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ABSTRACT

Background and Objectives: Flavoprotein monooxygenases (FPMOs) participate in various biological processes, includ-
ing lignin degradation, natural product biosynthesis, and xenobiotic detoxification. This study aimed to investigate the heter-
ologous expression of FPMO and assess its functional activity by examining its capacity to inactivate ampicillin.

Materials and Methods: In silico analyses were performed to predict the enzyme's secondary and tertiary structures. The
target gene was isolated from Pseudomonas aeruginosa, cloned into the pET-22b vector, and expressed in Escherichia
coli BL21 (DE3). Heterologous protein expression was examined using SDS-PAGE, and the protein was purified through
nickel-affinity chromatography. Enzymatic activity was measured by spectrophotometric monitoring of NADPH oxidation
at 340 nm. Antibacterial activity was tested using an agar well-diffusion assay, measuring the inhibition zone diameter in E.
coli treated with ampicillin.

Results: Homology modeling indicated that the 3D structure of FPMO is very similar to cyclohexanone monooxygenase,
supporting its classification as a Baeyer—Villiger monooxygenase (BVMO). Molecular docking proposed that ampicillin
might be a substrate for FPMO, with predicted interactions at 1le141 and Val159. Enzymatic assays confirmed that FPMO
catalyzes the oxidation of ampicillin, using FAD and NADPH as cofactors. Additionally, well-diffusion tests showed de-
creased ampicillin antibacterial activity after treatment. The enzyme's activity was further confirmed using an ampicillin
inactivation assay.

Conclusion: The heterologously expressed protein was functionally active. These findings suggest that the studied FPMO
may play a role in antibiotic resistance in P. aeruginosa by oxidatively inactivating ampicillin.
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INTRODUCTION

Pseudomonas aeruginosa causes hospital-ac-
quired infections and is a major pathogen in lung
infections among patients with cystic fibrosis (1).
Its remarkable ability to develop resistance to mul-
tiple classes of antibiotics has made P. aeruginosa a
significant global public health threat. Accordingly,
the World Health Organization (WHO) has includ-

ed carbapenem-resistant P. aeruginosa in its Bacte-
rial Priority Pathogens List, highlighting the urgent
need for new antimicrobial therapies (2). Recent
evidence shows that the high prevalence of drug-re-
sistant strains is partly due to inadequate treatment
of susceptible populations, including improper an-
tibiotic use and suboptimal dosing (3). Antibiotic
resistance in P. aeruginosa can be either inherent
or acquired, with key mechanisms involving efflux
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pumps and antibiotic-inactivating enzymes. Among
these, B-lactamases—classified into four molecular
classes (A—D)—are important because they hydro-
lyze the B-lactam ring and inactivate the antibiotic
(4, 5). Many studies have examined the distribution
of B-lactamase genes in Gram-negative clinical iso-
lates to understand resistance patterns in healthcare
settings (6). Beyond B-lactamases, there is grow-
ing interest in flavin-dependent monooxygenases
(FMOs) as contributors to antibiotic resistance. TetX,
a flavin-dependent monooxygenase, confers tetracy-
cline resistance by breaking down tetracyclines (7).
Similarly, rifampicin monooxygenases enable the
hydroxylation of rifampicin, rendering it inactive.
The FMO Rif-Orfl7 has been shown to catalyze a
dual-oxidation reaction that degrades and inactivates
rifamycin SV (8, 9). Additionally, Kim et al. (2019)
demonstrated that co-expression of flavin reductase
and sulfonamide monooxygenases (sulX and sull)
increases sulfonamide resistance in Acinetobacter
spp. (10).

