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Abstract 

The biological activity of a protein is regulated at many levels ranging from control of 

transcription and translation to post-translational modifications (PTM). Proteolytic processing is 

an irreversible PTM generating novel isoforms of a mature protein termed proteoforms. 

Proteoform dynamics is a major focus of current proteome research, since it has been 

associated with many pathological conditions. Mass-spectrometry (MS)-based proteomics and 

PTM-specific enrichment workflows have become the methods of choice to study proteoforms 

in vitro and in vivo. Here, we give an overview of currently available MS-based degradomics 

methods and outline how they can be optimally applied to study protease cleavage events. We 

discuss the advantages and disadvantages of selected approaches and describe state-of-the-art 

improvements in degradomics technologies. By introducing the concept of combinatorial 

degradomics, a combination of global discovery degradomics and highly sensitive targeted 

degradomics, we demonstrate how MS-based degradomics further evolves as a powerful tool 

in biomedical protease research. 

 

Keywords: protease, mass spectrometry, proteomics, degradomics, targeted degradomics, 

combinatorial degradomics 
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1. Introduction 

Over the past decades, the dogma of molecular biology has dramatically evolved from the simple 

concept of single gene-transcript-protein relations. It is now clear that one gene can encode many 

transcriptional products, which are translated into even more amino acid chains making up proteins 

with multiple biological activities under different conditions. Thus, to understand the function of a 

protein in a specific biological setting it is important to elucidate its identity, abundance and how 

generation of different proteoforms is dynamically regulated during its lifetime [1,2]. At the 

transcriptional level, proteoform dynamics is mediated by transcription factors and alternative splicing, 

leading to generation of protein isoforms, while at the protein level generation of new proteoforms is 

conferred by post-translational modifications (PTMs). In recent years, the analysis of regulation at the 

protein level has become a major focus, which resulted in establishment of large initiatives, such as the 

Human Proteome Organization (HUPO, www.hupo.org) and its associated human protein project (HPP). 

Regulation of protein activity at the protein level is dynamic, depends on the physiological context and 

ultimately determines the terminal function of a protein. This knowledge could therefore be used to 

identify potential novel disease markers and allow for the development of specialized the rapeutics that 

target only one specific proteoform [3]. 

State-of-the-art system-wide analytical methods like mass spectrometry (MS)-based proteomics have 

become the preferred approaches to analyze protein functions in vitro and in vivo. Although proteomics 

is based on the simple physical concept that by applying an electric field in a high vacuum charged 

peptides and/or proteins can be separated and identified by their masses, it has become a highly 

specialized and complex field of research. As an example, MS is used to study different protein 

proteoforms resulting from PTMs, like phosphorylation, ubiquitination or acetyl ation [4]. Limited 

proteolysis of substrates is a very important but often neglected irreversible PTM, which terminally 

alters protein fate and creates novel proteoforms. Substrates undergoing proteolysis by proteases are 

often signaling proteins like cytokines, chemokines, other proteases or extracellular matrix components. 

Those molecules are all involved in regulating development, immune and inflammatory responses, as 

well as many pathological conditions ranging from cardiovascular to chronic inflammatory diseases or 

cancer. In order to better understand those processes and identify new biomarkers for the diagnosis of 

their associated diseases, substrate proteolysis is now the focus of many research groups around the 

globe. Based on the interest in proteolysis the field of degradomics has been established, aiming at 

analyzing proteolysis both at the substrate and the protease level by MS-based methods. Over the past 
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years, multiple specialized degradomics methods have been developed and it is getting more and more 

challenging to keep an overview of these approaches and to understand how they can be optimally 

applied to study a specific problem. In the following, we will provide an overview of major degradomics 

approaches, how currently available MS-based methods can be used in protease research and discuss 

the future potential of the field. 

