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Abstract
Galactose oxidase catalyzes a two-electron oxidation, mainly from the C6 hydroxyl group of d-galactose, with the con-
comitant reduction of water to hydrogen peroxide. This enzyme is secreted by Fusarium species and has several biotech-
nological applications. In this study, a screening of galactose oxidase production among species of the Fusarium fujikuroi 
species complex demonstrated Fusarium subglutinans to be the main producer. The truncated F. subglutinans gaoA gene 
coding for the mature galactose oxidase was expressed from the prokaryotic vector pTrcHis2B in the E. coli Rosetta™ 
(DE3) strain. The purified recombinant enzyme presented temperature and pH optima of 30 °C and 7.0, respectively, 
KM of 132.6 ± 18.18 mM, Vmax of 3.2 ± 0.18 µmol of H2O2/min, kcat of 12,243 s−1, and a catalytic efficiency (kcat/KM) of 
9.2 × 104 M−1 s−1. In the presence of 50% glycerol, the enzyme showed a T50 of 59.77 °C and was stable for several hours 
at pH 8.0 and 4 °C. Besides d-(+)-galactose, the purified enzyme also acted against d-(+)-raffinose, α-d-(+)-melibiose, and 
methyl-α-d-galactopyranoside, and was strongly inhibited by SDS. Although the F. subglutinans gaoA gene was successfully 
expressed in E. coli, its endogenous transcription was not confirmed by RT-PCR.
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Introduction

Galactose oxidase (d-galactose:oxygen 6-oxidoreductase, 
EC 1.1.3.9) is a monomeric metalloenzyme with a cop-
per ion as a cofactor. It is an extracellular protein naturally 
secreted by different species of the Fusarium genus, among 
which the following stand out: Fusarium austroamericanum 
(NRRL 2903) (formerly Polyporus circinatus and Dactylium 
dendroides) [1–3], which belongs to the species complex 
Fusarium graminearum [4]; Fusarium subglutinans (for-
merly Fusarium moniliformis f. sp. subglutinans), Fusarium 

moniliforme, and Gibberella fujikuroi, which belong to the 
Fusarium fujikuroi species complex [5–8]; and Fusarium 
acuminatum [8, 9]. Secretion of galactose oxidase is also 
reported for species of other genera, such as Alternaria 
sp. Helminthosporium sp., and Penicillium album [5]. As 
regards bacteria, galactose oxidase-like genes have been 
described: e.g., the fbfB gene from Stigmatella aurantiaca, 
which encodes a protein involved in fruiting body formation, 
and the Streptomyces coelicolor laterally acquired SCO2837 
gene, which encodes the SCO2837 protein that processes 
primary alcohols to aldehydes and is required for the aer-
ial bacterial development during osmotic stress [10–12]. 
However, no galactose activity has been ascribed to these 
bacterial genes.

Galactose oxidase is one of the most studied oxidases, 
due to its mechanism and practical applications. Its cata-
lytic action results in the stereo-specific oxidation of two 
electrons of many primary alcohols to their corresponding 
aldehydes, with the concomitant reduction of oxygen to 
hydrogen peroxide [13–15]. This enzyme is highly selec-
tive for d-galactose and oxidizes galactose residues either 
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as monosaccharides or polysaccharides and glycoconjugates 
that contain galactose at the non-reducing end [14]. The best 
substrate reported so far is dihydroxyacetone, which is more 
than three times better than d-galactose [13]. The role that 
galactose oxidase plays in filamentous fungi physiology is 
unclear, although it seems to be related to hydrogen peroxide 
production, which can cause lesions in the plant cell wall and 
facilitate fungal invasion [16]. Other alcohol oxidases, such 
as the glyoxal oxidase from Phanerochaete chrysosporium, 
produce hydrogen peroxide, which may play some part in 
lignin degradation together with lignin peroxidase [17]. 
However, the enzyme galactose oxidase is widely applied 
in different biotechnological processes. Among its practi-
cal applications, it is worth mentioning: (1) biosensors for 
d-galactose, lactose, and other substrates [18]; (2) enzymatic 
biocatalyst in aldehydes, carbohydrates, and other molecular 
synthesis [19]; (3) histochemical staining studies, including 
cancer detection using a cytochemical staining method to 
detect the Gal-β(1→3)-GalNAc disaccharide in body fluid 
glycoproteins [20]; (4) synthesis of paper strength additives 
in the paper industry [21]; (5) glycosylation of recombinant 
proteins produced in bacteria [22]; and (6) glycoproteomic 
studies [23].

According to Cordeiro et al. [24], there are three intron-
less orthologous gene lineages within the galactose oxidase 
family in Fusarium spp., namely gaoA, gaoB, and gaoC. The 
first galactose oxidase cloned and sequenced gene was the 
F. austroamericanum gaoA gene [25]. It has 2043 bp and, 
therefore, codes a 680-amino-acid residue protein. This gene 
has already been heterologously expressed in Aspergillus 
nidulans, Aspergillus oryzae, Fusarium venenatum, Pichia 
pastoris, Escherichia coli, and in an in vitro system [26–33].

The mature and active F. austroamericanum galactose 
oxidase GaoA protein has 639 amino acid residues. It is the 
product of the gaoA gene, a 680-amino-acid residue inac-
tive precursor protein. The maturation process involves two 
cleavages, the first removes the N-terminal secretory signal 
peptide (also known as pre-sequence), which contains 24 
amino acid residues, and the second removes the N-terminal 
maturation peptide (also known as pro-sequence), which 
contains 17 amino acid residues. The removal of the pro-
sequence is an autocatalytic event, which requires the pres-
ence of copper [13]. Further steps in the maturation process 
lead to a thioether bond formation between the active site 
residues Tyr272 and Cys228, which creates a tyrosyl radical 
that is essential for enzyme catalysis [13, 14].

Other Fusarium galactose oxidase genes have also been 
studied. The galactose oxidase gaoB gene from Fusarium 
venenatum was cloned and heterologously expressed in F. 
venenatum [34]. The gaoB genes from Fusarium verticil-
lioides and F. subglutinans were cloned, sequenced, and 
used as biomarkers for the detection of these species [24, 
35]. While the gaoA gene from Fusarium sambucinum was 

cloned and expressed in E. coli [36], the gaoA gene from 
Fusarium oxysporum was cloned and expressed in E. coli 
and Pichia pastoris [37].

This study reports a screening of galactose oxidase 
production among species of the F. fujikuroi species com-
plex. In this screening, F. subglutinans was found to be the 
major producer. The F. subglutinans gaoA gene was cloned, 
sequenced, and successfully expressed in E. coli and the 
recombinant enzyme was characterized. In addition, the 
endogenous transcription of the gaoA gene was evaluated 
in F. subglutinans.

Materials and Methods

Microorganisms

The fungi used in this study are described in Table 1. These 
isolates were maintained in potato dextrose agar (PDA) (for 
1 L: 15 g dextrose, 20 g agar, filtrate of 200 g of peeled 
potato cooked in 400 mL of distilled water) slants with tri-
mestral transfers. E. coli TOP10® and DH5α™ strains were 
used for plasmid propagation and as prokaryotic expression 
systems. E. coli BL21 Star™ (DE3) and Rosetta™ (DE3) 
strains were used as prokaryotic expression systems. These 
E. coli strains were stored in Luria–Bertani (LB) (1% tryp-
tone, 0.5% yeast extract, 1% NaCl, pH 7.0), with 50% glyc-
erol, at − 20 °C.

Screening of Galactose Oxidase Production Among 
Species of the F. fujikuroi Species Complex

The isolates (Table 1) were cultured in the liquid medium 
formulated by Markus et al. [38], which was prepared as 
described by Cordeiro et al. [24]. A 125-mL Erlenmeyer 
flask containing 25 mL of the liquid culture medium was 
inoculated with a smashed fragment (1 cm3) from a fresh 
PDA slant culture and was incubated for 3 days at 25 °C, in 
the dark, under agitation (100 rpm). Afterward, a 500-µL 
aliquot (2%, v/v) of the obtained culture was used to inocu-
late a new 125-mL flask containing 25 mL of the same liquid 
medium. These flasks were incubated for 3 days in the same 
conditions. The cultures were subsequently filtered using 
filter paper and/or centrifuged (1500g, 5 min). The enzyme 
was assayed in the filtrate or supernatant of three independ-
ent culture flasks.

