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Abstract

We have characterized three cDNA clones corresponding to proteins CM1, CM3 and CM 16, which
represent the three types of subunits of the wheat tetrameric inhibitor of insect a-amylases. The deduced
amino acid sequences of the mature polypeptides are homologous to those of the dimeric and monomeric
a-amylase inhibitors and of the trypsin inhibitors. The mature polypeptides are preceded by typical signal
peptides. Southern blot analysis of appropriate aneuploids, using the cloned cDNAs as probes, has
revealed the location of genes for subunits of the CM3 and of the CM16 type within a few kb of each
other in chromosomes 4A, 4B and 4D, and those for the CM1 type of subunit in chromosomes 7A, 7B
and 7D. Known subunits of the tetrameric inhibitor corresponding to genes from the B and D genomes
have been previously characterized. No proteins of this class have been found to be encoded by the A
genome in hexaploid wheat (genomes AA, BB, DD) or in diploid wheats (AA) and no anti a-amylase
activity has been detected in the latter, so that the A-genome genes must be either silent (pseudogenes)
or expressed at a much lower level.

Introduction

A substantial fraction of the albumins and
globulins of cereal endosperm is represented by a
single protein family that includes inhibitors of
heterologous «-amylases and of trypsin and is
encoded by genes which are dispersed over
several chromosomes (for a review, see [ 10]). The

a-amylase inhibitors from wheat and barley can
be classified into monomeric, dimeric, and
tetrameric forms, which show different specificity
towards heterologous o-amylases from various
sources [30, 35]. Attention was initially focused
on the monomeric and dimeric inhibitors (see
[10]) and only recently a more detailed descrip-
tion of the tetrameric ones has been undertaken.

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the accession numbers X17573, pCT3; X17574, pCT1; X17575, pCT2.
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A relationship between the subunits of the wheat
tetrameric inhibitor and the monomeric and
dimeric inhibitors was first suggested on the basis
of their amino acid composition and circular
dicroism spectra [5, 26, 27]. Homology was fully
demonstrated both in barley and in wheat through
purification of the subunits, N-terminal se-
quencing, and in vitro reconstitution of the inhibi-
tory activity [2, 3, 11, 31, 34, 35]. Three types of
subunits, with little or no activity by themselves,
are integrated into the active inhibitor: wheat pro-
teins CM1 and CM2, encoded by genes in chro-
mosomes 7D and 7B respectively, and barley pro-
tein CMa, whose gene is in chromosome 7H, are
of the first type; wheat proteins CM 16 and CM 17,
encoded by genes in chromosomes 4B and 4D,
and barley protein CMb, encoded in chromosome
4H, are of the second type; while the third type is
represented by wheat proteins CM3B and
CM3D, together with its barley equivalent CMd
[1,8, 11, 32, 34, 35]. The last type of subunit, two
copies of which seem to be present in the tetramer,
it also encoded in group 4 chromosomes, but the
assignment was only tentative in the case of
wheat, because proteins CM3B and CM3D could
not be separated from each other by electro-
phoresis or by high-performance liquid chromato-
graphy [1, 8, 32]. Only N-terminal amino acid
sequences have been determined for all these pro-
teins [2, 3, 37], with the exception of protein
CMd, for which the complete sequence has been
deduced from the cloned ¢cDNA [12,29]. We
have now characterized cDNA clones corre-
sponding to the three types of subunits in wheat
and present evidence that the genes correspond-
ing to proteins CM3B and CM3D are within a
few kb from those encoding proteins CM16 and
CM17, respectively, in chromosomes 4B and 4D.

Materials and methods
Biological material
Hexaploid wheat Triticum aestivum L. (genomes

AABBDD) cv. Chinese Spring and its nulli-
tetrasomic lines, which were a gift from E.R.

Sears (Columbia, MO), and tetraploid wheat
Triticum turgidum L. (genomes AABB) cv. Sena-
tore Capelli were used in the study.

¢DNA cloning and library screening

The construction and screening of a wheat cDNA
library was carried out as described previously
[23]. Total polysomal RNA from developing
endosperm (20 days after pollination) of cv.
Chinese Spring was the source of the poly(A)*
RNA used. The library was screened using as a
probe the clone pUP38 [29], which was 3?P-
labelled by nick translation. Non-stringent condi-
tions (58 °C) were used in the screening.

