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Abstract
The prevalence of diabetes mellitus is increasing dramatically throughout the world, and the
disease has become a major public health issue. The most common form of the disease, type 2
diabetes, is characterized by insulin resistance and insufficient insulin production from the
pancreatic beta-cell. Since glucose is the most potent regulator of beta-cell function under
physiological conditions, identification of the insulin secretory defect underlying type 2 diabetes
requires a better understanding of glucose regulation of human beta-cell function. To this aim, a
bottom-up LC-MS/MS-based proteomics approach was used to profile pooled islets from multiple
donors under basal (5 mM) or high (15 mM) glucose conditions. Our analysis discovered 256
differentially abundant proteins (~p<0.05) after 24 h of high glucose exposure from more than
4500 identified in total. Several novel glucose-regulated proteins were elevated under high glucose
conditions, including regulators of mRNA splicing (Pleiotropic regulator 1), processing
(Retinoblastoma binding protein 6), and function (Nuclear RNA export factor 1), in addition to
Neuron navigator 1 and Plasminogen activator inhibitor 1. Proteins whose abundances markedly
decreased during incubation at 15 mM glucose included Bax inhibitor 1 and Synaptotagmin-17.
Up-regulation of Dicer 1 and SLC27A2 and down-regulation of Phospholipase Cβ4 were
confirmed by Western blots. Many proteins found to be differentially abundant after high glucose
stimulation are annotated as uncharacterized or hypothetical. These findings expand our
knowledge of glucose regulation of the human islet proteome and suggest many hitherto unknown
responses to glucose that require additional studies to explore novel functional roles.
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99352. Tel: 509-371-6581; Fax: 509-371-6555; thomas.metz@pnl.gov.

SUPPORTING INFORMATION AVAILABLE
Supplemental Tables (S1–S6) are available showing protein identifications having at least two peptides per protein (Table S1) or one
peptide per protein (Table S2), and illustrating relative protein abundances (Table S3), significant KEGG pathways (Table S4),
calculated G-test statistics (Table S5), and gene ontology (GO) functional clustering (Table S6). Supplemental Figure S1 shows
protein identifications (>= 2 unique peptides/protein) mapped to the KEGG glycolysis pathway using the web-based DAVID
bioinformatics tool.
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INTRODUCTION
The application of proteomics and transcriptomics to characterize protein and gene
expression on a global scale has considerable potential for understanding disease processes,
including the pathogenesis of diabetes mellitus. Type 1 and type 2 diabetes are characterized
by absolute or relative insulin deficiency, respectively. Insulin secretion from pancreatic
beta cells of the islets of Langerhans plays a crucial role in glucose homeostasis, and
impaired pancreatic islet function is key to the development of both forms of diabetes [1].
Under normal circumstances, the maintenance of blood glucose levels within a narrow
physiological range relies on coordinated regulation of insulin secretion through nutrient
availability, hormones, and neural inputs. Amongst these factors, glucose is by far the most
potent and physiologically important regulator of beta-cell function through coordinate
stimulation of insulin gene transcription, proinsulin biosynthesis, and insulin secretion from
pancreatic beta-cells [2, 3]. Since type 2 diabetes is characterized by a loss of first-phase
insulin secretion in response to glucose [4], identification of the molecular defects
underlying beta-cell failure in type 2 diabetes first requires a better understanding of the
normal regulation of beta-cell function by glucose. The advent of global ‘-omics’
technologies has enabled researchers to address this issue on a much larger scale than
traditional approaches and has resulted in a number of studies examining pancreatic islet
mRNA and protein content. Most of these studies have investigated basal -omics expression
[5–10]; however, the effect of elevated glucose on rodent beta-cells has also been examined
[11–14]. Two-dimensional (2-D) gel-based proteomics approaches have been used to
identify proteins altered in response to high glucose exposure in mouse islets [11] and the rat
insulin-producing INS-1E cell line [15]. These efforts identified a number of significant
proteins illustrative of known biology and suggestive of new perspectives, but were limited
by an inherent modest dynamic range. Advanced multi-dimensional liquid chromatography-
tandem mass spectrometry (LC-MS/MS) proteomics technologies have demonstrated a
wider dynamic range, higher sensitivity, and higher throughput for islet samples relative to
2-D gel-based methods [16, 17]. LC-MS/MS data from Waanders et al. [13] and Lu et al. [8]
provided increased coverage of the mouse islet proteome during glucose stimulation,
although extrapolation to human pancreatic islet biology is still limited. These comparative,
glucose-stimulated islet proteomics studies revealed the need for a better understanding of
glucose regulation at the molecular level and have prompted their application to the
examination of protein abundances from human pancreatic donor islets under hyperglycemic
conditions.

