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chromosomal location of the gene
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Abstract

A 14.5 kDa barley endosperm protein that is a major allergen in baker’s asthma disease, as previously
shown by both in vitro (IgE binding) and in vivo tests, has been identified as a glycosylated monomeric
member of the multigene family of inhibitors of a-amylase/trypsin from cereals. A cDNA encoding this
allergen (renamed BMAI-1) has been isolated and characterized. The deduced sequence for the mature
protein, which is 132 residues long, is identical in its N-terminal end to the 20 amino acid partial se-
quence previously determined from the purified allergen, and fully confirms that it is a member of the
multigene family of cereal inhibitors. Southern-blot analysis of wheat/barley addition lines using the insert
in the BMAI-1 ¢cDNA clone as a probe, has led to the location of the allergen gene (Iaml) in barley
chromosome 2, while another related member of this protein family, the barley dimeric x-amylase
inhibitor BDAI-1 gene (lad!l) has been located in chromosome 6. IamI is the first member of this in-
hibitor family in cereals to be assigned to chromosome group 2, thus extending the dispersion of genes
in the family to five out of the seven homology groups of chromosomes in wheat and barley (chromo-
somes 2, 3, 4, 6 and 7).

Introduction {3]. Although alarge number of these IgE-binding

components has been detected in cereals, the most

A significant number of workers in the cereal in-
dustries that are exposed to inhalation of flours
shows type I allergic responses mediated by IgE
antibodies [3, 15, 25]. This allergy, named bak-
er’s asthma, is mainly provoked by flour proteins

prominent allergens seem to be associated with
the salt-soluble protein fraction [1, 2, 5, 24]. The
isolation and characterization of these allergens
are an important goal in relation to the diagnosis
and therapy of cereal allergies. In barley and

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession number X63517 (H. vulgare Iam 1 gene).
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wheat most of the allergenic proteins character-
ized so far belong to the a-amylase/trypsin inhibi-
tor family [4, 7, 11, 13, 20, 27]. This protein fam-
ily accounts for a substantial fraction of the salt-
soluble proteins of cereal endosperm and includes
the 12-15kDa subunits of tetrameric, dimeric
and monomeric inhibitors of heterologous «-
amylases and of trypsin [7, §]. Most of these sub-
units are recognized by specific IgE antibodies
when subjected to immunodetection with sera
from allergic patients, but their IgE-binding affin-
ities vary widely [13, 27]. The three members of
the family with the strongest in vitro and in vivo
responses have been found to be the glycosylated
form of a tetrameric inhibitor subunit from wheat
(designated CM16*), the equivalent glycoprotein
from barley (CMb*) and a 14.5 kDa allergen that
is the most potent barley inhibitor of the
a-amylase from the storage pest Tenebrio molitor
([4, 27] and A. Armentia ef al. submitted). Stud-
ies on the latter protein are therefore of interest
both in connection with cereal allergies and in
relation to plant protection. We report here on the
cloning of its cDNA, the chromosomal location
of the corresponding gene and the characteriza-
tion of the inhibitor as a monomeric glycosylated
protein (hereafter BMAI-1).

Materials and methods
Biological material

The cultivated barley Hordeum vulgare L. cv.
Abissynian 2231 was the source of the poly(A)™* -
mRNA for the construction of the cDNA library.
Barley cv. Bomi was used for protein purification.
Disomic addition lines of Betzes barley in Chi-
nese Spring wheat, kindly provided by K.W.
Shepherd (Adelaide, Australia), were used for the
chromosomal location of the genes.

Screening of the cDNA library

A cDNA library from immature barley en-
dosperms in the vector ANM1149 was the gift of

W. Rohde (Max Planck Institute, K6ln, FRG).
The clones, blotted onto nylon filters (Hybond N,
Amersham), were screened with a 23 nucleotide
degenerate synthetic probe derived from the
N-terminal sequence of the purified allergen. This
probe was 3?P-labelled using T,-polynucleotide
kinase, as described by Woods ef al. [32]. Pre-
hybridization was in 6 x SSC, 2 x Denhardt’s
solution, 0.5% SDS, 100 ug/ml salmon sperm
DNA at 42 °C for 4 h. Hybridization was per-
formed overnight at the same temperature. The
filters were washed successively in 6 x SSC at
42 °Cfor 1h, at 49 °C for 15 min and at 51 °C
for 15 min. The last wash was in 6 x SSC, 0.5%
sodium pyrophosphate.

