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A cDNA clone, designated pUP-44, whose longest open reading frame codes for a protein that is homologous 
to the wheat a-amylase inhibitors, has been isolated from a library obtained from developing barley endosperm. 
The deduced sequence for the mature protein, which is 122 residues long, is preceded by a sequence of 30 residues 
which has the typical features of a signal peptide. A closely corresponding protein, designated BDAI-1, has been 
isolated from mature endosperm. BDAI-1 behaves as a dimer and inhibits the a-amylase from the insect Tenebrio 
molitor at concentrations that have no effect on salivary or pancreatic a-amylases. 

Proteinaceous inhibitors of proteinases and a-amylases are 
widespread in the plant kingdom, where quite a number of 
different types have been identified (see [1]). Although their 
possible physiological functions in the plant remain obscure, 
several Unes of evidence indícate that possibly a majority of 
them, which are active against heterologous enzymes, play a 
protective role against the attacks of animal predators, insects, 
fungi, bacteria and viruses. This circumstance justifies the 
current increased interest in these molecules as potential pro­
tective agents which are susceptible to genetic manipulation 
by recombinant-DNA techniques. 

A protein family that includes inhibitors of heterologous 
a-amylases and of trypsin is among those that have been more 
actively studied [1 —3]. Inhibitors of heterologous a-amylases 
were first described in wheat endosperm by Kneen and 
Sandstedt [4]. Fractionation of crude inhibitor preparations 
from wheat allowed the identification of monomeric, dimeric 
and tetrameric types, whose subunits are encoded by a single 
multi-gene family which is dispersed over several chromo-
somes [5 — 10]. Evidence for the three size-classes of a-amylase 
inhibitors in barley has been presented recently and only the 
tetrameric inhibitor has been studied in some detail [9]. Two 
trypsin inhibitors from barley have been also shown to be 
members of the same protein family [11-13]. We report here 
the characterization of a cDNA clone from barley and of a 
closely corresponding protein which has the expected proper-
ties of a dimeric inhibitor and is active against insect a-
amylases. 

MATERIALS AND METHODS 

Plant material 

Hordeum vulgare cv. Bomi was the gift of H. Dolí (Riso 
National Laboratory, Denmark). Developing endosperms 

were collected at approximately 20 days post-anthesis by 
mechanical extrusión into liquid nitrogen [14]. 

Re agents 

01igo(dT)-cellulose was obtained from Collaborative Re­
search. AMV reverse transcriptase was from Life Sciences 
Inc. Terminal transferase and S t nuclease were obtained from 
P-L Biochemicals. Restriction endonucleases and other en­
zymes were supplied by Boehringer or Amersham. [3SS]Cys-
teine, [a-32P]dATP and [y-32P]ATP were from Amersham. 

Construction and screening ofa cDNA library 
from developing barley endosperm 

A cDNA library was constructed from total RNA extract-
ed from barley endosperm at about 20 days after anthesis, 
according to published procedures [15, 16]. A coUecüon of 
about 104 independent colonies of Escherichia coli Mcl061, 
harbouring pBR322 plasmids with cDNA inserts at the Pst 
site, were identified by screening for ampicillin sensitivity and 
tetracycline resistance (Amp5 Tef). These colonies were 
further screened by hybridization with a radioactive single-
stranded cDNA (ss-cDNA) probé synthesized with AMV re­
verse transcriptase, using as témplate a fraction of poly(A)-
rich RNA enriched for mRNAs encoding this protein family, 
which was obtained by density-gradient ultracentrifugation 
[15 — 17]. Clones resulting from this preliminary screening 
were subjected to two rounds of hybrid-release translation: 
first in pools of five clones and then as individual clones [16]. 
The method of Maxam and Gilbert [18] was used for DNA 
sequencing of appropriate subclones in plasmids pUC-12 or 
pUC-13 [19]. 

Protein purification and characterization 

A crude inhibitor preparation was obtained as previously 
described [9]: ground endosperm from Hordeum vulgare cv. 
Bomi was extracted with 150 mM NaCl, and the extract was 
precipitated with 50% saturated (NH4)2S04, suspended in 



to inactivate endogenous amylases and assayed for their in-
hibitory activities against a-amylases from the larvae of the 
insect Tenebrio molitor. 

