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ABSTRACT 
 

Gluten-free foods are defined by their lack of prolamins that trigger coeliac 

disease. In order for foods derived from Triticeae grains to be considered as 

gluten-free, the prolamins need to be eliminated. Previously, enzymatic 

degradation of cereal prolamins has been intensively studied. In the present 

work, another method is investigated, namely the metal-catalysed oxidation of 

prolamins. The aim was to modify prolamin peptides and proteins, and to 

examine the modifications, in order to reduce their immunological activities. 

 

The metal-catalysed oxidation was first examined on model peptides, including 

repetitive sequences of prolamin peptides and a model coeliac-toxic peptide 

(33-mer), and then tested on C-hordein, a model monomeric barley prolamin, 

and finally on whole hordein, thus covering the range from peptides to a whole 

protein. The fragmentation of prolamin peptides and proteins was observed to 

be a consequence, partly due to proline oxidation. On the other hand, 

aggregation also occurred, through dityrosine formation, disulfide bridges or 

carbonyl interactions. The amino acid profile and protein structure affected the 

oxidation behaviours and resulted in various modifications that were compared 

after metal-catalysed oxidation treatments. The immunoreactivity of oxidised 

peptides, C-hordein or whole hordein decreased in R5 antibody-based 

measurements that are used in gluten-free detection. 

 

The present study demonstrated that cereal prolamins can be modified by 

metal-catalysed oxidation, and their immunoreactivities against R5 antibody 

were reduced. The information of their oxidative modifications offers a new 

alternative to be utilised in the elimination of prolamins for gluten-free 

applications.   
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1 INTRODUCTION 
 

Prolamins are the storage proteins in the endosperm of cereal grains that are 

defined as being soluble in aqueous alcohol solution, but insoluble in water and 

0.5 M NaCl (Codex Stad 118-1979). Prolamin of common wheat (Triticum 

aestivum L. emend Thell.) has the important rheological property of 

contributing a viscoelastic dough when mixed with water, but prolamins of 

other grains do not have the same property. Prolamins of wheat, barley 

(Hordeum vulgare L.), rye (Secale cereale L.) and other species of the Triticeae, 

often called gluten, are harmful to patients suffering from coeliac disease, a 

form of gluten intolerance. At the moment, the only treatment for coeliac 

patients is to keep a gluten-free diet. Thus elimination of cereal prolamin 

peptides and proteins is essential for gluten-free food production from these 

grains.  

 

Various proteolytic enzymes have been examined for their ability to fragment 

prolamin peptides and proteins into smaller peptides that are no longer toxic in 

model food systems. Endogenous enzymes from seed germination (Loponen, 

Sontag-Strohm, Venäläinen & Salovaara, 2007) or sourdough fermentation 

(Loponen, Mikola, Katina, Sontag-Strohm & Salovaara, 2004) can degrade 

prolamins. Because of the high content of proline residue in prolamins, enzymes 

that have post-proline cleaving property have been tested for their degradative 

ability (Shan et al., 2005). However, degradation is not the only way to decrease 

the immunoreactivity of prolamins. Oxidation of proteins offers various 

modifications, including fragmentation, cross-linking and side-chain changes, 

but whether these modifications are able to decrease immunoreactivity has not 

been studied before. In general, oxidation was considered to have a bad effect 

on the quality and nutritional value of food, but it has been applied more and 

more in food, for example, ozone application in conversion of green tea to black 

tea, or disinfection of poultry carcasses (Guzel-Seydim, Greene & Seydim, 2004), 

and oxidation of starch to obtain better mechanical and film-forming properties 

for packing materials (Tolvanen, Mäki-Arvela, Sorokin, Salmi & Murzin, 2009).  
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This thesis reviews the literature, firstly, on the characteristics of prolamins, 

especially barley prolamins, and model coeliac-related peptides. Secondly, the 

current legislation of gluten-free is reviewed, along with the approaches for 

reducing risks for coeliac patients. Thirdly, gluten quantification methods are 

reviewed. Fourthly, the oxidation of amino acids, peptides and proteins is 

introduced, and their consequences are divided into fragmentation, cross-

linking and side-chain modification. Examples are taken from oxidation of 

collagen and redox reactions in dough. 

 

The aim of this study was to investigate the modification of cereal prolamin 

peptides and proteins by metal-catalysed oxidation and reducing their 

immunoreactivities. The experimental part focuses on the oxidation of selected 

model peptides and proteins, and their modifications in detail. The 

immunoreactivities of oxidised peptides and proteins are examined in R5 

antibody-based tests. 
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2 REVIEW OF THE LITERATURE 
 

2.1 Coeliac disease and cereal prolamins  
 

2.1.1 Coeliac disease in brief 

 

Coeliac disease is an enteropathy of the small intestine caused by prolamins of 

the Triticeae (Sollid, 2002). As food protein passes through the stomach and 

small intestine, it is normally digested into small peptides and eventually into 

amino acids that are later absorbed (Borgström, Dahlqvist, Lundh & Sjövall, 

1957). Due to their high proline content, gluten proteins are not completely 

digested. In coeliac patients, the incompletely digested medium or long gluten 

peptides pass the enterocyte layer and are modified by the enzyme 

transglutaminase 2 (TG2), triggering immunological responses at the lamina 

propria. The immune reaction causes damage of the villi of the small intestine, 

affects the absorption of nutrients, and induces inflammation (Schuppan, 2000; 

Sollid, 2000; Sollid, 2002). Common symptoms include chronic diarrhoea, 

abdominal pain, weight loss, and fatigue (Green & Jabri, 2003). 

 

The only existing treatment is to keep a gluten-free diet, and here gluten refers 

to prolamins of wheat, barley and rye. Two important factors affect coeliac 

disease: the environmental factor is the exposure to gluten in the daily diet, and 

the genetic factor is the expression of human leukocyte antigens HLA-DQ2 and 

HLA-DQ8 (Sollid et al., 1989). HLA-DQ is a major histocompatibility complex 

(MHC) class II antigen-presenting receptor, and 95% of coeliac patients have 

either HLA-DQ2 (more common) or the HLA-DQ8 (less common) (Bergseng, 

Sidney, Sette & Sollid, 2008). Coeliac disease presents in about 1% of the world 

population. The highest prevalence, 5.6% of population, was found in Algeria 

(Lionetti & Catassi, 2014). In Finland, the prevalence is 2.4% (aged 30-64 years), 

which is higher than in other European countries, for example, 0.3% in 

Germany and 0.7% in Italy (Mustalahti et al., 2010). Both environmental and 

genetic factors exist in China and Japan, but due to the lack of clinical reports, it 
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is considered likely that coeliac disease is rare in China and very rare in Japan 

(Cummins & Roberts-Thomson, 2009). 

 

2.1.2 Cereal prolamins in general 
 

Several definitions of gluten are used. In the starch industry, gluten is the 

water-insoluble fraction from starch separation, mostly from wheat starch and 

maize starch. Vital gluten from wheat has viscoelastic functionality preserved 

that can be used in the food industry, whereas maize gluten is basically for 

animal feed (Day, Augustin, Batey & Wrigley, 2006). In cereal chemistry, gluten 

is the storage protein of wheat, that when mixed with water forms a strong and 

cohesive dough. Although sometimes similar proteins in barley and maize are 

also called gluten, only wheat gluten has the visco-elastic character (Shewry & 

Tatham, 1990). In coeliac disease, gluten refers to the coeliac-active proteins 

and peptides from wheat, barley and rye, and their hybrids such as triticale 

(Kasarda, 1997). 

 

Prolamins are plant storage proteins that are insoluble in water or aqueous salt 

solutions in the native state (Shewry, Tatham & Halford, 1999). Prolamins of 

wheat are called gliadins and glutenins, of barley are hordeins, and of rye are 

secalins. Prolamins from members of other tribes of the Poaceae include oat 

avenins, maize zeins, rice oryzeins and millet/sorghum kafirins (Delcour & 

Hoseney, 2010). Only gliadins, glutenins, hordeins and secalins are considered 

harmful for people with coeliac disease (Kasarda, 1997).  

 

The classification of prolamins from barley, wheat and rye is listed in Table 1. 

Generally prolamins can be classified as either ‘monomeric prolamins’ that are 

soluble in aqueous alcohol solutions in their native state, or ‘polymeric 

prolamins' that are totally alcohol-soluble when reduced by reductive agents or 

hydrolysed by enzymes (Shewry et al., 1999). Monomeric prolamins may have 

intrachain disulfide bonds, but polymeric prolamins have both intrachain and 

interchain disulfide bonds that stabilise them into very large polymers (Wieser, 

2007).  



 14 

 

Table 1. Classification of prolamin proteins from barley, wheat and rye. 

 Barley Wheat Rye 

HMW prolamins D-hordeins HMW-glutenin subunits x-types 

HMW-glutenin subunits y-types 

HMW-secalins 

Sulphur-poor 

prolamins 

C-hordeins ω-gliadins ω-secalins 

Sulphur-rich 

prolamins 

γ-hordeins γ-gliadins γ-40 secalins 

γ-75 secalins 

-- α/β-gliadins  

B-hordeins LMW-glutenins -- 

 

2.1.3 Barley prolamins 

 

In this thesis, barley prolamin is selected to study instead of wheat for several 

reasons. First of all, barley is the most produced grain in Finland, with 1570 Gg 

harvested in 2015, which was 40% of all grain production (Natural Resources 

Institute Finland, 2016). Secondly, it is a diploid that diverged from wheat 

earlier than rye in the evolution of the tribe. Unlike the complexity of the 

prolamins of polyploid wheats, the composition of barley prolamins is relatively 

simple, with B-hordein and C-hordein constituting over 80% of all hordein 

(Shewry & Tatham, 1990). Thirdly, the accurate quantification of barley 

prolamin by immunological methods remains a problem, when analysing 

barley-containing food samples (Kanerva, Sontag-Strohm & Lehtonen, 2005; 

Kanerva, Sontag-Strohm, Ryöppy, Alho-Lehto & Salovaara, 2006). Thus barley 

hordein is a good model to study the oxidation behaviour for our research 

group. Barley hordein classification is listed in Table 2 and a summary of the 

hordein primary structure is in Figure 1. 
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Table 2. Composition and properties of barley hordeins and their gene loci. 

Group Name locus Proportion 

of whole 

hordein (%) 

Molecular mass 

*1000 (g/mol) 

Isoelectric 

point 

Monomeric C-hordein Hor-1 10-33 55-70 5-6 

 γ-hordeina Hor-5 minor 36-40 --- 

Polymeric B-hordein Hor-2 60-80 36-40 6.5-8.5 

 D-hordein Hor-3 5-9 90-110 7-8 

a Some subunits are polymeric. 

 

C-hordein usually accounts for 10-20% of total hordein (Tatham & Shewry, 

1995), but can be over 30% in some cultivars (cv. Lacey, cv. Elmeri, 

unpublished data). C-hordein is an omega-type prolamin, together with ω-

gliadin and ω-secalin, and their primary structure is very much alike. C-

hordeins are similar in sequence but differ in molecular sizes. The sequence 

shows short N- and C-terminal domains of 12 and 6 residues, respectively, but 

the central domain consists almost entirely of repeats of the octapeptide Pro-

Gln-Gln-Pro-Phe-Pro-Gln-Gln (PQQPFPQQ), and contains no cysteine residues 

for cross-linking (Shewry & Tatham, 1990; Belton, Gil & Tatham, 1994). Nine C-

hordeins were isolated from barley cv. Risø 56, with molecular weights mostly 

from 43,561 to 46,857 by MALDI-TOF-MS, and one protein of 57,606 (Savage, 

Saletti, Foti, Shewry & Tatham, 2002). These values are lower than those 

estimated from SDS-PAGE, from 55,000 to 70,000 (Shewry, Field, Kirkman, 

Faulks & Miflin, 1980). 
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Figure 1. Primary structure of hordeins. Data were collected and modified from 

Shewry (1993), Shewry et al. (1999), Hsia & Anderson (2001), Gu et al. (2003), Pistón 

et al. (2004), and Anderson (2013). 

 

According to circular dichroism spectrometry (Tatham, Drake & Shewry, 1985a) 

and NMR spectrometry (Tatham, Shewry & Belton, 1985b), C-hordein has an 

unusual secondary structure of β-turns, but no α-helix and β-sheet. The 

conformation is stabilised by hydrogen bonding and hydrophobic interactions. 

Proline residues are in the trans configuration. On the basis of Fourier-

transform spectrometry of a C-hordein model peptide (Tatham, Drake & 

Shewry, 1989), C-hordein was shown to have a poly-L-proline II conformation 

at low temperature, and βI/III reverse turns at higher temperatures in organic 

solvents (Figure 2). When solubilised by acetic acid, C-hordein has the protein 

conformation of a stiff coil or a worm-like chain (I’Anson, Morris, Shewry & 

Tatham, 1992), but when the solvent and temperature are changed, its 

structure is more dynamic. The hydrated C-hordein has a heterogeneous gel-

like tertiary structure, meaning that there is a liquid-like domain and a solid-

like domain (Gil et al., 1997). The ratio between these domains depends on the 

hydration level, which is determined by the proportion of hydrophilic amino 

acids and molecular weights. The solid-like domain includes some Gln residue 

with hydrophobic interactions, and a hydrophobic moiety of Pro and Phe 

residues.  
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(a) (b)  

(c)  

Figure 2. (a) Structure diagram of polyproline-II; (b) Computer model of peptide Pro-

Gln-Gln-Pro-Phe-Pro-Gln-Gln; (c) Suggested C-hordein structure diagram. Adapted and 

modified from Matsushima, Creutz & Kretsinger (1990), and Simpson (2001).  

 

Gamma-hordein is a minor component in barley prolamins. Its molecular size 

is similar to that of B-hordein. Both polymeric and monomeric forms of γ-

hordein exist, γ1 and γ2 being polymeric and γ3 monomeric with only 

intrachain disulfide bonds. Gamma-hordein has a repetitive domain at the N-

terminal, which is similar to the repeats of C-hordein, PQQPFPQQ, and is rich in 

β-turns. A non-repetitive domain at the C-terminal contains cysteine residues 

and is rich in α-helices (Cameron-Mills & Brandt, 1988; Pistón, Dorado, Martin 

& Barro, 2004). 

