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Abstract

The search for novel synthetic tools to prepare industrial chemicals in a safer and greener manner is a continuing challenge in
synthetic chemistry. In this manuscript, we report the discovery, characterization, and synthetic potential of two novel aryl-
alcohol oxidases from bacteria which are able to oxidize a variety of aliphatic and aromatic alcohols with efficiencies up to
4970 min~' mM~'. Both enzymes have shown a reasonable thermostability (thermal melting temperature values of 50.9 and
48.6 °C for ShAAO and SdAAO, respectively). Crystal structures revealed an unusual wide-open entrance to the active-site
pockets compared to that previously described for traditional fungal aryl-alcohol oxidases, which could be associated with
differences observed in substrate scope, catalytic efficiency, and other functional properties. Preparative-scale reactions and
the ability to operate at high substrate loadings also demonstrate the potential of these enzymes in synthetic chemistry with
total turnover numbers > 38000. Moreover, their availability as soluble and active recombinant proteins enabled their use as

cell-free extracts which further highlights their potential for the large-scale production of carbonyl compounds.

Key points
e Identification and characterization of two novel bacterial aryl-alcohol oxidases

e Crystal structures reveal wide-open active-site pockets, impacting substrate scope
e Total turnover numbers and cell-free extracts demonstrate the synthetic potential
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Introduction

The carbonyl moiety represents one of the most useful
functional groups in synthetic chemistry and constitutes
a synthetic crossroad from which a diverse array of func-
tional groups can be accessed (Zhou et al. 2020). Particu-
larly, aldehydes are the starting materials in many useful
chemical asymmetric transformations such as Michael
additions or the aldol and Mannich reactions (Erkkil4 et al.
2007; Mukherjee et al. 2007). Furthermore, they are also
present as the final compounds in many products from
the food, pharma, and cosmetic industries (Heath et al.
2022; Zhu et al. 2018). Traditionally, carbonyl groups are
generated through alcohol oxidation, a process generally
associated with hazardous conditions and the use of stoi-
chiometric reagents (Dong et al. 2018; Puetz et al. 2020).
These conventional approaches often result in laborious
downstream processes and lack regio- and chemo-selectiv-
ity, leading to the generation of by-products and requiring
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additional purification steps. In contrast, biocatalytic oxi-
dations offer a greener approach to conventional strategies,
as enzymes are highly efficient catalysts that display high
selectivity and can function under mild reaction condi-
tions, providing safer and environmentally friendlier pro-
cesses (Bell et al. 2021; Ribeaucourt et al. 2022).

Among the different options, flavin-dependent alcohol
oxidases (FAD-AOx EC 1.1.3.X), belonging to glucose-
methanol-choline (GMC) superfamily of oxidoreductases,
catalyze a broad variety of chemical transformations rep-
resenting a promising and valuable tool in industrial bio-
technology. For alcohol oxidation, FAD-AOx utilize the
flavin cofactor as the hydride acceptor, which is regener-
ated upon reaction via aerobic oxidation, yielding H,0,
as the by-product. Therefore, oxygen is employed as the
terminal oxidant, and no external coenzymes are required
in the process. Despite their potential for large-scale use,
the industrial application of this class of enzymes has been
hampered by their limited availability. Members of this
superfamily include, among others, specific alcohol oxi-
dases (EC. 1.1.3.13) acting on small aliphatic alcohols,
and aryl-alcohol oxidases (AAO, EC, 1.1.3.7) which can
oxidize a broad range of activated primary alcohols (ben-
zyl or allylic systems generally) (Cavener 1992). More
recently, hydroxymethylfurfural oxidases (HMFO, EC.
1.1.3.47) have been identified in bacteria for the produc-
tion of 2,5-furandicarboxylic acid (FDCA) — a substitute
of fuel-based terephthalate in polymer production — from
5-hydroxymethylfurfural (HMF) by three consecutive oxi-
dation steps (Dijkman and Fraaije 2014; Viflambres et al.
2020).

In nature, AAOs are secreted by wood-decaying fungi and
are involved in lignocellulose biodegradation during carbon
recycling of land ecosystems. In the last decade, AAOs have
gained considerable interest as catalysts for aerobic alcohol
oxidation due to their broad scope and the high efficiency
displayed (Ferreira et al. 2005; Urlacher and Koschor-
reck 2021). Particularly, the AAO from Pleurotus eryngii
(PeAAO) and other fungi have been the focus of intensive
study of their application in organic synthesis by several
groups (Carro et al. 2018a, b; Jankowski et al. 2022; van
Schie et al. 2018). However, these enzymes require eukary-
otic expression systems or tedious in vitro refolding proce-
dures when expressed in Escherichia coli to produce active
catalysts, limiting their academic and industrial uptake for
general alcohol oxidation. In efforts to overcome these limi-
tations, a choline oxidase (COX) from Arthrobacter chlo-
rophenolicus was evolved through rational engineering to
obtain an enhanced variant able to oxidize typical AAO
alcohol substrates (Heath et al. 2019). Similarly, Wu et al.
have recently engineered a methanol oxidase from Phanero-
chaete chrysosporium to accept a variety of aryl alcohols
(Wu et al. 2023).
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Recent genomic studies of bacteria isolated from differ-
ent sources related to biomass transformation and phyloge-
netic analysis to evaluate their ligninolytic potential suggest
the natural occurrence of AAOs in prokaryotes (Herzog
et al. 2019; Riyadi et al. 2020; Xu et al. 2022). Thus, we
hypothesize that bacteria could represent a promising res-
ervoir to discover new AAOs with an expanded synthetic
scope. Moreover, enzymes from bacterial sources are fre-
quently easily expressed in E. coli, which is an ideal host
for recombinant protein expression in biocatalysis due to its
rapid growth, easy genetic manipulation, and straightforward
purification protocols. In this study, we present our find-
ings on the discovery, characterization, and evaluation of
the synthetic potential of two novel AAOs originating from
Sphingobacterium daejeonense (SAAAQO) and Streptomyces
hiroshimensis (ShAAO).

Materials and methods

Screening for bacterial AAO genes and sequence
analysis

The search for novel AAO-like sequences was performed
by querying the bacterial non-redundant protein database
from the National Center for Biotechnology Information
(NCBI) with a fungal AAO from P. eryngii (NCBI code
AAC72747.1) as a reference and employing the protein
basic local alignment search tool (BLAST). Multiple align-
ments of sequences exhibiting the highest similarities were
conducted with MUSCLE to identify the conserved motifs,
including ADP binding domain and Prosite PS00623 and
PS00624 sequences, as well as highly conserved two histi-
dine residues in the AAO subfamily (Cavener 1992; Madeira
et al. 2022). Following sequence analysis, a maximum-
likelihood phylogenetic tree was constructed using MEGA
version 11.0.13 with 1000-iteration bootstrapping using the
Whelan and Goldman model of evolution with gamma-dis-
tributed rate variation with empirical amino acid frequencies
and invariant sites (WAG+F+1+ G) (Kumar et al. 2018).
Furthermore, 3D structural models of the selected proteins
were predicted using the AlphaFold2 server (Jumper et al.
2021).

