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1 | INTRODUCTION

Proteolysis is an irreversible post-translational protein modification
yielding truncated, stable products that result in either the mature
form of a protein (i.e., zymogen activation or removal of signal peptide)
or previously undescribed (non-canonical) cleavage with often altered
functionality and representing novel N- or C-termini (Figure 1A) [1].
Proteolytic disturbance has been associated with diverse diseases
such as heart failure [2], cancer [3], kidney disease [4], and others.
Insights into the proteolytic activity in the context of various cell
states or clinical conditions to infer regulatory targets for drugs and
disease prognosis can be gained by large-scale probing of protein
termini, termed “terminomics” analyses [5], conducted using liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS).
LC-MS/MS relies on the experimental proteolysis of proteins (i.e.,
trypsin digestion) to produce peptides with known specificities (i.e.,
tryptic peptides) that are then ionized and measured in the mass
spectrometer to produce sequence-specific spectra [6]. Typically, the
algorithm for spectra processing and peptide identification would be
constrained in the search for peptides with certain enzymatic speci-
ficity (“specific search”), which purposely limits the search space to
improve computation times and identification sensitivity, while over-
looking non-specific peptides. In this context, proteolytic products (i.e.,
peptides arising from endogenous proteolysis) comprise a small frac-
tion of a digested sample, and their identification would be ignored in
shotgun experiments.

For this reason, a variety of experimental methods have been devel-
oped for the selective enrichment of protein N-termini or C-termini
[5, 7, 8]; and efforts have been made towards standardized process-
ing of N-terminomics search results from the widely used MaxQuant
software [9]. These methods, although sensitive, are usually laborious,
intrinsically include sample loss, and the inability to simultaneously
explore proteolytic products in the wider proteomic context of the
same sample and measurement.

On the other hand, semi-specific peptide searches can probe from
peptides with a non-specific N- or C-terminal cleavage end (i.e., semi-
tryptic) from shotgun LC-MS/MS experiments. This allows for the
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we introduce TermineR, a data analysis approach for the (1) annotation of peptides
according to their enzymatic cleavage specificity and known protein processing fea-
tures, (2) differential abundance and enrichment analysis of N-terminal sequence
patterns, and (3) visualization of neo-N-termini location. We illustrate the use of Ter-
mineR by applying it to tandem mass tag (TMT)-based proteomics data of a mouse
model of polycystic kidney disease, and assess the semi-specific searches for biological
interpretation of cleavage events and the variable contribution of proteolytic products
to general protein abundance. The TermineR approach and example data are available

as an R package at https://github.com/MiguelCos/TermineR.

data processing, polycystic kidney disease, proteolysis, terminomics

bioinformatic identification of peptides associated with truncated pro-
teins after endogenous processing. This supports the observation of
previously undescribed biological processes [10], without the require-
ment of biochemical enrichment of terminal peptides [11]. The use of
modern search engines allows for fast peptide-to-spectrum matching
(PSM) [12, 13] which, in combination with algorithms for probabilis-
tic scoring of PSMs for false discovery rate (FDR) control [14, 15],
enables the reliable identification of both semi-specific and fully spe-
cific peptides despite the increased search space. FragPipe offers
an alternative for peptide/protein identification by integrating the
MSFragger search engine ([12, 16], p. 202) with deep learning-assisted
probabilistic scoring of PSMs [15, 17]. Nevertheless, due to the com-
plexity of the data, there is a lack of standardized methods for the
extraction of interpretable and biologically meaningful information
from semi-specific searches related to both proteolytic processing and
proteomic fingerprint.

Here we present TermineR, a reproducible data analysis frame-
work for the annotation and quantitative evaluation of proteolytic
products identified originating from semi-specific searches of shot-
gun proteomics and N-terminomics experimental setups. We wrapped
the TermineR main data processing functionalities into an R package,
freely accessible via GitHub, featuring functions for data preparation,
annotation, statistical analysis, visualization of cleavage motifs, and
annotation of proteolytic products based on publicly available UniProt
processing annotation. We showcase the use of this method for the
extraction of proteolytic processing information using a mouse model

of polycystic kidney disease (PKD).

