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A structural analysis was conducted of peptides responsible for inducing celiac disease, as well as of the structural fragments they are located in,
i.e. the so-called “extended structural motifs”. These motifs originated from wheat A-gliadin and constituted a standard for the analysis of the other

proteins. Experiments were carried out based on in silico methods.

Analyses covered a total of 403 sequences of selected cereal and seed proteins. Of all the analysed sequences, 155 were found to contain tet-
rapeptides (potentially known as toxic for celiac disease), namely: QQQP, QQPY, PSQQ, QPYP, including 29 proteins in which the tetrapeptides
were constituents of a structural motif with a longer sequence. These were proteins of wheat, barley and oat. All the extended motifs occurred in a
hydrophilic surrounding, attaining the structure of beta-turn and random coil.

Computer-aided design of the proteolysis process of selected proteins was carried out as well in the aspect of celiac-toxic peptide release. Active
fragments were released from twenty-eight proteins by thermolysin, K proteinase and prolyl oligopeptidase.

INTRODUCTION

Allergy is a common health problem that affects people
worldwide. Foods of animal origin are not as rich a source of
allergens (except milk and egg protein) as those of plant ori-
gin [Breteneder, 1998; Sampson, 2004; Bruijzeel-Koomen ef
al., 1995]. Allergy to wheat proteins is an example of a surpris-
ing multitude of factors inducing hypersensitivity. Depending
on a number of factors, a person sensitive to wheat proteins
is likely to suffer from atopic dermatitis, anaphylaxis, asth-
ma or gluten-induced celiac disease [Sicherer, 2002; Samp-
son & Anderson, 2000; Egan et al., 2001]. Celiac disease is
the most extensively studied gastrointestinal disease of auto-
immunological origin induced by the presence of wheat (7rit-
icum aestivum), barley (Hordeum vulgare) or rye (Secale cere-
ale) proteins in a diet [Farell & Kelly, 2002; McLachlan et
al., 2002; Cornell, 1996; Kasarda, 2002, Dewar et al., 2004].
In childhood, it may be manifested by e.g. growth inhibition,
whereas in consecutive years by chronic fatigue, neurologi-
cal symptoms, absorption disorders or even susceptibility
to development of selected types of neoplasms [Nieuwen-
huizen et al., 2003]. In the etiology of this disease, meticu-
lous attention is paid to the impact of gluten protein mod-
ification by tissue transglutaminase. Simultaneously, over
95% of patients are observed to have human leukocyte anti-
gen DQ2 or -DQS conferring susceptibility to celiac disease
[van Belzen et al., 2001; Sollid, 2002]. Celiac disease patients
have been reported to demonstrate an elevated concentra-
tion of tissue transglutaminase, which was postulated to be

of key significance in the etiology of this disease [Shan et al.,
2002]. Upon the activity of tissue transglutaminase, gliadins
gain a resultant negative charge. Some of those negatively-
-charged peptides of gliadins attach more effectively to HLA
DQ2 or -DQ8 at the surface of cells with antibodies than the
native peptides do. This, in turn, results in the multiplication
of a specific response of T cells [Schuppan & Ciccocioppo,
2002]. The activation of T cells evokes a cascade of reactions,
thus leading to the formation of highly specific IgA antibod-
ies to transglutaminase and less-specific ones to gluten.

As mentioned above, the major cause of celiac disease
is body gluten intolerance. Gluten proteins differ in the size
of subunits that are built of 250 to 8§50 amino acid residues
[Kasarda, 2003]. In addition, these proteins are quite atypi-
cal due to a high content of glutamine and proline residues
(35% and 15%, respectively). The presence of proline disturbs
the linear structure of a polypeptide chain (proline residues
form the “knots”). The occurrence of proline in the vicinity of
hydrolysed bonds restricts the range of proteolytic enzymes
activity. Hence, the presence of these residues often deter-
mines the sequence of fragments released as a result of pro-
teolysis [Dewar et al., 2004].

A quantitative evaluation of the toxicity of a given cereal
species is extremely difficult. However, according to Kasar-
da [2003] it is at least possible to state that, compared to
wheat, a lack of A-gliadin (one of the best-recognized frac-
tions occurring in this cereal species) in rice (Oryza sativa)
or barley reduces their toxicity in the grain of the above cere-
als. Investigations into celiac disease carried out so far have
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demonstrated that the toxicity of cereal proteins is linked with
the release of peptides upon digestion of these proteins. Pep-
tides originating from wheat gliadins have been best char-
acterised to date. Cornell [1996] and De Ritis [1988] found
motifs with the following sequences: QQQP, QQPY, PSQQ,
QPYP, to be responsible for celiac disease. These motifs also
occur in a number of the so-called “non-toxic proteins”, thus
the incidence of celiac disease may be related to the so-called
“extended structural motif” [McLachlan et al., 2002]. Accord-
ing to McLachlan er al. [2002], extended structural motif is
defined as a peptide sequence that contains toxic motifs and
have been extended by means of including neighboring amino
acid residues selected from the sequence of A-gliadin. Vader
et al. [2002a] described motifs susceptible to transglutamin-
ase action. The same researchers found celiac toxic frag-
ments in barley, rye and oat protein sequences on the basis
of computer-aided homology searching [Vader ef al., 2002b].
The computer analysis showed that 128 wheat, oat and rye
proteins contain potentially toxic fragments, which can be
released by digestive tract enzymes such as: chymotrypsin,
trypsin and elastase [Shan et al., 2005].

A study was undertaken, therefore, to estimate the poten-
tial toxicity of selected proteins of cereals and leguminous
plants based on the designed parameters available in a data-
base [Dziuba & Iwaniak, 2006]. The protein sequences exam-
ined were subjected to a structural analysis. The evolutionary
(structural) similarity was determined between proteins com-
monly regarded as toxic and proteins of the analysed cereals
and leguminous plants. In addition, in silico proteolysis pro-
cesses were designed to detect which of the endopeptidases can
potentially release the celiac-toxic peptides and cannot be rec-
ommended in food for patients suffering from this disease.

