

6.21

768

7.86

155

260/250

10.4

630

14.3

123

250/240

14.5

624

20.6

104

220/200

31.5

677

48.1

69

The peak areas are arbitrary units, but represent the ratio between squalene and OS.
There are a number of observations that can be made from these data. First, significantly
less OS is present than squalene. Given the results from the derivatization experiments
discussed below, it is clear the decreased area is not due to lack of response on the FID
but due to inaccurate measuring, likely to be from solvent still present in the synthetic
OS. This conclusion was confirmed by NMR (see below).
Second, note the areas decrease at lower temperatures. Also, retention times increase
as the oven temperature decreases. As indicated by the data, the area o f the products
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decreases as the result of peak broadening or decompostion.

Therefore, increased

retention time negatively effects the accuracy of quantification. Notice, however, the
products do not decrease at the same rate. This is the result o f the more polar nature of
OS compared to that o f squalene. The epoxide ring o f OS increases its polarity and
consequently OS experiences an increased interaction with the column matrix, having a
more dramatic effect on the retention time. As the oven temperature decreases and the
retention increases at a faster rate, the peak area o f OS will shift at a faster rate compared
to the nonpolar nature of squalene.

To further understand the behavior of these

compounds, the temperature of the inlet and oven could be increased. Increasing the
temperature would force the products to elute earlier and it could be determined whether
the resolution o f the products is enhanced. However, the maximum temperature at which
the column can be heated is 300 °C; the oven temperature cannot be increased to
ascertain the degree o f accuracy at which we currently quantify.
These experiments established that lowering the temperature o f our GC runs inhibits
our ability to accurately quantify our samples.

While peak broadening is a well

established side effect of increasing retention time, the technique is occasionally used to
enhance resolution through peak separation. The compounds examined in the metabolic
engineering experiments fortunately resolve even at the standard high temperatures for
our studies and it is therefore unnecessary to lower the temperatures o f the inlet or oven
to limit potential degradation.

Saponification

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

34

A question arose regarding the combination o f a basic environment and high
temperature during saponification may lead to epoxide ring opening o f OS.

If this

contributes to a significant loss o f OS, then the values o f the metabolic engineering
experiments are inaccurate. The sample was prepared as discussed above under H eat
Lability. The material was dissolved in 5 mL o f 10% KOH in 80% EtOH and placed in
a 70 °C waterbath for 2 h. Afterwards, the sample was extracted with 3 x 5 mL of
hexane.

(Hexane was used to maintain similar conditions under which triterpene

precursors and metabolites are extracted.) The entire extract was dried and dissolved in
200 pL o f xylene, placed in a GC vial and run on the GC-FID using the optimal injection
volume (1 pL) and temperature program (inlet: 280 °C, oven: 270 °C). The areas were
compared: before saponification the area of the OS peak was 155 and after
saponification, the area was 153. The injection volume and the amount o f material used
to prepared the samples remained constant. Therefore, not a significant amount of OS is
converted to the ethers during saponification.

3.2.5 C hrom atographic and spectral analysis
To determine the accuracy with which we are able to quantify the yields o f selected
products, several experiments were designed using both GC-FID and NMR as
complementary methods to confirm determined yields.

Two issues o f concern were

whether the products o f interest degraded in the high temperatures o f the GC inlet and
oven and whether the response o f a poly-olefinic chain gave the same response as a
cyclized triterpene product.
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Squalene, oxidosqualene (OS), and epicoprostanol were used to prepare samples for
comparison. Squalene and OS are triterpene alcohol precursors and are therefore acyclic.
Epicoprostanol serves as the internal standard for quantifying the accumulation o f both
terpene precursors and cyclized products.

Derivatization
Six samples were prepared. The first set consisted o f squalene and epicoprostanol;
OS and epicoprostanol; squalene, OS, and epicoprostanol.
epicoprostanol were standards from Sigma.

The squalene and

The second set consisted o f the same

combinations but were derivatized. The OS was from a synthetically prepared sample.
Each sample was prepared using 50 pg o f the appropriate compounds by first weighing a
larger mass o f material and dissolving in hexane. All were measured and diluted to 100
pg/mL. A gas-tight Hamilton syringe was used to measure accurately the volume that
corresponded to 50 pg. Once measured in the vial, the solvent was evaporated under a
nitrogen stream and the non-derivatized samples were dissolved in 200 pL xylene,
chosen for its decreased volatility compared to hexane. The second set o f samples were
dissolved in a 1:1 mixture of bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) and
pyridine and incubated at 37 °C for 2 h. All samples were run on the GC-FID using inlet
and oven temperatures o f 280 and 270 °C, respectively. The relative areas are shown
below in Table 3.2.
There are many interesting observations to be made regarding the collected data.

First, while the area o f OS is significantly less than the area o f squalene, there is little
variation o f squalene and OS from sample to sample regardless o f derivatization. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

36

lower area of OS is likely due to the amount of solvent still present in the synthetic OS.
The NMR experiments described below confirm these results. Second, it appears that
TMS derivatization has little effect on FID response o f squalene and OS, as expected
since neither contains a free alcohol.
The samples containing epicoprostanol, however are entirely different from squalene
and OS. The areas o f non-derivatized samples are 60% o f the area o f the derivatized
samples.

Table 3.2 GC-FID peak areas of squalene, oxidosqualene (OS) and epicoprostanol
Sq, epi,
non-da

Sq, epi
deriv.

OS, epi
non-d

OS, epi
deriv.

Sq, epi,
OS, non-d

Sq, epi,
OS, deriv.

Sq

758

716

n/a

n/a

752

697

OS

n/a

n/a

387

292

294

286

Epi

436

704

436

701

443

695

“A bbreviations are as follow s: squalene (sq), oxidosqualene (O S), epicoprostanol (epi), non-derivatized
sam ples (non-d), derivatized sam ples (deriv.).

The GC-FID data reveal discrepancies in the amounts o f OS and epicoprostanol. To
clarify these data, NMR was used to accurately quantify the products in each sample of
the non-derivatized samples. The solvent in the non-derivatized samples was evaporated
under a nitrogen stream and dissolved in deuterated chloroform filtered through basic
alumina. *H spectra were obtained on a Bruker Avance 500 spectrometer at 25 °C in
CDCI3 solution and referenced to internal tetramethylsilane (Appendix B).

Each sample was integrated according to unique shifts for each product as follows:
squalene contains 6 H at 1.680 ppm; epicoprostanol has 3 H each at 0.641 and 0.919
ppm; OS contains 1H at 2.705 ppm. The details of the integration are discussed below.
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6 H,

brs,
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H''

HO''

R=

t, 2.705
squalene

epicoprostanol

Figure 3.2 Structure of squalene, oxidosqualene and epicoprostanol. The *H NMR
shifts are as indicated for the relevant positions. The line of symmetry in
squalene is indicated.

The key signals o f each sample were integrated. First, a peak was chosen based on
two factors (i) it must be separate from other peaks and (ii) the baseline o f the spectrum
must be as flat and level as possible. Second, the peak was selected including the tails
within a reasonable and equal distance on either side, taking care not to incorporate extra
noise. An S-shaped curve o f best fit results and is adjusted until the top and bottom part
o f the S-tails are as parallel and horizontal as possible. This area is set to 1. In the case
o f the samples listed here, the peak of epicoprostanol at 0.919 ppm (19-Me) was selected
as it has the sharpest peak distinguished from any other in the spectrum. The consistency
o f my calibration was determined by comparing the area o f the 19-Me to that at 0.641
ppm (18-Me); the peak areas differed by 0.009.

From there, the other peaks were

integrated and the relative amounts o f each compound were calculated.

Again, the

subsequent peak areas were adjusted to accommodate the variable number o f hydrogens
for each compound. The results are summarized below (Table 3.3).
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Table 3.3 The ratios of squalene (sq), oxidosqualene (OS) and epicoprostanol (epi)
as determined from the values in Table 3.2
Sample

Relative ratios

Sq and epi

Sq:epi (1:1)

OS and epi

OS:epi (1:2.3)

Sq, OS, epi

Sq:epi (1.1:1)

O S:epi(l:2)

I will describe in detail how the first sample o f squalene and epicoprostanol was
integrated. The peaks o f epicoprostanol were selected and the S-shaped fit curve was
adjusted as described above. The 0.919 peak was normalized to 1 and the 0.641 peak
gave an area o f 1.009. Each peak corresponds to 3 H. The squalene shift at 1.680 ppm
contains 6H (versus the 3H o f epicoprostanol) and gave an area of 1.988 (i.e., 2).
Therefore, the ratio of squalene to epicoprostanol in sample 1 is 1:1.
There are two aspects to be taken into account when integrating these three
compounds. First, the peak areas must be adjusted to account for the variable number of
hydrogens for each compound. For example, the shift for one product may correspond to
3 H and second, squalene and OS share structural and therefore spectral similarity.
Integration for any sample that contained both o f these compounds was used to
distinguish one from the other in the sample. OS contains a distinct proton shift on C3 at
2.705 ppm; this shift is absent in squalene. To quantify the amount o f squalene present
the area o f the peak at 1.680 ppm was measured. The value was 2.5. Next, the area of
the peak at 2.705 ppm was measured and the value was 0.16.

These areas must be

adjusted because squalene contains 6 H and OS contains 3H at 1.680 ppm. Because the

area o f 1 H o f OS is 0.16, 3H « 0.50. Subtracting 0.5 from the area o f the peak at 1.680
ppm gives 2.5-0.5 = 2.0. The remaining area represents 6 H o f squalene, or 3 H of
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squalene « 1. Therefore, there is twice as much squalene as OS present in the NMR
sample.

Table 3.4 The relative ratios of squalene (sq), oxidosqualene (OS) and
epicoprostanol (epi) according to GC-FID (non-derivatized), GC-FID
(derivatized) and NMR quantitative analysis
Sample

Sq and epi

OS and epi

Sq, OS, epi

Source

Relative ratios

GC-FID

Sq.epi (1.7:1.0)

GC-FID (deriv.)

Sq:epi (1.0:1.0)

NMR

Sq:epi (1.0:1.0)

GC-FID

O S :e p i(l.1:1.0)

GC-FID (deriv.)

OS:epi (1.0:2.3)

NMR

OS:epi (1.0:2.2)

GC-FID

Sq:epi (1.7:1.0)

OS:epi (1.5:1.0)

GC-FID (deriv.)

Sq:epi (1.1:1.0)

OS:epi (1.0:2.0)

NMR

Sq:epi (1.1:1.0)

OS:epi (1.0:2.1)

The NMR quantification o f squalene and OS reflected the results from the GC-FID
experiments.

There is approximately half the amount o f OS than squalene and

epicoprostanol. The NMR integration o f epicoprostanol indicates equivalent amounts of
squalene and epicoprostanol are present in both samples that contain each.

This is

contrary to the quantification of the non-derivatized samples using GC-FID, which
indicated nearly half the amount of epicoprostanol was present. However, the GC-FID
samples that were derivatized differed by no more than 10%. This margin o f error can be
contributed to several factors including (but not limited to): (i) error in measurement

during sample preparation (ii) human quantification error (adjustment o f NMR best-fit
curve) and (iii) naturally occurring variation from sample to sample. Clearly, many steps
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can be taken to ensure the most accurate quantification to limit these factors. However,
this must strike a balance with the most efficient and effective amount o f time spent
performing each experiment.

Therefore, we have taken specific measures to ensure

accurate quantification o f the metabolic engineering experiments.

First, the GC-

FID/NMR experiments above show a 10% error. Second, each metabolic engineering
experiment was performed in triplicate (at least).
calculated for each data set.

Third, standard deviations were

As those data show below, the standard deviations are

within a 10% error.
These results confirm it is necessary to derivatize compounds with free alcohols to
accurately quantify the abundance of those products in a given sample. Otherwise, the
values o f non-TMS derivatives of free alcohols may be underestimated by at 40%, as
indicated by this study.

The addition of a TMS group to alcohols improves the

detectability o f alcohols, minimizing the difference of the products when compared to
compounds such as OS.
Therefore, GC-FID accurately quantifies the squalene metabolites examined in this
study as long as the alcohols are converted to the TMS derivatives. The extracts in this
thesis were quantified using epicoprostanol as an internal standard, which contains a
secondary alcohol. Other extracts contain both OS and triterpene alcohols and therefore
those samples require derivatization as well.
As can be concluded from the experiments above, it is necessary to derivatize any
samples that contain free alcohol groups to ensure accurate quantification when those
products are being quantified relative to compounds that do not contain alcohol groups.
Second, saponification does not significantly contribute to the formation of OS-ethers. It
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is not apparent whether these products are heat labile (with or without derivatization), but
the goal was to determine the accuracy o f GC-FID quantification. These experiments
established the compounds examined in our studies are not subject to significant (<10%)
degradation during analysis. The accuracy o f the quantitative data itself is justified by
the standard deviations included in each data set.

3.3 Results and discussion

3.3.1 Wild-type yeast has limited squalene metabolite accumulation
JBY575 has a native sterol biosynthetic pathway, and accumulates only 190 pg/L OS
and less than 10 pg/L o f DOS. Apparently the native lanosterol synthase is sufficiently
active that very little OS accumulates or is epoxidized further to DOS. A heterologously
expressed OSC in a yeast strain with an intact sterol pathway would be forced to compete
with the native lanosterol synthase for substrate.

3.3.2 Squalene metabolite accumulation of the HMGR overexpression strain
GCFY2
GCFY2 was generated to investigate whether overexpression o f trHM Gl would
improve accumulation o f OS to enhance production o f desired triterpene products. All
results are summarized in Table 3.5. In several yeast systems, isoprenoid production has
been increased by overexpressing a truncated HMGR.

Overexpressing the truncated

reductase (trHM Gl) in wild-type yeast does not increase levels o f the final product
ergosterol because other steps become limiting.71 However, higher pathway throughput is
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evidenced by the accumulation o f other intermediates such as squalene.62 This strategy
has been expanded to produce cyclic terpenoids; coexpressing trHM Gl and epicedrol
synthase in yeast facilitates the production of the foreign sesquiterpene epicedrol.72
SMY8 yielded approximately 1.5 mg/L of squalene metabolites when either grown in
the presence o f 4% galactose or when the media was supplemented with adenine.
Optimized conditions (4% galactose + adenine) yielded over 2 mg/L; however, most of
the OS had been further epoxidized to DOS.

A heterologously expressed OSC with

limited enzymatic activity in this strain would be forced to compete with the epoxidase
for substrate.
Conversely, GCFY2 accumulated significantly more OS than SMY8. GCFY2 grown
in the presence o f 4% galactose yielded over 5 mg/L o f OS and DOS combined.
Addition o f adenine to the media rather than 4% galactose doubled these values to 6.9
mg/L and 4.6 mg/L for OS and DOS, respectively, a 5-fold improvement over SMY8
grown under the same conditions. The combined effects o f 4% galactose and adenine did
not significantly improve OS and DOS production in GCFY2 (7.2 mg/L and 4.3 mg/L for
OS and DOS, respectively), yet the ratio o f OS to DOS still offers a great advantage for
heterologous OSC expression over SMY8. SMY8 contains nearly 5 times the amount of
DOS than OS, whereas GCFY2 favors OS accumulation. Furthermore, there is 35 times
more OS substrate accumulation over wild-type.
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Table 3.5 Squalene, oxidosqualene (OS), and dioxidosqualene (DOS) from
metabolically engineered strains. Products were quantified from crude
mixtures by GC-FID after conversion to the TMS-ethers. Yields are in
mg/L.
Strain*

Media*

Squalene

OS

DOS

JBY575

adenine + 4% gal

N/Dc

0.19 ± 0.2

N/D

4% galactose

0.020 ± 0.01

0.12 ±0.09

1.4 ±0.4

adenine

0.020 ± 0.003

0.020 ± 0.004

1.65 ±0.1

adenine + 4% gal

0.030 ± 0.01

0.41 ± 0.09

1.8 ±0.4

4% galactose

0.030 ± 0.001

4.8 ± 1.3

0.54 ± 0.2

adenine

0.040 ±0.01

6.9 ± 0.6

4.6 ±0.2

adenine + 4% gal

0.020 ± 0.002

7.2 ± 0.6

4.3 ± 0.2

SMY8

GCFY2

a M A T a ura3-52 trpl-A63 leu2-3,112 his3- A 200 ade2 alleles and are G al+.
b Strains w ere grow n in Y P w ith 4% galactose or 2% galactose and 0.2 g/L adenine, or w ith both 0.2 g/L
adenine and 4% galactose as indicated.
cN ot-detectable (N /D ). The accum ulated products w ere less than 1 p.g/L.

