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Abstract

A novel aminopeptidase B (APB-AN) was identified from Aspergillus niger CGMCC 3.1454 for the first time and was cloned
and expressed in Pichia pastoris. The mature enzyme of approximately 100 kDa was purified for characterization. The
optimum pH and temperature of the recombinant APB-AN were determined to be 7.0 and 40 °C, respectively. The enzyme
was stable below 40 °C and at pH values from 5.0 to 8.0. The K, and V,,,,, values were determined to be 0.61 mmol/L and
11.45 mmol/L/min, respectively, using Arg-pNA as the substrate. APB-AN was inhibited by Cu®** and Fe** and activated
by Co** and Na*. Most metal chelators (Ca®*, Mg?* and Mn**) and aminopeptidase inhibitors (bestatin and puromycin)
suppressed its activity. APB-AN was found to be active towards 13 kinds of amino acid p-nitroanilide (pNA) substrates: Arg-
pNA, Lys-pNA, Tyr- pNA, Trp-pNA, Phe-pNA, His-pNA, Ala-pNA, Met-pNA, Leu-pNA, Glu-pNA, Val-pNA, Pro-pNA
and Ile-pNA, and the most preferred N-terminal amino acids were arginine and lysine. APB-AN also hydrolyzed 4 natural
proteins: casein, bovine serum albumin, soy protein isolate and water-soluble wheat protein. It is expected that APB-AN has

potential food processing applications.
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Introduction

Aminopeptidases (APs), a group of exopeptidases that
release N-terminal amino acid residues from peptides (San-
derink et al. 1988), are classified into a variety of categories
based on their preference for substrates, sensitivity to inhibi-
tors and catalytic mechanism. Among aminopeptidases, ami-
nopeptidase B (AP-B, EC 3.4.11.6), also named arginine
aminopeptidase or arginyl aminopeptidase (Attri et al. 2021;
Zhang et al. 2013; Bolumar et al. 2003), is one of the main
enzymes used in food processing, such as modifying the fla-
vor of aquatic products and meat (Zhang et al. 2013; Toldra
et al. 2000; Nishimura et al. 2006).

In general, aminopeptidases, including AP-Bs, are intra-
cellular enzymes (Rao et al. 1998). It is difficult to maintain
the activities of AP-Bs in the process of disrupting cells to
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extract them, and natural enzyme content is always low in
animals and plants, so aminopeptidase production by micro-
bial fermentation has become a feasible method. Many ami-
nopeptidases derived from different microorganisms have
been cloned and expressed (Song et al. 2020; Yang et al.
2016; Xi et al. 2015). Among them, four aminopeptidases
from Aspergillus niger have been purified and character-
ized, including lysine aminopeptidase (ApsA) (Basten et al.
2001), dipeptidyl peptidase IV (DapB) (Jalving et al. 2005),
prolyl aminopeptidase (PapA) (Basten et al. 2005) and phe-
nylalanine aminopeptidase (ApsC) (Basten et al. 2003).

A. niger, a member of the black aspergilli, is widely used
in biotechnology for the production of industrial enzymes.
Although the genome sequencing and analysis of A. niger
strains had been completed and released (Pel et al. 2007,
Andersen et al. 2011), there are still quite a few hypotheti-
cal proteins in the database that are functionally unknown.
P. pastoris is a powerful and versatile heterologous expres-
sion system, and its low background levels of proteases and
other secreted proteins are advantageous for the production
of relatively pure enzyme products. Recently, a number of
prolyl or leucyl aminopeptidases have been functionally
expressed in P. pichia (Yang et al. 2016; Xi et al. 2015; Tang
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et al. 2016). In the present study, a gene (named apb-AN)
encoding AP-B from A. niger was cloned and expressed in
Pichia pastoris. The enzymatic properties of recombinant
APB-AN were then systematically investigated.

