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Abstract
High-molecular-weight glutenin subunits (HMW-GS) play an essential role in the end-use quality of wheat (Triticum aesti-
vum L.). We developed a targeted liquid chromatography-tandem mass spectrometry method in parallel reaction monitoring 
(LC–MS/MS-PRM) to detect and differentiate wheat HMW-GS in German wheat cultivars with known (37 cultivars) and 
unknown (58 cultivars) composition. The newly developed method is suitable to unambiguously identify Ax1, Ax2*, Bx6, 
Bx14, Dx2, Dx5, Dy10, Dy12, as well as any absence of Ax, but cannot distinguish Bx7 and Bx17 and identify the variant 
of By due to high sequence identity to Dy and within By. The method is further suited to clearly conclude, if the sample is 
a mixture of at least two cultivars or consists of only one cultivar. In comparison to gel-based methods (SDS-PAGE), UV-
detection after LC (RP-HPLC–UV) and MS of intact proteins (MALDI-TOF–MS), LC–MS/MS has a high resolution, is 
less biased by interpretation and provides more insights on molecular level. The used procedure can be applied to expand 
the LC–MS/MS-PRM method for more HMW-GS or even to other wheat proteins, e.g., low-molecular-weight glutenin 
subunits (LMW-GS), in future. This study describes the first MS-based method on peptide level for the differentiation of 
wheat HMW-GS.
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Introduction

The storage proteins of wheat (Triticum aestivum L.) are 
divided into monomeric gliadins and polymeric glutenins. 
Both protein fractions form the gluten network through 
intermolecular disulfide bonds during baking and the pres-
ence and composition is therefore essential for baking 
quality (reviewed by Wieser et al. (2023)). The number of 
cysteines within the gluten proteins determines the abil-
ity to form disulfide bonds and both low- (LMW-GS) and 

high-molecular-weight glutenin subunits (HMW-GS) play 
a central role, as they contain a relatively high number of 
cysteines, which are available for disulfide bond formation. 
The latest gluten network model assumes that the HMW-
GS build a backbone (head to tail bonds), to which LMW-
GS are linearly bonded (Wieser et al. 2023). Based on this 
model, the content of HMW-GS is crucial for the size and 
rheological properties of the gluten network.

The HMW-GS are encoded at the Glu-A1, Glu-B1 
and Glu-D1 loci and each locus consists of two genes 
which encode either the x-type (1Ax, 1Bx and 1Dx) 
with higher molecular weight or the y-type (1Ay, 1By 
and 1Dy) with lower molecular weight. The genes 1Bx, 
1Dx and 1Dy are constantly expressed and at least three 
HMW-GS are present in wheat. The genes 1Ax and 1By 
are not always expressed and 1Ay is silenced in wheat 
leading to three, four or five HMW-GS in total (Payne 
et al. 1981). Payne et al. named the HMW-GS accord-
ing to their electrophoretic mobility in 1981 (Payne et al. 
1981) and this nomenclature is still used. Three varia-
tions (NULL, Ax1, Ax2*) are known for 1Ax, five vari-
ations for 1Bx (Bx6, Bx7, Bx13, Bx14 and Bx17), six 

Communicated by Ankica Kondic-Spika.

 *	 Sabrina Geisslitz 
	 s.geisslitz.leibniz-lsb@tum.de

1	 Department of Bioactive and Functional Food Chemistry, 
Institute of Applied Biosciences, Karlsruhe Institute 
of Technology (KIT), Karlsruhe, Germany

2	 Leibniz Institute for Food Systems Biology at the Technical 
University of Munich, Freising, Germany

3	 Wageningen Plant Research, Wageningen University 
and Research, Wageningen, The Netherlands

http://orcid.org/0000-0002-6811-4069
http://crossmark.crossref.org/dialog/?doi=10.1007/s42976-025-00676-x&domain=pdf


	 Cereal Research Communications

variations for 1By (By8, By9, By15, By16, By18 and 
By19), four variations for 1Dx (Dx2, Dx3, Dx4 and Dx5) 
and two variations for 1Dy (Dy10 and Dy12) in European 
wheat. Some variations occur only in predestinated com-
binations (e.g., Dx2 + Dy12, Dx5 + Dy10, Bx14 + By15, 
Bx17 + By18). The frequency of different variations varies 
enormously (e.g., Dx2 + Dy12: 55% vs. Dx3 + Dy12: 2% 
and Bx7 + By9: 27% vs. Bx13 + By16: 0.5%) (Payne et al. 
1981). Which HMW-GS composition is present also deter-
mines the baking quality. The combinations Dx5 + Dy10 
or Bx7 + By8 are associated with better baking quality 
than the combinations Dx2 + Dy12 or Bx6 + By8 (Payne 
et al. 1987).

The classical method of choice for the identification of 
the HMW-GS composition in wheat is the sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), 
which is continuously used in the very recent studies (Dai 
et al. 2020; Geisslitz et al. 2020; Khalid and Hameed 2019). 
The technique has been further developed to lab-on-a-chip 
capillary electrophoresis that is suitable for large breeding 
programs (Shin et al. 2020). Alternatively, HMW-GS are 
analyzed by polymerase chain reaction (Lee et al. 2024; 
Ravel et al. 2020; Yao et al. 2022), which allows for the 
genetic analysis of wheat varieties to provide insights into 
the presence of different alleles, or by reversed-phase high-
performance liquid chromatography (RP-HPLC) (Dong et al. 
2009; Jang et al. 2021; Lee et al. 2021), which allows the 
separation and analysis of proteins based on their hydropho-
bicity and also gives more quantitative insights compared 
to SDS-PAGE. Third, mass spectrometry (MS) like matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) enables the analysis of intact HMW-GS (Jang et al. 
2021; Muccilli et al. 2011; Visioli et al. 2016), for a pre-
cise measurement of molecular weight of HMW-GS, which 
is more accurate than the estimation by SDS-PAGE. This 
method also enables the detection of post-translational modi-
fications, offering deeper insights into the protein structure.

The rapid development of proteomics-based methods 
in the last years gives completely new insights into the 
proteome of plants and this technique has been applied to 
wheat accordingly to answer various questions (reviewed by 
e.g., Halder et al. (2022) and Lu et al. (2023)). Compared 
to the aforementioned methods, in which proteins are ana-
lyzed as intact proteins, proteins are digested to peptides, 
which are then analyzed by liquid-chromatography tandem 
MS (LC–MS/MS). This can be done either targeted (only 
specific peptides are measured by e.g., parallel reaction 
monitoring, PRM) or untargeted in e.g., data dependent 
acquisition (DDA) modus (the most abundant peptides are 
measured). In regard to wheat HMW-GS, these techniques 
have been applied to identify variations in the amino acid 
sequence of different Triticum species (Geisslitz et al. 2020; 
Muccilli et al. 2011), to correlate the baking quality with the 

HMW-GS combination (Aghagholizadeh et al. 2017) and 
to detect and quantitate HMW-GS (Martínez-Esteso et al. 
2016; Schalk et al. 2018).

