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A B S T R A C T

Gluten, a group of proteins found in wheat, barley, and rye, is the trigger of celiac disease, an immune disorder that
affects about 1% of people worldwide. The toxicity of partially hydrolyzed gluten (PHG) in fermented products is less
well understood due to the significant analytical challenges in PHG characterization. In this project, an N-terminal
labeling mass spectrometry method, terminal amine isotopic labeling of substrates (TAILS), was optimized for the in-
depth analysis of PHG and validated using a test protease (trypsin) with known cleavage specificity. Gluten N-termini
in test and control groups were labeled with heavy and light formaldehyde, respectively. Trypsin-generated neo N-
termini were identified by exhibiting an MS1 Log2 H:L peak area ratio with a significant difference (p < .01) from
zero and native N-termini with no significant difference from zero (p > .01). Using this strategy, all abundant,
theoretical, test protease-generated peptides in exemplar alpha/beta gliadins and gamma gliadins were identified.
Significance: This study is the first study that modified and evaluated TAILS analysis for the analysis of partially
hydrolyzed gluten proteins. The evaluation indicated that the TAILS analysis could be modified and expanded to
the identification of multiple protease cleavage sites in gluten proteins and is worth further evaluation as a novel
strategy for the analysis of natural hydrolysis of gluten in food processes. This strategy also may be further
applied to characterize a broader range of partially hydrolyzed allergens in foods and provide reference for their
safety assessment to both industry and regulatory authorities.

1. Introduction

Gluten, which is a complex mixture of storage proteins found in
wheat, barley, and rye, is responsible for the unique visco-elasticity of
wheat dough [1]. Gluten is composed of alcohol-soluble monomeric
prolamins (gliadins in wheat, hordeins in barley, and secalins in rye)
and alcohol-insoluble polymeric glutelins [1,2]. Each gluten protein
contains various types of subunits, such as α/β, γ, and ω subunits in
gliadins, and low molecular weight (LMW) and high molecular weight
(HMW) subunits in glutenins [2]. These subunits are highly homo-
logous and each subunit contains numerous isoforms.

Celiac disease is a T-cell mediated immune disorder in genetically
predisposed populations that affects about 1% of people worldwide [3].
Gluten can trigger symptoms of celiac disease such as gastrointestinal
disorders, chronic nutrition malabsorption, or neurological diseases [3–5].
Gluten can be hydrolyzed or partially hydrolyzed to various unknown
degrees during different food processes, such as fermentation. While fer-
mented products containing detectable, residual gluten are almost certainly
not suitable for individuals with celiac disease, the relative health risks and

physiological interactions with hydrolyzed or partially hydrolyzed gluten
(PHG) is less well understood. Solid conclusions should be made by ob-
taining a thorough understanding of the PHG in fermented food products.

The detection of gluten is challenging due to various factors in-
cluding, but not limited to, insolubility in aqueous extraction buffer, lack
of reference materials, cultivar heterogeneity, and highly homologous
protein isoforms. Enzyme-linked immunosorbent assays (ELISAs) based
on the R5 and G12 antibodies have been approved by the AOAC as of-
ficial methods of analysis for gliadin/gluten in certain food matrices
[6,7]. However, results of different ELISA analyses can be inconsistent
due to different ELISA formats (i.e. sandwich or competitive), antibody
specificity, extraction procedures, and calibration standards [8–11]. In
addition, current ELISA methods are not designed to differentiate gluten
from different grain sources. Therefore, alternative methodologies based
on immunosensors [12], mass spectrometry (MS) [13–17], genomics
[18,19], or multiplex profiling [20], have been developed and in-
vestigated for the detection and quantification of gluten in food matrices.
Although these methods have complemented each other and can quan-
titatively analyze intact gluten in complex food matrices, the detection
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and quantification of PHG in fermented food matrices faces additional
challenges. For ELISA assays, the epitope(s) for analysis might be hy-
drolyzed resulting in false negative results [9,21,22].

For MS analysis, the remaining gluten peptides may be too large for a
direct bottom-up MS identification. Bottom-up MS analysis of PHG in
processed foods has been investigated by digesting PHG with chymo-
trypsin or a combination of trypsin and chymotrypsin [16,21,23–27].
These studies have successfully proven the presence of detectable pep-
tides derived from gluten in some fermented products, and some studies
have also explored the absolute and relative quantification of gluten
proteins. However, the actual size and sequences of relatively large PHG,
which elicit a celiac reaction, are difficult to determine by typical
bottom-up MS analysis and therefore accurate description and quantifi-
cation of these large PHG has remained challenging. Traditional methods
to characterize PHG such as two-dimensional gel electrophoresis fol-
lowed by MS analysis [28] are time-consuming and lacking sensitivity for
low abundance proteins. Top-down MS analysis could serve as a poten-
tial alternative strategy, but the complex natures of gluten and food
matrices would make thorough analysis challenging. A novel method is
critical in order to characterize these large polypeptides in PHG systems.

Differential stable isotopic labeling coupled with liquid chromato-
graphy-mass spectrometry (LC-MS) has been employed for the si-
multaneous discrimination of proteins from different samples in a single
run and has been thoroughly reviewed elsewhere [29]. Relative quan-
tification of proteins in different samples can be obtained by comparing
the intensity of the isotopically labeled precursor ions (MS1). Among all
isotopic labeling strategies, dimethyl labeling of the primary amines
(the N-termini of proteins or peptides and lysine side chains) has served
as a reliable, cost-effective, and multiplexed approach to discriminate
proteins or peptides from various biological states and identify N-
terminal post-translationally modified peptides [30,31]. Specifically,
the terminal amine isotopic labeling of substrates (TAILS) strategy de-
veloped by Kleifeld et al. [32] allowed for the high confidence dis-
crimination of the native N-termini of proteins from neo N-termini
generated by protease cleavage and therefore the identification of
cleavage sites and substrates of a protease with broad or unknown
specificity. Detailed step-by-step procedures for performing TAILS have
been described elsewhere [33,34]. TAILS was later modified and ap-
plied for the global analysis of the N-terminome and degradomics in
various cell cultures and controlled biological matrices.

