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Abstract A gene encoding a plant terpene cyclase, Arte-
misia annua amorpha-4,11-diene synthase (ADS), was
expressed in Aspergillus nidulans under control of a strong
constitutive promoter, (p)gpdA. The transformants pro-
duced only small amounts of amorphadiene, but much
larger amounts of similar sesquiterpenes normally pro-
duced as minor by-products in planta. In contrast, expres-
sion of ADS in Escherichia coli produced almost
exclusively amorpha-4,11-diene. These results indicate that
the host environment can greatly impact the terpenes pro-
duced from terpene synthases.
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Introduction

Aspergillus species have long been utilized in the produc-
tion of fermented food products, and more recently for
organic acids and other small molecule metabolites, such as
polyketide drugs, e.g., lovastatin, and proteins, chiefly
hydrolytic enzymes. Since the advent of recombinant DNA
technology and transformation vectors for fungi, there has
been much interest in developing Aspergillus as an expres-
sion host for heterologous genes. To date, genetically mod-
ified Aspergillus has been used mainly for overproduction
of native proteins or expression of genes from less tractable
fungal species; while a number of mammalian proteins
have been produced, yields are generally much lower than
from fungal genes. There has also been considerable work
towards cloning of Aspergillus and other fungal genes and
their expression in other organisms, including plants; for
example fungal phytases have been expressed in crop
plants in order to improve yields by enhancing phosphorous
uptake from soil, while increasing the nutritive value for
animals and reducing water eutrophication from agricul-
tural runoff [1-4]. While most of the biologically active
metabolites developed as pharmaceuticals are derived from
plants, as yet there has been little work on expressing plant
genes in Aspergillus; the major examples to date being the
sweetening proteins thaumatin and curculin (neoculin) [35,
6]. Recombinantly-produced human proteins and antibody
products are emerging as an important new sector in thera-
peutics, however historically most drugs have been derived
from small molecules, such as secondary metabolites. Both
plants and fungi are richly endowed with a wide diversity
of these metabolites; however they are normally produced
only in small amounts, and thus present an obvious target
for heterologous expression in a high-yielding microbial
host.
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A majority of the drugs extracted from plants are alka-
loids, but other classes of bioactive compounds are now
making larger incursions into pharmaceutical territory.
Prominent among these are the terpenoids, a large and
diverse class of secondary metabolites, first famous as
flavors and fragrances, now known to be a promising
source of new drugs, e.g., Taxol®. The biosynthetic precur-
sor to these compounds, isopentenyl pyrophosphate (IPP),
is also the precursor to sterols, essential in cell membrane
structure, and the biosynthetic pathways involved are ubiq-
uitous in nature; IPP is derived from the mevalonate path-
way in higher organisms and some bacteria, and from the 2-
methylerythritol 4-phosphate pathway in most prokaryotes
and in plant chloroplasts [7]. This class of compounds is
alternately known as isoprenoids, since the carbon back-
bones are formally oligomers of isoprene (isopentadiene or
2-methyl-buta-1,3-diene). The committing step to isopren-
oid production is the condensation of IPP with its isomer
dimethylallyl pyrophosphate (DMAPP) to form geranyl
pyrophosphate (GPP). Sequential addition of IPP can fol-
low to form farnesyl pyrophosphate (FPP) and geranylgera-
nyl pyrophosphate (GGPP) (Fig. 1).

Isomerization of GPP, FPP, or GGPP followed by
release of the pyrophosphate group leads to a variety of
backbone structures with a reactive carbocation center,
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Fig. 1 Isoprenoid biosynthetic pathway intermediates and enzymes.
IPPI 1PP isomerase, GPPS GPP synthase, FPPS FPP synthase, GG-
PPS GGPP synthase. See text for details. The gene encoding the A.
nidulans GGPP synthase was recently cloned and expressed in E. coli;
in-vivo assays showed that the synthase accepts DMAPP, GPP and
FPP as allylic substrates to synthesize GPP, FPP, and GGPP, respec-
tively, with FPP as the preferred substrate (Wang and Keasling,
unpublished results)
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from which are derived the monoterpene (C,,), sesquiter-
pene (C,s), and diterpene (C,;) families of compounds,
respectively. Quenching of the carbocation with water pro-
duces an alcohol, and deprotonation an olefin, the simplest
of which is isoprene. More complex terpenes are formed
via directed cyclization of the reactive intermediate by spe-
cialized enzymes known as terpene cyclases, which guide
the folding of the backbone and location of the reactive
center, and thus the bonds formed. Further functionaliza-
tion of the released terpene product, as well as combination
of the reactive terpene intermediates with each other and
with other compounds, leads to the wide diversity of iso-
prenoids observed in nature; nearly 50,000 known com-
pounds [8], many of these first isolated from plants.

