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Abstract

Nonenzymatic glycation of peptides and proteins by o-glucose has important implications in the
pathogenesis of diabetes mellitus, particularly in the development of diabetic complications. In this
work, we report the first proteomics-based characterization of nonenzymatically glycated proteins
in human plasma and erythrocyte membranes from individuals with normal glucose tolerance,
impaired glucose tolerance, and type 2 diabetes mellitus. Phenylboronate affinity chromatography
was used to enrich glycated proteins and glycated tryptic peptides from both human plasma and
erythrocyte membranes. The enriched peptides were subsequently analyzed by liquid
chromatography coupled with electron transfer dissociation-tandem mass spectrometry, resulting in
the confident identification of 76 and 31 proteins from human plasma and erythrocyte membranes,
respectively. Although most of the glycated proteins could be identified in samples from individuals
with normal glucose tolerance, slightly higher numbers of glycated proteins and more glycation sites
were identified in samples from individuals with impaired glucose tolerance and type 2 diabetes
mellitus.
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Introduction

Diabetes mellitus affects approximately 5-10% of the world's population.1:2 Among those

affected, noninsulin dependent diabetes mellitus, which is more commonly referred to as type
2 diabetes mellitus (T2DM), represents 90% of all reported cases. In the United States alone,
over 12 million individuals have been diagnosed with T2DM, while another estimated 5 million
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are unaware of their disease.3 There are two key physiological defects in the pathogenesis of
T2DM: (1) resistance to the biological action of insulin on peripheral tissues, including skeletal
muscle, adipose, and liver tissues, and (2) impaired insulin secretion from pancreatic S-cells,
resulting in insulin deficiency.! Both of these defects lead to hyperglycemia in the untreated
state, which has been proposed to contribute to the development of diabetic complications
through nonenzymatic chemical modification of tissue proteins by glucose.

Glucose chemically reacts with primary amine groups in proteins to form a stable ketoamine
called the Amadori compound.# This compound is the first meta-stable product of the Maillard
reaction and can undergo further oxidation and rearrangement reactions to form a series of
more reactive, colored, and/or fluorescent compounds generally referred to as advanced
glycation end-products (AGEs). AGEs are believed to play a more pathogenic role in the
development of diabetic complications by altering the structure, turnover, and function of tissue
proteins.® For example, tissue AGE levels have been shown to increase in lens crystalline of
diabetic patients® and have been known to correlate with the severity of diabetic neuropathy,
nephropathy, and retinopathy.” AGEs are also thought to play a role in age-related pathological
conditions such as atherosclerosis via their accumulation in tissue collagens, which results in
loss of vascular elasticity and thickening of arterial walls.8:° These products have also been
proposed to play a role in abnormal amyloid aggregation in age-related neurodegenerative
disorders, for example, Alzheimer's1%11 and Parkinson's diseases.12:13 As such, there is great
interest in better understanding the role of glycation and AGEs in the development of diabetic
complications and other disorders, as well as in discovering more sensitive biomarkers for
better monitoring of glycemic control.

Proteomics-based biomarker discovery efforts have recently gained attention due to the power
of these approaches for analyzing the complex protein mixtures of clinical samples. Currently,
human blood plasma is the most commonly used clinical sample in such analyses, potentially
including specific biomarkers for virtually every human disease as a result of either direct or
indirect interaction with all the cellular components of the body, for example, tissue- or tumor-
specific proteins may be released into the blood stream upon cell damage or cell death.14:1°
With an average life span of 21 days,* the abundant classical plasma proteins are suitable
indicators for short to midterm glycemic control. In this respect, glycated albumin, which
reflects the status of blood glucose more rapidly and more efficiently than glycated hemoglobin
(HbA1c),1® has been suggested as a biomarker for monitoring midterm glycemic control.
Conversely, HbAlc, the major protein found in erythrocytes, has been used as a clinical
diagnostic marker of relatively long-term (~90 days) glucose control in diabetic patients since
the 1970s.17 With a life span of 120 days, erythrocytes can accumulate relatively high amounts
of the Amadori compound, particularly on the cell membrane proteins, which are in close
contact with glucose throughout their life cycle. As a result, it is possible that some glycated
erythrocyte membrane proteins may provide a more sensitive biomarker of glycemic control.

