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Abstract

Background/Objectives: Cereal products like flour and bread are known to trigger
diseases such as wheat allergy, celiac disease and non-celiac wheat sensitivity
(NCWS). Some of these diseases are caused by allergenic proteins, the expression
of which might vary depending on the grain type and manufacturing processes.
Therefore, we examined the protein composition and abundance of potentially
allergenic proteins in flours from bread wheat, spelt and rye, and corresponding
breads.

Materials and Methods: Using Nano-LC-ESI-MS/Mis and label free quantification
(LFQ) we analyzed the proteome of six differ=n. bread flours (wholegrain and
superfine flours from rye, spelt and bread whr.ai, and 14 bread types (yeast and
sourdough fermented breads from all flou,~ and wheat breads plus/minus bread
improver). Potentially allergenic proteinis in flours and breads were functionally
categorized using the Pfam databas~ and relatively quantified by LFQ.

Results: We could show that ~!'m~<t equal numbers of proteins can be identified in
rye- and spelt samples con.hared to wheat samples using the Uniprot bread wheat
protein database, indic2tn.> high sequence conservation between cereals. In total,
4424 proteins were dentified in the 20 flour and bread samples. The average
number of identified proteins in flour (2719 + 243) was slightly higher than in bread
(2283 + 232; P<0.001). In wheat- and spelt wholegrain flour higher protein numbers
(wheat: 2891 + 90; spelt: 2743 + 140) were identified on average than in superfine
flour (wheat: 2562 + 79; P=0.0089; spelt: 2431 + 140; P=0.0037). Neither the
absolute number nor the abundance distribution of potentially allergenic proteins

were dependent on the flour type or the fermentation process, but known allergenic
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proteins like gliadins showed higher relative abundance in spelt- and wheat samples,
compared to rye samples.

Conclusion: We provide comprehensive proteome data for six flour types and
related breads showing that the grain species have greater influence on proteome
composition than milling and fermentation processes. Our data indicate that
allergenic proteins are not selectively degraded during bread production and are

more abundant in bread wheat and spelt compared to rye.
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Introduction

Besides rice and maize, bread wheat is the most widely consumed food grain in the
world. Wheat flour is the most important ingredient in home baking and is the
framework for almost every commercially baked product. At the same time, wheat
proteins are known to be capable of triggering wheat allergy and celiac disease in
certain individuals [1,2]. In addition, it is suspected that wheat proteins may trigger
the symptoms of NCWS (non-celiac wheat sensitivity), another grain-associated
clinical entity [3,4].

There are several known ways in which grain prceens can trigger discomfort in
susceptible persons. On the one hand, specific 2''ncn peptides lead to activation of
specific immune cells like CD4+T-lymphocytes, 1.:acrophages or dendritic cells in
celiac disease patients, which in turn ‘ecds to damage of the small intestinal
epithelium [5]. Wheat allergy patien.z. »n the other hand, react to gluten and non-
gluten proteins like B-amylase, a-."mylase-Trypsin inhibitors (ATIs) and surface-
active proteins such as nonsp2<ii.~ lipid transfer proteins (LTPs) and puroindolines
with a release of histamine from basophils and mast cells [6,7]. Based on in vitro
studies and animal experirents, ATIs could additionally stimulate intestinal immune
cells via the activau~n of Toll-like receptor-4 and could thus trigger intestinal
inflammation or exacerbate pre-existing inflammation in patients without wheat
allergy or celiac disease [3,8].

Detailed characterization of the protein composition of bread and flour is essential to
evaluate their allergenic potential. Based on early biochemical work the wheat flour
proteome can be classified in four protein fractions including albumins, globulins,
prolamins and glutelins that can be sequentially extracted from flour using different

solvents [9]. Prolamins and glutelins together comprise the storage protein fraction of
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the grain (gluten) and comprise up to 80% of total protein content [10]. The albumin-
and globulin-fraction comprise IgE-binding proteins [11]. Previous grain flour
proteome studies revealed grain-specific differences, e.g. between wheat and rye
[12,13], but also between wheat and spelt [14]. Prandi et al. [15] showed that spelt
contains less immunogenic or toxic peptide epitopes compared to other wheat
variants. Even if rye is less closely related to wheat, spelt, einkorn and emmer, rye
proteins can also trigger celiac disease and wheat allergy [16].

Milling, kneading, fermentation and heating impact the ~haicteristics of bread and
might also affect the bread proteome to different extena. Since the outer layer of the
grain contains other proteins than the endosper™. :* is likely that different types of
flour (f.e. wholegrain- and superfine flour) have “lihcrent protein compositions [17]. In
addition, biochemical changes occur in th.> protein fraction of the dough during
fermentation due to the action of m.«errpial and endogenous wheat enzymes [18].
Sourdough wheat bread contains Ie~s pro-inflammatory tetrameric and dimeric ATIs
compared to yeast-fermenter b.~ad and wheat flour, which might be due to
disulphide bond reduction 3,1y]. Rizello et al. [20] further showed that specific
sourdough microorganicm. ~an also lead to a decrease of other allergenic proteins
in wheat- and rye orea. However, a clinical study could not prove that IBS patients
tolerate sourdough fermented wheat bread better than yeast fermented wheat bread
[19]. Bread improvers used to facilitate the manufacturing process often contain
additional proteases that break down proteins like gluten. In combination with
thermal processing of the dough, such manufacturing methods can modify the bread
proteome [21] [22].

