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Introduction

Applying consolidated bioprocessing (CBP) technology

is one of the most cost-effective routes for producing

biofuels and chemicals, including ethanol, butanol and

xylitol, directly from renewable biomass [1]. Aspergillus

oryzae, as a Generally Recognized as Safe microbe, has been

widely utilized in traditional food processing for centuries

[2]. Known for its secretion of ligninolytic and hydrolytic

enzymes [3], this filamentous fungus strain has been used

to produce biodiesel, lipids and enzymes directly from

lignocellulosic feed stocks [4-6]. The hydrolysates of the

lignocellulose contain a mixture of glucose and xylose, [7]

although the poor utilization of xylose remains the

dominant hurdle to overcome with this organism [8]. 

In A. oryzae, the utilization of xylose is via three enzyme

reactions involving xylose reductase, xylitol dehydrogenase

and xylulokinase, to form xylulose 5-phophate, which

enters the pentose phosphate pathway (PP pathway)

(Fig. 1) [9]. Among these enzyme reactions, the metabolic

flux of xylose metabolism has been tightly regulated by the

activity of NADPH-dependent xylose reductase [10].

Metabolic strategies to enhance cofactor supply and

regeneration have been extensively applied for improving

xylose utilization and desired metabolite production in

E. coli, Candida tropicalis and Saccharomyces cerevisiae [11-

13]. Whereas, cofactor engineering strategies were seldom

reported in A. oryzae for improving xylose utilization; even

genes contributing to cofactor catabolism and biosynthesis

were not well studied.

In many species, the main source of NADPH and its

generation is the oxidative part of the PP pathway.
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The engineered Aspergillus oryzae has a high NADPH demand for xylose utilization and

overproduction of target metabolites. Glucose-6-phosphate dehydrogenase (G6PDH, E.C.

1.1.1.49) is one of two key enzymes in the oxidative part of the pentose phosphate pathway,

and is also the main enzyme involved in NADPH regeneration. The open reading frame and

cDNA of the putative A. oryzae G6PDH (AoG6PDH) were obtained, followed by heterogeneous

expression in Escherichia coli and purification as a his6-tagged protein. The purified protein

was characterized to be in possession of G6PDH activity with a molecular mass of 118.0 kDa.

The enzyme displayed maximal activity at pH 7.5 and the optimal temperature was 50°C. This

enzyme also had a half-life of 33.3 min at 40°C. Kinetics assay showed that AoG6PDH was

strictly dependent on NADP+ (Km = 6.3 µM, kcat = 1000.0 s-1, kcat/Km =158.7 s-1·µM-1) as cofactor.

The Km and kcat/Km values of glucose-6-phosphate were 109.7 s-1·µM-1 and 9.1 s-1·µM-1

respectively. Initial velocity and product inhibition analyses indicated the catalytic reaction

followed a two-substrate, steady-state, ordered BiBi mechanism, where NADP+ was the first

substrate bound to the enzyme and NADPH was the second product released from the

catalytic complex. The established kinetic model could be applied in further regulation of the

pentose phosphate pathway and NADPH regeneration of A. oryzae to improve its xylose

utilization and yields of valued metabolites. 

Keywords: Pentose phosphate pathway, glucose-6-phosphate dehydrogenase, xylose,

Aspergillus oryzae, ordered Bi-Bi mechanism
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Glucose-6-phosphate dehydrogenase (gsd, G6PDH, E.C.

1.1.1.49) is the first enzyme in the PP pathway and converts

glucose-6-phosphate (G6P) to 6-phosphate-gluconolactone

with concomitant generating of NADPH or NADH. In

eukaryotic cells, the expression level of G6PDH is

relatively constant [14, 15] and it was also reported that the

catalysis of G6PDH was the rate-limiting catalytic step of

the PP pathway [14, 16]. Accordingly, the potential for

improving xylose utilization by regulation of G6PDH

activity is high. However, in the genome database of

A. oryzae, the open reading frame (ORF) of gsd is annotated

as a tentative G6PDH. Gene verification and functional

characterization of G6PDH from industrial A. oryzae

(AoG6PDH) were also lacking. 

