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Chapter 5

Tests of cytochrome P450 candidates for the pyrrolizidine
alkaloid pathway of Jacobaea species using an expression
system in yeast

Abstract

Pyrrolizidine alkaloids (PAs) are a typical class of secondary metabolites with high
structural diversity. It is assumed that specific structural diversification of the backbone
structure senecionine N-oxide to other PAs resulting in unique PA bouquets provides a
powerful strategy for plants to cope with biotic and abiotic stresses. Senecionine N-oxide
undergoes structural transformations including site-specific oxidative modifications and
therefore, cytochrome P450s (CYPs) could be involved in PA biosynthesis. Here eight CYP
candidates of Jacobaea species were tested for their functions by using heterologous
expression in yeast and in vitro enzyme assays. The enzyme assays were performed using
extracted microsomal membranes and the CYP geraniol 10-hydroxylase was used as a
positive control. None of the eight CYP enzymes showed catalytic activities in structural
conversion using senecionine/integerrimine, seneciphylline, jacobine, erucifoline or a PA
mixture as well as the respective N-oxides as substrates. Although this might due to the fact
that more optimal reaction conditions are required, most likely these CYPs are not enzymes
invoved in the transformation of the tested substrates.

Keywords

yeast, pYeDP60u, microsome, senecionine, intergerrimine, seneciphylline, jacobine,
erucifoline
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Introduction

Pyrrolizidine alkaloids (PAs) are a characteristic group of plant secondary metabolites (SMs)
with a high diversity of chemical structures. Of the senecionine type PAs, senecionine N-oxide
(Fig. 1) has been identified as the primary product of the biosynthesis of the 12-membered
macrocyclic senecionine-type PAs by tracer-feeding experiments (Hartmann and Toppel 1987;
Hartmann et al., 1989; Hartmann and Dierich, 1998). In shoots of plants of the Senecioneae
tribe, senecionine N-oxide was found to be diversified into species- or chemotype-specific
bouquets of biosynthetically derived PAs including seneciphylline, jacobine and erucifoline
(Hartmann and Dierich, 1998). These PAs have been extensively studied with regards to their
ecological roles in defense (Macel et al., 2005; Nuringtyas et al., 2014; Liu et al., 2017; Leiss
et al., 2009; Cheng et al., 2011; Wei et al., 2015). These studies demonstrated that PAs with
different structures have different bioactivities on herbivores. It is assumed that specific
structural conversion of senecionine N-oxide to other PAs resulting in individual PA bouquets
provides a powerful strategy for plants to cope with a dynamic environment (Hartmann and
Dierich, 1998). Still an open question is how the PA bouquet is brought about in individual
plants. Thus, it is of interest to elucidate the underlying genes of the PA biosynthesis.

Transformation between most of the 12-membered senecionine type PAs can be explained
by simple one- or two-step reactions from the primary PA senecionine N-oxide (Hartmann and
Dierich, 1998; Pelser et al., 2005; Langel et al., 2011). Senecionine N-oxide (Fig. 1) undergoes
position-specific and stereoselective structural transformations resulting in the rearrangement
of the skeletal structure and in oxidative modifications (Hartmann and Dierich, 1998). The
oxidative modifications include 18-hydroxylation, 13,19-dehydrogenation, 15,20-epoxidation,
12,13-epoxidation, 19-hydroxylation and 8-oxidation (see Fig. 1 and Fig. S1 of Chapter 4),
which could be catalyzed by cytochrome P450s (CYPs) as CYPs catalyze the oxidative
modifications of various substrates using oxygen and NAD(P)H in various SM biosynthesis
pathways. Through metabolic and transcriptomic profiling techniques, initial CYP candidates
for involvement in PA biosynthesis were selected from Jacobaea species (Chapter 4) and their
functions remain to be tested.

In order to unequivocally characterize the enzymatic activities of CYPs, heterologous
expression of CYP proteins is a critical step. All plant CYPs described so far are bound to
membranes, usually to the endoplasmic reticulum (ER). To be active, CYPs need to be coupled
with electron-donating proteins, CYP reductases or cytochrome bs, which are also anchored to
the surface of ER. Most commonly, via the NADPH-dependent CYP reductase (CPR) heme-
bound O is activated by the successive transfer of two electrons from NADPH (Bak et al.,
2011), leading to regiospecific and stereospecific oxidative attack of a plethora of substrates.
Therefore, yeast is the most often used system for heterologous expression of CYPs. For
analysis of plant CYPs the yeast strain WAT11 (Pompon et al., 1996) which expresses an
NADPH reductase from Arabidopsis thaliana instead of the yeast NADPH reductase and the
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yeast expression vector pYeDP60 (Urban et al., 1990) has been traditionally used (Duan and
Schuler, 2006; Miettinen et al., 2014; Liu et al., 2016; Liu et al., 2018). However, the vector
pYeDP60 offers a limited selection of restriction sites which complicates the cloning of CYPs.
The adaption of the vector to the uracil-excision based (USER™) cloning technique (Nour-
Eldin et al., 2006) resulting in pYeDP60u was advocated as more optimal in high-throughput
screening of CYPs (Hamann and Mgller, 2007).

Here the functional tests of eight CYP candidates available in Jacobaea vulgaris were
performed. After recombination of selected genes into the pYeDP60u vector, CYP genes were
introduced in yeast. Subsequently, microsomes were extracted for in vitro enzyme assays using
isolated PAs or a PA mixture as substrates, and reaction products were analyzed by LC-
MS/MS. Geraniol 10-hydroxylase (G10H; CYP76B6) from Catharanthus roseus (Collu et al.,
2001) was used as a positive control in this study.

Materials and Methods
Plant material and cDNA synthesis

Tissue culture plants of J. vulgaris were grown and treated with methyl jasmonate (MeJA) as
reported in Chapter 4. The shoots of cultured plants with the MeJA treatment of eight days
were ground into fine powder in liquid nitrogen, and were stored at -80 °C. Total RNA was
extracted by phenol/chloroform extraction followed by overnight precipitation with ca. 3 M
lithium chloride, washed with 70% ethanol, and resuspended in water. First strand cDNA was
synthesized using the Thermo Scientific RevertAid First Strand cDNA Synthesis Kit.

