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a b s t r a c t 

Copper-radical oxidases (CROs) catalyze the two-electron oxidation of a large number of primary alcohols includ- 
ing carbohydrates, polyols and benzylic alcohols as well as aldehydes and 𝛼-hydroxy-carbonyl compounds while 
reducing molecular oxygen to hydrogen peroxide. Initially, CROs like galactose oxidase and glyoxal oxidase were 
identified only in fungal secretomes. Since the last decade, their representatives have also been identified in some 
bacteria. CROs are grouped in the AA5 family of “auxiliary activities ” in the database of Carbohydrate-Active 
enzymes. Despite low overall sequence similarity and different substrate specificities, sequence alignments and 
the solved crystal structures revealed a conserved architecture of the active sites in all CROs, with a mononuclear 
copper ion coordinated to an axial tyrosine, two histidines, and a cross-linked cysteine-tyrosyl radical cofactor. 
This unique post-translationally modified protein cofactor has attracted much attention in the past, which resulted 
in a large number of reports that shed light on key steps of the catalytic cycle and physico-chemical properties of 
CROs. Thanks to their broad substrate spectrum accompanied by the only need for molecular oxygen for catal- 
ysis, CROs since recently experience a renaissance and have been applied in various biocatalytic processes. This 
review provides an overview of the structural features, catalytic mechanism and substrates of CROs, presents an 
update on the engineering of these enzymes to improve their expression in recombinant hosts and to enhance 
their activity, and describes their potential fields of biotechnological application. 

1

 

d  

i  

a  

i  

d  

b  

h  

(  

i  

w  

p  

“  

(

H
H

 

p  

i  

l  

l  

(  

(  

g  

(  

A
 

z  

s  

g  

fl  

y  

h
R
A
2
(

. Introduction 

In nature, the main decomposers of dead plant material are wood-
ecaying fungi that affect global carbon cycling and nutrient dynam-
cs [ 12 , 63 ], however, some bacteria [13] and other fungi [11] are
lso involved in lignocellulose breakdown. Meta-omics of these organ-
sms revealed the co-occurrence of polysaccharide-degrading and lignin-
egrading enzymes. Since 1998, all enzymes involved in the recognition,
reakdown or synthesis of carbohydrate polymers and glycoconjugates
ave been integrated into the database of Carbohydrate-Active enzymes
CAZy database, http://www.cazy.org ) according to their sequence sim-
larities and enzyme mechanisms [ 14 , 40 ]. In 2013, the CAZy database
as expanded by integrating a novel class of “Auxiliary activities ” com-
rising enzymes that are involved in the breakdown of lignin [61] . The
Auxiliary activities ” (AA) members are divided into ten AA families
AA1-AA10). 
Abbreviations: CRO, copper-radical oxidases; CAZy, carbohydrate-Active enzyme
RP, horseradish peroxidase; LIP, lignin peroxidase; MnP, manganese peroxidase; V
MFCA, 5-hydroxymethyl-2-furancarboxylic acid; FFCA, 5-formyl-2-furancarboxylic 
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Brown-rot fungi cannot directly attack lignin because they do not
roduce lignin-modifying peroxidases, but degrade lignocellulose us-
ng the chelator-mediated Fenton system [62] . White-rot fungi enable
ignin degradation by using a broad set of “auxiliary ” enzymes including
ignin-modifying oxidoreductases like laccases (AA1), lignin peroxidase
LiP, AA2), manganese peroxidase (MnP, AA2) and versatile peroxidase
VP, AA2). The activity of peroxidases is mainly supported by H 2 O 2 -
enerating enzymes from the AA3 family, namely aryl-alcohol oxidases
AAOs) and pyranose 2-oxidases, as well as glyoxal oxidases from the
A5 family. 

In the catalytic cycle of the above-mentioned H 2 O 2 -producing en-
ymes, the two-electron transfer occurs during the oxidation of the sub-
trate and reduction of O 2 to H 2 O 2 , which is equivalent to dihydro-
en transfer between both compounds. Redox cofactors like quinones or
avins usually play a role in hydrogen transfer in redox enzyme catal-
sis. For instance, AAOs from the AA3 family, which oxidize a broad
ange of benzylic alcohols to the corresponding aldehydes, contain a
s; AA, auxiliary activities; GalOx, galactose oxidases; GLOX, glyoxal oxidase; 
P, versatile peroxidase; 5-HMF, 5-hydroxymethylfurfural; DFF, diformylfuran; 
acid; FDCA, 2,5-furandicarboxylic acid. 
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Fig. 1. 3D structure and active site of GalOx (PDB entry 2EIE, A-C) and Cgr AlcOx (PDB entry 5C92, D-F) and homology model of GLOX and its catalytic site (G-I). 
Homology model of GLOX from Phanerochaete chrysosporium was built using GalOx as template. 
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on-covalently bound flavin adenine nucleotide (FAD) cofactor to cat-
lyze this reaction [ 94 , 104 ]. However, none of these organic cofactors
re involved in the catalysis by the copper-radical oxidases (CROs). In
hese oxidases, their exclusive active site with a free radical-coupled
opper complex undertakes this task. 

This review focuses on the AA5 family that is divided into two sub-
amilies AA5_1 and AA5_2. Subfamily AA5_1 includes glyoxal oxidases
GLOX) that oxidize a broad range of aldehydes to the corresponding
arboxylic acids [115] . The subfamily AA5_2 comprises galactose oxi-
ases (GalOx) that oxidize, besides galactose, a variety of other carbo-
ydrates and primary alcohols to the corresponding aldehydes [111] .
n 2015, the subfamily AA5_2 was expanded by two newly discovered
ROs that barely oxidize galactose and galactosides, but accept a range
f primary aliphatic alcohols instead [127] . Since then, a number of
on-GalOx CROs have been assigned to subfamily AA5_2. Despite low
equence similarity and distinct substrate specificities of the AA5 family
embers, the solved crystal structures of e.g. GalOx and other AA5_2
embers are quite similar, with a mononuclear copper ion coordinated

o a cross-linked cysteine-tyrosyl radical cofactor, an axial tyrosine and
wo histidines in their active sites [ 66 , 110 ] ( Fig. 1 ). This review will
rovide an overview of the properties and natural functions of AA5 en-
ymes with a focus on commonalities and differences between the mem-
 e

2 
ers of this family and their potential for application in biotechnology.
ince GalOx from the AA5_2 subfamily is considered as a prototypical
nd the best studied CRO, its structure, mechanism and properties will
e described first. 

. AA5_2: Galactose oxidase 

.1. Occurrence 

GalOx (D-galactose: oxygen 6-oxidoreductase, EC 1.1.3.9.) are extra-
ellular enzymes produced by some filamentous fungi, predominantly
elonging to the genus Fusarium [ 6 , 7 , 19 , 31 ]. GalOx activity was also de-
ected in Gibberella fujikuroi [2] , Alternaria sp., Helminthosporium sp. and
enicillium album [36] . The best-studied GalOx originates from Fusarium

raminearum NRRL 2903, which was initially misidentified as Polyporus

ircinatus [19] , later redetermined as Dactylium dendroides [ 69 , 72 ] and
nally reclassified again as F. graminearum NRRL 2903 [73] . The func-
ion of GalOx in nature remains elusive and is probably related to the
eneration of H 2 O 2 to support the activity of lignin-degrading peroxi-
ases for weakening the plant cell wall and facilitating the invasion of
ndophytic fungi in the host [95] . 
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.2. Structure, properties and maturation 

The first crystal structure of GalOx from F. graminearum [ 44 , 45 ] was
olved in the early nineties of the last century. This enzyme consists of
hree domains ( Fig. 1 A and B). The N-terminal domain (designated as
omain 1) forms a jelly-roll sandwich composed of eight antiparallel
-strands and contains a carbohydrate-binding site for substrate bind-
ng. This domain belongs to carbohydrate-binding module family 32
CBM32). The central and largest domain (domain 2) consists of seven
Kelch’ motifs forming a classical seven-bladed 𝛽-propeller. The copper
on is coordinated by two tyrosines Tyr272 and Tyr495 and two his-
idines His496 and His581 ( Fig. 1 C) [110] . Both tyrosines and His496
re provided by domain 2, while His581 is provided by C-terminal do-
ain 3. The C-terminal domain 3 is formed from seven antiparallel 𝛽-

heets and has an immunoglobulin-like fold. The active site is located
t the surface of domain 2, with the copper ion bound near the surface
f the protein in a slight concavity on the wheel axis opposite domain
. One of the copper-coordinating tyrosines, Tyr272 - the site of the
ree radical - is covalently bound at C 𝜀 to the sulfur atom of Cys228 via
 thioether bond, forming the Cys-Tyr dimer [44] . The thioether bond
ontributes to the rigidity of the enzyme’s active site since it is formed
rreversibly and cannot undergo reductive cleavage [112] . The thioether
ond is formed post-translationally [89] . The Cys-Tyr dimer is shielded
rom the solvent by the indole ring of Trp290 which is stacked over
he thioether bond. Trp290 has multiple functions in GalOx catalysis. It
as reported to stabilize the free radical Cu(I) complex, and mutation
f Trp290 to histidine (W290H) decreased stability of the tyrosyl radi-
al [ 84 , 92 ]. Mutagenesis studies revealed that the W290H mutant was
ignificantly less active than the wild-type enzyme [92] . 

