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Peptic-tryptic (PT) digested prolamins from spelt wheat Triticum aestivum ssp. spelta and landraces ERSA 6 and
ERSA 8 of farro wheat T. turgidum ssp. dicoccum were found to agglutinate K562(S) cells, and exert strong toxic
effects on Caco-2/TC7 cells. Cytotoxicity of spelt prolamins against Caco-2/TC7 cells was greatly reduced by 10-
mer peptide QQPQDAVQPF. By contrast, the PT digests from monoccum wheat (Triticum monococcum) and
farro landraces Prometeo, L5563, L5540 and L5558 did not exhibit any negative effects on K562(S) and Caco-2/
TC7 cells. Toxic genotypes ERSA 6 and ERSA 8 were found to share the same gliadin pattern, which was absent
in inactive landraces. Monococcum, farro and spelt wheats differed from each other in their responses to
antibodies specific for 13-mer cytotoxic sequence FPGQQQPFPPQQP and 10-mer peptide QQPQDAVQPF.
This latter sequence was found to occur in high amounts in common wheat line FG, Phaseoulus vulgaris, Ph.

coccineus and Lens culinaria.
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Introduction

Celiac disease (CD), the intestinal inflammatory
disorder induced by prolamins in susceptible indivi-
duals, occurs as a result of the interplay between
genetic and environmental factors. In particular, the
celiac patients possess human leukocyte antigen
(HLA) alleles DQA1*05/DQB1*02 or DQA1*0301/
DQB1*0302 encoding for the HLA class II molecules
DQ2 and DQS8, respectively (Louka and Sollid 2003).
However, celiac enteropathy develops in less than 4%
of individuals possessing the DQ2 or DQ8 molecules
(Sollid and Thorsby 1993), suggesting that additional
genetic factors may increase the risk for CD. On the
other hand, the occurrence of monozygotic twin pairs
that are discordant for CD (Sollid and Thorsby 1993)
indicates that environment contributes to the devel-
opment of the disease as well.

The environmental factor that triggers CD is the
ingestion of prolamins, the alcohol-soluble proteins
present in the endosperm of cereal grain (Shewry and
Tatham 1990). Prolamins of common wheat (7riti-
cum aestivum) are the main components of gluten,
which is responsible for the unique viscoelastic
properties of wheat dough, leading to a myriad of
food products and industries (Miflin et al. 1983). In
particular, wheat prolamins consist of two groups of

polypeptides, gliadins and glutenins. On the whole, a
single cultivar of common wheat contains 65-80
different prolamin molecules encoded by genes clus-
tered into 20 loci on six chromosomes (Payne 1987;
Pogna 2002). Furthermore, the prolamin patterns of
wheat plants show an extremely high level of poly-
morphism, which includes variation in the presence/
absence, amino acid sequence, amount and chemical
properties of each prolamin component (Payne 1987,
Metakovsky 1991; Jackson et al. 1996).

Feeding trials and in vitro or in vivo screens based
on celiac intestine mucosa found o/p-, y- and possibly
w-gliadins to be noxious (Ciclitira et al. 1984; Howdle
et al. 1984). Moreover, ao/B-gliadins, y-gliadins and
glutenin subunits were shown to agglutinate human
myelogenous leukemia KS562(S) cells, an exclusive
property of grain proteins harmful for celiac patients
(De Vincenzi et al. 1995, 1996a, 1996b), and stimulate
T cell clones derived from jejunal mucosa or periph-
eral blood of celiac individuals (van de Wal et al.
1999; Shan et al. 2002; Vader et al. 2002; Gianfrani
et al. 2003). In addition, a few peptides were shown to
elicit a strong and rapid T cells response in nearly all
celiac patients, these immunodominant sequences
occurring in o- or y-gliadins (Sjostrom et al. 1998;
van de Wal et al. 1998; Shan et al. 2002). On the
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other hand, o-gliadin-derived 13-mer peptide
FPGQQQPFPPQQP (residues 31 to 43) was found
to be weakly immunogenic but very active in trigger-
ing mucosal lesions and enterocyte apoptosis (Maiuri
et al. 1996). On the whole, these findings suggest two
distinct effects of prolamins in CD: one is a rapid
cytotoxic effect on the intestinal epithelium; the other
is an immune response involving T cells that recog-
nize specific prolamin epitopes.

There is experimental evidence for a natural
variation in noxiousness of prolamins from the
different cereal species. Rye and barley show
some degree of ‘toxicity’ in CD, whereas rice and
maize have generally been considered safe for celiac
patients (Dicke et al. 1953; Cornell and Townley
1974; Baker and Read 1976; Anand et al. 1978).
Furthermore, recent works have provided impressive
results showing that oats is tolerated by CD patients,
with the only exception of certain individuals posses-
sing peculiar DQ2-restricted T cells (Picarelli et al.
2001; Janatuinen et al. 2002; Kilmartin et al. 2003;
Arentz-Hansen et al. 2004). More interestingly, large
differences in the harmfulness profile of prolamins
have been found in the genus Triticum, which
contains diploid, tetraploid and hexaploid species.

