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Abstract : 

Ovalbumin (OVA) is a food allergen whose allergenicity is modulated by heating. We aimed to establish 
a molecular connection between heat-induced modifications and the modulation of the IgE binding 
capacity of OVA. For this, we used model samples of heat-modified OVA with increasing complexity; 
glycated, aggregated or glycated and aggregated. Using sera from egg-allergic individuals, we show 
that both aggregation and glycation strongly impacted IgE binding capacity, despite limited structural 
changes for glycated OVA. A molecular exploration at the amino acid level using high-resolution mass 
spectrometry = revealed extensive cross-linking, mostly through disulfide and dehydroprotein bridges, 
and moderate but significant glycation. Structural modifications affected residues located within or at 
a few amino acids distance of known human linear IgE epitopes, such as C121, K123, S169, K190, K207, 
H332 and C368. We thus unveil key amino residues implicated in the changes in IgE binding of OVA 
induced by heating.  

Keywords : Ovalbumin, heat, aggregation, glycation, allergenicity, LC-HRMS
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1. Introduction

Food allergies represent a major public health issue, as world-wide prevalence and severity are 
increasing (Loh & Tang, 2018). Food allergens are predominantly proteins present in different food 
products, such as cereals, nuts, milk, eggs, fish and shellfish. One of the most common allergies is egg 
allergy, which affects 1.3-1.6% of children and usually develops in the first year of life (Anagnostou, 
2021). A major allergen implicated in egg allergy is ovalbumin (OVA), the main protein of egg white 
(54%) (Urisu et al., 2015). Studies have pointed out that between 50 and 85% of egg-allergic patients 
can tolerate cooked or extensively heated eggs, suggesting a link between heat-induced structural 
modifications of egg allergens and allergenicity (Bartnikas et al., 2013; Lemon-Mulé et al., 2008). 

Protein structure can be modified by thermal treatment through a loss of tertiary and secondary 
structures, native disulfide bond cleavage, and the random apparition of new disulfide bonds after 
cooling; a modification seen especially with globular proteins such as OVA (Davis & Williams, 1998; 
Nicolai & Durand, 2013).  Indeed, the formation of the characteristic white, gel-like structure upon egg 
heating is the result of a progressive denaturation and aggregation of egg white proteins, including 
OVA (Mine, 1995; Urisu et al., 2015). Following heating, proteins can also become glycated when 
sugars are present in the medium through the Maillard’s reaction. In the Maillard’s reaction, reducing 
sugars react with the side chains of amino acids to form Schiff’s bases, which through so-called 
molecular “Amadori” rearrangements lead to the formation of Advanced Glycation End products 
(AGEs) in a free or protein-conjugated form (Hellwig & Henle, 2014). 

Several studies have investigated the impact of heat-induced glycation and aggregation on OVA 
allergenicity. The heat-induced glycation of OVA under dry-thermal processing conditions or under 
wet-thermal conditions significantly lowered the IgE binding capacity of OVA, as determined using sera 
from egg-allergic patients (Jiménez-Saiz et al., 2011; Liao et al., 2018) or from OVA-sensitized rabbits 
(Ma et al., 2013). Similar to heat-induced glycation, the progressive heat-induced aggregation of OVA 
seems to lower OVA allergenicity. Mice studies have shown that OVA aggregation reduces both allergy 
sensitization and elicitation in mice and reduces the IgE binding capacity of OVA (Claude et al., 2016; 
Claude et al., 2017; Jiménez-Saiz et al., 2011). There is however a lack of studies that establish a precise 
link between allergenicity and the heat-induced structural modifications of OVA, and especially the 
changes at the molecular level. 

Tandem mass spectrometry (MS/MS) coupled to liquid chromatography has become a method of 
choice for characterizing the molecular structure of proteins, and identifying and quantifying proteins 
in complex biological samples for at least 20 years. However, the identification of post-translational 
modifications (PTMs) still remains a challenge. In a food context, chemical modifications of proteins 
are catalyzed by cooking, freezing, drying or storage and depend on the composition of the food matrix 
(presence of sugars, lipids and different proteins) (Feeney, 1982). When proteins are heated in the 
presence of sugar (a common process in food industry), protein groups targeted by the Maillard’s 
reaction – such as N-terminal alpha-amino groups, epsilon-amino groups of lysine, and guanidine of 
arginine – get modified, and those modifications can be easily detected in MS/MS spectra (McKerchar 
et al., 2019; Tagami et al., 2000). Indeed, using high-resolution mass spectrometry, several studies 
have deciphered the glycation profile of model food proteins such as lactoglobulin from cow’s milk or 
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ovalbumin from hen’s eggs (Chen et al., 2018; Chen et al., 2012; Liao et al., 2018; Wang et al., 2020; 
Yang et al., 2019). These examples confirm the relevance of mass spectrometry for extensive 
characterization of food proteins, including their modifications (Arena et al., 2017).  

Cross-link proteomics is a specific, emerging field in proteomics that allows the investigation of protein-
protein interactions at a molecular level. Recently, several bioinformatic software were released or 
updated with the aim of deciphering complex spectra of cross-linked peptides. These new software 
have notably enabled the proteomics community to analyse and identify native protein cross-links via 
mass spectrometry at a proteome scale (Lu et al., 2015). Although the main use of these programs is 
in the health sector, these recent advances in data interpretation are also perfectly suited to food 
proteins – provided knowing the bridges upstream of the analysis –  and are particularly interesting in 
that context, as protein cross-links are common and diverse in processed foods (McKerchar et al., 
2019). The analysis of food proteomics data by these new methods will likely open the gates for 
detailed studies on the impact of food processing on food quality and safety. Despite the rise of cross-
link proteomics approaches and adapted bioinformatics tools, there is still a lack of analyses and 
studies of food products using these approaches. This study aims to fill this gap by using OVA as a 
simplified food model.

In the present study, we mobilized the latest methodologies in tandem mass spectrometry and cross-
link proteomics to decipher the heat-induced structural changes of OVA in the presence or absence of 
sugar. Our objective was to better understand how these structural changes could lead to a modulation 
of the IgE binding of OVA, depending on the process it has undergone. We thus studied different OVA 
model samples with an increasing level of complexity: native OVA; OVA heated under dry conditions 
at 55 °C, without or with glucose supplementation; and OVA heated in wet conditions at 80 °C, without 
or with glucose supplementation. We used glucose to promote glycation, as it is the main 
monosaccharide present in food preparations, although it is not the most reactive reducing sugar of 
the Maillard’s reaction (Chen et al., 2018).  We specifically focused on the identification of several 
Maillard’s reaction-induced adducts and amino acid cross-links, as these modifications are particularly 
frequent in food processing but remain poorly characterized (McKerchar et al., 2019; Soboleva et al., 
2017). Our results show an extensive modification of the OVA molecular structure following the 
different heating processes, through the formation of new cross-links and glycation of many residues. 
This paper provides a map of the structural changes and discusses their possible link to the modulation 
of OVA allergenicity.



