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ARTICLE INFO ABSTRACT
Keywords: Ingestion of gluten proteins from wheat, and related prolamin proteins from barley, rye, and oats, can cause
Gluten adverse reactions in individuals with coeliac disease and IgE-mediated allergies. As there is currently no cure for
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these conditions, patients must practice avoidance of gluten-containing foods. In order to support patients in
making safe food choices, foods making a “gluten-free” claim must contain no more than 20 mg/Kg of gluten.
Mass spectrometry methods have the potential to provide an alternative method for confirmatory analysis of
gluten that is complementary to analysis currently undertaken by immunoassay. As part of the development of
such methodology the effectiveness of two different extraction procedures was investigated using wholemeal
wheat flour before and after defatting with water-saturated butan-1-ol. A single step extraction with 50 % (v/v)
propan-2-ol containing 2 M urea and reducing agent (buffer 1) was compared with a two-step extraction using
60 % (v/v) aqueous ethanol (buffer 2) followed by re-extraction of the pellet using buffer 1, using either wheel
mixing under ambient conditions (19 °C) or sonication at 60 °C. The procedures were compared based on total
protein extraction efficiency and the composition of the extracts determined using a combination of HPLC, SDS-
PAGE and immunoblotting with a panel of four gluten-specific monoclonal antibodies. Defatting generally had a
detrimental effect on extraction efficiency and sonication at 60 °C only improved extraction efficiency with
buffer 2. Although the single-step and two-step procedures were equally effective at extracting protein from the
samples, analysis of extracts showed that the two-step method gave a more complete extraction of gluten pro-
teins. Future studies will compare the effectiveness of these procedures when applied in the sample workflows for
mass spectrometry based methods for determination of gluten in food.

1. Introduction reflecting a true rise in incidence rather than increased awareness and
detection [1,2]. Coeliac disease is a non-IgE, immune-mediated gastro-

Coeliac disease affects approximately 1 % of the global population, a intestinal disorder which primarily affects those with either the Human
figure that has increased by a factor of 4-5 fold over the last 50 years, Leukocyte Antigen (HLA) receptor DQ2 or -DQ8 alleles, although other

Abbreviations: ANOVA, One-way analysis of variance; AP, Alkaline phosphatase; ATIs, a-amylase/trypsin inhibitors; BSA, Bovine serum albumin; DTT, Dithio-
threitol; ELISA, Enzyme-linked immunosorbent assay; HLA, Human Leukocyte Antigen; HMW, GS, High molecular weight glutenin subunits; IgE, Inmunoglobulin E;
IgG, Immunoglobulin G; LMW, GS, Low molecular weight glutenin subunit; Mr, Relative molecular mass; NBT/BCIP, Nitro-blue tetrazolium/5-bromo-4-chloro-3'-
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HLA alleles have been implicated [3,4]. Symptoms of coeliac disease
include increased risk of adenocarcinoma and lymphoma, and villous
atrophy resulting in malabsorption and failure to thrive [5], although
many can be asymptomatic in adulthood. Symptoms are elicited
following ingestion of gluten, a proteinaceous fraction present in wheat,
and related proteins from other cereal species. Gluten is therefore
functionally defined as “a protein fraction from wheat, rye, barley, oats
or their crossbred varieties and derivatives thereof, to which some
persons are intolerant and that is insoluble in water and 0.5 M NaCl.” by
both the Codex Standard [6] and the European Commission [7]. There is
currently no cure for coeliac disease, and as such, individuals must
practice strict avoidance of gluten-containing foods. Following the
recommendation of the Codex Alimentarius Commission, many legis-
lative bodies have enacted labelling laws specifying the amount of
gluten that can be included in finished food products while maintaining
a gluten-free claim [8]. Further, as the measures set out in the Codex
Alimentarius were recognised by the World Trade Organisation (WTO)
in the Agreement on Sanitary and Phytosanitary measures [9], any
signatory of the WTO are “encouraged” to base their national mea-
surements on this standard.

IgE-mediated allergy to wheat also exists although it is not as prev-
alent as coeliac disease [10]. This allergy can be categorised as either a
food allergy caused by ingestion of wheat-containing foods, contact al-
lergy to wheat, or an occupational asthma, often known as bakers’
asthma, where individuals become allergic to wheat flour by inhalation
but are usually tolerant to ingested wheat [11]. A well-defined subset of
food allergic individuals only experience allergic reactions when wheat-
containing foods are eaten in conjunction with exercise, a condition
known as wheat-dependent exercise-induced anaphylaxis (WDEIA)
[12]. People with IgE-mediated allergy to wheat are sensitised to gluten
proteins but unlike individuals with coeliac disease, may also react to
other flour proteins.

Although functionally described as gluten proteins, the gluten frac-
tion is comprised primarily of seed storage proteins, which based on
their solubility in different buffers can be subdivided into monomeric
gliadins (classically named prolamins) and polymeric glutenins (glu-
telins). However, both of these fractions have been defined as prolamins
based on their high contents of the amino acids proline and glutamine,
their sequence similarities [13] and the fact that they are all soluble in
alcohol-water mixtures. They also all carry coeliac toxic motifs, nine
amino acid sequences that can elicit a reaction in patients with coeliac
disease [14,15]. The prolamins account for up to 75-80 % of total flour
protein in wheat, barley, and rye, and constitutes about 10 % of oat
protein. Furthermore, the seed storage prolamins of wheat, unlike those
from other cereal species, have the unique ability to form a visco-elastic
gluten network which allows the production of leavened bread, a
property not shared by prolamins from other cereals, and contributing to
the importance of this crop. Indeed, bread consumption accounts for ~
12 % of daily calorie intake of the UK population [16] but up to 50 % in
parts of the Middle East, North Africa and Central Asia.

