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Abstract
Allergy to sesame seeds is a food allergy of high relevance due to its high abundance and the potential to elicit allergenic 
reactions, possibly resulting in anaphylaxis. The major sesame allergen Ses i 1 is a 2S albumin belonging to the family of 
seed storage proteins and despite its high allergenicity, comprehensive knowledge about Ses i 1 variants is still lacking. We, 
therefore, performed a detailed sequence analysis and characterized the C- and N-terminal ragged clipping of the small and 
large subunit of Ses i 1 using high-resolution mass spectrometry and the combination of bottom–up, middle–down, and 
top–down proteomic approaches. We detected extensive clipping at the C-terminus of the large (3–9 aa) and the small subu-
nit (0–7 aa). In addition, the N-terminal conversion from glutamine to pyroglutamate and limited N-terminal clipping was 
confirmed for both subunits. Furthermore, we observed a sequence conflict at position 147 of Ses i 1 as well as a sequence 
shift of the large subunit compared to the reference sequence of the precursor.
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1  Introduction

White sesame (Sesamum indicum L.) seeds are used world-
wide for oil production and direct consumption, mainly as 
seasoning for different foods (bread, crackers and sweets). In 
addition, sesame oil is also used in pharmaceutical industry 
and cosmetics. The importance of sesame proteins as food 
allergens has been first reported in 2001 and it has been 
demonstrated that allergy to sesame can result in severe reac-
tions such as anaphylaxis [1–3]. The seed storage protein Ses 
i 1 has been identified as the major allergen of sesame with 
a high frequency of reactions of sesame allergic patients 
against this allergen [1].

Ses i 1 belongs to the family of 2S albumins, that are 
widely distributed in seeds and tree nuts. 2S albumins are 
localized in protein bodies of the respective seed [4] and are 
synthesized from a single ~ 13 kDa precursor protein that is 

post-translational processed into a small subunit (3–4 kDa) 
and a large subunit (9–10 kDa). Both subunits are stabilized 
by four disulfide-bridges [5].

Studies investigating heterogeneity of 2S albumins dem-
onstrate that these allergens are often highly polymorphic 
and that in general, several proteoforms are observed in the 
respective plant material [6, 7]. The occurrence of sequence 
polymorphisms is due to multiple genes encoding the respec-
tive 2S albumin and is highly pronounced in the hypervari-
able region that is in general neighboring epitope-binding 
sites. In addition, post-translational processing of the N- and 
C-terminal parts of both subunits can underlie 2S heteroge-
neity [8]. The clipping sites of termini can be heterogenic 
and results in variable length of the small and the large subu-
nits leading to “ragged” termini. This ragged clipping has 
been observed for several 2S albumins, i.e., from rapeseed 
[9–11], brazil nut [12], castor oil seeds [13], hazelnut [14] 
and sesame [15]. Moreno et al. observed C-terminal clip-
ping of the small subunit of Ses i 1 from white sesame seed 
as well as the modification of the N-terminal glutamines of 
both subunits to pyroglutamate [15]. Despite this important 
initial study, it is currently not clear, whether the C-terminus 
of the large subunit of Ses i 1 is also subjected to clipping 
and how the clipped subunits are combined in the intact pro-
tein. Using high-resolution mass spectrometry (HRMS) and 
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the combination of bottom–up, middle–down and top–down 
strategies previously established in our group for this pur-
pose [16], we aimed to provide a comprehensive overview of 
Ses i 1 sequence heterogeneity including C- and N-terminal 
clipping.

2 � Materials and Methods

2.1 � Materials and Reagents

White sesame (Sesamum indicum (L.)) seeds were purchased 
from a local supermarket, stored at − 20 ± 2 °C and were 
used within 3 months. Sodium acetate, tris(hydroxymethyl)
aminomethane (TRIS), urea, 1,4-dithiothreitol and 
ammonium bicarbonate were purchased from Carl Roth 
(Karlsruhe, Germany). Iodoacetamide and acetonitrile 
were purchased from Sigma-Aldrich (Muenchen, Germany). 
Trypsin (sequencing grade) was purchased from Promega 
(Madison, USA).