This work was undertaken to determine the effects of elevated glucose levels on the
proteome of isolated human islets. To this aim, islets from multiple human pancreatic donors
were incubated for 24 h at basal or high glucose levels and pooled into two groups
representing each glucose concentration. Extracted protein samples were then fractionated in
two dimensions (based upon solubility and charge) to increase the depth of proteome
coverage, and peptides were analyzed by reversed-phase LC-MS/MS. The islet proteome
was characterized for each culture condition, and spectral count data [18] was used to
identify proteins differentially regulated by glucose. Over 40,000 unique peptides
corresponding to more than 4500 proteins (≥2 unique peptide identifications per protein)
were detected in these analyses; 256 were found differentially abundant (~p<0.05 by the G
test statistic) [19]. Of these, the regulation of selected proteins was confirmed by Western
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blot. These findings revealed several novel glucose-regulated proteins and expand our
understanding of glucose regulation of human islets.

MATERIALS AND METHODS
Reagents

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless
stated otherwise. Ammonium bicarbonate and acetonitrile were purchased from Fisher
Scientific (Pittsburgh, PA), and sequencing grade modified trypsin was purchased from
Promega (Madison, WI). The Bicinchoninic acid (BCA) protein assay was purchased from
Pierce (Rockford, IL), and purified, deionized water, >18 MΩ, (Nanopure Infinity ultrapure
water system, Barnstead, Newton, WA) was used to make all aqueous biological and HPLC
buffers.

Human pancreatic islets
Approval for the conduct of this programmatic research was obtained from the Institutional
Review Boards of the participating institutions. Twenty-one batches of pancreatic human
islets from non-diabetic donors were obtained through the NIH-supported Integrated Islet
Distribution Program (http://www.iidp.coh.org), as well as from the Islet Transplant
Program at the University of Alberta. The average age of the donors (13 females, 8 males)
was 42 ± 3 years (range: 20–65 years), and their body mass index was 27.9 ± 1.6 (range:
20.2–48.2). The initial purity of the preparations was 77 ± 3 % and the viability was 84 ± 2
%, as assessed by the centers prior to shipment. Upon arrival, human islets from individual
donor preparations were divided into two equivalent batches, washed with 1X with PBS,
hand-picked, and cultured for 24 h at 37°C in RPMI-1640 (Invitrogen, Burlington, ON)
containing 1% penicillin/streptomycin (Wisent, Saint Bruno, QC) and 1% human serum
albumin (Hema-Québec, Saint Laurent, QC), in the presence of either 5 mM or 15 mM
glucose (Sigma-Aldrich Canada Ltd., Oakville, ON) to examine the effects of glucose on
protein expression (Figure 1). At the end of 24-h incubation, islets were centrifuged at 340 g
for 2 min at 4°C and washed once with ice-cold 5 mM glucose in Optima water (Optima,
Fisher Scientific, Pittsburgh, PA), transferred to siliconized tubes, and centrifuged at 3409 g
for 2 min at 4°C. Pellets were snap-frozen and kept at −80 °C pending membrane and
soluble protein extraction as described below.

Protein extraction and enzymatic digestion
Thawed islets from 21 different donors were pooled to create uniform samples of ~13,000
total islet equivalents for each glucose concentration. Pooled islets from each glucose
concentration were lysed for 30 min on ice in 5 mM sodium phosphate, pH 8.0, containing 1
mM EDTA, and soluble proteins were then isolated from membrane proteins by
centrifugation at 16,000×g for 60 min at 4°C. The soluble proteins were transferred into a
fresh tube, and the membrane proteins were reconstituted in 50 mM ammonium bicarbonate,
pH 7.8. Protein concentrations for both soluble and membrane protein fractions were
calculated by the BCA protein assay. Soluble and membrane proteins were next denatured
by incubation with 50% 2,2,2-trifluoroethanol [20] at 60°C for 2 h with constant shaking at
300 rpm (Thermomixer R, Eppendorf, Hamburg, Germany). Sample reduction was achieved
by 1 h incubation in 2 mM dithiothreitol at 37°C with constant shaking at 300 rpm.
Denatured and reduced samples were then diluted 5-fold with 50 mM ammonium
bicarbonate, pH 7.8, before tryptic digestion. Activated sequencing grade-modified trypsin
was prepared by adding 20 μL of 50 mM ammonium bicarbonate, pH 7.8, to a vial
containing 20 μg of lyophilized trypsin, followed by incubation for 10 min at 37°C.
Activated trypsin was next added to the samples at 1:50 (w/w) trypsin-to-protein ratio, and
tryptic digestion was carried out at 37°C for 3 h. Tryptic digestion was quenched by rapid
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freezing of the samples in liquid nitrogen. The samples were concentrated to 50 μL (Speed-
Vac SC 250 Express, Thermo Savant, Holbrook, NY), then centrifuged at 88,760×g for 5
min at 4°C. The supernatants were placed into new tubes, and the BCA protein assay was
performed to estimate final concentrations of peptide solutions.

