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A cDNA library, prepared from developing barley endosperm, was screened for thionin recombinants. Clone 
pTHl was that with the largest insert out of three identified. The longest reading frame in the 610-base-pair insert 
codes for a protein of 127 amino acids that includes an internal sequence of 45 amino acids, which is identical to 
that obtained for the a-hordothionin by direct protein sequencing. The deduced thionin sequence is preceded by 
a leader sequence of 18 residues and followed by a sequence that corresponds to an acidic protein of 64 amino 
acids. This structure supports previous evidence indicating that thionin is synthesized as a much larger precursor, 
which undergoes two processing steps: the cotranslational cleavage of a leader sequence and the post-translational 
one of a larger peptide. The size of the mRNA was estimated to be about 950 bases by Northern analysis. Thionin 
concentration in mature endosperm of barley cv. Bomi was about twice that of its high-lysine mutant Riso 1508. 
The same difference was observed in thionin mRNA in the corresponding developing endosperms, indicating that 
gene expression is partially blocked in the mutant at a pretranslational level. 

Thionins are cereal proteins of molecular mass « 5000 Da 
with high lysine and cystine contents, which belong to a 
homology group that also includes the viscotoxins from the 
mistletoes (Loranthaceae) and crambin from the abyssinian 
cabbage (Cruciferae). Extensive structural studies have been 
carried out with this group of proteins: many members of the 
group have been sequenced [1 —8], detailed XH NMR spectra 
at 600 MHz have been obtained for crambin and barley 
thionins [9], and the crystal structure of crambin has been 
determined by X-ray diffraction to a resolution of 0.088 nm, 
the highest to date for any protein [10]. The thionins of cereal 
endosperm are of interest because they are lysine-rich proteins 
in a lysine-deficient tissue, which is the main world-wide edible 
plant product, and because, although orally innocuous, they 
are toxic to laboratory animáis (intraperitoneally), cultured 
mammalian cells, yeasts and phytopathogenic bacteria (for a 
review see [11]). 

Gcnctic and biochemical studies have shown that in hexa-
ploid wheat (Triticum aestivum L.) and in rye (Sécale cereale 
L.) there is one thionin variant per diploid genome [12, 13], 
whereas in diploid barley (Hordeum vulgate L.) there is evi
dence for at least a major and a minor component, respectively 
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Enzymes (IUB Recommendations, 1984). Terminal transferase 
(EC 2.7.7.31); SI nuclease (EC 3.1.30.1); DNA pol I (EC 2.7.7.7); 
Klenow fragment (EC 2.7.7.7); DNase (EC 3.1.21.1); RNases 
(EC 3.1.27.5); T4 DNA ligase (EC 6.5.1.1); AMV reverse tran-
scriptase (EC 2.7.7.49); restriction enzymes Pstl, BamHl, Haelll, 
Alul (EC 3.1.24.4): trypsin (EC 3.4.21.4). 

designated a and /?-hordothionin, which are not separated 
from each other by electrophoresis [9, 14]. Recent evidence 
from our laboratory shows that barley thionins are synthe
sized by membrane-bound polysomes as much larger pre-
cursors that are processed in two steps; the fírst one is presum-
ably cotranslational and the second one is post-translational 
[14]. We have now obtained a cDNA clone that encodes the 
precursor of a-hordothionin and have investigated the effect 
of a high-lysine mutation (Riso 1508) on the expression of the 
corresponding gene. 

MATERIALS AND METHODS 

Biological material 

Hordeum vulgare cv. Bomi and its mutant Riso 1508 were 
the kind gift of H. Dolí (Riso National Laboratory, 
Denmark). Endosperms were collected at 20 days after 
anthesis by mechanical extrusión into liquid nitrogen, using 
the device designed by O'Dell and Thompson [15]. 

Reagents 

The wheat germ cell-free translation system was prepared 
by us from commercial wheat germ (General Mills, USA) 
as previously described [14]. 01igo(dT)-cellulose was from 
Collaborative Research; terminal transferase and SI nuclease 
were from P-L Biochemicals. Restriction endonucleases, 
DNA pol I, Klenow fragment, DNase, RNases, T4 DNA 
ligase etc. were from Boehringer, Amersham, New England 
Bio-Labs or Bethesda Research Laboratory, and avian 
myeloblastosis virus reverse transcriptase was from Life 
Sciences Inc. [35S]Cysteine, 900 Ci/mmol, was from New 
England Nuclear. [a-32P]dATP, 400 Ci/mmol, and [y-32P]-
ATP, 3000 Ci/mmol, were from Amersham. 



