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1 | INTRODUCTION

Gianfranco Gilardi?

Abstract

Self-sufficient cytochromes P450 of the sub-family CYP116B have gained great atten-
tion in biotechnology due to their ability to catalyze challenging reactions toward a
wide range of organic compounds. However, these P450s are often unstable in solu-
tion and their activity is limited to a short reaction time. Previously it has been shown
that the isolated heme domain of CYP116B5 can work as a peroxygenase with H,O,
without the addition of NAD(P)H. In this work, protein engineering was used to gen-
erate a chimeric enzyme (CYP116B5-SOX), in which the native reductase domain is
replaced by a monomeric sarcosine oxidase (MSOX) capable of producing H,0,. The
full-length enzyme (CYP116B5-fl) is characterized for the first time, allowing a detailed
comparison to the heme domain (CYP116B5-hd) and CYP116B5-SOX. The catalytic
activity of the three forms of the enzyme was studied using p-nitrophenol as substrate,
and adding NADPH (CYP116B5-fl), H,O, (CYP116B5-hd), and sarcosine (CYP116B5-
SOX) as source of electrons. CYP116B5-SOX performs better than CYP116B5-fl and
CYP116B5-hd showing 10- and 3-folds higher activity, in terms of p-nitrocatechol pro-
duced per mg of enzyme per minute. CYP116B5-SOX represents an optimal model to
exploit CYP116B5 and the same protein engineering approach could be used for P450s
of the same class.
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a separate reductase domain, which accepts electrons from an exter-

nal donor and transfers them to the heme for the catalytic cycle.[45!

Cytochromes P450 are heme containing enzymes of high interest in
biotechnology as they catalyze a variety of oxidation reactions of an
extraordinary number of different types of molecules.[22] They are
present in nearly all organisms and are classified based on the struc-
tural arrangement of their functional domains.!3! Typically, the heme
containing domain carries out its catalytic activity in coordination with

However, the use of such systems for biotechnological purposes is not
cost effective due to the price of the reduced electron donors and can
be limited by the poor solubility and stability of the proteins. To over-
come these problems, recent developments on enzyme biotechnology
point toward the use of the so-called self-sufficient cytochromes P450
that carry out their function independently.[67] There are two types of
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self-sufficient P450s, class VII and class VIII, in which the heme con-
taining domain and the reductase domain are fused in the same
polypeptide chain, and class IX and X consisting of a heme contain-
ing domain that can accept electrons directly from a donor such as
NAD(P)H and H,O, or via an intramolecular arrangement.

Among class VIII, the most studied self-sufficient cytochrome is
CYP102A1 (P450 BM3), a highly efficient fatty acid hydroxylase from
Bacillus megaterium.[8! Indeed, the great catalytic performance of P450
BM3 and the use of the same type of enzymes for industrial appli-
cations is limited by the narrow substrate scope and by the need
for the expensive cofactor NAD(P)H. Nevertheless, P450 BM3 has
been successfully engineered to expand the range of its reactivity
toward other types of molecules such as pharmaceuticals and aromatic
compounds.[?714] Most interestingly, a different approach was used
to develop new mutants of P450 BM3 in which an efficient cataly-
sis could be driven by H,0, via the so-called peroxide shunt.[15-17]
This pathway is typical of a special group of P450 peroxygenases!18]
such as CYP152B1 (SP«)(*?) and CYP152L1 (OleTJE).[2%] However,
enzymes that carry out their catalysis via the peroxide shunt have
a limited lifetime due to the destabilization and the damage caused
by H,0,. As for class VII, these cytochromes P450 are emerging
as powerful biocatalysts thanks to their wide substrate scope, rang-
ing from simple molecules such as fatty acids, to more complex
molecules such as polycyclic hydrocarbons, pesticides, and drugs.!¢]
Cytochromes of this class are well represented by bacterial enzymes
of the sub-family CYP116B, which are mostly present in extremophile
microorganisms that can live under extreme temperature or radia-
tions, high salinity, or in the presence of toxic molecules.[21-28] Class
VIl cytochromes are well represented by CYP116B5 from Acineto-
bacter radioresistens. This P450 was first identified and studied in our
laboratories.[2?] Subsequently, its heme domain (CYP116B5-hd) was
expressed, purified, and characterized, revealing a high tolerance to
H,0, and an extraordinary ability to work as a peroxygenase by
using the peroxide shunt, 39311 despite maintaining the characteristics
of a monooxygenase.[3233] The recombinant production of the heme
domain represented an advantage also in terms of solubility, stabil-
ity, and production yield. On the other hand, although the ability to
carry out the catalysis via the peroxide shunt using H,O, instead of
NAD(P)H represents a great advantage in terms of costs, the com-
parison of the catalytic parameters with its full-length form was still
missing.

