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ABSTRACT

The removal of diclofenac, which is a widely used non-steroidal anti-inflammatory drug and a dangerous en-
vironmental contaminant of surface water, was studied. Its complete degradation by Raoultella sp. KDF8 to
primary metabolic products was described with individual metabolites identified by mass spectrometry. The
Raoultella strain KDF8 was cultivated with unlabelled and *>C6-labelled diclofenac. A total of 32 compounds
were detected as intermediates in diclofenac metabolism by high resolution tandem mass spectrometry.
Furthermore, proteomic analysis showed that the presence of diclofenac resulted in the upregulation of 24
enzymes associated with the benzoate, catechol, protocatechuate and ketoadipate pathways. The presence of
genes encoding specific enzymes, such as catechol 1,2-dioxygenase, protocatechuate 3,4-dioxygenase and
quercetin 2,3-dioxygenase, has been verified by sequence analysis of PCR products. The description of diclofenac
metabolism by strain KDF8 provides a detailed view of the degradation of xenobiotic aromatic compounds by
microorganisms in general.

1. Introduction

Diclofenac (2-[2-[(2,6-dichlorophenyl)amino]phenyl]acetic acid;
DCF), which is an anti-inflammatory drug, shows considerable con-
sumption, widespread use and a consequent presence in the environ-
ment (Duan et al., 2013). This pollutant is associated with the vulture
crisis in India and Pakistan (Oaks et al., 2004), has a high environ-
mental risk worldwide (Hernando et al., 2006) and was included as a
priority substance in the watch list for union-wide monitoring up to
2018 (Commission implementing decision 2015/495/EU). The pre-
sence of DCF is frequently detected in wastewater treatment plant
(WWTP) influents and effluents (concentration range pg L™, Metcalfe
et al., 2004), and in surface water (ng L%, Wiegel et al., 2004). Con-
ventional WWTPs have a limited ability to remove these compounds
during water treatment. It is known that biodegradation of DCF by
activated sludge is not sufficiently effective (Pereira et al., 2015).

Despite vast knowledge on the distribution of analgesics in the en-
vironment, very little is known about their fates, especially in terms of
their microbial co-metabolism or biotransformation (Liu et al., 2001).
DCF has been found to be degradable in soils (Al-Rajab et al., 2010), but
the relevant organisms have not been identified. Degraders (bacteria
and fungi) have been mainly isolated from the sludge of WWTPs and
soil contaminated by the drug. The efficient degradation of DCF (75%)
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at an initial concentration of 300 mgL ™! within three weeks was de-
scribed using a microbial consortium of activated sludge (Langenhoff
et al., 2013). Batch degradation processes were conducted with acti-
vated sludge in a membrane bioreactor where DCF was removed by up
to 40% after 18 days and the degradation rate remained stable during
batch incubation (Bouju et al., 2016). In addition, data on the toxicity
of DCF and the ability to remove this drug by the bacterial strain
Raoultella sp. DD4 was reported by Domaradzka et al. (2016). Another
strain, Raoultella sp. KDF8, was reported to be resistant to high con-
centrations of DCF (up to 3.0gL™"), but the compound could not be
used as a source of carbon and energy by the strain (Palyzova et al.,
2018). This strain was capable of removing DCF efficiently (97%) after
48h in co-metabolism with ethanol. Moreira et al. (2018) reported a
70% biodegradation of DCF (1.7-34 uM) by the bacterial strain Labrys
portucalensis F11 via co-metabolism with acetate.

The metabolism of DCF in humans and animals has been extensively
studied. The first mention of the biotransformation of DCF sodium salt
in animals and humans was provided by Riess et al. (1976). Enzymatic
hydroxylation of micronutrients, including DCF in mammals and some
microorganisms, is often carried out by cytochrome P450, laccases and
peroxidases (Domaradzka et al., 2015) to form the major hydroxylated
derivatives of 4’-hydroxy and 5-hydroxy metabolites (Prior et al., 2010;
Sparidans et al., 2008; Shen et al., 1999) and the minor metabolites 3’-
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hydroxy-diclofenac, 4’-hydroxy-diclofenac sulphate and 4,5-dihy-
droxy-diclofenac (Stierlin et al., 1979). Groning et al. (2007) showed
that under aerobic conditions, biofilms of river sediment extensively
transformed DCF to p-benzoquinone imine of 5-hydroxy-diclofenac,
which was not further degraded, in an apparent co-metabolic process.
Stable carbon isotopes have been employed to identify strategies for
biological degradation. This approach was used to assess the fate of DCF
during degradation by Trametes versicolor (Badia-Fabregat et al., 2014).

Even though DCF degradation has been intensively studied, many
important aspects are still missing. The aim of this study was to in-
vestigate the proteomic and metabolomic backgrounds of the possible
pathways of DCF degradation by the fully characterized bacterial strain
Raoultella sp. KDF8 (Palyzova et al., 2018) using at carbon stable isotope.

