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Pep-MS assay: Protease hydrolysis assay system using photo-cleavable peptide
array and mass spectrometer
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Food processing technology such as protein hydrolysis using proteases has been receiving a lot of attention, and it is
important to accurately understand the cleavage specificity of each protease for selecting a protease suited to aims.
Although numerous methods have been reported to reveal the substrate specificity of proteases, there is no method to
evaluate simply, quickly, reasonably, and accurately. This study set out to devise Pep-MS assay, a novel assay system that
can be used to comprehensively clarify positions at which proteases cleave, by combining a mass spectrometer and a
photo-cleavable peptide array. First, we evaluated peptide array corresponding to the primary sequences of aS1-casein,
aS2-casein and b-casein with trypsin to verify the accuracy of the Pep-MS assay. The evaluation of cleavage positions by
the trypsin protease reagent using the Pep-MS assay resulted in a matching rate of about 96.8% to rational cleavage
positions. Next, we confirmed the cleavage positions in aS2-casein or b-lactoglobulin by an industrial bacterial protease
from Bacillus subtilis at some protease reaction temperatures or reaction times. The Pep-MS assay clarified the differ-
ences in the cleavage patterns due to the reaction temperature, and the change in the cleavage strength with the re-
action time. Pep-MS assay is a promising method for evaluating the substrate specificity of proteases, which will be
useful to find effective production conditions for functional peptide from foods and effective hydrolysis conditions
for decreasing allergen of food proteins.
� 2019, The Society for Biotechnology, Japan. All rights reserved.
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Various physiological activities have been identified for peptides
derived from food proteins, and it is likely that food processing
technology based on protein hydrolysis using proteases will become
increasingly important in the future. However, although industrial
proteases used for food processing exhibit a wide variety of enzy-
matic activities, the cleavage specificity for many of these proteases
has not been clarified. To select an optimal protease for processing
and to find effective production conditions for functional peptides, it
is important to accurately understand the cleavage specificity of
each protease.

A variety of methods have been reported to reveal the substrate
specificity of the protease, such as phage display (1,2), position
scanning (3e5), peptide arrays (6,7), fluorescence resonance
energy transfer (FRET)-based peptide library assays (8e10), and
liquid chromatography-tandem mass spectrometry (LC-MS/MS)-
based peptide mapping assays (11,12). While each of these
methods has provided valuable information about the substrate
specificity of proteases and several of them remain popular choices
for investigation, they each suffer from some drawbacks.

For example, substrate phage display techniques display a
random substrate peptide added an antibody antigen sequence to
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the terminal. When the phage displaying the substrate is hydro-
lyzed with the protease and the phage is recovered by the antibody
binding reaction, only the phage with the cleaved substrate re-
mains in the solution. By reading the substrate sequence presented
by the phage in this solution, it is possible to identify the selective
substrates of the protease. It has the advantage of being able to
generate and screen very large libraries and reveal individual
substrate sequences for a protease, however it is not able to reveal
the actual site of cleavage (1,2). FRET-based peptide library assay
employs a fluorescent donor and quencher pair placed on the two
termini of a resin-bound substrate peptide. Cleavage of the peptide
by an endopeptidase removes the N-terminal quencher, and the
bead becomes fluorescent (8e10). The FRET method has the ad-
vantages of being compatible with both natural and unnatural
building blocks, which make it capable of handling large libraries,
but it is not able to reveal the actual site of cleavage, the same issue
as in the case of phage display.

To determine the site of cleavage, Edman sequencing of the
partially-cleaved peptides on the positive bead can be used (10).
This technique can provide information on individual sequences,
but the main shortcoming is that the Edman sequencing is very
time-consuming and expensive, making the method less ideal
for high-throughput profiling of a large number of proteases. LC-
MS/MS-based peptide mapping assays are often used for metab-
olomics analysis. In this method, each peptide fragment in a protein
hydrolysate is comprehensively analyzed by LC-MS/MS and the
All rights reserved.
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amino acid sequence of each peptide is identified by comparing the
analysis data with the database of a known protein. This method
has the advantages of being able to confirm the cleavage specificity
of a protease for proteins briefly and quickly, but has shortcomings
of possibly leading to false positives and false negatives.

