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Chemical activation of native cytochrome P450s in
soil-derived bacteria by external molecules enables
biodegradation of aromatic pollutants

*

Fumiya Ito, Masayuki Karasawa ¥’ and Osami Shoji

The use of genetically engineered microorganisms for pollutant degradation is strictly regulated, limiting
their deployment in open environments. To address this challenge, we introduce a non-genetic strategy
that activates native soil bacteria to degrade otherwise inert aromatic pollutants. This approach employs
small molecules, termed decoy molecules, which mimic native ligands and bind within the active-site
cavity of cytochrome P450 enzymes. By partially occupying the substrate-binding pocket, they redirect
the enzyme’s catalytic activity toward non-native substrates. Using whole-cell biotransformation assays
with Priestia megaterium JCM 25067 (CYP102A1) and Bacillus subtilis JCM 1465 (CYP102A3), we show

that decoy molecules enable hydroxylation of benzene,
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Remarkably,

toluene, xylenes, naphthalene, and

in the presence of decoy molecules, B. subtilis achieved complete

degradation of 2-chlorinated dibenzo-p-dioxin within 2 hours at 45 °C. These findings demonstrate an
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1. Introduction

Aromatic hydrocarbons—including benzene, toluene, xylenes
(BTX), and naphthalene (a polycyclic aromatic hydrocarbon)—and
persistent halogenated compounds, such as dioxins, are major
organic pollutants in soil.** These compounds are highly stable
under typical environmental conditions, showing strong resis-
tance to microbial and chemical degradation, which results in
bioaccumulation and pronounced toxicity to living organisms.>®
Consequently, they represent a significant challenge for soil
remediation. Reported soil concentrations at contaminated sites
vary widely: benzene, toluene, xylene, and naphthalene are
commonly detected at levels ranging from below 1 ppm to several
hundred ppm, and in some cases exceeding 1000 ppm.*>™** Dioxin
concentrations also exhibit extreme heterogeneity, with reported
levels in contaminated soils and sediments spanning more than
six orders of magnitude, from below 1 ppt TEQ (total toxic equiv-
alency, a weighted measure of PCDD/Fs and dioxin-like PCBs)
upward.””™® The use of microbial approaches to biodegrade such
persistent and recalcitrant aromatic pollutants offers a promising
and sustainable strategy for environmental restoration.'”*®
Although a number of microorganisms that inhabit polluted
environments have been reported to degrade these
compounds,'®?® the introduction of non-indigenous microorgan-
isms into polluted sites (bioaugmentation) often fails to achieve
effective degradation under natural environmental conditions.>*
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externally controllable, non-genetic means of repurposing native soil bacteria as biocatalysts, offering
a promising basis for environmentally compatible bioremediation strategies.

Microbial enzymes involved in the degradation of aromatic
hydrocarbons—such as dioxygenases (e.g;, naphthalene di-
oxygenase) and monooxygenases (e.g., cytochrome P450)—have
been extensively studied for potential use in bioremediation.
These include both naturally occurring enzymes®***° and artificially
engineered  variants  obtained  through  site-directed
mutagenesis* ™ or directed evolution**** to enhance their cata-
Iytic activity toward such compounds. Since hydroxylation of these
molecules serves as a key initial step that increases their aqueous
solubility and facilitates subsequent microbial degradation,**
several of these enzymes have been utilized in various recombi-
nant host strains to degrade environmental contaminants.>
However, the use of genetically engineered microorganisms
(GEMs) or transgenic bacteria in open environments faces strict
regulatory hurdles due to potential risks of genetic pollution.>*’
These microorganisms cannot be used in open environments
unless they are equipped with robust intrinsic biocontainment
mechanisms,** and their application is consequently limited.

Recent studies have shown that even advanced biocontainment
systems can exhibit substantial performance loss under realistic
environmental conditions. For example, a GEM with CRISPR-
based kill switch displayed markedly elevated escape rates in
natural surface waters compared with standard laboratory media,
a trend potentially linked to pH-dependent inducer speciation and
nutrient limitation.** In parallel, horizontal gene transfer (HGT)
has been explored as an alternative means to support bioremedi-
ation, as hydrocarbon-degrading plasmids can be transferred to
indigenous bacteria and sustain pollutant degradation even after
the donor strain disappears.®* However, the environmental fate of
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Fig.1 Catalytic cycles of PA50BM3. The natural reaction involves C—H bond activation leading to subterminal hydroxylation of a long-chain fatty
acid bound above the heme (PDB: 1FAG). The proposed alternative cycle illustrates substrate misrecognition causing benzene hydroxylation. The
crystal structure (PDB: 6K58) shows distal binding of the decoy molecule from the heme, providing sufficient space to accommodate benzene.

such transferred genes remains insufficiently understood;
emerging evidence shows that the fitness effects and persistence of
acquired traits differ substantially across environmental contexts,
making HGT outcomes difficult to predict in open environments.®
Together, these limitations highlight the need for alternative
strategies that do not rely on genetically engineered organisms. If
the substrate specificity of endogenous enzymes in ubiquitous,
naturally occurring bacteria could be altered without genetic
manipulation to enable the degradation of environmental pollut-
ants, such bacteria could be broadly applied for bioremediation in
open environments without being subject to the regulatory
constraints of the Cartagena Protocol on Biosafety.