In this work, we expressed and characterized for the first time
the full-length form of CYP116B5 from A. radioresistens. The proper-
ties of the full-length enzyme are used as a term of comparison for
protein engineering studies in which the heme domain of CYP116B5
and a monomeric sarcosine oxidase (MSOX) that is able to produce
H,0O, with a controlled and continuous release in time. The resulting
chimeric enzyme (CYP116B5-SOX) exploits the peroxygenase activ-
ity of the heme domain sustained by the MSOX domain. The most
important outcome is the switching of the P450 reductase partner,
which is replaced by MSOX from Bacillus sp. BO618, capable of pro-

ducing H,0,, formaldehyde, and glycine starting from sarcosine.[3435]

A comparison of the catalytic properties of the three versions of the
enzyme (native full length of CYP116B5, its isolated heme domain
and the CYP116B5-SOX chimera) was carried out to establish optimal
conditions for biocatalysis.

2 | MATERIALS AND METHODS

2.1 | Bacterial strains, culture conditions, and
expression vectors

Escherichia coli supercompetent cells were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). E. coli DH5a supercompetent
cells were used for cloning and plasmid replication. E. coli BL21 (DE3)
supercompetent cells were used for protein expression trials and
large-scale expression. Cells were routinely grown in Luria-Bertani
(LB) medium supplemented with 50 ug mL~1 of kanamycin at 37°C
unless stated otherwise. The DNA sequence of CYP116B5 in its
full-length form (GenBank No. HQ685898.1) was cloned into the
expression vector pET30a (+). The sequence coding for a poly-histidine
tag was also added at the 5’ of the gene for affinity purification
purpose. The expression vector containing the coding sequence of
CYP116B5 heme domain (CYP116B5-hd) was designed and con-
structed previously.[31! The DNA sequence of the MSOX from Bacillus
sp. B0618!3¢! was cloned into the expression vector pET30a (+), insert-
ing a GPGGGGGGGPG loop between the two functional units, which
was previously designed in our lab,[37] and a poly-histidine tag at its
C-terminus. Plasmid construction for the expression of the chimeric
enzyme CYP116B5-SOX was performed by GenScript (Piscataway, NJ,
USA).

2.2 | Protein expression

Expression of CYP116B5-hd was performed as previously
published.[31] The expression of CYP116B5-fl was tested using E. coli
BL21 (DE3) in LB medium supplemented with kanamycin. Overnight
cultures were diluted to an ODgggy, of about 0.05 in 10 mL cultures.
When the ODgggnm reached 0.4 the medium was supplemented with
0.5 mM §-aminolevulinic acid (§ Ala) and 0.05 mM riboflavin. When
the ODg¢gonm reached 0.6, the expression of the gene was induced
by adding different concentrations of isopropyl 5-D-thiogalactoside
(IPTG) (0, 0.1, and 1 mM) at different temperatures (28 and 16°C). The
cells were grown overnight, harvested by centrifugation for 30 min
at 4°C, and resuspended in buffer containing 50 mM potassium phos-
phate (pH 6.8), 100 mMm KCI, 10 mMm imidazole, and protease inhibitor
cocktail (Roche, Basel, Switzerland). The cells were lysed by sonication
and the lysate was cleared by centrifugation for 30 min at 4°C. Whole
cell samples and cell-free extracts were analyzed and compared by
SDS-PAGE. In order to ensure the same concentration of proteins were
being analyzed, whole cell samples were diluted with H,O according