Overexpressing trHMGl in a lanosterol synthase background (GCFY2) resulted in a
significant increase of OS and DOS.

Through eliminating the transcriptional and

translational regulation of HMGR in a lanosterol synthase deletion mutant background,
more OS substrate accumulated.

As discussed in later chapters, this strain was

successfully exploited for heterologous expression of OSCs.

3.3.3 Accumulation of dioxidosqualene in the ERG1 overexpression strain
GCFY3
E rglp catalyzes the conversion o f squalene to OS and OS to DOS. GCFY3 achieved
levels o f sterol precursors 40-fold over wild-type. It was expected that overexpression of
the epoxidase would increase enzymatic activity with the intent to encourage
accumulation o f DOS. If DOS is readily available to OSCs as a substrate, it will facilitate
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the isolation and characterization of DOS cyclization products.

The results are

summarized in Table 3.6.
GCFY3 was a significant improvement over SMY8. Eliminating the transcriptional
control o f ERG1 allowed OS and DOS to accumulate more than 12 mg total. Contrary to
GCFY2, the total amounts of OS and DOS did not differ when grown in either 4%
galactose or with adenine supplementation, only the ratios o f the epoxides. When the
media was supplemented with adenine, the total amount o f squalene metabolites did not
change; however, the ratio of OS to DOS is 2:1 when grown in 4% galactose versus 1:1
with adenine supplementation.

GCFY3 grown with adenine yielded approximately 6

mg/L each OS and DOS. When grown with 4% galactose the ratio shifted towards OS,
accumulating over 8 mg/L OS and 4 mg/L DOS.

Production o f OS and DOS when

grown in 4% galactose shows a 2-fold increase in GCFY3 over GCFY2.

Table 3.6 Squalene, oxidosqualene (OS), and dioxidosqualene (DOS) from
metabolically engineered strains. Products were quantified from crude
mixtures by GC-FID. Yields are in mg/L.
Strain0

Media*

Squalene

OS

DOS

JBY575

adenine + 4% gal

N/De

0.19 ±0.2

N/D

SMY8

GCFY2

GCFY3

4% galactose

0.020 ± 0.01

0.12 ±0.09

1.4 ±0.4

adenine

0.020 ± 0.003

0.020 ± 0.004

1.7 ±0.1

4% galactose

0.030 ± 0.001

4.8 ± 1

adenine

0.040 ±0.01

6.9 ± 0.6

4.6 ±0.2

4% galactose

0.056 ±0.1

8.2 ± 2

4.3 ± 0.9

adenine

0.021 ±0.0004

6.1 ± 3

6.2 ± 2

“ MATa ura3-52 trp l-A 6 3 leu 2-3,l 12 his3- A 20 0 ade2 alleles and are G al+.

b Strains w ere grow n in Y P w ith 4% galactose or 2% galactose and 0.2 g/L adenine.
cN ot-detectable (N /D ). The accum ulated products w ere less than 1 p.g/L.
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We hypothesized squalene epoxidase overexpression would consume the majority of
available squalene, forcing OS to be epoxidized to DOS.

Interestingly, we observed

slightly different results. Overexpression of the gene encoding E rglp had a similar affect
to overexpression of trHM Gl; selected gene over-expression eliminates the tight
regulation of the sterol biosynthetic pathway.

Introducing simple genetic changes

resulted in significant effects, enabling our ability to characterize OSC products by
increasing production.
Researchers had suggested previously that epoxidase levels are limiting and while
expression of the ERG1 gene under the control of the galactose inducible promoter
accumulated significant amounts of squalene metabolites, overexpression of GCFY2 had
nearly the same results.

Note GCFY2 accumulated nearly 12 mg/L of squalene

metabolites compared to 12 mg/L produced by GCFY3. If epoxidase levels were truly
limiting, most of the carbon would have accumulated as squalene in GCFY2. Instead, the
carbon accumulated as OS and DOS.
Two

methods

were

employed

to

increase

substrates

in

current

strains.

Overexpression o f select enzymes revealed interesting facets o f the mechanisms involved
in the regulation o f sterol biosynthesis. While much remains to be understood, these
strains can be used for further study and have supplanted previously generated strains for
production o f triterpene alcohols. The next two chapters discuss the utilization of each
strain to enhance the yield of heterologously expressed OSCs.
For our purposes, both strains will ensure substrate is not limiting for heterologously
expressed OSCs. Both strains are used for work discussed in other chapters of this thesis
that exploited the accumulation of OS to isolate products from recalcitrant enzymes.
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Further, many enzymes accumulate minor products that account for a small percentage of
the total; by increasing the yield from these enzymes by expression in GCFY2 and
GCFY3, both strains have facilitated the characterization and spectral analysis of these
minor products.
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Chapter 4 Characterization of Arabidopsis thaliana oxidosqualene cyclases:
metabolic profiling and natural product discovery through functional genomics

4.1 Genome mining of Arabidopsis thaliana
The earliest efforts at natural product isolation preceded chromatography and were
consequently limited to purifying dominant components that could be readily obtained by
distillation or crystallization. Dramatic improvements in methods to fractionate extracts
and to determine the structures of trace components have provided a wealth of natural
products, many of which have important biological activities. However, natural product
biosynthesis is heavily influenced by external stimuli such as infection or insect
herbivory, and extracts of uninduced plants consequently contain only a subset of the
products that these organisms can biosynthesize. The compounds that can be isolated
from a native source are consequently not a comprehensive accounting of the organism’s
biosynthetic capacity, but reflect the state of the tissues upon harvest.
The coding sequence of Arabidopsis cycloartenol synthase was elucidated by Corey
and coworkers prior to the availability of the sequenced genome.73 Upon completion of
the genome, this sequence was used to identify other putative OSCs encoded in the
genome.34
The Arabidopsis genome reveals 13 putative OSCs (Table 4.1).

A collaborative

effort among Matsuda group members has characterized nearly every cyclase.

The

project is nearing completion and will provide the first comprehensive metabolite class
profile generated by a single plant. Phylogenetic analysis will provide the evolutionary
relationship between cyclases.
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Table 4.1 Arabidopsis thaliana oxidosqualene cyclases
Gene

Aliases

Products

References

A tlg66960

LUP5/ORF7

currently unknow n

A tlg78500

PEN6/ORF11

currently unknow n

A tlg78950

LUP4/ORF1

P-am yrin

A tlg78955

LUP3/ORF2

currently unknow n

A tlg78960

LUP2/ORF3

lupeol, taraxasterol, P-am yrin, taraxasterol,
bauerenol, a -am y rin , m ultiflorenol, and either
butyrosperm ol or tirucalla-7,21-dienol

Atlg78970

LUP1

lupeol, lupanediol, p-am yrin, taraxasterol and iptaraxasterol

At2g07050

CAS1

cycloartenol

C orey et al., 1993

At3g45130

PEN7/LH1

lanosterol

K olesnikova et al.,
2006

A t4gl5340

PEN1/ORF5

currently unknow n

At4g15370

PEN2/ORF6

currently unknow n

At5g36150

PEN3/ORF10

currently unknow n

Al5g42600

PEN5/ORF8

m am eral*, m am erol*, cam elliol C, achilleol A

X iong et al., 2006

At5g48010

PEN410RF9

thalianol*

Fazio et al., 2004

E bizuka et al.,
2003
E bizuka et al.,
2003
F azio et al.,
unpublished

H usselsteinM u lle re t al.,
2001, K ushiro et
al., 2000
H errera et al.,
1998, Segura et
al., 2000

♦denotes novel products

Atlg78950 was found to encode a |3-amyrin synthase (Fazio et al., unpublished).
AtLU Pl and AtLUP2 generate multiple products.

However all are pentacyclic

compounds.34,35,51 At5g48010 and At5g42600, produced three novel products. At5g48010
was found to produce thalianol40 and At5g42600 was found to produce mameral and
mamerol.38 At5g36150 produces lanosterol.74
Arabidopsis was initially thought to be a metabolically simple plant. On the contrary,
our most recent studies have revealed the high diversity of triterpene skeletons generated
by only 13 enzymes. Just over 100 triterpene skeletons have been isolated as natural
products, meaning Arabidopsis is responsible for over 25% of the known oxidosqualene
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cyclase products. Such an impressive repertoire of structures establishes that genome
mining provides a comprehensive way to ascertain the triterpenes generated by plants.

4.2 Experimental procedures
4.2.1 At5g48010
4.2.1.1 Cloning of At5g48010
The At5g48010 open reading frame was PCR-amplified with the following two pairs
of

primers

(enzyme

restriction

sites

are

underlined):

At5g48010Fl

(5'-

GGGTCGAC ATT AT ATGTG GAGGCTGAGAACTGGACCG-3') and At5g48010Rl
(5'-TTGCGGCCGCTTAAGGGAGGAGACGTCGCAGAGC -3'); PCR as above using 2
pL of Arabidopsis cDNA derived from young seedlings generated a 2.3 kbp fragment,
which was gel-purified and ligated into pCR2.1-TOPO vectors with Fastlink ligase. The
subclone was sequenced and compared to the genomic sequence to ensure that PCR
errors had not been introduced.

The insert was excised using Not I and Sal I and

subcloned into the yeast expression vector pRS426GAL.75 The resultant expression
construct was named pGCF4.0 and was transformed into squalene epoxidase/lansterol
synthase double mutant RXY6.240 and the lanosterol synthase mutant SMY8 using the
lithium acetate method, to generate RXY6[pGCF4.0] and SMY8[pGCF4.0], respectively.

4.2.1.2 Product isolation, purification and spectral analysis
In vitro reaction:

A 50-m L culture o f RXY 6[pG C F4.0] was grown in synthetic

complete medium lacking uracil76 with 2% galactose as a carbon source and
supplemented with ergosterol (20 pg/mL), heme (13 pg/mL), and Tween 80 (5 mg/mL).
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The cells were obtained by centrifugation and resuspended as a 40% slurry in 100 mM
sodium phosphate buffer at pH 7. Racemic oxidosqualene56 was added from a 20 mg/mL
solution in 20% Triton X-100 to a final concentration of 1 mg/mL. The cells were then
broken by vortexing the suspension with glass beads for 6 min. The enzymatic reaction
was allowed to incubate at room temperature for 24 h. Two volumes of ethanol were
added to precipitate the protein, which was removed by filtration through diatomaceous
earth. The solvent was removed by rotary evaporation, and the residue was suspended in
ethyl acetate and passed through silica gel to remove the most polar cellular components
and detergent. The solvent was removed under a nitrogen stream, and the residue was
derivatized with 200 pL of 1:1 bis(trimethylsilyl)trifluoroacetamide/pyridine.
A 5-pL aliquot of the derivatized product mixture was analyzed by GC-MS. The
reconstructed ion chromatogram for m/z 498 showed one peak at 4.5 min. No other
component was visible within 2% of the major signal, indicating that a single C33H5gOSi
component (trimethylsilyl ether of a triterpene alcohol) was formed.
chromatogram is shown in Appendix C.

The El

The only component with m/z 426 was

oxidosqualene (5.2 min); no underivatized cyclized components were present.

In vivo production: Material for structure determination was generated using a 1-L
culture of SMY8[pGCF4.0] grown to saturation in the same medium used to culture
RXY6[pGCF4.0].

The cells were harvested by centrifugation and saponified.

The

reaction was allowed to cool to room temperature and 20 mL water was added. The
suspension was extracted three times with 100 mL portions of hexane.

The organic

fractions were combined, and washed with three 5-mL portions of water and 5-mL of
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brine. The organic layer was dried over magnesium sulfate and concentrated to dryness.
Silica gel thin-layer chromatography (ether/hexane, 1:1) showed two components that
were absent in the host strain (R70.61 and 0.36). GC-MS of the TMS ethers established
that the less polar component was the same oxidosqualene cyclase product obtained from
the in vitro reaction, and the more polar component had m/z 514, consistent with the TMS
ether of a C30H50Oa compound. The non-saponifiable lipid was purified by silica gel
column chromatography using a gradient from 10% ether in hexane to 20% ether in
hexane, yielding ~1 mg of a colorless oil slightly less polar than lanosterol and ~0.5 mg
of the polar product.

Spectral analysis: Determination of the thalianol structure:
The structure of thalianol was deduced by William K. Wilson and is shown in Figure
4.1 below, and the signal assignments are given in Appendix C. ‘H, 13C, HSQC, HMBC,
COSYDEC, and NOE difference spectra were obtained on a Bruker Avance 500
spectrometer. Thalianol showed ‘H signals from two olefinic protons and three ally lie
methyl groups. This suggested that two of the olefins in oxidosqualene did not
participate in the reaction and that thalianol probably was tricyclic. Signals in the ID ’H
spectrum of the less polar compound were strikingly similar to those from the A and B
rings of lanosterol and related 4,4-diMe-3(3-OH-|38 sterols. HMBC, HSQC, and
COSYDEC spectra were also consistent with the A-ring structure of lanosterol, and NMR
signals, stereochemistry, and regiochemistry in the A ring were assigned accordingly.
Signal assignments in rings B and C were made from HMBC (C8, C9, C12, C13), and
COSYDEC (C6, C7, C ll) spectra. Signal assignments and regiochemistry in side chain
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were established by HMBC and by analogy with NMR data for squalene, famesol, and
geranylgeraniol. The connectivity of the 13a-side chain was determined from HMBC
signals of H25 and H27, and the C13 stereochemistry was established by NOE difference
correlations of H26 and H25 to H -l la . The configuration of C14 was determined by
NOE difference correlations between H26 and H27 (molecular modeling shows that each
epimer has only one significant rotamer about the C13-C14 bond; in the R epimer, the
two methyls are close, whereas in the S epimer the methyls are distant). Assignments are
shown in Appendix C. 500 MHz 'H NMR: 6 0.820 (br s, 3H, H-24), 0.835 (dd, 7=6.7,
0.6 Hz, 3H, H-27), 0.874 (m, 1H, H-15), 0.934 (br s, 3H, H-26), 0.947 (br s, 3H, H-25),
1.017 (s, 3H, H-23), 1.066 (dd, 7=12.4, 1.7 Hz, 1H, H-5), 1.251 (m, 1H, H -la ), 1.278 (m,
1H, H-15), 1.287 (br ddd, 7=13, 9, 5 Hz, 1H, H-12P), 1.300 (m, 1H, H-14), 1.441b (m,
1H, H-60), 1.590 (br d, 7=1.3 Hz, 3H, H-28), 1.602 (br d, 7=1.4 Hz, 3H, H-29), 1.615 (m,
1H, H-2P), 1.660 (m, 1H, H -l P), 1.681 (br d, 7=1.3 Hz, 3H, H-30), 1.705 (m, 1H, H2 a ), 1.712, (m, 1H, H-12 a), 1.732* (m, 1H, H-6 a ), 1.736* (m, 1H, H-7 a ), 1.858 (dq,
7=14.6, 7.9 Hz, 1H, H-16), 1.941 (br dd, 7=16, 7 Hz, 1H, H-7 P), 1.98 (m, 2H, H-19),
2.03 (m, 1H, H-16), 2.036 (m, 1H, H - ll a), 2.06 (m, 2H, H-20), 2.160 (m, 1H, H -lip ),
3.252 (dd, 7=11,4 Hz, 1H, H-3), 5.097 (t of septet, 7=7.1, 1.4 Hz, 1H, H-21), and 5.112 (t
of septet, 7=7, 1.3 Hz 1 H, H-17). 125 MHz 13C NMR: 5 14.28 (C-27), 15.47 (C-24),
15.98 (C-28), 17.68 (C-29), 18.98 (C-6), 19.45 (C-25), 23.39 (C-7), 25.16 (C-26), 25.71
(C-30), 26.47 (C-16), 26.75 (C-20), 27.54 (C -ll), 27.82 (C-2), 28.18 (C-23), 30.73, (C12), 32.13 (C -15), 35.61 (C -l), 35.76 (C-10), 38.11 (C-14), 38.73 (C-4), 39.77 (C-19),

51.59 (C-5), 52.72 (C-13), 79.23 (C-3), 124.37 (C-21), 125.00 (C-17), 131.28 (C-22),
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134.87 (C-18), 138.00 (C-8), and 143.38 (C-9). (* The signals at 1.732 and 1.736 that
w ere assigned to H - 6 a and H -7 a might be exchanged.)
D eterm ination o f the thalianol epoxide structure: The 'H N M R spectrum of the
m ore polar com ponent (Appendix C) showed it to be closely related to thalianol. Signals
were present within 0.002 ppm o f the H-3 carbinol proton and each non-allylic methyl
(H-23, H-24, H -25, H-26, H-27) o f thalianol (Figure S4), indicating that the ring system
and the atom s neighboring the non-allylic side-chain m ethyl (H-27) are the same as those
in thalianol.

