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Short peptides have become the focus of recent research due to their variable bioactivities, good digestibility and
wide existences in food-derived protein hydrolysates. However, due to the high complexity of the samples,
identifying short peptides still remains a challenge. In this work, a tool, named PeposX-Exhaust, was developed
for short peptide identification. Through validation with known peptides, PeposX-Exhaust identified all the
submitted spectra and the accuracy rate reached 75.36%, and the adjusted accuracy rate further reached 98.55%
when with top 5 candidates considered. Compared with other tools, the accuracy rate by PeposX-Exhaust was at

least 70% higher than two database-search tools and 15% higher than the other two de novo-sequencing tools,
respectively. For further application, the numbers of short peptides identified from soybean, walnut, collagen
and bonito protein hydrolysates reached 1145, 628, 746 and 681, respectively. This fully demonstrated the
superiority of the tool in short peptide identification.

1. Introduction

As known, short peptide sequences are important substances with
good digestibility and various bioactivities such as antioxidation, anti-
hypertension, et al. (Agyei et al., 2018; Nasri, 2017; Priya, 2019). They
have been widely used in biological medicines(Kaur et al., 2021) and
nutraceuticals(Suleria et al., 2015) due to their potential health profits.
For food processing, short peptides are generally released from the
enzymatic hydrolysis or fermentation of food-derived proteins. How-
ever, due to the general cutting sites and low purity of the widely used
food-grade proteases, an extremely complex peptide composition is
usually presented in the hydrolysates(Nasri, 2017). In order to reveal the
release mechanisms and explore the bioactivities of peptides, it is crucial
to characterize the peptide composition of the food-derived protein
hydrolysates.

Following with the rapid development of proteomics, peptidomics
has also advanced significantly during the past decades (Dallas et al.,
2015; Zhang et al., 2014). The present proteomics tools, such as
MASCOT(Perkins et al., 1999), SEQUEST(Eng et al., 1994), MaxQuant

(Cox & Mann, 2008), ProteoWizard(Kessner et al., 2008), PepNovo
(Frank & Pevzner, 2005), pNovo3(Yang et al., 2019), Peaks(Ma et al.,
2003), et al., provide efficient and mature techniques for reading, con-
verting, and visualizing mass data, as well as the identification of pep-
tides. This greatly facilitates the analysis of food-derived protein
hydrolysates and ferments in peptidomic analysis. Nevertheless, despite
the applicability in peptidomic analysis, limitations in identification of
short peptides are evidently present for database-search proteomics
tools like MASCOT, SEQUEST, etc. (Sayd et al., 2018) In contrast, de
novo-sequencing methods (such as PepNovo, pNovo3, etc.) perform
better and are usually suggested for use to bypass the limitations, but the
performance and identification rate in short peptide identification still
remains to be improved (Martini et al., 2021). To solve the problem,
several stopgap semi-automated methods were established, through the
construction of home built-in database of the preset peptides with a
length range of 2-4 by Matlab and subsequent filtration of mass spectra
by Compound Discoverer 3.0 (Cerrato et al., 2020; Piovesana et al.,
2019). However, manual processes were still needed to differentiate
peptide isomers with a low efficiency for the method. Besides, the
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identification of short peptides with a length over 4 is not supported due
to the intolerance of the extremely enlarged database. The high
complexity of the methods and dependence on commercial software also
bring much trouble to users. To fundamentally address the problem, an
open-source, fully-automatic and efficient tool for peptidomic analysis
of short peptides is necessitated to facilitate the exploration of food-
derived peptides.

In this work, a tool named PeposX-Exhaust was developed and
introduced to solve the challenge of identifying short peptides from
food-derived protein hydrolysates. The accuracy of the tool was evalu-
ated through the test on LC-MS/MS datasets acquired from known
peptide mixtures, and the related comparison was also performed
among the present tools. Besides, the tool was further applied in ana-
lyses of several common food-derived protein hydrolysates to illustrate
the feasibility and superiority of the method in identifying short peptides
from highly complex samples. We hope this work will help to facilitate
the exploration of short peptides from no matter food-derived or bio-
logical samples.

