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Non-enzymatic glycation of proteins is a post-translational
modification produced by a reaction between reducing sug-
ars and amino groups located in lysine and arginine resi-
dues or in the N-terminal position. This modification plays a
relevant role in medicine and food industry. In the clinical
field, this undesired role is directly linked to blood glucose
concentration and therefore to pathological conditions de-
rived from hyperglycemia (>11 mM glucose) such as diabe-
tes mellitus or renal failure. An approach for qualitative and
quantitative analysis of glycated proteins is here proposed
to achieve the three information levels for their complete
characterization. These are: 1) identification of glycated
proteins, 2) elucidation of sugar attachment sites, and 3)
quantitative analysis to compare glycemic states. Quali-
tative analysis was carried out by tandem mass spec-
trometry after endoproteinase Glu-C digestion and bor-
onate affinity chromatography for isolation of glycated
peptides. For this purpose, two MS operational modes
were used: higher energy collisional dissociation-MS2
and CID-MS3 by neutral loss scan monitoring of two se-
lective neutral losses (162.05 and 84.04 Da for the glucose
cleavage and an intermediate rearrangement of the glu-
cose moiety). On the other hand, quantitative analysis was
based on labeling of proteins with [13C6]glucose incuba-
tion to evaluate the native glycated proteins labeled with
[12C6]glucose. As glycation is chemoselective, it is exclu-
sively occurring in potential targets for in vivo modifica-
tions. This approach, named glycation isotopic labeling,
enabled differentiation of glycated peptides labeled with
both isotopic forms resulting from enzymatic digestion by
mass spectrometry (6-Da mass shift/glycation site). The
strategy was then applied to a reference plasma sample,
revealing the detection of 50 glycated proteins and 161
sugar attachment positions with identification of prefer-
ential glycation sites for each protein. A predictive ap-
proach was also tested to detect potential glycation sites
under high glucose concentration. Molecular & Cellular
Proteomics 9:579–592, 2010.

Among post-translational modifications (PTMs)1 of pro-
teins, non-enzymatic glycation is one of the less frequently
studied in proteomics. Glycated proteins are formed by a
non-enzymatic reaction between reducing carbohydrates
(e.g. glucose, fructose, ribose, or derivatives such as ascorbic
acid) with amino groups located in the N-terminal position or
in lysine and arginine residues. It is worth emphasizing the
differences between glycation and glycosylation. The latter is
enzymatically catalyzed by glycosyltransferase and occurs in
specific protein side chains such as asparagine (N-linked),
serine and threonine (O-linked), and the C termini of cell
surface proteins (1). Glycosylation is involved in many biolog-
ical processes in contrast to glycation, which is a completely
undesired modification from a clinical point of view.

Because of the crucial role of glucose as an energy source
in humans, it is the main circulating sugar and thus the most
relevant molecule in terms of protein glycation. The mecha-
nisms involved in glycation are illustrated in Fig. 1 for glucose
as the reducing sugar (2). The process starts with the forma-
tion of the Schiff base by a condensation reaction between
the carbonyl group of the reducing sugar and the amino group
of the protein. The next step is the conversion of the thermo-
dynamically unstable Schiff base into the Amadori compound
that is considered as the first glycation level. Finally, the
Amadori compound undergoes a series of dehydration and
fragmentation reactions, generating a variety of carbonyl
compounds such as methylglyoxal, glyoxal, glucosones, de-
oxyglucosones, and dehydroascorbate (3). These carbonyl
compounds are generally more reactive than the original car-
bohydrate and act as propagators by reactions with free
amino groups, leading to the formation of a variety of hetero-
geneous structures irreversibly formed and commonly known
as advanced glycation end products. The impact of glycation
encompasses alterations of the structure, function, and turn-
over of proteins (4). Evidently, the effects on biological func-
tion will depend on the extent of glycation. From a clinical
point of view, the detection of this PTM at the initial stageFrom the ‡Biomedical Proteomics Research Group and §Proteome
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would be helpful for both prognostic and diagnostic
purposes.

The kinetics of the initial glycation process is governed by
the formation of the Amadori compound, a slow process
under human physiological conditions (37 °C; �5 mM blood
glucose concentration in healthy subjects) (5). However, the
reaction kinetics is enhanced under prolonged hyperglycemia
exposure, which is one of the pathological mechanisms in-
volved. In contrast to physiological glucose concentration,
chronic supraphysiological glucose concentration (�10 mM)
negatively affects a large number of organs and tissues, such
as pancreas, eyes, liver, muscles, adipose tissues, brain,
heart, kidneys, and nerves. Glucose toxicity is the main cause
of diabetic complications, which are often observed only sev-
eral years after the development of the illness (6, 7). However,
chronic hyperglycemia can also increase the development
rate of early diabetic states by affecting the secretion capacity
of pancreatic cells, which in turn increases blood glucose
concentration. This vicious circle finally leads to the total
incapacity of �-cells to secrete insulin (8, 9). Thus, glycation
has often been related to chronic complications of diabetes
mellitus, renal failure, and degenerative changes occurring in
the course of aging (10–12).

Glycation of proteins is one of the potential mechanisms
expected to be involved in glucotoxicity because of clinical
evidence. Calvo et al. (13–15) have evaluated the non-enzy-
matic glycation rate of high density lipoprotein in type 1 and 2
diabetic patients. The authors isolated glycated apolipopro-
tein A-I (apoA-I) from diabetic patients and compared its lipid
binding properties with those of apoA-I from healthy subjects.
They found that apoA-I glycation promotes a decrease in the
stability of the lipid-apolipoprotein interaction and also in its

self-association. Therefore, the structural cohesion of high
density lipoprotein molecules is seriously affected by glyca-
tion of apoA-I. In vivo studies in mice proved that glycated
insulin exhibits a reduced ability to stimulate glucose oxida-
tion by the isolated mouse diaphragm muscle. This observa-
tion was in concordance with previous studies suggesting
that glycation of insulin decreases its potency to stimulate
lipogenesis in isolated rat adipocytes. This is consistent with
the observation that glycated insulin displayed a significantly
reduced ability to lower plasma glucose concentrations in
mice. These and other studies clearly indicated that glycation
results in a significant impairment of insulin action to regulate
plasma glucose homeostasis (16).

