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ABSTRACT Whereas vertebrates and fungi synthesize
sterols from epoxysqualene through the intermediate lano-
sterol, plants cyclize epoxysqualene to cycloartenol as the initial
sterol. We report the cloning and characterization of CAS1, an
Arabidopsis thaliana gene encoding cycloartenol synthase [(S)-
2,3-epoxysqualene mutase (cyclizing, cycloartenol forming),
EC 5.4.99.8]. A yeast mutant lacking lanosterol synthase
[(S)-2,3-epoxysqualene mutase (cyclizing, lanosterol forming),
EC 5.4.99.7] was transformed with an A. thaliana cDNA yeast
expression library, and colonies were assayed for epoxy-
squalene mutase activity by thin-layer chromatography. One
out of ~10,000 transformants produced a homogenate that
cyclized 2,3-epoxysqualene to the plant sterol cycloartenol.
This activity was shown to be plasmid dependent. The plasmid
insert contains a 2277-bp open reading frame capable of
encoding an 86-kDa protein with significant homology to
lanosterol synthase from Candida albicans and squalene-
hopene cyclase (EC 5.4.99.-) from Bacillus acidocalcarius. The
method used to clone this gene should be generally applicable
to genes responsible for secondary metabolite biosynthesis.

The epoxysqualene mutases compose a family of exception-
ally sophisticated catalysts that convert (S)-2,3-epoxy-
squalene, through a remarkable sequence of cation-# cycliza-
tions and cationic 1,2 rearrangements of carbon and hydro-
gen, to polycyclic triterpenes with dramatic structural differ-
ences from the starting material. Cycloartenol synthase (1, 2)
[(S)-2,3-epoxysqualene mutase (cyclizing, cycloartenol
forming), EC 5.4.99.8] must break 11 bonds and form 11 new
ones to transform the acarbocyclic epoxysqualene (Fig. 1,
compound 1) to the plant sterol precursor cycloartenol (Fig.
1, compound 2), a pentacyclic triterpene that contains nine
chiral centers. The mammalian (3, 4) and fungal (5) lanosterol
synthases [(S)-2,3-epoxysqualene mutase (cyclizing, lano-
sterol forming), EC 5.4.99.7] produce lanosterol (Fig. 1,
compound 3), the common precursor of cholesterol in ver-
tebrates and ergosterol in fungi. Lanosterol synthase cata-
lyzes a slightly less complex reaction than do the plant
terpene synthases, but the former are more commonly stud-
ied, in part, because they are more readily accessible (6-8).
Mammalian liver and Saccharomyces cerevisiae (bakers’
yeast) homogenates contain sufficient lanosterol synthase
activity to be used directly in enzymatic reactions. Moreover,
these sources produce only one epoxysqualene mutase;
epoxysqualene introduced into hog liver or yeast homoge-
nates yield lanosterol as the sole product. The plant cy-
cloartenol synthase presents considerably more experimen-
tal difficulty. Plants generally cyclize epoxysqualene to one
or more triterpenes in addition to cycloartenol, which pre-
cludes using crude homogenates as a clean source of a single
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FiG. 1.
squalene (1) is cyclized by lanosterol synthase to lanosterol (3), and
by cycloartenol synthase to cycloartenol (2). Squalene-hopene cy-
clase cyclizes squalene (4) to hopene (5).

Reactions catalyzed by terpene synthases. Epoxy-

catalytic activity. In addition, plant homogenates often con-
tain too little enzymatic activity to produce useful amounts of
products. A cloned and heterologously expressed cy-
cloartenol synthase would circumvent the experimental
problems associated with crude plant homogenates. The
molecular details of cycloartenol synthase could then be
scrutinized by using synthetic substrate analogs, as we have
done with lanosterol synthase (9-11).

As with many enzymes involved in secondary metabolism,
cycloartenol synthase could not be cloned by complementing
a mutation in a metabolic pathway because the organisms
most amenable to this technique (Escherichia coli, S. cere-
visiae) do not produce this enzyme. We present here a
simple, rapid procedure to clone epoxysqualene mutases that
requires neither pure protein nor a metabolic mutant in that
gene. Yeast transformed with a plant cDNA library under a
constitutive yeast promoter were assayed for cycloartenol
synthase activity by TLC. A mutant yeast strain (SMY1
lacking erg7) was used as the host to abolish background
epoxysqualene mutase activity in the assay. The crucifer
Arabidopsis thaliana was chosen as the source of genetic
material. A. thaliana has a small genome, is easily propagated
and transformed, and provides an excellent genetic system in
which to generate recombinant plants engineered with altered
abilities to synthesize cycloartenol.
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This technique should be broadly applicable to other genes
that cannot be cloned by complementation, such as those
involved in secondary metabolism.¥