 

B-hordein is the major component of barley prolamin and is rich in cysteine 

residues. Similar to γ-hordein, B-hordein has a repetitive domain at its N-

terminal of PQQP (Shewry & Tatham, 1990), and its secondary structure is rich 

in β-turns (58%) and random coils (29%). The non-repetitive domain contains 

mostly α-helix (47%) and β-turns (33%) (Shewry, 1993). B-hordeins consist of 

more than 10 proteins mainly in two groups, B1- and B3-type hordein. B2-type 

hordein is a minor component and its gene has not been reliably identified 
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(Anderson, 2013). The structure of B-hordein is homologous to that of low 

molecular weight glutenin (LMW-glutenin) of wheat. Eight cysteine residues 

exist in B-hordein of cv. Barke, forming three intramolecular disulfide bonds, 

and with two available for polymerisation (Anderson, 2013).  

 

D-hordein forms a single band in gel analysis, and its structure is close to that 

of HMW-glutenin of wheat. The sequence contains a long repetitive domain 

consisting of three motifs. Motifs P/GHQGQQ and GYYPSXYSPQQ are similar to 

their counterparts in HMW-glutenin (Shewry, 1993). A motif of Thr-Thr-Val-Ser 

(TTVS), not found in other prolamin groups, repeats 11 times and forms β-turns 

at the C-terminal (Halford et al., 1992). The overall structure of D-hordein is in 

spiral conformation. D-hordein has 9-10 cysteine residues, which is more than 

in HMW-glutenins (Shewry et al., 1999). 

 

2.1.4 The 33-mer peptide 

 

The celiac-active peptides are rich in glutamine and proline residues. Most 

studies of harmful peptides have been performed on monomeric prolamins of 

wheat, for example α-gliadins, by in vitro and in vivo methods (Mantzaris & 

Jewell, 1991; Sturgess et al., 1994; Marsh et al., 1995). In vitro methods have 

shown that the harmful peptides are also present in HMW-glutenins (Molberg 

et al., 2003) and LMW-glutenins (Vader et al., 2002) of wheat.  

 

A 33-mer peptide was suggested to have ability to initialise the inflammatory 

response in coeliac patients (Shan et al., 2002). When α2-gliadin was digested 

with gastric, pancreatic and intestinal brush-border membrane proteases both 

in vitro and in vivo, a fragment with 33 amino acids remained intact even with 

prolonged incubation, and its sequence was determined to be 

LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF. It has a high content of proline 

(13/33) and glutamine (10/33), and contains three T-cell epitopes, a peptide 

sequence as a part of an antigen that is recognised by specific T-cells in immune 

system (Tye-Din et al., 2010). These epitopes are PFPQLPY, PQPQLPYPQ (2 
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copies), and PYPQPQLPY (2 copies) (Arentz-Hansen et al., 2000; Arentz-Hansen 

et al., 2002). Similar peptides were found in barley and rye prolamins, but not in 

the prolamins of non-toxic grains (Shan et al., 2002). The circular dichroism 

spectroscopy of the 33-mer peptide showed that it had a polyproline-II helical 

secondary structure that can hold it in a defined backbone registry within the 

binding groove of MHC class II proteins, thus enhancing the peptide's affinity 

(Kasson, Rabinowitz, Schmitt, Davis & McConnell, 2000). 

 

2.1.5 T-cell epitopes 

 

T-cell epitopes have been found in derivatives of the major wheat prolamin 

groups, including α-, γ-, and ω-gliadins and HMW- and LMW-glutenins, as well 

as in prolamins of barley and rye (Vader et al., 2003; Tye-Din et al., 2010). Sollid, 

Qiao, Anderson, Gianfrani & Koning (2012) proposed a nomenclature for gluten 

epitopes relevant to coeliac disease. The criteria are 1) the epitope should have 

at least one T-cell clone; 2) the corresponding HLA-DQ molecules should be 

defined; and 3) the core of nine amino acids of the epitope should be defined 

with appropriate analysis. The epitope usually contains more than nine amino 

acids, because the MHC class II receptor is also sensitive to the sequence 

neighbouring the core epitope. Peptides of less than nine amino acids are 

considered not to stimulate T-cells (Sollid, 2002). The high proline content 

makes the prolamins resistant to complete digestion, and T-cell epitopes are 

located in the residual peptides (15-50 amino acids) (Arentz-Hansen et al., 2002; 

Shan et al., 2002). The resulting peptides are usually good substrates for 

enzyme issue transglutaminase 2 (TG2), because proline helps the enzyme 

specificity when in a glutamine-X-proline sequence (Dørum et al., 2010; 

Fleckenstein et al., 2002; Vader et al., 2002). The deamidated peptides generally 

enhance the affinity to HLA-DQ molecules. The stable peptide-MHC complex is 

the important factor for initiation of the T-cell response (Sollid, 2012). Table 3 

shows examples of T-cell epitopes from barley, where the position of proline is 

strict in the recognition with DQ2.5 molecule, a subtype of HLA-DQ2. In those 

epitopes where the proline is at positions 1, 6 and 8, the glutamines at positions 
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4 or 6 are modified into glutamic acid by TG2. Intact gluten peptides usually 

bind only weakly to HLA class II molecules, and the binding increases following 

partial deamidation and when the positioning is correct (Kim, Quarsten, 

Bergseng, Khosla & Sollid, 2004). 

 

Table 3. Examples of core parts of T-cell epitopes relevant to coeliac disease. 

Position 1 2 3 4 5 6 7 8 9 Reference 

DQ2.5-hor-1 P F P Q P E Q P F Tye-Din et al., 2010 

DQ2.5-hor-2 P Q P E Q P F P Q Vader et al., 2003 

DQ2.5-hor-3 P I P E Q P Q P Y Tye-Din et al., 2010 

DQ2.5-ave-1a P Y P E Q E E P F Arentz-Hansen et al., 2004 

DQ2.5-ave-1b P Y P E Q E Q P F Arentz-Hansen et al., 2004 

Nomenclature from Sollid et al. (2012). DQ2.5 indicates the HLA to which the epitope is 

restricted; ‘hor’ stands for hordein and 'ave' for avenin, where the epitope is derived 

from. Bold ‘E’ is the glutamine residue formed by TG2 and an important site for 

recognition of T cells.  

 

Oat prolamins (avenins) do not have the same amino acid sequence as the 

epitopes from wheat, barley and rye, and the structure differs. Two avenin-

specific epitopes were found to trigger T-cell reactions in coeliac disease 

patients (Arentz-Hansen et al., 2004) and have been found in 13 oat cultivars 

(Londono et al., 2013). It has been debated for several years whether oat 

consumption is safe for coeliac patients, but in general, non-contaminated oat 

products are considered to be safe for them. In Finland more than 70% of 

coeliac patients consume oat products (Salovaara, Kanerva, Kaukinen & Sontag-

Strohm, 2009). Numerous clinical studies have shown that oat is safe for coeliac 

patients (Janatuinen et al., 1995; Srinivasan et al., 1996; Kilmartin, Lynch, 

Abuzakouk, Wieser & Feighery, 2003; Högberg et al., 2004; Srinivasan, Jones, 

Carolan & Feighery, 2006). However, it seems that a small minority of coeliac 

patients are sensitive to oat (Lundin et al., 2003; Arentz-Hansen et al., 2004; 

Peräaho et al., 2004; Hollén et al., 2006; Silano et al., 2007). 
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2.2 Gluten-free issues 
 

2.2.1 Gluten-free labelling  
 

The Codex Alimentarius Commission was established in 1963 to develop food 

standards and guidelines to ensure fair trade food practice. In 1979, Codex 

Standard 118-1979 was drafted for gluten-free products, and the total nitrogen 

content of an originally gluten-containing product should be below 0.05 g 

nitrogen per 100 g of food on a dry matter basis in order to be rendered gluten-

free. Since then, the understanding of the disease, the prolamins and the 

detection methods have developed, and the maximum amount of gluten in 

gluten-free products was reduced from 200 parts per million (ppm) in 1996 to 

100 ppm in 2006. The current standard is called the ‘Codex standard for food 

for special dietary use for persons intolerant to gluten’ and contains two 

categories of foods. The category of gluten-free food should have a gluten level 

not exceeding 20 ppm. These products include naturally gluten-free food, and 

food with ingredients from wheat, barley, rye and oat. Oat is considered to be 

tolerated by most people who are intolerant to gluten, but in order to have 

gluten-free labelling the gluten content of oat cannot exceed 20 ppm. The other 

category is foods that consist of wheat, barley, rye and oat, have been specially 

processed to reduce the gluten content, and the residual gluten level is between 

20 and 100 ppm.  

 
Table 4. Gluten-free labelling regulation. 

Region Gluten-

free 

Other rules References 

EU < 20 ppm 20-100 ppm (very low gluten) (EC) No 41/2009 

USA < 20 ppm --- 78 FR 47154, FDA 

(2013) 

Canada < 20 ppm  > 10 ppm, label the presence Health Canada (2012) 

Australia, 

New Zealand 

< 3 ppm 3-200 ppm (low gluten) Food Standards 

Australia New Zealand, 

(2004) 
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In Europe, wheat starch from which the gluten has been washed out to less than 

20 ppm is labelled gluten-free wheat starch and is widely used in gluten-free 

bread production to improve the taste and structure. In Canada, however, 

wheat starch is forbidden for use in gluten-free labelled products. A gluten-free 

diet based on wheat starch found to be tolerated by coeliac patients (Lohiniemi, 

Mäki, Kaukinen, Laippala & Collin, 2000). 

 

2.2.2 Reducing the risks for coeliac patients 
 

Researchers have several approaches to reduce the risk of gluten intake for 

coeliac patients, including breeding low-gluten grains, degrading gluten in food 

processing, and preventing gluten from triggering the disease after ingestion.  

 

All wheat cultivars are harmful for coeliac patients, but some are naturally low 

in T-cell stimulatory epitopes, and some of these may be consumed safely by 

coeliac patients (Spaenij-Dekking et al., 2005). A significant decrease of T-cell 

stimulatory epitopes was observed when the α-gliadin locus from the short arm 

of chromosome 6 of the D-genome was removed, but the technological 

properties also significantly decreased (van den Broeck et al., 2009). In a barley 

breeding project, the hordein level was reduced by combining the recessive 

mutations in Risø 56 (B-hordein null) and Risø 1508 (C-hordein null) first, and 

then crossing the double-null selection with Ethiopian R118 (D-hordein null). 

This novel barley contains less than 5 ppm hordein and has potential in the 

production of malt, food and beverages for coeliac patients (Tanner, Blundell, 

Colgrave & Howitt, 2015). 

 

In food processing, degradation of gluten by enzymatic hydrolysis either with 

prolyl endopeptidase or endogenous enzymes from germination has been 

intensively studied. A proline endopeptidase from Aspergillus niger (AN-PEP) 

was originally used in the prevention of chill-haze in beer (Lopez & Edens, 

2005), and in the debittering of protein hydrolysates (Edens et al., 2005). 

Because of the specificity of AN-PEP towards Pro-X peptide bonds, this enzyme 
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was used for hydrolysis of gluten (Stepniak et al., 2006; Mitea et al., 2008a). 

Table 5 summarizes the application of enzymes in degradation of cereal 

prolamin peptides and proteins.  

 

Several drugs have been developed and are currently in clinical trials. ALV003 

is a mixture of cysteine protease (EP-B2) and prolyl endopeptidase (PEP) for 

degradation of gluten, and is currently (May 2016) in a double-blind, placebo-

controlled, randomised, dose-ranging phase 2b clinical trial (Alvine 

Pharmaceutical, NCT01917630, clinicaltrial.gov). Another drug, larazotide 

acetate (AT-1001), is a tight-junction regulator that controls the inflammatory 

cascade within the bowel caused by the raised paracellular permeability of 

coeliac patients. Positive results from phase 2b clinical trial of this drug were 

released in 2014 (Alba Therapeutics Corporation, NCT01396213, 

clinicaltrial.gov). Nexvax2 from ImmusanT is a drug combining three 

proprietary peptides to reprogram gluten-specific T cells and reduce 

inflammation in villi, and is now in phase 2 clinical trial (NCT00879749, 

NCT02528799, clinicaltrial.gov). BL-7010 from BiolineRX is a high molecular 

weight polymer with high affinity to gliadins that prevents pathological damage 

to the small intestine by sequestering gliadins, and is now past the Phase 1 

safety trial (NCT01990885, clinicaltrial.gov) (Gottlieb, Dawson, Hussain & 

Murray, 2015). 
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Table 5. List of degradation of cereal prolamin peptides and proteins by enzymatic hydrolysis 

Treatment Matrix Result Test Reference 

Prolyl endopeptidase from 

Flavobacterium meningosepticum 

33-mer peptide T-cell stimulatory potential decreased in vitro Shan et al. (2002) 

Prolyl endopeptidase from 

Sphingomonas capsulata 

PQPQLPYPQPQLP Substrate decreased in vitro 

in vivo (rat) 

Shan, Marti, Sollid, 

Gray & Khosla (2004) 

Prolyl endopeptidase from 

Myxococcus xanthus 

PQPQLPYPQPQLP 

and 33-mer peptide 

Substrate decreased in vitro 

in vivo (rat) 

Shan et al. (2004) 

Prolyl endopeptidase from 

Aspergillus niger (AN-PEP) 

Gluten Substrate decreased  

T-cell stimulatory property decreased  

in vitro Stepniak et al. (2006) 

AN-PEP Raw or baked gluten 

mixture meal  (with 

carbonated drinks) 

No detectable immunological analysis 

against DQ2.5-glia-α1 and –α3 

in vitro Montserrat, Bruins, 

Edens & Koning 

(2015) 

AN-PEP Wheat-containing 

sorghum beer 

10-100 ppm by R5 competitive 

AN-PEP enhanced the loss of 33-mer 

peptide in beer, but not HMW glutenin 

in vitro Panda et al. (2015) 

AN-PEP Rye flour/sourdough, 

sourdough starter, then 

bread 

<20 ppm by R5 competitive  

 

in vitro Walter, Wieser & 

Koehler (2015) 

(continued)     
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Germinated barley peptidases 

and AN-PEP 

Barley beer <20 ppm by R5 competitive in vitro Knorr, Wieser & 

Koehler (2015) 

AN-PEP Germinated wheat bran 

and bread drink 

<20 ppm by R5 competitive in vitro  Walter, Wieser & 

Koehler (2014a) 

Germinated wheat, rye and 

barley proteases 

Gliadin peptides Degrade to size less than 9 amino 

acids 

in vitro Hartmann, Koehler & 

Wieser (2006) 

Rye sourdough Wheat sourdough Wheat aspartic proteinases degraded 

HMW glutenin 

in vitro Loponen et al. (2004) 

Germinated rye Rye sourdough Prolamin concentration 0.24-0.48 

mg/g by R5 sandwich, and 0.28-0.43 

mg/g by R5 competitive 

in vitro Loponen et al. (2009) 

Germinated common wheat, 

spelt, emmer, einkorn, rye, 

barley, oat and maize 

Gliadin and peptide 

PQPQLPYPQPQLPY 

Maximum 67% of gliadin and 100% of 

Peptide degradation observed from 

bran extract measured by R5 

competitive 

in vitro Schwalb, Wieser & 

Koehler (2012) 

Autolysis and AN-PEP wheat, barley and rye 

malt 

Wheat and rye malt hydrolysates < 20 

ppm in R5 both sandwich and 

competitive ELISA, barley malt 300-

600 ppm. 

in vitro Luoto et al. (2012) 
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2.3 Quantification of prolamins 
 

Based on the Codex Standard 118-1979, the gluten detection methods should 

detect the protein that is toxic for people who are intolerant to gluten, 

preferably with an immunological method or method with equal sensitivity and 

specificity. The enzyme-linked immunosorbent assay (ELISA) method based on 

antibody R5 towards pentapeptide QQPFP is a popular and accepted method at 

the moment. Superior to older methods, it has a sensitivity of 1.5 mg/kg gliadin, 

and a limit of detection of 3.2 mg/kg gluten (Stern, 2005). Combined with 

‘cocktail’ extraction, the method is suitable for quantification of gluten from 

unprocessed or heat-processed foods; its competitive assay can also measure 

gluten from hydrolysed products. The antibody recognises the homologous 

sequence of QQPFP also from barley and rye. The gluten concentration can be 

calculated according to gluten reference material (Figure 3). The development 

of prolamin quantification methods continues. The strengths and weaknesses of 

current immunological quantification methods are discussed below.  