Common (or bread) wheat and its primitive sub-
group spelt wheat (7. aestivum ssp. spelta) contain the
A, B and D genomes, which accumulated in a single
plant as a consequence of natural hybridization
between the diploid D-genome wheat T. tauschii
and the tetraploid AB-genome wheat T. turgidum.
This latter species originated through spontane-
ous hybridization between the diploid A-genome
T. wrartu and B-genome species 7. speltoides or
longissima or searsii (Table 1).

About 10,000 years ago, T. monococcum, an
A-genome wheat species closely related genetically

Table 1. The main wheat (Triticumn and Aegilops) species
and their genome compositions.

Hexaploid species

Diploid species Tetraploid species (genome

(genome) (genome AABB) AABBDD)

T. urartu (AA) T. turgidum ssp.  T. aestivum*
dicoccoides

T. monococcum (AA) T. turgidum ssp.  T. spelta*
dicoccum™®

Ae. speltoides (BB)  T. turgidum ssp.  T. compactum
durum*

Ae. longissima (BB)  T. turgidum ssp.  T. sphaerococcum
polonicum*

Ae. searsii (BB) T. piramidale T. vavilovii

Ae. tauschii (DD) T. persicum T. macha

*Cultivated wheats.

to T. urartu and characterized by hulled kernels, was
domesticated in the Fertile Crescent and cultivated
for more than 6000 years in the Mediterranean basin
and Central Europe to prepare bread and beer.
During the Bronze Age, the tetraploid AB-genome
species 7. turgidum ssp. dicoccum was the most
cultivated wheat in Egypt. This hulled species was
the main cereal crop during the Roman period under
the Latin name of ‘farrum?’, and still survives as a crop
in marginal areas of Italy, Turkey and Balkan
countries where is used for feeding livestock and
human consumption. Hulled farro wheat underwent
a natural mutation that originated the free—threshing
wheat species 7. turgidum ssp. durum (also known as
durum wheat) currently grown in Mediterranean
countries for pasta.

Prolamins from monococcum wheat were found
unable to agglutinate the K562(S) cells and trigger
lesions in cultured intestinal mucosa from celiac
patients (Auricchio et al. 1982; De Vincenzi et al.
1996¢). In addition, T. monococcum accessions poor
in T-cell stimulatory sequences have been recently
described by Molberg et al. (2005). On the other
hand, gliadin-derived peptides from durum wheat
were found to exert much less adverse effects on
intestinal mucosa from celiac patients as compared
with those from common wheat (Auricchio et al.
1982), whereas a few durum wheat cultivars were not
recognized by T-cell clones specific for some immu-
nodominant a-gliadin epitopes (Molberg et al. 2005).
Reduced or no damages were also caused by bread
wheat genotypes after removal of some a-, y- or ®-
gliadins (Frisoni et al. 1995; De Vincenzi et al. 1996a).
More recently, low amounts of T-cell-stimulatory
sequences have been observed in two 7. aestivum
accessions by Spaenij-Dekking et al. (2005). Finally,
gliadin sequence QQPQDAVQPF with a molecular
mass of 1157.5 Da isolated from the durum wheat cv.
Adamello was found to prevent agglutination of
K562(S) cells induced by prolamins from bread wheat
(De Vincenzi et al. 1997).

Wheat genotypes poor in noxious prolamins are
of considerable interest in breeding programs aimed
at developing wheat cultivars useful for CD preven-
tion and tolerated by most celiac patients. Therefore,
in the present work, prolamins from three hulled
wheat species, i.e. monococcum (7. monococcum),
farro (T. turgidum ssp. dicoccum) and spelt wheat
(T. aestivum ssp. spelta), which represent different
periods of wheat cultivation, were analyzed for their
compositions in cytotoxic sequences, and for their
effects on K562(S) cells and human colon adenocar-
cinoma Caco-2/TC7 cells grown in vitro.
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Materials and methods
Plant and chemical materials

Seeds of monococcum wheat (7. monococcum, gen-
ome AA, 2n=14), farro wheat (7. turgidum ssp.
dicoccum, genome AABB, 2n=28), spelt wheat
(T. aestivum ssp. spelta, genome AABBDD, 2n =42)
and common wheat (7. aestivum, genome AABBDD,
2n =42) from the collection maintained by the
Istituto Sperimentale per la Cerealicoltura, Rome,
Italy, were used in the present study.