EXPERIMENTAL PROCEDURES

Strains and Plasmids. The following yeast strains were
used: GL7 (12) (MATa gal2 hem3-6 erg7), YPH252 (13)
(MATa ura3-52 lys2-801 ade2-101 trpl-Al his3-A200 leu2-
Al) and SMY1 [gal2 hem3-6 erg7 ura3-52, obtained by
crossing strain GL7 to strain YPH252, sporulating the resul-
tant diploid, and selecting a segregant with the desired
phenotype (14)]. The plasmid vector pBluescript II (Strata-
gene) was used for subcloning and was propagated in E. coli
strain DHS« (15). The A. thaliana cDNA library (16) was
provided by F. Karst (Université de Poitiers). pSM60 is a
plasmid from this library containing the CAS! gene under the
control of the PGK1 promoter and terminator sequences.

Media, Growth, and Transformation Conditions. Strains
GL7 and SMY1 were propagated according to published
procedures for strain GL7, which requires media supple-
mented with ergosterol (20 ug/ml), heme (13 ug/ml), and
Tween 80 (5 mg/ml) (12). Yeast were transformed according
to published procedures (17). Transformants were selected
on synthetic complete medium plates without uracil (14) and
supplemented with ergosterol (20 ug/ml), heme (13 ug/ml),
and Tween 80 (5 mg/ml), and propagated in the correspond-
ing liquid medium. E. coli were transformed, selected, and
propagated according to published procedures (15).

Cloning. The yeast strain SMY1 was transformed with an
A. thaliana cDNA expression library (16). Nine hundred and
fifty pools of =10 transformants each were grown to satura-
tion in 2.5 ml of liquid medium at 30°C. Cells from 2 ml of each
pool were collected by centrifugation, washed once with
water, resuspended in 50 ul of 100 mM sodium phosphate
buffer at pH 7.0 containing 0.1% Triton X-100, 1 mM dithio-
threitol, and epoxysqualene at 1 mg/ml. The cells were
permeabilized by first freezing at —78°C in dry ice followed
by thawing at 30°C (18). After 3 hr at room temperature, 5 ul
of each reaction mixture was spotted directly onto a TLC
plate (0.25-mm Kieselgel 60; Merck) alongside a cycloartenol
standard, and the water was removed at 30 torr (1 torr = 133.3
Pa) for 1 hr. The plate was then developed with hexane/ethyl
ether, 1:1, and visualized with p-anisaldehyde stain (19). In
this system, the retardation factors (Ry) are 0.82 for epoxys-
qualene, 0.49 for cycloartenol and lanosterol, and 0.31 for
ergosterol.

DNA and RNA Methods. Plasmid DNA was isolated from
yeast as described (20). Standard DNA analysis and cloning
techniques were done as described (15). DNA fragments
were purified from agarose gels by using Qiaex (Qiagen,
Chatsworth, CA). DNA was sequenced by the dideoxynu-
cleotide chain-termination method with the Applied Biosys-
tems automated system. The reported sequence was se-
quenced at least once on each strand.

Hybridization probes were labeled by using [a-*2P]dCTP
and random hexamer primers (International Biotechnolo-
gies). DNA and RNA were purified from 16-day-old rosette
leaves of A. thaliana var. Columbia (15). DNA was digested
with restriction endonucleases, electrophoresed through 1%
agarose, and transferred to GeneScreen (DuPont) in 0.4 M
NaOH. Total RNA was electrophoresed through 1% agarose-
formaldehyde (15) and transferred to GeneScreen in 1.5 M
NaCl/0.15 M sodium citrate, pH 7.0. Blots were hybridized
overnight at 65°C, as described (21), and were washed in 30
mM NaCl/3 mM sodium citrate/0.1% SDS, pH 7.0 at 25°C.

