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INTRODUCTION

Plants synthesize a diverse array of secondary metabolites.! Since the ability
to synthesize particular classes of secondary metabolites is restricted to certain plant
groups, these compounds are clearly not essential for survival. However, evidence is
accumulating to indicate that they confer selective advantages by protecting against
pests, pathogens, and stress.””  Some of these molecules may also have subtle
physiological roles in plants that are as yet uncharacterized. In addition to their
natural roles in plants, secondary metabolites also represent a vast resource of
complex molecules that are valued and exploited by man for pharmacological and
other uses.'

Saponins are glycosylated secondary metabolites that are widely distributed
in the Plant Kingdom.3’4 They are a diverse and chemically complex family of
compounds that can be divided into three major groups depending on the structure of
the aglycone, which may be a steroid, a steroidal alkaloid, or a triterpenoid. These
molecules have been proposed to contribute to plant defense.® Saponins are also
exploited as drugs and medicines and for a variety of other purposes.® Despite the
considerable commercial interest in this important group of natural products, little is
known about their biosynthesis. This is due in part to the complexity of the
molecules, and also to the lack of pathway intermediates for biochemical studies.

A more detailed understanding of the biochemical pathways and enzymes
involved in saponin biosynthesis will facilitate the development of plants with
altered saponin content. In some cases, enhanced levels of saponins or the synthesis
of novel saponins may be desirable (for example, for drug production * or improved
disease resistance®®), while for other plants, reduction in the content of undesirable
saponins would be beneficial (for example, for legume saponins that are associated
with antifeedant properties in animal feed’). This chapter is concerned with recent
progress that has been made in the characterization of the enzymes and genes
involved in the synthesis of these complex molecules and focuses on triterpenoid
saponins.

CYCLIZATION OF 2,3-OXIDOSQUALENE — THE FIRST
COMMITTED STEP IN TRITERPENOID BIOSYNTHESIS

Triterpenoid saponins are synthesized via the isoprenoid pathway.® The first
committed step in triterpenoid saponin biosynthesis involves the cyclization of 2,3-
oxidosqualene to one of a number of different potential products (Fig. 5.1).4’8 Most
plant triterpenoid saponins are derived from oleanane or dammarane skeletons
although lupanes are also common.* This cyclization event forms a branchpoint with
the sterol biosynthetic pathway in which 2,3-oxidosqualene is cyclized to
cycloartenol in plants, or to lanosterol in animals and fungi.
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Fig. 5.1: Cyclization of 2,3-oxidosqualene to sterols and
triterpenoids. The 2,3-oxidosqualene cyclase enzymes that
catalyse the formation of the different products are indicated:
LS, lanosterol synthase; CS, cycloartenol synthase; LuS, lupeol
synthase; BAS, B-amyrin synthase; aAS, a-amyrin synthase.
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Considerable advances have recently been made in the area of 2,3-
oxidosqualene cyclization, and a number of genes encoding the oxidosqualene
cyclase (OSC) enzymes that give rise to the diverse array of plant triterpenoid
skeletons have been cloned. These include a-/B-amyrin synthase enzymes from
Panax ginseng,”'® Pisum sativum,"" and Glycyrrhiza glabra,'* lupeol synthases from
Olea europaea and Taraxacum officinale,” and multifunctional triterpene synthases
from Arabidopsis thaliana.'*'®  These triterpene synthases all share sequence
similarity with OSCs required for sterol biosynthesis but form discrete subgroups
within the OSC superfamily that reflect the nature of their products.g’16 It is clear
that while some triterpenoid OSCs are highly specific in the products that they
generate, others are multifunctional and form a number of different products, at least
when expressed in heterologous expression systems.”'"'**!'®17  Oleanane, lupane,
and dammarane skeletons are the most common triterpenoid structures associated
with saponin biosynthesis, but glants are likely to produce over 80 different
oxidosqualene cyclase products.'® Given the multifunctional properties of some
triterpene synthases'*'® and the fact that single amino acid changes can alter the
nature of the product,'”® it seems likely that this structural diversity may be
generated by a core set of “flexible” enzymes.

