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Abstract

Seventeen new genes encoding 24 kDa family dimeric a-amylase inhibitors had been characterized from cultivated wheat and its diploid
putative progenitors. And the different a-amylase inhibitors in this family, which were determined by coding regions single nucleotide
polymorphisms (cSNPs) of their genes, were investigated. The amino acid sequences of 24 kDa a-amylase inhibitors shared very high
coherence (91.2%). It indicated that the dimeric a-amylase inhibitors in the 24 kDa family were derived from common ancestral genes by
phylogenetic analysis. Eight a-amylase inhibitor genes were characterized from one hexaploid wheat variety, and clustered into four
subgroups, indicating that the 24 kDa dimeric a-amylase inhibitors in cultivated wheat were encoded by multi-gene. Forty-five cSNPs,
including 35 transitions and 10 transversions, were found, and resulted in a total of ten amino acid changes. The cSNPs at the first site of a
codon cause much more nonsynonymous (92.9%) than synonymous mutations, while nonsynonymous and synonymous mutations were
almost equal when the cSNPs were at the third site. It was observed that there was Ile105 instead of Vall05 at the active region Vall04-
Val105-Asp106-Alal07 of the a-amylase inhibitor by ¢SNPs in some inhibitors from Aegilops speltoides, diploid and hexaploid wheats.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Single nucleotide polymorphisms (SNPs) are single base-
pair substitutions that occur within and outside genes, and
they are the most common form of sequence variation [1]. A
substantial private and public effort has been undertaken to
characterize the SNPs responsible for genetic diversity. The
SNPs are identified in expressed sequence tag (EST)
sequences, thus the polymorphisms can be directly used to
map functional and expressed genes, rather than DNA
sequences derived from conventional RAPD and AFLP
techniques, which are typically not genes [2—4]. SNPs are
found in both the coding and non-coding regions of the
genome, and randomly distributed markers as well as markers
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clustered in genes can be discovered [5,6]. The majority of
SNPs in coding regions (cSNPs) are single base substitutions,
which may or may not result in amino acid substitutions.
Some cSNPs alter a functionally important amino acid
residue, and these are of interest for their potential links with
phenotype [7]. Other cSNPs are useful for their potential links
to functional cSNPs via linkage disequilibrium mapping
[5,7]. It is very important to identify, map and determine the
allele frequency of a useful set of SNPs, which are evenly
distributed along the genome. Several methods had been
carried out in the SNPs mining, including the re-sequencing
of PCR amplicons with or without pre-screening, electronic
SNP (eSNP) discovery in shotgun genomic libraries, and
SNP discovery in EST libraries [8].

a-Amylase [a-(1,4)-glucan-4-glucanohydrolases] is a
family of enzymes that hydrolyze a-D-(1,4)-glucan linkages
in amylase, amylopectin, glycogen and phytoglycogen, and
plays an important role in the carbohydrate metabolism of
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many autotrophic and heterotrophic organisms [9]. Hetero-
trophic organisms use a-amylase primarily to digest starch
in their food sources [10]. Chitinase and -1, 3 glucanase
enzymes, lectins, arcelins, vicilins, systemins and enzyme
inhibitors are the proteins which could help plant to defense
insect pests and pathogens [11-13]. The enzyme inhibitors
act on the key insect gut digestive hydrolases, the -
amylases and proteinases. Several kinds of a-amylase and
proteinase inhibitors in seeds and vegetative organs act to
regulate the numbers of phytophagous insects [14—16]. a-
Amylase inhibitors are attractive candidates for the control
of seed weevils as these insects are highly dependent on
starch as an energy source [17].

It is well established that there were multiple forms of
proteins active on exogenous or endogenous a-amylases in
wheat kernel, and proteinaceous dimeric a-amylase inhib-
itors with inhibitory activity were against the a-amylase of
various origins [18,19]. It was known that the bulk of wheat
albumins consisted of a few amylase isoinhibitor families
very likely phylogenetically related and coded by a small
number of parental genes [20]. In the absence of dissociating
agents, wheat inhibitors active on exogenous a-amylases can
be fractionated by gel filtration into three isoinhibitor families
with apparent molecular weight close to 60 kDa, 24 kDa and
12 kDa [18]. The two inhibitor families with molecular
weight 12 kDa (0.28 family) and 24 kDa (0.19 family) had
been extensively investigated [10,21-23].

In cereal seeds, a-amylase inhibitors proteins with 120—
130 amino acids, which include trypsin inhibitors as well as
a-amylase inhibitors, were known as one great family on the
basis of the homology of their amino acid sequence [24].
Usually, each a-amylase inhibitor has ten Cys residues and
forms five disulfide bonds. In this family, the dimeric «-
amylase inhibitor 0.19 has been well characterized. Using
site-directed mutagenesis and X-ray crystallographic analy-
sis, the structure—function relationships of a-amylase inhib-
itor 0.19 had been investigated, such as in diabetes control
and nutritional and/or toxicological aspects of food [25].

For weevil control, a-amylase inhibitors could be used
through plant genetic engineering. However, many insects
have several a-amylases that differ in specificity, and the
successful utilization of a food source is dependent on the
presence of a a-amylase for which there is no specific
inhibitor [10]. The structure and function of dimeric -
amylase inhibitor genes with different cSNPs by direct
sequencing, which is the most direct way to identify SNP
polymorphisms [8], from cultivated wheat varieties and its
diploid putative progenitor were investigated.

