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Abstract

CYP116B5 is a class VII P450 in which the heme domain is linked to a FMN

and 2Fe2S-binding reductase. Our laboratory has proved that the CYP116B5 heme

domain (CYP116B5-hd) is capable of catalyzing the oxidation of substrates using

H2O2. Recently, the Molecular Lego approach was applied to join the heme domain

of CYP116B5 to sarcosine oxidase (SOX), which provides H2O2 in-situ by the sarco-

sine oxidation. In thiswork, the chimeric self-sufficient fusion enzymeCYP116B5-SOX

was heterologously expressed, purified, and characterized for its functionality by

absorbance and fluorescence spectroscopy. Differential scanning calorimetry (DSC)

experiments revealed a TM of 48.4 ± 0.04 and 58.3 ± 0.02◦C and a enthalpy value of

175,500 ± 1850 and 120,500 ± 1350 cal mol−1 for the CYP116B5 and SOX domains

respectively. The fusion enzyme showed an outstanding chemical stability in pres-

ence of up to 200 mM sarcosine or 5 mM H2O2 (4.4 ± 0.8 and 11.0 ± 2.6% heme

leakage respectively). Thanks to the in-situ H2O2 generation, an improved kcat/KM

for the p-nitrophenol conversion was observed (kcat of 20.1 ± 0.6 min−1 and KM of

0.23 ± 0.03 mM), corresponding to 4 times the kcat/KM of the CYP116B5-hd. The

aim of this work is the development of an engineered biocatalyst to be exploited in

bioremediation. Inorder to tackle this challenge, anE. coli strain expressingCYP116B5-

SOX was employed to exploit this biocatalyst for the oxidation of the wastewater

contaminating-drug tamoxifen. Data show a 12-fold increase in tamoxifen N-oxide

production—herein detected for the first time as CYP116B5metabolite—compared to

the direct H2O2 supply, equal to the 25% of the total drug conversion.
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Abbreviations: API, active pharmaceutical ingredient; CYP, cytochrome P450; CYP116B5-fl,
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CYP116B5-SOX, fusion enzyme comprising cytochrome 116B5 heme domain and sarcosine

oxidase; DSC, differential scanning calorimetry; KPi, inorganic potassium phosphate buffer;

pNP, para-nitrophenol; pNC, para-nitrocatechol; SOX, sarcosine oxidase.

1 INTRODUCTION

The persistence of human-derived organic compounds in the envi-

ronment represents a concrete risk of long-term environmental

disaster.[1,2] Among the variety of organic pollutants, the occurrence

of pharmaceuticals in aquatic and terrestrial environment increased
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over the last few decades.[3] Hundreds of different human drugs have

been reported as environmental contaminants, including antineoplas-

tic agents, analgesics, and cardiac medications, and were detected

in water bodies on global scale.[4,5] This outcome has been corre-

lated to the incidental release of medications into effluent water from

hospital and drug manufactures as well as farming and residential

areas.[6,7] Approximately 30% of drugs were predicted to be poten-

tially bioactive in aquatic organisms thus dangerous for wildlife,[8]

particularly those which can interact with target receptor conserved

among different species, such as antineoplastics agents.[9] Antineo-

plastics are not removed by the currently employed wastewater

treatments and some of them, such as tamoxifen, have been detected

over the toxicity value in surface-water in several countries.[9–12]

Tamoxifen toxic effect on the endocrine system of aquatic organism

andmammalians has been elucidated,[9,13–15] drawing attention to the

hazardous nature of this drug as environmental pollutant and ecotoxic

compound. The exploitation of bacterial cytochromes P450 (CYPs) for

drugs conversion and drug metabolites production has been exten-

sively investigated and produced excellent results.[16–20] Acinetobacter

radioresistens’P450 116B5 showed to efficiently oxidize aromatic rings

of APIs molecules such as tamoxifen and diclofenac. CYP116B5 is a

Class VII cytochrome P450, indeed it is a catalytically self-sufficient

single-polypeptide enzyme comprising a heme containing domain, as

well as a reductase domain containing FMN and a 2Fe-2S cluster that

require NADPH as a source of electrons (Figure 1). Although this

enzyme maintains the typical characteristics of a monooxygenase, it

can work as a peroxygenase.[21–31] In CYP116B5 catalytic route, the

formation of the heme ferric hydroperoxy complex and the conse-

quent oxoferryl π-cation radical (Compound I) is achievable by the

direct binding of hydrogen peroxide to the heme ferrous iron.[21] The

use hydrogen peroxide to drive the hemoproteins catalysis has been

extensively studied,[29,32–38] and represents the most practical way

to sustainably exploit them as biocatalysts. Indeed, by the addition of

H2O2 as source of oxygen and electrons for the P450 catalytic cycle it

is possible to avoid the use of the expensive cofactor(s) NAD(P)H and

redox partner(s) reactions, that are often a source of uncoupling.[39]

CYP116B5 heme domain (CYP116B5-hd) has been isolated by pro-

tein engineering and characterized for its ability to convert drugs using

H2O2 as catalysis driving agent.
[21] Nevertheless, the oxidative stress

resulting from the use of H2O2 is disadvantageous for protein stability

and toxic for cells.[40] In order to maximize the peroxygenase perfor-

mance of the CYP116B5-hd, bypassing the limitations of the direct

addition of hydrogen peroxide, we developed an in-situ H2O2 generat-

ing system to drive the CYP116B5-hd catalysis. For this purpose, the

Molecular Lego[41–44] approach was exploited to design an artificially

self-sufficient biocatalyst by fusing two enzymes of different species

of origin, that is, the CYP116B5-hd from Acinetobacter radioresistens

and theBacillus sp.B-0618SarcosineOxidase (SOX)[45–50] whichworks

as the H2O2 donor system, resulting in a fusion-enzyme chimera,

able to self-generate H2O2 (CYP116B5-SOX) (Figure 1).
[23] SOX from

Bacillus sp. B-0618 is a bacterial oxidoreductase that contains a cova-

lently bound flavin that has already been proven to be successful as

H2O2 donor partner for CYP152B1.[43] The main reaction catalyzed

by SOX is the oxidative demethylation of the N-substituted amino acid

sarcosine to yield glycine, formaldehyde, and hydrogen peroxide as by-

product. Therefore, by using sarcosine as sacrificial substrate, we aim

to use SOX as in-situ H2O2-generating system to carry out the per-

oxide driven catalysis of CYP116B5-hd, focusing on the regulation of

P450 116B5 catalysis for drug bioconversion. Herein, we character-

ized theCYP116B5-SOX fusion enzyme[23] in terms of spectroscopical

features, chemical, and thermal stability. We optimized the system

catalysis using the P450 116B5 marker substrate p-nitrophenol, eval-

uating the kinetic parameters of the fusion enzyme. Finally, in order

to investigate the potentiality of the engineered biocatalyst for biore-

mediation, we exploited a CYP116B5-SOX expressing E. coli strain to

investigate the conversion of tamoxifen, a CYP116B5 substrate drug

taken as amodel of wastewater pollutant.

