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ABSTRACT: Alcohol oxidases (AOxs) catalyze the aerobic oxidation of alcohols to the corresponding carbonyl products
(aldehydes or ketones), producing only H2O2 as the byproduct. The majority of known AOxs, however, have a strong preference for
small, primary alcohols, limiting their broad applicability, e.g., in the food industry. To broaden the product scope of AOxs, we
performed structure-guided enzyme engineering of a methanol oxidase from Phanerochaete chrysosporium (PcAOx). The substrate
preference was extended from methanol to a broad range of benzylic alcohols by modifying the substrate binding pocket. A mutant
(PcAOx-EFMH) with four substitutions exhibited improved catalytic activity toward benzyl alcohols with increased conversion and
kcat toward the benzyl alcohol from 11.3 to 88.9% and from 0.5 to 2.6 s−1, respectively. The molecular basis for the change of
substrate selectivity was analyzed by molecular simulation.
KEYWORDS: alcohol oxidase, molecular modification, substrate selectivity, flavor compounds

1. INTRODUCTION
Flavor compounds are central to the food industry.1,2 The
demand for natural flavor compounds3,4 is continuously
growing due to an increasing customer demand for “natural”
products. Benzaldehyde derivatives are important components
of the flavor and fragrance industry. Benzaldehyde itself has a
bitter almond-like scent and is commonly used to create
artificial almond, cherry, and other fruit flavors.5 Also,
benzaldehyde derivatives have a wide range of aromatic
profiles and are therefore more widely used in perfumery
and flavoring. Vanillin, for example, is widely used as a
flavoring agent in food, beverages, and pharmaceutical
products.6 It is also used as a fragrance component in personal
care products, perfumes, and candles. Other important natural
aldehydes are, for example, cinnamic aldehyde, which has a
spicy cinnamon-like aroma and is used in flavorings, fragrances,
and personal care products;7 heliotropin, which has a sweet,
powdery vanilla-like aroma and is used in fragrances and air
fresheners;8 and anisaldehyde, which has a sweet, anise-like
aroma and is used in fragrances and flavorings.9

Overall, benzaldehyde derivatives play an important role in
the flavor and fragrance industry,10 providing a wide range of
aromatic profiles that are used to create unique and appealing
scents and flavors in a variety of consumer products. Although
various synthetic routes for aromatic aldehydes and ketones
exist,11 enzymatic synthesis routes are highly desirable as the
products obtained from those are considered natural.”1,3,4

In the past few years, aryl alcohol oxidases (AAOx, EC
1.1.3.7) have gained considerable interest as catalysts for the
selective and mild oxidation of benzyl alcohols to the
corresponding aldehydes.12,13 The recombinant expression of
functional fungal enzymes in procariotic hosts such as
Escherichia coli, however, still is challenging due to the lack

of post-translational modifications such as glycosylation,
etc.14−18 Therefore, it is critical to find alternative catalysts
to aromatic alcohol oxidase. Alcohol oxidases (AOx, E.C.
1.1.3.13) are viable alternatives to the above-mentioned AAOx.
As members of the so-called glucose−methanol−choline
(GMC) superfamily of oxidoreductases, AOx catalyzes the
aerobic (H2O2-forming) oxidation of primary alcohols.19

However, their substrate scope appears to be largely limited
to smaller and primary alcohols.20,21 Particularly, the alcohol
oxidase from Phanerochaete chrysosporium (PcAOx, GenBank:
HG425201, UniProtKB/TrEMBL:T2M2J4) is an interesting
enzyme due to its high recombinant expression level in E. coli
(more than 600 mg × Lfermentation broth

−1) and its simple, one-
step purification.22,23 Notably, PcAOx exhibits only a limited
ability to oxidize sterically more demanding starting materials
such as benzylic alcohols.24 To extend the substrate scope of
PcAOx, we set out to perform structure-guided engineering of
this enzyme.

