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Introduction

Aminopeptidases (APs; EC 3.4.11) can selectively catalyze the 
cleavage of the N-terminal amino acid residues from peptides and 
proteins. These enzymes widely exist in all organisms from bac-
teria to mammals with different substrate specificities. Based on 
the substrate specificity, APs can be classified into two categories: 
broad or narrow. The former type is usually named according 
to their optimal substrates, such as leucine aminopeptidase and 
lysine aminopeptidase, which preferentially releases leucine and 
lysine from peptides, respectively. The latter type, such as pro-
line-specific aminopeptidase, removes certain N-terminal amino 
acid residues from peptides specifically.1,2

APs are associated with many human diseases and play an 
important role in a wide range of biological processes.3-6 The 
research to elucidate the catalytic mechanisms of APs is signifi-
cant for medicine and pharmacology. In the food industry, APs 
have been widely used to debitter protein hydrolysate and applied 
to hydrolyze proteins extensively.7-10 APs can increase the content 
of free amino acids and small peptides in protein hydrolysate. 
Furthermore, APs with different and broad substrate specificities 
are required for improving the process efficiency.

Aminopeptidases can selectively catalyze the cleavage of the N-terminal amino acid residues from peptides and proteins. 
Bacillus subtilis aminopeptidase (BSAP) is most active toward p-nitroanilides (pNAs) derivatives of Leu, Arg and Lys. The 
BSAP with broad substrate specificity is expected to improve its application. Based on an analysis of the predicted 
structure of BSAP, four residues (Leu 370, Asn 385, Ile 387 and Val 396) located in the substrate binding region were 
selected for saturation mutagenesis. The hydrolytic activity toward different aminoacyl-pNAs of each mutant BSAP in 
the culture supernatant was measured. Although the mutations resulted in a decrease of hydrolytic activity toward Leu-
pNA, N385L BSAP exhibited higher hydrolytic activities toward Lys-pNA (2.2-fold) and Ile-pNA (9.1-fold) than wild-type 
BSAP. Three mutant enzymes (I387A, I387C and I387S BSAPs) specially hydrolyzed Phe-pNA, which was undetectable in 
wild-type BSAP. Among these mutant BSAPs, N385L and I387A BSAPs were selected for further characterized and used 
for protein hydrolysis application. Both of N385L and I387A BSAPs showed higher hydrolysis efficiency than the wild-
type BASP and a combination of the wild-type and N385L and I387A BSAPs exhibited the highest hydrolysis efficiency 
for protein hydrolysis. This study will greatly facilitate studies aimed on change the substrate specificity and our results 
obtained here should be useful for BSAP application in food industry.
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In our previous study, we cloned and overexpressed the gene of 
Bacillus subtilis aminopeptidase (BSAP) in recombinant B. subti-
lis.11 BSAP (MEROPS ID: M28.UPA) belongs to the M28 fam-
ily, in which APs contain two zinc ions in their active sites and 
share a common catalytic mechanism. Based on the researches of 
crystallographic structure and site-directed mutagenesis, the roles 
of two zinc ions and residues that compose the active center have 
been elucidated in detail.12-17 However, little information is cur-
rently available concerning the interaction between APs and the 
substrate, and an AP with broad substrate specificity is expected 
to improve its application.

In this study, we aim to change the substrate specificity of 
BSAP and evaluate the effect of BSAPs with different substrate 
specificities on protein hydrolysis. Based on the predicted struc-
ture of BSAP, four residues were selected as the saturation muta-
tion sites due to their direct contact with the side chain of the 
bound substrate. Five positive mutant BSAPs with different sub-
strate specificities were obtained from these 76 mutant BSAPs. 
Two positive mutants were selected for application in soybean 
protein hydrolysis. Both of the two exhibited higher hydroly-
sis efficiency than wild-type BSAP, and the combination of the 
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catalytic region, the two zinc ions and substrate binding site 
were indicated.

In docking simulation, bestatin was docked into the pre-
dicted structure of BSAP as the substrate analog. The result 
shows that there are several residues in direct contact with the 
side chain of the substrate. The four closest residues (Leu 370, 
Asn 385, Ile 387 and Val 396) were chosen for saturation muta-
genesis to investigate their effects on the substrate preference 
(Fig. 1B).

