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A cDNA library was prepared from Artemisia annua,
nd a 129-bp fragment was amplified from this library
sing primers corresponding to sequences conserved

n known dicot sesquiterpene synthases. A 1641-bp
pen reading frame that encoded a predicted protein
5–38% identical to dicot sesquiterpene synthases was
loned using this fragment as a hybridization probe.
he gene product expressed in Escherichia coli cy-
lized farnesyl diphosphate to a 96:4 mixture of (2)8-
picedrol and cedrol. Neither cedrol epimer was de-
ected by GC–MS in an A. annua extract prepared from
he same specimen as the cDNA. © 1999 Academic Press

Artemisinin (Fig. 1, 1) is an antimalarial sesquiter-
ene lactone produced by Artemisia annua (1). This
ompound and semisynthetic derivatives such as arte-
ether are among the most potent chemotherapeutic

gents against quinine-resistant forms of Plasmodium
alciparum (2). The relatively low yield of artemisinin
rom plants results in prohibitive costs ($250/g) in the
eveloping world where malaria is most prevalent [re-
iewed in (3)]. We are cloning sesquiterpene biosyn-
hetic genes in an effort to identify those involved in
rtemisinin biosynthesis, with the eventual goal of
aking recombinant plants that overproduce these

enes to increase artemisinin yields. As a sesquiter-
ene, artemisinin is presumably biosynthesized from

1 GenBank Accession No. AF157059.
2 This research was supported by grants from the National Insti-

utes of Health (AI41598) and the Robert A. Welch Foundation
C-1323) and by a Robert A. Welch Scholarship awarded to L.H.

3 To whom correspondence should be addressed at Department of
hemistry and Department of Biochemistry and Cell Biology, Rice

niversity, 6100 S. Main St., Houston, TX 77005. Fax: (713) 285-
154. E-mail: matsuda@rice.edu. b

08
arnesyl diphosphate (FDP,4 2) (4). Although the initial
yclic hydrocarbon remains uncharacterized, the ses-
uiterpene carboxylic acid artemisinic acid (3) has
een shown to be biosynthesized by A. annua (5) and
onverted to artemisinin (6), strongly suggesting the
ntermediacy of the sesquiterpene hydrocarbon 4,11-
morphadiene [4, which has been isolated from natural
ources (7), but not from A. annua].
Several sesquiterpene synthase genes have been

loned from a variety of plants (reviewed in 4) that
rovide guidance for homology-based approaches, and
e embarked on obtaining similar genes from A. annua
ith the expectation that an exhaustive search would
rovide the sesquiterpene synthase that forms the ar-
emisinin skeleton. In the course of this work, we iso-
ated and characterized a sesquiterpene synthase gene
rom A. annua that is apparently not involved in arte-

isinin biosynthesis, but that converts FDP to 8-ep-
cedrol, which has not been previously reported as a
atural product.

XPERIMENTAL PROCEDURES

Plant materials, substrates, and reagents. A. annua plants were
urchased from Teas Nursery (Houston, TX) and were grown in
artial sun in Houston from April to June. Farnesyl diphosphate was
ynthesized according to literature procedures (8). mRNA isolation
nd library construction materials were from Gibco-BRL. Restriction
nzymes were from New England Biolabs. Farnesol and reagents for
DP synthesis were from Aldrich, 8-epicedrol was from Fluka, and
edrol was from Lancaster. Other reagents were from Fisher Scien-
ific.

A. annua mRNA preparation and cDNA library construction. The
bove-ground parts of budding A. annua were frozen in liquid nitro-
en and ground in prechilled mortars to a fine power in liquid
itrogen. The powder was suspended in 10 vol of Trizol [guanidinium
hiocyanate–phenol–chloroform (Gibco-BRL)] and total RNA was
solated using the Gibco-BRL MessageMaker kit according to the

anufacturer’s instructions. mRNA was obtained by two selections

4
 Abbreviations used: FDP, farnesyl diphosphate; IPTG, isopropyl-
-D-thiogalactoside; DTT, dithiothreitol.

0003-9861/99 $30.00
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209CLONING OF 8-EPICEDROL SYNTHASE FROM Artemisia annua
ver oligo(dT) columns (Gibco-BRL) according to the manufacturer’s
nstructions. The Gibco-BRL Superscript Plasmid system was used
o make the cDNA library according to the manufacturer’s instruc-
ions. Escherichia coli host strain DH5a was transformed with the
igated library by electroporation. The resultant cDNA library had
106 independent transformants, and the average size of 24 inserts
as ;1.3 kbp.
8-Epicedrol synthase gene cloning. Conserved segments of Hyo-

