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Abstract

A top-down proteomic strategy with semi-automated analysis of data sets has proven successful 

for global identification of truncated proteins without the use of chemical derivatization, 

enzymatic manipulation, immunoprecipitation or other enrichment. This approach provides the 

reliable identification of internal polypeptides formed from precursor gene products by proteolytic 

cleavage of both the N- and C-termini, as well as truncated proteoforms that retain one or the other 

termini. The strategy has been evaluated by application to the immunosuppressive extracellular 

vesicles released by myeloid-derived suppressor cells. More than 1000 truncated proteoforms have 

been identified, from which binding motifs are derived to allow characterization of the putative 

proteases responsible for truncation.
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INTRODUCTION

Truncation of proteins gives rise to new proteoforms that have the potential to play important 

roles in regulating signal transduction and cell activity.1–5 Several mechanisms can generate 

truncated proteins, including degradation of full-length proteins and, more rarely, alternative 

start and stop sites for transcription or protein translation. Studies of truncated proteoforms 

have been challenging because the intracellular abundances of most protease products are 

low, and selective enrichment has been required prior to mass spectrometric or other 

characterization.4, 6–8 Thus far, most analyses on the proteomic scale have depended on 

bottom-up strategies with tryptic cleavage, and have targeted polypeptides with new 

derivatized amino-termini for identification or quantitation.1–3, 6–9 In the present study top-

down mass spectrometry is extended using semiautomated bioinformatic processing, and 

demonstrated to identify and characterize truncated polypeptides without chemical or 

enzymatic manipulation, immunoprecipitation or other selective enrichment. We identify 

polypeptide sequences released from both sides of scissile bonds in precursor proteins, and 

for the first time characterize internal products formed by multiple cleavages in a reliable 

high throughput strategy. Our approach is evaluated by analysis of the lysate of extracellular 

vesicles shed by cancer-induced myeloid-derived suppressor cells (MDSC). This sample was 

chosen for several reasons: (i) it is present in virtually all cancer patients and a major 

obstacle to antitumor immunity;10–13 (ii) we have previously identified many of the proteins 

carried by these extracellular vesicles, and demonstrated that some proteins and 

ubiquitinated proteoforms mediate immune suppressive functions of intact MDSC;11, 14,15 

and (iii) because truncated proteins have been detected frequently in MDSC-derived 

extracellular vesicles.10,11 Truncated proteins have also been observed in urinary 
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extracellular vesicles.16 One source of truncated proteins in extracellular vesicles might be 

polypeptides formed in parental cells and selectively removed by extracellular vesicles.17–21 

An alternative or co-existing explanation is that proteins are hydrolyzed in situ by proteases 

active in the extracellular vesicles. This latter hypothesis is consistent with the previous 

identification of 49 proteases and the 37 components of the proteasome and immuno-

proteasome in MDSC-derived extracellular vesicles11,22 and of 34 proteases in urinary 

extracellular vesicles.23 Protease, proteasome and other enzymatic activities have recently 

been demonstrated to occur in situ in several kinds of extracellular vesicles.23–28 Whether 

proteolysis occurs in one or both locations, truncated proteoforms in MDSC-derived 

extracellular vesicles provide novel polypeptides potentially able to impact and modulate the 

significant biological functions of extracellular vesicles, e.g., intercellular communication, 

regulation and dysregulation, immunomodulation and therapeutics.

Our first objective was to establish a successful top-down strategy to identify truncated 

proteoforms. Subsequent objectives included characterization of the variety of truncated 

polypeptides present in these biologically active extracellular vesicles, examination of 

cleavage sites in the precursor proteins, and consideration of the cellular and extracellular 

proteases responsible for the observed truncations.

EXPERIMENTAL SECTION

Myeloid-derived suppressor cells were obtained from mice carrying syngeneic primary and 

metastatic 4T1 mammary tumors and allowed to shed extracellular vesicles as previously 

reported.11, 14 Extracellular vesicles were lysed by suspension in 8 M urea in 50 mM 

ammonium bicarbonate (pH 8.5). A protease inhibitor cocktail (1% by volume) (Sigma 

Aldrich, St. Louis MO) and a deubiquitinase inhibitor PR619 (50 μM) (LifeSensors, 

Malvern PA) were included to control artifactual proteolysis. Samples were buffer 

exchanged with 50 mM ammonium bicarbonate (pH 8.5) taking final samples to 0.8 M urea. 

Protein content was measured using the Pierce BCA Assay Kit (Thermo Scientific, San Jose 

CA). Seven mouse samples were pooled to provide approximately 600 μg protein for an 

analysis that included fractionation by gel electrophoresis in solution. An additional 

biological replicate was analyzed using material from a single mouse experiment, 

approximately 100 μg protein.

