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Abstract Chrysomelina beetlesstore 3-nitropropionic acid in form of a pretoxin,
isoxazolin-5-one glucoside-conjugated ester, to protect themselves against predators. Here
we identified a cytochrome P450 monooxygenase, CYP347W1, to be involved in the
production of the 3-nitropropionic acid moiety of the isoxazolin-5-one glucoside ester.
Knocking down CYP347W1 led to a significant depletion in the concentration of the
isoxazolin-5-one glucoside ester and an increase in the concentration of the isoxazolin-5-
one glucoside in the larval hemolymph. Enzyme assays with the heterologously expressed
CYP347W1 showed free B-alanine was not the direct substrate. Homology modeling in-
dicated that B-alanine-CoA ester can fit into CYP347W1’s active site. Furthermore, we
proved that Phaedon cochleariae eggs are not able to de novo synthesize 3-NPA, although
both isoxazolin-5-one glucoside and its 3-NPA-conjugated ester are present in the eggs.
These results provide direct evidence for the involvement of CYP347W1 in the biosynthe-
sis of a P cochleariae chemical defense compound.
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Introduction

The neurotoxin 3-nitropropionic acid (3-NPA) and its
derivatives are a group of structurally related and tox-
icologically important nitrogen-containing natural com-
pounds. The intoxication by 3-NPA and its derivatives
has caused severe losses of domestic livestock (Williams
etal., 1969; Williams & James, 1975; James et al., 1980).
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Similar 3-NPA intoxication incidents were also reported
from humans due to ingestion of moldy sugarcanes (Liu
etal., 1992; Hamilton et al., 2000). Due to its similarity to
succinic acid, 3-NPA acts as a suicide inhibitor to succi-
nate dehydrogenase (EC No. 1.3.99.1) and can block the
electron transport chain that is essential for all living cells
(Huang et al., 2006). In mammals, the blockage of ATP
production caused by 3-NPA leads to neurodegeneration
with symptoms similar to those found in the patients with
Huntington’s disease (Tunez ef al., 2010).

Since its first discovery as a glucoside in the tropical
plant Hiptage madablota Geartn, the occurrence of 3-
NPA and its derivatives has been identified in an increas-
ing number of species from both fungi and leguminous
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Fig. 1 The proposed biosynthetic pathway of compounds 1 and 2 in P cochleariae (adopted from Becker et al., 2016).

plants (Baxter & Greenwood, 1986; Baxter et al., 1992;
Hamilton ef al., 2000; Anderson ef al., 2005). In insects,
adults of Chrysomelina leaf beetles were also reported
to store the 3-NPA containing pretoxin, isoxazolin-5-one
glucoside derived ester, to protect themselves from natu-
ral enemies (Baxter & Greenwood, 1986; Randoux et al.,
1991). Recent studies have shown that the isoxazolin-5-
one glucoside (compound 1) and the corresponding 3-
NPA-conjugated ester (compound 2) (Fig. 1) coexist in
all the different life stages of Chrysomelina leaf beetles,
and are present as major secondary metabolites in eggs,
in larval hemolymph, in pupal and adults’ hemolymph
and defensive secretions (Becker et al., 2016; Pauls et al.,
2016). Since compound 2 showed a highly deterrent ef-
fect to the ant Myrmica rubra, it was considered to consti-
tute a cornerstone of the chemical defense arsenal for the
Chrysomelina beetles against predatory ants, whilst com-
pound 1 acted mainly as a precursor to conjugate the poi-
sonous 3-NPA to avoid self-intoxication (Pasteels et al.,
1986).

With stable isotope-labeled precursor feeding experi-
ments, the biosynthesis of compounds 1 and 2 in leaf bee-
tles of the Chrysomelina subtribe have been studied in de-
tail. Unlike the leguminous plants and fungi, leaf beetles,
for example, P cochleariae, utilize L-valine instead of L-
aspartic acid or malonate as the precursor for the produc-
tion of compounds 1 and 2 (Baxter et al., 1994; Robert

& Christian, 2007; Su et al., 2008; Becker et al., 2016;
Huang et al., 2016). The proposed biosynthetic pathway
of compounds 1 and 2 in larvae of the Chrysomelina leaf
beetles is shown in Fig. 1 (Becker ef al., 2016). The back-
bones of both compounds 1 and 2 are derived from S-
alanine, an amino acid that can be either sequestered from
host plants or synthesized by the degradation of some es-
sential amino acids, for example L-valine via propanoyl-
CoA. By consecutive oxidations at the amino group, B-
alanine is converted further into 3-NPA and isoxazolin-
5-one, respectively. The substitution of the diphosphate
group of a-UDP-glucose with isoxazolin-5-one gener-
ates compound 1, which is further conjugated with the 3-
NPA moiety, yielding compound 2 (Randoux et al., 1991;
Becker et al., 2016). Even though the sequential reactions
have been chemically proposed, the enzymes that are in-
volved in the pathway remain to be identified.