To adapt TAILS for analysis of PHG, additional challenges are faced
due to the unique characteristics and complex nature of gluten proteins.
Firstly, gluten is only soluble in aqueous alcohol [35,36], which may affect
TAILS performance due to the specific pH requirements described in the
original protocol [33]. The original HEPES buffer system may not solu-
bilize gluten proteins even in harsh denaturing and reducing conditions.
Secondly, the unique amino acid sequence composition of gluten may
necessitate the use of non-tryptic enzymes for the MS digestion and al-
ternative strategies to remove labeling reagents. Last but not least, the
bioinformatics challenges of highly heterogeneous cultivars, highly
homologous isoforms, and incomplete annotation of protein sequence
databases would make the data analysis more complex. Therefore, a proof-
of-concept study is needed to adapt TAILS for the analysis of gluten pro-
teins and the principle should be validated using a test protease with ca-
nonical cleavage specificity. In this study, TAILS was modified specifically
for gluten analysis and validated as an N-terminal labeling MS strategy for
the in-depth characterization of large polypeptides present in PHG.

2. Experimental methods

2.1. Gluten digestibility and enzyme selection

Due to the complex natures of gluten proteins, monomeric gliadins
were chosen as the exemplar gluten source for this study. Digestion of
commercial gliadins by trypsin, chymotrypsin, elastase, and pepsin
(Promega, WI, USA) was conducted for the selection of the enzyme

combination to use in the validation of N-terminal labeling MS analysis
of PHG. Time-related digestibility with the various enzymes was eval-
uated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) and discovery mass spectrometry (MS) analysis. Each en-
zyme was added to the substrate at 1:100 (w/w) ratio and incubated for
18 h at manufacturer-recommended conditions (trypsin and elastase:
37 °C, pH=7.8, chymotrypsin: 25 °C, pH=7.8, pepsin: 37 °C,
pH=1.2). Pepsin digestion was conducted in simulated gastric fluid
(0.084 N HCl and 35mM NaCl in H2O) and others in 50mM HEPES.

2.2. Gliadin isolation and discovery MS analysis of isolated gliadin

Commercially available gliadin was investigated for MS analysis, and
large, poorly-resolved peaks were found at the end of chromatography
and resulted in substantial amounts of chromatographic carry-over as
detailed in Fig. S-1. Therefore, an in-house isolated gliadin, which was
isolated from a hard white whole wheat flour (Hodgson Mill, IL, USA)
purchased from a local market (Lincoln, NE, USA) according to a mod-
ified Osborne procedure [18] (Fig. S-2), was employed as the starting
material in this study since the same issues were not observed with this
isolated gliadin material. In short, to remove albumins and globulins,
0.5 g of wheat flour was washed twice with 10mL of 0.5M NaCl at room
temperature (RT) with agitation for 1 h, followed by another two washes
with 10mL of deionized water. Extraction of aqueous alcohol-soluble
gliadins was then conducted using 10mL of 70% ethanol. A 2D Quant Kit
(GE Healthcare Bio-Sciences, PA, USA) was employed to quantify the
extracted gliadin in samples. Aliquots of 0.5mg crude gliadin were dried
in a centrifugal evaporator (Jouan, NJ, USA) without heating and stored
in a −20 °C freezer for future experiments.

Discovery MS analysis of the isolated gliadin was conducted in four
digestion replicates and duplicate instrument injections to identify the
most abundant gliadin isoforms presented in the starting material. An
aliquot (0.5mg) of isolated gliadin was reconstituted with 50mM HEPES
buffer (pH=7.8) to a concentration of 1 μg total protein/μL HEPES,
reduced with 10mM dithiothreitol (DTT) at 60 °C for 30min, alkylated
with 10mM iodoacetamide (IAA) at RT in the dark for 30min, and de-
natured with 1M guanidine hydrochloride (GuHCl) at 65 °C for 15min.
Subsequently, 30 μg of the processed gliadin was digested with chymo-
trypsin (1:100 w/w) at 25 °C overnight. Sample desalting was conducted
using Pierce™ C18 Spin Columns (Thermo Scientific, MA, USA) following
manufacturer's instructions. The desalted gliadin peptide mixtures were
dried in a centrifugal evaporator and reconstituted with 0.1% formic acid
(FA) in H2O with 3% ACN for LC-MS/MS analysis.

2.3. Dimethylation labeling verification

A dimethylation labeling verification of heavy formaldehyde
(13CD2O, 20% in D2O (w/w)) (Cambridge Isotope Laboratories, MA,
USA) and light formaldehyde (CH2O, 37% in H2O (w/w)) (Sigma-
Aldrich, MO, USA) with gliadins was conducted on fully chymotrypsin-
digested isolated gliadins. A digested gliadin sample was divided into
two aliquots and labeled with 40mM light formaldehyde [+H(4)C(2)]
or 40mM heavy formaldehyde [+D(4)13C(2)], in the presence of
20mM of sodium cyanoborohydride (NaBH3CN) (Sigma-Aldrich, MO,
USA) at pH 6–7 at 37 °C overnight. Dimethyl labeled samples were
desalted using C18 spin columns, dried in a centrifugal evaporator,
reconstituted with 0.1% FA in H2O with 3% acetonitrile (ACN), and
combined in equal volumes before LC-MS/MS analysis.

2.4. Initial N-terminal labeling MS analysis

The sample preparation flow diagram for gluten-specific TAILS is
shown in Fig. 1. In short, two 0.5mg aliquots of isolated gliadin were
each reconstituted with 125 μL of 50mM HEPES buffer (pH=7.8), re-
duced with 10mM DTT at 60 °C for 30min, and alkylated with 15mM
IAA at RT in dark for 30min. To provide predictable hydrolysis which
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could easily be adapted for TAILS validation, one aliquot, the test sample,
was digested with trypsin (1:100 w/w) at 37 °C for 4 h, and the other
aliquot, the control sample, received no trypsin digestion. After diges-
tion, IAA in both samples was quenched with 15mM DTT at RT for
25min to prevent the free amine group on IAA from competing with the
amine groups on proteins during dimethylation labeling. Samples were
then denatured with 4M GuHCl at 65 °C for 15min. Proteins in test and
control samples were then labeled with heavy and light formaldehyde,

respectively, following the conditions described above. To ensure com-
plete labeling, 20mM formaldehyde and 10mMNaBH3CN were added at
the end of labeling and incubated at 37 °C for another 2 h. Dimethylation
reagents were quenched with 100mM Tris (pH=6.8) at 37 °C for 1 h.
The test and control samples were then combined in equal volumes, and
the labeling reagent was removed by a buffer exchange with 50mM
HEPES using 3 kDa centrifugal filters (Millipore Sigma, MA, USA) ac-
cording to manufacturer's instructions. In the original TAILS protocol

