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Cynara cardunculus (Asteraceae) is a cross pollinated perennial crop which includes the two cultivated
taxa globe artichoke and cultivated cardoon. The leaves of these plants contain high concentrations
of sesquiterpene lactones (STLs) among which cynaropicrin is the most represented, and has recently
attracted attention because of its therapeutic potential as anti-tumor and anti-photoaging agent. Costuno-
lide is considered the common precursor of the STLs and three enzymes are involved in its biosynthetic
pathway: i.e. the germacrene A synthase (GAS), the germacrene A oxidase (GAO) and the costunolide
synthase (COS). Here we report on the isolation of two P450 genes, (i.e. CYP71AV9 and CYP71BL5), in
a set of ~19,000 C. cardunculus unigenes, and their functional characterization in yeast and in planta.
The metabolite analyses revealed that the co-expression of CYP71AV9 together with GAS resulted in the
biosynthesis of germacra-1(10),4,11(13)-trien-12-oic acid in yeast. The co-expression of CYP71BL5 and
CYP71AV9 with GAS led to biosynthesis of the free costunolide in yeast and costunolide conjugates in
Nicotiana benthamiana, demonstrating their involvement in STL biosynthesis as GAO and COS enzymes.
The substrate specificity of CYP71AV9 was investigated by testing its ability to convert amorpha-4,11-
diene, (+)-germacrene D and cascarilladiene to their oxidized products when co-expressed in yeast with
the corresponding terpene synthases.
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1. Introduction

Cynara cardunculus L (2n=2x=34) is a cross-pollinated Aster-
aceae species which comprises three taxa: globe artichoke (var.
scolymus L.), exploited for the production of immature inflore-
scences (heads or capitula), cultivated cardoon (var. altilis DC),
exploited for the production of fleshy stems, and their common
progenitor the wild cardoon [var. sylvestris (Lamk) Fiori] [1,2].
C. cardunculus leaves are rich in secondary metabolites, and its
extracts have been used since ancient times as anti-oxidants and
hepatoprotectors [3-5] and anticholesteremic agents [6].

* Corresponding author. Tel.: +31 317 480979; fax: +31 317 418094.
E-mail address: jules.beekwilder@wur.nl (J. Beekwilder).
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The main secondary metabolites in C. cardunculus leaves are
caffeoylquinic acid derivatives (5-0-caffeoylquinic acid commonly
known as chlorogenic acid, and several dicaffeoylquinic acid
isomers), flavonoids (luteolin and apigenin) and sesquiterpene lac-
tones (STLs), such as cynaropicrin [7] and, at lower concentration,
grosheimin and its derivatives [8-11]. STLs play several ecophys-
iological roles as allelochemicals, insect repellents and animal
allergens [12,13] and have been identified in several plant fami-
lies. STLs are highly abundant in some members of the Asteraceae
family [14].

The STLs are responsible of the peculiar bitter taste of both
globe artichoke heads and cultivated cardoon stems [15], and have
been found to represent the major family of lipophilic components
in cultivated cardoon leaves (95gkg~1! dry weight) [16]. Further-
more, it has been demonstrated they possess a broad range of


dx.doi.org/10.1016/j.plantsci.2014.03.007
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.plantsci.2014.03.007&domain=pdf
mailto:jules.beekwilder@wur.nl
dx.doi.org/10.1016/j.plantsci.2014.03.007

60 K. Eljounaidi et al. / Plant Science 223 (2014) 59-68

pharmacological properties [17-21], among which cytotoxicity
against several types of cancer cells [22] as well as anti-photoaging
[23] and anti-inflammatory activities [24]. Recently the effective-
ness of cynaropicrin against acute gastritis has been proved as well
[15].

Although the detailed structure of the STLs varies across the
Asteraceae family, their backbones, derived from the farnesyl
diphosphate (FPP), are constrained to a limited set of core skele-
tons, such as germacranolide, eudesmanolide and guaianolide of
which costunolide is generally considered the common precursor
[25-29].

The biosynthetic pathway of costunolide was proposed by de
Kraker et al. [30,31] upon isolation of enzymes in chicory roots able
to convert the FPP into costunolide (Fig. 1). The authors highlighted
that FPP is cyclized to C15 hydrocarbon germacrene A by germa-
crene A synthase (GAS); afterwards three-steps oxidation of the
methyl group at C12 of germacrene A, by the cytochrome P450 ger-
macrene A oxidase (GAO), leads to the formation of germacrene A
acid (germacra-1(10),4,11(13)-trien-12-oic acid) [32]. The latter is
then hydroxylated by (+)-costunolide synthase (COS) into an unsta-
ble intermediate that undergoes a non-enzymatic lactonization of
C6 hydroxyl and C12 carboxylic group, yielding costunolide [33].