As the proposed biosynthetic pathway of both
compounds 1 and 2 in P cochleariae includes two
sequential oxidations at the nitrogen atom of S-alanine
and a ring formation reaction, Cytochrome P450s (CYPs)
are proposed to catalyze these reactions. CYPs are a su-
perfamily of heme-thiolate monooxygenases, and have
been identified in all kingdoms of life, including the
viruses (Lamb et al., 2009). One of the most fundamental
reactions that P450s catalyze is to introduce one oxy-
gen atom into the nonactivated carbon-hydrogen bond
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(Montellano, 2010; Greule et al., 2018). Additionally,
P450s were reported to mediate a diverse array of other
oxidations as well as some novel reactions, for example,
the oxygenation at heteroatoms, ring formations, and so
on (Guengerich, 2001; Lamb & Waterman, 2013). How-
ever, a correlation between the biosynthetic reactions in
the pathway leading up to compound 2 and cytochrome
P450 monooxygenases has not been demonstrated so far.

To investigate whether P cochleariae harbor P450(s)
that participate(s) in the production of compound 1
and its 3-NPA-conjugated ester 2, we used a com-
bination of double-stranded RNA (dsRNA) mediated
RNA interference (RNAi) and high performance liquid
chromatography-mass spectrometry (HPLC) to screen
the P450 candidates. Herein, we report the identification
of one cytochrome P450, CYP347W1, which was proven
to play an important role in the biosynthesis of the 3-NPA
moiety of compound 2. In vitro enzyme assays using suc-
cessfully heterologously expressed CYP347W1 showed
it could not convert free S-alanine. Homology model in-
dicated that B-alanine-CoA ester is a promising substrate
for CYP347W1. Furthermore, our results showed that the
eggs are unable to synthesize the 3-NPA moiety de novo.

Materials and methods
Leaf beetles

The mustard leaf beetle, P cochleariae, was reared
in the lab continually on Chinese cabbage Brassica
oleracea convar. capitata var. alba (Gloria F1) in a
16 h light to 8 h dark cycle at 15°C + 2°C. Chrysomela
populi (L.) were collected near Dornburg, Germany
(+51°00'52.00”, +11°38'17.00"), on Populus maximow-
iczii X Populus nigra. The beetles were lab-reared at 18
=+ 2°C in light (16 h) and 13 & 2°C in darkness (8 h).

RNA extraction and cDNA synthesis

Different P cochleariae larval tissues (fat body, gut
and Malpighian tubules) were dissected under the mi-
croscope and stored in 100 uL lysis-buffer (Life Tech-
nologies, Carlsbad, USA) with the addition of 1 uL Ex-
pressArt NucleoGuard (Amp Tec GmbH, Germany) at
—80°C until needed. Total RNA from stored tissues was
isolated with the RNAqueous®-Micro Kit (Life Tech-
nologies, Carlsbad, USA) according to the manufacturer’s
instruction. The RNA from whole larvae of P cochleariae
and C. populi was isolated with the RNAqueous kit (Life
Technologies, USA). All RNA samples were stored at
—80°C after extraction. For RNA samples used for quan-
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titative real-time PCR (qPCR), the genomic DNA was di-
gested by DNase I (Thermo Fisher Scientific, Langensel-
bold, Germany) prior to cDNA synthesis.

For cDNA-synthesis, a total of 400 ng RNA was used
together with 1 uL SuperScript III Reverse Transcriptase
(Life Technologies, USA) and 0.5 pg/uL Oligo(dT)-18
Primers (Life Technologies, USA) per 20 uL reaction.
The cDNA template from P cochleariae fat body for 3’
rapid amplification of cDNA ends (3’ RACE) was syn-
thesized according to the manual from SMARTer RACE
5'/3' Kit (Takara Bio, Inc. Mountain View, CA, USA). All
cDNA templates were stored at —20°C after synthesis.

Analysis of the expressional profile of P450s in different
tissues

gPCR was performed to analyze the expression pat-
tern of CYP347W1 in different tissues (fat body, gut and
Malpighian tubules) with Bio-Rad CFX96 real time PCR
detection system (Bio-Rad Laboratories, Munich, Ger-
many). Each RT-qPCR reaction (20 pL final volume)
contained 10 wL Brilliant III SYBR Green qPCR Mas-
ter Mix (Agilent Technologies, Waldbronn, Germany),
0.6 uL of ¢cDNA, and 0.2 L each of forward and re-
verse gene-specific primers (Table S1, working concen-
tration 10 wmol/L). An initial incubation at 95°C for 3
min was conducted, followed by 40 cycles at 95°C for
10 s, 60°C for 20 s, and at 72°C for 30 s. Three techni-
cal replicates were applied to three biological replicates.
Technical replicates with a Cq difference >0.5 were ex-
cluded. Elongation factors la (Pc EFla) and the eukary-
otic translation initiation factor 4a (Pc elF'4a) were cho-
sen as reference genes for normalization. Primers were
designed by primer3plus (http://www.bioinformatics.
nl/cgibin/primer3plus/primer3plus.cgi), all primer se-
quences can be found in the Table S1. All assays were per-
formed according to the MIQE-guidelines (Bustin ef al.,
2009).