The active site region is hydrophobic and characterized by the pres-
nce of several aromatic residues like tyrosine and phenylalanine. Based
n a substrate-binding model, Phe194, Arg330, Gln406 and Phe464 re-
trict the substrate access to the active site. While the side chains of
rg330 and Gln406 form hydrogen bonds with D-galactose, Phe194 and
he464 build a hydrophobic wall involved in hydrophobic interactions
ith this substrate [46] . 

The galox gene coding for GalOx from F. graminearum has 2043
p and encodes an inactive precursor polypeptide of 680 amino acid
esidues. Formation of the catalytically active enzyme requires sev-
ral sequential post-translational modifications. After proteolytic cleav-
ge of the pre-secretion sequence, copper-dependent cleavage of the N-
erminal pro signal peptide occurs, resulting in the premature GalOx of
39 aa that runs at ∼68 kDa, which corresponds to the predicted molec-
lar weight of 68.5 kDa. The next maturation step includes the sponta-
eous formation of the thioether bond between Tyr272 and Cys228 in
he presence of O 2 and copper complexes and generation of the Tyr272
adical. Mature GalOx runs at ∼65 kDa in the SDS gel due to the cross-
ink between Tyr272 and Cys228 [89] . Later, it was demonstrated that
n the presence of a Cu(I) complex the premature enzyme changed to the
ature GalOx within several seconds, while in the presence of Cu(II) this
rocess requires several hours [120] . Furthermore, along with aerobic
hioether bond formation, the presence of a catalytically active interme-
iate was demonstrated also under anaerobic conditions [90] . 

.3. Catalytic mechanism 

GalOx can exist in three distinct oxidation states: The oxidized state
ith Cu(II) and tyrosyl radical, the intermediate semi-reduced state with
u(II) and tyrosine, and the reduced state with Cu(I) and tyrosine. The
eaction catalyzed by GalOx starts with substrate binding in front of the
opper ion and can be divided into reductive and oxidative half-reaction
nd follows a ping-pong mechanism [ 112 , 116 ]. According to the ini-
ially proposed catalytic mechanism, in the reductive half-reaction, the
atalytically active oxidized free-radical Cu(II)-complex (with Cu(II) and
yrosyl radical) is reduced to the non-radical Cu(I)-complex (with Cu(I)
nd tyrosine) within three steps ( Fig. 2 ). First, a proton is transferred
3 
rom the alcohol substrate to the axial tyrosinate (Tyr495). It was pro-
osed, that the axial Tyr495 phenolate serves as a general base for
bstracting the proton from the coordinated hydroxyl group and was
roven to be essential for catalysis [110] . The Y495F mutant is inac-
ive, even though it contains both, copper and the cysteine-tyrosyl rad-
cal cofactor [ 83 , 91 ]. In the next step, a hydrogen atom is transferred
rom the substrate to the tyrosyl radical (Tyr272). This step is consid-
red rate-limiting or at least partially rate-limiting in accordance with
pectroscopic studies [ 116 , 117 ]. The remaining alcohol-derived alkoxyl
adical is oxidized through electron transfer to the copper ion yielding
u(I) and the product aldehyde. On the basis of studies with inhibitors,

t was suggested that hydrogen atom transfer and electron transfer can
ccur in a concerted manner [ 106 , 107 ]. More recent theoretical stud-
es revealed that before the initial proton transfer occurred, the radical
ite can be located at the axial Tyr495. Simultaneously with the proton
ransfer, the radical is transferred to Tyr272 from the Cys-Tyr-dimer.
hus, it was assumed that the electron transfer from the alkoxyl radical

ntermediate to Cu(II) cannot be very exothermic, since in such a case
he O 2 reduction step would become rate-limiting [42] . 

In the following oxidative half-reaction, after the product aldehyde
s released from the active site, while molecular oxygen takes its place
n front of the copper ion, the reduced non-radical Cu(I)-complex is re-
xidized by molecular oxygen yielding the free-radical Cu(II)-complex
with Cu(II) and tyrosyl radical) and hydrogen peroxide ( Fig. 2 ) [112] .
t was predicted that one electron is transferred from Cu(I) to the bound
 2 , while a hydrogen atom is transferred from the Tyr272 to O 2 (not

hown in Fig. 2 ). After proton transfer from the phenol of Tyr495 H 2 O 2 
eaves the reaction [109] . 

The oxidized free-radical Cu(II)-complex is quite stable but can be
asily reduced to the catalytically inactive non-radical Cu(II)-complex
ia one-electron transfer in the presence of a broad range of chemi-
als [116] . The second one-electron reduction of this complex leads
o formation of the non-radical Cu(I)-complex that can react with O 2 
nd thus re-introduces the enzyme into the reaction cycle. To avoid
he accumulation of inactive enzyme during the reaction (which de-
reases the reaction rate and causes incomplete substrate conversion)
ild oxidants like potassium ferricyanide can be added to the reaction

or enzyme re-activation [111] . Trp290 stacking to the Cys-Tyr-dimer
as found to modulate the redox potential of the oxidized free-radical
u(II)-complex. While wild-type GalOx was oxidized to the free-radical
u(II)-complex using potassium ferricyanide ( E°´= 424 mV), oxidation
f the W290H variant required treatment with cesium octacyanomolyb-
ate ( E°´= 892 mV) [92] . 

Horseradish peroxidase (HRP) was also found to activate GalOx
 59 , 103 ]. It was suggested that HRP scavenges H 2 O 2 from the reaction
atalyzed by GalOx thus protecting the latter from deactivation [59] .
ater, the role of HRP was re-evaluated and it was suggested, that it
cts as an activator of GalOx [103] . This activating effect is still not com-
letely understood but was explained by its function as single-electron
xidant required for the regeneration of the active site radical upon de-
ay [80] . Thus, HRP is typically added to increase GalOx activity during
eactions. Since H 2 O 2 inhibits and inactivates GalOx [ 38 , 58 ] catalase is
sually added to decompose deleterious H 2 O 2 to molecular oxygen and
ater, thereby re-introducing oxygen into the system and reducing the
verall need for oxygen [ 9 , 33 , 34 , 77 , 80 ]. 

Recently, electrochemical activation of GalOx from F. graminearum

nd evolved variants thereof in the presence of several mediators at
H values of 7-9 was studied using cyclic voltammetry [128] . It was
emonstrated, that electron transfer rates were dependent on both, the
ediator’s redox potential and the pH value. It was suggested that oxi-
ation of GalOx by mediators at pH values of 7-9 followed a concerted
roton-coupled electron transfer (PCET) mechanism under anaerobic
onditions. Additionally, mediated electrochemical (re)activation of Ga-
Ox variants was applied during the oxidation of different alcohols. Both
lectrochemical and HRP-mediated activation of GalOx resulted in simi-
ar substrate conversion values and product yields. While the selectivity
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Fig. 2. Proposed catalytic cycle of GalOx from F. graminearum. 

Fig. 3. Some substrates of CROs. 
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nd conversion were sensitive to the operational voltage, no correlation
etween conversion and the redox potential of the investigated media-
ors was observed. 