The glycemic control of clinical patients is currently as-
sessed indirectly with the conventional test of glycated he-
moglobin (HbA1c). HbA1c is a long term indicator of the
patient glycemic state because of the erythrocyte lifespan
(�120 days). HbA1c concentration represents the memory
effect of blood glucose concentrations over the previous 8–12
weeks (17–20). Other measurements indicative of short term
glucose perturbation are needed to understand its potential
biological effect. It should also be taken into account that any
protein could be potentially glycated. Because of the contin-
uous exposition to glucose, the concentrations of HbA1c and
glycated human serum albumin in plasma from healthy sub-
jects have been estimated around 5–7 and 15%, respectively
(21, 22). Therefore, the development of methods for the iden-
tification and quantification of glycated proteins as well as for
prediction of new potential targets under different conditions
is crucial to elucidate their biological effect.

Recently, Metz and co-workers (23–25) proposed several
approaches for the characterization of glycated proteins.

FIG. 1. Scheme of glycation process.
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These approaches are based on bottom-up work flows char-
acterized by the implementation of selective and sensitive
steps for the enrichment and isolation of glycated proteins
and/or peptides with boronate affinity chromatography (BAC)
and data-dependent mass spectrometry methods. Neverthe-
less, these approaches have been focused on qualitative
analysis only. Therefore, it is clear that there is a demand for
quantitative methods for the analysis of glycated proteins to
evaluate the glycemic control of clinical samples or to com-
pare patient glycemic states.

A method for quantitative analysis of glycated proteins is
presented here. This method is based on differential labeling
of proteins with isotopically labeled sugars (13C-sugars),
named glycation isotopic labeling (GIL). The labeling step is
performed by natural incubation under physiological condi-
tions mimicking the in vivo glycation process. By this proce-
dure, only preferential glycation targets are labeled because
of the chemoselectivity of this process. After labeling, this
approach can be implemented in any proteomics work flow
based on MS detection and relative quantitation of the two
isotopic forms. In this study, the approach was implemented
in the analysis of non-enzymatic glycation sites in the human
plasma proteome.

EXPERIMENTAL PROCEDURES

Chemicals—Disodium hydrogen phosphate, sodium hydroxide,
ammonium acetate, acetic acid, [12C6]glucose (�99.5%), and
[13C6]glucose (99 atom % 13C) were purchased from Sigma. Myoglo-
bin from horse heart (�90%), �-lactoglobulin from bovine milk
(�90%), and insuline from bovine pancreas (powder cell culture
tested) were provided by Sigma. Lysozyme from hen egg white
(10,500 units mg�1) was from Fluka. These four proteins were used to
prepare a multistandard mixture in 0.1 M phosphate buffer, pH 7.5.
Human reference plasma containing 3.8% trisodium citrate as anti-
coagulant was purchased from Sigma. Plasma was tested and found
to be negative for antibody to human immunodeficiency virus, types
1 and 2, antibody to hepatitis C virus, and hepatitis B surface antigen.
According to the manufacturer, whole blood was collected with an-
ticoagulants (9:1), pooled, and centrifuged. The resulting plasma was
filtered (0.45 �m) and lyophilized.

Triethylammonium hydrogen carbonate buffer (TEAB; 1 M, pH 8.5),
iodoacetamide (�99%), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP; 0.5 M), and sodium phosphate were from Sigma-Aldrich.
Endoproteinase Glu-C from Staphylococcus aureus V8 was from
Fluka. Water for chromatography (LiChrosolv) and acetonitrile (Chro-
masolv) for HPLC (�99.9%) were from Merck and Sigma, respec-
tively. Superpure formic acid (�99%) was purchased from Biosolve
Chemicals (Valkenswaard, The Netherlands) as the ionizing agent for
LC-MS analysis.

Glucose Labeling of Protein Multistandard—Two aliquots of the
multistandard of four model proteins (0.125 mg of each protein) in 0.5
ml of phosphate buffer were independently incubated with 30 mM

[12C6]glucose and [13C6]glucose for 24 h at 37 °C. Glucose and other
salts were removed with Microcon ultrafiltration devices that have an
Ultracel� YM-3 regenerated cellulose membrane with 3-kDa molec-
ular mass cutoff (Millipore) followed by a buffer exchange to 0.5 M

TEAB, pH 8.5 in the same unit according to the manufacturer’s
instructions. Protein concentration was subsequently measured using
the Bradford assay with bovine serum albumin as the calibration
protein.

Glucose Labeling of Reference Human Plasma—Human plasma
was reconstituted in 5 ml of water according to the recommended
manufacturer’s protocol. Two aliquots of the reconstituted plasma (50
�l each) in 0.5 ml of phosphate buffer were independently incubated
with 30 mM [12C6]glucose and [13C6]glucose for 24 h at 37 °C. Then,
each aliquot was separately analyzed, or the aliquots were pooled in
1:1 ratio, depending on the analytical purpose, for subsequent anal-
ysis. In any case, glucose and other salts were similarly removed by
Microcon devices to isolate the proteins that were reconstituted in
0.5 M TEAB, pH 8.5. Protein concentration was subsequently mea-
sured using the Bradford assay with bovine serum albumin as the
calibration protein.

