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ARTICLE INFO ABSTRACT

Keywords: The single-step biotransformation of the natural compound piperine into a known dual inhibitor of monoamine
Cytochromes P450 oxidase B (MAO-B) and catechol-O-methyltransferase (COMT), was achieved by cytochrome P450 BM3 wild-type
Biocatalysis and the D251G/Q307H double mutant. This compound is used for research in neurodegenerative disorders, such
gie;t;riz;lecompounds as Parkinson’s disease, and its value in the market is ~14,000 €/g. Currently, it is produced by chemical synthesis

requiring incubation of piperine with boron tribromide (BBr3) in dichloromethane with yield of product not
exceeding 55 % and using tedious and long procedure for its production and isolation. The P450 D251G/Q307H
double mutant exhibited a 3-fold increase in catalytic efficiency compared to the wild-type enzyme, achieving
high conversion (51.6 % of conversion in 15 minutes) under mild, environmentally friendly conditions. The yield
of production was 0.01 mg of the inhibitor in 1 mL of reaction in 15 minutes at 28°C using the purified enzyme.
Moreover, biological assays demonstrated that the resulting compound has a novel and stronger antioxidant and
antimicrobial activities, respectively, when compared to piperine. The data further demonstrates the broader
potential of engineered enzymes as versatile and sustainable tools in industrial biotechnology, offering an effi-

HMAO-B/MB-COMT inhibitor

cient platform for the modification of natural compounds to produce bioactive molecules.

1. Introduction

The replacement of synthetic methods with biocatalytic processes is
an important challenge nowadays required for the green transition to-
wards more sustainable processes. Biocatalytic processes are currently
used in many areas, including the production of pharmaceuticals, taking
advantage of the variety of naturally occurring enzymes and metabolic
pathways that produce biologically active compounds. However, since
the direct use of natural products is often limited by poor bioavailability
or biological activity, low quantities, and undesired side effects, they
have been widely used as molecular scaffolds to generate derivatives
through chemical or biological catalysis (Lobiuc et al., 2023; Howes
et al., 2020; Chaachouay and Zidane, 2024).

Chemical synthesis often has limitations, such as requirement of
harsh conditions, lacking selectivity of reaction, and high amounts of
byproducts (Chakrabarty et al., 2021). These issues can be overcome by
implementation of biocatalytical methods, offering an alternative that is

* Corresponding authors.

green, and can be optimized to give almost complete selectivity of
introduced modifications (Heath and Turner, 2022).

Cytochromes P450 (P450s) are attractive enzymes for biocatalytic
purposes due to many reasons that include high regio- and stereospec-
ificity, ability to catalyse a broad variety of modifications also on poorly
reactive atoms, mild conditions of reaction and high plasticity for pro-
tein engineering (O’Reilly et al., 2011; Isin and Guengerich, 2007).

A particularly interesting candidate of P450s for biocatalysis is
CYP102A1 (P450 BM3) discovered in the Prestria megaterium (Miura and
Fulco, 1974). It is a self-sufficient enzyme with a catalytic domain linked
to a reductase domain by a flexible linker. In 40 years of extensive
studies, it has shown remarkable flexibility in substrate recognition, and
high potential for engineering approach (Whitehouse et al., 2012).
Random and directed mutagenesis research resulted in thousands of
variants with diverse activity, specificity and stability (Fansher et al.,
2024).

Our laboratory has previously generated through directed evolution
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a variant of cytochrome P450 BM3 carrying two mutations (Asp251Gly/
GIn301His) and named further P450 BM3 A2 (Tsotsou et al., 2012; Di
Nardo et al., 2016). This mutant shows a broader substrate scope and/or
increased activity compared to the wild-type (WT) enzyme and, inter-
estingly, it is able to produce hydroxy, epoxy and dealkylated metabo-
lites starting from different pharmaceuticals and natural compounds
(Tsotsou et al., 2012; Di Nardo et al., 2016; Correddu et al., 2022). In
this work, we used this mutant to introduce modifications on the natural
compound piperine, one of the main alkaloids present in plants from
Piperaceae family (Chopra et al.,, 2016) and the main compound
responsible for the pungent taste of black pepper, that is one of the most
commonly used spices worldwide. Apart from the exceptional value for
the food industry, black pepper was widely used in traditional therapies,
traditionally associated with pain management, inflammation, and fever
treatment. Indeed, piperine was proven to be one responsible for these
effects. From the structural point of view piperine consists of an aro-
matic benzodioxy moiety linked with an amide moiety through an
aliphatic chain (Fig. 1) (Tiwari et al., 2020).

In recent years, piperine has been found to exhibit a range of bene-
ficial activities, including antimicrobial, insecticidal, antidepressant,
appetite-stimulating, and blood circulation-enhancing properties, and
bioenhancing activity (Tiwari et al., 2020; Ajazuddin et al., 2014).
Among others, piperine has been shown to express inhibitory effects on
P-glycoprotein (P-gp), an ATP-dependent efflux pump involved in
removal of drugs from cancer cells. The overexpression of P-gp has been
reported in many cancer cell lines and is responsible for multidrug
resistance (MDR) (Kovalev et al., 2013). Therefore, inhibition of P-gp
can reverse MDR in cancer even if most of the currently tested P-gp
inhibitors are not specific, and affect proper function of other proteins,
leading to unwanted side effects (Callaghan et al., 2014).

Thanks to this broad biological activity, piperine was used as a
starting compound to produce derivatives with improved properties
(Wang et al., 2020; Zhong et al., 2023; Syed et al., 2017). Piperine de-
rivatives can have several beneficial effects as they were shown to
modulate the activity of several targets related to neurological disorders,
including epilepsy, Parkinson’s disease, depression and pain related
disorders (Al-Baghdadi et al., 2012; Muhammad et al., 2024). Here, we
present the production of a biologically active piperine derivative
through the biocatalytic conversion using P450 BM3 and its mutant A2.
We also show how the enzymatically introduced chemical modification
affects the biological properties of the starting natural compound.

2. Methods
2.1. Protein expression, purification and enzymatic reaction

Protein expression and purification were carried out as described
before (Tsotsou et al., 2012; Sideri et al., 2013). The activity of P450
BM3 WT and P450 BM3 A2 was initially assayed with the same condi-
tions for both proteins. The reaction mixture was prepared by mixing
6 M of enzyme, 100 pM piperine and 1 mM NADPH in a 30 mM
phosphate buffer pH 7.4 and incubated for 5 — 60 min at 30°C. After
incubation, the reaction was stopped by adding phosphoric acid (20 %
v/v). As a control, samples were prepared in the same way, but phos-
phoric acid was added before the NADPH to ensure inactivation of the
enzyme and lack of activity.