2. Materials and methods
2.1. Plant material

The genomic constitution of cultivated wheat (T
aestivum) is AABBDD. It was thought that the AA, BB

and DD genomes of cultivated wheat were derived from 7.
urartu, Ae. speltoides and Ae. tauschii, respectively [26—
29]. In this study, the cultivated wheat and its diploid
putative A-, B-, and D-genome progenitor species were
chosen to characterize 24 kDa family a-amylase inhibitors.
There were 5 T. monococcum (2n=2x=14, A™A™), 5 T.
urartu (2n=2x=14, A"A"Y), 3 Ae. tauschii (2n=2x=14,
DD), and 3 Ae. speltoides (2n=2x=14, SS) accessions and
1 cultivated wheat variety (Table 1).

2.2. Data of the a-amylase inhibitors

The EST data were retrieved from NCBI (http://
www.ncbi.nlm.nih.gov), the GrainGenes database (http://
wheat.pw.usda.gov) and BBSRC cereal functional genomics
(http://www.cerealsdb.uk.net/index.htm). Almost all the
EST sequences of a-amylase inhibitor genes were obtained
from three hexaploid wheat varieties, Chinese Spring,
Cheyenne and Butle86.

The protein data were obtained from Protein Data Bank
(http://www.rcsb.org/pdb/) and ExPASy Proteomics Server
(http://au.expasy.org/).

2.3. DNA isolation and PCR amplification

Genomic DNA was extracted from leaves of single plants
about 2 weeks old with a modified CTAB protocol as
described in Yan et al. [30].

Based on the alignment of 72 a-amylase inhibitor gene
sequences, two primers, P1 (5-CTATGTATGCTCGTGGC-
GAC-3') and P2 (5-ACTCATTT/CGCTTGACTAGGC-3'),
were designed to amplify the complete ORFs of dimeric a-
amylase inhibitors. PCR amplification was performed with a
GeneAmp PTC-200 cycler (MJ Research, USA) in 50 pL

Table 1
List of accessions used for the amplification and sequencing of the
a-amylase inhibitor genes

Species Genome  Accession GenBank number
T. monococcum AT As261 AY 729685
PI 428149 No sequence obtained
PI 428152 No sequence obtained
PI 428154 No sequence obtained
PI 428156 No sequence obtained
T uaratu A" PI 428197 AY 856086
PI 428208 No sequence obtained
PI 428257 No sequence obtained
PI 428328 AY 856087
PI 487268 No sequence obtained
Ae. speltoides S PI 487231 AY 856089
PI 487232 AY 856090
PI 487233 AY 856091
Ae. tauschii D As69 AY729679
PI 499262 AY 856085
PI 486266 AY 856084
T. aestivum ABD Chuannongl6®  AY729672-AY729678
AY834214

* Sequenced by cloning the fragments into the plasmid.
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volume, which consisted of 200-300 ng of genomic DNA,
200 uM of each dNTPs, 4 uM of each primers, 1 U Tag
polymerase, 1.5 mM Mg”" and 1x PCR buffer. The cycling
parameters were 95 °C for 5 min to pre-denature, followed
by 40 cycles of 95 °C for 1 min, 60 °C for 30 s and 72 °C
for 1 min, and a final extension at 72 °C for 5 min.

2.4. Sequence analysis of a-amylase inhibitor

Amplification products were separated in 0.8% agarose
gels. The desired DNA fragments were recovered from
gels and ligated to the pBluescript SK (+) T-vector
plasmid (Stratagene), and then the positive clones were
screened and sequenced. The analysis of full-length
sequence and the construction of subsequent nucleotide
sequence were carried out under DNAman 4.0, and
multiple sequence alignment software Clustal W (http://
www.ebi.ac.uk/clustalw) was used for the SNP evaluation.
The a-amylase inhibitor ORFs were translated into amino
acid sequences using ORF Finder program in the NCBI
(http://www.ncbi.nlm.nih.gov). The phylogenetic trees
were constructed by MEGA, version 2 [31].

2.5. Structure predictions

The three secondary structure elements of greatest
interest are helical region known as a-helix (H), extended
region known as B-stand, which join together to form -
sheet (E), and coil/loop (C or “.”). The method of Gibrat was
used to predict the structures of a-amylase inhibitors for o-
helix, B-sheet, random coil and B-turn conformations [32].
For the method of Gibrat in which:

8
Info (k,i) = Y _I(k,i+}))

=8
where k designates the given state (a-helix, B-sheet, B-turn,
and coil); j is the directional position apart from residue i;
Info (k, i) is the information that amino acid residue i
behaves on state k.

Fold recognition, disulfide bridges analysis and structural
alignments were performed with software ANTHEPROT
[31,33].

To compare the secondary structure of «-amylase
inhibitors, 3D-PSSM protein fold recognition (threading)
server (http://www.embl-heidelberg.de/predictprotein) was
used to assume the predicted secondary structure of these
24 kDa family a-amylase inhibitors.

3. Results

3.1. Alignment of the dimeric o-amylase inhibitor gene
sequences

To retrieve the dimeric a-amylase inhibitor gene
sequences from the available database, the coding region

of a dimeric a-amylase inhibitor gene, BE423110, was
chosen to perform a Blast search against the GenBank
non-redundant DNA database, Bavarian State Research
Center for Agronomy, the GrainGenes database and
BBSRC cereal functional genomics. Seventy-two dimeric
oa-amylase inhibitor genes, gene fragments and pseudo-
genes were retrieved, and used in the nucleotide align-
ment through DNAman and Clustal W. Although the o-
amylase inhibitor genes were much conserved in its
length, there were about 40 candidate SNPs in those
sequences. It is necessary to get further information of the
SNPs in a-amylase inhibitor genes. By analyzing the
amino acid sequences of dimeric a-amylase inhibitors
from the PDB and ExPASy database, it was found that
there was no intron in the a-amylase inhibitor genes.
Thus, it is possible to isolate the complete coding
sequences of a-amylase inhibitor genes by direct PCR
amplification.