In order to comply with labelling laws, the amount of gluten in
finished food products must be quantified to make a gluten-free claim.
The Codex Alimentarius Commission definition of gluten-free foods
follows a classical definition of prolamins as corresponding to wheat
gliadins, based on their solubility in 40-70 % (v/v) aqueous ethanol, and
makes the assumption that this fraction comprises half of the total gluten
content [6]. This definition neglects the polymeric glutenins, which are
insoluble unless reduced to release their component subunits but also
carry coeliac toxic motifs [14]. The Codex recommendation also states
that gluten must be determined in food and ingredients by use of an
immunological method, or another method that provides at least equal
sensitivity and specificity. One enzyme-linked immunosorbent assay
(ELISA) which employs a monoclonal antibody (R5) raised against rye
secalins [17] and is known as the R5 Mendez method [6] is mentioned
specifically in the Codex Standard. Other ELISAs are also available that
meet the performance requirements for gluten detection in foods as
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defined by the Codex Standard, including one based on a 33 residue
coeliac-toxic peptide derived from a-gliadin, known as the G12 ELISA
[18,19]. Both of these ELISA kits measure the gliadin content of a sample
and so must use a conversion factor to arrive at a total gluten determi-
nation. Additionally, these antibodies vary in their reactivity to other
cereals, such as barley and rye, limiting the accuracy of quantification of
these cereals compared to wheat which can result in misrepresentation
of the gluten content of a food product. These factors are exacerbated by
the fact that the extraction buffer used in these assays can fail to extract
all gliadins exhaustively, since some gliadin-like proteins form alcohol
insoluble polymers [20]. Such methodological issues are compounded
by the variability between cultivars and the effects environmental
growing conditions on the gliadin content of gluten, which can range
from 60 to 75 %, which can lead to overestimation of total gluten when
applying a twofold conversion factor [21].

Therefore, the development of a method to determine both gliadins
and glutenins should provide results that are more reliable and avoid the
use of conversion factors. A prerequisite of such a method is the ability
to extract both fractions, a subject of ongoing research [22-27]. Defat-
ting prior to extraction has been shown to reduce sample complexity by
removing interfering compounds such as polyphenols and may enhance
protein extractability [28]. Buffers employing reducing agents (such as
2-mercaptoethanol, dithiothreitol and Tris(2-carboxyethyl)phosphine)
and chaotropes such as guanidine hydrochloride [24,25] and urea
[26,29] have been shown to improve the extractability of gliadins and
glutenins, especially from thermally-processed foods. Indeed a combi-
nation of the guanidine-containing buffer known as “cocktail” followed
by the addition of 80 % (v/v) ethanol has been used in combination with
the R5 antibody, and has also been used to develop a next-generation
ELISA which utilises four gluten monoclonal antibodies, including R5
[30]. This assay allows the quantification of the glutenin polymers and
therefore overcomes the need for a factor to convert from gliadins to
total gluten protein content. Comparison of the efficiency of different
aqueous alcohol solutions to extract gluten proteins showed that 50 %
(v/v) aqueous ethanol, propan-1-ol and propan-2-ol were equivalent but
at 70 % (v/v), propan-1-ol may be the most effective solvent [27,31].
For routine analysis it is preferable to have a simple, single-step
extraction that provides effective extraction of all gluten components.
Therefore the composition and immunoreactivity of extracts prepared
from a bread wheat cultivar using a reducing chaotropic buffer analo-
gous to the Mendez cocktail buffer containing urea, dithiothreitol (DTT)
and propan-2-ol [29] alone or as part of a sequential two-step extraction
procedure in samples first extracted with 60 % (v/v) ethanol, a solvent
consistent with those recommended in the Codex Standard. In this study,
the efficiency of extraction and composition of extracts have been
characterised using a combination of HPLC, and polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting analysis to identify the
optimal extraction conditions regarding both the composition and
quantity of gluten proteins. The workflows chosen employ solvents
compatible with MS analysis without the need for further treatments
which are required when ionic detergents, such as SDS, are employed.

2. Materials and methods
2.1. Materials

All reagents used were analytical grade unless stated otherwise.
Triticum aestivum cv Hereward grain was grown at Rothamsted Research
(Harpenden, UK) and milled with a Biihler MLU-202 mill (Urzwil,
Switzerland) at Campden BRI (Gloucestershire, UK) where an 81.4 %
extraction of white flour from the grain was achieved. Formic acid,
acetonitrile and water used in chromatography were all HPLC grade
(Sigma-Aldrich, Dorset, UK). Urea, ethanol, propan-2-ol, n-butanol, Tris
(hydroxymethyl) amino methane and dithiothrietol (DTT) were pur-
chased from Sigma-Aldrich (Poole, Dorset, UK). Reagents for gel elec-
trophoresis were NuPAGE Bis-tris gels (4-12 %), NuPAGE lithium
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dodecyl sulphate (LDS) buffer (4x, pH 8.4), 2-(N-morpholino)ethane-
sulphonic acid (MES) buffer (20 x concentrate), SYPRO™ Ruby Protein
Gel Stain and Mark 12™ protein marker were from Invitrogen (Shrop-
shire, UK). For immunoblotting, the pre-stained SeeBlue™ protein
marker was used, also from Invitrogen (Shropshire, UK). Four anti-
gluten monoclonal mouse antibodies were used (Supplementary
Table 1) as follows; R5 anti-gliadin (Operon, Zaragoza, Spain) [17], G12
anti-33mer (gift of Adrian Rogers, Romer Labs, Runcorn, UK) [18],
IFRN0610 anti-gliadin and -LMW glutenin [32], and ONT18A5 anti-o5
gliadin [33]. The epitopes recognised by these antibodies are summar-
ised in Supplementary Table 1. Goat anti-mouse IgG polyclonal antibody
conjugated to alkaline phosphatase (AP) and 1-Step™ nitro-blue tetra-
zolium/5-bromo-4-chloro-3'-indolyphosphate (NBT/BCIP) Substrate
Solution for immunoblotting were purchased from Thermo Fisher Sci-
entific (Hertfordshire, UK).