2 | MATERIALS AND METHODS
2.1 | Sample materials

Fresh frozen kidney tissue samples from 6 Pkd1/f:Ksp-
CrePax8rtTA;TetOCre mice (KO) [18] presenting enlarged cystic
kidneys and as well from 5 wild-type mice (WT) were analyzed. Animal
experiments were approved by the local animal ethics committee
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FIGURE 1 General outline of the TermineR approach for processing, annotation, statistical analysis, visualization, and biological interpretation
of semi-specific search results. (A) Differences between canonical and non-canonical terminal peptides/proteolytic products. (B) Descriptive
summary of TermineR approach. It (1) annotates the peptides based on specificity, label N-terminal modifications, (2) annotate the proteolytic

products based on Uniprot processing sites, (3) perform differential abundance statistics on proteolytic products, and (4) visualize cleavage
patterns. (C) Summary of TermineR data analysis workflow.
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(Project Nr G-19/29). HelLa standards were obtained commercially as
digested peptides (Thermo Scientific).

2.2 | Evaluation of the effect of protein extraction
methods on the amount of semi-tryptic peptides

The effect of three tissue homogenization methods (beat beating [Pre-
cellys], sonicator [UIP40OMTP, Hielscher], and bioruptor [Diagenode])
on spontaneous cleavage was evaluated by performing a pilot extrac-
tion on three fresh frozen tissue samples from each condition. The
Precellys was set to 4000 rpm with two programs: 1 cycle, 30 s shaking
and 5 s break, and 3 cycles, 30 s shaking and 10 s’ break. The Biorup-
toris used in 10 cycles with 40/20 s on/off. The 96 well-plate sonicator
(Hielscher) was set with 100 Wh, amplitude 80% with 10/10 s on/off.
Protein extracts were further reduced, alkylated, and digested with
trypsin (see Protein Extraction and Protein-Level Labeling section).
Digested peptides were loaded into Evotips (Evosep), injected using a
30SPD method (Evosep) into a Tims-TOF flex mass spectrometer, and
measured in DIA mode (see LC-MS/MS section below) (Figure S1).

2.3 | Protein extraction and protein-level labeling

Tissues samples from mouse kidneys were homogenized using
beat beating (Precellys) in 2% SDS in (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)) buffer. Reductive alkylation
was performed using 5 mM tris(2-carboxyethyl) phosphine (TCEP)
and 20 mM chloroacetamide followed by 30 min incubation at room
temperature in dark. Subsequently, protein-level labeling of native
and neo-protein-N-termini and lysine sidechains was conducted
using TMT16plex (Thermo Scientific), by adding the isobaric tags to
the respective protein extracts at a 1:8 (w/w) protein to TMT ratio
and incubating for 3 h and 500 rpm at room temperature. A second
incubation step was performed overnight at 37°C with agitation at
500 rpm and the labeling reaction was stopped by incubation at 80°C
for 1 h and further addition of hydroxylamine at 2% with incubation at
37°C for 30 min. Labeling efficiency was evaluated by calculating the
proportion of free C-terminal lysines (K) among all lysines in identified
peptidoforms, after variable modification search of TMT at K (see
Spectral Data Processing section) and evaluating the distribution
of positional abundance of residues before cleavage (by trypsin or
others), depending on the N-terminal modification (Figure S2).