2. MATERIALS AND METHODS
2.1. Chemical Reagents and Materials. All chemicals were

purchased from Sigma-Aldrich (St. Louis, MO 63103), TCI (Tokyo,
Japan), Acros (New Jersey), or Aladdin (Shanghai, China) with the
highest purity available and used without further treatment. E. coli
BL21 (DE3) was used for the production of the biocatalyst, and E. coli
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TOP10 was used for constructing PcAOx and its mutants. Water was
purified with a Millipore (Bedford, MA) Milli-Q water system.
2.2. Expression and Preparation of PcAOX and Mutants.

The codon-optimized PcAOx-encoding gene (Genbank:
HG425201.1) was synthesized by Shanghai Shengong Biotechnology
Co., LTD., and cloned in expression vector pET28a (+) into the EcoR
I/Sal I site. The constructed pET28a-PcAOx was transformed into E.
coli BL21 (DE3) for expression. The complete gene sequence and
amino acid sequence are shown in Table S1 (Supporting
Information). The sequences of PcAOx and its mutant were
submitted to the NCBI database with the accession numbers
OP503494.1 and OP503495.1.

The pET28a-PcAOX plasmid was used as the template for mutant
construction. The online quick change primer design website
(https://www.agilent.com.cn/store/primerDesignProgram.jsp) was
used for the mutant primer design, and the specific mutation sites
and primer sequences are shown in Tables S2 and S3. Transformed E.
coli BL21 (DE3) cells were cultured to an OD600 of 0.7−0.8 in 5 mL
of LB medium containing 50 μg mL−1 kanamycin at 37 °C and 220
rpm. Then, the cells were inoculated to 500 mL of TB medium
containing 1% glucose and cultured at 37 °C until OD600 ≈ 0.8−0.9
and induced at 20 °C with 0.5 mM IPTG (isopropyl-β-D-
thiogalactoside, BBI Life Sciences Corporation) for 20 h. The cells
were collected by centrifugation for 30 min (5500g, 4 °C) and stored
at −80 °C.

Cells were resuspended in lysis buffer (50 mM potassium
phosphate pH 7.5, 400 mM NaCl, 100 mM KCl, 40 mM imidazole)
and were ultrasonically broken on ice for 20 min. The ultrasonic
pulsed on-time and off-time were 2 and 2 s, respectively. The cell
extract was centrifuged at 4 °C, 11,000g for 30 min, and the
supernatant was loaded to a Ni column (prebalanced with lysis
buffer). An imidazole gradient of 40−500 mM was used to elute the
enzyme. Active fractions were collected and desalted. SDS-PAGE was
used to show the enzyme purity. Pure protein was stored at −80 °C
until further use. SDS-PAGE results of the wild type and mutants are
shown in Figures S1 and S2. In addition, the expression quantities of
the wild type and mutants are shown in Table S4.
2.3. Enzyme Assays. Hydrogen peroxide (H2O2) was generated

using AOx upon oxidation of a substrate and monitored in time using
horseradish peroxidase (HRP) (40 mg L−1). Here, 4-amino-antipyrine
and dichloro-2-hydroxybenzenesulfonic acid were used to produce a
pink-purple quinone. The absorption at 515 nm was monitored using
an Infinite M200 Pro plate reader (TECAN). About 500 μL of H2O2
solution with concentration gradients of 0.01, 0.02, 0.04, 0.06, 0.08,
0.1, 0.12, and 0.15 mM and 50 μL of a standard solution of each

concentration were put into the 96-well plate. The solution,
containing 50 μL of reaction solution (1 mM 4-amino-antipyrine, 2
mM dichloro-2-hydroxybenzenesulfonic acid) and 100 μL of buffer
solution (50 mM PBS pH 7.5), was added; then, the absorbance value
was measured at 515 nm after 15 min. There were three parallel
groups for each experiment. Finally, the standard curve was drawn
with the concentration of H2O2 as the X-axis and the absorption value
as the Y-axis to calculate the enzyme activity.

