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Unspecific peroxygenases (UPOs, EC 1.11.2.1) are promising oxyfunctionalization catalysts because of their
unique stereoselectivity. However, so far only a few UPOs have been reported. In this study, gene mining was
used to identify a gene from Galerina marginata that coded for a novel UPO (GmaUPO). GmaUPO was expressed in
Pichia pastoris X-33 by scale-up fermentation (the UPO activity of the culture supernatant was 118 U/L). GmaUPO
exhibited a molecular weight of 40 kDa and exhibited highest activity at 35°C and pH 9, respectively.

Furthermore, GmaUPO was demonstrated to catalyze the epoxidation, sulfoxidation, and hydroxylation of
common substrates, particularly fatty acids such as tridecanoic acid. The molecular basis for GmaUPO regiose-
lectivity for fatty acid hydroxylation was explored by molecular modelling. The regioselectivity was mostly
governed by the architecture of the enzyme’s active site.

1. Introduction

Unspecific peroxygenases (UPOs, E. C. 1.11.2.1) are increasingly
being recognized as ‘dream catalysts’ for the selective oxy-
functionalization of non-activated C-H bonds [1-4]. As heme-thiolate
enzymes, UPOs, like the well-known P450 monooxygenases [5-7], use
catalytically active oxyferryl-species (Compound I) to activate inert C-H
bonds (Scheme 1). Mechanistically, UPO reactions follow the hydrogen
peroxide shunt pathway of the P450 catalytic cycle [3]. As a result,
UPOs directly utilize partially reduced O; in form of HyO2 or organic
hydroperoxides rather than reductively activating Oy (as P450 mono-
oxygenases do) within the enzyme active site. This difference in catalytic
mechanism translates into a simpler molecular architecture of UPOs and
highly simplified reaction schemes. Whilst P450 monooxygenases
require a stoichiometric supply of reducing equivalents from NAD(P)H,
which is provided to the heme active site directly via a series of
single-electron transfer steps, UPOs are regenerated directly with HaO5.

Intriguingly, only a few UPOs are currently available for practical
use. Hager in the 1960s discovered the chloroperoxidase from Caldar-
iomyces fumago (CfuCPO) [8-9]. Hofrichter and coworkers more recently
revealed the UPO from Agrocybe aegerita (AaeUPO) [10-14]. Of note,
relatively few new UPOs have been added to the organic chemistry
toolbox [15]. Some new UPOs have been isolated from cultures of
wild-type Coprinellus radians [16], Marasmius rotula [17-18], Marasmius
wettsteinii [19], Candolleomyces aberdarensis (syn. Psathyrella aberdar-
ensis), Coprinopsis verticillata and Chaetomium globosum [20-21].

Pioneering work by Alcalde and coworkers paved the way for the
next step of UPO research by developing recombinant expression sys-
tems for UPOs [22-23] in well-established fungal expression systems
such as Saccharomyces cerevisiae and Pichia pastoris enabling large-scale
cultivation [24] and engineering of new UPOs [23,25-33]. Also re-
combinant expression of UPOs in prokaryotic hosts such as Escherichia
coli is possible [34-35]. Other research groups world-wide have
accepted the challenge on broadening the scope of UPOs available for

* Corresponding authors at: Department of Biotechnology, Delft University of Technology, Van der Maasweg 9, 2628BL Delft, Netherlands.
E-mail addresses: dmlan@scut.edu.cn (D. Lan), f.hollmann@tudelft.nl (F. Hollmann), yonghw@scut.edu.cn (Y. Wang).

https://doi.org/10.1016/j.mcat.2022.112707

Received 4 August 2022; Received in revised form 18 September 2022; Accepted 19 September 2022

Available online 30 September 2022

2468-8231/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:dmlan@scut.edu.cn
mailto:f.hollmann@tudelft.nl
mailto:yonghw@scut.edu.cn
www.sciencedirect.com/science/journal/24688231
https://www.journals.elsevier.com/molecular-catalysis
https://doi.org/10.1016/j.mcat.2022.112707
https://doi.org/10.1016/j.mcat.2022.112707
https://doi.org/10.1016/j.mcat.2022.112707
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mcat.2022.112707&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Y. Ma et al.
R—H
.
N N
R—OH //\Fem/
- AN
N I N
Cys
R—H
H;0,
R—OH
N—:—N
\I'=e'"
1IN

N
Cys

organic oxyfunctionalization reactions [36-41].

