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Abstract

Five opioid peptides, Gly-Tyr-Tyr-Pro-Thr, Gly-Tyr-Tyr-Pro, Tyr-Gly-Gly-Trp-Leu, Tyr-Gly-
Gly-Trp and Tyr-Pro-Ile-Ser-Leu were isolated from enzymatic digests of wheat gluten. These
peptides were named gluten exorphins A5, A4, BS, B4 and C, respectively. The gluten exor-
phins A5/A4 sequences were found at 15 sites in the primary structure of the high molecular
weight glutenin and were highly selective for 3-receptors. The structure-activity relationships
of gluten exorphins A were characteristic in that their N-terminal Gly residues were important
for the expression of their activities. Gluten exorphin B5, which corresponds to [Trp4,Leuslen-
kephalin, showed the highest activity among the exogenous opioid peptides tested. Its ICs,
values were 0.05 uM and 0.017 pM in the guinea pig ileum (GPI) and the mouse vas deferens
(MVD) assays, respectively. Gluten exorphin C had a structure quite different from those of
endogenous and exogenous opioid peptides so far reported in that the N-terminal Tyr residue
was the only aromatic amino acid.

Introduction

An opioid-active material in a pepsin digest of wheat gluten was found by Zioudrou et al. in
1979. They recognized the activity in the digest in both assays, inhibition of the electrically sti-
mulated contraction of MVD and the inhibition of adenylate cyclase of neuroblastoma X-glio-
ma hybrid cells (23). Huebner et al. also recognized opioid activities in fragments derived from
gliadin fractions by a radioreceptor assay (8). Graf et al. synthesized a peptide fragment of
o-gliadin (Tyr-Pro-Gln-Pro-Gin-Pro-Phe), which is homologous to B-casomorphin, but its
opioid activity was very weak (6). On the other hand, it has been reported that the oral ad-
ministration of wheat gluten digests influenced gastrointestinal motility or hormone release,
and the effects were reversed by naloxone (11, 16, 17). These reports also suggested the
existence of opioid peptides in the digests. However, their structure and character have not
been reported yet. In this study, to obtain this information, we have attempted to isolate such
opioid peptides from enzymatic digests of wheat gluten.
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Material and Methods

Substances

Wheat gluten was obtained from Goodman Fielder Mills Ltd. Pepsin, trypsin and chymotryp-
sin were from Sigma Chemical Co. Thermolysin was from Peptide Institute Inc. Naloxone was
from U.SPC, Inc. PH]DAGO ([3H][D-Ala?, MePhe#, Glyols] enkephalin), [*H]DADLE
([*H][D-Alaz, D-Leus] enkephalin) and [3H]JEKC ([*H]ethylketocyclazocine) were from
Amersham. Other reagents used were reagent grade or better.

Enzymatic digestion of wheat gluten

Wheat gluten (50 mg/ml solution) was digested with pepsin (0.5 mg/ml) in 0.02N HCI (pH
2.0) or 17 hrs at 36°C. After the digestion, the pH of the solution was adjusted with 1 N NaOH
to 7.0. Then, the solution was boiled and centrifuged. The supernatant was lyophilized. The
peptic digest(50 mg/ml solution) was further digested with trypsin or chymotrypsin or ther-
molysin (0.5 mg/ml, respectively) in distilled water for 5 hrs at 36°C, boiled and centrifuged.

Purification of peptides

Separations of peptides in the digests were accomplished by reversed phase HPLC on an oc-
tadecyl silica (ODS) column (Cosmosil 5Ci8-AR, 20 x 250 mm, Nacalai Tesque Inc.). An
amount of 100 mg digest was applied to the column and was eluted with a linear gradient bet-
ween 0 to 40% acetonitrile containing 0.05% trifluoroacetic acid (TFA) at a flow rate of 10
ml/min. The eluate was monitored at 230 nm. Individual fractions were dried with a centrifu-
gal concentrator and their opioid activities were measured in the MVD assay. The opioid-ac-
tive fractions were purified on an ODS column (Cosmosil 5Cis-AR, 4.6 x 150 mm), a phenyl
silica column (Cosmosil 5Ph, 4.6 x 250 mm) and cyanopropyl silica column (Cosmosil
5CN-R, 4.6 x 250 mm) from Nacalai Tesque Inc. and a phenety! silica column (Develosil
PhA-5, 4.6 x 250 mm) from Nomura Chemical Inc.. The columns were developed by a linear
gradient between 0 to 50% acetonitrile containing 0.05% TFA or 10mM potassium-sodium
phosphate buffer (pH 7) at 1 ml/min. The eluates were monitored at 215 nm to 235 nm. The
active fractions were purified on the same ODS column as used for the first step of puri-
fication.

