
Enhancing the thermal stability and activity of the engineered 
self-sufficient P450SPα-SOX by switching the domains linker

Daniele Giuriato , Gianluca Catucci , Danilo Correddu , Gianfranco Gilardi *

Department of Life Sciences and Systems Biology, University of Torino, Via Accademia Albertina 13, 10123, Torino, Italy

A R T I C L E  I N F O

Keywords:
Molecular Lego
Engineered linker
P450 SPα
Sarcosine oxidase
H2O2 generation
Styrene
Fusion enzyme
Differential scanning calorimetry

A B S T R A C T

This work reports on the engineering of the linker between P450 SPα (CYP152B1) and sarcosine oxidase (SOX), 
with the aim of enhancing the structural rigidity of the fusion protein (SPα-SOX) and study the effect on its 
stability and catalytic performance. Differential scanning calorimetry shows that the construct bearing the rigid 
linker (SPα-rigid-SOX) results in a higher energy barrier to unfolding (765 kcal/mol) compared to the previous 
fusion system (SPα-flexible-SOX) (561 kcal/mol), as well as a Tonset above 50 ◦C. Furthermore, residual CO- 
binding after heat treatment was investigated for both the fusion systems, and a 5.7 ◦C increase of the T50 of 
SPα-rigid-SOX is shown. Interestingly, a stabilized P420 semi-folded state of the SPα is also observed after SPα- 
rigid-SOX incubation at high temperature (40◦). The two fusion systems were studied at high temperature for the 
turnover of lauric acid: SPα-rigid-SOX shows a 98 % conversion yield using 5 mM substrate compared to the 24 % 
conversion of SPα-flexible-SOX when the catalysis is carried out at 40 ◦C. Finally, the activity of the two con-
structs was tested using styrene as a substrate, and three products of catalysis were observed: styrene oxide (85 
%), phenylacetaldehyde (0–3 %) and 2-phenylpropenal (12–15 %). Interestingly, 2-phenylpropenal is observed 
for the first time and only for the fusion enzymes. Also in this case, SPα-rigid-SOX outperformed SPα-flexible-SOX 
with a 3-fold higher conversion yield. Overall, we demonstrate that the rigid linker improves the fusion enzyme 
thermal stability and catalytic performance, both at high temperature and in mild conditions, resulting also in the 
production of new molecules of biotechnological interest.

1. Introduction

The exploitation of enzymes as industrial biocatalysts is appealing 
but often unfeasible because of their relatively low turnover and poor 
stability. In particular, cytochromes P450 are interesting for their broad 
range of reaction specificity, regio- and stereo-selectivity. Unfortu-
nately, the majority of these enzymes needs NAD(P)H to drive their 
catalysis, which represents a limitation for their extensive economically 
viable exploitation as biocatalysts [1]. Where possible, a widely used 
approach is to exploit the peroxygenase activity of some P450s, avoiding 
the economic and technical limitation of the use of redox partners [2]. 
However, also in this case the intrinsic toxicity of hydrogen peroxide 
toward proteins, as well as its limits of compatibility with cellular life, 
goes to limit the large-scale exploitation of this approach. Protein en-
gineering allows to design artificial fusion proteins, to be efficiently used 
in biocatalytic cascades and to increase the catalytic performance of 
several class of enzymes [3–8]. Fusion proteins are powerful tools to 
combine two or more enzyme functionalities in a cascade reaction, while 

at the same time increasing the stability and catalytic performance of the 
fusion system [9]. Artificial fusion proteins are engineered by recom-
bining two or more genes that originally encode separated proteins, 
possibly even from different organisms. By the Molecular Lego approach, 
multidomain enzyme “chimeras” are engineered to include two non- 
physiological partner enzymes joined together in a single polypeptide 
chain [10,11]. The proximity of the binding pockets of the two enzyme 
in the fusion protein optimizes the transfer of the metabolic intermedi-
ate between the active sites of the two catalytic partners, minimizing 
their diffusion in solution, that often represents one of the rate-limiting 
steps in the cascade reactions [3,5,12]. A crucial aspect addressed when 
optimizing fusion proteins engineering, is the physical-chemical prop-
erties of the linker peptide that connects the different enzymes. A fusion 
enzyme linker is defined by its peptide sequence, which leads to diverse 
secondary structures - usually α-helixes or disordered loops - but also its 
length, flexibility or rigidity and orientation [5,12]. In this work, the 
development of two fusion enzymes functioning as artificial self- 
sufficient peroxygenases is presented. Previously, we reported on a 
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SPα-SOX fusion enzyme able to self-regenerate hydrogen peroxide sus-
taining the conversion of fatty acids in α-hydroxy fatty acids by the 
peroxygenase activity of the P450 SPα [13]. It was proved that not only 
the sarcosine-driven self-sufficient catalysis of the fusion enzyme out-
performed the isolated wild type SPα enzyme [14,15], but the stability 
of the enzyme toward the hydrogen peroxide was also improved, thanks 
to the ability to modulate its in-situ production by the SOX domain ac-
tivity. Encouraged by these results, in this work the design of the bio-
catalyst is optimized by finely tuning the properties of the linker 
sequence between the two enzymatic domains – the SPα and the SOX 
domain. We designed a new construct with a different domains-linker 
sequence (EPPPPLPPPPE), that is meant to confer a higher structural 
rigidity compared to the previous construct. For this reason, the two 
constructs have been named SPα-flexible-SOX and SPα-rigid-SOX. The 
effect of the linker rigidity on the physical-chemical properties of the 
enzyme was investigated in terms of unfolding process by calorimetry, 
UV-VIS spectroscopy, activity, and performance at high temperature 
(40 ◦C).