We have previously demonstrated that the substrate specificity
of a heme enzyme isolated from Priestia megaterium (formerly
known as Bacillus megaterium®), cytochrome P450BM3 (P450BM3,
CYP102A1), can be drastically altered by the addition of dummy
substrates referred to as “decoy molecules”. P450BM3 is an
NADPH-dependent monooxygenase that catalyzes the hydroxyl-
ation of subterminal C-H bonds in long-chain fatty acids with
a high turnover rate.®>* While it typically shows no activity toward
substrates other than long-chain fatty acids, PA50BM3 efficiently
hydroxylates aromatic hydrocarbons and gaseous alkanes in the
presence of decoy molecules.®*”® Decoy molecules possess shorter
alkyl chains than natural substrates and, therefore, can position
their molecular termini away from the active site upon binding to
the enzyme (Fig. 1). The remaining small space serves as a surro-
gate binding pocket for smaller organic molecules such as benzene,
thereby promoting the hydroxylation of non-native substrates.

12590 | J Mater. Chem. A, 2026, 14, 12589-12599

Importantly, the decoy molecule itself is not oxidized during the
reaction and acts catalytically rather than being consumed. Unlike
conventional mutagenesis-based approaches,***””* this method-
ology does not require any modification to the amino acid
sequence of wild-type CYP102A1; instead, it relies on a transient,
decoy-induced activation mechanism.

We focused on the fact that CYP102A1 originates from P.
megaterium, a ubiquitous and easily culturable Gram-positive
soil bacterium widely used in both research and industrial
applications owing to its genetic accessibility and lack of alka-
line proteases and endotoxins.*'"*® If we can alter the substrate
specificity of endogenous CYP102A1 in P. megaterium by
exploiting decoy molecules to hydroxylate BTX as well as
dioxins, we could convert the common soil bacterium P. mega-
terium into a microorganism capable of degrading environ-
mental pollutants. In this study, we first investigated whether
the decoy molecules can also induce oxidation reactions of non-
native substrates in the original host of the CYP102A1 gene, P.
megaterium. Furthermore, in addition to CYP102A1, we exam-
ined other CYP102 family enzymes. Since many CYP102 family
members have been identified, we selected nine readily avail-
able soil bacterial strains with CYP102 enzymes to test the
applicability of the decoy molecule approach and to assess their
degradation activities toward aromatic pollutants (Table 1).
Herein, we report that decoy molecules can repurpose ubiqui-
tous soil bacteria harboring CYP102 enzymes for the degrada-
tion of aromatic compounds. This approach establishes
a fundamentally new bioremediation paradigm in which

This journal is © The Royal Society of Chemistry 2026
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Table 1 Bacterial strains used in this study and decoy molecules that can trigger benzene hydroxylation

GC yield of phenol

Species Jc™m CYP102 Decoy molecule uM “%
Priestia megaterium 2506" Al None <1 <0.1
C6-Pro-Phe 197 £ 8 2.0
C7-Pro-Phe 216 £ 6 2.2
(S)-Tbu-Gly 159 + 1 1.6
(S)-Tbu-Ala 220+ 6 2.2
(S)yIbu-Leu 187 + 12 1.9
(S)-Tbu-Tle 174 + 14 1.7
(S)-Tbu-Phe 151 + 3 1.5
(R)-Tbu-Phe 134 £ 3 1.3
Bacillus subtilis subsp. subtilis 14657 A2, A3 None <1 <0.1
C7-Pro-Phe 240 <0.1
(S)-Ibu-Gly 10+1 0.1
(S)-Tbu-Ala 50+ 1 0.5
(S)-Tbu-Leu 103 +2 1.0
(S)-Tbu-Tle 81+ 11 0.8
(S)-Tbu-val 5142 0.5
(S)-Tbu-Phe 76 £ 3 0.8
(R)-Tbu-Phe 18 +2 0.2
PFC7-Trp 20+1 0.2
Bacillus cereus 21527 A5 — — —
Bacillus licheniformis 2505" A7 None <1 <0.1
PFC9-Ala 25+1 0.3
PFC9-Met 940 <0.1
(S)-Tbu-Phe 10+ 0 0.1
Bacillus thuringiensis 20386" A8 — — —
Bacillus pumilus 2508" A15 — — —
Streptomyces avermitilis 5070" B2, D1 — — —
Rhodococcus erythropolis 32017 C2 None 4+2 <0.1
C10-Phe 12 £3 0.1
Actinosynnema pretiosum subsp. 73437 F1 — — —
auranticum
Saccharopolyspora erythraea 47487 G2 — — —

