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Summary

Plant cell cultures constitute eco-friendly biotechnological platforms for the production of plant
secondary metabolites with pharmacological activities, as well as a suitable system for extending
our knowledge of secondary metabolism. Despite the high added value of taxol and the
importance of taxanes as anticancer compounds, several aspects of their biosynthesis remain
unknown. In this work, a genomewide expression analysis of jasmonate-elicited Taxus baccata
cell cultures by complementary DNA-amplified fragment length polymorphism (cDNA-AFLP)
indicated a correlation between an extensive elicitor-induced genetic reprogramming and
increased taxane production in the targeted cultures. Subsequent in silico analysis allowed us to
identify 15 genes with a jasmonate-induced differential expression as putative candidates for
genes encoding enzymes involved in five unknown steps of taxane biosynthesis. Among them,
the TB768 gene showed a strong homology, including a very similar predicted 3D structure, with
other genes previously reported to encode acyl-CoA ligases, thus suggesting a role in the
formation of the taxol lateral chain. Functional analysis confirmed that the TB768 gene encodes
an acyl-CoA ligase that localizes to the cytoplasm and is able to convert B-phenylalanine, as well
as coumaric acid, into their respective derivative CoA esters. B-phenylalanyl-CoA is attached to
baccatin Ill in one of the last steps of the taxol biosynthetic pathway. The identification of this
gene will contribute to the establishment of sustainable taxol production systems through
metabolic engineering or synthetic biology approaches.

Introduction

In the highly complex taxol biosynthetic pathway, the first
product bearing the taxane ring is taxa-4(5),11(12)-diene, catal-

Taxol is the registered trade name of Bristol-Myers Squibb for the
generic drug paclitaxel, which is currently considered as one of
the most effective anticancer drugs ever developed. The produc-
tion of taxol in Taxus spp. cell cultures has become a major
challenge for plant biotechnology due to the growing worldwide
demand and its scarcity in nature (Onrubia et al., 2013a). The
natural source of taxol is the inner bark of several Taxus spp.,
where it accumulates at a very low concentration. For these
reasons, several research laboratories and biotechnological com-
panies are involved in designing new strategies based on elicited
Taxus cell cultures (ETCCs) to optimize the biotechnological
production of this anticancer compound. ETCCs also represent an
excellent platform to carry out basic studies of taxane biosynthesis
aimed at deepening our understanding of this metabolic pathway
and its regulation (Cusido et al., 2014).

ysed from (E,E,E)-geranylgeranyl diphosphate (GGPP) by the
plastidic enzyme taxadiene synthase (TXS) (Hezari et al., 1997,
Koepp et al., 1995). A succession of steps, involving hydroxylases,
acyl transferases and other enzymes, leads to the production of
10-deacetylbaccatin Il (10-DABII) and baccatin Il (Blll), both
taxoids now widely used as advanced intermediates for the semi-
synthesis of taxol and its analogues (Croteau et al., 2006; Malik
et al, 2011; Onrubia et al., 2013a). Subsequently, a B-phenylal-
anine-derived side chain is attached to Blll, and after two more
biosynthetic steps, the target molecule is assembled (Figure 1).
Croteau and co-workers have identified, cloned and heterolo-
gously expressed the genes encoding twelve enzymes involved in
taxol biosynthesis: GGPP synthase (GGPPS), TXS, five hydroxylas-
es, five acyl transferases and phenylalanine aminomutase (PAM)
(see reviews: Croteau et al., 2006; Guo et al., 2006; Lange and
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Ahkami, 2013; Nims et al., 2006; Walker and Croteau, 2001).
However, the genes encoding three other hydroxylases, an
oxidase, epoxidase, oxomutase, and B-phenylalanine-CoA ligase
have remained unidentified, with seven steps of the pathway yet
to be defined (Croteau et al., 2006; Nims et al., 2006) (Figure 1).
The side chain attached to the C13 position of the taxane core is
known to be derived from B-phenylalanine, but some doubts
remain regarding its formation. Although phenylisoserine has also
been postulated as the side chain (Floss and Mocek, 1995),
Croteau et al. (2006) reported that B-phenylalanine was incor-
porated into Bl three times more efficiently than phenylisoserine.
The activation of B-phenylalanine to B-phenylalanyl-CoA by
HSCoA is catalysed by B-phenylalanine-CoA ligase, but the
structure of this enzyme and the identity of the gene encoding
it have remained undetermined to date.

Plant cells generally respond to elicitor action by increasing the
production of secondary metabolites involved in the plant
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defence system. This effect has been repeatedly described in
Taxus spp. cell cultures treated with biotic and abiotic elicitors
(Cusido et al., 2002; Bentebibel et al., 2005; Li et al, 2012;
Onrubia et al.,, 2013b). The enhanced production usually results
from a higher expression of the genes controlling the metabolic
pathways (De Geyter et al., 2012; Exp&sito et al., 2009; Frense,
2007; Malik et al., 2011; Vongpaseuth and Roberts, 2007).
Hence, comparing the transcriptome of elicited cultures of a
selected cell line with an unelicited control is an effective strategy
to acquire new insights into the genetic response to elicitation
and, ultimately, to launch successful gene discovery programs in
plant metabolism, particularly in species with no genome
sequences available, such as Taxus spp. (Cusido et al., 2014;
Goossens, 2015; Nims et al., 2006 and references therein).
Previously, we have used cDNA-amplified fragment length
polymorphism (AFLP) (Colling et al., 2013; Goossens et al., 2003)
to profile a selected T. baccata cell line treated with methyl
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Figure 1 Postulated taxol biosynthesis from geranylgeranyl diphosphate. The multiple arrows indicate multiple steps. The unknown genes and
corresponding proteins are in red. TXS, Taxadiene synthase; T1BOH, Taxane 1pB-hydroxylase; T2aOH, Taxane 2a-hydroxylase; T7BOH, Taxane
7B-hydroxylase; T9aOH, Taxane 9a-hydroxylase; TBT, Taxane-2a-O-benzoyl transferase; DBAT, 10-Deacetylbaccatin Ill-10-O-Acetyltransferase; PAM,
Phenylalanine aminomutase; BAPT, C-13-Phenylpropanoyl-CoA transferase; T2'aOH, Taxane 2’'a-hydroxylase; DBTNBT, Debenzoyl taxol N-benzoyl