To ensure a reliable characterization of HMW-GS by 
LC–MS/MS a lot of prerequisites have to be fulfilled: The 
proteins have to be extracted from flour (Hurkman & Tan-
aka 2007), the most suitable enzyme for digestion has to be 
chosen (Colgrave et al. 2017) and a correct and complete 
database for protein identification is required (Vensel et al. 
2011). Sample preparation including extraction and enzy-
matic digestion is already well established for HMW-GS, but 
the evaluation of the MS raw data and the correct identifica-
tion is confronted with issues. This is because the HMW-
GS are encoded on tightly linked genes, show a very high 
sequence identity, a high number of overlapping repetitive 
units and amino acid sequence regions that have no cleav-
age sites for enzymes. As consequence, evaluation software 
(here: MaxQuant) groups different variations of HMW-GS 
into one protein group and no differentiation is possible any-
more (Geisslitz et al. 2020).

The aim of the study was the development of a targeted 
LC–MS/MS-PRM method to differentiate 14 HMW-GS in 
common wheat and to apply the new method to cultivars, of 
which the HMW-GS combination was not known according 
to literature and the German catalog for wheat description. 
To achieve this goal, one UniProtKB accession number had 
to be allocated for each HMW-GS and within these acces-
sions, unique peptides for each HMW-GS had to be identi-
fied. Since the identification of HMW-GS by SDS-PAGE 
requires manual evaluation and the interpretation is often 
subjective and prone to errors due to insufficient separation 
or overlapping protein bands. This can lead to biased or inac-
curate identification of HMW-GS. Thus, the new method 
should help to identify HMW-GS independently without any 
scope for interpretation.

Materials and methods

Wheat flour samples

In total, 37 common wheat samples with known HMW-GS 
composition and 58 ones with unknown composition that 
were grown and harvested in different years and locations 
were used. The kernels were milled with different mills and 
most of them were white flour, but there were wholemeal 
flours as well. The flours were stored for several weeks, but 
not longer than for three years in closed bottles at 22 °C. 
More information about the wheat flour samples can be 
found in Online Resource 1. The cultivars Dekan, Julius, 
Orcas, Oxal, Sonett and Tommi were used for in-gel diges-
tion (Table 1).
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Isolation of HMW‑GS

The isolation of HMW-GS was performed as described else-
where (Geisslitz et al. 2020). In brief, flour (100 mg) was 
extracted two times with a 50/50 (v/v) mixture of propan-
1-ol and water containing 1% dithiothreitol (DTT) (w/v) 
at 60 °C for 30 min. After centrifugation (25 min, 22 °C, 
3750 g), the volume of the combined supernatants was 
adjusted to be 2 mL with the extraction solution. Propan-1-ol 
(0.5 mL) was added to obtain a propan-1-ol concentration 
of 60%. After incubation (22 °C, 30 min) and centrifuga-
tion (25 min, 22 °C, 3750 g), the residue containing the 
HMW-GS was directly used either for SDS-PAGE or for 
total digestion.

SDS‑PAGE and in‑gel digestions for untargeted 
nanoLC–MS/MS

A previously optimized SDS-PAGE system was used to sep-
arate the HMW-GS before in-gel digestion (Geisslitz et al. 
2020). The isolated HMW-GS were incubated with sam-
ple buffer overnight under reducing conditions using DTT 
(50 mmol/L) at 22 °C. The solutions were heated for 10 min 
at 60 °C and 12 µL were loaded into the wells of a Novex 6% 
Tris–glycine Gel, WedgeWell format (1.0 mm, 10-well, Inv-
itrogen, Carlsbad, CA, USA). The proteins were separated 
using a tris(hydroxymethyl)aminomethane (Tris)-glycine 

buffer (25 mmol/L Tris, 192 mmol/L glycine, pH 8.3) at 
225 V and 125 mA. After gel electrophoresis, the pro-
teins were fixed in trichloroacetic acid (12%), stained with 
Coomassie Brilliant Blue R-250 (3 mmol/L) and destained 
with mixtures of methanol, water and acetic acid.

In-gel digestion was performed as described elsewhere 
(Geisslitz et al. 2020). In brief, bands were cut out with 
a scalpel and transferred into tubes (Table 1). Bands were 
again destained twice with destaining solution containing 
ammonium bicarbonate (25  mmol/L) in water/acetoni-
trile (50/50, v/v). Reduction was carried out with tris(2-
carboxyethyl)phosphine (TCEP) (0.05 mol/L) and alkyla-
tion with chloroacetamide (CAA) (0.5 mol/L). The bands 
were again washed two times with destaining solution and 
afterward the bands were dried with acetonitrile. Proteins 
were digested with a mixture of trypsin and chymotrypsin 
(enzyme–substrate ratio: 1:10). After digestion overnight, 
the solutions were transferred to a new tube and the peptides 
were extracted from the gel slice first with formic acid (1%, 
v/v) and second with a mixture of water/acetonitrile/formic 
acid (49/50/1, v/v/v). The combined solution was concen-
trated in a rotational vacuum concentrator (Martin Christ 
Gefriertrocknungsanlagen GmbH, Osterode, Germany) and 
stored at − 20 °C prior to analysis.

Total digestion of isolated HMW‑GS for targeted LC–
MS/MS‑PRM

The digestion of isolated HMW-GS was performed as 
described elsewhere (Geisslitz et al. 2020). In brief, the resi-
due containing the isolated HMW-GS was dissolved in a 1:1 
mixture of propan-1-ol and Tris buffer (0.5 mol/L, pH 8.5). 
Reduction was performed using TCEP and alkylation using 
CAA. After concentration in a rotational vacuum concen-
trator, the proteins were digested with a mixture of trypsin 
and chymotrypsin overnight (enzyme–substrate ratio: 1:20). 
The digestion was stopped with trifluoroacetic acid and the 
peptides were purified by solid-phase extraction (Supelco 
Discovery®, DSC-18, 100 mg volume). The peptides were 
eluted with water/acetonitrile/formic acid (49.9/50/0.1, 
v/v/v) and concentrated in a rotational vacuum concentra-
tor and stored at − 20 °C prior to analysis.

Untargeted nanoLC–MS/MS analysis of in‑gel 
digestions

The in-gel digestions were analyzed by nanoLC–MS/MS as 
described in Geisslitz et al. (2020).

Targeted LC–MS/MS‑PRM analysis

A Dionex Ultimate 3000 UHPLC system (ThermoFisher 
Scientific, Waltham, MA, USA) was coupled to a Q Exactive 

Table 1   Cutted bands for in-gel digestion and cultivars for the pooled 
sample of total digestion

# The separation of these bands was not efficient to cut these band 
separately

In-gel digests Total digestion: Pooled sample

Cultivar Bands Cultivar HMW-GS

Dekan Bx6
By8
Dx5
Dy10

Ambition Dx3 + Dy12
Bx6 + By8

Julius Dx2
Bx7
By9
Dy12

Event Ax2*
Bx7 + By(9)
Dx5 + Dy10

Orcas Ax1
Dx5
Bx7
By(9)

Lear Dx2 + Dy12
Bx7

Oxal Ax1 + Dx3#

Bx17 + By18#
Mulan Ax1

Dx2 + Dy12
Bx7 + By8

Sonett Ax2* + Dx5#

Bx14
By15

Sonett Ax2*
Bx14 + By15
Dx5 + Dy12

Tommi Ax1 + Dx2# Tabasco Dx2 + Dy12
Bx17 + By18
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Plus Orbitrap mass spectrometer (ThermoFisher Scientific). 
The digests were dissolved in 100 µL water containing ace-
tontrile (2%) and formic acid (0.1%) and separated by an 
Acquity UPLC® column (HSS T3, 1.8 μm, 2.1 × 150 mm, 
Waters, Milford, MA, USA). The injection volume was 
10 µL, the flow rate was 0.2 mL/min, solvent A was water 
(0.1% formic acid), solvent B was acetonitrile (0.1% for-
mic acid), the gradient was 0–1 min 5–8% B, 1–14 min 
8–18% B, 15–18 min 18–25% B, 18–23 min 25–40% B, 
23–25 min 40–80% B, 25–27 min 80% B, 27–28 min 80–5% 
B, 28–35 min 5% B and the column temperature was 55 °C. 
The eluate from the analytical column was sprayed via a ESI 
source (ThermoFisher Scientific) into the MS at a source 
voltage of 3.5 kV, at a capillary temperature of 290 °C and 
S‐lens level of 50 (sheath gas flow rate: 40, aux gas flow 
rate: 10, sweep gas flow rate 1, aux gas heater temperature: 
100 °C). The Q Exactive Plus was set to PRM modus with a 
resolution of 17,500, injection time of 50 ms, an automatic 
gain control of 2e4, an isolation width of 1.6 m/z and a nor-
malized collision energy of 18, 23 and 27 for fragmentation. 
A maximum of 120 precursors were scanned per method.