Amplification and cloning of CYP genes

Eight CYP candidate genes, i.e. CYP71AT158, CYP71AV19, CYP76S36, CYP706C72,
CYP706E12, CYPP81B113, CYP82D180 and CYP82Q5, from different CYP
families/subfamilies were selected based on the association of PA abundances with differential
gene expression of CYPs between different Jacobaea samples (Chapter 4). G10H (CYP76B6)
from C. roseus was used as a positive control. The full-length coding sequences were amplified
by PCR using Phusion® High-Fidelity DNA Polymerase (New England Biolabs) according to
manufacturer’s instruction (for primers see Table S1). Purified PCR fragments were ligated
into the pJET1.2 vector using the Thermo Scientific CloneJET PCR Cloning Kit and
introduced into Escherichia coli strain XL1-Blue. The resulting plasmids were sent for
sequencing of both strands by BaseClear B.V. (The Netherlands).

Preparation of pYeDP60u vector for cloning

The yeast vector pYeDP60u (Hamann and Mgller, 2007) was a kind gift from Nicolas Navrot
from Strasbourg University. This vector was prepared for cloning according to Nour-Eldin et
al. (2006) with minor modification. One pg pYeDP60u plasmid was digested with 10 U Pacl
(New England Biolabs) overnight in a total volume of 50 uL. An additional 5 U Pacl was
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added in together with 5 U Nt.BbvCI (New England Biolabs), and the digestion was incubated
for 2 hours at 37 °C. The linearized vector was purified using the Thermo Scientific GeneJET
Gel Extraction Kit.

Expression of CYP genes in yeast

CYP genes were PCR re-amplified using KlearTag DNA polymerase with the pJET1.2
plasmid constructs as templates. Uracil-containing primers were designed according to
Hamann and Meller (2007): forward 5°-GGATTAAU + A + sequence of coding strand of
targeted DNA; reverse 5’-GGGTTAAU + optimized stop codon (TAA) + sequence
complementary to coding strand of target DNA (Table S1). The PCR fragments were inserted
into yeast/E. coli shuttle vector pYeDP60u using USER enzyme (New England Biolabs) and
introduced in E. coli strain XL1-Blue. The genes inserted in the resulting plasmids were re-
sequenced with the plasmid primers (forward: 5’-CACGCAAACACAAATACACACAC-3’;
reverse: 5’- AAGCACCACCACCAGTAGAG-3’). Subsequently, the obtained constructs
were transformed into the Saccharomyces cerevisiae WAT11 yeast strain which expresses the
ATR1 CPR from Arabidopsis thaliana (Pompon et al., 1996) by the improved lithium acetate
procedure (Gietz et al., 1992) with minor modifications. The transformed cells were plated on
SGI plates for autotrophic selection (Pompon et al., 1996). Yeast transformed with empty
pYeDP60u plasmid and G10H was used as the negative control and the positive control,
respectively.

Yeast microsome isolation

Preparation of microsomes from transformed yeasts was carried out according to Liu et al.
(2016) with minor modifications. Colonies streaked onto SGI plates were pre-cultured in 10
mL liquid SGI medium (20 g/L glucose, 1 g/L bactocasamino acids, 7 g/L yeast nitrogen base
without amino acid without ammonium sulfate, 5 g/L ammonium sulfate, 40 mg/L L-
tryptophan) at 30 °C for 18 hours in a shaking incubator. Ten milliliters of pre-culture were
used to inoculate 200 mL of YPGE medium (10 g/L yeast extract, 10 g/L bactopeptone, 5 g/L
glucose, 3% ethanol by volume) and grown for 30 hours at 30 °C at 150 rpm. Induction of
gene expression was started by adding 10 mL of 200 g/L galactose and further incubation at
20 °C for 16 hours.

Yeast cells were pelleted at 4,000 rpm for 10 min at 4 °C, washed with TEK buffer (50 mM
Tris-HCI pH 7.5, 1 mM EDTA, 100 mM KCI), and resuspended in 2 mL of TES buffer (50
mM Tris-HCI pH 7.5, 1 mM EDTA, 600 mM sorbitol) supplemented with 2-mercaptoethanol
and 10 g/L bovine serum albumin, farction V (extraction buffer). The cell resuspensions were
homogenized with ca. 5mL of glass beads (450 - 600 um) by shaking up and down by hand
for 5 min in a cold room. Glass beads were washed twice with 10 mL of cold extraction buffer,
and lysates were pooled. Cell debris and remaining glass beads were removed from the pooled
lysates by centrifugation at 4,000 rpm for 10 min at 4 °C. Supernatants were filtered through
Miracloth (Calbiochem®) and microsomes were pelleted by centrifugation at 100,000 g at 4
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°C for 1 hour. Pelleted microsomal fractions were resuspended in 1 mL of TEG buffer (50 mM
Tris-HCI pH 7.5, 0.5 mM EDTA, 30% (v/v) glycerol) with a Potter-Elvehjem homogenizer.
Protein concentrations of microsome preparations were measured by using Bradford reagent
(BioRad) in cuvettes on a Nanodrop 2000c spectrophotometer (Thermo Scientific).
Microsomal preparations were aliquoted and flash frozen in liquid nitrogen and stored at -80
°C until enzyme assays.