OSCs represent attractive tools for investigating the regulation of synthesis
and the physiological role of triterpenoids, and potentially for manipulation of sterol
and triterpenoid content.”'** Several lines of evidence indicate that manipulation of
OSCs is likely to alter the flux through the isoprenoid pathway leading to the sterol
and triterpenoid pathways.?’** OSCs have also been implicated as key regulatory
steps in the synthesis of sterols and triterpenes in Gypsophila paniculata, Saponaria
officinalis,”* and Tabernaemontana divaricata®™* Also, chemicals that inhibit
lanosterol and cycloartenol synthases but that are not effective against B-amyrin
synthases cause blocking of sterol biosynthesis and accumulation of B-amyrin at the
expense of cycloartenol and methylene-24-cycloartenol. 2>

TRITERPENOID SAPONIN BIOSYNTHESIS IN MONOCOTS

Avenacins — Antimicrobial Phytoprotectants in Qat

Work in our laboratory has focussed on avenacins, a family of antifungal
triterpenoid saponins that accumulate in the roots of oat (dvena spp.) (Fig. 5.2).2°
These secondary metabolites accumulate in the root epidermis®? and have been
implicated as chemical defenses against attack by soil fungi.’**! We have isolated a
collection of sodium azide-generated saponin-deficient (sad) mutants of diploid oat
that are defective in avenacin biosynthesis, and we have demonstrated that these
mutants are impaired in their resistance to fungal pathogens,” providing good
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evidence to indicate that these molecules do indeed play a role in plant defense. sad
Mutants show enhanced susceptibility to the root pathogen Gaeumannomyces
graminis var. tritici, which causes “take-all” disease of cereals, and also to other
fungal pathogens such as Fusarium spp. Saponin deficiency and disease
susceptibility were inseparable in segregating F, progeny, indicating that saponin
deficiency is likely to be the cause of enhanced disease susceptibility.® Interestingly,
other cereals and grasses do not ap ear to synthesize avenacins and are generally
deficient in antifungal saponins.>****? Thus, the isolation of genes for avenacin
biosynthesis may offer potential for the development of improved disease resistance
in cultivated cereals.® Our efforts have, therefore, focussed on molecular genetic and
biochemical dissection of this secondary metabolite pathway.
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Fig. 5.2: The oat root triterpenoid saponin avenacin A-1.

Characterization of f-Amyrin Synthase from Avena strigosa — A Novel
Oxidosqualene Cyclase

Avenacins are synthesized via B-amyrin.***** These saponins are found
primarily in young oat roots and do not occur in the foliar parts of the plant.’!
Incorporation of radioactivity from R [2-'*CJMVA into B-amyrin and avenacins
occurs primarily in the root tips, and f-amyrin synthase activity is also highest in this
region,> indicating that this is the site of synthesis. The subsequent conversion of B-
amyrin into antifungal avenacins has not been biochemically characterized but is
predicted to be a multi-step process involving cytochrome P450-dependent
monooxygenases, glycosyltransferases, and other enzymes.®°

Expressed sequence tag (EST) analysis of cDNAs from specific plant tissues
has proved to be a valuable tool for the identification of genes for secondary
metabolite biosynthesis.*® We have used this approach to identify two distinct
sequences predicted to encode OSCs from cDNA libraries from roots of diploid oat
(Avena strzgosa) One of these sequences is highly homologous to cycloartenol
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synthases from other plants (e.g., amino acid sequence identities of 87% with Oryza
sativa CS (AF169966) and 75% with Arabidopsis thaliana CS (U02555)), and
represents the 4. strigosa CS gene AsCSI. The second shares 55% amino acid
identity with AsCS1, and was shown by expression in yeast (Saccharomyces
cerevisiae) to encode B-amyrin synthase (AsbAS1).% 4sbASI is present as a single
copy gene in the 4. strigosa genome. The gene is expressed strongly in the epidermal
cell layer of the root tips with little or no detectable transcript in the leaves, flowers,
and shoots,” consistent with the organ-specific accumulation of the saponins®*? and
also with the biochemical information indicating that the root tips are the site of
synthesis.”