In an attempt to increase F. subglutinans UnB 379 
enzyme production, the fungus was cultured in the same 
conditions, but the medium was supplemented with 0.4% 
(w/v) corn flour, yellow corn grits, oat flakes, rice, or Bulgur 
wheat, before autoclaving. The solid substrates were used as 
additional carbon sources.
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DNA Extraction

The fungus F. subglutinans was cultured as described above 
and the mycelia mass was collected by filtration in sterile 
gauze. After being ground to a powder in a mortar with 
liquid nitrogen, a 300-µL aliquot of the ground mycelia 
was transferred to a microcentrifuge tube and the genomic 
DNA was extracted according to the protocol designed by 
Koenig et al. [39]. The DNA concentration was determined 
by absorbance at 260 nm and by fluorometry, using the Qubit 
Quantitation Fluorometer and the Quant-it™ dsDNA HS 
Assay Kit (Thermo Fisher Scientific, USA). The DNA final 

concentration was adjusted to 100 ng/μL in TE buffer and 
the DNA was kept frozen at − 20 °C.

Construction of the pET101/D‑TOPO®‑F. subglutinans 
gaoA Gene and Expression Analysis

Initially, to see if the F. subglutinans gaoA gene could be 
expressed in E. coli, the following studies were performed. 
Most of the work regarding the F. austroamericanum GaoA 
recombinant expression in E. coli used the truncated gene, 
without the 5′ region coding the pre-pro sequence of 41 
amino acids. Thus, the F. austroamericanum GaoA (Gen-
Bank M86819) and the F. verticillioides GaoA (GenBank 
DAA34000.1) proteins were aligned to verify the corre-
sponding pre-pro sequences in the latter protein. As there 
was no sequenced genome for F. subglutinans and F. ver-
ticillioides and F. subglutinans belong to the F. fujikuroi 
species complex and are closely related, a primer pair (FW 
5′-CACC​ATG​GCC​TCA​GCT​CCT​CTC​GGC​ACT​GCT​ATC, 
and RV 5′-TTA​CTG​AGT​AAC​GAG​AAG​AGT​ACTGG) was 
designed to amplify the truncated F. verticillioides gaoA 
gene (BK007072.1), without the pre-pro sequence. The FW 
primer had an extra 5′ sequence (CACC) to allow directional 
cloning in the pET101/D-TOPO® (Thermo Fisher Scien-
tific, USA) and a translation start ATG codon (underlined). 
The RV primer had a stop codon (underlined). These prim-
ers were used in a PCR with the F. subglutinans UnB 379 
strain genomic DNA as follows: 1× enzyme buffer; 1.0 mM 
MgSO4; 0.3 mM of each dNTP, 25 pmol of each primer; 
2.5 U of Platinum® Pfx DNA Polymerase, and 400 ng of 
genomic DNA in a total volume of 25 µL. The reaction con-
sisted of 25 cycles of 1 min at 94 °C; 1 min at 58 °C, and 
2 min at 68 °C. The reactions were heated for 5 min at 94 °C 
before cycling and for 10 min at 68 °C after cycling. The 
PCR was then loaded in a 1% agarose gel and the amplified 
fragment of approximately 2000 bp was gel purified using 
the S.N.A.P™ Gel Purification Kit (Thermo Fisher Scien-
tific, USA), following the manufacturer’s instructions. After 
fluorometric quantification with the Qubit™ dsDNA HS 
Assay Kit (Thermo Fisher Scientific, USA), the DNA frag-
ment was cloned into the pET101® vector from the Cham-
pion™ pET Directional TOPO® Expression Kit, according 
to the vendor’s protocol. The recombinant plasmid was used 
to transform the E. coli TOP10® strain [40]. Next, it was 
recovered by alkaline lysis [41] and analyzed by restriction 
digestion.

As regards expression analysis, a 60-ng aliquot of the 
pET101®-F. subglutinans gaoA was used to transform the 
E. coli BL21 Star™ (DE3) strain [40]. The transformed 
bacteria were inoculated in 10 mL of LB medium contain-
ing ampicillin (50 µg/mL) and cultured overnight at 37 °C, 
under agitation of 100 rpm. Aliquots of 500 μL of this cul-
ture were used to inoculate flasks of 250-mL containing 

Table 1   Fungi isolates used in this work and galactose oxidase pro-
duction

* Previously obtained from maize grains [35]
# Generously donated by Dr. Pfenning—Mycological Collection of 
Lavras (CML) from the Federal University of Lavras and originally 
obtained from the Kansas State University Collection, USA
& Generously donated by Dr. Dianese—University of Brasília (UnB) 
and previously reported as a galactose oxidase producer [8]
§ Values are the averages and the standard deviations from data indi-
vidually obtained in the filtrate of three culture flasks
a Enzyme activity at 10 min of reaction
b Enzyme activity at 2 h of reaction

Specie Strain Galactose 
oxidase (U/L of 
filtrate)§

Fusarium verticillioides MGA 5-1* 0
F. verticillioides MGA 45-1* 0
F. verticillioides MGI 1-1* 0
F. verticillioides PG 5-2* 0
F. verticillioides PG 6-1* 0
F. verticillioides CO 2-2* 0
F. verticillioides BAN 4-2* 0
F. verticillioides BAN 5-2* 0
F. verticillioides RV 21-2* 0
F. verticillioides RV 25-1* 0
F. verticillioides CPÃ 1-1* 0
F. verticillioides RV 29-2* 0
F. verticillioides CMA 2-1* 0
F. verticillioides CMA 7-2* 0
F. verticillioides CMA 9-1* 0
F. verticillioides CML 767# 0
Fusarium sacchari CML 769# 0
Fusarium fujikuroi CML 793# 0
Fusarium proliferatum CML 770# 9.7 ± 2.8b

Fusarium thapsinum CML 775# 0
Fusarium nygamai CML 797# 0
Fusarium circinatum CML 791# 0
Fusarium konzum CML 776# 15.2 ± 14.9b

F. subglutinans UnB 379& 258 ± 80a
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50 mL of the LB-2X-ampicillin medium [2% (w/v) tryptone, 
1% (w/v) yeast extract, 2% (w/v) NaCl, ampicillin 50 µg/mL] 
or 50 mL of ZYM-5052-ampicillin auto-induction medium 
described by Studier [42], with modifications [1% tryptone, 
0.5% yeast extract, 0.5% glycerol, 0.05% glucose, 0.2% 
monohydrated lactose, 25 mM Na2HPO4, 25 mM KH2PO4, 
50 mM NH4Cl, 5 mM Na2SO4, 2 mM MgSO4·7H20, 10 µM 
MnSO4·H20, 2  µM CuSO4·5H20, 10  µM, ZnSO4·7H2O, 
25 mM sodium succinate dibasic hexahydrated, 20 µM 
CaCl2·2H2O, 50 µM FeCl3, 50 μg/mL ampicillin]. After 
incubation for 4 h at 37 °C under agitation (100 rpm), when 
an optical density of 0.6–0.8 at 620 nm was achieved, iso-
propyl β-d-1-thiogalactopyranoside (IPTG) was added (final 
concentrations of 1 mM) to the flask containing LB-2X 
and to one of the two flasks containing ZYM-5052, so as 
to induce protein expression (flasks incubated at 25 °C for 
16–18 h). The cells were subsequently collected by cen-
trifugation (1500g, 5 min) and resuspended in 5.0 mL of 
the lysis buffer described by Deacon and McPherson [33], 
with modifications (50 mM phosphate buffer, pH 8.0; 0.5 M 
NaCl; 5 mM MgCl2·6H2O; 1% Triton X-100). After vor-
tex agitation and 40 min incubation on ice, 1 mM PMSF, 
150 µg/mL lysozyme, and 2 U/mL DNase I were added. The 
mixture was incubated for 2 h at 4 °C. The samples were 
then dialyzed twice against 50 mM phosphate buffer, pH 
7.0, containing 0.4 mM CuSO4·5H2O. After centrifugation 
(9000g, 5 min), galactose oxidase activity was tested in the 
supernatant.

