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Abstract

The pancreas is a vital organ with digestive and endocrine roles, and diseases of the pancreas 

affect millions of people yearly. A better understanding of the pancreas proteome and its 

dynamic post-translational modifications (PTMs) is necessary to engineer higher fidelity tissue 

analogues for use in transplantation. The extracellular matrix (ECM) has major roles in 

binding and signaling essential to the viability of insulin-producing islets of Langerhans. 

To characterize PTMs in the pancreas, native and decellularized tissues from four donors 

were analyzed. N-glycosylated and phosphorylated peptides were simultaneously enriched 

via electrostatic repulsion-hydrophilic interaction chromatography and analyzed with mass 

spectrometry, maximizing PTM information from one workflow. A modified surfactant and 

chaotropic agent assisted sequential extraction/on-pellet digestion was used to maximize solubility 

of the ECM. The analysis resulted in the confident identification of 3,650 proteins, including 517 

N-glycoproteins and 148 phosphoproteins. We identified 214 ECM proteins, of which 99 were 

N-glycosylated, 18 were phosphorylated, and 9 were found to have both modifications. Collagens, 

a major component of the ECM, were the most highly glycosylated of the ECM proteins and 

several were also heavily phosphorylated, raising the possibility of structural and thus functional 
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changes resulting from these modifications. To our knowledge, this work represents the first 

characterization of PTMs in pancreatic ECM proteins. This work provides a basal profile of PTMs 

in the healthy human pancreatic ECM, laying the foundation for future investigations to determine 

disease-specific changes such as in diabetes and pancreatic cancer, and potentially helping to guide 

the development of tissue replacement constructs. Data are available via ProteomeXchange with 

identifier PXD025048.
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INTRODUCTION

Protein function is deeply tied to its structure.1 Though there are only approximately 

20,000 human genes, the molecular complexity of the human proteome is exponentially 

increased through post-translational modifications (PTMs), resulting in over ~6 million 

proteoforms.2, 3 PTMs play many critical biological roles, from regulating transcription via 

methylation of histones to signaling degradation of substrate proteins via ubiquitination.4, 5 

PTMs, regardless of moiety size, can alter protein structure and may greatly affect 

downstream biological processes.6

The profiling of PTMs has been greatly enhanced through the use of mass spectrometry 

(MS)-based analytical tools. When coupled with liquid chromatography (LC), thousands of 

analytes may be identified and quantified in a single LC-MS experiment. The two most 

extensively studied PTMs with MS are glycosylation and phosphorylation (most often at 

Ser, Thr, and Tyr). It is believed that at least half of the human proteome is glycosylated and 

phosphorylated. These PTMs, furthermore, are the two most abundant and most commonly 

studied PTMs.7 Aberrant regulation of both glycosylation and phosphorylation may also be 

implicated in numerous diseases, including pancreatic cancer and Alzheimer disease.8–11

Often, only one PTM is the target for enrichment during sample preparation in many 

analyses. Most analyses of PTMs via MS utilize a bottom-up workflow where proteins are 

digested into peptides, often using trypsin. Due to their low stoichiometry, an enrichment 

step is often needed to have adequate analyte signal for confident identifications of these 

PTM-containing peptides. Enrichment strategies for glyco- and phosphopeptides have 

been reviewed previously.12, 13 It is the actions of many protein interactions and PTMs 

together in vivo, however, that drive biological processes, particularly in the extracellular 
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matrix (ECM). The ECM, also called the matrisome, that surrounds cells not only 

provides structural support, but also binds membrane receptors, such as integrins, and 

regulates growth factor diffusion and binding, influencing cell signaling.14, 15 To fully 

understand in vivo interactions, characterizing multiple PTMs simultaneously can maximize 

biological insights.16 Several studies have separated and analyzed multiple PTMs at once 

using gradient elution from materials retaining peptides with both glycosylation and 

phosphorylation.17–21 Simultaneous analyses can also prove useful in determining cross­

talk interactions of proteins through PTMs.22 An example of PTM cross-talk is between 

O-GlcNAc and phosphorylation.23, 24 This type of cross-talk involves both competition 

in modifying the same or proximal residues and in regulation of enzymatic function due 

to structural changes caused by PTMs. Thus, PTM cross-talk has major implications for 

protein function.