Several studies analyzed the composition of grain flour proteomes and bread

proteomes using different proteomics approaches like 2-D gel electrophoresis,
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shotgun proteomics and targeted protein quantification [14,23-27]. These studies
focused either on the protein composition of flour [14,23,24] or analyzed specific
protein groups like ATIs, gluten or lupines in bread [25-27]. To the best of our
knowledge, no study systematically investigated the comprehensive proteome of
bread and corresponding flours with particular attention to different allergenic
proteins so far. In this study, we examined the influence of different manufacturing
processes on the bread proteome of wheat, spelt and rye and characterized the
proteome of the corresponding flours in detail using a let=l \zee quantification (LFQ)

proteomics approach.

Material and Methods

Breadmaking

For preparing the different breads aialvzed in our study we used grains from bread
wheat, spelt and rye (Schapfenmunrle, Ulm, Germany), from which superfine flour
(SF) (Quadrumat junior mill, Br~be~der, Duisburg) and wholegrain flour (WG) (Ultra-
centrifugal mill ZM 200 sieve insert 0,5 mm; Retsch, Haan) was produced.

Bread from different grainc ‘oread wheat, spelt, rye), different types of flour (SF or
WG) and different fermentation (yeast dough or sourdough) were produced (in total
12 bread types). In addition, 100 g bread improver (MeisterMarken Ulmer Spatz,
type Weil3back Super, CSM Deutschland GmbH, Bremen, Germany) was added to
wheat sourdough breads from SF or WG flours, respectively (2 additional bread
types). Bread improver was composed of buttermilk powder (24 %); wheat flour; soy
flour; emulsifier (soya lecithins, mono- and diglycerides of fatty acids); wheat malt
flour; dextrose; salt; acidity regulator (calcium acetate); sour whey powder; acidulant

(citric acid, lactic acid); wheat swell flour; flour treatment agent: ascorbic acid;
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enzymes. This approach resulted in a total of 14 bread types (Supplementary Table
1).

For preparing the sourdough a conventional sourdough starter (TK Starter, Ernst
Bocker GmbH&Co.KG; Minden) was used. A mother sourdough 30 % was prepared
composed of sourdough starter 136.5 g, flour 1322 g, water 1542 g, and leavened
for 20 h at 26°C. Next, the mother dough was added to the remaining ingredients of
the breads. The composition of the breads from sourdough and yeast dough each is
given in Tab. 1.

For manufacturing the breads, the ingredients were mi.-ed and kneaded in total for
six minutes. The bread dough from SF flour was “ne2ded 3 minutes with low (25 Hz)
and 3 minutes with high intensity (50 Hz) wher:as hread dough from WG flour was
kneaded 2 minutes with low and 4 minutes v.tk high intensity. Afterwards the doughs
were leavened at 30°C and 80 % humic.ty for 20 minutes. Subsequently the doughs
were formed. The time for bench i1ost at room temperature was 10 minutes before
the dough experienced a last ~ai 'ation step in the loaf pan for 80 minutes (bread
wheat and spelt) and 70 m. utes (rye). Baking temperature was 220°C and baking
time was 40 minutes for L eads from SF flour and 50 minutes for breads from WG
flour (bread wheat ai.1 spelt). Breads from rye were baked for 60 and 70 minutes,
respectively (Figure 1). After the baking process breads were cut into slices of 2 cm,
freeze-dried (Delta 1-24 LSC, Martin Christ Gefriertrocknungsanlagen GmbH;
Osterode am Harz), milled and stored at -20°C until analysis.

Protein extraction for proteome analysis

20 mg flour or bread were suspended in lysis buffer containing 2 % SDS (sodium
dodecyl sulfate), 20 mM DTT (dithiothreitol) and 150 mM Tris—HCI pH 8.5 and

incubated for 10 min at 95 °C. After centrifugation at 4° C for 30 min at 13,700 rpm
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the supernatant was removed, and proteins were precipitated using chloroform—
methanol precipitation [28]. Protein pellets were resuspended in 6 M urea in 50 mM
Tris—HCI pH 8.5, and protein concentrations were determined by the Bradford assay
[29].

In-solution digest of proteins and peptide purification

10 pg flour- or bread protein extract in 60 yL 6 M urea, 50 mM Tris HCI (pH 8.5)
were used for in solution digests. DTT was added to a final concentration of 10 mM
for the reduction of cysteines. Samples were incubater’ o1 30 min at 56 °C under
shaking at 1,000 rpm in an Eppendorf Thermomixer. Alkylation of cysteines was
performed by adding 30 mM iodoacetamide a~1 :acubation for 45 min at room
temperature (RT) in the dark. Alkylation was s.op,ed by add-ing 50 mM DTT and
samples were incubated for another 10 min >t RT. Five hundred nanogram (500 ng)
LysC protease (Roche) in 50 mM 7 +is HCl pH 8.5 was added and samples were
digested overnight at 30 °C. Next, u.= urea in the reaction mixture was diluted to 2 M
by adding the appropriate amecnt = 50 mM Tris HCI pH 8.5. One microgram (1 ug)
trypsin (Roche) in 50 mM 7is hCI pH 8.5 was added and digestion was continued
for 4 h at 37 °C. The dinect was stopped by adding 3 pL 10 % TFA (trifluoroacetic
acid). Next, peptide 1. ixwures were concentrated and desalted on C18 stage tips26
and dried vacuum [30]. Dried samples were dissolved in 30 pyL 0.1 % TFA. Aliquots
of 3 pl were subjected to nano-LC-MS/MS analysis.

