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ABSTRACT 

Triterpene Biosynthesis in Plants: Oxidosqualene Cyclization in Arabidopsis thaliana 

by 

Pietro Morlacchi 

The enzymatic conversion of oxidosqualene to cyclic triterpenes represents the key 

step in the biosynthesis of more than 20,000 triterpenoids. These compounds are widely 

distributed in nature among plants, animals, fungi, and some bacteria. Triterpenes serve 

as precursors of sterols, steroids, and numerous secondary metabolites of undefined 

function. Insights into triterpene biochemistry are emerging from studies of gene 

expression, metabolite profiles, and enzyme function in the reference plant Arabidopsis 

thaliana. 

This thesis describes the functional characterization by heterologous expression in 

Saccharomyces cerevisiae of four Arabidopsis oxidosqualene cyclases: PEN3 

(At5g36150), LUP1 (Atlg78970), LUP2 (Atlg78960), and LUP5 (Atlg66960). 

PEN3, the last uncharacterized Arabidopsis cyclase makes predominantly tirucalla-

7,24-dienol. The elucidation of the product profile of PEN3 illuminated alternative 

mechanistic routes to the formation of tetracyclic triterpene alcohols by dammarenyl-type 

oxidosqualene cyclases. 

LUP5, which had only been cursorily characterized, makes the same set of 6/6/6/5 

tetracycles as that of PEN3. This represents a likely example of convergent evolution 

since these genes show rather low sequence identity. 
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I found that LUP1 is a lupane-3p\20-diol (lupanediol) synthase not a lupeol synthase 

or a multifunctional enzyme. The fact that lupanediol is the major LUP1 product suggests 

that lupanediol is the biosynthetic precursor of trinorlupeol, a major nonsterol triterpenoid 

in Arabidopsis. The abundance of minor LUP1 products may reflect the difficulty for 

cyclases to make diols accurately. 

LUP2 is a truly multifunctional enzyme, making a mixture of (3-amyrin and other 

cyclic triterpenes, any of which could have been better optimized by selective pressure to 

make a single product. I established that the product profile of LUP2 and LUP1 in 

previous characterizations was distorted by selective loss of triterpene products to the 

culture medium. These results underlined the importance of analyzing the medium to 

avoid misleading interpretation of in vivo product profiles. 

The characterization of PEN3 completes the first functional characterization of all 

triterpene synthases in a higher plant. These results together with more reliable product 

profiles of some LUP genes provide a better understanding of the catalytic properties of 

this class of enzymes. 
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CHAPTER 

INTRODUCTION AND BACKGROUND 

1.1 Triterpenoids in Nature 

Triterpenoids are formed through the enzymatic cyclization of the linear precursors 

(3S)-2,3-oxidosqualene and squalene. These compounds are widely distributed in nature 

among animals, fungi, plants, and some bacteria where they serve as starting material for 

the biosynthesis of sterols, steroids and numerous secondary metabolites with unknown 

roles.1 More than 20,000 triterpenoid structures showing high skeletal diversity have been 

isolated from natural sources. For more than 50 years triterpene synthases have 

captivated the attention of scientists, and a significant number of studies have been 

carried out to illuminate the intriguing aspects of this complex enzymatic reaction.2'3 

Biomimetic4 and phylogenetic5 studies are providing insights into the reaction 

mechanism, but a definitive understanding of the overall enzymatic process has yet to be 

accomplished. 

Based on the nature of their substrate, triterpene synthases can be generally divided 

into two main groups, oxidosqualene cyclases (OSCs) and squalene-hopene cyclases 

(SHCs). Oxidosqualene cyclases are found in animals, fungi, and plants where they are 

responsible for the biosynthesis of sterols, steroids and plant secondary metabolites.13'lb 

SHCs are found mainly in bacteria where they convert squalene into hopene and hopanol, 

which are both precursors of hopanoids that serve as bacterial membrane constituents.6 
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Both groups of enzymes perform the cyclization following a similar mechanism. The 

substrate accesses the enzyme's active site and assumes the required geometry for the 

cyclization.3 Oxidosqualene cyclases pre-fold oxidosqualene to assume either a chair-

boat-chair conformation (C-B-C) or a chair-chair-chair conformation (C-C-C). On the 

other hand, SHCs generally pre-fold squalene to a C-C-C conformation. In all cases the 

enzyme-imposed substrate conformation is reflected in the type of skeleton of the final 

products. Protonation of the epoxide or the squalene 2,3-double bond triggers a series of 

intramolecular transformations involving annulation, ring expansions, and hydride and 

methyl shifts. The reaction goes through the formation of several intermediates with 

increasing number of rings, and it is generally terminated by the loss of a proton to give a 

double bond or, more rarely, by addition of water to form a diol. 

1.2 Genome Mining 

Genome mining allows the identification of new metabolites by studying genes 

products rather than by isolating substances from plant or animal material. This is a 

valuable alternative to traditional natural products isolations. The isolation of 

phytochemicals from natural sources presents some obvious limitations. Secondary 

metabolites are generally produced in response to internal and external stimuli, and some 

of them might be produced only under abnormal conditions. Traditional isolation 

methods would also not detect metabolites that are excreted or further metabolized. 

Genome mining through heterologous expression in microbial systems has the potential 

to evade these limits. For these reasons, genome mining is now routinely used to 
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characterize genes from different sources and represents one of the keys to unlock the 

resources of plant biodiversity. 

Genome mining combines the information obtained from the screening of plant 

genomes with molecular biology, biochemistry and analytical tools. After screening and 

isolation, the gene of interest is cloned into an appropriate vector and transferred into a 

suitable microbial system for expression. The enzyme's products are then recovered from 

the host and analyzed. Several plant genes encoding putative triterpene synthases have 

been identified and characterized using this method. Novel structures have been 

uncovered providing new insight into evolutionary and catalytic aspects of this family of 

enzymes.7 

1.3 Heterologous Expression of Triterpene Synthases in Saccharomyces cerevisiae 

Heterologous expression in microbial systems is a powerful tool for determining the 

product profile of enzymes with unknown function. Saccharomyces cerevisiae represents 

an excellent host for expressing triterpene synthases. In contrast to Escherichia coli, yeast 

has its own isoprenoid metabolic pathway that goes through oxidosqualene cyclization 

and leads to ergosterol, the major sterol component of the yeast cell membrane. In 

addition, the genomic sequence of S. cerevisiae is completely known and all the genes 

involved in the isoprene biosynthetic pathway have been characterized.8 

Yeast strains harboring triterpene synthases in recombinant plasmids can be generated 

with high efficiency.9 The transformed yeast are easily cultured on a preparative scale to 

accumulate products in high yields and thereby provide the detection of minor enzymatic 

components through modern instrumental analysis. 
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1.4 Oxidosqualene Cyclases 

Oxidosqualene cyclases can be grouped into two main categories, depending on 

whether they access the protosteryl or the dammarenyl cation. In the first type, 

oxidosqualene is pre-folded to a C-B-C conformation. After protonation of the epoxide, 

C-0 cleavage and A-ring formation, the reaction goes through B- and C-ring formation, 

C-ring expansion and D-ring formation, yielding the protosteryl cation (Figure 1.1). 

oxidosqualene prefolded 
in a chair-boat-chair (C-B-C) 

conformation 

lanosterol 
H 

cycloartenol 

(plants) 

ergosterol cholesterol sitosterol 

Figure 1.1. Biosynthesis of sterols in animals, fungi, and plants by protosteryl-type 
oxidosqualene cyclases. 

Lanosterol, the sterol precursor of cholesterol in animals and ergosterol in fungi, 

arises from the protosteryl cation. Likewise, the plant sterol sitosterol derives from the 
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protosteryl cation but uses cycloartenol as the initial cyclic intermediate (Figure 1.1). The 

crystal structure of human lanosterol synthase (LSSh) was solved in 2004 by Thoma et 

a/.10 and soon became a model for studying other cyclases. This work provided a 3D 

model to study protein motifs and active site residues governing the course of the 

reaction. 

The second group of triterpene synthases comprises the dammarenyl-type 

oxidosqualene cyclases. Plants use these cyclases to produce a variety of cyclic triterpene 

products. The physiological roles of these secondary metabolites are only partially 

known, even if some of them are thought to provide protection against parasites and plant 

diseases.11 Dammarenyl-type cyclases pre-fold oxidosqualene to a C-C-C conformation 

and promote the formation of the dammarenyl cation through annulations and ring 

expansions. Lupeol and P-amyrin, two of the most abundant triterpenes among plants are 

formed by dammarenyl-type cyclases. D-ring expansion of the dammarenyl cation, with 

E-ring formation yields the lupanyl cation, which can be deprotonated at either C29 or 

C30 to give lupeol or form lupanediol by addition of water.12 Cyclases that make |3-

amyrin and other related cyclic triterpenes perform the cyclization through E-ring 

expansion of the lupanyl cation to give the oleanyl cation. Rearrangement of this 

intermediate through 1,2-hydride and methyl shifts results in the formation of carbocyclic 

skeletons leading to oleanane and ursane triterpene alcohols. Several dammarenyl-type 

cyclases from a variety of plants such as Panax gingseng, Pisum sativum, Medicargo 

truncatula, and Arabidopsis thaliana have been cloned and characterized through 

heterologous expression in yeast.13 Some of these cyclases were found to be rather 
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accurate, showing a narrow product profile, whereas others are multifunctional making a 

variety of products. 

HO' 

HO' 

^H dammarenyl 
cation 

D-ring expansion 
E-ring anulation 

\H lupanyl cation 

E-ring expansion 

oxidosqualene prefolded in a 
chair-chair-chair (C-C-C) 

conformation 

H oleanyl cation H p-amyrin 

Figure 1.2. Formation of lupeol, lupanediol and P-amyrin by dammarenyl-type 
oxidosqualene cyclases. 

1.5 A. thaliana Oxidosqualene Cyclases 

The complete sequence of the Arabidopsis genome was reported in 2000 by the 

Arabidopsis Genome Initiative.14 Compared to other plants, Arabidopsis has a rather 

small genome organized in five chromosomes. 
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Arabidopsis encodes 13 putative oxidosqualene cyclases divided into three clades on 

the basis of phylogenetic analysis. The PEN clade includes 6 genes (PEN1, PEN2, PEN3, 

PEN4, PEN5, PEN6), the LUP clade 5 genes (LUP1, LUP2, LUP3, LUP4, LUP5), and 

the CAS clade 2 genes (CAS1 and LSS1). Before our recent publication of the product 

profile of PEN3,15 12 of these genes had been characterized through heterologous 

expression in yeast. CAS1 (At2g07050) makes cycloartenol.16 LSS1 (At3g45130) makes 

lanosterol.17 LUP1 (Atlg78970)is and LUP2 (Atlg78960)™ were both reported as 

multifunctional enzymes making predominantly pentacyclic triterpene alcohols. LUP 3 

(Atlg78955) makes the monocycle camelliol C as major product.20 LUP4 (Atlg78950) 

makes P-amyrin,21 whereas LUP5 (Atlg66960) makes a mixture of tetracycles.22 PEN1 

(At4gl5340) makes arabidiol,23 a tricyclic diol. PEN2 (At4gl5370) makes predominantly 

baruol.24 PEN4 {At5g48010) is a thalianol synthase.7 PEN5 (At5g42600) makes marneral, 

a 3,4seco aldehyde25 and PEN6 (Atlg78500) makes two seco-amyrins.26 The functional 

characterization of PEN3, formally the last unexamined Arabidopsis oxidosqualene 

cyclase was recently published and is described in this thesis. PEN3 makes a mixture of 

tetracyclic triterpene alcohols with tircalla-7,24-dienol as the dominant product.15 

With the functional characterization of PEN3, the product profile of all oxidosqualene 

cyclases in Arabidopsis has been examined. Arabidopsis is now the first higher plant for 

which the catalytic functions of all triterpene synthases are known. These enzymes 

together make more than 40 different triterpene alcohols and diols: monocycles, bicycles, 

tricycles, tetracycles, and pentacycles. 
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6/6/6/5/ 
>95% 

6/6/6/6/5 
multifunctional 

6/6/6/6/6 
multifunctional 

Figure 1.3. Phylogenetic tree of Arabidopsis oxidosqualene cyclases. (1) (3S)-2,3-
oxidosqualene. 

This thesis describes the characterization by heterologous expression in yeast of four 

A. thaliana oxidosqualene cyclases: PEN3, a gene with previously unknown product 

profile and the three LUP genes LUP1, LUP2 and LUP5 whose previous 

characterizations were only partially complete. This work provides new insights into how 

plant dammarenyl-type cyclases perform the cyclization-rearrangement reaction. With 

the study of PEN3, this work marks the first completed functional characterization of all 

the oxidosqualene cyclases in a higher plant. 
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CHAPTER 

EXPERIMENTAL PROCEDURES 

2.1 Materials 

Restriction enzymes and the Quick Ligation Kit were from New England Biolabs 

(Beverly, MA, USA). GenePure™ agarose LE was from ISC BioExpress (Kaysville, UT, 

USA). The Qiagen Gel Extraction Kit used for DNA recovery from agarose gels was 

from Qiagen (Valencia, CA, USA). The RETROscript RT-PCR kit was from Ambion 

(Austin, TX, USA), Ex-Taq polymerase was from Panvera (Madison, WI, USA), and the 

pGEMT vector was from Promega (Madison, WI, USA). Yeast and bacterial media 

components were purchased from United States Biological (Swampscott, MA, USA), 

hemin chloride, ergosterol, cholesterol, bis(trimethylsilyl)trifluoroacetamide (BSFTA), 

and Diaion HP-20 were from Sigma-Aldrich (St. Louis, MO, USA). Silica gel and silica 

gel TLC plates were from EMD Chemicals (Gibbstown, NJ, USA). Deuterated 

chloroform (CDCI3) for NMR was obtained from Cambridge Isotope Laboratories 

(Andover, MA, USA), and 5-mm NMR tubes were from Wilmad (Buena, NJ, USA) or 

Shigemi (Allison Park, PA, USA). Organic solvents for extraction and saponification 

were from EMD Chemicals or Honeywell Burdick & Jackson (Muskegon, MI, USA). 

Pyridine and other chemical reagents were obtained from Fischer Scientific (Fair Lawn, 

NJ, USA). 
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2.2 Nuclear Magnetic Resonance (NMR) 

'H NMR, 13C and 2D NMR spectra of crude lipid extracts, column fractions, PTLC 

fractions, and HPLC fractions were acquired on a Bruker Avance DRX 500, Varian 

Inova 600, or Varian Inova 800 spectrometer. Analysis of PTLC fractions was mainly 

carried out at 800 MHz using a cold probe to get higher sensitivity. Samples were 

dissolved in deuterated chloroform previously filtered through basic alumina and 

analyzed at 25 °C. Chemical shifts are reported in parts per million (ppm) and referenced 

to tetramethylsilane at 0 ppm for 'H or to CDCI3 at 77 ppm for 13C. NMR spectra were 

processed with Topspin 2.0, xwinnmr 2.5, and MestRE-C 2.01 sometime using resolution 

enhancement to improve peak resolution. 

2.3 High Performance Liquid Chromatography (HPLC) 

HPLC separation of PTLC fractions containing enzymatic products was performed on 

an Agilent 1100 HPLC system with a Rheodyne 7125 injector (500 \iL loop) and 

ultraviolet (UV) detection at 210 nm. Separation was carried out using a Phenomenex 

5um ODS3 column (250 x 21.20 mm id) and a mobile phase of methanol-water or 

acetonitrile-water. Samples were dissolved in methanol and filtered through a 0.45 um 

Whatman filter prior to injection. 

2.4 Preparative Thin Layer Chromatography (PTLC) 

Preparative TLC was performed on EMD Chemicals silica gel plates (20 x 20 cm, 

250 îm layer). Prior to use, each plate was washed with 1:1 methanol-methylene chloride 

and activated in a 120 °C oven for 16 h. The sample, no more than 15 mg, was loaded on 

13 



the plate, which was developed with 1:1 ethyl ether-hexanes or methylene chloride. A 

vertical strip was cut from one side of the plate and used to visualize the products by 

staining with />-anisaldehyde (3.7 mL /j-anisaldehyde, 15 mL acetic acid, 50 mL 

concentrated sulfuric acid, and 1350 mL ethanol) and heating. The plates were divided in 

several bands, which were scraped onto small column and eluted with ethyl ether. 

2.5 GC-MS Analysis 

GC-MS analysis was performed on an Agilent 5973 MSD instrument coupled with an 

Agilent 6890N GC and equipped with a Rtx-35 ms capillary column (30 m x 0.25 mm x 

0.1 îm, Restek). Samples (1-5 uL) were injected at 280 °C either splitless or with a 40:1 

split and analyzed by holding the column temperature at 260 °C. To improve compound 

separation and detection of components with longer retention times samples were 

sometime analyzed at 230 °C, 240 °C, and 270 °C. MS data were acquired with electron 

impact (EI) ionization at 70 eV in full-scale mode (50-650 amu) after a 3-min solvent 

delay. 

2.6 GC-FID Analysis 

GC analysis was performed on an Agilent 6890 GC system with a flame ionization 

detector (FID) and equipped with a Rtx-35 ms column (30 m x 0.25 mm x 0.1 urn, 

Restek). Samples (1-2 uL) were injected at 280 °C with a 40:1 split and analyzed at a 

constant temperature of 260 °C. 
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2.7 Sample Derivatization for GC-FID and GC-MS Analysis 

Trimethylsilyl ether (TMS) derivatives of triterpene alcohols used for GC-FID and 

GC-MS analysis were prepared by transferring an aliquot of the desired sample to a 2-mL 

glass vial with insert. The solvent was removed using a nitrogen stream, and the residue 

was redissolved in dry pyridine (50-100 \iL). An equal volume of 

bis(trimethylsilyl)trifluoroacetamide (BSTFA) was added and the sample mixed. To 

ensure complete derivatization the sample was either placed at 37 °C for at least 2 h or 

kept at room temperature overnight. 

2.8 UV Spectroscopy 

Yeast cell concentration was measured using a 100-^iL portion of the culture (after a 

1:10 dilution). Optical density was measured at 600 nm using 10 mm UV-grade 

polymethylmethacrylate (PMMA) cuvettes purchased from VWR International Inc. 

(West Chester, PA). Measurements were carried out on a Shimadzu UV-visible 

spectrophotometer UV-1601. 

2.9 Incubations 

Bacterial liquid cultures were grown in a New Brunswick Scientific G24 

Environmental Incubator Shaker. Liquid yeast cultures were grown in a New Brunswick 

Series 25 Incubator Shaker or in a New Brunswick C24 Incubator Shaker. Bacterial and 

yeast agarose cultures were grown in Fisher Scientific Isotemp incubators at 30 °C and 

37 °C respectively. 
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2.10 Centrifugation 

Centrifugation of liquid cultures contained in 10-mL, 50-mL, and 250-mL tubes was 

performed in an Eppendorf Centrifuge 5810R. Small liquid cultures (1.5-2.0 mL) were 

centrifuged in an Eppendorf Centrifuge 5415D. Both centrifuges were used with variable 

speed and temperature. 

2.11 Strains 

Functional characterization of Arabidopsis triterpene synthases was accomplished by 

heterologous expression in Saccharomyces cerevisiae strains. In vitro and in vivo 

experiments were carried out using the following yeast strains with modified genetic 

backgrounds. RXY61 (MATa ergl::KanMX4 erg7::HIS3 heml::TRPl ura3-52 trpl-A63 

leu2-3,112 his3-A200 ade2Gal+) is a yeast mutant lacking both lanosterol synthase and 

squalene epoxidase. This mutant was used to accumulate recombinant protein for in vitro 

experiments. SMY82 (MATa erg7::HIS3 heml::TRPl um3-52 trpl-A63 leu2-3,112 his3-

A200 ade2Gal+) is a lanosterol synthase mutant generally used for in vivo experiments. 

Chemically competent E. coli DH5a3 (F~ <j)80dLacZAMl5 A(lacZYA-argF) U169 

deoR recAl endkl hsdRllfa, m^) phoA supE44 X- thi-l gyrA96 relAX) cells were 

used as host cells harboring yeast expression plasmids. 

2.12 Bacterial Media 

Luria Bertani broth (LB, 10 g/L tryptone, 5 g yeast extract and 5 g NaCl dissolved in 

500 mL Milli-Q water, autoclaved at 121 °C for 35 min) was used to grow Escherichia 

coli cultures. Recombinant bacterial cells harboring ampicillin-resistant plasmids were 
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grown in LB supplemented with 0.1 mg/mL ampicillin (250 x stock solution: 25 mg/mL, 

1:1 ethanol/water, filter sterilized, stored at -20 °C) After addition of ampicillin, the 

bacterial media (LB-Amp) was stored at 4 °C. pUNI bacterial vectors were grown in LB 

supplemented with kanamycin (0.05 mg/mL). LB-Amp media for bacterial plates 

contained the same components with the addition of agar (15 mg/L) before sterilization. 

2.13 Bacterial Transformation 

Pre-aliquoted competent DH5a E. coli cells (stored at -80 °C) were thawed on ice for 

2 min. A 5-̂ iL portion of the ligation mixture was added to 100 u.L of competent cells, 

and the reaction was incubated on ice for 20-60 min. The transformation was heat 

shocked at 42 °C for 45 sec and placed on ice for 2 min. The mixture was then aliquoted 

on LB plates containing ampicillin (0.1 mg/mL) and spread with sterile glass beads to get 

an even distribution on agar. Plates were incubated at 37 °C for 16 h until recombinant E. 

coli cells formed. 