An important consideration for analyses is that the ECM is also unique between tissue 

types, including pancreatic tissue. The pancreas is an essential organ with both exocrine 

and endocrine functions. Most of the mass of the organ is comprised of acinar cells which 

produce digestive enzymes. The islets of Langerhans, which compose 1–2% of total organ 

volume,25 are comprised of numerous endocrine cell types that produce hormones like 

insulin. Dysfunction or absence of insulin function characterizes diabetes, which affects 

millions each year. Pancreas or islet transplantation are the only treatment options that 

can provide continuous control of blood glucose levels, although isolated islets have 

impaired survival and function in part due to removal from the surrounding pancreatic 

microenvironment and loss of cell-ECM interactions.26–29 Characterization of PTMs in the 

pancreatic ECM may provide clues into cell signaling and other processes that help promote 

islet viability and proper function.

This present work analyzes N-glycosylation and phosphorylation in the pancreas proteome 

and matrisome. These two PTMs are heavily implicated in signaling processes and may be 

involved in cross-talk interactions. To our knowledge, this is the first study characterizing 

PTMs in the human pancreatic ECM. Further investigation of the modified proteins is 

needed to elucidate how protein function is altered as a result of PTM-induced structural 

changes. Analysis of these proteins in pancreatic diseases may also identify disease 

biomarkers and potential targets for therapeutic intervention.

EXPERIMENTAL

Materials and reagents:

PolySAX LP™ (12 μm, pore size 300 Å) and TopTips™ for the spin-tip enrichment were 

from PolyLC and Glygen Corp, respectively (Columbia, MD, USA). Bond Elut OMIX C18 

pipette tips (10–100 μL) were from Agilent (Santa Clara, CA).

Sodium dodecyl sulfate solution (SDS; 10% in water), iodoacetamide (IAA), Roche 

cOmplete™, mini, EDTA-free protease inhibitor tablets, and Roche PhosSTOP™ 

phosphatase inhibitor tablets were from MilliporeSigma (St. Louis, MO). Ammonium 

acetate, tris base, and urea were from Fisher Scientific (Pittsburgh, PA). C18 Sep-Pak 

cartridges (1 cc, 50 mg sorbent each) were from Waters (Milford, MA). Dithiothreitol 
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(DTT), lyophilized LysC/trypsin, and frozen sequencing grade trypsin were from Promega 

(Madison, WI). Pierce™ protein and peptide BCA assays were from Thermo Scientific 

(Rockford, IL). Optima™ LC/MS grade acetonitrile (ACN), water, and trifluoracetic acid 

(TFA) were from Fisher Scientific (Waltham, MA).

All solution concentrations refer to concentrations in water.

Organ tissue procurement and processing:

Pancreas tissues were procured by the University of Wisconsin Organ and Tissue Donation 

Services from donors with no indication of diabetes or pancreatitis, with consent obtained 

for research from next of kin and authorization by the University of Wisconsin-Madison 

Health Sciences Institutional Review Board. IRB oversight of the project is not required 

because it does not involve human subjects as recognized by 45 CFR 46.102(f). The organs 

were received within 24 h of recovery and trimmed of extra-pancreatic connective tissues, 

including duodenum, large arteries, and veins. The parenchyma was cut into 1 cm3 cubes 

and frozen at −80 °C for future use. One piece of frozen pancreas per donor was thawed and 

rinsed with 1× phosphate-buffered saline (PBS) followed by sterile water, and then manually 

chopped into small pieces. The pieces were immersed in sterile water and homogenized for 

3 s using a kitchen immersion blender, then pelleted (16,100 × g, 5 min). Any floating lipids 

and fats were removed, and the translucent supernatant was discarded. The pellet was flash 

frozen and stored at −80 °C.

For decellularization, thawed pancreas pieces were homogenized and treated with 2.5 mM 

deoxycholate and lipase over an 18-h period and the resulting pancreatic ECM was washed, 

lyophilized, and stored at −80 °C until analysis, as previously described.30, 31

Tissue lysis and protein extraction:

Sample preparation was based on the surfactant and chaotropic agent assisted sequential 

extraction/on-pellet digestion (SCAD) method.30 Lyophilized pancreatic tissues (four 

donors, with a native and decellularized aliquot for each donor) were thawed from −80 

°C, added to 200 μL of 4% SDS in 50 mM Tris buffer (pH=8) containing one tablet each 

of protease and phosphatase inhibitor, then incubated at 95 °C with moderate shaking for 10 

min. The tissues were then lysed at 4 °C using a probe sonicator (Thermo Fisher Scientific, 

60 W, 20kHz) at 50% amplitude for 45 seconds, with a 30 second rest every 15 seconds. 

The lysates were then pelleted via centrifugation at 16,000 ×g for 15 min at 4 °C. The 

supernatants were recovered, and the protein concentrations measured via protein BCA 

assay according to the manufacturer protocol.