“ GCyield of phenol was calculated as [phenol]/[initial benzene] x 100. The values represent the mean of three experiments (+standard deviation).
Reaction conditions: bacterial cell density (ODggo = 6.3), decoy molecule (100 pM), benzene (10 mM), glucose (40 mM), at 25 °C for 4 h in phosphate

buffer (pH 7.4).

externally supplied small molecules reprogram the substrate
specificity of endogenous enzymes. Unlike conventional strat-
egies that require genetic engineering or engineered strains,
this small-molecule-mediated modulation strategy activates
latent catalytic functions in native bacteria and enables the use
of readily available biological resources for pollutant degrada-
tion. By circumventing the biosafety and regulatory constraints
associated with genetic modification, this strategy provides
a viable foundation for developing safer and more scalable
pollutant-removal technologies.

2. Experimental

2.1. Chemicals and bacterial strains

All chemicals were purchased from commercial sources (e.g.,
FUJIFILM Wako Pure Chemical Corporation, Tokyo Chemical
Industry, Sigma-Aldrich, Kanto Chemical) and used without
further purification unless otherwise stated. Mono-chlorinated
dibenzo-p-dioxins (CDDs) were purchased from AccuStandard
Inc. (New Haven, CT, USA). Dibenzo-p-dioxin (DD) and BSTFA-

This journal is © The Royal Society of Chemistry 2026

TMCS (99: 1) were purchased from Tokyo Chemical Industry
Co., Ltd (Tokyo, Japan). Decoy molecules used in this study were
synthesized in a similar manner to that previously
described.”7>”* All bacterial type strains were provided by Japan
Collection of Microorganisms, RIKEN BRC which is partici-
pating in the National Bio-Resource Project of the MEXT, Japan.
Bacillus subtilis strain 168 (MGNA-A001) and its gene-knockout
mutants®” (BKE07250 and BKE27160) were provided by
National BioResource Project (NIG, Japan): B. subtilis.

2.2. Cell preparation for whole-cell hydroxylation

All bacterial strains were inoculated into appropriate growth
media in Erlenmeyer flasks. Cultures were incubated at their
optimal growth temperatures with shaking for the respective
durations (Table S1). After incubation, the cells were harvested
and resuspended in phosphate buffer (87 mM Na,HPO,, 16 mM
KH,PO,4, 7 mM MgSO,4, 86 mM NaCl, 0.1 mM CacCl,, pH 7.4),
which served as a solvent for the subsequent hydroxylation
reactions. Cell density was adjusted based on optical density at
600 nm (ODgy,), except for Streptomyces avermitilis JCM 5070",

J. Mater. Chem. A, 2026, 14, 12589-12599 | 12591
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Fig. 2 Representative results of the microplate-based screening of bacterium-decoy molecule combinations capable of catalyzing benzene
hydroxylation. The decoy molecules activate endogenous P450s of each bacterial strain based on the substrate misrecognition. The produced
phenols were quantified via a colorimetric assay using 4-aminoantipyrine. Each cell in the heatmap represents the mean absorbance of three
independent experiments, calculated as the difference between the benzene-present and benzene-absent conditions to rule out false positives.
A mild power-law normalization (matplotlib’'s PowerNorm, ¥ = 0.7) was applied to enhance the visibility of small positive differences. The

complete screening dataset are provided in the SI (Fig. S2).

Actinosynnema pretiosum subsp. auranticum JCM 7343", and
Saccharopolyspora erythraea JCM 4748" for which wet cell weight
(WCW) was used instead.