Silencing of CYP347W1 by RNAi

The full-length open reading frame of CYP347WI1
was analyzed by siFi 21 (https://sourceforge.net/projects/
sifi21/) for off-target prediction using a threshold value
of at least 21 consecutive nucleotides. The unique frag-
ments (>400 bp) were used to design double strand
(dsRNA) primers (Table S1) and all dsRNA fragments
(including the dseGFP control) were synthesized using
the MEGAscript RNAi Kit (Thermo Fisher Scientific,
Langenselbold, Germany). After purification, the dSRNA
was diluted in 0.9% NaCl solution and adjusted to a
concentration of 2 ug/uL. Second instar P cochleariae
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larvae were anesthetized on ice prior to injection.
For each larva, 100 ng dsRNA was injected into the
hemolymph under the microscope with a glass capillary.
Larvae injected with only dsRNA targeting eGFP were
taken as the control group. After injection, the larvae
were transferred into insect rearing cups and were kept
under normal rearing conditions.

Hemolymph collection

Larval hemolymph was collected by glass capillar-
ies (i.d.: 0.28 mm, o.d.: 0.78 mm, length: 100 mm,;
Hirschmann, Eberstadt, Germany) and then transferred to
a 200 uL Eppendorf tube. The weight of the hemolymph
was obtained by weighing empty and filled tubes with
hemolymph. All samples were stored at —20°C until
needed.

Identification of compound 1, compound 2, 3-NPA and
B-alanine by HPLC-MS and gas chromatography-mass
spectrometry (GC-MS)

For the detection of compounds 1 and 2, the stored
larval hemolymph samples were dissolved in 50 uL
90% ethanol supplemented with 4 uL '3C4-labeled com-
pounds 1 and 2 authentic standard mixture. The inter-
nal standard mixture was prepared in a volume ratio of
25:10 : 1 for *Cg-labeled compound 1 (3.736 mmol/L
in ddH,0), '3C¢-labeled compound 2 (2.034 mmol/L in
ddH,0) and Paraoxon (18.8 mmol/L in ethanol; Merck
KGaA, Darmstadt, Germany), respectively (Becker et al.,
2013, 2015). Analysis was carried out using an Ag-
ilent HP1100 HPLC-MS system equipped with a
LiChrospher® 100 RP-18 (5 pum) LiChroCART® 250-4
column (Merck KGaA, Darmstadt, Germany) connected
to a Finnigan LTQ MS detector (Thermo Electron Corp,
Dreieich, Germany). The detector operated in the at-
mospheric pressure chemical ionization (APCI) mode
(vaporizer temperature: 500°C, capillary temperature:
300°C). The program was set by following the description
stated by Pauls et al. (2016). For identification, the mass-
to-charge ratio (m/z) at 292 for compound 1 and m/z at
393 for compound 2, and the m/z plus 6, respectively, for
the corresponding '*Cg-labeled internal standards were
used. The peak areas were calculated by Thermo Xcal-
ibur Quan Brower implemented in the Xcalibur software
(Thermo Fisher Scientific, Langenselbold, Germany).
The relative amount of compounds 1 and 2 present in
each ug hemolymph was calculated against the '3Cg-
labeled internal standards that were spiked in the solvent.

To detect 3-NPA and B-alanine with GC-MS, the sol-
vent of both extracts from the fat body and the enzyme
assays were dried under nitrogen flow at room temper-
ature for 30 min. 3-NPA and B-alanine were deriva-
tized with 50 wL N-methyl-N-tert-butyldimethylsilyl-
trifluoroacetamide (MBDSTFA) at 70°C for 30 min.
After the derivatization, the samples were dried again
under nitrogen flow and redissolved in 100 L ethyl
acetate. The supernatants were transferred to GC vials
for measurement. One microliter was subjected to GC-
MS analysis [ThermoQuest ISQ mass spectrometer LT
system (quadrupole) equipped with a Phenomenex ZB-
5-W/Guard-column, 25 m (10 m Guardian precolumn)
x 0.25 mm, film thickness: 0.25 pum]. The detector
operated in electron ionization (EI) mode. The program
was as follows: 45°C (2 min), 10°C per minute to 200°C,
30°C per minute to 300°C (1 min). The inlet temperature
was 220°C and the transfer line was at 280°C. 3-NPA and
B-alanine were identified by the comparison of the re-
tention time and mass spectra to the authentic standards.