cyamus muticus vetispiradiene synthase (9), Nicotiana tabacum
piaristolochene synthase (10), and two Gossypium arboreum
adinene synthase genes (11, 12) were identified, and 11 forward and
1 reverse PCR primers were designed. All possible combinations of
hese primers were tested for their ability to amplify DNA from the
. annua cDNA library. Each PCR included 200 ng cDNA, 5.0 ml 103
uffer (500 mM Tris–HCl, pH 9.1, 160 mM ammonium sulfate, 35
M MgCl2), 4.0 ml dNTPs (each at 2.5 mM), 5.0 ml of each degenerate

rimer (20 pmol/ml), and H2O to 50 ml. The PCR program included a
-min 95°C hot start during which 0.5 ml Taq polymerase (Fisher, 5.0
/ml) was added and 40 cycles with 1 min annealing using a tem-
erature gradient from 68 to 48°C (20.5°C/cycle), 3 min extension at
2°C, and denaturation for 45 s at 95°C. The program was termi-
ated with a 5-min extension at 72°C. Each PCR (5 ml) was analyzed
n a 1% agarose gel. Of all these combinations, only the pair of
orward primer GAYMGNGYNGTNGARKGNTAYTTYTGG [corre-
ponding to DR(A/V)VE(C/G)YFW] and reverse primer SCRTANG-
RTCRWANGTRTCRTC [corresponding to the reverse complement

f DDT(F/Y)D(A/S)Y(G/A)] gave a clear band at the expected size
129 bp). The PCR fragment was subcloned into T-tailed (13) pBlue-
cript II KS(1) to make plasmid LH4.0. The DNA sequence was
onsistent with a fragment of a sesquiterpene synthase, and the
nsert was used as a probe to hybridize to the original cDNA library.

The 129-bp insert of plasmid LH4.0 was excised with EcoRI and
indIII, labeled with [a-32P]dCTP by oligonucleotide priming (14)
sing the primer LH4F1 (GACAGGGCGGTGGAAGG), and used to
robe 1.2 3 106 colonies from the cDNA library by hybridization (14).
NA from three of the four hybridizing colonies gave a PCR-ampli-
ed band of the appropriate size using primers designed to specifi-
ally amplify the target gene (LH4F2, TGGGCATTAGCAGTGTAC;
nd LH4R1, CATAGGAGTCGTACGTGTC). Inserts from these three
olonies ranged in size from 1.2 to 1.9 kbp, and restriction analysis
ndicated that they all derived from the same gene. The sequence of
he longest insert was determined on both strands, but was not full
ength based on homology to sesquiterpene synthases.

The 59 end of the cDNA was amplified from the library using
nchored nested PCR with the T7 primer and the primer LH4.2R1
CGTCCCTCTTTGTCTTTG) in the first round and the T7 primer
nd the primer LH4.2R2 (TGTCGCATGAGTCGAAAC) in the second
ound. The 450-bp fragment obtained from this PCR was subcloned
nto pBluescript KS(1) and sequenced. The sequence was used to
esign a primer (LH4.6F1, CCGTACTAATTCGCATCT) upstream of
he presumed initiator codon. LH4.6F1 and LH4.2R2 were used to
mplify the cDNA library using the high-fidelity polymerase Pfu
Stratagene). This fragment was cloned into the longest cDNA ob-
ained (using the NdeI site at nucleotide 277 of the coding sequence
o join the two segments) to give LH4.8, which has a 1.7-kbp insert
hat encodes the complete 8-epicedrol synthase cDNA.

8-Epicedrol synthase expression, incubation with farnesyl diphos-
hate, and product structural characterization. PCR was used to
ntroduce a XhoI site immediately upstream of the 8-epicedrol syn-
hase initiator codon to facilitate subcloning into pET15b. The reas-
embled 8-epicedrol synthase (plasmid LH4.8) was PCR-amplified
sing Pfu and the primers ATCTCGAGATGTCTCTTATA (the intro-
uced XhoI site is underlined) and LH4.2R2 (see 8-epicedrol syn-
hase gene cloning). The PCR product was digested with XhoI and
deI and ligated into LH4.8 cut with the same two enzymes. The
nsert was excised from the resultant construct with XhoI and NotI
nd subcloned into a pET15b (Novagen) derivative in which a NotI (
ite had been inserted in the polylinker (30). The resultant plasmid
ncodes a protein tagged with six histidine residues at its amino
erminus and was expressed in the E. coli strain BL21(DE3)pLysS
Novagen). To express protein, 1-ml overnight cultures were diluted
nto 14 ml LB supplemented with 100 mg/ml carbenicillin and 25
g/ml chloramphenicol. These cultures were shaken 2 h at 30°C