2.2 � Extraction of Sesame Proteins from Sesame 
Seeds

Due to its high fat content, sesame seeds were defatted prior 
analysis. The seeds were crushed in a knife mill (Grindo-
mix GM 100, Retsch, Haan, Germany) for 2–3 s to obtain 
a coarse flour. The ten-fold amount of n-pentane was added 
to the flour and the slurry was stirred continuously for 2 h at 
room temperature, sieved and air-dried overnight. The pre-
defatted, dry flour was subsequently milled to a fine powder 
in a nitrogen-cooled rotor-mill (Pulverisette, 1 mm mesh 
width, Fritsch, Idar Oberstein, Germany) and defatted a sec-
ond time as described above. The defatted flour was stored 
at − 20 ± 2 °C and used within 3 months.

Sesame proteins were extracted from the defatted flour 
by vigorous shaking (Mini shaker, VWR, 550 rpm) for 2 h 
in a five-fold excess of sodium acetate buffer (100 mM, pH 
3.6) or Tris buffer (100 mM, pH 8.0) at room temperature. 
Subsequently, the slurry was centrifuged at 9000×g (Uni-
versal 16, Hettich, Spenge, Germany) for 20 min at 23 °C 
and the supernatant was filtered through 0.22 µm pore size 
bottle–top filters (Steritop-GP, 0.22 µm, polyethersulfone, 
150 mL, 45 mm, Merck Millipore, Darmstadt, Germany). 
The sesame protein extract was stored at − 20 °C.

2.3 � Size Exclusion Chromatography

The isolation of the 2S albumin fraction from the sesame 
protein extract was performed by size exclusion chroma-
tography (SEC) using an ÄKTA purifier FPLC system (GE 
Healthcare, Muenchen, Germany) and Superdex 200 10/300 
GL column (GE Healthcare, Muenchen, Germany). The 

chromatographic separation was carried out with 100 mM 
Tris, pH 8.0 and a flowrate of 300 µL/min. Relevant frac-
tions were collected, precipitated with a five-fold volume of 
ice-cold acetone and analyzed by SDS-PAGE. The identity 
and purity of sesame 2S albumins was confirmed by in-solu-
tion digest and subsequent LC-HRMS analysis. Identifica-
tion of Ses i 1 was carried out on the basis of UniProt KB 
sequence Q9AUD1.

2.4 � Tryptic Digest and Peptide Desalting

Acetone-precipitated pellets of relevant fractions containing 
about 1 mg of total protein were dissolved in 100 µL of 6 M 
urea solution and reduced with 200 mM dithiotreitol. To 
prevent re-oxidation of reduced cysteine residues, alkyla-
tion with 100 mM iodacetamide was carried out. The extract 
was diluted with 100 mM Tris–HCl buffer to a final urea 
concentration of 0.6 M, to allow tryptic digest. The digest 
was performed under slow shaking at 37 °C overnight after 
addition of 20 µg sequencing grade trypsin. The digest was 
stopped by adjusting the pH to < 6 and the peptide solution 
was desalted using Strata-X 33u polymeric reversed phase 
(RP) cartridges filled with 30 mg/mL C18 material accord-
ing to the manual. Peptides were eluted from the cartridge 
with 70% MeOH/1% FA and the peptide solution was evapo-
rated at 40 °C under a continuous nitrogen flow. Peptides 
were resuspended in solvent A (3% acetonitrile (ACN)/1% 
FA). The solution was used for subsequent MS analysis.

2.5 � MS Analysis of Tryptic Peptides

The analysis of tryptic peptides was carried out by a separa-
tion step on a C18 HPLC column combined with subsequent 
high-resolution MS (HRMS) analysis. The samples were 
applied to an Accucore C18 column (Thermo Scientific, 
Dreieich, Germany) and peptides were separated with the 
following 120 min gradient: 3% B for 6 min, 3 to 12% B in 
6 min, from 12 to 35% B in 79 min, 35 to 60% B in 9 min, 
60% B for 8 min, 60 to 3% B in 2 min, 3% B for 10 min 
(A = 1% FA in H2O, B = 1% FA in ACN). The flow rate was 
set to 250 µL/min. The MS analysis was performed on an 
LTQ Orbitrap XL Mass Spectrometer (Thermo Scientific, 
Dreieich, Germany) in positive ionization mode. Data acqui-
sition was performed in both full MS mode and in the data 
dependent mode (DDMS). Survey full-scan MS spectra (m/z 
300–1500) were acquired with a resolution of r = 30,000. 
The five most intense peptide ions in each survey scan were 
isolated and fragmented in the HCD cell (normalized colli-
sion energy of 35% and activation time of 100 ms). Fragment 
ions were detected with a resolution of r = 7500. Dynamic 
exclusion was activated and set to 60 s. Mass spectrometric 
conditions were: source type: HESI; capillary temperature: 
275 °C; vaporizer temperature: 350 °C; sheath gas flow: 40 
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(arbitrary units); auxiliary gas flow: 20 (arbitrary units); 
sweep gas flow: 5 (arbitrary units); source voltage: 3.5 kV 
and tube lens: 130 V.