.4. Substrate spectrum 

GalOx catalyzes the oxidation of a broad range of primary alcohols
o the respective aldehydes ( Fig. 3 ) [119] . While predominantly galac-
ose and galactose-containing carbohydrates are oxidized by GalOx, di-
ydroxyacetone and benzyl alcohols are accepted as substrates as well
 6 , 96 , 119 ]. Notably, GalOx activity with dihydroxyacetone is 4-5 times
igher than with D-galactose [ 96 , 119 ]. Non-galactose-containing car-
ohydrates and aliphatic primary alcohols are not accepted at all or
4 
ith much lower efficiencies than D-galactose [96] . During the oxida-
ion of D-galactose and glycerol GalOx shows remarkable stereospeci-
city [ 55 , 65 ]. D-galactose is oxidized by GalOx at the hydroxyl group
t position C6 (C6-OH) by abstraction of the pro- S C6 hydrogen atom
65] . Among the carbohydrates that are efficiently oxidized by this en-
yme at the C6-OH are galactopyranosides, raffinose and melibiose –
ll carrying an accessible D-galactose moiety [ 6 , 96 ]. GalOx is, however,
uite sensitive to the orientation of the hydroxyl group at position C4.
lucose, the C4-epimer of galactose, is not oxidized at all, possibly due

o steric interference with the copper ligand Tyr495 [46] . 
Several studies have dealt with altering the substrate specificity,

roadening the substrate spectrum or enhancing the enzymatic activity
f GalOx from F. graminearum . Sun and colleagues used combinatorial
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aturation mutagenesis to introduce glucose 6-oxidase activity in GalOx
99] . Variant A3.E7, which is better expressed and more stable than the
ild-type [100] , was used as template, and residues Arg330, Phe464 and
ln406 were selected for combinatorial saturation mutagenesis. Variant
-RQ, with mutations R330K and Q406T compared to A3.E7, showed

0-times higher activity towards D-glucose than the parental enzyme.
ntroduction of W290F into M-RQ generated variant M-RQW with 100-
old improved oxidation of D-glucose compared to A3.E7. Oxidation of
-glucose at the C6-OH has not been observed in nature before [99] .
oreover, M-RQW accepted other primary alcohols much better than

he wild-type, which was explained by the significantly augmented ac-
essibility to the active site by the introduced mutations. For instance,
he specific activity of M-RQW towards 2-pyridine methanol, hardly ac-
epted by the wild-type, was even higher compared to the specific ac-
ivity of the wild-type towards D-galactose. Furthermore, dihydroxyace-
one, the best substrate of GalOx, was better oxidized by M-RQW. 

The R330K mutant of GalOx exhibited an 8-fold higher catalytic ef-
ciency (k cat /K M 

) during D-fructose oxidation than the wild-type en-
yme [26] . GalOx variants generated via directed evolution demon-
trated a 19-fold improved activity with methyl- 𝛼-D-galactopyranoside
r a 16-fold increased activity towards the natural polysaccharide guar
solated from the guar plant [28] . Among others, these variants car-
ied mutation C383S, which was suggested to provide more space and
llow for tighter substrate binding as reflected by decreased K M 

val-
es. Wilkinson et al. constructed several single, double and triple mu-
ants at positions Cys383, Tyr436 and Val494, which were identified
n the aforementioned evolved GalOx variants [122] . Among the gener-
ted mutants, the variant C383S/Y436H displayed a 5.3-fold increase
n catalytic efficiency during D-galactose oxidation, and the variant
383S/V494A - a 4.9-fold increase in catalytic efficiency during methyl-
-D-galactopyranoside oxidation. Besides kinetic studies on the con-
tructed variants, the crystal structure of the C383S variant has been
olved. The structure revealed that the substitution C383S, which is lo-
ated in a pocket behind the active site, leads to strong H-bonding to a
eighboring water molecule. However, a specific reason for the benefi-
ial effect of this mutation was not found. 

Directed evolution was also applied to enable oxidation of secondary
lcohols which are not accepted by wild-type GalOx. The GalOx vari-
nt M 3 (S10P, M70V, P136, G195Q, W290F, R330K, Q406T, V494A,
535D) identified by Sun and colleagues [99] , was used as a template

or random mutagenesis in a study aiming at the construction of GalOx
ariants for enantioselective oxidation of 1-phenylethanol [30] . Variant
 3-5 differing in only one amino acid (K330M) to the parental M 3 vari-

nt showed a more than 100-fold increase in catalytic efficiency for 1-
henylethanol compared to M 3 . Likewise, activity of M 3-5 towards other
econdary alcohols was higher compared to M 3 . Moreover, M 3-5 showed
igh enantioselectivity in the reaction with1-phenylethanol (99 % ee for
he R -enantiomer). 

.5. Heterologous expression 

Isolation of fungal GalOx from natural sources has been reported
y several researchers [ 2 , 3 , 19 , 37 , 116 ]. However, low level of secretory
xpression and purification issues along with the need for stable and
igh production levels for simple mutagenesis and screening of GalOx
ariants with new properties stimulated the search for and development
f heterologous expression systems. 

As shown in Table 1 , galox genes from several representatives of the
enus Fusarium were heterologously expressed in different hosts like As-

ergillus nidulans [ 8 , 70 ], A. oryzae and F. venetatum [125] , Pichia pastoris

 98 , 111 , 118 ] and Escherichia coli [ 16 , 27 , 79 , 99 ]. 
As aforementioned, the galox gene includes a pre-pro signal sequence

or secretion. While in A. nidulans and A. oryzae the pre-pro signal se-
uence was efficiently removed from the heterologously expressed and
ecreted F. graminearum GalOx, processing of this construct in P. pastoris

as inefficient and resulted in a mixture of mature and partly processed
5 
alOx as confirmed by N-terminal sequencing and mass spectrometry
118] . In contrast, the pre-pro signal peptide of F. oxysporum GalOx was
fficiently processed in P. pastoris: Only a single protein band of puri-
ed GalOx appeared on an SDS-gel [79] . Expression of GalOx from F.

raminearum in P. pastoris with either the glucoamylase signal peptide
gla) or the 𝛼-factor secretion signal peptide from S. cerevisiae was also
ery efficient. One protein band at ∼65 kDa appeared on an SDS-gel
fter protein purification from the culture supernatant, and mass spec-
rometry revealed a single N-terminus of secreted GalOx [ 26 , 118 ]. 

Recombinant expression of GalOx from F. graminearum with the
eader peptide in E. coli gave only low amounts of active enzyme [70] ,
ut was used as a starting point for construction of improved GalOx vari-
nts by directed evolution [ 28 , 100 ]. As a result, F. graminearum GalOx
ariant A3.E7 carrying mutations S10P, M70V, P136 (silent), G195E,
494A and N535D was obtained, which displayed a 1.7-fold increase in
atalytic efficiency and 18-fold improved expression (10.8 mg/L of pu-
ified enzyme) compared to the wild type [100] . Remarkably, although
alOx originates from fungus and is secreted by its natural source, it
as successfully expressed in E. coli and did not need tedious refold-

ng procedures [ 31 , 78 , 79 , 98 ]. This might be explained by the lack of
lycosylation sites in GalOx from F. graminearum present in many other
xtracellular ligninolytic fungal enzymes like AAO, laccase, MnP, GLOX
nd other AA5_2 family members, which could be expressed as active
roteins only in eukaryotic hosts. Expression of N-terminally His-tagged
ild-type GalOx from F. graminearum and the variant A3.E7, both lack-

ng the pre-pro signal peptide, in E. coli and P. pastoris were compared
98] . In E. coli , volumetric productivity of the A3.E7 variants reached
80 U/L/h, while the expression of the wild-type was approximately 10-
imes lower. In P. pastoris , expression of the wild-type was more efficient
han of the A3.E7 variant and reached 610 U/L/h when the 𝛼-factor se-
retion signal peptide from S. cerevisiae was used. 

A set of GalOx variants was constructed to improve expression of
ctive GalOx in E. coli [27] . At first, silent mutations were introduced
ithin the codons 2-7 of the mature GalOx sequence. The GO-N6 variant
ith silent mutations within Ala2, Ser3 and Ile6 displayed the highest

xpression. By introducing mutations present in the variant A3.E7 (de-
oted as M1), generated by Sun et al., into the GO-N6 variant GO-N6M1
as created, which was produced in E. coli BL21 Star (DE3) under opti-
ized expression conditions at a concentration of 240 mg/L. Catalytic

onstants of GO-N6M1 and A3.E7 variants of GalOx were similar [100] .

. AA5_2: Non-GalOx CROs 

.1. Occurrence 

In 2015 subfamily AA5_2 that encompassed until then only GalOx
as expanded by two newly discovered CROs - Cgr AlcOx and Cgl AlcOx

rom Colletotrichum graminicola and C. gloeosporioides Nara gc5 , respec-
ively [127] . Both enzymes barely oxidized galactose and galactosides
ut accepted a range of primary aliphatic alcohols. Since then, other
ROs with low or negligible activity towards galactose, all of them from
scomycetous fungi, have been described and assigned to AA5 subfamily
. Many of these enzymes originate from the genus Colletotrichum includ-
ng Cg RaOx and Cgr AAO from C. graminicola [ 5 , 66 ], Cor AlcOx from C.

rbiculare [10] and Ch AlcOx from C. higginsianum [74] . Other CROs have
een identified in F. graminearum ( Fgr AAO) and F. oxysporum ( Fox AAO)
17] , Penicillium rubens ( Pru AA5_2 = Pru AlcOx) [71] and Magnaporte

ryzae (anamorph Pyricularia oryzae ) ( Mor AlcOx = Po AlcOx = Por AlcOx)
 10 , 18 , 74 ]. Only recently, the scope of non-GalOx AA5_2 members
as further broadened by the discovery of new CROs, two of them

rom basidiomycetous fungi [ 18 , 87 ]. Among AA5_2 members, Cg RaOx,
ma RafOx and Phu RafOx were designated as raffinose oxidases due to

heir distinct specificity to raffinose and low activity towards galactose
hile other AA5_2 members like Pru AlcOx, Cgl AlcOx and Por AlcOx ac-

epted a broad range of linear and benzylic alcohols. 
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Table 1 

Heterologously expressed GalOx. 

