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Abstract 15 

Elimination of celiac-toxic prolamin peptides and proteins is essential for Triticeae 16 

products to be gluten-free. Instead of enzymatic hydrolysis, in this study we 17 

investigated metal-catalyzed oxidation of two model peptides, QQPFP, and PQPQLPY, 18 

together with a hordein isolate from barley (Hordeum vulgare L.). We established a 19 

multiple reaction monitoring (MRM) LC-MS method to detect and quantify proline 20 

oxidation fragments. In addition to fragmentation, aggregation and side chain 21 

modifications were identified, including free thiol loss, carbonyl formation, and 22 

dityrosine formation. The immunoreactivity of the oxidized hordein isolate was 23 

considerably decreased in all metal-catalyzed oxidation systems. Cleavage of 24 

peptides or protein fragments at the numerous proline residues partially accounts for 25 

the decrease. Metal-catalyzed oxidation can thus be used in the modification and 26 

elimination of celiac-toxic peptides and proteins. 27 

 28 
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1. Introduction 33 

Degradation of cereal prolamin proteins and peptides can reduce their toxicities for 34 

celiac disease (CD) patients. Barley prolamins, called hordeins, are toxic for CD 35 

patients. Hordein consists of the polymers, B-hordein and D-hordein and the 36 

monomers, C-hordein and γ-hordein, with B-hordein and C-hordein together 37 

comprising over 80% of the total hordein. Proteolytic enzymes, such as proteases from 38 

seed germination (Loponen, Kanerva, Zhang, Sontag-Strohm, Salovaara & Gänzle, 39 

2009) and proline-endopeptidase (Luoto et al., 2012) may be used for prolamin 40 

degradation. We have previously demonstrated that metal-catalyzed oxidation 41 

degraded a model celiac peptide 33-mer (Huang, Kanerva, Salovaara, Loponen & 42 

Sontag-Strohm, 2013) and C-hordein (Huang, Kanerva, Salovaara & Sontag-Strohm, 43 

2016), as shown by substantial reductions in the immunoreactivity of both substrates 44 

in R5-based enzyme-linked immunosorbent assay (ELISA). Protein degradation and 45 

aggregation both occurred during oxidation, and oxidation of proline residues could 46 

partially explain this phenomenon.  47 

 48 

For this study of metal-catalyzed oxidation, we selected two model peptides, QQPFP 49 

and PQPQLPY, along with barley prolamin (hordein). The sequence QQPFP is the 50 

repetitive domain in omega-type prolamins in wheat, barley and rye, including ω-51 

gliadin, C-hordein, and ω-secalin (Tatham & Shewry, 1995). Gamma-type and alpha-52 

type prolamins also contain the sequence QQPFP, but at a lower frequency (Osman, 53 

Uhlig, Valdes, Amin, Méndez, & Mothes, 2001). The current official method for 54 

quantification of prolamins in food is based on an antibody against this epitope, 55 
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QQPFP (Codex Alimentarius Commission 118-1979). In peptides that are known to be 56 

harmful for CD patients, QQPFP is often found in the sequence, along with other 57 

similar sequences including QQQP, QQPYP, PQQPY, and QQQPFP (Cornell & 58 

Stelmasiak, 2007). These sequences are involved in the triggering of T-cell activation 59 

after deamidation in both in vitro and in vivo studies (Arentz-Hansen et al., 2002). The 60 

other model peptide in this work, PQPQLPY, is the repetitive sequence in the 33-mer 61 

peptide that has been used as a model in celiac studies (Shan et al., 2002), and the 62 

recognition sequence for the G12 antibody that is the basis for the quantification 63 

method for gluten recently approved by AACCI (method 38-52.01). This peptide 64 

overlaps the T-cell stimulating epitopes PFPQPQLPY, PYPQPQLPY, and 65 

PQPQLPYPQ (Shan et al., 2002). The presence of glutamine, proline, and either of 66 

the aromatic amino acids, phenylalanine or tyrosine, makes an important site for 67 

recognition of either the R5 or the G12 antibody, or activation of T-cells (Morón et al., 68 

2008). The gluten content of the barley products, such as malt, malt extract or beer, 69 

has to be under 20 mg/kg to be labelled as gluten-free. Each hordein protein and 70 

subunit contains epitopes that are toxic for CD patients (Vader et al., 2003).  71 

