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Abstract

Background: Recent immunological data demonstrated that dendritic cells prefer-
entially recognize advanced glycation end product (AGE)-modified proteins, upre-
gulate expression of the receptor for AGE (RAGE), and consequently bias the
immune response toward allergy.

Methods: Peanut extract was characterized by mass spectrometry (MS) to eluci-
date the specific residues and specific AGE modifications found in raw and
roasted peanuts and on rAra h 1 that was artificially glycated by incubation with
glucose or xylose. The binding of the RAGE-VIC1 domain to peanut allergens
was assessed by PAGE and Western analysis with anti-Ara h 1, 2, and 3 antibod-
ies. IgE binding to rAra h 1 was also assessed using the same methods.

Results: AGE modifications were found on Ara h 1 and Ara h 3 in both raw and
roasted peanut extract. No AGE modifications were found on Ara h 2. Mass
spectrometry and Western blot analysis demonstrated that RAGE binds selec-
tively to Ara h 1 and Ara h 3 derived from peanut extract, whereas the analysis
failed to demonstrate Ara h 2 binding to RAGE. rAra h 1 with no AGE modifi-
cations did not bind RAGE; however, after AGE modification with xylose, rAra
h 1 bound to RAGE.

Conclusions: AGE modifications to Ara h 1 and Ara h 3 can be found in both
raw and roasted peanuts. Receptor for AGE was demonstrated to selectively
interact with AGE-modified rAra h 1. If sensitization to peanut allergens occurs
in dendritic cells via RAGE interactions, these cells are likely interacting with
modified Ara h 1 and Ara h 3, but not Ara h 2.

In the United States, the estimated prevalence of food allergy
is 2.7%, where 1.3% is specifically sensitive to peanuts (1).
Adverse reactions to peanuts can be triggered by extremely
small doses and are the most frequent type of fatal anaphy-
laxis to food allergens (2, 3). However, the reasons for this
hypersensitivity are poorly understood. It has been suggested
that food processing may contribute modifications, such as
advanced glycation end products (AGEs), that are inappro-
priately recognized by the immune system and contribute to
allergic sensitization (4). Studies with antibodies raised
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against common AGEs and advanced lipoxidation end prod-
ucts (ALEs) concluded that the major peanut allergens Ara h
1 and Ara h 3 were commonly modified with carboxymeth-
ylysine, malondialdehyde, and hydroxynonenal, while such
modifications were less common in Ara h 2 (5). In addition,
IgE derived from allergic patients more strongly recognizes
roasted peanut extracts than raw (4). It should be noted that
patients only raise antibodies against antigens to which they
are exposed, and in the United States, it is uncommon to
encounter raw peanuts. So that while patient IgE recognizes
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roasted peanuts, it does not demonstrate that AGEs neces-
sarily contribute to sensitization.

However, there are several new lines of evidence that AGE
modifications do contribute to allergic sensitization. Buttari
et al. (6) demonstrated that dendritic cells stimulated with
AGE-modified protein activated more IL-4-producing T cells
than IFN-y-producing T cells, indicating a possible Th2 bias.
Similar results were found by Hilmenyuk et al. (7), compar-
ing dendritic cells pulsed with AGE-modified OVA and regu-
lar OVA. The CD4+ T cells co-cultured with the dendritic
cells produced more of IL-5 and reduced production of IFN-
v in response to the AGE-modified OVA, again implying a
Th2 bias. Another study also found enhanced CD4+ T-cell
activation in response to AGE-modified OVA; however, the
uptake by dendritic cells was mediated by scavenger receptor
class A type I and II (SR-AI/II) and not RAGE (receptor
for AGEs) or galectin-3 (8). These experiments provide good
evidence that AGE modification of proteins can bias the
immune response toward allergic sensitization.

The most logical receptors to recognize proteins with AGE
modifications would be RAGE or other scavenger-type
receptors with promiscuous affinity for a variety of structur-
ally different ligands. Previous studies in Caco-2 cells, which
are a model for intestinal epithelia, showed that RAGE acti-
vation by AGEs stimulated MAP-kinases (9), which were
shown to influence cellular proliferation in a cancer model
(10). Very recently, AGE-modified Ara h 1 was demonstrated
to influence the proliferation of Caco-2 cells (11). The prolif-
eration depended on the incubation time and temperature
used to induce the formation of AGEs, indicating that spe-
cific chemical structures were important in influencing the
pro-inflammatory network (11).

The previously mentioned study is among the few to charac-
terize what chemical modifications occur to the peanut aller-
gens (5). The antibody technology utilized was not capable of
identifying which specific residues were modified. In this
study, we attempted to characterize, at the atomic level, the
modifications that occur in roasted peanuts and in controlled
reactions with sugars using mass spectrometry. We tested the
modified and unmodified proteins for binding to RAGE and
allergic patient-derived IgE. The results are the first to directly
demonstrate RAGE recognition of AGE-modified peanut
allergens and should contribute to a better understanding of
the innate immune system recognition of peanut allergens.

Materials and methods
Allergens and peanut extracts

Raw peanuts were oven-roasted at 177°C (350°F) for 15 min.
Raw and roasted peanuts were crushed with a mortar and
pestle. Two grams of ground peanut was extracted at 60°C
with 30 ml of phosphate-buffered saline (PBS), IM NaCl,
pH 7.4 for 15 min, by manually shaking and vortexing the
extraction mix. Peanut extracts were allowed to stand for
15 min in a 60°C bath, and the supernatant was centrifuged
at 6000 g for 5 min at room temperature. The supernatants
were further centrifuged at 16 000 g for 5 min and frozen at
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—20°C. Recombinant Ara h 1 was expressed and purified as
previously described (12).