The 10-mer QQPQDAVQPF peptide (De Vin-
cenzi et al. 1997) and the polyclonal antibodies
against this latter peptide and 13-mer peptide
FPGQQQPFPPQQP were synthesized by Primm
Company (Milan, Italy).

Extraction and digestion of prolamins

After removing the hulls, seeds (100 g) were milled
with an experimental mill and added to 400 ml (w/v)
of 0.5 M NaCl. The suspension was stirred at 4°C for
1 h and then centrifuged at 2000 g for 15 min at 4°C.
Proteins in the supernatant (albumin and globulin)
were eliminated. This operation was repeated twice.
The pellet was resuspended in 300 ml of 70% (w/v)
ethanol, extracted for 1 h at room temperature under
stirring, and centrifuged at 2000 g for 20 min at 20°C.
The supernatant containing prolamins was frozen
and freeze-dried. Prolamins were submitted to peptic-
tryptic (PT) sequential digestion as described by De
Ritis et al. (1979). At the end of the procedure, the PT
digest was heated for 30 min at 100°C, lyophilised
and stored at —20°C. The protein content of the PT
digest was determined according to Lowry et al.
(1951).

Extraction and fractionation of gliadin by A-PAGE

Extraction of gliadins was performed as described
previously (Pogna et al. 1990). Gliadin polypeptides
were extracted from single crushed seeds (25 mg) with
75 Wl of 70% (v/v) ethanol for 1 h at room tempera-
ture under costant agitation. After centrifugation at
15,000 g for 10 min, the protein suspension (25 pl)
was mixed with 25 pl of an aqueous solution contain-
ing 50% glycerol and 0.1% (w/v) pyronine Y. An
aliquot (25 pl) of the suspension was fractionated by
acid polyacrylamide gel electrophoresis (A-PAGE) at
pH 3.1 in a Hoeffer SE 600 apparatus (Amersham)
using a 7.5% acrylamide gel (T=7.5% and C=
0.37%) at 450 constant voltage until 1 hour after
the dye reached the bottom of the gel. The separating
gel (16 x18cm), 1.5mm thick, was prepared by
adding to acrylamide 80 mg of ascorbic acid, 8 ml
of sodium lactate buffer (3.4g/l of 97% NaOH

adjusted to pH 3.1 with lactic acid) and 120 ul of
1% ferrous sulphate, brought to 80 ml with distilled
water. After cooling at 4°C, the acrylamide solution
was mixed with 24 pl of 2.5% hydrogen peroxide and
immediately poured into the gel cassette. The electro-
phoretic buffer was 0.17 g/l of 97% NaOH adjusted
to pH 3.1 with lactic acid.

Extraction and firactionation of total proteins by SDS-
PAGE

Total proteins from individual crushed seeds (25 mg)
were extracted with 0.5 ml of a solution containing
0.25M Tris-HCI buffer (pH 6.8), 0.12% (w/v) SDS,
10% (v/v) glycerol, 0.2% (w/v) pyronin Y and 5% 2-
mercaptoethanol and shaken for 1h at room tem-
perature. After incubation at 80°C for 20 min and
centrifugation at 15,000 g for 10 min, an aliquot
(20 pl) of the protein suspension was fractionated
on SDS-PAGE running gels prepared with 15% (w/v)
acrylamide (T =15% and C =0.5%), 0.375 M Tris-
HCI (pH 8.4) and 0.1% (w/v) SDS. Stacking gels
contained 4.5% (w/v) acrylamide (T =4.5% and C =
0.06%), 0.08M Tris-HCI (pH 6.8) and 0.1% (w/v)
SDS. The electrophoresis buffer was 0.025M Tris-
glycine (pH 8.3) and 0.1% (w/v) SDS. The gels
(160 x 180 x 1.5 mm) were run at 18 mA/gel. Electro-
phoresis was stopped 1 h after the tracking dye had
reached the bottom of the gel. Comassie Brillant Blue
R250 in 6% trichloracetic acid was used to stain both
A-PAGE and SDS-PAGE gels.

K562(S) cell culture and agglutination test

The K562(S) subclone of human myelogenous leuke-
mia origin was cultured as described previously
(Auricchio et al. 1984). Cells were harvested by
centrifugation, washed twice with calcium-free and
magnesium-free phosphate-buffered saline solution
(PBSS), and resuspended in this buffer at a concen-
tration of 10® cells/ml. The cell suspension (25 pl) was
added to each well of a 96-well microtitre plate
containing different PT-digest concentrations ob-
tained by serial diluitions (1:1) with PBSS. The final
total volume was 100 pl. After 30 min incubation at
room temperature, a drop of cell suspension was
analysed with a microscope to count clumped and
single cells. The agglutination test was repeated twice,
using control wells as appropriate.