Opioid activity assay

The measurements of opioid activities were performed by the MVD and GPI assays (4). For the
MVD assay, the mouse vas deferens was suspended with 0.2 g tension in a magnus tube con-
taining a Mg2-free Krebs-Ringer solution and stimulated (30 V, 1.2 msec, 0.1 Hz). For the
GPI assay, the guinea pig ileum preparation was suspended with 0.5 g tension in a Krebs-Rin-
ger solution and stimulated (30 V, 0.5 msec, 0.1 Hz). The contraction was recorded through an
isometric transducer. These assays were accomplished in the presence of L-leucyl-L-leucine
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(2 mM), together with bestatin (30 pM), thiorphan (0.3 uM), and captopril (10 uM). IC,, value
is the concentration which inhibits the electrically stimulated muscle contraction by 50%.

Radioreceptor assay

The radioreceptor assays were performed according to the method of Pert and Snyder (12)
using 1 nM [*H]JDAGO (47.8 Ci/mmol) or 1 nM [*H]DADLE (30.0 Ci/mmol) as radioligands
for P~ or 3-type opioid receptors, respectively in rat brain membranes. The radioreceptor assay
for x-receptors was performed using of 1 nM [FH]JEKC ( 24.5 Ci/mmol) and guinea pig cere-
bellum membranes as opioid receptor preparations. All assays were performed in the presence
of the same protease inhibitors as used for the opioid activity assays. IC,, values are the con-
centrations of tested compounds inhibiting the binding of the labeled ligand by 50%.

Amino acid sequence analysis and peptide synthesis

The amino acid sequence of the purified peptide was analyzed by a 477A protein sequencer

(Applied Biosystems Inc.). The peptide was synthesized by a Sam 2 peptide synthesizer (Bio-
search Inc.).

Results

The enzymatic digests of wheat gluten inhibited the electrically stimulated contractions of the
MVD (Fig. 1). However, these inhibiting activities were reversed in part by naloxone (opioid
activity) and not reversed by naloxone (non opioid activity). The opioid activity in the pep-
sin-thermolysin digest or the pepsin-trypsin-chymotrypsin digest was higher than that in the
pepsin digest. To isolate the opioid peptides, these digests were fractionated by reversed phase
HPLC on an ODS column and the opioid activities of individual fractions were measured by
the MVD assay. In the pepsin-thermolysin digest, four opioid active fractions (fractions I, I,
11, IV) were recovered (Fig. 2-A), and in the pepsin-trypsin-chymotrypsin digest, one opioid
active fraction (fraction V) was isolated (Fig. 2-B). However, the obvious opioid activity was
not obtained from the pepsin digest. On the other hand, the non-opioid activity, which was not
reversed by naloxone, was recovered from each of the three digests (Fig. 2-A, 2-B). This
non-opioid substance was identified as adenosine by UV, NMR and mass spectra analyses.
Authentic adenosine also inhibited the electrically stimulated contractions of the MVD and the
effect was reversed by its antagonist, theophylline.
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Fig. 1.: Effects of enzymatic digests of wheat gluten on the electrically stimulated contraction of MVD
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Fig. 2-B: Reversed please HPLC of the enzymatic digests on an ODS column, pepsin-trypsin-chymotrypsin digest

Five opioid-active fractions recovered from the ODS column were further purified by re-
versed phase HPLC on different columns and pure peptide fractions, fractions I-3, II-2, III-3,
IV-5 and V-3 were obtained (Table 1). The structures of these peptides were analyzed with a
protein sequencer and the sequences obtained were Gly-Tyr-Tyr-Pro-Thr (fraction I-3), Gly-
Tyr-Tyr-Pro (fraction II-2), Tyr-Gly-Gly-Trp (fraction III-3), Tyr-Gly-Gly-Trp-Leu (fraction
IV-5) and Tyr-Pro-lle-Ser-Leu (fraction V-3), which were named gluten exorphins AS, A4, B4,
B5 and C, respectively. From the sequence homology research, gluten exorphin A5/A4 were
interspersed repeated sequences which were found 15 times in the primary structure of the
high molecular weight glutenin (19) (Fig. 3). In addition, Arg-Tyr-Tyr-Pro, Ser-Tyr-Tyr-Pro,
Trp-Tyr-Tyr-Pro, Gly-Tyr-Tyr-Leu and Gly-Tyr-Tyr-Ser, which were homologous to gluten
exorphin A4, were also found in this primary structure. On the other hand, gluten exorphins
B and C were not found in the primary structure reported of gliadin and glutenin (5, 13, 14, 18,
19).
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Table 1:

Purification of opioid peptides derived from the pepsin-thermolysin and the pepsin-trypsin-
chymotrypsin digests

This table shows a number of opioid active fractions which were obtained from fractions I, II,
I IV (see also Fig. 2-A) and fraction V (see also Fig. 2-B), and the acetonitrile concentrations
in which they were eluted in various reversed phase HPLC.

1) in the presence of 0.05 % TFA

2) in the presence of 10 mM potassium-sodium phosphate buffer (PH7)
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Fig. 3:

The primary structure of high molecular weight glutenin reported by Sugiyama et al.(19). Gluten exorphins
A5/A4 are boxed. Homologous sequences of gluten exorphin A4 are underlined
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These gluten exorphins including their analogues were synthesized, and their opioid ac-
tivities were evaluated by the GPI and the MVD assays and their receptor affinities by the
radioreceptor assay. (Table 2). Gluten exorphins A had high affinities for -receptors. They
showed the opioid activities on the MVD assay but not on the GPI assay; they had almost the
same activities as a-casein exorphin 6 (Arg-Tyr-Leu-Gly-Tyr-Leu) on the MVD assay (10).
The activities of Tyr-Tyr-Pro-Thr and Tyr-Tyr-Pro, which lack an N-terminal Gly of gluten
exorphin A5/A4, were very weak. In the case of the analogues of gluten exorphin A4,
Arg-Tyr-Tyr-Pro, Ser-Tyr-Tyr-Pro and Trp-Tyr-Tyr-Pro, these activities were lower than that of
gluten exorphin A4. Especially, Trp-Tyr-Tyr-Pro had an opioid antagonist activity on the
MVD assay. Its pA2 value was 3.3. Among the gluten exorphins A, B and C, the most potent
opioid peptide was gluten exorphin BS5; its ICs, values were 0.05 yuM and 0.017 UM on the GPI
and the MVD assays, respectively. The activity of gluten exorphin B4 was lower than that of
gluten exorphin BS. This was especially remarkable in the MVD assay. The affinity of gluten
exorphin B5 for x-receptors was remarkably less than those for yi- and d-receptor; its IC,, value
was 30 LM. The opioid activity of gluten exorphin C was higher than those of gluten exorphins A;
its ICs, values were 40 tM and 13.5 pM on the GPI and MVD assays, respectively.

Receptor affinities Opioid activities
Peptides JCso values (uM) I 1 X
(°HIDAGO [(°HIDADIE u/6 GPI D /6
3 ) e )
Gly-Tyr-Tyr-Pro >1000 3.8 —_ >1000 70 —
(Gluten exorphin A4)
Gly-Tyr-Tyr-Pro-Thr 700 1.5 467 1000 60 16.7

(Gluten exorphin AS) ‘
Gly-Tyr-Tyr-Pro-Thr-Ser 1010 5.0 202 >1000 72 -

Arg-Tyr-Tyr-Pro - — _— >1000 190 -
Ser-Tyr-Tyr-Pro >1000 5.6 — >1000 200 —
Trp-Tyr-Tyr-Pro 700 100 7 — a) -
Tyr-Tyr-Pro >1000 100 - >1000 1000 —
Tyr~Tyr-Pro-Thr - -— —_ — 800 -
Gly-Tyr-Tyr >1000 500 - >1000 1000 -
Tyr-Gly-Gly-Trp 0.17 0.18 0.94 1.5 3.4 0.4
(Gluten exorphin B4)
Tyr-Gly-Gly-Trp-Leu 0.045 0.005 9 0.05 0.017 2.9
{Gluten exorphin BS)
Tyr-Gly-Gly~Phe-Leu 0.037 0.003 12.3 0.04 0.004 10
([Leulenkephalin) . . e
Tyr-Pro-Ile-Ser-Leu - —_— - 40 13.5 2.96

(Gluten exorphin C)

Table 2:

Opioid activities and receptor affinities of gluten exorphins A, B, C and their analogues
a) This peptide displayed opioid antagonist activity on the MVD assay. (pA2 value = 3.3)
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Discussion

