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Abstract

As one of the most-consumed drugs worldwide, ibuprofen (IBU) reaches the
environment in considerable amounts as environmental pollutant, necessitating studies
of its further biotransformation as potential removal mechanism. Therefore, we
screened bacteria with known capabilities to degrade aromatic environmental pollutants,
belonging to the genera Bacillus, Priestia (formerly also Bacillus) Paenibacillus,
Mycobacterium, and Cupriavidus, for their ability to transform ibuprofen. We
identified five transformation products, namely 2-hydroxyibuprofen, carboxyibuprofen,
ibuprofen pyranoside, 2-hydroxyibuprofen pyranoside, and 4-carboxy-a-
methylbenzene-acetic acid. Based on our screening results, we focused on ibuprofen
biotransformation by Priestia megaterium SBUG 518 with regard to structure of
transformation products and bacterial physiology. Biotransformation reactions by P.
megaterium involved (A) the hydroxylation of the isobutyl side chain at two positions,
and (B) conjugate formation via esterification with a sugar molecule of the carboxylic
group of ibuprofen and an ibuprofen hydroxylation product. Glycosylation seems to be
a detoxification process, since the ibuprofen conjugate (ibuprofen pyranoside) was
considerably less toxic than the parent compound to P. megaterium SBUG 518. Based
on proteome profile changes and inhibition assays, cytochrome P450 systems are likely
crucial for ibuprofen transformation in P. megaterium SBUG 518. The toxic effect of
ibuprofen appears to be caused by interference of the drug with different physiological
pathways, including especially sporulation, as well as amino acid and fatty acid
metabolism.

Importance

Ibuprofen is a highly consumed drug, and, as it reaches the environment in high
quantities, also an environmental pollutant. It is therefore of great interest how
microorganisms transform this drug and react to it. Here, we screened several bacteria
for their ability to transform ibuprofen. Priestia megaterium SBUG 518 emerged as
highly capable and was therefore studied in greater detail. We show that P. megaterium
transforms ibuprofen via two main pathways, hydrolyzation and reversible conjugation.
These pathways bear resemblance to those in humans. Ibuprofen likely impacts the
physiology of P. megaterium on several levels, including spore formation. Taken
together, P. megaterium SBUG 518 is well suited as a model organism to study bacterial
ibuprofen metabolism.
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Introduction

Pharmaceuticals, albeit intended as being beneficial to diagnose and treat illnesses, can
not only have harmful side effects for humans, but can also be detrimental for
ecosystems (1-5). Ibuprofen (IBU) as pain-mitigating and non-steroidal anti-
inflammatory drug (NSAID) is the most commonly used analgesic in Germany (6) and
the world's third-most consumed drug (7). A main source of environmental
contamination are wastewater treatment plant effluents: despite that IBU is removed
from wastewater with comparatively high efficiency of around 90 % or more (1, 8—10),
it is frequently detected in the effluents, as well as in surface waters (Weigel et al., 2004;
Wojcieszynska et al., 2022; Zuccato et al., 2005), and even in the Antarctic (13).

While IBU transformation and degradation in the environment are thus of great interest,
microbial IBU transformation and degradation pathways are still largely unknown (14—
17). Studies regarding IBU transformation by microorganisms include foremost whole-
community degradation studies in bioreactors (18-20), and activated sludge
communities (21—23). Some bacterial strains which degrade IBU are described,
including Patulibacter sp. 111 (24), a Nocardia sp. (25), Sphingomonas sp. Ibu-2 (26),
Variovorax sp. Ibu-1 (27), Rhizorhabdus (Sphingomonas) wittichiit MPO218 (28, 29),
Sphigopyxis granuli (30), Rhodococcus cerastii (31), Bacillus thuringiensis B1 (32),and
Rhizobium daejeonense IBU_18 (33). Additionally, while IBU has antimicrobial effects
(34—36), the impact of this drug on bacterial physiology and metabolism still needs to
be elucidated.

To shed light on microbial IBU degradation pathways and molecular reactions to this
drug in bacteria, we conducted a screening experiment to test several bacterial strains
for their ability to transform IBU. A total of seven bacterial strains were chosen for
testing based on known capability for environmental pollutant degradation. These
strains belonged to the genera Bacillus, Priestia, Paenibacillus, Mycobacterium and
Cupriavidus. Incubations with Priestia megaterium SBUG 518 (formerly Bacillus
megaterium SBUG 518; (37)) yielded the most transformation products; therefore we
performed further in-depth analyses with this strain. Our analyses encompassed
elucidating IBU transformation pathways, as well as analysing the strains’ global
proteomic responses to IBU.

We here show that P. megaterium SBUG 518 hydroxylates IBU, and, in addition,
glycosylates not only IBU, but also at least one IBU oxidation product. We demonstrate
that the direct glycosylation of IBU is reversible.

Furthermore, changes in the proteomic profile of P. megaterium SBUG 518 suggest that
a P. megaterium-specific cytochrome P450 system is involved in IBU transformation,
and that IBU interferes with sporulation, amino acid and fatty acid metabolism and
potentially the oxidative stress response, providing a molecular basis for the toxic effect
of IBU on P. megaterium SBUG 518.
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Material and Methods

Strains

For screening experiments, we tested seven bacterial strains with known transformation
capabilities for their effectiveness to transform IBU (Table 1). The strains are deposited
into the strain collection of the Department of Biology of the University of Greifswald
(SBUG).

Table 1: Bacterial strains used in this study, their origin and transformation capabilities of these

or related strains. ATCC: American Type Culture Collection; DSM: Deutsche Sammlung von

Mikroorganismen.
Strain

Origin/ original Transformation capabilities

strain number

Priestia megaterium  ATCC 2007 Oxidation of phenanthrene,
SBUG 518 fluoranthrene, pyrene (38)
Priestia megaterium  R. Biedendieck, Oxidation and hydroxylation of
SBUG 1979 Technical University  betulinic acid (39)
Braunschweig, Dichloroanalines as C- and energy
Institute of source (40)
Microbiology,
01/2014
Bacillus pumilus isolated from Vanillin degradation, including ring
SBUG 1800 Rassower Strom (41) cleavage (42)

Ferulic acid decarboxylation (43)

Bacillus thuringiensis DSM 350 Dimethyl phthalate as C source (44)

SBUG 1431

Cupriavidus (45) Dibenzofuran degradation (46)

basilensis SBUG 290 Bisphenol transformation and ring
cleavage (47, 48)

Mycobacterium (49) Transformation of ibuprofen and

neoaurum SBUG 109

acetaminophen (50, 51)
Growth on pristane (52)

Paenibacillus
apiarius SBUG 1947

Isolated from Lake
Balschasch (53)

Growth on dibenzofuran (54)

Culture conditions for screening experiments

Culture conditions were chosen according to the respective organisms’ physiology and
expert knowledge (data not shown). We cultivated all strains of the genera Bacillus,
Priestia, and Paenibacillus in 500-mL-flasks, containing 100 mL nutrient broth (NB II)
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for 24 h at 30 °C and 180 rpm on a rotary shaker (HT FORS, Infors AG, Bottmingen,
Switzerland). Both strains of P. megaterium were cultivated additionally in Lysogeny
broth (LB).

Cultivation of C. basilensis with biphenyl was carried out following Ziihlke et al., 2017,
with the minor modification that the main culture was inoculated with only 5 ml cell
suspension in 100 ml NB II.

M. neoaurum was cultivated on agar plates with tetradecane for 4 d at 30 °C, using
material of five plates for biotransformation experiments as described by Nhi-Cong et
al., 2009. Cells were transferred into 75 ml mineral salts medium for bacteria (MMb; pH
6.3; according to Hundt et al., 1998) supplemented with IBU (see below).

Culture conditions for experiments with P. megaterium SBUG 518

Cultivation for incubation experiments with stationary-phase cells: We grew bacteria on
nutrient agar for 24 h at 30 °C and then transferred the cells into 100 mL NB IT or LB in
500-mL-flasks. Microorganisms were cultivated for 24 h at 30 °C and 180 rpm on a
rotary shaker.

Cultivation for incubation experiments with logarithmic-phase cells: Bacteria were
grown on nutrient agar for 12 h at 30 °C. Subsequently, we transferred the cells into
100 mL NB II in 500-mL-flasks. The cells were cultivated for 5 h at 30 °C and 180 rpm
on a rotary shaker until an optical density ODsoonm of 1.0 to 1.5 was reached.

Biotransformation experiments

Transformation experiments with IBU were performed in 500-mL-flasks containing
100 mL. MMb and 0.005% [0.05 mg mL?; equivalent to 219 uM] IBU. For incubation
experiments in the presence of glucose, we carried out transformation experiments in
500-ml-flasks containing 100 ml MMb, 0.005% IBU and 0.1% glucose (added from a
50% aqueous glucose stock solution [w/v]).

After cultivation (see above), we harvested the cells by centrifugation (11,270 x g, 10 min,
4 °C), washed them twice with MMb and resuspended them in a small amount of MMb.
We then added this cell suspension to the flasks with MMb and IBU to reach an optical
density at 500 nm (ODs00onm) of 3.0, corresponding in the case of P. megaterium SBUG
518 to a cell titre of approximately 3.95%108 [+0.55%108] cells mL-. Incubation
experiments were carried out on a rotary shaker at 30 °C and 130 rpm (VKS-75 Control,
Edmund Biihler GmbH, Bodelshausen, Germany).

Two types of controls were used: (i) flasks with cells in MMb without IBU and (ii) flasks
with IBU in MMb without cells.
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Cytochrome P450 inhibition studies

To study the effect of cytochrome P450 inhibition on IBU biotransformation by P.
megaterium SBUG 518, we added 219 uM 1-aminobenzotriazole to 500-ml-flasks filled
with 100-ml MMb containing 219 uM IBU (0.005%) in the presence and absence of 0.1%
glucose. After inoculation with stationary-phase cells (see section “Biotransformation
experiments”) flasks were shaken on a rotary shaker at 30 °C and 130 rpm.