The successful cloning and expression of the gsd and the

characterization of the purified recombinant G6PDH from

A. oryzae CICC2012 are only being reported here for the

first time. The two-substrate, steady-state kinetic analysis,

in addition to product and substrate inhibition studies,

have also been established. This study provides essential

clues into further regulation of the NADPH regeneration of

A. oryzae to improve its production of the valued metabolites.

Materials and Methods

Strains and Culture Conditions 

Glucose peptone (GP) medium containing 20 g/l glucose, 10 g/l
peptone, 5 g/l KH2PO4, 1 g/l NaNO3, 1 g/l MgSO4·7H2O was used
for cultivating A. oryzae CICC2012 (China Industrial Microbiological
Culture Collection Center) in a 250-ml shaker flask (150 rpm) for
3 days at 30°C, pH 6.0. LB medium supplemented with ampicillin
(100 μg/ml) was used for cultivating E. coli strains at 37 °C. The

E. coli DH5α was used for plasmid propagation and E. coli BL21
(DE3) was used for protein heterogeneous expression. Super
Optimal broth with Catabolite repression (SOC) medium containing
20 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl, 2.5 mM KCl,
10 mM MgCl2, 20 mM glucose was used to transform plasmid into
competent cells at 37°C and pH 7.0, and this was followed by
spreading in LB plates for 12 h at 37°C. And TB medium
containing 12 g/l peptone, 24 g/l yeast extract, 2.3 g/l KH2PO4,
16.4 g/l K2HPO4, 5 g/l glycerol and isopropyl β-D-thiogalactoside
(IPTG) was used for the induced expression of proteins.

Chemicals and Plasmids 

Plasmid pUC19T-vector (pUCm-T), pET-28a(+), Taq DNA
polymerase, RNase A, dNTP, DNA Gel Extraction Kit and EZ
Column Plasmid Mini-Preps Kit were purchased from Sangon
(China). Ligation reagents, restriction endonucleases and DNA
marker were purchased from TaKaRa (China). 

Obtaining of ORF and CDS of gsd

Genomic DNA of A. oryzae was prepared using a previously
described method [17]. The G6PDH coding gene gsd was
amplified from A. oryzae genomic DNA using the primers P1/P2
designed from the putative gsd from A. oryzae RIB40 (Dogan AO
090005001427) (Table S1). PCR product was purified and cloned
into pUC19T vector to obtain the cloning plasmid pUC19-gsd-

DNA, which was followed by sequencing conducted by
Invitrogen (China).

Bioinformatic Analysis 

The gsd and corresponding cDNA sequences were deduced
with the putative G6PDH from A. oryzae RIB40 (NCBI reference
sequence: XP_001818354.2) as a reference sequence using the
DNAMAN program. The protein modelling was constructed
using SWISS-MODEL [18] and multiple sequence alignment was
performed using CLUSTALW 2.1. 

Heterogeneous Expression and Purification of G6PDH 

To eliminate the effects of intron from A. oryzae CICC2012 on
heterogeneous expression in the cells of E. coli, the cDNA of
A. oryzae CICC2012 was reverse transcribed and synthesized from
general RNA of the fungi cell. The synthesized cDNA was used as
PCR template subsequently. PCR gene specific primers for
A. oryzae CICC2012 gsd were designed from the putative G6PDH
from A. oryzae RIB40 (NCBI reference sequence: XP_001818354.2).
The putative gsd was amplified by two-step fusion PCR, using
three pairs of oligonucleotide primers (Table S1). Primers 1F/1R
and 2F/2R were used to amplify gsd-F1 and gsd-F2 respectively,
and primers 3F/3R were utilized to fuse the gsd-F1 and gsd-F2 to
the complete sequence. The fusion PCR product was purified, and
subsequently cloned into pUC19 vector (Sangon, China) to
construct the recombined plasmid pUC19-gsd-cDNA, which was
followed by sequencing. pUC19-gsd-cDNA was extracted by Spin
Column Plasmid Mini-Preps Kit (Sangon), and was digested by

Fig. 1. Production of xylitol in A. oryzae from xylan.
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Bam HI and Not I. The digestion production was cloned into the
pET-28a(+) vector (Novagen, USA) to generate the recombinant
plasmid pET-gsd-cDNA.