 72 

The aim of this study was to investigate the modification of celiac peptides and proteins 73 

by metal-catalyzed oxidation, in order to reduce their immunoreactivities. We 74 

examined the contribution of proline fragmentation to the oxidation of model peptides 75 

and whole hordein, the side-chain modifications and aggregation behavior during 76 

oxidation, and the immunoreactivity of the oxidation products against R5 antibody. 77 

78 
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2. Materials and Methods 79 

2.1. Materials 80 

The synthetic peptides QQPFP (MW=615.68 g/mol, purity 97.2%), and PQPQLPY 81 

(MW=841.95 g/mol, purity 98.6%) were purchased from GenScript (Piscataway, NJ, 82 

USA). Gamma aminobutyric acid (GABA), FeSO4·7H2O, CuSO4·5H2O, sodium 83 

dodecyl sulfate (SDS), ethylenediaminetetraacetic acid (EDTA), diethylene triamine 84 

pentaacetic acid (DTPA), 2,4-dinitrophenylhydrazine (DNPH), and dithiothreitol (DTT) 85 

were purchased from Sigma Aldrich (St Louis, MO). 86 

 87 

2.2. Preparation of hordein isolate 88 

Barley cv. Jorma was obtained from Villala, Finland and grains were milled with a 89 

sample mill (Koneteollisuus Oy, KT-30, Finland). Hordeins were extracted from the 90 

flour following the Osborne sequence of milli-Q water, 0.5 mol/l NaCl, and milli-Q water 91 

at ambient temperature and then 60% ethanol with 0.1% DTT at 50°C. After 92 

centrifugation for 10 min at 18500 × g, the supernatant was collected and dialyzed 93 

against milli-Q water with membrane cut-off MW=3500 for 48 hours at 4°C, and the 94 

water was changed at least three times. The dialyzed protein was lyophilized (Heto-95 

Holton DW8-85, Denmark). The protein solids were the starting material for oxidation.  96 

 97 

2.3. Oxidation of hordein and model peptides 98 

Hordein at 2 mg/ml, and the synthetic peptides QQPFP and PQPQLPY at 2.5 mmol/l 99 

were separately incubated in milli-Q water at 40°C in the presence of either 0.05 100 

mmol/l CuSO4 or 0.05 mmol/l FeSO4/EDTA (1:1). The reaction was initiated by either 101 
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5 mmol/l freshly made hydrogen peroxide (H2O2) or 5 mmol/l ascorbic acid (AA). After 102 

incubation, the reaction was terminated by adding 0.1 mmol/l EDTA for CuSO4-103 

catalyzed oxidation, and 0.1 mmol/l DTPA for FeSO4/EDTA-catalyzed oxidation. There 104 

were thus four treatments, Cu/AA, Cu/H2O2, FeSO4/EDTA/AA, and FeSO4/EDTA/H2O2. 105 

 106 

2.4. Identification of proline fragments by LC-MS 107 

The peptide oxidation mixtures were analyzed using an LC-MS/MS system. An Agilent 108 

1100 HPLC system coupled with a Develosil ODS-SR-5 column (4.6×150 mm, 109 

Nomura Chemical, Co., Ltd, Japan) was connected with a triple quadrupole mass 110 

spectrometer (API 3000, AB Sciex), in positive mode. An acetonitrile gradient from 111 

100% solvent A (0.1% formic acid in water) to 50% solvent B (0.1% formic acid in 112 

acetonitrile) was run over 20 min at a flow rate of 0.2 ml/min. The structures of QQPFP 113 

and the proposed products F1 and F2 are illustrated in Figure 1. The multiple reaction 114 

monitoring (MRM) method setting for QQPFP was Q1 m/z 616.3  Q3-I m/z 360.5, 115 

and Q3-II m/z 376.5; for product F1 was Q1 m/z 342.2  Q3-I m/z 197.2, and Q3-II 116 

m/z 86.2; for product F2 was Q1 m/z 586.3  Q3 m/z 330.3. Two products of 117 

PQPQLPY were proposed, product F3 from attack at the middle proline, and product 118 

F4 from attack near the C-terminal proline (structures not shown). The MRM setting 119 

for PQPQLPY was Q1 m/z 842.4  Q3-I m/z 564.3 and Q3-II m/z 226.1, for F3 was 120 

Q1 m/z 311.2  Q3-I m/z 196.4 and Q3-II m/z 86.2, and for F4 was Q1 m/z 649.4  121 