SDS-PAGE and Western blot analyses

Each of the samples was mixed with 3x sample loading buffer
and incubated for 10 min at 65°C prior to sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) on a
4-20% Novex Tris—=HCI gel (Invitrogen, Grand Island, NY,
USA). The gel was placed into Gel-Code Blue stain (Pierce,
Rockford, IL, USA) solution for 1 h, then destained in
distilled water for 1 h and photographed. Detailed procedures
of the Western blotting are given in the supplemental material.
Immunocap values for patients 1-5 are, respectively: >100,
23.1, 14.5,21.5, and 37.1 kU/1.

Glycation of recombinant Ara h 1

Roasting-induced Maillard reaction or glycation was per-
formed as described in a previously established simulated
roasting model with slight modifications (4). Purified rAra h
1 (0.5 mg/ml) was solubilized in PBS and incubated at 55°C
in the presence of 0.25 M glucose or xylose, for 0, 1, 2, 4, 7,
or 10 days. Reactions were stopped by either addition of
sample buffer for SDS-PAGE and Western blot analysis or
frozen at —20°C for use in immunoprecipitation and mass
spectrometry analysis.

RAGE pull-down experiments

Human RAGE VI1CI domain was expressed as a fusion with
maltose-binding protein (MBP) and purified as described pre-
viously (13). Fresh amylose resin (50-200 ul of slurry) was
washed 3-5x with PBS buffer by repeated centrifugation in
small PCR tubes. The MBP-RAGE was incubated for 1 h
while gently rocking with the amylose resin at 3 mg/ml of
slurry, which was reported as the maximum capacity of the
resin (New England Biolabs, Ispswich, MA, USA). Excess
MBP-RAGE was removed with 3-5 washes of PBS. The
resin and MBP-RAGE were incubated with the peanut
extract, rAra h 1, or the negative control Bos d 6 for 1 h
with gentle rocking. Again, excess protein was removed by
repeated washing. The MBP-RAGE was eluted by adding
PBS with 10 mM maltose. Xylose- and glucose-treated aller-
gens rAra h 1 and Bos d 6 were obtained by incubating the
allergens with 250 mM sugar for the times indicated, up to
10 days. The samples were dialyzed into PBS prior to the
binding experiment to remove excess sugars that might inter-
fere with the MBP-RAGE (maltose-binding protein) con-
struct’s binding to the amylose resin. Peanut extract
concentrations were determined by Bradford assay to be
815 mg/ml. The amount of extract added to the resin was
designed to not be more than 3 mg/ml.

Mass spectrometry sample preparation

Raw and roasted peanut extracts were
gel-enhanced liquid chromatography mass

analyzed by
spectrometry
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(GeLC-MYS) or off-line/on-line two-dimensional liquid chro-
matography mass spectrometry in efforts to enhance the
detection of AGE modifications on the peanut allergens. For
specific details, please see the supplementary material.
Recombinant Ara h 1 was analyzed by standard nano LC-
ESI-MS/MS.

Results
RAGE binding to recombinant Ara h 1

RAGE is commonly known to promiscuously bind a variety
of substrates. To insure that there were no endogenous AGE
modifications or post-translational modifications on Ara h 1
that may interact with RAGE, the first binding experiments
utilized rAra h 1 from bacteria. As described in the methods,
MBP-tagged RAGE (V1C1 domain) was bound to an amylose
resin and utilized to ‘pull-down’ potential ligands. Figure 1
shows a Western blot using an antibody selective for Ara h 1
to probe the samples obtained from the pull-down experiment.
The results in panel A show the important negative control
first, in which rAra h 1 that was not incubated with sugars is
not retained by RAGE (lanes 4 and 5) and instead remains in
the supernatant (lanes 2 and 3). Secondly, Fig. 1B shows that
rAra h 1 incubated with glucose and xylose for 10 days forms
multimers due to cross-linking of the subunits from AGE
modifications. Clearly the xylose is more efficient than glucose
in creating these multimeric modifications. Thirdly, the xylose-
modified rAra h 1 is retained by RAGE in this pull-down
experiment (panel B lanes 4 vs 5), while the glucose-modified
rAra h 1 is not (panel B lanes 6 vs 7).

A B
1 2 3 4 5 1

Figure 1 The binding of rAra h 1 to RAGE before and after the
Maillard reaction in the presence of glucose or xylose. Panel A is a
Western blot with anti-Ara h 1 antibody binding to 1) untreated rAra
h 1 control, 2) untreated rAra h 1 supernatant from pull-down with
RAGE-bound amylose resin or 3) amylose resin alone and 4) co-elu-
tion with MBP-RAGE from amylose resin or 5) amylose resin alone.

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Mass spectrometry results (Table 1) confirmed that under
the conditions examined, glucose only weakly allows for the
formation of AGEs on recombinant Ara h 1. Interestingly,
the Schiff base is the species detected. The Schiff base is the
first step in the formation of AGEs and suggests that perhaps
higher glucose concentration, longer incubation times, or
higher temperatures may induce additional AGEs. In light of
these mass spectrometric results, it is not surprising that glu-
cose-modified rAra h 1 did not interact with RAGE and is
likely related to the reduced efficiency of glucose vs xylose in
forming AGE modifications in the same amount of time.