2.4 | Protein digestion and high pH reversed-phase
chromatography

Protein samples were reconstituted in 1.2% phosphoric acid and
processed using S-Trap columns (Protifi) for digestion and clean-up
following the manufacturer’s instructions. In order to increase pro-
teome coverage, sample fractionation was carried out on an Agilent
1100 HPLC system fitted with a XBRIDGE Peptide BEH C18, Agi-
lent column (3.5 pm, 130 A, 1 x 150 mm), operating at 42 pL/min.
The elution solvent system consisted of buffer A (10 mM ammonium
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formate) and buffer B (10 mM ammonium formate in 70% acetoni-
trile); both solvents were adjusted to pH 10 with ammonium hydroxide
solution. 160 pg of lyophilized peptide mixtures were reconstituted
in 200 pL in buffer A and injected in the column at 30 pyL/min for
4 min. Prior to sample fractionation, the column was equilibrated for
60 min at a constant gradient of 20% buffer B. Subsequently, the
fractionation gradient started as follows: 20% to 60% buffer B for
60 min, after which the collection of the fractions was stopped. Finally,
the gradient was then increased to 100% buffer B within 2 min and
held at this level for 1 min before being ramped down to 1%. A total
of 48 fractions were collected and pooled into 22 samples follow-
ing a concatenation strategy [19]. Fractions were dried by vacuum
centrifugation and stored at —80°C until tandem mass spectrometry

measurement.

2.5 | Liquid chromatography—tandem mass
spectrometry (LC-MS/MS)

Peptide fractions and commercial HeLa digests (Thermo scientific)
were solubilized in 0.1% trifluoroacetic acid (TFA) 1 pg of each pep-
tide as together with 200 fmol of iRT peptides were injected into an
EASY-nLC 1200 UHPLC system equipped with yPAC C18 Trapping
column (5 um pillar diameter, 2.5 um inter-pillar distance, 18 um pil-
lar length, 10 mm bed length, 100 to 200 A pore sizes) and an pPAC
C18 nano-LC analytical column (5 ym pillar diameter, 2.5 pm inter-
pillar distance, 18 pm pillar length, 50 cm bed length, 100-200 A
pore sizes). A multistep gradient of 6% to 55% buffer B (0.1% v/v
formic acid, 80% v/v acetonitrile) in buffer A (0.1% v/v formic acid)
was used for separation at 500 nL/min flow rate, followed by wash-
ing (100% buffer B) and reconditioning of the column to 6% B. The
chromatography system was coupled to a Q-Exactive Plus mass spec-
trometer via a Nanospray Flex lon source. Mass spectrometry (MS)
data was obtained as previously described [20]. For pilot experiments
on the effect of protein extraction, 300 ng of dried peptides, along
with 200 fmol internal retention time standards (iRTs), were loaded
into Evotips (EV2001, Evosep) following the manufacturer’s instruc-
tions. The Evosep One chromatography system was operated using a
predefined 30SPD Method, utilizing a performance column (EV1137,
15 cm x 150 pm) packed with ReproSil-Pur C18 1.5 um beads. Mobile
phases A and B consisted of 0.1 vol% formic acid in water and 0.1 vol%
formic acid in acetonitrile (ACN), respectively. The liquid chromatogra-
phy system was coupled online to a timsTOF Flex mass spectrometer
(Bruker) using a CaptiveSpray nano-electrospray ion source. Mea-
surements were conducted employing Data-Independent Acquisition
(DIA)-PASEF [21].

2.6 | Spectral data processing
Peptide identification was conducted by the MSFragger search engine

[12] based on the EBI mouse canonical proteome (release 2021_04)

using Arg-C protease specificity with only 1 enzymatic termini to
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generate in-silico digested peptides (semi-specific search), noting that
TMT labeling at the protein level would render the lysine unavail-
able for cleavage by trypsin. Precursor candidates were selected with
a mass tolerance of —20/20 ppm and a fragment mass tolerance of
20 ppm. Peptide N-terminal acetylation and peptide N-terminal TMT
labeling were set as variable modifications. TMT labeling at K and car-
bamidomethylation of C were set as fixed modifications. For labeling
efficiency testing, a search with TMT labeling at K as variable was per-
formed. MSBooster [17] was used for deep-learning based predictions
of retention time and spectra. Predicted features were used by Perco-
lator [15] for post-processing scoring and FDR control. Results were
summarized and filtered by Philosopher [22]. Spectral data obtained
from HelLa samples were searched using FragPipe as described above,
with the following differences: Peptides were identified against the
EBI human canonical proteome (release 2021_04), including reshuf-
fled sequences. Reshuffled sequences were generated using DBToolkit
[23], by generating randomized versions of all human sequences, and
appending them to the canonical fasta. Trypsin/P protease specificity
was used with only 1 enzymatic terminus. Only peptide N-terminal
acetylation was allowed as variable modification. MaxQuant (v 2.4.0.0)
search was performed with a precursor mass tolerance of —20/20 ppm
and fragment mass tolerance of 20 ppm. Trypsin/P was set as protease
specificity with Semi-specific mode. N-terminal acetyl was set as vari-
able modification. In all cases, the FDR cut-off for peptide identification

was set to 1%.