2.2. Sample preparation

Briefly, Hereward flour was defatted by addition of water-saturated
n-butanol (1:5, w:v, sample-to-buffer ratio) and stirred at ambient
temperature (19 °C) for 3 h. The solvent was removed by filtering
through Whatman™ qualitative filter paper (11 pm pore size), and the
retained sample allowed to air dry for 1 h. The process was then repeated
but extracting the sample for 18 h. Prolamin proteins were extracted
using the method of Schalk, Lexhaller [22] with the following modifi-
cations: (1) albumins and globulins were not sequentially extracted with
water and salt solution, respectively; (2) no repetitive extractions using
the same extraction buffer were undertaken; and (3) the sample-to-
buffer ratio was 1:20 (w:v). Two types of extraction were performed
on 2 g lots of flour as follows:

(1) Single step: 50 % (v/v) propan-2-ol, 100 mM Tris-HCl, pH 7.5
containing 2 M urea and 60 mM DTT (Buffer 1; 40 mL).

(2) Two-step: Initial extraction with 60 % (v/v) aqueous ethanol
(Buffer 2; 40 mL) followed by re-extraction of the resulting pellet
with Buffer 1 (40 mL). The extracts from each step were analysed
separately and not pooled.

Extractions were performed at either ambient temperature (19 °C)
for 30 mins on a wheel mixer or at 60 °C with sonication for 15 mins and
vortexing every 5 mins. Extracts were then clarified by centrifugation for
10 mins at 10,000 x g, the supernatants collected into fresh falcon tubes
and stored at —20 °C (Supplementary Fig. 1).

2.3. Protein determination

Total flour protein was determined by measurement of total nitrogen
using the Dumas combustion method with a Leco combustion analyzer
(Leco Corp., St. Paul, MN, USA). A conversion factor of 5.7 was used
from nitrogen to total protein [34]. The protein content of extracts were
determined in duplicate using the RC DC™ Protein Assay (Bio-Rad,
Watford, Hertfordshire, UK), a modified Lowry protein assay [35] which
allows quantitation of protein in the presence of reducing agents and
detergents. Briefly, proteins present in solution were precipitated and
any soluble interfering substances were removed after centrifugation.
After resuspension, alkaline copper tartrate solution and Folin reagent
were added, and the absorbance recorded at 750 nm. Bovine serum al-
bumin (BSA) was used as a standard [36] and although this may over-
estimate the prolamin content it allowed comparison of different
extraction procedures.

2.4. Gel electrophoresis
Protein extracts were separated by SDS-PAGE [37]. Samples were

mixed with NuPAGE LDS sample buffer (1:4 v/v) containing 50 mM DTT
and heated for 10 mins at 80 °C to reduce any disulphide bonds present.
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Sample (5 pg protein/lane) and either the Mark 12™ protein ladder (5
ug protein/lane) or the SeeBlue™ prestained marker for immunoblots
(10 pg/lane) were loaded on to a 4-12 % NuPAGE Bis-tris Mini protein
gel and the proteins separated in MES buffer at 200 V, 350 mA and 100
W for 35 mins. After electrophoresis, gels were fixed with 50 % (v/v)
methanol and 10 % (v/v) trichloroacetic acid for 30 min. Gels were
subsequently transferred to clean containers, washed with 10 % (v/v)
methanol and 7 % (v/v) trichloroacetic acid, rinsed with MilliQ water
and stained with SYPRO™ Ruby Protein Gel Stain overnight in the dark
with agitation. After destaining with MilliQ water, gels were imaged
using a GE Healthcare Typhoon TRIO variable mode imager (GE
Healthcare Lifesciences, Buckinghamshire, UK) with an excitation
wavelength of 532 nm and emission wavelength of 605 nm.

2.5. Reversed phase high performance liquid chromatography RP-HPLC

Protein extracts were filtered (Merck Millipore Millex™ Nonsterile
Syringe Filters 0.45 um pore size, Fisher Scientific, Loughborough, UK)
prior to reversed phase high performance liquid chromatography (RP-
HPLC) analysis. Fifty microliters of extract (containing 1 mg mL ™! total
protein) were loaded on to a Jupiter C18, 300 f\, 5 um, 250 x 4.6 mm
column attached to a Shimadzu Prominence HPLC system (Kyoto,
Japan). The column was equilibrated in 0.1 % (v/v) formic acid in HPLC
grade water (Buffer A), and a flow rate of 1 mL min~! was used
throughout. Proteins were eluted using a gradient of 0.1 % (v/v) formic
acid in acetonitrile as buffer B. The elution gradient was as follows:
0 mins 0 % B, 0.5 mins 24 % B, 20 mins 56 % B, 20.1-24.1 mins 90 % B,
24.2-30 mins 0 % [22]. The absorbance of the eluate was monitored at
210 nm.

2.6. Immunoblotting

Electrophoretically separated proteins were transferred to nitrocel-
lulose membrane (0.2 pm pore size, Bio-Rad, CA, USA) using a Bio-Rad
Semi-Dry blotting apparatus (Bio-Rad, CA, USA). Parameters for the
transfer were 15 V, 300 A, 100 W for 35 mins for two gels. Any free
binding sites on the nitrocellulose membrane were blocked by incuba-
tion with phosphate buffered saline (137 mM NacCl, 2.7 mM KCl, 10 mM
NayHPOy4, 1.8 mM KH,PO4, pH 7.4, 0.05 % (v/v) Tween-20 and 5 % (w/
v) skimmed milk powder (blocking buffer) overnight at 4 °C. After
washing, membranes were incubated for 1 h at ambient temperature
with primary anti-gluten antibodies with the following dilutions (v:v) in
blocking buffer: R5 — 1:100, G12 — 1:1000, IFRN0610 — 1:100 and
ONT18A5 - 1:500 [38]. After washing, membranes were incubated with
secondary goat anti-mouse IgG antibody conjugated to AP (diluted
1:5000, v:v in blocking buffer) for 1 h at ambient temperature. After
further washing, membranes were incubated with 1-Step™ NBT/BCIP
Substrate Solution for 15 mins to allow for colour formation. The
developed immunoblots were imaged using U:Genius 3 (Syngene,
Cambridge).