Large-scale preparation of purified recombi-
nant phages was carried out according to Yama-
moto et al. [33].

Nucleotide sequencing

The complete sequence of the selected clone was
determined by the dideoxy chain termination
method [29]. An internal Sacl restriction site
was used for producing the appropriate sub-
clones. Both strands were sequenced. Sequencing
reactions used as label [¢-**S] dATP (> 1000 Ci/
mmol) and the products were separated on 8%,
polyacrylamide, 9 M urea ‘wedge’ gels. Analysis
and comparisons were performed with the Beck-
man Microgenie software and the EMBnet/CNB
computer facilities.

Protein hydropathy and antigenicity profiles
were obtained according to Hopp and Woods
[16], and Jameson and Wolf [17].

Southern blot analysis

Total DNA was prepared from etiolated leaves of
barley, wheat and wheat/barley addition lines
after 7-10 days of germination. Tissue was
ground to a powder under liquid N, and extracted
according to Murray and Thompson [23] with
minor modifications. DNA was restricted with
the appropriate endonucleases and separated on



0.75% agarose gels. Southern blotting was per-
formed on nylon membranes (GeneScreen Plus,
Dupont) following the manufacturer’s instruc-
tions. The inserts of clones used as probes were
32P-labelled by the multiprime labelling system of
Feinberg and Vogelstein [6]. Hybridizations were
performed under stringent conditions by standard
procedures [22].

Purification of the allergen

A crude a-amylase/trypsin inhibitor preparation
from Hordeum vulgare L. cv. Bomi endosperms
was obtained by salt extraction as previously de-
scribed [4, 14]. The crude extract was size frac-
tionated on Sephadex G-100 under non-dissoci-
ating conditions and the fractions corresponding
to monomeric, dimeric and tetrameric inhibitors
were pooled, dialysed and freeze-dried. The al-
lergen was purified from the monomeric fraction
(12-14 kDa) by preparative reverse-phase HPLC
on an Ultrapore 300-5 C3 column (Beckman)
using a three-step gradient of acetonitrile in 0,19
TFA (linear 10-20% in 45min; 20-35% i
140 min; 35-50%, in 100 min; 1 ml/min).

Protein electrophoresis, immunodetection and glyco-
protein assay

SDS-PAGE and two-dimensional gel electro-
phoresis were carried out as described [14, 19].

A pool of sera from patients with baker’s
asthma was used for immunodetection. All sera
were RAST (radioallergosorbent test) class 3 or
4 when assayed with commercial wheat flour discs
(Phadebas-RAST Kit, Pharmacia). After SDS-
PAGE the gel was soaked for 15 min in transfer
buffer (50 mM Tris, 50 mM boric acid pH 8.3)
and then electrotransferred to PVDF membranes
(Immobilon, Millipore) for 60 min at 100 V. The
membranes were treated with 1:3 serum dilutions
and anti-human IgE '*I-labelled as described by
Lunghtenberg er al. [21].

Membrane-bound proteins were alternatively
stained for conjugated carbohydrates according
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to Gershoni et al. [12] with minor modifications.
Membranes treated with 10 mM periodic acid
and rinsed with water until neutrality were dipped
in 1% (w/v) dansylhydrazine in ethanol to which
0.2 M sodium acetate (pH 5.4) was added. After
incubation in the dark (30 min), the reagents were
discarded, and the membrane washed succes-
sively with water, 0.2 M sodium acetate and 50,
methanol. Glycoproteins were visible under UV
light.

Results

Characterization of a cDNA clone encoding the al-
lergen BMAI-1

A cDNA library derived from barley endosperm
at 14 days after pollination (dap) was screened
with a 23 nucleotide mixed probe (5'GAA/
GTGGTGC/TTGGCCXGGXATGGG-3') de-
duced from positions 4 to 11 of the known N-
terminal amino acid sequence of BMAI-1 [4].
One clone with an insert of approximately 600 bp,
designated AAL1, was selected because it hybrid-
ized with the oligonucleotide probe and it did not
cross-hybridize, under stringent conditions, with
the insert in clone pUP44, corresponding to pro-
tein BDAI-1, an homologous barley dimeric «-
amylase inhibitor [20]. The nucleotide sequence
of the insert in clone AAL1, which appears in
Fig. 1, corroborated its homology to the oligonu-
cleotide probe and the amino acid sequence de-
duced from its longest open-reading frame, in-
cludes the known 20 N-terminal residues directly
determined in the purified allergen from barley
endosperm [4]. The deduced mature protein of
132 amino acids is preceded by a putative trun-
cated signal peptide of 14 amino acids. This lat-
ter sequence has 509, coincident positions with
the signal peptide of the wheat monomeric
a-amylase inhibitor WMAI-1 [10].