2 MATERIALS AND METHODS

2.1 CYP116B5-SOX gene design and expression
vector construction

The coding sequence of the heme domain of CYP116B5 from Acine-

tobacter radioresistens[25] and that of SOX from Bacillus sp. B-0618[49]

were used to build the gene coding for the CYP116B5-SOX fusion

enzyme. The design approach followed for the construction of the

fusion enzyme gene and the plasmid vector is similar to that previ-

ously reported by our laboratory.[43] In brief, the last triplet at 3’ of the

CYP116B5-hd gene has been fused to the first triplet at 5’ of the SOX

sequence through a 33bp (Sequence 1) coding for a poly-glycine linker.

GGTCCAGGTGGCGGCGGTGGTGGCGGCCCAGGT (1)

AvrII and AscI restriction sites were inserted respectively at 5′ and
3′ of the linker sequence (Figure S1). A C-terminal 6xHis-Tag, useful for

protein purification, were obtained by adding six CAC triplets in-frame

between SOX last codon 3′ and TAA stop codon. The designed gene

results in 2573bp. The open reading frame of the gene is defined by an

ATG triplet preceding the first codon of the CYP116B5 sequence. The

CYP116B5-SOX gene were subcloned in a pET28a(+) vector between

NcoI and EcoRI restriction sites (Figure S1), the gene insertion and

plasmid construction were performed by GenScript (Piscataway, New

Jersey).

2.2 Protein expression and purification

CYP116B5-SOX was expressed as previously reported.[23] Cells were

harvested and lysed by sonication (5×30 s pulseswith aMisonixUltra-

sonic Sonicator, Teltow,Germany) in 50mMKPi at pH6.8, 100mMKCl,

1%TritonX-100 supplementedwith 1mgmL−1 lysozyme, 0.1mgmL−1

DNAse I, and 1 mM PMSF. After 45 min ultracentrifugation at 40,000

rpm, the soluble fraction of cell lysate was loaded onto a 5 mL nickel-

ion affinity column (His-trap HP, GE Healthcare) held at 25◦C pre-

equilibratedwith the cell resuspension buffer andwashedwith 50mM

KPi at pH 6.8, 50 mM glycine after cell extract loading. The bounded
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GIURIATO ET AL 3 of 15

F IGURE 1 Outline of the process of protein engineering leading to design the CYP116B5-SOX fusion enzyme and reaction schemes of
CYP116B5-fl and CYP116B5-SOX. The CYP116B5-fl (full length) catalyzes the NADPH-dependent conversion of drugs employing the reductase
domain(s) consisting in a FMNbinding domain and a 2Fe2S cluster. The CYP116B5-hd (heme domain) has been isolated and joined by domain
switching to SOX (sarcosine oxidase). In the CYP116B5-SOX system the electron transfer mechanism is bypassed, as the P450 is driven by the
peroxide-shunt mechanism, which only employs H2O2 as P450 cosubstrate. SOX is a bacterial oxidoreductase that contain a covalently bound
FAD cofactor. The SOX’s FAD is involved in the sarcosine oxidation to glycine and formaldehyde and the subsequent reduction of O2 to H2O2, by
which the FAD is regenerated in the oxidized form. Proteins secondary structure is represented as a ribbonmodel. CYP116B5 heme catalytic
domain is colored in green, the FMN and the 2Fe2S center binding domains are colored in yellow and orange respectively, SOX is colored in blue.
The CYP116B5-SOX linker is colored in red. Enzymes cofactors atoms are represented as balls. Protoporphyrin, FMN and FAD are colored in red,
orange and yellow respectively. Iron atoms are represented as balls and colored in red. Sulfur atoms, when showed, are represented as balls and
colored in yellow.

proteins were eluted applying a gradient 0–100mM imidazole and col-

lected in 1 mL fractions. The presence of P450-SOX was confirmed

spectroscopically measuring the absorbance at 419 nm. Fractions

containing the chimera were then further purified by size-exclusion

chromatography (HiLoad 16/600 Superdex 200 pg) equilibrated with

KPi buffer 50mMpH6.8 supplemented with KCl 200mM.

2.3 Fluorescence spectroscopy

The effect of sarcosine on CYP116B5-SOX fluorescence was analyzed

using a Perkin-Elmer LS-5 spectrofluorimeter equipped with a ther-

mostated cell holder. 3 μM of CYP116B5-SOX was dissolved in KPi

50 mM pH 6.8. The protein excitation spectra were recorded between

300 and 500 nm centering the analysis at the emission wavelength of

530 nm, whereas the emission spectra were recorded between 475

and 600 nm using the excitation wavelength at 450 nm. The protein

fluorescence spectra were recorded for the oxidized protein, then sar-

cosine was added to a final concentration of 10 mM and spectra were

recorded again for 2 h after sarcosine addition.

2.4 Differential scanning calorimetry (DSC)

The thermal stability of CYP116B5-SOX and CYP116B5 full-length

was evaluated by DSC. Experiments were carried out using a Micro-

cal VP-DSC instrument (Malvern, UK) with a temperature gradient

from 20◦C to 75◦C, at a scan rate of 75◦C/h and 10 min of pre-scan

equilibration.[51–53] The stability of proteins was investigated in potas-

siumphosphatebuffer at pHvalueof6.8.All sampleswere runusing0.6

mg mL−1 enzyme. Data were analyzed using Microcal Origin software

(Malvern, UK).

2.5 Spectroscopic estimation of P450 domain
hydrogen peroxide tolerance

P450 tolerance to H2O2 was investigated using Agilent 8453 UV–vis

spectrophotometer and monitoring the CYP116B5-SOX UV-vis spec-

tra maximum at λ at 419 nm over time at 15◦C (Peltier Agilent 89,090

A). 3 μM of CYP116B5-SOX was suspended in KPi 50 mM at pH 6.8.