H ow ever significant differences existed in other side chain signals.

A lthough the H -l 7 olefinic proton (6 5.162 ppm) and the H-28 ally lie m ethyl protons (6
1.609 ppm) paralleled those in thalianol, the absence o f olefinic and allylic signals from
the term inal olefin indicated that this portion o f the m ore polar com ponent was distinct
from thalianol. N ew 'H NM R signals at 5.162, 1.259, and 1.300 were consistent with the
epoxide m oiety o f oxidosqualene as judged by com parisons w ith NM R data for
oxidosqualene and 24,25-epoxylanosterol.77
com ponent to be thalianol epoxide.

These results indicated the m ore polar

D ioxidosqualene is know n to accum ulate in yeast

lanosterol synthase m utants, and thalianol epoxide probably arose by normal thalianol
synthase action on dioxidosqualene. Both stereocenters in dioxidosqualene generated by
yeast are know n to be S, and the C-21 stereocenter in thalianol should consequently also
be S. Partial 500 M Hz 'H NMR: 6 0.820 (s, 3H, H-24), 0.836 (d, 6.6 Hz, 3H, H-27),
0.932 (s, 3H, H-26), 0.947 (s, 3H, H-25), 1.019 (s, 3H, H -23), 1.259 (s, 3H, H- 29), 1.300
(s, 3H, H- 30), 1.609 (br d, 1.2 Hz, 3H, H-28), 2.701 (t, 6.2 H z, 1H, H -21), 3.252 (dd, 11,
4 Hz, H, H-3), 5.162 (t o f sextet, 7, 1.3 Hz, 1H, H-17).
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4.2.2
4.2.2.1

Atlg78950
Cloning of Atlg78950 and activity in specific yeast hosts

The mRNA obtained from 25-day old Arabidopsis thaliana seedlings was used to
transcribe first strand cDNA with a RETROscript RT-PCR kit (Ambion, Austin, TX,
USA) following the manufacturer’s instructions. LUP4 (ORF1, 2280bp), one of the two
open reading

frames

in Atlg78950,

was amplified

using

primers

SallF (5'-

ATATGICGACATGTGGAGGTTGAAGATAGGAGAAGGGAA-3') and NotIR (5'AGCGGCCGCTCATGGCAACGAAACTCGCG-3'). SallF contains the start ATG and
5' sequence with a Sal I site and NotIR is the 3' oligo with the stop codon and a Not I site.
PCR was performed on a 40-cycle program: 95 °C, 30 s for denaturation, 56 °C, 30 s for
annealing and 59.5 °C, 3 min for extension, with Ex-Taq polymerase (Panvera, Madison,
WI, USA). The amplicons were purified with a Qiaquick kit and ligated into the pGEMT Easy (Promega, Madison, WI, USA) vector with a Quick Ligation Kit, and transformed
to E. coli strain DH5a. The inserts were sequenced with T7/SP6 and internal primers.
Many segment replacements between amplicons were performed to remove incorrect
splicing or PCR errors. The full length DNA was excised with Sal IINot I and subcloned
into the yeast expression vector pRS426GAL78 to generate plasmid pXQ9.2, which was
transformed48 into SMY852 and RXY6,40 to give SMY8[pXQ9.2] and RXY6[pXQ9.2],
Analysis of crude extracts of both strains by GC-MS did not reveal any components
corresponding to an m/z of 498 (indicative of the TMS ethers of triterpenes). The yeast
strain GCFY2 was extended as a host for pXQ9.2. A 1-L culture of GCFY2[pXQ9.2]
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was grown to saturation. The cells were harvested by centrifugation and saponified. The
NSL were extracted and concentrated to dryness. A portion of the crude extract was used
to prepare a GC-MS sample and was derivatized. GC-MS of the TMS ethers revealed a
single product with an m/z 498, consistent with the TMS ether of a C30H52O compound.
The reconstructed EI-MS (electron impact mass spectrum) displayed a unique
fragmentation pattern indicative of a triterpene alcohol (Appendix C). The crude was
further analyzed by GC-FID and 'H NMR.

4.2.2.2 Purification and spectral methods
A TLC of the crude extract showed the putative triterpene alcohol had a similar
polarity to lanosterol. Material for spectral analysis required 2 L of GCFY2[pXQ9.2]
grown as previously described.

The NSL were isolated and purified using silica gel

chromatography (isocratic 10% hexanes in methylene chloride).

TLC was used to

monitor the elution of products through the presence of ergosterol.

The fractions

corresponding to the putative product were combined and dried under a nitrogen stream,
yielding approximately 0.32 mg of a white crystalline product.
The mass spectra (MS) of the enzymatic product and a (3-amyrin standard agreed with
each other (EI-MS): m/z 498 (M+), 483 (M+ - CH3), 408 (M+ - Me3SiOH), 393 (m/z 408 CH3), 218 (100%, C-ring fragment), 203 (m/z 218 - CH3).

'H NMR data further

confirmed the identification of P-amyrin. Key 500 MHz 'H NMR signals of the authentic
sample matched those of the Atlg78950 product: 5 0.792 (s, 3H), 0.832 (s, 3H), 0.872 (s,
6H), 0.938 (s, 3H), 0.968 (s, 3H), 0.998 (s, 3H), 3.223 (1H), and 5.184 (t, 1H). The
observed MS and NMR data agreed with literature values for p-amyrin 22. From a 1-L
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culture, 0.32 mg of p-amyrin was obtained and contained no minor product(s) in 0.1%
abundance or higher.

4.3 Results and discussion

4.3.1 Characterization of At5g48010 reveals a novel product
GC-MS analysis of an in vivo extract of At5g48010 indicated the presence of a
triterpene alcohol.
established

the

HMBC, HSQC, COSYDEC, NOE, and ID NMR experiments
structure

as

(35,135, 14R)-malabarica-8,17,21 -trien-3-ol,

a

novel

compound, to which we assigned the trivial name thalianol (Figure 4.1).

HO'

Figure 4.1 Cyclization of oxidosqualene to thalianol by Atlg48010 (T H A L l).

Thalianol synthase was the first characterized member o f the PEN gene family, which
are sequences named for their similarity to oxidosqualene cyclases that generate
pentacyclic triterpenes.34 Thalianol synthase is 46-49% identical to plant cycloartenol
synthases, 48-58% identical to dicot oxidosqualene cyclases that generate pentacyclic
triterpene alcohols,34,79 and 42% identical to an oat P-amyrin synthase.27 A phylogenetic
tree including characterized plant OSCs and predicted Arabidopsis OSCs establishes that
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thalianol synthase is evolutionarily more similar to enzymes that form pentacyclic
nonsteroidal triterpenoid skeletons than to cycloartenol synthases,34 and thalianol
synthase shares conservation patterns with these enzymes at all known catalytically
relevant positions. Tyr410 and Ile481 are conserved cycloartenol synthase residues, and
mutagenesis experiments with Arabidopsis cycloartenol synthase have established that
these residues guide catalytic events in the B ring.75,80 Thalianol synthase has Phe and
Val at corresponding positions, like enzymes that form pentacyclic nonsteroidal
triterpene alcohols. This similarity may reflect that common catalytic forces are used to
promote formation of a chair conformation in ring B.

Like all other known

oxidosqualene cyclases, thalianol synthase maintains the active-site acid corresponding to
the Arabidopsis cycloartenol synthase Asp481 residue.
A probable biosynthetic mechanism for thalianol is shown in Figure 4.2. Protonation
of oxidosqualene initiates carbocation formation and subsequent cyclization to a 6,6,5,
chair-chair, tricyclic carbocationic intermediate with B-ring stereochemistry reminiscent
of the dammarenyl cation. A hydride shift from C13 to C l4, a |3-methyl shift from C8 to
C14, and C9 deprototonation yields thalianol.

The C13 epimer of the cationic

intermediate is also conceivable, but would mandate a syn shift of C26 from C8 to C l3.

HO’

oxidosqualene

cationic intermediate

HO'
thalianol

Figure 4.2 Mechanism of the cyclization of oxidosqualene to thalianol
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This discovery of thalianol biosynthesis encourages further search for natural
products by genome mining. Arabidopsis and many other plants may accumulate only
modest amounts of triterpenes or produce them only in response to specific stimuli. Many
plants may be capable of generating a diversity of triterpene rings systems, yet might be
limited by low level native production and limitations in classical isolation methodology.
We suggest that heterologous expression of enzymes uncovered by genomic sequencing
provides a uniquely systematic and comprehensive approach to identifying the natural
products generated by an organism.

4.3.2 The ability of At5g48010 to sequester an alternative substrate yields a
second novel product
In addition to thalianol, SMY8[pGCF4.0] accumulated a more polar compound that
exhibited mass spectra consistent with a C30H50O2 triterpene alcohol.

The product is

shown in Figure 4.3b. NMR experiments established the structure as a second novel
compound, (35,135,\AR,2\S)-21(22)-epoxy-malabarica-8,17-dien-3-ol , which we named
thalianol epoxide.

Thalianol epoxide would arise from thalianol synthase-mediated

cyclization of (35,225)-2(3),22(23)-dioxidosqualene, which accumulates in yeast
lanosterol synthase mutants.81 When cyclase activities are limiting, oxidosqualene is
cyclized inefficiently and it can re-enter squalene epoxidase and be oxidized on the distal
terminus as described in Chapter 3. Thalianol epoxide would be formed in Arabidopsis
if oxidosqualene levels increase because local epoxidase levels surpass the ability of
cyclases to consume oxidosqualene.

Lanosterol synthase, cycloartenol synthase, and
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onocerin synthase are related oxidosqualene cyclases that also cyclize DOS normally,
leaving the distal epoxide unchanged.81,82

27

4.3a: R=

V
28

,vO

R
HO'

4.3b: R=

V

Figure 4.3 Tricyclic triterpenoids produced by At5g48010

4.3.3 Use of metabolically engineered strains to facilitate expression of
Atlg78950
GCFY2 served as a yeast host to facilitate product characterization by compensation
for limited enzymatic activity. It is unclear why cultures of this heterologously expressed
Arabidopsis OSC did not accumulate product in high enough amounts to be detected
when expressed in SMY852 nor RXY6.40 If substrate had been limiting, the enzyme
would have been able to convert product in vitro when expressed in RXY6. However,
limited activity has been observed when OSCs are expressed in vitro.

Further, for

reasons not yet understood, some plant OSCs do not accumulate as much product as
others whether expressed in vivo or in vitro (unpublished data).

Atlg78950 when

expressed in GCFY2 accumulated approximately 300 pg/L of triterpene product. Other
Arabidopsis genes have accumulated significantly more product(s), totaling nearly 2
mg/L.
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4.3.4 Arabidopsis thaliana independently evolved a highly conserved p-amyrin
synthase as revealed by characterization of Atlg78950
The single oxidosqualene cyclization product of Atlg78950 is P-amryin (Figure 4.2).
Research has revealed P-amyrin synthases from plants of different taxonomic origin.
Atlg78950 shares 75-77% similarity to dicot P-amyrin synthases from the eurosids
Medicago truncatula,9,29 Glycyrrhiza glabra,25 Pisum sativum,24 the asterid Panax
ginseng.22'22 and is 48% identical to the p-amyrin synthase from the monocot Avena
strigosa.21 A class of OSCs that cyclize OS to a mixture o f both P- and a-amryin, also
known as mixed amyrin synthases also share high similarity. The Arabidopsis P-amyrin
synthase shares 70-73% identity to mixed-amyrin synthases from the eurosids Lotus
japonicus and Pisum sativum 24 Two mixed amyrin synthases unveiled in this work were
isolated from the monocot Sorghum bicolor and the asterid Lactuca serriola share 44%
and 54% similarity, respectively.

<
ox idosqualene

p-amyrin

Figure 4.4 Cyclization of oxidosqualene to P-amyrin

As discussed in the introduction of this thesis, plants are sessile organisms that are
unable to flee from predation. Consequently, plants defend themselves by producing a
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variety of bioactive compounds, such as saponins, that confer protection against microbes
and other herbivores. (3-Amyrin serves as a precursor to many saponins and is converted
by P450 monooxygenases, acyltransferases and glycosyltransferases27 to yield complex
molecules with a wide range of biological activity. Plant saponins have been found to
have anti-microbial,83"85 anti-fungal,86 and anti-insect87,88 capabilities. Further, saponins
may also be effective cholesterol lowering85,89,90 and anticancer agents.91'93
To date, many plants have been shown to produce saponins from P-amyrin.
Specifically, extensive work has suggested the ability of Medicago truncatula to generate
at least 5 different saponins from this single precursor9 and production to be upregulated
in response to biotic elicitors.94,95

Such discoveries have been extended to Panax

ginseng96,97 and Glycyrrhiza glabra ,98,99 Further, the monocot Avena strigosa (oat) has
been shown to produce saponins from P-amyrin100 and provide defense against soil
microbes; oat plants with a deficient saponin biosynthetic pathway are more susceptible
to microbial infections.84,101"103
Much remains to be understood about saponin production at the molecular level, but a
key to understanding the biosynthesis begins with the identification of key enzymes. The
Arabidopsis genome encodes a P-amyrin synthase and the enzymes capable of converting
these triterpene precursors to bioactive saponins.

As research efforts continue, the

potential

improvement

exists

to

engineer

plants

for

crop

or

production

pharmaceutically useful compounds.
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Chapter 5 A survey of asterid oxidosqualene cyclases: expressed-sequence tag data
mining expands the known metabolic capability o f the Lactuca genome

5.1 Exploitation of biotechnology to gain insight into Lactuca metabolism
The asterids are a large subclass of the angiosperms that are a sister group to the
eurosids.

Investigation into asterid oxidosqualene cyclases involved wild (Lactuca

serriola) and cultivated (Lactuca sativa) lettuce as each has the most advanced genome
projects.