2. Materials
2.1. Materials and chemicals

Glutathione (purity > 95 %) was purchased from Macklin
Biochemical Co., Ltd (Shanghai, China) and prepared at a concentration
of 1 mg/ml for use to preliminarily validate the method. The peptide
mixtures were prepared as reported in our previous work(Xu et al.,
2019). soybean, walnut, collagen, and bonito protein hydrolysates were
purchased from Guangdong Huapeptides Biotechnology Co., Ltd and
dissolved in ultrapure water at a concentration of 2 mg/ml. LC-MS grade
methanol, acetonitrile and formic acid were purchased from Macklin
Biochemical Co., Ltd (Shanghai, China).

2.2. UHPLC-ESI-QTOF-MS/MS analysis of samples

The UHPLC-ESI-QTOF-MS/MS analysis of samples were carried out
on a Nexera UHPLC system (Shimadzu, Kyoto, Japan) coupled to an
electrospray ionization quadrupole time-of-flight mass spectrometry
(AB Sciex X500R, Framingham, MA USA). The mobile phase consisted of
A (acetonitrile) and B (water) with 0.1 % (v/v) formic acid, and the
gradient elution procedure was set as follows: 0-4.00 min (5.0 % A
isocratic), 4.00-6.00 min (5.0-10.0 % A), 6.00-30.00 min (10.0-40.0 %
A), 30.00-34.00 min (40.0-90.0 % A), 34.00-40.00 min (90 % A iso-
cratic), 40.00-42.00 min (90.0-5.0 % A), 42.00-52.00 min (5.0 % A
isocratic). A HSS T3 column (1.8 pm 100 A, Waters, USA) with the inner
diameter narrowed at 1.0 x 100 mm was used for the separation. The
injection volume was 1 pL. The flow rate was 0.05 mL/min, and the
column temperature was set at 45 °C. The mass spectrometer was
operated in positive mode with top four precursor ions automatically
fragmented for MS/MS analysis. The mass detection range was set to
50-1200 m/z. For other parameters, the default values recommended by
the workstation software SCIEX OS 2.0 (AB Sciex, Framingham, MA
USA) were used.

2.3. Data format conversion

The raw mass spectrum data were converted to files in the format (*.
mgf) using the freely accessible freeware ProteoWizard (version 3.0.22)
(Kessner et al., 2008). For this process, the “peakPicking” was enabled
with vendor msLevel = 1-2. The absolute signal threshold was set to 30.
The option “Use zlib compression” was disabled.

2.4. Identification of short peptides

For peptide identification by PeposX-Exhaust, the peptide mass
tolerance was 0.005 Da and the fragment ion tolerance was 0.02 Da. The
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length range of peptides was set 2—4 for glutathione and 2-6 for other
complex samples, respectively. For comparison with other tools
including MASCOT (Perkins et al., 1999), SEQUEST (Eng et al., 1994)
packaged in Proteome Discoverer (Orsburn, 2021), PepNovo+ (Frank &
Pevzner, 2005; Frank, 2009) packaged in DenovoGUI (Muth et al., 2014)
and pNovo3 (Yang et al., 2019), the peptide mass and fragment ion
tolerance were all set 0.005 Da and 0.02 Da, respectively. The protein
database used for MASCOT and SEQUEST were downloaded from Uni-
Prot (The UniProt Consortium, 2023) in May 2023. More detailed pa-
rameters used for analysis of complex samples are shown in
supplemental Table 1S.

3. Results and discussion
3.1. Overview

The schematic diagram of the tool “PeposX-Exhaust” for short pep-
tide identification from protein hydrolysate is shown in Fig. 1A. From
the figure, the identification procedure can be divided into three parts:
(1) preparing: pre-setting relevant variables and processing LC-MS/MS
data. (2) peptide identification and screening: enumerating peptides at
the given length range with generation of the theoretical MS and MS/MS
information, and comparing the theoretical information with experi-
mental MS and MS/MS spectra, followed by screening peptide candi-
dates. (3) scoring and ranking: scoring the peptide candidates and
screening the identified peptides. The three parts contribute to the
lightweight, effective, and non-missing search performance of the tool
together.