2.14 Plasmid DNA Purification-Preparative Scale 

A single recombinant E. coli colony harboring the desired plasmid was used to 

inoculate 50 mL of LB supplemented with ampicillin (0.1 mg/mL). For low-copy 

plasmids a 100-mL scale bacterial culture was used to obtain a comparable amount of 

purified plasmid. The culture was grown at 37 °C with shaking overnight and centrifuged 

to collect the cells. The supernatant was discarded, and the cell pellet was resuspended in 

2 mL of PI buffer containing RNase (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 20 mg/mL 

RNase A, stored at 4 °C). An equal volume of P2 buffer (200 mM NaOH, 1% SDS (w/v)) 
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was added to lyse the cells. After mixing by inversion, the sample was incubated at room 

temperature for 5 min and 2 mL of P3 buffer (3.1 M potassium acetate pH 5.5) were 

added to quench the cell lysis. The mixture was incubated on ice for at least 1 h, 

centrifuged, and filtered through Miracloth (Calbiochem, La Jolla, CA) to remove the cell 

debris. The supernatant was treated with 0.7 volume of isopropyl alcohol and stored at -

20 °C for at least 30 min. After centrifugation, the supernatant was discarded, and the 

pellet was suspended in 400 uL of TE8 (10 mM Tris-HCl pH 8.0). A 1 M solution of 

sodium chloride (40 ^L) was added followed by two volumes absolute EtOH. The 

solution was placed at -20 °C for at least 20 min and centrifuged to collect the DNA 

pellet. The supernatant was discarded and the pellet was dried at 37 °C to remove residual 

EtOH. The DNA pellet was dissolved in 50-100 uL of TE8 or sterile Milli-Q water and 

stored at -20 °C. An aliquot of the purified plasmid DNA (0.5-1 îL) was analyzed by 1% 

agarose gel electrophoresis in TAE (242 g Tris base, 57.1 mL glacial acetic acid, 37.2 g 

Na2EDTA 2H2O, pH 8.5, Milli-Q water to 1 L total volume) buffer to determine the yield. 

In general a 50-mL scale bacterial culture provided 0.2-0.4 ng/uL of purified plasmid. 

2.15 Plasmid DNA Purification-Miniprep 

Selection of recombinant E. coli cells harboring the desired clone was carried out 

using sets of 12 or 24 2-mL cultures of LB containing ampicillin. Single colonies were 

taken from the transformation plates and used as inoculum. The resultant cultures were 

grown at 37 °C with shaking overnight and centrifuged to harvest the cell pellets. DNA 

plasmids were prepared from each culture using essentially the same procedure described 

for the preparative scale. Mapping of each DNA plasmid was performed by mixing 1 (xL 
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of plasmid DNA, 1 uL of appropriate buffer, 0.3 uL restriction enzyme and Milli-Q 

water to a final volume of 10 piL. Digestions were carried out in a sealed well plate to 

avoid evaporation and incubated at the temperature specified by the manufacturer for 1-2 

h. An aliquot (1-2 ^L) of each digestion was analyzed by 1% agarose gel electrophoresis 

in TEA buffer. 

2.16 DNA Digestion 

DNA digestions were generally performed following the directions provided by New 

England Biolabs. DNA (0.2-1 ug) was digested using 10 uL of recommended 10 x NEB 

buffer, 2 îL restriction enzyme, 1 uL 100 x bovine serum albumin (BSA) when required, 

and Milli-Q water to a final volume of 100 îL. Reactions were incubated at the 

recommended temperature for at least lh. 

2.17 DNA Ligation 

Ligation of DNA fragments with cohesive ends was performed using the Quick 

Ligation kit following the manufacturer's directions. Vector DNA was combined with the 

insert to have a 1:3 or 1:5 molar ratio vector to insert. After incubation at room 

temperature for 5-30 min, the mixture was immediately used for E. coli cell 

transformation or stored at -20 °C. 

The yeast expression plasmids used for cloning of A. thaliana genes include 

pRS426Gal4, pRS426GalR5, and the yeast integrative-expression vector pRS305Gal4. 
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2.18 Polymerase Chain Reaction (PCR) 

Polymerase chain reactions (PCR) and reverse transcriptase polymerase chain 

reaction (RT-PCR) were performed in a Mastercycler Gradient Thermocycler from 

Eppendorf (Hamburg, Germany). PCR reactions were generally performed by mixing the 

DNA template (1-10 ng), 10 x High Fidelity Buffer (5 PRIME of Eppendorf), a forward 

primer (20 pmol/|xL), a reverse primer (20 pmol/^L), deoxyribonucleotide triphosphates 

(10 mM each), Ex-Taq polymerase (1-2 U), and Milli-Q water in a 50-uL scale reaction. 

Reactions were performed using CAPS, a 40-cycle program including: 95 °C, 1 min for 

degradation; 65 °C, 30 s for annealing; and 72 °C, 3 min for extension. 

PCR products were generally purified by 1% agarose gel electrophoresis on TAE or 

ethanol precipitation. Purified PRC products were sequenced to screen for PCR errors 

and used for cloning. 

Colony-PCR was often employed to verify the presence of the cloning insert after 

transformation of both E. coli and yeast strains. Sample preparation and reaction 

conditions were essentially those described for regular PCR. The only difference was that 

a single bacterial or yeast colony was used as genomic DNA template. 

2.19 Gel Electrophoresis 

For analytical purposes, the agarose gel was prepared by micro waving a 500-mL 

stock solution of agarose in TEA buffer (5 g agar dissolved in 500 mL of 1 x Tris-Acetic 

acid-ETDA) for 5 min. Ethidium bromide (2-3 \xL) was mixed with -50 mL of melted 

agarose buffer and poured into the electrophoresis chamber. Once solidified, the gel was 

covered with a 50 x stock solution of TEA (242 g Tris base, 57.1 mL glacial acetic acid, 
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37.2 g EDTA pH 8.5 and Milli-Q water to a final volume of 1 L). Loading buffer (20% 

Ficoll 400, 0.1 mM EDTA, pH 8.0, 0.25% bromophenol blue, and 0.25% xylene cyanol) 

was added before loading the sample. For preparative purification of DNA fragments a 

1% agarose gel in GTAE buffer (TAE buffer with 0.283 g/L guanosine) was used. DNA 

fragments were recovered from the gel using a Qiagen Gel Extraction Kit following the 

manufacturer's directions. The BstE II digest of X DNA (New England Biolabs) was used 

as molecular weight standard. 

2.20 Oligonucleotides 

Custom oligonucleotides used for PCR and sequencing were obtained from Sigma-

Aldrich. Oligos were dissolved in sterile Milli-Q water to a final concentration of 100 

pmol/piL and stored at -20 °C. 

2.21 DNA Sequencing and Data Analysis 

Sequencing of plasmid DNA and PCR products was performed by SeqWright DNA 

Technology Services, Inc. (Houston, TX, USA) and Lone Star Labs, Inc. (Houston, TX. 

USA), which both used an Applied Biosystems International sequencer. Primers for 

sequencing were supplied in a concentration of 5 pmol/jiL, whereas plasmid DNA was in 

a concentration of 0.2 [ig/[iL. Sequence data were visualized and analyzed using SeqMan 

(DNASTAR, Madison, WI, USA). 
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2.22 Yeast media 

Yeast cultures were grown in different cellular media depending on genetic 

background and selecting conditions. Recombinant yeast strains SMY8 and RXY6 were 

grown in yeast peptone (YP; 10 g/L yeast extract, 20 g/L peptone). Yeast strains 

harboring expression plasmids were grown in synthetic complete (SC; 1.7 g/L yeast 

nitrogen base, 5 g/L ammonium sulfate, 2 g/L amino acid mixture) medium lacking either 

uracil or leucine depending on the selecting marker. Both media contained dextrose (D; 

20 g dissolved in 500 mL Milli-Q water, autoclaved at 121°C for 20-35 min) as the 

carbon source. Expression of recombinant genes was induced using 2% galactose (20 g 

dissolved in 500 mL of Milli-Q water, autoclaved at 121°C for 20-35 min) as the carbon 

source. All yeast cultures required medium supplementation of ergosterol (20 mg 

dissolved by sonication in 5 mL absolute EtOH and 5 mL Tween 80) and hemin chloride 

(13 mg dissolved in 10 mL 50% EtOH, 10 mM NaOH) both provided from 100 x stock 

solutions. In some cases cholesterol was used as sterol supplement of the media in place 

of ergosterol. Cholesterol was provided at the same concentration as ergosterol. Solid 

medium were prepared by adding 7.5 g agar to the sugar source. Yeast cultures were 

grown at 30 °C. 

2.23 Yeast Transformation 

Yeast transformation with plasmid DNA was carried out using the lithium acetate 

method6. A single colony of the recombinant yeast strain was used to inoculate 10-mL of 

YP supplemented with hemin chloride (13 uL/mL), ergosterol (20 mg/mL), Tween 80 (5 

g/L), and using 2% dextrose as the carbon source. The culture was grown in a 30 °C 
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incubator with shaking (250 rpm) overnight. After centrifugation (3500 rpm for 5 min at 

4 °C), the supernatant was discarded, and the cell pellet was washed with sterile Milli-Q 

water (2 x 15 mL). Cells were resuspended in the residual water and ~10 [ig of plasmid 

DNA was added. A salmon sperm single-stranded DNA solution (1 mg/mL) was boiled 

for about 10 min, and 50 ^L were added to the suspension. After gentle vortexing, 2 mL 

of yeast transformation buffer (40% water solution of polyethylene glycol 3350, 0.1 M 

lithium acetate, 10 mM Tris pH 7.5, 1 M EDTA, 0.1 M dithiothreitol; filter sterilized) 

were added, and the transformation was incubated at ca. 23 °C for 6-14 h after medium 

vortexing. Sterile Milli-Q water (2x15 mL) was added to wash the transformation buffer 

and different aliquots (20-200 uL) of the residual suspension were plated on selecting 

medium and spread over the surface of the plate using autoclaved glass beads. 

Transformation plates were incubated at 30 °C until colonies formed (3-4 days). 

2.24 In Vivo Experiments 

For in vivo experiments, yeast cultures were grown to saturation in selecting media. 

Cells were collected by centrifugation, and the cell-free media was either discarded or 

separately analyzed. The cell pellet was saponified with five cell volumes of 10% KOH 

in 80%) EtOH at 72 °C for 2 h. An equal volume of Milli-Q water was added, and the 

sample was centrifuged to remove the cell debris. Enzymatic products were extracted 

with either hexanes or methyl tert-buty\ ether (MTBE). Extractions were washed with 

brine, and the solvent was removed by rotary evaporation to yield the non-saponifiable 

lipids (NSL). Aliquots of the crude in vivo samples were analyzed by GC-MS, GC-FID, 

and *H NMR before undertaking further purification. 
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2.25 In Vitro Reactions 

For in vitro reactions, cultures were grown in selecting media to an OD600 of 6-9. 

After centrifugation, the cells were resuspended in phosphate buffer (100 raM, pH 6.2) 

and lysed either using a cell homogenizer or a bead beater. The cell lysate was incubated 

at ca. 23 °C with a 20 x solution of (±)-2,3-oxidosqualene for 24-36 h. The in vitro 

reactions were quenched with EtOH and the cyclization products extracted with hexanes 

or MTBE. The extractions were washed with brine and evaporated in vacuo to obtain the 

final samples. 

2.26 Resin Extraction of Products From The Cellular Medium 

The cell media used for in vivo yeast cultures was analyzed to determine the presence 

of enzymatic products. Triterpene products were recovered by using Diaion HP-20 resin, 

a polyaromatic adsorbent resin for hydrophobic compounds After centrifugation, the cell-

free medium was incubated with methanol-washed Diaion HP-20 resin at 30 °C for 24-36 

h. The resin was separated from the medium by filtration through a vertical column. The 

liquid was discarded, and the sterol components were recovered by extracting the resin 

with methanol. The extracts were combined, and the solvent was removed by rotary 

evaporation. The residue was rinsed with ethyl ether and partially purified by silica gel 

column chromatography using ethyl ether or methylene chloride as eluting solvent. 

Before further purification, a portion of the eluate was subject to GC-MS, GC-FID and 

*H NMR analysis. A more comprehensive description of this particular procedure is 

given in Chapter 4 and Chapter 5. 
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Additional details regarding yeast cultures, in vitro reactions, workup, and analytic 

conditions are specified separately for each cyclase (LUP1, LUP2, LUP5, and PEN3). 

2.27 Synthesis of (±)-2,3-Oxidosqualene 

Synthetic oxidosqualene (Figure 2.1) used for in vitro reactions was synthesized by 

the following procedure, which is essentially the method reported by Nadeau and 

Hanzlik.7 

(±)-2,3-oxidosqualene 

Figure 2.1. Synthesis of (±)-2,3-oxidosqualene. 

Af-bromosuccinimide (NBS, 20 g) was purified by crystallization from water (200 

mL) before the synthesis. In a 2-L round-bottomed flask squalene (22.5 g) was dissolved 

in tetrahydrofuran (THF, 500 mL). The solution was cooled to 0 °C and water (100 mL) 

was added while stirring until the solution became cloudy. THF (50 mL) was added to 

clarify the solution and crystallized NBS (12 g) was added in small portions. The solution 

was stirred at 0 °C for 20 min, and -50% of the solvent was removed by rotary 

evaporation. Water (200 mL) was added, and the crude product extracted with hexanes (5 

x 200 mL), with monitoring of the extraction by TLC (1:1 ethyl ether/hexanes). The 

hexanes extractions were combined and washed with water (3 x 200 mL). The reaction 
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mixture (80 mL) was subject to column chromatography (290 g silica gel, 230-400 mesh) 

to separate both enantiomers of squalene monobromohydrin from unreacted squalene and 

other byproducts. The column was initially eluted with 2% ethyl ether in hexanes and 

then with 5% and 7% ether in hexanes. Fractions containing the monobromohydrin were 

combined and the solvent removed by rotary evaporation yielding ~ 9g of product. The 

bromohydrin was dissolved in ethanol (200 mL) and potassium carbonate (25 g) was 

added. The solution was stirred for 3 h at room temperature. After 1 h, a small aliquot of 

the reaction mixture was analyzed by TLC (1:1 ethyl ether/hexanes), which showed a 

spot corresponding to the crude epoxide. Water (50 mL) was added and the product 

extracted with hexanes (5 x 100 mL). The combined hexanes extractions were 

concentrated by rotary evaporation and washed with water (3 x 100 mL). Racemic 

oxidosqualene was purified by column chromatography using the same conditions 

described before. Three fractions were collected and analyzed by GC-MS and 'H NMR. 

Fraction 1 (-6 g) contained the product and other minor impurities. An aliquot of this 

fraction (~1.5 g) was loaded onto a silica gel column (3 g; 230-400 mesh) and eluted with 

2% ethyl ether in hexanes. The sample was fractionated in six fractions (1-6), which were 

analyzed by GC-MS and *H NMR (Figure 2.2). NMR analysis showed that Fraction 2 

was a -99.8% pure fraction of racemic oxidosqualene and therefore used to prepare the 

stock solution used for in vitro experiments. 

2.28 20 x (±)-2,3-Oxidosqualene Stock Solution 

(±)-2,3-oxidosqualene (200 mg) and Tween 80 (200 mg) were placed in a round-

bottomed flask. Methylene chloride (5 mL) was added to facilitate mixing and then 
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removed by rotary evaporation under reduced pressure. Deionized water (9.8 mL) was 

added, and the solution was stirred at room temperature until a homogeneous white 

solution was obtained. The stock solution was stored at 4 °C and mixed for about 10 min 

prior to use. 
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CHAPTER 

PRODUCT PROFILE OF PEN3: THE LAST UNEXAMINED 
OXIDOSQUALENE CYCLASE IN ARABIDOPSIS THALIANA 

3.1 Introduction 

In this chapter, I discuss the functional characterization of the A. thaliana gene 

At5g36150 (PEN3). Before our recently published characterization of PEN3,1 PEN3 was 

the only Arabidopsis oxidosqualene cyclase for which no product profile had been 

reported. PEN3 is a member of the PEN clade of Arabidopsis oxidosqualene cyclases 

with a sequence 72-79% identical to those of other genes of the same clade. 

Initial experiments with PEN3 were carried out by former lab member Dr. Quanbo 

Xiong. He cloned and expressed the full-length coding sequence in the lanosterol 

synthase yeast mutant SMY8. A large-scale in vivo culture was used to accumulate the 

cyclization products, which were then extracted and purified by column chromatography 

and HPLC. GC-MS and NMR analysis showed a dominant product, tirucalla-7,24-dienol 

(1) and lower levels of tirucallol (3), isotirucallol (4), butyrospermol (2), and malabarica-

14(27), 17,21-trienol (5). The analyses also suggested the formation of achilleol A, 

camelliol C, isocamelliol, A8-polypodatetraenol, 14-epithalianol, and monocyclic ketone. 

However, this work was done before the problem of nonenzymatic cyclization of 

oxidosqualene on silica gel was recognized.2 Dr. Xiong then realized that most of the 

mono, bi-, and tricyclic compounds were likely nonenzymatic artifacts, which evidently 

formed during a lengthy chromatographic separation that was not protected from artifact 
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formation. After Dr. Xiong's departure, I undertook a thorough characterization of PEN3, 

with protection against artifact formation, demonstration of the absence of diols and 

nonpolar triterpene products, and more sensitive detection of minor products using 800 

MHz NMR. 

Parts of this chapter were taken from our recent publication of the PEN3 product 

profile.1 

3.2 Experimental Procedures 

3.2.1 Cloning and Subcloning of At5g36150 (PEN3/ORF10) 

mRNA obtained from 2-day old Arabidopsis thaliana seedlings was used to 

transcribe first strand cDNA with a RETROscript RT-PCR kit following the 

manufacturer's instructions. The PEN3/At5g36150 open reading frame (2285 bp) was 

amplified using primers 5'-atatGTCGACatgtggaggctgaggatcggagc-3' and 5'-

aGCGGCCGCtcaaaggagcaaccgtatagcc-3' with 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. The amplicons were purified with a Qiaquick Kit, ligated into the pGEM-T 

Easy vector with a Quick Ligation Kit, and used to transform E. coli strain DH5a.3 The 

inserts were sequenced, and subclones were made to remove PCR errors. Restriction sites 

for subcloning were installed by amplifying the full-length At5g36150 coding sequence 

using the same program and the primers 5'-ccGTCGACtataatgtggaggctgaggat-3' and 5'-

gcccGCGGCCGCtatatcaaaaggagcaaccgtatagcc-3'. The purified PEN3 coding sequence 

was excised with Sal I and Not I restriction endonucleases and cloned into the yeast 

expression vector pRS426Gal4 using the Quick Ligation Kit. Sequencing established the 
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clone to be error-free, and it was renamed pDS3.0. The insert was also subcloned into the 

integrative plasmid pRS305Gal5 similarly to make pDS3.1. 

3.2.2 Yeast Strain Transformation and Selection 

Saccharomyces cerevisiae strain SMY86 was transformed with plasmid pDS3.0 using 

the lithium acetate method.7 The transformant was selected on synthetic complete 

medium2 lacking uracil and containing 2% dextrose, hemin chloride (13 ug/mL), 

ergosterol (20 u.g/mL), and Tween 80 (5 u.g/mL), and solidified with 1.5% agar. The 

plates were incubated at 30 °C until colonies formed. The resultant recombinant yeast 

strain was named SMY8 [pDS3.0]. SMY8 was also transformed with pDS3.1, but 

SMY8[pDS3.1] showed no advantage over SMY8[pDS3.0]. Also, yeast strain RXY6,8 

which lacks both squalene epoxidase and lanosterol synthase, was transformed with 

pDS3.0 and pDS3.1. However, in vitro reactions of oxidosqualene with RXY6[pDS3.0] 

and RXY6[pDS3.1] homogenates appeared not to give any triterpene products. 

Consequently, RXY6[pDS3.0], RXY6[pDS3.1], and SMY8[pDS3.1] are not described 

further. In another attempt to improve the modest triterpene output of SMY8[pDS3.0], 

the GAC codon immediately upstream of the PEN3 start site, was replaced by ATA, a 

preferred codon for start sites in yeast.9 Again, no improvement in triterpene production 

was observed. 

3.2.3 In Vivo Accumulation of PEN3 Products-Experiment 1 

A 24-L scale culture of SMY8[pDS3.0] was grown in synthetic complete medium 

lacking uracil and supplemented with hemin chloride (13 u.g/mL), ergosterol (20 ng/mL), 

and Tween 80 (5 (xg/mL); 2% galactose was used as the carbon source. The cultures were 
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allowed to grow to saturation at 30 °C with shaking (250 rpm). Cells (103 g) were 

harvested by centrifugation (3800 rpm for 20 min) and saponified with 10% KOH in 80% 

ethanol at 70 °C for 2 h. After saponification, products were extracted with hexanes (3 x 

250 mL). The combined extracts were washed with brine (3 x 50 mL) and rotary 

evaporated to dryness, yielding 60 mg of nonsaponifiable lipids (NSL). An aliquot (-2%) 

of the NSL was analyzed by GC-MS, which showed the presence of tirucalla-7,24-dienol 

(1), the dominant PEN3 product (Figure 3.1). 
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Figure 3.1. Total ion chromatogram of the NSL obtained from the 24-L SMY8[pDS3.0] 
culture. Sample was analyzed with a 260 °C oven temperature and a 1:40 split injection. 