The GAS, GAO and COS enzymes involved in this pathway have
been isolated and characterized in some Asteraceae species like
lettuce [32,33], sunflower [32,33], pyrethrum [34] and chicory
[35-37]. In globe artichoke we previously isolated the GAS enzyme
[11], but the downstream pathway, leading to the synthesis of
cynaropicrin, has still to be elucidated.

In the present work we investigated the catalytic activity of C.
cardunculus candidate P450s involved in the STLs pathway. The
candidate GAO and COS genes (CcGAO and CcCOS) were identi-
fied, cloned and their sequences were compared to the ones of the
previously isolated orthologs in other Asteraceae species. Through
their expression in both yeast and tobacco, followed by GC-MS and
LC-MS metabolic profiling, we performed their functional charac-
terization. Additionally, the cross-reactivity of the CcGAO toward
other terpenes, such as the cascarilladiene, (+)-germacrene D and
the amorpha-4,11-diene, was assessed through its heterologous
expression in yeast alongside the corresponding terpene synthases.

2. Materials and methods
2.1. Gene cloning and sequence analysis

Cichorium intybus germacrene A oxidase (GAO, accession num-
ber GU256644) and costunolide synthase (COS, JF816041.1) were
used as BLAST search terms to query the C. cardunculus L. unigene
database containing ~19,000 sequences [38]. The full length of GAO
and COS candidate genes were amplified from globe artichoke (C.
cardunculus L. var. scolymus) leaves cDNA using high fidelity Phu-
sion polymerase (Finnzymes) with the addition of restriction sites
BamHI/EcoRI and Notl/Pacl, respectively. The amplification prod-
ucts (CcGAO and CcCOS) were cloned into pGEM-T Easy (Promega),
using standard restriction and ligation methods, and sequenced.
The CYP number of the isolated genes was provided by Dr Nelson
(http://drnelson.uthsc.edu/CytochromeP450.html). Gene isolation
was also performed from cultivated cardoon (C. cardunculus L. var.
altilis) leaves (CcaGAO and CcaCOS). The cytochrome P450 pro-
tein sequences were compared through the ClustalW algorithm
(www.ebi.ac.uk/Tools/clustalw2/index.htmL) [39] using standard
settings and aligned by BioEdit software. A phylogenetic analysis
was conducted using MEGAS5.2 software [40]. The neighbor joining
method was used to construct a guided tree, supported by boot-
strapping based on 5000 replicates.

2.2. Gene expression in yeast

The full length CcGAO was sub-cloned, using the BamHI/EcoRI
restriction sites, into the yeast expression vector pYeDP60 with
adenine (ADE2) and uracil (URA3) as auxotrophic selection mark-
ers [41] generating the pYeDP60-CcGAO plasmid. This vector was
co-transformed into yeast strain WAT 11 expressing the Arabidop-
sis ATR1 NADPH-cytochrome P450 reductase [42] together with
different terpene synthases already characterized in other species:
i.e. the chicory germacrene A synthase (CiGAS) [35], the Artemisia
annua amorpha-4,11-diene synthase (AaAMDS) [43], the goldenrod
(+)-germacrene D synthase (ScGDS) [44] or the goldenrod cascar-
illadiene synthase (ScCS) [45]. CiGAS was cloned into pYeDP80
vector [41] with a tryptophan (TRP1) auxotrophic selection marker
using BamHI and EcoRI restriction sites generating pYeDP80-CiGAS
plasmid. AaAMDS was cloned into pYES3/CT yeast expression vec-
tor (Invitrogen) with TRP1 selection marker using BamHI and Notl
restriction sites leading to the formation of AaAMDS-pYES3/CT
vector. ScGDS and ScCS were both cloned into pYES3/CT using
Sacl/Notl restriction sites originating ScGDS-pYES3/CT and ScCS-
PYES3/CT, respectively. After the transformation, yeast clones
containing the CcGAO and the terpene synthases were selected
on Synthetic Dextrose (SD) minimal medium (0.67% Difco yeast
nitrogen base medium without amino acids, 2% D-glucose, 2%
agar) supplemented with amino acids, but omitting uracil, ade-
nine sulphate and L-tryptophan for auxotrophic selection of
transformants.

The full length CcCOS was sub-cloned, using Notl/Pacl restriction
sites, into the yeast expression vector pYeDP60 which was modified
in order to contain Pacl and Notl sites at the polylinker originating
pYeDP60-CcCOS vector. This plasmid was co-transformed with the
vector pESC-Trp-TpGAS-CiGAO, that contains Tanacetum parthe-
nium germacrene A synthase (TpGAS) and C. intybus germacrene A
oxidase (CiGAO), previously described [37], into the WAT11 yeast
strain [42] and the clones were selected on SD minimal medium
(0.67% Difco yeast nitrogen base medium without amino acids, 2%
D-glucose, 2% agar) supplemented with amino acids, but omitting
uracil, adenine sulphate and L-tryptophan for auxotrophic selection
of transformants.

