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Abstract
There is significant contemporary interest in the application of enzymes to replace or augment chemical reagents toward 
the development of more environmentally sound and sustainable processes. In particular, copper radical oxidases (CRO) 
from Auxiliary Activity Family 5 Subfamily 2 (AA5_2) are attractive, organic cofactor-free catalysts for the chemoselec-
tive oxidation of alcohols to the corresponding aldehydes. These enzymes were first defined by the archetypal galactose-
6-oxidase (GalOx, EC 1.1.3.13) from the fungus Fusarium graminearum. The recent discovery of specific alcohol oxidases 
(EC 1.1.3.7) and aryl alcohol oxidases (EC 1.1.3.47) within AA5_2 has indicated a potentially broad substrate scope among 
fungal CROs. However, only relatively few AA5_2 members have been characterized to date. Guided by sequence simi-
larity network and phylogenetic analysis, twelve AA5_2 homologs have been recombinantly produced and biochemically 
characterized in the present study. As defined by their predominant activities, these comprise four galactose 6-oxidases, two 
raffinose oxidases, four broad-specificity primary alcohol oxidases, and two non-carbohydrate alcohol oxidases. Of particular 
relevance to applications in biomass valorization, detailed product analysis revealed that two CROs produce the bioplastics 
monomer furan-2,5-dicarboxylic acid (FDCA) directly from 5-hydroxymethylfurfural (HMF). Furthermore, several CROs 
could desymmetrize glycerol (a by-product of the biodiesel industry) to d- or l-glyceraldehyde. This study furthers our 
understanding of CROs by doubling the number of characterized AA5_2 members, which may find future applications as 
biocatalysts in diverse processes.
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Introduction

Global climate change due to human activities is a press-
ing issue confronting our society (https://​clima​te.​nasa.​gov/​
scien​tific-​conse​nsus/) [1]. One avenue to decrease reliance 
on petroleum is to increase the utilization of plant biomass 
as a renewable carbon feedstock [2, 3]. Plant biomass is an 
abundant source of complex polysaccharides, polyaromat-
ics (i.e., lignin), and low molecular weight extractives (e.g., 
lipids, terpenes, etc.), each of which can potentially be valor-
ized via (bio)catalytic routes. Foremost, the development of 
the so-called “biofuels,” e.g., ethanol fermented from sugar 
feedstocks, has received the widest attention, but faces cer-
tain economic and scalability challenges [4–6]. In parallel, 
there is a growing appreciation that upgrading plant biomass 
components to produce high-value biochemicals and bio-
materials may provide solutions to lower reliance on fossil 
petroleum beyond the energy sector [7–11].
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The utilization of plant biomass poses many challenges 
due to inherent chemical and structural complexity, which 
make fractionation and chemical transformation difficult. 
Yet, a wide diversity of microorganisms have developed 
specialized biocatalytic systems of hydrolytic and oxidative 
enzymes to unlock this natural resource [12–22]. Informed 
by decades of fundamental biochemical research [23–26], 
industrial enzyme “cocktails” have been developed for com-
plete saccharification of plant biomass, especially starch and 
cellulose fractions, for fermentation to biofuels [27–29]. 
Spurred by a growing track record of successful applica-
tions and significant industrial infrastructure for scalable 
production, enzyme-based biocatalysis is enjoying a period 
of sustained and growing interest [30–32]. In particular, 
there is strong demand to replace chemical oxidants, many 
of which produce hazardous waste, with “greener” alterna-
tives, making the study of oxidative enzymes attractive in 
this context [14, 32].

One class of oxidases that has shown promise for the val-
orization of plant biomass is the copper radical oxidases 
(CROs) that comprise Auxiliary Activity Family 5 (AA5) 
in the Carbohydrate-Active Enzymes (CAZy) classification 
[17]. These enzymes contain a mono-nuclear copper radical 
center coordinated by a distinct crosslinked tyrosine-cysteine 
active-site residue, which catalyzes two one-electron oxida-
tions with concomitant reduction of oxygen to hydrogen per-
oxide [33, 34]. Within AA5, two subfamilies have been iden-
tified: Characterized subfamily 1 (AA5_1) enzymes have 
predominant activity on glyoxal and methylglyoxal (GlyOx, 
EC 1.2.3.15) [35]. Subfamily 2 (AA5_2) contains the arche-
typal CRO, galactose 6-oxidase (GalOx, EC 1.1.3.9) [33, 
36], as well as the more recently discovered general alcohol 
oxidases (AlcOx, EC 1.1.3.13) [37, 38], and aryl alcohol 
oxidases (AAO, EC 1.1.3.7) [39, 40]. Both AA5_1 and 

AA5_2 have been speculated to be involved in the oxida-
tive degradation of lignocellulose [34]; however, recently, 
AA5_2 alcohol oxidases have been linked to oxidizing plant 
cuticular long-chain alcohols into aldehyde products during 
fungal infection [41].

The archetypal galactose oxidase from the phytopatho-
genic fungus Fusarium graminearum (FgrGalOx) and its 
engineered variants have found widespread biotechnological 
applications, including in glycoprotein labeling, biosensor 
development, polysaccharide functionalization, and other 
applications involving the oxidation of carbohydrates or 
other alcohols [42–54]. Of particular note, a highly evolved 
variant of FgrGalOx was utilized recently in the biocata-
lytic synthesis of the HIV drug islatravir [55]. Furthermore, 
CgrAlcOx has been demonstrated to be a promising green 
catalyst for the oxidation of long-chain aliphatic alcohols 
for the production of flavor and fragrance compounds [56], 
whereas CgrAAO has been shown to be effective at oxidiz-
ing HMF, which is important in the context of biopolymer 
manufacturing [39, 57, 58]. Thus, there is sustained inter-
est to expand the utilization of CROs industrially, through 
the discovery of homologs with inherently diverse catalytic 
specificities [14, 59, 60].

However, very few (currently thirteen) CROs from 
AA5_2 have been biochemically characterized [37–40, 
61–66], the majority of which originate from two fun-
gal genera: Fusarium [33, 40, 63–65] and Colletotrichum 
[37–39, 62] (for an updated list see http://​www.​cazy.​org/​
AA5_​chara​cteri​zed.​html, [17]). Nonetheless, recent studies 
have revealed homologs in these fungi with distinct specifi-
cities for alkyl and aryl alcohols, indicating that the large 
sequence space of uncharacterized AA5 members presents 
an opportunity to uncover new biocatalysts [37, 39, 40, 60]. 
Inspired by these results, we were keen to continue map-
ping activities across the AA5_2 subfamily, drawing upon a 
growing array of new fungal genomes.

Hence, in the present study we have combined molecular 
phylogeny and sequence similarity network analysis to guide 
the selection of 40 AA5_2 members from diverse fungi for 
recombinant expression in the yeast Pichia pastoris. Four-
teen of these were successfully produced and twelve were 
fully biochemically characterized, revealing new galactose 
6-oxidases, raffinose oxidases, broad-specificity primary 
alcohol oxidases, and non-carbohydrate alcohol oxidases.

Results

Phylogeny of the AA5_2 subfamily

A manually curated multiple protein sequence alignment 
of over 623 AA5_2 catalytic modules, with signal peptides 
and additional domains removed, was used to generate a 

Fig. 1   Sequence relationships of 623 AA5_2 catalytic modules. a 
Phylogenetic tree with bootstrap values supporting the 38 subgroups 
are indicated at each node/branch. For branches exhibiting low boot-
strap values (< 50), values supporting the nodes are indicated. b 
Sequence similarity network (SSN). Each node corresponds to one 
of the 623 catalytic modules used as an input to build the SSN cre-
ated in Cytoscape with yFiles Organic layout [104]. Edges represent 
an alignment bit score threshold of 550, which clusters the sequences 
into groups analogous to those observed in (a) and color coded 
accordingly. In both panels, AA5 members with previously available 
biochemical data are colored in black and indicated as (methyl)gly-
oxal oxidases (UmaGlyOx [67], PchGlyOx1 and PchGlyOx2 [68], 
PciGlyOx1 and PciGlyOx2 [110]) (comprising the outgroup), galac-
tose oxidases (FgrGalOx [66, 73, 92], FoxGalOx [65], FsaGalOx 
[64], FsuGalOx [63], FveGalOx, and FsuGalOx [111]), alcohol oxi-
dases (CgrAlcOx and CglAlcOx [37], ChiAlcOx and PorAlcOx [38], 
raffinose oxidase (CgrRafOx) [62], AA5_2 oxidase (PruAA5_2A 
(PruAlcOx)) [61], and the aryl alcohol oxidase (CgrAAO) [39]. 
Enzymes first characterized in the present study are colored in neon 
green. Two selected sequences for which characterization was pub-
lished contemporaneously, PruAA5_2A (PruAlcOx) [61] and PorAl-
cOx [38], are colored in grey

◂

http://www.cazy.org/AA5_characterized.html
http://www.cazy.org/AA5_characterized.html
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Maximum Likelihood (ML) phylogeny and a sequence 
similarity network (SSN) (Fig. 1). Using AA5_1 glyoxal 
oxidases [67, 68] as an outgroup, 38 subgroups were iden-
tified based on tree topology and generally high supporting 
bootstrap values (Fig. 1A). As indicated, the previously 
characterized AA5_2 members are broadly dispersed in 
the tree, with some enzymes clustered into more well-rep-
resented clades. Specifically, GalOxs are located in clade 
15, general AlcOxs cluster into clade 26, while AAOs are 
found in clade 14 and clade 29 (Fig. 1). The corresponding 
SSN at an alignment score (bit score) cut-off of 550 was 
consistent with the grouping observed in the phylogenetic 
tree and subsequently used to aid sequence selection and 

mapping of biochemical data (Fig. 1B). In Table 1 and 
subsequently in the text, the targets are named according to 
their predominant activities as determined by subsequent 
kinetic assays (vide infra).

To further inform target selection, we mapped the vari-
ability of the amino acids involved in catalysis and sub-
strate recognition, as determined by mutagenesis and/or 
structural analysis of AA5_2 members [69–77], onto the 
SSN (Table 1, Table S1 Figure S1). Thus, 40 targets were 
selected to represent the maximum diversity of sequence 
identity and fungal ecology, such as saprotrophic and phy-
topathogenic members, in this sample size (Table 1 and 
Figure S1).