Q3-I m/z 424.4 and Q3-II m/z 226.4. The MRM settings were obtained from direct 122 

infusion of the oxidized mixture to the mass spectrometer.  123 

 124 
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The product of proline fragmentation is presumed to be 2-pyrrolidone, but MRM alone 125 

does not identify it. After acid hydrolysis, 2-pyrrolidone opens to GABA (Kato, Uchida 126 

& Kawakishi, 1992a; Kato, Uchida & Kawakishi, 1992b), enabling identification of the 127 

proline fragment. 128 

 129 

In order to identify the proline fragment products, the reaction mixture was separated 130 

in a semi-preparative C18 column (8.0×250 mm, Develosil ODS-HG-5, Nomura). The 131 

gradient was solvent B (A and B as above) from 0% to 50% over 34 min at a flow rate 132 

of 2 ml/min. The peaks containing fragment products were collected and concentrated 133 

in a centrifugal evaporator (EYELA, UNITRAP-UT-2000, TOMY centrifugal 134 

concentrator CC-105). The dried fragments were acid-hydrolyzed by 6 mol/l HCl under 135 

vacuum at 105°C for 24 hours, in the presence of 1% phenol as antioxidant and 5% 136 

mercaptoacetic acid. After acid hydrolysis, GABA was identified by the MRM method. 137 

The MRM setting for GABA was Q1 m/z 103.8 Q3-I m/z 87.0, and Q1 m/z 103.8 138 

Q3-II m/z 69.0 (Buck, Voehringer & Ferger, 2009).  139 

 140 

The GABA formation from hordein oxidation was then quantified. The reaction mixture 141 

was precipitated with 5 times volume of cold acetone for 10 min. After centrifugation 142 

at 22000 × g, the pellets were acid-hydrolyzed as described above and the product 143 

was separated on an Amide 80 column (TSKgel, 3 µm, 2.0×150 mm, TOSOH LLC), 144 

on a gradient of 15% solvent A (2 mmol/l ammonium formate in milli-Q water) to 50% 145 

solvent B (acetonitrile) over 20 min at a flow rate of 0.15 ml/min. As an internal 146 

standard, 250 nmol/l 13C9 L-tyrosine was added to all the standards and samples. The 147 
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amount of GABA was determined with an amino acid analysis kit (EZFaast, 148 

Phenomenex, Torrance, USA) with LC-MS/MS following the manufacturer’s 149 

instructions. The hydrolysates were performed in triplicate and each replicate was 150 

analyzed twice. Total GABA and valine residues were also calculated. Changes in 151 

GABA content were calculated using valine content as a reference. 152 

 153 

2.5. Size-exclusion chromatography of hordein oxidation 154 

The size distribution of the oxidized mixture was analyzed with two connected columns, 155 

Superdex peptide 10/300 GL and Superdex 200 10/300 GL (GE Healthcare 156 

Biosciences, Uppsala, Sweden) as described previously (Huang et al., 2016). 157 

 158 

2.6. Blot analysis of free thiol groups 159 

The hordein oxidation mixture was treated with a final concentration of 200 µmol/l EZ-160 

link Iodoacetyl-LC-Biotin (PIERCE 21333, Rockford, IL, USA) for 30 min at ambient 161 

temperature avoiding light (King, Anderson, Edwards, Gustafson, Plumb & Suggs, 162 

1992). After incubation, the protein was precipitated with cold acetone at 10 times the 163 

volume of reaction mixture and centrifuged at 22000 × g. The protein pellet was 164 

washed by resuspending in cold acetone and recentrifuging to remove the extra biotin. 165 

The pellet was dissolved in SDS-Sample buffer (×2) with reducing agent 5% (v/v) 2-166 

mercaptoethanol. The protein sample was separated on a 10% polyacrylamide gel at 167 

200 V for 40 min. The gel was blotted to a polyvinylidene difluoride membrane in a 168 

semi-dry system (TransferBlot SD, Bio-Rad) at a constant 150 mA for 40 min. After the 169 

membrane was blocked with 1% (m/v) gelatin solution for one hour, it was incubated 170 
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for 30 min in streptavidin-peroxidase polymer (ultrasensitive, SIGMA S2438) diluted 171 