FMOs are versatile enzymes involved in various
metabolic processes, such as the breakdown of ar-
omatic compounds, the production of polyketides,
siderophores, cholesterol, and antibiotics, and the
regulation of antibiotic resistance mechanisms (11).
Studies show that microbial FMOs share catalytic
properties with their eukaryotic counterparts; how-
ever, they are often preferred as biocatalysts because
of their solubility and ease of recombinant produc-
tion (12). Sequence analyses place FMOs within the
class B flavoprotein monooxygenase family, which
is widely found in bacteria and fungi. Many of these
enzymes belong to the Baeyer—Villiger monooxy-
genase (BVMO) subfamily, which catalyzes Baeyer—
Villiger oxidations and plays a role in primary and
secondary metabolism through producing bioactive
compounds (13). Structurally, BVMOs have distinct
binding domains for FAD and NADPH, with NAD(P)
H remaining associated with the enzyme during ca-
talysis. Despite conserved functional domains, small
differences in sequence motifs give this enzyme fam-
ily a broad range of substrate specificities (9). Unlike
human FMOs, microbial BVMOs are usually soluble
and suitable for recombinant production. For exam-
ple, eight class B flavoprotein monooxygenases from
Rhodococcus jostii RHAL have been cloned and
studied for their roles in oxidation and sulfoxidation
(14). The PA4991 protein of P. aeruginosa, a putative
FAD-dependent oxidoreductase, has been reported
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to act on various amino acid substrates and may help
bacteria survive in the sputum of cystic fibrosis pa-
tients receiving antibiotic treatment. This suggests a
possible role in inactivating antibiotics (15).

P. aeruginosa naturally resists ampicillin and
other B-lactam and non-B-lactam antibiotics. The
MuxABC-OpmB efflux system, a member of the re-
sistance—nodulation—division (RND) family, confers
resistance to ampicillin and carbenicillin and increas-
es bacterial pathogenicity. Evidence indicates that
ampicillin resistance in P. aeruginosa mainly results
from reduced membrane permeability and active
efflux. Although B-lactamases are known to deacti-
vate ampicillin, the potential involvement of FMO
enzymes in this process remains uncertain (16). In
this study, we examined the role of an FAD-depen-
dent monooxygenase (FPMO) in inactivating ampi-
cillin through both computational and experimental
methods. Our results suggest that this enzyme could
be a target for the development of treatments against
ampicillin-resistant P. aeruginosa.

MATERIALS AND METHODS

Bacterial strains, plasmids, and reagents. Ge-
nomic DNA from P. aeruginosa (ATCC 27853) was
used to amplify the gene encoding an FAD-depen-
dent oxidoreductase (locus A4W92_15705). E. coli
BL21(DE3J) as the expression host and pET-22b(+) as
the expression vector were chosen. Restriction en-
zymes (BamHI and Xhol) and IPTG (Merck) were
obtained from Sinaclon (Tehran, Iran). NADPH and
FAD were purchased from Sigma-Aldrich. Cells were
cultured in Luria—Bertani (LB) broth supplemented
with 100 pg/mL ampicillin.

Cloning, expression, purification, and western
blot analysis of FPMO. Genomic DNA was extract-
ed from P. aeruginosa as previously described. The
gene encoding the FAD-dependent oxidoreductase
from P. aeruginosa (referred to as FPMO) was am-
plified via polymerase chain reaction (PCR) using
primers FP1 (5-AGCGGATCCCATGACCGACCT-
GAATCGCACC-3") and R1P (5-GCACTCGAGT-
CAGCTGACTTCCTGGAGGCTGGTTTG-3'),
which include BamHI and Xhol restriction sites at
their 5’ ends, respectively. Primer sequences were
manually designed and then validated using Gene
Runner software. PCR was performed with an initial
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denaturation at 95°C for 3 minutes, followed by 30
cycles of denaturation at 95°C for 45 seconds, anneal-
ing at 50°C for 45 seconds, and extension at 72°C for
90 seconds. A final extension step was conducted at
72°C for 10 minutes. The amplified FPMO gene was
purified and ligated into the pET-22b(+) expression
vector downstream of a 6xHis tag using BamHI and
Xhol sites. The heterologous plasmid pET22b-FPMO
(PMM9) was transformed into E. coli BL21(DE3) by
heat shock at 42°C for 90 seconds. Transformants
were selected on LB agar plates containing 100 pg/
mL ampicillin (LB ).

