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Thapsigargin is a major terpenoid constituent of Thapsia
garganica root. Owing to its potent antagonistic effect on the
sarcoplasmic/endoplasmic reticulum Ca®* -ATPase, thapsigargin
has been widely used to study Ca’" signalling and is also
a potential drug for prostate cancer. Despite its importance,
thapsigargin biosynthesis in 7. garganica remains unknown.
In order to decipher thapsigargin biosynthesis, deep transcript
sequencing (454 and Illumina) of the 7. garganica root was
performed, and two terpene synthases (7gTPS1/2) were identified.
Functional characterization of their encoded enzymes in a
metabolically engineered yeast revealed that TgTPS1 synthesized
8-cadinene, whereas TgTPS2 produced ten distinct terpenoids.
However, cultivation of the TgTPS2-expressing yeast in pH-
maintained conditions (pH 6-7) yielded one major oxygenated

sesquiterpenoid, suggesting that formation of multiple terpenoids
was caused by acidity. The major terpene product from
TgTPS2 was identified as 68-hydroxygermacra-1(10),4-diene
(kunzeaol) by mass-fragmentation pattern, retention index,
the nature of its acid-induced degradation and NMR. Also,
recombinant TgTPS2 efficiently catalysed the synthesis of
kunzeaol in vitro from farnesyl diphosphate with a K, of 2.6 uM
and a k. of 0.03 s~'. The present paper is the first report of
a kunzeaol synthase, and a mechanism for the transformation
of kunzeaol into the thapsigargin backbone is proposed.

Key words: genomics, 6-hydroxygermacra-1(10),4-diene, kun-
zeaol, sesquiterpene synthase, Thapsia garganica, thapsigargin.

INTRODUCTION

Terpenoids are the largest class of natural products with more
than 40000 known structures [1]. Some terpenoids are key
constituents for cellular functions (e.g. electron transport chains,
steroidal membrane components and hormones), but most of
them are specialized products that influence the fitness of the
synthesizing organisms in competitive ecosystems. Although
microbes and fungi can produce terpenoids, the vast majority
of specialized terpenoids reported originate from plants. Plant
terpenoids are known to serve as insect and herbivore deterrents,
allelochemicals, and as attractants for pollinators and beneficial
insects in tritrophic interactions [2,3]. Aside from the eco-
physiological roles of terpenoids in nature, they also have
benefited humankind as flavours, fragrances, pharmaceuticals,
nutraceuticals and industrial chemicals [4].

The wide range of physiological activities and industrial
applications exhibited by terpenoids can be attributed to their
structural diversity. Central to terpenoid diversity is the catalytic
plasticity of TPSs (terpene synthases), which can convert simple
linear prenyldiphosphates into complex terpenes, often with cyclic
groups and a number of chiral centres. By co-ordination with
divalent metal ions (e.g. Mg**), TPSs cleave the diphosphate
moiety of a linear prenyldiphosphate (i.e. C-10 geranyl-, C-15
farnesyl- or C-20 geranylgeranyl-diphosphate) to yield highly
reactive carbocations, which can undergo a cascade of reactions,
such as allylic rearrangement, hydride- and methyl- shifts, and
ring contraction [5]. The carbocation reactions are terminated by
either deprotonation or the addition of an hydroxy group, resulting
in the formation of the final products. The specific sequence and

direction of these carbocation reactions are dictated by the contour
of the substrate-binding site in TPS enzymes [6], and it has been
shown that mutations in critical residues of the substrate-binding
pocket can induce TPSs to synthesize different terpene backbones
[6,7].

Although many terpenoids have been used as traditional
medicines without knowing their mode-of-action, specific
cellular targets of several terpenoid ligands have been
identified. The sesquiterpene lactone derivative thapsigargin
(Figure 1) was first isolated from Thapsia garganica (Apiaceae)
roots [8], and has been shown to bind to the SERCA
(sarcoplasmic/endoplasmic reticulum Ca’*-ATPase), thereby
blocking its activity. SERCA sequesters cytosolic Ca?™ into the
lumen of the sarcoplasmic/endoplasmic reticulum [9,10]. Thus
blocking SERCA by thapsigargin increases the cytosolic Ca**
level, which results in disrupted cell growth [11-13] and apoptosis
of various types of mammalian cells [14-16]. Thapsigargin
exhibits affinity at nanomolar levels to various SERCA isoforms
[9,10,17] that are ubiquitously present in all mammalian cells
[18]. Since the initial discovery of its physiological activity,
thapsigargin has been widely used to investigate Ca** signalling
in mammalian cells [19]. Intriguingly, the use of thapsigargin to
cure prostate cancer has also been actively pursued [20], and a
pro-drug utilizing thapsigargin is currently in Phase 1 clinical
trials for the treatment of tumours [21].

Structurally, thapsigargin belongs to the sesquiterpenoid
subfamily of 6,12-guaianolides (Figure 1), a subgroup of STLs
(sesquiterpene lactones) with a guaiene-type (octahydroazulene)
backbone. Depending on the lactone-ring position, guaianolides
can have either C-6-C-12 or C-8-C-12 conjugation, and are

Abbreviations used: FPP, farnesyl diphosphate; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser enhancement spectroscopy; ORF, open
reading frame; RI, retention index; SC, synthetic complete; SERCA, sarcoplasmic/endoplasmic reticulum Ca?*-ATPase; sesqui-TPS, sesquiterpene

synthase; STL, sesquiterpene lactone; TPS, terpene synthase.
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Figure 1

Structure of thapsigargin

generally referred to as 6,12- or 8,12-guaianolides respectively
[21]. To date, the mechanism of guaianolide biosynthesis remains
incomplete. Biochemical studies of lettuce and the related species
chicory have shown that the STL costunolide is first synthesized
from FPP (farnesyl diphosphate) by co-ordinated reactions of a
sesqui-TPS (sesquiterpene synthase; germacrene A synthase) and
two cytochrome P450 monooxygenases (P450s; germacrene A
oxidase and costunolide synthase) [22-24]. In chicory, cell-free
assays suggested that the transformation of costunolide into a
guaianolide backbone is carried out by as yet uncharacterized
enzymes [25]. On the other hand, a sesqui-TPS from agarwood
can convert FPP directly into a guaiene skeleton. Therefore
it appears that biosynthesis of guaianolide backbones can be
formed either by transformation of FPP directly into guaiene and
subsequent lactone formation, or by skeletal rearrangement of a
germacrenolide-type STL, such as costunolide [21]. So far, little
is known about the actual biosynthetic mechanism of guaianolides
in Thapsia and related families.