Identification of 14 HMW‑GS for targeted LC–MS/
MS‑PRM

The nanoLC–MS/MS raw data of the in-gel digestions were 
evaluated by MaxQuant (version 2.0.3.0) (Cox and Mann 
2008) using a UniProtKB database with the taxonomy 
“4565” (Triticum aestivum) downloaded on 8 June 2023, 
which contained 147,541 entries. In general, the default 
settings were enabled. Carbamidomethylation at cysteines 
was set as fixed modification, oxidation at methionine and 
acetyl at protein N-terminus as variable modification, chy-
motrypsin and trypsin as hydrolytic enzymes and match 
between runs were chosen.

The output file “proteinGroups.txt” of the MaxQuant 
search was imported in Microsoft Excel 2016 and those 
entries containing the keywords “high”, “HMW” and/or 
“glutenin” were marked (Online Resource 2). Each of these 
accessions was searched in UniProtKB and the informa-
tion provided there was added in the Excel sheet as varia-
tion name (e.g., “Dy12”). If no information was available, 
“HMW” was added. Entries containing less than 200 amino 
acids were labeled as “fragment”. Subsequently, the entries 
labeled as “fragment” were deleted.

In the second step, the in-gel digestions were evaluated 
with PEAKS®XPro (version 10.6, Bioinformatics Solu-
tions Inc., Waterloo, ON, Canada). As database, the reduced 
database from the MaxQuant search containing 96 proteins 
was used and each cut band was evaluated separately. The 
default settings were enabled for data refinement, DeNovo 
and database search. Carbamidomethylation at cysteines was 
set as fixed modification and chymotrypsin and trypsin as 

hydrolytic enzymes. The results were filtered on false dis-
covery rate of 1% on peptide level.

Selection of marker peptides for targeted LC–MS/
MS

For the selection of marker peptides, Skyline (version 
23.1.0.268) (MacLean et al. 2010) was used. The peptide 
settings were: Enzyme: Cleaving after F, W, Y, L, R, K, but 
not if P is present; max. missed cleavages: 3; min. peptide 
length: 8; max. peptide length: 54; exclude N-terminal AAs: 
0; modifications: Carbamidomethyl (C). The transition set-
tings were: Precursor and product ion mass: Monoisotopic; 
precursor charges: 2, 3, 4, 5; ion charges: 1; ion types: y, 
b; product ion selection: From ion 3 to last ion; min. m/z: 
50; max. m/z: 1500. The amino acid sequences of the 14 
main HMW-GS (Online Resource 3) were added to Skyline 
and the peptides meeting following criteria were chosen 
for the first PRM screening: (1) Identified unique peptides 
from a second PEAKS search with the raw data of the in-gel 
digests, but as one big sample set, and as database only the 
14 main proteins. (2) Unique peptides according to Skyline 
without a missed cleavage. (3) Peptides that were unique 
within By (By8, By9, By15 and By18), but not to Ax, Dx 
and Dy and peptides from Bx17 that were unique to all oth-
ers, but not to Bx7 (Online Resource 4).

For the first screening, a pooled sample containing Event, 
Lear, Sonett, Tabasco, Mulan and Ambition (Table 1), which 
covered all HMW-GS, was analyzed by targeted LC–MS/
MS-PRM. The PRM first screening results were imported 
into Skyline and peptides were deleted that showed no over-
lapping MS2 fragments from at least five fragment traces. 
The remaining peptides were confirmed by LC–MS/MS-
PRM with a lower number of precursors per method (maxi-
mal 50) scanning the pooled sample. Peptides with ambigu-
ous fragments were again deleted.

As next step, the six samples were measured individually 
by targeted LC–MS/MS-PRM. Peptides that were not pre-
sent in the sample that should contain the respective HMW-
GS or peptides that were present in all samples were deleted.

As last step, maximal three peptides for each HMW-GS 
were chosen for the final method based on a low number of 
missed cleavages (ideally no missed cleavages), high inten-
sity and a high number of overlapping fragments from the 
same peptide.

Creation of the final targeted LC–MS/MS‑PRM 
method

Only one precursor per peptide was chosen that showed the 
most overlapping fragments and had the highest intensity. A 
timed PRM method was created with a scanning time of at 
least ± 2 min around the peak maximum. In the final Skyline 
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document maximal the ten most intensive fragments were 
kept and the others deleted. All samples were analyzed with 
the final method containing 31 peptides (Online Resource 5).

Application and validation of the final method

The LC–MS/MS-PRM raw data were imported into Skyline 
and synchronized integration was enabled. The integration 
was manually adjusted, so that the retention times were the 
same for one peptide in all samples, respectively. The Sky-
line window “Peak Areas – Replicate Comparison” was set 
to “Normalized to Total” and the proportional fragment dis-
tribution was used to set positive or negative identification. 
The mean was calculated over the fragments that contained 
the respective HMW-GS (Online Resource 6). Only frag-
ments with a proportion higher than 5% were considered 
for identification. The respective HMW-GS was present, if 
the fragment proportion of more than the half of fragments 
with higher value than 5% varied only maximal ± 10% from 
the mean. With this identification criterion it was possible 
to group the samples with known composition into “cor-
rect identification” (the respective HMW-GS should be 
present and was detected), “false negative identification” (it 
should be present, but was not detected), “correct absence” 
(it should be not present and was not detected) and “false 
positive identification” (it should be not present, but it was 
detected), and the unknown samples into “presence of” and 
“absence of” the respective peptide.

Sequence alignment and peptide searches

Two proteins were aligned with the “Align” tool within 
UniProtKB using the Clustal Omega program to obtain the 
sequence identity (Sievers & Higgins 2018). More than three 
proteins were aligned with Tcoffee and the average distance 
was calculated with BLOSUM62 (Notredame et al. 2000) 
using the JalView application (version 2.11.4.1) (Water-
house et al. 2009). Peptides were searched with the “Peptide 
search” tool within UniProtKB (Chen et al. 2013).

Results

A schematic overview of the steps for the creation of the 
targeted LC–MS/MS-PRM method is shown in Fig. 1.

