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Mesotrione is a selective herbicide belonging to the triketone
family, commonly used on maize cultures since 2003. A
mesotrione-transforming Bacillus megaterium Mesl1 strain
isolated from an agricultural soil was used as a model to
identify the key enzymes initiating the biotransformation of this
herbicide. Two enzymes (called NfrAl and NfrA2/YcnD) were
identified, and functionally and structurally characterized. Both
belong to the NfsA FRP family of the nitro-FMN reductase
superfamily (type I oxygen-insensitive nitroreductase) and show
optimal pH and temperature of 6-6.5 and 23-25°C, respectively.
Both undergo a Ping Pong Bi Bi mechanism, with NADPH
and NADPH/NADH as cofactors for NfrAl and NfrA2/YcnD,

respectively. It is interesting that both can also reduce various
nitro compounds including pesticides, antibiotics, one prodrug
and 4-methylsulfonyl-2-nitrobenzoic acid, one of the mesotrione
metabolites retrieved from the environment. The present study
constitutes the first identification of mesotrione-transforming
enzymes. These enzymes (or their corresponding genes) could
be used as biomarkers to predict the capacity of ecosystems to
transform mesotrione and assess their contamination by both the
parent molecule and/or the metabolites.

Key words: Bacillus megaterium, biotransformation, mesotrione
herbicide, nitroreductase enzyme.

INTRODUCTION

A new generation of herbicides, both more specific and used on
crops at lower doses, has recently appeared on the market [1,2].
However, the reduction in agronomic doses is not necessarily
linked to a decrease in leaching, contamination and potential
(eco)toxicity because novel molecules and their transformation
products can be more toxic than those previously used [3].
We focused our study on the B-triketone herbicide mesotrione,
commonly used to treat maize culture since the prohibition of
the use of atrazine in 2003 in the European Union. Mesotrione’s
fate has already been well studied in crops, soil and water [4].
Its water solubility and sorption coefficient values make this
compound relatively mobile and bioavailable in soils, allowing
biotransformation processes [5,6]. The main metabolites found
in mesotrione-contaminated environments are 4-methylsulfonyl-
2-nitrobenzoic acid (MNBA) and 2-amino-4-methylsulfonyl
benzoic acid (AMBA) [7].

The mesotrione biotransformation pathways are well conserved
among several bacterial mesotrione-transforming strains isolated
from various environments such as Bacillus sp. 3B6 [8] and
Pantoea sp. 5B12 [9], isolated from cloud water, Bacillus pumilus
HZ-2 isolated from an anaerobic wastewater treatment plant [10],
Bacillus megaterium Mes11 [11] and Bradyrhizobium sp. SR1
[12], isolated from an agricultural soil or a laboratory strain of
Escherichia coli (ATCC 11303) [9]. Two pathways have been
described, each one being major or minor according to the strain:

the first involves reduction of the nitro group of mesotrione into
free or cyclized hydroxylamino intermediates and hydrolysis of
the S-diketone bond, leading to the final accumulation of AMBA;
the second involves an oxidative cleavage of the mesotrione and a
reduction of the nitro group, leading to the MNBA intermediate,
and finally transformation into AMBA [13]. Although mesotrione
transformation pathways have been well studied, no genes and/or
enzymes involved in its biotransformation have been described
so far. A recent proteomic study of B. megaterium Mesll
revealed a network of mesotrione-adaptative proteins directly
linked to nitroreductase (NR) enzymes, possibly involved in its
biotransformation into AMBA [14]. This result agreed with the
chemical structures of the observed intermediate metabolites,
corresponding to the reduction of the mesotrione nitro group into
an amino moiety.

NR enzymes are known for their ability to reduce nitro-
aromatic compounds via one- or two-electron transfer by
type II and type I NRs, respectively [15,16]. The type II NRs
contain FMN or FAD as cofactor and their activity is oxygen-
sensitive. They catalyse the one-electron reduction of a nitro
compound, forming a nitro anion radical. In the presence of
oxygen, this radical undergoes futile cycling, resulting in the
production of superoxide anions and regeneration of the parent
nitro compound [17]. The type I NRs (oxygen-insensitive NRs)
are NAD(P)H-dependent, FMN-binding proteins. They catalyse
the sequential two-electron reduction of the nitro group into
a nitroso intermediate which rapidly undergoes reduction to

Abbreviations: AMBA, 2-amino-4-methylsulfonyl benzoic acid; DAD, diode array detector; FLD, fluorescence detector; MNBA, 4-methylsulfonyl-2-
nitrobenzoic acid; MPD, (4S)-2-methyl-2,4-pentanediol; NPB, native purification buffer; NR, nitroreductase; gPCR, quantitative PCR.
' To whom correspondence should be addressed (email isabelle.batisson@univ-bpclermont.fr).

© 2016 Authors; published by Portland Press Limited


mailto:isabelle.batisson@univ-bpclermont.fr).

1444 L. Carles and others

Table 1 Name and sequence of primers used in this study

The B. megaterium-targeted gene names are indicated, as well as the family and superfamily of their corresponding protein.