Analysis of IBU biotransformation with high-performance liquid chromatography
(HPLC)

To study IBU biotransformation, including the formation of transformation products,
over the time course of the incubations, we used 1-ml samples of culture supernatant
taken under sterile conditions at selected time points. We removed cells via
centrifugation (3,600 x g, 10 min, Hettich Universal 30F, Tuttlingen) and analyzed 60 pul
of the resulting supernatant by HPLC using an Agilent-Technologies 1200 Series system
(Santa Clara, USA). Products were separated on a LiChroCART 125-4 RP-18 end-capped
5 um column (Merck, Darmstadt, Germany) with a solvent system of methanol and
phosphoric acid (0.1%, v/v) with a linear gradient from 30% to 100% methanol over a
period of 14 min at a flow rate of 1 mL min-t.

Extraction of biotransformation products

For purification of transformation products, we harvested culture supernatants by
centrifugation (3,600 x g, 5 min, Hettich Universal 30F) and extracted the supernatants
four times with twice the volume of ethyl acetate at pH 7 and again four times with twice
the volume of ethyl acetate at pH 2. A 25% (w/v) aqueous sodium hydroxide solution
was used to adjust the pH value to pH 7; the aqueous supernatant was then adjusted to
pH 2 with 32% (v/v) hydrochloric acid. Organic phases were dried with anhydrous
sodium sulfate. After rotary evaporation, we resolved the residues in methanol and
stored them at -20 °C until further analysis.

Chemical analysis, isolation, and identification of IBU transformation products

IBU transformation products were purified on an Agilent Technologies 1260 Infinity
semi-preparative HPLC (Santa Clara, USA) with an Eclipse XDB-C18, PN 977 250-102,
21.2 X 250 mm; 7 mm column (Agilent, Santa Clara, USA), using an 8 min linear
gradient of 40% to 100% methanol in acetic acid (0.1% v/v) at a flow rate of 10 mL min-.
The isolated products were concentrated by rotary evaporation, the residues dissolved
in methanol and stored at -20 °C until further analysis.

An Agilent Technologies 1200 Series 6120 Quadrupole model was used for liquid
chromatography-mass spectrometry (LC-MS) analysis. A ZORBAX SB-C18 column (2.1
X 50 mm, pore size 1.8 mm) was used for HPLC separation at a flow rate of 0.1 mL min-
with a 7 min gradient from 10% to 100% acetonitrile in 0.1% aqueous ammonium
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formate. The MS was used with an electrospray ionization (API-ES) source (dry and
nebulizer gas: nitrogen; drying gas flow 10.0 1 min-!; nebulizer pressure 45 psig; drying
gas temperature 350 °C; capillary voltage 4000 V).

We used the methods described by Mikolasch et al. (2016) for the analyses of extracts
by gas chromatography coupled to mass spectrometry (GC-MS). In brief, IBU
biotransformation products were detected by injecting 1 uL of the extracts of the
biotransformation experiments into an Agilent gas chromatograph 7890A GC System
(Waldbronn, Germany) equipped with a capillary column (Agilent 1901 S-433, 30 m
X250 um x 0.25 um, HP-5ms column) and a mass selective detector 5975C inert XL
EI/CI MSD with a quadrupole mass spectrometer.

The nuclear magnetic resonance (NMR) spectra of two products (P3, P4; see Results)
dissolved in dimethyl sulfoxide (DMSO)-d6 were obtained on a Bruker Avance-II
instrument (Bruker Biospin GmbH, Rheinstetten, Germany) at 600 MHz (*H, 13C,
heteronuclear multiple bond correlation (HMBC), heteronuclear single quantum
coherence (HSQCQ)).

Toxicity studies

To estimate the toxicity of IBU and IBU pyranoside (IBU-PYR, product P3) on P.
megaterium SBUG 518, we performed growth assays with and without these substances
in NB II (pH 6.0; adjusted with HCI from an initial pH of 7.2). We decreased the pH to
allow for greater IBU toxicity effects against P. megaterium SBUG 518. Cells were
cultivated in 500-mL-flasks containing 100 mL NB II for 24 h at 30 °C and 180 rpm on
a rotary shaker. The cell suspension was transferred into 100-mL-Erlenmeyer-flasks
containing 20 mL NB II, pH 6.0 (ODs0onm = 0.2), and 43.8 uM IBU (corresponding to a
growth inhibitory concentration of 0.05% IBU) or 43.8 uM of product P3, respectively,
were added. Controls without IBU or IBU transformation product were included in the
assays. Subsequently, we cultivated the assays for 72 h at 30 °C and 180 rpm, and
periodically determined the ODsoonm.

Analysis of impacts of IBU on the proteome of P. megaterium SBUG 518

To analyse changes in the P. megaterium SBUG 518 proteome profile after incubation
with IBU, we took 10-mL-samples of P. megaterium SBUG 528 IBU transformation
assays conducted with stationary-phase cells and of control incubation without IBU
after 1 h and 24 h of incubation. We immediately placed samples on ice, harvested cells
by centrifugation (10,015 x g, 5 min, 4 °C, Heraeus Biofuge Primo R, Thermo Scientific),
washed the cell pellets twice in TE buffer (10 mM Tris, 2 mM EDTA, pH 7.5) and
subsequently resuspended the cells in TE buffer with 1% (w/v) Triton-X-100. For cell
lysis, 500 ul glass beads (diameter 0.10—0.11 mm, Sartorius AG, Gottingen, Germany)
were added to 1 mL sample and cells disrupted with a FastPrep®24 homogenizer (M. P.
Biomedicals, Irvine, California, USA) in three 30 s cycles at 6.5 m s with cooling
samples on ice for 5 min between cycles. To remove glass beads and cell debris, samples
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were centrifuged twice (5 min, 21,885 x g, 4 °C, Heraeus Biofuge Primo R) and the
supernatant transferred to a new tube. Proteins were precipitated overnight with six
times the sample volume of ice-cold acetone at -20 °C. Subsequently, we pelleted
proteins by centrifugation for 1 h at 10,015 x g and 4 °C, discarded the supernatant and
resuspended the protein pellet in 1 mLice-cold acetone. After repeating the washing step,
we dried the protein pellets at room temperature and then resuspended them in 0.5 mL
8 M urea/ 2 M thiourea. Following centrifugation for 10 min at 10,015 x g and room
temperature, the supernatant was transferred into a new tube. Protein concentration
was determined with Roti®-Nanoquant (Roth, Karlsruhe, Germany) reagent according
to the manufacturer’s instructions. Protein solutions were stored at -20 °C. Experiments
were performed in triplicate. Proteins were separated using 1D-SDS-PAGE as described
in Ziihlke et al., 2017, using precast 4-20 % polyacrylamide gels (4-20 % Criterion™
TGX BioRad™, BIO-RAD, Hercules, USA).

Liquid chromatography-tandem mass spectrometry (LC-MS-MS) analysis was
performed using a nanoACQUITY™-UPLC™-System (Waters, Milford, USA) combined
with a linear trap quadrupole (LTQ)-Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, USA). Peptides were loaded on a pre-column (Symmetry C18, 5 pm,
180 um inner diameter x 20 mm, Waters, Milford, USA) and washed for 3 min at a flow
rate of 10 pL. min* with 0.1 % acetic acid. Peptides were then eluted onto the analytical
column (BEH130 C18, 1.7 um, 100 pum inner diameter x 100 mm, Waters, Milford, USA)
with a step-wise gradient of 5% to 99% acetonitrile in 0.1% acetic acid in 80 min at a
flow rate of 400 nL min-! (0.5% acetonitrile min-! to 25% acetonitrile, 0.83% acetonitrile
min-!to 50% acetonitrile, 49% acetonitrile min- to 99% acetonitrile in 0.1% acetic acid).
Measurements were performed in LTQ/Orbitrap parallel mode. Survey scans were
performed in the orbitrap (m/z range 300—2000, resolution 30,000, lock mass option
enabled, lock mass 445.120025). Per scan, the five peaks with highest intensity were
fragmented in the LTQ using collision induced dissociation (CID). Precursor ions with
unknown as well as those with single charge were excluded from fragmentation.
Dynamic exclusion for precursor ions was set to 30 s.

To identify detected proteins, raw spectra were searched against a forward-reverse
database of P. megaterium ATCC 14581 (20.11.2017, Uniprot) with added common
laboratory contaminants. Sorcerer™-SEQUEST® and Scaffold_4 were used, with the
following parameters: trypsin (KR), maximum two omitted cleavage sites, precursor
mass monoisotopic, precursor mass range 400—4.500 Da, 1 Da fragment mass accuracy,
b- and y-ion series, peptide mass tolerance 10 ppm, variable oxidation of methionine
(15.99 Da) with a maximum of four modifications per peptide. The search result was
filtered with “XCorr versus charge state”-filters as follows: 2.2 for twofold charged, 3.3
for threefold and 3.75 for fourfold and higher charged ions and DeltaCn o.1.

Pride upload references

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (58) partner repository with the dataset identifier
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PXDo15716 (access for reviewers:
https://www.ebi.ac.uk/pride/archive/login, username:
reviewer31067@ebi.ac.uk, password: oyxboXRw)

Statistical evaluation and functional annotation of proteomics results

Proteins were quantified by calculating Normalized Spectral Abundance Factors (NSAFs)
(59). Statistical analysis was performed in R (60) using the package limmav. 3.50.3 (61).

Correction of p-values for multiple comparisons was done using Benjamini-Hochberg

correction (a=0.05) (62) implemented in limma. Additionally, we required proteins to

have at least a 2-fold abundance change in the IBU incubation vs. control at the same

sampling timepoint to be considered significantly changed. For visualization, we

employed the package EnhancedVolcano 1.12.0 (63).