Although the total chemical synthesis of thapsigargin has
been achieved [26], the supply of thapsigargin or its derivatives
by synthetic approaches will not be economically viable.
Considering the potential use of thapsigargin in medical
applications, a cost-effective supply of thapsigargin or its
precursors by other means, such as microbial or plant metabolic
engineering, will be critical. To accomplish this, the enzymes
responsible for the early steps of thapsigargin biosynthesis need
to be elucidated.

In the present study we applied a transcriptomics approach
to identify two TPS genes from 7. garganica. Biochemical
characterization of one of the encoded enzymes (TgTPS2)
showed that the terpenoid synthesized from this enzyme is 65-
hydroxygermacra-1(10),4-diene (kunzeaol), and we propose that
this unstable compound can be further transformed into the
thapsigargin backbone.

EXPERIMENTAL
General procedures

Chemicals were purchased from Sigma—Aldrich and components
of yeast media were from Difco.

Plant material

T. garganica roots were collected in July/August 2010, 25
km SSW of Bari, Italy (GPS 40.898625, 16.706139). Living
plant material was used for RNA extraction, whereas air-dried
tissue was used for chemical extraction. A voucher specimen
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(HTS 2010-13) has been deposit at the KU-LIFE herbarium
(Copenhagen University, Copenhagen, Denmark).

Thapsigargin extraction and HPLC analysis

Extraction and analysis of thapsigargin was performed as
described by Jager et al. [27] with slight modifications.
Homogenized root tissue was extracted with 5 ml of ethyl acetate
per 100 mg of dry material for 1h using a sonication bath.
Extracts were evaporated to dryness and reconstituted to 1 mg/ml
in 83 % (v/v) methanol. HPLC analysis was performed on a
Fusion RP column (2.5 pm, 100 mmx 2 mm; Phenomenex) using
70 % (v/v) methanol as the mobile phase with a flow rate of
0.2 ml/min. Eluting compounds were detected at 230 nm. A
thapsigargin standard was used as a reference for identification
and quantification (donated by Sgren Brggger Christensen,
Copenhagen University, Copenhagen, Denmark).

cDNA library construction and sequencing

Total RNA was isolated from 7. garganica roots using
the CTAB method [28]. cDNA was synthesized using
SuperScript™ II Reverse Transcriptase (Invitrogen) according to
the manufacturer’s instruction with an oligo(dT),, primer. A total
of 5 ug of cDNA was subjected to 454 sequencing using a Roche
GS20 instrument. Total RNA was purified by the same method
and was sent to the McGill Innovation Centre (Montréal, Canada)
for library preparation, and Illumina sequencing was performed
for the paired-end reads of 108 bp using a Genome Analyser
(Illumina).

Expression of TgTPS1 and TgTPS2 in yeast

The ORFs (open reading frames) of 7gTPSI and TgTPS2
were PCR-amplified using high-fidelity polymerases (KAPA
Biosystem). Primers used are shown in Supplementary Table
S1 (at http://www.Biocheml].org/bj/448/bj4480261add.htm). The
gel-purified PCR amplicons were digested with BamHI and Xhol
and ligated to the respective site in pESC-Leu2d. Saccharomyces
cerevisiae EPY300 strain [34] was transformed with the pESC-
Leu2d plasmid expressing either TgTPSI or TgTPS2 using the
lithium acetate method, and transformants were selected on
His —, Leu —, Met — dropout SC (synthetic complete) medium
containing 2 % (w/v) glucose at 30°C. Individual colonies were
cultured overnight in 2 ml of His—, Leu—, Met— dropout
SC medium with 2% (w/v) glucose, and the starter culture
was diluted 100-fold into the His—, Leu—, Met— dropout
SC medium with 1.8% (w/v) galactose and 0.2% glucose.
The culture was overlaid with 10 % (v/v) dodecane and 1 mM
methionine was added. The yeast cultures were grown at 30 °C and
180 rev./min. For metabolic profiling, aliquots of the dodecane
overlays were diluted (1:100) in hexane and 1 p1 was analysed by
GC-MS as described below.

Heterologous expression and purification of TgTPS2 in Escherichia
coli

For creation of a N-terminal Hiss-tagged protein, the ORF
of TgTPS2 was PCR-amplified with the primers His,-
TgTPS2 forward/reverse (Supplementary Table S1), and the
amplified product was cloned into pDONR221 using the BP
reaction according to the gateway cloning manual (Invitrogen).
Subsequently, TgTPS2 was cloned into pDEST17 using the LR


http://www.BiochemJ.org/bj/448/bj4480261add.htm

Characterization of kunzeaol synthase 263

gateway cloning reaction, thereby introducing an N-terminal
Hise tag. The resulting expression plasmid was transformed into
E. coli BL21-AlI cells (Invitrogen). For heterologous expression,
recombinant bacteria were grown in LB (Luria—Bertani) medium
at 37°C to a Dgyoum Of 0.7 and transferred to 15°C. Expression
was induced by the addition of 0.1 % arabinose. Cells were
harvested after 20 h and resuspended in 50 mM Tris/HCI (pH 7.5),
0.2M NaCl, 5mM imidazole and 1 mM PMSF. After lysis
by sonication, the cleared supernatant was passed through a
Bio-Scale Mini Profinity IMAC column (1 ml) on an FPLC
system (both Bio-Rad Laboratories). Bound proteins were eluted
by gradually increasing the imidazole concentration in lysis
buffer from 5 to 250 mM over 10 column volumes. Collected
fractions were screened for TgTPS2 by SDS/PAGE. The TgTPS2-
containing fractions were pooled and desalted with 50 mM
Tris/HC1 (pH7.5) and 10% (v/v) glycerol using Amicon®
Ultra concentrators [Millipore, MWCO (molecular mass cut-off)
10 kDa]. The protein concentration was determined using the
Bradford assay.