Protein precipitation and digestion:

Approximately 0.5 mg of protein from each sample was then transferred to a separate tube, 

where proteins were reduced with 5 mM DTT at room temperature for 1 h. Alkylation was 

done with 15 mM IAA for 30 min in the dark. Alkylation was then quenched by adding DTT 

to 5 mM. Protein precipitation was done by adding chilled acetone at 8X sample volume 

and incubating overnight at −20 °C. The precipitate was pelleted, and the supernatant was 

removed. The pellet was then washed with chilled 80% (v/v) acetone and incubated for 2 
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h at −20 °C. The precipitate was pelleted, and the supernatant disposed again, followed by 

air-drying at room temperature. The protein pellets were resuspended in 150 μL of 8 M urea 

in 50 mM Tris buffer (pH=8) followed by addition of LysC/trypsin (1:100 w/w). Samples 

were incubated for 4 h at 37 °C for this initial digestion. Samples were then diluted with 50 

mM tris to <1 M urea. Trypsin was then added to each sample (1:100 w/w), followed by 

overnight incubation at 37 °C. Digestion was quenched by addition of TFA to each sample 

to a concentration of 0.3%.

Peptide clean-up:

Peptide samples were desalted using Sep-Pak cartridges. Cartridges were activated with 

ACN and 0.1% TFA, followed by sample loading and washing also in 0.1% TFA. Peptides 

were eluted using 50% ACN and 70% ACN, both with 0.1% FA. Eluted peptides were then 

dried under vacuum. Peptide concentrations were determined using the peptide BCA assay 

according to the manufacturer’s protocol and samples were aliquoted.

Spin-tip ERLIC enrichment:

Approximately 200 μg of peptides from each sample were resuspended in 80% ACN, 1% 

TFA (loading solvent). Enrichment tips were prepared by tightly packing 3 mg cotton until 

resistance was met. SAX beads (3 mg beads per 100 μg peptide) were resuspended in 0.1% 

TFA at 10 mg beads per 200 μL and activated with shaking for 15 min. The bead slurry 

was transferred to each tip over the cotton, with the liquid removed through centrifugation at 

0.2k ×g for 2 min. Beads were conditioned with 3× 200 μL using the following solvents with 

mild centrifugation: ACN, 100 mM NH4Ac, 1% TFA, and loading solvent. Peptides were 

then loaded on the tips via slow centrifugation at 0.1k ×g for 5 min, with the flow-through 

reapplied to the tips. Peptides were washed with 5× 200 μL loading solvent then 1× 200 μL 

80% ACN, 0.1% FA with mild centrifugation. Peptides were eluted with 200 μL of 0.1% FA 

and 300 mM KH2PO4 in 10% ACN with mild centrifugation. The salt elution was desalted 

using C18 OMIX tips according to the manufacturer’s protocol. All elutions were dried 

under vacuum.

UPLC-MS/MS and data analysis:

Samples were analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer coupled 

to a Dionex UltiMate 3000 UPLC (Thermo Fisher Scientific). Samples were either 

resuspended in 0.1% FA or 0.1% FA with 3% ACN. Samples were loaded onto a 15 cm 

capillary (75 μm i.d.) packed using 1.7 μm diameter Ethylene Bridged Hybrid (BEH) C18 

material, with the integrated emitter tip in line with the instrument inlet. Each sample was 

analyzed in technical duplicate. More details about the UPLC-MS/MS methods can be found 

in Table S1.

Raw data files were searched using Byonic (Protein Metrics Inc., San Carlos, CA) embedded 

within Proteome Discoverer 2.1 (Thermo Fisher Scientific) against the UniProt Homo 
sapiens reviewed database (Aug. 2020, 20,311 sequences).32, 33 Glycan modifications 

were specified in Byonic with the embedded mammalian N-glycan database (309 entries) 

expanded with typical mannose-6-phosphate (M6P) glycans, including HexNAc(2)Hex(4–

9)Phospho(1–2), HexNAc(3–4)Hex (4–9)Phospho (1–2), HexNAc(2) Hex(3–4)Phospho(1) 
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and HexNAc(3) Hex(3–4)Phospho(1). Maximum total modifications per peptide spectral 

match (PSM) were fixed to one common and two rare. Identifications were filtered to 