3 | RESULTS

3.1 | FragPipe excels at uncovering semi-tryptic
peptides in shotgun data indicative of endogenous
protein cleavage

As semi-specific peptide-to-spectrum (PSM) searches are time-
consuming and of higher complexity than fully-specific searches, we
initially tested the performance of two widely used proteomics search
algorithms, FragPipe [12, 22] and MaxQuant [24], for uncovering pro-
tein cleavage products in shotgun protemics data. An initial analysis of
a single tryptic proteome profile of a human cell line (HeLa, Thermo
Fisher) allows to evaluate the performance of both approaches for
semi-specific searches. FragPipe outperforms MaxQuant in identifying
peptides, proteins, semi-specific peptides, and N-terminal modifica-
tions, while only needing 10% of the execution time. FragPipe detects
34,848 PSMs (+63%), 29,166 peptides (+60%), and 4421 proteins
(+31%), compared to MaxQuant (Figure S3A, Table S1). Notably,
FragPipe excels in identifying semi-specific peptides, detecting 2645,
whereas MaxQuant identifies 1598. Moreover, FragPipe demonstrates
superior performance in the identification of N-terminal modifications,
with 1685 acetylated N-termini detected, while MaxQuant identifies
369 (Figure S3B). We used an entrapment strategy consisting of a
semi-specific search based on a sequence fasta file appended with
absent Escherichia coli and shuffled sequences, to assess the potential

of false identifications. Less than 0.1% of identified peptides mapped
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to unexpected sequences (Fragpipe detects 6 false hits vs. MaxQuant
with 29). None of the unexpected identifications were semi-specific
peptides (Figure S3C). This illustrates the speed and sensitivity of
MSFragger for peptide-spectrum-matching together with Percolator
and MSBooster for probabilistic rescoring. Taken together, this under-
scores the preferred usage of FragPipe for data (re-)-analysis and the
exploration of proteolytic events in shotgun proteomics data.

3.2 | Description of terminomics analysis
framework

In brief, we describe TermineR as a data analysis approach to extract
information related to proteolytic processing (Figure 1B) from shot-
gun spectral data arising from typical sample preparation without
prior biochemical enrichment, based on semi-specific searches. After
the annotation of peptide identifications based on their specificity
and biochemical modifications, we integrate sample annotations for
differential abundance analyses. We match the identified proteolytic
products to annotated processing information from UniProt and gen-
erate visualizations to assist in the biological interpretation of the
results.

We organized TermineR into an R package, containing functions
to process the semi-specific search results. Initially, PSM or precur-
sor level search results are preprocessed by “adapter” functions, that
summarize information on peptide sequence, N-terminal modification
(currently TMT, acetylation, and dimethylation), and their respective
standardized quantitative information per sample. Currently available
adapters can process results from FragPipe, Spectronaut, and DIANN.
Then we annotate the identified peptides based on their sequence
specificity, infer potential cleavage sites and areas for semi-specific
peptides and map them to processing sites annotated in Uniprot, with
an error range of + 4 residues (i.e.,, Processing of Signal Peptide,
Removal of Initiator Methionine, Propeptide, and intact Open Read-
ing Frame (ORF). Intact ORF is defined as the N-terminal boundary
of the protein sequence in the fasta file). The annotate_neo_termini
function is used for this purpose, which requires the user to sup-
ply (1) the data frame generated from the adapter functions, (2)
the location of the fasta file of identified protein sequences, and (3)
the definition of the experimental cleavage specificity. The user can
define the expected residues (i.e., for trypsin K or R) and the sense
of the specificity (C for C-terminal specificity and N for N-terminal
specificity; that is, trypsin has K and R as expected residues and
sense “C”; TrypN has K and R as expected residues and sense “N”)
(Figure 1C).