A number of fungal isoprenoids have also been isolated,
including bioactive sesquiterpenes formed from FPP or its
isomers 1-3; e.g., developmental regulators such as sporo-
gen-AO 4 in Aspergillus oryzae, and toxins such as PR-
toxin S in the blue cheese mold P. roqueforti (Fig. 2). Tox-
ins that are specific in their mode of action have been
explored as therapeutic drug candidates, e.g., the fungal
immunosuppressant ovalicin 6 [9], and the closely related
fumagillin 7, with derivatives in clinical trials as broad
spectrum antitumor compounds [10].

Fumagillin and ovalicin biosynthesis begins with oxida-
tion of the sesquiterpene precursor f-bergamotene 8 [11,
12]; sporogen-AQO, PR toxin and other mycotoxins are sim-
ilarly produced from aristolochene 9 in Aspergillus and
Penicillium species [13]. The toxicity of these compounds
likely derives from their common epoxide moiety; epoxy or
peroxy groups are also found in cytotoxic plant isoprenoid
metabolites, such as the important anti-malarial drug arte-
misinin 10 from Chinese wormwood (Artemisia annua),
also produced via oxidation of a sesquiterpene precursor,
amorpha-4,11-diene 11 (AD) [14].

Artemisinin is extracted commercially from A. annua,
which produces only small amounts (0.01-0.8% dcw) and
like other crop plants is subject to the vagaries of weather
and limits in the infrastructure of the producing nations.
While the price of a course of treatment is modest by West-
ern standards at US $2-3, this remains far too expensive for
the millions suffering from malaria in developing nations.
Chemical synthesis of artemisinin is a laborious multi-step
process, and thus the economics of production, coupled
with the demand for inexpensive anti-malarials, make it a
highly attractive target for heterologous biosynthesis. A
considerable amount of work has been done to produce a
precursor to artemisinin in microbial hosts, starting with the
construction of a synthetic version of amorphadiene syn-
thase (ADS) and its expression in E. coli, followed by engi-
neering of the isoprenoid pathway for increased precursor
production [15]. In our search for a suitable high-level
production host for artemisinin, it was hoped that as many
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Fig. 2 Structures of selected
sesquiterpenoid pathway mem-
bers. Farnesyl pyrophosphate
(FPP) isomers 2E, 6E—- FPP (1),
2Z, 6E— FPP (2) and nerolidyl
pyrophosphate (3); sesquiter-
penes f-bergamotene (8), (+)
aristolochene (9), and amorpha-
4,11-diene (AD, 11); derived
isoprenoid metabolites ovalicin
(6), fumagillin (7), sporogen AO
(4), PR toxin (5), artemisinic
alcohol (12), artemisinic alde-
hyde (13), artemisinic acid (14)
and artemisinin (10) and reactive
intermediate species: germacre-
nyl (15), eudesmanyl (16) and
bisabolyl (17) cations. Aristo-
lochene results from 10-1 and
7-2 closures; bergamotene from

AcO
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oxidation steps downstream of amorphadiene as possible
could be performed in vivo to reduce later chemosynthetic
steps to artemisinin and keep process costs low. A key
breakthrough came recently with the cloning of the A.
annua cytochrome P450 monooxygenase responsible for
the first oxidation steps and its successful expression in
yeast [16].

As Aspergillus is known to possess a sesquiterpenoid
biosynthetic pathway similar in some respects to that of
Artemisia annua, it was deemed a worthwhile host to
explore. In this study, A. nidulans was transformed with the
synthetic ADS gene previously expressed in E. coli, after
verifying that the codon usage was compatible [17]. The
argB selection marker and the strong constitutive Aspergil-
lus glyceraldehye-3-phospate dehydrogenase promoter
(p)gpdA were used, as this marker-promoter combination
had shown the highest expression levels of those tested pre-
viously [18].

Materials and methods
Strains, media, and culture conditions

Plasmids were propagated in E. coli strains DH5«, DH10b,
and DM1 (Life Technologies), and XL1-Blue (Stratagene).
PCR products for sequencing or ligation were cloned into
the pCR4-TOPO vector (Invitrogen) and maintained in
E. coli TOP10 (Invitrogen). Transformed E. coli hosts were
cultivated at 37 °C on Luria—Bertani (LB) medium (Sigma)

containing ampicillin (100 pg/mL) or kanamycin (50 pg/
mL) from Fisher Scientific.