Annealing
temperature  Amplicon size
PCR primer name ~ Gene name  Protein family Protein superfamily ~ Nucleotide sequence (5'-3') (°C) (bp) Reference or source
A Forward ntrA Arsenite oxidase Nitro-FMN reductase ~ ATGAGCGTATTAGATATTATTAAAGCC 55 558 The present study
A Reverse YTAACGATACCAAATCGTTTTATCTTG
B Forward nfrA1 NfsA FRP Nitro-FMN reductase ~ ATGAACTCAGTTATTGAAACGATTTTA 55 747 The present study
B Reverse TTATTTCTTRTTAAATCCTTGCTTTTC
C Forward ntrC Nitroreductase 1 Nitro-FMN reductase ~ ATGACTATAAAAGACTTTAACGAAATTG 55 624 The present study
C Reverse TTATTTCCAAGTCGTAACCGTATTG
C1 Forward cbiY Arsenite oxidase Nitro-FMN reductase ~ ATGACGATTATYTCACAGYTAAAAG 55 567 The present study
C1 Reverse TTACAGCCATGTTGTTTTTTCTGTAAAC
D Forward yodC Nitroreductase 1 Nitro-FMN reductase ~ ATGACAAAAGATTTTTTTGATGTGGTAA 55 609 The present study
D Reverse TTAAATCCAAGTTGTAACTTGATCYAATG
E Forward yfkQ NfsB-like nitroreductase  Nitro-FMN reductase ~ ATGAACMATACAGATAARAAACAAGAA 55 666 The present study
E Reverse YTATTTTAYCCACTGTACAACTTGATC
F Forward nfrA2 (ycnD)  NfsA FRP Nitro-FMN reductase ~ ATGAATGAAGCAATTCGTACAATTC 55 735 The present study
F Reverse TTATTCGAATTTAAATCCTTGTTTTTCAAG
G Forward ntrG Nitroreductase 4 Nitro-FMN reductase ~ ATGGGTTTTTYAGATAAATTATTTGATAAATC 55 642 The present study
G Reverse TTATTTAAATACTTTTACACGTTCASTTAG
H Forward ydgl Nitroreductase 1 Nitro-FMN reductase ~ ATGACACMAACAAAAACACTAAAC 55 639 The present study
H Reverse TTATCTAAATTGAGCTACTTTTTCGATTG
T7 Forward b b b TAATACGACTCACTATAGGG 51 Insert pEXP5-CT/TOPO TA
dependent
T7 Term Reverse ATCCGGATATAGTTCCTCCTTTC Expression Kit (Invitrogen)
NfrA1 Forward? nfrA1 b b CCGAATGATGAGCAGACGAA 57 94 The present study
NfrA1 Reverse? GTGTCTTGGCGTTTGCCATT
NfrA2 Forward? nfrA2 (yonD) ° o CAACAGTTGCAGCAGAATCAC 57 96 The present study
NfrA2 Reverse? CCGGTAAATCGAGCAGTTCA
BAC338 Forward®  16S rRNA b o ACTCCTACGGGAGGCAG 57 180 [18]
515 Reverse? ATTACCGCGGCTGCTGGCA
4qPCR primers.

®Not applicable.

hydroxylamino and amino intermediates from electron pairs of
NAD(P)H [15,16].

The aim of the present study was to identify and functionally
and structurally characterize the initial mesotrione-transforming
enzymes. As the mesotrione transformation by B. megaterium
Mesl11 strain was observed in aerobic conditions, with the
formation of hydroxylamino intermediates and AMBA, we
hypothesize that type I NR activity could be responsible for the
first step of mesotrione biotransformation. We have thus identified
the type | Mes11 NR enzymes and tested their ability to transform
mesotrione.

EXPERIMENTAL
Bacterial strains and chemicals

The mesotrione-transforming strain B. megaterium Mesl1 was
isolated from an agricultural soil as previously described
[11]. E. coli BL21(DE3) (pLys) cells were purchased
from Thermo Scientific. Mesotrione, dinoseb, imidacloprid
(Pestanal, purity 99.9 %), MNBA (purity >99 %), parathion
(Pestanal, purity 99.0%), parathion-methyl (Pestanal, purity
99.8 %), fluazinam (Pestanal, purity 98.5%), nitrofurazone
(Fluka), chloramphenicol, 5-(1-aziridinyl)-2,4-dinitrobenzamide
(CB1954) (purity >98%), thiamethoxam (Pestanal, purity
99.7%) and metronidazole (Fluka, purity >98%) were
purchased from Sigma-Aldrich.

© 2016 Authors; published by Portland Press Limited

PCR amplification of the NR-coding genes

The extraction of genomic DNA from B. megaterium Mesl1
was performed using the QIAamp DNA Mini Kit (Qiagen)
following the manufacturer’s recommendations. Primers for PCR
amplification of NR-coding genes were designed using primer
basic local alignment search tool (BLAST) (Table 1) and obtained
from Eurofins. The PCRs were performed in a total volume of
50 pl, containing 200 uM of each dNTP, 0.2 uM of each primer,
and 1x PCR buffer containing 2.5 mM MgCl,, 0.3 unit of Taq
polymerase (Eurobio) and 50 ng of genomic DNA. The PCRs
were performed in a Mastercycler (Eppendorf) as follows: initial
denaturation at 95 °C for 5 min, 30 cycles of denaturation at 94°C
for 1 min, primer annealing at 55°C for 1 min and elongation at
72°C for 1 min, and a final extension step at 72°C for 10 min.

Complete nucleotide sequences of the NR genes ydgl, ntrG,
nfrA2/ycnD, yfkO, yodC, cbiY, ntrC, nfrAl and ntrA of B.
megaterium Mes11 were deposited in GenBank under accession
numbers KT008914-KT008922, respectively.

Expression and purification of NRs in E. coli

The amplification products were cloned into the expression vector
pEXP5-CT/TOPO. The expression of the recombinant NRs was
performed in E. coli BL21 Star (DE3) pLysS cells as described
by Bers et al. [19], with some modifications. The expression
was realized by induction with 1 mM IPTG and incubation
at 37°C for 5 h for all NRs, except NtrA and NtrG, which
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Table 2 Crystallographic data and refinement parameters

Values for the highest resolution shell are in parentheses.