1% 2D false discovery rate (FDR).34 More details about the Proteome Discoverer 2.1 

data analysis settings can be found in Table S2. The search results were later filtered 

to increase identification and PTM localization confidence. Further filters added were 

unambiguous PSM and protein assignment, Byonic score cut-off >150, |log prob|>1, and 

delta mod score>10.32, 35 Protein identifications were made based on the identification of 

at least one unique peptide that passed the filtering criteria. For the glycan-protein network, 

N-glycopeptides were exclusively categorized into six glycan type categories based on 

glycan composition: 1) M6P (containing phosphate on glycan), 2) sialic acid (containing 

NeuAc/NeuGc, may include fucose), 3) fucose (containing fucose but not sialic acid), 4) 

complex/hybrid (>2 HexNAc), 5) high mannose (2 HexNAc and >5 Hex), 6) paucimannose 

(2 HexNAc and <5 Hex). R 4.0.4 was used to generate figures, specifically using the 

tidyverse,36 igraph,37 networkD3,38 ggnetwork,39 alakazam,40 and seqinr41 libraries.

ECM proteins were determined by matching to the MatrisomeDB (available at 

[http://matrisomeproject.mit.edu/other-resources/human-matrisome/]). Gene ontology (GO) 

enrichment analysis was performed using the Protein Analysis Through Evolutionary 

Relationships (PANTHER) overrepresentation test (available at [http://geneontology.org/]). 

UniProt protein accessions were matched into a gene list against the Homo sapiens 
genome database. These analyses were done to determine GO biological process, cellular 

component, and molecular function terms. Statistical significance was determined using 

Fischer’s exact test with false discovery rate correction. The Sankey diagram was created 

using SankeyMATIC (available at [https://sankeymatic.com/build/]).

RESULTS AND DISCUSSION

The experimental workflow is shown in Fig. 1. Proteins from native and decellularized 

samples of pancreatic tissues from four donors were extracted and digested into peptides, 

followed by ERLIC spin-tip enrichment. Peptides were eluted into four fractions (flow­

through, wash, and two elutions), with each fraction analyzed via MS in technical duplicate. 

Resulting MS spectra were searched against the UniProt Homo sapiens database and an 

N-glycan database in Byonic.

The effects of tissue decellularization:

Separate samples of tissue from four donors were analyzed in the native or decellularized 

state. A brief, manual homogenization in water was first needed to break up tissue pieces 

before protein extraction. Some sample loss during this step, however, may have led to fewer 

protein, peptide, and PTM identifications. It is worth mentioning, however, that this step 

would not have led to major cell lysis, as large tissue pieces were still left after this step, 

which were further broken down during the lysis via sonication. On average, the protein 

extraction efficiency for the decellularized tissues (10%) was approximately half that of the 

native tissue (20%), derived by taking the mass of protein extracted as measured by the BCA 

assay divided by the mass of tissue. Since decellularization of pancreata should leave just the 

extracellular matrix behind, we sought to determine whether identifications were orthogonal 
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in the decellularized tissues. A summary of the MS results comparing these two sample 

types is shown in Fig. 2.

As panels A-E of Fig. 2 show, more species were identified at the protein and peptide 

levels in the native state than in the decellularized state. Indeed, losses of ECM proteins 

may differ based on the decellularization protocol used. In this work, both glycosylation 

and phosphorylation identifications were drastically decreased in the decellularized samples, 

suggesting that these PTMs may have been released during decellularization or solubilized 

in the discarded decellularized extracts. This may be true for glycopeptide identifications, 

which experienced a nearly 90% decrease from native to decellularized tissues.

Proteins were defined as part of the ECM by matching to MatrisomeDB.42 Comparing the 

overlap of ECM proteins identified, most, if not all, species identified in the decellularized 

samples were also found in the matching native sample. Though decellularization leaves 

mainly the ECM scaffold behind from the tissues, the remaining proteins may also be 

identified in the native tissues. At the PTM level, this result also follows. The added 

digestion and washing steps needed to decellularize tissues can lead to removal of labile 

PTMs, including phosphorylation. This suggests that analyzing the decellularized forms of 

the tissue in addition to the native form using the methods demonstrated in this work results 

in little added ECM or PTM information. Previous studies have shown clear benefits to 

decellularization in improving coverage of the ECM using a bottom-up MS workflow,43, 44 

though soluble ECM or ECM-associated proteins, including proteases, may be lost during 

decellularization.