The Arizona Genomics Institute is leading an ongoing effort to sequence

expressed sequence tags (EST) from both Lactuca serriola and Lactuca sativa to
elucidate the differences between the genomes. These species exhibit genetic variance at
disease resistance loci.104' 106 Elucidating the genes that confer resistance to a microbial
pathogen would facilitate engineering desired traits into this agriculturally important
crop. While much remains to be understood about Lactuca disease resistance, triterpene
metabolites have conferred resistance to herbivory in other plant systems (see Chapter 4).
Unveiling the genes that encode triterpene synthases serves as a first step to
understanding the metabolic capabilities of Lactuca. Such an investigation into
Arabidopsis has uncovered homologous genes among higher plants as well as novel
enzymatic products.

Characterization of Lactuca OSCs will provide insight into the

natural product diversity of this model asterid.
Natural product investigation of lettuce has revealed four triterpene alcohols: a amyrin, P-amyrin, germanicol, and ip-taraxasterol.107,108 Numerous sterols have also been
found, and these presumably derive from a fifth oxidosqualene cyclase product,
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cycloartenol. Through identification and isolation of EST sequences, I obtained fulllength clones of three distinct oxidosqualene cyclases.
The putative OSCs discussed here will initiate investigation into Lactuca. Because
complete genomic sequence is not available, we cannot be sure how many oxidosqualene
cyclases it encodes. The EST-only approach does not establish which genes are absent in
Lactuca, but comparison to the Arabidopsis genome already establishes that two of the
Lactuca oxidosqualene cyclases are unambiguously absent in Arabidopsis.

Although

incomplete representation of triterpene metabolism may limit our understanding of the
metabolic capability of this particular plant, it revealed some differences between the
triterpenoid biosynthesis of eurosids and asterids.

This work also established a solid

framework of triterpene evolution between monocots and dicots.

5.2 Experimental procedures

5.2.1 Basic local alignment search tool unveils putative oxidosqualene cyclases
The Arizona Genomics Institute is currently sequencing high-copy expressed
sequence tag (EST) libraries of Lactuca sativa. Not only are the sequences publicly
accessible, clones can be ordered and are affordable. Basic local alignment search tool
(BLAST) available on the National Center for Biotechnology Information (NCBI)
website was used to identify putative oxidosqualene cyclases from Lactuca sativa and
Lactuca serriola.
Using the Arabidopsis cycloartenol synthase, a protein query versus translated
sequence (tBLASTn) search was performed against the “est others” database. Such a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

64

broad BLAST results in many hits; however many of the identified clones were
redundant. This is likely the result of certain genes being highly expressed, thus making
them more common in a given pool of EST sequences.
Over thirty sequences contained 300 basepairs or more.

Other sequences were

identified by this BLAST search; those that were redundant were not ordered. Many
clones contained only short stretches of coding sequence, but were ordered if they did not
assemble into other contigs to determine whether these sequences were representative of
more OSCs.

Seqman was used to assemble these sequences into 15 distinct contigs.

Each contained a variable number of sequences ranging from one to ten.

All of the

sequences were scrutinized for a number of factors including, but not limited to: is the
sequencing robust? Are there several points of disparity among sequences? Which
contigs contain a start codon? Of those contigs that don’t contain a start codon, do they
share limited similarity with other contigs (i.e. are they downstream parts of other
genes?)? Narrowing the sequences using such a selection yielded 23 sequences, which
included the N-termini of four putative oxidosqualene cyclases. A BLAST search of 9
clones, distinct from the N-terminal sequences, revealed coding sequence for either
internal coding sequence (did not contain a start site) or C-termini of several putative
OSCs. These clones were also ordered to determine whether these sequences represented
one of the four OSCs we had already found or corresponded to other OSCs not yet
represented in the clones we ordered. Later sequencing revealed that these clones did
match with other full-length OSCs our search had found with the exception of those
noted below.
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Seven of the 13 sequences were eliminated due to high similarity (containing little to
no basepair changes) to other clones in the same contig. Each of the 16 clones were
ordered and sequenced upon receipt, first using the primer sites endogenous to the
pBRcDNASfilAB vector, M13R and M13F. As sequence was obtained several internal
sequencing primers were designed and used to accurately sequence the entire clone,
ensuring the clone contained a complete open reading frame.

Sequencing of several

clones revealed incomplete reading frames or identical matches to other coding
sequences. This led to four putative OSCs (GCF15, GCF17, GCF18 and GCF19). The
specifics of those results are detailed for each of the OSCs discussed below under
experimentals.
The clones are summarized in Table 5.1.

The left-hand column indicates the

GenBank accession number. The clone number also can be used to trace the origin of the
EST pool from which it was isolated (whether Lactuca sativa or Lactuca serriola).
Recall the search included all varieties of Lactuca and therefore our BLAST search
identified clones from both Lactuca serriola and Lactuca sativa. The origin of the clone
is indicated in the second column of the table. The table indicates which clones were
ordered, based on the aforementioned criterion. Clones with high similarity to either
cycloartenol or lupeol synthases are noted; the remaining clones are labeled as
‘secondary’ for secondary metabolite, based on shared high similarity to enzymes known
to cyclize OS to secondary (non-essential) metabolites.

The column labeled ‘Final

contig’ describes how the clones ordered into the different contigs. Once all the ordered
clones were completely sequenced, most assembled into contigs of other genes; the
specific clones that served as PCR template for the genes that were later expressed in
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yeast are in uppercase font. Those clones that assembled into specific contigs but not
used as PCR templates are in lowercase font. Four sequences did not assemble into any
gene-specific contig, yet they also do not contain a start site and therefore are not able to
be heterologously expressed.

Such clones are labeled ‘non-specific’. Because these

clones do not closely match (<80%) the other Lactuca sequences listed here, these clones
are likely to be representative of other OSCs. The last column of Table 5.1 indicates
whether the genes were heterologously expressed in our yeast system.

O f the 4 full-

length clones obtained by this search, 3 were heterologously expressed (GCF18 contains
a frameshift mutation). If the clone was not ordered, it was obviously not expressed in
our system, indicated by ‘n/a’ as listed in the expressed column. Several clones did not
contain an N-terminus and therefore were not expressed, as indicated by ‘no ATG’.
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Table 5.1 Lactuca clones identified by a BLAST search
Clone

Plant

Ordered?

Putative activity

Final contig

Expressed?

BQ869693
BQ987050

L. sativa
L. serriola

yes
yes

secondary
secondary-no ATG

GCF15
gcfl5

yes
no

BU003435
BQ867673
BQ996859
BQ996949
BU006232
BU002035
BU008791
BU003064
BQ868607
BU005078

L.
L.
L.
L.
L.
L.
L.
L.
L.
L.

serriola
sativa
serriola
serriola
serriola
serriola
serriola
serriola
sativa
serriola

yes
yes
yes
yes
yes
no
no
no
no
yes

lupeol
lupeol
lupeol
lupeol
lupeol
lupeol
lupeol
lupeol
lupeol
lupeol-no ATG

GCF17
gcfl7
gcfl7
gcfl7
gcfl7
gcfl7
gcfl7
gcfl7
gcfl7
gcfl7

yes
no
no
no
no
n/a
n/a
n/a
n/a
no

BU008606
BQ866177
BQ868526
BQ868545
BQ996642
BQ873128
BQ872021

L.
L.
L.
L.
L.
L.
L.

serriola
sativa
sativa
sativa
serriola
sativa
sativa

yes
yes
yes
yes
no
yes
no

cycloartenol
cycloartenol
cycloartenol
cycloartenol
cycloartenol
cycloartenol-no ATG
cycloartenol-no ATG

GCF19
gcfl9
gcfl9
gcfl9
gcfl9
gcfl9
gcfl9

yes
no
no
no
n/a
no
n/a

BQ990988
BQ871910

L. serriola
L. serriola

yes
no

secondary-no ATG
secondary-no ATG

non-specific A
non-specific A

no
n/a

BQ852438
BQ856874

L. sativa
L. sativa

yes
yes

secondary-no ATG
secondary-no ATG

non-specific B
non-specific B

no
no

Final contig

Expressed?

Clone

Plant

Ordered?

Putative activity

5.2.2 Stringent sequence analysis of six putative oxidosqualene cyclases
Although product profile cannot be assigned with confidence based on overall
sequence identity, comparisons can illuminate evolutionary relationships. To determine
the sequence identity of each of these clones to other OSCs, the entire consensus
sequence was used to perform a translated query versus protein database search
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(BLASTx). All results are summarized in Table 5.2. The percentages represent how
similar the Lactuca sequence is to the cyclase listed. Most sequences were found to
resemble most closely either a putative P-amyrin synthase from Centella asiatica109 or a
characterized Panax ginseng P-amyrin synthase.22 Both of these are asterids and many of
the Lactuca sequences share highest similarity to the Centella putative P-amyrin
synthase. One putative Lactuca OSC shares high similarity to lupeol synthases from
Taraxacum officinale and Olea europaea; all are asterids and these three probably had a
common ancestor. All of the genes listed in Table 5.2 that share identity to the Lactuca
sequences have been characterized, with the exception of the putative p-amyrin synthase
from Centella.
The GCF19 sequence is very similar to known cycloartenol synthases and contains
the important catalytic residues Ile48175, Tyr410110, and His477.in The Lactuca clone
pGCF17 is 92% identical to the Taraxacum lupeol synthase. This clade is the earliestdiverging group that form nonsteroidal triterpene alcohols. GCF15 shares relatively high

Table 5.2 Lactuca oxidosqualene cyclases
Gene
GCF15
GCF17
GCF18
GCF19

Shared sequence identity
82% Centella asiatica BAM, 77% Panax ginseng BAM
92% Taraxacum officinale LUP, 81% Olea europaea LUP
69% Centella asiatica BAM, 68% Panax ginseng BAM
85% Centella asiatica CAS, 84% Panax ginseng CAS

similarity (82%) with the putative P-amyrin synthase from Centella.

Status
Full-length
Full-length
Frameshift, early truncation
Full-length

This Centella

enzyme was annotated as a p-amyrin synthase simply because it is most similar to a Pamyrin synthase, but the relationship is too distant to be meaningful. These enzymes
probably form nonsteroidal triterpene alcohols. They share a higher similarity to non-
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steroidal triterpene synthases than to cycloartenol synthases, and this trend is followed at
known catalytically relevant positions. Tyr410 and Ue481 are conserved cycloartenol
synthase residues and mutagenesis studies have established that these residues guide
catalytic events in the B ring.52,80 GCF15, GCF17 and GCF18 have Phe and Val at
corresponding positions, like enzymes that form pentacyclic nonsteroidal triterpene
alcohols. This similarity may reflect that common catalytic forces are used to promote
chair conformation in ring B. GCF15 and GCF17 also maintain an Asp residue at the
position corresponding to Arabidopsis cycloartenol synthase 483, which is shared among
all OSCs to promote epoxide protonation.

5.2.3 Cloning and heterologous expression of the putative Sorghum and Lactuca
cyclases
Sequencing indicated each clone would require amplification and subsequent cloning
into a yeast expression vector due to lack of restriction sites and false starts upstream of
the start codon. Gene specific primers were designed based on sequencing data. Primers
are listed in Table 5.3. The restriction sites are underlined in the primer sequence and the
enzyme name is noted to the right of each primer. All genes were PCR-amplified using a
2-step program that unifies annealing and elongation at 56 °C using 1 pL of the original
clone as template. The amplicons were cut in a double digest with either Hind III and
Not I (GCF15) or Sal I and Not I (GCF17 and GCF19), gel purified (Qiagen), and cloned
into pRS426GAL.75 After confirming no PCR errors introduced changes into the coding
sequence (as compared to the parent clone), each was assigned a clone number (listed in
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parentheses) and transformed into RXY6.240 and GCFY3 using the lithium acetate
method48 for in vitro and in vivo analyses, respectively.
__________________ Table 5.3 Primers used to amplify Lactuca genes_______________
Hind III

GCF15

5' primer

5

(pGCF15.3)

3' primer

V -T A A T G G G G G G G G T A A T T T A A T T G A G G C A A A C A -3 ’

Not I

GCF17

5' primer

5 ’-A T T A G T C G A C A T T A A T G T G G A A G C T G A A A A T A -3 ’

Sal I

(pGCF17.5)

3' primer

5 ’-T A A T G C G G C C G C T A A T T C A T A C A T T T T G A A -3 ’

Not I

GCF19

5' primer

5 ’-A T T A G T C G A C A T T A A T G T G G A A A C T G A A G A T - 3 ’

S a il

(pGCF19.6)

3' primer

V -T A A T G C G G C C G C T A A T T T A G C T T A C ,C A T G G A T -3 ’

Not I

A T T A A A G C T T A T T A A T G T G G A A G T T A A A G A T A -3 ’

5.2.4 Product isolation, purification and identification
Several methods were used to analyze the many products generated by the Lactuca
OSCs.

Both in vivo and in vitro expression was used to collect material for further

analysis and purification of each product. Preparative thin layer chromatography (PTLC)
was used to isolate the triterpene products in a partially purified mixture from an in vivo
culture.

High performance liquid chromatography (HPLC) was used to separate

individual products for NMR analysis.
To collect material for spectral analysis, large-scale cultures were grown to
saturation. The cells were harvested by centrifugation and saponified as described in
Chapter 2. After cooling to room temperature, the suspension was extracted three times
with hexane. The organic fractions were combined and dried using rotary evaporation.
Silica gel column chromatography was used to isolate the triterpene alcohols from OS
substrate, ergosterol or cholesterol and fatty acids. All silica columns for Lactuca and
Sorghum analyses were run in isocratic 10% hexane in CH2C12. A portion of the total
extract was derivatized with 200 pL of 1:1 bis(trimethylsilyl)trifluoroacetamide/pyridine.
GC-MS and NMR analysis was performed as described in Chapter 2. We have generated
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extensive NMR and GC-MS standards of many triterpenes and related metabolites.
Consequently, this has allowed the facile identification of compounds in crude samples.
Using both GC-MS and NMR spectra for a single crude facilitated the characterization of
the Lactuca OSCs discussed here.
All of the products identified from an in vivo extract were confirmed using an in vitro
assay. The squalene epoxidase/lanosterol synthase double mutant RXY6.2 allows for
heterologous expression of OSCs. Rather than converting products in vivo, the culture is
harvested upon saturation, lysed and incubated with racemic synthetic oxidosqualene
substrate. This is especially useful for products that yeast metabolize triterpenes such as
the primary metabolite lanosterol. The in vitro reactions were performed as described in
Chapter 2. GC-MS and NMR confirmed the results of the in vivo experiments.
Preparative thin layer chromatography (PTLC) allows the isolation of products that
share a common polarity. PTLC was used to determine the products generated by each
enzyme and the yield of those products from a 1 L extract. GCF15 and GCF17 extracts
were derived from in vivo cultures. GCF19 was analyzed by in vitro cultures due to the
generation of plant primary metabolites, which can be metabolized by yeast.
The GC-MS and NMR spectra of the PTLC-derived GCF15 extract indicated minor
products, but significant peak overlap required further purification to elucidate the entire
profile of products. HPLC was used to analyze the products from GCF15 from 8 L of
culture. HPLC was performed as described in Chapter 2.
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5.2.5 Determination of a-am yrin structure
The available literature NMR shifts were insufficient to characterize a-amyrin. An
a-am yrin standard was used (Fluka).