2. Methods

2.1. Structure prediction

AlphaFold 2.0 [16] was used to predict the 3-D structure of SPα- 
rigid-SOX and SPα-flexible-SOX. The two proteins models’ energy was 
minimized using YASARA energy minimization tool. The resulting 
structures were analyzed using MolProbity Ramachandran analysis 
[17,18] to extrapolate the ϕ and ψ main chain torsion angles.

2.2. Enzymes preparation

The plasmid harboring the sequence of SPα-rigid-SOX was con-
structed as previously reported for that of SPα-flexible-SOX. [13] In 
brief, the SPα-rigid-SOX coding sequence (5′-3′) was designed by fusing 
the P450 152B1 sequence (PDB: 3VM4) [19], AvrII restriction site, the 
33 nucleotides sequence coding for the domains linker 
(GAGCCGCCGCCGCCGCTGCCGCCGCCGCCGGAA), a AscI restriction 
site, the SOX sequence (PDB: 2GB0) [20] and a 6xHis tag coding 
sequence. The SPα-rigid-SOX gene was inserted into a pET-28-a(+) 
expression vector by GenScript (Piscataway, NJ, USA) using the NcoI/ 
EcoRI cloning strategy. The pET plasmids, harboring the SPα-flexible- 
SOX and the SPα-rigid-SOX genes, were used to transform E. coli BL21 
(DE3) cells by heat shock. The transformed bacteria were grown at 37 ◦C 
in Terrific broth (TB) medium and selected with 50 μg/mL Kanamycin. 
After the optical density at 600 nm reached 0.4–0.6, the culture tem-
perature was lowered to 20 ◦C, 0.5 mM δ-aminolevulinic acid and 50 μg/ 
mL riboflavin was added. The protein expression was induced by adding 
0.125 mM IPTG and carried out for 24 h at 20 ◦C. The cells were har-
vested by centrifugation at 4 ◦C, resuspended and sonicated (5 × 30 s 
pulses using a Misonix Ultrasonic Sonicator, Teltow, Germany) in 50 
mM KPI at pH 7.4 supplemented with, 1 % Triton X-100, 20 mM imid-
azole, 1 mg/mL lysozyme, 0.1 mg/mL DNAse I, 1,5 mM PMSF. After 50 
min ultracentrifugation at 45000 rpm, the soluble fraction of cell lysate 
was loaded into 5 ml nickel-ion affinity column (His-trap HP, GE 
Healthcare) hold at 8 ◦C. The column was washed with 20 column 
volumes of a solution containing 50 mM KPi at pH 7.4 supplemented 
with 75 mM imidazole and the target bounded protein was then eluted 
with 200 mM imidazole. The purified protein pools were loaded on a PD- 
10 Desalting Columns packed with Sephadex G-25 resin (Cytiva) to 
remove imidazole and exchange buffer and stored at − 20 ◦C in 50 mM 
KPi pH 7.4, 200 mM KCl, 20 % glycerol. The pGEX-AX2 vector harboring 
a GST-tagged SPα gene was kindly gifted by Professor Yoshihito Wata-
nabe laboratory. The isolated P450 SPα was expressed and purified as 
previously reported [21]. Protein purity was assessed by SDS-PAGE and 
the active protein fraction was quantified basing on the P450 form of 
SPα (ε445nm: 91000 M− 1 cm− 1) after reduction with sodium dithionite 

and pure carbon monoxide bubbling.

2.3. Differential scanning calorimetry

Microcal VP-DSC instrument (Malvern) was used to perform the 
differential scanning calorimetry analysis of SPα-rigid-SOX. The protein 
sample was suspended in 50 mM KPi at pH 7.4 supplemented with 10 % 
glycerol at a final concentration of 5 μM, the same buffer was used also 
for the reference scan. After 10 min of pre-scan equilibration the sample 
was analyzed applying a temperature gradient of 25–90 ◦C with a scan 
rate of 60 ◦C/h [10,13,22,23]. Data were analyzed using Microcal Origin 
software.

2.4. Heme domain residual activity: CO-binding assay

Protein samples containing 0.2 μM of either SPα-flexible-SOX or SPα- 
rigid-SOX were incubated in KPi solution at pH 7.4 at a scalar temper-
ature of 30, 35, 40, 45, 50, 55, 60 or 65 ◦C for 20 min. Then each sample 
was analyzed using a Agilent 8453 UV–VIS spectrophotometer equipped 
with a Peltier Agilent 89,090 A. During the UV-VIS spectroscopy mea-
surement the temperature was maintained at 25 ◦C. A first spectrum of 
the oxidized form of each enzyme was recorded, then excess of sodium 
dithionite was added and samples were bubbled with pure carbon 
monoxide for 30 s and the spectrum of the CO-bound form of the enzyme 
was recorded. The spectrum of the oxidized form of each sample was 
subtracted to the corresponding spectrum of the CO-bound form to 
obtain the difference spectra. In order to calculate the heme domain 
residual activity of each enzyme the absorbance at 445 nm of each 
sample was compared to that of an identical sample kept at 4 ◦C until the 
measurement (not pre-incubated at each temperature). All the experi-
ments were performed in triplicate. The resulting data were plotted 
against temperature and the obtained curves were fitted to a sigmoidal 
Hill’s like equation in four parameters: 

f =
y0 + axb

cb + xb 

where c is the T50 and b is the Kdecay.