We recognized opioid activity in a wheat gluten pepsin digest as well as other investigators
did; however, we could not isolate the active peptide because of its very weak activity. Gluten
exorphins A, B and C were isolated from the digests which were obtained by further hydroly-
sis of the pepsin digest with neutral proteases as thermolysin or trypsin and chymotrypsin. The
opioid activities in the digests increased upon these treatments. This result suggest that, in
vivo, the release of these peptides from a gastric pepsin digest might be caused by the actions
of intestinal proteases and peptidases or enterobacterial proteases. It is suggested that the action
of enterobacterial proteases might be necessary for the release of B-casomorphin from casein
(7). As for the origin of gluten exorphins A, B and C, gluten exorphin A sequences were reco-
gnized in wheat glutenin, but gluten exorphin B and C sequences were not recognized in
wheat gliadin and glutenin of which the primary structures were reported. However, wheat
gluten is a complex mixture of many different proteins. It is possible that gluten exorphins B
and C are derived from a wheat protein of which the primary structure has not yet been deter-
mined.

These opioid peptides have characteristic structure-activity relationships. In gluten
exorphins A, a N-terminal Gly are important for the expression of their activities. With this
respect, their structure-activity relationships are quite different from that of endogenous opioid
peptides in which an amino acid attached to the amino group of Tyr impaires the activity.
Moreover, their structures are also unique in view of their Tyr-Tyr sequence. The structure of
gluten exorphin BS corresponds to [Trp#, Leus] enkephalin. This peptide has been synthesized
in the study of the structure-activity relationships of enkephalin derivatives (15). This peptide
is similar to [Leu]enkephalin in that Leus is important for the potency of 8-receptors (Table 2).
It is the most potent among all the exogenous opioid peptides ever reported. In the structure of
gluten exorphin C, the N-terminal Tyr residue is the only aromatic amino acid. Generally,
endogenous and exogenous opioid peptides have one Tyr and further aromatic amino acids in
their structures. In this respect, this is the most peculiar opioid peptide ever known.

The characteristic structure-activity relationships observed in this study are summarized as
follows. Endogenous and exogenous opioid peptides can be classified into four groups accor-
ding to the number of aromatic residues and the distance between them (Table 3). Gluten
exorphins A, B and C are classfied in Tyr-aromatic, Tyr-X,-X,-aromatic and Tyr-X-aliphatic
types, respectively. The structures of opioid peptides reported so far generally are of the
Tyr-X,-X,-aromatic type such as the enkephalins, a-casein exorphins, B-casorphin and o-lac-
torphins or of the Tyr-X-aromatic type such as B8-casomorphins, cytochrophins, hemorphins
and serorphin. These structures have been considered to be essential for the opioid activities. In
this respect, Tyr-aromatic and Tyr-X-aliphatic types such as gluten exorphins A and C provide
a novel concept for structure-activity relationships of opioid peptides.

In the present study, we isolated five opioid peptides from the enzymatic digests of wheat
gluten and established a new structural option for the expression of the opioid activity.
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Peptides Structures Authers
Iyr-Xi-Xo-Aromatic
[Met/Leu]enkephalin Tyr-Gly-Gly-Phe-Met/Leu Hughes (9)
a-casein exorphin Arg-Tyr-Leu-Gly-Tyr-Leu-Glu Loukas  (10)
B-casorphin Tyr-Pro-Ser-Phe-NHe Yoshikawa (21)
a-lactorphin Tyr-Gly-Leu-PheNH2 Yoshikawa (21)
gluten exorphin B4/B5 Tyr-Gly-Gly-Tep(-Leu) present study
Tyr-X-Arosatic
B-casomorphin (bovine) Iyr-Pro-Phe-Pro-Gly-Pro-Ile  Brantl (1)
(human) Tyr-Pro-Phe-Val-Glu-Pro Yoshikawa (20)
cytochrophin Tyr-Pro-Phe-Thr-Ile Brantl (2)
hemorphin Iyr-Pro-Trp-ThrGln Brant] (3)
serorphin TyrGly-Phe-Gln-Asn-Ala Yoshikawa (22)
" Iyr-Aromtic S T
gluten exorphin A4/AS  Gly-Tyr-Tyr-Pro(-Thr) present study
Lyr-X-Aliphatic o T
gluten exorphin € Tyr-Pro-Ile-Ser-Leu present study
Table 3:

The structures of endogenous and exogenous opioid peptides
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