3.2. Preparation

3.2.1. Pre-setting relevant variables

Reasonable setting of variables is important for the efficient identi-
fication of peptides. Fig. 1S (see Supporting Information) presents a
detailed instruction for variable settings before using the tool. Notably,
the tool supports specifying the length range of target peptides (usually
2-6 amino acid residues), product ion type, the signal intensity
threshold of precursor ions and mass-to-charge ratio (m/z) tolerances,
etc. In general, the signal intensity threshold of precursor ions is rec-
ommended to be set as more than 3 times larger of the instrument noise
intensity.

3.2.2. Reading and pre-processing LC-MS/MS data

The LC-MS/MS data in format (*.mgf) are firstly loaded and read
using a built-in module packaged in PeposX-Exhaust, and then the pre-
processing of the data begins. This plays a key role in providing high-
quality MS and MS/MS information for the further peptide identifica-
tion. The corresponding procedure can be divided into four steps as
follows (Fig. 1B):

(1) Noise abatement. For output data obtained from mass spec-
trometer, usually only about less than 10 % of the peaks are
useful, while the others are usually physical noise generated by
the instrument, or the isotopic peaks (also called isotopic noise)
which may confuse the accurate results (Michalski et al., 2011).
Thus, it is essential to abate the noise in mass data. In this work,
noise abatement is performed through the filtration of signal in-
tensities of the fragment ions, and those with an intensity lower
than the given threshold are discarded (Cannataro et al., 2005).
Multi-to-single charge conversion. To standardize the mass
spectra information and simplify the process, all multi-charged
ions including precursor ions and fragment ions are converted
to single-charged ions by m/z calculation.
(3) Charge correction of precursor ions. There is a common phe-
nomenon that molecules may aggregate together and appear as
double-molecule ions (2 M + H') when analytes are injected in

(2
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high concentration to mass spectrometry equipped with electro-
spray ionization source. In that case, considering the simulta-
neous existence of single-molecule ions (M + H'), the single
charged precursor ions may be mistakenly recognized as double
charged ions in charge calculation by related-ion deconvolution.
An example is presented in the supporting information Fig. 25(A)
for the phenomenon. From the figure, the single charged ion of
glutathione was mistakenly marked as a double charged ion by
the software DataAnalysis 4.0 (Bruker Daltonics GmbH, Ger-
many). To address the above issue, a charge correction step has
been added in the newly designed workflow of PeposX-Exhaust.
Specifically, all precursor ions with multiple charges are
screened to ensure that charge values displayed in their MS and
MS/MS spectra match. If they do not, charge values from MS/MS
spectrum are used. As shown in the Fig. 2S(B), the charge value
(+1) was used for the precursor ion of glutathione. This approach
can help to improve the accuracy of subsequent spectrum iden-
tification, which is one of the advantages of this tool over other
software.

Fig. 1. (A) The schematic workflow of the tool for short peptide identification. (B) The schematic presentation of processing LC-MS/MS data. (C) The schematic
diagram of peptide identification and screening process. (D) The schematic table of peptide scoring and ranking.

(4) Filtration of precursor ions. After charge check and correction,

filtration is performed in two steps: (a) screening the compounds
with precursor ion signal intensities higher than the pre-set
threshold (marked as set S1); (b) retaining the compounds from
S1 with precursor ion m/z values within the pre-set range
(marked as set S2). In this way, valid MS and MS/MS data of the
compounds are obtained for the subsequent identification.

3.3. Peptide identification and screening

In order to identify short peptides with efficiency and accuracy, an
enumeration model based on the given peptide length range (the lower
value, Lpin; the upper value, Ly,,x) and amino acid residues (see sup-
porting information Table 2S) is proposed by the tool. As illustrated in
the Fig. 1C, the specific steps for the procedure are as follows: (1) Coding
the pre-defined amino acid residues with a total number of N (usually N
= 20) as 0 ~ N-1; (2) Selecting a length value (initially, L = Lp;,) within
the pre-set peptide length range; (3) Calculating the total number of
possible theoretical peptides (N") and coding each peptide as sequence
number from 0 to N'-1; (4) Selecting an SN value (initially, SN = 0) and
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Transferring the value to sequence codon through the base N conver-
sion; (5) Translating the sequence codon to a peptide sequence; (6)
Generating the theoretical MS and MS/MS information; (7) Comparing
the theoretical information with experimental spectra contained in S2
and performing match analysis; (8) Screening and caching the matched
results in memory; (9) Enumerating the next peptide at SN = SN + 1
(repeating step 4-8 until SN > N-1) or L = L + 1 (when SN > N1,
repeating step 2-8 until L > Lpay).