In the present study, to overcome the shortcomings of the known
evaluation methods, we set out to develop a novel assay, Pep-MS
assay, to identify protease cleavage positions by combining a photo-
cleavable peptide array with a mass spectrometer, and aimed to
reasonably and accurately evaluate the substrate specificity of pro-
teases. We synthesized a substrate peptide on a cellulosemembrane
to prepare a peptide array, and hydrolyzed the peptide array using a
protease. After peptide fragments on the peptide array are liberated
by UV irradiation and collected, the molecular weight of the peptide
fragments was determined with a mass spectrometer to identify the
site cleaved site by the protease. Pep-MS assay would be useful for
evaluating the substrate specificity of a protease simply, quickly,
reasonably, and accurately.
MATERIALS AND METHODS

Synthesis of photo-cleavable peptide arrays This synthesis of photo-
cleavable peptide arrays was carried out as reported previously (13). A cellulose
membrane (grade 542; Whatman, Maidstone, UK) was activated using b-alanine
as the N-terminal basal spacer. An Fmoc photo-linker [4-(1-aminoethyl)-2-
methoxy-5-nitrophenoxy]-butanoic acid derivative (sc-294977A; Santa Cruz
Biotechnology, Dallas, TX, USA) served as a photo-cleavable linker for the Fmoc
peptide synthesis (14). The linker conjugated the candidate peptides with
cellulose. The Fmoc-activated amino acid (0.25 mol/L) was spotted on the
membrane using a peptide auto-spotter (ASP222; Intavis, Cologne, Germany), by
following the manufacturer’s recommendations but with some modifications.
After the addition of the first residue, the remaining amino groups were blocked
FIG. 1. Design of a Pep-MS assay that combines a photo-cleavable peptide array and a mas
peptide synthesis on a cellulose membrane using a peptide array synthesizer, this figure is a
means photo-cleavable linker. (B) Peptide arrays were hydrolyzed using a protease. (C) Pepti
punched out as a disk and placed in one well of a 96-well plate. (E) These peptides were dis
each peptide fragment was analyzed by LC-MS.
twice with 5% acetic anhydride for 15 min. At each elongation step, the
membrane was deprotected using 20% piperidine and then washed thoroughly
with N,N-dimethylformamide, followed by a wash with methanol. After the final
deprotection, the side-chain-protecting groups were removed over 2.5 h using a
mixture of trifluoroacetic acid (TFA, A00025; Watanabe, Hiroshima, Japan), m-
cresol (034e04646; Wako, Osaka, Japan), 1,2-ethanedithiol (A00057; Watanabe),
and thioanisole (T0191; Tokyo Chemical Industry, Tokyo, Japan) at a ratio of
40:1:3:6. Finally, the membrane was washed thoroughly with diethyl ether and
then methanol. By analyzing each peptide residue with bromophenol blue (BPB),
we confirmed the quality of the synthesized peptides using the peptide auto-
spotter (Fig. 1A).

Hydrolysis reaction to peptide arrays by protease Some peptide arrays
were hydrolyzed by stirring them with 2 mg/mL of an N-tosyl-L-phenylalanine
chloromethyl ketone (TPCK)-treated trypsin protease reagent solution (P8101S; New
England Biolabs Japan, Tokyo, Japan) at a given temperature for a predetermined
time. Other peptide arrays were hydrolyzed by stirring in 5 mg/mL microbial pro-
tease solution from Bacillus subtilis (76774-43-1; Amano Enzyme, Aichi, Japan) at a
given temperature for a predetermined time. After the reaction of the protease, the
peptide arrays were rinsed with water followed by ethanol. Finally, they were dried
in a warming incubator (Fig. 1B).