Nano-LC-MS/MS

Mass spectrometry analysis was performed as previously described [14]. Briefly the
measurements were performed on an UltiMate 3000 RSLCnano system (Thermo
Fisher Scientific, Bremen, Germany) coupled to a Q-Exactive HF-X mass

spectrometer (Thermo Fisher Scientific) using a Nanospray Flex ion source (Thermo
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Fisher Scientific). Tryptic digests were concentrated and desalted on a precolumn
(300 um x 5 mm, Acclaim PepMap100 C18, 5 um particle size, 100A pore size) and
separated on a nanoEase MZ HSS T3 analytical column (25 cm x 75 ym, 1.8 ym
particle size, 100A pore size, Waters) operated at constant temperature of 35 °C.
Peptides were separated at a flow rate of 300 nL/min using a 90 min gradient with
the following profile: 2 % - 55 % solvent B in 90 min, 55 % - 95 % solvent B in 5 min
and maintained at 90 % solvent B for 5 min. 0.5 % acetic acid (solvent A) and 0.5 %
acetic acid in acetonitrile/H20 (80/20, v/v, solvent B) werz usad as solvents.

The Q Exactive HF-X was operated under the con’ror 9t XCalibur 4.3.73 software
(Thermo Fisher Scientific). MS spectra (m/z = 51-1800) were detected in the
Orbitrap at a resolution of 60000 (at m/z = 2£,0) '1sing a maximum injection time
(MIT) of 100 ms and an automatic gain cc.trol (AGC) value of 1 x 10E6. Internal
calibration of the Orbitrap analyze- v.as performed using lock-mass ions from
ambient air as described in [31]. Da:2 dependent MS/MS spectra were generated for
the 10 most abundant peptide re ~ursors in the Orbitrap using higher-energy C-trap
dissociation (HCD) fragme, *ation at a resolution of 15000, a normalized collision
energy of 27 and an intaer,city threshold of 1.6 x 10E6. Only ions with charge states
from +2 to +5 were sc'ected for fragmentation using an isolation width of 1.6 Da. For
each MS/MS scan, the AGC was set at 2 x 10E5 and the MIT was 50 ms.
Fragmented precursor ions were dynamically excluded for 30 s within a 10 ppm
mass window to avoid repeated fragmentation.

MS data analysis and protein quantification

Processing of the raw files and protein identification were performed with
MetaMorpheus software suite version 0.0.307 (https://github.com/smith-chem-

wisc/MetaMorpheus) [32]. First, mass re-calibration was performed by the calibrate
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task with default settings. In a second step the re-calibrated spectra were searched
against the wheat proteome sequence downloaded from UniProt [33] (Triticum
aestivum, 2019). Search in MetaMorpheus was performed in the classic search
operation mode against the automatically computed reversed sequences as decoy
database. Mass tolerance of 5 ppm (parts per million) for MS spectra und 20 ppm for
MS/MS spectra were used. Trypsin was specified as enzyme and three missed
cleavages were allowed. Minimal peptide length was set to five and maximal peptide
length was limited to 30 amino acids. The ‘Common Fi-ad’ (Carbamidomethyl on
cysteines) and ‘Common Variable’ -option (Cxiuition on methionine) for
modifications were chosen and the ‘Match betwe=n -uns’ feature was enabled. The
peptide g-value cut of was set to 0.01 and the nun.'mum allowed peptide score was
set to five. For protein quantification th2 [1=2shLFQ option in the MetaMorpheus
software suite was enabled with a 5 . peak finding tolerance for MS1 scans [34].
The bread wheat data base (Unipiot Triticum aestivum; Taxon identifier 4565) was
used not only for the wheat ~na.‘.es, but also for the spelt and rye analyses of
proteins, because specific uatavases for spelt and rye proteins are not available in
public repositories so far

For the downstrean s *austical analysis, the MetaMorpheus Protein groups output file
was load into the Perseus software frame (Version 1.6.14.0) [34]. Only protein
groups with a g-value < 0.01 and with at least one valid FlashLFQ (Label free
guantification) in the data set were considered for downstream analysis. Additionally,
known contaminants and proteins groups that match to the decoy database during
search were excluded. In total 4424 protein groups remained in the data set. For
further quantitative analysis, LFQ intensities were log2-transformed.

Downstream analysis of the data
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For each sample, the LFQ (label-free quantification) intensities of three replicates
were measured. LFQ intensities were log2-transformed for further analysis. The
dataset was filtered for Q values <0.01 and for intensities in at least one sample,
leading to 4424 identified proteins.

For analyzing the 100 most abundant proteins, the average LFQ intensities were
sorted by descending order in Microsoft Excel software and the 100 proteins with the
highest LFQ intensities were picked for analysis. Protein abundances were
calculated based on the average LFQ intensity of all threz reylicates per sample.

Bar charts, Swarm plots and Pie charts were constru-ted using Graphpad Prism
software 9.0 (GraphPad  Software, S~n  Diego, California  USA,
http://www.graphpad.com). Venn diagrams wzare created using R software (R
Foundation for Statistical Computing, Vien. .Austria, http://www.R-project.org) [35]
and Lucidchart (www.lucidchart.com),

Systems analysis and functional an:.ntation

Hierarchical clustering was pe~*ar.~2d by Perseus software Version 16.14 (Perseus
computational platform, Mctinsried, Germany, http://www.maxquant.net/perseus/)
[36]. For the functional an,>~.ation analysis of differentially regulated protein groups,
we considered prote’ns with at least 3 valid LFQ values in one experimental
condition (n=3) which additionally show at least 70% valid LFQ values in the whole
dataset. The remaining missing values were imputed by Quantile Regression
Imputation of Left-Censored data based on the R script “ImputeR” (tune.sigma=1).
Significance of protein abundance changes between the different conditions were
computed by a permutation-based Welch’s t-Test (FDR= 0.05, SO= 0.5, 250
randomizations) which required at least 3 valid LFQ values (unimputed) in one of the

tested conditions (Perseus). Protein groups with significant abundance changes
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were used for hierarchical cluster analysis in Perseus. Therefore, each row in the
data matrix was z-scored separately for wheat, spelt and rey samples on bases of
the unimputed LFQ intensities. The normalized LFQ data were used as imput for the
row clustering. Euclidean distance was used as measure for the row clustering in
Perseus. Row clusters which show distinct behavior in their average protein profile
were selected manually and associated annotated terms (from the Interpro and Pfam
database) were computed by a Fisher exact test using the initially identified 4424
proteins in this study as reference set. Annotation *~rn.3 were filtered for an
enrichment factor >5.