During the procedure, the use of sequence number and its trans-
formation to sequence codon is the most interesting part of the method,
which is beneficial to theoretically enumerate all possible peptides at the
given length range. For step 6, the theoretical MS information (mass-to-
charge ratio, m/z) is calculated according to the formula 1, while the
MS/MS information (the m/z lists of the product ions including a, b and
y ions) is generated according to the formulas (2-4), respectively.

L
Cale.mz = M(H*)+ Y M(A;) +M(H,0) 6h)

P

mz(a;) = M(H?) + E,]'(:ljl"[(A/) — M(CO) o

_M(HY) + 3 M(4)

M(H*)+ Y0, M(4)) + M(H,0)
1

mz(ye) = @
where Calc.mz is the m/z value of the theoretical precursor ion; M(Ma
et al.) is the molar mass of the j’th amino acid residue contained in the
peptide; M(H") is the molar mass of the hydrogen ion; M(H,0) is the
molar mass of the water molecule; L is the number of composed amino
acid residues of the peptide (also the length of the peptide), and mz(ay),
mz(by) and mz(yy) represent the mz values of k’th a, b, and y fragment
ion, respectively. M(CO) is the molar mass of CO (carbonyl).

For step 7, the m/z differences of precursor ions between the theo-
retical peptide and experimental compounds from S2 are firstly calcu-
lated, and the compounds with absolute difference values lower than the
pre-defined MS tolerance threshold (E;) are retained and marked as set
S3. Then the MS/MS spectra of the compounds contained in S3 are
further compared with the theoretical MS/MS information one by one,
and the fragment ions of each compound with the absolute m/z differ-
ence values lower than the pre-defined MS/MS tolerance threshold (E3)
are marked and counted as F. Subsequently in step 8, the compounds
with cover rate (C;, calculated according to the formula 5) of matched
fragments higher than the pre-defined threshold are screened and the
theoretical peptide is cached as a potential candidate of these com-
pounds. It should be noted that the maximal value of C; is selected for
the screening process for each compound while match analysis is per-
formed simultaneously in a, b, and y ions.

C == 5)

The design of the above procedure is the core for this tool to identify
short peptides as more as possible within the given length range.
Particularly, this allows the short peptide identification without a source
protein database, which can greatly facilitate the peptidomic analysis.
Besides, the above designed procedure can commendably avoid exces-
sive memory usage of loading any databases at once during the program
execution. This also contributes a lot to developing the parallel pro-
cessing capability of the tool through the distribution of different
theoretical peptides to different processing cores, which can greatly
accelerate the processing speed.
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3.4. Scoring, ranking and selection of peptide candidates

After the primary identification and screening of peptides described
above, a set of peptide candidates can be obtained, followed by the
scoring of these candidates to associate the target peptides with the
highest confidence. In this paper, the scoring method involves two in-
dicators, and the combined utilization of the two indicators is also
proved of high confidence to achieve satisfying results in the subsequent
experiments.

The first indicator (Sa) is related to the kinds of fragment ion series
generated from the peptide candidate that can be perfectly matched
with the experimental spectra, like a, b and y ion series etc. In detail,
when a kind of fragment ion series generated from the peptide candidate
can be completely matched with the experimental MS/MS fragments, 10
points are scored to the candidate as Sa. For example, if there are 2 kinds
of fragment ion series or clusters completely matched with the MS/MS
spectra, 20 points are then awarded as Sy = 20.