ERLIC spin-tip enrichment:

MS-based analyses of the ECM are difficult due to lower solubility of ECM proteins. 

To maximize protein solubility, a modified SCAD method was used. The combination 

of a detergent (SDS) during lysis and a chaotrope (urea) and two enzymes (LysC and 

trypsin) ensures that hydrophobic ECM proteins are solubilized and digested prior to 

MS analysis. Intact glycopeptides were analyzed without any N-glycan release. Though 

deglycosylation may improve the ionization efficiency of peptides, the need to infer 

whether a peptide bore a glycan by identification of the N-glycosylation amino acid 

sequon (NXS/T, X ≠ P) was avoided. Furthermore, MS/MS fragmentation can be 

used to determine glycan compositions and peptide backbones in the same spectra. To 

enrich glycopeptides and phosphopeptides, a modified spin-tip method using electrostatic 

repulsion-hydrophilic interaction chromatography (ERLIC) was performed.19 ERLIC uses 

electrostatic interactions to retain phosphopeptides at low pH and hydrophilic interactions 

to solubilize glycopeptides in an aqueous layer surrounding strong-anion exchange (SAX) 

stationary phase surface.45–47 Further addition of cotton to the enrichment tip also 

contributes to glycopeptide binding. After loading of the peptide mixture on the SAX 

material, a high organic solvent is used to wash non-modified peptides through the material. 

Eluting glycopeptides entails using higher aqueous solvent while phosphopeptides require 

breaking of the electrostatic interactions. In this work, a salt elution (KH2PO4) was used to 

accomplish this.
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Besides confident identification of peptides from mass spectra, it is also important to have 

confident glycan composition matches and confident modification localization. To achieve 

higher confidence in identifications, PSMs were also filtered based on Byonic score and 

delta mod score, which factors in the localization of PTMs to amino acid residues.32

After collating the 64 searched MS data files, 46,190 total peptide groups were confidently 

identified, of which there were 5738 N-glycopeptides and 333 phosphopeptides. 3650 

proteins were identified, of which 517 were N-glycoproteins and 148 were phosphoproteins. 

214 of the total proteins were ECM proteins (106 core, 108 associated). PTMs were 

further mapped to individual residues, identifying 959 N-glycosites (with 262 unique glycan 

compositions) and 241 phosphosites. The breakdown of PSMs in each fraction of the 

enrichment is shown in Fig. S1. Representative stepped HCD (which provides sufficient 

fragmentation for N-glycopeptides48) MS2 spectra for a glyco- and phosphopeptide from 

ECM proteins are shown in Fig. 3.

Pancreatic proteome profiling:

A summary of analysis of the 3650 identified proteins in this work is shown in Fig. 4.

Like other tissue types, the dynamic range of the pancreas proteome spans several orders 

of magnitude and its proteins range in size from several to hundreds of kDa. The sequence 

coverage of identified proteins is thus expected to vary quite widely. Coverage of all proteins 

identified is shown in Fig. 4A. ECM protein coverage spans the whole range, from nearly 

100% protein sequence coverage of insulin down to 8% sequence coverage of collagen 

alpha-6(IV) chain, with lower sequence coverages also observed. The reasons for these 

differences in sequence coverage may vary and can be derived throughout the entirety of 

sample preparation to the fragmentation in the MS analysis. A likely major factor is the 

specific cleavage at Lys and Arg by trypsin, which are not as prevalent in more hydrophobic 

ECM proteins. Fewer potential sites for digestion leads to lower digestion efficiency of the 

protein, which may not have peptide lengths amenable to MS fragmentation. In addition, 

protein glycosylation may also block access by trypsin, further preventing digestion and 

leading to the observed lower sequence coverage of proteins. Complementary digestion with 

other proteases, such as GluC or AspN, may be used to increase sequence coverage of ECM 

proteins and decrease protein identification ambiguity.49, 50

To determine the depth of the pancreas proteome sampled during this work, the PAXdb 

protein abundance database was used to extract abundance values from a pancreatic ductal 

adenocarcinoma (PDAC) proteome dataset.51, 52 As seen in Fig. 4B, proteins from nearly 

three-fourths of the dynamic range (over six orders of magnitude) of this pancreatic cancer 

proteome were also identified in this work, demonstrating the utility of the SCAD protein 

extraction method at analyzing pancreatic tissue samples. Most of the overlapping proteins 

were identified in both the native and decellularized tissues; however, there also were 

proteins only identified in the native tissues. More complete coverage of the protein dynamic 

range could have been accomplished if more elutions were done or through larger-scale 

fractionation.