to their optical density.
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Expression of CYP116B5-SOX was carried out using E. coli BL21
(DE3) in media supplemented with 25 ug mL~1 of kanamycin. A sin-
gle colony was used to inoculate 10 mL of LB medium supplemented
with 25 ug mL~1 of kanamycin and incubated at 37°C with 220 rpm
shaking for 18 h. Five milliliters of the overnight culture were used
to inoculate 400 mL TB medium supplemented with 25 ug mL~! of
kanamycin. 0.5 mM & Ala and 50 ug mL~! riboflavin were added as
heme and FAD precursors, respectively. Cultures were incubated at
37°C with 180 rpm shaking. When the ODggo,,m reached 0.4-0.5, the
expression of CYP116B5-SOX was induced by adding 0.125 mM IPTG,
and the cultures were incubated at 25°C for 24 h. Cells were harvested

by centrifugation at 4200 rpm for 30 min.

2.3 | Protein purification

Five hundred milliliters of LB medium supplemented with kanamycin
were inoculated with 5 mL of overnight cultures and incubated at
37°C with 180 rpm shaking. When the ODgpgnm reached 0.4 the
medium was supplemented with 0.5 mMm SAla and 0.05 mM riboflavin.
When the ODggo,m reached 0.6, the cultures were grown overnight
at 16°C with 180 rpm shaking (without IPTG). Cells were harvested
by centrifugation at 4500 rpm for 1 h at 4°C. Cell pellets were
resuspended in a lysis buffer containing 50 mM potassium phosphate
(pH 6.8), 100 mM KCI, 10 mm imidazole, 5% v/v glycerol supple-
mented with protease inhibitor cocktail (Roche, Basel, Switzerland)
and DNase |, with a 1:5 ratio (g of pellet:mL of buffer). Cells were
lysed by sonication and the lysate was clarified by centrifugation at
40,000 rpm for 1 h at 4°C. Poly-histidine-tagged P450 was purified
by affinity chromatography using His-Trap HP column (GE Health-
care, Chicago, IL, USA). The column was equilibrated with 10 mL
of lysis buffer and washed with the same buffer containing 50 mm
imidazole. Poly-histidine-tagged P450 was eluted with a buffer con-
taining 500 mM imidazole. Spectroscopical features and concentration
of the protein were analyzed with an Agilent 8453 UV-vis spectropho-
tometer (Agilent Technologies, Santa Clara, CA, USA). Protein concen-
tration was calculated from the P450—CO complex spectrum upon
reduction with sodium dithionite using an extinction coefficient of
91,000 M1 cm~1.138]

2.4 | Cytochrome c assay

The nicotinamide cofactor preference of the reductase domain was
investigated by following the reduction of the cytochrome c (50 um
final concentration). Experiments were carried out in triplicate at 25°C
in potassium phosphate buffer (pH 6.8), with 9 nM enzyme and vary-
ing concentrations of cofactors (0-75 um for NADPH and 0-2.0 mMm
for NADH). The reduction of cytochrome ¢ was monitored with a
SPECTROstar nano-microplate reader (BMG labtech, Aylesbury, UK)
following the absorbance at 550 nm, using an extinction coefficient of
28,000 M~ cm~1. Ky and k¢ values were determined by fitting the
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data to the Michaelis-Menten equation by nonlinear regression rate
using Sigma Plot.

2.5 | CYP116B5-fl structural models

The predicted 3D structure model of the full-length
CYP116B5 was obtained from the AlphaFold DataBase
(UniProt identifier: AF-G9BWN9-F1).132401  The amino acid
sequence of CYP116B5-fl was aligned to the sequence of
CYP116B46 using the pairwise sequence alignment tool
(EMBL-EBI).[41] 3D models were created using the software PyMol.

