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ABSTRACT

8,12-sesquiterpene lactones (STLs) are an important class of natural products with unique pharmaceutical activ-
ities. For years the pathway leading to 8,12-STLs remains an enigma. Xanthium strumarium accumulates abun-
dant 8,12-STLs, and xanthatin is a characteristic 8,12-STL in it. Xanthatin has been previously postulated to be
derived from germacrene A, but the steps from germacrene A to xanthatin are unknown. As part of an effort to
understand the xanthatin biosynthetic pathway. This study reports the characterization of a unique germacrene A
oxidase (XsGAO) from X. strumarium. Unlike a classical GAO enzyme, which is known to catalyze a three-step
oxidation of germarene A to yield germacrene A acid (GAA), surprisingly, XsGAO catalyzed only one-step con-
version of germacrene A to germacrene A alcohol. We discussed that GAO may be pressured to acquire a novel
activity during the evolutionary path for the biosynthesis of 8,12-STLs.
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1 Introduction

Xanthium strumarium is native to North America, and is now widely distributed in China, Europe and
other countries [1]. The fruit of this plant, known as Cang-Er-Zi in traditional Chinese medicine, has been
prescribed for the treatment of rhinitis and headache for thousands of years [2]. Phytochemical studies of
X. strumarium fruits and other tissues have revealed the presence of sesquiterpenes and phenylpropanoids
as the most abundant constituents [3]. Among the X. strumarium sesquiterpenes, xanthatin is an important
active compound [4]. The biological role of xanthatin is currently unclear, but it is implicated as an
antifeedant in plant herbivore resistance [5]. In addition, it has shown inhibitory activities against several
tumor cells, including breast cancer [6], colorectal cancer [7], and glioma cells [8]. In spite of many
studies concerning the medical activities of xanthatin, the genes and enzymes involved in its biosynthesis
are largely unknown [9].

Xanthatin belongs to the 8,12-seco-guaianolide, one subfamily of sesquiterpene lactones with a C-8-C-
12 conjugated ring (Fig. 1). Concerning the lactone-ring position, guaianolides can be classified as 6,12- or
8,12-guaianolides (Fig. 1). To date, the biosynthetic mechanism of 8,12-guaianolides remains largely
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unknown, whereas some progresses have been achieved for biosynthesis of 6,12-guaianolides [10,11]. The
biosynthesis of the 6,12-guaianolides are believed to be derived from costunolide [12], a simplest member of
germacranolide. Costunolide is synthesized from FPP (farnesyl diphosphate) under the successive activities
of a sesquiterpene synthase (germacrene A synthase) and two cytochrome P450s (germacrene A oxidase and
costunolide synthase) (Fig. 1) [11,13]. Li et al. [14] reported the identification and characterization of a
germacrene A synthase from X. strumarium (XsGAS), and have demonstrated that XsGAS is involved in
xanthatin biosynthesis. Therefore, it appears that the germacrene A generally serves as an entry
intermediate for biosynthesis of either 6,12- or 8,12-guaianolide. Nothing is known about the later stages
of xanthatin biosynthesis after the formation of germacrene A. However, judging from the structure of
xanthatin, the steps from germacrene A to xanthatin presumably include multiple oxidations, and
enzymes of cytochrome P450s and alcohol and aldehyde dehydrogenases may be involved in these
oxidation steps [9]. The specific accumulation of xanthatin in X. strumarium trichomes indicates that the
trichome may be site for transcribing the xanthatin biosynthetic genes [15]. Indeed, the transcripts for a
germacrene A synthase and some putative cytochrome P450s have proven to be trichome-specifically
expressed in X. strumarium [9]. Therefore, it would be possible to elucidate the xanthatin biosynthesis
mechanism by characterizing the biochemical functions of the trichome-dependent gene products.