Galactose Oxidase Activity Assay

Galactose oxidase activity was evaluated using colori-
metric analysis, which uses horseradish peroxidase and 
o-dianisidine, based on the estimation of the colored oxi-
dized o-dianisidine [43]. The assay mixture consisted of: 
0.5 mL of the sample, 0.1 mL of 0.5 M d-galactose (25 mM 
final) as the substrate and 1.4 mL of the following reac-
tive mixture: 0.04 mg/mL peroxidase (Sigma Cat. P-8125) 
(6 U/mL), 0.2 mg/mL o-dianisidine (Sigma cat. D-3252) 
previously dissolved in a small volume of methanol (2 mg/
mL) and 50 mM phosphate buffer, pH 7.0. A blank without 
substrate was used to establish the zero point of absorbance. 
The reactive mixture was always tested with hydrogen per-
oxide to make sure the peroxidase was active. Unless other-
wise stated, the reaction was incubated for 10 min at 30 °C 
before the absorbance was read at 430 nm. An enzyme unit 
is defined as the amount of enzyme necessary for the oxida-
tion of 2 μmol of o-dianisidine (corresponding to the oxida-
tion of 1 μmol of galactose) per min, under the conditions 
described above. A o-dianisidine oxidation calibration curve 
was performed with 8.2–82 μmol of o-dianisidine in 1.4 mL 
of 50 mM phosphate buffer, pH 7.0, containing 0.04 mg/

mL peroxidase, and addition of 0.6 mL of H2O2 at a final 
concentration of 4.35 mM.

The Entire F. subglutinans gaoA Gene Cloning 
and Sequencing

Next, the entire F. subglutinans gaoA gene was cloned, 
sequenced, and analyzed. Primers (FW 5′-ATG​AAG​TCC​
TTT​TGG​ACA​CTTGC and RV 5′-TTA​CTG​AGT​AAC​GAG​
AAG​AGT​ACT​GG) were designed targeting the entire cod-
ing region of the F. verticillioides gaoA gene (GenBank 
BK007072.1). The designed primers were used in a PCR, 
as described above. An additional adenosine was then added 
at the 3′ extremities by incubating the PCR with 1 U of 
Platinum Taq® DNA polymerase at 72 °C for 10 min. The 
amplified DNA was phenol:chloroform (pH 8.0) (1:1) puri-
fied and ethanol precipitated. The DNA fragment was sub-
sequently cloned into the TA Cloning Kit vector pCR®2.1 
(Thermo Fisher Scientific, USA), following the manufactur-
er’s instructions, and the recombinant plasmid was used to 
transform the E. coli TOPO10® strain [40]. The recombinant 
plasmid was subsequently recovered by alkalyne lysis [41].

The cloned gene was sequenced at the Center for Human 
Genome Studies (University of São Paulo, São Paulo, Bra-
zil) with the forward and reverse M13 universal primers and 
internal primers to the gene, which were designed based 
on the F. verticillioides gaoA gene sequence (GenBank 
BK007072.1). Each DNA strand was sequenced at least 
twice and a contig was generated using the BioEdit program 
[44], through which the GC content was also calculated. 
Presence of introns and ORF was analyzed using the Augus-
tus gene prediction program (http://augus​tus.gobic​s.de/).

The F. subglutinans GaoA Protein In Silico Analysis

The F. subglutinans GaoA amino acids sequence was 
obtained translating the sequenced gene in the ExPASy 
Translate program (https​://www.expas​y.org/). A structural 
model for the F. subglutinans mature GaoA protein, with-
out the amino terminal pre-pro sequence, was generated 
using the Modeller program [45], employing the F. aus-
troamericanum GaoA protein structure (PDB 1gofA) as a 
template [46]. The modeled PDB structure was visualized 
and colored using the CCP4MG program [47]. The protein 
was also analyzed for structural domains using the Con-
served Protein Domain Database (CDD) from NCBI (https​
://www.ncbi.nlm.nih.gov) and Pfam from EMBL-EBI (https​
://pfam.xfam.org/). The putative N-glycosylation sites, and 
molecular weight and pI, were calculated using the NetCG-
lyc 1.0 server and Compute pI/Mw program, respectively, 
from ExPASy.

Blast searches were carried out with the F. subglutinans 
and F. austroamericanum GaoA protein sequences in order 

http://augustus.gobics.de/
https://www.expasy.org/
https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
https://pfam.xfam.org/
https://pfam.xfam.org/
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to retrieve other GaoA proteins from Fusarium genera spe-
cies from GenBank. The sequences thus obtained were 
aligned and the alignment was used to build a phyloge-
netic tree by employing the neighbor-joining method [48] 
of the MEGA 7.0 program [49]. Bootstrap analyses were 
conducted (1000 heuristic replicates) to assess the confi-
dence limits of the branching [50]. Values higher than 70% 
in the bootstrap test of phylogenetic accuracy indicated reli-
able grouping among proteins. Pairwise deletion was used 
to remove gaps, because a complete removal could elimi-
nate a large part of phylogenetically meaningful sites. The 
phylogenetic distances were computed using the maximum 
composite likelihood method [51] and the number of amino 
acid substitutions per site. The grouping was also performed 
using other methods, such as maximum parsimony, mini-
mum evolution, and UPGMA with similar results.

Construction of the pET21a(+)‑ and pTrcHis2B‑F. 
subglutinans gaoA Gene and Expression Analysis

The truncated F. subglutinans gaoA gene, which codes the 
mature F. subglutinans GaoA protein, without the pre-pro 
sequence, was amplified and cloned into the pET21a(+) 
(Novagen, USA) expression vector. A pair of primers 
(FW 5′-TTCAT​ATG​GCC​TCA​GCT​CCC​ATC​GGC​AC 
and 5′-TTGCG​GCC​GCCTG​AGT​AAC​GAG​AAGAG) was 
designed based on the cloned and sequenced gene. Restric-
tion sites for the enzymes NdeI and NotI were included in 
the forward and reverse primers, respectively (underlined). 
The stop codon was removed in the reverse primer so as to 
insert a histidine tag provided by the vector. A PCR was 
performed with 1× enzyme buffer, 2.0 mM MgSO4, 0.2 mM 
of each dNTP, 25 pmol of each primer, 1.0 U of Platinum® 
Taq DNA Polymerase High Fidelity (Thermo Fisher Scien-
tific, USA), and 200 ng of the pCR2.1-gaoA recombinant 
constructed plasmid as DNA template. The PCR cycling 
consisted of an initial incubation of 5 min at 94 °C, fol-
lowed by 25 cycles of 1 min at 94 °C, 1 min at 60 °C, 2 min 
at 68 °C, and a final incubation at 68 °C for 10 min. To 
remove the plasmid used as template, the amplified DNA 
fragment was electrophoresed in an agarose gel and purified 
from the gel by means of the Wizard® SV Gel PCR Clean-
Up System Kit (Promega, USA). A deoxyadenosine was then 
added to the 3′ extremities of the 2 Kb amplified DNA frag-
ment, as described above, and the PCR product was cloned 
into the pGEM®-T Vector (Promega, USA), following the 
manufacturer’s instructions. The truncated gene was sub-
sequently transferred from the pGEM®-T vector (Promega, 
USA) to the pET21a(+) expression vector using digestion 
and ligation technology [41]. The recombinant plasmid was 
transformed into the E. coli DH5α strain [40], recovered by 
alkaline lysis, and analyzed using restriction digestion [41].

The truncated F. subglutinans gaoA gene was also cloned 
into the pTrcHis2B (Thermo Fisher Scientific, USA) expres-
sion vector. To do so, the primers FW 5′-TTGGT​ACC​GCC​
TCA​GCT​CCC​ATC​GGC​AC and RV-TTTCT​AGA​TTCTG​
AGT​AAC​GAG​AAG​AGT​AC were designed. The forward 
primer contained a restriction site for the KpnI enzyme 
(underlined) and no start codon, which was provided by the 
vector. The reverse primer had a restriction site for the XbaI 
enzyme (underlined), no stop codon to allow a His tag to be 
inserted by the vector, and two extra nucleotides to keep the 
gene in-frame (double underlined). The DNA was amplified 
in a 50-μL PCR containing 1.0 U of Platinum Pfx® DNA 
polymerase (Thermo Fisher Scientific, USA), 1× enzyme 
buffer, 1.0 mM MgSO4, 0.3 mM of each dNTP, 25 pmol of 
each primer, and 200 ng of the recombinant pCR2.1-gaoA 
plasmid. The gene was then cloned into the pCR2.1 vector 
and transferred to the pTrcHis2B (Thermo Fisher Scientific, 
USA) vector as described above.

