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Abstract A gene of glucose oxidase (GOD) from Aspergillus niger Z-25 was cloned and
sequenced. The entire open reading frame (ORF) consisted of 1,818 bp and encoded a
putative peptide of 605 amino acids. The gene was fused to the pPICZαA plasmid and
overexpressed in Pichia pastoris SMD1168. The recombinant GOD (rGOD) was secreted
into the culture using MF-α factor signal peptide under the control of the AOX1 promoter.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis indicated that rGOD exhibited a
single band at around 94 kDa. The maximal GOD activity of approximately 40 U/mL was
achieved in shake flask by induction under optimal conditions after 7 days. rGOD was
purified by ammonium sulfate precipitate leading to a final specific activity of 153.46 U/mg.
The optimum temperature and pH of the purified enzyme were 40 °C and 6.0, respectively.
Over 88% of maximum activity was maintained below 40 °C. And the recombinant enzyme
displayed a favorable stability in the pH range from 4.0 to 8.0. The Lineweaver–Burk plotting
revealed that rGOD exhibited a Km value of 16.95 mM and a Kcat value of 484.26 s−1.
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Properties

Introduction

Glucose oxidase (GOD; β-D-glucose: oxygen 1-oxidoreductase, EC 1.1.3.4), a glycopro-
tein, catalyzes the oxidation of β-D-glucose to D-glucono-δ-lactone and hydrogen peroxide.
Thus, the enzyme is widely used in the fields of food engineering, biotechnology, and
medicine like as a source of hydrogen peroxidase in food preservation, as a means for
gluconic acid production, and tested as the basis for glucose sensors and glucose detection
kits [1, 2].
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At present, Aspergillus niger and Penicillum amagasakiense are mostly utilized for
industrial-scale fermentation of the enzyme. However, the production of GOD by the two
species is difficult in the commercial process due to either low yield or concomitant
production of other enzymes such as cellulase, catalase, and amylase [3]. Although several
heterologous expression systems such as Escherichia coli [4], Hansenula polymorpha [5],
Saccharomyces cerevisiae [6–8], and Pichia pastoris [9, 10] have been investigated for
GOD production to solve those problems, other drawbacks still emerged. The recombinant
GOD (rGOD) expressed in E. coli exhibited low activity and stability since it was
accumulated as inclusion bodies and nonglycosylated form. And in the latter cases, distinct
glycosylated patterns of the interest enzymes might diminish their usage such as in the
pharmaceutical industry [11]. For the last several decades, the methylotrophic yeast
P. pastoris has been developed as a successful system for heterologous proteins expression
owing to simple genetic manipulation techniques, high expression levels, efficient
secretion, and proper protein modification [12]. Two GOD genes from Penicillium
variabile [9] and A. niger [10] were transformed into P. pastoris for secretory and
constitutive expression, respectively, but both of the rGOD yields were achieved at a rather
low level.

In this paper, we described heterologous overexpression in P. pastoris of the GOD gene
cloning from A. niger Z-25, aiming to produce a higher amount of the interesting enzyme.
The purification and characterization of the rGOD were also studied.

Materials and Methods

Strain and Plasmid

The GOD gene was cloned from A. niger Z-25, which was isolated and identified by our
laboratory [13]. E. coli DH5α was utilized for the maintenance and manipulation of
plasmids. P. pastoris SMD1168 (Invitrogen, USA) was utilized as a host for the secretion of
GOD. The vector pMD19-T (Takara Biotechnology, Dalian Branch) was used for cloning
of the GOD gene. The vector pPICZαA (Invitrogen, USA) was used for the expression of
GOD in P. pastoris.

DNA Isolation and Cloning of the GOD Gene from Aspergillus niger

The chromosomal DNA was isolated from A. niger Z-25 as follows. The A. niger mycelia
cultured for 24 h at 28 °C in PDA medium (20% potato extract and 2% sucrose) were
harvested by sucking filtration, washed with distilled water, frozen in liquid nitrogen, and
immediately disrupted in a chilled mortar. Subsequently, about 0.1 g of disrupted mycelia
were suspended in 500 µL CTAB extraction buffer (100 mM Tris–HCl at pH 7.5, 700 mM
NaCl, 20 mM EDTA, 1% dithiothreitol [DTT], and 1% CTAB). After incubation for 30 min
at 65 °C, the mixture was centrifuged. DNA was then extracted with 500 µL phenol/
chloroform (1:1), purified by ethanol perception, and eventually dissolved in 50 µL
sterilized double-distilled water.