Table 1   Key amino acid residues in AA5_2 proteins compared to other characterized members

Enzyme Organism 
GenBank/JGI 

mycocosm 
Accession 

Active Site Amino Acids 
Distal 
Amino 
Acids 

Phylogeny 

Subgroup
Radical 

Stabilization
Substrate Recognition/Active Site Cavity Shape Catalytic 

Efficiency
Modularity

FgrGalOxa Fusarium 
graminearum AAO95371 W290 F194 Q326 Y329 R330 Q406 P463 C383 

CBM 32-
CAT 

15 

CgrAlcOxb Colletorichum 
graminicola EFQ30446 F W G F M T L C CAT 26 

CgrAAOc Colletorichum 
graminicola EFQ27661 Y F E W R T V C PAN 1-CAT 29 

FgrAAOd Fusarium 
graminearum

XP_01132213
8 W F E Y K Q P N CBM 32-

CAT 
14 

ExeGalOx 
Exophiala 

xenobiotica KIW55415 W F Q F R Q P C 
CBM-CBM 

32-CAT 
19 

MreGalOx 
Mytilinidion 
resinicola 

XP_03357056
5 W F Q F R Q P N CBM-CBM 

32-CAT 
3 

FoxGalOxB 
Fusarium 

oxysporum FOTG_04629 W M Q F R Q P C 
UNK-CBM 

32-CAT 
16 

PfeGalOx 
Penicillium 
fellutanum 382062 W Y Q Y R Q P S CBM 32-

CAT 
8 

UmaRafOx Ustilago maydis XP_01138915
6 Y F A W R S G C UNK-CAT 30 

PhuRafOx 
Pseudozyma 
hubeiensis 

XP_01218696
9.1 Y F A W R S G C UNK-CAT 30 

AflAlcOx 
Aspergillus 

flavus KAF7627372 W Y L Y H E P S 
UNK-CBM 

32-CAT 
7 

PruAA5_2A
(PruAlcOx) 

Penicillium 
rubens CAP96757 W Y D Y R E P S CBM 32-

CAT 
8 

FoxAlcOx 
Fusarium 

oxysporum FOPG_18201 W F D S K A Q C 
CBM 32-

CAT 
14 

PorAlcOx 
Pyricularia 

oryzae 
XP_00371936

9 F F G L Y T L C WSC-CAT 26 

CglAlcOx 
Colletorichum

gloeosporioides 1901294 F W L F M T L C CAT 26 

AsyAlcOx 
Aspergillus 

sydowii 
XP_04070635

7 F Y H D R V P C 
UNK-CBM 

32-CAT 
6 

StoAA5 Stogonospora sp OAK97814 W Y E F R D G C CAT 28 

CcaAA5 
Corynespora 

cassiicola PSN67470 W A A N E H G C CAT 29 

Non-conserved amino acids in relation to FgrGalOx are bolded. Fungal species: Fgr Fusarium graminearum, Cgr Colletotrichum graminicola, 
Exe Exophiala xenobiotica, Mre Mytilinidion resinicola, Fox Fusarium oxysporum, Afl Aspergillus flavus, Pru Penicillium rubens, Pfe Penicil-
lium fellutanum, Por Pyricularia oryzae, Cgl Colletotrichum gloesporoides , Uma Ustilago maydis, Phu Pseudozyma hubeiensis, Asy Aspergil-
lus sydowii, Sto Stagonospora sp, Cca Corynespora cassiicola. Modularity: Carbohydrate-binding domain (CBM), catalytic domain (CAT), 
PAN_1 (PF00024), WSC (PF01822), unknown domain (UNK)
Enzymes previously characterized in aref [36, 92], bref [37], cref [39], dref [40]
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Protein production and initial biochemical 
characterization

cDNAs corresponding to the full-length sequence of 40 can-
didate enzymes, i.e., including any carbohydrate-binding 
modules (CBM [78]), PAN_1 domains (PFAM, PF00024), 
WSC domains (PFAM, PF01822), or unknown domains 
(UNK) in tandem with the catalytic AA5_2 module, were 
cloned into the pPICZα-A or pPICZα-C vectors in-frame 
with the Saccharomyces cerevisiae α-factor secretion sig-
nal and a C-terminal hexa-histidine tag. Fourteen proteins 
were thus produced successfully in Pichia pastoris X33 and 
purified via Immobilized Metal Affinity Chromatography 
(IMAC) followed by buffer exchange using size exclusion 
chromatography and SDS-PAGE analyses (Fig. S2). All 
proteins were obtained in full-length form except FoxGa-
lOxB (species abbreviations were previously defined in 
Table 1), for which a truncated construct was purified. Fur-
thermore, enzymatic deglycosylation indicated that AflAl-
cOx, PruAA5_2A (PruAlcOx), ExeGalOx, and PfeGalOx 
were N-glycosylated (Fig. S2). Typical protein yields varied 
between 2.2 and 65 mg L−1 based on the original volume 
of buffered complex methanol medium (Table S3). Over-
all, protein production levels were comparable to previous 
AA5_2 preparations from P. pastoris, e.g., FgrAAO and 
FoxAAO (2.5 mg L−1) [40], FoxGalOx (10.6 mg L−1) [65], 
CgrAlcOx (30–40 mg L−1) [37], CgrAAO (43 mg L−1) [39], 
and the wild-type and M1 variants of FgrGalOx (120 mg L−1 
and 110 mg L−1, respectively [79]).

The fourteen successfully produced recombinant proteins 
were initially screened for activity using three compounds 
representing efficient substrates of previously characterized 
AA5_2 members, viz., galactose and raffinose for galac-
tose 6-oxidases and benzyl alcohol for general alcohol oxi-
dases (Table S4). As expected, a range of specificities was 
observed, with some enzymes clearly displaying higher 
specific activity on benzyl alcohol (AflAlcOx and CglAl-
cOx) or galactosyl moieties (FoxGalOxB, MreGalOx, and 
ExeGalOx), while for others this preference was equivocal 
(PfeGalOx and PruAA5_2A (PruAlcOx). Notably, several 
targets had relatively low specific activities on all of the 
three substrates tested: UmaRafOx, PhuRafOx, CcaAA5, 
AsyAlcOx, FoxAlcOx, PorAlcOx, and StoAA5. P. pastoris 
constructs of StoAA5 and CcaAA5 produced soluble protein 
but the specific activities of these enzyme were not consist-
ent between productions; hence, no further work was con-
ducted on these two homologs.

Based on the initial activity screen results, either galac-
tose or benzyl alcohol was chosen as the substrate for the 
determination of the pH-rate profile and temperature stabil-
ity for each target. Exceptionally, glycerol was used as sub-
strate for UmaRafOx and PhuRafOx following further sub-
strate screening (specific activities > 3.0 µmol min−1 mg−1) 

since these enzymes displayed very low specific activities 
on the three initial substrates (< 0.25 µmol min−1 mg−1). 
All recombinant enzymes were active between pH 6.0 
and 8.5 (Table 2) and most exhibited bell-shaped pH-rate 
profiles with optima between 7.0 and 8.5 in sodium phos-
phate buffer (Fig. S5), akin to other characterized AA5_2 
enzymes [37, 39, 64, 65, 80]. Distinctly, MreGalOx and 
ExeGalOx had optimum values at pH 6.0 and 6.5, respec-
tively, while UmaRafOx and PhuRafOx were most active 
in glycine–NaOH buffer at pH 8.5.

Most AA5_2 enzymes were stable at 30 °C, similar to 
some previously characterized members [37, 39]. Three 
enzymes (FoxGalOxB, AflAlcOx and PruAA5_2A (PruAl-
cOx)) were stable between 35 and 40 °C, similar to FoxGa-
lOx (40 °C) [65], and three enzymes (ExeGalOx, MreGa-
lOx and FoxAlcOx) exhibited higher thermostabilities than 
previously characterized CROs (45 °C–55 °C) (Table 2 
and Fig. S6). Cumulatively, these results are consistent 
with the mesophilic nature of their natural hosts. Due to 
instrument limitations, the substrate screening was per-
formed at ambient temperature, while subsequent Michae-
lis–Menten kinetic assays were performed at temperatures 
that balanced optimal enzyme activity with short-term 
stability.

Extended substrate screening and Michaelis–
Menten kinetics

After establishing preferred assay parameters for the 
12 demonstrably active AA5_2 targets, these enzymes 
were screened in parallel, using a multi-well plate assay, 
against a broader panel of primary alcohol-containing 
substrates comprising carbohydrates, alkanols, and aryl 
alcohols with relevance to biomass utilization, pharma-
ceutical preparation, or biomaterial synthesis (Fig. 2). 
Based upon the outcome of this extended screen, key sub-
strates were selected based on specific activity values for 
detailed Michaelis–Menten kinetic analysis (Table 2 and 
Fig. S7–S18). Taken together, these assays enabled us to 
group enzymes by their predominant activities, which are 
discussed below in the context of their molecular phylog-
eny and SSN clustering.

Galactose 6‑oxidases

Enzymes in this group predominantly possess the canoni-
cal galactose 6-oxidase activity (EC 1.1.3.9) that first 
defined the CRO family [81–83]. As such, they have 
minimal to no activity on other polyols, diols, and other 
non-carbohydrate primary alcohols. The activity profile of 
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these enzymes is comparable to the archetype, FgrGalOx 
[59, 84].

ExeGalOx

ExeGalOx is located alone within clade 19 in the phylo-
genetic tree and it possesses low sequence similarity to its 
closest homologs FoxGalOxB and the archetypal FgrGalOx 
(40% and 47%, respectively) (Fig. 1 and Table S2). ExeGa-
lOx displayed moderate specific activity on galactose and 
showed lower but equivalent specific activities on raffinose 
and melibiose; hence, we categorized this enzyme as a 
galactose oxidase (EC 1.1.3.9) (Table S5 and Fig. S7). Com-
pared to FgrGalOx, ExeGalOx had a threefold lower cata-
lytic efficiency on galactose due to a lower kcat even though 
its KM was fourfold lower (Tables 2, S11, and Fig.  S7). In 
addition, ExeGalOx had a threefold lower catalytic efficiency 

on melibiose compared to galactose, which reflects a lower 
turnover rate since the KM for both substrates is the same 
(Table 2 and Fig.  S7).