The pET21a(+)-gaoA construction expression analysis 
was performed in the E. coli Bl21 Star™ (DE3) strain. The 
recombinant pTrcHis2B-gaoA expression analysis was car-
ried out in the E. coli DH5α, TOP10®, and Rosetta™ (DE3) 
strains. For this, 40–60 ng of each vector containing the trun-
cated gaoA gene were used to transform the E. coli strains, 
according to Chung et al. [40]. The transformed Rosetta™ 
(DE3), DH5α, and TOP10® strains were inoculated onto 
LB agar plates containing ampicillin (50 µg/mL). Various 
colonies of each plate were used to inoculate 10 mL of LB-
ampicillin (50 µg/mL). As regards the E. coli Bl21 Star™ 
(DE3) strain, the transformed bacteria were used to directly 
inoculate 10 mL of LB with ampicillin (50 µg/mL), instead 
of spreading them on the LB plates. The bacteria were 
grown overnight at 37 °C with stirring (100 rpm). A 500-µL 
aliquot of each culture was used to inoculate 250-mL flasks 
containing 50 mL of the ZYM-5052 auto-induction medium 
described by Studier [42], with modifications. After 4 h at 
37 °C under agitation of 100 rpm, 1 mM IPTG was added to 
the media and the temperature was reduced to 25 °C. After 
18 h, the cells were collected by centrifugation (1500g, 
5 min), resuspended, and lysed as described above. The sam-
ples were then dialyzed twice against 100 mM ammonium 
acetate buffer, pH 7.0, containing 0.4 mM CuSO4·5H2O. 
After centrifugation (9000g, 5 min), the galactose oxidase 
activity was tested in the supernatant.

RNA Extraction and Analysis

For RNA extraction, the F. subglutinans UnB 379 strain was 
cultivated as described above for enzyme production, with-
out substrate supplementation. The mycelium was collected 
by filtration on sterile gauze, and the RNA was extracted 
using the PureLink™ Micro-to-Midi Total RNA Purifica-
tion System Kit (Thermo Fisher Scientific, USA), as follows. 
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Cells were macerated to a powder in a mortar with liquid 
nitrogen and a 100-μL aliquot of the powder was transferred 
to a sterile microtube. A volume of 500 μL of lysis solu-
tion containing 5 μL of β-mercaptoethanol was then added. 
The mixture was kept on ice and homogenized by passing it 
through a sterile needle (18G).

After centrifugation (12,000g, 2 min), the supernatant 
was transferred to another microtube, to which 300 μL of 
absolute ethanol was added. After homogenization, the 
RNA was purified using the kit affinity column, according 
to the manufacturer’s protocol. The RNA concentration and 
purity were estimated by reading at 260 nm and A260/280, 
respectively.

One microgram of total RNA was treated for 15 min at 
25 °C with 1 U amplification-grade DNase I and 1× DNase 
I buffer (Thermo Fisher Scientific, USA), in a total volume 
of 10 µL. An aliquot of 8 µL of this mixture (0.8 μg of RNA) 
was used in the reverse transcriptase reaction (RT) using the 
SuperScritp ™ First-Strand Synthesis System for RT-PCR 
Kit (Thermo Fisher Scientific, USA), with oligo (dT)12–18 
primer included, following the manufacturer’s instructions.

The primers used in the PCR were designed to amplify 
both the entire F. subglutinans gaoA gene (described above), 
as well as the entire F. subglutinans gaoB gene (FW 5′-ATG​
AAG​TCT​TTC​TAC​TCC​TTG​GCC​TTG​TGC​ and RV 5′-TCA​
GAC​AGT​GAC​CTT​AAT​GGT​GCT​AGC​AAC​G) [24]. The 
PCR mixture contained: 1× enzyme buffer, 1.5 mM MgCl2, 
0.2 mM of each dNTP, 25 pmol of each primer, 1.5 U of 
Platinum® Taq DNA polymerase (Thermo Fisher Scientific, 
USA), and 4 μL of the RT reaction containing the cDNA 
as template, in a total volume of 25 μL. The PCR was per-
formed with an initial incubation of 5 min at 94 °C and 25 
cycles of 1 min and 30 s at 94 °C, 1 min and 30 s at 58 °C, 
and 2 min at 72 °C. After 25 cycles, the reactions were sub-
jected to 72 °C for 10 min. The control contained 4 μL of 
RNA solution treated with DNAse I instead of cDNA. To 
verify the DNA amplification, an aliquot of 10 μL of PCR 
was analyzed in 1% agarose gel, as described above.

The RNA folder WebServer program (http://rna.tbi.univi​
e.ac.at/cgi-bin/RNAWe​bSuit​e/RNAfo​ld.cgi) was used to 
predict the truncated F. subglutinans gaoA gene mRNA 5′ 
structure with its minimal free energy and the Rare Codon 
Analyser program (https​://www.biolo​gicsc​orp.com/tools​/
RareC​odonA​nalyz​er) was used to predict the mRNA Codon 
Adaptation Index (CAI) value.

Expression and Purification of the F. subglutinans 
GaoA Galactose Oxidase

The pTrcHis2B-gaoA recombinant vector system and the 
E. coli Rosetta™ (DE3) strain were used for GaoA enzyme 
production and purification by immobilized metal affinity 
chromatography (IMAC). For this, a volume of 400 mL 

of ZYM-5052 auto-induction medium, in a 2-L flask, was 
inoculated with 4 mL of an overnight LB-ampicillin medium 
(50 μg/mL) culture, obtained as described above. The cul-
ture was carried out at 37 °C, 100 rpm, for 4 h. IPTG was 
then added at a final concentration of 1 mM and the flask 
was incubated at 25 °C, 100 rpm, for 18 h. Cells were col-
lected by centrifugation (4300g, 5 min). The obtained pellet 
was resuspended in 10 mL of lysis buffer (50 mM phos-
phate buffer, pH 7.0, 150 µg/mL of lysozyme, 1 mM PMSF, 
50 mM NaCl, 5 mM MgCl2·6H2O, 2 U/mL DNase I) and 
incubated at 4 °C for 1 h. The suspension was then sonicated 
(48 cycles, 5 s on, 5 s off, 40% of amplitude) in an ice bath. 
The obtained homogenate was submitted to centrifugation 
(9000g, 5 min), and the supernatant was applied (1 mL/min) 
into a 5-mL HisTrap™ HP column (GE Healthcare Life Sci-
ences, USA), which was equilibrated with washing buffer 
(100 mM phosphate buffer, pH 7.0, 100 mM NaCl, 20 mM 
imidazole). Afterward, the column was washed with 20 mL 
of washing buffer and the recombinant protein was eluted 
with an imidazole gradient (150 and 300 mM) in 100 mM 
phosphate buffer, pH 7.0, containing 100 mM NaCl. Frac-
tions of 1.5 mL were collected and those with the highest 
galactose oxidase activity were pooled and dialyzed twice 
against 100 mM ammonium acetate buffer, pH 7.0, contain-
ing 0.4 mM CuSO4·5H2O, and once omitting copper. The 
protein was kept frozen at − 20 °C without glycerol addition, 
until use.

SDS‑PAGE Analysis

Protein concentration was determined according to Brad-
ford [52], using bovine albumin as the standard. Enzyme 
purity was analyzed in a denaturating polyacrylamide gel 
(SDS-PAGE). An aliquot of 10 µg of supernatant protein 
was suspended in 20 µL of sample dilution buffer [20% (v/v) 
glycerol, 1% (w/v) SDS, 0.03 mg/mL bromophenol blue, 
125 mM tris-base, pH 6.8, 0.72 M β-mercaptoethanol]. A 
100-µL aliquot of the eluate containing 9.2 µg of the puri-
fied recombinant protein was precipitated with 11 µL of 
100% Trichloroacetic acid (TCA), washed with absolute 
ethanol, air-dried, and resuspended in 20 μL of sample dilu-
tion buffer. All samples were boiled for 10 min before being 
applied in a 7.5% polyacrylamide resolving gel, pH 8.9, with 
a 4.5% stacking gel, pH 6.8, in the Tris–glycine buffer sys-
tem [53]. The relative molecular mass of the recombinant 
galactose oxidase was measured using molecular weight 
markers (Thermo Fisher Scientific, USA). The gel was 
stained with Coomassie Blue.