2.7. Statistical analysis

GraphPad Prism version 7.04 for Windows (GraphPad Software, San
Diego, California USA) was used for calculation of (1) extracted protein
determined using the protein assay; (2) chromatogram peak areas; and
(3) descriptive statistics. Significant differences between the amounts of
extracted protein were calculated by multiple one-way analysis of
variance (ANOVAs) where p < 0.05 was taken to be significant. Signif-
icant differences between the standard deviations of two extractions
were calculated using the F test where p < 0.05 was determined to be
significant.

3. Results

Improved extraction and determination of gluten by ELISA has been
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reported using a proprietary buffer system known as the Mendez cock-
tail [30] based on a patented procedure [39] while other reports have
used analogous buffers containing aqueous alcohol, a reducing agent
and a chaotrope for fractionation of gluten and analysis of gluten in
processed products [22,25]. This study has further adapted these ap-
proaches by including propan-2-ol and their effectiveness compared
with 60 % (v/v) ethanol which is recommended in the Codex Standard.

3.1. Extraction efficiency

The effects of varying the extraction conditions on the amount of
total protein extracted were initially compared (Fig. 1A, Table 1 and
Supplementary Table 2). Defatting had no effect on the total protein
content of the flour as determined by Dumas nitrogen analysis, with the
total protein content being 12.7 % (w/w) for the defatted sample and
12.4 % (w/w) for the non-defatted sample. Since no replicate Dumas
analysis was performed so no significance testing was undertaken.
However, the difference is within the repeatability of the Dumas method
for analysis of total protein nitrogen which is 0.41 % [40]. The different
buffers and conditions used extracted between 16.6 % =+ 3.6 (Step one of
the two-step procedure performed at ambient temperature) and 85.5 %
+ 6.8 (single step procedure performed at 60 °C) of the protein from the
defatted samples when compared to the expected protein content based
on Dumas analysis. In contrast, a greater amount of protein was
extracted from the non-defatted sample, between 45.9 % + 10.6 (step
one of the two-step procedure performed at ambient temperature) to
125.3 % + 26.8 (single step procedure performed at ambient tempera-
ture) being extracted. The difference between defatted and non-defatted
samples was only statistically significant when using the single-step
extraction at ambient temperature (p = 0.0434) (Fig. 1A, Table 1 and
Supplementary Table 2) but the general trend was consistent with other
findings [41,42].

Buffer 1 consistently extracted the greatest amount of protein under
all the conditions tested compared to buffer 2 (corresponding to the
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Codex Standard extractant). Buffer 1 was therefore used to re-extract the
pellet after extraction with buffer 2, recovering either a similar or
greater amount of protein. The extraction conditions did not have sta-
tistically significant effects on protein extraction using either the single-
step procedure or the individual steps in the two-step procedure. This
lack of an effect was partially carried forward when summing the pro-
tein extracted in each step of the two-step extraction procedure. Defat-
ting had no effect on the extraction efficiency except when the
extraction was performed at 60 °C with sonication, which significantly
increased extraction compared to wheel mixing at ambient temperature
(» = 0.007).

3.2. Electrophoretic profiling of protein extracts

The protein profiles of the different extracts were then compared
using SDS-PAGE (Fig. 1B). The extract prepared using the single-step
extraction with buffer 1 under ambient conditions (Fig. 1B lanes 1-4)
showed the presence of three high-molecular weight glutenin subunit
(HMW-GS) bands with M, > 70,000. These corresponded to the HMW-
GS composition of cv Hereward, 1Dx3 + 1Dy12, 1Bx7 + 1By9, with
subunits 1By9 and 1Dyl2 co-migrating in the gel system used [43].
Other bands were present with M, values of between ~ 38-60,000 with
bands M; ~ 38-50,000 probably corresponding to - and y-gliadins and
LMW-GS that have similar electrophoretic mobilities. The two bands at
M, ~ 55,000 may correspond to m1/2-gliadins. Bands corresponding to
®5-gliadin were not apparent, which may reflect their relative abun-
dance and protein loading, as others have demonstrated their presence
by SDS-PAGE in cv Hereward [44]. Defatting had little effect on the
protein profile apart from improving the extractability of M; ~ 10,000
polypeptides which probably correspond to o-amylase/trypsin in-
hibitors (ATIs) (Fig. 1B, lanes 3,4) that were not extracted from the non-
defatted flour (Fig. 1B, lanes 1,2).

Extraction with buffer 2 in the first step of the two-step procedure at
ambient temperature (Fig. 1B lanes 5-8) showed a protein profile
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Fig. 1. Comparison of the efficiency of extraction using different conditions. (A) Total extracted protein from wheat flour under different extraction conditions. Error
bars denote standard deviations of triplicate extracts analysed in duplicate. Significance was determined using multiple one-way ANOVAs. NDF indicated non-
defatted sample, and DF indicates defatted sample. (B) Protein stained 1D-PAGE analysis of non-defatted and defatted wheat flour extracts prepared using
different extraction conditions. Lanes 1-2, 5-6, 9-10, 13-14, 17-18, 21-22 are non-defatted samples (NDF), whereas lanes 3-4, 7-8, 11-12, 15-16, 19-20, 23-24 are
defatted samples (DF). Samples in lanes 1 — 12 were extracted at ambient temperature, and those in lanes 13-24 were extracted at 60 °C with sonication. Ten
microliters containing 5 pg protein was loaded per lane. Lanes are as follows: MWM - Mark12™ protein standards; 1-4, 13-16 — extracts prepared using a single step
extraction with buffer 1; lanes 5-8, 17-20 — extracts prepared in step one of the two step extraction using buffer 2 ; lanes 9-12, 21-24 — extracts prepared in step two

of the two step extraction using buffer 1.
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Table 1

Journal of Chromatography B 1215 (2023) 123554

Efficiency of extraction of prolamins from wheat flour using different extraction conditions. Three sample replicates for each extract were prepared in triplicate and
each extract analysed in duplicate. Dumas combustion was completed on a single sample (N x 5.7).