Despite the impressive advances in UPO research over the last
decade, it appears that we have merely scratched the surface thus far. A
recent analysis of 800 fungal genomes identified more than 1900 pu-
tative UPO genes [42], demonstrating the discrepancy between scope
and current availability of novel UPOs.

To (partially) address this gap, we chose the putative UPO gene from
Galerina marginata for expression and further characterization of the
gene product (GmaUPO) in the present study (Figure 1).

2. Materials and Methods
2.1. Chemical reagents and materials

All chemicals were purchased from TCI, Aladdin and Sigma-Aldrich
in the highest purity available and used without further treatment.
Pichia pastoris X33 and pPICZaB vector were obtained from the Guang-
dong Youmei Institute of Intelligent Bio-manufacturing Co., Ltd (Foshan,
Guangdong, China). Escherichia coli DH5a competent cells were pur-
chased from Weidi Biotechnology Co., Ltd (Guangzhou, China). Re-
striction enzymes EcoRI and Sall were purchased from Takara Dalian
bioengineering company (Dalian, China). The Seamless cloning kit was
purchased from Zhongmei Taihe Biotechnology Co., Ltd (Beijing,
China), and the Plasmid extraction kit and the 12.5% SDS-PAGE color
preparation kit were purchased from Sangong Bioengineering Co., Ltd
(Shanghai,China). A mouse anti-his tag monoclonal antibody was used
as the primary antibody for Western blotting, while the secondary
antibody was a goat anti-mouse IgG (H&L) secondary antibody (HRP
marker); both antibodies were purchased from Jinruisi biotechnology
company.

The unspecific peroxygenase from Agrocybe aegerita (AaeUPO) used
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Scheme 1. Comparison of the catalytic mech-
anisms of peroxygenases (UPOs) and P450
monooxygenases. Both enzyme classes utilize
the so-called compound I (Cpd I) as active
species to mediate H-atom abstraction from the
starting material (R-H) followed by fast capture
of the resulting alkyl radical forming the hy-

P450s

R—H droxylated product. Cpd I itself is generated

N N from so-called compound 0 (Cpd 0) via dehy-
N e dratation. In case of P450 monooxygenases,
Fe' / Cpd 0 is formed in a sequence of two individual

single electron transfer steps and O, binding to
the half-reduced heme-complex. Peroxygenases
form Cpd 0O directly from the resting state and
H,0,.

in this study was obtained from a previous pilot-scale production of this
enzyme [24].

2.2. Bioinformatics analysis of GmaUPO

The protein FASTA sequence (KDR72024.1) was download from
NCBI (https://www.ncbi.nih.gov.in). The DNAMAN software and the
Multalin website were used to align the sequence of GmaUPO gene with
a series of other reported UPO genes and examine their homology.
Protein properties such as theoretical molecular weight, isoelectric
point, total overall average hydrophilicity coefficient, and instability
coefficient were predicted using ExPASy (https://web.expasy.org/
protparam).

2.3. Preparation of GmaUPO

2.3.1. Construction of GmaUPO expression engineered bacteria

The GmaUPO gene sequence (KDR72024.1) was synthesized by
Sangong Bioengineering Co., Ltd (Shanghai, China). GmaUPO gene
fragment was acquired using PCR amplification (Table S1). The
amplification conditions were 98°C for 5 min then (98°C for 15 s, 55°C
for 15 s and 72°C for 30 s) for 50 cycles, and lastly 72°C for 5 min. Pure
pPICZaB vector was digested by the enzymes Eco RI and Sal I, then
transferred to E. coli DH5x competent cells and plated on LB solid me-
dium (25 pg/mL zecoin) at 37°C for 12-16 h. Single colonies were
selected into 5 ml liquid LB medium with zecoin at a final concentration
of 25 pg/mL and cultured for 12-16 h at 37°C and 200 rpm. Plasmid
identity was confirmed by plasmid isolation and sequencing.

The recombinant plasmid pPICZaB was linearized, electrically con-
verted into Pichia pastoris X33 competent cells, and plated on YPG solid
medium (100 pg/mL zeocin) at 30°C for 36-48 h. A single colony (<
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Scheme 2. NBD oxidation to detect GmaUPO peroxygenase activity.