Based on the MS analysis, a database search was per-
formed using the software PEAKS (Bioinfor, Waterloo, 
Canada) including an enhanced target-decoy routine (“decoy 
fusion”). The database search was performed against a sub-
set (“Sesamum”) of the UniProt KB database (203 search 
entries, no common contaminants). Database search param-
eters were set as follows: (a) trypsin as specific enzyme 
(two missed cleavages allowed); (b) precursor mass error 
tolerance 15 ppm; (c) fragment mass error tolerance 0.1 Da; 
(d) fixed modification: carbamidomethylation of Cys and 
variable modification: oxidation of Met, allowing a maxi-
mum of variable PTM per peptide of five. PEAKS de novo 
sequencing and the PEAKS Spider algorithm were used to 
identify peptides with polymorphisms (insertion, deletion, 
mutation, PTM).

2.6 � Middle–Down and Top–Down Approach

Acetone-precipitated pellets of relevant fractions from SEC 
fractionation were dissolved in 50 mM ammonium hydrogen 
carbonate buffer and without further preparation used for 
top–down analysis. For the middle–down approach (analy-
sis of protein subunits), dissolved proteins (1–5 mg protein/
mL) were reduced with 10 µL of 200 mM dithiothreitol 
for 30 min at 56 °C and, to prevent cysteine re-oxidation, 
alkylated with 10 µL of 200 mM iodacetamide for 30 min 
in the dark. The reduced and alkylated protein solution was 
diluted in a ratio of 1:4–1:100 with 5% (v/v) ACN/0.1% FA. 
The solution was used for subsequent MS analysis.

2.7 � MS Analysis of Subunits and Intact Proteins

The analysis of subunits and intact proteins was carried out 
by a separation step on a C4 HPLC column combined with 
subsequent MS analysis using an LTQ Orbitrap system. The 
samples were applied to an Accucore C4 column (Thermo 
Scientific, Dreieich, Germany) and separated with the fol-
lowing 28 min gradient: 5% B for 1 min, 5–40% B in 16 min, 
40–95% B in 3 min, 95% B for 2 min, 95–5% B in 1 min, 5% 
B for 5 min (A = 0.1% FA in H2O, B = 0.1% FA in ACN). 
The flow rate was set to 400 µL/min. The mass spectrometri-
cal analysis was performed on an LTQ Orbitrap XL Hybrid 
Ion Trap—Orbitrap Mass Spectrometer (Thermo Scientific, 
Dreieich, Germany) in positive ionization mode. Data acqui-
sition was performed in full MS mode. Full MS spectra (m/z 
500–2000) were acquired with a resolution of 30,000. Mass 
spectrometric conditions were: source type: HESI; capil-
lary temperature: 225 °C; vaporizer temperature: 350 °C; 
sheath gas flow: 40 (arbitrary units); auxiliary gas flow: 20 

(arbitrary units); sweep gas flow: 10 (arbitrary units); source 
voltage: 3.5 kV and tube lens: 135 V.

To ensure highest mass accuracy we determined the 
monoisotopic mass for middle–down and top–down experi-
ments according to the approach described by Hummel et al. 
[16].

3 � Results and Discussion

We first analyzed the protein of interest on peptide level 
(bottom–up) with a special focus on sequence polymor-
phisms like insertion, deletion or point mutation possibly 
resulting in a change of amino acid sequence. In addition, we 
already identify at this step potential ragged clipping sites or 
sequence shifts. Next, we analyzed each subunit separately 
after reduction and alkylation and separation by liquid chro-
matography (middle–down), which allows the identification 
of clipping variants and confirms sequence shifts. To deter-
mine the combination of clipped subunit variants on intact 
protein level, we performed top–down proteomics.

