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Abbreviations 

T2D, type 2 diabetes; PTMomics, post-translational modification specific proteomic; db/db, obese leptin 

receptor-deficient mice; WT, C57BL/6J wild type; SA, formerly sialylated N-linked glycosylation; PRM, 

parallel reaction monitoring; CV, coefficient of variation; Tio2, titanium dioxide; SIMAC, deglycosylation 

step using the sequential elution from IMAC; nLC-MS/MS, nanoflow liquid chromatography-tandem mass 

spectrometry; TMT, tandem mass tags; FDR, false discovery rate; GO, gene ontology; N, normal wild type 

mouse islet, NG, normal islets with 5.6mM glucose; D, freshly isolated db/db mouse islet; DG, db/db mouse 

islet with 5.6mM  glucose; CIM, circular interactome map; UPR, unfolded protein response. 

Abstract 

The onset of obesity-linked type 2 diabetes (T2D) is marked by an eventual failure in pancreatic β-cell 

function and mass that is no longer able to compensate for the inherent insulin resistance and increased 

metabolic load intrinsic to obesity. However, in a commonly used model of T2D, the db/db mouse, β-cells 

have an inbuilt adaptive flexibility enabling them to effectively adjust insulin production rates relative to the 

metabolic demand. Pancreatic β-cells from these animals have markedly reduced intracellular insulin stores, 

yet high rates of (pro)insulin secretion, together with a substantial increase in proinsulin biosynthesis 

highlighted by expanded rough endoplasmic reticulum and Golgi apparatus. However, when the metabolic 

overload and/or hyperglycemia is normalized, β-cells from db/db mice quickly restore their insulin stores and 

normalize secretory function. This demonstrates the β-cell’s adaptive flexibility and indicates that therapeutic 

approaches applied to encourage β-cell rest are capable of restoring endogenous β-cell function. However, 

mechanisms that regulate β-cell adaptive flexibility are essentially unknown. To gain deeper mechanistic 

insight into the molecular events underlying β-cell adaptive flexibility in db/db β-cells, we conducted a 

combined proteomic and post-translational modification specific proteomic (PTMomics) approach on islets 

from db/db mice and wild-type controls (WT) with or without prior exposure to normal glucose levels. We 

identified differential modifications of proteins involved in redox homeostasis, protein refolding, K48-linked 

deubiquitination, mRNA/protein export, focal adhesion, ERK1/2 signaling, and renin-angiotensin-
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aldosterone signaling, as well as sialyltransferase activity, associated with β-cell adaptive flexibility. These 

proteins are all related to proinsulin biosynthesis and processing, maturation of insulin secretory granules, 

and vesicular trafficking—core pathways involved in the adaptation of insulin production to meet metabolic 

demand. Collectively, this study outlines a novel and comprehensive global PTMome signaling map that 

highlights important molecular mechanisms related to the adaptive flexibility of β-cell function, providing 

improved insight into disease pathogenesis of T2D.  
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Introduction 

Diabetes is one of the most common metabolic disorders, and its prevalence in adults is 

estimated to increase by 69% in developing countries and 20% in developed countries between 2010 and 

2030 (1). Notably, type 2 diabetes (T2D) accounts for 90-95% of all diabetes cases (2, 3). A key aspect to the 

development of T2D is an apparently decreased mass and acquired secretory dysfunction of insulin-

producing islet β-cells, leading to a relative insulin-deficient diabetic state. T2D risk is strongly associated 

with obesity and insulin resistance (3, 4), where β-cells initially attempt to compensate to increased 

metabolic demand, but as this chronically persists, β-cells become overworked, dysfunctional and ultimately 

succumb to glucolipotoxicity by entering apoptosis (5). However, such β-cell ‘dysfunction’ could be 

symptomatic of an inherent adaptive flexibility of β-cells striving to synthesize and secrete sufficient insulin 

to meet the metabolic demand (6-9). Despite the well-studied pathogenesis of T2D, molecular mechanisms 

underlying such adaptive flexibility of compensating pancreatic β-cells remains relatively unexplored. 

In untreated obesity, chronically increasing insulin resistance and metabolic load raise the 

demand for insulin which is initially compensated for by increased β-cell functional mass (5, 6). But then, 

with time and ever-increasing β-cell demand, this compensation eventually fails and a state of relative insulin 

insufficiency is reached, marking the onset of T2D (5). We have recently shown that β-cells derived from 

two closely related strains of obese leptin receptor-deficient mice (db/db), one of β-cell compensation 

(C57BL/6Jdb/db) and the other of β-cell failure (C57BLKS/Jdb/db) (7),  both show β-cell adaptive flexibility to 

markedly increase (pro)insulin production and secretion in a valiant effort to meet metabolic demand in the 

context of insulin resistance (7, 9). Observations such as these have led to the idea that insulin secretory 

dysfunction in T2D could be indicative of these efforts towards increased insulin production (6-9). 

Remarkably, if the glucose concentration is lowered in an insulin-independent manner, and/or insulin 

resistance is alleviated, the in vivo demand for insulin is lowered and endogenous β-cells recover normal 

insulin secretory capacity and function (7, 9). These “restored” β-cells are characterized by a restoration of 

mature insulin secretory granule intracellular stores and insulin secretory capacity, slowing of (pro)insulin 

production accompanied by normalized endoplasmic reticulum (RER) and Golgi apparatus morphologies, 
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recovered mitochondrial structure and morphology, and re-establishment of normal biphasic insulin secretion 

in response to glucose (6-9). This illustrates the adaptive flexibility of the pancreatic β-cell, and has 

contributed to the concept of ‘β-cell rest’ as a therapeutic approach to treat T2D (6). However, it remains 

mechanistically unclear how β-cell adaptive flexibility is regulated at a molecular level. 

To characterize the signaling mechanisms underlying β-cell adaptive flexibility in db/db mouse 

pancreatic islets, we applied a mass spectrometry (MS)-based quantitative proteomics and post-translational 

modification specific proteomics (PTMomics) approach to both normal wild type (WT) and db/db islets from 

hyperglycemic and normalized glucose environments. Previously, we focused on β-cell adaptive flexibility 

related to mechanisms underlying observed morphological changes (e.g. expanded RER and Golgi, vesicular 

transport, etc.) associated with  increased (pro)insulin production (7, 10). Here, we have expanded the 

analysis of quantitative proteomics and PTMomics (phosphorylation and sialylated N-linked glycosylation) 

data to elucidate novel molecular processes underlying functional compensation of β-cells in db/db mice and 

their subsequent recovery following exposure to normal glucose levels to provide deeper insight into the 

molecular mechanisms underlying regulation of β-cell adaptive flexibility. 

Quantitative proteomics and PTMomics were performed on pancreatic islets derived from obese 

diabetic C57BL/6Jdb/db mice and matching wild-type controls (WT) using isobaric labeling combined with 

TiO2 enrichment of phosphopeptides and formerly sialylated N-linked glycopeptides (SA glycopeptides) as 

described (11). We identified functionally unknown proteins and PTM sites (phosphorylation or sialylation) 

within Gene Ontology biological processes, particularly in regulated proteins with PTMs in isolated db/db 

mouse islets, which showed a significant restoration after exposure to normal glucose concentrations (5.6 

mM) versus WT islets. Several of these biological processes correlated with changes in β-cell biology and 

function (particularly in the RER and Golgi apparatus) related to (pro)insulin production. We also found 

significantly altered sialylation changes that were closely related to the ERK1/2 signaling pathway and focal 

adhesion. Sialic acid content significantly altered SA glycopeptides in db/db mice, and phosphorylation 

mediated conformational changes on sialyltransferase activities. Characterization of regulated protein kinase 

pathways unveiled links between cell redox homeostasis and protein refolding that are functionally 
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interrelated and interdependent for proinsulin production. Moreover, twenty proteins that showed recovery in 

isolated db/db mouse islets after exposure to normal glucose levels, were validated by a targeted MS-based 

parallel reaction monitoring (PRM) assay. The data presented herein significantly improve our understanding 

of the cellular signaling mechanisms associated with β-cell adaptive flexibility, both at the protein and PTM 

level (phosphorylation and sialylation), related to the increased metabolic demand in obesity-linked T2D. 

Experimental Procedures 

Experimental Design and Statistical Rationale 

All experiments were approved by the local Ethics Committee in accordance with Danish legislation. Animal 

care, use, and experimental protocols were approved by the Institutional Animal and Use Committee 

(IACUC) of the University of Chicago and MedImmune, LLC. See Figure 1A for a summary of methods. In 

this study, we used freshly isolated islets of Langerhans from C57BL/6Jdb/db and WT mice, with ‘reduced 

towards normal’ islets cultured at normal 5.6 mM glucose for 12 h in vitro. Four biological replicates 

(proteomics) and two biological replicates (phosphoproteomics and sialiomics) were performed. Each 

biological replicate consisted of approximately 1,000 islets that were pooled from several mice of each 

treatment group (n ≥ 8) since the yield of isolating mouse pancreatic islets is limited, especially from diabetic 

mice. All of the quantified proteins including phosphopeptides and SA glycopeptides were overlapped 

(Proteomics: at least 3 out of the 4 biological replicates, PTMomics: all biological replicates). To further 

refine the criteria for statistical significance of protein expression, phosphopeptides, SA glycopeptides fold 

changes, regulated proteins, significantly altered phosphopeptides, or SA glycopeptides were accepted with 

±2 fold changes and/or z-test for adjusted p-value <0.05 and/or t-test for adjusted p-value <0.05 with the 

Benjamini and Hochberg correction for a normal distribution, coefficient of variation (CV%) of 30% or 

lower, and same direction of change (log2 ratio, positive or negative) in all biological replicates were defined 

as being significantly regulated. The regulated phosphopeptides or SA glycopeptides were correlated 

(Pearson correlation of 0.88 to 0.96) between the two biological replicates (Supplementary Fig. S1). To 

identify restored proteins and PTMs in isolated db/db islets in response to glucose, we compared three 
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groups [db/db islets after exposure to normal glucose (DG) vs. freshly isolated db/db islets (D) vs. normal 

(WT) islets (N), opposite to D/N; at least log2 fold change ± 0.3 in DG/D] (Figure 1D and 4B). For instance, 

if a regulated SA glycopeptide in D/N (e.g. 2/1=2 fold) is restored after normal glucose treatment, DG/D (e.g. 