Creation of an HMW‑GS database

The MaxQuant search of the in-gel digestions revealed 95 
protein groups including 12 contaminants (Online Resource 
2) in the 18 cut bands (Table 1). Within the remaining 83 
wheat protein groups, 35 protein groups contained the key-
words “high”, “HMW” and/or “glutenin”. In some protein 

groups only one protein was present, but the largest protein 
group contained 14 proteins, which had a sequence identity 
of more than 85%. In total, 136 individual proteins were 
identified of which 40 proteins were fragment sequences and 
deleted, because they did not reflect a complete sequence of 
HMW-GS. The remaining 96 proteins corresponded to 33 
protein groups and covered the HMW-GS Ax1, Ax2, Dx2, 
Dx5, Bx6, Bx7, By8, By9, Bx14, By15, Bx17, By18, By20, 
Bx23, Dy10 and Dy12. No entry corresponded to the HMW-
GS Dx3 and a UniProtKB search revealed no entry for Dx3 
in T. aestivum (8th December 2023).

Because MaxQuant summarized the proteins in protein 
groups due to a very high similarity, it was proven again as 
before (Geisslitz et al. 2020) that MaxQuant was not the best 
software tool to identify and characterize individual wheat 
HMW-GS, but PEAKS was more suited. However, other 
software tools were not tested and might be also well suited.

Identification of the main proteins for targeted 
analysis

As second step, the in-gel digestions were evaluated using 
PEAKS searching against the small database with 96 pro-
teins. Due to the insufficient separation of some bands 
(Table 1), not all cut bands contained only one HMW-GS, 
but some also two HMW-GS (e.g., the first band from 
Tommi: Ax1 and Dx2). To identify the main HMW-GS 
accession, the identified protein had to have not only a high 
sequence coverage, but additionally a high −10lgP value 
(probability of correct identification) and a correct variation 
name based on the available information in the UniProtKB 
database. With exception of Dx3, one UniProtKB acces-
sion was chosen for each HMW-GS (Table 2) and details on 
how the HMW-GS were identified, can be found in Online 
Resource 3.

An average distance tree based on multiple sequence 
alignment of the 14 HMW-GS showed (Fig. 2) that there 
were five main groups with high sequence identity and the 
five groups were according to the chromosome (Ax, Bx, By, 
Dx and Dy), what confirmed that a correct accession was 
chosen for each HMW-GS. High identity was found for Ax1 
and Ax2*, Dx2 and Dx5, Bx7 and Bx14, By8 and By15, By9 
and By18, Dy10 and Dy12, respectively.

Identification of unique peptides within the 14 main 
HMW‑GS

No unique peptides were identified for Bx7, By8 and By9 
by PEAKS (Table 2). Between two and 22 unique peptides 
were identified for the other HMW-GS. Because the number 
of potential marker peptides was very low for some HMW-
GS (e.g., two for By18 and three for Bx17), not only the 
identified unique peptides were considered, but also peptides 
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without missed cleavages that were assigned as unique by 
Skyline. However, this procedure only increased the number 
of unique peptides for Ax1, Ax2*, Dx2, Dx5, Bx6, Bx14, 
By15, Dy10 and Dy12, but not for Bx7, By8, By9, Bx17 
and By18. Because Bx7 and Bx17 possess a sequence iden-
tity of 100% (Bx17 has 42 amino acids more than Bx7), 
peptides without missed cleavages that were unique versus 
all other HMW-GS, but not within Bx7 and Bx17, were 
added as well, what increased the number of peptides for 
Bx7 to seven and for Bx17 to ten (Table 2). The same was 
true for By9 and By18, which have a sequence identity of 
99.9% (one exchange and By18 has 15 amino acids more 
than By9). The number of unique peptides without missed 
cleavages that were unique versus all other HMW-GS, but 

not within By9 and By18, was increased to ten for By9 and 
to twelve for By18. As By8 is quite similar to Dy10 (93.4% 
sequence identity) and Dy12 (94.8% sequence identity), pep-
tides were added that were unique within the group of By, 
but not to other HMW-GS especially to Dy10 and Dy12, 
what increased the number of peptides for By8 to twelve 
and subsequently for Dy10 and Dy12 to 32 and 26, respec-
tively. In total, 215 differing peptides were screened in the 
first screening.

In the pooled sample containing all HMW-GS, 83 dif-
fering peptides were confirmed (Online Resource 4). The 
reduction from 215 to 83 peptides is on the one hand due to 
the analysis of differing samples: For the selection of the 215 
peptides, identified unique peptides from the in-gel digests 

Fig. 1   Workflow for the creation of the targeted LC–MS/MS-PRM method to identify 14 HMW-GS in common wheat. Green boxes: Software; 
orange boxes: Analyzed sample; gray box: Result; yellow box: Cross reference to Table or Online Resource
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and theoretical unique peptides without missed cleavages 
were scanned. Some of the identified unique peptides had a 
maximum number of three missed cleavages, what might be 
not repeatable in the total digests. However, peptides without 
missed cleavage might be detectable in the total digests, even 
though they were not identified in the in-gel digests. This 
means that in the total digests indeed other peptides might 
be present, but for the final method, robust and repeatable 

peptides should be selected. On the other hand, the identifi-
cation algorithm within PEAKS might be not correct for all 
peptides, leading to false positive identifications, which was 
excluded by the PRM experiments.

The three identified unique peptides for Bx17 had at least 
two missed cleavages. It was not possible to confirm these 
peptides by PRM (Online Resource 4) and thus, Bx7 and 
Bx17 were not distinguishable with the final method. Even 
though the identified unique peptides for By18 had either no 
missed cleavage or only one missed cleavage, they were not 
detectable by PRM and thus, they were not repeatable and 
suitable. Therefore, By9 and By18 were not distinguishable 
as well. All peptides for By8 were also present in Dy12 and 
they cannot be assigned as unique and By8 was not identifi-
able, if Dy12 is present as well. Nevertheless, the peptides 
were kept, because it might be possible that if By8 is pre-
sent in combination with Dy10, the peptides can be used to 
identify By8.

As only a pooled sample was previously analyzed by 
PRM, the individual samples were scanned on the remain-
ing 83 peptides in the next step. With the exception of By15 
(only two), at least three potential marker peptides were left 
per HMW-GS (Online Resource 4) and in total 56 differing 
peptides. As last step, the number of marker peptides was 

Table 2   Main wheat HMW-GS 
proteins for the targeted LC–
MS/MS analysis with their 
− 10lgP values, sequence 
coverages and their number of 
identified unique peptides in 
the in-gel digests revealed by 
PEAKS

Additional unique peptides without missing cleavage according to Skyline. Number of marker peptides for 
each HMW-GS in the final method. More information and more details can be found in Online Resource 3 
and Online Resource 4
# If two or more bands were analyzed for one HMW-GS, the highest -10lgP and the highest sequence cov-
erage is shown. + Repeated peptides are only counted once. A not unique to Bx17; B seven not unique to 
Dy10 and Dy12 and five not unique to Dy12; Cnot unique to Dy12; D not unique to By18; E three unique 
for Bx17, but seven not unique to Bx7; F not unique to Bx7; G two unique for By18, but ten not unique to 
By9; H not unique to By9; I three unique for Dy10, but seven not unique to By8 and Dy12; J one unique for 
Dy12, but seven not unique to By8 and Dy10 and five not unique to By8; K two unique for Dy12, but three 
not unique to By8

UniProtKB accession HMW-GS −10lgP# Sequence 
coverage 
[%]#

Unique 
peptides 
(PEAKS)

Unique peptides 
without missed 
cleavage

Marker 
peptides

A0A059UHD1 Ax1 530 70 9 5 2
A0A060MZP1 Ax2* 475 77 13 5 2
J7G6L4 Dx2 538 61 19 3 3
P10388 Dx5 542 65 16 5 3
A0A1B0Z3C8 Bx6 450 77 20 11 3
Q42451 Bx7 556 94 0 7A 3A

A0A1G4P1V2 By8 430 48 0 12B 3C

Q03871 By9 412 78 0 10D 3D

A0A3G4ZJR3 Bx14 550 90 17 8 3
W0C8U3 By15 399 71 11 2 1
Q18MZ6 Bx17 514 78 3 7E 3F

U5YQV1 By18 509 70 2 10G 3H

P10387 Dy10 358 58 22 10I 3
Q6RX92 Dy12 426 73 13 13 J 5 K

Total number of peptides+ 145 72 31

Fig. 2   Average distance tree of the protein sequences from the 14 
HMW-GS accessions of the final LC–MS/MS-PRM method using 
BLOSUM62 from TcoffeeWS. Coloring according to the clusters of 
Ax, Bx, By, Dx and Dy
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reduced (maximal three per HMW-GS) leading to 31 pep-
tides in the final method (Online Resource 5).

