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Ryota Tomioka'°®, Ayana Tomioka'®, Kosuke Ogata’, and Yasushi Ishihama'*"

Bottom-up proteomics is a powerful technique for
comprehensive analysis of proteins by proteolytic cleav-
age followed by LC-MS/MS to identify the resulting pep-
tides. Trypsin is the gold-standard protease for bottom-
up proteomics, though its cleavage specificity limits
peptide identification, depending on the protein
sequence. In addition, its optimal pH is weakly alkaline,
which can cause modification artifacts such as deami-
dation. We hypothesized that these limitations might be
overcome by using protease type Xlll (P13ase) from
Aspergillus saitoi, which is active at low pH. P13ase has
been used for protein structural analysis by hydrogen-
deuterium exchange mass spectrometry, but its cleav-
age preferences have not been clarified. Here, we
demonstrated that P13ase exhibits a preference for
cleaving the C-terminal sides of leucine (21%), lysine
(19%), and arginine (15%) residues, and that the optimal
conditions for P13ase digestion in bottom-up proteomics
are pH 3.5 and 37 °C for 60 min. Under these conditions,
sequence coverage of more than 90% was achieved for
several proteins in HelLa cell extracts, which is
unachievable with trypsin. In addition, P13ase digestion
reduced artifacts such as deamidation products gener-
ated by cyclization reactions and subsequent hydrolysis.
These results indicate that P13ase is a promising new tool
for precision proteomics.

Protein digestion is an important technique for character-
izing proteins. For example, the sequence of an antibody drug
can be identified by mass spectrometric analysis of peptides
generated by cleaving peptide bonds (1). Indeed, protein
digestion is a crucial and essential step not only in such single
protein analysis but also in bottom-up proteomics using LC-
MS/MS, and stringent control is required to ensure accurate
identification and quantification of each protein (2, 3). Trypsin
has been widely used as the gold standard protease in pro-
teomics due to its cleavage specificity, high digestion effi-
ciency, and ready availability (4, 5). Trypsin can specifically

cleave the C-terminal side of lysine and arginine, but the
peptides generated by trypsin are sometimes excessively
long or short, making it difficult to identify the entire sequence
of proteins of interest (4, 5). Therefore, alternative proteases
with different specificities, such as Lys-C, Lys-N, Asp-N, Glu-
C, Arg-C, chymotrypsin, and ProAlanase, have been adopted
for bottom-up proteomics (6, 7), and combinations of these
proteases have been reported to improve coverage
compared to trypsin alone. In addition, modifying the
sequence of proteases can enhance their functionality. For
example, methylating the lysine residues of trypsin has been
reported to inhibit self-digestion, and modifying the Arg-C
sequence has been shown to improve the cleavage speci-
ficity (8, 9). Furthermore, subtilisin, proteinase K, and ther-
molysin, which have relatively low cleavage specificity, have
been proposed as proteases for rapid digestion (10). In
addition to these alternative proteases, chemical modifica-
tions have been employed to expand the cleavage sites of
trypsin (11-13). However, there is still a need for new methods
to improve coverage.

The challenges in trypsin digestion are not limited to the
length of the generated peptides. Another issue is the modi-
fication artifacts generated due to the optimal pH of trypsin
(pH 7-9). Specifically, under these conditions, artifacts are
produced by cyclization reactions followed by hydrolysis (14,
15). These artifacts can cause false-positive identifications
and distort quantitative analysis, thereby complicating data
interpretation. Various attempts have been made to over-
come this problem. Liu et al. (15) demonstrated that digestion
using Glu-C protease at pH 4.5 in ammonium acetate effec-
tively removed deamidation artifacts. Cao et al. (16) devel-
oped a new low-pH peptide mapping protocol combining
Lys-C and modified trypsin to enable qualitative and quanti-
tative characterization of succinimidyl intermediates and
deamidation products. However, lowering the digestion pH
shifts the protease out of its optimal pH range, reducing
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digestion efficiency. There are also thermostable acidic
archaeal proteases that function optimally at pH 2 to 4 and
exhibit high digestion efficiency (17, 18), but their cleavage
specificity is relatively low, and their artifact suppression ef-
ficacy remains unclear.