Subsequently, we perform differential abundance analysis per each
peptide [25] and use the peptide annotation to apply multiple-testing
correction specifically on proteolytic products, based on independent
hypothesis weighting of the peptides defined as proteolytic products
[26]. Finally, we can visualize the differentially abundant proteolytic
products using a heatmap of the residues relative to the position of
cleavage sites, using the sequences of the cleavage areas obtained from

the annotate_neo_termini function (Figure 1C).
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This workflow is aimed at providing researchers with a framework
for extracting information regarding the subfraction of proteolytic
products from any shotgun proteomics dataset. As such, the location
of truncated labeled N-termini allows us to study patterns of intrin-
sic proteolytic activity and the location of the N-terminal acetylation
can offer clues about shifted or non-canonical translation initiation
sites. The use of this framework also allows for the identification of C-
terminally truncated peptides, which are usually missed by traditional
terminomics approaches [27]. However, in the present showcase study,

we focus on N-terminal processing.

3.3 | Experimental design for terminomic analysis
of murine polycystic kidney disease (PDK) model

We established an experimental setup to showcase the capabilities
of our data analysis approach for extracting information related to
proteolytic processing starting from a shotgun proteomics sample
preparation without biochemical enrichment for N-terminal pep-
tides. A cohort of fresh frozen tissue samples derived from a mouse
model of PKD comprised of 6 wild type mice (WT/Healthy) and 5
Pkd1™f:Pax8rtTA;TetOCre (KO) mice that developed enlarged cystic
kidneys. Protein extraction was performed under denaturing con-
ditions and proteins were labeled using TMT16plex isobaric tags
followed by tryptic digestion, peptide clean-up and high pH reverse
phase fractionation. Peptide fractions were measured using liquid
chromatography followed by mass spectrometry in a Q-Exactive plus.
Executing the TMT labeling before tryptic digestion was aimed to
specifically tag native and neo-N-termini and differentiate them from
the tryptically-generated N-termini. To determine labeling efficiency,
we performed an additional search step outside of the TermineR
approach: N-terminal and lysine TMT-labeling was set to variable and
a semi-specific tryptic search with up to 2 missed cleavages was exe-
cuted. In total, 24,597 peptidoforms were identified, 16,540 of these
carrying at least a lysine (K) in their sequence. Trypsin cleaves after
free (unlabeled) lysine residues, hence we used the proportion of pep-
tide C-terminal free lysines among all lysines identified, as an estimate
of labeling efficiency. From a total of 19,098 lysines in these peptido-
forms, 2425 were free C-terminal ones, indicating a labeling efficiency
of at least 87% and a digestion efficiency showing 1.4% missed cleav-
ages (Figure S2A). Moreover, the positional clustering highlights that
most TMT-labeled N-termini are found within the first quarter of
the annotated protein sequence, and most acetylated N-termini are
associated to the start of the intact ORF (Figure S2B). These tests
showed that this dataset was suitable for a showcase application of
our TermineR approach. Furthermore, the comparative quantitation of
the TMT reporter ions allowed for the differential abundance anal-
ysis of proteolytic products. Although the TermineR approach can be
applied on any kind of shotgun proteomics dataset, the use of this
setup allowed us to evaluate and showcase the capabilities of semi-
specific searches with FragPipe for the study of proteolytic processing
(Figure 2A).
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3.4 | TermineR annotation and differential statistics
of proteolytic products in murine polycystic kidney
disease (PKD)

The peptide-centric analysis allowed us to identify 25,668 peptides and
5379 proteins in total (Figure 2B). Further data processing allowed
us to classify 3005 peptides as semi-specific and/or bearing an N-
terminal TMT arising from protein-level TMT labeling. An additional
454 acetylated N-termini were found, yielding an N-terminal cover-
age in excess of 3400 N-termini. This number is in the range of a
recently published N-terminomic study based on biochemical enrich-
ment [28]. Next, the annotation of proteolytic products mapped them
to UniProt processing annotation. The cleavage sites of proteolytic
products are mapped against their processing annotations, with aims
to characterize potential canonical processing in the dataset. Most
identified proteolytic products are not matched against any UniProt
processing site (non-canonical, 2590 peptides, 76% of total proteolytic
products), followed by clipping of initiator methionine with 394 (11%),
and transit peptide, signal peptides and propeptides accounting for
368 peptides (10%).