Fig. 1. Structure of piperine.
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2.2. HPLC method for the separation of piperine and derivatives

The separation and detection of piperine and its derivatives was
achieved through HPLC equipped with a diode array detector (Agilent
1200 Binary DAD HPLC System) using a ZORBAX Eclipse Plus C18
column (4.6 x250 mm 5-micron) for compounds separation.

The mobile phase consisted of methanol (A) and water containing
0.1 % phosphoric acid (B). The samples were analysed with the
following steps: 1) 25 % A; 2) 5-15 min, linear gradient up to 75 % A; 3)
15-21 min, 75 % A. The UV-vis spectra between 200 and 600 nm were
recorded and the chromatographic traces at 343 nm were considered for
the detection of piperine (€343 nm=31,000 M~ lem ™) and the derivatives
(Upadhyay et al., 2013).

2.3. Mass spectrometry

Electro Spray lIonization (ESI) and Tandem ESI MS/MS analysis ex-
periments were conducted using a Thermo Finnigan Advantage Max Ion
trap spectrometer in positive ion acquiring mode; sheath gas flow rate
was set at 25 (arbitrary unit), auxiliary gas flow rate at 5 (arbitrary unit),
spray voltage at 3.25 (KV), capillary temperature at 270 °C, capillary
voltage at —7 (V), and tube lens offset at —60.00 (V). Nitrogen was used
as sheath and auxiliary gases.

Tandem ESI MS/MS analysis of piperine and its metabolite was
performed with a CE of 32 %, and 33 % respectively to enhance the
characterization of piperine and its metabolite.

2.4. Analysis of reaction kinetic parameters

To investigate the kinetic parameters of the enzymatic reaction and
evaluate possible differences between P450 BM3 WT and P450 BM3 A2,
the conversion over time was first monitored to establish the linear
range of product formation. Samples were prepared as described in the
previous section and the reaction was stopped at various times ranging
from 2 and 60 min.

Then, different concentrations of substrate were applied for
5 minutes (based on the previous experiment), and all reactions were
prepared in at least four independent replicates. Piperine was tested at 8
different concentrations ranging from 10 pM to 150 uM. Higher sub-
strate concentration could not be used because of poor piperine solu-
bility in aqueous solutions. Protein (2 pM) and NADPH (1 mM)
concentrations were constant for each experiment. The reaction prod-
ucts were separated and quantified using HPLC, as described before. The
major reaction product was quantified using a calibration curve ob-
tained from integrated area of peaks obtained after injection of known
concentration of analytical standard of hMAO-B/MB-COMT-IN-1. The
reaction rates that were plotted as a function of substrate concentration
and the kinetic parameters were calculated based by fitting the data to
the Michaelis-Menten model.

2.5. Products recovery and quantification

The reaction product was directly collected from HPLC. Once
collected, a solid phase extraction (SPE) was performed, using strata-X
33 pm Polymeric Reversed Phase 200 mg/ 6 mL tubes (Phenomenex)
to concentrate the product. Each tube matrix was previously prepared
with 6 mL of pure methanol (MeOH), followed by 6 mL of ddH,O; then,
the sample was loaded into the matrix, let dry for 30 minutes and
washed with 6 mL of 5 % MeOH. The elution was performed with 3 mL
of pure MeOH, to concentrate the product.

The quantification of the major piperine metabolite (identified by
MS analysis) was carried out using a calibration curve obtained from
integrated area of peaks obtained after injection of known concentration
of analytical standard of hMAO-B/MB-COMT-IN-1.
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2.6. Antioxidant activity — ABTS assay

The antioxidant activity of piperine, and its metabolite was
measured with ABTS assay. ABTS radical was prepared by mixing 7 mM
ABTS solution (solution A), prepared by dissolving ABTS in acetic acid
buffer pH 4.5, with 2.45 mM K3S,0g (solution B), prepared by dissolving
K2S,0g in deionized water. Solutions A and B were mixed in a 1:1 ratio
and further diluted with acetic acid buffer pH 4.5 to obtain the ABTS
radical working solution. To assess the antioxidant activity, 190 pL of
working solution was transferred to 96 well microtiter plate and 10 pL of
solution containing the molecule of interest was added. The samples
were left in the dark for 7 minutes and then the absorbance at 734 nm
was measured. The results were then compared to the standard curve
obtained by using ascorbic acid as a positive control (Rumpf et al., 2023)

2.7. Antibacterial activity

The effects of piperine and its metabolite on the proliferation of
E. coli ATCC 8739 strain, used as representative Gram-negative model
(U.S. Pharmacopeia General Chapters:51 Antimicrobial effectiveness
testing. Rockville, MD:U.S. Pharmacopeia; USP USP34-NF29, 2011),
was tested with microdilution method. Antibacterial activity was
measured using a turbidimetric broth method based on the guidelines of
the Clinical and Laboratory Standards Institute (CLSI M07). Cells were
plated on LB agar plate and grown at 37°C for 16 hours. A single colony
was taken from the plate and used to inoculate 15 mL of LB broth. The
liquid culture was incubated at 37°C until ODggg reached 0.5 and then
adjusted with MH2 medium to ODggp = 0.1 and then further 100 times
with the same medium obtain a concentration of 1.0 * 108 CFUs/mL.
The diluted culture was mixed in a 1:1 ratio with the solution containing
the compound to be tested and incubated at 37°C for 16 hours. Then, the
culture was diluted with 0.9 % NaCl in a 1:10° v/v ratio and 100 pL of
diluted culture was plated on the LB agar plate. Plates were incubated
for 16 h before the colonies count. The counted colonies number rep-
resents viable CFUs/mL remaining after incubation with the tested
compound.

Colonies from each experiment were counted separately and
compared with respective positive control before the average was
calculated. The number of colonies on the positive control plate was
taken as 100 %. Lack of colonies means that tested concentration is
higher than MIC (minimum inhibitory concentration), and lower col-
onies count than in the control means partial growth inhibition.