Chemicals

IBU sodium salt (molecular weight of 228.26 g mol), 2-hydroxyibuprofen (2-OH-IBU)
and carboxyibuprofen (CBX-IBU) were obtained from Sigma-Aldrich (Steinheim,
Germany). All chemicals and solvents used were of the highest purity available.
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Results

Screening of bacterial strains

All of the seven screened bacterial strains transformed IBU, as determined by HPLC
analysis (Table 2). Five different transformation products, P1 to P5, were identified
based on HPLC and LC-MS analyses. All of the organisms produced P1, while none
produced all five transformation products.

Table 2: Biotransformation of ibuprofen and transformation products formed during the
transformation of 0.005% ibuprofen by different bacterial strains. Shown are the relative
decrease of IBU concentration and detected transformation products in the culture supernatant
after 24 h of incubation of various bacterial strains with 0.005% IBU, cultivated with different
carbon sources prior to incubation.

Organism Carbon Ibuprofen Products detected after 24 ht
source for decrease
cultivation  after24h

(%)

P1+ P22 P3 P4 P5
Priestia megaterium  NBII 44.7 +++2 ++ (+)4 —
SBUG 518 LB 54.8 +++ ++ (+)4 —
Priestia megaterium  NBII 3.4 + (+)5 — _
SBUG 1979 LB 2.3 +2 — — —
Bacillus pumilus NBII 0 +3 — — —
SBUG 1800
Bacillus thuringiensis NB 11 98.0 +++43 — — —
SBUG 1431
Paenibacillus apiarius NB1I 0 +2 ++ — —
SBUG 1947
Cupriavidus Biphenyl 0 +2 — —
basilensis
SBUG 290
Mycobacterium Tetradecane 91.4 +442 — — +
neoaurum
SBUG 109

1 Product concentrations: +, < 1 ug mL?; ++, >1 - < 10 ug mL%; +++, >10 - <25 ug mL1; ++++,
>25 ug mL?1; —, product not detected by HPLC analyses

2 Due to lack of base line separation of P1 and P2 during HPLC analyses, the products could not be
quantified separately. Therefore, both products were quantified together using the 2-OH-IBU (2-OH-
IBP) standard.

3 Only P1 detected

4 P4 was only detected in incubation experiments supplemented with glucose; no standard for the
calculation of its concentration was available.

5  Detection not until 120 h of incubation (<1 ug mL)
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P. megaterium SBUG 518 produced the highest number and a high yield of
transformation products. Therefore, we chose P. megaterium SBUG 518 as model
organism for further studies.

Structure elucidation of transformation products

Products formed during the incubation of the bacterial strains with IBU were identified
by HPLC analyses via comparison of the UV-VIS spectrum and retention time with the
data of authentic standards, as well as by GC-MS, LC-MS (Supp. Table S1) and/or NMR
analyses (Table 3, Supp. Tables S2 and S3).

Table 3: Transformation products formed during the transformation of IBU by various bacteria,
identified by HPLC, LC-MS, GC-MS, and NMR analyses. Shown here are HPLC analysis results.
For GC-MS and LC-MS results, see Supp. Table S1, for NMR results, see Supp. Tables S2 and S3.

Compound HPLC  UV-Vis- Mole- Postulated Postulated structure
(identified reten- absorp- cular name
by) tion tion max- mass
time imum (m/z)
[min]  Apax [nm]
IBU 12.6 220/264 206! -- e o
CH,
H3C °
P1 (HPLC, 8.2 220/262 222! 2-Hydroxy- e )
LC-MS, ibuprofen oH °
GC-MS) (2-OH-IBU) e °
P2 (HPLC, 8.3 220/264 236! Carboxy- s
LC-MS, ibuprofen CH, o
GC-MS) (CBX-IBU) Ho ©
o]
P3 (HPLC, 10.5 218/264 368! Ibuprofen © o1
LC-MS, pyranoside CHs
NMR) (IBU-PYR) HaC °° oH
P4 (HPLC, 6.4 220/256 384! 2-Hydroxy- o
LC-MS) ibuprofen OH
pyranoside He T °° oH
(2-OH-IBU- ’ o
PYR)
P5 (HPLC, 5.7 240 1942 4-Carboxy-a- e
GC-MS, methylbenzene- o ¢ 7N
NMR) acetic acid 0

1 revealed by LC-MS analyses

2 revealed by GC-MS analyses of the methylated compound
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Biotransformation experiments with P. megaterium SBUG 518

Biotransformation of IBU in the absence of glucose leads to three main transformation

products

During 120 h of incubation of P. megaterium SBUG 518 with IBU, this strain transformed the
drug to 2-hydrohyibuprofen (2-OH-IBU, product P1), carboxyibuprofen (CBX-IBU,
P2), and ibuprofen pyranoside (IBU-PYR, P3), as well as to four more, unidentified
products (not shown). Transformation rate and amount of transformation products
formed depended on the cellular growth phase: Stationary-phase cells transformed
IBU to about 49% within 24 h (Figure 1Table S2: NMR data and structure of

ibuprofen pyranoside (product P3) formed during the incubation Priestia
megaterium SBUG 518 with ibuprofen.

Table S3: NMR data and structure of 4-Carboxy-a-methylbenzeneacetic acid* (product P5)
formed during the incubation Mycobacterium neoaurum SBUG 109 with ibuprofen.

Table S4: Priestia megaterium SBUG 518 proteins identified in transformation assays with
ibuprofen (IBU) and in the respective controls after 1 h and 24 h incubation.

Table S5: Proteins with higher abundance in Priestia megaterium SBUG 518 cells harvested
after 1 h and 24 h of incubation with 0.005% ibuprofen (IBU) compared to
bacterial cells under control conditions without IBU.

A), while logarithmic-phase cells transformed about 29% within 24 h (Figure 1BTable S2:
NMR data and structure of ibuprofen pyranoside (product P3) formed during the
incubation Priestia megaterium SBUG 518 with ibuprofen.

Table S3: NMR data and structure of 4-Carboxy-a-methylbenzeneacetic acid! (product P5)
formed during the incubation Mycobacterium neoaurum SBUG 109 with ibuprofen.

Table S4: Priestia megaterium SBUG 518 proteins identified in transformation assays with
ibuprofen (IBU) and in the respective controls after 1 h and 24 h incubation.

Table S5: Proteins with higher abundance in Priestia megaterium SBUG 518 cells harvested
after 1 h and 24 h of incubation with 0.005% ibuprofen (IBU) compared to
bacterial cells under control conditions without IBU.

). In both cases, the IBU concentration stagnated after these times. Using stationary-phase cells,
all products accumulated in the culture supernatant (Figure 1ATable S2:  NMR
data and structure of ibuprofen pyranoside (product P3) formed during the
incubation Priestia megaterium SBUG 518 with ibuprofen.

Table S3: NMR data and structure of 4-Carboxy-a-methylbenzeneacetic acid* (product P5)
formed during the incubation Mycobacterium neoaurum SBUG 109 with ibuprofen.

Table S4: Priestia megaterium SBUG 518 proteins identified in transformation assays with
ibuprofen (IBU) and in the respective controls after 1 h and 24 h incubation.

Table S5: Proteins with higher abundance in Priestia megaterium SBUG 518 cells harvested

after 1 h and 24 h of incubation with 0.005% ibuprofen (IBU) compared to
bacterial cells under control conditions without IBU.
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). For logarithmic-phase cells, solely 2-OH-IBU and CBX-IBU accumulated, while IBU-PYR was not
detectable anymore after 96 h of incubation (Figure 1Table S2: NMR data and

structure of ibuprofen pyranoside (product P3) formed during the incubation
Priestia megaterium SBUG 518 with ibuprofen.

Table S3: NMR data and structure of 4-Carboxy-a-methylbenzeneacetic acid* (product P5)
formed during the incubation Mycobacterium neoaurum SBUG 109 with ibuprofen.

Table S4: Priestia megaterium SBUG 518 proteins identified in transformation assays with
ibuprofen (IBU) and in the respective controls after 1 h and 24 h incubation.

Table S5: Proteins with higher abundance in Priestia megaterium SBUG 518 cells harvested
after 1 h and 24 h of incubation with 0.005% ibuprofen (IBU) compared to
bacterial cells under control conditions without IBU.
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Figure 1: Time course of the biotransformation of 0.005 % IBU (black circles) by Priestia
megaterium SBUG 518 and formation of the transformation products 2-OH-IBU and CBX-IBU
(squares), and IBU-PYR (triangles). Incubation was carried out with (A) stationary-phase cells,
and (B) logarithmic-phase cells in the absence of glucose as well as with (C) stationary-phase

cells, and (D) logarithmic-phase cells in the presence of 0.1% glucose. Means and standard
deviations of two independent parallels are shown.
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Biotransformation of IBU in the presence of glucose yields higher concentrations of IBU-PYR
After incubation of stationary-phase cells of P. megaterium SBUG 518 with IBU in the
presence of 0.1% glucose, we detected the transformation product 2-OH-IBU-PYR
(product P4) by HPLC analysis, in addition to 2-OH-IBU, CBX-IBU, and IBU-PYR.
Stationary-phase cells transformed about 92 % of IBU within the first 4 h of incubation,
which was correlated with a sharp concentration increase of IBU-PYR (Figure 1C). After
4 h, IBU concentration increased again, whereas that of IBU-PYR decreased (Figure 1C).
Thus, while about 49% of IBU was glycosylated after 4 h, after 24 h only about four
percent of the drug remained glycosylated. The concentration of 2-OH-IBU-PYR
increased in the same fashion as the IBU-PYR concentration, but with a 2 h-delay, and
only slightly decreased in concentration after 6 h incubation (Figure 2).

60 - 5000 g
S
= 50 I I
€ 4000 §
(@)] i
40 .
% - 3000 2
S 30 <
g - 2000 E,
:
% 10 - 1000 s
O 5]
()]
O T T T T O D_
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Figure 2: Time course of the biotransformation of IBU (circles, primary axis) and the formation
of 2-OH-IBU-PYR (triangles, secondary axis) by stationary-phase cells of Priestia megaterium
SBUG 518. Means and standard deviations of two independent parallels are shown.