Fig. 1. Flow diagram for gluten N-terminal labeling
MS analysis. The primary amines of the native N-
termini (black NH2), neo N-termini (green NH2) and
lysine (K) of gluten proteins from control (red) and
test (blue) groups were labeled with light (red star)
and heavy (blue star) formaldehyde, respectively.
Peptides with equally distributed light and heavy
formaldehyde were native N-termini (peak A).
Heavy singleton indicated a peptide with trypsin
generated neo N-termini (peak B) and light singleton
yield a native N-termini with an internal trypsin
cleavage (peak C).

Fig. 2. (a) SDS-PAGE gel of commercial gliadin mixture digested with various enzymes, from left to right: marker, intact gliadin at 0 h and 18 h, trypsin, chymo-
trypsin, pepsin, and elastase digested gliadin at 1 h and 18 h, and (b) SDS-PAGE gel of different fractions of wheat protein as isolated from different steps of the
modified Osborne procedure, from left to right: marker, first/second NaCl extract (FNa/SNa), first/second water extract (FW/SW), first 70% ethanol extract (FE),
blank (BLK), second 70% ethanol extract (SE).
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[33], an acetone/methanol precipitation was used to remove labeling
reagents but was not employed in gluten analysis since substantial PHG
sample loss was observed during preliminary precipitation trial (Fig. S-
3). The use of spin filters could lead to the loss of peptides with
sizes<3 kDa, with filtration efficiency also affected by the shape of
peptide in buffer [37]. Buffer exchange, however, was found to be more
suitable than precipitation for gluten analysis.

After the buffer exchange, chymotrypsin was added at 1:100 (w/w)
and incubated at 25 °C overnight to generate peptides of a size more
suitable for LC-MS/MS. A free amine-binding high-molecular-weight
dendritic polyglycerol aldehyde polymer (HPG-ALD polymer) (The
University of British Columbia - UBC, Canada) was subsequently added
at 1:5 ratio (w/w, peptide:polymer) for the negative selection of di-
methyl-labeled peptides, following manufacturer's instructions. The
polymer was removed using 10 kDa spin filters (Millipore Sigma, MA,
USA) and samples were desalted with C18 spin columns. The desalted
peptides were dried and reconstituted with 0.1% FA in H2O with 3%
ACN for LC-MS/MS analysis. The experiment was conducted in eight
digestion replicates, each with three injection replicates (from a single
preparation of isolated gliadin, n=24 in total).

2.5. Protocol optimization of N-terminal labeling MS analysis

To enhance the removal of labeling reagents using 3 kDa spin filters,

the efficiency of five reagents (100mM Tris (original protocol), 200mM
Tris, 100mM ammonium bicarbonate (AB), 100mM Tris with the ad-
dition of NaBH3CN (Tris-NaBH3CN), and 100mM free lysine) for
quenching formaldehyde was further investigated, and conducting the
buffer exchange process three times instead of only once was also
evaluated to minimize the remaining labeling reagent in the filter.
Further, to aid the digestion of PHG with chymotrypsin, the effects of
adding 1M GuHCl or a commercial MS-compatible surfactant
(RapiGest) (Waters, MA, USA) to triple buffer exchange treated samples
were also probed. Single digestion replicates and duplicate injection
replicates were used in all protocol optimization experiments.

2.6. LC-MS/MS analysis

For each sample, 4 μL of reconstituted peptide mixture (300 ng/μL)
was chromatographically separated on a Thermo Scientific™ Ultimate
3000 RSLC ultrahigh performance liquid chromatography (UHPLC)
system using a Thermo Scientific™ Hypersil GOLD™ C18 Selectivity LC
column (100mm×1mm i.d., 1.9 μm particle size), at a flow rate of
0.06mL/min using a linear gradient of 2–40% solvent B over 70min
and retaining at 40% solvent B for another 6min (solvent A: 0.1% FA in
H2O; solvent B: 0.1% FA in ACN). The data-dependent MS/MS analysis
was performed on a Thermo Scientific™ Q Exactive™ Plus Hybrid
Quadrupole-Orbitrap™ mass spectrometer. The top ten most intense

Fig. 3. Extracted ion chromatograms (XICs) of the m/z values associated with light- and heavy-labeled example peptides from alpha/beta gliadin (a) and gamma
gliadin (b). No unlabeled versions of the peptides were found in samples.

Fig. 4. High confidence peptides identified
by the initial gluten N-terminal labeling MS
analysis. Peptides with native N-termini
(Log2 H:L=0) are indicated in red.
Peptides with trypsin and chymotrypsin
cleaved N-termini are illustrated in blue and
green, respectively. TC indicates trypsin-
chymotrypsin generated target peptides.
Purple denotes a peptide with neither
tryptic nor chymotryptic N-termini. Data
reported in Log2 H:L ratio (n=24, one
extraction analyzed in eight digestion re-
plicates, triplicate injections for MS identi-
fication).
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parent ions were fragmented following each full scan (70,000 resolu-
tion, 400–1400m/z scan range, 3e6 automatic gain control (AGC)
target, 100ms maximum injection times (IT), and 1+ to 5+ charge
state) for the MS2 analysis (70,000 resolution, 200–2000m/z scan
range, 1e5 AGC target, and 60ms maximum IT). The minimum AGC
target was set at 1.50e3 for an intensity threshold of 2.5e4. A 2.0m/z
isolation window and normalized collision energy of 27 were used.