2.3. Screening of bacterium-decoy molecule combinations

Benzene hydroxylation reactions were performed in 96-well
microplates with a total reaction volume of 200 pL. Each reac-
tion mixture contained bacterial cells (ODggo = 6.3 or WCW =
22.5 g L"), decoy molecule (100 pM), glucose (40 mM), DMSO
(1.5% [v/v]), and benzene (10 mM) in the phosphate buffer.
Glucose was included in the screening medium to ensure
sufficient NADPH supply for P450-catalyzed hydroxylation,
which proceeds efficiently during active cellular metabolism.
Since the hydroxylation reaction was performed using non-
growing (static) cells harvested after cultivation, any potential
effects of the decoy molecule on cell growth would not influence
the assay outcome. In addition, DMSO was used to dissolve the
substrate and decoy molecules, and the same final concentra-
tion of DMSO was included in all control experiments. After
incubation for 4 h at 25 °C on a plate shaker (Biomixer PMA-001,

12592 | J Mater. Chem. A, 2026, 14, 12589-12599

Biotec), the amount of phenol in the supernatants was deter-
mined by a colorimetric assay with 4-aminoantipyrine
(Fig. 2).7+7>%%% Absorbance was measured using a TECAN
Infinite M200 PRO Multimode Microplate Reader (Tecan Ltd,
Minnedorf, Switzerland). The capability of benzene hydroxyl-
ation was assessed using two distinct negative controls: one
lacking decoy molecules, and another lacking benzene. The
latter control was included to rule out false positives arising
from unintended reactions, since 4-aminoantipyrine also
detects phenolic compounds other than phenol. A heatmap was
created using the absorbance differences between the benzene-
present and benzene-absent conditions. The 76 decoy mole-
cules used cover all three generations reported before; They are
perfluorocarboxylic acids (PFCs),” N-perfluoroacyl amino acids
(PFC-AAs),”* and amino acids or dipeptides with various N-
substituent,” respectively (Fig. S1).

2.4. Quantification of whole-cell reactions

Reactions were carried out in 6 mL vials with a total reaction
volume of 1 mL. After completion, reactions were quenched by

This journal is © The Royal Society of Chemistry 2026
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adding dichloromethane for GC-MS analysis or acetonitrile for
high performance liquid chromatography (HPLC) analysis. For
benzene, toluene, xylenes, fluorobenzene, and chlorobenzene,
hydroxylated products were quantified by GC-MS, whereas
HPLC analysis was conducted for naphthalene and dibenzo-p-
dioxin derivatives (DD and CDDs). Detailed GC-MS and HPLC
analytical conditions are provided in the SI.

2.5. Cloning and overexpression of P450s in E. coli

The CYP102A1 gene from P. megaterium JCM 2506 and the
CYP102A2 and CYP102A3 genes from B. subtilis JCM 1465 were
individually cloned into the pET28a(+) vector. Each constructed
vector was transformed into E. coli BL21(DE3). To induce
enzyme expression, 5-aminolevulinic acid (0.5 mM) and iso-
propyl-p-p-1-thiogalactopyranoside (IPTG, 0.1 mM) were added
during culture incubation.

2.6. Modeling of protein-ligand complexes

For CYP102A2 (UniProt ID: 008394) and CYP102A3(UniProt ID:
008336), modeled structures using AlphaFold2 (ref. 90) were
downloaded from AlphaFold Protein Structure Database
(https://alphafold.ebi.ac.uk/), followed by truncation to the
heme domains. Since AlphaFold2 models do not include
cofactors, the heme b was subsequently inserted via structural
alignment with a crystal structure of CYP102A1 (PDB: 3WSP).

In order to refine the structures, three independent 50 ns MD
simulations were performed for each protein using GROMACS
2024.2.°* For each protein, the most average-like structure was
extracted from the combined last 40 ns of all three trajectories.
The substrate (1- or 2-CDD) and the decoy molecule ((S)-Ibu-
Leu) were docked stepwise to the extracted structures using
AutoDock Vina v1.1.2.** Finally, the top-ranked docking poses
were analyzed using the Protein-Ligand Interaction Profiler
(PLIP, v2.3.1).%

3. Results and discussion

3.1. Repurposing of natural soil bacteria as hydroxylation
catalysts

Whole-cell hydroxylation of benzene was performed by adding
benzene to the suspension of the native bacterial cells in the
presence of each of the 76 decoy molecules, followed by stirring
at 25 °C for 4 h. The reaction was initially evaluated by a colori-
metric assay to detect phenol formation, and samples showing
detectable activity were subsequently analyzed by GC-MS for
accurate quantification of phenol. The structures and activities of
representative decoy molecules are summarized in Fig. 2, while
those of all 76 tested decoy molecules are provided in the SI
(Fig. S1 and S2). The type strain P. megaterium JCM 2506" alone
exhibited no detectable benzene-hydroxylating activity, indi-
cating that it cannot be directly applied to the bioremediation of
aromatic pollutants (Table 1). In contrast, the addition of decoy
molecule, such as C7-Pro-Phe, to the reaction mixture resulted in
clear benzene hydroxylation, indicating that C7-Pro-Phe activates
endogenous CYP102A1 to catalyze this reaction through
a substrate-misrecognition mechanism previously reported to be