Nucleotide sequencing

The complete sequence of the selected clones was
determined by the dideoxy chain termination
method [36]. Inserts were subcloned into M13
(mp18 and mpl9) and single-stranded DNA
annealed to the primer by heating at 65 °C for
2 min and slowly cooling to room temperature.
Sequencing reactions used as label [x-3*S]dATP
(> 1000 Ci/mmol) and the products were sepa-
rated on 8%, polyacrylamide/9 M urea ‘wedge’
gels. The sequences were analysed with the
Beckman Microgenie software.

Southern blot analysis

Total DNA was prepared from etiolated wheat
leaves after 7-10 days of germination. Leaves
were ground to a powder under liquid N, and
extracted according to Murray and Thomson
[24]. DNA was restricted with the appropriate
endonuclease and separated on 0.759 agarose
gels. Southern blotting was performed on Nylon
membranes (Hybond N, Amersham) under the
manufacturer’s instructions. The inserts of clones
used as probes were 3?P-labelled by the multi-
prime labelling system of Feinberg and Vogelstein
[7]. Hybridizations were performed under strin-
gent conditions by standard procedures [22].



Results
Characterization of cDNA clones

A ¢cDNA library obtained from developing wheat
endosperm (20 days after pollination) was
screened under non-stringent conditions with a
cDNA probe (insert from clone pUP38) which
corresponded to subunit CMd from the barley
tetrameric inhibitor of insect «-amylase [29].
Three clones, which differed in their partial
restriction maps, were selected. The nucleotide
sequences of the inserts in these clones corrobo-
rated both their homology to the probe and their
correspondence to the three types of subunits that
make up the wheat tetrameric inhibitors. More
specifically, the longest open reading frame of
clone pCT1 encoded a protein whose amino acid
sequence included the known N-terminal se-
quence of protein CM3B, as shown in Fig. 1A.
Similarly, the inserts in clones pCT2 and pCT3
corresponded to proteins CM1 and CMI16,
respectively (Fig. 1B, C). The known N-terminal
sequences of the three proteins are preceded by
typical signal sequences, in agreement with previ-
ous observations concerning in vitro and in vivo
synthesis of these proteins [28] and with the
precursor structures of other members of the
family deduced from their corresponding cDNAs
[16, 17,29, 31]. In Fig. 2, the deduced amino acid
sequences of the mature proteins have been
aligned with those of other members of the family
for which both their in vitro activities and their
complete sequences are known. The three se-
quence blocks in Fig. 2 approximately corre-
spond to the three domains defined by Kreis et al.
[15]. In general, the N-terminal half of each
domain is more conserved than the C-terminal
one among the aligned proteins. In particular,
proteins CM3 and CMd have a 16-residue inser-
tion and protein CM1 a 6-residue insertion in the
boundary between the A and B domains, when
compared with protein CM16. Similarly, pro-
teins CM3 and CMd have a 9-residue insertion in
the C-terminal half of the B domain, when com-
pared with proteins CM1 and CM16. Hydro-
pathy profiles of the three types of subunits of the
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tetrameric inhibitor obtained according to Hoop
and Woods [13] are presented in Fig. 3.

Chromosomal locations of genes

The inserts in clones pCT1, pCT2 and pCT3 were
used as probes to determine the chromosomal
locations of the corresponding genes by Southern
analysis of DNAs from appropriate aneuploids of
cv. Chinese Spring. As expected, only aneuploids
of chromosome group 4 showed pattern dif-
ferences with respect to the euploid when the
probes encoding proteins CM3 and CM16 were
used, and only aneuploids of chromosome
group 7 had altered hybridization patterns when
the probe for protein CM1 was used. Two bands
at 12.8kb and 17.7 kb were detected with the
pCT1 probe when euploid DNA was digested
with Eco RI endonuclease (Fig. 4A). The 12.8 kb
band corresponded to a gene in chromosome 4D
because it was absent when that chromosome was
absent (in nulli 4D-tetra 4A and in tetraploid
wheat), whereas the 17.7 kb band was associated
with chromosome 4B because the hybridization
signal was markedly enhanced when the dosage
of that chromosome was duplicated (in nulli
4A-tetra 4B; no stock lacking chromosome 4B is
available). Additionally a weak 14.4 kb band was
observed at double dosage of chromosome 4A
that was not detected in the euploid, indicating
that homologous sequences are also present in
this chromosome, although they must be more
diverged than those in the other two chromo-
somes from the group. Exactly the same pattern
was obtained when the probe corresponding to
protein CM16 was used under stringent condi-
tions, in which no reciprocal hybridization
between the CM3 (pCT1) and CM16 (pCT3)
cDNAs occurred (Fig. 4B). This result, which
implied that the two types of sequences are within
a few kb from each other, was confirmed Ry using
restriction enzymes Hind III and Bg/II and by
sequential hybridization of a given filter with the
two probes (not shown). As shown in Fig. 4C,
hybridization patterns of chromosome group 7
aneuploids with the probe corresponding to pro-
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pCT1 (PROTEIN CM3)
signal peptide N -terminal
1 TACACCAGCGAACCAGACTTGGCTAGAATACCATGGCGTGCAAGTCCAGCTGCAGCCTCCTCCTCTTRECCECCATCCTGCTCTCCATCTTGECCGCTGCTTCCGLYTCCGGCAGCTGLE
MACKSSCSLLLLAAVLLSVLAAASJSGSC