3.2.4 Chromatographic Separation of PEN3 In Vivo Products 

The NSL (-60 mg) from the SMY8[pDS3.0] cultures was loaded onto a silica gel 

column (6 g; 230-400 mesh) and eluted with gradients of ethyl ether in hexanes (2-

100%). Nine fractions were collected and analyzed by GC-MS and *H NMR. Fraction 1 

(4.8 mg; elution with 2% ether in hexanes) contained squalene. Fraction 2 (3.2 mg; 

further elution with 2% ether in hexanes) contained oxidosqualene. Fractions 3-6 (5.8 

mg; elution with 4% ether in hexanes) contained TIRS1 products, dioxidosqualene, and 

other material. Fractions 7-8 (15.6 mg; elution with 14-20% ether in hexanes) contained 

ergosterol. Fraction 9 (3.1 mg; elution with 100% ether) did not show presence of any 
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enzymatic products. Fractions 3-6 were further subjected to column chromatography (4 g 

silica gel, 230-400 mesh; elution with dichloromethane). Two fractions (A and B) were 

collected and analyzed by GC-MS and 'H NMR. Fraction A (1.10 mg) contained PEN3 

products and Fraction B (4.15 mg) contained mainly dioxidosqualene. Fraction A was 

spotted onto a 20 x 20 cm silica gel TLC plate (250-um layer), which was developed 

with 1:1 ethyl ether-hexanes and divided in two bands (Al and A2) in decreasing order of 

polarity. Each band was scraped onto a small column and eluted with dichloromethane. 

An aliquot of each fraction was analyzed by GC-MS and 2H NMR. PTLC bands Al and 

A2 contained monocyclic and polycyclic triterpenes, respectively. A flowchart of these 

chromatographic procedures is shown in Figure 3.2. 
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Figure 3.2. Flowchart summarizing the isolation of PEN3 products from the 24-L 
SMY8[pDS3.0] culture. 
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3.2.5 Additional In Vivo Experiments -Experiment 2 

Additional in vivo cultures were used to estimate distortion of the product profile due 

to differential loss of triterpene to the growth medium. In Experiment 2, SMY8[pDS3.0] 

cultures totaling 4 L were grown as described in Experiment 1. In order to monitor loss of 

triterpenes to the culture medium, the PEN3 products were isolated by three different 

approaches. One workup (A) consisted of lyophilization of 0.5 L of the culture (without 

centrifugation), followed by saponification, chromatographic purification, and spectral 

analysis of PEN3 products. For the other workups, the remaining 3.5 L of culture was 

centrifuged to give a cell pellet and supernatant (culture medium). In the second workup 

(B), the cell pellet was saponified, followed by extraction and chromatographic isolation 

as described in Experiment 1. In the third workup (C), the supernatant was incubated with 

a polyaromatic adsorbent resin for hydrophobic compounds, followed by 

chromatographic isolation of triterpenes. A flowchart summarizing these procedures is 

given in Figure 3.3. 

A) Lyophilization workup. A 500-mL portion of the saturated 4-L culture of 

SMY8[pDS3.0] was frozen in a dry ice-acetone bath and lyophilized. The lyophilized 

sample was saponified with 10% KOH in 80:20 ethanol-water at 70 °C for 2 h, followed 

by extraction with hexanes (3 x 200 mL). The combined extracts were washed with brine 

(3 x 50 mL), dried over anhydrous sodium sulfate, and rotary evaporated to a residue (47 

mg). Column chromatography (7 g silica gel, 230-400 mesh; elution with 2-100% ether 

in hexanes) gave four fractions (1-4), which were analyzed by GC-MS and ]H NMR. 

PEN3 products were found in Fraction 2 (elution with 4% ether) together with 

dioxidosqualene and ergosterol. This fraction (1.4 mg) was further subjected to column 
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chromatography (3 g silica gel, 230-400 mesh; elution with dichloromethane), giving 

fractions A and B. Both fractions were analyzed by GC-MS and 'H NMR. Fraction A, 

containing the PEN3 products, was purified by PTLC (developed with 1:1 ether-

hexanes). The silica layer was divided in four bands, A1-A4 in order of increasing 

polarity. Each band was scraped onto a small column, eluted with ether, and analyzed by 

GC-MS and *H NMR. PEN3 products were present in band A2 (0.5 mg). 

B) Analysis of triterpenes in the cell pellet. This workup paralleled that of Experiment 

1 and is summarized in Figure 3.2. All fractions were analyzed by GC-MS and 'H NMR. 

C) Analysis of triterpenes in the culture medium. After centrifugation of the 3.5-L 

culture at 3500 rpm for 20 min, the cell-free supernatant was incubated with methanol-

washed Diaion HP-20 resin (60 g) at 30 °C with shaking at 250 rpm. After 48 h, the 

suspension was loaded onto a column to filter the resin from the supernatant. Elution of 

the resin with ethanol (4 x 200 mL), followed by rotary evaporation gave a residue 

containing adsorbed triterpenes and detergent. The residue was dissolved in ether and 

passed through a silica-gel plug (3 g silica gel, 230-400 mesh) to remove highly polar 

material. To remove detergent, the sample was saponified with 10% KOH in 80:20 

ethanol-water at 70 °C for 2 h. After saponification, the sample was diluted with one 

volume of water, and triterpenes were extracted with hexanes (4 x 200 mL). The hexane 

extracts were washed with brine (3 x 50 mL), and the solvent was removed by rotary 

evaporation, yielding 82 mg of sample. The sample was then subjected to column 

chromatography and PTLC using the same experimental conditions described above. The 

purified PEN3 products were analyzed by GC-MS and 'H NMR, which both provided 

product ratios. 

35 



-[ aliquot B (0.5 L) }• 

(for lyophilization) 

m SMY8[pDS3.0] cultures (4 L) 

CD 
[ aliquot A (3.5 L) ] 

centrifugation C C ) 

(cell pellet ] medium 

saponification; 
hexane extraction 

[ nonsaponifiable lipids (8 mg) ] 

(3-5 L)) 

Diaion HP-20 resin, 
48 hat30°C; 
gravity filtration; 

'' ethanol extraction 

#1 

column chromatography 
silica gel 
ether-hexane gradients 

resin extract 

#2 #3 #4 

silica gel filtration; 
saponification; 

i' hexane extraction 

squalene 
oxidosqualene 

lipids 

triterpene alcohols ] (ergosterol! [ergosterol 
dioxidosaualene v ' or̂ Hî viHo dioxidosqualene 
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Figure 3.3. Flowchart summarizing the chromatographic separation of PEN3 products in 
Experiment 2. 
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3.3 Characterization of PEN3 Products 

All fractions from column chromatography, PTLC and HPLC in Experiments 1 and 2 

were carefully analyzed by GC-MS and NMR, with assistance from Dr. William K. 

Wilson. He also performed the spectroscopic characterization of tirucalla-7,24-dienol (1) 

by 2D and 13C NMR, analyzed spectra to obtain the product ratios, and performed 

quantum mechanical calculations and sequence analyses. Dr. Wilson also provided a 

significant intellectual contribution to the realization of Figure 3.6 and Figure 3.7. 

3.3.1 Structure Identification of The Major and Minor PEN3 Products 

Tirucalla-7,24-dienol (1), PEN3 major product, was identified by comparing *H and 

13C NMR chemical shifts with available literature data (Figure 3.5). Elucidation of the 

structure from de novo ID and 2D NMR spectra were consistent with those we had 

previously observed for this compound. Spectral data were also in good agreement with 

'H and 13C chemical shifts predicted by quantum mechanical methods and 'H-'H coupling 

constants predicted by an extended Karplus relationship. 

Butyrospermol (2), tirucallol (3), and isotirucallol (4) were visible in the total ion 

chromatogram of the GC-MS (Figure 3.5) and their mass spectra are shown in Figure 3.7. 

These minor compounds were identified by comparison with spectral data of authentic 

samples and literature data. Malabarica-14(27), 17,21-trienol (5) and dammara-20,24-

dienol (6) were identified from distinctive signals resolved in the 800-MHz NMR 

spectrum of PEN3 products; the COSYDEC spectrum showed the olefinic signals of 6 

correlating with each other. In addition to the literature comparisons, the *H NMR data 
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for 1-6 matched fine coupling patterns and chemical shifts (±0.001 ppm) we have 

measured for authentic standards of these triterpenes. 
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3.4 Estimation of the Ratio of PEN3 Products 

The relative amounts of PEN3 products were determined by integration of the upfield 

methyl signals in the 800-MHz NMR spectrum of PTLC band A2. Only the most upfield 

methyl singlets of 5 and 6 were resolved, and additional quantitation was obtained from 

integration of their olefinic signals. The PEN3 product ratios are reported in Table 3.1. 

Table 3.1. PEN3 Product Ratios 

PEN3 Products % 

tirucalla-7,24-dienol (1) -85 
butyrospermol (2) 6 
tirucallol (3) 6 
isotirucallol (4) 1.5 
malabarica-14(27), 17,21 -trienol (5) 1 
dammara-20,24-dienol (6) 05 

Each fraction from column chromatography, PTLC and HPLC were carefully 

analyzed by GC-MS and *H NMR to establish the presence of unusual triterpene 

products, such as diol, 3-keto, 3,10-epoxide, or Grob fragmentation products. These 

compounds would not be found in PTLC band A2. The analyses suggested little or none 

of these unusual triterpenes. Friedo skeletons (3-keto products)10 and 3,10-epoxides11 

were searched according to their distinctive 'H NMR signals: 6 0.73 (s), 0.87 (s), 0.88 

(d), 2.25 (q, 7 Hz), 2.29 (td, 13, 7 Hz), 2.39 (ddd, 14, 5, 2 Hz) and 5 3.75 (d, 5.5 Hz), 

respectively. Additional evidence against significant amounts of unusual triterpene 

skeletons was consisted with Dr. Xiong's experiments in which all fractions from a single 

large silica gel column of the NSL were analyzed by NMR and GC-MS. The first fraction 

(containing mainly oxidosqualene) showed no evidence of 3,10-epoxides or friedo 

skeletons, and the polar wash fraction after ergosterol showed no 'H NMR signal at 6 
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3.19-3.25, where a diol H-3a resonance would be expected. The presence of Grob 

fragmentation products would result is a series of upfield methyl singlets that were not 

noted among the various chromatographic fractions. 

Another potential source of error in these in vivo experiments is yeast metabolism of 

the triterpene products via the sterol biosynthetic pathway. Analysis of the 

chromatographic fractions in Experiments 1-3 did not reveal any obvious triterpene 

metabolism, such as 24-methylation or 22-desaturation. Most early metabolites would 

contain a 3(3-hydroxy-4,4-dimethyl moiety, and the few occurrences of the distinctive H-

3a NMR signal at 5 3.19-3.25 were explained as known, unmetabolized triterpene 

alcohols. In addition to in vivo metabolism, loss of triterpenes to the medium culture is 

another potential source of error. A portion of the spent culture medium from Experiment 

2 was extracted with a hydrophobic resin, saponification, and subject to column 

chromatography, and PTLC. The ]H NMR spectrum of the PTLC band containing 

tetracyclic triterpenes and some interfering impurities (Fraction A2) showed a ca. 9:1:1 

mixture of tirucalla-7,24-dienol (1), butyrospermol (2), and tirucallol (3), with ~ 1 % each 

of isotirucallol (4) and malabarica-14(27), 17,21-trienol (5). 

As described previously, a portion of the saturated culture of Experiment 2 was 

subject to lyophilization. Chromatographic separations and spectra analysis of the 

resulting sample indicated a ca. 15:1:1 mixture of 1, 2, and 3, with ~ 1 % each of 4 and 5. 

Owing to limited NMR sensitivity and spectral interferences from nontriterpene 

impurities the accurate determination of the product ratios form the resin extraction and 

lyophilization experiments was not possible. This uncertainty limits our conclusions to 

the following: (a) the product profile estimated from the cell pellet is at most modestly 
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distorted from the true product profile and (b) tirucalla-7,24-dienol comprises -80-90% 

of PEN3 products. 

3.5 Discussion 

NMR analysis of all the triterpene fractions from PTLC (Experiment 1 and 2) showed 

that PEN3 predominantly makes tirucalla-7,24-dienol (1, -85%). The NMR spectrum 

also revealed five minor triterpene products corresponding to butyrospermol (2), 

tirucallol (3), isotirucallol (4), malabarica-14(17),21-trienol (5), and dammara-20,24-

dienol (6). The byproducts, most of which were isolated by HPLC, were quantified by 

GC-MS and NMR and identified by comparing their resolved ]H and 2D NMR signals 

with literature values 2'12,13: butyrospermol (6%), tirucallol (6%), isotirucallol (1.5%), 

malabarica-14(27),17,21-trienol(l%), and dammara-20,24-dien-3|3-ol (0.5%). 

PEN3 encodes a protein that converts oxidosqualene to the dominant product 

tirucalla-7,24-diol plus five minor products. PEN3 is thus a moderately accurate tirucalla-

7,24-dien-3P-ol synthase. Its accuracy (Pi/P2 -14, Pi/£Pi ~0.85)a is comparable to that of 

the Arabidopsis baruol,2 arabidiol,14a'b and P-amyrin15 synthases (PEN2, PEN1, and 

LUP4). Analysis of the growth medium and lyophilization experiments showed that the 

PEN3 product profile was not significantly distorted by loss of triterpene products to the 

medium. 

The proposed mechanistic pathway for PEN3 is reported in Figure 3.8. PEN3 mainly 

converts oxidosqualene to tetracyclic triterpene alcohols. These could derive from both 

epimers of the dammarenyl cations Ha and lib, which arise from cation I after C-ring 

a Cyclase accuracy was expressed as the ratio of the primary product to the second most abundant 
product (P,/P2) or to total products (P|/£Pi), as described in ref 2. 
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expansion and subsequent D-ring annulation. PEN3 performs the tetracyclization to 

intermediates Ha and/or lib with ~99% success. Reorientation to a vertical cation via 

pathway Ai or Bi, followed by a C17^»C20 hydride shift, results in the 205 cation Ilia. 

Further 1,2-shifts give cation IVa, which is deprotonated at C7 to generate the dominant 

product tirucalla-7,24-dienol (1). Deprotonation at C9 of cation IVa leads to the 

byproduct 8,24 (4), whereas deprotonation at C13 of Ilia yields isotirucallol (4). An 

intriguing catalytic error is the formation of 6% butyrospermol, the C20 epimer of 

tirucalla-7,24-dien-3p-ol. Butyrospermol (2) could arise from lib via pathway B2 (blue 

arrows) or from Ha via pathway A2 (green arrows). These pathways differ according to 

the C17 configuration of the tetracyclic cation (Ha or lib) and the direction of the 

subsequent side-chain rotation about the C17-C20 bond. 

The pathways leading to tirucalla-7,24-dienol (1), butyrospermol (2), tirucallol (3), 

and isotirucallol (4) could thus access different tetracyclic cations or share the same 

tetracyclic cation and differ in side-chain rotation.16'17'18a'b'c If C20 epimers arise by 

opposite directions of C17-C20 rotation, PEN3 might generate extremes of 98.5% Ha 

(with 1% loss to 5 and 0.5% lib leading to 6) or 99% lib. Alternatively, tirucalla-7,24-

dienol (1), tirucallol (3), and isotirucallol (4) might arise from Ha via pathway Ai and 

butyrospermol (2) from lib via pathway B2; such rotations would place the CeHn group 

syn to CI3, a conformation that appears compatible with the L-shape of active-site 

cavities in oxidosqualene cyclases.19 The intermediacy of lib has been established 

experimentally for LUP1 and theoretically for other cyclases that make nonhopanoid 

pentacycles.17 Dammarenyl cations with a 17(3 side chain have also been proposed as the 

common precursor of tirucallol (205) and euphol (20/?) on the basis of phylogenetic17 and 
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mechanistic20 reasoning. Nevertheless, clarification of the mechanistic pathways to 

rearranged dammaranes in PEN3 and other cyclases awaits definitive experimental 

evidence. 

H 6 (0.5%) 

horizontal epidammarenyl cation 
poised for ring expansion 

hyperconjugated to C13-C17 bond 

horizontal dammarenyl cation 
poised for ring expansion 

hyperconjugated to C16-C17 bond 

nominal 90° rotation about C17-C20 bond 
clockwise (cw) or counterclockwise (ccw) rotation as viewed from C17 

• • C 6 H 1 3 

\

l C17—C20 \ / 

/ hydride shifts \ / 

Figure 3.6. Proposed mechanism for the cyclization of oxidosqualene by PEN3. 
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Another cyclase from the LUP clade of Arabidopsis oxidosqualene cyclases, LUP5 

(Atlg66960) was found to produce a similar set of 6/6/6/5 tetracycles. LUP5 converts 

oxidosqualene to at least six different C30H50O triterpene alcohols, and tirucalla-7,24-

dienol was one of the dominant products. In spite of the catalytic similarity of PEN3 and 

LUP5, their putative active-site residues show a 46% identity, consistent with convergent 

evolution. In particular, both enzymes have modified the F696 residue, which is highly 

conserved among lanosterol synthases and cyclases in the PEN and LUP clades.22 

Analysis of the crystal structure of a human lanosterol synthase,18 showed that F696 is 

positioned closely beneath CI7 and C20 of lanosterol and may interfere sterically with 

the formation of any intermediate bearing a 17a side chain. This would suggest that 

oxidosqualene cyclases that make rearranged dammaranes may need to mutate or 

reposition F696. 

The significant remodeling of the cyclase active site to accommodate a 17a side 

chain is reflected in the sequence identities of PEN3 and LUP5 relative to other 

Arabidopsis cyclases (Figure 3.9B). Compared to other cyclases, identities among 

putative active-side residue (Figure 9B, red values) for PEN3 and LUP5 are lower than 

those among all residues (blue values). In addition, the active sites of PEN3 and LUP5 

contain more nonconsensus and exclusive residues than other PEN and LUP cyclases 

except PEN5 (Figure 9A). These observations raise the credibility of Ila (17a) as the 

initial tetracyclic intermediate of PEN3 and LUP5 and challenge the postulate of a high 

evolutionary barrier between cyclases accessing lib and those accessing Ila.17 The 

characterization of PEN3 completes the functional characterization of all 13 
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oxidosqualene cyclases in Arabidopsis, which is now the first higher plant for which the 

product profile of all cyclase has been examined. 
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Figure 3.7. (A) Comparison of active site-site residue in human lanosterol synthase 
(LSSh) with corresponding residue of triterpene synthases in A. thaliana. Nonconsensus 
residues between PEN3 and LUP5 are indicated in red. (B) Protein sequence identities for 
the full enzyme (unshaded) and the active-site residues (shaded). 
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CHAPTER 

FUNCTIONAL CHARACTERIZATION OF ARABIDOPSIS 

THALIANA L U P 1 , AN OXIDOSQUALENE CYCLASE 
ENCODING A LUPANE-3P,20-DIOL SYNTHASE 

4.1 Introduction 

This chapter discusses the functional characterization of Arabidopsis thaliana 

Atlg78970, a putative member of the LUP clade of Arabidopsis oxidosqualene cyclases. 

Compared to other A. thaliana oxidosqualene cyclases, LUP1 encodes a protein 72-80% 

identical to those of other genes of the LUP clade, 55-57% identical to genes of the PEN 

clade, 53% identical to CAS1, and 56% identical to LSS1. The LUP1 literature1,2 

suggests that LUP1 is a multifunctional oxidosqualene cyclase making comparable 

amounts of lupanediol and lupeol. Other LUP1 products have been identified a 3% 

detection level1 suggesting that additional enzymatic products might be revealed at even 

lower levels using more sensitive analytical methods. I consequently reanalyzed LUP1 to 

more rigorously establish its product profile. 

4.2 Previous Work 

The first functional characterization of Arabidopsis thaliana Atlg78970 gene was 

carried out by Herrera et al? The full-length (2,274 Kbp) LUP1 open reading frame was 

cloned into the yeast expression plasmid pRS426Gal, and the resulting plasmid, pJR1.16 

was used to transform the lanosterol synthase deletion mutant SMY8 to generate the 
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recombinant yeast strain SMY8[pJR1.16]. This strain was cultured under inducing 

conditions to accumulate LUP1 products, and the cell homogenate of this in vivo culture 

was incubated, after cell lysis, with synthetic oxidosqualene. The cyclization products 

were isolated as their acetate derivatives by column chromatography in a single fraction 

and analyzed by GC and NMR. Analysis of the mixture revealed lupeol and P-amyrin 

acetates in a ~4:1 ratio plus three undefined minor enzymatic products. The finding that 

LUP1 encoded a lupeol synthase was confirmed by Husselstein et al.4 and Kushiro et 

al.2'5 who also identified lupanediol as one of the LUP1 products. 

A second characterization of LUP1 was performed by former lab member Dr. M. 