 

 

Figure 3. Flow chart of immunological method for gluten quantification. 
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2.3.1 The extraction process 

 

An extraction buffer of aqueous alcohol can solubilise the monomeric prolamins 

from non-processed raw material. For heat-treated foods (Wagner, Morel, 

Bonicel & Cuq, 2011; Rombouts, Lagrain & Delcour, 2012), extraction solutions 

containing reducing agents are needed to break the disulfide bonds formed 

during processing. A patented 'cocktail' solution (EP 1424345 B1, 2010), 

comprising aqueous alcohol with 2-mercaptoethanol and guanidine 

hydrochloride, is available commercially and used in a sandwich type of ELISA. 

Nevertheless, the introduction of reducing agents and denaturing agents 

interferes with antibody recognition (Doña, Fossati & Chirdo, 2008), so high 

dilution of the extract was usually advised to minimise the interference. The 

patented UPEX (universal prolamin and glutelin extractant) solution (ES 

2351021 B1, 2011), with reducing agent TCEP and anionic surfactant N-

lauroylsarcosine in PBS buffer, does not interfere with the specific binding of 

antibody (Mena, Lombardía, Hernando, Méndez, & Albar, 2012). The authors 

claimed that the UPEX solution was able to extract gluten from all kinds of food 

systems, was suitable for both sandwich and competitive R5 ELISA, and was 

compatible with Western blot and mass spectrometry techniques. Nevertheless, 

this method extracts polymeric glutelins along with the monomeric prolamins 

on which analysis is based, so it is likely to give a higher apparent concentration 

of the antigen than less efficient solvents (Diaz-Amigo & Popping, 2013). For 

hydrolysed or fermented samples, such as beer, starch, malt extract, and 

sourdough, hydrolysed gluten protein and peptides are extracted by an aqueous 

alcohol solution, and measured in a competitive type of ELISA. 

 

2.3.2 The antibodies 

 

The majority of the assays are based on the monoclonal antibodies R5 (Sorell et 

al., 1998), ω-gliadin (Skerritt & Hill, 1990), G12 (Morón et al., 2008) and α20 

(Mitea et al., 2008b; Spaenij-Dekking, Kooy-Winkelaar, Nieuwenhuizen, 

Drijfhout & Koning, 2004), summarised in Table 6. 
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Table 6. Summary of antibodies used in enzyme-linked immunoassay (ELISA). 

Antibody Raised 

against 

Features Drawbacks References 

R5 Ethanol 

extract of 

rye 

Recognises mainly QQPFP, but also as LQPFP, 

QLPYP, QQSFP, QQTFP, PQPFP, QQPYP, and 

PQPFP 

Recognition of barley and rye 

prolamins not well defined 

Sorell et al. (1998) 

Osman et al. (2001) 

van Eckert et al. (2010) 

Kanerva et al. (2006) Recognises α-, β-, γ-gliadin, less ω-gliadin Also recognises LMW-glutenins 

Overestimates hordein  

ω-gliadin 

(401.21) 

Wheat 

gliadin 

Recognises PQPQPFPQE and PQQPPFPEE Also recognises HMW-glutenins Skerritt & Hill (1990) 

Skerritt & Smith (1985) 

Kanerva et al. (2006) 
Recognises ω-type prolamins of wheat, rye 

and barley 

ω-gliadin varies between species and 

cultivars 

Suitable for heat-processed food, because ω-

gliadin does not change during process 

Underestimates hordein 

G12 33-mer Recognises QPLPY and QLPYPQP Recognises glutelins in low level  Morón et al. (2008) 

Comino et al. (2013) 

Scherf & Poms (2016) 
Suitable for monomeric prolamins from 

wheat, barley and rye 

Binds to some oat cultivars 

 

α-20 α20-

gliadin 

Recognises PFRPQQPYPQP No information against glutelins Mitea et al. (2008b) 

Mujico et al. (2012) Similar epitope in barley, rye and oats Result expressed as α-20 gliadin 

content, not gluten content 
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The R5 antibody was raised against an ethanol extract of rye, and mainly 

recognises the epitope QQPFP. It recognises similar epitopes, such as LQPFP, 

QLPYP, QQSFP, QQTFP, PQPFP, QQPYP, and PQPFP, more weakly (Osman et al., 

2001). The specificity of R5 was tested mainly against wheat, and the reactivity 

in barley and rye are not well identified. QQPFP is the sequence in the repetitive 

domain of ω-gliadin, but R5 recognises ω-gliadin to a lower degree than α/β-

gliadin and γ-gliadin (van Eckert et al., 2010). R5 antibody also binds to LMW-

glutenin, which is problematic for the calculation of gluten content (Kanerva et 

al., 2011). Overestimation of hordein was reported when using R5 to quantify 

the barley contamination in oat (Kanerva et al., 2006), the suggested reason 

being that R5 strongly binds strongly to C-hordein. 

 

2.3.3 The reference material 

 

The current Codex Standard for food for special dietary use for persons 

intolerant to gluten leaves opportunities for the development of reference 

material, because there is no ideal or ‘certified’ reference material yet that 

would suit all gluten measurements by ELISA. 

 

Reference material for sandwich ELISA 

A gliadin reference material, extracted by aqueous alcohol solution, was used in 

the ω-gliadin (Skerritt) antibody assay. As mentioned earlier, this antibody also 

reacts with HMW-glutenin, if the samples are extracted with reducing agents, 

which reduces its comparability with the reference material that has only traces 

of HMW-glutenin. Diaz-Amigo and Popping (2013) suggested to use flour with 

characterised gluten content as a reference material, because it contains all 

components, instead of an extract of gluten, named either gliadin or glutelin. 

 

The PWG (Prolamin Working Group) gliadin standard was produced from a 

selection of 28 European wheat cultivars, with establishment of the purification 

and characterisation conditions. The R-Biopharm Ridascreen gliadin sandwich 

ELISA uses the PWG gliadin standard as reference material, containing 67.7% 
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monomeric gliadins and 28.9% glutenins (van Eckert et al., 2006). However, 

this material potentially lacks reproducibility, because of the effects of growing 

conditions on grain composition. Furthermore, this standard does not provide 

correct quantification for products containing barley and rye prolamins (Diaz-

Amigo & Popping, 2013). The commercial availability of PWG standard is 

limited, as it is obtained only from the chairman of the PWG. The Methodology 

Institute of the European Commission, in 2006, did not accept the PWG 

standard as a certified reference material, because of its high content of 

glutenin (Working Group on Prolamin Analysis and Toxicity, 2016). 

 

Reference material for competitive ELISA 

The appropriate reference material for hydrolysed food is even more 

challenging to obtain than intact protein, because the hydrolysis type and the 

hydrolysis level vary in different foods, in addition to the variation in gluten 

sources and composition. Competitive ELISA is more suitable than sandwich to 

detect gluten in hydrolysed foods, because it requires only one binding epitope 

for recognition of hydrolysed proteins. The current R5 competitive ELISA 

reference material in the R-Biopharm kit is a mixture of hydrolysates in equal 

parts from PWG gliadin, barley (cv. Barke) and rye (cv. Nikita) (Gessendorfer, 

Koehler & Wieser, 2009). Although this reference material provides the 

advantage of additional components besides gliadin, the analysis of food 

samples that have experienced various degrees of hydrolysis remains 

challenging. 

 

The 33-mer peptide was the reference material in G12 competitive ELISA. 

Instead of analysing certain groups of peptides or protein of gluten, the results 

of immunotoxicity of commercial Belgian beers were presented as the amount 

of 33-mer equivalent epitopes (Comino et al., 2013b). A synthetic peptide, 

GPFRPQQPYPB, was used as reference material in the α-20 gliadin competitive 

ELISA, and several labs tested it with hydrolysed and/or heat-treated foods 

(Mujico et al., 2012). The result from this measurement is a peptide 
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concentration that is difficult to convert to the gluten level required by the 

current legislation.  

 

2.3.4 The conversion factor 
 

Since the theoretical ratio of gliadin to glutenin is 1:1 in wheat, gliadin 

concentration is conventionally converted to gluten concentration by 

multiplying by 2. However, this ratio varies among species, cultivars and even 

growing environments. The factor of 2 is too high, because according to Wieser 

and Koehler (2009) measured values ranged from 1.32 to 1.66 in common 

wheat, 1.12-1.16 in rye, 1.20-1.71 in barley, and 1.21-6.81 in wheat starch. Of 

course, the antibody specificity in the assay needs to be taken in consideration 

when deciding the conversion factor. 

 

2.3.5 Other methods 
 

Besides immunological methods, there are proteomic methods, genomics-based 

methods, aptamers, and magnetic beads for quantifying prolamins. LC-MS/MS 

seems to be a promising and strong tool (Scherf & Poms, 2016). The protocol 

starts with extracting the intact proteins or peptides from the food matrix and 

digesting them with enzymes. The hydrolysates are then separated on a 

reverse-phase column connected to an MS/MS that fragments the hydrolysates, 

and specific gluten marker peptides are targeted through database search with 

bioinformatics tools. Finally, the peptides are calibrated and calculated with 

reference material. Tanner, Colgrave, Blundell, Goswami & Howitt (2013) used 

LC/MS-MS to identify peptides in beer, and detected peptides from B-, D- and γ-

hordein, but only trace amounts from C-hordein. The same group identified 

wheat contamination in soya flour with wheat marker peptides (Colgrave et al., 

2015). However, the database of gluten subunits is not yet well reviewed and 

established, and converting the peptide concentration to the concentration of 

gluten in food remains difficult because of the lack of suitable reference 

material (Scherf & Poms, 2016). 
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2.3.6 The relation between prolamin quantification and prolamin 

toxicity 
 

The toxicity of prolamins is usually measured as activation of CD4(+) T cells 

after digestive enzymes by in vitro methods (Sollid et al., 2012). The R5, G12 

and α-20 ELISA methods are based on monoclonal antibodies towards 

characteristic sequences in peptides that are stimulatory to T cells. However, 

these methods can be used only to predict the toxicity of prolamins, because the 

relation between the ELISA methods and the toxicity of prolamin has not been 

directly established or assessed clinically (Lester, 2008). To some extent, G12 

and α-20 ELISA methods measure peptides of the sequence originating from α-

gliadin that are known to have immunodominance in HLQ-DQ2, so they are 

more relevant to toxicity (Spaenij-Dekking et al., 2004; Morón et al., 2008). 

Thus, given the current knowledge of the daily threshold level of gluten and its 

toxicity to coeliac patients, the ELISA quantification method needs to be suitable 

to guarantee the gluten-free safety of foods. 

  



33 

2.4 Metal-catalysed oxidation of proteins 
 

Metal-catalysed oxidation is inevitable in food processing and storage, because 

of the presence of transition metals and oxidants (Baron, 2013). Oxidation of 

protein oxidation, together that of lipid and carbohydrate, affects the quality of 

food. In food processing, oxidised proteins may lose some of their functional 

properties, including enzyme activities and nutritional values (Stadtman & 

Berlett, 1991). Oxidation is, along with enzymatic hydrolysis, a suitable method 

for modifying proteins. At the molecular level, the backbone of peptides and 

proteins may be fragmented or cross-linking may occur at certain positions, so 

the secondary structure is changed.  

 

2.4.1 Transition metals in grains 
 

A transition metal is defined as an element whose atom has a partially filled d 

sub-shell, and is located in the d-block of the periodic table. Iron, copper, 

manganese and zinc are the most abundant transition metals in food and 

biological systems, although the catalytic activity of zinc is low (Halliwell & 

Gutterbridge, 2007). The amounts and distributions of transition metals in 

wheat and barley grains are listed in Table 7. The concentration of metals varies 

between genotypes, and also depends on environmental factors (Zhao et al., 

2009). 

 

Of these four transition metals, copper is at the lowest concentration in whole 

grain. Iron, manganese and zinc, together with other nutrients such as calcium 

and phosphate, are more concentrated in the aleurone and the scutellum than 

in the endosperm (Mazzolini, Pallaghy & Legge, 1985). According to mass 

spectrometry of wheat grains, a small amount of iron was bound to phytate in 

the endosperm cytoplasm, but most was in phytin globoids in the aleurone 

(Moore et al., 2012). In contrast, copper and zinc in barley are more 

concentrated in the endosperm than in the aleurone layer (Lombi et al., 2011; 

Table 7).  
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Table 7. Transition metal distribution and concentration in wheat and barley. 