Isolation ofthe barley dimeric a-amylase inhibitor (BDAI-
1) was performed by preparative HPLC ofthe Sephadex G-
100 dimeric inhibitors fraction (Nucleosil 300-5 C4, particle 
size 5 um, 250 x 8-mm column; elution with a linear gradient 
10 — 85% acetonitrile in 0.1% trifluoroacetic acid, at a flow 
of 0.5 ml/min). Association of BDAI-1 protein was analyzed 
by HPLC gel filtration on Spherogel TSK-G 300 SWG (50 ug 
purified protein inserted; elution with 0.1 M sodium phos-
phate buffer, pH 7.0; flow of 0.5 ml/min, 300x21.5-mm 
column), using as standards a monomeric and a dimeric in­
hibitor from wheat endosperm, isolated as in [8]. 

SDS-PAGE gel electrophoresis was performed according 
to Laemmli [20], and two-dimensional electrophoresis and 
isoelectrofocusing (pH4 —9) starch gel electrophoresis 
(pH 3.2) were carried out as in [9]. 

Inhibition of a-amylases was tested as in a previous report 
[13]. Hydrolysis and performic acid oxidation of purified 
BDA-1 protein were carried out as described [21, 22]. Amino 
acid analyses were carried out on a HPLC Beckman system. 

RESULTS 

Characierization ofa cDNA clone 
encoding a putative a-amylase inhibitor 

Following a previously described strategy [16] a cDNA 
clone (pUP-44) corresponding to a member of the family 
of trypsin/a-amylase inhibitors from barley endosperm was 
identified by hybrid-selected translation as shown in Fig. 1. 
DNA from this clone selected a mRNA that encoded a protein 

32 
TA ATC AAA AAT AAC CGA TAA TAT TTC TTA AGC 

98 
CGA ATA TCC ABC TTT 6AA SAT AAE CAT ATA A6C AAC TGfl TTA ASA TAE TA6 TAS ATE GGA 

I R 
AT6 GGA 6CA ATG T66 ATS AAS ASC AT6 TT6 TTB ST6 CTC CTS CTA TGC ATS CTC ATS 6T6 

|H»t 61y A U Wat Trp Nat Lya Eir Hit L m L n V i l L n I n L n Cya tWt Lau fíat Val 
i LEADER 

212 
ACTCCAAT6ACGGGC6CACG6AGT6ATAACASTGGCCCTTG6AT6T66T6TGATCCT6A6 
Thr Pro fWt Thr Gly Ala Arg Bar Aap AanISar 61y Pro Trp Itat Trp Cya Aap Pro 61 u 
81 hWTuTC PROTEIN 

272 
ATSG6CCACAAS6TGAGCCC6CTCACSCSCT6CCGA6CATT66TBAAB(rn:GAGTGT6T6 
Hat Gly Hia Lya Val Sar Pro Lau Thr Arg Cya Arg Ala Lau Val Lya Lau Glu Cya Val 
41 

332 
GGCAACCG66T6CCCGAEGATGTCCTAAGA6ACTGCTGCCA66A66TB6CCAACATCA6C 
Bly Aan Arg Val Pro Glu Aap Val Lau Arg Aap Cya Cya Gln Glu Val Ala Aan l i a Gar 
61 

392 
AAC6ASTG6TGCAGGT6C6GC6ACCTCGGCAGCAT6CT6CSCAGC6T6TAT6CG6CGCTC 
Aan Glu Trp Cya Arg Cya Bly Aap Lau Gly Bar Hat Lau Arg Sar Val Tyr Ala Ala Lau 
Bl 

«32 
6GC6TG6G6GGC66ACC66A66AG6TGTTCCC6GGTT6CCAGAA6 6AT6T6AT6AA6CTC 
61y Val 61 y Gly 61y Pro 61u Glu Val Pha Pro 61y Cya Gln Lya Asp Val Nat Lya Lau 
101 

