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small intestine upon the oral intake of gluten. There, upon activation by human tissue transglutaminase (tTG), these gluten peptides can stimulate the human leukocyte antigen (HLA) HLADQ2/8 (restricted gluten-reactive CD4+ T-cells in individuals
suffering from celiac disease), ultimately leading to chronic inflammation of the intestinal mucosa and subsequent nutrient malabsorption (33,35,36,38,43,59,60,62,72,74). Grain species other
than barley, wheat, or rye contain similar storage proteins not
enriched in so much proline, and these are not regarded as immunogenic (53). It is estimated that at least 1% of the Western world
population is afflicted by celiac disease (25). Not only celiac patients but also nonceliac individuals can experience physical problems upon gluten ingestion. Recently, this so-called nonceliac
gluten sensitivity (or gluten sensitivity) has been clinically recognized as a separate condition (21). Although the symptoms experienced by such gluten-sensitive subjects are often identical to
those seen in celiac disease, it has not been determined yet which
grain components are responsible.
With no treatment available, gluten-intolerant people are required to follow a strict lifelong gluten-free diet. Foods with gluten levels <20 mg/kg are generally regarded as gluten-free. The
Codex Alimentarius recommends the R5 enzyme-linked immunoassay (ELISA) to measure gluten, whereby the monoclonal R5
antibody (2,31,49) recognizes the peptide motifs QQQFP, LQPFP,
QLPFP, and the common repetitive QQPFP motif found in all
immunogenic prolamins. Sandwich ELISA requires detection of
two R5 epitopes per protein fragment (16,64). In products that
contain hydrolyzed protein, such as beer, small remaining hordein
peptides may not necessarily contain two R5 epitopes. Therefore,
for such products a competitive ELISA setup is recommended
(10,13,14). The main disadvantage of these or any antibody-based
assays is that they will only detect proteins and protein fragments
containing the motifs specific for the antibody used. Consequently, proteins or peptides lacking these specific motifs are
missed. On the other hand, an antibody may bind to small peptides containing one of the aforementioned motifs, even though it
is known that the immunogenic peptides causing problems in
celiac patients require a minimum length of nine amino acids
(3,8,30,32,37,39,58,70). It has been shown that quantitation of
ELISA is only possible if a protein standard comparable to the
protein being measured is used (62,63). The RIDASCREEN kit
(recently validated for detection of gluten in beer; R-Biopharm,
Darmstadt, Germany) uses a hydrolysate of wheat, rye, and barley
as a reference.
Beer brewing is the oldest biotechnological process known to
humans, whereby beer is produced via fermentation of malted
barley (Hordeum vulgare) extract and to a lesser extent of malted
wheat (Triticum aestivum) extract. Although most of the grain
proteins in beer are removed during wort boiling and cooling,
several proteins and protein fragments remain in the finished product. An average beer has a protein content of around 500 mg/L
(12,52), incorporating a limited number of intact proteins and
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The haze-forming peptides and proteins present in beer mainly originate from the grains used. Such grains, typically barley and wheat, also
incorporate gluten. Although partially hydrolyzed during brewing, glutencontaining protein material remains present in the final beers. Glutensensitive people might therefore not be able to consume beer without an
adverse response. AN-PEP, the proline-specific peptidase in Brewers
Clarex, is commercially applied to selectively degrade proline-rich, hazeforming peptides and proteins during beer fermentation. The unusually
high percentage of proline in known celiac-related gluten epitopes suggests that they form ideal substrates for AN-PEP as well. We confirmed
that in beers prepared with AN-PEP, gluten levels were well below 20
mg/kg based on the established competitive R5 ELISA method. We used
a sensitive LC-MS/MS method developed in-house to identify the peptides. Only in beers brewed through a conventional process could we find
epitope-containing peptides, even in beers that contained less than 20
mg/kg of gluten based on the ELISA. So even though the MS method is
qualitative and not quantitative, it provided a more detailed view of the
fate of gluten during brewing. Specifically, these data indicate that ANPEP is able to degrade all known immunogenic gluten epitopes in beer.
We conclude that apart from its current application as a beer stabilizer,
AN-PEP has the additional benefit of exhaustive degradation of all potentially problematic gluten epitopes.
Keywords: AN-PEP, Brewers Clarex, ELISA, Gluten, Mass spectrometry