The open reading frame (ORF) encoding the GOD gene was amplified by the
polymerase chain reaction (PCR) technique with Taq DNA Polymerase (Bipec, USA)
using the following primers: GOD-F (5′-ATGCAGACTCTCCTTGTGAG-3′) and GOD-R
(5′-TCACTGCATGGAAGCATAAT-3′). The PCR procedure was performed through 30
cycles of 50 s denaturation at 94 °C, 50 s annealing at 50 °C, 2 min extension at 72 °C,

Appl Biochem Biotechnol (2010) 162:498–509 499



followed by a final extension for 10 min at 72 °C. The PCR product was recovered and
purified from a 1.0% agarose gel using a DNA Gel Extraction kit (Sangon, Shanghai)
according to the manufacturer's protocols, then subcloned into pMD19-T vector. The
resulting plasmid was used for sequence analysis.

Construction of the Expression Plasmid

For the expression of mature protein with a native N terminus, the entire ORF of the GOD
gene without native signal peptide sequence was amplified with the specific primers. The
forward primer was GOD-F1: 5′-CCCTCGAGAAAAGAAGCAATGGCATCGAAGC-3′
(the italicized sequence indicates the restriction site XhoI, letters in bold indicated Kex2
signal cleavage). The reverse primer was GOD-R2: 5′-TTGCGGCCGCTCACTGCATG
GAAGCATAAT-3′ (the italicized sequence indicates the restriction site NotI). DNA
amplification was carried out through 30 cycles of 50 s denaturation at 94 °C, 50 s
annealing at 62 °C, 2 min extension at 72 °C, followed by a final extension for 10 min at
72 °C. The purified PCR product was digested with XhoI and NotI and ligated at the XhoI–
NotI restriction sites of the pPICZαA vector previously treated with the same enzymes,
consequently creating the expression plasmid named pPICZαA-GOD. The sequence of the
resulting plasmid was verified.

Transformation of P. pastoris

Transformation was performed utilizing the method reported by Wu and Letchworth [14].
The recombinant plasmid pPICZαA-GOD was linearized with PmeI (MBI). Competent P.
pastoris SMD1168 cells were prepared by pretreating P. pastoris with lithium acetate
(LiAc) and DTT for electroporation. One microgram of the linearized recombinant plasmid
and 80 µL of fresh competent P. pastoris cells were mixed well, transferred into an 0.2-cm
electroporation cuvette, and electroporated using a Bio-Rad MicroPulser apparatus
(Bio-Rad, USA) working at 2.0 kV and 5.8 ms. The transformants were selected at 30 °C
on YPDS (1% yeast extract, 2% peptone, 2% glucose, 1 M sorbitol, and 2% agar) plates
containing 100 µg/mL zeocin (Invitrogen, USA) for 3–4 days. As a control, the empty
vector pPICZαA was also transformed into P. pastoris SMD1168.