Segura. Mixed in vivo-in vitro experiments were carried out on a preparative scale to 

isolate enough material to identify minor enzymatic components. LUP1 products were 

accumulated and purified as their acetate derivatives by argentation HPLC. Fractions 

were analyzed by NMR, which confirmed the presence of lupeol and P-amyrin and 

uncovered germanicol, taraxasterol, and ip-taraxasterol as determined by comparison of 

spectral data with literature values. NMR analysis of the HPLC fraction containing more 

polar components showed the presence of lupanediol. LUP1 was then reported as a 

multifunctional enzyme converting oxidosqualene into lupeol, lupanediol, p-amyrin, 

germanicol, taraxasterol, and ip-taraxasterol in a -10:10:2:2:1:1 ratio1. This work 

provided the first experimental evidence of direct cyclization of oxidosqualene to 

taraxasterol, ^-taraxasterol, germanicol and suggested the potential of high product 

multiciplity among cyclases.1 

Other studies of LUP1 include its cyclization of DOS to epoxydammaranes6 and the 

stereochemistry of water addition to the lupanyl cation.7 
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4.3 Experimental Procedures 

4.3.1 Yeast Strain Transformation and Selection 

The experiments described in this chapter were carried out using the yeast expression 

plasmid pJR1.16 that had been initially used in the Matsuda lab by Herrera,3 Segura and 

other lab members. Although yeast strains for in vivo and in vitro experiments were 

available in our glycerol library, I chose to transform and select my own recombinant 

strains. Plasmid pJR1.16 was purified from a 50-mL scale culture of LB-Amp and used to 

transform the yeast strain SMY8. Transformants were selected on SC-uraHE agarose 

plates and named SMY8[pJR1.16]. The yeast strain RXY6[pJR1.16] was similarly 

generated and selected. 

4.3.2 In Vivo Characterization of LUP1 

In vivo experiments were carried out using a 3-L culture of SMY8[pJR1.16]. The 

culture was grown to saturation at 30 °C in SC-leuHE containing 2% galactose to induce 

expression of the recombinant gene. After centrifugation (3500 rpm for 20 min), the 

supernatant was discarded, and the cell pellet (33 g) was saponified with 10% KOH in 

80% EtOH (150 mL) at 72 °C for 2 h. An equal volume of Milli-Q water was added, and 

LUP1 products were partitioned between hexanes (3 x 300 mL) and the aqueous phase. 

The hexanes extractions were combined, concentrated in vacuo to a volume of 100 mL, 

and washed with Milli-Q water and brine (3 x 100 mL). The solvent was removed by 

rotary evaporation, yielding 58 mg of non-saponifiable lipids (NSL). An aliquot of the 

crude in vivo sample was used for GC-MS and 'H NMR analysis. 
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4.3.3 Chromatographic Separation of LUP1 In Vivo Products 

An overview of the chromatographic separation of LUP1 products is shown in figure 

4.1. A portion (55 mg) of the crude NSL was loaded onto a silica gel column (5 g, 230-

400 mesh), and elution with gradients of ethyl ether in hexanes (2-100%) gave four 

fractions (A-D). 

SMY8[pJR1.16](3L) 

[ cell pellet J 
saponification; 

hexanes extraction 

nonsaponifiable lipids (NSL) 

column chromatography 
| (ether-hexane gradients) 

B 

oxidosqualene 
squalene 

nonpolar lipids 

triterpene alcohols 
dioxidosqualene 

other lipids 

ergosterol polar fraction 
polar lipids 

column chromatography 
(dichloromethane) 

, PTLC-2 

B1 B2 
purified polar 

fraction 

dioxidosqualene 
other lipids 

triterpene alcohols 
other lipids 

PTLC-1 

triterpene 
alcohols 

RP-HPLC 
fractionated 

polycyclic triterpenes 
Fr.1 >=> Fr.12 

Figure 4.1. Flowchart summarizing the chromatographic separation of LUP1 products 
from the NSL of the SMY8[pJRl .16] galactose culture. 

Each fraction was analyzed by GC-MS and H NMR. Fraction A (elution with 2% 

Et^O) contained squalene, oxidosqualene (OS) and non-polar yeast components. Fraction 

B (elution with 4-5% Et20) contained dioxidosqualene (DOS), lupeol and other LUPl 

products. Fraction C (elution with 8-10% Et20) contained ergosterol, and Fraction D 
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(elution with 100% ethyl ether) contained lupanediol and other polar components. 

Fraction B was subjected to a second column chromatography (~3 g silica, 230-400 

mesh; elution with dichloromethane) to remove DOS. The triterpene alcohols were 

purified further by loading the sample onto a 20 x 20 cm silica gel TLC plate (0.25 îm 

layer) developed with 1:1 Et20-hexanes (PTLC-1). Similarly, lupanediol was purified 

from Fraction D by preparative TLC (PTLC-2). A band with Rf ~0.2, corresponding to 

the diol, was scraped onto a small column and eluted with Et20. A portion of each 

fraction from both PTLC plates (PTLC-1 and 2) was analyzed by GC-MS and 'H NMR. 

Fraction B2 (PTLC-1) contained lupeol (2), P-amyrin (3), ijj-taraxasterol (5), taraxasterol 

(6), and other undefined structures. Fraction D from PTLC-2 was a pure fraction of 

lupanediol (Figure 2). Fraction B2 from PTLC-1 was fractionated further by RP-HPLC to 

isolate single products and screen for minor components. HPLC separation was 

performed isocratically using a mobile phase of 97:3 methanol-water and UV detection at 

210 nm. Each fraction was then analyzed by 800 MHz !H NMR. 

4.3.4 Additional In vivo Experiments 

A) Analysis of the Culture Medium. A 100-mL culture of SMY8[pJR1.16] was grown 

to saturation at 30 °C in SC-leuHE medium containing 2% galactose as the carbon 

source. After separation from the cell pellet by centrifugation, the growth medium was 

incubated with HP-20 diaion hydrophobic resin at 30 °C for 36 h. The resin-medium 

suspension was loaded onto an empty column and the medium was filtered by gravity. 

The resin was eluted with methanol (3 x 50 mL), and the solvent was removed by rotary 

evaporation. The residue was redissolved in dichloromethane and passed through a silica 
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plug (~2g silica gel) to remove the majority of the detergent and other medium 

impurities. The resulting sample was saponified with 10% KOH in 80:20 methanol-water 

at 70 °C for 2 h. LUP1 cyclization products were extracted with MTBE (3 x 100 mL) and 

the combined extractions were washed with brine. The solvent was removed in vacuo, 

yielding the NSL. An aliquot of this sample was analyzed by GC-MS and *H NMR. 

B) Lyophilization. A 200-mL scale SMY8[pJR1.16] culture was similarly grown as 

described above. The entire culture was transferred into a 1-L round bottom flask, froze 

on a bath of dry ice and acetone, and lyophilized. The lyophilized material was washed 

with 10% KOH in 80% MeOH and saponified at 70 °C for 2 h. After saponification, the 

products were extracted as described above (A) and subjected to GC-MS and NMR 

analysis. 

4.3.5 LUP1 In Vitro Experiments 

A) Large Scale In Vitro Reactions. Saccharomyces cerevisiae strain RXY6[pJR1.16] 

was streaked from a glycerol library on synthetic complete medium lacking uracil, 

supplemented with hemin chloride (13 mg/L), ergosterol (20 mg/L), Tween 80 (5 g/L), 

2% dextrose, and solidified with 1.5% agar. After 48 h of incubation at 30 °C, a single 

colony was used to inoculate 10 mL of the same liquid medium, and the culture was 

allowed to grow to saturation in a 30 °C incubator with shaking (250 rpm). Two 1-mL 

aliquots of this culture were used to inoculate two 1-L portions of synthetic complete 

medium lacking uracil and supplemented with hemin chloride (13 mg/L), cholesterol (20 

mg/L), Tween 80 (5 g/L), and using 2% galactose as carbon source. The culture was 

grown at 30 °C with shaking to an OD600 of 0.7 (after 1:10 dilution). Cells were harvested 
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by centrifugation (3800 rpm for 20 min), and the supernatant was discarded. The cell 

pellet (22.5 g) was suspended in one volume of 100 mM phosphate buffer (pH 6.2), and 

the suspension was passed twice through a cell disruptor (Avestin Emulsiflex-C5 

homogenizer) to lyse the cells. The slurry was centrifuged (3000 rpm for 5 min), and the 

cell homogenate was incubated with a 20 x stock solution of (±)-2,3-oxidosqualene, 

which was added to a final concentration of 0.5 mg/mL. The in vitro reaction was then 

incubated at ca. 23 °C and after 14 h, a 5-yiL aliquot of the enzymatic reaction was 

analyzed by TLC, which showed two additional spots (R/ ~0.2 and Rf ~0.5) 

corresponding to LUP1 enzymatic products that were absent in the control. After 24 h, 

the in vitro reaction was quenched with two volumes of ethanol. The solvent was 

removed by rotary evaporation in vacuo, and the enzymatic products were extracted with 

MTBE. The extracts were combined and washed with brine. The solvent was removed by 

rotary evaporation to yield -80 mg of crude NSL. An aliquot of the sample was 

derivatized with dry pyridine-BSTFA (1:1) and analyzed by GC-MS. The yield of the in 

vitro reaction was roughly estimated from the chromatogram (without measuring relative 

responses) by comparing the oxidosqualene peak and the triterpene peaks and judged to 

be -38% based on both oxidosqualene enantiomers. 

B) Small-Scale In Vitro Reactions. A 10-mL culture of RXY6[pJR1.16] was grown to 

saturation in synthetic complete medium lacking uracil and supplemented with ergosterol 

(20 mg/L), hemin chloride (13 mg/L), Tween 80 (5 g/L), and using 2% dextrose as 

carbon source. Three 1-mL aliquots of this culture were used to inoculate three 100-mL 

portions of the same medium using 2% galactose as carbon source. The cultures were 

grown at 30 °C with shaking to an OD600 of 5.5. Cells were harvested by centrifugation 
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(4000 rpm for 5 min), and the supernatant was discarded. Cells were suspended in 15 mL 

of 0.1 M phosphate buffer (pH 6.2) and lysed with glass beads. The suspension was 

centrifuged (3000 rpm for 3 min) and the supernatant was transferred to a glass tube. A 

20 x solution of (±)-2,3-oxidosqualene was added to the cell homogenate to a final 

concentration of 0.5 mg/mL, and the enzymatic reaction was incubated at ca. 23 °C for 36 

h. After 36 h, the reaction was quenched with two volumes of EtOH. Ethanol was 

removed under a nitrogen stream, and the cyclization products were extracted with 

MTBE. An aliquot of the crude sample was then analyzed by 800 MHz 'H NMR and 

GC-MS. 

4.3.6 Chromatographic Separation of LUP1 In Vitro Products 

The crude in vitro sample was loaded onto a silica gel column (6 g, 230-400 mesh) to 

remove unreacted oxidosqualene from the mixture. The column was initially eluted with 

2% ethyl ether in hexanes. Squalene, oxidosqualene, and non-polar yeast components 

were collected in a single fraction (11 mg). Elution with ethyl ether gave LUP1 

cyclization products, cholesterol, and polar yeast components (57 mg). Each fraction was 

then analyzed by 800 *H NMR and GC-MS, which both showed that oxidosqualene was 

not present in the second fraction. A 10-mg portion of LUP1 product fraction was loaded 

onto a prewashed 20 x 20 cm silica gel TLC plate (250 um layer) for structure 

identification (PTLC-1). The plate was developed with 2% ethyl ether in hexane (250 

mL) and divided into seven bands (1-7) in order of decreasing polarity. Each band was 

scraped onto a small column and eluted with ethyl ether. Fractions were then analyzed by 

800 'H NMR and GC-MS. LUP1 cyclization products were identified in fractions 2 and 
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4. Another 10-mg aliquot of the same fraction was loaded on a second preparative TLC 

plate (PTLC-2) and used to determine the product ratios. The plate was developed with 

2% ethyl ether in hexanes (250 mL) and two bands corresponding to LUP1 products were 

scraped from the plate and combined, loaded onto a column and eluted with ethyl ether. 

An aliquot of this sample was analyzed by 'H NMR and GC-MS. 

ty-taraxasterol (5) taraxasterol (6) dammara-20,24-
dienol (7) 

malabarica-
14(27),17,21-trienol(8) 

tirucalla-7,24-
dienol (12) 

LUP1 
Products 

6-amyrin (13) isotirucallol (14) 

Figure 4.2. Structures of LUP1 Products. 
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4.4 Results 

The dominant LUP1 product lupanediol (1) was identified by GC-MS and !H NMR 

analysis of fraction D from PTLC-2. Lupeol (2), p-amyrin (3), germanicol (4), I|J-

taraxasterol (5), taraxasterol (6), dammara-20,24-dienol (7), malabarica-14(27), 17,21-

trienol (8), butyrospermol (9), A7-thalianol (10), 14-epithalianol (11), tirucalla-7,24-

dienol (12), S-amyrin (13), and isotirucallol (14) were mainly characterized by *H NMR 

analysis of the triterpene fractions (Table 4.1) obtained by HPLC separation of PTLC-1 

fraction B obtained from the NSL of the large-scale SMY8[pJR1.16] in vivo culture. 

Products were identified from resolved peaks in both methyl and olefinic regions on the 

' H NMR spectra by comparing spectral data with those of authentic samples and 

published values. 

Table 4.1. HPLC fractions isolated from PTLC-1 fraction B 

Triterpene alcohols 
Fraction 

1 malabarica-14(27),17,21-trienol (8) 
2 14-epithalianol (11) 
3 A7-thalianol (10), dammara-20,24-dienol (7) 
4 dammara-20,24-dienol (7) 
5 isotirucallol (14) 
6 lupeol (2) 
7 lupeol (2), tirucalla-7,24-dienol (12), butyrospermol (9), taraxasterol (6) 
8 taraxasterol (6), butyrospermol (9) 
9 taraxasterol (6), P-amyrin (3) 
10 taraxasterol (6), p-amyrin (3) 
11 taraxasterol (6), P-amyrin (3), 5-amyrin (13) 
12 ijj-taraxasterol (5) 
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Table 4.2. LUP1 product ratios as determined by 'H NMR analysis of 
RXY6[pJR1.16] PTLC-2 fraction 2+4 

LUP1 Products 

lupanediol (1) 
lupeol(2) 
P-amyrin (3) 

germanicol (4) 
xp-taraxasterol (5) 

taraxasterol (6) 
dammara-20,24-dienol (7) 
malabarica-14(27), 17,21 -trienol (8) 
butyrospermol (9) 
A7-thalianol (10) 

14-epithalianol (11) 
tirucalla-7,24-dienol (12) 
5-amyrin (13) 

isotirucallol (14) 

[%] 

-79 
15 
1.2 
1.2 
0.8 
0.7 
0.7 
0.7 
0.3 
0.3 
0.2 
0.1 

0.04 
0.04 

All the fractions from the large-scale RXY6[pJR1.16] PTLC were analyzed by GC-

MS and 'H NMR. Fraction 2 from PTLC-1 was a rather pure fraction of lupanediol, 

whereas fraction 4 (PTLC-1) contained lupeol (2), P-amyrin (3) and other minor LUP1 

products (4-14). The product ratios were determined by !H NMR analysis of the 

combined fraction 2 and 4 from PTLC-2. Integration of characteristic methyl and olefinic 

peaks gave the product ratios reported in Table 4.2. A ~5:1 2 to 1 ratio was confirmed by 

similar analysis of various in vitro samples obtained from additional small-scale in vitro 

reactions. 

4.5 Discussion 

Heterologous expression of LUP1 resulted in the identification of lupanediol (1), 

lupeol (2) and other minor products (3-14). Besides previously reported products (1-6),1 
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eight additional structures (7-14) were identified in vivo and in vitro. The product ratios 

were obtained from in vitro experiments performed with the yeast strain RXY6. This 

mutant lacks both squalene epoxidase and lanosterol synthase backgrounds, therefore no 

triterpenes are formed until exogenous oxidosqualene is added. The medium of RXY6 

cultures can be discarded, and the resultant homogenate incubated with oxidosqualene. In 

addition, the low levels of NADPH largely reduce the likelihood of triterpene 

metabolism.8,9 

NMR analysis of the purified in vitro sample showed that LUP1 predominantly 

makes -79% lupanediol (1). Lupeol (2) is formed at 15% level together with other minor 

products (3-14) -0.04-1.2% each. The LUP1 product profile established in this work is 

considerably different from published results. Additional in vivo experiments were 

carried out to determine the origin of these discrepancies. Analysis of the culture medium 

showed abundant levels of lupanediol. A similar loss of diol product to the medium was 

observed in cultures of arabidiol synthase.10 Apart from lupanediol, the culture medium 

contained the other LUP1 products with increased amount of lupeol relative to P-amyrin. 

Examination of the NSLs extracted from different in vivo cultures showed that the 

ratio lupanediol to lupeol ranged from 0 to 7.5 and the ratio lupeol to (3-amyrin varied 

from 1.6 to 6.6 (Figure 4.4). When the in vivo product profile was determined from a 

lyophilized in vivo culture, the in vivo and the in vitro profiles gave the same general 

picture (Figure 4.3C). This suggested that the in vivo product profile is not distorted by 

yeast triterpene metabolism. It should be noted that the product ratios from the 

lyophilized material were rather imprecise owing to overlapping signals of non-triterpene 

impurities. 
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Figure 4.3. Total ion chromatograms of the resin extract (A), NSL (B), and lyophilized 
(C) in vivo samples. Crude in vitro sample from RXY6[pJR1.16] culture (D). In panel C, 
TMS derivatization was incomplete. 
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^M lupanediol/lupeol 
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Figure 4.4. Comparison between the lupanediol to lupeol and lupeol to P-amyrin ratios 
established from the NSL of different SMY8[pJRl .16] in vivo cultures. 

Another possible source of distortion might be related to different incubation 

temperatures used to carry out in vivo and in vitro experiments. However, examination of 

in vitro samples obtained by incubating at 19°, 25°, 30 °C synthetic oxidosqualene with 

cell homogenates of small scale RXY6[pJR.16] cultures showed only modest variation of 

the ratio lupanediol to lupeol compared to the big in vivo and in vitro variations. 

Even if additional experiments would be conceivable to more rigorously rule out in 

vivo product metabolism and thermal effects upon catalysis, my results suggested that 

neither metabolism nor incubation temperature seem to be the major sources of distortion 

of the in vivo product profile. On the other hand, the facile loss of diol to the growth 

medium was probably the main cause for overlooking the diol in previous reports. The 

loss of diol can be ascribed to its polar nature, whereas the reason why other LUP1 

products differentially accumulated within the cells and the culture medium is not clear. 

LUP1 encodes a lupanediol synthase, and appears to be the only source of lupanediol 

in Arabidopsis. LUP1 makes a diol as the dominant product. The presence of diols among 

Arabidosis triterpenes is rather limited. Apart from LUP1, only PEN1 makes a diol as the 
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major product, suggesting that the formation of diols is not catalytically favored (or not 

favored by selective pressure). Diols form when the cyclization reaction is terminated by 

the addition of water to the cation intermediate. It was recently proposed that if the water 

does not precisely access the carbocation deprotonation byproducts prevail.10 Elimination 

of a proton could also take place if the attacking water is not promptly replenished before 

the substrate cyclizes. The proposed pathway for the formation of LUP1 products is 

shown in Figure 4.5. Lupanediol (1) and lupeol (2) both form from the common precursor 

lupanyl cation. Lupeol would form in place of lupanediol if the trajectory of attack by 

water is not precise. Alternatively, if the water is not replenished, the lupanyl cation 

could either give lupeol via deprotonation at C29 or C30 or undergo E-ring expansion 

leading to the other minor pentacyclic products 3-6, and 13. The abundance of these 

minor products in the product profile of LUP1 would reflect the inherent limitation for 

cyclase to make diols accurately. 

It was recently proposed that LUP1 might be responsible for the biosynthesis of 

trinorlupeol (15), the major nonsterol triterpenoid in Arabidopsis.xx Trinorlupeol was 

isolated from stem tissue where LUP1 is highly expressed.12 It was thought that LUP1 

might generate 15 through Grob fragmentation of the lupanyl cation, but the absence of 

15 in the product profile of LUP1 and other dammarenyl-type Arabidopsis cyclases 

suggested that LUP1 is not able to perform this reaction.11 Alternatively, it was proposed 

that 15 might derive from the enzymatic oxidation of 1 and 2. The fact that lupanediol (1) 

is the major LUP1 product might suggest a pathway where 1 is the biosynthetic precursor 

of 15 (Figure 4.5). Arabidopsis stem tissue contains 15 and 2 in a -5:1 ratio, and LUP1 
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makes similar amounts of 1 and 2. This similarity would be consistent with the 

conversion of 1 to 15. 

HO' 

• 8 ,10 ,11 
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minor) 
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Figure 4.5. Proposed mechanism for LUP1 products and trinorlupeol (15). 
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CHAPTER 

PRODUCT PROFILE OF LUP2: A TRULY 

MULTIFUNCTIONAL OXIDOSQUALENE CYCLASE 

5.1 Introduction 

This chapter describes the functional characterization of the Arabidopsis thaliana 

oxidosqualene cyclase Atlg78960 (LUP2) gene and illustrates some technical problems 

concerning the use of yeast stains requiring sterol supplementation in the culture medium. 

LUP2 belongs to the LUP clade of Arabidopsis oxidosqualene cyclases with a 

sequence 72-80% identical to those of other enzymes of the clade. Kushiro et al.' first 

characterized and reported LUP2 as a multifunctional oxidosqualene cyclase. LUP2 was 

heterologously expressed in GIL772, a yeast strain lacking lanosterol synthase activity. 

The cyclization products were extracted and purified by PTLC or column 

chromatography. Reverse-phase HPLC showed the presence of nine triterpene alcohols, 

which were identified by NMR and LC-MS as p-amyrin, lupeol, a-amyrin, taraxasterol, 

i|)-taraxasterol, multiflorenol, bauerenol, butyrospermol, and tirucalla-7,24-dienol. No 

quantitative data for the product profile were reported apart from an HPLC-UV (202 nm) 

chromatogram showing nine LUP2 products present in roughly comparable amounts. 