2.6 | Catalytic activity assay

The catalytic activity of CYP116B5-fl, CYP116B5-hd, and the chimeric
enzyme CYP116B5-SOX was studied using p-nitrophenol as substrate.
Experiments were carried out using cell-free extracts, which were
diluted to contain an enzyme concentration of 1 um (CYP116B5-fl),
0.5 uM (CYP116B5-hd), and 0.25 uM (CYP116B5-SOX). The reaction
mixture was prepared in 50 mM potassium phosphate (pH 6.8), contain-
ing respectively 2 mmM NADPH, 2 mM H,0, or 10 mM sarcosine, and
a range of 0-1.6 mM of p-nitrophenol. Reactions were incubated for
30 min at 30°C and stopped by adding 1% trichloroacetic acid (TCA).
Samples were then centrifuged for 5 min at 10,000 g, and the super-
natant was transferred to an NUNC96 96-well microplates (Thermo
Fisher, Waltham, MA, USA). Color development was achieved by adding
9 M NaOH. The production of p-nitrocatechol was quantified spec-
trophotometrically by measuring the absorbance at 515 nm with a
SPECTROstar nano-microplate reader (BMG Labtech, Aylesbury, UK)
using an extinction coefficient of 12,400 M~1 cm~1.[42]

3 | RESULTS

3.1 | Expression, purification, and spectroscopical
features of CYP116B5-fl

E. coli BL21 (DE3) cells harboring the expression vector pET-116B5FL
were used to find the optimal condition of gene expression and protein
production, which was analyzed by SDS-PAGE. Several expression con-
ditions were explored by varying the concentration of IPTG (0-1 mMm)
and temperature (28 and 16°C). At 28°C the protein band could be
found only in whole cell samples, but it was not visible in the soluble
fractions (Figure 1A). CYP116B5-fl was successfully produced in a sol-
uble form in the non-induced sample (0 mM IPTG) at low temperature
(16°C) for 18 h (Figure 1B).

CYP116B5-fl was produced at 16°C for 18 h without adding IPTG.
Figure 1C shows the SDS-PAGE analysis of the purified fractions after
Ni-NTA affinity purification. The absorption spectrum of the puri-

fied oxidized enzyme shows the typical features of cytochromes P450
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Expression, purification and spectroscopical features of CYP116B5-fl. SDS-PAGE analysis of protein expression trials at 16°C (A)

and 28°C (B). Legend: m: molecular weight protein marker; w: whole cell sample; s: soluble proteins. Both gels include non-induced samples, and
samples induced with 0.1 and 1 mM isopropyl -D-thiogalactoside (IPTG). On the left side of the gels reference protein bands are indicated with the
respective molecular weights expressed in kDa. Red rectangles indicate the area of the gel where the overexpressed protein is present at about

85 kDa. (C) SDS-PAGE analysis of protein purification showing the starting sample (lysate) and eluted fractions. (D) Spectroscopical features of
pure CYP116B5-fl show the Soret peak at 424 nm, a and 8 peaks at 580 and 541 nm, flavin mononucleotide (FMN) at 450-475 nm. Inset:
difference spectrum showing an increase at 450 nm generated by subtracting the spectrum of the oxidized CYP116B5-fl from the spectrum of the

dithionite reduced form bubbled with CO.

(Figure 1D): Soret peak at 424 nm, « and 3 peaks at 580 and 541 nm.
Moreover, the spectrum also shows a shoulder at 450-475 nm typical
of oxidized flavin mononucleotide (FMN). The dithionite reduced form
was bubbled with CO, causing a consequent shift of the Soret peak to
450 nm and the disappearance of the shoulder due to the reduction of
the flavin.

