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site-unspecified peptide
identification method for proteolytic peptide
mapping
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and F. P. Lu *

Proteases are widely used in the food industry to hydrolyze proteins and prepare bioactive peptides. Peptide

mapping identification supports the application of proteases in the food industry. The site-specified peptide

identification method, which was developed for site-specific proteases like trypsin, is relatively mature and

reliable but cannot be applied using most industrial proteases with weak site specificity. To address this

issue, the performance and reliability of the site-unspecified peptide identification method should be

investigated and evaluated. In this study, tryptic hydrolysates of a single protein and a protein mixture

were used to evaluate the site-unspecified identification method. The species origin of the hydrolyzed

proteins was not specified in a database search, meaning that millions of protein sequences were

included for calculating and matching. At least 98% of the tryptic peptides were successfully identified

via the site-unspecified method, demonstrating that the site-unspecified method shows promising

reliability. Moreover, the site-unspecified method identified more peptides than the site-specified

method, including those from the low-frequency site-unspecific hydrolysis of trypsin, suggesting that

the method has strong capabilities for peptide mapping. The results indicate the applicability of the site-

unspecified peptide identification method in the study of site-unspecific industrial proteases.
Introduction

Proteases are widely used in the food, medicine, and chemical
industries.1,2 The sale of proteases accounts for more than half
of all enzymes sold in the world each year. In the food industry,
proteases are mainly used for the hydrolysis of food proteins
and the preparation of bioactive peptides.3,4 Proteases perform
proteolysis through the hydrolysis of peptide bonds. Different
kinds of proteases have different levels of site specicity in the
selection of cleavage sites and therefore produce different
peptide mappings. Some kinds of proteases have strong site
specicity. For example, trypsin cleaves peptide chains mainly
at the carboxyl side of the amino acid lysine or arginine, except
when either is followed by proline.5,6 In contrast, other prote-
ases such as the alkaline proteases from subtilisin have weak
site specicity and choose many amino acids as cleavage sites.7,8

Obviously, the analysis of proteolytic peptide mapping is
important for understanding the proteolytic process and the
characteristics of industrial proteases.
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An approach based on mass spectrometry and database
searching has been used to analyze peptide mapping in pro-
teomics research.6,9 This method can identify proteolytic
peptides by matching the experimental data with the theoretical
data from the database.10 This method has the advantages of
high sensitivity and throughput.11 However, the main existing
method for peptide identication is suitable for proteases with
high site specicity (e.g., trypsin). In this method, the specied
cleavage sites need to be known beforehand. However, most
proteases used in the food industry have weak site specicity
and uncertain cleavage sites; thus, a different method is needed
to identify their peptide mappings.

According to the site specicity of the protease, there are two
methods for peptide identication: the site-specied identi-
cation method is suitable for highly site-specic proteases,
while the site-unspecied identication method is suitable for
proteases with weak or no site specicity or for the identica-
tion of endogenous peptides.12 The principle and process of the
site-specied identication method are as follows.9,13,14 First,
according to the site specicity of trypsin, all the sequences
belonging to the selected species in the protein database are
cleaved in theory, producing sets of theoretical peptide
mappings. Second, according to the fragmentation rules of the
collision-induced dissociation of peptide ions, a set of theoret-
ical MS2 data corresponding to the set of theoretical peptide
mappings are produced. Third, the MS2 data for each peptide
This journal is © The Royal Society of Chemistry 2020
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are matched with the set of theoretical MS2 data, and the
matches that meet the statistical requirements are accepted for
positive identication. The site-unspecied method follows
a similar process; however, the sequences in the protein data-
base cannot be cleaved in theory based on the site specicity
before matching them with the experimental data because the
site specicity is not given, or the protease under consideration
has no site specicity. Though some identication tools such as
Mascot, Spectrum Mill, and INSPIRE15,16 include site-
unspecied analysis algorithms, their reliability for the study
of site-unspecic industry proteases has not been thoroughly
evaluated, limiting peptide mapping analyses of industrial
proteases in the food industry. In this study, the site-
unspecied identication method was investigated and evalu-
ated for application to the tryptic hydrolysates of proteins and
then applied to analyze proteolytic peptides using a widely used
industrial protease (2709 alkaline protease).