1/2=0.5 fold) should be regulated opposite to D/N. Of these, we eliminated the differentially expressed 

proteins or altered phosphorylations at the N vs. normal islets after exposure to normal 5.6mM glucose (NG) 

comparison as a control for any in vitro tissue culture effect. The remaining regulatory proteins, 

phosphopeptides and SA glycopeptides in D, that are reduced towards normal at 5.6 mM glucose, were due 

only to such a ‘β-cell rest’ effect. The PRM assay was performed using islets derived from 8 to 12 mice for 

each condition. The PRM assay was performed using several technical analyses for significantly regulated 

proteins, by analyzing a sub-dataset relative to the insulin secretory process in order to reveal new biological 

insights. 

Materials 

All chemicals were of the highest purity obtainable and purchased from Sigma (Sigma-Aldrich, MO, USA), 

unless stated otherwise. Titanium dioxide (TiO2) beads were obtained from GL Science, Japan. Poros Oligo 

R3 reversed phase chromatographic material was obtained from PerSeptive Biosystems, USA. 

Animals, pancreatic islet isolation, and ex vivo culture 

C57BL/6J wild type (WT) and C57BL/6Jdb/db mice were bred in-house or purchased from The Jackson 

Laboratory (Bar Harbor, ME). Mice were housed on a 12 h light/dark cycle and were allowed free access to 

standard mouse food and water. Unless otherwise stated, the mice were sacrificed between 14 and 16 weeks 

of age. Pancreatic islets were isolated by collagenase digestion as previously described (7). Freshly isolated 

islets were cultured as previously described (7). Experiments were performed on either fresh islets, 

immediately after isolation, or on recovered isolated islets after overnight (12 h) culture at 37°C in RPMI-

1640 containing normal 5.6 mM glucose, 50 U/mL penicillin, 50 mg/mL streptomycin and 10% FBS (i.e., 

euglycemia). Islets were then stored at -80ºC until further processing. 
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Sample preparation and iTRAQ labeling 

Proteins were extracted in lysis buffer (starting material: 80 μg of protein lysates from each group) in a total 

volume of 10 μL containing 6M Urea, 2 M Thiourea, 10 mM dithiothreitol, phosphatase/protease inhibitor 

cocktail (Roche, Germany)] from approximately 1,000 pancreatic islets for each group outlined in Figure 1A. 

The samples were mixed and incubated for 2 h at room temperature (RT). After incubation, the samples were 

diluted ten-fold with 20 mM triethylammonium bicarbonate (TEAB), pH 7.5, and then sonicated for 2 × 20 

sec on ice. Then, 20 mM iodoacetamide was added and incubated for 20 min in the dark at RT. After 

incubation, 2% (w/w) trypsin was added to the samples which were then incubated overnight at RT. After 

this proteolysis, the samples were lyophilized prior to iTRAQ/TMT labeling. Samples from each group were 

tagged with the iTRAQ 4 plex kit (AB Sciex, USA) or the TMT 10 plex kit (Thermo Fisher Scientific, USA) 

according to the manufacturer’s instructions. After labeling, the samples were combined equally based on the 

protein quantification achieved from Qubit® Fluorometric Quantitation (Thermo Fisher Scientific, USA) and 

MALDI-MS/MS analysis of a combined sample (Bruker Daltonics, Billerica, CA, USA, in lift mode).  

Enrichment of phosphorylated peptides and SA glycopeptides 

Phosphopeptide and SA glycopeptide enrichment were performed from the completely TMT labeled peptide 

mixture according to a previously published TiSH protocol (11, 12) in which nonmodified peptides are first 

separated from these two modified peptide species using TiO2. Hereafter, the multi- and 

monophosphorylated peptides are separated from the formerly SA glycopeptide after a deglycosylation step 

using the sequential elution from IMAC (SIMAC) procedure. Briefly, the lyophilized labeled sample was 

adjusted to the TiO2 loading buffer concentration [80% acetonitrile (ACN), 5% Trifluoroacetic acid (TFA), 1 

M glycolic acid]. The peptide solution TiO2 beads [0.6 mg/100 μg (bead/peptide)] were added and the 

solution was mixed at RT for 10 minutes. After, the sample was centrifuged briefly to pellet the beads. The 

supernatant was transferred to a new tube labeled as non-modified peptides and 100 μL of TiO2 loading 

buffer was added to the beads. After mixing, the sample was centrifuged to pellet the beads, and the 

supernatant then transferred to the non-modified peptide fraction. Subsequently, the TiO2 beads were washed 

twice with 100 μL of washing buffer 1 (80% ACN, 1% TFA), then dried for 5 min in the vacuum centrifuge 
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to remove all solvent. The bound peptides were eluted with 100 μL of 1% ammonium hydroxide (pH 11.3) 

for 15 min and then centrifuged at 1,000 g for 1 min. The eluted peptides were passed over a C8 stage tip (3 

MTM EmporeTM Bioanalytical Technologies, SigmaAldrich, MO) to retain the TiO2 beads and dried by 

vacuum centrifugation to produce the enriched phosphopeptide/SA glycopeptide fraction. The flow through 

from the initial loading buffer (containing non-modified peptides) and washes were combined then dried by 

vacuum centrifugation to produce the non-modified peptide fraction. The non-modified peptide fraction was 

acidified (pH < 3) with TFA and desalted on a R3 stage tip column before HILIC fractionation. Non-

modified peptides were dried in a vacuum centrifugation and stored at −20°C. 

Deglycosylation 

To remove the glycan structures from the enriched SA glycopeptides, the sample was resuspended in 20 mM 

TEAB, pH 8.0, and treated with 2 μl N-glycosidase F (New England Biolabs) and 0.5 μl Sialidase A 

(ProZyme, CA) at 37°C (11). 

SIMAC 

The SIMAC protocol has been previously described (11). Briefly, the deglycosylated samples were 

resuspended in SIMAC loading buffer (50% ACN and 0.1% TFA) and the pH was adjusted to 1.6-1.8 by 10% 

TFA. PhosSelect IMAC beads (Sigma Aldrich) were equilibrated with loading buffer, combined with the 

samples and incubated for 1 h under gentle rotation. The samples were then centrifuged and the supernatant 

recovered. The beads were transferred to a constricted GELoader tip (Eppendorf® AG, Germany) and the 

column was washed with loading buffer, collecting the flow through in the same tube as the previous 

supernatant. Mono-phosphorylated and formerly SA glycopeptides were eluted from the column with an 

acidic solution (20% ACN, 1% TFA). The multi-phosphorylated peptides were subsequently eluted from the 

column with a basic solution (1% ammonium hydroxide solution, pH 11.3). The basic elution containing 

multi-phosphopeptides was acidified before desalting on a R3 stage tip column and the eluted peptides 

lyophilized before LC-MS/MS. The supernatants and acidic eluates collected after SIMAC were subjected to 

another round of TiO2 purification to separate mono-phosphopeptides from formerly SA glycopeptides. The 

samples were adjusted to 70% ACN and 2% TFA and the TiO2 beads were added to the solution and 
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incubated on a shaker as described above. The incubation round was performed twice with half the amount 

of beads the second time. The beads were pelleted and the supernatant was recovered (containing formerly 

SA glycopeptides). The two pellets of TiO2 were pooled with 50% ACN, 0.1% TFA, the beads were pelleted 

and the supernatant was recovered. The beads were dried and bound phosphopeptides then eluted from the 

beads with 1% ammonium hydroxide solution (pH 11.3). The phosphopeptide sample was acidified using 

100% formic acid (FA) to pH < 3 and subsequently desalted using a R2-R3 stage tip column prior to HILIC. 

Likewise, the formerly SA glycopeptides were desalted. Finally, all phosphopeptides/formerly SA 

glycopeptides were dried in a vacuum centrifugation and stored at −20°C. 

HILIC fractionation 

The HILIC fractionation protocol has also been previously described (11). Briefly, all phosphorylated 

peptides, formerly SA glycosylated peptides, and non-modified peptides were separately resuspended in 

Buffer B (90% ACN/0.1% TFA). The samples were loaded onto an TSKgel Amide-80 HILIC 320 μm × 170 

mm capillary HPLC column using an Agilent 1200 capillary HPLC system. Samples were separated using a 

gradient from 100% to 60% buffer B (Buffer A: 0.1% TFA) over 35 min, then 60% to 0% over 7 min at a 

flow rate of 6 μL/min. The fractions were automatically collected in a 96 well plate at one minute intervals 

with monitoring by UV detection at 210 nm. Peptide containing fractions were pooled according to UV peak 

detection. The fractions were then dried by vacuum centrifugation and subsequently stored at −20°C. 

Nanoflow liquid chromatography-mass spectrometry (nLC-MS/MS) analysis 

All fractions were redissolved in buffer A (0.1% FA) and analyzed using a nLC-MS/MS system consisting of 

an Easy-nLC (Thermo Fisher Scientific, Odense, Denmark) and an Orbitrap Fusion Lumos (PTMomics) or a 

Q-exactive HF (proteomics) mass spectrometer (MS) (Thermo Fisher Scientific, Germany). The samples 

were loaded either directly onto a 15 cm fused silica capillary column (75 μm inner diameter) or onto a 2 cm 

trap column (100 μm inner diameter) and separated on a 15 cm analytical column.  All columns were 

handmade and packed with ReproSil-Pur C18 AQ 3 μm reversed phase material (Dr. Maisch, Germany). The 

peptides were eluted using 73–133 min gradients from 1 to 40% buffer B (95% ACN, 0.1% FA) and 

introduced into the MS instrument via nanoelectrospray according to the intensity of each HILIC peptide 
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fraction. A full MS scan in the mass area of 400–1400 Da was performed in the Orbitrap with a resolution of 

120,000, an AGC target value of 5 × 105, and a maximum injection time of 60 ms. For each full scan, ‘Top 

speed’ mode was selected for higher energy collision dissociation (HCD). The settings for the HCD were as 

follows: AGC target value of 3 × 104, maximum injection time of 60 ms, isolation window of 1.2 Da, and 

normalized collision energy of 38. 