Amp
LB-Amp was inoculated with an overnight culture

of E. coli BL21(DE3) carrying pMM9 and incubated
at 37°C, at 180 rpm until the optical density at 620 nm

(OD ) reached about 0.6. Heterologous protein ex-
620

pression was induced by adding isopropyl $-D-1-thio-
galactopyranoside (IPTG) to a final concentration of
1 mM, followed by incubation at 22°C for 20 hours.
To optimize FPMO expression, the effects of IPTG
concentration, induction temperature, and induction
time were systematically tested. IPTG concentrations
of 0.1, 0.5, 0.7, and 1.0 mM were examined at induc-
tion temperatures of 16, 22, 25, 30, and 37°C and in-
duction periods of 4.5, 10, 16, and 24 hours.

Following induction, cells were pelleted by centrif-
ugation at 8,000 x g, 15 minutes at 4°C, then resus-
pended in lysis buffer containing 50 mM Tris-HClI,
300 mM NacCl, and 10 mM imidazole (pH 8.0). The
cell suspension was kept on ice for 30 minutes, then
sonicated for 7 cycles of 15 seconds at 4°C. Cellular
debris was removed by centrifugation at 8,000 x g for
15 minutes at 4°C, and the clarified lysate was used
for protein purification.

Heterologous Hiss-tagged FPMO was purified un-
der native conditions using Ni-NTA affinity chroma-
tography. Briefly, 2.5 mL of Ni-NTA agarose resin
(QIAGEN) was equilibrated with lysis buffer before
loading. An aliquot (600 pL) of clarified lysate was
applied to the column, followed by washing with 600
uL of wash buffer (50 mM Tris-HCI, 300 mM NaCl,
and 10 mM imidazole, pH 8.0). Bound proteins were
eluted with an imidazole gradient from 20 to 250
mM. 12% SDS-PAGE was used to analyze protein
expression and purification, and protein identity was
further confirmed by Western blot analysis. Purified
FPMO was separated by 12% SDS-PAGE, then elec-
trotransferred onto a nitrocellulose membrane at 70
V for 2 hours at 4°C. Protein transfer was verified by
staining the membrane with Ponceau S solution for
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20 minutes, followed by rinsing with distilled water.
The membrane was then blocked overnight at 4°C
in blocking buffer containing 5% (W/v) skim milk
in PBST. Subsequently, the membrane was washed
three times with PBST for 10 minutes each at room
temperature and incubated for 1 hour at 20°C with an
anti-His-tag antibody diluted 1:2500 in PBST. After
three additional washes with PBST, immunoreactive
bands were detected using 3,3-diaminobenzidine
(DAB) substrate solution activated with 15 pL H20..
The reaction was terminated by rinsing the membrane
with distilled water once the desired signal intensity
was reached (17).

Enzyme activity assay. FPMO activity was mea-
sured by two methods: (i) spectrophotometric detec-

tion of NADPH oxidation at 340 nm and (ii) testing
the antibacterial activity of enzyme-treated ampicil-
lin against E. coli.

For the spectrophotometric assay, reactions were
carried out in a total volume of 200 pL containing
50 mM Tris—HCI buffer (pH 8.0), 100 uM NADPH,
0.7 mg mL? purified FPMO, and 2.8 mM ampicillin.
The reaction was initiated by adding NADPH and
continuously monitored for 1 min by measuring the
decrease in absorbance at 340 nm (gs40 = 6.22 MM
cm™), which indicates NADPH oxidation. One unit
(U) of enzyme activity was defined as the amount
of enzyme required to oxidize 1 umol of NADPH
per minute under the assay conditions (18, 19). All
enzyme assays were performed at 25°C in triplicate
using independent biological replicates. Enzyme
activity was calculated from the rate of decrease in
absorbance at 340 nm over time. Negative control re-
actions were prepared under identical conditions but
without the enzyme. Protein concentration was deter-
mined using the Bradford assay, with bovine serum
albumin (BSA) as the standard.