Logarithmic-phase cells transformed about 73% IBU within 72 h to 2-OH-IBU, CBX-
IBU, and IBU-PYR, with the highest transformation rate within the first 4 h of
incubation (Figure 1D). All products accumulated in the culture supernatant until the
end of incubation. The product 2-OH-IBU-PYR was detected only in one replicate after
4 h of incubation with logarithmic-phase cells.

Cell cycle phase and glucose presence impact IBP biotransformation

When no glucose was present in the medium, stationary-phase and logarithmic-phase
cells transformed about the same amount of IBU within the first 4 h of incubation.
However, at the end of the incubation, stationary-phase cells had transformed almost
three times more IBU and formed triple the amount of 2-OH-IBU and CBX-IBU, as well
as fourfold more IBU-PYR than logarithmic-phase cells.

Glucose presence increased transformation rates, especially in the first 4 h. Stationary-
phase cells produced more IBU-PYR than logarithmic-phase cells, but glycosylation was
reversible only in incubations with stationary-phase cells. After 24 h incubation with
IBU and glucose, product quantities of cells in both growth phases were similar. Please
refer to Table 4 for a summary of IBU biotransformation results. In addition, IBU
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apparently impacted sporulation of P. megaterium SBUG 518: logarithmic-phase cells
with IBU (but without glucose) produced only few spores after 120 h incubation,
whereas under all other three conditions mostly spores where present after 120 h
incubation (Supp. Figure S1).
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Table 4: Concentration of ibuprofen (IBU) and of products formed after 4 h, 24 h, and 120 h incubation with IBU of stationary-phase cells and
logarithmic-phase cells, respectively, in the absence and presence of 0.1% glucose in the incubation medium. Conc.: concentration; P1: 2-

hydroxyibuprofen; P2: carboxyibuprofen, P3: ibuprofen pyranoside, P4: 2-hydroxyibuprofen pyranoside.

IBU and transformation products formed by
Stationary-phase cells

Logarithmic-phase cells

IBU P1+P2 P3 P4 IBU P1+P2 P3 P4
incubation incubation Decrease Conc. Conc. Peak area Decrease Conec. Conc. Peak area
conditions time of (%) (mg mL") (mg mL") (mAU st/ of (%) (mg mL") (mg mL") (mAU st/

220 nm) 220 nm)
Absence of glucose 4h 10.2 41.4 5.0 0.8 0 9.8 41.9 3.8 0 0
24 h 44.7 25.5 15.9 3.9 o 19.6 374 7.7 0.9 o
120 h 65.4 15.9 23.2 4.3 0 18.2 38.0 8.6 0 0
Presence of 0.1% 4h 91.9 3.5 3.9 43.7 1050 56.6 20.2 18.5 5.0 o
glucose
24 h 55.4 19.6 16.1 3.8 3187.5 64.8 16.3 23.6 1.4 105.8
120 h 64.4 15.7 20.5 3.2 4181.7 70.0 13.9 26.5 1.7 0
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2-OH-IBU is glycosylated in the presence of glucose

When using 2-OH-IBU as biotransformation substrate in presence of glucose,
stationary-phase cells formed 2-OH-IBU-PYR (product P4) with a very low
transformation rate. Only about 7% of 2-OH-IBU was transformed by the cells within
the first 6 h, during which time product concentration increased. Thereafter, product
concentration decreased and substrate concentration increased (Figure 3).
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- 2000
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Peak area [mAU s1/220nm]

0 b T T T T T T
0 20 40 60 80 100 120 140

0
Incubation time [h]

Figure 3: Time course of the biotransformation of 2-OH-IBU (squares) and the formation of 2-

hydroxyibuprofen pyranoside (triangles) by Priestia megaterium SBUG 518. This experiment
was carried out once.

The transformation product IBU-PYR is less toxic than the drug IBU

IBU inhibited the growth of P. megaterium SBUG 518 at a concentration of 0.05%
(equivalent to 2.19 mM) in NB II, pH 6.0 (but not in NB II with un-adjusted pH of 7.2,
data not shown). However, with the transformation product IBU-PYR (P3) in equimolar
concentration, growth of P. megaterium SBUG 518 was only slightly delayed compared
to the control (Figure 4).

10 1~

log ODsgonm

0.1 T T T 1
0 20 40 60 80

Cultivation time [h]

Figure 4: Effect of 0.05% (2.19 mM) IBU (black circles) and the equimolar concentration of the
transformation product 2-hydroxyibuprofen pyranoside (triangles) on the growth of Priestia
megaterium SBUG 518 in NBII (pH 6.0) compared to the control (diamonds) without IBU or
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transformation product. Shown are means and standard deviations of two independent
parallels.

Cytochrome P450 inhibition leads to decreased IBU oxidation

In the presence of the cytochrome P450 inhibitor 1-aminobenzotriazole, CBX-IBU and
only about a tenth of the concentration of 2-OH-IBU as compared to the control without
inhibitor was formed (Figure 5A). In contrast, the inhibitor had no effect on IBU-PYR
concentrations.

Almost the same results were obtained in the presence of 1-aminobenzotriazole and 0.1%
glucose. Only about one tenth of the concentration of 2-OH-IBU compared to control
conditions, and neither CBX-IBU nor 2-OH-IBU-PYR were detected, whereas reversible
formation of IBU-PYR occurred (Figure 5B).
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Figure 5: Time course of the biotransformation of IBU (black circles) by Priestia megaterium
SBUG 518 and formation of the transformation products 2-OH-IBU (squares) and IBU-PYR
(triangles) in the presence of (a) 219 uM 1-aminobenzotriazole and of (B) 219 uM
1-aminobenzotriazole and 0.1% glucose. These experiments were performed once.

Influence of IBU on the proteome profile of P. megaterium SBUG 518

In total, we identified 1,346 P. megaterium SBUG 518 proteins after 1 and 24 h
cultivation with vs. without IBU (Supp. Table S4). Of these, after 1 h two secretion family
proteins and one sporulation protein were significantly higher abundant in the IBU
incubations as compared to the respective controls (Figure 6, Supp. Table S5). Proteins
with significantly lower abundance in the IBU incubations after 1 h included a spore
protein and an isocitrate lyase (Supp. Table S4). After 24 h, in total 35 proteins were
significantly higher abundant in the IBU-incubated cells. These included two
cytochrome P450 proteins, as well as alcohol,aldehyde, and acetyl-CoA dehydrogenases,
and proteins of the amino acid metabolism (Supp. Table S5). After 24 h, in total 81
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proteins were significantly lower abundant in the IBU incubations as compared to the
control without IBU. These included ribosomal proteins, as well as proteins involved in
sporulation, amino acid biosynthesis, and stress response proteins (Supp. Table S4).
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(B) Ibuprofen vs. control after 24 h
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Figure 6: Volcano plots showing differences in the proteome of Priestia megaterium SBUG 518
after incubation with IBU as compared to a control without IBU. (A) Proteome comparison after
1 h incubation, (B) proteome comparison after 24 h incubation. Significance: FDR < 0.05, log>
fold change >1/<-1. Cytochrome P450 proteins are marked (AOAOB6ATP7: Cytochrome P450
family protein, P14779: bifunctional cytochrome P450/NADPH-P450 reductase Cypl102A1,
P14762: Cytochrome P450 BM1).
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Discussion

Our experiments revealed that P. megaterium SBUG 518 has high potential for IBU
transformation. P. megaterium SBUG 518 exhibited two general IBU biotransformation
pathways, which we will discuss in detail below: (A) isobutyl side chain hydroxylation at
two positions, and (B) conjugation with a sugar molecule. Conjugation with sugar took
place almost exclusively in presence of glucose, which can be expected. More
surprisingly, stationary-phase cells exhibited higher transformation rates as compared
to logarithmic-phase cells.

(A) Isobutyl side chain hydroxylation yielded the products 2-OH-IBU, which
accumulated in high concentrations, and CBX-IBU. While 2-OH-IBU generation by
bacteria has hitherto seldomly be demonstrated (64), it is the main metabolite in urine
of humans after IBU uptake (65, 66), and also a major transformation product of other
higher organisms like animals (67, 68), plants (69), and fungi (70, 71). Consequently, 2-
OH-IBU is widespread in the environment. It can be detected in WWTPs (72, 73), in
river water and river sediments (74, 75), and in other aquatic environments (76). While
CBX-IBU appears to be an unusual IBU transformation product in bacteria and fungi, it
is produced by humans, some animals (65, 66, 68), and plants (69). In the environment,
CBX-IBU is present in wastewater, activated sludge, and river biofilm reactors (72, 77—
80). Despite that CBX-IBU is formed only after initial oxidation of IBU to 3-OH-IBU,
we did not detect the primary oxidation product 3-OH-IBU, likely because the further
oxidation to CBX-IBU happened too fast. Likewise, 3-OH-IBU is not, or at lower
concentrations than CBX-IBU, detected in urine and environmental samples (65, 66, 68,
77, 79, 80). While we did not find additional IBU hydroxylation products in our study
with P. megaterium SBUG 518, other organisms also produce 1-OH-IBU
(Phanerochaete chrysosporium, Rodarte-Morales et al., 2012) and 1,2-diOH-IBU
(Trametes versicolor, Marco-Urrea et al., 2009).

