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Abstract 28 

 29 

Background: Most food allergens sensitizing via the gastrointestinal tract are stable proteins 30 

that are resistant to pepsin digestion, in particular major peanut allergens, Ara h 2 and Ara h 31 

6. Survival of their large fragments is essential for sensitizing capacity. However, the 32 

immunoreactive proteins/peptides to which the immune system of the gastrointestinal tract is 33 

exposed during digestion of peanut proteins is unknown. Particularly, the IgE-reactivity of 34 

short digestion-resistant peptides (<10 kDa) released by gastric digestion under standardized 35 

and physiologically relevant in vitro conditions has not been investigated.  36 

Objective: The aim of this study was to investigate and identify digestion products of major 37 

peanut allergens and in particular to examine IgE reactivity of short digestion-resistant 38 

peptides released by pepsin digestion of whole peanut grains.  39 

Methods: Two-dimension gel-based proteomics and shotgun peptidomics, immunoblotting 40 

with allergen-specific antibodies from peanut sensitised patients, enzyme-linked 41 

immunosorbent inhibition assay and ImmunoCAP tests, including far ultraviolet-circular 42 

dichroism spectroscopy were used to identify and characterize peanut digesta. 43 

Results: Ara h 2 and Ara h 6 remained mostly intact, and short digestion-resistant peptides 44 

from Ara h 2 were more potent in inhibiting IgE binding than Ara h 1 and Ara 3. Ara h 1 and 45 

Ara h 3 exhibited sequential digestion into a series of digestion-resistant peptides with 46 

preserved allergenic capacity. A high number of identified short digestion-resistant peptides 47 

from Ara h 1, Ara h 2 and Ara h 3 were part of short continuous epitope sequences and 48 

possessed substantial allergenic potential. 49 

Conclusion and Clinical Relevance: Peanut grain digestion by oral and gastric phase enzymes 50 

generates mixture of products, where the major peanut allergens remain intact and their 51 
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digested peptides have preserved allergenic capacity highlighting their important roles in 52 

allergic reactions to peanut.  53 

Keywords: Peanut allergy, gastric-simulated digestion, digestion-resistant peptides, food 54 

matrix, proteolysis resistance  55 
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Abbreviations: 77 

 78 

1D – one dimensional 79 

2D – two dimensional 80 

cCBB - colloidal Coomassie Brilliant Blue dye 81 

CD – circular dichroism  82 

CPS – control peanut sample 83 

DPS – digested peanut sample 84 

ELISA – enzyme-linked immunosorbent assay 85 

IEDB - Immuno Epitope Database and Analysis 86 

nLC-MS/MS – nano-liquid chromatography coupled to tandem mass spectrometry 87 

RT – room temperature (between 20°C and 25°C) 88 

SDRP – short digestion resistant peptide (<10 kDa) 89 

SDS-PAGE – sodium dodecyl sulphate polyacrylamide gel electrophoresis 90 

SPE – standard peanut extract 91 

SSF – simulated salivary fluid 92 

SGF – simulated gastric fluid 93 

TCA – trichloroacetic acid 94 

 95 

 96 

 97 

 98 

 99 
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Introduction  100 

 101 

Peanut (Arachis hypogaea) is one of the eight major allergenic foods, called the Big-8, which 102 

are mandatorily declared for any processed food products according to US and EU 103 

regulations. In addition, a low eliciting dose and high frequency of fatal reactions makes 104 

peanut one of the most potent allergenic foods [1]. The major allergens in peanut are: Ara h 105 

1, Ara h 2, Ara h 3 and Ara h 6, based on frequent IgE binding studies from patient sera [2]. 106 

However, based on the potency of the allergic effector activity of the allergens and loss of 107 

potency upon their removal, Ara h 2 and Ara h 6 are regarded as the most potent peanut 108 

allergens [3].  109 

Food ingestion is the major route of sensitization by food allergens. A great number of 110 

allergenic proteins are remarkably resistant to proteolysis in the gastrointestinal tract, and 111 

survival of their large fragments is essential for their sensitizing capacity [4]. There is no 112 

strict relationship between digestibility and allergenicity, and several major allergens are 113 

extremely digestion-labile proteins. However, evaluation of resistance to digestion with 114 

pepsin by in vitro simulated digestion remains a central part of allergenicity safety 115 

assessment of novel proteins [4]. In vitro methods simulating digestion processes are widely 116 

used tools because of their simplicity, low cost, reproducibility, and ethical acceptability [5].  117 

Several studies have investigated pepsin digestibility of peanut allergens by in vitro simulated 118 

digestion (Table S1), and regardless of the experimental conditions, Ara h 2 and Ara 6 119 

showed higher pepsin resistance compared to Ara h 1 and Ara h 3 [6, 7]. In most studies, 120 

purified peanut allergens or peanut extracts were digested. Only two studies have dealt with 121 

peanut protein digestibility within their real food matrix. Plundrich et al. [8] investigated 122 

digestibility of light roasted peanut flour (12% fat) by pepsin, and monitored degradation of 123 

allergens using one dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis 124 



6 

 