2.3. Yeast culture and sample preparation for the metabolic
profiling

For the induction of gene expression in yeast, the transformed
yeast strain of interest was inoculated into 5mL of Synthetic
Galactose (SG) minimal medium (0.67% Difco yeast nitrogen base
medium without amino acids, 2% D-galactose) omitting the appro-
priate amino acids. The inocula were cultured overnight at 30°C at
300 rpm. The starter culture was then diluted to an ODggo value
of 0.05 in SG minimal medium and incubated for 48 h at 30°C
and 300rpm. Two conditions were tested: acidic conditions (the
medium pH isinitially 6 and then decreases after 48 h of cultivation)
and an adjusted pH medium (addition of 100 mM of HEPES/NaOH
pH 7.5, to maintain the culture medium pH > 6). All yeast induction
experiments were performed in triplicates in 50 mL of culture vol-
ume. After 48 h of fermentation, the culture medium was extracted
with 20 mL ethyl acetate. The ethyl acetate fractions were evap-
orated with a stream of N, to a final volume of 1 mL which was
dehydrated using anhydrous Na;SO,4 and analyzed by GC-MS. For
analysis of artemisinic acid, samples were first methylated using
diazomethane.

2.4. GC-MS analyses

Metabolites from yeast cultures were analyzed through a
gas chromatography system (7890A, Agilent Technologies, USA)
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Fig. 1. Proposed biosynthetic pathway of STLs. Enzymatic reactions: I cyclization by the germacrene A synthase; Il oxidation by the germacrene A oxidase; Il hydroxylation

by the costunolide synthase; IV subsequent spontaneous lactonization.

equipped with ZB-5 column (30m x 0.25mm inner diameter,
0.25 mm film thickness, Phenomenex) using helium as carrier gas
at flow rate of 1 mL min—!. The sample was injected into the device
chamber at 250 °C; the injection was performed in splitless mode
and the ZB5 column was maintained at 45 °C for 1 min, after which
the temperature was increased at a rate of 10 °Cmin~"! until reach-
ing 300 °C and then held for 5 min at 300 °C. The GC was coupled to
a Triple-Axis detector (5975C, Agilent Technologies, USA).

Quantification of sesquiterpenoids was conducted by determi-
nation of total ion count (TIC) area of the sesquiterpenoid peaks
from three independent fermentation experiments. Germacrene
A and germacra-1(10),4,11(13)-trien-12-oic acid thermally con-
verted into [3-elemene and elematrien-12-oic acid, respectively, at
the routine injection port temperature of 250 °C as discussed by de
Kraker et al. [30,31,46].

2.5. Plasmid construction for gene expression in Nicotiana
benthamiana

For the expression of CcGAS in N. benthamiana, three different
constructs were prepared, each of these three allows for targeting
of the CcGAS to a particular host plant sub-cellular compartment
within the plant cell. CcGAS coding sequence was first cloned into
the Impact Vector 1.1 (http://www.impactvector.com) that has no
signaling peptide allowing for cytosolic accumulation. Then, it was
cloned in the Impact Vector 1.4 that harbors a signal peptide from
Chrysanthemum morifolium small subunit which targets the CcGAS
into the stroma of the chloroplast and finally in the Impact Vec-
tor 1.5 that uses the yeast CoxIV (cytochrome oxidase subunit IV)
secretion signal to target the CcGAS into the mitochondrial matrix.
For the analysis of enzymatic activity, the putative CcGAO and

CcCOS coding sequences were cloned into the Impact Vector 1.1.
The different candidate genes sequences were then transferred by
Gateway LR reaction using LR Clonase Enzyme to pBin-Dest binary
vector (Invitrogen). Each of the prepared expression vectors was
introduced into Agrobacterium tumefaciens AGLO strain by electro-
transformation.

2.6. Transient expression in N. benthamiana

The transient expression of the candidate genes in N. ben-
thamiana was performed by agro-infiltration as described in van
Herpen et al. [47]. Recombinant A. tumefaciens strains were grown
at 28°C and 220 rpm for 24 h in LB media containing kanamycin
(50 mgL-1) and rifampicin (34 mgL-1). After 20 min of centrifuga-
tion at 4000 x g at 20°C, harvested cells were resuspended into
10mM MES buffer containing 10mM MgCl, and 100 uM ace-
tosyringone (4’-hydroxy-3’,5'-dimethoxyacetophenone, Sigma) to
a final ODggg of 0.5, and incubated at room temperature under
gentle shaking at 50 rpm for 2 h. For co-infiltration, equal volumes
of different recombinant Agrobacterium strains were mixed. Strain
mixtures were infiltrated into leaves of 5 weeks old N. benthami-
ana plants using a 1 mL syringe. Bacteria were slowly injected into
the abaxial side of the leaf. After agro-infiltration the plants were
grown under greenhouse conditions for 5 additional days and then
harvested for analysis.