transferase.
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jasmonate (MeJA), which has led to the identification of a novel
regulator of taxol biosynthesis, the small signalling peptide
Taximin (Onrubia et al., 2014). Here, we report on the charac-
terization, sequencing and cloning of a gene selected through
cDNA-AFLP and in silico analysis, which encodes B-phenylalanine-
CoA ligase, an enzyme involved in the formation of the taxol side
chain, one of the unresolved steps of the taxol biosynthetic
pathway. The functionality of this enzyme and its subcellular
localization have been determined.

Results

Transcript profiling reveals potential candidates for five
unknown steps of taxane biosynthesis

In this work, cDNA-AFLP was applied for genomewide transcript
profiling of T. baccata cells cultured in a two-stage system
(Palazon et al., 2003). Cell suspensions were first cultured for
7 days in the growth medium (GM), and then, they were
maintained for 24 days in the production medium (PM), either
with or without (control) the elicitor MeJA. As expected, based on
the previous studies (Cusido et al., 2002, 2014), cell metabolism
in the PM culture was reprogrammed in favour of secondary
metabolism, and taxane production was significantly increased in
the elicited cell cultures (Figure S1).

For transcript profiling, samples were taken at 1, 2, 4, 8 and
16 h, 1, 2 and 4 days after their subculture in PM. The 7-d GM
sample was selected as the negative control for secondary
metabolism gene expression patterns. Using 128 BstYl-Msel
primer combinations that yield ‘one-gene-one-tag’ (Breyne and
Zabeau, 2001; Colling et al., 2013; Goossens et al., 2003), the
guantitative temporal accumulation patterns of 8,192 transcript
tags were determined and analysed. Tags of interest were those
differentially expressed in the control and elicited cells (Figure 2a).
Notably, a subset of these genes was more highly expressed in
both control and elicited PM conditions relative to the 7-days GM
condition, thus representing genes that are activated merely by
the switch from GM to PM. Of the 858 differentially expressed
transcript tags isolated (Figure 2b), 667 fragments (77.7%) gave
good-quality sequences by direct sequencing of the PCR prod-
ucts, indicating they might represent unique gene tags. Homol-
ogy searches with sequences from the putative unique gene tags
revealed that 369 (55.3%) were similar to known genes. In
Figure 2, the selected tags are classified according to the FunCat.

The similarity threshold maintained for BLAST searches was
established at a value of 10e~2; however, due to the small size of
some tags, in a few cases a lower e-value was accepted when
unambiguous matches were observed. Of the sequenced tags,
309 (46.3%) displayed similarity with genes of known functions
and 60 (9.0%) with genes without allocated functions (unclas-
sified proteins); no homology with a known sequence was found
for 298 of the sequenced tags (44.7% with no hits).

The major functional category was ‘Metabolism and Energy’
(Figure 2b), with tags homologous to genes from primary and
secondary metabolism, followed by ‘Cell Organization and
Defence’. As we stimulated the cultures with jasmonates, which
are involved in plant defence against a wide range of stimuli
(Pauwels et al., 2009; Wasternack, 2007), our study has pro-
duced a good list of possible candidate genes for the seven
remaining unknown steps of the taxol biosynthetic pathway,
which involve hydroxylases, an oxomutase, epoxidase, oxidase
and CoA ligase. Tags classified in ‘Metabolism and Energy’
showing a clear MeJA induction pattern and homology to genes
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with functions similar to those expected for the unknown steps of
taxol biosynthesis were selected to study their possible involve-
ment in this process (Figure 2a). From these gene tags, which are
listed in Table 1, full-length (FL) cDNA sequences were obtained
by rapid amplification of cDNA ends (RACE).

Also in the ‘Metabolism and Energy’ category, we found
up-regulated tags corresponding to known genes involved in
taxol biosynthesis (GGPPS, Geranylgerany! diphosphate synthase,
TXS, Taxadiene synthase; TAT, Taxadiene-5a-ol-O-acetyl trans-
ferase; T130H, Taxane 13a-hydroxylase; T20OH, Taxane 2o-
hydroxylase; T7BOH, Taxane 7B-hydroxylase; TBT, Taxane-2a-O-
benzoyl transferase; DBAT, 10-deacetylbaccatin Ill-10-O-acetyl-
transferase; PAM, Phenylalanine aminomutase; BAPT, C-13-phe-
nylpropanoyl-CoA transferase; DBTNBT, Debenzoyl taxol N-
benzoyl transferase). qRT-PCR expression profiling showed a
clear induction of these genes after 1 h of MeJA treatment up to
4 days, while no or very low and sporadic expression was
observed in the nonelicited cultures (Figure S2).