Mass Spectrometry

To confirm the identity of the purified protein, peptide mass 
fingerprint (PMF) MALDI-TOF mass spectrometry was 

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://www.biologicscorp.com/tools/RareCodonAnalyzer
https://www.biologicscorp.com/tools/RareCodonAnalyzer
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carried out using gel bands obtained from the SDS-PAGE 
gel. The protein bands cut from the gel were discolored 
with 25 mM ammonium bicarbonate solution containing 
50% (v/v) acetonitrile. The gel was then dehydrated with 
100% acetonitrile, dried in a vacuum chamber, and rehy-
drated with a 10 μg/mL trypsin solution in 40 mM ammo-
nium bicarbonate and 10% acetonitrile. This mixture was 
incubated overnight at 37 °C to generate the protein band 
peptides. A 2-µL aliquot of the resulting peptide solu-
tion was mixed with an equal volume of saturated HCCA 
(α-cyano-4-hydroxycinnamic acid) matrix solution. Next, 
the mixture was placed on a metal plate for analysis in a 
MALDI-TOF/MS AutoFlex II mass spectrometer (Bruker 
Daltonics, USA). Peak acquisition was carried out in the 
positive polarity ion reflector mode. The spectrometer was 
calibrated following the protocol provided by the manufac-
turer (acceleration voltage of 20 kV). The generated mass 
spectra were analyzed using the FlexAnalysis 3.0 software 
(Bruker Daltonics, USA). The Swiss-Prot database employ-
ing the MASCOT 2.0 program [54] was used to identify 
the proteins, considering carbamidomethylation of cysteine 
and possible methionine oxidation. The expressed protein 
from the pTrc2B plasmid was analyzed in the PeptideMass 
program of ExPASy to predict the trypsin fragment sizes and 
sequences and compare them to the obtained results.

Enzyme Characterization

Activity against different substrates was verified by replac-
ing d-(+)-galactose with d-(+)-glucose, sucrose, lactose 
monohydrate, d-(+)-raffinose, α-d-(+)-melibiose, malt-
ose, glycerol, methyl-α-d-galactopyranoside, or guar gum. 
Except for guar gum, which was used at 1%, all substrates 
were used at a final concentration of 25 mM.

The optimal temperature was found by ranging the 
enzyme reaction temperature from 20 to 60 °C. Thermal 
stability was evaluated by incubating the purified enzyme 
in 100 mM ammonium acetate buffer, pH 7.0, for 10 min at 
20, 30, 40, 50, 55, and 60 °C, before the enzyme assay, in 
the absence or presence of 25% or 50% (v/v) glycerol (pH 
7.0). In addition, enzyme stability over time was determined 
by incubating the purified enzyme, in the presence of 50% 
(v/v) glycerol, for a period of 4 h at 25 and 50 °C, before the 
enzyme assay.

The optimal pH was determined by varying the enzyme 
reaction pH from 5 to 9, using the Britton and Robinson 
buffer (0.1 M boric acid, 0.1 M acetic acid, 0.1 M phos-
phoric acid). The pH stability was evaluated by diluting the 
enzyme five times in Britton and Robinson buffer, pHs 6.0, 
7.0, and 8.0, and incubating it for several h at 4 °C, before 
the enzyme assay was performed with 0.1 M phosphate 
buffer, pH 7.0.

The Michaelis–Menten constant, KM, and the maximum 
reaction velocity, Vmax, were determined by non-linear 
regression (GraphPad Prism 8.0 program), using the results 
obtained by varying the galactose concentration from 
30 mM to 300 mM, in the enzymatic assay, and in the pres-
ence of 50% (v/v) glycerol. The purified enzyme (0.317 µg) 
was added to the enzyme reaction containing 50 mM phos-
phate buffer, pH 7.0. The mixture was incubated at 30 °C for 
5 min, as described above.

Effect of Potential Inhibitors and Activators

Different compounds, namely NaCl, MgCl2·6H2O, KCl, 
EDTA, CTAB, SDS, glycerol, and Tween 80, were added to 
the reaction mixture to verify their effects on the galactose 
oxidase activity. All compounds were added to a final con-
centration of 5 mM, apart from glycerol (25%) and Tween 
80 (2.5%). Relative activity was measured as the percentage 
of remaining activity in relation to a reaction without any 
compound addition. The same procedure was carried out 
with the reactive mixture alone, without addition of galac-
tose oxidase, to verify the extent to which the peroxidase 
in this system was inhibited or activated by the same com-
pounds. For this, reactions were carried out with 1.4 mL of 
the reactive mixture of the galactose oxidase enzyme assay 
described above and 0.6 mL of H2O2 (23 µM final), without 
any addition of the purified enzyme or galactose.

Results and Discussion

Production of Native Galactose Oxidase by F. 
fujikuroi Species Complex Isolates

The screening results for galactose oxidase production are 
listed in Table 1. The F. subglutinans UnB 379 strain was 
the best producer among F. fujikuroi isolates. On the other 
hand, F. proliferarum and F. konzum demonstrated potential 
to produce the enzyme, as was verified by enzyme assays 
with 2 h incubation. The addition of solid substrates to the 
medium did not improve galactose oxidase activity produc-
tion by F. subglutinans.

The F. fujikuroi complex includes at least 50 distinct spe-
cies or phylogenetic lineages that group into three clades: 
the American, African, and Asian [55]. Regarding the dis-
tribution of galactose oxidase production, the first reports 
were published when representative isolates were all called 
Fusarium moniliformis (sexual stage: Gibberella fujikuroi), 
i.e., before the establishment of this species complex [5–7]. 
In a previous study by our group [8] and in this study, only 
the F. subglutinans UnB 379 strain was found to produce 
significant amounts of galactose oxidase among other F. 
subglutinans isolates or species of the F. fujikuroi species 
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complex. Therefore, it is reasonable to suppose that F. sub-
glutinans is the main galactose oxidase producer  in the 
above-mentioned complex.

The results obtained from the RT-PCR analysis (Fig. 1) 
did not show the presence of the F. subglutinans gaoA gene 
mRNA, which indicates that it is transcribed in insufficient 
amounts to be detected under the employed culture condi-
tions. However, the F. subglutinans gaoB mRNA expression 
was confirmed by RT-PCR, what was previously reported 
[24]. In agreement with our results, Brown et al. [56] dem-
onstrated in an EST analysis (GenBank DR659031.1) that 
the F. verticillioides gaoB gene, unlike the gaoA gene, is 
expressed when this fungus is grown in a solid state fer-
mentation using corn meal or shoot and root biomass of 
maize seedlings as substrates. Each galactose oxidase gene 
is present in a single copy in the F. fujikuroi species complex 
genomes sequences. The expression of multiple genes could 
explain the high level of galactose oxidase production in F. 
subglutinans. On the other hand, why other Fusarium spe-
cies, even having the gao genes, do not express any active 
galactose oxidase is unknown. Regarding gene expression 
regulation of gao genes, it is only known that in F. gramine-
arum, the best galactose oxidase species producer, the pro-
duction of extracellular galactose oxidase and the occurrence 
of gaoA gene mRNA are dependent on the carbon source 
used in the liquid culture medium [57].

Since the most representative species of galactose oxidase 
production in the F. fujikuroi species complex is F. subglu-
tinans, it would be interesting to characterize its protein. 
However, its expression level does not allow protein purifica-
tion. As gaoB and gaoC genes are not well known, together 

with the fact that the gaoA gene from other Fusarium species 
was previously expressed in bacteria, we decided to clone 
and express the latter to characterize the expressed protein.