Table 1 compares the AGE modifications and the identity
of the modified residues in the xylose- and glucose-treated
samples. The most common modification identified was a
carboxymethyl (CM) adduct, which occurred on both argi-
nine and lysine residues. Some peptides, such as the IFLAG,
were found modified with different AGEs. All of the peptides
that were modified by glucose were also found to be modified
in the sample incubated with xylose. Only the DLAF peptide
was uniquely modified by xylose. Figure 2 and supplemen-
tary material display mass spectrometry results with AGEs
present.

IgE binding to AGE-modified proteins

Figure 3 shows the binding of IgE from five peanut-allergic
patients to the glucose- and xylose-treated rAra h 1. In panel
A, the staining shows that the total protein content appears
reduced at the longer incubation times with the sugars. A
large number of free radicals that form during the progres-
sion of the Maillard reaction begin to attack and degrade the
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Panel B is an anti-Ara h 1 Western blot of 1) untreated rAra h 1, 2)
heated with glucose or 3) xylose for 10 days, 4) xylose-treated rAra
h 1 supernatant from pull-down with RAGE, or 5) co-elution with
MBP-RAGE from amylose resin, and 6) glucose-treated rAra h 1
supernatant from pull-down with RAGE, or 7) co-elution with MBP-
RAGE from amylose resin, 8) Molecular weight marker.
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Table 1 Advanced glycation end product modifications on rAra h 1

Mueller et al.

Peptide Sequence m/z MW obs (M + H) MW theor (M + H) delta MW Modification
Recombinant Ara h 1 + xylose
GPLLSILKAFN 616.2 1231.4 1230.7 0.7 CML
IFLAGDKDNVIDQIEK 626.3 1876.9 1875 1.9 CML
VAKISMPVNTPGQFEDFFPASSR 862.1 2584.3 2583.3 1 CML
DLAFPGSGEQVEKLIK 614 1840 1839 1 Pyrraline
IFLAGDKDNVIDQIEK 643.3 1927.9 1926 1.9 Pyrraline
NTLEAAFNAEFNEI(RR) 670.9 2010.7 2009.9 0.8 Di-CML*
Recombinant Ara h 1 + glucose
AMVIVVVNKGTGNLELVAVR 749.2 2245.6 2244.3 1.3 Fructose Lysine

*Extensive y-ion series and precursor mass confirm this peptide with the addition of 116 Da, but the position of the 116 Da addition is

ambiguous.
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Figure 2 Identification of a Maillard reaction modified Ara h 1 pep-
tide using LC-MS/MS. The fragment ion spectrum of an ion of m/z
862.1 is shown in the graph with the amino acid sequence shown

protein into smaller fragments that most likely run off of the
bottom of the gel. What remains of the AGE-modified pro-
tein (and fragments thereof) is less visible and appears as
smears, due to extensive levels of modifications. In each case,
the intensity of the Western blot (Fig. 3B) closely matches
the staining of the protein by Coomassie. This shows that the
patient IgE recognizes both the monomeric and covalently
linked multimeric forms of rAra h 1 that form due to AGE
modifications. The total IgE binding appears to increase for
some patients in the first time points and decrease for
others. A slight reduction is seen in IgE binding to the
xylose-modified samples at longer incubation times as the
epitopes become extensively modified. Based on Fig. 3 and
the MS analysis in Table 1, the patient IgE extensively recog-
nizes both the AGE-modified and unmodified allergens.
These results demonstrate that this in vitro system produces
relevant modified allergens.

To further test whether the patient IgE recognized the
AGE modifications exclusively, the milk allergen Bos d 6 was
treated in the same in vitro system as was rAra h 1. Similar
to the results in Fig. 1, the xylose-treated Bos d 6 interacted
most strongly with RAGE (data not shown). Supplementary
Fig. 1 demonstrates that the peanut-allergic patient sera did

This article has been contributed to by

in the figure corresponding to residues 260-283 of Ara h 1 with a
carboxymethyllysine modification.

not recognize the AGE-modified Bos d 6. In summary,
RAGE is specific for AGE modifications, while the patient
IgE is allergen specific (See Supplementary Material).

RAGE interactions with allergens from roasted peanut
extract

Figure 4 shows the results of a second RAGE pull-down
experiment; however, this time raw and roasted peanut
extracts were used. Panel A shows a stained SDS gel for
proper comparison of the amount of protein used in the
lanes containing raw vs roasted peanut. Western blots are
shown in panels B, C, and D utilizing Abs specific for Ara h
1, Ara h 2, and Ara h 3, respectively. The results in panel B
indicate that Ara h 1 is weakly pulled down by RAGE from
peanut extract, from both the raw and roasted samples.
Although the bands are in lanes 4 and 6 are weak, Ara h 1
was readily identified with 12 MS/MS spectra corresponding
to 3 unique peptides (See supplemental material), with a Dis-
tinct Summed MS/MS Search Score of 42.2, and 5%
sequence coverage. In panel B, Ara h 2 was not detected in
the RAGE pull down at the lower molecular weight (9 kDa)
usually associated with monomeric Ara h 2. There are faint

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 3 SDS-PAGE and IgE binding to rAra h 1 subjected to the
Maillard reaction with glucose and xylose. Panel A is an SDS-PAGE
of rAra h 1: 1) untreated or heated in the presence of (lanes 2-6)
glucose or (lanes 7-11) xylose for 1, 2, 4, 7, and 10 days,
respectively. Panel B is an IgE Western blot analysis of five

bands at higher molecular weight that could indicate the
presence of aggregates with some affinity for RAGE. MS
analysis never detected any Ara h 2 fragments with AGE
modifications (see Table 2 and discussion below).