'H, l3C, HSQC, HMBC, COSYDEC, and NOE

difference spectra were obtained on a Bruker Avance 500 spectrometer at 25 °C in CDC13
solution. 'H spectra were referenced to internal tetramethylsilane, and 13C spectra were
referenced to CDC13 at 77.0 ppm.
500 MHz 'H NMR a-amyrin: 5 0.737 (dd 7=11.6, 1.6 Hz, 1H, C-5), 0.792 (s, 3H, C29), 0.795 (s, 3H, C-24), 0.802 (s, 3H, C-28), 0.867 (td, 7=13.5, 4.8 Hz, 2H, C-16), 0.955
(s, 3H, C-25), 0.977 (1H, C-15), 1.000 (s, 3H, C-23), 1.010 (s, 3H, C-26), 1.013 (m, 1H,
C -l), 1.072 (m, 3H, C-27), 1.26 (m, 1H, C-21), 1.28 (m, 1H, C-22), 1.32 (m, 1H, C-18),
1.32 (m, 1H, C-19), 1.352 (m, 1H, C-7), 1.400 (1H, C-6), 1.42 (m, 1H, C-22), 1.523 (m,
1H, C-9), 1.543 (m, 1H, C-6), 1.547 (m, 1H, C-7), 1.583 (m, 1H, C-2), 1.626 (m, 1H, C2), 1.661 (m, 1H, C -l), 1.834 (tdd, 7=13.8, 5.1 1 Hz, 1H, C-15), 1.898 (m, 1H, C -ll),
1.931 (m, 1H, C -ll), 2.003 (td ,7=13.5, 4.8 Hz, 1H, C-24), 3.226 (dd, 7=11.2, 5.2 Hz, 1H,
C-3), 5.128 (t, 3.6 Hz, 1H, C-24). 125 MHz 13C NMR: 5 15.61 (C-24), 15.67 (C-25),
16.86 (C-26), 17.46 (C-29), 18.35 (C-6), 21.39 (C-30), 23.26 (C-27), 23.36 (C -ll), 26.61
(C-15), 27.27 (C-2), 28.09 (C-16), 28.12 (C-23), 28.75 (C-28), 31.25 (C-21), 32.93 (C-7),
33.75 (C-17), 36.89 (C-10), 38.77 (C -l), 38.78 (C-4), 39.61 (C-20), 39.66 (C-19), 40.01
(C-8), 41.52 (C-22), 42.08 (C-14), 47.71 (C-9), 55.17 (C-5), 59.06 (C-18), 79.06 (C-3),
124.42 (C-12), and 139.58 (C-13).
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5.2.6 Lactuca serriola lupeol synthase - GCF17
The Arizona Genomics Institute generated a number o f different EST libraries to
elicit the expression of select genes. However, some genes are expressed in several EST
libraries, making many clones redundant.

Interestingly, the gene with the greatest

redundancy in the pool of ESTs available during the time of the search was the putative
OSC GCF17; 9 sequences assembled into this single contig (BQ867673, BQ996859,
BQ996949, BU003435, BU006232, BU002035, BU008791, BU003064, BQ868607) and
one sequence assembled into its own contig (BU005078). A BLAST search of the clones
indicated a high similarity to previously characterized lupeol synthases. Because many
of the putative lupeol synthase clones were in agreement with one another, only 6 that
assembled into this contig were ordered (indicated by boldface font). The selection was
based on (i) whether the sequences contained a start codon and (ii) if there was enough
disparity between the sequences that implicated the potential for altered catalytic activity.
Several sequences contained few base pair changes, whereas others appeared to have
point mutations along the entire length of the sequence. (The clones with minimal base
pair changes are likely the result of weak signals during sequencing.) The clones were
sequenced as described and reassembled.

After examining the sequencing data, it

appeared the areas of disparity among the original sequences were simply the result of
inaccurate sequencing analysis; all of the ordered clones encoded the exact same enzyme.
Further, another clone (BU005078) that had been ordered which initially only appeared
as a short stretch of a putative OSC, assembled into the full-length GCF17 contig once
the entire gene had been sequenced and revealed identical sequence.
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The gene was PCR amplified from BU003435, cloned, and expressed as described.
The mass of the cell pellet from a 1-L culture was 9.13 g. The pellet was saponified and
extracted, yielding 15.6 mg of NSL. The triterpene alcohol(s) were purified (2.4 mg) by
PTLC and analyzed by GC-MS and 'H NMR. The 2.4 mg crude triterpene was dissolved
in 160 pL of xylene and a 1-pL aliquot was analyzed by GC-MS using the following
program: inlet 280 °C, oven 260 °C, splitless injection, helium at 20 cm/s. This allowed
the maximum amount of material (15 pg) to be loaded onto the column, allowing a 0.2%
detection limit.

Any material less than the detection limit of the total extract is

indiscernible from noise. The products were quantified by GC-FID The GC-FID data
and NMR spectrum are shown in Appendix E.

5.2.7 Lactuca serriola cycloartenol synthase - GCF19
The BLAST search also identified many sequences that shared high similarity with
cycloartenol synthases. Cycloartenol is an essential sterol metabolite and expected to be
highly represented regardless of the conditions used to generate an EST library. Seven
sequences matched cycloartenol synthase sequence, yet consisted of sequences from both
Lactuca sativa and Lactuca serriola libraries. BU008606 and BQ996642 were from L.
serriola and assembled into a single contig. BQ866177, BQ868526, BQ868545 were L.
sativa clones that each assembled into its own contig due to lack of significant overlap
(less than 12 bp). The L. sativa clones BQ873128 and BQ872021 both assembled into a
single contig and the sequences were identical. Boldface font indicates the 5 clones that
were ordered.

Once all the clones were received and completely sequenced, it was

apparent the clones contained identical sequence.
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T he gene w as PCR am plified from BU008606, cloned, and expressed as described in
Chapter 2 to yield pGCF19.6. The mass o f the cell pellet from a 1L culture was 8.90 g.
The pellet was saponified and extracted, yielding 22.2 mg o f NSL.

The triterpene

alcohol(s) were purified (2.0 mg) by PTLC and analyzed by G C-M S and 'H NMR. The
2.0 m g crude triterpene was dissolved in 200 pL o f xylene and a 1-pL aliquot was
analyzed by G C-M S using the following program: inlet 280 °C, oven 260 °C, splitless
injection, helium at 20 cm/s.

This allow ed 10 pg o f m aterial to be loaded onto the

colum n, allowing for a low er detection level of 0.1%.

A ny m aterial less than the

detection lim it o f the total extract is indiscernible from noise.

The NM R spectra are

shown in Appendix E, respectively. The products were quantified by G C-FID and the
results are shown in Appendix E. The reconstructed ion chrom atogram for m lz 498
showed two peaks at 14.7 and 15.9 min. N o other com ponent w as visible within 0.1% o f
the m ajor signal, indicating that a single C33H58OSi com ponent (trim ethylsilyl ether o f a
triterpene alcohol) was formed. The mass spectrum is shown in A ppendix E.
A 1-L culture o f RXY6[pGCF19.6] was grown in synthetic com plete m edium lacking
uracil76 with 2% galactose as a carbon source and supplem ented w ith cholesterol (20
pg/m L), hem e (13 pg/m L), and Tw een 80 (5 mg/mL). The cells were harvested, isolated
and analyzed as described in Chapter 2. GC-M S o f the TM S ethers showed a different
ratio o f products as expected since yeast are able to m etabolize p a rk e d and cycloartenol.
The spectra are shown below.
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5.2.8 Lactuca sativa mixed amyrin synthase - GCF15
The L. sativa clone BQ869693 shared high identity to the Centella and Panax Pamyrin synthases described previously, which included a start codon. BQ987050 was
from a L. serriola library, however a BLAST search of the clone indicated a missing start
codon. To determine whether the clone contained a fragment of a different gene, it was
ordered and sequenced. Upon sequencing, these two clones assembled together to reveal
coding sequence for the same gene.
The gene was PCR amplified from BQ869693, cloned, and expressed as described to
yield pGCF15.3. The mass of the cell pellet from a 1-L culture was 7.19 g. The pellet
was saponified and extracted, yielding 18.4 mg of NSL. The triterpene alcohol(s) were
purified (2.8 mg) by PTLC and analyzed by GC-MS and 'H NMR. The 2.8 mg crude
triterpene was dissolved in 210 pL of xylene and a 1-pL aliquot was analyzed by GC-MS
using the same program as for the GCF17. This allowed 13 pg of material to be loaded
onto the column, allowing for a lower level limit of detection to 0.2%.

The NMR

spectrum is shown in Appendix E. The products were quantified by GC-FID and the
results are shown in Appendix E.

5.2.9 Sorghum bicolor mixed amyrin synthase - AW744875
The gene encoding AW744875 was cloned by a previous graduate student. The gene
had been subcloned into pRS426GAL and named pRX3.6.

No obvious activity was

observed when AW 744875 was expressed in SM Y8 nor R X Y 6.

However, when

expressed in GCFY3, approximately 1 mg/L triterpene product accumulated in vivo. A
1-L culture of GCFY3[pRX3.6] was grown and harvested as described. The mass of the
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cell pellet from a 1L culture was 6.78 g.

The pellet was saponified and extracted,

yielding 8.4 mg of NSL. The triterpene alcohol(s) were purified (0.9 mg) by PTLC and
analyzed by GC-MS and ‘H NMR. The 0.9 mg triterpene crude was dissolved in 200 pL
of xylene and a 2-pL aliquot was analyzed by GC-MS using the same program as for the
GCF17. This allowed 9 pg of material to be loaded onto the column, limiting detection
0.2%. Any material less than the detection limit of the total extract is indiscernible from
noise.

The GC-MS and NMR spectra are shown in Appendix E, respectively.

The

products were quantified by GC-FID and the results are shown in Appendix E.

5.3 Results and discussion

5.3.1 Conservation of primary and secondary metabolic activity in Lactuca sativa

5.3.1.1 Lupeol synthase (GCF17.5)
The enzyme GCF17 cyclizes OS to lupeol (92.8%) in addition to a number of other
minor products: p-amryin (4.8%), butyrospermol (0.8%), dammara-20,24-dienol (0.5%),
taraxasterol (0.1%), and rp-taraxasterol (0.1%) (Figure 5.1). Despite the low abundance
of both taraxasterol and ^-taraxasterol, these compounds were identified because several
of the aliphatic methyl NMR shifts resolved and the structures were confirmed by GCMS analysis; the electron-impact mass spectra and retention times of taraxasterol and x|>taraxasterol are distinct from other triterpenes that share a similar retention time

(Appendix E). There are 4 other unidentified compounds that each account for 0.1-0.2%
of the total product profile.
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Most of the Lactuca OSCs discussed here are closely related to one another, but
GCF17 groups into a clade with many lupeol synthases from a mixture of asterids and
eurosids. It shares higher homology with other lupeol synthases than with the other

HO'

HO'
lupeol (92.7% )

butyrosperm ol (0.8% )

HO'

HO’
p-am yrin (4.8% )

HO'

d am m ara-17(20),24-dienol (0.5% )

tarax aste ro l (0.1% )

HO’
^ -ta ra x a ste ro l (0.1% )

Figure 5.1 Characterized products of GCF17. Four more unknown products account
for 0.8% of the total.

identified Lactuca OSCs, providing further evidence a lupeol synthase was present in the
ancestor of eurosids and asterids. The Lactuca lupeol synthase falls into the clade of
accurate lupeol synthases and is 92% identical to the Taraxacum lupeol synthase.
Arabidopsis encodes two enzymes known to cyclize OS to lupeol (Atlg78970 and
Atlg78960), which have been given the names of LUP land LUP2, respectively. Both of
these enzymes are inaccurate, generating two different combinations of lupeol, P-amyrin,
germanicol, taraxasterol, ty-taraxasterol, 3,20-dihydroxylupane and a-amyrin. Further,
they share a low sequence homology to the Lactuca lupeol synthase (56-58% identity). It
is possible the diversity of products provides flexibility for the plant; should one product
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confer resistance to a microbial predator, the plant is able to provide its own defense.
Further, the enzyme could be in state of evolutionary change, gradually shifting its major
production from one triterpene to another. GCF17 shares 76-92% identity to accurate
lupeol synthases that have been isolated from Olea europaea,30,31 Taraxacum
officinale,30,31 and Betula platyphylla26.
The known roles of triterpene products are scarce, however lupeol has recently been
shown to be the dominant component of the epicuticular wax of the castor bean, Ricinus
communis."2 Lupeol has displayed anti-cancer32 and anti-malarial33 capabilities as well as
activity as a hepatoprotectant.113 As product-function investigation develops, the role of
lupeol production in higher plants will be further elucidated, expanding the far reaching
applications of triterpene alcohols.

5.3.1.2 Cycloartenol synthase (GCF19.6)
GCF19 encodes the OSC responsible for generating cycloartenol. However, GCF19
also cyclizes OS to parkeol (12.2%), a unique feature of plant cycloartenol synthases
(CASs) (Figure 5.2). Other known native plant CASs that generate parked in addition to
cycloartenol are currently limited to the Arabidopsis CAS. Cycloartenol synthases fold
oxidosqualene into the pre-chair-boat-chair protosteryl cation confirmation, rather than
the pre-chair-chair-chair dammarenyl cation accessed by non-steroidal triterpene alcohols
that generate tetracyclic and pentacyclic compounds (Figure 5.2).
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H

parkeol

1,2 shifts
HO
oxidosqualene

protosteryl cation

cycloartenol

Figure 5.2 Cyclization of oxidosqualene to parkeol and cycloartenol. Parkeol is
generated by deprotonation at C ll whereas cycloartenol arises from
deprotonation at C l9.

All plants with known sterol pathways generate cycloartenol as a precursor to the
essential membrane sterols campesterol, sitosterol, and stigmasterol.114 Cycloartenol
synthases are ubiquitous in the plant kingdom and appear to be the evolutionary ancestors
of plant enzymes that cyclize oxidosqualene to other structures. Cycloartenol synthase
has been cloned from the angiosperms Arabidopsis thaliana,46 Pisum sativum,115 Panax
ginseng,22 Luffa cylindrica, 116 Glycyrrhiza glabra,"7 Betula platyphylla,26 and Cucurbita
pepo ,39 Cycloartenol synthase has also been characterized from the monocots Costus
speciosus,36 Avena strigosa21 and Avena wiestii.28
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HO
HO'
pre-chair-boat-chair

protosteryl cation

HO.
pre-chair-chair-chair

HO'
dammarenyl cation

Figure 5.3 Cationic intermediates of steroidal and non-steroidal products.
Cycloartenol synthases and other sterol-precursor OSCs fold oxidosqualene
into the pre-chair-boat-chair conformation to generate the protosteryl
cation. Non-steroidal OSCs fold oxidosqualene into the pre-chair-chairchair conformation to generate the dammarenyl cation.
Parkeol is isolated as a cyclization product in cycloartenol and lanosterol
synthases;118122 however, sea cucumbers use parkeol as a saponin precursor.123 124 As
discussed in Chapter 4, plant saponins confer protection against microbes and other
predators.83-88 Further, saponins may also possess medicinal capabilities.85,89-93 The role
of parkeol production in Lactuca is currently unknown, but continued investigation may
reveal another facet of lettuce metabolism.