Source Host; vector 
N-terminal 
signal peptide GalOx 

Molecular mass 
(kDa) 

Protein 
concentration 
(mg/L) 

Volumetric 
activity (U/L) 

Specific activity 
(U/mg) Reference 

F. graminearum A. nidulans ; G191 pre-pro Galactose 
oxidase 

65 35 80,000 1093 [8] 

Fusarium spp. A.oryzae; pEJG23 pre-pro rGOase 66 100 - - [125] 
Fusarium spp. P. pastoris; pPICZB gla GAOX 68 500 1400 [118] 
F. graminearum P. pastoris GS115; pPIC3.5 

(intracellular) 
none GalOx 65 and 68 - 14,000 10 [98] 

F. graminearum P. pastoris SMD1168H; 
pPICZ 𝛼C 

𝛼-factor GalOx 65 280 73,000 260 [98] 

F. graminearum E. coli BL21 (DE3); pET16b + none GalOx 65 - - 10 [98] 
F. graminearum E. coli BL21 (DE3); pET16b + none A3.E7 65 - 3,600 a 180 a [98] 
F. graminearum PH-1 E. coli BL21 DE3); pET21a none GAO 66 0.25 16.2 63.9 [16] 
F. graminearum E. coli BL21 Star (DE3); 

pET101D 
none GO-N6M1 66 240 215,815 - [27] 

F. oxysporum G12 E. coli BL21(DE3); pET21a pre-pro GalOx 72 5.7 380 65.4 [79] 
F. oxysporum G12 P. pastoris; pPIZB pre-pro GalOx 70 10.6 700 63.2 [79] 
F. oxysporum G12 P. pastoris; pPICZ 𝛼A 𝛼-factor GalOx 70 3 200 61 [79] 
F. sambucinum E. coli BL21 (DE3); pET21a none GalOx 68.5 4.4 704 159 [78] 
F. subglutinans E. coli Rosetta (DE3); 

pTrcHis2B 
none GaoA 74 and 77 1.38 1,732 1255 [31] 

a after incubation with 0.5 mM CuSO 4 . 
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The natural function of the non-GalOx AA5_2 members has not been
larified yet. As supposed for other H 2 O 2 -producing extracellular fungal
xidases, they might be involved in lignin degradation by fueling ligni-
olytic peroxidases with H 2 O 2 . Besides this, a potential role of these
nzymes in pathogenesis is also possible [ 5 , 71 ]. Cg RaOx from the phy-
opathogenic fungus C. graminicola and Pru AlcOx oxidize raffinose, the
atter one being used by a stachyose synthase of the plant to produce
tachyose [105] . Both, raffinose and stachyose function as reactive oxy-
en species (ROS) scavengers in plants [105] . Thus, inhibition of their
ynthesis might assist fungal attack by weakening oxidative stress re-
ponse in plants. Cor AlcOx and Por AlcOx from phytopathogenic fungi
ere found to oxidize long-chain alcohols of the plant cuticle to the cor-

esponding aldehydes. The latter may function as key signal molecules
o prime the fungus for plant infection [10] . During plant infection by
ungi, both Cor AlcOx and Por AlcOx were found to be co-secreted with a
eme peroxidase by specialized cells appressoria that puncture the plant
uticles. The peroxidase-CRO pair was found in a head-to-head arrange-
ent in genomes of several Colletotrichum and Magnaporthe species [10] .
otably, the heterologously expressed Cor AlcOx and Por AlcOx were ac-

ivated in vitro for oxidation of primary aliphatic alcohols by adding
heir respective tandem-peroxidase. Activation effect was even stronger
han with HRP, which might indicate that the AlcOx/peroxidase pairs in
hese phytopathogenic fungi function as redox partners in nature [10] . 

.2. Structure 

To date, two crystal structures of non-GalOx representatives are
vailable. Both enzymes, Cgr AlcOx ( Fig. 1 D and E) and Cgr AAO, orig-
nate from C. graminicola [ 66 , 127 ]. The crystal structures of both en-
ymes have a high similarity to the structure of GalOx from F. gramin-

arum , apart from the missing CBM32 domain (N-terminal domain 1 in
alOx) [127] . In Cgr AlcOx and Cgr AAO two domains were identified
an N-terminal domain – that displays seven ‘Kelch’ motifs forming a

even-bladed 𝛽-propeller and contains the copper-radical active site, and
 C-terminal domain displaying a nine-stranded 𝛽-barrel. Interestingly,
 sequence analysis revealed that some of the non-GalOx AA5_2 CROs
ontain a CBM32 domain on their N-terminus, while other members
ontain a PAN_1 or cell wall integrity and stress response component
WSC) domain or none of those. Since CBM32 enables binding of carbo-
ydrates like galactose in GalOx [1] , the absence of CBM32 in Cgr AlcOx
nd e.g. Cgl AlcOx might explain their low activity with galactose and
alactosides [127] . The biological functions of PAN_1 and WSC do-
6 
ains are diverse and include mediation of protein-protein and protein-
arbohydrate interaction. Cg RaOx contains an N-terminal PAN_1 do-
ain while both other raffinose oxidases, Uma RafOx and Phu RafOx,
ave neither CBM32, PAN_1 nor WSC domain. This indicates that addi-
ional carbohydrate- or protein-binding modules are not essential for the
xidation of carbohydrates by the mentioned CROs. Por AlcOx contains
 WSC domain, that was shown to mediate the binding of the enzyme
o xylans and fungal chitin/ 𝛽-1,3-glucan to attach this enzyme to plant
r fungal cell walls [74] . Deletion of the WSC domain did not affect the
nzyme’s catalytic activity. 

Common to all CROs, non-GalOx AA5_2 members possess a con-
erved mononuclear copper-radical active site. The copper ion is coor-
inated by a crosslinked Cys-Tyr dimer (Cys228-Try272 in GalOx from
. graminearum ), an axial tyrosine (Tyr495 in GalOx) and two histidines
His496 and His581 in GalOx) ( Fig. 1 C). EPR analysis confirmed that
solated Cgr AlcOx contains a Cu(II) site and a one-electron reduced
ysteine-tyrosine cofactor. However, in contrast to GalOx Cgr AlcOx
annot be oxidized by ferricyanide, which indicates that the cysteine-
yrosine cofactor possesses a lower redox potential than in GalOx. 

As above mentioned, in GalOx from F. graminearum, a residue stack-
ng to the Cys-Tyr dimer is Trp290 which is considered a key residue
or substrate (galactose) binding and catalysis and modulates the redox
otential of the oxidized free-radical Cu(II)-complex [ 8 , 92 ]. Alcohol ox-
dases from Fusarium as well as AflAlcOx and Pru AlcOx that demon-
trate a noticeable activity with D-galactose possess tryptophan at this
osition, like GalOx. In Cgr AlcOx the homologous position 138 is occu-
ied by phenylalanine ( Figs. 1 F and 4 ). Cgr AlcOx accepts a broad range
f substrates but essentially failed to oxidize galactose or galactosides.
he F138W mutant lost activity towards alkanols, while oxidation of
,4-hexadienol and cinnamyl alcohol was improved [127] . However,
ctivity of this variant towards D-galactose did not increase. Thus, it
an be assumed that the galactose oxidizing activity of AA5_2 enzymes
s not affected solely by the presence of tryptophan at this position.
ther AA5_2 members like Cgl AlcOx, Por AlcOx and Asy AlcOx possess
henylalanine at the corresponding position as in Cgr AlcOx, while e.g.
n raffinose oxidases Cg RaOx, Uma RafOx and Phu RafOx this position
s occupied by tyrosine ( Fig. 4 ). The effect of Tyr334 in Cgr AAO that
orresponds to Trp290 in GalOx, on catalytic properties and substrate
pecificity was studied in a mutagenesis study [66] . The variant Y334W
howed a strong increase in specific activity towards carbohydrates but
ecreased activity towards diols, aryl alcohols and furans. On the other
and, for the Y334F variant the specific activities for all tested substrates
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Fig. 4. Excerpt of a multiple sequence alignment of AA5_2 enzymes. Amino acid residues involved in substrate binding in GalOx from F. graminearum are highlighted 
in orange. 
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ere comparable to wild-type or even higher. Specific activity on raffi-
ose increased 4-fold. 