Antibacterial activity assay. The effect of FPMO
treatment on ampicillin's antibacterial activity was
assessed using an agar well-diffusion assay. Reac-
tion mixtures containing 2.8 mM ampicillin, 0.1 mM
NADPH, and 0.7 mg/mL purified FPMO in 50 mM
Tris—HCI buffer were incubated at room temperature
for 30 minutes in a final volume of 200 pL. Control
reactions were prepared under the same conditions
but without NADPH to prevent enzymatic activity.

Following incubation, 100 pL of each reaction mix-
ture was used to test antibacterial activity against E.
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coli (BL21). E. coli BL21 was spread onto the plate
surface to achieve a density equivalent to a 0.5 Mc-
Farland standard. An 8-mm-diameter well was creat-
ed in the plate. Aliquots of the reaction mixtures were
added to the wells, and the plates were incubated at
37°C for 16 hours. Antibacterial activity was evalu-
ated by measuring the diameter of the growth inhibi-
tion zone before and after enzymatic ampicillin treat-
ment. Enzyme activity units (AU) were calculated as
previously described (20).

FPMO activity (mm?/ml) = (Lz - Ls)/V

Lz = Clear zone area (mm)?, Ls = Well area (mm)?,

V = Volume of sample (ml)

Amino acid sequence analysis and second-
ary structure prediction of FPMO. The amino
acid sequence of FPMO was obtained from NCBI
under the accession AMX88367. EXPASY Prot-
Param (www.expasy.ch/tools) was used to an-
alyze the protein's physicochemical properties,
including molecular weight, amino acid compo-
sition, and instability index. FPMO signal pep-
tides were predicted using the SignalP 5.0 Server
(http://iwww.cbs.dtu.dk/services/SignalP/). Do-
main and motif analyses were performed using
the MotifFinder, MotifScan, and FingerPRINT
tools. The subcellular localization of the enzyme
was estimated using PSORTb and PROTTER
(http://wlab.ethz.ch/protter/start/). PSIPRED, based
on PSI-BLAST (Position-Specific Iterative BLAST),
was used as a simple and accurate method for second-
ary-structure prediction.

Homology modeling of FPMO and refinement
and quality assessment of the protein model. Ho-
mology modeling of FPMO was conducted using the
SWISS-MODEL server. The amino acid sequence
of FPMO, provided in FASTA format, was searched
against the SWISS-MODEL Template Library
(SMTL) to identify suitable structural templates.
Template selection involved using both BLAST and
HHblits. Candidate templates were chosen based on
criteria such as high sequence identity, maximum
query coverage, high alignment score, and low E-val-
ue. Three-dimensional models were generated for
each selected template to evaluate structural similari-
ty and conserved regions between the target and tem-
plate proteins. Model quality was initially assessed
using SWISS-MODEL' internal metrics, including
the QMEAN scoring function, which provides both
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global and local estimates of model reliability.

The top-performing model, based on these quality
metrics,wasfurtherrefinedusingthe ModRefinerserver
(https://zhanglab.ccmb.med.umich.edu/ModR
efiner/). Structural validation of the refined model
was performed with multiple tools, including
Verify3D, ERRAT, the Ramachandran plot server
(https://zlab.umassmed.edu/bu/rama/), and the Pro-
SA web server
(https://prosa.services.came.shg.ac.at/prosa.php), to
evaluate stereochemical quality and overall
structural reliability.