Overexpression of selected proteins in E. coli

The codifying DNA sequences of selected proteins from
Actinomadura latina, Actinomadura geliboluensis, Actino-
madura meyerae, Actinomadura madurae, Actinomadura sp.
BRA 177, Geminicoccaceae bacterium, Sphingobacterium
daejeonense, Streptomyces apocynin, and Streptomyces
hiroshimensis (Table S1) were codon-optimized for E. coli
expression (Table S3). These sequences were synthetized
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with a cleavable N-terminal His,-tag (CACCAT) and sub-
cloned into a pET28a vector between Ndel-HindIII restric-
tion sites by GenScript. Plasmids were transformed into
E. coli C41 (DES3) strain, and protein expression was opti-
mized to maximize the soluble fraction. For this purpose,
transformed E. coli C41 were grown in autoinduction LB
and induced LB (ODg(,~0.8, and 1 mM IPTG) with 30 pg/
mL kanamycin, shaking 180 rpm at 20 and 37 °C for 4, 24,
48, and 72 h (post-induction) and subsequently sonicated.
Cells were spun down for 5 min at 16,000 g, resuspended
in sample buffer (Tris—HCI 50 mM at pH 7.0), sonicated,
and analyzed by SDS-PAGE. In order to increase protein
production, transformed cells were grown on induced TB
(ODggg~ 1.5, and 0.1 mM IPTG) with 30 pg/mL kanamycin,
shaking 180 rpm at 16 and 37 °C for 24, 48, and 72 h (post-
induction) and analyzed described before. In those cases, in
which the protein was not obtained in the soluble fraction,
the E. coli Rosetta (DE3) strain was transformed, and protein
expression assays were carried out as previously described.

Protein purification

Bacterial pellets from 1 L of culture were resuspended in
10-mL sample buffer supplemented with a protease cock-
tail (cOmplete EDTA-free Protease Inhibitor Tablets from
Roche), sonicated, and then centrifuged at 4 °C for 20 min
at 8000 g. The soluble fraction of the lysate was mixed with
1 mL of Ni** IMAC Sepharose affinity resin (GE Health-
care), pre-equilibrated in sample buffer, and imidazole and
NaCl were added to a final concentration of 10 and 100 mM,
respectively (binding buffer conditions). Prior to this, opti-
mization of protein binding to the affinity resin was per-
formed by testing various concentrations of NaCl (100, 200,
and 400 mM) and imidazole (4 and 10 mM) in the sample
buffer. After 2 h of incubation at 4 °C on a bidirectional
orbital rocker, the mixture was loaded into a glass column,
and washed with 5 column volumes binding buffer. The pro-
tein was then eluted with 100 mM imidazole in Tris—HCI
50 mM at pH 7.0. Fractions with A,g/A s, ratios ~ 10 for
SdAAO and ShAAO enzymes were combined and dialyzed
on the PD-10 column with sample buffer. The purified pro-
teins were subsequently analyzed by SDS-PAGE and stored
at— 80 °C for further studies.

Spectroscopic studies

UV-visible spectra of purified AAOs were measured
between 250 and 800 nm. Protein concentrations were deter-
mined using their molar absorption coefficients, estimated by
denaturation of the protein with 0.2% sodium dodecyl sulfate
in Tris—HCI 50 mM pH 7.0 (standard buffer), followed by
quantification of the released FAD (g;5,=11300 M~ cm™)
(Macheroux 1999). The extinction coefficients for

SdAAO and ShAAO were g,s55,,= 11375 M~' cm™! and
€456nm = 10914 M~! cm™!, respectively.

Substrate spectrum

To determine the substrate specificity of AAOs, a high-
throughput screening was performed using the FOX method
(Ewing et al. 2018a, b). This assay detects the production
of H,0, by coupling the Fenton reaction to xylenol orange
forming a blue-purple complex, measurable at 560 nm
(£560=225000 M~ cm™"). The screening was performed
in 96 well plates. For that, triplicates of 20 uL of the cor-
responding AAO (170 nM) were mixed with 20 ul of the
studied alcohol (10 mM) in Tris—HC1 50 mM pH 7.0. Con-
trol triplicates were prepared by mixing 20 uL of buffer
with 20 pL of the respective 10 mM alcohol. The alcohol
tested included the following: 3,4-dimethoxybenzyl alcohol,
1-octanol, 3,7-dimetiloct-6-en-1-ol, 4-bromobenzyl alcohol,
2-pyridinemethanol, 4-phenyl-2-butanol, 5-(hydroxymethyl)
furfural, 1-phenylethanol, trans,trans-2,4-hexadien-1-ol,
trans-3,7-dimethyl-2,6-octadien-1-ol, 4-nitrobenzyl alco-
hol, 3-phenyl-2-propen-1-ol, 3-(hydroxymethyl)pyridine,
cyclohexanol, and 2-(2-ethoxyphenoxy)ethan-1-ol. To assess
enzymatic activity, enzymes were incubated with the sub-
strates at room temperature for 30 min. After incubation, 160
uL of the FOX reagent, supplemented with 100 mM sorbitol,
was added to each well, stopping the enzymatic reaction.
The plates were incubated at room temperature for 25 min
until full-color development was achieved, at which point
the absorption at 560 nm is stable. Subsequently, the plate
was read at 560 nm using a SpectraMax iD5. Enzymatic
activity was determined by calculating the absorption dif-
ference between the wells containing the enzyme and their
respective controls.

Steady-state kinetics

Steady-state kinetic studies were conducted for selected
alcohols at varying concentrations by monitoring their rate
of oxidations to the corresponding aldehydes in a standard
buffer at 25 °C. Alcohol substrates were solubilized in
DMSO at a 10% final concentration in assays. The molar
absorption coefficients used were estimated using commer-
cial standards: 4-bromobenzaldehyde (&,¢3
17800 M~' cm™'"), 4-nitrobenzaldehyde (&,75
3200 M~ em™!), and 3,7-dimethyl-2,6-octadienal (e,,5
17250 M~ cm™'). The molar absorption coefficients
2,4-hexadienal (.5, 30140 M~! ¢cm™!), 3-phenylprop-2-enal
(310 15600 M~! cm™), and 3,4-dimethoxybenzaldehyde
(e310 9300 M~ cm™") were taken from Ferreira et al. (2005).
One unit of AAO activity is defined as the amount of enzyme
that converts 1 pmol of alcohol to aldehyde per minute at
25 °C. The measurements with 5-(hydroxymethyl)furfural
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(HMF) and, in the case of SAAAQ, 4-nitrobenzyl alcohol
were performed by following the production of H,0,, using
a horseradish peroxidase (HRP) coupled assay with Amplex
Red (AR) in air-saturated standard buffer at 25 °C. The reac-
tion mixtures included 50 pM AR, 5 U/mL HRP, and HMF
or 4-nitrobenzyl alcohol. The activity was measured at
565 nm, using the molar absorption coefficient of resorufin
(e565 52000 M~ cm™") which is produced in a 1:1 stoichi-
ometry with respect to H,0,. Steady-state kinetic parameters
were determined by using the Michaelis — Menten equation