Protein identification and quantification 

The raw MS data sets were processed for protein identification using the MS-GF+ (v9979, 07/16/2014) 

combined with the MASIC pipeline with a peptide mass tolerance of 20 ppm, reporter ion m/z tolerance half 

width of 2 mDa, and a false discovery rate (FDR) of 1% for proteins and peptides. All peak lists were 

searched against the UniProtKB/Swiss-Prot database (2013_06, 16,613 entries) of mouse sequences with 

decoy using the parameters as follows: enzyme, trypsin; maximum missed cleavages, 2; fixed modification, 

carbamidomethylation (C), iTRAQ or TMT tags (K, peptide N-termini); variable modifications, oxidation 

(M), phosphorylation (S,T,Y), and deamidation (N). Datasets with raw MS values were filtered to remove 

potential errors using the criteria as follows: elimination of contaminants and reversed sequences for each 

accession number. For sialylated peptides, the Asn-X(except proline)-Ser/Thr/Cys consensus sequence is 

required to be considered a deglycopeptide. For Phosphopeptides, we assessed the peptide backbone with 

phosphorylation localization in the MS/MS data sets using Idpicker and PhosphoRS (probability>0.75) (13, 

14). For relative protein quantification, the output tsv file from MS-GF+ combined with the MASIC pipeline 

was imported into Microsoft Excel. Then, protein relative expression values from the respective unique or 

razor peptides were calculated by summing all of the unique/razor peptide intensities of each protein and 

normalized to the number of total intensities of each group estimating the relative amounts of the different 

protein within the relative sample. The resulting ratios were log-transformed (base=2) to achieve a normal 

distribution. Ratios were averaged over overlapping proteins, phosphopeptides, or SA peptides.  

Functional analysis of regulated proteins 

Gene Ontology (GO) annotation enrichment analysis was performed using PANTHER (15) and DAVID (16). 

These GO analyses allowed the enrichment of biological process, cellular components, and KEGG pathway. 
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The regulated or recovered proteins with PTMs were searched against the STRING database (17) and IntAct 

database (18) for protein–protein interactions. Ingenuity Pathway Analysis (IPA; Ingenuity Systems) was 

used to functionally annotate genes implicated in causal biological pathways and functions. 

Targeted quantification using Parallel-Reaction Monitoring (PRM) and data analysis 

Our LC/PRM-MS assay was developed for research use, so the experimental design aligns with the goals of 

a Tier-2 assay (19). The target peptides were selected and designed based on the proteomics data. They were 

selected based on the following criteria: they are unique peptides, the most repeatable charge states 

corresponding to intensity, carry no miss cleavage, and are less than 20 amino acids. We excluded the 

possible modifications, but artificial modifications were included such as oxidation on Met or 

carbamidomethylation on Cys. A PRM assay was performed using twenty-five heavy isotope-labeled 

synthetic peptides (JPT Peptide Technologies) on a Q-Exactive™ HF mass spectrometer (Thermo Scientific) 

in three technical replicates. All heavy-labeled (K or R) peptides (600 fmol) corresponding to endogenous 

peptides [aldehyde dehydrogenase family 1 member A3 (ALDH1A3), methionine aminopeptidase 2 

(METAP2), mixed lineage kinase 4 (MLK4; MAP3K21), apoptosis-stimulating of p53 protein 1 

(PPP1R13B), phosphatase 2A inhibitor I2PP2A (SET), CPE, proSAAS (PCSK1N), protein disulfide-

isomerase (P4HB), INS1, somatostatin (SST), melanoma inhibitory activity protein 3 (MIA3), CD63, 

neudesin (NENF), glycerol-3-phosphate phosphatase (PGP), minor histocompatibility antigen H13 (HM13), 

polyadenylate-binding protein-interacting protein 2B (PAIP2B), pyruvate kinase (PKM), prominin-1 

(PROM1), and mitochondrial import receptor subunit (TOMM22)] were spiked into tryptic peptides 

originating from 1 μg of islet lysate proteins (approximately 1,000 islets isolated from 8-12 mice per group) 

as internal standards. Subsequently, an equal amount of peptide mixture corresponding to each group was 

desalted using Poros Oligo R3 RP micro-columns (11) prior to PRM analysis. The samples were 

resuspended in 0.1% FA and loaded onto an EASY-nLC system (Thermo Scientific). The samples were 

loaded onto a 15 cm analytic column consisting of fused silica capillary (75 m inner diameter) packed with 

ReproSil-Pur C18 AQ 3 μm reversed-phase material (Dr. Maisch). The peptides were eluted with an organic 

solvent gradient from 100% phase A (0.1% FA) to 32% phase B (95% ACN, 0.1% FA) at a constant 
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flowrate of 300 nL/min. The PRM method consisted of a full MS scan configured as above followed by 

targeted MS/MS scans for each selected peptide with a 1 min of retention time window, as defined by a time-

scheduled inclusion list. The parameters were set as follows: MS, 120K resolution; MS/MS, 15K resolution; 

3e6 AGC target, 15 ms maximum injection, 1.1 m/z isolation window, and normalized collision energy of 

28-29. We used Skyline (version 3.5.0.9319) for quantitative analysis of the generated PRM data (11). 

Briefly, raw MS files were imported into Skyline. And then a FASTA file (from Uniprot) containing targeted 

proteins was imported to Skyline. We applied the highest confidence of dot-product score (0.95≤) which 

provides a correlation score between the measured product ion peak areas and the fragment ion intensities for 

the precursor ions (20). Endogenous peptides relative expression values from the respective group were 

normalized to standard deviation factors (C, replicates 1,2,3: 1.12, 1.08, 1.05;  CG:, replicates 1,2,3: 1.01, 

0.97, 1.02; D, replicates 1,2,3: 0.89, 0.94, 0.97; DG, replicates 1,2,3: 0.97, 0.92, 0.95) estimating all 

precursor ion areas of each heavy peptide within relative sample. The peptide quantitation (including peak 

areas and retention time for all replicates) are provided as supplemental table 4. 

Results 

Quantitative analysis of the proteome and PTMome of islet cells derived from WT and db/db mice 

To reveal the cellular mechanism underlying β-cell adaptive flexibility observed in db/db mice, we 

investigated the proteome and PTMome (phosphorylation and SA N-linked glycosylation) in isolated islets 

from obese diabetic db/db mice and WT mice using our modified TiSH protocol (11) (workflow in Fig. 1A). 

We identified a total of 8,217 proteins and quantified a total of 4,985 proteins that overlapped in three out of 

the four performed replicates. Analysis of the phosphopeptides and formerly sialylated N-linked 

deglycopeptides (SA peptides) (the PTMome) resulted in a total of 8,365 phosphopeptides carrying 11,685 

phosphosites on 3,687 unique proteins and 1,284 SA glycopeptides carrying 1,325 SA sites on 773 unique 

proteins (Fig. 1B). To determine whether proteins or modification sites were significantly regulated in 

freshly isolated db/db mouse islet (D) compared to normal WT (N), we examined regulated proteins, 

phosphopeptides, or SA glycopeptides between D and N that were significantly increased or decreased (≥ 2.0 
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fold or ≤ 0.5 fold with CV% ≤ 30% and/or z-test for adjusted p-value < 0.05) and altered in the same 

direction of change (positive or negative) in all of the identified replicates (list of regulated proteins, 

phosphopeptides, and SA glycopeptides; Supplementary Table S1). Our quantitative data analysis revealed 

that 391 proteins, 2,630 phosphopeptides from 1,543 proteins, and 434 SA peptides from 339 proteins were 

significantly changed in D compared to N.  

The db/db islet-associated PTMomic alterations and mapping of key biological processes 

We further analyzed regulated proteins in regard to phosphorylation state and SA modification in D versus N 

using Panther GO analysis (Fig. 1C and 4C). For phosphopeptides, we found significantly enriched GO 

categories (FDR < 0.05) that showed strong enrichment in biological processes, such as mRNA/rRNA 

processing, vesicular transport along microtubules, GTPase-mediated signal transduction, Rho protein signal 

transduction, protein-folding, and de-ubiquitination, as well as a response to oxidative damage and altered 

glucose metabolism in D versus N (Fig. 1C). For significantly regulated SA peptides, we identified that 

twenty-two biological processes linked to the cell surface environment were significantly enriched in D 

versus N (FDR < 0.05) (Fig. 4C), such as the apolipoprotein A-I-mediated signaling pathway, regulation of 

inositol trisphosphate-sensitive Ca2+-release channel activity, regulation of phospholipase A2 activity, 

membrane protein ectodomain proteolysis, cell adhesion mediated by integrins, integrin-mediated signaling 

pathway, regulation of ERK1 and ERK2 cascades, release of sequestered Ca2+ into cytosol, cholesterol efflux, 

cell-matrix adhesion, regulation of endocytosis and membrane rearrangement, and regulated insulin secretion 

(Fig. 4C). The annotated genes are listed in Supplementary Table S2.   