Strong-cation exchange fractionation of enzymatic digests
Strong-cation exchange (SCX) fractionation of enzymatic digests was performed as
previously described [16, 17]. Briefly, human pancreatic islet peptides were diluted with 850
μL of 10 mM ammonium formate (pH 3.0) in water containing 25% acetonitrile and
fractionated by SCX chromatography on a Polysulfoethyl A 200 mm × 2.1 mm column
(PolyLC, Columbia, MD) that was preceded by a 10 mm × 2.1 mm guard column of the
same material. The separations were performed at a flow rate of 0.2 mL/min using an
Agilent 1100 series HPLC system (Agilent Technologies, Santa Clara, CA), with mobile
phases consisting of 10 mM ammonium formate, pH 3.0, in water containing 25%
acetonitrile (A), and 500 mM ammonium formate, pH 6.8, in water containing 25%
acetonitrile (B). After loading 350 μg of peptides onto the column, the gradient was
maintained at 100% A for 10 min. Peptides were then separated using a gradient from 0 to
50% B over 40 min, followed by a gradient of 50–100% B over 10 min. The gradient was
then held at 100% B for 20 min. A total of 30 fractions were collected from 30 to 65 min of
the separation for pooled islets cultured in both normal and high glucose. All fractions were
dried under vacuum and stored at −80°C until LC-MS/MS analysis.

Reversed-phase nanocapillary LC-MS/MS analyses
Dried peptide fractions were reconstituted in 30 μL of 25 mM ammonium bicarbonate, pH
7.8, and analyzed in duplicate and random order using a custom-built 4-column
nanocapillary LC system coupled online to a linear ion trap mass spectrometer (LTQ;
ThermoElectron, Waltham, MA) by way of an in-house manufactured electrospray
ionization interface [21]. Electrospray emitters were custom made using 150 μm o.d. × 20
μm i.d. chemically etched fused silica, as previously described [22]. The reversed-phase
capillary columns were prepared by slurry packing 3-μm Jupiter C18 bonded particles
(Phenomenex, Torrence, CA) into 75 μm × 65 cm fused silica capillaries (Polymicro
Technologies, Phoenix, AZ) using 0.5 cm sol-gel plugs for particle retention [23]. The
mobile phase consisted of 0.2% acetic acid and 0.05% TFA in water (A) and 0.1% TFA in
90% acetonitrile/10% water (B). Mobile phases were degassed on-line using a Degassex
Model DG4400 vacuum degasser (Phenomenex, Torrence, CA), and the HPLC system was
equilibrated at 10,000 psi with 100% mobile phase A for initial starting conditions. After
loading 2.5 μg of peptides onto the column, the mobile phase was held at 100% A for 50
min. Exponential gradient elution was performed by increasing the mobile-phase
composition from 0 to 55% B over 100 min, using a 2.5 mL stainless steel mixing chamber,
followed by a rapid increase to ~100% B for 10 min to wash the column. To identify the
eluting peptides, the LTQ was operated in a data-dependent MS/MS mode (m/z 400–2,000),
in which a full MS scan was followed by ten MS/MS scans using a normalized collision
energy of 35%. A dynamic exclusion window of 1 min was used to discriminate against
previously analyzed ions. The temperature of the heated capillary and the ESI voltage were
200 °C and 2.2 kV, respectively.

Peptide identification and protein categorization
RAW files for all datasets may be downloaded at http://omics.pnl.gov. Peak lists were
generated using Extract MSN and SEQUEST peptide identification software [24] was used
to match the MS/MS fragmentation spectra with sequences from the August 2006 IPI human
database (version 3.20), containing 61,231 entries. The parent mass tolerance window used
for matching was set to ±3 Da, and the fragment ion window was set to ±1 amu. A
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maximum of three missed cleavages were allowed. Protein identifications were retained if
their identified peptide sequence met the following criteria: 1) SEQUEST DelCn2 value
(normalized Xcorr difference between top scoring peptide and second highest scoring
peptide in each MS/MS spectrum) of ≥ 0.10 and 2) SEQUEST correlation score (Xcorr) ≥
2.4 for charge state 1+ for fully tryptic peptides and Xcorr ≥ 2.5 for 1+ for partially tryptic
peptides; Xcorr ≥ 2.7 for charge state 2+ and fully tryptic peptides and Xcorr ≥ 3.7 for
charge state 2+ and partially tryptic peptides; Xcorr ≥ 3.4 for charge state 3+ and fully
tryptic peptides and Xcorr ≥ 4.2 for charge state 3+ and partially tryptic peptides. Proteins
used in the analysis were required to have ≥ 2 unique peptides for identification. Using the
reverse database approach [25], the false discovery rate (FDR) was estimated to be 1.7% at
the spectra level and 0.2% at the protein level.