Additionally, numerous novel genes, either with or without
existing homologues, and with or without known functions,
were identified as jasmonate-responsive genes. These included
two genes both encoding a putative abietadiene synthase, an
enzyme catalysing a step towards other diterpenes that are well
known to occur in the resin of gymnosperms (Keeling and
Bohlmann, 2006) and showing coregulation with the taxol
synthesis genes, thus suggesting a coordinated activation of
diterpene synthesis by elicitor treatment in general (Figure 2a).
Furthermore, the jasmonate biosynthesis genes themselves were
MeJA-induced (Figure S3a), confirming that the positive ampli-
fication loop in the jasmonate signal transduction cascade that is
well known in angiosperms also occurs in gymnosperm species
(Li etal, 2012; Pauwels et al., 2009). Finally, a set of genes
putatively encoding enzymes involved in the biosynthesis of
phenolic compounds was found to be differentially regulated by
MeJA as well (Figure S3b). Although the pattern of the latter
genes is less uniform than that of the taxane/diterpene pathway
genes, the majority of them showed nonetheless a higher
expression level after elicitor treatment, which is in agreement
with the reported stimulatory effects of MeJA on the phenolic
metabolism in T. baccata and T. chinensis cell cultures (Jalalpour
et al., 2014, Li et al., 2012). Tags whose expression pattern
changed or increased after MeJA elicitation and presented
homology to genes encoding transcription factors or regulatory
proteins were previously studied, resulting in the identification
of TB595, a gene encoding the regulatory signalling peptide
Taximin (Onrubia et al., 2014).

In silico-based selection of the best candidate genes for
taxane biosynthesis

To prioritize the 15 putative FL sequences of the targets indicated
above (Table 1), an in silico procedure was used to build ad hoc
position-specific similarity metrics. Target sequences were blasted
against the SwissProt database to identify the closest homologous
gene with a known function, thereby yielding a list of candidate
functions and associated genes. Functional templates were then
identified in functional databases (MACIE, SwissProt), looking for
homologues known to interact with substrates similar to taxol
intermediates. Template residues in contact with the substrates
were then identified and extrapolated to the candidate genes,
which were finally prioritized according to their similarity with the
template on the considered substrate interacting positions. The
aim of this procedure was to focus the template/candidate

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-12
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TB482=0-acetyltransferase
TB269=Taxane-2a-O-benzoyltransferase

TB493=GDSL esterase/lipase
TB067=Taxadiene-5a-ol-O-acetyltransferase
TB676=2-C-methyl-d-erythritol 2,4-cyclodiphosphate synthase
TB212=Short-chain dehydrogenase reductase
TB193=Taxane 10B-hydroxylase like P450
TB195=Galactose/glyoxal oxidase like protein
TB282=Abietadiene synthase like protein

TB574=Taxadiene 5-a-hydroxylase like P450

TB267=Taxane 13-a-hydroxylase like P450
TB807=Abietadiene synthase like protein
TB717=4-Hydroxy-3-methylbut-2-enyl-diphosphate synthase
TB062=Taxane 10B-hydroxylase like P450
TB331=Cytochrome P450

TB024=Taxane 10B-hydroxylase like P450
TB812=GMC-oxidaoreductase/Mandelonitrile lyase like protein
TB585=Taxadiene synthase

TB224=Cytochrome P450

TB724=0-acetyltransferase

TB388=Taxadiene synthase

TB352=Taxadiene synthase
TB047=GMC-oxidoreductase/Mandelonitrile lyase like protein
TB115=Galactose/glyoxal oxidase like protein
TB673=Taxadiene synthase
TB739=GMC-oxidoreductase/Mandelonitrile lyase like protein
TB645=GMC-oxidoreductase/Mandelonitrile lyase like protein
TB596=FAD/FMN-containing dehydrogenase
TB753=10-deacetyl baccatin |-10-O-acetyltransferase like protein
TB768=Acyl CoA ligase e
TB270=Taxane-2a-0-benzoyltransferase

TB328=Gibberellin oxidase-like protein

TB435=Baccatin lll-3-amino, 13-phenylpropanoyltransferase
TB444=10-deacetyl baccatin lll-10-O-acetyltransferase
TB778=10-deacetylbaccatin IlI-10-O-acetyltransferase
TB766=Taxane-2a-O-benzoyltransferase

TB754=baccatin lll-3-amino, 13-phenylpropanoyltransferase like protein

. I

-2.0

(b)

Function tags %

O No hits 298 44,7

B Metabolism and energy 181 211

O  Unclassified proteins 60 9

O  Cell organization and defence 43 6,4

9 . :
9,0% 44,7% B Protein synthesis and fate 28 4,2

@ Cellular transport, transport facilities; transport routes 23 34

@ Signal transduction 15 2,2
O Transcription 16 2,4

m Transposable elements 3 0,4

Total sequenced tags 667 100

Figure 2 cDNA-AFLP-based transcript profiling of Taxus baccata cells. (a) Average linkage hierarchical clustering of differentially expressed gene tags
identified by cDNA-AFLP. Treatments and time points (in hours/days) are indicated at the top. Blue and yellow boxes reflect transcriptional activation and
repression, respectively, relative to the average expression level. Grey boxes correspond to missing time points. Shown are subclusters of the T. baccata
genes encoding known and candidate enzymes catalysing taxol and other diterpene biosynthesis. The TB768 tag is marked by the arrowhead on the right.
The numbers on the colour scale range indicate the normalized variance that is calculated as follows: the mean expression value over the time course was
subtracted from each individual data point after which the obtained value was divided by the standard deviation (Goossens et al., 2003). (b) Sequenced
tags classified in functional categories according to the FunCat classification.

comparison on the residues most likely to determine specificity
and whose evolutionary pattern is unlikely to be neutral.