Materials and methods
Strains, plasmids and growth conditions

The A. niger CGMCC 3.1454 strain was obtained from the
China General Microbiological Culture Collection Center
(CGMCQ). Escherichia coli IM109 and P. pastoris GS115
(Invitrogen) served as the hosts for plasmid amplifica-
tion and gene expression, respectively. The shuttle vector
pPICO9K was used for gene cloning. A. niger was grown in
PDA medium and incubated in a 250 mL flask at 32 °C and
240 rpm for 24 h, and the mycelium was recovered for total
RNA isolation. E. coli JM109 was cultivated in Luria—Ber-
tani (LB) medium at 37 °C for 16 h to clone the recombi-
nant plasmids. P. pastoris GS115 and its recombinants were
cultured in YPD medium, minimal dextrose medium (MD),
buffered minimal glycerol-complex medium (BMGY), and
buffered minimal methanol-complex medium (BMMY)
according to the Multi-Copy Pichia Expression Kit (Invit-
rogen) instructions.

Cloning of the A. niger apb-AN gene

Total RNA from A. niger was extracted using the RNAque-
ous-Micro Total RNA Isolation Kit (Invitrogen) according
to the manufacturer’s protocol. cDNA was synthesized by
the SuperScript III First-Strand Synthesis System for RT-
PCR (Invitrogen). The sequences of the primers were as
follows: forward primer, 5'-GCATCTAAGGACAGAGAT
ATCCTCC-3'; reverse primer, 5'-"-TGCTCTAGATTAAGC
GTAGCCATGGGCCT-3' (the Bin I (5') restriction site is
in italics). The PCR conditions were as follows: 95 °C for
5 min; 30 cycles of 95 °C for 30 s, 58 °C for 30 s and 72 °C
for 2.5 min; and 72 °C for 10 min.

Bioinformatics analysis of the apb-AN gene

The theoretical molecular mass of the protein was calculated
by the ProtParam tool (http://us.expasy.org/tools/protparam.
html). Conserved domain analysis was carried out with the
Conserved Domain Architecture Retrieval Tool (CDART).
The signal peptide was predicted using SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP). The protease
family was identified by referencing to the peptidase data-
base of MEROPS (http://merops.sanger.ac.uk). Alignments
of the deduced amino acid sequence of APB-AN with the
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sequences of other proteins were performed by the NCBI
protein BLAST program (http://www.ncbi.nlm.nih.gov).

Construction of recombinant P. pastoris

The mature apb-AN gene was obtained by PCR, as described
above. The PCR product was then digested with Xba I and
ligated with vector pPICI9K digested with SnaB I and Bin I,
generating the recombinant plasmid pPIC9K-apb. After the
correctness of the recombinant plasmid pPIC9K-apb was
confirmed by restriction analysis and DNA sequencing (San-
gon Biotech Co., Ltd., Shanghai, China), the plasmid was
linearized with Stu I and then transformed into P. pastoris
GS115 by electroporation. His* transformants were screened
on MD agar plates at 30 °C for 3 days, and then grown on
YPD agar plates with geneticin (G418, Sigma) at a concen-
tration of 2.0 mg/mL.

Expression of recombinant APB-AN in P. pastoris
GS115

A single colony of the transformants exhibiting resistance to
2.0 mg/mL G418 was cultured at 30 °C in 25 mL of BMGY
medium with shaking at 250 rpm until the ODg, reached
4-6. The cells were then transferred to 50 mL of BMMY
medium, with a final ODy, value of 1.0. For induction, pure
methanol was added once every 24 h to reach a final con-
centration of 0.5% (v/v) during the 5-day induction period.
The induction of cells harboring the empty pPICIK vector
as a negative control was carried out in parallel. All opera-
tions were carried out according to the Multi-Copy Pichia
Expression Kit (Invitrogen) instructions.

Purification of recombinant APB-AN

Cell-free supernatant was collected by centrifugation at
8000xg for 20 min at 4 °C, and precipitated by ammo-
nium sulfate between 30 and 85% saturation followed by
recentrifugation. The precipitate was then suspended in
20 mmol/L phosphate—citrate buffer (pH 7.0), dialyzed
against the same buffer, and concentrated by PEG8000. The
concentrated supernatant was loaded onto a Sephacryl S-200
column (GE Healthcare, Waukesha, WI, USA) equilibrated
with 20 mmol/L phosphate—citrate buffer (pH 7.0) and the
active fractions were collected and concentrated using an
ultrafiltration membrane (Pall, cutoff value 30 kDa). All of
the above procedures were performed at 4 °C.