ProteinProphet [26] was used as previously described [16] to generate a set of proteins and
protein groups from all peptide observations searched against the January 2009 IPI human
database (version 3.54) in order to remove deleted entries. Protein ‘groups’ were assigned
when peptides were degenerate (i.e., peptide sequences were present in homologous/
redundant proteins within the protein sequence database). This analysis reduced the list of
20,829 possible proteins mapped to identified peptides to 4594 confident proteins/protein
groups with two or more peptides per protein (Supplemental Table S1).

In cases where multiple proteins mapped to a single group, the Entrez ID corresponding to
the protein with the largest number of unique peptides was chosen to be representative of the
group for downstream analyses. An additional 1592 proteins/protein ‘groups’ were
identified by only one unique peptide (Supplemental Table S2). These proteins were not
included in any lists of detected genes for analysis (GO clustering or chart, or G-test), but
were used in DAVID to generate background lists of possible genes for statistical
calculations of GO terms (as described in Data Analysis below).

Western blots
At the end of 24-h incubation, batches of 200 islets were centrifuged at 1200 rpm for 2 min
at 4°C and proteins were extracted as previously described [27]. Proteins (30 μg) were
resolved by 7.5 or 10% SDS-PAGE and electrotransferred to nitrocellulose membrane
(BioRad, Hercules, CA). After blocking with 5% nonfat milk TBS-T (10 mM Tris, pH 7.5,
150 mM NaCl, and 0.1% Tween 20) for 1h at room temperature, membranes were blotted
overnight at 4°C with antibodies against Phospholipase Cβ4 (BD Transduction Laboratories,
Mississauga, ON), SLC27A2 (Abcam Inc., Cambridge, MA), Dicer 1 (Abcam), or alpha
Tubulin (Abcam). Signals were detected using a horseradish peroxidase-labeled anti-rabbit
or anti-mouse IgG (BioRad) and enhanced chemiluminescence (ECL, PerkinElmer Las
Canada Inc., Woodbridge, ON) on Kodak BioMax XAR films (Kodak, Rochester, NY).
Molecular mass was estimated using protein molecular standards (Invitrogen).

Data analysis
Spectral counts were calculated as the sum of all MS/MS spectra for all peptides that map to
each protein [18]. Percent coefficient of variance (CV) (%CV=σ/μ*100) values were
calculated for replicates (e.g., total spectral counts for all SCX fractions for both membrane
and soluble preparations for 15 mM (or 5 mM) replicate one versus replicate two). CV
values of 0.00 occurred in cases where SCs for both replicates were identical nonzero
values, and CV values reported as NA occurred when no spectra were identified in either
replicate of either condition. Estimates of relative protein abundance were made by
normalizing spectral counts by protein sequence length on an individual protein basis. For
groups that included multiple proteins, the protein with the largest number of unique
peptides was used in the calculation.
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A G-test (likelihood ratio test for goodness-of-fit) [19, 28] was performed to determine
proteins whose abundances changed with glucose concentration. Protein spectral counts
were calculated as the sum of all observations for all peptides mapping to an individual
protein for each glucose concentration. A global normalization was applied to equate the
total spectral counts for all proteins for each sample, and a Yate’s correction was
incorporated to generate the final values for normalized spectral counts [29]. Differentially
expressed proteins were considered significant based on the G-value relative to the Chi-
square distribution table with one degree of freedom (G>3.84 approximates p<0.05).

Proteins were classified with general Gene Ontology (GO) biological process terms using
the GO Slim tool at the UniProtKB-GOA [30]. Entrez gene IDs were extracted for all
proteins and a non-redundant list was uploaded for each analysis. The Database for
Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resource 6.7
(National Institute of Allergy and Infectious Diseases (NIAID), NIH) [31, 32] was used to
classify and annotate proteins. For global KEGG pathway coverage, confidently identified
proteins (≥2 unique peptides per protein) and the human genome were used as the gene list
and background, respectively. The Functional Annotation Chart tool was used to determine
KEGG pathways associated with imported identifiers. For clustering and chart analysis of
proteins regulated by glucose, significant proteins (G>3.84) and all identified proteins (≥1
unique peptide per protein) were used as the gene list and background, respectively.

Clustering and visualization
Spectral count data were imported into OmniViz 6.0 (OmniViz, Maynard, MA). Counts
were log2 transformed and normalized to the sum of the row (i.e., sum of spectral counts for
all four columns, which included two replicates of each glucose concentration). Data were
clustered using Hierarchical-standard clustering by magnitude and shape (Euclidean) with
18 clusters.