The six samples with bread improver were exclus=u from this analysis, as the bread
improver contains proteins from several foreign spocies which could potentially lead
to altered quantification and false identificcsicn of a bread wheat proteom subset
through peptides with homologues sc 1u:nces.

Definition of allergenic wheat proten.<

Juhasz et al. 2018 [37] identifir v.»2at proteins associated with adverse allergic and
immune responses in peop: > with wheat associated disorders. These proteins were
identified based on intcr™ation in a database of allergen families (AllFam;
www.meduniwien.ac.ct/aiifam) [38] supplemented by the data in the AllergenOnline
FARRP database (www.allergenonline.org) [39]. The set of proteins defined by
Juhasz et al. was used for the identification of seed-borne allergens and
immunoresponsive proteins in flour and bread samples, but only proteins with
“‘ingestion” as route of exposure were considered. This criterion was fulfilled by 330
proteins, of which 290 could be assigned to 22 Pfam families. 40 remaining proteins

that were not belonging to any Pfam family were excluded. We defined all proteins in
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these 22 Pfam families as “proven or potentially allergenic/immunoresponsive
proteins”.

Furthermore, we used the allergome database [40-42] to identify additional
allergens. The allergome platform is currently the most comprehensive collection of
allergen data. It contains identified and characterized allergenic proteins, published
in peer-reviewed journals, including those in the official WHO/IUIS Allergen
Nomenclature list. We were able to identify additional allergens in the allergome
database that could be assigned to 2 additional Pfam f~mmos finally resulting in 24
Pfam families in total with potentially and provea cllergenic/immunoresponsive
proteins. In the following these proteins will be ca'=u “allergenic proteins”.

Statistics

Statistical analysis was performed by Grip, n=d Prism 9 (GraphPad Software, San
Diego, California). Data were teste! fr.r normal distribution by Shapiro Wilk test.
Milling effects (WG or SF flour) wvere analyzed using an independent-samples
students T-test. Effects of gra~ type (rye, spelt, bread wheat) or different
manufacturing processes ‘sourdough fermentation, yeast fermentation, bread
improver) were analyzen "'wing one-way analysis of variance (ANOVA). Level of

significance (a) was st at 0.05.

Results

Quantitative protein analysis of flour and bread

In total, 4424 unique proteins were identified in all flour and bread samples (6 flours,
14 Dbreads) by our proteomics approach. Numbers of identified proteins varied
between samples, ranging from 2271 to 3143 different proteins per sample (Figure

2A, B). In average, flour samples (2719 + 243; mean + SD of 6 flours) contained
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higher numbers of different proteins than bread samples (2283 + 232; mean + SD of
14 bread types; P<0.0001) (Fig. S1). To consider differences between the different
grain types, the number of identified proteins was compared across flours and
breads from bread wheat (2407+ 295 mean + SD of 2 flours and 3 bread types),
spelt (2393 + 237 mean + SD of 2 flours and 2 bread types) or rye (2443 + 402 mean
+ SD of 2 flours and 2 bread types) but no statistically significant differences were
observed between the different grain types. Spelt and ry2 proteins were identified in
almost equal numbers compared to bread wheat (he'eai*er referred to as wheat)
proteins using the bread wheat protein database (U niprot Triticum aestivum; Taxon
identifier 4565).

In whole grain (WG) flour and bread samples irom wheat and spelt higher numbers
of unique proteins were identified thea» In corresponding superfine (SF) flour
samples. This was expected since in u" 2 production of SF flour the aleurone layer of
the grain, which is rich in protei==. .z removed. However, for rye flour and bread
samples the picture was diffeei.* as in all SF samples higher numbers of proteins
were identified compared t~ '3 samples (Figure 2 A, B).

Comparing different g:an types, approximately two thirds of the identified proteins
were common betweer flour (61%) and half of the identified proteins were common
between bread (46%) from wheat, spelt and rye (Figure 2 C, D). The overlap of
identified proteins was always higher between wheat and spelt samples (12% in
flour, 20% in bread) than between wheat and rye samples (6% in flour and 3% in
bread) or rye and spelt samples (5% in flour and 4% in bread). 12% of the proteins in
rye flour and 15% of the proteins in rye bread were only identified in rye, but not in
flour and bread samples from wheat and spelt, leading to a different protein

composition of flour and bread samples from rye.
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Influence of manufacturing processes on protein composition

To analyze possible effects of milling and the manufacturing processes on protein
composition of flour and bread in more detail we compared the distribution of all
proteins that had LFQ intensities between SF and WG flours (Figure 3 A, C, E) and
between different bread types (Figure 3 B, D, F), respectively. Comparing SF and
WG flour, we could show that in all three different grain types around 80% of the
proteins were common. 15% of the proteins were unique in wheat WG flour and 13%
of proteins were unique spelt WG flour. Lower numbe:= * unique proteins were
identified in wheat and spelt SF flour (5% and ov., respectively). In rye flour
differences between WG flour and SF flour were '~ss nronounced, 8% of the proteins
could only be found in WG flour and 6% in SF flur.