This journal is © The Royal Society of Chemistry 2026
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induced by decoy molecule binding. Based on the screening,
several decoy molecules were found to be effective in promoting
benzene hydroxylation by P. megaterium. Among them, decoy
molecules such as (S)-Ibuprofen-fused amino acids ((S)-Ibu-AAs)
and C,-Pro-Phe (n = 6, 7) were particularly effective in acceler-
ating the reaction. The observed preference for these decoy
molecules is consistent with that of purified CYP102A1,”* sug-
gesting that benzene hydroxylation is catalyzed by CYP102A1 in P.
megaterium. Phenol formation in the presence of the most
effective decoy molecule, (S)-Ibu-Ala, reached 220 + 6 uM (2.2%
yield). Encouraged by the finding that even the native bacterium
P. megaterium became capable of hydroxylating benzene, which is
normally an inert substrate toward oxidation, simply by the
addition of decoy molecule, we envisioned that other native
bacteria possessing CYP102 family enzymes might also acquire
benzene-hydroxylating activity if appropriate decoy molecules
could interact with their intracellular CYP102 family enzymes,
thereby repurposing these bacteria as potential bioremediation
agents. We selected nine representative bacterial type strains,
each harboring at least one innate CYP102 enzyme highly similar
to CYP102A1 (Table S2), and performed screening of decoy
molecules. As expected, the addition of decoy molecules enabled
several bacteria to hydroxylate benzene.

B. subtilis was demonstrated to hydroxylate benzene in
response to the addition of several decoy molecules, whereas
Bacillus licheniformis and Rhodococcus erythropolis showed weak
but measurable benzene-hydroxylating activity in the presence
of some decoy molecules as determined by the colorimetric
assay (Fig. 2 and Table 1). B. subtilis produced 103 £+ 2 uM
phenol in the presence of (S)-Ibu-Leu, whereas B. licheniformis
and R. erythropolis produced 25 = 1 pM and 12 + 3 uM phenol,
respectively, in the presence of PFC9-Ala and C10-Phe as decoy
molecules. The variation in the decoy molecules that yielded the
highest activity among different bacterial strains is likely
attributable to the preferences of the P450 enzymes for specific
decoy molecules in each strain. Indeed, the correlation of decoy
molecule dependence for benzene hydroxylation observed with
E. coli BL21(DE3) overexpressing CYP102A1 as whole-cell bi-
ocatalysts was similar to that of P. megaterium (Fig. 3a, S3, and
Table S3). Because B. subtilis possesses CYP102A2 and
CYP102A3 (Table S4), benzene hydroxylation was examined
using E. coli strains overexpressing CYP102A2 and CYP102A3,
respectively. CYP102A2 exhibited almost no activity, whereas
CYP102A3 showed a marked increase in activity upon addition
of decoy molecules, and its dependence on decoy molecules
closely matched that observed for B. subtilis. These results
suggest that CYP102A3 is primarily responsible for the benzene
hydroxylation activity in B. subtilis whereas CYP102A2 may also
contribute slightly. We confirmed that the B. subtilis strain
lacking the CYP102A3 gene (B. subtilis 168 Acyp102a3) showed
a drastic decrease in benzene-hydroxylating activity (Fig. S4 and
S5, also see footnoteT). In the case of B. licheniformis, the highest

T It should be noted that the widely used laboratory strain Bacillus subtilis 168,
which is the parental strain of the deletion mutants (e.g., B. subtilis 168
Acyp102a3) used in this study, also catalyzes benzene hydroxylation upon the
addition of decoy molecule (Fig. S4).

J. Mater. Chem. A, 2026, 14, 12589-12599 | 12593
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(a) Whole-cell hydroxylation of benzene by E. coli BL21(DE3) expressing each P450 at 30 °C. (b) Reaction temperature dependence of the

benzene hydroxylation by P. megaterium and B. subtilis. Reaction conditions: bacterial cell (ODggg = 6.3), decoy molecule (100 uM), glucose (40
mM), and benzene (10 mM) in 1 mL of the phosphate buffer; incubated with shaking at 180 rpm for 4 h. For both panels, values represent the
mean of independent experiments (n = 3) using different batches of cell cultures, and error bars indicate the standard deviation.

activity was observed with PFC9-Ala, which is consistent with
the fact that the purified CYP102A7 showed high activity with
decoy molecules bearing perfluoroalkyl groups.®* Since P.
megaterium and B. subtilis exhibited higher benzene-
hydroxylating activity in the presence of decoy molecules than
the other bacterial strains tested, we decided to further inves-
tigate the potential of these two strains for the biodegradation
of environmental pollutants. As part of optimizing the reaction
conditions, we examined the effect of reaction temperature on
activity. At 30 °C, P. megaterium showed higher activity (3.2%),
whereas at 45 °C, B. subtilis exhibited higher activity (5.2%)
(Fig. 3b). Based on these results, subsequent reactions were
carried out and evaluated at 30 °C for P. megaterium and 45 °C
for B. subtilis.