Release of peptides from photo-cleavable peptide arrays Each peptide in a
photo-cleavable peptide array was cleaved from the solid phase by irradiation with
302-nm UV. The peptide arrays were dried completely at room temperature, then
irradiated with 302-nm UV for 2 h using a transilluminator (TM-20; Funakoshi,
Tokyo, Japan) (13). It has been already confirmed that UV irradiation at 302 nm
for 2 h can release a peptide from arrays as effectively as UV irradiation for 2 h
at 365 nm, which has been demonstrated in the past (data not shown).
Subsequently, each spot on the array was punched using a biopsy punch. Each
resulting peptide-containing disk (peptide spot) was placed in a well of a 96-well
plate with a filter (MSRLN0410; Merck Millipore, Darmstadt, Germany). Next, the
peptide was released into 200 mL of distilled water (11307-79; Kanto Chemical,
Tokyo, Japan) at 25�C for 2 h. After the release of each peptide, the solution
containing the peptide was filtered and recovered by centrifugation at 500 � g to
remove any insoluble materials (Fig. 1CeF) (15).

Mass spectrometric analysis of the released peptide Each sample was
loaded onto a 2 mm � 250 mm C18 reverse-phase column (TSKgel ODS-100 V 5 mm;
Tosoh, Tokyo, Japan). Samples were then analyzed using a mass spectrometer. The
peptides were eluted using a gradient of buffer A (0.2% formic acid in water) and
s spectrometer for confirming the position of protease cleavage: (A) Starting from the
n overview of how a peptide is spotted on the cellulose membrane. The word “Photo”
des spotted on a membrane were released by UV irradiation. (D) Each peptide spot was
solved in water, and (F) the resulting solution was filtered. (G) The molecular weight of
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buffer B (0.2% formic acid in acetonitrile) at a flow rate of 200 mL/min. A 30-min
gradient was run with 2%e20% B over 7 min, 20%e60% B over 4 min, 60%e80% B
over 1 min, 80% B for 3 min, 80%e2% B over 0.1 min, and held at 2% B for
14.9 min. As the peptides eluted from the microcapillary column, they were
electrosprayed directly into the mass spectrometer with a distal 4.5-kV spray
voltage. MS data analysis was performed using the Xcalibur software (Xcalibur
1.3; Thermo Fisher Scientific, Tokyo, Japan) (Fig. 1G).

Peptide mapping We hydrolyzed a-casein (C-6780; SigmaeAldrich, St. Louis,
MO, USA) and b-casein (C-6905; SigmaeAldrich) using a trypsin protease reagent at
25�C for 16 h. The hydrolyzed peptide fragments of a-casein and b-casein were
identified by LC separation and MS. Briefly, casein hydrolysates were subjected to
LC-MS/MS analysis. Ten microliters of samples were injected into a reverse-phase
column (TSKgel ODS-100 V 5 mm; Tosoh) and were separated using solvent A (2%
[v/v] acetonitrile and 0.2% [v/v] formic acid in deionized water) and solvent B (90%
[v/v] acetonitrile and 0.2% [v/v] formic acid in deionized water) as the mobile
phase. The proportion of solvent B was increased linearly from 2% to 45% over
90 min at 25�C at a flow rate of 200 mL/min. The mass spectrometer was set to the
data-dependent MS/MS mode (m/z 200e2000), in which 1 full MS scan was
followed by 1 MS/MS scans. MS/MS data analysis was performed using the
Proteome Discoverer software (Proteome Discoverer 2.1; Thermo Fisher Scientific)
with the SEQUEST algorithm. SEQUEST was set up to search the Uniprot Bos taurus
reference database, assuming a non-specific digestion enzyme. The search
parameters included a 2 Da tolerance for precursor ion masses and a 0.6 Da
tolerance for fragment ion masses.