The second indicator mainly describes the proportion of the matched
product ions to the whole theoretical product ions. For calculation of the
indicator, the number of matched product ion species is counted as Ny,
and then the indicator can be obtained as follows:

Ny

Sp =
BTCoxL

x 100 (6)

where C is the number of types of the fragment ion series pre-defined by
the user. Through the scoring of peptide candidates, only those with
score Sy and Sg higher than the pre-defined threshold are reserved and
saved to the results. Preferably before the exhibition and exportation of
the results, peptide candidates of each spectrum are sorted according to
their values of Sy, Sg, E1 and E; at the priority order of Sy > Sg > E; > Eo,
and generally, the first candidate is selected for each spectrum as the
final results. With consideration of such a scoring and screening method,
wherein the higher scores of Sy and Sp, the higher credibility of the
identification results, and the smaller errors of E; and Ep, the higher
confidence of the candidates. It’s worth noting that all the peptide
candidates satisfied with the pre-defined requirements are exported and
presented in the final results, so that users can manually modify or select
the candidates according to the sample features and users’ experiences.
This is very important for identification of short peptides, since there is
usually more than one peptide candidate that can be perfectly matched
with the experimental MS/MS spectra, which is also very helpful for
researchers to know more about their samples. In addition, researchers
are also allowed to load the protein database downloaded from UniProt
(The UniProt Consortium, 2023) to locate the protein sequences asso-
ciated with the peptide candidates (Fig. 3S), which can aid in further
studies of targeted peptides.

3.5. Application and discussion

3.5.1. Analysis of the standard sample (glutathione) using PeposX-Exhaust

In this section, the standard sample (glutathione, GSH, y-Glu-Cys-
Gly) was first used for the test of PeposX-Exhaust. By referring to the
methods previously described in section 2.2 and 2.3, the MS and MS/MS
data of GSH were obtained and exported as file in *.mgf format. For
further data process and peptide identification, the length range of
target peptides was set as 2-4, and product ion series including a, band y
ions were all enabled. The MS and MS/MS tolerances were set as
mentioned in section 2.4, and the results were exported as a *.csv file
and presented in Table 1. From the table, there were 4 candidates given
by the tool, and all of them were found with at least one kind of product
ion series that could be matched with the experimental spectra. How-
ever, benefiting from the excellent scoring method and ranking mech-
anism, the correct peptide sequence (ECG) was listed in the first row of
the table. Besides, the identification process tool only 32 s to achieve
analysis and the size of the packaged algorithm was only 25.6 MB. This
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Table 1

The identification results of the compound spectra of standard sample (glutathione) by PeposX-Exhaust.

Spectrum title Rank  Peptide  Measured Theoretical Score A Score B E; (Da) E,(Da)
m/z m/z (Sa) (Sp)

guguanggantai2.401.401.1 File:*”, NativelD:“sample = 1 period = 1 cycle 0 ECG 308.0906 308.0911 20 88 0.0005 0.0012
= 316 experiment = 2" 1 CEG 308.0906 308.0911 10 66 0.0005 0.0029
2 EGC 308.0906 308.0911 10 55 0.0005 0.0028
3 DAC 308.0906 308.0911 10 44 0.0005 0.0105

Note: m/z, the mass-to-charge ratio of the ions; Sy and Sg, score indicators calculated as described in section 3.4, respectively; E; and E,, the MS and MS/MS tolerances,

respectively.

fully exhibited the high efficiency, outstanding accuracy and light-
weight size of PeposX-Exhaust. It should also be noted that MS/MS
spectra of short peptides might be usually presented with many candi-
dates with complete product ion series matched possibly due to the high
abundance in food-derived protein hydrolysates. To solve the problem, a
strict scoring and screening method as described in this work was one of
the effective means. The other feasible way was to evaluate the existence
probability of the candidate peptide in samples, which would be
included in our future work. In conclusion, the performance of PeposX-
Exhaust was remarkable due to its success in identifying the standards,
and more interesting experiments were deserved in the following
sections.

3.5.2. Performance of the tool in identification of short peptides from the
known peptide mixtures and its comparison with other exiting tools

For further validation of the tool (PeposX -Exhaust), it was subse-
quently tested in the identification of short peptides from the known
peptide mixtures, and a comparison with other tools, including
MASCOT, SEQUEST, PepNovo + and pNovo3, was also performed in this
section. One should note that not all standard peptides could be suc-
cessfully monitored in MS and MS/MS detection due to the limitations in
separating and detection methods, and interactions occurring between
each other of the peptides might also affect the mass detection. This

might interfere the objective evaluation of the accuracy rate by different
tools. Hence, the experimental spectra were filtrated through the
manual annotations (Biotools 3.2, Bruker Daltonics, Germany) and only
those with at least one kind of fragment ion series fully matched were
kept. Besides, only one spectrum with the best manual annotation effect
was retained for each known peptide. As shown in the supporting in-
formation Table 3S, a total of 69 experimental spectra were finally
retained and listed in a *.mgf file. It was then subsequently submitted to
the peptide identification tools.