(1D SDS-PAGE). The study of Di Stasio et al. [9] investigated digestibility of proteins from 125 

the whole peanut by complete oral-gastric-intestinal-brush border membrane proteases, but it 126 

did not report the gastric digestion products. Therefore, the immunoreactive protein/peptide 127 

species to which the immune system of the gastrointestinal tract is exposed during digestion 128 

of peanut proteins remains unknown. In particular, the IgE-reactivity of short digestion-129 

resistant peptides (SDRPs) released by gastric digestion is yet to be investigated. This 130 

fraction can also contain important highly immuno-reactive peptides. It has been 131 

demonstrated that some Ara h 2 peptides of size less than 3 kDa can cross-link IgE/FcεRI 132 

complexes and degranulate cells [10], and that Ara h 1, when digested to small peptide 133 

fragments, retains both the sensitizing and the IgE-reacting potential because of the peptide’s 134 

ability to aggregate [11].  135 

The aim of this study was to comprehensively investigate stability and structures of pepsin-136 

resistant allergens, of their larger fragments, and of SDRPs released by pepsin digestion of 137 

whole peanut grain under standardized and physiologically relevant gastric conditions [5]. In 138 

particular, IgE-reactivity of SDRPs released by pepsin digestion was investigated to 139 

determine roles of individual peanut allergens digestion products. 140 

 141 

 142 

 143 

 144 

 145 

 146 

 147 
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Methods 148 

Materials 149 

All details and information about materials and chemicals are available in Supplementary 150 

Information word file. 151 

 152 

Patients’ cohort and ethics statement 153 

Sera from 10 Swedish peanut-sensitised patients with IgE levels to whole peanut extract 154 

(range 11–415 kUA/L; median 57 kUA/L), Ara h 1 (range <0.1–96 kUA/L; median 7.8 155 

kUA/L), Ara h 2 (range 0.14–192 kUA/L; median 30 kUA/L) and Ara h 3 (range <0.1–52 156 

kUA/L; median 1.6 kUA/L) (Phadia/Thermo Fisher Scientific, Uppsala, Sweden), were 157 

selected at the Department of Clinical Immunology, Karolinska University Hospital, 158 

Stockholm (Table S3). Five non-allergic sera (<0.1 kUA/L) were used as controls. Sera were 159 

either used individually or pooled. Data were processed and stored according to the principles 160 

expressed in the Declaration of Helsinki. The study was approved by the local ethics 161 

committee of Karolinska Institute (No. 20112085-314 and 2016/1348-32) and all experiments 162 

were in accordance with relevant guidelines and regulations. Sample collection was done 163 

blinded. 164 

Peanut preparation, simulated oral and gastric in vitro digestion and protein extract 165 

isolation 166 

Red skin raw peanuts (Arachis hypogea L.) of the runner variety were obtained from a local 167 

grocery. Raw peanuts with skin were milled using a coffee grinder (800 W, Bosh), 3 times, 5 168 

minutes to obtain a particle size < 1.5 mm. Ground peanuts were air dried overnight at room 169 

temperature (the amount of evaporated water was 5.4% of total mass). 170 
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Oral and gastric in vitro digestions of ground raw peanut were performed according to 171 

previously reported [5]. The concentrations of electrolytes in stock solutions of simulated 172 

salivary fluid (SSF), simulated gastric fluid (SGF), and the final reaction mixtures are 173 

presented in Supplementary Table S2 (more details are available in Supplementary 174 

Information). 175 

Liquid phase of the digestion mixture (200 µL) was mixed with 200 μL chilled 20% 176 

trichloroacetic acid (TCA) in acetone and left overnight at −20 °C. After removing the 177 

supernatant by centrifugation at 10,000 g for 30 minutes at 4 °C, the precipitated proteins 178 

were washed three times with 1 mL of cold acetone and dried at RT. Protein concentration 179 

was determined using BCA assay after re-solubilisation of TCA/acetone pellet in 2% SDS. 180 

On the other hand, 800 µL of the liquid phase of the digestion was processed without TCA to 181 

obtain SDRPs, as described below. 182 

1D and 2D SDS-PAGE analysis 183 

1D SDS-PAGE was performed on a 14% gels according to Laemmli method [12], stained 184 

with Coomassie Brilliant Blue dye. Dried TCA/acetone protein pellets from liquid portion of 185 

gastric-simulated digesta were re-suspended in Laemmli sample buffer (reducing and non-186 

reducing conditions). Isoelectrofocusing and 2D SDS-PAGE were done as per method of 187 

Apostolovic et al [13]. For more details, see Supp. Info.     188 

In-gel digestion of 2D SDS-PAGE proteins and nano-liquid chromatography coupled to 189 

tandem mass spectrometry (nLC-MS/MS) 190 

Protein spots from 2D gels were manually excised and in-gel digested, according to the 191 

method of Shevchenko et al [14]. Obtained peptides were analysed, as previously reported 192 

method [13, 15], with an LTQ Orbitrap XL mass spectrometer and EASY- nLC II system 193 

(Thermo Fisher Scientific Inc., Bremen, Germany). 194 
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Identification of standard extract, control and digested peanut proteins from 2D SDS-PAGE 195 

