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Abstract: Wheat alpha-amylase/trypsin inhibitors remain a subject of interest considering the latest
findings showing their implication in wheat-related non-celiac sensitivity (NCWS). Understanding
their functions in such a disorder is still unclear and for further study, the need for pure ATI
molecules is one of the limiting problems. In this work, a simplified approach based on the successive
fractionation of ATI extracts by reverse phase and ion exchange chromatography was developed. ATIs
were first extracted from wheat flour using a combination of Tris buffer and chloroform/methanol
methods. The separation of the extracts on a C18 column generated two main fractions of interest
F1 and F2. The response surface methodology with the Doehlert design allowed optimizing the
operating parameters of the strong anion exchange chromatography. Finally, the seven major wheat
ATIs namely P01083, P17314, P16850, P01085, P16851, P16159, and P83207 were recovered with purity
levels (according to the targeted LC-MS/MS analysis) of 98.2 ± 0.7; 98.1 ± 0.8; 97.9 ± 0.5; 95.1 ± 0.8;
98.3 ± 0.4; 96.9 ± 0.5, and 96.2 ± 0.4%, respectively. MALDI-TOF-MS analysis revealed single peaks
in each of the pure fractions and the mass analysis yielded deviations of 0.4, 1.9, 0.1, 0.2, 0.2, 0.9, and
0.1% between the theoretical and the determined masses of P01083, P17314, P16850, P01085, P16851,
P16159, and P83207, respectively. Overall, the study allowed establishing an efficient purification
process of the most important wheat ATIs. This paves the way for further in-depth investigation of
the ATIs to gain more knowledge related to their involvement in NCWS disease and to allow the
absolute quantification in wheat samples.

Keywords: wheat; α-amylase/trypsin inhibitors; fractionation; purification; reversed-phase chro-
matography; ion-exchange chromatography; design of experiment; LC–MS/MS; MALDI-TOF-MS

1. Introduction

Alpha-amylase/trypsin inhibitors (ATIs) constitute a group of low molecular weight
proteins capable of simultaneously inhibiting endogenous α-amylase and the proteinase
subtilisin [1]. Recently, they have been reported to be involved in non-celiac wheat sen-
sitivity (NCWS), a type of wheat-related disorder also known as baker’s asthma which
is one of the most important occupational allergies in many countries [2–6]. Oda and
Schofield [7] and Tatham et al. [6] stated that it is probable for ATIs to be accumulated in
the protein portion during grain development, along with gluten proteins. These deposits
then break down to form a continuous protein matrix as the grain matures; some of them
associate with the surface of the starch granules, which are thus released during dry milling.
According to Osborne classification, defining four wheat protein fractions (also referred
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to as Osborne fractions), ATIs belong to the group of globulins (extracted in dilute salt
solution); the other fractions are extracted in water (albumins), alcohol/water mixtures
(prolamins), and dilute acid (glutenins) [8–11]. In their native form, ATIs can be split
into three subfamilies, displaying a tetrameric, dimeric, and monomeric structure, with
apparent molecular weights of 60, 24, and 12 kDa, respectively [12]. On the other hand, the
family of ATIs consisting of tetrameric proteins (CM1, CM2, CM3, CM16, and CM17) is
often referred to as chloroform–methanol (CM) proteins, given their selective extraction in
chloroform/methanol mixtures. The dimeric ATIs 0.19 and 0.53 as well as the monomeric
ATI 0.28 primarily inhibit the amylase activity only [13]. All these variants differ in their
spectrum of activity [6,14].

In the last few years, several studies have focused specifically on the identification
and quantification of wheat ATIs using a proteomics approach [4,15–17]. However, further
investigations on the elucidation of the interactions between the enzymes involved (amy-
lase and trypsin) and individual proteins that constitute the group of wheat ATIs, their
characterization at the molecular level, as well as the triggering of the allergic reactions are
still lacking. A key step in this context is to produce pure fractions of respective ATIs. Very
few works have referred to the purification of ATIs, most of the studies being limited to
extraction procedures for identification and quantification purposes. To our knowledge, a
unique available protocol was reported by Sotkovsky et al. [13] aiming to purify, charac-
terize, and identify the most important water/salt-soluble wheat allergens from natural
sources. The three-step strategy consisted of ultrafiltration, native (liquid-phase) isoelectric
focusing, and affinity chromatography (HPLC).

The challenge of purifying ATIs lies in the fact that this group of proteins presents
similar physicochemical properties, with masses in the vicinity of 13 kDa, and substantial
similarities in their primary protein chain structure for most of them. Moreover, removing
the target protein from all other compounds within the extracted matrix while maintaining
both biological activity and chemical integrity is one of the most challenging and problem-
atic issues involved in the purification of proteins [18]. In fact, proteins are molecules with a
well-defined three-dimensional structure in aqueous media, with polar and charged amino
acid residues on the surface and hydrophobic residues tending to be enclosed inside. These
tertiary structures are generally involved in protein biological activities. Fractionating and
purifying proteins usually requires the combination of different techniques. Chemical,
structural, and functional properties of proteins including size, shape, hydrophobicity,
charge, charge distribution, isoelectric point, and solubility association are then typically
exploited to separate proteins [19,20].