Extraction buffer Extraction Extracted protein(mg)/g flour + S.D. (n = 3)
temperature
Non-defatted Defatted
Extracted protein (mg/g Recovery + S.D. (n = 3) Extracted protein (mg/g Recovery + S.D. (n = 3)
flour) + S.D. (n = 3) (based on Dumas) flour) + S.D. (n = 3) (based on Dumas)
Single step extraction
Buffer 1 Ambient 155.4 + 33.2 125.3 + 26.8 107.6 + 37 84.7 + 29.1
temperature
60 °C 151.8 + 43.6 122.5 + 35.1 108.6 + 8.6 85.5 + 6.8
Two-step extraction
Step one: Buffer 2 Ambient 57 +£13.2 45.9 + 10.6 21 +£4.6 16.6 + 3.6
temperature
60 °C 80.8 + 1.8 65.2 + 1.4 47.4 £ 7.2 37.3+5.6
Step two: re-extraction of Ambient 754+ 7.6 60.9 + 6.1 70.2 + 4.4 55.2 + 3.4
pellet with buffer 1 temperature
60 °C 73.4 + 18 59.2 + 14.5 102.8 + 20.6 80.9 + 16.3
Combined extraction Step Ambient 132.4 + 13.6 106.8 + 11 91.2 £+ 2.50 71.8 + 4.7
one + Step two temperature
60 °C 154.2 + 16.4 124.4 +13.2 150.1 + 14 118.2 + 11

characteristic of the monomeric gliadins with bands of M, ~ 40,000,
50,000 and 55,000. Given their known solubility in 60 % ethanol, these
are likely a- and y-gliadins [23,45], proteins of M, ~ 10,000 also
probably corresponding to ATIs and other similar low M, proteins such
as puroindolines [46]. However, there was no evidence of bands cor-
responding to the w-gliadins which have a M, of ~ 50-66,000, again
probably reflecting differences in protein loading and relative abun-
dance [22,47,48]. The profile of the fraction extracted from the pellet
using buffer 1 in the two-step procedure at ambient temperature (Fig. 1B
lanes 9-12) was very similar to that of fraction resulting from the single
step procedure except there was evidence of faintly staining poly-
peptides of M, ~ 10,000 in the non-defatted sample. These data support
the suggestion based on extraction efficiency that the two-step

procedure provides a more complete extraction of the gluten proteins.

In general, extracts prepared at 60 °C with sonication (Fig. 1B lanes
13-24) had qualitatively similar profiles to the extracts prepared under
ambient conditions except they were stained more intensely. This may
either be the result of more complete denaturation, or due to the
extraction procedure at this temperature combined with sonication
affecting protein reactivity in the protein assay. These data also suggest
that buffers 1 and 2 are complementary and can extract different gluten
proteins although the variability in the amounts of protein extracted
make it difficult to draw any firm conclusions.

Since extraction efficiency was greater when using the non-defatted
flour and resolution of the SDS-PAGE protein profiles of extracts pre-
pared at 60 °C with sonication was sharper, these extracts were taken
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Fig. 2. Characterisation of an extract of non-defatted flour prepared using a single step extraction with buffer 1 performed at 60 °C with sonication (A) Reversed-
phase HPLC chromatogram. Fractions collected corresponding to gliadin proteins are identified on the chromatograms by roman numerals. (B) Protein stained 1D-
PAGE of RP-HPLC fractions stained. MWM indicates Mark12™ protein marker. Lanes were as follows: Lane 1 - fraction I (7 to 11 min); lane 2 — fraction II (11 to 13
min); lane 3 — fraction III (13 to 16 min); lane 4 — fraction IV (16 to 17 min); lane 5 — fraction V (17 to 20 min) and lane 6 — fraction VI (20 to 25 min). (C)-(F)
Immunoblots were developed with the following antibody preparations: R5 (C), G12 (D), IFRN0610 (E) and ONT18A5 (F). MWM indicates SeeBlue™ pre-stained
protein marker and lanes on immunoblots correspond to those in the protein stained gel presented in panel B.
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forward for further analysis.

3.3. Reversed phase high performance liquid chromatography profiling of
protein extracts

3.3.1. Analysis of buffer 1 extract (single step extraction procedure)

Gliadin and glutenin groups were not resolved by RP-HPLC in the
buffer 1 extract, as reported by others [49]. Therefore, fractions repre-
senting five groups of RP-HPLC peaks were collected and further char-
acterised using SDS-PAGE (Fig. 2B) and immunoblotting with four
different anti-gluten antibody preparations (Fig. 2C-D) the specificity of
which is summarised in Supplementary Table 1.