3.1 � Characterization of Protein Sequence 
Polymorphisms by Bottom–Up Analysis

The 2S albumin fraction of white sesame was isolated 
using size exclusion chromatography and the identity of the 
isolated proteins was confirmed by in-solution digest and 
subsequent LC-HRMS analysis. The UniProt KB reference 
sequence Q9AUD1 of Ses i 1 was used for data evaluation 
and potential polymorphisms were identified by PEAKS 
de novo sequencing and the PEAKS Spider algorithm. To 
ensure high reliability of results, seven biological replicates 
were analyzed, resulting in an average sequence coverage of 
74% for the small subunit and 89% for the large subunit of 
Ses i 1, respectively. The summarized sequence coverage of 
the seven biological replicates is 93%. Unidentified Ses i 1 
peptides were ≤ 4 amino acids in length and thus unlikely to 
identify by bottom–up MS. The overall sequence coverage of 
the large and small subunit, the processing sites of the pre-
cursor and observed sequence modifications are displayed in 
Fig. 1. Notably, in none of the seven biological replicates we 
observed point mutations, insertions or deletions compared 
to the reference sequence Q9AUD1, demonstrating that Ses 
i 1 is not encoded by multiple gene copies as described for 
other 2S albumins [14, 16]. Using bottom–up proteomics, 
the conversion of glutamine (Q) to pyroglutamate (pyroQ) 
at the N-terminus of the small and the large subunit was 
detected (Fig. 1), which has been described as a modification 
for different 2S albumins by several groups [11–13, 17, 18]. 
In addition, we detected clipped variants of the C-terminal 
peptides of the large subunit (see also and the middle–down 
approach for a more thorough analysis). Notably, we also 
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identified the sesame allergen Ses i 2 (Q9XHP1) and “2S 
albumin 3” (Q2XSW8) in our purified 2S fraction. The pres-
ence of these additional 2S albumins has been taken into 
account for further analysis.

3.2 � Identification and Characterization 
of C‑/N‑Terminal Clipping by Middle–Down 
Analysis

To identify C- and N-terminal clipping in more detail on 
subunit level, we reduced and alkylated the protein to the 
small and large subunit and performed LC-HRMS analy-
sis. The chromatographic separation resulted in four major 
signals (peak 1–4, Fig. 2a). Peaks 1 and 2 were identified as 
small subunit isoforms while peak 3 and 4 belonged to the 
large subunit. In the corresponding mass spectra, signals of 
clipped variants in different charge states were observed. 
Three charge states of the different clipped variants were 
analyzed for the determination of exact subunit masses. The 
clipping of the small subunit is exemplified in Fig. 2b. In 
addition, we observed cyclization of the N-terminus (Q) to 
pyroglutamate also on middle–down level.

All signals were inspected manually and were de-
isotoped and deconvoluted. Monoisotopic masses were 
determined as described previously [16]. Masses that 
were detected at least three times with σ < 0.01 in the 
eight biological replicates of the middle–down approach 
were included in the further analysis. In total, we obtained 
209 and 139 mass signals for the small and the large subu-
nit, respectively. Signals were grouped when mass differ-
ences were below 0.04 u, resulting in 12 potential subunit 
masses for the small subunit and 17 potential masses for 
the large subunit. Taking a C-terminal clipping of up to 
seven amino acids for the small subunit and up to ten 
amino acids for the large subunit into account and N-ter-
minal clipping of up to two amino acids for both subu-
nits, a theoretical monoisotopic mass list of all possible 

clipping combinations was created. Finally, all identified 
middle–down masses were compared with these theoreti-
cal masses.