The recombinant plasmid pET-gsd-cDNA was transformed into
cells of E. coli BL21 (DE3) and transformants were selected from
LB medium containing 100 μg/ml ampicillin, which resulted in
recombinant strain E. coli BL21-gsd. The fresh colony of E. coli

BL21-gsd grown in LB media was transferred into TB medium
with 100 μg/ml ampicillin at 37°C for 2-3 h. When cell density
OD600 reached 0.6-0.8, protein was induced by addition of 1 mM
IPTG at 25°C for 12 h. To protect the soluble protein, 2 mM DL-
Dithiothreitol was added into 1 ml suspension culture [19]. Cells
were harvested and sonicated on ice which was followed by
centrifugation at 12,000 ×g for 15 min at 4°C. The supernatant was
loaded onto a Ni2+-chelated (5 ml) column (CW Bio, China), which
was pre-equilibrated with buffer A (0.5 M NaCl and 10 mM
imidazole). Elution was performed with buffer B (0.5 M NaCl and
500 mM imidazole). The elution product was gel-filtrated with a
Superdex 200 column (1 × 30 cm), which was pre-equilibrated and
eluted with buffer C (0.5 M NaCl). SDS-PAGE was performed
using 12% separating gel to assess the purity and molecular
weight of the recombinant G6PDH. Protein concentrations were
determined using Bradford’s assay with bovine serum albumin as
the protein standard [20].

Enzyme Activity Assays

The activity of G6PDH was determined using the methods
described with modifications [21]. G6PDH activities were
measured by monitoring NADPH formation at 340 nm and at
25°C on a spectrophotometer, equipped with a thermo-stated
cuvette holder. 200 μl of the standard assay solution containing
50 mM Tris-HCl buffer (pH 7.5), 5 mM MgCl2, 0.4 mM NADP+

and 10 mM G6P was utilized. The reaction was initiated by
adding an appropriate amount of enzyme and the initial velocity
of the reaction were assayed for 60 s. One unit of G6PDH activity
is the amount of enzyme catalyzing the formation of 1 μmol of
NADPH per minute under the assay conditions. Specific enzyme
activity (U/mg) is defined as units per mg of protein.

Biochemical Characterization 

The optimal pH was determined at 25°C using 100 mM
Na2HPO4-citric acid buffer (pH 5.0–6.0), 100 mM Na2HPO4-
NaH2PO4 buffer (pH 6.5-7.5) and 100 mM Tris-HCl buffer for pH
8.0-9.0, respectively. Optimal temperature was measured from 20
to 60°C in 100 mM Na2HPO4-NaH2PO4 buffer (pH 7.5). To
investigate thermo stability, the G6PDH was incubated at 40°C,
45°C, 50°C, and 55°C at different time intervals in 100 mM
Na2HPO4-NaH2PO4 buffer (pH 7.5). The residual activity was
assayed to determine the half-lives of G6PDH. To analyze the
effects of various metal ions on the activity of G6PDH, 1 mM (final
concentrations) of Fe2+, Zn2+, Cu2+, Mg2+, Ba2+, Ca2+, K+, and Mn2+

were added individually during the enzymatic activity assessment.

Kinetics Study

Substrate kinetics were determined at 25°C in 1 ml reaction
mixtures containing 50 mM Tris–HCl buffer (pH 7.5), 5 mM MgCl2

and various concentrations of G6P and NADP+. A matrix of
substrate and coenzyme combinations between 100~500 μM G6P
and 10~100 μM NADP+ was performed and the reactions were
initiated by the addition of enzyme. Catalytic inhibition of
G6PDH by NADPH was performed by varying the concentrations
of NADPH utilized in the reaction mixture. To assay the
inhibition profile of NADPH, one substrate with saturating
concentrations (10 mM G6P or 0.40 mM NADP+) and the other
with unsaturated content were utilized in the mixture. The kinetic
parameters were calculated by curve-fitting to the steady-state
sequential kinetic equation 1:

(1)

Wherein A and B represent substrates NADP+ and G6P,
respectively. Vmax is the maximum velocity and KiA is the
dissociation constant of substrate A from the binary complex EA.
KA and KB are the Michaelis constant Km for substrates A and B,
respectively [22]. Km and Vmax were drawn from a two-round
double reciprocal plot using Origin Pro 8.0 software (Origin Lab
Corporation).