1:40000 in Tris-bufferered saline with Tween (TTBS) and treated with a 172 

chemiluminescence kit (Chemi-Lumi One L, Nacalai Tesque, Japan). The image was 173 

captured in a LAS-1000 Plus image analyzer (Fuji Film Co., Tokyo, Japan). 174 

 175 

2.7. Identification of dityrosine 176 

The oxidation mixture of peptide PQPQLPY was separated in a HPLC system with 177 

Shimadzu SPDM20A PDA and Shimadzu RF10AXL fluorescence detectors for 178 

dityrosine identification. The column was an Amide 80 (TSKgel, 3 µm, 4.6×150 mm, 179 

TOSOH LLC), and the gradient was from 20% solvent A (0.1% formic acid in water) to 180 

40% solvent B (0.1% formic acid in acetonitrile) over 10 min. The eluent was kept at 181 

40% solvent B for 5 min and then equilibrated with 80% B for 20 min at 0.8 ml/min. 182 

The fluorescence detection was set at excitation 300 nm and emission 400 nm for 183 

specific dityrosine determination at incubation times of 0 h, 2 h, 8 h, and 24 h. 184 

Dityrosine was detected with a Q-TOF mass spectrometer (Synapt G2-Si, Waters, 185 

Milford, MA) equipped with a Z-spray type ESI source in the positive ion mode. The 186 

Cu/H2O2-oxidized PQPQLPY mixture was separated on a UPLC column (ACQUITY 187 

BEH C18, 2.1×50 mm) with a liner gradient of Solvent B from 10% to 70% in 5 min. 188 

Solvent A was 0.1% (v/v) formic acid in water, and solvent B was 0.1% (v/v) formic 189 

acid in acetonitrile. 190 

 191 

2.8. Quantification of carbonyl groups and blot analysis of carbonyls 192 

The quantification of carbonyl groups was based on a DNPH spectrophotometric 193 
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method and the blot analysis used biotin-hydrazide, both as described previously 194 

(Huang et al., 2016). Three oxidation replicates were used for DNPH-labelled samples, 195 

and two oxidation replicates for protein determination samples. 196 

 197 

2.9. R5 ELISA of oxidized hordein 198 

The immunoreactivity of oxidized hordein was analyzed by a sandwich type ELISA kit 199 

based on the R5 antibody (Ridascreen Gliadin, R7001, R-Biopharm, Darmstadt, 200 

Germany) (Huang et al., 2016). The samples were extracted by cocktail solution 201 

(R7006) and the analysis procedure followed the manufacturer’s instructions. The 202 

activity of oxidized hordein was calculated as a percentage of that of the non-oxidized 203 

hordein. The reaction was prepared in duplicates, each of which was measured at two 204 

dilutions.  205 

 206 

2.10. Statistical analysis 207 

Data of GABA/valine, carbonyl formation, and residual immunoreactivity were 208 

subjected to Analysis of Variance using SPSS v. 22 (IBM Corp., Michigan, USA). 209 

Means and standard errors were calculated and the results were compared by the 210 

Least Significant Difference test at P  0.05. 211 

212 
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3. Results  213 

3.1. Oxidation of proline leads to degradation of the peptide/protein. 214 

The combination of Fe/EDTA/AA was the most effective in degradation of QQPFP, but 215 

the Cu-catalyzed oxidation system did not cause detectable proline fragmentation. 216 

After 24 h of Fe/EDTA/AA oxidation of QQPFP, 22% of the original peptide remained 217 

intact and no further fragmentation occurred during incubation up to 48 h (Figure 1a). 218 

The MRM method detected products F1 (Figure 1b) and F2 (Figure 1c) in Fe/EDTA/AA 219 

oxidation of QQPFP, and the peak area of product F1 and F2 increased during the first 220 

24 h of incubation. All four oxidation systems caused breakdown of PQPQLPY, and 221 

the predicted products F3 and F4 were detected (data not shown), where the middle 222 

Pro and the C-terminal Pro were attacked. 223 

 224 

Given the high polarity of GABA, the HILIC column was suitable for separation and 225 

identification with LC-MS/MS without derivatization. In the most potent oxidation 226 

systems, the concentration of GABA after Fe/EDTA/AA oxidation of QQPFP was 0.42 227 

mmol/l, and after Cu/H2O2 oxidation of PQPQLPY, it was 0.22 mmol/l, meaning 8.4% 228 

and 2.9% of Pro residues were converted into GABA, respectively. 229 

 230 

By analyzing GABA formation from hordein oxidation, we could link the results of 231 

peptide oxidation to those of whole protein oxidation (Figure 2). As measured by 232 

production of GABA, the hordein isolate was oxidized more efficiently with copper 233 

catalysis than Fe/EDTA catalysis. In Cu-catalyzed oxidation of the hordein isolate, 234 