OD600 5 0.7), induced with 100 mM IPTG, and harvested by centrif-
gation after an additional 3 h at 30°C. The cell pellet was resus-
ended in 750 ml of lysis buffer (50 mM Tris, pH 8.0, 1 mM EDTA,
nd 100 mM NaCl) and 50 ml of 10 mg/ml lysozyme and incubated at
oom temperature for 1 h.
The recombinant enzyme was tested for activity by adding 30 ml

ysate and 10 ml 1 mg/ml FDP to a 500-ml aliquot of assay buffer as
escribed for assaying casbene synthase (15). The enzymatic reac-
ions were incubated at room temperature for 12 h. The reaction was
xtracted with pentane and the organic layer was dried with sodium
ulfate, concentrated, and analyzed by GC–MS. The reaction was
onitored by GC (Restek Rtx-5 30-m, 0.25-mm-i.d., 0.10-mm df cross-

ond, 5% diphenyl–95% dimethyl polysiloxane column, 70°C, 1 min,
5°C/min to 250°C). The effect of glycerol, reductants, and divalent
ations was examined by assaying in 50 mM Tris, pH 8.0, with
arying glycerol (0 or 15%), b-mercaptoethanol (5 or 10 mM), DTT
0.5–2.0 mM), Mn21 (1–4 mM), or Mg21 (1–4 mM) content.

A large-scale incubation was conducted by inoculating 80 ml of
vernight culture into a 4-liter flask containing 1.2 liters LB with 100
g/ml carbenicillin and 25 mg/ml chloramphenicol. The flask was
haken at 30°C until the OD600 reached 0.8. IPTG was added to 100
M and the flask was shaken another 3 h. The cells were harvested
y centrifugation at 4°C for 20 min in a Sorvall GS-3 rotor at 5000
pm. The 5.8-g cell pellet was washed once with lysis buffer, resus-
ended in lysis buffer at 100 mg/ml, and passed three times through
French press at 7000 psi.
The crude lysate was incubated with 150 mmol FDP in 400 ml 50
M Tris, pH 8.0, 15% glycerol, 2.5 mM DTT, 1 mM MgCl2 for 14 h.
he reaction was quenched by adding 400 ml ethanol, and the
recipitate was removed by centrifugation. The supernatant was
xtracted three times with 1 vol of hexane, which was then dried
ith sodium sulfate and concentrated to dryness. The crude product
as chromatographed and eluted in hexane:CH2Cl2:EtOAc [50:45:5

v/v)].
GC–MS analysis of A. annua tissue. A portion of the A. annua

pecimen from which the cDNA library was prepared was extracted
ith ether in a Soxhlet extractor. The resultant oil was examined by
C–MS as described above for the product of the recombinant pro-

ein.

ESULTS AND DISCUSSION

Cloning of a sesquiterpene cyclase gene from A. an-
ua. Significant progress has been made toward elu-
idating the artemisinin biosynthetic pathway (Fig. 1)
5, 6, 16–18). Although the initial steps in the pathway

IG. 1. The artemisinin biosynthetic pathway. FDP (2) is cyclized
o 4,11-amorphadiene (4) and oxidized to artemisinic acid (3). Fur-
her oxidation generates artemisinin (1).
cyclization of FDP to 4,11-amorphadiene and subse-
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210 HUA AND MATSUDA
uent oxidation to artemisinic acid) have not yet been
xperimentally verified, no other route seems plausi-
le. It is generally accepted that sesquiterpenes are
erived from FDP (4), and artemisinic acid has been
hown to be an artemisinin precursor (5, 6). A reason-
ble mechanism can be drawn for the cyclization to
,11-amorphadiene, and enzymatic allylic oxidations
uch as that from 4,11-amorphadiene to artemisinic
cid are common. Sesquiterpene synthases cyclize FDP
o structurally related compounds, and these enzymes
ave similar sequences.
Anticipating that the A. annua sesquiterpene syn-

hases would resemble other dicot sesquiterpene syn-
hases, we sought representatives of this class using a
omology-based PCR approach. Conserved segments
ere identified in H. muticus vetispiradiene synthase

9), N. tabacum epiaristolochene synthase (10), and
wo G. arboreum cadinene synthase genes (11, 12), and
1 forward and 11 reverse PCR primers were designed.
ll possible pairs of these primers were examined for