Cereal Location Fe (ppm) Cu (ppm) Mn (ppm) Zn (ppm) 

Wheat Whole grain 44.0 5.4 54.5 31.5 

 Bran 93.0 9.9 128 66.8 

 Endosperm flour 10.3 2.7 5.8 6.6 

Barley Whole grain 28.0 4.0 11.0 22.8 

 Bran 31.8 1.6 9.7 6.8 

 Endosperm flour 16.1 2.0 6.8 10.8 

Data adapted from Liu, Robbins & Pomeranz (1974), and Peterson, Steel, Kowalik, 

Kozlowski & Bataille (1986). 

 

2.4.2 Metal-catalysed oxidation 
 

In the presence of an oxidant such as hydrogen peroxide or oxygen, a transition 

metal can produce reactive oxygen species (ROS) that further attack 

macromolecules. A reduced transition metal ion can be oxidised by hydrogen 

peroxide (H2O2), forming a hydroxyl radical (Reactions 1 and 2). The reaction of 

iron and hydrogen peroxide is generally called Fenton chemistry, or Fenton 

reaction, and was first described by Fenton in 1894. 

 

Fe2++H2O2→Fe3++OH•+OH-      (Reaction 1) 

Cu++H2O2→Cu2++OH•+OH-      (Reaction 2) 

 

Cu(I) is not a naturally existing form, but hydrogen peroxide can reduce Cu(II) 

to Cu(I) (Reaction 3), as can ascorbic acid (Reaction 4). Ascorbic acid can also 

reduce oxygen and produce hydrogen peroxide (Reaction 5), and in this case it 

is an oxidant, because Reaction 1 and 2 may continue to form hydroxyl radicals 

(Halliwell & Gutteridge, 2007). This series of reactions is also called metal-

catalysed oxidation (MCO). 

 

Cu2++H2O2→Cu++HO2•+H+      (Reaction 3) 

AH2+2Cu2+/Fe3+→A+2H++2Cu+/Fe2+    (Reaction 4) 

AH2+O2→A+H2O2       (Reaction 5) 
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Fe2+-EDTA+H2O2→Fe3+-EDTA+OH•+OH-    (Reaction 6) 

(AH2=ascorbic acid, A=dehydroascorbic acid) 

 

Iron-EDTA chelate is an excellent Fenton reagent that has a higher rate constant 

than the reaction of Fe(II) and H2O2 when producing hydroxyl radical (Reaction 

6). The inhibition or promotion ability of the chelators depends on the 

concentration of both iron and chelator, and on the accessibility of H2O2 to 

Fe(II). Unlike Fe(II) and Cu(I), unchelated Mn(II) does not react with H2O2 and 

form a hydroxyl radical, the ligands substantially affecting formation of 

hydroxyl radicals (Halliwell & Gutteridge, 2007). Reactions 7 and 8 involve 

other ROS, and are called the Haber-Weiss cycle (Haber & Weiss, 1934). The 

superoxide anion (O2•-) and hydrogen peroxide are highly selective for their 

substrates, while OH• attacks all molecules around it. Besides MCO, X-, λ- and 

UV-irradiation with H2O2, and photolysis of ozone can also produce OH• 

(Halliwell & Gutteridge, 2007). 

 

H2O2+OH•→H2O+O2•-+H+      (Reaction 7) 

H2O2+O2•-→O2+OH-+ OH•      (Reaction 8) 

 

Individual amino acids have variable activity with a hydroxyl radical. In general, 

amino acids with an aromatic ring structure (Phe, Trp, and Tyr), and those with 

a sulfhydryl group (Cys and Met) have high rate constants with hydroxyl 

radicals or high side chain activities (Xu & Chance, 2007). His and Pro, which 

contains nitrogen in a 5-member ring structure, are also prone to oxidation 

(Stadtman & Berlett, 1991). Table 8 lists the major amino acids in hordein 

groups and their side chain reactivity with the hydroxyl radical. The oxidation 

products of each amino acid have been studied for decades, potentially showing 

ways by which peptides and proteins may be oxidized (Garrison, 1987; 

Stadtman, 1993; Stadtman & Levine, 2003; Davies, 2016). The amino acid 

composition, and the location of amino acids affect the oxidation behaviour of 

peptides and proteins, and the secondary structure and metal-binding sites 

have influences on the oxidation consequences (Hawkin & Davies, 2001; Davies, 
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2005). Oxidation can cause fragmentation and cross-linking, depending on the 

peptide and protein structure. 

 

Table 8. Selected amino acid composition (%) of hordein subunits and amino acid side 

chain reactivity. 

Amino 

acid 

Rate constant 

with hydroxyl 

radical  

(M-1 s-1) 

Side chain 

activity 

(relative to 

Pro) 

B-

hordein 

(%) 

C-

hordein 

(%) 

D-

hordein 

(%) 

γ3-

hordein 

(%) 

Pro 6.5×108 1 20.6 30.6 11.6 16.5 

Gln+Glu 5.4×108 0.69 35.4 41.2 29.6 32.4 

Cys 3.5×1010 10 2.5 0 1.5 2.7 

Phe 6.9×109 11 4.8 8.8 1.4 4.7 

Tyr 1.3×1010 12 2.5 2.3 3.9 1.7 

His 4.8×109 9.3 2.1 1.1 3.4 2.0 

Lys 3.5×108 2.2 0.5 0.2 1.1 1.6 

Rate constant with hydroxyl radical and side chain activity (relative to Pro) data 

adapted from Halliwell & Gutteridge (2007) and Xu & Chance (2007). Hordein 

composition data from Shewry (1993). ‘Gln+Glu’ is mostly Gln, and the values for rate 

constant and side-chain activity are for Gln.  

 

Metal-binding causes specific site attack 

The highly reactive radicals (such as OH•) can react with peptides and proteins 

at many different sites, at either the side-chain or the α-carbon on the backbone, 

so selectivity of amino acids should be relatively weak (Davies & Dean, 1997). 

In some cases, radicals were formed where the metal ion bound to a particular 

site on or within the protein (Stadtman, 1993). The amino acids His, Cys, Met, 

Lys, Arg, Trp, that are rapidly lost in such systems, are most likely either to be 

involved in the binding of the metal ion, or to be very close to the site of radical 

formation (Davies & Dean, 1997). For example, the sequence Met-His-Cys-His-

Met in glutamine synthetase formed a Fe2+-binding site and caused site-specific 

attack at nearby His residues, causing the further loss of catalytic activity after 

oxidation (Farber & Levine, 1986). Stadtman (1993) proposed that a lysine 
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residue was involved in a Fe(II)-protein complex, and when H2O2 reacted with 

this complex, a ‘cage’ formed whereby redox cycling occurred between Fe(II) 

and Fe(III). The presence of the oxidation product of the lysine residue, 2-amino 

adipic semialdehyde, was considered an indicator of the specificity of this 

metal-binding site. 

 

2.4.3 Fragmentation 

 

The hydroxyl radical can attack the α-carbon of the protein backbone and 

extract a hydrogen atom. In the presence of oxygen, a peroxyl radical is formed 

as an intermediate on the α-carbon sites, and causes backbone fragmentation 

particularly at Gly and Ala residues, due to their small size and low steric 

hindrance. This direct H-extraction from α-carbon is very limited, because of 

competing reactions of side chains with the highly reactive hydroxyl radical 

(Hawkins & Davies, 1998).  

 

The attack at the α-carbon position of Pro, which is also part of the Pro side 

chain, can cause backbone fragmentation (Schuessler & Schilling, 1984; Dean, 

Wolff & McElligott, 1989). Uchida, Kato & Kawakishi (1990) confirmed that 

cleavage occurs through Pro oxidation, with a 2-pyrrolidone derivative as the 

outcome (Scheme 1). One explanation was that the attacked α-carbon was 

unstable, due to the steric interactions between two carbonyl groups, as the 

proline residue tries to remove the radical in order to adopt the planar 

conformation. This suggested α-carbon attack is preferred at the α-carbon of 

the proline residue (Davies & Dean, 1997). Another hypothesis was that the 

tertiary amide bond of proline was more attractive to be attacked than the 

secondary amide bonds of other amino acids (Schuessler & Schilling, 1984). The 

2-pyrrolidone derivative changed to γ-aminobutyric acid (GABA) by acid 

hydrolysis, demonstrating the extent of peptide bond cleavage through proline 

oxidation (Kato, Uchida & Kawakishi, 1992a; Kato, Uchida & Kawakishi, 1992b). 
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Scheme 1. Cleavage of a prolyl peptide by a hydroxyl radical. (Uchida et al., 1990; Kato 

et al., 1992a). 

 

The combination of titanium oxide with UV light was used to generate hydroxyl 

radicals and to cause fragmentation of proline-containing peptides and proteins 

(Jones, Vergne, Bunk, Locascio & Hayes, 2007). Peptides of sequence 

RPPGFSPFR from Lys-bradykinin and DRVYIHPFHLVI from angiotensin I were 

fragmented, and the MS profile of the oxidised mixture matched with the 

expected proline fragmentation pattern, but no fragmentation was observed 

from sequence YGGFL from enkephalin and DRVYIHA from A-779. The peptide 

VGVAPG, a repeat motif in elastin, was fragmented by hydroxyl radicals 

produced from radiolysis, and several positions on the peptide backbone were 

cleaved, especially Pro sites (Morgan, Pattison & Davies, 2012).  

 

When radicals attack at the side chain of the γ-carbon of Glutamic acid (Glu), 

decarboxylation occurs in the presence of oxygen. The decarboxylated peptide 

behaves like an oxygenated enol species, and can be easily hydrolysed into an 

amide fragment and a pyruvyl peptide fragment (Scheme 2) (Davies, 1996; 

Stadtman & Levine, 2003). A similar backbone cleavage mechanism was found 

with Aspartic acid (Asp), but at a lower rate than with Glu (Xu & Chance, 2004).  
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Scheme 2. Cleavage of a glutamyl peptide by hydroxyl radical (Garrison, 1987). 

 

2.4.4 Cross-links 

 

In the opposite way to fragmentation, oxidation can cause cross-links either 

within or between proteins, by several mechanisms (Stadtman & Levine, 2003). 

 

2.4.4.1 Disulfide 

 

Oxidation of Cys can cause the loss of sulfhydryl groups, and forms a complex of 

products, including disulfides, sulfenic acid, sulfinic acid and sulfonic acid 

(Scheme 3) (Garrison, 1987; Sevilla, Becker & Yan, 1990). A thiol radical and a 

thiolate ion can form a disulfide radical, and in the presence of oxygen, result in 

a disulfide bond (Garrison, 1987). The formation of disulfide cross-links 

depends on the pH, oxygen and thiol concentration (Wardman & von Sonntag, 

1995). When incorporated with oxygen from water or dissolved O2, the thiol 

radical forms sulfinic acid and sulfonic acid. The oxidation of disulfides is 

similar to that of Cys residues, the sulphur group in the disulfide bonds being 

the main target that forms thiyl radicals and sulfenic acid by the hydroxyl 

radical. Those products are subject to oxidation and can generate sulfinic and 

sulfonic acids, while the breakdown disulfide bonds may form new disulfides 

and other products (Xu & Chance, 2007; Stadtman & Berlett, 1991). 
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Scheme 3. Oxidation of Cys-containing proteins (Garrison, 1987; Sevilla et al., 1990; Xu 

& Chance, 2007). 

 

2.4.4.2 Dityrosine 
 

Another mechanism of cross-linkage is through the formation of dityrosine 

(Scheme 4). The formation starts from tyrosine radicals that result from the 

attack of hydroxyl radical at the position next to the original hydroxyl group of 

tyrosine, then two monomeric tyrosine radical-containing proteins connect by 

intermolecular cross-linking, forming a dimer protein (Giuvili, Traaseth & 

Davies, 2003). Dityrosine is measured as a marker for oxidative stress, because 

the concentration increases with the oxidative stress level (Giulivi & Davies, 

1993). It is a stable and specific product because the 3’-3’ carbon-carbon bond 

is resistant to hydrolysis (Giulivi & Davies, 2001). It is relatively simple to 

detect by fluorescence emission at 420 nm upon excitation at either 315 nm for 

alkaline solution or 284 nm for acidic solution (Giulivi & Davies, 1994). The 

oxidation of Phe is similar to that of Tyr, the hydroxyl radical attacking the 

aromatic ring, resulting in the addition of one or more hydroxyl groups. The 

position of the additional hydroxyl group is less selective than that of Tyr, and 

dihydroxyphenylanine (DOPA) is a product from oxidation of both amino acids. 

In the absence of oxygen, Phe cross-links can be formed (Xu & Chance, 2007). 
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Scheme 4. Oxidation of two tyrosine peptides forms dityrosine (Guilivi & Davies, 1993) 

 

2.4.5 Side-chain modification 
 

The side-chain damage of amino acids was reviewed by Hawkins & Davies 

(2001), Stadtman & Levine (2003) and Davies (2005). The hydroperoxide, 

alcohol, and carbonyl products are summarized in Table 9. 

 

Protein carbonyls 

The formation of carbonyl is one important side-chain modification of amino 

acids. Besides biological oxidative stress, protein carbonyls are generated 

through various in vitro conditions, MCO (Requena, Chao, Levine & Stadtman, 

2001), radiation (Shacter, Williams & Levine, 1995), singlet oxygen (Davies, 

2003) and ozone (Cross et al., 1992). The measurement of carbonyl groups has 

been used as a marker to describe the level of oxidation, because the reaction 

happens to all amino acids (Levine, 2002). The product is stable and present in 

low concentrations in most protein preparations, but the concentration 

increases after oxidation, and the current assays are sensitive to detect below 1 

pmol (Shacter, 1999).  

 

Pro, Arg, Lys and Thr are major amino acids for carbonyl formation in MCO 

(Amici, Levine, Tsai & Stadtman, 1989; Shacter, 1999). The carbonylation 

product from Thr peptides is α-amino-3-keto butyric acid, from Pro and Arg 

peptides is glutamic semialdehyde (Scheme 5), and from Lys peptides is amino-

adipic semialdehyde (Scheme 6). The latter two products were considered as 

the main carbonyl products of MCO, because for example, they contribute 23-60% 
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of total carbonyls of oxidised plasma and liver proteins (Requena et al., 2001), 

and up to 70% in oxidised meat protein (Utrera, Morcuende, Rodríguez-

Carpena, & Estévez, 2011). 

 

Table 9. Selected products of amino acids, peptides and proteins exposed to MCO. 