Figure 4 panel D shows that Ara h 3 is most efficiently
pulled down by RAGE according to the Western blot analy-
sis. In addition, the faint band in lane 5 may indicate either
nonspecific interactions of AGE-modified Ara h 3 with the
amylose resin or that the RAGE binding was saturated, but
the bands are significantly stronger when RAGE is present
(Lanes 5 vs 6). The MS results confirmed the presence of Ara
h 3 and/or ten other variants or iso-allergens of Ara h 3
(Table S1). In the NCBI database, there are 15 different pro-

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

peanut-allergic patients’ sera binding to the samples aligned with
and described in panel A. Indicated by arrows are the location of
the Ara h 1 hexamer (H), trimer (T) and dimer(D). Immunocap val-
ues for patients 1-5 are, respectively: >100, 23.1, 14.5, 21.5, and
37.1.

teins from Arachis hypogaea with >68% sequence identity to
Ara h 3 (Table S2). According to the World Health Organi-
zation and International Union of Immunological Societies
(WHO/IUIS) Allergen Nomenclature (www.allergen.org), an
allergen with >67% sequence identity may be considered an
iso-allergen. Because of the high sequence identity among the
short peptides identified by MS, it is difficult to uniquely iden-
tify from which protein the peptide was derived. We are confi-
dent that the Western and MS data demonstrate that RAGE
pulls down Ara h 3, or one or more of these iso-allergens.

In addition, Fig. 4 panel E shows IgE binding detected
by Western blot using a pool of sera from patients 2 and 3
and the same samples used for the analyses in panels

This article has been contributed to by US Government employees and their work is in the public domain in the USA
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Figure 4 Detecting the binding of Ara h 1, Ara h 2 and Ara h 3
from raw and roasted peanut extracts to RAGE. SDS-PAGE (Panel
A) and Western blot of pull-down experiments with (Panel B) anti-
Ara h 1, (Panel C) anti-Ara h 2, (Panel D) anti-Ara h 3 antibodies,
and (Panel E) anti-lgE from pooled sera of patients #2 and #3 are
shown. The lanes are 1) raw and 2) roasted peanut extracts
that were subjected to MBP-RAGE amylose resin pull-down

Table 2 Advanced glycation end product modifications in peanut extract
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experiments. Lanes 3 and 5 of each panel are supernatants from
pull-down experiments, and lanes 4 and 6 contain material from
raw and roasted peanut extracts, respectively, that co-elute with
the RAGE from amylose resin. MW indicates the molecular weight
marker. All panels are scaled to the molecular weight markers at
the left of panel B.

Peptide sequence m/z MW obs (M + H) MW theor (M + H) delta MW Modification
Ara h 1 (raw)

EGALML(hydroxyIP)(HFNSK) 473.2 1417.6 1417.7 0.1 CM*
Ara h 3 (raw)

NGIEETICSASVKK 769.9 1538.8 1536.8 2 CML
QLKNNNPFKFFVP(hydroxIP)FDHQSMR 889.7 2667.1 2666.3 0.8 CM
Ara h 1 (roasted)

IFLAGDKDNVIDQIEKQAK 754.6 2261.8 2261.2 0.6 CML

VAKISMPVNTPGQFEDFFPASSR 862.2 2584.6 2583.3 1.3 CML

SSENNEGVIVKVSK 517.2 1549.6 1547.8 1.8 CML

DLAFPGSGEQVEKLIK 597.1 1789.3 1788.9 0.4 CML
Ara h 3 (roasted)

NGIEETICSASVKK 769.9 1538.8 1536.8 2 CML
QLKNNNPFKFFVPPFDHQSMR 889.7 2667.1 2666.3 0.8 CMy

*extensive y-ion series and precursor mass confirm this peptide with the addition of 58 Da, but the exact position of the 58 Da addition can

only be localized to the 5 C-terminal residues.

textensive y-ion series and precursor mass confirm this peptide with the addition of 58 Da localized on the extreme N-terminal residue.

B-D. The patient’s IgE appears to detect the roasted
extract more strongly than the raw after co-elution with
RAGE. This is due to less total peanut protein that co-
elutes with RAGE from the raw extract which contains
fewer AGE modifications. The bands in panel E most
closely match those of Ara h 3, and Ara h 1 although there
are some additional bands. These additional bands may be
other peanut allergens with AGE modifications besides Ara
h 1, 2, or 3.