3.2. Isolation the coding region of dimeric o-amylase
inhibitor

Using the primers Pl and P2, genomic PCR
amplifications were conducted, and one desire DNA
band was detected in each accession of Triticum and
Aegilops (figure not shown). It indicated that the PCR
products consisted of only one sequence by direct
sequencing of the amplification products from diploid
species. This has been further supported by the clone
sequencing. However, it was obvious that there were a
number of sequences in the amplification products from
one cultivated wheat variety by both direct sequencing
and clone sequencing. Therefore, it is necessary to
clone the PCR amplification fragments of common
wheat cultivars for sequence analysis. After cloning
the fragments into the plasmid T-vector pBluescript SK
(+), eight positive clones from cultivated wheat were
sequenced.

A number of 24kDa family dimeric a-amylase inhibitor
genes from cultivated wheat and its diploid putative
progenitors had the similar sequence with the other
amylase inhibitor genes from the database. Thus, 38
representative a-amylase inhibitor genes were chosen in
the further analysis. Thirty-six out of 38 dimeric «-
amylase inhibitor genes were 375 bp, while only 2 genes
(1 from 7. monococcum As261 and 1 from Ae. speltoides
PI 487232) were 376 bp (Fig. 1). However, no amplifi-
cation fragments were obtained from 3 7. urartu (i.e. Pl
428208, PI 428257 and PI 687268) and 4 T. monococcum
(i.e. PI 428149, PI 428152, PI 428154 and Pl 428156)
accessions. Among the new a-amylase inhibitor genes, 8
genes were from cultivated wheat, 1 from 7. monococcum,
2 from T wrartu, 3 from Ae. tauschii and 2 from Ae.
speltoides (Table 1). These «-amylase inhibitor gene
sequences have been deposited in the GenBank (http:/
www.ncbi.nlm.nih.gov).
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AY856091  peTesTccldrecaTeTeCTATCCRR GolTiec cTTdah 6o T6 cec seocTCCCThle TOTCST 63
AY856085 BGTGGTCCTTGGA TGTGCTATCCGGGGCAGGC CTTCCAGGTGCCCGCGCTCCCT TGTCGT, 63
AY856087  [GTGGTCCTIGGATGTGCTATCCGGGGCAGGC CTTCCAGETE CCCGCGCTCCCTGGE TETCGT 63
AY729672  PGTGGTCCTTGGATGTGCTATCCGGGGCAGGE CTTCCAGETS cecoceeTCedldd ToTCoT 63
AY834214  RGTGGTCCHIGEA TETGCTATCCGG GECAGEC CTTCCAGGTS CCC GCGCTCCCTGEC TETCGT 63
AY729685  PBGTGGTCCTTGGATGTGCTATC CTTCCAGETG CCC GCGCTCCCTGGE TGTCGT 63
AY856091 CA TTGCTGAIC TCC AGTGCAATG GCA GCCAGGT 6CC €6, [56C TG TCCTAAG GGA CTGCT 125
AY856085 CATTGCTGAC TCCAGTGCAATG GCAGCCAGGTGCC €6 .Escm'rccrusscacmcr 125
AY856087 Calr6 CTGAAGE TCCAGTGCAATS GCAGCHA GGTGCC CoH. [56C TETCCTAAG GGACTGCT 125
AY729672 CATTG CTGARIC TCC AGTGCAATG GCAGCCAGETECC CGA. [56C TETCCTAAG GGACTGC 125
AY834214 CATTGCTGAAGE TCCAGTGCAATG GCAGCCAGGTCCC CGH. b6 e TCCTAAG GGA CTGC 125
AY729685 cARIrG CTGA AGC TCC AGTGCAATG GCAGCCAGGT6CC A 6C TETCTAAG GGACTGCT 126
AY856091  [CAGCAGCTCGCC GACATCAGCGAG TGGTGCAGGT Qs GIGC CCTCTACAGCATGTTGGA 188
AY856085  [CAGCAGCTCGCCRRCATCAGCGAGTOG TCCAGGTECG HIHC CCTCTACAGCATGTTGGACA 188
AY856087  KCAGCAGCTCGCCGACATCAGCGAG TGG TCCAGCTECGGTGE CCTCTACAGCATGTTGGACA 188
AY729672  [CAGCAGCTCGCCBACATCAGCGAG TGGTCCAGGTGCGAFSC CCTCTACAGCATGTTCGACA 188
AY834214  [CCAGCAGCTCGCC GATRTCAGTSAG 66 T6CAGETGCGGTGC CCTCTACAGCATGTTGGA 188
AY729685 CCAGCAGCTC GCCPACATCAGCGAG Tos TocaseTdsflrec cerdiacalkaTeTroca) 189
AY856091 CATGTA TAAG GAG CAT GGCHIGCAG GAG GGAC AGG CGG GGACAGGIICCGTTCCC AR CTGCCG 251
AY856085  (CATGTATAAGGAGCATGGCGCGCAGGAGGGACAGG R GGACAGGAGCGTTCCCACGCTGECE 251
AY856087  [CATGTATAAGGAGCATGGCHIGCAGGAGGGACAGSCGGGGACAGGAGCGTTCCCACGCTGCCd 251
AY729672  CATGTATAAGGAGCATGGCGCGCAGGAGGGACAGS s GGACAGGAGCGTTCCCACGCTGCCY 251
AY834214  [ATGTATAAGGAGCATGGC GAGGGACAGG CGGGoaCAGeeclTTcccalfscToced 251
AY729685  CATGTATAAGGAGCATGGCGCGCAGGAGGGACAGGCGGGGACAGGAGCGTTCCCACGCTGCCY 252
AY856091 [ GGG GTG ARG CTGACGGAARCGAGCA TCA defs CGGT CTG CAGGCTACC CATCGTC 314
AY856085  (GAGGGAGGTGGTGAAGCTGACGGCE GCGAGCATCACAGCGGTCTG CAGGCTACE CATCETCE 314
AY856087  [AGGGAGGTGGTGARGCTGACGGCGGCGAGCATCA CAGCGGT CTG CAGGCTACC CATCGTCG 314
AY729672  AGGGAGGTGGTGAAGCTGACGGCS GCGAGCATCA CAGCGGTCTG CAGGCTACE CATCGTCE 314
AY834214  BAGGGAGGTGGTGAAGCTGACGGCE GCGAGCATCAH COETCTG CAGGCTACE CATCETCG 314
AY729685  [AGGGAGGTGGTGAAGCTGACGGCGGCGAGCATCAJHECGETCTS CARGCTACC CATCGTC 315
AY856091  [TGATGCGTCCGGAGATGGAGCGTATGTC T6CAAGRITG T6GC CRC ATACCCIoA CGC CTA 375
AY856085  [TGATGCGTCCGGAGATGGAGCGTATGTC TGCAAGGATGTGGC CGCATACCCAGACGE CTA 375
AY856087  [TGATGCGTCCGGAGATGGAGCGTATGTC TGCAAGGATGTGGC CGCATACCCAGACGE CTA 375
AY729672  [TGATGC GTCCGGAGATGGAGCGTATGTC TGCAAGGATGTGGC CGCATACCCAGACGE CTA 375
AY¥834214  [TGATGCGTCCGGAGATGGAGCGTATGTC TGCAAGGATG TGGC CGCATACCCIATsC CTA 375
AY729685 rGa T6¢ 6Tl 6A TRl AGC G TATINTC T6CA AGGATG T66C CRCATAC CGCCTA 376