Results 

Cloning and Sequence Analysis of G6PDH in A. oryzae

CICC2012 

As the genome sequence of A. oryzae CICC2012 has not

been reported, the ORF of gsd from this fungus was

deduced by utilizing the hypothesized G6PDH from

A. oryzae RIB40. According to the putative G6PDH from

A. oryzae RIB40 (Dogan AO 090005001427), primers P1/P2

were designed. The expected 2.8 kb gsd was amplified from

A. oryzae CICC2012 genomic DNA using the primers P1/P2,

and then cloned into pUC19T vector obtaining the plasmid

pUC19-gsd-DNA. To eliminate intron, general RNA was

extracted from A. oryzae CICC2012 mycelia and reversed

transcribed into cDNA using a reverse transcriptase to

synthesize cDNA. The synthesized cDNA was used as PCR

template for the amplification of the gsd. As illustrated in

Fig. S1, a putative gsd with an expected size of 1.5 kb was

obtained by a two-step fusion PCR reaction from cDNA,

which was followed by cloning into pET-28a (+) to

generate the expression plasmid pET-gsd-cDNA.

DNA sequencing of pUC19-gsd-DNA and pET-gsd-cDNA

showed that the ORF and coding sequence (CDS) of gsd of

A. oryzae CICC2012 were totally identical to their counterparts

from A. oryzae RIB40 hypothesized gsd respectively. The

V
Vmax A[ ] B[ ]

KB A[ ] KA B[ ] KiAKB A[ ] B[ ]+ + +

----------------------------------------------------------------------------=
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obtained cDNA of A. oryzae CICC2012 G6PDH was

deposited in Genbank with accession number JN123468.

The gsd ORF obtained from A. oryzae CICC2012 was

2,837 bp including five introns. The six introns of gsd were

located at 1,033-1,199 bp, 1,305-1,357 bp, 1,442-1,500 bp,

1,581-1,634 bp, 1,841-1,893 bp, respectively. Meanwhile,

the CDS was 1,533 bp encoding 510 amino acids with an

estimated molecular weight of 58.8 kDa. 

Multiple sequence alignment of the deduced amino acid

sequence of G6PDH showed high similarity to its

homologies from Aspergillus flavus (99%) and Aspergillus

niger (97%), but less to S. cerevisiae (59%). The similarity of

different G6PDHs was consistent with the phylogenetic

distance of different organisms (data not shown). A motif

(RXXXEKPXG) in the coenzyme-binding site and three

conserved motifs (annotation) (RIDHYLGK, EXXGXEXRXXY

and DXXQNH) in the substrate-binding site were also

observed in AoG6PDH (Fig. S2), indicating the G6P and

NADP+ binding and catalyzing residues were highly

conserved [21]. The secondary structure of the protein was

analyzed, the α-helix region occupied 46.7%, the β-sheet

was 12.8% and the random coil was 40.6% (Fig. S3).

Heterogenous Expression and Purification of AoG6PDH

The recombinant strain E. coli BL21-gsd was obtained by

transformation of expression plasmid pET-gsd-cDNA.

Cellular lysate of E. coli BL21-gsd was subjected to SDS-

PAGE analysis (Fig. 2A), an over-expressed band with a

size of around 55.0 kDa was observed, in accordance with

the expected value 58.8 kDa. A leaky expression profile

was also observed as the target protein band was obtained

without IPTG. A 12.9 U/(mg·protein) specific activity of

Fig. 2. Purification of heterogeneous expression of AoG6PDH. 

A: SDS-PAGE, Lane M: protein molecular mass marker; Lane 1: the

lysate of E. coli BL21 (DE3); Lane 2: the lysate of E. coli BL21-gsd

incubated without IPTG; Lane 3: the lysate of E. coli BL21-gsd

incubated with IPTG; Lane 4: the purified AoG6PDH. B: Native-

PAGE, Lane M: protein molecular mass marker; Lane 1: the purified

AoG6PDH.