IG. 2. Alignment of plant sesquiterpene cyclases. Sequences were
he Clustal method. Shown are A. annua epicedrol synthase, G. arbor
uticus vetispiradiene synthase (9), and N. tabacum epiaristolochene

equences are shaded, and hyphens indicate gaps introduced to max
CR primers (see Experimental Procedures).
heir ability to amplify an A. annua cDNA library, but p
nly one combination gave an appropriately sized prod-
ct. The sequence of this 129-bp fragment was consis-
ent with being a sesquiterpene synthase. The frag-
ent was used to probe the A. annua cDNA library,

nd the three clones that were isolated represented the
ame gene, but even the longest of these was only a
artial cDNA compared to other dicot sesquiterpene
ynthases. PCR with an internal primer and a se-
uence from the vector provided the 59 end of the gene,
nd the full-length gene was reconstructed from the
wo fragments. The 1641-bp open reading frame en-
odes a 64-kDa predicted protein with 35–38% identity
o sesquiterpene synthases (Fig. 2) and significant sim-
larity to monoterpene and diterpene synthases (data
ot shown).
Protein expression and optimizing the in vitro enzy-
atic reaction. The protein was expressed as a His-
ag fusion to facilitate future purification. The gene
as subcloned into a pET15b derivative, and the ex-

gned with the Megalign program (DNAStar, Madison, WI) by using
cadinene synthase (11), G. arboreum cadinene synthase B (12), H.

nthase (10). Amino acid residues identical in at least three of the five
ize alignment. Arrows mark the regions used to design degenerate
ali
eum
sy
ressed protein was examined for sesquiterpene syn-
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211CLONING OF 8-EPICEDROL SYNTHASE FROM Artemisia annua
hase activity using conditions described for tri-
hodiene synthase (19). The recombinant protein con-
erted FDP into a new compound evidenced by GC
nalysis. Since a parallel cell-free extract of E. coli
arrying empty vector did not produce this compound,
he protein product of the expressed gene catalyzed the
eaction. The reaction was optimized by varying diva-
ent metal cofactors, glycerol, and reductant (see Ex-
erimental Procedures). As with other angiosperm ter-
ene synthases (4), epicedrol synthase is activated by
g21 (1 mM MgCl2 is optimal) but not by Mn21. Either
TT or b-mercaptoethanol can serve as reductant, but
.5 mM DTT gave slightly better epicedrol yield. The
ptimal buffer used for the large-scale reaction was 50
M Tris, pH 8.0, 15% glycerol, 2.5 mM DTT, 1 mM
gCl2.
Product characterization reveals 8-epicedrol. A re-

ction with 150 mmol FDP was done to obtain material
or structural characterization. GC of the crude prod-
ct with flame-ionization detection showed that the
esquiterpene product of the A. annua enzyme had two
istinct isomers with retention times of 9.84 and 9.96
in in a 4:96 ratio, respectively. GC–MS analysis

howed that these two compounds are C15H26O sesquit-
rpene alcohols (Mr 222) and not C15H24 sesquiterpene
ydrocarbon products (Mr 204). Subsequent GC–MS
nalysis uncovered no sesquiterpene hydrocarbons.
he minor product is cedrol, as its EI fragmentation
atched that of cedrol, and it coeluted with cedrol in
C coinjection experiments. Although the EI mass

pectrum of the major product also resembled that of
edrol, these compounds had different GC mobilities.
ilica gel chromatography did not separate the two
esquiterpene alcohols, but afforded 7.0 mg of the mix-
ure (21% yield).

1H NMR, 13C NMR, and optical rotation showed that
he major product is (2)8-epicedrol (numbered accord-
ng to the tricyclo[5.3.1.0(1,5)]undecane skeleton). The

13C NMR spectrum is within experimental error of
-epicedrol literature values (20, 21), and the 1H NMR
nd 13C NMR spectra and optical rotations were indis-
inguishable from authentic (2)8-epicedrol. 1H NMR
500 MHz, Bruker AMX500 spectrometer, 25°C, 5 mM
n CDCl3, referenced to tetramethylsilane) d: 0.851 (d,
.1 Hz, 3H), 1.014 (d, 0.6 Hz, 3H), 1.139 (br d, 0.5 Hz,
H), 1.322 (s, 3H), 1.275 (m, 1H), 1.339 (m, 1H), 1.397
m, 1H), ;1.519 (m, 1H), 1.527 (m, 1H), 1.56 (m, 1H),
.57 (m, 1H), 1.59 (m, 1H), ;1.6 (m, 1H), ;1.678 (m,
H), 1.733 (m, 1H), 1.883 (td, 12, 6 Hz, 1H), 1.902 (dd,
1.7, 1.6 Hz, 1H). 13C NMR (CDCl3, 62.5 MHz, Bruker
C250 spectrometer, 25°C, 15 mM in CDCl3, refer-
nced to tetramethylsilane) d: 15.4 (C-12), 25.3 (C-4),
8.1 (C-14), 29.0 (C-13), 30.5 (C-10), 30.6 (C-15), 34.3