Biochemical characterization of TgTPS2

For product analysis by GC-MS, enzyme assays were performed
in 50 mM Tris/HCl (pH 7.5), 50 mM MgCl, containing 100 uM
FPP and 30 ug of TgTPS2 in a total volume of 0.5 ml. The
reaction mixture was overlaid with 1 ml of hexane and incubated
for 1 h at 28 °C. Synthesized terpenoids from the enzyme reaction
mixtures were partitioned to hexane by vigorous mixing. The
hexane layer was transferred to a new vial and concentrated to
approximately 200 ul by gentle nitrogen flow. Aliquots (1 ul)
were analysed by GC-MS. Enzyme reactions for steady-state
kinetics were performed as described above in a reaction volume
of 100 ul. The assays contained 0.5 ug of TgTPS2 and 0.5—
50 uM FPP spiked with a fixed ratio of [1-*H] FPP (PerkinElmer)
to a final specific activity of 0.042 Ci mmol ~'. After 10 min, the
reaction was stopped by adding EDTA and sodium hydroxide
to final concentrations of 0.5 M and 2 M respectively. Products
were partitioned to hexane, and radioactivity was measured
with a liquid scintillation counter (LS6500, Beckman Coulter).
Triplicate assays were carried out for each substrate concentration.
To determine the apparent K, and k. values, data points
obtained were fitted to the Michaelis—Menten model by non-linear
regression using R2.13.0 [29].

GC-MS analysis

All GC-MS analyses were carried out on a 6890N gas
chromatograph coupled to a 5975B mass spectrometer (Agilent).
A sample volume of 1 ul was injected at an inlet temperature of
250°C, and compounds were separated on a DB-1 MS column
[30 mx250 pum i.d. (internal diameter) x0.25 pum film thickness,
Agilent] using helium as the carrier gas with a constant flow rate
of 1 ml/min. The temperature programme consisted of a 1 min
hold at 80°C and a linear gradient of 10°C min~' to 250°C.
Fragmentation was achieved by electric ionization at 70 eV,
and fragmented ions were scanned from m/z 50-400. Recorded
mass spectra were analysed using the Wiley7/NISTOS library. RIs
(retention indices) were determined with alkane standards (C-8—
C-40) and calculated using AMDIS32 [30].

Purification of metabolites from yeast culture and NMR analysis

For isolation of kunzeaol, yeast cultures were cultivated in the
presence of 0.1 M Hepes (pH 7.5) for 64 h. Cells were harvested

by centrifugation at 4000 g for 5 min and extracted with 50 %
(v/v) acetonitrile. The acetonitrile extract was partitioned three
times to an equal volume of pentane. The combined pentane
extracts were concentrated by a constant nitrogen stream and
separated on silica gel 60 (Merck) using increasing concentrations
of ethyl acetate in hexane. Fractions were screened by GC-MS.
Kunzeaol-containing fractions were pooled and evaporated
to dryness by a nitrogen stream. NMR measurements were
conducted on an Ultrashield Plus 600 MHz spectrometer (Bruker)
in deuterated chloroform at —20°C.

In silico analysis of T. garganica root transcripts

For quantitative analysis of 7. garganica root transcripts, the
readings of the Illumina sequencing were trimmed for quality,
and all reads <21bp were removed using CLC Genomics
Workbench 5.0.1 (CLC Bio). The protein sequences of HMG-
CoA (3-hydroxy-3-methylglutaryl-CoA) synthase (AAD00298),
isopentenyl-PP-isomerase (AED92292), mevalonate 5-phosphate
decarboxylase (AEC09574), actin 2 (AEE76148), ubiquitin
10 (AAA68878), elongation factor lae (BAC23049), pyruvate
dehydrogenase (2019230A), aldolase (AEE85215) and enolase
(BAD94751) were used to identify orthologous full-length
ORFs within the Velvet assembly of the 7. garganica lllumina
sequencing data using a BLAST search [31]. For TgTPSIand
TgTPS2, the experimentally determined nucleotide sequences
were used. The trimmed Illumina reads were mapped to
the ORFs using the RNA-seq analysis tool of the CLC
Genomics Workbench applying a minimal similarity fraction of
99 %. Estimation of the expression levels were determined by
comparison of the numbers of uniquely mapping reads and total
mapping reads after normalization by ORF length, similar to
RPKM values [32].

RESULTS
Thapsigargin production in T. garganica roots

Thapsigargin in root tissue of 7. garganica plants collected near
Bari (Italy) accounted for 0.44 % of dry weight as determined
by HPLC analysis. This result is comparable with the amounts
previously found in 7. garganica roots from Libya, Greece, Spain
and Italy [33] and indicates that the population investigated is an
appropriate target for the elucidation of thapsigargin biosynthesis.
Root material of T. garganica from the identical geographic
location was used for RNA isolation and deep sequencing.

Identification of sesquiterpene synthases in T. garganica

454 sequencing (Roche GS20) of the cDNA synthesized from
T. garganica root mRNA resulted in 293434 reads averaging
201 nucleotides. Of these reads, 227 880 were assembled into
39512 contigs with an average length of 361 nucleotides,
and the remaining reads were designated as singletons. A
BLAST search of the compiled unigenes using the sequence
of Lycopersicon hirsutum germacrene B synthase (accession
number AAG41891) as a query identified six contigs exhibiting
similarity to TPS sequences, but no full-length TPS sequences
were identified within the contig set. Subsequent BLAST searches
using different sesqui-TPS sequences (e.g. amorpha-4,11-diene
synthase, AAF61439; 5-epi-aristolochene synthase, AAG17667;
and germacrene A synthase; AAM11626) did not uncover further
potential sesqui-TPS sequences.