3.5 | Differential abundance statistics

The subsequent quantitative analyses show a differential behavior
in terms of proteolytic processing between the Pkd1%/fl:Ksp-Cre and
WT mice, albeit without a globally different abundance of proteolytic
products between conditions (Figure 2D). We then executed limma-
moderated t-tests on the abundance matrix of all quantified peptides
while focusing the multiple-testing p-value correction on the subset
of peptides labeled as proteolytic products. Based on our whole-
proteome analysis, it is possible to evaluate the differential abundance
of proteolytic products with and without normalization by protein
abundance. This allows to differentiate between features whose dif-
ferential abundance is associated with protein abundance from those
proteolytic products with increased abundance due to increased pro-
teolysis (Figure 2E). We then focused our quantitative analyses on
proteolytic products normalized by protein abundance. Overall, we
observed 2740 neo-N-termini consistently quantified and protein-
normalized in all samples from which we identify 1185 differentially
abundant proteolytic events after protein-abundance normalization,
considered as differential proteolysis (Table S2), and 1341 without
protein-normalized peptide abundances (Table S3). Among those trun-
cated peptides representing differential proteolysis, 524 were found
upregulated in Pkd17/fl:Ksp-Cre and 661 downregulated (Figure 2E).
For differential statistics of these products, we apply multiple-
testing correction on those features considered as proteolytic prod-
ucts. This “feature-specific” multiple-testing correction approach is
based on independent hypothesis testing [26], to decrease the penal-
ization for multiple testing at the peptide level, for increased sensitivity.
We consider that the nature of the peptide (specific, semi-specific,

N-terminal acetylation, etc.) is independent of the moderated t-test
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FIGURE 2 The application of the TermineR approach identifies patterns of differential proteolysis in a model of polycystic kidney disease. (A)
Description of example model for polycystic kidney disease (PDK) and TMT labeling at the protein level. (B) Identified peptides in PKD model,
differentiating them by specificity and N-terminal modification. TMT-labeled N-termini are considered canonical or Neo-N-termini. (C)
Uniprot-based annotation of proteolytic products. (D) Boxplots showing (1) the percentage of proteolytic products from total abundance (sum of
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increased cleavages with Ser and Cys at P1".

applied to evaluate differential abundance and therefore it is feasible
to apply multiple testing correction specifically on interesting features.

Of note, the quantitative accuracy of TMT reporter ions for differ-
ential abundance analysis was confirmed in our system with the use of
atitration dataset of spiked-in E. coli protein extracts in known propor-
tion onto a HEK background proteome, showing consistent differential
abundances regardless of peptide specificity (Figure S4A,B, Table S4)
[29]. We evaluated the impact of purity correction on the reporter ion
abundances, resulting in an almost negligible effect (Figure S4C); likely
because most peptides feature isobaric purity values bigger than 0.9
(Figure S4D).
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3.6 | Visualization of cleavage patterns from
differentially abundant proteolytic products

Differentially abundant proteolytic products can be explored for
cleavage patterns by reconstructing its representative cleavage area.
We use a heatmap to represent the count of amino acids in par-
ticular relative positions to the cleavage area for all differentially
abundant features, with either increased or decreased abundance
against the compared baseline (WT in this example) (Figure 2F). We
can use this visualization to look for proteolytic patterns of known

proteases.
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FIGURE 3 Analysis of proteolytic products in shotgun proteomics data offers novel biological insights. (A) Top 15 proteins by the number of
associated up-regulated proteolytic products in KO mice (“highly processed” proteins). (B) Molecular Functions associated with highly processed
proteins in KO mice. (C) Top 15 proteins by the number of associated up-regulated proteolytic products in WT mice. (D) Molecular Functions
associated with highly processed proteins in WT mice. (E) Standardized abundances of Ctsb protein between experimental conditions. (F)
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3.7 | Biological interpretation