2. Proteomics and degradomics 

As a first step to characterize a proteome and its dynamics, usually a whole proteome analysis of a 

biological sample of interest is conducted, termed discovery-based proteomics. Most common 

discovery-based proteomics analyses follow the same, classic bottom-up-proteomics workflow. After 

isolating the proteome from a biological sample, proteins are digested into peptides using a site-specific 

endopeptidase (e.g. Trypsin, LysC, ArgC, Lysarginase or GluC). Peptides are then fractionated by reverse-

phase chromatography, positively ionized, and analyzed in the mass spectrometer according to their 

mass to charge (m/z) value. The detected peptides and their abundances can then be related to the 

original protein by a database search against the whole proteome sequence of the target organism. The 

constant development of new, highly sensitive, high-resolution mass spectrometers in conjunction with 

optimized chemical labeling reagents to analyze multiple samples in a single experiment (multiplexing) 

allows for unprecedented peptide identification and quantification sensitivity below femtomolar ranges. 

Indeed, as whole proteome analysis of biological samples showed, the abundance of  proteins can span a 

range of more than ten orders of magnitude [5,6]. This is a major problem, because due to the principles 

of MS analysis peptides derived from high abundance proteins have the tendency to mask low 

abundance peptides derived from low abundance proteins (Fig. 2A). Moreover, proteolytically 

generated proteoforms and their peptides are even less abundant, since substrate proteolysis is often 

incomplete. This can potentially be overcome by prior depletion of high-abundance proteins (e.g. using 

combinatorial peptide ligand libraries (CPLLs) [7]), as well as affinity purification (e.g. upon biotinylation 

[8]) and additional sample fractionation (e.g. by UHPLC or affinity chromatography). In the case of in 

vitro experiments, this might be a feasible approach, since access to sample is usually not a problem, but 

amounts of in vivo material is limited and any additional purification step increases the risk of loss of 

proteins and in particular the lowly abundant proteoforms. In order to solve this challenge and allow for 

the nearly exclusive identification of protease-generated peptides, specialized positional proteomics 

methods have been invented. These methods combine multiplexing of samples by isotopic labeling with 

a specific peptide enrichment step during sample preparation, depleting the sample of internal tryptic 
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endopeptidase-generated peptides and enriching for only natural as well as protease -generated N-

terminal peptides. Over the past years multiple different positional degradomics methods have been 

presented, with some being project-oriented and rarely been used besides for their original studies. 

Others have become established discovery degradomics methods used to identify a multitude of 

protease cleavage events (Fig. 1). Here, we will focus on the two majorly applied methods in detail, but 

also give a brief overview of some more specialized alternatives. 

 

Figure 1: Number of published studies using specified degradomics techniques according to PubMed searches. Data  col lected 

in November 2019. 

 

3. Discovery degradomics as tool to identify protease substrates 

The first method developed for specific enrichment of protein N-termini from whole proteomes was 

combined fractional diagonal chromatography (COFRADIC) [9]. In COFRADIC, proteins are reduced and 

alkylated to block cysteine side chains followed by trideutero-acetylation of primary N-termini (natural 

and protease-generated) (Fig. 2B, right panel). Afterwards, proteins are trypsin digested, resulting in two 

species of N-terminal peptides: (i) acetylated original peptides and (ii) tryptic peptides with free α-

amines. After the tryptic digest, samples are purified by two orthogonal reverse -phase high performance 

liquid chromatography (HPLC) steps. The first HPLC step fractionates the sample and reduces its 

complexity, whereas prior to the second step the C-terminal and tryptic peptides are hydrophobically 

labeled with 2,4,6-trinitrobenzenesulfonic acid (TNBS). Primary N-termini are then isolated from the 
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sample due to their altered retention time on the column. A drawback of COFRADIC are limited 

multiplexing capabilities due to the acetylation of free N-termini and restriction of sample labeling to 

stable isotope labeling with amino acids in cell culture (SILAC), since other commercial chemical labeling 

reagents bind to the primary amines of a peptide. A modified version of COFRADIC termed charge-based 

fractional diagonal chromatography (ChaFRADIC) was developed, which improves its efficiency by 

employing strong cation exchange chromatography (SCX) prior to the orthogonal HPLC step [10]. This 

allows for multiplex labeling of native and protease-generated N-termini with amine-reactive chemical 

reagents, instead of blocking by acetylation. ChaFRADIC has recently been miniaturized, so that the 

separation can be performed on a self-made column in a pipet tip, reducing sample input to below five 