Materials and methods
Materials

Sequencing-grade modied trypsin was purchased from Prom-
ega (USA). The puried 2709 alkaline protease was supplied by
Tianjin Nuoao Technology (China). High-performance liquid
chromatography (HPLC)-grade acetonitrile and formic acid
were purchased from Fisher Scientic (USA). Ammonium
bicarbonate was purchased from Beijing Chemical Company
(China). Soy protein was purchased from Shanghai Jianglai
Biotechnology Company (China). Bovine serum albumin (BSA)
and all other chemicals were purchased from Sigma (USA).
Water was prepared by a Milli-Q system (Millipore, USA).

Sample preparation

Hydrolysis of BSA and soy protein with trypsin. BSA or soy
protein (500 mg) was denatured and reduced in a 50 mL solution
(8 M urea, 10 mM DTT, and 50 mM NH4HCO3) at 37 �C for 4 h.
Iodoacetamide solution (10 mL, 1 M) was added for alkylation at
room temperature for 1 h in the dark. Alkylation can prevent the
reduced proteins from regenerating disulde bonds. Aer
alkylation, the sample was diluted eight times with 50 mM
NH4HCO3 buffer. Tryptic digestion was then performed at
a concentration ratio of 50 : 1 (total protein : trypsin, w/w) at
37 �C for 16 h.

Hydrolysis of BSA and soy protein with puried 2709 alka-
line protease. BSA or soy protein (1 mg) was diluted in 1 mL of
PBS buffer (pH 10.5) followed by the addition of 5 mL of 0.2 mg
mL�1 2709 alkaline protease for digestion at 37 �C for 1 h.

Liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) analysis

Peptide samples were analyzed using an 1100 series HPLC
system (Agilent, USA) coupled to an ESI-Q/TOF mass spec-
trometer (Agilent, USA). A Vydac C18 column (300 �A, 2.1 � 150
mm, Grace Vydac, USA) was used at a ow rate of 0.2 mL min�1.
HPLC was performed with buffer A (0.1% FA in H2O) and buffer
B (0.1% FA in acetonitrile) using the following gradient: 3%
This journal is © The Royal Society of Chemistry 2020
buffer B from 0–5 min; 3–50% buffer B from 5–75 min; 50–95%
buffer B from 75–80min; 95% buffer B from 80–85min; and 95–
3% buffer B from 85–90 min. The post time was 10 min. ESI-Q/
TOF was performed under the following conditions: drying gas
ow rate and temperature, 12 L min�1 and 300 �C, respectively;
nebulizer pressure, 45 psi; capillary voltage, 3500 V; fragmentor,
175 V; collision energy slope and offset, 3.7 and 2.5 V, respec-
tively; MS scan range and rate, 300–1500 and 3 Hz, respectively;
MS/MS scan range and rate, 100–3000 and 3 Hz, respectively;
and auto MS/MS, 5 precursors with active exclusion on and 2
repeat and release aer 0.5 min. The collected data were used
for the identication of peptide mappings.

The site-specied peptide identication method

The raw LC-MS/MS data were rst processed using MassHunter
soware (Agilent), and mgf les were exported for identica-
tion. The site-specied identication of peptide mapping was
performed with Mascot soware (Matrix Science) under the
following conditions: protein database, Swissprot; species,
bovine for BSA sample and soybean for soy protein sample;
protease, trypsin; missed cleavages, no more than 1; xed
modication, cysteine carbamidomethylation; variable modi-
cations, methionine oxidation; precursor mass tolerance,
50 ppm; and fragment ion tolerance, 50 ppm.

The site-unspecied peptide identication method

The raw LC-MS/MS data were rst processed by MassHunter
soware for identication. Site-unspecied peptide identica-
tion was also performed usingMascot soware (Matrix Science).
The site-unspecied identication conditions were the same as
those for the site-specied method except that “none” and “all
entries” were selected for the protease and species options,
respectively.

Results and discussion

Trypsin is widely used in proteomics research because it has
strong site specicity for the lysine or arginine site on the
carboxyl side. The identication of peptides hydrolyzed by
trypsin uses the site-specied identication method, which has
been shown to have high reliability.17,18 For proteases with weak
site specicity, only the site-unspecied method can be used.
However, for proteases with strong site specicity (e.g., trypsin),
both the site-specied and site-unspecied methods can be
used. The site-specied method is considered to have higher
reliability for peptide identication, while the site-unspecied
method has higher peptide coverage.17 In this study, the
tryptic hydrolysates of a single protein (BSA) and a mixture of
soybean proteins were used to evaluate the site-unspecied
identication method.