2.7. LC-MS/MS data processing

A SEQUEST HT search against the Triticum aestivum protein sequence
database (UniProt, 136,866 sequences, Aug11th, 2017) containing the
common Repository of Adventitious Proteins (cRAP) (The Global
Proteome Machine, 115 sequences, version 2012.01.01) was performed
with Proteome Discoverer 2.1 (PD) (Thermo Scientific, MA, USA). A
precursor mass range from 350Da to 5000 Da (1+ to 5+) and a max-
imum of two missed cleavages were allowed, and the precursor and
product ion mass tolerances were±10 ppm and±0.02 Da, respectively.
The enzymatic cleavage site was set as chymotrypsin (FWY/not P) and
chymotrypsin semi-C (only C termini resulted by the cleavage of FWY/
not P) for discovery and N-terminal labeling MS data processing, re-
spectively. Fixed modifications included carbamidomethylation (C), and
variable modifications included oxidation (M) and deamidation (N/Q).
Additional fixed modifications for the N-terminal labeling MS data pro-
cessing, light (+28.031 Da) and heavy (+34.063 Da) dimethylation
(peptide/protein N-termini and Lys), were searched separately and re-
ported in the same output file. Peptides identified with a target-decoy-
based False Discovery Rate (FDR)<0.01 across all replicates (n=24 in
initial N-terminal labeling MS) were used as high confidence peptides
and imported to the Skyline 4.1.0 (MacCoss Lab, WA, USA) [38] for
calculation of the Log2 heavy:light ratio (Log2 H:L) of the peptide MS1
peak area. Peak areas of the same peptide from different charge states
and variable modifications were summed.

2.8. Statistical analysis

For each high confidence peptide, a two-tailed Student's t-test to
compare the Log2 H:L with 0 was performed via R 3.4.0 (R Core Team).
Native N-termini were identified by showing a Log2 H:L with no sig-
nificant difference from 0 (p > .01). Tryptic cleavage-generated neo N-

Fig. 5. Number of high confidence peptides (FDR < 0.01) found in different
test groups in evaluation of quenching reagents. Each column indicates the
number of high confidence peptides with different types of N-termini. Data
from different test groups with the same type of N-termini are stacked in one
column and illustrated in different color. TC indicates trypsin-chymotrypsin
generated target peptides. Experiments were conducted in duplicate injections.

Fig. 6. Heat map for Log2 H:L of high confidence peptides with different types of N-termini as identified in the digestion optimization experiments. TC indicates
trypsin-chymotrypsin generated target peptides. Different rows display experiment groups, from top: the original eight digestion replicates trial as control, triple
buffer exchange (BE), and chymotrypsin digestion conducted in the presence of 1M GuHCl or surfactant. Colors indicate the Log2 H:L, as shown in the legend at the
top. Log2 H:L values less than −5 are indicated as −5 in the color scale. Grey color indicates peptides not identified in treatment. Digestion optimization experiments
were conducted with duplicate injections.
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termini with unambiguously assigned Lys or Arg in the P1 position were
identified by showing a significant difference (p < .01) from 0.

3. Results and discussion

3.1. Selection of enzymes and starting materials

Selection of the enzyme pairs to be used for validating N-terminal
labeling MS analysis was done by evaluating the enzymatic digestibility
of commercially available gliadin, which is a crude gliadin mixture
(Fig. 2a). The digestibility was evaluated with SDS-PAGE and sum-
marized in Fig. 2a (detailed in Fig. S-4). Resulting peptides were in-
vestigated by discovery MS analysis as indicated in Fig. S-1. Trypsin
started to partially hydrolyze gluten into polypeptides as early as 0.5 h
(Fig. S-4a) but could not completely digest gluten into peptides even
after 18 h digestion. Therefore, to easily adapt this first digestion into
N-terminal labeling MS analysis protocol, a 4 h trypsin digestion was
employed as the test enzymatic hydrolysis to generate PHG polypep-
tides for the method validation. Chymotrypsin and pepsin can digest
gluten to peptides with molecular weights up to 15 kDa and 10 kDa.
However, pepsin was not suitable in this study because its theoretical
resulting peptides were too short, and the low pH required for pepsin
activity made it difficult to be adapted to the sample preparation pro-
tocol. Elastase could also digest gluten into peptides< 15 kDa, except

for a less intense band at 50 kDa. However, elastase has too many
cleavage sites, which would introduce a considerable challenge to the
N-terminal labeling MS data analysis. Consequently, chymotrypsin was
incorporated into this study as the second enzyme to generate the
peptides of a size more suitable for LC-MS/MS.

As detailed in Fig. S-1b, substantial amounts of chromatographic
carry-over were observed with the MS analysis of commercial gliadins.
Using the modified Osborne procedure (Fig. S-2), a gliadin mixture was
isolated from a washed, hard white whole wheat flour (Fig. 2b) without
any notable chromatographic issues. Therefore, the isolated gliadin was
used as an MS-compatible exemplar gliadin source for the remaining N-
terminal labeling MS analysis in this study.

3.2. Dimethyl labeling verification

A verification of the dimethyl labeling efficiency of gliadin peptides
was conducted using the fully chymotrypsin-digested gliadin. Samples
were labeled with light or heavy formaldehyde individually and de-
salted with C18 spin columns without the removal of non-dimethylated
peptides, and analyzed by high-resolution MS. As illustrated in Fig. 3,
both alpha/beta gliadin and gamma gliadin N-termini can be labeled
with light formaldehyde (+28.0313 Da) or heavy formaldehyde
(+34.0631 Da) successfully. The mass difference between the heavy
and light labeled peptide (6.0318 Da) was large enough to ensure an

Table 1
Gluten proteins and peptides found in bottom-up discovery MS analysis.

Protein group Uniprot ID No. of peptide Peptide sequence Additional associated protein ID

Alpha/beta-gliadin aX2KVH9 5 F.LGQQQPFPPQQPYPQPQPFPSQQPY.Lb P04721
Y.LQLQPFPQPQLPY.Sb P18573, P02863
F.RPQQPYPQPQPQY.Sb P18573, P02863, P04721, K7XRA1, J7HT09
F.QQPQQQYPLGQGSF.R
Y.IPPYCTIAPF.Gb P02863, K7XRA1

aP18573 5 Y.LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF.R
F.QQPQQQYPSGQGSF.Qb I0IT51, J7HT09
Y.IPPYCTIAPVGIF.Gb P04724

P04721 4 Y.LQLQPFLQPQLPY.S
F.LQPQLPYS.