Construction of the recombinant plasmids

The full-length open reading frame sequence of
CYP347W1 was amplified with the Phusion High-
Fidelity DNA Polymerase (Life Technologies, Carlsbad,
CA, USA) and the corresponding primers (Table S1), af-
terward, the full length was verified by sequencing. The
right sequence containing the stop codon was subcloned
into the pFastBac Dual expression vector directly with
primers appended with Notl and HindIII restriction en-
zyme cleavage sites named as CYP347W1_Notl_F and
CYP347W1_HindIIl_R. To facilitate the detection of the
recombinant protein with western blot, the constructs
without the stop codon were subcloned in parallel. To
achieve this, CYP347W1 without the stop codon was
first subcloned into the pcDNA™3.1D/V5-His-TOPO
expression vector with primers CYP347W1_pc_F and
CYP347W1_pc_R. Then the third pair of primers de-
signed based on the pcDNA™3.1D/V5-His-TOPO ex-
pression vector was used to amplify CYP347W1 with the
C-terminal overhang of the V5 epitope and His tag. The
obtained fragment was further subcloned into the pFast-
Bac Dual expression vector. A C. populi cytochrome
P450 reductase (CPR) was cloned and was subjected to
similar operations as mentioned above (Fu et al., 2019).
Both CYP347W1 and CPR inserts were cloned down-
stream of and controlled by the PH promoter in the
pFastBac™ Dual vector. The recombinant positive plas-
mids were analyzed and verified by PCR and sequencing
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and were stored at —20°C. For the sequences of all the
primers mentioned here, see Table S1.

Heterologous expression

Recombinant CYP347W1/CPR was coexpressed in Sf9
insect cells using the Bac-to-Bac baculovirus expression
system. First, the purified pFastBac Dual plasmid con-
taining either CYP347W1 or CPR was transformed into
DHI10Bac™ E. coli for transposition into the bacmid.
Colonies containing the recombinant bacmids were iden-
tified by blue/white selection according to the protocol.
And the positive recombinant bacmids were further ver-
ified by PCR and sequencing. Afterward, the postive
bacmids were transfected to the Sf9 insect cells to pro-
duce the recombinant baculovirus stocks (Thermo Fisher
Scientific, Langenselbold, Germany). Supernatant was
harvested and the titer of the recombinant baculoviral
stock was determined following the manufacturer’s in-
structions by plaque assay. Sf9 cells were then coin-
fected with recombinant baculoviral stocks P2 expressing
CYP347W1 and CPR with a MOI of 1 and 0.1, respec-
tively. Sf9 cells were maintained at 27°C with Sf-900 II
SFM medium (Life Technologies, Carlsbad, CA, USA),
supplemented with 2.5 pg/mL hemin and 0.3% (vol/vol)
fetal bovine serum (Atlas Biologicals, Fort Collins, CO,
USA). After 72 h, cells were harvested for microsome
isolation according to the methods described by Joussen
et al. (2012). The microsomes were aliquoted and stored
at —80°C after determining the concentration with the
Quick Start Bradford Protein Assay Kit (Bio-Rad Lab-
oratories, Munich, Germany).

SDS PAGE and Western Blot

Microsomal fractions containing CYP347W1 and CPR,
fused with a V5 epitope tag and a His-tag were denatured
by incubation at 70°C for 5 min and followed by SDS
PAGE. Afterward, membrane proteins were blotted onto
a polyvinylidene difluoride (PVDF) membrane (Trans-
Blot® Turbo™ Mini PVDF Transfer Pack; Bio-Rad) with
a Bio-Rad blotting system. The membrane was blocked
first in blocking buffer (5% (wt/vol) nonfat dry milk
in Tris-buffered saline with Tween-20 (TBST) buffer)
for 1 h and then incubated overnight with Anti-V5-HRP
antibodies (1 : 10 000; Thermo Fisher Scientific, Lan-
genselbold, Germany) in another blocking buffer (0.25 %
[wt/vol] nonfat dry milk in TBST buffer) at 4°C. The
membrane was washed three times with TBST buffer
prior to incubation (1 min) with enhanced chemilumi-
nescence (ECL) solution (Thermo Fisher Scientific, Lan-
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genselbold, Germany). Amersham Hyperfilm ECL X-ray
film (GE Healthcare, Boston, USA) was exposed to the
PVDF membrane prior to developing the film.

Enzyme assays

The microsomal fractions with the recombinant
CYP347W1 and CPR protein lacking the V5 epitope and
His-tag were used for the enzyme assays. The assay was
performed in 50 uL volume containing 25 pg microso-
mal proteins in 20 mmol/L potassium phosphate buffer
(pH 7.5), 200 wmol/L B-alanine and 1 mmol/L NADPH.
The same assay without NADPH served as the negative
control. For the empty control, 25 pg microsomal pro-
teins from cells that were infected with the recombinant
CPR virus only were used. After incubation at 30°C for
30 min, the reaction was stopped by freeze and thaw cy-
cles.