In this work, we report the first characterization of the glycated proteome in human plasma
and erythrocyte membranes from individuals with normal glucose tolerance (NGT), impaired
glucose tolerance (IGT), and T2DM. We utilized an approach that addressed two challenges
associated with global analysis of glycated proteins: (1) unambiguous identification of the
glycation site8 and (2) the under-sampling issue typical in mass spectrometry (MS)-based
global proteomics. The glycated proteins and peptides were first specifically enriched using
phenylboronate affinity chromatography, after which the enriched, glycated tryptic peptides
were separated using reversed-phase liquid chromatography (LC) and analyzed using data-
dependent tandem MS with electron transfer dissociation (ETD) fragmentation. ETD fragment
the labile Amadori compound can be kept intact during the fragmentation process, thus,
facilitating peptide sequencing.19:20
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Experimental Procedures

Sample Collection and Pretreatment for Human Plasma and Erythrocytes

All specimens were collected at the School of Medicine of Emory University with standard
protocols and made available through the NIDDK Central Repository. Briefly, patient
volunteers were recruited with the following exclusion criteria: (1) known to have diabetes;
(2) known to have illness that caused them to miss work during the past week (or, if
unemployed, would have caused them to miss work had they been employed); (3) known to
have had acute infections or illness during the past week (in the opinion of the subject); (4)
known to be pregnant; and (5) known to be taking steroid hormones. The volunteers were
randomly chosen, without sex, age, race, or life style matches. The oral glucose tolerance test
(OGTT) was administered to each volunteer prior to blood draw, and fasting and 2-h plasma
glucose levels were used to categorize the patients as having either NGT, IGT, or T2DM
according to World Health Organization criteria.?! The details of each patient group are
summarized in Table 1. For each individual consenting donor, blood was collected into citrated
tubes (catalog no. 363083 or equivalent CPT tubes; Becton Dickinson; Franklin Lakes, NJ) by
venipuncture. Immediately after collection, each tube was inverted four times, then either
placed in wet ice or refrigerated at 4 °C. The specimens were subsequently centrifuged in a
swinging bucket centrifuge at 1500g for 15 min at 4 °C. The resultant plasma from each tube
was pooled for each individual into a secondary conical Falcon tube. The buffy coats in the
original tubes were removed and stored separately; a 10% volume of dimethylsulfoxide
(cryoprotectant) was then added to the remaining erythrocyte pellets, which were transferred
to 1.8 mL cryovials for storage at —70 °C. The secondary Falcon tube containing the plasma
was recentrifuged at 1500g for 15 min at 4 °C to remove any potentially remaining cellular
material, and the top 90% of plasma was then transferred into new tubes and stored at —70 °C.
This sample processing was completed within 75 min from time of specimen collection. To
reduce biological variation and provide sufficient material for boronate affinity enrichment,
samples from each volunteer group (i.e., NGT, IGT, and T2DM) were pooled.

Chemicals and Materials

All chemicals and glucose assay kits were purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise stated. Micro-BCA assay kits were purchased from Pierce (Rockford, IL),
and Amicon Ultra-15 5KDa cutoff concentrators were purchased from Millipore (Billerica,
MA). Sequencing-grade modified trypsin was purchased from Promega (Madison, WI). An
empty Tricorn high performance LC column (5-100 mm) was purchased from GE Healthcare,
while Glycogel Il boronate affinity gel (Pierce, Rockford, IL) was a gift from Dr. Bart Haigh
of the Institute for Bioanalytics (Branford, CT).