2.5. SOX residual activity: hydrogen peroxide production quantification

Protein samples containing 10 nM of either SPα-flexible-SOX or SPα- 
rigid-SOX were incubated in KPi solution at pH 7.4 at 46.5, 52.2 or 60 ◦C 
for 20 min. After that, the production of hydrogen peroxide was 
measured exploiting the HPR coupled reaction as previously described 
[7,13,24]. Samples were transferred in a NUNC96 96-well microplate 
(Thermo Fisher, MA, USA) and mixed with 0.42 μM horseradish 
peroxidase (HRP) and 208 μM ABTS. All reactions were performed in 
triplicate. The reaction was initiated by adding 42 mM sarcosine 
(reaching a final enzyme concentration of 7.5 nM) and the ABTS•+

production was monitored over 60 s by recording the absorbance at 420 
nm every 5 s using a SPECTROstar nano microplate reader (BMG lab-
tech, Aylesbury, UK). In order to calculate the SOX domain residual 
activity, the rate of ABTS•+ production of each sample was compared to 
that of an identical sample kept at 4 ◦C until the measurement (not pre- 
incubated at each temperature).

2.6. Lauric acid reactions

Lauric acid conversion reactions were carried out at either 30 or 
40 ◦C. 1 μM of either P450 SPα, SPα-flexible-SOX or SPα-rigid-SOX was 
mixed in KPi buffer 50 mM at pH 7.4 supplemented with 5 % ethanol as 
cosolvent and 5 mM lauric acid. Wild type SPα reaction was started by 
the addition of 5 mM hydrogen peroxide. SPα-flexible-SOX and SPα- 
rigid-SOX reactions were started by the addition of 500 mM sarcosine. 
All reactions were performed in triplicate. After 1 h incubation at the 
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given temperature, reactions were extracted with 100 % vol/vol methyl 
tert-butyl ether (MTBE) and centrifuged 5 min at 12500 g to remove the 
denatured protein. The organic phase was transferred to a clean tube, 
diluted 1:10 in MTBE and derivatized adding 20 % vol/vol N,O-bis(tri-
methylsilyl)trifluoroacetamide with trimethylchlorosilane and incu-
bating for 1 h at 50 ◦C. GC–MS measurements were performed using a 
Shimadzu single quadrupole GCMS–QP2020 NX equipped with a 
SH–I–5MS capillary column (30 m × 0.25 mm × 0.25 μm). Helium was 
used as a carrier gas with a flow of 1.85 mL min− 1 and the injector 
temperature was set to 250 ◦C. Oven temperature was kept at 70 ◦C for 2 
min, then it was raised at 15 ◦C min− 1 up to 300 ◦C and held for 5 min. 
Mass spectra were collected using electrospray ionization (Fig. S1).

2.7. Styrene reactions

Fusion enzyme was diluted at a final concentration of 4 μM in 50 mM 
KPi at pH 7.4 supplemented with 500 mM sodium acetate, 10 % ethanol 
and respectively 0.5, 1, 2, 3, 6, 8 and 10 mM styrene. The SPα-rigid-SOX 
and SPα-flexible-SOX reactions were initiated by adding 500 mM sar-
cosine and carried out for 20 min at 30 ◦C. All reactions were performed 
in triplicate. The formaldehyde accumulated by SPα-SOX was quantified 
using a Formaldehyde Assay Kit (Sigma-Aldrich, St. Louis, MO 63103 
USA), following the same method as previously described [7]. The wild 
type SPα reaction was performed using 5 μM enzyme, 10 mM styrene, 
500 mM sodium acetate, 5 mM hydrogen peroxide and either 0, 2 or 5 
mM of formaldehyde and carried out at 30 ◦C. After 20 min incubation 
the enzyme was inactivated and reaction products extracted. For the 
qualitative analysis of the metabolites production the reaction condition 
containing 10 mM styrene was extracted with 100 % vol/vol MTBE, the 
sample was centrifuged 5 min at 12500 g to remove the denatured 
protein, the organic phase was then transferred to a clean tube and 
diluted 1:2 in MTBE before analysis. The analysis was performed by 
GC–MS using a Shimadzu single quadrupole GCMS-QP2020 NX equip-
ped with a SH-I5MS capillary column. Helium was used as a carrier gas 
with a flow of 1.17 mL min− 1 and a split ratio of 10. The injector tem-
perature was set to 250 ◦C. The oven temperature was set to 40 ◦C for 2 
min then a first temperature ramp of 40–180 ◦C was applied at 10 ◦C 
min− 1. A second temperature ramp of 180–280 ◦C was applied at 40 ◦C 
min− 1 and the temperature held for 1 min. Mass spectra were collected 
using electrospray ionization. For the study of the enzyme activity, re-
action samples were stopped with 100 % ethanol, vortexed 30 s and 
centrifuged 5 min at 12500 g to remove the denatured protein. Styrene 

metabolites were separated and quantified using Agilent-1200 HPLC 
system equipped with a diode array UV detector and a ZORBAX C18 
prepacked column (Agilent technologies, Santa Clara, CA, USA). The 
diode was set to 210 nm with 360 nm correction (Fig. S3). Styrene and 
reaction products separated by HPLC were collected, extracted with 1 to 
1 volume of MTBE and characterized using GC–MS following the 
method described above.

3. Results and discussion

3.1. Linkers design and production of fusion-proteins

The sequences of the two fusion enzymes were obtained by linking 
the genes of CYP152B1 (SPα) to that of the Sarcosine Oxidase (SOX) 
through two DNA sequences corresponding to 11 amino acids. The 
expressed fusion protein resulted in a CYP152B1 domain at the N-ter-
minus linked to the SOX domain at the C-terminus (Fig. 1). The first 
linker sequence chosen to be between the two domains is Gly-Pro-(Gly)7- 
Pro-Gly [13]. This poly-glycine sequence is designed to be structurally 
flexible, as this property is desired in order to avoid restrictions in the 
reciprocal movement of the two enzymatic domains in the fusion sys-
tem. This is also expected to preserve the natural folding of the two 
domains while promoting productive interactions between them [5]. 
The construct, called SPα-flexible-SOX, has been characterized in a 
recent work by our group in terms of its ability to self-regenerate 
hydrogen peroxide, and its catalytic performance for the conversion of 
fatty acids in 2-OH fatty acids was compared to the isolated wild type 
SPα enzyme [13]. In the present work, the SPα-flexible-SOX is used as 
term of comparison for the characterization of the newly designed fusion 
enzyme construct. The second linker sequence chosen is Glu-(Pro)4-Leu- 
(Pro)4-Glu. This was designed on the basis of a previous work in which 
the properties of different types of linker were investigated, and ([E/L] 
PPPP)n containing linkers showed to effectively maintain their linear 
conformation in molecular dynamic experiments [25]. This behavior is 
due to the conformational restriction introduced by proline residues, 
whose side chain is covalently linked back to the backbone N, ensuring 
the intrinsic structural rigidity. Rigid linkers provide a separation be-
tween the fusion partners [12,25], and this may be advantageous in the 
case of unproductive interactions between the enzymatic domains. As 
we focused on considering the effect of the linker rigidity, these were 
designed to be similar in length (11 residues) and to lack orientation, as 
both are palindromes. Fig. 1 shows the template-free prediction of the 