Protein (PDB code)

B. megaterium NrfA1 (5HDJ)

B. megaterium NfrA2/YcnD (5HEI)

Space group

Cell parameters (A, °)

Number of dimers in the asymmetrical unit
Resolution (A)

Number of observed reflections

P21212
a=56.9,h=872,¢c=936

1
48-1.89 (2.01-1.89)
255507 (33513)

P2,
a—=644,b=1582,c=1039, g =102.2
4

50-2.84 (3.01-2.84)

129776 (19322)

Number of unique reflections 36741 (5655) 44446 (6781)
Rgym (%) 21.8(101.7) 24.5(103.1)
Completeness (%) 99.4 (96.4) 97.3(92.6)
lol 7.52 (1.65) 4.88(1.3)
CCypp? 99.1(65.8) 97 (59)

Reyst (%) 17.43 20.3

Riee (%)° 20.6 24.7

RMSD bond (A) 0.01 0.008

RMSD angle (°) 1.03 1.05

Average B (A?) protein, FMN cofactor, solvent ~ 26.9, 15, 32.4 60.5, 54.4, 43.2

4CC4j, = percentage of correlation between intensities from a random half-dataset [21].
°0f the data 5% were set aside for free calculation of the R factor.

were induced at 4°C for 72 h. The size of the recombinant
proteins was checked using the SDS/PAGE molecular mass
standards, broad range (Bio-Rad Laboratories). The recombinant
E. coli BL21 Star (DE3) pLysS (pEX-CT_NR) strains were
cultured in 1 litre of LB overnight at 37°C under agitation
(200 rev./min). After centrifugation of the culture (15 min at
3400 g), the pellet was resuspended in either 5 ml of native
equilibration buffer (Thermo Fisher Scientific) for kinetic studies
or 50 mM Tris/HCI, pHS8, 20 mM imidazole and 500 mM
NaCl for structural studies. The concentrated cell suspension was
lysed twice in a One Shot Cell disrupter (Constants Systems)
under 2.6 kbar (1 kbar = 100 000 kPa) pressure. Cell debris were
eliminated by centrifugation (20000 g for 1 h at 4°C) and the
supernatant was loaded on a HisPur Ni** -nitrilotriacetate (Ni-
NTA) Superflow agarose column for protein purification (Thermo
Fisher Scientific), as recommended by the manufacturer. For
structural studies, enzyme elution was performed using 50 mM
Tris/HCI, pH 8, 300 mM imidazole and 500 mM NaCl. The
fractions containing the enzyme were loaded on a gel-filtration
column (HiLoad 26/60 Superdex 200 prep grade, GE Healthcare)
equilibrated with 50 mM Tris/HCI, pH 8, and 150 mM NaCl.
NfrA1l and NfrA2/YcnD enzymes were concentrated at 7.3 and
9.4 mg/ml, respectively, and stored at — 80°C.

Crystallization and structure determination

Crystallization conditions (Qiagen kits) were screened in sitting-
drop vapour-diffusion experiments using a nanodrop cartesian
robot (proteomic solutions) at 293 K. Crystals were obtained in
15% (w/v) PEG 4000 and 0.1 M Mes, pH 6.5, for NfrAl and
in 3.5 M ammonium sulfate, 5 % (4S5)-2-methyl-2,4-pentanediol
(MPD) and 0.1 M Mes, pH 6.5, for NfrA2/YcnD. They were
transferred into the mother solution supplemented with 25 %
(w/v) PEG 400 and 30% glucose, respectively, before being
flash-frozen in liquid nitrogen. Diffraction data for NfrAl and
NfrA2/YcnD crystals were collected at 100 K on the PROXIMA
1 beamline (Synchrotron SOLEIL). Intensities were integrated
using an XDS program [20] and data quality was assessed using
the correlation coefficient CC,,, (Table 2).

Solvent content analysis using CCP4 indicated the presence
of one dimer or four dimers in the asymmetrical unit of B.

megaterium NfrAl or NfrA2/YcnD crystals, respectively. The
structural determination was performed by molecular replacement
with Phaser [22], using the co-ordinates of the B. subtilis NfrAl
dimer (PDB code 3N2S [23]) and the B. subtilis YcnD (also
named NfrA2) dimer (PDB code 1ZCH [24]) as a search model for
B. megaterium NfrAl and NrfA2/YcnD structures, respectively.
Both enzyme models were refined using non-crystallographic
symmetry (NCS) restraints and total least squares (TLS) using
Buster [25]. Electron density maps were evaluated using the
Crystallographic Object-Oriented Toolkit (COOT) [26].

The atomic co-ordinates and structure factors of NfrAl
and NfrA2/YcnD Mesll have been deposited in the PDB
(http://www.rcsb.org) under accession codes SHDJ and SHEL

NR enzyme assays

The reduction activity for the nitro group of each of the nine
NRs was first checked in the presence of 100 M mesotrione
or MNBA prepared in native purification buffer (NPB), pH 7.5
(5 mM NaH,PO, and 500 mM NaCl), 400 uM NAD(P)H and
1.8 uM enzyme at 28 °C. The reaction was stopped after 1 h by the
addition of HCI (final concentration 6 %, v/v). The concentration
of remaining mesotrione or MNBA was then determined using
HPLC.