312 
TT66TT6CAB6C6T6CCTGCGCTCTGCAAT6TCCCCATTCCCAACGAS6CG6CAGGCACC 
Lau Val Ala 61 y Val Pro Ala Lau Cya Aan Val Pro l i a Pro Aan 61u Ala Ala 61 y Thr 
121 

978 
ABA 666 6TC T6C TAC TGS TCA 6C6 TCT AC6 6AC ACC TAB TCA ABC GAT TAT TAT 6CT TTT 
Arg 61y Val Cya Tyr Trp Bar Ala Sar Thr Aap Thr tar 
l<tl 

632 
TTA ATA ATT T6T GTG STB T6T GTG TGC GCG CAC AAS ATS AAT AAA ATG AAA TAA TGS TGT 

Poly A 
661 

ATC TGC CTA TGC 6AC GCA T6C 6TC ATG TA 

Fig. 2. Nucleotide sequence ofthe cDNA inserí in clone pUP-44 and deduced amino acid sequence ofthe longest open reading frame. N termináis 
of the leader sequence and of the mature protein, as well as the polyadenylation signal (Poly A) are indicated 

water, dialyzed and lyophihzed. Preparative gel filtration 
under non-dissociating conditions was carried out on a 
Sephadex G-100 (85x2.5-cm column) using 100 mM am-
monium acétate (pH 6.8) as elution buffer. Appropriate ali-
quots of the eluted fractions were heated for 40 min at 60 °C 

BDAI-1 

Fig. 1. Translation ofmRNA selected by DNA of clone pUP-44. SDS-
PAGE and fluorography of translation producís obtained in the 
wheat-germ system as in [17] (1), no RNA; (2) poly(A)-rich RNA; 
(3) mRNA selected by DNA of clone pUP-44. [35S]Cysteine was used 
as labelled amino acid. Reference proteins were ovalbumin (45 kDa), 
chymotrypsinogen (25 kDa), myoglobin (17 kDa), and cytochrome c 
(12.3 kDa) 
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Table 1. Comparison ofthe omino acid analysis ofprotein BDAI-l with 
the amino acid composition predictedfor the matare protein encoded by 
the inserí in clonepUP-44 
The index of relative compositional differences (RCD) for the binary 
comparison is that of Cornish-Bowden [25] as modified in [26]. Trp 
was not analyzed and not included in the RCD calculation 

Amino acid 

Lys 
His 
Arg 
Asx 
Thr 
Ser 
Glx 
Pro 
Gly 
Ala 
Val 
lh Cys 
Met 
He 
Leu 
Tyr 
Phe 
Trp 

RCD 

BDAI-l 

experimental 

5.6 
1.3 
6.5 

10.6 
4.5 
6.1 

12.0 
9.2 

12.4 
10.6 
11.0 
10.8 
1.9 
2.4 
9.3 
2.4 
1.4 

nearest 
integer 

6 
1 
7 

11 
5 
6 

12 
9 

12 
11 
11 
11 
2 
2 
9 
2 
1 

pUP-44 

4 
1 
7 

11 
4 
7 

10 
9 

13 
9 

14 
10 
4 
2 

10 
2 
1 
4 

0.30 

Fig. 3. (A) Alignment ofthe sequence deducedfrom clone pUP-44 with 
those ofthe 0.28 monomeric inhibitor [6] and the 0.19 and 0.53 dimeric 
inhibitors [7] from wheat. (B) Comparison ofthe calculated hydro-
pathy profúes of the four sequences (Microgenie program, Beckman) 

Table 2. Inhibitory activity of BDAI-l against a-amy lases from differ-
ent sources 
A crude mixture of barley dimeric inhibitors, obtained by ge! fíltration 
as indicated in Fig. 4, and the wheat dimeric 0.19 inhibitor were used 
for comparison 