2.7. Headspace analysis and GC-MS thermodesorption

Volatile collection from agro-infiltrated N. benthamiana leaves
and GC-MS analysis were performed according to van Herpen
et al. [47]. Steel sorbent cartridges (89 mm x 6.4 mm 0.D.; Markes)
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containing Tenax for volatile collection were conditioned at 280°C
for 40 min under a nitrogen flow of 30 psi in a TC-20 multi-tube con-
ditioner and were kept airtight with brass caps until use. Freshly
collected N. benthamiana leaves were placed in water in a small vial
and were enclosed in a glass container. To trap the leaf-produced
volatiles, air was sucked through the Tenax cartridge with a flow
rate of 100 mLmin~! for 4 h. Incoming air was purified with a sec-
ond Tenax cartridge. Cartridges were dried for 15min at room
temperature with a nitrogen flow of 15 psi before GC-MS analysis.
Headspace samples were analyzed with a Thermo Trace GC Ultra
connected to a Thermo TraceDSQ quadruple mass spectrometer
(Thermo Fisher Scientific, USA).

Cartridges were placed in an automated thermodesorption unit
(Ultra; Markes, Llantrisant) in which they were flushed with helium
at50 mL min~! for 2 min to remove moisture and oxygen just before
thermodesorption. After flushing, the collected volatiles were des-
orbed from the Tenax cartridge by heating at 220 °C for 5 min with a
helium flow of 50 mL min~'. The released compounds were focused
on an electrically cooled sorbent trap (Unity; Markes, Llantrisant)
at a temperature of 5°C. Subsequently, the trapped volatiles were
injected on the analytical column (ZB-5MSI, 30 m x 0.25 mm ID,
1.0 um - film thickness, Zebron, Phenomenex) in splitless mode
by ballistic heating of the cold trap to 250°C for 3 min. The tem-
perature program of the GC started at 40°C (3 min hold) and rose
10°Cmin~! to 280°C (2 min hold). The column effluent was ion-
ized by electron impact (EI) ionization at 70eV. Mass scanning
was done from 33 to 280m/z with a scan time of 4.2 scans s~ 1.
The eluted compounds were identified using Xcalibur software
(Thermo, Waltham) by comparing the mass spectra with those of
authentic reference standards.

2.8. Glycosidase treatment

To verify if the germacrene A was modified by glycosylation, a
treatment with glycosidase to release germacrene A related com-
pounds was performed according to the protocol of Herpen et al.
[47]. After grinding in liquid nitrogen 200 mg of infiltrated leaf
material from each experiment and extracting it with 1 mL citrate
phosphate buffer, pH 5.4, the extracts were briefly vortexed and
sonicated once for 15 min. Then 200 mL of Viscozyme®L (Sigma)
were added and the mixture was vortexed, incubated overnight
at 37 °C, and subsequently extracted three times with 1 mL of ethyl
acetate. Extracts were then dehydrated using Na;SOy4, concentrated
to approximately 250 mL and methylated using diazomethane right
before the GC-MS analysis.

3. Results
3.1. Cloning and isolation of P450 genes

A bioinformatic screening of the C. cardunculus unigene
database, using C. intybus germacrene A oxidase (CiGAO,
GU256644) and costunolide synthase (CiCOS, JF816041.1) as query,
was performed. This analysis resulted in the identification of
homologous genes with >60% amino acid identity: for CiGAO four
genes were identified, while for CiCOS only one was observed.
For each, the ortholog with the highest identity was further
investigated. The CcGAO open reading frame was defined to be
1,461 bp long (486 residue protein, CYP71AV9, accession number
KF752448), while the CcCOS coding sequence has 1,485bp (494
residue protein, CYP71BL5, accession number KF752451).