5

2. Materials and methods

2.1. Sera from egg-allergic patients 

Sera from 9 egg-allergic children with OVA-specific IgE were selected for this study (see Supplemental 
Table 1). The sera belong to a registered sera collection from multiple clinical studies obtained with 
the informed consent of patients or their caregivers (DC-2008-809 of INRAE, UR1268 BIA 
Biopolymères, Interactions, Assemblages, Nantes, France) and were stored at -80 °C until use.

2.2. Protein preparation and characterization of OVA aggregates
2.2.1. Protein preparation

OVA purified from egg white with a purity of approximately 87% was kindly provided by INRAE, UMR 
1253 “Science et Technologie du Lait et de l’Œuf” (STLO, Rennes, France). To obtain glycated but not 
aggregated OVA, OVA solutions were prepared at 20 mg/mL in 0.03 M NaCl, pH 9 in the presence or 
absence of 20 mg/mL of glucose. After lyophilization, the samples were heated for 24 or 72 hours at 
55 °C in a 65% humidity-controlled environment using a saturated potassium iodide solution. These 
samples are referred to as OVA-D-H-55-24h (heated, 24h), OVA-D-HG-55-24h (heated, glycated, 24h), 
OVA-D-H-55-72h (heated, 72h) and OVA-D-HG-55-72h (heated, glycated, 72h). To obtain aggregated 
and glycated OVA, OVA solutions were prepared at 20 mg/mL in 0.03 M NaCl, pH 9 in the presence or 
absence of glucose (20 mg/mL) and were heated for 6 h at 80 °C in a temperature-controlled water 
bath to form aggregates. These samples are referred to as OVA-W-H-80-6h (aggregated) and OVA-W-
HG-80-6h (aggregated, glycated). A non-aggregated OVA solution (OVA-N) was prepared by solubilizing 
at 20 mg/mL in 0.03M NaCl, pH 9. Aliquots were stored at −20 °C until further use.

2.2.2. SDS-PAGE
OVA-N, OVA-D-H-55-24h, OVA-D-HG-55-24h, OVA-D-H-55-72h, OVA-D-HG-55-72h, OVA-W-H-

80-6h, and OVA-W-HG-80-6h were diluted at 0.167 mg/mL in Laemmli sample buffer (Bio-Rad 
Laboratories, France) and reduced or not by the addition of DTT (1X) and an incubation for 5 minutes 
at 95 °C. Fifteen µL of each sample (2.5 μg of protein/well) was loaded on a Mini-Protean TGX Precast 
4-20% gel using a Mini-Protean Tetra Cell system (Bio-Rad Laboratories). A voltage of 100V was applied 
during 90 minutes. After migration, proteins were revealed by staining with Coomassie Blue. In order 
to eliminate background coloration, the gels were rinsed with distilled water before scanning (Image 
Scanner iii, GE Healthcare, Souffelweyersheim, France).

2.2.3. Size distribution
Particle size measurements were performed at room temperature and in triplicate. The size 

distributions of native and glycated OVA solutions were determined by dynamic light scattering on a 
Zetasizer Nano ZS (Malvern Instruments, UK), using the following refractive indexes: 1.45 for the 
proteins and 1.33 for the continuous phase. Samples were diluted to 10 mg/mL prior to analysis, filled 
into a cuvette and placed into the chamber of the Zeta sizer. 
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2.3. Immuno-assays on native and modified OVA
2.3.1. Dot-Blot
Increasing amounts of each OVA sample were spotted on a nitrocellulose membrane (0.2 mm, 

Sartorius, Germany) corresponding to 0.1, 0.5, 1 and 2 μg of protein. The membrane was then dried 
for 30 min at 37 °C and saturated with 4% polyvinylpyrrolidone (PVP) in Phosphate Buffered Saline 
(PBS; 137mM sodium chloride, 10mM phosphate, 2.7mM potassium chloride; pH 7.4), Tween 0.1% 
(PBS-T) for 4 h at room temperature before incubation with human sera (Supplemental Table 1) as 
previously described (Lupi et al., 2013). Pooled sera were prepared at a 1:25 dilution in 4% PVP in PBS-T 
and incubated overnight at room temperature. An anti-human IgE secondary antibody (Southern 
Biotech, 9205-05) was used at 1/500000 dilution in 4% PVP in PBS-T for 2 h at room temperature. The 
chemiluminescent substrate used for revelation was the Western Bright™ Quantum 
chemiluminescence HRP substrate (ADVANSTA-K12042-D20, Menlo Park, USA), and a Fuji Las3000 
(Fujifilm, France) camera was used for detection.

2.3.2. Indirect ELISA
OVA-specific IgE levels were determined using indirect fluorimetric ELISA as previously described 
(Claude et al., 2016) using a Biomek NXP Laboratory Automation Workstation (BECKMAN Coulter, 
France). 20 μL of OVA-N, OVA-D-H-55-24h, OVA-D-HG-55-24h, OVA-D-H-55-72h, OVA-D-HG-55-72h, 
OVA-W-H-80-6h, and OVA-W-HG-80-6h diluted to 5 μg/mL in 0.1 M sodium carbonate was coated on 
white NuncMaxiSorp 384 well microtiter plates (Fischer Scientific, Illkirch, France) for 2 h at room 
temperature. Plates were blocked with 20 μL PBS-T supplemented with Gelatin 0.5% (PBS-T-G) for 2 h 
at 37 °C. Next, plates were incubated with 20 μL diluted human sera (1/10 dilution in PBS-T-G) 
overnight at 37 °C, followed by 2 h incubation at 37 °C with 20 μL of 1/500 diluted alkaline-
phosphatase-conjugated anti-human IgE (A3525, Sigma, Saint-Quentin Fallavier, France, in PBS-T-G). 
4-Methylumbelliferyl phosphate was used as a substrate (Sigma, Saint-Quentin Fallavier, France). 
Measurements were run in triplicate. The fluorescence was measured at 440 nm (excitation 360 nm) 
using a Synergy HT reader (Bio-tek instruments, Colmar, France). Data from indirect ELISA were 
analysed using a repeated measures ANOVA with a post-hoc multiple comparison Tukey (Figure 2A)) 
or a Dunnett’s test (Figure 2C). A statistical cut-off of p < 0.05 was used.