Identification of proteins was performed by PEAKS Studio 8.5 (Bioinformatics Solutions 196 

Inc., Waterloo, ON, Canada). For more details, see Supp. Info.     197 

 198 

Separation of SDRPs obtained after gastric-simulated digestion and their identification via 199 

shotgun peptidomics 200 

Ethanol (2.4 mL) was added to 800 μL of liquid phase separated from the digestion mixture 201 

and incubated at 4 °C for 20 hours. After centrifugation at 4 °C and 12,000 g for 10 minutes, 202 

the supernatant with SDRPs was separated and dried in a vacuum concentrator in low binding 203 

tubes. The dried peptides were dissolved in 10 mM HCl and subjected to size-exclusion 204 

chromatography (Fig. S1). Portion of peptides was analysed by ImmunoCAP inhibition 205 

assay. The second part was subjected to shotgun peptidomics analyses as explained in Supp. 206 

Info. Peptides were searched in the IEDB database (Immuno Epitope Database and Analysis, 207 

http://www.iedb.org) in order to find sequences overlapping with characterized epitopes.   208 

 209 

IgE-binding properties of peanut digests 210 

ELISA inhibition. The IgE-binding properties of the liquid phase from the digestion 211 

mixtures (CPS and DPS), as well as standard defatted peanut extracts were analysed using an 212 

inhibition ELISA. Standard defatted raw peanut extract was prepared according to the 213 

method reported by Radosavljevic et al. [16] with all patients (Table S3). For more details, 214 

see Supp. Info.   215 

ImmunoCAP inhibition. IgE-binding of the SDRPs fraction of digested peanut was 216 

determined using ImmunoCAP inhibition (ImmunoCAP System, Phadia/Thermo Fisher 217 

Scientific, Uppsala, Sweden). Seven undiluted individual sera (200 µL; patients #1–7 Table 218 

S2) were pre-incubated with 200 µL peptides prior to the measurement for specific IgE on 219 

http://www.iedb.org/
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solid surface for the following: peanut (f13), Ara h 1 (f422), Ara h 2 (f423) and Ara h 3 220 

(f424). Applied peptides are released from about 3.3 mg of milled peanut e.g. released from 221 

about 800 µg of peanut proteins extracted to liquid phase during digestion. The inhibition of 222 

IgE-binding was expressed as percentage based on non-inhibited serum, using the following 223 

formula: % IgE inhibition = 100 – (IgE binding to the solid surface in the presence of the 224 

inhibitor/IgE binding to the solid surface) × 100). 225 

Immunoblotting. The samples (120 μg for 2D immunoblots on 7cm IPG strips) were loaded 226 

and resolved on 14% gel. Proteins were transferred onto nitrocellulose membranes and 227 

incubated overnight at 4 °C with 1:10 diluted serum pool from patients sensitised to peanut. 228 

The serum pool consisted of sera of the first 8 peanut sensitised patients presented in Table 229 

S3 (range of total peanut-specific IgE: 11–415 kUA/L; median 109 kUA/L). For more details, 230 

see Supp. Info.     231 

 232 

De novo modelling and molecular graphics 233 

The sequences of Ara h 1 and Ara h 3 were obtained from UniProt (www.uniprot.org, 234 

identifiers P43238 and B5TYU1, respectively). The missing regions in the Ara h 1 and Ara h 235 

3 partial crystal structures (PDB code 3SMH and 3C3V, respectively) [17] were built using 236 

Rosetta all-atom de-novo loop modelling. For more details, see Supp. Info.     237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 
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Results 245 

 246 

Comparison of 2D SDS-PAGE resolved proteomes of standard peanut extract (SPE), control 247 

peanut sample (CPS) and digested peanut sample (DPS)  248 

Whole peanut grains were digested in simulated oral and gastric fluid using standardized in 249 

vitro static digestion protocol mimicking human physiological conditions. About 30% of 250 

proteins were extracted into the liquid phase during applied simulated oral-gastric digestion 251 

(data not shown). Due to dependence of protein release on food matrix effects [18], we 252 

analysed digested peanut sample (DPS), standard peanut extract (SPE) prepared from non-253 

digested, defatted peanuts, and the control peanut sample (CPS) treated under the same 254 

conditions of digestion (without addition of proteolytic enzymes). In all of them, proteins 255 

were TCA-precipitated from liquid portion of extract or gastric digesta for 2D SDS-PAGE 256 

and 2D immunoblots analyses. 257 

To gain better insight into digestibility pattern of peanut allergens, 2D SDS-PAGE proteome 258 

maps of SPE, CPS and DPS were compared (Fig.1). In addition, 1D electrophoretic profiles 259 

of CPS and DPS (Fig. S2) are explained in details within Supplementary information. The 260 

identified proteins and peptides from spots and bands are listed in Table S4, and correspond 261 

to annotated spot maps, as shown in Figs. 1 and 3. The 2D electrophoretic profile of CPS was 262 

similar to the profile of SPE. The major difference in 2D maps between CPS and DPS is in 263 

quantity of acidic subunits of Ara h 3, being substantially less in DPS (spots 4-6 Fig. 1), 264 

probably due to pepsin proteolysis. In addition, there is substantial accumulation of protein 265 

fragments lower than 14 kDa in acidic region of DPS gel (spots 22, I, J and unlabelled). Spots 266 

in the basic part of the gel, D, G, H and O, representing digestion fragments are exclusively 267 

present in DPS (Fig. 1, Table S4).  268 

 269 
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Ara h 1 and Ara h 3 allergens’ cascade pattern of pepsin proteolysis 270 