Molecular docking and ligand interaction stud-
ies. The candidate ligand, ampicillin (PubChem
CID: 6249), was retrieved from the PubChem data-
base (https://pubchem.ncbi.nlm.nih.gov/) for dock-
ing studies with FPMO. Molecular docking was
conducted in the Molecular Operating Environment
(MOE) using the optimized protein structure. Hy-
drogen-bond network optimization (Protonate3D)
and energy minimization were performed using the
QuickPrep module. The protein's active site was iden-
tified using the MOE Site Finder tool. Ampicillin was
then docked into the ligand-binding site of FPMO
with the MOE-Dock module. Docking parameters
included the Triangle Matcher placement method, the
AMBER99 molecular mechanics force field, and the
London AG scoring function for rescoring. Consid-
ering structural factors, the simultaneous docking of
three molecules—ampicillin, NADPH (coenzyme),
and FAD (cofactor)—was evaluated. Binding free
energies for each ligand were calculated based on
MOE docking scores. Protein—ligand interactions
were analyzed using the Ligand Interaction module
within MOE, including identification of interaction
types, bonding features, and 2D and 3D visualiza-
tions of the complexes, along with measurements of
distances between ligand and protein atoms. Visual-
ization of molecular structures and interactions was
further enhanced using Discovery Studio Visualizer
(https://www.chemcomp.com/MOEMolecular_Ope
rating_Environment.htm).

RESULTS

Heterologous expression of FPMO and FPMO
activity. The cloning of the FPMO gene was con-
firmed by sequencing analysis and submitted to NCBI
under the accession number OR083140. PCR ampli-
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fication further verified the construct, yielding a 1353
bp product. Additionally, the heterologous plasmid
PET22b-FPMO was confirmed by restriction enzyme
digestion using BamHI and Xhol (Fig. 1a). SDS-
PAGE analysis demonstrated the expression of the
heterologous FPMO (pMM9) with an approximate
molecular weight of 46 kDa (Fig. 1b). The expressed
protein was then purified to a final concentration of
0.7 mg/mL (Fig. 1c). Additionally, the production of
FPMO was verified by Western blot analysis (Fig. 1d).

Enzyme activity was measured using two methods.
NADPH consumption, which acts as a cofactor, stabi-
lized after about 12 minutes (Fig. 2). Enzyme activity
was determined by the decrease in NADPH concen-
tration, resulting in a calculated activity of 3.125 U for
FPMO. Additionally, enzyme activity was assessed

a)

46 kDa

Fig. 1. The heterologous plasmid pET22b-FPMO was con-
firmed by restriction enzyme digestion using BamHI and
Xhol. (3) plasmid pET22b (5) Ladder DNA 1kb (6) Lad-
der DNA 100 bp (7) pET22b-FPMO (a); Electrophoresis
of recombinant FPMO on 12% acrylamide gel under native
(1), noninduced (2), and induced (3) cells of E. coli BL21-
pMM9;, respectively. M: protein molecular weight marker
250 kDa (b); The FPMO purification by affinity chromatog-
raphy on 12% acrylamide gel. Lane description: protein mo-
lecular weight marker 250 kDa (M), The SDS-PAGE pres-
ents the elution fractions 1 to 6 in the concentrations of 100,
150, 200, and 250 mM imidazole elution buffer (c); Western
blot analysis of recombinant FPMO (d).
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through a bacterial growth inhibition test.

Antibiotic-sensitive bacteria were exposed to ampi-
cillin before and after treatment with the heterologous
enzyme. After 16 hours of incubation, the inhibition
zone diameter was 30 mm for the control and 10 mm
for the enzyme-treated plate (Fig. 3). Based on the re-
duction in the inhibition zone diameter, the activity of
FPMO against ampicillin was calculated to be 6280
AU.

Physicochemical properties and sequence anal-
ysis. The enzyme's physicochemical properties were
analyzed using ProtParam. The FPMO protein has a
molecular weight of 49.53 kDa and comprises 450
amino acids, including 59 negatively charged and 50
positively charged residues, resulting in an overall net
negative charge. The instability index was calculated
at 37.21, indicating the protein is stable. The aliphat-
ic index was 82.18, suggesting high thermostability.
The grand average of hydropathicity (GRAVY) was
-0.37, showing a hydrophilic nature and favorable in-
teraction with water. SignalP analysis confirmed the
absence of a signal peptide in FPMO. Motif analysis

25

2 y=10.0088x + 0.2232
R*>=0.9945

Absorbance (340nm)

0 50 100 150 200 250
[NADPH](uM)

Fig. 2. Oxidation of NADPH treated with FPMO, NADPH
standard curve at 340 nm.

