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Abstract
Non-enzymatic glycation of tissue proteins has important implications in the development of
complications of diabetes mellitus. While electron transfer dissociation (ETD) has been shown to
outperform collision-induced dissociation (CID) in sequencing glycated peptides by tandem mass
spectrometry, ETD instrumentation is not yet widely available and often suffers from significantly
lower sensitivity than CID. In this study, we evaluated different advanced CID techniques (i.e.,
neutral-loss-triggered MS3 and multi-stage activation) during liquid chromatography/multi-stage
mass spectrometric (LC/MSn) analyses of Amadori-modified peptides enriched from human serum
glycated in vitro. During neutral-loss-triggered MS3 experiments, MS3 scans triggered by neutral
losses of 3 H2O or 3 H2O + HCHO produced similar results in terms of glycated peptide
identifications. However, neutral losses of 3 H2O resulted in significantly more glycated peptide
identifications during multi-stage activation experiments. Overall, the multi-stage activation
approach produced more glycated peptide identifications, while the neutral-loss-triggered MS3

approach resulted in much higher specificity. Both techniques are viable alternatives to ETD for
identifying glycated peptides.

Glycation of proteins is a non-enzymatic process. It begins with reaction between an aldehyde
group of a reducing sugar (glucose, fructose, etc.) and a primary amine of a protein to form a
reversible Schiff base intermediate, which then rearranges to form a relatively stable ketoamine
or Amadori adduct.1 Under oxidative conditions, the Amadori adduct decomposes into more
reactive carbonyl compounds that can further modify proteins. These advanced glycation end
products (AGEs) have been implicated in the development of nephropathy, neuropathy,
retinopathy, and cardiovascular disease during the progression of diabetes mellitus.2-4 In
addition, protein glycation is relevant to the pharmaceutical industry, as reducing sugars are
used as stabilizers in the formulation of therapeutic proteins.5 Inevitably, glycated proteins
will be generated as impurities in these processes, negatively impacting the quality of the final
products.

Liquid chromatography (LC) coupled to mass spectrometry (MS) via electrospray ionization
(ESI) has long been used for the study of protein glycation, from analyzing fructoselysine
(lysine containing the Amadori adduct) produced by total protein hydrolysis to sequencing
glycated peptides generated by proteolytic digestion.6-8 However, there are significant
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challenges associated with sequencing glycated peptides using collision-induced dissociation
(CID), the most broadly available and applied ion dissociation method in mass spectrometry.
During CID of glycated peptide ions, the labile Amadori adduct tends to dissociate
preferentially, resulting in poor production of sequence specific ions from the peptide
backbone. As a result, ions corresponding to various neutral losses dominate the mass spectrum,
which hampers the identification of peptide sequences and sites of glycation.8,9 To overcome
this limitation, a precursor-ion scanning method based on the Amadori-modified lysine
immonium ion (192.1 Da) was recently used to map glycation sites on glycated bovine serum
albumin.10 In addition, a prescreening and sequencing method based on a neutral-loss scan of
the Amadori moiety (162 Da) was developed to identify glycation sites in human serum
albumin.11 However, both methods relied on quadrupole-time-of-flight instruments
employing features unavailable on ion-trap instruments, which are more commonly utilized
for LC/MS-based proteomics experiments. An additional limitation of these methods is that
both were evaluated only for a single protein. It is unclear how these approaches would perform
with a complex peptide mixture produced from proteolytic digestion of biofluid or cellular
proteins.

The recent incorporation of electron transfer dissociation (ETD) in ion-trap instruments has
enabled the high-throughput identification of peptides containing labile post-translational
modifications (PTMs).12-14 Labile PTMs remain intact during peptide fragmentation by ETD,
which greatly improves backbone fragmentation and peptide identification. A similar
technology (electron capture dissociation (ECD)) is available on Fourier transform ion
cyclotron resonance mass spectrometers and is amenable to the identification of polypeptides,
particularly large peptides and peptides carrying labile PTMs;15 however, the lower efficiency
of ECD limits its application in high-throughput LC/MS-based proteomics. We recently used
ETD tandem mass spectrometry to sequence glycated peptides in complex proteomic samples.
9,16,17 Our data showed that ETD outperformed CID in sequencing glycated peptides.9,16
However, ETD is not without its own limitations. For example, it is generally less sensitive
than CID and also is less effective for dications and for ions with m/z over 850.18 In addition,
ETD is not yet widely available.