Endoproteinase Glu-C Enzymatic Digestion of Proteins—Reconsti-
tuted proteins in the case of the multistandard (400 �l) and 1 mg of
plasma proteins according to the Bradford assay (diluted to 400 �l of
TEAB) were enzymatically digested using endoproteinase Glu-C. For
this purpose, cysteine groups were reduced with 50 mM tris(2-car-
boxyethyl)phosphine hydrochloride in water (20 �l) by incubation of
the reaction mixtures for 60 min at 60 °C. Then, cysteine residues
were alkylated with 400 mM iodoacetamide (10 �l) for 30 min in the
dark at room temperature. Freshly prepared endoproteinase Glu-C
(1.0 �g/�l) was added (67 �l to obtain a ratio 1:15, w/w), and the
digestion was performed overnight at 37 °C. Then, digestion mixtures
were evaporated under speed vacuum and reconstituted in 50 �l of
mobile phase A (0.2 M NH4Ac, 50 mM MgCl2, pH 8.1) for isolation of
glycated peptides.

Enrichment of Glycated Peptides by Boronate Affinity Chromatog-
raphy—Reconstituted peptides were fractionated by boronate affinity
chromatography by interaction between boronic acids and cis-diol
groups of glycated peptides present at low concentration. For this
purpose, the target sample (50 �l) was injected in a Waters HPLC
system equipped with a TSK-Gel boronate affinity column from Tosoh
Bioscience (7.5 cm � 7.5-mm inner diameter; 10-�m particle size) at
room temperature. An isocratic chromatographic method was used
for affinity separation that consists of the following steps: 1) 0–10 min,
100% mobile phase A for retention of glycated peptides by esterifi-
cation between boronate ligands and 1,2-cis-diol groups of glucose
moieties under alkaline conditions with elution of non-glycated pep-
tides; 2) 10–20 min, 100% mobile phase B (0.1 M acetic acid) for
elution of glycated peptides; and 3) 20–30 min, 100% mobile phase
A for the equilibration of the column to the initial conditions. Both the
non-glycated and the glycated fractions were collected for subse-
quent evaporation and reconstitution in 5% ACN, 0.1% formic acid.
Then, peptides were desalted and preconcentrated prior to LC-
MS/MS analysis. This was carried out with C18 microspin columns
(Harvard Apparatus, Holliston, MA) according to the manufacturer’s
recommended protocol, which ends with elution of peptides with 400
�l of 50% ACN, 0.1% formic acid. This solution was evaporated to
dryness for reconstitution with 50 �l 5% ACN, 0.1% formic acid.

LC-MS/MS Analysis of Peptides—Peptide digests were analyzed
by electrospray ionization in positive ion mode on a hybrid linear ion
trap-Orbitrap mass spectrometer (Thermo Fisher, San Jose, CA).
Nanoflow HPLC was performed using a Waters NanoAquity HPLC
system equipped with a helium degasser. Peptides were trapped on
a homemade 100-�m-inner diameter � 18-mm-long precolumn
packed with 200-Å (5-�m) Magic C18 particles (C18AQ, Michrom
Bioresources, Inc.). Subsequent peptide separation was performed
on a homemade gravity-pulled 75-�m-inner diameter � 150-mm-
long analytical column packed with 100-Å (5-�m) C18AQ particles
(Michrom Bioresources, Inc.) and directly interfaced to the mass
spectrometer.

For each LC-MS/MS analysis, an estimated amount of 0.5 �g of
peptides (0.1 �g/�l) was loaded on the precolumn at 3 ml/min in
water/ACN (95:5 v/v) with 0.1% formic acid (v/v). After retention,
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peptides were eluted using an ACN gradient at 220 nl/min with mobile
phase A (water, 0.1% formic acid) and B (ACN, 0.1% formic acid). The
gradient program was as follows: 0 min, 95% A, 5% B; 55 min, 65%
A, 35% B; 60 min, 15% A, 85% B; 65 min, 85% A, 15% B; and 75–90
min, 95% A, 5% B. The electrospray ionization voltage was applied
via a liquid junction using a platinum wire inserted into a microtee
union (Upchurch Scientific, Oak Harbor, WA) located between the
precolumn and the analytical column. Ion source conditions were
optimized using the tuning and calibration solution recommended by
the instrument provider.

Two complementary data-dependent tandem mass spectrometry
methods were used for analysis of glycated proteins: MS2 with higher
energy collisional dissociation (HCD) as the activation mode and MS3
by neutral loss scanning with CID as the activation mode. In data-de-
pendent HCD-MS2 analysis, fragmentation of the three most abun-
dant precursor ions was carried out in the octopole collision cell
attached to the C-trap (normalized collision energy, 50%) followed by
Orbitrap detection. The precursor ion isolation window was set to 4
m/z units. MS survey scans were acquired at resolution R � 60,000 in
profile mode, whereas MS2 spectra were acquired at resolution R �
7500. Precursor ions of charge state 2� and higher were included for
data-dependent selection. In cases where charge state could not be
identified, the most abundant ion was selected for HCD. Data-de-
pendent acquisition was then performed over the entire chromato-
graphic cycle. The data-dependent CID-MS3 neutral loss scan was
entirely carried out in the linear trap (except the MS survey scan,
which was performed with Orbitrap accuracy) with three steps: 1)
fragmentation of medium collision energy (35%) to promote the cleav-
age of the glucose moiety (�162.05 Da, which corresponds to
�81.02 and �54.01 m/z units for doubly and triply charged peptides,
respectively) or an intermediate fragmentation of the glucose mole-
cule (�84.04 Da, which corresponds to �42.02 and �28.01 m/z units
for doubly and triply charged peptides, respectively), 2) isolation of
those ions in which one of the neutral losses is detected, and 3)
fragmentation of the isolated peptide (35%) followed by ion trap
detection. The precursor ion isolation window was set to 2 m/z units.