The optimal pH and temperature for activity of mesotrione-
reducing enzymes were determined as described above for pH
varying from 2.9 to 8.2 (fixed temperature: 25°C) and for
temperatures varying from 22.5°C to 47.7°C (fixed pH: 6).

The reaction mechanism and kinetic constants were determined
by monitoring the NAD(P)H oxidation rate at 340 nm [NAD(P)H
molar absorption coefficient £ = 6220 M ~'.cm~'] at the optimal
pH and temperature of enzymes with a Cary 300 UV-Vis
spectrophotometer (Agilent). The reactions were carried out in
NPB with fixed concentrations of substrates (0, 50, 100 and
400 uM mesotrione or MNBA) adding different concentrations
of cofactor [0, 100, 200, 300 and 400 uM NAD(P)H] and
0.43 uM NfrA1l or 1.78 uM NfrA2/YcnD. The innate levels of
NAD(P)H oxidase activity of both enzymes were determined
using enzymatic assays without substrate for each incubation
condition. The stability of NAD(P)H was checked using assays
without enzymes. The initial velocity was determined in the linear

© 2016 Authors; published by Portland Press Limited
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phase when <10 % of the substrate has depleted (i.e. <2 min in
our assays). The double-reciprocal plots of the initial velocity of
both enzymes with each substrate and cofactor were realized and
a re-plot (secondary plot) of the y-axis intercepts against MNBA
concentrations or cofactor (NADPH and NADH) concentrations
was used to estimate the kinetic parameters (see Table 4). The
reaction mechanism was determined using Lineweaver—Burk
plots that resulted from assays with MNBA as substrate and
NADPH and NADH as cofactor for NfrAl and NfrA2/YcnD,
respectively (see Supplementary Figure S2).

The quantitative time-course transformation of mesotrione and
MNBA and mass balance calculation were carried out at the
optimal pH and temperature as described above, in the presence
of 2.4 uM NfrAl and NfrA2/YcnD. The capacity of Mesll
NfrA1l and NfrA2/YcnD to reduce various nitro substrates [used
as soluble: 400 uM of substrate except for dinoseb and parathion-
methyl (200 ©M), parathion (80 ©M) and fluazinam (5 uM)] was
tested as described above at the optimal pH and temperature, in
the presence of 1.8 uM NfrAl and NfrA2/YcnD. The reaction
was monitored using HPLC after 1 h of incubation.

NfrA1 and nfrA2/ycnD gene expression levels in B. megaterium
Mes11

The Mesll cultures (20 ml) were produced at 25°C under
agitation (150 rev./min) in Tryptone soya (TS) medium
supplemented or not with 0.15 mM mesotrione (in triplicate).
The mesotrione concentrations were measured using HPLC as
described below. Cultures (1 ml) were sampled and DNA/RNA
extraction was carried out as described by Dugat-Bony et al.
[27]. The DNase treatments (twice) and reverse transcription were
performed using the DNasel kit (Invitrogen) and the SuperScript
IIT Reverse Transcriptase kit (Invitrogen) with Random Primers
(Invitrogen), respectively. The quantitative PCRs (qPCRs) were
performed in a total reaction volume of 15 1 containing 7.5 ul of
MasterMix, 0.3 uM of each primer (see Table 1) and 1 ul of ten-
fold diluted cDNA. The qPCR was carried out in white gPCR
96-well plates (Eurogentec) using the MESA GREEN qPCR
MasterMix Plus for SYBR Assay Low ROXkit (Eurogentec), in
a Realplex? epgradient S Mastercycler (Eppendorf) as follows:
initial denaturation at 95°C for 5 min, 40 cycles of denaturation
at 95 °C for 30 s, primer annealing at 57 °C for 15 s and elongation
at 72°C for 20 s. The 16S rRNA gene was used to normalize the
results using primers described by Borrel et al. [18].

Analyses of the nitro compounds tested and their metabolites

The analyses of the nitro compounds were monitored by
HPLC on an Agilent Series 1100 chromatograph, equipped
with diode array detector (DAD) and fluorescence detectors
(FLDs) and a reverse-phase column (Zorbax Eclipse XDB-Cis,
3.5 pm, 75 mm x 4.6 mm). The mobile phase was composed of
acetonitrile (solvent A) and water or acidified water (H;PO,, 0.01,
% vlv, pH 2.9) (solvent B) in various gradients according to the
compound tested (Table 3). Each sample was analysed twice.

"H NMR analyses were performed at 25 °C at 500.134 MHz on
an Avance 500 Bruker spectrometer (Bruker Biospin) equipped
with a triple-resonance (‘H, '*C, "N) inverse probe with tubes of 5-
mm diameter containing 600 p1 of sample (540 ul of sample with
60 ul of 5 mM tetradeuterated sodium trimethylsilylpropionate);
water was suppressed by a classic two-phase-shifted pulse-
saturation sequence (double-pulsed field gradient echo sequence
WATERGATE) according to Durand et al. [13].

© 2016 Authors; published by Portland Press Limited

LC-ESI-MS analyses were performed according to previously
described conditions [28] on a Waters/Micromass LC-quadrupole
(Q)-TOF (Micromass), equipped with an orthogonal geometry Z-
spray ion source. The crude supernatants were harvested (5 min
at 13000 g) before LC-MS analyses and directly injected into
the LC-MS system, with no further treatment. The analyses were
carried out in positive mode for mesotrione samples and negative
mode for MNBA ones.