In vitro enzyme assays

Enzyme assays were done in a 200 pL final volume of 20 mM potassium phosphate buffer (pH
7.5), containing 200 ug microsomal protein, 500 uM NADPH and 100 uM PA substrate. The
mixture was incubated for 30 min at 28 °C and the reaction was terminated by addition of 10
pL of 50% acetic acid. Samples were diluted 10-fold with water and centrifuged at 14,000 rpm
for 2 min and the supernatants were passed through a 0.2 um regenerated cellulose membrane
filter (Sartorius). PA substrates (Fig. 1) including a reduced PA extract of leaves of J. vulgaris,
a mixture containing senecionine and integerrimine, seneciphylline, jacobine, erucifoline
(isolated by ExPlant Technologies B.V., The Netherlands) and their corresponding N-oxides
obtained by incubation with 300 pL of 30% H»0, (Sigma) for 16 hours at 60°C in methanol at
a concentration of 5 mg/mL were used for each CYP enzyme of J. vulgaris (Table 1). For the
positive control G10H geraniol (approx. 98% purity; Sigma) was used as the substrate, and the
reaction volume was enlarged to 1 mL final volume as liquid-liquid extraction was required in
order to prepare samples for GC-MS which has a low sensitivity. After incubation, the aqueous
reaction mixture was extracted three times with 1 mL of ethyl acetate. The ethyl acetate layers
were combined and dried using a CentriVap concentrator (Labconco). The residue was
redissolved in 100 uL of ethyl acetate before injection into GC-MS. The enzyme assay of the
positive control was carried out in duplicate.

senecionine N-oxide integerrimine N-oxide seneciphylline N-oxide jacobine N-oxide erucifoline N-oxide

Figure 1. Structures of isolated PAs in N-oxide form used as substrates in enzyme assays.

LC-MS/MS analysis of PA conversion

Analysis of reaction mixtures was performed on an LC-MS/MS system consisting of a Waters
Acquity UPLC coupled to a Xevo TQ-S tandem mass spectrometer (Waters, Milford, MA,
USA), run in positive electrospray mode. Before analysis aliquots (50 pL) of the filtered
supernatants were diluted an additional 20 times with water before injection into LC-MS/MS.
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Chromatographic separation was achieved on an Acquity BEH C18 analytical column, 150
x 2.1 mm, 1.7 um particle size (Waters, Milford, MA, USA). Eluent A consisted of water
containing 10 mM ammonium carbonate pH 9.0 and acetonitrile was used as eluent B. A
gradient elution was performed as follows: 0.0 min 100% A/0% B, 0.1 min 95% A/5% B, 3.0
min 90% A/10% B, 7.0 min 76% A/24% B, 9.0 min 70% A/30% B, 12.0 min 30% A/70% B,
12.1-15.0 min 100% A/0% B. The column was kept at 50°C and a flow rate of 400 puL/min
was applied; 2 pL of the sample extracts was injected.

For each analyte at least two selected precursor to product ion MRM transitions were
measured. Cone energy was 40V and collision energy settings were optimized for the
individual compounds. Quantification was performed against a range of mixed standard
solutions (0-5-10-25-50-100-200 ug/L) of the PAs in a diluted extract of Tanacetum vulgare
(tansy). The extract of T. vulgare material was used to mimic a PA-free plant extract. The
range of mixed standard solutions was injected at the beginning of the series and at the end.
The mixed standard solution of 50 ug/L in T. vulgare extract was injected every 30-40 samples,
to monitor the performance of the system (drift in retention times, changes in detector
sensitivity) during the analysis. For each PA the averaged response of two MRM transitions
was used for quantification. Data processing was conducted with MassLynx 4.1 software
(Waters Corporation, Milford, MA, USA).

GC-MS analysis of geraniol conversion

The ethyl acetate solutions were analyzed with a 7890A gas chromatograph equipped with a
7693 automatic sampler and coupled to a 5975C mass single-quadrupole detector (Agilent,
Folsom, CA, USA). Samples were separated using a DB-5 GC column (30mx0.25 mm, 0.25
um film, J&W Science, Folsom, CA, USA) and He (99.9% purity) as a carrier gas at a flow
rate of 1 mL/min. The oven temperature was programmed starting at 60 °C and increased to
150 °C at 5 °C/min, then to 240 °C at 15 °C/min. The injector was set at 250 °C and 1 pL of
sample was injected in splitless mode. The interface temperature was 280 °C, and the ion
source and quadrupole temperature of the mass detector were 230 °C and 150 °C, respectively.
lonization energy in EI mode was 70 eV and peaks were identified by comparison of their ion
spectra with the NIST library (version 2008), and by comparison of their retention time and
spectra with the standards geraniol and 10-hydroxygeraniol (synthesized by Chiralix B.V.,
Nijmegen, The Netherlands).

Results

The purpose of this study is to check whether the selected CYP candidates are involved in PA
biosynthetic pathway. Aiming to characterize the enzymatic activities of CYPs, heterologous
expression of CYP proteins in the yeast expression system was conducted. In vitro enzyme

125




Chapter 5

assays were performed using extracted microsomal membranes and different PA substrates,
and reaction products were analyzed by LC-MS/MS.

CYP sequences

The initial step of expression of CYPs was to amplify selected CYP sequences from cDNA of
the shoots of cultured plants with the MeJA treatment of eight days. The sequence information
of CYPs used for amplification were obtained from the de novo assembled transcriptome of J.
vulgaris (Chapter 3; Chapter 4). Six of the eight CYPs showed identical amino acid sequences
between Sanger sequencing and RNA-Seq (three CYPs showed identical nucleotide
sequences, while the other three had 1-2 different nucleotides). The remaining two CYPs
showed two and three different amino acids between two different sequencing approaches.

Geraniol conversion

In order to make sure that the heterologous expression of plant CYPs in yeast and in vitro
enzyme assays were conducted properly, G10H of C. roseus was used as the positive control
in our study. In the enzyme assay, geraniol incubated with microsomes expressing CYP76B6
was successfully converted to 10-hydroxygeraniol (Fig. 2A). Most of the geraniol was
evaporated during vacuum drying of ethyl acetate extracts (Fig. 2A-B). Metabolic background
of enzyme assays (Fig. 2B) as well as background noise of the GC-MS instrument (Fig. 2E)
were observed.

Enzyme assays of CYPs from Jacobaea vulgaris

None of the eight CYP enzymes selected as candidates for PA biosynthesis showed catalytic
activities in structural transformation of PAs using a PA extract, a mixture of senecionine and
integerrimine, seneciphylline, jacobine, erucifoline or the respective PAs in N-oxide form as
substrates (Table 1).