Enzyme activity and protein concentration assay
The enzyme assay described by Xi et al (2015) was car-

ried out in 50 mmol/L phosphate—citrate buffer, at a pH 7.0,
containing 2 mmol/L Arg-pNA substrate (obtained from GL
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Biochem, Shanghai, China) at 40 °C for 10 min. The pro-
duced p-nitroaniline was identified according to the absorb-
ance at 405 nm in a microplate reader (TECAN, Minnedorf,
The Netherlands). One unit was defined as the amount of
enzyme that released 1 pmol p-nitroaniline per minute at
40 °C.

The protein concentration was assayed by the Bradford
method using bovine serum albumin (BSA, Sigma) as the
standard (Bradford 1976).

Effects of pH, temperature, metal ions and protease
inhibitors on enzyme activity

The optimal pH of APB-AN was determined at 40 °C using
Arg-pNA as substrate in the following buffers (50 mM):
phosphate—citrate buffer (pH 3.0-8.0), phosphate buffer
(pH 8.0-9.0), and glycine/NaOH (pH 9.0-10.0). The pH
stability of the enzyme was evaluated by measuring the
residual enzymatic activity at 40 °C and pH 7.0 (50 mM
phosphate—citrate buffer) for 10 min after incubating the
enzyme at 40 °C for 60 min in different pH buffers (pH
4.0, 5.0, 6.0, 7.0, 8.0 and 9.0). The optimal temperature of
APB-AN was analyzed at temperatures ranging from 20 to
50 °C in 50 mM phosphate—citrate buffer (pH 7.0). To inves-
tigate thermal stability, APB-AN was incubated for 60 min
at different temperatures (20 °C, 30 °C, 40 °C and 50 °C)
in 50 mmol/L phosphate—citrate buffer (pH 7.0) and imme-
diately cooled on ice before the remaining activities were
measured. To determine the effects of metal ions and pro-
tease inhibitors on APB-AN activity, the enzyme was pre-
incubated with 1 mmol/L divalent cations, or 100 mmol/L
Na*, or 0.05 mmol/L Bestatin, E-64, pepstatin, PMSF and
puromycin (all purchased from Sigma), or 1 mmol/L EDTA
(Sigma). The enzyme activity in the absence of both metal
ions and protease inhibitors served as the control. All the
above experiments were conducted in triplicate and the
resulting data are expressed as the mean + standard devia-
tion (SD).

Determination of kinetic parameters

Enzyme assays were performed in 50 mmol/L phos-
phate—citrate buffer, pH 7.0, at 40 °C, using Arg-pNA as
a substrate. Substrate concentrations were in the range of
0.2-2.0 mmol/L. Three independent experiments were per-
formed. The kinetic parameters K, and V,,, were then cal-

max

culated by Eadie—Hofstee plots (Yang et al. 2011).

Substrate specificity towards synthetic substrates
and hydrolysis of natural proteins

The activity of the purified APB-AN in the presence of thir-
teen amino acid-pNA substrates (GL Biochem, Shanghai,

China) of at 2 mmol/L was assayed to determine the sub-
strate specificity towards synthetic substrates.

To investigate the selectivity of APB-AN towards natural
proteins, 2% (w/v) casein (Sigma), BSA (Sigma), soy protein
isolate (SPI, Yuanye Biotech, Shanghai, China) and water-
soluble wheat protein (WSWP, Yuanye Biotech, Shanghai,
China) were separately used as substrates. The enzyme activ-
ity was determined by measuring the amino acids released
from the natural proteins. The ninhydrin method described
by Morita et al (2009) was adopted to measure the enzyme
activity. One unit of activity was defined as the amount of
enzyme that produced 1 pg of free amino acid per min under
the assay conditions.