With a maximum error of 3.4 ppm we identified C- 
and N-terminal clipping at both subunits summarized in 
Table 1. Notably, only minor clipping was observed at 
the N-terminus of both subunits. Besides the unclipped 
form, we detected clipping of one amino acid (-Q) at each 
of the subunits. With one exception, the N-terminal glu-
tamine was always modified to pyroglutamate. A more 
extensive clipping was observed at the C-terminus of 
both subunits. At the small subunit 0, 1, 2, 4, 5, 6 or 7 
amino acids were clipped from the C-terminus, with four 
abundant clipping variants (0, 2, 5 and 7) that have been 
described previously [15] and three novel variants (1, 4, 
6) (Fig. 2b). The large subunit showed C-terminal clip-
ping of 3–9 amino acids relative to the reference sequence 
with highest abundance of the −RVIF variant (Fig. 2c). 
Notably, C-terminal clipping of the large subunit has not 
been described before and we did not detect the unclipped 
variant of the large subunit in any of our experiments. In 
addition, we were able to confirm the processing sites 
of the precursor at D72 and N81 as identified in the bot-
tom–up approach.

Fig. 1   Sequence coverage of Ses i 1 consisting of propeptide (M1–
N38, shown in gray), small subunit (Q39–D72 shown in green), 
linker peptide (E73–N81, shown in gray) and large subunit (Q82–
R149, shown in blue). The propeptide and the linker peptide are 
cleaved from the precursor upon post-translational processing result-
ing in the two subunits of the mature 2S albumin Ses i 1. Importantly, 
we observed a sequence shift in all of our samples compared to pre-

viously published Ses i 1 sequences. The C-terminal sequence VIFV 
(150–153, shown in gray) was not observed in any of our samples. 
Identification was carried out by in-solution digest, followed by LC–
HRMS and database search using the software PEAKS. Arrows indi-
cate sequence coverage by tryptic peptides. c carbamidomethylation, 
p pyroglutamate from Q. Small subunit is displayed in green, large 
subunit in blue

Fig. 2   Middle–down analysis of Ses i 1. A Separation of small (Peak 
1 + 2) and large (Peak 3 + 4) subunit by HPLC after reduction and 
alkylation. b ESI–HRMS spectrum of the small subunit (signals from 
Peak 1 + 2 are included). For clarity, only charge state z = 5 is dis-
played showing the four most abundant clipping variants and clipped 
amino acids As a result of reduction and alkylation Cys is modified 
to carboxymethylcysteine. c Upper lane: ESI–HRMS spectrum of the 
large subunit (signals from peak 3 + 4 are included). For clarity, only 
charge state z = 8 is shown. As a result of reduction and alkylation 
Cys is modified to carboxymethylcysteine. Lower lane: zoom in of 
the spectrum and designation of all clipping variants

◂
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3.3 � Confirmation of C‑Terminal Clipping by Middle–
Down MS/MS Experiments

To further confirm clipping positions of subunits, we per-
formed fragmentation experiments and the obtained spec-
tra were analyzed in comparison with theoretical spectra 
generated using mass. Figure 3 shows fragment spectra of 
[M+5H]5+ of the four most abundant C-terminal clipping 
variants of the small subunit. Fragmentation experiments 
confirmed the postulated clipping. For the unclipped small 
subunit, we detected several b33 ions (b334+, [b33+H2O]5+, 
[b33−NH3]5+) indicative for fragmentation at the native 
C-terminus between E71 and D72. The −ED clipping variant 
consequently showed b31 ions at the C-terminus, while in 
the −GGEED and the −PYGGEED variants only b28 and 
b26 ions, respectively, were detectable for the C-terminus 
(Fig. 3). Despite variation of different MS-parameter, we 
were not able to obtain efficient fragmentation of the large 
subunit in HCD and CID mode.

3.4 � Confirmation of C‑/N‑Terminal Clipping 
and Subunit Pairing by Top–Down Analysis

To confirm the identified clipping and delineate the combi-
nation of clipped subunits on protein level, LC-HRMS of 

intact Ses i 1 was performed. Seven biological replicates 
were analyzed and, again, three different charges states 
included in the data evaluation. Mass signals observed at 
least three times with σ < 0.01 were used for further charac-
terization. In total, we identified 123 mass signals that were 
grouped when mass differences were below 0.04 u, result-
ing in eight possible variants for the intact protein. Taking 
all subunit variants observed by middle–down approach 
into account, a mass list of all combinations was created 
and compared to the included mass signals. All top–down 
masses were assigned with a maximum error of 1.88 ppm.