µg and making the workflow less dependable on a core facility with expensive, reliable HPLC systems 

[11]. 
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Figure 2: Discovery degradomics allow for identification of low abundance proteoforms in biological samples. (A) Traditional  

whole proteome shotgun proteomics fails to detect many low abundance proteins due to low signal-to-noise ratios. (B) Peptide 
enrichment methods in discovery degradomics a llow for detection of low abundance protease-generated peptides in complex 

biological samples. Identification of N-terminal peptides can be improved by either positive (left panel) or negative (middle and 
right panel ) enrichment s trategies . 
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Another powerful positional proteomics method widely applied is terminal amine isotopic labeling of 

substrates (TAILS) ([12]; for a recent protocol see [13]). Like COFRADIC and ChaFRADIC, TAILS is based on 

negative enrichment of protein N-termini and protease-generated neo-N-terminal peptides (Fig. 2B, 

middle panel). Here, an isotopic label introduced by whole protein labeling chemically blocks all primary 

α- and ε-amines. After the tryptic digest, tryptic peptides are removed from the sample by binding to an 

amine-reactive highly-branched polyglycerol aldehyde polymer (HPG-ALD polymer) via their unblocked 

primary N-terminal α-amines. Since chemically or natively blocked (e.g. acetylated) N-terminal peptides 

cannot bind to this polymer, they can be collected in the flow-through of size-exclusion spin-columns. 

Similar to ChaFRADIC, TAILS allows for multiplexing of samples by isotopic labeling at the protein level 

prior to the tryptic digest. However, for TAILS this can be extended up to 16-plex by use of amine-

reactive tandem mass tags (TMT). Since less chromatography steps are involved, there is a lower risk of 

peptide losses during sample preparation, but the polymer pull-out depends on prior N-terminal 

blocking and efficiency of proteome labeling [14]. Multiplexing provides an additional benefit, since 

increasing the number of samples analyzed within a single TMT-based TAILS experiment results in more 

total protein, which on the other hand allows to reduce the amount of  total protein needed from 

individual samples. 

An alternative to COFRADIC, ChaFRADIC or TAILS is based on removing internal tryptic peptides via 

phospho-tagging (PTAG) followed by titanium dioxide (TiO2) affinity chromatography [15]. Additionally, 

natural und protease-generated N-termini can be positively enriched by N-terminalomics by Chemical 

Labeling of the α-Amine of Proteins (N-CLAP) [16] or subtiligase enzymatic labeling [8], which both 

specifically chemically label α-amines allowing for their affinity purification (Fig. 2B, left panel). 

Secretome Protein Enrichment with Click Sugars (SPECS) metabolically labels glycosylated proteins, 

followed by click chemistry-mediated biotinylation for avidin affinity enrichment and enables in 

particular identification of protease-mediated surface shedding events but without providing 

information on protease cleavage sites [17] [18].  

Even though identifying the N-terminal peptide of a cleaved substrate is often sufficient for protease 

substrate discovery, C-terminal cleavage products are of as much interest. However, enrichment of C-

terminal peptides is not as commonly used, since carboxyl groups are less reactive than primary amines. 

Nevertheless, TAILS and COFRADIC have been adjusted to allow for enrichment of natural and protease-

generated protein C-termini. For TAILS, additionally to N-terminal blocking, ethanolamine is coupled to 

the C-terminus of peptides allowing for the negative enrichment of protein C-termini using a high-
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molecular-weight poly-allylamine polymer [19]. C-terminal COFRADIC employs an extra labeling step of 

primary amines of C-terminal peptides, followed by an additional round of HPLC fractionation [20]. 

Positive and negative enrichment methods both come with their own advantages and disadvantages 

and are thus suitable to address different biological questions. Negative enrichment methods allow for 

in-depth analysis of both the proteome (before enrichment) and the degradome (after enrichment) with 

the possibility to multiplex experiments by chemical labeling of α- and ε-amines, which increases 

quantification and identification confidence between multiple samples. Importantly, they also enrich for 

naturally modified N-/C-terminal peptides (e.g. acetylated N-termini), since those will not bind to the 

matrix used for negative enrichment. While using readily available chemicals for labeling, negative 

enrichment methods require either extensive fractionation (COFRADIC, ChaFRADIC) or specialized 

polymers (TAILS) for depletion of internal tryptic peptides, which, however, are now publicly available. 