Group Parent amino 

acid 

Products 

Aliphatic side chain Leucine Leucine hydroperoxide, hydroxyl-leucine, α-

ketoisocaproic acid, isovaleric acid, 

isovaleraldehyde, isovaleraldehyde oxime 

 Proline 3-/4-hydroxyproline, 3-/4-oxo (keto) 

proline, glutamic semialdehyde 

Basic side chain Histidine 2-oxohistidine, asparagine, aspartic acid 

 Lysine hydroxyl-lysine,  

amino-adipic semialdehyde 

Acidic side chain Glutamic acid glutamic acid hydroperoxide 

Aromatic side chain Phenylalanine o-/m-/p-tyrosine 

Dimer of hydroxylated aromatic amino acids 

 Tyrosine 3,4-dihydroxyphenylalanine, Dityrosine 

 Tryptophan 3-/5-hydroxytryptophan,  

N-formylkynurenine, kynurenine 

Sulfur-containing Cysteine Sulfenic acid, sulfonic acid, sulfinic acid, 

disulfide, dehydroalanine, serine 

 Methionine Methionine sulfoxide, Methionine sulfone 

Data from Davies & Dean (1997) and Xu & Chance (2007). 

 

The formation of protein carbonyls has several other pathways: 1) oxidation of 

glutamyl side chain (Scheme 2), causing backbone breakage and releasing a 

carbonyl group; 2) glycation of lysine residues with a reducing sugar through a 

Schiff base (Akagawa, Sasaki, Kurota & Suyama, 2005); 3) lysine binding with 

one non-protein carbonyl such as malondialdehyde (Requena et al., 1997).  
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Scheme 5. Oxidation of a prolyl peptide forms carbonyl groups (Amici et al., 1989). 

 

 

Scheme 6. Oxidation of a lysine peptide forms a carbonyl group (Requena et al., 2001). 

 

Although carbonyls are relatively stable oxidation products, secondary 

reactions may occur in several pathways (Estévez, 2011): 1) The aldehyde 

group is continued to be oxidised to a carboxylic acid (Dalcanale & Montanari, 

1986); 2) The aldehyde groups reacts with another protein carbonyl group and 

forms an aldol condensation product (Scheme 7) (Lent, Smith, Salcedo, Faris & 

Franzblau, 1969); 3) The aldehyde group binds to an amide group from mainly 

lysine in protein and a covalent bond through Schiff base formation (Scheme 8); 

4) The aldehyde group reacts with the amide group of a free amino acid via a 

Schiff base and forms a Strecker aldehyde. Besides pathways 2) and 3), where 

protein cross-links are caused through carbonyl groups, two lysine-containing 

peptides can form a cross-link with a malondialdehyde (Estévez, Ventanas & 

Heinonen, 2011).  
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Scheme 7. Oxidation of two protein aldehyde groups (Lent et al., 1969). 

 

 

Scheme 8. Oxidation of a carbonyl group and a lysine peptide (Eyre, Paz & Gallop, 

1984).  

 

2.4.6 Oxidation of collagen peptides and proteins 
 

Collagen, with its triple-helical and poly-proline-like structure, bears a 

resemblance to the repetitive part of cereal prolamin, such as C-hordein. Uchida 

et al. (1990) oxidised peptides, poly-L-proline and poly (Pro-Gly-Pro), as 

models for collagen protein in a Cu/H2O2 system. Pro content decreased, and 

GABA formed in the acid hydrolysates of the oxidised mixture. They continued 

oxidising Z-proline and separated the GABA from the oxidation products. From 

the results of MS and NMR analysis, they proposed the oxidative cleavage of 

prolyl peptides. Later studies from the same group confirmed the presence of 2-

pyrrolidone products, and identified γ-glutamic semialdehyde and 

pyroglutamyl residues as oxidation products of proline side chains (Kato et al., 

1992a). The side-chain products changed to glutamic acid after acid hydrolysis. 

Cu/H2O2 was found the most potent among the oxidation systems at decreasing 

the molecular size of collagen (Uchida et al., 1992; Kato et al., 1992a). Similar 

collagen degradation through proline oxidation was found following UV 

irradiation (Kato et al., 1992b).  
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Cross-links of collagen are formed during oxidation or photo-oxidation. One 

pathway is through the reaction between aldehydes of lysine or hydroxylysine 

in the triple helix, similar as in Scheme 7. The aldehydes can be formed from 

non-enzymatic oxidation of the amino group of lysine or hydroxylysine (Scheme 

6), or enzymatically through lysyl oxidase (EC 1.4.3.13). Interestingly, lysyl 

oxidase requires copper as a co-factor for its function, and this might contribute 

to the formation of carbonyls from lysine residues of collagen and elastin (Eyre, 

Paz & Gallop, 1984), because radicals readily form where Cu is located and then 

attack the bound lysine residues. Another pathway is the binding between the 

reducing sugar and the amino group of the collagen via Schiff base formation, 

resulting in an Amadori product that is reactive and undergoes cross-links with 

other amino groups, forming intermolecular cross-links, such as pentosidine 

(Ashwin & McDonnell, 2010).  

 

2.4.7 Redox reactions in gluten network formation 

 

2.4.7.1 Gluten network 
 

The oxidation of prolamin has been described to occur when sulfhydryl-

disulfide interchange reactions promote the formation of the gluten network 

during dough mixing. In baking, the gluten network holds other dough 

components together and retains gas (Weegels, van de Pijpekamp, Graveland, 

Hamer & Schofield, 1996; Weegels, Hamer & Schofield, 1997). One proposed 

mechanism is that the glutenins build up the ‘backbone’ of the network and 

provide elasticity and cohesiveness of the dough, while gliadins act as 

‘plasticiser’ and provide viscosity and extensibility (Wieser, 2007). The total 

protein content, subunit composition, gliadin/glutenin ratio, and size 

distribution all affect the dough quality. Except for ω-gliadin, which lacks 

cysteine residues, the gliadin subunits contain intramolecular disulfide bonds, 

and glutenin subunits are linked with intermolecular disulfide bonds, all of 

which contribute to the gluten network (Singh & MacRitchie, 2004). In the 

model of the glutenin macropolymer, interchain disulfide bonds are key, with 

those glutenin subunits containing two cysteine residues functioning as chain 
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extenders and those with one cysteine residue as chain terminators, while ω-

gliadins as monomers act as space fillers (Lindsay, Tamás, Appels & Skerritt, 

2000). Other gliadins were proposed to cross-link only with glutenins, not as 

gliadin oligomers (Singh & MacRitchie, 2004). In ambient conditions, gliadin-

glutenin intramolecular disulfide bonds do not occur, but when the temperature 

increases, for example up to 95°C, both gliadins and glutenins are involved in 

the network (Lagrain, Brijs, Veraverbeke & Delcour, 2005).  

 

2.4.7.2 Redox agents, sulfhydryl and disulfides 

 

The gluten protein composition of wheat cultivars, the growing environment 

and post-harvest conditions all affect gluten properties and end-product quality 

(Georget, Underwood-Toscano, Powers, Shewry & Belton, 2008; Mikhaylenko, 

Czuchajowska, Baik & Kidwell, 2000). In order to eliminate the effects of flour 

differences during processing, it is common practice to add improvers, such as 

redox agents and exogenous enzymes, to obtain uniform loaf volume, crumb 

structure, shelf-life, flavour and colour of the bread.  

 

Ascorbic acid is the only chemical redox agent allowed in Europe, whereas 

other agents used elsewhere or formerly, such as potassium bromate or 

azodicarbonamide, are legally prohibited (Joye, Lagrain & Delcour, 2009). The 

typical concentration of ascorbic acid used in wheat dough is from 20 to 150 

ppm (Koehler, 2003). The L-enantiomer is the most potent form for changing 

the rheological property of dough (Dong & Hoseney, 1995). In the presence of 

oxygen, L-ascorbic acid is oxidised to dehydroascorbic acid (DHA), and the 

conversion can be achieved either non-enzymatically or enzymatically through 

endogenous ascorbate oxidase (EC 1.10.3.3) (Cherdkiatgumchai & Grant, 1986). 

DHA reacts with endogenous glutathione (GSH), a tripeptide containing two 

carboxylic acid groups, one free amino group and one SH group (Li, Tsiami & 

Schofield, 2000). GSH can bind to LMW-glutenins and prevent them from 

crosslinking with other glutenins. GSH also reacts with the disulfide bond 

between proteins and can cause depolymerisation (Li, Bollecker & Schofield, 
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2004; Li, Tsiami, Bollecker & Schofield, 2004). DHA reacts faster with GSH than 

GSH reacts with intermolecular disulfides, and in this way DHA or ascorbate 

withdraws GSH and decreases the amount of free sulfhydryls in the proteins 

(Hahn & Grosch, 1998). L-ascorbic acid acts as a reducing agent during dough 

mixing, while the oxidising effect takes place during dough resting (Li et al., 

2000).  

 

Calcium peroxide and benzoyl peroxide, now banned in Europe and China, were 

previously used as bread improvers. In the presence of water, calcium peroxide 

releases hydrogen peroxide, which is later catalysed by peroxidase (EC 1.11.1) 

to form free radicals. The radicals initiate cross-links of gluten proteins through 

1) disulfide bonds, 2) tyrosine crosslinks (Tilley et al., 2001), and 3) ferulic acid 

and tyrosine residues in protein (Oudgenoeg et al., 2001). Hydrogen peroxide 

could be generated through exogenous enzymes, such as glucose oxidase or 

hexose oxidase that react with glucoses or oligosaccharides respectively. Yeast 

fermentation also produces hydrogen peroxide, of which half diffuses from the 

yeast cell to the dough and affects the rheology (Liao, Miller & Hoseney, 1998). 

 

2.4.7.3 Dityrosine in dough 

 

Tilley et al. (2001) first suggested the presence of tyrosine cross-links in the 

gluten network. Tyrosine constitutes 3-5% of the molecular weight of glutenins. 

Glutenins contain the YYPTS motif, and these double tyrosine residues repeat 

11 to 22 times, depending on the subunits, throughout the glutenin backbone 

(Tatham, Drake & Shewry, 1990). Dityrosine and isodityrosine were found in 

tyrosine-containing glutenin model peptides and dough hydrolysates. The 

addition of redox agents, especially potassium bromate, increased the 

formation of dityrosine, while the free-radical scavengers, cysteine and 

glutathione, decreased its formation (Tilley et al., 2001). Hanft and Koehler 

(2005) established an HPLC-MS/MS method for the quantitation of dityrosine 

in flour and dough. The addition of oxidising agents such as hydrogen peroxide 

and enzymes such as hexose oxidase increased the formation of dityrosine, but 
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in this study, the addition of ascorbic acid and potassium bromate had no effect. 

The dityrosine concentration was 7 nmol/g of the dough, which meant that less 

than 0.1% of tyrosine residues were oxidised, so dityrosine did not have a 

significant role in the gluten network, in comparison with the concentration of 

disulfide bonds at 1 μmol/g of the dough (Hanft & Koehler, 2005; Joye et al., 

2009). The addition of hydrogen peroxide, or hydrogen peroxide plus 

peroxidase, increased the amount of dityrosine in dough, and improved the 

dough properties (Takasaki, Kato, Murata, Homma & Kawakishi, 2005). Peña, 

Bernardo, Soler & Jouve (2006) emphasised the importance of disulfides in the 

gluten network rather than dityrosine. The formation of dityrosine correlated 

with the quality of HMW glutenin subunits, especially x-type HMW glutenin 

subunits (Table 1) which have a high content of tyrosine residues. Long 

treatment time and high temperature favour dityrosine formation (Peña et al., 

2006). 
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3 AIMS OF THE STUDY 
 

The overall aim of this project was to degrade the immunoreactivity of coeliac-

toxic prolamins by employing metal-catalysed oxidation to alter their structure. 

The modifications of prolamins were examined. The R5 antibody, widely used 

for detecting residual gluten in foods intended for gluten-free labelling, was 

used for predicting the immunoreactivity of the products. The hypothesis was 

that the immunoreactivities of prolamin peptides and proteins would decrease 

due to various molecular modifications induced by oxidation, including 

degradation, side-chain modification and aggregation. The specific aims were to: 

 

 Oxidise model prolamin peptides and the 33-mer coeliac-toxic peptide by 

metal-catalysed systems, examine the modifications, and follow the 

degradation of the 33-mer in immunological detection (I, III); 

 

 Purify C-hordein, oxidise it, examine the modification, and measure the R5 

immunoreactivity with a C-hordein standard in both sandwich and 

competitive-type of ELISA (II); 

 

 Investigate the role of proline oxidation in degradation of whole hordein, 

compare other modifications and degradation in immunological detection   

by metal-catalysed oxidations (III); 

 

 Develop a method of oxidation to reduce prolamin content in a cereal 

fraction for gluten-free applications (IV). 

  



50 

4 MATERIALS AND METHODS 
 

4.1 Materials 
 

Synthetic peptides QQPFP (III), PQPQLPY (III), PQQPFPQQ, and 33-mer 

(LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF) (I) were purchased from 

GenScript Corporation (Piscataway, NJ, USA).  

 

Hulless barley cv. 'Jorma' was obtained from Risto Laitinen, Villala, Finland. 

Barley grains were milled with a pin mill (Koneteollisuus Oy, KT-30, Finland). 

The flour was extracted following the Osborne sequence of milli-Q water, 0.5 M 

NaCl, and milli-Q water to wash away the NaCl, then 60% (v/v) ethanol with 0.1% 

(m/v) DTT at 50°C. After centrifugation, the ethanol extract was dialysed 

against water, the dialysed protein was lyophilised, and this hordein isolate was 

used as the starting material for oxidation (III).  

 

The ethanol-soluble extract was also separated on a cation-exchange column 

(TOYOPEARL SP-650M, TOSOH Bioscience LLC, Japan) at pH 3.0, coupled with 

an ÄKTAprime plus system (GE Healthcare Lifesciences). After the salt 

exchange was increased to 0.3 M NaCl, the separated fractions were analysed 

with SDS-PAGE (Invitrogen NuPage Bis-Tris 10%, LifeTechnologies). The 

fractions of C-hordein were collected and dialysed and lyophilised to be the 

starting material of C-hordein oxidation (II). The lyophilised C-hordein 

contained no sulfhydryl groups (II). 