MreGalOx

MreGalOx also is located alone in clade 3 and shares low 
sequence identity with the closest neighboring homologs: 
35% vs. AsyAlcOx and 39% vs. AflAlcOx (Fig.  1 and 
Table S2). MreGalOx exhibited low production yields and 
lower activity compared to other enzymes presented in 
this study. No activity above the limit of detection of our 
assay (9 × 10–4 µmol min−1 mg−1 using 0.85 µM of purified 
enzyme) was observed with many substrates. Nonetheless, 
MreGalOx demonstrated low specific activity on galactose 
and comparable specific activities on raffinose and melibi-
ose; thus, we designated this enzyme as a galactose oxidase 

Table 2   Initial rate kinetics of 
active AA5_2 enzymes*

* Error bars represent the standard deviation from the mean values
§ Individual KM and kcat values not determinable; kcat/KM values obtained from slope of linear v0 versus [S] 
plots (see panels B in Figs. S7–S18)

Enzyme Substrate KM (mM) kcat (s−1) kcat/KM (M−1.s−1) Condition

ExeGalOx Galactose 25 ± 4.0 130 ± 3.7 (5.2 ± 0.8) × 103 pH 6.0, 49 °C
Melibiose 25 ± 0.6 37 ± 0.2 (1.5 ± 0.03) × 103

MreGalOx Galactose 64 ± 4.8 32 ± 0.7 (5.0 ± 0.4) × 102 pH 6.0, 55 °C
Melibiose n.d.§ n.d.§ (1.8 ± 0.8) × 102

FoxGalOxB Galactose 24 ± 1.3 81 ± 1.0 (3.4 ± 0.2) × 103 pH 8.0, 39 °C
Melibiose n.d.§ n.d.§ (5.9 ± 1.7) × 103

PfeGalOx Glycerol 69 ± 1.6 140 ± 1.1 (2.0 ± 0.1) × 103 pH 8.5, 30 °C
Galactose 28 ± 6.7 140 ± 4.5 (5.0 ± 1.2) × 103

UmaRafOx Glycerol 2900 ± 720 130 ± 24 45 ± 14 pH 8.5, 30 °C
Raffinose 450 ± 94 130 ± 15 290 ± 69

PhuRafOx Glycerol 2900 ± 390 56 ± 3.8 19 ± 2.9 pH 8.5, 30 °C
Raffinose 410 ± 33 8.8 ± 0.5 21 ± 2.1

AflAlcOx Benzyl Alcohol 19 ± 1.9 410 ± 11 (2.1 ± 0.2) × 104 pH 8.5, 39 °C
HMF 5.0 ± 1.3 190 ± 20 (3.8 ± 1.1) × 104

Galactose 980 ± 61 400 ± 10 (4.1 ± 0.3) × 102

PruAA5_2A 
(PruAlcOx)

Glycerol 34 ± 1.7 170 ± 3.0 (4.9 ± 0.3) × 103 pH 7.5, 35 °C
Galactose 110 ± 18 220 ± 8.6 (2.0 ± 0.3) × 103

Benzyl Alcohol 9.2 ± 1.8 110 ± 5.0 (1.2 ± 0.2) × 104

FoxAlcOx Benzyl Alcohol 230 ± 70 24 ± 4.5 100 ± 37 pH 8.5, 45 °C
Galactose 2000 ± 650 8.3 ± 1.7 4.1 ± 1.6

PorAlcOx Benzyl Alcohol 1.3 ± 0.10 8.6 ± 0.15 (6.6 ± 0.5) × 103 pH 7.5, 30 °C
Butanol 4.6 ± 0.30 7.9 ± 0.09 (1.7 ± 0.1) × 103

Glycerol 57 ± 8.1 8.5 ± 0.32 (1.5 ± 0.2) × 102

1,4-Butanediol 4.3 ± 0.56 9.5 ± 0.51 (2.2 ± 0.3) × 103

CglAlcOx Benzyl Alcohol 3.6 ± 0.8 350 ± 20 (9.7 ± 2.2) × 104 pH 8.0, 30 °C
HMF 0.09 ± 0.01 240 ± 16 (2.7 ± 0.3) × 106

1,4-Butanediol 3.9 ± 0.4 330 ± 13 (8.5 ± 0.9) × 104

AsyAlcOx Benzyl Alcohol 79 ± 22 17 ± 1.8 (2.2 ± 0.6) × 102 pH 8.0, 30 °C
Glycerol 700 ± 80 38 ± 2.0 54 ± 6.8
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(EC 1.1.3.9) (Fig.  S8 and Table S5). Compared to FgrGa-
lOx, MreGalOx had a 20-fold lower catalytic efficiency on 
galactose (Tables 2, S11, and Fig. S8). Comparing its activ-
ity on melibiose versus galactose, MreGalOx had a three-
fold higher catalytic efficiency on melibiose; however, KM 
and kcat parameters could not be reliably determined due to 
apparent substrate inhibition (Table 2 and Fig. S8).

FoxGalOxB

FoxGalOxB is located alone in clade 16 next to clade 15, 
which contains the archetypal FgrGalOx and other char-
acterized galactose 6-oxidases (Fig. 1). Only 40% identity 
is shared between FoxGalOxB and FgrGalOx, despite the 
close phylogenetic association (Table S2). The full substrate 
profile of FoxGalOxB led us to designate it as a galactose 
oxidase (EC 1.1.3.9). Since a galactose oxidase has already 
been characterized in Fusarium oxysporum [65], we have 
named this homolog FoxGalOxB [85]. FoxGalOxB showed 
high specific activity on galactose and melibiose, followed 

by raffinose and then lactose, whereas low specific activ-
ity was observed on polyols, diols, and primary and aryl 
alcohols (Fig. S9 and Table S6). In addition, FoxGalOxB 
showed low specific activity on both HMF and HMFCA 
(3.3 µmol min−1 mg−1), low specific activity on DFF, and 
no activity on FFCA (Fig. S9 and Table S6). Compared to 
the archetypal FgrGalOx, FoxGalOxB had a threefold lower 
catalytic efficiency on galactose (Tables 2, S11, and Fig. S9). 
Substrate inhibition was also observed on melibiose with 
FoxGalOxB and an overall twofold decrease in catalytic 
efficiency compared to galactose was found (Table 2 and 
Fig. S9).

PfeGalOx

PfeGalOx is located in clade 8, which also contains 
PruAA5_2A (PruAlcOx) (56% identity) and is located 
next to the clade containing AflAlcOx (51% identity) 
(Fig. 1 and Table S2). Analogous to FoxGalOxB, PfeGa-
lOx displayed high specific activity on galactose; however, 
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other galactosylated carbohydrates showed moderate spe-
cific activity, with its highest activity observed on raffi-
nose, followed by lactose, and lastly melibiose (Fig. S10 
and Table S6). Interestingly, PfeGalOx also showed promi-
nent specific activity on xylose (Fig. S11 and Table S6), 
which is a novel activity among CROs. Furthermore, 
PfeGalOx displayed high specific activity on glycerol, 
and moderate activities on benzyl alcohol, butanol, and 
1,2-propanediol/1,3-propanediol, yet low activity on other 
primary alcohols (Fig. S10 and Table S6). Considering the 
full substrate profile of PfeGalOx, we have classified this 
enzyme as a galactose oxidase (EC 1.1.3.9). PfeGalOx 
had a twofold lower catalytic efficiency on galactose than 
FgrGalOx [72] attributable to both an eightfold decrease 
in kcat and a fourfold decrease in KM (Tables 2, S11, and 
Fig.  S10). Furthermore, PfeGalOx showed a twofold 
higher catalytic efficiency on glycerol than CgrAlcOx 
[37]; however, it had a 2.5-fold higher catalytic efficiency 
on galactose compared to glycerol (Tables 2, S12, and 
Fig. S10).

Raffinose oxidases

Raffinose oxidases (EC 1.1.3.-), from the perspective of 
specificity, can be considered as a subclass of the galactose 
6-oxidases, because these enzymes oxidize the hydroxyl 
group located on the carbon 6 of the galactosyl residue of 
this trisaccharide. Nonetheless, these enzymes exhibit a 
distinct specificity for raffinose over galactose and other 
galactosides, as has been demonstrated for CgrRafOx [62]. 
These enzymes are also comparably proficient at oxidizing 
glycerol, some diols, and glycolaldehyde dimer.

UmaRafOx

UmaRafOx is located in a distinct clade (clade 30; Fig. 1 
and Table S2), which also contains PhuRafOx (81% iden-
tity) and the previously characterized CgrRafOx (43% iden-
tity). UmaRafOx showed low specific activity on glycerol, 
compared to other enzymes in the present study. None-
theless, this polyol is the substrate for which the highest 
specific activity was observed for this enzyme (Fig. S11 
and Table S7). UmaRafOx showed an overall low specific 
activity on carbohydrates; however, the substrate for which 
UmaRafOx had the second highest specific activity was raf-
finose (Fig. S12 and Table S7). UmaRafOx also displayed 
a similar specific activity to raffinose on glycolaldehyde 
dimer; however, no activity on methyl glyoxal was observed 
(Fig. S12 and Table S7). UmaRafOx had a 20-fold lower 
catalytic efficiency on glycerol compared to CgrAlcOx 
[37], and a 15-fold higher catalytic efficiency on glycerol 

compared to CgrRafOx (Tables 2 and S12). The catalytic 
efficiency of UmaRafOx on raffinose is sixfold higher than 
CgrRafOx [62] (Table 2). Based on these kinetic results, we 
designated UmaRafOx as a raffinose oxidase (EC 1.1.3.-).

PhuRafOx

PhuRafOx has a substrate profile similar to UmaRafOx, 
displaying high activity on glycerol followed by raffinose 
(Fig. S12 and Table S7). PhuRafOx also showed low equiva-
lent specific activities on glycolaldehyde dimer and 1,3-pro-
panediol (Fig. S12 and Table S7). PhuRafOx had a 50-fold 
lower catalytic efficiency on glycerol compared to CgrAlcOx 
[37], and a sixfold higher catalytic efficiency on glycerol 
compared to CgrRafOx (Tables 2 and S12). The catalytic 
efficiency of PhuRafOx on raffinose is twofold lower than 
CgrRafOx; however, considering the fully distinct substrate 
profile we classified PhuRafOx as a raffinose oxidase (EC 
1.1.3.-).

Broad‑spectrum alcohol oxidases

Enzymes in this group exhibit a broad catalytic range, i.e., 
a lack of selectivity, for carbohydrates, including galactose 
and galactosides (EC 1.1.3.9), linear alcohols, including 
diols and polyols (EC 1.1.3.13), as well as diverse aryl alco-
hols, including benzyl alcohols and furan derivatives (EC 
1.1.3.7 and EC 1.1.3.47). At the same time, these enzymes 
demonstrate distinct substrate preferences within these com-
pound classes. The activity profiles of these enzymes are 
reminiscent of FgrAAO[40] and CgrAAO[39].