The spectra of the enzymewere recorded before and after the addition
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of either 1, 2, 3, 4, or 5 mM of H2O2 or 10, 50, 100, or 200 mM sarco-

sine over 30 min of incubation. The absorbance at 419 nmwas plotted

against time anddatawere fitted using a single exponential decay func-

tion (Equation 2) to obtain the decay rate constant (k) of the A419 in

presence of H2O2.

y = y0 + a ∗ e−k∗x (2)

y: absorbance at 419 nm; x: time (min); k: decay rate constant (min−1);

a: original amount

2.6 SOX domain residual activity after incubation
with H2O2: formaldehyde quantification

In order to test the resistance of CYP116B5-SOX toH2O2 the residual

activity of the two domains of the chimera was tested after incuba-

tion with H2O2. The SOX resistance was evaluated measuring the

residual formaldehyde production after treatment with H2O2. 0.3 μM

CYP116B5-SOXwas incubated in KPi buffer at pH6.8 in presence of 1,

3, 4, or 5mMH2O2 orwithoutH2O2 for 30min at 25◦C.After that, 250

mMof sarcosinewasadded to the solutionand sampleswere incubated

for 30min at 30◦C. The formaldehyde production was measured using

a Formaldehyde Assay Kit (Sigma-Aldrich, St. Louis, MO 63103 USA).

The reactionwas stopped by the addition of 5% v/v trichloroacetic acid

and 25% v/v Neutralizer solution was added to adjust the pH. After

samples centrifugation for 10min at 12,000× g, 50 uL of each the reac-

tion sample were mixed to 33 uL Reagent A and 22 uL Reagent B in

a Nunc 96 wells plate and incubated at 25◦C under total darkness to

develop color. Blank was prepared mixing 33 μL Reagent A and 72 μL

Kpi buffer. The formaldehydewas quantified basing on the absorbance

at 370 nm as previously described.[54]

2.7 CYP116B5 domain residual activity after
incubation with H2O2: p-nitrocatechol production

CYP116B5-SOX was incubated at a concentration of 0.3 μM in KPi

buffer at pH 6.8 in presence of 1, 2, 3, 4, or 5 mM H2O2 or without

H2O2 for 30 min at 25◦C. After that, 250 mM of sarcosine and 1 mM

p-nitrophenol were added to the solution and samples were incubated

for 30 min at 30◦C. Reaction was stopped with 1% of trichloroacetic

acid and p-nitrocatechol formationmeasured as described below.

2.8 Optimization of the catalytic activity

The trials for CYP116B5-SOX activity were performed using L-

sarcosine as SOX domain sacrificial substrate or, alternatively, H2O2

was directly added to CYP116B5-SOX to drive the P450 catalysis. p-

nitrophenol (pNP)was used asmarker substrate to test the CYP116B5

heme domain activity in the fusion enzyme. All reactions were car-

ried out in 50 mM KPi buffer at desired pH. For the identification of

the optimal concentration of sarcosine 0.25 μM enzyme were mixed

with 1 mM pNP and 1, 10, 100, 250, 300, or 500 mM sarcosine and

incubated for 30 min at a pH value of 6.8. For the investigation of the

activity at different pH, potassium phosphate buffer was used to reach

desired pH during catalysis. Concentrations of two potassium phos-

phate salts (K2HPO4 andKH2PO4)weremodulated to obtain pHvalue

of 5, 5.6, 6.2, 6.8, 7.4, 8, 8.5, 8.7 respectively, reaction were performed

using 0.25 μM enzyme 1 mM pNP, and either 250 mM sarcosine or 1

mM H2O2 and incubated over 30 min. The kinetic parameters for the

production of p-nitrocatechol (pNC) were obtained by mixing 0.25 μM

CYP116B5-SOX, 250 mM sarcosine with pNP at a concentration of 0,

0.05, 0.1 0.2, 0.6, 1.2, 1.6, or 2.0 mM respectively, reactions were per-

formed at a pH value of 7.4 and stopped after 5min. All reactions were

started by sarcosine or H2O2 addition and were kept at 30◦C for the

due time. After addition of 1% vol/vol of trichloroacetic acid to termi-

nate the reaction, each samplewas centrifuged at 12,500× g for 10min

to remove unsoluble denatured enzyme. The p-nitrocatechol produced

by theCYP116B5domain[21] was evaluated spectroscopicallymeasur-

ing the absorbance at 515 nm (ɛ= 12.4mM−1 cm−1) right after sample

color development, obtained by addition of NaOH 0.9 M to adjust

the pH.

2.9 Hydrogen peroxide quantification

In order to quantify the H2O2 accumulated in solution during the

CYP116B5-SOX reaction, a horseradish peroxidase (HPR) coupled

reaction was used. [43] A calibration curve was obtained by mix-

ing 50 mM KPi at pH 7.4, 0.5 μM HPR, 250 μM ABTS, and either

10, 25, 50, 75, or 0 μM H2O2 in a quartz cuvette and measuring

the end-point absorbance at 650 nm associated to the production

of ABTS•+.[55] The same HRP and ABTS concentration and buffer

conditions were used to quantify the H2O2 in the CYP116B5-SOX

reaction samples. In order to investigate the H2O2 production over-

time HRP, ABTS, and KPi were mixed with 5 mM sarcosine, reaction

was started by the addition of 5 nM CYP116B5-SOX and incubated

for 20 min. Measurements were taken every 5 s using an Agilent 8453

UV–vis spectrophotometer (diode array) at the controlled tempera-

ture of 30◦C (Peltier Agilent 89,090 A). A reaction was prepared using

the same condition with the addition of 20 μM p-nitrophenol and ana-

lyzed following an identical procedure. Allmeasurementsweremade in

triplicate.

2.10 Drugs bioconversion in whole cells

Drugs bioconversion was performed using a E. coli BL21 (DE3) strain

transformedwith the pET-28-a-CYP116B5-SOX(+) expression vector.

The cell growth and protein expression were performed as reported

in the Materials and Methods section. Cells were harvested 24 h after

protein expression induction by centrifugation at 4000 × g for 30 min.

Cells, at a final optical density of 10at600nm,were resuspended inKPi

buffer 0.1 M at a pH value of 7.5 supplemented with 1 mM tamoxifen.
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For the studyof tamoxifen conversion yield, sarcosinewas added to the

cell suspension at a final concentration of either 5, 20, 20, 50, 100, 200,

250, 500, or 1000mM. Alternatively, 0.5, 1, 5, or 10mMhydrogen per-

oxidewas used. After sample extractionwith 50%v/v ethyl acetate, the

organic phase was collected and Tamoxifenmetabolites were analyzed

using an HPLC coupled with a diode array UV detector (Agilent-1200,

Agilent technologies, Santa Clara, CA, USA) set at 276 nm applying a

360 nm correction. A C18 prepacked column (Phenomenex-Kinetex

Core Shell) was used, the chromatographic separation was performed

in isocratic conditions using 82%methanol and 18% triethylamine (1%

v/v) as mobile phase.