2.8. HT29 and HT29-dx cell lines

Human colon adenocarcinoma HT29 cells (a kind gift of Prof. Chiara
Riganti, Department of Oncology, University of Torino, Italy) were
grown on the cell culture plates at 37°C with 95 % humidity and 5 %
CO5 in RPMI-1640 medium with stable glutamine (VWR International),
supplemented with 10 % bovine fetal serum, and 1% penicillin-
streptomycin mix. HT29-dx doxorubicin resistant cell line was selected
by cultivation on medium containing 70 nM of doxorubicin for 20-25
passages, as previously described (Riganti et al., 2005). After this period
resistance was verified by measurement of intracellular level of drug.
For further passages 50 nM of doxorubicin was always present in the
growing medium to maintain the resistance.

2.9. Cell viability - WST-1 assay

HT29-dx were seeded in 96-well plates (3000 cells/well, 100 uL/
well), and, after 24 h, exposed to different doses of piperine and hMAO-
B/MB-COMT-IN-1 for 48 hours. The concentration range of the tested
compounds was between 5 pM and 25 pM. Cells exposed to 10 % of
DMSO were used as a positive control, while untreated cells were used as
a negative control. After incubation with the compounds to be tested,
cell viability was measured by performing WST-1 assay (Roche) as per
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manufacturer’s instructions.

WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate) was added at 10 % (v/v) of cell medium and the
absorbance was read at 440 nm after 30 min, using a SPECTROstar
nano-microplate reader (BMG labtech, Aylesbury, UK). The absorbance
value at the reference wavelength (630 nm) was subtracted.

2.10. Doxorubicin accumulation

For the detection of doxorubicin accumulation, HT29 and HT29-dx
cells were seeded in 2 mL of RPMI-1640 medium supplemented with
fetal bovine serum in 6-well plates. A 5 mM doxorubicin stock solution
was prepared by dissolving in deionized water and diluted in culture
medium to reach 5 pM final concentration in the wells. Cells were
incubated for 24 h at 37°C with 5 % CO,. After incubation, the medium
was removed, and the cells were washed with phosphate buffered saline
(PBS). Adherent cells were treated with 0.1 % trypsin, shaken for
3 minutes, and resuspended in 1 mL of PBS. After this treatment cells
were centrifuged for 30 seconds at 13k RPM. Supernatant was discarded
and the pellet was resuspended in 0.6 mL of a solution containing equal
volume of ethanol and 0.3 M HCl. Samples were sonicated for on ice
with two 10-second bursts. 50 uL were used for the measurement of
cellular proteins with the bicinchoninic acid kit from Sigma-Aldrich; the
remaining part was checked for doxorubicin content by measuring
fluorescence at Aps = 475 nm and Aemijs = 553 nm with a Perkin-Elmer
LS-5 spectrofluorimeter (Perkin-Elmer). Cells not incubated with doxo-
rubicin were used as a reference to subtract natural fluorescence from
cellular metabolites.

2.11. Statistical analysis

All data in text and figures are provided as means + SD. The results
were analyzed by a one-way ANOVA and Tukey’s test. p < 0.05 was
considered significant.

3. Results and discussion
3.1. Metabolites detection

The P450 enzymes were overexpressed in Escherichia coli and puri-
fied by affinity chromatography to reach a final yield of 20 mg of pure
enzyme/L of liquid culture (Tsotsou et al., 2012; Sideri et al., 2013). The
purified enzymes were used in the reaction mixtures containing piperine
as substrate and the possible products of bioconversion were analysed by
HPLC. The chromatographic traces of the reaction mixture with piperine
compared to the control reactions with pre-inactivated enzymes,
revealed the presence of 4 new peaks when the compound was incu-
bated with P450 BM3 WT and 6 new peaks in the presence of P450 BM3
A2 (Fig. 2). The product ratio for the wild type enzyme was 76:9:8:7 for
products numbered as 3:4:5:6. The product ratio for the mutant was
1:3:80:7:3:6 for products numbered as 1:2:3:4:5:6 in Fig. 2. In both re-
actions, the peak with retention time of 15.6 min (named MetP3) was
predominant (~80 % of the total products) and this compound was
selected for identification through LC-MS analysis (Fig. 3).

Fig. 3A shows the MS spectrum of an analytical standard of piperine
in positive ionization mode, that resulted with detection of the isotopic
pattern at m/z 286 (100 %), m/z 287 (19 %), and m/z 288 (2.5 %)
attributed to protonated piperine ([M + H]™).

The assignment of m/z 286 signal to piperine was confirmed by
tandem ESI MS/MS analysis that resulted in the detection of fragments
with m/z 84, m/z 112, m/z 135, m/z 201, and m/z 202 (Fig. 3B) in
agreement with previously reported fragmentation pattern of piperine
(Praneetha et al., 2019). The MS analysis of MetP3 sample resulted in
the detection of a new peak with m/z 274 (Fig. 3C). The difference of 12
au was associated with the opening of benzodioxol ring and the loss of a
carbon atom and formation of a catechol moiety. Its tandem ESI MS/MS
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analysis showed fragments at m/z 86, m/z 152, m/z 171, m/z 189, and
m/z 190 (Fig. 3D), consistent with the protonated catechol derivative of
piperine described in literature (Fig. 4) (Gao et al., 2017; Praneetha
et al., 2019).

The ESI-MS/MS fragmentation pattern observed for both piperine
and its metabolite MetP3 is consistent with their respective molecular
structures and typical ionization behavior under positive-mode elec-
trospray conditions. For piperine, key fragment ions at m/z 84, 112, 135,
201, and 202 reflect characteristic cleavages involving the piperidine
moiety and the methylenedioxybenzene ring. The fragment at m/z 135
likely arises from the loss of the side chain and stabilization of the
benzodioxole cation. In the case of MetP3, the fragment ions at m/z 86,
152, 171, 189, and 190 suggest a shift in the fragmentation pathway,
consistent with the transformation of the methylenedioxy group into a
catechol. The presence of these ions supports the structural assignment
of MetP3 as the catechol derivative of piperine, with fragmentation
occurring preferentially around the newly formed hydroxylated aro-
matic ring. This pattern reinforces the chemical identity deduced from
the enzymatic mechanism and confirms that the observed mass spectral
features align with established fragmentation behavior of similar cat-
echolic and amide-bearing structures.

The P450 BM3-catalyzed transformation of piperine proceeds via
hydrolytic ring opening, releasing methylene glycol and yielding the
catechol derivative of piperine. The enzymatic activity reflects a
demethylenation reaction typical of mammalian detoxification path-
ways, but here achieved under mild, aqueous conditions. This supports
the structural assignment of MetP3 as a catechol derivative, in agree-
ment with mass spectrometry and UV-visible data. The reaction scheme
(Fig. 4) illustrates the enzymatic selectivity towards the benzodioxole
moiety and the feasibility of this biocatalytic conversion.