Among the most commonly applied downstream processing allowing high resolu-
tion/yields as well as cost efficiency, high performance liquid chromatography (HPLC)
is one of the main methods used. Different types of HPLC classified according to their
separation modes are known, including normal phase (NP-HPLC), reversed phase HPLC
(RP-HPLC), size exclusion HPLC (SEC), and ion exchange HPLC (IEX-HPLC) [21,22]. Re-
verse phase chromatography (RP-HPLC) is one of the most widely used techniques for
protein separation and is commonly applied for large-scale protein purification. The station-
ary phase is based on silica gel or a synthetic polymer, bearing hydrophobic ligands which
are essentially C4, C8, or C18 alkyl chains [23–25]. The protein retention on the column
increases with the hydrophobicity of the solutes, the hydrophobicity of the stationary phase
surface, and the polarity of the mobile phase [26]. The separation is then ensured by the
partitioning process and/or the adsorption phenomenon [21]. Hydrophilic interaction
chromatography (HILIC-HPLC) has been significantly assessed and has become more
popular. It is generally established that separation occurs through the partitioning process,
adsorption phenomenon, and ion-exchange interactions [27,28]. In the NP-HPLC process,
the stationary phase presents a higher degree of polarity than the mobile phase, resulting
in an elution based on the polarity of the proteins, from the most hydrophobic to the most
hydrophilic molecules [21,29,30]. Ion exchange chromatography separates proteins based
on their net charge, which is directly related to the number and nature of charged amino
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acid residues present on the protein as well as the pH of the buffers [31,32]. Anionic and
cationic resins of different strengths can be used to adsorb proteins of opposite charge, the
regulation of pH to control the polarity, and the amplitude of the charge of the proteins
being exploited to selectively adsorb target proteins [31,33]. The use of a salt or pH gradient
can be applied to disrupt ionic interactions for elution, and salt-mediated pH gradients
(combining the two complementary elution mechanisms) has also emerged as a valuable
tool for improving separation efficiency [34–36]. Mixed-mode chromatography (MMC) in
which several modes of interaction occur between the stationary and mobile phases has
been suggested to improve fractionation procedures [37–39]. In contrast to RP, NP, and
IEX chromatography, where prominent interaction patterns are hydrophobic, hydrophilic
and ionic, mixed mode chromatography relies on a combination of two or more of these
interaction patterns [40,41].

The aim of this work was to develop a simple and efficient procedure for fractionation
and purification of the most abundant wheat ATIs. One of the main necessities arises
due to lack of proper calibration standards for their absolute quantification. The approach
consisted of successively applying ATI extracts on a reverse phase and then an ion exchange
column for their purification. The design of the experiment was used to optimize the
chromatographic parameters, while analysis including SDS PAGE, MALDI-TOF-MS, and
LC-MS/MS were performed to monitor the fractionation process and to assess the purity
level. The Doehlert design was chosen as it offers many advantages compared to other
designs such as the highest efficiency and the lowest number of experiments needed to
complete the optimization process. Moreover, each variable is studied at a different number
of levels [42]. The Doehlert design describes a circular domain for two variables and a
spherical domain for three variables, increasing the uniformity of the parameters [43].

2. Materials and Methods
2.1. Materials
2.1.1. Experimental Material

German wheat cultivar Elixer (Triticum aestivum L.) from the 2019 harvest project and
kindly provided by the IGV-Institut für Getreideverarbeitung GmbH, Nuthetal (Germany)
was used for the extraction and fractionation of the ATIs.

2.1.2. Standards and Chemicals

Bovine serum albumin (BSA) used as standards for the determination of protein
content was obtained from Sigma-Aldrich Chemie GmbH, Steinheim (Germany). Trypsin
crystalline, proteomics grade (EC 3.4.21.4) used for protein digestion was provided by
Amresco, Inc., Solon, OH, USA. Dihydroxyacetophenone (DHAP) used as matrix for
MALDI mass spectrometry analysis of fractionated ATIs was obtained from Alfa Aesar,
Heysham, England. Ammonium bicarbonate and Tris-(hydroxymethyl)-amino methane
were purchased from Carl Roth GmbH + Co. KG, Karlsruhe, Germany. Chloroform,
methanol, and acetonitrile were procured from Sigma-Aldrich Chemie GmbH, Steinheim,
Germany. Chemicals listed above as well as all the other chemicals used in this work were
of analytical grade.

2.2. Extraction of Wheat α-Amylase/Trypsin Inhibitors

An improvement of the extraction process combining sequentially the ammonium
bicarbonate buffer extraction [44,45] and the chloroform/methanol solvent mixture extrac-
tion [8,46] was applied. Briefly, samples were first defatted by applying 1 mL of petroleum
ether to 100 mg of wheat flour in 2 mL microtubes. After shaking at 60 rpm for 10 min,
the mixture was centrifuged (centrifuge 5415R, Eppendorf AG, Hamburg, Germany), the
supernatant discarded, and the precipitates were air-dried under a hood for about 20 min.
One milliliter of the extraction buffer (100 mM ammonium bicarbonate) was then added
and the extraction was performed at room temperature for 60 min under shaking condi-
tions (60 rpm). The mixture was centrifuged (10,000× g for 5 min, 4 ◦C), the supernatants
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collected, frozen at −20 ◦C for about 60 min, then thawed at 4 ◦C and again centrifuged
(10,000× g for another 5 min). The clear supernatant was freeze-dried and 0.5 mL of the
chloroform/methanol mixture (2:1, v/v) was added. The whole was vortexed, followed
by centrifugation (10,000× g for 5 min, 4 ◦C) and the supernatants were dried using a
centrifugal evaporator (RC10-22, Jouan S.A., Saint-Herblain, France). Finally, the samples
were re-dissolved in 25 mM Tris buffer containing 1.67 M of NaCl and after vortex and
centrifugation (10,000× g, 4 ◦C for 5 min), the supernatants constituting the ATI extracts
were collected and transferred into new microtubes for further processing.

2.3. ATIs Fractionation and Purification

High performance liquid chromatography (HPLC) was used to finalize the purification
of the targeted wheat ATIs by applying successively extracts to a reversed phase and an
anion exchange column. A Shimadzu HPLC system (Shimadzu Europa GmbH, Duisburg,
Germany) equipped with a degasser (DGU-20A5), two pumps A and B (LC-20AD), an auto
sampler (SIL-20AC), a column oven (CTO-20AC), a diode array detector (SPD-M20A), a
fraction collector (FRC-10A), and a communication bus module (CBM-20A) was used for
this purpose.