1mm diameter) was selected into a 5 ml YPG liquid medium (100 pg/mL
zeocin) and cultured for 16-18 h at 30°C and 220 rpm.

2.3.2. Recombinant expression of GmaUPO

A positive monoclonal strain (@pPICZaB-SPgma-GmaUPO) was
inoculated into a 100 mL YPG liquid medium containing 100 ug/mL
zeocin and cultured in a shaker for 24 h at 30°C, 240 rpm. This served as
inoculum (3% v/v) in a 350 ml YPG liquid medium and was cultured for
about 12-16h at 30°C and 250 rpm until the ODgg( reached more than
10.

The bioprocesses were carried out in a BIOTECH-7JG-3 bioreactor
(Shanghai Baoxing bio-engineering) filled with 3 L basal salt medium
(26.7 mL/L phosphoric acid, 1.176 g/L CaSO4, 18.2 g/L K2SO4, 14.9 g/L
MgSO4-7H50, 4.35g/L KOH, 40 g/L glycerol) supplemented with 4.35
mL/L PTM1 trace salts (6 g/L CuSO4-5H,0, 0.08 g/L Nal, 3 g/L
MnSO4-H20, 0.2 g/L N32M004~2H20, 0.02 g/L HgBO3, 0.5 g/L COClz, 20
g/L ZnCly, 65 g/L FeS04-7H20, 0.2 g/L Biotin, 5 mL/L H5SO4). The pH
was set to 5.0 and maintained using NH4OH. Following DO calibration,
the fermentation batch phase was initiated by inoculating 350 mL of
seed culture, with process parameters set to 30°C, air press 0.05 Mpa,
dissolved oxygen concentration held above 30%, and organic silicon
antifoam injected automatically via a level sensor. The original glycerol
in the basal salt medium was completely consumed after 16 h, resulting
in a significant increase in the dissolved oxygen concentration. The
glycerol feeding phase began immediately. The feeding solution con-
tained 70% (m/v) glycerol and 12 mL/L PTM1 trace salt solution, and
the process parameters were automatically adjusted to maintain a DO of
20 %. When the cell concentration reached around 180-220 g/L, the
glycerol feeding was halted, and the temperature and pH were set to
22°C and 5.5, respectively. The ‘methanol feeding phase’ was initiated
by adding methanol containing 12 mL/L PTM1 trace salt solution. The
DO was kept at 40 % for the next 168 h of cultivation by regulating the
airflow into the culture medium. Finally, the cell culture was clarified
via centrifugation. The supernatant was used for further investigations.

2.4. Biochemical characterization of GmaUPO

2.4.1. Western blot and SDS-PAGE analysis

Protein samples from the gel were electrically transferred onto a 0.2
pm polyvinylidene difluoride membrane (PVDF) for western blot anal-
ysis. The membrane was blocked at room temperature with 5% skimmed
milk powder and then treated with a polyclonal mouse anti-His-tag
antibody and rabbit anti-mouse HRP labeled antibody to confirm the
presence of recombinant GmaUPO protein. The SDS-PAGE analysis used
12.5% SDS-PAGE color preparation kit.

2.4.2. Engyme activity determination

To measure oxyfunctionalisation activity, we employed the classical
peroxygenase assay based on NBD oxidation [43]. The specific method
was performed as follows: 100 pL phosphate buffer solution (100 mM,
pH 7), 30 pL. NBD (5 mM dissolved in 100% anhydrous acetonitrile), 20
pL deionized water, and 30 pL enzyme solution were added to the 96

well plates, and 20 pL. 100 mM H304 was then added to start the reac-
tion. An absorption of 425nm was measured after 5 min (Scheme 2). In
addition, the enzyme solution was inactivated by high temperature as
the experimental control, while the buffer solution served as the blank
control. All experiments were conducted in three parallel groups.

Enzyme activity was measured in units U, where 1 U is the amount of
GmaUPO required to convert NBD to 1 uM 4-nitrocatechol in 1 min at
25°C and pH 7. The following formula was used to calculate enzyme
activity (1-1).

X= 1-1)

n

t

X represents GmaUPO enzyme activity, U/L;

n represents the concentration of 4-nitroctechol produced, pM;
t represents reaction time, min.