Results
Molecular cloning and analysis of the APB-AN gene

The APB-AN gene was amplified by PCR using the reverse
transcription product as the template and cloned into the
pPICI9K vector. Sequence analysis of the target fragment
demonstrated the presence of an ORF of 2646 bp. This
ORF was predicted to encode a polypeptide of 881 amino
acids with a molecular mass of approximately 98.1 kDa.
The cDNA sequence encoding this enzyme was found to
be the same as XM_025611793 assigned in the A. niger
CBS 115572 genome. The analysis of the predicted protein
sequence suggested that no signal peptide was present. Two
conserved domains the peptidase M1 aminopeptidase N fam-
ily M 1_APN-Q_like, cd09601) domain at amino acid posi-
tions 16475 and the ERAPI1-like C-terminal (ERAP1_C,
pfam11838) domain at amino acids 544-858 were found in
the enzyme by using the CDART program within the NCBI
website. Furthermore, as predicted by the InterProScan tool,
this enzyme was found to belong to the peptidase M1 fam-
ily which contains mainly aminopeptidases (Rawlings et al.
1993).

Multiple sequence alignment showed that the deduced
amino acid sequence of APB-AN only had 14.08, 11.98
and 13,12% identity with identified AP-Bs derived from rat
liver (Fukasawa et al. 1996), human lymphocyte (Belhacene
et al. 1993) and goat brain (Bogra et al. 2009), respectively,
indicating that the present APB-AN is a new AP-B. The
four peptidases shared a consensus zinc-binding sequence
HEXXHX ¢E, which is the canonical signature of M1 family
metallopeptidases (Fig. 1) (Rawlings et al. 1993).

Heterologous expression of APB-AN in P. pastoris
The target fragment was integrated into the plasmid pPIC9K

and transformed into P. pastoris GS115. The transformants
were grown on MD agar plates and selected on YPD agar
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plates with G418 (2.0 mg/mL). The insertion of the APB-
AN gene in recombinant P. pastoris was confirmed by PCR.
Then, the recombinant transformants were induced in 50 mL
of BMMY medium at 30 °C in 250 mL shaker flasks. After
120 h of fermentation, the yield and total enzyme activity
of APB-AN reached a maximum of 1.2 mg/mL and 184.7
U/mL, respectively, while the control (P. pastoris harboring
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the empty pPIC9K vector) showed no activity under the
same conditions. Unlike the control transformant harboring
empty pPIC9K, the transformant harboring the APB-AN
gene produced a visible protein band with a molecular mass
of approximately 100 kDa on the SDS-PAGE gel (Fig. 2,
lane 2), consistent with the theoretical molecular mass of
the enzyme (98.1 kDa).
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Fig.2 SDS-PAGE analysis of the expression and purification of
recombinant APB-AN. Lane 1, purified recombinant APB-AN; lane
2, culture supernatant of APB-AN; lane M, protein molecular weight
marker

Purification of APB-AN

The recombinant APB-AN was purified to homogeneity
by ammonium sulfate precipitation and gel filtration chro-
matography of the culture supernatant (Table 1). The puri-
fied recombinant enzyme showed a clear single band after
Coomassie blue staining an SDS-PAGE gel (Fig. 2, lane 1).
The final recovery and purification factors of the enzyme
were 23.6% and 2.2, respectively (Table 1).

Enzymatic properties of APB-AN

As shown in Fig. 3a, the optimum pH of APB-AN was 7.0.
The activity rapidly increased with an increase in pH from
4.0 to 6.0 and decreased with an increase in pH from 8.0
to 10.0. APB-AN exhibited more than 80% of its maximal
activity between pH 5.5 and 8.0. The stability curve of APB-
AN at different pH values is shown in Fig. 3b. APB-AN
displayed optimal stability at pH 7.0 and retained more than
80% of the maximum activity between pH 5.0 and 8.0 after
incubation at 40 °C for 60 min.

As shown in Fig. 3c, the activity of APB-AN increased
at temperatures ranging from 20 to 40 °C and decreased
rapidly at temperatures between 40 and 50 °C. The optimum
temperature was 40 °C, and the activity at the optimum tem-
perature was fourfold higher than that at 20 °C. Figure 3d
shows that the APB-AN retained more than 70% of its activ-
ity after incubation at 20 °C and 30 °C for 60 min; however,
its activity declined rapidly at temperatures above 40 °C for
60 min, and little activity (<4%) was detected after incuba-
tion at 50 °C for 60 min.