Data Analysis—After data-dependent acquisition, a postacquisition
work flow was initiated specifically for each MS operation mode. For
HCD-MS2 experiments, the work flow was based on detection of
precursor ions in an accurate way and correction for misassigned
precursor ion isotopes (26). The resulting dta files for both MS oper-
ation modes were searched against the UniProt-Swiss-Prot/TrEMBL
database (Swiss-Prot Release 56.6 of December 16, 2008, 287,050
entries and TrEMBL Release 39.6 of December 16, 2008, 4,988,379
entries) using Phenyx 2.6 (GeneBio, Geneva, Switzerland). No taxon-
omy was used for the model protein mixture, and Homo sapiens was
specified for database searching of plasma experiments. Common
amino acid modifications for both MS operation modes were carb-
amidomethylation of cysteines and oxidized methionine, which were
set as fixed and variable modifications, respectively. For HCD-MS2
experiments, glycation of lysine and arginine residues or in N-terminal
positions (162.052 and 168.072 Da for glycated peptides with
[12C6]glucose or [13C6]glucose), respectively was selected as a vari-
able modification. For MS3 neutral loss experiments, a variable mod-
ification as a consequence of glucose fragmentation after neutral loss
of 84.04 Da (78.01 Da for Lys and Arg and on N-terminal positions)
was additionally specified. Endoproteinase Glu-C was selected as the
enzyme with three potential missed cleavages as maximum. The
peptide and fragment ion tolerance depended on the MS operation
mode. For HCD-MS2, peptide and fragment ion tolerance was 6 ppm.
This tolerance was set to 0.8 Da for fragment ions in MS3 neutral loss.
In both modes, two sequential search rounds were used. In the first
round, two missed cleavages were allowed in normal mode. This
round was selected in “turbo” search mode. In the second round,

three missed cleavages were allowed in half-cleaved mode. The
minimum peptide length allowed was 6 for both rounds. The accept-
ance criteria were slightly lowered in the second round search. For
HCD-MS2 experiments, these were: AC score (Minimum significant
value for a protein’s accesion number score. The AC score is the sum
of the best scores for validated peptide sequences. Protein matches
scoring lower than this value are rejected from the identified proteins),
9.7; peptide Z-score, 9.7; and peptide p value, 1 � 10�7 for round 1
and AC score, 9.5; peptide Z-score, 9.5; and peptide p value, 1 �
10�6 for round 2, corresponding to an estimated false positive ratio of
less than 1%. For MS3 in neutral loss experiments, these parameters
were changed: AC score, 7.0; peptide Z-score, 7.0; and peptide p
value, 1 � 10�6 for round 1 and AC score, 6.5; peptide Z-score, 6.5;
peptide p value, 1 � 10�5 for round 2, corresponding to an estimated
false positive ratio of less than 1%. False positive ratios were esti-
mated using a reverse decoy database. This estimation was per-
formed using separate searches in the reverse database to keep the
database size constant. This involved a slight underestimation of the
estimated false positive ratio (27). In the case of several matching
entries, Swiss-Prot entries were preferred to TrEMBL entries. All data
were acquired in triplicate (three analytical injections of the same
sample) and analyzed in an independent manner.

Peptide Quantification—Quantitation of glycated proteins was pos-
sible because after enzymatic digestion the resulting glycated pep-
tides (with addition of 162 or 168 mass units) produced doublet
signals in precursor MS1 scans (labeling with light and heavy glu-
cose). The mass shift of the doublet signals depended on the peptide
charge and the number of glycation sites. Peptide quantification was
carried out by calculation of the ratio between peak areas from
extracted ion chromatograms corresponding to both isotopic forms
of each glycated peptide. The peptide ratios [12C6]glucose peptide/
[13C6]glucose peptide were obtained from the average values of in-
trarun triplicates. As shown in Fig. 2, data treatment was automated
using the SuperHirn software (version 1.0) (28), which was developed
by the group of Prof. Ruedi Aebersold at the Institute of Molecular
Systems Biology (ETHZ, Switzerland). The .raw data files were con-
verted to mzXML (29) file format in profile mode, and SuperHirn
performed the feature extraction and alignment of the replicate runs
(SuperHirn used standard Orbitrap settings). The postprocessing of
the feature list was performed in the R statistical programming envi-
ronment (The R Project for Statistical Computing). Briefly, the Super-
Hirn result files were parsed to find all heavy-light pairs (within a mass
tolerance of 0.01 Da and retention time tolerance of 20 s) that ap-
peared in at least two of the replicates. Then, all accepted identifica-
tions from the Phenyx Excel export were attributed to a heavy-light
pair if such a pair could be detected (�80% of the cases).

RESULTS

Optimization of Method for Analysis of Glycated Proteins

Qualitative Analysis by Tandem Mass Spectrometry—The
complete work flow for the analysis of glycated proteins
(shown in Fig. 2) was optimized with the multistandard of
model proteins and the reference plasma. The first step stud-
ied was the enzymatic cleavage (data not shown). For this
purpose, the influence of two different enzymes, trypsin
(cleaving predominantly at the carboxyl side of Lys and Arg
residues) and endoproteinase Glu-C (cleaving predomi-
nantly at the carboxyl side of Glu residues), was tested. As
glucose attachment is selective for Lys and Arg residues,
the trypsin digestion pattern was affected with an increase
of the number of missed cleavage sites. A high proportion of
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half-cleaved peptides were also detected. The influence of
glucose attachment was less dramatic for endoproteinase
Glu-C, and identifications of missed cleavage sites and, par-
ticularly, half-cleaved peptides were considerably reduced.
The endoproteinase Glu-C was selected for further analysis.