Discussion

In the current study, eight CYP candidates (CYP71AT158, CYP71AV19, CYP76S36,
CYP706C72, CYP706E12, CYPP81B113, CYP82D180 and CYP82Q5) were chosen from the
candidate list obtained in Chapter 4. All amplified CYPs in this study showed identical amino
acid sequences to de novo assembled sequences of RNA-seq analysis except two
(CYP71AT158 and CYP706C72) which showed two and three different amino acids to their
virtual sequences. These results provided an evidence for the good quality of de novo
assembled transcriptome of J. vulgaris.

Aiming at characterizing the functions of CYP candidates from Jacobaea species to see
whether they are involved in PA biosynthesis, we used heterologous expression in yeast and
in vitro enzyme assays. The successful conversion of geraniol to 10-hydroxygeraniol
demonstrated that the yeast expression system followed by in vitro enzyme assays can be used
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Figure 2. GC-MS analyses of geraniol conversion in enzyme assays with yeast microsomes. (A)
Microsomes from yeast expressing G10H; (B) microsomes from yeast expressing the empty pYeDP60u
vector; (C) 10-hydroxygeraniol standard; (D) geraniol standard; (E) blank solvent ethyl acetate.
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Table 1. Tests of cytochrome P450s (CYPs) for pyrrolizidine alkaloid (PA) conversions by in vitro

enzyme assays with different PA substrates.

:qn-lJ (%]