RESULTS AND DISCUSSION

Identification of NR mesotrione-transforming candidates in the
B. megaterium Mes11 strain

The first step of the project was to screen the NR-coding genes in
available genomes of B. megaterium for subsequent identification
of homologue candidates in the B. megaterium Mesl11 strain. The
UniProt Knowledge Base/SwissProt databases (online version, 28
November 2013) were used to collect NR nucleic acid sequences
in the three B. megaterium genomes available (GenBank accession
numbers CP003017, CP001982 and CP001983), revealing a total
of nine genes, all of which coded for oxygen-insensitive type I
NRs. Several of these type I NRs were shown to reduce nitro-
aromatic compounds [29], suggesting a potential involvement
of some of them in the transformation of mesotrione. The NR
homologous genes of these three strains were aligned and a set
of degenerated primers was designed for each gene (see Table 1).
These primer pairs allowed us to successfully amplify the nine
homologous NR-coding genes from the genomic DNA of B.
megaterium Mesl11.

To test the Mesll NRs’ activity against mesotrione, the
corresponding genes were cloned into a pEXP5-CT/TOPO
expression vector and the subsequent His-tagged enzymes were
purified. The SDS/PAGE analysis revealed monomer sizes of NRs
ranging from 21.9 kDa to 29.3 kDa, which is consistent with their
theoretical molecular mass (see Supplementary Figure S1). Of the
nine Mes11 NRs tested, only two were capable of reducing the
nitro group of mesotrione: NfrA1 (EC 1.5.1.38) and NfrA2/YcnD
(EC 1.5.1.39). It is interesting that these two enzymes were also
the only ones able to accept MNBA, a metabolite formed as
traces (~60 uM, monitored by '"H NMR) by the second and
minor pathway previously described [13,28], during mesotrione
(10 mM) biotransformation by Mes11.

Characterization of NfrA1 and NfrA2/YcnD from B. megaterium
Mes11

Structural analysis

The NfrA1 and NfrA2/YcnD Mes11 enzymes belong to the NfsA
FRP family of the oxygen-insensitive type I NR, as well as their
closest homologues, B. subtilis NfrAl (PDB code 3N2S) and
YcnD/NfrA2 (PDB code 1ZCH), sharing 59.44 % and 68.16 %
of amino acid sequence identity, respectively. Mesl1 NfrAl
and NfrA2/YcnD both exhibit 40.82 % of amino acid sequence
identity. The protein structures of NfrA1 and NfrA2/YcnD Mesl1 1
(Figures 1A and 1B), determined by X-ray crystallography at
1.89 A and 2.84 A (1 A=0.1 nm) resolution adopt the same
topology as that of these family members for the monomeric and
dimeric forms, which is the active form in solution in accordance
with results from gel-filtration chromatography (molecular mass
estimates at 58.6 and 56.1 kDa, respectively). Each monomer of
249 amino acids for NfrA1l and 246 residues for NfrA2/YcnD
binds an FMN cofactor in the crevice at the dimer interface,
and exhibits a three-layer o Sa-sandwich central domain and an
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Table 3 HPLC conditions for the nitro-compound analyses
Nitro compounds Solvent Gradient Wavelengths Flow (ml/min)
Mesotrione, MNBA A: acidified water (H3PQ4, 0.01% v/v; pH2.9) 0-1min2% B, 1-8 min2-70% B A =254 nm (DAD) 1
B: acetonitrile linear, 8-9 min 70-100 % B, Aex =220 NM
9-9.3 min 100-2 % B, Jem = 430 nm (FLD)
9.3-10.3min2% B
Mesotrione, MNBA A: acidified water (H3POy4, 0.01 % v/v; pH 2.9) Longer gradient for metabolite A =254 nm (DAD) 1
identification
B: acetonitrile 0-5min 5% B, 5-30 min 5-70% B e =220 Nm
linear, 30—32 min 70-100 % B, Aem = 430 nm (FLD)
32-33 min 100-5 % B, 33-35 min
5%B
Parathion-methyl, parathion, dinoseb A: acidified water (H3POy4, 0.01 % v/v; pH 2.9) 0-1min2%B,1-8min2-100%B A =270 nm (DAD) 1
B: acetonitrile linear, 8-10 min 100% B,
10-11 min100-2 % B, 11-12 min
2%B
Chloramphenicol, thiamethoxam, imidaclopride  A: acidified water (H;PQ4, 0.01% v/v; pH2.9) 0-1min 2% B, 1-10 min 2-50% B A =254 and 270 nm (DAD) 1
B: acetonitrile linear, 10-11 min 50-100% B,
11-12 min 100-2% B
CB1954 A: acidified water (H3PQ4, 0.01 % v/v; pH 2.9) 0-1min10% B, 1-19min 10-30% A =330 nm (DAD) 1
B: acetonitrile B linear, 19-20 min 30-100% B,
20-20.3 min 100-10% B
Metronidazole A: acidified water (H3PQ4, 0.01% v/v; pH2.9) 0-1min3%B,3-10min3-90%B A =230 nm (DAD) 0.8 (35°C)

B: acetonitrile

Nitrofurazone A: water
B: acetonitrile
Fluazinam A: water

B: acetonitrile

linear, 10-11 min 90% B,
11-11.3 min 90-3% B,
11.3-12 min 3%

0-1min2%B,1-10min2-50%B A =375 nm (DAD) 1
linear, 10-11 min 50-100% B,
11-12 min 100-2% B

0-1min2% B, 1-8 min 2-70% B A =270nm (DAD) 0.8

linear, 8-9 min 70-100 % B,
9-9.3 min 100-2% B, 9.3-10.3
2%B

excursion domain. Structural comparison of the four dimers of
B. megaterium and B. subtilis NfrA1 and NfrA2/YcnD leads to
RMSDs of between 1 A and 1.28 A over 244 Ca atoms per
monomer, and reveals a very similar FMN-binding pocket, in
which the FMN was superimposed with its re face accessible to
the substrate. Of the 13 residues of B. megaterium NfrA1 involved
in FMN binding via polar or hydrophobic contacts up to 3.7 A,
nine are conserved (Figure 1C). Despite several attempts, we did
not obtain crystal structures of each enzyme as a complex with
a NAD(P)H cofactor or with the substrates used in the present
study.