Fig. 1, Electrophoresis (pH 3.2) and Jluorography of producís obtained 
by hvhrid-sclccicd translation. T. thionin precursor immunoprecip-
¡tated from (ranslation producís oí" total poly(A)-rich RNA. P, trans
lation product from RNA selected by paper-bound DNA from a pool 
offive clones. 1 —5, second round of hybrid-selected translation with 
the individual clones of the previous pool. The positive is that of clone 
pTHl 

Purification ofmRNA and'm vitro translation 

Total polysomal RNA. membrane-bound polysomal 
RNA and poly(A)-rich RNA were prepared as described [14]. 
Gradient centrifugation of RNA was also carried out as 
before. except that CH3HgOH was included. Gradient 
fractions were analysed by in vitro translation, using 
[35S]cysteine, followed by immunoprecipitation of produets, 
electrophoresis at pH 3.2, under reducing conditions and 
íluorography, as previously reponed [14]. 

Construction andanalysis of a cDNA bank 

Total polysomal RNA from developing barley endosperm 
(cv. Bomi) was the source of poly(A)-rich RNA used as the 
témplate for synthesis of cDNA. After double-strand cDNA 
synthesis with the Klenow fragment and treatment with SI 
nuclease, dscDNA was size-fractionated by preparative 
electrophoresis in low-melting agarose; dscDNA of more than 
350 base pairs, purified by the method of Langridge et al. [16], 
was used for homopolymeric tailing [poly(G)/poly(C)] and 
cloning in the Pstl site of pBR322. Cells of Escherichia coli 
strain Me 1061, made competent by the CaCl2 procedure, were 
transformed with the recombinant plasmid and selected for 
tetraeyeline resistance. About 104 colonies were obtained 
from approximately 300 ng doubie-stranded cDNA. 

Colony hybridization was carried out according to 
Grunstein and Hogness [17]. Probes were prepared by 
synthesis of radioactive sscDNA by reverse transcription, 
using selected ultracentrifugation RNA fractions as tem-
plates. 

Hybrid-selected translation 

Plasmid DNA was covalently bound to diazobenzyl-
oxymethyl paper [18]. Filters were incubated in the hybridiza
tion buffer (50% formamide, 800 mM NaCl, 100 mM Tris/ 
HC1, pH 7.5, 2 mM EDTA, 0.4% sodium dodecyl sulphate 
(SDS) 2mg/ml yeast tRNA) for 1 h at 37 C before adding 
total polysomal RNA (100-500 ug/ml) and further incuba-
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Fig. 2. Restrietion map, sequencing strategy and complete nucleotide 
sequence of the cDNA insert in clone pTHl, with deduced amino acid 
sequence of the longest open readingframe. The d(G-C) tails are ex-
cluded. Nucleotides are numbered from the 5' end starting with those 
encoding the initial methionine. Amino acids are numbered from 
the N terminal. Presumed polyadenylation signáis are indicated as 
underlined 'Poly A'. The sequence of mature a-hordothionin begins 
at nucleotide 55 (indicated as TH) and ends at nucleotide 190. The 
beginning of the sequence corresponding to the putative acidic protein 
is at nucleotide 191 (indicated as AP) 

tion for 1 h at 37°C. After repeated washings with incubation 
buffer, the filters are washed with the same buffer at 150 mM 
NaCl, and the selected mRNA was finally released with buffer 
without salt, heating for 5 min at 100°C and rapidly cooling 
at 0°C. In vitro translation was carried out as indicated 
above. 

Restrietion maps and DNA sequencing 

Restrietion maps were carried out by standard techniques 
[19] and DNA sequencing was according to Maxam and 
Gilbert [20] with minor modifications. Each of the two Pstl 
fragments from the insert in clone pTHl were subcloned into 
the Pstl site of plasmid pUC12 [21] and sequenced from 
both ends. The bigger fragment was also sequenced from the 
internal BamUl site. 

RNA electrophoresis, Northern and dot blots 

Polysomal and total RNA from 20-day developing barley 
endosperms from cultivars Bomi and Riso 1508, obtained as 
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Fig. 3. Characteristics of the v.-hordothionin precursor. Top, hydropathy profile calculated according to Kyte and Doolittle [35] with a span of 
seven positions. Middle, secondary structure prediction as indicated by Chou and Fasman [36]: a, a helix; /?, /? sheet, /?t, /J turn. The stretch 
marked with a star (*) was not predicted by the above raethod but assumed by comparison with the crystalline structure of crambin [10]. 
Bottom, charge and cysteine (circled S) distribution along the precursor molecule 

described [14], were denatured by heating for 60 min at 50 °C 
in 1 M glyoxal, 10 mM phosphate (pH 7) and quickly chilling 
[22]. Electrophoresis was in 1.1% agarose gels at 90 V for 5 h 
in 10 mM NaH2P04., pH 7. After electrophoresis, the gels 
were blotted directly into nitrocellulose in 20 x SSC. Filters 
were treated in 20 mM Tris, pH 8, for 5 min at 100°C and 
prehybridized, hybridized etc. as described for RNA dot 
blots. 