In addition, we investigated the influence o1 -h< fermentation process on the protein
composition of breads and comparec. thr. numbers of identified proteins in sourdough
fermented (S) and yeast fermenteu ‘Y) breads. In wheat samples we also analyzed
sourdough fermented bread wh 1> prover (SB) (Figure 3B, 2D, 2F). The majority of
proteins (66%-80%) could e iuentified in all the different bread types within one
grain type (wheat, spelt o, rye). The number of common proteins for wheat breads
was slightly lower be-ause three different bread types were compared, while for
spelt- and rye bread only two different bread types were compared. No significant
differences in the number of unique proteins were observed comparing WG or SF
sourdough fermented bread to yeast fermented bread (Figure 3 B, D, F and Figure
S2 A-C). Comparing WG bread and WG flour, the number of unique proteins in flour
(10-13%) was higher compared to the unique proteins in the different breads (2-5%)
(Figure S2 D-F).

Functional classification and annotation of proteins in flour and bread

Seite 15 von 35



We used label-free quantification (LFQ) analysis to gain further insights into the
differences in protein composition between different flour types and breads. After
filtering the complete dataset for proteins that had at least 70% valid values (LFQ
intensities) in all samples, 1737 proteins remained. Welch'’s t-tests were performed
for all relevant comparisons of bread and flour types using a cut-off of p<0.01 and an
enrichment factor > 5 to identify differentially abundant proteins. We compared WG
and SF samples of wheat, spelt and rye using mean values of bread and flour
samples. In addition, we compared yeast- to sourdoug*. feimented bread. Proteins
that showed significant abundance changes in at leest . ne comparison were ranked
using unsupervised hierarchical clustering (Firui~ 4). Two dominant clusters
emerged from the hierarchical clustering anal sl The first cluster comprised 45
proteins that showed lower abundance ir sc'*dough fermented bread compared to
yeast fermented bread and flour (Firur: 4, cluster A, orange). The second cluster
comprised 107 proteins that showed higher abundance in WG samples compared to
SF samples (Figure 4, cluster P_Db."'2).

The two dominant protein c. 'sters identified by hierarchical clustering analysis were
further analyzed using fui.~*.onal annotation enrichment analysis. 887 of the 1737
proteins with >70% v.'ia values had PfamID annotation. Based on these annotations
functional annotation enrichment analysis using Fisher's exact test was performed.
Cluster A included proteins belonging to the Linker-histones Pfam family and the
Ribosomal proteins S19 and L28e, which were depleted in sourdough breads
compared to corresponding WG and SF flours as well as corresponding yeast
fermented breads. In cluster B the protein groups Cupin_1, SMP (Seed maturation
protein), Barwin and Glyoxalase showed higher abundances in WG samples (bread

+ flour) compared to SF samples (bread + flour).
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Allergenic proteins in bread and flour

Next, we focused on the presence of potentially and proven allergenic proteins in
bread and flour that may cause an immune response by dietary intake. Based on
available literature and allergen databases (see material and methods), we defined
24 Pfam domain families that included proven and potentially allergenic proteins.
2105 proteins in our dataset were annotated with a Pfam ID. 246 of these proteins
could be assigned to 21 of the above mentioned Pfam domain families (Table 1).
The remaining 3 Pfam domain families were not prec=n. in the set of proteins
identified in our study. The 21 Pfam domain families wih 246 representatives in our
dataset comprise proven as well as potentially al'»ry>nic wheat proteins. 54 of these
246 were proven allergenic proteins according to the allergome database [42] and
the database of Juhasz et al. [37] knowr tu b2 involved in celiac disease or wheat
allergy. The allergen list can alsc br. used for the identification of potentially
allergenic proteins in wheat-relateu species like rye or spelt, because they share
common ancestry and over 70 " L~Jguence similarity [37].

The abundance of poten.ally allergenic proteins was further analyzed using
histograms comparing Ais.kdtions of LFQ intensities of allergenic proteins (Table 1;
246 proteins including proven and potential allergens) and the remaining proteins
that were summarized as “Others” (4177 proteins). In WG flour of wheat, spelt and
rye, the distribution of LFQ intensities of allergenic proteins was shifted towards
higher LFQ intensities compared to “other” proteins (Fig. 5A), while rye flour showed
lower abundances of potentially allergenic proteins compared to wheat and spelt. For
deeper understanding of the distribution of allergenic proteins in the different
datasets, we calculated the average LFQ intensity of allergenic proteins and others.

Allergenic proteins were further divided into potentially allergenic proteins and
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proven allergenic proteins as described above. To exclude, that differences
regarding the LFQ intensities of allergenic proteins in distinct samples are based on
a lower number of detected allergenic proteins, for further comparison we exclusively
considered the LFQ intensity of proteins detected in all the samples that were
compared to each other.

2579 proteins with PfamID were detected in at least one replicate of WG flour of
wheat, spelt and rye (Figure 5B). 168 of these proteins belonged to the potentially
allergenic proteins shown in table 1. Of these 119 prot~.. s were potential allergens
according to their Pfam ID, while 49 proteins were prc /en allergens. The reaming
proteins (n=2411) were summarized as “other.” e could observe significantly
lower abundances of potential and proven allergen. in rye flour compared to wheat
and spelt flour, while differences betwe :n .neat and spelt were statistically not
significant (Figure 5B). Accordingly, ‘ve analyzed different manufactured wheat
breads from WG flour (Y, S, SB) and the corresponding flour. 129 potential- and 52
proven allergens were found ... a.. four sample sets, but no significant differences
between allergen numbers .. the different bread types and the corresponding flour
could be observed (Fig.re JC). To get further insight, which allergen groups were
responsible for the di.~rences observed between wheat, spelt and rye we analyzed
the differences in LFQ intensities within each of the 21 allergen groups. For that
purpose, we calculated the mean of the LFQ intensities of the 21 allergen groups in
the three replicates of WG flour of wheat, spelt and rye (Figure S3A). In two of the
allergen groups, namely the gliadin group and the inhibitor/storage group, significant
differences in the LFQ intensities between wheat and rye as well as between spelt

and rye were observed (Figure S3A, S3B). Considering these two allergen groups in
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different bread types (Figure S3C) and in WG and SF flour from wheat (Figure S3D),
no significant differences in allergen abundancies could be observed.