Fig. 1. Representation of the design of SPα-flexible-SOX and SPα-rigid-SOX. Sarcosine oxidase (MSOX) catalyzes the oxidation of sarcosine into glycine, formal-
dehyde and H2O2, acting as H2O2-donor system for the fusion enzyme catalysis. The P450 SPα peroxygenase exploits H2O2 for the α-hydroxylation of fatty acids or 
the oxidation of non-native substrates including styrene. P450 SPα and SOX structures were fused by a flexible poly-glycine linker or a rigid PPII helix linker. The 
P450 SPα (PDB: 3VM4) [1] and the SOX (PDB: 2GB0) [2] structures are represented as a ribbon model and colored in green and in blue respectively, the heme 
cofactor is colored in red, the SOX FAD cofactor is colored in yellow. The structures of the two fusion enzymes were generated by AlphaFold 2.0 [3] and colored using 
the same colour code. The structure of the flexible and rigid linker within the two fusion enzymes is colored in red and in yellow, respectively.
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two fusion enzymes structures generated using AlphaFold 2.0 [16,26]. 
The detail of the two linkers structures is also showed. As expected, the 
poly-glycine sequence does not show a defined secondary structure and 
assumes a disordered loop conformation within the fusion-enzyme (SPα- 
flexible-SOX). On the other hand, the rigid linker displays a peculiar 
secondary structure, that can be classified as a left-handed poly-proline 
type II (PPII) helix, in which the backbone dihedral torsion angles are 
restricted in a fixed range (ϕ = − 76◦ to − 53◦; ψ = 133◦ to 155◦) thanks 
to the two poly-proline sequences [27–29]. The recombinant SPα-flex-
ible-SOX and SPα-rigid-SOX were expressed in E. coli and purified using 
nickel chelate affinity chromatography, using a similar method 
compared to that already described for SPα-flexible-SOX [13]. The 
amount of active protein after the purification process was evaluated 
basing on the spectral shift of the heme-thiolate CO-bound form to 445 
nm (P450 form) [13,14,21]. The protein expression and purification 
yield was found to be similar between the two fusion enzymes: 
approximately 3.57 mg/L of cell culture for SPα-flexible-SOX and 4.12 
mg/L for SPα-rigid-SOX. The data indicate that the protein maturation 
process of both the SPα-flexible-SOX and SPα-rigid-SOX was successfully 
attained using E. coli cells as host organism.

3.2. Differential scanning calorimetry

In order to investigate the effect of the rigid linker on the fusion 
enzyme unfolding, differential scanning calorimetry of SPα-rigid-SOX 
was performed, and data are herein compared to the SPα-flexible-SOX 
thermogram previously reported (Fig. 2, Table 1) [13]. The experi-
mental curves were accurately fitted using a non-two state denaturation 
model and deconvoluted to extrapolate the endothermal peaks associ-
ated to each denaturation transition. In order to assign each endo-
thermal peak to one of the fusion enzyme domains (in our case the two 
main domains are the SPα and the SOX structures) their melting tem-
peratures (TM) were considered, as previously described [13]. In brief, 
the second endothermal peak was assigned to SOX domain on the basis 
of the reported melting temperature of the isolated MSOX enzyme (TM: 
64 ◦C) [30,31] and the first endothermal peak to SPα. According to this 
analysis the higher energy barrier to unfolding observed for the rigid 
construct was found to be almost entirely associated to the denaturation 
of the SPα domain, corresponding to an enthalpy value of 452 kcal/mol, 
equal to two times that extrapolated for the SPα domain of the flexible 
construct (225 kcal/mol) (Table 1). On the other hand, the ΔH associ-
ated to the SOX denaturation was comparable between SPα-rigid-SOX 
and SPα-flexible-SOX (respectively 313 kcal/mol and 336 kcal/mol for 
SPα-rigid-SOX and SPα-flexible-SOX). The higher enthalpy associated to 

the denaturation of the SPα-rigid-SOX suggests a stabilization of the 
enzyme folding-state in solution, due to the structural constraint given 
by the poly-proline linker. Although the TM of each fusion protein 
domain did not show any significant difference between SPα-rigid-SOX 
and SPα-flexible-SOX, a 10 ◦C increase in the temperature of onset 
(Tonset) of the endothermal transition of the rigid fusion enzyme was 
observed (Table 1). These latter data support an increase in the thermal 
stability of the P450 domain within the rigid complex. Moreover, the 
SPα domain of the SPα-flexible-SOX showed a transition of unfolding 
over a range of temperature of about 30 ◦C (ΔT: 70–40 ◦C) whereas the 
SPα domain of the SPα-rigid-SOX completely unfolded within 15 ◦C (ΔT: 
65–50 ◦C), implying a higher cooperativity of folding of the P450 
domain in the rigid fusion enzyme [32]. Assessing the overall denatur-
ation profile of the two fusion enzymes, it was found that SPα-rigid-SOX 
displayed a globally higher energy barrier to unfolding (765 kcal/mol 
for SPα-rigid-SOX and 561 for SPα-flexible-SOX). Moreover, the detec-
tion of two unfolding transitions was found to be more prominent in the 
SPα-rigid-SOX thermogram, indicating a better separation of the fusion 
enzyme functionalities and allowing an accurate recognition of the 
single domains denaturation. Taken together, the greater enthalpy with 
the increase of the Tonset and the higher cooperativity of the SPα folding 
state demonstrate the distinctive effect of the linker rigidity on the 
structural features of the P450 in the context of the fusion enzyme.