AflAlcOx

AflAlcOx is located alone in clade 7 in the phylogenetic 
tree and shares moderate sequence identity with its closest 
homologs PfeGalOx and PruAA5_2A (PruAlcOx) (51% and 
48%, respectively) (Fig. 1 and Table S2). AflAlcOx showed 
high specific activity on benzyl alcohol and moderate spe-
cific activities on galactose, glycerol, diols, butanol, HMF, 
and other aryl alcohols (Fig. S13 and Table S8). Due to this 
broad range of activities, we have designated AflAlcOx as a 
general alcohol oxidase (EC 1.1.3.13 and EC 1.1.3.7). AflAl-
cOx showed a sevenfold lower catalytic efficiency compared 
to CgrAlcOx on benzyl alcohol (Table S12) and showed a 
higher catalytic efficiency on HMF than CgrAAO, bacterial 
HMFO (a Glucose-Methanol-Choline (GMC) superfam-
ily oxidoreductase) and FgrAAO (twofold, fivefold, and 
20-fold, respectively) (Table S13). Even though AflAlcOx 
displayed prominent specific activity on galactose, its cata-
lytic efficiency on benzyl alcohol was 50-fold higher than 
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on galactose (Table 2 and Fig. S13). Furthermore, AflAl-
cOx had a 25-fold lower catalytic efficiency on galactose 
than the archetypal FgrGalOx, due to a tenfold increase in 
KM and a threefold decrease in kcat compared to FgrGalOx 
(Table S11).

PruAA5_2A (PruAlcOx)

PruAA5_2A (PruAlcOx) is located in the same clade as 
PfeGalOx (56% identity) and shares 48% identity with AflA-
lcOx located in the neighboring clade (Fig. 1 and Table S2). 
PruAA5_2A (PruAlcOx) displayed high specific activity 
on glycerol, moderate activities on 1,2-propanediol, and 
1,3-propanediol and showed decreased specific activities 
with increasing chain length on other diols (Fig. S14 and 
Table S8). PruAA5_2A (PruAlcOx) also showed high spe-
cific activity on galactose, but low activities were observed 
for other carbohydrates. Furthermore, PruAA5_2A (Pru-
AlcOx) showed high specific activity on benzyl alcohol 
and moderate specific activity on HMF with lower activ-
ity observed on HMFCA, very low activity on DFF, and 
no activity on FFCA (Fig. S14 and Table S8). Based on 
this wide substrate scope, we have classified PruAA5_2A 
(PruAlcOx) as a general alcohol oxidase (EC 1.1.3.13 and 
EC 1.1.3.7). PruAA5_2A (PruAlcOx) displayed catalytic 
efficiencies fivefold higher on glycerol and tenfold lower on 
benzyl alcohol than CgrAlcOx [37] (Table S12). Despite 
PruAA5_2A (PruAlcOx) possessing a high specific activity 
on galactose, similar to AflAlcOx, the catalytic efficiency 
of PruAA5_2A (PruAlcOx) on benzyl alcohol was 25-fold 
higher than that on galactose (Table S11). PruAA5_2A 
(PruAlcOx) has a similar KM value on galactose and shows 
a fivefold lower turnover rate compared to FgrGalOx 
(Table S11).

During the course of the present study PruAA5_2A 
(PruAlcOx) was characterized as exhibiting an activity 
profile combining those of AA5_1 and AA5_2 members 
[61]. Here, we observed generally higher activities on all 
tested substrates and a different specificity profile. In our 
hands, PruAA5_2A (PruAlcOx) possessed a higher specific 
activity on galactose rather than raffinose [61] (ninefold) 
and the highest specific activity was observed on glycerol 
rather than the glycolaldehyde dimer [61] (twofold) at the 
equivalent concentrations as the previous study. Further-
more, our enzyme exhibited substantial specific activity on 
benzyl alcohol (84 µmol min−1 mg−1 at 30 mM), while the 
previous study did not observe any activity on this substrate 
at 300 mM [61]. The reasons for these discrepancies are 
unclear, but we note that P. pastoris SMD1168H and fed-
batch production were used previously vs. P. pastoris X33 
shake-flask production here.

FoxAlcOx

FoxAlcOx is located in the same clade as the recently char-
acterized FgrAAO and FoxAAO (clade 14) (67% identity) 
(Fig. 1 and Table S2). This clade is located beside the clas-
sical galactose oxidases, and FoxAlcOx shares 58% identity 
with FgrGalOx. FoxAlcOx has generally low specific activi-
ties on all substrates tested and displayed the lowest specific 
activity out of all the enzymes presented in this study (Fig. 
S15 and Table S9). FoxAlcOx showed the highest specific 
activity on benzyl alcohol, while the second highest specific 
activities were observed on galactose and the aldehyde com-
pounds, i.e., methyl glyoxal and glycolaldehyde dimer (Fig. 
S15 and Table S9). The catalytic efficiency of FoxAlcOx 
on benzyl alcohol is 1400-fold lower than CgrAlcOx [37] 
and fourfold lower than FgrGalOx[86] (Table S12). Due to 
this broad substrate range, which includes carbohydrates, 
aryl alcohols, and aldehydes (which likely react with the 
enzyme in their hydrated forms [34, 35]), we have classified 
FoxAlcOx as a general alcohol oxidase (EC 1.1.3.13 and 
EC 1.3.3.7). Since the second highest specific activity for 
FoxAlcOx was observed on galactose, Michaelis–Menten 
kinetics were performed for this substrate and showed that 
FoxAlcOx displayed a 2500-fold lower catalytic efficiency 
on galactose than FgrGalOx (Table S11).

PorAlcOx

PorAlcOx is located in the same distinct clade as CglA-
lcOx (57% identity), CgrAlcOx (55% identity), and other 
previously characterized AlcOxs (clade 26) (Fig. 1 and 
Table S2). Similar to MreGalOx, PorAlcOx was produced 
with low yields (Table S3). Nevertheless, comparable mod-
erate specific activities were measured on polyols, diols, 
primary alcohols, and aryl alcohols with notable activity on 
benzyl alcohol and HMFCA (Fig. S16 and Table S10). In 
contrast to AflAlcOx and PruAA5_2A (PruAlcOx), PorAl-
cOx showed higher activity on HMFCA versus HMF while 
also displaying low activities on DFF and FFCA (Fig. S16 
and Table S10). The broad substrate profile of PorAlcOx is 
indicative of a general alcohol oxidase (EC 1.1.3.13) (Fig. 
S16 and Table S10). PorAlcOx had lower catalytic efficien-
cies compared to CgrAlcOx [37], i.e., kcat/KM values were 
20-fold less on benzyl alcohol, 40-fold less on 1,4-butan-
ediol, 80-fold less on butanol, and sixfold less on glycerol 
(Table 2 and S12). During the course of our study, PorAl-
cOx was characterized using ethanol, butanol, 1,3-butan-
ediol, and glycerol as substrates. Although we did not obtain 
kinetic parameters on all of the aforementioned substrates, 
our catalytic efficiencies on butanol and glycerol are com-
parable to the previously reported values [38].
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Non‑carbohydrate alcohol oxidases

Enzymes in this group clearly appear to reject mono-, di-, 
and trisaccharides, notably including galactose and raffinose, 
in favor of alkanols and aryl alcohols (EC 1.1.3.7 and EC 
1.1.3.47). At the same time, these enzymes are generally 
proficient on linear diols and polyols. The activity profiles 
of these enzymes are reminiscent of CgrAlcOx and CglA-
lcOx [37].

CglAlcOx

CglAlcOx is located in the same clade as PorAlcOx, CgrAl-
cOx, CglAlcOx, and ChiAlcOx (clade 26) (Fig. 1). Further-
more, it shares 79% identity with CgrAlcOx (Table S2) and 
99% identity with CglAlcOx from C. gloesporoides-14/ 
Colletotrichum fructicola Nara gc5. The CglAlcOx charac-
terized in this study is from C. gloesporoides-23 and con-
tains a single point mutation compared to the previously 
characterized CglAlcOx [37]. CglAlcOx displays higher 
activity under acidic conditions, lower thermostability and 
the same catalytic efficiency on benzyl alcohol (Table 2, 
and Figs. S5, S6, S17) compared to its ortholog. CglAlcOx 
showed equally high specific activities on all diols, glyc-
erol, primary alcohols, benzyl alcohols, and substituted aryl 
alcohols; hence, we characterized this enzyme as a general 
alcohol oxidase (EC 1.1.3.7 and EC 1.1.3.13) (Fig. S17 and 
Table S10). CglAlcOx had catalytic efficiencies comparable 

to CgrAlcOx [37] on benzyl alcohol and 1,4-butanediol and 
that are 50-fold and 40-fold higher, respectively, compared to 
CgrAAO [39] (Tables 2 and S12). Moreover, CglAlcOx dis-
played high specific activity on HMF while showing almost 
no activity on DFF and FFCA (Fig. S17 and Table S10). 
CglAlcOx had the highest reported catalytic efficiency to 
date on HMF with a 140-fold higher kcat/KM value than 
CgrAAO [39] and a 380-fold higher kcat/KM value than the 
bacterial HMFO [87] (a GMC superfamily oxidoreductase) 
(Table S13). As such, CglAlcOx may also be classified as 
an HMF oxidase (EC 1.1.3.47).

AsyAlcOx

AsyAlcOx is located alone in clade 6 and shares only 
45% identity with AflAlcOx in the neighboring clade 
(Fig. 1 and Table S2). AsyAlcOx possessed moderate 
specific activities on aryl alcohols and diols, but nota-
ble specific activity on benzyl alcohol; thus, we des-
ignated this enzyme as a general alcohol oxidase (EC 
1.1.3.13 and EC 1.3.3.7). AsyAlcOx showed low activ-
ity on diols while displaying enhanced specific activ-
ity with increased carbon chain length, culminating 
with 1,6-hexanediol (Fig. S18 and Table S9). Michae-
lis–Menten kinetics indicated that AsyAlcOx had over 
600-fold and 17-fold lower catalytic efficiencies on ben-
zyl alcohol and glycerol, respectively, than CgrAlcOx 
[37] (Tables 2, S11 and Fig. S18).
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Application to bioproduct conversion

CROs from AA5 are finding increasing applications in the 
conversion of small molecules to valuable chemical inter-
mediates [46, 47, 50, 55, 56, 59, 88, 89]. Among these, 
HMF from the thermochemical breakdown of plant bio-
mass [57, 58] and glycerol, a by-product of the biodiesel 
industry [90], are of particular interest. On one hand, HMF 
can be converted into the bi-functional polymer precur-
sors DFF and FDCA by controlled oxidation (Fig. 3a) [57, 
58]. On the other hand, glycerol is an exemplar prochiral 
compound and its valorization through desymmetrization 
has garnered significant interest (Fig. 3b). Relatedly, an 
evolved variant of FgrGalOx was used for an essential 
desymmetrization of a key 2-ethynyl-glycerol intermediate 
in the biocatalytic cascade synthesis of the antiviral drug 
islatravir [55].