In Fig. 2, the deduced amino acid sequence of
the allergen (BMAI-1) has been aligned with the
sequences of BDAI-1 and WMAI-1, which are
closely related members of the same multigene
family [9, 18, 20]. Putative N-glycosylation sites
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signa] peptide

mature protein

4 vV A S PG

CCGACTTCTGTGGCAGTTGATCAAGGCAGCATGGTGTCCAACTCACCCGGCGAATGGTGCTGGCCAGGAATGGGTTACCCGGTGTACCCGTTCCCGCGTTGTCGTGCACTGGTGAAGAGC
S B Q6 S N [S E C WP GHMHG P VY R CjR

ALYV KS

Q CAGSE&EQV VES

361

I N T NGT

G A G S MRGS MY

CAGTGCGCCGGCGGCCAGGTCGTCGAGAGCATCCAGAAGGACTGTTGTCGCCAGATCGCCGCCATCGGCGATGAATGGTGCATATGTGGTGCGCTAGGCTCAATGCGGGGGAGCATGTAC
I g KDCC QI AATIG EWECTITEC L

AAGGAGCTCGETGTGGCGTTGGCAGACGAT AAGGCGACGGTCGCGEAAGTGTTCCCTGGGTGTCAGACGGAAGTGATGGATCGLGCCGTGGCGAGCCTCCCAGCGGTATGCAATCAGTAC
K EL GV ALADDI KATVAEVFPGCRTEWVH S L P AVC QY

DR AV A N

ATCCCTAATACTAATGGCACCGACGGTGTTTGCTACTGGCTCTCGTACTATCAGCCACCCAGGCAAATGAGTAGTAGATGATGTGATTGCATGACATCTTGCAAGCTCGGTAATAAATGC
P G Y W Y P S R

481 ATGCGCATGTACCTTCCAATGCAAAACATGCAAGTGGTCGGTGCATGGAAGCTGCGTATGGTGTTTAATAAAATGGTTCGATGACAACTATTGAGAACT

Fig. 1. Nucleotide sequence and deduced amino acid sequence of insert in clone AAL1, which corresponds to the major barley
allergen associated with baker’s asthma (BMAI-1). The sequence identical to the known N-terminal sequence of the purified al-
lergen [4] is boxed. A bracket spans the region hybridizing with the oligonucleotide probe used in the screening of the cDNA [i-
brary. The AATAAA polyadenylation signals are underlined. The stop codon is indicated with an asterisk.

(NXS/T) in the three sequences are underlined.
The homology among these three proteins is ev-
ident as the positions of the 10 cysteines are ab-
solutely conserved and the overall similarity val-
ues (matches/length) of the allergen compared to
BDAI-1 and WMAI-1 are 579, and 59%;, respec-
tively.

Prediction of antigenic domains for the de-
duced amino acid sequence of the allergen
BMAI-1is presented in Fig. 3 together with those
corresponding to BDAI-1 and WMAI-1. Anti-
genic indexes > 1.7 predominate around the pu-
tative N-glycosylation sites both in BMAI-1 and
WMAI-1, while in BDAI-1 there is a zone with
such characteristics around the C-terminal end of
the molecule.

Chromosomal location of the gene lam-1

To locate the gene encoding BMAI-1, designated
Iam-1, the insert in clone AAL1 was used as a
probe for the Southern analysis of the DNAs
from the wheat/barley addition lines. Only the
addition line corresponding to barley chromo-
some 2 showed a band of ca. 3.4 kb that also
appeared in the barley cultivar Bétzés from which
these lines have been derived. This band was ab-
sent in the receptor wheat Chinese Spring
(Fig. 4A). Similarly, gene Iad-1 encoding BDAI-
1, which had not been previously located, was
found to be in barley chromosome 6 (Fig. 4B)
using the insert in its corresponding clone pUP44
[20] as a probe.