Table 2 describes the AGE modifications found in Ara h 1
and Ara h 3 in peanut extracts. Only a few peptides could be
confidently identified as having CM adducts in both the raw
and roasted extracts. In the roasted extract, we were only
able to identify CM adducts on four peptides from Ara h 1
and two peptides from Ara h 3. Two of the peptides were
similarly identified with CM adducts in the artificial glycation

with rAra h 1. Mass spectra with these AGE-modified
peptides are shown in the supplemental material. Notably,
no AGEs were found on Ara h 2 despite both Ara h 2.01
and Ara h 2.02 being readily detected in both raw and
roasted peanut extracts. Ara h 2.01 was identified with a Dis-
tinct Summed MS/MS Score of 275.8, which corresponded to
334 spectra of 18 unique peptides and 78% sequence cover-
age. Ara h 2.02 was identified with a Distinct Summed MS/
MS Score of 158.4, which corresponded to 50 spectra of 10
unique peptides and 48% sequence coverage. The fact that
no glycation events could be detected was surprising, given
the number of lysine and arginine residues on the surface of
Ara h 2 in the recently described structure (14). Note that
Tables 1 and 2 do not purport to be a complete catalogue of
all possible AGE modifications. These are the modifications
that were most confidently identified with mass spectrometry.

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 5 shows the location of the identified AGE modifi-
cations on the structure of Ara h 1 (12). The residues with
modifications are distributed apparently randomly over the
protein surface. Most of the lysine modifications occur on
the ‘front face’, which is likely a consequence of the higher
concentration of lysines on this surface.

Discussion

The peanut has been identified as one of the most potent
allergenic foods (15, 16). Extracts from roasted peanuts were
shown to bind higher IgE levels than extracts from raw pea-
nuts (4), and other studies support a role for AGE modifica-
tions in this phenomenon (17). Recent studies have suggested
that AGE-RAGE interactions may contribute to allergic sen-
sitization (6, 7) so we assessed the recognition and binding of
peanut allergens to RAGE.

This study describes evidence supporting RAGE binding
to peanut allergens that have been specifically modified by
AGESs. These studies establish that RAGE does not interact
with unmodified rAra h 1, but does interact with AGE-
modified rAra h 1 (Fig. 1). Secondly, we find that RAGE
can bind AGE-modified Ara h 1 and Ara h 3 (Fig. 4).
Mass spectrometry identified explicit AGE modifications
associated with specific residues on Ara h 1 and Ara h 3
(Tables 1 and 2) and largely confirmed the analysis of the
Western blots. We detected similar AGE modifications on
the same peptides in Ara h 1 as were described by Hebling
et al. (18). However, in contrast to our results, that study
did not mention any AGE modifications in the raw peanut
extract. The lack of modifications to Ara h 2 was similar to
that described with mAb detection of AGEs by Chung
et al. (5), and no modifications to Ara h 2 are mentioned in
the MS analysis of Hebling et al. (18). The reported large
number of modifications in the study by Chassaigne et al.
(19) may seem to be in conflict with this result; however,
the list of modifications to Ara h 2 in that study includes
primarily N-terminal modifications and not AGEs. An
important contribution of this study is that AGE modifica-
tions were found on both raw and roasted peanut allergens.
These results suggest that future studies on the effect of
AGE modifications from roasted peanut extract should uti-
lize a recombinant protein instead of raw peanut extract as
a control.

A comparison of the amount of Ara h 1 detected by
Western blot analysis in raw vs roasted peanut extracts indi-
cated a reduced signal intensity for the allergen from roasted
peanut 1 (Fig. 4A, lanes 2 and 3). This result is apparently
contradictory to previous work that demonstrated an increase
in the amount of Ara h 1 in solution in peanut extracts that is
dependent on the roasting time (20). This increase occurred in
spite of a reduction, upon roasting, in the binding capacity of
one of the two anti-Ara h 1 monoclonal antibodies from the
ELISA used to measure the allergen. Similarly, the epitope
recognized by the antibody used in the immunoblot analysis
could have been affected by roasting, resulting in a reduced
binding to Ara h 1 from roasted peanut. We emphasize that
AGE-modified Ara h 1 is recognized by RAGE, as demon-

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 5 Identification of AGE-modified residues identified on the
surface of Ara h 1. A surface rendering of Ara h 1 showing two
views of the protein, rotated 180° about the y-axis. Panel A is the
‘front” and panel B is the 'back’. Unmodified lysines are colored
green, modified lysines are red, umodified arginines are cyan, and
modified arginines are magenta. The data are a composite of
Tables 1 and 2.

strated in Fig. 1. The detection of Ara h 1 in the extract may
also be weak because Ara h 3 in roasted extract is more effec-
tively competing for RAGE binding.

It is interesting to discuss why the patient IgE does not
appear to significantly differentiate between the AGE-modi-
fied and unmodified rAra h 1. There are several conclu-
sions to draw. First, consumption of raw peanuts is rare;
hence, the patients in question were likely primarily
exposed to roasted peanuts. However, we have demon-
strated here that even ‘raw’ peanuts may contain a
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substantial number of AGE modifications. Therefore, the
IgE binding data here suggests that the AGE modifications
do not substantially modify patient epitopes, because the
IgE binds well to the control rAra h 1 that is untreated
and contains no AGE modifications. The data on AGE-
modified Bos d 6 further demonstrate that the patient IgE
is not specific to the AGE modifications. In contrast,
RAGE is specific to AGE modifications, and is not protein
specific. To be clear on the separate issues of RAGE and
IgE binding in the allergic response, RAGE is hypothesized
to be important in the initial innate immune response
that biases sensitization toward an allergic response. IgE
binding is part of the later adaptive immune response from
B cells.