Immunodepletion of Plasma To Remove High-Abundance Plasma Proteins

Twelve high-abundance plasma proteins (albumin, IgG, aq-antitrypsin, IgA, 1gM, transferrin,
haptoglobin, a4-acid glycoprotein, ay-macroglobulin, apolipoprotein A-I, apolipoprotein A-11,
and fibrinogen) that constitute ~96% of the total protein mass of human plasma were
simultaneously separated from other proteins using a ProteomelLab IgY-12 LC10 (125 uL
plasma loading capacity) affinity LC column (Beckman Coulter, Fullerton, CA) with an
Agilent 1100 series HPLC system (Agilent, Palo Alto, CA). All 1gY-12 separations were
performed based on the manufacturer's instructions regarding column usage and loading
capacity. The following three buffers were used in a separation scheme that consisted of sample
loading-washing-stripping-neutralization followed by re-equilibration for a total cycle time of
48 min: (1) 10 mM Tris-HCI, 150 mM NaCl, pH 7.4 (TBS) for dilution/washing; (2) 100 mM
glycine, pH 2.5, for stripping; and (3) 100 mM Tris-HCI, pH 8.0, for neutralizing.
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To generate sufficient material for subsequent boronate affinity enrichment of glycated
proteins/peptides, plasma aliquots from 12 NGT, 11 IGT, and 8 T2DM donors were pooled to
create approximately 5 mL of material per group, which was passed through the depletion
column. The corresponding flow-through fractions were collected, pooled, and individually
concentrated in Amicon Ultra-15 concentrators that have an Ultracel regenerated cellulose
membrane with 5 kDa molecular weight cutoff (Millipore), followed by a buffer exchange to
50 mM NH4HCOj3 in the same unit according to the manufacturer's instructions. Protein
concentration was then measured using the BCA protein assay.

Preparation of Erythrocyte Membrane Proteins

Aliquots of erythrocytes from individual donors were pooled to create uniform samples
corresponding to NGT, IGT, and T2DM. Approximately 2 mL of erythrocyte suspension was
diluted in 6 vol of cold 5 mM sodium phosphate buffer, pH 8, and incubated at room
temperature for 15 min. The cell lysate was then centrifuged at 200g for 6 min to remove any
remaining whole cells. The pellet was washed once with sodium phosphate buffer and
centrifuged at 200g for 6 min, and the two supernatants were combined and centrifuged at 14
000g for 8 min to separate membranes from supernatant (soluble proteins). Membranes were
washed five times with sodium phosphate buffer until the supernatant became colorless and
the membranes retained little color. The membranes were then reconstituted in 50 mM
NH4HCO3, and protein concentration was measured by BCA assay prior to trypsin digestion.

Protein Digestion

Plasma proteins or erythrocyte membranes (10 mg/mL) were dissolved in 8 M urea/100 mM
NH4HCO3 (pH 8.2) and reduced with 5 mM dithiothreitol (DTT) forlhat37 °C; free sulfhydryl
groups were then alkylated with 20 mM iodoacetamide at room temperature forlhinthe dark.
Samples were subsequently diluted with 50 mM NH4HCO3 (pH 8.0) to reduce the urea
concentration to below 1 M, and CaCl, was added to a final concentration of 1.5 mM prior to
the addition of sequencing-grade modified trypsin at a ratio of 1:40 (w/w, enzyme/protein).
Samples were digested at 37 °C for 12 h. The final digestion mixture was passed through
Cig SPE cartridges for desalting, and eluted peptide solutions were concentrated by a Speed-
Vac (Thermo Savant, Milford, MA) before being processed further.

Boronate Affinity Chromatography

The empty chromatography column was slurry-packed with boronate affinity gel under gravity
flow. Prior to affinity fractionation, free glucose that remained in human plasma samples was
removed with Amicon concentrators to avoid competition of boronate binding sites; the
completeness of glucose removal was determined by micro glucose assay (Sigma-Aldrich).
Proteins or postdigestion peptide samples (up to 0.75 mg) were then dissolved in 500 uL of
buffer A (50 mM MgCl,, 250 mM NH4OAc, pH 8.1) and injected on column using an Agilent
1100 series HPLC system equipped with a fraction collector. The flow rate was set at 1.0 mL/
min, and the following gradient was used to fractionate, regenerate, and equilibrate the column:
0-10 min, 100% A; 10.1-20 min, 100% B (0.1 M HOAc); 20.1-30 min, 100% A. The LC
effluent was monitored at 280 nm with a UV detector. The percentage of glycated proteins or
peptides was calculated as the peak area that corresponded to bound proteins or peptides divided
by the sum of the peak areas corresponding to bound and unbound proteins or peptides. Eluted
glycated proteins were concentrated and desalted with Amicon concentrators prior to tryptic
digestion, while eluted glycated peptides were concentrated by Speed-Vac and subsequently
desalted with Cqg SPE cartridges.
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LC-MS/MS Analyses of Peptides