Interestingly, this catechol derivative is commercially available
under the name of hMAO-B/MB-COMT-IN-1 as it was reported as a
highly specific inhibitor of monoamine oxidase B (MAO-B, IC5¢ = 2.5
+ 0.22 pM) and membrane-bound catechol-O-methyltransferase (MB-
COMT, ICsg 3.84 + 0.35 pM) (Chavarria et al., 2022). It showed
antioxidant activity and a probable ability to cross blood-brain barrier
(Chavarria et al., 2022). Thanks to these characteristics, it is used in
neurodegenerative disorders research and can be potentially used in the
treatment of Parkinson and Alzheimer’s diseases (Carradori and Petzer,
2015; Silva et al., 2020).

To the best of our knowledge, there is no reported green, enzymatic
way of producing this compound. Instead, the most widely reported
method of piperine demethylation requires incubation of piperine with
BBrj for 24 h in dichloromethane. After this long time, dichloromethane
is removed under vacuo and the yellow solid is washed, dried and the
pure product is obtained by chromatography (Muthuraman et al., 2019).

Monoamine oxidase B (MAO-B) is a FAD-containing flavoprotein
that carries out oxidative deamination of brain monoamines such as
dopamine and 5-hydroxytryptamine. Inhibition of its activity leads to
the accumulation of these monoamines in brain and was proven to have
a high pharmacological importance, especially in Parkinson and Alz-
heimer’s diseases helping with motoric dysfunction (Carradori and
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Petzer, 2015).

Catechol-O-methyltransferase (COMT) is another enzyme involved
in degradation of brain amines. It catalyses transfer of methylene moiety
to one of two hydroxyl groups in dopamine and epinephrine. Similarly
to MAO-B, COMT inhibitors are mainly used in treatment of Parkinson’s
disease symptoms, especially in combination with L-DOPA, a dopamine
precursor (Silva et al., 2020).

3.2. Kinetic parameters

In order to evaluate the kinetic parameters of piperine metabolism,
the enzymatic reaction was carried out in the presence of increasing
substrate concentrations with a constant reaction time of 5 minutes. The
catechol derivative of piperine was quantified using the theoretical
calculated epsilon at 343 nm and the rates of enzymatic conversion of
piperine to hMAO-B/MB-COMT-IN-1 were plotted as a function of
substrate (piperine) concentration and fitted to the Michaelis-Menten
model (Fig. 5).

Both enzymes followed a very similar behaviour but P450 BM3 A2
reached higher rates. The kinetic parameters of both enzymes are pre-
sented in Table 1 and show that there is no statistically significant dif-
ference in the Ky values between the P450 BM3 WT and the P450 BM3
A2. However, the k¢, value is increased by 3-folds in P450 BM3 A2 when
compared to P450 BM3 WT. Overall, the data suggest that the mutant
showed better substrate conversion (Fig. 5), with a catalytic efficiency
increased by 4-folds (Table 1), but lower product selectivity (Fig. 2).

The use of higher concentrations was also limited due to very poor
solubility of piperine in aqueous solution being 40 mg/L (140 pM) in
pure water at room temperature.

Piperine conversion was then studied as a function of time with the
highest substrate concentration possible (150 pM piperine) (Fig. 6). The
substrate was incubated with P450 BM3 and P450 BM3 A2 in presence
of NADPH, and the reaction was stopped at various time points between
2- and 60-minutes incubation.

Both enzymes convert most of the substrate in the first 15 minutes of
incubation, and longer incubation time did not result in a significant
increase in substrate conversion (Fig. 6A).

To check whether uncoupling reactions could limit NADPH avail-
ability, we performed the reactions following the same protocol but with
refilling the NADPH after 5 and 10 minutes of incubation. However,
with this experimental setup we did not observe any increase in the
formation of products and thus we could exclude a possible lack of
NADPH due to uncoupling. Therefore, our hypothesis is that the
observed slowdown in the reaction is due to the limited substrate
amount left in the reaction mixture. In fact, after 15 minutes of reaction,
the concentration of substrate is close to calculated Ky that can explain
the significant decrease in the reaction rate. The maximum conversion
was noted in samples incubated for 60 minutes and was 32 % and 63 %
for P450 BM3 WT and P450 BM3 A2, respectively (Fig. 6B). In this
conditions, 0.01 mg of hMAO-B/MB-COMT-IN-1 is produced in 1 mL of
reaction in 15 minutes at 28°C.

2 H,0
Em—
P450 BM3

(o]
OO

o]
OW@OH . HO><H
OH HO H
H
o=( +H,0
H

Fig. 4. P450 BM3-catalyzed reaction scheme and structure of catechol derivative of piperine (hMAO-B/MB-COMT-IN-1).
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3.3. Antioxidant and antimicrobial activity
Table 1

Kinetic parameters for piperine metabolism by P450 BM3 WT and P450 BM3 A2.

The biological properties of piperine and hMAO-B/MB-COMT-IN-1

Kinetic parameters of hMAO-B/MB-COMT-IN-1 formation were tested in terms of their antioxidant and antimicrobial activity.

Kear (min~") Ky (pM) Kear/Ky (min~! pM—1) The antioxidant activity of piperine and its derivative were tested by
P450 BM3 WT 1.58 + 0.13 651+ 12.1 0.02 ABTS assay, in the range of concentration chosen on the basis of pre-
P450 BM3 A2 4.44 +0.17 55.2 + 5.0 0.08 vious studies and of the limitations due to the solubility of the com-

pounds (Zarai et al., 2013). The antimicrobial activity was tested on
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E. coli ATCC 8739, a representative Gram-negative model. The results of
both experiments are presented together in Fig. 7. Piperine did not show
any noted antioxidant activity, whereas the hMAO-B/MB-COMT-IN-1
piperine derivative acquired an antioxidant activity that is 60 % of the
ascorbic acid one, indicating that changes in the structure of piperine
through biocatalytic demethylation caused increase of the radical
scavenging power (Fig. 7A).

Both piperine and hMAO-B/MB-COMT-IN-1 inhibited E. coli ATCC
8739 proliferation even at the lowest of tested concentration (5 pM). We
observed a dose-dependent response but none of the tested compounds
inhibited completely E. coli growth. This effect is in line with the pre-
vious findings reporting piperine, and pepper extracts activity against
various microbes including pathogenic E. coli strains (Manjunath et al.,
2022). The effect of hMAO-B/MB-COMT-IN-1 was stronger than
piperine at every tested concentration (Fig. 7B).