Using this approach, we mapped and determined the active
site conservation of the 15 cDNA-AFLP candidates mentioned
above, grouped in five functional categories (CoA ligase, C1 and
C9 hydroxylases, C4-C20 epoxidase, C9 oxidase and oxomutase)

(Table 1). The best candidate was TB768, a putative CoA ligase,
which showed the highest level of conservation on the substrate
binding positions with an acyl-CoA ligase (B9GQ39) and other
CoA ligases, all of them with the same e-value of 0.0 (Table 1).
This protein was modelled structurally against two PDB templates
(3a9v, a 4-coumarate-CoA ligase and 1ba3, a Luciferin

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-12
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Table 1 Complete list of candidates grouped according to their tentative function in the taxol biosynthetic pathway (tentative function), tag
name from the cDNA-AFLP analysis (Tag), the corresponding FL-cDNA sequence obtained after RACE and submitted to GenBank (GenBank
Accession), the annotation and SwissProt accession number from the best hit (BLAST hit code) obtained by BLAST with the FL sequence, and the

e-value with that hit

Tentative function Tag GenBank accession Annotation BLAST hit code e-value
CoA ligase TB768 KM593667 Acyl-CoA ligase B9GQ39 0.0
C1 and C9 hydroxylases TB506 KP178208 Cinnamate 4-hydroxylase B2Z6P5 0.0
TB331 KP178206 Putative cytochrome P450 D7T4D5 1.0E-118
TB574 KP178209 Putative cytochrome P450 D7T4D5 1.0E-118
TB224 KP178204 Putative cytochrome P450 D5A7Y6 1.0E-152
C4-C20 epoxidase TB328 KP178205 Putative gibberellin oxidase AINW35 1.0E-45
C9 oxidase TB596 KP178210 Unknown (FAD/FMN-containing B8LR72 8.0E-87
dehydrogenase)
TB812 KP178213 Unknown (GMC oxidoreductase) A9NXU5 1.0E-151
TB047 KP178200 Unknown (GMC oxidoreductase) A9NXUS 1.0E-109
TB739 KP178212 Unknown (GMC oxidoreductase) AINXU5 1.0E-148
TB212 KP178203 Unknown (short-chain A9NUS86 6.0E-91
dehydrogenase reductase)
TB645 KP178211 Unknown (GMC oxidoreductase) A9NXU5 1.0E-158
Oxomutase TB493 KP178207 Unknown A9SVY3 1.0E-44
Putative GDSL esterase
TB195 KP178202 Unknown (galactose/glyoxal F6GTQ6 1.0E-164
oxidase related)
TB115 KP178201 Unknown (galactose/glyoxal D8RR64 1.0E-163

oxidase related)

4-monooxygenase). The Phyre2 model was deemed 100%
confident (Figure 3). We eventually aligned all the considered
sequences with the Populus tomentosa 4-coumarate-CoA ligase
(4CL), the closest experimentally characterized plant protein
(Q941M3). The similarity between TB768 and Q941M3 was 41%
(as estimated from the T-Coffee MSA), but this increased to
81.8% when only the 25 residues most likely to interact with the
substrate were considered (Figure 4).

The deduced amino acid sequence of the TB768 gene
(Figure S4) was aligned with those of other known plant 4CLs,
starting with Met (Figure 4), showing an amino acid similarity
ranging between 40% and 65%. 4CLs are dependent on AMP
for their highest activity. Amino acid residues shown to be
important for the catalytic activity of plant 4CLs (Hu et al., 2010)
are conserved in the TB768 gene. These include the postulated
AMP-binding site (QGYGLTE), the specific residues for AMP
binding (Gly306, Ala307, Tyr330), the residues with catalytic
functions (Lys438, GIn443, Lys523) and the specific residue for
CoA binding (Gly441). These data corroborate the potential 4CL
activity of the protein encoded by the TB768 gene.

Figure 3 Phyre2 modelling and predicted
conserved domains. (a) The predicted tertiary
structure of the TB768 protein. (b) Predicted CoA
ligase catalytic domains of the TB768 protein. The
active site is indicated in green, the AMP-binding
site in red, the putative CoA binding site in orange
and the acyl activating site in blue.

As an additional verification, we studied the temporal expres-
sion kinetics of this gene in the elicited T. baccata cell cultures
also by gRT-PCR (Figure S5). TB768 expression increased slightly
when the cell cultures were transferred from the GM to the PM,
following the same pattern as most of the genes involved in the
taxol biosynthetic pathway, with maximum expression on the first
day of elicitation (Figures S2 and S5). It is worth noting that the
accumulation of the TB768 transcript was not as high as observed
for several of the hydroxylases studied and was more similar to
that of the genes encoding the last transferases active in the taxol
pathway. This suggests that the biosynthetic step controlled by
the product of the TB768 gene could be another limiting step in
taxol formation, although further studies are needed to confirm
this assumption.