2.4. OVA structural analysis at the peptide level
2.4.1. Preparations of samples prior to LC-MS analysis
Prior to digestion, samples were diluted in ammonium bicarbonate buffer (50 mM, pH 8) at a 

concentration of 1 mg/mL. Then, 50 µL of each diluted sample was collected and added to 10 µL of 
tryspin (200 ng/µL) and 138 µL of ammonium bicarbonate 50 mM, pH 8 to reach a final protease-to-
protein ratio of 1:25. In order to increase the release of tryptic peptides, 2 µL of 1% (v/v) ProteaseMAX 
(Promega, Madison, United States) was added to reach a final concentration of 0.01% (v/v). Samples 
were then incubated at 37 °C for three hours and digestion was stopped by cooling samples to -20 °C. 
Prior to MS analysis, all digested samples were filtered on an EMPORE C8 disk (3M, Fischer Scientific, 
F67403 Illkirch Cedex, France) in order to remove residual salts or large polypeptides and undigested 
proteins. 

2.4.2. Mass spectrometry analysis
Four µL of digests of each sample was injected on the nanoLC-MS/MS system composed of a 

hybrid Quadrupole-Orbitrap mass spectrometer (Q Exactive HF, Thermo-Fisher Scientific ™, Bremen, 
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Germany) coupled to a nanoscale LC system (Ultimate U3000 RSLC system, Thermo-Fisher Scientific ™, 
Bremen, Germany). Tryptic peptides were separated on a reversed-phase capillary column (Acclaim 
PepMap ™ C18, 2 µm, 100 Å, 75 µm i.d. x 25 cm long, Thermo-Fisher Scientific ™, Bremen, Germany) 
using a linear gradient of: (A) 99.9% water, 0.1% trifluoroacetic acid and (B) 90% acetonitrile, 9.92% 
water and 0.08% formic acid. After 15 minutes of column equilibration at 4% of B, the gradient 
consisted of a linear increase from 4% to 50% of B in 45 min, followed by a rapid increase to 90% of B 
within three minutes, which was maintained for two minutes and then decreased to 4% of B for re-
equilibration of the column during 10 minutes. Peptides were eluted at a flowrate of 0,3 µL/min and 
ionized in nanoESI positive mode. Acquisitions were done using a data-dependent acquisition method. 
Full MS scans (m/z 400-2000) were acquired at 60K resolution and the fifteen most intense ions (with 
charges of 2-6) were fragmented in the HCD cell (NCE = 26). Fragments were analyzed in the Orbitrap 
analyzer at 30K resolution. Each sample was injected twice and after each run a wash program was 
engaged to reduce peptide carry-over on the column.

2.4.3. Bioinformatic treatment of MS data
The LC-MS/MS raw data were processed into mgf and mzXML formats using msConvert 

(https://proteowizard.sourceforge.io/tools/msconvert.html) prior to several databank searches. The 
proteomic data of the present work was included in the Pride database 
(http://www.proteomexchange.org/; dataset identifier: PXD030366).

2.4.4. Unmodified peptide identification
Identification of OVA peptides without modifications (except the oxidation of methionine Δm 

= +15.99) and other proteins than OVA, was done against a databank restricted to proteins belonging 
to Taxon 9031 (Gallus_gallus) extracted from SwissProt (2,297 entries, updated on 2021/02/02) by 
using X!Tandem pipeline v. 0.4.34 (Langella et al., 2017). Methionine oxidation was set as a variable 
modification and trypsin enzymatic cleavage was specified for the search with up to 3 miss-cleavage 
tolerance. Mass tolerance for precursors and fragments mass was set at +/-5 ppm or 5 ppm, 
respectively. Peptide identifications were validated by filtering the Peptide-Spectrum-Matches (PSM) 
with an e-value below 10-3. Proteins were identified using at least two specific peptides and an e-value 
score below 10-4. 

2.4.5. Glycated peptides identification and localization of glycations
Databank search was done using X!Tandem against a databank restricted to proteins belonging 

to Taxon 9031 (Gallus_gallus) extracted from SwissProt (2,297 entries, updated on 2021/02/02). Five 
types of adducts targeting Lys (K) and Arg (R) were searched as variable modifications. Names, 
structures, targeted residues and mass delta induced by these adducts are listed in Supplemental 
Figure 2C. This first step allowed for the identification of peptides with a correct mass shift (depending 
on the type of glycation) and with a fragmentation profile sufficiently informative to confirm the 
peptide sequence. Glycated peptides (and residues) were filtered (and localized) using PTMProphet 
(Shteynberg et al., 2019) which is included in the TransProteomicPipeline (v6.0.0-rc15 Noctilucent). 
After identification, subsets of spectra attributed to a glycated OVA peptide were manually curated to 
confirm the presence and precisely localize the residue bearing the modification. To be considered as 
valid, a MS/MS spectrum needed to present at least one signature fragment of the glycation position 
(e.g. a b- or y-ion containing the glycated residue). An example of curated and annotated glycated 
peptide spectrum is shown in Supplemental Figure 3A.
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2.4.6. Linked peptides identification
Cross-linked peptide identifications were done against a databank containing only the 

sequence of ovalbumin from SwissProt (P01012, OVAL_CHICK) using two dedicated databank search 
algorithms: pLink v. 2.3.9 (Chen et al., 2019) and Merox v. 2.0.1.4 (Götze et al., 2015). Briefly, mass 
tolerances for precursors and fragments were set at 3 ppm. Inbuilt FDR evaluation was used to filter 
identified peptides under a threshold of 1%. More detailed information about search parameters are 
available in Supplemental Table 2. A manual examination of identified MS/MS spectra was performed 
on all peptide sequences identified by the two software, and only unambiguous spectra (for linker 
positions on sequences) were conserved after this step. To be considered as unambiguous, a MS/MS 
spectrum needed to present at least one signature fragment of the cross-link position on both peptides 
(e.g. presence of several b- or y-ion containing the residues implicated in the bridge). An example of a 
curated and annotated cross-linked peptide spectrum is shown in Supplemental Figure 3B.
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3. Results & discussion

Several samples were prepared from the OVA protein purified from chicken egg white (further 
noted as OVA-N). Few other proteins than OVA were present as traces, as revealed by a complete 
proteomics analysis of the OVA samples (Supplemental Table 6). Two samples underwent 24-hour or 
72-hour heating at 55 °C under dry conditions, without addition of glucose (hereafter referred to as 
OVA-D-H-55-24h or OVA-D-H-55-72h). In parallel, glycated samples were prepared by the addition of 
glucose (OVA-D-HG-55-24h and OVA-D-HG-55-72h). Finally, two samples were produced by heating 
OVA under wet conditions at 80 °C during 6 hours, without glucose (OVA-W-H-80-6h) or with glucose 
(OVA-W-HG-80-6h). The objective of the above preparations was to produce model samples of 
aggregated or glycated OVA, or of both aggregated and glycated OVA (i.e., samples with a controlled 
and gradual complexity in the structural modifications induced on the OVA protein). 