Saccharomyces cerevisiae strain BY4742 was cultured
on synthetic defined (SD) medium (Qbiogene); transforma-
tion was performed by the standard lithium acetate method.
For induction of genes expressed from the GALI promoter,
S. cerevisiae strains were grown in 2% galactose as the sole
carbon source.

Aspergillus nidulans strain A89 (biAl argB2) was
obtained from the Fungal Genetics Stock Center (FGSC),
University of Kansas. Aspergillus stocks for spore and proto-
plast production were grown on glucose/nitrate Aspergillus
minimal medium (AMM) [19] plus 4 mM arginine and
0.2 pg/L biotin. Aspergillus transformation was performed as
described by Dawe [20], with the exception of replacing
Novozym® 234 and f-glucuronidase with Glucanex® (Sigma
L1412; at 10 mg/mL) and Driselase® (Interspex 0456; at
2 mg/mL); additionally the washed protoplast suspension
was filtered through a 60 uM nylon mesh (Small Parts, Inc)
to remove undigested mycelia. Ten micrograms of trans-
forming DNA was added to ~10° protoplasts in 150 pL for
each transformation. Transformed protoplasts were initially
selected on AMM plus 1 M sucrose and vitamins, and propa-
gated on AMM plus vitamins. Individual clones were
streaked to purity three times on selective medium.

DNA manipulations and reagents

General recombinant DNA techniques were performed
essentially as described in Sambrook [21]. E. coli plasmid
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DNA was extracted using the Biol0l Mini-Prep Express
kit (for colony screening), Qiagen mini-spin kit (for
sequencing and ligation), and the Qiagen Midi kit (for
Aspergillus transformation). Aspergillus genomic DNA
was extracted from colonies on agar, including spores, by a
“quick prep” boiling lysis method [22] for screening PCR,
and from broth-cultured pellets by lyophilization, grinding
and phenol—chloroform extraction [23] for sequencing.
Restriction enzymes and T4 DNA ligase were from Roche
and New England Biolabs, and were used with the manu-
facturers’ buffers. Gibco DNA Taq polymerase was used
for PCR screening of transformants, and Stratagene Pfu
Turbo polymerase for PCR products to be sequenced.
Plasmids pDL12 [18] and pUCADS [15] were previ-
ously constructed in our lab. Plasmid pRPS1 consists of a
1.6-kb Ncol-Xmal fragment from pUCADS containing the
synthetic ADS gene, cloned into a 6.5-kb BspEI-Ncol
digest of pDL12, containing the A. nidulans glyceralde-
hyde-3-phosphate dehydrogenase promoter ((p)gpdA) and
the 800-bp terminating region of the Aspergillus trpC gene

((OtrpC).
Molecular genetic analysis of Aspergillus transformants

PCR screening of transformants for integration of ADS uti-
lized primers 3 and 4, amplifying a 1.7-kb fragment includ-
ing the 5" and 3’ terminal fusions to (p)gpdA and (H)trpC,
along with primers 5 and 6, amplifying an 850-bp fragment
starting in the 5’ untranslated region of argB as a positive
control for genomic template. DNA sequencing was done at
the UC Berkeley DNA Sequencing Facility. Oligonucleo-
tide synthesis services were by Operon Biotechnologies,
Huntsville, AL (Table 1).

Gas chromatography—mass spectroscopy analysis
of terpenoids

Aspergillus, yeast, and E. coli transformants were cultured
at 30 °C for 72 h, 30 °C for 48 h and 37 °C for 24 h, respec-
tively, in broth overlaid with n-dodecane (5% vol/vol,
Sigma Aldrich) as described in Newman et al. [24] and the
organic phase, suitably diluted in ethyl acetate, was

Table 1 PCR primers used in this study

Primers Sequence 5'—3’

1 GGATCCAACAATGCCGTCCGCTATTGACACCG
2 GCACTAGTCTACGCGCTAGCGGTTGCC

3 CCGCTTGAGCAGACATCACC

4 GAACACCATTTGTCTCAACTCCGG

5 TCAGACGGCGAATCGGG

6 AAAGCATTGATGACTGGAACCG
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subjected to analysis by gas chromatography—electron
impact mass spectrometry (GC-MS) using a Hewlett Pack-
ard HP6890 gas chromatograph and HP5973 mass detector.
Splitless 1-pL injections onto a capillary column, Agilent
DB-5 (30 m x 250 pm ID x 0.25 pm film thickness; Agi-
lent Life Sciences and Chemical Analysis, San Jose, CA),
were separated using an oven temperature program of 80 °C
for 2 min, followed by a variable two-step ramp up to
300 °C. The carrier gas was helium at a flow rate of 1 mL/
min. Injector and MS quadrupole detector temperatures
were 250 and 150 °C, respectively. MS parameters were:
electron energy, 70 eV; scan rate, 20 Hz; and scanned-mass
range (m/z), 40-240. Identification of unknown peaks was
with MSD Chemstation software (Agilent Technologies)
using a proprietary terpene mass spectral library (Finnigan
MAT). Amorphadiene amounts are reported as caryophyl-
lene equivalents, as described previously [25].