The F. subglutinans gaoA Gene and GaoA Protein

The gaoA gene from the F. subglutinans UnB 379 strain 
was amplified, cloned, and sequenced. The obtained gene 
sequence was deposited in GenBank with the accession 
number KM279622.1. The cloned gene has a GC content 
of 50.24%, an open reading frame (ORF) of 2046 bp, which 
encodes a 681-amino-acid residue protein, and no introns. 
The phylogenetic analysis of the F. subglutinans GaoA pro-
tein in relation to other Fusarium species GaoA proteins is 
shown in Fig. 2. The F. subglutinans GaoA protein has an 
identity of approximately 80% with the GaoA protein of F. 
austroamericanum (AN AAA16228.1) [25] and 95% with 
the GaoA proteins of F. verticillioides (AN DAA34000.1) 
[24] and F. oxysporum (AN AHA90705.1) [36]. This simi-
larity made the F. fujikuroi and F. oxysporum complexes 
group together by means of their GaoA proteins. This 
indicates that F. subglutinans and F. oxysporum are more 
phylogenetically related, which agrees with data derived 
from total genome analysis pertaining to the phylogenetic 
relationships between F. graminearum, F. oxysporum f. sp. 
lycopersici, and F. verticillioides [58], and with phyloge-
netic analysis with molecular markers such as the nucleotide 
sequences of the largest (RPB1) and second largest (RPB2) 
RNA polymerase II subunits genes [59].

Similar to other GaoA proteins, the F. subglutinans 
GaoA protein has no putative N-glycosylation sites either, 
but presents N-terminal secretory and maturation sequences 
and indicates conservation of important active site amino 
acids (Fig. 3). In silico analysis revealed that the protein 
derived from the cloned gene has an N-terminal F5/8 type 
C domain (PF00754) with a galactose-binding domain-like 
(CL0202), with an E value of 7.5 × e−21, which consists of a 
globular unit with a β-sandwich structure. The central and 
largest part of the protein contains a Kelch motif domain 
(PF01344; CL0058), with an E value of 6.9 × e−08, which 
has pseudo symmetry of seven repeated structures of four 
β-conformation segments forming a β-pleated antiparallel 
sheet. The third domain is a C-terminal domain of unknown 
function (DUF1929; PF09118), with an E value of 4.9 × e−24 
(Figs. 3, 4). 

The in silico tridimensional model obtained for the 
mature F. subglutinans GaoA protein, built by comparison 
with the F. austroamericanum GaoA structure (PDB 1GOF) 
[46], is shown in Fig. 4a, b. This model confirms the three-
domain existence with the cupric ion present near the central 
axis of the Kelch domain and β-conformation predominance. 
Details of the modeled F. subglutinans GaoA active site are 
shown in Fig. 4c. The amino acids directly involved in the 

gaoA gaoB

M RNA RNA cDNAcDNA

23.130
9.416
6.557
4.361

2.322
2.027

564

bp

Fig. 1   RT-PCR. Agarose gel (1%) stained with ethidium bromide 
containing the RT-PCR using primers for the amplification of the 
entire coding region of the F. subglutinans UnB 379 gaoA or gaoB 
genes. RNA and cDNA indicate the lanes in which the reactions were 
performed with DNase I-treated RNA and cDNA, respectively. The 
molecular marker (M) used was λDNA/HindIII



641Molecular Biotechnology (2019) 61:633–649	

1 3

galactose oxidase catalysis are conserved in the active site of 
the F. subglutinans GaoA protein (Cys230, Tyr274, Trp292, 
Tyr497, His498, and His583). The thioether bond presence 
between Cys230 and Tyr274 was also predicted (Fig. 4c). 
This bond decreases the redox potential of the tyrosyl/tyros-
ine pair creating an internal cofactor, which works together 
with the copper ion to catalyze the two-electron oxidation 
reaction [60]. The Trp292 indole ring is stacked with Tyr274 
and, similar to the Trp290 of the F. austroamericanum GaoA 
protein, appears to protect the tyrosyl radical [61].

F. subglutinans gaoA Gene Expression Analysis

Most studies involving the heterologous expression of gaoA 
genes from Fusarium species have used pET plasmids in E. 
coli BL21 strains [31–33, 36, 37]. The truncated F. subglu-
tinans gaoA gene, which was amplified with primers tar-
geting the F. verticillioides gaoA gene and cloned into the 
pET101 plasmid, was expressed in the E. coli BL21 Star™ 
(DE3) strain cultured in LB-2X induced with 1 mM IPTG 

(0.27 U/mL of culture medium) and in ZYM-5052 induced 
with 1 mM IPTG (0.34 U/mL of culture medium). The 
LB-2X and ZY media were used before to express the F. 
austroamericanum GaoA protein [31, 33]. Enzyme produc-
tion in ZYM-5052 was a little bit higher than in LB-2X. The 
auto-induction ZYM-5052 medium can vigorously enhance 
E. coli growth as it has several ions which improve bacte-
rial metabolism and increase enzyme expression. Another 
difference between LB and ZYM-5052 is that the latter is 
buffered, which better maintains the culture pH around 7.0. 
However, although ZYM-5052 is an auto-induction medium, 
no enzyme was expressed without IPTG induction. One 
explanation for this is that although ZYM-5052 has lactose, 
a precursor for allolactose, which can induce expression, the 
presence of IPTG allows a stronger expression.

Considering the low level of expression of the F. subglu-
tinans GaoA protein from pET101® and that it could not be 
Ni-affinity-chromatography purified because it did not have 
a His-tag, we decided to clone and sequence the entire F. 
subglutinans gaoA gene to design a better primer for its 5′ 

 DAA34000.1TPA inf:

 PNP74211.1 hypotheti

 AJE27923.1galactoseo

 CVK95852.1 galactose oxi

 RBA21943.1 galactose o

 SCV48025.1 galactose ox

 XP 018247403.1 galactose o

 AHA90705.1galactoseoxid

 EXM19548.1 galactose oxi

 EXK84413.1 galactose oxida

 ENH75443.1 Galactose oxida

 EXA35856.1 galactose oxid

 KIL85418.1 galactose oxida

 RFN47484.1 galactose

 RBR23913.1 hypoth

 RGP69527.1 galactose ox

 KPA38412.1 galacto

 AAA16228.1galactoseo

 PTD09085.1 Galactose 

 XP 009253844.1GAOAF

 OBS22563.1 hypothetic

 AIR07394.1galactoseox

 XP 025594060.1uncharac

 AJE27924.1 galactose

 ADG08187.1 galact99

99

99

77

99

99

91

11

99

97

90

98

96

67

89

97

99

76
99

74

70
87

0.05

DAA34000.1 F. verticillioides
PNP74211.1 F. nygamai
AJE27923.1 F. subglutinans

CVK95852.1 Fusarium mangifera
RBA21943.1 F. proliferatum
SCV48025.1 F. fujikuroi

XP 018247403.1 Fusarium oxysporum f. sp. lycopersici
AHA90705.1 F. oxysporum
EXM19548.1 Fusarium oxysporum f. sp. vasinfectum

EXK84413.1 Fusarium oxysporum f. sp. raphani
ENH75443.1 Fusarium oxysporum f. sp. cubense

EXA35856.1 Fusarium oxysporum f. sp. pisi
KIL85418.1 F. avenaceum

RFN47484.1 F. incarnatum-equiseti 12
RBR23916.1 F. incarnatum-equiseti 28

RGP69527.1 Fusarium sporotrichioides
KPA38412.1 Fusarium langsethiae

AAA16228.1 F. austroamericanum
PTD090085.1 Fusarium culmorum
XP 009253844.1 Fusarium pseudograminearum
OBS22563.1 Fusarium poae
AIR07394.1 F. sambucinum

XP 025594060.1 F. venenatum
AJE27924.1 F. austroamericanum

ADG08187.1 F. subglutinans

GaoA

GaoB

F. fujikuroi

F. oxysporum

F. tricinctum

Species complex

F. incarnatum-equiseti

F. sambucinumF. graminearum

Fig. 2   The phylogenetic relationships among  Fusarium spp.  GaoA 
protein sequences. The phylogenetic history was inferred using the 
neighbor-joining method [48]. The optimal tree with the sum of 
branch length = 1.07431682 is shown. The percentages of replica 
trees in which the associated taxa clustered together in the bootstrap 
test (1000 replicates) are shown next to the branches [50]. The tree is 
drawn to scale, with branch lengths in number of amino acid substi-

tutions per site. The analysis involved 25 amino acid sequences. All 
ambiguous positions were removed. There were a total of 691 posi-
tions in the final dataset. The phylogenetic tree was built in MEGA7 
[49]. The F. austroamericanum and F. subglutinans GaoB proteins 
were used as an outgroup. The Fusarium species complexes reported 
by O’Donnell et al. [4, 55] are indicated (Color figure online)
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internal sequence, targeting the coding region for the mature 
protein. In addition, it was hypothesized that the resulting 
mRNA could be better translated with the correct codons. 
Nevertheless, no galactose activity was detected from the 
construct pET21a(+)-truncated F. subglutinans gaoA gene 
transformed in the E. coli Bl21 Star™ (DE3) strain, which 

was grown in ZYM-5052 medium induced with 1  mM 
IPTG. The vectors pET101® and pET21a(+) have the same 
T7 RNA polymerase promoter. However, the pET101 vec-
tor provides the transcribed mRNA two RBS sequences, 
while the pET21a(+)vector provides only one. This fact 
may explain, at least in part, why no expression could be 