Concerning mass spectrometry, electron transfer dissocia-
tion (23) and CID in data-dependent MS3 and pseudo-MS3
approaches (neutral loss scanning and multistage activation,
respectively) (24) have proved to be efficient activation modes
for identification of glycated peptides. Nevertheless, the use
of the Orbitrap hybrid mass analyzer enables the application
of an additional ion dissociation mode, which has not been
tested yet for glycation analysis. This is the HCD mode that is
characterized by its performance in an additional octopole
collision cell attached to the C-trap using nitrogen as the
collision gas. The use of nitrogen results in a more energetic

fragmentation than the helium-based dissociation occurring in
CID. In addition, HCD is a fast activation mode, as compared
with CID, that may reach high vibrational energies per bond
before dissociation of the target molecular ion. As a result,
high quality fingerprinting spectra are obtained that enhance
the identification of glycated peptides. Fig. 3 compares CID-
and HCD-generated spectra by activation of two representa-
tive glycated peptides corresponding to human serum albu-
min (HSA) identified in plasma. Optimum collision energies in
terms of identification were used for each case (35 and 50%
for CID and HCD, respectively). The HCD spectrum provides a
high quality fingerprinting of the peptide backbone with identi-
fication of y and b ions. One other benefit of HCD-MS2 is the
detection of immonium ions that can be clearly visualized in the
low mass range to confirm peptide identification. Immonium
ions have pinpoint the presence of modified aminoacids such

FIG. 2. Bottom-up proteomics work
flows used for quantitative analysis of
glycated proteins showing labeling
with light and heavy glucose.
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as phosphorylated Tyr and carboxymethylated Cys enables to
pin point the presence of modified amino acids. By similarity,
this can be applied to glycated Lys and Arg taking into account
the losses detected in glycated peptides such as the loss
of three water molecules and the intermolecular rearrangement
of the glucose moiety (�54.031 and �84.042 Da) must be
considered. Thus, immonium-derived ions calculated for gly-
cated Lys were at 192.102 and 162.091 Da (the most favored
Lys immonium ion provides a signal at 84.081 Da, which is

displaced to 246.134 Da with glucose attachment). However,
typical losses detected in glycated entities generate two signals
at 192.102 and 162.091 Da. Similarly, immonium-derived ions
for glycated Arg were at 237.135 and 207.124 Da. Because of
the selectivity of these ions, glycated peptides can be localized
by extracting ion chromatograms in MS2 as shown in Fig. 4 for
Lys glycated peptides.

Analysis in MS2 was complemented by MS3 in neutral loss
scanning. Fig. 5 shows a representative example for a gly-

FIG. 3. Comparison of CID and HCD
activation modes in MS2 analysis of
glycated peptide from HSA identified
in plasma. Optimum collision energies
for identification were used for each
case (35 and 50% for CID and HCD,
respectively).

FIG. 4. Extracted ion chromatograms
in MS2 of immonium ions calculated
for glycated Lys in plasma analysis.
192.102 Da corresponds to glycated Lys
with a loss of three water molecules, and
162.091 Da corresponds to the intermo-
lecular rearrangement of the glucose moi-
ety with loss of 84.042 Da.
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cated peptide from serum albumin detected in the plasma
analysis. The precursor ions were activated in a first step by
CID (35%) to promote the loss of specific neutral fragments.
The fragmentation scheme for this peptide illustrates the
characteristic neutral losses obtained by the different ap-
proaches. These neutral losses fit with the cleavage of the
glucose moiety (162.05 Da), dehydration of up to three water
molecules (18.01, 36.02, and 54.03 Da) to form pyrylium ion,
and dehydration with additional loss of a formaldehyde mol-
ecule to generate the furylium and immonium ions (84.04 Da).
After this fragmentation, ions formed by loss of 162.05 and
84.04 Da are isolated in the ion trap for a second fragmen-
tation, which now generates representative MS3 spectra for
identification purposes as shown in Fig. 5. Ions formed by
the other neutral losses (18.01, 36.02, and 54.03 Da) are
excluded as they do not provide sufficient information for
identification in MS3 spectra. Because these ions still con-
tain labile parts in their structure, the MS3 spectra gener-
ated are similar to CID-MS2 spectra of glycated peptides.
Neutral loss analysis was carried out in the ion trap to avoid
transfers of ions to the Orbitrap analyzer with the subse-
quent decrease of sensitivity.

The efficiency of BAC-based fractionation was proved by
analysis of the non-glycated fraction (non-retained fraction)
with both MS operational modes. There was no detection of
glycated peptides in this fraction, proving the retention capa-

bility of the boronate phase. Characterization of the BAC step
was completed by searching non-glycated peptides in the
retained fraction with HCD-MS2. In the analysis of the multi-
standard of proteins, the proportion of non-glycated peptides
identified in the retained fraction was below 10%, validating
the selectivity of the isolation step (in the analysis of plasma,
this percentage was below 20%, which is still acceptable
considering the low concentration of glycated peptides).

Quantitative Analysis Based on GIL Approach—As shown in
Fig. 2, quantitation is based on the differential labeling with
isotopic sugars under physiological conditions to compare
biological states. As previously emphasized, labeling with
both isotopic glucose molecules enables the detection of
glycated peptides by mass spectrometry because they pro-
duce a doublet signal in MS scan (�6 Da per glycation site).
The quantitative approach was initially optimized with the
multistandard of model proteins, which were analyzed with
the protocol shown in Fig. 2. Fig. 6 shows one of the MS
scans obtained at a retention time of 26.57 min by reverse
phase LC in which two doubly charged glycated peptides
were co-eluted. The doublet signals are 533.31/536.32 and
624.82/627.83 m/z units with a mass shift of 3 Da, which is
indicative of doubly charged glycated peptides. The peptide
at 533.31 m/z units corresponds to a horse myoglobin gly-
cated peptide, whereas that at 624.82 m/z units was identified
as a bovine insulin glycated peptide. This experiment was

FIG. 5. CID-MS3 analysis in neutral loss scan mode for HSA glycated peptide identified in plasma. Two neutral losses were monitored:
162.05 and 84.04 Da corresponding to glucose cleavage and an intermolecular rearrangement of the glucose moiety, respectively.
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performed after incubation of the standard sample with “light”
and “heavy” glucose and subsequent pooling with a 1:1 ratio.
The intensity of MS signals corresponding to the two versions
of the peptide labeled with both isotopic glucose forms was
practically the same. Particularly, the ratios between peak
areas were 0.965 � 0.010 and 1.018 � 0.025 for myoglobin
and insulin glycated peptides, respectively. These values were
obtained after analysis of three technical replicates.