Upstream interaction network of differentially expressed proteins and altered phosphorylation in 

db/db mouse islets 

To investigate the protein-protein interactions between proteins that showed a significant regulation on either 

the protein or phosphosite level, as well as their upstream/downstream relationship between interacting 

proteins, we used a combination of freely accessible databases programs (IntAct, STRING, DAVID, Pubmed, 

and UniProt). We determined the ten most qualified upstream interactors by using the p-value: [14-3-3 

protein zeta, YWHAZ (p-value:2.E-04); Ca2+-activated K+ channel subunit alpha-1, KCNMA1 (p-value:4.E-
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02); argonaute RISC catalytic subunit 2, AGO2 (p-value:5.E-02); intraflagellar transport 22, IFT22 (p-

value:8.E-03); abelson helper integration site 1, AHI1 (p-value:5.E-02); H3 histone, family 3A, H3F3A (p-

value:6.E-02); kinesin-associated protein 3, KIFAP3 (p-value:7.E-02); islet amyloid polypeptide, IAPP (p-

value:7.E-02); glutamate receptor ionotropic NMDA1, GRIN1 (p-value:1.E-02); and claudin 25, CLDN25 

(p-value: 7.E-02)], and confirmed probable interactor genes specifically in pancreatic β-cells using Pubmed 

and UniProt (Fig. 2). The circular interactome map (CIM) of regulated proteins or PTMs in db/db islet β-

cells (Fig. 2) represents the ten upstream interactors and their interacting proteins (violin plots of child 

interactors on each parent interactor were added post-construction). The outer blue or red colored circles 

indicated the regulated downstream proteins/phosphoproteins as molecular targets of ten upstream 

interacting proteins in db/db islets compared to controls; up- or down-regulation of upstream regulators were 

colorized in boxes (green: up-regulation, blue: down-regulation, left box: D/N, right box: DG/D) (Fig. 2). 

These upstream interactors were substantially changed at the protein or PTM levels in db/db mouse islets 

compared to normal controls. Moreover, such upstream interactors were differentially expressed in parallel 

with the expression of their interacting protein partners (three upstream interactors in the regulated proteins: 

YWHAZ, KCNMA1, and AGO2 and seven upstream interactors in the regulated phosphoproteins: IFT22, 

AHI1, H3F3A, KIFAP3, IAPP, NMDA1, GRIN1, and CLDN25), and were closely associated with 

interacting proteins/phosphoproteins in db/db mouse islets. If the interacting proteins (not upstream 

interactor) indirectly associated with another upstream interactor, they were shown by the grey color line 

(less confidence). If upstream interactor is directly linked to another interactor, the interaction was indicated 

by its unique color line. Notably, the IFT22-KIFAP3 interaction directly interacted with the highest 

confidence score (0.9) in figure 2. In addition, it has been demonstrated that the interaction of the IFT22 and 

KIFAP3 plays an important role in nuclear localization signal and cellular regulation (21, 22).  

Selected phosphoproteins indicative of cellular dysfunction in db/db mouse islets 

We then examined whether regulated phosphoproteins could influence β-cell function in db/db mice together 

relative to restoration back to typical levels after exposure to normal (5.6mM) glucose for 12 h. We 

performed an analysis to assess the recovered phosphopeptides (opposite to D/N; at least log2 fold change ± 
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0.3 in DG/D) in isolated db/db mouse islets exposed to normal glucose (DG). For example, if a regulated 

phosphopeptide in D/N (e.g. 2/1=2 fold) was restored after exposure to normal glucose levels, DG/D (e.g., 

1/2=0.5 fold) should be regulated opposite to D/N. Using these criteria, we identified 823 recovered 

phosphopeptides that were visualized using a heatmap combined with hierarchical clustering analysis (Fig. 

1D). Compared to WT control islets (N and NG), no particular effect on islet β-cell function was indicated 

following 12 h culture of WT islets at normal 5.6mM glucose. Relative to db/db isolated islets exposed to 

normal (5.6mM) glucose for 12 h, eleven regulated phosphosites on proteins involved in protein refolding 

and cell redox homeostasis were recovered back to normal levels found in WT islets [(protein refolding: 

HSPA8, HYOU1 (GRP170)-S933, HSPA5-T204-Y210, HSPA9-Y128, and HSP90AA1-S231) and (cell 

redox homeostasis: GPX1-S201, P4HB (PDIA1)-T327, ERP44-S380, GBF1-S260-S295-S298-T307-S308-

S1244-Y1251-S1257, PRDX4, and PDIA3-Y402)] (Fig. 3A). To reveal functional connections within 

protein refolding and cell redox homeostasis, we illustrated relationships between protein refolding and cell 

redox homeostasis where protein-protein interaction networks could be interconnected. This suggested a 

potential contribution to systems associated with oxidative protein folding and the stabilization of disulfide 

bonds of newly synthesized proteins being formed in the endoplasmic reticulum (ER). Interestingly, we 

observed that the phosphorylation of seven thiol protease proteins [(MINDY deubiquitinase family: 

FAM63B), (ubiquitin specific peptidase family: USP7-S19-T31, USP8-S678-S681, USP20-S132-S134-

S264-S266-S267-T269, USP34-T3250-S3253, and USP37-T402), and (OTU deubiquitinase family: 

OTUB1-S18)] involved in protein K48-linked de-ubiquitination were recovered upon exposing isolated 

db/db mouse islets to normal glucose (Fig. 3B). We also identified phosphosites on proteins that connect 

mRNA transportation (SUN1-T594 and SYNE2-T665-T667) and trafficking along the microtubule 

(DYNC1I1-S162-S180, DYNC1I2-S95-S98, MAP1B-Y774-S1504-S1508-S2122, MAPT-T523-S527-S529-

S688-S692, NDEL1-T200, HAP1-S213-S215, KIF1A-S1375, KIF1B-S669, KIF3A-S381-S383-S386-S388, 

and KIF13A-S1360-T1361) that were also reverted to normal status after normal (5.6mM) glucose exposure 

(Fig. 3C).  
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Protein phosphorylation changes associated with islet β-cell adaptation-a potential effect on disulfide 

bridge formation 

We next examined changes in phosphosites which are closely localized to cysteine residues within protein 

domains. Dynamic phosphorylation or dephosphorylation surrounding a covalent disulfide bond of cysteine 

within protein domains could be important for protein function, activity or stability and their potential effect 

on disulfide bond formation or interference (23-28). We identified several new phosphosites in five proteins 

(LRP1B, IL1R1, NECTIN1, PAPPA, and PCSK2) where the phosphorylation levels were significantly 

altered in the islets of db/db mice compared to controls (Supplementary Fig. S2). In addition, we found that 

six phosphosites on three proteins (NECTIN1; T171, T173, and S174, PAPPA; S1368/Y1372, and PCSK2; 

T376) were hyperphosphorylated in db/db islets compared to controls. These were all localized adjacent to 

cysteine residue important for S-S bridge formation/cleavage required for the structure and function of the 

proteins of interest (Supplementary Fig. S2). In contrast, five phosphosites on two proteins (LRP1B; Y1570 

and IL1R1; S104, T105, Y106, and T110) were dephosphorylated in db/db islets, but were similarly 

localized next to cysteine residues important for S-S bond generation/interference (Supplementary Fig. S2). 

In order to establish possible conformational changes in five proteins, future studies will be needed such as 

three-dimensional structure analysis of the proteins, providing new insight into redox regulation of protein 

activity either by phosphorylation or dephosphorylation around cysteine residues. 

Modulation of sialic acids in db/db islet 

Of the 1,284 formerly SA N-linked glycopeptides identified in the analysis, a total of 434 were found to be 

significantly regulated between normal and db/db islets (Fig. 4A), with 304 being up-regulated and 130 

down-regulated. The significantly regulated SA glycopeptides were imported into STRING and the resulting 

interaction network is shown in Figure 6 (lower left panel). Here, the modulated SA glycopeptides could be 

associated with limited proteolysis (29, 30), re-glycosylation with additional sugar residues such as SA in the 

ER and Golgi apparatus (31, 32), lysosomal function (33), renin-angiotensin system (34), cell adhesion 

molecules such as integrins and laminin (35-37), PI3K-Akt signaling (38), regulation of the actin 

cytoskeleton (39), focal adhesion (40), and extracellular matrix-receptor interaction (41). Moreover, ER 
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lectin chaperone-like proteins (e.g., calnexin; CANX) and their associated co-factors (e.g., PDIA3) that 

recognize N-linked glycans are likely involved (42). In our results, the PTMs of CANX [phosphorylation at 

T561 (D/N: 12.5 fold, DG/D: -2.5 fold), S569 (D/N: 14.5 fold, DG/D: - 3.0 fold); SA glycosylation at N580 

(D/N: 2.2 fold, DG/D: -1.4 fold)] and PDIA3 [phosphorylation at Y402 (D/N: 2.3 fold, DG/D: -1.4 fold)] 

were significantly regulated in D/N and restored towards normal after exposure to normal glucose (Table S1). 

The analysis further detected 142 SA glycopeptides out of the 434 regulated SA glycopeptides that reduced 

towards normal after normal glucose culturing (Fig. 4A), which were also visualized using a heatmap 

combined with hierarchical clustering analysis (Fig. 4B). To identify the signaling events in recovered islets 

at the SA level, a GO enrichment and STRING analysis was performed on the proteins with altered SA (Fig 

4C and 6). The modulation of SA on cell surface proteins regulates a wide variety of cellular functions and 

can be a pathophysiological feature of disease (43). Twenty-two biological processes associated with the cell 

surface environment were significantly enriched using the regulated SA glycoproteins (FDR < 0.05) (Fig. 

4C). These signaling events were associated with adaptive compensation in isolated islets of obese diabetic 

db/db mice when compared to WT mice as revealed by a recovery to normal after euglycemic culturing. 

They appeared specific to focal adhesion dynamics in pancreatic β-cells and are implicated in insulin 

processing, Ca2+ release channel activity, apparent amyloid-beta clearance (but the latter likely 

inappropriately ‘called’ by the GO/STRING algorithm as islet amyloid does not occur in rodent models of 

T2D, and more related to the excessive co-secretion of islet-amyloid associated peptide (IAPP) with insulin 

in the db/db mouse islets), and integrin-mediated signaling pathways, that are all related to the trafficking 

and secretion of insulin (Fig. 4C). We constructed links between laminin proteins and the integrin-mediated 

signaling pathway possibly mediated via sialylation that could trigger the ERK1/2 signaling pathway and F-

actin remodeling (Fig. 4D). Molecular changes in laminin-integrin-mediated signaling (increased SA levels 

of laminin and integrin proteins) showed significant correlations with interacting proteins at the expression 

level [focal adhesion kinase (FAK; up-regulation), Rho GTPase-activating protein 35 (ARHGAP35; up-

regulation), transforming protein (RHOA; down-regulation by ARHGAP35), and ribosomal protein S6 

kinase beta-1 (RPS6KB1; up-regulation)] possibly involved in the production and release of insulin as part of 

an adaptive response to obesity-linked T2D.  
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Modulation of phosphorylation on sialyltransferases  

Sialylation of glycoproteins in db/db islets were associated with certain sialyltransferases and the distribution 

of the relative intensities of sialylation in db/db mouse islets were compared with controls (Fig. 5A). 