3.2. Evaluation of the reaction system toward aromatic
pollutants

To examine whether P. megaterium and B. subtilis were capable
of degrading typical environmental pollutants, hydroxylation
reactions of toluene and xylenes (the BTX components other
than benzene), fluorobenzene and chlorobenzene (halogenated
aromatic hydrocarbons), and naphthalene (a polycyclic
aromatic hydrocarbon) were conducted under the reaction
conditions that showed high activity toward benzene, with
substrate and decoy molecule concentrations of 1 mM and 100
uM, respectively. The yields of the corresponding hydroxylated
products were quantified by GC-MS or HPLC (Table 2). The
hydroxylation of toluene and xylenes proceeded in both P.
megaterium and B. subtilis in the presence of decoy molecules
with total product yields of 20-40% after 4 hours of reaction,
indicating that both strains possess sufficient activity to
degrade these compounds. In the hydroxylation of o-xylene by P.
megaterium, the product distribution varied differed between
the two decoy molecules examined; C7-Pro-Phe promoted
benzylic hydroxylation more strongly than (S)-Ibu-Ala. Previous
computational studies have shown that the size and shape of
the reactive cavity in CYP102A1, as well as the intrinsic reactivity

12594 | J Mater. Chem. A, 2026, 14, 12589-12599

of individual positions on xylene, can influence site selectivity.”*
In this context, variation in decoy molecule structure may alter
the binding microenvironment experienced by the substrate,
which could partly account for the decoy-dependent changes in
regioselectivity observed in this study. Although these reactions
were carried out in the phosphate buffer, the same reactions are
feasible in growth media (Fig. S6). Interestingly, when benzene,
toluene, and o-xylene were added simultaneously, hydroxylated
products derived from all of them were detected, indicating
a promiscuous substrate recognition that leads to broad
substrate versatility (Fig. S7).

Although halogenated aromatic compounds are generally
persistent because their C-H bonds are relatively inert owing to
the high electronegativity of halogen substituents, P. mega-
terium and B. subtilis were still able to produce hydroxylated
products from fluorobenzene and chlorobenzene with yields of
5-15%. Naphthalene, which has a relatively larger molecular
size, was also efficiently hydroxylated to yield 1-naphthol with
an approximate yield of 25%, highlighting the potential of this
reaction system for hydroxylating larger aromatic compounds.
P. megaterium with C7-Pro-Phe retained hydroxylation activity
even when the decoy molecule concentration was reduced to
200 nM, while maintaining >99% regioselectivity of for 1-
naphthol (Fig. S8). At this concentration, the amount of
hydroxylated products formed per decoy molecule reached 237
+ 63, indicating a highly efficient catalytic contribution of the
decoy molecule. In contrast, B. subtilis with (S)-Ibu-Leu
produced only background-level amounts of hydroxylation
products at decoy concentration below 4 uM, comparable to the
no-decoy control. At higher levels, hydroxylation products
became clearly quantifiable and increased with the decoy
concentration, without compromising its high regioselectivity
for 1-naphthol (>97%). The normalized value (product per decoy
molecule) reached its maximum of 6.1 &+ 0.6 at 20 uM. These
results clearly demonstrate that both P. megaterium and B.
subtilis exhibit high hydroxylation activity toward representative
aromatic pollutants. Since native bacterial cells were used in

This journal is © The Royal Society of Chemistry 2026
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Table 2 Hydroxylation of aromatic compounds by P. megaterium JCM 2506" and B. subtilis JCM 1465" in the presence of decoy molecules

P. megaterium B. subtilis
(S)-Ibu-Ala C7-Pro-Phe (S)Ibu-Leu

Substrate Product Sel.” [%] T. yield” [%)] Sel. [%] T. yield [%] Sel. [%] T. yield [%]

Benzene Phenol 9.1+ 0.9 18+3 41+0.2

Toluene Benzyl alcohol 1.6 28+ 1 4.8 28+ 0 6.3 30+ 3
o-Cresol 97 93 92
p-Cresol 1.2 2.2 1.6