2.3.1. Reversed Phase Chromatography

Hydrophobic separation was performed on a PerfectSil 300 ODS C18 column
(300 × 4.6 mm, 300 Å, 5 µm; MZ Analysetechnik, Mainz, Germany). The oven tempera-
ture was set at 30 ◦C. A volume of 100 µL of the CM ATI extracts (with protein concentration
of 0.4–0.5 mg/mL) was injected in the system and the separation was carried out for a total
time of 34 min at a flow rate of 1 mL/min under the gradient condition. The solvent system
constituted of bidest water containing 0.1% trifluoroacetic acid (eluent A) and 70% of acetoni-
trile (eluent B). A preliminary study was first performed in order to check different operating
conditions (data not shown). The final elution program used was set as follows: 0.01 to
1.0 min, 0% solvent B; at 10 min of the separation, 40% solvent B; at 26 min of the separation,
55% solvent B; at 27 min of the separation, 100% solvent B; at 28 min of the separation, 100%
solvent B; at 29 min, 0% solvent B; at 34 min, 0% solvent B. Detection of proteins was per-
formed by measuring absorption at 280 nm. Figure 1 shows the resulting chromatogram of
the C18 fractionation. Different fractions were initially collected and analyzed and accordingly,
two fractions containing the proteins of interest were collected, freeze-dried, re-dissolved in
distilled water, and then used as input for the ion exchange separation.

2.3.2. Anion-Exchange Chromatography

A strong anion-exchange column (ProPac TM SAX-10, 250 × 4 mm; Thermo Fisher
Scientific, Sunnyvale, CA, USA) was used to finalize the purification of the proteins of
interest. For this purpose, the separation was performed with a gradient mode using
20 mM of Tris buffer, pH 8.5 as eluent A and 20 mM of Tris buffer containing 0.5 M NaCl,
pH 8.5 as eluent B. Both buffers were always prepared freshly. The detection wavelength
was 280 nm. Different strategies were applied for each of the two fractions previously
selected and collected from the reverse phase separation. The protein concentrations of
both fractions were around 0.5 mg/mL.
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Figure 1. Chromatogram of (a) the reverse phase separation of ATI extracts; and (b,c) the strong anion
exchange separation of fractionations F1 and F2 at the optimal conditions, respectively. Fractions F1
and F2 of the RP-HPLC were first collected and further fractionated by ion exchange.

(a) For fraction F2, 100 µL of sample were injected in the system and the separation
was performed for 17 min under gradient conditions as follows: from 0.01 to 1.0 min,
0% solvent B; at 10 min of the separation, 5% solvent B; at 11 min of the separation, 80%
solvent B; at 12 min, 80% solvent B; at 13 min, 0% solvent B; at 17 min, 0% solvent B. The
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different fractions where collected, freeze-dried, and re-dissolved in HPLC grade water for
further analysis.

(b) The response surface methodology (RSM) with the Doehlert design was employed
to optimize the separation of the fraction F1 containing a large number of proteins. A total
separation time of 17 min was set. To this end, three parameters, including flow rate, gradi-
ent, and column temperature were selected for the optimization. The experimental domain
was set (according to a preliminary study performed—data not shown) as follows: Flow
rate, 0.4–1.2 mL/min; gradient, 0.1–0.5% eluent B/min; and column temperature, 30–40 ◦C.
The coded values given by the Doehlert design were converted into the corresponding real
values according to Equation (1). Table 1 summarizes the experimental design. A total of
17 experiments were performed with four replications at the central point.

X = Xi + ∆ Xi × xi (1)

where X is the real variable, xi coded variable given by the Doehlert design, Xi the centre of
variation range, and ∆ Xi the increment.

Table 1. Experimental design of the strong anion exchange separation of F1 with the coded values of
the Doehlert design, the real values, and the experimental responses.

Runs
Coded Values

Real Values Experimental Responses

Flow Rate
(mL/min)

Gradient
(%B/min)

Temp.
(◦C) RTP1

(min)
∆tCR
(min)

RF
-

x1 x2 x3 X1 X2 X3

1 0 0 0 0.8 0.30 35 6.00 ± 0.12 0.55 ± 0.02 0.58 ± 0.01
2 1 0 0 1.2 0.30 35 5.08 ± 0.52 0.66 ± 0.01 0.67 ± 0.01
3 −1 0 0 0.4 0.30 35 6.90 ± 0.42 0.96 ± 0.04 0.59 ± 0.03
4 0.5 0.866 0 1.0 0.50 35 5.03 ± 0.48 0.50 ± 0.01 0.73 ± 0.01
5 −0.5 −0.866 0 0.6 0.10 35 7.13 ± 0.14 1.35 ± 0.06 0.60 ± 0.00
6 0.5 −0.866 0 1.0 0.10 35 6.32 ± 0.17 1.17 ± 0.05 0.59 ± 0.01
7 −0.5 0.866 0 0.6 0.50 35 6.32 ± 0.09 0.37 ± 0.00 0.72 ± 0.01
8 0.5 0.289 0.816 1.0 0.37 40 5.66 ± 0.30 0.44 ± 0.01 0.72 ± 0.04
9 −0.5 −0.289 −0.816 0.6 0.23 30 6.77 ± 0.26 0.94 ± 0.07 0.60 ± 0.01

10 0.5 −0.289 −0.816 1.0 0.23 30 5.78 ± 0.25 0.84 ± 0.04 0.59 ± 0.01
11 0 0.577 −0.816 0.8 0.43 30 6.86 ± 0.41 0.55 ± 0.01 0.68 ± 0.02
12 −0.5 0.289 0.816 0.6 0.37 40 6.49 ± 0.33 0.65 ± 0.02 0.60 ± 0.01
13 0 −0.577 0.816 0.8 0.17 40 6.62 ± 0.45 0.84 ± 0.01 0.59 ± 0.01
14 0 0 0 0.8 0.30 35 6.11 ± 0.08 0.57 ± 0.01 0.59 ± 0.00
15 0 0 0 0.8 0.30 35 6.38 ± 0.41 0.55 ± 0.03 0.57 ± 0.01
16 0 0 0 0.8 0.30 35 6.15 ± 0.35 0.57 ± 0.01 0.57 ± 0.01
17 0 0 0 0.8 0.30 35 6.23 ± 0.09 0.58 ± 0.01 0.58 ± 0.01

RTP1 is the retention time of the first eluted peak, ∆tCR the resolution between the critical pair peaks F1-3 and
F1-4 and RF the resolution factor indicating the ratio between the separation time of the first and the last eluted
peaks and the total separation time.