H2O2 was significantly more efficient than ascorbic acid, the proline fragmentation 235 
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seemed to occur in an early stage of the oxidation, and with longer incubation, the 236 

GABA concentration increased only slightly. In Fe/EDTA-catalyzed oxidation, however, 237 

ascorbic acid was more efficient than H2O2 in the production of GABA. The 238 

combination of Fe/EDTA/H2O2 caused significantly less proline fragmentation than 239 

Cu/H2O2, but the Fe/EDTA/AA process was slower and prolonged incubation 240 

significantly increased the formation of GABA. 241 

 242 

3.2. Aggregation occurred during oxidation 243 

Dityrosine was formed through Cu/H2O2 oxidation of peptide PQPQLPY, and product 244 

formation continued with time (Figure 3a). The mass spectrum confirmed the presence 245 

of these products as [M+H]+= m/z 1681.86, [M+2H]2+/2= m/z 841.43, and [M+3H]3+/3 246 

= m/z 561.28 (Figure 3b). The Fe/EDTA/H2O2 oxidation of PQPQLPY produced less 247 

dityrosine, and ascorbic acid-mediated oxidation formed no detectable dityrosine. 248 

 249 

Polymeric B-hordein and D-hordein contained free thiol groups (Figure 3c, lane 2). 250 

These free thiols were oxidized in all four oxidation systems, but at different rates. In 251 

H2O2-induced oxidation, Cu was faster than Fe/EDTA at catalyzing free thiol loss. In 252 

ascorbic acid-induced oxidation, the two systems gave similar results.  253 

 254 

In non-reducing conditions, solubilized only by SDS, the major peaks on the 255 

chromatogram (Figure 4) were the aggregated hordein, C-hordein and B-hordein. The 256 

aggregated hordein consists of mainly B-hordein and D-hordein because of their 257 

polymeric character. After oxidation, the aggregated hordein peak disappeared in all 258 
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oxidation systems. The aggregates grew so large that they could not stay in the size 259 

exclusion columns. As oxidation continued, so did aggregation, and less protein was 260 

analyzed in the columns. After 24 h incubation, about 60% of hordein was analyzed 261 

for Cu/H2O2, Cu/AA and Fe/EDTA/AA oxidation, and 30% for Fe/ETDA/H2O2 oxidation. 262 

However, small fragments were formed with more elution volume, some of which were 263 

less than 1085 g/mol in size (9 amino acids, red arrow indicating the elution volume in 264 

Figure 4).  265 

 266 

3.3. Formation of protein carbonyls 267 

Oxidation of the hordein isolate initially increased the amount of carbonyls in all four 268 

systems (Figure 5a). The increase continued in Fe/EDTA systems until 24 h but 269 

decreased in Cu-catalyzed reactions in the same interval. At 24 h, the Fe/EDTA-270 

catalyzed oxidations generated more carbonyl than Cu-catalyzed oxidation, and 271 

significantly more than the control. Carbonyls were readily formed in Cu-catalyzed 272 

oxidations (Figure 5b. Under reducing conditions, the blot intensity of sample at 1 h 273 

oxidation (Figure 5b) agreed with the spectrophotometric data, for example, Cu/AA 274 

oxidation had the most carbonyl at one hour and two hours. In non-reduced samples, 275 

the loss of B-hordein in the separation was observed.  276 

 277 

3.4. Immunoreactivity of oxidized hordein against R5 antibody 278 

The immunoreactivity of the oxidized hordein isolate against R5 antibody significantly 279 

decreased in all four oxidation systems (Figure 6). At 2 h, Cu-catalyzed oxidation 280 

reduced the amount of immunoreactivity more than Fe/EDTA-catalyzed oxidation. 281 
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After 24 h incubation, the level of immunoreactivity was the same in both H2O2-282 

oxidized systems, Cu and Fe/EDTA. At 24 h, the lowest remaining immunoreactivity, 283 

26% of original, followed oxidation with Fe/EDTA/AA. The reduction from 2 h to 24 h 284 

was significant in both Fe/EDTA systems. 285 

286 
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4. Discussion 287 

The immunoreactivity of the oxidized hordein isolate was considerably decreased by 288 

metal-catalyzed oxidation. Different oxidation systems have different pathways 289 