An Agilent 6340 lon Trap LC-MS system equipped with ETD capability was coupled with an
Agilent HPLC-Chip Cube MS interface, well plate sampler, nanoflow pump, and capillary
pump for LC-MS/MS analyses. Fluoranthene anions from a small negative chemical ionization
source were used to transfer electrons in the ETD fragmentation process. Four ETD MS/MS
scans were performed after each MS survey scan. If the precursor ions had been fragmented
twice, then a dynamic exclusion window of 1 min was used to discriminate against previously
analyzed ions. During the ETD process, the reactant accumulation time and reaction time were
40 and 80 ms, respectively. The HPLC separation was carried out on the Chip with an integrated
separation column (Zorbax 300SB-Cyg, 75 um x 150 mm, 5 um), and an enrichment column
(Zorbax 300SB-Cyg, 160 nL, 5 um). The voltage applied to the HPLC-Chip capillary was 1725
V and the LC solvents were (A) 0.1% formic acid in H,O and (B) 0.1% formic acid in 90%
CH3CN/10% H,0. Each sample was analyzed in duplicate, and 2.0 ug of sample was injected
for each analysis. A gradient separation of 3-43% B over 80 min, 43-90% B over 5 min, and
90% B for 5 min was used at a flow rate of 300 nL/min. MS/MS data were acquired over a
mass range of 300-2200 m/z.

Data Analysis

Results

Spectrum Mill MS Proteomics Workbench Rev A.03.03.072 (Agilent Technologies) was used
to identify peptides by searching LC-MS/MS data obtained in ETD fragmentation mode
against the human International Protein Index (IP1) database (Version 3.20 consisting of 61
225 protein entries; available online at www.ebi.ac.uk/IPI). The minimum matched peak
intensity was set to 40%, with a precursor ion mass tolerance of £2.5 Da and a product ion
mass tolerance of £0.7 Da; a sequence tag length >1 was also specified. A parameter file
incorporating the following mass modifications was used in the search for glycated peptides:
static modification for cysteine residues (carbamidomethylation, 57.02 Da), dynamic
modification for methionine residues (oxidation, 16.00 Da), and dynamic modification for
lysine residues (AC, 162.05 Da). Additionally, the following charge-dependent criteria that
were modified from Molina et al.22 were used to filter raw search results: 5+, score >14; 4+,
score >12; 3+, score >9; 2+, score >8; a percentage scored peak intensity (%SPI) >60 and Delta
Rank1 — Rank2 >1 were used for all charge states. Further, each data set was searched against
the same IPI database with all protein sequences reversed in order to estimate the peptide false
discovery rate. With these filtering criteria, the false discovery rate was <1%. For
semiquantitation of glycated peptides, only those glycated peptides that were identified at least
two times more frequently in IGT and T2DM states than in NGT, or glycated peptides that
were identified at least two times in either IGT or T2DM groups only were retained for
semiquantitative data comparison.

BAC Enrichment of Glycated Peptides

Our prior investigation of in vitro glycated human serum demonstrated that boronate affinity
chromatography with Glycogel 11 boronate affinity gel is a powerful technique for specific
enrichment of glycated proteins in the presence of enzymatically glycosylated proteins. The
technique is based on the fact that the boronate anion has significantly higher affinity for the
coplanar cis-diols that exist in the Amadori compound than the equatorial cisdiols present on
mannose glycans.29:23 Furthermore, electro-static repulsion prevents the negatively charged
sialic acids present on the outside of glycan chains in glycosylated proteins from getting close
to boronate anions. We also demonstrated that, compared to dual enrichment on both protein
and peptide levels, affinity enrichment on the peptide level is more applicable when a limited
amount of sample is available.20 Further, glycated species were observed to be present in only
bound fractions, which reduced the number of samples requiring LC-MS/MS analysis.20
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Therefore, because of the limited amount of sample (~500 ug of total protein obtained) in the
current study, erythrocyte membranes and the low-abundance portion of plasma proteins
(~4% of whole plasma protein weight) were affinity-enriched at only the peptide level (Figure
1). Alternatively, whole plasma proteins were processed using dual enrichment, first at the
protein level and then at the peptide level. In a parallel experiment, whole plasma was also
enriched at only the peptide level.