Figure 1: Proposed biosynthesis steps leading to 12,6- or 12,8-STLs starting from FPP (farnesyl
pyrophosphate). FPP is cyclized by germacrene A synthase (GAS) to germacrene A, which is then
oxidized three times at C12 by germacrene A oxidase (GAO) to form germacrene A acid via alcohol and
aldehyde intermediates. Then, costunolide synthase (COS) catalyzes 6α-hydroxylation of germacrene A
acid to yield costunolide. Costunolide serves as a central substrate leading to 12,6-sesquiterpene lactones
(12,6-STLs). From this study, we proposed that the germacrene A alcohol may be the branch point for
biosynthesis of 12,8-STLs
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As part of a broader study of the elucidation of xanthatin biosynthesis mechanism in X. strumarium, we
report the biochemical characterization of the trichome-specifically expressed P450 enzyme
CYP71AV14 from X. strumarium. This study demonstrated that CYP71AV14 is a unique germacrene A
oxidase (designated XsGAO) in catalyzing only one-step C12-oxidation of germacrene A to form
germacrene A alcohol, which activity is in contrast from that catalyzed by a convenient GAO. A classical
GAO activity is involved in a three-step oxidation of germacrene A at C12 to yield germacrene A acid
(GAA). The novel activity of XsGAO important for xanthatin biosynthesis is discussed.

2 Methods and Materials

2.1 Identification and Cloning of the Germacrene A Oxidase from X. strumarium
The X. strumarium glandular trichomes were isolated and purified as previously described [16]. In short,

the young leaves from three month-old plants were dissected by glass beads in an isolation buffer [25 mM
MOPSO, pH 6.6, 200 mM sorbitol, 10 mM sucrose, 5 mM thiourea, 2 mM dithiothreitol, 5 mM MgCl2,
0.5 mM sodium phosphate, 0.6% (w/v) methylcellulose and 1% (w/v) polyvinylpyrrolidone (Mr 40000)].
The disrupted extracts were successively passed through a series of nylon mesh with different sizes,
and the isolated glandular trichomes were retained on the 42 μm mesh screen. The total RNA was then
isolated from the purified trichomes using Trizol reagent (Invitrogen) according to the protocol provided.
Our previously constructed transcriptome [9] from the X. strumarium trichome allowed us to identify
one putative GAO (i.e., CYP71AV14 or XsGAO) in X. strumarium. The XsGAO was amplified
from the X. strumarium trichome cDNA using the primers 5′-atggaagtctccctcaccacttcc-3′ and
5′-ctaataacttggtaccaatatc-3′. The amplicon was cloned into pMD18-T vector and sequenced.

2.2 Phylogenetic Analysis of the GAOs from Different Plant Species
The phylogeny was constructed using the deduced amino acid sequences of the GAO sequences from

different plant species. Sequences were aligned by ClustalW [17], and the alignment was used to construct a
phylogenetic tree with MEGA 6.0 software.

2.3 Expression of XsGAO in Yeast
The ORF (open reading frame) of XsGAO was PCR-amplified, and the amplicons were subsequently

digested with NotI/PacI, and cloned into the respective sites in pESC-leu2d-CPR [18]. To supply the
germacrene A substrate for XsGAO, the germacrene A synthase gene (LsGAS; AF489965) from Lactuca
sativa was amplified from a previously made plasmid pESC-leu2d-CPR-LsGAS-LsGAO supplied by the
Ro’s group [19], and inserted into a yeast expression vector pESC-URA under BamHI/XhoI sites. The
LsGAS was either expressed alone or co-expressed with XsGAO in the Saccharomyces cerevisiae
EPY300 strain [20]. As a comparison, a classical GAO from L. sativa (LsGAO; KF981867), which is
known to oxidize a three-step oxidation of germacrene A to yield germacrene A acid [19], was co-
expressed with LsGAS by transferring the plasmid pESC-leu2d-CPR-LsGAS-LsGAO to the
EPY300 strain. The transgenic yeast cells were standardly cultivated in appropriate dropout media, and
the expression of the transferred genes was induced by 2% galactose.

To extract the germacrene A alcohol product, the yeast culture was overlaid with dodecane as previously
described [21], and the trapped dodecane layer was used for GC-MS analysis. To extract the germacrene A
acid product, the yeast culture was directly extracted three times with ethyl acetate, and the ethyl acetate
extract was subjected to GC-MS analysis.

2.4 GC-MS and LC-MS Analyses
All GC-MS analyses were performed on Shimadzu GC-MS HP 2010 equipment. A sample volume of

1 μL was injected at an inlet temperature of 250°C, and compounds were separated with a HP-5MS column
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[15 m (length) × 250 μm (i.d.) × 0.1 μm (film thickness)] using helium as a carrier gas at a flow rate of 2.0
mL/min. The GC oven temperature program was as follows: 40°C for 3 min and then increased by 5 °C/min
to 240°C. The electron impact ionization of the mass spectrometric detector was tuned at 70 eV, and operated
at 50–400 Da in full scan mode.