In GalOx from F. graminearum , two phenylalanines, Phe194 and
he464 form a hydrophobic wall for the interaction with substrates
99] . While Phe464 is highly conserved among AA5_2 family members,
he amino acid residue at position 194 varies. The characterized alco-
ol oxidases Fox AlcOx, Fgr AAO, Fox AAO and Cgr AAO with activity to-
ards raffinose possesses phenylalanine, while AflAlcOx and Pru AlcOx,
oth oxidizing D-galactose, have tyrosine at the corresponding position
 Fig. 4 ). 

In GalOx, Arg330 and Gln406 form hydrogen bonds with D-galactose
99] . The amino acid residue at position 406 varied in non-GalOx AA5_2
ROs: Glutamine was found only in two of the galactose-accepting non-
alOx AA5_2 members ( Fox AAO and Fgr AAO), while serine occupied

his position in raffinose oxidases Cg RaOx, Uma RafOx and Phu RafOx.
t positions homologous to Arg330 in GalOx from F. graminearum , argi-
ine is present in raffinose oxidases, raffinose-oxidizing Cgr AAO and
-galactose-accepting Pru AlcOx. Notably, Asy AlcOx that barely accepts
arbohydrates possesses an arginine as well while e.g. AflAlcOx with
oderate activity with D-galactose has a histidine at this position. 

.3. Properties and substrate scope 

The length of non-GalOx members of AA5_2 subfamily varies be-
ween ∼500 and 900 amino acids. So far, these enzymes were exclusively
xpressed in Pichia pastoris under the control of the methanol-inducible
OX1 promoter with the 𝛼-factor signal peptide of S. cerevisiae for se-
retion. Protein yields reached up to 250 mg per liter of culture and
olecular masses of purified enzymes ranged between ∼65 kDa and
30 kDa [ 18 , 85 ]. While some of these CROs are glycosylated up to 30
 as reported for e.g. Cg RaOx [5] , others are barely glycosylated like

or AlcOx or Phu RafOx [18] . Interestingly, deglycosylation of Cg RaOx
id not affect its activity upon raffinose oxidation [5] . 

The substrate scope of non-GalOx AA5_2 members is quite broad
nd includes carbohydrates, polyols, diols, primary alcohols, aryl alco-
ols and furans ( Figs. 3 and 5 ). These enzymes often demonstrate their
ighest activity towards raffinose, glycerol, benzyl or veratryl alcohol
ccompanied by a moderate to high activity with aryl alcohols. In com-
arison to these enzymes, GalOx usually showed its highest activity to-
ards D-galactose or D-galactosides and oxidized aryl alcohols at much

ower rates. 
The AA5_2 members with high activity towards raffinose, so-called,

affinose oxidases ( Cg RaOx, Uma RafOx and Phu RafOx) can be dis-
inguished from those preferring benzylic alcohols as substrates (e.g.
gr AAO, Fox AAO, Fox AlcOx and AflAlcOx) or exhibiting high activity
7 
owards a broader range of substrates ( Cgr AlcOx, Cgl AlcOx, Por AlcOx
nd Pru AlcOx) ( Fig. 5 ). 

Among the three raffinose oxidases, Cg RaOx showed the highest
ctivity with raffinose followed by glycerol and D-melibiose, while
hu RafOx and Uma RafOx preferred glycerol over raffinose. In general,
he substrate profiles of Phu RafOx and Uma RafOx, with a sequence iden-
ity of 80 %, seem quite similar. Their low specific activity towards
-galactose and different specificity towards carbohydrates distinguish

he three raffinose oxidases from GalOx. For instance, Cg RaOx accepted
he di- and trisaccharides melibiose and raffinose but failed to oxidize
tachyose or polysaccharides, which are accepted by GalOx from F.

raminearum [5] . 
Some of the AA5_2 enzymes oxidize raffinose as well but have not

een designated as “raffinose oxidases ” because their activity towards
ther substrates like diols, benzylic alcohols or furan derivatives is much
igher. For instance, although raffinose was found a poor substrate for
gr AAO, its catalytic efficiency for raffinose (71.5 M 

− 1 s − 1 ) was three-
old higher as compared to raffinose oxidase Phu RafOx. For comparison,
atalytic efficiencies of Cgr AAO during oxidation of aryl alcohols were
p to 90-fold higher and the highest catalytic efficiency of this enzyme
f 19,400 M 

− 1 s − 1 was reported for 5-hydroxymethylfurfural (5-HMF).
Fgr AAO, Fox AAO, Fox AlcOx, AflAlcOx, Asy AlcOx and Cgr AAO

howed high activity towards benzylic alcohols while linear alcohols
nd carbohydrates were less “good ” substrates. For instance, Fgr AAO
nd Fox AAO with a sequence identity of 90 % to each other and of 62
 to GalOx from F. graminearum for each, demonstrate their highest

ctivity with veratryl alcohol and m -anisyl alcohol. Fox AlcOx with 77
 sequence identity to both enzymes showed the highest specific ac-

ivity with benzyl alcohol. Among AA5 enzymes, Fox AlcOx possesses
he highest K M 

value and the lowest k cat value during galactose oxida-
ion [18] . Intriguingly, Fgr AAO and Fox AAO showed a clear preference
or m -anisyl alcohol with a methoxy-substitution at the meta -position
ver p -anisyl alcohol with a methoxy-substitution at the para -position
hile other CROs accepted both equally well ( Fig. 5 ). Specific activity of
gr AAO and Fox AAO towards m -anisyl alcohol was more than 12-times
igher than towards p -anisyl alcohol [17] . A strong preference for meta -
ubstituted benzylic alcohols over para -substituted ones has also been
escribed for GalOx from F. graminearum [119] , which demonstrates the
verlap in substrate profiles within AA5_2 family members. AflAlcOx
nd Asy AlcOx also showed the highest specific activities with benzyl
lcohol, while the best substrate for Cgr AAO was 5-HMF. Nonetheless,
enzylic alcohols like veratryl alcohol can also be considered good sub-
trates for Cgr AAO because they were oxidized with catalytic efficiencies
xceeding those measured with carbohydrates or linear alcohols by two
rders of magnitude [66] . 



K. Koschorreck, S. Alpdagtas and V.B. Urlacher Engineering Microbiology 2 (2022) 100037 

Fig. 5. Relative activity of several AA5_2 mem- 
bers towards a broad range of substrates. Ac- 
tivity towards the “best ” substrate was set to 
100 %. 
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Cgl AlcOx, Cgr AlcOx, Por AlcOx and Pru AlcOx displayed high activity
owards a broad range of substrates rather than preferring a small num-
er of compounds. They catalyze the oxidation of polyols like glycerol,
iols like 1,2-propanediol, benzylic alcohols like benzyl alcohol and fu-
ans like 5-HMF (no data for Cgr AlcOx) with high activities [ 18 , 127 ].
ru AlcOx demonstrated a noticeable activity towards D-galactose with
atalytic efficiency being the highest among the non-GalOx AA5_2 mem-
ers but much lower compared to GalOx [18] . Cgr AlcOx exhibited signif-
cant activity towards long-chain aliphatic alcohols like hexan-1-ol and
ctan-1-ol [127] . Recently, Cde AlcOx from C. destructivum and Cta AlcOx
rom C. tabacum with 90 % sequence identity to Cgr AlcOx were also
ound to oxidize aliphatic alcohols like octan-1-ol and decan-1-ol [85] .

ith catalase and HRP added to the reaction mixture, Cgr AlcOx and
de AlcOx enabled the almost complete oxidation of hexan-1-ol and
ctan-1-ol to the corresponding aldehydes within 15 min [ 85 , 85 ]. With-
ut HRP and catalase, conversion of both substrates reached only around
0 % after 16 h. Catalase removes the produced hydrogen peroxide,
hile HRP has an activating effect on CROs, similar as described above

or GalOx. The addition of catalase and HRP to the reactions catalyzed
y AA5_2 family members to improve substrate oxidation has been re-
orted in several studies [ 9 , 77 , 85 ]. 

Cgl AlcOx can be considered the most active AA5_2 member described
o far with a catalytic efficiency of 2,700,000 M 

− 1 s − 1 during 5-HMF
xidation [18] . By this, Cgl AlcOx is even more active towards 5-HMF
han a bacterial HMF-oxidase which has a 380-times lower catalytic ef-
ciency [29] . 