Results and discussion
Molecular genetic analysis of transformants

Aspergillus nidulans A89 was transformed with the ADS
expression plasmid pRPS1. Genomic DNA extracted from
the transformants was screened by PCR for integration of
ADS, using primers 3 and 4, amplifying the full gene and
the 5’ fusion region. Since a single amino acid change can
radically alter the product distribution of a terpene cyclase
[26], sequencing of the PCR products ensured that the ADS
expression cassette was intact and free of mutations. ADS-
positive transformants were analyzed for terpene content by
gas chromatography—mass spectrometry.

Analysis of terpene production in transformants

Organic extracts of ADS-transformed A. nidulans cultures
showed evidence of much increased terpene production
over the wild type. Initial GC-MS analysis parameters were
based on methods for detection of sesquiterpenes described
in Martin et. al. [25] and further optimized for better sepa-
ration of unknown sample components. The chromato-
grams of the ADS-transformed A. nidulans cultures had
large peaks at the same retention times as the caryophyllene
and amorphadiene (AD) standards, and numerous other
peaks not present in the wild-type extracts (Fig. 3). Spectro-
metric analysis of the novel peaks showed a number of ions
characteristic of sesquiterpenes, but the spectra of the larg-
est two were not readily identifiable in the compiled library
of terpene mass spectra. Using a slower ramp, these peaks
were better separated from the standards; peaks I-IV in the
transformant chromatogram were identified as Z-f-farne-
sene, o-.-bergamotene, E,E-o-farnesene and f-bisabolene,
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Fig. 3 Production of terpenes
by the ADS-engineered A. nidu-

lans. Total ion chromatograms Abundance
of A. nidulans organic extracts.
Samples: 02, A. nidulans A89; :
03, A. nidulans ADS transform- |
ant. Inset Mass spectra of peaks Soer
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respectively, along with several other minor terpene com-
ponents (see Supplementary Data for a complete list of
identified terpenes and mass spectra). None of the spectra
of the peaks in the chromatogram of the extract from wild-
type A. nidulans, grown under the same conditions,
matched any library spectra for terpenes; most matches
showed similarity to Cg—C,,, alcohols, likely partial oxida-
tion products of dodecane, possibly aided by enzymatic
activity in Aspergillus.

Although other terpenes dominated, amorphadiene was
produced by the engineered A. nidulans. While in the total
ion chromatogram (TIC) of the ADS transformant, no
peaks were visible above the basal noise level at the reten-
tion time of AD (7.40 min), ion chromatograms for the
characteristic ions for AD, m/z 189 and 204, extracted from
the TIC data each showed small peaks in the transformant
that were absent in the wild-type (Fig. 4). The mass spec-
trum of the peak centered at 7.40 min matches the reference
spectrum of AD nearly exactly. Ion abundance of this peak
is ~3,000 counts, equivalent to ~5 ng/L of AD; nearly five
orders of magnitude less than the largest peaks I and IV, but
still well within the theoretical limit of detection of terpenes
with this instrument (0.1 ng/L [25], or ~50-100 ion counts
on this chromatogram).

It appears that the ADS transformants are producing sig-
nificant quantities of a- and f-farnesene, o-bergamotene
and o- and f-bisabolene, yet only very small amounts of
amorphadiene. As with many terpene-producing plants, in
Artemesia annua amorphadiene is found along with a num-
ber of related terpene products, including the sesquiter-
penes f-farnesene, germacrene A and D, selinadiene and