3 £ ~ — ~ % =

E g 5 g 8 - B8 5 8 5 8 § 3 %

@ = 3 3 &5 & = L 3 & & & 5 35 &
CYP706E12 99.2 0.8 586 0.1 346 0.2 2.1 0.2 - 3.7
CYP81B113 99.5 0.5 593 0.1 34.0 0.0 2.3 0.2 3.7
CYP71AV19 99.3 0.7 593 0.1 339 0.2 2.3 0.2 3.6
CYP82D180 99.2 0.8 59.2 0.1 34.0 0.2 2.1 0.2 3.7
CYP76S36 Sn+Ir 99.2 0.8 59.2 0.1 339 0.2 2.2 0.2 3.8
CYP71AT158 99.2 0.8 594 0.1 338 0.2 2.0 0.2 3.7
CYP706C72 99.3 0.7 593 0.1 341 0.2 2.1 0.2 3.6
CYP82Q5 99.2 0.8 59.2 0.1 337 0.2 2.5 0.2 3.6
NC® 99.3 0.7 594 0.1 34.0 0.2 2.1 0.2 3.6
CYP706E12 0.2 99.8 0.2 599 0.1 338 - - -
CYP81B113 0.5 99.5 0.3 58.6 0.1 338 - - -
CYP71AV19 0.1 99.9 0.1 59.6 0.0 339 - - -
CYP82D180 0.6 994 0.4 59.2 0.2 333 - - -
CYP76S36 Sn-ox + Ir-ox 0.2 99.8 0.2 59.0 0.1 33.8 - - -
CYP71AT158 0.2 99.8 0.2 594 0.1 34.0 - - -
CYP706C72 0.2 99.8 0.1 595 0.1 334 - - -
CYP82Q5 03 99.7 0.1 60.1 0.0 335 - - -
NC 03 99.7 0.2 595 0.1 337 - - -
CYP706E12 99.9 0.1 1.5 - 0.2 - - - 98.0
CYP81B113 99.9 0.1 1.6 - 0.2 - - - 98.0
CYP71AV19 99.9 0.1 1.6 - 0.2 - - - 98.0
CYP82D180 99.9 0.1 1.6 - 0.2 - - - 98.0
CYP76S36 Sp 99.9 0.1 1.6 - 0.2 - - - 98.0
CYP71AT158 99.9 0.1 1.6 - 0.2 - - - 98.0
CYP706C72 99.9 0.1 1.6 - 0.2 - - - 98.0
CYP82Q5 99.9 0.1 1.6 - 0.2 - - - 98.0
NC 99.9 0.1 1.6 - 0.2 - - - 98.0
CYP706E12 03 997 - 1.8 - 0.2 - - 0.3
CYP81B113 0.6 994 - 1.8 - 0.2 - - 0.6
CYP71AV19 0.2 99.8 - 1.8 - 0.2 - - 0.2
CYP82D180 0.8 99.2 - 1.8 - 0.2 - - 0.8
CYP76S36 Spox 0.2 99.8 - 1.7 - 0.2 - - 0.2
CYP71AT158 0.2 99.8 - 1.8 - 0.3 - - 0.2
CYP706C72 0.4 99.6 - 1.8 - 0.2 - - 0.4
CYP82Q5 0.2 99.8 - 1.8 - 0.3 - - 0.2
NC 0.4 99.6 - 1.8 - 0.2 - - 0.4
CYP706E12 99.9 0.1 - - - - - - 0.1
CYP81B113 99.9 0.1 - - - - - - 0.1
CYP71AV19 99.9 0.1 - - - - - - 0.1
CYP82D180 99.9 0.1 - - - - - - 0.1
CYP76S36 Jb 99.9 0.1 - - - - - - 0.1
CYP71AT158 99.9 0.1 - - - - - - 0.1
CYP706C72 99.9 0.1 - - - - - - 0.1
CYP82Q5 99.9 0.1 - - - - - - 0.1
NC 99.9 0.1 - - - - - - 0.1
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g ) g @ 5 S o T 28
8 5 8 5 8 = 8 L 8 z 8 5 &8 =z 38 & g7
5 8 5 =2 & 2 5 5 5 & 3 & 35 8 35 ¢ ¢
& 5 g 2 2 =8 & = £ =g £ N & &5 & 5 8
- - - - 041 - - - - - - - 01 - 02 -
- - - - 00 - - - - - - - 01 - 02 -
- - - - 041 - - - - - - - 01 - 02 -
- - - - 041 - - - - - - - 01 - 02 -
- - - - 00 - - - - - - - 01 - 02 -
- - - - 00 - - - - - - - 01 - 02 -
- - - - 00 - - - - - - - 01 - 02 -
- - - - 00 - - - - - - - 01 - 02 -
- - - - 00 - - - - - - - 01 - 02 -
2.7 - - - - 0.1 - 0.1 - - - - 0.0 0.0 3.2 -
2.7 - - - - 0.1 - 0.1 - - - - 0.0 0.9 3.3 -
2.7 - - - - 0.1 - 0.1 - - - - 0.0 0.0 3.3 -
2.6 - - - - 0.1 - 0.1 - - - - 0.0 0.9 3.2 -
2.7 - - - - 0.1 - 0.1 - - - - 0.0 0.8 3.3 -
2.7 - - - - 0.1 - 0.1 - - - - 0.0 0.0 3.3 -
2.6 - - - - 0.1 - 0.1 - - - - 0.0 0.8 3.2 -
2.6 - - - - 0.1 - 0.1 - - - - 0.1 0.0 3.2 -
2.6 - - - - 0.1 - 0.1 - - - - 0.0 0.1 3.2 -
0.0 0.0 - - 0.1 - - - - - - - - - - -
0.0 0.0 - - 0.1 - - - - - - - - - - -
0.0 0.0 - - 0.1 - - - - - - - - - - -
0.1 0.1 - - 0.1 - - - - - - - - - - -
0.1 0.0 - - 0.1 - - - - - - - - - - -
0.1 0.0 - - 0.1 - - - - - - - - - - -
0.0 0.0 - - 0.1 - - - - - - - - - - -
0.0 0.0 - - 0.1 - - - - - - - - - - -
0.0 0.0 - - 0.1 - - - - - - - - - - -
95.7 0.0 - 1.4 - 0.1 - - - - 0.0 0.1 - 0.1 0.3 -
95.5 0.0 - 1.5 - 0.1 - - - - 0.0 0.0 - 0.0 0.3 -
95.9 0.0 - 1.4 - 0.1 - - - - 0.0 0.0 - 0.0 0.3 -
95.4 0.0 - 13 - 0.1 - - - - 0.0 0.1 - 0.0 0.3 -
95.9 0.0 - 1.4 - 0.1 - - - - 0.0 0.1 - 0.0 0.3 -
95.8 0.0 - 1.4 - 0.1 - - - - 0.0 0.1 - 0.0 0.3 -
95.7 0.0 - 1.4 - 0.1 - - - - 0.0 0.1 - 0.0 0.3 -
95.8 0.0 - 14 - 0.1 - - - - 0.0 0.1 - 0.0 0.3 -
95.7 0.0 - 1.3 - 0.1 - - - - 0.0 0.1 - 0.0 0.3 -
- - - - 963 0.1 0.3 - 0.2 - 2.7 - 0.2 - - -
- - - - 963 0.1 0.3 - 0.2 - 2.7 - 0.2 - - -
- - - - 96.2 0.1 0.3 - 0.2 - 2.8 - 0.2 - - -
- - - - 961 0.1 0.4 - 0.2 - 2.9 - 0.2 - - -
- - - - 96.2 0.1 0.3 - 0.2 - 2.8 - 0.2 - - -
- - - - 9.1 0.1 0.4 - 0.2 - 2.8 - 0.4 - - -
- - - - 96.2 0.1 0.4 - 0.2 - 2.7 - 0.2 - - -
- - - - 96.2 0.1 0.4 - 0.2 - 2.8 - 0.2 - - -
- - - - 96.2 0.1 0.4 - 0.2 - 2.8 - 0.2 - - -
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CYP706E12 0.5 995 - - - - - - - - - -
CYP81B113 15 985 - - - - - - - - - -
CYP71AV19 03 99.7 - - - - - - - - - -
CYP82D180 19 981 - - - - - - - - - -
CYP76S36 Jb-ox 0.4 99.6 - - - - - - - - - -
CYP71AT158 0.4 99.6 - - - - - - - - - -
CYP706C72 0.5 995 - - - - - - - - - -
CYP82Q5 03 997 - - - - - - - - - -
NC 1.1 989 - - - - - - - - - -
CYP706E12 99.8 0.2 - - - - - 0.0 - 00 - -
CYP81B113 99.8 0.2 - - - - - 0.0 - 00 - -
CYP71AV19 99.8 0.2 - - - - - 0.0 - 00 - -
CYP82D180 99.8 0.2 - - - - - 0.0 - 00 - -
CYP76S36 Er 99.8 0.2 - - - - - 0.0 - 00 - -
CYP71AT158 99.8 0.2 - - - - - 0.0 - 00 - -
CYP706C72 99.8 0.2 - - - - - 0.0 - 00 - -
CYP82Q5 99.8 0.2 - - - - - 0.0 - 01 - -
NC 99.8 0.2 - - - - - 0.1 - 00 - -
CYP706E12 0.5 995 - - - - - - 02 - 00 -
CYP81B113 1.8 98.2 - - - - - - 02 - 00 -
CYP71AV19 0.4 99.6 - - - - - - 01 - 03 -
CYP82D180 23 977 - - - - - - 02 - 03 -
CYP76S36 Er-ox 0.7 993 - - - - - - 01 - 03 -
CYP71AT158 0.6 994 - - - - - - 02 - 03 -
CYP706C72 0.6 994 - - - - - - 02 - 03 -
CYP82Q5 06 994 - - - - - - 02 - 03 -
NC 13 987 - - - - - - 02 - 03 -
CYP706E12 99.8 02 64 00 26 00 02 3.0 - 18 - 225
CYP81B113 99.8 02 63 00 26 00 02 2.9 - 17 - 224
CYP71AV19 98.9 11 61 00 26 09 0.2 2.9 - 18 - 225
CYP82D180 A mixture of 99.1 09 62 08 26 00 02 2.9 - 18 - 222
CYP76S36 98.2 18 60 08 25 09 0.2 2.9 - 18 - 221
PA extract
CYP71AT158 98.1 19 60 08 26 09 0.2 2.8 - 17 - 225
CYP706C72 98.2 18 62 08 27 09 01 2.9 - 18 - 223
CYP82Q5 98.1 19 62 08 26 09 02 2.9 - 18 - 219
NC 99.0 10 62 08 26 00 0.2 2.9 - 18 - 225
CYP706E12 04 996 00 94 - 40 - 0.0 3.7 - 34 0.0
CYP81B113 11 989 01 93 - 39 - 0.0 3.7 - 32 0.2
CYP71AV19 03 99.7 00 96 - 39 - 0.0 3.7 - 33 0.0
CYP82D180 A mixture of 13 987 01 94 - 40 - 0.1 37 - 33 0.2
CYP76S36 PA extract 05 995 0.0 93 - 40 - 0.0 3.7 - 35 0.1
CYP71AT158 in N-oxide form 05 995 00 93 - 40 - 0.0 3.7 - 35 0.1
CYP706C72 06 994 00 93 - 41 - 0.0 3.7 - 35 0.1
CYP82Q5 03 997 00 93 - 39 - 0.0 3.7 - 34 0.0
NC 09 991 01 94 - 39 - 0.0 3.7 - 33 0.1