C-9), 36.9 (C-3), 39.9 (C-11), 41.8 (C-2), 41.9 (C-6), 53.4 fi
C-1), 56.2 (C-5), 61.5 (C-7), 73.2 (C-8) ppm. The optical
otation is 28°, 577 nm, CHCl3.
Reaction mechanism and relevance of 8-epicedrol

ynthase to artemisinin biosynthesis. Sesquiterpene
ynthases terminate cationic reactions either by proton
limination to make C15H24 hydrocarbons or by the
quivalent of hydroxide addition to make C15H26O ses-
uiterpene alcohols. Numerous sesquiterpene syn-
hases that make hydrocarbons have now been identi-
ed (4), as have enzymes that make the acyclic sesquit-
rpene alcohol linalool (22, 23). The 8-epicedrol
ynthase gene is the first representative that encodes a
yclic sesquiterpene alcohol synthase. 8-Epicedrol syn-
hase is more closely related to dicot sesquiterpene
ydrocarbon synthases (35–38% identical, Fig. 2) than
o the sesquiterpene alcohol linalool synthase (20%
dentical), indicating that the mechanism of quenching
he carbocation has evolved more than once.

A mechanism for the 8-epicedrol synthase-mediated
yclization is proposed in Fig. 3. Allylic carbocation
ormation, isomerization to nerolidyl diphosphate (5),
nd cyclization generate the monocyclic bisabolyl cat-
on (6). A hydride shift is followed by two cyclizations to
ield the cedryl cation (7), and the reaction is termi-
ated by quenching the tricyclic cation with a hydrox-

de equivalent (presumably by addition of water fol-
owed by proton loss) to form 8-epicedrol (8). The third
yclization is a syn addition and therefore cannot be
oncerted with the second cyclization. The formation of
edrol (9) as a minor product also suggests that the

IG. 3. Proposed mechanism of epicedrol cyclization. FDP (2)
somerizes to nerolidyl diphosphate (5), which ionizes and cyclizes to
he bisabolyl cation (6). A hydride shift followed by two cyclizations
ields the cedryl cation (7). Epicedrol (8) results from anti addition of
ater, whereas syn addition generates cedrol (9).
nal carbocation has a significant lifetime. If water
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212 HUA AND MATSUDA
ddition were concerted with the third ring closure,
ntiperiplanar addition would mandate quantitative
-epicedrol formation.
The best-studied sesquiterpene synthases terminate

he cyclization reaction by abstracting a proton from an
ntermediate cation (4), but termination by quenching
he intermediate has been demonstrated previously.
atchouli alcohol (24) and epicubenol (25) have been
hown to be formed directly from FDP in this way. The
-epicedrol synthase gene described here is the first
xample of this type to be cloned.
An A. annua extract prepared from the same specimen

s the cDNA was examined by GC–MS (see Experimen-
al Procedures). Neither cedrol epimer was detected. This
s in agreement with decades of research isolating and
dentifying the natural products found in this medicinal
erb (26–29). In fact, epicedrol has not been reported as
natural product from any organism. The isolation of a

ene encoding an epicedrol synthase implies that this
roduct is made in plants, even though this compound is
ndetectable in mature A. annua plants. Epicedrol is
pparently rapidly metabolized to a different product in
ivo, but is probably not an artemisinin precursor. Con-
erting epicedrol to artemisinic acid would require rear-
angements that do not seem plausible.

We have shown that a homology-based gene-cloning
pproach can be fruitful for isolating new sesquiter-
ene synthase genes from A. annua and for identifying
ew natural products. The epicedrol cloning experi-
ents illustrate the power of molecular biology to ob-

ain catalysts that make natural products so rare that
hey cannot be detected by chromatographic methods
s sensitive as GC–MS. This is currently an underuti-
ized approach in natural products chemistry and

ight be particularly useful for finding biosynthetic
ntermediates that do not accumulate because they are
apidly metabolized. We are continuing to seek the
,11-amorphadiene synthase gene, and we are design-
ng new PCR primers using the A. annua epicedrol
ynthase sequence as a guide.
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