Alternative methods are in development to more fully utilize the MSn capability of ion-trap
instruments for sequencing peptides containing labile modifications when ETD is unavailable.
For example, data-dependent neutral-loss-triggered MS3 (NLMS3) and multi-stage activation
(MSA) methods have been developed for the analysis of phosphopeptides,19-22 due to the
intense neutral loss of phosphoric acid generated by this PTM upon CID fragmentation. Data-
dependent NLMS3 functions by first isolating a product ion produced during the MS2 scan and
corresponding to a specified neutral loss, which is then activated and dissociated in the
following MS3 stage. Similarly, MSA, or pseudo-MS3, was developed to avoid the loss of
sequence informative ions from the backbone of peptides containing labile PTMs in the MS2

stage. In this approach, a precursor ion is first fragmented in the MS2 stage, and product ions
corresponding to specified neutral losses are further activated and fragmented in the MS3 stage.
The product ions (MS2) from the initial precursor ion and the activated neutral-loss product
ions (MS3) are then simultaneously stored, and a composite spectrum is generated containing
ions from all of the activated precursors.

In this work, we report the first use of NLMS3 and MSA as fragmentation techniques for
sequencing D-glucose glycated peptides from a complex proteomic sample – human serum
glycated in vitro. The efficacy of these two fragmentation methods in identifying glycated
peptides is compared.
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EXPERIMENTAL
Chemicals and materials

All chemicals, in vitro glycated human serum, and peptide desalting solid-phase extraction
(SPE) cartridges (Supelco Discovery DSC-18) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Micro-BCA protein assay kits and ICON 9K concentrators were purchased from
Pierce (Rockford, IL, USA). Sequencing-grade trypsin was obtained from Promega (Madison,
WI, USA), and Glycogel II boronate affinity gel (Pierce) was a gift from Dr. Bart Haigh of the
Institute for Bioanalytics (Branford, CT, USA).

Protein digestion and enrichment of glycated peptides by boronate affinity chromatography
The lyophilized powder of human serum glycated in vitro was reconstituted in 100 mM
NH4HCO3 (pH 8.0). Glucose and other salts were removed with an ICON 9K concentrator per
the manufacturer's instructions. Glycated human serum (5 mg) was dissolved in 8 M urea/100
mM NH4HCO3 (pH 8.0) at a concentration of 10 mg/mL. Disulfide bonds were reduced with
5 mM dithiothreitol for 1 h at 37°C, followed by alkylation of free sulfhydryl groups with 20
mM iodoacetamide at 37°C for 1 h in the dark. Samples were then diluted with 50 mM
NH4HCO3 (pH 8.0) to reduce the urea concentration to below 1 M, and CaCl2 was added to a
final concentration of 1.5 mM. Sequencing-grade trypsin was then added at a ratio of 1:40 (w/
w, enzyme/protein), and the samples were digested at 37°C overnight. The final digestion
mixtures were passed through C18 SPE cartridges for desalting, and eluted peptide solutions
were dried by speed-vac before being subjected to boronate affinity chromatography.

The enrichment of glycated peptides was carried out as described previously.16,17 Briefly, the
dried peptides were reconstituted in mobile phase A (see below) at a concentration of 1 μg/
μL and injected onto the home-packed Glycogel II boronate affinity column (Tricorn, 5 mm
× 100 mm; GE Healthcare, Piscataway, NJ, USA) using an Agilent 1100 series LC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a fraction collector. The LC
mobile phases were (A) 50 mM MgCl2 and 250 mM NH4OAc (pH 8.1) in water and (B) 0.1
M HOAc in water. A gradient (0% B for 10 min; 0–100% B in 0.1 min, 100% B for 10 min;
100–0% B in 0.1 min; 0% B for 10 min) was used to separate glycated peptides from non-
glycated peptides at a flow rate of 1.0 mL/min. The LC effluent was monitored at 280 nm with
a UV detector. Fractions corresponding to glycated peptides were collected,16,17 concentrated
by speed-vac, and subsequently desalted with C18 SPE cartridge.