Determination of the optimal pH and temperature for mesotrione
transformation by NfrA1 and NfrA2/YcnD

The optimal mesotrione transformation activity of the two
enzymes was observed at pH 6-6.5 (Figure 2A). It was below
the optimal pH observed for the B. subtilis homologues NfrAl
and YcnD/NfrA2, which were pH 7 and 8, respectively [24,31].
It is interesting that both Mes11 enzymes conserved at least 60—
80 % of their activities at pH values between 5 and 7.5. This
is a relatively broad range of pH compared with other NRs,
for which activity often sharply declines above or below the
optimal pH [32,33]. The maximum mesotrione transformation
activity of NfrA1 and NfrA2/YcnD occurred at around 23-25°C
(Figure 2B), which is similar to NfrAl and YcnD/NfrA2 of
B. subtilis [24,31]. Both Mesl1 NRs conserved at least 60 %
of their maximal activity between 4 and 42°C, NfrA2/YcnD
having almost maximal activity on a broad range of temperatures
(4-35°C). These results could make this enzyme suitable
for biotechnological applications requiring catalytic activity

at low temperature or medicinal applications at human body
temperature, such as activation of bioreductive prodrugs or
antibiotics [34].

Reaction mechanism, kinetic parameters and substrate specificity of NfrA1 and
NfrA2/YcnD

The mesotrione-transformation activity tests showed that NfrA1l
uses NADPH as a cofactor. It is interesting that NfrA2/YcnD uses
either NADPH or NADH, although the preference for NADPH
over NADH is commonly described for the other NfsA FRP
family members. The determination of the reaction mechanism
and kinetic parameters of Mesll NfrAl and NfrA2/YcnD
was carried out with mesotrione and MNBA by following
the NAD(P)H oxidation rate at 340 nm. The innate levels
of NAD(P)H oxidase activity revealed by enzymatic assays
without substrate were checked and, under our conditions
(short time), did not interfere with the determination of Kinetic
parameters. The correlation between the concentrations of
NAD(P)H oxidized and each substrate reduced was checked
for both enzymes. Spearman’s correlation coefficients (r) were
as follows: (i) NfrAl: NADPH and mesotrione (r=0.9976,
P <0.001), NADPH and MNBA (r=0.9980, P <0.001); (ii)
NfrA2/YcnD: NADH and mesotrione (r=0.9678, P < 0.001),
NADH and MNBA (r=0.9946, P <0.001). The analysis of
the Lineweaver—Burk plots allowed us to identify a Ping Pong
Bi Bi mechanism for NfrAl and NfrA2/YcnD with MNBA
substrate (see Supplementary Figure S2). Similar results were
obtained with mesotrione as the electron acceptor (not shown).
This mechanism is commonly evidenced for other nitro-FMN
reductase superfamily members, including B. subtilis NfrAl and
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Figure 1  Representations of the B. megaterium dimers

Ribbon representation of (A) NfrA1 and (B) NfrA2/YcnD. FMN cofactors are shown as sticks. (G) Structure-based sequence alignment of B. megaterium NfrA1 and NfrA2/YcnD with B. subtilis NfrA1
(PDB code 3N2S) and NfrA2 (PDB code 1ZCH). Secondary structure elements are labelled and indicated by coils for a-helices, arrow for -strands and h for short 34 helices. Similar residues are
in red and identical residues are shown as white letters on a red background. The positions of B. megaterium NfrA1 residues involved in FMN binding are indicated by red triangles. The figure was

created using ESPript [30].

YcenD/NfrA2, and E. coli NfsA (homologue of Mesl1 NfrAl)
[24,31,35]. Such a mechanism involves entry of NAD(P)H
into the active site, reduction of the tightly bound FMN in
FMNH,, dissociation of NAD(P)* and subsequent reduction of
the nitro-aromatic compound by FMNH,. This mechanism was
also confirmed by enzyme assays in the presence of free FMN
(results not shown). In this case, the nitro-reduction activities
were not observed with mesotrione or MNBA as the electron
acceptor, suggesting a competitive inhibitory effect of free FMN
against nitro compounds. The secondary plots obtained from the
Lineweaver—Burk plot data led us to determine kinetic parameters

© 2016 Authors; published by Portland Press Limited

of NfrAl and NfrA2/YcnD (Table 4). The Michaelis—Menten
constant, K,,, of NADPH for NfrAl and NfrA2/YcnD, and of
NADH for NfrA2/YcnD, are about 7, 10 and 28-fold higher
than those obtained for their B. subtilis homologues NfrAl
and YcnD/NfrA2, respectively [24,31]. The MNBA turnover
rate (k.) was higher for NfrA1l than for NfrA2/YcnD, whereas
NfrA2/YcnD showed a 4-fold higher mesotrione turnover rate
than NfrAl. The k./K, values for Mesl1 NRs indicate less
efficiency of NfrA2/YcnD compared with NfrA1 for the reduction
of mesotrione or MNBA in the presence of NADPH as the electron
donor. In contrast, NfrA2/YcnD showed better efficiency than
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Figure 2 The pH and temperature profiles of mesotrione-transformation activity