3.2 | Nucleotide cofactor preference of
CYP116B5-fl

The nicotinamide cofactor preference of the CYP116B5-fl reduc-
tase domain was investigated by following the reduction of the
cytochrome c. The enzyme showed a preference toward NADPH over
NADH. The calculated Ky were 8 + 1 and 533 + 14 uM, respec-
tively, whereas k., values were 90.7 + 3.8 and 152.9 + 1.5 min~1,
respectively. The obtained Michaelis-Menten curves are shown in

Figure 2.

3.3 | CYP116B5-fl structural analysis and
CYP116B5-SOX chimera engineering

The 3D model of CYP116B5-fl predicted by AlphaFold DB was ana-
lyzed using Pymol and allowed to visualize the three-dimensional
conformation of the three domains (Figure 3A). The primary structure
of CYP116B5-fl was analyzed by aligning the amino acid sequence to
the one of CYP116B46, which was used as a model for studying the
electron transfer pathway from the reductase domain to the heme.
The analysis revealed a 48% identity between the two enzymes. More
specifically, the amino acid involved in the electron transfer were not
found to be conserved (Figure 3B). The 3D models of Figure 3C,D
indicate that the differences in the physicochemical properties of the
amino acids may be responsible for the different activity of the two
enzymes.

Starting from the native CYP116B5-fl (Figure 3E, i), the heme
domain has been previously isolated obtaining a functional P450 that

canserve as a peroxygenase (CYP116B5-hd) (Figure 3E, ii). In this work,
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FIGURE 2 Kinetic parameters determination of CYP116B5-fl using NADPH (A) or NADH (B) as reductants and cytochrome c as electron
acceptor. Error bars represent standard deviation; error bars are not visible when they are smaller than the data point symbols.

a new chimeric enzyme (CYP116B5-SOX) (Figure 3E, iii) was designed
and obtained by switching the P450 reductase partner of CYP116B5-
fl with the MSOX. The difference of three forms of CYP116B5 was

investigated by measuring their catalytic activity.

3.4 | Catalytic activity toward p-nitrophenol of
CYP116B5-SOX, CYP116B5-fl, and CYP116B5-hd

First, a preliminary test was performed to understand if CYP116B5-fl
also undergoes peroxide shunt pathway using H,O, as electron donor.
The assay allowed to compare the relative activity of CYP116B5-fl
in comparison to CYP116B5-hd in terms of p-nitrocatechol produc-
tion. CYP116B5-fl showed a relative activity that was about 10%
lower than the one of CYP116B5-hd. This confirmed that the P450
domain of CYP116B5-fl is able to use H,O, in the same way as the
isolated heme domain. The catalytic activity of the three enzymes
CYP116B5-fl, CYP116B5-hd, and CYP116B5-SOX was then analyzed
by measuring the production of p-nitrocatechol per mg of enzyme
per minute, using a fixed concentration of 1.6 mM of p-nitrophenol
as substrate. CYP116B5-SOX was the most active enzyme, fol-
lowed by CYP116B5-hd and CYP116B5-fl, producing 93.54 + 3.89,
28.97 +0.21, and 9.46 + 0.19 uM p-nitrocatechol/mg enzyme/minute,
respectively. If CYP116B5-SOX is used as a new benchmark for com-
paring the different enzyme systems, CYP116B5-hd and CYP116B5-fl
can only reach 30% and 10% of the activity of the artificial construct
(Figure 4). The kinetic parameters of the three forms of CYP116B5
toward p-nitrophenol were calculated and the Michaelis-Menten
curves are reported in Figure 5. The resulting values of Ky, were
121.35+19.25uM (CYP116B5-SOX), 108.15 + 14.94 um (CYP116B5-
hd), and 218.65 + 18.03 uM (CYP116B5-fl), while k,:/Ky values were
respectively 0.027,0.008, and 0.001 uM~1 min—1.