3 RESULTS

3.1 Design, expression, and purification of
CYP116B5-SOX

In order toobtain abiocatalyst able toperform in-situH2O2 generation

wedesigned the geneof the fusion enzyme joining the coding sequence

of CYP116B5-hd fromAcinetobacter radioresistenswith theMonomeric

Sarcosine Oxidase gene from Bacillus sp. B-0618 through a Gly-Pro-

(Gly)7-Pro-Gly linker (Figure 1, S1).[23] A poly glycine sequence was

used in order to allow the highest possible flexibility of the loop

connecting the two domains.[43] Indeed, the low steric hindrance

of glycine residues within the linker was previously shown to sup-

port conformational rearrangements and allow correct folding of the

fusion protein.[43] The heterologous expression of CYP116B5-SOX

was performed in E. coli BL21 (DE3) transformed with the pET-

28-a-CYP116B5-SOX(+) vector. The purification of the engineered

C-terminal 6xHis-tagged protein was performed using immobilized

metal affinity chromatography (IMAC), followed by size exclusion

chromatography (SEC). The resulting purified CYP116B5-SOX protein

showed a single band around 95,000 Da on SDS-PAGE, consistent

with the predicted molecular mass of 95,913 Da (His-Tag included)

(Figure 2A). Moreover, when exposed to UV light, the 95,000 Da SDS-

PAGE band was found to emit light in the visible wavelength range

(Figure 2A). This distinctive behavior indicates the presence of a fluo-

rophore bound to the protein even in the electrophoresis denaturing

condition.[56] Indeed, SOX FAD cofactor is known to be covalently

bound to the poly-peptide chain of the protein through the sulfur atom

of a cysteine residue near the COOH-terminus of the protein (8α-
S-cysteinyl-FAD).[45,46,57] The fluorescence of the polyacrylamide gel

band is thereby in line with a proper SOX domain maturation process

within the fusion enzyme. The protein purity was evaluated spec-

trophotometrically, the batch of the purest fusion enzyme was found

to display a A419/A280 of 0.53. The yield of protein after purification

was 10.62 mg L−1 of cell colture, based on the 450 nm absorbance

after CO binding, that is 5 times that obtained by our laboratory for

the CYP116B5-fl (2.06 mg L−1 of cell culture) and comparable to that

of CYP116B5-hd (11.22 mg L−1). The data indicate that the presence

of the partner domain SOX in the artificial fusion enzyme does not

negatively affect the amount of the folded protein, as instead it was

observed for the CYP116B5-fl.

3.2 Spectroscopical characterization

The single domains within the fusion proteins were both character-

ized in terms of cofactor incorporation and reactivity using absorbance

and fluorescence spectroscopy. The UV-vis absorption spectrum of

CYP116B5-SOX in steady state displays the typical spectroscopic

features of CYP116B5 heme domain oxidized form,[21] that is, the

Soret peak at 419 nm and two absorbance Q-bands at 539 and 573

nm, with another maximum around 356 nm, as expected for the six-

coordinate low-spin state ferrous-heme form (Figure 2B).[21] Within

the fusion protein spectrum we observed the characteristic flavopro-

tein absorption bands with maxima at 454 (ε454nm: 12,200 M−1 cm−1)

and a shoulder at 475 nm (Figure 2B).[46] After reduction with sodium

dithionite the protein showed a decrease of the Soret peak intensity

and a shift to 410–411 nm as well as the merging of the Q-bands into a

single band at 550 nm, in line with the heme FeIII → FeII transition,[58]

concomitantly it was observed the decrease of the 454 nm and 475

nm bands, due to the SOX reduction.[48] The protein sample in the

reduced state was bubbled with carbonmonoxide, resulting in the typ-

ical Soret peak conversion to 450 nm (ε450nm: 91,000 M−1 cm−1),[21]

as expected for the FeII-CO complex formation (Figure 2B).[59] Due

to the lower molar extinction coefficient (ε) of SOX compared to the

CYP116B5-hd and the overlapping absorbance of FAD and heme in

the visible region, an adequate spectral characterization of SOXwasn’t

achievable using only UV-VIS spectroscopy. Therefore, fluorescence

was used to characterize the spectral properties of the fusion enzyme

SOXdomain. Figure2Cshows the fluorescenceexcitation andemission

spectra of the fusion protein SOX domain. In fully aerated conditions

the excitation spectra of the enzyme showed maxima at 372 nm, 454

nm, and a shoulder at 475 nm, measuring the light emitted by the sam-

ple at 530 nm. Right after addition of a strong excess of sarcosine

(>103 molar equivalents) the fluorescence intensity at λ530 decreased,
indicating the reduction of the SOX FAD (Figure 2C). SOX covalent

8α-S-cysteinyl-FAD is known to undergo specific spectral changes sim-

ilar to those of free FAD when reduced by a two-electron transfer

process.[48] In our experimental conditions, the complete bleaching

of the SOX fluorescence could not be observed, likely due to the oxi-

dizing environment that leads to immediate oxygen incorporation by

the cofactor after reduction. The complete re-oxidation of SOX was

reached 2 h after the addition of sarcosine (Figure 2C) and this is fully

in line with the catalytic cycle of SOX.[48] Indeed, the concentration

of oxygen in solution in air-saturated buffer condition (approximately

0.27 mM) is known to be rate-limiting for SOX catalysis[48] whereas

the reductive semi-reaction proceeds at much higher rate (rate of

reductive half-reaction = 140 s−1 at pH 8.0, 25◦C).[50] Overall, the

spectroscopic characterization of the fusion enzyme confirmed the

correct cofactors incorporation and reactivity after the expression and

purification of the enzyme. The data indicate that both CYP116B5
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F IGURE 2 (A) SDS-PAGE of CYP116B5-SOX purified by IMAC followed by size-exclusion chromatography. The polyacrylamide was colored
using a Comassie blue protein stain (Giotto Biotech S.r.l, Firenze, Italy) (left) or exposed to UV-light by transillumination to detect protein bands
fluorescence (right). MW ladder: 200, 150, 120, 100, 85, 70, 60, 50, 40 kDa. (B) Spectra of 1.5 μMCYP116B5-SOX in KPi 50mMat pH 6.8
displaying the spectral properties of the heme oxidized form (black solid line), reduced form in presence of sodium dithionite (gray solid line), and
CO-bound form after carbonmonoxide bubbling (black dashed line). (C) Fluorescence excitation (solid lines) and emission (dashed lines) spectra of
3 μMCYP116B5-SOX in fully aerated condition in presence of sarcosine. Data shows the spectral properties of flavin oxidized form (black lines),
two-electron reduced form right after the addition of 10mM sarcosine (red lines), and re-oxidized form 2 h after sarcosine addition (gray lines).

and SOX functionalities are conserved in the artificial CYP116B5-SOX

fusion enzyme.