Refinement of the final method

In the final method, the most peptides were measured as 
2 + (17 peptides) and 3 + (12 peptides) and only two peptides 
as 4 + (Online Resource 5). Only for three peptides, less than 
ten fragments were detectable. The peptides were detectable 
with relatively evenly distributed y- and b-fragments with 
the exception of one peptide, as only y-fragments had the 
highest intensities.

The final method was applied to 37 samples with known 
and to 58 samples with unknown HMW-GS composition. 
First, it was checked, if the selected marker peptides were 
suitable for the detection of the individual HMW-GS.

Identification and detection of Ax

Two peptides were analyzed for Ax1 and Ax2*, respectively. 
Eleven cultivars contained Ax1, three cultivars Ax2*, one 
cultivar (Miras) both Ax1 and Ax2* and in 22 cultivars Ax 
was not expressed within the 37 samples with known HMW-
GS composition. The fragments of the first peptide of Ax1 
(P1) were mostly absent in cultivars having either Ax2* or 
no expression of Ax (Online Resource 6). On the other hand, 
most of the fragments of the second Ax1 peptide (P2) were 
present in these cultivars, but with exception of two cultivars 
(Genius and Tobak), the fragments were distributed com-
pletely different as in the cultivars having Ax1. In general, 
P1 seemed to be the more reliable peptide for the identifica-
tion of Ax1. Similar was observed for the peptides of Ax2*. 
The fragments of the two peptides of Ax2* (P3 and P4) were 
mostly absent in cultivars having no Ax2* or had the wrong 
distribution. In general, both peptides seemed to be reliable 
for the identification of Ax2*.

Of the eleven cultivars containing Ax1, ten cultivars were 
unambiguously identified as Ax1, because both peptides of 
Ax1 and no peptides of Ax2* were present in these cul-
tivars (Fig. 3A). In the remaining cultivar (Akteur), only 
one peptide of Ax1, but no peptide of Ax2* was identified, 
so that the tendency was the presence of Ax1. However, 
two cultivars (Genius and Tobak), in which Ax was actually 
not expressed, showed the same behavior as Akteur: One 
peptide of Ax1 (P2) was identified false positive. All other 
cultivars with no expression of Ax, contained no peptide of 
Ax1 and Ax2*. In only two (Event and Sonett) of the three 
cultivars having Ax2* both peptides of Ax2*, but not the 
peptides of Ax1, were identified. The absence of the Ax2* 
peptides in Konsul might be because the sample was not the 
cultivar Konsul, but another cultivar (see also the results 
of Bx). It was proven that Miras contained both Ax1 and 
Ax2*, because all four peptides were detected. The selected 

peptides for Ax1 and Ax2* worked well for the identification 
of Ax1 and Ax2* with the limitation that if only one of the 
two Ax1 peptides was present, it was ambiguous if Ax1 is 
indeed present or not.

In 16 of the 58 samples with unknown HMW-GS com-
position, the two peptides of Ax1 (P1 and P2) were identi-
fied and thus, Ax1 was present (Fig. 3B). In three cultivars, 
both peptides of Ax2* (P3 and P4) were identified. For 
eleven cultivars, it was not possible to confirm the presence 
or absence of Ax1, because P2 was identified, but P1 not. 
There was no expression of Ax in almost half of the samples 
(28 cultivars), as P1, P2, P3 and P4 were not detectable. 
The identified HMW-GS composition of the samples with 
unknown combination is summarized in Online Resource 7.

Identification and detection of Dx and Dy

The expression of Dx and Dy is fixed prescribed, as Dx5 
is always in combination with Dy10, and Dy12 can be in 
combination with Dx2 or Dx3. The combination of Dx2 and 
Dy12 was described to be present in 17 cultivars, that of 
Dx3 and Dy12 in four cultivars and that of Dx5 and Dy10 
in 16 cultivars within the samples with known composi-
tion. Three peptides were analyzed for Dx2, Dx5 and Dy10, 
respectively, and two peptides for Dy12, no peptides (and 
no protein sequence) were available for Dx3. The fragments 
of the three peptides of Dx2 (P5, P6, P7) were present in 
the four cultivars having Dx3 (Ambition, Konsul, Oxal and 
Ritmo) with the correct distribution (Online Resource 6). As 
already stated, the final method was not able to distinguish 
Dx2 and Dx3.

On the other hand, the fragments were absent or showed 
the incorrect distribution in all cultivars with Dx5. The only 
exception was Format (Dx5), in which two peptides of Dx2 
(P5 and P7) had the correct distribution. The results of Dx2 
were in agreement with the findings of Dy12. The fragments 
of the peptides of Dy12 (P30 and P31) were absent or had 
the wrong distribution in cultivars that contained Dy10 with 
the exception that Bussard and Format (both Dy10) had the 
correct distribution for P30 and P31. Overall, P6, P30 and 
P31 seemed to be suited to identify Dx2 and Dy12.

The fragments of the three peptides for Dx5 (P8, P9, P10) 
were mostly present in all cultivars, but only the cultivars 
Ambition (P8, P10), Julius (P8, P9, P10) and Vuka (P8, P9, 
P10) that actually contain Dx2, had the correct distribution. 
The same was true for the three peptides for Dy10 (P27, 
P28, P29). Again, the three cultivars Ambition, Julius and 
Vuka showed the correct distribution of these three peptides.

Combining the findings of Dx2, Dx5, Dy10 and Dy12, 
the identification of these HMW-GS worked quite well, 
with some interesting findings (Fig. 4A): (i) The culti-
var Vuka should contain Dx2 and Dy12, but the method 
showed clearly that this sample had Dx5 and Dy10. The 
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most probable reason is that this sample was not the cul-
tivar Vuka, but another cultivar. (ii) All eleven peptides 
were detected in the cultivar Julius and, furthermore, nine 
of eleven in Ambition, eight of eleven in Bussard and ten of 
eleven in Format. The intensities of the peptides that should 
be actually not present, were very low (maximal 10% com-
pared to cultivars that contained the respective HMW-GS), 
so that the most probably reason might be that the flour was 
a mixture of more than one cultivar due to contamination 
during sowing or harvest. (iii) In Ares, one peptide of Dx2, 
in Akteur, one peptide of Dx5, and in JB Asano, one peptide 
of Dy10 was missing, respectively. This might be an issue 
of concentration, because the most abundant fragments were 
present, but the low abundant not, so that the distribution 
was not correct for these peptides. Taken together, the iden-
tification of Dx and Dy worked well and the peptides were 
suitable to detect Dx2, Dx5, Dy10 and Dy12.