Identication of tryptic peptides using the site-specied
method

For the site-specied identication method, bovine and
soybean were selected in the species option for the BSA sample
and the soybean protein mixture, respectively. In the Swissprot
RSC Adv., 2020, 10, 37182–37186 | 37183
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protein database, bovine has 31 872 protein sequences, and
soybean has 74 440 protein sequences. Therefore, the method
needs to identify BSA peptides from 31 872 sequences and soy
protein peptides from 74 440 sequences; thus, a lot of calcula-
tions and matching are required. Finally, the method identied
52 peptides from BSA hydrolysate with 75% coverage of the
entire BSA sequence. For soy protein hydrolysate, 14 proteins
and 137 peptides were identied.
Fig. 1 Repeatability of the identified peptides between the site-
specified and site-unspecified methods for the peptide mapping
analysis of BSA protein (a) and soy protein (b) hydrolysis ( : site-
specified identification method of peptide mapping; : site-unspeci-
fied identification method of peptide mapping).
Peptide identication of tryptic hydrolysates using the site-
unspecied method

Site-unspecied identication via Mascot searching combines
the mass-based matching of precursor ions and the MS2 data of
fragment ions. Because the cleavage sites are not specied
beforehand, this method involves more calculations than the
site-specied method. Moreover, in the species option for
database searching, “all entries” was selected rather than
“bovine” or “soybean”, meaning that millions of protein
sequences were included for calculation and matching. Bovine
and soybean have 31 872 and 74 440 protein sequences,
respectively, while all entries in the Swissprot database include
180 740 843 protein sequences (https://www.uniprot.org/). The
aim was to increase the difficulty of correct searching and
matching to make the evaluation of the site-unspeciedmethod
stricter. Although the sequences of BSA and soy protein are
known and collected in many protein databases, we selected the
Swissprot protein database for identication because it is
a comprehensive and non-redundant database that contains
most of the publicly available protein sequences in the world.19

The site-unspecied method with Mascot soware identied 64
peptides from the BSA sample with 83% coverage of the entire
BSA sequence. For the soy protein sample, the site-unspecied
method identied 14 proteins and 203 peptides. In the actual
proteolysis process, some peptide bonds without arginine and
lysine at the carboxyl side may also be cleaved to a lesser
extent.5,20 Therefore, in the tryptic hydrolysates, the majority of
peptides are site-specically cleaved, while only a very small
number of peptides are site-unspecically cleaved. Obviously,
the peptides produced by unspecic cleavage cannot be iden-
tied by the site-specied identication method. Both the
quantity and coverage of peptides identied by the site-
unspecied method were greater than those for the site-
specied method.
Evaluation of the site-unspecied peptide identication
method using tryptic hydrolysates

Cleaved sites were not specied beforehand in the site-
unspecied method; thus, the probability of correct identica-
tion was the same for the peptides produced by site-specic and
site-unspecic cleavage. Therefore, the reliability of the site-
unspecied method can be assessed by the identication
quality of the peptides from specic cleavage. Due to the high
reliability of the site-specied method, the repetition of its
identied peptides in the results of the site-unspecied method
can be used to evaluate the reliability of the site-unspecied
37184 | RSC Adv., 2020, 10, 37182–37186
method. Thus, a higher degree of repeatability indicates
a higher reliability of the site-unspecied method.

Fig. 1 shows the repetition of peptides identied by the site-
specied method in those identied by the site-unspecied
method. The site-specied method identied 52 peptides
from BSA hydrolysate, all of which were also identied by the
site-unspecied method. The site-specied method identied
137 peptides from soy protein hydrolysate, 98.5% of which were
also identied by the site-unspecied method. Moreover, it
should be noted that the site-unspecied method identied
peptides under the condition that “all entries” was selected for
the species option in the database search. The high repeat-
ability indicates that the site-unspecied method had high
reliability for the identication of peptide mapping. Soy protein
is a mixture containing glycinin, conglycinin, seed lip-
oxygenase, trypsin inhibitor, and so on.21 Table 1 compares the
peptide mapping results obtained for soy protein hydrolysate
using the two identication methods. As shown in the table, the
repetition of peptides identied by the site-specied method in
those identied by the site-unspecied method reached 100%
for most protein components, and the lowest repetition
percentage was 94%, reecting the high reliability of the site-
unspecied method. In addition, for most of the soy protein
components, more peptides were identied by the site-
unspecied method than by the site-specied method. The
percentage increase in identied peptides reached 113% and
was 40% on average, indicating that the site-unspecied
method provided more peptide mapping information than the
site-specied method.
Distribution analysis of the tryptic cleavage sites on BSA and
soy protein