Similarly, the phosphorylation degree of ST6GAL1 (α2,6-sialyltransferases, Fig. 5B) at Y351 and Y352 was 

increased in the db/db islet groups compared to controls (left panel, Fig. 5C). In addition, the 

phosphorylation level of ST8SIA4 (α2,8-polysialyltransferases, Fig. 5B) at S221 and Y317 was elevated in 

db/db mouse islets (right panel, Fig. 5C). The latter phosphorylation at Y317 (D/N: 1.6 fold, DG/D: -1.5 fold; 

CV%: 35%) closely returned to baseline after normoglycemic culturing (right panel Fig 5C). Related to 

sialylated O-linked glycosylation, the phosphorylation of ST6GALNAC5 (α2,6-sialyltransferases, Fig. 5B) at 

T205 was down-regulated in db/db mouse islets compared to controls. Sialylmotifs L and S in 

sialyltransferases are related to substrate binding, and sialylmotifs III and VS are connected to catalytic 

activity (23). Two phosphosites in ST6GAL1 (Y351 and Y352) were closely located to cysteine residues 

(C350-C361) for potential S-S bond formation/interference environs of the sialylmotif VS (SM-VS) within 

the catalytic domain (Fig. 5D). In the luminal catalytic domain of ST8SIA4, the phosphorylation at Y317 

was identified within sialylmotif  (Fig. 5E). The phosphosite (T205) of ST6GALNAC5 was closely 

localized to sialylmotif S (SM-S) within the catalytic domain (Fig. 5F), and could potentially influence 

phosphorylation-induced conformational change related with ST6GAL1 activity (Fig. 5G). Fig. 5G shows 

the putative effects of phosphorylations at Y351 and Y352 on the conformation and dimerization of the 

ST6GAL1 monomer (24, 44). 

Signaling Pathways linked to changes in Protein Processing in the Endoplasmic Reticulum 

To generate an overview of potential alterations in the signaling pathways of db/db mouse islet β-cells 

related to adaptive flexibility, we conducted DAVID GO analysis and KEGG pathway analysis of the 

regulated proteome, phosphoproteome, and sialiome (FDR < 0.05) (Fig. 6). We identified significant 

changes in protein processing in the ER across both PTMs (Supplementary Fig. S3) linked to protein 

processing (Fig. 6). For proteome changes, two signaling pathways (aldosterone-regulated sodium 

reabsorption and metabolic pathway) and three subcellular components (proteasome, ribosome, and 
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lysosome) were potentially linked to protein processing in the ER (upper-left panel, Fig. 6). Of these, ten 

proteasome proteins (Up-regulation in D/N: PSMB5, PSMB4, PSMB7, PSMB6, PSMB1, PSMA6, PSMA4, 

PSMA3, PSMD2, and PSMA7) and fourteen ribosome proteins [(Up-regulation: RPS27, MRPL41, GM5239, 

MRPS25, RPS27L, MRPS31, MRPS2, and MT3) and (Down-regulation: RPL18, RPS19, RPL13, RPL27, 

FAU, and RPL24)] were significantly changed in db/db mice, but not recovered to normal levels after 

exposure to euglycemia. For phosphoproteome changes, regulation of protein processing in the ER was 

interconnected with eleven regulatory signaling pathways (FoxO signaling, insulin signaling, regulation of 

actin cytoskeleton, endocytosis, cGMP-PKG signaling, spliceosome, RNA transport, protein export, 

phosphatidylinositol signaling, MAPK signaling, and HIF-1 signaling) (upper-right panel, Fig. 6). For 

sialiome changes, protein processing in the ER was connected with four signaling pathways (limited 

proteolysis, regulation of actin cytoskeleton, focal adhesion, and PI3K-Akt signaling) as well as the 

lysosome (lower-left panel, Fig. 6).  

Post-translational modifications of proinsulin processing enzymes are altered in db/db mouse islets 

The ratio of proinsulin to insulin in isolated db/db mouse islets could reflect accelerated secretory pathway 

activity or changes in proinsulin processing enzyme activities (7). We examined molecular changes of the 

three proteolytic enzymes that catalyze proinsulin conversion [Carboxypeptidase E (CPE), proprotein 

convertase 1 (PCSK1), and proprotein convertase 2 (PCSK2)] (45). PCSK1 (N645; -4.8 fold) and PCSK2 

(N374; -2.3 fold) were significantly downregulated at the protein level in db/db islets, but not recovered 

towards a normal level after culture at normal glucose levels (Fig. 7A), indicating a possible association with 

the function of these enzymes. We also detected significant alterations of phosphorylation on CPE (Y419) 

and PCSK2 (T376) in db/db islets, but only CPE (Y419; D/N: -3.5 fold, DG/D: +3.0 fold; approximately 

86%) was returned to normal after culture at normal glucose (Fig. 7A). Which protein kinase might possibly 

phosphorylate CPE and PC2 was examined using a kinome analysis that links sequence specificity with 

cellular context using KinomeXplorer (46). Interestingly, CPE (Y419) and PCSK2 (T376) were most likely 

phosphorylated by SH3 domain tyrosine phosphorylation [Tensin-3; phosphorylation at S946 (+1.6 fold)] 

and protein kinase C beta [PRKCB isoform 2; phosphorylation at T641 (+1.6 fold)], respectively 
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(Supplementary Information S1). The phosphorylation degree of CPE at Y419 was significantly elevated in 

normal islets after euglycemic culturing. In addition, DG showed more significant increment in 

phosphorylation by approximately 1.8 fold in the comparison between DG/D and NG/N, that is not 

necessarily a glucose effect. Furthermore, we observed changes in islet amyloid polypeptide (IAPP) in db/db 

islets both at the protein (down-regulation) and phosphorylation (up-regulation) levels (Fig. 2). IAPP protein 

expression was recovered after euglycemic culturing, not surprisingly paralleling the changes in insulin 

secretory activity since IAPP and insulin are co-secreted. However, the phosphorylation of IAPP at T46 and 

T67 did not revert to normal after euglycemic culturing (Fig. 2). The T46 and T67 on IAPP may be 

phosphorylated by the beta-adrenergic receptor kinase 1 [GRK2; protein expression (+1.4 fold); 

phosphorylation at Y92 (+6.2 fold); phosphorylation at S121 (+2.6 fold)] in db/db -cells (Supplementary 

Information S1). 

CPE and PC1/2 were also identified to be associated with three insulin-modulating proteins [ERO1 like 

protein α/β (ERO1Lα/β), v-type proton ATPase subunit B (ATP6V1B2), and v-type proton ATPase subunit 

C (ATP6V1C1)] and a calcium-dependent calmodulin binding protein, spectrin alpha chain (SPNA2; 

Sptan1), all of which were decreased in db/db islets and did not recover upon euglycemic culturing (Fig 6B). 

Changes in the phosphorylation (S106) and sialylation (N276) on ERO1Lα were also observed. After 

exposure to euglycemia, phosphorylation (S106) was recovered, but sialylation (N276) did not return to 

normal, paralleling protein expression (Fig. 7B).  

Kinome Profiling of Protein Kinases related to adaptive flexibility of islets 

In a total of 378 kinases, we identified 162 kinases associated with changes between D and N pancreatic 

islets. We investigated 29 classified protein kinases that were significantly increased or decreased at either 

the protein expression or PTM level (Fig. 8 and Table S3). We used the FASTA sequences of the kinase 

domains retrieved from the KinBase resource and aligned them by ClustalX2.1 using default parameters for 

multiple alignments and bootstrapping N-J tree. Kinase sequences were visualized by phylogenetic distances 

using the Interactive Tree of Life (ITOL) tool (47). We presented the expression changes of 29 protein 

kinases according to the homology of the kinase domains at the protein and PTM levels (Fig. 8). Euglycemic 
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recovered protein kinases were mostly found to be associated with the cell membrane, nucleus, ER or Golgi 

apparatus.  

Significance of the Canonical Pathway for β-cell Dysfunction and Rest after Euglycemic Culture 

To reveal which canonical signaling pathways were activated or inhibited in db/db islets and those that were 

modulated by euglycemic rest, we conducted IPA analysis on all of the regulated proteins, phosphopeptides, 

or SA glycopeptides based on the statistical significance of the pattern match (11). In the protein group, we 

identified three overrepresented pathways (Fig. 9A). Remodeling of adherence junctions and actin nucleation 

by the ARP-WASP complex showed significant inhibition by z-scores (based on p-values, as an index of 

confidence in the overlap) in isolated db/db islets compared to WT. After euglycemic culture, the two 

signaling pathways were inversely activated (Fig. 9A). In contrast, the renin-angiotensin signaling pathway 

showed activation by z-scores in isolated db/db islets, and returned to normal after euglycemic rest (Fig. 9A). 