. AA5_1: Glyoxal oxidases 

.1. Occurrence and function in nature 

After GalOx, GLOX belong to the most intensively studied copper
adical oxidases. Unsimilar to AA5_2 family members, GLOX catalyze
he oxidation of aldehydes to carboxylic acids. Genes encoding for GLOX
ere identified in many white-rot fungi [22] . The first GLOX was re-
orted in 1987 by Kersten and Kirk as a new H O -producing enzyme
2 2 

8 
ound in the extracellular fluid of the wood-rot degrader Phanerochaete

hrysosporium [54] . Peroxide-generating activities were not observed
ith externally added primary wood-derived carbohydrates like glu-

ose, cellobiose or xylose but with their intermediary metabolites - alde-
ydes and 𝛼-hydroxy-carbonyl substances. Two of these intermediates,
ethylglyoxal and glyoxal were detected together with GLOX in the

xtracellular fluid of P. chrysosporium , and since then considered phys-
ological substrates for this oxidase. Whereas the highest activity was
easured with methylglyoxal, enzyme activity with glyoxal was much

ower. However, glyoxal concentration in extracellular fluid was sub-
tantially higher than methylglyoxal concentration [54] . There are sev-
ral sources of glyoxal in fungal extracellular fluids: Starting from gly-
olaldehyde derived from lignin [51] ; via the peroxidation of linoleic
cid catalyzed by MnP [108] ; or via sugar fragmentation by hydroxyl
adical [64] . The product of glyoxal oxidation is glyoxylic acid, which is
 better substrate for GLOX than glyoxal [52] . Further metabolism leads
o oxalic acid, which might serve as chelator for Mn 3 + produced by MnP
or lignin degradation [56] . Analysis of the secretome of P. chrysospo-

ium degrading aspen mechanical pulp revealed the co-occurrence of
iP, MnP and GLOX [25] , indicating that GLOX might serve as hydro-
en peroxide producer for ligninolytic peroxidases. Furthermore, exper-
mental data suggested a mutual regulation between LiP and GLOX dur-
ng lignin degradation, which will be described below. 

Along with the physiological role of GLOX as an enzyme producing
 2 O 2 for oxidative ligninolysis by peroxidases, other functions were

eported as well. For example, the morphological phenotype of glo 1
utants of the phytopathogenic fungus Ustilago maydis indicated that
 2 O 2 produced by the glyoxal oxidase Glo1 does not only support ac-

ivities of other enzymes but also plays a role in filamentous growth and
athogenic development of U. maydis [60] . Among others, H 2 O 2 might
e required for the maturation of cell walls or can be used as a source
f more active superoxide radicals. Another suggested function of Glo1
s protection from methylglyoxal that at high concentrations can lead
o severe cell damage [130] . A glyoxal oxidase-like GLOXrg identified
nd cloned from wild Chinese grape Vitis pseudoreticulata was suggested
o be involved in the resistance of this plant towards Uncinula necator
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hat causes powdery mildew of grape [129] . Recently, a putative GLOX,
LX1, was identified in Trichoderma virens [20] . Silencing of the glx1

ene in T. virens resulted in mutants that lost glyoxal oxidase activity,
ere not able to grow directionally and showed delayed hyphal growth.
his suggests a role of GLX1 in controlling hyphal growth and morphol-
gy rather than in ligninolysis. 

Similar to the AA5_2 family members, GLOX was reversibly inacti-
ated during purification or dialysis and remained inactive unless acti-
ation involving peroxidase activity [ 54 , 57 ]. However, while as men-
ioned above for the activation of GalOx, peroxidase alone can fulfill
his task, peroxidase-mediated GLOX activation requires the presence
f a peroxidase substrate. Under conditions mimicking those of ligni-
olytic cultures, GLOX was activated in the presence of LiP with its
ubstrate veratryl alcohol [52] . Peroxidase alone did not demonstrate
his reactivation effect. In nature, the reversible inactivation of GLOX in
he absence of a peroxidase substrate may prevent the accumulation of
igh H 2 O 2 concentrations in vivo and thus protect LiP from inactivation
 52 , 57 ]. The same (re)activating effect on GLOX was achieved with HRP
ut again in combination with its substrates methoxybenzenes [52] . Fur-
her investigation of this enzyme expressed in recombinant A. nidulans

rGLOX) revealed a basal activity also in the absence of an activating
oupled peroxidase system [ 53 , 57 ]. After an initial phase of fast oxygen
onsumption, the enzyme was inactivated by increasing concentrations
f hydrogen peroxide [57] . However, the same concentration of exter-
ally added H 2 O 2 caused only a partial enzyme inactivation, which sug-
ested a complex mechanism of activity control. rGLOX was activated
n the presence of LiP and lignin or its oxidized intermediates veratryl
lcohol or methoxybenzene, whereas the phenolic products of lignin
egradation with lower redox potential - guaiacol or catechol - added
s substrates for LiP inactivated rGLOX [52] . On the basis of these exper-
mental data, it was suggested that mutual regulation of LiP and GLOX
s required for the controlled radical formation and minimized radical
oupling, forcing lignin depolymerization [57] . 

For GLOX, it has been reported that the addition of catalytic amounts
f hydrogen peroxide to the peroxidase system is required to reduce the
ag phase [52] . However, in a coupled system with HRP and its artificial
ubstrate 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS),
RP would immediately use the initially added hydrogen peroxide for
BTS oxidation. In order to elucidate if ABTS cation radicals generated
y HRP can serve as the activating species for GLOX, their concentration
as continuously measured in a spectroelectrochemical cell, where the

atalytic activity of rGLOX from P. chrysosporium was monitored based
n O 2 consumption [124] . These measurements indicated that ABTS
ation radicals act as activating species for GLOX. After activation, the
nzyme catalyzed multiple turnovers of methylglyoxal, and enzyme ac-
ivity increased at increasing concentrations of the activating species.
dditionally, GLOX activity was found to be restrained by low O 2 con-
entrations. This study provided additional evidence that in vivo , GLOX
ctivity is regulated by O 2 concentration and by peroxidase activity dur-
ng radical formation. 

Purified GLOX from P. chrysosporium has been found to be activated
lso by Cu 2 + [52] and high-redox potential inorganic oxidants [115] .
he same reactivation prior to substrate turnover was reported for GLOX
rom P. cinnabarinus [23] and U. maydis [60] , whereas GLOX from Myce-

iophthora thermophile did not require any activation [48] . 

.2. Properties and structure 

The purified GLOX from the extracellular liquid of P. chrysosporium is
 glycoprotein of approximately 68 kDa with a degree of glycosylation of
round 15 %. Sequence analysis revealed five potential N-glycosylation
ites [53] . Spectroscopic studies on GLOX from P. chrysosporium includ-
ng resonance Raman spectroscopy has revealed the presence of a free
adical coupled copper catalytic motif in the active site, which has pre-
iously been identified in GalOx from F. graminearum [115] . 
9 
Similar to GalOx, in GLOX the mononuclear copper ion is coordi-
ated to a cross-linked cysteine-tyrosine radical cofactor. Despite the
ow sequence identity between GalOx from F. graminearum and GLOX
rom P. chrysosporium of around 20 %, certain similarity in positioning
f the critical residues and structural motifs allowed to identify four
u coordinating residues, His378, His471, Tyr135 and Tyr377 in the
ctive site of GLOX ( Fig. 1 I). Tyr135 is the radical-forming Cu ligand
ross-linked to the adjacent Cys70. Cys70, Tyr135, Tyr377 and His378
uilding the active site of GLOX are located in a catalytic domain with a

Kelch’ motif forming a seven-fold 𝛽-barrel structure ( Fig. 1 G and H). A
econd domain was also modeled that builds a cap to the seven-fold 𝛽-
arrel and possesses a loop that contains the His471 [ 51 , 114 ]. Sequence
omparison also revealed that GLOX lacks an N-terminal domain with
arbohydrate-binding site present in GalOx [114] . The essential role of
he residues Cys70, Tyr135 and Tyr377 was confirmed by mutagene-
is. Based on these data, the axial Tyr377 serves as a general base and
s involved in proton abstraction from the coordinated hydroxyl group,
hus activating the substrate for oxidation [114] . Compared to GalOx,
he stacking tryptophan (Trp290) seems to be replaced with histidine
His153) in GLOX, which explains a higher redox potential (0.64 V vs
.43 V) [47] and a 43-fold lower stability of the GLOX radical than the
alOx radical [113] . In non-GalOx AA5_2 enzymes tryptophan, pheny-

alanine or tyrosine can be found at the corresponding position ( Fig. 4 ).
hese differences between AA5_2 enzymes and GLOX emphasize the im-
ortance of the residue shielding the Cys-Tyr dimer for the Cu-protein
adical stability [92] and probably contributes to the catalytic differ-
nces between AA5_1 and AA5_2 family members [51] . 