Another group of potential allergens are amylase trypsin inhibitor proteins (ATIs) that
may be involved in triggering the symptoms of NCWS. These proteins belong as well
as some gluten proteins to the Inhibitor/Storage Pfam family. We identified nine
different ATI proteins in our dataset. The relative abundance of all nine ATI proteins
was reduced in rye samples compared to wheat and spelt samples (Figure S4).

Also other potential grain components like fructans have “ec1 described as being of
relevance in adverse reactions to cereal products nn= bread [43]. Fructans are
produced in the vacuole by the action of specific cnzymes (fructosyltransferases)
that transfer fructose from sucrose to the growir g -'ctan chain [44]. Rye is known to
contain more fructans than wheat and sp:hv 1%5]. Searching for fructosyltransferases
in rye, wheat and spelt bread we fo.nd only one out of 23 fructosyltransferases that
are listet in uniprot in our dataset (''crose:fructan-6-fructosyltransferase; UniProtkB
- AOA3B616G4). This protein c~ilc. ke found in all rye samples, but only in few wheat
and spelt samples, with a (=naency towards higher LFQ intensities in rye than in

wheat and spelt (Figure S2)

Discussion

We show for the first time comprehensive proteome data for three different grain
flours (wheat, spelt and rye) derived from commercially available sources and for
corresponding breads. We detected more than 4000 different proteins with up to
3143

different proteins per sample and we found that flour and bread samples contained

around 1300 common proteins that were identified in all samples.
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Our results revealed that the Uniprot bread wheat protein database that we used as
reference allows the identification not only of spelt proteins, as shown earlier by our
group [14], but also of rye proteins. This suggests that protein sequences are highly
conserved between wheat (both bread wheat and spelt) and rye, which is in line with
the well-known fact that wheat and wheat-related species like rye have a common
ancestry and share over 70 % sequence similarity [37]. Even a single, non-isobaric
amino acid substitution within a peptide would lead to a difference to the wheat
reference sequence and would result in loss of this pezstiac in a database search.
Although we cannot exclude that some rye- and sp:It roteins are not identified by
our approach, our results suggest that rye- and sp~lt proteins can be identified in
comparable numbers to wheat proteins using th7. b, ~ad wheat proteome database.
Almost two third of the proteins in WG f'ou- =nd half of the proteins in WG bread
could be identified in the samples ¢. al’ three grain types. Wheat and spelt shared
more common proteins than whec* and rye or spelt and rye, indicating that the
diploid species rye (Secale ce-=a.») is biologically more distant to wheat and spelt
that belong to the same hex.nloid species (Triticum aestivum) [46].

We were able to identif* u» (0 13% more unique proteins in flours compared to the
corresponding breaa. and the average number of identified proteins in flour was
slightly higher than in bread. Loss of proteins during processing of the flours to
produce bread could be due to partial or complete degradation of proteins by
bacterial or fungal proteases during the dough fermentation process [47].
Alternatively, protein extraction from bread might be less efficient than that from
flour. Several procedures might account for a reduced number of proteins in breads
compared to the corresponding flour. During baking dough is transformed into crumb

through gelatinization of the starch granules in the dough and coagulation of the
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proteins, whereby a stable gluten network is built that encloses the gelatinized starch
granules [48] and might hinder protein extraction. The extractability of wheat proteins
was shown to decrease during the bread-making due to aggregation and
polymerization of proteins based on disulfide bonds that are formed during heat
treatment of bread [49]. Also heating during baking process might play a role by
degrading particular proteins. Previous studies showed that the solubility of the most
abundant gluten proteins and possibly other proteins decreases through heat
treatment [50].

Confirming earlier findings [51], we identified mrorc different proteins in WG
compared to SF flour from wheat and spelt. Most 'ik 'y this is due to the fact that the
aleurone layer of the grain, which is rich in prof2inc is removed with the outer layer
of the bran during the milling process [52’. \.* rontrast, in rye samples more proteins
could be detected in SF compared to WS flour. An explanation for this contradictory
finding might be the higher abunuconce of pentosans present in rye compared to
wheat and spelt [53,54]. Pent~sc.~s are polysaccharides present in all plant cells
containing cellulose. They «."e mainly located in the external parts of rye kernel [55]
and therefore present in 1..2"1er amount in rye WG flour. Especially the presence of
insoluble pentosaris vouid complicate the extraction of proteins from rye WG flour
samples. These observations could likewise be confirmed for the corresponding
breads. Hierarchical cluster analysis revealed that particularly proteins of the Cupin
and Barwin protein families were significantly reduced in SF samples (flour and
bread). The Cupin superfamily includes wheat globulin storage proteins as well as
germins located predominantly in the seed bran [50,56,57]. Since also Barwin

proteins are known as plant pathogenesis-related proteins and especially expressed
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during fungal infections [58], it is likely that they are expressed preferentially in the
outer layers of the kernel.