© The Authors Journal compilation © 2012 Biochemical Society



264 B. Pickel and others

When aligned to the characterized sesqui-TPS sequences,
contigs 2580 (785 bp) and 16 086 (256 bp) aligned to the 5'-end
of the genes and included nucleotides corresponding to putative
start codons. Similarly, contigs 2586 (903 bp) and 313 (753 bp)
corresponded to the 3'-end of sesqui-TPS coding sequences and
included putative stop codons, whereas contigs 7300 (405 bp)
and 25893 (234 bp) corresponded to internal coding sequences.
Primers designed around the putative start codons of contigs 2580
and 16 086 (c2580 forward and c16086 forward; Supplementary
Table S1) differed only by a single nucleotide, whereas unique
primers could be designed after the putative stop codons (c2586
reverse and c313 reverse; Supplementary Table S1) in the
3’-untranslated regions where sequence conservation was lower.
Combinatorial uses of these primers (c2580 forward with ¢313
reverse and c16086 forward with c2586 reverse) enabled us
to retrieve two full-length TPS cDNAs by PCR. These were
designated as TgTPSI (JQ290344) and TgTPS2 (JQ290345).
Furthermore, the sequences of the short internal contigs 7300
and 25 893 were identical with T7gTPS] and TgTPS2 respectively,
indicating that all six contigs from our 454 sequencing can be
assembled into two sesqui-TPS cDNAs. The ORF of TgTPSI
and TgTPS2 encoded for proteins with molecular masses of
64.3 and 64.7 kDa, which shared 89 % sequence identity and
94 % similarity to each other in their amino acid sequences
(Supplementary Figure S1 at http://www.Biocheml].org/bj/448/
bj4480261add.htm). The absence of chloroplast-targeting seq-
uences is indicative of typical cytosolic sesqui-TPSs.

In vivo characterization of TgTPS1 and TgTPS2

The Saccharomyces cerevisiae strain EPY300, metabolically
engineered to overproduce FPP [34,35], was used initially to
assess the activities of enzymes encoded by TgTPS1 and TgTPS?2.
The ORFs of the two cDNAs were cloned in pESC-Leu2d under
control of a galactose-inducible promoter and transformed into
EPY300. Biologically synthesized lipophilic terpenoids were
trapped by a dodecane overlay on the cultures and analysed by
GC-MS after a cultivation time of 72 h.

In the dodecane layer of the TgTPSI-expressing yeast, two
major peaks were detected (Figure 2A). The major compound
with a retention time of 11.17 min (peak f) also accumulated in
the control yeast transformed with the empty vector (Figure 2C).
This was identified as the FPP-derivative trans-nerolidol, on the
basis of its Rl and mass spectra (Table 1 and Supplementary Figure
S2 at http://www.BiochemlJ.org/bj/448/bj4480261add.htm). The
second major compound with a retention time of 10.82 min (peak
d) exhibited an RI and fragmentation pattern as described for
§-cadinene. This finding was confirmed by an authentic (+ )-§-
cadinene standard, synthesized by recombinant ( + )-§-cadinene
synthase from Gossypium arboreum in EPY300 [36] (Figure 2B).
Therefore TgTPS1 exhibits mono-product §-cadinene synthase
activity.

In contrast with TgTPS1, the dodecane overlay from TgTPS2-
expressing yeast showed the occurrence of ten different detectable
compounds (Figure 2D). Aside from trans-nerolidol (peak f)
and §-cadinene (peak d), the compounds with retention times of
10.37, 10.56, 11.43, 12.14 and 12.27 min respectively, could be
identified as germacrene D (peak a), bicyclogermacrene (peak
b), 1,6-germacradien-5-ol (peak g), t-muurolol (peak h) and
a-cadinol (peak i) according to their RI values and mass spectra
(Table 1 and Supplementary Figure S2). For the minor compounds
with retention times of 10.84 (peak e) and 12.73 min (peak j), no
hits were found in the MS database.

Interestingly, the quantitative metabolic composition of
TgTPS2-expressing yeast changed over time. Although the later-
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Figure 2 GC-MS analysis of the dodecane overlay of TgTPS1- (A), §-
cadinene synthase from Gossypium arboreteum- (B) and an empty vector-
(C) expressing yeast culture, and a yeast strain expressing TgTPS2 (D)

For peak annotations, see Table 1.

eluting unknown compound (peak j) was most abundant at 40 h
and 64 h, the corresponding peak had decreased dramatically at
84 h, accompanied by a marked increase of §-cadinene (peak d),
trans-nerolidol (peak f), t-muurolol (peak h) and «-cadinol
(peak i) (Figures 3A and 3B). Only marginal increases of ger-
macrene D (peak a), bicyclogermacrene (peak b), two unknown
compounds (peak c and e) and 1,6-germacradien-5-ol (peak g)
were detected at 84 h. This disproportional change of terpene
products could not be easily explained by a multi-product pro-
miscuous activity of TgTPS2. In the case of a multi-product
enzyme, one would expect a steady increase of compounds over
time, and a previous experiment showed that terpene production
in EPY300 rapidly increased in the first 72 h, but reached a
plateau after 72 h cultivation [34]. This pattern of terpenoid
accumulation was found for the synthesis of germacrene D (peak
a), bicyclogermacrene (peak b), an unknown compound (peak e)
and 1,6-germacradien-5-ol (peak g). Owing to low abundance and
signal overlap, an accurate quantification of peak c could not be
achieved.

Since the pH of yeast cultures becomes acidic over time,
a lower pH value might influence the product profile at later
stages of cultivation. To test whether the formation of §-cadinene,
r-muurolol and «-cadinol (peaks d, h and i) was caused by
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Figure 3

Influence of pH on the metabolic profile of the TgTPS2-expressing yeast

The metabolic profile of TgTPS2-expressing yeast was compared by GC-MS under normal conditions (A) and in the presence of 0.1 M Hepes (pH 7.5) (C) at 84 h cultivation. The relative amount of
the corresponding compounds is shown after normalization by an internal standard (tetradecane) at different time points (16 h black, 40 h light grey, 64 h dark grey, 84 h white) in the control (B) and

buffered (D) culture. N.D., not determined due to an overlapping peak.

Table 1 Retention times (RT) of compounds detected in the dodecane
overlay of the TgTPS2-expressing yeast, which were identified by MS
database search and comparison of the experimentally determined retention
indices (Rl,,) with the those from the MassFinder 4 Terpenoid Library (Rl;;,)

N.A., not applicable.