3.1. Heating at 80 °C induced a strong aggregation of OVA, while the addition of glucose led to 
glycation of OVA at both 55 °C and 80 °C

We first evaluated the effect of heating at 55 °C or 80 °C, in the presence or absence of glucose, 
on the molecular mass of OVA using SDS-PAGE (Figure 1A & 1B).

 SDS-PAGE was performed either under non-reducing conditions (Figure 1A) or under reducing 
conditions (Figure 1B). Sample reduction disrupts the disulfide bridges that form between proteins. As 
shown in Figure 1A (lane 2), the dry heating of OVA at 55°C for 24h (or 72h, lane 4) did not have a 
major impact on the molecular weight of OVA (Figure 1A, lane 1), as the main band at 37 kDa 
(corresponding to native OVA) remained mostly unchanged. In the presence of glucose (lanes 3 and 
5), the molecular weight increased slightly, suggesting that glycation had occurred. Glycated OVA had 
the same SDS-PAGE profile under non-reducing and reducing conditions, suggesting that the slight 
mass delta observed upon the addition of glucose did not originate from oxidation of the Cys residues. 
We conclude that no significant aggregation of OVA occurred upon heating at a temperature of 55°C, 
as no signal was detected in the high molecular weights (MW) region (> 100 kDa).

 In contrast to dry heating, the wet heating of OVA at a higher temperature (80 °C) did result in 
the appearance of high MW bands at the top of the gel lanes in the SDS-PAGE profile under non-
reducing conditions (Figure 1A, lanes 6 and 7), while the main band at 37 kDa strongly decreased in 
intensity. These observations suggest that OVA heating at 80 °C promotes aggregation. This 
aggregation seemed to be principally driven by the formation of new disulfide bonds, as the high MW 
bands seen under non-reducing conditions disappeared under reducing conditions (Figure 1B, lanes 6 
and 7). The presence of residual bands at masses higher than 100 kDa in the reduced samples suggests 
that other amino acid cross-links, such as bonds between dehydroproteins or dityrosine (diTyr) bonds, 
that are not susceptible to the reducing agent were also formed (McKerchar et al., 2019), although the 
identity of these bridges needs to be formally established by MS analysis. Similar to the samples heated 
at 55 °C the presence of glucose had no major effect on the structure of OVA heated at 80 °C: the mass 
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profiles in SDS-PAGE are comparable between the samples heated at 80 °C without or with glucose 
(Figure 1A & 1B, lanes 6 and 7). 

Complementary to SDS-PAGE analysis, Dynamic Light Scattering (DLS) measurements were 
performed on all samples (Figures 1C, 1D, 1E). DLS was used to determine the size distribution profile 
of OVA particles in solution. Corresponding to the SDS-PAGE observations, DLS measurements 
indicated no significant change in the size distribution for the samples heated at 55 °C without glucose 
compared to native OVA, while a slight shift towards bigger sizes was observed for glucose 
supplemented samples (red curves in Figures 1C and 1D), especially after 72 hours. In contrast, a net 
shift was observed for samples heated at 80 °C (Figure 1E).  Together, these results confirm that the 
model samples conceived for the study, with two different heating temperatures and supplementation 
or not with glucose, allowed the successful generation of glycated and aggregated OVA samples, with 
increasing levels of complexity (aggregation or glycation only on one hand, aggregation and glycation 
on the other hand). A schematic representation of the different samples is proposed in Supplemental 
Figure 1A, compiling the knowledge from SDS-PAGE and DLS analyses regarding the structural changes 
of OVA at the protein level.

Further information about the structural modifications of OVA induced by heat was provided by 
a global analysis of tandem mass spectrometry metadata collected from the tryptic peptides generated 
from the different OVA samples. These data can be represented in the form of a "heatmap", in which 
each spot represents the mass and the chromatographic retention time of a precursor peptide selected 
to be fragmented by MS/MS. Heatmaps are provided for all OVA model samples in Supplemental 
Figure 4. In line with the data obtained using SDS-PAGE and DLS, the heatmaps showed a clear 
distinction of samples heated at 80°C (OVA-W-H-80-6h and OVA-W-HG-80-6h) compared to OVA-N or 
to samples dry-heated at 55 °C (OVA-D-H-55-24h, OVA-D-H-55-72h, OVA-D-HG-55-24h and OVA-D-HG-
55-72h). The samples heated at 80 °C were more chemically complex, with precursors selected all 
along the gradient with deconvoluted masses comprised between 1000 and 7500 Da. This indicated a 
higher peptide diversity in these samples and the presence of larger peptides, reflecting the 
aggregation in these samples. In contrast, precursors selected for OVA-N, OVA-D-H-55-24h, OVA-D-H-
55-72h, OVA-D-HG-55-24h or OVA-D-HG-55-72h were almost all eluted at the beginning of the 
gradient with masses between 1000 and 3500 Da. The low chemical diversity in the OVA-N sample can 
be explained by the fact that OVA has a serine-type endopeptidase inhibitor activity, which can inhibit 
trypsin digestion (Donovan & Mapes, 1976). Indeed, a sequence coverage of around 50% was obtained 
for OVA-N, while a 98% coverage was obtained when OVA was treated with a reducing agent prior to 
trypsin digestion (and thus loses its structure; data not shown). Similarly, the chemical diversity 
observed for the samples heated at 80 °C can be explained by a significant loss of the OVA tertiary 
structure (as a result of both temperature and aggregation), which results in a more efficient hydrolysis 
by trypsin and a higher number of released peptides. This was confirmed by the higher peptide 
coverage of the OVA primary sequence for samples heated at 80 °C (wet conditions) than for samples 
heated at 55 °C (dry-heated) or native OVA (Supplemental Data Table 3). Moreover, deeply buried 
peptides such as 361ADHPFLFCIK370 are more efficiently released in the samples heated at 80 °C (in-
solution), again suggesting a significant modification of OVA’s tertiary structure in these samples. 
Sequence coverage and peptide release is lower in samples supplemented with glucose than without 
glucose. As Lys and Arg are the target residues of glycation and also the sites of cleavage by trypsin, 
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the steric hindrance generated around these residues by glucose adducts (or Maillard’s reaction 
products) could also explain an altered activity of trypsin.

3.2. Heat-induced structural modifications lowered the IgE binding capacity of OVA
 
We next determined the impact of these different structural modifications on OVA antigenicity 

using two complementary immunochemical methods; indirect ELISA and dot blot. 

