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Abstract
Non-enzymatic glycation of peptides and proteins by D-glucose has important implications in the
pathogenesis of diabetes mellitus, particularly in the context of development of diabetic
complications. The fragmentation behavior of glycated peptides produced from reaction of D-glucose
with lysine residues was investigated by electron transfer dissociation (ETD) and collision induced
dissociation (CID) tandem mass spectrometry. It was found that high abundance ions corresponding
to various degrees of neutral water losses, as well as furylium ion production, dominate the CID
spectra, and that the sequence informative b and y ions were rarely observed when Amadori-modified
peptides were fragmented. Contrary to what was observed under CID conditions, ions corresponding
to neutral losses of water or furylium ion production were not observed in the ETD spectra. Instead,
abundant and almost complete series of c and z type ions were observed regardless of whether the
modification site was located in the middle of the sequence or close to the N-terminus, greatly
facilitating the peptide sequencing. This study strongly suggests that ETD is a better technique for
proteomics studies of non-enzymatically glycated peptides and proteins.

Reducing sugars (glucose, fructose, ribose, etc.) can react with primary amino groups in amino
acids and proteins under favorable conditions to form stable, covalent modifications. This non-
enzymatic glycosylation or glycation is commonly known as the Maillard or browning reaction,
due to the brown pigments typically formed during incubation of reducing sugars with protein
for extended periods of time and/or high heat. The Maillard reaction begins with nucleophilic
attack by a free amine group of an amino acid or protein on the carbonyl carbon of a reducing
sugar to form a carbinolamine, which subsequently undergoes dehydration to form an imine
(Schiff base). The Schiff base intermediate slowly rearranges to form a stable ketoamine, called
the Amadori compound (Figure 1), resulting from modification by aldose.1 The ketoamines
can then undergo further oxidation and rearrangement reactions to form a series of more
reactive, colored, and fluorescent compounds, termed advanced glycation end-products
(AGEs).2

Glycated hemoglobin (HbA1c) has been used as a clinical diagnostic marker of relatively long-
term (~90 days) glucose control in diabetic patients.3 However, the Maillard reaction, and
AGEs in general, are believed to play a more pathogenic role in the development of
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atherosclerosis and diabetic complications. The Maillard hypothesis of diabetic complications
proposes that chronic, cumulative chemical modification of proteins by glycation and AGEs
alters their turnover, structure, and function.4 Indeed, Maillard-type fluorescence has been
shown to be increased in lens crystalline of diabetic patients and to correspond to degree of
diabetic retinopathy.5 Similarly, levels of the AGE Nε-carboxymethyllysine (CML) are known
to correlate with the severity of both diabetic nephropathy and retinopathy.6 AGEs are also
thought to play a role in age-related pathological conditions such as atherosclerosis,7 via their
accumulation in tissue collagens, resulting in loss of vascular elasticity and thickening of
arterial walls. They have also been proposed to play a role in abnormal amyloid aggregation
in age-related neurodegenerative disorders such as Alzheimer’s8, 9 and Parkinson’s10 diseases.

In order to more fully understand the role of glycation and AGEs in the development of diabetic
complications and other disorders, comprehensive proteomic studies are required in order to
identify those glycated proteins and sites of glycation whose altered structure may lead to a
pathological state. Previous research on protein glycation primarily focused on quantifying the
overall protein glycation level by chemical, chromatographic, spectroscopic and
radioimmunological methods; however, these methods generally lack specificity and glycation
site information.11 Peptide mapping methods, such as LC-ESI-MS or MALDI-MS analysis of
enzymatically digested peptides coupled with in-silico digestion of proteins, have been used
in glycation site analyses and semi-quantification.12–14 Although certain specific glycation
sites have been identified from incubations of model proteins with glucose or ribose, in many
cases, identifications of the glycation sites were ambiguous based only on monosaccharide
modification-induced mass increases. Therefore, it is difficult to extend these methods to more
complex proteome-level glycation analyses. Very recently, tandem mass spectrometry was
also applied to glycated peptide sequencing,15 however, these studies were performed with
instruments that utilized collision induced dissociation (CID), in which intra-molecular
vibrational energy redistribution occurs prior to bond cleavage. Thus, the weakest bonds on
the peptide side chain modifications tend to dissociate preferentially, resulting in high
abundance ions corresponding to various degrees of water loss. Those ions resulting from
neutral losses of water dominate the MS/MS spectrum; very limited and very weak peptide
backbone fragmentation is observed, making the confident identification of glycation sites
difficult. While certain patterns of neutral losses can hint at the presence of a glycated peptide,
15, 16 information leading to a confident identification of the peptide sequence is lacking.
Precursor-ion scanning methods based on the Amadori-derived lysine immonium ion at m/z
192.1 were recently used to map glycation sites on glycated bovine serum albumin (BSA) using
quadrupole-time-of-flight MS; complete sequence information was obtained for modified BSA
peptides, based on singly and doubly charged furylium y ions, as well as doubly charged
pyrylium y ions.17 However, due to the low mass cut off limitation of all commercial 3-D or
linear ion trap instruments, this method is limited for applications in bottom up proteomics.