In 45 of the 58 samples with unknown distribution, the 
combination Dx2 and Dy12 was identified (Fig. 4B), with 
the limitation that it could also be Dx3. Only two of the 
three peptides for Dx2 were identified in one cultivar (Nied-
erbayerischer Braun). Additionally, in this cultivar and in a 
second one (Noerdlinger Roter) one peptide of Dy10 (P27) 
was identified and in the latter one also one peptide of Dx5 
(P8). Furthermore, in seven cultivars, the second peptide of 
Dy10 (P28) was identified as well, but no other peptides of 
Dx5 and Dy10. However, the most probable was that these 
nine cultivars contain Dx2 and Dy12. In five cultivars, only 
the peptides of Dx5 and Dy10 were identified and thus, this 
combination was present. In one cultivar (Roter Saechsis-
cher Landweizen), all peptides of Dx5, Dy10 and Dy12 were 
identified, but no peptides of Dx2 and thus, the combina-
tion of Dx5 and Dy10 was the most probable one. Again, 
five cultivars contained all eleven peptides and one cultivar 

Fig. 3   Identification of Ax1 (P1, P2) and Ax2* (P3, P4) in samples 
with A known and (B) unknown HMW-GS composition. Gray box 
indicates identification. A Boxes at the right side indicate, which 
HMW-GS should be present. * Miras contains both Ax1 and Ax2*. B 

Boxes at the right side indicate, which HMW-GS was supposed to be 
present. The box with “?” indicates that it was not possible to state, if 
Ax1 was present or Ax was not expressed (n)
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(Ackermanns Bayernkönig) eight and one cultivar (Merlin) 
ten of the eleven peptides and it was not possible to assign a 
HMW-GS combination.

Identification and detection of Bx

Three peptides were analyzed each for Bx6, Bx7/Bx17 and 
Bx14. As already explained, it was not possible to distin-
guish between Bx7 and Bx17 with the final method. Eight 
cultivars are described to contain Bx6, 23 cultivars Bx7, one 
cultivar Bx6 and/or Bx7 (Format), two cultivars Bx7*, one 
cultivar Bx14 (Sonett) and two cultivars Bx17 within the 37 
samples with known HMW-GS composition.

The fragments of the three peptides of Bx6 (P11, P12 and 
P13) were either absent or showed the incorrect distribu-
tion in cultivars having Bx7, Bx17 or Bx14 with one excep-
tion as Bussard had the correct distribution of P12 (Online 

Resource 6). Thus, especially, P11 and P13 were suitable to 
identify Bx6.

The fragments of the three peptides of Bx7 and Bx17 
(P14, P15 and P16) showed the correct distribution in Kon-
sul und Ritmo, even though both cultivars contain Bx6. 
None of the three peptides were better or worse suited for 
the identification of Bx7 and Bx17.

Only a few fragments of the three peptides for Bx14 (P23, 
P24 and P25) were detectable in samples that do not contain 
Bx14 and the distribution varied completely from that of 
Sonett. Even though only this one cultivar with Bx14 was 
analyzed, all three peptides were suitable to identify Bx14 
unambiguously.

Six of the eight cultivars containing Bx6 were unam-
biguously identified, because only the peptides of Bx6 were 
detectable, but not those of Bx7/Bx17 and Bx14 (Fig. 5A). 
In Ritmo and Konsul having actually Bx6, not only the Bx6 

Fig. 4   Identification of Dx2 (P5, P6, P7), Dy12 (P30, P31), Dx5 (P8, 
P9, P10) and Dy10 (P27, P28, P29) in samples with A known and 
B unknown HMW-GS composition. Gray box indicates identification. 
A Boxes at the right side indicate, which HMW-GS should be pre-

sent. * These cultivars contain Dx3 and Dy12. B Boxes at the right 
side indicate, which HMW-GS was supposed to be present. The box 
with “?” indicates that it was not possible to state the combination



Cereal Research Communications	

peptides, but also the peptides of Bx7/B17 were detected. 
The reason for this might be again the presence of a mixture 
of cultivars. In Format, only the peptides of Bx7, but not 
of Bx6 were identified, so that this flour of Format did not 
contain both, but only Bx7. Only in Bussard that should 
contain only Bx7, one peptide of Bx6 was additionally iden-
tified, but with very low intensity. In addition to the fact that 
also Dy12 peptides were present (Fig. 4A) in Bussard, this 
is also an indication that this sample is contaminated with 
another cultivar(s). In all other cultivars containing Bx7 or 
Bx17, only these peptides were identified and no difference 
between cultivars with Bx7 or Bx7* was present. With only 
some limitations (Konsul and Ritmo), the identification of 
Bx6, Bx7/Bx17 and Bx14 worked unambiguously and very 
well.

In 15 of the 58 samples with unknown distribution, 
Bx6 was identified and all three peptides were identified 
(Fig. 5B). In three cultivars, only two of the three peptides 

(P11 and P12) and in eight cultivars only one peptide (P12) 
was identified, but no peptides of Bx7/Bx17. Only with this 
information, the most probable was that Bx6 was present, 
but this was not for sure (see the results of By). In 26 cul-
tivars, Bx7 or Bx17 were unambiguously identified, as the 
three peptides of Bx7/Bx17 were present. Only one culti-
var (KWS Sharki) contained Bx14, as the three peptides for 
Bx14 were identified. In five samples, the composition was 
not identifiable, because in two of them (Hadmerslebener 
Qualitas and Pilot) all peptides of Bx6 and Bx7/Bx17 were 
present, and in the other three cultivars at least one Bx6 
peptide was identified.

Identification and detection of By

The assignment of By was confronted with the big-
gest issues. The three peptides of By9 and By18 were 
present in both HMW-GS and thus, they were not 

Fig. 5   Identification of Bx6 (P11, P12, P13), Bx7/Bx17 (P14, P15, 
P16) and Bx14 (P23, P24, P25) in samples with A known and B 
unknown HMW-GS composition. Gray box indicates identification. 
A Boxes at the right side indicate, which HMW-GS should be pre-
sent. *Format contain both Bx6 and/or Bx7. + Caribo and Cubus con-

tain Bx7*. B Boxes at the right side indicate, which HMW-GS was 
supposed to be present. Bx13 was predicted, but there was no evi-
dence. The box with “?” indicates that it was not possible to state the 
combination
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distinguishable. The three peptides of By8 were also pre-
sent in the sequence of Dy12. The only peptide of By15 
was at least unique for By15. Thirteen cultivars contained 
By8 (of that ten in combination with Dy12 and three with 
Dy10), 13 cultivars By9, four cultivars By(9), one culti-
var (Sonett) By15, two cultivars By18 and in four culti-
vars By was not expressed (of that three in combination 
with Dy12) within the 37 samples with known HMW-GS 
composition. The fragments of the peptides for By8 (P17, 
P18 and P19) were present in some samples that didn’t 
contain By8 and/or Dy12, but only P17 and P18 had the 
correct distribution in Bussard. The fragments of the three 
peptides of By9/By18 (P20, P21 and P22) were present in 
most samples and a lot of samples that didn’t contain By9/
By18 showed also the correct distribution. The fragments 
of the peptide for By15 (P26) were present in almost all 

samples, but they had a completely differing composition 
compared to Sonett.