Inhibitor Amount Inhibition of a-amylase 

insect salivary pancreatic 

Hg % 

BDAI-l 

Barley mix 
Wheat 0.19 

5 
10 
25 

5 

21 
35 
93 
76 

0 
0 

80 
95 

0 
0 
-
— 

which was effíciently labeled with [35S]cysteine, had an appar-
ent M, within the range observed for the precursors of these 
inhibitors [17], and gave a weak antigenic reaction with anti-
bodies raised against a mixture of several components of this 
protein family (not shown). The longest open reading frame 
in the nucleotide sequence ofthe insert in clone pUP-44 coded 
for a protein whose N-terminal sequence had the typical fea-
tures of a signal peptide and was followed by the sequence of 
a putative mature protein which was clearly homologous to 
previously described members of the family of trypsin/a-
amylase inhibitors from cereal endosperm (Fig. 2). There were 
several Met codons upstream from the sequence encoding the 
hydrophobic core of the leader peptide, the second of these 
codons was compatible with the rules deduced by Kozak [23] 
and was therefore the most likely initiator. Four potential 
cleavage sites were identified for the leader sequence following 
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Fig. 4. Purification ofprotein BDAI-1. (A) Gel filtration on Sephadex G-100 of a crude inhibitor preparation obtained by precipitation with 
50% (NH4)2S04 of a 150 mM NaCl extract from mature endosperm of barley cv. Bomi. The crude inhibitor (450 mg) was applied to a 
85 x 2.5-cm column and eluted with 100 mM ammonium acétate, pH 6.8, at 25 ml/h. Bovine serum albumin (67 kDa), ovalbumin (45 kDa), 
chymotrypsinogen (25 kDa), and cytochrome c (12.3 kDa) were used to calíbrate the column. The fraction indicated by shadcd área was used 
for subsequent purification steps. (B, C) Two-dimensional electrophoresis of crude inhibitor preparation and of purified BDAI-1. (D) SDS-
PAGE of (1) crude inhibitor preparation and (2) purified BDAI-1. Reference proteins as in Fig. 1 
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Fig. 5. Self-association ofprotein BDAI-1. HPLC molecular filtration 
on a Spherogel TSK-G 300 SWG column of the following samples 
(50 ug each): (A) Protein BDAI-1; (B) dimeric wheat inhibitor [9); 
(C) monomeric wheat inhibitor [9]. Peaks correspond to (d) dimeric 
and (m) monomeric forms 

the criteria of von Heijne [24]. One of them, albeit that with 
the lowest probability, would genérate a mature protein with 
an N-terminal amino acid sequence which was idéntica! to 
that of the monomeric and dimeric a-amylase inhibitors from 

wheat. The deduced amino acid sequence has been aligned 
with those of the two types of a-amylase inhibitors, and their 
hydropathy profiles ha ve been compared in Fig. 3. 

Isolation and characterization ofa dimeric a.-amylase inhibitor 

In the course ofa systematic charcterization of monomeric 
and dimeric a-amylase inhibitors from barley, a protein was 
isolated which closely corresponded to that encoded by clone 
pUP-44. This protein, which before full identification was 
labeled CMb' [1], is now designated BDAI-1. A crude inhibi­
tor preparation, obtained by salt extraction and (NH4)2S04 

precipitation, was subjected to gel filtration as indicated in 
Fig. 4A. The gel-filtration, which approximately correspond­
ed to the dimeric inhibitors, was subjected to HPLC on a 
reverse-phase column, yielding 12 major and several minor 
peaks (not shown). Amino acid analysis of the purified 
components of this fraction was carried out, and the compo-
sition of component BDAI-1, eluting at 32% acetonitrile, did 
not differ significantly from that deduced from clone pUP-
44, as their compositional divergence index was not higher 



Table 3. Binary comparisons (homology) of the protein corresponding to clone pUP-44 with members of the cereal a-amylase/trypsin inhibitor 
family 

Species Proteins Ref. pUP-44 0.53 0.19 0.28 CMe RBI MTI pUP-13 

Barley 
Wheat 

Barley 
Ragi 
Maize 
Barley 

pUP-44 
0.53 
0.19 
0.28 
CMe 
RBI 
MTI 
pUP-13 

[7] 
[7] 
[6] 
[27] 
[28] 
[29] 
[16] 