Gluten is best known for giving texture and elasticity to the
dough of wheat bread, but it is commonly present in a large variety of foods (25,34,40,58,66). Approximately 60% of the protein
content of the Triticum grains wheat, barley, and rye consists of
the seed storage proteins collectively named gluten (54). Gluten is
subdivided into two main protein families: glutelins and prolamins, originally categorized as such based on their alcohol solubility. Wheat contains three related genomes, containing 20–30
glutenin genes and on the order of 100 gliadin genes, across nine
loci, which together make up the gluten component of the grain
(56). In barley, the gluten-like proteins are termed hordeins. There
are four hordein protein families, the B-, C-, D-, and γ-hordeins,
of which B- and C-hordeins also comprise multigene families.
Both glutelins and prolamins contain unusually high amounts of
proline (≈20%) and glutamine (≈38%) residues. These occur in
repetitive stretches in the primary sequence and are highly resistant to gastrointestinal peptidases. Thus, relatively large, proline-rich protein fragments can reach the duodenum and proximal
* The e-Xtra logo stands for “electronic extra” and indicates that one supplementary figure and two supplementary tables appear online.
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larger protein fragments such as serpin-Z4, lipid transfer protein
1, and some proline-rich peptides (6) originating mainly from
hordeins. To guarantee a clear, shelf-stable beer, removal of these
proline-rich haze-sensitive peptides is of paramount importance,
because they can associate with beer polyphenols to create insoluble aggregates (6,45). Conventionally, this is achieved via polyvinylpolypyrrolidone (PVPP) or silica treatment. However, these
treatments do not usually remove all proline-rich immunogenic
gluten peptides, leaving these beers unsuitable for consumption
by gluten-intolerant people (28,45). A proline-specific endopeptidase AN-PEP from Aspergillus niger, commercially available as
Brewers Clarex, is frequently used for beer stabilization in the
brewery industry (7,15,20,41). AN-PEP hydrolyses proteins at the
carboxylic end of proline residues (19,46,48,61,63), thereby degrading the haze-sensitive peptides and proteins into smaller peptide fragments that can no longer associate with polyphenols to
form haze (41). The enzyme has its pH optimum around 4.5. This
matches with the pH of the fermenting beer, allowing application
of the enzyme without making any pH adjustments. Thus, addition of AN-PEP during beer fermentation effectively prevents
chill-haze formation while leaving foam stability and flavor intact
(41).
Separately, a number of in vitro and clinical studies have shown
the complete degradation of wheat-derived, proline-rich, immunogenic gluten peptides by AN-PEP under gastric conditions
(29,46,61). Therefore, it is anticipated that AN-PEP will hydrolyze barley- and wheat-derived proline-rich immunogenic gluten
peptides during acid beer fermentation conditions as well, offering a unique tool for producing beers acceptable for gluten-intolerant people.
Recently, liquid chromatography–tandem mass spectrometry
(LC-MS/MS) has been explored as a nonimmunological alternative for detection of trace levels of gluten in beer (11,12,23,52,
65,76). The main advantage of this technique is that, in contrast to
using ELISA techniques, epitopes are identified purely on the
basis of their amino acid sequence, thus providing an unbiased
view of the beer proteome and peptidome (65).
In this study, we investigated the effects of AN-PEP on gluten
epitope degradation in beer. In AN-PEP treated beers, competitive
R5 ELISA failed to detect any gluten and, impressively, also
when using LC-MS/MS no gluten peptides that are considered
potentially problematic for gluten-intolerant people could be detected. Therefore, the current application of AN-PEP in the brewing process as a stabilizer has the degradation of all known immunogenic gluten peptides as an additional benefit.
EXPERIMENTAL
Sample Selection and ELISA Procedure
The sample set consisted of five pairs of beers produced in ANPEP trials, in which the brew was split into two fractions before
fermentation; one half was conventionally fermented, and to one
half AN-PEP was added. This sample set was supplemented with
two commercial gluten-free beers for which AN-PEP was used to
degrade gluten. These two samples were accompanied by an analysis certificate stating that the gluten level was below the limit of
quantification (LOQ) of the R5 competitive ELISA, as measured
by a certified contract laboratory. Samples were analyzed using
the RIDASCREEN Gliadin competitive ELISA (R7021, R-Biopharm) according to the provided instructions. The extraction was
performed on degassed beer samples using a solution of 60%
ethanol containing 10% fish gelatin (G7765, Sigma, St. Louis,
MO, U.S.A.). The ELISA procedure was performed immediately
after the extraction, and results were considered valid when the
response was between 30 and 70% of the calibration curve, or

when the response was below the LOQ while using the minimum
sample dilution specified.
Sample Pretreatment for MS Analysis
Degassed beer samples were stored at 4°C. Three 100 μL aliquots were taken from each sample. Sample preparation was performed as described by Colgrave (11). Briefly, after reduction and
alkylation the pH of the samples was checked to be ≈7.5.
(Chymo-)trypsin (sequencing grade, Roche, Indianapolis, IN,
U.S.A.) stock solutions were prepared in 0.01N HCl. To the aliquots 5 μL of either trypsin or chymotrypsin (1 μg/μL) was added
followed by incubation for 5 h at 37°C. Then an extra 5 μL of
0.25 μg/μL peptidase was added followed by incubation overnight at 37°C. The third aliquot was not digested and was stored
at 4°C overnight. Centrifugal devices with a 10 kDa filter (Pall,
Port Washington, NY, U.S.A.) were washed with Milli-Q water.
Samples were acidified with formic acid and filtered over the
washed 10 kDa filters, and the filtrates were collected and injected on the LC-MS/MS system.
LC-MS/MS Analysis
The samples were analyzed on the Accela LTQ-Orbitrap LCMS (Thermo Fisher Scientific, Waltham, MA, U.S.A.). Peptides
were separated on a C18 column (Zorbax Eclipse XDB-C18, 2.1 ×
50 mm, 1.8 μm, and Poroshell 300SB-C3 narrow bore guard column, 2.1 × 12.5 mm, 5 μm, Agilent, Palo Alto, CA, U.S.A.). The
column oven temperature was set to 50°C, and the injection volume was 20 μL. Mobile phase A was 0.1% formic acid in water
(UHPLC grade, Biosolve, Valkenswaard, the Netherlands), and
mobile phase B was 0.1% formic acid in acetonitrile (UHPLC
grade, Biosolve). The gradient was run with a flow rate of 400
μL/min and went from 0 to 30% B in 70 min, followed by 5 min
of flushing at 80% B and 5 min of equilibration at 0% B, for a
total run time of 80 min. An Nth order double play method was
applied, measuring a mass range of 300–2,000 m/z with a resolution of 7,500 in the Orbitrap and MS/MS for the top five peptide
ions from the MS scan in the linear ion trap. Dynamic exclusion
was used with repeat count 2 and rejection time 10 s. Unassigned
charge states were rejected, and all assigned charge states were
included.
Database Searching
The LC-MS/MS results were searched with Sorcerer 2 (SageN,
Milpitas, CA, U.S.A.) and SEQUEST (version 27, rev. 11,
Thermo Fisher Scientific) search algorithms. First, the trypsin
fractions were searched against the UniProtKB/Swiss-Prot database (date 4/23/2013, with trypsin cleavage preferences) to check
the origin of the identified peptides. The precursor mass tolerance
was set to 5 ppm, and no static modifications were considered;
methionine oxidation, deamidation of glutamine and asparagine,
and cysteine carbamidomethylation were allowed as variable modifications. Further critical parameters are described in the Discussion section. Trans-Proteomic Pipeline data analysis software was
used, and only proteins with protein probability >0.9 were considered. Proteins from H. vulgare and S. cerevisiae were identified;
therefore, an extracted database from the UniProtKB/Swiss-Prot
database was created containing the proteomes of these organisms. The sequences of chymotrypsin, trypsin, and AN-PEP were
added. The database was processed with a “no enzyme” setting, in
the mass range 400–4,000 Da. The complete LC-MS/MS dataset
was searched against this database. Results were exported to Excel and combined into one file, with protein probability >0.9,
peptide probability >0.3, and protein groups hidden. The results
were visualized with Spotfire software (Tibco, Boston, MA,
U.S.A.).
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RESULTS

Fig. 1. The gluten content of different types of beer measured with the
competitive R5 ELISA. An asterisk (*) indicates AN-PEP treatment. The
gluten-free threshold (20 mg/kg) is indicated by the dotted line.