Electron capture dissociation (ECD), implemented on FT-ICR mass spectrometers by
McLafferty and coworkers,18 represents a significant advance in tandem mass spectrometry.
Being non-ergodic in its nature, (i.e. bond dissociation occurs immediately after electron
transfer) ECD provides more extensive sequence fragmentation, allowing labile modifications
to remain intact. It has been successfully applied to the sequencing of peptides containing labile
post translational modifications (PTMs),19–22 including large peptides and intact proteins.23

Very recently, electron transfer dissociation (ETD) fragmentation using a modified linear ion-
trap was developed by Hunt and co-workers.24 This technique, being ECD-like but using
aromatic anions as an electron vehicle, was demonstrated in sequencing experiments of
phosphopeptides; abundant peptide backbone c and z type ions were detected, resulting in
almost complete sequence coverage in the ETD fragmentation spectra. It is generally concluded
that ETD is particularly well-suited for the characterization of peptides containing PTMs,24

and it has been applied to the analyses of N-linked enzymatically glycosylated peptides.25
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In this work, we report the first use of ETD as a fragmentation technique for MS/MS
characterization of D-glucose glycated peptides. ETD fragmentation spectra will be compared
to those obtained with CID (with a focus on the early glycation product ketoamine), illustrating
the much more informative sequence information obtained with ETD.

EXPERIMENTAL
Standard Peptides

Standard glycated peptides with amidated C-termini (AGGK#AAFL-NH2, AK#DSASFL-
NH2, and AK#ASASFL-NH2; the # represents the site of glycation with D-glucose) were
synthesized and purified according to published solid-phase based post-synthetic approaches.
26 Briefly, the peptides were synthesized using 9-fluorenylmethoxycarbonyl/tert-butyl (Fmoc/
t-Bu) chemistry, with 4-methyltrityl group protection of the lysine residue to be modified. The
resin-supported peptides were then incubated with D-glucose in dimethylformamide at 110°C
under nitrogen for 40 min, and the resulting glycated peptides were deprotected with
trifluoroacetic acid and purified by HPLC.

ETD MS/MS analyses of standard peptides
For LC-MS/MS analyses, an Agilent 6340 Ion Trap LC/MS system (Agilent, Santa Clara, CA,
USA) equipped with ETD capability was coupled to an Agilent HPLC-Chip Cube MS interface,
well plate sampler, nanoflow pump, and capillary pump.27 Fluoranthene anions from a small
negative chemical ionization source were used to transfer electrons in the ETD process. CID
and ETD scans were performed alternately. For CID process, the smart fragmentation feature
was enabled, and the fragmentation amplitude was 1.3 V with start amplitude of 30% and end
amplitude of 200%; for ETD process, reactant accumulation time was 40 ms and reaction time
was 80 ms. The fast HPLC separation was carried out on the Chip with an integrated separation
column (Zorbax 300SB-C18, 75 µm × 43 mm, 5 µm) and an enrichment column (Zorbax
300SB-C18, 40 nL, 5 µm). The voltage applied to HPLC-Chip capillary was 1725 V. For each
separation, 1 µL (0.3 µg) of sample was injected. A short gradient of 3–80% B (Solvent A:
0.1% formic acid in H2O; Solvent B: 0.1% formic acid in 90% CH3>CN) in 7 minutes was
used at a flow rate of 600 nL/min.

CID MSn analyses of standard peptides
The fragmentation behavior of peptides glycated with glucose under CID conditions was also
investigated using an LCQ-Deca XP (Thermo Electron, San Jose, CA, USA) instrument.
Peptides at 20 µM in 50/50 (v/v) CH3CN/H2O were directly infused at 1 µl/min for analyses
in positive ionization mode. Electrospray voltage was typically kept between 1.2–2.0 kV, and
the inlet capillary was maintained at 150°C. The [M+2H]2+ and [M+H]+ ions were selected as
precursors for MS2 or MS3 experiments. For MS2 experiments, the normalized collision energy
is typically kept at 22–24% for [M+H]+, while a normalized collision energy of 27–30% was
used for MS2 of [M+2H]2+ and MS3 fragmentations.