Tabang et al. Page 8

Mol Omics. Author manuscript; available in PMC 2021 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GO enrichment analysis using PANTHER revealed characteristics of the identified 

proteins.53 Results from these analyses are shown in panels Fig. 4C–E. Out of the top ten 

biological process GO terms, half explicitly mention metabolism, alluding to the exocrine, 

digestive functions of the pancreas. Some of the other terms also mention localization, 

likely due to proteins involved in cellular structure and movement. This is reinforced by 

the significant cell component GO terms, more than half of which include “extracellular.” 

The vesicle GO term too is significant, alluding to the intra- and intercellular transport of 

materials by vesicles. Enriched molecular function GO terms are further consistent with the 

tissue origin of the proteins, with terms involving binding and cell adhesion.

The PTM level analysis is shown in Fig. 5.

N-glycosylation and phosphorylation (at S, T, or Y) were loaded as common, dynamic 

modifications during database searching. All N-glycans begin with a core structure of two 

GlcNAc and three mannose residues. Glycan micro-heterogeneity is further increased by 

branching of the glycan chain. N-glycans can be binned into six categories depending 

on their compositions, as described previously in the data analysis methods section. It is 

worth noting that complex and hybrid-type glycans here are binned together, as no linkage 

information is derived from glycan composition alone. As shown in Fig. 5A, a majority 

of the 262 glycan compositions identified were either complex/hybrid or sialic acid type. 

Further, most of the sialic acid type glycans also bear a fucosyl residue. Approximately half 

of the sialic acid type glycans bore only one sialic acid residue, while the rest had two to 

four residues. Increased branching, sialylation, and fucosylation of glycans have been found 

to mark PDAC progression and aggression.54, 55

Furthermore, M6P type glycans were also included in the N-glycan database used 

for peptide searching. From 126 M6P-glycopeptides we found 26 unique M6P glycan 

compositions. This corresponds to 58 M6P-containing glycoproteins, 15 of which are also 

ECM proteins. M6P glycans are high mannose structures with at least one phosphate group 

attached to a residue. The M6P part of the glycan tags lysosomal hydrolases for transport.56 

Curiously and as shown in Fig. 5B and D, the lysosome GO cell component term did 

not have the highest number of proteins with M6P glycans or total glycoproteins, with 

the vesicle and endoplasmic reticulum (ER) having the highest numbers of annotations. 

The overall glycan type heterogeneity is preserved throughout the examined GO cell 

component terms, with the greatest number of glycans localized to the vesicle term. Fig. 

5C is a glycan-protein interaction network which maps the relationships between the 

glycan compositions, glycosites, and glycoproteins. Each node represents a unique glycan 

composition, color coded by type, and maps to the individual glycoproteins with different 

numbers of glycosites. This is represented by the central bar. There is a vast degree of 

heterogeneity between the types of glycans and where they are found. Most glycoproteins 

have just one N-glycosite, though there were proteins found to have four or more.

Fig. 5D shows the breakdown of phosphorylated residues. Most phosphosites were at Ser 

(74%) or Thr (18%), with fewer sites at Tyr (8%). This is consistent with a previous report 

and follows from the complex fragmentation patterns of peptides containing pThr and pTyr 

which may interfere with confident peptide identification.18, 57
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Fig. 6 examines a level further down from the PTMs, namely glycans at modified residues 

and numbers of modified residues on individual proteins.

Informal binning of glycans per glycosite in Fig. 6A shows that most glycosites have a 

lower level of heterogeneity, with only one to three glycan compositions found. About 

one-third have higher heterogeneity, with 11 to 50 glycans. A few glycosites, however, have 

a more extreme level of heterogeneity, with over 50 glycans found. Pancreatic triacylglycerol 

lipase, an enzyme that digests fats, has huge glycan micro-heterogeneity at N183, with 

127 glycans found. Olfactomedin-4 had four glycosites with extreme heterogeneity. This 

protein is involved in cell adhesion and may play a role in promoting pancreatic cancer cell 

proliferation.58 Proteins with the glycosites of highest heterogeneity and highest numbers 

of glyco- and phosphosites (Fig. 6B and C) are described in the inset tables. Many of 

these proteins are part of the matrisome, with ECM glycoproteins having large numbers 

of glycosites per protein. Furthermore, among the proteins with the highest number of 

phosphosites per protein were several collagens. This is consistent with reports showing 

control of the collagen triple helix structure via phosphorylation.59, 60

Characterization of the pancreatic matrisome:

Out of 3650 identified proteins, 214 proteins are part of the matrisome as defined by 

MatrisomeDB. The core matrisome consists of collagens, glycoproteins, and proteoglycans 

that physically make up the ECM. The associated matrisome consists of secreted, affiliated, 

and regulatory proteins that closely interact with and modify the ECM.