As shown in Table 2, the effect of different metal ions on
APB-AN activity was remarkable. Ca’*, Mg?* and Mn**
(1 mmol/L) significantly inhibited the recombinant enzyme.
Cu®* and Fe?* markedly inhibited protease activity in the
presence of 1 mmol/L Cu** and Fe**, only 7.4% and 16.5%
of enzyme activity was retained, respectively. The enzyme
was strongly activated by 1 mmol/L Co?* (127.3%) and
slightly activated by high concentrations of Na* (108.7%).
Zn>* was the only cation that did not affect APB-AN. In
addition, protease activity was severely inhibited by the
metallopeptidase inhibitor 1,10-phenanthroline and EDTA,
whereas, an aspartic protease inhibitor (pepstatin) and a
cysteine protease inhibitor (E-64) only slightly suppressed
the activity. A serine protease inhibitor (PMSF) has almost

Table 1 Purification of
recombinant APB-AN secreted
by P. pastoris

Purification steps Total pro- Total activity (U)  Specific Purifica-  Yield (%)
tein (mg) activity (U/  tion (fold)
mg)
Culture supernatant 18.0 3316.0 184.7 1.0 100
Ammonium sulfate precipitation 8.7 2567.0 294.3 1.6 714
Sephacryl S-200 eluate 1.9 784.1 412.7 22 23.6
ﬁf&m&ﬁ @ Springer
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Fig.3 Effects of pH and temperature on the activity of the purified
APB-AN using Arg-pNA as substrate. a Effects of pH on the activity
of APB-AN; b Effects of pH on the stability of APB-AN; ¢ Effects of

no effect on enzyme activity. As typical and effective
inhibitors of aminopeptidases, bestatin and puromycin both
severely inhibited APB-AN.

To determine the kinetic parameters of recombinant
APB-AN, different concentrations of Arg-pNA ranging
from 0.2 to 1.4 mmol/L were used according to standard
methods. From the Lineweaver—Burk plot, K, and V,,,
were estimated to be 0.61 mmol/L and 11.45 mmol/L/min,
respectively.

Substrate specificity and natural protein hydrolysis

To investigate the substrate specificity of the APB-AN, sev-
eral synthetic amino acid-pNA substrates and natural pro-
tein substrates were examined, and the results are shown in
Table 3 and Fig. 4. Among the thirteen amino acid-pNA
substrates tested, the recombinant APB-AN rapidly hydro-
lyzed Arg-pNA (100%) and Lys-pNA (74.3%), followed by
Tyr-pNA (22.1%), Trp-pNA (17.6%), Phe-pNA (14.9%),
His-pNA (11.2%), Ala-pNA (9.7%), Met-pNA (7.4%),

Pielase clla)l auan .
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temperature on the activity of APB-AN; d Effects of temperature on
the stability of APB-AN

Leu-pNA (6.5%), Glu-pNA (4.3%), Val-pNA (2.7%), Pro-
PNA (1.4%) and Ile-pNA (1.1%) (Table 3). According to
substrate specificity, the enzyme is regarded as an AP-B
(Zhang et al. 2013). The recombinant protease also exerted
considerable hydrolytic activity on casein, BSA, SPI, and
WSWP and exhibited the highest activity (6.4 U/mL) against
casein (Fig. 4).