The deduced amino acid sequence of AsbAS! contains the conserved DCTAE
motif implicated in substrate binding in 0SCs,*” and also four conserved QW motifs
that are characteristic for the OSC superfamily.®® Remarkably, AsbAS1 is clearly
distinct from the other cloned BAS enzymes that have been characterized to date
from other plant species, and is more closely related to lanosterol synthases from
animals and fungi than to triterpenoid synthases or cycloartenol synthases from
plants (Fig. 5.3).”> There are substantial mechanistic differences in the processes of
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Fig. 5.3: Phenogram showing the relatedness between
deduced amino acid sequences of members of the OSC
superfamily. Clockwise from the top: AS-bAS, A. strigosa
AsbAS1 (AJ311789); SC-LA, Saccharomyces cerevisiae
lanosterol synthase (U04841); AA-SC, Alicyclobacillus
acidocaldarius squalene-hopene cyclase (AB007002); TB-
LA, Trypanosoma brucei lanosterol synthase (AF226705);
RN-LA, Rattus norvegicus lanosterol synthase (U31352);
HS-LA, Homo sapiens lanosterol synthase (U22526); f-
amyrin synthases: PG-bAS, Panax ginseng (AB009030);
GG-bAS, Glycyrrhiza glabra (AB037203); PS-bAS, Pisum
sativum (AB034802); lupeol synthases: TO-LU, Taraxacum
officinale  (AB025345); OE-LU, Olea europaea
(AB025343); cycloartenol synthases: AS-CS, 4, strigosa
AsCS1 (AJ311790); OS-CS, Oryza sativa (AF169966);
LC-CS, Luffa cylindrica (AB033334); OE-CS, Olea
europaea  (AB025344); PG-CS, Panax  ginseng
(AB009029); PS-CS, Pisum sativum (D89619); GG-CS,
Glycyrrhiza glabra (AB025968). The phylogenetic tree was
constructed by using the UPGMA method as implemented
in the “Neighbor” program of the PHYLIP package
(Version 3.5¢).® Amino acid distances were calculated
using the Dayhoff PAM matrix method of the “Protdist”
program of PHYLIP. The numbers indicate the numbers of
bootstrap replications (out of 500) in which the given
branching was observed. The protein parsimony method
(the “Protpars” program of PHYLIP) produced trees with
essentially identical topologies.

cyclization of 2,3-oxidosqualene to sterols and triterpenoids. Although these
processes are catalyzed by related subgroups of enzymes, cyclization to yield sterols
proceeds with the substrate in the “chair-boat-chair” conformation, while triterpenoid
synthesis involves cyclization of the “chair-chair-chair” conformation of 2,3-
oxidosqualene.”® The amino acid residues that are required for sterol and triterpenoid
determination in oxidosqualene cyclases have not yet been fully resolved, but the
closer relatedness of AsbAS1 to lanosterol synthases rather than to triterpenoid
synthases raises intriguing questions about the enzymology and evolution of this
superfamily of enzymes.”’
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sadl Mutants of A. strigosa Are Specifically Defective in AsbAS1

Genetic analysis indicates that two of the 10 sad mutants of 4. strigosa that
we isolated represent different mutant alleles at the Sad] locus.® These mutants
accumulate radiolabelled 2,3-oxidosqualene but not B-amyrin when the roots are fed
with "“C-labelled precursor mevalonic acid, suggesting that the triterpenoid pathway
is blocked between 2,3-oxidosqualene and B-a.myrin.34 The roots of these mutants
also lack detectable $-amyrin synthase activity, but, like the wild type and the other
mutants, are unimpaired in cycloartenol synthase (CS) activity and sterol
biosynthesis.** The transcript levels for AsbASI are substantially reduced in roots of
sadl mutants, while AsCSI transcript levels are unaffected,”® suggesting that the
sadl mutants are either mutated in the 4sbAS! gene itself or in a gene involved in its
regulation.