The retention factor of the first eluted peak (RTP1), the resolution between the critical
pair peaks F1-3 and F1-4 (∆tCR), and the resolution factor (RF) indicating the ratio between
the separation time of the first and the last eluted peaks and the total separation time were
used as experimental responses to assess the quality of the chromatographic separation.
Mathematical models of second order polynomial type with interaction between factors
as presented in Equation (2) were used to predict the effects of the different factors on the
experimental responses, and furthermore to perform the numerical optimization.

Y = δ0 + ΣαiXi + ΣβiiXiXi + ΣγijXiXj (2)
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where Y is the experimental response, Xi and Xj the levels of variables, δ0 the constant term,
αi the coefficients of the linear terms, βii the coefficients of the quadratic terms, and γij the
coefficients of the interactions terms.

2.4. Characterization of the Extracted and Purified Targeted Proteins

A broad range of analysis was performed in order to identify and determine the purity
of the proteins in each of the fractions. This includes the determination of protein content,
SDS PAGE, matrix-assisted lasers desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS), as well as targeted LC-MS/MS.

2.4.1. Protein Content

Protein content was determined using the method by Lowry et al. [47] with bovine
serum albumin as standard.

2.4.2. SDS PAGE

Electrophoresis of extracted and fractionated ATIs was performed according to
Laemmli [48] under reducing and denaturing conditions using a 12% Invitrogen NuPAGE
Bis-Tris precast gels (Thermo Fisher Scientific, Carlsbad, CA, USA). Samples were initially
mixed with the sample buffer (containing glycerol, 2-mercaptoethanol, SDS and Coomassie
blue G250, pH 8.4) at a ratio of 1:1 (v/v) and heated for five min at 95 ◦C. Twenty microliters
of the mixtures and 5 µL of the protein ladder (broad range Page Ruler Plus marker, Thermo
Fisher Scientific, Carlsbad, CA, USA) were loaded onto the gel and separation was carried
out at a constant currant (50 mA per gel) for approx. 90 min. After staining overnight
with the Coomassie Brilliant Blue R-250 solution, the gels were destained for 2 to 3 h in
a solution of 10% acetic acid. The gels were finally scanned using a Bio-500 Professional
VIS Gel Scanner (SERVA Electrophoresis GmbH, Heidelberg, Germany) and analyzed with
ImageLab software (Bio-Rad Laboratories Ltd., Hemel Hempstead, UK).

2.4.3. MALDI-TOF Mass Spectrometry Analysis

MALDI-TOF-MS was performed in order to identify the mole masses of proteins and to
check the purity of the fraction. The matrix was prepared by mixing 7.6 mg of 2,5-Dihydroxy
acteto-phenone (2,5-DHAP) with 375 µL of ethanol and 125 µL of 18 mg/mL di-ammonium
hydrogen citrate. Samples (2 µL) were mixed with 2 µL of 2% trifluoroacetic acid and 2 µL
of the matrix solution. The mixture was pipetted up and down until crystallization started.
One to two drops of the crystal suspension were spotted onto a ground steel target (MTP
target frame III, Bruker Daltonik GmbH, Bremen, Germany). After being allowed to dry at
room temperature, measurements were carried out with an Autoflex Speed LRF equipped
with a Smart beam-Laser 200 (Bruker Daltonik GmbH, Bremen, Germany). Internal standard
containing a mixture of six proteins (insulin [M + H]+, 5734.52 Da; cytochrome C [M + 2H]2+,
6181.05 Da; Myoglobin [M + 2H]2+, 8476.66 Da; ubiquitin I [M + H]+, 8565.76 Da; Cytochrom
C [M + H]+, 12360.97 Da and myoglobin [M + H]+, 16952.31 Da) was used to calibrate the
instrument. The spectra were analyzed using the Bruker Daltonics FlexAnalysis software,
Version 3.3 (Bruker Daltonik GmbH, Bremen, Germany).