Gluten Levels in Conventionally Processed Versus AN-PEP
Treated Beers
As shown previously (11,12,44,77), beers can vary greatly in
their gluten content, and that level can be influenced by AN-PEP
(26,42,75). To study in depth the effect that application of ANPEP has, we selected samples from six different breweries. In
five cases, these consisted of couples of beers in which the wort
was split into two batches prior to fermentation: one batch was
fermented and processed in a conventional way, that is, without
adding AN-PEP but using either PVPP or silica to achieve stabilization. To the other batch AN-PEP was added at the start of
fermentation, and these beers were further processed without
using the classical clarification procedures. The other two beers
were commercially available gluten-free barley-based beers in
which AN-PEP was used during fermentation. To quantify the
gluten, we used the ELISA setup as advised by the Codex Alimentarius: a competitive setup based on the R5 antibody. Whereas

Fig. 2. LC-MS/MS results. A, The bars represent the total number of spectra matched to a peptide sequence in each of the aliquots. The shades of grey
indicate the origin of the identified peptides. Samples 1–5 are conventional and AN-PEP treated beers compared per brewery; 6 and 7 are commercial
beers brewed with AN-PEP; and an asterisk (*) indicates AN-PEP treatment. B, Total number of unique peptides and proteins identified in the control
beers and the AN-PEP treated beers. C, Number of peptides identified; peptides containing potential epitopes are specified.
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gluten levels of the conventionally processed beers were found to
vary between 160 and below 10 mg/kg, gluten levels of the ANPEP treated beers were all below 10 mg/kg according to the
competitive R5 ELISA (Fig. 1). These observations led us to ask
whether there still were gluten epitopes present in the beers that
were below 10 mg/kg in ELISA, and specifically whether we
could detect differences between the couples of beers (numbers 3
and 4) for which the control samples also showed undetectable
gluten in ELISA. This required an approach that provided sequence information on the amino acid level. Therefore, we set up
a nonquantitative LC-MS/MS method that allowed us to look in
an unbiased way in molecular detail at both intact proteins and
protein fragments in beer.
LC-MS/MS Experimental Setup
During the brewing process, part of the protein in wort will be
hydrolyzed, giving rise to a large range in molecular weight
(MW) of the protein material in beer (6,22,51,79). To analyze in
an unbiased way, we used three different sample preparations:
without predigestion to study the low MW material, and with
predigestion by either trypsin or chymotrypsin to study the medium to high MW material. The various aliquots were then analyzed with LC-MS/MS using a top five data-dependent method.

With this method, the MS recorded a mass spectrum and determined the top five peptide ions for which fragmentation MS/MS
spectra were recorded. First, we identified the source of the proteinaceous material by searching the trypsin-treated aliquots
against the complete UniProtKB/Swiss-Prot database, using the
Sorcerer 2–SEQUEST search engine. We could confirm that the
proteins and peptides stemmed from either H. vulgare or Saccharomyces cerevisiae. Next, a custom database was constructed
containing the publically known protein sequences of H. vulgare
and S. cerevisiae plus the protein sequence data of trypsin, chymotrypsin, and AN-PEP. Subsequently, all data from trypsin, chymotrypsin, and untreated fractions were searched against this
custom database, using a “no enzyme” database search because
beer represents a random protein hydrolysate. Finally, this search
resulted in a data set of roughly 31,000 peptide identifications
(Supplementary Table I).
The total number of identified peptides with a barley or yeast
origin in each of the three aliquots is shown in Figure 2A. In the
conventionally processed beers, 4,409 unique peptides originating
from 1,461 unique proteins were identified (Fig. 2B). In beers that
were treated with AN-PEP, 3,127 unique peptides originating
from 1,509 unique proteins were identified (Fig. 2B). As expected, the majority of the identified peptides originated from

Fig. 3. A, The ELISA scores and LC-MS/MS identified [EQ]QPFP epitope containing peptides compared. The dark bars to the left represent the ELISA
score in mg/kg, and the light bars to the right represent the total number of identified [EQ]QPFP containing peptides. An asterisk (*) indicates AN-PEP
treatment. No [EQ]QPFP peptides were identified in any of the beers brewed with AN-PEP, and their ELISA score was below the detection limit of 10
mg/kg. Three conventionally processed beers (control 1, 2, and 5) scored >20 mg/kg in ELISA, and various [EQ]QPFP containing peptides were identified with LC-MS/MS. Two conventionally processed beers (control 3 and 4) scored below the detection limit in ELISA, but significant numbers of
[EQ]QPFP containing peptides were identified with LC-MS/MS. B, The percentage of unique [EQ]QPFP containing peptides identified in conventionally processed beers 3 and 4.
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H. vulgare. The number of unique peptides identified in AN-PEPtreated beers was lower than in untreated beers. This was not surprising, because the additional proline-specific cuts introduced
into the already hydrolyzed wort proteins would result in even
smaller fragments that may have become too small for LCMS/MS identification (the minimal length of identified peptides
in the current experiment is five amino acids) or may have become redundant. Indeed, the average length of peptides identified
in untreated aliquots was 13 amino acids in the control beers and
11 amino acids in AN-PEP treated beers.
Identifying Gluten Epitope-Containing Peptides
To focus on the gluten epitope-containing fragments in our
dataset, we compiled an epitope list (Supplementary Table II)
incorporating all currently known celiac disease relevant T-cell
epitopes (4,57). Because deamidation of glutamine (Q) by tTG
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(effectively changing Q into E) can be a prerequisite for an immune response (5,57,67–69,73), the relevant hordein sequences
expected after exposure to tTG activity were also added (Supplementary Table II [17,31,57,68,71]), to include the possibility that
deamidated peptides were formed during brewing. Finally, this
epitope list was complemented with the minimal core sequences
QQPFP, EQPFP, QQQFP, QLPFP, and LQPFP known to be recognized by the R5 antibody (31). Of these five sequences, only
[EQ]QPFP forms part of the known immunogenic gluten epitopes
DQ2.5-glia-gamma5 and gamma4c. Therefore, we used this sequence as a marker to mine the complex LC-MS/MS dataset and
to compare the identified peptide sequences with our R5 ELISA
results. The data obtained indicated that no [EQ]QPFP containing
peptides were present in the AN-PEP treated beers, whereas a
significant proportion of such peptides could be identified in the
conventionally processed control beers.