MATERIALS AND METHODS

Evaluation of the potential toxicity of selected pro-
teins of cereals and leguminous plants based on compu-
tational methods. Experiments were carried out on amino
acid sequences of wheat (Triticum aestivum), oat (Avena sati-
va), rice (Oryza sativa), barley (Hordeum vulgare), buckwheat
(Fagopyrum sagitatum) and pea (Pisum sativum) originated
from the Internet SWISS-PROT database [www.expasy.org]
[Apweiler et al., 2004] and inserted into the BIOPEP data-
base [http://www.uwm.edu.pl/biochemia] [Dziuba & Iwan-
iak, 2006]. The first stage of investigations involved analysis
of 403 protein sequences, including: wheat (144), oat (23),
rice (76), barley (58), buckwheat (13), pea (53), sequences
of trypsin and alpha-amylase inhibitors (24), 12 sequences
of thaumatins as well as sequences of HMW (high molecu-
lar weight) and LMW (low molecular weight) glutenins. To
answer the question which of them are the strongest precur-
sors of celiac toxic peptides, the following qualitative and
quantitative factors of protein evaluation were applied: loca-
tion of the toxic motif in a protein sequence (the so-called
profile of the potential activity of a given protein) and the
occurrence frequency of toxic peptides in a protein chain
(factor A) [Dziuba & Iwaniak, 2006]. A detailed description
of the above-mentioned discriminants is given below.

Detection of fragments responsible for celiac dis-
ease. To detect the presence of motifs responsible for celiac

disease (Table 1) in the sequences of the analysed proteins,
use was made of the option “Profile of the potential biolog-
ical activity of proteins” available in the BIOPEP database
[Dziuba ef al., 2004]. This profile is defined as the type and
location of a bioactive fragment in a protein sequence.

Evolutionary similarity of potentially-toxic proteins.
The degree of the evolutionary similarity of sequences of the
proteins examined was determined on the basis of a BLAST
(Basic Local Alignment Search Tool) algorithm available
on the Internet at: http://www.expasy.org/tools/blast/ [Korf,
2003]. This algorithm requires the insertion of a standard of
a sequence, in respect of which the similarity degree is deter-
mined. The standard was estimated by means of the criterion
defined as the occurrence frequency (A) of toxic fragments
in a protein. Discriminant A is described as follows: A=a/N,
where: a — the number of fragments with a given activity in
a protein chain, and N — the number of amino acid residues.

The protein which possessed the highest value of A pa-
rameter calculated for tetrapeptides as well as extended
motifs was used as the standard.

Secondary structure of structural motifs. Prediction
of a secondary structure of structural motifs used was per-
formed by the computer program PREDICT 7 [Carménes
et al., 1989]. Due to the fact that 3.6 amino acid residues are
ascribed to one turn of a helix, the secondary structure was
determined only for the extended sequential motifs of wheat
which contained 14 to 15 amino acid residues (Table 1). The
results of secondary structure prediction were to be used in
the search for relationships between the structure and poten-
tial toxicity of the structural motifs.

TABLE 1. Sequence of celiac-toxic tetrapeptides and their extended
structural motifs in A-gliadin of wheat (Triticum aestivum) — BIOPEP
database.

No. ID- BIOPEP Sequence :Ir;llirr]:ge;c(ij
database residues
Celiac toxic tetrapeptides
1. 6986 QQQP 4
2. 6987 PSQQ 4
3. 6988 QQPY 4
4. 6989 QPYP 4
Extended structural motifs
5 6990 PONPSQQQPQEQVP 14
6 6991 QQFLGQQQPFPPQQ 14
7. 6992 QQQKQQQQPSSQVS 14
8 6993 LQPQNPSQQQPQEQ 14
9. 6994 QPQPFPSQQQNPQAQ 15
10. 6995 QPFPPQQPYPQPQP 14
11. 6996 QPFRPSQQPYLQLQP 15
12. 6997 QPFRPQQPYPQPQP 14
13. 6998 PFPPQQPYPQPQPF 14
14. 6999 PFRPQQPYPQPQPQ 14
1s. 7044 QPQPFPSQQNPQAQ 14
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Design of the processes of proteolytic release of
toxic peptides. Design of the proteolysis of selected proteins
of wheat, oat and barley was performed with the use of the

TABLE 2. The highest values of the occurrence frequency (A) of tet-
rapeptides and extended structural motifs in wheat (Triticum aestivum)
proteins.

Internet database of proteins and biologically active peptides N
BIOPEP, developed at the Department of Food Biochemis-  yoppp szr;?ﬁg
try. Analyses were carried out following the scheme present- D Name acid | Netapep| Aevended
ed in Figure 1. residues
— — alpha-gliadin fragment
BIOPEP DATABASE - in silico comput'er application for 1435 (celiac active peptide), wheat 54 016 0055
proteolytic processes design (Triticum aestivum)
Endopeptjdases One'enzyme prOteOlysis 1189 Omega—gliadin fragment, wheat 28 011 0
- Triti j ’
database (24) Two-enzyme proteolysis ( rmafm ?emvum}
alpha-gliadin fragment
| 1436 (celiac active peptide), wheat 54 0.11 0.037

PROTEIN SEARCH - precursors of celiac toxic peptides |

| Creation of family with similar activity profile |

(Triticum aestivum)

LMW glutenin, storage protein,

Characteristics of selected protein precursors:

— The profile of potential biological activity;
— The calculation of the occurrence frequency of celiac
toxic peptides in a protein chain (A)

— Proteolysis process design to release celiac toxic pep-
tides from the proteins with the highest value of the
occurrence frequency of fragments with celiac toxic
activity

— One-enzyme hydrolysis (24 enzymes)

FIGURE 1. Scheme of protein hydrolysis design in the BIOPEP database.