3.3 Thermal denaturation

The thermal stability of the enzyme was studied by using DSC. In

CYP116B5, class VII P450 from Acinetobacter radioresistens, the heme

domain is naturally fused to the reductase domain.[23,25] We investi-

gated the thermal denaturation of full-length CYP116B5 (CYP116B5-

fl) as a function of pH, from 5.8 to 8.0 (Figure S2, Table S1). The

previously characterized CYP116B5-hd[21] allowed to readily iden-

tify the unfolding transition of the heme domain, which corresponded

to the main peak in the thermogram (Figure S2), while the smaller

peak at T > 50◦C corresponded to the reductase domain. The heme

domain unfolds with a TM between 42.8 and 45.6◦C as a function

of the pH employed (Figure S2, Table S1). At pH 6.8 the best com-

promise between stability (measured by TM = 45.0◦C) and amount

of folded protein (measured by enthalpy = 167,600 cal mol−1) was

found. Therefore, at pH 6.8 the enzyme finds the best conditions in

terms of protein homogeneity and thermal stability. Previously, pH

6.8 was also selected as the best conditions for the isolated heme

domain.[21] Thereby, since the full-length form of the enzymes also

shows higher stability at this pH this value was used to investigate the

thermal denaturation of CYP116B5-SOX. The artificial fusion enzyme

displays a high energy barrier to denaturation, as shown by the TM of

the CYP116B5-hd which was 48.4 ± 0.04◦C with an enthalpy value of

175,500± 1850 cal mol−1, and 58.3± 0.02◦C and 120,500± 1350 cal

mol−1 for the SOX domain respectively (Figure 3). The P450 domain

displayed a 3.4◦C increased TM in the artificial fusion enzyme com-

pared to the CYP116B5-fl, and similar to the TM of the heme isolated

form (TM of CYP116B5-hd = 48.2◦C).[21] Furthermore, the enthalpy

associated to the heme domain denaturation in the CYP116B5-SOX

system was higher compared to the CYP116B5-fl, indicating a larger

amount of folded enzyme and a good homogeneity of the protein. The

SOX domain showed a lower TM in the CYP116B5-SOX compared

to the previously reported data. Indeed, the reported TM of native

SOX is 64.0◦C.[60,61] and the SOX domain displayed a TM of 63.2 ±

0.02◦C when used in other fusion enzymes recently reported by our

laboratory.[43] Overall data indicate that the native folding state of

CYP116B5 heme domain and the SOX domain was conserved in the

CYP116B5-SOX fusion enzyme.

3.4 CYP116B5-SOX stability using different
H2O2 supply systems

The objective of this work is to achieve continuous supply of H2O2

generated by SOX to drive the P450 catalysis, therefore it is crucial to

define the stability of theCYP116B5-SOXheme domain towardH2O2.

Indeed, the oxidative damage caused by hydrogen peroxide in solution

is known to affect the structure and reactivity of enzymes. In the case

of P450s, H2O2 causes oxidative damage to the protein structure

as well as to protoporphyrin, leading to the oxidation of the heme-

thiolate cysteine to sulfenic acid and loss of catalytic performance. The

decrease of heme absorbance is thus associated to the cofactor loss

and the enzyme inactivation.[21,40,62,63] The CYP116B5-SOX heme

domain H2O2 tolerance was assessed by monitoring the decreasing

of the Soret band absorbance at 419 nm over time, that is associated

to protein oxidative damage in presence of H2O2 either directly

added in solution or produced starting from sarcosine employing the

SOX supply system. The data are reported in Table 1 and Figure 4.

The CYP116B5-SOX heme domain tolerance to H2O2, in terms of

A419 decay rate and total amplitude of decrease, was found to be in
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GIURIATO ET AL 7 of 15

F IGURE 3 Differential scanning calorimetry of CYP116B5-SOX, analysis was carried out at scan/rate of 75◦C/h, at pH value of 6.8 in 50mM
KPi buffer. (A) experimental curves of CYP116B5-SOX (red line) and CYP116B5-hd (black line) thermal denaturation. (B) fitting of the
CYP116B5-SOX experimental curve applying a non-two-state denaturationmodel (black line) and deconvolution of the first peak (red line) and of
the second peak (blue line).

TABLE 1 Hydrogen peroxide tolerance of CYP116B5-SOX using different H2O2 supply methods.

CYP116B5-SOX CYP116B5-hd[21] CYP116B5-SOX

H2O2 k (s−1) A (%) k (s−1) A (%) Sarcosine k (s−1) A (%)

1mM 0.0009 2.3± 0.4 n/a 4.2± 0.9 10mM n/a 3.6± 2.1

2mM 0.0010 6.8± 2.1 0.0024 7.2± 1.9 50mM n/a 2.8± 1.1

3mM 0.0019 7.3± 1.1 0.0034 7.1± 2.9 100mM n/a 4.3± 0.7

4mM 0.0022 9.5± 0.6 0.0042 5.1± 1.9 200mM n/a 4.4± 0.8

5mM 0.0035 11.0± 2.6 0.0051 10.2± 0.8

Note: Decay rate constant (k) and amplitude of decrease (A) of the P450 absorbance band at λ419 were analyzed incubating 3 μM of enzyme at 15◦C, pH

6.8 over 30min in presence of increasing concentration of H2O2 or sarcosine. Data are compared to the previously reported CYP116B5-hd stability toward

H2O2.
[21]

general similar or higher when compared to the isolated heme domain

(Table 1).[21] When a solution containing CYP116B5-SOX enzyme

is mixed with sarcosine in presence of O2, H2O2 is continuously

produced by SOX catalysis (Supplementary, Figure 4S).[43,48] In this

case the absorbance decreasing over the course of time could not be

fitted to the same exponential decay equation used in the previous

case, likely because of the attenuated damage granted by a continuous

increment rather than a instantaneous addition ofH2O2, consequently

this also beneficially impacts the overall amplitude of heme inactiva-

tion (Table 1, Figure 4). In any case, using a concentration of sarcosine

up to 200 mM, the total protein loss did not exceed the 4.4 ± 0.8%

(Table 1). The unusual stability of CYP116B5-hd to the oxidative dam-

age induced by H2O2 has already been reported.[21] Our observation

further confirmed the CYP116B5-hd stability in presence of hydrogen

peroxide in solution in the context of the fusion enzyme. Moreover,

our data suggest that when the enzyme is mixedwith sarcosine even in

large concentration excess, implying H2O2 production at its maximum

potential,[48] the overall protein loss is almost negligible. The data

indicate an excellent chemical stability of the fusion enzyme when the

SOX is employed as H2O2-donor.