Notably, the eight Ses i 1 variants included five different 
C-terminal clipping variants of the small subunit, but only 
the most abundant C-terminal clipping variant (-RVIF) of 
the large subunit, although seven clipping variants of the 
large subunit have been identified by middle–down. We 
assume that only the variants with high abundance are 
detectable top–down and that further yet unidentified and 
less abundant clipped Ses i 1 variants occur. Concerning 
the N-terminal clipping, both clipping variants (-Q and no 
clipping) were identified for the large and the small subunit. 
Results of the top–down analysis and the identified clipping 
variants are given in Fig. 4.

Table 1   Clipping variants 
of small and large subunit 
identified by middle–down 
approach

a Conversion from glutamate into pyroglutamate
b Different clipping variants resulting from identical masses, and therefore, not distinguishable

Subunit Monoisotopic obsM Monoisotopic theoM Error [ppm] N-term. clipping C-term. clipping

Small 4013.840 4013.836 1.08 No clippinga No clipping
Small 3898.814 3898.809 1.20 No clippinga −D
Small 3769.770 3769.766 0.95 No clippinga −ED
Small 3641.716 3641.708 2.24 −Qa −ED
Small 3583.706 3583.702 1.18 No clippinga −GEED
Small 3526.684 3526.681 0.85 No clippinga −GGEED
Small 3398.626 3398.622 1.06 −Qa −GGEED
Small 3363.617 3363.617 0.24 No clippinga −YGGEED
Small 3266.566 3266.565 0.37 No clippinga −PYGGEED
Small 3138.509 3138.506 0.96 −Qa −PYGGEED
Large 8208.865 8208.841 2.99 No clippinga −VIF
Large 8069.756 8069.766 1.26 No clipping −RVIF
Large 8052.756 8052.740 2.02 No clippinga −RVIF
Large 7924.705 7924.681 2.96 −Qa −RVIF
Large 7905.696 7905.671 3.16 No clippinga −FRVIF
Large 7777.636b 7777.613 2.94 No clippinga −QFRVIF
Large 7777.636b 7777.613 2.94 −Qa −FRVIF
Large 7546.566b 7546.545 2.52 No clippinga −QCQFRVIF
Large 7546.566b 7546.545 2.52 −Qa −CQFRVIF
Large 7418.511b 7418.486 3.36 No clippinga −QQCQFRVIF
Large 7418.511b 7418.486 3.36 −Qa −QCQFRVIF



164	 Journal of Analysis and Testing (2018) 2:158–167

1 3

3.5 � Structural Heterogeneity of Ses i 1

Prior to our study, structural aspects of Ses i 1 have been 
investigated in three publications [1, 15, 19] and available 
data already show a certain degree of heterogeneity espe-
cially in the large subunit. Interestingly, none of the pub-
lished (partial) Ses i 1 sequences is entirely confirmed by 
our data, further underlining breed-specific differences and 
sequence heterogeneity. Published Ses i 1 sequences are 
summarized in Fig. 5 and are compared to our results.

The sequence of the small subunit has been described in 
three publications including ours and the sequence of the 
unclipped variant that is released from the precursor is iden-
tical in all studies (Q39–D72). In addition, we were able to 
confirm published C-terminal clipping variants of the small 
subunit and identified three additional and less abundant 
clipping variants.

Results concerning the structure of the large subunit are 
more divergent. Moreno et al. postulated a large subunit 
ranging from Q86 to F152 (67 aa) of the precursor sequence 
[15]. Using bottom–up and middle–down approaches, we 
identified a large subunit comprising of 68 aa. Importantly, 
the N-terminus of the unclipped large subunit in our study 
shows a sequence shift of four amino acids (and 3 aa at 
the C-terminus), thus covering Q82–R149 of the precursor 
sequence. The structure of the large subunit was identified 
with high probability as we identified the relevant peptide 

82QQSEQSLR89 in all seven replicates and in four of seven 
samples with a − 10lgP > 47 (55.78 on average) and con-
firmed this sequence in the middle–down approach (see 
Table 1). In addition, we did not find an indication in any of 
our experiments that the C-terminal amino acids 150VIFV153 
of the precursor are part of the large subunit.