LC-MS/MS analysis was performed using a Q-Exactive Focus system (Thermo Fisher Scientific, MA,
USA) equipped with a Hypersil Gold column (particle size, 1.9 μm; pore size, 175 Å; 2.1 × 50 mm; Thermo
Fisher Scientific, MA, USA). Samples were eluted with a mixture of A (HPLC grade water/5 mM
ammonium acetate) and B (methanol/5 mM ammonium acetate) at a flow rate of 0.25 mL/min under the
following program: 0–2 min 65% B; 2–27 min 65–99% B; 27–37 min 99% B; 37–37.5 min 99–65% B;
37.5–39 min 65% B. The injection volume was 3 μL.

3 Results

3.1 Sequence Analysis of XsGAO from X. strumarium
Our previously transcriptomic analysis of the X. strumarium trichomes revealed one putative

germacrene A oxidase (GAO) that is specifically expressed in the trichomes [9]. This putative GAO was
designated XsGAO here, and this sequence was also assigned the name CYP71AV14 in the David
Nelson’s cytochrome P450 database (http://drnelson.uthsc.edu/cytochromeP450.html). The XsGAO
sequence has been deposited under an accession number of OK315336 in the NCBI GenBank. The full
length open reading frame of XsGAO was amplified from the previously prepared X. strumarium trichome
cDNA [9], and the resulting 1467 bp putatively encoded for a polypeptide with a molecular mass of 54.9
kDa. XsGAO shows 78%–94% amino acid identities with the previously characterized GAOs of other plant
species [19], including Lactuca sativa (LsGAO, KF981867), Saussurea costus (ScGAO, D5JBW9),
Cichorium intybus (CiGAO1, GU256644), Barnadesia spinosa (BsGAO, GU256647), and Helianthus
annuus (HaGAO, GU256646). For cytochrome P450s, the overall structure is generally conserved and six
substrate recognition sites have been identified [22]. Amino acid alignment of XsGAO with other GAOs
revealed eight residue variations within the substrate recognition sites among the GAOs (Fig. 2).

A phylogenetic tree of GAOs (Fig. 3) indicated that XsGAO shows a close relationship with the
sunflower GAO (i.e., HaGAO), but being distinct from other GAOs.

3.2 Biochemical Function of XsGAO Revealed by Expression in Yeast
To examine the germacrene A oxidizing activity, the full-length XsGAO cDNAwas cloned into the yeast

expression vector pESC-leu2d-CPR, and it was co-transferred into the EPY300 yeast strain with the
germacrene A-producing plasmid pESC-URA-LsGAS. Compared to the yeast expressing the LsGAS
alone or the control yeast bearing the empty vector, two new products (peaks 1 and 2) were formed in the
cultures co-expressing LsGAS and XsGAO (Fig. 4a). Based on their mass fragmented patterns (Fig. 4b)
compared with those previously reported by others [23], they were identified as the heat-and/or acid-
induced rearrangement products of germacrene A alcohol. Surprisingly, no GAA was produced in the
LsGAS/XsGAO-expressing cultures (Fig. 5), whereas it was clearly synthesized when XsGAO was
replaced with LsGAO as a co-expression partner with LsGAS (Fig. 5). LsGAO is a classical GAO
enzyme and is known to catalyze a three-step oxidation of germacrene A at C12 position to yield GAA
[19]. Thus, not like a convenient GAO, it appears that XsGAO is a unique GAO enzyme, which
catalyzes only one-step oxidation of germacrene A at C12 to give germacrene A alcohol.
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4 Discussion

The STLs are likely to be associated with the evolutionary success of Asteraceae plants [19]. Despite the
structural diversity of STLs, their core structures can be traced to only several backbones, such as
germacranolide, eudesmanolide and guaianolide [12]. This may suggest that STLs have risen from a
limited number of ancestor compounds. Germacrene A could be one of such ancestors, as functional
germacrene A synthases exist in Barnadesia spinosa [24], which is placed at the phylogenetic base of the
Asteraceae [25]. Indeed, our recent phytochemical, biochemical and genetic analyses of the X.
strumarium trichomes have revealed that germacrene A is relevant to the biosynthesis of xanthatin [9,14],
a 12,8-seco-guaianolide.