Saturation mutagenesis and screening the positive mutants. 
The residues at the four positions of BSAP were replaced with 

wild-type and two mutant BSAPs showed the highest hydrolysis 
efficiency for protein hydrolysis.

Results

Selection of mutation sites based on homology model-
ing of the BSAP structure. The crystal structure of AP from 
Aneurinibacillus sp AM-1 (PDB ID: 2EK8) was used as the 
template for homology modeling of BSAP. The predicted struc-
ture of BSAP including the protease-associated domain18,19 
in the non-catalytic region is shown in Figure 1A. In the 

Figure 1. The structure of BSAP obtained by homology modeling. (A) Overall structure of BSAP. The α helices and β sheets are shown in red and cyan, 
respectively. Bestatin is shown in purple as the substrate. The PA-domain and substrate binding region are shown by dashed pane and dashed circle. 
(B) Local model of mutation sites in BSAP. The residues (Leu370, Asn385, Ile387, and Val396) in direct contact with the side chain of bound substrate are 
shown in balls and sticks, in which the oxygen atoms, nitrogen atoms, carbon atoms, and hydrogen atoms are in red, blue, deep gray, and light gray, 
respectively. The purple sticks indicate the bound substrate (bestatin). The two zinc atoms are shown in the form of magnified red balls. The distances 
(Å) from the bound substrate to the mutation sites in BSAP are shown. (C) The surface of the substrate binding region around the substrate in BSAP. 
The bound substrate is indicated by purple sticks. The residues Asn385 and Ile387 are displayed in the form of cyan and blue “CPK (Corey-Pauling-
Koltun),” respectively. The pocket formed by the substrate binding sites is indicated by arrow.
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(I387A, I387C, and I387S BSAPs) exhibited higher activity 
toward Met-pNA than wild-type BSAP (2−3 folds), and simi-
lar hydrolytic activities of these three mutants toward Phe-pNA 
were also observed, which was not detected in wild-type BSAP. 
In addition, an increase in hydrolytic activities toward other four 
aminoacyl-pNAs (Ala-pNA, Ile-pNA, Val-pNA, and Pro-pNA) 
was also observed in N385L BSAP (data not shown). According 
to these results, we chose N385L and I387A BSAPs for further 
study due to their high hydrolytic activities toward Lys-pNA and 
Phe-pNA, respectively.

Thermostability and secondary structural analysis of the 
positive mutants. To compare the thermostability of wild-type, 
N385L and I387A BSAPs, the purified enzymes were incubated 
at temperatures ranging from 30 to 80 °C for 30 min. As shown 
in Figure 3A, the activities of the wild-type and mutant BSAPs 
decreased during the temperature increasing. The decrease of the 
activity of wild-type BSAP was slower than that of I387A BSAP, 
but faster than that of N385L BSAP. After 60 min of incubation 
at 60 °C, wild-type, N385L, and I387A BSAPs retained 43%, 
59% and 29% of their original activity (Fig. 3B), respectively. 
These findings indicated that N385L BSAP exhibited higher 
thermostability than the wild-type BSAP.

The far UV circular dichroism (CD) spectra were analyzed to 
evaluate the effect of mutation on secondary structure. As shown 
in Figure 4, the spectra for wild-type, N385L, and I387A BSAPs 
were similar, suggesting that the secondary structure changed 
negligibly due to these single-point mutations.