0-Xylene 2-Methylbenzyl alcohol 53 24+ 2 71 22+0 88 36+ 3
2,3-Dimethylphenol 29 18 7.2
3,4-Dimethylphenol 18 11 4.6

m-Xylene 3-Methylbenzyl alcohol 2.2 28+5 7.6 17+£0 14 27 £2
2,4-Dimethylphenol 87 88 79
2,6-Dimethylphenol 11 4.3 7.3

p-Xylene 4-Methylbenzyl alcohol 2.1 38+ 2 6.4 11+0 5.5 31+0
2,5-Dimethylphenol 98 94 94

Fluorobenzene 2-Fluorophenol 57 7.7 £0.3 57 7.4 +£0.4 56 4.5+ 0.2
4-Fluorophenol 43 43 44

Chlorobenzene 2-Chlorophenol 93 15+1 93 8.5 £ 0.4 91 8.1+ 0.2
4-Chlorophenol 6.8 6.7 9.0

Naphthalene 1-Naphthol 99 26+ 0 99 13+ 0 99 24+ 2
2-Naphthol 1.0 0.9 1.1

% Sel. denotes the regioselectivity of hydroxylation, calculated as the yield of the specified hydroxylated product divided by the total yield of all
hydroxylated products, based on GC or HPLC quantification using external calibration curves. ” T. yield indicates total GC or HPLC yields
calculated as [all hydroxylated products]/[initial substrate] x 100 and represent the mean of three experiments (+ standard deviation). Reaction
conditions: bacterial cell density (ODgoo = 6.3), decoy molecule (100 uM), substrate (1 mM), glucose (40 mM), at 30 °C (for P. megaterium) or
45 °C (for B. subtilis) for 4 h in phosphate buffer (pH 7.4). All products were detected by GC-MS analysis except for naphthalene, for which

HPLC analysis was used.

this study, the reactions were catalyzed by wild-type P450
enzymes (CYP102A1 and CYP102A3), which usually hydroxylate
only long-chain fatty acids. The presence of decoy molecules
markedly relaxed the substrate specificity, enabling the system
to degrade substrates of various molecular sizes and polarities.

It is noteworthy that the two strains exhibited largely over-
lapping regioselectivity patterns for toluene and xylene
hydroxylation. In toluene hydroxylation, ortho-selectivity was
remarkably high (>92%) in both strains. Since purified
CYP102A1 with decoy molecule also exhibited strong ortho-
selectivity,”” the observed regioselectivity further confirms that
CYP102A1 is responsible for the hydroxylation reaction in P.
megaterium. This finding also suggests that the substrate-
binding site of CYP102A3 is very similar to that of CYP102A1,
which can be attributed to their high amino acid sequence
similarity (Table S2). A similar trend in the regioselectivity of
xylene, halobenzene, and naphthalene hydroxylations between
P. megaterium and B. subtilis indicates that these substrates
bind to the active site in a similar orientation.

3.3. Biodegradation of dioxin model compounds

Building on the finding that relatively large environmental
pollutants such as naphthalene were hydroxylated, we finally
examined whether the reaction system employing native
bacterial cells with decoy molecules could degrade 1- and 2-
chlorinated dibenzo-p-dioxins (1- and 2-CDDs), representative
model compounds of dioxins. B. subtilis exhibited a marked
decrease in 1- and 2-CDD levels upon the addition of (S)-Ibu-Leu

This journal is © The Royal Society of Chemistry 2026

as the decoy molecule, resulting in the degradation of most of 1-
and 2-CDD within 2 h at 45 °C, whereas B. subtilis alone showed
only a slight decrease, probably due to volatilization rather than
enzymatic degradation, indicating that oxidation of CDDs was
triggered by the decoy molecule (Fig. 4a). It is noteworthy that
although B. subtilis JCM 1465T was not isolated from soil
contaminated with 1- and 2-CDDs, supplementation with the
external additive alone was sufficient to induce the degradation
of CDDs. In contrast, P. megaterium did not show any noticeable
decrease in 1- and 2-CDD levels, possibly due to a relatively
smaller active site compared with that of B. subtilis. Using non-
chlorinated dibenzo-p-dioxin (DD) as a surrogate compound to
identify degradation products, we observed an additional peak
assignable to mono-hydroxylated dibenzo-p-dioxin (samples
were derivatized by trimethylsilylation for GC-MS detection),
which appeared exclusively in the reaction containing the decoy
molecule (Fig. 4b and S9).°° These results suggest that 1- and 2-
CDDs, which have even larger molecular sizes than naphtha-
lene, were accommodated in the active site of CYP102A3 and
hydroxylated. To evaluate the binding of 1- and 2-CDDs, we
constructed protein-ligand complexes based on three-
dimensional (3D) structures predicted by AlphaFold2 and
refined by molecular dynamics (MD) simulations, followed by
docking simulations using AutoDock Vina. Docking simula-
tions revealed that 1- and 2-CDDs can be accommodated within
the active-site cavity of CYP102A3 in the presence of (S)-Ibu-Leu
as a decoy molecule (Fig. 5,510, and S11), in a manner similar to
the binding of styrene in CYP102A1 complexed with a decoy
molecule.”” These results suggest that CYP102A3 can also