(B) Conjugation with a sugar molecule, or glycosylation, was the main driver of the high
IBU transformation rate of P. megaterium SBUG 518 with up to 90 % transformation in
4h. IBU was conjugated with a pyranose, yielding a glucoside. Given that this
transformation took place almost exclusively in presence of glucose, the pyranose is
likely to be glucose. The carboxylic group of IBU enables direct conjugate formation with
the parent substrate. This is in contrast to the metabolism of many other xenobiotics,
where a functional group for conjugation has to be introduced in the so-called phase I
metabolism, and only then a conjugate is formed via this new part of the molecule in
phase II metabolism (82). We postulate that the glycosylation of 2-OH-IBU, which we
demonstrated in addition to that of IBU itself, also happens via the already-present
carboxylic group, and not via the newly introduced hydroxyl group, and therefore does
not adhere to “classical” xenobiotic metabolism. While IBU conjugation appears to be
rare in bacteria, it is an important IBU metabolism pathway in humans, where foremost
esterification via the carboxylic group of IBU and the hydroxylic group of glucuronic acid
takes place, leading to acyl glucuronides (65). In addition, in human liver microsomes
IBU is conjugated to glucose, and human phase I metabolites might be glycosylated, too
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(83). The conjugation was highly reversible: potentially, the sugar is cleaved and used
as energy source by the bacteria upon depletion of external and internal energy reserves.
We did not observe mineralization of IBU by P. megaterium SBUG 518. Mineralization
by other bacteria includes ligation to CoA or acidic side chain removal and ring cleavage,
as well as co-metabolic degradation, and IBU can even be used as carbon source (24, 26,
27, 30, 31, 64, 84, 85).

In summary, we propose three different pathways of IBU metabolism in P. megaterium
SBUG 518 (Figure 7).
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Figure 7: Proposed transformation pathways of IBU by Priestia megaterium SBUG 518 to (A)
ibuprofen pyranoside, (B) 2-hydroxyibuprofen pyranoside and (C) carboxyibuprofen. Products
in square brackets are proposed intermediates, which were not detected in this study. Italics:
transformation reaction and proposed enzymes according to our proteomics analysis (no
enzyme for glycosylation could be proposed, as transformation experiments for proteomics did
not contain glucose). CYTP450: cytochrome P450, FeADH: iron-containing alcohol
dehydrogenase, AldDH: aldehyde dehydrogenase.

Based on our results, conjugation of IBU likely serves as an efficient detoxification
mechanism in P. megaterium SBUG 518, as the IBU-PYR exhibited no toxic effect in
equimolar concentration to almost completely growth-abolishing IBU concentrations.
Indeed, conjugates are often less biologically or chemically active than the parent
compound - however, some exceptions exist, including glucuronic acid conjugates of
IBU: These conjugates can directly interact with DNA and proteins, can covalently bind
to plasma proteins and human albumin, and can disturb cellular functionality as far as
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leading to cell death (86—88). Conjugation can therefore not be regarded as universal
means to decrease IBU toxicity.

Our proteomic analyses enabled us to elucidate the molecular basis for IBU
transformation and IBU toxicity in P. megaterium SBUG 518. The two significantly
higher abundant cytochrome P450 proteins in presence of IBU are likely the primary
site of IBU hydroxylation in P. megaterium SBUG 518, as also indicated by our
cytochrome P450 inhibition assay results. The bifunctional cytochrome P450/NADPH-
P450 reductase Cyp102A1 (P14779, also known as P450 BM3), which we detected in over
12fold higher abundance after 24 h IBU incubation as compared to the control, is one of
two different described cytochrome P450 systems in P. megaterium (89, 90). It consists
of a P450 fatty acid hydroxylase and a mammal-like, albeit soluble, diflavin NADPH-
P450 reductase in a single enzyme (91). P450 BM3 can be induced by IBU (92), and this
enzyme can transform a variety of drugs to different metabolites (93). For example, in
P. megaterium ATCC 14581, P450 BM3 oxidizes fatty acids, long-chain alcohols, and
amides (94, 95).

Also, significantly higher abundant in IBU incubations were iron-containing alcohol
dehydrogenases (FeADHs), which might generate ibuprofenal from 3-OH-IBU.
Ibuprofenal could then be oxidized further to CBX-IBU via an aldehyde dehydrogenase.
In Clostridium, which is closely related to Bacillus, FeADHs can have catalytic functions
as propanediol dehydrogenase, butanol dehydrogenase or 4-hydroxybuyrate
dehydrogenase (96—98). Therefore, these enzymes utilize substrates similar to the
isobutyl and propanoic acid residues of IBU, supporting our functional hypothesis.

The two up-regulated lipid/propionate metabolism enzymes, 3-hydroxypropionyl-
coenzym A dehydratase and enoyl-CoA hydratase/isomerase, could participate in
transformation of propionate to acetyl-CoA (via acrylate and 3-OH-propionate, as
alternative to the methylmalonyl-CoA-pathway to succinyl-CoA), which could then be
further metabolized via acetyl-CoA dehydrogenase. This is the case in several bacteria
and eukaryotic organisms (99, 100). Propionate can be split off from side chains of IBU
by several bacteria (as shown e.g. in this study by the formation of 4-carboxy-a-
methylbenzeneacetic acid by M. neoaurum SBUG 109). While in P. megaterium SBUG
518 we hitherto did not find C3-dealkylated products of IBU, at least four of the formed
transformation products have not been identified yet. Alternatively, it cannot be ruled
out that some of these enzymes could also directly transform the IBU side-chains
without any off-splitting of C3-units or were induced during degradation of valine or
isoleucine also resulting in propionyl-CoA formation. In the IBU-degrading, Gram-
positive Patulibacter 111, proteins involved in fatty acid metabolism were also suggested
to be involved in IBU degradation (24).

In addition, we detected two HlyD family transporters only after incubation of P.
megaterium SBUG 518 with IBU. These transporters likely transport IBU and its
transformation products out of the cells. HlyD family transporters belong to ABC
transporters, which in Gram-positive bacteria are often used to expel xenobiotics (101).
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Coupled to this direct response to IBU, we also found proteome profile changes
suggestive of a more general physiological response of P. megaterium SBUG 518 to IBU
presence, i.e., a pleiotropic effect of the drug. Single stranded DNA specific exonuclease,
which was after 24 h only detected in IBU-containing incubations, but not in the
respective controls, suggests that DNA damage occurred in IBU presence, necessitating
DNA repair. In Escherichia coli, several NSAIDs impact DNA replication and repair by
inhibition of DNA polymerase III beta subunit (102). It remains to be elucidated whether
IBU has a similar mode of action in P. megaterium SBUG 518. Interestingly, the
relaxosome subunit MobC was detected in 10fold higher concentration after 24h
incubation with IBU as compared to the control, suggesting that horizontal gene transfer
is promoted by IBU presence.

Moreover, IBU seems to impact spore formation in P. megaterium SBUG 518: Several
spore-forming proteins were significantly lower abundant after 24 h incubation with
IBU as compared to the controls. Corroborating this, we noticed that logarithmic-phase
cells did not sporulate when incubated with IBU without glucose (data not shown).
While data on the impact of IBU on cell wall turnover and sporulation seems to be
lacking, several studies describe negative impacts of this drug on the membrane
integrity of pro- and eukaryotic microbial species (103—105). The high resistance of
Bacillus thuringiensis B1(2015b) against IBU, on the other hand, is likely based on
changes in the membrane composition (85). In a broader context, sporulation in B.
subtilis is inhibited by unsaturated fatty acids (106), which bear structural and metabolic
resemblance to IBU.

IBU also seems to interfere with the amino acid metabolism and protein synthesis of P.
megaterium SBUG 518, as several proteins involved in amino acid metabolism were
significantly lower or higher abundant, and ribosomal proteins lower abundant after
incubation with IBU as compared to the controls. Potential reasons for this are shifts in
protein expression patterns, due to the synthesis of detoxifying and transporting
proteins as well as repair proteins, and potential interference of IBU with gene
expression. At the same time, in P. megaterium SBUG 518, the fatty acid metabolism is
likely negatively impacted by IBU, as we detected the fatty acid biosynthesis enzymes
malonyl CoA-acyl carrier protein transacylase, enoyl-[acyl-carrier-protein] reductase in
significantly lower abundance after IBU incubation. While it remains unclear whether
this is due to general energy shortage or due to direct effects of IBU in P. megaterium
SBUG 518, also in oral pathogenic bacteria IBU potentially interacts with proteins
involved in fatty acid metabolism (107).

Interestingly, the oxidative stress proteins catalase and alkyl hydroperoxide reductase
were significantly lower abundant in P. megaterium SBUG 518 after 24 h IBU
incubation. IBU has been shown to induce catalase activity in P. megaterium (108), and
cytochrome P450 activity leads to oxygen radical formation (109), which makes the
lower abundance of oxygen radical detoxifying enzymes in P. megaterium SBUG 518 in
IBU presence unexpected. However, reactive oxygen species themselves might be
involved in cytochrome P450 BM3 induction, as induction in a P. megaterium strain
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decreased when cells were incubated with IBU and external catalase (108). Therefore,
protein expression regulation might be more complex than anticipated. Additionally, an
antioxidant effect of IBU itself has been described (110), which might add to this protein
abundance pattern. Moreover, IBU itself might interfere with the respective gene
expression, actually exacerbating oxidative stress in P. megaterium SBUG 518.

Taken together, while P. megaterium SBUG 518 efficiently transforms IBU as a means
of detoxification, the drug still elicits various and apparently detrimental effects on the
physiology of this bacterium.

Conclusion

P. megaterium SBUG 518 exhibits IBU transformation and detoxification mechanisms
similar to those in humans. Therefore, P. megaterium SBUG 518 seems to be well suited
as a model organism for further research of drug metabolism, not least because its
cytochrome P450 monooxygenase highly resembles the corresponding eukaryotic
enzymes. The reversibility of the fast glycosylation of IBU can have practical
consequences: It is an open question why, despite the apparently nearly complete
removal of IBU in WWTPs, it can still be detected in various surface waters. A temporary
“masking” of IBU as IBU-PYR could explain this. Therefore, kinetic data of IBU
transformation should take into account possible conjugate formation. Future studies
on IBU as antimicrobial agent should shed more light on the mode of action of this drug
in different microbial organisms.

Acknowledgements

The authors are grateful to Sabryna Junker, Veronika Hahn, Anne Reinhard and Stefan
Bock for excellent technical assistance.