TB768 encodes a phenylalanine-CoA ligase involved in
the formation of the taxol side chain

The CoA activation of B—phenylalanine occurs towards the end of
the taxol biosynthetic pathway, before the attachment of the
phenylalanyl chain to the taxane backbone (Croteau et al., 2006)

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-12
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Figure 4 Multiple sequence alignment of several CoA ligases with the following sequence identity with respect to TB768: Populus tomentosa 4CL1: 40%;
Arabidopsis thaliana 4CL4: 55%; P. tomentosa 4CL4: 43%; Humulus lupulus CCL5: 64%; Teobroma cacao OPC8: 63%; and Morus notabilis 4CL5: 65%.
White letters on black background indicate completely conserved residues (100% SID), less conserved residues are indicated by shading. Residues (Lys438,
GIn443, Lys523) with catalytic functions are labelled with stars; the specific residue (Gly441) for CoA binding is indicated with a triangle. Inside the AMP-
binding surface (QGYGLTE) the specific residues for AMP binding, Gly306, Ala307, and Tyr330, are indicated by circles.

(Figure 1), and is mediated by an unknown enzyme. The selected
candidate gene TB768 was transiently expressed as an N-terminal
myc-tag fusion protein in Nicotiana benthamiana plants. The
soluble ectopically expressed protein was purified with anti-
myc-tag beads and eluted in neutral pH to maintain the putative
activity of the enzyme. The isolated 59-kDa enzyme was
concentrated four times and visualized by immunoblot analysis
(Figure S6). For the in vitro enzyme activity assay, B-phenylalanine
and 4-coumaric acid were added separately to the reaction
mixtures containing the purified TB768 protein, ATP, MgCl, and
CoA. Reaction products were detected by HPLC-tandem mass
spectrometry (MS/MS). The purified TB768 enzyme was found to
catalyse the CoA activation of both B-phenylalanine and
4-coumaric acid, and the respective catalytic products were
identified by their retention time and the MS/MS fragmentation
pattern in comparison with the standards (Figures S7 and S8). The
B-phenylalanyl-CoA (m/z 916.2 eluting at 3.93 min) and the
4-coumaroyl-CoA (m/z 914.3 eluting at 3.95 min) molecules
were confirmed by multiple reaction monitoring (MRM) (Fig-
ure 5), a technique based on the selection of standard predefined
mass fragmentations. The precursor and product ions with the
highest intensity were chosen for the MRM analysis. In the control
assays without the enzyme, no ions corresponding to the acyl-
CoA products were detected (Figure 5). These results confirm

that the TB768 gene encodes an acyl-CoA ligase that transforms
B-phenylalanine into its CoA ester and may be involved in taxol
biosynthesis. The enzyme was also found to be nonspecific
and able to accept other substrates, such as 4-coumarate. The
specific activity of the purified protein was calculated for each
substrate, being 102.309 pmol/min/mg for B-phenylalanine, and
617.76 pmol/min/mg for 4-coumaric acid (Figure 5d). We can
therefore consider that the TB768 gene encodes a B-phenylala-
nine- and 4-coumarate-CoA ligase from T. baccata (TBPCCL).

TBPCCL is a cytosolic enzyme

Analysis with SignalP v4.0 (Petersen et al., 2011) predicted that
there is no signal peptide for the TBPCCL protein (Figure 6a),
suggesting that the enzyme is located in the cytosol. To
investigate the subcellular localization of the TBPCCL, the
TB768 gene was C-terminal fused to the yellow fluorescent
protein (YFP) in the pEarlyGate101 vector. The resulting construct
was transiently expressed in N. benthamiana leaves. Confocal
microscopy analysis showed a YFP signal as a thick band at the
cell periphery, indicating that the TBPCCL could be located in the
plasma membrane or the cytosol. To discern the exact subcellular
localization of the TBPCCL-YFP fusion protein, the cell walls of the
N. benthamiana transfected leaves were stained with propidium
iodide (PI) prior to confocal analysis. We were able to see that the
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Figure 5 HPLC-MS/MS analysis of the in vitro enzymatic activity assays of the TB768 protein. (a) Molecular structure of TB768 substrates. (b) Extract ion
chromatogram of the 4-coumaric acid and B-phenylalanine assay. The red lines correspond to the assay with the TB768 enzyme. The arrows indicate the
peak of the molecular ion of each product at the corresponding retention time (3.87 min for p-coumaroyl-CoA and 3.89 min for B-phenylalanyl-CoA).

The blue lines correspond to the same assay without the TB768 enzyme. (c) MRM analysis of 4-coumaric acid and B-phenylalanine-CoA ligase activity. The
arrows indicate the peak at the corresponding retention time of the two specific ion fragments analysed for each molecule used to confirm their identity
(914.3/407.3 and 914.3/428.2 for 4-coumaroyl-CoA with a RT: 3.87; 916.2/409.3 and 916.2/307.3 with a RT: 3.89 for B-phenylalanyl-CoA). (d) Specific

activity.

Pl signal was separated from the TBPCCL-YFP signal, indicating
that the TBPCCL-YFP fusion protein has a cytosolic expression
pattern (Figure 6b). To confirm the cytosolic location of the
enzyme, we performed a fluorescence recovery after a photo-
bleaching (FRAP) analysis, which is an effective technique that
facilitates the estimation of protein mobility inside the cells.
Exposure of a tagged fluorescent fusion protein to a high intensity
laser light for a few seconds produces an irreversible fluorophore
photobleaching in the region of interest (ROI). Afterwards, the
nonphotobleached fusion proteins can migrate into the photo-
bleached area and the fluorescence is recovered. Therefore, FRAP
allowed a direct estimation of the protein mobility in the cell. Free

cytosolic proteins have high fluorescence recovery rates, as they
have more mobility than those immersed in membranes (Held
et al., 2008, Wu et al, 2006). Close to complete instant
fluorescence recovery was observed in cells expressing the
TBPCCL-YFP fusion protein, to almost the same extent as the
free GFP-expressing cells (Figure 6d,e), thereby supporting a
cytosolic location.