RESULTS
Proteome Coverage

Previous studies have defined comprehensive islet gene [6, 7, 9, 12] and protein [5, 8, 16,
17] expression patterns in both murine and human samples, yet the effect of elevated
glucose on islet protein expression has, to date, been thoroughly examined only in mouse
models [11, 13]. In the present study, a semi-quantitative proteomics approach was used to
determine the human islet proteome under basal (5 mM) or elevated (15 mM) glucose
conditions. Islet preparations from each of the 21 donors were divided in half, incubated
with either 5 or 15 mM glucose for 24 h at 37 °C, and pooled into samples comprised of
approximately 13,000 islets for each condition (summarized in Figure 1). Because islet
proteins have been shown to have a large dynamic range [17], two levels of fractionation
were used to increase the depth of proteome coverage. Proteins were separated into soluble
and insoluble preparations and digested, and subsequent peptides were then fractionated
using strong cation exchange (SCX). Duplicate LC-MS/MS analyses of SCX-fractionated
samples resulted in the detection of 41,784 unique peptides corresponding to 4594 confident
protein identifications having at least 2 unique peptides per protein. An additional 1592
proteins were identified by single peptides but were not included in any subsequent
comparative data analysis. Detailed lists of protein identifications are provided as
Supplemental Tables S1 and S2.

During LC-MS/MS analyses of complex protein mixtures, peptides derived from proteins of
higher abundance are sampled more often than those from proteins of lower abundance [18].
Consequently, estimates of relative protein abundance can be made using spectral count
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information. Spectral counts refer to the sum of all MS/MS spectra for all peptides that map
to individual proteins. Since higher counts would be expected for larger proteins, counts
were normalized by protein sequence length on an individual protein basis. This approach
was used to order the set of proteins found for the 5 mM glucose-exposed islet proteome by
relative abundance (Supplemental Table S3). The most abundant proteins detected include
histone 2A, glucagon, transthyretin, actin, and annexin A2.

Protein Classification
In order to extract biological processes associated with the islet proteome, proteins were
classified using gene ontology (GO) categories. GO Slim [30] was used to group GO
categories into general functional annotations as shown in Figure 2. Nearly one-third of the
proteins play a role in protein (15%), lipid (5%), carbohydrate (5%), amino acid (5%), and
DNA (3 %) metabolic processes, respectively. Proteins were also mapped to KEGG
pathways to examine pathway coverage. Fifty-two pathways exhibited high coverage (≥10
proteins), including 10 of the 15 pathways associated with carbohydrate metabolism
(Supplemental Table S4). Several members of the insulin signaling pathway were detected
(Figure 3) and this pathway, interestingly, was modestly regulated by glucose. Other
pathways exhibiting high coverage were associated with the processing of genetic
information and included ‘transcription’ (e.g., spliceosome), ‘translation’ (e.g., ribosome
and aminoacyl-tRNA biosynthesis), and ‘folding, sorting, and degradation’ (e.g., RNA
degradation and proteasome).

Differential Abundance
As an indication of the reproducibility of the LC-MS/MS analyses, peptides from 91% and
89% of all proteins identified in their respective 15 mM- and 5 mM-glucose-treated samples
were detected in both replicates. The median coefficients of variance in spectral counts for
the 4594 proteins identified by at least 2 unique peptides were 17% and 19% for proteins
identified in the 15mM- and 5mM samples, respectively (Supplemental Table S5). A G-test
[29] was performed on pairwise comparisons of normalized spectral counts from islets
cultured in 5 mM glucose versus islets cultured in 15 mM glucose to define proteins with
significant changes in protein abundance (Supplemental Table S5). Of the 4594 proteins
identified, 256 proteins were determined to be differentially abundant (G> 3.84 ≈ p< 0.05)
with 138 proteins exhibiting higher abundance in 15 mM glucose and 118 proteins showing
lower abundance. Fold changes were calculated from the normalized spectral count data and
indicated that the abundances of 14 and 33 of the significant proteins were changed by at
least 10- and 5-fold, respectively, when the concentration of glucose was increased from 5
mM to 15 mM. Table 1 shows that while the numbers of spectral counts for these proteins
are relatively low, they represent mostly qualitative differences in protein expression
between the two conditions, rather than true quantitative differences. Many of the proteins
detected in one condition were not detected at all (0 to 2 total spectral counts at most) in the
other condition. The lone exception to this observation is 40s Ribosomal Protein s15, with
17 spectral counts for islets cultured in 5 mM glucose versus 142 spectral counts for islets
cultured in 15 mM glucose.

Figure 4 reflects the reproducibility of the measurements for the differentially abundant
proteins with a heat map view showing proteins on rows and samples in columns. To
remove the visual bias that occurs due to the large dynamic range within the proteome,
protein abundance values were normalized for each protein individually by the sum of
spectral counts for all samples and colored from black (protein was not observed or had a
low abundance relative to the total abundance across all samples) to red to yellow to white
(increasingly higher abundance relative to the total across all samples). Examples of proteins
whose abundances were most affected by high glucose exposure included regulators of
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mRNA splicing (Pleiotropic Regulator 1), processing (Retinoblastoma Binding Protein 6)
and function (Nuclear RNA Export Factor 1), in addition to Neuron Navigator 1 and
Plasminogen Activator Inhibitor 1. Proteins whose abundances markedly decreased at 15
mM included Bax inhibitor 1 (BI-1) and Synaptotagmin-17.