As a major technical challenge, positive enrichment of N-terminal peptides requires selective labeling of 

N-terminal α-amines. This precludes identification of naturally blocked protein N-termini but might be 

advantageous for identification of protease cleavage events in cytoplasmic samples with hi gh numbers 

of naturally acetylated N-terminal peptides. Furthermore, multiplexing and peptide quantification is 

mostly restricted to SILAC or label-free quantification, since isotopic labels would have to be introduced 

with N-terminal affinity tags. An exception is subtiligase enzymatic labeling, which allows isotopic 

labeling of ε-amines after positive enrichment but is restricted to multiplexed quantification of lysine -

containing N-terminal peptides and requires access to the subtiligase enzyme. 

Since their first publication discovery degradomics methods have been extensively used to identify 

proteases and their specific cleavage products in various biological backgrounds and from all kinds of 

different species ranging from E. Coli [9,21], Arabidopsis thaliana [10], model animals like rodents [22] 

and pigs [23] to humans [24]. At time of writing, a simple PubMed search with the keywords “Terminal 

Amine Isotopic Labeling of Substrates” or “COFRADIC” resulted in 49 (for TAILS) and 42 (for COFRADIC) 

research articles, respectively (Fig. 1). Additional manual curation revealed that those search terms did 

not even provide a full list of all articles published using these methods. Since discussing all studies that 

employed a discovery degradomics technique would be beyond the scope of this review, we provide a 

compilation of research articles published up till November 2019 and based on PubMed searches for the 

associated method names (Table 1). Reference numbers in this table refer to PubMed accession 

numbers of corresponding publications listed in Table S1. 
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Table 1: Compilation of published discovery degradomics methods. Ref. # refers to numbers in Table S1. 

# Technique Preparation 
time 

Organism Sample type Ref. # 

49 TAILS 48h Popular technique: from recombinant proteins to clinical 

patient testing 

1-49 

42 COFRADIC 48h Popular technique: from recombinant proteins to clinical 
patient testing 

50-91 

1 HUNTER 48h Rat Brain 135 

Plant Arabidopsis thaliana 135 

Human HeLa, B-ALL, 697, blood plasma, 
primary B-ALL, primary AML, B-cells, 
monocytes, natural kil ler cells, NKT 

135 

2 CheFRADIC 48h Plant Arabidopsis thaliana 136 

Human Platelets 137 

7 Enzymatic 
Biotinylation 

60h Bacteria Escherichia coli 123, 125, 126 

Yeast Saccharomyces cerevisiae 123 

Recombinant 
Protein 

Aprotinin 123,126 

Human HEK-293A, Serum, Jurkat cells, blood 
plasma  

123, 124, 126, 
127 

6 Yeast-two-

Hybrid in 
Proteolysis 

 Human HEK293T, HCT116, Daudi, THP-1, OCI-

AML2, dendritic cells, 

129- 132 

Recombinant 
protein 

RFXANK, Fibrinogen 129, 133 

Mouse Megakaryocytes, platelets 134 

4 SPECS 96h Mouse  Cortical neurons (secretome), MEF 
(secretome), primary neurons 
(secretome) 

92,94,95 

Human HEK293T (secretome) 93,94 

9 PROTOMAP 24h Human Blood, Jurkat T Cells, erythrocytes, 
MHCC97L, HCCLM6, A549, PC-3 

97-104 

6 TMPP, N-TOP, 

dN-TOP 

24h Recombinant 

protein 

Recombinant glycoproteins, Hz6F4-2 105, 106, 107, 

110 

Bacterium Myobacterium smegmatis, 
Herminiimonas arsenicoxydans 

108, 109 

1 NEDDylator  Human Jurkat 128 

4 ATOMS 48h Human Primary macrophages, BJ cells, HUVEC, 
skin 

111, 112 

Recombinant 
protein 

Fibronectin-1, LM-111 113 

10 C-

Terminomics 

48h Recombinant 

protein 

Bovine serum albumin, β-casein 114 

Human 293T 115 

Bacteria/Yeast Saccharomyces cerevisiae, Escherichia 

coli, Thermoanaerobacter 
tengcongensis 

116-121 

1 PTAG  Bacteria/Yeast Neisseria meningitides, Saccharomyces 
cerevisiae 

122 
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4. Targeted degradomics to validate and extend results from discovery degradomics approaches 