In trypsin digestion, the relatively long digestion time
(overnight) is also an issue. While trypsin-immobilized spin
columns can complete digestion in approximately 10 min
(19-21), in-solution digestion is still superior in terms of cost
and reproducibility, and methods to achieve short digestion
times under in-solution digestion conditions are needed.

P13ase from Aspergillus saitoi digests a wide range of
proteins with optimal activity at pH 2.5 to 3.0 (22, 23). It has
received much attention in recent years, especially for appli-
cation in hydrogen-deuterium exchange mass spectrometry,
where it is essential to carry out digestion within a short time
at low temperature and low pH (24-28). This protease is an
acidic and nonspecific protease, but its cleavage preference
is not the same as that of pepsin, enabling the generation of a
variety of peptides (26, 28). While P13ase has been increas-
ingly used in hydrogen-deuterium exchange mass
spectrometry in recent years, it has hardly been utilized in
bottom-up proteomics. One reason for this is that optimal
digestion conditions, such as pH, temperature, and digestion
time, as well as the enzyme’s cleavage preferences, remain to
be systematically evaluated. Understanding these parameters
is critical to maximize the utility of type Xl proteases in a
bottom-up proteomics workflow.

In this study, we comprehensively evaluated the proteolytic
performance of P13ase using Hela cell lysate as a model
system, aiming to maximize the potential of P13ase with
state-of-the-art LC-MS/MS analysis and data processing
systems. The effects of digestion pH, temperature and reac-
tion time on peptide and protein identification, the cleavage
preferences and the extent of artifact formation were exam-
ined. Finally, P13ase was compared with trypsin under opti-
mized conditions to establish its potential as a new protease
for proteomics research.

EXPERIMENTAL PROCEDURES
Materials

Urea, DTT, iodoacetamide (IAA), Ambic, acetonitrile, acetic acid,
sodium hydroxide, hydrochloric acid, formic acid, and TFA were
obtained from FUJIFILM Wako. P13ase from A. saitoi was obtained
from Sigma-Aldrich (Cat No P2143). Sequencing-grade modified
trypsin was obtained from Promega. Polystyrene-divinylbenzene
Empore disks were from GL Sciences. Water was purified with a
PURELAB Quest system (ELGA LabWater).

Sample Preparation

Hela cells were cultured in Dulbecco’s modified Eagle’s medium
containing 1x antibiotic-antimycotic solution with 10% fetal bovine
serum at 37 °C under 5% CO,. Hela cells were pelleted by centri-
fugation and proteins were denatured with 8 M urea in 50 mM Ambic

solution and extracted by sonication. The concentration of proteins
was determined by bicinchoninic acid assay. Proteins were reduced
with 10 mM DTT in 50 mM Ambic solution at 37 °C for 30 min and
carbamidomethylated with 50 mM IAA in 50 mM Ambic solution at 37
°C for 30 min. Proteins were 10-fold diluted with 1% formic acid (pH
1.5, 2.0, 2.5, 3.0, 3.5, and 4.0) for P13ase digestion or 10-fold diluted
with 50 mM Ambic solution (pH 7.8) for trypsin digestion. Proteins
were digested with P13ase (protein:enzyme = 10:1, w/w) or trypsin
(protein:enzyme = 100:1, w/w). The enzyme:protein ratio for P13ase
was established based on a previous report (29). Trypsin digestion
was performed at 37 °C for 16 h, while the P13ase digestion condi-
tions during the optimization process are described together with the
results in the following section. Digests were desalted in reversed-
phase StageTips (30, 31) as described previously.