Fig. 1. The alignment of six representative nucleotide sequences of the mature protein in 24 kDa a-amylase inhibitors. AY834214 was isolated from hexaploid
wheat, which had similar amino acid sequence to inhibitor 0.53 with amino acid substitution at only one position. AY729672 and AY 856085 were isolated
from hexaploid wheat and Ae. tauschii, respectively, which had the same amino acid with inhibitor 0.19. AY856087 was isolated from 7. urartu. AY856091
was isolated from Ae. speltoides. There was an extra A at position 104 (dot) of AY729684 from 7. monococcum, and as a result, the a-amylase inhibitor gene

could not code the correct mature proteins.

3.3. Evolutionary relationships

To investigate the evolutionary relationships between
the dimeric a-amylase inhibitor genes in this study and
the representative full genes from the database, evolu-
tionary distances were calculated and subjected to
construct the neighbour-joining trees showing the evolu-
tionary relationships of the dimeric a-amylase inhibitor
genes. It was found that the a-amylase inhibitor genes
were divided into six subgroups (Fig. 2). However, the
deduced amino acid sequences were divided into four
subgroups (Fig. 3). In the amino acid phylogenetic tree,
16 and 11 dimeric a-amylase inhibitors were clustered
together with a-amylase inhibitor 0.19 (ExPASy database:
P01085) and a-amylase inhibitor 0.53 (ExPASy database:
P01084) in high bootstrap values, respectively. The
remaining 9 dimeric a-amylase inhibitors were clustered
into two subgroups.

In nucleotide sequences, the dimeric «-amylase
inhibitor genes from the A" and A™ genomes were
not clustered into one subgroup, and they were divided
into 2 subgroups, one for those from the A" genome
and one for those from the A™ genome (Fig. 2).
Furthermore, the dimeric a-amylase inhibitor genes from
the A" genome were more closely related to those from
D genome other than those from the A™ and S
genomes.

The deduced amino acid sequences of dimeric a-amylase
inhibitor from Ae. tauschii were of high coherence
(99.73%), and 2 inhibitors (AY856085 and AY856086)
had the same sequence with the a-amylase inhibitor 0.19.
The genes controlling the inhibitor 0.19 were located on
chromosome 3D [34]. These findings are in agreement with
the presence of the 0.19 a-amylase inhibitors in Ae. tauschii
and hexaploid wheat, and with the absence of this inhibitor
in durum wheats, which were lack of the D genome [35].
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Fig. 2. Phylogenetic tree based on the alignment of proteinaceous dimeric a-amylase inhibitor genes. Genes obtained from diploid species were signed by their
genome in the “()”, such as (D) for the D genome of Ae. tauschii, and others were obtain from hexiploid wheats.

Therefore, inhibitor 0.19 has been used as a marker for the
presence of bread wheat (hexaploid) in durum wheat
(tetraploid) food products [35].

Eight different a-amylase inhibitor genes from one
hexaploid wheat variety Chuannongl6 were clustered into
four subgroups with three genes close to those from Ae.
tauschii, two close to those from Ae. speltoides, two close to
those from 7. monococcum, and one closely related to those

from T. urartu (Figs. 2 and 3). It suggested that the 24 kDa
family proteinaceous dimeric a-amylase inhibitors were
encoded by multi-gene in cultivated wheat.