A second characterization of LUP2 was reported by Husselstein et al3 LUP2 was 

cloned and used to transform wild-type yeast. The resultant strain was cultured to 

accumulate cyclization products, which were extracted and purified by AgNC>3 -silica gel 
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TLC. GC analysis of the partially purified sterol fractions showed the presence of 0-

amyrin, ct-amyrin and lupeol in a 56:28:16 ratio. 

Taken together these characterizations furnish a preliminary picture of the LUP2 

product profile. In this chapter I present a more thorough characterization of LUP2 with 

the goal of determining a more accurate product profile. 

5.2 Experimental Procedures 

5.2.1 Cloning of Atlg78960 {LUP2) and Plasmid Construction 

The Arabidopsis thaliana (ecotype Columbia) Atlg78960 (LUP2) coding sequence 

was obtained from a cDNA bacterial pUNI vector library purchased from the Arabidopsis 

Biological Research Center (ABRC/clone # U09812). The bacterial strain was streaked 

from a glycerol library on Luria broth (LB) solidified with 1.5% agar and supplemented 

with kanamycin (0.25 mg/mL). A 50-mL culture of the same medium was inoculated 

with a single colony and grown at 37 °C with shaking overnight. The plasmid DNA was 

purified, and the insert was sequenced and confirmed to be identical to the Atlg78960 

coding sequence. The sequence of the full-length LUP2 gene is reported in Appendix B. 

The clone was renamed pPMl.O and used to construct a new recombinant DNA for 

expression in yeast. The full-length LUP2 insert was excised from pPMl.O by digesting 

the plasmid with Sal I and Eag I restriction endonucleases according to the 

manufacturer's manual. The 2,292 Kbp open reading frame was then ligated (Quick 

Ligation Kit from New England Biolabs) into Sal \-Eag I restriction sites of pRS426GalR 

yeast expression vector. The ligation mixture was used to transform competent E. coli 
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DH5a cells, and transformants were selected on LB agarose plates containing ampicillin 

(0.1 mg/mL). The new plasmid was named pPMl. 1. 

5.2.2 Plasmid Purification and Yeast Transformation 

E. coli cells harboring DNA plasmid pPMl.l were grown at 37 °C with shaking 

overnight in 50 mL of Luria broth (LB) containing ampicillin (0.1 mg/mL). Cells were 

harvested by centrifugation (3500 rpm for 10 min), and the supernatant was discarded. 

Plasmid DNA was purified and analyzed by gel electrophoresis in 1% agarose gel in TAE 

buffer yielding 300 ng/uL of plasmid. 

A single yeast colony of RXY6 was used to inoculate a 10 mL mixture of YP 

supplemented with hemin chloride (13 mg/L), ergosterol (20 mg/L), Tween 80 (5 g/L), 

with 2% dextrose as carbon source. The culture was grown at 30 °C overnight, and the 

cells were harvested by centrifugation (3500 rpm for 5 min). The supernatant was 

discarded and the cell pellet was washed twice with 10 mL of sterile Milli-Q water. 

Plasmid pPMl.l (-10 ng) was used to transform the yeast strain RXY6 using the lithium 

acetate method. Transformants were selected on synthetic complete medium lacking 

uracil, solidified with 1.5% agar, and supplemented with hemin chloride (13 mg/L), 

ergosterol (20 mg/L), Tween 80 (5 g/L), using 2% dextrose as the carbon source, and 

named RXY6[pPMl.l]. The recombinant yeast SMY8[pPMl.l] used for in vivo 

experiments was prepared analogously from SMY8. 
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5.2.3 In Vivo Accumulation of LUP2 Products 

A 5-L culture of SMY8[pPMl.l] was used to accumulate enough LUP2 products to 

carry out a complete characterization. The recombinant strain was grown at 30 °C in 

synthetic complete medium lacking uracil and supplemented with ergosterol (20 mg/L), 

hemin chloride (13 mg/L), and Tween 80 (5 g/L) using 2% galactose as the carbon 

source. The culture was allowed to grow to saturation, and cells were collected by 

centrifugation (3500 rpm, 20 min). The cell pellet (55 g) was saponified with two 

volumes of 10% KOH in 70% EtOH at 70 °C for 2 h. The LUP2 in vivo cyclization 

products were extracted with hexane (4 x 200 mL); the completeness of extraction was 

monitored by TLC (1:1 diethyl ether/hexane). The combined hexane extracts were 

washed with brine (3 x 100 mL), concentrated by rotary evaporation and dried over 

anhydrous sodium sulfate. The solvent was removed under a nitrogen stream to yield 110 

mg of non-saponifiable lipids (NSL). An aliquot of this sample was derivatized and 

analyzed by GC-MS, which showed many products with m/z 498 corresponding to TMS 

ether derivatives of LUP2 products (Figure 5.1). 
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4 tirucalla-7,24-dienol 
5 lupeol 
6 bauerenol 
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Figure 5.1. Total ion chromatogram of the crude lipid extract from SMY8[pPMl.l]. 
Sample was analyzed with a 260 CC oven temperature and 1:40 split injection. The 
asterisk denotes a non-triterpene impurity. 
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5.2.4 Chromatographic Separation of LUP2 Products 

A flowchart summarizing the chromatographic separation of LUP2 products is shown 

in Figure 5.3. The crude in vivo sample was purified by column chromatography on silica 

gel (5 g, 230-400 mesh) using gradients of diethyl ether in hexane (2-100%). Elution with 

2% Et20 gave squalene, oxidosqualene and non-polar yeast components (fraction A). 

Elution with 100% Et20 gave dioxidosqualene, LUP2 products, ergosterol and other 

polar lipid components (fraction B). Both fractions were analyzed by GC-MS and 'H 

NMR. Fraction B was chromatographed further on silica gel (5 g, 230-400 mesh) to 

remove dioxidosqualene. Elution with methylene chloride gave two fractions, Bl and B2, 

which were both analyzed by GC-MS and *H NMR. Fraction Bl was a rather pure 

fraction of dioxidosqualene, whereas Fraction B2 contained LUP2 products, ergosterol 

and polar components. Cyclization products were then isolated from fraction B2 by 

PTLC. A 15-mg portion of the sample was loaded on a 20 x 20 cm silica gel TLC plate 

(250 (xm-layer). The plate was developed with 1:1 Et20-hexanes and divided into four 

contiguous bands (1-4) in order increasing of polarity. Each band was scraped into a 

small column and eluted with methylene chloride. Eluates were analyzed by GC-MS and 

NMR. LUP2 products were identified in bands 1 and 2. Band 1 contained achilleol A (1), 

camelliol C (2), A7-polypodatetraenol (3), and malabarica-14,17,21-trienol (4) in a 

-1:1:2:4 ratio. These compounds were identified by both GC-MS and NMR by 

comparing retention times and spectral data with those of authentic standards and 

reported literature values (Figures 5.4 and 5.5). GC-MS analysis of band 2 showed the 

presence of P-amyrin (14), a-amyrin (13), lupeol (8), taraxasterol (11), ip-taraxasterol 

(10), bauerenol (16), multiflorenol (15), butyrospermol (5), tirucalla-7,24-dienol (6) plus 
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other minor unidentified compounds with m/z 426, corresponding to triterpene alcohols 

with molecular formulae C30H50O. 'H NMR analysis additionally revealed signals 

corresponding to germanicol (9), dammara-20,24-dienol (7), and S-amyrin (13). Band 3 

was a rather pure fraction of ergosterol, whereas band 4 revealed no detectable triterpene 

components. LUP2 products are shown in Figure 5.2. 

achilleol A (1) camelliol C (2) A7-polypoda- malabarica-
tetraenol(3) 14,17,21-trienol (4) 

dammara-20,24- germanicol (9) 6-amyrin(13) butvrosDermol (5) 
dienol (7) ' y ' 

p-amyrin(14) taraxasterol (11) a-amyrin (12) lupeol (8) 

multiflorenol (15) bauerenol (16) ^-taraxasterol (10) tirucalla-7,24-
dienol (6) 

Figure 5.2. Structures and names of LUP2 products. 
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5.2.5 Isolation and Identification of Minor LUP2 Products 

In order to isolate the major enzymatic products and possibly identify minor 

components band 2 from PTLC was fractionated further on RP-HPLC. The separation 

was carried out isocratically using methanol-water (93:7) as mobile phase and UV 

detection at 210 nm. Eight fractions (C1-C8) were collected and examined by GC-MS 

and 800 MHz 'H NMR (Table 5.1). 
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Figure 5 3 . Flowchart summarizing the chromatographic separation of LUP2 product 
from the NSL from SMY8[pPMl.l]. 
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Figure 5.4. Total ion chromatogram of fraction 1 from PTLC (A). Sample was analyzed 
with at 260 °C oven temperature and 1:40 split injection. Unlabeled peaks on the 
chromatogram correspond to non-triterpene impurities. Lower panels show mass spectra 
of TMS ether derivatives of camelliol C (1, B), achilleol A (2, C), A7-polypodatetraenol 
(3, D) and malabarica-14,17,21-trienol (4, E). 
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L_JUL 
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Figure 5.5. Partial 'H NMR of fraction 1 from PTLC. Unlabeled peaks correspond to 
non-triterpene impurities. Note the absence of signal at 6 1.012 and 1.074 corresponding 
to isocamelliol, a marker for nonenzymatic cyclization during workup. 

Table 5.1. HPLC fractions isolated from band 2 from PTLC 

Fractions Triterpene products identified by GC/MS (ratio) 
(tR min) 

CI (64-67) lupeol, P-amyrin, (-33:1) 

C2 (68-70) lupeol, tirucalla-7,24-dienol, P-amyrin (-100:20:5) 

C3 (71-73) P-amyrin, taraxasterol (-2:1) 

C4 (74-76) P-amyrin, taraxasterol (-10:1) 

C5 (77-78) P-amyrin, a-amyrin, lupeol, ijHaraxasterol, taraxasterol 

(-0.7:0.07:0.03:1:0.03) 

C6 (79-81) a-amyrin, ty-taraxasterol (-2:1) 

C7 (82-83) a-amyrin, bauerenol, ijj-taraxasterol (-20:10:1) 

C8 (84-87) a-amyrin, multiflorenol, bauerenol (-6:27:100) 
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5.2.6 Additional In Vivo Experiments: Product Ratios 

In vivo product ratios were determined using an additional culture of 

SMY8[pPMl.l]. In chapter 4 I presented experimental evidences showing that the 

product profile might be biased by differential loss of triterpenes into the medium during 

in vivo accumulation. To compensate for distortion of the LUP2 product profile from 

possible differential triterpene loss, the growth medium was analyzed after separation of 

the cell pellet. 

Analysis of triterpenes in the cell pellet. A 2-L culture of SMY8[pPMl.l] was grown 

(30 °C with shaking) to saturation in synthetic complete medium lacking uracil (SC-

leuHE) and supplemented with hemin chloride (13 mg/L), ergosterol (20 mg/L), Tween 

80 (5 g/L), using 2% galactose as the carbon source. A 22-g cell pellet was recovered 

after centrifugation (3500 rpm for 20 min) and saponified with 10% KOH in 80% EtOH 

at 70 °C for 2 h. The mixture was diluted with an equal volume of water and the 

cyclization products were extracted with hexanes (4 x 300 mL). The hexanes extracts 

were combined, washed with water, and concentrated in vacuo, yielding 68.3 mg of NSL. 

An aliquot of the crude lipid extract (2%) was derivatized with 1:1 dry pyridine-BSTFA 

and analyzed by GC-MS after an overnight incubation at 37 °C. A 50-mg portion of the 

NSL was purified by column chromatography on silica gel (4 g, 230-400 mesh). 

Squalene and oxidosqualene were eluted with 2% ethyl ether in hexanes in fractions 1-15. 

Elution with 100% ethyl ether gave LUP2 products, ergosterol, and other polar 

components (22 mg). A 15-mg aliquot of this sample was purified further by column 

chromatography on silica gel (3 g, 230-400 mesh). Elution with methylene chloride gave 
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LUP2 products in fractions 2-8 (2 mg). An aliquot of this sample (25%) was analyzed by 

GC-MS and 'H NMR. 

Analysis of triterpenes in the culture medium. HP-20 Dianion resin (30 g), was 

activated with 100 ml of MeOH. After 15 min, the MeOH was discarded, and the resin 

was added to the 2-L cell-free culture medium (obtained from centrifugation of the yeast 

culture). The suspension was incubated at 30 °C for 36 h with shaking and then filtered to 

separate the resin from the medium by gravity. Cyclization products were recovered from 

the resin with EtOH (5 x 200 mL). The EtOH extracts were combined, and the solvent 

was removed by rotary evaporation. The residue was rinsed with ethyl ether (10 mL). 

About half of the sample was subjected to silica gel column chromatography (10 g, 230-

400 mesh); elution with ethyl ether gave 15 contiguous fractions. These fractions were all 

analyzed by TLC (dichloromethane), which showed the presence of LUP2 products in 

fractions 2-5. These fractions were combined (156 mg) and a portion (-1%) was analyzed 

by GC-MS. A 60-mg portion of the sample was loaded onto a pre-washed 20 x 20 cm 

silica gel TLC plate (250-um layer) and developed with methylene chloride. A single 

band corresponding to LUP2 products was scraped from the plate, loaded onto a small 

column, and eluted with Et20, yielding 18 mg of sample. The sample (containing mostly 

non-triterpene material) was purified by column chromatography on silica gel (4 g, 230-

400 mesh; elution with dichloromethane); LUP2 products were found in fractions 10-36 

(3.3 mg). The sample was analyzed by *H NMR and GC-MS, as described below. 
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5.3 Selective Loss of Triterpene Products to the Growth Medium 

The triterpene fractions chromatographically isolated from the cell pellet and the resin 

extract were subjected to GC-MS and !H NMR analysis. The amounts of major LUP2 

products in the resin extract and the cell pellet are compared in Figure 5.9. In particular, 

the relative amount of P-amyrin (14) and lupeol (8) was significantly different in one 

sample with respect to the other. P-Amyrin, 42% of the total, was the dominant 

component in the cell extract with lupeol present at - 8 % . In contrast, lupeol was the 

major component of the resin extract at -25% level with p-amyrin -21%. This variation 

of the ratio P-amyrin to lupeol suggested that the latter is more rapidly lost into the 

medium than P-amyrin, which rather accumulated within the cells. Bauerenol (16) and 

multiflorenol (15) showed a similar trend. In particular, the ratio bauerenol to 

multiflorenol varied from -10:1 in the resin extract to -5:1 in the cell extract indicating 

preferential accumulation of bauerenol in the growth medium. Interestingly, a-amyrin 

(13), taraxasterol (11), ip-taraxasterol (10), butyrospermol (5) and tirucalla-7,24-dienol 

(6) seemed not to be affected by such variation, as their relative ratios did not change 

significantly. These results confirmed my previous observations that intracellular levels 

of P-amyrin and lupeol were subject to significant variation, as shown by the analysis of 

the cellular extract of several LUP1 in vivo cultures. The facile accumulation of 

lupanediol and other more polar triterpene alcohols in the cellular medium can be easily 

rationalized by considering their polar nature. In contrast, factors determining the 

selective loss of triterpene mono-alcohols with comparable polarity are not clear. 
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with a 230 °C oven temperature and a 1:40 split injection. Panel C shows the composition 
relative to each sample. 

5.3.1 LUP2 Small-Scale In Vivo Cholesterol Cultures 

A series of additional experiments were carried out in an effort to evaluate how much 

the enzyme's in vivo product profile, as determined by the analysis of the cell pellet, 

might be distorted by loss of material to the cellular medium. To this aim, a set of small-

scale in vivo cultures was used to accumulate LUP2 products and quantify the mass of 

the five major LUP2 products P-amyrin, a-amyrin, lupeol, i|)-taraxasterol, and 

taraxasterol in cell pellet and resin extract. The crude lipid extract and the medium from 
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each culture were separately examined by GC-MS and GC-FID without additional 

purification. 

SMY8[pPMl.l] was cultured using conditions similar to those reported in the 

previous sections. The cellular medium was supplemented with different sterols, which 

were added in equal concentrations. Ergosterol is routinely used in the Matsuda lab to 

supplement the medium of lanosterol synthase yeast mutants. As described in this and 

other chapters, I often used cholesterol as alternative to ergosterol to carry out several in 

vivo and in vitro experiments. 

Analysis of the cells. A 10-mL culture of SMY8[pPMl.l] was grown in synthetic 

complete medium lacking uracil and supplemented with hemin chloride (13 mg/L), 

cholesterol (20 mg/L), Tween 80 (5 g/L), and using 2% dextrose as carbon source. The 

culture was grown to saturation at 30 °C with shaking, and three 1-mL aliquots were used 

to inoculate three 100-mL portions of the same medium using 2% galactose as inducing 

sugar. Cultures were grown to saturation, and cells were collected by centrifugation 

(3800 rpm for 10 min). The cell pellet (~1 g) from each culture was saponified with 10% 

KOH in 80% ethanol (25 mL) for 2 h at 70 °C. Prior to saponification, 100 uL of 

epicoprostanol standard solution (2 mg/mL) was added to each sample. Each mixture was 

diluted with an equal volume of water, and the cyclization products were extracted with 

hexanes (5 x 50 mL). The extracts were combined, washed with water, and concentrated 

in vacuo to yield 5-6 mg of NSL. An aliquot of each sample was derivatized and 

analyzed by GC. The concentration of epicoprostanol in each sample was determined 

from the GC chromatogram using the calibration curve described in Figure 5.10. 
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Analysis of the medium. Methanol-washed Dianion HP-20 hydrophobic resin (5 g) 

and 100 uL of a 2 mg/mL epicoprostanol standard solution were added to each culture 

medium in which GCFY2[pPMl.l] was grown. Each flask was incubated at 30 °C with 

shaking. After 48 h, the suspension was loaded onto a column to separate the resin from 

the medium by gravity filtration, and ethanol (5 x 25 mL) was added to elute the products 

from the resin. The ethanol eluates were combined, and the solvent was removed by 

rotary evaporation under reduced pressure. Residues were redissolved in ethyl ether and 

transferred to tared vials. The solvent was removed under a nitrogen stream, yielding ~3 

mg of each sample. Each sample was separately loaded onto a column containing silica 

gel (3 g, 230-400 mesh) and eluted with methylene chloride. LUP2 products were 

collected within the first 10-12 fractions. An aliquot of each sample was derivatized and 

analyzed by GC. The concentration of epicoprostanol in each sample was determined 

using the calibration curve and the recovery (-65%) and total mass of LUP2 products 

were calculated. 

Analysis of cells and medium by lyophilization A fourth 100-mL culture of 

GCFY2[pPMl.l] was prepared from the same 10-mL dextrose culture described above. 

The culture was grown to saturation at 30 °C with shaking in synthetic complete medium 

lacking uracil, supplemented with hemin chloride (13 mg/L), cholesterol (20 mg/L), 

Tween 80 (5 g/L), and using 2% galactose as carbon source. The culture was transferred 

to a 500-mL round bottom flask. A 100-uL aliquot of epicoprostanol standard solution (2 

mg/mL) was added to the sample, and the culture was frozen in dry ice-acetone. The 

culture was lyophilized, and the residue was saponified with 10% KOH in 80% ethanol at 

70 °C for 2 h. The sample was diluted with one volume of water, and cyclization products 
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were extracted with hexanes (5 x 50 mL). The combined hexane extracts were washed 

with brine, and the solvent was removed by rotary evaporation to yield ~150 mg of crude 

in vivo sample. An aliquot of the sample was derivatized and analyzed by GC. The mass 

of epicoprostanol within the sample was determined and used to estimate the recovery 

(50%) after workup and the mass of LUP2 cyclization products. 

5.3.2 LUP2 Small-Scale In Vivo Ergosterol Cultures 

A second set of three 100-mL galactose cultures were grown as described above but 

using ergosterol (20 mg/L) instead of cholesterol to supplement the culture medium. 

Cultures were grown to saturation at 30 °C, and the cyclization products were isolated 

from cells and media using the same procedures described for the first set of cholesterol 

cultures. A fixed amount of a 1.0 mg/mL epicoprostanol standard solution (100 îL) was 

added to cell pellet and medium of each culture prior to saponification and resin 

extraction. Each sample was analyzed by GC, and the relative amount of epicoprostanol 

was determined from the calibration curve (Figure 5.10) and used to estimate the 

recovery (-70%) and the overall mass of LUP2 products (~0.06-0.07 mg). 

5.3.3 Quantification of LUP2 Products 

The total mass of LUP2 products was determined by adding a known amount of 

epicoprostanol (0.2 mg) to both cells and culture medium prior to workup. A 2 mg/mL 

stock solution of epicoprostanol (5p-cholestan-3a-ol) was prepared, and a fixed amount 

(100 uL) was added to each sample. Quantification of epicoprostanol in each sample was 

done using a calibration curve constructed using known amounts of epicoprostanol, as 
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follows. Five standard solutions (S1-S5) were prepared from the 2 mg/mL stock solution. 

Different amounts of epicoprostanol (10-160 jag) were transferred to GC vials, and the 

solvent was removed under a nitrogen stream. The residues were dissolved in 100 uL 1:1 

dry pyridine-BSTFA and kept at 37 °C for 2 h to ensure complete derivatization. A 1-uL 

portion of each standard solution was injected three times in a GC-FID with an oven 

temperature of 260 °C. After each set of measurements, a clean cycle was placed in the 

queue to re-equilibrate the column. For each standard solution, the peak area of 

epicoprostanol was averaged and plotted as function of the relative concentration. Simple 

linear regression analysis showed a linear response (r2=0.998) over the concentration of 

range (Figure 5.10). 
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Figure 5.10. Calibration curve for quantification of LUP2 products. 