Caco-2|TC7 cell culture

The human colon adenocarcinoma Caco-2/TC7
cells were grown in a controlled atmosphere of 5%
CO, at 37°C in the Dulbecco’s modified essen-
tial medium (DMEM) containing 4.5 g/l glucose,
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2mM L-glutamine, 50 U/ml penicillin, 50 pg/ml
streptomycin, 1% nonessential amino acids, 1%
HEPES and 10% heat-inactivated fetal calf serum
(FCS), as described previously (De Angelis et al. 1998).
Experiments were performed using cells between
passages 85 and 100.

Caco-2|TC7 cell viability

Caco-2/TC7 cells were seeded at a density of 5 x 10°
cell/well in a 96-multiwell plate. Twenty-four hours
after seeding, cells were exposed to 1 mg/ml of the PT
digest for 48, 72 and 96 h. Cell viability was measured
by the Neutral Red uptake assay (Borenfreund and
Puerner 1985). The absorbance was read on a
Novapath microplate reader (Biorad, Hercules, CA,
USA) at a wavelength of 540 nm.

Apoptosis of Caco-2| TC7 cells

Caco-2/TC7 cells were seeded in 100 mm plates at a
density of 3.2 x 10° cell/cm?. On the fifth day after
plating, cells were washed with serum-free medium
and treated with 1 mg/ml of PT digest for 24 h in
complete culture medium with 5% FCS. Staurospor-
ine (1 pM) was used as a positive control. Apoptosis
was evaluated using the In Situ FLICA Pan-Caspase
Detection Kit (Chemicon International, Temecula,
CA, USA), a fluorescent-based assay for detection of
active caspases. The green fluorescent signal pro-
duced by FLICA was measured by a 96-well plate
reader using an excitation wavelength of 490 nm and
an emission wavelength of 520 nm. The fluorescent
signal was a direct measure of the amount of active
caspases present in the Caco-2/ TC7 cells.

Nitric oxide release by Caco-2|TC7 cells

Caco-2/TC7 cells were plated at a density of 2.5 x 10*
cells/well and grown for 7 days. Following 24 h of
incubation at 37°C in the presence of Img/ml of PT
digest, 500 pl of culture medium were taken from the
plates and mixed with an equal volume of Griess
reagent (1% sulfanilic acid in 0.5N HCI and 0.1%
N’-1-naphtyl-ethylendiamine-hydrochloride). Absor-
bance at 540 nm was measured after 30 min
of incubation at room temperature in the dark.
The combined concentrations of NO> and NO%,
the degradation products of the nitric oxide in the
culture medium, were determined by the Griess
reaction (Green et al. 1982). The nitrite concentration
was determined by reference to a standard curve of
sodium nitrite and values were reported as uM nitrite
/mg protein/ml.

Transepithelial electrical resistance of Caco-2[/TC7
cells

Caco-2/TC7 cells were plated on polycarbonate
(Falcon) filters with 0.45 mm pore diameter and
0.9 cm? area, and left to grow for 20 days in order
to achieve a high differentiation level displaying tight
junctions and polarization. The transepithelial elec-
trical resistance (TER) of differentiated Caco-2/TC7
monolayers was measured using a Millicell electrode
(Millipore Co., Bedford, MA, USA), and expressed
in Ohms x cm”. Two hours before the treatment with
the PT digests, cells were equilibrated in phosphate-
buffered saline (PBS) solution containing glucose and
5% FCS. TER values were measured before (TER)
and after (TER) 30 min exposure to 1 mg/ml of PT-
digested prolamins, and the TER;/ TER, ratio was
calculated.

Immnunofluorescence

Caco-2/TC7 cells were grown on slides and let
differentiate for 21 days. Cells were exposed to the
different digests for 30 min and 4 h and then washed
gently three times with PBS and fixed/permeabilized
in 100% ethanol at —20°C for 20 min. Non specific
background was blocked with 5% powdered milk in
PBS and 0.1% Tween (1 h at room temperature).
Monolayers were incubated overnight with primary
antibody to zonula occludens protein-1 (ZO-1) at 1/
400 dilution (Zymed Laboratories Inc., San Fran-
cisco, USA). After washing with PBS the slides were
probed with Alexa-Fluor- 488/555 (1/100) (Molecular
Probe) secondary antibody for 1 hour and rinsed
again with PBS.