The predicted amino acid sequences of the isolated genes
present the heme-binding region at its C-terminal region, a char-
acteristic motif of eukaryotic P450s. Both GAO and COS genes have
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_{ HaGAO |ADF43082.1|
41 TcGAO |[AGO03789.1)

LsGAO |ADF32078.1|
100 : CiGAO |ADF43080.1|

BsGAO |ADF43083.1|

—_
0.02
B
L1 — LsCos JAEI59780.1|
L CiCos |AEG79727.1
TcCos |AG003790.1]
— CcCos
100! CcaCos
001

Fig. 2. Phylogenetic tree of the different P450s ortholog proteins GAO (A) and
COS (B). This tree was obtained with MEGA software version 5.2 and based on
the neighbor-joining method (5000 bootstrap replicates). The length of the lines
indicates the relative distances between nodes. Cc: Cynara cardunculus var. scoly-
mus; Cca: Cynara cardunculus var. altilis; Ci: Cichorium intybus; Ls: Lactuca sativa;
Ha: Helianthus annuus; Sc: Saussurea costus; Bs: Barnadesia spinosa; Tc: Tanacetum
cinerariifolium.

been also fully isolated in cultivated cardoon genotype (accession
numbers KF752449 and KF752452, respectively) as well.

The deduced amino acids of the candidate genes shared signif-
icant sequence identities with orthologous genes from Asteraceae
family [32-37]. CcGAO has 95% degree of homology with GAO from
Saussurea costus (ADF43081.1) and 89% with GAO from Lactuca
sativa (ADF32078.1) (Tables S1 and S2; Fig. S1).

Supplementary Tables S1 and S2 and Fig. S1 related to this article
can be found, in the online version, at http://dx.doi.org/10.1016/].
plantsci.2014.03.007.

The CcCOS protein shows the highest homology with both COS of
C. intybus (AEG79727.1) and COS of L. sativa (AEI59780.1) with 88%
amino acid identity. Fig. 2 reports the phylogenetic relationship of
CcGAO and CcCOS with orthologous sequences in other Asteraceae
species.

3.2. Invitro functional characterization of GAO and COS

The full length cDNA sequence of CcGAO was co-expressed in
S. cerevisiae with the previously isolated germacrene A synthase of
chicory (CiGAS) under both acidic conditions or in buffered yeast
medium. The metabolites were extracted and subjected to gas chro-
matograph mass spectroscopy (GC-MS) analysis.

In acidic conditions, the biologically synthesized terpenoids
were trapped by a dodecane overlay on the yeast cultures and
two new compounds were detected, with respect to yeast cul-
tures expressing the empty vector or CiGAS alone. The mass
fragmentation patterns of the two detected peaks matched
with those of elema-1,3,11(13)-trien-12-al (retention time of
15.48 min) and the elema-1,3,11(13)-trien-12-ol (retention time
of 17.41 min), characterized by a parental mass of m/z 218 and
m/z 220, respectively (Fig. 3A). On the other hand, in buffered
conditions (in the ethyl acetate extracts), a unique compound:
elema-1,3,11(13)-trien-12-oic acid (retention time of 17.41 min),
with parental mass of m/z 234, was identified (Fig. 3B and D).
The formation of elemene-derivatives is known to occur in
the GC-MS instrument from the corresponding germacrene
A derivatives [31]. Therefore the observed MS spectra were
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Fig. 3. Enzymatic characterization of Cynara cardunculus GAO (CcGAO) and COS (CcCOS) in yeast. (A) GC-MS chromatograms of yeast extract expressing chicory GAS (CiGAS)
and CcGAO, only CiGAS or empty plasmid in acidic conditions. Peak 1: elema-1,3,11(13)-trien-12-al; peak 2: elema-1,3,11(13)-trien-12-ol. (B) GC-MS chromatograms of
yeast extract expressing chicory GAS (CiGAS) and globe artichoke GAO (CcGAO), only CiGAS or empty plasmid in buffered medium. Peak 3: elema-1,3,11(13)-trien-12-oic
acid. (C) LC-MS metabolic profile of WAT11 yeast strain extracts expressing Tanacetum parthenium GAS (TpGAS), Cichorium intybus GAO (CiGAO) with CcCOS, or the empty
vector extracts as a negative control. Metabolic profile of (+)-costunolide standard is also reported. (D) Mass spectrum of peaks obtained from yeast extracts expressing CiGAS
and CcGAO: (a) elema-1,3,11(13)-trien-12-oic acid; and yeast expressing TpGAS, CiGAO and CcCOS: (b) (+)-costunolide.

interpreted to represent germacra-1(10),4,11(13)-trien-12-ol,
germacra-1(10),4,11(13)-trien-12-al and germacra-1(10),4,11
(13)-trien-12-oic acid.

The open reading frame of CcCOS was cloned into the pYeDP60
expression vector and tested in the yeast expression system
through co-transformation with TpGAS and CiGAO from T. parthe-
nium and C. intybus, respectively. The LC-MS analyses of the yeast
culture organic extracts revealed a product that co-eluted with a
standard (+)-costunolide at 39.21 min, while no signal was detected
in extracts of the yeast transformed with the empty vector, TpGAS
and CiGAO (Fig. 3C and D).