Peak RT (min) Rlexp Substance Rljip

a 10.37 1486 Germacrene D 1479
b 10.56 1501 Bicyclogermacrene 1494
c 10.81 1521 Unknown 1 N.A.

d 10.82 1522 §-Cadinene 1520
e 10.84 1524 Unknown 2 NA.

f 1117 1551 trans-Nerolidol 1553
g 11.43 1572 1,6-Germacradien-5-ol 1571
h 1214 1633 7-Muurolol 1633
i 1227 1645  «-Cadinol 1643
j 12.73 1686  6-Hydroxygermacra-1(10),4-diene (or kunzeaol) 1687

low pH, the TgTPS2-expressing yeast was cultivated in medium
buffered with 0.1 M Hepes (pH 7.5). The supernatant in buffered
cultures had a pH of 6 after 84 h. In contrast, non-buffered yeast
cultures were greatly acidified and a pH of 3 was observed
after the same cultivation time. The pH-adjustment of the
medium resulted in a dramatic change of the metabolic profile
(Figure 3C). Although the compound with a retention time
of 12.73 min (peak j) was the most abundant compound at
all time points (Figure 3D), formation of §-cadinene, trans-
nerolidol, t-muurolol and «-cadinol (peaks d, f, h and i
respectively) was almost completely suppressed. Germacrene D,
bicyclogermacrene, 1,6-germacradien-5-ol (peaks a, b and g) and

two unknown compounds (peaks c and e) steadily increased
in buffered cultures. The compound with a retention time of
10.81 min (peak c), which could not be clearly distinguished in
the unbuffered medium because of its low abundance and a very
similar retention behaviour as §-cadinene, was also detected in
the buffered medium.

The differences of the metabolic profile under unbuffered and
buffered culture conditions (Figures 3A and 3C) clearly indicate
that the unknown compound (peak j) is the major product of
TgTPS2. Germacrene D (peak a), bicyclogermacrene (peak b),
1,6-germacradien-5-ol (peak g) and both unknown compounds
(peaks ¢ and e) are likely to be secondary products from
promiscuous TgTPS2 activity, but may be considered as minor
products due to their low abundance. According to their absence
in buffered cultures, formation of §-cadinene (peak d), T-muurolol
(peak h) and «-cadinol (peak i) seems to occur by acid-induced
rearrangements of the compound corresponding to peak j. This
finding is supported by the accumulation pattern of the compounds
in unbuffered medium. The extenuated increase of the unknown
compound (peak j) up to 64 h and the following decrease correlate
with an increase of the compounds generated by acidic influence
(Figure 3B).

Identification of the major TgTPS2 product

The mass spectrum of the major terpene product from TgTPS2
showed a parent ion of 222 typical of oxygenated sesquiterpenes
and major fragment ions with m/z values of 84 (100), 81 (65),
55 (53), 67 (38), 109 (32), 93 (28), 121 (25) and 161 (21)
(Figure 4). The dominant fragment ion with an m/z of 84 is unusual
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Figure 4 Mass spectra and structure of 63-hydroxygermacra-1(10),4-diene

in sesquiterpenoids, but has been described as characteristic for
kunzeaol [6-hydroxygermacra-1(10),4-diene] [38,39]. Kunzeaol
is a major terpenoid constituent from Australian native plants,
Kunzea spp. [39], but had also been found in leaf trichomes of
potato (Solanum tuberosum) [40] and Santalonia rosmarinifolia
[38]. When the mass spectrum of the compound in peak j
(Figure 4) was compared with the published spectra of kunzeaol,
they showed essentially identical mass fragmenting patterns [38—
40]. In addition, comparison of the experimentally determined
RI with those from the terpene database MassFinder4 and the
literature were in good agreement (Table 1) [39-42]. Intriguingly,
kunzeaol is known to be unstable and decomposes to cadinene-
and muurolene-type sesquiterpenoids under acidic conditions
[39].

Further proof for the identity of 6-hydroxy-germacre-1(10),4-
diene was obtained by NMR analysis (see Figure 4 for
numbering). Owing to instability of this compound, purification
of 6-hydroxygermacra-1(10),4-diene was achieved only to
approximately 80% as estimated by GC-MS. Characteristic
downfield signals for the protons H-5 (5.09 and 4.98 p.p.m.),
H-1 (4.94 p.p.m.) and H-6 (4.64 p.p.m.) were clearly detectable
by "H-NMR. Also, the protons of the methyl groups on CH;-12/13
(1.03 and 1.00 p.p.m., doublet), CH;-14 (1.58 and 1.64 p.p.m.,
singlet) and CH;-15 (1.47 p.p.m., singlet) showed clean signals.
The remaining signals were broad multiplets. Interpretation of the
multiplets was disrupted by doubling and overlapping of several
"H-signals due to the ability of 6-hydroxygermacra-1(10),4-diene
to form inter-convertible conformers [38], commonly found in
many sesquiterpenoids with germacrene backbones [43]. The
different conformers of 6-hydroxygermacra-1(10),4-diene also
accounted for the > 15 detected *C-signals, that could be precisely
assigned to the signals published previously (Supplementary
Table S2 at http://www.Biochem].org/bj/448/bj4480261add.htm)
[38-40].

To elucidate the configuration at C-6 and C-7, a NOESY
(nuclear Overhauser enhancement spectroscopy) spectrum was
obtained. The NOESY spectrum, along with specific NOE
(nuclear Overhauser effect) difference spectra, showed strong
NOE connectivities in H-6-H-12/13, H-6-H-15 and H-7-H-5,
along with a weaker signal for H-7-H-1. Calculation of the
distances between these protons in minimal energy state revealed
that such a NOE pattern would only be possible for a trans-
configuration and only with a configuration of 6R and 7R, which
is equivalent to a 63-OH,7«-isopropanyl structure. This pattern
also confirms the stereochemical conformation of the 1-10 and 4—
5 double bonds as being trans. Importantly, such a conformation
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is also found in the majority of sesquiterpenoids isolated from
Apiaceae, including thapsigargins from Thapsia species.