Western blotting

Western blotting was performed in a Bio-Rad semi-
dry transfer cell using nitrocellulose membranes
(Immobilon-NCMillipore). SDS-PAGE gels were
equilibrated for 30 min in a transfer buffer, pH 9.2,
containing 80 mM Tris, 13 mM glycine and 20%
(v/v) methanol in distilled water, whereas A-PAGE
gels were equilibrated for 1 hour in the same transfer
buffer added with 1% 2-mercaptoethanol. Gels were
then transferred between two double layers of 3 MM
chromatography paper (Whatman) and electro-
blotted at 14V for 40 min. After the transfer,
membranes were maintained for 1 h in PBS buffer
containing 5% (w/v) powdered milk as a blocking
agent, and incubated for 16 h in the same buffer
containing 0.2% (w/v) blocking agent and the specific
antiserum diluted 1:500. After incubation with a
1:2500 dilution of a goat anti-rabbit horseradish
peroxidase conjugate (Promega. USA), blots were
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stained with 4-chloro-1-naphthol
peroxide.

and hydrogen

Statistical analysis

Each experiment was run in duplicate and repeated
three times. Data expressed as means were analyzed
using the two sided Student’s z-test for unpaired
variables.

Results

Different gliadin patterns in farro wheats

Upon A-PAGE, gliadins from the dicoccum land-
races appeared as 18 to 25 bands, which are classified
as o, PB-, y- and wo-gliadins according to their
mobilities in Figure 1. Fractionation of 10 single
seeds from each dicoccum landrace revealed two to
three different gliadin compositions (biotypes) in Ersa
8 (biotypes a and b), Prometeo (biotypes ¢, d and e)
and L5563 (biotypes f'and g), whereas Ersa 6 (biotype
b), L5540 (biotype /) and L5558 (biotype k) exhibited
a single gliadin pattern (Figure 1A). Fractionation of
total proteins by SDS-PAGE revealed a wide genetic
variability for high-molecular weight glutenin sub-
units (HMW-GS) and low-molecular-weight glutenin
subunits (LMW-GS) amongst the dicoccum wheats
(Figure 1B). The banding patterns of gliadins, HMW-
GS and LMW-GS of the endosperm of dicoccum
wheats were quite distinctive with respect to those of
monococcum, durum, spelt and common wheats

(data not shown).

i234‘"6

)

Table 2. Agglutination of K562(S) cells by PT-digested
prolamins from different wheat species.

PT-digested prolamins from MAC (mg/1)*

Triticum monococcum

Cv. Monlis n.a
T. turgidum ssp. dicoccum

Cv. Prometeo n.a.

L5563 n.a..

L5540 n.a.

L5558 n.a.

Ersa 6 73

Ersa 8 73
T. aestivum ssp. spelta 73
T. aestivum ssp. spelta+PP** n.a.
T. aestivum L.

Cyv. S. Pastore 73

n.a., no agglutination; *MAC, Minimal concentration of PT-digest
required to agglutinate 100% of cells; **PP, protective peptide
QQPQDAVQPF at I mg/ml concentration.

Agglutination of K562(S) cells

PT-digested prolamins from bread wheat, rye and
barley were found to possess the exclusive property of
driving agglutination of the K562(S) cells (De Vin-
cenzi et al. 1995, 1996a, 1996b). Here, the minimal
agglutinating concentration (MAC) of PT-digested
prolamins from both spelt and common wheat
required to agglutinate 100% of K562(S) cells was
73 mg/l (Table 2). The same MAC value was
observed for farro wheat landraces Ersa 6 and Ersa
8, whereas prolamins from landraces Prometeo,

HMW-GS

Albumins
+

-gliadins

LMW-GS
+

o-, - and
Y-gliadins

Figure 1. (A) Fractionation of (A) gliadins by A-PAGE and (B) total proteins by SDS-PAGE in dicoccum landraces. (1-3)
Prometeo and (4-12) Ersa 6. Gliadin biotypes ¢, d and e (A, lanes 1-3), and b (A, lanes 4-6) are shown.
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L5563, L5540 and L5558, and from monococcum
wheat Cv. Monlis did not show any agglutination
activity even when tested at a concentration as high as
5000 mg/l. In the presence of 1 mg/ml of the
QQPQDAVQPF sequence, the 10-mer protective
peptide (PP) present in the PT-digested prolamins
of durum wheat cv. Adamello (De Vincenzi et al.
1997), cell agglutination by spelt prolamins was
completely inhibited, and the K562(S) cells main-
tained their normal appearance.

Effects of PT-digested prolamins on Caco-2|TC7 cells

Viability of Caco-2/TC7 cells as measured by the
neutral red (NR) uptake was significantly inhibited
by 1 mg/ml of digested prolamins from common
wheat cv. S. Pastore, spelt wheat and dicoccum wheat
landraces Ersa 6 and Ersa 8, as compared with
untreated control cells (Table 3). By contrast, NR
uptake by Caco-2/TC7 cells treated with prolamins
from monococcum or dicoccum wheat landraces
Prometeo, L5540, L5558 and L5563, was not sig-
nificantly different from that of control cells during
the entire time of exposure to prolamins. Moreover,
the 10-mer protective peptide (PP) added to the cell
culture at a concentration of 1 mg/ml reduced
remarkably the viability impairment caused by spelt
prolamins.