3.3. Germacrene A production in planta

The previously isolated globe artichoke germacrene A syn-
thase (CcGAS) [11] was expressed in N. benthamiana. In order
to maximize production of germacrene A, the CcGAS open read-
ing frame was fused to different subcellular targeting signals. Its
open reading frame was cloned into a binary expression vector
under the control of the Rubisco promoter using cytosol (cCcGAS),
mitochondria (mCcGAS), or chloroplast (cpCcGAS) targeting sig-
nals (Fig. 4A) and the vector introduced into A. tumefaciens. The
metabolic content of N. benthamiana leaves was assessed 5 days
after the agro-infiltration [47].

Regardless of the sub-cellular compartment targeted, in leaves
agro-infiltrated with A. tumefaciens carrying the CcGAS, we
detected a peak whose mass spectrum matched with this of

[3-elemene, the heat-induced cope rearrangement product of ger-
macrene A with a retention time of 13.40 min and a parental mass
of m/z 204 (Fig. 4B). This peak was not observed in the headspace
analysis of empty vector agro-infiltrated leaves.

In leaves infiltrated with A. tumefaciens carrying mCcGAS and
cpCcGAS the germacrene A production was comparable (Fig. 4C),
while leaves infiltrated with cCcGAS showed, on average, 3 fold
higher germacrene A production. Thus cCcGAS was used for the
further experiments in N. benthamiana.

3.4. Heterologous expression of STLs related genes in N.
benthamiana

Agrobacteria transformed with an expression vector containing
cCcGAS and CcGAO were infiltrated into N. benthamiana leaves.
Plants agro-infiltrated only with CcGAO or with the empty vec-
tor were used as negative controls. Five days after the inoculation,
the agro-infiltrated leaves were collected for the headspace trapp-
ing and GC-MS analysis. In the leaves agro-infiltrated with CcGAS
and CcGAO, the peak of germacrene A, although detectable was
strongly decreased, suggesting that the CcGAO converted the ger-
macrene A to other products (Fig. 5A). However, no detectable
new product peaks appeared in the headspace (Fig. 5A) or in the
dichloromethane extracts of N. benthamiana agro-infiltrated leaves.

In order to check the presence of germacrene A conjugates in the
leaves of N. benthamiana, a glycosidase treatment was performed
to release glycosyl conjugates. After this treatment no new peaks
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heat-induced Cope rearrangement product of germacrene A) observed in infiltrated leaves of N. benthamiana with CcGAS using cytosol, chloroplast or mitochondrial targeting.

were detected by GC-MS by comparing the leaves agro-infiltrated
with CcGAS/CcGAO with those agro-infiltrated with only CcGAS.
CcGAS, CcGAO and CcCOS were transiently co-expressed
through agro-infiltration in 5-week-old N. benthamiana leaves.
After 5 days, methanol extracts were prepared and analyzed using
LC-QTOF-MS. Chromatograms obtained from leaves infiltrated with
CcGAS, CcGAO and CcCOS showed two new compounds at 22.16
and 22.50 min (Fig. 5B), which were not observed when the infil-
tration was performed with the empty plasmid or with CcGAS and
CcGAO. The MS spectra suggest that these compounds are most
likely conjugates of costunolide. The parent masses of the two
peaks,354.14 (at 22.16 min) and 540.21 (at 22.50 min), were within
6 and 22 ppm from the elemental formulas of costunolide-cysteine
(C3H7NO,S) and costunolide-glutathione (C;9H17N30gS) conju-
gates, respectively (Fig. 5C). Similar costunolide conjugates were
found in previous studies through the heterologous expression in
tobacco of chicory and pyrethrum orthologs of these genes [34,37].

3.5. Specificity of CcGAO

The CcGAO gene was co-expressed in yeast with either golden-
rod (+)-germacrene D synthase (ScGDS), goldenrod cascarilladiene
synthase (ScCs) or A. annua amorphadiene synthase (AaAMDS)
(Fig. 6D). After 48 h of incubation in an adjusted pH medium,
the organic extracts of each culture were analyzed by GC-MS.
Upon the co-expression of CcGAO and ScGDS, novel products were
observed at retention time of 16.08 min, 16.33 min and 16.82 min
with parental mass of m/z 220, 220 and 222, respectively. These
oxidized products were not observed in the empty vector or the
ScGDS extracts (Fig. 6A, Fig. S2). In the methylated extracts of
the yeast expressing CcGAO and AaAMDS, several products were
detected and identified as artemisinic alcohol, artemisinic acid
and dihydroartemisinic aldehyde with retention time of 17.50 min,

17.62 min and 17.39 min and parental masses of 220, 234, 236 m/z
respectively (Fig. 6B, Fig. S2). The co-expression of CcGAO with the
ScCs led to a partial conversion of the cascarilladiene to an oxi-
dized product with a retention time of 16.73 min and parental mass
of 220 m/z (Fig. 6C, Fig. S2). In these three different reactions the
oxidation performed by CcGAO was considered partial due to the
fact that the non-oxidized sesquiterpenes were still visible in the
yeast extracts expressing CcGAO and the corresponding terpene
synthase.