Fig. 7 shows an analysis of ECM proteins, with the Sankey diagram in Fig. 7A showing the 

contributions of matrisome components to the total N-glycoproteins and phosphoproteins. 

Of the identified ECM proteins, 99 were N-glycosylated, 18 were phosphorylated, and 

9 were found to have both modifications. Furthermore, a scatter plot of the number of 

glycosites versus the number of phosphosites on proteins with both modifications is shown 

in Fig. 7B. ECM proteins occupy the extremes of both axes, with collagen alpha-1(I) chain 

having the greatest number of phosphosites and laminin subunit alpha-2 having the greatest 

number of glycosites. Other collagens have several glycosites and numerous phosphosites 

as well, suggesting interactions of these PTMs with the structural roles of collagen. A 

previous report showed changes in collagen organization due to glycation (non-enzymatic 

addition of sugars to proteins), thus it would be expected that glycosylation would also have 

similar effects.61 This work showed both N-glycosylation and phosphorylation on collagen 

alpha-1(V) chain. In the pancreas specifically, type V collagen has been implicated in islet 

organogenesis and insulin binding.62, 63

Although there has been much MS-based work done in analyzing the ECM proteome or 

overall PTMs in the pancreas,31, 44, 64–72 this is the first work specifically characterizing 

PTMs in the pancreatic ECM. Recent work has shown that the pancreas matrisome 

composition undergoes changes throughout development and maturation.73 It follows that 

PTMs in the matrisome would change as well, likely mirroring development of pancreas 

function. One limitation of this work is that while hydroxyproline is also a PTM that plays 

a major role in ECM protein structure,68, 74 this modification was not considered during 

protein database searching. The ERLIC enrichment takes advantage of the hydrophilicity 

Tabang et al. Page 10

Mol Omics. Author manuscript; available in PMC 2021 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of glycans. Hydroxyproline residues on their own may not contribute enough hydrophilic 

characteristics for the peptides they are modifying to be enriched. The importance of the 

ECM in diabetes and pancreatic cancer is also widely reported.75–82 Examining changes 

to PTMs in the pancreas and its ECM could prove useful for biomarker discovery for 

these diseases. Phosphorylation specifically is a key signaling PTM in regulating insulin 

secretion.83, 84 Further study correlating extracellular PTMs to insulin secretion mediated by 

intracellular phosphorylation may provide insights into the mechanisms underlying diabetes. 

Lastly, M6P glycosylation was also enriched in this ERLIC workflow, consistent with prior 

work.19, 85 M6P signaling and M6P receptors have been associated with both degradation of 

proteoglycans in the ECM by heparanase and potentially tumorigenesis in prior reports.86, 87 

Further investigation of M6P in pancreatic cancer is thus warranted.

Underscoring this discussion of the importance of PTMs in protein function is the assertion 

that it is the sum and synergistic interactions of all PTM types in concert that affect 

protein function, not just one PTM type. Achieving this analysis will be difficult and 

will require advanced, top-down intact protein characterization and their PTMs via MS. A 

recent review by Čaval, Heck, and Reiding partially explores this in terms of “glycan meta­

heterogeneity,” or glycosylation across multiple sites on an individual protein.88 Cross-talk 

between PTMs, whether competition for the same site or proximal modifications, increases 

structural complexity and results in changes to protein function that will require further 

investigation.