P02863 4 F.LGQQQPFPPQQPYPQPQPFPSQLPY.L
K7XRA1 4 Y.LQLQPFPQPQLPYPQPQPF.R

F.QQPQQQYPSGQGF.F
I0IT51 3 Y.QQPQQQYPSGQGSFQPSQQNPQAQGF.V

Y.IPPYCSTTIAPF.G
J7HT09 3 Y.LQLQPFPQPQLPYPQPQLPYPQPQPF.R
P04724 2 Y.MQLQPFPQPQLPYPQPQLPYPQPQPF.R
P04725 2 F.QQPQQQYPSSQVSF.Q

Y.IPPHCSTTIAPF.Gb P04727
P04727 2 Y.LQLQPFPQPQPF.L

Gamma-gliadin aA1EHE7 4 F.SQQPQQTFPQPQQTFPHQPQQQFPQPQQPQQQF.L
F.SQPQQQFPQPQQPQQSFPQQQPPFIQPSLQQQVNPC KNF.L
Y.VPPECSIIKAPF.S
F.SSVVAGIGGQ.-

aP06659 4 F.SQQPQQIFPQPQQTFPHQPQQQFPQPQQPQQQF.L
Y.VPPYCSTIRAPF.A
Y.CSTIRAPF.A
F.ASIVASIGGQ.-

aP21292 4 F.CQQPQRTIPQPHQTF.H
F.LQQQMNPCKNF.L
Y.VPPDCSTINVPY.A
Y.ANIDAGIGGQ.-

M9TG60 2 Y.LQQQMNPCKNY.L
F.ASIVADIGGQ.-

B6UKP0 1 F.CQQPQQTIPQPHQTF.H
M9TK56 1 Y.VPPECSIIRAPF.A
P04729 1 Y.EAIRAIIY.S
P04730 1 Y.QAIRAIIY.S

LMW-GSc B2BZD1 2 Y.DAIRAIIY.S
Y.SIVLQEQQHGQGF.N

a Protein isoforms used for gluten N-terminal labeling MS coverage analysis.
b Shared peptide with multiple associated protein IDs.
c LMW-GS abbreviated for low molecular weight – glutenin subunit.
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accurate discrimination of the two types of peptides at the same re-
tention time. A dynamic search for the presence of light or heavy di-
methylation was conducted to check the labeling efficiency, and no
unlabeled peptides were identified in all samples (Table S-1). All related
raw data and search result files were uploaded to the PRIDE Archive
(project PXD012296).

3.3. Initial gluten N-terminal labeling analysis

In the initial gluten N-terminal labeling MS analysis, 60 high confidence
dimethylated peptides were identified across all replicates (n=24) and
peptide information is detailed in Table S-2. As indicated in Fig. 4, two of
the 60 peptides were confirmed as peptides with native N-termini by de-
monstrating a Log2 H:L with no significant difference from zero (p > .01).
The other 58 peptides all showed Log2 H:L with significant difference
(p < .01) from zero. Thirteen peptides were confirmed as trypsin-chy-
motrypsin generated peptides (TC), with unambiguously assigned Lys or
Arg in the P1 position. However, the other 45 peptides displayed non-
tryptic N-termini, where 31 of those had chymotryptic N-termini and the
other 14 showed neither tryptic nor chymotryptic N-termini.

For the 14 peptides with neither tryptic nor chymotryptic N-termini
(Log2 H:L ranging from −2.92 to 6.97), various reasons are associated
with the presence of those peptides. One peptide (G.AGSAVGGASAGGG-
ALPAYVFDALVRY) showed a negative Log2 H:L ratio. Negative values
could be observed due to the presence of the internal trypsin cleavage site
in the peptide, which was only identified in the light-labeled control
sample. As the N-terminus of this peptide in the control sample was

neither tryptic nor chymotryptic, its presence is indicative of proteolysis at
this site prior to sample preparation (e.g. proteolysis occurring in seed,
during flour production or storage, etc.). Nine of those 14 peptides showed
a varied amino acid at P1 (Q (7) /N (1) /S (1)) but a unique independent
consistent heavy and light ratio pattern (Log2 H:L close to 1), which could
have arisen following unspecific chymotrypsin cleavage, as described
below. The last four peptides displayed Log2 H:L values similar to TC
peptides, which could due to some cleavage or degradation occurring
during sample preparation (with at least one of these peptides,
Q.QQPSSQVSF, appearing to be a product of a peptide with a tryptic N-
terminus, K.QQQQPSSQVSF).

In addition to the preferential cleavage sites (FWY/not P), chymo-
trypsin used in this study also could cleave after L and M at a lower rate.
While L/M cleavage specificity was not included in the search para-
meters, it is likely that some of the peptides observed with L/M in the
P1 position are the result of chymotrypsin cleavage and therefore were
grouped with the other chymotryptic peptides. For peptides with chy-
motryptic N-termini (31), 26 of them were internal fully chymotrypsin
cleaved peptides (both termini were chymotryptic) and the other 5
were chymotryptic C-termini peptides from gamma gliadins. Fully
chymotryptic peptides were not expected to be found in this experi-
ment. The objective of chymotrypsin digestion was to generate peptides
with a size more suitable for LC-MS/MS after labeling, and the newly
generated peptides with chymotryptic N-termini were to be removed
from the sample using an HPG-ALD polymer. The consistent unique
Log2 H:L (Log2 H:L close to 1) of these peptides led to a hypothesis
regarding their presence: some amount of unquenched dimethyl

Table 2
List of target TC peptides and peptides with native N-termini found from gluten N-terminal labeling MS analysis using the optimized digestion protocol.