RESULTS AND DISCUSSION
To confine all neutral water losses obtained in the tandem mass spectra of glycated peptides
to the sugar moiety and simplify spectral interpretation, the model peptides used in this study
were amidated at the C-terminus.17 Figure 2 shows the MS/MS spectra of the [M+2H]2+ ion
corresponding to peptide AGGK#AAFL-NH2 under ETD (Figure 2a) and CID (Figure 2b)
conditions, respectively. Under CID conditions, the sequence informative b and y ions resulting
from peptide back bone cleavage are very rare; only b7 and b7-H2O can be confidently
identified, and the most abundant ions represent neutral losses of two to four molecules of
H2O. Losses of one to three molecules of water from Amadori-modified peptides during
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tandem mass spectrometry have been well documented in the literature.15–17, 28 We did not
observe the loss of only one molecule of water, which was likely due to the high collision
energy used during CID-MS/MS analyses using the Chip-HPLC-MS system. When lower
collision energies were used on an independent ion-trap instrument for direct infusion studies
of these peptides, the ion corresponding to loss of one molecule of water was highly abundant
(data not shown). The loss of four consecutive water molecules has been previously observed
and suggested to be produced by loss of four water molecules from five-membered furanose
rings.17

In addition to the water loss, the loss of 84 Da (3 H2O + HCHO) to form a furylium ion (as
shown in Figure 1), although not very abundant, was also observed (Figure 2b). The furylium
ion has been observed in MS/MS studies of the model compounds Nε-fructose-lysine and Nα-
formyl-Nε-fructoselysine (Amadori compound formed between glucose and lysine, data not
shown), as well as in glucose modified dipeptides16 and glucose modified oligopeptides.15,
17 This neutral loss pattern of various degrees of water and formation of furylium ion is
generally charge independent, as similar results were observed when the [M+H]+ was used as
the precursor for MS/MS (data not shown). Similar water loss features were also obtained with
peptide AK#ASASFL-NH2 (Figure 3b) and AK#DSASFL-NH2 (Figure 4b) under CID
conditions, where the glucose modification is close to the N-terminus in both peptides;
however, compared to the MS/MS spectra for peptide AGGK#AAFL-NH2, the [M
+2H-84]2+ ions (corresponding to furylium ion production) are almost undetectable for the
latter two peptides. In addition, the number of b and y ions generated in the CID-MS/MS spectra
of these two peptides are also rare when the modified lysine is present in the middle of the
sequence, i.e. only b3 and b7 ions were observed for AK#DSASFL-NH2 and b7 is the only
observable b or y ion for AK#ASASFL-NH2. Any attempt to identify the sequence of these
peptides or the glycation site with such information poor fragmentation spectra would be
extremely difficult.

When the [M+2H]2+ ions from the same peptides were selected as precursors for analysis by
ETD, a series of abundant c and z type ions were observed (Figure 2a, Figure 3a and Figure
4a). Contrary to what was observed under CID conditions, neither furylium ions nor ions
corresponding to neutral losses of water from the glucose modification site were observed,
clearly demonstrating that the Amadori moiety is stable under ETD conditions and bond
cleavage is less dependent on peptide composition and side chain modification(s). The
observation of more c ions than z ions in the fragmentation spectra of peptides with the glucose
modification close to the N-terminus is due to the charge localizations in these peptides. Each
doubly charged peptide contains one charge at the N-terminal alpha-amine as well as one charge
at the side-chain amine of the modified lysine residue. During the ETD process, the charge at
the N-terminal alpha-amine is neutralized via electron transfer. Therefore, only those peptide
fragments containing the modified lysine residue will be detected. It has been reported that for
non-tryptic peptides, triply charged precursors exhibit more extensive fragmentation than
doubly charged precursors under ETD.29 However, this is more likely due to charge
localization in doubly charge peptides, resulting in some fragments retaining one charge and
others being undetected as neutral species. Regardless, this should not reduce the utility of
ETD for sequencing of doubly charged glycated peptides. In addition, while non-tryptic
peptides were used in this study in order to confine all water losses obtained in the CID process
to the Amadori moiety and to simplify interpretation of the resultant tandem mass spectra,
complete sequence coverage for tryptic peptides containing the Amadori modification is
expected when analyzed by ETD, as this approach has been successfully applied in the analysis
of tryptic peptides containing phosphorylated residues.24