 

4.2 Oxidation Conditions 
 

The oxidation conditions for peptide and protein oxidation are listed in Table 

10. During the oxidation, the sample was incubated at 40°C with continuous 

shaking, and the reaction was terminated with EDTA for Fe-/Cu-catalysed 

oxidations, and DTPA for Fe/EDTA-catalysed oxidations. The concentration of 

EDTA and DTPA for termination was at least twice that of the metal 

concentration. 
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Table 10. Oxidation conditions of peptides and proteins. (AA=L-ascorbic acid) 

Substrate Cu/H2O2 

(mM/mM) 

Cu/AA 

(mM/mM) 

Fe/H2O2 

(mM/mM) 

Fe/AA 

(mM/mM) 

(I) 33-mer 0.05/5 0.05/5 0.05/5 0.05/5 

(II) C-hordein 0.1/50 0.1/50 0.1/50 0.1/50 

 

 

Cu/H2O2 

(mM/mM) 

Cu/AA 

(mM/mM) 

Fe/EDTA/H2O2 

(mM/mM/mM) 

Fe/EDTA/AA 

(mM/mM/mM) 

(III) QQPFP 

(III) PQPQLPY 

(III) hordein 

PQQPFPQQ 

0.05/5 

0.05/5 

0.05/5 

0.05/5 

0.05/5 

0.05/5 

0.05/5 

0.05/5 

0.05/0.05/5 

0.05/0.05/5 

0.05/0.05/5 

0.05/0.05/5 

0.05/0.05/5 

0.05/0.05/5 

0.05/0.05/5 

0.05/0.05/5 

 

4.3 Enzyme-linked immunosorbent assay (ELISA) against R5 

antibody 
 

R5 ELISA methods were used to evaluate the immunoreactivities of oxidised 

peptides and proteins, thus to predict their toxicity. Two commercial R5 ELISA 

kits applied: competitive-type (R7021) for 33-mer (I) and C-hordein (II), and 

sandwich-type (R7001) for C-hordein (II) and whole hordein (III) (R-Biopharm, 

Darmstadt, Germany). For the 33-mer and whole hordein, the immunoreactivity 

of oxidised products was expressed as percentage of the immunoreactivity of 

the original materials. The C-hordein isolate was used as a standard to calibrate 

the oxidised C-hordein. Due to the presence of some ethanol-insoluble material 

of oxidised C-hordein in competitive ELISA, the ethanol solutes were taken for 

nitrogen content determination with the Dumas method (Vario MAX CN, 

Germany), using a nitrogen to protein conversion factor of 5.7. Cocktail solution 

(R7006) solubilised the oxidised C-hordein and oxidised whole hordein. All the 

samples were measured with two dilutions and each dilution in duplicate, and 

the value was calculated with GraphPad Prism in a sigmoidal (I, II, III) dose-

response function. Data of whole hordein oxidation was subjected to analysis of 

variance using SPSS v.22. Means and standard errors were calculated and the 

results were compared by the Least Significant Difference test at P < 0.05 (III). 
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4.4 Protein analysis 
 

4.4.1 Size-exclusion chromatography (I, II, III) 

 

The size distribution of the oxidised mixture was analysed with two connected 

columns, Superdex peptide 10/300 GL and Superdex 200 10/300 GL (GE 

Healthcare Biosciences, Uppsala, Sweden), and a diode array detector. For the 

33-mer (I), the separation was over isocratic flow of 30% (v/v) acetonitrile 

with 0.1% (v/v) trifluoroacetic acid; for C-hordein (II) and whole hordein (III), 

the running buffer was 0.1% (m/v) SDS, 20% (v/v) acetonitrile, 50 mM 

phosphate buffer pH 6.9. 

 

4.4.2 Proline fragments by LC-MS/MS (III) 
 

The proposed proline fragment products, with 2-pyrrolidone structure, of 

oxidised peptide QQPFP, PQPQLPY and PQQPFPQQ were analysed by 

LC/MS/MS in a positive mode. The multiple reaction monitoring (MRM) 

settings for the fragments were obtained by direct infusion injection. To identify 

and quantify the formation of 2-pyrrolidone, the oxidised peptide mixture was 

acid hydrolysed by 6 M HCl under vacuum at 105°C for 24 h. The acid 

hydrolysates were separated on a HILIC column (TSKgel Amide 80, 2.0×150 

mm, TOSOH LLC) on a gradient of 15% solvent A (2 mM ammonium formate) to 

50% solvent B (acetonitrile). The MRM setting for GABA was Q1 m/z 103.8 → 

Q3-I m/z 87.0, and Q3-II m/z 69.0. As an internal standard, 250 nM 13C9 L-

tyrosine was added to all the standards and samples. For whole hordein, the 

oxidised mixture was first precipitated with acetone and then acid-hydrolysed 

as described before, and the amounts of Pro, Val, and GABA were quantified 

with EZFaast (Phenomenex, Torrance, USA) according to the manufacturer’s 

instructions. Each sample was done in three replicates, and each replicate was 

measured twice. Means and standard errors of the GABA/valine ratio were 

calculated by SPSS and compared by the Least Significant Difference test at P < 

0.05 (III). 
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4.4.3 Protein carbonyl analysis (I, II, III) 

 

The Fe/EDTA/AA oxidation mixtures of QQPFP were treated with 2,4-

dinitrophenylhydrazine (DNPH) for carbonyl labelling and separated on a C18 

column, and the DNPH-derived products were detected by DNPH-specific 

absorbance at 370 nm. Quantification of protein carbonyl was based on a DNPH 

spectrophotometric method, as presented in (I) and (II). The oxidised 33-mer 

mixture directly reacted with DNPH (I), while C-hordein and hordein mixture 

were first precipitated with trichloroacetic acid (TCA) then solubilised with 5% 

SDS before reacting them with DNPH. Before measuring the absorbance at 370 

nm, the 33-mer pellet was dissolved in 6 M guanidine hydrochloride (I), 

whereas for C-hordein and whole hordein pellets, heat treatment and 

ultrasonication was applied to improve the solubility (II, III). The amount of 

carbonyls was calculated using an absorption coefficient ε of 22 000 M-1 cm-1. 

Each sample was measured in triplicate, with two replicates for protein 

determination after washing (I, II, III). The means and standard deviations were 

calculated by Excel (I, II), and means, standard errors and Least Significant 

Difference test at P < 0.05 by SPSS (III).  

 

For blot analysis, carbonyls were labelled with 0.2 M biotin-hydrazide (II, III). 

After SDS-PAGE separation, the proteins were transferred to a PVDF membrane 

and further blocked with Block Ace. The membrane was incubated with 

streptavidin-peroxidase polymer (1/2000) and visualised by a 

chemiluminescent kit (Chemi-Lumi One L, Nacalai Tesque, Japan). The image 

was captured in LAS-1000 plus Image analyser (Fuji Film Co., Tokyo, Japan). 

 

4.4.4 Dityrosine detection (I, III) 

 

The 33-mer mixture was kept at pH 3.0, and dityrosine was measured upon 

fluorescence excitation at 284 nm and the intensity of emission at 410 nm was 

recorded (I). The peptide PQPQLPY oxidation mixture was separated on the 

HILIC column, and dityrosine detection was set at excitation 300 nm and 
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emission 400 nm. A time-course experiment and comparison of oxidation 

systems were conducted.  

 

4.4.5 Blot analysis of free thiol groups (III) 
 

The oxidised hordein mixture was treated with 200 μM EZ-link iodoacetyl-LC-

biotin (ThermoFisher Scientific Cat.21333) at ambient temperature avoiding 

light. After being precipitated with cold acetone, the pellet was dissolved in SDS 

sample buffer in the presence of reducing agent. After SDS-PAGE separation and 

transfer to PVDF membrane, the membrane was blocked with 1% (m/v) gelatin 

solution for one hour and then incubated with streptavidin-peroxidase polymer 

(1/40000). The visualisation and image capture were the same as in 4.4.3. 
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5 RESULTS 
 

5.1 Immunoreactivity against R5 antibody 
 

As measured by competitive ELISA against R5 antibody, the immunoreactivity 

of the 33-mer and C-hordein substantially decreased after oxidation treatment. 

Half of their original immunoreactivities remained after 4 h incubation, and 

longer incubation resulted in 18±6% of the original value. About half of the C-

hordein oxidation mixture was solubilised at 24 h and 48 h of incubation. 

Oxidation of C-hordein with Cu/H2O2 for 48h resulted in 12.5±0.7% of the 

original value. An ad hoc C-hordein was used to calibrate the prolamin 

concentration, because the kit gliadin standard would cause 23 to 43 times 

overestimation of the prolamin concentration (II, Figure 4a).  

 

The immunoreactivity of oxidised C-hordein decreased faster with the R5 

sandwich ELISA than with the competitive test (Table 11). After 4 h oxidation, 

the C-hordein was hardly detectable in sandwich test. The gliadin standard for 

calibration of C-hordein caused 15-20 times overestimation. In whole hordein 

tests, all four oxidation systems caused significant decreases of the 

immunoreactivity, 20-40% of the original value was retained and Fe/EDTA/AA 

and Cu/H2O2 were the most potent systems after 24 h of incubation. Cu-

catalysed oxidation caused a slightly more rapid decrease than Fe/EDTA-

catalysed oxidation. However, in Fe/EDTA-catalysed oxidation, 24 h oxidation 

significantly decreased the immunoreactivity below that after 2 h oxidation.  

 

Table 11. The residual immunoreactivity of C-hordein and whole hordein after 

oxidation, measured by sandwich R5 ELISA, expressed as percentage of the original 

value ± standard error. 

                System 

Substrate 
Cu/H2O2 Fe/EDTA/H2O2 Cu/AA Fe/EDTA/AA 

Whole hordein 26±6% 33±6% 41±6% 26±6% 

C-hordein 1.3±0.1% n.a. n.a. n.a. 

(n.a.=not analysed) 
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5.2 Fragmentation of peptides and proteins 
 
The proposed oxidation fragments of model peptide, QQPFP, PQPQLPY and 

PQQPFPQQ by oxidation were observed by LC-MS/MS. Fragments from 

oxidation of either the middle Pro (F2 Product, III, Figure 1c) or N-terminal Pro 

residues of QQPFP (F1 product, III, Figure 1b) were found. Fe/EDTA/AA was 

the most potent system for proline fragmentation of QQPFP, while Cu-catalysed 

oxidation of QQPFP did not cause much proline fragmentation. The proposed 

fragment products, with 2-pyrrolidone structure from the oxidation of Pro 

residues in the middle positions of PQQPFPQQ (F1 and F2 product in Figure 4), 

were detected. For peptides PQPQLPY and PQQPFPQQ, all four oxidation 

systems caused proline fragmentation. The concentration of fragment products 

increased with oxidation time. GABA was quantified to demonstrate the 

contribution of proline oxidation-derived fragmentation. The GABA formation 

in Fe/EDTA/AA oxidation of QQPFP, and Cu/H2O2 oxidation of PQPQLPY was 

determined. There was less GABA formation from PQPQLPY (0.22 mM) than 

from QQPFP (0.42 mM). 

 

 

Figure 4. Fragments from oxidation of peptide PQQPFPQQ. F1 and F2 products are 

fragments derived from proline oxidation.  
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Fragmentation of the 33-mer peptide was observed in hydrogen peroxide-

induced oxidation in SEC, where Fe/H2O2-catalysed oxidation was more 

efficient than Cu/H2O2, and a broad peak was present (Figure 5). Some peptide 

fragments were less than 9-mers in length. Ascorbic acid-induced oxidation did 

not cause detectable fragmentation of the 33-mer.  

 

 

Figure 5. Size-exclusion chromatography of peptide 33-mer oxidation for 24 h by 

Cu/H2O2 and Fe/H2O2 systems. Peptide 19-mer, 9-mer and amino acid Gln were 

molecular markers where the arrows indicate their elution volumes.  

 

The role of transition metal and oxidising agent was studied in C-hordein 

oxidation (II, Figure 2). The degradation of C-hordein was observed only in the 

presence of Cu and H2O2. Cu-catalysed oxidation caused more fragmentation in 

the C-hordein than Fe-catalysed oxidation (II, Figure 3), and H2O2 caused more 

degradation than ascorbic acid (Figure 6). Following 24 h of Cu/H2O2 oxidation 

of C-hordein, gel bands were not detectable with Coomassie brilliant blue 

staining, but with silver staining the fragment bands were visible (II, Figure 6a). 

A broadened peak of the size exclusion was detected in Cu/H2O2 oxidation of C-

hordein in SEC and small fragment products were observed, while for Fe/H2O2 

the same pattern was not observed (II, Figure 3).  
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Figure 6. SDS-PAGE of C-hordein oxidation by Cu/H2O2 and Cu/Ascorbic acid. Lane 1, 

molecular marker; lane 2 C-hordein control; lane 3, Cu/H2O2/2h oxidation; lane 4, 

Cu/H2O2/24h; lane 5, Cu/AA/2h; lane 6, Cu/AA/24h. 

 

The size distribution of oxidised whole hordein changed in all four oxidation 

systems (III, Figure 4). The peak of aggregated hordein disappeared and some 

small fragments were formed, but the degradation rate of whole hordein cannot 

be determined from the size-exclusion chromatogram. There was no significant 

loss of Pro residues in whole hordein oxidation (Figure 7), but the role of 

proline-derived fragmentation was compared in four oxidation systems by 

quantification of GABA (III, Figure 2b). GABA formation from 24 h oxidised 

whole hordein was in the order of Cu/H2O2 > Fe/EDTA/AA > Cu/AA > 

Fe/EDTA/H2O2. Significant GABA formation was observed from Cu/H2O2/2h, 

Cu/H2O2/24h, Cu/AA/24h and Fe/EDTA/AA/24h oxidation of hordein.  

 

Figure 7. Proline changes of whole hordein oxidation for 24h in four oxidation systems. 

Pro residue against Val residue ratio was calculated. Error bars show standard 

deviation. 
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5.3 Aggregation of peptides and proteins 
 

The H2O2-induced oxidation of peptide PQPQLPY generated dityrosine cross-

links, and Cu was more effective than Fe/EDTA in catalysing dityrosine 

formation (Figure 8). As incubation time extended, the intensity of dityrosine, 

detected by fluorescence, from Cu/H2O2 oxidation of peptide PQPQLPY 

increased (III, Figure 3a), and this dityrosine product was detected by LC-

MS/MS with [M+H]+= m/z 1681.86, [M+2H]2+/2= m/z 841.43, and [M+3H]3+/3= 

m/z 561.26 shown in the spectrum (III, Figure 3b). Ascorbic acid-induced 

oxidation of PQPQLPY did not generate dityrosine cross-links. Dityrosine was 

also detected when the 33-mer was oxidised in the presence of Fe and H2O2, the 

formation was readily generated in 0.5 h oxidation, and a slight decrease was 

detected when incubation continued. 