ID P-1 Peptide sequence Missed tryptic cleavage Average Log2 H:Lb SDd

N1 – NIQVDPSGQVQW 0 0.38 0.30
N2 – NMQVDPGYa 0 0.39 NAc

N3 – NIQVDPSGQVQWPQQQQPFPQPQQPF 0 0.28 0.45
N4 – NMQADPSGQVQWPQQQPF 0 0.24 0.43
N5 – NMQVDPSGQVPWPQQQPFPQPHQPF 0 −1.37 0.11
N6 – NMQVDPSGQVQWPQQQPFPQPQQPF 0 −0.50 0.92
N7 – NMQVDPSSQVQWPQQQPVPQPHQPF 0 −1.14 0.89
N8 – VRVPVPQLQPQNPSQQQPQEQVPLVQQQQFa 1 −3.26 NA
TC1 R DYVLQQTCGTF 0 10.72 0.20
TC2 R LGEHNIDVLEGNEQF 0 3.64 0.59
TC3 K TLPTMCNVY 0 5.29 0.10
TC4 K DVVLQQPNIAHASSQVSQQSY 0 10.75 1.79
TC5 R DVVLQQHNIAHGSSQVLQESTY 0 7.05 0.39
TC6 R NLALQTLPAMCNVY 0 9.09 0.59
TC7 K SQVLQQSTY 0 8.58 0.22
TC8 R LPIVVDASGDGAY 0 7.18 0.88
TC9 R TLPNMCNVY 0 8.02 0.52
TC10 R DVVLQQHSIAY 0 12.58 1.18
TC11 K QQQQPSSQVSF 0 10.53 0.93
TC12 K QQQQPSSQFa 0 10.82 NA
TC13 K LPEWMTSASIYa 0 8.74 NA
TC14 K TLPTMCNVYVPPDCSTINVPYa 0 8.35 NA
TC15 R DVVLQQHNIAHASSQVLQQSSYa 0 6.36 NA
TC16 R DVVLQQHNIAHASSQVLQQSTY 0 5.52 0.65
TC17 R DVVLQQHSIAHGSSQVLQQSTY 0 4.36 0.71
TC18 R FGQPQQQQGQSFa 0 7.72 NA
TC19 R NLALQTLPAMCNVYIPPYa 0 5.97 NA
TC20 R SLVLGTLPTMCNVF 0 7.89 0.23
TC21 R SLVLQTLPSMCNVY 0 7.44 0.79
TC22 R SLVLQTLPTMCNVY 0 7.08 1.01
TC23 R TLALPGQCNLPTIHGGPY 0 6.59 0.68
TC24 R TLPTMCGVNVPLYa 0 6.23 NA
TC25 R TLPTMCSVNVPLYa 0 2.30 NA
TC26 R TIPQPHQTFa 0 2.61 NA

The ID of peptide with a native and tryptic N-termini was shown as N and TC, respectively.
a Indicates peptides found only in one digestion optimization experiment.
b Data from digestion optimization trial (triple buffer exchange, 1 M GuHCl, and surfactant) were averaged. All experiments were conducted using the same gluten

extract.
c Data not available.
d SD: standard deviation.
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labeling reagents were retained in the 3 kDa spin filter used for buffer
exchange and subsequently reacted with free amines on the newly
generated chymotryptic N-termini.

To validate the hypothesis, a fully chymotrypsin digested gliadin
mixture was labeled with equally mixed heavy and light formaldehyde,
and the Log2 H:L were compared to the results from labeling verifica-
tion (i.e. where heavy- and light-labeled digest samples were mixed
after labeling). As illustrated in Fig. S-5, conducting dimethylation with
equally mixed heavy and light formaldehyde can result in the unique
Log2 H:L pattern (close to 1, average Log2 H:L=0.8). Further in-
vestigation of the flow-through from the buffer exchange indicated the
presence of the flow-through was likely related to the unique log2 H:L
pattern (Fig. S-6, average Log2 H:L ratio is 1.77 and 1.66 in 20% and
10% spike, respectively). Therefore, peptides with the unique Log2 H:L
pattern in Fig. 4, mostly chymotryptic peptides, were likely interference
peptides and should be reduced in future experiments. Consequently, a
series of methodology optimization trials were conducted to reduce the
number of potential interference peptides, and additional data analysis
strategies were investigated.

3.4. Protocol optimization of N-terminal labeling MS analysis

To reduce the interference from the remaining labeling reagents in
the spin filters, the efficiency of five types of reagents for quenching
formaldehyde were evaluated, and conducting buffer exchange three
times instead of only once was also investigated to minimize the re-
maining labeling reagent in the filter. As indicated in Fig. 5, there were
no obvious differences in the number of high confidence peptides
(FDR < 0.01) identified between the original quenching method
(100mM Tris), 200mM Tris, 100mM AB, and Tris-NaBH3CN. However,
both the use of free lysine and triple buffer exchange did reduce the
number of potential interference peptides (the last two columns in
Fig. 5) without negative effects of the target TC and native N-termini
peptides. A detailed peptide list with Log2 H:L ratio is shown in Table S-
3 and all related files were uploaded to PXD012296. Although
quenching with lysine seems a bit more efficient comparing to the
original quenching regent (100mM Tris), an extra step of adjusting of

pH from pH 12 to pH 6–7 was needed. Therefore, 100mM Tris
quenching together with a triple buffer exchange was used for all
subsequent gluten N-terminal labeling MS analysis.

Effects of 1M GuHCl or a commercial MS-compatible surfactant
(RapiGest) for enhancing the secondary chymotrypsin digestion of PHG
for LC-MS/MS were investigated. All digestion evaluation experiments
were conducted using triple buffer exchange and results were compared
to triple buffer exchange without digestion enhancer as well as the
initial N-terminal labeling MS analysis results. As indicated in Fig. 6
(detailed in Table S-4), the use of 1M GuHCl and surfactant both in-
creased the number of TC peptides from 13 to 15 and 23, respectively.
The number of identified peptides with chymotryptic N-termini was
reduced from 31 to 7 and 14 when conducting the secondary digestion
with the presence of 1M GuHCl (77% decrease) and surfactant (55%
decrease), respectively. A decrease from 14 to 10 and 11 of peptides in
the non-tryptic/chymotryptic group was also observed when the sample
was treated with GuHCl and surfactant, respectively.