RNAs for dot blots were serially diluted in the same 
glyoxal/phosphate solution used for denaturation. Yeast 
RNA was spotted in the same amounts as the barley RNAs 
as a negative hybridization control. Spots were of 8, 4, 2 and 
1 ug RNA respectively, all of them in a final volume of 8 u l 
The nitrocellulose filters were previously equilibrated in 
20 x SSC and air dried. After spotting, filters were baked 
at 80°C for 2 h . Prehybridization was at 42 °C in 50% 
formamide, 5 x SET (0.6 M NaCl, 8 mM EDTA, 0.15 M Tris/ 
HC1, pH7.8), lOxDenhardt's [23], 0.1% SDS, 0.1% 
pyrophosphate, 250 ug/ml sonicated and denatured salmón 
sperm DNA in 100 mM phosphate, pH 7. Hybridization was 
also at 42°C with 106cpm nick-translated pTHl probé in 
buffer similar to that used for prehybridization with the excep-
tion of 1 x Denhardt's. 

Filters were washed in 2 x SET, 0A x SDS, 0A % sodium 
pyrophosphate twice at room temperature and three more 
times at 60 °C for 30 min. 

RESULTS 

Screening of the cDNA bank 
from developing barley endosperm 

A bank of about 104 clones was obtained as described 
above and subjected to a preliminary screening. The fraction 
from sucrose gradient uftracentrifugation of poly(A)-rich 
RNA (membrane-bound polysomes), that included most of 
the messenger activity for the thionin precursor, was used to 
synthesize radioactive sscDNA. The collection was screened 
with this probé and about 12% oí the clones gave a positive 
signal. About 1/3 of these were discarded because they also 
hybridized with a second sscDNA probé prepared from high-
molecular-mass RNA. 

The identification of cDNA clones encoding the hordo-
thionin precursor, among those obtained from the preliminary 
screening, was carried out in two rounds of hybrid-selected 
translation: DNAs from pools of five clones were used for 
the hybridization in the first round, and clones from those 
pools that gave positive results were individualized for the 
second round (Fig. 1). Three clones were thus identified out 
of the first 25 that were processed. These clones selected a 
mRNA that upon in vitro translation yielded a protein of the 
same electrophoretic mobiiity as the hordothionin precursor 
and this protein was also recognized by monospecific anti
bodies raised against mature hordothionin (Fig. 1). 

Radia/ immunodiffusion 

Quantification of hordothionin in mature kernels of cv. 
Bomi and mutant Rise 1508 was carried out by radial 
immunodiffusion [24]. Monospecific antibodies were ob
tained as described [14] and purified hordothionin was used 
as standard. 

Characterization of clone p TH1 

All three clones had an insert with an internal Pstl site 
and that with the largest one, pTHl, was selected for further 
study. The restriction map, sequencing strategy and complete 
nucleotide sequence of the pTHl insert are presented in Fig. 2. 
The longest open reading frame in this sequence codes for a 
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Fig. 4. Northern hlot analysis of total polysomal RNA (10 \xg) from 
barley endosperms: 11) cv, Bomi, (2) mutant Riso ¡508. Hybridization 
was with a 550-base-pair Pstl-Pstl insert of clone pTHl. Molecular 
mass markers were RNAs from cucumber mosaic virus (gift of 
F. Garcia-Arcnal) 

protein of 127 amino acids that includes an internal sequence 
of 45 amino acids, which is identical with that obtained by 
Ozaki et al. [7] for hordothionin II (a-hordothionin) by direct 
protein sequencing, and differs at three positions from that 
proposed for the same protein by Mak [3]. The thionin se
quence is preceded by that of a putative signal peptide of 
18 amino acids and followed by a sequence that would corre-
spond to an acidic protein with 64 amino acids. The 
hydropathy profile, secondary structure predictions and the 
distribution of charges and cysteines of the hordothionin pre
cursor are schematically represented in Fig. 3. A Northern 
blot of total polysomal RNA from developing endosperm, 
using the pTHl insert as a probé, is shown in Fig. 4. A size 
of about 950 bases was thus estimated for the thionin 
mRNA. 
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Fig. 5. (A) Quantification of hordothionin by radial immunodiffusion 
in the mature endosperms of Bomi barley and its high-lysine mutant 
Riso 1508. Monospecific antibodies raised against mature thionin were 
used. Purified protein was used as standard. (B) Quantification of 
relative hordothionin mRNA levéis in developing endosperms (20 days 
after anthesis) of Bomi and Riso 1508 by dot-blot hybridization, auto-
radiography and densitometry. The amounts of RNA (about 8 ug for 
dilution 1) in the two samples correspond to the same fresh weight of 
endosperm 