The amounts of active caspases (AC) present in
the Caco-2/TC7 cells treated with 1 mg/ml of PT-
digested prolamins from dicoccum landraces Ersa 6

and Ersa 8 and spelt wheat were similar to that
observed in common wheat Cv. S. Pastore, and
significantly higher that those measured in untreated
cells (Figure 2). On the contrary, prolamins from
monococcum or dicoccum wheats Prometeo, L5540,
L5558 and L5563 caused a small, not significant
increase of caspase activity with respect to control
cells. The strong pro-apoptotic activity induced by
prolamins from spelt wheat was reduced by addition
of 1 mg/ml of the protective peptide. Finally, the
Caco-2/TC7 cells exposed to prolamins from spelt
wheat and farro landraces Ersa 6 and Ersa 8 showed
high values of NO concentration and low TER;/
TER, ratios as compared to control cells (Table 3).
Untreated cells and those treated for 24 h with
digested prolamins from monococcum and farro
landraces Prometeo, 15540, L5558 and L5563
showed small, not significant differences in NO
concentration and transepithelial electric resistance
(Table 3). Exposition of the Caco-2/TC7 cells to spelt
prolamins in the presence of Img/ml of protective
peptide caused a moderate release of nitric oxide in
the culture medium, and a small impairment of their
transepithelial electrical resistance.

ZO-1 level in Caco-2|TC7 cells

Zonula occludens protein-1 (ZO-1), the human mem-
brane-associated protein that localizes at both the
tight and adherens junctions found at sites of cell-cell
contact, showed a different response to prolamins

Table 3. Neutral red (NR) uptake, active caspases (AC) production, nitric oxide (NO) release and transepithelial electric
resistance (TER) in Caco-2/TC7 cells treated with PT-digested prolamins from different wheat species.

NR uptake (O.D. at 540 nm)

AC production NO release TER; /TER,
Origin of prolamins 48 h 72 h 96 h (RFU) (uUM/mg prot.) ratio
No prolamin (control) 0.29 0.60 0.95 7.5 33 1.04
T. monococcum
Cv. Monlis 0.28 0.58 0.92 8.2 2.9 1.03
T. turgidum ssp. dicoccum
Prometeo 0.27 0.56 0.90 9.0 3.8 0.95
L5540 0.28 0.58 0.92 7.7 3.5 0.99
L5558 0.29 0.60 0.94 8.2 4.0 0.97
L5563 0.30 0.58 0.93 7.6 4.1 0.92
Ersa 6 0.17%* 0.30%* 0.65%* 24.0%%* 5.8%%* 0.59%*
Ersa 8 0.18** 0.32%* 0.67%* 23.2%* 6.5%* 0.62%*
T. aestivum ssp. spelta 0.19%* 0.47%* 0.83%%* 22.4%%* 6.0%* 0.47%%*
T. aestivum ssp. spelta+PP 0.23 0.57 0.91 12.1% 4.7* 0.76*
T. aestivum L. cv. S. Pastore 0.17*%* 0.44%* 0.68** 23.7*%* 6.1%* 0.42%*

Data are the means of three experiments performed in duplicate; PP, protective peptide QQPQDAVQPF at 1 mg/ml concentration;

Significant difference with respect to untreated (control) cells at *p <0.05 or **p <0.01.
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.
Figure 2. Microscopic immunofluorescence images of Caco-2/TC7 cells incubated with ZO-1 antibody. (1) Untreated cells
and cells exposed to prolamins from (2) spelt wheat, (3) dicoccum wheat Ersa 6 and (4) dicoccum wheat L5540.

from the wheat genotypes analyzed, as revealed by
confocal immunoflorescence microscopy (Figure 2).
In particular, prolamins from spelt wheat and farro
landrace Ersa 6 induced ZO-1 disruption in a very
short time, whereas dicoccum landraces Prometeo,
L5540, L5558 and L5563 did not cause any alteration
of this protein. ZO-1 in cells treated with spelt or Ersa
6 prolamins returned to its basal state three hours
after prolamin exposure.