Discovery proteomics and degradomics approaches are inherently challenged by the complexity of the 

sample proteome. Only applying differential depletion steps or immunoprecipitation methods using 

specific antibodies might enable identification and quantification of specific low abundance proteins and 

protease cleavage events. Moreover, inherent undersampling in shotgun proteomics can prevent 

comprehensive positional peptide mapping of identified substrate proteins. Thus, it might not be clear,  

if a unique proteoform was generated by limited proteolysis or if it resulted from rather unspecific 

degradation of the mature protein. By harnessing the sensitivity, precision and ability to overcome 

interference of the whole proteome, targeted degradomics ensures that proteoforms and cleavage 

events of interest can be analyzed with high sensitivity and comprehensive coverage of substrate 

proteins. 

The vast amount of information accessible today provides ample resources to identify a proteoform 

cleavage as well as a candidate protease of interest. Data obtained by discovery degradomics 

approaches is stored in databases like MEROPS (https://www.ebi.ac.uk/merops/), CutDB 

(https://omictools.com/cutdb-tool), TopFIND (http://clipserve.clip.ubc.ca/topfind), CaspDB 

(https://omictools.com/caspdb-tool), Degrabase (https://wellslab.ucsf.edu/degrabase/) and others [25–

29]. Those databases may also contain multiple isoforms of a cleaved proteoform associated with 

different biological contexts [29,30]. Additionally, extracted datasets allow for prediction of candidate 

proteases based on known substrate cleavage motif preferences of endopeptidases. Validation of direct 

protease-substrate relations revealed by discovery degradomics require experimental evidence that 

identified proteoforms are indeed the result of a “true” cleavage event performed by a specific 

protease. This validation can be achieved by a targeted degradomics experiment. In contrast to 

discovery degradomics, targeted degradomics aims at monitoring specific proteoforms and their 

cleavage products rather than measuring as many events as possible. As an example, a substrate of 

interest is co-incubated with a candidate protease and the mass spectrometer set to specifically scan 

either the original or the proteolytically generated peptide. Thereby, both proteoforms can be identified 

and their relative abundances determined [31]. As long as the peptide target is known, targeted 

degradomics allows identifying the same target peptide e.g. in a simple cell-free protein system, in cell 

culture and in in vivo systems [32]. For instance, targeted proteomics was successfully applied to 

compare the same peptide target across different cancer cell lines, ranging from pancreatic cancer to 

colorectal adenosarcoma, breast cancer, and metastatic adenosarcoma [33]. Similarly, it is possible to 
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monitor the same cleaved peptide in human plasma, urine, liver, kidney, heart, skin, etc. Furthermore, 

targeted proteomics and degradomics is specifically suited for  cross-tissue and cross-laboratory studies 

and basically only limited by robustness of chromatography and instrument availability [34,35]. 

In general, trypsin is used as a standard working protease for bottom-up proteomics and degradomics, 

but with the emergence of alternative endopeptidases, such as LysC, AspN, GluC, Pepsin, and 

LysargiNase the coverage of the full proteome as well as the N-terminome has significantly increased 

[31,36]. Like in discovery approaches, different endopeptidases can be applied to targeted proteomics 

and degradomics to cover the naturally occurring proteome and degradome with maximum depth. 

Therefore, using the appropriate endopeptidase it is now possible to develop targeted degradomics 

assays for most protease cleavage events. As long as the peptide of interest has a length between 6 and 

26 amino acids, the mass-spectrometer will identify the fragment [36]. Still, due to a limited variety of 

endopeptidases identification of specific fragments might be prohibited. As an alternative, a top-down 

proteomics approach might be applied, in which the intact, undigested proteome is directly injected into 

the LC-MS system. However, top-down-proteomics faces other challenges, such as limited solubility, 

insignificant ionization and complex fragmentation of proteins [37]. 