Formol titration The a-amino nitrogen (AN) was titrated using formalde-
hyde as described for the Sorensenmethod (16). Total nitrogen (TN) was determined
by the Kjeldahl method (16). Then, the degree of hydrolysis (DH) was calculated
using the ratio between AN and TN according to Eq. 1.

%DH ¼ AN
TN

� 100 (1)

RESULTS AND DISCUSSION

Analysis of all positions of amino acids in casein cleaved by
the trypsin protease reagent First, to check the analysis accu-
racy of Pep-MS assay, we evaluated the cleavage positions using a
trypsin protease reagent. We synthesized a photo-cleavable
peptide array consisting of 8-mer overlapped by 6 amino acids (2
amino acid-offset) and corresponding to the primary sequences of
aS1-casein, aS2-casein and b-casein (Table 1), and hydrolyzed the
peptide array using a trypsin protease reagent at 25�C for 16 h.
Trypsin protease is known to cleave the C terminus of Lys and Arg
(except Lys-Pro and Arg-Pro), 19 sites for aS1-casein, 29 sites for
aS2-casein, and 15 sites for b-casein are correct cleavage sites
(Fig. 2, open triangles).

After the reaction with the trypsin protease reagent followed by
release by 302-nm UV irradiation, the recovered peptides on each
spot were analyzed by LC/MS. The cleaved fragments were sub-
jected to full scan detection, and the N-terminal side of a detected
fragment for which the ion intensity peak area was �n � 106 (n is
the number of amino acids constituting each fragment) was set as a
cleavage position. For example, the chromatograph of spot No. A-9
NENLLRFF showed two MS peaks: one with a molecular weight of
312.2 Da corresponding to FF and another with a molecular weight
of 1051.8 Da corresponding to NENLLRFF (Fig. S1C). According to
TABLE 1. List of peptides synth

(A) aS1-Casein (B) aS2-Casein (C) b-C

Spot No. Sequence Spot No. Sequence Spot No.

1 RPKHPIKH 1 KNTMEHVS 1
2 KHPIKHQG 2 TMEHVSSS 2
3 PIKHQGLP 3 EHVSSSEE 3
4 KHQGLPQE 4 VSSSEESI 4

96 SEKTTMPL 100 KVIPYVRY 101
97 KTTMPLWA 101 IPYVRYLA 102

(A) 97 spots for aS1-casein, (B) 101 spots for aS2-casein, (C) 102 spots for b-casein, (D) 30 sp
peptide arrays.
this result, we identified the point between NENLLR and FF as the
cleavage position of trypsin. The list of analysis results is shown in
Table 2. When the data of these cleavage positions were summel-
ized, 19 cleavage sites for aS1-casein, 28 sites for aS2-casein, and 14
sites for b-casein were detected as cleavage sites (Fig. 2, closed
triangles), and there was 1 false-positive cleavage site for aS1-
casein. Based on the above results, calculation of the ratio of the
number of matched sites among the total of the number of sites
identified by evaluation and the number of theoretical sites pro-
vides a match rate of this evaluation of 96.8% (120/124).

Meanwhile, when trypsin cleavage positions for casein protein
were identified by conventional LC-MS/MS-based peptide mapping
assay, 20 cleavage sites for aS1-casein, 17 sites for aS2-casein and 25
sites for b-casein were detected as cleavage sites (Fig. 2, shaded
triangles), and there were 4 false-positive cleavage sites for aS1-
casein, 2 false-positive cleavage sites for aS2-casein, and 13 false-
positive cleavage sites for b-casein. Based on these results, the
match rate of the evaluation by a conventional mapping assay is
68.8% (86/125). Comparison of the accuracy of the two kinds of
assay methods indicates that the Pep-MS assay allows the evalua-
tion of the cleavage sites withmuch higher sensitivity and accuracy.
Unfortunately, even Pep-MS assay resulted in one false-positive
and three false negative cleavage sites. Especially in the evalua-
tion of the N-terminal of SPOT No. 1 of aS1-casein, aS2-casein and b-
casein (Table 1), the estimated cleavage site was often not coinci-
dent with the theoretical cleavage site. This differencemight be due
to the difference between the peptide conformation when the
protease cleaves the interior part of the peptide andwhen it cleaves
the amino acid at the N terminal of the peptide. Further verification
of this hypothesis will be a next task in our research.