k. TAlcohol L
for one substrate ¥ = Swldl0holl " are  stands for the ini-
e K,,+[Alcohol]

tial velocity, e represents the enzyme concentration, K, the
Michaelis constant, and k_, is the turnover rate of the
enzyme. The catalytic efficiency, k., /K ,,, was determined by

fitting initial rate data to the normalized Michaelis — Menten

. v _ key/K,[Alcohol] . .
equation - = MW Steady-state kinetic parameters

keat

for SAAAO reacting with trans-3,7-dimethyl-2,6-octadien-

1-ol were determined by using a two-site binding equation
v kg 1[Alcohol] k.o 2[Alcohol]

cat 1 3
- = and, in the case of 4-nitroben-
e K, 1+[Alcohol] + K, 2+[Alcohol]’ ’

m

zyl alcohol for SAAAO, a substrate excess inhibition equa-

. ke[Alcohol
tion was used ¥ = %, where Ki represents the
€ K/rx+[AZC()hoI]+ M

K
inhibition constant.

Thermal, pH, and H,0, stability

The pH and H,0, stability was assessed by incubating the
enzymes (~40 pM) in 100 mM Britton and Robinson (B&R)
buffer at different pHs ranging from 3.0 to 9.0 or in the pres-
ence of H,0, (0 to 35 mM) in standard buffer at 25 °C. Resid-
ual activities were determined by monitoring the oxidation
of saturating concentrations of 2,4-hexadien-1-ol (4 mM) in
air-saturated standard buffer, at 25 °C. Residual activities to
assess pH stability were measured 5 min after mixing and
after 24 h, 48 h, and 72 h of incubation at 25 °C, whereas
to determine H,O, stability, they were measured 5 min after
mixing and after 1.5h, 3 h, 6 h, 11 h, and 24 h of incubation
at 25 °C. The residual activity values at the different times
and pH values or H,0O, concentrations are presented as per-
centages, calculated based on the activity immediately after
mixing, which is considered the maximal value (100%).

The melting temperatures of AAOs were tracked by
changes in the FAD fluorescence emission due to its release
from the protein during sample excitation at 450 nm. The
denaturation curves were monitored from 10 to 90 °C with
scan rates of 1.5 °C min~! in the standard buffer in a Cary
Eclipse (Agilent Technologies) fluorescence spectrophotom-
eter. The curves were roughly normalized to values between
0 and 1 and globally fitted to a two-step thermal denaturation
equilibrium (native (N) <> unf%ded (U)) by using the equa-
Sy+myT+(Sy+myT)e \ KT

G , where Sobs is the meas-
1+e7(ﬁ

tion S, =
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ured protein signal at a given temperature 7, SN, and SU are
intercepts at 0 K with the y-axis of the linear extrapolation
for the native and unfolded states, respectively, while mN
and mU are the corresponding slopes. The stabilization
Gibbs energy depends on temperature according to
AG = aH(1 - TL) +AC,(T =T, = Tin ), where AH s
the unfolding enthalpy, T, is the melting temperature, ACp
is the unfolding heat capacity change, and R is the universal
gas constant. To determine the TSOIO, representing the tem-
perature at which 50% of activity is retained after 10-min of
heat treatment, proteins (~40 pM) were incubated in 50 mM
Tris—HCI at pH 7.0, spanning temperatures from 25 to
60 °C. Subsequently, the protein samples for each tempera-
ture point were rapidly cooled at 4 °C for 2 min. The residual
activities were then measured in the standard buffer with
4 mM 2,4-hexadien-1-ol in 10% DMSO. The Ts,'° value was
calculated by fitting the residual activity values to a sigmoi-
dal equation.

Optimal pH for alcohol oxidase activity

The optimal pH was measured in 100 mM B&R buffer
within a pH range of 3.0 to 12.0 at a constant temperature
of 25 °C by monitoring the oxidation of saturating concen-
trations of 2,4-hexadien-1-ol.

Crystallization, data collection, and model
resolution of SdAAO and ShAAO

For the crystallization of both proteins, several crystalliza-
tion conditions were tested using the PEG/Salt and Basic
(JenaBioscience) as well as Morpheus (Molecular Dimen-
sions) screenings using the sitting-drop vapor diffusion tech-
nique with drops composed of 0.3 puL protein solution at a
concentration of 6.5 and 8 mg/mL for SAAO and SdAAO,
respectively, in 50 mM Tris/HCI pH 7.0 and 0.3 pL reser-
voir solution. Within 1 week, yellow crystals appeared under
several conditions, and the best X-ray diffraction data were
obtained from SdAAO and SEAAO crystals grown in D1
condition from Morpheus (10% PEG20K, 20% PEGMME
550, 0.02 M alcohol mixture, and 0.1 M MES/imidazole,
pH 6.5) and in C10 condition from Basic (30% PEG 4 K,
0.2 M MgCl,, and 0.1 M Tris—HCI, pH 8.5), respectively.
Cryoprotection with 20% glycerol was required for ShAAO
crystals. Diffraction data were collected using the BL13-
XALOC beamline of ALBA, Barcelona (Spain). Diffrac-
tion data sets were scaled by XDS and SCALA from CCP4i
(Collaborative Computational Project 1994; Kabsch 1988).
The phasing step was performed by MOLREP from CCP4i
with AlphaFold models of both proteins (Jumper et al. 2021;
Vagin and Teplyakov 1997). Structure refinements were per-
formed by alternating manual and automatic cycles using
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COOT and REFMACS of the CCP4 package (Emsley and
Cowtan 2004; Murshudov et al. 1997). Data collection sta-
tistics are summarized in Table S2. The atomic coordinates
have been deposited in the Protein Data Bank (PDB) with
identification codes 8RPF (SdAAQ) and 8RPG (ShAAO).
Cavities and structural accessibility were analyzed using the
HOLLOW server (Ho and Gruswitz 2008). The Dali server
was used for the search for similar structures from the data-
base (Holm et al. 2023) and PyMOL for the superimposition
with RMSD calculation and the depiction of the structures
(Delano 2002).

General procedure for oxidation of alcohols
to aldehydes using AAOs

In an Eppendorf tube, a solution of the corresponding alco-
hol (100 pL) from a stock solution in DMSO, NaPi 50 mM
pH 6.0 buffer (900 pL), and SdAAO or ShAAO were added
to a total reaction volume of 1 mL. In some cases, cata-
lase (1 mg, 2000-5000 U/mg of catalase) was added to the
reaction to deplete the hydrogen peroxide generated during
the reaction. The reaction was shaken for 6 h at 160 rpm
and 30 °C. Then, the mixture was extracted with CDCl;
(3% 0.5 mL), organic layers were combined, dried over
MgSO,, filtered, and the solvent was removed under reduced
pressure. Conversion to the corresponding aldehyde was
measured by '"H-NMR.