#The sequence reported in this paper has been deposited in the
GenBank data base (accession no. U02555).
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Enzymatic Synthesis and Identification of Cycloartenol.
SMY1 cells transformed with pSM60 (10 g) were suspended
in 50 ml of 100 mM sodium phosphate buffer at pH 7.0 and
lysed in a French Press at 20,000 psi (1 psi = 6.9 kPa), and
the homogenate was centrifuged at 10,000 X g for 20 min. One
milliliter of (*)-2,3-epoxysqualene solution (10 mg/ml) in
20% Triton X-100 (22, 23) was added to the supernatant. After
8 hr at 25°C, 100 ml of tetrahydrofuran was added to terminate
the reaction. The precipitate (denatured protein and salt) was
removed by filtration, and the filtrate was concentrated under
vacuum. The remaining residue was extracted three times
with three volumes of ethyl ether, and the combined organic
extracts were dried over sodium sulfate, concentrated under
vacuum, and purified by silica gel chromatography (5% ethyl
ether in hexane) to yield 3.8 mg [79% based on (§)-
epoxysqualene] of a colorless solid. This material was iden-
tical to an authentic sample of cycloartenol by 'H and 13C
NMR, IR, and MS analyses, which gave spectra consistent
with available literature data (24-26). Retardation factor (Ry)
= 0.49 (silica gel, hexane/ethyl ether, 1:1). Fourier transform
IR spectroscopy (thin film) 3309.2, 2962.0, 1449.4, 1375.2,
1096.6, 1047.5, 1004.6, 994.1 cm~!. 1H NMR (500 MHz,
CDCls) 60.33 (d, J = 4.2 Hz, 1H), 0.55 (d, J/ = 4.2 Hz, 1H),
0.81 (s, 3H), 0.89 (s, 6H), 0.96 (s, 3H), 0.97 (s, 3H), 0.99-1.14
(m, 2H), 1.21-1.46 (m, 9H), 1.49 (dd, J = 4.9, 12.4, 1H),
1.54-1.64 (m, 7H), 1.59 (s, 3H), 1.68 (s, 3H), 1.73-1.79 (m,
1H), 1.82-1.93 (m, 2H), 1.95-2.08 (m, 2H), 3.24-3.32 (m,
1H), 5.10(t,J = 7.1, 1H). 3C NMR (125 MHz, CDCl;) 6 14.0,
17.6, 18.0, 18.3, 19.3, 20.1, 21.1, 25.0, 25.4, 25.7, 26.0, 26.2,
26.5, 28.1, 29.9, 30.4, 32.0, 33.0, 35.6, 35.9, 36.4, 40.6, 45.3,
47.1, 48.0, 48.8, 52.3, 78.9, 125.3, 130.9. MS (fast atom
bombardment): m/z 449 [M+Na]*, 426 [M]*, 409, 393.
High-resolution mass spectrum parent ion (fast atom bom-
bardment, [M+Na]*) m/z calculated for [C3oHsoONa]*:
449.3759, found: 449.3748.

RESULTS

We have cloned the A. thaliana cycloartenol synthase gene
while demonstrating the feasibility of a chromatographic
screen for heterologously expressing transformants. Strain
SMY1 was transformed with a yeast expression library con-
taining A. thaliana cDNAs (16) under the control of the
constitutive yeast PGKI promoter (27), and the resultant
transformants were divided into pools and assayed for ep-
oxysqualene mutase activity by TLC (see Experimental Pro-
cedures). The single positive pool was replated for single
colonies, and homogenates of 3 of 20 colonies metabolized
epoxysqualene in the same assay system. Plasmid DNA was
isolated from these strains and used to transform E. coli.
Plasmids from the three resultant E. coli lines were shown to
be identical to one another by restriction enzyme mapping,
and the plasmid was named pSM60. A homogenate of SMY1
transformed with pSM60 cyclized epoxysqualene to the plant
sterol cycloartenol (see Experimental Procedures). Because
S. cerevisiae cannot cyclize epoxysqualene to cycloartenol
and yeast transformed with pSM60 acquires the ability to
catalyze this reaction, the cDNA in this plasmid is the struc-
tural gene for cycloartenol synthase. The gene encoding this
cDNA was therefore named CAS1 (cycloartenol synthase).
The nucleotide and predicted amino acid sequences of the
CAS1 cDNA are shown in Fig. 2. The 2277-bp open reading
frame is capable of encoding an 86-kDa protein. Gel-blot
analysis of RNA prepared from A. thaliana leaves revealed
a =~2.3-kb message that hybridized to the CAS1 probe (data
not shown), suggesting that the cloned cDNA is full length.
Although A. thaliana cycloartenol synthase has not been
purified, the epoxysqualene cyclizing enzymes from two
other plants have been purified [Pisum sativum, 55 kDa (28);
Rabdosia japonica, 54 kDa (29)]; they are significantly
smaller than the predicted CAS1 protein and may be proteo-
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Fi1G. 2. Nucleotide and deduced amino acid sequences of the CAS1 cDNA. The DNA sequence of the CASI open reading frame is shown
in uppercase letters, and the 5’ and 3’ untranslated regions are shown in lowercase letters. The sequence was followed by 58 adenoside residues

beginning at residue 2560.

lytic fragments produced as posttranslational modifications
or during the purification process.