2.4.3. Temperature dependency of GmaUPO

To examine the reliance of GmaUPO activity on the reaction tem-
perature, the NBD assay (2.4.2) was performed at different temperatures
(25, 30, 35, 40, 45, and 50°C respectively).

The thermal stability of GmaUPO was assessed by incubating the
enzyme solution at different temperatures (25, 30, 35, 40, 45, and 50°C),
taking samples at regular intervals (0.5, 1, 2, 3, 4, 6, 8,10 and 12 h), and
evaluating the residual activity with the NBD-assay (2.4.2).

2.4.4. pH sensitivity dependency of GmaUPO

The pH sensitivity of GmaUPO was investigated using NBD as a
substrate. Experimental methods for optimal reaction pH were as fol-
lows: the buffer solution in the enzyme activity reaction system was
replaced with buffer solutions of 5, 6, 7, 8, 9, and 10 accordingly (cit-
rate-phosphate pH 5, phosphate pH 6 and 7, Tris-HCl pH 8, pH 9 and 10
each at 100 mM concentration).

The pH stability of GmaUPO was determined by incubating the
enzyme in buffers with different pH values (described above). Samples
were taken and analyzed under standard conditions at regular intervals.

2.4.5. Metal ions sensitivity

GmaUPO enzyme solution (950 pL) was supplemented with 50 pL
100 mM metal salt solutions (FeSO4-7H20, MnCly-4H50, CuCly-2H50,
CaCly, CoCly-6H50, FeCls, NiCly-6H20, MgSO4 and EDTA, correspond-
ing to 5 mM final concentrations of the metal ions) and incubated for 2 h
at 4°C. The residual GmaUPO activity was measured using the above-
mentioned standard assay.

2.4.6. Organic reagent sensitivity

GmaUPO enzyme solution (700 pL) was supplemented with 300 pL of
methanol, ethanol, acetone, or DMSO, and incubated for 2 h at 4°C. The
residual GmaUPO activity was measured using the above-mentioned
standard assay.
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Fig. 1. Phylogenetic tree analysis of UPO genes and localization of GmaUPO. Also highlighted are the UPOs Agrocybe aegerita (AaeUPO), Caldariomyces fumago
(CfuUPO), Chaetomium globosum (CglUPO), Marasmius rotula (MroUPO) and Coprinopsis cinerea (CciUPO). For a full overview including sequences and accession

numbers refer to the SI.

2.5. Experimental reactions of GmaUPO

Catalytic transformations involving GmaUPO were performed using
a previously reported in situ HoO2 generation system based on the aer-
obic oxidation of choline using the Choline oxidase from Arthrobacter
nicotianae (AnChOx) [44-46].

Reactions were performed at a 1 mL scale in sealed glass vials (4 mL
volume) for 24 h at 30°C while shaking at 500 rpm. The reaction mixture
(buffer: 50 mM NaPi, pH 7) contained 0.1 U GmaUPO, AnChOx (5 pM),
Choline chloride (100 mM), and substrate (1 mM fatty acids and 10 mM
in case of all other starting materials). The reactions were halted by

adding 100 pL of HCI (0.3 M) and incubating for 5 mins at 500 rpm and
room temperature. Fatty acids and their derivatives were extracted with
methyl tert-butyl ether (MTBE, 1mL) and dried under Na;SO4. TMS-
derivatization was achieved by treatment with N,O-bis (trimethylsilyl)
trifluoroacetamide (BSTFA), analyzed on GC-MS. Other compounds
were extracted with ethyl acetate (1 mL, using 25 mM dodecane as an
internal reference), dried over NasSQO4, and evaluated on GC.

2.6. Gas chromatograph and temperature profiles

The GC-FID analysis was performed on an Agilent 7890B GC system
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Fig. 2. Homology model of GmaUPO. (A): Overall structure of GmaUPO; (B): close-up on the active site with some catalytic/structural relevant residues highlighted:
yellow: PCP motif (Pro60-Cys61-Pro62) providing the distal cysteine ligand for the heme prosthetic group; blue: EGD motif (Glu147-Gly148-Asp149) and SMT motif
(Ser151-Met152-Thr153) stabilizing the heme moiety and coordinating the magnesium ion; orange: the catalytic diade (Glu221-Arg214) catalyzing the dehy-

dratation of Cpd 0 to Cpd I; (C): highlighting the phenylalanine amino acids.