Fig. 3. The effects of pH (A) and temperature (B) on activity

of recombinant AoG6PDH. The thermostability analysis

of recombinant AoG6PDH (C), ■ : 40°C, □ : 45°C, ● : 50°C,

○ : 55°C. 
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G6PDH was detected in the cellular lysate and then the

recombinant G6PDH was purified to electrophoretic

homogeneity by affinity chromatography (Fig. 2A). The

specific activity of purified G6PDH was 73.6 U/(mg·protein)

with a recovery yield of 56.3% and 6.1-fold purification. No

enzyme activity was detected when NAD+ was used as the

coenzyme, as the purified G6PDH exhibited strictly

NADP+-dependent specificity. The NADP+-dependent

G6PDH of the purified product had high activity, which

proved that the putative sequence was the encoding

sequence of G6PDH. 

Based on observation with Native-PAGE, AoG6PDH was

a homodimer with an estimated molecular weight of

118.0 kDa (Fig. 2B). The observation suggested that G6PDH

was a homodimer, which was similar to G6PD from

L. mesenteroides (dimer, LmG6PDH) [23] but different from

sheep brain cortex G6PD (monomer) [24], Brugia malayi

G6PD (tetramer) [25], human erythrocytes G6PD (switch

between dimer and tetramer) [26] and rat liver G6PD

(regularly forms hexamers) [16]. The protein modelling of

AoG6PDH shown in Fig. S4 was constructed using SWISS-

MODEL, which coincided with the observation using

Native-PAGE. 

Biochemical Characterization of AoG6PDH

The effects of pH and temperature on G6PDH activity

were examined in the presence of G6P and NADP+,

respectively. The optimal pH of G6PDH was around 7.5

(Fig. 3A). About 70% of G6PDH activities remained at pH

7.0 and 8.0. The enzyme had a similar pH profile to that of

the other G6PDHs (Table 2). The optimal temperature was

around 50°C (Fig. 3B), which was similar to the known

Fig. 4. Initial velocity analyses for NADP+-dependent AoG6PDH. 

A: Primary double reciprocal plot of 1/V versus 1/[NADP+] at several fixed concentrations of G6P, 0.100 mM G6P (■ ), 0.125 mM G6P (□ ),

0.250 mM G6P (●), 0.500 mM G6P (○), and the corresponding R2 value of each plot was 0.99, 0.96, 0.95 and 0.90 respectively. B: Primary double

reciprocal plot of 1/V versus 1/[G6P] at several fixed concentrations of NADP+, 0.050 mM NADP+ (■ ), 0.100 mM NADP+ (□ ), 0.200 mM NADP+

(●), 0.400 mM NADP+ (○), and the corresponding R2 value of each plot was 0.99, 0.95, 0.98 and 0.99 respectively. C: Secondary plot of slopes of

lines from primary plot A versus 1/[G6P], and the R2 was 0.95. D: Secondary plot of intercepts of lines from primary plot A versus 1/[G6P], and

the R2 value was 0.96. The data represent the averages of duplicate runs.
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G6PDHs (30-92°C) [21]. The G6PDH had an approximately

60-80% of its maximum activity at 35-45°C, but only ~2

and ~30% of its maximum activity at 60°C and 20°C were

gauged, respectively.

The thermostability of G6PDH was observed and

showed that about 60% of activity was maintained under a

condition of 40°C after incubation for 30 min with a half-

life following first-order kinetics of 33.3 min (Fig. 3C).

However, when the temperature was above 50°C, the

activity of G6PDH decreased rapidly and the half-life of

was only 16.3 min and 13.6 min at 50°C and 55°C,

respectively. 

The effects of different metal ions on G6PDH activity

were also investigated. Compared to the control reaction

without metal ions, Zn2+, Cu2+, Mg2+ notably enhanced its

activity (273%, 237%, and 192%, respectively). Ca2+ and Fe3+

had no obvious effect (109% and 98%). K+ and Mn2+

presented an inhibition effect (84% and 28%).

Kinetic Properties of Recombinant AoG6PDH

To elucidate the kinetic mechanism, the recombinant

AoG6PDH was used for two substrate, steady-state kinetic

analysis. Initial velocity experiments provided clues to

differentiate sequential from ping-pong mechanism. The

initial velocity studies were performed by measuring

G6PDH activity varying the concentrations of G6P and

NADP+ at several fixed concentrations. The results were

represented on Lineweaver-Burk plots. The corresponding

set of the double reciprocal plots were linear and

converged to the left of the Y-axis with R2 values of 0.90 to

0.99 respectively (Figs. 4A and 4B). Accordingly, the ping-

pong mechanism was excluded and the kinetic mechanism

of the enzyme was deemed to be sequential. To determine

whether it was a steady-state ordered or a rapid

equilibrium random BiBi mechanism, the secondary plots

of these slopes and intercepts versus the reciprocal of fixed

substrate concentrations were implemented. A set of

straight lines was obtained with values of 0.96 and 0.99

respectively (Figs. 4C and 4D), which supported a sequential

mechanism for the AoG6PDH.