The kinetic constants were determined by GC analysis. The
solution (1 mL), containing different concentrations of the substrates
(0.5, 0.8, 1.0, 1.5, 2, 3, 5, 10, 20, 30, 50 mM), buffer (pH 7.5 50 mM
phosphate), and 10 μM enzyme, was added into 5 mL glass bottles for
reaction (30 °C and 500 rpm). The solution of HCl (3 M, 1 mL) was
added to terminate the reaction. Ethyl acetate (1 mL) was added for
extraction. After centrifugation, the upper sample was placed in a
brown bottle for GC detection. The blank group was added with an
equal volume of boiled enzyme, and all experiments were conducted
in three parallel groups.
2.4. Substrate Preference Assays. The catalytic reaction was

carried out in a 4 mL reaction flask with a total reaction system of 1
mL. The reaction was carried out at pH 8.0, 30 °C, 500 rpm,
containing 25 μM enzyme and 25 mM substrate (dissolved using 5%
DMSO). Gas chromatography for product detection was performed
on an Agilent 7890B GC system (Agilent Technologies, Palo Alto,
CA) outfitted with an HP-5 column (30 m length × 0.32 mm I.D. ×
0.25 μm film thickness) with an FID detector. The heating procedure
was as follows: inlet temperature, 280 °C; detector temperature, 280
°C; initial temperature of the column, 50 °C for 2 min, then increased
to 150 °C for 3 min at 8 °C min−1, and then to 280 °C at 15 °C
min−1, and maintained for 10 min. Retention time of various
compounds is shown in Table S5.
2.5. Molecular Dynamics (MD) Simulations. The structure of

the mutant PcAOX-EFMH was manually constructed from wild-type
PcAOX (PDB ID: 6H3G) followed by a short energy minimization
via Schrodinger, 2018. Benzyl alcohol was manually moved into the
catalytic pocket as the specific pose. Actually, manual insertion,
docking, Monte Carlo dynamics, and/or conformation-searching
techniques can also be used to construct the initial complex
structures. Here, the binding pose of benzyl alcohol in the catalytic
pocket is already known.25 Therefore, we constructed the complexes
manually. Molecular dynamic simulation was performed using
Gromacs 202026 with the Amber FF99SB force field for protein
and the GAFF2 force field for ligands. Structure optimization and
charge calculation of small molecules were performed at the AM1-
BCC level using sqm software. The complex systems were solvated in

Figure 1. Structural analysis of PcAOx. (a) Structure comparison of PcAOx with MtAAOx and PeAAOx. PcAOx (PDB ID: 6H3G) shown in gray,
MtAAOx (PDB ID: 6O9N) shown in light brown, and PeAAOx (PDB ID: 5OC1) in light blue. (b) PcAOx key sites for catalytic properties. Yellow,
FAD; rose red, bottom of the active center; blue, wall of catalytic cavity; brown, top of the catalytic pocket.
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a 1.5 nm TIP3P water box. NaCl (0.15 M) was added to neutralize
the system. The molecular dynamic simulation included a short
energy minimization, 300 ps simulation with constant temperature
and constant volume condition, 400 ps simulation with constant
temperature and constant pressure condition, and 10 ns production
simulation. Metadynamics was performed to simulate the process of
substance binding from solution to the catalysis pocket by Gromacs
2020 and plumed 2.6.27 The widths and heights of the Gaussian hills
were set to 0.1 and 1.0, respectively. The bias factor was set to 5.
Binding free energy prediction and decomposition were performed
using gmx_MMPBSA V1.4.328 with the GBOBC2 model.29

3. RESULTS AND DISCUSSION
3.1. Key Sites Selected by Structural Comparative

Analysis of PcAOx and AAOxs. Two AAOxs (from

Thermothelomyces thermophilus M77 and Pleurotus eryngii,
MtAAO and PeAAO) have been reported to exhibit high
catalytic activity on aromatic alcohols.30,31 We therefore
compared the active site architecture of these two enzymes
with that of PcAOx (Figure 1). While the catalytic FADs in
MtAAO and PeAAO are readily accessible, the FAD within
PcAOx is completely wrapped. Especially W560, N604, F101,
M103, Y407, F422, M59, Q60, and R61 are located in close
vicinity of the flavin cofactor, thereby imposing a significant
steric constraint (Figure 1). We therefore speculated that these
amino acid residues may impede the binding of, e.g., benzyl
alcohol in a productive conformation to the FAD prosthetic
group.
3.2. Mutant Design and Characterization Based on