Further analysis allows us to pinpoint motifs associated with increased
proteolytic processing and/or degradation. In the context of PDK,
the top five proteins associated with up-regulated proteolytic prod-
ucts are Serpinala, Albumin, Fibrinogen (Fbg), Tubulin (Tubb4b), and
Prodh (Figure 3A). A good proportion of up-regulated products can
be related to serum proteins such as Albumin and Fibrinogen, and
over-representation analyses relate increased cleavages to cytoskele-

tal protein binding and peptidase activity (Figure 3B) (Figure 3A; Table
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S5). Down-regulated proteolytic products were associated mainly with
Hspd1, Hnrnpm, Ptbp1, Atp5f1a, and Hnrnph1, (Figure 3C) showing a
defined metabolic fingerprint (Figure 3D). Notably, the differential pro-
teomic analysis shows an important downregulation of mitochondrial
proteins in Pkd1%/f|:Ksp-Cre kidneys (Table S5), a feature that has been
described in PKD [30].

Previous studies have shown that loss Pkd1 can impair lysosomal
activity potentially due to the disruption in the processing of lyso-
somal proteases, including Cathepsin B (Ctsb) [31]. In line with this,

the proteomics analysis show a significantly decreased abundance of
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Ctsb in Pkd1/f:Ksp-Cre (Figure 3E, Table S5), with a tendency to
increased abundance of proteolytic products from an annotated region
of propeptide processing (Figure 3F). We identified four proteolytic
products of Ctsb, showcasing a “ragging effect” (consecutive cleav-
age of individual residues in a directional manner) around the area of
propeptide activation (Figure 3G), an observation that has been pre-
viously reported in an independent study [32]. This is in line with the
postulated disruption of the proteolytic processing of Ctsb in PDK, and
its effects on impaired lysosomal activity.

3.8 | Assessing the association between proteolytic
products and protein abundance: The potential to
evaluate cleavage stoichiometry

One of the advantages of performing terminomics analysis starting
from a classical shotgun proteomics dataset, is the possibility to asso-
ciate the abundance of proteolytic products with the abundance of
their associated proteins (Table S5). This allows us to directly evalu-
ate if the differential quantitation of a certain proteolytic product is
due to differential processing or differential protein expression, and
therefore act as a proxy for stoichiometric evaluation of substrate pro-
cessing. In our present approach, we compare the correlation between
peptide and protein intensities, with or without correction by protein
abundance. It is noticeable that normalization by protein abundance
promotes an exchange in the behavior of the correlation coefficients,
which particularly affects non-canonical cleavage products (Figure 3H).

It is then possible to pinpoint proteolytic products whose quantita-
tion proportionally differs from the abundance of the proteins they are
associated with, and whose differential abundance between conditions
can be related to differential proteolysis. Visualizing the normalized
fold changes of differentially abundant proteolytic products against
the fold changes of their associated proteins, help us understand the
relationship between differential proteolysis and protein abundance
for any given substrate. To illustrate this, we explored the proteolytic
processing of cadherin-16 (Cdh16), Beta-2 microglobulin (B2m), and
Fibronectin (Fn1) (Figure S5C,D). We observed that all these proteins
showed differential proteolytic processing; with at least a fraction of
their proteolytic products showing a differential quantitative behavior
compared to protein abundances.

Finally, to evaluate the stoichiometric relationship between prote-
olytic products and protein, we calculated the percentile contribution
of each unique peptide to their associated protein abundance. We
aimed to see differences in median percentile contributions to pro-
tein abundance between different types of peptide processing. Of note:
most specific peptides would show a diverse contribution to general
protein abundance. This is expected if we assume that tryptic peptides
should, in general, contribute similarly to protein abundance when
accounting for sequence bias and protein coverage. This behavior is
mostly mimicked by peptides risen from canonical processing. On the
other hand, non-canonical proteolytic products tend to show a smaller
contribution to their protein abundances, suggesting that these would

tend to be in sub-stoichiometric abundance levels (Figure 3I).
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4 | DISCUSSION