The contents of PAs are shown in their relative abundances (%). Sum FB: the sum of all PA free bases. Sum Nox: the
sum of all PA N-oxides. Sn: senecionine. Ir: integerrimine. Sv: senecivernine. Rt: retrorsine. Us: usuramine. Sp:
seneciphylline. St: spartioidine. Rd: riddelliine. Jb: jacobine. JI: jacoline. Jn: jaconine. Jz: jacozine. Er: erucifoline.

Un: unkown. Ot: otosenine.

2NC: negative control using empty vector without CYP insertion.
b percentages of PAs lower than 0.05%.

130



Tests of cytochrome P450 candidates for the pyrrolizidine alkaloid pathway of Jacobaea species using
an expression system in yeast

0.1 - - - 06 05 937 - 14 - 04 - 21 - 07 05 -
0.1 - - - 06 14 930 - 13 - 04 - 20 - 06 05 -
0.1 - - - 06 03 941 - 14 - 04 - 20 - 07 05 -
0.1 - - - 06 19 924 - 14 - 04 21 - 07 05 -
0.1 - - - 06 04 939 - 14 - 04 - 20 - 07 05 -
0.1 - - - 06 04 939 - 14 - 04 - 19 - 07 05 -
0.1 - - - 06 05 938 - 15 - 04 - 20 - 06 05 -
0.2 - - - 06 03 939 - 14 - 04 - 20 - 07 05 -
0.1 - - - 06 10 933 - 14 - 04 - 20 - 06 05 -

- - - - - 23 - - - - - 101 - 872 02 - -
- - - - - 23 - - - - - 98 - 876 02 - -
- - - - - 23 - - - - - 97 - 876 02 - -
- - - - - 23 - - - - - 97 - 876 02 - -
- - - - - 24 - - - - - 104 - 869 02 - -
- - - - - 23 - - - - - 98 - 875 01 - -
- - - - - 24 - - - - - 99 - 874 02 - -
- - - - - 24 - - - - - 102 - 870 02 - -
- - - - - 24 - - - - - 99 - 874 01 - -
- - - - 01 00 52 - 09 - 01 00 155 05 772 03 -
- - - - 00 01 67 - 09 - 01 03 152 15 747 04 -
- - - - 01 00 57 - 09 - 01 01 158 03 763 03 -
- - - - 01 01 52 - 08 - 01 03 154 18 753 03 -
- - - - 00 00 52 - 09 - 01 01 152 06 771 04 -
- - - - 00 01 53 - 10 - 01 01 159 05 762 03 -
- - - - 01 00 52 - 10 - 01 01 153 05 769 03 -
- - - - 00 00 54 - 09 - 01 02 150 04 772 03 -
- - - - 01 00 53 - 10 - 01 02 153 11 761 03 -
- 06 - 29 - 174 - 68 - 02 - 30 - 322 01 - 02
- 06 - 29 - 173 - 6.9 - 02 - 30 - 325 01 - 03
- 06 - 28 - 171 - 69 - 02 - 29 - 321 01 - 02
- 06 - 29 - 174 - 6.9 - 02 - 28 - 320 01 - 02
- 06 - 29 - 171 - 6.9 - 02 X - 318 01 - 02
- 07 - 29 - 172 - 69 - 02 - 28 - 314 01 - 02
- 06 - 28 - 172 - 69 - 02 - 28 - 314 01 - 02
- 06 - 28 - 174 - 68 - 02 - 29 - 316 01 - 02
- 06 - 28 - 174 - 70 - 02 - 30 - 317 01 - 02

26.1 - 00 - 35 01 187 00 82 - 07 - 22 01 190 06 02

26.4 - 00 - 37 02 180 01 83 - 07 - 23 03 189 06 02

26.5 - 00 - 37 00 192 00 82 - 07 - 12 00 190 06 02

26.1 - 00 - 35 03 183 0.1 84 - 07 - 21 03 187 06 02

26.2 - 00 - 36 01 187 00 83 - 07 - 22 01 187 06 02

25.9 - 00 - 36 01 186 00 83 - 08 - 22 01 189 05 02

25.9 - 00 - 36 01 185 00 84 - 07 - 22 01 189 05 02

26.1 - 00 - 36 01 185 00 82 - 08 - 22 01 193 06 02

25.6 - 00 - 36 02 186 01 85 - 07 - 22 02 190 06 02
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as the system to test functions of CYP candidates. None of the eight CYPs were found to
possess catalytic activities on PA modifications with the selected PA substrates. Most likely
the negative results are due to the fact that the CYPs tested in this study were not the enzymes
involved in PA biosynthesis. The study finding candidate genes involved in PA biosynthesis
(Chapter 4) should be interpreted with caution as long as CYPs responsible for PA
diversification have not been identified. As how PA modification is related to CYPs is
unknown, defining candidate genes by setting a threshold for the P-value and fold change of
differential gene expression can be ambiguous. As such, statistical studies do not show
causation and are not always sensitive enough to clarify the contribution of CYP abundances
on PA concentrations. More candidate genes need to be tested before we can conclude that the
candidate approach described in Chapter 4 is not working. Before biochemical
characterization, in silico enzyme-substrate interaction modelling analysis of binding site
features and substrate selectivity might be a potential approach (Raunio et al., 2015; Liu et
al., 2018) to refine the CYP candidate list in later studies. There is a possibility that the genes
underlying PA biosynthesis are not CYP genes but other oxidative enzymes such as flavin-
dependent monooxygenases and peroxidases (Burton, 2003), which can also be retrieved from
transcriptomes described in Chapter 4.