2.4.4. Targeted LC–MS/MS

Targeted tandem mass spectrometry was used to identify the purified proteins and to
allocate the purity level. Sample preparation consisted of protein reduction using tris(2-
carboxyethyl)phosphine (TECP) followed by alkylation with iodoacetamide (IAA). The
digestion buffer (100 mM of ammonium bicarbonate), and the proteomics grade trypsin
solution were then added to the mixture (ratio of approximately 20:1, protein/enzyme)
and the digestion was performed for 20 h at 37 ◦C. A solution of 40% formic acid was
used to stop the digestion. The samples were filled into the vials for the analysis while the
solid phase extraction (SPE) was applied as previously described [49] to the digested crude
extract prior to the analysis.
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The multiple reaction monitoring (MRM) method previously established [8] was
used with some modifications for this purpose. The analysis were performed on an
Agilent Infinity 1260 liquid chromatography system equipped with a binary pump, a multi-
column thermostat, a VL vial sampler; coupled with an Agilent G6470A Series Triple Quad
HPLC/MS mass spectrometer (Agilent Technologies Sales and Services GmbH and Co.
KG, Waldbronn, Germany). Briefly, the sequences of the 14 reviewed wheat ATIs available
from the online database UniProt (UniProtKB; https://www.uniprot.org; accessed on
6 October 2021) were downloaded as FASTA file and imported into the Skyline software
(MacCoss Lab Software, version 20.2, University of Washington, Seattle, WA, USA). The
sequences were theoretically digested using trypsin as enzyme, with zero missed cleavage
and filtering peptides between 5 and 30 amino acids in length. Carbamidomethylation of
cysteine residues was labeled as structural modification and the following criteria were
set: precursor charge 2, 3; ionic charge 1; and y and b ion types. Three to four transitions
with the highest signal intensity were selected per peptide and one biomarker peptide
(quantifier) and as well as two additional peptides (qualifiers) were selected for each ATI [8].
Biomarkers previously selected were grouped in a single method and exclusively used for
the analysis. The injection valve of autosampler was set without bypass for delay volume
reduction and the separation was performed on a Kinetex C8 column (150 × 4.6 mm,
2.6 µm, Phenomenex, Torrance, CA, USA). Column temperature and flow rate were set
at 30 ◦C and 0.5 mL/min, respectively. For each analysis, 10 µL of analyte solutions
were injected in the system and the elution was performed in gradient mode using 0.1%
formic acid (solvent A) and 100% acetonitrile (solvent B). The final elution program lasted
28 min as follows: 0% acetonitrile for 0–1 min, 50% acetonitrile at 18 min, 95% acetonitrile at
19–22 min, and then 0% acetonitrile from 23–28 min. The column was re-equilibrated for
4 min under 100% solvent A (postrun step). Analysis (MS detection) were conducted in
positive mode electrospray ionization (ESI) with nitrogen as desolvation gas at 275 ◦C, a
flow rate of 11.0 L/min, a capillary voltage of 4000 V in positive modus, and a nebulizer
pressure of 35.0 psi.

2.5. Statistical Analysis

All experiments were performed in three independent replicates and data were re-
ported as mean ± standard deviation. Mathematical models from the Doehlert design were
examined using STATGRAPHICS Centurion XIX software (Statgraphics Technologies, Inc.,
The Plains, VA, USA). The models were validated using coefficient of determination R2

as well as the Bias factor (BF) and the Accuracy factor (AF), as described in Equations (3)
and (4), respectively [42,50,51]. They were then used to represent the response surfaces de-
scribing the individual and interaction effects of the factors on the experimental responses
(using SigmaPlot Version 11.0, Systat Software, Inc., San Jose, CA, USA).

BF = 10
(∑ log(

Yi,cal
Yi,exp

)/N)
(3)

AF = 10
(∑ |log(

Yi,cal
Yi,exp

)|/N)
(4)

where, Yi,exp is the experimental response, Yi,cal the calculated response, and N the number
of experiments.

3. Results and Discussion
3.1. ATIs Extraction and Quantification

ATIs were extracted from the German wheat cultivar Elixer according to the opti-
mized method combining the ammonium bicarbonate buffer extraction and the chloro-
form/methanol solvent mixture extraction. Prior to the HPLC fractionation, the extracts
were first analyzed by LC-MS and the composition as well as proportion of each individual
ATI was investigated. The peak areas values were used for the calculation and the results
expressed as percent are presented in Table 2. The most abundant ATIs were found to be

https://www.uniprot.org
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P01083 (23.7 ± 0.3%), P17314 (18.3 ± 0.5%), P16851 (13.4 ± 0.1%), P16159 (12.1 ± 0.5%),
P01085 (8.4 ± 0.1%), P83207 (6.7 ± 0.1%), and P16850 (6.5 ± 0.0%), respectively. The seven
molecules together accounted for almost 90% of the total ATIs in the extract. The remaining
seven ATIs accounted for only about 10%.

Table 2. Proportion of individual ATIs in the extract.

Proportion (%)

RP-HPLC SAX-HPLC

UniProt
Access

Nr.
Extract F1-C18 F2-C18 F1-1 F1-2 F1-3 F1-4 F1-5 F2-1 F2-3

P01083 23.7 ± 0.3 33.0 ± 1.7 3.0 ± 0.7 0.0 ± 0.0 0.9 ± 0.1 0.0 ± 0.0 0.4 ± 0.1 98.2 ± 0.7 0.8 ± 0.0 0.4 ± 0.0
P17314 18.3 ± 0.5 0.7 ± 0.0 74.8 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.4 ± 0.1 98.1 ± 0.8
P16850 6.5 ± 0.0 9.5 ± 0.1 0.0 ± 0.4 2.6 ± 0.2 0.3 ± 0.0 0.5 ± 0.0 97.9 ± 0.5 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.0
P01085 8.4 ± 0.1 12.3 ± 0.5 0.4 ± 0.0 95.1 ± 0.8 0.3 ± 0.0 0.1 ± 0.0 0.4 ± 0.1 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
P01084 1.3 ± 0.0 3.5 ± 0.4 0.0 ± 0.0 0.8 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
P16851 13.4 ± 0.1 20.0 ± 0.1 0.2 ± 0.0 0.5 ± 0.0 0.6 ± 0.0 98.3 ± 0.4 0.4 ± 0.1 0.2 ± 0.0 0.0 ± 0.0 0.1 ± 0.0
P16159 12.1 ± 0.5 16.0 ± 0.3 1.7 ± 0.1 0.0 ± 0.0 96.9 ± 0.5 0.3 ± 0.0 0.1 ± 0.0 0.8 ± 0.1 0.6 ± 0.1 0.1 ± 0.0
P81496 1.8 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 1.0 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Q43723 3.6 ± 0.0 3.8 ± 0.3 2.3 ± 0.1 0.0 ± 0.0 0.3 ± 0.0 0.9 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.0 0.3 ± 0.0
P93602 1.8 ± 0.1 0.5 ± 0.0 1.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.0 0.4 ± 0.0 0.1 ± 0.0
P83207 6.7 ± 0.1 0.1 ± 0.0 15.9 ± 0.9 0.0 ± 0.0 0.3 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 96.2 ± 0.4 0.8 ± 0.1
Q4U199 1.2 ± 0.2 0.4 ± 0.0 0.5 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0
Q41540 1.1 ± 0.1 0.2 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

RP-HPLC: reverse phase chromatography; SAX-HPLC: strong anion exchange chromatography.