Scale-up procedure for oxidation of cinnamyl
alcohol to cinnamaldehyde

In a 50-mL flask containing cinnamyl alcohol (1 mmol,
136.9 mg), DMSO (2.5 mL), NaPi 50 mM pH 6.0 buffer
(22.5 mL), and ShAAO and catalase (20 mg, 2000-5000
U/mg of catalase) were added to a total reaction volume of
25 mL. The reaction was shaken at 160 rpm and 30 °C. Suc-
cessive additions of enzymes were done until no more con-
version of starting material was detected by TLC analysis.
Then, the mixture was extracted with EtOAc (3x25 mL),
organic layers were combined, dried over MgSO,, filtered,
and the solvent was removed under reduced pressure. The
mixture was then purified by column chromatography using
a mixture of n-hexane and EtOAc 8:2 to afford cinnamalde-
hyde as a yellow oil in excellent yield (83%, 109 mg). 'H
NMR (300 MHz, CDCl,): 6 9.68 (d, 1H), 7.58-7.33 (m, 6H),
6.09 (dd, J=16.2, 7.7 Hz, 1H). *C'H-APT NMR (101 MHz,
CDCl,): 193.7 (CH), 152.8 (CH), 134.0 (C), 131.3 (CH),
129.1 (CH), 128.5 (2CH), 128.5 (2CH).

Data analysis

Data were fit and shown using SigmaPlot (Systat Software
Inc.Richmond, CA, USA).

Amino acid sequence accession numbers

Sequences studied in this paper are deposited in GenBank
under the following accession numbers: WP_067636041.1
for AlatAAO, WP_138637716.1 for AgAAO,
WP_089327483.1 for AmeyAAO, WP_111829712.1
for AmadAAO, WP_176407597.1 for AspAAO,
MCB1831892.1 for GPAAO, WP_138089821.1 for SdAAO,
WP_190019735.1 for SaAAO, and WP_190019735.1 for
ShAAO.

Results
Identification and selection of new bacterial AAOs

In the search for new prokaryotic biocatalysts to produce
aliphatic and aromatic aldehydes from the correspond-
ing primary alcohols, we blasted the amino acid sequence
of PeAAO in the bacterial NCBI database. A total of 12
sequences were identified in Actinomadura, Geminicoc-
caceae, Streptomyces, Sphingobacterium genera (Table S1).
These putative AAO sequences contain the highly conserved
histidines in the adjacent motif to the C-terminal as well
as the ADP-binding domain and consensus PS00623 and
PS00624 sequence characteristic of GMC proteins (Fig. 1).
Moreover, the identified sequences form a distinct subgroup
closely related to those fungal sequences in AAO-GMC
clade, clearly separated from the MOX-GMC group in the
maximum likelihood tree (Figure S1). The molecular models
of the identified proteins, generated from Alphafold, predict
similar fold topology to other known members of the GMC
superfamily (Figure S2a). Notably, a detailed examination
of bacterial putative substrate binding domains revealed
differences in amino acid composition and accessibility of
their access channels (Figure S2b-c). These differences may
potentially result in a broader variety of substrate specifici-
ties. Thus, one representative sequence from each identified
species was selected for overproduction as a recombinant
protein in E. coli (highlighted sequences in Table S1).

Expression and purification of two novel bacterial
AAOs

The nine optimized genes were subcloned into the pET28a
vector and transformed into E. coli C41 (DE3) strain. To
optimize its expression as soluble proteins, transformed cells
were cultured simultaneously in autoinduction and IPTG-
induced LB at 20 and 37 °C for 4-72 h (post-induction in
the case of LB). For SdAAO and ShAAO, the highest levels
of soluble proteins were achieved with LB at 37 °C for 48
and 24 h, respectively, making these conditions optimal for
large-scale protein production. However, for the remaining
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proteins, analysis of cell extracts revealed their accumulation
in the insoluble fraction, even when using the E. coli Rosetta
(DE3) strain as an alternative expression host. Therefore,
SdAAO and ShAAO were purified to homogeneity in a sin-
gle affinity chromatographic step, with yields over 20 mg of
protein per L of culture. When using TB medium, in which
optimal growth conditions were 16 and 37 °C for 72 h for
SdAAO and ShAAO respectively, the yields increased up to
fivefold. SDS-PAGE analysis revealed a single band of about
55 kDa, in good agreement with the theoretical molecular
weights of 59 and 55 kDa for SdAAO and SEAAO, respec-
tively (Figure S3a-b). Moreover, SdAAO and ShAAO eluted
in gel filtration chromatography as a single peak, displaying
apparent molecular weights of 50 and 41 kDa, respectively,
corresponding to their respective monomeric forms (data
not shown).

Regarding spectral properties, SdAAO and ShAAO spec-
tra exhibited the typical bands I and band II of the flavin

1.0

0.8

0.6

Intensity

0.4

0.2 1

0.0

10 20 30 40 50 60

Temperature (°C)

70 80 90

Fig.2 Influence of temperature on SdAAO (black circles) and
ShAAO (cyan circles) stability. a Melting temperatures measured by
FAD release upon protein denaturation. b Thermal stability was esti-
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at 453 and 456 nm, and 393 and 379 nm, respectively, as
well as a shoulder at 477 and 483 nm. These features indi-
cated that the flavin cofactor was in the oxidized state and
correctly incorporated into the proteins (Figure S3c and
Table S4). Moreover, the A,g)/A s ratios were ~ 10, indi-
cating that the purified proteins were mainly in their holo-
forms. The estimated molar absorptivities at band I were
11,375M ™" cm™" and 10,914 M~ cm™" for the SIAAO and
ShAAO, respectively.

Thermal and pH stability, substrate scope,
and kinetic properties

The operational window regarding the temperature and pH
of the two novel AAOs was initially evaluated. SEAAO and
SdAAO showed similar thermostability with thermal melt-
ing temperature (7,,) values of 50.9 and 48.6 °C, respec-
tively (Fig. 2a). We also evaluated the thermostability by

120

100 A
80 4
60 1
40 4

Activity (%)

20 1

40
Temperature (°C)

20 30 50 60

mated from residual activity after 10 min of incubation at different
temperatures. Residual activity is given in %
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measuring the residual activity of both enzymes towards the
oxidation of 2,4-hexadien-1-ol after incubation at different
temperatures. As expected, SEAAO and SdAAO kept 50% of
their activity after a 10-min incubation at 47.8 and 46.8 °C
(Ts5y'° values), respectively (Fig. 2b). In terms of pH stability
over time, SdAAO exhibited robust performance, retaining
over 80% of its initial activity after 72 h of incubation in
the pH range of 6.0 to 7.0, and maintaining 70% at pH 5.0
and 8.0 (Fig. 3a). In contrast, StAAO showed a more lim-
ited pH stability profile, with over 80% remaining activity
at pH 6.0-7.0 (Fig. 3b). Its activity declined rapidly at pH
5.0 losing 50% of its activity, and after 72 h at pH 8.0-9.0, it
dropped to 60%. Both enzymes precipitated at pH 4.0, show-
ing no activity at lower pH values. Additionally, no effect on
SdAAO stability was observed after 24 h of exposure up to
26 mM of H,0,, maintaining even 70% of its initial activity
at 35 mM (Fig. 3c). However, ShAAO showed decreased
stability in the presence of H,O, with its residual activity
dropping to 50% after 24 h of incubation with 13 mM H,0,
and to 20% with 35 mM H,0, (Fig. 3d).