3.5 Effect of H2O2 on the CYP116B5-SOX single
domains activity

The protein stability during the reaction is a crucial issue for the

feasibility of a self-sufficient system based on H2O2 generation. In

particular, the effect of H2O2 on the enzyme catalytic performance

was evaluated for both the SOX and CYP116B5 domains of the fusion

enzyme. The stability of the enzyme to the peroxide was evaluated

in terms of residual activity of the CYP116B5-SOX after incubation

with H2O2. This was calculated for both the domains using the full

activity of the enzyme not treated with H2O2 as term of compari-

son. The activity of the SOX domain was estimated on the basis of

the accumulation of formaldehyde, that is one of the byproducts of

the SOX catalysis during sarcosine oxidation. As expected, the SOX

domain didn’t show any decrease in the catalytic performance when

exposed to up to 5 mM of H2O2 over 30 min (Figure 4E). In our exper-

iments, the amount of H2O2 produced by CYP116B5-SOX at its full

rate over 20 min was 3.70 ± 0.14 mM (Figure S4). According to our

data, the above mentioned concentration of peroxide accumulated

during the reaction of CYP116B5-SOX shouldn’t significantly affect
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8 of 15 GIURIATO ET AL

F IGURE 4 Hydrogen peroxide tolerance of CYP116B5-SOX. (A, B, C, D) P450 absorbance decrease due to oxidation of the heme-thiolate
ligandmediated by H2O2, either produced by SOX (A, C) or added in solution (B, D). (A, B) λ419 nm absorbance decay percentage over 30min of
CYP116B5-SOX in KPi at pH 6.8 in presence of (A) sarcosine at a concentration of 10mM (gray triangles), 50mM (black circles), 100mM (black
triangles), and 200mM (gray circles) or (B) H2O2 at a concentration of 1mM (black circles), 2mM (gray triangles), 3mM (black squares) 4mM (gray
circles), and 5mM (black triangles). (C, D) CYP116B5-SOXUV–vis spectra recorded over 30min at 15◦C after the addition of (C) 200mM
sarcosine or (D) 5mMH2O2. Protein concentrationwas 3 μM, arrows show the direction of the observed spectral change. (E, F) Residual activity of
the two domain of the fusion enzyme after incubation with H2O2. Sample were incubated 30min at 25◦C in presence of different concentrations
of H2O2. The activity of the enzyme treated with H2O2 was compared to a not treated sample, used to define the total activity of the enzyme. (E)
Activity of SOX domain evaluated as the formaldehyde produced by CYP116B5-SOX after 30min in presence of 250mM sarcosine. (F) Activity of
CYP116B5-SOX expressed as p-nitrocatechol production after 30min in presence of 250mM sarcosine and 1mM p-nitrophenol. All reaction
were performed in triplicate, error bands represent the standard deviation.

the SOX performance. The P450 domain activity was expressed as the

amount of p-nitrocatechol produced by CYP116B5-SOX using sarco-

sine as co-substrate (Figure 4F). The enzyme meantained more than

96% of the total activity when treated with up to 3 mM H2O2, and

about the 82% up to 5 mM. The data confirm the overall high resis-

tance of the P450 116B5 to hydrogen peroxide.[21] Interestingly, at

the higher concentration of H2O2 (5 mM) the P450 heme-thiolate lig-

and oxidation measured in our spectrophotometry experiments was

only the 11% (Figure 4B, Table 1). This probably suggests that the loss

of activity for the p-nitrocatechol production is due to both the heme

coordination loss and the oxidative damage of H2O2 against the heme

domain protein structure,[40] which would explain the slight differ-

ence between the cofactor loss and the observed overall decrease of

catalytic performance of the fusion enzyme.

 18607314, 2024, 5, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/biot.202300664 by U

niversita D
i T

orino, W
iley O

nline L
ibrary on [14/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



GIURIATO ET AL 9 of 15

F IGURE 5 CYP116B5-SOX catalysis investigation for the production of p-nitrocatechol. (A) Investigation of the optimal concentration of
sarcosine. 0.25 μM enzymeweremixedwith 1mMpNP and 1, 10, 100, 250, 300, or 500mM sarcosine and incubated for 30min at a pH value of
7.4. (B) Fusion enzyme activity at different pH. reaction were performed using 0.25 μM enzyme 1mMpNP, and either 250mM sarcosine (gray
columns) or 1mMH2O2 (orange columns) and incubated for 30min at 30◦C. (C)Michaelis-Menten fitting of the rate of production of pNC at
increasing concentration of substrate. Reactions were performed using 0.25 μMCYP116B5-SOX, 250mM sarcosine with pNP at a concentration
of 0, 0.05, 0.1 0.2, 0.6, 1.2, 1.6, or 2.0mM respectively, samples were incubated for 5min at 30◦C and a pH value of 7.4.

3.6 Fusion enzyme catalysis

In order to optimize the experimental conditions for the CYP116B5-

SOX catalysis, we investigated the catalytic performance of the puri-

fied enzyme for the conversion of the marker substrate p-nitrophenol

(pNP). P450 116B5 is known to perform the peroxide-driven hydrox-

ylation of pNP into p-nitrocatechol (pNC), that is easily detectable

by the distinctive 515 nm absorbance band measurable in alkaline

conditions.[21,58] The optimal sarcosine concentration needed to drive

the CYP116B5-SOX catalysis was determined by measuring the pro-

duction of pNC driven by sarcosine ranging from 1 to 500 mM

(Figure 5A). The CYP116B5-SOX showed an increased rate for pNC

production up to 250 mM sarcosine. A further increase in sarcosine

concentration led to an apparent decrease of the rate of production

of pNC. This effect can be ascribed to the accumulation of H2O2 pro-

duced by SOX, resulting in enzyme damage and subsequent loss of

catalytic efficiency,[43] as suggested also by our investigation of the

enzyme residual activity after H2O2 exposure (Figure 4F). For this rea-

son all the subsequent experiments were carried out using either 250

mM sarcosine or keeping constant the sarcosine / CYP116B5-SOX

molar ratio. The optimal pH condition for the CYP116B5-SOX cataly-

sis was assessed by measuring the production of pNC as a function of

pH value used, ranging from 5.0 to 8.7. In this case, two H2O2 supply

method were employed, that is, the direct addition of H2O2 in solution

or the in-situ generation of H2O2 by SOX domain driven by sarcosine

(Figure 5B). Data show that, regardless the supply method used, the

CYP116B5-SOX display the highest catalytic performance at pH value

of 7.4. At this slightly alkaline pH CYP116B5-SOX produced 96.9 ±

8.2 or 70.9 ± 3.5 μmoles L−1 of pNC when the catalysis was driven by

sarcosine or exogenous H2O2 respectively. Of note, for each pH con-

dition tested, the sarcosine-driven CYP116B5-SOX catalysis resulted

in a higher a production of pNC compared to the direct addition of

exogenous a H2O2 (Figure 5B). This data is in line with a better regula-

tion of the P450 catalysis obtained promoting a continuous production

of hydrogen peroxide exploiting the SOX catalysis as supply system.