Effect of temperature conditions on the cleavage positions
using a microbial protease from B. subtilis Next, to compare
the differences in the cleavage positions resulting from differences
in the enzymatic degradation conditions, we evaluated using a mi-
crobial protease from B. subtilis. We synthesized a photo-cleavable
peptide array consisting of 7-mer overlapped by 6 amino acids (1
amino acid offset) and corresponding to a part of the primary
sequences of aS2-casein (Table 1). We hydrolyzed the peptide
array using a microbial protease from B. subtilis at 37�C, 50�C, or
63�C for 300 min. After the reaction of microbial protease and
release by irradiation with 302-nm UV, the peptides on each
recovered spot were analyzed by LC/MS. As mentioned above, the
cleavage results of aS2-casein were defined by two levels of scan
detection.

Fig. 3 shows that the results under three temperature conditions
reveal roughly similar cleavage positions, but some differences in
the cleavage strength were confirmed for several sites, such as Tyr-
Gln, Lys-Ala, Ala-Met and Val-Arg. This evaluation resulted in the
identification of the highest cleavage strength at 50�C. The degree
of hydrolysis (DH) of casein hydrolysate treated with this protease
also indicated that the cleavage strength at 50�C to be the highest
(18.1% at 37�C,18.9% at 50�C, and 15.0 % at 63�C). The above analysis
shows that the Pep-MS assay clarifies the difference in the cleavage
esized on peptide arrays.

asein (D) (A part of) aS2-casein (E) b-Lactoglobulin

Sequence Spot No. Sequence Spot No. Sequence

RELEELNV 1 QKFALPQ 1 LIVTQTM
LEELNVPG 2 KFALPQY 2 IVTQTMK
ELNVPGEI 3 FALPQYL 3 VTQTMKG
NVPGEIVE 4 ALPQYLK 4 TQTMKGL

VRGPFPII 29 VIPYVRY 155 QLEEQCH
GPFPIIVA 30 IPYVRYL 156 LEEQCHI

ots for a part of aS2-casein and (E) 156 spots for b-lactoglobulin were synthesized on



FIG. 2. Evaluated result map for cleavage positions: Cleavage positions in as1-casein (A), as2-casein (B), and b-casein (C) were mapped using the trypsin protease reagent. Open
triangles indicate the actual cleavage positions, closed triangles indicate the cleavage positions identified by Pep-MS assay, and shaded triangles and bars indicate cleavage positions
and peptide fragments identified by the peptide mapping system.
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patterns and cleavage strength due to the reaction temperature of
the protease. Since it is very important to determine the optimum
reaction temperature of the protease when it is used to process
proteins (17), we believe that Pep-MS assay would be a convenient
and useful tool for understanding the efficient production
conditions of peptides.

Confirmation of the change in cleavage strength with the
protease reaction time Next, to confirm the change in the



TABLE 2. Detected fragments for which ion intensity peak area is � n � 106.