Discussion

This report described the cloning and expression of APB-
AN from A. niger in P. pichia and subsequently the purifica-
tion, characterization, and sequence analysis of the recom-
binant enzyme. This study is the first time an AP-B from A.
niger has been expressed and identified. The enzyme was
first purified from rat liver and is known to be distributed
in some animal tissues (Foulon et al. 1999). In contrast, the
presence of this exopeptidase in microorganisms is not well
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Table 2 Effects of metal cations and protease inhibitor on the activity
of APB-AN when incubated for 1 h

Metal ions Concentration Relative activity (%)
(mmol/L)
Ca* 1 744423
Co** 1 127.3+6.9
Cu** 1 74408
Fe?* 1 16.5+2.7
Mgt 1 55.5+3.6
Mn2* 1 84.2+5.3
Zn** 1 97.3+3.8
Na>* 100 108.7+2.1
1,10-Phenanthroline® 1 3.2+0.5
Bestatin 0.05 12.7+1.3
EDTA* 1 43.1+2.2
E-64 0.05 89.6+4.2
Pepstatin 0.05 94.1+74
PMSF 1 98.7+5.6
Puromycin 0.05 49+0.8
Control 0 100

The enzyme activity of recombinant APB-AN without the addition
of metal cations and protease inhibitors was defined as 100%. The
effects of metal cations and protease inhibitors on APB-AN activity
were calculated as the mean and standard error of three trials

#Sample incubated for 6 h

Table 3 Relative activity of recombination APB-AN towards various
amino acid-pNA substrates

Substrate Relative activity (%)
Arg-pNA 100.5+4.3
Lys-pNA 743+2.6
Tyr-pNA 22.1+£1.1
Trp-pNA 17.6+£0.8
Phe-pNA 149+04
His-pNA 11.2+0.5
Ala-pNA 9.7£0.3
Met-pNA 7.4+0.2
Leu-pNA 6.5+0.1
Glu-pNA 43+0.2
Val-pNA 27+0.2
Pro-pNA 1.4+0.1
Tle-pNA 1.1+0.1

Activity is relative to the activity towards Arg-pNA, which is 412.7
U/mg. The results are the means and standard error of three inde-
pendent experiments

documented, only one in the yeast D. hansenii (Bolumar
et al. 2003) has been described.

APB-AN was a monomer with a molecular mass of
approximately 98.1 kDa according to SDS-PAGE, which
is similar to that the molecular mass of AP-Bs from L.

120 4

100 4

-

80 4

60+

H

—HH

40 4

Relative activity (%)

20 4

Casein BSA SPI WSWP

Fig.4 Proteolytic hydrolysis of different substrates by purified APB-
AN. Each substrate (2%, w/v) was dissolved or suspended in 100 mM
phosphate—citrate buffer, pH 7.0, mixed with an equal volume (250
pL each) of enzyme solution, and incubated at 40 °C for 20 min. The
activity on casein was regarded as 100%. Bars are means+SD of 3
replicate samples

vannamei (100 kDa) (Zhang et al. 2013), D. hanseii
(101 kDa) (Bolumar et al. 2003) and rat liver (95.5 kDa)
(Hopsu et al. 1966); this molecular weight is higher than
that of AP-Bs from goat brain (80 kDa) (Bogra et al. 2009)
and porcine muscle (76 kDa) (Flores et al. 1993). It seems
that the molecular mass of AP-Bs vary depending on origin.

APB-AN was revealed to have an optimum pH of 7.0 and
an optimum temperature of 40 °C using Arg-pNA as the sub-
strate. The optimum temperature of APB-AN was lower than
that of AP-B from goat brain (45 °C) (Bogra et al. 2009)
and was slightly higher than that of AP-Bs from A. para-
siticus (37 °C) (Sharma et al. 1989) and D. hansenii (37 °C)
(Bolumar et al. 2003). Moreover, the optimum temperature
of APB-AN was much higher than that of an AP-B from L.
vannamei (30 °C) (Zhang et al. 2013). This temperature-
dependent characteristic of AP-Bs may be ascribed to the
accommodation temperature of A.niger and the difference
among species. The optimum pH of APB-AN was the same
as that of AP-Bs from A. parasiticus (Sharma et al. 1989)
and D. hansenii (Bolumar et al. 2003), and most of the puri-
fied AP-Bs had an optimal pH between 6.5 and 8.0 (Ohishi
et al. 2010; Mercado-Flores et al. 2004; Bogra et al. 2009).
However, the enzyme possessed obvious activity in a broad
pH range (pH 3.0-10.0) in contrast to previously reported
AP-Bs (Zhang et al. 2013; Bolumar et al. 2003).