25


https://doi.org/10.1101/2024.03.18.585558
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.18.585558; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

References

1. Bendz D, Paxéus NA, Ginn TR, Loge FJ. 2005. Occurrence and fate of
pharmaceutically active compounds in the environment, a case study: Hoje River
in Sweden. J Hazard Mater 122:195—204.

2. Daughton CG, Ternes TA. 1999. Pharmaceuticals and personal care products in
the environment: agents of subtle change? Environ Health Perspect 107:907—938.

3. Markandya A, Taylor T, Longo A, Murty MN, Murty S, Dhavala K. 2008. Counting
the cost of vulture decline — an appraisal of the human health and other benefits
of vultures in India. Ecol Econ 67:194—204.

4.  Nikolaou A, Meric S, Fatta D. 2007. Occurrence patterns of pharmaceuticals in
water and wastewater environments. Anal Bioanal Chem 387:1225-1234.

5. Oaks JL, Gilbert M, Virani MZ, Watson RT, Meteyer CU, Rideout BA, Shivaprasad
HL, Ahmed S, Chaudhry MJI, Arshad M, Mahmood S, Ali A, Khan AA. 2004.
Diclofenac residues as the cause of vulture population decline in Pakistan. Nature
427:630—633.

6. Sarganas G, Buttery AK, Zhuang W, Wolf IK, Grams D, Schaffrath Rosario A,
Scheidt-Nave C, Knopf H. 2015. Prevalence, trends, patterns and associations of
analgesic use in Germany. BMC Pharmacol Toxicol 16:28.

7. Chopra S, Kumar D. 2020. Ibuprofen as an emerging organic contaminant in
environment, distribution and remediation. Heliyon 6:€04087.

8.  YuJT, Bouwer EJ, Coelhan M. 2006. Occurrence and biodegradability studies of
selected pharmaceuticals and personal care products in sewage effluent. Agric
Water Manag 86:72—80.

9. Ternes TA. 1998. Occurence of drugs in German sewage treatment plants and
rivers. Water Res 32:3245-3260.

10. Gros M, Petrovi¢ M, Ginebreda A, Barcel6 D. 2010. Removal of pharmaceuticals
during wastewater treatment and environmental risk assessment using hazard
indexes. Environ Int 36:15—26.

11.  Weigel S, Berger U, Jensen E, Kallenborn R, Thoresen H, Hiihnerfuss H. 2004.
Determination of selected pharmaceuticals and caffeine in sewage and seawater
from Tromse/Norway with emphasis on ibuprofen and its metabolites.
Chemosphere 56:583—592.

12.  Zuccato E, Castiglioni S, Fanelli R. 2005. Identification of the pharmaceuticals for
human use contaminating the Italian aquatic environment. J Hazard Mater
122:205—2009.

13. Gonzalez-Alonso S, Merino LM, Esteban S, Lopez de Alda M, Barcel6 D, Duran JJ,
Lopez-Martinez J, Acefia J, Pérez S, Mastroianni N, Silva A, Catala M, Valcarcel Y.
2017. Occurrence of pharmaceutical, recreational and psychotropic drug residues
in surface water on the northern Antarctic Peninsula region. Environ Pollut
220:241—254.

14. Pérez S, Barcel6 D. 2007. Application of advanced MS techniques to analysis and
identification of human and microbial metabolites of pharmaceuticals in the
aquatic environment. Trends Anal Chem 26:494-514.

15. Quintana JB, Weiss S, Reemtsma T. 2005. Pathways and metabolites of microbial
degradation of selected acidic pharmaceutical and their occurrence in municipal
wastewater treated by a membrane bioreactor. Water Res 39:2654—2664.

16.  Zur J, Pinski A, Marchlewicz A, Hupert-Kocurek K, Wojcieszyiska D, Guzik U.
26


https://doi.org/10.1101/2024.03.18.585558
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.18.585558; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

2018. Organic micropollutants paracetamol and ibuprofen—toxicity,
biodegradation, and genetic background of their utilization by bacteria. Environ
Sci Pollut Res 25:21498—-21524.

17. Kunkel U, Radke M. 2008. Biodegradation of acidic pharmaceuticals in bed
sediments: insight from a laboratory experiment. Environ Sci Technol 42:7273—
7279.

18. Zwiener C, Seeger S, Glauner T, Frimmel FH. 2002. Metabolites from the
biodegradation of pharmaceutical residues of ibuprofen in biofilm reactors and
batch experiments. Anal Bioanal Chem 372:569—575.

19. Maeng SK, Choi BG, Lee KT, Song KG. 2013. Influences of solid retention time,
nitrification and microbial activity on the attenuation of pharmaceuticals and
estrogens in membrane bioreactors. Water Res 47:3151-3162.

20. Calero-Diaz G, Monteoliva-Garcia A, Leyva-Diaz JC, Lopez-Lopez C, Martin-
Pascual J, Torres JC, Poyatos JM. 2017. Impact of ciprofloxacin, carbamazepine
and ibuprofen on a membrane bioreactor system: Kinetic study and
biodegradation capacity. J Chem Technol Biotechnol 92:2944—2951.

21.  Urase T, Kikuta T. 2005. Separate estimation of adsorption and degradation of
pharmaceutical substances and estrogens in the activated sludge process. Water
Res 39:1289-1300.

22. Boix C, Ibanez M, Sancho J V., Parsons JR, de Voogt P, Hernandez F. 2016.
Biotransformation of pharmaceuticals in surface water and during waste water
treatment: identification and occurrence of transformation products. J Hazard
Mater 302:175—187.

23. Peng J, Wang X, Yin F, Xu G. 2019. Characterizing the removal routes of seven
pharmaceuticals in the activated sludge process. Sci Total Environ 650:2437—
2445.

24. Almeida B, Kjeldal H, Lolas I, Knudsen AD, Carvalho G, Nielsen KL, Barreto
Crespo MT, Stensballe A, Nielsen JL. 2013. Quantitative proteomic analysis of
ibuprofen-degrading Patulibacter sp. strain I11. Biodegradation 24:615—630.

25. ChenY, Rosazza JPN. 1994. Microbial transformation of ibuprofen by a Nocardia
species. Appl Environ Microbiol 60:1292-1296.

26. Murdoch RW, Hay AG. 2005. Formation of catechols via removal of acid side
chains from ibuprofen and related aromatic acids. Appl Environ Microbiol
71:6121—-6125.

27. Murdoch RW, Hay AG. 2015. The biotransformation of ibuprofen to
trihydroxyibuprofen in activated sludge and by Variovorax Ibu-1. Biodegradation
26:105—113.

28. Aulestia M, Flores A, Mangas EL, Pérez-Pulido AJ, Santero E, Camacho EM. 2021.
Isolation and genomic characterization of the ibuprofen-degrading bacterium
Sphingomonas strain MPO218. Environ Microbiol 23:267-280.

29. Aulestia M, Flores A, Acosta-Jurado S, Santero E, Camacho EM. 2022. Genetic
characterization of the ibuprofen-degradative pathway of Rhizorhabdus wittichii
MPO218. Appl Environ Microbiol 88:10.1128/aem.00388-22.

30. Aguilar-Romero I, De la Torre-Zuniga J, Quesada JM, Haidour A, O’Connell G,
McAmmond BM, Van Hamme JD, Romero E, Wittich RM, van Dillewijn P. 2021.
Effluent decontamination by the ibuprofen-mineralizing strain, Sphingopyxis
granuli RW412: Metabolic processes. Environ Pollut 274:116536.

31. Ivshina IB, Tyumina EA, Bazhutin GA, Vikhareva E V. 2021. Response of
27


https://doi.org/10.1101/2024.03.18.585558
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.18.585558; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

Rhodococcus cerastii IEGM 1278 to toxic effects of ibuprofen. PLoS One
16:0260032.

32. Marchlewicz A, Domaradzka D, Guzik U, Wojcieszynnska D. 2016. Bacillus
thuringiensis B1(2015b) is a Gram-positive bacteria able to degrade naproxen and
ibuprofen. Water Air Soil Pollut 227:197.

33. Papai M, Benedek T, Tancsics A, Bornemann TLV, Plewka J, Probst AJ, Hussein
D, Maroti G, Menashe O, Kriszt B. 2023. Selective enrichment, identification, and
isolation of diclofenac, ibuprofen, and carbamazepine degrading bacteria from a
groundwater biofilm. Environ Sci Pollut Res 30:44518—-44535.

34. Elvers KT, Wright SJL. 1995. Antibacterial activity of the anti-inflammatory
compound ibuprofen. Lett Appl Microbiol 20:82—-84.

35. Obad J, Suskovi¢ J, Kos B. 2015. Antimicrobial activity of ibuprofen: New
perspectives on an “old” non-antibiotic drug. Eur J Pharm Sci 71:93—98.

36. Zimmermann P, Curtis N. 2017. Antimicrobial effects of antipyretics. Antimicrob
Agents Chemother 61:602268-16.

37. Gupta RS, Patel S, Saini N, Chen S. 2020. Robust demarcation of 17 distinct
Bacillus species clades, proposed as novel Bacillaceae genera, by phylogenomics
and comparative genomic analyses: description of Robertmurraya kyonggiensis
sp. nov. and proposal for an emended genus Bacillus limiting it only to the
members of the Subtilis and Cereus clades of species. Int J Syst Evol Microbiol
70:5753—5798.

38. Carmichael AB, Wong L-L. 2001. Protein engineering of Bacillus megaterium
CYP102. The oxidation of polycyclic aromatic hydrocarbons. Eur J Biochem
268:3117—-3125.

39. Chatterjee P, Kouzi SA, Pezzuto JM, Hamann MT. 2000. Biotransformation of the
antimelanoma agent betulinic acid by Bacillus megaterium ATCC 13368. Appl
Environ Microbiol 66:3850—3855.

40. Yao X-F, Khan F, Pandey R, Pandey J, Mourant RG, Jain RK, Guo J-H, Russell RJ,
Oakeshott JG, Pandey G. 2011. Degradation of dichloroaniline isomers by a newly
isolated strain, Bacillus megaterium IMT21. Microbiology 157:721—726.