Through PTM crosstalk other PTMs of the parent protein can affect generation of proteolytic fragments. 

Using targeted degradomics, PTMs such as phosphorylation, glycosylation and ubiquitination that may 

interfere with proteolytic cleavage can be concomitantly monitored, often without additional 

enrichment steps [13]. Monitoring the target peptide with and without a modification only requires 

correction of the target mass and determination of respective elution times. Concomitant analysis of 

multiple PTMs in an endogenous biological environment allows for a more in-depth analysis of the 

sample and provides additional insight into complex biological systems [38,39]. 

In addition to validating peptide cleavage events, targeted degradomics data can be quantitatively 

analyzed with high accuracy, e.g. to proportionally assess cleaved and non-cleaved proteoforms. This 

can be achieved by measuring (i) the intensity of the ion chromatographic peak, (ii) counting peptide 

spectrum matches or (iii) comparing absolute peptide concentration to the synthetic reference 

spectrum [40]. The most common quantification technique determines the area under the curve of each 

transition recorded at the peptide fragment level [41,42], which is a flexible and convenient method to 

select the right values for the identified peptide. These values can then be analyzed using standard data 

processing software, such as Microsoft Excel, GraphPad Prism, SPSS, or statistical programming 
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languages like R, Matlab or Python [43,44]. All of these provide convenient packages for targeted 

degradomics data analysis and statistical methods to assist in data interpretation.  

Targeted degradomics is becoming more and more popular as a technique to verify and reliably quantify 

a cleavage event of choice [31]. This is supported by the advances in sensitivity, precision, speed, and 

robustness of mass spectrometers that have reached and in some cases already surpassed traditional 

antibody-based methods [45]. The lack of reliable antibodies, the inability to raise an antibody to a 

specific cleavage product, or the time it takes to produce an antibody for a specific target protein is a 

limitation that might be overcome by mass spectrometry-based targeted degradomics. 

With better access, affordable prices and availability of proteomics core facilities, mass spectrometry-

based proteomics is readily becoming available to a wider community of protease researchers. 

Initiatives like the Clinical Proteomics Tumor Analysis Consortium (CPTAC, 

https://www.hupo.org/Clinical-Proteome-Tumor-Analysis-Consortium-(CPTAC)) and the European 

Proteomics Infrastructure Consortium providing access (EPIC-XS, https://epic-xs.eu/) now also offer 

degradomics technologies and have opened up many services to biomedical scientists and clinical 

researchers. 

5. Future perspective for combinatorial degradomics technologies 

If combined in an approach we term combinatorial degradomics (Fig. 3), discovery and targeted 

degradomics become a powerful tool to identify, validate and characterize proteolytic events in every 

type of biological sample.  
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Figure 3: Overview of combinatorial degradomics. Combination of discovery and targeted degradomics  methods  a l lows  
monitoring of protease cleavage events in all kinds of biological samples. Candidate cleavages identi fied from combinatoria l  
degradomics have to be ultimately verified by in vitro/in vivo testing across different systems. All three approaches  integrate 
with database profi l ing and next-generation machine learning a lgori thms. 

 

Combinatorial degradomics has already been applied to better understand known and to decipher novel 

protease signaling pathways. Uncovering new modes of complement activation, providing 

unprecedented insight into inflammation and cancer signaling and unraveling specificity profiles for 

entire protease families are only a few examples of how degradomics technologies have revolutionized 

protease research towards a comprehensive understanding of the protease web [46–49]. Although data 

recorded in system-wide analyses is compiled in data repositories, designing experiments or software 

algorithms to orthogonally but comprehensively validate the insights gained by degradomics 

experiments is still a major challenge. Furthermore, more streamlined techniques are needed to confirm 

biological relevance of phenomena observed in such hypothesis-generating studies. 
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One of the techniques, which has been applied to discovery degradomics is data independent 

acquisition (DIA) mass spectrometry, allowing discovery and quantification of thousands of peptides and 