The kinetic parameters for the CYP116B5-SOX activity toward pNP

were extrapolated by fitting the rate of pNC production at increasing

concentration of substrate to the classical Michaelis-Menten equation

(Figure5C).CYP116B5-SOXshoweda kcat of20.1±0.6min−1 andaKM
of 0.23 ± 0.03 mM when the optimal reaction condition were applied,

resulting in about 4x higher specificity constant (kcat/ KM) compared to

the isolated CYP116B5-hd (kcat of 2.65 ± 0.14 min−1; KM of 0.129 ±

0.30mM).[21] Overall, the data indicate the excellent catalytic behavior

of the engineeredH2O2 self-generating fusion enzyme system. Indeed,

when the catalysis of the CYP 116B5-SOX was driven by sarcosine,

thus the in-situ production of H2O2 was employed, the P450 showed

an increased activity compared to both the exogenous peroxide-driven

CYP116B5-SOX and the isolated CYP116B5-hd (Figure 5). This posi-

tive effect on the P450 activity could be driven by the modulation of

the hydrogen peroxide accumulation in solution, which is controlled by

the SOX domain and results in a higher stability and a better sustained

catalysis of the heme domain in the fusion enzyme system.

3.7 Hydrogen peroxide production during
CYP116B5-SOX reaction

In our fusion enzyme system, the SOX domain is exploited for the

continuous production of H2O2 to sustain the peroxygenase activity

of the CYP116B5-SOX. We measured the amount of H2O2 accumu-

lated in solution by SOX activity over time. Optimal enzyme, substrate

and co-substrate (sarcosine) concentrations were selected on the

basis of the conditions that yielded higher p-nitrocatechol produc-

tion. We measured the accumulation of H2O2 in real time coupling
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10 of 15 GIURIATO ET AL

the CYP116B5-SOX reaction to the horseradish peroxidase activity,

which uses H2O2 to convert ABTS into a colored product (ABTS•+)
(Figure S4).[43,55] The data indicate that the CYP116B5-SOXproduced

1.308 mM ± 0.038 mM after 5 min of reaction, that is the time used

in our experiment to extrapolate the kinetics parameter for the con-

version of p-nitrophenol, and up to 3.650 ± 0.136 mM over 20 min.

As expected, in the presence of p-nitrophenol, the peroxygenase activ-

ity of the CYP116B5 consumed only 3.2% of the H2O2 accumulated

(Figure S4), that is fully in linewith the concentration of p-nitrocatechol

produced in the same condition (about 100 μM) and measured dur-

ing our experiments (Figure 5). The data suggest that the H2O2-donor

functionality is able to sustain the peroxygenase activity of the P450

and that the H2O2 consumption of the CYP116B5-SOX is entirely

coupled with the formation of the product.

3.8 Drugs bioconversion using CYP 116B5-SOX
expressing E. coli strain

In order to study the applicability of the fusion enzyme catalysis in

bioremediation we performed a reaction scale-up exploiting a strain

of E. coli BL21 (DE3) cells transformed with the pET-28-a-CYP116B5-

SOX(+) vector: E. coli (CYP116B5-SOX). We employed the transformed

bacteria as biocatalytic system to remove tamoxifen,[64–73] commonly

reported as water pollutant,[9] from an aqueous buffered medium,

taken as a model of contaminated water. We used HPLC-MS to

identify the metabolites produced by CYP116B5-SOX catalysis. Puri-

fied CYP116B5-SOX (where catalysis is driven by sarcosine) and

CYP116B5-hd (where catalysis is driven by H2O2) were both found to

convert tamoxifen into the correspondingN-desmethyl metabolite—as

already reported[21]— and the N-oxide metabolite (Figure S5). Nev-

ertheless, the main metabolite detected after the extraction of the

samples from the whole cell batch during the bioconversion process

using E. coli (CYP116B5-SOX) as biocatalyst was tamoxifen N-oxide

(Figure 6). Therefore we investigated the performance of the trans-

formed cells strain for the tamoxifen bioconversion by measuring the

end-point yield of production of tamoxifen N-oxide, after 24 h. incu-

bation in presence of either increasing concentration of sarcosine or

H2O2 as catalysis driving agent (Figure 7). The fusion enzyme system

was able to convert tamoxifen using both the H2O2 supply method.

When the E. coli (CYP116B5-SOX) cells activity was analyzed as a func-

tion of the sarcosine concentration in the reactionmedium, the system

showed themaximal performancewhen the reducing agentwas kept at

a concentration in a 100–250 mM range (Figure 7B). The higher yield

of tamoxifen conversion was reached at a concentration of 250 mM of

sarcosine, where the whole cell catalysis resulted in the production of

239± 20 μM tamoxifenN-oxide, corresponding to about the 25% con-

version of initial tamoxifen amount, as compared to only the 2% with

H2O2 direct addition (Figure 7). In general, when E. coli (CYP116B5-

SOX) cells were supplemented with sarcosine, the performance of the

biocatalyst was found to be better than adding directly hydrogen per-

oxide in solution. E. coli (CYP116B5-SOX) cells showed about a 12-folds

higher performance for the production of tamoxifenN-oxide when the

F IGURE 6 HPLC traces of tamoxifen, tamoxifenN-oxide and
N-desmethyl tamoxifen standards, compared to themetabolites
extracted with ethyl acetate from thewhole cell production process
using E. coli strain expressing CYP116B5-SOX in presence of 250mM
sarcosine and 1mM tamoxifen.

catalysis was induced by sarcosine compared to that obtained by the

direct addition of exogenous H2O2. The data indicate that sarcosine is

an excellent driver for the catalysis of the CYP116B5-SOX in a whole

cell context. We assume that the unsuitability of hydrogen peroxide as

direct CYP116B5-SOX catalysis driver in whole cell context lies in the

general instability of this compound, as well as in the activity of oxida-

tive stress regulators such as catalase expressed by E. coli,[74,75] which

result in a very lowexposure of the enzyme toH2O2. Toour knowledge,

no strain of E. coli is capable metabolizing sarcosine and for this reason

sarcosine is able to target the CYP116B5-SOX enzyme even inside the

cell without being degraded by the cell endogenousmetabolism.[76–78]

In light of these results, we consider the SOX-based fusion enzyme

system an optimal strategy to scale-up the CYP116B5 peroxygenase

catalysis when awhole cell system is required.