Kinetic analysis. The kinetic parameters (K
m
, k

cat
,
,
 and  

k
cat

/K
m
) of wild-type, N385L, and I387A BSAPs toward three 

aminoacyl-pNAs (Leu-pNA, Lys-pNA and Phe-pNA) were 
shown in Table 1. Although N385L BSAP displayed the reduc-
tion in catalytic efficiency (k

cat
/K

m
) toward Leu-pNA, its catalytic 

efficiency toward Lys-pNA was approximately 2.6-fold higher 
than that of the wild-type BSAP, and this efficiency was mainly 
caused by k

cat
 (2.45-fold) but not K

m
 (0.94-fold). In the case of 

I387A BSAP, this mutation resulted in the reduction in catalytic 
efficiency toward Leu-pNA and Lys-pNA in varying degrees. In 
contrast, I387A BSAP showed catalytic efficiency toward Phe-
pNA with K

m
 of 4.08 mM and k

cat
 of 7.54 S−1, which was unde-

tectable in the wild-type BSAP.
Comparison of the hydrolytic ability of the wild-type and 

the mutant BSAPs. Using aminoacyl-pNAs as the substrate, 
some mutant BSAPs with different substrate preferences were 
obtained. To investigate the effect of these positive mutants on 
protein hydrolysis, N385L, I387A and wild-type BSAPs were 
selected to hydrolyze soybean protein. The free amino con-
centration in each reaction was determined and the DH was 
calculated.

As shown in Table 2, the total amino acid concentration of 
the wild-type group (9.31 mg/mL) was lower than those of other 
three groups (11.02 mg/mL of N385L, 10.54 mg/mL of I387A, 
and 11.14 mg/mL of combination). The DH of combination 
group was highest (27.5%), which was 1.26-fold higher than that 
of wild-type group (21.9%), slightly higher than that of N385L 
group (26.3%), and that of I387A group (24.7%). Almost each 
amino acid concentration in the reactions of N385L and I387A, 

19 other amino acids, respectively. The mutant enzymes were 
expressed in recombinant B. subtilis and secreted into the culture 
supernatant. The hydrolytic activity toward different aminoacyl-
pNAs of the culture supernatant containing each mutant BSAP 
was tested and compared with that of wild-type BSAP. Saturation 
mutagenesis of Leu 370 and Val 396 did not generate any posi-
tive mutants, and the activities of these mutants were lower than 
that of wild-type BSAP. Five positive mutants (N385L, N385W, 
I387A, I387C, and I387S) were obtained via saturation mutagen-
esis at the position N385 and I387.

Using purified enzymes of these mutants (Fig. 2A), the spe-
cific activities toward different aminoacyl-pNAs were assayed 
precisely and compared with the wild-type enzyme. As shown 
in Figure 2B, although the hydrolytic activity of all mutations 
toward Leu-pNA decreased, N385L BSAP showed higher activity 
toward Lys-pNA than wild-type BSAP (2.2-fold). Three mutants 

Figure 2. SDS-PAGE analysis and specific activity of the purified mutant 
and wild-type BSAPs toward several aminoacyl-pNAs. (A) SDS-PAGE 
analysis of the purified mutant and wild-type BSAPs. Samples (15 μg of 
protein) were loaded on a 12% gel. Lanes: M, molecular mass marker; 1, 
N385L BSAP; 2, N385W BSAP; 3, I387A BSAP; 4, I387C BSAP; 5, I387S BSAP; 
6, wild-type BSAP. (B) Substrate specificities of the positive mutant 
(N385L, N385W, I387A, I387C, and I387S) and wild-type BSAPs toward 
four aminoacyl-pNAs (Leu-pNA, Lys-pNA, Met-pNA, and Phe-pNA). The 
highest hydrolytic activity toward each aminoacyl-pNA is indicated 
by black bar. The values are the representative of three independent 
experiments. In all cases, the standard deviation was less than 5% of the 
mean. WT, wild-type.
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BSAPs was observed. It is well known that the hydrophobic 
interaction plays an important role in the stability of protein 
structure. N385L BSAP exhibited better thermostability than 
that of wild-type BSAP due to the enhanced hydrophobicity 
of substrate binding region caused by N385L mutation. In 
contrast, I387A mutation weakened the hydrophobic inter-
action in substrate binding region, which led to the poorer 
thermostability.

and the combination groups, was much higher than that of the 
wild-type group, especially the Thr (1.61 folds), Gly (1.59 folds), 
Val (1.56 folds), and Ile (1.72 folds) in the reaction of N385L 
group, the Ser (1.38 folds), Gly (1.49 folds), Ala (1.41 folds), and 
Phe (1.24 folds) in the reaction of I387A group and the Thr (1.41 
folds), Gly (1.41 folds), Val (1.34 folds), and Ile (1.44 folds) in the 
reaction of the combination group. These findings demonstrated 
that the two mutant BASPs exhibited higher hydrolysis efficiency 
than wild-type BASP, and a combination BSAPs was much more 
conducive for protein hydrolysis.