Figure 2: Amino acid alignment of XsGAO with several previously characterized GAOs. Identical residues
are highlighted. Six conserved substrate recognition sites (SRSs) are underlined, and the residue variation
within the SRSs are labeled with asterisks. Abbreviations and GenBank accession numbers of GAOs are
as follows: Lactuca sativa (LsGAO, KF981867), Helianthus annuus (HaGAO, GU256646), Saussurea
costus (ScGAO, D5JBW9), Barnadesia spinosa (BsGAO, GU256647), Cichorium intybus (CiGAO,
GU256644)
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After formation of germacrene A, the germacrene A oxidase (GAO) may represent a regulatory point for
the divergence of the STL metabolic pathways. The classical GAO activity is involved in a three-step
oxidation of germacrene A at its C12-position to yield germacrene A acid (GAA), and this activity has
been reported for a number of plant species, such as lettuce [19], chicory [13] and costus [11], which
produce 12,6-guaianolides. It is conceivable that 12,6-guaianolides would likely accumulate once GAA is
formed in vivo, because that the C6 in GAA is allylic and, therefore is relatively reactive for
C6 hydroxylation, catalyzed by a P450 like costunolide synthase (COS) (Fig. 1) [11]. Given that
costunolide serves as a gateway intermediate of 12, 6-guaianolides [12], to ensure the success of
accumulating the 12, 6-guaianolides, the three sequential oxidative reactions by GAO need to be strictly
retained for properly supplying GAA to the COS. Indeed, this conventionally three-step oxidizing activity
of GAO is conserved in lettuce [19], sunflower [19], costus [11], and chicory [13], all of which are
known to accumulate 12, 6-guaianolides. When GAO meets a new substrate armorphadiene, that is
restricted to a single species Artemisia annua, it has evolved to be a more specialized P450 AMO
(amorphadiene oxidase) for the biosynthesis of the anti-malaria compound artemisinin [26]. Our study
clearly showed that facing the ancestor substrate germacrene A, the XsGAO has lost the multiple
oxidizing activity while only catalyzing the first step oxidation in converting germacrene A to germacrene
A alcohol (Fig. 4). Given that GAA is the central and immediate precursor to the 12, 6-guaianolides
(Fig. 1), X. strumarium might be pressured to evolve this unique single-step oxidizing activity of GAO to
prevent the formation of GAA, consequently channeling the metabolic flux toward the 12, 8β-lactones,
such as xanthatin. Apparently, GAO would be a branch point of enzyme functional adaptions for the
lactone diversification in the Asteraceae. Of course, if a widely known phytochemical knowledge of more
of the 12, 8-guaianolide type plant species is available in the future, a systematical analysis of the GAO
biochemical function would help to examine whether the acquisition of this new mono-functional GAO
activity is truly widespread and conserved in the 12, 8-guaianolide-producing plants [27].

Figure 3: Molecular phylogenetic analysis of XsGAO and several previously characterized GAOs. The
scale bar indicates 0.1 amino acid substitutions per site. LsCOS (Lactuca sativa costunolide synthase,
HQ439599) serves an outgroup enzyme. The phylogenetic tree was constructed using the maximum-
likelihood method in MEGA6.0 software
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Figure 4: GC-MS analysis of the products extracted from the transgenic yeasts. (a) Selective ion-
chromatograms at m/z of 220, 202 and 184; (b) Mass fragmented patterns of the products. Two new
products (Peaks 1 and 2) were formed upon the co-expression of LsGAS and XsGAO, compared to the
empty vector control or the expression of LsGAS alone. The products of 1 and 2 were identified as the
heat or acid-induced rearrangement products of germacrene A alcohol
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The substrate-interacting residues (SIRs) of GAO, which fall into the general substrate recognition
regions for P450s [28], have previously been identified based on a structural modeling analysis [26].
With a focus on the SIRs, XsGAO was revealed to have eight residue variants compared to the other
classical GAOs (Fig. 2); however, each single variant could also be found within the selected classical
GAOs. This finding suggested that the unique activity of XsGAO was not evolved by a single residue
variation; it may be acquired by two or more or simultaneously eight mutations of the residues. This
hypothesis could be inspected in the future by site-mutagenesis.
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Figure 5: LC-MS analysis of the products extracted from the yeast co-expressing LsGAS-LsGAO, LsGAS-
XsGAO, or the empty vector-transferred yeast. Germacrene A acid (GAA) was produced by the
LsGAS/LsGAO whereas not by the LsGAS/XsGAO expression or the yeast carrying the empty vector
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