Using indirect ELISA and sera from egg-allergic patients (Supplemental Table 1), we show that the 
dry heating of OVA (55 °C) for 24h or 72h modestly increased the IgE binding capacity of OVA, possibly 
due to a partial unfolding of the tertiary protein structure following heating (Mine, 1995) (Figure 2A, 
OVA-D-H-55-24h & OVA-D-H-55-72h). In contrast, the glycation of OVA using dry heating moderately 
but significantly reduced the IgE binding capacity of sera from egg-allergic patients (Figure 2A, OVA-D-
HG-55-24h & OVA-D-HG-55-72h). No significant differences were observed between 24h and 72h of 
glycation (Figure 2A). This reduction in the IgE binding capacity of OVA upon glycation was confirmed 
using dot blot and a pool of sera from egg-allergic patients (Figure 2B) and is in line with observations 
from other studies (Jiménez-Saiz et al., 2011; Ma et al., 2013).

In contrast to the moderate changes in IgE binding capacity of OVA glycation, the aggregation of 
OVA following heating at 80 °C (wet heating) led to a much stronger reduction of OVA’s IgE binding 
capacity, as shown using indirect ELISA with sera from egg-allergic patients (Figure 2C). We did not 
observe any impact of glycation in addition to that of heat-induced aggregation on IgE binding capacity 
using indirect ELISA, suggesting that the impact of glycation on allergenicity is relatively modest in 
heat-aggregated OVA (Figure 2C). We did, however, observe a modest additional reduction in IgE 
binding capacity using dot blot (Figure 2D). The reason for this apparent discrepancy remains unclear, 
but is likely to be linked to the methodological differences between the two techniques (plate coating 
vs. dotting on membrane). A previous study also indicated that a pre-heating of OVA at 60 °C – inducing 
partial unfolding – followed by glycation at 50 °C (dry heat) modestly lowers IgE binding capacity 
compared to pre-heating at lower temperatures such as 20 °C or 40 °C (Liao et al., 2018). Overall, our 
results confirm the link between heat-induced structural modifications of OVA and a reduction in OVA 
antigenicity. We show that OVA glycation has a moderate impact on IgE binding capacity, whereas the 
aggregation of OVA has a stronger impact.  

3.3. Glycation of OVA takes place primarily on exposed residues

As shown above, a moderate yet significant decrease in OVA antigenicity was observed following 
heat-induced glycation. In order to correlate this behaviour to structural changes of the protein at the 
amino acid level, we next attempted to specifically identify glycated peptides and to map the glycation 
sites of the different OVA samples. 

We used X!Tandem and PTMProphet to automatically identify the glycated OVA peptides. As 
described in detail in the Material and Methods section, hit spectra were manually curated to confirm 
the precise localization of modified residues. We specifically searched for five types of modifications: 
glucose substitution (+162.053 Da) and four well-described AGEs: CarboxyMethylLysine (CML ; +58.006 
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Da), CarboxyEthylLysine (CEL ; +72.021 Da), pyrraline (+108.021 Da) and Arg-pyrimidine (+80.085 Da). 
A full list of the identified glycated peptides and the position of the modified residues is available in 
Supplemental Data Table 4. Figure 3 provides a schematized view of the glycation sites mapped on the 
OVA sequence for all heated samples. As expected, no glycated peptides were identified in the samples 
that had no glucose supplementation, i.e., the following samples: OVA-N, dry-heated OVA without 
glucose supplementation (OVA-D-H-55-24h & OVA-D-H-55-72h) and aggregated OVA (OVA-W-H-80-
6h). In contrast, a significant number of spectra were found in the samples that were heated at 55 °C, 
and which were essentially glycated (dry heated, OVA-D-HG-55-24h (28 spectra) and OVA-D-HG-55-
72h (44 spectra)). The highest number of spectra (134 spectra) attributed to glycated peptides was 
identified in the sample heated at 80 °C with glucose (OVA-W-HG-80-6h), which is thus aggregated and 
glycated.  The residues K93 and K207 were the main amino acids targeted for glycation in all samples, 
in accordance with literature (Liao et al., 2018; Tu et al., 2017; Wang et al., 2020). These residues are 
located in two of the most hydrophilic and exposed areas of OVA tertiary structure (data not shown, 
see https://www.rcsb.org/3d-sequence/1OVA) making them ideal targets for glycation. Interestingly, 
all glycated residues identified in dry-heated OVA samples supplemented with glucose (OVA-D-HG-55-
24h & OVA-D-HG-55-72h) are located in hydrophilic areas of the OVA tertiary structure. In contrast, 
the glycation profile of the samples heated at 80 °C (OVA-W-HG-80-6h) showed a much larger diversity 
of glycated residues, with glycation sites spread all along the OVA primary sequence including some 
deeply buried areas (see https://www.rcsb.org/3d-sequence/1OVA). This confirms the limited level of 
OVA tertiary structure denaturation in moderately heated samples at 55 °C, and a much stronger 
impact on the OVA structure induced at 80 °C, the latter condition probably allowing the exposition of 
residues localized in hydrophobic (and buried) areas of the native structure. We also identified more 
AGEs in this sample, although only glucose and pyrraline adducts were unambiguously identified in 
mass spectrometry data, with most peptides substituted by one glucose unit. This indicates that the 
Maillard’s reaction was not sufficiently advanced in all samples to cause the apparition of other AGEs. 
In this study, all MS/MS spectra were carefully and manually curated to list the glycated peptides. This 
manual curation of glycation data yields results with high confidence, as compared to unreviewed 
software-based assignments. For example, we rejected all proposed hits that had no fragments on the 
spectrum clearly attesting the position of glycation. Consequently, the number of glycated residues 
remains modest as compared to other studies (Liao et al., 2018; Yang et al., 2019), which are otherwise 
comparable regarding the preparation of OVA samples. To allow the reader to examine those data, 
raw MS files have been placed in a public repository (PRIDE, PXD030366).