121 TCCCAGGEGTGGLTTTTCGGACCAATCTTCTGCCACACTGCCGCGACTATGTGTTACAACAMCTTGTIGECACC TTCACCCCTGEETCAAGTTACCCGAATGGATGACATCTGCGTCRA
VPEVAFRTHNLLPHCRDYVLELQQTCI&TFTPGSKLPEWMNTSAS

241 TATACTCCCLTGGGAAACCGTACCTCGCCAAGTTRTATTGC TGCCAGGAGC TCGCAGAART TTCTCAGCAGTGCCGETGCGAGGCGCTGCGCTACTTCATAGCETTGCCGGTACCGTCTC
I YSPE&EKPYLAKLYCCOQELAETISQOCRCEALRYTFIALPVPS

361 AGCCTGTGGACCCGAGGTCCGGCAATGTTGETRAGAGCGGCLTCATCGATCTGCCCGGATGCCCCAGRGAGATGCAATGGGACTTCGTCAGATTACTCGTCGCCCLGRGRCAGTGCAACT
QPVYDPRSGNVGESGLIDLPGCPREMQWDTFVRLLVAPGGCN

481 TGGCGACCATTCACAATGTTCGATACTGCCCCGCCGTGGAACAGCC TCTRTGGATC TAGAGATAAAATCAGTCGCTCGTGAATAAGCATGCATGTTGCATCCATAGGCGTGTGGTGTGCA
LATIHNVRYCPAVERQPLUNWI*

601 TGTATACATATGTGAGETCCECGCGCTCAACATGTGTRGGCTATC TECTATGAATGAGAATARAGAGAATCATTCTRTGGTTCTTTARTTTCAACT(A)
pCT2 (PROTEIN CM1)

signal peptide N - terminal
e
1 AAAGAATAACATGGCGTCCAAGTCTAGCATCTCCCCCCTCCTCTTRGCCACCGTCCTGGTC TCCGTCTTCGCCGCCGCCACAGCTCAGGTCCATATTGC TACGCCGGGATGGGCCTTCC
T

MASKSSISPLLLATVLYSVFEFAAATA G PYCYAGNMNGL P

121 GATCAACCCGCTTGAAGGCTGCCGGGAGTATGTCGCACAGCAAACCTGTGGCATCAGCATATCCGEGTCGGCGGTGTCCACCGAGCCGGGGAACACCCCAAGGGATCGGTGCTGCAAGGA
I NPLEGCREYVAIQGTCG! ST SGESAVSTEPGNTPRDRCTCEKE

241 GCTTTACGACGCCTCGCAGCATTGCCGGTGCEAGGCAGTGCGCTACTTCATAGGGCGGAGG TCTGATCCCAATTCCAGCETGCTCAAGGACCTCCCCRGATGCCCCAGGGAGCCCTAGAG
LYDASQHCRCEAVYRYFIGRRSDPHKSSVLKDLPGCPRETPQ QR

361 GGACTTCGCCMGGTGCTCGTTACGTCGGGGCACTGtMCGTGATGACCGTTCACMCGCCCCATACTGCCTCGGTTTGGACATATAAAGATAGATAGATCCGTCGCCCATGAATGMTA
DFAKVLVTSGEHRCHKVNTVHNAPYCLGLDTI®E*