Fig. 4. The identified gluten epitope-containing peptides in conventionally treated beer samples 3 and 4. The identified peptides are listed in the left-hand
column, and the known immunogenic gluten epitopes these peptides contain are shown at the top. As shown, some of the identified peptides contain
multiple epitopes. In total, 30 unique epitope-containing peptides were identified in the conventionally treated beer samples 3 and 4, which together contained 62 known gluten epitopes.
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Comparing ELISA Results with LC-MS/MS Identifications
According to the R5 ELISA tests, none of the AN-PEP treated
beers (Fig. 3A) showed any detectable gluten, whereas three of
the five conventionally processed beers (beers 1, 2, and 5, Fig.
3A) contained detectable amounts of gluten and two (beers 3 and
4, Fig. 3A) contained <10 mg/kg. Our LC-MS/MS analysis
showed, however, that all five conventionally processed beers
contained many different [EQ]QPFP-containing peptides. The
number of unique peptides containing [EQ]QPFP in each of the
samples is shown in Figure 3A. Even in beers 3 and 4, which
scored <10 mg/kg of gluten in the R5 ELISA test, such peptides
were identified: 19 and 61 unique [EQ]QPFP-containing peptides,
respectively (Fig. 3B). For many of these peptides it is unknown
if they result in a T-cell response. However, closer inspection of
these samples showed that 30 unique peptides were identified
containing one or more known T-cell epitopes (Fig. 4; epitopes
listed in Supplementary Table II). This finding illustrates that in
conventionally produced gluten-free beers immunogenic gluten
epitopes can occur, but evidently at safe levels below 10 mg/kg.
In AN-PEP treated beers, not a single peptide sequence motif
corresponding with even part of a known celiac disease relevant
T-cell epitope was detected. Only a single peptide containing the
R5 antibody epitope QQQFP was identified, having the sequence
FISQSQQQFP that is present in γ-hordein. This peptide is indeed
antigenic to the R5 antibody but probably not immunogenic, because it is not known as such and does not contain an internal
proline (47,59). Overall, our results unequivocally demonstrated
that beer stabilization treatment with AN-PEP also resulted in
degradation of all known celiac disease relevant T-cell epitopes in
beer to levels well below 20 mg/kg.
DISCUSSION
The enzymatic degradation of gluten from barley or wheat
beers into smaller fragments could in principle be achieved by
any peptidase. However, immunogenic gluten epitopes are characterized by the incidence of proline-rich stretches, and only a few
endopeptidases are known that can efficiently cleave such peptides. AN-PEP is by far the best studied proline-specific endopeptidase that can specifically do this. In fact, AN-PEP is the only
proline-specific endopeptidase that is industrially available and
can cope with the acidic conditions of beer fermentation. The
enzyme was developed to provide a convenient and commercially
attractive means to prevent chill haze in beer. Chill haze develops
as the result of an association of barley-derived proline-rich proteins (generally known as haze-sensitive proteins) with malt- and
hops-derived polyphenols. Adding AN-PEP results in a selective
but extensive breakdown of these sensitive proteins during the
fermentation process, thus preventing the formation of large aggregates that become visible colloidal (chill) haze particles. We
showed here that AN-PEP, used in levels commonly applied to
prevent haze formation, also effectively degrades all known immunogenic gluten epitopes during beer production. Recently, the
use of AN-PEP in other foodstuffs has been described (50,78).
Similar to the proline-rich haze-sensitive proteins, a fraction of
the immunogenic proline-rich gluten epitopes can also be expected to survive a conventional brewing process. The actual presence and identification of such immunogenic gluten epitopes in
beer by LC-MS/MS has been reported (11,65). Using our datadependent discovery method on a high-end ultra-high performance LC-MS/MS system, we have been able to extend these
existing data. Because beer contains many non-(chymo)trypsin
produced fragments, a peptide identification procedure different
from standard proteomics experiments had to be followed. First,
we split the samples in three aliquots and treated one with trypsin,
treated the second with chymotrypsin, and left the last untreated.

