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Plants are sessile organisms that cannot flee or fight to avoid Chart 1.  Tricyclic Triterpenoids Produced by At5g48010
being consumed. As part of their defense mechanisms, plants 15 17 19 21 30

biosynthesize tens of thousands of known natural products, many AR 1a: R= H%Nﬁ/ﬁﬁ/\m/ﬁﬂ/
of which have medicinally useful properties. The triterpenoids are ) @ G ’ 28 29
a major group of plant natural products that includes sterols, R R
triterpene saponins, and related structures. We describe herein HO™ 7 - 1b: R= Q‘L,WW
experiments in which exploitingArabidopsis thalianagenomic 23 24

information uncovered two new triterpenoids. Genome mining can expressed thalianol synthase suggest that the enzyme is folded

uncover compounds that have eluded classical methodologies.  4nropriately, and the enzyme would produce thalianol if expressed
The cyclic triterpenoid skeletons are produced by oxidosqualene i, Arabidopsisin the presence of substrate.

cyclases. The Arabidopsisgenome contains 13 sequences homolo- In addition to thalianol, SMY8[pGCF4.0] accumulates a more
gous to known oxidosqualene cycladésle PCR-amplified from polar compound that exhibits mass spectra consistent with a
Arabidopsis cDNA® the 2301 bp putative coding sequence ¢, .0, triterpene alcohol. NMR experiments established the
At5g48010, which is predicted to encode a protein 47% identical stycture as a second novel compound 135S 14R 219 -21(22)-
to theArabidopsiscycloartenol synthasein preparation for in vitro epoxy-malabarica-8,17-dien-3-dlty). Triterpene epoxidéb would
experiments with heterologously expressed protein, the amplicon grise from thalianol synthase-mediated cyclization &Z29-2(3),-
was subcloned into the yeast expression vector pRS426GAle. 22(23)-bis-oxidosqualene, which accumulates in yeast lanosterol
resultant construct pGCF4.0 was expressed in the yeast squalengymhase mutants.When cyclase activities are limiting, oxi-
epoxidase/lanosterol synthase double mutant RXY®6. This strain is dosqualene is cyclized inefficiently and it can re-enter squalene
ideal for in vitro analysis of oxidosqualene cyclases because the epoxidase and be oxidized on the distal terminus. Epdiideould
lanosterol synthase mutation removes the native oxidosqualenepe formed inArabidopsisif oxidosqualene levels increase because
cyclase and the squalene epoxidase mutation abolishes oxXi-ocal epoxidase levels surpass the ability of cyclases to consume
dosqualene formation, preventing the formation of At5g48010 oxidosqualene. Lanosterol synthase, cycloartenol synthase, and
metabolites in vivo. onocerin synthase are related oxidosqualene cyclases that also
A crude homogenate derived from a 5-mL culture of galactose- cyclize bis-oxidosqualene normally, leaving the distal epoxide
induced RXY6[pGCF4.0] was incubated with synthetic racemic unchanged:*
OXidoqualene. TLC analysis revealed aCtiVity Comparable to Both Compoundg_a and 1b are novel structures in the mala-
similarly expressed cycloartenol synthase. After reaction, the paricane series. A probable biosynthetic mechanisrhdds shown
organic-soluble components were derivatized (1:1 bis(trimethylsi- in Scheme 1. Protonation of oxidosquale®a) (nitiates carbocation
lyltrifluoroacetamide/pyridine). Because G®S revealed that  formation and subsequent cyclization3a, a 6,6,5, chaitchair,
only one component had the appropriate mass for the TMS ethertricyclic carbocationic intermediate with B-ring stereochemistry
of a GoHsO triterpene alcoholnyz 498), the protein encoded by  reminiscent of the dammarenyl cation. A hydride shift from C13
At5g48010 converted oxidosqualene to a single product. Material to C14, af-methyl shift from C8 to C14, and C9 deprototonation
for structure determination was generated using a yeast strain thaljields thalianol {a). The C13 epimer o8ais also a conceivable
was metabolically engineered to generate this compound in vivo. intermediate, but would mandate a syn shift of C26 from C8 to
The yeast strain SMY8 lacks lanosterol synthase and consequentlyC13. Bis-epoxide2b undergoes the analogous reaction to yield
cannot cyclize oxidosqualene, causing this substrate to accumulatehalianol epoxide 1b).
in vivo.® A 1-L culture of SMY8[pGCF4.0] induced with galactose Thalianol synthase is the first characterized member oPf&N
was grown in synthetic complete medium lacking uracil and sup- gene family, which are sequences named for their similarity to
plemented with heme and ergosterol. The cell pellet was saponified oxidosqualene cyclases that generate pentacyclic triterenes.
with KOH/ethanol, organics were extracted with hexane, and the Thalianol synthase is 4649% identical to plant cycloartenol
nonsaponifiable lipid was purified by silica gel column chroma- synthases, 4858% identical to dicot oxidosqualene cyclases that
tography, yielding~1 mg of a colorless oil slightly less polar than  generate pentacyclic triterpene alcohetsand 42% identical to
lanosterol. HMBC, HSQC, COSYDEC, NOE, and 1D NMR an oat3-amyrin synthasé? A phylogenetic tree including charac-
experiments established the structure &3S 14R)-malabarica- terized plant OSCs and predictadabidopsisOSCs establishes that
8,17,21-trien-3-ol, to which we assigned the trivial name thalianol thalianol synthase is evolutionarily more similar to enzymes that
(1a, Chart 1). Thalianol synthase resembles cycloartenol synthaseform pentacyclic nonsteroidal triterpenoid skeletons than to cy-
in that it generates a single major product cleanly. In contrast, the cloartenol synthasé’sand thalianol synthase shares conservation
previously characterizedrabidopsisLUP1” and Atlg78968are patterns with these enzymes at all known catalytically relevant
multifunctional enzymes that convert oxidosqualene to mixtures positions. Tyr410 and Ile481 are conserved cycloartenol synthase
of at least six and seven distinct triterpene alcohols, respectively. residues, and mutagenesis experiments wAitabidopsis cy-
The good activity and accurate product formation of heterologously cloartenol synthase have established that these residues guide
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Scheme 1. Cyclization of Oxidosqualene to Thalianol organism’s biosynthetic capacity, but reflect the state of the tissues
upon harvest.

Arabidopsigs generally considered to be a metabolically simple
plant; it generates interesting glucosinolates but is not a notable
producer of natural products. Although tAeabidopsisgenome
encodes extensive capability to generate triterpene rings systems,
the repertoire of knowArabidopsigriterpenoids is limited by low-
level native production and limitations in classical isolation
methodology. Plants apparently have much more extensive natural
product capability than can be ascertained by classical isolation
methods, but only produce these compounds when and where they
are needed. We suggest that heterologous expression of enzymes
uncovered by genomic sequencing provides a uniquely systematic
and comprehensive approach to identifying the natural products
generated by an organism.

catalytic events in the B ring!® Thalianol synthase has Phe and
Val at corresponding positions, like enzymes that form pentacyclic
nonsteroidal triterpene alcohols. This similarity may reflect that
common catalytic forces are used to promote formation of a chair
conformation in ring B. Like all other known oxidosqualene
cyclases, thalianol synthase maintains the active-site acid corre-
sponding to thé\rabidopsiscycloartenol synthase Asp481 residue.
This discovery of thalianol biosynthesis encourages further search
for natural products by genome mining. Malabaricane derivatives
are rare; the Dictionary of Natural Products Database http://  Acknowledgment. We are indebted to Dr. William K. Wilson
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structures that are structurally consistent with being direct cycliza-
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