4 | DISCUSSION

In this work, we present a new strategy for the enhancement of the

peroxygenase activity of CYP116B5 from A. radioresistens. Firstly, we

characterized the full-length form of the enzyme (CYP116B5-fl) for
the first time, and we carried out a detailed catalytic and structural
comparison to other CYP116B isoenzymes. Secondly, we identified a
new enzyme that was able to replace the native reductase domain and
provide H,O, to the heme domain instead of using NADPH. For this
purpose, the MSOX from Bacillus sp. B0618[34-3¢] was fused to the
C-terminus of the heme domain. MSOX catalyzes the oxidation of sar-
cosine to glycine and formaldehyde giving H,O, as by-product. The
activity of the new chimeric enzyme (CYP116B5-SOX) was compared
to those of the isolated heme domain (CYP116B5-hd) and the newly
characterized full-length form (CYP116B5-fl).

For CYP116B5-fl characterization, several tests were conducted
aiming at finding the best condition for protein expression and recov-
ery of the intact and active enzyme from the soluble fraction of the cell
lysate. In contrast to CYP116B5-hd, which was produced at a temper-
ature of over 20°C, CYP116B5-fl was only successfully produced in a
soluble form only at low temperatures (16°C) (Figure 1A,B). Indeed, it
is known that for the heterologous expression of some proteins, the
gene induction at low temperature is particularly useful when the pro-
tein is readily degraded by proteases, aggregates, or is conveyed into
inclusion bodies.[43! Moreover, a key point to produce a high amount of
soluble CYP116B5-fl was the fine adjustment of gene expression. For
this matter, different concentrations of IPTG (from O to 1 mMm) were
tested. The so-called leaky expression resulted to be crucial.[44] In fact,
soluble protein could be obtained only in the condition where no IPTG
was added to the medium and the promoter was not repressed, thus
allowing a basal level of expression. Most P450s belonging to the sub-
family CYP116B were expressed at temperatures higher than 20°C
with a good production vyield, particularly those from thermophilic
microorganisms, which are stable and can perform their catalytic activ-
ity at high temperatures.[2! In our studies, only CYP116B5-hd could
be produced at similar temperatures, indicating that the full-length
form is more prone to unfolding or degradation in E. coli.

The spectroscopical features of the purified enzyme were found
to be typical of the cytochromes from the same sub-family. When
compared to CYP116B5-hd, the absorption spectrum of CYP116B5-
fl shows an additional shoulder at 450-475 nm characteristic of the

oxidized form of FMN (Figure 1D), thus confirming the incorporation
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FIGURE 3 homology model of CYP116B5-fl and comparison with CYP116B46. The predicted structure of CYP116B5-fl (A) was obtained
from AlphaFold DB. Color legend: heme domain (green) with heme (in red), reductase domain includes the flavin mononucleotide (FMN) domain
(blue) with the FMN cofactor (in yellow), 2Fe-2S domain (pale yellow) with the 2Fe-2S cluster (in orange-yellow). (B) Sequence alignment between
CYP116B46 and CYP116B5-fl with a highlight on the key residues involved on the electron transfer chain. The key residues of CYP116B46 (C) and
the correspondent CYP116B5-fl residues (D) are labeled and are shown in ball and stick. (E) Forms of CYP116B5: (i) full-length form, (ii) isolated
heme domain, and (iii) chimeric enzyme obtained by switching the reductase domain with monomeric sarcosine oxidase.

of the cofactor. The nicotinamide cofactor preference was determined
spectroscopically by monitoring the reduction of cytochrome c as elec-
tron acceptor (Figure 2). The kinetic parameters of CYP116B5-fl and
of all the previously characterized CYP116B isoenzymes!23:25-27 45.46]
are reported in Table 1. For all CYP116 isoenzymes, the catalytic effi-
ciencies (kcat/Km) were analyzed, as well as the cofactor preference
ratio ke,t/Kv (NADPH/NADH,). Similar to other CYP116B isoenzymes
studied, also CYP116B5-fl showed a preference toward NADPH over
NADH with a Ky value for NADPH of 8 uM, which falls in the range of
the CYP116B isoenzymes (Ky = 0.9-9.3 uM). On the other hand, for
CYP116B5 the k,; value for NADPH was the lowest of the sub-family.