Second, we determined the origin of the proteins present in the
beers using trypsin-generated samples. Subsequently, all data
were searched against a custom database containing all publically
known protein sequences for H. vulgare, S. cerevisiae, and the
sequences for trypsin, chymotrypsin, and AN-PEP with a “no
enzyme” search setting. This allowed matching of the LC-MS/MS
data to all possible peptides present regardless of any peptidase
cleavage preference. The determination of a false discovery rate
(FDR), which provides the quality control for the database search
in regular proteomics experiments, is difficult for “no enzyme”
database searches. FDR is typically determined in proteomics
experiments by searching the data in a randomized or reversed
database. This is appropriate for trypsin-treated samples, but in
“no enzyme” searches the true sequences may also occur in randomized or reversed databases. The lack of an accurate FDR implies the need for extensive manual inspection of the raw data and
database search results. We challenged this difficulty by manually
inspecting the database search results using different filter settings. Finally, the precursor mass tolerance was set at <5 ppm to
exclude most possibilities with divergent chemical compositions.
The mass calibration of the Orbitrap LC-MS (Thermo Fisher Scientific) was carefully monitored to be within 2 ppm, and the peptide probability was set to >0.3. This setting was manually challenged by inspecting the spectral matches for spectra with peptide
probability in this approximation range. To ensure that the matches
thus identified were correct, a final manual inspection of the spectra matched to epitope-containing peptides was carried out.
The two conventionally processed beer samples (3 and 4) were
gluten-free (<10 mg/kg) as judged by competitive R5 ELISA.
However, LC-MS/MS peptide identifications on these two reference beers revealed the presence of many different known celiacrelated gluten epitopes. Strikingly, such epitopes could not be
detected in the corresponding AN-PEP treated beers (3* and 4*),
thereby illustrating AN-PEP’s efficacy in completely removing
immunogenic gluten epitopes. These data also illustrate the sensitivity of the LC-MS/MS method. Another strength of the peptide
identification strategy followed was that the identified peptide
sequences could be linked to the proteins of origin and thereby to
relevant biochemical and immunogenic knowledge. For example,
the peptide QQQFP identified in AN-PEP treated beers could be
traced back to the γ-hordein sequence FISQSQQQFP, confirming
AN-PEP’s proline-specific cleavage preference. Although peptide
FISQSQQQFP is more than nine amino acids long, it is most
likely not immunogenic because it does not contain an N-terminal
or an internal proline, which is thought to be crucial for the transamidation reaction and therefore T-cell binding (47,59). In
ELISA, however, the presence of this peptide could result in a
false positive response because QQQFP is recognized by the R5
antibody.
Gluten epitope quantification in beer is subject to discussion,
and both ELISA and MS approaches have been discussed extensively in combination with their potential differences in quantification limits (12,18,24,27,44,52,55,64,65,79). The Codex Alimentarius (10) requires that the gluten content of food prepared
from cereals such as wheat and barley must be less than 20 mg/kg
to be called gluten-free. This level is based on both technical
grounds and safety grounds. Catassi et al. (9) showed that the
lowest level to cause significant small bowel mucosa damage of
celiac disease patients was 50 mg of daily gluten, if consumed for
3 months. Daily gluten intake of less than 10 mg was concluded
to be unlikely to cause significant histological abnormalities (1).
A 20 mg/kg level in all gluten-free foods and beverages was assumed to contribute to less than 15 mg/day of gluten. Of course,
use of the correct antibody and most suitable control must be
carefully considered. With these conditions in mind, the competitive R5 ELISA provides fast quantification of gluten in beer.
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LC-MS/MS based quantification of gluten in beer, on the other
hand, requires more effort. Selected reaction monitoring (SRM)
or multiple reaction monitoring is proposed as a way around this.
In this method, multiple peptides are monitored per protein after
trypsin digestion to compare the abundance of the original protein
in different samples. Multiple tryptic peptides cannot be selected
for hordeins in beer in most cases owing to the high degree of
endogenous hydrolysis and differential precipitation in the various
steps of the brewing process. This is illustrated in Supplementary
Figure 1, in which VFLQQQCSPVR was selected as the peptide
for SRM quantification (65). The VFLQQQCSPVR sequence was
identified in one peptide in the untreated fraction. Fragments of
this peptide, however, were also identified in nine other peptides.
These data demonstrate that the selected VFLQQQCSPVR peptide can resemble neither the molar amount of the original protein
nor the molar abundance of gluten epitopes occurring in the protein. More alarmingly, this approach therefore introduces the
chance of underestimating the gluten content in beer. The abundance of the epitope-containing peptides is of more importance
than the original abundance of the intact hordeins. Quantification
of epitope-containing peptides would require knowledge of all
epitopes, and absolute LC-MS/MS based quantification requires
labeled standards for all detectable epitope-containing peptides.
Our discovery proteomics LC-MS/MS approach complements the
ELISA approach by providing insight into the composition of
gluten peptides present in beer and comparison with known gluten immunogenic sequences; however, accurate LC-MS/MS
based quantification was not further explored.
The current experiments show that the industrial application of
AN-PEP (Brewers Clarex) enables production of beer made from
barley in which all known immunogenic gluten epitopes are undetectable.
ACKNOWLEDGMENTS

9.

10.
11.
12.
13.
14.

15.
16.
17.

18.
19.

The authors thank Adabella van der Zand, Dwarsliggersschrijven, and
Wilbert Heijne for input and suggestions.
LITERATURE CITED
1. Akobeng, A. K., and Thomas, A. G. Systematic review: Tolerable
amount of gluten for people with coeliac disease. Aliment. Pharmacol.
Ther. 27:1044-1052, 2008.
2. Alvarez, P. A., and Boye, J. I. Comparison of gluten recovery in gluten-incurred buckwheat flour using different commercial test kits.
Food Agric. Immunol. 25:200-208, 2014.
3. Amaya-Gonzalez, S., de-Los-Santos-Alvarez, N., Miranda-Ordieres,
A. J., and Lobo-Castanon, M. J. Aptamer binding to celiac diseasetriggering hydrophobic proteins: A sensitive gluten detection approach. Anal. Chem. 86:2733-2739, 2014.
4. Arentz-Hansen, H., Fleckenstein, B., Molberg, O., Scott, H., Koning,
F., Jung, G., Roepstorff, P., Lundin, K. E., and Sollid, L. M. The molecular basis for oat intolerance in patients with celiac disease. PLoS
Med. 1:e1, 2004.
5. Arentz-Hansen, H., Korner, R., Molberg, O., Quarsten, H., Vader, W.,
Kooy, Y. M., Lundin, K. E., Koning, F., Roepstorff, P., Sollid, L. M.,
and McAdam, S. N. The intestinal T cell response to alpha-gliadin in
adult celiac disease is focused on a single deamidated glutamine targeted by tissue transglutaminase. J. Exp. Med. 191:603-612, 2000.
6. Asano, K., Shinagawa, K., and Hashimoto, N. Characterization of
haze-forming proteins of beer and their roles in chill haze formation.
J. Am. Soc. Brew. Chem. 40:147-154, 1982.
7. Bamforth, C. W. 125th Anniversary Review: The non-biological instability of beer. J. Inst. Brew. 117:488-497, 2011.
8. Broughton, S. E., Petersen, J., Theodossis, A., Scally, S. W., Loh,
K. L., Thompson, A., van Bergen, J., Kooy-Winkelaar, Y., Henderson,
K. N., Beddoe, T., Tye-Din, J. A., Mannering, S. I., Purcell, A. W.,
McCluskey, J., Anderson, R. P., Koning, F., Reid, H. H., and
Rossjohn, J. Biased T cell receptor usage directed against human leu-