Chromatographic differences among the three different sample types (NGT, IGT, and T2DM)
are shown in Figure 2. For whole plasma samples (Figure 2a), the bound portion accounted for
only ~4.5% of the total sample amount. While the difference in peak areas of bound glycated
proteins is very small among the three different volunteer groups, the overall abundance of
glycated species is positively correlated with fasting and 2-h OGTT glucose concentrations
(T2DM > IGT > NGT). This trend is more apparent for the glycated proteins from whole plasma
than for the glycated proteins from the low-abundance protein fraction of plasma (data not
shown). A possible explanation for this observation is that low-abundance proteins, which have
higher turn-over rates compared with the classical plasma proteins and account for less than
4% of the plasma protein weight,1® do not accumulate significant amounts of the Amadori
compound before in vivo proteolytic digestion. Similarly, the observed quantitative difference
(based on HPLCUV) in levels of enriched glycated plasma peptides was not as readily
distinguished among the three sample groups as the enrichment on the protein level (data not
shown). In contrast, the observed difference in the levels of glycated peptides is more profound
for the erythrocyte membrane samples (Figure 2b) and can be attributed to the much longer
life span of this cell type (~120 days) that results in more effective accumulation of the Amadori
compound.

Overview of Glycated Peptides and Proteins Identified by LC-ETD-MS/MS

Glycated peptides obtained from boronate affinity enrichment were analyzed by LC-ETD-MS/
MS. In our previous studies, we utilized an instrument capable of alternating ETD and CID
scans, which provided complementary information regarding the Amadori modification; ETD
provided high quality glycated peptide sequence information, while CID provided additional
confirmation of the presence of the Amadori compound based on a characteristic series of
neutral losses.19:20 However, we chose to use only ETD fragmentation in the current study in
order to increase the duty cycle of the MS/MS analyses.

Samples were analyzed in duplicate and included (1) glycated peptides from erythrocyte
membranes, (2) glycated peptides from whole plasma enriched first at the protein and then at
the peptide level, (3) glycated peptides from whole plasma enriched only at the peptide level,
and (4) glycated peptides from low-abundance plasma proteins enriched only at the peptide
level. We were able to confidently identify 3272 spectra from 24 LC-MS/MS data sets (using
the rigorous filtering criteria described in Experimental Procedures and providing an estimated
false discovery rate of <1%); 1610 (49.2%) of these spectra contained Amadori-modified
lysines. More specifically, we confidently identified 75 unique glycated peptides (31 unique
glycated proteins) from erythrocyte membranes and 260 unique glycated peptides (76 unique
glycated proteins) from plasma of which 114 unique glycated peptides (39 unique glycated
proteins) were from nonimmunodepleted human plasma and 156 unique glycated peptides (46
unique glycated proteins) were from the low-abundance protein fraction of human plasma.

The list of identified glycated proteins includes proteins already known to be glycated, as well
as many new proteins that were identified as glycated for the first time. Note the glycated

proteins, glycated peptides, and glycation sites identified from whole plasma, immunodepleted
plasma, and erythrocyte membranes are listed in Tables S1-S3 (Supporting Information). On
the basis of our results, the most abundant plasma protein human serum albumin (HSA), which
has 59 lysines, is heavily glycated in vivo as evidenced by the 31 glycation sites identified from
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38 unique glycated peptides. K%25 was the most frequent glycation site based on spectra count
and represents ~20% of the glycated peptides, similar to previous reports.242% Although many
of the HSA glycation sites have been previously observed in studies of HSA glycated in
vitro20:24:25 the fact that many of these glycation sites occur in vivo is encouraging. In addition
to HSA, other high-abundance plasma proteins identified as glycated include serotransferrin,
alpha-1-antitrypsin, alpha-2-macroglobulin, apolipoprotein A-I and A-11, fibrinogen, and
alpha-1-acid glycoprotein. From the immunodepleted plasma fraction, we were also able to
identify several moderately abundant glycated proteins, such as ceruloplasmin, hemopexin,
complement C3, C4A and C5 precursors, heparin cofactor 2 precursor, kininogen-1 precursor,
vitamin D-binding protein precursor, apolipoprotein B-100, afamin, and lumican precursors.
Some of these proteins have been previously identified as Amadori-modified in plasma from
type 2 diabetic patients.26