Discussion

In previous studies, we have substantially improved taxol
production in two-stage Taxus spp. cell cultures by the addition

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-12
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of elicitors (Palazon et al., 2003; Cusido et al., 2002; Bentebibel
et al. 2005, Onrubia et al.,, 2013b; Sabater-Jara et al., 2014).
However, any further enhancement in production of this
anticancer agent depends on an improved understanding of its
biosynthesis. This prompted us to undertake an in-depth study of
the molecular mechanisms that regulate secondary metabolism in
targeted Taxus spp. cell cultures. Accordingly, variations in the
transcriptomic profile of a selected cell line were analysed to
explore the relationship between the metabolic and transcrip-
tomic response to elicitation. This approach allowed us to identify
new genes potentially involved, directly or indirectly, in taxol
metabolism.

Our transcriptome study showed that all genes known to be
involved in taxol biosynthesis were more highly expressed after
MeJA elicitation, although to a variable extent (Figures S2 and
S5). Taxane production also clearly increased when MeJA was
added to the medium at the beginning of the second stage of the
culture, achieving the highest levels in the last days of the
experiment, as repeatedly observed before (Bentebibel et al.,
2005; Onrubia et al., 2010) (Figure S1). The predominant taxane
was BIll, whose levels peaked at day 20, decreasing thereafter. At
this peak, the BIIl and taxol content in the elicited culture was
20.5 and 19 times higher, respectively, than that in the mock-
treated culture. It can be inferred from these results that the
metabolic step responsible for the formation of BIll from its
precursor DABIII was not rate-limiting in the elicited T. baccata
cell cultures studied, as BIll accumulation was high despite the
very low levels of DABIII, indicating that after its formation, this
precursor is probably immediately transformed into the product
Blll. The lower taxol production, as compared to that of Blll, may

TB768-YFP

@ oo

10} Sscare
v-scers

be due to the low expression of the two transferases responsible
for connecting the side chain to Blll and/or involved in the final
step in taxol biosynthesis. This fact was previously observed by
Sabater-Jara et al. (2014) in T. media cell cultures.

This study allowed us to identify not only the genes encoding
known key enzymes of the taxol biosynthetic pathway, whose
expression was modified by the elicitor, but also possible
candidate genes encoding enzymes for the unknown steps,
including hydroxylases, an oxidase, oxomutase, epoxidase and
CoA ligase. Bioinformatics evidence suggested that one of these
candidate genes, TB768, might encode a CoA ligase, specifically
the one controlling the activation of B-phenylalanine to form the
side chain at the C13 position of BIll (Figure 1). This gene was
therefore selected for further functionality studies.

The enzymes that form CoA esters of cinnamic acids are
known as 4-coumarate-CoA ligases (4CLs; E.C 6.2.1.12) (Allina
et al., 1998). In both angiosperm and gymnosperm plants, the
genes encoding these enzymes form a multigene family of
differentially regulated members with possible functions in
different specific biological processes, although all activate a
range of very similar substrates (Hamberger and Hahlbrock,
2004). The fact that the product of the TB768 gene activated
both B-phenylalanine and 4-coumarate, which share a very similar
chemical structure, suggested that this enzyme belongs to the
4CL family (Figure 4). Docimo et al. (2013) reported that in
several plant species, the 4CL family members show a variable
expression pattern and substrate specificity. In rice, the expression
profile of the five known 4CL genes differs according to the
tissues, developmental stage and stress response, and all the
encoded enzymes show distinct kinetic properties in function of
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Figure 6 The CoA-ligase TBPCCL is a cytosolic enzyme. (a) Screenshot from signal peptide 4.0 showing no signal peptide for the TBPCCL enzyme. The flat
graph indicates no cell compartment signalling for this protein, suggesting a predicted cytoplasmic localization. (b—e) Confocal microscopy analysis.

(b) TB768-YFP and free GFP in N. benthamiana leaves. (c) TB768-YFP expression in N. benthamiana leaves stained with propidium iodide (PI). (d) FRAP
analysis over 40 s; (e) Fluorescence graph showing the fast recovery of the TB768-YFP and free GFP after photobleaching.
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the substrate. In Populus tremuloides, two isoforms have been
determined, one mainly involved in lignin formation and the other
in phenylpropanoid biosynthesis (Hu et al., 2010). In most of the
studied plants, the activity of the known 4CL isoforms is
associated with both flavonoid and lignin biosynthesis, although
they can use different substrates with variable efficiency.
Lindermayr et al. (2002) determined the presence of four 4CL
isoenzymes in Glycine max, each encoded by a single gene with
different substrate specificity.