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

/

97

kocyte antigen DQ8-restricted gliadin peptides is associated with celiac disease. Immunity 37:611-621, 2012.
Catassi, C., Fabiani, E., Iacono, G., D’Agate, C., Francavilla, R.,
Biagi, F., Volta, U., Accomando, S., Picarelli, A., De Vitis, I., Pianelli,
G., Gesuita, R., Carle, F., Mandolesi, A., Bearzi, I., and Fasano, A. A
prospective, double-blind, placebo-controlled trial to establish a safe
gluten threshold for patients with celiac disease. Am. J. Clin. Nutr.
85:160-166, 2007.
Codex Alimentarius Commission. Codex standard for foods for special dietary use for persons intolerant to gluten, World Health Organization, Geneva, Switzerland, 2008.
Colgrave, M. L., Goswami, H., Howitt, C. A., and Tanner, G. J. What
is in a beer? Proteomic characterization and relative quantification of
hordein (gluten) in beer. J. Proteome Res. 11:386-396, 2012.
Colgrave, M. L., Goswami, H., Howitt, C. A., and Tanner, G. J. Proteomics as a tool to understand the complexity of beer. Food Res. Int.
54:1001-1012, 2013.
Comino, I., Moreno Mde, L., Real, A., Rodriguez-Herrera, A., Barro,
F., and Sousa, C. The gluten-free diet: Testing alternative cereals tolerated by celiac patients. Nutrients 5:4250-4268, 2013.
Comino, I., Real, A., Moreno Mde, L., Montes, R., Cebolla, A., and
Sousa, C. Immunological determination of gliadin 33-mer equivalent
peptides in beers as a specific and practical analytical method to assess safety for celiac patients. J. Sci. Food Agric. 93:933-943, 2013.
Craig, H. Studies of particle sizes in beer treated with a proline-specific protease which prevents chillhaze in beers. ASBC Annual Meeting, Victoria, BC, Canada, P-66, 2007.
Diaz-Amigo, C., and Popping, B. Accuracy of ELISA detection
methods for gluten and reference materials: A realistic assessment.
J. Agric. Food Chem. 61:5681-5688, 2013.
Dorum, S., Bodd, M., Fallang, L. E., Bergseng, E., Christophersen,
A., Johannesen, M. K., Qiao, S. W., Stamnaes, J., de Souza, G. A., and
Sollid, L. M. HLA-DQ molecules as affinity matrix for identification
of gluten T cell epitopes. J. Immunol. 193:4497-4506, 2014.
Dostalek, P., Hochel, I., Mendez, E., Hernando, A., and Gabrovska, D.
Immunochemical determination of gluten in malts and beers. Food
Addit. Contam. 23:1074-1078, 2006.
Edens, L., Dekker, P., van der Hoeven, R., Deen, F., de Roos, A., and
Floris, R. Extracellular prolyl endoprotease from Aspergillus niger
and its use in the debittering of protein hydrolysates. J. Agric. Food
Chem. 53:7950-7957, 2005.
Evans, D. The effects of hop-α-acids and proline-specific endoprotease (PSEP) treatments on the foam quality of beer. J. Inst. Brew. Dist.
117:335, 2011.
Fasano, A., Sapone, A., Zevallos, V., and Schuppan, D. Nonceliac
gluten sensitivity. Gastroenterology 148:1195-1204, 2015.
Fasoli, E., Aldini, G., Regazzoni, L., Kravchuk, A. V., Citterio, A., and
Righetti, P. G. Les maitres de l’orge: The proteome content of your
beer mug. J. Proteome Res. 9:5262-5269, 2010.
Flodrova, D., Benkovska, D., and Lastovickova, M. Study of quantitative changes of cereal allergenic proteins after food processing. J. Sci.
Food Agric. 95:983-990, 2015.
Flodrova, D., Ralplachta, J., Benkovska, D., and Bobalova, J. Application of proteomics to hordein screening in the malting process. Eur. J.
Mass. Spectrom. (Chichester, Eng). 18:323-332, 2012.
Guandalini, S., and Assiri, A. Celiac disease: A review. JAMA Pediatr.
168:272-278, 2014.
Guerdrum, L. J., and Bamforth, C. W. Prolamin levels through brewing and the impact of prolyl endoproteinase. J. Am. Soc. Brew. Chem.
70:35-38, 2012.
Haas-Lauterbach, S., Immer, U., Richter, M., and Koehler, P. Gluten
fragment detection with a competitive ELISA. J. AOAC Int. 95:377381, 2012.
Hager, A., Taylor, J. P., Waters, D. M., and Arendt, E. K. Gluten free
beer—A review. Trends Food Sci. Technol. 36:44-54, 2014.
Janssen, G., Christis, C., Kooy-Winkelaar, Y., Edens, L., Smith, D.,
van Veelen, P., and Koning, F. Ineffective degradation of immunogenic
gluten epitopes by currently available digestive enzyme supplements.
PLoS One 10:e0128065, 2015.
Juse, U., van de Wal, Y., Koning, F., Sollid, L. M., and Fleckenstein,
B. Design of new high-affinity peptide ligands for human leukocyte
antigen-DQ2 using a positional scanning peptide library. Hum. Immu-

98

/

Akeroyd, M., van Zandycke, S., den Hartog, J., Mutsaers, J., Edens, L., van den Berg, M., and Christis, C.