Similar to the functional analysis approach used for all confidently identified proteins, GO
categories and KEGG pathway coverage were determined for all differentially abundant
proteins. The web-based DAVID bioinformatics annotation tool [31, 32] was used to group
the set of significant proteins into functional categories that are statistically over-represented
relative to all islet proteins identified in the analysis. The clustering feature was used to
combine functionally related annotation terms into clusters. Table 2 highlights a
representative category from each of the significantly overrepresented clusters (Enrichment
Score > 1.3 ≈ p < 0.05). Regulation of glucose metabolism, apoptosis, and macromolecular
complex assembly are among the subset of the islet proteome most altered by 24 h of high
glucose exposure. Full functional clustering is illustrated in more detail in Supplemental
Table S6. DAVID was also used to examine the coverage of KEGG biological pathways by
differentially abundant proteins. ‘Fatty acid elongation in mitochondria’ was identified as
having significant coverage with three of the eight proteins associated with this pathway
(Figure 5) having higher abundances at the elevated glucose level.

The regulation of expression by glucose was examined using Western blots for selected
proteins (Figure 6). We confirmed that a 24-h exposure of human islets to 15 mM glucose
increases protein expression of Dicer 1 (Figure 6A&B) and SLC27A2 (Figure 6C&D) and
decreases expression of Phospholipase Cβ4 (Figure 6D&F).

DISCUSSION
This study was initiated on the premise that a better understanding of glucose regulation can
be elucidated from the transcriptional and translational responses of islets to glucose levels,
and that this knowledge can be applied to benefit islet transplantation and novel diabetes
therapies. The highly coordinated regulation of gene and protein expression in response to
glucose stimulation is responsible for many established cellular functions such as glycolysis
and insulin biosynthesis/secretion, but also for many ambiguous or unknown responses. A
number of studies have profiled the comprehensive pancreatic islet transcriptome and
proteome, yet the effect of elevated glucose has not been examined in proteomics analyses
of human islets. The current study highlights changes in proteomic abundance after 24 h of 5
or 15 mM glucose incubation. To augment protein identification across the large dynamic
range of the islet proteome [17], extensive separation was performed at both the protein and
subsequent peptide levels. This approach resulted in the confident identification of nearly
4600 proteins/protein groups, of which 256 exhibited altered protein abundance with
glucose stimulation.

A majority of proteins identified in this study have also been characterized in previously
published islet proteomic profiles [13, 16, 17]. These include the islet hormones insulin,
glucagon, somatostatin, and pancreatic polypeptide, in addition to most glycolytic proteins
(Supplemental Figure S1). Transthyretin, glucagon, and annexin A2, some of the most
abundant proteins identified in this study, were also found to be abundantly expressed at the
mRNA level in several islet gene expression datasets available at http://T1Dbase.org [33].

Of the 4594 proteins identified in the current study, 81% were identified in at least one other
previous LC-MS/MS study [13, 16, 17]. Comparison of protein abundance levels (based on
spectral counts or peptide signal intensities) from the current study with murine islet protein
expression data [13, 17] suggests a correlation of protein expression between species. We
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refer here to relative, not absolute, abundance; however, measures of high or low abundance
proteins can still be inferred. Of the top 10% most abundant proteins identified after 24 h of
5 mM glucose incubation, 85% were identified in at least one murine study. In all three
studies, glucagon (GCG), ATP synthase subunit beta, mitochondrial (ATP5B), protein
disulfide isomerase A3 (PDIA3), protein disulfide-isomerase (P4HB), 78 kDa glucose-
regulated protein precursor (HSPA5), elongation factor 1-alpha 1 (EEF1A1), chromogranin
A (CHGA), and 14-3-3 protein epsilon (YWHAE) were among the most abundant proteins
detected.

Table 1 summarizes the proteins that were observed to be regulated greater than five-fold in
this study. The relatively low spectral counts for these proteins are likely a reflection of their
abundance within the islets. Two previously published papers describing multi-dimensional
LC-MS/MS analyses of islets, Metz et al. [16] and Petyuk et al. [17], reported the
identification of 29,021 (3365 unique proteins) and 17,350 (2612 unique proteins) unique
peptides for human and mouse islets, respectively. Of the differentially expressed proteins
shown in Table 1, Metz et al. identified fourteen and Petyuk et al identified twelve, with 1 to
2 spectral counts of up to 3 unique peptides per protein observed in either study, indicating
that these proteins are present in relatively low abundance in both human and mouse islets.
Importantly, the studies reported by Metz et al. and Petyuk et al. used identical protein
digestion, SCX fractionation, and capillary LC-MS/MS analysis protocols to the study
reported here, enabling direct comparison of the results. The current study likely achieved
higher coverage (in terms of both numbers of unique peptides and spectral counts) of these
proteins due to the additional fractionation of the islet proteome into soluble and membrane
proteins.