(1) Performance of the tool in identification of short peptides from
the known peptide mixtures.

The identification results by PeposX-Exhaust for the peptide mixtures
are presented in Fig. 2. The sub-figure A shows the m/z differences be-
tween the experimental precursor ions and the theoretical precursor ions
of the first peptide candidate for each spectrum. Most identified peptides
were found with a m/z difference between —0.002 and 0.002, suggesting
a relatively high accuracy by the tool. Fig. 2B shows the charge distri-
bution of different precursor ions, and indicates a tendency that short
peptides may tend to be single-charged during the electrospray ioniza-
tion. This was somewhat different from those for long peptides, which
were usually multi-charged in electrospray ionization(Tu et al., 2018;
Wang et al., 2018). It should be noted that no charge number error was
detected in the experiment, so no charge correction was performed as

A 0.002; . B 3 .2
. o A z-adjust
of ¢
E 0000..$‘£~... .............................. %2. ° o ®
‘ S
< .o”..'.' o g
-0.002- o oo oo e o 1- commmmm o®ce © ©
'0-004 T T T .I 1 c T T T T 1
0 200 400 600 800 1000 o 200 400 600 800 1000
m/z m/z
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o o wm < ScoreA=20 o
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a 904 «xV llL insensitive &
2 % s
a X > 807
E 70- XXDIKEHH ++ S
S PSR S 701
@ 504 Wy 3
+ o, o+ S(J 60-
30 +l — L] L] - L] 1 5c L] L] L} 1
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Fig. 2. The identification results by PeposX-Exhaust for the peptide mixtures: (A) The mass-to-charge ratio (m/z) distribution of the precursor ions of the identified
peptides; (B) The charge distribution of the precursor ions (no charge correction performed in the analysis); (C) The score distribution of the identified peptides with
correct identifications marked in red; (D) The change in correct identifications by PeposX-Exhaust when considering the top 1-5 candidates. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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displayed in the sub-figure B.

Fig. 2C shows the score distributions of the identified peptides at
different precursor ion masses with correct ones marked in red. From the
figure, most of the compounds could be identified to peptides with high
accuracy through the results screening at Sy > 10. When attention was
paid to the identified peptides with Sp > 20, the erroneous identifica-
tions could be evidently deceased though accompanied with an evident
decrease in number of identified peptides. Hence, the value of 10 was
usually recommended for use of Sp in most cases, while the value of 20
was recommended in cases when higher accuracy was demanded. The
value of S was an associated indicator mainly used for the ranking of
peptide candidates for each compound spectrum and screening of the
results. From the figure, the results screening at Sg > 50 could also help
to decrease mistakes. This fully demonstrated the importance and
feasibility of the scoring method. It was interesting that errors were
rarely observed for compounds with precursor ion mass high than 400,
possibly due to the increasing difficulty for MS/MS spectra to be
perfectly matched with a kind of product ion series. One should also note
that the algorithm developed in this work could not yet differentiate
residues (leucine and isoleucine) contained in peptides as shown in the
Fig. 2C, and their impact on identification results was ignored as many
previous reports (Cox et al., 2011).

The change in correct identifications is presented in Fig. 2D when top
1-5 candidates were considered. From the figure, 52 of the 69 spectra
(accuracy rate = 75.36 %) were exactly identified when with only top 1
candidate (ranked 0) considered. While with top 2 candidates consid-
ered, the number of correctly identified spectra was evidently increased
and reached as high as 63 (approximately, the accuracy rate = 91.3 %).
What’s more, more correctly identified spectra and higher accuracy rate
were obtained when with more candidates considered as shown in the
figure. This fully demonstrated the feasibility and validity of the newly
developed tool.