It was possible to draw pepsin proteolytic pattern for Ara h 1 and Ara h 3 due to its high 271 

content within peanut proteome, by determining the peptides sequence coverage for each of 272 

their isoforms within spots (Table S4, Figs. 2A and 2B). Intact Ara h 1 and 3 content at 65 273 

kDa is similar between three preparations, however in DPS, set of their isoforms is positioned 274 

at lower mass, approximately at 60 kDa (spots 1-3, Fig. 1), implying that both N-terminal and 275 

C-terminal non-core flanking regions of Ara h 1are highly prone to proteolysis (Fig. 2A). 276 

This 60 kDa fragment (almost intact molecule) is further truncated by pepsin at the C-277 

terminal region, resulting in an intense spot D and pale spot C at about 40 kDa in DPS (Figs. 278 

1 and 2A). Further truncation at C-terminal in the middle of the first loop, generated 279 

fragments (Fig. 2A) observed in spot G (Fig. 1), while its additional cleavage at N-terminal 280 

and C-terminal region resulted in spot H (Fig. 2A). Spots M and L in DPS (Fig. 1) contain 281 

peptides from the C-terminal region of Ara h 1. 282 

Intact acidic Ara h 3 subunit was identified in spot 5 of DPS and, compared to the CPS spots 283 

showed a remarkably lower intensity suggesting intensive proteolysis by pepsin. Spots E and 284 

F appearing only in DPS, contained peptides from acidic and basic Ara h 3 subunits (Figs. 1 285 

and 2B). In the spots 9–15, intact or only slightly shortened basic subunit of Ara h 3 in 286 

different isoforms was found, with intensities similar to that of the control, suggesting the 287 

basic Ara h 3 subunit is more resistant to pepsin. In the spots N and M (exclusive to DPS, 288 

Fig. 1), peptides from basic Ara h 3 subunit were detected, being acidic due to N-terminal 289 

and C-terminal proteolysis of fragments rich in basic residues. On the contrary, spots in the 290 

basic region (23-25, Fig.1) that were the most intense in DPS, contained basic peptides from 291 

acidic Ara h 3 subunit, due to lack of its acidic residues at C-terminus (Fig. 2B). Beside the 292 

most abundant allergens, in CPS were detected Ara h 8 in spot 20 and Ara h 10 in spot 18 293 

(Fig. 1, Table S4), while being absent in 2D gel of DPS. 294 
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Ara h 2 and Ara h 6 remained almost intact during pepsin digestion 295 

Intact Ara h 2 and 6 were identified in all the peanut proteome preparations, SPE, CPS and 296 

DPS (Fig. 1 and 3, Table S4). Mass spectrometry identification of Ara h 2 and Ara h 6 spots 297 

was acquired from the CPS and DPS gels shown in Fig. 3. 298 

Spot’s intensity of Ara h 2 and 6 in CPS and DPS, was lower compared to SPE (Fig.1), 299 

presumably due to less favourable extraction conditions for 2S albumins in acidic conditions 300 

(CPS and DPS) [19].  301 

 302 

2D Immunoblotting of CPS and DPS with the pooled sera of peanut sensitised patients 303 

Reactivity to CPS and DPS proteins was also demonstrated and compared in immunoblotting 304 

experiments with pooled sera of patients sensitised to peanut (Fig. 3). The IgE reactive 305 

pattern of pooled sera on CPS and DPS was very similar (Fig. 3). In addition, it was noted 306 

that Ara h 2 and 6 reactivity was predominant in both CPS and DPS, suggesting that intact 307 

Ara h 2 and Ara h 6 are main contributors in IgE-reactivity of fraction represented by large 308 

digestion-resistant fragments of the peanut gastric digest. This result supports the findings 309 

that Ara h 2 and 6 are major peanut allergens [20].   310 

 311 

IgE-binding potency and protein fold after simulated gastric digestion of peanut were 312 

preserved 313 

IgE-binding potency of proteins extracted from CPS and DPS were compared in inhibition 314 

ELISA test (Fig. 4A) with a pool of sera from ten peanut sensitised patients (Table S3). As a 315 

reference material, SPE was used. The IC50 values were determined as 1.68, 3.29, and 9.61 316 

μg/mL for the SPE, CPS, and DPS, respectively. The narrow range of IC50 values (only a 3-317 

fold difference) between CPS and DPS indicated highly similar IgE-binding potency of these 318 

samples.  319 
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Since IgE binding potential of the peanut digesta was mostly preserved, the far UV CD 320 

spectra of CPS and DPS were asses in order to compare secondary structure elements (Fig. 321 