Available literature indicates that the processing site for 
the release of the N-terminus of the large subunit from the 
precursor is highly specific. Hara-Nishimura et al. identified 
a protease in Ricinus communis involved in release of the 
large subunit from the precursor by cleavage C-terminal of 
Asn [20]. Notably, this protease also mediated cleavage with 
identical specificity for a variety of seed storage proteins 
from other plants and a homologue protease with identi-
cal specificity was identified in soy (Glycine max) [21, 22], 
indicating a highly conserved N-terminal processing site for 
the large subunits of 2S albumins. The release of the large 
subunit C-terminal to Asn was confirmed for a number of 
2S albumins from different species [11, 13, 16, 23–25]. The 
processing site for the large subunit of Ses i 1 identified 
in this study is also C-terminal to Asn, while the sequence 
proposed by Moreno et al. starts C-terminal to Glu [15].

In addition, Moreno et al. and Pastorello et al. [1, 15] 
proposed a point mutation at position 147 (Q147A) rela-
tive to the reference sequence Q9AUD1, which we did 
not detect in any of our samples. The corresponding 
peptides 143PQQCQFR149, 139CNMRPQQCQFR149 and 

Fig. 3   Confirmation of clipping variants by ESI–HRMS/MS frag-
mentation experiments. Fragmentation of four clipping variants of 
the small subunit are exemplified. All precursor ions have z = 5, m/z 

of precursors are given in the respective spectra. Identified b-, and 
y-ions are highlighted and the sequence coverage of the clipping vari-
ant is given below the spectrum
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138RCNMRPQQCQFR149 containing the mentioned amino 
acid Q147 have been identified seven times in six different 
samples with an average − 10lgP score of 80.1. In addition, 
we confirmed Q147 in several middle–down and top–down 
analyses with high confidence (see Table 1 and 2). Together, 
these findings indicate a certain degree of breed-specific dif-
ferences at position 147.

4 � Conclusion

In this study we present a comprehensive overview of Ses 
i 1 structural heterogeneity by HRMS using a combination 
of bottom–up, middle–down and top–down proteomics. The 
existence of numerous sequence polymorphisms and the 
occurrence of a “hypervariable region” due to the existence 
of multigene families is a phenomenon that has been described 
for several 2S albumins such as mustard [16], hazelnut [14], 
brazil nut [12] and rapeseed [17]. In contrast to that, we did 
not identify any polymorphisms for Ses i 1 except a sequence 

conflict at position 147 that most probably reflects breed-spe-
cific differences in sesame. One of our major results is the 
identification and characterization of extensive clipping at both 
C-termini of Ses i 1 resulting in eight major protein variants 
that are first described on protein level in this study. Though 
in principle ragged clipping can underlie the presence of dif-
ferent precursor proteins, we hypothesize that plant-internal 
carboxypeptidases with limited specificity mediate modifica-
tion of C-termini of the small and large Ses i 1 subunits. This 
hypothesis is supported by the fact, that we did not identify Ses 
i 1 sequence polymorphisms indicating that only one precursor 
peptide is present in sesame. In addition, available literature 
indicates the presence of carboxy- and aminopeptidases that 
mediate ragged clipping [10, 23, 26]. The isolation and charac-
terization of plant-internal carboxypeptidases might, therefore, 
be a promising approach for further studies.

Whether the different clipping variants have influence on 
the allergenicity of Ses i 1 requires further investigation. To 
the best of our knowledge, no positional information is avail-
able for linear or conformational epitopes. Assuming that the 

Fig. 4   ESI-HRMS of intact Ses i 1 proteoforms. Clipping variants of 
Ses i 1 were identified by combination of results from middle–down 
and top–down analysis by LC–HRMS. Upper lane: ESI–HRMS spec-
trum of abundant Ses i 1 proteoforms. Reference sequences are given 

below the clipping combinations. Unclipped “core region” of subu-
nits are given in gray. Different clipping variants resulting from iden-
tical masses are not distinguishable, and therefore, designated var1/
var2
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epitopes are not located at the termini, a direct effect of clip-
ping on the integrity of epitopes is rather unlikely. Neverthe-
less, clipping of Cys146 at the C-terminus of the large subunit 
results in break of a disulfide bridge, leading to considerable 
change of the protein conformation and stability.
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