Fraction I comprised material eluting at 7 — 11 mins. Although the
fraction contained a peak showing high absorbance (~2400 mAU) at
210 nm, only limited staining was observed at M, > 115,000, (lane 1,
Fig. 2B) suggesting this fraction largely comprises non-proteinaceous UV
absorbing material, possibly phenolic acids [50]. Only one antibody,
IFRNO0610, reacted with the fraction, binding to two proteins of M, ~
60-65,000 which did not stain well with SYPRO™ ruby (Lane 1,
Fig. 2E). These may correspond to w-gliadins identified previously by
others, who also found they did not stain well with SYPRO™ ruby [51]
and is consistent with the known reactivity of IFRN0610 with both fast
(w1-2) and slow (05) gliadins, notably the sequence LQSPQQSFHQQ
found in w1-gliadins [32]. Their mobility is different to that observed by
some and may be due to the anomalous mobility on SDS-PAGE of these
proteins [22,33,44,46]. The second peak fraction II comprised three
distinct peaks eluting at 11-13 mins and, like fraction I, showed limited
staining following separation by SDS-PAGE (only diffuse staining at M,
~ 66,000) (Lane 2, Fig. 2B). However, immunoblotting with antibody
IFRN0610 (Lane 2, Fig. 2E) showed two intensely staining bands of M,
~ 62 and 65,000, probably also w-gliadins, together with several faintly
staining polypeptides of lower M in this fraction. Blotting with the w5-
gliadin specific antibody ONT18AS5 also showed a faintly stained band of
M, ~ 62,000 indicating that a form of w5-gliadin was present in this
fraction (lane 2 of Fig. 2F). The third fraction (fraction III) eluted at
13-16 mins and comprised one large, and one small peak. SDS-PAGE
analysis showed the presence of well-resolved protein-staining bands
of M, 97 — 120,000 corresponding to HMW-GS, together with faintly
staining of bands of M, ~ 60,000, again consistent with the mobility of
o-gliadins (lane 3, Fig. 2B). Immunoblotting of this fraction showed
binding of R5 asillustrated by indistinct staining around M, 60,000 (lane
3, Fig. 2C), and by IFRNO0160, as illustrated by two well-resolved bands
at M, ~ 50 and 60,000 (lane 3, Fig. 2E). This is consistent with the ex-
pected molecular weight of w-gliadins, which are also recognised by
IFRN0160 [32]. These data indicate that fractions I, I and III largely
comprise o-type gliadins and HMW-GS, which is consistent with their
previously reported chromatographic behaviour (Supplementary
Table 3) [22,49].

The remaining peaks eluted between 16 and 25 mins (Supplementary
Table 3) [22,49] and are likely to correspond to - and y-gliadins, and
LMW-GS. The first of these fractions (fraction IV) contained several
small poorly resolved peaks eluting between 16 and 17 mins, SDS-PAGE
showed a similar protein profile to fraction III with three bands of M, ~
120-77,000 but also an additional band of M, 55,000 (lane 4, Fig. 2B)
which was recognised by the R5 antibody (lane 4, Fig. 2C). The fraction
also contained a band of M, 52,000 which reacted weakly with
IFRN0610 (lane 4, Fig. 2E). Fraction V comprised material eluting be-
tween 17 and 20 mins (one small and one very large peak) whilst frac-
tion VI comprised material which eluted between 20 and 25 mins
(several defined peaks of decreasing height). SDS-PAGE showed that
these fractions comprised a complex mixture of bands of M, ~ 35 —
50,000 consistent with their being a mixture of a- and y-gliadins and
LMW-GS (lanes 5, 6 Fig. 2B). Only the R5 antibody reacted with fraction
V, weakly recognising a M, ~ 40,000 band (Fig. 2C, lane 5). Such poor
immunorecognition of the prominently staining protein bands indicates
that either the gliadin species recognised by the antibodies are present at
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low levels or the epitopes have been denatured or modified by the
extraction procedure. In contrast, the antibodies R5, G12 and IFRN0610
all recognised several bands in fraction VI (Lanes 6 in Fig. 2C, D and E
respectively), R5 and IFRN0610 binding strongly to two bands at M, ~
45 and 50,000 whilst G12 bound to slightly smaller polypeptides of ~ M,
35 - 40,000. These binding patterns are consistent with these fractions
comprising a- and y-gliadins, and LMW-GS.

3.3.2. Analysis of buffer 2 extract (two-step extraction procedure)

RP-HPLC analysis of wheat flour extracted with 60 % (v/v) ethanol
(buffer 2) showed a similar pattern to those reported previously for
gliadins (Fig. 3A) [22,52,53]. Weakly-bound material eluting at ~ 3.5-7
mins formed a broad, poorly resolved series of peaks which were pooled
to give fraction I. SDS-PAGE analysis of this fraction showed it
comprised a range of bands of M, ~ 10,000 - 90,000, with intense
staining at ~ M, 40,000 (lane 1, Fig. 3B). This fraction also contained
components of M, 10,000 which are likely to be ATIs (which are not
recognised by the antibodies used), and bands of M, 40-90,000 which
reacted with antibodies R5, G12 and IFRN0610 on immunoblotting
(Lane 1 of Fig. 3C, D and E respectively). Thus, R5 showed faint staining
of bands at M, ~ 60,000 and ~ 40,000 whereas the G12 antibody
demonstrated strong staining to a M, ~ 40,000 band likely to correspond
to a- and/or y-gliadins based on their solubility in 60 % ethanol and
known M, on SDS-PAGE. The IFRN0610 antibody also showed strong
staining of bands of M, 55-65,000 corresponding to o-type gliadins
together with M, 40-50,000 bands likely to correspond to a- and/or
y-gliadins. ONT18A5 also bound, but only very faintly, to a band of M,
~ 65,000 (Fig. 3F lane 1). Fractions II and III represented minor peaks
eluting at 9 and 10.5 mins and did not contain any protein-staining
material on SDS-PAGE (Fig. 3B, lanes 2 and 3). However, the
IFRNO160 antibody bound to proteins present in separations of these
fractions, notably a M, 60,000 band in fraction I and a M, ~ 65,000
band in fraction 3, which are likely to correspond to different w-type
gliadin polypeptides. The failure of the ONT18A5 antibody to bind to
these components in the extract maybe due to their being present at low
concentrations and/or the o-type gliadins were not all extracted by 60 %
(v/v) ethanol.

Although eluting as a small broad peak, fraction IV was found to
comprise a poorly-resolved series of components ranging from M, 30 to
115,000, indicating either possible protein aggregation or partial
degradation of proteins (Fig. 3B, lane 4). The presence of bands at M, ~
100,000 suggested that either some HMW-GS were extracted using 60 %
(v/v) ethanol or the w-type gliadin polypeptides have become aggre-
gated, purified o-type gliadin forming SDS-resistant aggregates of M, ~
100,000 (Tranquet, unpublished observations) and following dough
mixing [54]. The complexity of the protein profile was not reflected in
antibody binding, with only IFRN0610 showing binding (Fig. 3E) to one
band at M, ~ 60,000 which is likely to correspond to a o-type gliadin.