.3. Substrate spectrum 

Typically, GLOX catalyze the two-electron oxidation of simple alde-
ydes and 𝛼-hydroxycarbonyls ( Fig. 3 ) [115] . The best characterized
ative GLOX from P. chrysosporium after reactivation with a peroxidase
ystem, accepted methylglyoxal, glyoxal, glycolaldehyde, acetaldehyde,
ormaldehyde, glyoxylic acid, dihydroxyacetone, DL-glyceraldehyde
nd acetol as substrates [52] . Whereas the k cat values were in the same
ange for all substrates, K M 

values differed significantly and ranged from
.64 mM for methylglyoxal to 42 mM for DL-glyceraldehyde. Consider-
ng the catalytic efficiency k cat /K M 

methylglyoxal seems to be the best
ubstrate followed by glyoxylic acid. The highest k cat value was mea-
ured with formaldehyde, and the lowest one with glyoxylic acid [52] .
ater, the same GLOX was heterologously expressed in P. pastoris and T.

eesei at high level [123] . For expression in T. reesei the enzyme sequence
ncluding the native signal peptide was cloned under the on glucose
ighly active cDNA1 promoter and for expression in P. pastoris – under
he control of the AOX1 promoter for methanol induced expression. Both
ecombinant GLOX forms were glycosylated: While GLOX produced in
. reesei carried Man5 glycosylation, the enzyme expressed in P. pas-

oris had the high-mannose type N-glycosylation. Generally, the enzyme
xpressed in T. reesei displayed slightly lower specific activities, which
ere explained by the lower copper loading of 51.9 % compared to 65.5
 for the enzyme expressed in P. pastoris . Both variants were active to-
ards the substrates accepted by the enzyme isolated from the origi-
al source, however, both the K M 

and k cat values were slightly lower.
dditionally, glycerol was also identified as substrate. Affinity to this
ubstrate was low with K M 

of > 600 mM but with the highest k cat value
mong all substrates. Glycerol was also oxidized by some non-GalOx
A5_2 members with Pru AlcOx showing the lowest K M 

of < 40 mM and
 17-fold higher catalytic efficiency than GLOX from P. chrysosporium

18] . As glycerol is lacking a carbonyl/formyl group typical for GLOX
ubstrates, activity of GLOX towards this substrate was explained by its
tructural similarity to dihydroxyacetone. Another explanation is based
n structural similarity of the primary alcohols to gem -diols, derived
rom aldehydes [23] . 

Two GLOX from Pycnoporus cinnabarinus Pci GLOX1 and Pci GLOX2
ere produced in A. niger [24] . The natural signal peptides of both
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LOX were replaced by the 24-amino-acid glucoamylase pre-pro se-
uence from A. niger . Both recombinant GLOX accepted the substrates
escribed for GLOX from P. chrysosporium . Nevertheless, the two en-
ymes demonstrated significant differences in their catalytic proper-
ies between each other and compared to GLOX from P. chrysosporium.

ci GLOX2 accepted more substrates and converted them with higher ac-
ivity than Pci GLOX1. The best substrate for both enzymes was glyoxylic
cid. Pci GLOX1 exhibited the highest catalytic efficiency with this sub-
trate of more than 2000 mM 

− 1 s − 1 (as compared to 17 mM 

− 1 s − 1 for
ci GLOX2), followed by methylglyoxal, glyoxal and glycerol. Glycerol
as accepted as substrate by both GLOX, but k cat of the more active
ci GLOX1 was 7-times lower than that of GLOX from P. chrysosporium

23] . Products were analyzed by HPLC. As expected, glyoxylic acid was
onverted to oxalic acid and methylglyoxal to pyruvate. In the case of
lyoxal conversion catalyzed by the more active Pci GLOX1 one peak cor-
esponding to oxalic acid appeared, while a second peak corresponding
o the primary product glyoxylic acid appeared only in the Pci GLOX2
atalyzed reaction. Furthermore, GLOX from P. cinnabarinus oxidized 5-
MF mainly to 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) [24] .
tGLOX from M. thermophile generally demonstrated lower activity than

ther reported GLOX [48] . Among different substrates, this enzyme pre-
erred 5-HMF, methylglyoxal and glycerol. 

. Other AA5 enzymes 

In 2021, Daou et al. identified a new CRO, Tr LOx, in the genome
f T. reesei [21] . Although phylogenetic analysis showed that this en-
yme belongs to the AA5_1 subfamily, biochemical characterization re-
ealed overlapping properties of Tr LOx across the AA5 family. The en-
yme oxidized both, alcohols and aldehydes with a preference for alco-
ols. The highest activity was measured with dihydroxyacetone, the best
ubstrate of GalOx, and the second highest activity with methylglyoxal,
 typical substrate of GLOX. Furfuryl alcohol, veratryl alcohol and 2-
henylethanol were accepted by Tr LOx as well while carbohydrates like
alactose were poor substrates and oxidation of glyoxylic acid and glyc-
rol, known substrates of GLOX, was quite slow. Thus, Tr LOx showed
ctivities of AA5_1 and AA5_2 members. The gene-encoding sequence
f Tr LOx contains five predicted WSC domains, which was shown to
ind to chitin, but not cellulose [20] . A WSC domain was also found
n Por AlcOx where it was shown to mediate binding of the enzyme to
ylans and fungal chitin/ 𝛽-1,3-glucan [74] . The function of the WSC
omain in Tr LOx remains, however, unknown. 

A membrane-associated mononuclear radical copper oxidase, GlxA,
as identified in the bacterium Streptomyces lividans [15] . GlxA has a
ifferent tertiary structure, different spectroscopic properties and a dis-
inct substrate profile compared to GalOx and other AA5 family mem-
ers and was therefore not assigned to either AA5 subfamily. The en-
yme contains three domains as GalOx from F. graminearum , and first
phere copper coordinating residues in GlxA and GalOx are identical.
owever, domain 2 is located on top of domain 1, shielding the copper

ite from the solvent. Moreover, while in GalOx Trp290 is stacked over
he thioether bond, the benzene ring of Trp288 in GlxA is 𝜋- 𝜋 stacked
ver the copper ligand Tyr289 which probably leads to the distinct
bsorbance spectrum of GlxA. Among several substrates tested, activ-
ty was observed only with glycolaldehyde. D-galactose, D-glucose and
lycerol were hardly accepted, and glyoxal, a substrate of GLOX, was not
xidized at all. Construction of a S. lividans glxA null-mutant indicated
hat GlxA is required for the synthesis or localization of glycan at hyphal
ips. 

Genes with homology to galox were also identified in Stigmatella au-

antiaca and S. coelicolor A3(2) [ 97 , 121 ]. However, oxidation of galac-
ose by these enzymes was not shown. For instance, the GalOx-like
CO2837 protein from S. coelicolor A3(2) converted some primary al-
ohols to aldehydes and showed the highest activity with glycolalde-
yde, similar to GlxA [121] . However, glyoxal was hardly accepted as
ubstrate. 
10 
. Application 

Due to the broad range of substrates accepted by AA5 family mem-
ers their potential fields of application are quite diverse. The ability to
atalyze the regioselective oxidation of primary alcohols renders these
nzymes attractive for the synthesis of flavor and fragrance compounds
r pharmaceuticals as well as for the production of the bio-plastics pre-
ursor 2,5-furandicarboxylic acid (FDCA) from 5-HMF ( Fig. 6 ). These
nd other potential applications in biotechnology will be described in
he following sub-chapter. 

.1. Production of FDCA 

AA5 enzymes from both subfamilies have been intensively investi-
ated for the synthesis of the bio-based plastic precursor FDCA from
-HMF. On the one hand, 5-HMF can be oxidized by e.g. GalOx, GLOX
nd Cgr AAO to diformylfuran (DFF) ( Fig. 6 ). DFF can be further oxidized
o 5-formyl-2-furancarboxylic acid (FFCA) by some AA5_2 enzymes like
gl AlcOx, Por AlcOc and Pru AlcOx [18] while others, like Cgr AAO, mt-
LOX and GalOx, failed to oxidize DFF [66] . Oxidation of FFCA to yield
DCA has been reported with Pci GLOX and some AA5_2 enzymes like
gl AlcOx and Por AlcOx. On the other hand, 5-HMF can be converted
y Pci GLOX to HMFCA which can be further oxidized to FFCA by e.g.
A5_2 enzymes AflAlcOx, Pru AlcOx, Cgl AlcOx and Por AlcOx. Starting

rom 5-HMF, Cgl AlcOx with the highest activity towards this substrate
atalyzed its conversion to a mixture of FFCA and FDCA in a ratio of
1:9 [18] , while e.g. Fgr AAO and Fox AAO produced a mixture of DFF
nd FFCA [17] . 