Tests of Optimized Protocol to Human Plasma—After opti-
mization of the glucose labeling principle, the next step was to
test it with a relatively complex biofluid such as human
plasma. For this purpose, two aliquots of plasma (50 �l each)
were independently incubated with 30 mM [12C6]glucose and
[13C6]glucose for 24 h at 37 °C. In this case, each aliquot was
analyzed separately using the work flow shown in Fig. 2. After
incubation and ultrafiltration, an aliquot of 2 mg of proteins
was taken for enzymatic digestion and glycation analysis. The
aim for this experiment was to validate the applicability of
doublet signal detection as an analytical tool for the assess-
ment of glycation. Fig. 7 shows the MS1 survey scans of five
glycated peptides containing the preferential glycation sites of
HSA according to the literature. These glycation sites have
been found at concentrations within the range of 0.8–8% in
healthy subjects according to Kisugi et al. (21). In this study, a
concentration of 14.7% glycated albumin was found in
healthy individuals, and a concentration of 25.4% was found
in diabetic patients. The same five preferential glycation sites
were detected in our study. The intensity of these signals is
the contribution of both the native glycated protein existing in

plasma and the glycation consequent to the glucose stimuli
(30 mM incubation for 24 h at 37 °C).

Concerning the experiment based on incubation with
[13C6]glucose, the same peptides produced doublet signals
that favor their identification. In this case, the signals corre-
sponding to peptides labeled with [13C6]glucose are result of
the in vitro incubation. On the other hand, the signals gener-
ated by glycated peptides with light glucose are indicative of
their native concentration in plasma. This experiment vali-
dates the principle of isotopic sugar labeling for quantitation
of glycated proteins as discussed in the following sections.

Detection, Quantitation, and Prediction of Human
Glycated Plasma Proteins

Assessment of Native Level of Plasma Protein Glycation—
The application of the optimized [13C6]glucose labeling pro-
tocol to plasma provides a global view about the glycemic
state of an individual. This analysis provides the profile of
glycated proteins identified together with information about
glycation sites as shown in supplemental Table 1 (also see
supplemental Tables 3 and 4) for the reference plasma used in
this research. A total of 35 proteins was found to be glycated
in the reference plasma sample without any prefractionation
step at the protein level. The proposed methodology was able
to detect 113 different glycation sites, which are of particular
interest as each glycation site could have a different impact
on the biological function of proteins. For instance, 35 differ-
ent glycation sites were identified for HSA. As indicated pre-

FIG. 6. Mass scan obtained by LC-MS/MS analysis in which two glycated peptides (E2K(glucose)TKIPAVF2K and
E2RGFFYTPK(glucose)A2C-terminal site for horse myoglobin and bovine insulin, respectively) are co-eluted. Doublet signals are
enlarged to show the glycation efficiency of [12C6]glucose and [13C6]glucose.
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FIG. 7. MS precursor scans of the
glycated peptides containing five
preferential glycation sites in human
serum albumin according to Kisugi et
al. (21). Left side, [13C6]glucose incuba-
tion. Right side, direct analysis.
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viously, earlier studies have identified preferential glycation
sites for HSA in Lys residues located at positions 549, 257,
264, 468, and 160. Our approach enables comparison of the
reactivity of the different glycation sites for the sugar attach-
ment. For this purpose, values of the ratio between the peak
areas of the in vivo and in vitro glycated peptides (labeled with
[12C6]glucose and [13C6]glucose, respectively) were estimated
from the extracted ion chromatograms. Fig. 8 compares the
glycation reactivity for the different sites detected in four
representative plasmatic proteins as a function of area ratio.
The resulting graphs provide structural information about lo-
calization of preferential glycation sites that is of great interest
to elucidate their biological effect on the protein function. The
affinity glycation sites for HSA (Lys-549, -264, -257, -75, -160,
-161, and -97 as the preferential glycation sites) as well as for
other plasma proteins such as serotransferrin (Lys-315 and
-508), haptoglobin (Lys-270 and -151), or apolipoprotein A-I
(Lys-12 and -77) can be deduced from these representations.
Supplemental Table 1 additionally includes quantitative infor-
mation for each of the glycated peptides identified in plasma
(in relative terms as the ratio between peak areas produced by
[12C6]glucose- and [13C6]glucose-labeled peptides). These ra-
tios were automatically calculated with SuperHirn. To evalu-

ate this automated analysis, we plotted the ratios obtained by
manual integration against those calculated from the software
(Fig. 9A). This revealed a high correlation between the two
values (Pearson correlation � 0.91). Fig. 9B plots the log
intensities corresponding to [12C6]glucose-glycated peptides
against those for [13C6]glucose-labeled peptides. The fea-
tures with deviating [12C6]glucose/[13C6]glucose ratios are
clearly differentiated from the cloud of background ratios. The
width of the cloud indicates the deviation in log intensities
even if no real change is present. The points belonging to
replicates of the same feature are connected by a gray line,
which shows that replicates are very close and therefore
highlights the good technical precision of the analytical
method. The deviation between replicates is much smaller
than the “biological” deviation between different features
(supplemental Fig. 1 shows the same graphs for CID-MS3).