NanoLC-MS/MS

NanoLC-MS/MS was performed on an Ultimate 3000 liquid chro-
matograph combined with an Orbitrap Exploris 480 mass spec-
trometer (Thermo Fisher Scientific). The mobile phases for liquid
chromatography consisted of solvent A (0.5% acetic acid) and sol-
vent B (0.5% acetic acid and 80% acetonitrile). Peptides were
separated on self-pulled needle columns (250 mm length, 100 um ID)
packed with Reprosil-Pur 120 C18-AQ 1.9 pm reversed-phase ma-
terial (Dr Maisch) at 50 °C in a column oven (Sonation). The injection
volume was 5 pl and the flow rate was 400 nl/min. Digested peptides
were separated by applying a step gradient of 5% B for 5 min, 5 to
19% B for 55 min, 19 to 29% B for 21 min, 29 to 40% B for 9 min, 40
to 99% B for 0.1 min, and 99% B for 5 min. Peptides were analyzed in
the data-dependent acquisition mode. The electrospray voltage was
set to 2.4 kV in the positive mode. The mass range of the survey scan
was from 375 to 1500 m/z with a resolution of 60,000, 300%
normalized automatic gain control target, and auto maximum injec-
tion time. The first mass of the product ion scan was set to 120 m/z
with a resolution of 15,000, standard automatic gain control target,
and auto maximum injection time. The fragmentation was performed
by higher-energy collisional dissociation with normalized collision
energy of 30%. The dynamic exclusion time was set to 20 s.

Data Analysis and Bioinformatics

Peptides and proteins were identified through automated database
searching using MSFragger (32, 33) version 4.1 and Philosopher (34)
version 5.1 against the human database (release 2023/09, 20,468
entries) from UniProtKB/Swiss-Prot. Sequences of P13ase (UniProt
Accession: Q12567) and trypsin (UniProt Accession: P00761) were
used to evaluate self-digestion. For P13ase, the digestion mode was
set to nonspecific digestion. For trypsin, the digestion mode was
set allowing for up to two missed cleavages. The mass tolerance for
precursor ions and fragment ions were set as 20 ppm. Oxidation (M),
acetylation (protein N-term), deamidation (N), and NHs-loss (N) were
allowed as variable modifications. Carbamidomethylation (C) was set
as a fixed modification. The false discovery rate filter was set to
0.01 at both the peptide-spectrum match and protein levels. Peptides
and proteins were quantified by lonQuant (35). Searches were also
performed in MaxQuant (36) version 2.4.2.0 for the analysis of
cleavage preference. Identified peptides and proteins identified in this
study are listed in supplemental Table S1.

Experimental Design and Statistical Rationale

All of mass spectrometry datasets were performed with three
technical replicates in each experimental condition. All values were
presented as mean + standard error. Data visualization was carried
out by using Microsoft Excel and R program. GRAVY index was
performed by using GRAVY Calculator (https://www.gravy-calculator.
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Fic. 1. Effect of digestion pH on the activity of P13ase. A, the number of unique peptides and proteins identified in HeLa cell extract at
various pH values (1.5 ~ 4.0). The bar graphs represent the mean of three replicates, and error bars represent the standard error. B, the length
distribution of identified peptides after P13ase digestion at various pH values. C, the distribution of retention time of identified peptides after

P13ase digestion at various pH values. P13ase, protease type XIII.

de/). For cleavage preference analysis, sequence window surrounds
the cleavage sites (+7) obtained from search result from MaxQuant
was submitted to iceLogo (37), utilizing protein sequences in search
FASTA files of human as backgrounds. The sequence coverages
were calculated with Protein Coverage Summarizer (https://github.
com/PNNL-Comp-Mass-Spec/protein-coverage-summarizer).
Extracted ion chromatograms and mass spectra were analyzed by
FreeStyle (Thermo Fisher Scientific). Motif analysis was performed
using rmotif-X (38).

RESULTS AND DISCUSSION
Effect of pH on P13ase Digestion

To evaluate the activity of P13ase in bottom-up prote-
omics, we first investigated the effect of pH. Based on pre-
vious reports indicating that the optimal pH for P13ase is 2.5
to 3.0 (23), we set the pH range for this study from 1.5 to 4.0.
Proteins extracted from Hela cells were used as samples and
digested at 37 °C for 10 min. Triplicate experiments were
conducted for each condition, and nanoLC-MS/MS mea-
surements were performed in the data-dependent acquisition
mode. Peptide identification was performed using MSFragger
in the nonspecific digestion mode. As a control, a sample was
digested with trypsin under weakly alkaline conditions at 37 °C
for 16 h. The number of identified peptides and cleavage
specificity are shown in Figures 1 and 2, respectively.