The pH optimum of SAAAO and SdAAO was determined
in the pH range of 3.0 to 12.0 using the oxidation of 2,4-hex-
adien-1-ol (Figure S4). Notably, ShAAO displayed a broader
optimal pH range (pH 6.0-9.0) compared to SdAAO (pH
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Fig.3 Effect of pH and H,0, on SdAAO and ShAAO stability. pH
stability of SAAAO (a) and ShAAO (b) was determined during 72-h
incubation at 25 °C in B&R buffer (pH 5 to 9). Activity was meas-
ured 5 min after mixing (pink), after 24 h (blue), 48 h (gray) and 72 h

6-7). Specifically, ShAAO retained ~90% of its activity over
a pH range from 5.0 to 10.0. In contrast, SdAAO activity
decayed below 70% at both one pH unit below and above its
optimum, highlighting a narrower pH tolerance.

A FOX screening method based on the Fenton reaction,
wherein the H,0, byproduct of alcohol oxidase activity is
quantified in a highly sensitive manner, was initially used
to assess the substrate scope of ShAAO and SdAAO. A
total of 15 compounds spanning benzylic, other cyclic, and
aliphatic primary alcohols as well as secondary alcohols
were tested (Figure S5 and Table S5). For a comparative
description of substrate specificity, the quantified activity
for each enzyme towards trans, trans-2,4-hexadien-1-ol
was standardized to 100%. ShAAO exhibited the high-
est relative activities towards aliphatic-polyunsaturated
primary alcohols with conjugated double bonds, 2,4-hex-
adien-1-o0l (100%) and 3,7-dimethyl-2,6-octadien-1-ol
(92%), followed by 3-phenyl-2-propen-1-ol alcohol (cin-
namyl alcohol, 88%). In contrast, for the other benzyl
alcohols, low (<5%) or no activity was detected. On the
other hand, SdAAO preferentially oxidized aromatic pri-
mary alcohols, showing the highest activities with cinna-
myl, 4-nitrobenzyl, and 4-bromobenzyl alcohols (390%,
255%, and 119%, respectively) which resembles the scope
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(green). H,0, stability of SdAAO (c¢) and SAAAO (d) was determined
during 24h incubation at 25 °C in Tris—HC] 50 mM pH 7.0. Activity
was measured 5 min after mixing (pink), after 3 h (blue), 6 h (gray),
11 h (green), and 24 h (purple). Residual activity is given in %
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reported for fungal AAOs (Ferreira et al. 2005; Jankowski
et al. 2020; Lappe et al. 2021). In both enzymes, benzylic
substrates presenting an extended unsaturated side chain,
as in cinnamyl alcohol, resulted in increased activity com-
pared to 3,4-dimethoxybenzyl alcohol (5- and 88-fold
increase for SdAAO and ShAAOQ, respectively) in agree-
ment to that described for fungal AAOs. In the case of
SdAAO, the presence of electron-withdrawing groups such
as 4-bromobenzyl and 4-nitrobenzyl alcohols had a posi-
tive effect, leading to 1.5- and 3.5-fold increase in rela-
tive activity compared to what was observed for substrates
bearing electron-deficient aryl groups such as 3,4-dimeth-
oxybenzyl alcohol. Lower or even lack of activity was
also observed in the oxidation of heteroaryl alcohols such
as 2-pyridinemethanol and 3-(hydroxymethyl)pyridine,
respectively. Additionally, 5-(hydroxymethyl)furfural
(HMF), a compound of interest for its use in the synthesis
of bioplastics, was readily oxidized by both enzymes (with
69% and 18% relative activity for SdAAO and ShAAO,
respectively) consistent with previous reports for fungal
AAOs (Carro et al. 2015; Lappe et al. 2021). Regarding
secondary alcohols, both enzymes were able to oxidize
aromatic substrates 4-phenyl-2-butanol and 1-phenyletha-
nol, with relative activities comparable to that observed for
heteroaryl primary alcohol 2-pyridinemethanol. Surpris-
ingly, a saturated aliphatic primary alcohol, 1-octanol, was
accepted as substrate by SdAAO and ShAAO with sig-
nificantly lower and similar relative activity, respectively,
compared to benzylic alcohols, further highlighting the
different substrate scopes between them.

Steady-state kinetic parameters were determined for the
oxidation of a representative sample of primary alcohols
based on the substrate profiling (Table 1 and Figure S6).
SdAAO exhibited broader substrate specificity compared
to ShAAQO. However, ShAAO showed the highest turnover
number with 2,4-hexadien-1-ol followed by cinnamyl alco-
hol and 3,7-dimethyl-2,6-octadien-1-ol (k_,, values of 1050,
212, and 134 min~', respectively). A significant decrease in
oxidation rates towards 4-bromobenzyl and 4-nitrobenzyl
alcohols was observed, with k_,, values of 14 and 2.4 min~!,
respectively. Additionally, SAAAO exhibited moderate sub-
strate inhibition with 4-nitrobenzyl alcohol, with an inhibi-
tion constant (K;) value of 19 mM (fivefold higher than the
corresponding K, value). Concerning SdAAO, k_,, values
up to 54 min~! were found for benzylic alcohols. Notably,
SdAAO displayed greater affinity (up to a 326-fold lower K,)
than SAAAO, which resulted in higher catalytic efficiencies
for SAAAO across the panel, except for 2,4-hexadien-1-ol
and 1-octanol, ranging from 30 to 286-fold higher efficien-
cies compared to those obtained for SAAAOQO. Notably, the
highest affinity of SAAAO was observed towards 1-octanol
although the enzyme presented a low turnover number (k
values of 2.5 min™").

cat
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Structural features of bacterial AAOs

The two bacterial crystal structures were solved at a resolu-
tion of 2.0 A and each chain (A and B in SdAAO and A in
ShAAQ) shows one FAD molecule and one alcohol molecule
in the active pocket (a hexane-1,6-diol (HEZ) molecule in
SdAAOQ, and a triethylene glycol (PGE) molecule in ShAAO)
derived from the corresponding crystallization conditions.
Between them, the overall structural comparison indicates a
high folding similarity with an RMSD value of 0.85 A (for
354 Ca atoms superimposed). This fold topology resem-
bles that of other members of the GMC superfamily such as
PeAAO (Fernandez et al. 2009), characterized by two major
domains (Fig. 4b), resulting in RMSD values of 1.41 A and
0.87 A for the Ca atoms with sequence identities of 34.7%
and 37.5% with SdAAO and ShAAO, respectively. In both
proteins, the FAD-binding domain consists of a five-stranded
parallel p-sheet interrupted by a three-stranded antiparallel
[-sheet that connects with two antiparallel p-strands, along
with seven a-helices. The FAD cofactor is noncovalently
bound to both proteins via hydrogen bonds to surrounding
residues and several water molecules (Figure S7). The sub-
strate-binding domain in both SdAAO and ShAAO contains
six and five antiparallel f strands, respectively, flanked by
three a-helices. Additionally, another helix is located on the
opposite side of the domain (315-324 SdAAO and 311-320
ShAAO).