The calibration curve was used to determine the concentration of epicoprostanol after 

the workup and therefore evaluate the mass of LUP2 products in each sample. The 

volume of sample injected, the column temperature, and other GC conditions were kept 
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constant throughout these experiments. GC-MS of each sample was performed to ensure 

that no underivatized material was present prior to GC-FID analysis. 

5.4 In Vivo Results 

The NSL and the resin extracts obtained from each set of cholesterol and ergosterol 

culture were analyzed by GC-FID. The relative composition of the cell and resin extracts 

is reported in Figure 5.11A and 5.1 IB. The concentration of epicoprostanol in each 

sample was determined from the calibration curve and used to quantify the relative 

amount of P-amyrin, a-amyrin, lupeol, ip-taraxasterol, and taraxasterol in each sample 

and therefore determine their total amounts (Table 5.2). 

Table 5.2. Relative composition of NSL and resin extract of ergosterol and cholesterol 
cultures 

Cholesterol 

Products Cells [%]a M^™ Total [%] 

P-amyrin 42.0 ±0.1 36.1+0.5 39.4 ±0.4 

a-amyrin 18.0 ±0.2 16.7 ±0.2 17.4 ±0.2 

lupeol 11.6 ±0.1 15.5±0.0 13.4 ±0.5 

ip-taraxasterol 10.3 ±0.1 11.2 ±0.4 10.8 ±0.3 

taraxasterol 18.2 ±0.1 20.5 ±0.1 19.0 ±0.9 

Ergosterol 

Cells [o/of ^ Total [%] 

46.8 ±1.3 28.4 ±0.4 39.9 ±1.0 

17.1 ±1.4 20.4 ±0.3 18.5 ±1.5 

8.8 ±0.6 19.2 ±0.1 12.3 ±0.3 

9.5±0.6 11.7 + 0.3 10.1 ±0.3 

17.7 ±0.2 20.3 ±0.2 19.1 ±0.5 

triplicate GC-FID analysis 

Examination of the data illuminated several trends. Cell and resin extracts had 

different compositions, thus confirming selective loss of products into the medium at 

different rates. About 33-36% of the total products were lost to the medium. p-Amyrin, 

the dominant LUP2 product, preferentially accumulated within the cells in ergosterol 

cultures and to a slightly lower extent in cholesterol cultures. A slightly enhanced amount 

of lupeol was found in the medium of ergosterol cultures relative to cholesterol cultures, 
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whereas the relative amount of the other products differed little between cholesterol and 

ergosterol cultures. Taken together these results suggest that the extent of excretion of 

products varies according to the triterpene structure and possibly also the sterol used for 

medium supplementation. 

[ I Medium 

t£r£ 
• J> 

Figure 5.11. Composition of cell and resin extracts from ergosterol-supplemented (A) 
and cholesterol-supplemented cultures (B). The total mass of triterpenes in each culture is 
shown in panel C. Panel D compares the compositions of the lyophilized material 
obtained from a 100-mL scale SMY8[pPMl.l] culture and an in vitro reaction. 

As shown in Figure 5.11C, the overall profile in ergosterol and cholesterol cultures 

remained constant within the experimental error. This would indicate that the sterol used 

to supplement the culture medium plays a role only in controlling the relative 

accumulation of products in cells and medium. The sterol might modulate the cell 
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membrane permeability, thus possibly determining the differential loss of products to the 

medium. 

The mechanism of this apparent phenomenon remains unclear and awaits a more 

complete investigation. This study suggests that lanosterol synthase yeast mutants 

requiring sterol supplementation may convey a misleading interpretation of the enzyme's 

true product profile if the growth medium is not examined. These results went in the 

same direction as the LUP1 in vivo results in Chapter 4, where facile loss of lupanediol 

and lupeol could lead to a false interpretation of the product profile. 

Another possible source of distortion could be metabolism during in vivo product 

accumulation. To rule out the possibility of triterpene metabolism, I compared the 

product profile obtained from a lyophilized in vivo ergosterol culture with that of an in 

vitro experiment. In vitro experiments were carried out by incubating synthetic 

oxidosqualene with the cell homogenate of a RXY6[pPMl.l] culture. Details about in 

vitro experiments are described in the next section. As described in Chapter 4, RXY6 

circumvents problems of further metabolism and loss to the medium. GC-FID analysis of 

the lyophilized sample provided the following product ratios: 42% P-amyrin, 17% a-

amyrin, 12% lupeol, 10% ip-taraxasterol, and 18% taraxasterol. This profile, based on a 

single measurement, generally gave the same profile as that of the in vitro sample: 37% 

P-amyrin, 18% a-amyrin, 14% lupeol, 11% i|)-taraxasterol, and 20% taraxasterol. These 

preliminary results indicated that product profile from RXY6[pPMl.l] homogenate and 

from SMY8 in vivo culture would give essentially the same general picture. 
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5.5 In Vitro Characterization of Arabidopsis LUP2 

As previously discussed, in vivo characterization might convey a misleading 

interpretation of the enzyme's true product profile if the growth medium is not examined. 

Because of the differential depletion of products into the medium, simple analysis of the 

NSL might provide a distorted product ratio. This flaw could be avoided by using 

lyophilized cultures or minimized by using yeast hosts that do not require sterol 

supplementation, but this approach would not completely rule out metabolism of the 

cyclization products during in vivo accumulation. For these reasons, I moved to 

characterizing LUP2 in vitro using RXY6, a yeast strain unable to form oxidosqualene 

cyclization products until exogenous substrate is added. 

A 2-L scale culture of RXY6[pPMl.l] was grown in synthetic complete medium 

lacking uracil, supplemented with hemin chloride (13 mg/L), cholesterol (20 mg/L), 

Tween 80 (5 g/L), using 2% galactose as the carbon source. The culture was grown at 30 

°C with shaking to an ODeoo of 0.7 (after 1:10 dilution). After centrifugation (3800 rpm 

for 20 min), the supernatant was discarded, and the cell pellet (-23 g) was suspended in 

0.1 M phosphate buffer (25 mL, pH 6.2). The suspension was passed through a cell 

disruptor (Avestin Emulsiflex-C5 homogenizer) to lyse the cells. The lysate was 

centrifuged (3000 rpm for 5 min) to remove the cell debris, and synthetic (±)-2,3-

oxidosqualene was added to the cell homogenate from a 20 x stock to a final 

concentration of 0.5 mg/mL. The in vitro reaction was incubated at ca. 23 °C and after 18 

h, 5 \xL of the enzymatic reaction were analyzed by TLC (1:1 ethyl ether-hexanes), which 

showed an additional spot compared to the control reaction with the same mobility as 

lanosterol standard (Rf 0.5) corresponding to LUP2 cyclization products. After 24 h, the 
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reaction was quenched with two volumes of ethanol, which was then removed by rotary 

evaporation. The remaining water phase was extracted with hexanes. The hexanes 

extracts were combined and washed with brine. The solvent was removed by rotary 

evaporation, yielding 24 mg of crude in vitro product. An aliquot of the crude sample was 

derivatized and analyzed by GC-MS. The yield of the reaction was calculated from the 

GC-MS chromatogram by comparing the area of oxidosqualene and triterpene peaks and 

judged to be -20% (with respect to both enantiomers of OS). 

5.5.1 Chromatographic Separation of LUP2 Products and Product Ratios 

The crude in vitro sample was loaded onto a silica gel column (6 g, 230-400 mesh) to 

remove squalene, unreacted oxidosqualene, and other non-polar yeast components. The 

column was initially eluted with 2% ethyl ether in hexane to collect a single fraction (-10 

mg) containing squalene, oxidosqualene and other non-polar yeast components. Elution 

with ethyl ether gave LUP2 cyclization products, cholesterol, and other polar yeast 

components (-13 mg). Both fractions were analyzed by GC-MS and 800 MHz 'H NMR, 

which confirmed that oxidosqualene was completely removed from the second fraction. 

An aliquot of this fraction (10 mg) was loaded onto a 20 x 20 cm silica gel TLC plate 

(250-um layer). The plate was developed with 1:1 ethyl ether-hexanes (250 mL) and 

divided into five bands (A-E) in order decreasing of polarity. Each band was scraped onto 

a small column, eluted with ethyl ether, and analyzed by GC-MS and 800 MHz !H NMR. 

The LUP2 in vitro cyclization products were present in fraction C (Rf 0.52). 
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5.6. Discussion 

LUP2 products were isolated from a 5-L culture of SMY8[pPMl.l]. GC-MS and 

NMR analysis of the triterpene-containing fractions from PTLC and HPLC revealed 16 

triterpene alcohols. In addition to previously characterized structures, achilleol A (1), 

camelliol C (2), A7-polypodatetraenol (3), malabarica-14,17,21-trienol (4), dammara-

20,24-dienol (7), germanicol (9), and 5-amyrin (13) were identified with a detection limit 

of about -0.2%. Examination of the cellular medium revealed that a significant portion of 

the enzymatic products was selectively lost into the media thus distorting of the product 

profile. Product ratios were then obtained by performing in vitro experiments. The crude 

in vitro sample was subjected to column chromatography and PTLC to isolate the 

enzymatic products, which were analyzed by GC-MS and 'H NMR. Integration of 

resolved angular methyl peaks and other distinctive peaks in the olefinic region of the 

NMR spectrum gave the product ratios. NMR and GC-MS analysis both confirmed the 

presence of 5-16. Achileol A, Camelliol C, A7-polypodatetraenol, and malabarica-

14,17,21-trienol (1-4) were not identified probably owing interferences in the NMR and 

GC-MS spectra. Compounds 1-4 are reported at <1% level as a result of an estimate from 

the 'H NMR of the PTLC fraction 1 from the in vivo sample. The absence of peaks at 

1.012 ppm and 1.072 ppm corresponding to isocamelliol C, a marker for nonenzymatic 

products from cyclization of oxidosqualene on silica gel, would suggest that 1-4 might be 

real LUP2 products. Additional experiments are needed to determine whether or not these 

minor products are real enzymatic products rather than artifacts.4 

LUP2 catalyses the cyclization of oxidosqualene following a pathway already 

proposed for other dammarenyl-type oxidosqualene cyclases5 (Figure 5.12). After initial 
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deprotonation, the reaction goes through a series of annulations to yield the dammarenyl 

cation (IV). The presence of comparable levels of achilleol A (1, <1%), camelliol C (2, 

<1%), and A7-polypodatetraenol (3, <1%) indicates the reaction can be immediately 

quenched after A-ring and B-ring formation by loss of a proton from C25, CI, or C7 

respectively. Deprotonation of tricyclic cation III gives malabarica-14,17,21-trienol (4, 

<1%). After the formation of both epimers of the dammarenyl cation (IV) through C-ring 

expansion and D-ring annulation, deprotonation at C7 from cation IV yields similar 

amounts of tirucalla-7,24-dienol (6, 1.5%) and its 20R epimer butyrospermol (5, 1.5%). 

Alternatively, deprotonation at C24 yields dammara-20,24-dienol (7, 0.2%). The 

dammarenyl cation can undergo D-ring expansion and E-ring formation to give the 

lupanyl cation (V). This cation could be deprotonated at C29 or C30 to give lupeol (8, 

13%>), or undergo E-ring expansion (87%>) to yield the germanicyl cation (VI). 

Deprotonation at C18 gives germanicol (9, 0.5%) whereas deprotonation at C13 after 

al,2-hydride shift yields 5-amyrin (13, 0.5%). Some of the germanicyl cation (VI) 

rearranges through a 1,2-methyl shift, yielding the taraxastyl cation (VII). Deprotonation 

at C21 gives ip-taraxasterol (10, 10%), whereas deprotonation at C30 forms taraxasterol 

(11, 19%>). About 68% of the taraxasteryl cation undergoes 1,2-shifts to form cation IX. 

Deprotonation at C12 gives a-amyrin (12, 16%) or at C7 yields bauerenol (16, 3%). 

Alternatively, two 1,2-shifts in the germanicyl cation give the oleanyl cation (VIII), 

which is the precursor of fi-amyrin (14, 34%) and multiflorenol (15, 0.5%). 

LUP2 mainly produces a mixture of pentacyclic triterpene alcohols none of which is 

dominant. Apart from lupeol, a 6/6/6/6/5 system, the other pentacycles all have 6/6/6/6/6-

ring systems, -35% oleanes and -48% taraxastanes. 
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Figure 5.12. Proposed mechanism for the conversion of oxidosqualene by LUP2. 

These compounds all arise from the oleanyl cation. LUP2 seems to perform the 

catalysis with quite high accuracy until the formation of the lupanyl cation (V) with only 

-6% loss to the minor products (1-7). At this step the accuracy of LUP2 dramatically 

93 



decreases. Besides a 13% loss to lupeol (8), -87% of the lupanyl cation can undergoes 

E-ring expansion to form the oleanyl cation (VI). At this stage the multiciplity of LUP2 

arises. The reaction can take two distinctive pathways, one leading to oleanane-type 

triterpenes and the other to taraxasterane-type products. Considering the relative amount 

of ursanes and taraxasteranes, the formation of taraxasteranes seems slightly favored by a 

factor of-1.4. LUP2 is therefore a truly multifunctional cyclase that might have evolved 

to make a variety of products. 

LUP2 was previously reported as a multifunctional enzyme making nine triterpene 

alcohols. No quantitative data apart from a UV-HPLC trace were reported giving the 

wrong impression that LUP2 makes a mixture of comparable levels of nine triterpene 

alcohols. My characterization confirmed the structures previously reported, uncovered 

additional minor enzymatic products, and provided a quantitative product profile through 

in vitro experiments. 
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CHAPTER 

CLONING AND CHARACTERIZATION OF ARABIDOPSIS 

THALIANA L U P 5 

6.1 Introduction 

The functional characterization of the Arabidopsis thaliana Atlg66960 (LUP5) gene 

is presented in this chapter. LUP5 is a putative triterpene synthase belonging to the LUP 

clade of oxidosqualene cyclases of Arabidopsis. 

A preliminary functional characterization of LUP5 was reported by Ebizuka et al.' 

The only product profile was an HPLC-UV chromatogram showing three major peaks 

corresponding to cyclized oxidosqualene products in an apparent -4:4:1 ratio. LC-MS 

analysis showed signals consistent with triterpenes with molecular formula C30H50O. One 

of the products was identified as tirucalla-7,24-dienol based on a comparison of retention 

time and MS-MS fragmentation pattern of an authentic sample. 

Prior to my participation on the project, initial experiments with LUP5 were carried 

out by former lab member Dr. Mariya D. Kolesnikova. The LUP5 gene was subcloned 

and heterologously expressed in the yeast strain SMY8. Cyclization products were 

extracted from an in vivo culture, and GC/MS analysis revealed the presence of multiple 

enzymatic products two of which were tentatively identified as tirucalla-7,24-dienol (1) 

and isotirucallol (2). I revisited LUP5 to determine the structures of undefined 

components, obtain product ratios, and screen for minor enzymatic products. 
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6.2 Experimental Procedures 

6.2.1 Cloning of Atlg66960 (LUP5) 

The full-length Atlg66960 (LUP5) open reading frame was obtained from a cDNA 

bacterial pUNI vector library purchased from the Arabidopsis Biological Resource Center 

[http://www.biosci.ohio-state.edu/~plantbio/Facilities/abrc/abrchome.htm] and used by 

Dr. Mariya D. Kolesnikova (MDK) and other lab members to generate several yeast 

expression vectors. The LUP5 coding sequence I used to carry out the experiments 

described herein was taken from one of these plasmid libraries. Recombinant E. coli cells 

harboring plasmid pMDK1.4 were grown at 37 °C overnight using a 50-mL culture of LB 

supplemented with ampicillin (0.1 mg/mL). The plasmid was then purified yielding -300 

ng/uL as established by 1% agarose gel electrophoresis in TAE buffer. The 2.292 Kbp 

LUP5 insert was excised from pMDK1.4 by digesting the plasmid with Sal I and Not I 

restriction enzymes. The insert was gel-purified and cloned into Sal I-Not I sites of the 

yeast expression plasmid pRS426Gal and the integrative yeast expression vector 

pRS305Gal to generate plasmids pPM2.0 and pPM2.1 respectively. The insert was 

sequenced, and the sequence was analyzed using BLASTN,2 which showed a sequence 

identical to Atlg66960. The sequence of LUP5 is reported in Appendix B. 

6.2.2 Yeast Transformation and Selection 

Plasmid pPM2.0 was used to transform the yeast strains RXY6 and SMY8 using the 

lithium acetate method3 Transformants were selected on synthetic complete medium 

lacking uracil and named RXY6[pPM2.0] and SMY8[pPM2.0]. 

97 

http://www.biosci.ohio-state.edu/~plantbio/Facilities/abrc/abrchome.htm


Plasmid pPM2.1, before being used to transform RXY6 and SMY8, was instead 

digested with restriction endonuclease BstE II according to the manufacturer's 

instructions. BstE II cuts the plasmid at the unique restriction site within the LEU2 

genetic marker. Transformation of RXY6 and SMY8 with the linearized plasmid 

determined the integration via homologous recombination of LUP5 into the genome of 

both yeast strains at the LEU2 locus. Transformants were selected on synthetic complete 

medium lacking leucine and named RXY6[pPM2.1] and SMY8[pPM2.1]. 

To confirm the presence of the LUP5 cassette within each recombinant yeast strain, I 

did colony-PCR. Each PCR reaction contained a single colony of the yeast strain as DNA 

template, 0.5 \iL Ex-Taq polymerase, 5 uL lOx Ex-Taq Buffer, 4 ^L deoxyribonucleotide 

triphosphates (dNTPs), 1 uL of 5'-Sal I as forward primer (20 pmol), 1 uL of3'-Not I as 

reverse primer (20 pmol), and sterile Milli-Q water up to a final volume of 50 uL. PCR 

was carried out using a 36-cycle CAPS program: 95 °C, 1 min for denaturation, 65 °C, 30 

sec for annealing, 72 °C, 3 min for extension. PCR reactions were then analyzed by 1% 

agarose gel electrophoresis in TAE buffer, which showed a ~2.3 Kbp band corresponding 

to the full-length LUP5 gene. 

6.2.3 In Vitro Characterization of LUP5 

Several attempts over three years to obtain LUP5 cyclization products in vitro using 

RXY6[pPM2.0] failed, and therefore the experiments carried out with this strain are not 

described. In vitro experiments were carried out using RXY6[pPM2.1] as described 

below. RXY6[pPM2.1] was streaked on synthetic complete medium lacking leucine, 

supplemented with hemin chloride (13 mg/mL), ergosterol (20 mg/mL), Tween 80 (5 
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g/L), 2% dextrose as carbon source, and 1.5% agar. Plates were incubated at 30 °C until 

colonies formed. A single colony was used to inoculate liquid synthetic complete 

medium lacking leucine (10 mL), supplemented with hemin chloride (13 mg/L), 

cholesterol (20 mg/L), Tween 80 (5 g/L), and using 2% glucose as carbon source. The 

culture was grown to saturation at 30 °C with shaking, and 1-mL aliquots of this culture 

were used to inoculate two 100-mL portions of the same medium. Cultures were grown 

to saturation and used to inoculate two 1-L portions of yeast peptone (YP) medium, 

supplemented with hemin chloride (13 mg/mL), cholesterol (20 mg/mL), and Tween 80 

(5 g/mL), using 2% galactose as carbon source. Cultures were grown in a 30 °C incubator 

with shaking to an OD600 of 0.65 (after 1:10 dilution). Cells (22 g) were collected by 

centrifugation (3800 rpm for 20 min), and the supernatant was discarded. The cell pellet 

(24 g) was suspended in one volume of 100 mM phosphate buffer (pH 6.2), and the cells 

were lysed by passing the suspension through a cell disruptor (Avestin Emulsiflex-C5 

homogenizer). The slurry was centrifuged (3000 rpm for 5 min) to remove the cell debris, 

and the supernatant was incubated at ca. 23 °C with a 20 mg/mL solution of (±)-2,3-

oxidosqualene in 1:1 Milli-Q water-Tween 80, which was added to the cell homogenate 

to a final concentration of 0.5 mg/mL. After 16 h, a 5-uL aliquot of the enzymatic 

reaction was analyzed by TLC, which showed an additional spot compared to the 

control.b After 36 h, the reaction was quenched with two volumes of ethanol, and the cell 

debris was removed by centrifugation (3000 rpm for 3 min). The ethanol was removed by 

rotary evaporation, and the remaining water phase was extracted with MTBE. The 

bA small portion of the cell homogenate with no substrate added, and a standard solution of lanosterol 
standard (0.5 mg/mL) were loaded alongside. The plate was air-dried for 10 min and partially developed 
with ethyl ether to about one-fourth of the length of the plate to focus each streak to a single point. The 
plate was air-dried and developed with either methylene chloride or ethyl ether-hexanes (1:1). 
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extracts were combined, washed with brine, and the organic solvent was evaporated to 

dryness, yielding -60 mg of in vitro product. An aliquot of this sample was derivatized 

with 1:1 dry pyridine/BSTFA and analyzed by GC-MS. The yield of the in vitro reaction 

was roughly estimated by GC-MS (without measuring relative responses) by comparing 

the area of oxidosqualene and triterpene peaks (9:1 ratio) and judged to be -10% based 

on both oxidosqualene enantiomers. 