2. Materials and methods
2.1. Chemicals and materials

The standards of the molecules 2-[(2,6-dichlorophenyl)amino]phe-
nylacetic acid sodium salt (DCF), [2-(2,6-dichlorophenylamino)
pheny113C6]acetic acid sodium salt hemi(nonahydrate) (*3C6 DCF) and
4’-hydroxy-diclofenac were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The other chemicals and ingredients (high analytical grade)
were obtained from Merck (Kenilworth, NJ, USA) and Sigma-Aldrich.

2.2. Microorganism and culture conditions

The strain Raoultella sp. KDF8 (CCM 8678) was obtained by the
chemical mutagenesis (Palyzova et al., 2018) of a bacterial isolate from
polluted soil. Luria-Bertani (LB) medium (in g L™ !: tryptone 10, yeast
extract 5 and NaCl 10) was used to prepare pre-inoculum cultures of the
strain (10 mL cultures shaken for 24 h at 28 °C at 200 rpm). Degradation
of DCF was studied in Basal salt broth (BSB) medium (in g L~ NacCl
0.1, K;HPO, 1.03, KH,PO4 0.75, and NH4CI 1) supplemented with trace
elements (in mg L% MgS0,4.7H,0 200, CaCl,.2H,0 10, ZnS0O,.7H,0
6.6, MnSO,4.H,0 0.17, FeSO,4.7H,0 1.5, CoCl,.6H,0 0.48, CuSO,4.5H,0
0.47, and Na,Mo00,4.2H,0 0.45; BSBTE). In the proteomic study (cul-
turing for 48 h), 10 mL of BSBTE medium was supplemented with gly-
cerol (1.0gL™ 1 or DCF (1.0 g L™ 1). Metabolomic studies (culturing for
72h) were performed in 10 mL of BSBTE medium supplemented with
DCF or *C6 DCF at concentrations of 1.0 gL~ '. The cultures (in du-
plicate) were inoculated with pelleted biomass from precultures washed
by BSB medium. The cultures were incubated at 28 °C and 200 rpm. To
prepare stock solutions of DCF and '%C6 DCF (100mgmL™1), the
compound was dissolved in ethanol.

2.3. Analysis of DCF metabolites by shotgun mass spectrometry

The strain Raoultella sp. KDF8 was cultivated in BSBTE medium with
DCF or *3C6-DCF. The intermediates of the DCF co-metabolic pathway
were extracted from culture supernatants as follows: a 0.5 mL sample
was extracted with 0.5 mL of TBME under vigorous shaking on a vortex
mixer (3 mL vials, vortex mixer, and 10 min). The organic and water
phases were separated by centrifugation (12000 X g for 10 min). The
organic phases were used for high-resolution electrospray ionization-
mass spectrometry (HRESI).

An LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA) equipped with a heated electrospray
interface (HESI) was operated in positive and negative ionization mode.
The MS scan range was performed in the FT cell and recorded within a
window between 100 and 1000 m/z. The mass resolution was set to
105000, and the ion spray voltage was set at 3.5kV (in the positive
ionization mode) and —2.5kV (in the negative ionization mode). Both
ionization modes used the following parameters: sheath gas flow, 18
arbitrary units (AU); auxiliary gas flow, 7 AU; ion source temperature,
250 °C; capillary temperature, 230 °C; capillary voltage, 50 V; and tube
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lens voltage, 170 V. Helium was used as a collision gas for collision-
induced dissociation (CID) experiments. The CID normalization energy
of 35% was used for the fragmentation of parent ions.

The calibration of the MS spectrometer was conducted with the use
of a Pierce LTQ Orbitrap positive and/or negative ion calibration so-
lution (Thermo Fisher Scientific, San Jose, CA, USA). The internal lock
mass was used in mass spectra acquisition, i.e., 255.2330 m/z [M-H]
palmitic acid in the negative ESI. The mass accuracy was better than
2 ppm. The chemical structure of the compounds was confirmed with
the help of the spectral database Metlin (https://metlin.scripps.edu/).

2.4. Protein extraction and LC-MS analysis

The culture biomasses in the exponential (24h) and stationary
(48h) phases of growth were harvested by centrifugation (5min,
8000x g, and 4°C), washed and resuspended by phosphate-buffered
saline buffer (PBS, 137 mM NacCl, 2.7 mM KCl, 10 mM Na,HPO,, and
1.8 mM KH,PO,) to obtain a 10% w/v suspension. The samples were
sonicated with the addition of sodium deoxycholate to a final con-
centration of 2%. The protein concentrations were determined by using
a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, San Jose,
CA, USA). Cysteines in the samples (200 ug of proteins) were reduced
with 5mM tris-(2-carboxyethyl) phosphine (TCEP, 60 °C, and 60 min)
and blocked by 10 mM methyl methanethiosulfonate (MMTS, 10 min,
and 25 °C). Pretreated samples of the proteins were digested by trypsin
(1:100 ratio, overnight, and 37°C) and desalted on a C18 column
(Hichrom Ltd., Reading, Berks, UK).