Homology modeling

The 3D-protein structure homology modeling of
CYP347W1 was performed with YASARA, Version
17.12.24 (Krieger et al., 2009; Krieger & Vriend, 2014).
After search for templates in the protein database, 10 ap-
propriate X-ray templates were found (pdb-codes: SVCC,
S5VCD, S5VEU, 6C93, 3NAL1, 6C94, 4191, 3MDM, 5SUFG,
47V 38) (Berman et al., 2000). Altogether 88 models in-
cluding alternative sequence alignments for the 10 tem-
plates was generated by YASARA. The quality of all ho-
mology models was evaluated using PROCHECK and
ProSA II (Laskowski et al., 1993; Sippl, 1990, 1993). The
model based on the X-ray structure of, SVEU, scored at —
1.178, was the best, for the longest amino acid chain mod-
eled with a sequence identity of 33.9% and a sequence
similarity of 53.8% (BLOSUMG62 score is >0). Finally,
a hybrid model was automatically generated which in-
cluded better scored short alternative loop structures from
the other models. This hybrid model was subsequently re-
fined with the md-refinement tool of YASARA (20 simu-
lated annealing runs for 500 ps). A model with excellent
quality was achieved, based on the Ramachandran plot,
with 91.7% residues being in the most favoured region
and two outliers only in loop regions. All other stereo-
chemical parameters were also checked; the ProSA II en-
ergy graphs were in negative range (windows size = 40)
and the calculated z-scores was in the range of natively
folded proteins.

One hundred docking positions of S-Ala-CoA were
generated by docking to the active site close to heme us-
ing MOE 2018.01 (https://www.chemcomp.com/). From
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several alternative docking positions, two of them exhib-
ited a close distance between the amino (8-Ala)-methyl
group with the peroxide bound to heme. To check sta-
bility of the arrangement a final md-refinement run was
performed.

Results

P, cochleariae fat body is the biosynthetic site for both
compound 1 and 2

A previous study has shown that activities of UDP-
glucosyltransferase for the production of compound 1
and of ATP/CoA-dependent enzyme(s) to incorporate the
3-NPA moiety into compound 2 were detected in the fat
body of Chrysomelina beetles, indicating that both com-
pound 1 and 2 are synthesized in the P cochleariae fat
body (Becker ef al., 2016). To validate this assumption,
the P cochleariae crude fat body extract was first sub-
jected to HPLC-MS analysis. As shown in Figure 2A,
both compound 1 and 2 were detected by comparing the
retention times and mass spectra to the synthesized '*Cg-
labeled authentic standards. Additionally, GC-MS analy-
sis revealed a peak corresponding to the silylated 3-NPA
also present in the fat body extract (Fig. 2B). The pres-
ence of both compounds 1-, 2-, and 3-NPA in the fat body
supports the assumption that the biosynthesis of these
compounds takes place in the fat body.

CYP347W1 is an abundant enzyme in the fat body of P
cochleariae larvae

As we are interested in CYPs that are involved in
biosynthesis for both compound 1 and compound 2, we
focused on those that are highly expressed specifically
in the fat body. While screening the expression pattern
of putative P450 candidates in P cochleariae larvae (Fu
et al., 2019), a contig referred as C480, and here named
as CYP347W1 according to the cytochrome P450 nomen-
clature committee, drew our attention. It displayed a sur-
prisingly high transcriptional level exclusively in the fat
body, exceeding that in the gut and Malpighian tubules
by around 294-fold and 138-fold, respectively (Fig. 3).
Compared to other known P450s, the deduced amino acid
sequence of CYP347W1 exhibits the highest amino acid
identity (54%) to one functional uncharacterized P450
(accession number: XM_023169053.1) from the Col-
orado potato beetle Leptinotarsa decemlineata. Among
other hits that share more than 40% amino acid identities
based on the family concept of CYPs, none of them has
been functionally characterized. In the genetically closely

related sequestering leaf beetles, C. populi, which also
produces compounds 1 and 2, we have identified a ho-
molog of CYP347W1 (namely comp619) sharing 90.9%
amino acid identity. This homolog exhibited a similar
transcriptional profile to CYP347W1, being highly ex-
pressed in the larval fat body. Altogether, the feature of
fat body specific accumulation of a group of highly con-
served CYPs among different Chrysomelinae species in-
dicate their special and important roles in the fat body’s
metabolism.

CYP347W1 is involved in 3-NPA production in P
cochleariae larvae

To address the question of whether CYP347W1 is in-
volved in the production of compounds 1 and 2, we ex-
amined the knockdown effect of CYP347W1 on the larval
ability to produce both compounds. As shown in Fig. 4A,
the relative expression level of CYP347W1 was quite sta-
ble at selected sampling days in those larvae injected
with dseGFP; while in dsCYP347W1 injection group, the
transcriptional level of CYP347W1 has dropped signif-
icantly to only 2% of that in dseGFP treated group on
the 3rd day after injection. Afterward, the downregulation
pattern of CYP347W1 remained stable for the following
sampling days in the dsCYP347W1 treated group, indi-
cating that the RNAi effect had been triggered and the
CYP347W1 gene had been knocked down successfully
in dsCYP347W1 injected larvae. In addition, knocking
down CYP347WI1 did not affect the larval body weight
gain trends in both dseGFP and dsCYP347W1 treated
groups (Fig. 4B).