3.4. ¢SNPs analyses

Sequence alignment was performed with the a-amylase
inhibitor sequences both from the database and from our
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Fig. 3. Phylogenetic tree based on the alignment of proteinaceous dimeric a-amylase inhibitors from PDB and ExPASy, and the deduced amino acid sequences

of a-amylase inhibitors clones in this study.

experiment to detect the candidate cSNPs. The frequency of
cSNPs in the a-amylase inhibitor genes was 1 out of 9 bases,
and there were 45 candidate ¢cSNPs in the 38 a-amylase
inhibitor genes (Table 2). The high frequency of ¢cSNPs in
wheat was duo to the high similarity of EST sequences in the
A, B and D genomes of cultivated wheat [36,37]. Similar

results had been obtained in the kunitz-type a-amylase
inhibitor and a-amylase/subtilisin inhibitor genes in barley
[38,39].

In human genome, cSNPs were classified into transitions
(C-T and A—G) and transversions (A—C, A-T, C-G and G-
T) according to their substitution types, and the transitions
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Table 2 20 r
Variation of single nucleotides in the o-amylase inhibitor conserved 18
sequences and appearing time of the nucleotide on the SNP position of 16
50 sequences 14
Position A G C T 12
9 19 31 101
24 15 35 3T
28 35 15 5T 4
30 35 15 4t 3 N\
S 2

36 42 8 9t 1 Q \\§
37 7 43 0 . AN\ EE\E\
42 36 14 A-T AC cG G-T
45 7 43
54 4 46 Fig. 4. Distribution of ¢SNPs by the type of nucleotide substitution
55 3 47 transitions (C-T; A—G) and transversions (C-A; C-G; T-A; T-G).
56 27 23
74 27 23
104 6 44 inhibitor genes were transitions, and the rest (22%) were
109 3 47 transversions.
113 8 42
121 2 48 . .
142 38 12 3.5. Amino acid changes resulted from cSNPs
147 37 13
156 2 43 The relationship between cSNPs and the amino acid
162 M 6 changes in a-amylase inhibitors was summarized in Table
164 8 42 . . .
165 37 13 3. It was clear that the 45 ¢cSNPs resulted in ten amino acid
172 6 44 variations. One potential way to obtain information about
175 8 2 the functional constraint is via evolutionary comparisons,
185 30 20 as it is generally believed that conserved residues are more
210 31 19 likely to be functionally significant than nonconserved
212 38 12 . .. .
213 38 12 residues [7]. The position of each cSNP in the sequence,
226 23 27 whether the predicted change was synonymous (silent) or
235 31 19 nonsynonymous (replacement), was determined. Thirty-
238 12 38 nine percent of the ¢cSNPs were found to occur at the third
245 19 31 codon position, and as expected, half of these was
256 3 47 .
278 3 47 synonymous (Fig. 5). A number of changes were also
289 23 27 identified in codon positions 1 and 2 (Fig. 5), and these
295 38 12 accounted for most of the nonsynonymous changes. In all,
300 15 35
314 15 35
= T
341 8 4 The variation of amino acids caused by the nucleotide changes in the

encoding regions
351 6 44 :
359 8 42 Number  Position  Substitution Amino acid Frequency®
366 8 42 1 10 TAT-CAG® Try-Gln 0.70
367 23 27 24 13 AAG-CAG Lys-Gln 0.86
370 37 13 3 19 GGC-GCC Gly-Ala 0.54

4¢ 23 CTG-GTG-TTG Val-Leu

5 25 AAG-AGG Lys-Arg 0.54

. d.c .
were more common than the transversions among the 2 ‘7‘(7) gg?-ggé\-CAA éSIp-AAlSn-Hls o
. o . . = al-Ala X

sequence changes [40]. Slnce., 41@ of the. substitutions 3 7 GCA-GTC® Gln-Ser 076
were found to occur at a CpG site, a dinucleotide known for 9 o AAG-ACG Ser-Arg 0.62
its high mutability [41]. In the cerealsDB (http:/www. 10 100 CAG-CAA Lys-Arg 0.70
cerealsdb.uk.net/wheat_snips), 47,874 putative SNPs had 1 105 CGT-CAT Ile-Val 0.70
been found in 397,673 EST sequences, among which 26,013 12 117 GGG-GGA Gly-Asp 0.88
SNPs were transitions, 14,291 SNPs were transversions and * From the first codon.

b
8004 SNPs were indels. The distribution and proportion of  Frequency of the most frequent allele. ,
Linkage equilibrium between two adjacent loci, and these two cSNPs

Fra11.51.t10ns and transve.rsmns. in the cSNPs of ‘a-amylase have the same frequency.
inhibitor genes were investigated (Table 2, Fig. 4). As 9 Variation at the most important residue positions.
expected, most of the cSNPs (78%) in dimeric a-amylase ¢ Amino acid does not change by cSNP.
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Position 3

Position 1 Position 2

synonymous B nonsynonymous

Fig. 5. Distribution of candidate cSNPs by codon position for synonymous
(white) and nonsynonymous (black) amino acid substitutions.

70.1% of the candidate cSNPs resulted in nonsynonymous
changes.

The amino acid sequences of dimeric a-amylase inhib-
itors deduced from the retrieved EST sequences and the
nucleotides sequences in this study had the conserved amino
acid sequences with the a-amylase inhibitors from PDB and
ExPASy. Vittozzi et al. [42] reported that no detectable
amylase inhibitory activity was found in the extracts from
the diploid wheats by biochemical analysis. Since amylase
inhibitors were absent in diploid Triticum species, but really
present in tetraploid and hexaploid Triticum species, protein
inhibitors of insect amylases could be considered as one of
the advantages acquired by wheat through its evolution [42].
By comparison of the dimeric a-amylase inhibitor genes
from diploid wheat with those from other species, one
insertion with A at position 104 was found in one a-amylase
inhibitor gene from 7. monococcum accession As261, and
as a result, the a-amylase inhibitor gene from 7. mono-
coccum could not encode the mature protein (Fig. 1). And

no PCR fragments were detected in the other 4 T
monococcum accessions and 3 7. uaratu accessions.