41. Brack C. 2010. Isolation und Charakterisierung von bakteriolytischen
Mikroorganismen unter besonderer Beriicksichtigung von Lysobacter-Arten aus
Brackwasser. Diplomarbeit, Fachrichtung Biologie, Institut fiir Mikrobiologie.
Universitat Greifswald.

42. Hua D, Ma C, Lin S, Song L, Deng Z, Maomy Z, Zhang Z, Yu B, Xu P. 2007.
Biotransformation of isoeugenol to vanillin by a newly isolated Bacillus pumilus
strain: identification of major metabolites. J Biotechnol 130:463—470.

43. Lee I-Y, Volm TG, Rosazza JPN. 1998. Decarboxylation of ferulic acid to 4-
vinylguaiacol by Bacillus pumilus in aqueous-organic solvent two-phase systems.
Enzyme Microb Technol 23:261-266.

44. Brar SK, Verma M, Tyagi RD, Valéro JR, Surampalli RY. 2009. Concurrent
degradation of dimethyl phthalate (DMP) during production of Bacillus
thuringiensis based biopesticides. J Hazard Mater 171:1016—1023.

45. Becher D. 1997. Charakterisierung von Bakterien mit Fahigkeiten zum Abbau von
Biarylverbindungen unter besonderer Beriicksichtigung von Ralstonia pickettii
SBUG 290. Dissertation, Mathematisch-Naturwissenschaftliche Fakultat.
Universitat Greifswald.

46. Becher D, Specht M, Hammer E, Francke W, Schauer F. 2000. Cometabolic
28


https://doi.org/10.1101/2024.03.18.585558
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.18.585558; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

degradation of dibenzofuran by biphenyl-cultivated Ralstonia sp. strain SBUG
290. Appl Environ Microbiol 66:4528—-4531.

47. Henning A-K. 2011. Mikrobieller Abbau und Transformation von Bisphenolen als
freisetzbare Schadstoffe aus Plastikmaterial. Diplomarbeit, Fachrichtung Biologie,
Institut fiir Mikrobiologie. Universitat Greifswald.

48. Ziihlke M-K. 2013. Bakterielle Transformation von Bisphenolen unter besonderer
Beriicksichtigung der Strukturaufklarung von Transformationsprodukten und der
Beurteilung ihrer Ostrogenen Wirkung. Diplomarbeit, Fachrichtung Biologie,
Institut fiir Mikrobiologie. Universitat Greifswald.

49. Mikolasch A, Hammer E, Schauer F. 2003. Synthesis of imidazol-2-yl amino acids
by using cells from alkane-oxidizing bacteria. Appl Environ Microbiol 69:1670—
1679.

50. Garbe J. 2008. Abbau von umweltrelevanten Arzneistoffen durch
Mikroorganismen. Bachelorarbeit, Fachrichtung Biologie, Institut fiir
Mikrobiologie. Universitat Greifswald.

51. Drager A. 2012. Biotransformation von umweltrelevanten Arzneistoffen mit
aromatischer  Grundstruktur durch Mikroorganismen der Gattungen
Trichosporon und Mycobacterium. Bachelorarbeit, Fachbereich Biologie, Institut
fiir Mikrobiologie. Universitat Greifswald.

52. Nhi-Cong LT, Mikolasch A, Klenk H-P, Schauer F. 2009. Degradation of the
multiple branched alkane 2,6,10,14-tetramethyl-pentadecane (pristane) in
Rhodococcus ruber and Mycobacterium neoaurum. Int Biodeterior
Biodegradation 63:201—207.

53. Meene A, Herzer C, Schliiter R, Zayadan B, Pukall R, Schumann P, Schauer F,
Urich T, Mikolasch A. 2022. A novel antimicrobial metabolite produced by
Paenibacillus apiarius isolated from brackish water of Lake Balkhash in
Kazakhstan. Microorganisms 10:1519.

54. Iida T, Nakamura K, Izumi A, Mukouzaka Y, Kudo T. 2006. Isolation and
characterization of a gene cluster for dibenzofuran degradation in a new
dibenzofuran-utilizing bacterium, Paenibacillus sp. strain YK5. Arch Microbiol
184:305—-315.

55. Ziihlke M-K, Schliiter R, Mikolasch A, Ziihlke D, Giersberg M, Schindler H,
Henning A-K, Frenzel H, Hammer E, Lalk M, Bornscheuer UT, Riedel K, Kunze G,
Schauer F. 2017. Biotransformation and reduction of estrogenicity of bisphenol A
by the biphenyl-degrading Cupriavidus basilensis. Appl Microbiol Biotechnol
101:3743-3758.

56. Hundt K, Wagner M, Becher D, Hammer E, Schauer F. 1998. Effect of selected
environmental factors on degradation and mineralization of biaryl compounds by
the bacterium Ralstonia pickettii in soil and compost. Chemosphere 36:2321—
2335.

57. Mikolasch A, Reinhard A, Alimbetova A, Omirbekova A, Pasler L, Schumann P,
Kabisch J, Mukasheva T, Schauer F. 2016. From oil spills to barley growth — oil-
degrading soil bacteria and their promoting effects. J Basic Microbiol 56:1252—
1273.

58. Perez-Riverol Y, Bai J, Bandla C, Garcia-Seisdedos D, Hewapathirana S,
Kamatchinathan S, Kundu DJ, Prakash A, Frericks-Zipper A, Eisenacher M,
Walzer M, Wang S, Brazma A, Vizcaino JA. 2022. The PRIDE database resources
in 2022: A hub for mass spectrometry-based proteomics evidences. Nucleic Acids
Res 50:D543—-D552.

29


https://doi.org/10.1101/2024.03.18.585558
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.18.585558; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

59. Zybailov B, Mosley AL, Sardiu ME, Coleman MK, Florens L, Washburn MP. 2006.
Statistical analysis of membrane proteome expression changes in Saccharomyces
cerevisiae. J Proteome Res 5:2339—2347.

60. R Core Team. 2021. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria.

61. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. 2015. limma
powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Res 43:e47.

62. Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc B 57:289—300.

63. Blighe K, Rana S, Lewis M. 2021. EnhancedVolcano: Publication-ready volcano
plots with enhanced colouring and labeling. R package version 1.12.0.

64. Marchlewicz A, Guzik U, Smulek W, Wojcieszynska D. 2017. Exploring the
degradation of ibuprofen by Bacillus thuringiensis B1(2015b): The new pathway
and factors affecting degradation. Molecules 22:1676.

65. Kepp DR, Sidelmann UG, Hansen SH. 1997. Isolation and characterization of
major phase I and II metabolites of ibuprofen. Pharm Res 14:676—680.

66. Magiera S, Glilmez S. 2014. Ultrasound-assisted emulsification microextraction
combined with ultra-high performance liquid chromatography-tandem mass
spectrometry for the analysis of ibuprofen and its metabolites in human urine. J
Pharm Biomed Anal 92:193—202.

67. Gomez CF, Constantine L, Moen M, Vaz A, Wang W, Huggett DB. 2011. Ibuprofen
metabolism in the liver and gill of rainbow trout, Oncorhynchus mykiss. Bull
Environ Contam Toxicol 86:247—251.

68. Waraksa E, Wozniak MK, Klodzinska E, Wrzesien R, Bobrowska-Korczak B,
Namiesnik J. 2018. A rapid and sensitive method for the quantitative analysis of
ibuprofen and its metabolites in equine urine samples by gas chromatography
with tandem mass spectrometry. J Sep Sci 41:3881—38091.

69. LiY,ZhangdJ,ZhuG, LiuY, Wu B, Ng WJ, Appan A, Tan SK. 2016. Phytoextraction,
phytotransformation and rhizodegradation of ibuprofen associated with Typha
angustifolia in a horizontal subsurface flow constructed wetland. Water Res
102:294—304.

70. Borges KB, De Oliveira ARM, Barth T, Jabor VAP, Pupo MT, Bonato PS. 2011. LC-
MS-MS determination of ibuprofen, 2-hydroxyibuprofen enantiomers, and
carboxyibuprofen stereoisomers for application in biotransformation studies
employing endophytic fungi. Anal Bioanal Chem 399:915—925.

71.  Marco-Urrea E, Pérez-Trujillo M, Vicent T, Caminal G. 2009. Ability of white-rot
fungi to remove selected pharmaceuticals and identification of degradation
products of ibuprofen by Trametes versicolor. Chemosphere 74:765-772.

72.  Ferrando-Climent L, Collado N, Buttiglieri G, Gros M, Rodriguez-Roda I,
Rodriguez-Mozaz S, Barcel6 D. 2012. Comprehensive study of ibuprofen and its
metabolites in activated sludge batch experiments and aquatic environment. Sci
Total Environ 438:404—413.

73. Kim M, Guerra P, Shah A, Parsa M, Alaee M, Smyth SA. 2014. Removal of
pharmaceuticals and personal care products in a membrane bioreactor
wastewater treatment plant. Water Sci Technol 69:2221—2229.

74. Dai L, Li J, Yang J, Men Y, Zeng Y, Cai Y, Sun Y. 2018. Enzymatic synthesis of
novel glycyrrhizic acid glucosides using a promiscuous Bacillus

30


https://doi.org/10.1101/2024.03.18.585558
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.18.585558; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

glycosyltransferase. Catalysts 8:615.

75.  Loffler D, Ternes TA. 2003. Determination of acidic pharmaceuticals, antibiotics
and ivermectin in river sediment using liquid chromatography-tandem mass
spectrometry. J Chromatogr A 1021:133—144.

76. de Garcia SO, Pinto Pinto G, Garcia Encina P, Irusta Mata R. 2013. Consumption
and occurrence of pharmaceutical and personal care products in the aquatic
environment in Spain. Sci Total Environ 444:451—465.

77.  Buser H-R, Poiger T, Miiller MD. 1999. Occurrence and environmental behavior
of the chiral pharmaceutical drug ibuprofen in surface waters and in wastewater.
Environ Sci Technol 33:2529—2535.