These results are consistent with those presented in previous work where more than
20 different wheat cultivars were screened [44]. Based on two-dimensional electrophoresis
analysis followed by immunoblotting and mass spectrometry analysis, Zoccatelli et al. [12]
also identified proteins 0.19 (P01085) and 0.28 (P01083) as two of the major ATIs in salt-
soluble protein fractions using 53 different wheat types. Similarly, Rogniaux et al. [16] eval-
uated the allergen relative abundance in several wheat varieties and identified proteins 0.28,
0.19, CM1, CM2, and CM3 as the most predominant ATIs. Altenbach et al. [2] investigated
the spectrum of low molecular weight α-amylase/protease inhibitor genes from milled
white flour from wheat cultivar Butte 86 by tandem mass spectrometry (MS/MS). They
found that monomeric P01083 and tetrameric subunits of CM2 (P16851), CM3 (P17314), and
CM16 (P16159) were accumulated to the highest levels in flour. Moreover, the CM3 protein
(P17314) was identified as an allergen involved in baker’s asthma and was quantified from
18 durum wheat samples (content ranging from 0.22 to 1.10 mg/g) [15].

Considering the objective of this work and in view of these results obtained, ATIs
P01083, P17314, P16850, P01085, P16851, P16159, and P83207 were selected as target
molecules for the purification process.

3.2. Reverse Phase Chromatography

Figure 1a shows the HPLC fractionation pattern of the separation of ATI extracts
by reverse phase chromatography. The online database Uniprot reports 143,269 different
proteins/peptides (including 379 reviewed) constituting the proteome of wheat (Triticumaes-
tivum). In other words, if the extraction method itself here was specifically designed to
yield essentially ATIs molecules, it is clear that many other proteins with similar physico-
chemical properties could have been extracted simultaneously. Accordingly, this first
separation generated many peaks.

Different fractions from the RP-HPLC were collected and the targeted LC-MS/MS
analysis was performed to determine in which fractions the proteins of interest were
contained. Two main peaks were finally selected, including Peak F1 (between retention time
of 18 and 19.5 min) and peak F2 (between retention time of 25.8 and 26.5 min) (Figure 1a).
The F1 fraction was found to contain 33.0 ± 1.7; 20.0 ± 0.1; 16.0 ± 0.3; 12.3 ± 0.5, and 9.5 ±
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0.1% of proteins P01083, P16851, P16159, P01085, and P16850, respectively (Table 2), while
F2 fraction contained essentially 74.8 ± 1.3% of P17314 and 15.9 ± 0.9% of P83207.

Interestingly, it is particularly captivating to see that the F1 fraction was found to
contain a specific group of ATIs. Several attempts to improve the separation of these
molecules by reverse phase chromatography were carried out. Different types of hydropho-
bic columns including C8/C18 stationary phase column with different lengths and pore
size, as well as different separation gradients were tested (data not shown). However,
it was not possible to obtain a better separation of these molecules by RP-HPLC. The
five ATIs identified in the above fraction have similar molecular weights around 13 kDa.
Correspondingly, the SDS PAGE analysis showed the presence of a large band within this
molecular weight range (Figure 2).
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Figure 2. SDS PAGE of the ATI extract and the different fractions collected from the reverse phase and ion
exchange chromatography. F1 and F2 are the two fractions collected from the C18 separation, while F1-1,
F1-2, F1-3, F1-4, F1-5, F2-1, and F2-2 are fractions collected from the strong anion exchange separation.

In reverse phase chromatography, hydrophobic interactions are the dominant interaction
modes. The more hydrophilic a molecule is, the less it is retained in the C18 column, and is
therefore eluted from the column with the hydrophilic solvent during the first minute of the
separation. On the other hand, the more hydrophobic a molecule is, the higher the interactions
with the stationary phase are (silica gel or polymers with specific functional groups such as
alkyl chain C18) [11,30]. It is then necessary to reach a high proportion of hydrophobic eluent
to carry them away and elute them from the column. In the present case, the two fractions F1
and F2 collected were eluted at 35 to 45% of acetonitrile (hydrophobic eluent).

Therefore, a large number of RP-HPLC runs were necessary to collect enough samples
from both peaks. The two fraction samples were freeze-dried, then re-dissolved with
distilled water, and used as input for the next fractionation step using ion exchange
chromatography.

3.3. Ion Exchange Chromatography

Two distinct approaches were used to finalize the purification of ATIs from each of
the F1 and F2 fractions by ion exchange chromatography. The F2 fraction containing two
ATIs was separated within 17 min under the gradient mode while design of experiment
and response surface methodology was employed in order to optimize the separation
conditions of the fraction F1. The separation of both fractions was carried out using a strong
anion exchange column.
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3.3.1. Ion Exchange Separation of Fraction of F2

The fraction F2 obtained from reverse phase chromatography and containing initially
two ATIs was applied to the strong anion exchange chromatography for the final purifica-
tion of both proteins contained in this fraction. Figure 1c presents the chromatogram of the
separation. Two peaks were obtained. These two proteins which were eluted together in the
same fraction with RP-HPLC were consequently successfully separated on an ion-exchange
column, due to the significant differential total charge of the both proteins with theoretical
isoelectric points (pI) of 7.42 and 6.66 for P83207 and P17314 molecules, respectively.