In the BIOPEP database, data was compiled on 24 follow-
ing proteolytic enzymes: chymotrypsin A, trypsin, pepsin, pro-
teinase K, pancreatic elastase, prolyl oligopeptidase, V-8 prote-
ase (glutamyl endopeptidase), thermolysin, plasmin, cathepsin
G, clostripain, chymase, papain, ficain, leukocyte elastase, chy-
motrypsin C, metridin, trombin, bromelain, pancreatic elas-
tase II, glutamyl endopeptidase I, oligopeptidase B, calpain,
and glycyl endopeptidase. The following data concerning the
enzyme is provided in the BIOPEP database: identity num-
ber — ID; classification number — EC; identification sequence
- a sequence of amino acid recognized by a given enzyme; cut
sequence — amino acid residue typical for a given enzyme that
forms a bond hydrolysed by that enzyme, and the specificity
(hydrolysis in C/N — terminus). The results are obtained auto-
matically from the BIOPEP database after selection of protein
sequence and enzyme (maximum three). As a result of this
action, a list of bioactive fragments released from a precursor
protein by a given enzyme/enzymes is generated. All enzymes
available in BIOPEP were applied to design proteolytic pro-
cesses to find out which of them should be avoided and not
recommended in the functional food production as the most
efficient in celiac-toxic peptides liberation.

RESULTS AND DISCUSSION

Detection of fragments responsible for celiac disease
Out of the 403 analysed amino acid sequences of select-

1303 wheat (Triticum aestiviim) 339 005 0
1332 LMW-glutenm,‘wheal, 356 0.05 0
(Triticum aestivum)
LMW glutenin, wheat
1385 (Triticum aestivum) 340 0.05 0
subunit group 4 type 11
1334 LMW glutenin, wheat 384 0049 0
(Triticum aestivium)
1298 LMW glute.:r.nn 3, fragment, 373 0.048 0
wheat (Triticum aestivum)
1335 LMVAVAg]utenm,‘ wheat 376 0,048 0
(Triticum aestivium)
1314 LMV'V'glutenm,‘ wheat )76 0.047 0
(Triticum aestivum)
1333 LMVAVAg]utenm,‘ wheat 376 0.047 0
(Triticum aestivium)
1313 LMV'V'glutenm,‘ wheat %1 0.046 0
(Triticum aestivum)
1329 LMW glutenin, wheat 388 0046 0
(Triticum aestivium)
1331 LMW' glutemn? wheat 388 0.046 0
(Triticum aestivum)
1418 LMW glutenin, wheat 280 0046 0
(Triticum aestivium)
1358 PMW glu'temn, wheat 220 0.045 0
(Triticum aestivum), fragment
LMW glutenin, wheat
1384 (Triticum aestivum) 297 0.044 0
subunit group 4 type 11
alpha-gliadin, wheat
1421 269 0.044  0.033

(Triticum aestivum)

Other wheat proteins analysed by BIOPEP

1372%, 1373, 1308, 1433, 1283, 1338, 1388, 1390, 1391, 1393, 1420,
1423, 1424, 1425, 1429, 1430, 1178, 1306, 1307, 1427, 1427, 1439, 1392,
1179, 1353, 1422, 1428, 1180, 1312, 1337, 1350, 1395, 1351, 1383, 1386,
1183, 1184, 1311, 1425, 1181, 1310, 1382, 1278, 1305, 1394, 1182, 1304,
1145, 1285, 1301, 1302, 1355, 1378, 1387, 1389, 1254, 1300, 1336, 1375,
1399, 1414, 1297, 1339, 1354, 1187, 1349, 1365, 1381, 1410, 1417, 1318,
1409, 1411, 1412, 1414, 1415, 1147, 1185, 1321, 1366, 1368, 1369, 1380,
1413, 1299, 1315, 1330, 1377, 1398, 1186, 1367, 1379, 1374, 1345, 1346,
1376, 1403, 1404, 1419, 1309, 1317, 1320, 1400, 1405, 1281, 1322, 1327,
1328, 1402, 1401, 1361, 1407, 1148, 1348, 1396, 1408, 1406, 1364 (total
= 136 sequences)

* The identification numbers of other wheat proteins tested by BIOPEP
software.
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ed cereals and seeds, 155 were found to contain tetrapep-
tides known to be responsible for celiac disease (sequences:
QQQP, QQPY, PSQQ, QPYP). 29 out of 403 sequences con-
tained tetrapeptides which were the constituents of a structur-
al motif with a longer sequence. Such fragments had not been
detected in the remaining 248 sequences and were rejected for
further analysis. The presence of tetrapeptides was confirmed
in 136 sequences of wheat proteins (Table 2), 9 sequences of
oat proteins (Table 3), and 10 sequences of barley proteins
(Table 4). The highest number of tetrapeptides responsible
for the induction of celiac disease was found in sequences of
wheat (Triticum aestivum) alpha-gliadins. They occurred at
various frequencies, depending on the length of the protein
amino acid sequence (from 6 to 11 tetrapeptides) and were
usually located in the N-terminal fragment of the chain. The
number of extended structural motifs (the so-called “stan-
dard”) occurring in these sequences ranged from 0to 7.
Their number was lower, compared with that of tetrapep-
tides, since often several shorter sequences occurred in one
longer motif. For instance, in a motif with the sequence QPF-
PPQQPYPQPQP (wheat alpha-gliadin, identity number in
the BIOPEP database - 1420), residues 36-49, the follow-
ing fragments occurred: QQPY (residues 41-44) and QPYP
(residues 42-45). Tetrapeptides were also detected in wheat
alpha/beta gliadins (from 2 to 10, depending on the length of
the protein chain), i.e. wheat alpha/beta gliadin with ID num-
ber 1278 contained five extended structural motifs, where-
as alpha/beta gliadin with ID number 1183 appeared not to
contain any motifs with longer sequences. Wheat omega-gli-