The (A) pH and (B) temperature profiles of mesotrione-transformation activity for NfrA1 and NfrA2/YcnD, determined after 1 h of incubation. Relative activity was determined using HPLC analysis as
the decrease in the mesotrione chromatogram peak area. Results are reported as means + S.D. (n=3). Curves of NfrA1 (pH), NfrA2/YcnD (pH), NfrA1 (temperature) and NfrA2/YcnD (temperature)
were fitted using OriginPro 8 software (OriginLab) with asymmetrical double sigmoidal function (Asym2Sig, R? = 0.9793), Lorentz's function (R% = 0.9878), Gauss's function (R? = 0.9696) and the

Chesler—Cram peak function (CCE, R? = 0.9553), respectively.

Table 4 Kinetic parameters for B. megaterium Mes11 NfrA1 and
NfrA2/YcnD nitroreductases

The NAD(P)H constants were estimated with MNBA as electron acceptor. The NfrA1 and
NfrA2/YenD constants for mesotrione and MNBA were estimated with 2NADPH or ®NADH
as the electron donor. The results are reported as the means + S.D. (n=3).

K (uM) Vinax (kM/min) - ket (/min) Keat/Kem (/M per min)

NfrA1

NADPH 28494031 2445+183  57.32+4.28 1.92+0.03

Mesotrione* 2457 +3.78  11.28+0.42 6.61+0.25 0.27+0.04

MNBA? 217.87+3210 2545+192  59.66+451 0.28+0.02
NfrA2/YcnD

NADPH 4260+23.76 2852+5.04 9.74+1.72 0.38+0.06

Mesotrione*  327.65+64.42 6555+15.06 22.38+5.14 0.07+0.01

MNBA? 101.10+17.82 26.98+2.86 9.21+0.98 0.09+0.03

NADH 176.31+870 2367+266  1328+1.50 0.07+0.01

Mesotrione®  67.99+6.81  4433+487  2487+273 0.3740.01

MNBA® 3745+623 2379+254 1335+1.43 0.36+0.02

NfrAl for nitro reduction of both substrates when NADH was
used as the electron donor.

The type I NRs previously described possess a broad substrate
specificity [36]. It is interesting that both NfrA1 and NfrA2/YcnD
could also transform various nitro compounds, indicating that
they do not present substrate specificity (Figure 3 and see
Supplementary Figure S3). The only exceptions were two
neonicotinoid insecticides (imidacloprid and thiamethoxam) for
which the nitro group is not aromatic.

Surprisingly, they were able to reduce nitro groups of the
herbicide dinoseb and the fungicide fluazinam, even if, until now,
these biotransformations have been described only in anaerobic
conditions [37—40]. NfrAl and NfrA2/YcnD of B. megaterium
could also reduce the nitro group of the parathion-methyl and

120
I NfrAl

[CONfrA2
100

80

Substrate removal (%)

dinoseb #
fluazinam *
parathion «
parathion-methyl
imidacloprid
thiamethoxam
metronidazole
chloramphenicol
nitrofurazone
CB1954

Insecticides

Antiblotics

Figure 3 Mes11 NfrA1 and NfrA2/YcnD NR activities on various nitro
compounds determined by HPLC

The incubations were carried out for 1 h at the optimal pH (6) and temperature (25°C) in NPB
with 1.8 M NfrA1 or NfrA2/YcenD and 400 M substrate except in the case of (*) dinoseb
and methyl-parathion (200 M), parathion (80 M) and fluazinam (5 M) due to their lower
solubilities. The results are reported as means + S.D. (n=3).

parathion insecticides in high proportions (Figure 3), although
only hydrolase and esterase activities have been described for the
first transformation step of these molecules [41-44].

The bacterial NRs have already been described as being
involved in the modulation of antibiotic resistance, mainly
against metronidazole [36]. It is interesting that antibiotics such
as metronidazole, chloramphenicol and nitrofurazone can also
be substrates for Mesl1 NfrAl and NfrA2/YcnD (Figure 3).

© 2016 Authors; published by Portland Press Limited
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Figure 4 Proposed scheme of mesotrione and MNBA biotransformation by NfrA1 and NfrA2/YcnD

The brackets indicate the undetected intermediates during enzymatic assays. The major end-product of mesotrione (square box) and MNBA (dotted box) are indicated. *Mesotrione transformation

products also detected in B. megaterium Mes11 resting cell experiments [11] (the present study).

Metronidazole and nitrofurazone are activated when their nitro
group is reduced whereas chloramphenicol is more active than
its hydroxylamino and amino derivatives [36,45]. The high
metronidazole and nitrofurazone, and low chloramphenicol,
transformation rates by Mes11 NRs (Figure 3) could thus explain
the sensitivity of the Mes11 strain to these three molecules (results
not shown).

Furthermore, the two Mes11 NRs could also reduce the prodrug
CB1954, suggesting that they could be used as prodrug activators
(Figure 3). Indeed, the NRs have already been used in cancer
therapy to activate a nitro-substituted prodrug into a cytotoxic
hydroxylamino derivative by reduction of the nitro group [36,46].

Biotransformation of mesotrione and MNBA by NirA1 and NfrA2/YcnD

The biotransformation of mesotrione and MNBA by NfrAl
and NfrA2/YcnD was investigated in more detail, showing the
formation of nitro-reduced products previously described with
the B. megaterium Mesl11 strain [11] (Figure 4).