3.4. Anticancer activity

As previously mentioned, piperine was reported to have inhibitory
effect on the ATP-dependent efflux pump P-gp, a transporter involved in
drug excretion from cancer cells. Inhibition of P-gp can therefore be
crucial in reverting MDR in cancer as one of the drug resistance mech-
anisms observed in various cancer cell types is overexpression of
membrane transporters such as P-glycoprotein. Overexpression of these
pumps make the transport of drug outside of the cell more efficient,
resulting in lower drug activity. Due to these properties, piperine was
used as a scaffold for development of various analogues. Most of these
analogues were obtained by modifications on the piperidine ring, either
by adding new functional groups or being completely substituted. (Syed
et al,, 2021) Here we tested whether the conversion of piperine to
hMAO-B/MB-COMT-IN-1 affects the P-gp inhibitory activity.

To this purpose, the two compounds were tested for their ability to
inhibit the viability of colon cancer doxorubicin-resistant HT29-dx cells,
a subpopulation of cells, obtained from sensitive HT29 cells after a se-
lection with doxorubicin (Riganti et al., 2005). HT29-dx accumulate less
intracellular doxorubicin and are less sensitive to its cytotoxic effects,
with respect to the sensitive counterpart, thanks to an increased
expression of drug efflux transporters such as P-gp (Riganti et al., 2005).
Doxorubicin is a common anticancer drug used in treatment of various
tumours. It is a fluorescent compound, thus its concentration inside the
cell can be easily monitored. In resistant cells, doxorubicin is actively
eliminated by the P-gp. Therefore, a possible increase in the accumu-
lation of doxorubicin during co-incubation with the molecule of interest
can be directly correlated with P-gp inhibition.
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The viability of HT29-dx cells was measured after 24 hours incuba-
tion with piperine or hMAO-B/MB-COMT-IN-1, in the absence or in the
presence of 5 pM doxorubicin (Fig. 8). The two compounds tested alone
(without coincubation with doxorubicin) did not show any significant
toxicity on HT-29-dx cells, even at the highest tested concentration,
which was 25 pM.

However, when HT-29-dx cells were co-incubated with piperine and
doxorubicin, a significant reduction in viability was observed, starting
from the lowest dose applied (5 pM, Fig. 8A); the incubation with the
hMAO-B/MB-COMT-IN-1 was not effective in increasing doxorubicin
toxicity towards resistant cells (Fig. 8B).

Indeed, when intracellular accumulation of doxorubicin was
measured in HT29-dx cell line, piperine and hMAO-B/MB-COMT-IN-1
showed a significantly different effect (Fig. 9). In the absence of any
compound, HT29 cells drug accumulation is 4-folds higher than in the
HT29-dx cells (Fig. 9 inset). Co-incubation of HT29-dx cells with
doxorubicin and piperine resulted in the increase in the drug accumu-
lation: the addition of 10 pM of piperine results with more than two-fold
increase in the doxorubicin content. On the contrary, co-incubation with
hMAO-B/MB-COMT-IN-1 did not alter the doxorubicin accumulation
(Fig. 9).

These findings indicate that the benzodioxole ring is crucial for the
interaction between the piperine and p-glycoprotein.

4. Conclusion

In this work, we showed that piperine can be converted by P450 BM3
WT and its engineered mutant P450 BM3 A2. The most abundant
piperine metabolite was successfully isolated and identified, through
mass spectrometry analysis. Based on our results and previous reports,
we established that the opening of methylenedioxy moiety with loss of a
carbon atom leaded to formation of a metabolite that was previously
described as hMAO-B/MB-COMT-IN-1. This compound is a double
function inhibitor of monoaminoxidase B and catechol-O-methyl-
transferase. Both enzymes are involved in the degradation of amines in
the brain and are targets in the treatment of neurodegenerative diseases.

A series of biological activity assays revealed that the changes
introduced by the enzyme in piperine structure caused high differences
in the activity. The obtained derivative gained antioxidant activity, and
a higher antimicrobial power compared to the starting compound.

Another interesting change is that hMAO-B/MB-COMT-IN-1 did not
inhibit P-glycoprotein activity in doxorubicin resistant colon cancer HT-
29 cells. However, the lack of P-gp inhibition can be a positive factor for
the treatment of neurodegenerative diseases. Indeed, the importance of
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Fig. 8. HT29-dx cells viability results in the presence of piperine and hMAO-B/MB-COMT-IN-1. A) HT29-dx viability after incubation with piperine in the absence
(blue bars) or presence (grey bars) of 5 pM doxorubicin (doxo); B) HT29-dx viability after incubation with hMAO-B/MB-COMT-IN-1 in the absence (orange bars) or
presence (green bars) of 5puM doxorubicin (doxo). Measurements were performed in triplicate and data are presented as means + SD (n = 3); versus ctrl

*p < 0.05; * *p < 0.01.
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this protein in elimination of toxic metabolites in Alzheimer’s disease is
intensively studied and its downregulation was associated with earlier
and stronger symptoms occurrence (Abuznait and Kaddoumi, 2012).

Our findings prove that P450-driven catalysis of piperine can be an
interesting replacement for standard procedure. A chemical synthesis of
hMAO-B/MB-COMT-IN-1 requires incubation with boron tribromide
(BBr3) in dichloromethane with yield of product not exceeding 55 %
after 24 h (Muthuraman et al., 2019). Lack of alternative production
methods causes the exceptionally high cost of this compound reaching
up to 14,000€/g which makes it not accessible for further large-scale
studies. In laboratory scale, we were able to reach up to 0.01 mg/mL
of product using 0.7 mg of purified enzyme. This yield can be improved
by implementing a continuous reaction setup using whole cells
expressing the enzyme and a NADPH regeneration system that will
further lower the biosynthesis cost.

The analysis of reaction kinetics showed that P450 BM3 A2 was more
active than the P450 BM3 WT both in terms of maximum observed
conversion and in terms of the reaction rate. The finding that enzymatic
reactivity occurs on benzodioxyl moiety can be an interesting point for
future work due to the often occurrence of this moiety in various natural
and synthetic compounds with bioactive properties.