Fig. 3. Evaluation of E. coli BL21 susceptibility to ampi-
cillin before and after enzymatic treatment a: Control plate
(ampicillin); b: Test plate (FPMO-treated ampicillin))
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using MotifFinder, Motif Scan, and FingerPRINT
identified two conserved GXGXXG Rossmann fold
motifs, GAGQAG (associated with FAD binding) and
GAGSSG (associated with NADPH binding), along
with the characteristic FMO motif EXIXXXHXXXY
(ERIRQIHSAHY). These motifs are located in the
N-terminal region and are highly conserved func-
tional domains. Subcellular localization prediction
with PSORTD, based on bacterial parameters and the
FPMO amino acid sequence, indicated cytoplasmic
localization with a high confidence score of 9.97.
Secondary structure prediction was carried out using
PSIPRED (Fig. 4a).

Homology modeling and model quality evalu-
ation. The three-dimensional structure was gener-
ated using the homology-based modeling program
SWISS-MODEL. The final model is shown in Fig. 4b.
The best model was built using chain A of the crystal
structure 4USR from Pseudomonas stutzeri as a tem-
plate, determined at a resolution of 1.83 A. Sequence
alignment between FPMO and the template revealed
98% coverage and 35% identity. The resulting model
received a QMEAN score of 0.66 (range: 0-1), indi-
cating acceptable structural reliability.

The quality of the predicted model was further as-
sessed using multiple validation tools. ProSA-web
analysis showed a Z-score of —6.38 (Fig. 5a and b),
indicating that the overall model quality is comparable
to native protein structures of similar size. Ramach-
andran plot analysis revealed that 94.03% of residues
were in favored regions, 5.22% in allowed regions,
and 0.74% in disallowed regions (Fig. 5c), indicating
stereochemical quality. ERRAT analysis produced an
overall quality factor of 56.0%, while Verify3D indi-
cated that 86.1% of residues had an average 3D-1D
score > 0.2, confirming the acceptable reliability of
the modeled structure.

Molecular docking. Docking analysis of FPMO
was conducted using the MOE Simulate module.
The most accurate homology model was selected for
docking experiments. Multiple binding conformations
were evaluated based on their binding affinities and
interaction profiles. The docking results from MOE
are summarized in Table 1, highlighting the key ami-
no acid residues involved in enzyme-ligand inter-
actions. The enzyme-ampicillin docking yielded a
binding score of —11.114 kcal/mol, indicating a strong
interaction.

538 IRAN. J. MICROBIOL. Volume 18 Number 4 (August 2026) 533-543

Ampicillin and FPMO interaction. Interactions
between the FPMO protein and its ligands were an-
alyzed using MOE software. These analyses provid-
ed detailed insights into the atomic-level interactions
between the protein and each ligand. The most repre-
sentative 2D and 3D interaction models are shown in
Fig. 6.

Docking analysis of NADPH showed that sever-
al amino acid residues, including Gly161, Argl139,
Serl65, Argl37, Serl43, and Hisl42, are involved
in ligand binding within FPMO. Ser143 forms an H
interaction at a distance of 3.85 A, while His142 in-
teracts with the ligand at 3.74 A (Fig. 6a and b). For
FAD, three main interactions were identified: hydro-
gen bonds with Glul154 and Arg139, an ionic interac-
tion with Arg139, and an H interaction with Val160
within the active site (Fig. 6¢ and d). Ampicillin binds
through hydrogen bonds with llel41 and Vall59,
along with an H interaction with Tyr146 at a distance
of 3.6 A (Fig. 6e and ).