Differential scanning calorimetry analysis of SPα-flexible-SOX [13] 
and SPα-rigid-SOX unfolding transition. Data were extrapolated by 
fitting the denaturation profile experimental curve using a non-two state 
denaturation model. Tm: melting temperature, ΔH: enthalpy, Tonset: 
temperature of onset of the denaturation transition. The denaturation 
transitions 1 and 2 are associated to the P450 SPα and SOX domain 
unfolding respectively.

3.3. Single-domains thermal stability

The thermal stability of the two enzymes within the chimeras was 

Fig. 2. Denaturation profiles of SPα-flexible-SOX [4] (A) and SPα-rigid-SOX (B) obtained by differential scanning calorimetry experiments. Black traces represent the 
experimental curves obtained applying a temperature gradient of 25–90 ◦C with a scan rate of 60 ◦C/h after 10 min of pre-scan equilibration, the same buffer was 
used also for the reference scan. The protein sample was suspended in 50 mM KPi at pH 7.4 supplemented with 10 % glycerol at a final concentration of 5 μM. Green 
and blue traces represent, respectively, the endothermal transition of SPα and SOX domain after the experimental curve fitting and deconvolution.

Table 1 
Differential scanning calorimetry analysis of SPα-flexible-SOX and SPα-rigid- 
SOX.

SPα-flexible-SOX [13] SPα-rigid-SOX

TM1 59.3 ± 0.3 ◦C TM1 57.9 ± 0.03 ◦C
ΔH1 224.7 ± 8.1 kcal/mol ΔH1 452.1 ± 1.0 kcal/mol
TM2 63.2 ± 0.02 ◦C TM2 62.8 ± 0.02 ◦C
ΔH2 336.4 ± 7.1 kcal/mol ΔH2 312.7 ± 5.1 kcal/mol
Tonset > 40 ◦C Tonset > 50 ◦C
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further assessed measuring the residual activity of each fusion protein 
functionality after a pre-incubation at a temperature ranging between 
30◦ and 65 ◦C. A protein sample not pre-incubated at each temperature 
was used as term of comparison to calculate the residual activity of each 
fusion-protein domain. The SPα domain activity was estimated on the 
basis of the decay of the carbon monoxide binding to the heme-thiolate 
after incubation at increasing temperature by UV-VIS spectroscopy. The 
curves of the heme domain residual activity within the two fusion en-
zymes were accurately fitted using a Hill’s like equation and the T50 and 
the decay constant (Kdecay) were extrapolated (Fig. 3). SPα-rigid-SOX 
showed a higher efficiency to bind the CO at any temperature tried 
compared to the SPα-flexible-SOX. Moreover, the P450 domain of SPα- 
rigid-SOX showed a shift of the T50 of 5.7 ◦C, reaching 52.2 ◦C, compared 
to the SPα-flexible-SOX (46.5 ◦C). The data confirmed the increase of the 
thermal stability of the heme domain within the rigid complex. More-
over, the Kdecay of the SPα domain activity within the rigid construct 
increased (− 16.0 for SPα-rigid-SOX and − 12.3 for SPα-flexible-SOX). 
These latter data are in line with a higher cooperativity in the unfolding 
behavior of the P450 domain in the SPα-rigid-SOX. Interestingly, the 
analysis of the UV-VIS spectra of the fusion enzyme after thermal 
denaturation and CO-binding, shows the presence of a peculiar CO- 
bound form of the SPα absorbing at 422 nm. This species is stabilized 
only within the rigid construct and it can be detected up to a tempera-
ture of 60 ◦C, at which point the activity of the enzyme is substantially 
lost. On the other hand, in the SPα-flexible-SOX the Soret band at 422 
nm was barely detectable at 45 ◦C and completely absent at 55 ◦C 
(Fig. 3-B and 3-C). To our knowledge, a similar heme iron state has never 
been observed for the wild-type SPα. It is known that cytochromes P450 
can exist in a non-native, inactive form called P420 that shows a Soret 
band as ferrous–CO complex at 420 nm [33,34]. According to the 

experiments presented here, this non-native P420 form is detectable 
only after an incubation at high temperature in the SPα-rigid-SOX and 
not in the SPα-flexible-SOX. These data suggest the role of the poly- 
proline helix linker in the stabilization of the P450 domain structure 
during the thermal denaturation, which maintains the heme coordina-
tion even at high temperature. The SOX domain activity was estimated 
on the basis of the rate of production of hydrogen peroxide in presence of 
sarcosine (Fig. 4). In general, SOX showed a higher thermal stability 
compared to the SPα domain in both the fusion enzymes, maintaining 
the full activity at 46.5 ◦C, in line with the DSC data. Notably, at 52.2 ◦C 
– that is the T50 of the heme domain of SPα-rigid-SOX – the SOX domain 
showed to maintain the 100 % of activity within the rigid construct, but 
only the 70 % was observed for SPα-flexible-SOX under the same con-
ditions. The data indicate a positive effect of the rigid linker also for the 
SOX structure, confirming the higher overall thermal stability of SPα- 
rigid-SOX.