DNA sequence analysis of the AsbASI genes of both sad/ mutants has
resolved this by identifying single point mutations in the AsbAS! gene in each
mutant that would be predicted to give rise to premature termination of translation. >
The reduced AsbAS! transcript levels in the sad! mutants may, therefore, be due to
nonsense-mediated mRNA decay.**** Genotyping of F, populations that segregate
for the saponin-deficient phenotype indicated that there was no recombination
between AsbASI and Sadi. Taken together, the evidence that Sad! encodes AsbAS1
is compelling.®* To our knowledge the sad! mutants are the first BAS mutants to be
isolated for any plant. Although it has been suggested that B-amyrin may act as a
structural component of plant membranes,**® the sad] mutants were not obviously
affected in root morphology, growth, tillering, flowering time, or seed production.®
Thus, while AsbASl1 is essential for saponin biosynthesis and disease resistance, it is
not required for normal plant growth and development.

FUTURE PROSPECTS

There have been a number of exciting recent advances in the molecular
characterization of the OSC enzymes that catalyze the first committed step in the
synthesis of triterpenoid plant secondary metabolites. Further advances in this area
will give a comprehensive insight into the mechanistic enzymology and evolution of
this fascinating superfamily of enzymes, and should enable the development of new
enzymes that generate novel products by “accelerated evolution”. The oat enzyme
AsbASL is the first triterpene synthase to be characterized from monocots.®® This
enzyme is clearly distinct from other B-amyrin synthases that have been cloned from
other plants, and defines a new class of triterpene synthases within the OSC
superfamily. Orthologs of AshASI are absent from modern cereals,® raising the
possibility that this gene could be exploited to enhance disease resistance in crop
plants. The availability of cloned genes for plant triterpene synthases will now enable
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the regulation of triterpenoid biosynthesis to be investigated in more detail, and the
effects of altering the levels of these enzymes on sterol and triterpenoid synthesis to
be assessed via the generation of transgenic plants.

The synthesis of saponins from the cyclization product of 2,3-oxidosqualene
involves a series of further modifications, including a variety of oxidation and
substitution events and glycosylation.4’8 Little is known about the enzymes and
genes involved in the elaboration of the triterpenoid skeleton, although genetic and
biochemical analysis of saponin-deficient mutants of plants is likely to accelerate the
dissection of these processes. Progress has been made in the characterization of
saponin glucosyltransferases (primarily for steroidal and steroidal alkaloid saponins)
(reviewed in 8), and the first of these enzymes has recently been cloned from
potato.”’”  Since glycosylation at the C-3 hydroxyl position confers am?hipathic
properties on the molecule and is normally critical for biological activity,” this is
clearly an important area in which to invest effort in the future.

SUMMARY

Saponins are an important group of glycosylated plant secondary metabolites.
Their natural role is likely to be in the protection of plants against attack by pests and
pathogens.>®*> They are also exploited commercially as drugs and medicines, and
for a variety of other purposes.’ Saponins are synthesized via the isoprenoid
pathway from 2,3-oxidosqualene,* which is then cyclized to sterol or triterpenoid
products by different 2,3-oxidosqualene cyclases. We have recently cloned and
characterized the novel oxidosqualene cyclase AsbAS1, which catalyzes the synthesis
of the triterpenoid saponin precursor B-amyrin in oat.*® This enzyme is unusual in
that it is more closely related to lanosterol synthases from animals and fungi than to
other oxidosqualene cyclases (triterpenoid synthases or cycloartenol synthases) from
plants. AsbAS! is required for the synthesis of triterpenoid avenacin saponins and
for resistance to a variety of pathogens, indicating that avenacins contribute to
disease resistance in oat. AsbAS! and other as yet uncharacterized genes required for
saponin biosynthesis have potential for the development of plants with altered
saponin content through metabolite engineering. In some cases, enhanced levels of
saponins or the synthesis of novel saponins may be beneficial (for drug production or
improved disease resistance, for example), while in others the objective may be to
reduce the content of undesirable saponins (such as those associated with
antinutritional effects in legumes).



90 OSBOURN and HARALAMPIDIS
ACKNOWLEDGMENTS

The Sainsbury Laboratory is supported by the Gatsby Charitable Foundation.
We acknowledge G. Bryan, K. Papadopoulou, X. Qi, S. Bakht, Rachel Melton, who all
contributed to the work that has been summarized in this manuscript and DuPont
Agricultural Products for DNA sequence analysis and financial support.