Screening of High-Level Expression Transformants

P. pastoris transformants were patched on YPDS plates containing 500, 1,000, and 2,000 µg/mL
zeocin. Multicopy transformants which were supposed to highly express GOD were
screened from the YPDS plates with high zeocin concentration (2,000 µg/mL) and analyzed
by PCR with 5′ AOX1 and GOD-R2 primers. The PCR reaction was carried out through 30
cycles of 50 s denaturation at 94 °C, 50 s annealing at 55 °C, 2.5 min extension at 72 °C,
followed by a final extension for 10 min at 72 °C. Positive transformants were inoculated into
5 mL BMGY medium (1% yeast extract, 2% peptone, 1.34% yeast nitrogen base [YNB], 4×
10−5% biotin, 1% glycerol in 100 mM potassium phosphate, pH 6.0) in 50 mL shake flask
(250 rpm) at 30 °C. After incubation for 24 h, the cells were harvested by centrifugation and
resuspended in 25 mL BMMY medium (1% yeast extract, 2% peptone, 1.34% YNB, 4×
10−5% biotin, 0.5% methanol [v/v] in 100 mM potassium phosphate, pH 6.0) in 100 mL
shake flask (250 rpm) at 30 °C for 72 h. To maintain induction, 100% methanol was added to
a final concentration of 0.5% every 24 h during the incubation phase, while the culture
supernatant was obtained by centrifugation daily and used to assay for the GOD activity. The
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recombinant strain (SMD1168/pPICZαA) generated by transforming the empty vector
pPICZαA into P. pastoris SMD1168 was also incubated under the same conditions as a
control for GOD assay. The recombinant strain with the highest level of GOD (SMD1168/
GOD) was screened and utilized for further experiments.

Optimization of Expression Conditions in Shake Flask

To improve GOD production, four parameters were examined in shake flask cultures,
including methanol concentration, initial pH value, temperature, and rotary speed. The
recombinant strain SMD1168/GOD was inoculated into 10 mL YPG (1% glycerol, 1%
yeast extract, and 2% peptone) medium and incubated in a rotary shaker overnight at 30 °C
until the cells were in logarithmic phase growth. The inoculum was harvested by
centrifugation and resuspended by 50 mL BMMY medium in 250 mL shake flask.
Methanol was added by various concentrations from 0.5% to 4.0% daily to screen the
optimum concentration. Initial pH values (4.0–8.0) in BMMY medium were tested. To
determine the most suitable temperature, induction was performed at 15, 20, 25, and 30 °C,
respectively. The influence of dissolved oxygen was investigated with different rotary
speeds (160, 200, 240, and 280 rpm). The GOD activity and cell density for each triplicate
of shake flask cultures were detected after an induction period of 72 h. The profiles for cell
growth and GOD production were studied under the optimal expression conditions for
7 days eventually.

Enzyme Assay and SDS-PAGE Analysis

The assay for GOD activity was carried out following the modified protocol of Sigma;
2.4 mL of 0.21 mM o-dianisidine (Sigma, USA) solution (dissolved in 0.1 M sodium
phosphate buffer, pH 6.0), 0.5 mL of 10% (w/w) β-D-glucose solution (prepared in 0.1 M
sodium phosphate buffer, pH 6.0), and 100 µL of 60 U/mL horseradish peroxidase solution
were mixed well in a cuvette. After incubation at 35 °C, 100 µL of sample solution
was added and immediately mixed by inversion. The increase in absorbance at 500 nm
(ε=7.5 mM−1 cm−1) was measured every 30 s using a spectrophotometer (Shimadazu,
Japan) for 5 min continuously. The definition of 1 U of GOD activity per volume
of enzyme solution (in milliliters) was that this activity oxidized 1 µmol of β-D-glucose to
D-glucono-δ-lactone and H2O2 per minute under the assay condition.

To estimate homogeneity and molecular mass, sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was performed with an 8% polyacrylamide gel. The
protein bands were stained with Coomassie Brilliant Blue R-250. Protein molecular weight
marker (Takara Biotechnology, Dalian Branch) was used.

Purification of Recombinant GOD and Protein Concentration Measurement

The culture supernatant was attained by centrifugation (5,000×g for 10 min) and then
treated with ammonium sulfate precipitation. The precipitate salted out by 60–90%
saturated ammonium sulfate was collected by centrifugation (1,000×g for 10 min),
dissolved in 20 mM Tris–HCl buffer (pH 7.0), and dialyzed at 4 °C overnight against the
same buffer. Subsequently, the resulting solution was concentrated by polyethylene glycol
20000 and used as purified enzyme.

The protein concentration was determined by the method of Bradford [15] with bovine
serum albumin (TianWei Biotechnology, Beijing) as the standard.
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Biochemical Characterizations of Recombinant GOD

The optimum temperature of rGOD was determined by performing the standard assay as
described in the “Enzyme Assay and SDS-PAGE Analysis” section at 10° intervals between
20 and 80 °C. To estimate thermal stability, the enzyme was preincubated for 1 h at
different temperatures and then assayed for residual activity using the standard method.