78. Collado N, Buttiglieri G, Ferrando-Climent L, Rodriguez-Mozaz S, Barcel6 D,
Comas J, Rodriguez-Roda I. 2012. Removal of ibuprofen and its transformation
products: Experimental and simulation studies. Sci Total Environ 433:296—301.

79. Lee E, Lee S, Park J, Kim Y, Cho J. 2013. Removal and transformation of
pharmaceuticals in wastewater treatment plants and constructed wetlands. Drink
Water Eng Sci 6:89—98.

80. Winkler M, Lawrence JR, Neu TR. 2001. Selective degradation of ibuprofen and
clofibric acid in two model river biofilm systems. Water Res 35:3197—3205.

81. Rodarte-Morales Al, Feijoo G, Moreira MT, Lema JM. 2012. Operation of stirred
tank reactors (STRs) and fixed-bed reactors (FBRs) with free and immobilized
Phanerochaete chrysosporium for the continuous removal of pharmaceutical
compounds. Biochem Eng J 66:38—45.

82. Gonzalez FJ, Tukey RH. 2006. Drug metabolism, p. 71—91. In Brunton, LL, Lazo,
JS, Parker, KL (eds.), Goodman & Gilman’s The Pharmacological Basis of
Therapeutics, 11th ed. McGraw-Hill Medical Publishing Division.

83. Buchheit D, Dragan C-A, Schmitt EI, Bureik M. 2011. Production of ibuprofen acyl
glucosides by human UGT2B7. Drug Metab Dispos 39:2174—2181.

84. Murdoch RW, Hay AG. 2013. Genetic and chemical characterization of ibuprofen
degradation by Sphingomonas Ibu-2. Microbiology 159:621-632.

85. Marchlewicz A, Guzik U, Hupert-Kocurek K, Nowak A, Wilczynska S,
Wojcieszynska D. 2017. Toxicity and biodegradation of ibuprofen by Bacillus
thuringiensis B1(2015b). Environ Sci Pollut Res 24:7572-7584.

86. Castillo M, Smith PC. 1995. Disposition and reactivity of ibuprofen and ibufenac
acyl glucuronides in vivo in the Rhesus monkey and in vitro with human serum
albumin. Drug Metab Dispos 23:566—572.

87. Ritter JK. 2000. Roles of glucuronidation and UDP-glucuronosyltransferases in
xenobiotic bioactivation reactions. Chem Biol Interact 129:171—-193.

88. Zhou S, Chan E, Duan W, Huang M, Chen Y-Z. 2005. Drug bioactivation, covalent
binding to target proteins and toxicity relevance. Drug Metab Rev 37:41—213.

89. Sariaslani FS. 1991. Microbial cytochromes P-450 and xenobiotic metabolism.
Adv Appl Microbiol 36:133—178.

90. Warman AJ, Roitel O, Neeli R, Girvan HM, Seward HE, Murray SA, McLean KJ,
Joyce MG, Toogood H, Holt RA, Leys D, Scrutton NS, Munro AW. 2005.
Flavocytochrome P450 BM3: An update on structure and mechanism of a
biotechnologically important enzyme. Biochem Soc Trans 33:747-753.

91. Munro AW, Leys DG, McLean KJ, Marshall KR, Ost TWB, Daff S, Miles CS,
Chapman SK, Lysek DA, Moser CC, Page CC, Dutton PL. 2002. P450 BM3: the
very model of a modern flavocytochrome. Trends Biochem Sci 27:250-257.

31


https://doi.org/10.1101/2024.03.18.585558
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.18.585558; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

92. English N, Hughes V, Wolf CR. 1996. Induction of cytochrome P-450BM-3 (CYP
102) by non-steroidal anti-inflammatory drugs in Bacillus megaterium. Biochem
J 316:279—283.

93. DiNardo G, Gilardi G. 2012. Optimization of the bacterial cytochrome P450 BM3
system for the production of human drug metabolites. Int J Mol Sci 13:15901—
15924.

94. Miuray, Fulco AJ. 1975. w-1, w-2 and w-3 Hydroxylation of long-chain fatty acids,
amides and alcohols by a soluble enzyme system from Bacillus megaterium.
Biochim Biophys Acta 388:305-317.

95. Black SD, Linger MH, Freck LC, Kazemi S, Galbraith JA. 1994. Affinity isolation
and characterization of cytochrome-P450-102 (BM-3) from barbiturate-induced
Bacillus megaterium. Arch Biochem Biophys 310:126-133.

96. Luers F, Seyfried M, Daniel R, Gottschalk G. 1997. Glycerol conversion to 1,3-
propanediol by Clostridium pasteurianum: Cloning and expression of the gene
encoding 1,3-propanediol dehydrogenase. FEMS Microbiol Lett 154:337—345.

97. Youngleson JS, Jones WA, Jones DT, Woods DR. 1989. Molecular analysis and
nucleotide sequence of the adh1 gene encoding an NADPH-dependent butanol
dehydrogenase in the Gram-positive anaerobe Clostridium acetobutylicum. Gene
78:355—304.

98. Wolff RA, Urben GW, O’Herrin SM, Kenealy WR. 1993. Dehydrogenases involved
in the conversion of succinate to 4-hydroxybutanoate by Clostridium kluyverti.
Appl Environ Microbiol 59:1876—-1882.

99. Halarnkar PP, Wakayama EJ, Blomquist GJ. 1988. Metabolism of propionate to
3-hydroxypropionate and acetate in the lima bean Phaseolus limensis.
Phytochemistry 27:997—999.

100. Wilson KA, Han Y, Zhang M, Hess JP, Chapman KA, Cline GW, Tochtrop GP,
Brunengraber H, Zhang GF. 2017. Inter-relations between 3-hydroxypropionate
and propionate metabolism in rat liver: Relevance to disorders of propionyl-CoA
metabolism. Am J Physiol - Endocrinol Metab 313:E413—E428.

101. Lubelski J, Konings WN, Driessen AJM. 2007. Distribution and physiology of
ABC-type transporters contributing to multidrug resistance in bacteria. Microbiol
Mol Biol Rev 71:463—476.

102. Yin Z, Wang Y, Whittell LR, Jergic S, Liu M, Harry E, Dixon NE, Kelso MJ, Beck
JL, Oakley AJ. 2014. DNA replication is the target for the antibacterial effects of
nonsteroidal anti-inflammatory drugs. Chem Biol 21:481—487.

103. Lamsa A, Lopez-Garrido J, Quach D, Riley EP, Pogliano J, Pogliano K. 2016. Rapid
inhibition profiling in Bacillus subtilis to identify the mechanism of action of new
antimicrobials. ACS Chem Biol 11:2222—-2231.

104. Pina-Vaz C, Sansonetty F, Rodrigues AG, Martinez-de-Oliveira J, Fonseca AF,
Mardh P-A. 2000. Antifungal activity of ibuprofen alone and in combination with
fluconazole against Candida species. J Med Microbiol 49:831—-840.

105. Ogundeji AO, Pohl CH, Sebolai OM. 2016. Repurposing of aspirin and ibuprofen
as candidate anti-Cryptococcus drugs. Antimicrob Agents Chemother 60:4799—
4808.

106. Strauch MA, de Mendoza D, Hoch JA. 1992. cis-Unsaturated fatty acids
specifically inhibit a signal-transducing protein kinase required for initiation of
sporulation in Bacillus subtilis. Mol Microbiol 6:29009—2917.

107. Vijayashree Priyadharsini J. 2019. In silico validation of the non-antibiotic drugs

32


https://doi.org/10.1101/2024.03.18.585558
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.18.585558; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

acetaminophen and ibuprofen as antibacterial agents against red complex
pathogens. J Periodontol 90:1441—1448.

108. English NT, Rankin LC. 1997. Antioxidant-mediated attenuation of the induction
of cytochrome P450BM-3(CYP102) by ibuprofen in Bacillus megaterium ATCC
14581. Biochem Pharmacol 54:443—450.

109. Gagné F, Blaise C, André C. 2006. Occurrence of pharmaceutical products in a
municipal effluent and toxicity to rainbow trout (Oncorhynchus mykiss)
hepatocytes. Ecotoxicol Environ Saf 64:329—336.

110. Costa D, Moutinho L, Lima JLFC, Fernandes E. 2006. Antioxidant activity and
inhibition of human neutrophil oxidative burst mediated by arylpropionic acid
non-steroidal anti-inflammatory drugs. Biol Pharm Bull 29:1659—1670.

33


https://doi.org/10.1101/2024.03.18.585558
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.18.585558; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC 4.0 International license.

Supplementary Material

Table S1:

Table S2:

Table S3:

Table S4:

Table S5:

Figure Si:

GC-MS and LC-MS data of ibuprofen and its analogues formed during the
incubation of Priestia megaterium SBUG 518 with ibuprofen.

NMR data and structure of ibuprofen pyranoside (product P3) formed during the
incubation Priestia megaterium SBUG 518 with ibuprofen.

NMR data and structure of 4-Carboxy-a-methylbenzeneacetic acid! (product P5)
formed during the incubation Mycobacterium neoaurum SBUG 109 with ibuprofen.

Priestia megaterium SBUG 518 proteins identified in transformation assays with
ibuprofen (IBU) and in the respective controls after 1 h and 24 h incubation.

Proteins with higher abundance in Priestia megaterium SBUG 518 cells harvested
after 1 h and 24 h of incubation with 0.005% ibuprofen (IBU) compared to
bacterial cells under control conditions without IBU.

Microscopic images (40:1, bar: 50 um) of cultures of Priestia megaterium
SBUG 518 after 120 h incubation. Incubation with ibuprofen in absence of
glucose with (A) stationary-phase cells, and (B) logarithmic-phase cells as
well as with ibuprofen in the presence of 0.1% glucose with (C) stationary-
phase cells, and (D) logarithmic-phase cells.
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