481 AGCATGCTCCGTCCRTGGATGTGTGGECATGCATATATGCATATGTGAGCTCCCGTTGCTCAACATTTECTTTACTAATAAAGAGAATCATTTTGTGGTTCTTAARTTTCAACTCAATCTT
601 TTGTTCATATGTCTGGTGGT

pCT3 (PROTEIN CM16)
signal peptide N - terminat
Ml il bt 4
1 GTCAMCMTAT‘E‘I_'GGCGTCCMGTCCMCTGCGTTCTCCTCTTGGCCGCCGTCCTAGTCTCCATCTTTGCCGCCGTTGCCGC ATCGGCAATGAAGATTGCACCCCATGGATGAGTACT
HASKSNCVYLLLAAVLYSIFAAVAAIGNEDCLCTPWMNST

121 CTGATCACTCCACTCCCAAGCTGCCGTGACTATGTGGAACAACAAGCATGTLGCATCGAAACGCCCGEGTCGCCGTACCTCGCCAAGCAGCAGTGC TGTGGGGAGCTTGCAARCATTCCG
LITTepLPSCRDYVEQQACIRITETPGSPYLAKQQCCGELANTLITP

241 CAGCAGTGCCGATGCCAGGCGCTGLGCTACTTCATGGGGCCGAAGTCTCGTCCGGATCAGAGCGGCC TCATGGAACTCCCCGGATGCCCTAGGGAGGTRCAGATGGACTTCGTGAGGATA
Q QCRCQALRYFHKGPKSRPDOQSGLMHMELPGCPREVQIHDFVRI!I

361 CTCGTCACGCCGGGGTACTGCAACTTGACGACCGTTCACAACACTCCGTACTGCCTCGCTATGRAGGAGTCTCAGTGGAGCTAGAGACAATTCTCTCGCTCATGAATAAATAAGCATGTT
LVTPGEGYCNKLTTYHNTPYCLAMNEESHQ QHWSH?®

481 GCGACCATACATGTGTGACATGCATATATGCATATAGGACGAGCTCCGCECGCTCATCATGTETCCTGCTATGTGCTACATATATGGATAAGAATAMAGGGAATATTTTCGCTTCTT(A)y

Fig. 1. Nucleotide sequences and deduced amino acid sequences of inserts in clones pCT1, pCT2, and pCT3, which respectively

correspond to subunits CM3, CM1, and CM 16 of the wheat tetrameric a-amylase inhibitor (indicated in parenthesis). Sequences

identical to known N-terminal sequences of proteins CM3B [37] CM1 and CM16 [2] are boxed. The AATAAA polyadenilation
signals are underlined.

tein CM1 indicated the existence of homologous
sequences in chromosomes 7A, 7B and 7D. In
this case, the band corresponding to the A
genome was strong enough to be detected in the
euploid.

Discussion

The deduced amino acid sequences of proteins
CM1, CM3 and CM 16, which represent the three
types of subunits that make up the wheat
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Fig. 2. Sequence alignment and comparison of subunits CM3, CM1 and CM16 of the wheat tetrameric a-amylase inhibitor with
other members of the same protein family: subunit CMd from the barley tetrameric a-amylase inhibitor [29, 12]; a-amylase
dimeric inhibitors 0.53 and 0.19 from wheat {20, 19] and BDAI-1 from barley [17]; z-amylase monomeric inhibitor 0.28 [14];
barley trypsin inhibitor CMe [25]; RTI, rye trypsin inhibitor [18]; RBI, bifunctional inhibitor from ragi, Eleusine coracana [6];
MTI, maize trypsin inhibitor [21]. The reactive sites of the trypsin inhibitors are indicated (V). Domains A, B and C are as in
Kreis et al. [15]. Relevant identities of residues at a given position are either boxed or underlined with two (..) or three dots

)
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Fig. 3. Hydropathy profiles according to Hoop and Woods

[13] of proteins CM3, CM16 and CM1. Regions of the

profiles which correspond to insertions in proteins CM3 and

CM1 with respect to protein CM16 are indicated. Domains
are as in Fig. 2.

tetrameric inhibitors, fully confirm that indeed the
three proteins are members of the same protein
family as the monomeric and dimeric a-amylase
inhibitors, the trypsin inhibitors and the bifunc-
tional inhibitors from cereals [2, 3, 11, 34, 35, 37].
The sequences of subunits CM1, CM16, CM3
and CMd are closer to each other (47-86%,
identical residues) than to any of the other pro-
teins in Fig. 2 (19-429, identical residues), and
they are somewhat closer to the trypsin inhibitors
(33-429%, identical residues) than to the mono-
meric and dimeric a-amylase inhibitors (19-309%,
identical residues).