3.6. Relationships between the structure and function of the
dimeric a-amylase inhibitors and cSNPs in its genes

Nucleotide sequences affected the proteins by the deter-
mination of amino acid sequences. Sequence alignment
indicated that all the a-amylase inhibitors from 7. mono-
coccum, T uaratu, Ae. speltoides, Ae. tauschii, and hexa-
ploid wheat and the sequences retrieved from the database
were highly homologous and belong to a 24 kDa a-amylase
inhibitor family including inhibitors 0.19 and 0.53. There
were only a 7 amino acid difference between inhibitors 0.19
and 0.53, including Cys52, which made inhibitor 0.53
different with all other cereal type inhibitors [17,43—45].

From the structure of a-amylase inhibitors 0.19, it was
known that not only the 10 Cys residues were of
importance, but also Aspl10, Lysl16, Asn29, Glu35,
Ser94, Leu90, Trp51, His47 and GInl3 were important to
form the structure of inhibitors [25]. And three inhibitor
spots of interest were proposed using the modeled complex
of human salivary a-amylase with a-amylase inhibitor 0.19.
The first was residue His47, the second concerned Ser49,
and the third region of interest was the sequence Vall04-
Vall105-Asp106-Alal07 [17]. However, only GInl3, His47
and Vall05 were changed by cSNPs in some a-amylase
inhibitors (Fig. 6). Most cSNPs did not occur at the
conservative site, which ensures the a-amylase inhibitors
keeping their activity structure to combine with the a-
amylase. It was observed that the cSNP (A—C) at position 37
made the amino acid change from GIn to Lys in some
inhibitors. All the dimeric a-amylase inhibitors had the
Ser49, which was closely packed by Lys352 and Asp356 of

AY834214 QC NGS QVPEAVL RDC CQQL 62
AYT729672 LRILQC NGS QVPEAVL RDC CQOLAHT S|, 62
AY729674 QCNGS QVPEAVWIRDC CQOLANIS|. 62
AY729675 QC NGS QVPEAVE REC CQOL 62
AY856085 LRI QC NGS QVPEAVL RDC CQQL 62
AY856087 o NGSKvPEAVL RDC COOL 62
AY856001 LRIL OC NGS QVPEAVI, RDC CQOL 62
BE423110 QCNGS QVPEAVL RDC COQLA 62
0.19 LRI OC NGS QVPEAVL RDC COQL 62
0.53 QC NGS QVPEAVL RDC CQOL 62
0.28 ocfvles GVPEAVL RDC CQOL 64
AY834214 CRREVVKLTAAS ITAVCH 124
AY729672 EGQAGTGAFPRCRREVV KLTAAS ITAVCH] 124
AY729674 EGQAGTGAFPRCRREVY KLTAAS ITAVC 124
AY729675 EGQAGTGAFPSCRREVY KLTAAS ITAVC 124
AY856085 EGQAGTG AFPFCRREVVKLTAAS ITAVCH 124
AY856087 EGOAGTGAFPRCRREVY KLTAAS ITAVCH 124
A¥856091 EGQAGTGRIFP SCRKEVY KLTAAS ITAVCR) 124
BE423110 EGQAGTGAFPSCRREVV KLTAAS mwc 124
0.19 EGQAGTGAFPRCRREVY KLTAAS ITAVCH 124
0.53 EGQAGTGAFPSCRREVV KLTAAS ITAVCH] 124
0.28 5 P 123

Fig. 6. Alignment of the primary structures of the mature protein of the 24 kDa family a-amylase inhibitor. We chose 11 representative inhibitors to carry out
the alignment. Inhibitors 0.19, 0.28 and 0.53 (SwissProt database: accession No. P01083) were retrieved from ExPASy; AY856085 was from Ae. tauschii,
AY856091 from Ae. speltoides, AY856087 from T. urartu, AY834214, AY729672, AY729674 and AY 729675 from 7. aestivum, and BE423110 from NCBI.
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human salivary a-amylase and by Trp51 and Cys52 of its
own [17]. It meant that this position was conserved to
interest the structure. It was of importance that only «-
amylase inhibitors closely related to inhibitor 0.19 from D
genome of Ae. tauschii and common wheat had the His47,
which was replaced by Asp or Asn in all the other inhibitors.
Franco et al. [17] proposed that His47 was situated near the
Glu349 of human salivary a-amylase. This could explain
that all the inhibitors in this family shared very high
sequence coherence but show dramatically different abilities
to inhibit human salivary a-amylase.