Since both compound 1 and 2 accumulate in the larval
hemolymph, the relative amounts of both compounds in
the hemolymph from larvae injected with dsCYP347W1
and dseGFP were compared. As shown in Fig. 4C, on the
3rd and 5th day, the relative amount of compound 1 in
hemolymph from CYP347W1 knockdown larvae was al-
ways slightly higher than that in larvae from the dseGFP
treated group. Remarkably, on the 7th day after injection,
compound 1 in the dsCYP347W1 treated group was sig-
nificantly more abundant than that in larvae injected with
dseGFP. On the 9th day, the observed statistically sig-
nificant difference was counterbalanced by the slight de-
crease of compound 1 in CYP347W1 knock down group.
In contrast, compared to the dseGFP-treated group, the
relative amount of compound 2 in the dsCYP347W1
treated group decreased significantly and steadily from
around 80% on the 3rd day after injection to about only
2% on the 9th day after injection (Fig. 4D). Addition-
ally, we tested the presence of 3-NPA in the fat body
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Fig. 2 Validation of the presence of compound 1 (RT: 2.44 min, m/z 292), compound 2 (RT: 7.62 min, m/z 392) and silylated 3-NPA
(RT: 10.73 min) in the fat body extracts of P cochleariae. (A) The HPLC chromatogram for compound 1 and 2, and (B) the GC
chromatogram of silylated 3-NPA. The identification of both compounds 1 and 2 in the fat body extract was assigned based on the
comparison of the retention time and mass spectrum to the synthetic '3C-labeled authentic standards with m/z at 298 for compound
1 and m/z at 398 for compound 2 (Figs. S1 and S2). Marked signals correspond to [M+HCOOH]~ ions. 3-NPA was silylated with
MBDSTFA, and the identification of silylated 3-NPA in the fat body extract was assigned based on the comparison of the retention

time and mass spectrum to the authentic standard (Fig. S3).

extracts from larvae in both dsCYP347W1 and dseGFP
treated groups on the 7th day after injection. No 3-NPA
was detected in the larvae injected with dsCYP347W1
compared to the ones receiving dseGFP, but a minor ac-
cumulation of B-alanine was observed in the CYP347W1
knockdown group (Fig. 5). To sum up, these results re-
vealed that CYP347W1 is an important enzyme for the
production of the 3-NPA moiety of compound 2. More-
over, it is conceivable that P cochleariae recruits an en-
zyme independent of CYP347W1 for the biosynthesis of

the isoxazolin-5-one heterocycle moiety, though both 3-
NPA and isoxazolin-5-one are derived from the common
precusor B-alanine.

To determine, if CYP347W1 can use free S-alanine for
the synthesis of 3-NPA, CYP347W1 was coexpressed
with the cytochrome P450 reductase CPR in Sf9 insect
cells using the baculovirus expression system success-
fully (Fig. S5). Pilot experiments by using free 8-alanine,
however, showed no obvious enzymatic activity. Ho-
mology modeling revealed that CYP347W1 is likely to
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accept S-alanine-CoA ester as a substrate rather than
free B-alanine (Fig. 6A). As shown in Fig. 6B, the amino
group of B-alanine-CoA is coordinated close to the per-
oxide of heme of CYP347W1 (magenta carbon atoms) by
the formation of a salt bridge with D295. B-alanine-CoA
is stabilized by the formation of salt bridges between
K106 and the diphosphate moiety of CoA, and also be-
tween K72 and the monophosphate of CoA. Additionally,
some hydrophobic interactions with F103, F117, F210,
V361, and L480 with short hydrophobic moieties of CoA
helps to stabilize the entire docking arrangement.

Correlation between the CYP347W1 transcriptional
abundance and the amount of compounds 1 and 2
throughout P. cochleariae life cycle

Previous studies have shown that compounds 1 and 2
are present in all the life stages of P cochleariae (Mat-
suda & Sugawara, 1980; Pasteels et al., 1986; Becker
et al., 2016; Pauls et al., 2016). However, whether the
beetles from different life stages (egg, larva, pupa, and
adult) share the same biosynthetic enzymatic repertoire
for the production of compounds 1 and 2 is unknown. To
investigate this aspect, the relationship between the tran-
scriptional abundance of CYP347W1 from P, cochleariae
in different life stages and the corresponding amounts of
compounds 1 and 2 was observed. As shown in Fig. 7A,
there was no expression of CYP347W1 in the eggs, and
the gene started to express after hatching of the eggs.