6.2.4 Chromatographic Separation of LUP5 In Vitro Products 

To remove unreacted oxidosqualene and thus avoid formation of non-enzymatic 

cyclization products on silica gel4 the in vitro sample was loaded onto a short silica gel 

column (5 g, 230-400 mesh). The column was initially eluted with 2% ethyl ether in 

hexanes. Squalene, oxidosqualene and other non-polar yeast components eluted in a 

single fraction (10 mg). Elution with ethyl ether gave LUP5 products, cholesterol, and 

other polar yeast components (22 mg). Each fraction was analyzed by 800 MHz 'H NMR 

and GC-MS, which showed that oxidosqualene was not present in the second fraction. A 

11-mg aliquot of the triterpene-containing fraction was loaded onto a 20 x 20 cm silica 

gel TLC plate (250 urn layer) and used for structure characterization (PTLC-1). The plate 

was developed with 2% ethyl ether in hexanes (250 mL) and divided in six bands in 

decreasing order of polarity (A-F). Each band was scraped onto a small column and 

eluted with ethyl ether. Each fraction was then analyzed by 800 MHz 'H NMR and GC-

MS. LUP5 cyclization products were contained in fraction D and E. A second portion of 

the sample (9 mg) was similarly purified by preparative TLC and used to determine in 

vitro product ratios (PTLC-2). The plate was developed with 2% ethyl ether in hexanes 
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(250 mL) and a single band corresponding to fractions D and E on PTLC-1 was scraped 

onto a small column and eluted with ethyl ether. A small aliquot of this fraction was 

derivatized and analyzed by GC-MS and 800 MHz *H NMR. The in vitro product profile 

was determined by the signal intensity of resolved methyl peak in the NMR spectrum. 

6.2.5 In Vivo Characterization of LUP5 

In vivo experiments were carried out on a preparative scale to accumulate enough 

material for structure identification. A 4-L culture of SMY8[pPM2.0] was grown to 

saturation at 30 °C in synthetic complete medium lacking uracil (SC-ura), supplemented 

with hemin chloride (13 mg/mL), ergosterol (20 mg/mL), Tween 80 (5 g/L). Expression 

of the recombinant gene was induced using 2% galactose as the carbon source. The cell 

pellet (48 g) was collected by centrifugation (3500 rpm for 20 min) and saponified with 

10% KOH in 80:20 EtOH-Milli-Q water (-200 mL) at 70 °C for 2.5 h. After addition of 

one volume of Milli-Q water, the products were extracted with hexanes (3 x 200 mL). 

The extracts were combined, concentrated in vacuo to a final volume of-100 mL, and 

washed with brine (3 x 100 mL). The solvent was removed by rotary evaporation to yield 

120 mg of NSL. An aliquot of the crude sample (-1%) was analyzed by GC-MS and 'H 

NMR, which both show presence of LUP5 products. The crude lipid extract was subject 

twice to column chromatography on silica gel. The first column (5 g silica, initial elution 

with 2% ether in hexanes followed by elution with ether) was performed to remove 

squalene, oxidosqualene and other non-polar yeast components, The second column (3 g 

silica; elution with methylene chloride) gave the triterpene products in two fractions (1-

2), which were examined by GC-MS and !H NMR. 
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6.3 Results 

The triterpene fractions from PTLC-1 and PTLC-2 isolated from RXY6[pPM2.1] 

were analyzed 'H NMR. Analyses of these samples were carried out in collaboration with 

Dr. William K. Wilson. Fractions A, B and F contained no detectable triterpene alcohols. 

Fraction C was essentially a pure fraction of ergosterol. Fraction D contained tirucalla-

7,24-dienol (1), isotirucallol (2), tirucallol (4), butyrospermol (5), and malabarica-

14(27), 17,21-trienol (6) (Figure 6.1C) while fraction E (PTLC-1) was a rather pure 

sample of euferol (3). Products were identified by comparing the spectral data with those 

of authentic samples and literature values. The product ratios were determined from the 

*H NMR spectrum of the combined fractions D and E (DE, PTLC-2). Integration of 

resolved peaks in the methyl and olefinic regions gave the following ratios: tirucalla-

7,24-dienol (1) -40%, isotirucallol (2) -37%, euferol (3) -18%, tirucallol (4) - 3 % , 

butyrospermol (5) - 1 % , and malabarica-14(27),17,21-trienol (6) -2%. The discrepancy 

between our estimate of a ~2:2:1 ratio of the A7,24, A13(17),24 and A5 isomers (1, 2, and 

3) and the -4:4:1 ratio apparent from the HPLC-UV chromatogram reported by Ebizuka 

et al.' could be attributable to different UV responses of the three isomers at 202 nm. 

The dichloromethane column fractions isolated from the NSL of the SMY8[pPM2.0] 

culture were also analyzed by GC-MS and 'H NMR. Fraction 1 did not contain any 

detectable triterpene alcohols, whereas fraction 2 contained multiple products (Figure 

6.3). GC-MS analysis of this fraction showed several peaks with m/z 426 corresponding 

to C30H50O triterpene alcohols. Some of these were identified as tirucalla-7,24-dienol (1) 

isotirucallol (2), euferol (3),5 tirucallol (4) butyrospermol (5), and malabarica-
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14(27), 17,21-trienol (6) based on their GC retention times, MS fragmentation patterns, 

and !H NMR chemical shifts that matched those of authentic samples and published data. 

1 ' I I I I I I | . . . . . . . . . , 

5.3 5.2 5.1 5.0 4.9 4.8 4.7 ppm 5.5 5.4 

c 
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1.05 

D 
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1 0 9 8 7 6 5 4 3 2 1 ppm 
Figure 6.1. 'H NMR analysis of the triterpene fractions from PTLC-1 and 2. Partial (A) 
'H NMR spectrum of fraction D+E from PTLC-2 used for product ratios. Full spectrum 
(D), upfield methyl region (C) and olefinic region (B) of fraction D from PTLC-1. 
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Figure 6.2. Total ion chromatogram (A) of fraction 2 from the dichloromethane column 
of the NSL of SMY8[pPM2.0]. Mass spectra of euferol (3, B), isotirucallol (2, C) and 
tirucallol (4, C). Sample was analyzed with a 260 °C oven temperature and a 1:40 split 
injection. 
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Additional m/z 426 peaks between 6 and 9 min had a MS fragmentation pattern 

consistent with achilleol A (7), camelliol C (8), isocamelliol (9), thalianol (10),6 and 14-

epithalianol (11). However, their relative amount could not be accurately determined 

owing overlapping signals of non-triterpene impurities in both GC-MS and NMR spectra. 

A rough estimate from the total ion chromatogram suggested they were present at about 

<1% level. Isocamelliol (9) is most likely an artifact from nonenzymatic cyclization of 

oxidosqualene on silica gel, whereas thalianol and 14-epithalianol could be either 

artifacts or real LUP5 products. 

Altogether these results are considered preliminary because (1) they are based on 

single in vivo and in vitro experiments, (2) some signal intensities were distorted by 

overlapping interferences, and (3) unidentified minor triterpene products appeared also to 

be present (Figure 6.1 and 6.2). 

6.4 Discussion 

The product profile of Arabidpsis LUP5 gene was determined through heterologous 

expression in yeast. Our preliminary results showed that LUP5 encodes a protein that 

converts oxidosqualene to eleven tetracyclic triterpene alcohols -97% of which are 

tetracycles. Together with previously identified tirucalla-7,24-dienol (1) and isotirucallol 

(2), we uncovered nine additional structures, euferol (3), tirucallol (4), butyrospermol (5), 

malabarica-14(27), 17,21-trienol (6), achilleol A (7), camelliol C (8), isocamelliol (9), 

thalianol (10), and 14-epithalianol (11). Products 1-6 were identified in vivo and in vitro, 

whereas 7-11 were only identified in vivo. Among the products, we identified euferol (3). 
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Euferol has been isolated from the roots of Euphorbia guyoniana5 and never reported in 

the product profile of any other Arabidopsis oxidosqualene cyclase. 

Besides euferol, LUP5 makes almost the same set of tetracyclic triterpenes as that of 

PEN3 performing the cyclization with a similar mechanistic pathway, but lower product 

accuracy. In contrast to PEN3, LUP5 make two dominant products, tirucalla-7,24-dienol 

(1) and isotirucallol (2) in roughly a 1:1 ratio. LUP5 is therefore a multifunctional cyclase 

with accuracy (Pi/P2~l.l) comparable to that of LUP2 (Pi/P2~1.5) another 

multifunctional enzyme of the LUP clade. 

The dominant LUP5 products could derive from both C17 epimers of the dammarenyl 

cation (Figure 3.6). Active site modifications to accommodate a 17a side chain and the 

mechanistic origin of the C20 configuration are discussed in Chapter 3. Neglecting 

compounds 7-11 whose definitive identification awaits further investigation, LUP5 

performs the tetracyclization with ~ 98% accuracy. Compared to PEN3, the formation of 

only - 1 % butyrospermol (5) might indicate that rotation about C17-C20 bond leading to 

the 20i? epimer of cation III (Illb) is rather limited in both epimers of the dammarenyl 

cation II. This suggests that LUP5 would favor the formation of the 205 epimer after the 

C17-C20 1,2-hydride shift. Together with BARS14, LUP5 is another Arabidopsis cyclase 

that makes a A5-product, euferol (3). Euferol (3), arises from cation Ilia by 

deprotonation at the C6 after a series of hydride and methyl shifts (Figure 6.3). 

Phylogenetic studies showed that LUP5 has an amino acid sequence 69-79% identical to 

those of other oxidosqualene cyclases of the LUP clade. Compared to other genes of the 

clade, LUP5 is the only LUP that makes substantial amounts of tetracycles. This 

represents an atypical trait for a gene of the LUP clade, as any other gene of the clade 
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makes pentacycles at least at low levels; LUP1 makes lupanediol, and other pentacycles,7 

LUP2 predominantly makes mixed 6/6/6/6/6 and 6/6/6/6/5 pentacycles,8 LUP3 makes 

small amount of P-amyrin (~0.2%),9 and LUP4 is a fairly accurate P-amyrin synthase.10 

LUP5 requires additional experiments to more rigorously identify its product profile and 

discuss its functionality. 

2 (-37%) ' N" 4 (-3%) 

Figure 6.3. Proposed mechanism for LUP5 product formation. 

3 (-18%) 
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CHAPTER 

CONCLUSIONS 

The functional characterization of four Arabidopsis thaliana oxidosqualene cyclases 

has been described in this thesis. Heterologous expression in Saccharomyces cerevisiae 

was employed to determine the product profile of PEN3 and three LUP genes, LUP1, 

LUP2, and LUP5. These genes encode four of the 13 A. thaliana oxidosqualene cyclases 

(Table 7.1). 

Table 7.1. Arabidopsis thaliana oxidosqualene cyclases 

Clade Gene Major Cyclase Product 
Enzyme accuracy 
(P!/P2; Pi/IPO13 References 

00 

< 
U 

CAS1 cycloartenol (99%) 

LSS1 lanosterol (99%) 

99; 0.99 

99: 0.99 

1 

2,3 

£ 
J 

PE
N

 

a 

LUP1 

LUP2 

LUP3 

LUP4 

LUP5 

PEN1 

PEN2 

PEN3 

PEN4 

PEN5 

PEN6 

lupanediol (-79%) 

P-amyrin (34%) 

camelliol (98%) 

p-amyrin (~85%)a 

tirucalla-7,24-dienol (~40%)a 

arabidiol (80%)a 

baruol (90%) 

tirucalla-7,24-dienol (-85%) 

thalianol (99%) 

marneral (99%) 

seco-P-amyrin (40%)a 

Preliminary characterizations. 

-5.3; =0.79 

1.7; 0.34 

49; 0.98 

- 2 1 ; =0.85 

« l ; -0 .4 

16, 0.80 

33; 0.90 

-14; =0.85 

99; 0.99 

99; 0.99 

2; 0.40 

4,5 

6,7 

8 

9 

10 

11, 12 

13 

14 

15 

16 

17, 18 
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I found that PEN3 is a moderately accurate tirucalla-7,24-dienol synthase (-85%) 

making a variety of 6/6/6/5 tetracyclic triterpene alcohols. The examination of the 

product profile of PEN3 has provided an updated perspective of how dammarenyl-type 

cyclases accessing the dammarenyl or the 17-epidammarenyl cation form different C20 

epimers by following one of two alternative mechanistic pathways. 

LUP5 was found to make the same set of tetracycles as that of PEN3. In spite of the 

catalytic similarities, LUP5 and PEN3 have a rather low sequence identity suggesting 

convergent evolution. 

LUP1 encodes a protein that converts oxidosqualene to lupanediol (-79%), lupeol 

(15%) and other minor products. Thus, LUP1 should be referred as a lupanediol synthase. 

In contrast to previous reports, LUP1 is neither a lupeol synthase nor a multifunctional 

enzyme. The level of lupanediol is much lower than the levels of lupeol and trinorlupeol 

in the stem tissues of Arabidopsis, where LUP1 is highly expressed.19 This could suggest 

that lupanediol is the biosynthetic precursor of trinorlupeol, a major nonsterol triterpenoid 

in Arabidopsis. LUP1 also makes several minor enzymatic products. This could reflect 

the inherent limitation for the cyclases to form diols accurately. The LUP1 in vivo 

product profile reported in previous characterizations was greatly distorted by facile loss 

of lupanediol to the growth medium. The analysis of the culture medium of several in 

vivo experiments also showed that other LUP1 products, such as lupeol and |3-amyrin 

may be differentially lost, thus causing further distortion of the product profile. 

LUP2 makes a mixture of pentacyclic triterpene alcohols none of which represent a 

majority of product. This showed that LUP2 is a truly multifunctional oxidosqualene 

cyclase. As with LUP1, the previously reported in vivo LUP2 product profiles were 
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likely biased by loss of products to the growth medium at different rates. To avoid 

triterpene loss to the medium LUP1 and LUP2 were characterized in a cell-free system 

obtained from RXY6, a yeast strain unable to accumulate oxidosqualene until exogenous 

substrate is added. These in vitro reactions, which also prevented further metabolism of 

cyclase products, provided more reliable product profiles. These findings highlight the 

importance of analyzing the medium of in vivo cultures to avoid biased estimation of the 

cyclase's true product profile. 

With my results for PEN3, the first functional characterization of all oxidosqualene 

cyclases of a higher plant is now complete. This concludes a project that had started in 

the early 1990s when Corey, Matsuda and Bartel reported the product profile of CAS l.1 
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APPENDIX A: LIST OF ABBREVIATIONS 

BSA 

BSTFA 

EtOH 

EDTA 

DOS 

dNTP 

GC-FID 

GC-MS 

HPLC 

KOH 

LB 

LB-Amp 

MeOH 

MTBE 

NMR 

NBS 

NSL 

OD 

OS 

PCR 

PTLC 

bovine serum albumin 

bis(trimethylsilyl)trifluoroacetamide 

ethanol 

ethylenediaminetetraacetic acid 

dioxidosqualene 

deoxyribonucleotide phosphate 

gas chromatography-flame ionization detection 

gas chromatography-mass spectrometry 

high performance liquid chromatography 

potassium hydroxide 

Luria broth 

Luria broth containing ampicillin 

methanol 

methyl tert-butyl ether 

nuclear magnetic resonance 

iV-bromosuccinimide 

non-saponifiable lipids 

optical density 

oxidosqualene 

polymerase chain reaction 

preparative thin-layer chromatography 
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RP-HPLC reverse-phase high performance liquid chromatography 

SC-uraHE Synthetic complete lacking uracil and supplemented with hemin chloride 

(H) and ergosterol (E) 

SC-leuHE Synthetic complete medium lacking leucine and supplemented with hemin 

chloride (H) and ergosterol (E) 

SDS sodium dodecyl sulfate 

SHC squalene-hopene cyclase 

TAE 40 nM tris base, 20 mM acetic acid, 1 mM EDTA 

TE8 10 mM tris-HCl (pH 8), 1 mM EDTA 

THF tetrahydrofuran 

TIRS1 tirucalla-7,24-dienol synthase 

TLC thin-layer chromatography 

TMS trimethylsilyl 

YP yeast peptone 

UV ultraviolet 
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APPENDIX B: CODING SEQUENCES OF PEN39 LUPI, LUP2, AND 
LUP5 

PEN3 (At5g36150) Coding Sequence 

10 20 30 40 50 60 70 80 
• i < • I • • • • I • • • • l • • < • l • • • • l • • • • 1 • • • • l • • • • l • • • • I • • • • I • • • • I • • • • I • • < • I • • • • l • • • • l • • • • I 

ATGTGGAGGCTGAGGATCGGAGCTAAGGCAGGAGATGACCCTCACTTGTGCACCACCAACAACTTCTTGGGAAGGCAGAT 80 
ATGGGAGTTTGATGCCAACGCAGGCTCTCCAGCGGAACTCTCTGAGGTTGATCAGGCTCGACAAAATTTCTCAAACAATA 160 
GGTCACAATACAAGGCTTGTGCCGATCTCCTTTGGCGTATGCAGTTTCTAAGGGAGAAGAATTTCGAGCAAAAGATTCCA 240 
CGAGTGAGAATAGAGGATGCCAAGAAAATAACATTTGAAGACGCAAAAAATACACTGAGAAGAGGAATACATTATATGGC 320 
AGCGTTGCAATCTGATGATGGACATTGGCCTTCCGAAAACGCTGGTTGCATTTTCTTCAATGCCCCCTTTGTTATATGTT 400 

410 420 430 440 450 460 470 480 
I ( | I | I I I I | I I I I | I I i i I i i i i I i i i i I i i i i I i i i • I i i • i I i i i i I i i i ) I i f ) 1 I | ) | | | i i i i I • i i i I i i i i I 

TGTATATCACTGGCCATCTGGATAAAGTTTTCTCTGAAGAGCATCGGAAAGAGATGTTGCGTTACATGTACAACCATCAG 480 
AACGACGATGGTGGATGGGGAATAGACGTAGAAAGCCATAGTTTTATGTTTTGCACGGTCATCAACTACATCTGCCTACG 560 
AATCTTCGGAGTAGATCCCGATCATGATGGTGAAAGTGCTTGTGCAAGGGCTCGTAAATGGATCATTGACCACGGTGGCG 640 
CTACCTATACGCCATTATTTGGAAAAGCCTGGCTTTCGGTTCTTGGAGTATATGAATGGTCTGGTTGCAAACCCATACCC 720 
CCAGAGTTCTGGTTTTTTCCTTCCTATTTTCCTATTAATGGAGGCACTCTCTGGATATATTTACGGGATACTTTCATGGC 800 

810 820 830 840 850 860 870 880 
' ' 1 ' I • ' • t I I I t I I I I ' ' I i • i i I i i i • I • • i • I • • i • I i i i i I t i • • I i i i i 1 i i i i I i i i i I i i i i I i i i i I i i i i I 

AATGTCCTATTTGTATGGTAAAAAATTTGTTGCTAAACCAACACCTCTCATTCTACAACTTCGTGAAGAACTTTATCCTC 880 
AACCTTATGCTGAAATTGTTTGGAGCCAAGCTCGCAGTCGATGTGCGAAGGAAGATCTATATTATCCACAATCATTGGTA 960 
CAAGACTTGTTTTGGAAACTTGTTCACATGTTTTCGGAGAATATCTTAAATCGATGGCCTTTCAACAAGCTCATTAGAGA 1040 
AAAAGCTATTCGAACGGCAATGGAACTCATTCACTACCATGACGAAGCCACCCGGTACATTACAGGTGGAGCAGTGCCAA 1120 
AGGTGTTTCATATGCTTGCTTGTTGGGTTGAAGATCCAGAGAGTGATTATTTTAAAAAACATCTTGCGCGAGTCTCTCAT 1200 

1210 1220 1230 1240 1250 1260 1270 1280 
i i i i I i i i i I i i i i t i • i i I i i i i 1 i i i i I i i i i I i i i • I i i i • I i i i i I • i i i I i i i i I i i i i I i i i i I i j i t I j f I I I 

TTCATATGGATTGCGGAGGACGGCTTGAAAATCCAGACTTTTGGTAGCCAAATATGGGATACAGCCTTCGTTCTCCAAGT 1280 
CATGTTAGCGGCTGATGTTGACGATGAGATAAGGCCAACGCTCATAAAGGGATACTCTTACTTGAGGAAATCCCAATTTA 1360 
CAGAGAATCCTCCCGGTGACTATATCAATATGTTTAGAGACATATCCAAGGGAGGGTGGGGCTATTCAGACAAAGATCAA 1440 
GGATGGCCTGTTTCAGATTGTATTTCTGAGAGTTTAGAGTGCTGCCTGATCTTTGAGAGTATGTCATCCGAATTCATTGG 1520 
TGAGAAAATGGAAGTGGAGAGGCTTTATGATGCCGTCAATATGCTTCTCTATATGCAGAGCAGAAATGGAGGGATATCTA 1600 

1610 1620 1630 1640 1650 1660 1670 1680 
• ' • • I i • • • I • • • • I • • i i I i i i i I i i i i I i i i i I i i i i I • • i • I i i i i I . • • • I • • • • I • i i i I i i i i I i i • i I r i f i I 

TATGGGAAGCAGCGAGTGGGAAAAAATGGCTAGAGTGGCTTAGTCCCATAGAGTTTATTGAAGACACTATCCTCGAGCAT 1680 
GAGTATCTAGAATGCACGGGGTCAGCGATAGTGGTGTTGGCACGCTTCATGAAACAGTTTCCAGGGCATAGAACAGAAGA 1760 
AGTCAAAAAATTTATAACAAAGGGAGTGAAATACATAGAAAGCTTACAAATTGCGGATGGTTCGTGGTACGGAAACTGGG 1840 
GAATATGTTTTATATATGGGACTTTCTTTGCTGTCCGAGGTTTAGTGGCCGCGGGAAACACTTACGATAACTGTGAGGCA 1920 
ATCCGTAGAGCAGTTCGATTCCTTCTTGATATACAAAACGGTGAAGGCGGTTGGGGAGAGAGTTTTCTTTCTTGCCCCAA 2000 