(Stadtman, 2001), so the formation rate and amount of GABA and carbonyls, and the 290 

rate of free thiol loss, all varied. In this study, we established an LC/MS/MS method 291 

that detected the fragments derived from proline oxidation and quantified GABA from 292 

hydrolysates of oxidized hordein by MRM-MS to demonstrate the level of proline 293 

oxidation. 294 

 295 

To clarify, peptide QQPFP and PQPQLPY are not toxic themselves for celiac, because 296 

T-cell stimulating peptides are more than nine amino acids in length (Sollid, 2002), but 297 

the sequence of these two peptides are usually appear to be the core parts of T-cell 298 

stimulating peptides (Sollid, Qiao, Anderson, Gianfrani & Koning, 2012). Given the 299 

high proline content of cereal prolamin proteins, the use of oxidation of proline for the 300 

degradation of celiac-toxic materials was our starting point. Although peptide 301 

PQPQLPY contained relatively more proline residues than peptide QQPFP, the most 302 

effective oxidation systems generated more GABA from QQPFP than from PQPQLPY. 303 

This may be due to the position of the proline residue at the C-terminal of QQPFP 304 

where hydroxyl radicals attack more readily (Morgan, Pattison & Davies, 2012). 305 

Moreover, the tyrosine residue at the C-terminal of PQPQLPY was more attractive for 306 

hydroxyl radicals, with a higher reaction constant rate than proline (Xu & Chance, 307 

2007). This result was comparable to GABA formation from oxidation of (Pro-Pro-308 

Gly)10, where 5% of the original proline was converted to 2-pyrollidone (Kato et al., 309 
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1992a). Less GABA formed in hordein oxidation than in peptide oxidation, because the 310 

amino acid profile of hordein is more complex, and some amino acids, such as 311 

cysteine, aromatic amino acids and histidine, have greater potential than proline for 312 

oxidation by hydroxyl radicals (Xu & Chance, 2007). Furthermore, the model peptides 313 

were water-soluble, so their structure was more open and available for radicals to 314 

attack than the hordein sample that was not water-soluble, with its folded and closed 315 

structure (Shewry & Tatham, 1990). Although radicals can attack substrates in 316 

whatever media, the accessibility of proline residues is important for 2-pyrrolidone 317 

formation in this case. Proline oxidation has seldom been reported in food systems, 318 

but it has been studied in non-food systems. The cleavage of bovine serum albumin 319 

at proline residues by gamma-rays was firstly proposed by Schuessler and Schilling 320 

(1984). Proline oxidation contributes to collagen fragmentation by metal-catalyzed 321 

oxidation (Kato et al., 1992a) and ultraviolet irradiation (Kato et al., 1992b), and the 2-322 

pyrrolidone structure was identified as a product of proline fragmentation. Titanium 323 

oxide caused the cleavage of protein at proline residues (Jones, Vergne, Bunk, 324 

Locascio & Hayes, 2007). Mass spectrometry showed that gamma-irradiation caused 325 

the fragmentation of peptides at positions adjacent to proline residues (Morgan et al., 326 

2012). 327 

 328 

Glutamic semialdehyde and pyroglutamic acid are also possible products of proline 329 

side-chain oxidation without peptide/protein fragmentation (Kato et al., 1992b). We 330 

detected the mass of both of these products from oxidation of peptide QQPFP by 331 

LC/MS, but the position of the proline that was modified could not be determined. 332 
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Although proline fragmentation accounted for only 8.4% of peptide loss, the formation 333 

of glutamic semialdehyde and pyroglutamic acid contributed to the apparent loss of 334 

80% of QQPFP. The fragmentation of proline does not account for all of the decrease 335 

in immunoreactivity of oxidized hordein. In R5-antibody recognition used in gluten 336 

detection, the FP motif was most important for binding (Kaglenberg, Mendez & Mothes, 337 

2004), and it is easily modified by oxidation, as its phenylalanine can readily be 338 

oxidized by the addition of a hydroxyl group to the ring structure (Xu & Chance, 2007). 339 

In our work, tyrosine at the C-terminal of PQPQLPY was oxidized to form dityrosine, 340 

and Cu/H2O2 was the most potent system for its formation (data not shown). Similarly, 341 

a Cu/H2O2 system was most effective for dityrosine formation from lens protein (Kato, 342 