For peptide analysis, the samples were applied on nLC-MS with a
trap column (Acclaim PepMap 300, C18, 5um, 3004, and
300 ym X 5mm) and a nano reversed-phase separation column (EASY-
Spray column, C18, 2um, 1004, and 75um x 50 cm). The liquid
chromatography protocol (a flow rate of 15puLmin~?, buffer A: 2%
acetonitrile, 0.1% formic acid and buffer B: 80% acetonitrile, 0.1%
formic acid) consisted of the 3 steps: sample application for 4 min,
linear gradient 2-40% buffer B for 60 min, and 90% buffer B for 8 min.

2.5. Gel-free comparative proteomics experiments with LC/MS Q-TOF and
data processing

Eluted peptides were directly ionized by electrospray and analysed
on a Thermo Orbitrap Fusion mass spectrometer (Q-OT-qIT, Thermo
Fisher Scientific, San Jose, CA, USA). Peptide precursors from 400 to
1600 m/z (120 K resolution and 200 m/z) were trapped and those with
charge states 2-6 were sampled for MS/MS. The dynamic exclusion
duration was set to 45s with a 10 ppm tolerance. The spectra were
acquired using an activation time of 30 ms and normalized collision
energy of 30. The instrument was set to top speed mode with 2 s cycles.

All data were processed using label-free algorithms in MaxQuant
(version 1.5.3.8) and Andromeda software (for MS/MS data) (Cox et al.,
2011). The acquired data were used to search for the Raoultella or-
nithinolytica protein sequences in a database (NCBI non-redundant
protein sequences, 7631 sequences, July 2016). Dithiomethylation,
oxidation of methionines and protein N-terminal acetylation were de-
fined as variable modifications. The maximum false discovery rate
(FDR) was set to 1% for peptide spectral matches of proteins. The final
data were analysed using Perseus software (Tyanova et al., 2016)
(threshold p-value 0.05) and further revised, inferred and manually
sorted. The spectral count for individual LC-MS/MS runs was also re-
corded. Changes in protein abundance were calculated via a direct
comparison between the mean peak intensity of five replicates of the
sample and the control. The raw mass spectrometry proteomics data
have been deposited in the ProteomeXchange Consortium via the
PRIDE (Vizcaino et al., 2016) partner repository with the dataset
identifier PXD010643 and the processed proteomics data have been
deposited in the Zenodo repository (Zahradnik and Palyzova, 2017;
http://doi.org/10.5281/zenodo.579575).
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Table 1
Primers used for amplification and sequencing of Raoultella sp.KDF8 genes.
Gene Primer Sequence Targed size (bp)
Protocatechuate 3,4-dioxygenase fwd PCTD 5’-AATGATAAATGGTCACCGCGCG- 3’ 1359
rew PCTD 5-TCAGATATCAAAGAAGACGGTTTCGTTCTCACCC- 3"
Catechol 1,2-dioxygenase fwd CATD 5’-AAAAATTCTTTCGTACAACAAGAAGCCG- 3’ 927
rev CATD 5’-TTACTCTTGTGCGCGCAGGCGGG- 3’
Quercetin 2,3-dioxygenase fwd QED 5’-ATCTACTTACGCAAAGCTAATGAACGCGG- 3’ 696
rev QED 5’-TCAGACCGGCGGCAGATCG- 3’

2.6. PCR amplification of the catechol 1,2-dioxygenase, protocatechuate
3,4-dioxygenase and quercetin 2,3-dioxygenase

The genomic DNA of Raoultella sp. KDF8 was isolated with the High
Pure PCR Template Preparation Kit (Roche, Mannheim, Germany) and was
used as a template for the amplification of the protocatechuate 3,4-dioxy-
genase (PCTD), catechol 1,2-dioxygenase (CATD) and quercetin 2,3-dioxy-
genase (QED) genes. Specific primers were designed from the genomic se-
quence of R. ornithinolytica B6 (Table 1). A standard three-step PCR protocol
was performed using Q5 High-Fidelity DNA Polymerase (New England
Biolabs. Inc, Ipswich, MA, USA) as follows: 5minat 94 °C followed by 35
cycles of denaturation at 94 °C for 30s; annealing for 45 s at temperatures
69 °C, 67 °C and 72 °C for PCTD, CATD and QED, respectively; amplification
at 72 °C for 1 min and a final extension period of 5 min at 72 °C. The purified
PCR products were subjected to direct sequencing using the BigDye Ter-
minator v 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA,
USA) on an Applied Biosystems 3130xl Genetic Analyzer. The nucleotide
sequences of all of the fragments were compared with the GenBank NCBI
database (BLASTN 2.8.0 program).

