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Figure 4. Example mass spectra of several Amadori-product-modified tryptic peptides from rAra h 1. Panel A is the MS/MS spectrum of the peptide
containing amino acids 541−559 with K556 modified by an Amadori product. The inset is a zoom from m/z 740 to 770, with ions corresponding to
the losses of one, three, four, and three H2O and HCHO labeled. The sister ions at m/z 743.7, 747.9, and 753.8 correspond to the 13C-labeled
Amadori product (m/z 771.8) that co-isolated during MS/MS of the 12C ion, m/z 769.9. Panel B is the MS/MS spectrum of the peptide spanning
amino acids 560−575 with K572 modified by an Amadori product. The inset is a zoom from m/z 900 to 945, with ions corresponding to the losses
of one, two, three, four, and three H2O and HCHO labeled. Panel C is the MS/MS spectrum of the peptide containing amino acids 541−559 with
both K547 and K556 modified by Amadori products. The inset is a zoom from m/z 775 to 820, with ions corresponding to multiple water losses and
water and HCHO losses labeled. This spectrum is extremely complicated because the fragmentation of two Amadori products and the fact that all of
the neutral losses exist as ion dyads as a result of the co-isolation of the 13C-labeled Amadori product containing peptide with the natural abundance
(99% 12C) Amadori-product-labeled peptide when performing MS/MS.
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only on the loss of water and HCHO correctly retains the 12
spectra of interest but eliminates only 37% of the total spectra
for manual interpretation.
Applying the Shannon Entropy and Ion Filter. The

algorithm described above was applied to two additional
nanoLC−ESI−MS/MS experiments containing 2948 and 3029
MS/MS spectra, and candidate spectra were identified. Panels
A (amino acids 541−559 K556−Amadori), B (amino acids

560−575 K572−Amadori), and C (amino acids 541−559
K547−Amadori and K556−Amadori) of Figure 4 show
example MS/MS data of several ions found to correspond to
an Amadori product modification of recombinant, in vitro
glycated peanut allergen, Ara h 1. These data further suggested
that MS3 of ions that arose from neutral loss of water in the
MS/MS would be useful for the unambiguous assignment of
the candidate ions to tryptic peptides from Ara h 1. Hence, we

Figure 5. Example of the MS, MS/MS, and MS3 data that result from a neutral-loss-triggered MS3 experiment performed on rAra h1. The data in
panel A again show a mass spectrum that demonstrates a dyad of ions corresponding to a tryptic peptide that is glycated as a result of the incubation
of rAra h 1 with 1:1 12C glucose/13C glucose. Panel B is the MS/MS spectrum of ion m/z 990.5, showing the loss of multiple waters and HCHO,
with an inset showing a zoom from m/z 945 to 990. Panel C shows the MS3 of the ion m/z 990.5 > 964.0, with the resulting b and y ions annotated
that allow for the unambiguous assignment of the Amadori-modified tryptic peptide covering amino acid residues 541−559, with K547 as the site of
modification.
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employed a strategy similar to the strategy employed by Zhang
et al., where neutral-loss-triggered MS3 was used.17 Figure 5
shows the MS, MS/MS, and MS3 data that result from such an
experimental approach. The data in Figure 5A showing a dyad
of ions confirm that an isotopic mixture of the two sugars was
used in creating the glycation. Figure 5B shows the character-
istic low-information MS/MS and ion fragmentation pattern
observed when performing MS/MS on many glycated peptides.
Finally, Figure 5C shows MS3 with the annotated b and y ions
that were used to identify the modified peptide and glycation
product. The sum of these data allowed us to unambiguously
identify a tryptic peptide spanning the amino acid residues
541−556 with an Amadori product modification of K547.
Table 1 lists the new Ara h 1 modifications that were identified
using some or all of this combined procedure. A total of 13 new
modifications were identified that had not been previously
characterized.

■ DISCUSSION
Using isotopic labeling, MS3, and computational strategies, we
were able to formulate a workflow that enabled the rapid
identification of Amadori-product-modified peptides. In a test
sample containing 2929 total MS/MS spectra, using only
computational approaches, we were able to reduce the number
of spectra to 37 for manual interpretation. These 37 spectra
contained all 12 spectra of the Amadori-product-modified
peptides. Two of the modified peptides were observed as both
2+ and 3+ ions, but there was no significant difference in the
fragmentation patterns based on which the charge state was
selected. It should be pointed out, however, that we cannot
make any generalizations with regard to the charge state
dependence of the fragmentation of the Amadori products as a
result of this extremely small sampling. Nevertheless, this
combination of approaches facilitated the identification of 13
additional ions corresponding to peptides containing mod-
ifications on the peanut allergen, Ara h 1, that we previously
had not been able to characterize.
The peptides in Table 1 show that some of the same peptides