The optimum pH was determined by measuring the enzyme activity at the pH range of
2.0–10.0. The buffers (0.1 M) included HCl–KCl (pH 2.0), sodium citrate (pH 3.0–5.0),
sodium phosphate (pH 6.0–8.0), and glycine–NaOH (pH 9.0–10.0). Substrate solution was
prepared in the respective buffers. To investigate pH stability, the enzyme was preincubated
in different buffers for 12 h at 25 °C and then assayed for residual activity as described
above.

To study enzyme kinetics, the rGOD activity was assayed at 35 °C in 0.1 M sodium
phosphate (pH 6.0) with β-D-glucose (0–200 mM) as substrate. The Km and Kcat values for
rGOD were determined by Lineweaver–Burk plotting.

Results

Cloning and Sequence Analysis of GOD Gene from Aspergillus niger Z-25

The entire ORF of the GOD gene consisted of 1,818 bp, encoding 605 amino acid residues
(GenBank accession number FJ979866). No introns were present in the GOD sequence
similar to those found in another two strains, A. niger NRRL-3 [16] and A. niger ATCC
9029 [6], respectively. The GOD nucleotide sequence from A. niger Z-25 exhibited 93%
identity to those from the two strains (GenBank accession numbers X16061 and J05242),
while comparison of the A. niger Z-25 amino acid sequence with its counterparts showed an
identity degree of 97% with 17 amino acids replaced (Fig. 1). Similar to those from the two
strains, the deduced amino acid sequence of GOD from A. niger Z-25 contained a total of

TLLVSSLVVSLAAALPHYIRSNGIEASLLTDPKEVAGRTVDYIIAGGGLTGLTT

AARLTENPDITVLVIESGSYESDRGPIIEDLNAYGDIFGSSVDHAYETVELATN

NQTALIRSGNGLGGSTLVNGGTWTRPHKAQVDSWETVFGNEGWNWDSVA

AYSLQAERARAPNAKQIAAGHYFNASCHGINGTVHAGPRDTGDDYSPIVKA

LMSAVEDRGVPTKKDLGCGDPHGVSMFPNTLHEDQVRSDAAREWLLPNY

QRPNLQVLTGQYVGKVLLSQNATTPRAVGVEFGTHKGNTHNVYAKHEVLL

AAGSAVSPTILEYSGIGMKSILEPLGIDTVVDLPVGLNLQDQTTSTVRSRITS

AGAGQGQAAWFATFNETFGDYAEKAHELLNTKLEQWAEEAVARGGFHNT

TALLIQYENYRDWIVKDNVAYSELFLDTAGVASFDVWDLLPFTRGYVHILD

KDPYLRHFAYDPQYFLNELDLLGQAAATQLARNISNSGAMQTYFAGETIPG

DNLAYDADLSAWVEYIPYNFRPNYHGVGTCSMMPKEMGGVVDNAARVYG

VQGLRVIDGSIPPTQMSSHVMTVFYAMALKIADAILADYASMQ 

Fig. 1 The putative amino acid sequence of GOD from A. niger Z-25. The deduced signal sequence is
shown in italic. The boxed letters are different from those from A. niger NRRL-3 and ATCC 9029
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three cysteine residues at conserved position and a signal peptide of 22 amino acids, the
latter contributing to a mature peptide with a calculated molecular weight of 64 kDa.
Nevertheless, it showed seven possible putative N-glycosylation sites conforming to the
consensus sequence Asn-X-Thr/Ser, whereas eight potential N-glycosylation sites were
identified by Frederick et al. [6] and six were indicated by Hecht et al. [17].