Recently, the first 3D structure of a full-length P450 of class
VII (CYP116B46) was solved, providing insights into the interactions
between the heme and reductase domains with a particular focus on
the molecular mechanism of the electron transfer chain, which is cru-
cial for the catalytic activity.[4”] Four charged and one polar amino acid
were identified as responsible for transferring the electrons from the
iron-sulfur cluster to the heme. In order to evaluate possible differ-
ences between the two enzymes, an analysis was carried out by using a
predicted structure of CYP116B5 obtained from AlphaFold DataBase
(Figure 3A).13%40] The amino acid sequence of the two enzymes was

further analyzed using the pairwise sequence alignment tool (EMBL-
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FIGURE 4 Relative activity of the enzymes CYP116B5-SOX,
CYP116B5-hd and CYP116B5-fl expressed in percentage using
CYP116B5-SOX as benchmark for comparison.

EBI).141] The results show that the two enzymes share an identity of
48% but none of the five amino acids involved in the electron trans-
fer chain is conserved (Figure 3B). The known electron transfer path
from the 2Fe-2S cluster to the heme in CYP116B46 (Figure 3C) was
analyzed and compared to the path of CYP116B5 (Figure 3D). The
analysis shows that the first three amino acids in CYP116B64 (E729,
S726,R718) are weakly similar to the ones of CYP116B5 (T709, F706,
L698). On the other hand, the two amino acids that are located closer
to the heme have the same type of charged side chain (E723, R388 in
CYP116B46 and D703, K377 in CYP116B5), thus are considered to be
strongly similar (Figure 3D). The evidence suggests that in CYP116B5
the electron transfer chain may be less efficient than the one of other
CYP116B subfamily members but it cannot be excluded that a differ-
ent molecular mechanism takes place and that for this cytochrome
the electron transfer relies more on the structural arrangement of the
domains, which is supposed to be more dynamic and may involve less
or no amino acid residues.[848] The fact that the reductase domain
of CYP116B5 has the lowest cofactor conversion rate among the
CYP116B isoenzymes, added to the evidence that the electron transfer

chain may be less efficient than the one of other CYP116B isoenzymes.

This is also in support of the assumption that CYP116B5 may have a
different evolutionary path and that it is more related to peroxyge-
nases rather than monooxygenases. Indeed, the evolutionary analysis
and the percentage of sequence identity of cytochromes CYP116 was
previously studied and revealed that CYP116B5 is the least closely
related to other members of the sub-family, having the lowest percent-
age of identity for both heme and reductase domains.[2629] Further
studies are certainly needed to elucidate the molecular differences
of cytochromes belonging to this sub-family and to evaluate the abil-
ity of other CYP116B isoenzymes to perform their catalysis using the
peroxide shunt.

The catalytic activity of CYP116B5-fl toward p-nitrophenol was
subsequently investigated in comparison to CYP116B5-hd using cell-
free extracts and NADPH or H,O, as electron donor. The results
show that this P450 is more efficient when it works as a peroxyge-
nase (Figure 3). In fact, the catalysis driven by H,O, in CYP116B5-hd
is more than three-times higher than the one driven by NADPH in
CYP116B5-fl. Similar studies have been carried out with P450 BM3,
but with opposite results..31! In the latter work, the NADPH-driven
reaction of the full-length BM3 was higher than the H,O,-driven catal-
ysis of its isolated heme domain (BMP). The wild-type P450 BM3
exhibits a low peroxygenase activity that can be improved by mutat-
ing specific residues starting from the phenylalanine in position 87,
which plays a crucial role in accommodating H, O, in the active site, and
in stabilizing the enzyme in an H,O, containing solution.[1>-17] pPre-
viously, we analyzed and compared the sequence of CYP116B5 with
other peroxygenases, including a mutant of P450 BM3 with improved
peroxygenase activity, finding that these enzymes share identities or
similarities in the position of amino acids that are crucial for the activity
with hydrogen peroxide.[30]