Hordothionin in Bomi barley 
and in its high-lysine mutant Riso 1508 

Hordothionin was quantiñed by radial immunodiffusion, 
using monospecific antibodies raised against the purified pro
tein, both in cv. Bomi barley and in its high-lysine mutant 
Riso 1508, as shown in Fig. 5 A. The net amount of this 
protein accumulated in the mature kernel in the wild-type 
Bomi is about twice that in the mutant. Total RNA was 
extracted from developing endosperms of Bomi and Riso 1508 
collected at 20 days after anthesis and the relative levéis of 
hordothionin messengers were estimated by dot hybridization 
and densitometry, using a radioactive probé obtained by nick-
translation of the pTHl insert (Fig. 5B). The level of thionin 
mRNA was also about twice as high in Bomi. 

DISCUSSION 

Two types of thionin precursors, THP1 and THP2, have 
been previously identified in vitfo and in vivo, respectively, 
using monospecific antibodies raised against the mature pro
tein [14]. The two precursors differed in apparent size by about 

400 Da as judged by SDS electrophoresis, and in electro-
phoretic mobility at acid pH, but both of them were much 
larger than the final protein. The cotranslational conversión 
of THP1 into THP2 was proposed on the basis of our failure 
to detect THP1 in vivo, whereas the conversión of THP2 into 
mature protein was clearly shown in a pulse-chase experiment. 
The structure of the cloned cDNA fits well with the above 
fínding: THP1 and THP2 would differ by the 18 amino 
acids of the putative signal peptide, which would be co-
translationally excised, while in the second processing step the 
C-terminal acidic peptide would be separated. It is true that 
the size of the leader sequence was underestimated, but in 
proteins with peculiar charge distributions, such as that shown 
in Fig. 3, deviant behaviour in SDS electrophoresis is to be 
expected. The stretch of 18 amino acids preceding the N-
terminal lysine of hordothionin has the hydrophobic core, 
which is characteristic of leader sequences, and the cleavage 
site is that with the highest probability according to Heijne 
[25]. However, it is unusual in that there is no charged amino 
acid cióse to the initial methionine, a feature that is only 
shared by two other known leader sequences, both of which 



correspond to plant proteins that are post-translationally pro-
cessed, taumatin and vicilin [26, 27]. This lack ofcharge might 
be also related to the fact that hordothionin ends up externally 
associated with membrane structures and is not accumulated 
in protein bodies [14]. 

The sequence of a-hordothionin found by Ozaki et al. [7] 
differed from that proposed by Mak [3] at positions 36, 38 
and 41 , and had been thought to be in error by Lecomte et 
al. [9]. Our present results fully support those of Ozaki et al. 
[7] and imply that the assignment of *H N M R signáis reported 
by Lecomte et al. [9] might have to be revised. 

We have repeatedly at tempted, without success, to identify 
a small acidic protein with the characteristics expected from 
the sequence starting at the C-terminal of hordothionin, using 
gel filtration, preparative electrophoresis at alkaline pH and 
high-performance liquid chromatography, so it is uncertain 
whether such a peptide does accumulate in endosperm. We 
have no information concerning the untranslated 5' end of 
the m R N A , whereas the untranslated 3' end includes the 
following characteristics: two stop signáis in tándem, a feature 
that is shared with vicilin m R N A [27] and is also present in 
B hordein m R N A [28]; two canonical d(AATAAA) poly-
adenylation signáis, at — 30 and — 110 from the poly(A) tract, 
and a length of 177 bases, with a slight excess of dA + dT 
with respect to the coding región (59% versus 50%) . N o 
peculiar trait in codon usage seems to be worth mentioning. 

Riso 1508 is a mutan t of cv. Bomi with an increased overall 
lysine content, due to a decrease of the lysine-poor hordein 
fraction and an enhancement of lysine-rich salt-soluble pro
teins and glutelins [29 — 31]. Our present results show that 
the synthesis of hordothionin, a lysine-rich protein of barley 
endosperm, is decreased in the mutant . The gene in Riso 1508 
(Iys3a), which is located in chromosome 7, seems to block 
not only the expression of genes encoding specific hordein 
components (B hordeins; < 1 % Lys), as reported by Shewry 
et al. [30], but also that of genes for proteins with intermediate 
or high lysine content, such as trypsin inhibitor C M e (1 .7% 
Lys [32]), Z protein ( 5 % Lys [33]) and /5-amylase ( 7 % Lys 
[34]). The lysine content of the mature thionin is very high 
( > 11%) and even if it is assumed that the acidic component 
of the precursor does accumulate at equimolar amounts , 
the overall lysine propor t ion would still be high (6.4%). 
The present evidence indicates that the expression of the 
hordothionin gene is also partially blocked at a pre-
translational level in mutan t Riso 1508. 
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