The remaining components were fractioned into a broad, moderate
intensity group of peaks eluting at ~ 13 mins (collected as fraction IV),
one high intensity well resolved peak eluting at around 17 mins (fraction
VI) and three further peaks eluting at between 19.5 and 23.5 mins which
were pooled as fraction VII. Fraction V (Fig. 3B, lane 5) contained bands
with M, ~ 30-66,000, including a clearly resolved band at M, ~ 40,000
and poorly resolved bands of M, ~ 36-66,000. Antibodies R5, G12 and
IFRNO0610 (Fig. 3C, D and E respectively) bound to components in this
fraction with the R5 antibody showing weak binding to a range of bands
with M, between 40 and 55,000, whilst G12 and IFRN0610 showed
strong binding to a M, ~ 40,000 polypeptide. IFRN0610 also bound to a
M, ~ 50 and 60,000 bands likely to correspond to w-gliadins. These data
are consistent with fraction V comprising mainly a- and y-gliadins.

SDS-PAGE of fraction VI (Lane 6, Fig. 3B) revealed strong staining of
two bands of M, ~ 40,000 and ~ 50,000 which may correspond to the
components recognised by R5, which are likely to be a-gliadins, (Fig. 3C,
lane 6). The G12 antibody showed similar reactivity to fraction V,
binding to a band at M, ~ 40,000 (Fig. 3D, lane 6) whilst IFRN0610
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Fig. 3. Characterisation of an extract of non-defatted flour prepared in step one of the two step extraction procedure using buffer 2 performed at 60 °C with
sonication (A) Reversed-phase HPLC chromatogram. Fractions collected corresponding to gliadin proteins are identified on the chromatograms by roman numerals.
(B) Protein stained 1D-PAGE of RP-HPLC fractions stained. MWM indicates Mark12™ protein marker. Lanes were as follows: Lane 1 — fraction I (3.5 to 7 min); lane 2
— fraction II (7 to 9.5 min); lane 3 — fraction III (9.5 to 11.5 min); lane 4 — fraction IV (14 to 15 min); lane 5 — fraction V (15 to 17.5 min); lane 6 — fraction V (17.5 to
19 min); and lane 7 - fraction VI (19 to 22 min). (C)-(F). Inmunoblots were developed with the following antibody preparations R5 (C), G12 (D), IFRN0610 (E) and
ONT18A5 (F). MWM indicates SeeBlue™ pre-stained protein marker and lanes on immunoblots correspond to those in the protein stained gel presented in panel B.

demonstrated intense binding to M, ~ 30 and 50,000 polypeptides correspond to y-gliadins (Fig. 3B, lane 7). All three antibodies showed a
accompanied by weaker binding to a M, 60,000 (Fig. 3E, lane 6). SDS- similar pattern of binding to this fraction recognising bands at Mr ~ 36
PAGE of fraction VII showed differences in composition to fraction IV and 45 kDa, with IFRN0610 also binding to a M, ~ 60 kDa polypeptide,
with staining of two bands at M, ~ 30 and ~ 45,000 which may indicating the presence of w-gliadin in this fraction (Fig. 3 C-E, lane 7).
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Fig. 4. Characterisation of an extract of non-defatted flour prepared in step two of the two step extraction with buffer 1 performed at 60 °C with sonication (A)
Reversed-phase HPLC chromatogram. Fractions collected corresponding to gliadin proteins are identified on the chromatograms by roman numerals. (B) Protein
stained 1D-PAGE of RP-HPLC fractions. MWM indicates Mark12™ protein marker. Lanes were as follows: lane 1 — fraction I (2 to 4 min); lane 2 — fraction II (5 to 11
min); lane 3 - fraction III (13 to 16 min); lane 4 — fraction IV (16 to 20.5 min); and lane 5 - fraction V (20.5 to 24 min). (C)-(F) Immunoblots developed with the
following antibody preparations R5 (C), G12 (D), IFRN0610 (E) and ONT18A5 (F). MWM indicates SeeBlue™ pre-stained protein marker and lanes on immunoblots
correspond to those in the protein stained gel presented in panel B.
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3.3.3. Analysis of buffer one extract (two-step extraction procedure)

Re-extraction of the pellet remaining after extraction with 60 %
ethanol (buffer 2) with buffer 1 (50 % propan-2-ol (v/v), 100 mM Tris-
HC], pH 7.5 containing 2 M urea and 60 mM DTT) extracted a mixture of
components. These were separated by RP-HPLC (Fig. 4A), showing a
profile consistent with that reported for the glutenin fraction of wheat
[22,43,52]. Peaks eluting at 2-4 mins and 5-11 mins, respectively were
collected as fractions I and II which were found to comprise a complex
mixture of M, of 66 — 115,000 components indicating the presence of
o-type gliadins and HMW-GS, the smeary in appearance of the gel track
suggesting this was accompanied by protein modification or aggregation
(Fig. 4B, lane 1). Immunoblotting showed that only antibodies
IFRN0610 and ONT18A5 bound this fraction (Fig. 4E lane 1) recognising
bands of M, ~ 65 to 100,000 consistent with the presence of w5-gliadins.
Fraction II contained bands with masses consistent with those of HMW-
GS but also components ~ 55 kDa, which may have been 01, 2-gliadins
(Fig. 4B lane 2). The incorporation of mutant forms of w-gliadins with
single cysteine residues (known as p-type LMW subunits of glutenin) into
the glutenin polymer is well known [13] and therefore the presence of
these proteins in this extract was to be expected. Both R5 and IFRN0610
antibodies (Lane 2, Fig. 4C and E, respectively) showed binding to bands
of M, ~ 55,000 in this fraction, which may have been ®1,2-gliadins,
whilst the IFRN0610 antibody showed further binding to components at
M, ~ 66,000 consistent with w5-gliadin, and bands corresponding to
aggregated proteins M, > 115,000.