From erythrocyte membranes, we identified ankyrin, flotillin, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), spectrin, erythrocyte membrane protein bands 4.1 and 4.2, as well
as the hemoglobin alpha and beta subunits, which were not completely removed even after
rigorous washing of the erythrocyte membranes during sample preparation. Ankyrin, spectrin,
and erythrocyte membrane protein band 4.2 are major structural proteins. These proteins were
reported to be heavily glycated in erythrocyte membranes of diabetic patients, and observed
membrane abnormalities in these individuals were largely attributed to oxidation originating
from glycation.2” GADPH plays an important role in regulating multiple pathways that relate
to the development of diabetic complications, and its modification by glycation was reported
to result in lower enzymatic activity.?8 Flotillin-1 and Flotillin-2 were recently identified as
the major integral proteins of erythrocyte lipid rafts,2% and the former was shown to be
dysregulated in diabetes,30 possibly due to glycation.

Semiquantitative Comparison of Glycated Proteins among Different Subject Groups

A majority of the identified glycated proteins appear in all three subject groups, with little
variation in terms of the numbers of glycated peptides or glycation sites. However, based on
MS/MS spectrum counting, a number of glycated peptides were observed more frequently in
both IGT and T2DM groups compared to the NGT group. Additionally, some glycated peptides
were only observed in either IGT or T2DM groups. Only those glycated peptides that were
identified at least two times more frequently in IGT and T2DM states than in NGT, or glycated
peptides that were identified at least two times in either IGT or T2DM groups only, were
retained for semiquantitative data comparison. In total, there were 14 and 50 unique glycated
peptides considered as up-regulated in IGT and T2DM groups relative to the NGT group in
erythrocyte membrane (Table 2) and plasma samples (Table 3), respectively. Of special note
are previously unreported glycated peptides that were identified solely in the T2DM group,
such as (K)VVAGVANALAHkKYH(-) from either hemoglobin subunit delta or beta; (R)
LEALKENGGAR(L) from apolipoprotein A-1 precursor; and (K)SVIPSDGPSVACVKK(A)
from serotransferrin precursor. These glycated peptides may serve as potential targets for
further evaluation in the diagnosis of type 2 diabetes mellitus.

Discussion

Human plasma represents the largest and most challenging human proteome available for
study, due to the extremely high dynamic range (>10°) of its composite proteins.14:1> While
albumin, the most abundant plasma protein, accounts for ~60% of the plasma protein weight,
this number increases to 96%whenthel2mostabundantplasmaproteinsareconsidered.1415
Thus, the discovery of very low abundance glycated proteins represents the proverbial “needle
in a haystack”. Since immunodepletion to remove high-abundance plasma proteins has been
reported to greatly improve the dynamic range of proteomic measurements,12:31 we utilized
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an 1gY-12 immunodepletion column to deplete the 12 most abundant plasma proteins and
enhance our ability to identify low level glycated proteins. As a result, we were able to identify
many proteins present in the moderate- to low-abundance range in the plasma proteome. In
contrast, we were only able to identify the proteins that are known to be highly abundant in
whole plasma. However, even with immunodepletion, we were only able to identify 76 plasma
proteins as glycated. Utilizing a multidimensional separation, such as strong cation exchange
chromatography coupled with reversed-phase chromatography, could further improve the
peptide measurement dynamic range. For example, Washburn et al. utilized multidimensional
protein identification technology (MudPIT) for large scale proteome analysis of
Saccharomyces cerevisiae'32 and, more recently, Liu et al. reported more than 300 confidently
identified plasma proteins after coupling 2D-LC-MS/MS with immunodepletion.3!