3.4. Glycation hotspots of heated OVA lay in proximity to human IgE epitopes

In data dependent analyses (i.e., the acquisition method used in our work), the number of spectra 
assigned to one peptide (“spectral count”) can provide an estimation of the peptide’s relative 
abundance even though it is not directly proportional to the absolute amount of the peptide in the 
sample (Liu et al., 2004). By examining the numbers of spectra attributed to each glycated residue, we 
thus defined “hotspots” of glycation, meaning that these residues were identified as glycated in a high 
number of spectra. The hotspots are localized around K93 and K207, two of the most exposed residues 
(Figure 3). Interestingly, the hotspot around K207 was shared among all samples supplemented with 
glucose and was localized in close proximity to one of the known human linear IgE epitopes : 
188AFKDEDTQAMP198 (Benedé et al., 2014). For OVA heated at 80 °C with glucose (OVA-W-HG-80-6h), 
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the glycated residues R127, K190 or K370 were also identified, an interesting observation as they are 
respectively located inside of the following linear IgE epitopes : 125LYRGGLEPIN134, 188AFKDEDTQAMP198 
and 370KHIATNAVLFFGRCVS385  (Benedé et al., 2014) (Figure 3). By modifying these three different 
epitopes, we hypothesize that glycation may contribute to the moderate reduction of allergenicity 
observed in this study or previous ones (Jiménez-Saiz et al., 2011; Liao et al., 2018).

3.5.  Aggregation is mainly driven by the formation of disulfide bridges and bonds between 
dehydroproteins

Our results and previous studies (Claude et al., 2017) have established that the heat-induced 
aggregation of OVA strongly lowers its allergenicity. To go deeper into the molecular explanation for 
these changes, we used a cross-link proteomics approach to identify the bridges formed upon heating 
either in moderate conditions (55 °C) or at higher temperature (80 °C). 

Native OVA (OVA-N) was taken as a control of the initial cross-link status. Tryptic digestion was 
performed under non-reducing conditions to preserve disulfide bridges during the preparation step. 
Notably, the fragmentation technique employed in this study, so called “HCD” (standing for “higher-
energy collisional dissociation”), has been shown to preserve disulfide bonds (Cui et al., 2019). In the 
present work, fragments produced by HCD were measured at a resolving power of 30k in an orbitrap 
mass analyzer, with an extended m/z range (up to 4000 m/z). The combination of both technical 
features (i.e., HCD and orbitrap) led to MS/MS spectra containing helpful information for the 
identification of bridged peptides, including peptides with high m/z ratio and/or high charges, and the 
presence of highly charged fragments attributed to both peptides involved in the bridge. Dedicated 
software, such as pLink and MEROX, have been developed to decipher complex HCD fragmentation 
spectra of cross-linked peptides and were used in this study. However, these tools suffer from a high 
rate of false positive identifications as evidenced by a recent study (Beveridge et al., 2020). This report 
led us to carefully curate the hits proposed by MEROX and/or pLink before validation and biological 
interpretation. A full list of the validated aggregated peptides with positions of bridged residues is 
available in Supplementary Table 5.

Following this approach, we identified several cross-linked peptides (i.e., two different peptides 
linked by two of their amino acids, Supplemental Figure 4B) connected by different linkers (listed in 
Supplemental Figure 2B). These linkers are expected to form spontaneously during heating and/or the 
Maillard’s reaction. Aggregation sites identified by our analysis are listed in Table 2 and are 
represented in Figure 4. First of all, no cross-linked peptides were detected in native OVA (OVA-N) 
sample. We assume that the disulfide bridge reported in OVA in its native state (data not shown, see 
https://www.rcsb.org/3d-sequence/1OVA) was not identified in our study, probably due to the poor 
trypsin digestion of the native OVA sample. In line with other structural data, only few cross-linked 
peptides were identified in the samples heated at 55 °C (OVA-D-H-55-24h & OVA-D-H-55-72h)). 
Indeed, only 15 and 5 unique peptide bridges, respectively, were identified in those samples not 
supplemented with glucose heated for 24 and 72 hours. Glucose supplementation further reduced the 
number of identified cross-links to 5 and 2 unique peptide bridges after 24 or 72 hours of heating, 
respectively. In contrast, for OVA samples heated at 80 °C (OVA-W-H-80-6h & OVA-W-HG-80-6h), 24 
unique peptide bridges were identified without glucose supplementation and 27 with glucose 



14

supplementation. These results indicate a strong diversity of cross-bridges and suggest that glycation 
did not significantly affect the cross-linking in these samples. 

In the samples heated at 55 °C, a limited number of heat-induced individual disulfide bridges was 
identified, probably due to the limited accessibility of other Cys residues to form bridges. In these 
samples, the Cys residue most involved in the formation of disulfide bridges was C121, which is a highly 
exposed Cys on the OVA surface, whereas the most prevalent peptide bridge was a lysinoalanine bridge 
between K264 and S270. Interestingly, we noticed that the addition of glucose had a clear effect on 
the aggregation sites. Without glucose supplementation, aggregation takes place predominantly on 
lysine residues via lysinoalanine bridges. In contrast, with glucose supplementation these bridges are 
less frequent or even lost (e.g. the lysinoalanine bridge between S222 and K207). As K207 is the most 
glycated residue in our study, we suspect that a competition between aggregation and glycation exists 
on exposed residues, as both modifications target the same residue. Another example that illustrates 
this possible competition is K190, which was identified in  previous studies as one of the preferential 
targets of glycation (Liao et al., 2018; Wang et al., 2020). We did not find any peptide containing this 
glycated residue, but did find several cross-linked peptides at this residue (OVA-D-HG-55-72h).

For the samples heated at 80 °C, the majority of the bridges identified are disulfide bridges 
involving two Cys residues (Table 2). Our results show that all Cys of the OVA sequence – including the 
most buried Cys (C31, C368, C383) – are linked to another Cys, with C121 and C368 being the Cys 
residues most involved in disulfide bridge formation (as identified with at least 4 MS/MS spectra), 
which are respectively one of the most and one of the least exposed residues. Our SDS-PAGE profiles 
showed the continued presence of low intensity bands at high molecular weights for samples heated 
at 80 °C under reducing conditions (Figure 1), suggesting the presence of cross-links insensitive to the 
reducing agent. In agreement with this, a significant number of spectra were attributed to peptides 
arising from bridges between dehydroproteins (with a prevalence of lysinoalanine bridges, followed 
by lanthionine and histidinoalanine). The rest of the identified spectra were attributed to dityrosine 
and Maillard’s reaction-induced cross-links. As indicated by the analysis of the glycation sites (see 
above), the Maillard’s reaction was not very advanced in these samples but apparently sufficient to 
initiate cross-links. Cross-links induced by the Maillard’s reaction were also identified in samples 
without glucose supplementation, possibly due to the presence of  residual sugars after OVA 
purification, as egg white contains a small amount of sugars (about 0,7% of carbohydrate). 

3.6. Aggregation hotspots of heated OVA are localized in proximity to human linear IgE epitopes

The number of spectra attributed to cross-linked OVA peptides was used to determine the 
aggregation hotspots in each sample (Figure 4). 