Both fractions F2-1 and F2-2 were collected and analyzed for the protein identification.
ATI P83207 was found to be the major protein in the fraction F2-1 while fraction F2-2
contained ATI P17314 (Table 2). Purity degrees of 96.2 ± 0.4 and 98.1 ± 0.8% were achieved
for proteins P83207 and P17314, respectively. MALDI-TOF-MS analysis was performed
and both fractions showed a single peak on the spectra (Figure 3). These results confirmed
those obtained from targeted analysis. Moreover, the masses of the two molecules (12,935
and 15,524 m/z; with z = 1) were found to be similar to the theoretical masses of the
proteins P83207 (12,943 Da) and P17314 (15,832 Da), respectively (Table 3). Finally, the
visualization of the samples collected from fractions F2-1 and F2-2 revealed unique bands
on the electrophoresis gel in the range of 13 and 15 kDa (Figure 2).
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Figure 3. MALDI-TOF-MS spectra of (a) ATI extract; (b) fraction F2 from the C18 separation; and
(c) F2-1 and (d) F2-2 fractions from ion exchange chromatography.

3.3.2. Ion Exchange Chromatography of Fraction F1

The strategy employed here was to use the Doehlert design to optimize the fraction-
ation of F1 by ion exchange chromatography, as this fraction contained a set of proteins
with similar masses and chemical properties, making the purification more complex. The
separation mechanism in ion exchange chromatography involves an electrostatic attraction
between the proteins to be separated and the functional groups of the stationary phase,
which have opposite charges [52]. With anion exchange chromatography (which was the
case in this work), the positive functional groups have affinities for negatively charged
proteins at basic pH. There are several parameters affecting the separation process. After
a preliminary study (data not shown), three of these parameters were considered for the
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optimization approach: flow rate, separation gradient, and oven temperature, generating
17 experiments including four replicates at the center of the experimental domain.

Table 3. Reference and experimental masses of the fractionated wheat ATIs according to the MALDI-
TOF-MS analysis.

Uni-Prot Access Nr. Signal Peptids Chain
(Amino Acids)

Reference Mass
(Da)

Determined Mass
(m/z)

Error
(%)

P01083 1-30 31-153 13,326 13,381 0.4
P17314 1-25 26-168 15,832 15,524 1.9
P16850 1-24 25-145 13,085 13,067 0.1
P01085 - 1-124 13,328 13,298 0.2
P16851 1-25 26-145 13,034 13,054 0.2
P16159 1-24 25-143 13,437 13,565 0.9
P83207 - 1-119 12,943 12,935 0.1

Experiments were performed and a statistical analysis was conducted. In addition
to the coefficient of determination R2, the bias factor and the accuracy factor were also
calculated to support the mathematical models describing the interaction between the
variables and the experimental responses. Accordingly, coefficients of determination of
0.93, 0.98, and 0.96 were obtained for RTP1, ∆tCR and RF, respectively (Table 4). These
R2 values indicate that all these suggested mathematical models were found to be able to
explain more than 93% of the experimental observations in terms of operating variables.
BF and AF values of 1.00, 1.00, and 1.00; 1.02, 1.05, and 1.02 were achieved for RTP1, ∆tCR
and RF, respectively. These two factors provide a quantitative measure of the relative
deviations between the predicted responses from the mathematical models and those
obtained experimentally. Values of the bias factor and the precision factor equal to one
suggest a perfect balance between the observed and predicted responses [42]. In view
of the values obtained, all the proposed models are highly representative of the interac-
tions between the independent variables and the experimental responses. Accordingly,
these models were therefore used to generate the response surfaces and to perform the
numerical optimization.

Table 4. Linear, quadratic, and interaction coefficients of the mathematical models and validation.

Coefficients δ0 α1 α2 α 3 β1 β2 β3 γ12 γ13 γ23 R2 BF AF

RTP1 8.23 −1.26 *** −0.59 ** −0.18 −0.25 0.13 0.41 −0.38 0.26 −0.94 0.93 1.00 1.02
∆tCR 0.56 −0.12 ** −0.45 *** −0.08 * 0.25 ** 0.29 ** 0.08 0.18 * −0.13 0.05 0.98 1.00 1.05

RF 0.58 0.03 ** 0.07 *** 0.01 0.05 ** 0.09 ** 0.04 * 0.01 0.08 * 0.00 0.96 1.00 1.02

With RTP1, the retention time of the first eluted peak, RF the resolution factor, ∆tCR the resolution between the
critical pair peaks F1-3 and F1-4. δ, α, β, and γ represent the coefficients of the different mathematical models
with δ0 the constant term; α1, α2, and α 3 the linear effects, β1, β2, and β3 the quadratic effects; and γ12, γ13, and
γ23 the interactions (1, 2 and 3 are flow rate, gradient, and column temperature, respectively. R2 is the coefficient
of determination, BF the Bias factor and AF the accuracy factor. * Significant at p < 0.05; ** Significant at p < 0.01;
*** Significant at p < 0.001.

Figure 4 shows the response surface plots illustrating the effects of the three factors on
the investigated experimental responses. With the column temperature set at the center
of the experimental domain, a decrease in RTP1 with flow rate can be observed at high
gradients. Conversely, at low gradients, RTP1 remained almost constant with the variation
of flow rate (Figure 4a). Similar effects were observed with respect to gradient. At a flow
rate of 0.4 mL/min, RTP1 was found to be constant with gradient changes, while at a flow
rate of 1.2 mL/min, a decrease in RTP1 was observed with gradient increases. The ANOVA
revealed that these two factors were significantly involved (p < 0.001) and the negative sign
of both parameters’ coefficients indicates that the observed effects were clearly negative
(Table 4). No significant effect was observed for column temperature.
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Figure 4. Response surface plot showing the effect of the flow rate and the gradient on (a) the
retention time of the first eluted peak RTP1, (b) the resolution factor RF, and (c) the resolution between
the critical pair peaks ∆tCR. The parameters are presented in their coded values and the column
temperature was fixed constant at the center of variation of the experimental domain.

Figure 4b represents the response surface showing the effect of the different parameters
on the resolution factor. Here, there is an increase in term of the resolution factor with the
gradient and the flow rate increase, the column temperature being fixed in the center of the
experimental domain. The interaction between these two parameters shows a strong effect
on the experimental response. It can be observed that increasing the gradient and the flow
rate at the same time led to a better resolution of the separation. The statistical analysis
revealed that these two parameters, as well as their interaction, had significant effects on
this experimental response (p < 0.001). These effects were all positive given the positive
sign of their coefficients (Table 4).