4CL-encoding genes have not been previously characterized in
Taxus spp. The TB768 gene identified in the present work
encodes a protein that can form CoA esters with B-phenylalanine
and also with 4-coumarate, and is referred to as TBPCCL, because
this is the first acyl-CoA ligase characterized in Taxus baccata. The
newly identified protein could control flavonoid/lignin formation,
as well as activate B-phenylalanine for taxol biosynthesis. As other
plant species (see above), also Taxus spp. likely possess more than
one 4CL-encoding gene with variable expression pattern and
substrate specificity. This is also supported by our transcriptome
study, in which a second putative 4CL-encoding gene (TB154)
was identified (Figure S3b) that displayed different expression
kinetics compared to TB768 and the taxane synthesis genes, and
hence, because of a lack of coregulation, was not considered for
further analysis.

Another aspect of taxol biosynthesis that needs further
investigation is the subcellular localization of some enzymatic
steps. The taxadiene ring is formed in the plastids, because the
diterpene structure of this anticancer compound is assembled
through the methylerythritol 4-phosphate (MEP) pathway. The
hydroxylation steps that need cytochrome P450 enzymes usually
occur in the microsomal fraction, but to date, the subcellular
compartment in which B-phenylalanine is activated by HS-CoA
has not been determined. To shed more light on this, TBPCCL
was transiently expressed as a YFP fusion protein in N. benth-
amiana, which demonstrated that it is a cytosolic protein.

Like most 4CL enzymes, TBPCCL can act on several substrates,
but most importantly, it binds to B-phenylalanine, transforming it
into B-phenylalanyl-CoA, which constitutes the C13 side chain of
the taxol ring system, essential for the anticancer activity of taxol
(Kingston, 2000). After the side chain is attached to baccatin IIl,
mediated by the BAPT enzyme, only two more steps, a hydrox-
ylation and benzoylation, are needed to obtain taxol. We have
previously shown that the most limiting steps of taxol biosynthesis
are at the end of the pathway, subsequent to the formation of
10-DATBIII (Cusido et al., 2014). The identification of the TBPCCL
gene, together with the application of metabolic engineering
techniques, may therefore contribute to the establishment of
highly productive taxol and related taxane cell cultures. Increased
in-depth knowledge of the taxol biosynthetic pathway may
ultimately facilitate at least its partial reconstitution through
synthetic biology in heterologous systems.

Experimental procedures
Taxus cell cultures and elicitor experiment

Taxus baccata cell suspension cultures were established from
stem-derived calli, as described previously (Cusido et al., 2002).
Cells were cultured following a two-stage system elicited with
100 uv MeJA at the beginning of the second stage (Onrubia
et al., 2013b). Samples of both elicited and control cultures were
harvested at the following time points: 0 h, 30 min, 1, 2, 4, 8 and
16 h, 1, 2 and 4 days after elicitation.
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Transcriptome analysis by cDNA-AFLP

Total RNA from T. baccata cells was isolated with the RNeasy
(Qiagen, Hilden, Germany) kit. cDNA-AFLP-based transcript
profiling of T. baccata samples was performed as we described
previously (Onrubia et al.,, 2014). For gRT-PCR, cDNA was
prepared from total RNA with SuperScript Il reverse transcriptase
(Invitrogen, Carlsbad, CA). qRT-PCR was performed using the
SYBR Green PCR Master Mix (Roche, Sant Cugat del Valles, Spain)
in a 384-well platform system (LightCycler® 480 Instrument;
Roche). Gene-specific primers were designed with Primer3
software version 0.4.0 (Table S1). Expression levels were normal-
ized to those of the 18S from T. baccata (Onrubia et al., 2013b).

Cloning of T. baccata sequences

The candidate gene FL-cDNA sequences (Table 1) were obtained
by RACE (GibcoBRL-Invitrogen, Carlsbad, CA). The TB768 FL ORF
(Figure S4) was PCR-amplified between Gateway attB sites and
Gateway recombined into the pEarlyGate203 vector (Earley et al.,
2006). The resulting expression vector pEarlyGate203-TB768
fused the myc-tag sequence to the N-terminal of the TB768
protein and was used for transient overexpression in N. benth-
amiana plants. For subcellular localization, the TB768 gene was
cloned in pENTR/D-TOPO using the TOPO cloning kit (Invitrogen),
and the sequence was verified and transferred to the pEarly-
Gate101 vector (Earley et al., 2006) by Gateway recombination.
In the resulting vector, the yellow florescent protein (YFP) was C-
terminally fused to the TB768 protein.

In silico studies of the candidate genes

Candidate genes were blasted (PMID: 2231712, default param-
eters) against the PDB database to identify the best structural
templates. They were then modelled in 3D using Phyre2 (Kelley
and Sternberg, 2009). Resulting models with a confidence higher
than 99% were displayed using PyMOL (PyMOL Molecular
Graphics System, version 1.5.0.4 Schrodinger, LLC) and used
for further identification of substrate-contacting residues. Candi-
date cDNA-AFLP sequences were also Blasted against the
UNIPROT SwissProt section (PMID: 24253303) to identify the
most closely related functionally characterized sequence, as well
as the closest homologue featured in MACIE (24319146), the
main reference database of enzyme proteins with annotated
functional sites. Catalytic domains were also identified using the
Conserved Domains Database (CDD) from the NCBI (http:/
www.ncbi.nIm.nih.gov/-Structure/cdd/cdd.shtml) (Marchler-Bau-
er et al., 2009, 2011). We used the SignalP v4.0 (Petersen et al.,
2011) to predict the existence of a signal peptide.