The electron density for residues 1-4 and 69-77 are
absent in the four subunits of a-amylase inhibitors 0.19,
probably because of the intrinsic flexibility of these
segments [25]. Thus, we conducted the structure predictions
without these two absent segments using five methods (i.e.
GORI, Gibrat, DPM, Homologue and Predato). Finally, the
method of Gibrat was chosen in the further investigation
because the results from this method was more close to the
3D structure in X-ray analysis by Oda et al. [25]. Ten amino
acid sequences of a-amylase inhibitors, which represented
all the 24 kDa a-amylase inhibitors (Fig. 6), were selected
in the structure prediction. In a phylogenetic tree based on
amino acid sequences, a-amylase inhibitor 0.19, AY 729672
(a sequence from 7. aestivum) and AY856085 (a sequence
from Ae. tauschii) were clustered into one subgroup.
Moreover, AY856085 had the same amino acid sequence
with a-amylase inhibitor 0.19. Only the a-amylase inhibitor
0.19, AY856085 and AY729672 had four major a-helices,
two short antiparallel B3-strands and one small a-helix, while
the rest seven inhibitors had only four a-helices. In spite of
the high similarity of the main secondary structures among
the ten inhibitors, the variations were found in the
proportions (percentages) of the a-helix, p-sheet and coil
structures (Fig. 7). The differences between the proportions
(percentages) of the a-helix, B-sheet and coil structures

0.70
0.60
0.50
0. 40
0.30
0.20

0.10

were detected by u-test. For a-helix and coil structures, the
u values between the highest and lowest proportions were
1.80 and 1.48, respectively. They were not significant
(up.05=1.96). It indicated that there was no difference
between the proportions of the a-helix and coil structures.
For the p-sheet structures, the u values between AY 834214
and AY856091, and AY834214 and BE423110 were
significant (u=2.08>ugs=1.96), indicating that the pro-
portion of P-sheet structures in AY834214 were quite
different with those of AY856091 and BE423110. Although
there was only one amino acid difference at position 52
between inhibitor 0.53 and AY834214 (Fig. 6), the
predicted secondary structures by both ANTHEPROT and
PredictProtein server showed that there were 1, 5 and 6
variations in the «-helix, P-sheet and coil structures,
respectively. These results suggested that the ¢cSNPs in the
nucleotide sequence had affected the structure of the 24 kDa
a-amylase inhibitor family by changing the amino acid
sequences.

Each inhibitor of the 24 kDa a-amylase inhibitor family
consisted of four same subunits [25]. Therefore, one amino
acid change in one subunit would result in a 4 times
change in the inhibitor. In this study, each subunit in a
different subgroup of this a-amylase inhibitor family had
more than one different amino acid. AY729674 and
AY 729678 were most different from all the other inhibitors,
and they had 14 mutative amino acids with both inhibitors
0.19 and 0.53.

4. Discussion

The presence of a high homology between 24 kDa
family proteinaceous dimeric a-amylase inhibitors in
cultivated wheat and the putative donors of A, B and D
genomes that the dimeric a-amylase inhibitors might

0.00

AY834214 AYT29672 AYT29674 AYT29675 AY856085 AY856087 AY856091 BE423110 0.19

B B -sheet O O -helix Bcoil

Fig. 7. The secondary structure of the 24 kDa family a-amylase inhibitors. The proportion of the a-helix, B-sheet and coil structures of a-amylase inhibitors

was obtained by ANTHEPROT 5.0.
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derive from a very limited number of ancestral genes
coding for peptide units with molecular weight 12 kDa and
the distribution of the inhibitor fractions in diploid
Aegilops species indicated that there was a duplication of
these ancestral genes followed by a divergence of the
duplicated genes through mutation [20,22]. Furthermore,
structure modeling sheds light on inhibitor specificity in
this family that might be used for future inhibitor design in
cases for which no inhibitors were available.

In this study, the nucleotide sequences of the dimeric a-
amylase inhibitors from diploid wheat and Aegilops
accessions were obviously clustered into different sub-
groups with other sequences from cultivated wheat in high
bootstrap values (Fig. 2). However, there was no dimeric
a-amylase inhibitor activity detected in diploid wheat (i.e.
T. monococcum and T. urartu) [35,42]. There were three
possible reasons. Firstly, no PCR amplification products
were detected in 70% of the diploid wheat accessions in
this study. The appearance or disappearance of an inhibitor
might be the result of any mutation capable of affecting
the polymerization properties of the basic peptide units of
the a-amylase inhibitors [20,22]. Second, some sequences
were 376 bps, which could not be deduced in correct
amino acid sequences. Third, a-amylase inhibitors from
some diploid wheat had Ile105 instead of Vall05. The
sequence Vall04-Vall05-Asp106-Alal07 was one of the
regions of interests the a-amylase inhibitor spots. This
mutation from Vall05 to Ile1l05 might result in no a-
amylase inhibitor a-amylase inhibitor activity in diploid
wheat due to that the sequence Vall04-Vall05-Aspl106-
Alal07 occupied a cavity on the surface of human salivary
a-amylase with side chains forming, largely hydrophobic,
interactions with the enzyme [17].

In barley, most of SNP polymorphisms (71%) were
transitions, and the remaining (29%) were transversions
[46]. In this study, the similar proportion of SNP was found
in wheat 24 kDa family a-amylase inhibitors. It was thought
that a nonrandom nucleotide substitution mutation was the
result of 5-methylcytosine deamination reactions that are
known to occur at the CpG islands [41,47]. It was found that
the cSNPs in dimeric a-amylase inhibitors genes resulted in
ten amino acid variations. One potentiality to obtain the
information about the functional constraint is via evolu-
tionary comparisons, as it is generally believed that
conserved residues are more likely to be functionally
significant than are nonconserved residues [7]. In this study,
it was observed that 70.1% of the candidate cSNPs of
dimeric a-amylase inhibitors genes resulted in nonsynon-
ymous changes as expected.