CRediT authorship contribution statement

Irudal Samuele: Writing — original draft, Methodology, Investiga-
tion, Formal analysis, Data curation. Brzoski Mariusz: Writing — orig-
inal draft, Methodology, Investigation, Formal analysis, Data curation.
Gilardi Gianfranco: Writing — review & editing, Supervision, Project
administration, Funding acquisition. Buscaino Roberto: Methodology,
Investigation, Formal analysis, Data curation. Gazzano Elena: Writing —
original draft, Methodology, Investigation, Formal analysis, Data cura-
tion. Di Nardo Giovanna: Writing — review & editing, Supervision,
Funding acquisition, Data curation, Conceptualization. Viscardi Guido:
Methodology, Investigation, Formal analysis, Data curation.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

15

Acknowledgements

This paper is part of the project NODES which has received funding
from the MUR-M4C2 1.5 of PNRR with grant agreement no.
ECS00000036. We also acknowledge Sterify s.r.l. for the funding sup-
port to the PhD programme of M.B. (DM 352).

Data Availability

Data will be made available on request. All data generated or ana-
lysed during this study are included in this manuscript.

References

Abuznait, Alaa H., Kaddoumi, Amal, 2012. Role of ABC transporters in the pathogenesis
of Alzheimer’s disease. ACS Chem. Neurosci. 3 (11), 820-831. https://doi.org/
10.1021/cn300077c.

Ajazuddin, Amit Alexander, Qureshi, Azra, Kumari, Leena, Vaishnav, Pramudita,
Sharma, Mukesh, Saraf, Swarnlata, Saraf, Shailendra, 2014. Role of herbal bioactives
as a potential bioavailability enhancer for active pharmaceutical ingredients.
Fitoterapia 97 (September), 1-14. https://doi.org/10.1016/j.fitote.2014.05.005.

Al-Baghdadi, Osamah B., Prater, Natalie I., Van Der Schyf, Cornelis J.,

Geldenhuys, Werner J., 2012. Inhibition of monoamine oxidase by derivatives of
piperine, an alkaloid from the pepper plant piper nigrum, for possible use in
Parkinson’s disease. Bioorg. Med. Chem. Lett. 22 (23), 7183-7188. https://doi.org/
10.1016/j.bmcl.2012.09.056.

Callaghan, Richard, Luk, Frederick, Bebawy, Mary, 2014. ‘Inhibition of the Multidrug
Resistance P-Glycoprotein: time for a Change of Strategy. Drug Metab. Dispos. 42
(4), 623-631. https://doi.org/10.1124/dmd.113.056176.

Carradori, Simone, P.Petzer, Jacobus, 2015. ‘Novel monoamine oxidase inhibitors: a
patent review (2012 — 2014. Expert Opin. Ther. Pat. 25 (1), 91-110. https://doi.org/
10.1517/13543776.2014.982535.

Chaachouay, Noureddine, Zidane, Lahcen, 2024. Plant-derived natural products: a
source for drug discovery and development. Drugs Drug Candidates 3 (1), 184-207.
https://doi.org/10.3390/ddc3010011.

Chakrabarty, Suman, Romero, Evan O., Pyser, Joshua B., Yazarians, Jessica A.,
Narayan, Alison R.H., 2021. Chemoenzymatic TOtal Synthesis of Natural Products.
Acc. Chem. Res. 54 (6), 1374-1384. https://doi.org/10.1021/acs.accounts.0c00810.

Chavarria, Daniel, Benfeito, Sofia, Soares, Pedro, Lima, Carla, Garrido, Jorge,

Serrao, Paula, Soares-da-Silva, Patricio, Remiao, Fernando, Oliveira, Paulo J.,
Borges, Fernanda, 2022. Boosting caffeic acid performance as antioxidant and
monoamine oxidase B/Catechol-O-methyltransferase inhibitor. Eur. J. Med. Chem.
243 (December), 114740. https://doi.org/10.1016/j.ejmech.2022.114740.

Chopra, Bhawna, Dhingra, Ashwani Kumar, Kapoor, Ram Prakash, Prasad, Deo Nandan,
2016. Piperine and its various physicochemical and biological aspects: a review.
Open Chem. J. 3 (1), 75-96. https://doi.org/10.2174/1874842201603010075.

Correddu, Danilo, Aly, Sabrina Helmy, Nardo, Giovanna Di, Catucci, Gianluca,

Prandi, Cristina, Blangetti, Marco, Bellomo, Chiara, Bonometti, Elisabetta,
Viscardi, Guido, Gilardi, Gianfranco, 2022. Enhanced and specific epoxidation
activity of P450 BM3 mutants for the production of high value terpene derivatives.
RSC Adv. 12 (52), 33964-33969. https://doi.org/10.1039/D2RA06029A.


https://doi.org/10.1021/cn300077c
https://doi.org/10.1021/cn300077c
https://doi.org/10.1016/j.fitote.2014.05.005
https://doi.org/10.1016/j.bmcl.2012.09.056
https://doi.org/10.1016/j.bmcl.2012.09.056
https://doi.org/10.1124/dmd.113.056176
https://doi.org/10.1517/13543776.2014.982535
https://doi.org/10.1517/13543776.2014.982535
https://doi.org/10.3390/ddc3010011
https://doi.org/10.1021/acs.accounts.0c00810
https://doi.org/10.1016/j.ejmech.2022.114740
https://doi.org/10.2174/1874842201603010075
https://doi.org/10.1039/D2RA06029A

M. Brzoski et al.

Di Nardo, Giovanna, Angelo, Valentina Dell, Catucci, Gianluca, Sadeghi, Sheila J.,
Gilardi, Gianfranco, 2016. Subtle structural changes in the Asp251Gly/GIln307His
P450 BM3 mutant responsible for new activity toward diclofenac, tolbutamide and
ibuprofen (July). Arch. Biochem. Biophys. 602, 106-115. https://doi.org/10.1016/j.
abb.2015.12.005.

Fansher, Douglas J., Besna, Jonathan N., Fendri, Ali, Pelletier, Joelle N., 2024. Choose
your own adventure: a comprehensive database of reactions catalyzed by
cytochrome P450 BM3 variants. ACS Catal. 14 (8), 5560-5592. https://doi.org/
10.1021/acscatal.4c00086.

Gao, Tingting, Xue, Haiping, Lu, Lu, Zhang, Tong, Han, Han, 2017. Characterization of
piperine metabolites in rats by ultra-high-performance liquid chromatography with
electrospray ionization quadruple time-of-flight tandem mass spectrometry. Rapid
Commun. Mass Spectrom. 31 (11), 901-910. https://doi.org/10.1002/rcm.7864.