In the larval stage, there existed a significant transcrip-
tional upregulation of CYP347W1 from the first instar to
the second instar larvae, and the transcriptional level re-
mained stable for the following stages of the life cycles.
In terms of the amounts of compound 1 and compound
2, our results are in agreement with the previous studies,
emphasizing the ubiquitous presence of both compounds
in all life stages (see Fig. 7B). Specifically, the relative
amounts of both compounds were similar in the eggs, the
first and second instar larvae. From Fig. 7C, we can see
the larva’s bodyweight increased rapidly during the tran-
sition from the second instar to the third instar. Along
with the weight gain, both compound 1 and compound 2
showed a similar abruptly increasing pattern; afterward,
the abundance of both compounds remained relatively
stable (Fig. 7B). This coincreasing pattern between the
body weight and the total amount of both compounds 1
and 2, respectively, revealed that these two compounds
are present in the beetle at relatively stable concentrations
(Fig. 7D). Compound 1 was at a concentration of about
10 nmol per mg body weight, while compound 2 seemed
to have a higher relative concertation in eggs and first
instar larvae (15 nmol per mg body weight). The concen-
tration of compound 2 decreased slightly to around 10
nmol per mg body weight in the second instar and was
maintained afterward. To sum up, our results indicated
that, except for the eggs, P cochleariae larvae, pupae, and
adults share the same enzyme, CYP347W1, for 3-NPA
production and the eggs can not synthesize compounds 1
and 2 de novo.

Discussion

Chrysomelina leaf beetles use the noxious 3-NPA that
is stored as a nontoxic and enzymatically hydrolysable
ester (compound 2) to fend off their enemies (Becker
et al., 2016). In search of the enzymes that are involved
in compound 2 biosynthesis, we identified a cytochrome
P450 CYP347WI1. By suppressing the expression of
CYP347W1 using RNAI, a significant decrease in the
concentration of compound 2 along with an increase
in the concentration of compound 1 in the hemolymph
were detected. Furthermore, a depletion of 3-NPA was
also observed in the fat body extracts from CYP347W1
knockdown larvae, when compared to the dseGFP
treated group. These results conclusively showed that
CYP347W1 is involved in the production of the toxic 3-
NPA moiety of the defense compound 2 in Chrysomelina
leaf beetles. The minor accumulation of B-alanine in
CYP347W1 knockdown P. cochleariae larvae supported
the conclusion that the backbone of 3-NPA originated
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from B-alanine (Becker ef al., 2016). However, in vitro
enzyme assays showed that CYP347W1 had no activity
toward free B-alanine. But homology modeling indicated
that B-alanine-CoA can fit into CYP347W1’s active
center. To validate whether CYP347W1 can accept B-
alanine-CoA as substrate,the synthesis of §-alanine-CoA
is essential.

Although 3-NPA differs from isoxazolin-5-one in the
oxidative state of the nitrogen atom and chain arrang-
ment, a previous study has shown that both compounds
are derived from the common precursor, B-alanine,
in Chrysomelina leaf beetles, as shown in Figure 1
(Becker et al., 2016). The observed significant increase
of compound 1 detected in the larvae from CYP347W1
knockdown group further indicated that, despite of the

same origin, different enzymes are used for the biosyn-
thesis of 3-NPA and isoxazoline-5-one. Based on the
RNAIi screening experiments, it is proposed that the
mustard leaf beetles P cochleariae rather recruited N-
oxygenase(s) from other protein families than the P450
superfamily for the consecutive oxidation from S-alanine
to isoxazolin-5-one.

In addition to the Chrysomelina leaf beetles, trials to
elucidate the biosynthesis of 3-NPA in other organisms
have also been made. For example, in fungi, 3-NPA
was shown to derive from L-aspartic acid instead of
B-alanine (Baxter ef al., 1992; Chomeheon ef al., 2005).
And L-aspartic acid was converted to 3-NPA by a flavin-
dependent oxidoreductase FzmM with L-nitrosuccinate
as the intermediate in the fosfazinomycin producing
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CYP347W1 with docked B-alanine-CoA (green carbon atoms). The amino group of B-alanine-CoA is close to the peroxide of heme
(magenta carbon atoms). (B) Binding site of B-alanine-CoA (green carbon atoms) in the active site of CYP347W1. The amino group
of B-alanine-CoA is coordinated close to the peroxide of heme of CYP347W1 (magenta carbon atoms) by the formation of a salt
bridge with D295. B-alanine-CoA is stabilized by the formation of salt bridges between K106 and the diphosphate moiety of CoA, and
between K72 and the monophosphate of CoA. Additionally, some hydrophobic interactions with F103, F117, F210, V361, and L480
with short hydrophobic moieties of CoA help to stabilize the entire docking arrangement.
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streptomyces (Huang ef al., 2016). In Chrysomelina leaf
beetles, L-aspartic acid did not participate in 3-NPA
production, as indicated by the stable isotope labeling
experiments (Becker ef al., 2016). Our RNAi results
further showed knocking down CYP347W1 led to almost
complete loss of 3-NPA production on the seventh day
after injection. Consistent with the previous L-aspartic
acid labeling assays, our results consolidated the exclu-
sion of endophytic fungi’s roles in 3-NPA production
in Chrysomelina leaf beetles. Apart from fungi and
Chrysomelina leaf beetles, 3-NPA is also widely present
in the leguminous plants (Hipkin et al., 2004; Ossedryver
et al., 2013). Radioactive labeling experiments in /n-
digofera spicata (creeping indigo) indicated the plant
uses malonic acid as the precursor for 3-NPA production
(Candlish et al., 1969). However, considering the low 4C