LC/MS/MS analyses of glycated peptides
Glycated peptides were analyzed using an automated four-column capillary LC system coupled
on-line with an LTQ ion-trap mass spectrometer (ThermoElectron, San Jose, CA, USA) via
an ESI interface.23 The reversed-phase capillary columns (75 μm i.d. × 65 cm) were slurry
packed with 3 μm Jupiter C18 particles (Phenomenex, Torrence, CA, USA). The mobile phase
solvents consisted of (A) 0.2% HOAc and 0.05% trifluoroacetic acid (TFA) in water and (B)
0.1% TFA in 90:10 CH3CN/H2O. An exponential gradient was used for the separation, which
started at 100% A and gradually increased to 60% B over 100 min. The instrument was operated
in data-dependent mode with an m/z range of 350–2000, and dynamic exclusion of 60 s was
applied to avoid repeated analyses of the same abundant precursor ion. The top seven most
intense ions from each MS scan were selected for further dynamic MSn analyses using a
normalized collision energy of 40%. The following neutral losses from Amadori-modified
lysine were considered in either NLMS3 or MSA experiments as shown in Table 1: (1)
formation of pyrylium ion (loss of 3 H2O): 18.01 (3+), 27.02 (2+) and 54.03 (1+); (2) formation
of furylium ion (loss of 3 H2O and HCHO): 28.01 (3+), 42.02 (2+), 84.04 (1+); (3) loss of the
Amadori moiety (C6H10O5): 54.02 (3+), 81.03 (2+) and 162.05 (1+); and (4) a combination
of all neutral losses listed in (1) to (3). If these neutral losses were present in the top ten most
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intense ions from the MS2 spectra, then either a MS3 fragmentation or multi-stage activation
would be triggered for NLMS3 or MSA experiments, respectively. For each analytical method,
the sample was analyzed on the same capillary LC column in duplicate.

Data analyses
Instrument .raw files were converted into .dta files with extract_msn.exe software
(ThermoElectron). For .raw files acquired during NLMS3 experiments, a Python script was
further employed to subset the created .dta files to only contain MS3 scans. The resultant .dta
or subset-.dta files were concatenated with a Python script to create XML encapsulated .dta
files as input for the Open Mass Spectrometry Search Algorithm (OMSSA) search engine
(National Center for Biotechnology Information, National Institutes of Health, Bethesda, MD,
freely downloadable from the internet24). OMSSA was then used to match the tandem MS
data to the protein sequences in the human Swiss-Prot protein library. Carbamidomethylation
of cysteine (57.02 Da) was specified as a static modification for all searches, and up to two
missed tryptic cleavages were allowed. Depending on the data acquisition method, various
dynamic modifications of lysine were specified, as outlined in Table 1. Other search parameters
were kept as the default values. An E-value of <0.01 was used as a cut-off for peptide
identifications, which typically results in less than 1% of false peptide identifications.18,25

RESULTS AND DISCUSSION
Due to the nature of the Amadori adduct, tandem MS analyses of glycated peptides under CID
conditions tend to generate abundant neutral losses (i.e., neutral losses of H2O, 2 H2O, 3
H2O, 4 H2O, 3 H2O + HCHO, as well as neutral loss of the Amadori adduct, C6H10O5 in the
MS2 spectrum (Fig. 1). These neutral losses are characteristic for Amadori-modified peptides
and are independent of any additional modifications that may be present on the N- and C-
termini.8-10,26 While neutral losses of H2O and 2 H2O can also occur on other peptides (e.g.,
neutral loss of H2O from peptides containing hydroxyl or carboxylic acid residues), neutral
losses of 3 H2O, 4 H2O, 3 H2O + HCHO, and C6H10O5 are less common and may be exploited
in NLMS3- and MSA-based methods to sequence glycated peptides. In the following
experiments, we have compared the efficacy of utilizing these characteristic neutral losses
individually, as well as in combination, for sequencing glycated peptides using a linear ion-
trap mass spectrometer.

Evaluation of NLMS3-based approaches
As described above, data-dependent NLMS3 functions by first isolating a product ion produced
by the MS2 scan and corresponding to a specified neutral loss, which is then activated and
dissociated in the following MS3 stage. Those neutral losses used to trigger MS3 scans in our
NLMS3 experiments are listed in Table 1, and the results of these experiments are summarized
in Table 2. Approximately 1500 spectra were confidently identified by each NLMS3 approach,
with the exception of neutral loss of Amadori-adduct-triggered fragmentation, which resulted
in only 614 spectra identified. The latter approach resulted in ∼60% fewer identifications due
to the low intensity of the ion corresponding to the neutral loss of the Amadori adduct (Fig. 1).
The low intensity of this ion often results in its exclusion for fragmentation during subsequent
MS3 scans. Regardless of the NLMS3-based approach employed, an average of 99% of the
spectra identified corresponded to peptides containing Amadori modification at lysine, which
highlights the high specificity of NLMS3-based approaches to identifying glycated peptides.