Fig. 3   Alignment of Fusarium GaoA proteins. F. subglutinans 
(AJE27923.1), F. oxysporum (AHA90705.1), F. austroamericanum 
(AAA16228.1), and F. sambucinum (AIR07394.1). GaoA proteins 
were aligned using Clustal Omega. Conserved active site amino acids 
are in red. The F. austroamericanum GaoA protein secretion sig-

nal peptide is in green and the maturation peptide is in blue. The F. 
subglutinans GaoA protein was predicted as a three-domain protein 
(colored in yellow, blue, and green). (*) identical residues; (:) non-
conserved substitutions; (.) semi-conserved substitutions (Color fig-
ure online)
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achieved with pET21a(+). In fact, the predicted structure 
of the F. subglutinans gaoA mRNA 5′ first 228 nucleotides 
(without the pre-pro sequence) has a minimum free energy 
of − 70.10 kcal/mol. The same region of the F. austroameri-
canum gaoA mRNA sequence has a predicted structure with 
a minimum free energy of − 56.30 kcal/mol. In agreement 
with this, Deacon and McPherson [34] obtained F. aus-
troamericanum gaoA gene mutants with mRNA structures 
having lower minimum free energy, which increased expres-
sion in E. coli.

Efficient expression was obtained when the truncated F. 
subglutinans gaoA gene was expressed from pTrcHis2B only 
in the E. coli Rosetta™ (DE3) strain (1.37 U/mL culture 
medium) cultured in ZYM5052 medium induced with 1 mM 
IPTG. The vector pTrcHis2B has a mini cistron, which pro-
vides effective translational restart and, therefore, is useful 
for expression of eukaryotic proteins in E. coli. The trun-
cated F. subglutinans gaoA gene mRNA has a CAI value of 
0.6, which is lower than the value of 0.62 from the truncated 
F. subglutinans gaoA gene mRNA, indicating that it has a 

higher quantity of rare codons. The better translation initia-
tion provided by the pTrcHis2B plasmid, in combination 
with the rare codon tRNAs in the E. coli Rosetta™ (DE3) 
strain, may have been responsible for the improved galactose 
oxidase expression.

F. subglutinans GaoA Protein Expression 
and Purification

The truncated F. subglutinans gaoA gene cloned in 
pTrcHis2B was successfully expressed in the E. coli 
Rosetta™ (DE3) strain. However, this construction expres-
sion did not occur in E. coli TOP10 or DH5α strains. The 
expressed GaoA protein was purified with a production 
of 1.38 mg/L (1732 U/L) of culture liquid medium with a 
specific activity of 1255 U/mg. This production is superior 
to the 258 U/L (Table 1) native production by F. subglu-
tinans obtained in this study and also superior to the pro-
duction of 0.6 mg/L obtained by Deacon and McPherson 
[33] and Sun et al. [29] of wild-type F. austroamericanum 

A C

B

Fig. 4   Theoretical three-dimensional structural model of the mature 
F. subglutinans GaoA protein. a The structural model was built using 
the F. austroamericanum GaoA structure as the template (PDB-
1gofA) [46]. Protein domain I is shown in yellow, domain II in blue, 
and domain III in green, as shown in Fig. 3. The active site is shown 

in the inset and the copper ion is shown in orange. N and C indi-
cate  the protein amino and carboxy-terminus, respectively.  b Hori-
zontal 90° rotation of picture A to the front. In evidence is the Kelch 
domain, a pseudo-symmetric structure of seven structures. c The con-
served amino acid residues of the active site (Color figure online)
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GaoA protein expressed in E. coli. However, Paukner et al. 
[36] obtained a production of 5.7 mg/L of active and solu-
ble F. oxysporum GaoA protein expressed in E. coli, with 
a specific activity of 65.4 U/mg; and Paukner et al. [37] 
obtained 4.4 mg/L of active and soluble F. sambucinum 
GaoA protein expressed in E. coli, with a specific activity 
of 159 U/mg. Nevertheless, the higher specific activity 
obtained for the F. subglutinans GaoA protein in this study 
indicates that this protein was efficiently produced, puri-
fied, and activated.

SDS-PAGE analysis (Fig. 5a) shows that the galactose 
oxidase was purified to homogeneity and that two bands 
(77 kDa for one and 74 kDa for the other) were observed, in 
agreement with the predicted molecular weight of 72.5 kDa 
for the enzyme, with the additional N- and C-terminal tails 
coded by the plasmid. Although most recombinant and 
native GaoA proteins have a molecular size around 70 kDa 
[13, 15, 36, 37, 62], Aisaka and Terada [7] found a molecu-
lar weight of 90 kDa for the native G. fujikuroi galactose 
oxidase protein using gel filtration. No other GaoA protein 

of the F. fujikuroi species complex has been purified and 
studied.

The predicted pI of the purified recombinant F. sub-
glutinans GaoA protein is 6.65 with the additional N- and 
C-sequences and 7.63 without. Aisaka and Terada [7] found 
a lower pI of 3.7 for the native G. fujikuroi galactose oxidase 
protein using isoelectric focusing. The native F. austroamer-
icanum GaoA protein is reported to have a pI of 12 [63]. 
A more neutral protein is more adequate for histochemical 
studies because it is not inhibited by contaminants and is less 
reactive with cell membrane glycoconjugates [64].

Both purified protein bands found in the SDS-PAGE 
analysis (Fig. 5a) were confirmed to be galactose oxidase 
by mass spectrometry with the same trypsin produced 
1457.77 mass N-terminal peptide (SAAGTASAPIGTAINR) 
(Fig. 5b–d). However, the presence of two protein bands 
implies that the purified enzyme was not fully processed, 
as reported for the F. austroamericanum GaoA protein 
[26, 62]. One possible cause is the incomplete thioether 
bond formation between Cys230 and Tyr274, because it 
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Fig. 5   SDS-PAGE of the F. subglutinans GaoA protein expressed 
from pTrcHis2B in the E. coli Rosetta™ (DE3) strain and MALDI-
TOF peptide mass map of the expressed protein. a Proteins were 
developed in a 7.5% discontinuous gel. The supernatant was obtained 
after cell lysis and centrifugation, as described above. An aliquot of 
approximately 10 µg of the supernatant proteins and the recombinant 
purified protein was applied in the gel. The positions of the molecu-
lar weight markers are indicated. The gel was stained with Coomassie 

Blue. b The pTrcHis2B-F. subglutinans GaoA construction showing 
the minicistron and the trypsin cut position into the N-terminal frag-
ment (arrows). c, d Superior and inferior protein band, respectively, 
mass spectrometry analysis. The peptides were generated by sequen-
tial digestion using trypsin. The peak labels (in the right or left of the 
peaks, or indicated with a dotted line) correspond to the ion mass of 
the obtained peptide fragments and their positions in the F. subgluti-
nans GaoA expressed from pTrcHis2B (Color figure online)
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prevents the complete unfolding by SDS treatment and the 
fully processed enzyme migrates faster in SDS-PAGE [26, 
62]. However, in the mass spectrometry analysis, the pep-
tide GYQFSATLSNGR (mass of 1300.62), which contains 
Tyr274, was not identified in either protein band, indicat-
ing that it could be joined to the peptide HDMFCPGISM-
DGNGQVVVTGGNNAEK (mass of 2677.18), which con-
tains Cys230 and was also unidentified due to the parameters 
of the used equipment (Fig. 5c, d). Mass spectrometry was 
used before to search for the GaoA thioether bond [36]. 
Therefore, it is reasonable to conclude that other maturation 

processes may have occurred and given rise to the protein 
bands. In fact, Firbank et al. [65] determined the structure 
of the F. austroamericanum GaoA precursor protein at 1.4 
Å and identified structural differences between the precursor 
and the mature protein in five regions of the main chain, in 
addition to the significant differences among key residues of 
the active site between the two forms.