Proteins in the pooled preparation were precipitated at −20° C for 1 hr, resolubilized in 1% 

SDS, and fractionated using gradient electrophoresis in solution following the 

manufacturer’s instructions (Expedeon GELFrEE, San Diego CA). Twelve fractions were 

collected and evaluated by 1D gel electrophoresis. Fractions were pooled 1–2, 3–8, 9–10 and 

11–12 according to similarities in protein sizes as visualized by 1-D gels (See Supporting 

Figure S-1), precipitated from the SDS solution with CHCl3:CH3OH:H2O (4:1:3), and 

resolubilized in H2O:ACN (97.5:2.5) with 0.1% formic acid (solvent A). Each pooled 

fraction was desalted and concentrated in a PepSwift RP-4H monolith trap (100 μm x 5 mm) 

at a flow rate of 5 μL/min, and separated on a ProSwift RP-4H monolith column 200 μm x 

25 cm (Thermo Fisher) using a gradient of 5 to 55% solvent B ACN:H2O (75:25) 0.1% 

formic acid at a flow rate of 1.0 μL/min through 120 min. The biological replicate of smaller 

sample size was not fractionated. It was desalted and concentrated on a PepSwift RP-4H 
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monolith trap into 5% solvent B and subsequently separated using a ProSwift RP-4H 

monolith column. A gradient of 5 to 55% solvent B was developed through 145 min. Five 

replicate injections were made.

Top-down LC-MS/MS analysis was carried out using an Ultimate 3000 RSLCnano system 

(Dionex, Sunnyvale CA) coupled via a Nanospray Flex (Thermo Fisher Scientific) to a 

Fusion Lumos tribrid orbitrap mass spectrometer (Thermo Fisher Scientific).29,30 Resolving 

power of the orbitrap was set to 120,000 at m/z 200 for both precursor and product ion 

analysis. Precursor spectra were acquired in intact protein mode. MS1 and MS2 spectra were 

acquired by averaging 2 to 5 microscans. MS/MS spectra were produced in “top-speed” 

data-dependent mode with a fixed duty cycle of 10s and dynamic exclusion of 60 sec. 

Precursor ions with a charge state of +8 and higher were selected for activation. A range of 

1000 to 50,000 Da was scanned. Precursor ions were activated by: (1) electron transfer 

reactions (ETD, 6 ms reaction time) supplemented by collisions with nitrogen (HCD, 10% 

maximum energy); and/or (2) collisions with helium (CID, 25% maximum energy) in the 

same run.

Data sets acquired in these top-down analyses were processed using BioMarker Search in 

ProSight PD integrated in Proteome Discoverer 2.2. The raw data files were searched with 

delta M mode on, using a database constructed (ProSight PC 4.0) in XML format containing 

17,013 reviewed Mus musculus protein entries from UniProt (February 2019). Precursor 

mass tolerance was 200 Da and fragment mass tolerance was 10 ppm. A minimum number 

of 5 matching fragments and P-Scores smaller than 1 × 10−5 were required for reliable 

identification of truncated proteoforms. Minimum C-Scores of 40 were required for 

identification of truncated proteoforms with additional post-translational modifications.31

Identified truncated proteoforms were manually curated based on the mass difference 

between each precursor gene product and associated truncated polypeptides. Mass 

differences between all observed and theoretical masses were in the range between −0.2 Da 

and +0.2 Da, with 98.8% of the truncated proteoforms observed inside the range of −0.1 Da 

and 0.1 Da. ProSight lite supported the assignment of fragment ions in deconvoluted product 

ion spectra, and the assignment of each truncated polypeptide within its precursor gene 

product. The latter were manually correlated to confirm the mass differences. P1 to P4 and 

P’1 to P’4 amino acid motifs were manually tabulated for all cleavage sites except loss of 

initial methionine. Putative proteases were assigned: (i) using the prediction tools PROSPER 

(https://prosper.erc.monash.edu.au/ 32 and iProt-Sub (http://iprot-sub.erc.monash.edu/; 33 (ii) 

by manually searching the P4-P4’ segments of the truncated forms against the MEROPS 

database release 12.1 (https://www.ebi.ac.uk/merops);34,35 and (iii) by literature review 

(Table S1).