In summary, multiple lines of evidence, including mass-
fragmenting patterns, R, acid-induced instability and *C-spectral
match, concluded that the major terpenoid product from TgTPS2
is 6-hydroxygermacra-1(10),4-diene. NOE data indicate that the
molecule has the relative configuration of 6-hydroxygermacra-
1(10),4-diene.

In vitro biochemical characterization of TgTPS2

A §-cadinene synthase has already been identified and
characterized [36], whereas studies pertaining to kunzeaol
synthase have not been reported to date. In order to further
characterize TgTPS2, His-tagged TgTPS2 was expressed in

E. coli and purified by Ni**-affinity chromatography.
Although the majority of heterologously expressed
His,—TgTPS2 accumulated as insoluble inclusion

bodies, 0.3mg of soluble TgTPS2 could be purified
from 1litre of «culture to apparent homogeneity
(Supplementary Figure S3 at http://www.BiochemJ.org/bj/448/
bj4480261add.htm). The protein size estimated by SDS/PAGE
was approximately 65kDa, which is in agreement with the
expected molecular mass of 65.5 kDa. Authenticity of the purified
protein was proven by in vitro activity in the presence of FPP
and Mg?>*. GC-MS analysis of the TgTPS2 enzymatic products
revealed that the heterologously expressed protein was capable
of producing five terpenoids (Figure 5A). Among them, as shown
in in vivo assays, 68-hydroxygermacra-1(10),4-diene was the
dominant terpene product. Furthermore, germacrene D, bicyclo-
germacrene and the two unknown compounds (peaks ¢ and e)
could also be detected as minor products. Therefore in vitro assays
of recombinant TgTPS2 resulted in the same product spectrum
as obtained from buffered yeast cultures or the early stages of
unbuffered yeast cultures. These data substantiated that 68-
hydroxygermacra-1(10),4-diene is the major product of TgTPS2.

Boiled TgTPS2 showed no terpenoid formation in vitro (results
not shown). Also, the addition of 100 mM EDTA completely
abolished TgTPS2 activity (Figure 5B). The presence of divalent
cation as an essential cofactor is characteristic for terpene
synthases. Using purified enzyme, the kinetic parameters of
TgTPS2 were obtained by fitting substrate titration data to the
Michaelis—Menten model (Figure 5C). Recombinant TgTPS2
showed an apparent K, for FPP of 2.6+0.4 uM and a k., of
0.03 s~'. These values lie in the range of characterized sesqui-
TPSs [44].


http://www.BiochemJ.org/bj/448/bj4480261add.htm
http://www.BiochemJ.org/bj/448/bj4480261add.htm
http://www.BiochemJ.org/bj/448/bj4480261add.htm

Characterization of kunzeaol synthase 267

Tahle 2 Estimated expression levels of TgTPS1/2, and the genes for HMG-CoA

synthase (HCS), isopentenyl-PP-isomerase (/Pl), mevalonate 5-phosphate

decarboxylase (MPD), actin 2 (Act2), elongation factor 1« (Ef1), ubiquitin 10 (Ubq10), pyruvate dehydrogenase (Pyde), aldolase (Aldo) and enolase (Enol)

in T. garganica roots by comparison of unique and total reads from the Illumina
cDNA length (RPB, i.e. read number per bp)

sequencing mapped to the corresponding ORFs and after normalization by

Number of unique reads, number of reads uniquely mapped (i.e. single hits) to the targeted gene, and therefore the reads mapped to more than one targets are excluded; Number of total reads,
number of reads including both a unique map (i.e. a single hit) and multiple maps (i.e. more than a single hit) (a single read can be counted multiple times in this analysis). The marginal differences

in the numbers of unique and total reads in TgTPS7and TgTPS2 are due to the cross-hits of the smal

I portion (< 1%) of the reads.

Class of gene Gene ORF length (bp) Number of unique reads RPBunique Number of total reads RPBiogal
Sesquiterpene synthases TgTPS1 1686 4573 2.71 4617 2.74
TgTPS2 1686 15796 9.37 15955 9.46
Mevalonate pathway HCS 1398 484 0.35 484 0.35
IPI 903 499 0.55 499 0.55
MPD 1263 1592 1.26 1592 1.26
Housekeeping genes Act2 1134 8714 7.68 8714 7.68
Eft 1359 17 0.09 17 0.09
Ubq10 918 400 0.44 400 0.44
Glycolysis Pyde 1155 1232 1.07 1232 1.07
Aldo 1074 2294 214 2294 2.14
Enol m 6082 7.89 6082 7.89
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Figure 5 In vitro conversion of FPP by TgTPS2

GC-MS profile of hexane-extractable products in the presence of TgTPS2 (A) as well as TgTPS2 and EDTA (B). Steady-state kinetics of TgTPS2 are shown in (C).

Quantitative analysis of TgTPS2 transcript abundance

At first sight, the monocyclic structure of 6-hydroxygermacra-
1(10),4-diene does not appear to reflect the structural core of
thapsigargin (i.e. guaiene), and therefore other unique guaiene
synthases could be involved in thapsigargin biosynthesis in
T. garganica roots. However, careful re-analysis of the initial
454 sequencing data did not reveal additional full or partial TPS
transcripts other than those related to TgTPS1/2. Nevertheless,
in order to obtain a deeper transcript profile, Illumina paired-
end sequencing was used to acquire an additional ~29x10°
unique reads with a read-length of 108 bp from the T. garganica
roots. This represented a 127-fold enrichment of read numbers
over the initial 454 sequencing. Owing to the high sequence
identity of TgTPSI and TgTPS2 (94 % nucleotide identity) and
short read-length of the Illumina sequencing, de novo assembly
of the Illumina reads by the Velvet algorithm [45] generated a
number of chimera contigs constituted with 7g7PSI and TgTPS?2.
Nonetheless, no other distinct TPS transcripts could be found in

the Illumina data by BLAST search using different sesqui-TPS
sequences as the query.