aS1-Casein aS2-Casein b-Casein

Spot No. Sequence Spot No. Sequence Spot No. Sequence

1 RYPKYHPIKH 8 ISQETYKYQ 10 SEESITRYI
2 KHPIKYHQG 10 TYKQEKYNM 11 ESITRYINK
3 PIKYHQGLP 11 KQEKYNMAI 12 ITRYINKYKYI
9 NENLLRYFF 14 AINPSKYEN 13 RINKYKYIEK
10 NLLRYFFVA 18 LCSTFCKYE 14 NKYKYIEKYFQ
11 LRYFFVAPF 19 STFCKYEVV 15 KIEKYFQSE
15 PEVFGKYEK 20 FCKYEVVRYN 23 LQDKYIHPF
16 VFGKYEKYVN 21 KEVVRYNAN 46 EVMGVSKYV
17 GKEKYVNEL 33 ATEEVKYIT 47 MGVSKYVKE
19 VNELSKYDI 34 EEVKYITVD 48 VSKYVKYEAM
20 ELSKYDIGS 36 ITVDDKYHY 49 KVKYEAMAP
27 AMEDIKYQM 37 VDDKYHYQK 50 KEAMAPKYH
37 PNSVEQKYH 38 DKHYQKYAL 51 AMAPKYHKE
38 SVEQKYHIQ 39 HYQKYALNE 52 APKYHKEMP
39 EQKYHIQKE 40 QKYALNEIN 53 KHKYEMPFP
43 DVPSERYYL 43 INQFYQKYF 54 KEMPFPKYY
44 PSERYYLGY 44 QFYQKYFPQ 55 MPFPKYYPV
45 ERYYLGYLE 45 YQKYFPQYL 56 FPKYYPVEP
48 LEQLLRYLK 54 NPWDQVKYR 82 LSLSQSKYV
49 QLLRYLKKYY 55 WDQVKRYNA 83 LSQSKYVLP
50 LRLKYKYYKYV 56 QVKRYNAVP 84 QSKYVLPVP
51 LKKYYKVPQ 60 ITPTLNRYE 85 KYVLPVPQK
52 KYKYVPQLE 61 PTLNRYEQL 86 LPVPQKYAV
57 PNSAEERYL 62 LNRYEQLST 87 VPQKYAVPY
58 SAEERYLHS 66 SEENSKYKT 88 QKYAVPYPQ
61 HSMKYEGIH 67 ENSKKYTVD 90 PYPQRYDMP
64 IHAQQKYEP 68 SKKYTVDME 91 PQRYDMPIQ
73 FYPELFRYQ 72 STEVFTKYK 99 VLGPVRYGP
74 PELFRYQFY 73 EVFTKYKYTK 100 GPVRYGPFP
75 LFRYQFYQL 74 FTKYKYTKYLT 101 VRYGPFPII
76 RYQFYQLDA 77 LTEEEKYNR
95 ENSEKYTTM 78 EEEKNRYLN
96 SEKYTTMPL 79 EKNRYLNFL

80 NRLNFLKYK
81 LNFLKYKYIS
82 FLKKYISQR
83 KKISQRYYQ
84 ISQRYYQKYF
85 QRYQKYFAL
86 YQKYFALPQ
88 ALPQYLKYT
89 PQYLKYTVY
90 YLKYTVYQH
91 KYTVYQHQK
92 VYQHQKYAM
93 QHQKYAMKP
94 QKYAMKPWI
96 KPWIQPKYT
97 WIQPKYTKYV
98 QPKYTKYVIP
99 KYTKYVIPYV
100 KVIPYVRYY
101 IPYVRYYLA

The down arrow denotes the site of cleavage.

FIG. 3. Evaluated result map for cleavage positions in a part of aS2-casein after
hydrolysis with microbial protease from B. subtilis. These maps exhibit the result of
evaluation at 37�C (A), 50�C (B), and 63�C (C). The N-terminal sides of the detected
fragments for which the peak intensity was � 2n � 107 are indicated by broken-line
arrows, while the N-terminal sides of the detected fragments for which the peak
intensity was � 4n � 107 are indicated by solid arrows.
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cleavage strength with the protease reaction time, we undertook
the following evaluation. We synthesized a photo-cleavable
peptide array consisting of 7-mer overlapped by 6 amino acids
(1 amino acid offset) and corresponding to the primary sequences
of b-lactoglobulin (Table 1), and hydrolyzed the peptide array
using a microbial protease from B. subtilis at a temperature of
50�C for 3, 30, or 300 min. As mentioned above, cleavage results
of b-lactoglobulin were defined by two levels of scan detection.