S3). CD spectrum of CPS showed properly folded forms of proteins, probably from 322 

predominant Ara h 1 and Ara h 3. In quantitative sense, in DPS the most of Ara h 1 and Ara h 323 

3 are proteolyzed to high molecular mass digestion resistant fragments (Fig S2), with 324 

preserved core of the protein structure. The CD spectrum of DPS showed overlap with 325 

spectrum from CPS, explaining preserved protein folded structures. Presence of enzymes 326 

during the digestion process caused only negligible change in the secondary structures of 327 

peanut proteins, indicating low extent of proteolysis and retention of proper folds of the 328 

protein structure.  329 

 330 

SDRPs contribute to IgE reactivity of the peanut gastric digesta  331 

To obtain additional information on SDRPs (<10 kDa) presence and IgE-reactivity, intact 332 

proteins and larger digestion fragments were removed by ethanol precipitation and the 333 

SDRPs were further purified by gel filtration. We analysed their IgE-binding properties on 334 

the solid phase for peanut rAra h 1, rAra h 2, and rAra h 3 (Figs. 4B, S4), with individual 335 

patients’ sera.  336 

Six out of the seven patients reacted to Ara h 1. SDRPs inhibit the binding of IgE to Ara h 1 337 

in sera from three of the tested patients (more than 10% of IgE binding inhibition). In all 338 

patients who reacted to Ara h 3, inhibition of IgE binding to Ara h 3 was achieved with the 339 

SDRPs of peanut digesta to an extent of 20-85%. However, the SDRPs gave the highest 340 

inhibition of Ara h 2, from 64% to 90% inhibition (Figs. 4B, S4), suggesting the presence of 341 

potent functional Ara h 2 epitopes in short digestion resistant peptides fractions. Absence of 342 

intact allergens in the tested fractions was confirmed by electrophoresis and immunoblotting 343 
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using antibodies to Ara h 2/6 (data not shown); peptides were identified by mass 344 

spectrometry (Table S5 and S6). 345 

We searched the IEDB database to match SDRPs released during peanut digestion (Tables 346 

S5, S6) with peanut continuous epitopes recognized for Homo sapiens host. With mass 347 

spectrometry intact pepsin-generated peptides search, we identified 27 and 18 peptides of Ara 348 

h 1 and Ara h 3, with a part of continuous epitope sequences, respectively (Table S5, Figs. 349 

5A and 5B). We also detected 2 non-epitope peptides from Ara h 8 (Table S5). When 350 

analysed SDRPs after reduction/alkylation and digestion by trypsin, 2 peptides of Ara h 2, 351 

both being part of continuous epitopes, were found (Table S6, Fig. 5C), including additional 352 

peptides originating from Ara h 1 and Ara h 3 (Table S6, Figs. 5A and 5B). Finally, the 353 

digesta profile comprised of 67 peptides of Ara h 3 (30 were a part of continuous epitope 354 

sequences) and 31 peptides of Ara h 1 (28 were a part of continuous epitope sequences). 355 

Peptides from Ara h 9, Ara h 11 and Ara h 13, originating from the non-epitope regions were 356 

detected. All these SDRPs identified in the ethanol-soluble fraction of the peanut digesta 357 

were mostly neglected by low-resolution analytical methods as they were of a size less than 358 

10 kDa. Although there is no literature data providing precise identification of discontinuous 359 

epitopes for peanut allergens, identified SDRPs contain many of amino acid residues of 360 

discontinuous epitope motifs for Ara h 1 [21], as well as residues which are part of consensus 361 

amino acid pattern of Ara h 2 and Ara h 6 discontinuous epitopes [22] (Fig.S5).  362 

 363 

SDRPs of peanut allergens were mostly hydrophobic 364 

Hydrophobicity index was analysed for the isolated SDRPs. Data showed that SDRPs of Ara 365 

h 1, Ara h 2, Ara h 3 and Ara h 6, were markedly more hydrophobic than rest of the 366 

sequences (Fig. S5), suggesting that they have strong propensity to aggregate via non-367 

covalent hydrophobic interactions. Also, most of SDRPs on solvent accessible surface are 368 
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part of nonpolar and hydrophobic area on protein surface rather than polar/charged one (Figs. 369 

S7, S8 and S9). It has previously been shown that Ara h 1 small peptides obtained after in 370 

vitro gastric digestion, retained their sensitizing and the reacting potential, due to aggregation 371 

of peptides induced by hydrophobic interactions [11]. Moreover, polar regions of peanut 372 

allergens were not present in the identified SDRPs released by pepsin digestion, suggesting 373 

their preferential cleavage by proteases. 374 

 375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 
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Discussion 391 