CONCLUSIONS

This work characterizes N-glycosylation and phosphorylation in healthy human pancreata 

and specifically the ECM using ERLIC enrichment coupled to MS. Functional studies of the 

PTMs identified in this work are needed to determine their ECM-specific roles, especially if 

these roles are essential for conferring viability to pancreatic islets. With the knowledge of 

the basal PTM profile of the pancreatic ECM, mimicking the in vivo pancreatic environment 

with high fidelity may serve as a foundation for enhancing islet viability and function after 

islet isolation, and following islet transplantation.
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Fig. 1. 
Experimental workflow. Lyophilized human pancreatic tissues were lysed via sonication 

in 4% SDS. Extracted proteins were precipitated with acetone before resuspension in 8 

M urea followed by sequential overnight digestion with LysC and trypsin. Peptides were 

enriched using an ERLIC spin-tip using SAX material over cotton. The fractions were 

analyzed with nanoflow RPLC coupled to mass spectrometry, with identifications made 

using commercially available software.
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Fig. 2. 
Pancreata from four patients (S20, S21, S22, and S24) were analyzed as native and 

decellularized samples. These two conditions were compared in the number of identified: A) 

total peptides, B) N-glycopeptides, C) peptides with the N-glycan mannose-6-phosphate 

(M6P) modification and phosphopeptides, D) total proteins, and E) ECM proteins. F) 

compares the overlap of ECM proteins identified from the native samples versus the 

decellularized samples.
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Fig. 3. 
Representative single (not averaged) stepped HCD MS/MS spectra of two modified peptides 

from ECM proteins. Peaks were filtered at S/N > 5. A) Glycopeptide spectrum with the 

sequence LMSTEASQNITYHCK, with HexNAc(2)Hex(6) at N9 and carbamidomethylation 

at C14, from collagen alpha-1(I) chain (Gene: COL1A1, UniProt: P02452) revealing 

on the protein an N-glycosite at N1365. Score: 802, delta mod score: 591.6, z=3, 

obs. m/z: 1054.4351, mass error: 0.03 ppm. B) Phosphopeptide spectrum with the 

sequence CLISGWGNTASSGADYPDELQCLDAPVLSQAK, with phosphorylation at S12 

and carbamidomethylation at C22, from trypsin-1 (Gene: PRSS1, UniProt: P07477) 

revealing on the protein a phosphosite at S150. Score=873.5, delta mod score =22.8, z=2, 

obs. m/z: 1752.2754, mass error: −1.73 ppm.

Tabang et al. Page 18

Mol Omics. Author manuscript; available in PMC 2021 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Analysis of sequence coverage and gene ontology (GO) terms of the 3650 proteins identified 

in this work. GO enrichment analysis was done using PANTHER with Fisher’s exact test to 

determine statistical significance. A) Plot of protein sequence coverage (%) versus ranking 

from high to low coverage. ECM proteins are highlighted with red triangles, with selected 

ECM proteins denoted by rank and role in the table. Non-ECM protein markers were made 

transparent and smaller for clarity. B) A PDAC dataset from PaxDB was plotted against 

protein abundance, with proteins also identified in this work in colored markers depending 

on in which tissue conditions the protein was identified. C-E) Plots for the top ten GO terms 

Tabang et al. Page 19

Mol Omics. Author manuscript; available in PMC 2021 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ranked by –log(p) for each category sorted by gene ratio. Number of proteins per GO term is 

denoted by circle size while –log(p) is denoted by color. Gene ratio is defined as the ratio of 

inputted genes over total genes per term.
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Fig. 5. 
PTM level analysis. A) Breakdown of categories of glycans identified in this work. B) 

Glycan breakdown by GO cell component term. C) Glycan-protein interaction network 

showing the relationship between glycoproteins, glycans, and glycosites. Circles represent 

glycan compositions and intersect the central bar which represents total proteins divided 

by the number of glycosites. D) Breakdown of phosphorylated residue of the identified 

phosphosites in this work. E) Breakdown of phosphoproteins and N-glycoproteins by GO 

cell component term. Note that proteins may have the GO ECM term but may not have been 

included in MatrisomeDB.
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Fig. 6. 
PTM site-level analysis. Top eight proteins for each category are described in the tables. 

A) Glycan compositions per glycosite, B) Glycosites per glycoprotein, C) Phosphosites 

per phosphoprotein. ECM proteins are well represented in glycosites with highest glycan 

microheterogeneity, most glycosites per protein, and most phosphosites per protein.
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Fig. 7. 
ECM protein level-analysis. A) Sankey diagram showing the breakdown of ECM protein 

categories. Out of 214 ECM proteins identified, 97 were found to be N-glycosylated and 

18 phosphorylated. Numbers in red denote the number of proteins from each ECM protein 

category to the modified protein type. B) Scatterplot of proteins with at least one glycosite 

and phosphosite showing the number of phosphosites versus number of glycosites. The 

number of N-glycans on a protein is denoted by marker size. Selected ECM proteins are 

denoted by their UniProt accession numbers and are described in the inset table.
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