J. Mater. Chem. A, 2026, 14, 12589-12599 | 12595
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Fig. 4 (a) Degradation of mono-chlorinated dibenzo-p-dioxins (left:
1-CDD, right: 2-CDD). Upper panels show P. megaterium JCM 2506,
and lower panels show B. subtilis JCM 1465". Relative residual amount
(C/Co) are plotted. Values represent the mean of independent exper-
iments (n = 3) using different batches of cell cultures, and error bars
indicate the standard deviation. (b) GC-MS analysis of the metabolite
from the degradation of DD by B. subtilis JCM 1465". The samples
were derivatized by trimethylsilylation after extraction; TMS indicates
a trimethylsilyl group.

accommodate these substrates and that their degradation is
mediated by the decoy molecule system, leading to efficient
degradation of pollutants with relatively large molecular sizes.

This study establishes a proof-of-concept for a new biore-
mediation strategy that harnesses the catalytic potential of
native microbial enzymes via small-molecule decoys, elimi-
nating the need for genetic modification. The approach high-
lights the possibility of reprogramming microbial metabolism
for pollutant degradation beyond conventional genetic strate-
gies. Key challenges that remain include expanding the
substrate scope, improving catalytic efficiency under variable
soil conditions, and ensuring sustained activity and specificity
in complex microbial communities. Addressing these points
will require optimization of decoy structures, deeper mecha-
nistic insight, and validating this approach under environ-
mentally relevant conditions.

12596 | J. Mater. Chem. A, 2026, 14, 12589-12599
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Fig. 5 Docking simulations of CYP102A3 with the substrates (1- or 2-
CDD) and the decoy molecule (S)-Ibu-Leu. The upper and lower
panels show the complexes with 1-CDD and 2-CDD, respectively. The
substrates (1- or 2-CDD, cyan) and (S)-lbu-Leu (magenta) are repre-
sented in the sphere model. Amino acid residues interacting with the
ligands were identified using PLIP.

4. Conclusions

In this work, we demonstrated that a variety of naturally
occurring soil bacteria can hydroxylate stable and persistent
environmental pollutants such as benzene, toluene, and xylenes
(BTX) and other chemically stable aromatic compounds upon
the addition of decoy molecules that activate their endogenous
CYP102 enzymes. Remarkably, B. subtilis degraded the dioxin
model compound 2-chlorinated dibenzo-p-dioxin almost
completely within 2 h at 45 °C. The use of decoy molecules
enables a substantial alteration of the substrate specificity of
endogenous CYP102 enzymes without any genetic modification,
allowing natural soil bacteria to function as biocatalysts for
pollutant degradation while avoiding the legal restrictions
associated with genetically engineered microorganisms. As
small synthetic organic compounds, decoy molecules are
generally evaluated under conventional chemical-substance
regulatory frameworks rather than GEM-specific legislation.
Importantly, OPERA*®-based predictions indicate that the decoy
molecules exhibit moderate environmental persistence—
moderately slower than benzene but far below that of highly

This journal is © The Royal Society of Chemistry 2026
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recalcitrant pollutants such as dioxins—and their catalytic
efficiency enables effective use at very low concentrations, sug-
gesting that only minimal amounts would be required in
practical applications (Table S5 and Fig. S8). These consider-
ations suggest that the decoy strategy provides a practical and
environmentally compatible approach for the degradation of
persistent organic pollutants in contaminated soils. Overall,
this study establishes a groundbreaking concept in which decoy
molecules can convert naturally occurring soil bacteria into
pollutant-degrading microorganisms without genetic engi-
neering. Although the present work demonstrates this principle
invitro, using CYP102 family enzymes that natively catalyze fatty
acid hydroxylation, the same concept could be extended to other
enzyme families, offering broad potential for the degradation of
diverse environmental pollutants through non-genetic bi-
ocatalyst activation. Future studies should evaluate the envi-
ronmental stability, bioavailability, and practical deployability
of decoy molecules in real soil matrices, as well as their envi-
ronmental fate during field applications, to determine whether
this strategy can be safely implemented in contaminated
environments.
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