3. Results
3.1. Determination of metabolites during DCF degradation

Shotgun analysis on the LTQ Orbitrap Velos was used to detect and
identify biodegradation products by HRESI mass spectrometry. Due to
the complexity of the biodegradation samples, this unique approach
allowed for a great deal of information for essentially all of the meta-
bolites (chemical compounds) from moderately polar to non-polar. To
eliminate the interference of compounds that are not DCF biode-
gradation products, we first used unlabelled DCF and/or labelled DCF

(*3C6-DCF) as a carbon source in the parallel cultivation of Raoultella
sp. KDF8 (see Section 2.2). Additionally, the detection of biodegrada-
tion products was facilitated by the characteristic isotope profile of the
molecules containing two chlorine atoms (neutral loss scan [M-
H—H®5Cl]" and [M-H-H%'CI]" in an abundance of ions in the ratio
~3:1). In the case of bacterial cultivation with labelled-DCF (*3C6-
DCF), the ions with an unusually high content of °C were identified by
MS/MS. Fig. 1 shows the negative HRESI mass spectra of standards
13C6-DCF, unlabelled DCF and 4’-hydroxy-diclofenac in the interval of
molecular ions.

The ions of the compounds extracted from cells cultured with un-
labelled and labelled DCF (DCF versus '3C6-DCF), i.e., differing by
multiples of 1.00335 Da (difference between atomic weights 2C and
13C) and between 3°Cl and *’Cl (a difference of 1.997 Da), were ob-
tained for detection and identification. The results of the analyses show
the presence of nearly 32 biodegradation intermediates of DCF and
13C6-DCF. Namely, 18 compounds retained the structure of the core of
the DCF molecule (Table 2) and 14 compounds had structures in-
dicating subsequent DCF secondary amine bond cleavage (Tables 2 and
3). Two products that are DCF building blocks, i.e., hydroxy-phenyl-
acetic acid and 2,6-dichloroaniline derivatives, were identified by MS/
MS (Table 4). Some of the identified hydroxy-phenyl-acetic acid deri-
vatives can be further used as sources of carbon and energy in the
primary metabolism of bacterial cells.

Biodegradation pathways have been revealed using labelled and
unlabelled DCF and with three major hydroxylated diclofenacs (5-hy-
droxy-diclofenac, M-1; 6-hydroxy-diclofenac, M-2; and 4’-hydroxy-di-
clofenac, M-3) as parent compounds. An increase of 16 Da relative to
the parent molecule was observed, indicating mono-hydroxylated DCF.
The presence of abundant ions in the mass spectrum of M-1 (at m/z
266.0149) and M-3 (at m/z 266.0131) confirmed that these molecules
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Fig. 1. HRESI mass spectra of 4-hydroxy-diclofenac, '3C6-DCF and unlabelled DCF.
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Table 2
Overview of the metabolites found during the degradation of DCF determined by accurate mass measurements and the elemental composition.
Metabolite m/z Measured Mass error (ppm) Elemental composition References
M-1 310.0037 0.6 C14H;:CI,NO3 Marco-Urrea et al. (2010)
M-2 310.0039 0.4 C14H;1CloNO3 This study
M-3 310.0036 0.7 C14H;:ClLNO3 Marco-Urrea et al. (2010)
M-4 307.9873 1.4 C14HoCloNO3 Groning et al. (2007); Kosjek et al. (2008)
M-5 279.9929 0.9 C15HsCLNO, Moreira et al. (2018)
M-6 295.9876 1.1 C13HoCl,NO3 Moreira et al. (2018)
M-7 311.9830 0.6 C13HoCl,NO, Moreira et al. (2018)
M-8 324.0183 1.7 Cy5H13CLLNO3 This study
M-9 325.9974 1.8 C14H;1CloNO, This study
M-10 323.9816 2.0 C14HoCI2NO4 This study
M-11 295.9878 0.9 Cy3HoClLNO3 This study
M-12 311.9832 0.4 C13HoCLLNO, This study
M-13 327.9770 1.5 C13HoCINOs This study
M-14 266.0123 2.2 Cy3H;:CLLNO This study
M-15 325.9986 0.6 C14H1,CLNO, This study
M-16 341.9938 0.4 C14H11C1NOs This study
M-17 357.9877 1.4 C14H711C12NOg This study
M-18 355.9723 1.1 C14HoCloNOg This study
M-19 151.0377 2.4 CgHgO3 This study
M-20 191.9622 0.3 CeHsCI2NO» This study
M-21 192.9457 0.8 CgH4Cl,03 This study
Table 3

A list of metabolites containing carbon stable isotopes of labelled diclofenac
(*3C6-DCF) produced during degradation by Raoultella sp. KDF8.