Interestingly, both structures have a substrate analogue
molecule bound in the active-site cavity, with the site being
highly accessible (Fig. 5). This internal cavity is located in
front of the re side of the FAD isoalloxazine and flanked by
V90, F468, H469, and H514 in SdAAO, and by F92, F455,
H456, and H500 in SAAAO, similarly to that described for
PeAAO (Fig. 5). Notably, HEZ and PGE are hydrogen-
bonded to the N5 atom of FAD isoalloxazine ring via their
O1 atoms, as well as to the NE2 and ND1 atoms of H469
and H501 in SdAAQO, and H456 and H500 in SAAAO.

Biotransformations

Due to the high turnover rates observed in steady-state
kinetic studies as well as the distinct scope displayed com-
pared to fungal AAOs, we selected SAAAO for an assess-
ment of the potential use of these enzymes in synthetic
chemistry. We initially performed a series of analytical
scale biotransformations with the oxidation of cinna-
myl alcohol serving as the model reaction using 7.2 uM
ShAAO in pH 7.0 100 mM Tris—HCI buffer at 30 °C. After
6 h, 56% conversion to cinnamaldehyde was obtained at
20 mM substrate concentration (Table 2 and Figures S8,
S9, S10, S11 and S12). The addition of bovine liver
catalase (2-5 kU) to remove H,0,, resulted in a notable
increase in conversion (up to 96%) so we continued the
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Table 1 Steady-state kinetic

parameters of SdAAO and Kcat Km Kcat/Km
SHAAO for the oxidation of Aleohol subsrate ENZYME (minl) M) (minTmM)
different alcohols. Measured
at 25 °Cin Tris—HCl .50 mM, SAAAOR! nd nd nd
pH 7.0. n.a, not activity. n.d, Ho/\/\/\/
not determined due to the
low activity. [2IMeasured with 1-octanol ShAAOE  25+0.1 58+5 42+ 3
coupled Amplex Red-HRP
assay. [!Kinetic parameters
fitted to two-site saturation SdAAO 331 188 £+ 14 180 £ 10
equation. [“/Kinetic parameters A0l
fitted to substrate inhibition trans, trans-2,4-hexadien-1-ol
ShAAO 1050 + 14 528 £ 25 1991 £ 77
22+2 6+1 3666 + 940
I
HO Z 74+5  1680+400  44+13
trans-3,7-dimethyl-2,6-octadien-1-ol
ShAAO 134 4 1960 + 158 68 +4

0 SdAAO 34104 122+5 280 £ 10
\OmOH
3,4-dimethoxybenzyl alcohol ShAAO n.a n.a n.a
Br SdAAO 25+04 15+1.0 1600 + 90
\©\/OH
4-bromobenzyl alcohol ShAAO 14+04 2542 +180 56+0.2
O,N SdAAO 54 +1 111 4970 + 380
\©\/OH
4-nitrobenzyl alcohol ShAAORIlT 24 +0.2 3992+ 675 0.6+0.1
©/\/\OH SdAAO 25+0.2 14+04 1750 £ 40
cinnamyl alcohol ShAAO 212+3 3598 £ 156 59+2

evaluation at higher substrate concentrations (Table 2,
entries 2-6). Remarkably, the enzyme exhibited tolerance
up to an 80 mM substrate concentration without showing
any inhibition issues. Following optimization of buffer,
pH, catalase, and enzyme concentrations, a remarkable
total turnover number (TTN) of 38222 was achieved at
40 mM substrate concentration (entry 13, NaPi buffer
pH 6.0, 30 °C, 0.9 pM ShAAO, catalase added in two
portions), with a turnover frequency (TOF) of 378 min™!
under the optimized conditions (Figure S8). The oxida-
tion of trans, trans-2,4-hexadien-1-ol was also evalu-
ated at 40 and 80 mM substrate concentration observing
excellent performance with TTNs > 22000 (entries 14 and
15; Figure S13). High levels of protein expression in E.
coli offered the prospect of using semi-purified enzyme

preparations such as cell-free extracts (CFE). Under opti-
mized conditions and using 1 mg mL~! CFE, 86% conver-
sion to cinnamaldehyde was obtained at 40 mM substrate
concentration (Table 2, entry 16). To further evaluate the
synthetic applicability of SAAAO, a preparative-scale
biotransformation was performed starting from 1 mmol
(134 mg) of cinnamyl alcohol at a 40 mM concentration
(5.4 g LY using purified StAAO added in two portions
(4.3 mg total enzyme amount, 0.17 g L™!). The reaction
progress was monitored by thin-layer chromatography and
the product was subsequently purified by extraction and
flash chromatography, obtaining cinnamaldehyde in an
83% isolated yield. This corresponds to a remarkable TTN
of 11031 and a catalyst productivity of 25 g product/g
enzyme.
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Fig.4 The crystal structures
in cartoon representation of

a SdAAO (light pink; PDB

ID, 8RPF) and ShAAO (light
green; PDB ID, 8RPG) and b
a superposition of the bacte-
rial AAOs with PeAAO (light
blue; PDBID, 50C1). Besides,
an enlarged image showing
the main structural differ-
ences among these structures
(highlighted in dark blue in
PeAAO). The alcohol mol-
ecules in bacterial AAOs and
the 4-methoxybenzoic acid

in PeAAO are displayed with
cyan carbons. Loops that seem
to modulate the opening of the
channel to the active site in
each structure are colored in hot
pink, yellow, and dark blue for
SdAAO, ShAAO, and PeAAO,
respectively

Discussion

Recent studies have shown the tremendous potential of oxi-
dases in synthetic chemistry due to their exquisite selec-
tivity and mild reaction conditions that generally lead to
safer procedures with a lower environmental toll (Huffman
et al. 2019; Wahart et al. 2022). Among them, AAOs are
especially attractive, due to their ability to oxidize a broad
spectrum of alcohols for the synthesis of flavors, bio-based
building blocks, polymer precursors, and other bioactive
compounds (Urlacher and Koschorreck 2021). Since their
discovery in the 1960s by Farmer et al. (1960), a huge num-
ber of putative AAO-encoding genes has been identified
from different genomic projects of wood-decaying fungi.
However, only a few AAOs have been purified and studied
thoroughly, with only three fungal crystal structures reported
to date from P. eryngii (free and in complex with a substrate

@ Springer

analogue) and Thermothelomyces thermophiles (Fernandez
et al. 2009, Carro et al. 2017, Kadowaki et al. 2020, Serrano
et al. 2020, Urlacher and Koschorreck 2021). Despite the
knowledge acquired and the growing interest in recent years,
the biotechnological application of AAOs is still challeng-
ing. High-yield expression systems typically require either
eukaryotic hosts or prokaryotic in vitro refolding from E.
coli cultures. The former often involves long periods of
fermentation in complex media, while the latter requires a
tedious reconstitution process dependent on the costly FAD
cofactor. In both cases, laborious purification procedures are
required, including the concentration of cell-free superna-
tants and several chromatographic steps.