Amino Acid Properties. Based on the structural analysis, we
chose the aforementioned amino acids for an alanine scan.
Indeed, PcAOx mutants R61A, F101A, M103A, Y407A,
W560A, and N604A showed modestly increased benzyl
alcohol oxidation rates compared to the wild-type enzyme
(Figure 2). For the following amino acid exchanges, we chose
Gly, Leu, Phe as well as Ser and Asn to cover a broader range
of steric demand and polarity. As position 604 (here N604)
within AAOx is a highly conserved His, we also constructed
N604H as well as N604F and N604R (as controls).

Interestingly, PcAOx-R61E mutants exhibiting further
mutations at F101 and M103 showed only decreased activity
compared to the their parent (R61E) and therefore were
discarded. Currently, we are lacking a plausible explanation for
this observation. Further studies such as obtaining crystal
structures of all mutants investigating this will be necessary.

Starting with R61, we generated the following mutants:
R61G, R61N, R61S, R61E, and R61D. R61E showed a 33%

Figure 2. Alanine scan results of PcAOx. (Reaction conditions: 25 μM
purified enzyme, 50 mM benzyl alcohol, pH 7.5 buffer (50 mM PBS)
were mixed and stirred at 500 rpm at 30 °C in a total volume of 1 mL
for 24 h).

Figure 3. Conversion of benzyl alcohol catalyzed by multisite superimposed mutants. (a) Site R61, (b) site R61 superimposed site Y407, (c) site
R61 superimposed sites Y407 and W560, and (d) site R61 superimposed sites Y407, W560, and N604.
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increased conversion of benzyl alcohol (Figure 3a), which is
why we chose it as the parent for the mutagenesis in position
Y407. To relax the steric demand in this position, we generated
the mutants Y407F, Y407L, Y407S, and Y407G. The mutation
Y407F (Figure 3b) resulted in significant activity improve-
ments of 54% conversion of benzyl alcohol compared to the
parent R61E mutant. To generate even more space around the

prosthetic group mutants W560F, W560L, W560G, and
W560M were evaluated (using mutant R61E-Y407F as the
template). In this round of mutagenesis, W560F performed the
best with another 17% improvement in conversion over its
direct parent (Figure 3c). Finally, using R61E-Y407F-W560M
as the parent, we mutated N604 to a histidine to reconstitute
the His−His motif that is highly conserved in AAoxs.32 Indeed,

Table 1. Conversion of PcAOX and Its Mutants with Series Substratesa

aReaction conditions: 25 μM enzyme, 25 mM substrate (dissolved using 5% DMSO), pH 8.0, 30 °C.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.3c01069
J. Agric. Food Chem. 2023, 71, 6406−6414

6409

https://pubs.acs.org/doi/10.1021/acs.jafc.3c01069?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c01069?fig=tbl1&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c01069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


this substitution resulted in further improvement of the
catalytic activity (Figure 3d).

Overall, the quadruple mutant PcAOx-R61E-Y407F-
W560M-N604H (PcAOx-EFMH) displayed a significantly
improved 8-fold conversion of benzyl alcohol to benzaldehyde
compared to the wild-type enzyme.
3.3. Exploring the Substrate Scope. We further

explored the catalytic activity of the mutant PcAOxs generated
toward a broader range of primary and secondary alcohols
(Table 1). The general trend observed with benzyl alcohol as
the starting material could be reproduced with the further
starting materials tested (Table 1). In the case of secondary

alcohols such as 1-phenyl ethanol also the stereoselectivity
toward the (S)-enantiomer was increased. All mutants
exhibited strict (S)-selectivity.