Product inhibition studies were performed to ascertain

the substrate binding profile and product releasing profile.

Because of the instability of the 6-phosphoglucono-δ-lactone

(6PGDL), only NADPH inhibition experiments were

performed. The double reciprocal plots of initial velocity

versus several fixed concentrations of NADPH yielded a

series of lines intersecting with R2 values of 0.96 to 0.99

respectively. These results indicated that NADPH exhibited

a competitive inhibition with respect to NADP+ (Fig. 5A)

and a linear mixed inhibition with respect to G6P (Fig. 5B).

The inhibition pattern coincided with the steady-state

ordered BiBi mechanism, where NADP+ is the first substrate

bound to the enzyme and NADPH is the second product

released from the enzyme.

A general description of two substrate ordered reactions

was given by Eq. (1), where A and B represented the first

bonding substrate NADP+ and the second G6P, respectively.

Secondary plots of intercepts and slopes of lines from the

Fig. 5. Double-reciprocal plot of inhibition of G6PDH by several fixed concentrations of NADPH, with respect to NADP+ (A) and

G6P (B). 

■ : 0.000 mM NADPH, □ : 0.025 mM NADPH, ● : 0.050 mM NADPH, ○ : 0.075 mM NADPH respectively. The corresponding R2 value of each

plot in A was 0.99 (■ ), 0.97 (□ ), 0.99 (●) and 0.99 (○), respectively. R2 value of each plot in B was 0.99 (■ ), 0.99 (□ ), 0.98 (●) and 0.99 (○)

respectively. The data represent the averages of duplicate runs.
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main plot with 1/ [G6P] as the variable can be utilized to

estimate the kinetic constants (Fig. 4B). The obtained kinetic

constants were listed in Table 1.

Discussion

Regulation of intracellular cofactor content and its

regeneration is both of academic and application relevance

for desired metabolite production in cellulolytic fungi

using CBP technologies. To characterize the rate-limiting

catalytic step in the PP pathway by G6PDH in A. oryzae

CICC2012, which was one of the best potential targets for

enhancing cofactor generation, the enzyme was hetero-

geneously expressed and functionally characterized. 

According to the specificity of coenzyme, G6PDH can be

divided into three categories: NADP+-strictly specific,

NADP+-preferred and NAD+-preferred dual coenzyme

specificity. Most G6PDH reported are strictly NADP+-

dependent or NADP+-preferred enzymes, a few can also

utilize NAD+. The recombinant AoG6PDH did not show

any activity when NAD+ was used as the coenzyme,

exhibiting strictly NADP+-dependent specificity. G6PDHs

from other Aspergillus species, such as A. niger [27],

A. nidulans [27], A. parasiticus [28] and A. aculeatus [29], also

exhibited strict specificity towards NADP+. In all NADP+-

preferred G6PDHs, the conserved Arg residue was revealed

and identified as a determinant in the NADP+ specificity

[21]. The conserved Arg residue binds tightly with the

negatively charged phosphate group of NADP+ via forming

an electrostatic interaction [21]. The corresponding Arg

residue was assessed in AoG6PDH, while, in some dual

coenzyme specific enzymes the corresponding Arg residue

still existed [30]. According to the crystallographic structure

of dual coenzyme specific LmG6PDH, the dual coenzyme

specificity was also associated with key residues surrounding

conserved Arg residue and oligomeric states switching

between binary and ternary enzyme complexes [15, 23].

Two substrate, steady-state kinetic analyses were used

for elucidating the kinetic mechanism of the NADP+-

dependent AoG6PDH. The double reciprocal plots of the

initial velocity have a linear intersecting pattern, which

excludes the ping-pong mechanism. Since NADPH is a

competitive inhibitor to NADP+ and a mixed inhibitor to

G6P, an ordered BiBi mechanism fits our data best, in

which NADP+ is the first substrate bound to the enzyme,

and NADPH is the second product dissociated from the

enzyme complex. 