Our present results indicated that APB-AN activity
was severely inhibited by the metallopeptidase inhibitors
1,10-phenanthroline and EDTA or the aminopeptidase inhib-
itors bestatin and puromycin. However, a serine protease
inhibitor (PMSF), an aspartic protease inhibitor (pepstatin),
and a cysteine protease inhibitor (E-64) only slightly sup-
pressed the activity. These results strongly suggested that the

iglue Lol auo .
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present enzyme was a metalloaminopeptidase. Metalloen-
zymes contain metal cofactors that are essential for enzyme
activity. APB-AN was activated by Co®* and inhibited by
Cu?* and Fe**. Zn** was the only cation that did not affect
APB-AN, suggesting that Zn>" was a constitutive compound
of A. niger APB-AN, which was similar to the AP-B of D.
hansenii (Bolumar et al. 2003). This hypothesis was sup-
ported by the data showing that the structure of AP-B has a
Zn2+-binding site (HEXXHX18E) (Foulon et al. 1999). High
concentrations of Na* slightly activated the enzyme, which
was in agreement with previous findings that an appropriate
concentration of NaCl can promote aminopeptidase activ-
ity (Bolumar et al. 2003; Uraji et al. 2007) and that NaCl
might induce conformational changes in aminopeptidase to
promote easy access to substrate (Uraji et al. 2007). Co**
may promote the activity of APB-AN; substituting Co** for
Zn** may improve the catalysis of the enzyme (Holland et al.
1995). APB-AN was severely inhibited by competitive and
specific inhibitors of aminopeptidases, bestatin and puromy-
cin and the same effect was observed in other AP-Bs from
L. vannamei (Zhang et al. 2013) and D. hansenii (Bolumar
et al. 2003).

Previous work has identified two kinds of AP-Bs: broad-
substrate AP-Bs and Arg-specific AP-Bs, each capable of
hydrolyzing N-terminal arginine residues (Goldstein et al.
2002). APB-AN, identified in this study, had the highest
activity against Arg-pNA and showed activity towards all
thirteen amino acid-pNA substrates tested, which is con-
sistent with broad-substrate AP-Bs. However, APB-AN
has remarkably broader substrate specificity than do other
broad-substrate AP-Bs. Most broad-substrate AP-Bs cleave
N-terminal amino acid residues, but these enzymes are
restricted to Arg and Lys or sometimes Leu and Met (Bolu-
mar et al. 2003; Zhang et al. 2013). This phenomenon could
be explained by amino acid changes in the AP-B catalytic
core leading to cleavage sites specificity (Fukasawa et al.
2006).

Animal and plant proteins are crucial ingredients in food,
and the hydrolysis of these proteins is very meaningful for
some types of food processing as it allows for the release of
free amino acids and develops flavor (Nishimura et al. 1990).
Considering that 100 mmol/L NaCl activated APB-AN,
NaCl may promote APB-AN activity during the processing
of numerous fermented foods that contain high levels of salt,
such as sausage, cheese and soy sauce (Yang et al. 2016;
Zhao et al. 2011).

In the present research, APB-AN was expressed in P.
pastoris for the first time. After culturing for 120 h, protein
expression reached a maximum of 1.2 mg/mL, which was
higher than the reported expression of most heterologous
proteins in P. pastoris at the flask fermentation level. It has
potential applications for production and industrial usage by
codon optimization and high cell density cultivation.

Pielase clla)l auan .
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Conclusion

The present paper described the heterologous expres-
sion, purification and characterization of a novel AP-B
from A. niger CGMCC 3.1454. The optimal temperature
and pH of the recombinant APB-AN were 40 °C and 7.0,
respectively. The enzyme was found to be active towards
a number of amino acid p-nitroanilides (pNA) and natural
protein substrates. Two unique characteristics of APB-
AN were confirmed in contrast to other purified AP-Bs:
broader substrate specificity and more larger pH range. In
addition, the tolerance of APB-AN to high concentrations
of NaCl (100 mmol/L) makes it an attractive candidate for
food processing, such as sausage and cheese making and
soy sauce fermentation.
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