From the phosphoproteome data, three significantly overrepresented signaling network pathways were 

observed (Fig. 9B). The aldosterone signaling pathway and PI3K signaling pathway showed activation by z-

scores in isolated db/db mouse islets when compared to controls, and subsequently returned to normal after 

exposure to basal glucose levels (Fig. 9B). PPARα/RXRα activation showed significant inhibition by z-

scores in isolated db/db mouse islets, and was activated after ex vivo culture at euglycemia (Fig. 9B). From 

the sialiome data, three overrepresented canonical pathways were apparent. The integrin signaling pathway 

and GP6 signaling pathway indicated substantial activation by z-scores and the PTEN signaling pathway 

showed predominant inhibition in isolated db/db mouse islets (Fig. 9C). In recovered db/db islets, the three 

signaling pathways tended to revert to normal versus WT controls (Fig 9C). We next investigated the crucial 

regulators in the representative signaling pathways using the inter-quartile range (IQR) test (less than quartile 

1 - 1.5 × IQR, or greater than quartile 3 + 1.5 × IQR), which are either highly upregulated or downregulated 

and thus may influence the overall observation from the overrepresented signaling pathways (11). 

Interestingly, two proteins [insulin receptor substrate 2 (IRS2), mitochondrial Rho GTPase 2 (RHOT2)], four 

phosphoproteins [endoplasmic reticulum chaperone BiP (HSPA5)-T204-Y210-T461-T463, protein kinase C 

iota type (PRKCI)-Y357-Y367, inositol 1,4,5-trisphosphate receptor type 1 (ITPR1)-S2092, and interleukin-
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1 receptor type 1 (IL1R1)-S104-T105-Y106-T110)], and two SA glycoproteins [integrin beta-1 (ITGB1)-

N94 and integrin alpha-V (ITGAV)-N282] were identified in the overrepresented signaling pathways (Fig. 9). 

Furthermore, these proteins with PTMs were significantly regulated in isolated db/db mouse islets and 

recovered to normal following ex vivo euglycemic culture. 

Validation of Some Regulated and Recovered Proteins using Parallel Reaction Monitoring (PRM) 

Our global proteomics and PTMomics elucidated molecular and cellular signatures of islet dysfunction 

related to the production and secretion of insulin in db/db mouse islet β-cells, including the restoration of β-

cell pathophysiology after exposure to euglycemic conditions for 12 hours. We selected twenty regulated 

proteins and validated them in isolated islets from db/db and WT mice either fresh or after euglycemic rest 

using the PRM approach. Synthetic heavy isotope-labeled peptides were generated and used for internal 

quantitation standards for PRM validation of all four sample groups. We confirmed a high correlation for 

retention time (Pearson correlation of 0.999) between endogenous and heavy labeled peptides in all groups. 

By using the PRM strategy, we confirmed the expression levels of the twenty-five endogenous peptides, 

which correlated with the iTRAQ/TMT analysis (Supplementary Fig. S4 and Table S4).  

DISCUSSION 

In this study, proteome and PTMome (sialylation and phosphorylation) analyses were used to map dynamic 

molecular changes in islets isolated from obese diabetic db/db mice. These changes were then related to the 

adaptive cellular response to compensate for the increased metabolic load triggered by obesity and an 

insulin-resistant state (7). A comprehensive analysis enabled us to explore the expression level of a large 

number of proteins in islets from db/db and WT mice before and after β-cell rest, in conjunction with 

monitoring more than 11,685 phosphosites and 1,325 formerly SA N-linked glycosites. In addition, our 

PTMomics data revealed dramatic multiple changes associated with previously identified notable biological 

and morphological alterations (e.g., enlarged RER and Golgi, (pro)insulin production and processing, insulin 

secreoty granule maturation, vesicle/granule trafficking and secretion, and controlled protein degradation) (6-

9), which are related to β-cell adaptive flexibility. Some of these molecular events, especially in the 
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phosphorylation data, will be casual/control of elements of β-cell adaptive flexibility and some will be 

consequential, but future studies will be needed to substantiate this differentiation. We hope the dataset 

presented here as well as find it useful resource for biologists in the diabetes area. 

There are two closely related leptin receptor-deficient obese T2D db/db mouse models, C57BLKSdb/db and 

C57BL/6Jdb/db (7). The major difference between these models is that C57BL/6Jdb/db mice have an increased 

compensatory β-cell mass and that C57BLKSdb/db mice have a markedly decreased β-cell mass and thus more 

severe T2D despite a similar degree of obesity (7). However, at the level of β-cell biology, C57BLKSdb/db 

and C57BL/6Jdb/db mice are phenotypically similar, with both exhibiting a marked increase in proinsulin 

biosynthesis and processing, an almost total reduction of mature β-granules (the intracellular store of insulin), 

and a consequential large increase in insulin secretory pathway activity and exocytosis. This adaptability 

gives these animals a greater than 10-fold increase in basal hyperinsulinemia, an attempt to compensate for 

the inherent insulin resistance, hyperglycemia, and increased metabolic load related to obesity (6-9). In other 

words, the β-cells adapt to produce and rapidly secrete substantial amounts of insulin for this compensation 

(6, 7). Upon reducing glucose levels to normal and/or alleviating the insulin resistance in vivo, pancreatic β-

cells rapidly restore their normal function and insulin secretory capacity (6, 7, 9). This result calls into 

question whether β-cell ‘dysfunction’ in T2D might actually be symptomatic of this adaptive compensation 

and not necessarily be indicative of dysfunction (6). In this study, we used islets from C57BL/6Jdb/db mice 

since they contain many more β-cells versus C57BLKSdb/db mice and provide a better opportunity to observe 

changes in protein expression and PTMs specifically related to β-cell adaptive flexibility. 

Nonetheless, there could be subtle differences between C57BLKSdb/db and C57BL/6Jdb/db mice, which 

may be related to differences in β-cell mass adaptation. For example, in C57BLKSdb/db mouse islets, 

phosphorylation of glycogen synthase kinase-3β (GSK3B) activity at S9 is decreased, and activation of 

phosphorylation of GSK3B activity at Y216 increases (48, 49). Our data on C57BL/6Jdb/db mouse islets 

indicate the dephosphorylation of GSK3A/B at Y216 and new phosphosites of GSK3A/B at S215 and S219, 

which themselves are increased. However, in relation to β-cell adaptive flexibility, similar mechanistic 

changes at the molecular level are likely to occur in both C57BLKSdb/db and C57BL/6Jdb/db mouse models. 
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We previously demonstrated that the ER protein chaperone, BiP (also known as GPR78 or HSPA5), is 

elevated in isolated islets from both mouse models relative to the marked increase in proinsulin biosynthesis, 

but without inducing ER stress (7). Here, we have furthered those observations by identifying changes in 

proteins involved in unfolded protein-binding proteins, ER chaperones, effectors of proper protein folding, 

regulators of oxidative folding, oxidoreductases, and peroxidases in the C57BL/6Jdb/db islets that parallel β-

cell adaptive flexibility. As such, our PTMome data reveal previously unknown molecular events related to 

this functional β-cell compensation in obesity and T2D. 

Furthermore, our PTMomic and bioinformatic analyses complemented increased proinsulin 

biosynthesis translation in β-cell adaptive flexibility C57BL/6Jdb/db islets; protein synthesis, protein folding, 

cell redox homeostasis, and the UPR (not ER stress) are adjusted to meet metabolic demand mediated by 

glucose (6-9). In diabetes, overwhelming ER stress has been related to β-cell death as a result of abnormal 

protein folding in the ER (50). However, it is the UPR which contributes to the adaptive pathway processes, 

such as ER redox homeostasis, and improves the misfolded/unfolded protein response to facilitate functional 

and mature insulin production (50). In addition, the UPR can be activated as a consequence of an enhanced 

protein translation level (6). Correspondingly, in our comprehensive PTMomic map of cellular components 

we identified dynamic plasticity in the phosphorylation (50% of the regulated genes) and SA (70% of the 

regulated genes) states of proteins that regulate the UPR (not ER stress), biosynthesis and trafficking of 

proteins, cellular redox homeostasis, and protein folding in both the ER and Golgi apparatus after 

euglycemic rest in parallel (Fig. 3, 6, S3). The β-cell adaptive flexibility falls into translational control of 

proinsulin biosynthesis as a beneficial mechanism, implying a critical role for ER protein phosphorylation 

and SA in adjusting to ER redox homeostasis and appropriate protein folding to produce more insulin from 

C57BL/6Jdb/db islets to meet the metabolic demand. 

Proinsulin processing is complex and occurs at multiple stages of protein folding in the ER, 

including disulfide bond formation, ER to Golgi translocation through the secretory pathway, and ß-granule 

biogenesis in parallel to proteolytic proinsulin-to-insulin conversion (6, 50, 51). Disulfide bond generation in 
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proinsulin is necessary for the (pro)insulin maturation process, catalyzed by protein disulfide isomerases 

(PDIs) in the ER and the secretory pathway (52). Consequently, PDIs induce the ER export of properly 

folded proinsulin (53). For instance, P4HB (also known as PDIA1) is important for the oxidative maturation 

of proinsulin in the ER and insulin secretory granules (54). In the current study, we observed that the 

restoration of PDIs together with chaperones correlated with increased insulin production and mature insulin 

secretory granules (Fig. 3 and 7A) (7). Our MS-based targeted PRM approach shows that several key 

proteins are involved in proinsulin processing and ß-granule biogenesis (Fig. 10 and S4). Of these proteins, 

CPE, PCSK1N, P4HB, INS1 (beta-chain), MIA3, and SST (SST-28) are involved in the conversion of 

proinsulin-to-insulin together with the maturation of insulin secretory granules (45, 53-55). Our PTMomics 

and PRM data demonstrate that the expression of proteins related to proinsulin processing and the maturation 

of insulin secretory granules is coordinately regulated and hence involved in the adaptive signaling 

mechanisms underlying these processes.  