A similar mechanism has been proposed for G6PDHs

Table 2. Properties of G6PDH from various organisms.

Organism

Subunit

mol mass

(kDa)

Native

mol mass

(kDa)

kcat (s
-1)

Km for G6P 

(µM)

kcat/Km for G6P 

(s-1·µM-1)

Km for NADP+ 

(µM)

kcat/Km for NADP+ 

(s-1·µM-1)

Optimal

pH

A. oryzae (this work) 58.8 118 1000 109.7 9.1 6.3 158.7 7.5

A. niger[27] 57-60 160 ND 153 ND* 26 ND 9.0

A. nidulms [27] 53-55 180 ND 92 ND* 30 ND 9.0

A. aculeatus [29] 52 105 83 75 1.1 6 14 7.5

Y. lipolytica [21] 55 219 182.7 264.9 0.58 33.3 5.49 8.5

T. maritima [38] 60 95 35000 200 175 40 890 7.4

P. aeruginosa [39] 55.6 250 or 500 540 498.7 2.38 56.7 9.52 8.8

E. coli DH5a [41] 55 117 32.5 224 0.15 127 0.26 8.0

T. cruzi [42] 62 158 62 77 0.8 16 3.2 7.5

T. crassiceps [43] 61 134 34 14 2.43 1.3 26.1 7.8

Human [40] 57 220 275 52 5.31 7.07 39.7 8.0

*ND: not detected

Table 1. Kinetic parameters of G6PDH from A. oryzae.

Substrate Km (µM) Ki (µM) Vmax (u·ml-1) kcat (s
-1) kcat/Km (s-1·µM-1)

G6P 109.7 - 3.0 1000.0 9.1

NADP+ 6.3 16.7 3.0 1000.0 158.7

-: not detected
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from human, pig and rat liver [31], human placental [32],

human erythrocyte [26], bovine lens [33], Corynebacterium

glutamicum [34], and Schizosaccharomyces pombe [35]. For

G6PDH from lamb kidney cortex, an ordered mechanism

has been deduced from inhibition studies, but with G6P as

the first substrate bound to the enzyme [24]. In the kinetic

mechanism studies of G6PDHs from some other sources

such as fungi and mammals, rabbit erythrocytes, rat breast,

and bovine adrenals, it was shown that the enzymes follow

a random BiBi mechanism [27]. The enzyme purified from

L. mesenterroides can use both NAD+ and NADP+ as

substrates. When NAD+ was the substrate, the enzyme

obeys a random BiBi, otherwise it obeys an ordered BiBi

mechanism [36]. The kinetic studies on recombinant

human G6PD suggested that the enzyme follows either

random or ordered mechanisms [37].

The Km values of AoG6PDH were calculated as 109.7

and 6.3 mM for G6P and NADP+, respectively. The Km

value for NADP+ was lower than that for G6P, suggesting

the higher affinity of AoG6PDH to NADP+ when compared

with G6P, similar to those in other studies (Table 2). The

catalytic efficiency (kcat/Km) for G6P and NADP+ was 9.1

and 158.7 s-1·μM-1, respectively, suggesting that the enzyme

was more efficient with NADP+ as the substrate. Table 2

displays the kinetic characteristics of purified G6PDHs from

various organisms. Compared to these enzymes, except

T. maritime G6PDH [38], AoG6PDH has both higher kcat and

catalytic efficiencies (kcat/Km ) with respect to G6P and

NADP+. Its kcat is 11-fold higher than the Aspergillus enzyme

(A. aculeatus G6PDH) [29] and 85% higher than P. aeruginosa

G6PDH [39]. Its catalytic efficiency with respect to NADP+

was 7-fold higher than that of the human G6PDH [40] and

5-fold higher than that of any of the other G6PDHs. 

In conclusion, putative G6PDH from industrial A. oryzae

CICC2012 has now been identified and characterized by

heterogeneous expression and purification for the first time.

The recombined protein exhibited strictly NADP+-dependent

activity, which discriminated the complex catalytic

mechanism. The established kinetic model could be applied

in further regulation of the pentose phosphate pathway

and intracellular content of NADPH/NADP+ for improving

the xylose utilization and yields of valued metabolites.
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