The number of identified peptides tended to increase with
increasing pH. At pH 3.5, although the number of identified
peptides was lower than in the case of trypsin digestion,

22,793 peptides and 2334 proteins were identified, repre-
senting the highest number of unique peptides identified
(Fig. 1A). The average length of identified peptides
increased with decreasing pH at pH 2.5 or lower, but at pH
2.5 or higher, it remained at an average of approximately 14
amino acid residues. Compared with trypsin-digested
peptides, they were approximately two amino acid resi-
dues longer (Fig. 1B). In reversed-phase liquid chromatog-
raphy separation, the retention time range showed a trend
toward longer retention times at pH values of 2.5 or lower,
but remained nearly constant at pH 2.5 or higher, differing
from the peptide length pattern and exhibiting a retention
time range similar to that of trypsin-digested peptides
(Fig. 1C). The total ion current chromatograms showed that
ions with longer retention times were more abundant at
lower pH values, suggesting that digestion may not have
been sufficient at lower pH (Supplemental Fig. S1).

Using these identified peptides, the cleavage preferences
were examined. Because previous reports on cleavage pref-
erences of P13ase focused on the P1 position (26-28), we
first examined the amino acid frequency at the P1 position
(Fig. 2A). As the pH was increased, the frequency of trypsin-
like cleavage (Lys and Arg) increased, while the frequency of
cleavage at acidic (Asp and Glu) and hydrophobic (Leu and
Phe) amino acids decreased. Previous studies on Asp
cleavage have demonstrated that peptide bonds involving
Asp can undergo nonenzymatic hydrolysis under conditions
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Fia. 2. Cleavage specificity of P13ase in HeLa cell extract at various pH values. A, frequencies of P1 amino acids at cleavage sites at
various pH values (1.5 ~ 4.0). The bar graphs represent the mean of three replicates, and error bars represent the standard error. B, cleavage
preferences visualized using iceLogo at various pH values (1.5 ~ 4.0). Nonspecific MaxQuant search was performed to calculate cleavage
preferences against the Hela cell lysate dataset (three replicates combined). The y-axis is the percentage difference in frequency for an amino
acid in the experimental set and the reference set. P13ase, protease type XIlI.

of low pH and elevated temperature (18, 39, 40). However,
cyclization followed by cleavage is known to require a pH
below 2.1 and temperatures of 108 °C or higher. Therefore,
we considered that such reactions would not occur under the
conditions examined in our study. In fact, while previous re-
ports have described nonenzymatic cleavage at the N-ter-
minal side of Asp, our data showed no pH-dependent
cleavage at this site (data not shown). These findings sug-
gested that the majority of the cleavage observed under our
digestion conditions is attributable to the enzymatic activity of
P13ase. Further analysis of the effect of pH on the frequency
of missed cleavages showed that the percentage of peptides
containing missed cleavages decreased at higher pH for Lys
and Arg, whereas the decrease in missed cleavages was not
significant for Leu, Phe, Asp, and Glu (Supplemental Fig. S2).
Considering that the average peptide length at pH 2.5 and
above was approximately two amino acid residues longer
than tryptic peptides, even though there were other amino
acids besides Lys and Arg that could be cleaved, this sug-
gests that there is a contribution from sites other than the P1
position. Thus, we performed motif analysis of the cleavage
preferences for 15 amino acid residues (from P8 to P7’) using
iceLogo and motif-x (Fig. 2B and Supplemental Table S2).
The results showed that not only P1 but also co-occurring
sequences were observed, with a trend toward higher fre-
quencies of lle, Val, and Glu at P2 and Arg, Lys, and Val at P3.

On the other hand, the reported hydrophobic amino acid
preference at P1' (23, 28) was not confirmed.