3.4. Conversion of lauric acid at high temperature

High-temperature performance is a critical factor in developing 
fusion systems for biotechnological applications. The catalytic activity 
of the wild type SPα, SPα-flexible-SOX and SPα-rigid-SOX for the con-
version of the P450 SPα physiological substrate lauric acid into 2-OH 
lauric acid was tested. The results are shown in Fig. 5, and the mass 
spectrometry analysis of the resulting metabolites is reported in Fig. S1. 
Considering the higher thermal stability of SPα-rigid-SOX observed in 
the previous experiments, the activity of the three enzymes was inves-
tigated at the reference temperature of 30 ◦C, that is typically applied for 
P450 SPα biocatalysis, as well as at 40 ◦C (Fig. 5 C). At 30◦ both the 
fusion enzymes showed an almost doubled lauric acid conversion yield 

Fig. 3. Residual CO-binding experiment of SPα-rigid-SOX and SPα-flexible-SOX. (A) Trend of P450 form formation of SPα-rigid-SOX (black dots) and SPα-flexible- 
SOX (red squares) as a function of pre-incubation temperature. 0.2 μM of protein were incubated in KPi solution at pH 7.4 at the given temperature for 20 min. The 
P450 form was measured after the addition of sodium dithionite and pure CO-bubbling. All the measurements were performed at 25 ◦C. The percentage of residual 
activity was calculated basing on the total Soret shift of an identical protein sample not pre-incubated. Black and red lines represent the Hill’s like equation fitting. 
Error bars represent the standard deviation of at least three replicates. (B, C) Difference spectra between the CO-bound form and the oxidized form of SPα-rigid-SOX 
(B) and SPα-flexible-SOX (C) after incubation at the three reported temperatures. SPα-rigid-SOX showed to assume a stabilized P420 form after the thermal 
denaturation at 55 ◦C.
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compared to the isolated wild type SPα (1.2, 2.0 and 2.2 mM for wild 
type SPα, SPα-flexible-SOX and SPα-rigid-SOX respectively). The data 
indicate an overall catalytic advantage for the peroxygenase activity of 
SPα in the two fusion enzymes. Similar results have been reported in 
recent studies with different peroxygenase-H2O2 donor couples, 

showing the general advantage of self-sufficient peroxygenase systems 
in terms of catalytic performance compared to the isolated parent en-
zymes, and the crucial effect of the linker sequence choice [13,35–38]. 
To explain the competitive advantage of the fusion enzymes, previous 
works have indicated that efficient substrate delivery through adequate 
channeling is the primary cause of the catalytic improvement. [39,40]. 
Therefore, also in our case, it can be inferred that a more efficient 
hydrogen peroxide supply guaranteed by SOX activity is the driver for 
better catalysis.

Most interestingly, both SPα and SPα-flexible-SOX showed a decrease 
in activity at 40 ◦C, consistent with the thermal protein damage. On the 
other hand, the SPα-rigid-SOX showed an even increased lauric acid 
conversion, reaching 100 % yield of conversion over 1 h incubation 
using 5 mM substrate and 1 μM enzyme (Fig. 5 B-C). This proof-of- 
concept experiment demonstrates the applicability of the SPα-rigid- 
SOX biocatalysis at high temperature, and show that the improved 
thermal stability of this system can be exploited to increase the catalytic 
performance of the P450 SPα.

3.5. Catalysis toward a non-physiological substrate: evaluation of styrene 
conversion products by SPα-SOX

The SPα chimera activity toward non-physiological substrates was 
investigated using styrene as a test substrate. The largely accepted re-
action mechanism of CYP152s involves the interaction of the terminal 
carboxylate of the physiological substrates (i.e. fatty acids) with a 
conserved residue of arginine at the distal side of heme [21,41,42]. The 
salt-bridge between the carboxylate group of the fatty acid and the 
guanidine group of the arginine acts as acid-base catalyst for the O–O 
bond cleavage of the hydrogen peroxide and the formation of Compound 
I. However, it was observed that P450 SPα is able to convert non- 
carboxylate substrates, such as styrene, in presence of a n-alkyl car-
boxylic acid which can act as “decoy molecule”, tricking the substrate 
recognition of the enzyme [2,19,43,44]. Among the others carboxylic 
acids, wild type SPα showed a higher turnover rate for the conversion of 
styrene when acetate anion was used as decoy molecule [45]. In this 
study, a typical reaction containing SPα-rigid-SOX, sarcosine, sodium 
acetate and styrene was analyzed using GC–MS to evaluate the products 
of the conversion of styrene by the SPα chimera (Figs. 6 B, S2). SPα-rigid- 
SOX showed to convert styrene into styrene epoxide, phenyl-
acetaldehyde and 2-phenylpropenal. Interestingly, the production of 2- 

Fig. 4. Residual activity of SOX within SPα-rigid-SOX (black bars) and SPα- 
flexible-SOX (red bars) at different temperatures. 46.5 ◦C and 52.2 ◦C corre-
spond to the measured T50 of the heme domain of SPα-flexible-SOX and SPα- 
rigid-SOX respectively. 7.5 nM of enzyme were mixed with 0.42 μM horseradish 
peroxidase (HRP), 208 μM ABTS and 42 mM sarcosine. The rate of H2O2 pro-
duction was calculated on the basis of the ABTS•+ formation over 60 s. The 
percentage of residual activity was calculated on the basis of the hydrogen 
peroxide production rate of an identical protein sample not pre-incubated at 
each temperature. Error bars represent the standard deviation of at least 
three replicates.