newly generated proteoforms [50,51]. DIA shifts the paradigm of identifying the most abundant ions in a 

peptide mixture to measuring specified windows of masses and thus turns the stochastic nature of data 

dependent acquisition (DDA) shotgun proteomics into a more unbiased approach [52]. Given the 

fundamental differences in modes of data acquisition, DIA can also serve as orthogonal technology for 

high-throughput validation of DDA data. In general, DIA relies on extensive spectral libraries that need to 

be recorded in separate DDA measurements, significantly increasing mass spectrometry time. However, 

use of pre-generated libraries can now be completely avoided, e.g. by combining DIA with Prosit, a deep 

learning algorithm for peptide tandem mass spectra prediction [53]. 

Quantitative discovery degradomics has highly benefitted from extended multiplexing capabilities, now 

allowing concomitant analysis of up to sixteen samples with the newly released 16plex Tandem Mass 

Tag (TMT) reagents. By combining sixteen samples into a single injection, the possibility to identify a 

target cleavage can be increased, the time taken for mass spectrometry analysis reduced and a 

significantly higher sample throughput achieved. Dependent on the chemistry of isobaric labeling 

reagents, even higher levels of multiplexing can be realized [54], which are expected to soon be 

commercially available for proteomics and degradomics applications. 

Together with the development of novel amine-reactive labeling reagents, extensive off-line peptide 

fractionation has the potential to significantly increase throughput and N-terminome coverage in 

discovery degradomics. By establishing automated set-ups using reverse phase high pH chromatography 

a sample can be fractionated into more than 48 fractions, dramatically increasing the coverage of the 

proteome [51,55]. Injecting each fraction independently using a classical DDA mode for analysis and 

combining all fractions into a single output file, it is possible to identify over 10.000 N-terminal peptides 

from a single sample. This includes multiple proteoforms that were previously undiscovered or required 

complex steps of targeted precipitation [45]. Combining fractionation and DIA, the groups of Huesgen 

and Lange have taken another approach to N-terminal enrichment. Instead of using the HPG-ALD 

polymer regularly applied in TAILS, they modified the HYTANE method  for negative enrichment of N-

termini [56]. With this approach, they have managed to identify more than 8000 N-termini out of 1 

Million HeLa cells starting material [51]. 

High-throughput validation of discovery degradomics results does not only depend on the sensitivity and 

throughput of the validation methods, but also on data processing strategies. As an example, Triggered 
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by Offset, Multiplexed, Accurate mass, High resolution, and Absolute Quantitation (TOMAHAQ) is a new 

software tool for targeted proteomics that combines TMT-based multiplexing with targeted analyses. In 

conjunction with the new TMT 16plex kit, TMT0 and TMT super heavy, TOMAHAQ and TOMAHAQ 

companion allow rapid and reliable target quantification of thousands of targets at a time. Compared to 

regular targeted proteomics workflows this is a major boost in throughput and may also be used for 

validation of proteolytic cleavage events identified in discovery degradomics experiments [57–59]. 

Furthermore, by combining already existing techniques like TAILS and TOMAHAQ it will be possible to 

use N-terminally enriched fractions as template libraries to monitor and quantify the N-termini of 

samples without enrichment. This technique will reduce sample loss due to long enrichment workflows, 

reducing sample-to-sample variation from handling errors and will increase the speed of target 

verification. 

The combination of these new analysis tools pushes combinatorial proteomics to new depths. With the 

advent of single cell proteomics and new updates on TOMAHAQ it may even become possible to 

monitor proteolysis events in single cells [60]. Due to an inherent capacity of TMT tags and the 

TOMAHAQ targeted method to distinguish between a carrier channel with over 500 cells and a single 

cell carrying a TMT tag this might enable analyzing the heterogeneity of post-translational modifications 

at the single cell level. This will allow us to draw a comprehensive map of cellular dynamics according to 

the size of a single cell, its protein content, cell type, etc. The opportunities opened up by single cell 

proteomics can hardly be grasped, but they will move the field even further towards clinical diagnostics. 
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Table S1: Publ ication number and corresponding pubmedID as referred to from table 1 and figure 1. 
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