Compared to trypsin, P13ase is able to cleave the C-ter-
minal side of Leu in addition to Lys and Arg, while cleavage at
lle does not occur at all. This result suggests that Leu, which
cannot be distinguished from lle by MS, may be unambigu-
ously identified by P13ase digestion. Furthermore, it is known
that under alkaline trypsin digestion conditions, Asn and Gin
undergo cyclization reactions with the carbonyl groups of
peptide bonds to produce succinimide intermediates fol-
lowed by hydrolysis to produce deamidated peptides. Since
the entire P13ase digestion process can be performed at low
pH, one would expect these artificial modifications to be
reduced. Indeed, the contents of both deamidated peptides
and succinimide intermediates were significantly reduced by
P13ase digestion compared to trypsin digestion under all pH
conditions tested (Supplemental Fig. S3). This result will be
discussed in more detail in the following section.

Based on these results, pH 3.5 was selected as the opti-
mum pH for P13ase digestion in bottom-up proteomics.

Effect of Temperature and Time on P13ase Digestion

Next, we examined the digestion time (2 min to 16 h) and
temperature (4 °C, 25 °C, 37 °C) at pH 3.5. As expected,
higher temperatures reduced the time required to maximize
the number of identified peptides. At 37 °C for 60 min, 32,472
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peptides and 2721 proteins were identified, representing the
highest number of unique peptides and proteins identified
(Fig. 3A). Although the number of identified peptides and
proteins was lower than trypsin, the number of peptides per
identified protein for P13ase (11.6 peptides/protein) was
higher than that for trypsin (9.8 peptides/protein). Additionally,
the average length of the identified peptides showed a
decreasing trend with increasing digestion time and temper-
ature (Fig. 3B and Supplemental Fig. S4). Furthermore, the
retention time range was similar to that of trypsin under most
conditions, though in the case of 16 h of digestion at 37 °C,
the number of peptides with shorter retention times increased
(Fig. 3C and Supplemental Fig. S5).

When the cleavage preferences at 37 °C were examined,
the cleavage preferences at positions P1, P2, and P3 were
consistent with the results presented in the previous section
for digestion at 60 min or less. However, the cleavage pref-
erences at the P3 position disappeared when digestion was
performed at 37 °C for 120 min or longer (Fig. 4A). A similar
trend was observed when digestion was performed at 4 °C
and 25 °C, and the lower the digestion temperature, the
longer the digestion time required for the cleavage prefer-
ences to change (Supplemental Fig. S6). The number of
motifs extracted by motif analysis was significantly reduced
upon digestion for 16 h, suggesting that more nonspecific
cleavages occurred (Supplemental Table S3 and S4).

Comparing the amino acid frequencies at the P1 position,
peptides containing Leu, Lys, and Arg showed high fre-
quencies, followed by those containing Asp, Phe, and Glu
(Fig. 4B). At 37 °C, the frequency of peptides containing Leu
decreased significantly with increasing digestion time (espe-
cially after 16 h), while the frequencies of peptides containing
His and Pro showed a tendency to increase with increasing
digestion time, especially at 16 h. Similar trends were observed
at 4 °C and 25 °C, but the changes were more gradual at lower
digestion temperatures (Supplemental Fig. S7). When the re-
sults at each temperature were compared at the digestion time
giving the maximum number of identified peptides, the cleav-
age preferences and amino acid frequencies at the P1 position
were almost the same (Fig. 5, A and B). These results suggest
that digestion temperature and time affect the digestion
progress but do not significantly change the cleavage prefer-
ences. Next, we analyzed the effects of digestion temperature
and time on the frequency of missed cleavages. For Lys, Arg,
Leu, and Glu at position P1, the percentage of peptides with
missed cleavages decreased with increasing digestion tem-
perature and time (Supplemental Fig. S8). On the other hand,
the frequency of missed cleavages for Asp and Phe did not
decrease significantly.