(Agilent Technologies, Palo Alto, CA, USA) outfitted with a J&W CP-
Chirasil-Dex CB column (25 m length x 0.32 mm LD. x 0.25 pm film
thickness), and an FID detector. Injection volume: 1 pL; injection tem-
perature: 250°C; split ratio: (30:1); detector temperature: 280°C.
Cyclohexene and its products were detected by method B, whereas all
other substrates and products (except fatty acids) were detected by
method A. Using internal standard curves, measurements were obtained
from peak areas. Table S3 shows the retention times of various
compounds

Method A: The oven was heated from 50°C to 130°C (2 min hold) by
10°C /min, 3°C/min to 150°C (1 min hold), 25°C/min to 200°C (2 min
hold), 21.67 min total.

Method B: The oven was heated from 50°C to 130°C (2 min hold) by

5°C /min, 25°C/min to 200°C (1 min hold), 21.80 min total.
2.7. Gas chromatograph-mass spectrometry and temperature profiles

Fatty acid and product GC-MS analyses were performed on a Shi-
madzu TQ8050 Ultra (Shimadzu Technologies, Japan) equipped with
Shimazu SH-Rxi-5Sil MS columns (30 m length x 0.25 mm L.D. x 0.25
pm film thickness), using He as carrier gas at a rate of 0.8 mL min ™. split
ratio (100:1), ion source temperature: 230°C, solvent delay time: 3 min.
The oven was heated from 50°C (2 min hold) to 250°C (12 min hold) ata
rate of 20°C /min for a total of 24 min. Total-ion peak areas were
quantified using external standard curves and molar response factors of
the same or similar compounds. Table S4 shows the retention time of
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supernatant); (B): UV-Vis spectrum of GmaUPO highlighting the characteristic
Soret band (419 nm) as well as the a- and p-bands (570 and 538, respectively).

various compounds.

2.8. Bioinformatic methods

2.8.1. Homologous modeling and molecular docking

Because the crystal structure of GmaUPO was not available, the ho-
mology model of GmaUPO was constructed using MODELLER program
[47]. In the BLAST tool, GmaUPO exhibits 67.23% amino acid identity to
AaeUPO (PDB ID: 5YOR). Therefore, the crystal structures of AaeUPO

Molecular Catalysis 531 (2022) 112707

were used as templates to build the model of GmaUPO. The quality of the
predicted model was estimated using PROCHECK [48], Verify 3D and
ERRAT, respectively. The substrate (tridecanic acid) binding models of
GmaUPO and AaeUPO were further constructed by molecular docking
software AutoDock [49].

2.8.2. Generation of Cpd I, coordination residues, and substrate force field
parameters

The force field parameters of Cpd I and coordination residues in
GmaUPO and AaeUPO were obtained through the unbonded method of
Metal Center Parameter Builder (MCPB) [50]. Structural optimization
(Figure S7) and atomic charges were performed at the B3LYP/6-31G* (a
system with 3 negative charges and 2 spin multiplicity). Meanwhile,
force field parameters of tridecanic acid were derived from the AMBER
GAFF force field [51] and their partial atomic charges were obtained
from the restrained electrostatic potential (RESP) charge at the
HF/6-31G (d) level with the Gaussian 09 package.

2.8.3. Construction of molecular dynamics simulation system

The protonation states of titrable amino acids in each enzyme
molecule were determined by the Propka3 [48]. Their individual local
hydrogen-bonding network was examined and then molecular dynamics
simulations were conducted. Next, protonation was evaluated and each
prepared model was neutralized by addition of Na™ or Cl~ ions at the
protein surface using the AmberTools package. Finally, it was solvated
in a rectangular water box with a 10 A buffer distance between the
solvent box wall and the nearest solute atoms (water box models).