Fraction III corresponded to a small peak which eluted at 13-16 mins
whilst fraction IV corresponded to a series of peaks eluting between 16
and 24 mins, which were putatively identified as HMW-GS and LMW-GS
respectively, based on their elution times (Supplementary Table 3) [22].
SDS-PAGE analysis confirmed that Fraction III comprises only bands of
M; > 100,000, none of which were recognised by any of the antibodies,
suggesting these proteins corresponded to HMW-GS. Fraction IV con-
tained proteins eluting between 16 and 20.5 mins and demonstrated
intense staining of two bands at M, ~ 40,000 and 50,000 (Fig. 4B, lane
4) which is consistent with their being B-type LMW-GS [22]. This
pattern of staining was consistent with the specificities observed for the
G12 and IFRN0610 antibodies, although immuno-staining was more
intense for IFRN0610, the R5 antibody only showing only very weak
binding to a band at Mr ~ 45 kDa (Lane 4, Fig. 4C, D and E, respec-
tively). Fraction V comprised proteins eluting between 20.5 and 24
mins. SDS-PAGE showed only faint, weakly staining and poorly resolved
bands (lane 5, Fig. 4B), of a M, 36 and 40,000 which is slighter lower
than those present in lane 4. These may correspond to C-type LMW-GS,
which are essentially mutant forms of a- and y-gliadins. All three anti-
bodies showed similar binding to a band at ~ 40 kDa with R5 showing
the weakest binding, followed by G12 with IFRN0610 showing the most
intense binding (Lane Fig. 4C, D and E, respectively).

4. Discussion

In this study, we demonstrated that defatting of flour samples with
water-saturated butan-1-ol prior to extraction significantly reduced the
total extracted protein, as reported by others using either gel-based [55]
or mass spectrometry approaches for protein identification [26]. Such
effects have been ascribed to the loss of more hydrophobic natgliadins
and glutenins through interactions with lipid components including
glycolipids [41,42]. It is of note that buffer 1 was only able to extract
components of M, ~ 12,000 likely to correspond to ATIs in the non-
defatted samples indicating these were either removed in the defatting
process or rendered intractable to the extraction procedures used in this
study. It was also observed that 60 % (v/v) aqueous ethanol, when used
alone, had a similar extraction efficiency to that previously reported
when extraction was performed under ambient conditions [24]. Inter-
estingly when followed by re-extraction of the pellet with buffer 1, the
combined two-step extraction procedure was as effective in extracting
protein as the single step extraction with buffer 1. Both procedures
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extracted more protein than has been reported for buffers employing
guanidine hydrochloride as a chaotrope instead of urea [24]. A large
variance between replicate extractions was observed for some proced-
ures, likely due to the formation of a dough on addition of the extractant
which made it difficult for the solvent to penetrate and solvate the
protein. The data presented in this report suggest that methods that base
their measurement of total gluten on 60 % (v/v) ethanol extracts,
especially when prepared under ambient conditions, could under-
represent the actual gluten present in a sample.

Qualitative analysis of the extracts by RP-HPLC, SDS-PAGE and
immunoblotting using four anti-gluten antibodies which together rec-
ognised all types of gluten proteins were extracted by both procedures,
although there were small differences in gluten protein composition of
the different extracts and was exemplified by the w-type gliadins. Thus,
although the wheat cv. Hereward has previously been shown to have at
least five o-type gliadins these were reported to have higher M, values
than were observed in this study [44]. It is clear that differences in
extraction conditions make precise comparisons difficult, but it appears
that buffer 1 used in the single step extraction procedure extracted at
least five polypeptides that appeared to be w-type gliadins. Conse-
quently, it is likely that the lower M, values observed in the current
report may have resulted from the inclusion of urea but a lower con-
centration of reducing agent than in the previous report [43]. Variation
in the electrophoretic mobility of gluten proteins is also well established
[22,33,44,46].

5. Conclusion

Previous work has demonstrated that almost all gluten fractions
contain coeliac toxic motifs, and therefore methods, such as those based
on antibodies that measure only gliadins, cannot sufficiently quantify
the risk posed by residual gluten in gluten-free foods [14,15]. The data
presented here show that both the single step extraction with buffer 1
and the two-step extraction procedure can effectively extract a high
proportion of wheat flour gluten and is superior to a single step
extraction using 60 % (v/v) ethanol, one of the solvents recommended
by Codex [6]. However, no single extraction procedure was able to
completely extract all gluten proteins, an observation that needs to be
taken into consideration when developing sample preparation proced-
ures for all methods but particularly when quantifying gluten in foods.
Compromises always have to be made over time and complexity for
sample preparation against completeness of extraction. Use of the single
step buffer extracted more protein and a more complete protein profile
than an extraction employing 60 % ethanol while maintaining method
simplicity, and therefore would be preferable for high throughput
analysis. The two-step extraction procedure used in this study, although
more time consuming, has the potential to provide a more robust sample
extraction for gluten analysis, which can be applied to thermally pro-
cessed products. For example, analysis of baked products such as bread
using a 60 % (v/v) ethanol extraction under-estimates gluten content
[24], demonstrating the need for a more effective extraction buffer
which is able to disrupt and dissolve proteins which are denatured and
aggregated during processing.

Although other solvents, such as propan-2-ol, and chaotropes, such
as urea, pose greater restrictions with immunoassay based methods,
alternative analytical methods, such as those based on mass spectrom-
etry (MS), are more amenable to the use of solvents and chaotropes in
sample preparation. The sample amounts and extraction volumes used
in this study are large, taking account of the need to extract represen-
tative samples for food analysis but this can be scaled down to the small
amounts and volumes depending on the application [56]. Furthermore,
the application of MS to the analysis of gluten provides an opportunity to
take a fresh, molecular approach by quantifying all relevant sub-groups
of gluten proteins that contain coeliac toxic motifs. Future studies will
apply the single and two-step sample workflows for analysis of gluten in
food using MS which could provide a comprehensive, robust, and
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complementary alternative to immunoassay analysis of total gluten in
gluten-free products, ultimately providing improved protection for
consumers relying on gluten—free diets for their health and well-being.
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