 

 

Figure 8. Formation of dityrosine in four oxidation systems of peptide PQPQLPY 

detected by HPLC on a C18 column and detected by fluorescence Ex. 300 nm and Em. 

400 nm.  

 

Another type of aggregation detected was through carbonyl interaction. With 

silver staining, aggregation bands in Cu/H2O2 oxidation of C-hordein oxidation 

were found (II, Figure 6a). With blot analysis against carbonyl groups using 

biotin-hydrazide, in Cu/H2O2 oxidation of C-hordein, carbonyl groups 

contributed to these aggregates (II, Figure 6b). Carbonyl-derived aggregates 
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were also found in Fe/EDTA/H2O2 oxidation of C-hordein (Figure 9). Prolonged 

oxidation caused more carbonyl formation. Similarly, oxidation of whole 

hordein also caused carbonyl formation, and the Cu/AA system caused more 

carbonyl formation than other systems when incubation was for 2 h. Analysed 

with reducing and non-reducing conditions (III, Figure 5b), disulfides and 

carbonyls both contributed to aggregation of whole hordein.  

 

 

Figure 9. Blot analysis of carbonyl groups in C-hordein oxidation by Cu/H2O2 and 

Fe/EDTA/H2O2 systems using biotin-hydrazide.  

 

The loss of free thiols from B- and D-hordeins was observed in the oxidation of 

whole hordein, with the rate depending on the oxidation system (III, Figure 3c). 

In H2O2-induced oxidation, Cu was more efficient than Fe/EDTA; in ascorbic 

acid-induced oxidation, Cu and Fe/EDTA systems gave similar results. After 24 

h incubation, the free thiols were all oxidised in all four systems. 

 

Size-exclusion chromatography also displayed the aggregation. In the case of 

the 33-mer and C-hordein, a broad peak was formed, showing that some 

products were larger than the original. A shoulder peak of the 33-mer was 

found in its Cu/H2O2 oxidation (Figure 5), at less elution volume than the 

original peptide, but not in Fe/H2O2 oxidation. The peak of aggregates from 
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Fe/H2O2 oxidation of C-hordein was observed as the incubation time extended 

(II, Figure 3b), but not in Cu/H2O2. The aggregated hordein peak decreased after 

oxidation of whole hordein, but the whole oxidised hordein mixture was not 

analysed in SEC because of the large size of formed aggregates. SEC analysed 

about 60% of protein from Cu/H2O2, Cu/AA and Fe/EDTA/AA, and 30% from 

Fe/EDTA/H2O2 oxidation of whole hordein. 

 

 

Figure 10. HPLC chromatogram of DNPH-labelled QQPFP mixture by Fe/EDTA/AA 

oxidation, separated on a C18 column and detected at 370 nm. 

 

5.4 Side-chain modification -- Carbonyl groups 
 

The proline side-chain oxidation products from QQPFP, either glutamic 

semialdehyde or pyroglutamic acid, were detected with LC-MS, possibly from 

both the middle-Pro and the Pro residue at the C-terminal. These carbonyl 

products labelled with DNPH, from Fe/EDTA/AA oxidation of QQPFP, were 

detected at specific absorbance 370 nm after separation (Figure 10). In the 

quantification of carbonyls of oxidised peptides and proteins, a significant 

increase was found after 0.5 h of Fe/H2O2 oxidation of the 33-mer (I, Figure 5), 
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4 h of Cu/H2O2 oxidation of C-hordein (II, Figure 6c), 2 h of Cu/H2O2 oxidation 

of whole hordein, and 24 h of Fe/EDTA/H2O2 oxidation of whole hordein (III, 

Figure 5a). There was a slight but non-significant decrease in carbonyl 

formation when oxidation time was extended for Cu/H2O2 oxidation of C-

hordein and whole hordein.  
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6 DISCUSSION 

 

The most important finding in this study is that the immunoreactivity of cereal 

prolamins against R5 antibody decreased after metal-catalysed oxidation 

treatment. Quantification of γ-aminobutyric acid (GABA) was used as a method 

to examine the contribution of proline oxidation to prolamin fragmentation. 

Dityrosine and carbonyl interactions caused aggregation, free thiols were lost, 

and carbonyls were formed. The oxidation of prolamins has previously been 

mostly studied in the context of gluten network formation, and there has been 

little effort to decrease the immunological activity of prolamins by oxidative 

modification in a coeliac context. The present thesis began from the oxidation of 

the peptides with important repetitive sequences found in prolamin, and the 

rather longer model peptide 33-mer containing epitopes that can trigger T-cell 

reaction in coeliac disease. The next step was to address the oxidation of one 

specific protein, C-hordein, which has a highly repetitive central domain and a 

secondary structure similar to that of collagen, the oxidation of which is well 

studied. The study continued with oxidation of whole hordein, which contains 

both polymeric and monomeric prolamins. These main points are discussed 

below. 

 

6.1 Oxidation of prolamin peptides 
 

The R5 recognition sequence, QQPFP (III), G12 recognition sequence, PQPQLPY 

(III), and C-hordein repetitive sequence, PQQPFPQQ, were our model peptides 

for oxidation. To clarify, these peptides are not themselves toxic for coeliacs, 

because T-cell stimulating peptides are more than nine amino acids in length 

(Sollid, 2002), but their sequences usually appear to be the core parts of T-cell 

stimulating peptides (Sollid et al., 2012). 

 

ELISA-immunoreactivity 

The influence of oxidation on prolamin peptides and proteins to their 

immunoreactivity has not been studied before. In this thesis, the 



64 

immunoreactivity of the 33-mer against R5 decreased drastically after 

oxidation by Fe/H2O2 (I, Figure 3). The conformation of the 33-mer, based on 

polyproline II, may have been disrupted due to multiple proline oxidations at 

PQPQLPY, and dityrosine crosslinking through oxidation of Tyr (I, Figure 4; III, 

Figure 3a). The R5 epitopes, LQPFP and QLPYP, situated within the 33-mer 

were modified through the proline oxidation. As these sequences are important 

for T-cell stimulation (Sollid et al., 2012), and the polyproline II conformation 

enhances T-cell recognition (Kasson et al., 2000), it is reasonable to predict that 

the oxidation of the 33-mer decreases its toxicity.  

 

The effect of food processing, for example, thermal, high pressure radiation, 

ultrasound and biochemical treatments, as well as chemical modification, can 

cause structural modification of food proteins, including unfolding, aggregation, 

and cross-linking, resulting in changes of antigenicity or immunoreactivity. The 

conformation of epitopes can be either exposed or hidden, and linear epitopes 

can be degraded or their side-chains modified. These changes may increase, 

decrease or have no effect on the antigenicity, depending on the processing 

methods, exposure time, and the presence of other ingredients (Rahaman, 

Vasiljevic & Ramchandran, 2016a). Gamma irradiation of gliadin increased its 

immunoreactivity against ω-gliadin antibody (Leszczynska, Łącka, Szemraj, 

Lukamowicz & Zegota, 2003). Treatment of gluten at low pH (3) and high 

temperature (90˚C) reduced its antigenicity against R5 antibody to one third of 

its original value, due to conformational changes and burial of epitopes, but 

heating over 100˚C exposed some epitopes and increased the antigenicity, 

whereas shear forces had no effect on it (Rahaman, Vasiljevic & Ramchandran, 

2016b).  

 

Proline fragmentation -- GABA formation  

GABA, γ-aminobutyric acid, is a neurotransmitter in the central nervous system, 

usually measured by in vivo microdialysis (Buck, Voehringer & Ferger, 2009). 

Although GABA was identified as a means to detect the proline fragmentation 

product 2-pyrrolidone (Kato et al., 1992a), it has seldom been used in a 
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quantitative manner. In this study, a novel LC-MS/MS method was established 

for GABA quantification (III Figure 2). The first step was to convert the 2-

pyrrollidone to GABA by acid hydrolysis in vacuo, and the second step was to 

separate the hydrolysates on a hydrophilic interaction liquid chromatography 

(HILIC) column. Because of its high polarity, GABA is not retainable on a 

reversed phase column (Buck et al., 2009), but HILIC columns are suitable for 

separation of very hydrophilic and polar compounds. Consequently, it was 

possible to detect GABA by the MRM method without any derivatization steps. 

The standard curve was linear from 10 nM to 3000 nM with 250 nM tyrosine 

internal standard for quantification of GABA from peptide oxidation. There are 

other MS-related methods to detect GABA (Song, Shenwu, Dhossche & Liu, 2005; 

Eckstein, Ammerman, Reveles & Ackermann, 2008; Bourcier et al., 2006), but 

most of them require ion-pairing or ion-exchange techniques for usage of 

derivatization reagents before separation on the column.  

 

More GABA was derived from Fe/EDTA/AA oxidation of QQPFP than from 

Cu/H2O2 oxidation of PQPQLPY (III), partly because the C-terminal Pro residue 

of QQPFP formed 2-pyrrolidone product more easily than that in the centre. 

Fe/EDTA/AA oxidation of 2.5 mM QQPFP generated 0.42 mM GABA, meaning 

that 8.4% of proline was fragmented, and Cu/H2O2 oxidation of 2.5 mM 

PQPQLPY generated 0.22 mM GABA, meaning that 2.9% of proline was 

fragmented. These results were comparable to the GABA formation from 

oxidation of model collagen peptides, in which poly(Pro-Gly-Pro) had 2% 

proline conversion to GABA, and poly-L-proline had 1% proline fragmentation 

(Uchida et al., 1990). In these model collagen peptides, 4-5% of proline was 

oxidised to pyroglutamic acid, which was detected as glutamic acid after acid 

hydrolysis, and 4-10% of proline was oxidised to hydroxyproline. Another 

product was glutamic semialdehyde, which could not be detected after acid 

hydrolysis. All these proline modifications contribute to around 20% loss of 

proline residues in collagen peptides. The quantification of pyroglutamic acid 

and glutamic semialdehyde was not conducted for oxidation of QQPFP, but the 

DNPH-labelling confirmed that these products were formed (Figure 10), 
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together with other modifications, so that around 80% of QQPFP was lost after 

Fe/EDTA/AA oxidation, detected by LC-MS-MRM (III, Figure 1a).  

 

Dityrosine formation 

The C-terminal of PQPQLPY is a Tyr residue that attracts the radical and forms a 

dityrosine cross-link, especially in the Cu/H2O2 system that was the most potent 

for dityrosine formation (Figure 8). Oxidation of the 33-mer in Fe/H2O2 (I, 

Figure 4) and Cu/H2O2 (data not shown) generated dityrosine, and a more 

distinct aggregate peak was observed in the SEC chromatogram (Figure 5), 

suggesting that Cu/H2O2 was a more efficient system. The mechanism making 

Cu/H2O2 the most effective system for dityrosine is not known. Kato et al. (2001) 

proposed that radical species in the Cu/H2O2 system were derived in a ‘cage’ 

complex that tightly holds metal ions, tyrosine and hydrogen peroxide, and 

when two molecules of the tyrosine moiety were in the ‘cage’, the dityrosine 

was formed. Similarly in oxidation of lens proteins, Cu/H2O2 oxidation was a 

more effective system, Fe/EDTA/H2O2 produced less, and ascorbic acid-induced 

oxidation did not cause any detectable formation of dityrosine (Kato et al., 

2001). The same result was observed from the ascorbic acid-induced oxidation 

of PQPQLPY in the present work. The ascorbic acid oxidation of Tyr forms 3,4-

dihydroxyphenylalanine (DOPA), by adding one hydroxyl group to the ring 

structure (Kato et al., 2001). Suppression of oxygen in a Cu/AA system 

decreased the formation of DOPA, suggesting that the oxygen atom introduced 

into the ring was from molecular oxygen (Urano, Higuchi & Hirobe, 1993). 

 

Metal binding 

Metal binding is important for causing specific site modification, because 

radicals formed where transition metal ions were bound, and immediately 

attacked the nearby amino acid side chain (Chevion, 1988). In the case of 

QQPFP, the metal-binding site may be at the amide group of the N-terminal Gln 

residue, the oxidation of which does not cause breakdown of the peptide. The 

internal Pro and C-terminal Pro residues do not have free ionizable hydrogen, 

and the Phe side chain belongs to a group of amino acids that are considered as 
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non-coordinating for metal binding (Sóvágó & Ősz, 2006; Eckert, Bamdad & 

Chen, 2014). Pro is the only amino acid with a secondary amide group, and if it 

is positioned within the peptide, it does not contain an ionizable hydrogen and 

cannot form a metal-nitrogen (N) bond, like the internal Pro residue of QQPFP. 

Therefore, there may be no specific metal-binding site in QQPFP for attack, 

explaining why Cu-catalysed oxidation of QQPFP did not cause specific damage. 

However, the Fe/EDTA (1:1) complex is a good Fenton reagent, generating 

freely diffusible oxygen species in the presence of hydrogen peroxide or oxygen 

(Xu & Chance, 2007), and promotes the oxidative attack on QQPFP in a random 

way. Interestingly, the model peptides RPPGFSPFR and DRVYIHPFHLVI, used in 

UV-induced titanium oxide-catalysed fragmentation (Jones et al., 2007), both 

contain the PF motif, as in the present model peptide QQPFP. Thanks to the high 

reactivity of the aromatic amino acid side chain with hydroxyl radicals (Xu & 

Chance, 2007, Table 7), the Phe residue in QQPFP would have attracted radicals 

and caused the observed fragmentation at neighbouring Pro residue. 

 

The extension of QQPFP to the prolamin peptide PQQPFPQQ, which is the 

repetitive sequence of C-hordein, comprising several Gln residues offering 

amide groups and two ‘bent’ sites of internal Pro residues (Sóvágó & Ősz, 2006), 

is likely to form a metal complex, because the proline fragmentation of 

PQQPFPQQ was observed in four oxidation systems. Bataille, Formicka-

Kozlowska, Kozlowski, Pettit & Steel (1984) introduced the concept of these 

Pro-containing short peptides as ‘break-points’. Livera et al. (1988) studied the 

complex between Cu2+ and ‘break-point’ peptides FGPF, FGPY and YGPF, with a 

Pro residue in the third position. Cu-FGPY binding was formed through a 

monomeric complex with a large chelate ring, and Cu-YGPF binding was formed 

through a dimeric complex, but Cu-FGPF binding was not found. This means 

that internal Pro residues of PQQPFPQQ do not directly bind to metal, but their 

contribution to peptide structural conformation may offer metal binding sites. 