TIC 03.D (™)

|
all ! TIC 02D

950 1000 1050 11.00 11.50 1200 1250 13.00 13.50

f-caryophyllene, as well as monoterpenes camphor, o-
pinene, pinocarvone and others [14, 27, 28]. While in E.
coli, the synthetic ADS produces no other sesquiterpenes in
detectable quantities [24], it is conceivable that the cellular
environment might influence the product distribution of
ADS in vivo. Other terpenic plants are known to contain
several cyclases, but a single cyclase can also form a vari-
ety of similar products [29]. It has been hypothesized that
many cyclases have evolved from promiscuous catalysts to
more specific ones [30, 31]. Thus, a “broken” specifically
evolved cyclase might be expected to produce a wider vari-
ety of products, perhaps including simpler, non-cyclized
sesquiterpenes, such as farnesene. Incubation of FPP with
crude lysate from the transformants showed no ADS activ-
ity in vitro (data not shown), which, given the well-known
high protease activity of Aspergillus species, is not surpris-
ing, even though protease inhibitors were added. Since
ADS was apparently active in A. nidulans, we hypothesized
that the low levels of AD might be due to either precursor
limitation or rapid bioconversion, or an altered product dis-
tribution that occurred as a result of alteration of enzyme
activity in vivo, perhaps due to proteolysis or improper
folding.

It is possible that native Aspergillus terpene cyclases
could have produced these sesquiterpenes. f-Bergamotene
has been found in A. fumigatus and Pseudeurotium ovalis
[11, 12] and was identified as the precursor to fumagillin,
although neither compound has been reported in A. nidu-
lans. A BLAST search of the A. nidulans genome sequence
revealed an ORF (AN3277.3, [32]) with high homology to
the published sequences of the A. terreus and P. roquefortii
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Fig. 4 Amorphadiene produc-
tion by ADS-engineered A. nidu-
lans. a Chromatogram traces of
AD characteristic ions (m/z 189
and 204) extracted from the TIC
data of Fig. 3. Top A. nidulans
A89, bottom ADS transformant.
b Mass spectrum of transform-
ant peak at 7.40 compared with
library reference spectrum of
AD
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aristolochene synthase (ariS) genes; expression of
AN3277.3 ¢cDNA in Saccharomyces confirmed its identity
as an aristolochene synthase (Supplementary Data). Aristo-
lochene was not detected in organic extracts of A. nidulans,
suggesting that it is either produced only in small amounts
under these conditions, or is rapidly converted to other
metabolites. The wild type was also negative for all of the
sesquiterpenes detected in the ADS transformants, indicat-
ing that the introduced amorphadiene cyclase is responsible
for their formation, rather than AriS or an unknown native
cyclase.

Another hypothesis is that the ADS transformants could
be producing relatively larger quantities of amorphadiene,
which is then converted to other metabolites in Aspergillus.
Since sporogen-AO and PR toxin are known to be produced
from aristolochene by oxidation, the structurally similar
AD might also be oxidized in Aspergillus, perhaps to form
artemisinic alcohol 12, aldehyde 13 or acid 14, intermedi-
ates identified in A. annua [14]. However, these intermedi-
ates were not detected in the transformants (data not
shown).

Summary

Many terpene cyclases are known to produce a distribution
of similar products rather than a single one; not surprising,
given that these terpenes are isomers formed via a guided
folding of an alkene with a reactive carbocation, rather than
catalyzing the formation or cleavage of a particular chemi-
cal bond. The altered product distribution of ADS in A.
nidulans is likely due to the premature release of reactive
intermediates, which to some extent explains the distribu-
tions found in native terpene biosyntheses. For example,
aristolochene is produced from Z E-FPP via consecutive
10-1 and 7-2 ring closures, yielding the germacrenyl 15 and
eudesmanyl 16 cationic intermediates, respectively [33].
Thus it would be expected to find germacrene and eudes-
mane as co-products of AriS; expression of AN3277.3
cDNA in Saccharomyces did indeed yield these sesquiter-
penes along with aristolochene (Supplementary Data).
Likewise AD and bergamotene are synthesized via the
bisabolyl cation 17 [12, 34, 35], hence bisabolene and berg-
amotene are not unlikely co-products; the farnesenes are
simply uncyclized FPP.

While it is known that a point mutation of the cyclase
can alter the product distribution, it remains an open ques-
tion how differing conditions in vivo might change it. Fur-
ther study on over-expression of heterologous and native
cyclases in Aspergillus may help to answer this question;
clearly the expression of terpene cyclases in Aspergillus is
not as straightforward an affair as in bacteria or yeast.
While cDNA for the few fungal cyclases that have been

cloned to date has been well expressed in these hosts, there
are as yet not enough to make generalizations on their suit-
ability. For the converse, no other attempts at expressing a
plant terpene cyclase in Aspergillus were found in the liter-
ature; given its potential as a host for both native and heter-
ologous metabolites, hopefully this study will be the first of
many in the near future.
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