In a typical ETD fragmentation reaction, the charge states of multiply charged cation precursors
are reduced by collisions with anions to form so-called radical cation species. Subsequently,
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the N-Cα bonds of the radical cations fragment and form a series of c and z ions. This charge
reduction process prevents ETD from being applied to singly charged precursors; however,
this is less of a concern for proteomics, in general, because the vast majority of peptides
resulting from enzymatic digestion are multiply charged when using ESI. The MS/MS spectra
shown in this report were obtained from doubly charged precursors, and it is clearly
demonstrated this technique is well suited for glycated peptide analyses by identifying the
sequences without ambiguity. It is reported that higher charge states are more efficient for the
ETD/ECD process,29, 30 which is amenable to analyses of peptide digests from such complex
samples as cell lysates and plasma. An additional advantage of ETD/ECD analyses of tryptic
digests of glycated proteins is that these techniques are more powerful for sequencing longer
peptides. In this respect, it has been reported that enzymatic activity of trypsin is inhibited by
lysine glycation,12, 15 resulting in longer peptides containing one or more missed cleavage
sites. With traditional CID fragmentation, longer peptides are difficult to sequence even when
not containing post translational modifications. In addition, the ETD spectra shown in this
report were all from single scans, without any spectrum averaging. This highlights the
efficiency of the ETD process, which is important to consider when utilizing ETD to identify
peptides eluting from high-efficiency capillary LC separations of complex samples. It is
important to note the lower sensitivity of ETD compared to CID (approximately 30% on the
basis of ion current ratio between ETD and CID), which may be a concern when utilizing ETD
for the identification of low abundance glycated proteins from complex samples. However, the
better sequence coverage provided by ETD results in higher database searching scores for
modified peptides24 and likely compensates for the relatively lower sensitivity of the technique.

The pattern of various degrees of water losses in conjunction with formation of the unique
furylium ion under CID conditions may serve as a marker for glycated peptides. This will
complement peptide sequence information obtained from ETD analyses and provide an
additional level of confidence to further reduce false positive identifications (it is important to
note that ETD and CID were performed alternately on the instrument used in this study). The
furylium ion has been used to trigger MS3 fragmentation for peptide sequencing under CID
conditions.31 However, this can be problematic when it is implemented to complex samples
as the furylium ion is not often very abundant (Figure 3b, Figure 4b and other unpublished
data), particularly when multiply charged species were selected for MS/MS, which will result
in even lower quality fragment ions in MS3. Even if the furylium ion is abundant, the CID
process, owing to its limitations (i.e. charge localization and residue effect32) may still
preferentially cleave certain amide bonds over others on the peptide backbone. Figure 5
illustrates this point, as no fragmentation comparable to that obtained by ETD is observed when
the [M+H-84]+ of peptide AGGK*AAFL-NH2 was further fragmented. Furthermore, when
coupled with HPLC for complex sample analyses, neutral-loss triggered events will require a
longer instrument duty cycle, resulting in under sampling.

Conclusions
Three different glycated peptides were analyzed by ETD MS2 and CID MS2 and MS3. For all
of these peptides, ETD analysis, owing to its unique fragmentation mechanism, provided
almost complete series of fragment ions. In contrast, the CID process preferentially cleaved
the weakest bonds on the Amadori moiety, resulting in high abundant neutral losses of water
in conjunction with relatively moderate to low abundant furylium ion formation. ETD clearly
is better suited for glycated peptide analyses, as the Amadori compound contains several labile
hydroxyl groups. It is highly anticipated that this technique will greatly facilitate the
identification of novel glycated proteins and sites of glycation and may lead to new biomarkers
for diabetes mellitus and its related complications. Using ETD for large-scale glycated
proteomics analyses of plasma samples from patients with type 2 diabetes mellitus is currently
underway in our laboratory.
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Figure 1.
Structure of the Amadori compound (AC) resulting from reaction of primary amino groups
with glucose, and structure of the furylium ion, which is formed during the collision induced
dissociation process by loss of 3 H2O and HCHO.
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Figure 2.
ETD (a) and CID (b) MS/MS spectra of the [M+2H]2+ ion of peptide AGGK#AAFL-NH2, in
which # represents glucose adduct to lysine. The spectra were acquired with alternating ETD
and CID scanning.
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Figure 3.
ETD (a) and CID (b) MS/MS spectra of the [M+2H]2+ ion of peptide AK#ASASFL-NH2, in
which # represents glucose adduct to lysine. The spectra were acquired with alternating ETD
and CID scanning.
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Figure 4.
ETD (a) and CID (b) MS/MS spectra of the [M+2H]2+ of peptide AK#DSASFL-NH2, in which
# represents glucose adduct to lysine. The spectra were acquired with alternating ETD and CID
scanning.
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Figure 5.
MS3 spectrum of the [M+H]+ ion of peptide AGGK#AAFL-NH2 under CID conditions, in
which # represents glucose adduct to lysine. Shown is the MS/MS of [M+H-84]+ generated in
the first stage MS/MS of the [M+H]+ ion.
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