REFERENCES

1. WINK, M., Functions of Plant Secondary Metabolites and their Exploitation in
Biotechnology, Sheffield Academic Press, 1999, 362 p.

2. TSCHESCHE, R., Advances in the chemistry of antibiotic substances from higher
plants. In: Pharmacognosy and Phytochemistry, (H. Wagner and L. Hérhammer, eds,),
Springer-Verlag, Berlin. 1971, pp. 274-289.

3. PRICE, KR, JOHNSON, LT. FENWICK, G.R., The chemistry and biological
significance of saponins in food and feedingstuffs, CRC Crit. Rev. Food Sci. Nutr.,1987,
26, 27-133.

4. HOSTETTMANN, K.A., MARSTON, A., Saponins. Chemistry and Pharmacology of
Natural Products, Cambridge University Press, 1995.

5. MORRISSEY, J.P.,, OSBOURN, A.E., Fungal resistance to plant antibiotics as a
mechanism of pathogenesis, Microbiol. Mol. Biol. Revs., 1999, 63, 708-724.

6. PAPADOPOULOU, K., MELTON, RE., LEGGETT, M. DANIELS, M.,
OSBOURN, A.E., Compromised disease resistance in saponin-deficient plants, Proc. Natl.
Acad. Sci., US4, 1999, 96, 12923-12928.

7. FENWICK, G.R., PRICE, K.R., TSUKAMOTA., C, OKUBO, K., Saponins. In: Toxic
Substances in Crop Plants (J.P. D’Mello, C.M. Duffus, J.H. Duffus, eds,), The Royal
Society of Chemistry, Cambridge. 1992, pp. 284-327.

8. HARALAMPIDIS, K., TROJANOWSKA, M., OSBOURN, A.E., Biosynthesis of
triterpenoid saponins in plants, Adv. Biochem. Eng., in press.

9. KUSHIRO, T., SHIBUYA, M., EBIZUKA, Y., B-Amyrin synthase. Cloning of
oxidosqualene cyclase that catalyzes the formation of the most popular triterpene among
higher plants, Eur. J. Biochem., 1998, 256, 238-244.

10. KUSHIRO, T., SHIBUYA, M., EBIZUKA, Y., Molecular cloning of oxidosqualene
cyclase cDNA from Panax ginseng: The isogene that encodes [B-amyrin synthase. In:
Towards Natural Medicine Research in the 21¥ Century, (H. Ageta, N. Aimi, Y.
Ebizuka, T. Fujita and G. Honda, eds,), Elsevier Science, Amsterdam. 1998, pp. 421-
427,

11. MORITA, M., SHIBUYA, M., KUSHIRO, T., MASUDA, K., EBIZUKA, Y,
Molecular cloning and functional expression of triterpene synthases from pea (Pisum
sativum), Eur. J. Biochem., 2000, 267, 3453-3460.

12. HAYASHI, H., HUANG, P.Y., KIRAKOSYAN, A.INOUE, K., HIRACKA, N,
IKESHIRO, Y., KUSHIRO, T., SHIBUYA, M., EBIZUKA, Y., Cloning and
characterization of a cDNA encoding beta-amyrin synthase involved in glycyrrhizin and
soyasaponin biosynthesis in licorice, Biol. Pharm. Bull., 2001, 24, 912-916.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

TRITERPENOID SAPONIN BIOSYNTHESIS 91

SHIBUYA, M., ZHANG, H., ENDO, A, SHISHIKURA, K., KUSHIRO, T.,
EBIZUKA, Y., Two branches of the lupeol synthase gene in the molecular evolution of
plant oxidosqualene cyclases, Eur. J. Biochem., 1999, 266, 302-307.

HERRERA, J.B.R., BARTEL, B., WILSON, W.K., MATSUDA, S.P.T., Cloning and
characterization of the Arabidopsis thaliana lupeol synthase gene, Phytochemistry, 1998,
49, 1905-1911.

HUSSELSTEIN-MULLER, T., SCHALLER, H., BENVENISTE, P., Molecular cloning
and expression in yeast of 2,3-oxidosqualene-triterpenoid cyclases from Arabidopsis
thaliana, Plant Mol. Biol., 2001, 45,75-92.