2.8.4. Classical molecular dynamics simulations

The classical molecular dynamics (CMD) process was performed as
follows. First, the above-mentioned water box models and the H505
water box models were minimized to relax the solvent and optimize the
system. A series of minimization were conducted and each model was
heated from 0 to 300 K gradually under the NVT ensemble for 100 ps.
This was followed by 150 ps of MD simulation under the NPT ensemble
to relax the system density to about 1.0 g/cm® with a target temperature
of 300 K and a target pressure of 1.0 atm. Subsequently, 100 ns of NVT
MD simulation under periodic boundary conditions, target temperature
of 300 K, and a time-step of 1.0 fs, was performed for each model to
produce trajectories via the GPU accelerated pmemd program in the
Amber 14 package. During the MD process, the TIP3P model and
Amber99SB force field were applied for the water molecules and pro-
teins, respectively [52-54]. The SHAKE algorithm was utilized to
constrain all hydrogen-containing bonds with a tolerance of 107>, The
Langevin dynamics method was used to control the system temperature
with a collision frequency of 1.0 ps~! (ntt = 3, gamma_1In = 1.0), and a
cutoff of 12 A was set for both van der Waals and electrostatic
interactions.

In the constrained kinetics simulation, the distance (3.6 /o\) between
the Cpd I oxygen atom and the ®-1 carbon atom of tridecanoic acid in
each model applied was 100 kcal-mol 1-A~2

2.8.5. Steered molecular dynamics simulation

The model of last frame of the classical dynamics simulation was
selected as the initial structure of steered molecular dynamics (SMD)
simulation. Using 10 kcal-mol™'-A~2 force, the @-1 carbon atom of tri-
decanoic acid was pulled to the position of 3.3 A from the Cpd I oxygen
atom. The distance between the -1 carbon atom of tridecanoic acid and
the Cpd I oxygen atom was set to the reaction coordination (RC) and the
energy variation curve with the reaction coordinate driving method.

3. Results and Discussion
3.1. Bioinformatics analysis

The hypothetical UPO gene identified in the genome of Galerina
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marginata (GmaUPO) was selected from the recently established perox-
ygenase database (UPObase). GmaUPO shows 67.23% identity with the
well-known AaeUPO (Figure S1 and Table S2). It has a theoretical
molecular weight of 38.27 kDa, an isoelectric point of 5.09, and an
average total overall hydrophilicity coefficient of -0.244 (Figure S2).
GmaUPO had a ProtScale-derived instability coefficient of 24.96, indi-
cating that it should be stable under physiological conditions.

The secondary structure features of GmaUPO were examined using
the SOPMA tool [55], which indicated a total of 12 a-helices, 2 -sheets,

and one disulfide bond (Cys61-Cys323) (Figure 2). The protein is made
up of 34.56% a-helices, 5.95% short p-sheets, 11.33% extension band,
and 48.16% random coil. We developed a homology model of GmaUPO
using the crystal structure of AaeUPO as a template (Figure 2A). A closer
look at the substrate access route above the heme catalytic moiety un-
covered 8 phenylalanine residues (Figure 2B).

Overall, GmaUPO can be classified as a new member of the ‘long-
UPO’ clade based on its high molecular weight, the presence of typical
amino acid motifs, and the Phe-rich access channel [1].
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Table 1
Preliminary evaluation of common UPO substrates for GmaUPO.

Molecular Catalysis 531 (2022) 112707

1 N+~ OH 0 O 0
2 HO” ™"\ cr O;  H,O d__or o R/ﬂ o &
LY v/ RTR R R r RR
g :L\nér‘%xs‘ ot 7 yé
o j'%i Gy
| OH
1 N+~ R™
2Ho Ns @F H,0, / \ R)\R' or R)\R' or /1 or R’S‘R‘
Substrate Product Product concentration [mM] / Conversion [%] ee [%]
OH 1.10 /11 64
H;CO H-.CO 0.06/ 0.6
3 OH 3 o
HsCO H,CO
S\ 9 0.82 /8.2 80
©/S\
O : OH 0.06 / 0.6
0.01 /0.1
Q [ Po

Reaction conditions: GmaUPO: 0.1U, ChCl (100mM), AnChOx (5pM) and substrate (10 mM) in NaPi buffer (50 mM, pH 7), Vgna1 = 1 mL, 30°C, 500 rpm, 24 h. Product
quantifications were obtained from peak areas, using internal standard curves. ee [%]= ([R]- [S]1)/([R]+[S]) x 100); conversion [%] = ([Product]n,1/[Substrate]o) x

100.