The peptides P17, P18 and P19 that are present in By8 
and Dy12 were identified in all samples containing Dy12 
(Fig. 6A) with two exceptions: i) They were not present in 
Vuka, but it was already shown that this sample contained 
Dx5 and Dy10; ii) one peptide (P19) was not present in 
Lear. Additionally, in Format (P17, P18 and P19) and Bus-
sard (P17 and P18), the peptides were also identified, even 
though they contained Dy10. This is in agreement with the 
findings of the other two peptides of Dy12 (P30 and P31), 
which were present in Bussard and Format (Fig. 4A). The 
cultivars Dekan and Jubilar that had By8, showed no pres-
ence of the By8 peptides. To conclude, P17, P18 and P19 
were not suitable to detect By8 in the sample set, but only 
Dy12.

Fig. 6   Identification of By8/Dy12 (P17, P18, P19), By9/By18 (P20, 
P21, P22) and By15 (P26) in samples with A known and B unknown 
HMW-GS composition. Gray box indicates identification. A Boxes at 
the right side indicate, which HMW-GS should be present for By and 

Dy. B Boxes at the right indicate, which Bx was supposed to be pre-
sent (Fig. 5B). The box with “?” indicates that it was not possible to 
state the combination. The box with “Bx6/Bx7/?” indicates that culti-
vars with various Bx were summarized
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The peptide of By15 (P26) was only present in Sonett, but 
one peptide (P22) of By9/By18 was also present in Sonett. 
However, it was for sure, that if the peptides of Bx14 (P23, 
P24 and P25) and the peptide of By15 (P26) were present, 
the sample contain the combination Bx14 and By15.

At least one of the peptides for By9 and By18 (P20, P21 
and P22) was present in all samples with some exceptions: 
(i) The peptides were absent in the four cultivars, in which 
By was not expressed; (ii) the cultivar JB Asano contained 
them not, even though By9 should be present. Thus, it was 
not possible to conclude that if none of the peptides of By 
was present (as it is for Cubus) By is nor expressed. Taken 
together, it was only possible to identify By15 confidentially, 
but the other variations of By including no By expression 
not.

Nevertheless, the presence of the peptides P17-P22 and 
P26 in the samples with unknown HMW-GS combination 
should be discussed (Fig. 6B). With exception of five culti-
vars, in all cultivars at least two peptides of By8/Dy12 (P17, 
P18 and P19) were detected and the ones having none of the 
peptides also did not contain Dy12 peptides (P30 and P31) 
(Fig. 4B). Some similarities and relations were identifiable 
in the sample set with unknown HMW-GS composition, but 
it was not possible to assign the By variety. For example, 
if all peptides of By8/Dy12 (P17, P18 and P19) and By9/
By18 (P20, P21 and P22) were present, Bx7 was suspected 
to be present or no assignment was possible. If only P22 was 
missing, but P17-P21 were present, Bx6 was suspected to be 
present or no assignment was possible. Instead, if P20 and 
P22 was missing, Bx6 or Bx7 was suspected to be present. 
To conclude in agreement with the sample set with known 
composition, no statement about By8, By9 and By18 was 
possible.

In four cultivars, the peptide of By15 (P26) was identi-
fied, but only in KWS Sharki, the peptides of Bx14 were 
identified as well, so that only this cultivar had the combina-
tion Bx14 and By15. Interestingly, the other three cultivars 
(Heges Basalt, Nordost Sandomir and Strengs Marschall) 
with P26 contained only two of three peptides of Bx6 (P11 
and P12), but P13 not (Fig. 5B). This phenomenon was 
not observed in the cultivars with known presence of Bx6 
(Fig. 4A). The most probable reason for this might be that 
these three cultivars had an HMW-GS combination that 
was not present in the sample set with known HMW-GS 
composition what might be also true for the eight cultivars 
that contained only one peptide of Bx6 (P12), but no other 
Bx peptides. A UniProtKB peptide search revealed that P12 
is also present and cleaved in three UniProtKB accessions 
labeled with the variation name Bx13 (B8ZX17, A5HMG1 
and H9B854) and thus, the nine cultivars could also contain 
Bx13. However, the frequency of Bx13 is quite low (< 1%) 
in cultivars worldwide (Grausgruber-Gröger et al. 1997; 
Igrejas et al. 1999; Nakamura 2000), while the frequency of 

Bx13 in our sample set would be very high (~ 9%). Accord-
ing to the initial catalog of HMW-GS by Payne and Law-
rence (1983), Bx13 is in combination with By16 or By19. A 
peptide search revealed that only one peptide of By9/By18 
(P21) is also present and cleaved in an accession labeled as 
By16 (A5HMG2) and this peptide is only present in one 
(Elixer) of the nine cultivars. The nine cultivars with sus-
pected Bx13 contained either only one or two peptides of 
By9/By18 or even none so that no further statements were 
possible.

Discussion

The quality and completeness of the protein database is one 
of the most important prerequisites to develop a targeted 
LC–MS/MS method for the identification and quantitation of 
proteins. Since the genome of wheat cultivar Chinese Spring 
has been sequenced (The International Wheat Genome 
Sequencing Consortium (IWGSC), 2018), the database is 
more accurate. However, there are different variations and 
combinations of HMW-GS and only one cultivar is not suf-
ficient to display the complexity of HMW-GS. It is well 
known that HMW-GS do not show only three, four or five 
spots in two-dimensional gel electrophoresis, but on average 
eight spots per HMW-GS (Dupont et al. 2011) that vary both 
in isoelectric point and molecular weight. These variations 
might be due to post-translational modifications (PTM) and/
or amino acid exchanges, insertions and deletions (reviewed 
by Cunsolo et al. (2004)). There is currently no consensus 
in literature whether PTM exist at HMW-GS. It is usually 
assumed that HMW-GS have no PTM, such as glycosyla-
tion, but a new study from 2020 showed that HMW-GS can 
be modified (Bacala et al. 2020). The improvement of prot-
eomic techniques contributes to new knowledge, but avail-
able literature on HMW-GS was often published more than 
ten years ago. It was shown that there is one less amino acid 
in a Dx2 compared to the amino acid sequence present in 
UniProtKB (Lagrain et al. 2014). With regard to our study, 
we can only speculate at this point why, for example, only 
one of the two Ax1 marker peptides was detected in some 
cultivars (e.g., PTM, amino acid variation). Further DDA 
analyses and de novo sequencing could explain this phe-
nomenon in future.

Compared to other studies, often the same UniProtKB 
accession was identified. For example, the accession P10388 
was used for the identification of Dx5 in four studies from 
2008 to 2017 (Aghagholizadeh et al. 2017; Lagrain et al. 
2012; Qian et al. 2008; Wang et al. 2012). Furthermore, 
some accessions were used that differed very slightly and 
had a very high sequence identity, e.g., Q03872 for Ax1 
(only one exchange to A0A059UHD1) or Q41553 for Ax2* 
(only two exchanges to A0A060MZP1) (Lagrain et al. 2012; 
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Qian et al. 2008; Wang et al. 2012). Instead, also accessions 
were used that differed more in the amino acid sequence 
compared to the ones used in the current study. For example, 
Q6UKZ5 was used for Bx14 (Wang et al. 2012) that has a 
sequence identity of only 96.6% to A0A3G4ZJR3 and sev-
eral exchanges, deletions and insertions. Q0Q5D8 was iden-
tified for By8 (Lagrain et al. 2012) that has a low sequence 
identity of 94.7% to A0A1G4P1V2 and several exchanges, 
deletions and insertions. This varying identification might 
be the reason that the new method is not able to identify 
By8. Q0Q5D8 was identified in the first MaxQuant search 
(Online Resource 2), but it was in a protein group with By9 
and By18. In the subsequent PEAKS search, Q0Q5D8 was 
not identified anymore (Online Resource 3). This shows that 
not only the database is crucial for method development, 
but also the evaluation software. Further optimizations (e.g., 
analysis of more cultivars, repeated PRM screenings) are 
required to expand the current LC–MS/MS-PRM method 
for the identification of By8, By9 and By18.