adin (ID number 1418) was found to contain all celiac-toxic
sequences, ie.: QPYP, QQPY, PSQQ, QQQP, that occurred
in the number of: 4, 5, 2 and 2 respectively. No motifs with
an extended sequence were detected. The protein sequences
of wheat gamma-gliadins were observed to be predominated
by the motif with the QQQP sequence - in class b-I gamma-
gliadins, this sequence appeared six times (i.e. the most fre-
quently of all analysed sequences of that protein). In addi-
tion, fragments with sequences QPYP, QQPY also appeared
as a part of the longer sequence QQPYPQ. None of the
gamma-gliadins contained the PSQQ motif. In the case of
the HMW glutenins, the repeating “common” sequence was
the QQQP fragment (depending on the length of a polypep-
tide chain, this sequence occurs from 1 to 5 times and is locat-
ed in the C-terminal fragment of protein), whereas the appear-
ance of the PSQQ sequence (one fragment per entire protein
sequence) was typical of HMW glutenin subunits. Fragments
with the same sequences predominated also in the LMW glu-
tenins. The profile of the potential activity of these proteins
revealed a maximum of 19 QQQP fragments, both in the N-
and C-terminal fragment of protein (minimally 2). Moreover,
the PSQQ sequence was observed to occur sporadically in the
longer fragment PSQQQP. Sequences of barley proteins — hor-
deins (Hordeum vulgare) contained mainly tetrapeptides with
the sequences QPYP, QQPY, and QQQP. The first two were
present in a longer sequential fragment QQPYPQ. The QPYP
and QQQP fragments occurred in oat avenins (Avena sativa).
Sequences of barley proteins (hordeins) were reported not to
contain extended structural motifs typical of wheat A-gliadin.

TABLE 3. Occurrence frequency (A) of tetrapeptides and extended structural motifs in oat (Avena sativa) proteins.

BIOPEP ID Name Number of amino acid residues Ascirapep Acxiended
1450 gamma 3 avenin, fragment, oat (Avena sativa) 29 0.038 0
1451 avenin-3 precursor, oat (Avena sativa) 220 0.038 0
1452 avenin precursor, oat (Avena sativa) 214 0.038 0
1457 avenin, precursor, oat (Avena sativa) 181 0.038 0
1458 avenin, precursor, oat (Avena sativa) 222 0.038 0
1459 avenin A, fragment, oat (Avena sativa) 36 0.038 0
1460 avenin E, fragment, oat (Avena sativa) 52 0.038 0
1461 avenin F fragment, oat (Avena sativa) 43 0.038 0
1462 Avenin N9, oat (Avena sativa) 182 0.038 0

TABLE 4. Occurrence frequency (A) of tetrapeptides and extended structural motifs in barley (Hordeum vulgare) proteins.

BIOPEP ID Name Number of amino acid residues Asctrapep Aextended
1602 gamma-hordein 3, barley (Hordeum vulgare) 289 0.031 0
1607 C-hordein (Clone PC-919), fragment, barley (Hordeum vulgare) 68 0.029 0
1629 gamma-hordein 3, fragment, barley (Hordeum vulgare) 40 0.025 0
1630 gamma-hordein 1 and 2, fragment, barley (Hordeum vulgare) 35 0.025 0
1603 B1-hordein, precursor, batley (Hordeum vulgare) 293 0.017 0
1623 B hordein, precursor, barley (Hordeum vulgare) 290 0.017 0
1628 putative gamma 2 hordein, fragment, barley (Hordeum vulgare) 255 0.016 0
1604 B3-hordein, fragment, barley (Hordeum vulgare) 264 0.015 0
1150 gamma-hordein 1 precursor, barley (Hordeum vulgare) 305 0.013 0
1627 C-hordein, barley (Hordeum vulgare) 310 0.0065 0
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The presence of tetrapeptides containing Glu, Pro or Tyr
residues in cereal proteins is linked with the occurrence of a
toxic effect [McLachlan ez al., 2002]. Their presence seems to
be insufficient since a number of proteins of different species,
commonly acknowledged as non-toxic, contain such motifs
as QQQP and PSQQ [Carménes et al., 1989]. Based on their
studies, Cornell & Mothes [1993] as well as MacLachlan et
al. [2002], postulated that in the evaluation of the toxicity of
a given protein, consideration should be given not only to
the presence of toxic tetrapeptides but also to the sequence
of an extended motif containing these tetrapeptides. The
results of these studies [McLachlan et al., 2002; Cornell &
Mothes, 1993] indicated that the toxic activity of sequences
of peptides with longer chains was higher than that of short-
er sequences, and that the mucosal membrane was affected
to a greater extent by extended motifs. This means that the
occurrence of the toxic effect is dependent upon the presence
of lateral chains formed by specific amino acids, e.g. arginine,
N-terminal amino acid in the sequence RPQQPYPQPQPQ),
probably responsible for the interaction with the receptor.

Evolutionary similarity of potentially-toxic proteins

Tables 2-4 present the results of calculations of parame-
ter A for the toxic activity in celiac disease patients. At the ini-
tial stage of the experiment, parameter A was computed only
for the extended structural motif displaying toxic properties.
Since the value of this factor equaled 0 for the majority of pro-
teins other than wheat gliadins, it was also calculated for tet-
rapeptides inducing celiac disease. The highest values for the
A discriminant calculations made for the wheat proteins are
shown in Table 2 (total number of protein sequences = 136).
Value A was also made for the other wheat proteins. They
are mentioned in the Table 2 by their BIOPEP identification
numbers. The highest value of parameter A (Acirapepiiae=0.16,
Acxtendea=0.0055) was observed for wheat alpha-gliadin —
ID number in the BIOPEP database — 1435. However, this
sequence was made up by 54 amino acid residues only. Out of
the wheat proteins, the highest A value was reported for LMW
glutenin (subunit 4, BIOPEP ID number — 1303), yet for the
so-called extended motif, the value of parameter A was equal
to 0. The protein with the highest occurrence frequency of toxic
tetrapeptides and extended motifs, i.e. 0.044 and 0.033 respec-
tively, appeared to be wheat alpha-gliadin with a chain length
equal to 269 amino acid residues (ID number 1421). That pro-
tein was accepted as a standard sequence for the analysis of
sequential similarity between the other analysed proteins with
the use of the BLAST algorithm, and the results for the all cal-
culations are available in the BIOPEP database. Depending
on the values of parameter A, the other proteins were in the
following descending order: wheat alpha/beta gliadins, wheat
gamma-gliadins, glutenins, oat avenins, and barley hordeins.
Except for alpha- and alpha/beta gliadins of wheat, the value
of parameter A for the extended motif was equal to 0. In vitro
and in vivo analysis confirmed that, apart from wheat pro-
teins, celiac disease is induced by other proteins, e.g. prola-
mins of barley and rice. They are responsible for damage to the
mucous membrane as well as for improper absorption of car-
bohydrates, proteins, lipids, and vitamins [Rocher ef al., 1995].
Oat avenins demonstrated a higher value of parameter Ay,
peptides compared to that of barley and rice proteins. Rocher et
al. [1995] identified a few prolamins of wheat and oat as pro-