The site-unspecied identication method of peptide mapping
can reveal the proteolysis process of any kind of protease. Based
on the identied peptides and their relative abundances, the
frequency distribution of trypsin cleavage sites on BSA protein
and soy protein were revealed (Fig. 2). As shown in the gure,
trypsin had strong site specicity for lysine or arginine, and the
relative frequency of other unspecied cleavage sites was less
than 5%.
This journal is © The Royal Society of Chemistry 2020
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Table 1 A comparison of peptides identified using the site-specified and site-unspecified methods for soy protein tryptic hydrolysate

Protein name

Number of peptides
identied using the
site-specied method (A)

Number of peptides
identied using the
site-unspecied
method (B)

Number of
peptides in
common (C)

Repetition rate
(percentage of
C in A)

Percentage increase
of B compared
to A

Glycinin G1 22 37 21 95% 68%
Glycinin G2 16 34 15 94% 113%
Glycinin G3 11 16 11 100% 45%
Beta-conglycinin, a-chain 17 23 17 100% 35%
Beta-conglycinin, a0-chain 8 14 8 100% 75%
Beta-conglycinin, b-chain 11 13 11 100% 18%
Glycinin G4 10 17 10 100% 70%
Glycinin 5 8 5 100% 60%
Sucrose-binding protein 11 12 11 100% 8%
Seed lipoxygenase-1 9 10 9 100% 11%
Seed lipoxygenase-2 3 3 3 100% 0
Seed lipoxygenase-3 8 8 8 100% 0
Trypsin inhibitor A 3 5 3 100% 67%
Kunitz-type
trypsin inhibitor

3 3 3 100% 0

Total 137 203 135 98.5% 48%
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Peptide mapping analysis of the hydrolysates of 2709 alkaline
protease using the site-unspecied identication method

The site-unspecied peptide identication method makes it
possible to analyze the peptide mapping of the hydrolysates of
industrial proteases with weak site specicity. 2709 alkaline
protease is an industrial protease produced by the fermentation
of Bacillus licheniformis no. 2709.22 It is widely used in the food
industry to hydrolyze proteins and has very weak site specicity.
Therefore, the hydrolysates of BSA and soy protein obtained
using 2709 alkaline protease were analyzed only by the site-
unspecied identication method. Fig. 3 shows the structural
distribution of the main hydrolysis products of 2709 alkaline
protease for BSA protein and glycinin G1. As shown in the
gure, the main peptide products were mainly distributed on
the outside of the protein molecular structure, indicating
a strong inuence of the spatial structure on the proteolysis
process.
Fig. 2 Frequency distributions of tryptic cleavage sites on BSA protein (

This journal is © The Royal Society of Chemistry 2020
In conclusion, this study evaluated and demonstrated the
site-unspecied identication method for peptide mapping
using tryptic hydrolysates of the single protein BSA and
a soybean protein mixture. Because the site-unspeciedmethod
is not dependent on site specicity, it is suitable for most
industrial proteases with weak site specicity in theory. Even
the species origin of the hydrolyzed proteins was not specied
in the database search. At least 98% of the tryptic site-specic
peptides were successfully identied via the site-unspecied
method, demonstrating that the site-unspecied method also
has high reliability in the identication of peptide mapping.
Compared to the site-specied method, the site-unspecied
method identied 23% and 54% more peptides from BSA and
soy protein hydrolysates, respectively, suggesting that the site-
unspecied method has greater sequence coverage and can
provide more peptide mapping information. The results
provide an important methodological basis for the analysis of
a) and soy protein (b).

RSC Adv., 2020, 10, 37182–37186 | 37185
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Fig. 3 Structural distributions of the main peptides in BSA protein (a) and glycinin G1 (b) after one hour of hydrolysis by 2709 alkaline protease.
BSA used PDB 3V03, and glycinin G1 used PDB 1FXZ.
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proteolysis and help promote the rational choice and applica-
tion of proteases in industry.
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