Metabolite Measured m/z Mass error (ppm) Elemental composition
M-22 173.0537 1.4 C5"3Ce HgO4
M-23 176.0439 2.8 C5'%Cs HgOs
M-24 192.0400 1.6 C,'3Cs HgOg
M-25 190.0249 1.0 C2"3CsHe04
M-26 148.0234 0.9 C5'3C5 HeOs
M-27 130.0116 2.1 C2'3C3H,0,4
M-28 134.0434 1.6 C,'3C3 HgO4
M-29 134.0354 0.7 18G5 Hy0,4
M-30 152.0456 1.1 13C5 HgOs
M-31 150.0287 2.3 13C5 HeOs
M-32 106.0119 1.8 13G3H,40,
Table 4

Measurement of the MS/MS product ion spectra of the key metabolites formed
during DCF degradation.

Metabolite Products MS/MS m/z (abundance in %)

M-1 266.0149 (100); 230.0362 (58); 215.0138 (6); 194.0595 (31);
166.0650 (24)

M-2 266.0197 (100); 230.0428 (29); 215.0185 (6); 194.0643(13);
192.0454 (38); 187.0209 (12); 166.0686 (2); 123.9986 (5)

M-3 268.0292 (17); 266.0131 (100); 263.9983 (19); 135.0442 (53);
117.0328 (7)

M-7 312.0184 (6); 293.9971 (48); 266.1221 (84); 230.0378 (100)

M-8 256.0160 (41); 220.0393 (45); 192.4440 (100)

M-10 251.9977 (25); 235.0395 (14); 216.0211 (37); 134.9760 (5);
132.9610 (15); 108,0455 (86)

M-14 230.0371 (45); 194.0577 (61); 166.0641 (100)

M-15 310.0038 (17); 266.0116 (17); 231.0433 (100); 230.0354 (61);
196.0733 (2); 195.0667 (3)

M-16 235.0395 (14); 180.0444 (49); 133.0284 (100); 150.0552 (22)

M-19 135.0422 (9); 128.0806 (3); 107.0490 (100)

M-20 156.9931 (100); 139.9903 (58)

M-21 157.9771 (100); 140.9743 (61)

were identified as hydroxylated diclofenacs [2-(2-((2,6-dichlorophenyl)
amino)-5-hydroxyphenyl)acetic acid] and [2-(2-((2,6-dichloro-4-hy-
droxyphenyl)amino)phenyl)acetic acid]. Methylation of the hydroxyl
group of M-1 has been proposed by the presence of an ion at m/z
192.4440 (M-8) in MS/MS spectra, i.e., the [M-H] of 14 Da was higher
than that of M-1. The M-7 metabolite was formed from hydroxylated
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Fig. 2. Putative degradation pathway of compound M-1 via catechol 1,2-di-
oxygenase (CATD) attack: (E)-4-((2,6-dichloro-4-hydroxyphenyl)imino) -3-
(hydroxymethyl)cyclohexa-2,5-dien-1-one (M-6), (E)-(6-((2,6-dichloro-3,4-di-
hydroxyphenyl)imino)-3-oxocyclohexa-1,4-dien-1-yl)methanolate (M-7), 4-
amino-3,5-dichlorobenzene-1,2-diol (M-20), and 3,5-dichlorobenzene-1,2,4-
triol (M-21).

diclofenac (M-1) by a series of reactions involving the hydroxylation
and oxidation of the aromatic skeleton including the side chain.
Another reaction leading to the M-20 metabolite and then to M-21 is the
cleavage of a very stable p-quinone derivative and the exchange of the
amino group (M-20) with the hydroxyl (M-21); see Fig. 2.

The detection of ions at m/z 194.0643 observed in the mass spec-
trum of M-2 provided evidence that hydroxylation occurred on a non-
chlorinated ring (Table 4). The metabolite was identified as 6-hydroxy-
diclofenac [2-(2-((2,6-dichlorophenyl)amino)-6-hydroxyphenyl)acetic
acid]. The M-2 molecule is the parental structure for the formation of
mono-hydroxylated (M-9, 10, 11), di-hydroxylated (M-12) and tri-hy-
droxylated (M-13) DCF products (Table 2). The structure of the M-10
metabolite was confirmed by MS/MS in which the ions listed in Table 4
were identified. These are ions resulting from the elimination of simple
stable molecules such as HCI and CO.,.

The biodegradation pathway, which starts from the molecule M-3,
revealed a 44 Da decrease of [M-H] in M-14 and indicated decarbox-
ylation (loss of —COOH group) from molecule M-3 (Table 2). M-15
represents the elimination of the three neutral molecules, which in-
dicates that the carboxyl group and two atoms of chlorine were present
(Fig. 3). Thus, two hydroxyls were identified from the M-15 molecule,
which corresponded to an increase in the [M-H]™ value by 32 Da (two
oxygen). The structure of the M-16 metabolite was again based on MS/
MS; see Table 4. In this case, the ions resulting from the splitting of the
aromatic ring (originally substituted by two atoms of chloride) are
present in the spectrum. Again, in MS/MS, ions were formed by the loss
of small neutral molecules, i.e., CO5, H>O, and HCl.