The measurement of HbALc reflects the level of nonenzymatic glycation inside the erythrocyte;
however, it can also reflect differences in blood glucose levels over time, as well as the
individual effects of biological factors that influence cellular glucose transport and the
nonenzymatic protein glycation/ deglycation cycle.33 Glycation of the major plasma proteins
and erythrocyte membrane proteins more often reflects glycation in the extracellular
compartment, which is more directly associated with mean blood glucose over a given time
period. While HbAlc is generally correlated linearly to mean blood glucose,33 this correlation
can vary widely in populations; some have attributed this variability to individual susceptibility
to hemoglobin glycation (the high and low glycator hypothesis).3*-37 In addition, while the
volunteers were classified into three different groups based on OGTT results, their levels of
HbA1c were not as dramatically different as the 2 h glucose measurements (Table 1). This
indicates that the volunteers have significantly different plasma glucose responses immediately
following a glucose challenge (and likely after meals, as well), but have more modest
differences in long-term glucose control as measured by levels of HbAlc. Furthermore, the
variability of HbAlc among individuals might well be greater than that caused by
hyperglycemia, particularly when comparing individuals with NGT to those with abnormal
glucose tolerance (prediabetes and previously unrecognized diabetes, as in this study) who
have been diagnosed very early in their disease.34:3%:37:38 Thus, the observation that protein
glycation (based on boronate affinity chromatography) in the T2DM group was not
significantly higher than in the NGT group is not unexpected. Further, low-abundance plasma
proteins that have higher turn-over rates compared with the classical plasma proteins may not
accumulate significant amounts of the Amadori compound before in vivo proteolytic digestion.
These points may also explain the observation that a majority of the glycated proteins were
identified in all three subject groups, with few major quantitative variations. However, the
background of glycated proteins is extensive, that is, almost every major protein identified
contained at least one glycation site.

In summary, the utility of ETD-MS/MS for characterizing in vivo glycated peptides has been
further demonstrated. ETD provided high quality spectral information for glycated peptides
while allowing the labile Amadori modification to remain intact. As a result, several peptides
were identified as doubly glycated in the current study (listed in Supporting Information Tables
S1-S3). Because of the challenges associated with peptide-centric proteomics, a more accurate
quantitative characterization of the potential dysregulation of the identified glycated proteins
will benefit from future quantitative studies based on the accurate mass and time tag
approach39:40 to discover potential biomarkers.

Conclusions

Using a bottom-up proteomics approach and phenylboronate affinity chromatography, we were
able to identify 76 and 31 nonenzymatically glycated proteins from plasma and erythrocyte
membranes, respectively. To the best of our knowledge, this is the most comprehensive report
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of the glycated human plasma and erythrocyte membrane proteomes to date. The associated
260 and 75 unique glycated plasma and erythrocyte membrane peptides provide a foundation
for subsequent investigation of glycation and the development of diabetic complications.
Although the semiquantitative data presented here indicates increased levels of some glycated
peptides, and therefore proteins, in the IGT and T2DM groups versus the NGT group, caution
should be taken as this data was produced from a limited number of pooled samples. Further
studies with a large population of individuals with NGT, IGT, and T2DM are required in order
to further validate the significance of these glycated peptides and proteins and their potential
use as biomarkers of IGT and T2DM.
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Flow Chart for Identifying Glycated Peptides

Human Plasma RBC Membrane
IgY-12
a b depletion
Glycated Low Abundance b
Proteins Proteins
[ ] | b !

Enriched Peptides

l

LC-ETD-MS/MS

l

Spectrum Mill Search & Result Processing

a) boronate affinity enrichment on the protein level,

b) trypsin digestion and boronate affinity enrichment on the peptide level

Figure 1.

Flowchart depicting glycated peptide identification from blood plasma and erythrocyte
membranes of NGT, IGT, and T2DM individuals. Pooled samples from each patient group
were processed and analyzed individually as outlined in the chart.
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Protein Level Enrichment of Peptide Level Enrichment

Whole Plasma Proteins of RBC Membrane Digests
Norm.

b
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0 P
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Figure 2.
(a) Boronate affinity chromatograms of whole plasma from different volunteer groups. The

insetis a zoomed view of binding fractions, which are labeled with the respective sample name.
Peaks at approximately 2 min are nonglycated proteins, and glycated proteins elute near 15
min. (b) Boronate affinity chromatograms showing the enrichment of glycated peptides from
tryptic digests of erythrocyte membranes. The glycated peptides elute slightly after 15 min,
and the nonglycated peptides are washed out near 2 min. The chromatograms in both (a) and
(b) were normalized based on the most intense peak in each trace, that is, the peak
corresponding to the flow-through fraction.
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