teins with a positive immunological response, and classified
them based on the N-terminal sequence as - and y-prolamins.
According to Kasarda [2003], oat avenins show affinity to the
C-terminal fragment of alpha- and gamma-gliadin, yet they
do not contain domains rich in the proline of glutamine resi-
dues that are associated with toxicity. The toxicity of oat is like-
ly to result from problems of a practical origin. Oat is cultivat-
ed interchangeably with, or in the vicinity of, wheat. The same
containers are used for storage of both the species, which may
lead to oat contamination by wheat [Cornell, 1996].
Sequential similarity between the proteins was deter-
mined by means of the BLAST algorithm [http://www.ncbi.
nhm.nih.gov/blast]. Table 5 contains a compilation of 26
proteins grouped in a descending order in terms of sequen-
tial similarity. Compared to wheat alpha-gliadins (BIOPEP

TABLE 5. Structural homology between proteins — precursors of toxic
peptides and wheat A-gliadin (BIOPEP ID - 1421).

Number of
No. Protein amino acid | Similarity
residues
L alpha/beta—glladlp precursor 186 80%
(Prolamin)
5 alpha/beta-gliadin c]pne PTO-A10 186 199
(Prolamin)
3. alpha/beta-gliadin A—II precursor 291 60
(Prolamin)
4 alpha/beta-gliadin MM] precursor 307 1%
(Prolamin)
5. alpha/beta-gliadin A—IV precursor 297 69%
(Prolamin)
6. alpha/beta-gliadin clone APW1215 206 73%
precursor (Prolamin)
7 alpha/beta-gliadin A—III precursor %) 1%
(Prolamin)
3 alpha/beta-gliadin clone APW8142 313 63%
precursor (Prolamin)
9. alpha/beta-gliadin A—V precursor 319 60%
(Prolamin)
10, alpha/beta-gliadin A—I precursor 262 4%
(Prolamin)
11. prolamin PPROL 17 precursor 149 47%
12. gamma-gliadin precursor 251 40%
13. avenin-3 precursor (Prolamin) 220 40%
14. gamma-gliadin precursor 327 39%
15. gamma-gliadin B precursor 291 39%
16. gamma-gliadin precursor 302 39%
17. gamma-hordein 3 289 36%
18. 13 kDa prolamin precursor 156 36%
19. gamma-hordein 1 precursor 305 35%
20. B1-hordein precursor 293 35%
21. gamma-gliadin (Gliadin B-III) 244 35%
22. glutenin, subunit 1D1 precursor 307 34%
23. B3-hordein 264 34%
24, LMW glutenin subunit precursor 356 33%
25. gamma-gliadin B-I precursor 304 32%
2%, LMW glutenin subunit PTDUCDI1 295 3%
precursor
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Color Key for Alignment Scores
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I wheat glutenins

[ rice prolamins

FIGURE 2. Graphical scheme of the structural similarity of cereal pro-
teins.

ID 1421), the highest degree of similarity was demonstrat-
ed by wheat alpha-beta gliadins (74-80%), followed by rice
prolamins (47%), oat avenin (40%), wheat gamma-gliadins
(32-39%), barley hordeins (35%) and LMW glutenins (32%).
Figure 2 presents a graphic distribution of similarity between
protein sequences (similarity degree over 40%) according
to the BLAST algorithm. The main fragment correspond-
ing to points 0 — 260 is the sequence of wheat alpha-gliadin
in respect of which the other sequences were grouped. Red-
colored fragments correspond to sequences of wheat alpha/
beta-gliadins; pink-colored ones to wheat gamma-gliadins;
green-colored ones to wheat glutenins, and gray-colored ones
to rice prolamins. The above hierarchy differs from that of
sequences grouped according to decreasing values of the fre-
quency of occurrence of toxic motifs in protein chains of the
proteins. Hence, the value of parameter A calculated for ave-
nin was higher than that computed for barley proteins and,
obviously, for rice proteins — for which the value of param-
eter A was equal to 0. Wheat, rice and barley belong to the
tribe Triticae or Hordeae. Proteins of oats belong to a dif-
ferent tribe. Still, a similarity exists between oat avenins and
most wheat gliadins, resulting from a close affinity between
the tribes [Kasarda, 2003]. Hence, these proteins are char-
acterised by higher occurrence frequency of tetrapeptides, as
compared to barley or rice (lack of tetramotifs).