HMF

Enzymes with specific activities above 3 µmol min−1 mg−1 
on any furan substrate were incubated with either 10 mM 
HMF, HMFCA, DFF, or FFCA, followed by direct quan-
titation of the product(s) by 1H NMR (Table 3). Previous 
work has shown that CgrAAO oxidized HMF to DFF, while 
FgrAAO produced a mixture of DFF and FFCA as the ter-
minal products of HMF oxidation [39, 40].

CglAlcOx showed 100% conversion of HMF to a 91:9 
mixture of FFCA and FDCA, respectively (Table 3 and Fig. 
S19). Based on experiments with the HMF oxidation path-
way intermediates HMFCA and DFF, CglAlcOx is able to 
oxidize both furans efficiently with the major product con-
sisting of FFCA with some FDCA observed (Table 3 and 
Fig. S19). PorAlcOx, which belongs to the same cluster as 
CglAlcOx, showed incomplete conversion of 10 mM HMF 
producing predominantly DFF with 2% FFCA observed 
(Table 3 and Fig. S20). Interestingly, PorAlcOx showed 
full conversion of HMFCA and DFF to mostly FFCA, and 
partial conversion to FDCA was also observed (Table 3 and 
Fig. S20).

PruAA5_2A (PruAlcOx) oxidized 100% of 10 mM HMF 
to DFF (including its hydrated form) and FFCA(Table 3 and 
Fig. S21). AflAlcOx showed similar conversion percent-
ages to PruAA5_2A (PruAlcOx) for HMF, HMFCA, and 
DFF (Table 3 and Fig. S22). However,  no conversion was 
observed with FFCA for AflAlcOx. FoxGalOxB displayed 
low percent conversion of HMF and had a similar product 
profile to PruAA5_2A (PruAlcOx) (Table 3 and Fig. S23).

In previous work, the aryl oxidase FgrAAO,  was shown 
to produce similar ratios of products during overnight 
incubations with furan-containing substrates compared to 
PruAA5_2A (PruAlcOx), AflAlcOx, and FoxGalOxB [40]. 
It was noted for FgrAAO, and other CRO enzymes, that per-
haps the low degree of hydration of FFCA compared to DFF 
limits further conversion [87]. In contrast, the increased pro-
duction of FDCA observed for both CglAlcOx and PorAl-
cOx may be caused by their active-site architecture being 
able to accommodate the aldehyde form (or its hydrate) of 

Table 3   Percent conversions of HMF, HMFCA, DFF, and FFCA by PruAA5_2A (PruAlcOx), AflAlcOx, CglAlcOx, PorAlcOx, and FoxGa-
lOxB

AA5 CRO Substrate

HMF HMFCA DFF FFCA

FoxGalOxB DFF (29%), FFCA (4%) FFCA (17%) FFCA (12%) FDCA (7%)
AflAlcOx DFF (52%), FFCA (48%) FFCA (100%) FFCA (40%) 0%
PruAA5_2A
(PruAlcOx)

DFF (52%), FFCA (48%) FFCA (100%) FFCA (38%) FDCA (5%)

CglAlcOx FFCA (91%), FDCA (9%) FFCA (92%), FDCA (8%) FFCA (87%), FDCA (13%) FDCA (24%)
PorAlcOx DFF (49%), FFCA (2%) FFCA (83%), FDCA (17%) FFCA (72%), FDCA (28%) FDCA (49%)

Table 4   Stereochemical outcome of glycerol oxidation by AA5 CROs

a Enzymes previously characterized in ref [40]

AA5 CRO Product

L-glyceraldehyde  
hydrazone (%)

D-glyceraldehyde 
hydrazone (%)

FgrGalOxa 96 4
CgrAlcOxa 10 90
FoxGalOxB 79 21
PfeGalOx 71 29
UmaRafOx 84 16
PhuRafOx 82 18
AflAlcOx 88 12
PruAA5_2A  

(PruAlcOx)
96 4

CglAlcOx 3 97
PorAlcOx 11 89
AsvAlcOx 77 23
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FFCA, which results in higher percent conversions to FDCA 
compared to other CROs.

Glycerol

It has been previously reported that the wild-type Fgr-
GalOx and FgrAAO oxidize glycerol stereoselectively to 
l-glyceraldehyde, while CgrAlcOx produces the natural 
d-glyceraldehyde isomer [40, 91]. To explore the stereose-
lectivity of CROs in the present study, those with specific 
activities toward glycerol greater than 3 µmol min−1 mg−1 
were incubated with 0.54 M glycerol for 24 h, followed by 
chiral HPLC analysis of the resulting 2,4-dinitrophenyl glyc-
eraldehyde-hydrazones (Table 4 and Fig. S24).

CglAlcOx and PorAlcOx showed a preference for produc-
ing d-glyceraldehyde with an er of 3:97 and 11:89 (l-:d-), 
respectively. This may be expected, since both share higher 
identity with CgrAlcOx (79% and 55%, respectively) than 
with FgrGalOx (38% and 34%) (Table S2). On the other 
hand, all of the other enzymes tested for the stereoselective 
oxidation of glycerol showed a strong preference for the for-
mation of l-glyceraldehyde (Table 4 and Fig. S24). These 
enzymes all have higher identities to FgrGalOx (52–36%) 
than CgrAlcOx (33–23%) (Table S2), providing further evi-
dence that the different active-site amino acid scaffolds of 
FgrGalOx and CgrAlcOx direct the stereoselective oxida-
tion of achiral glycerol.

Discussion

Biocatalysis will play an increasingly important role in the 
development of a sustainable economy, and the discovery 
of novel enzymes, particularly oxidases, is essential to sup-
port this transition. Only recently it has been appreciated 
that the range of native catalytic activities found among the 
copper radical oxidases from Auxiliary Activity Family 5 
Subfamily 2 members extends beyond the founding, classi-
cal galactose 6-oxidases [37–39]. In the present study, we 
have biochemically characterized twelve AA5_2 members 
dispersed across the AA5_2 phylogenetic tree, covering 
hitherto unexplored clades. These comprise four canonical 
galactose-6-oxidases (ExeGalOx, MreGalOx, FoxGalOxB, 
and PfeGalOx), two raffinose-specific galactosyl oxidases 
(UmaRafOx and PhuRafOx), four broad-spectrum alcohol 
oxidases (AflAlcOx, PruAA5_2A (PruAlcOx), FoxAlcOx, 
and PorAlcOx), and two alcohol oxidases that notably do not 
target carbohydrates (CglAlcOx and AsyAlcOx). Mapping 
these activities onto the current phylogenetic landscape of 
AA5_2 indicated that although a number of clades demon-
strate conserved substrate specificities, such as clade 15 with 
GalOxs, clade 30 with RafOxs, and clade 26 with AlcOxs, 
galactosyl versus general alcohol oxidase activity was not 

monophyletic. However, detailed analysis of active-site resi-
dues, supported by structural homology modeling based on 
FgrGalOx (PDB ID 1GOF) [92] and computational docking 
of galactose (Figs. 4 and S25–S27), allows us to rational-
ize some structure–function relationships among the CROs 
in the absence of experimental tertiary structures of these 
homologs.

Four CROs displayed similar substrate profiles to the 
archetypal galactose oxidase; however, ExeGalOx, Mre-
GalOx, and FoxGalOxB have a distinct difference with a 
phenylalanine at the position corresponding to Y329 in Fgr-
GalOx (Table 1). Although this residue has been suggested 
to form a hydrogen bond with the 1-OH of galactose [77] 
(Fig. 4), ExeGalOx, MreGalOx, and FoxGalOxB all have 
lower KM values than the archetypal enzyme (Table S11), 
thus indicating that this tyrosine is dispensable to maintain 
efficient galactose binding. Computational docking suggests 
that other predicted hydrogen bonds to active-site arginine 
and tryptophan residues may be sufficient for galactose bind-
ing in these enzymes, such as observed in ExeGalOx (Fig. 
S25-B).

Consistent with this hypothesis, three broad-spectrum 
alcohol oxidases (FoxAlcOx, AflAlcOx and PruAA5_2A 
(PruAlcOx)) also showed prominent activity on galactose. 
Of these, the enzymes with KM values equal to, or lower 
than, FgrGalOx on galactose retained an arginine at the cor-
responding position (Arg330, Tables 1 and S10). This amino 
acid has been speculated to make two hydrogen bonds with 
the 3-OH and 4-OH of galactose [69], which is supported 

1.8 Å 

2.3 Å 

2.9 Å 

1.8 Å 

2.4 Å 

R330

Y329

W290

F194

F464

Fig. 4   Molecular docking of galactose (cyan) into the experimen-
tal tertiary structure of FgrGalOx (PDB ID 1GOF) [92]. The copper 
atom is depicted as a dark orange sphere, while W290, Y329, R330, 
F494, and F194 are depicted as yellow, green, magenta, brown, and 
red sticks, respectively, including surface representation for F194 and 
F464. Ligand coordination is indicated in black
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by docking analysis of FgrGalOx and ExeGalOx (Figs. 4 
and S26-B). However, enzymes with a lysine (FoxAlcOx) 
or a histidine (AflAlcOx) at this position have higher KM 
values, possibly caused by the loss of hydrogen bonding 
interactions. FoxAlcOx possesses a lysine that only forms 
one predicted hydrogen bond to galactose (2.7 Å) (Fig. S26-
C), and the limited activity of this homolog is similar to 
previously studied AA5_2 members with this substitution 
[40, 72] (Table S11). Likewise, the longer effective distance 
between the histidine and galactose modeled in AflAlcOx 
likely diminishes the potential of hydrogen bonding (Fig. 
S26-D). With the exception of CgrAAO [39] and AsyAl-
cOx, other enzymes with no activity on galactose feature a 
methionine or a tyrosine residue at the position correspond-
ing to Arg330 in FgrGalOx (Table 1).