Kitamoto, Kawai & Osawa, 2001). 343 

 344 

In this study, oxidized hordein retained around 30% of its immunoreactivity against R5 345 

antibody, whereas Cu/H2O2 oxidation of C-hordein left only 5% in the sandwich ELISA 346 

test (Huang et al., 2016). This is attributable to the low content of QQPFP epitopes in 347 

B-hordein, which constitutes 60-80% of total hordein, and the high content in C-348 

hordein, which constitutes 10-30% of the total (B3-hordein, Uniprot entry I6TEV5, 1 349 

repeat; C-hordein, Uniprot entry Q40055, 13 repeats). Thus, the degradation of C-350 

hordein should contribute to most of the decrease in immunoreactivity. We attribute 351 

the high residual immunoreactivity of total hordein to the presence of cysteine residues 352 

in B-hordein that would have consumed some of the formed hydroxyl radicals, and 353 

protected C-hordein against attack, whereas C-hordein has no cysteine.  354 

 355 
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The oxidative modification of a protein is a distinct process, and its rate and intensity 356 

can vary with different substrates (Sereikaite, Jachno, Santockyte, Chmielevski, 357 

Bumelis & Dienys, 2006). Compared to our previous results (Huang et al., 2016), Cu-358 

catalyzed oxidation was more effective for degradation of C-hordein while Fe-359 

catalyzed oxidation was more effective for peptides (33-mer, QQPFP). We propose 360 

the following mechanism for oxidation of hordein. The radicals quickly attack free thiol 361 

groups of B-hordein, where a transition metal, especially Cu, may have a chelating 362 

site on cysteine residues, and form disulfide bonds. Free thiols from two cysteine 363 

residues can form intermolecular disulfide or intramolecular disulfide aggregations 364 

through oxidation, and rearrangement of disulfide bonds can also occur (Xu & Chance, 365 

2007). Aromatic amino acids are modified, for example, dityrosine is formed through 366 

tyrosine oxidation. These modifications result in aggregation of hordein. Further 367 

aggregation may occur through Schiff-base formation between formed carbonyls and 368 

amino residues in hordein (Huang et al., 2016; Stadtman, 1992). Such aggregation 369 

would lead to the formation of assemblages that were too large to enter the SE-HPLC 370 

column.  371 

 372 

Cu may have a specific binding site on the protein and cause specific or localized 373 

damage, whereas the Fe/EDTA complex is larger and less likely to have a specific 374 

binding site, so its attack is considered to be more random (Kocha, Yamaguchi, Ohtaki, 375 

Fukuda & Aoyaji, 1997). In hordein oxidation, a thiol group could reduce Cu(II) to Cu(I) 376 

and form thiol radicals (Smith, Reed & Hill, 1994; Di Simplicio, Cheeseman & Slater, 377 

1991). This would account for the observed rapid loss of free thiols in Cu-catalyzed 378 
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oxidation, and slower loss in Fe/EDTA-catalyzed oxidation. In the presence of H2O2, 379 

Cu(I) is oxidized and produces hydroxyl radicals that can attack hordein and cause 380 

proline fragments. However, the rate constant of the Fe(II)-producing hydroxyl radical 381 

is 60 times slower than that of Cu(I) (Vreeburg & Fry, 2005), resulting in 382 

correspondingly less GABA formation in 2 h of H2O2-induced oxidation. Proline might 383 

also be in the proximity of Cu ions (Kurahashi et al., 2001), and when treated with 384 

hydrogen peroxide it was more likely to fragment.  385 

 386 

Instead of Fe, we used Fe/EDTA chelate for oxidation in this study, as the combination 387 

is a strong oxidant (Xu & Chance, 2007). Fe/EDTA/AA was relatively slow to oxidize 388 

hordein, and formed more GABA and carbonyls after 24 h oxidation than other 389 

systems, resulting in the least immunoreactivity against R5 antibody. One explanation 390 

could be that ascorbic acid can be regenerated and continually generates H2O2, but 391 

in H2O2 systems hydrogen peroxide acts only once (Stadtman & Levine, 2003). In 392 

metal-catalyzed oxidation, ascorbic acid can reduce the transition metal, and initiate 393 

and maintain the generation of hydroxyl radical in the presence of oxygen. 394 

Furthermore, ascorbic acid can scavenge radicals and help to localize oxidation to 395 

amino acids close to the metal center (Bridgewater & Vachet, 2005). 396 

 397 

Another major amino acid of hordein, glutamine, was not studied in this work. 398 