2010 2020 2030 2040 2050 2060 2070 2080 
t I I f I \ ' ' I I I I • I I • • I • I 1 I I I I I I 1 I I I I • • I I • I • I I I I I I I I I I I I I I • I • I I I \ I I I I I I ! | I I I I 1 I I I I I I I 

CAAAAATTATATTCCTTTGGAGGGGAACAAGACCGATGTGGTGAATACAGGACAAGCATTGATGGTTCTAATAATGGGTG 2080 
GTCAGATGGATAGAGATCCGTTACCGGTTCACCGCGCTGCAAAAGTATTAATCAATTCACAAATGGATAACGGTGATTTT 2160 
CCACAGCAGGAAATAAGGGGTGTTTACAAAATGAATGTGATGCTAAATTTTCCAACCTTTAGAAACTCTTTCACTCTTTG 2240 
GGCACTAACACACTACACCAAGGCTATACGGTTGCTCCTTTGA 2283 

Figure.Bl.AthPEN3 coding sequence in plasmid pDS3.0 and pDS3.1. 
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LUP1 (Atlg78970) Coding Sequence 

10 20 30 40 50 60 70 80 
I I I 1 | • • • • I t • • > t i • * • 1 • • • • I • t • • I • • • • I • • • • I • • • • I < • • • 1 • • • • I • • • i I i i i i I i i i • I • • • • I ' • • • I 

ATGTGGAAGTTGAAGATAGGAAAGGGAAATGGAGAAGATCCGCATTTATTCAGCAGCAATAACTTCGTCGGACGTCAAAC 80 
ATGGAAGTTTGATCACAAAGCCGGCTCACCGGAGGAACGAGCTGCCGTCGAAGAAGCTCGCCGGGGTTTCTTGGATAACC 160 
GTTTTCGTGTTAAAGGTTGCAGTGATCTATTGTGGCGAATGCAATTTCTAAGAGAGAAGAAATTCGAACAAGGCATACCA 240 
CAACTAAAAGCTACTAACATAGAAGAAATAACGTATGAAACAACGACAAATGCATTACGAAGAGGCGTTCGTTACTTCAC 320 
GGCTTTGCAAGCCTCCGACGGCCATTGGCCGGGAGAAATCACCGGTCCGCTTTTCTTCCTTCCTCCTCTCATATTTTGTT 400 

410 420 430 440 450 460 470 480 
I I I I I f • • I I • • • I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I f I I | I [ | | | | | t | | | | y | I 1 I I I I I I I I 

TGTACATTACCGGACATCTGGAGGAAGTATTCGATGCTGAACATCGCAAAGAGATGCTAAGACATATCTATTGTCACCAG 480 
AACGAAGATGGTGGATGGGGATTACACATCGAAAGCAAGAGTGTTATGTTCTGCACCGTGTTGAATTACATATGTTTACG 560 
TATGCTTGGAGAAAATCCTGAACAAGACGCATGCAAACGAGCTAGACAATGGATTCTTGACCGCGGTGGAGTGATCTTTA 640 
TTCCTTCTTGGGGGAAATTTTGGCTCTCGATACTTGGAGTCTATGATTGGTCTGGAACTAATCCGACGCCACCAGAACTC 720 
TTGATGCTGCCTTCTTTTCTTCCAATACATCCAGGGAAAATTTTGTGTTATAGCCGGATGGTTAGTATACCTATGTCGTA 800 

810 820 830 840 850 860 870 880 
• • • • * • • • • I • • ' • t • • ' • I • • • • I • • • * I • • • • i • • • ' i • • • • t • • • • i • • • • i • • • • i • • • • i • • • • [ • ' • • * • • • ' * 

TCTATATGGGAAGAGGTTTGTTGGTCCAATTACACCTCTTATTTTACTCTTGCGCGAAGAACTTTACTTGGAACCTTATG 880 
AAGAAATCAATTGGAAAAAAAGTCGACGTCTATATGCAAAAGAAGACATGTATTATGCTCATCCTTTGGTTCAAGATTTG 960 
TTATCTGACACTCTTCAAAACTTTGTGGAGCCTTTACTTACACGTTGGCCATTGAACAAGCTTGTGAGGGAAAAAGCTCT 1040 
TCAGCTTACTATGAAACACATACACTATGAAGACGAAAATAGCCATTACATAACCATTGGATGTGTTGAAAAGGTACTGT 1120 
GCATGCTAGCTTGTTGGGTTGAAAATCCGAATGGAGATTATTTCAAGAAGCATCTGGCTAGAATTCCAGATTATATGTGG 1200 

1210 1220 1230 1240 1250 1260 1270 1280 
• • • • i • ' • • I ' ' * • I • • • • I • • • • I • • • • I • • • • I • • • • i • • • • * • • • • i • • • • i • • • • i • • • • i • • • • * • ' * • * • • ' • i 

GTCGCTGAAGATGGAATGAAAATGCAGAGCTTTGGATGTCAACTGTGGGATACTGGATTTGCTATTCAAGCTTTGCTTGC 1280 
AAGTAATCTCCCTGATGAAACTGATGATGCACTAAAGAGAGGACATAATTACATAAAGGCATCTCAGGTTAGAGAAAACC 1360 
CTTCAGGTGATTTTAGGAGCATGTACCGCCACATTTCGAAAGGAGCATGGACATTTTCTGATCGAGATCATGGATGGCAA 1440 
GTTTCAGATTGTACAGCTGAAGCTTTAAAGTGTTGCCTGCTGCTTTCCATGATGTCAGCTGATATCGTCGGCCAGAAAAT 1520 
AGATGATGAACAATTATATGACTCTGTTAACCTCTTGCTGTCTTTACAGAGCGGAAATGGAGGTGTCAATGCGTGGGAGC 1600 

1610 1620 1630 1640 1650 1660 1670 1680 
1 • • • I ' • ' ' ' • ' ' ' I • • ' • I ' • ' ' I ' • • ' I ' ' • ' * • • • • ' • • ' • I • • • • I • • • • I • • • • I • • • • I • • • • * ' ' ' ' I ' ' • ' I 

CATCCCGTGCATATAAATGGTTGGAACTGCTCAATCCTACAGAATTCATGGCTAATACCATGGTCGAGCGGGAGTTTGTG 1680 
GAATGCACCTCATCTGTTATACAAGCACTTGATCTATTTAGAAAATTGTATCCAGATCACAGGAAGAAAGAGATCAACAG 1760 
GTCCATCGAAAAAGCTGTGCAATTTATACAAGACAATCAAACACCAGACGGTTCATGGTACGGAAATTGGGGTGTTTGCT 1840 
TCATTTACGCTACTTGGTTTGCTCTTGGAGGCCTAGCAGCAGCTGGTGAAACTTACAACGATTGTTTAGCTATGCGCAAT 1920 
GGTGTCCACTTTTTGCTCACGACACAAAGAGATGATGGAGGTTGGGGTGAAAGCTATTTATCATGCTCCGAACAGAGATA 2000 

2010 2020 2030 2040 2050 2060 2070 2080 
1 ' • • I • ' ' ' ' ' ' ' ' I • ' ' • I • ' ' • I ' • ' ' I • ' • • I • • ' • I • ' • ' I • • • • I • • • • I i i • • I i i i i I i i i i I i i • i I • i i i I 

TATACCATCAGAAGGAGAAAGATCAAACCTTGTGCAAACATCATGGGCTATGATGGCTCTAATTCATACGGGACAGGCTG 2080 
AGAGAGATTTGATTCCTCTTCATCGTGCTGCCAAACTTATCATCAATTCACAACTTGAAAACGGCGATTTTCCTCAACAG 2160 
GAAATAGTAGGAGCGTTCATGAATACATGCATGCTACACTATGCTACATACAGAAACACCTTCCCATTATGGGCACTCGC 2240 
AGAATACCGAAAAGTTGTGTTTATCGTTAATTAA 2274 

Figure B2. AthLUPl coding sequence for ecotype Col-O. The sequence for ecotype 
Landsberg erecta, the origin of LUP1 in JR1.16, is identical except that residues 1508 and 
2093 are G and C, instead of the T and T found in Col-O. The ncbi accession numbers are 
U49919 (Landsberg erecta) and NM_179572 (Col-O). 

117 



LUP2 (Atlg78960) Coding Sequence 

10 20 30 40 50 60 70 80 
' ' i ' ' i ' i ' ' ' ' ' ' ' i 

ATGTGGAAGTTGAAGATAGGAGAGGGAAATGGAGAAGATCCTTACTTGTTCAGCAGCAACAACTTCGTCGGACGTCAAAC 80 
ATGGGAGTTTGATCCCAAAGCCGGCACACCTGAGGAACGAGCCGCCGTCGAAGATGCTCGCCGGAACTATTTAGACAACC 160 
GTCCCCGTGTTAAAGGTTGCAGTGATCTCTTGTGGCGAATGCAATTTTTGAAAGAGGCGAAATTCGAGCAAGTGATCCCG 240 
CCGGTGAAGATCGACGACGGCGAAGGCATAACTTACAAAAACGCGACGGATGCGTTACGGAGAGCAGTTTCTTTCTACTC 320 
GGCTTTGCAGTCCTCCGATGGCCACTGGCCGGCGGAAATCACCGGAACTCTCTTCTTCCTTCCTCCATTGGTATTTTGTT 400 

410 420 430 440 450 460 470 480 
i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I 
TCTATATCACAGGACACCTCGAGAAGATATTTGATGCAGAACATCGCAAAGAGATGCTTCGGCATATCTATTGCCACCAG 480 
AACGAAGACGGTGGATGGGGTTTACATATTGAGGGAAAGAGCGTTATGTTCTGCACCGTACTGAATTACATATGCTTGCG 560 
TATGCTCGGAGAAGGTCCCAATGGAGGGCGCAATAACGCCTGCAAACGGGCCAGGCAATGGATTCTTGACCATGGTGGTG 640 
TGACTTATATTCCTTCTTGGGGAAAAATTTGGCTCTCGATACTCGGAATCTATGATTGGTCTGGAACCAACCCAATGCCT 720 
CCCGAGATTTGGTTGCTGCCTTCTTTCTTTCCAATACACTTAGGAAAAACTTTGTGTTATACCCGGATGGTTTATATGCC 800 

810 820 830 840 850 860 870 880 
i i i i j i i i i I i i • i I i i i i I • • i i I i i i i I i i i • I i i i i I i i i i I i i i i I i i • i I i i i • I i i i i I i i » i I i i i i | i i i i | 

CATGTCNTATCTATATGGGAAACGATTTGTTGGTCCTCTTACACCTCTTATTATGCTATTGCGCAAAGAACTGCACTTGC 880 
AACCTTATGAGGAAATCAATTGGAACAAAGCGCGCCGTCTATGTGCAAAAGAAGACATGATTTATCCTCATCCTCTGGTT 960 
CAAGATTTGTTATGGGACACTCTTCACAATTTTGTGGAGCCTATCCTTACAAATTGGCCGTTAAAAAAACTTGTACGGGA 1040 
AAAGGCTCTTCGAGTGGCAATGGAACACATACATTATGAGGACGAAAATAGCCATTATATTACCATCGGATGTGTTGAGA 1120 
AGGTTCTGTGCATGCTTGCTTGCTGGATCGAGAATCCTAATGGAGATCACTTTAAGAAACATCTCGCTAGAATTCCGGAC 1200 

1210 1220 1230 1240 1250 1260 1270 1280 
i i i i I i • i i I i i • i I i i • • I i t • i 1 i < i i I i i i i I i • i i I i i i i I i i • • I • i i i I i i i i I i • i i I i • i i I i i i i 1 i i i i I 

TTCATGTGGGTTGCTGAAGACGGACTGAAAATGCAGAGCTTTGGAAGTCAACTCTGGGACACAGTTTTTGCGATTCAAGC 1280 
TTTACTTGCTTGTGACCTTTCTGACGAAACTGATGATGTACTCAGGAAAGGACACAGTTTCATCAAAAAATCCCAGGTTA 1360 
GAGAAAACCCTTCAGGTGACTTTAAGAGCATGTATCGCCATATTTCCAAAGGAGCCTGGACTCTGTCCGATCGAGATCAT 1440 
GGATGGCAAGTCTCAGATTGTACAGCTGAAGCTTTGAAGTGTTGCATGCTGCTCTCCATGATGCCAGCTGAGGTCGTTGG 1520 
CCAGAAAATAGATCCTGAACAATTATATGATTCTGTTAATCTCTTGCTATCGTTGCAGGGTGAAAAAGGAGGTTTGACTG 1600 

1610 1620 1630 1640 1650 1660 1670 1680 
• • • • I i i i • I i • • • I i i • i I i i • i I i i i i I i i i i I i i i i I i i i i I i i i • I i i i i I i • i i I i • i i I • i i i I i i i i I i i i i I 

CATGGGAGCCTGTCCGTGCACAAGAATGGCTGGAATTGCTCAATCCCACAGATTTCTTTACTTGTGTTATGGCTGAACGC 1680 
GAGTATGTAGAATGTACCTCAGCTGTTATACAAGCTTTGGTACTGTTCAAACAACTTTATCCGGATCACAGGACAAAAGA 1760 
GATCATCAAGTCGATTGAGAAAGGGGTGCAATTCATTGAAAGCAAACAAACGCCTGATGGTTCATGGCATGGAAACTGGG 1840 
GTATCTGTTTCATCTACGCTACTTGGTTTGCTCTGAGCGGCCTAGCAGCCGCTGGTAAAACTTACAAAAGTTGCCTGGCT 1920 
GTGCGCAAAGGTGTAGATTTCCTGCTTGCGATACAGGAAGAAGATGGAGGTTGGGGCGAAAGCCATCTGTCATGCCCTGA 2000 

2010 2020 2030 2040 2050 2060 2070 2080 
i i i i I i i i i I i i i i I • i » * I i i i • I • • • • I • • i i I • • • i I • • i • I • t i i I i i i i I i i i i I i i > i I i i i i I i i i i I i i i i I 

GCAGAGATACATACCATTAGAAGGGAACAGATCAAACCTAGTGCAAACCGCATGGGCTATGATGGGTTTGATTCATGCCG 2080 
GACAGGCCGAGAGAGATCCTACACCTCTTCACCGTGCTGCGAAACTTATCATCACTTCACAACTTGAAAATGGGGACTTT 2160 
CCGCAACAGGAAATATTAGGAGTGTTCATGAATACATGCATGCTACACTATGCTACGTACAGAAACATCTTCCCACTATG 2240 
GGCACTCGCGGAATATCGGAAAGCTGCCTTCGCAACTCATCAAGATCTTTAG 2292 

Figure B3. AthLUP2 coding sequence in plasmid pPMl .0 and pPMl .1. 
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LUP5 (Atlg66960) Coding Sequence 

10 20 30 40 50 60 70 80 
» • I • I i • • i I i i i i I i i • • I • i i i I • • • i I i i i i I t i • • I • • i • I • • t i | t • i • | i i i i I i i i t I i i i i I • i • • I • • • • I 

ATGTGGAGGTTAAAGGTAGGAGAAGGAAAAGGAAAAGATCCTTATTTATTCAGCAGCAACAACTTCGTGGGACGTCAAAC 80 
ATGGGAGTTTGACCCCAAAGCCGGCACACGGGAGGAACGAACCGCAGTCGAAGAAGCTCGCCGGAGTTTCTTCGACAACC 160 
GTTCTCGTGTTAAACCTTCCAGTGATCTATTGTGGAAAATGCAATTTCTAAAAGAGGCAAAATTTGAGCAAGTGATTCCG 240 
CCGGTAAAAATTGACGGTGGGGAAGCCATAACTTATGAAAAAGCGACAAATGCATTACGGCGAGGAGTTGCTTTCTTATC 320 
AGCTTTGCAAGCCTCCGACGGCCACTGGCCGGGAGAGTTCACCGGACCGCTCTGCATGCTTCCGCCATTGGTATTTTGTT 400 

410 420 430 440 450 460 470 480 
i ! i • I • . . . I • . . . I • . . . I . . . . I • . . . I • . . . I . . . . I . . . . I • . . . I . . . . I • . . . i . . . . I . . . . I . . . . i > • • • i 

TGTACATTACTGGACACTTGGAAGAGGTATTCGATGCAGAGCATCGCAAAGAGATGCTTCGATATATCTATTGTCACCAG 480 
AACGAAGATGGTGGATGGGGATTCCACATTGAGAGCAAAAGCATTATGTTCACTACCACGCTGAATTACATATGCTTGCG 560 
TATACTTGGAGTAGGTCCCGATGGAGGACTAGAAAACGCATGCAAACGGGCCAGGCAATGGATTCTTAGCCATGGCGGTG 640 
TGATTTATATTCCTTGTTGGGGAAAAGTTTGGCTCTCGGTACTTGGAATCTATGATTGGTCTGGAGTCAACCCGATGCCT 720 
CCCGAGATTTGGTTGCTACCTTATTTCCTACCAATTCACCTAGGGAAAGCTTTTAGCTATACCCGGATAACATATATGCC 800 

810 820 830 840 850 860 870 880 
| • ) • I i i » i I i i i • I i i i i I i t • i I • i i i I i i i • I i • • i | • t i • I i • i i | I • I I | | i ^ I | t I I • I I i i • I i i i i I i i i i I 

CATCTCTTATCTATATGGCAAAAAATTCGTGGGTCAAATTACACCTCTTATTATGCAACTACGTGAAGAACTACACTTAC 880 
AACCTTATGAAGAAATCAACTGGAACAAAGCGCGACATCTATGCGCAAAGGAAGACAAGTACTATCCCCATCCTCTAGTT 960 
CAAGATTTGATATGGGATGCTCTCCACACCTTCGTGGAGCCTTTGCTTGCAAGTTGGCCGATAAACAAACTTGTAAGGAA 1040 
AAAGGCTCTTCAGGTGGCAATGAAACACATACATTACGAGGACGAAAACAGTCACTATATCACCATTGGATGTATTGAAA 1120 
AGAATTTGTGCATGCTTGCTTGCTGGATTGACAACCCGGACGGGAATCACTTTAAAAAGCATCTCTCTAGAATTCCGGAC 1200 

1210 1220 1230 1240 1250 1260 1270 1280 
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ATGATGTGGGTAGCTGAAGATGGAATGAAAATGCAGTGCTTTGGAAGTCAACTTTGGATGACGGGATTTGCAGTTCAGGC 1280 
TTTACTAGCAAGTGATCCACGCGATGAAACCTATGACGTGCTCAGGAGAGCACACGATTACATAAAGAAATCACAGGTTA 1360 
GAGACAACCCATCAGGTGACTTCAAGAGCATGTACCGCCACATCTCCAAAGGAGGATGGACTCTTTCTGATCGAGATCAT 1440 
GGATGGCAAGTTTCAGATTGTACAGCTGAAGCTGCTAAGTGTTGCATGTTGCTTTCCACAATGCCAACTGATATCACTGG 1520 
AGAGAAAATCAATCTTGAACAACTATACGATTCTGTTAATCTCATGTTATCTCTACAAAGTGAAAATGGAGGTTTTACTG 1600 
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CATGGGAACCTGTTCGCGCCTATAAATGGATGGAATTGATGAATCCCACAGATTTGTTTGCTAATGCTATGACCGAGCGT 1680 
GAATATACAGAATGTACCTCAGCTGTGTTACAAGCTTTGGTTATATTCAATCAACTATATCCGGATCATAGGACAAAAGA 1760 
GATCACTAAGTCGATTGAGAAAGCAGTGCAATTCATAGAAAGCAAACAATTGCGAGATGGTTCATGGTACGGAAGCTGGG 1840 
GTATTTGTTTCACTTATGGGACATGGTTTGCTCTTTGCGGCCTAGCAGCGATTGGTAAGACATACAACAATTGTCTATCT 1920 
ATGCGCGACGGTGTACATTTCCTTCTTAATATACAAAATGAAGATGGGGGTTGGGGTGAAAGCTATATGTCATGCCCTGA 2000 
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ACAGAGATACATACCATTAGAGGGGAATAGATCAAACGTAGTGCAAACCGCGTGGGCTATGATGGCTCTGATTCACGCTG 2080 
GACAGGCTAAGAGAGATCTTATACCTCTACATAGTGCTGCAAAATTTATTATCACGTCGCAACTGGAAAACGGAGATTTT 2160 
CCTCAACAGGAACTATTAGGAGCGTCTATGAGTACATGCATGCTACACTATTCTACATACAAAGACATCTTCCCACCATG 2240 
GGCACTTGCAGAGTACCGGAAAGCTGCGTTCATACATCACGCAGATCTATAG 2292 

Figure B4. AthLUPS coding sequence in plasmid pPM2.0 and pPM2.1. 
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APPENDIX C: ADDITIONAL FIGURES 
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Figure CI. Partial 'H NMR spectrum of fraction D from PTLC-2 of the NSL extracted 
from the 3-L culture of SMY8[pJR1.16] (A). Mass spectra of lupanediol, underivatized 
(B) and as its TMS ether derivative (C). 
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Figure C2. Partial 'H NMR spectrum of fraction 6 obtained through HPLC separation of 
band B2 from PTLC-1. (A). Mass spectra of lupeol, underivatized (B) and as its TMS 
ether derivative (C). 
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