BHAI-1 [S]-/P|G E{W ClW/P]G[MW G Y] P[VIY[PIF PJRCR AL VKI|S[Q ClA[G|G[Q VIV[E]S I Q K
BDAI-1 [(SGPWIMIWCDPEMGHIKYVSPLTRCRALVKEL[E[CVGNRIVPEDIVLR
WHAI-1 |SGPWSWCDPATIGYKVSIAILT/GICRAMVKLQCVGIS[QVPEAVLER
BMAI-1 [0 C C|R[QJI[A]A GDENCICGMLGSITIRGSMYKELGVALADDI—|AT
BDAI-1 Dccozvmu SNEWCRCGDLGSMLRSVYAELGV ----- GGG
WMAI-1 [DCC LIAJDITNINEWCRCGDLISISHLRSVYIQELGY--REGK]- -
BHAI-1 VAEVFPGCR|TIEVHDRAVASILIPAVCHNQYTPH-THN PGV CY
BDAI-1 PEEVFPGC&,Y‘]VMKL'L‘!‘A[VPACNVPIPNEAE‘ERGVCY
WHAI-1 - -[EV[I[PGCRKEVMKETAJASVPE[VC/KIVP IPNPSGDRAGYCY,
BMAI-1 LS[YIlYQPPRQMSSR

BDAI-1 S[AIS TD|T

WHAT-1 A Plpjv

Fig. 2. Alignment of the sequence deduced from clone AAL1 with related members of the same protein family: BDAI-1, a bar-
ley homodimeric o-amylase inhibitor [20], and WMAI-1, a wheat monomeric «-amylase inhibitor [9, 18]. Identical residues at a
given position are boxed. Putative N-glycosylation sites (NXS/T) are underlined with a wavy line.
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Fig. 4. Chromosomal location of genes corresponding to the
allergen BMAI-1 and to BDAI-1. Southern blot hybridization
of the following genotypes: hexaploid wheat, Triticum aestivum

oo cv. Chinese Spring (W); diploid barley, Hordeum vulgare cv.

Bétzés (B); Chinese Spring wheat/Betzes barley addition lines

Fig. 3. Antigenicity profiles according to Jameson and Wolf (2,3,4,5,6,7). DNA digested with restriction endonuclease
[17] for proteins BMAI-1, WMAI-1 and BDAI-1. Hind 11 was first hybridized with the insert in clone AAL1 (A)

corresponding to BMAI-1, and then, after washing off this
probe, with the insert in clone pUP44 (B) corresponding to
BDAI-1 [20].
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Fig. 5. Purification of the allergen BMAI-1 from the gel filtration fraction corresponding to the monomeric inhibitors of a-amylase/
trypsin. A. Two-dimensional electrophoresis (isoelectric focusing pH 6-8 X starch gel electrophoresis pH 3.2) of the monomeric
peak of inhibitors from barley endosperms. B. HPLC fractionation of the same extract. The arrows point to the position of BMAI-1.
C, D. SDS-PAGE of the crude inhibitor preparation from barley endosperms (1) and HPLC-purified allergen BMAI-1 (2).
C. Coomassie Blue staining. D. Immunoblot of a replica of the gel in C, treated with a pool of sera from baker’s asthma patients
and '*I-abelled anti-human IgE.
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Evidence that BMAI-1 is monomeric and glycosy-
lated

A crude inhibitor preparation from barley was
subjected to gel filtration on Sephadex G-100 and
the fractions corresponding to monomeric,
dimeric and tetrameric inhibitors were recovered
as previously described [ 14, 28]. Protein BMAI-1
was identified in the monomeric fraction both by
two-dimensional (2D) gel electrophoresis
(Fig. 5A) and by preparative HPLC (Fig. 5B).
The allergenic properties of BMAI-1isolated from
the monomeric fraction were checked following
SDS-PAGE and electrotransfer to a PVDF
membrane by reaction with pooled sera from pa-
tients suffering from baker’s asthma (Figs. 5C,
D).

Purified BMAI-1 was also separated by SDS-
PAGE in parallel with glycosylated (CMb*) and
non-glycosylated (WMAI-1, BDAI-1) members
of the inhibitor family, as well as with transferrin
and chymotrypsinogen as positive and negative
controls respectively. The gel was specifically
stained for glycoproteins with dansylhydrazine
after periodic oxidation (Fig. 6). Protein BMAI-
1 gave a positive reaction together with CMb*
and transferrin, while WMAI-1, BDAI-1 and
chymotrypsinogen did not.