The negative results might be also explained by the lack of efficient expression of CYP
enzymes required for catalyzing PA conversions or by suboptimal reaction conditions of
enzyme assays for PA conversion. In addition, the PA substrates isolated (Table 1) may
contained impurities which might inhibit activities of CYPs. PA conversions might happen but
in such low amounts that derived PAs only account for marginal percentages of the total PA
concentration and thus is treated as technical variability in LC-MS detection.

Overall, we tested eight CYPs (CYP706E12, CYP81B113, CYP82D180, CYP71AT158,
CYP71AV19, CYP706C72, CYP82Q5, CYP76S36) of J. vulgaris for their catalytic activities
on isolated PAs and PA extracts but found no PA conversion in all combinations. Based on
the current results, most likely is that these CYPs are not enzymes involved in PA biosynthesis,
at least not with the tested substrates. More CYP candidates are suggested to be tested in further
studies.

Acknowledgements

Yangan Chen thanks the China Scholarship Council (CSC) for financial support. We thank
Luis Francisco Salomé-Abarca and Hye Kyong Kim for their help in using GC-MS instrument.
We thank Blair Berger for her help in using the LC-MS instrument in Leiden University.

References

Burton SG. 2003. Oxidizing enzymes as biocatalysts. TRENDS in Biotechnology 21:543-549.

132



Tests of cytochrome P450 candidates for the pyrrolizidine alkaloid pathway of Jacobaea species using
an expression system in yeast

Chen W, Viljoen AM. 2010. Geraniol - A review of a commercially important fragrance material. South
African Journal of Botany 76:643-651.

Cheng D, Kirk H, Vrieling K, Mulder PPJ, Klinkhamer PGL. The relationship between structurally
different pyrrolizidine alkaloids and western flower thrips resistance in F(2) hybrids of Jacobaea
vulgaris and Jacobaea aquatica. Journal of Chemical Ecology 37:1071-1080.

Collu G, Unver N, Peltenburg-Looman AMG, van der Heijden R, Verpoorte R, Memelink J. 2001.
Geraniol 10-hydroxylase, a cytochrome P450 enzyme involved in terpenoid indole alkaloid
biosynthesis. FEBS Letters 508:215-220.

D Gietz, A St Jean, R A Woods, and Schiest RH. 1992. Improved method for high efficiency
transformation of intact yeast cells. Nucleic Acids Research 20:1425.

Duan H, Schuler MA. 2006. Heterologous expression and strategies for encapsulation of membrane-
localized plant P450s. Phytochemistry Reviews 5:507-523.

Hamann T, Mgller BL. 2007. Improved cloning and expression of cytochrome P450s and cytochrome
P450 reductase in yeast. Protein Expression And Purification 56:121-127.

Hartmann T, Dierich B (1998) Chemical diversity and variation of pyrrolizidine alkaloids of the
senecionine type: biological need or coincidence? Planta 206: 443-451.

Hartmann T, Ehmke A, Eilert U, von Borstel K, Theuring C. 1989. Sites of synthesis, translocation and
accumulation of pyrrolizidine alkaloid N-oxides in Senecio vulgaris L. Planta 177:98-107.

Hartmann T, Toppel G. 1987. Senecionine N-oxide, the primary product of pyrrolizidine alkaloid
biosynthesis in root cultures of Senecio vulgaris. Phytochemistry 26:1639-1643.

Langel D, Ober D, Pelser PB. 2011. The evolution of pyrrolizidine alkaloid biosynthesis and diversity in
the Senecioneae. Phytochemistry Reviews 10:3-74.

Leiss KA, Choi YH, Abdel-Farid IB, Verpoorte R, Klinkhamer PGL. 2009. NMR metabolomics of thrips
(Frankliniella occidentalis) resistance in Senecio hybrids. Journal of Chemical Ecology 35:219-
229.

Liu Q, Beyraghdar Kashkooli A, Manzano D, Pateraki I, Richard L, Kolkman P, Lucas MF, Guallar V,
de Vos RCH, Franssen MCR, van der Krol A, Bouwmeester H. 2018. Kauniolide synthase is a
P450 with unusual hydroxylation and cyclization-elimination activity. Nature Communications
9:4657.

Liu X, Klinkhamer PGL, Vrieling K. 2017. The effect of structurally related metabolites on insect
herbivores: A case study on pyrrolizidine alkaloids and western flower thrips. Phytochemistry
138:93-103.

Liu Z, Tavares R, Forsythe ES, André F, Lugan R, Jonasson G, Boutet-Mercey S, Tohge T, Beilstein
MA, Werck-Reichhart D, Renault H. 2016 Evolutionary interplay between sister cytochrome P450
genes shapes plasticity in plant metabolism. Nature Communications 7:13026.

Macel M, Bruinsma M, Dijkstra SM, Ooijendijk T, Niemeyer HM, Klinkhamer PGL. 2005. Differences
in effects of pyrrolizidine alkaloids on five generalist insect herbivore species Journal of Chemical
Ecology 31:1493-1508.

Miettinen K, Dong L, Navrot N, Schneider T, Burlat V, Pollier J, Woittiez L, van der Krol S, Lugan R,
llc T, Verpoorte R, Oksman-Caldentey KM, Martinoia E, Bouwmeester H, Goossens A, Memelink
J, Werck-Reichhart D. 2014. The seco-iridoid pathway from Catharanthus roseus. Nature
Communications 5: 3606.