Heterologous Expression of the GOD Gene in P. pastoris SMD1168

The GOD gene without its native signal sequence was inserted into the vector pPICZαA
immediately after the Kex2 cleavage site and the construct was correctly fused to the
α-factor signal. About 80 transformants were generated on YPDS plate with 100 µg/mL
zeocin, and six transformants were selected for high resistance to zeocin (2,000 µg/mL).
PCR analysis was performed to determinate whether the GOD gene was integrated into the
P. pastoris genome at the AOX1 locus. The resulting PCR product lengths of 2,100 bp (300+
1,800) revealed that the GOD gene was correctly inserted into the yeast genome (Fig. 2). The
P. pastoris recombinant strain (SMD1168/GOD) was ultimately screened for the sake of
yielding the highest GOD activity (4.10 U/mL) in shake flask after methanol induction of
72 h. The culture of control strain SMD1168/pPICZαA had no detectable GOD activity.

Optimization of Expression Conditions in Shake Flask

The influence of cultivation conditions on GOD production was investigated in shake flask.
Amid the investigated parameters, methanol concentration was the most significant. After
72 h, the GOD activity induced by 2.0% methanol was roughly 1.4 times of that induced by
0.5% methanol. On the other hand, initial pH values resulted in less effect than methanol
concentration. The levels of both cell growth and GOD yield were a bit higher at pH 5.0
than at pH 6.0. The recombinant P. pastoris strain propagated as effectively at 15 °C as at
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Fig. 2 Genomic DNA PCR of transformants of SMD1168. Lane M marker (Jinsite Biotechnology, Nanjing),
lane 1 colony from pPICZαA transformed into P. pastoris cells, lanes 2 to 7 colonies from pPICZαA-GOD
transformed into P. pastoris cells, and lane 8 the expression vector pPICZαA-GOD
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30 °C. In contrast, the production declined seriously with the depressed temperature. And
the highest GOD activity was attained at 240 rpm though the maximal OD600 was yielded
at 280 rpm.

The profiles of cell growth and GOD production were studied under the optimal
conditions (addition of 2.0% methanol daily, an initial pH value of 5.0 in BMMY medium,
an induction temperature of 30 °C, and incubation at 240 rpm) in shake flask (Fig. 3). It
was indicated that the GOD activity rose steadily as the induction went on. The maximal
GOD activity of 39.37 U/mL was achieved after induction of 168 h, which was 20-fold
higher than that (1.92 U/mL) obtained from A. niger Z-25.

Purification of Recombinant GOD from P. pastoris

rGOD was purified from P. pastoris culture supernatant by one-step procedure (Table 1).
After ammonium sulfate precipitate, 153.46 U/mg of rGOD was pooled from the culture
supernatant after 3.34-fold purification with a final yield of 95.6%. SDS-PAGE of the
purified enzyme showed that rGOD exhibited a single band with a molecular weight of
94 kDa (Fig. 4a). We predicted the mature peptide of GOD with a molecular mass of
64 kDa and seven possible putative N-glycosylation sites at conserved positions as
described in the “Cloning and Sequence Analysis of GOD Gene from Aspergillus niger
Z-25” section. Figure 4 shows the subunit molecular weight of the purified GODs from
P. pastoris (94 kDa) and A. niger (76 kDa). Consequently, the carbohydrate content was
confirmed to be 31.9% for P. pastoris and 15.8 % for A. niger.

Properties of Recombinant GOD

The effects of temperature on rGOD and the thermal stability of the recombinant enzyme
are present in Fig. 5a. rGOD had an optimum reaction temperature at 40 °C. Interestingly,
the activity of rGOD increased slightly at the reaction temperature ranging from 20 to
40 °C, and then fall moderately till 60 °C. The recombinant enzyme retained more than
90% of activity within 40 °C. Over 30% of activity was lost at 50 °C, whereas almost no
activity was detected above 60 °C.

Fig. 3 Time course of cell growth and GOD expression of recombinant P. pastoris strain SMD1168/GOD
under the optimal conditions
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Figure 5b demonstrates the effects of pH on rGOD and the pH stability of the
recombinant enzyme. The activity of rGOD peaked at pH 6.0. More than 88% of the
maximum activity was observed between pH 4.0 and 8.0. Outside this range, the activity
decreased dramatically.

The Km and Kcat values for rGOD were 16.95 mM and 484.26 s−1, respectively.