As CYP116B5 is more efficient as a peroxygenase using H,O,, a
new chimeric enzyme was designed in order to provide H,O, to the
heme domain with controlled and slow release over time via protein
engineering. To this end, we have recently demonstrated that the use
of MSOX in a chimeric system is beneficial for the catalytic activ-
ity as it provides H,O, in a controlled manner and it prevents the
rapid degradation of the heme.[3”] Moreover, in the latter chimeric

(A) CYP116B5-SOX (B) CYP116B5-hd (C) CYP116B5-fl
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FIGURE 5 Kinetic parameters determination of CYP116B5-SOX using sarcosine (A), CYP116B5-hd using H,O, (B), and CYP116B5-fl using
NADPH (C) with p-nitrophenol as a substrate. Error bars represent standard deviation; error bars are not visible when they are smaller than the

data point symbols.
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TABLE 1
CYP116 Cofactor Ky [M]
B1145] NADPH 0.9
NADH 399.1
B2l4¢] NADPH 6.6
NADH 40
B323 NADPH 34
NADH 126
B4(25] NADPH 9.3
NADH 24.9
B5!this work] NADPH 8
NADH 533
B2912¢] NADPH <12
NADH 2.7
B46!26] NADPH 2.5
NADH 482
B621271 NADPH 47
NADH 700
B63(2¢] NADPH 5.4
NADH 640
B6426] NADPH 1.1
NADH 213
B65!2¢6] NADPH 8.4
NADH 1232

ke.t values that originally are reported in s~1, here are converted in min~1.

2This value was considered 1 for the calculation of k.,1/Ky.

system the catalytic activity of MSOX was comparable to the ones
previously reported in the literature.[34! Indeed, several studies have
shown how the catalytic activity of a P450 domain can be modulated
by creating functional self-sufficient fusion proteins via the so-called
“Molecular Lego” approach.l?-511 Moreover, biocatalytic systems that
use peroxygenase can be supported by an in-situ production of H,O,
with beneficial effects.[52] In this work, the MSOX from Bacillus sp.
B0618[34-36] was fused to the C-terminal of the heme domain to cre-
ate the chimeric enzyme CYP116B5-SOX (Figure 3E). MSOX catalyzes
the oxidation of sarcosine to glycine and formaldehyde giving H,O, as
by-products. The activity of CYP116B5-SOX was 10 times higher when
compared to the activity of CYP116B5-fl and about three times higher
than CYP116B5-hd (Figure 4), indicating that the modulation of H,O,
exposure to the catalytic domain is a key element for maintaining the
activity at high level for longer time.

This work opens up the possibility of switching P450 partners in
order to create different catalytic systems allowing for the selection of
different molecules that serve as electron donors or precursors. Our
results indicate that the applicability of this class of P450s for biocat-
alytic processes may be expanded, if they are used as peroxygenases.

Kinetic properties of CYP116B using NADPH and NADH as reductants and cytochrome c as electron acceptor.

Preference ratio

keat keat/Kn keat/Kn
[min=1] [uM~1 min—1] (NADPH/NADH)
151.1 167.8 1199
57.1 0.14

2340 354.5 14
960 24

764 224 78
359 2.84

1236 132.9 4
774 31

90.7 11 39
152.9 0.28

336 336 3.5
258 95.5

2424 969.6 277
1728 3.5

1320 280 200
1020 14

4200 777 117
4260 6.6

498 452 282
342 1.6

4140 492 496
1224 0.99

To-date, the peroxygenase activity of none of the other characterized
CYP116B isoenzymes has been investigated or reported. Furthermore,
these types of studies would certainly provide useful information that
help understanding the differences on the molecular mechanisms of

catalysis and on the evolutionary pathways of CYP116B enzymes.
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