<+—— SDS~-PAGE —

R T T T e SR e
Fig. 6. Glycoprotein staining (B) according to Gershoni et al.
[12] after SDS-PAGE (A) of the following members of the
family of inhibitors of a-amylase/trypsin: subunit CMb* from
the barley tetrameric o-amylase inhibitor (3), the allergen
BMAI-1 (4), the barley homodimeric inhibitor BDAI-1 (5)
and the wheat monomeric inhibitor WMAI-1 (6). Transferrin
(1) and chymotrypsinogen (2) were used as positive and neg-
ative controls respectively.

Discussion

The deduced amino acid sequence of protein
BMAI-1 confirms that it corresponds to the
14.5 kDa allergen previously associated with bak-
er’s asthma [4], and that it is a member of the
same protein family as the monomeric, dimeric
and tetrameric inhibitors of o-amylase and of
trypsin from cereals. Furthermore, the sequence
of BMAI-1 is closer to those of monomeric and
dimeric inhibitors, such as BDAI-1 and WMAI-1
(ca. 609 identical residues) than to any of the
other proteins of this multigene family (20-459%,
identical residues), such as the trypsin inhibitors
and the subunits of the tetrameric inhibitors of
a-amylase [7, 8, 11, 26].

Concerning the in vitro a-amylase inhibitory
properties of BMAI-1 and WMAI-1, as well as
those of the homodimeric barley inhibitor BDAI-
1, we have previously shown that they are at least
one order of magnitude greater towards the insect
Tenebrio molitor a-amylase than against the
human salivary enzyme, whereas the three wheat
dimeric inhibitors characterized so far are more
active against the human salivary a-amylase than
against the T. molitor enzyme [8].

Genes encoding monomeric inhibitors in wheat
are located in chromosomes of homology group 6,
while those corresponding to wheat dimeric in-
hibitors are in chromosomes of homology group 3
[8]. Genes laml and ladl, corresponding to
BMAI-1 and BDAI-1, respectively, have been as-
signed in the present report to chromosomes 2
and 6, respectively.

All these data concerning sequence homology,
in vitro a-amylase specificity, and genetic control,
suggest that barley loci Iaml and Iadl have di-
verged from a monomeric-type ancestral gene and
that BDAI-1 acquired the ability to self-associate
into dimers, without changing its specificity or
chromosomal location, whereas BMAI-1 retained
both its monomeric nature and its specificity but
its gene was translocated to a new position in
chromosome 2. Although evidence of transloca-
tion events between rye chromosomes 2 and 6
have been reported [30], to our knowledge this is
the first report concerning such an event between



chromosomes 2 and 6 in barley. Moreover, the
BMAI-1 gene is the first member of this multigene
family of inhibitors to be assigned to chromo-
some 2, thus extending to 5 out of the 7 homol-
ogy groups, the distribution of genes in this dis-
perse family (chromosomes 2, 3, 4, 6 and 7) where
gene duplications and translocations are fre-
quently observed [8].

BMAI-1, BDAI-1 and WMAI-1, all have in
their sequences one putative N-glycosylation site
(NXS/T), while only BMAI-1 is actually glyco-
sylated (Fig. 6). Moreover, protein BMAI-1 has
three predicted domains of high antigenicity index
(n>1.7) A,, A,, A; (Fig.3), while proteins
WMAI-1 and BDAI-1 havetwo (A,, A,) and one
(A;) shorter predicted antigenic domains, respec-
tively, and are not glycosylated (Fig. 6). The gly-
cosylation and high antigenicity profile of
BMAI-1 are in agreement with its known aller-
genic properties and IgE binding capacity:
BMAI-1> >BDAI-1x WMAI-1. The other
major barley allergen associated with baker’s
asthma, CMb*, is also glycosylated [27].

Finally, the cDNA clone for this barley allergen
can be a useful tool for epitope mapping through
site-directed mutagenesis in bacterial expression
systems, and can be of advantage over the pep-
tide synthesis method for epitope mapping pro-
posed by Walsh and Bowden [31]. Moreover, its
expression in transgenic plants can be of biotech-
nological interest in crop protection.
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