KUSHIRO, T., SHIBUYA, M., MASUDA, K., EBIZUKA, Y., A novel multifunctional
triterpene synthase from Arabidopsis thaliana, Tetrahedron Letts., 2000, 41, 7705-7710.
SEGURA, M.J.R,, MEYER, M.M., MATSUDA, S.P.T., Arabidopsis thaliana LUP1
converts oxidosqualene to multiple triterpene alcohols and a triterpene diol, Org. Letts.,
2000, 2, 2257-2259.

MATSUDA, S.P.T., On the diversity of oxidosqualene cyclases. In: Biochemical
Principles and Mechanisms of Biosynthesis and Degradation of Polymers (A.
Steinbiichel, ed,), Wiley-VCH, Weinheim. 1998, pp. 300-307.

KUSHIRO, T., SHIBUYA, M., EBIZUKA, Y., Chimeric triterpene synthase. A
possible model for multifunctional triterpene synthase, J. Am. Chem. Soc., 1999, 121,
1208-1216.

KUSHIRO, T., SHIBUYA, M., MASUDA, K., EBIZUKA, Y., Mutational studies of
triterpene synthases: Engineering lupeol synthase into B-amyrin synthase, J. Am. Chem.
Soc., 2000, 122, 6816-6824.

BAISTED, D.J., Sterol and triterpene synthesis in the developing and germinating pea
seed, Biochem. J. 1971, 124, 375-383.

THRELFALL, D.R., WHITEHEAD, LM., Redirection of terpenoid biosynthesis in
elicitor-treated plant cell suspension cultures. In: Plant Lipid Biochemistry (P.J. Quinn
and J.L. Harwood, eds,), Portland Press, London. 1990, pp. 344-346.

VAN DER DEIIDEN, R., THRELFALL, D.R., VERPOORTE, R., WHITEHEAD, LM.,
Regulation and enzymology of pentacyclic triterpenoid phytoalexin biosynthesis in cell
suspension cultures of Tabernaemontana divaricata, Phytochemistry, 1989, 28, 2981-
2988.

HENRY, M., RAHIER, A, TATON, M., Effect of gypsogenin 3,0-glucuronide
pretreatment of Gypsophila paniculata and Saponaria officinalis cell suspension cultures
on the activities of microsomal 2,3-oxidosqualene cycloartenol and amyrin cyclases,
Phytochemistry, 1992, 31, 3855-3859.

TATON, M., BENVENISTE, P., RAHIER, A., Inhibition of 2,3-oxidosqualene cyclases,
Biochemistry, 1992, 31, 7892-7898.

TATON, M., BENVENISTE, P., RAHIER, A, N-[(1,5,9)-trimethyl-decyl]-4ca.,10-
dimethyl-8-aza-trans-decal-3B-0l; A novel potent inhibitor of 2,3-oxidosqualene
cycloartenol and lanosterol cyclases, Biochem. Biophys. Res. Comm., 1986, 138, 764-
770.



92

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

OSBOURN and HARALAMPIDIS

CATTEL, L., CERUTIL, M., 23-Oxidosqualene cyclase and squalene epoxidase:
Enzymology, mechanism and inhibitors. In: Physiology and Biochemistry of Sterols
(G.W. Patterson and W.D. Nes, eds,), American Oil Chemists’ Society, Champaign.
1992, pp. 50-82.

TATON, M., CERUTIL, M., CATTEL, L., RAHIER, A., Inhibition of higher plant 2,3-
oxidosqualene  cyclases by  nitrogen-containing  oxidosqualene  analogues,
Phytochemistry, 1996, 43, 75-81.

CROMBIE, L., CROMBIE, WM.L., WHITING, D.A., Structures of the oat root
resistance factors to take-all disease, avenacins A-1, A-2, B-1 and B-2 and their
companion substances, J. Chem. Soc., Perkins, 1985,1, 1917-1922.

CROMBIE, WM.L., CROMBIE, L., Distribution of avenacins A-1, A-2, B-1 and B-2 in
oat roots: Their fungicidal activity towards ‘take-all' fungus, Phytochemistry, 1986, 25,
2069-2073.