For dry-heated samples not supplemented with glucose (OVA-D-H-55-24h and OVA-D-H-55-72h), 
many heat-induced bridges form in a region from amino acid K182 to K278, a significant number of 
which involve the residue K190 that is part of the linear IgE epitope: 188AFKDEDTQAMP198. For dry-
heated samples supplemented with glucose (OVA-D-HG-55-24h and OVA-D-HG-55-72h), three 
hotspots were identified. A first one around residue C121, a second one involves residues S169 and 
K190 and a third one involves residues S264 and S270. The cross-linking of residues S169 and K190, 
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which are constitutive of the following IgE epitopes: 159RNVLQPSSVDSQTA172 and 188AFKDEDTQAMP198, 
probably contributes to the reduced IgE binding capacity observed in dry-heated samples 
supplemented with glucose. An interesting observation is that less cross-linked peptides were 
identified in dry-heated samples supplemented with glucose. We believe that this might be explained 
by a kinetic competition between aggregation and the Maillard’s reaction, as the majority of identified 
cross-links were lysinoalanine bridges involving Lys residues, which are also the targets of Maillard’s 
reaction.

For wet-heated samples (OVA-W-H-80-6h, OVA-W-HG-80-6h), the SDS-PAGE and DLS profiles 
showed an extensive aggregation of OVA upon wet heating at 80 °C. The cross-linked peptide analysis 
established that the main aggregation sites in these samples are localized near human IgE linear 
epitopes. A first hotspot is located between Y118 and K123, which is only two amino acids residues far 
from the linear IgE epitope 125LYRGGLEPIN134. A second hotspot is located between C368 and C383 
inside the most reactive C-ter linear epitope 370KHIATNAVLFFGRCVS385 (Benedé et al., 2014). It should 
be noted that this epitope is deeply buried in the native OVA sequence and thus not readily accessible 
to IgEs in the native OVA conformation. Therefore, its modification cannot fully explain the reduction 
in OVA IgE binding capacity measured on wet heated samples in our study as it is probably not 
recognized by IgEs in OVA native conformation. However, it can be hypothesized that it will be released 
upon intestinal digestion and that its extensive structural modification may lower its binding capacity 
to IgEs, therefore contributing to the observation that extensively cooked eggs are generally better 
tolerated than raw eggs by egg-allergic patients (Benedé et al., 2014; Lemon-Mulé et al., 2008).

The observation that deeply buried peptides are involved in cross-links suggests that most of the 
conformational epitopes of OVA were lost under heating at 80 °C, which might partly explain the 
observed reduction in IgE binding. However, a previous study established that linear epitopes are also 
important for OVA allergenicity (Järvinen et al., 2007). It can be presumed that the structural 
modifications due to cross-links affecting residues that are surface exposed and localized near to or 
within human IgE linear epitopes, such as the amino acids described above, will result in steric 
hindrance and/or local conformational changes that may prevent the binding of IgEs to those epitopes. 
In this context, the bridging of residue H332 is of particular interest in wet-heated samples (even if it 
was not identified inside an aggregation hotspot), as this amino acid is located within the well-
established B- and T-cell epitope of OVA 323KISQAVHAAHAEINEAG339 (Benedé et al., 2014). Altogether, 
the identified peptide cross-links provide a possible explanation for the reduced IgE binding capacity 
(and resulting allergenicity) of OVA after heating. This reduction can be explained either through the 
loss of conformational epitopes, following extensive conformational loss of OVA, or through extensive 
modifications at the vicinity of linear epitopes that may hinder the binding of IgEs. 

Previous studies have identified the Maillard’s reaction as the responsible reaction for carcinogenic 
compound formation in food (Hellwig & Henle, 2014; Schröter & Höhn, 2019). Our results suggest that 
the early Maillard’s reaction can also have beneficial health effects by modulating allergen structure, 
which – in the case of OVA – leads to a reduced IgE binding capacity. In order to confirm this hypothesis, 
the use of bioinformatic identification tools without a-priori on the mass delta of the peptides would 
allow obtaining a more exhaustive view of the glycated residues of OVA after the Maillard’s reaction. 
Our fine structural characterization of glycated and/or aggregated OVA is not fully exhaustive. Indeed, 
due to the limitations of most of the current algorithms, we had to make some a-priori on the mass 
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delta induced by the modifications (glycation or aggregation). Peptides with more complex 
modification patterns (e.g., aggregated and glycated peptides) are probably present in our samples, as 
attested by a few examples (Supplemental Figure 3C), but were not identified by the current approach 
as we limited the number of modifications that were searched in the same analysis in order to reduce 
the risk of false positive identifications. Moreover, the Maillard’s reaction is a complex cascade of 
reactions that leads to the formation of numerous end-products that are not all well characterized. In 
this context, the recent development and improvement of Open Mass Search algorithms such as 
SpecOMS or MSFragger  (David et al., 2017; Kong et al., 2017) will be of great help to further elucidate 
and characterize the structural modifications induced by food processes on food proteins and to fully 
exploit the potential of data obtained by high-resolution mass spectrometry in discovery approaches.
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4. Conclusion

In conclusion, in this work we provide for the first time a detailed molecular view of the glycation and 
aggregation status of OVA following thermal treatment using a high-resolution mass spectrometry-
based approach. Our analyses show that heat-induced modifications of linear IgE epitopes are closely 
linked to the reduction of IgE binding capacity of OVA. Our work implicates key amino residues in the 
changes in IgE binding of OVA following heating, such as C121, K123, S169, K190, K207, H332 and C368. 
These structural changes at the amino acid level provide an explanation for the stronger impact of 
aggregation on IgE binding compared to glycation, but also explain why glycation lowered IgE binding 
capacity despite limited structural changes at the protein level. Lastly, our results highlight the promise 
of new generation interpretation software on high-resolution mass spectrometry-based approaches 
to study heat-induced modifications, including the Maillard’s reaction and protein cross-linking, in food 
products. Quantitative analysis of native vs modified allergenic peptides could also extend the study 
and help specifying the predominance of specific aggregation hotspots.
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Highlights :

 Glycation and aggregation significantly lower the IgE binding capacity of OVA.
 Mass spectrometry unveils structural modifications induced by glycation and aggregation.
 Aggregation and glycation take place in and near known human IgE linear epitopes. 
 Aggregation is driven by neo-formation of disulfide and dehydroprotein bridges.
 Aggregation masks epitopes of native OVA structure via bridging of inner residues.
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Figure 1 : Structural analysis of modified OVA samples at protein level. A: SDS-PAGE profile of OVA 
samples in non reducing conditions (1: OVA-N ; 2: OVA-W-H-80-6h ; 3: OVA-W-HG-80-6h ; 4: OVA-D-H-55-24h ; 5: 

OVA-D-HG-55-24h ; 6: OVA-D-H-55-72h ; 7: OVA-D-HG-55-72h). B: SDS-PAGE profile of OVA samples in 
reducing conditions (1: OVA-N ; 2: OVA-W-H-80-6h ; 3: OVA-W-HG-80-6h ; 4: OVA-D-H-55-24h ; 5: 
OVA-D-HG-55-24h ; 6: OVA-D-H-55-72h ; 7: OVA-D-HG-55-72h). C: DLS curves of OVA-N (black line), 
OVA-D-H55-24h (blue line) and OVA-D-HG-55-24h (red line); D: DLS curves of OVA-N (black line), 
OVA-D-H-55-72h (blue line) and OVA-D-HG55-72h (red line); E: DLS curves of OVA-N (black line), 
OVA-W-H-80-6h (blue line) and OVA-W-HG-80-6h (red line).