Biochemical Properties of the F. subglutinans 
Recombinant GaoA Protein

The F. subglutinans GaoA protein displayed activity against 
different sugars such as d-(+)-raffinose, α-d-(+)-melibiose, 
and methyl-α-d-galactopyranoside, besides d-(+)-galactose, 
presenting preference for d-(+)-raffinose (Table 2), which 
is similar to other Fusarium GaoA proteins [9, 13, 37]. The 
fact that the F. subglutinans GaoA protein oxidizes galac-
tose derivatives with substitutes at the carbon-1 and has no 
activity against d-(+)-glucose confirms its stereo specificity.

Considering the high sequence and structural identity 
between the F. subglutinans GaoA protein and other GaoA 
proteins, the former would, predictably, have similar optima 
pH and temperature. In fact, the optima pH and tempera-
ture of the purified enzyme were 7.0 and 30 °C, respectively 
(Fig. 6a, d), which is very close to the parameters of the 
native F. austroamericanum galactose oxidase [13, 29, 63, 

Table 2   F. subglutinans GaoA activity against different substrates

Substrate Final concentration Enzymatic activity 
(relative activity %)

d-(+)-Galactose 25 mM 100
d-(+)-Glucose 25 mM 0
Sucrose 25 mM 0
Lactose 25 mM 3
d-(+)-Raffinose 25 mM 223
α-d-(+)-Melibiose 25 mM 99
Glycerol 25 mM 0
Methyl-α-d-

galactopyranoside
25 mM 123

Guar gum 1% 0
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Fig. 6   F. subglutinans GaoA characterization. a Optimum tempera-
ture at pH 7.0. b Thermal stability. The enzyme was assayed after a 
10-min incubation at temperatures ranging from 20 to 60  °C, at pH 
7.0, in the absence or presence of 25 or 50% (v/v) glycerol. c Thermal 
stability over time at pH 7.0 and in 50% (v/v) glycerol. d Optimum 
pH. e pH stability over time at 4 °C. f The F. subglutinans GaoA pro-

tein saturation curve showing the relation between the substrate con-
centration and reaction rate. Enzyme activity was measured at 30 °C, 
in 50 mM phosphate buffer, pH 7.0, for 5 min, in 50% (v/v) glycerol. 
All the results are the means and standard deviations of the analyses 
carried out in triplicate
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64], the native F. acuminatum galactose oxidase [9], and the 
recombinant F. sambucinum GaoA protein [37].

In contrast, the F. subglutinans GaoA protein T50 (tem-
perature at which the enzyme loses 50% of its activity after 
a 10-min incubation), calculated from the second order poly-
nomial regression curve equation, was 35.47 °C (Fig. 6b), 
which is much lower than the T50 found for the F. aus-
troamericanum and F. acuminatum enzymes (64.6 °C and 
64.6 °C, respectively) [9, 29]. However, thermal stability 
increased to 54.45 and 59.77 °C when 25% or 50% (v/v) 
glycerol was added, respectively (Fig. 6b). Although the 
F. sambucinum GaoA protein remained stable after 24 h at 
30 °C [37], the F. subglutinans GaoA protein showed lit-
tle stability at 25 and 50 °C over time, losing almost all 
its activity after 4 h of incubation in the presence of 50% 
glycerol (Fig. 6c). On the other hand, the F. subglutinans 
GaoA protein presented greater stability at pH 8.0 and 4 °C, 
remaining 80% active after 48 h of incubation (Fig. 6e). 
These results highlight that small changes in amino acid 
sequence and structure have modified the enzyme charac-
teristics regarding pH and temperature stability.

At 30 °C, pH 7.0, in 50% (v/v) glycerol presence, the F. 
subglutinans GaoA protein presented a Michaelian depend-
ency on galactose concentration (Fig. 6e), with a KM of 
132.6 ± 18.18 mM for galactose, Vmax of 3.2 ± 0.18 µmol 
of H2O2/min, kcat of 12,243 s−1, and kcat/KM of 9.2 × 104 
M−1 s−1 (Fig. 6f). Similar results were obtained when the 
purified recombinant enzyme was examined in the absence 
of 50% (v/v) glycerol. The enzyme KM is higher than those 
found for galactose of other Fusarium GaoA proteins, such 
as 71 mM and 57 mM for the recombinant F. austroameri-
canum GaoA protein [26, 29], 16.2 mM for the native F. 
acuminatum GaoA protein [9], and 47 mM and 61 mM for 
the recombinant F. oxysporum and F. sambucinum GaoA 
proteins, respectively [36, 37]. This indicates that the 
enzyme characterized in this study has lower affinity for 
galactose compared to other characterized GaoA proteins. 
However, the specificity constant (kcat/KM) of the recombi-
nant F. subglutinans GaoA protein is higher than the value of 
the recombinant F. sambucinum GaoA protein of 0.89 × 103 
M−1 s−1 [37], the recombinant F. oxysporum GaoA pro-
tein of 2 mM−1 s−1 [36], the recombinant F. graminerarum 
GaoA protein of 1.88 × 104 M−1 s−1 [29], and the native F. 
graminerarum GaoA protein of 1.46 × 104 M−1 s−1 [29]. The 
higher value of kcat/KM of the F. subglutinans GaoA protein 
indicates that it has higher efficiency compared to the other 
characterized GaoA proteins.

The effect of various compounds on the recombinant F. 
subglutinans GaoA protein activity is shown in Table 3. No 
tested compounds affected the peroxidase activity of the 
enzyme assay, which confirmed their action on galactose 
oxidase (Table 3). Monovalent and divalent cations (K+, 
Na+, Mg2+) cations had almost no observed effect on the 

enzyme activity, confirming earlier results for other galac-
tose oxidases [9, 37]. This reaffirms that the purification 
method used in this study, which employs Na+ and Mg2+, 
did not inhibit the enzyme. The anionic detergent SDS sig-
nificantly inhibited the enzyme; whereas the cationic deter-
gent CTAB was a weak inhibitor. This indicates that enzyme 
activity depends more on positive charges in its structure. In 
addition, the enzyme presented higher activity in the pres-
ence of Tween 80, a non-ionic detergent. In former studies, 
Tween 80 was shown to improve the absorbance reading 
of the galactose oxidase reaction [9], and other detergents, 
such as Triton X-100, were already used in the galactose 
oxidase reaction assay [5]. In fact, Triton X-100 was used 
in this study in the expression analysis and the informa-
tion that neutral detergent does not affect enzyme activity 
is important to reaffirm the obtained results. EDTA did not 
significantly inhibit the F. subglutinans GaoA protein. Simi-
lar results were obtained for other Fusarium GaoA proteins 
[1, 7, 9]. Glycerol substantially improved the recombinant 
F. subglutinans GaoA protein activity (Table 3), which was 
also observed for the native F. acuminatum GaoA protein 
[9]. The role of glycerol in stabilizing enzymes is well 
known [66, 67] and its effect on the recombinant F. subglu-
tinans GaoA protein may be related, at least in part, to the 
increased enzyme thermal stability shown above.

Conclusions

Among several species of the F. fujikuroi species complex, 
F. subglutinans was found to be the largest galactose oxi-
dase producer. The F. subglutinans gaoA gene was cloned, 
sequenced, and expressed from the pTrcHis2B plasmid in 
the E. coli Rosetta™ (DE3) strain. For the first time, the 
heterologous expression of a GaoA protein from the F. fuji-
kuroi species complex was achieved and a new expression 
system for galactose oxidase was reported. Moreover, the 
recombinant F. subglutinans GaoA protein has been purified 

Table 3   Impact of potential inhibitors and activators on the galactose 
oxidase activity of F. subglutinans 

Compound Concentration Relative galactose 
oxidase activity 
(%)

Relative peroxi-
dase activity (%)

NaCl 5 mM 90 101
MgCl2·6H2O 5 mM 107 101
KCl 5 mM 90 98
EDTA 5 mM 81 100
CTAB 5 mM 77 121
SDS 5 mM 4 105
Glycerol 25% 774 104
Tween 80 2.5% 316 99
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and characterized. The purified enzyme presented a high 
catalytic efficiency. In addition, it is predicted to be a neutral 
protein, what is good for its possible application in histo-
chemical studies.
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