Finally, it can be observed that the ∆tCR was mainly affected by the linear terms
of flow rate (p < 0.01) and gradient (p < 0.001), the quadratic terms of all three factors
(p < 0.01) as well as the interaction between the flow rate and the column temperature
(p < 0.05) (Table 4). Figure 4c displays the response surfaces showing the effect of the
variables on ∆tCR. A decrease in ∆tCR with gradient is observed, reaching its lowest level
(0.6 min) at a gradient of 0.5% eluent B/min. Furthermore, a decrease in ∆tCR is observed
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up to a flow rate of about 0.8 mL/min, followed by an increase with a further gradual flow
rate increment up to 1.2 mL/min (Figure 4c).

Multi-response numerical optimization was performed to determine the best com-
bination of factors that simultaneously optimize the three experimental responses while
maximizing a desirability function. Specifically, the objectives were to minimize the reten-
tion time of the first eluted peak, and to maximize the resolution between the critical pair
peaks as well as the resolution factor.

The highest desirability achieved was thus 0.88. The combination of factors for which
the optimum is reached was 0.8 mL/min, 0.35% eluent B/min and 30 ◦C for the flow rate,
gradient and column temperature, respectively. The corresponding response values were
5.2 min, 0.69 min, and 0.81 for the retention time of the first eluted peak, the resolution
between the critical pair peaks and the resolution factor, respectively. Fractionation was
accordingly performed at these optimal conditions and the analysis were carried out
in order to confirm the results obtained numerically. Values of 5.1 min, 0.71 min, and
0.80 were achieved for RTP1, ∆tCR, and RF, respectively. The fractionation was then
performed at these conditions and five different peaks F1-1, F1-2, F1-3, F1-4, and F1-5 (see
Figure 1b) were collected. The different analyses were then conducted to identify and
characterize the content of the different fractions collected.

The collected samples were digested with trypsin and ATIs were identified through
targeted LC-MS/MS analysis. The results are reported in Table 2. It is noteworthy that
all five fractions collected showed different types of ATIs with purity levels higher than
95%. For instance, proteins P01085, P16159, P161851, P16850, and P01083 were identified
in fractions F1-1, F1-2, F1-3, F1-4, and F1-5, with purity levels of 95.1 ± 0.8; 96.9 ± 0.5;
98.3± 0.4; 97.9± 0.5, and 98.2± 0.7%, respectively. The achieved high purities demonstrate
the effectiveness of the applied procedure to efficiently fractionate low molecular weight
proteins with similar physiochemical properties.

In order to consolidate the results obtained from the targeted analysis (LC-MS), the
MALDI-TOF-MS analysis was performed in order to determine the compositions and intact
masses of proteins from the different fractions. While the high resolution mass spectrometry
method only targeted the 14 reviewed wheat ATIs officially listed in the Uniprot KB online
database, the untargeted MALDI-TOF-MS analysis allowed for an accurate assessment of
the existence of additional potential protein in the fractions. Figure 5 shows the spectra
acquired. At least two observations can be made: The first is that only one peak was
detected in each sample, showing that each of the analyzed fractions contained only one
protein, confirming purity levels measured using targeted analysis.

Secondly, the theoretical masses of the identified ATIs were compared to the masses of
the peaks from the MALDI-TOF-MS spectra. The results are reported in Table 3. Masses
of 13,298, 13,565, 13,054, 13,067, and 13,381 m/z (z = 1) were detected; compared to the
theoretical masses of 13,328, 13,437, 13,034, 13,085, and 13,326 Da and corresponding to
ATIs P01085, P16159, P161851, P16850, and P01083, respectively. With deviations of 0.2, 0.9,
0.2, 0.1, and 0.4% for P01085, P16159, P161851, P16850, and P01083, respectively, it is clear
that these results are in agreement with those obtained from the targeted analysis.

Finally, the samples collected from the different fractions were analyzed by SDS PAGE
and the results are shown in Figure 2. No additional bands in the fraction samples suggest
a high degree of purity of the collected samples, again demonstrating the effectiveness of
the applied separation methods.
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Figure 5. MALDI-TOF-MS spectra of (a) fraction F1 from the C18, (b) P16851, (c) P16850, (d) P16159
(e) P01083 and (f) P01085 purified proteins from the ion exchange chromatography.

4. Conclusions

The aim of this work was to fractionate and purify the most important wheat ATIs. Af-
ter extracting ATIs using the Tris buffer method combined with the CM method, RP-HPLC
followed by ion exchange chromatography were applied to accomplish the purification.
The RP-HPLC on a C18 column yielded two different peaks containing the molecules of
interests, which were collected. Subsequent optimization of the ion exchange chromatog-
raphy established optimal conditions that purify the F1 fraction into five different ATIs,
while sample F2 was further fractionated into two clear different fractions. Using Targeted
LC-MS/MS analysis, the seven most abundant wheat ATIs were identified in the final frac-
tions with high purity degrees, including P01083, P17314, P16850, P01085, P16851, P16159,
and P83207. Complementary analysis (MALDI-TOF-MS and SDS-PAGE) corroborated
these results and the masses of the purified proteins were found to be close to the corre-
sponding theoretical masses of the seven targeted ATIs. Preliminary experiments showed
that the biological properties are retained while applying the fractionation procedure to
purify the ATIs such as the inhibitory effect on α-amylase activity. Data of these further
experiments are subject of our further work and will be presented in due time. Finally, the
results obtained in this work are very promising and will allow continuing the in-depth
investigation of this group of proteins of interest, especially at the molecular level. We also
intend to apply the resulting pure proteins as calibration standards to conduct studies on
the absolute quantification of ATIs in a wide range of wheat cultivars.
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