We further determined the kinetic parameters of both wt-
PcAOx and PcAOx-EFMH for some small alcohols such as
methanol and ethanol as well as sterically more demanding
benzyl alcohols. PcAOx-EFMH entirely lost its catalytic activity
on methanol and ethanol. At the same time, both the affinity
and catalytic activity toward benzyl alcohol increased. Overall,
the catalytic efficiency in terms of kcat/KM increased more than
60-fold from 12 M−1 s−1 for wt-PcAOx to 795 M−1 s−1 for
PcAOx-EFMH.

Some representative time-courses of PcAOx-EFMH-cata-
lyzed alcohol oxidations are shown in Figure 4. In most cases,
the reaction rate decreased significantly after approx. 12 h of
reaction time, which may be caused by enzyme inactivation.
Indeed, around 12 h, we observed a precipitate in the reaction
mixture. Right now, we cannot fully explain this, but it appears
likely that either hydrogen peroxide accumulating as a
stoichiometric byproduct or the reactive aldehyde product
may negatively influence the enzyme stability. Further
experiments investigating this are currently underway as well
as suitable reaction engineering solutions (such as catalase
addition to dismutate H2O2 and/or in situ product removal to
alleviate possible aldehyde-borne inactivation). The change of
substrate selectivity of the mutant was found in the substrate
spectra of the mutant and the wild type (Figure 5).
3.4. Molecular Simulation on the Differences

between wt-PcAOx and PcAOx-EFMH in Substrate
Scope. In order to gain a deeper understating of the molecular
reason for the change of substrate selectivity of PcAOX,
molecular dynamics simulation was used. The conformational
root-mean-square deviation (RMSD), the distance between

Figure 4. Representative time-courses of PcAOX-EFMH-catalyzed oxidation of benzyl alcohol (a), 2-phenyl ethanol (b), 3-phenylpropanol (c), and
anisyl alcohol (d). Reaction conditions: 25 μM enzyme, 25 mM substrate (dissolved using 5% DMSO), pH 8.0, 30 °C, 500 rpm.

Figure 5. Conversion of a series of alcohols catalyzed by the mutant
PcAOX-EFMH.
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Figure 6. Binding results of benzyl alcohol with the wild type and mutant. (a) Binding of benzyl alcohol and PcAOX-FAD. (b) Binding of benzyl
alcohol and PcAOX-EFMH-FAD. (c) Interaction of benzyl alcohol and PcAOX-FAD. (d) Interaction of benzyl alcohol and PcAOX-EFMH-FAD.

Table 2. Kinetic Parameters of Wild-Type and Mutant PcAOx-EFMH

enzyme substrate Km (mM) kcat (s−1) kcat/Km (M−1 s−1)

wild type methanol 1.5 ± 0.5 12.4 ± 0.6 8231
ethanol 9.2 ± 2.2 12.3 ± 0.5 1334
benzyl alcohol 35.8 ± 3.5 0.5 ± 0.1 12

PcAOx-EFMH methanol a a a

ethanol a a a

benzyl alcohol 3.3 ± 0.5 2.6 ± 0.4 795
2-phenyl ethanol 2.6 ± 0.3 1.7 ± 0.4 643
3-phenyl ethanol 2.5 ± 0.4 1.3 ± 0.5 525

aThe activity was too low to be detected.

Table 3. Binding Free Energy of Benzyl Alcohol Computed Using the MM/GBSA Method (in kcal mol−1)

ΔG VDWAALSa EELb EGBc ESURFd

wild type −24.0738 −16.4414 −21.3774 16.4775 −2.7325
R61E/Y407F/W560M/N604H −28.2553 −16.3637 −29.9211 20.9323 −2.9028

avan der Waals contribution. bElectrostatic contribution. cPolar contribution of solvation energy. dNonpolar contribution of solvation energy.
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benzyl alcohol and the atom N5 of FAD, the distance between
benzyl alcohol and HIS561, and the distance between benzyl
alcohol and ASN604 were firm (Figures S3 and S4). As a
result, the simulations were convergent and bindings of benzyl
alcohol were stable. Within PcAOx, the bound benzyl alcohol
formed two hydrogen bonds with HID561 (histidine with
hydrogen on the delta nitrogen) and ASN604 (Figure 6a,c). In

the case of the PcAOx-EFMH system, an additional π−π
interaction with HIP604 (histidine with hydrogens on both
nitrogens) was observed (Figure 6b,d). This may, at least
partially, explain the increasing affinity toward benzyl alcohol
while moving from PcAOx to PcAOx-EFMH (Table 2).