5.3.2 Parallel evolution of mixed amyrin synthases in monocots and dicots

5.3.2.1 L actu ca serriola mixed amyrin synthase

The L. sativa clone BQ869693 was found to encode a mixed amyrin synthase. One
other clone among the 19 that were ordered also assembled into the final contig once both
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had been completely sequenced. Interestingly, the BQ987050 clone was isolated from L.
serriola. Unfortunately, the clone contained only the 600 bp of C-terminal sequence and
therefore was not expressed. There are over 100 basepairs that differ, yet the sequences
are >80% identical. As more EST sequences become available, the metabolic differences
of these two genes will be elucidated.
GCF15 shares the highest similarity with the Centella and Panax BAMs of any of the
Lactuca OSCs discussed here. Interestingly, GCF15 is a mixed-amyrin synthase
producing a-am yrin (25.9%) and P-amyrin (67.4%). Minor product analysis revealed
seven other triterpene alcohols: ip-taraxasterol (4.2%), dammara-17(20),24-dienol
(3.9%), taraxasterol (0.7%), lupeol (0.4%), thalianol (0.8%), camelliol C (0.2%), and
epithalianol (0.2%).
Only one other a-/p-amyrin synthase from angiosperms has been isolated to date (see
discussion of a mixed amyrin synthase from the monocot Sorghum bicolor below). A
Pisum sativum cyclase produces both a-amyrin and P-amyrin in approximately 3:2 ratio,
accompanied by several other minor byproducts;24 however GCF15 shares only 60%
identity with this enzyme. Other mixed-function amyrin synthases have been isolated as
well. A cyclase was characterized from Lotus japonicus that produces P-amyrin and
lupeol plus other unidentified triterpene alcohols.29 The Arabidopsis LUP2 OSC cyclizes
OS to P-amyrin, a-amyrin and lupeol in a 55%:30:%:15% ratio.34 The Lactuca mixed
amyrin synthase (MAM) produces a small percentage of lupeol as well, explained by
differential ring cyclization, methyl and hydride shifts and deprotonation.

mechanism that generates the pentacyclic products is proposed in Figure 5.4.
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The enzyme active site of Lactuca mixed amyrin synthase cyclizes OS to the
dammarenyl cation (I). Deprotonation at C21 leads to dammara-17(20),24-dienol (1). Dring expansion and 18p E-ring cyclization generates the lupyl cation (II) and
deprotonation at C29 yields lupeol (2). The lupyl cation can undergo E-ring expansion
by C21 migration to yield the germanicyl cation (III), which undergoes two hydride shifts
and a deprotonation at 12aH to yield P-amyrin (3).

Alternatively, migration of 29-

methyl to C19 in the germanicyl cation yields the taraxastyl cation (IV). Deprotonation
at C21 gives rjj-taraxasterol (4) or at C30 yields taraxasterol (5). To form a-amyrin, the
lupyl cation (II) can undergo E-ring expansion via C18 migration to yield cation V and
C29-methyl shift yields cation VI. A series of 1,2 H shifts and deprotonation at C12
gives a-amyrin (6).
J ...

E-ring
expansion

21 D-ring
iv expansion

2B 29

1,2 Hshifts
-H* or
+ OH'

1,2 shifts
-H*

- H*
or + OH-

E-ring
cyclization H0'7Vi
from 18p
23 24 ||

®<a'I

C29 methyl
1,2 shift

via C21
migration H0'

E-ring
expansion
via C18
migration
C29 methyl
1,2 shift

1,2 Hshifts
-H+ *

Figure 5.4 Mechanism for the formation of GCF15 products
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5.3.2.2 Sorghum bicolor mixed amyrin synthase
The Sorghum bicolor AW744875 was found to encode a mixed amyrin synthase
yielding 49.9 % and 42.2 % of a-and P-amyrin, respectively. This is the first mixed
amyrin synthase to be isolated from a monocot plant. As many other plants discussed
here, natural product investigation revealed several triterpene components in different
varieties of Sorghum bicolor. Whole plant extraction of Sorghum bicolor found several
triterpene products (including triterpene esters) in the epicuticular wax including a - and
P-amyrin, lupeol, multiflorenol, fernenol, isoarborinol, sorghumol, trematol, and
obtusifoliol.125127
The roles of triterpenes in plants remains poorly understood. Plants are capable of
providing their own protection against herbivores through the production of saponins.
P450s, glycosyltransferases and other enzymes catalyze the conversion of triterpene
alcohols to these acylated and/or glycosylated triterpene alcohols.27 A P-amyrin synthase
was identified in oat and shown to be part of the saponin biosynthetic pathway and plants
deficient in their ability to produce saponins are more susceptible to microbial
infection.28,84,128,129 The characterization of a P450 in Sorghum bicolorm suggests a
potential role for a - and P-amyrin and production of saponins.
The Sorghum mixed amyrin synthase is 47% identical to the mixed amyrin synthase
from Lactuca, 48% identical to the Pisum mixed amyrin synthase, and 60% identical to
the monocot Avena p-amyrin synthase.

Despite the low identity among all of these

enzym es, they maintain a closely related metabolic profile. Further, the generation o f a -

and P-amyrin is maintained across dicots and monocots, suggesting an important
physiological role in the plant. As the discovery of P450s and other enzymes related to
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saponin biosynthesis are coupled to O SC discoveries, m ore facets o f plant m etabolism
and evolution w ill be uncovered.
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Chapter 6 Conclusions

Phylogenetic

relationships

are

continuously

constructed

from

advances

in

evolutionary study. Like the theory itself, the process o f unveiling evolution has grown
and changed throughout scientific inquiry.

Unsuccessful attem pts have been m ade to

classify organism s based on phenotypic or chem otaxonom ic characteristics.
heredity revealed a new facet o f evolution.

Genetic

M odem evolutionary analysis relies on

com bined study o f many factors with a focus on genetic changes that shape natural
selection.
The present work explored the origins o f triterpenoid skeletal diversity by
characterizing triterpene synthases (oxidosqualene cyclases, OSCs) from Arabidopsis
thaliana, Lactuca serriola, Lactuca sativa and Sorghum bicolor. As part o f an essential
m etabolic

pathway,

Lactuca

serriola

GCF19

encodes

a

cycloartenol

synthase.

Cycloartenol is further converted into the sterols cam pesterol, stigm asterol and sitosterol
which serve as com ponents o f m em branes and precursors to plant hormones.
The Arabidopsis gene A tlg48010 was found to encode an OSC that generates two
novel products, thalianol and thalianol epoxide.

Interestingly, thalianol epoxide arose

from the cyclization o f dioxidosqualene, which acted as an alternative substrate for
OSCs.

Evidence that this enzym e can accept this substrate coupled to other recent

publications offers the potential to further expand the skeletal diversity o f triterpenoids
and related metabolites. To this end, another Arabidopsis gene A tlg 7 8 9 5 0 cyclizes OS
to the saponin precursor P-amyrin. Saponins are generated by the plant to aid in their
ow n defense against herbivory and microbes.
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D istant relationships and patterns o f conservation were also discovered.

M ixed

am yrin synthases from the m onocot Sorghum bicolor and the dicot Lactuca sativa
evolved independently, yet the generation o f the same m etabolites suggests a larger role
for plant triterpenes. Further, the Lactuca serriola lupeol synthase is a highly conserved
plant product, which may contain pharm aceutical applications such as anti-m alarial or
anti-cancer activities.
G enom e-m ining
phylogenetic
com pounds.

approaches

relationships,

and

uncovered
further

new

triterpene

investigation

m ay

skeletons,
uncover

revealed

other

novel

Sequence data suggests plants are capable o f extensive product diversity

through formation o f secondary metabolites. However, the plant may only produce these
com pounds as a biotic response and isolation o f such products evade classical isolation
methods. H eterologous expression in the yeast Saccharom yces cerevisiae allows facile
isolation o f OSCs products under controlled conditions.

The transcriptional and

translational regulation o f H M G R and ERG1 w as elim inated through overexpression o f
each gene behind a galactose inducible prom oter to yield GCFY2 and GCFY3,
respectively.

Strains generated in this w ork surpass existing levels o f substrate

accum ulation 40-fold over w ild-type and were shown to facilitate product isolation from
enzym es that initially were lim ited for reasons that were previously unclear.

It now

appears that high substrate production coupled w ith inducible overexpression o f
heterologously expressed genes, creates a system to characterize m ore OSCs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

88

References
(1)
Ruzicka, L.; Eschenm oser, A.; Heusser, H. Experientia 1953, 357-367.
(2)
Sacchettini, J. C.; Poulter, C. D. Science 1997, 277, 1788-1789.
(3)
Grayson, D. H. Nat. Prod. Rep. 2 0 0 0 ,17, 385-419.
(4)
Fraga, B. M. Nat. Prod. Rep. 2002, 79, 650 - 672.
(5)
Hanson, J. R. Nat. Prod. Rep. 2003, 20, 70-78.
(6)
Connolly, J. D .; Hill, R. A. Nat. Prod. Rep. 2 0 0 2 ,19, 494-513.
(7)
Engelberth, J.; A lbom , H. T.; Schmelz, E. A.; Tum linson, J. H. Proc. Natl. Acad.
Sci. U. S. A. 2 0 0 4 ,101, 1781-1785.
(8)
Burnett, W. C., Jr.; Jones, S. B., Jr..; M abry, T. J. Proc. Phytochem . Soc. Eur.
1 9 7 8 ,15, 233-57.
(9)
Suzuki, H.; Achnine, L.; Xu, R.; M atsuda, S. P. T.; D ixon, R. A. Plant Journal
2002, 32, 1033-1048.
(10) W ollenw eber, E.; Doerr, M .; Siems, K.; Faure, R.; Bom barda, I.;Gaydou, E. M.
Biochem ical System atics and Ecology 1998, 27, 103-105.
(11) Kingston, D. G. I. J. Nat. Prod. 2000, 63, 726-734.
(12) Finkelstein, R. R.; Zeevaart, J. A. D. C old Spring H arbor M onograph Series
1994, 27, 523-553.
(13) Xu, R.; Fazio, G. C.; M atsuda, S. P. T. Phytochem istry 2004, 65, 261-290.
(14) Corey, E. J.; Staas, D. D. J. Am. Chem. Soc. 1 9 9 8 ,120, 3526-3527.
(15)
Corey, E. J.; Cheng, H.; Baker, C. H.; M atsuda, S. P. T.; Li, D.; Song, X. J. Am.
Chem. Soc. 1 9 9 7 ,119, 1289-1296.
(16)
Corey, E. J.; Cheng, H.; Baker, C. H.; M atsuda, S. P. T.; Li, D.; Song, X. J. Am.
Chem. Soc. 1 9 9 7 ,119, 1277-1288.
(17) Ruzicka, L. Proc. Chem. Soc. 1959, 341-360.
(18) Ruzicka, L. Pure Appl. Chem. 1963, 6 , 493-522.
(19) Rees, H. H.; Goad, L. J.; Goodwin, T. W. Tetrahedron Lett. 1968, 9, 723-725.
(20) Benveniste, P.; Hirth, L.; Ourisson, G. Phytochem istry 1966, 5, 45-58.
(21) Ehrhardt, J. D.; Hirth, L.; Ourisson, G. Phytochem istry 1967, 6, 815-821.
(22) Kushiro, T.; Shibuya, M .; Ebizuka, Y. Eur. J. Biochem. 1998, 256, 238-244.
(23) Kushiro, T.; Shibuya, M .; Ebizuka, Y. In Towards N atural M edicine Research in
the 21st Century, Excerpta M edica International Congress Series 1157', Ageta, H., Aimi,
N., Ebizuka, Y., Fujita, T., Honda, G., Eds.; Elsevier Science: A m sterdam , 1998, p 421428.
(24)
M orita, M .; Shibuya, M .; Kushiro, T.; M asuda, K.; Ebizuka, Y. Eur. J. Biochem.
2000, 267, 3453-3460.
(25)
Hayashi, H.; Huang, P. Y.; Kirakosyan, A.; Inoue, K.; Hiraoka, N.; Ikeshiro, Y.;
Kushiro, T.; Shibuya, M .; Ebizuka, Y. Biol. Pharm. Bull. 2001, 24, 912-916.
(26)
Zhang, H.; Shibuya, M.; Yokota, S.; Ebizuka, Y. Biol. Pharm. Bull. 2003, 26,
642-650.
(27)
Haralampidis, K.; Bryan, G.; Qi, X.; Papadopoulou, K.; Bakht, S.; M elton, R.;
O sbourn, A. E. Proc. Natl. Acad. Sci. USA 2001, 98, 13431-6.
(28)
Qi, X.; Bakht, S.; Leggett, M .; M axwell, C.; M elton, R.; O sbourn, A. Proc. Natl.
Acad. Sci. U. S. A. 2 0 0 4 ,101, 8233-8238.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

89

(29)
Iturbe-O rm aetxe, I.; Haralampidis, K.; Papadopoulou, K.; O sbourn, A. E. Plant
Mol. Biol. 2003, 57, 731-743.
(30)
Kushiro, T.; Shibuya, M .; Ebizuka, Y. Tetrahedron Lett. 1 9 9 9 ,40, 5553-5556.
(31)
Shibuya, M .; Zhang, H.; Endo, A.; Shishikura, K.; K ushiro, T.; Ebizuka, Y. Eur.
J. Biochem . 1999, 266, 302-307.
(32)
Gauthier, C.; Legault, J.; Lebrun, M.; Dufour, P.; Pichette, A. Bioorg M ed Chem
2006.
(33)
Fotie, J.; Bohle, D. S.; Leimanis, M. L.; Georges, E.; Rukunga, G.; Nkengfack, A.
E. J N a t P rod 2006, 69, 62-7.
(34)
H usselstein-M uller, T.; Schaller, H.; Benveniste, P. Plant M ol. Biol. 2001, 45, 7592.
(35)
Kushiro, T.; Shibuya, M .; M asuda, K.; Ebizuka, Y. Tetrahedron Lett. 2000, 41,
7705-7710.
(36) Kawano, N.; Ichinose, K.; Ebizuka, Y. Biol. Pharm. Bull. 2002, 25, 477-82.
(37) X iang, T.; Shibuya, M .; Katsube, Y.; Tsutsum i, T.; O tsuka, M .; Zhang, H.;
M asuda, K.; Ebizuka, Y. Org L ett 2006, 8, 2835-8.
(38) Xiong, Q.; W ilson, W. K.; M atsuda, S. P. A ngew Chem In t E d E ngl 2006, 45,
1285-8.
(39) Shibuya, M .; Adachi, S.; Ebizuka, Y. Tetrahedron 2004, 60, 6995-7003.
(40)
Fazio, G. C.; Xu, R.; M atsuda, S. P. T. J. Am . Chem. Soc. 2 0 0 4 ,126, 5678 - 5679.
(41)
Lodeiro, S.; W ilson, W. K.; Shan, H.; M atsuda, S. P. Org L ett 2006, 8 , 439-42.
(42)
Lees, N. D.; Bard, M.; Kirsch, D. R. Crit. Rev. Biochem . M ol. Biol. 1999, 34, 3347.
(43) Corey, E. J.; M atsuda, S. P. T.; Bartel, B. Proc. Natl. Acad. Sci. USA 1994, 91,
2211-2215.
(44) Baker, C. H.; M atsuda, S. P. T.; Liu, D. R.; Corey, E. J. Biochem. Biophys. Res.
Commun. 1995, 213, 154-160.
(45) B em sdorff, C.; W inter, R. J. Phys. Chem. B 2 0 0 3 ,1 0 7 ,10658-10664.
(46) Corey, E. J.; M atsuda, S. P. T.; Bartel, B. Proc. Natl. Acad. Sci. USA 1993, 90,
11628-11632.
(47)
Ostergaard, S.; Olsson, L.; Nielsen, J. M icrobiol. M ol. Biol. Rev. 2000, 64, 34-50.
(48)
Schiestl, R. H.; Gietz, R. D. Curr. Genet. 1 9 8 9 ,16, 339-346.
(49) W inzeler, E. A.; Shoemaker, D. D.; Astromoff, A.; Liang, H.; Anderson, K.;
A ndre, B.; Bangham , R.; Benito, R.; Boeke, J. D.; Bussey, H.; Chu, A. M .; Connelly, C.;
Davis, K.; Dietrich, F.; Dow, S. W .; El Bakkoury, M .; Foury, F.; Friend, S. H.; Gentalen,
E.; G iaever, G.; H egem ann, J. H.; Jones, T.; Laub, M .; Liao, H.; Liebundguth, N.;
Lockhart, D. J.; Lucau-Danila, A.; Lussier, M .; M 'Rabet, N .; M enard, P.; M ittmann, M.;
Pai, C.; Rebischung, C.; Revuelta, J. L.; Riles, L.; Roberts, C. J.; Ross-M acDonald, P.;
Scherens, B.; Snyder, M .; Sookhai-M ahadeo, S.; Storms, R. K.; Veronneau, S.; Voet, M.;
V olckaert, G.; W ard, T. R.; W ysocki, R.; Yen, G. S.; Yu, K.; Zim m erm ann, K.;
Philippsen, P. Science 1999, 285, 901-906.
(50) H errera, J. B. R.; Bartel, B.; W ilson, W. K.; M atsuda, S. P. T. Phytochemistry
1998, 49, 1905-11.
(51)
Segura, M. J. R.; M eyer, M. M .; M atsuda, S. P. T. Org. Lett. 2000, 2, 2257-2259.
(52)
Corey, E. J.; M atsuda, S. P. T.; Baker, C. H.; Ting, A. Y.; Cheng, H. Biochem.
Biophys. Res. Commun. 1996, 219, 327-331.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