Next, artifacts of deamidation and succinimidation were
evaluated. At all digestion temperatures and times, digestion
with P13ase suppressed deamidation and succinimidation
compared to trypsin (Supplemental Fig. S9). Peptides
generated by self-digestion were also compared to those in

the case of trypsin. The trypsin used in this study was
methylated at lysine, which is believed to suppress autolysis
to some extent. However, despite the protease concentration
being higher than that of trypsin, the proportion of autolysis
peptides for P13ase was mostly less than one-tenth of that
for trypsin (Supplemental Fig. S10). However, it is currently
unclear whether P13ase undergoes a change in selectivity
due to self-digestion, analogous to the conversion of trypsin
to show chymotrypsin-like activity.

Based on the above results, the digestion conditions for
P13ase in bottom-up proteomics were selected as pH 3.5,
37 °C, and 60 min.

Characterization of Peptides and Proteins Identified by
P13ase Digestion

Peptides and proteins generated by P13ase digestion un-
der conditions optimized for bottom-up proteomics (pH 3.5,
37 °C, 60 min digestion) were characterized. We found that
few peptides were commonly identified by P13ase and
trypsin. This may be due to differences in the cleavage pref-
erences of the proteases (Supplemental Fig. S11A). The
physico-chemical properties including m/z, pl, molecular
weight and gravy score for peptides identified by P13ase and
trypsin were compared, and no significant difference was
found (Supplemental Fig. S11B). The median relative SD of
the quantitative reproducibility of the identified unique pep-
tides was 10.5% for P13ase, which is sufficient for general
bottom-up proteomics (Supplemental Fig. S11C). For sensi-
tivity comparison, we extracted commonly identified peptides
where either shorter fragments or extended sequences were
not detected (390 peptides). Based on this subset, the peak
intensity of P13ase digestion was 79% on average of that
observed with trypsin digestion. On the other hand, most of
the proteins identified by P13ase digestion overlapped with
those identified by trypsin digestion (Supplemental
Fig. S12A). There was no significant difference in the distri-
bution of pl or molecular weight of the proteins identified by
trypsin digestion and P13ase digestion (Supplemental
Fig. S12B). The quantitative reproducibility of the identified
proteins was also evaluated. The median relative standard
deviation of quantified proteins with P13ase digestion was
9.6%, which is sufficient for general bottom-up proteomics
(Supplemental Fig. S12C). Although the peptides identified by
P13ase digestion and trypsin digestion shared few common
peptides due to the different cleavage preferences, there was
no obvious bias in the properties of the identified peptides
and proteins, and quantitative reproducibility was sufficient.
These results confirm the suitability of P13ase for application
to bottom-up proteomics.

The number of peptides identified per protein was higher in
the case of P13ase digestion than trypsin digestion
(Supplemental Fig. S12D). Comparison of protein sequence
coverage also showed that trypsin gave higher values for
proteins with relatively low sequence coverage, but P13ase
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retention times of identified peptides after various digestion times at 37 °C. P13ase, protease type XIII.
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Fic. 4. Cleavage specificity of P13ase after digestion of HeLa cell extract for various times at 37 °C. A, cleavage preferences visualized
using iceLogo at 37 °C after digestion by P13ase for various times. Nonspecific MaxQuant search was performed to calculate cleavage
preferences against the Hela cells lysate dataset (three replicates combined). The y-axis is the percentage difference in frequency for an amino
acid in the experimental set and the reference set. B, frequencies of P1 amino acids at cleavage sites at 37 °C after digestion by P13ase for
various times. The bar graphs represent the mean of three replicates, and error bars represent the standard error. P13ase, protease type XllI.
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Fic. 5. Cleavage specificity of P13ase for digestion times that maximized the number of peptides identified from HeLa cell extract at
each temperature. A, cleavage preferences visualized using iceLogo digestion time by P13ase for digestion times that maximized the number
of peptides identified at each temperature. Nonspecific MaxQuant search was performed to calculate cleavage preferences against the HelLa
cells lysate dataset (three replicates combined). The y-axis is the percentage difference in frequency for an amino acid in the experimental set
and the reference set. (B) Frequencies of P1 amino acids at P13ase cleavage sites for digestion times that maximized the number of peptides
identified at each temperature. The bar graphs represent the mean of three replicates, and error bars represent the standard error. P13ase,

protease type XIII.