Another residue that appears to be important in determin-
ing galactose binding is F194, which together with F464 
is speculated to form a hydrophobic wall in FgrGalOx 
[69]. Our models indeed support that this wall may interact 
with the comparatively hydrophobic bottom face (defined 
by the axial H-1, H-3, and H-5) of β-galactopyranoside, 
as well as the exocyclic CH2 group (Fig.  4). Enzymes 
with a substitution at the position corresponding to F194 
in FgrGalOx and demonstrable galactose oxidase activ-
ity (> 60 µmol  min−1  mg−1, viz., PfeGalOx, AflAlcOx, 
PruAA5_2A (PruAlcOx) with tyrosine and FoxGalOxB 
with methionine) all have lower kcat values and overall lower 
catalytic efficiencies, despite some having lower KM values 
(PfeGalOx and PruAA5_2A (PruAlcOx) (Table S11). Mod-
eling of PfeGalOx, AflAlcOx, and PruAA5_2A (PruAlcOx) 
with galactose also suggests that the corresponding tyrosine 
can also form a hydrophobic wall with the bridging phenyla-
lanine. However, this tyrosine is also computed to be within 
hydrogen bonding distance to the ring oxygen of galactose 
and, consequently, may orient the 6-OH further away from 
the copper center compared to FgrGalOx, thereby attenuat-
ing activity (Fig. S27-B–D).

Confoundingly, FoxGalOxB, has a methionine in the posi-
tion corresponding to position 194 in FgrGalOx (Table 1). 
Despite the obvious disruption of the hydrophobic wall (Fig. 
S27-E), FoxGalOxB possesses predominant GalOx activ-
ity, albeit with a low turnover rate. Although this modeled 
complex precludes definitive analysis in the absence of site-
directed mutagenesis and kinetic analysis of variants, it is 
notable that the low turnover rate observed for FoxGalOxB 
is matched by a low KM value. The same hydrogen bonds 
between galactose, arginine, and tryptophan indicated in 
other enzymes are maintained in FoxGalOxB, consistent 
with this observation (Table S11).

In addition to the obvious residues lining the active site 
pocket, W290 in FgrGalOx is a second shell amino acid 
which strongly affects catalysis in AA5_2 CROs. FgrGa-
lOx W290 stacks with the tyrosine-cysteine crosslinked 

radical cofactor that is central to the mechanism of CROs, 
and potentially makes a hydrogen bond to the ring oxygen of 
galactose (Fig. 4). Mutagenesis of W290 significantly dimin-
ishes catalytic efficiency [73]. The homologs CgrAAO and 
CgrAlcOx possess, respectively, a tyrosine and a phenylala-
nine at this position, and site-directed mutagenesis of either 
to tryptophan modulates the relative activities toward carbo-
hydrates versus other primary alcohols [37, 39]. On the other 
hand, the recently characterized FgrAAO and FoxAAO both 
possess a tryptophan at the same position, but yet have much 
higher catalytic efficiencies on aryl alcohols than galactose 
[40]. As such, the presence of this tryptophan as a galactose 
specificity determinant is somewhat ambiguous. However, 
we note that three general alcohol oxidases (PorAlcOx, 
CglAlcOx, and AsyAlcOx) and the two raffinose oxidases 
(UmaRafOx, PhuRafOx), all of which showed low or no 
activity on galactose (< 3 µmol min−1 mg−1) do not carry a 
tryptophan at this position. PorAlcOx, CglAlcOx, and Asy-
AlcOx all have a phenylalanine at this position, while the 
raffinose oxidases have a tyrosine (Table 1). Other enzymes 
in our study capable of galactose oxidation all have retained 
this tryptophan residue, like the archetypal FgrGalOx. In 
this context, it is notable that a CRO from Streptomyces 
lividans is poorly active on galactose, yet contains a cor-
responding secondary shell tryptophan whose presence is 
critical to the formation of the cysteine-tyrosine crosslink 
[93, 94]. In this enzyme, the indole ring of the tryptophan 
is oriented differently compared to FgrGalOx, which may 
affect specificity through electronic effects and/or altered 
hydrogen bonding with the substrate [93, 94].

The last amino acid that warrants comment is C383, 
which lies at the back of the active site pocket but does not 
directly interact with galactose in FgrGalOx. This residue 
has been shown previously to affect FgrGalOx catalytic effi-
ciency on galactose [71], as its replacement with a serine 
increased the activity of the resulting mutant while an aspar-
agine substitution decreased the activity tenfold [40, 71]. 
X-ray crystallography demonstrated that the C383S mutant 
of FgrGalOx participates in a H-bonded water network, sta-
bilizing the backbone nitrogen between residues Tyr495 and 
His496 and possibly increasing its activity [74]. In our study, 
AflAlcOx, PruAA5_2A (PruAlcOx), and PfeGalOx have 
some of the highest catalytic efficiencies from all enzymes 
produced and they all natively have this C383S substitution 
(Table 1). Furthermore, MreGalOx has the same active site 
structure as ExeGalOx but displays a tenfold decreased cata-
lytic efficiency on galactose (Table 2). Contrary to ExeGa-
lOx, MreGalOx has an asparagine instead of a cysteine at 
the position corresponding to C383 in FgrGalOx which, due 
to a bulkier side chain, could disrupt the hydrogen bonding 
network, thereby lowering the activity of the enzyme.

Although the contributions of individual active-site amino 
acids to the specificity of AA5_2 CROs is not completely 
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unambiguous, we can nonetheless discern some general trends 
based on kinetic observations for the complete set of enzymes 
characterized to date (based on FgrGalOx residue numbering): 
the presence of R330 is crucial for low KM values on galactose 
and galactosides, while its replacement generally favors non-
carbohydrate oxidation. The neighboring amino acid, Y329, is 
not a key determinant of galactose oxidase binding/activity and 
a variety of amino acid residues are found at this position in 
CROs (Fig. S1-F). In contrast, F194 is important for efficient 
turnover rates toward galactose and although this amino acid 
is mostly conserved among AA5_2 sequences (Fig. S1-D), 
a majority of other sequences, regardless of carbohydrate or 
non-carbohydrate activity, contain an aromatic residue at this 
position likely to maintain the hydrophobic wall with F464. 
Lastly, the presence of W290 allows for prominent galactose 
oxidase activity but does not absolutely dictate enzyme speci-
ficity, possibly because spatial orientation of the indole ring in 
the secondary shell may be an addition contributor to substrate 
specificity [93, 94], which cannot be assessed on the basis of 
sequence alone.

Conclusion

A growing body of functional information on AA5_2 mem-
bers, including the detailed biochemical characterization of 
twelve fungal orthologs in the present study, continues to 
reveal a surprisingly broad catalytic diversity within this 
family of CROs. In this context, we note that automated 
genome annotations often label AA5_2 members as “galac-
tose oxidases” based on sequence similarity to the arche-
type FgrGalOx, which misrepresents the wider potential of 
these enzymes. Thus, such annotations should be viewed 
with caution, and we would generally advocate that these 
proteins should be more conservatively annotated as “cop-
per radical oxidases” [34] until specificity can be reason-
ably established. We also note that the true physiological 
substrates of these enzymes are generally unknown, so spe-
cificities determined in vitro—including those here—may 
only be indicative. Nonetheless, it is revealing that AA5_2 
comprises apparent galactose oxidases, raffinose oxidases, 
broad-spectrum alkyl- and aryl-alcohol oxidases, and non-
carbohydrate alcohol oxidases of potential use in the spe-
cific biocatalytic transformation of both carbohydrate and 
non-carbohydrate substrates, including bioproducts, such as 
HMF and glycerol.

The replacement of chemical oxidants with redox 
enzymes is a topic of considerable contemporary interest, 
for which the palette of CROs constitutes an alternative 
to cofactor-dependent oxidases [60]. For example, CglAl-
cOx has the highest catalytic efficiency on HMF currently 
reported, compared to CgrAAO [39] and FgrAAO [40], the 
bacterial HMF oxidase (a GMC superfamily oxidoreductase) 
[95], and some glyoxal oxidases from AA5_1 (Table S12) 

[87, 96, 97]. On the other hand, AflAlcOx may find use in 
multiple biocatalytic processes because it has high activ-
ity on both carbohydrate and non-carbohydrate substrates. 
The optimal choice of enzyme for a specific biocatalytic 
application will of course be substrate dependent, for which 
the current palette of AA5_2 CROs serves as an immediate 
resource and a starting point for future enzyme engineering 
efforts.

Materials and Methods

Chemicals and enzymes

Ultrapure water was used for the preparation of all buffers 
and stock solutions unless stated otherwise. Catalase from 
bovine liver (2000–5000 units per mg protein, Sigma) and 
horseradish peroxidase (Rz > 3, 300 units per mg, Bio Basic 
Canada Inc.), obtained as lyophilized powders, were used as 
received. Other substrates and reagents were purchased from 
commercial sources (Sigma-Aldrich, VWR or Fisher) and 
used without further purification.

Sequence analysis and bioinformatics

A total of 247 bacterial and 103 fungal AA5_2 sequences 
were collected from the CAZy database in January 2019 
[17]. Sequences of characterized AA5_1 members were also 
retrieved from the CAZy database. In addition, full-length 
sequences of FgrGalOx (Uniprot P0CS93), CgrAlcOx (Gen-
Bank EFQ30446), and CgrAAO (GenBank EFQ27661), as 
well as their corresponding catalytic domains, were used as 
templates for BLAST analysis against all Fungi in the Joint 
Genome Institute MycoCosm portal (https://​genome.​jgi.​
doe.​gov/​progr​ams/​fungi/​index.​jsf) [98, 99]. Where present, 
signal peptides and additional modules, such as carbohy-
drate-binding modules, were removed to isolate the catalytic 
modules for subsequent analysis. Catalytic modules sharing 
100% identity were down-sampled to one sequence to elimi-
nate redundancy. A multiple sequence alignment was created 
with MAFFT v.7.402 using the L-INS-I algorithm [100], on 
the CIPRES Science Gateway (www.​phylo.​org) [101]. Using 
this alignment, catalytic modules having deletions/substitu-
tions at key active-site residues, namely, Cys272 and Tyr316 
(which form the crosslinked thioether-tyrosyl cofactor) and 
other copper coordinating residues of FgrGalOx [36] were 
removed. Moreover, obviously erroneous sequences gener-
ated by incorrect splicing predictions were removed through 
identification of unusually long deletions/insertions.