Another DCF biodegradation pathway that produces primary me-
tabolites of the bacterial cell was identified only by means of labelled
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Fig. 3. Putative degradation pathway of compound M-3 via protocatechuate
3,4-dioxygenase (PCTD) attack: 2-(2-((2,6-dichloro-3,4-dihydroxyphenyl)
amino)phenyl)acetic acid ((M-15), 2-(2-(((1E,32)-1-carboxy-2,4-dichloro-5-ox-
openta-1,3-dien-3-yl)amino)phenyl)acetic acid (M-16), and 2-(2-hydro-
xyphenyDacetic acid (M-19).
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Fig. 4. Identified metabolites and their position in the putative degradation
pathway of compound M-19: 2-(2,3-dihydroxyphenyl)acetic acid (M-22), 3-
(carboxycarbonyl)pent-4-enoic acid (M-23), 3-(carboxycarbonyl)-2-hydro-
xypent-4-enoic acid (M-24), and 3-(carboxycarbonyl)-2-oxopent-4-enoic acid
(M-25).

DCF from hydroxy-phenyl acetic acid (M-19; Fig. 4). The M-19 meta-
bolite was further oxidized to the compound dihydroxy-phenyl acetic
acid (M-22). In addition, the primary metabolites, for example,
malonic, oxoglutaric, 3-hydroxyglutaric, and hydroxy-oxo-valeric acids
(M-26-M-32), that resulted from sequential oxidations during the de-
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containing a ring with six atoms of '>C are shown in Table 3 as re-
presentatives of *C-containing compounds. Splitting the benzene ring
was the critical point of biodegradation; subsequent biodegradation
products (M-23-M-32) were rapidly metabolized and their identifica-
tion was performed by negative HRESI on the basis of the [M-H] ions
containing non-natural abundance of *3C isotopes.

3.2. Diclofenac degradation - associated proteome

A comparative proteomic study was performed to identify pathways
involved in diclofenac degradation, and proteins further associated with its
metabolism. We analysed two independent samples of each culture. The
first sampling was performed after 24 h in the exponential phase of growth
and the second sample was obtained after 48 h from the stationary glycerol
culture and the declining phase of growth of the DCF culture. The study
identified numerous proteins that were differentially expressed in the cells
grown in the DCF- and glycerol-supplemented medium. In total, we iden-
tified 2523 different proteins that correspond to approximately 51% cov-
erage of the theoretical proteome (the reference genome of R. ornithinolytica
B6 encodes 4909 genes). After data processing, we analysed 1995 proteins
from the first sampling and 2044 proteins from the second sampling. In
total, 412 proteins were significantly overrepresented (more than a 2-fold
change) in the sample after 24 h and 319 were significantly overrepresented
in the sample after 48h of growth. In addition, we also identified 158
significantly underrepresented proteins (less than 0.5-fold change) in the
sample of DCF-grown cells after 24h and 199 underrepresented proteins
after 48 h (data not shown). Based on the shotgun proteomic analysis, we
identified 24 upregulated, intracellular proteins in DCF-grown cells when
compared to glycerol-grown cells, which may be involved in the DCF de-
gradation pathway. All of the identified proteins are listed in Table 5. These
proteins were further grouped according to their participation in the me-

gradation pathway were identified. Only the compounds M-22 to M-32 tabolic pathways for: benzoate degradation (clusters designated
Table 5
Putative proteins involved in diclofenac degradation.
Protein name GenBank ID Cluster” Fold change
24h° 48h
Phenylacetic acid-responsive transcriptional repressor PaaX family AGJ86189.1 Phenyl acetate® 0.87 0.76
Phenylacetate-CoA ligase AGJ86190.1 Phenyl acetate® 0.9 0.63
4-hydroxyphenylacetate catabolism protein AGJ87785.1 Phenyl acetate® 1.98 0.91
3,4-dihydroxyphenylacetate 2,3-dioxygenase AGJ87788.1 Phenyl acetate® 0.7 0.22
4-hydroxyphenylacetate 3-monooxygenase reductase subunit AGJ87795.1 Phenyl acetate® OFF ON
Catechol 1,2-dioxygenase AGJ86048.1 Catechol 4.21 1.5
Muconolactone isomerase AGJ86049.1 Catechol 1.71 0.88
Muconate and chloromuconate cycloisomerase AGJ86050.1 Catechol ON ND
Pca regulon regulatory protein PcaR AGJ86051.1 Catechol ON ND
Aminobenzoyl-glutamate transporter AGJ85755.1 Benzoate ON ON
Aminobenzoyl-glutamate utilization protein B AGJ85756.1 Benzoate 6.84 4.23
Aminobenzoyl-glutamate utilization protein AGJ85757.1 Benzoate 6.94 36.-
46
Pca regulon regulatory protein PcaR AGJ85760.1 Benzoate 1.1 1.0
3-oxoadipate CoA-transferase subunit A AGJ85761.1 Benzoate ON ND
2,3-dihydroxybenzoate-2,3-dehydrogenase AGJ87084.1 Benzoate 1.58 1.33
Hypothetical protein RORB6_07275 AGJ86146.1 Catechuate 2.94 2.14
Protocatechuate 3,4-dioxygenase subunit beta AGJ86147.1 Catechuate ON ON
Protocatechuate 3,4-dioxygenase subunit alpha AGJ86148.1 Catechuate ON ON
LysR family transcriptional regulator YdcI AGJ86149.1 Catechuate 2.49 1.23
Oxidoreductase AGJ88763.1 Quercetin 1.09 1.25
Quercetin 2,3-dioxygenase AGJ88764.1 Quercetin ND 1.02
Beta-ketoadipyl CoA thiolase AGJ86191.1 ON ON
Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit B AGJ85619.1 ON ON
Succinyl-CoA synthetase subunit beta AGJ86969.1 2.43 2.00