Of particular interest in our proteome analysis were potentially allergenic proteins
that might cause adverse reactions to bread and other cereals. We defined 24 Pfam
domain families that included proven and potentially allergenic proteins. 2105
proteins in our dataset were annotated with a Pfam ID. 246 of these proteins could
be assigned to one of the above mentioned Pfam domain families. 54 of these
proteins have been confirmed to be involved in celiec aicease or wheat allergy
[37,42], whereas 192 have been categorized as pce.‘ially allergenic according to
their Pfam annotation. Most allergenic proteins i~ tv2d belong to only a few protein
families and superfamilies based on their struct'.ra: and functional properties [38,59].
Moreover, food allergens must be heat ste.~l2 and resistant to digestive enzymes
[59]. Further, Codex Alimentarius ¢ 'id:lines indicate that proteins with sequence
identities to known allergens exceeding 35 % in any segment of at least 80 amino
acids may be allergenic [60].

The 246 proteins showed . igher LFQ intensities on average than the 4178 other
proteins in all analyzed <a.m.les. Neither the absolute number nor the distribution of
these potentially alicvgenic proteins were dependent on the flour type or the
fermentation process, respectively. Remarkably, significantly more potential and
proven allergenic proteins could be found in spelt- and wheat flour, compared to rye
flour. This observation can be explained by lower amounts of gluten proteins present
in rye compared to wheat [12]. Accordingly, when comparing the 21 allergen groups
we defined in our study in wheat, spelt and rye wholegrain flour samples, we only
observed significant differences between the abundancies of “gliadins” and

“Inhibitor/Storage” proteins, two allergen groups to which gluten proteins belong to.
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Apart from primary amino acid sequences, immune responses to proteins are also
dependent on protein folding and tertiary structure, which explains why not all
proteins within one allergen family are allergens. Therefore, the clinical impact of our
findings needs to be confirmed in patient studies with challenge tests. Of the 54
proven allergenic proteins found in our dataset, 49 are found in at least one of three
replicates of wheat, spelt and rye WG flour; however, with lower LFQ intensities in
rye, further explaining why rye might be less relevant for allergy than wheat or spelt.
Also well-known allergens like ATls, from which we co:!1 1'entify 9 in our dataset,
were more abundant in wheat and spelt flours and brea.'s, respectively, according to
our data. On the other hand, rye is thought to ~arn:?in more fructans compared to
wheat and spelt [45]. Confirming this, we found ~ne fructosyltransferase constantly in
rye and only occasionally in wheat and sje.- c<amples. The clinical relevance of this
finding needs to be confirmed.

Numerous studies examined the u~gradation of allergenic proteins during bread-
making using 2D-gel electrop-arosis. De Angelis et al. [61] observed differences
between the composition ¢. allergenic proteins of yeast and sourdough fermented
breads. They suggested u.~* traditional protocols of bread-making such as long-time
fermentation of soururuygh (24h at 37°C) with selected starters result in extensive
degradation of IgE-binding wheat albumins and globulins. Seven proteins were
identified by MALDI-TOF mass spectrometry. Three of these proteins could also be
identified in our dataset, namely xylanase inhibitor protein 1, endogenous a -
amylase-subtilisin inhibitor (WASI) and ATI 0.19. Comparing the LFQ intensities of
these three proteins between wheat flour, yeast fermented bread and sourdough
fermented bread, we were not able to detect any differences (data not shown). This

might be due to the shorter dough fermentation time (100 minutes for rye and 110
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minutes for wheat and spelt at 30°C) used in our study. Using SDS-PAGE and
immunoblot analysis, Rizello et al. [20] showed a stronger proteolytic effect of some
IgE-binding proteins in sourdough fermented compared to yeast fermented bread
from wheat and rye. In contrast to these findings, we did not observe such
differences, most likely due to different baking conditions. This assumption is
strengthened by results from Loponen et al. [62], who used comparable fermentation
times as we did in the present study and showed that short-time fermentation (2h) of
sourdough did not result in degradation of gluten protein< '6.).

To a subset of sourdough fermented breads, we 7.du>d a typical bread improver
used in conventional bakeries to analyze its irnhact on the bread proteome. We
could neither detect significant differences rz2gcvding the number of identified
proteins nor the relative abundance of all :ry=r.c proteins related to the presence or
absence of the improver (see supylerientary table 3). The fact that we did not
observe any differences in the reictive abundance of allergenic proteins between
different bread types, or betwr~n " ead and flour, indicates that there is no specific
degradation of allergenic p.otems during the fermentation process of the present
study.

Apart from allergenic proteins, other proteins might be modified or even removed by
the manufacturing process. Although less relevant for allergies, this might affect the
quality of bread. Indeed, we found that up to 16% of these other proteins were found
uniquely in one of the bread types suggesting that the manufacturing process affects
these proteins. At present, it is unclear how this alters bread quality. Hierarchical
cluster analysis showed that the abundances of histone- and ribosomal proteins
were reduced in sourdough fermented bread compared to yeast fermented bread

and flour. Maybe this is due to histone protein degradation by lactic acid bacteria for
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obtaining pyrimidines and purines. Many lactobacilli are auxotrophic for both purine-
and pyrimidine bases and therefore, they inherit a salvage-pathway system based on
trans-N-deoxyribosylases to utilize external DNA bases for growth [64].