Examination of the annotations for the differentially regulated proteins and functional
clusters identified mRNA processing and function, macromolecular complex assembly, and
protein polymerization as being highly responsive to glucose. These findings are consistent
with the notion that glucose is a major regulator of transcription and translation in pancreatic
beta-cells, an effect that is necessary for the long-term maintenance of the highly
differentiated state of the cell and the secretory requirements imposed by prolonged
elevations of glucose levels [34]. In addition, considering that the beta-cell is highly
metabolically active and that insulin secretion is tightly coupled to glucose metabolism, it is
not surprising that the most highly glucose-regulated proteins in this study are implicated in
glucose metabolism. Consistent with this notion, the data suggest that glucose promotes the
coordinated expression of enzymes involved in fatty-acid synthesis and, more specifically,
fatty-acid elongation. Although glucose is known to promote fatty-acid esterification and
triglyceride synthesis in beta-cells [35], its effect on de novo fatty acid synthesis is thought
to be minimal, at least in rodent beta-cells, due to low levels of expression of fatty-acid
synthase [36]. The indication that glucose stimulates the expression of enzymes involved in
fatty-acid elongation suggests that perhaps the rate of de novo fatty-acid synthesis might be
higher in human than rodent beta-cells, although this would need to be directly measured.
Importantly, the effect of glucose on protein expression was relatively selective and did not
reflect a global stimulation of translation, as illustrated by the fact that most of the proteins
in the insulin signaling pathway were not differentially regulated (Figure 3).

Perhaps the most important observation of this study is the identification of several novel
glucose-regulated proteins. Amongst those that were most profoundly reduced in expression
in the presence of high glucose was synaptotagmin 17. Synaptotagmins are calcium-binding
proteins that interact with proteins of the SNARE (soluble N-ethylmaleimide–sensitive
factor attachment protein receptor) complex, and this interaction plays an essential role in
secretory granule membrane fusion [37]. Although synaptotagmin 17 protein expression has
not been reported in beta-cells, it is noteworthy that mRNA expression of another gene from
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the synaptotagmin family, synaptotagmin V, is down-regulated in islets from type 2 diabetic
patients [38]. Consistent with this observation is the finding that insulin was expressed at
lower levels in islets cultured in high glucose, as were several members of the tubulin family
(tubulins alpha 1a, alpha 4a, alpha 8, beta 2a, beta 2b, beta 3, beta 5, and beta 6;
Supplemental Table S5). These results correlate with findings in islets [8, 13] and insulin-
secreting INS1 cells [15] that show decreases of both insulin and vesicle-transport related
protein levels [8, 13] suggesting that exposure of islets to elevated glucose for even a
relatively short period of time in culture (24 h) might down-regulate the expression of
proteins involved in insulin secretion. Interestingly, altered regulation of cytoskeletal
proteins have also been observed in non-human species: tubulin alpha 1c [11] and beta 5 [8,
11] were up-regulated and tubulin 2a was down-regulated by glucose in mouse islets, and, in
a recent report in INS1 cells, tubulin beta 2c was down-regulated by glucose [15],
suggesting potentially important differences in tubulin chains among species.

Another protein whose expression was markedly decreased by glucose is BI-1. BI-1 is an
evolutionarily conserved endoplasmic reticulum-associated protein which protects against
endoplasmic reticulum stress and apoptosis [39], a recognized mechanism of glucose-
mediated beta cell dysfunction. Although the function of BI-1 in the beta-cell is, to our
knowledge, unknown, a decrease in expression upon culture at 15 mM glucose would be
anticipated to lead to increased apoptosis. We did not, however, observe any significant
differences in cell viability between the culture conditions (data not shown).

Amongst the proteins whose expression were the most significantly augmented in the
presence of glucose but which, to our knowledge, have not been described in islets are:
PLRG1, a protein involved in the regulation of mRNA splicing [40]; the retinoblastoma
tumor suppressor RBP6; NXF1, a regulator of mRNA nuclear export [41]; NAV1, a protein
of the neuron navigator family expressed predominantly in the nervous system [42]; the
sodium bicarbonate cotransporter SLC4A7; laminin alpha 2 (LAMA2); and protein tyrosine
phosphatase interacting protein 51 (PTPIP51), which interacts with PTP1B and plays a role
in cell differentiation and apoptosis [43]. Also strongly stimulated by glucose (and
confirmed by Western blot, Figure 6) are Dicer 1, an enzyme involved in microRNA
processing, whose gene deletion leads to beta-cell agenesis [44], and the fatty-acid
transporter SLC27A2, which is overexpressed in pancreatic endocrine neoplasms [45].