nol. 71:475-481, 2010.
31. Kahlenberg, F., Sanchez, D., Lachman, I., Tuckova, L., Tlaskalova,
H., Mendez, E., and Mothes, T. Monoclonal antibody R5 for detection
of putatively coeliac-toxic gliadin peptides. Eur. Food Res. Technol.
222:78-82, 2006.
32. Kapoerchan, V. V., Wiesner, M., Hillaert, U., Drijfhout, J. W., Overhand,
M., Alard, P., van der Marel, G. A., Overkleeft, H. S., and Koning, F.
Design, synthesis and evaluation of high-affinity binders for the celiac
disease associated HLA-DQ2 molecule. Mol. Immunol. 47:10911097, 2010.
33. Koning, F. Pathophysiology of celiac disease. J. Pediatr. Gastroenterol. Nutr. 59 Suppl. 1:S1-S4, 2014.
34. Koning, F., Mol, M., and Mearin, M. L. The million-dollar question:
Is “gluten-free” food safe for patients with celiac disease? Am. J. Clin.
Nutr. 97:3-4, 2013.
35. Koning, F. Celiac disease: Quantity matters. Semin. Immunopathol.
34:541-549, 2012.
36. Koning, F. Celiac disease: Sandwiched between innate and adaptive
immune responses induced by gluten. J. Pediatr. Gastroenterol. Nutr.
46 Suppl 1:E8-E9, 2008.
37. Koning, F. The molecular basis of celiac disease. J. Mol. Recognit.
16:333-336, 2003.
38. Koning, F., and Vader, W. Gluten peptides and celiac disease. Science
299:513-515; author reply 513-515, 2003.
39. Kooy-Winkelaar, Y., van Lummel, M., Moustakas, A. K., Schweizer,
J., Mearin, M. L., Mulder, C. J., Roep, B. O., Drijfhout, J. W., Papadopoulos, G. K., van Bergen, J., and Koning, F. Gluten-specific T cells
cross-react between HLA-DQ8 and the HLA-DQ2alpha/DQ8beta transdimer. J. Immunol. 187:5123-5129, 2011.
40. Lamacchia, C., Camarca, A., Picascia, S., Di Luccia, A., and Gianfrani,
C. Cereal-based gluten-free food: How to reconcile nutritional and
technological properties of wheat proteins with safety for celiac disease patients. Nutrients 6:575-590, 2014.
41. Lopez, M., and Edens, L. Effective prevention of chill-haze in beer
using an acid proline-specific endoprotease from Aspergillus niger.
J. Agric. Food Chem. 53:7944-7949, 2005.
42. Luoto, S., Jiang, Z., Brinck, O., Sontag-Strohm, T., Kanerva, P.,
Bruins, M., Edens, L., Salovaara, H., and Loponen, J. Malt hydrolysates for gluten-free applications: Autolytic and proline endopeptidase
assisted removal of prolamins from wheat, barley and rye. J. Cereal
Sci. 56:504-509, 2012.
43. Mazzarella, G., Maglio, M., Paparo, F., Nardone, G., Stefanile, R.,
Greco, L., van de Wal, Y., Kooy, Y., Koning, F., Auricchio, S., and
Troncone, R. An immunodominant DQ8 restricted gliadin peptide activates small intestinal immune response in in vitro cultured mucosa
from HLA-DQ8 positive but not HLA-DQ8 negative coeliac patients.
Gut 52:57-62, 2003.
44. Mena, M. C., Lombardia, M., Hernando, A., Mendez, E., and Albar, J.
P. Comprehensive analysis of gluten in processed foods using a new
extraction method and a competitive ELISA based on the R5 antibody. Talanta 91:33-40, 2012.
45. Miedl, M., Garcia, M. A., and Bamforth, C. W. Haze formation in
model beer systems. J. Agric. Food Chem. 53:10161-10165, 2005.
46. Mitea, C., Havenaar, R., Drijfhout, J. W., Edens, L., Dekking, L., and
Koning, F. Efficient degradation of gluten by a prolyl endoprotease in
a gastrointestinal model: Implications for coeliac disease. Gut 57:2532, 2008.
47. Mitea, C., Kooy-Winkelaar, Y., van Veelen, P., de Ru, A., Drijfhout,
J. W., Koning, F., and Dekking, L. Fine specificity of monoclonal antibodies against celiac disease-inducing peptides in the gluteome. Am.
J. Clin. Nutr. 88:1057-1066, 2008.
48. Montserrat, V., Bruins, M. J., Edens, L., and Koning, F. Influence of
dietary components on Aspergillus niger prolyl endoprotease mediated gluten degradation. Food Chem. 174:440-445, 2014.
49. Osman, A. A., Uhlig, H. H., Valdes, I., Amin, M., Mendez, E., and
Mothes, T. A monoclonal antibody that recognizes a potential coeliactoxic repetitive pentapeptide epitope in gliadins. Eur. J. Gastroenterol.
Hepatol. 13:1189-1193, 2001.
50. Panda, R., Fiedler, K. L., Cho, C. Y., Cheng, R., Stutts, W. L., Jackson,
L. S., and Garber, E. A. E. Effects of a proline endopeptidase on the
detection and quantitation of gluten by antibody-based methods during the fermentation of a model sorghum beer. J. Agric. Food Chem.