Secondary structure of structural motifs

Table 6 contains sequences of extended structural motifs,
contents of particular secondary structures, and the so-called
“hydropathy index” according to Kyte & Doolitlle [1982]. Cal-
culations were made automatically with PREDICT 7 soft-
ware [Carménes et al., 1989]. All extended fragments of A-gli-
adin were found to contain beta-turns and random coil. In one
case, ie. in the fragment with BIOPEP ID number 6996 (15
amino acid residues), a form of 5-sheet occurred apart from
the above-mentioned structures. In the analysed motifs, the
contribution of beta-turn structure ranged from 14.3 to 64.3%,
whereas that of the random coil - from 35.7 to 85.7%. In all of
the eleven extended structural motifs the hydrophobicity was
negative, which points to their hydrophilic character and indi-
cates their easy accessibility for proteolytic enzymes during
protein digestion [Dziuba er al., 2004]. Short peptides formed
as a result of wheat protein digestion provoke a toxic effect,
hence, an understanding of issues linked with their structure
is of key importance to a better understanding of the causes
of celiac disease. For instance, the NPSQQQPQ motif (12—
19 fragment of alpha-gliadin) as well as the fragment with the
sequence QQPYPQPQ (position 77-84) are acknowledged
as the most active. In the case of the former, the hydrophil-
ic character of asparagine and lateral serine chains conjugat-
ed through beta-turns, which stems from the presence of pro-
line residues, is assumed to be the key factor in celiac disease
induction [Cornell & Wills-Johnson, 2001].

Tetrapeptides contained in the extended fragments of
alpha-gliadin sequence occurred in the motifs with a struc-
ture of beta-turn or random coil. Cornell & Wills-Johnson
[2001] postulated that beta-turn were a dominant structural
trait of peptides originated from gliadins and containing pro-
line residues. This trait affords the possibility of the forma-
tion of spatial systems that are likely to be “recognizable” to
such immunological reactions as stimulation of lymphocytes.
The folding of lateral chains caused by the presence of pro-
line residues breaking hydrogen bonds may be of significance
to the “orientation” of tyrosine residues as a characteristic
trait of celiac-toxic peptides. In addition, tyrosine is recog-
nized as having amino acid generating opioid properties and
demonstrating a capacity for the production of gamma-inter-
ferone [Cornell & Wills-Johnson, 2001].

TABLE 6. Structural characteristics of extended motifs of A-gliadin of wheat (Triticum aestivum) — PREDICT 7 program.

Percentage of:
No. Sequence - - Hydrophobicity
a-helix | B-turn | [-sheet | Random coil
1. PFPPQQPYPQPQPF 0 143 0 85.7 -1.624
2. PFRPQQPYPQPQPQ 0 28.6 0 71.4 -2.248
3. QPFRPQQPYPQPQP 0 28.6 0 71.4 -2.027
4. QPFRPSQQPYLQLQP 0 28.6 28.6 42.8 -0.985
5. QPFPPQQPYPQPQP 0 14.3 0 85.7 -1.938
6. LQPQNPSQQQPQEQ 0 28.6 0 71.4 -2.569
7. QPQPFPSQQQNPQAQ 0 26.7 0 73.3 -1.982
8. QQQKQQQQPSSQVS 0 42.9 0 57.1 -2.184
9. QQFLGQQQPFPPQQ 0 64.3 0 35.7 -1.284
10. PQNPSQQQPQEQVP 0 28.6 0 71.4 -2.186
11. QPQPFPSQQNPQAQ 0 214 0 78.6 -1.874
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TABLE 7. Profile of the potential biological activity of alpha gliadin (ID 1420). A BIOPEP database report.