Gel-blot analysis of genomic A. thaliana DNA hybridized
with the CAS1 probe at high stringency revealed a strongly
hybridizing band and several weakly hybridizing bands (data
not shown). The most predominant band probably represents
the CAS1 gene, and the other cross-hybridizing bands may
represent additional terpene synthases.

The CASI protein is 34% identical to the Candida albicans
lanosterol synthase (30, 31) and 18% identical to the Bacillus
acidocalcarius squalene-hopene cyclase (EC 5.4.99.-) (32).
The homology (Fig. 3) of these proteins is not unexpected,
considering that the three enzymes catalyze mechanistically
related reactions of squalene or its 2,3 oxide (Fig. 1).

DISCUSSION

The most difficult and time-consuming aspect of gene isola-
tion is often obtaining either pure protein for partial sequence
determination or antibody production, or a mutant for com-
plementation experiments. Strategies that depend on pure
protein or mutants are not always practicable; protein puri-
fication is often nontrivial, and many enzymes, such as most

of those involved in secondary metabolism, are not repre-
sented in organisms commonly used in complementation
experiments. When neither a mutant in the desired gene nor
pure protein product of that gene is readily available, an
alternate approach is to use an in vitro assay to identify
library transformants that heterologously express a desired
enzymatic activity. When a simple assay can be devised,
screening directly for enzymatic activity present in trans-
formants is a generally applicable, expeditious alternative to
the traditional methods of cloning genes. The only limitation
of this method is that the gene must encode an enzyme that
can be expressed at detectable levels in an easily transformed
organism such as E. coli or S. cerevisiae. If the host cell has
an enzyme related to the target enzyme, using a host with a
mutation in that enzyme simplifies the assay by eliminating
background activity.

Yeast was chosen as the host to clone the A. thaliana
cycloartenol synthase for several reasons. (i) Yeast is easily
transformed, yielding up to 106 transformants per ug of DNA
(17); (ii) a eukaryotic host such as yeast is more likely to
process or modify correctly eukaryotic proteins than is a
prokaryotic host such as E. coli; and (iii) strong yeast
promoters are known (33) that should produce readily de-
tectable activity in positive transformants.
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cASl (A.t.) PWKLKI LRTTNNHVGRQFEFDPNLGTPEDLIMAVHEARKS HYDNRFVOKHSADLLMRBOFSRE
ERG7 (C.a.) MYy SRR g ------ KTDISRQRLRSD-- -~~~ A WHY BOSECEISEPQSTFVQWR- - - - - -
SHC (B.a.) [QAEQLVAPAYAR----------———=--———-— T VEYLIBJCOKDG - - - - -~ -~~~ YWWGP)
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ERG7 DFigSP- PSSDI[TSG- - - -EAA DFLAL QWD YGISIPCOY NG PMFIURIGIAMVNN S 4S) G T oNg= -3}
SHC MEAEYVLLOZILDRVDRDRMEYI RR Y- BHEQREDARGJZSTRVIERR -~~~ —— = = =~ — BISTRPSRRTSRSSIS
cas1 ONE-18 TEGPRRMIFES VL GPNDJEPGDMEECEPWI LNHEEINTNI TS