 392 

In this study, we identified the structures and assessed IgE reactivity of whole peanut grain 393 

pepsin-resistant allergens, their larger fragments, and SDRPs released by pepsin digestion of 394 

whole peanut grain under in vitro static-digestion protocol mimicking physiologically 395 

relevant conditions [5]. We demonstrated the presence of intact Ara h 2 and Ara h 6, 396 

including small portion of intact Ara h 1 and 3, large digestion-resistant fragments of Ara h 1 397 

and Ara h 3, and mixture of SDRPs mainly comprised of Ara h 1, Ara h 2, Ara h 3, and in 398 

lesser extent of Ara h 8, Ara h 9, Ara h 11 and Ara h 13, in the pepsin digesta. In addition, we 399 

have shown that following pepsin digestion, reactivity of IgE to 2S albumins predominates in 400 

digesta due to preservation of intact protein, but also due to the presence of potent IgE 401 

epitopes in SDRPs. 402 

Identification of peptides resistant to in vitro digestion is an important factor in the 403 

assessment of food proteins allergenicity, as immunologically active digestion-resistant 404 

peptides in the intestinal lumen can trigger immune responses in susceptible individuals. In 405 

earlier studies, peanut allergens were detected in breast milk, suggesting that digestion-406 

resistant immunoreactive fragments of peanut allergens can reach the circulation [23]. 407 

Moreover, a recent study showed presence of IgE reactive peptides after gastric/intestinal and 408 

brush-border proteases digestion of whole peanut grains [9]. 409 

In vitro digestion studies with purified proteins reported dramatically higher protein 410 

digestibility than possible under physiological conditions. In addition, it is well known that 411 

pure proteins in solution can have different sensitivities to proteolysis compared to proteins 412 

adsorbed at oil-in-water interface owing to changes in the protein structure [24, 25]. 413 

Therefore, the proteins regarded as highly digestible, as estimated by pepsin digestion in their 414 

purified form, could be markedly resistant to proteolysis within a complex food matrix. 415 



18 

 

Ara h 1 and Ara h 3 acidic forms were shown to be susceptible to pepsin digestion which is in 416 

accordance with Vieths et al. [6]. 2D SDS-PAGE coupled with MS/MS has shown pepsin-417 

resistant Ara h 1 forms in spots D, G, H and M, corresponding to the forms found in the study 418 

of Koppelman et al., after pepsin digestion of purified Ara h 1 for 0.25 minutes [7]. Similarly, 419 

pepsin-resistant Ara h 3 forms found in spots 9-15, 23-25, N, M and O, correspond to forms 420 

found in the same study at the mentioned conditions with the purified Ara h 3 [7]. Therefore, 421 

in the presence of the food matrix, similar digestion-resistant forms of Ara h 1 and 3 were 422 

demonstrated to be stable for 120 minutes under the gastric-digestion conditions, providing a 423 

rough estimate of Ara h 1 and Ara h 3 being 500 times less digestible by pepsin in the whole 424 

peanut grain than in solution.  425 

Di Stasio et al. [9] reported that after gastrointestinal digestion, Ara h 1 was almost 426 

completely digested and no peptides larger than 6 kDa were detected. The most of Ara h 1 427 

was proteolyzed to a digestion-resistant fragment of 60 kDa, and half of it was further 428 

digested, resulting in cascade pattern of Ara h 1 pepsin proteolysis (Fig. 2A). Thus, half of 429 

initial quantities of 60 kDa digestion resistant core of Ara h 1, before proteolysis in the 430 

intestinal phase, could pass into intestinal mucosa where conserved epitopes could trigger 431 

immunoreactions.  432 

In contrast to the acidic subunits, the basic Ara h 3 subunit was more resistant to pepsin 433 

digestion. Acidic subunits of Ara h 3 originated from the N-terminal domain, while basic 434 

subunits originated from the C-terminal domain. N-terminal domain contained three long 435 

regions of disordered structure (G119-Q138 and Q212-G259, and D311-N345, Fig. 2B), 436 

occupying one third of N-terminal domain, while C-terminal domain contained only one 437 

short disordered region at the end of the sequence (S522-A530, Fig.2B), occupying less than 438 

2% of the C-terminal domain [26]. This explains why the acidic subunits are much more 439 

prone to pepsin proteolysis than the more compact basic subunit, and also why natural Ara h 440 
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3 processing results in higher diversity in the mass of acidic subunits (13–45 kDa), as 441 

compared to the basic subunits (about 23 kDa).  442 

Almost completely preserved cores of these two allergens explain the similarity in the 443 

secondary structures of digested and undigested samples observed by CD spectrometry. 444 

In IgE ELISA inhibition, the same order of magnitude of IC50 values obtained for control and 445 

digested sample suggests that partly digested peanut allergens mainly retained their allergenic 446 

potential. Pepsin proteolysis only slightly reduced the IgE binding potential of peanut 447 

proteins extracted during digestion. These results are in agreement with data shown in 2D 448 

immunoblots. 449 

We also examined the IgE reactivity of SDRPs (<10 kDa) from the gastric-simulated digesta 450 

by an inhibition study on peanut allergens on ImmunoCAP, and demonstrated that 2S 451 

albumins SDRPs are more potent than Ara h 1 and Ara h 3 SDRPs. This peptide fraction 452 

could be the result of extensive proteolysis of peanut proteins, thus representing the 453 

digestion-resistant peptides of the smallest molecular mass, or they could be truncated parts 454 

of larger DRPs, excised following proteolytic attack on exposed loops of peanut’s proteins.  455 

Although Ara h 1 and Ara h 3 are the most abundant storage proteins in peanuts, patients with 456 

peanut allergies recognize Ara h 2 and Ara h 6 more frequently and with greater intensity 457 