ID of protein: 1420 Name: Alpha-gliadin, wheat (Triticum aestivum)
MVRVPVPQLQPQNPSQQQPQEQVPLVQQQQFPGQQQPFPPQQPYPQPQPFPSQQPYLQLQPFPQPQLPYPQPQLPYPQPQL
Protein PYPQPQPFRPQQPYPQSQPQYSQPQQPISQQQQQQQQQQQQKQQQQQQQQILQQILQQQLIPCRDVVLQQHSIAYGSSQVL
sequence: QQSTYQLVQQLCCQQLWQIPEQSRCQAIHNVVHAIILHQQQQQQQQQQQQPLSQVSFQQPQQQYPSGQGSFQPSQQNPQA
QGSVQPQQLPQFEEIRNLALETLPAMCNVYIPPYCTIAPVGIFGTNYR
ID [Name of peptide | Activity [ Number [ Sequence | Location
3460 antiamnestic 1 PG [32-33]
3258  b-lactokinin antihypertensive 1 IR [257-258]
3341  ACE inhibitor antihypertensive 1 FQP [233-235]
. . [43-45],[68-701,[75-77],182-
3372 antihypertensive 5 PYP 841.[94-96]
3389  ACE inhibitor antihypertensive 1 LW [178-179]
3492 ACE inhibitor from sake antihypertensive 1 VY [271-272]
3502 ACE inhibitor (BSA fr. 221-222) antihypertensive 4 FP [31-32],[38-39],[50-51],[62-63]
3522 ACE inhibitor antihypertensive 1 IPP [273-275]
3542 ACE inhibitor antihypertensive 2 LQP [9-111,[59-61]
3550  ACE inhibitor antihypertensive 1 YL [56-57]
3553 ACE inhibitor antihypertensive 1 YG [156-157]
3563 antihypertensive 1 AY [155-156]
3666 antihypertensive 6 YP ggji[gg_]g’é]é,?zgg]jz[;f “771,183-
713 wiperensive 4 100 [133-135) 137391 {149-151],
2578 toxic 1 PSQQQP [14-19]
2797  peptide toxic from alpha-gliadin toxic 4 YPQPQ [44-48],[69-731,176-801,[83-87]
2798  peptide toxic from alpha-gliadin toxic 2 YPQPQPF [44-501,[83-89]
2800  peptide toxic from alpha-gliadin toxic 2 QQPYPQ [41-46],[92-97]
6986 celiac toxic peptide toxic 3 QQQP [16-19]1,[34-37],[210-213]
6987  celiac toxic peptide toxic 3 PSQQ [14-17],[51-54],[235-238]
6988  celiac toxic peptide toxic 3 QQPY [41-44],[53-56],[92-95]
6989  celiac toxic peptide toxic 2 QPYP [42-451,193-96]
6990  potential celiac toxic peptide (extended motif) toxic 1 PONPSQQQPQEQVP [11-24]
6993 potential celiac toxic peptide (extended motif) toxic 1 LQPQNPSQQQPQEQ [9-22]
6995  potential celiac toxic peptide (extended motif) toxic 1 QPFPPQQPYPQPQP  [36-49]
6996  potential celiac toxic peptide (extended motif) toxic 1 QPFPSQQPYLQLQP  [48-61]
6998  potential celiac toxic peptide (extended motif) toxic 1 PFPPQQPYPQPQPF  [37-50]
7001  synthetic peptide from alpha-gliadin toxic 1 QLQPQNPSQQQP [8-19]
7002 synthetic peptide from alpha-gliadin toxic 1 PSQQQPQEQVPL [14-25]
7003 synthetic peptide from alpha-gliadin toxic 1 QEQVPLVQQQQF [20-31]
7006  synthetic peptide from alpha-gliadin toxic 1 FPPQQPYPQPQP [38-49]
7007 synthetic peptide from alpha-gliadin toxic 1 YPQPQPFPSQQP [44-55]
7008  synthetic peptide from alpha-gliadin toxic 1 FPSQQPYLQLQP [50-61]
7009  synthetic peptide from alpha-gliadin toxic 1 YLQLQPFPQPQL [56-67]
7014 synthetic peptide from alpha-gliadin toxic 1 PQYSQPQQPISQ [100-111]
7016  synthetic peptide from alpha-gliadin toxic 1 QILQOQILQQQLI [131-142]
7026  synthetic peptide from alpha-gliadin toxic 1 HNVVHAIILHQQ [191-202]
7033 synthetic peptide from alpha-gliadin toxic 1 QQNPQAQGSVQP [237-248]
7034 synthetic peptide from alpha-gliadin toxic 1 QGSVQPQQLPQF [243-254]
7035  synthetic peptide from alpha-gliadin toxic 1 QQLPQFEEIRNL [249-260]
7038  synthetic peptide from alpha-gliadin toxic 1 AMCNVYIPPYCT [267-278]
3285 antithrombotic 1 PG [32-33]
3770 immunomodulating | YG [156-157]
2882 opioid fragment of alpha lactorphin fr:50-51  opioid 1 YG [156-157]
3474  alpha lactorphin fr:91-92 opioid 1 YL [56-57]
3305 antioxidative 1 LH [199-200]
2890 inhibitor 2 GQ [33-34],[229-230]
3166  diprotin B inhibitor 1 VPL [23-25]
3170  dipeptidyl peptidase IV inhibitor inhibitor 2 PP [39-40],[274-275]
3175  dipeptidyl-aminopeptidase 1V inhibitor inhibitor 1 LA [260-261]
3177  dipeptidyl-aminopeptidase IV inhibitor inhibitor 1 AP [280-281]
3178  dipeptidyl-aminopeptidase IV inhibitor inhibitor 4 FP [31-32],[38-39],[50-51].[62-63]
3179  dipeptidyl-aminopeptidase 1V inhibitor inhibitor 1 PA [266-267]
. . . . o T [67-68].,[74-75],[81-82],[251-
3180  dipeptidyl-aminopeptidase IV inhibitor inhibitor S LpP 2521, [265-266]
3181  dipeptidyl-aminopeptidase IV inhibitor inhibitor 3 VP [4-5],16-7],[23-24]
3183 dipeptidyl-aminopeptidase IV inhibitor inhibitor 2 VV [147-148],[193-194]
3184  dipeptidyl-aminopeptidase IV inhibitor inhibitor 1 HA [195-196]
4006 activating ubiquitin- 1 LA [260-261]

mediated proteolysis
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In silico proteolysis of toxic peptide precursors

The amino acid sequences of wheat, oat and barely pro-
teins in the BIOPEP database were characterised (as poten-
tial precursors of celiac-toxic peptides) by determining pro-
files of their potential biological activity and calculating
parameter A. An example profile of the potential biological
activity of alpha gliadin (ID 1420) is presented in Table 7.
The amino acid sequence of this protein contains eighty
fragments corresponding to peptides with different activity,
including as many as thirty-nine which are toxic to celiac dis-
ease patients. Among the toxic peptides are both short tetra/
pentapeptides containing mainly proline (P) and glutamine
(Q) residues, as well as longer, extended motifs containing up
to fourteen amino acids.

The stage of in silico proteolysis was carried out on twen-
ty-eight wheat proteins selected for the highest value of
parameter A calculated for tetrapeptides and extended struc-
tural motifs (Awirapep., Aextended). TWO sequences of oat pro-
teins and one sequence of barley protein were selected out
of the other proteins. A computer-aided simulation of pro-
teolysis with twenty-four enzymes (occurring in the BIO-
PEP database) was carried out. On the basis of previous
studies [Dziuba et al., 1999], the assumption was made that
the highest value of A factor and consequently higher num-
ber of toxic motifs encrypted in a protein sequence (richer
profile of potential celiac toxic activity of crop protein), pro-
vides a higher probability of the release of these fragments via
enzymatic hydrolysis.

The in silico proteolysis run demonstrated the possibility
of releasing tetrapeptides or toxic peptides (extended motifs)
from twenty-eight out of the thirty-one proteins analysed.
Only such proteolytic enzymes as thermolysin, K protein-
ase and prolyl oligopeptidase were found to release celiac-
toxic peptides. Thermolysin released peptides from twenty-
five of the proteins examined. These were extended fragments
with the following sequences: LQPQNPSQQQPQEQ and
FPPQQPYPQPQP. Proteinase K and prolyl oligopeptidase
released QQQP tetrapeptides only from four proteins ana-
lysed. The highest number of QQQP fragments (four/five)
was obtained from gamma-hordein (Hordeum vulgare) — 1D
1602, using proteinase K or proline oligopeptidase, respec-
tively. The following proteins: alpha-gliadin, wheat (Triticum
aestivum)— 1D 111304 and avenin precursors of oat (Avena
sativa) — 1D 1452 and 1458 failed to provide fragments with
such an activity. It should be mentioned that the presence of
four amino acid motifs gives rise to toxic effect when flanked
by other specific amino acid residues. Prolyl endopepti-
dase [EC 3.4.21.26] can be recommended as an enzyme for
destroying celiac toxic peptides as was confirmed by Shan et
al. [2002, 2004]. Proteinase K [3.4.21.14] is an enzyme with
broad spectrum specificity and may be a potential alterna-
tive for prolyl endopeptidase [Dziuba et al.,, 1995]. Proline
residue specific enzymes can be recommended for releasing
many peptides with different activities [Dziuba ef al., 2004].