Consistent with regulating the mature insulin granule population in β-cells (7), our integrated 

analysis indicates the complementary changes of the secretory pathway to facilitate vesicular trafficking and 

exocytosis in response to euglycemic and metabolic demand. We previously demonstrated that FAM20C is a 

key component in the secretory pathway and facilitates the preservation of ER redox homeostasis and the 

regulation of oxidative protein folding by ERO1Lα phosphorylation in the Golgi apparatus and retrograde 

transport back to the ER (Fig. 7B and 8) (10, 56, 57). Furthermore, we illustrated the relationship among the 

nuclear lamina, the microtubules mediated by the Linker of Nucleoskeleton and Cytoskeleton (LINC) protein 

complex, and the dynein and kinesin motor proteins involved in the trafficking of proteins or mRNAs. We 

previously demonstrated the dynamic organization of the nuclear pore complexes and protein/mRNA 

translocation in β-cells exposed to high glucose concentrations (58). Although this trafficking mechanism is 

not well understood in β-cells, the LINC complex proteins have been identified in cardiac and skeletal 

muscle diseases to play an important role in the LINC complex and motor protein function of trafficking 

proteins and mRNAs along microtubules (59). In general, dynein and kinesin proteins are the essential 

molecular motors involved in the intracellular transport of organelles, proteins, and mRNAs along 
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microtubules (60, 61). In this study, we observed dynamic changes in protein-mRNA transport and vesicular 

trafficking along the microtubules in C57BL/6Jdb/db islets. This adaptability suggests that the LINC complex 

and motor proteins may regulate the trafficking of proinsulin and other insulin secretory granule proteins 

from the ER to the trans-Golgi network in β-cells. In addition, the modulation of focal adhesion contributes 

to the regulation of cytoskeletal structure, vesicle trafficking, and cell movement (62).  

Thiol proteases involved in protein K48-linked deubiquitination are restored upon β-cell rest. The 

K48-linked polyubiquitin chains are a clear signal of protein degradation by the 26S proteasome (63). 

Deubiquitinating enzymes (DUBs) switch off the proteolytic system by deubiquitinating proteins to prevent 

chronic cellular stress (63). The K48-linked ubiquitination of proteins by DUBs is reversible and modulates 

protein degradation, DNA repair, chromatin remodeling, endocytosis, and the activity of the NF-κB and 

AMPK-related kinase signaling pathways (64). Insufficient UPR and protein degradation are implicated in 

T2D (65, 66). In the present study, we identified new phosphosites in seven DUBs that are dephosphorylated 

in C57BL/6Jdb/db islets after euglycemic rest. This may suggest that the protein quality control system differs 

between obese diabetic db/db and WT mice, with a tendency for protein degradation to be decreased after 

euglycemic rest. 

Our PTMomic analysis allowed for an in-depth bioinformatic analysis identifying both known and 

unknown molecular events related to β-cell adaptive flexibility. The primary function of KCNMA1 (also 

known as SLO1) is the repolarization of action potentials in mouse pancreatic β-cells (67), and affects insulin 

secretion as well as the sensitivity of pancreatic β-cells to oxidative stress (68, 69). We identified that the 

phosphorylation of S711 in KCNMA1 and its 13 known interacting proteins are restored after euglycemic 

rest. These results highlight a previously unknown phosphosite of KCNMA1 associated with T2D. 

KCNMA1’s interacting proteins in the CIM analysis may be involved in β-cell secretory function, but how 

phosphorylation of KCNMA1 contributes to β-cell adaptive flexibility requires further studies. 

A previous genome-wide association study (GWAS) on T2D identified a specific relationship with a 

polymorphism (rs1535435 and rs9494266) for a gene encoding a unique AHI1 (Jouberin) protein (70), which 
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was previously unknown in pancreatic β-cells. AHI1 is localized to the cytoskeleton and adherent junctions 

and is involved in vesicle trafficking and the regulation of protein secretion in neurons (71, 72). In our results, 

we have demonstrated that AHI1 recovers to a normal state after euglycemic rest. All downstream 

interacting proteins for AHI1 in the CIM analysis also correlated with β-cell adaptive flexibility. Although 

the role of AHI1 in β-cells has not yet been defined, our data could suggest that up-regulation of AHI1 or its 

phosphosites may be implicated in the trafficking and secretion of insulin in relation to adaptive 

compensation during T2D. Additional studies are required to better understand the exact roles of AHI1 and 

its protein-protein interactions related to β-cell adaptive flexibility.  

Furthermore, our large-scale and targeted quantification analyses allowed the identification of twelve new 

proteins (CD63, NENF, PGP, HM13, PAIP2B, PKM [isotopes M1 and M2], PROM1, TOMM22, SET, 

PPP1R13B, and METAP2) likely related to β-cell adaptive flexibility in T2D (Fig. 10 and S4). These 

proteins are involved in the transport from the ER to the Golgi apparatus, transport from the trans-Golgi 

network to the plasma membrane, protein synthesis, protein transportation, vesicular trafficking, PI3K-AKT 

and ERK1/2 signaling pathways, and endopeptidase activity as annotated in the UniProt database. For 

instance, METAP2 is a metalloaminopeptidase associated with the co-translational cleavage of N-terminal 

methionine from nascent proteins, implying that it is involved in most cellular functions, including 

metabolism, protein synthesis, protein degradation, growth, and proliferation through binding to ERK1/2 and 

elongation initiation factor 2α (73-75). METAP2 inhibition has also been recently emphasized as a 

therapeutic strategy for treating diabetes, obesity, and associated metabolic disorders (76, 77). Thus, our data 

provide new insights into potential molecular targets that have beneficial effects on β-cell adaptability.   

A marked increase in sialic acid on the cell membrane proteins found in C57BL/6Jdb/db islets 

correlates with the significant modulation of phosphorylation of sialyltransferases (78, 79). Alteration of 

ST8SIA4 phosphorylation at Y317 is restored toward a normal state in response to euglycemic rest, also 

correlating with β-cell adaptive flexibility. The sialylation of proteins may be associated with aberrant 

signaling in obesity and T2D (79-81). In addition, an expanded GWAS identified a T2D-specific association 

with a polymorphism (rs9820223) of a gene encoding a unique ST6GAL1 protein (82). We identified several 
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significantly altered new phosphosites within the lumenal carboxyl-terminal catalytic domain in three 

sialyltransferases (ST6GAL1, ST8SIA4, and ST6GALNAC5), which could be related to abnormal sialic acid 

addition; the enzymatic activity of these sialyltransferases may be regulated by the phosphorylation- or 

dephosphorylation-induced S-S bond formation and dimerization or interference (24, 83, 84). Interestingly, 

Qian et al. have demonstrated that the disulfide-bonded dimer formed with ST6GAL1 (C139-C403 and 

C350-C361) decreases enzyme activity in the ER, whereas mutagenesis of C181 and C332 of ST6GAL1 

causes predominant localization in the ER (24). In addition, mutation of C350S or C361S provokes the 

inactivation of ST6GAL1 without causing protein targeting to the ER or dimerization processing; these 

cysteine residues are a key component of the sialyltransferase's active site (24). In this study, the 

hyperphosphorylation of ST6GAL1 at Y351 and Y352 is localized near cysteine residues (C350-C361) for 

potential S-S bond generation or interference adjacent to the sialylmotif VS (SM-VS). Sialylmotifs L and S 

are involved in substrate binding, whereas sialylmotifs III and VS are associated with catalytic activity (23). 

However, future studies will be required to substantiate the idea of how the phosphorylation or 

dephosphorylation-induced catalytic activity of sialyltransferases contribute to the pathogenesis of T2D. 

ST6GAL1 and ST8SIA4 (phosphorylation at Y317 within SM-III) can catalyze α2,6/α2,8-sialylation of β1 

integrin (85), consistent with elevated sialylation of β1 integrin in C57BL/6Jdb/db islets, suggesting that the 

elevated phosphorylation of ST6GAL1 and ST8SIA4 within SM-III and -VS could inhibit β1 integrin 

binding to matrix proteins, such as laminin. Integrin-mediated signaling is activated upon the binding of 

extracellular proteins, such as laminin, promoting activation of focal adhesion and the ERK1/2 signaling 

pathway (86). Our results also suggest that the hyperphosphorylation of ST6GAL1 and ST8SIA4 near the 

SM-VS/III sialylmotif could increase α2,6/α2,8-sialylation levels in the laminin-integrin signaling pathway 

to repress the ERK1/2 signaling pathway and focal adhesion, consequently causing defective insulin 

secretion in β-cells. Altered glycosylation of integrins, especially sialylation, is associated with structural 

changes that reduce cell adhesion to laminin and other ligands (85). Increased sialylation of β1 integrin is 

related to increased Ras activity and altered cell adhesion to collagen (87). In pancreatic β-cells, specific 

blocking of β1 integrin-laminin binding interferes with cell spreading and reduces the release of insulin in 

response to glucose (88). A laminin-integrin interaction may be required normal for glucose-stimulated 
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insulin secretion in healthy β-cells (89). Consistent with the retrievability of sialylation on the laminin and 

integrin proteins, our results suggest that the sialylation levels in the laminin-integrin signaling pathway 

modulate the interplay between the ERK1/2 signaling pathway and focal adhesion, which impact correct 

insulin granule trafficking in β-cells. These results illustrate the potential influence of phosphorylation- and 

dephosphorylation-induced conformational changes on sialyltransferases in T2D, implying that sialylation is 

a key PTM in β-cell adaptive flexibility, capable of cross-talking with phosphorylation as we previously 

demonstrated (11). 

Several overrepresented signaling pathways were highlighted in C57BL/6Jdb/db islets. Notably, the 

renin-angiotensin-aldosterone system (RAAS) is a biological process well associated with the development 

of obesity-linked T2D (90-92). Malfunctioning of the RAAS has previously been suggested to lead to insulin 

resistance by increasing cellular oxidative stress and impaired glucose metabolism in obesity and T2D. 

Activation of aldosterone signaling suppresses glucose-stimulated insulin secretion in vivo and in vitro (93). 

In the current study, we identified that renin-angiotensin signaling and aldosterone signaling are activated in 

C57BL/6Jdb/db islets and inhibited after euglycemic rest. These data suggest that restoration of the RAAS may 

play a protective role in preventing T2D progression. 