Discussion

Protease-deficient cells like SMD1168 (his4, pep4) are known to possess a lower viability
and are more difficult to transform compared with the wild-type strains [12]. Therefore, an
efficient transformation was fulfilled by electroporation of P. pastoris SMD1168 pretreated
with LiAc and DTT [14], creating sufficient transformants for selection. The GOD activity
of 4.1 U/mL was achieved with induction by methanol in shake flask for 3 days with
unoptimized conditions, which was a higher yield compared with previous reports on
heterologous expression of two GOD genes from P. variable (0.33 U/mL, 11 days) [9] and
A. niger (1.23 U/mL, 2 weeks) [10]. Furthermore, about 40 U/mL of GOD activity was
yielded by shake flask culture under optimal conditions for 7 days. Usually, a tenfold
increase in the yield of recombinant protein has been observed between shake flask and
high-density fermentation cultures [18]. More fermentation strategies will be investigated

(A) M A M A(B)

 

kDa

116.0

97.2

66.4

44.3

200.0

kDa

94.4

66

45.4

35.8

26.5

18.7

Fig. 4 SDS-PAGE of the purified GOD from P. pastoris and A. niger. a SDS-PAGE of the rGOD. Lane M
protein molecular weight marker, lane A the purified rGOD. b SDS-PAGE of the native GOD. Lane M
protein molecular weight marker, lane A the purified native GOD

Table 1 Purification of the rGOD from P. pastoris.

Purification step Volume
(mL)

Activity
(U/mL)

Protein
(mg/mL)

Specific activity
(U/mg)

Activity
yield (%)

Purification
factor

Culture supernatant 1,300.0 9.20 0.20 46.0 100 1

60–90% (NH4)2SO4 28.0 408.21 2.66 153.46 95.6 3.34
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with fermenter in subsequent studies to further improve the GOD yield. This would result
in a significant influence in food engineering and biotechnology fields.

Methanol is the sole carbon and energy source for cell growth and protein biosynthesis
during the induction phase [19]. Thus, the methanol concentration of the medium is a
crucial parameter in shake flask cultivation. Low levels of methanol (0.1–1.0%) had been
numerously recommended to induce the expression of foreign genes in P. pastoris [20–22].
Nevertheless, our study observed that 2.0% methanol was exactly suitable to induce GOD
expression. Khatri and Hoffmann [23] reported that high methanol concentration was
required to compensate for the lack of oxygen, probably accounting for the demand of high
levels of methanol to induce GOD expression in shake flask where dissolve oxygen was
limited.

One-step procedure with ammonium sulfate precipitate was adequate for purification of
rGOD. We attributed it to utilizing the host strain SMD1168. The secreted rGOD

Fig. 5 The activity of rGOD was determined at different temperatures and pHs. a Effect of temperature on
the activity and stability of rGOD. b Effect of pH on the activity and stability of rGOD
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constituted the majority of total proteins in the culture supernatant, facilitating the process
of purification.

Table 2 illustrates the comparison of biochemical characterizations amid recombinant
and native GODs from A. niger and Penicillum species. The molecular weight and subunit
molecular weight of GODs ranged from about 130 to 180 kDa and 60 to 90 kDa,
respectively. And the optimum temperature for GODs varied from 25 to 55 °C. The
enzymes obtained from A. niger and P. variabile P16 displayed optimum pH between 5.0
and 6.0, while GODs from P. amagasakiense ATCC 28686 and P. DSM 11428 showed
weakly acid pH optima; GODs from P. funiculosum 433 and P. canescens Tt42 had slightly
alkaline pH optima. The thermal and pH stability of GODs were reported to be 25–60 °C
and 3.0–8.6, respectively. The kinetic parameters of GODs from different sources altered
dramatically.

There was no substantial discrepancy of properties among recombinant and native
GODs from A. niger Z-25 and GOD from A. niger (Sigma Type VII), except that native
enzyme from A. niger Z-25 had a much narrower pH range of stability and the one from
Sigma displayed a relatively higher optimum temperature. It was noteworthy that
recombinant and native GODs from A. niger Z-25 had different Km and Kcat values from
those of the enzyme from Sigma. Though a lower Km value contributed to a higher affinity
for β-D-glucose of this rGOD, yet a lower Kcat value accounted for a slower catalysis
velocity of the recombinant enzyme.
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