The current framework presents itself as a data analysis approach for
tackling the challenge of extracting meaningful information on pro-
teolytic processing from large-scale explorative proteomics data. Our
bioinformatic approach adds to the portfolio of N-terminomic tech-
niques that employ biochemical enrichment of protein N-termini. Our
N-terminomic coverage based on TMT N-terminal-labeling is slightly
reduced but still in the range of biochemical N-terminomic enrich-
ment [9, 33-35]. We showcase our workflow using a TMT-labeling
approach at the protein level, to offer a supporting layer of evidence
for the presence of protein N-termini, in particular cleavage events.
For this non-enriched experimental setup, other N-terminal labeling
methods such as dimethylation (e.g., delta = 28.031/36.075 Da for
the prototypical light/heavy setup) can be considered. Our adapter
function for processing of corresponding FragPipe output is suited to
extract this modification information provided the user includes the
appropriate variable modifications in the search. Yet, the usage of
TMT-like multiplexing or label-free quantitation is presently outpacing
the usage of light/heavy 2-plex experiments (i.e., SILAC or dimethyl).
For this reason—and to reduce complexity—it has remained beyond the
scope of the present tool to fully integrate pre-configured workflows
of this kind. Yet, label-free (DDA or DIA) proteomic experiments can
integrate semi-specific searches and use our framework for the anno-
tation of cleavage events without the prior requirement of N-terminal
labeling.

Currently established methods for the large-scale probing of pro-
teolytic activity (yielding neo-N- or C-termini) rely on the biochemical
enrichment of N- or C-terminal peptides before their analysis via LC-
MS/MS, for the study of differential proteolysis between biological
conditions. These methods need specialized sample processing that is
not widely standardized in most proteomics labs. These can also lead
to sample loss and make it difficult to contextualize the differential
abundance of proteolytic products with general protein abundance.
We acknowledge that experimental approaches for the enrichment
of proteolytic products offer deeper insights of cleavage events and
increased identifications of native ORF N-terminal peptides (those
mapping to the N-terminal boundary of the fasta protein sequence).
In comparison with an experiment such as the one showcased in this
study (non-enriched N-terminal protein-labeling), proteolytic products
and ORF N-terminal peptides appear in comparably low abundance in
relation to all tryptic peptides in the sample produced by experimen-
tal digestion. Nevertheless, the TermineR data analysis approach can be
used to annotate and perform differential abundance analysis in both
dataset types, coming from N-terminal enrichment or not.

Noticing the great sensitivity of currently available mass spectrom-
eters and bioinformatics tools for peptide identification, we propose
this data analysis approach as an alternative for the explorative anal-
ysis of proteolysis from classic shotgun proteomics experiments, that
allows to probe both N- and C-terminal cleavage events within the
wider context of protein abundance, in the same sample. We con-
sider this approach to be particularly useful (but not limited to) for
data reanalysis. Starting from spectral data acquired from any classic
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shotgun experiment, a semi-specific search can identify peptides that
arise from non-experimental cleavage events, and researchers can
apply our framework for the annotation of these events as poten-
tial proteolytic products and perform differential abundance analyses.
The potential of this application has been showcased in the analysis
of differential proteolysis from shotgun proteomics data on recurrent
glioblastoma multiforme [36].

5 | CONCLUSIONS

Shotgun proteomics LC-MS/MS data is a rich source for probing N-
and C-terminal modifications, such as proteolytic processing. Here
we present a robust data analysis approach wrapped as an R pack-
age, for the processing of semi-specific search results, enabling data
preparation, annotation and dedicated statistical testing based on
feature-specific multiple testing correction. Although described and
initially developed to the applied to search results from the FragPipe
bioinformatics suit, our approach for peptide annotation, differential
abundance analysis and visualization can be easily adapted to pro-
cess data from other data types and search engines (i.e., DIA-NN and
Spectronaut), including label-free data. The R package with example
usability code, data and documentation can be accessed in its latest
version via GitHub.
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