The reduction of the nitro group of mesotrione by Mes11 NfrA1
and NfrA2/YcnD required three molecules of NAD(P)H cofactor,
which is consistent with the stoichiometry of the reduction of
nitro compounds [29]. Three mesotrione nitro-reduced products
were detected and identified by UV, '"H NMR and LC-MS
as previously described [13]: the hydroxylamino derivative in
equilibrium with the cyclized isoxazolol intermediate and AMBA,
the final and accumulating metabolite also observed with the
Mes11 strain (Figures 4 and 5). The nitroso intermediate was
not detected, probably due to the higher reaction rate of the
second two-electron transfer compared with the first one. This

© 2016 Authors; published by Portland Press Limited

phenomenon has already been described with other NRs [47,48].
The amino intermediate, theoretically formed as the NR end-
product of the complete reduction of the mesotrione nitro group,
was not identified in our experiments, probably due to its
spontaneous hydrolysis leading to the formation of AMBA under
the slightly acidic conditions used in the enzymatic assay (pH 6).
It could be explained by replacing the deactivating mesomeric
effect of the nitro group by the activating one of the amino
group. Moreover, the involvement of two enzymes to transform
mesotrione into AMBA has been previously hypothesized in
a resting cell experiment [11], one enzyme being responsible
for the nitro reduction and another for the oxidative cleavage
of the molecule. However, our in vitro enzymatic assays with
only Mes11 NR lead to the end-product AMBA, suggesting that
the second step is probably an abiotic one and that mesotrione
could be completely transformed to the final metabolite by
only one type of enzyme in Mesll culture experiments. The
quantitative time-course transformation of the mesotrione and
mass balance calculation (Figures SA and 5C) correlate with the
data previously observed in B. megaterium Mesl11 resting cell
experiments [11].

Similar results were obtained with MNBA as the electron
acceptor, with no detection of a nitroso intermediate. Two MNBA
nitro-reduction products were detected: the hydroxylamino
derivative (major proportion) identified by UV (specific band
at 355 nm [49,50] and LC—( —)ESI-MS (high-resolution MS)
(m/z=230.0118, CgHgNOsS~ with a mass error of 0.5 mDa),
and AMBA (minor proportion), identified by comparison of the
different spectroscopic data with a standard; this showed the
capacity of NfrAl and NfrA2/YcnD to reduce the nitro groups
via the common mechanism of type I NRs (Figures 4 and 5).
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Figure 5 Quantification of mesotrione and MNBA

(A and B) Quantification of mesotrione and (C and D) MNBA during incubation with (A and C) NfrA1 and (B and D) NfrA2/YcnD. The incubations were carried out in NPB at optimal pH (6)
and temperature (25°C), with 2.4 .M NfrA1 or NfrA2/YcnD, 100 M mesotrione or MNBA, and 400 ..M NADPH. The final concentrations (M) were: (A) mesotrione 3.8 + 0.1, hydroxylamino
derivatives 5.9+ 3.8 and AMBA 67.7 + 1.3; (B) mesotrione 0.0 + 0.0, hydroxylamino derivatives 3.3 + 1.7 and AMBA 89.4 +0.7; (C) MNBA 0.0 + 0.0, hydroxylamino derivative 83.9 + 2.7 and
AMBA 10.6 + 1.5; and (D) MNBA 0.0 + 0.0, hydroxylamino derivative 76.1 + 1.5 and AMBA 8.6 + 1.5. The results are reported as means + S.D. (n=3).

The quantitative time-course transformation of the MNBA and
mass balance calculation are shown in Figures 5(B) and 5(D).
The presence of an MNBA hydroxylamino intermediate was
not reported in experiments with Mes11 resting cell cultures,
probably due to its rapid transformation into AMBA under in situ
conditions.

Influence of mesotrione on nfrA1 and nfrA2/ycnD gene expression
levels in B. megaterium Mes11

We investigated the nfrAl and nfrA2/ycnD gene expression
levels in the presence of mesotrione to gain insight into
the possible role of these enzymes in Mesll resting cell
experiments. A similar growth of Mesll was observed in
tryptone soya medium supplemented or not with mesotrione.
The disappearance of mesotrione (52.7+2.6% in 15 h) was
measured, together with the up-regulation of nfrAl (2+0.5-
fold) and nfrA2/ycnD (5.5 % 1-fold) genes, suggesting that
both genes are mesotrione-inducible. These results suggest
that NfrAl and NfrA2/YcnD could be involved in mesotrione
biotransformation in B. megaterium Mesl1 cells. However, the
physiological involvement of these two enzymes in mesotrione

and MNBA transformation could not be proved because all
of the transformation methods used (CaCl, transformation,
electroporation, protoplast transformation, conjugation) to obtain
NfrA mutants failed, thus preventing us from ascertaining their
role in B. megaterium Mes11.

Conclusions

The identification of NfsA FRP enzymes in three genera
(Bacillus, Pantoea and Escherichia) containing strains able to
biotransform mesotrione into hydroxylamino intermediates and
AMBA [9] strongly suggests that there could be a common
mesotrione-biotransformation process involving this enzyme
family, allowing the development of a specific biomarker of
mesotrione biotransformation in various ecosystems.

The broad activity spectrum of both Mesl1 NRs on various
nitro compounds such as antibiotics, pesticides and prodrugs
could lead to their potential use in biotechnology, as already
described for other NRs, to develop, for example, in situ
electrochemical biosensors for the detection of nitro-aromatic
compounds, bioremediation processes or enzyme prodrug therapy
applications. Such investigations are in progress in our laboratory.
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