The high content of thapsigargin implies that its biosynthetic
transcripts are also likely to be abundant. Since the Illumina
sequencing data can be reliably used to obtain a snapshot of
transcript levels [46], quantitative mapping of trimmed Illumina
reads was performed with high stringency (99 % identity) on the
nucleotide sequences of TgTPS1 and TgTPS2, as well as selected
housekeeping genes and representative genes of glycolytic
and mevalonate metabolism (Table 2). This in silico analysis
demonstrated that the relative expression level of TgTPS2 was
equivalent to or significantly higher than the selected reference
transcripts. The expression level of TgTPS1 was estimated to be
one-third of TgTPS2, but was still relatively high in comparison
with other reference genes. Therefore quantitative and qualitative
analysis of the Illumina sequencing data suggested that TgTPS/
and TgTPS2 are the dominant TPS transcripts in 7. garganica
roots. Furthermore, almost all reads mapped to both TgTPSI
and TgTPS2 were unique (i.e. single hits, Table 2), indicating
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Figure 6 Proposed mechanisms of TgTPS1/2 reactions and the transformation of kunzeaol to thapsigargin precursor

Proposed mechanism for the formation of kunzeaol [6-hydroxygermacra-1(10),4-diene] and §-cadinene from FPP catalysed by TgTPS1 and TgTPS2 (A). A proposed biosynthetic pathway to the
guaianolide backbone of thapsigargin in T. garganica, that involves kunzeaol as an intermediate (B). Formation of the lactone-ring might occur prior to epoxidation.

that the quantitative mapping method was sufficiently stringent to
differentiate between the two sequences.

DISCUSSION

In the present study, we have demonstrated that TgTPSI
encodes for a é-cadinene synthase, an enzyme also identified
in G. arboreum [31], and TgTPS2 for a kunzeaol [or 68-
hydroxygermacra-1(10),4-diene] synthase, a new enzyme that
has not been reported previously. A proposed mechanistic
transformation of FPP to §-cadinene and kunzeaol is depicted
in Figure 6(A). For kunzeaol synthesis, after initial carbocation

© The Authors Journal compilation © 2012 Biochemical Society

formation at C-11 from FPP, re-localization of the positive charge
from C-11 to C-6 is likely to occur by an 1,3-hydride shift.
The major product, kunzeaol, can be formed by a water quench,
whereas deprotonation and/or double-bond rearrangement leads
to the formation of germacrene D and bicyclogermacrene, two
minor products from TgTPS2. Therefore synthesis of kunzeaol
and two known terpenes by TgTPS2 can be explained by simple
carbocation reactions.

The identification and characterization of TgTPS1 as a
dedicated §-cadinene synthase is in agreement with the
observation that §-cadinene is the most abundant sesquiterpene
in T. garganica roots, representing approximately 35 % of the
total volatile content [37]. It should be noted that TgTPS1
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Figure 7 Proposed mechanism of the acid-induced rearrangement of kunzeaol to cadinenes and muurolenes [39]

and TgTPS2 are 89 % identical in their amino acid sequences
(Supplementary Figure S1), and the formation of TgTPS1/2
terpene products, kunzeaol and §-cadinene, shares a common
carbocation intermediate (germacrene A bearing a carbocation
at C-6). Apparently subtle structural variations by recent diverged
evolution of TgTPS1/2 determine the distinct reaction paths
shown in Figure 6(A). Therefore TgTPS1/2 can serve as good
templates to investigate the diverged evolution and structure—
function analysis of the TPS enzyme family.

The present study also showed that multiple terpenoid
products can arise from influences other than the actual innate
enzyme activity (i.e. low pH). A mechanism for acid-induced
rearrangement of kunzeaol was proposed by Cornwell et al. [39]
and is shown in Figure 7. After protonation of the hydroxy
group, elimination of water leads to the formation of a secondary
carbocation, which rearranges to a tertiary cadinenyl cation by
electrophilic attack of the double bond. The positive charge is
then quenched either by elimination of a proton resulting in
the formation of cadinene- and muurolene-type molecules or by
electrophilic attack of water leading to cadinols and muurulols.
Those rearrangement products from kunzeaol were also identified
from TgTPS2-expressing yeast cultured in acidic conditions (i.e.
8-cadinene, T-muurolol and «-cadinol). Although germacrene D
could also contribute to the generation of cadinene-type side-
products via a similar mechanism [47], it does not seem to
be the case under the culture conditions used as judged from
its comparable amount in both buffered and unbuffered yeast
cultures (Figure 3). The fact that germacrene D is present in
T. garganica roots, whereas the acidic rearrangement products,
t-muurolol and a-cadinol, have not been detected [37] further

supports that the latter two sesquiterpenes are not physiological
products of TgTPS2 in planta. In a previous study, kunzeaol
has not been detected in 7. garganica [37]. This can be
explained by its chemical instability and also because it is a
transient intermediate for further modification into more complex
oxygenated sesquiterpenes found in 7. garganica [48].

It has been reported recently [49] that commonly found conifer
diterpenes (e.g. levopimaradiene, abietadiene, neoabietadiene and
palustradiene) are likely to be non-enzymatically dehydrated
products of an unstable diterpene alcohol [i.e. 13-hydroxy-8(14)-
abietene], which is directly synthesized by a diterpene synthase.
Because of their instability, allylic alcohol terpenoids rearrange
easily to structurally related terpenoids without involving
enzymatic activities during sample preparation and analytical
conditions. The previously reported studies [49] and results of
the present study indicate that careful consideration of applied
experimental conditions must be undertaken, when dealing with
highly reactive terpenoid intermediates.

Although it is not immediately apparent from its chemical struc-
ture, kunzeaol serves as an excellent prospective precursor for
thapsigargin biosynthesis. The thapsigargin core backbone has a
guaiene (octahydroazulene) skeleton with a 4,5-double-bond and
a 6,12-lactone ring (Figure 1). In our proposed model (Figure 6B),
an epoxidation of kunzeaol occurs at the 1,10 double-bond, which
evokes a rearrangement of the 4,5-double-bond, yielding a 5,7-
ring guaiene carbocation. Subsequent deprotonation at C-5 yields
a 5,7-ring-fused guaiene with hydroxy groups at C-6 and C-10,
which is consistent with the thapsigargin structure (Figure 6B).
Therefore we propose that the skeletal rearrangement of a
germacrenolide, possibly mediated by a cytochrome P450, could
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generate the backbone of thapsigargin, similar to the mechanisms
previously suggested [21,48]. An analogous mechanism has
been proposed for lactucopicrin, a guaianolide STL from lettuce
(Lactuca sativa) [25]. It is reasonable that the secondary
transformation of cyclodecane germacrene-type terpenes into
structurally distinct guaienes is the common biochemical
mechanisms in Apiaceae and Asteraceae. The present study
suggests that STL synthesis via kunzeaol (C-6 hydroxy group)
can explain the occurrence of 6,12-guainolides in Apiaceae [48].