RESULTS AND DISCUSSION

Identification of truncated proteoforms

Using our top-down strategy, 1020 truncated proteoforms were identified in the extracellular 

vesicles with high confidence, with P-scores between 1 × 10−5 and 1 × 10−145. These 

proteoforms were found to be derived from 225 precursor gene products (Supporting Table 
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S-1). Gene ontology analysis of the molecular functions of the 225 precursor proteins 

(Figure S-2) indicates that about 16% are structural, 16% have catalytic activity, and more 

than half are binding proteins. Proteins in these categories have previously been reported to 

be abundant in extracellular vesicles shed by parental MDSC.11,14, 22 Analysis of the 

locations of the precursor proteins referenced to parental MDSC (Figure S-2) provides a 

similar distribution to that reported in a 2014 gene ontology analysis of exosomal proteins14 

with the major portion assigned to cytoplasm. Removal of initial methionine was detected in 

171 of the 1020 proteoforms and was accompanied by N-terminal acetylation in another 135 

proteoforms. For either case the loss of initial methionine was not counted as truncation in 

this study of post-translational proteolysis. Figure 1A summarizes the distribution of 

precursors associated with different numbers of truncated proteoforms (presented in detail in 

Table S-1). Fifty-six percent are associated with a single truncation product. At the other end 

of the scale, four histones are each associated with more than 50 truncated proteoforms. As 

Figure 1B demonstrates, 60% of all the truncated proteoforms identified here are formed 

from histone precursors. Extensive histone truncation is consistent with previously 

documented histone clipping.4,36 Figure 1C lists the 10 histones represented by the most 

truncated proteoforms and the 10 non-histone precursors for which the most truncated 

products were identified.

Figures 2 and 3 provide illustrations of the approach. MS/MS spectra of two truncated 

proteoforms are presented in Figure 2., It can be observed that in both examples (1) high 

fragment ion density is observed, (2) mass differences with the theoretical truncated 

proteoform masses are lower than our set threshold of 10 ppm and (3) fragment ions explain 

both termini of the truncated proteoform. Based on these conservative requirements, we 

identified in a semi-automated fashion truncated proteoforms of the precursor gene products 

with high reliability.

In Figure 3 multiple proteolytic sites and truncated polypeptides are mapped onto the 

sequences of three representative precursor gene products. In the top map, 19 cleavage sites 

in High mobility group protein B2 resulted in 31 truncated proteoforms, all of which carry 

neither terminus of the gene product precursor. The middle map shows 3 cleavage sites in 

Histone H2A type 1-P that led to 3 proteoforms. None of these carry the C-terminus and 

several of the proteoforms also do not contain the N-Terminus. In the bottom map 6 

proteolytic sites in Histone H3.3C resulted in 10 proteoforms, none of which carry the N-

terminus. Specific assignments may be found in Table S-1. Based on such two-step analyses, 

17% (176) of the 1020 proteoforms identified contain the N-terminus of the precursor as 

listed in UniProt (see Experimental Methods), 19% (194) the C-terminus, and 64% (650) are 

internal polypeptides formed from their precursors by two or more proteolytic events (Figure 

1D). The considerable number of internal proteoforms with neither of the original termini 

present is of special interest, since bottom-up strategies are reported not to provide reliable 

identifications of internal truncation products.

Despite the successful application of our strategy for an informative global analysis, we 

propose that the 1020 truncated proteoforms identified here constitute only a portion of the 

truncated polypeptides present in the MDSC extracellular vesicles studied. Several reasons 

for a shortfall can be identified. The molecular masses reported here are distributed between 
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1380 to 17,102 Da and favor the range 5000 to 8000 Da (Figure S-3). Likely, statistically 

significant identifications of heavier proteoforms are limited because concentrations are too 

low to meet the instrumental requirement for higher ion counts as the mass increases. 

Second, no polypeptides are characterized as being modified by both truncation and additive 

modifications beyond N-terminal acetylation. It should be noted that the inclusion of 

multiple modifications in a database search using BioMarker Search mode with delta M 

mode decreases the statistical power of the search and can result in missed identifications. 

Additive modifications of intact proteins have been reported in previous, untargeted 

proteomic studies of MDSC extracellular vesicles. 10, 11,14, 15, 22, 30 In one of these studies 

20 out of 75 intact proteoforms identified carried multiple modifications including 

acetylation, phosphorylation, cysteinylation, cysteine sulfonic acid, citrullination, mono-, di- 

and tri-methylation and oxidation.10 Thus, the list of truncated proteoforms that also carry 

additive modifications is likely to be expanded when improved search software becomes 

available. Lastly, 225 precursor proteins are represented in this study, while more than 1200 

gene products have been identified in MDSC extracellular vesicles.