In summary, we performed integrated large-scale, targeted, and bioinformatics analyses using our novel 

enrichment strategy of proteins, phosphopeptides, and SA N-linked glycopeptides, thereby identifying 

numerous dysfunctional biological processes related to the restoration of β-cell function to a normal state 

following euglycemic rest. By similarly treating WT islets in parallel, the effects of tissue culture could be 

mostly eliminated and only those changes associated with resolution by normal glucose in db/db islets were 

assessed (7). The scope of the study was to reveal changes in the proteome and PTMome of molecular 

pathways between db/db and normal islets as well as what happen to the β-cells when they undergo “β-cell-

rest”. Keeping db/db islets and/or exposing WT islets to hyperglycemic conditions may yield additional 

interesting proteome/PTMome insight in β-cell biology, however, this was not within the scope of the study. 

Overall, in addition to identifying pathways for β-cell adaptive flexibility, we identified new adaptive 

proteins, phosphosites, and SA N-linked glycosites involved in the regulation of proinsulin biosynthesis 
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translation, protein folding, not ER stress, proinsulin processing, ß-granule biogenesis, vesicular trafficking 

and the insulin secretory pathway, protein degradation, and endopeptidase activity. These results demonstrate 

that β-cell adaptive flexibility may lead to improvement in endogenous β-cell function in C57BL/6Jdb/db islets. 

Our sialiomics analysis offers more in-depth insight into the laminin-integrin-mediated pathways between 

the ERK1/2 signaling pathway and focal adhesion. However, additional challenges remain with regard to 

implementing our findings in diabetes studies. Although we observed β-cell adaptability as a positive effect 

in C57BL/6Jdb/db islets, observation of similar protein changes in diabetic human subjects would greatly 

support our findings. Our in-depth exploration of β-cell adaptive flexibility provided herein may contribute 

to the discovery of other potential β-cell specific therapeutic targets for diabetes. 
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Figure Legends 

Fig. 1. Quantitative global phosphoproteomic study. (A) islets were isolated from db/db mice and WT mice 

and incubated with or without euglycemia (5.6 mM, 12 h) after which islets lysates were prepared and 

digested with trypsin/LysC. Tryptic peptide samples from individual experiments were labelled with isobaric 

mass tags (iTRAQ/TMT) and the peptides from equal amounts of independent experiments, then 

phosphopeptides and formerly sialylated N-linked glycopeptides (SA) were enriched by TiSH method. Each 

sample from modification groups were fractionated using HILIC or high pH reverse phase before being 

analysed by LC-MS/MS. Twenty-five  differentially  regulated  peptides were validated using Parallel 

Reaction Monitoring (PRM)  assay with heavy isotope-labeled synthetic peptide. (B) Histograms show the 

overlapping 11,685 and 1,325 posttranslationally modified site, 8,365 and 1,284 peptides, and 3,687 and 773 

proteins in the phosphorylation group and the SA group, respectively. (C) Heatmap of the recovered 

phosphopeptides (opposite to D/N; at least log2 fold change ± 0.3 in DG/D) ordered by hierarchical clustering. 

D: db/db mouse islets, N: wild type mouse islets, DG: db/db mouse islets exposed to euglycemia. Values for 

each phosphopeptide (column) at all analyzed samples (row) are color code based on the relative percentage 

of normalized intensity, low (blue) and high (red). (D) Enriched biological processes for significantly 

regulated proteins with phosphorylation that exhibited restoration. Panther Gene Ontology enrichment 

analysis showing the fold enrichment score for the indicated dots (y-axis) as well as the number of proteins 

assigned to classified functions (x-axis). Corrected p-value < 0.05. 

Fig. 2. Upstream interaction network of regulated proteins or phosphoproteins in db/db mouse islets 

compared to control using a combination of resources (IntAct, STRING, DAVID, Pubmed, and UniProt).  

Fig. 3. Phosphoproteome changes in cellular functions in db/db mouse islets (A) Regulated and restored 

proteins with phosphorylation state that are characterized in protein refolding or cell redox homeostasis (left). 

The quantitative information for each protein or phosphosite is shown as averaged log2 fold change in a bar 

chart. STRING subnetworks between protein refolding and cell redox homeostasis show the protein-protein 

interactions among the restoration of proteins and phosphosites to normal status after exposure to euglycemia 

in obese diabetic db/db mouse islets (right). (B) Proteins with phosphorylation to normal status that are 
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characterized in protein K48-linked deubiquitination (upper). The quantitative information for each protein 

or phosphosite is shown as averaged log2 fold change in a bar chart. Seven thiol protease proteins (MINDY 

deubiquitinase family, ubiquitin specific peptidase family, and OTU deubiquitinase family) are involved in 

protein K48-linked deubiquitination (bottom). (C) Proteins with phosphorylation to normal status that are 

characterized in mRNA export or transport along microtubule (upper). The quantitative information for each 

protein or phosphosite is shown as upregulation (red) or downregulation (blue) in heatmap. Twelve proteins 

are involved in mRNA export or transport along microtubule (bottom). 

Fig. 4. Quantitative global sialylomic study. (A) Scatter plot of significantly reverted formerly sialylated N-

linked glycopeptides (SA) toward baseline (n=142; opposite to D/N; at least log2 fold change ± 0.3 in DG/D) 

showing quadrant localization with labels on all significantly regulated proteins (brown; n=484) and the not 

significantly regulated proteins (gray; n=800). D: db/db mouse islets, N: wild type mouse islets, DG: db/db 

mouse islets exposed to euglycemia. Leading recovered SA shown in light orange or light green are 

significantly reverted to normal status after exposure to euglycemia in islets  of obese diabetic db/db mice. 

(B) Heatmap of the reverted SA (opposite to D/N; at least log2 fold change ± 0.3 in DG/D) ordered by 

hierarchical clustering. (C) Using Panther Gene Ontology analysis, enriched biological process categories 

showing the percentage of regulated SA in the reference genes of indicated cellular function (left y-axis, bars) 

as well as the false discovery rate (right y-axis, line).  Note that individual regulated SA can belong to more 

than one group. The number of proteins assigned to classified functions is indicated by number (white) in a 

bar. (D) Flexibe adaptability of laminin-integrin-mediated signaling show the correlations with inter-related 

proteins. 

Fig. 5. Significantly altered phosphorylations of sialyltransferases in db/db islets. (A) line plot represents the 

median of the relative SA percentages in four groups showing the intensity of SA glycopeptides. (B) plot 

chart represents the phosphorylation degree of significantly altered sialyltransferases between db/db islets 

and normal. Graph shows mean ± standard deviation. (C) the N- or O-glycoform can be sialylated by 

significantly regulated sialyltransferases. N-acetylglucosamine (GlcNac), galactose (Gal), N-

acetylgalactosamine (GalNac). (D) Schematic representation of ST6GAL1 structure illustrating the 

 by guest on M
ay 13, 2020

https://w
w

w
.m

cponline.org
D

ow
nloaded from

 

https://www.mcponline.org


41 

 

cytoplasmic domain (CPD; beige), the plasmamembrane domain (PMD; maroon), the lumenal carboxyl-

terminal catalytic domain (brown), and three region of sialyltransferase homology termed sialylmotifs (SM-L, 

SM-S, and SM-VS; red) within the catalytic domain. The S-S bonds and the altered phosphosites (green 

circle) located in the ST6GAL1 are indicated. (E) ST8SIA4. (F) ST6GALNAC5. (G) Potential influence of 

phosphorylation- and dimerization-induced conformational alterations on the enzyme activity of ST6GAL1. 

Putative illustrations are the effects of the phosphorylations at Y351 and Y352 on the conformation and 

dimerization of ST6GAL1 monomer. 

Fig 6. Significantly enriched DAVID Gene Ontology categories (p-value < 0.05) are classified as cellular 

component (center) or KEGG pathway network in nonmodification, phosphorylation, or formerly sialylated 

N-linked glycosylation (SA), respectively. The percentage of recovered genes of each cellular component are 

indicated by color bar (right in the middle). KEGG pathway nodes are colored according to the type of 

signaling pathway. The probability (EASE score; log10(pvalue)) of KEGG pathway annotation are indicated 

by node size (bottom). N: nonmodification. P: phosphorylation. S: formerly sialylated N-linked glycosylation. 

Fig. 7. Proinsulin processing. (A) Dysregulation and recovery of proinsulin processing enzymes as 

proprotein convertase1, proprotein convertase 2, and carboxypeptidase E. (B) Schematic representation of 

the relationships between insulin proteins and inter-connected proteins in the protein interaction network 

using STRING database.  

Fig. 8. Significantly restored 29 kinases (opposite to D/N; at least log2 fold change ± 0.3 in DG/D) to normal 

status showing the homology of the kinase domains and protein posttranslational modifications. The rims 

indicate, the ratio of D/N (inner rim) or DG/D (outer rim) by color bar (bottom left) on recovered kinase in 

the respective PTM group such as nonmodification (green rim), phosphorylation (orange rim), or formerly 

sialylated N-linked glycosylation (SA, purple rim). D: db/db mouse islets, N: wild type mouse islets, DG: 

db/db mouse islets exposed to euglycemia. Among 29 restored kinases in phosphorylation or SA group, light 

yellow marked gene symbol indicate the newly identified phosphosite or SA site in PubMed. Pie chart for 

the restored kinase classification according to cellular component by Uniprot search (bottom right).  
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Fig. 9. Dynamics of functional activity for canonical signaling pathways in the Ingenuity Pathway Analysis 

(IPA). (A) For the protein group, combined violin plot with box plot shows significant inhibition or 

activation of z-scores in 3 overrepresented pathways based on p-value (as an index of confidence in the 

overlap) as recovered canonical pathways to normal status in obese diabetic db/db mouse islets exposed to 

normal glucose concentrations. (B) The phosphopeptides group. (C) The SA peptides group. Significantly 

restored proteins or PTMs shown in box plot as outlier based on statistical significance of IQR test. 

Fig. 10. Schematic overview of regulated and validated proteins associated with β-cell failure in db/db 

mouse islets using PRM with synthetic peptides. (Green: Up-regulation, Red: Down-regulation) 
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Fig. 1. 
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 
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Fig. 8. 
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Fig. 9. 
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Fig. 10. 
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