The assumption made in the in silico research is rath-
er a simplification and does not cover the impact of proper
physicochemical conditions necessary for carrying out effi-
cient hydrolysis nor the physiological aspects determining
the release and assimilation of bioactive peptides in the body
[Adler-Nissen, 1986; Friedman, 1996; Vorob’ev & Goncha-
rova, 1998]. However, it takes into account the location of

active fragments in the amino acid sequence of a protein, its
structure and specificity of the activity of enzymes applied.
In many cases this is sufficient to evaluate the possibilities of
bioactive peptide release from their protein precursors [Dziu-
ba et al., 2004].

CONCLUSIONS

1. Tetrapeptides (QQQP, QQPY, PSQQ, QPYP) regard-
ed as responsible for the induction of celiac disease occurred
in sequences of proteins of wheat (gliadins), barley (horde-
ins), and oat (avenins). In the case of wheat proteins, the
enumerated motifs constituted so-called “extended sequen-
tial motifs”.

2. Neither extended motifs nor tetrapeptides were detect-
ed in sequences of rice-, pea- or buckwheat proteins, thau-
matins or inhibitors of trypsin and alpha-amylases. This may
result from weak evolutionary bonds between these proteins
and wheat gliadins, or from a complete lack of such bonds.

3. The highest value of parameter A for wheat proteins
confirms that they may be the main source of celiac-toxic
peptides. The relatively low values of parameter A reported
for oat avenins confirmed that they are evolutionary-related
with alpha- and gamma-gliadins of wheat — which is likely to
affect their toxicity.

4. The presence of tetrapeptides inducing celiac disease
is not a prerequisite for protein toxicity evaluation. The simi-
larity between proteins of different species within longer frag-
ments of sequences might also determine their toxicity.

5. A dominant feature of celiac disease-inducing motifs is
the occurrence of a beta-turn structure, as well as fragments
with a sequence hydrophilic in character. This may be an
important guideline for the design of forms recognizable to
systems indispensable for celiac disease generation.

6. Out of the 24 enzymes gathered in the BIOPEP data-
base, only thermolysin, proteinase K and proline oligopepti-
dase released celiac-toxic peptides. Food design for the pop-
ulation affected by this disease should entail the elimination
of the above enzymes from the production process. However,
the results obtained require experimental validation.
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BIOINFORMATYCZNA CHARAKTERYSTYKA STRUKTURALNYCH MOTYWOW WYBRANYCH,
POTENCJALNIE CELIAKO-TOKSYCZNYCH BIALEK ZBOZ I ROSLIN STRACZKOWYCH

Marta Dziuba, Jerzy Dziuba, Anna Iwaniak
Katedra Biochemii Zywnosci, Uniwersytet Warmirisko-Mazurski w Olsztynie, Olsztyn

Produkty pochodzenia roslinnego takie jak biatka niektérych zb6z czy nasion, moga wywolywac celiaki¢ in. nietolerancje glutenu. W pracy
przeprowadzono analizg strukturalng peptydéw odpowiedzialnych za wywoltywanie celiakii oraz fragmentow struktury, w ktorych sie one znaj-
duja czyli tzw. rozszerzonych motywow strukturalnych. Motywy te pochodzily z A-gliadyny pszenicy i stanowily wzorzec do analizy pozostatych
biafek. Badania przeprowadzono w oparciu o metody in silico wykorzystujac do tego celu bazg¢ danych sekwencji biatek i bioaktywnych pepty-
dow — BIOPEP [http://www.uwm.edu.pl/biochemia], baz¢ danych sekwencji biatek SWISS-PROT [http://www.expasy.org], algorytm BLAST
[http://www.ncbi.nlm.nih.gov/blast] oraz program PREDICT 7 przeznaczony do przewidywania struktury drugorzgdowe;.

Analizie poddano ogoétem 403 sekwencje biatek roSlinnych. U 155 z nich stwierdzono obecnos¢ tetrapeptydéw odpowiedzialnych za
celiaki¢ a mianowicie: QQQP, QQPY, PSQQ, QPYP, w tym u 29 biatek wymienione tetrapeptydy wchodzily w sktad motywu strukturalnego
o dtuzszej sekwencji. Byly to biatka pszenicy, jeczmienia i owsa. Wymienione biatka nalezg do rodzin o zblizonym pokrewienstwie ewolucyj-
nym i wykazuja rozny stopiefi homologii, co zostalo potwierdzone za pomoca programu BLAST. Wszystkie motywy rozszerzone znajdowa-
ty si¢ w hydrofilowym otoczeniu, jak rowniez przyjmowaly strukture beta-skretu i nieuporzadkowana, co jest charakterystyczne dla fragmen-
tow zawierajacych w swoim skiadzie reszty tyrozyny, proliny czy glutaminy. Przeprowadzono réwniez komputerowe projektowanie procesu
proteolizy wybranych biafek pszenicy, owsa i jeczmienia (najbogatsza rodzina biatek, prekursordéw toksycznych peptydéw) w aspekcie uwal-
niania peptydow toksycznych dla osob chorych na celiakie. Aktywne fragmenty uwalniane byly z dwudziestu oSmiu bialek przez termolizyng,
proteinaze K i oligopeptydaze prolinowa.