Discussion

The APs with broad substrate specificity are expected in order 
to improve its application. However, the interaction between the 
substrate and the enzyme is so complex that only few researches 
on modifying the substrate specificity of enzymes have been 
reported, such as methyltransferase, Streptomyces aminopepti-
dase and mitochondrial ornithine carriers.20-24 Based on those 
researches we changed the substrate specificity of BSAP by 
replacing the residues in substrate binding region in this study. 
Soybean protein hydrolysis was performed to evaluate the effect 
of mutant BSAPs with different substrate preference for practi-
cal application. We provide evidence that combination of BSAPs 
with different substrate specificities can increase the content of 
free amino acids, which benefits the protein hydrolysis. This 
study revealed enzymology properties of BSAP, which should 
be significant for the theoretical investigation and its practical 
application.

By saturation mutagenesis of BSAP at position 370, 385, 387 
and 396, several mutants exhibiting different substrate preference 
were obtained. Among five positive mutants, N385L and I387A 
BSAPs exhibited better catalytic efficiency toward Lys-pNA and 
Phe-pNA than other three mutants, respectively. Kinetic analysis 
revealed that the effect of N385L mutation on Lys-pNA hydro-
lysis is mostly on k

cat
 and not on K

m
. Thereby we speculate that 

the change in the environment of the substrate binding region by 
this mutation leads to a subtle orientation shift of the bound sub-
strate. This shift changes the distance between the substrate and 
the catalytic residues. In the case of I387A BSAP, the mutation 
led to the catalytic activity toward Phe-pNA which was undetect-
able in wild-type BSAP. As shown in Figure 1C, the substrate 
was located in a pocket formed by the residues of substrate bind-
ing region. The substrate specificity of wild-type BSAP showed 
that BSAP are most active toward hydrophobic amino acids with 
large aliphatic chain (Leu) and basic amino acids (Arg and Lys). 
The Phe residue does not suit the substrate binding pocket due 
to its large side chain. I387A mutation can expand the pocket by 
reducing the side chain of the residue, which makes the pocket 
suitable for the interaction with Phe-pNA. The Cys and Ser 
mutations led to the similar catalytic activity toward Phe-pNA, 
suggesting that replacement of Ile387 by a small residue leads to 
the catalytic activity toward Phe-pNA.

Although CD spectra showed that the secondary structures 
have no significant difference among wild-type, N385L and 
I387A BSAPs, the apparent differential thermostability of these 

Figure 3. Effect of temperature on the stability of N385L (■), I387A (▲) 
and wild-type (◆) BSAPs. (A) Thermostability of those three BSAPs. (B) 
Thermal inactivation of those three BSAPs. The results are the mean of 
three independent experiments.

Figure 4. CD spectra of N385L, I387A and wild-type BSAPs. The second-
ary structural change of the mutants was checked by CD spectra in the 
far UV region (200−250 nm).
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the combination of site-directed mutagenesis and other directed 
evolution means to remodel BSAP are required to improve their 
performance and fulfill industrial requirements.

Materials and Methods

Materials, bacterial strains and plasmids. All aminoacyl-pNAs 
were purchased from Bachem AG. Plasmid PMA5-BSAP (with 
the BSAP gene inserted into the NdeI-BamHI gap of PMA525) 
was used for expression of wild-type BSAP and as a template 

Here we obtained the BSAPs with different substrate pref-
erences via site-directed mutagenesis. However, the substrate 
specificity did not exhibit expected variation by single-site muta-
tion. The combination of several positive single-site mutations 
at position 385 and 387 was also performed. Unfortunately, it 
did not generate any mutant BSAPs with higher performance. 
The electrostatic environment, hydrophobicity and steric hin-
drance determined the interaction between the substrate and 
the enzyme simultaneously, which indicated that the positive 
mutations were non-cumulative. Therefore, further studies using 