Although interference peptides were still present, it is evident that
the combination of triple buffer exchange and a digestion enhancer
leads to improved results, where the number of interference peptides,
especially fully chymotryptic peptides, was reduced without a negative
impact of target TC or native peptides. Since approximately 50 μL of
solution always remains presents in the filter unit after centrifugation,
as stated by the manufacturer, application of additional data inter-
pretation measures may be needed to aid in distinguishing true test-
protease-generated peptides from those acquiring a label from the re-
maining unquenched reagents. In the mixed-labeling experiments, a
labeling bias towards the heavy formaldehyde was observed, resulting
in a consistent Log2 H:L of approximately 1 (Fig. S-5). Based on these
data, a proposed Log2 H:L threshold of> 2 is proposed to eliminate the
interference peptides during data interpretation. Setting a Log2 H:L
threshold of 2 reduced the number of chymotryptic and non-specific
peptide from 31 to 3 and 14 to 5, respectively, as detailed in Table S-5.
As the precise experimental conditions and objectives may vary in fu-
ture applications of this type of method, individual assessments and
quality control checks of appropriate Log2 H:L thresholds will likely be
necessary [39]. Other quenching practices, such as quenching with

Fig. 7. Efficiency of optimized gluten N-terminal labeling MS of (a) alpha/beta gliadins (UniProt IDs: A: X2KVH9, B: P18573) and (b) gamma gliadins (UniProt IDs:
A: A1EHE7, B: P21292, C: P06659). All trypsin and chymotrypsin cleavage sites are highlighted in yellow and green, respectively. All in-silico predicted TC peptides
are underlined (a total of 88 and 114 amino acids (aa) for alpha/beta gliadins and gamma gliadins, respectively). Native and TC peptides identified by N-terminal
analysis are highlighted in red and blue, respectively. Peptides highlighted in grey indicate in-silico predicted peptides that were not found. Efficiency was evaluated
by comparing the number of experimental identified amino acids to the in-silico predicted number.

W. Cao, et al. Journal of Proteomics 210 (2020) 103538

8

http://www.uniprot.org/uniprot/X2KVH9
http://www.uniprot.org/uniprot/P18573
http://www.uniprot.org/uniprot/A1EHE7
http://www.uniprot.org/uniprot/P21292
http://www.uniprot.org/uniprot/P06659


lysine, could also be further explored for improved results, if needed in
a specific application. Other quenching methods may also be necessary
if small peptides (< 3 kDa) are of interest, as they may be removed
during buffer exchange. In these cases a combination of direct analysis
of small peptides and TAILS analysis of large polypeptides may be ap-
propriate.

3.5. Efficiency of gluten N-terminal labeling MS analysis

The efficiency of this method was evaluated by comparing an in-silico
prediction of TC peptides and native N-termini peptides with those
identified in the experimental N-terminal analysis. To predict and vi-
sualize TC peptides, proteins identified in discovery analysis were
aligned and used as a protein “map”. In detail, for the isolated gliadin
samples digested with chymotrypsin, a total of 40 peptides from different
subunits of gluten proteins (gliadins and glutenins) were identified across
four digestion replicates (Table 1). Due to the numerous homologous
isoforms of gliadins, the top-ranked associated protein ID for each pep-
tide was selected in Proteome Discoverer via ranking all associated
proteins according to the number of peptide sequences, the number of
PSMs, protein scores, and the sequence coverage. Proteins were then
manually grouped by gluten subunits. The protein isoforms with the
highest number of identified peptides in alpha/beta gliadins (X2KVH9
and P18573) and gamma gliadins (A1EHE7, P21292, and P06659) were
aligned and used to investigate N-terminal analysis coverage.

Table 2 indicates the list of native and TC peptides identified in
digestion optimization samples. The TC peptides showed a Log2
H:L>2, and native peptides showed a Log2 H:L close to 0. Native
peptides with an internal tryptic cleavage site had a negative Log2 H:L,
such as peptide N8 (VRVPVPQLQPQNPSQQQPQEQVPLVQQQQF).

In theory, peptides with a tryptic N-termini and a chymotryptic C-
termini (TC) or the native N-termini with a chymotryptic C-termini
(native) that are 6 to 35 amino acid in length should be identified using
this method. As illustrated in Fig. 7, all in-silico predicted TC and native
peptides (indicated by underlining) in gamma gliadins were identified
and only one TC peptide in alpha/beta gliadin was not found using the N-
terminal labeling method. The number of total amino acids of all in-silico
predicted peptides were counted for each type of gliadin (88 for alpha/
beta gliadin and 114 for gamma gliadin), as well as the number for all
peptides identified in the experimental N-terminal analysis (74 for alpha/
beta gliadin and 114 for gamma gliadin). The coverage was evaluated by
comparing the number of N-terminal identified amino acids to the in-
silico predicted. In total, 84% (74 of 88) and 100% (114 of 114) of amino
acid coverage was obtained for alpha/beta gliadins and gamma gliadins,
respectively. In-silico predicted TC peptide NLALETLPAMCNVY in iso-
form P18573 was not found, likely because deamidation (Q) was in-
cluded as a dynamic modification in the search, so peptide NLALETLP-
AMCNVY and NLALQTLPAMCNVY would essentially be the same.
Peptide NLALQTLPAMCNVY was indeed identified using the method (TC
6 in Table 2) but was assigned to the other isoforms. Several tryptic
cleavage sites could not be identified using the currently employed
protease combination since the resulted peptides will be too long (>35)
or too short (< 6) for MS identification. In addition, fully tryptic pep-
tides<3 kDa would have been removed by the 3 kDa spin filter during
buffer exchange. The ones with suitable size for MS analysis were iden-
tified by an additional fully tryptic search (Table S-6).

Although challenges still exist with detection and interpretation of
isoform-level information, the matching of the in-silico predicted TC
and native peptides with the experimentally identified peptides in the
exemplar gliadins indicated the TAILS protocol could be modified and
expanded for the analysis of gluten proteins. Multiple cleavage sites of a
test protease in gluten protein mixtures and other co-existing hydrolysis
events could be identified using the gluten-specific TAILS analysis
protocol. This technique is worth further evaluation for analyzing the
hydrolysis of gluten in the real food processes, such as gluten de-
gradation patterns throughout brewing processes.