When all potential neutral losses were considered in the same LC/MSn analysis the majority
(88.6%) of glycated peptide identifications were from MS3 scans triggered by neutral loss of
3 H2O (Table 3). In contrast, neutral loss of 3 H2O + HCHO produced only 11.4% of glycated
peptide identifications, whereas no glycated peptides were identified in MS3 scans triggered
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by neutral loss of the Amadori adduct. This again is in line with the intensity of the ion
corresponding to the neutral loss in the MS2 stage. Lower ion intensity may result in exclusion
from subsequent MS3 scans, and, as illustrated in Fig. 1, the intensity of the ion corresponding
to neutral loss of 3 H2O is typically more intense than the intensity of the ion corresponding
to neutral loss of 3 H2O + HCHO. However, the neutral loss of 3 H2O + HCHO can still result
in high-quality MS3 spectra when this ion is generated with sufficient intensity in MS2scans.
For example, peptide RHPYFYAPELLFFAK*R was identified by both fragmentation of the
pyrylium ion (neutral loss of 3 H2O) and the furylium ion (neutral loss of 3 H2O + HCHO), as
shown in Figs. 2(a) and 2(b). It is clear that the ions that carry the partially cleaved Amadori
moiety (b15 and the y-ions) were either from the pyrylium-ion precursor (Fig. 2(a)) or the
furylium-ion precursor (Fig. 2(b)).

The overlap in the number of unique glycated peptides identified by the three different
NLMS3 approaches (excluding neutral loss of Amadori-adduct-triggered MS3, due to
ambiguity in some identified peptides when two or more lysines exist in the same sequence)
is shown in Fig. 3(a). There is significant overlap among the three different approaches,
although a slightly higher number of unique glycated peptides were identified by further
activation of the pyrylium ion compared with the other two approaches.

Evaluation of MSA-based approaches
As described above, MSA functions by first fragmenting a precursor ion in the MS2 stage. The
product ions corresponding to a specified neutral loss are then further activated and fragmented
in the MS3 stage. The product ions (MS2) from the initial precursor ion and the activated
neutral-loss product ions (MS3) are then simultaneously stored, and a composite spectrum is
generated containing ions from all of the activated precursors. The neutral losses used in our
MSA experiments were identical to those used in the NLMS3 experiments described above.
The number of spectra identified in the MSA experiments is listed in Table 2. In general, many
more spectra were identified by MSA compared to NLMS3. However, although the data
acquisition methods and data search parameters were tailored for the identification of Amadori-
modified peptides, the MSA-based approaches resulted in lower specificity compared with the
NLMS3-based approaches. For example, only 19.0% of peptides were identified as glycated
in the case of neutral loss of Amadori-adduct-triggered MSA, and only 56.0% were identified
as glycated when all potential neutral losses were considered. As in the case of NLMS3-based
approaches, neutral loss of Amadori-adduct-triggered MSA resulted in far fewer glycated
peptide identifications due to the low intensity of the ions corresponding to this neutral loss.

However, unlike NLMS3-based approaches where only one product ion from the MS2 stage
is selected as the precursor ion in the subsequent MS3 stage, MSA is capable of fragmenting
several ions if they all meet the specified neutral losses. For example, Fig. 2(c) shows a peptide
spectrum that was acquired and identified by neutral loss of 3 H2O. In theory, we should observe
the furylium ion [M + 3 H − 3 H2O − HCHO]3+ at m/z 712.3. However, because this neutral
loss is 28 Da at charge state 3+, it overlaps with an ion corresponding to the targeted neutral
loss of 3 H2O (pyrylium ion) at charge state 2+ (27 Da). Thus, the furylium ion was also
fragmented in the 2nd stage and its product ions indeed observed in this spectrum, similar to
what was observed for NLMS3 (Fig. 2(b)) but with lower relative intensity (these peaks are
not labeled in Fig. 2(c)). In contrast, an intense pyrylium ion [M + 3 H − 3 H2O]3+ at m/z 722.3
dominates the spectrum shown in Fig. 2(d), which was acquired and searched using furylium
ion [M + 3 H − 3 H2O − HCHO]3+ parameters. This mixing effect in the combined MSA spectra
was further illustrated in the data acquisition approach utilizing all potential neutral losses. Of
the 2790 total identified spectra containing the Amadori modification (Table 3), there were a
handful of peptides that were identified by more than one search parameter.
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In general, significantly more unique glycated peptides were identified in the MSA pyrylium-
ion approach compared with the other MSA methods, which is consistent with the high intensity
of ions corresponding to this type of neutral loss. Also, the percentage of overlap among all
three MSA approaches is less compared with the case of NLMS3(Fig. 3(b)), which indicates
that annotation and interpretation of spectra from MSA is more complex, particularly when
multiple fragmentation pathways coexist.