In addition to AGE modifications, other protein modifi-
cations, including gylcosylation, phosphorylation, and cyste-
inylation, have been studied for their ability to modify the
immunological response (21). In the case of the birch pollen
allergen Bet v 1, nitrosylation of the protein was demon-
strated to alter the presentation of Bet v 1 peptides on
dendritic cells and increase proliferation, and IL-5 and
IFN-y production in splenocytes (22, 23). While cataloging
the AGE modifications to the peanut allergens, numerous
other modifications were identified such as malondialdehyde,
which is an ALE (data not shown). For this study, we have
focused on reporting the AGE modifications and RAGE
interactions. An important conclusion of this study is that
RAGE does bind to AGE-modified Ara h 1 and Ara h 3.
If allergic sensitization is enhanced by RAGE-dependent
interactions, it is apparently feasible that AGE-modified
Ara h 1 and Ara 3 are involved.
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Supplementary Figure 1
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Supplementary Figure 1. Lack of IgE binding from peanut allergic patient sera to Bos d 6 before and
after Maillard reaction.

Panel A is a stained SDS-PAGE and panels B-D are a Western blot of allergic patient sera from
patients 1-3 respectively. Panel E is a Western blot with anti-Bos d 6. The lanes for each panel
contain M: Marker (BioRad PPP marker), 1: Crude peanut protein, 2: Empty, 3: Bos d 6, 4: Bos d
6 treated with glucose for 10 days, and 5: Bos d 6 treated with xylose for 10 days.



Supplementary Table 1
Mass spectrometry identification of Ara h 3 iso-allergens
Including percent identity to Ara h 3.0101

Distinct
Summed
MS/MS Search % AA Mean GenPept
Distinct Peptide Seq Query
No. SpectraPeptides Score Coverage Intensity Species Database # Name %ID Ara h 3 Coverage
Arachis
9 144.8 25  4.32E+07 hypogaea 52001219 arachin Ahy-1 99 100
Arachis
9 144.8 25  4.32E+07 hypogaea 37789212 storage protein 99 100
Arachis
8 138.4 22  3.29E+07 hypogaea 9864777 Glyl 88 99
Arachis allergen
8 132.4 23  4.44E+07 hypogaea 21314465 Arah3/Arah4 100 100
Arachis
8 126.0 22  4.80E+07 hypogaea 118776570 arachin 6 88 96
Arachis
6 103.0 14  4.09E+07 hypogaea 52001221 arachin Ahy-2 95 100
Arachis
6 101.5 15 4.04E+07 hypogaea 57669861 arachin Ahy-4 88 100
Arachis
4 68.0 11  6.42E+07 hypogaea 5712199 glycinin 86 100
Arachis
4 66.2 8 5.51E+07 hypogaea 3703107 glycinin 73 100
Arachis trypsin
1 20.7 7 2.75E+07 hypogaea 22135348 inhibitor* 99 40
Arachis
1 20.7 8 2.75E+07 hypogaea 118776572 arachin 7* 97 38

*- reported clone

is a fragment



Supplementary Table 2

Top 15 hits from a BLAST search of the NCBI

database using Ara h 3 as the query

o g bh W N P

0 ~N

10
11
12
13
14
15

Description Max score

allergen Arah3/Arah4 [Arachis hypogaea] 1101
arachin Ahy-1 [Arachis hypogaea] 988
storage protein [Arachis hypogaea] 975
arachin Ahy-2 [Arachis hypogaea] 949
Gly1 [Arachis hypogaea] 912
arachin Arah3 isoform [Arachis hypogaea] 903
arachin Ahy-4 [Arachis hypogaea] 893
arachin 6 [Arachis hypogaea] 890
Chain A, Crystal Structure Of Peanut Major Allergen Ara H 3 865
glycinin [Arachis hypogaea] 859
glycinin [Arachis hypogaea] 842
iso-Ara h3 [Arachis hypogaea] 754
Ara h 3 allergen [Arachis hypogaea] 751
glycinin, partial [Arachis hypogaea] 751

gb|AAU21492.1| arachin Ahy-3 [Arachis hypogaea] 671

1101
988
975
949
912
903

893
890
865
859
842
754
751
751
671

Total score Query cover E value

100%
100%
100%
100%

99%
100%

100%
100%
96%
95%
100%
100%
100%
99%
100%

O O O O o o

O O O O O ©o 0o o o

100%
99%
99%
95%
88%
89%

88%
91%
88%
87%
86%
73%
73%
73%
68%

GenBank

Max ident Accession

AAM46958.1
AAU21490.1
AAR02860.1
AAU21491.1
AAGO01363.1
ACH91862.1

AAW56067.1
ABL14270.1
3C3V_A
AAC63045.1
AAD47382.1
ABI17154.1
ADQ53859.1
AAT39430.1
Q647H2.1



Xylose

MS/MS spectrum of ion m/z 626.3 corresponding to residues 516-531 of Arah1

with K522 CML
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Xylose

MS/MS spectrum of ion m/z 862.1 corresponding to residues 260-282 of Arah1
with K262 CML
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Xylose

MS/MS spectrum of ion m/z 616.2 corresponding to residues 591-601 of Arah1
with K598 CML
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Xylose

MS/MS spectrum of ion m/z 614.0 corresponding to residues 535-550 of Arah1
with K547 pyrraline
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Xylose

MS/MS spectrum of ion m/z 643.3 corresponding to residues 516-531 of Arah1
with K522 pyrraline
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Xylose