@ Clusters were identified by searching for co-localization of genes for up-represented proteins identified by MS in a genome of reference strain R. ornithinolytica
B6. Subsequently significantly up-represented or down-represented neighboring genes were taken into account. The upper index (A and B) is used to separate

different genomic co-localization.

> ON - the protein presence was confirmed exclusively in the sample supplemented with DCF; OFF — the protein was detected only in the sample supplemented
with glycerol; ND - the corresponding change cannot be determined due to the absence of data or it has been excluded from the dataset due to low statistical

significance.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ86189.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ86190.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ87785.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ87788.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ87795.1
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ85757.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ85760.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ85761.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ87084.1
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ88763.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ88764.1
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ85619.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=AGJ86969.1
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AGJ85755.1 - AGJ85766.1 also as a catechol degradation cluster
AGJ86044.1 - AGJ86055.1), genes associated with protocatechuate 3,4-di-
oxygenase (AGJ86146.1 - AGJ86149.1), oxidoreductase (AGJ88763.1) and
quercetin 2,3-dioxygenase (AGJ88764.1).

The sequence analysis of the PCR products obtained with specific
primers for PCTD, CATD and QED further confirmed the presence of the
genes encoding these key metabolic enzymes in the genome of the
strain KDF8 (Fig. S1). The sequences are part of the whole genome
shotgun sequence of strain KDF8 deposited at the DDBJ/ENA/GenBank
under the accession number RCIX01000000. Homology analysis of all
three sequences showed high nucleotide identity (> 98%) with genes
encoding protocatechuate 3,4-dioxygenase, catechol 1,2-dioxygenase
and quercetin 2,3-dioxygenase of R. ornithinolytica strains.

4. Discussion

Pathways for the degradation of diclofenac by microorganisms are
intensively studied because the drug, as an environmental pollutant,
represents a serious threat to living organisms. Critical DCF metabolic
steps, which have not yet been solved follow the cleavage of at least one
of the aromatic rings. This issue is not confined to the biodegradation of
DCF but is valid for the biodegradation of all aromatic compounds.
Since we used the labelled DCF (*3C6-DCF) in this study, the fate of the
benzene ring containing 6 atoms of *3C that is not substituted by two
atoms of chloride was at least partially elucidated. The degradation of
DCF predominantly occurred by hydroxylation reactions: three isomers
were identified as 5- and 4’-hydroxy-diclofenac and 6-hydroxy-diclo-
fenac. These metabolites were previously described during the de-
gradation of DCF by fungi (Hata et al., 2010; Marco-Urrea et al., 2010),
bacteria (Moreira et al., 2018; Domaradzka et al., 2015; Osorio-Lozada
et al., 2008), a consortium of bacteria and fungi from river sediment
(Groning et al., 2007), or sludge from a sewage treatment plant (Kosjek
et al., 2009). Commonly, the enzymatic hydroxylation reaction is the
first step of the degradation of all aromatic compounds by mono- or
dioxygenases (Prior et al., 2010; Seo et al., 2009), and the strain
Raoultella sp. KDF8 is not an exception. Based on our proteomic data,
we hypothesize that the DCF building block degradation is driven by
dioxygenases. In our analysed proteomes, we did not identify over-re-
presented cytochrome P450 enzymes, which have been reported in the
oxidative metabolism of DCF (Klenk et al., 2017; Xu et al., 2015; Wester
et al., 2003; Shen et al., 1999). In contrast, the upregulation of catechol
1,2-dioxygenase and protocatechuate 3,4-dioxygenase was confirmed
in the degradation proteome, and structural genes were identified in the
Raoultella sp. KDF8 genome by specific PCR and sequencing.