Figure 2: IgE binding capacity of different heated OVA samples, as determined using sera from egg-
allergic patients. A : Indirect ELISA using native OVA (OVA-N), 24h heated OVA at 55°C (OVA-D-H-55-
24h), 24h heated OVA at 55°C in the presence of glucose (OVA-D-HG55-24h), 72h heated OVA 
at 55°C (OVA-D-H-55-72h), 72h heated OVA at 55°C in the presence of glucose 
(OVA-D-HG-55-72h) with sera from egg-allergic individuals ; B : Dot Blot using native OVA 
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(OVA-N), 24h heated OVA at 55°C (OVA-D-H-55-24h), 24h heated OVA at 55°C in the presence of 
glucose (OVA-D-HG-55-24h), 72h heated OVA at 55°C (OVA-D-H-55-72h), 72h heated OVA at 55°C in 
the presence of glucose (OVA-D-HG-55-72h) with sera from egg-allergic individuals ; C: Indirect ELISA 
using native OVA (OVA-N), heated & aggregated OVA at 80°C (OVA-W-H-80-6h), heated & aggregated 
OVA at 80°C (OVA-W-HG-80-6h) with sera from egg-allergic individuals ; D: Dot Blot using native OVA 
(OVA-N), heated & aggregated OVA at 80°C (OVA-W-H-80-6h), heated & aggregated OVA at 80°C 
(OVA-W-HG-80-6h) with sera from egg-allergic individuals

Fig 3 : Glycations sites localized on OVA linear sequence. Thick black bars represents the linearized 
primary sequence of OVA and all putative residues targeted by glycation (Lys and Arg) are pinned in 

boxes. Glycated residue are marked by orange and blue disks (Glc = Glucose adduct ; Pyr = Pyrraline adduct). 
Position of human IgE linear epitopes (according to Benedé et al., 2014) are positioned on OVA 
sequence as orange bars. Red ellipses represents the hotspot of aggregation determined by spectral 
counting of MS/MS spectrum attributed to each aggregation sites.
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Figure 4 : Aggregation sites localized on OVA linear sequence. Thick black bars represents the 
linearized primary sequence of OVA with position of AA resiudes involved in bridges pinned in boxes. 
The black links between two residues indicate a bridge generated after heating and the red ones 
indicate a bridge generated after Maillard’s reaction. Position of human IgE linear epitopes 
(according to Benedé et al., 2014) are positioned on OVA sequence as orange bars. Red ellipses 
represents the hotspot of aggregation determined by spectral counting of MS/MS spectrum 
attributed to each aggregation sites.

Table 1 : Number of MS/MS spectra attributed to OVA glycated peptides form 
according to type of adduct, amino acids involved and samples.

Heating Heating with glucose

In 
solution

Dry heating
In 

solution
Dry heating

Type of adduct 
(induced deltaM 

in Da)

Glycated 
residue

6H 24H 72H 6H 24H 72H

He
xo

se
 (+

16
2.

05
28

) K93
K190 
K207
K229
K264
K287
K370

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

31 6 18
18 0 0
43 15 25
23 7 0 9 0

0
1 0 0
1 0 0

R127 0 0 0 1 0 0

Total 0 0 0 127 28 43
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Py
ra

lin
e 

(+
10

8.
02

1) K56
K93

K280
K287

0
0
0
0

0
0
0
0

0
0
0
0

2 0 0
0 0 1
1 0 0

4 0 0
Total 0 0 0 7 0 1

Table 2 : Number of MS/MS spectra attributed to OVA aggregated peptides form 
according to type of linker, amino acids involved in the bridge and samples.

Heating Heating with glucose

In 
solution

Dry heating In 
solution

Dry heatingLinker Site 1 Site 2

6H 24H 72H 6H 24H 72H

diTyr Y118 Y118 10 2 0 0 0 0

DOLD K187 K280 4 0 0 0 0 0

DOLD K229 K370 0 2 0 1 0 0

DOLD K123 K287 0 0 0 1 0 0

Histidinoalanine S345 H332 1 0 0 3 0 0

Lanthionine S37 C121 2 0 0 4 0 0

Lanthionine S345 C368 2 0 0 3 0 0

Lanthionine S345 C121 1 0 0 1 0 0

Lanthionine S37 C368 1 0 0 0 0 0

Lanthionine S345 C383 1 0 0 0 0 0

Lysinoalanine S270 K264 0 63 37 3 6 4

Lysinoalanine S222 K207 15 41 2 2 0 0

Lysinoalanine S206 K190 0 23 8 0 0 0

Lysinoalanine S169 K187 14 0 0 7 0 0

Lysinoalanine S169 K190 0 2 2 0 0 4

Lysinoalanine S222 K229 0 3 1 1 2 0

Lysinoalanine S270 K278 0 1 0 4 0 0

Lysinoalanine S206 K264 0 2 0 0 0 0

Lysinoalanine S37 K123 1 0 0 0 0 0

Lysinoalanine S152 K182 0 1 0 0 0 0

Lysinoalanine S237 K229 0 0 0 1 0 0

MOLD K93 K93 0 2 0 0 0 0

Pentosidine K93 R200 0 0 0 2 0 0

S-S C121 C368 42 2 0 40 7 0

S-S C31 C121 27 5 0 13 6 0
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S-S C121 C121 19 2 0 23 5 0

S-S C368 C368 16 0 0 7 0 0

S-S C31 C368 10 0 0 2 0 0

S-S C74 C121 4 1 0 2 0 0

S-S C12 C121 4 0 0 2 0 0

S-S C74 C383 2 0 0 4 0 0

S-S C368 C383 0 0 0 6 0 0

S-S C31 C31 3 0 0 0 0 0

S-S C31 C383 3 0 0 0 0 0

S-S C12 C368 1 0 0 2 0 0

S-S C74 C368 0 0 0 2 0 0

Total 183 152 50 136 26 8