Heath, Rachel S., Turner, Nicholas J., 2022. Recent advances in oxidase biocatalysts:
enzyme discovery, cascade reactions and scale up. Curr. Opin. Green. Sustain. Chem.
38 (December), 100693. https://doi.org/10.1016/j.cogsc.2022.100693.

Howes, Melanie-Jayne R., Cassandra, L.Quave, Collemare, Jérome, Tatsis, Evangelos C.,
Twilley, Danielle, Lulekal, Ermias, Farlow, Andrew, et al., 2020. Molecules from
nature: reconciling biodiversity conservation and global healthcare imperatives for
sustainable use of medicinal plants and fungi. PLANTS, PEOPLE, PLANET 2 (5),
463-481. https://doi.org/10.1002/ppp3.10138.

Isin, Emre M., Guengerich, F.Peter, 2007. Complex reactions catalyzed by cytochrome
P450 enzymes. Biochim. Et. Biophys. Acta (BBA) - Gen. Subj. 1770 (3), 314-329.
https://doi.org/10.1016/j.bbagen.2006.07.003.

Kovalev, A.A., Tsvetaeva, D.A., Grudinskaja, T.V., 2013. Role of ABC-cassette
transporters (Mdrl, Mrpl, Berp) in thE Development of Primary and Acquired
Multiple Drug Resistance in Patients with Early and Metastatic Breast Cancer. Exp.
Oncol. 35 (4), 287-290.

Lobiuc, Andrei, Paval, Naomi-Eunicia, Mangalagiu, Ionel I., Gheorghita, Roxana,
Teliban, Gabriel-Ciprian, Amariucai-Mantu, Dorina, Stoleru, Vasile, 2023. Future
antimicrobials: natural and functionalized phenolics. Molecules 28 (3), 1114.
https://doi.org/10.3390/molecules28031114.

Manjunath, G.B., Awasthi, S.P., Zahid, M.S.H., Hatanaka, N., Hinenoya, A., Iwaoka, E.,
Aoki, S., Ramamurthy, T., Yamasaki, S., 2022. Piperine, an active ingredient of white
pepper, suppresses the growth of multidrug-resistant toxigenic vibrio cholerae and
other pathogenic bacteria. Lett. Appl. Microbiol. 74 (4), 472-481. https://doi.org/
10.1111/lam.13646.

Miura, Yoshiro, Armand J., Fulco, 1974. ©-2) hydroxylation of fatty acids by a soluble
system from bacillus megaterium. J. Biol. Chem. 249 (6), 1880-1888. https://doi.
org/10.1016/50021-9258(19)42868-8.

Muhammad, Shabbir, Zaid, Ariha, Bibi, Shamsa, urRehman, Shafiq,

Alshahrani, Mohammad Y., Kumar, Santosh, Tousif, Muhammad Imran, Al-
Sehemi, Abdullah G., 2024. Piperine analogues as dual inhibitors for antibacterial
and antiarthritic properties through impact of ligands optimization, docking and
water solvation (December). J. Mol. Liq. 415, 126379. https://doi.org/10.1016/].
molliq.2024.126379.

Muthuraman, Subramani, Sinha, Shweta, Vasavi, C.S., Waidha, Kamran Manzoor,
Basu, Biswarup, Munussami, Punnagai, Balamurali, M.M., Doble, Mukesh,

Kumar, Rajendran Saravana, 2019. Design, synthesis and identification of novel
coumaperine derivatives for inhibition of human 5-LOX: antioxidant,
pseudoperoxidase and docking studies. Bioorg. Med. Chem. 27 (4), 604-619.
https://doi.org/10.1016/j.bmc.2018.12.043.

O’Reilly, Elaine, Kohler, Valentin, Flitsch, Sabine L., Turner, Nicholas J., 2011.
Cytochromes P450 as useful biocatalysts: addressing the limitations. Chem.
Commun. 47 (9), 2490. https://doi.org/10.1039/c0cc03165h.

U.S. Pharmacopeia General Chapters:51 Antimicrobial effectiveness testing. Rockville,
MD:U.S. Pharmacopeia;USP USP34-NF29, 2011.

Praneetha, Pammi, Balhara, Ankit, Ladumor, Mayur K., Kumar Singh, Dilip, Patil, Amol,
Preethi, Jalvadi, Pokharkar, Sunil, Deshpande, Abhijeet Yashwantrao, Giri, Sanjeev,

16

Journal of Biotechnology 405 (2025) 8-16

Singh, Saranjit, 2019. Characterization of stable and reactive metabolites of piperine
formed on incubation with human liver microsomes. J. Mass Spectrom. 54 (9),
738-749. https://doi.org/10.1002/jms.4424.

Riganti, Chiara, Miraglia, Erica, Viarisio, Daniele, Costamagna, Costanzo,

Pescarmona, Gianpiero, Ghigo, Dario, Bosia, Amalia, 2005. Nitric oxide reverts the
resistance to doxorubicin in human colon cancer cells by inhibiting the drug efflux.
Cancer Res. 65 (2), 516-525.

Rumpf, Jessica, Burger, René, Schulze, Margit, 2023. Statistical evaluation of DPPH,
ABTS, FRAP, and FOlin-ciocalteu Assays to Assess the Antioxidant Capacity of
Lignins. Int. J. Biol. Macromol. 233 (April), 123470. https://doi.org/10.1016/j.
ijbiomac.2023.123470.

Sideri, Anastasia, Goyal, Abhineet, Di Nardo, Giovanna, Tsotsou, Georgia Eleni,
Gilardi, Gianfranco, 2013. Hydroxylation of non-substituted polycyclic aromatic
hydrocarbons by cytochrome P450 BM3 engineered by directed evolution. J. Inorg.
Biochem. 120 (March), 1-7. https://doi.org/10.1016/j.jinorgbio.2012.11.007.

Silva, Tiago Barros, Borges, Fernanda, Serrao, Maria Paula, Soares-da-Silva, Patricio,
2020. Liver says no: the ongoing search for safe catechol o-methyltransferase
inhibitors to replace tolcapone. Drug Discov. Today 25 (10), 1846-1854. https://doi.
org/10.1016/j.drudis.2020.07.015.

Syed, Safiulla Basha, Arya, Hemant, Fu, I.-Hsuan, Yeh, Teng-Kuang, Periyasamy, Latha,
Hsieh, Hsing-Pang, Coumar, Mohane Selvaraj, 2017. Targeting P-glycoprotein:
investigation of piperine analogs for overcoming drug resistance in cancer. Sci. Rep.
7 (1), 7972. https://doi.org/10.1038/541598-017-08062-2.