Supplementary Fig. S2 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.plantsci.2014.03.007.

4. Discussion

In this work the germacrene oxidase (CcGAO; CYP71AV9)
and the costunolide synthase (CcCOS; CYP71BL5) from globe
artichoke were identified and characterized. The co-expression
in yeast of CcGAO gene with the previously characterized
GAS from C. intybus converted germacrene A to different oxi-
dized products, depending on the culture conditions. In acidic
conditions the formation of germacra-1(10),4,11(13)-trien-12-ol
and germacra-1(10),4,11(13)-trien-12-al, which correspond to
the oxidized products of germacrene A was observed. In the
buffered culture the germacrene A was efficiently converted to
germacra-1(10),4,11(13)-trien-12-oic acid. It has been previously
reported that co-expression in yeast and in acidic conditions of the
GAS with GAO genes from other Asteraceae species like pyrethrum
[34], sunflower, lettuce and chicory [32] leads to the production of
costic acids and ilicic acid, which are cyclization products of germa-
crene A acid. However the synthesis of these cyclization products
was not detected in our experiments, possibly due to a lower activ-
ity of CcGAO in comparison to the ones of the previously isolated
in respected to the GAOs isolated.


http://dx.doi.org/10.1016/j.plantsci.2014.03.007

K. Eljounaidi et al. / Plant Science 223 (2014) 59-68 65

A
5 c: CcsGAS/CcGAO
b: CcGAS cytosol
55 a: Empty vector
Q
X 3
(2]
g /' /'
=2 S e
° JRe R4
= ,/ 'A c
1 R ~ A MANA_A_ Db
¢, ’ — a
’ ,v
1.0 15 12.0 125 13.0 135 14.0 14.5 15.0
- Time (min)
B 1 2
] 2240
: 2216
c: CcGAS/CcGAO/CcCOS ;
¥ ! i
£ 1 2160 2180 2200  ; 2220 2240 ! 2260 2280 300
. 1
S i i
2 ] i
= - i
< | b: CcGAS/CcGAO i i
% —_— 3
© ;2160 21.80 22.00 : 22.20 2240 ' 2260 22.80 23.00
Qo . 1
T ! i
o 1 i
Fo : !
! 1
a: Empty vector 1 i
i i
2160 2180 2200 2220 2240 2260 2280  23.00
Time (min)
C
1 2 HOOC
NH, >
O HN
O
OH
NH
HOOC

Fig. 5. Enzymatic characterization of globe artichoke GAO (CcGAO) and globe artichoke COS (CcCOS) in planta. (A) Headspace chromatograms of volatile metabolites in
N. benthamiana leaves agro-infiltrated with empty vector, CcGAS or CcGAS/CcGAO. (B) LC-MS chromatograms of non-volatile metabolites in N. benthamiana leaves agro-
infiltrated with empty vector, CcGAS/CcGAO or CcGAS/CcGAO/CcCOS. Peak 1: costunolide-Cys; peak 2: costunolide-GSH. (C) Chemical structures of costunolide conjugates:
1, costunolide-cysteine; 2, costunolide-glutathione.



66 K. Eljounaidi et al. / Plant Science 223 (2014) 59-68

A '
? i
= ! !
2 i
¢ | < ! ! i
= c: GDSCs/CcGAO i 3 ;
@ 1 1 H
o b: GDSCs 1 1 H
S H 1
= T t
. . 1
2 a: Empty vector H H !
15:32 ' " 15156 ' 15179 " 16102 16:26 ! 16:49 " ! 16."2 " ' 16.'95
Retention Time (min)
3
b =]
< IN]
. ]
7 8 3 €
o [ wn o
= X x S
% s & kel
3 I 1 c 2
v S 5
-~ 9] g
J 2 /CCcGAO 4
. 51 c: ScCs/Ce
SilAh?AA’\{l.ADS/C A0 4 " i byl 2
o @ b: ScCs
Dihannoe A bbbt Ar b s o Emotyvector
: F ectgrii. . N L a danebd, T T T T T T T T T T ._
— 13.0 135 14.0 145 15.0 155 16.0 16.5 17.0 17.5 18.0
13.0 13,5 14.0 145 150 155 16.0 16.5 17.0 17.5 180 . . .
Retention time (min)
Retention time (min)