As shown in Table 2, further degradation of the hydroxylated me-
tabolites may vary: most of them demonstrate preservation of the core
of the diclofenac structure (Stylianou et al., 2018; Moreira et al., 2018).
Methylation of the hydroxyl group of 5-hydroxy-diclofenac by the pu-
tative methyltransferase resulted in the formation of M-8 through a
similar mechanism as that described in humans (Blum et al., 1996). The
hydroxylation of a-substituted acetic acid of 6-hydroxy-diclofenac re-
sulted in M-9 and the oxidation of the hydroxyl group of M-9 to keto
(oxo0)-acid (M-10) yielding M-11 after oxidative decarboxylation. A si-
milar shortening of the side chain of M-4 to a compound missing one
methylene group, i.e., a decarboxylation reaction of the aliphatic side
chain and another oxidation step, was also previously reported (Faber
et al., 2014; Coelho et al., 2009; Pérez-Estrada et al., 2005). Another
hydroxylation M-5 with monooxygenase led to the formation of M-6
and subsequently to M-7. According to our hypothesis, another assigned
compound formed by this metabolic pathway contains a benzoquinone
imine structure, which is indicated by the formation of M-5 (Table 2).
These structures (from M-4 to M-7) have been reported as products of
microbial DCF transformation by Moreira et al. (2018).

Degradation pathways of aromatics involve oxidation reactions that
are catalysed by mono- or dioxygenases to convert these compounds to
dihydroxy aromatic intermediates (Cao et al., 2009). The dihydroxy
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compounds are subjected to ring cleavage using dioxygenases or other
enzymes to form Krebs intermediate products (Seo et al., 2009). These
types of cleavages were observed during DCF molecule degradation.
Based on the results of the metabolomics, we identified an intradiol
cleavage reaction between M-15 and M-16 and an extradiol cleavage
between the compounds M-22 and M-23. The key role of the intradiol
dioxygenases (catechol 1,2 and protocatechuate-3,4) in aromatic com-
pound degradation was described by Guzik et al. (2013), and these
enzymes were also identified by our proteomic analysis. The enzyme
responsible for the extradiol cleavage was not observed in our pro-
teomics data although its action is evident from the metabolomics data.
Our proteomics results indicate the up-representation of proteins en-
coded by the quercetin dioxygenase cluster. The quercetin 2,3-dioxy-
genase catalyses the cleavage of the O-heteroaromatic ring of the fla-
vonol quercetin (Balogh-Hergovich et al., 2000) and its role in the
degradation of diclofenac is unclear. The next dioxygenase identified by
proteomics was 3,4-dihydroxyphenylacetate 2,3-dioxygenase. The
lower upregulation of this enzyme in the sample with DCF probably
implies that it has no role in the degradation pathway.

Interestingly, phenylacetic acid was not degraded by the phenyla-
cetic acid degradation pathway, which was revealed by the down-
regulation of the corresponding enzymes in the proteomic analysis
(Table 5). The use of **C6 DCF with the labelled hydroxylphenylacetic
acid ring enabled us to detect the metabolites, indicating the presence
of the benzoate pathway. The presence of this pathway was further
supported by the upregulation of beta-ketoadipyl CoA thiolase and the
enzymes involved in succinyl-CoA metabolism (Table 5). The de-
gradation of the 2,6-dichloroaniline fragment of the DCF molecule
comprised oxidative cleavage of the benzene ring and the formation of
the corresponding aminobenzene-diol (M-20). This product, 2,6-di-
chloro-3,4-hydroxy aniline, has been identified in the metabolome
(Table 2; Fig. 2). The enzymes most likely responsible for this activity
were described as 2-chlorobenzoate 1,2-dioxygenase (AGJ86045.1 and
AGJ86046.1; Shin et al., 2013) and catechol 1,2-dioxygenase
(AGJ86048.1; Table 5).

5. Conclusion

Our work deals with diclofenac metabolism by the bacterial strain
Raoultella sp. KDF8. To describe the metabolic pathway of DCF, pro-
teomic and metabolomic studies were included. This report uses the
combination of these techniques and of '®C-labelled diclofenac. This
methodological approach allowed us to detect and identify products of
the cleavage of the aromatic moieties of the DCF molecule up to pri-
mary metabolic products. For degradation of diclofenac, the strain uses
metabolic pathways starting with hydroxylation reactions to form three
major isomers of DCF molecule that are finally converted into products
entering the Krebs cycle. It can be inferred from the identified meta-
bolites and upregulated enzymes in DCF-replete medium that the KDF8
strain is capable of using a pathway combining catechol 1,2-dioxy-
genase and protocatechuate 3,4-dioxygenase for oxidation of both bi-
phenyl rings. This innovative approach to the characterization of di-
clofenac degradation metabolism by the KDF8 strain provides a detailed
insight into the degradation of xenobiotic aromatic compounds by mi-
croorganisms in general.
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