48 48 
94 

65 
58 
56 

23 
28 
30 
25 

26 
29 
29 
30 
56 

26 
30 
30 
29 
51 
64 

22 
22 
23 
23 
36 
34 
38 

than that expected for two purification batches of the same 
protein (Table 1). Protein BDAI-1 was found specifically to 
inhibit the a-amylase from the insect Tenebrio molitor 
(Table 2). A protein with identical characteristics to BDAI-1 
has been isolated by preparative HPLC of the total salt extract 
from barley endosperm and found to have an N-terminal 
sequence which is identical to that deduced for BDAI-1 from 
the cDNA clone in at least 21 out of 23 positions sequenced 
(D. Barber and E. Méndez, unpublished results). The ability 
of BDAI-1 to form dimers was demonstrated by subjecting 
the purified protein to gel filtration under non-dissociating 
conditions on a HPLC column, using wheat monomeric and 
dimeric inhibitors as controls (Fig. 5). In the case of proteins 
BDAI-1 and the wheat dimeric inhibitor, aliquots of the two 
peaks (m and d in Fig. 5) were analyzed by SDS-PAGE and 
the same protein band was observed in each case (not shown). 
On the other hand, when the crude inhibitor preparation was 
fractionated using non-dissociating conditions in the 
electrofocusing step of the two-dimensional electrophoretic 
procedure (i.e. 6 M urea omitted), no other component of the 
extract comigrated with BDAI-1 in the first dimensión (not 
shown). 

such an association by a two-dimensional electrophoretic pro­
cedure that does detect the interaction between subunits of 
the tetrameric inhibitors [9]. The fact that BDAI-1 is able to 
self-associate, to an extent similar to the wheat 0.19 dimeric 
inhibitor, lends further support to the idea that it is a 
homodimer in its native state. Although the amino acid se­
quence of BDAI-1 is closer to that of the monomeric wheat 
inhibitor than to those of the dimeric ones (Table 3), 
secondary-structure predictions (not shown) and, especially, 
their hydropathy profiles (Fig. 3B) are quite divergent, and 
BDAI-1 has a C-terminal half which is quite hydrophobic and 
probably determines its self-association. 

The insect a-amylase is inhibited by BDAI-1 at concen-
trations that have no effect on salivary or pancreatic a-
amylases, whereas the gel-filtration fraction that corresponds 
to the dimeric inhibitors (Fig. 4) is active against both the 
insect and the human enzymes, which means that other 
dimeric inhibitors with specificities different from that of 
BDAI-1 must be present in this fraction. Isolation and 
characterization of these inhibitors is in progress. 

Technical assistance from C. Rojas, J. García and D. Lamoneda, 
and grant 85-0193 from the Comisión Asesora de Investigación 
Científica y Técnica are gratefully acknowledged. 

DISCUSSION 

The product of in vitro synthesis encoded by the mRNA 
selected by the DNA of clone pUP-44 has an apparent molec­
ular mass that is about 3 kDa greater than that of the putative 
mature protein (Figs 1 and 4), which is in agreement with 
previous evidence that members of the family of a-amylase/ 
trypsin inhibitors are synthesized as precursors by membrane-
bound polysomes [16, 17] and is consistent with the amino 
acid sequence deduced from the nucleotide sequence of the 
insert in clone pUP-44 (Fig. 2), where the mature protein is 
preceded by a typical 'leader' sequence of 30 amino acid 
residues. 

The sequence deduced from clone pUP-44 encodes a pro­
tein that is more closely related to the wheat monomeric and 
dimeric a-amylase inhibitors than to the trypsin inhibitors 
from barley and maize or to the bifunctional inhibitor from 
ragi (Table 3). 

Protein BDAI-1 is identical or very closely related to that 
encoded by clone pUP-44 on the basis of its amino acid 
composition and N-terminal sequence. The protein is re-
covered as a dimer after gel filtration on Sephadex G-100 of a 
crude inhibitor extract, where it does not seem to be associated 
with other components, as judged from our failure to detect 
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