Syed, Safiulla Basha, Lin, Shu-Yu, Arya, Hemant, Fu, I.-Hsuan, Yeh, Teng-Kuang,
Charles, Mariasoosai Ramya Chandar, Periyasamy, Latha, Hsieh, Hsing-Pang,
Coumar, Mohane Selvaraj, 2021. Overcoming vincristine resistance in cancer:
computational design and discovery of piperine-inspired P-glycoprotein Inhibitors’.
Chem. Biol. Drug Des. 97 (1), 51-66. https://doi.org/10.1111/cbdd.13758.

Tiwari, Anshuly, Kakasaheb, R.Mahadik, Satish, Y.Gabhe, 2020. Piperine: a
comprehensive review of methods of isolation, purification, and biological
properties (September). Med. Drug Discov. 7, 100027. https://doi.org/10.1016/j.
medidd.2020.100027.

Tsotsou, Georgia E., Sideri, Anastasia, Goyal, Abhineet, Nardo, Giovanna Di,

Gilardi, Gianfranco, 2012. Identification of Mutant Asp251Gly/GIn307His of
Cytochrome P450 BM3 for the Generation of Metabolites of Diclofenac, Ibuprofen
and Tolbutamide’. Chem. - A Eur. J. 18 (12), 3582-3588. https://doi.org/10.1002/
chem.201102470.

Upadhyay, Vipul, Neeru Sharma, Joshi, Himanshu M., Malik, Amreesh, Singh, B.P.,
Tripathi, Sanjeev, 2013. Development and validation of rapid RP- HPLC method for
estimation of piperine In Piper nigrum L. Int. J. Herb. Med. 1 (4), 6-9.

Wang, Lun, Cai, Xiaoying, Shi, Mingsong, Xue, Linlin, Kuang, Shuang, Xu, Ruiling,

Qi, Wenyan, et al., 2020. Identification and optimization of piperine analogues as
neuroprotective agents for the treatment of Parkinson’s disease via the activation of
Nrf2/Keapl pathway (August). Eur. J. Med. Chem. 199, 112385. https://doi.org/
10.1016/j.ejmech.2020.112385.

Whitehouse, Christopher J.C., Stephen, G.Bell, Wong, Luet-Lok, 2012. P450 py3
(CYP102A1): Connecting the Dots. Chem. Soc. Rev. 41 (3), 1218-1260. https://doi.
org/10.1039/C1CS15192D.

Zarai, Zied, Boujelbene, Emna, Salem, Nadia Ben, Gargouri, Youssef, Sayari, Adel, 2013.
Antioxidant and antimicrobial activities of various solvent extracts, piperine and
piperic acid from piper nigrum. LWT - Food Sci. Technol. 50 (2), 634-641. https://
doi.org/10.1016/j.1wt.2012.07.036.

Zhong, Miao, Chen, Lingzhen, Tao, Yue, Zhao, Jintao, Chang, Bingbing, Zhang, Fang,
Tu, Jingwen, Cai, Wenging, Zhang, Baoxin, 2023. Synthesis and evaluation of
piperine analogs as thioredoxin reductase inhibitors to cause oxidative stress-
induced cancer cell apoptosis. Bioorg. Chem. 138, 106589. https://doi.org/10.1016/
j.bioorg.2023.106589.


https://doi.org/10.1016/j.abb.2015.12.005
https://doi.org/10.1016/j.abb.2015.12.005
https://doi.org/10.1021/acscatal.4c00086
https://doi.org/10.1021/acscatal.4c00086
https://doi.org/10.1002/rcm.7864
https://doi.org/10.1016/j.cogsc.2022.100693
https://doi.org/10.1002/ppp3.10138
https://doi.org/10.1016/j.bbagen.2006.07.003
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref17
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref17
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref17
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref17
https://doi.org/10.3390/molecules28031114
https://doi.org/10.1111/lam.13646
https://doi.org/10.1111/lam.13646
https://doi.org/10.1016/S0021-9258(19)42868-8
https://doi.org/10.1016/S0021-9258(19)42868-8
https://doi.org/10.1016/j.molliq.2024.126379
https://doi.org/10.1016/j.molliq.2024.126379
https://doi.org/10.1016/j.bmc.2018.12.043
https://doi.org/10.1039/c0cc03165h
https://doi.org/10.1002/jms.4424
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref25
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref25
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref25
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref25
https://doi.org/10.1016/j.ijbiomac.2023.123470
https://doi.org/10.1016/j.ijbiomac.2023.123470
https://doi.org/10.1016/j.jinorgbio.2012.11.007
https://doi.org/10.1016/j.drudis.2020.07.015
https://doi.org/10.1016/j.drudis.2020.07.015
https://doi.org/10.1038/s41598-017-08062-2
https://doi.org/10.1111/cbdd.13758
https://doi.org/10.1016/j.medidd.2020.100027
https://doi.org/10.1016/j.medidd.2020.100027
https://doi.org/10.1002/chem.201102470
https://doi.org/10.1002/chem.201102470
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref33
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref33
http://refhub.elsevier.com/S0168-1656(25)00109-9/sbref33
https://doi.org/10.1016/j.ejmech.2020.112385
https://doi.org/10.1016/j.ejmech.2020.112385
https://doi.org/10.1039/C1CS15192D
https://doi.org/10.1039/C1CS15192D
https://doi.org/10.1016/j.lwt.2012.07.036
https://doi.org/10.1016/j.lwt.2012.07.036
https://doi.org/10.1016/j.bioorg.2023.106589
https://doi.org/10.1016/j.bioorg.2023.106589

	Biocatalytic production of a monoamine oxidase B/catechol-O-methyltransferase inhibitor from piperine by engineered P450 BM3.
	1 Introduction
	2 Methods
	2.1 Protein expression, purification and enzymatic reaction
	2.2 HPLC method for the separation of piperine and derivatives
	2.3 Mass spectrometry
	2.4 Analysis of reaction kinetic parameters
	2.5 Products recovery and quantification
	2.6 Antioxidant activity – ABTS assay
	2.7 Antibacterial activity
	2.8 HT29 and HT29-dx cell lines
	2.9 Cell viability - WST-1 assay
	2.10 Doxorubicin accumulation
	2.11 Statistical analysis

	3 Results and discussion
	3.1 Metabolites detection
	3.2 Kinetic parameters
	3.3 Antioxidant and antimicrobial activity
	3.4 Anticancer activity

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Data Availability
	References