MS/MS spectrum of ion m/z 670.9 corresponding to residues 294-309 of Arah1
with R308 +116
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glucose

MS/MS spectrum of ion m/z 749.2 corresponding to residues 427-446 of Arah1l
with K 435 fructose lysine

AMVlVVVNTGTGNLELVAVR
FL
In:(znoz6 +MS2(749.5), 26.7min #800
(M+3H)3*-2H,0
y6 b142+
1.0 | A | : b,g?* y
Ys Yi™" Y1a** by** P
Y2 i b162+
05 Ya | 6379 ! b152+
b b, Ty ¥ i
b3 | 387.3 b4 y92+ ‘5 ‘ b9?+ GJ Lﬂ JLM un 'M J‘ ‘L Yio J ‘
0o Lol JL ”w‘ . m“h\ L 4‘\‘\ , H il A J \Mh ! M‘M‘h i LMMMLLJ[LJH Mumﬂm ULALJJ'}IMUMM Uhﬁ LJ‘J‘ mmﬂm ‘l ‘J”MJ'ML‘(JM rLNM‘WLMUMU JJ‘MH‘U ‘ HM‘A L \‘“H:‘ }M




raw

MS/MS spectrum of ion m/z 473.2 corresponding to residues 415-426 of Arah1
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roasted

MS/MS spectrum of ion m/z 754.6 corresponding to residues 516-534 of Arah1
with K522/531 CML
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roasted
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CML

MS/MS spectrum of ion m/z 862.2 corresponding to residues 260-282 of Arah1
with K262 CML
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roasted

MS/MS spectrum of ion m/z 517.2 corresponding to residues 332-345 of Arah1

with K342 CML
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roasted

MS/MS spectrum of ion m/z 597.1 corresponding to residues 535-549 of Arah1

with K546 CML
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raw

MS/MS spectrum of ion m/z 769.9 corresponding to residues 326-338
of Ara h 3 with K338 CML
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raw
MS/MS spectrum of ion m/z 889.7 corresponding to residues 489-509

of Ara h 3 with Q489 CM

(QLKNNNPFKFFVPpFDHQSMR

CML

Intens. +MS2(889.7), 36.9min #2342

++
Y15

++
8000 - 948.6 Y17

1062.4

6000 +

Yig™"
1119.1
4000 Yig'"
1005.2

Y5

++
658.5 Y20

2000 +

400 ' 600 ' 800 ' 1000 ' 1200 ' 1400 ' miz



roasted

MS/MS spectrum of ion m/z 769.9 corresponding to residues 326-338

of Ara h 3 with K338 CML
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roasted

MS/MS spectrum of ion m/z 889.7 corresponding to residues 489-509
of Ara h 3 with Q489 CM
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MS/MS of Ara h 1 Peptides Observed by RAGE Pull-down
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MS/MS of AHY-3 Peptides Observed by RAGE Pull-down
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Materials and Methods

Western Blot Analysis

Subsequent to SDS-PAGE, the proteins were transferred to a PVDF membrane.
Western blot analysis for Arah 1, Ara h 2, Ara h 3 and the binding of IgE from the
serum of documented peanut allergic individuals was then performed. Briefly, the

membrane was blocked for 1 hour using 5% Blotto (dry milk dissolved into PBS



containing 0.5% TWEEN (PBS-T)). After blocking the primary antibody was diluted
at 1:5000 for chicken anti-Arah 1, Arah 2 and Ara h 3 and 1:10 for peanut allergic
sera in 5% Blotto, added to the membrane, and incubated for 1 hour. After the
incubation, the membrane was washed 3 times with PBS-T. Then, horseradish
peroxidase (HRP)-labeled secondary antibodies were diluted at 1:10,000 for both
goat-anti-chicken (Sigma Chemical Company, St. Louis, MO) and goat-anti- human
IgE antibodies (CALTAG Laboratories, Burlington, CA) in 2% Blotto and the
membrane and incubated for 30 minutes at room temperature. The membrane was
then washed 3 times with PBS-T and incubated with ECL-Plus Western substrate
(Amersham Bioscience Corp., Piscataway, NJ) according to manufacturer’s

instructions.

Bos d 6 (BSA) experiments and analysis

Bos d 6 is a common allergen in milk allergy, which we utilized as a food
allergen control that is not normally glycated. The allergen is more commonly
known as bovine serum albumin or BSA. BSA was purchased from Sigma. The
artificial glycation reactions were performed identically to those for Ara h 1. The
protein was dissolved PBS at 0.6 mg/ml and treated with 250 mM glucose or xylose

for up to ten days, incubating at 55C.

Sample preparation for LC-MS of peanut extracts



For GeLC-MS, 100 pg of peanut extract were used per gel lane and electrophoresis
performed as described above. The SDS-PAGE lane was manually sectioned into 24
equal gel pieces. Each piece was independently minced and digested with trypsin
(Promega) for 8 hours in an automated fashion with a Progest robotic digester from
Genomic Solutions. Briefly, the minced gel bands were incubated twice for 15
minutes in 100 pL of 25 mM ammonium bicarbonate, 50% (v/v) acetonitrile. The
gel was then dehydrated by a 20 minute incubation in 100 pL of acetonitrile
followed by drying under a nitrogen stream. 250 nanograms of trypsin (Promega)
were added, followed by an 8 hour incubation at 37 °C. The resulting peptides were
extracted by first collecting the digest supernatant, then incubating the gel with 50
uL of water for 20 minutes and collecting the resulting supernatant, and, finally,
collecting the supernatant from 2 independent 20 minute incubations of the gel in
50 uL of 5% (v/v) formic acid, 50% (v/v) acetonitrile. All supernatants were pooled
during the collection process and were lyophilized to dryness. The lyophilized
samples were resuspended in 35 uL of 0.1% formic acid.