H

(+)-Germacrene D

Amorpha-4,11-diene

G Py

Cascarilladiene Germacrene A

Fig. 6. Activity of globe artichoke GAO (CcGAO) on other substrates in yeast. (A) GC-MS chromatograms of yeast extracts expressing empty plasmid, goldenrod (+)-germacrene
D synthase (ScGDS) alone or ScGDS/CcGAO. (B) Selective ions GC-MS chromatograms at m/z 220 of the sesquiterpenoid products obtained with the expression of empty
vector, Artemisia annua amorphadiene synthase (AaAMDS) alone and co-expression in yeast of AAAMDS and CcGAO. Peak 1: dihydroartemisinic aldehyde; peak 2: artemisinic
alcohol; peak 3: artemisinic acid. (C) GC-MS chromatographs at a selective ion m/z 220 of yeast extracts expressing empty vector, goldenrod cascarilladiene synthase (ScCs)
alone and ScCs/CcGAO. (D) Structures of (+)-germacrene D, amorpha-4,11-diene, cascarilladiene, germacrene A.

In N. benthamiana no products were detected following
headspace analyses of agro-infiltrated leaves co-expressing the
cytosolic cCcGAS and CcGAO, although the disappearance of germa-
crene A suggested the efficient conversion of germacrene A by the
CcGAO. Likely, the expected new compound produced by CcGAO
reacted with endogenous metabolites to form conjugates unde-
tectable with the metabolic profiling approaches used [37]. Indeed,
analogous results were previously obtained in N. benthamiana with
GAO from chicory [37].

In tobacco agro-infiltration experiments, the enzymatic activ-
ity of both C. cardunculus GAO and COS was confirmed: the
co-expression of CcCOS with CcGAS and CcGAO led to the for-
mation of two costunolide conjugates: costunolide-glutathione
and costunolide-cysteine, although free costunolide could not be
detected. These results are in accordance with those reported
by [37], who detected formation of costunolide conjugates upon
expression of C. intybus GAO and T. parthenium COS in planta.

The biosynthesis of terpenoids can occur in different plant sub-
cellular compartments, including the cytosol, mitochondria and
plastids [48,49]. The ectopic expression of several sesquiterpene
synthases in mitochondria or plastids has been shown to improve

plant sesquiterpene production [37,47]. When we evaluated the
effect of the CcGAS targeting in agro-infiltrated N. benthamiana
leaves it became clear that chloroplastic and mitochondrial local-
ization did not improve germacrene A biosynthesis by CcGAS in
this heterologous plant (Fig. 5D). Our results are in contrast with
the ones reported by Liu et al. [37] in tobacco, as they observed a
15 fold-higher production of germacrene A in mitochondria, com-
pared to cytosolic expression. Since the plant host (N. benthamiana)
and the targeting signals were identical in both experiments, the
most logical explanation of this discrepancy should be found in
the properties of the CcGAS. Possibly it is not very compatible with
subcellular transport, or it may be more readily adapted to cytosolic
conditions than to the conditions found in plastids or mitochondria.

Sesquiterpene synthases catalyze the first committed step in
sesquiterpene biosynthesis through the conversion of the farne-
syl diphosphate (FPP) to a large variety of sesquiterpene skeletons.
The creation of C15 sesquiterpene hydrocarbon skeletons as well
as the regio- and stereo-selective formation of the lactone ring is
essential for the structural diversity of STLs observed in different
plant species. The coordinated reactions of the sesquiterpene syn-
thases and sesquiterpene-modifying P450s enzymes elaborate the
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diverse structures of STLs [33]. To assess the substrate specificity
of the CcGAO enzyme, its cross-reactivity toward other sesquiter-
pene lactones was tested. The CcGAO enzyme was shown to convert
different non-natural substrates: amorphadiene, cascarilladiene,
and (+)-germacrene D to oxidized products. The reaction of the
GAO from different species, including chicory, lettuce and sun-
flower, with amorphadiene has been demonstrated before [32].
Here we show the ability of CcGAO to oxidize also cascarilladiene
and (+)-germacrene D (Fig. 6). These results suggest that CcGAO
has broad substrate specificity and may react with a wide range
of related substrates. As expected the oxidation activity of CcGAO
of the non-natural substrates seems to be less than the one of the
native substrate: germacrene A.

STLs are major components of the leaves of Cynara species, and
knowledge of the mechanisms involved in the biosynthesis of these
pharmaceutically important compounds can improve the thera-
peutic value of an important edible crop like globe artichoke.

In the present study two enzymes from the biosynthetic
pathway toward STLs in C. cardunculus have been elucidated.
The present results are of interest for developing microbial and
plant-based platforms for the production of these pharmaceutically
relevant secondary metabolites.
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