It has been previously suggested by Halford
et al. [12] that the sequence TSAELXY, which is
included in the 16-residue insertion of protein
CMd at the end of the A domain and is also
present in certain microbial ¢-amylases, might be
responsible of the interaction with the other sub-
units. However, three of the six critical residues
have not been conserved in the 16-residue inser-
tion of protein CM3. The insertions in pro-
teins CM3 and CMd create or reinforce hydro-
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Fig. 4. Chromosomal locations of genes for the three types
of subunits of the tetrameric inhibitor. Southern blot hybrydi-
zation of the following genotypes: hexaploid, T. aestivum cv.
Chinese Spring; tetraploid, T. turgidum cv. Senatore Capelli;
nulli-tetrasomic of cv. Chinese Spring, each of which is
nullisomic (N) for a given chromosome and tetrasomic (T)
for an homeologue (i.e. N4A-T4B lacks chromosome 4A and
has 4 doses of chromosome 4B). A. Analysis of the indicated
aneuploids using the insert in clone pCT1 (protein CM3) as
probe. DNAs were digested with the Eco RI restriction endo-
nuclease. B. The same digested DNAs probed with the insert
in clone pCT3 (protein CM16). C. Analysis of the indicated
aneuploids with the insert in clone pCT2 (protein CM1) as
probe. DNAs were digested with the Hind III restriction
endonuclease. Electrophoresis was performed in 0.89
agarose at 1 V/cm for 12 h, except for the inserts of clones
pCT1 and pCT3 used as hybridization controls in A and B,
which were run for 5 h.



phobic stretches in the sequences of both proteins
(Fig. 3). Thus, these insertions could propitiate
stabilization of the tetramer by hydrophobic inter-
actions and would explain both the lower mobili-
ties in SDS-PAGE and the selective solubility of
these two proteins in 7:1 (v/v) chloroform/
methanol mixtures in comparison with the other
two types of subunits [32,33]. The critical
Arg-Leu residues that make the reactive site near
the A/B boundary region of those inhibitors that
show antitrypsin activity are absent from all three
subunits, which is in agreement with their lack of
in vitro activity against trypsin [2].

The probe encoding protein CM1 not only
detects the corresponding gene in chromo-
some 7D but also a homologous sequence in
chromosome 7B, which would encode the equiva-
lent subunit CM2, and another one in chromo-
some 7A, whose corresponding protein has not
been detected. Similarly the probe encoding
protein CM16 detects homologous sequences in
chromosomes 4B and 4D, which would respec-
tively correspond to the equivalent sub-
units CM16 and CM17, and in chromosome 4A,
to which no gene of this family has been previ-
ously assigned. Genes encoding protein CM3B
and CM3D, which are undistinguishable electro-
phoretically, had been tentatively assigned to
chromosome 4B and to an unknown chromo-
some of the D genome. The present results indi-
cate that the sequences that are homologous to
the probe are located in chromosomes 4A, 4B and
4D within 12-18 kb of those detected by the
CM16 probe (pCT3). These findings, together
with the fact that the sequences of the subunits are
closer to each other than to other members of the
family, allow the following hypothesis: (i) the
three types of subunits of the tetrameric inhibitor
were originated by a tandem duplication in chro-
mosome 4 and by a translocation between chro-
mosomes 4 and 7; (ii) insertions (or deletions)
modified the gene for the primitive subunit as it
was duplicated and translocated; (iii) the genes
for the three types of subunits must have origi-
nated prior to the evolutionary branching out of
barley and the diploid species that integrated into
hexaploid wheat.
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No proteins of this family among those
extracted with either 0.1 M NaCl, 709, ethanol,
or chloroform/methanol (2 : 1) have been found to
be encoded by genes from the A genome of
hexaploid wheat [1, 9, 11], and no activity against
heterologous «-amylases has been found in
extracts from diploid wheat species with the AA
genome constitution [4, 11]. The present results
indicate that there are sequences corresponding
to the three types of subunits of the tetrameric
inhibitor in the A genome. The fact that the corre-
sponding proteins have not been detected sug-
gests that these genes are either silent (pseudo-
genes) or expressed at a much lower level. It can
be envisaged that the lack of the pertinent preda-
tors in the ecological niche of diploid wheat could
have lead to the silencing of these genes.
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