63:10525-10535, 2015.
51. Perrocheau, L., Rogniaux, H., Boivin, P., and Marion, D. Probing
heat-stable water-soluble proteins from barley to malt and beer. Proteomics 5:2849-2858, 2005.
52. Picariello, G., Mamone, G., Nitride, C., Addeo, F., Camarca, A.,
Vocca, I., Gianfrani, C., and Ferranti, P. Shotgun proteome analysis of
beer and the immunogenic potential of beer polypeptides. J. Proteomics 75:5872-5882, 2012.
53. Salentijn, E. M., Mitea, D. C., Goryunova, S. V., van der Meer, I. M.,
Padioleau, I., Gilissen, L. J., Koning, F., and Smulders, M. J. Celiac
disease T-cell epitopes from gamma-gliadins: Immunoreactivity depends on the genome of origin, transcript frequency, and flanking protein variation. BMC Genomics 13:277, 2012.
54. Salentijn, E. M., Goryunova, S. V., Bas, N., van der Meer, I. M., van
den Broeck, H. C., Bastien, T., Gilissen, L. J., and Smulders, M. J.
Tetraploid and hexaploid wheat varieties reveal large differences in
expression of alpha-gliadins from homoeologous Gli-2 loci. BMC Genomics 10:48, 2009.
55. Sealey-Voyksner, J. A., Khosla, C., Voyksner, R. D., and Jorgenson, J.
W. Novel aspects of quantitation of immunogenic wheat gluten peptides by liquid chromatography-mass spectrometry/mass spectrometry. J. Chromatogr. A 1217:4167-4183, 2010.
56. Shewry, P. R., Underwood, C., Wan, Y., Lovegrove, A., Bhandari, D.,
Toole, G., Mills, E. N. C., Denyer, K., and Mitchell, R. A. C. Storage
product synthesis and accumulation in developing grains of wheat.
J. Cereal Sci. 50:106-112, 2009.
57. Sollid, L. M., Qiao, S. W., Anderson, R. P., Gianfrani, C., and Koning,
F. Nomenclature and listing of celiac disease relevant gluten T-cell
epitopes restricted by HLA-DQ molecules. Immunogenetics 64:455460, 2012.
58. Spaenij-Dekking, L., Kooy-Winkelaar, Y., van Veelen, P., Drijfhout,
J. W., Jonker, H., van Soest, L., Smulders, M. J., Bosch, D., Gilissen,
L. J., and Koning, F. Natural variation in toxicity of wheat: Potential
for selection of nontoxic varieties for celiac disease patients. Gastroenterology 129:797-806, 2005.
59. Stepniak, D., Wiesner, M., de Ru, A. H., Moustakas, A. K., Drijfhout,
J. W., Papadopoulos, G. K., van Veelen, P. A., and Koning, F. Largescale characterization of natural ligands explains the unique glutenbinding properties of HLA-DQ2. J. Immunol. 180:3268-3278, 2008.
60. Stepniak, D., and Koning, F. Celiac disease—Sandwiched between
innate and adaptive immunity. Hum. Immunol. 67:460-468, 2006.
61. Stepniak, D., Spaenij-Dekking, L., Mitea, C., Moester, M., de Ru, A.,
Baak-Pablo, R., van Veelen, P., Edens, L., and Koning, F. Highly efficient gluten degradation with a newly identified prolyl endoprotease:
Implications for celiac disease. Am. J. Physiol. Gastrointest. Liver
Physiol. 291:G621-G629, 2006.
62. Stepniak, D., Vader, L. W., Kooy, Y., van Veelen, P. A., Moustakas, A.,
Papandreou, N. A., Eliopoulos, E., Drijfhout, J. W., Papadopoulos, G.
K., and Koning, F. T-cell recognition of HLA-DQ2-bound gluten peptides can be influenced by an N-terminal proline at p-1. Immunogenetics 57:8-15, 2005.
63. Tack, G. J., van de Water, J. M., Bruins, M. J., Kooy-Winkelaar,
E. M., van Bergen, J., Bonnet, P., Vreugdenhil, A. C., KorponaySzabo, I., Edens, L., von Blomberg, B. M., Schreurs, M. W., Mulder,
C. J., and Koning, F. Consumption of gluten with gluten-degrading
enzyme by celiac patients: A pilot-study. World J. Gastroenterol.
19:5837-5847, 2013.
64. Tanner, G. J., Blundell, M. J., Colgrave, M. L., and Howitt, C. A.
Quantification of hordeins by ELISA: The correct standard makes a
magnitude of difference. PLoS One 8:e56456, 2013.
65. Tanner, G. J., Colgrave, M. L., Blundell, M. J., Goswami, H. P., and
Howitt, C. A. Measuring hordein (gluten) in beer—A comparison of
ELISA and mass spectrometry. PLoS One 8:e56452, 2013.
66. Tjon, J. M., van Bergen, J., and Koning, F. Celiac disease: How complicated can it get? Immunogenetics 62:641-651, 2010.
67. Tye-Din, J. A., Stewart, J. A., Dromey, J. A., Beissbarth, T., van Heel,
D. A., Tatham, A., Henderson, K., Mannering, S. I., Gianfrani, C.,
Jewell, D. P., Hill, A. V., McCluskey, J., Rossjohn, J., and Anderson,
R. P. Comprehensive, quantitative mapping of T cell epitopes in gluten in celiac disease. Sci. Transl. Med. 2:41ra51, 2010.
68. Vader, L. W., Stepniak, D. T., Bunnik, E. M., Kooy, Y. M., de Haan,
W., Drijfhout, J. W., Van Veelen, P. A., and Koning, F. Characteriza-

AN-PEP Degrades Gluten Peptides in Barley Beers

69.

70.

71.

72.

73.

tion of cereal toxicity for celiac disease patients based on protein homology in grains. Gastroenterology 125:1105-1113, 2003.
Vader, L. W., de Ru, A., van der Wal, Y., Kooy, Y. M., Benckhuijsen,
W., Mearin, M. L., Drijfhout, J. W., van Veelen, P., and Koning, F.
Specificity of tissue transglutaminase explains cereal toxicity in celiac
disease. J. Exp. Med. 195:643-649, 2002.
Vader, W., Kooy, Y., Van Veelen, P., De Ru, A., Harris, D., Benckhuijsen, W., Pena, S., Mearin, L., Drijfhout, J. W., and Koning, F. The
gluten response in children with celiac disease is directed toward multiple gliadin and glutenin peptides. Gastroenterology 122:1729-1737,
2002.
Vallejo-Diez, S., Bernardo, D., Moreno Mde, L., Munoz-Suano, A.,
Fernandez-Salazar, L., Calvo, C., Sousa, C., Garrote, J. A., Cebolla,
A., and Arranz, E. Detection of specific IgA antibodies against a novel
deamidated 8-mer gliadin peptide in blood plasma samples from celiac patients. PLoS One 8:e80982, 2013.
van de Wal, Y., Kooy, Y. M., van Veelen, P., Vader, W., August, S. A.,
Drijfhout, J. W., Pena, S. A., and Koning, F. Glutenin is involved in
the gluten-driven mucosal T cell response. Eur. J. Immunol. 29:31333139, 1999.
van de Wal, Y., Kooy, Y., van Veelen, P., Pena, S., Mearin, L., Papado-

74.

75.
76.
77.
78.
79.

/

99

poulos, G., and Koning, F. Selective deamidation by tissue transglutaminase strongly enhances gliadin-specific T cell reactivity. J. Immunol. 161:1585-1588, 1998.
van de Wal, Y., Kooy, Y. M., van Veelen, P. A., Pena, S. A., Mearin,
L. M., Molberg, O., Lundin, K. E., Sollid, L. M., Mutis, T., Benckhuijsen, W. E., Drijfhout, J. W., and Koning, F. Small intestinal T cells
of celiac disease patients recognize a natural pepsin fragment of gliadin. Proc. Natl. Acad. Sci. U.S.A. 95:10050-10054, 1998.
Van Landschoot, A. Gluten-free barley malt beers. Cerevisia 36:9397, 2011.
van Veelen, P. A., Drijfhout, J. W., and Koning, F. Structure elucidation of gluten-derived peptides by tandem mass spectrometry. Methods Mol. Med. 41:75-88, 2000.
Van Zandycke, S. Gluten-free beers made with barley. Brew. Dist. Int.
July:33-35, 2014.
Walter, T., Wieser, H., and Koehler, P. Production of gluten-free wheat
starch by peptidase treatment. J. Cereal Sci. 60:202-209, 2014.
Weber, D., Cleroux, C., and Godefroy, S. B. Emerging analytical
methods to determine gluten markers in processed foods—Method development in support of standard setting. Anal. Bioanal Chem.
395:111-117, 2009.