ERG7 T84T VINTAHPVIY SVDKSICIZET TM: PV - - LVIARK TLHR LI KN P I
SHC AQ@ATRSRCRRRS|GSFRARAGSSRRACSRDVAGAGGIISVG] AGDHVPR-------~ AHAAQHLRV[JBVGS
CAS1  AFRES WePEN 3L PTHPER YW SH SR UV YL PVES'Y INYEINR AU S SRUCUNTARS FT-- - VIR ERNWNEA
ERG7 LY p 1P THPATIWYHARARY L PIFEY S QCELDPLLKEIENET YVPSQLIRe8S TKFGNQ
SHC D-RRGALDCDEJgPA- -~ -~~~ GVPARNIAGARARINY- - - - - - - - —— - - - RRASAPAPFRIZCHGGSST
casi LCAKER prvoll LwaSET VgL MEPG EKAIRTAIE g}an lCIEPVi KVL%@
ERG7 VCGViE KIBFANST EA-MRPKQY- - - -MLNWVNKKVY ol IHPV FIIVV
SHC STG-------- RCTGRSCRCT AFTRALD- - - - - - - - -~ ERQAGDG SWGGHgPWI§- YALTGLKT
CcAs1 P IRSIN=R IS DY, HND INGSQEWDTGFAMQAN £ - - Bbge PVRHSAH SvKNEY LD
ERG7  IJGSE LONMNIEVIAF HG P VMETNE VORI A Al F F DDFKEEIM TRISS Y 8 oNTEY
SHC LDMTQHP} WEGLELYGVELDY[GWIFOAS I PIUERe IAY A [ 8- - - j3A DRI EWEL DRSJTYV - -
casl EENLNYWYRHT SN SREA D T ENSEY e LA L LASKVPK - ETVGEPRIDAKRIBVE s D----
ERG7  VDG---SFRDRRISINUIFPKE NJSDCTAENIKA Il HASFADIR DE ; LOI@NVGEWE
SHC BEwAVKRPNLK Hels FAIgO FDNV DIBTATAAT A BT R S LPIdPORDAMTKGF RWIVGM®JSSN - - - -
cas1 [ TRSY PWIBIL TSN JReibR T DY e A4 eRyS AA QAT S RKKEVDE(] 193 B2 SHOYADG
ERG7  SFS TKAPLLIBHKLIIFNVI NIV EN SR A ASPINS SV L, PELIQ| S DNTpe
SHC [EwGAYgD- VDNT SDPNH T)gF C DIFEEVTDP - - - - PS YL TAHVECIYGSF - ~[64- - DDA -KRE[JKP)¢
Rl /Y G W IVC gTYGTUF ev; AVGISRRESP LV EKAC SF LIESKORP SCCWGE SEEISCED Nide G IS 3V VITAW
ERG7 BN LE e SMFAL T ESH AvnKECDFLSKQﬁpDGGwE;Es' KG&IATHSH- -V s#vvQEaw
SHC swcEWeVYYRYGTE AVGHD ISP 606 < 2 10 JRERT 0 | P DCGWGE e PAMAGKGASTP- - S[efu\l]
casl  BviE NV ER KL HER ARV N ARMENEDF POOE R - R AT T e 4R COVLLOOGE
ERG7 Wer 1dc IR D2 EP IRGHOGL IS0 #P hG 2WiSHS ERCA 1Y YRIIFPINALG KYGDKVLV
SHC : RENS- - SpA ARIEVeRaaVE S e oy v TS PeDF YLV T A ATERR

FiG.3. Alignment of terpene synthase amino acid sequences. The sequences shown are A. thaliana CAS1 [CAS1 (A. t.)], C. albicans ERG7
[ERG7 (C. a.) 31)], and B. acidocalcarius squalene-hopene cyclase [SHC (B. a.) (32)]. Amino acid positions identical in at least two of the three
sequences are boxed; hyphens indicate gaps introduced to maximize alignment.

TLC is an ideal assay method for this purpose; it is very
sensitive for identifying small organic molecules (10 pmol of
lanosterol is visible with p-anisaldehyde stain) and is a simple
technique that can be performed rapidly with inexpensive
equipment. Unlike quantitative analytical methods such as
GC-MS or HPLC, TLC can accommodate crude homogenate
assays without workup, which would be a major portion of the
labor with a GC-MS- or HPLC-based screen. The sensitivity
of TLC permits assaying pools of transformants rather than
assaying individual colonies, which also minimizes labor.

Cycloartenol and lanosterol are nearly indistinguishable by
chromatography. Although a TLC-based in vitro assay can
provide qualitative data about the conversion of epoxy-
squalene to cyclic products, it allows neither quantitation nor
identification of the newly synthesized triterpene. Therefore,
TLC cannot be used to distinguish between wild-type yeast
producing normal levels of yeast lanosterol synthase and
recombinant yeast producing A. thaliana cycloartenol syn-
thase in addition to native yeast lanosterol synthase. To
circumvent this problem, we used the yeast strain SMY1
(erg7), which lacks lanosterol synthase and so cannot convert
epoxysqualene to lanosterol, a compound that comigrates with
cycloartenol on TLC.

This cloned and heterologously expressed A. thaliana cy-
cloartenol synthase will facilitate purification of the enzyme
and allow detailed analysis of the reaction mechanism by using
substrate analogs. The regions of identity between the known
terpene synthases shown in Fig. 3 will simplify cloning other
epoxysqualene mutases.
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