are modified with different AGEs. This is theoretically possible
because AGEs can be heterogeneous. It is interesting to
speculate that the local protein structure and chemistry may
have some influence on the type of AGE modifications, but not
enough data is available to fully assess this. Some of the
peptides in Table 1 were identified in other studies as AGE-

modified peptides.10−12 Whether or not these are “hot spots”
for AGE modifications is unknown. Because the AGEs are still
problematic to identify, it is difficult to conclude that other
solvent-accessible sites are not modified. It is important to not
overinterpret the currently small data set of modifications.
If glycation is suspected before mass spectrometric analyses,

additional techniques, such as neutral-loss-directed MS3, multi-
stage activation, and electron-transfer dissociation, would be
warranted and could lead to more robust characterization of
sites of glycation. The Shannon entropy algorithm detailed here
occupies a niche where it is likely best applied as a rescue
technique to reanalyze data-dependent acquisition data sets that
have already been collected. In other words, if no modified
peptides were found with standard software packages, the data
can be parsed again with this algorithm to reduce the data set to
a manageable size (nearly a 99% reduction in our test case) for
manual MS/MS spectra interpretation.
This computational technique is simple and easy to

generalize. The utility of the isotopic labeling was only to
confirm the initial suspicion that these low-information spectra
were indeed the spectra that contained the modified peptides.
This is not necessary in future applications. Other applications
may include the characterization of glycosylated peptides,
where the MS/MS collisional energy is primarily absorbed by
the carbohydrate, which also reduces the number of b and y
ions for peptide identification. Additional health applications
include the identification of glycation markers in patient sera of
type 2 diabetes, aging, and cardiovascular disease.23,24

In the future, the technique can be applied to peanut extract
and other foods.25 In a preliminary examination of peanut
extracts, the method appears applicable; however, the variety
and mass degeneracy of AGEs is currently confounding further
progress. Further purification of the protein of interest may be
required. Nevertheless, knowledge of the common fragmenta-
tion patterns and exact masses may be useful for MS detection
of trace amounts of peanut allergen in prepared food. This
could improve the accuracy and safety of food labeling, as
recently proposed.11 Additionally, identifying the sites of
modification and the chemical modifications may explain why
dry roasting skews the immune response toward allergy. In a
study directly applicable to Ara h 1 studied here, AGE-modified
Ara h 1 was demonstrated to influence the proliferation of
Caco-2 cells, which are a model for intestinal epithelia. This
influence depended upon the incubation time and temperature

Table 1

sequence number peptide sequencea predicted MW m/z charge state observed MW delta mass corresponding modificationb

214−228 IVQIEAK*PNTLVLPK 1662 912.7 2 1823.4 161.4 Amadori product
285−307 VAK*ISMPVNTPGQFEDFFPASSR 2524.2 896.4 3 2686.2 162 Amadori product
386−401 K*GSEEEGDITNPINLR 1770.9 967.7 2 1933.4 162.5 Amadori product
402−421 EGEPDLSNNFGK*LFEVKPDK 2262.1 808.4 3 2422.2 160.1 Amadori product
414−421 LFEVK*PDK 974.5 569.5 2 1137 162.5 Amadori product
452−471 AMVIVVVNK*GTGNLELVAVR 2081.2 748.6 3 2242.8 161.6 Amadori product
461−477 GTGNLELVAVRK*EQQQR 1925 661.7 3 1982.1 57.1 CML
461−477 GTGNLELVAVRK*EQQQR 1925 666.5 3 1996.5 71.5 CEL
461−477 GTGNLELVAVRK*EQQQR 1925 696.2 3 2085.6 160.6 Amadori product
541−556 IFLAGDK*DNVIDQIEK 1817 990 2 1978 161 Amadori product
541−559 IFLAGDKDNVIDQIEK*QAK 2144.2 769.9 3 2306.7 162.5 Amadori product
541−559 IFLAGDK*DNVIDQIEK*QAK 2144.2 823.4 3 2467.2 323 2× Amadori product
557−575 QAK*DLAFPGSGEQVEKLIK 2057.1 706.2 3 2115.6 58.5 CML
560−575 DLAFPGSGEQVEK*LIK 1729.9 947 2 1892 162.1 Amadori product

aAn asterisk indicates the site of peptide modification. bCML, carboxymethyllysine; CEL, carboxyethyllysine; and Amadori product, C6H10O5.
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of Ara h 1 with the sugars, indicating the possibility that specific
AGE modifications may be important for influencing the pro-
inflammatory network.26 The technique developed here will be
applicable in characterizing the modifications that lead to the
differential effect.
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