90

(53)
Shinabarger, D. L.; Keesler, G. A.; Parks, L. W. Steroids 1989, 53, 607-623.
(54) Servouse, M .; Karst, F. Biochem. J. 1986, 240, 541-547.
(55) Sikorski, R. S.; Hieter, P. Genetics 1 9 8 9 ,122, 19-27.
(56) Nadeau, R. G.; Hanzlik, R. P. M ethods Enzymol. 1 9 6 8 ,15, 346-351.
(57) Leber, R.; Zenz, R.; Schrottner, K.; Fuchsbichler, S.; Puhringer, B.; Turnowsky,
F. Eur. J. Biochem. 2001, 268, 914-924.
(58) Shan, H.; Segura, M. J.; W ilson, W. K.; Lodeiro, S.; M atsuda, S. P. J Am Chem
Soc 2 0 0 5 ,127, 18008-9.
(59) Goldstein, J. L.; Brown, M. S. Nature 1990, 343, 425-430.
(60) Basson, M. E.; Thorsness, M.; Rine, J. Proc. Natl. Acad. Sci. USA 1986, 83,
5563-5567.
(61) Gardner, R. G.; Hampton, R. Y. J. Biol. Chem. 1999, 274, 31671-31678.
(62) Polakow ski, T.; Stahl, U.; Lang, C. Appl. M icrobiol. Biotechnol. 1998, 49, 66-71.
(63) Veen, M .; Stahl, U.; Lang, C. FEM S Yeast Res 2003, 4, 87-95.
(64) Basson, M. E.; Thorsness, M .; Finer-M oore, J.; Stroud, R. M .; Rine, J. D. Mol.
Cell. Biol. 1988, 8, 3797-3808.
(65)
Sengstag, C.; Stirling, C.; Schekman, R.; Rine, J. M o l Cell B iol 1 9 9 0 ,10, 672-80.
(66) W right, R.; Basson, M .; D'Ari, L.; Rine, J. J. Cell. Biol. 1 9 8 8 ,107, 101-114.
(67) Tchen, T. T.; Bloch, K. J. Am. Chem. Soc. 1955, 77, 6085-6086.
(68)
Bai, M .; Xiao, X. Y.; Prestwich, G. D. Biochem Biophys Res Commun 1 9 9 2 ,185,
323-9.
(69)
Abe, I.; Sakano, Y.; Tanaka, H.; Lou, W .; Noguchi, H.; Shibuya, M .; Ebizuka, Y.
J A m Chem Soc 2 0 0 4 ,126, 3426-7.
(70)
M orand, O. H.; Aebi, J. D.; Dehmlow, H.; Ji, Y. H.; Gains, N.; Lengsfeld, H.;
Himber, J. J. L ipid Res. 1997, 38, 373-390.
(71) Donald, K. A. G.; Hampton, R. Y.; Fritz, I. B. Appl. Environ. M icrobiol. 1997,
63, 3341-3344.
(72) Jackson, B. E.; Hart, E. A.; M atsuda, S. P. T. Organic Letters 2003, 5, 1629-1632.
(73) Corey, E. J.; Cheng, H. Tetrahedron Lett. 1996, 37, 2709-2712.
(74) K olesnikova, M. D.; Xiong, Q.; Lodeiro, S.; Hua, L.; M atsuda, S. P. Arch
Biochem Biophys 2006, 447, 87-95.
(75) Hart, E. A.; Hua, L.; Darr, L. B.; W ilson, W. K.; Pang, J.; M atsuda, S. P. T. J.
Am. Chem. Soc. 1 9 9 9 ,121, 9887-9888.
(76) Current Protocols in M olecular Biology, Ausubel, F. M .; Brent, R.; Kingston, R.
E.; M oore, D. D.; Seidman, J. G.; Smith, J. A.; Struhl, K., Eds.; W iley-Interscience: New
York, 1999.
(77)
Em mons, G. T.; W ilson, W. K.; Schroepfer, G. J.; Jr. M agn. Res. Chem. 1989, 27,
1012-1024.
(78) Liu, H.; Krizek, J.; Bretscher, A. Genetics 1 9 9 2 ,132, 665-673.
(79) Ebizuka, Y.; Katsube, Y.; Tsutsum i, T.; Kushiro, T.; Shibuya, M. Pure Appl.
Chem. 2003, 75, 369-374.
(80) H errera, J. B. R.; W ilson, W. K.; M atsuda, S. P. T. J. Am . Chem. Soc. 2 0 0 0 ,122,
6765-6766.
(81) Field, R. B.; Holmlund, C. E. Arch. Biochem. Biophys. 1 9 7 7 ,180, 465-471.
(82) Heintz, R.; Schaefer, P. C.; Benveniste, P. J. Chem. Soc., Chem. Commun. 1970,
946-947.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

91

(83)
Osbourn, A. E. Trends in Plant Science 1996, 7,4 -9 .
(84)
Papadopoulou, K.; M elton, R. E.; Leggett, M .; D aniels, M. J.; O sbourn, A. E.
Proc N atl A cad Sci U S A 1999, 96, 12923-8.
(85) Francis, G.; Kerem, Z.; M akkar, H. P.; Becker, K. B r J N utr 2002, 88, 587-605.
(86) Osbourn, A.; Bowyer, P.; Lunness, P.; Clarke, B.; D aniels, M. M ol Plant M icrobe
Interact 1995, 8, 971-8.
(87)
Pederson, R. A.; Brown, J. C. Endocrinology 1976, 99, 780-5.
(88)
Tava, A.; Odoardi, M. Adv Exp M ed Biol 1996, 405, 97-109.
(89)
Cheeke, P. R. Am J Clin N utr 1973, 26, 133.
(90)
W ang, H. X .; Ng, T. B. Life Sci. 1999, 65, 2663-2677.
(91) M ujoo, K.; Haridas, V.; Hoffmann, J. J.; W achter, G. A.; Hutter, L. K.; Lu, Y.;
Blake, M. E.; Jayatilake, G. S.; Bailey, D.; M ills, G. B.; G utterm an, J. U. Cancer Res
2001, 61, 5486-90.
(92)
Hartwell, J. L. Cancer Treat Rep 1976, 60, 1031-67.
(93)
Kerwin, S. M. Curr M ed Chem Anticancer Agents 2004, 4, 263-72.
(94)
Suzuki, H.; Reddy, M. S.; Naoumkina, M .; Aziz, N .; M ay, G. D.; Huhman, D. V.;
Sumner, L. W .; Blount, J. W.; M endes, P.; Dixon, R. A. Planta 2005, 220, 696-707.
(95)
Broeckling, C. D.; Huhman, D. V.; Farag, M. A.; Sm ith, J. T.; M ay, G. D.;
M endes, P.; Dixon, R. A.; Sumner, L. W. J Exp Bot 2005, 56, 323-36.
(96)
Lee, M. H.; Jeong, J. H.; Seo, J. W.; Shin, C. G.; Kim, Y. S.; In, J. G.; Yang, D.
C.; Yi, J. S.; Choi, Y. E. Plant Cell Physiol 2 0 0 4 ,4 5 , 976-84.
(97)
Xu, X.; Hu, X.; Neill, S. J.; Fang, J.; Cai, W. Plant Cell Physiol 2005, 46, 947-54.
(98)
Hayashi, H.; Huang, P.; Kirakosyan, A.; Inoue, K.; H iraoka, N.; Ikeshiro, Y.;
K ushiro, T.; Shibuya, M .; Ebizuka, Y. Biol Pharm B ull 2001, 24, 912-6.
(99)
Hayashi, H.; Huang, P.; Takada, S.; Obinata, M.; Inoue, K.; Shibuya, M.;
Ebizuka, Y. B iol Pharm Bull 2004, 27, 1086-92.
(100) Osbourn, A. E. Phytochem istry 2003, 62, 1-4.
(101) Armah, C. N.; M ackie, A. R.; Roy, C.; Price, K.; O sbourn, A. E.; Bowyer, P.;
Ladha, S. Biophys J 1999, 76, 281-90.
(102) M orrissey, J. P.; Osbourn, A. E. M icrobiol M ol B iol R ev 1999, 63, 708-24.
(103) Carter, J. P.; Spink, J.; Cannon, P. F.; Daniels, M. J.; O sbourn, A. E. Appl Environ
M icrobiol 1999, 65, 3364-72.
(104) Kuang, H.; Ochoa, O. E.; Nevo, E.; M ichelm ore, R. W. P lant J 2 0 0 6 ,47, 38-48.
(105) Kuang, H.; W oo, S. S.; M eyers, B. C.; Nevo, E.; M ichelm ore, R. W. Plant Cell
2 0 0 4 ,16, 2870-94.
(106) M eyers, B. C.; Shen, K. A.; Rohani, P.; Gaut, B. S.; M ichelm ore, R. W. Plant
Cell 1 9 9 8 ,10, 1833-46.
(107) Knapp, F.; Aexel, R.; Nicholas, H. J. J. F ood Sci. 1968, 33, 159-62.
(108) Doireau, P.; Quemerais, D.; Verger, A. Biochem. Soc. Trans. 1 9 8 3 ,11, 595.
(109) Kim, O. T.; Kim, M. Y.; Huh, S. M.; Bai, D. G.; Ahn, J. C.; Hwang, B. Plant Cell
Rep 2005, 24, 304-11.
(110) M eyer, M. M .; Segura, M. J. R.; W ilson, W. K.; M atsuda, S. P. T. Angew. Chem.
Int. Ed. 2000, 3 9 ,4090-4092.
(111) Lodeiro, S.; Segura, M. J. R.; Stahl, M.; Schulz-Gasch, T.; M atsuda, S. P. T.
Chem Bio Chem 2004, in press.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

92

(112) Guhling, O.; Hobl, B.; Yeats, T.; Jetter, R. Arch Biochem Biophys 2006, 448, 6072.
(113) Preetha, S. P.; Kanniappan, M .; Selvakumar, E.; N agaraj, M .; Varalakshm i, P.
Comp Biochem Physiol C Toxicol Pharm acol 2 0 0 6 ,143, 333-9.
(114) He, J. X.; Fujioka, S.; Li, T. C.; Kang, S. G.; Seto, H.; Takatsuto, S.; Yoshida, S.;
Jang, J. C. Plant Physiol 2 0 0 3 ,131, 1258-69.
(115) M orita, M .; Shibuya, M.; Lee, M .-S.; Sankawa, U.; Ebizuka, Y. Biol. Pharm.
Bull. 1 9 9 7 ,20, 770-775.
(116) Hayashi, H.; Hiraoka, N.; Ikeshiro, Y.; Yazaki, K.; Tanaka, S.; K ushiro, T.;
Shibuya, M .; Ebizuka, Y. Plant Physiol. 1 9 9 9 ,121, 1384.
(117) Hayashi, H.; Hiraoka, N.; Ikeshiro, Y.; Kushiro, T.; M orita, M .; Shibuya, M.;
Ebizuka, Y. Biol. Pharm. Bull. 2000, 23, 231-234.
(118) W u, T. K.; Liu, Y. T.; Chang, C. H.; Yu, M. T.; W ang, H. J. J A m Chem Soc
2 0 0 6 ,128, 6414-9.
(119) W u, T. K.; Yu, M. T.; Liu, Y. T.; Chang, C. H.; W ang, H. J.; Diau, E. W. Org
Lett 2006, 8, 1319-22.
(120) Segura, M. J. R.; Lodeiro, S.; M eyer, M. M .; Patel, A. J.; M atsuda, S. P. T. Org.
Lett. 2002, 4, 4459-4462.
(121) M eyer, M. M .; Segura, M. J. R.; W ilson, W. K ; M atsuda, S. P. T. Angew.
Chemie. 2 0 0 0 ,112, 4256-4258.
(122) M atsuda, S. P. T.; Darr, L. B.; Hart, E. A.; Herrera, J. B. R.; M cCann, K. E.;
M eyer, M. M .; Pang, J.; Schepmann, H. G. Org. Lett. 2000, 2, 2261-2263.
(123) Kerr, R. G.; Chen, Z. J. Nat. Prod. 1995, 58, 172-176.
(124) M akarieva, T. N.; Stonik, V. A.; Kapustina, 1.1.; Boguslavsky, V. M .;
Dm itrenoik, A. S.; Kalinin, V. I.; Cordeiro, M. L.; Djerassi, C. Steroids 1993, 58, 508517.
(125) Avato, P.; Bianchi, G.; M urelli, C. Phytochem istry 1990, 29, 1073-1078.
(126) Palm er, M. A.; Bowden, B. N. Phytochem istry 1 9 7 7 ,16, 459-463.
(127) Heupel, R. C. Phytochem istry 1985, 24, 2929-2937.
(128) Trojanowska, M. R.; Osbourn, A. E.; Daniels, M. J.; Threlfall, D. R.
Phytochem istry 2000, 54, 153-64.
(129) Trojanowska, M. R.; Osbourn, A. E.; Daniels, M. J.; Threlfall, D. R.
Phytochem istry 2001, 56, 121-9.
(130) Bak, S.; Kahn, R. A.; Olsen, C. E.; Halkier, B. A. P lant Journal 1 9 9 7 ,11, 191-

201 .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

93

Appendix A: List of Abbreviations

AW 744875

Sorghum bicolor m ixed am yrin synthase

BAM

P-amyrin synthase

C

cholesterol

CAS

cycloartenol synthase

COSYDEC

decoupled 'H -'H correlation NM R spectroscopy

D, D EX

dextrose

D EPT

distortionless enhancem ent by polarization transfer

DOS

dioxidosqualene

D TT

dithiothreitol

E

ergosterol

ED TA

ethylenediam ine tetraacetic acid

El

Electron impact

ERG1

Saccharom yces cerevisiae squalene epoxidase

EtO H

ethanol

G, G A L

galactose

GC

gas chrom atography

GCF15

Lactuca sativa m ixed am yrin synthase

G CF17

Lactuca serriola lupeol synthase

G CF19

Lactuca serriola cycloartenol synthase

GC-M S

gas chrom atography m ass spectrom etry

G TA E

40m M tris base, 20 m M acetic acid, Im M EDTA,
1 m M guanosine
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H

hem in chloride

H M BC

heteronuclear m ultiple bond correlation

HIS

histidine

H PLC

H igh-perform ance liquid chrom atography

HSQ C

heteronuclear single-quantum coherence

LB

Luria Bertani broth

Leu, L

leucine

M AM

m ixed am yrin synthase

M illiQ

deionized water

NM R

nuclear m agnetic resonance

N SL

non-saponifiable lipids

OS

(S)-2,3-oxidosqualene

OSC(s)

oxidosqualene cyclase(s)

PTLC

preparative thin layer chrom atography

SC

synthetic com plete

SDS

sodium dodecyl sulfate

TA E

40 m M tris base, 20 m M acetic acid, Im M EDTA

TE8

10 m M tris-HCl (pH 8), Im M ED TA

TRP

tryptophan

TLC

thin layer chrom atography

TM S

trim ethylsilane/trim ethylsilyl

trH M G l

Saccharom yces cerevisiae truncated
hydroxym ethylglutaryl C oA reductase
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Tris-H Cl

tris(hydroxym ethyl)am inom ethane hydrochloride

URA, U

uracil

YP

yeast extract/peptone
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Appendix B
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Figure B l. ‘H 500 M H z NM R o f oxidosqualene. Relevant region o f spectrum enlarged
to show contrast to DOS spectrum (below).
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Figure B2. ‘H 500 M H z NM R o f dioxidosqualene.
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Appendix C
El F ra g m en tatio n P a tte rn of TM S-thalianol (4 .9 4 3 m in)
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Figure C l. E l spectrum o f TM S-thalianol.