Expression of the Th768 gene in N. benthamiana plants

The expression vector pEarlyGate203-TB768 was electroporated
in the Agrobacterium tumefaciens strain C58C1 carrying the
helper pGv2260 (Earley et al., 2006) to perform the agroinfiltra-
tion in N. benthamiana plants. The Agrobacterium strain carrying
the pEarlyGate203-TB768 vector was co-infiltrated in a 1:1 ratio
with an Agrobacterium strain containing the HC-Pro silencing
suppressor (Goytia et al., 2006) in leaves of 3- to 5-week-old
N. benthamiana plants using the syringe method (Voinnet et al.,
2003); the plants were grown in long-day greenhouse conditions
at 25 °C. Six days after agroinfiltration, the leaves were collected
and a total protein extraction was performed using a modified
buffer described by Dickerson et al. (1984) (0.1 m Tris—=HCI pH7.8,
0.5%, Triton X-100, 15 mm B-mercaptoethanol and 15% of
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glycerol). The crude extract was diluted with 0.1 m Tris buffer pH
7.5, and the soluble TB768 protein was purified following the
protocol of the c-myc-tagged protein mild purification kit from
MBL. The purified enzyme was concentrated and the final
concentration was determined by a Bradford assay (Ernst and
Zor, 2010). To determine the TB768 protein integrity, 1 uL of
purified TB768 was analysed by Western blot, using an anti-Myc
pAb (Genescript) (Figure S8).

CoA ligase in vitro enzyme activity assay

The CoA ligase reaction was carried out as described previously
(Koetsier et al., 2009) in a final volume of 400 pL, with 20 pg/mL
of the concentrated TB768 protein, 10 mm B-phenylalanine or
1 mm 4-coumaric acid and 1.5 mm CoA as substrates, dissolved in
50 mm Tris-HCI, at pH 8 and pH 8.5, respectively. One control of
each substrate without the enzyme was carried out in parallel.
The reactions were incubated at 30 °C for 45 min, stopped by
boiling for 10 min and lyophilized to dryness. The resulting
samples were separately dissolved in aqueous 0.01 m HCI 50 plL
(Muchiri and Walker, 2012) and the reaction products were
analysed by HPLC-MS/MS as described in the Supporting Infor-
mation experimental procedures. Enzymatic activity analyses were
performed under the same conditions using a previously
described spectrophotometric assay (Ehlting et al, 1999).
4-coumaroyl-CoA and B-phenylalanyl-CoA formation was mon-
itored at 336 and 315 nm, respectively, for 60 min using a UV/Vis
spectrophotometer SpectraMax M3 Multi-Mode Microplate
(Molecular Devices, Workingham Berkshire, UK). The product
concentration was calculated with the extinction coefficient of
each compound (B-phenylalanyl-CoA & 315 nm: 3421 mw/cm;
4-coumaroyl-CoA & 336 nm: 3885 mwm/cm).

Subcellular location of the protein encoded by the
TB768 gene

The construct pEarlyGate101-TB768 was transformed in Agro-
bacterium tumefaciens strain C58C1 carrying the helper
pGv2260 (Deblaere et al, 1985). The resulting strain was
infiltrated in N. benthamiana plants as described above. After
3 days of normal growing conditions, the infiltrated leaves were
harvested and analysed by confocal laser scanning microscopy
(CLSM). Leaf segments were cut and abaxial leaf sides were
scanned. Cell walls were stained by infiltration of the tissue with a
saturated solution of propidium iodide (Pl) 5 mg/mL. The images
were acquired with an Olympus FV1000 confocal laser scanning
microscope (Tokyo, Japan), using the 60x water-immersion NA:
1.20 objective. An argon laser at 514 nm was used to excite the
YFP and PI. For visualization, the emission windows were set at
500-545 nm and 590-670, respectively. For fluorescence recov-
ery after photobleaching (FRAP) analysis, a region of interest (ROI)
of 10-12 um was defined and photobleached with full laser
power (100%) for 6 s. Recovery of the fluorescence was
monitored by scanning the whole focused cell area at a low
laser power (20%). The prebleaching photograph was taken with
the same laser power.
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Supporting information

Additional Supporting information may be found in the online
version of this article:

Figure S1 10-deacetylbaccatin Il (DABIII), baccatin Ill, 10-deace-
tyltaxol (DAT), taxol and cephalomannine (Ceph) content (cell
associated + extracellular) in T. baccata cell cultures grown for
24 days in the production medium in the absence (light gray) or
presence (dark gray) of methyl jasmonate (MeJA, 100 pw).
Figure S2 gRT-PCR analysis of the transcript levels of the
GGPS, TXS, TAT, T130H, T70H, T20H, TBT, DBAT, PAM,
BAPT and DBTNBT genes relative to time zero of the cultures
studied.

Figure S3 Average linkage hierarchical clustering of differen-
tially expressed gene tags identified by cDNA-AFLP and
corresponding to enzymes involved in metabolic pathways.
Figure S4 Serial Cloner vs. 2.6 display.

Figure S5 QgRT-PCR analysis of the TB768 gene in Taxus
baccata cells cultured in the two-media system.
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Figure S6 Immunoblot image obtained by chemiluminescence Figure S8 Fragmentation pattern of the B-phenylalanyl-CoA
of purified and concentrated TB768 protein. and 4-coumaroyl-CoA.

Figure S7 Extract ion chromatogram of 4-coumaroyl-CoA (m/z Table S1 Sequences of the primers used to amplify the genes
914) and B-phenylalanyl-CoA (m/z 916) standards showing the by gRT-PCR.

retention time of each molecule. Data S1 Experimental procedures.
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