According to the dynamic simulation trajectories from 8 ns
to 10 ns, the MM/GBSA model was used to estimate the free
energy of the benzyl alcohol bound to PcAOx and PcAOx-
EFMH, respectively. As shown in Table 3, the binding free
energy of the benzyl alcohol with the PcAOx wild type was
−24.0738 kcal mol−1, which was higher than the counterpart of
the PcAOx-EFMH complex (−28.2553 kcal mol−1), further
indicating that the benzyl alcohol shows a higher affinity to
PcAOx-EFMH. Furthermore, the interaction energy of benzyl
alcohol with residues in the catalytic pocket was also calculated
via the MM/GBSA model. As a result, the electrostatic
attraction energy between the benzyl alcohol and the residue
HIP604 in PcAOx-EFMH was −9.4154 kcal mol−1, which was
higher than that between the benzyl alcohol and the residue
Asn604 in wild-type PcAOx (−3.833 kcal mol−1), implying that
the mutation N604H contributes to the improvement of
PcAOx activity. Considering the structural information, the
new pi−pi stacking interaction between the benzyl alcohol and
the 604th residue contributes to the increase of electrostatic
attraction, further increasing the affinity between PcAOx and
its ligands.

Figure 7. Comparison of the active site access channel for the PcAOx-
benzyl alcohol complex for (a) wt-PcAOx and (b) PcAOx-EFMH.

Figure 8. Statistics of interactions between PcAOx and benzyl alcohol. (a) Interactions between benzyl alcohol and Arg61. (b) Interactions
between benzyl alcohol and Tyr407. Hydrophobic interactions, hydrogen bonds, cation−π, and π−π stack interactions are represented in blue,
yellow, purple, and green, respectively. The y-axis represents which residues interact with benzyl alcohol. The frame in the x-axis indicates the time
steps during the molecular dynamics.
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Another important contribution was identified within the
substrate access channel, which in the case of PcAOx-EFMH
was shown to be considerably wider (substitution of
tryptophane by the smaller methionine (W560M)), thereby
exerting less steric resistance for reagent access to and from the
active site (Figure 7).

To simulate the association and dissociation processes of the
substrate and the enzyme, 100 ns metadynamics simulation
was applied on the PcAOX-FAD-benzyl alcohol system. A
distance of the N5 atom of the FAD and benzyl carbon atom
was selected as the covariable. In addition to the binding of
benzoic acid with the wild-type PcAOX at the covariable of
0.05−0.1 nm (Figure S5), other bindings occurred at the
covariable of 0.15−0.2 nm. In other words, benzyl alcohol
must cross the energy barrier at the covariable of 0.15−0.2 nm
before binding to the catalytic site. Evidently, the appearance
of this energy barrier reduced the catalytic efficiency. The
trajectory of the metadynamic simulation was analyzed to
ascertain the cause of the energy barrier. As a consequence,
benzyl alcohol bound to the catalytic site and other sites,
including the site near ARG61 and TYR407 (Figure 8a,b and
Videos 1 and 2). Unfortunately, the binding of the benzyl
alcohol to these two sites could not catalyze the chemical
reaction. It lowers the energy barrier after the mutation.

In conclusion, with this contribution, we demonstrate the
potential of alcohol oxidases to produce benzaldehydes in a
“natural way.” Limitations of pre-existing wild-type enzymes
such as narrow substrate scope can be addressed via structure-
guided enzyme engineering. In this particular case, a well-
expressed natural alcohol oxidase (wt-PcAOx) was improved
for the selective and benign oxidation of simple benzyl
alcohols. The engineered mutant (PcAOx-EFMH) combined a
high expression level and high catalytic activity toward target
starting materials, thereby constituting a promising starting
point for preparative-scale transformations, which are currently
ongoing in our laboratory.
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