Table 1. Kinetic parameters of wild-type, N385L, and I387A BSAPsa

Substrate BSAP variant kcat (s−1) kcat relative to WT Km (mM) Km relative to WT kcat/ Km (mM−1 s−1) kcat/ Km relative to WT

Leu-pNA

WTb 70.66 ± 3.58 1 2.52 ± 0.11 1 28.1 1

N385L 52.58 ± 2.49 0.74 1.78 ± 0.09 0.73 29.5 1.01

I387A 11.65 ± 0.93 0.17 12.27 ± 0.98 4.96 0.95 0.03

Lys-pNA

WT 10.71 ± 0.54 1 4.12 ± 0.24 1 2.60 1

N385L 26.27 ± 1.46 2.45 3.86 ± 0.19 0.94 6.81 2.61

I387A 6.82 ± 0.51 0.62 7.56 ± 0.41 1.82 0.91 0.34

Phe-pNA

WT NDc ND ND ND ND ND

N385L ND ND ND ND ND ND

I387A 7.54 ± 0.35 ND 4.08 ± 0.23 ND 1.85 ND
aKm and kcat values were calculated by nonlinear regression analysis. The values are means ± standard deviations of three independent experiments; 
bWT, wild-type; cND, not detected.

Table 2. Free amino acid compositions of soybean protein hydrolysates and DH of different groups (mg/100 mL)a

Amino acid None WTb N385L I387A Combination
N385L relative 

to WT
I387A relative 

to WT
Combination 
relative to WT

Asp NDc 16.92 ± 0.84 20.48 ± 0.62 17.26 ± 0.57 19.88 ± 0.68 1.21 1.02 1.17

Thr ND 27.50 ± 1.17 44.38 ± 1.99 30.28 ± 1.43 38.79 ± 1.57 1.61 1.10 1.41

Ser ND 50.54 ± 1.95 64.09 ± 2.87 69.52 ± 3.02 64.41 ± 3.15 1.26 1.38 1.27

Glu ND 62.42 ± 2.74 75.52 ± 3.17 65.98 ± 2.53 73.02 ± 3.08 1.21 1.06 1.17

Gly ND 19.68 ± 0.58 26.22 ± 0.84 31.33 ± 1.08 27.72 ± 0.95 1.59 1.49 1.41

Ala ND 42.04 ± 1.05 55.18 ± 2.12 59.36 ± 2.24 55.89 ± 1.98 1.31 1.41 1.33

Cys ND 11.76 ± 0.35 14.14 ± 0.62 12.76 ± 0.38 13.68 ± 0.42 1.20 1.09 1.16

Val 5.86 ± 0.22 43.26 ± 2.03 67.38 ± 2.86 43.79 ± 1.73 57.70 ± 2.26 1.56 1.02 1.34

Met ND 20.02 ± 0.92 24.78 ± 0.93 22.31 ± 0.84 23.64 ± 0.72 1.24 1.11 1.18

Ile ND 34.48 ± 1.58 59.26 ± 1.96 36.02 ± 1.76 49.81 ± 1.83 1.72 1.05 1.44

Leu ND 113.22 ± 3.76 131.44 ± 5.57 114.34 ± 4.68 130.05 ± 5.03 1.16 1.01 1.15

Tyr 19.88 ± 0.74 94.72 ± 3.13 91.38 ± 2.94 115.96 ± 4.43 110.62 ± 4.27 0.96 1.22 1.17

Phe 7.36 ± 0.32 140.32 ± 4.83 141.48 ± 4.87 173.94 ± 5.71 165.64 ± 5.66 1.01 1.24 1.18

Lys 6.48 ± 0.24 87.88 ± 3.64 108.92 ± 2.54 90.10 ± 3.19 102.16 ± 2.97 1.24 1.02 1.16

His 0.76 ± 0.03 24.86 ± 1.06 26.86 ± 1.25 30.05 ± 1.36 29.04 ± 1.28 1.08 1.21 1.17