3.2. Preparation of GmaUPO

High-density fermentation of recombinant Pichia pastoris and
expression of GmaUPO was realized in a 7-L bioreactor using pPICZaB-
SPgma-GmaUPO/Pichia.pastoris X33. The supernatant protein content
was 0.7 g/L, with a peroxygenase activity of 118 U/L (Figure 3). SDS-
PAGE and western blot examination indicated the molecular mass of
GmaUPO to be approximately 40 kDa (Figure 4), which is somewhat
larger than the molecular weight determined from its gene sequence and
is most likely owing to glycosylation of the polypeptide chains.

3.3. Biochemical characterization of GmaUPO

The effect of temperature on the rate of GmaUPO-catalyzed NBD-
oxidation is shown in Figure 5A-B. Interestingly, GmaUPO activity did
not appear to be affected by temperature within the experimental range
(Figure 5A, 25°C < T < 50°C). However, the enzyme stability decreased
with temperature (Figure 5B). While the enzyme at 25°C retained more
than 60% of its initial activity after 12 h, it completely lost all activity
after 1 h at 50°C.

Next, we investigated the effect of reaction pH on GmaUPO activity
and stability. The pH profile of GmaUPO was fairly broad, with an op-
timum pH around 7 and more than 70% of this maximal activity at pH 5-
10, respectively (Figure 5C). Similarly, pH had little effect on GmaUPO
stability (Figure 5D).

Cosolvents are widely employed to improve the solubility of starting
materials of interest in aqueous reaction environments because many of
them are hydrophobic [56]. As a result, we investigated the effect of
some common water-miscible organic solvents on GmaUPO activity
(Figure 5E). Interestingly, the presence of approximately 30 % (v/v)
methanol, acetonitrile, and DMSO lowered the catalytic activity of
GmaUPO by less than 40%. Acetone had no discernible effect. Previ-
ously, similar observations were observed with AaeUPO [57], although
HspUPO demonstrated significantly lower solvent tolerance [58]. We
also looked into the effect of some common cations on GmaUPO activity.
As shown in Figure 5F, Fe2+, Fe3+, Ni2+, and Co®" exhibited a minor
activating effect, whereas other metal ions (Mn?", Cu®*, Ca%*, Mg?")
and EDTA had no significant effect.

3.3.1. Substrate scope of GmaUPO

Finally, we performed an initial evaluation of the substrate and
product scope of GmaUPO. As previously stated, HoO5 plays an ambig-
uous role as oxidant on the one hand but also as inactivator on the other
hand. Therefore, to balance the in situ concentration of HyO5, we applied
an enzymatic HyO» generation system based on the choline oxidase-
catalyzed oxidation of choline to betaine (Table 1).

GmaUPO exhibited a very similar reactivity pattern to AaeUPO, with
the best substrates being ethyl benzene and thioanisol, albeit a some-
what lower enantioselectivity. The difference in enantioselectivity to
AaeUPO represents a promising basis for the rationalization and,
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Fig. 6. GmaUPO-catalyzed oxyfunctionalization of selected fatty acids. Reac-
tion conditions: GmaUPO: 0.1 U, ChCl (100 mM), AnChOx (5 pM) and substrate

(1 mM) in NaPi buffer (50 mM, pH 7), Vfina = 1 mL, 30°C, 500 rpm, 24h.

Fig. 7. 3D structure superposition of AaeUPO (rose red, PBD ID 5 YOR) and
GmaUPO (green).

eventually, control over the enantioselectivity of AaeUPO- or GmaUPO-
catalyzed oxyfunctionalization reactions. A detailed comparison of the
active site structure of both enzymes may reveal amino acid residues
relevant for enantioselectivity and thereby represent a good starting
point for enzyme engineering.

Next, we investigated the activity of GmaUPO on fatty acids in some
more detail. In general, fatty acids with chain lengths of 8 and higher
were converted well with an apparent optimum around C10 (decanoic
acid). The regioselectivity of GmaUPO was w-1 and -2 C-H bonds with a
slight preference for the ®-1 position (Figure 6).
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Fig. 9. A schematic showing the distance between the Cpd I oxygen atom of
UPO and w-1, ®-2, ®-3 carbon of tridecanoic acid in each UPO when the binding
conformation of the three(A-B) and the free energy variation of the tridecanoic
acid o-1 carbon gradually approach the UPO Cpd I oxygen (C).
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(B)

Fig. 10. Morphological analysis of AaeUPO (A) and GmaUPO (B) catalytic channel

Overall, the product spectrum of GmaUPO resembled the scope of
AaeUPO [59], which, considering that both enzymes belong to the
subclass of ‘long UPOs’ does not appear too astonishing.