Fig. 5. Fatty acid conversion. (A) Reaction scheme represents the conversion of lauric acid into 2-OH lauric acid by SPα catalysis in presence of H2O2 added in 
solution (for wild type SPα) or produced by the SOX-dependent sarcosine oxidation (for SPα-rigid-SOX and SPα-flexible-SOX). (B) GC–MS chromatograms showing 
the substrate and the product detected in a typical lauric acid reaction by SPα-rigid-SOX (red curve) and SPα-flexible-SOX (black curve) performed at 40 ◦C. The 
compounds mass spectra are reported in the Fig. S1. (C) Percentage of lauric acid consumption by wild-type SPα (WT SPα, brown bars), SPα-flexible-SOX (grey bars) 
and SPα-rigid-SOX (black bars) catalysis performed at 30 ◦C or 40 ◦C. All reactions were performed using 1 μM of enzyme, 5 mM lauric acid, 5 mM H2O2 (for WT SPα) 
or 500 mM sarcosine (for SPα-rigid-SOX and SPα-flexible-SOX) in KPi 50 mM at pH 7.4 for 60 min. Error bars represent the standard deviation of three replicates.
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phenylpropenal has never been reported as SPα catalysis product for the 
oxidation of styrene. Moreover, the phenylacetaldehyde production by 
SPα-rigid-SOX activity was almost absent compared to the wild type SPα 
(Fig. 6 B) [19,45]. 2-phenylpropenal (Atropaldehyde) can be produced 
by organic synthesis starting from phenylacetaldehyde and formalde-
hyde [46]. Since formaldehyde is one of the byproducts of the oxidation 
of sarcosine by SOX catalysis [20,47,48], the possible addition reaction 
of formaldehyde to phenylacetaldehyde during the SPα and SOX com-
bined catalysis was investigated. In control experiments, when the re-
action was performed using the isolated SPα (in the absence of SOX), 2- 
phenylpropenal was not detected, whereas the ratio between styrene 
oxide and phenylacetaldehyde was found to be 85/15, in line with the 
reported products profile for this enzyme [19,45]. The concentration of 
formaldehyde accumulated by the fusion enzyme reaction in excess of 
sarcosine was measured and resulted 5.1 ± 0.1 mM. When the same 
amount of formaldehyde was added in solution during the wild type SPα 
catalysis, the presence of 2-phenylpropenal was detected in trace 
amount (0.4 %), confirming that formaldehyde is involved in the for-
mation of this byproduct. However, the significative higher formation of 
2-phenylpropenal and the lower concentration of phenylacetaldehyde at 
the end of SPα-rigid-SOX reaction suggests that the SPα and SOX 
concerted catalysis positively affected the phenylacetaldehyde- 
formaldehyde reaction. Indeed, the data univocally indicates that the 
formation of 2-phenylpropenal is favored particularly in the context of 
the fusion enzyme. Even if the mechanism of this improved specific yield 
for 2-phenylpropenal within the fusion enzyme must be further eluci-
dated, this effect can be due to the better transfer of the two 

intermediates of reaction, formaldehyde and phenylacetaldehyde, be-
tween the active sites of SOX and SPα respectively, leading to the 
increased yield of the addiction product. The fusion enzyme displayed 
optimized catalysis for the formation of a novel styrene oxidation 
product, highlighting the potential of multidomain chimeric enzymes to 
alter the reaction specificity of a cytochrome P450.

3.6. Styrene conversion performance

In light of the relatively poor thermal stability of styrene metabolites, 
in order to test the catalytic performance of SPα-rigid-SOX and SPα- 
flexible-SOX toward non-physiological SPα substrates, the efficiency of 
conversion of styrene was tested in mild conditions, employing the two 
enzymes catalysis at 30 ◦C. Both the styrene consumption at scalar 
concentration of substrate and the production of the two main bio-
catalysis products (styrene oxide and 2-phenylpropenal) were 
measured. Remarkably, in all the tested conditions, SPα-rigid-SOX out-
performed SPα-flexible-SOX both in terms of total substrate conversion 
and turnover for the two products (Fig. 6 C). The extrapolated kcat value 
of SPα-rigid-SOX for styrene conversion into styrene oxide is 36.7 ± 2.6 
min-1 with a KM of 6.7 ± 0.9 mM. The kcat/KM of SPα-rigid-SOX was 
found to be 3 times higher compared to SPα-flexible-SOX (kcat: 9.0 ±
0.78 and KM: 4.8 ± 0.91). When the enzyme was used at its full poten-
tial, in presence of an excess of substrate (10 mM of styrene), SPα-rigid- 
SOX showed to consume the 21 % of styrene, versus the 6 % of the 
flexible construct. The turnover number of SPα-rigid-SOX for styrene 
oxide production was 425 μmoles/μmole of enzyme, compared to 117 

Fig. 6. Styrene conversion. (A) Reaction scheme represents the conversion of styrene into styrene oxide and phenylacetaldehyde by SPα-SOX catalysis in presence of 
sodium acetate and H2O2 (produced by the SOX-dependent sarcosine oxidation), and the subsequent conversion of phenylacetaldehyde into 2-phenylpropenal in 
presence of the SOX catalysis byproduct formaldehyde. (B) Magnification of the GC–MS chromatogram showing the products of a typical styrene reaction by SPα- 
rigid-SOX catalysis (red curve), compared to that of wild-type SPα in presence of a stoichiometric concentration of formaldehyde (black curve). Reactions were 
performed using 10 mM styrene and alternatively 500 mM sarcosine or 5 mM H2O2 and 5 mM formaldehyde in KPi 50 mM at pH 7.4 supplemented with 500 mM 
sodium acetate for 20 min at 30 ◦C. The signal was corrected to show the ratio between the different products peaks. The full chromatogram of the SPα-rigid-SOX and 
the peaks’ mass spectra are reported in the Fig. S2. (C) Percentage of styrene consumption by SPα-rigid-SOX and SPα-flexible-SOX catalysis (left panel) and turnover 
of styrene oxide and 2-phenylpropenal by SPα-rigid-SOX (middle panel) and SPα-flexible-SOX (right panel). All reactions were performed using 4 μM of enzyme, 
styrene and 500 mM sarcosine in KPi 50 mM at pH 7.4 supplemented with 500 mM sodium acetate for 20 min at 30 ◦C.
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μmoles/μmole of enzyme of the flexible construct. The styrene oxide/2- 
phenylpropenal ratio was found to be approximately constant at the 
increase of the substrate concentration and similar between SPα-rigid- 
SOX and SPα-flexible-SOX, respectively 85/15 and 80/20 (Fig. 6 C). 
Overall, these data demonstrate that also under mild reaction condi-
tions, SPα-rigid-SOX exhibits better catalytic performances compared to 
SPα-flexible-SOX for the conversion of a non-physiological substrate. In 
mild conditions the higher thermal stability of SPα-rigid-SOX is 
reasonably not involved in the increase of the activity, the data show the 
beneficial effect of the rigid linker on the combined catalysis of the SPα 
and SOX, regardless the applied temperature during biocatalysis.