133




Chapter 5

Nour-Eldin HH, Hansen BG, Ngrholm MHH, Jensen JK, Halkier BA. 2006 Advancing uracil-excision
based cloning towards an ideal technique for cloning PCR fragments. Nucleic Acids Research
34:e122.

Nuringtyas TR, Verpoorte R, Klinkhamer PG, van Oers MM, Leiss KA. 2014. Toxicity of pyrrolizidine
alkaloids to Spodoptera exigua using insect cell lines and injection bioassays. Journal of Chemical
Ecology 40:609-616.

Pelser PB, de Vos H, Theuring C, Beuerle T, Vrieling K, Hartmann T. 2005. Frequent gain and loss of
pyrrolizidine alkaloids in the evolution of Senecio section Jacobaea (Asteraceae). Phytochemistry
66:1285-1295.

Pompon D, Louerat B, Bronine A, Urban P. 1996. Yeast expression of animal and plant P450s in
optimized redox environments. Methods in Enzymology 272:51-64.

Raunio H, Kuusisto M, Juvonen RO, Pentikdinen OT. 2015. Modeling of interactions between
xenobiotics and cytochrome P450 (CYP) enzymes. Frontiers in Pharmacology 6:123.

Urban P, Cullin C, Pompon D. 1990. Maximizing the expression of mammalian cytochrome P-450
monooxygenase activities in yeast cells. Biochimie 72:463-472.

Wei X, Vrieling K, Mulder PPJ, Klinkhamer PGL. 2015. Testing the generalist-specialist dilemma: the
role of pyrrolizidine alkaloids in resistance to invertebrate herbivores in Jacobaea species. Journal
of Chemical Ecology 41:159-167.

134



Tests of cytochrome P450 candidates for the pyrrolizidine alkaloid pathway of Jacobaea species using

an expression system in yeast

‘s1owtId 9SIOADI JO SIDUI] [[€ oIk 0S ‘[ed1IUSPI oJe sIowLid premIo} Jo pud ¢ oy Je SISUI] [[V "P[Oq Ul payJew aJe siaxul| ajqiedwod ¥3sn ayL

€-0OVOVIO9O11091999VVVLLINYVLLODD-S Y ,€-DOVIOVLIODLIID1I99DVVYLL-S
€ 1OVLLIDVVLIVIVVIVIOVLIIDVLIIVODIVVNVVLLYDD-S ] - LOVLLIDVVILIVIVVIVOOVLIOOVLIIVODLV-S 4 [4:14% 94994dAD
€-OVOLLDIOVIVVOOLIVOOIVOVYVLLNVYVLLODD-S Y €-11209V1VVYODLIVOOIVOVYVIL-S
WE-ODLLLIVIIDID11DD111DVIIOVIVVIVOOLVVNVYVLLYDD-G (E-LVLIDID1IDD111DVIOVOVVLIVOOLY-S 4 vevi 9€S9LdAD
€-OIVVVLIVOOVOVLIVIVOVIVOLIVIVVIOVVLINYVLLDDD-S \£-DVVVLVOOVOVLIVIVIVIVOLYIVYIOVYIL-S Y
E€-OLLIVIOVVYILID1IVILDID1IVIDLLIVVOLVOLVYVNVVLLYDD-S €-OL1IVIOVVYIOLID1IVILDID1IVIOLLIVVYOLY-S 89T SOZ8dAD
€-0191919091190VVIVVVILOVLINYVLLDDD-S Y 11919351 19VVIVVYVILOVIL-S Y
€-20OVIVILLI1I9OVIDIVVYOILOLIVVNVVLLYDD-,S 4 1€-009OVIVILLD1OVIIIVVYOILOLV-S 4 SLST CL290LdAD
€-99110991VVIOLII99VOLIO1IVIINYVLLDDD-S Y €-DD1109D1VVIOLIDD99VOLIOLIVIL-S Y
(E€-D1D1D11111D33131VVILIDOVODIVVNVVLLYDD-S ] € D1D101111133101VVILID9VOO1V-G 4 €04T 6TAVTLdAD
€-909)11VIIVVVOVIOVIOILIVIVLINYVLLDDD-S \€-DDL1VIDVVVOVIOVIOILVIVIL-S ‘Y
E-DD1VVIILIDIVOLIVVYVVVYOVVYVIILVIVYOLVVNVVLLYDD-S 4 € 011D1VOLIVVVVVOVVVIILVIVVYOLV-S 4 09T 08TAC8dAD
,€-0109VVVIOOVVVYYLIOVVLIVVVIVIOVLINYVLLDDD-S 1€-2109VVVIOOVVYVVLIOVVLIVYVIVLIOVIL-S ‘Y
- DLLIDIDIDIIDLIDLIDVILLIIVOVLIIIVOVOLVVNVYVLLYDD-S - DLLIDIDIDLIIDIIDLIDVIILIIVOVLIIIVOVOLV-G 4 904T 8STLIVTLdAD
\€-0LVI1VIDL1VVIVVLIVOVOLIVVIVLLINYVLLODD-S Y (€-D1VILVIILLYVIVVLIVOVOLOVYIVIL-S ‘Y
€-01VIJ101011VOLIO1IVILIIIDVVVOOLIVVNVVLLYDD-G 4 €-0LVIJLDO1D01IVOLOIVILIIIJDVVVYOOLY-,S 4 ¢St €TTAT8dAD
€-OVI1VIOL1999VOVLIVILIVIVVLIINYVLLDOD-,S Y €-D1VID11999VOVLIVILLVIVIL-S ‘Y
€-O1ID1119VVIVIOVVILIOVVVILVIVOLIVVNVVLLYDD-,S €-011L1OVVIVIOVVILIOVVVILVLIVOLY-S 4 T6aT C¢T1390LdAD
5195 Jowiud Suluieuod-joeln 5195 Jowd |ewJoN Ju uj uoi3au

3u1pod jo yidua

sauab dAD 10 uoneaijijdwe Joj pasn siawlld TS a|qel

135



136