gave higher values for proteins with relatively high sequence
coverage (Supplemental Fig. S12E). In particular, the number
of proteins with sequence coverage greater than 90% was 37
in the case of P13ase digestion compared to only two for
trypsin digestion. As a representative example, trypsin
digestion of histone H2A type 1 (UniProt accession POC0S8)
yielded 46% coverage and failed to identify K/R-rich and K/R-
poor regions (Supplemental Fig. S13). This was because the
peptides produced by trypsin were either too long or too short
to be identified. In contrast, P13ase digestion yielded 95%
coverage. The reason for the high coverage was thought to be
that P13ase does not necessarily cleave the C-terminal side
of all Lys and Arg residues, allowing identification of K/R-rich
regions. In addition, P13ase cleaved the C-terminal side of
Leu, allowing identification of K/R-poor regions.

Reduction of Modification Artifacts

As mentioned above, the rapid digestion by P13ase under
acidic conditions is expected to reduce the deamidation
artifact, compared with trypsin digestion. Here, we analyze
the results in more detail. First, the number of peptides con-
taining deamidation modifications was less than 7% in
P13ase digestion compared to trypsin digestion (Fig. 6A). Of
the deamidation sites identified, only 11 were common
(Fig. 6B), possibly because the sites identified only with
P13ase were too long when contained in tryptic peptides. For
quantitative comparison, we focused on one peptide from

glyceraldehyde-3-phosphate dehydrogenase as a commonly
identified peptide containing the same deamidation site. In
trypsin digestion, the peak area indicated that approximately
1% of the peptide was deaminated (Fig. 6C). In contrast,
P13ase digestion yielded a peak area for unmodified peptide
similar to that of trypsin digestion, but the deamidated pep-
tide was below the limit of quantitation. These results suggest
that P13ase, which produces fewer artifacts during digestion,
is appropriate for deamidation proteomics. Modifications
other than Asn deamidation were similarly examined (Fig. 6D).
For both Asn and Gin, P13ase digestion reduced the fre-
quency of deamidation, succinimidation, and pyroglutami-
nation. As for N-terminal cyclization of carbamidomethyl-
cysteine, there was little difference between trypsin and
P13ase. In contrast, N-terminal cyclization of Glu was less
frequent with P13ase, and N-terminal cyclization of Asp was
almost absent. These results suggest that P13ase digestion
inhibits not only postcyclization hydrolysis of Asn, but also
cyclization and postcyclization hydrolysis of other amino
acids under acidic conditions. Thus, P13ase is advantageous
in that it can be conducted under acidic conditions.

Acidic conditions also inhibit the rearrangement of disulfide
bonds (i.e., disulfide bond scrambling), which may enable the
analysis of proteins without the need for alkylation by IAA or
other alkylating agents. Since it has been reported that alky-
lating agents react with amino acids other than Cys, avoiding
the use of alkylating agents may enable the capture of the true
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P13ase, protease type XIII.

state of proteins. Additionally, while P13ase has not yet sur-
passed trypsin in terms of identification efficiency, there is still
potential for improving identification and quantification per-
formance through the application of data-independent acqui-
sition and modifications to the open search method. These
points will be investigated in future studies.

CONCLUSION

In this study, we investigated the potential utility of P13ase
as an alternative or complementary protease to trypsin in

bottom-up proteomics. We evaluated the effects of factors
such as pH, temperature, and time of digestion on the
cleavage efficiency and selectivity of P13ase, and identified
pH 3.5, 37 °C, and 60 min as the optimal conditions for
bottom-up proteomics. We also found that P13ase has co-
occurrence motifs not only at P1 but also at other positions.
Furthermore, we demonstrated that P13ase digestion can be
achieved rapidly under low pH conditions, thereby minimizing
deamidation and other artifacts. These results not only extend
the applicability of P13ase in standard bottom-up proteomics

8 Mol Cell Proteomics (2026) 25(1) 101469
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workflows but also suggest its suitability for applications
requiring artifact-free proteomics in order to target only
intrinsic modifications.
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