4. Conclusions

The Molecular Lego approach is a powerful method for the rational 
design of artificial chimeric multidomain enzymes. Over the years, this 
strategy has delivered remarkable results [11,39,49–52], demonstrating 
that the chimerization of non-physiological redox partners is a suitable 
strategy to design self-sufficient biocatalysts. More recently, self- 
sufficient peroxygenase chimeras including CYP116B5-SOX [7,8] and 
OleTJe-AldO [3] were also studied and showed positive effects on the 
P450 catalysis and stability. The role of the domains-linker has proven to 
be of fundamental importance to improve the stability in solution and 
the overall performance of fusion systems of different design 
[12,25,53–55]. In the present study, the investigation is directed to 
explore how the rigidity of the linker affects the properties of an artifi-
cial peroxygenase fusion system. Although usually a flexible linker is the 
“safer choice” for the design of fusion enzymes, since it is supposed to 
not affect the native folding and the reciprocal positioning of the 
enzymatic domains [12], the data herein presented demonstrate that the 
use of a rigid linker may positively affect the stabilization of the fusion 
system. The increase in enthalpy, Tonset (Fig. 2, Table 1), T50 (Fig. 3-A), 
and folding cooperativity observed in SPα-rigid-SOX during DSC and 
residual activity experiments clearly indicate the enhanced protein 
stability compared to SPα-flexible-SOX. Additionally, a stabilized P420 
form of SPα was observed exclusively in the SPα-rigid-SOX construct 
(Fig. 3-B and -C). The two fusion enzymes showed a similar activity for 
lauric acid conversion at 30 ◦C, whereas the SPα-rigid-SOX show an 
increased activity at 40 ◦C (Fig. 5). This effect is probably due to the low 
solubility of the fatty acid at a relatively low temperature, which limits 
the enzyme turnover. SPα-rigid-SOX can be exploited at higher oper-
ating temperature, enhancing both the availability of the fatty acid and 
the enzyme substrate encounter probability. Furthermore, SPα-rigid- 
SOX displayed higher Kcat/KM even for styrene oxidation indicating that 
there is no evident trade-off between enzyme activity and stability. A 
possible explanation is that rigid linker fixes the reciprocal positions 
between the two domains and favors productive catalysis. On the other 
hand, the rigid linker does not impair the required intra-domain plas-
ticity required for catalysis, implying that no major conformational 
changes are expected to occur for the single domains during catalysis.

Taken together, these findings highlight the significant stabilizing 
effect of the PPII helix linker on the fusion system structure, also 
evidencing that the combined catalysis of SPα and SOX is more efficient 
in the context of the SPα-rigid-SOX. This effect is most probably due to 
both the improved stability of the fusion system and the better hydrogen 
peroxide transfer between the two enzymatic domains. Although bio-
catalysis studies on a broader range of substrates is required, we 
conclude that this work represents a step forward in the field of 
knowledge-based design of self-sufficient fusion enzymes, highlighting 
their potential in the field of biotechnology and synthetic biology.
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[32] V. Muñoz, L.A. Campos, M. Sadqi, Limited cooperativity in protein folding, Curr. 
Opin. Struct. Biol. 36 (2016) 58–66, https://doi.org/10.1016/j.sbi.2015.12.001.

[33] Y.-W. Lin, J. Wang, Structure and function of heme proteins in non-native states: a 
mini-review, J. Inorg. Biochem. 129 (2013) 162–171, https://doi.org/10.1016/j. 
jinorgbio.2013.07.023.

[34] Y. Ichikawa, T. Yamano, The role of the hydrophobic bonding in P-450 and the 
effect of organic compounds on the conversion of P-450 to P-420, Biochim. 
Biophys. Acta Protein Struct. 147 (1967) 518–525, https://doi.org/10.1016/0005- 
2795(67)90011-6.

[35] S. Matthews, J.D. Belcher, K.L. Tee, H.M. Girvan, K.J. McLean, S.E.J. Rigby, C. 
W. Levy, D. Leys, D.A. Parker, R.T. Blankley, A.W. Munro, Catalytic determinants 

of alkene production by the cytochrome P450 peroxygenase OleTJE*, J. Biol. 
Chem. 292 (2017) 5128–5143, https://doi.org/10.1074/jbc.M116.762336.

[36] P. Gomez de Santos, S. Lazaro, J. Viña-Gonzalez, M.D. Hoang, I. Sánchez-Moreno, 
A. Glieder, F. Hollmann, M. Alcalde, Evolved peroxygenase–aryl alcohol oxidase 
fusions for self-sufficient oxyfunctionalization reactions, ACS Catal. 10 (2020) 
13524–13534, https://doi.org/10.1021/acscatal.0c03029.

[37] J. Carro, E. Fernández-Fueyo, C. Fernández-Alonso, J. Cañada, R. Ullrich, 
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