For two-dimensional LC separations, 60 pg of peanut extract were digested to
completion using trypsin (Promega) and the resulting peptides were loaded onto a
250 mm x 4.6 mm Vydac 218MS C18 HPLC column (Grace) and separated using an
HP1100 HPLC system where buffer A was 200 mM ammonium formate pH 10 and
buffer B was acetonitrile at a 1 mL/min flow rate, and 1 mL fractions were collected.
Briefly, 60 ug of peanut extract digest was loaded onto column followed by a 15
minute wash of 95% buffer A, 5% buffer B. Peptides were eluted by applying linear

gradient from 5% buffer B to 50% buffer B to the column over 45 minutes. This was



followed by a 5 minute gradient from 50% buffer B to 95% buffer B and then a 10
minute hold at 95% buffer B. Fractions were lyophilized to dryness and

resuspended in 40 uL of 0.1% formic acid.

NanoLC-ESI-MS/MS

NanoLC-ESI-MS/MS analyses were performed using an Agilent 1100 nanoLC system
on-line with an Agilent XCT Ultra ion trap mass spectrometer with the Chip Cube
Interface. 20 uLs of the peptide mixture from the in-gel digest were loaded onto an
Agilent C1g chip (75 pm x 43 mm) followed by a 15 minute wash of 5% acetonitrile,
0.1% formic acid. Peptides were eluted by applying a linear gradient from 5%
acetonitrile, 0.1% formic acid to 50% acetonitrile, 0.1% formic acid to the column
over 45 minutes. This was followed by a 5 minute gradient from 50% acetonitrile,
0.1% formic acid to 95% acetonitrile, 0.1 % formic acid and then a 10 minute hold at
95% acetonitrile, 0.1% formic acid. The mass spectrometer was used in the positive
ion, standard enhanced mode and included settings of a mass range from 200 to
2200 m/z, an ionization potential of 2.1 kV, an ICC smart target of 200000 or 200
milliseconds of accumulation, and a 1.0 volt fragmentation amplitude. MS/MS data
were acquired using a data dependent acquisition format with the 6 most abundant
ions from each MS scan further interrogated by MS/MS. The automated switching

for MS/MS required a threshold of 10000 counts.

Database searching



A peak list containing precursor ion m/z values, abundances, retention times, and
associated fragment ion m/z values and abundances was generated from the data
obtained from the nano LC-ESI-MS/MS analysis using the Data Extractor feature of
the Spectrum Mill software from Agilent. The Data Extractor settings included
limiting the data search to deconvoluted ions observed between 400 and 5000 Da
and a retention time between 10 minutes and 50 minutes. MS scans with the same
precursor mass (+/- 1.5 m/z) and retention time within 30 seconds were merged.
Moreover, of the remaining MS/MS spectra, only spectra that contained sequence
tag information greater than 2 residues were submitted for database searching. The
resulting extracted data were then searched against the Arachis hypogaea species
limited NCBInr database using the MS/MS Search function in the Spectrum Mill
software. Search settings included a trypsin specificity with two missed cleavages
allowed, a precursor ion mass tolerance of 2 Da, a product ion mass tolerance of 1.0
Da, variable methionine oxidation, variable lysine and arginine AGE modifications
(user entered into the custom modifications file), and a minimum matched spectral
intensity of 70%. Sequence assignments of MS/MS spectra were manually validated

with particular focus on putative AGE-modified peptides.

Results
Bos d 6 IgE binding
As a control experiment to test if the patients were recognizing AGE

modifications in general, or specificially AGE-modified Ara h 1, we artificially



glycated a different food allergen Bos d 6. Supplemental Figure 1A shows the
stained SDS PAGE separation of the samples. This shows a similar result to treating
Ara h 1: after treatment with glucose or xylose, there are more high molecular
weight bands and the staining by Coomassie shows more of a smear than discrete
bands. In data not shown, we performed the same experiment as in figure 1 using
Bos d 6 instead of Ara h 1. This verified that RAGE did co-elute with the smear of
high molecular weight bands in the Bos d 6 xylose-treated sample. Possibly there
was a weak interaction with the glucose treated sample, and there was no Bos d 6
co-elution in the untreated control. This is identical to the results found for Ara h 1
samples treated in a similar fashion. As expected, this result demonstrated that
RAGE interacts with AGE modifications and is not protein specific. Supplemental
Figure 1, panels B, C, and D show the results of an anti-IgE Western blot with the
sera of 3 peanut allergic patients. For comparison, crude peanut protein is included
in lane 1 of each panel. As can be seen, there is no significant IgE recognition of Bos
d 6 in the control or the treated lanes. In order to show where Bos d 6 should
appear, panel E is a Western blot utilizing an anti-Bos d 6 antibody. In conclusion,
the patient IgE recognized specifically Ara h 1 but not Bos d 6, while RAGE is specific

for AGE modifications and not protein specific.

Mass Spectrometry
Additional supplementary figures of the mass spectrometry results are

included.
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