[20]. IgE-binding to Ara h 2 and Ara h 6 is primarily dependent on the discontinuous epitopes 458 

[27, 28], and it is likely that CMCEALQQIMENQ peptide that we have identified in SDRP 459 

fraction, besides being a part of continuous Ara h 2 and Ara h 6 epitopes, could be a part of a 460 

potent discontinuous epitope by creating S-S crosslinking adducts. 461 

Schocker et al. [28] investigated the transfer of Ara h 2 in human breast milk, and identified 5 462 

tryptic fragments of Ara h 2, of which two (ANLRPCEQHLMQK and 463 

CMCEALQQIMENQSDR) were same as the peptides that we identified in this study in 464 
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SDRP fraction of gastric digesta. These peptides could be part of the same discontinuous 465 

epitope held together by several disulphide-bridges.  466 

The results of our study demonstrated that after gastric digestion of whole peanut matrix high 467 

molecular mass digestion-resistant fragments of Ara h 1, 2, 3 and 6, with mostly retained core 468 

structure bearing discontinuous epitopes, survive. On the other hand, and large proportion of 469 

generated SDRPs are part of continuous epitopes resulting in high allergenic potential of 470 

SDRPs. Therefore, it can be expected that in vivo these species become exposed to the 471 

intestinal immune system, and transported to circulation. Increased intestinal permeability (as 472 

found under different physiological and pathological conditions), or disruption of tight 473 

junctions may enable transport of peanut protein fragments across the intestinal epithelium. 474 

Therefore, in peanut allergic individuals, in both intestine and circulation, they can induce 475 

allergic reaction. In intestine, these fragments can induce intestinal anaphylaxis via mast cell-476 

dependent IgE-FcεRI-IL-13 pathway [29] and histamine-depended mesenteric lymph node 477 

and lamina propria DC accumulation [30]. 478 

In a conclusion, we demonstrated that the most potent allergens, Ara h 2 and Ara h 6 479 

remained mostly intact to proteolysis by pepsin, and SDRPs originating from Ara h 2 were 480 

the most potent in inhibiting IgE binding, suggesting that not only intact Ara h 2 but also its 481 

SDRPs are of clinical relevance. Ara h 1 N- and C-terminal parts and acidic forms of Ara h 3 482 

were the most susceptible to proteolysis by pepsin. However, Ara h 1exhibited sequential 483 

digestion into a series of DRPs with preserved allergenic capacity. Thus, the major peanut 484 

allergens and SDRPs play important roles in allergic reactions to peanut.  485 

 Compared to the findings of in vitro digestion studies done on purified proteins under similar 486 

conditions, digestibility of proteins when they are within real food matrix was dramatically 487 

lower.  488 

 489 
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Figure Captions 627 

 628 

Fig. 1. 2D SDS-PAGE of standard peanut extract (SPE), control peanut sample (CPS) and 629 

digested peanut sample (DPS) in reducing conditions. Protein spots labelled with numbers are 630 

matched, while non-matched spots are labelled with capitalized letters; all of them were 631 

trypsin digested and subjected to MS/MS analyses for identification. Mw – Molecular weight 632 

protein markers in kDa.   633 

 634 

Fig. 2. The main pepsin digestion-resistant fragments of Ara h 1 and Ara h 3. A) 3D structure 635 

of Ara h 1; non-core N-terminal is in yellow, non-core C-terminal is in green, and the core is 636 

in grey. The main digestion-resistant peptides of Ara h 1 found in the 2D spots: spot 1 (about 637 

60 kDa), spot D (about 40 kDa), spot G (about 25 kDa) and spot H (about 20 kDa). Peptides 638 

are shown in red. B) 3D structure of Ara h 3; the basic subunit is in orange and acidic subunit 639 

is in light blue. The main digestion-resistant peptides of Ara h 3 found in the 2D spots: spot E 640 

(about 30 kDa) and spot 25 (about 14 kDa). Peptides are shown in violet. The crystal 641 

structures of peanut major allergens Ara h 1 (PDB entry 3SMH) and Ara h 3 (PDB entry 642 

3C3V).  643 

 644 

Fig. 3. Representative 2D immunoblots of control peanut sample (CPS) and digested peanut 645 

sample (DPS) probed with the pool of patients sera. Mw - molecular weight markers; kDa – 646 

kilodaltons; cCBB – colloidal Coomassie Brilliant Blue dye. From CPS and DPS CBB gels, 647 

spots 16-19  (Ara h 2 isoforms found) were excised, together with spots 20-21 (Ara h 6 648 

isoforms determined) and processed for tandem mass spectrometry bottom up proteomics. 649 

 650 



28 

 

Fig. 4. IgE binding properties of control peanut sample (CPS) and digested peanut sample 651 

(DPS). A) ELISA inhibition: IgE binding of pooled sera from peanut sensitised patients to the 652 

peanut extract (SPE) coupled to the plate was inhibited by SPE itself and liquid fraction of 653 