In the next step, the marker peptides have to fulfill further 
requirements. For reproducibility, the peptides should be 
fully cleaved and thus, the correct enzyme must be chosen. 
For example, trypsin leads only to eight peptides with an 
amino acid number between eight and 30 in Dx5 (P10388), 
but the combination of trypsin and chymotrypsin to a lot of 
peptides with less than eight amino acids and at the same 
time several peptides with more than 30 amino acids. Espe-
cially the motif “YYPTS” occurs frequently in the sequence 
and it is often not cleaved (Online Resource 4), even though 
there should be a cleavage after the first tyrosine (Y). This 
might be, because the cleavage is sterically hindered, even 
though the proline (P) is only very close but not adjacent. 
For the current method, it was not possible to select only 
peptides without missed cleavage, because the peptides 
without missed cleavage were not detectable or not unique.

Compared to other studies, only a low number of peptides 
were identified both in the current study and in literature and 
even a lower number overlapped for the marker peptides. 
Aghagholizadeh et al. (2017) identified only two overlapping 
peptides, Qian et al. (2008) only three, Martínez-Esteso et al. 
(2016) only one and Schalk et al. (2018) none. Only the two 
chosen peptides P4 (Dx2) and P5 (Dx5) were identified in 
only one study, respectively (Martínez-Esteso et al. 2016; 
Qian et al. 2008). One reason for this is that in these stud-
ies, either trypsin or chymotrypsin was used instead of the 
enzyme mixture leading to different cleavage sites. Further-
more, the aim in most publications was not the development 
of a targeted LC–MS/MS method to differentiate HMW-GS, 
but the peptides should not represent one single HMW-GS, 
but ideally the entirety of HMW-GS (Martínez-Esteso et al. 
2016; Schalk et al. 2018).

The frequency of the respective Ax, Bx, Dx and Dy is 
summarized in Table 3. The frequency of Ax1 (33%), Ax2* 

(7%) and no expression of Ax (60%) was almost the same in 
the cultivars with known and unknown composition. Instead, 
the composition of Dx5 and Dy10 was underrepresented in 
the sample set with unknown composition (12%) compared 
to the samples with known composition (43%). The frequen-
cies of these HMW-GS combinations varied greatly in sam-
ples worldwide. For example, the frequency of Ax1/Ax2*/
NULL was evenly in Portuguese cultivars (29%/34%/37%) 
(Igrejas et al. 1999) and Chinese cultivars (43%/32%/25%) 
(Gao et al. 2018) or biased in another set of Chinese culti-
vars (5%/14%/81%) (Nakamura 2000). In Portuguese culti-
vars, Dy10 (65%) is more frequent than Dy12 (Igrejas et al. 
1999), but in Chinese ones Dy12 (more than 75%) (Gao 
et al. 2018; Nakamura 2000). The underrepresentation of 
Dx5 and Dy10 in samples with unknown composition might 
be due to breeding. Dx5 and Dy10 are associated with better 
baking quality (Payne et al. 1987). One of the aims of breed-
ing was to improve baking quality, so it is clear, why there is 
more Dx5 and Dy10 in the sample set with known composi-
tion (modern cultivars), whereas old cultivars (first regis-
tered before 1950) (Pronin et al. 2020) and landraces (Jahn 
et al. 2024) have a higher proportion of Dx2 and Dy12 or the 
composition is unknown. Similar observation was made in 
Chinese old varieties and landraces (Dai et al. 2020).

LC–MS/MS analysis of HMW-GS has advantages and 
disadvantages compared to SDS-PAGE, RP-HPLC and 
MALDI-TOF. Sample preparation is more time-consuming 
compared to the other methods, because the HMW-GS 
need to be extracted and digested as well. Furthermore, 

Table 3   Frequency of HMW-GS composition within the sample set 
with known and unknown HMW-GS composition, respectively, and 
within the complete sample set

1 Miras (Ax1 and Ax2*) was not included for Ax and Format (Bx6 
and/or Bx7) was not included for Bx. 2 Cultivars with ambiguous 
composition (?) were not included each for Ax, Bx and Dx. 3 Only 
cultivars that were included in the second and third column were 
included. 4 Suspected presence

HMW-GS Known 
composition1

Unknown 
composition2

All3

Ax
Ax1 31% 34% 33%
Ax2* 8% 6% 7%
NULL 61% 60% 60%
Bx
Bx6 22% 28% 26%
Bx7/Bx17 75% 49% 60%
Bx134 – 21% 12%
Bx14 3% 2% 2%
Dx
Dx2/Dx3 + Dy12 57% 88% 75%
Dx5 + Dy10 43% 12% 25%
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the required equipment (LC and MS) is significantly more 
expensive compared to SDS-PAGE and specific expertise 
is required for data analysis. Nevertheless, MS-based tech-
niques allow far more insights on molecular level com-
pared to SDS-PAGE and RP-HPLC, especially if the DDA 
modus is used. Even quantitative statements are possible, 
which is not possible by SDS-PAGE. Two disadvantages 
of SDS-PAGE are that a perfect resolution and separation 
of all HMW-GS is not always achieved and the evaluation 
is performed manually. This is where the newly devel-
oped LC–MS/MS method demonstrates the advantages. 
If the marker peptide is present, it can be concluded that 
the respective HMW-GS is present with high probability. 
Even though the newly developed targeted LC–MS/MS-
PRM method does not cover all HMW-GS, this is the first 
MS-based method on peptide level for the differentiation of 
HMW-GS. Improvements and optimization of the method 
requires the advancement of the wheat protein database.

Conclusion

The final LC–MS/MS-PRM method can be used to unam-
biguously identify Ax1, Ax2*, Bx6, Bx14, Dx2, Dx5, Dy10, 
Dy12, as well as no expression of Ax, but cannot distin-
guish Bx7 and Bx17 and identify the variation of By due 
to high sequence identity to Dy and within By. The cor-
rect identification of By requires more accurate information 
within the protein database, because only four HMW-GS 
proteins (P10388: Dx5; P10387: Dy10; P08489: probably 
Dx2; P08488: Dy12) are reviewed proteins within the Uni-
ProtKB database and none for By. In comparison to other 
well-established methods such as SDS-PAGE, RP-HPLC 
and MALDI-TOF–MS, LC–MS/MS has a very high reso-
lution, is less biased by interpretation and provides more 
insights on molecular level, especially, if the peptides are 
not only analyzed by LC–MS/MS-PRM, but also by untar-
geted LC–MS/MS. The described procedure can be applied 
to expand the LC–MS/MS-PRM method for more HMW-GS 
or even to other wheat proteins, e.g., LMW-GS, in future 
and can be developed further to quantitate HMW-GS either 
label-free or with heavy isotopic labeled standards. Last, we 
showed that the characterization and detection of HMW-GS 
is still confronted with issues not only due to the incomplete 
protein database, but the identification results also depend on 
the evaluation software, which has to be taken into account, 
when analyzing wheat proteins and especially HMW-GS.
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