With this curated multiple sequence alignment, compris-
ing 623 AA5_2 catalytic modules, a maximum likelihood 
phylogenetic tree was produced using RAxML v.8, with 

https://genome.jgi.doe.gov/programs/fungi/index.jsf
https://genome.jgi.doe.gov/programs/fungi/index.jsf
http://www.phylo.org
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100 bootstrap replications [102], on the CIPRES Science 
Gateway portal. The resulting tree was visualized using 
FigTree and monophyletic groups were supported by boot-
strap values > 60 and tree topology. SSNs were generated by 
computing BLASTP [103] all-versus-all local alignments 
of the curated 623 AA5_2 catalytic domains using SSNpipe 
(https://​github.​com/​ahvdk/​SSNpi​pe), which generated the 
E-value, bit score, alignment length, sequence identity, and 
sequence similarity for all sequence pairs. The data were 
filtered using a bit score threshold between 500 and 600, 
with increments of 25, to generate the final SSNs. A bit 
score threshold of 550, clustering the sequences into groups, 
which resolves the same monophyletic groups as those 
observed in the phylogenetic tree, was retained. The SSNs 
were visualized with Cytoscape using yFiles Organic Layout 
[104], and coloring of each node was based on monophyletic 
groups inferred from the phylogenetic tree.

In addition, Phyre2 [105] was used to make three-dimen-
sional homology models for AflAlcOx, PruAA5_2A (Pru-
AlcOx), PfeGalOx, ExeGalOx, FoxGalOxB, FoxAlcOx, and 
MreGalOx. The structural models were aligned to the crystal 
structures of FgrGalOx (PDB ID 1GOF) [92] and CgrAlcOx 
(PDB ID 5C86) [37] for spatial amino acid comparison to 
give further support to the alignment.

DNA cloning

cDNA encoding genes of interest without the predicted 
native signal peptide, and including a C-terminal His6 
tag-encoding sequence, were commercially synthesized 
in a codon-optimized form (BioBasic, Markham, Canada) 
and cloned directly into pPICZα-A or pPICZα-C using the 
EcoRI, SfiI, ClaI, XbaI, and NotI restriction sites flush with 
the sequence encoding the S. cerevisiae α-factor signal pep-
tide. The resultant constructs were transformed into chemi-
cally competent E. coli DH5α by heat shock.

Recombinant strain production

All recombinant proteins were produced using the in-house 
3PE Platform (Pichia Pastoris Protein Express www.​platf​
orm3pe.​com) as described in Haon et al., [106]. The trans-
formations of competent P. pastoris X33 cells with 5 µg of 
PmeI-linearized pPICZα-A plasmids (Invitrogen, Cergy-
Pontoise, France) containing the targeted sequences were 
done by electroporation. Each construction was spread on 
plates containing either 100 or 500 µg  mL−1 of Zeocin, 
and three P. pastoris transformants were isolated from 
each plate. Zeocin-resistant P. pastoris transformants were 
then screened for protein expression in 24-deepwell plates 
with the following conditions: induction of expression was 
done for 3 d at 25 °C in BMMY supplemented with CuSO4 
(500 µM) and methanol (3%, v/v), with daily addition of 1% 

(v/v) methanol. The recombinant proteins were then purified 
from supernatant by affinity chromatography on Ni–NTA 
resin using automated procedure as described previously 
[106]. Finally, the analysis of purified recombinant protein 
expression by SDS-PAGE (8% polyacrylamide pre-cast 
E-PAGE gels, Invitrogen) using Coomassie blue staining 
was used to select the best-producing transformants.

Small‑scale protein production and purification

The best-producing transformants were streaked on yeast 
extract peptone dextrose (YPD) agar plates containing 
Zeocin (100 µg mL−1) and allowed to grow 3 d (30 °C). 
One colony of the selected transformants served to inoculate 
5 mL of YPD broth in 50 mL sterile conical tubes and were 
incubated for 5 h at 30 °C and 160 rpm in an orbital shaker. 
The preculture was used to inoculate (0.2%, v/v) 500 mL of 
BMGY, before incubation for 16 h (30 °C) until the OD600 
nm reached 4–6. Then, the biomass was harvested by centrif-
ugation (10 min, 16 °C, 5000g) and resuspended in 100 mL 
of BMMY medium supplemented with 500 µM of CuSO4 
and 3% methanol (v/v) and incubated for 3 d in an orbital 
shaker (200 rpm, 25 °C), with daily feeding of 1% methanol 
(v/v). For PorAlcOx, StoAA5, and CcaAA5 clones, pro-
teins expression was further improved by lowering induction 
temperature to 20 °C and increasing daily methanol feed to 
3% (v/v). The cells were then harvested by centrifugation 
(10 min, 4 °C, 5000g); the supernatants were filtered on 
0.45 µm membrane (Millipore, Burlington, Massachusetts, 
USA) and stored at 4 °C prior to purification.

The filtered supernatants were adjusted to pH 7.8 just 
before purification, filtered on 0.22 µm filters (Millipore, 
Molsheim, France), and loaded onto a HisTrap HP-5 mL 
column (GE Healthcare, USA), equilibrated with buffer 
A (Tris–HCl 50 mM, pH 7.8, NaCl 150 mM, imidazole 
10  mM) and connected to an Äkta Xpress system (GE 
Healthcare). (His)6-tagged recombinant proteins were eluted 
with 50% buffer B (Tris–HCl 50 mM pH 7.8, NaCl 150 mM, 
imidazole 500 mM). After SDS-PAGE (10% polyacryla-
mide pre-cast gel, Bio-Rad) analysis, fractions containing 
the recombinant enzymes were pooled, concentrated, and 
exchanged to 50 mM Tris–HCl pH 7.0. The concentrated 
proteins were incubated overnight at 4 °C with 1 mM CuSO4 
to ensure full copper loading and then buffer exchanged in 
50 mM Tris–HCl buffer pH 7.0 to remove CuSO4 excess. 
The protein concentration was determined by UV absorp-
tion at 280 nm using a Nanodrop ND-200 spectrophotom-
eter (Thermo Fisher Scientific, USA) and calculated using 
theoretical molecular weight and molar extinction coeffi-
cients determined with ProtParam web tool (https://​web.​
expasy.​org/​protp​aram/) (ExeGalOx ε = 142,522 M−1 cm−1; 
MreGalOx ε = 153,842  M−1  cm−1; FoxGalOxB 
ε = 140,907 M−1 cm−1; PfeGalOx ε = 131,967 M−1 cm−1; 

https://github.com/ahvdk/SSNpipe
http://www.platform3pe.com
http://www.platform3pe.com
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
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UmaRafOx ε = 109,062  M−1  cm−1;  PhuRafOx 
ε = 105,052 M−1 cm−1; AflAlcOx ε = 134,885 M−1 cm−1; 
PruAA5_2A (PruAlcOx) ε = 126,802 M−1 cm−1; FoxAl-
cOx ε = 131,967 M−1 cm−1; PorAlcOx ε = 89,645 M−1 cm−1; 
CglAlcOx ε  =  95 ,527   M −1  cm −1;  AsyAlcOx 
ε = 123,947  M−1  cm−1; CcaAA5 ε = 77,475  M−1  cm−1; 
StoAA5 ε = 69,455 M−1 cm−1).

Large‑scale protein production and purification

The large-scale protein production and purification were per-
formed as previously published [40]. Briefly, single colo-
nies of P. pastoris X33 expressing clones were streaked onto 
agar plates containing Zeocin and grown for 2 d in the dark 
in a 30 °C incubator. Precultures with 5 mL of YPD and 
0.4 mg mL−1 Zeocin were inoculated using a single colony 
and shaken at 30 °C at 250 rpm for 9 h. Biomass produc-
tion was initiated by the addition of the preculture into 1 
L of BMGY media and shaken in 4 L flasks at 250 rpm 
overnight at 30 °C. Once the BMGY cultures reached an 
OD600 of 6–12, the cells were harvested by centrifugation 
at 3000g for 15 min at room temperature. Subsequently, the 
cells were resuspended using 400 mL of BMMY media, 
supplemented with 0.5 mM copper sulfate, containing 3% 
methanol and transferred to 1 L flasks. The flasks were 
shaken at 250 rpm at 16 °C for 3 d. The cultures were fed 
1% (v/v) methanol every 24 h and on day three, the secreted 
proteins were separated from the cells by centrifugation at 
8000g for 15 min at 4 °C. The supernatant was decanted, 
filtered through 0.45 µm membrane and the pH of the liquid 
medium was raised to 7.5–8.0 by dropwise addition of 1 M 
NaOH to the stirred solution. Subsequently, the liquid media 
which contained the proteins of interest were filtered again 
through a 0.45 µm membrane and allowed to equilibrate for 
at least 12 h at 4 ˚C.

The supernatant was loaded into a 5 mL pre-packed 
Ni–NTA column, pre-equilibrated with 50 mM sodium 
phosphate buffer at pH 7.5, containing 300 mM NaCl and 
10 mM imidazole, at 5 mL min−1. The column was washed 
with 10 column volumes of equilibration buffer (50 mM 
sodium phosphate, 300 mM NaCl, 10 mM imidazole at 
pH 7.5) at 5 mL min−1. Proteins were eluted with a linear 
gradient from 2 to 100% of 500 mM imidazole in 50 mM 
sodium phosphate buffer, 300 mM NaCl, and pH 7.5 at 
5 mL min−1. The total elution volume was 125 mL collected 
in 1 mL fractions. The fractions of interest were pooled and 
further desalted using a Sephadex G-25 column pre-equil-
ibrated with 50 mM sodium phosphate buffer at pH 7.5 at 
5 mL min−1. A total volume of 200 mL of equilibration 
buffer was passed through the column at 5 mL min−1. The 
fractions of interest were pooled and concentrated using a 
30,000 MWCO Vivaspin centrifugal concentrator. The pro-
teins were aliquoted, flash frozen in liquid nitrogen, and 

stored at −70 °C. SDS-PAGE was performed using pre-cast 
4–20% (w/v) polyacrylamide gel in the presence of 2% (w/v) 
SDS under reducing conditions. Proteins were visualized 
using Coomassie blue R-250 and molecular weights were 
estimated using a standard curve of the log (MW) versus Rf 
of the protein ladder (BLUelf). Protein concentrations were 
determined by measuring A280. The extinction coefficients 
were calculated using the ProtParam tool on the ExPASy 
server.