(2) The performance comparison of the PeposX-Exhaust with other
tools in identifying short peptides from the known peptide mixtures.

The short peptide identification results by different tools are dis-
played in Fig. 3. From the Fig. 3A and B, the newly developed PeposX-
Exhaust successfully identified all the submitted spectra (identification
rate 100 %), and the lengths of the identified peptides were basically
consistent with the truth of the known peptides, exhibiting the excellent
ability in discovering short peptide. In contrast, the number of identified
spectra was only 19 (identification rate 27.54 %) and 2 (identification
rate 2.90 %) for SEQUEST and MASCOT, respectively. Besides, the
peptides identified by MASCOT and SEQUEST were presented with a
length not less than 6 and 5, respectively, possibly due to the algorithm
design. The main purpose of SEQUEST and MASCOT was to analyze
proteins contained in samples, and hence they were designed more
dedicated in identifying long or specific peptides. This made it unsuit-
able for these tools to identify short peptides of low or poor specificity
(Martini et al., 2021). The performance by de novo-sequencing tools
(PepNovo + and pNovo3) was relatively better than MASCOT and
SEQUEST. From the figure, the numbers of spectra identified by Pep-
Novo + and pNovo3 were 61 (identification rate 88.41 %) and 49
(identification rate 71.14 %), respectively. The performance difference
between the two tools mainly lies in the identification of dipeptides,
with 15 more dipeptides identified by PepNovo +. This well explained
the applicability of de novo-sequencing tools in short peptide identifi-
cation, although the performance could be further improved.

For further validation and comparison of these tools, the accuracy
rate with top 1 candidate considered and the adjusted accuracy rate with
top 5 candidates considered were surveyed and displayed in the Fig. 3C.
From the figure, the highest accuracy rate (75.36 %) and adjusted ac-
curacy rate (98.55 %) were both obtained by PeposX-Exhaust, respec-
tively. Notably, the accuracy rate was at least 70 % higher than the two
database-search tools (MASCOT and SEQUEST), and 15 % higher than
the other two de novo-sequencing tools (PepNovo + and pNovo3). The
accuracy rate cumulative curves of the five tools were also figured out in
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Fig. 3. The performance and comparison of different tools in identifying short
peptides from the known peptide mixture: (A) the number of spectra identified
and the corresponding identification rate, which represents the percentage of
the number of identified peptides to the total number of submitted spectra; (B)
the length distribution of the identified peptides; (C) the accuracy rate and
adjusted accuracy rate. The accuracy rate represents the percentage of MS/MS
spectra that were correctly identified with the use of the top 1 peptide candi-
date, while the adjusted accuracy rate represents the percentage of MS/MS
spectra that could be correctly identified with the use of top 5 pep-
tide candidates.



W. Liu et al.

Fig. 55, and evident improvements in identification performance were
also observed by PeposX-Exhaust. This fully demonstrated the superi-
ority, validity, and feasibility of the newly developed algorithm, which
could greatly facilitate the identification of short peptides from complex
samples.

3.5.3. Application and comparison of the algorithms in identification of
short peptides from common food-derived protein hydrolysates

Four data sets acquired from the LC-MS/MS analyses of complex
samples including the common soybean, walnut, collagen and bonito
protein hydrolysates, consisting of 8619, 7777, 7237 and 7335 experi-
mental MS/MS spectra, were used for the further validation and com-
parison of the PeposX-Exhaust with other existing tools in this section.
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Fig. 4. The performance of different tools in identifying short peptides from the
common food-derived protein hydrolysates: (A) the number of peptide spectra
matches (PSMs);(B) the number of identified short peptides; (C) the ratio of
PSMs to peptides.