A complete conversion of 5-HMF to FDCA with one of the mentioned
A5 enzymes alone could not be achieved so far. To improve the conver-
ion of 5-HMF to FDCA, Daou et al. combined Pci GLOX3 with an AAO
rom U. maydis ( Uma AAO), that oxidized 5-HMF within 2 h to DFF. This
ienzymatic approach yielded FFCA and FDCA in a ratio of 86:14 [24] .
n several systems, GalOx or variants thereof were exploited in combi-
ation with other enzymes for the synthesis of FDCA from 5-HMF via
FF [ 9 , 67 , 81 ]. To this end, GalOx variant M 3-5 [30] and a periplasmic
ldehyde oxidase (PaoABC) were used in a tandem sequential process
67] . In the first step, M 3-5 completely converted 50 mM 5-HMF to DFF.
n the second step, PaoABC was added which completely oxidized DFF
o FFCA and further to FDCA within 3 h. A combination of both enzyme
ctivities in one step yielded only 56 % FDCA after 17 h. This was due to
he fast production of HMFCA from 5-HMF by PaoABC, which was not
ccepted by GalOx variant M 3-5 and only slowly converted by PaoABC to
FCA, followed by rapid oxidation to FDCA. Later, GalOx variant M 3-5 
as found to oxidize HMFCA very efficiently when added as the sole

ubstrate [68] . However, in a bienzymatic cascade with PaoABC, the
roduced FDCA might inhibit HMFCA oxidation by GalOx M 3-5 . After
RP and catalase were added and lower amounts of PaoABC were ap-
lied in this system, complete conversion of 100 mM 5-HMF to FDCA
as achieved within 6 h [68] . Lower concentrations of PaoABC resulted

n reduced formation of the undesired HMFCA from 5-HMF, which fa-
ilitated oxidation of 5-HMF to DFF by GalOx, followed by efficient ox-
dation of DFF and FFCA by PaoABC. 

Selective oxidation of 5-HMF to DFF by GalOx was improved by op-
imizing reaction conditions and enzyme engineering [9] . GalOx variant
 3-5 was used as starting point for construction of several libraries with

airwise mutated active site residues [9] . The best performing variant
 4 (M 3-5 + Y329L/M330F) was used for the construction of further ac-

ive site libraries that were screened at low oxygen levels for improved
-HMF oxidation. The best variant, M 6-A (M 4 + F290W/S291S), showed
 50 % increase in apparent k cat value for 5-HMF and 2-times lower K M 

alue for oxygen compared to M 4 . By merging the hits from different
utant libraries, variant M 7-2A was constructed and applied for conver-

ion of 5-HMF in 0.2 L volume. Within this setup, a conversion of 56 %
ith a productivity of 2.6 g/L/h was achieved [9] . 
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Fig. 6. Application of CROs in the synthesis of 
the bio-plastic precursor FDCA. Other CROs ”
include non-GalOx members of AA5_2. 
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Another report described a two-enzyme system with a recombinant
alOx variant and an unspecific peroxygenase (UPO) for 5-HMF oxida-

ion to furnish FDCA [49] . Recombinant GalOx was also applied in a
hree-enzyme approach consisting of GalOx, UPO and AAO to produce
DCA from 5-HMF [50] . Within this setup, GalOx was applied for the
xidation of HMFCA to FFCA. 

.2. Synthesis of pharmaceuticals, flavor and fragrance compounds 

CROs are potential biocatalysts for the synthesis of flavor and fra-
rance ingredients. For example, Cgr AlcOx converted the long-chain al-
ohol octan-1-ol within minutes to octanal, a valuable fragrance com-
ound used in perfumes [85] . Recently, a bienzymatic cascade for the
ynthesis of the (-)-menthol precursor ( R )-citronellal from geraniol by
xploiting a non-GalOx AA5_2 CRO ( Cgr AlcOx) and an old yellow en-
yme (OYE) has been established [86] . First, Cgr AlcOx catalyzed the
xidation of geraniol to geranial which was then converted by OYE2
rom S. cerevisiae with high enantioselectivity to ( R )-citronellal with an
e of 95.9 %. By replacing OYE2 by OYE GluER from Gluconobacter oxy-

ans with opposite enantioselectivity ( S )-citronellal was obtained (99.2
 ee ). 

A one-pot two-enzyme system comprising of GalOx and 𝜔 -
ransaminase was developed for the amination of benzylic alcohols and
innamic alcohols and applied for the biocatalytic synthesis of the an-
ifungal agent naftifine [35] . Furthermore, by combining GalOx and 𝜔 -
ransaminase from Chromobacterium violaceum a biocatalytic cascade for
he production of galactose derivatives with an amino group at the C6-
osition was established [4] . GalOx variants were also applied in one-
ot reaction cascades either with aldolase for the production of amino
ugars or with xanthine dehydrogenase or aldehyde oxidase for the syn-
hesis of lactams [41] . Thereby, GalOx variants catalyzed the oxidation
f amine alcohols to aldehydes. Recently, a one-pot enzymatic cascade
as been developed employing GalOx and imine reductase for the syn-
hesis of enantiopure L-3-aminopiperidine and L-3-aminoazepane from
mino alcohols [32] . 

An evolved GalOx variant was applied for desymmetrization of
rochiral 2-ethynylglycerol via oxidation to ( R )-2-ethynylglyceralde
yde, a key intermediate in the synthesis of the HIV reverse transcrip-
ase translocation inhibitor islatravir [43] . Besides GalOx and HRP, four
ther enzymes were used to establish a biocatalytic cascade starting
rom 2-ethynylglycerol to produce islatravir at high yield and with high
tereoselectivity. 

.3. Other applications 

Another interesting substrate for AA5 enzymes is glycerol, a prochi-
al compound and the main unavoidable by-product in biodiesel pro-
uction. Due to the growing interest in biofuels and increasing produc-
ion of biodiesel, a large surplus of glycerol is generated. Different val-
rization methods on the basis of the AA5 enzymes have been reported.
n the one hand, glycerol can be valorized through desymmetrization

o yield D- or L-glyceraldehyde. Most AA5_2 enzymes showed a prefer-
nce for producing L-glyceraldehyde [18] . Only Cgr AlcOx, Cgl AlcOx and
or AlcOx showed a preference for D-glyceraldehyde formation. On the
11 
ther hand, GLOX was shown to convert glycerol to the final product
lyceric acid [93] . 

Since the 1980s, GalOx has been applied for selective oxidation
f galactose-containing mono-, oligo- and polysaccharides [ 75 , 76 , 126 ].
alOx and its engineered variants were successfully used for labeling
f galactose-containing membrane oligosaccharides and glycoproteins
 39 , 82 , 88 ]. Furthermore, due to its high specificity towards D-galactose
ompared to D-glucose, GalOx was recognized as an attractive biosensor
andidate for detecting lactose or galactose in blood or urine [ 101 , 102 ].

. Concluding remarks 

Copper radical oxidases build a versatile group of enzymes that har-
or in their active sites a mononuclear copper and a cross-link between
ne of the tyrosines involved in the copper ion binding and an adja-
ent cysteine. In the catalytically active state, the modified tyrosine is
xidized to a tyrosyl radical. Due to this unique cofactor CROs have
ttracted considerable attention in basic research. A prototypical CRO
alOx has been extensively studied for almost thirty years. Its physico-
hemical and catalytic properties, structure and catalytic mechanism
ave been elucidated in detail. GLOX also belongs to the one of most
ntensively studied CROs, however, no crystal structure has been solved
et. Recent reports reflect the increasing interest in this group of ox-
dases in applied research. Newly identified and characterized CROs
ossess distinct catalytic properties and different substrate spectra com-
ared to GalOx and GLOX and thus significantly expand the toolbox of
hese useful biocatalysts. For instance, CROs were identified that oxi-
ize various carbohydrates not accepted by GalOx, or with activity to-
ards 5-HMF exceeding that of a bacterial HMF-oxidase. By protein en-
ineering activity of CROs could be increased and substrate preference
ltered, which paves the way for new biotechnological processes. How-
ver, predominantly methods of directed evolution and semi-rational
esign were applied because three-dimensional structures were solved
nly for four CROs. Moreover, although these structures revealed highly
onserved copper coordinating residues, amino acids that interact with
ubstrates differ. Obviously, more crystal structures are required to help
n understanding the substrate preferences of different CROs and in en-
ineering more efficient and more selective biocatalysts. 

The range of CROs application can be extended towards deactiva-
ion of harmful aldehydes and engineering of biosensors for medicine
nd food production and preservation. CROs can also be exploited as
 2 O 2 suppliers for peroxidases and peroxygenases to support the latter

n biocatalytic delignification of plant biomass and in biocatalysis. In
his regard, the potential of CROs at a higher industrially relevant scale
as not been evaluated yet and will also move into focus in the near
uture. 
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