NLMS3 versus MSA
When comparing all the unique glycated peptides identified by these two data acquisition
strategies, MSA (283 unique glycated peptides) identified more Amadori-modified peptides
compared to NLMS3 (231 unique glycated peptides), as shown in Fig. 3(c). MSA is superior
in this regard and should be utilized if the results will be used for population of a peptide
database, such as with the accurate mass and time tag approach.27,28 However, NLMS3-based
approaches offer the advantage of high specificity in terms of glycated peptide identifications.
Almost all of the peptides identified by NLMS3 were Amadori-modified, which provides an
additional level of confidence in the results. In addition, approximately 90% less time is
required for database searching of NLMS3 datasets compared with MSA datasets, because only
the MS3 scans are searched when using these approaches. Thus, NLMS3-based approaches are
more suitable if the goal is not the identification of very low abundance proteins or if the sample
is not overly complex. In general, the significant amount (178 unique glycated peptides) of
overlap in identifications using these two advanced CID strategies does not clearly indicate
which method should be used when sequencing Amadori-modified peptides.

CONCLUSIONS
We have evaluated different NLMS3- and MSA-based approaches for sequencing glycated
peptides enriched from human serum glycated in vitro as alternatives to ETD when that
technique is unavailable. Each advanced CID technique offers advantages and disadvantages.
While MSA identified more glycated peptides, the time required for data processing and
analysis is significantly higher compared to NLMS3. In contrast, NLMS3 resulted in extremely
high identification specificity, with ∼99% of spectra corresponding to glycated peptides. Thus,
the choice of which advanced CID approach to use for the identification of glycated peptides
should be driven by the goals of the experiments and the informatics capabilities of each
laboratory.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Product-ion spectrum produced from fragmentation of the [M + 3H]3+ ion of peptide
RHPYFYAPELLFFAK*R, where * represents the Amadori adduct modification site.
Different neutral losses are shown in the zoomed inset.
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Figure 2.
Product-ion spectra produced from the [M + 3H]3+ ion of peptide RHPYFYAPELLFFAK*R
under different neutral-loss-triggered approaches, where * represents the Amadori adduct
modification site. (a) NLMS3 triggered by neutral loss of 3 H2O; (b) NLMS3 triggered by
neutral loss of 3 H2O + HCHO; (c) MSA triggered by neutral loss of 3 H2O; and (d) MSA
triggered by neutral loss of 3 H2O + HCHO.
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Figure 3.
Venn diagrams showing the overlap of unique glycated peptides as identified by different
neutral-loss-triggered approaches. (a) NLMS3-based approaches; (b) MSA-based approaches;
and (c) total number of unique glycated peptides identified by all NLMS3- and MSA-based
approaches. I, II and III in (a) and (b) represent neutral losses of 3 H2O, 3 H2O + HCHO, and
the combination of all potential neutral losses, respectively.
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Table 1
Acquisition and database search parameters for various NLMS3 or MSA experiments

Acquisition parameters Database search parameters

Neutral loss category Neutral losses NLMS3 MSA

3 H2O 18.01 (3+), 27.02 (2+), 54.03 (1+) K+108.02 K+162.05, with neutral loss
of 54.03

3 H2O+HCHO 28.01 (3+), 42.02 (2+), 84.04 (1+) K+78.01 K+162.05, with neutral loss
of 84.04

C6H10O5 54.02 (3+), 81.03 (2+), 162.05 (1+) none K+162.05, with neutral loss
of 162.05

All neutral losses All of the above K+78.01 or K+108.02 K+162.05, with neutral loss
of 54.03, 84.04 or 162.05
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Table 3
Summary of glycated peptides identified by NLMS3- and MSA-based approaches when all potential neutral losses are
considered. Glycated peptides correspond to peptides containing Amadori-modified lysines. Numbers in parentheses
are the percentage value calculated with respect to the total number of modified peptides

Approach

Total # of
glycated
peptides

# of glycated peptides
identified by
loss of 3 H2O

# of glycated peptides
identified by

loss of 3 H2O+HCHO

# of glycated peptides
identified by

loss of C6H10O5

NLMS3 All neutral
losses 1424 1262 (88.6%) 162 (11.4%) 0

MSA All neutral
losses 2790 1332 (47.7%) 716 (25.7%) 754 (27.0%)
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