DISCUSSION

Pseudomonas aeruginosa is a major cause of
healthcare-associated infections due to its innate and
acquired resistance to many antibiotics. In this study,
we cloned and characterized a flavin-containing
monooxygenase from P. aeruginosa, a Baeyer-Vil-
liger monooxygenase (BVMO), to explore its poten-
tial role in the degradation of ampicillin, a B-lactam
antibiotic. Before 2003, research on the catalytic and
mechanistic properties of BVMOs mainly focused on
cyclohexanone monooxygenase (CHMO) (21). This
enzyme has since been widely studied for various
biocatalytic applications (22). A new BVMO, 4-hy-
droxyacetophenone monooxygenase (HAPMO), was
identified in Pseudomonas fluorescens ACB, with
its gene cloned in 2001 (23). Monooxygenases were
also implicated in the biosynthesis of alkyl quinolo-
nes in P. aeruginosa, underscoring their biological
significance (24). Although this study emphasizes
ampicillin inactivation by FPMO, flavin-containing
monooxygenases are known for their broad catalytic
versatility. Some FMOs catalyze the oxidation of en-
vironmental compounds like skatole, demonstrating
their ability to act on diverse substrates, including
clinically relevant antibiotics (25).

Protein expression conditions are essential for pro-
ducing an active enzyme. While recombinant FPMO
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Table 1. Docking scores, binding sites, and ligands in FPMO using the MOE program

Ligand number  Name PubChem CID  MOE score Conventional pi-H
(Kcal/mol) hydrogen bond pi-pi
pi-cation
1 NADPH 5884 -17.950 Gly161, Arg139, Serl65, Argl37  Serl43, His142
2 FAD 643975 -21.558 Glul54, Arg139 Val160
3 Ampicillin 6249 -11.114 lle141, Val159 Tyrl46
3-D diagrams 2-D diagrams

e) f)

Fig. 6. Docking assay analyzing how the FPMO enzyme from P. aeruginosa ATCC 27853 interacts with its ligands. The 3D
diagrams illustrate FPMQ's interactions with NADPH (a), FAD (c), and Ampicillin (e). Meanwhile, the 2D diagrams present
the contacts between amino acid residues in FPMO's active sites and these ligands: NADPH (b), FAD (d), and ampicillin (f).

Residue types and interaction details are presented in (g).
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can be expressed at high levels at 37°C, previous
research often reports better folding and activity at
lower temperatures (below 25°C). In this study, in-
duction at 22°C improved proper protein folding,
likely due to slower cell growth and enhanced fold-
ing kinetics (26). Although CHMO shows limited
activity when expressed in E. coli, alternative hosts
such as Pichia pastoris have been shown to increase
both yield and catalytic efficiency (27, 9). Addition-
ally, riboflavin-auxotrophic strains such as E. coli
RBO_AI offer advantages for producing apo-flavo-
proteins and reducing metabolic load compared with
traditional BL21 (DE3) systems, indicating promis-
ing directions for future FPMO research (28).

Purification of recombinant FMOs generally in-
volves multiple chromatographic steps, during which
enzyme inactivation can occur, often due to unsuit-
able temperature conditions. Although most FMOs
are purified at 4°C to preserve stability and reduce
proteolysis, some reports mention successful puri-
fication at room temperature. In this study, all pu-
rification steps were carried out at 4°C to maintain
enzyme activity (29).

Flavin monooxygenases catalyze various oxidative
reactions, including N-oxidation, S-oxidation, and
Baeyer—Villiger oxidation (30).

These enzymes contain conserved sequence mo-
tifs, such as a Rossmann fold for binding FAD and
NADPH. Based on sequence and structural analyses,
the studied FPMO shares features with type | BV-
MOs, including similarities to CHMO. This suggests
a catalytic mechanism involving a flavin C4a-(hy-
dro)peroxide intermediate that can nucleophilically
attack the substrate. Bioinformatic predictions and
experimental data in this study confirm that ampicil-
lin is a substrate for FPMO.

Flavoenzymes, including tetracycline deacetylases
such as TetX, rely on FAD as a cofactor to catalyze
substrate oxidation. TetX catalyzes the breakdown of
tetracycline through an oxygen- and NADPH-depen-
dent process. Recent research has revealed new bind-
ing modes of tetracycline deacetylases and identified
inhibitors targeting the FAD cofactor, helping restore
the effectiveness of antibiotics. These findings high-
light the broader importance of flavin-dependent en-
zymes in antibiotic resistance.