Fig. 4 shows the evaluation results: the first line (top arrow),
second line (middle arrow), and third line (bottom-most of the
three arrows) correspond to the hydrolysis of the peptide array
using a microbial protease from B. subtilis at 50�C for 3, 30, and
300 min, respectively. The results indicate that both the cleavage
strength and number of cleavage points increases with the reaction
time. The degree of hydrolysis (DH) of casein hydrolysate treated
with this protease also indicates that the cleavage strength
increases with the reaction time (12.3% for 3 min, 16.3% for 30 min,
and 18.9% for 300 min). Interestingly, AA61-70 of b-lactoglobulin
was not cleaved in 3 min but cleaved slightly at AA66-67 in 30 min
and strongly at AA66-67 and AA69-70 in 300 min. AA58-77 of
b-lactoglobulin is known as an epitope in milk protein-reactive
patients (18). These results suggest that it is necessary to hydro-
lyze the protein for a longer time to reduce the allergen content of
milk by cleaving the epitope site of AA61-70 with this microbial
protease. Thus, Pep-MS assay can be applied not only to understand
the cleavage site of the enzyme but also to screen the optimal re-
action condition for cleaving a target peptide.

Conclusion In this study, we developed the Pep-MS assay to
identify the protease cleavage positions. There might be some
opinions that it is better to use directly mass spectrometer than
indirectly it via LC for high-throughput analysis. For example using
SELDI plate we can directly and immediately detect sequence
molecular weight. However, in this paper, in order to more clearly
distinguish cleaved peptides and uncleaved peptides after enzyme
treatment, LC separation process was incorporated. In Fig. S1, we
showed raw data (some excerpts) of LC chromatograph. As shown
in Fig. S1CeE, depending on SPOT, cleaved peptide fragments and
uncleaved peptide fragments are mixed. To accurately qualify and
quantify all these peptide fragments, we thought that it is
necessary to separate each peptide fragment by LC.

The Pep-MS assay could evaluate the protease cleavage posi-
tions at a higher accuracy than the conventional LC-MS/MS-based
peptide mapping assays, and be used to examine the effects of
temperature and time on cleavage positions during protease
treatment. In the conventional LC-MS/MS-based mapping assay,
the theoretical MS/MS data of a possible peptide fragment is
extracted comprehensively from the amino acid sequence data of
the target protein and the amino acid sequence of the peptide
fragment is identified by comparing the experimental datawith the
theoretical one. The analysis software ranks the peptide sequences
of the candidates being identified according to the unique scoring
rule, but it is not able to comprehensively and exactly identify all
the peptide fragments because of insufficient LC-separation or the
presence of peptides with similar molecular weights and protease
peptides produced by autolysis. In contrast, the Pep-MS assay en-
ables separate analysis of the peptide fragment for each SPOT. The
Pep-MS assay is able to comprehensively and exactly identify all the
peptide fragments, because it has the LC system that can easily
separate peptide fragments for each spot and the removal system



FIG. 4. Evaluated result map for cleavage positions in b-lactoglobulin after hydrolysis with microbial protease from B. subtilis. This map shows the result of evaluation for 3 min
(first row), 30 min (second row), and 300 min (third row). The N-terminal sides of the detected fragments for which the peak intensity was � 2n � 107 are indicated by broken-line
arrows, while the N-terminal sides of the detected fragments for which the peak intensity was � 4n � 107 are indicated by a solid arrow.
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that can wash out impurities for example protease peptides.
Therefore, it is considered to have higher accuracy than conven-
tional methods.

We believe that the Pep-MS assay is a promising method for
evaluating the substrate specificity of proteases, which will be
useful to find effective production conditions for functional pep-
tides from foods and effective hydrolysis conditions for decreasing
the allergen of food proteins.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2019.02.005.
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