Arg 41.84 ± 1.97 141.49 ± 5.61 152.02 ± 5.33 141.12 ± 5.04 151.84 ± 5.18 1.07 1.01 1.07

Total 82.18 931.10 1101.54 1054.12 1113.86 1.18 1.13 1.20

DH (%) ND 21.9 ± 1.04 26.3 ± 1.16 24.7 ± 1.03 27.5 ± 1.21 1.20 1.13 1.26
aRelative to the amino acid composition of WT group, the amino acids of other three groups exhibiting high ratio were underlined and in bold. The 
values are means ± standard deviations of three independent experiments; bWT, wild-type; cND, not detected.
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activity was measured. The remaining activity was recorded as 
percentage of the original activity. The time courses of activity 
of purified BSAPs were measured by incubating the enzyme in 
buffer A at 60 °C. At regular intervals (0−60 min), samples were 
removed and cooled on ice for 10 min, and the remaining activ-
ity was determined. The activity of the enzymes kept on ice was 
considered as the control (100%).

CD spectroscopy was performed on MOS-450/AF-CD-
STP-A (Bio-Logic). Spectra were recorded from 200 to 260 nm 
using a 1 mm path-length quartz cuvette with a protein con-
centration of 0.1 mg/mL in buffer A. In order to minimize sig-
nal baseline drift, the spectropolarimeter and xenon lamp were 
warmed up for at least 30 min prior to each experiment. The 
results are expressed as mean residue ellipticity [θ], which is 
defined as [θ] = 100 θ

obs
/lc, where θ

obs
 is observed ellipticity in 

degrees, c is the concentration in residue moles per liter, and l is 
the length of the light path in centimeters.

Hydrolysis of soybean protein. Soybean protein was prepared 
with deionized water at the final concentration of 5% (w/v). After 
heated at 90 °C for 10 min, the pH of the solution was adjusted to 
8.5 by NaOH. The purified BSAPs (wild-type, I387A and N385L 
BSAPs) (0.1 g/L, finial) were used to hydrolyze soybean protein, 
respectively. In addition, a combination of wild-type, I387A and 
N385L BSAPs (ratio 2:1:1, total 0.1 g/L) was also used to hydro-
lyze soybean protein. In order to improve hydrolysis efficiency, 
alkaline protease (1 g/L) was added together with the BSAPs. 
The reaction was treated under 50 °C for 5 h.

The degree of hydrolysis (DH) was defined as the percent-
age of free amino groups cleaved from protein, which was cal-
culated from the ratio of α-amino nitrogen to total nitrogen. 
The α-amino nitrogen content was determined by formaldehyde 
titration method.29 The total nitrogen content was determined 
by Kjeldahl method.30 Amino acid composition was determined 
using HITACHI L-8900 amino acid analyzer (Hitachi).
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of mutagenesis. Escherichia coli JM109 was the host for cloning 
work. B. subtilis WB60026 was used as the host strain for gene 
expression.

Homology modeling and docking study. Based on the struc-
ture of AP from Aneurinibacillus sp strain AM-1 (Protein Data 
Bank accession number 2EK8.pdb), the predicted structure of 
BSAP was obtained by homology modeling using Discovery 
Studio software 2.5 (Accelrys Software Inc.). Stereo chemical 
analysis of the structures was performed using PROCHECK 
(http://nihserver.mbi.ucla.edu/SAVS/). The final model displays 
good geometry with less than 2% of residues in the disallowed 
region and was used in this study. The docking study was per-
formed using Discovery Studio 2.5 (Accelrys Software Inc.). The 
structure of bestatin was built into the software as the substrate, 
and simulation of interactive docking was performed using the 
rigid form of BSAP and flexible form of bestatin.

Saturation mutagenesis. Saturation mutagenesis of each 
residue was conducted by inverse PCR using 19 pairs of oligo-
nucleotide primers containing a point mutation. The PCR pro-
gram was as follows: 18 cycles of 20 sec at 98 °C and 9 min at  
68 °C. The PCR product was treated with DpnI at 37 °C for 
1 h. Then the PCR product was transformed into competent 
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