incorporation rate (0.02%-0.08%) and the presence of
3-NPA producing endophytic fungi in some leguminous
plants (Chomeheon et al., 2005), it is unclear whether
the 3-NPA in these plants was produced by the plants or
by the endophytic fungi. Moreover, the possibility of uti-
lizing B-alanine as a precursor for 3-NPA production by
those leguminous plants, as found in the leaf beetles, can
also not be excluded. In terms of the origins of 3-NPA,
the B-alanine and P450-dependent synthetic strategy for
3-NPA production in Chrysomelina leaf beetles is quite
different from the aspartic acid and flavin-dependent
oxidoreductase-based mechanism found in fungi, and
also from the malonate acid-derived biosynthesis pro-
posed in leguminous plants. This discovery further
indicates that 3-NPA biosynthesis evolved independently
in these organisms.
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The use of 3-NPA and its derivatives by different or-
ganisms to protect themselves against unfavorable condi-
tions such as predation can be a powerful chemical de-
fensive strategy. The feature of being a suidcide inhibitor
of ATP production, however, necessitates the 3-NPA pro-
ducing organisms to develop detoxifying mechanisms to
avoid self-intoxication (Ludolph et al., 2015). Apart from
storing 3-NPA as the corresponding glucosides, the legu-
minous plants and fungi are able to convert 3-NPA to ox-
idized inorganic nitrogen such as nitrate and nitrite us-
ing 3-NPA oxidase (Porter & Bright, 1987; Hipkin et al.,
1999). In the Chrysomelina leaf beetles, compound 1 was
considered as the detoxifyed carrier for the toxic free 3-
NPA. This hypothesis was supported by the finding that
compound 1 can conjugate two free 3-NPAs in the adult
secretions collected from some Japanese Chrysomelid
beetles (Sugeno & Matsuda, 2002). Our observation of
the slightly higher amount of compound 1 as a result
of 3-NPA downregulation due to CYP347W1 knockdown
also supports compound 1’ role of being a 3-NPA car-
rier. Pauls et al. (2016) showed that P cochleariae larvae
can tolerate up to 300 ng 3-NPA per mg body weight.
As shown in Fig. 7D, compound 1 was at a relative sta-
ble level throught the beeltes’ life cycle. The relatively
high abundance of compound 1 may partly explain the 3-
NPA tolerance in Chrysomelina leaf beetles. In addition,
a study have also showed that the generalist herbivore
Spodoptera littoralis, can excrete 3-NPA into the feces
in the form of amino acid-conjugated amides (Novoselov
et al., 2015). A similar 3-NPA detoxifying mechanism
was also observed in the grasshopper Melanoplus bivit-
tatus (Majak et al., 1998). It remains unknown, whether
Chrysomelina beetles are also able to detoxify 3-NPA by
forming of amino acid amides in addition to forming es-
ter compound 2.
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Fig. S1. Mass spectra of isoxazoline-5-one-glucoside
(mass: 292) and ' Cg-labeled isoxazoline-5-one-
glucoside (mass: 298). The marked signals correspond to
[M+HCOOH]™ ions.

Fig. S2. Mass spectra of 3-NPA-conjugated
isoxazoline-5-one-glucoside ester (mass: 392) and
3C¢-labeled  3-NPA-conjugated  isoxazoline-5-one-
glucoside ester (mass: 398) standards. The marked
signals correspond to [M+HCOOH]™ ions.

Fig. S3. Mass spectra of the MBDSTFA silylated 3-
NPA. Mass spectrum of the authentic standard of 3-NPA
(up) and of the peak corresponding to 3-NPA detected in
the larval fat body extracts in Figure 3 (down). Based on
the retention time and the high similarity with the mass
spectrum of the authentic standard, the peak was identi-
fied as 3-NPA.

Fig. S4. Mass spectra of the MBDSTFA silylated -
alanine. Mass spectrum of the authentic standard of
B-alanine (up) and of the peak corresponding to B-
alanine detected in the fat body extracts from larvae in
CYP347W1 knockdown group in Figure 3 (down). Based
on the retention time and the high similarity with the mass
spectrum of the authentic standard, the peak was identi-
fied as B-alanine.

Fig. S5. Western blot to detect the heterologous ex-
pressed recombinant CYP347W1/CPR proteins with the
Anti-V5-HRP antibody. Microsome was prepared from
S19 cells that were cotransfected with recombinant bac-
uloviral vectors expressing CYP347W1 and CPR that
fused to V5 epitope and His-tag. The observed molecular
mass agreed with the prediction from their corresponding
amino acid sequences.

Table S1. Primers used for the research.
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