Assignment of putative proteases

An analysis of the frequency with which amino acid residues are found on each side of a 

cleaved amide bond is presented in Figure 4. The P1 and P’1 positions are noted by orange 

and blue bars, respectively. It is immediately apparent that many proteases contribute. A 

more complete analysis captures the four amino acids on each side of each cleaved amide 

bond (P1 to P4 and P’1 to P’4) to provide motifs that enable identification of putative 

catalytic proteases. These motifs were used to carry out protease assignments using the 

MEROPS database query by specificity. “What peptidase can cleave this bond?” Queries of 

“What are the known cleavage sites in this protein?” were also performed. We selected this 

database because MEROPS is manually curated and offers information on experimentally 

characterized proteases and a large number of naturally occurring substrate cleavages.34,35 

Considering that MEROPS is a database in expansion and does not contain all substrate 

cleavages, we also utilized the web servers PROSPER and iProt-Sub that based on a 

substrate protein predict the targeting protease and its cleavage sites through a machine 

learning approach, which was trained with datasets from the MEROPS database.32,33 Note 

that our approach does not consider the possibility of consecutive proteolysis. The observed 

motifs of each truncated proteoform are provided in Supplementary Table S-1, along with 

the assigned proteases.

A total of 25 putative proteases were assigned which could account for 85% of the N-

terminal and 73% of the C-terminal truncations observed (Table 1). Interestingly, 14 out of 

the 25 proteases proposed have already been shown to be present in MDSC-derived 

extracellular vesicles and also in parental MDSC. Seven of these proteases have been found 

to be more abundant in extracellular vesicles than in parental MDSC, with enrichments 

ranging between 2.3- and 39-fold.22 Thirty-four proteoforms (3.3 %) were recognized for 

whose production no proteases could be matched (Figure S-4). The majority of cleavages 

with unassigned proteases occur after tyrosine or phenylalanine, Y/F-Xaa, which could be 

explained by a chymotrypsin-like protease such as found in the immunoproteasome.11,37,38
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Eight cathepsins (B, D, E, G, K, L, S and Z) are assigned as putative proteases, four of 

which (cathepsins B, D, G and Z) have previously been identified in MDSC-derived 

extracellular vesicles.11,22,30 Cathepsins are known to play a role in the endosomal pathway, 

but can have diverse functions depending on their cellular and extracellular location.41 From 

these eight putative proteases, about 20% of the truncations are assigned to cathepsin G by 

the prediction tools. Additionally, 26 truncated proteoforms (originating from neutrophilic 

granule protein; HMG-17; histone H2A type-1K, −1P, −2A, −2C, −3 and -J; and histone 

H2B types −1B and −1H) showed the loss of one or two C-terminal residues that could be 

explained by the carboxydipeptidase and carboxymonopeptidase activity of cathepsin B and 

cathepsin Z, respectively. A third of the truncations observed (34%) correspond to cleavages 

at sites with small hydrophobic P1-P1’ residues such as Ala-Xaa and Val-Xaa. Many of 

these cleavages are assigned by the prediction tools and/or MEROPS to proteases such as 

elastase-2; matrix metalloprotease-2, −3 and −9; or cathepsin D, E, G, L and S. Additionally, 

myeloblastin a protease present in MDSC and their derived extracellular vesicles could help 

explain these cleavages based on its high sequence similarity (68%) to human myeloblastin.
39,40 The assignment of plasmin, thrombin and coagulation factor X as putative proteases is 

made based on MEROPS search by specificity and on the proteolytic specificity reported in 

Gasalia et al.42 However, it is relevant to note that for the proposed proteases plasmin and 

thrombin, only the precursor proteins have been identified in MDSC-derived extracellular 

vesicles (exosomes). In the case of prothrombin, the precursor of thrombin, we also 

identified its activating proteins coagulation factor Xa and factor V in extracellular vesicles.
11, 22 In the case of plasminogen, the precursor of plasmin, the activating proteins—tissue-

type plasminogen activator, urokinase plasminogen activator, factor XIIa and kallikrein--

have not yet been detected. The loss of the N-terminal tripeptide “MSE” from histone H1.1, 