HMW-GS{ L

LMW-GS

+
o, B- and
v-gliadins

QJ
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Western blotting of prolamins in wheat species

The antiserum developed against the P31-43 peptide
(sequence FPGQQQPFPPQQP), an a-gliadin-derived
fragment claimed to be very active in driving enter-
ocyte damage, reacted with several HMW glutenin
subunits in the SDS-PAGE patterns of dicoccum
wheat landraces (Figure 3B, lanes 1-5). Immunor-
eactive bands were also found in the gel region
containing LMW-GS and a-, B- and y-gliadin bands.

w

Figure 3. (A) SDS-PAGE patterns of (1-5) native and (6-10) PT-digested endosperm proteins, and (B) their reactions with
anti-FPGQQQPFPPQQP (P31-43) antiserum. The dicoccum wheat landraces analysed are (1, 6) Leonessa 1; (2, 7) Leonessa

4; (3, 8) Leonessa 5; (4, 9) Ersa 6 and (5, 10) Ersa 8.
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Figure 4. (A) SDS-PAGE patterns of (1, 2) PT-digested
and (3, 4) native endosperm proteins and (B) their reactions
with anti-QQPQDAVQPF antiserum. (1, 3) common wheat
cv. FG; (2, 4) durum wheat cv Adamello.

However, no reaction was observed in the SDS-
PAGE patterns of PT-digested prolamins (Figure 3B,
lanes 6-10).

The gliadin QQPQDAVQPF sequence is a 10-mer
molecule isolated from the PT-digested prolamins of
durum wheat cv. Adamello and found to prevent
agglutination of K562(S) cells induced by ethano-
l-soluble proteins from bread wheat (De Vincenzi
et al. 1997). Western immunoblotting of PT-digested
prolamins from cv. Adamello fractionated by SDS-
PAGE and exposed to the polyclonal antiserum
developed against this protective peptide (PP) re-
vealed a pair of bands whose MWs were in the range
of 22 KDa (Figure 4B, lane 2). Interestingly, no
immunoreactive band was found in the SDS-PAGE
pattern of native (undigested) prolamins extracted
from cv. Adamello (Figure 4B, lane 4). Amongst
dozens of durum or common wheat cultivars im-
munoblotted with the anti-PP antiserum, only com-
mom wheat line FG showed four reactive bands,
about 45 KDa in size, in the SDS-PAGE pattern of
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native endosperm proteins (Figure 4B, lane 3). These
immunoreactive bands were partly resistant to the PT
digestion, and were detected in the immunoblot of
PT-digested proteins fractionated by SDS-PAGE
(Figure 4, lane 1).

An immunoreactive band having an apparent
MW of approximately 32 KDa occurred in the
immunoblot of PT-digested prolamins from dicoc-
cum landrace L5563 fractionated by SDS-PAGE and
exposed to the anti-PP antiserum (Figure 5, lane 1).
A weak immunoreaction against a protein band of
similar MW was also observed in PT-digested prola-
mins from landraces Prometeo and Ersa 8 (Figure 5,
lanes 6 and 7). However, spelt wheat, monococcum
wheat or dicoccum wheat landraces showed no
reactive protein in the immunoblots of native prola-
mins exposed to the anti-PP antiserum (Figure 6).

Interestingly, the anti-PP antiserum showed a
strong reaction against a group of proteins, approxi-
mately 50 KDa in size, extracted with a 0.5 M NaCl
solution from crushed kernels of Phaseolus vulgaris,
Ph. coccineus and Lens culinaria (Figure 6, lane 4).

Discussion

When fractionated by A-PAGE and SDS-PAGE, the
dicoccum landraces analyzed here exhibited prolamin
patterns quite distinctive with respect to those of
monococcum, durum, spelt and common wheat. This
observation is in agreement with earlier reports by
Galterio et al. (1994) that T. turgidum ssp. dicoccum is
a source of prolamins with unusual primary struc-
tures. Moreover, dicoccum landraces Ersa 6 and Ersa
8 are related genetically to each other, as suggested by
the presence of gliadin biotype b in both genotypes.

Figure 5. (A) Immunoblotting of anti-PP antiserum against (B) PT-digested prolamins fractionated by SDS-PAGE. The
dicoccum wheat landraces are (1) L5563, (2) L5558, (3) L5540, (4) Filosini, (5) Prometeo, (6) Ersa 8, (7) Ersa 6, (8) Leonessa 5
and (9) Leonessa 4. Arrow indicates a band protein showing a weak immunoreaction.



Journal of Plant Interactions 65

KDa

50

36

1 2 3 4

Figure 6. Immunoblotting of anti-PP antiserum against
kernel proteins fractionated by SDS-PAGE. (1) T. mono-
coccum; (2) T. aestivum line FG; (3) T. aestivum ssp. spelta
and (4) Phaseolus vulgaris.