The conformation for metal binding can be found in innumerable ways 

depending on the position of Pro residues and the coordinating side chain 

amino acids (Sóvágó & Ősz, 2006).  
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In the case of PQPQLPY, the repetitive part of the polyproline-II helical 

structure of the 33-mer (Kasson et al., 2000), it was very likely that a complex 

with metal existed, due to the N-terminal Pro and C-terminal PY motif. The 

presence of a Pro residue in peptides has a two-fold side effect on metal-binding 

ability (Pettit, Steel, Formicka-Kozlowska, Tatarowski & Bataille, 1985). In 

general, metal would bind to the amide group of the N-terminal residue, so if 

Pro is at the N-teminal in this case, there would be metal-binding as in other 

amino acids. The side chain of Tyr belongs to the group of amino acids that 

weakly coordinate with metal (Sóvágó & Ősz, 2006; Eckert et al., 2014). A 

peptide containing an internal Pro, like PQPQLPY, usually has a ‘bent’ 

conformation or beta-turn as in protein (Bataille, Pettit, Steel, Kozlowski & 

Tatarowski. 1985), because the Pro ring structure forces the peptide chain, and 

can create a large chelate ring, thus forming a metal-N bond (Pettit, Steel, 

Kowalik, Kozlowski & Bataille, 1985). 

 

6.2 Oxidation of C-hordein  
 

The immunoreactivity of oxidised C-hordein rapidly decreased according to 

sandwich-type R5 ELISA, which requires two binding sites for recognition. 

Oxidation for 4 h was already enough that two complete epitopes were seldom 

together for simultaneous recognition, suggesting that these epitopes inside C-

hordein were easily modified. In order to detect some small peptides formed in 

oxidation of C-hordein due to proline fragmentation, competitive-type ELISA, 

which requires only one binding site, also showed a decrease in 

immunoreactivity of C-hordein. With 48 h incubation, around half the protein 

was solubilised by 60% ethanol because cumulative aggregates occurred, and 

less than 20% of the original immunoreactivity was detected. Similar 

degradation was observed from radicals induced by gamma-irradiation of 

gliadin that diminished ω-gliadin peaks in the RP-HPLC profile (Leszczynska et 

al., 2003). However, the immunoreactivity of gliadin and wheat flour against the 

monoclonal ω-gliadin antibody and polyclonal gliadin antibody increased after 
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the irradiation treatment. To reduce their antigenicity, proteins need to be 

hydrated rather than dry when irradiated, as shown when irradiation reduced 

the immunoreactivity of suspensions of lactoglobulin, ovalbumin and bovine 

serum albumin (Kume & Matsuda, 1995; Cieśla, Roos & Gluszewski, 2000). 

 

Protein aggregation can block the contact between immunogenic epitopes and 

antibody, thus contributing to the decrease of immunoreactivity. Carbonyl 

interaction was shown to contribute to the aggregation of oxidised C-hordein in 

both Cu/H2O2 and Fe/H2O2 systems (Figure 9), instead of disulfide cross-links, 

because C-hordein lacks Cys residues. The size of aggregates from Cu/H2O2 and 

Fe/H2O2 oxidation of C-hordein was the same in blot analysis (Figure 9), 

whereas, in similar DNPH blot analysis, the aggregates from Cu-catalysed 

oxidations of lens proteins were larger than those from Fe/EDTA-catalysed 

oxidations (Kato et al., 2001). Aggregation of gluten or gluten hydrolysates by 

chemical cross-linking reduced their immunoreactivity against human sera 

containing antigliadin antibody (Majak, Leszczyńska, & Łącka, 2011).  

 

Because C-hordein is relatively easy to purify to a homogeneous form, and the 

primary structure is well identified, it has been considered as a model system 

for cereal prolamins (Belton et al., 1994; Gil et al., 1997). With either Cu or H2O2 

alone, modification of C-hordein did not occur (II, Figure 2). If Cu was chelated 

by adequate EDTA, or H2O2 was destroyed by catalase, C-hordein stayed intact, 

showing that the modification occurs when hydroxyl radicals were formed. 

Involved with hydroxyl radicals, oxidative degradation of collagen was 

observed in several systems, for example, Fenton reaction, UV-irradiation and 

γ-irradiation (Kato et al, 1992a; Kato et al., 1992b; Uchida et al., 1992). Of four 

MCO systems, Cu/H2O2 oxidation caused the most potent modification of C-

hordein (II, Figure 3). Ascorbic acid-induced oxidation of C-hordein did not 

cause similar modification as in H2O2-induced oxidation (Data not published). 

This result was in agreement with oxidation of collagen that Cu/H2O2 was more 

effective system than either Fe/H2O2 or Cu/AA (Uchida et al., 1992). It suggests 

that the Cu/H2O2 system has an affinity to proline-rich proteins and peptides. In 
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addition, Cu may have a specific binding to collagen, or in this study C-hordein, 

and it is possible that H2O2 would penetrate into the helical structure and cause 

fragmentation at the Cu-binding site, whereas Fe/H2O2 attack was random on 

the surface of the protein (Uchida et al., 1992). In Cu/H2O2 oxidation of bovine 

serum albumin, specific damage was suggested to occur, while in 

Fe/EDTA/H2O2 oxidation, non-specific damage was more likely to take place 

(Kocha, Yamaguchi, Ohtaki, Fukuda & Aoyagi, 1997). To confirm, C-hordein 

fragmentation and aggregation were both observed in SEC after oxidation by 

Cu/H2O2, while Fe/H2O2 oxidation resulted only in aggregation but not in 

fragmentation (II, Figure 3).  

 

6.3 Oxidation of whole hordein 
 

The immunoreactivity of oxidised hordein declined to 26-40% of the original in 

four oxidation systems in R5 sandwich-type ELISA. Because of the difference 

among the primary structures of each hordein group, the R5 antibody 

recognised C-hordein much more strongly than other groups. The degradation 

of C-hordein should contribute to most of the immunoreactivity decrease. 

Unlike oxidation of C-hordein, where 4 h treatment brought recognition by 

sandwich ELISA close to zero, oxidation of whole hordein was less effective. Due 

to the highly reactive Cys residues of B-hordein, it firstly consumed some of the 

formed hydroxyl radicals, and protected C-hordein against attack. The 

proportion of B-hordein is larger than C-hordein, but the amount of R5 epitope 

in C-hordein is larger than in B-hordein. Only one QQPFP was found in B3 

hordein (Uniprot I6TEV5), together with 7 minor epitopes, and one QQPFP 

epitope was found in λ3-hordein (Uniprot P80198), while no R5 epitope was 

found in D-hordein (Uniprot Q84LE9).  

 

Introduction of polymeric hordein to the complex of hordein oxidation raised 

several questions. Due to the high reactivity of the Cys side chain, the loss of the 

free thiol group was observed in all four oxidation systems of whole hordein. B- 

and D-hordein contain free thiol groups, and loss was rapid in Cu-catalysed 
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oxidation. Cys and His side chains have strong coordinating ability with metals 

(Sóvágó & Ősz, 2006). The thiol group from Cys residue can reduce Cu(II) to 

Cu(I) and form thiol radicals (Smith, Reed & Hill, 1994; Di Simplicio, Cheeseman 

& Slater, 1991). Free thiols from two cysteine residues can form intermolecular 

or intramolecular disulfide aggregation through oxidation, and rearrangement 

of disulfide bonds can also occur (Xu & Chance, 2007). 

 

The formation of carbonyl groups was also detected in all oxidation systems of 

whole hordein. Less carbonyl was detected in whole hordein than in C-hordein 

oxidation, on account of the lower proportion of carbonyl-forming amino acids 

(Pro, Arg, Lys and Thr) in whole hordein, and high side-chain reactivity of Cys 

residues. Because of the oxidation-induced aggregation of hordein, a modified 

DNPH spectrophotometric method (Soglia, Petracci & Ertbjerg, 2016), including 

the addition of SDS, heat treatment and ultrasound, improved the unfolding and 

solubilisation of oxidised hordein, and increased the level of detected carbonyls.  

 

The Pro composition before and after oxidation of whole hordein showed that 

the loss of proline residues was only 1.2% to 7.5%, with the greatest value in 

Fe/EDTA/H2O2 oxidation. The result was less than metal-catalysed oxidation of 

collagen, where proline loss was from 7.5% to 25.6%, and Cu/H2O2 was the 

most potent system (Uchida et al., 1992). In contrast, in MCO of serum albumin, 

Cu/AA was more effective than Cu/H2O2 for proline loss (Uchida & Kawakishi, 

1988). This suggests that oxidation of proteins is an individual process, and the 

amino acid profile change after oxidation depends on both the amino acid 

composition of the protein and the oxidation systems (Sereikaite et al., 2006). 

Of the four systems, Cu/H2O2 oxidation generated the most GABA from whole 

hordein, and Fe/EDTA/H2O2 the least GABA. This result was in agreement with 

GABA formation from oxidation of collagen model peptides polyproline and 

poly(Pro-Gly-Pro) (Uchida et al., 1992). However, Cu/H2O2 caused the least Pro 

loss in whole hordein oxidation, which implies that specific proline 

fragmentation occurred. The contributing factors could include that 1) hydroxyl 

radicals form faster with Cu(I) than with Fe(II) in the presence of H2O2 (Gilbert 
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et al., 1988; Vreeburg & Fry, 2005); and 2) Cu may have specific binding sites on 

the protein. In a comparison of the damage of collagen by Cu/H2O2 and Fe/H2O2 

(Hawkins & Davies, 1997), the Cu/H2O2 oxidation altered the sites of radical 

formation and attack, but Fe/H2O2 oxidation did not. In MCO of hordein, Cu may 

have specific binding sites to Cys, His, or Tyr, and the formed radicals would 

then attack the nearby proline. GABA production in hordein by Cu/H2O2 

oxidation was a rapid process, most occurring in the first two hours. 

Interestingly, prolonged oxidation with Fe/EDTA/AA generated a moderate 

amount of GABA in a slow process. One explanation could be that the 

generation of radicals involves two steps, firstly ascorbic acid with oxygen to 

produce H2O2, then H2O2 with Fe/EDTA to produce a hydroxyl radical. Ascorbic 

acid can be regenerated and this continually generates H2O2, but in H2O2 

systems without ascorbic acid, each hydrogen peroxide molecule acts only once 

(Stadtman & Levine, 2003). 

 

6.4 Potential application 
 

Starch of Triticeae grains is considered superior to other starches for bread 

baking and related purposes. It has high viscosity and relatively large granule 

size (wheat 20-35 μm, barley 20-25 μm and rye 28 μm), in comparison with 

starches of maize (15 μm) and rice (3-8 μm), which is beneficial in gluten-free 

baking (Delcour & Hoseney, 2010). The only wheat starch labelled as gluten-

free is SANOSTAR from Kröner Stärke, with protein content below 0.22% and 

gluten content below 20 mg/kg, while in the other wheat starches, not labelled 

as gluten-free, gluten content ranged from 5 to 6500 mg/kg as quantified by R5 

competitive ELISA (Konitzer, Wieser & Koehler, 2014). The residual gluten of 

SANOSTAR starch might be reduced by repetitive washing steps with large 

amount of water without additives and enzymes, as the manufacturer claimed. 

An enzymatic method using AN-PEP was able to reduce the gluten of wheat 

starch below 20 mg/kg from the initial content of 2070 mg/kg, by using a high 

dosage of enzymes (Walter et al., 2014b). The oxidation method has the 

potential to reduce the residual gluten content in a cereal fraction and can be 



73 

used to remove the residual prolamin in a wet-fractionation process of starch 

preparation. Transition metals are endogenously present in the starch fraction, 

and the addition of oxidising agents, either H2O2 or ascorbic acid, is relatively 

inexpensive. The oxidising agent would be added after the main separation of 

starch from protein, in order to remove the residual prolamin in the starch 

fraction, and it could be washed out later in the starch washing step. Oxidising 

the residual proteins facilitates the wheat starch and barley starch 

manufacturers to produce gluten-free starch, which can be used not only in 

gluten-free foods but also gluten-free packaging materials.  
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7 CONCLUSION 
 

The present study investigated metal-catalysed oxidation of cereal prolamins, 

with model peptides, monomeric prolamin (C-hordein), and whole hordein. The 

main finding was that the immunoreactivity of coeliac-toxic prolamins was 

degraded by employing metal-catalysed oxidation to alter their structure. The 

R5 antibody was used in the immunological detection for predicting the toxicity 

of the products. 

 

By use of the competitive R5 ELISA, it was shown that 18% of the 

immunoreactivity of the 33-mer was retained after Fe/H2O2 oxidation, and 12% 

of the immunoreactivity of C-hordein after Cu/H2O2 oxidation. In sandwich R5 

ELISA, however, the oxidised C-hordein was hardly detectable. All four 

oxidation systems were able to decrease the immunoreactivity of whole 

hordein to 26-41% of its original value. 

 

Fragmentation of model prolamin peptides, 33-mer, C-hordein and whole 

hordein occurred. The proline fragment product, 2-pyrrolidone, was detected 

from oxidation of three model peptides, QQPFP, PQPQLPY and PQQPFPQQ. 

Fe/H2O2 oxidation caused substantial degradation of the 33-mer peptide in size, 

while Cu/H2O2 oxidation was more effective for degradation of C-hordein. A 

novel LC-MS/MS method was established to investigate the contribution of 

proline fragmentation by measuring the formation of γ-amino butyric acid 

(GABA), and Cu/H2O2 oxidation caused the most proline fragmentation in 

oxidation of whole hordein. 

 

Aggregation of cereal prolamins is another oxidative modification. Dityrosine 

crosslinks were observed from oxidation of PQPQLPY and the 33-mer, and the 

Cu/H2O2 oxidation was the most potent system. Aggregates of oxidised C-

hordein and whole hordein were partly formed through carbonyl interaction. 

Carbonyl formation as part of side-chain modification happened in oxidation of 

all substrates. Because of the high Pro content in prolamins, the proline 
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oxidation products pyroglutamic acid or glutamic semialdehyde contributed to 

this formation.  

 

The current method of oxidation has potential to reduce the content of residual 

prolamins (gluten) in a cereal fraction, for example, to remove the residual 

prolamin in starch production for gluten-free applications. 
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