In this study, two new extracellular bacterial AAOs from
S. deajeonense and S. hiroshimensis (SAAAO and ShAAO)
were produced as active proteins and biochemically and
structurally characterized. Additionally, their potential as
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Fig.5 Substrate binding sites
and access channels to the
active sites in SdAAO (light
pink), SRAAO (light green), and
PeAAO (light blue) complexes.
In all structures, residues lining
the pathway to the active site
and key residues in the active
site are shown as sticks with
carbon atoms in orange. HEZ,
PGE, and ANN are displayed
with cyan carbons. The access
channels and active-site pockets
are shown as red meshes in

the corresponding right-hand
images (calculated by HOL-
LOW; Ho and Gruswitz
(2008)). The loop restricting
access to the channel in PeAAO
and the corresponding ones

in the bacterial structures are
colored in dark green

biocatalysts in preparative-scale reactions was demonstrated.
Both enzymes were selected along with seven additional
sequences that could not be heterologously expressed as sol-
uble proteins in E. coli, out of twelve identified sequences.
These sequences originate from soil species (SaAAO,
ShAAO, AmeyAAO, AgAAO, AspAAO, AlatAAO, and
AmadAAO) and, in some cases, from composted material
and sewage sludge (SdAAO and GhAAO). The origin of
these species suggests that the identified genes’ function is

related to fungal AAOs natural one in degradation of lig-
nocellulosic biomass. Interestingly, an AAO protein (Sat-
mAAO) isolated from a dye decolorizing bacteriuim, Sphin-
gobacterium sp. ATM, was applied in vitro for textile dye
decolorization as was previously described for other fungal
AAOs (Tamboli et al. 2011).

The recombinant proteins, SdAAO and ShAAO, were
purified as monomeric proteins in a single step with good
yields, comparable to other expression systems described
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Table 2 Reaction optimization

of analytical-scale Entry  Substrate alcohol Substrate ' Buffer Cpnver- ShAAO (uM) TTN
. N 3 concentration sion

biotransformations ( mM) (% )
1@ Cinnamyl 20 100 mM Tris-HClpH 7.0 56 7.2 1556
2 Cinnamyl 20 100 mM Tris-HCl1pH 7.0 96 7.2 2667
3 40 51 7.2 2833
4 60 35 7.2 2917
5 80 25 7.2 2778
6 100 29 7.2 4028
7 Cinnamyl 40 50 mM NaPi pH 7.0 55 1.8 12222
8 40 51 1.8 11333
9 40 53 3.6 5889
10 Cinnamyl 40 50 mM NaPi pH 6.0 52 1.8 11556
11 40 59 1.8 13111
12 40 54 0.9 24000
1310 40 86 0.9 38222
14 trans, trans- 40 50 mM NaPi pH 6.0 51 0.9 22667
15 2,4-hexadien-  gp 25 0.9 22222

1-ol

16P11 - Cinnamyl 40 50 mM NaPi pH 6.0 86 n.a n.a
171bllel 80 47 n.a n.a

Conversions were determined by 'H-NMR over the reaction crudes after 6 h at 30 °C. TTNs were cal-
culated as mol product obtained per mol catalyst. “No catalase. ®!Catalase was added in two por-
tions. ['Reactions using CFE (1 mg mL™")

previously for other fungal AAOs (Urlacher and Koschor-
reck 2021). The two proteins share 37% sequence identity
with each other and 27-38% with fungal AAOs. Both pro-
teins showed moderate thermostability, comparable to that of
fungal deglycosylated AAOs purified from inclusion bodies
of E. coli. However, their thermostability was significantly
lower than that of the glycosylated AAOs (Jankowski et al.
2020). It is widely accepted that glycosylation positively
affects the thermostability of enzymes. SdAAO displayed
an optimal pH similar to those previously reported for fun-
gal AAOs (Kadowaki et al. 2020; Ruiz-Dueiias et al. 2006),
while SAAAO showed a broader optimal pH profile in the
range of basic pH and markedly different from that described
for SatmAAO (the optimum pH 3.0) (Tamboli et al. 2011).
Overall, the stability of the operating window described for
SAAAO and ShAAO is sufficiently robust for their use in
synthetic chemistry as demonstrated by the transformations
carried out in this work with ShAAOQO, as well as its ability
to operate at high substrate concentrations and even when
used as cell-free-extracts.

In order to characterize the substrate scope of these new
bacterial AAOs, a structurally diverse collection of primary
alcohols including aliphatic, aromatic, and allylic substrates
was tested. In general terms, SdAAO and SEAAO exhibited
lower turnover frequencies than those previously described
for fungal AAOs (with the exception of AAO from T. ther-
mophiles), but similar or even higher affinities for bulky
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substrates such as cinnamyl alcohol (Couturier et al. 2016;
Ferreira et al. 2005; Jankowski et al. 2020; Kadowaki et al.
2020). Concerning substrate specificity, SdAAO preferen-
tially oxidized aromatic primary alcohols, which is in oppo-
sition to the substrate specificity of ShAAO for aliphatic
polyunsaturated alcohols, and in accordance with the gen-
eral scope reported for fungal AAOs (Ferreira et al. 2005;
Jankowski et al. 2020; Lappe et al. 2021). In terms of cata-
lytic efficiency, cinnamyl alcohol was found to be one of the
best substrates for SIAAO, exhibiting a value comparable
to that reported for the isoform 2 of P. eryngii (Lappe et al.
2021). However, its efficiency was up to 86 times lower than
the most efficient fungal AAO and 2000 times higher than
the least efficient one for this substrate (Kadowaki et al.
2020; Lappe et al. 2021). For ShkAAO, 2,4-hexadien-10l was
the best substrate with efficiencies ranging from 6 to 151
times lower than those of fungal AAOs (Lappe et al. 2021).
The elongation of the linear unsaturated alkyl chain, such as
in 3,7-dimethyl-2,6-octadien-1-ol, had a negative impact on
ShAAQ efficiency, consistent with previous reports for other
fungal AAOs (Jankowski et al. 2020). However, ShkAAO was
also active towards 1-octanol, showing the highest affinity
across the substrate panel, with a catalytic efficiency com-
parable to that for cinnamyl alcohol. Oxidation of n-pro-
panol, another aliphatic saturated primary alcohol, was also
described in bacterial SarmAAQO (Tamboli et al. 2011). The
presence of an alcohol group in conjugation with double
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bonds enhanced the oxidation rates of substrates in bacte-
rial AAOs, but it is not a strict requirement as described
for fungal AAOs. These findings not only expand the sub-
strate scope of AAOs but also emphasize the importance of
structural-functional studies in identifying their differing
substrate preferences and efficiencies.