Earlier studies (De Vincenzi et al. 1996¢; Molberg
et al. 2005; Vincentini et al. 2007) showed diploid and
tetraploid hulled wheat species T. monococcum and
T. turgidum ssp. dicoccum to be poor in or devoid of
noxious prolamins. This observation is in agreement
with the absence of cytotoxic effects caused by
monococcum and dicoccum landraces Prometeo,
L5540, L5558 and L5563 on Caco-2/TC7 cells.
However, farro landraces Ersa 6 and Ersa 8 were
comparable to spelt and common wheat in triggering
agglutination of K562(S) cells and damage of Caco-2/
TC7 cells. In particular, PT-digested prolamins from
landraces Ersa 6 and Ersa 8, together with those from
spelt wheat, were found to be able to induce zonula
occludens protein-1 disruption and apoptosis signal-
ling, which contributes to epithelial barrier dysfunc-
tion and increased epithelial permeability. This
finding is in agreement with recent works showing
that gliadins are able to decrease transepithelial
resistance in normal intestinal epithelial cells grown
in vitro, and increase their permeability to small
molecules. Moreover, gliadins were found to activate
the zonulin signalling pathway and cause a cytoske-
leton rearrangement with a redistribution of actin
filaments in the intracellular subcortical compartment
(Clemente et al. 2003). Finally, Caco-2 cells exposed
to gliadin were found to release zonulin in the cell
medium and return to baseline 60 minutes post-
gliadin incubation (Drago et al. 2006).

The very toxic dicoccum genotypes Ersa 6 and
Ersa 8 were found to share gliadin biotype b, which
was absent in the inactive farro genotypes. On the
other hand, cytotoxicity of Ersa 6 and Ersa 8
demonstrates that toxic prolamins are not confined
to the D genome. In this context it is noteworthy that
dicoccum accessions have been found to differ
significantly from each other in the level of T-cell-
stimulatory epitopes as well (Spaenij-Dekking et al.
2005).

The gliadin QQPQDAVQPF sequence isolated
from the gliadin fraction of durum weat cv. Adamello
was able to prevent agglutination of K562(S) cells
and restrain cellular damages to Caco-2/TC7 cells
caused by spelt prolamins. Taking into account the
different mechanisms involved in the responses of
K562(S) and Caco-2/TC7 cells to toxic prolamins, the
protective effect of gliadin fragment QQPQDAVQPF
is likely due to its interference in the recognition of
prolamin peptides by those cells. It is noteworthy that
prolamin-derived peptides able to prevent agglutina-
tion of K562(S) cells by toxic prolamins also occur in
monococcum wheat (De Vincenzi et al. 1996¢),
suggesting that inactivity of prolamins from mono-
coccum wheat against intestinal cells could be partly
due to the presence of protective sequences in this
species.

HMW glutenin subunits and a few prolamins of
low molecular weights occurring in the total protein
extracts of dicoccum landraces were found to react
strongly with the polyclonal antiserum developed
against the P31-43 peptide (sequence FPGQQQ
PFPPQQP), a chromosome-6A encoded gliadin able
to drive mucosal lesions and enterocyte apoptosis
(Maiuri et al. 1996). This finding suggests that toxic
peptide P31-43 peptide is not confined to a single
gliadin molecule but also occurs in prolamin poly-
peptides encoded by chromosomes 1A and 1B. After
PT digestion, no immunoreactive band was detected
in the SDS-PAGE prolamin pattern of all dicoccum
landraces.

Common wheat line FG is quite unique in having
the protective QQPQDAVQPF sequence in the
primary structure of four w-gliadin polypeptides,
these molecules being partly resistant to PT digestion.
However, reduced amounts of immunoreactive pep-
tides were also found in the PT-digested prolamins of
durum wheat cv. Adamello and dicoccum landraces
L5563, Prometeo and Ersa 8. On the other hand,
kernels of Phaseolus vulgaris, Ph. coccineus and Lens
culinaria were found to contain high amounts of
storage  proteins  possessing the  protective
QQPQDAVQPF sequence.

The present findings suggest that wheat is an
heterogeneous group of genotypes with a wide
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variability in their prolamin composition and, as a
consequence, in their effects on the intestinal epithe-
lium. More interestingly, prolamins from four dicoc-
cum landraces were found to lack intestinal cell
toxicity and cause very small changes, if any, in
ZO-1 localization and intestinal permeability.
Furthermore, monococcum wheat did not show any
negative effects on K562(S) or Caco-2/TC7 cells,
supporting early observations that this wheat species
is devoid or low in prolamin sequences able to trigger
lesions in cultured intestinal mucosa from celiac
patients (Auricchio et al. 1982; De Vincenzi et al.
1996¢c). A number of accessions of T. monococcum
has also been found to possess low amount of T-cell
stimulatory sequences from a- or y-gliadins (Molberg
et al. 2005, Spaenij-Dekking et al. 2005). Therefore,
dicoccum and monococcum wheat could offer novel
dietary opportunity for prevention of celiac disease in
individuals at risk.
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