The relationships between the cSNPs of a-amylase
inhibitor genes and the predicted structure of the a-amylase
inhibitors in Ae. tauschii, Ae. speltoides, T. urartu, T.
monococcum and T. aestivum were undertaken in this study.
It was obvious that the structural variations of the a-amylase
inhibitors were determined by cSNPs in their genes, which
encompass proteins with mainly alpha, beta and mixed folds

in its secondary structures. The twelve (ten were determined
by cSNP) amino acid changes in this a-amylase inhibitor
family might affect the activities of the inhibitors to the a-
amylases from various sources. Different a-amylase inhib-
itors exhibit different specificities against a-amylases from
diverse sources. Some of these inhibitors specially inhibit
insect enzymes, in that they inhibit a-amylase from insects
strongly but inhibit mammalian a-amylase only weakly or
not at all [48]. Thus, these a-amylase inhibitors could
distinguish the a-amylases from various sources. In some
cases, the a-amylase inhibitors act only against mammalian
a-amylases or, on the contrary, just against insect o-
amylases. In the latter case, a-amylase inhibitor provides a
highly specific potential weapon in plant defense [17].
Therefore, the determination of the specific inhibition of a
dimeric a-amylase inhibitor is the important first step
towards the discovery of an inhibitor, which could be useful
for generating insect-resistant transgenic plants.

The different structure of inhibitors affected the specific-
ity and activities against different mammalian and insect a-
amylase [49,50]. In addition, different amino acid residues
determined by cSNPs significantly affected the charge
between inhibitors 0.19 and 0.53 [45]. The net charge of
one subunit of the inhibitor 0.19 was increased by three
basic charge units with seven amino acid substitutions
meaning that six more basic charge units increase per
dimeric form protein [45]. This charge difference might
result in the relative mobility of gel electrophoresis and the
differential inhibitory activities of inhibitors 0.19 and 0.53,
even 0.27, 0.36 and 0.38.

All the cereal type a-amylase inhibitors had 10 Cys [43].
In this study, the deduced proteins of the inhibitors in the 24
kDa a-amylase inhibitor family also had 10 Cys. However,
there was 9 Cys in inhibitor 0.53, which was sequenced by
using CNBr- and trypsin-peptides of carboxymethyl (CM)-
protein (Fig. 6) [44]. There was a 7 amino acid difference
between inhibitors 0.19 and 0.53. At position 52 of dimeric
a-amylase inhibitors, only inhibitor 0.53 was Pro instead of
Cys (Fig. 6). Cys52 in inhibitor 0.19 might form a disulfide
bridge with Cys54, which is a free Cys residue in inhibitor
0.53. This difference was the main reason that inhibitor 0.19
has 5 times lower selective inhibitory activity towards
human salivary a-amylase than inhibitor 0.53 did, and it
was found that inhibitor 0.19 has higher specific inhibitory
activity [45]. Eleven inhibitors, which were deduced from
EST sequences from the database and the cloning sequences
in this study, had the same amino acid sequences, and they
had only one different amino acid (Cys52) with inhibitor
0.53. This result was not in agreement with Maeda et al.
[44]. Tt was difficult to further validate the nucleotide
sequence of inhibitor 0.53 due to that the wheat accessions
in the characterization of the amino acid sequence of
inhibitor 0.53 had not been described in detail by Maeda
et al. [44]. Moreover, Maeda et al. [44] thought that several
amino acids were ambiguously identified in the region of
residues 43 to 60.
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The crystal structure of a-amylase inhibitor 0.19 was
determined by the multiple-isomorphous replacement
method coupled with density modification and noncrystallo-
graphic symmetry averaging and then refined by simulated
annealing using diffraction data to 2.06 A resolutions [25].
The asymmetric unit has four molecules (A-D) of inhibitor
0.19, each composed of 124 amino acid residues. All 10 Cys
residues in this family were highly conserved, which would
form disulfide bonds with the pairs of Cys6-Cys52, Cys20-
Cysdl, Cys28-Cys83, Cys42-Cys99, and Cys54-Cys115 as
a-amylase inhibitor 0.19 (Fig. 6). Because the disulfide
bonds were a main factor to affect the secondary structure of
proteins, we could believe that the a-amylase inhibitors in
this family had the similar primary structure. Since the
motilities and the activities of some inhibitors were of
diversity, it suggested that the 3D structures might have
much difference. It was obvious that a-amylase inhibitor
0.19 had a high a-helix content, by CD spectroscopy
analysis, and five a-helix domains were found in the
structure of a-amylase inhibitor 0.19 [51].

To evaluate the differences of 24 kDa «a-amylase
inhibitors determined by the cSNPs in their genes, it is
necessary to express the representative genes in each
subgroup. A synthetic gene encoding a-amylase inhibitor
0.19 was introduced into vector for expression in Escher-
ichia coli [52]. In SDS-PAGE and Western blotting analyses
of the E. coli cell lysate, the expression product could not be
detected. Okuda et al. [52] proposed that the putative
hairpin-like structure of mRNA in the 5'-terminal coding
region of a-amylase inhibitor 0.19 might interrupt efficient
expression, when the hairpin structure was eliminated, the
resulting gene could be overexpressed in £. coli.

The a-amylase inhibitors have long been proposed as
possibly important weapons against pests whose diets make
them highly dependent on a-amylase activity. In vitro and in
vivo trials, including those made under field conditions,
have now fully confirmed the potential of raising the
possibility and significantly increased yields. Thus, it is of
importance to identify the specificity of a-amylase inhibitor.
The inhibition spectra of inhibitors so far characterized are
remarkably variable and include some with the desirable
combination of activity against insect enzymes and inactiv-
ity towards mammalian enzymes [50]. Several different
classes of plant proteins have been shown to be insecticidal
towards a range of economically important insect pests
when tested in artificial diets or transgenic plants [15].
Possible environmental side effects of the transgenic
technology will thereby be minimized, helping to achieve
consumer acceptance for the transgenic crop.
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