4. Conclusions

This study investigated various sample preparation practices for
gluten N-terminal labeling MS analysis. The N-terminal labeling
methodology, TAILS, was modified and validated for analysis of par-
tially hydrolyzed gluten using trypsin as a test protease. Native N-ter-
mini and neo N-termini were unambiguously discriminated by their
Log2 H:L ratios. Interference peptides, mainly fully chymotryptic pep-
tides, with a specific Log2 H:L pattern (close to 1) were observed and
can be decreased by using triple buffer exchange and a digestion en-
hancer in sample preparation, and setting an appropriate Log2 H:L
threshold value. The validation indicated that the TAILS analysis could
be modified and expanded to the identification of multiple protease
cleavage sites in gluten proteins successfully. An estimated 80% of in-
silico predicted peptides with a native or tryptic N-termini in exemplar
alpha/beta gliadin and gamma gliadin protein sequences were identi-
fied. Although challenges remain when applying this method to more
complex food matrices, this study indicated the N-terminal labeling MS
analysis is worth further evaluation as a novel strategy for the analysis
of natural hydrolysis of gluten in real food processes, such fermenta-
tion. This strategy also could be further optimized, evaluated, and ap-
plied to the characterization of partially hydrolyzed proteins in aller-
genic foods more broadly and may provide reference for their safety
assessment to both industry and regulatory authorities.

Associated content

The mass spectrometry proteomics data and search results from PD
have been deposited to the PRIDE Archive in project PXD012296.

All results from Skyline have been copied to Panorama Public with
the access URL (https://panoramaweb.org/N_terminal_gluten.url) and
deposited to the ProteomeXchange in project PXD013679.
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Figure S-1. (a) Number of high confidence peptides as identified in bottom-up discovery MS
analysis of commercial gliadin digested with various enzymes (enzyme:substrate at 1:100 w/w
and digestion conducted in manufacture recommended conditions). All SEQUEST HT search
parameters are the same as stated in manuscript section 2.7 for discovery analysis except for the
enzymatic cleavage sites (trypsin: KR/not P, chymotrypsin: FWY/not P, pepsin (pH = 1.2): FL,
elastase: AVSGLI). Note that only high affinity cleavage sites for chymotrypsin and pepsin were
included in the search. A small number of gliadin peptides were identified regardless of the
protease used. The combination of trypsin and chymotrypsin or the incorporation of high
concentration of strong chaotropic reagent (6 M GuHCl) could increase the amount of identified
peptides. (b) Comparison of total ion chromatograms (TICs) of digested commercial gliadin and
digested isolated gliadin. Both samples were denatured, reduced and alkylated before a
chymotrypsin digestion (1:100 w/w) and the 6 M GuHCl for denaturing commercial gliadin was
diluted to 1 M before digestion. The unusual TICs observed with commercial gliadin digests
indicate that enzymatic digestion and/or LC-MS/MS performance were negatively affected by
some property of the commercial gliadin.
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Figure S-2. Gliadin isolation process from a white whole wheat flour.
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Figure S-3. Number of high confidence peptides as identified in fully (trypsin-chymotrypsin)
digested commercial gliadin proteins before and after acetone/methanol precipitation. All
samples were labeled with 40 mM light formaldehyde in the presence of 20 mM of (NaBH3CN)
and desalted with C18 spin columns before LC-MS/MS analysis (no negative selection with
HPG-ALD polymers).
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Figure S-4. SDS-PAGE gel of commercial gliadins digested with various enzymes
(enzyme:substrate at 1:100 w/w): a. trypsin, b. chymotrypsin, c. elastase, and d. pepsin. M:
Marker; P0 and P18: undigested gliadin at 0 and 18 hour; D0, D0.5, D1, D4, and D18: gliadin
incubated with enzymes at 0, 0.5, 1, 4, and 18 hour; E0 and E18: enzymes at 0 and 18 hour; D0’:
undigested gliadin with heat denatured enzyme. All gliadin samples were prepared at 5 g/L
and loaded 10 L per lane.
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Figure S-5. The Log2 H:L ratio of peptides found in the labeling verification experiments and
exemplar Skyline MS1 peak area of heavy labeled (blue) and light labeled (red) peptide pair
comparison. Mixed injection indicates peptides labeled with equal amount of light and heavy
formaldehyde separately but mixed before injection, which was the data from labeling
verification, and no difference between the heavy and light labeled peptide pair were observed.
Mixed label indicates peptides labeled with equally mixed light and heavy formaldehyde and the
unique pattern (Log2 H:L close to 1) was found. The experiment was conducted in duplicated
injection.



S-7

Figure S-6. The Log2 H:L ratio and exemplar MS1 peak area of peptides from the flow-through
investigation experiment. Flow-through from buffer exchange was collected and spiked into a
gluten discovery analysis sample (20% v/v, 10% v/v) before chymotrypsin digestion. Samples
were then digested with chymotrypsin, underwent negative HPG-ALD polymer selection, and
desalted as per the gluten N-terminal analysis protocol. Chymotrypsin cleaved peptides can be
labeled with left-over light (red) and heavy (blue) formaldehyde present in the flow-through at
both 20% and 10% spike. The MS1 peak area of heavy labeled peptides were mostly higher than
the light labeled counterpart.
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Table S-5. Reduction of false discovery rate when Log2 H:L threshold value was included in the
initial gluten N-terminal labeling analysis.

Original
Possible Log2 H:L threshold value

Peptide type 1 2 3

Number of
peptide

TC 13 13 13 12
Chymotryptic 31 23 3 2
Non-specific 14 12 5 4
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Table S-6. In-silico predicted fully tryptic peptides in pre-selected gliadin isoforms

&Peptide is not identified in the experiment.
#Heavy dimethyl labeled peptide is identified in the experiment.
*Peptide length is suitable for MS analysis in this study.

ID Protein Peptide sequence AA
length

Mw
(average)
(Da)

Initial Quench Digestion
Optimization

1 Alpha/beta
gliadin

R.QQQK 6 530.58 N& N N

2 Alpha/beta
gliadin

K.QQQQQQQQILQQILQQQLI
PCR*

24 2719.11 N N N

3 Gamma
gliadin

R.QPFPQQPQQPYPQQPQQP
FPQTQQPQQPFPQSK*

35 3929.32 H# H H

4 Gamma
gliadin

K.QPQQPFPQPQQPQQSFPQ
QQPSLIQQSLQQQLNPCK

38 4198.68 N N N
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