Multiple lines of evidence shown in the present study support
that TgTPS?2 is involved in thapsigargin biosynthesis. First, the
extremely abundant Tg7TPS2 transcript in 7. garganica roots is
congruent with the high thapsigargin level in root tissue as ex-
perimentally confirmed in the present study as well as previously
reported [33]. Secondly, no obvious TPS transcript other than
TgTPS1 and TgTPS2 was identified from the assembled 454 and
Illumina sequencing data. Sequencing depth exceeded 29x 10°
reads, and hence we expected that the major TPS involved in the
biosynthesis of thapsigargin should be present in these data sets.
Although we cannot completely rule out that other TPS transcripts
may have evaded detection from the current 454 and Illumina
sequencings, their extremely low transcript abundance, if present,
suggests that other TPSs do not make a significant contribution to
the terpenoid profile of 7. garganica roots. Thirdly, by employing
simple epoxidation and subsequent skeletal rearrangement via
protonation and deprotonation, which are typical mechanisms in
terpenoid chemistry, a guaiene backbone for thapsigargin could be
easily generated from kunzeaol. Finally, the relative configuration
of C-6 hydroxy and isopropyl groups in kunzeaol matches the
one found in the thapsigargin backbone, further implying that
kunzeaol is likely to be the precursor of thapsigargin. Although the
final conclusion for TgTPS2 being the first enzyme in thapsigargin
biosynthesis requires additional experiments (e.g. further
enzymatic conversion of kunzeaol into downstream structures
resembling the thapsigargin backbone), current biochemical and
transcriptome data strongly suggest that the guaiene backbone of
thapsigargin is synthesized from kunzeaol. Ultimately, it needs
to be examined whether the silencing of the Tg7TPS2 transcript
by RNA interference results in the decrease of thapsigargin
in planta, although the lack of transformation techniques for
T. garganica hinders this conclusive experiment. The elucidation
of this step opens the possibility for the future in planta or
microbial production of thapsigargin, or precursors thereof [50].

Taken together, the results of the present study showcase
the successful application of next-generation sequencing
in combination with classical biochemistry and metabolic
engineering tools for the identification of novel biosynthetic genes
in under-studied medicinal plants. The same approach could
be used to elucidate complex terpenoid metabolism in various
medicinal plants in the future.
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Figure S1 An alignment of amino acid sequences of TgTPS1 and TgTPS2

The conserved motifs in sesqui-TPSs are indicated by the red boxes. The DDXXD motif in TgTPS1/2 is perfectly conserved, but slight deviations of the RRX8W and NSE/DTE motifs [i.e.
(D/N)DXX(T/S)XXX(E/D)] are observed in TgTPS1/2.
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Figure S2 Mass spectra of peaks a—i from TgTPS2-expressing yeast with available corresponding reference spectra

Peaks ¢ and e boxed by red lines do not have matching reference spectra.
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Characterization of kunzeaol synthase

v Table S2 Comparison of '*C-signals (§¢ in p.p.m.) from purified 63-

arabinose 2 hydroxygermacra-1(10),4-diene with the ones from kunzeaol described in
kDa i literature [1,2]
- + K~ o . o
The annotation is according to Cornwell et al. [1], and signals in parentheses belong to the
150 -1 H second conformer of 68-hydroxygermacra-1(10),4-diene.
75 -1 Carbon number The present study Cornwell etal. [1] Szafranek et al. [2]
- C-1 121.3(128.8) 121.1(128.5) 121.4 (128.8)
S50 -] == C2 414(358) 412 (35.6) 414(358)
S -3 37.1(39.1) 36.9(38.8) 37.1(39.1)
C-4 133.2 (132.9) 132.3(132.2) 132.4
C-5 131.5(133.6) 131.7 (133.8) 131.5(133.6)
C-6 68.8 68.5 68.8
25 =S C-7 52.2 (49.4) 51.9(49.2) 52.2 (49.4)
Cc-8 25.0(30.1) 24.9(29.9) 25.1(30.1)
C-9 24.3 243 24.3
: C-10 138.7 (135.7) 138.4 (135.3) 138.9
- c-1 322(31.7) 31.9(31.5) 32.2(31.7)
C-12 21.3(21.0) 20.0 211
18 c-13 212 (211) 200 211
C-14 16.9(21.9) 16.7 (21.7) 16.9 (22.0)
: C-15 16.3 16.2 16.4

Figure S3  SDS/PAGE of total protein extract of TgTPS2-expressing E. coli
(total protein corresponding to 0.2 ml of a culture with Dgg = 1) and purified
TgTPS2 (2.5 ng)

Table S1 Primer sequences

Primer Sequence (5—3)

2580 forward ATGGCTGTGTATGTTAACTCTACAAC

¢16806 forward ATGGCTGTGTATGTTAACTCTACAAC

2586 reverse AGCTGGGCTCCTGCCTGTC

313 reverse ACGGGCTCCTGCCTCAAAG

TgTPS1 forward GAGAGGATCCAGCATGGCTGTGTATGTTAATTCTACAAC
TgTPS2 reverse CACACCTCGAGCTATAGTGGAATGGGATTTATGAAAG
TgTPS2 forward GAGAGGATCCAGCATGGCTGTGTATGTTAACTCTAC
TgTPS2 reverse CACACCTCGAGCTACGCTGGAATGGGATTTATG
Hisg-TgTPS2 forward AAAAAGCAGGCTTCGCTGTGTATGTTAACTCTACAAC
Hisg-TgTPS2 reverse AGAAAGCTGGGTCCTACGCTGGAATGGGATTTATG
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