Dicer 1 is an RNA-specific endonuclease which is required for the synthesis of micro RNAs
(miRNAs). Conditional deletion of Dicer 1 in the pancreas profoundly alters endocrine cell
development, particularly beta-cells [44]. While to our knowledge the role of Dicer 1 in
adult beta-cell function has not been directly examined, miRNAs such as miR-375 have
been shown to play a role in insulin secretion [46]. Therefore, it is conceivable that glucose
upregulation of Dicer 1 expression in human islets contributes to the biogenesis of miRNAs
that are important to enhance insulin secretion in response to elevated glucose levels.

This study has identified a number of glucose-regulated proteins whose functions are
presently unknown in beta-cells, and paves the way for additional studies to explore their
functional roles. For example, the marked reduction in synaptotagmin 17, as well as the
coordinated reduction in several members of the tubulin family in response to glucose,
might suggest an additional mechanism by which glucose toxicity impairs insulin exocytosis
in human islets [47]. Also, confirmation of the functional importance of the fatty-acid
transporter SLC27A2, which was strongly upregulated by glucose in this study, would shed
light on the debated mechanisms of fatty-acid uptake and transport in beta cells.

Global identification and quantification of human islet proteins by two-dimensional
fractionation and reversed phase LC-MS/MS has enabled deep coverage of the islet
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proteome and identification of novel glucose-regulated proteins. Since the LC-MS/MS
analyses were conducted on peptides from pooled islet samples, the identified glucose-
regulated proteins likely represent a conservative group and the reproducibility of the
findings across individual islet preparations remains to be confirmed. Nevertheless, these
results suggest several targets for future efforts focused on a better understanding of the
glucose regulation of human beta-cell function and the molecular defects underlying beta-
cell dysfunction in type 2 diabetes mellitus.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic showing the approach used to characterize the islet proteome under normal and
high glucose conditions. Isolated human islets (handpicked from 21 pancreatic donors) were
divided in half (by donor) and incubated for 24 h with either 5 mM or 15 mM glucose.
Individual samples were pooled based on glucose concentration, cells were lysed, and
proteins were separated based on solubility. Each of the resulting four samples was digested,
and peptides were fractionated by strong cation exchange chromatography (SCX). All SCX
fractions were analyzed in duplicate by reversed-phase LC-MS/MS (n = 217).
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Figure 2.
Functional classification of the human islet proteome. GO slim was used to group
confidently identified proteins (≥2 peptides per protein) into general gene ontology
biological process terms (http://www.ebi.ac.uk/QuickGO/).
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Figure 3.
Proteome coverage of the KEGG ‘Insulin Signaling’ pathway. Proteins marked by stars and
circles indicate identification by two or more unique peptides or a single unique peptide,
respectively. Symbols are colored to indicate direction of observed abundance change (15
mM versus 5 mM) after 24 h of incubation based upon significance by the G-test statistic:
red (up-regulation), green (down-regulation), or white (no change).
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Figure 4.
Clustering analysis of proteins with differential abundance shows reproducibility. Heat map
representation of the data shows relative levels of differentially abundant proteins on each
row with the cell color representing relative protein abundance [black (low abundance) to
red to yellow to white (increasingly higher abundance)].
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Figure 5.
Proteome coverage of the KEGG ‘Fatty acid elongation in mitochondria’ pathway. Stars
represent proteins identified by two or more unique peptides. Symbols colored red indicate
proteins deemed to have significant differential abundance (by G test statistic) after 24 h of
high glucose incubation.
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Figure 6.
Glucose-regulated expression of selected proteins in human islets by Western blot. Human
islets from individual donors were cultured at 5 mM (low glucose, LG) or 15 mM (high
glucose, HG) glucose for 24h and protein extracts were examined by immunoblotting using
specific antibodies. Representative immunoblots (A, C, E) and quantification of 3–4
replicate experiments (B, D, F) of Dicer 1 (A, B), SLC27A2 (C, D), Phospholipase Cb4 (E,
F) are shown. Tubulin was used as a control for protein loading.
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Table 2

Significant gene ontology (GO) biological process and molecular function terms associated with differentially
abundant proteins after 24h culture in 15 versus 5 mM glucose.

GO Term Enrichment Score Protein Count % of All Differentially Abundant Proteins
Within GO Term

GO:005125 protein polymerization 2.98 9 3.7

GO:003462 cellular macromolecular complex 2.19 16 6.5

GO:001646 pyrophosphatase activity 1.85 29 11.8

GO:004616 alcohol catabolic process 1.77 8 3.3

GO:002200 neurogenesis 1.68 15 6.1

GO:004298 regulation of apoptosis 1.55 23 9.4

GO:000600 glucose metabolic process 1.40 10 4.1
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