Food Chemistry: X 22 (2024) 101249

As shown in the Fig. 4, the performance by PeposX-Exhaust in identi-
fying short peptides was evidently better than that by the other four
tools. From the Fig. 4A and B, hundreds or even thousands of the spectra
and short peptides were identified by PeposX-Exhaust, respectively.
Besides, the ratio of peptide spectrum matches (PSMs) to short peptides
for different samples was between 1.40 and 1.80 (Fig. 4C), suggesting a
relatively high credibility of the results by PepOS-Exhaust and a strong
capability of the algorithm to explore short peptides from complex
samples. In comparison, the number of spectra and short peptides
identified by pNovo3 were slightly lower than PeposX-Exhaust, while
PepNvo + performed less well. One should note that only a few or even
no spectra and short peptides were identified by SEQUEST and
MASCOT, respectively, showing a powerlessness and unsuitability of the
two tools to identify short peptide from the complex food-derived pro-
tein hydrolysates. Frankly, SEQUEST and MASCOT were much better in
identification of specific long peptides rather than non-specific short
peptides. Their outstanding superiorities and advantages in proteomic
analysis have been widely reported and known by many researchers,
offering the guidance to developments of peptidomics.

As mentioned above, there were usually a lot of short peptides
contained in food-derived protein hydrolysates resulting from the use of
crude proteases of general cutting sites. Fig. 5 shows the length distri-
bution of short peptides identified from the four data sets by PepNovo+,
pNovo3 and PeposX-Exhaust. From the figure, the lengths of peptides
identified by different tools were mainly concentrated in the range of
2-5 as expected, indicating a necessity and worth to efficiently identify
short peptides in order to further explore bioactive peptides. Compared
with the results by PepNovo + in the Fig. 5A, evidently higher number of
identified peptides across different length values were obtained by
pNovo3 and PeposX-Exhaust. Interestingly, similar variation trend in
the number of identified peptides was roughly observed between the
results by pNovo3 (Fig. 5B) and PeposX-Exhaust (Fig. 5C). The main
difference between the two tools still lied in the performance in iden-
tifying dipeptides as mentioned before in the section 3.5.2. Besides, the
numbers of peptides with a length range of 5-6 identified by PeposX-
Exhaust were also a slightly higher than that by pNovo3, possibly due
to the differences in the algorithm method design. It should be noted
that, there were quite a few peptides identified with a length between 5
and 6 from the collagen hydrolysates, illustrating a possible need of
further hydrolysis of the product for better digestibility. This fully
illustrated the utility and feasibility of PeposX-Exhaust in identifying
short peptides from complex food-derived samples.

One should also note that the algorithm was mainly tested and
validated in short peptides with a length range of 2-6, but the identifi-
cation of peptides with a length longer than 6 should be also achievable.
Nevertheless, it would be very time consuming. To speed the processing
procedure, multiprocessing technology was also equipped for the algo-
rithm. Users could freely control the number of processor cores at the
beginning of the processing. Generally, the time would be 20 times
longer than before when the target peptide length was additionally
extended with one residue. Therefore, in most cases, the algorithm was
mainly recommended for identifying peptides with lengths no more than
6, and target peptides with lengths over 6 were still advised to be pro-
cessed using the existing tools including MASCOT, SEQUEST,
PepNovo+, etc.

4. Conclusion

In this study, a short peptide identification tool named as PeposX-
Exhaust was developed. Through the test and validation on known
peptide mixtures, the algorithm was proved of high accuracy, feasibility
and efficiency for identification of short peptides. The accuracy rate and
adjusted accuracy rate for the peptide mixtures reached as high as 75.36
% and 98.55 %, respectively, which was much better than those by
MASCOT, SEQUEST, PepNovo + andpNovo3, respectively. For further
application in analysis of complex food-derived protein hydrolysates,
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Fig. 5. The length distributions of the identified short peptides from common food-derived protein hydrolysates by PepNovo+, pNovo3 and PeposX-Exhaust.

relatively good performance was also achieved by the algorithm with
hundreds of short peptides identified. In general, PeposX-Exhaust was
highly recommended for use to identify short peptides with a length no
longer than 6. It provides a lightweight, feasible and efficient way for
such analyses, and will greatly facilitate the exploration of food-derived
peptides. The future work will be directed towards the enhancement of
such an algorithm to improve the accuracy at top 1 candidate and
overcome the drawbacks in long peptide identification, so that the
peptide composition of the food-derived protein hydrolysates can be
easily and efficiently revealed. One should note that, although the al-
gorithm was only tested in food-derived protein hydrolysates, its
extension to biological samples should at most need some minor revi-
sion. The packaged algorithm and parameter settings are available at
WWW.DepOSX.com.
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