H1.2, H1.3 and H1.4, is observed in 25 of the truncated proteoforms identified. Additionally, 

one truncated proteoform of H1.5 showed the loss of the N-terminal dipeptide “MS”. These 

truncations could be supported by the presence of the N-terminal proteases tripeptidyl 

peptidases-1 and −2 and dipeptidyl peptidases-1, −3 and −9 which have been previously 

reported in MDSC-derived extracellular vesicles.11, 22 Interestingly, these extracellular 

vesicles also carry protease inhibitors such as stefin-2, α2-macroglobulin, kininogen-1, 

leukocyte elastase inhibitor A and serine protease inhibitors, which could regulate 

proteolysis if active. Protease inhibitors have also been reported in urinary extracellular 

vesicles23 and it is notable that in situ catalytic activity has been observed in urinary 

extracellular vesicles known to carry cathepsins and myeloblastin.23

In this analysis, we found a 56 % overlap between proteases assigned by database search or 

prediction and those previously identified in both MDSC extracellular vesicles and their 

parental cells. The cleavage pattern does not allow us to discern if proteolysis occurs 

uniquely in one entity and appears to support the conclusion that both serve as sources for 

truncated proteoforms in the extracellular vesicles Additional experiments are needed to 

verify in situ activities of proteases carried by extracellular vesicles, as well as to screen 

truncated proteoforms for biological activity.
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CONCLUSIONS

A top-down strategy has been successfully demonstrated for the high throughput proteomic 

characterization of truncated proteoforms, in which bioinformatic identifications have been 

supplemented by supervised bioinformatics and manual processing (readily automatable). 

The sequences of more than 1000 truncated proteins have been characterized in extracellular 

vesicles shed by myeloid-derived suppressor cells. Identifications were made without 

enrichment or chemical derivatization and are linked to 225 murine gene products. Of 

considerable analytical interest is the reliable identification of a significant number of 

internal polypeptides (64% of the total), which carry neither of the precursor termini. We 

point out that our list of proteoforms is incomplete for this sample and suggest that MDSC-

derived extracellular vesicles collectively contain more than 3000 truncated proteoforms. 

Identification of truncated proteoforms was further combined with automated searching of a 

(evolving) protease database using observed motifs and evaluated as a new strategy for 

predicting causal proteases. In the present study the profile developed for putative 

proteolytic enzymes accounted for 96.7 % of the observed cleavage sites and supports the 

conclusion that truncated proteoforms were formed both in parental MDSC cells and within 

the extracellular vesicles. We propose that the tools combined and demonstrated here 

provide a new and effective strategy to study proteolytic events in cells and tissue, 

characterizing precursors, products and putative proteases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Summary of the truncated proteoforms identified. (A) Enumeration of truncated proteoforms 

formed from individual precursor proteins. (B) Distribution of identified truncated 

proteoforms between histone and non-histone precursors. (C) Number of truncated 

proteoforms formed from each of the ten most highly represented non-histone and histone 

precursors. (D) Distribution of N-terminal, C-terminal and internal truncated proteoforms.
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Figure 2. 
Deconvoluted product ion spectra of (A) truncated proteoform subsequently assigned to 

histone H2A type 1-P (C0HKE9) and (B) truncated proteoform subsequently assigned to 

non-histone chromosomal protein HMG-17 (P09602).
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Figure 3. 
Truncated proteoforms shown (highlighted in grey) against the sequences of three exemplary 

gene products. Red arrows indicate sites of truncation. Top: High mobility group protein B2. 

Six cleavage sites were identified in ten truncated proteoforms. Middle: Histone H2A type 

1-P. Nineteen cleavage sites were identified in thirty-one truncated proteoforms. Bottom: 
Histone H3.3C. Three cleavage sites were identified in three truncated proteoforms.
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Figure 4. 
Analysis of amino acid residues within the amide bonds broken to form truncated 

proteoforms. Blue bars enumerate residues carrying the carboxyl moiety (P1) of each 

scissile bond. Orange bars enumerate residues that contribute the amino group (P1’) to each 

scissile bond.
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Table 1.

Putative proteases assigned by MEROPS and the web servers PROSPER and iProt-Sub to produce the amino 

termini and carboxyl termini of the identified truncated forms. *

Assigned Proteases
Number of truncated proteoforms cleaved

Amino termini Carboxyl termini

calpain-1 10 6

calpain-2 0 1

cathepsin B 0 4

cathepsin D 26 5

cathepsin E 28 11

cathepsin G 273 83

cathepsin K 15 20

cathepsin L 24 10

cathepsin S 8 4

cathepsin Z 0 22

coagulation factor X 46 35

dipeptidyl peptidase 1 1 0

elastase-2 67 101

legumain 2 31

matriptase-3 0 1

Meprin A subunit alpha 0 1

Methionine aminopeptidase-1 and -2 171 0

MMP2 39 20

MMP3 10 30

MMP7 1 0

MMP9 60 47

Myeloblastin 306 355

plasmin 92 61

thrombin 33 36

tripeptidyl-peptidase-1 and -2 24 0

*
In some cases, more than one protease could be responsible for the production of a truncated form. Previously identified proteases in MDSC and 

MDSC-derived extracellular vesicles are shown in italics.
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