CPS and DPS; B) ImmunoCAP inhibition of specific IgE on solid phase by short digestion 654 

resistant peptides (SDRPs) obtained during peanut digestion. On x-axis numbers denote 655 

patients in Table S3. 656 

 657 

Fig. 5. The regions with identified peptides of Ara h 1, Ara h 2 and Ara h 3 found in the short 658 

digestion resistant peptides (SDRPs) of peanut digested by pepsin. A) 3D structure of Ara h 659 

1; non-core N-terminal is in yellow, non-core C-terminal is in green, and the core is in grey. 660 

Intact peptides (middle) and peptides found after reduction, alkylation, and trypsin digestion 661 

of short digestion resistant peptides (SDRPs)  of peanut digested by pepsin (right). Regions 662 

with peptides matched with peanut continuous epitopes (IEDB database search) are in red, 663 

non-matching peptides are in blue. B) 3D structure of Ara h 3; the basic subunit is in orange 664 

and acidic subunit is in light blue. Intact peptides (middle) and peptides found after reduction, 665 

alkylation, and trypsin digestion of short digestion resistant peptides (SDRPs) of peanut 666 

digested by pepsin (right). Regions with peptides matched with peanut continuous epitopes 667 

(IEDB database search) are in red, non-matching peptides are in blue. The crystal structures 668 

of peanut major allergen Ara h 1 (PDB entry 3SMH), Ara h 2 (PDB entry 3OB4) and Ara h 3 669 

(PDB entry 3C3V). C) 3D structure of Ara h 2; flexible loop is shown in violet colour, C 670 

terminus flanking region is shown in green colour and N terminus flanking region with 671 

yellow colour. Peptides found after reduction, alkylation, and trypsin digestion of short 672 

digestion resistant peptides (SDRPs) of peanut digested by pepsin are shown in red colour 673 

and they are matched with peanut continuous epitopes (IEDB database search). 674 

 675 
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Supporting Information 676 

Additional Supporting Information may be found online in the supporting information tab for 677 

this article. All tables and Figures are in the Supplementary word file, except the Table S4., a 678 

pdf file: 679 

Table S1.  Summary of published data on major peanut allergens digestibility by in vitro 680 

simulated gastric digestion. 681 

Table S2. Stock solutions preparation for simulated digestive fluids. 682 

 683 

Table S3. IgE reactivity of peanut sensitised patients on solid phase for whole peanut extract, 684 

rAra h 1, rAra h 2 and rAra h 3 determined by ImmunoCAP 685 

 686 

Table S4. Protein identification of trypsin-digested spots in 2D SDS-PAGE profiles of 687 

standard peanut extract (SPE), control peanut extract (CPS) and digested peanut samples 688 

(DPS) as shown in Figs. 1 and 3, 1D SDS-PAGE bands from Fig. S2, and including complete 689 

peptide coverage of DPS protein identification results by tandem bottom up proteomics on 690 

Orbitrap LTQ hybrid and PEAKS Suite 8.5 algorithms. 691 

 692 

Table S5. Sequences of intact short digestion resistant peptides (SDRPs) from Ara h 3 (18) 693 

and Ara h 1 (27), found after in vitro oral-gastric digestion of whole kernels peanut, matching 694 

with Ara h 3 and Ara h 1 epitopes reported in IEDB.  695 

 696 

Table S6. Sequences of short digestion resistant peptides (SDRPs) of Ara h 3 (30), Ara h 697 

1(28) and Ara h 2 (2), found after in vitro oral-gastric phase of digestion of whole kernels 698 

peanut, matching with Ara h 3 and Ara h 1 epitopes reported in IEDB.  699 
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Fig. S1. Gel filtration of short digestion resistant peptides (SDRPs) obtained after in vitro 700 

oral-gastric phase of digestion of whole kernels peanut.  701 

 Fig. S2. Representative 1D SDS-PAGE profiles of peanut control sample (CPS) and digested 702 

peanut sample (DPS) under nonreducing and reducing conditions. Mw, molecular weight 703 

protein markers in kDa. 704 

Fig. S3. CD spectra of control and digested peanut. 705 

 706 

Fig. S4 ImmunoCAP absolute values of IgE binding for whole peanut extract, rArah 1, rAra 707 

h 2 and rAra h 3 inhibited by short digestion resistant peptides (SDRPs)  released during 708 

peanut digestion. 709 

 710 

Fig. S5.  The regions covered with peptides of Ara h 1, Ara h 3 and Ara h 2 and Ara h 6 711 

found in short digestion resistant peptide (SDRP) fraction of peanut digested by pepsin. 712 

 713 

Fig. S6.  Hydropathy curves of Ara h 1 and Ara h 3 with underlined sequence regions of 714 

identified short digestion resistant peptides (SDRPs)  in peanut gastric digesta. 715 

 716 

Fig. S7. Solvent accessible surface of Ara h 1 from three different angles with labelled 717 

gradual hydrophobicity level.  718 

 719 

Fig. S8. Solvent accessible surface of Ara h 3 from three different angles with labelled 720 

gradual hydrophobicity level.  721 

 722 

Fig. S9. Solvent accessible surface of Ara h 2 and Ara h 6 from two different angles with 723 

labelled gradual hydrophobicity level.  724 