Previous reports have also shown that BVMOs and
related enzymes can modify antibiotics. For exam-
ple, Ar-BVMO has been shown to influence imipe-
nem activity through a novel resistance mechanism

http://ijm.tums.ac.ir

(31). Rifampicin monooxygenase performs the first
hydroxylation step in rifamycin breakdown, while
flavin-dependent monooxygenases have been associ-
ated with sulfonamide resistance in Acinetobacter. A
clinical P. aeruginosa (Pa-3) strain harbored a gene
encoding a Tet(X7)-like enzyme and showed resis-
tance to multiple antibiotics, underscoring the clini-
cal significance of these enzymes (32).

This study evaluated the effect of recombinant
FPMO on ampicillin susceptibility in E. coli BL21
(DER). Disk diffusion assays showed reduced anti-
bacterial activity after enzyme treatment, suggest-
ing that FPMO mediates ampicillin modification.
Additionally, the enzyme remained active at 37°C,
indicating thermal stability under physiological con-
ditions. These findings suggest that FPMO could be
a valuable target for strategies to reduce p-lactam re-
sistance in Pseudomonas.

However, confirming antibiotic degradation re-
quires directly identifying reaction products. Tech-
niques such as liquid chromatography—high-resolu-
tion mass spectrometry (LC-HRMS), which were
not available in this study, should be used in future
research to analyze degradation intermediates and
clarify the specific biochemical pathway (25).

Structural analysis revealed that the FPMO active
site is located near the FAD- and NADPH-binding
domains and contains conserved arginine residues
that are often involved in BVMO catalysis. Howev-
er, studies on CHMO indicate that not all oxidative
activities rely on the conserved arginine residue (33).
The active site structure of FPMO appears flexible,
potentially enabling it to accommodate a wide range
of substrates (34). Although BV MOs often share less
than 40% sequence identity, their structural frame-
works are highly similar. Comparative modeling with
a related structure (PDB ID: 5nmw) revealed differ-
ences in cofactor-binding residues between FPMO
and related enzymes, although key residues such as
glutamate and arginine are conserved. In this study,
residues like arginine, serine, isoleucine, and valine
were identified as potentially important for substrate
interaction. Meanwhile, recent reports highlight the
roles of aspartate and arginine in BVMO function
(29).

Although this study provides both experimental
and computational evidence supporting FPMO's role
in ampicillin modification, several limitations should
be recognized. First, antibiotic inactivation was in-
ferred indirectly through NADPH consumption and

IRAN. J. MICROBIOL. Volume 18 Number 4 (August 2026) 533-543 541


http://ijm.tums.ac.ir/

MALIHEH MOHAMMADKHANI ET AL.

reduced antibacterial activity, without directly iden-
tifying degradation products. Second, kinetic pa-
rameters such as Km, kcat, and catalytic efficiency
were not measured, which limits understanding of
substrate specificity. Third, experiments were con-
ducted in a recombinant E. coli system rather than in
the native P. aeruginosa environment, requiring fur-
ther validation under physiological conditions. Ad-
ditionally, molecular docking results offer predictive
insights but need experimental confirmation. Finally,
only ampicillin was tested, and the substrate scope
of FPMO toward other antibiotics remains to be ex-
plored. These limitations point to key directions for
future research to fully understand the biochemical
role and clinical importance of FPMO in antibiotic
resistance.

CONCLUSION

An oxidoreductase from P. aeruginosa, with a 3D
structure similar to cyclohexanone monooxygenase,
was studied for its effect on ampicillin. Docking ex-
periments confirmed that ampicillin is a substrate
and identified key positions of Ile1l41 and Val159 in
the FPMO enzyme. Treatment with FPMO inactivat-
ed ampicillin, as evidenced by the clear zone in the
diffusion test against E. coli (BL21). Further enzyme
characteristics are being studied and will be reported
in the future.
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