Prediction of Glycation Site State as Response to Glucose
Stimuli—In this study, glucose perturbations were assessed
by independent incubation of two plasma aliquots with
[12C6]glucose and [13C6]glucose. A glucose concentration of
30 mM was selected for incubation mimicking a glucotoxicity
perturbation (supplemental Fig. 2). After incubation, both ali-
quots were pooled at a 1:1 ratio for standardization prior to

FIG. 8. Glycation affinity of different sites identified in four glycated proteins found in plasma. Error bars correspond to standard
deviations estimated with 3 analytical replicates.
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proteomics analysis following the reported protocol. As
shown in supplemental Table 2 (see also supplemental Tables
5 and 6), 50 glycated proteins were identified with this anal-
ysis. As compared with the analysis based on exclusive incu-
bation with [13C6]glucose, 20 previously undiscovered gly-
cated proteins were identified. Additionally, a total number of
161 glycation sites were detected. Most of these identifica-
tions corresponded to singly glycated peptides. Nevertheless,
it is worth emphasizing the detection of peptides containing
two different glycation sites, which were undetectable in the
analysis of native glycation. For this reason, these peptides
could be considered as potential biomarkers to assess glu-
cotoxicity levels in clinical patients. Concerning data treat-
ment, the signals corresponding to peptides labeled with
[13C6]glucose are representative of the 30 mM glucose stim-
ulus. On the other hand, the signals produced by peptides
labeled with [12C6]glucose are the contribution of two dif-
ferent sources: native glycated proteins present before in-
cubation (equal contribution from both aliquots) and those
generated as a consequence of the [12C6]glucose stimulus for
24 h. Therefore, with this approach, glycated proteins formed as
a result of the glucotoxic perturbation can be differentiated in
relative terms. For doubly glycated peptides, we can discrimi-
nate between 1) those in vitro labeled with [12C6]glucose or
[13C6]glucose as a result of the stimulus and 2) those that were
singly labeled with [12C6]glucose before the stimulus and were
secondarily labeled due to the glucose perturbation with
[12C6]glucose or [13C6]isotopic forms.

This prediction approach assesses the impact of glycemic
disturbances for the different glycation sites. Supplemental
Table 2 also evaluates the effect of the 30 mM glucose stimuli
for each glycated peptide (right column) by comparison with
the native glycation as reference. This parameter was calcu-
lated with the following expression (see supplemental Fig. 2).

Glucotoxic effect (%)

�
Peak areaheavy glycated peptide

(Peak arealight glycated peptide � Peak areaheavy glycated peptide)/2
�100

(Eq. 1)

As an example, preferential glycation sites of HSA such as
Lys-549, Lys-264, and Lys-257 showed a glucotoxic effect
between 36.2 and 56.8% in plasma subjected to 30 mm
glucose for 24 h. On the other hand, a higher impact was
observed in potential sites with lower glycation affinity such as
Lys-524 and Lys-543, which showed glucotoxic effects of
229.5 and 316.2%, respectively. Additionally, the predictive
approach enables the identification of potential glycation tar-
gets such as the glycated peptides containing Arg-242 in
HSA, Arg-273 in serotransferrin, or Lys-37 in Ig � chain C
region. As can be seen, peak area ratios of the [12C6]glucose-
and [13C6]glucose-labeled peptides were close to 1.0, which
is indicative of labeling only during the glucotoxic perturba-
tion. As a similar labeling efficiency has been observed for
[12C6]glucose and [13C6]glucose, the result for these pep-
tides proves that they are new potential targets for glycation

FIG. 9. A, scatter plot for the SuperHirn and manually determined ratios between peak areas provided by the in vivo and in vitro labeled
peptides for the experiment assessing the real glycemic state using HCD-MS2. B, scatterplot of the log intensities of the light and heavy
features, which can be detected in all three replicates. A light gray line connects replicates of the same feature. The regression line shows the
lowest fit, and the dashed lines above and below it indicate the 0.01 and 0.99 quantiles of the residues to the lowest fit.
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under these specific conditions (in plasma subjected to 30
mM glucose exposition for 24 h). The graphs resulting from
quantitative analysis with SuperHirn can be visualized in
supplemental Fig. 1.

DISCUSSION

Optimization of Method for Analysis of Glycated Proteins

This research describes the development of an application
for qualitative and quantitative analysis of glycated proteins in
human plasma. Several reasons may explain the lack of meth-
ods for identification and quantitation of glycated proteins.
Among them, we have to emphasize the modification of en-
zymatic digestion patterns and the lack of strategies to detect
glycated proteins present in human biofluids at low concen-
trations. Because of the influence of glycation on trypsin
enzymatic digestion, the implementation of an alternative pro-
tease such as Glu-C has proved to be an effective way to
avoid pattern modifications. In this way, enzymatic specificity
can be maintained for identification of glycated peptides by
minimizing the generation of missed cleavage sites and half-
cleaved peptides. The development of selective and sensitive
strategies for the detection of glycated proteins was accom-
plished by the recent advances in mass spectrometry. Elec-
tron transfer dissociation has proved to be an efficient acti-
vation mode for identification of glycated peptides by tandem
mass spectrometry. CID-based fragmentation tends to disso-
ciate Amadori compounds (see Fig. 1). Consequently, low
quality spectra are produced because of a poor production of
sequence specific ions from the peptide backbone. Signals
corresponding to ions generated by losses of specific neutral
fragments preferentially dominate the mass spectrum with a
reduced success in peptide identification (31, 32). This well
characterized fragmentation pattern has been recently used
by Zhang et al. (24) in data-dependent MS3 by neutral loss
scanning and pseudo-MS3 by multistage activation. Both
approaches benefit from a first step of ion dissociation that
promotes labile neutral losses to increase the MS/MS quality
of spectra produced by a second dissociation step. For this

reason, data-dependent MS3 seems to be an efficient alter-
native to electron capture dissociation/electron transfer dis-
sociation to increase identifications in glycation analysis.

In this research, a combination of an MS2 mode with HCD
activation and CID-MS3 by neutral loss scanning is proposed
for qualitative analysis of glycated proteins. The high accuracy
in the HCD-MS2 mode for precursor and fragment ions is
crucial to achieve a high identification level (26, 33) of glycated
peptides. This is particularly true if a protease such as Glu-C
is used for hydrolysis. On average, this enzyme generates
longer peptides when compared with trypsin (Fig. 10A). This
approach corresponds to the concept of middle-down pro-
teomics defined by Mann and co-workers (34, 35) as an
alternative to benefiting from precision in proteomics. The
average length and charge of the identified glycated peptides
in plasma are shown in Fig. 10B.