Analytical protein deglycosylation

The presence of protein glycosylation on UmaRafOx, 
PhuRafOx, AflAlcOx, PruAA5_2A (PruAlcOx), ExeGalOx, 
MreGalOx, PfeGalOx, FoxGalOxB, FoxAlcOx, CglAlcOx, 
AsyAlcOx, PorAlcOx, StoAA5, and CcaAA5 was assessed 
by treatment with N-glycosidase F from Flavobacterium 
meningosepticum (PNGaseF, New England Biolabs) accord-
ing to the manufacturer’s protocol. Briefly, deglycosylation 
experiments were performed under denaturing condition 
by adding 5 µg of protein to 10X Glycoprotein Denatur-
ing Buffer and heated for 10 min at 100 °C. The samples 
were subsequently diluted to 20 µL with GlycoBuffer 2 and 
tertigol-type NP-400 detergent. Finally, 1 µL of PNGaseF 
was added to the sample and incubated for 1 h at 37 °C. 
Changes in protein mobility were assessed by SDS-PAGE 
stained with Coomassie blue R-250. Molecular weights of 
proteins were estimated using a standard curve of the log 
(MW) versus Rf of the protein ladder (BLUelf).

Initial activity test

The colorimetric HRP–2,2’-azinobis(3-ethylbenzthiazoline-
6-sulfonic acid (ABTS)-coupled assay was used to deter-
mine the kinetics of the enzymatic oxidation of substrate. 
The oxidation of the alcohol group on the substrates by 
AA5 enzymes consumes 1 equivalent of O2 and produces 1 
equivalent of H2O2. The oxidation of ABTS (λmax = 514 nm, 
ε—36,000  M−1  cm−1) [107] is catalyzed by the enzyme 
HRP using 2 equivalents of H2O2. This is a standard assay 
used to monitor initial rate kinetics for AA5 enzymes [79]. 
This assay was optimized for sensitivity and linearity. The 
enzymes that expressed well from the production screen 
were tested for activity on 300 mM galactose, 300 mM raffi-
nose, and 30 mM benzyl alcohol. Enzyme activity was meas-
ured using the HRP-ABTS-coupled assay in 100 mM sodium 
phosphate buffer at pH 8.0, 0.46 mM ABTS, and 21 U mL−1 
of HRP at 30 °C using a Cary 60 UV–Vis spectrometer.

Plate assays—proof of concept

The enzyme AflAlcOx was used for the proof-of-concept 
experiments for the development of a medium throughput 
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plate-based HRP-ABTS-coupled assay. The pH profile, 
temperature stability profile, and partial substrate screen 
for AflAlcOx were performed initially using the standard 
HRP-ABTS-coupled assay using a Cary 60 UV–Vis spec-
trometer with plastic 1 mL cuvettes (Fig. S4). The same 
experiments using the same conditions were subsequently 
performed using a 96-well plate assay with BioTek Epoch 
microplate spectrophotometer. All experiments with AflAl-
cOx performed on the Cary 60 UV–Vis spectrometer were 
equivalent to experiments performed using the BioTek 
Epoch microplate spectrophotometer (Fig. S4), validating 
the plate assay. This assay was optimized for sensitivity 
and linearity. A standard curve for the production of ABTS 
radical was performed by incubating 7 mM ABTS with 
12.25–22.05 nmol potassium persulfate for 16 h in the dark 
to correctly assess the pathlength of the 96-well plate [107] 
(Fig. S3).

pH‑activity profile

Enzyme activity across a wide range of pH values was 
determined using phosphate-citrate (pH 4.0–7.0), sodium 
phosphate (pH 5.5–8.5), glycine–NaOH (pH 8.5–11.0), and 
CHES (pH 8.5–10.50) buffers. Enzyme activity was meas-
ured using the HRP-ABTS-coupled assay in a 96-well plate 
assay at RT in 100 mM buffer with either 300 mM of galac-
tose, 30 mM benzyl alcohol, or 300 mM of glycerol depend-
ing on the initial activity screen test.

Temperature stability

Temperature stability of candidate enzymes was determined 
by first diluting the stock protein in 50 mM sodium phos-
phate buffer at the previously optimum pH determined for 
each enzyme in the presence of 0.1 mg ml−1 of bovine serum 
albumin (BSA). The diluted protein was then pre-incubated 
in a thermocycler at 30 °C, 39 °C, 49 °C, 60 °C, 69 °C, 
and 79 °C. Samples were taken out at different time inter-
vals and the activity of the proteins was measured using the 
HRP-ABTS-coupled assay in a 96-well plate assay at RT 
with 300 mM galactose, 30 mM benzyl alcohol, or 300 mM 
glycerol as the substrate based on previous experiments.

Substrate screen

The activity of candidate enzymes was surveyed on a vari-
ety of substrates using the HRP-ABTS-coupled assay in 
100 mM sodium phosphate buffer at pH value determined 
by the pH profile, 0.46 mM ABTS, and 21 U mL−1 of HRP 
at RT with the 96-well plate assay method. The initial sub-
strate screen included carbohydrates, polyols, diols, and 
primary alcohol substrates at 300 mM, benzyl alcohol and 
galactitol at 30 mM, methyl glyoxal and glycolaldehyde 

dimer at 5 mM, and aryl alcohols and furans at 2.5 mM. 
One unit of AA5 enzyme activity was defined as the amount 
of enzyme required to oxidize 2 µmol of ABTS per minute, 
which is equivalent to the consumption of 1 µmol of oxygen 
per minute.

Michaelis–Menten Kinetics

To determine Michaelis–Menten parameters of candidate 
enzymes, different concentrations of substrate solutions 
were used over the range of 0.1–1,500  mM for galac-
tose, 0.5–750 mM for melibiose, 0.1–285 mM for benzyl 
alcohol, 0.5–200 mM for butanol, 5–6000 mM glycerol, 
0.1–200 mM 1,4-butanediol, and 0.01–25 mM HMF. The 
reactions were performed using the HRP-ABTS-coupled 
assay with 0.46 mM ABTS, 21 U mL−1 of HRP at different 
temperatures in 100 mM buffer at different pH informed by 
the temperature stability assays and pH profile experiments 
using the Cary 60 UV–VIS spectrometer with plastic 1 mL 
cuvettes. More detailed information for the experimental 
conditions of each Michaelis–Menten experiment is given 
in Table 4. Data were fit with the Michaelis − Menten equa-
tion using OriginPro software (OriginLab 9.55).

Computational docking studies

Molecular docking simulations were performed using the 
CHIMERA software from UCSF Resource for Biocomput-
ing, Visualization, and Informatics [108]. The FgrGalOx 
crystal structure (PDB ID 1GOF) and a Phyre model of 
AflAlcOx, PruAA5_2A (PruAlcOx), PfeGalOx, ExeGalOx, 
FoxGalOxB, and FoxAlcOx were used to generate the recep-
tors for simulations. Galactose was extracted from a different 
PDB file (PDB ID 1SO0). Ligands and receptors were first 
prepared for docking in chimera by adding hydrogens and 
assigning proper protonation states. The docking simula-
tion itself was performed using Autodock VINA, run within 
CHIMERA, with the AMBER03 force field [109]. Appropri-
ate simulation cells were defined for the respective docking 
simulations. For docking of galactose, a 7 Å, 6 × 6 × 7 Å, or 
a 6 Å cell with the copper atom bordering the z-coordinate 
edge was chosen. Galactose gave reasonable binding poses 
with all enzymes used. The modelled receptor–ligand com-
plex structures were analyzed using the PyMOL software 
(Schrodinger LLC) to determine ligand–receptor interac-
tions, including bond distances.
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Enzyme product analysis

Oxidation of HMF, DFF, HMFCA, and FDCA

Oxidation of furan-containing compounds with AA5_2 
enzymes was performed as previously published [40]. 
Ten mM of substrate (HMF, DFF, HMFCA, and FDCA) 
and 1 mg mL−1 of both catalase and HRP were combined 
and the reaction was initiated by adding 60 µg of purified 
AA5_2 enzyme to a vial with 50 mM buffer in a final vol-
ume of 1 mL. Reactions were stirred at 400 rpm at room 
temperature for 17 h followed by enzyme removal through 
ultrafiltration (5 kDa cut-off Vivaspin Sartorius, Stonehouse, 
UK). D2O was added to the filtrate to a final composition of 
10% (v/v). NMR experiments were performed on a Bruker 
AVANCE 600 MHz spectrometer. 1H NMR spectra were 
collected with water suppression (4.7 ppm) using a standard 
pre-saturation pulse sequence. Chemical shifts were cali-
brated to the internal HOD peak (4.7 ppm). Standards of all 
substrates were used to identify distinct chemical shifts for 
each molecule. Integration values of relevant peak areas 
were used to determine conversion percentages.

Oxidation of glycerol

Oxidation of glycerol and subsequent product analysis was 
performed as previously published [40]. 0.54 M glycerol 
and 1 mg mL−1 of both catalase and HRP were combined 
and 700 µg of purified AA5_2 enzyme in a final volume 
of 1 mL (50 mM buffer) was added to start the reaction. 
Reactions were stirred at 400  rpm at room temperature 
for 24 h, and subsequently, the enzymes were removed by 
ultrafiltration (5 kDa cut-off Vivaspin Sartorius, Stonehouse, 
UK). 20 mg of 2,4-dinitrophenyl hydrazine was added to 
the reaction mixtures, which were incubated in a heat block 
at 50 ℃ for 6 h with intermittent shaking. A TLC plate 
was used to check formation of desired product (Rf = 0.46, 
100% EtOAc). The solution was purified via preparatory 
TLC and the desired hydrazone was mechanically isolated 
and dissolved in MeOH. Subsequently, the solution was fil-
tered and concentrated and the composition of the purified 
glyceraldehyde-hydrazones was analyzed by HPLC (3 µL 
injection, Chiracel® IA-3). Eluents used for HPLC methods, 
i.e. water with 0.1% formic acid (A) and methanol (B), were 
LC–MS grade (Optima, Fisher). For separation between 
l-and d-glyceraldehyde-hydrazones an isocratic method 
using 60% A, 40% B with a flow rate of 0.65 mL min−1 was 
used with a 12 min stop time with UV detection at 360 nm. 
l-glyceraldehyde-hydrazone eluted at 2.30 min and d-glyc-
eraldehyde-hydrazone eluted at 2.76 min. ESI mass spectra 
were also collected in positive mode scan for m/Z 95–500 
running at 0.8 s/cycle, drying gas = 5.0 L min−1, nebulizer 

pressure = 50 psi, gas temperature = 300 °C, and capillary 
voltage = 4000 V.
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