2 7 .5 4 ,
2 .0 3 6 {a, m ),

3 0 .7 3 , 1 .7 1 2 (a , m ),

1 9 ,4 5 , 2 .1 6 0 ( p ,m ) 1 .2 8 7 (p .b r d d d , 1 3 , 9 , 5 Hz)

0 .9 4 7
3 5 .6 1 ,
(d, 0 .7 H z)
1 .6 6 0 ( 0 , m ),
1.251 ( a . m )
2 7 .8 2 , 1 .7 0 5 (a , m ),
1 .6 1 5 (0 , m)

2 5 .1 6 , 0 .9 3 4 ( b r s )

1 2 5 .0 0 , 5 .1 1 2
(t o f s e x te t, 7 .8 ,1 .3 )
3 9 .7 7
1 .9 8 (m ),
1 .9 8 (m )

$2 7 2 3 2 .1 3 , 1 .2 7 8 (m ),
0 .8 7 4 (m )

35 .76

13 8 .0 0

38.11
1 .3 0 (m )

2 6 .4 7 ,
2 .0 3 (m ).
1 .8 5 8 (d q . 14 .6 , 7 .9 Hz)

7 9 .2 3 ,3 .2 5 2
(d d . 11. 4 Hz)
t
3 8 .7 3
2 8 .1 8 ,
1 .0 1 7 (d, 0 .4 )

1 8 .9 8

1 4 .2 8 ,
\ 0 .8 3 6 (dd, 6 .7 , 0 .6 )

1 2 4 .3 7 , 5 .0 9 7
(t o f s e p t e t , 7 .1 , 1.4 H z)

1 3 4 .8 7

2 5 .7 1 , 1.681
( b r d , 1 .3 Hz)

1 3 1 .2 8

2 6 .7 5 ,
2 .0 6 (m ),
2 .0 6 (m )

1 5 .9 8 ,
1 .5 9 0 (br d , 1 .3 Hz)

1 7 .6 8 ,
1 .6 0 2 ( b r d . 1.4 Hz)

1.441 (0 , m),
1 .7 3 2 f ( a , m )
2 3 .3 9 ,
1 5 .4 7 ,
0 .8 2 0 ( b r s ) 5 1 .5 9 ,
1.9 4 1 0 ( b r d d , 16, 7 Hz),
1 .0 6 6 ( d d ,12.4, 1.7 H z)

1 .7 3 6 t ( a , m )

Figure C 2 .13C and 'H assignm ents for thalianol. 13C signals are in bold and 1H
signals are in plain font.

5 .1 6 2 (t o f s e x te t. 7, 1.3 H z )
0 ,9 4 7 (s)

2 .7 0 1 (t, 6 .2 Hz)

0 .9 3 2 (s)

1 .3 0 0 (s )

3 .2 5 2 (d d , 11. 4 H z)
0 .8 3 6 (d, 6 .6 Hz)

HO1

1 .6 0 9 ( b r d , 1 .2 H z)

1 .2 5 9 (s )

1 .0 1 9 (s)
0 .8 2 0 (s)

Figure C3. 'H assignm ents for thalianol epoxide. Signal assignm ents and
stereochemistry and regiochem istry in ring A were deduced by analogy with
thalianol. Signal assignments for H26 and H27 are based on data for 24,25epoxylanosterol.
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Appendix D
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Figure D l. GC-M S spectrum o f a crude extract o f A tlg78950.
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Figure D2. Peak corresponding to P -am yrin. A portion o f the spectrum above was
enlarged to show detail.
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Figure D3. Reconstructed ion chrom atogram (m lz 398). There are no m inor products
within 0.1% o f the signal.
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Figure D4. E l Spectrum o f TM S-P-am yrin.
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Appendix £
GC-M S and N M R analysis o f oxidosqualene cyclase products
Table E l. G C F17 -L a c tu c a serriola lupeol synthase products
1

G ene: G C F 1 7

Y ield: 2.4 m g /L
P ro d u c t

R T (m in )
2 6 0 °C

L u p eo l

21.51

9 2 .7 %

9 5 ,1 0 9 , 135, 1 8 9 ,2 0 7 ,4 1 1 ,4 2 6

0 .7 6 1 ,0 .7 8 8 ,0 .8 3 0 ,0 .9 4 4 ,0 .9 6 8 ,1 .0 3 0 ,
4 .5 6 6 ,4 .6 8 7

P -A m y rin

18.29

4 .8 %

2 0 3 ,2 1 8 ,3 9 3 ,4 1 1 ,4 2 6

0 .7 9 2 ,0 .8 3 3 ,0 .8 7 0 . 0 .8 7 2 ,0 .9 3 9 ,0 .9 7 0 ,0 .9 9 9 ,
5 .1 8 4 (t, 5 .4 H z)

B u ty ro sp e rm o l

2 0 .5 7

0 .8 %

5 5 ,6 9 , 3 9 3 ,4 1 1 ,4 2 6

0 .7 4 4 ,0 .8 0 5 ,0 .8 4 9 (d ), 0 .8 6 0 ,0 .9 7 0 ,
5 .2 5 5 (dt, 4 , 3 H z)

D a m m a ra -1 7 (2 0 ) ,24-dienol

17.86

0 .5 %

55 , 6 9 ,1 3 5 , 149, 1 8 9 ,2 0 7 ,3 5 7 ,4 1 1 ,4 2 6

0 .7 7 7 ,0 .8 5 0 ,0 .8 6 8 ,0 .9 7 5 ,0 .9 7 9 ,
4 .7 0 6 ( b r s ) , 4 .7 4 0 ( b r s )

U nknow n

19.69

0 .5 %

69 , 1 2 1 ,9 3 , 136, 2 0 7 ,4 2 6

N /A 4

U nknow n

14.22

0 .2 %

6 9 , 105, 1 3 5 ,2 0 7 ,4 2 6

N /A

U nknow n

17.91

0 .2 %

69 , 109, 1 8 9 ,2 0 7 ,4 2 6

N /A

ip -T arax astero l

25.81

0 .1 %

9 5 ,1 2 1 , 1 8 9 ,2 0 7 ,4 1 1 ,4 2 6

0 .7 3 6 ,0 .7 6 9 , 0.854c, 0 .9 5 2 , 0 .9 7 6 ,
5 .2 6 4

T a rax aste ro l

2 5 .8 9

0 .1 %

9 5 , 121, 1 8 9 ,2 0 7 “', 4 1 1 ,4 2 6

0 .7 6 8 ,0 .8 5 4 (6 H ),
d
d
8

% o f to tal M a jo r M S fra g m en ts (m/z)

C h a ra c te ristic N M R ch e m ic a l sh ifts (ppm )"

0.989,

1 .0 4 5 , 1.636,

0.855, 0 .9 3 1 , 1.018 (d ), 1.021,

“ N M R c o n d itio n s: E n tire P T L C frac tio n in CDC13, 8 0 0 M H z, 25 °C.
4 N /A - N o t a p p lic a b le due to u n k n o w n p ro d u c t stru c tu re .
c S h ifts sh o w n in b o ld font w ere n o t re so lv e d in th e P T L C fractio n .
d Io n 2 0 7 is m o re p ro m in en t in ta ra x a ste ro l th an a|>-taraxasterol

o

u>

104

ppm

Figure E l. 'H 800 M H z NM R o f L actuca serriola G C F17 PTLC extract. Insets show
expansions o f methyl and olefinic regions.
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I—A.
1.10

1.05

1.00

0.95

0.9 0

0.8 5

0.0 0

0.75

0.7 0

ppm

Figure E2. Partial *H 800 M H z NM R o f Lactuca serriola G C F17 PTLC extract.
1,2,3
1

1 Lupeol
2 b-amyrin
3 Butyrospermol
4 Dammara-17(20),24-diii !10l
U Unidentified peaks

I
1.05

1. 0 0

0.95

0.90

0.85

0 .80

--1—
0.75

ppm

Figure E3. Partial 'H 800 M H z NM R o f Lactuca serriola G C F17 PTLC ex tra ct
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Table E2. GCF19 -L a c tu c a serriola cycloartenol synthase products
G ene: G C F 1 9
Y ield: 2 .4 m g /L ________________________________________________________________________
% o f to ta l M a jo r M S fra g m e n ts (m/z)

P ro d u c t
C y c lo a rte n o l

21.51

8 7.8%

P a rk e o l

18.29

12.2%

C h a ra c te ristic N M R ch e m ic a l sh ifts (p p m )0
0 .3 3 3 ,- 5 6 0 ,0 .8 8 3 (d ), 0 .9 6 4

2 0 3 ,2 1 8 , 3 9 3 , 4 1 1 , 4 2 6

0 .6 4 7 ,0 .7 3 7 ,0 .8 1 9 ,
3 .2 1 6 ,5 .2 2 4

0.896 (d)*, 0.987,1.045,

° N M R co n d itio n s: E n tire P T L C fra c tio n fro m in v iv o c u ltu re in CDC13, 8 0 0 M H z, 25 °C.
'’S h ifts sh o w n in b o ld font w ere n o t re so lv e d in th e P T L C fra c tio n .

o
os

I ............... I
10

'I

9

T " ' | . ’ ‘ ........... | .................| ........... ' " I .................| ................. | .................| ................., .................. |

8

7

6

5

4

3

2

1

0

ppm

Figure E4. ‘H 800 M H z NM R o f Lactuca serriola G C F19 PTLC extract.

1Cycloartenol
2 Parkeol

tiL u
1.00

0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60

0.55

0.50

0.45

0.40

ppm

Figure E5. Partial 'H 800 M H z NM R o f Lactuca serriola G C F19 PTLC.
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Table E3. GCF15 -L a c tu c a sativa m ixed am yrin synthase products
G ene: G C F 1 5
Y ield: 2.8 m g /L
P ro d u ct

R T (m in ) 2 6 0 C

% o f to ta l M a jo r M S frag m en ts (m /z)

C h ara c te ristic N M R c h e m ic a l sh ifts (p p m )

p-A m ry in

2 1.0 3

6 7 .4 %

2 0 3 ,2 1 8 ,3 9 3 ,4 1 1 ,4 2 6

0 .7 9 2 ,0 .8 3 3 ,0 .8 7 1 (6 H ), 0 .9 3 9 ,0 .9 7 0 ,0 .9 9 9 ,5 .1 8 4 (t, 5.4
H z)

a -A m y rin

18.42

2 5 .9 %

2 0 3 ,2 1 8 ,3 9 3 ,4 1 1 ,4 2 6

0 .7 9 2 (d), 0 .7 9 5 ,0 .8 0 1 ,0 .9 2 0 ( d ) , 0 .9 5 6 ,0 .9 9 9 ,1 .0 1 0 , 1 .0 7 2 ,
3 .2 2 7 ,5 .1 2 8

ip -tarax astero l

2 5 .8 0

4 .2 %

9 5 , 121, 1 8 9 ,2 0 7 ,4 0 8 ,4 2 6

0 .7 3 6 ,0 .7 6 9 ,0 .8 5 4 ,0 .9 5 2 ,0 .9 7 6 ,0 .9 8 9 ,1 .0 4 5 ,5 .2 6 4

D a m m a ra -2 0 ,2 4 -d ie n o l‘

17.88

3.9%

5 5 , 6 9 ,1 3 5 , 149, 1 8 9 ,2 0 7 ,3 5 7 ,4 1 1 ,4 2 6

T h alian o l

8.19

0.8 %

2 2 9 ,2 4 7 ,4 0 8 ,4 2 6 ^

0.820,0.836

0.777*, 0.850, 0.868, 0.975, 0.979,
4 .7 0 6 (b r s), 4 .7 4 0 (b r s)
(d), 0 .9 3 4 ,0 .9 4 7 ,1 .0 1 7

T a rax aste ro l

2 6 .7 0

0 .7 %

9 5 , 121, 1 8 9 ,2 0 7 ", 4 0 8 ,4 2 6

0 .7 6 8 ,0 .8 5 4 (6 H ), 0 .8 5 5 ,0 .9 3 1 ,1 .0 1 8 (d ), 1 .0 2 1 ,4 .6 0 1 ,
4.6 1 8

L upeol"

2 4 .0 4

0 .4 %

9 5 , 135, 1 8 9 ,2 0 7 ,3 1 5 ,4 1 1 ,4 2 6

0 .7 6 1 ,0 .7 8 8 ,0 .8 3 0 ,0 .9 4 4 ,0 .9 6 8 ,1 .0 3 0 ,4 .5 6 6 ,4 .6 8 7
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Figure E6. 'H 800 M H z NM R o f Lactuca sativa GCF15 PTLC extract. Insets show
expansions o f methyl and two olefinic regions.
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Figure E 7. ‘H 800 M H z NM R o f Lactuca sativa G CF15 PTLC ex tra c t Insets show
expansions o f methyl and tw o olefinic regions.
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T able E4. AW 744875 - Sorghum bicolor m ixed am yrin synthase products
Gene: RX3.6
Yield: 0.9 mg/L
% of total Major MS fragments (m/z)

Product
a-Amyrin

13.68

49.9%

203,218,393,411,426

P-Amyrin

15.29

42.2%

203,218,393,411,426

Taraxasterol

19.63

3.2%

95,121,189,207"*, 426

Unknown

14.19

3.0%

95,203,218,241,426

rp-Taraxasterol

18.95

2.0%

95, 121,189,207,426

Thalianol

7.74

0.7%

229,247,408,426“’

aNMR conditions: Entire PTLC fraction in CDC13, 800 MHz, 25 °C.
bShifts shown in bold font were not resolved in the PTLC fraction.
CN/A- Not applicable due to unknown product structure.

d Ion 207 is more prominent in taraxasterol than rp-taraxasterol.
‘'The El chromatogram may or may not contain 426.

Characteristic NMR chemical shifts (ppm)"
0.792(d), 0.795,0.801,0.920(d), 0.956,0.999,1.010, 1.072,
3.227,5.128
0.792,0.833,0.870. 0.872,0.939,0.970,0.999,
5.184 (t, 5.4 Hz)
0.768,0.854 (6H), 0.855*, 0 .9 3 1 ,1.018(d), 1.021,
4.601,4.618
N/Ac
0.736,0.769,0.854,0.952,0.976,0.989,1.045,1.636,
5.264
0.820,0.836 (d), 0.934,0.947,1.017,

3.252,5.097,5.112
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Figure E8. ‘H 800 M H z NM R o f Sorghum bicolor A w 744875 PTLC extract. Insets
show expansions o f methyl and olefinic regions.
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F ig u re E9. 'H 800 M H z N M R o f S o rg h u m bicolor A w 744875 P T L C ex tra c t. Insets
show expansions o f methyl and olefinic regions.
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