The CID-MS3 mode is a complementary approach to HCD-
MS2 as the former is particularly useful for identification of
glycated peptides with charge states of 2� and 3�. As an
example to evaluate this complementary application, both
MS modes were compared in terms of identification of
glycation sites. Thus, a total of 113 different glycation sites
were identified from human plasma. Interestingly, 64% of
them were detected with HCD-MS2, and 46.9% were de-
tected with neutral loss scanning. These results justify the
complementary application of both MS modes to increase the
identification capability.

The optimization of the overall method was completed by
tests to validate the quantitative approach based on glycation
isotopic labeling using [13C6]glucose. These tests were car-
ried out with a standard of model proteins in which glycation
was not detected in a preliminary test. The obtained results
proved that the glycation efficiency of both isotopic glucose
forms is similar when estimated with peak areas in extracted
chromatograms of the precursor ions of the [12C6]glucose-
and [13C6]glucose-labeled peptides. Evidently, this is a critical
aspect for the implementation of isotopic glucose labeling as
a quantitative approach.

FIG. 10. A, HCD-MS2 spectra of an
HSA glycated peptide identified in the
analysis of plasma by the work flow pro-
posed in Fig. 2. Digestion with Glu-C
protease enables the generation of long
peptides (25 amino acid residues for this
specific case). The analysis of long pep-
tides in combination with high accuracy
for precursor and fragment ions enables
to take benefits from the “middle-down
proteomics” concept. B, number of gly-
cated peptides identified in plasma ver-
sus charge state of these identifications,
which gives an idea about the length of
the detected peptides.
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Applicability of Quantitative Approach

Application to Human Plasma Glycated Proteome—As pre-
viously indicated, any protein can be glycated. However, the
reference method for the assessment of the glycemic control
of a patient is the measurement of HbA1c concentration. In
addition to being exclusively focused on one protein, the
erythrocyte lifespan (�120 days) defines HbA1c as a long
term indicator of the patient state (36–38). It is clear that the
overall profiles of glycated proteins represent a more com-
plete indicator of the glycemic state of a particular patient.
This information can be achieved with the approach based on
incubation with [13C6]glucose as this provides a normalized
view on the current glycemic state of a subject. Because
[12C6]glucose concentration is not modified, a profile of gly-
cated proteins present in a target sample is obtained, indicat-
ing a potential pathological state.

The ratio between peak areas corresponding to the pep-
tides labeled with [12C6]glucose and [13C6]glucose provides
additional quantitative information in relative terms. Peptides
labeled with heavy glucose are considered as internal stand-
ards, and these isotopic forms specifically mimic physiologi-
cal conditions. Therefore, in vitro labeling with [13C6]glucose
depends on sample properties such as protein content or
pathological factors affecting glycation. The application of
this approach is useful for the relative estimation of the
extent of glycation at each potential attachment site. In
addition, the isotopic glucose labeling is valid as a quanti-
tative approach to compare two glycation states for the
same or different patients.

Prediction of Glycemic State as Response to Glucose Stim-
uli—The exact mechanism of the glycation process (see Fig.
1) clearly explains the selectivity of the reaction. In general
terms, amino groups with lower pKa values should be ex-
pected to be more reactive toward glycation because of their
greater nucleophilicity. However, there are additional factors
that point at the Amadori rearrangement as the critical step to
set the site specificity (39). Thus, the properties of nearby
amino acids seem to play a relevant role in the potential
attachment of sugars to Lys residues. For instance, positively
charged amino acids located close to a Lys residue have been
proposed to exert a catalytic action for glycation (40). Also,
the presence of a His residue close to a Lys in primary or
three-dimensional structures promotes its glycation (39, 41).
On the other hand, Baynes et al. (42) reported a partial inhib-
itory effect on Lys glycation due to formation of hydrogen
bonds with other amino acids. Recently, Johansen et al. (43)
have developed a sequence-based predictor of glycation by
investigation of � amino groups of lysines. As a result of the
statistical analysis, acidic amino acids, mainly Glu and Lys
residues, were found to catalyze the glycation of nearby Lys.
The catalytic acidic amino acids were found to be mainly
C-terminal from the glycation site, whereas the basic Lys
residues were mainly found to be N-terminal. This in silico

predictor, NetGlycate 1.0 Server, is the only predictive tool for
analysis of non-enzymatic glycation of proteins. The only
limitation is that it is restricted to lysine glycation, and there-
fore it does not take into account glycation in arginine resi-
dues or in the N-terminal position.

The predictive approach proposed here is based on the
differential labeling with [12C6]glucose and [13C6]glucose and
considers all possible glycations. As glucose labeling is per-
formed by incubation under physiological conditions, glyca-
tion of proteins is mimicked in natural terms. As proven above,
this favors the evaluation of the impact of glucose concentra-
tions on identified sites. Corresponding information is col-
lected in supplemental Table 2 for each identified glycation
site, which was obtained in comparison with native condi-
tions. This approach also leads to the identification of new
glycation targets under different glucotoxicity conditions, which
is of value in the search for biomarkers of a specific pathological
disorder. The independent incubation of two aliquots with
[12C6]glucose and [13C6]glucose validates the detection of each
glycation site by identification of the same peptide labeled with
both isotopic forms (supplemental Fig. 2).

In conclusion, an approach for the qualitative and quanti-
tative analysis of glycated proteins was developed in an at-
tempt to characterize this clinically undesired PTM. Qualita-
tive analysis by HCD-MS2 and CID-MS3 operational modes
enabled the identification of glycated proteins in plasma as
well as the elucidation of glycation sites. The latter is crucial to
determine the effect of the sugar attachment on the biological
function of proteins. Quantitative analysis was accomplished
by partial labeling of proteins with [13C6]glucose to discrimi-
nate from native glycated proteins labeled with [12C6]glucose.
Labeling was performed by physiological incubation, taking
into account the chemoselective character of glycation. The
resulting method was tested by analyzing native glycated
proteins in plasma as well as predicting glycation sites under
high glucose concentrations. The proposed methodology
could be of great interest in clinical applications.
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