In conclusion, our results show that allergenic proteins are not selectively degraded
during conventional bread production, neither in yeast nor in sourdough fermented

bread nor in sourdough fermented bread with improver.
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Table 1. Protein families containing potentially immunoresponsive and allergenic
proteins identified in wheat according to the allergome database and the AllFam

database
No. | Pfam ID | Pfam name Identified proteins | Defined group
in our dataset name

1 PF00079 | Serine Proteinase Inhibitors 12 Serpins

2 PF00085 | Thioredoxin 18 Thioredoxin

3 PF00112 | Papain family cysteine protease PCP

4 PF00121 | Triosephosphate isomerase 4 TIM

5 PF00141 | Peroxidase 29 Peroxidase

6 PF00182 | Chitinase class I; 10 Chitinase
Chitin recognition protein

7 PF00190 | Cupin 22 N Cupin

8 PF00197 | Trypsin and protease inhibitor 2 \ Kunitz

9 PF13016 | Cys-rich Gliadin N-terminal '43_ N Gliadin

10 | PF03157 | High molecular weight glutenin (HMW) 3— Glutenin
subunit

11 | PF14368 | Probable lipid transfer 15 LTP

12 | PF00234 | Protease inhibitor/seed storage" T |47 Inhibitor/Storage
family

13 | PF00235 | Profilin N 1 Profilin

14 | PFO0314 | Thaumatin family 15 Thaumatin

15 | PFO0560 | Leucine rich repeat I -t7.1. ~'nal domain | 2 LRR

16 | PF03227 | Gamma interferor Ih\"l(;_|[)|e lysosomal | 3 GILT
thiol reductase

17 | PFO0450 | Serine carbo:. e, tidase 10 Serine Carbox

18 | PF00321 | Plant thionin 2 Thionin

19 | PF01373 | Glycnsy. @dv olase family 14 1 GlycoHydro

20 | PF00534 Glycgsyl --ansferases group 1 14 GlycoTransfer

21 | PFOO161 Ribosor;e inactivating protein 6 RIP

Only protein families with representatives that can elicit immune response by ingestion are
shown (for further details see Materials and Methods). Source: Nr. 1-19: [37]; 20-21 [42].
Abbreviations: Triosephosphate isomerase (TIM); Papain-like cysteine protease (PCP); Leucine
rich repeat N-terminal domain (LRR); Gamma interferon inducible lysosomal thiol reductase
(GILT).
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Figure legends

Figure 1. Flours and corresponding bread types investigated in this study.

In total, 14 breads and 6 corresponding flours derived from 3 grains were examined.
Further details see text.

Figure 2. Total number of proteins detected in flours (A) and breads (B) by
nano-LC-ESI-MS/MS as well as overlap of proteins between flours (C) and
breads (D) of wheat, spelt and rye. (A): Number of different proteins in wholegrain
(WG) and superfine (SF) flour from wheat, spelt and r,;~ (3): Number of different
proteins in yeast fermented bread (Y) and sourdouc¢n i>rmented bread (S) from SF
and WG flour. Two sourdough wheat breads ad-iti nally contained bread improver
(SB). Means of three replicates and the standaru deviation (SD) are shown. *P <
0.05; *P < 0.01, **P < 0.001. (C) and (D). \/znn Diagrams showing the overlap of
common and unique proteins in WC flnur and WG bread of wheat, spelt and rye.
Percentage values were rounded w::hout decimal places.

Figure 3. Overlap of protoin. between different flour and bread types,
respectively. (A, C, E): Vei.n diagrams show the overlap between WG and SF flours
in wheat, spelt and rye (= D, F): Overlap between different manufactured breads
(Y=yeast fermented; S=sourdough fermented; SB=sourdough fermented with bread
improver) from wheat, spelt and rye (percentage values were rounded to zero
decimal places).

Figure 4. Protein clusters characteristic for flour or bread types. Heat map (left)
and profile plot (right) of z-scored protein abundances (log2 LFQ intensity) include
1737 differentially abundant proteins identified by Welch’s T-Test. Mean values
(three replicates) of normalized LFQ intensities for each sample after hierarchical

clustering of different fermentation conditions (yeast and sourdough) and different

Seite 32 von 35



milling types (WG and SF) in wheat, spelt and rye samples are shown. Enriched
proteins are shown in red while depleted proteins are shown in blue. Samples with
bread improver were excluded from this analysis, because the commercial bread
improver contained unknown proteins from plant sources. Fisher's exact test was
performed to identify significantly enriched or depleted Pfam groups in the two most
prominent clusters.

Figure 5. Relative abundance of allergenic proteins. (A) Histograms show the
distribution of proven or potentially allergenic proteins (r:~ny2, N=246) compared to
other proteins (blue, N=4178) in WG flour of wheat, sp.'t and rye. (B+C): Allergenic

proteins were further divided in “potential allerc=nc” and “proven allergens”. Box
plots show abundances of potential allergens 21a proven allergens in different flour
or bread types. Only proteins were cons.dv2d that were identified in at least one
replicate of WG flour from wheat, sg.lt 7ind rye (B) or in each WG wheat bread type
and the flour (C). Statistical significcnhce by one-way ANOVA: *P < 0.05; *P < 0.01,

***pP < 0.001. Abbreviations: Vv, ‘r:ast fermented; S, sourdough fermented; SB,

sourdough fermented with L. 2aa improver.
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Significance

Our proteomics study revealed that bread contains a number of potentially and
proven allergenic proteins. Most likely allergenicity is not dependent on milling or
conventional fermentation processes, but on the grain type. Relative abundance of
allergenic proteins was higher in spelt- and wheat samples than in rye samples.
Considering rye bread as better suited to atopic individuals predisposed to react to

cereal allergens, clinical trials are warranted to verify this assumption.
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Highlights
e Comprehensive proteomics analysis of bread proteome from bread wheat,
spelt and rye
e Higher numbers of proteins were identified in flour compared to bread
e Species type has greater influence on the proteome than fermentation
processes

e Potential allergens in flour and bread were d:3fined based on structure

annotation
e Lower abundance of potential allergens prot»ins in rye compared to wheat

and spelt
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