Analytical scale biotransformations were performed to
assess the potential use of these enzymes in industrial bio-
technology. Endpoint biotransformations at high substrate
concentrations (up to 80 mM) revealed that, despite the mod-
est catalytic efficiencies observed, high conversions can be
obtained using SAAAO as the catalyst, exhibiting remark-
able TTNs (> 38,000). It is worth noting that, unlike other
reported AAOs, no overoxidation products were detected,
with the corresponding aldehydes found as the sole prod-
ucts in all cases (Ferreira et al. 2010; Jankowski et al. 2022;
Lappe et al. 2021). The high expression levels facilitated the
use of semi-purified enzyme formulations, a cost-effective
and preferred option in industry, as it avoids the need for
additional protein purification steps (Ewing et al. 2018a, b;
Huffman et al. 2019). Starting from 40 mM cinnamyl alco-
hol, the desired product was obtained in 86% conversion
with no side products detected. Additionally, a preparative
scale reaction starting from 1 mmol of cinnamyl alcohol was
also carried out obtaining cinnamaldehyde in 83% isolated
yield, further demonstrating the synthetic utility of the new
enzymes herein reported.

In order to shed more light on bacterial AAO’s sub-
strate recognition and catalysis, we determined the crystal
structures of both proteins in complex with analogues of
their substrates. Interestingly, the substrate-like binding
mode was compatible with redox catalysis and suggests
that SdAAO and SAAAO may share the consensus hydride
transfer mechanism, assisted by a catalytic base, as previ-
ously described for the most well-known characterized
GMC members. Thus, the position of H469 in SdAAO
and H456 in ShAAQO corresponds to the highly conserved
active site histidine residue that activates alcohol substrate
by proton abstraction during the reductive half-reaction in
the majority of GMC oxidoreductases (Herndndez-Ortega
et al. 2012; Wohlfahrt et al. 1999). Structural comparisons
were performed to detect biologically interesting similarities
that could not be detected by sequence comparison alone,
using the DALI server (Table S6). The two identified struc-
tures with the highest Z-score with respect to the SdAAO
and ShAAO structures were: a pyridoxine 4-oxidase from
Mesorhizobium loti (PDB:4ha6) and a COX from A. glob-
biformis (PDB:4mjw), the latter previously related structur-
ally and mechanistically to PeAAO (Hernandez-Ortega et al.
2011). The next two hits corresponded to an unusual algal
GMC photoenzyme (PDB, 5ncc) that converts fatty acids to
hydrocarbons (Sorigué et al. 2017) and the PeAAO struc-
ture (PDB, 3fim). The list continues with a FAD-dependent

oxidoreductase from Chaetomium thermophilum (a cellu-
lose-degrading fungi) CtFDO (PDB: 6ze7) with unidenti-
fied substrate specificity and a unique His-Ser pair puta-
tively involved in catalysis (Svecova et al. 2021). Among
these high-scoring identifications, the fungal PeAAO is the
enzyme with the highest % sequence identity with respect to
those of SAAAO and ShAAO sequences. Despite similari-
ties among bacterial and fungal AAO structures, significant
differences primarily exist in three structural components
(Figs. 4b and 5). PeAAO has a helical insertion that is lack-
ing in bacterial AAOs, broadening its structure (Fig. 4b).
However, the most significant difference is in two struc-
tural elements in the surroundings of their active sites that
modulate the entrance of substrates in the fungal AAO. In
PeAAOQO, a a-helix compressing residues 326-334 (Fig. 4b)
and a 14-residue loop containing F397 (compressing resi-
dues 395-4009, Fig. 5) between the two antiparallel § strands
of the substrate-binding domain restrict access to active
site through a hydrophobic bottleneck (Fig. 5) (Carro et al.
2018a, b). In contrast, bacterial structures lack this protrud-
ing a-helix and the equivalent loops (compressing residues
353-364 and 356-379 in SAAAO and SdAAO, respectively)
adopt a conformation that does not cover the entrance to the
channel to the same extent as PeAAO does, creating wide
and unblocked active sites, especially in SdAAO structure
(Fig. 5). Thus, the surface areas covering the access channel
and active-site pocket were established to be approximately
2026 A? for SIAAO and 1383 A? for SAAO considerably
higher than the 903 A2 estimated for PeAAO. Interestingly,
the fully accessible catalytic tunnel of SdAAO is similar
to that of previously described for the fungal AAO from T.
thermophilus, despite significant differences in the general
folding of both proteins, particularly in the substrate-binding
domain which might be responsible for its lower catalytic
efficiency (Kadowaki et al. 2020). Furthermore, an unusu-
ally wide-open solvent-accessible active site pocket was
also observed in the C/FDO structure (Svecovd et al. 2021).
These differences in substrate accessibility to the active site
might explain the observed differences in substrate specific-
ity among proteins. Such insights are of interest for expand-
ing the typical substrate scope of AAO proteins to include
bulky substrates.

In summary, we report the discovery and characteriza-
tion of two novel bacterial AAOs from Sphingobacterium
daejeonense (SAAAO) and Streptomyces hiroshimensis
(ShAAO) which have been shown to possess promising
potential for their use in synthetic chemistry as alcohol
oxidation catalysts under mild reaction conditions. While
SdAAO demonstrated a scope similar to that of previously
reported fungal AAOs, ShAAO exhibited distinctive sub-
strate tolerance, displaying a preference for long-chain
aliphatic and aromatic allylic alcohols. Analysis of crys-
tal structures unveiled unusually wide accessible catalytic
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tunnels, contrasting with those previously described for
fungal AAOs, which may underlie variations in substrate
specificity and additional functional properties. This diver-
gence provides valuable insights for potential modifications
through protein engineering, aiming to produce variants
with expanded scopes and enhanced efficiencies that will
contribute to extending the applications of these enzymes.
We further demonstrated their synthetic potential by per-
forming reactions at high substrate concentrations as well
as preparative-scale reactions and proved the suitability of
using semi-purified enzyme preparations. Finally, this study
evidences the natural distribution of aryl-alcohol oxidases in
bacteria, opening paths for the discovery of new biocatalysts
to produce valuable aldehydes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-024-13314-z.
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