TURNER, E.M.,, The nature of resistance of oats to the take-all fungus, J. Exp. Bot.,
1953, 4,264-271.

OSBOURN, A.E., CLARKE, B.R., LUNNESS, P., SCOTT, P.R., DANIELS, M.J., An
oat species lacking avenacin is susceptible to infection by Gaeumannomyces graminis
var. tritici, Physiol. Mol. Plant Pathol., 1994, 45, 457-467.

TROJANOWSKA, M.R,, OSBOURN, AE. DANIELS, M.J,, THRELFALL, DR,
Biosynthesis of avenacins and phytosterols in roots of Avena sativa cv. Image,
Phytochemistry, 2000, 54, 153-164.

TROJANOWSKA, M.R,, OSBOURN, AE., DANIELS, M.J., THRELFALL, DR.,
Investigation of avenacin-deficient mutants of Avena strigosa, Phytochemistry, 2001, 56,
121-129.

HARALAMPIDIS, K., BRYAN, G, Qi, X.,, PAPADOPOULOU, K., BAKHT, S.,
MELTON, R, OSBOURN, A.E., A new class of oxidosqualene cyclases directs
synthesis of antimicrobial phytoprotectants in monocots, Proc. Natl. Acad. Sci., US4,
2001, 98, 13431-13436.

OHLROGGE, J., BENNING, C., Unraveling plant metabolism by EST analysis, Curr.
Opin. Plant Biology, 2000, 3, 224-228.

ABE, 1, PRESTWICH, G.D., Identification of the active site of vertebrate
oxidosqualene cyclase, Lipids, 1995, 30, 231-234,

PORALLA, K., HEWELT, A., PRESTWICH, G.D., ABE, L, REIPEN, 1., SPRENGER,
G., A specific amino acid repeat in squalene and oxidosqualene cyclases, TIBS, 1994,
19, 157-158.

ABE, 1., ROHMER, M., PRESTWICH, G.D., Enzymatic cyclization of squalene and
oxidosqualene to sterols and triterpenes, Chem. Rev, 1993, 93, 2189-2206.

HILLEREN, P., PARKER, R., Mechanisms of mRNA surveillance in eukaryotes. Annu.
Rev. Genet, 1999, 33, 229-260.

JOFUKU, K.D., SCHIPPER, R.D., GOLDBERG, R.B., A frameshift mutation prevents
Kunitz trypsin-inhibitor messenger-RNA accumulation in soybean embryos, Plant Cell,
1989, 1, 427-435.

VOELKER, T.A., MORENO, J., CHRISPEELS, M.J., Expression analysis of a
pseudogene in transgenic tobacco - a frameshift mutation prevents messenger-RNA
accumulation, Plant Cell, 1990, 2, 255-261.



43.

44.

45.

46.

47.

48.

TRITERPENOID SAPONIN BIOSYNTHESIS 93

VAN HOOF, A., GREEN, P.J., Premature nonsense codons decrease the stability of
phytohemagglutinin mRNA in a position-dependent manner, Plant J., 1996, 10, 415-
424.

PETRACEK, M.E.,, NUYGEN, T., THOMPSON, W.F., DICKEY, LF., Premature
termination codons destabilize ferredoxin-1 mRNA when ferredoxin-1 is translated,
Plant J., 2000, 21, 563-569.

NES, W.D.,, HEFTMANN, E., A comparison of triterpenoids with steroids as
membrane- components, J. Nat. Prod., 1981, 44, 377-400.

FANG, T-Y., BAISTED, D.J, 2,3-Oxidosqualene cyclase and cycloartenol-S-
adenosylmethionine methyltransferase activitites in vivo in the cotyledon and axis tissues
of germinating pea seeds, Biochem. J., 1975, 150, 323-328.

MOEHS, C.P.,, ALLEN, P.V., FRIEDMAN, M., BELKNAP, W.R., Cloning and
expression of solanidine UDP-glucose glycosyltransferase from potato, Plant J., 11:
227-236.

FELSENSTEIN, J., Inferring phylogenies from protein sequences by parsimony,
distance, and likelihood methods, Methods Enzymol., 1996, 266, 418-427.