Glutamine has very low reactivity against hydroxyl radicals, and there are few reports 399 

of glutamine oxidation products, but oxidation of the glutamine residue has been 400 

reported to cause deamidation (Xu & Chance, 2007), and hordein contains more than 401 
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30 mol % of glutamine residues. Deamidation of gluten proteins and peptides reduced 402 

the recognition against R5 antibody, ω-gliadin antibody and G12 antibody (Kanerva, 403 

Brinck, Sontag-Strohm, Salovaara & Loponen, 2011). 404 

 405 

5. Conclusion 406 

We conclude that proline oxidation can lead to fragmentation of celiac model peptides 407 

and hordein. The immunoreactivity of the hordein isolate decreased, because the 408 

recognition epitopes were extensively modified through metal-catalyzed oxidation. 409 

The Fe/EDTA/AA system caused most proline fragmentation of peptides, while the 410 

Cu/H2O2 system was most effective on the hordein isolate. Besides fragmentation, 411 

aggregation also occurred, through the formation of disulfides, carbonyls, or dityrosine. 412 

We propose that metal-catalysis can be used to oxidize prolamins in order to eliminate 413 

celiac-toxic sequences, for example, in the production of gluten-free barley starch. 414 
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Figure Captions 568 

Figure 1 Oxidation of peptide QQPFP. (a) Changes in QQPFP concentration during 569 

Fe/EDTA/AA oxidation by MRM. (b) MRM chromatogram of product F1 from 570 

Fe/EDTA/AA oxidation of QQPFP; the inset shows the change in the MRM peak area 571 

of product F1 with oxidation time. (c) MRM chromatogram of product F2 from 572 

Fe/EDTA/AA oxidation of QQPFP; the inset shows the change in the MRM peak area 573 

of product F2 with oxidation time. 574 

Figure 2 Detection and quantification of γ-aminobutyric acid (GABA). (a) MRM 575 

chromatogram of GABA. (b) GABA released from hordein in the four oxidation systems 576 

after 2 (dark) and 24 h (light). Error bars show  1 standard error of the mean. 577 

Horizontal line shows control (unoxidized hordein). Asterisks show significant 578 

differences from control. 579 

Figure 3 Aggregation of peptide and hordein during oxidation. (a) Chromatogram of 580 

dityrosine formation in Cu/H2O2 oxidation of peptide PQPQLPY, detected by 581 

fluorescence excitation 300 nm and emission at 400 nm. (b) Extract-Ion chromatogram 582 

(EIC) of m/z 1681.86; the inset shows the spectrum of the peak. (c) Blot analysis of 583 

free thiol groups by iodoacetyl-LC-biotin oxidation of hordein for 2 h (lanes 3, 5, 7, 9) 584 

and 24 h (lanes 4, 6, 8, 10) in four systems: Cu/H2O2 (lanes 3, 4), Cu/AA (lanes 5, 6), 585 

Fe/EDTA/H2O2 (lanes 7, 8), and Fe/EDTA/AA (lanes 9, 10). Lane 1, Biotinylated bovine 586 

serum albumin marker, 67 000 g/mol; lane 2, unoxidized hordein control. 587 

Figure 4 Size exclusion chromatograms of oxidized hordein in four systems, after 2 588 

and 24 h: (a) Cu/H2O2, (b) Cu/AA, (c) Fe/EDTA/H2O2, and (d) Fe/EDTA/AA. Red arrow 589 

indicates the elution volume (33 ml) of molecular marker MW=1085 g/mol. 590 
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Figure 5 Protein carbonyl analysis. (a) Carbonyl production from hordein by four 591 

oxidation systems after 2 h (dark) and 24 h (light). Error bars show  1 standard error 592 

of the mean. Horizontal line shows control (unoxidized hordein). Asterisks show 593 

significant difference from control. (b) Blot analysis of protein carbonyls by biotin-594 

hydrazide after 1 h of oxidation. X indicates no addition of metals.  595 

Figure 6 Immunoreactivity of hordein against R5 antibody after 2 h (dark) and 24 h 596 

(light) of oxidation by four systems, as percentage of control. All bars are significantly 597 

less than 100%. Asterisks show significant differences between 2 h and 24 h. 598 
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