3.4. Mechanism of position selectivity of fatty acid oxidation catalyzed by
GmaUPO

Finally, we compared GmaUPO to the well-characterized AaeUPO to
gain greater insight into the structural basis of its regioselectivity,
particularly with fatty acids. The three-dimensional structures of
AaeUPO and GmaUPO were superimposed, indicating that both enzymes
have a high structural congruence (Figure 7).

3.4.1. Combination and reaction process of UPO and tridecanoic acid

Firstly, the substrate (tridecanoic acid)-enzyme complexes of
GmaUPO and AaeUPO were constructed by molecular docking. Both, in
AaeUPO and GmaUPO models, the fattya acids spontaneously migrated
away from Cpd I oxygen atoms and the substrate stably attached to the
catalytic channel entrance after 100 ns MD simulation (Figure 8 A-B).
The results revealed that the fatty acid substrates thermodynamically
tended to bind to the entrances of the two UPOs. Steer dynamics simu-
lations (SMD) were used to elucidate the substrate trajectory and fluc-
tuations in the energy level of fatty acid from outside the pocket to close
to Cpd L. The energy level for the o-1 position migrating closer to Cpd I
increased to ~11.5 and ~5.0 kcal/mol in case of AaeUPO and GmaUPO,
respectively (Figure 8 C).

3.4.2. On the regioselectivity difference in fatty acid oxidation catalyzed by
UPOs

The constraint MD simulations of AaeUPO and GmaUPO were per-
formed to better understand the regioselectivity of fatty acid hydroxyl-
ation. In guided dynamics, the conformation with a spacing of 3.6 A
between the o-1 position carbon atom of tridecanoic acid and the Cpd I
oxygen atom was selected as the initial model. The binding conforma-
tions of the two UPOs with the substrate reached equilibrium after 10 ns
MD simulation. At this time, the distances between the Cpd I oxygen
atom and the w, »-1, and ®-2 carbon atoms in GmaUPO were 4.18 +
0.27, 3.57 4 0.14 and 3.89 & 0.28A, respectively (Figure 9 B). The
distance between AaeUPO and GmaUPO was comparable (Figure 9 A).
Thus, GmaUPO and AaeUPO were more inclined to react with fatty acid
substrates ®-1 and ®-2 C-H groups, demonstrating ®-1 and ©-2
selectivity.

The ®-3 of tridecanoic acid linked to AaeUPO and GmaUPO is being
dragged closer to the oxygen atom of Cpd I via SMD. The free energy

10

change curve demonstrates that the process is also not thermodynami-
cally susceptible, with energy barriers of 7.5 and 8.0 kcal/mol, respec-
tively (Figure 9 C). This shows how difficult it is to maintain contact
with the carbon atom at the front end of the substrate and how difficult it
is for Cpd I to react with the C-H group following the ®-2 carbon atom.

The analysis of catalytic cavity geometry revealed that both GmaUPO
and AaeUPO have a large catalytic pocket (volumes of 492.4 and 607.6
A3, respectively) and their cavities connected environment and Cpd I
directly (Figure 10). Compared to GmaUPO, the substrate channel of
AaeUPO was narrower, resulting in a higher energy barrier from the
meeting process between the substrate and Cpd I.

4. Conclusion

Admittedly, there are still many questions worthy of further in-depth
study. One of the most important goals will be to optimize the expression
conditions to improve the GmaUPO yield. Also structural characteriza-
tion based on a crystal structure is currently ongoing. Here, especially
the selectivity differences to AaeUPO will provide valuable structure-
selectivity insights.

The currently low conversions are a direct consequence of the low
expression levels and resulting low biocatalyst concentrations. Together
with improved Hy0, provision systems, we expect that higher conver-
sions and product titers will be attainable.

Nevertheless, with the current contribution we have added another
UPO to the toolbox which will contribute to the development of new,
more selective UPO mutants as practical tools for organic synthesis.
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