4 DISCUSSION

The present study is an application of theMolecular Lego[79] approach

to obtain an in-situ generation system of H2O2 for the CYP116B5-
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F IGURE 7 TamoxifenN-oxide production exploiting E. coli strain expressing CYP116B5-SOX. Cell samples containing 1mM tamoxifen were
extracted with ethylacetate and analyzed by HPLC after 24 h. incubation at 30◦C in presence of either increasing concentration of H2O2 (A) or
sarcosine (B) as reaction starter. The red horizontal line shows themaximum yield of tamoxifenN-oxide reached by direct addition of H2O2.

hd peroxygenase catalysis (Figure 1). In nature, CYP116B5-hd accepts

two electrons fromNADPH through its FMN-binding ferridoxin reduc-

tase, that is linked to the heme domain in a unique polypeptide.

Although CYP116B5 has shown to be able to convert substrates of

interest for bioremediation,[21,24,25] such as drugs commonly found in

wastewater,[14] the extensiveuseof this biocatalyst is hamperedby the

affordability of the native electron donor and the general instability

in solution and relatively low monooxygenase activity of the natu-

ral enzyme.[23] Notably, the CYP116B5-hd peroxygenase activity has

been reported tobemoreefficient than the full-lengthmonooxygenase

one in termsof substrates total turnover and reaction kinetics.[23,24] As

the H2O2 direct in-bulk addition is not feasible to harness and scale-

up the enzyme catalysis, several H2O2 supplymethod can be exploited,

including the continuous-flow addition. [80,81] However, none of these

is able to conveniently sustain the catalysis in whole cell. The pro-

tein engineering strategy by which two enzymes of different species

of origin are fused to build a catalytically self-sufficient chimera, has

showed remarkable results.[42–44,79,82] Moreover, the use of fusion

enzyme partner(s) often enables a higher yield of protein that are dif-

ficult to be produced because of poor stability in solution. [83] In our

latest work, a preliminary test carried out on cell extract of E. coli

strain expressing the CYP116B5-SOX showed a better activity com-

pared to CYP116B5-fl and CYP116B5-hd in the same experimental

conditions.[23] Recently, SOX has been used as H2O2 donor partner

of CYP152 peroxygenase, enabling to increase the catalytic perfor-

mance of the P450.[43] As the research in the field of fusion enzymes

expanded extensively in the last few years, further possible optimiza-

tion of protein engineering emerged, including the modification of the

sequence of the linker in terms of length and/or rigidity, as well as use

other H2O2-generation system(s). [84,85] Interestingly, the Molecular

Lego approach we pioneered, allow us to modify each module of the

chimera—, that is, the linker sequence or the H2O2-donor domain—to

further optimize the stability and activity of the P450 fusion enzyme.

In light of the previous results, herein the fusion enzyme has been het-

erologously expressed in E. coli, purified and characterized in terms of

domain functionalities, thermal stability and tolerance toward H2O2

(Figures 2, 3, and4). CYP116B5-hd raised interest for its product speci-

ficity, being able to convert drugs into interesting compound. [21] One

of the limiting aspects to the applicability of this biocatalyst is the rel-

atively low turnover. This work of protein engineering is a promising

starting point not only to obtain the fine regulation of the CYP116B5

peroxygenase activity, but also to scale up the catalysis in whole cell.

In the future, this fusion enzyme strategy could be combined with the

engineering of CYP116B5 active site to increase the turnover num-

ber of the enzyme, achieving additional product yield. In summary, in

this work data indicate a good maturation process of the two enzymes

in the fusion protein, which displayed to preserve the active folding

state and the reactivity of the SOX [45,48] andCYP116B5-hd.[21,25] The

folding cooperativity and the stability in solution of the two enzymes

in the fusion protein have been observed during DSC experiments as

well. As matter of fact, the enthalpy associated to the heme and flavin

domains denaturation in the CYP116B5-SOX system is high, indicating

a large amount of folded enzyme and a good homogeneity of the pro-

tein. Furthermore, the unfolding transition of the P450 domain in the

artificial fusionenzymeshowedaTM increaseof3.4◦Ccompared to the

CYP116B5-fl.[21] Overall, the spectroscopy and calorimetry data indi-

cate that the engineering strategy bywhich the twoenzymes are linked

throughapoly-glycine flexible linker, resulted in thepreservationof the

active folding state of the two enzyme, with a increase of the stabil-

ity of the heme domain.[23] The fluorescence investigation of the SOX

domain reactivity revealed a relatively rapid reduction of the enzyme

in presence of an excess of sarcosine, whereas the re-oxidation of SOX

FADH2, that is associated to the production of H2O2, was found to be

the limiting rate step (Figure 2).[47,48] Indeed, we observed that the rel-

atively slow re-oxidation rate of the SOX flavin is a desired process

because we can achieve a controlled and continuous H2O2 produc-

tion overtime. The CYP116B5-SOX heme leakage and loss of activity

at theH2O2 concentration range that is accumulated by SOX activity—

3–4 mM (Figure S4)—was found to be substantially neglectable

in our experiments (Figure 4, table 1), indicating a great chemi-
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cal stability of the P450 when the in-situ peroxide generation was

employed.

The use of sarcosine to drive the purified CYP116B5-SOX catalysis

resulted in the enhancement of the kcat/KM for pNP conversion com-

pared to both the CYP116B5-fl (driven byNADPH), the CYP116B5-hd

(H2O2), or CYP116B5-SOX itself when exogenous H2O2 was directly

added in solution (Figure 5). The kinetic parameters herein registered

for the pNP conversion are indeed the best ever reported for the

CYP116B5.[21,23,24] In light of the latter remarkable result, we infer

that by regulating the supply of H2O2 overtime, acting on the SOX

activity, the accumulation of the peroxide in solution can be fine-

tuned, limiting the oxidative damage to the heme while the P450

peroxygenase catalysis is fully sustained. We conclude that the modu-

lation of theH2O2 accumulation in solution, combined to the observed

high stability of the enzyme against oxidative damage and thermal

denaturation, resulted in the increased catalytic performance of the

CYP116B5-SOX. When tested for its bioremediation potential, the

fusion enzyme showed approximately a 12-folds higher tamoxifen N-

oxide yield compared to the direct addition of exogenousH2O2. In view

of the outstanding results obtained by the CYP116B5-SOX system

in E. coli, the in-situ production of H2O2 using sarcosine as sacrificial

substrate can be considered as an optimal strategy to further charac-

terize and scale-up the catalysis of peroxygenases P450s into whole

cell systems.
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