
Isolation and promoter characterization of barley 
gene ltr1 encoding trypsin inhibitor BTI-CMe: 

differential activity in wild-type and mutant lys3a 
endosperm 

Joaquín Royo, Is abe l Díaz , Pablo Rodriguez-Palenzuela a n d Pilar Carbonero 

Key words: endosperm protoplasts, gel retardation assay, gene cloning, promoter characterization, trans rcgulation, 
transient expression 

Abstract 

The gene ltr I , encoding trypsin inhibitor BTI-CMe, has been obtained from a genomic library of Hordeum vulgare 
L. The gene has no introns and presents in its 5'-upstream region 605 bp that are homologous to the long terminal 
repeats (LTR) of the 'copia-like' retro-transposon Bare-1. Functional analysis of the !tri promoter by transient 
expressíon in protoplasts deríved from different barley tíssues, has shown that in this system the /tri promoter 
retains its endosperm specifity and the trans-regulation mediated by the Lys3a gene. The proximal promoter 
extending 343 bp upstream of the translation initiation ATO codon is sufficient to confer full GUS expression and 
for endosperm specifity. In protoplasts derived from the lys3a mutant, Ris¡,;1508, GUS activity was less than 5% of 
that obtained with the same constructs in the protoplasts of wild-type Borní from which it derives. Gel retardation 
experiments, after incubation with proteins obtained from both types of endosperm nuclei. also show differential 
patterns. Possible reasons for these differences are discussed. 

lntroduction 

Trypsin inhibitor BTI-CMe from barley endosperm is 
encoded by the gene Itr I , which is expressed during 
the first half of endosperm development [31]. In the 
high lysine mutant Rís0 l 508, both the ltrl mRNA and 
the protein are present at <5% the levels found in its 
wild-type cv. Bomi [22, 31 ]. This mutation affects 
locus Lys3a on chromosome 5H [18]. The Lys3a locus 
also regulates in trans the activity of other barley 
endosperm-specific genes, including those encoding 
B- and C-hordeins, ,8-amylase and protein Z [ 1 , 8, 14, 
1 9, 20]. To understand the regulatory properties of the 
Lys3a gene it is of interest to characteríze the promoters 
of genes under its control. 

Functional analysis of genes from recalcitrant 
species can still not be achieved by stable transfor-

mation of these species with appropriate truncated 
promoter fusions. Although an increasing number of 
transformation protocoIs are being reported for cereals 
[2, 4, 42, 43], these are still difficult and time con-
suming. For this reason, monocotyledonous promoters 
have been often analysed in tobacco. Whereas tem
poral and spatial specificities were retained by sorne 
promoters in the alíen background [27, 30], abnor-
mal expression pattems have often been observed [7, 
1O, 28, 35]. An altemative approach is the transient 
transformation of homologous protoplasts, provided 
that reliable preparations can be readily obtained. This 
is the case of barley, where procedures for the repro-
ducible isolation of viable endosperm protoplasts and 
for their transfection have been recently developed [5, 
6. 23]. 

We report here cloning of !tri gene and the func-

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Datahases 
under the accession numher X65875. 



tional characterization of its promoter by transient 
expression in barley protoplasts, where it retains its 
two major features: endosperm specificity and Lys3a-
mediated expression. 

Materials and methods 

Plant material 

Barley (Hordeum vulgare) cv. Borní and its high-lysine 
mutant Ris01508 were germinated in the dark, vernal -
ized at 4 °C for four weeks and grown in greenhouse 
at 18 °C under constant illumination. 

Screening ofagenomic library 

A barley cv. Villa genomic DNA library in .AEMBL4 
[7] was screened by standard procedures [32] using 
the insert in the cDNA clone for trypsin inhibitor BTI-
CMe, .ACMe, as aprobé [31]. Prehybridization was at 
65 °C for 2 h, in 5x SSPE, 5x Denhardt's solution, 
0.1% SDS, 100 fjg/ml dextran sulphate and 100 fjglml 
salmón sperm DNA. Hybridization was done for 16 h 
at the same temperature. The membranes were washed 
twice with 2x SSPE, 0.1% SDS for l O m m a t room 
temperature, followed by washes at 65 °C with 1 x 
SSPE, 0 .1% SDS for 15 mm and 0.1 x SSPE, 0 .1% SDS 
for 10 min. One positive clone, . AgCMe, was selected 
for further study, and an appropriate subfragment of 
the insert in that clone was subcloned into pBluescript 
SK(-) vector. Series of overlapping fragments of the 
insert were prepared by exonuclease restriction and 
digestión with endonuclease III [32], and sequenced 
by the Sanger dideoxy-chain termination method [33]. 

PCR amplijication ofproximal promoters 

The proximal promoter regions of the Itrl gene in 
the barley cvs. Borní and Risül 1508 were obtained 
by PCR amplyfication using Taq polymerase, 250 ng 
of the corresponding genomic DNA prepared by 
the cetyl trimethyl ammonium bromide (CTAB) 
method [40] and 25 pmol of the oligonucleotides 5'-
ACTCATGCCAAGCACAC-3' (2088 to 2104 in 
.AgCMe, Fig. 1) and 5'-AGAATGGCGAGCATGAC-
3' (2446 to 2430 in .AgCME, Fig. 1). After 30 cycles 
of 1 mm at 94 °C, 1 mm at 55 °C and 1 mm at 72 °C, 
a unique product of 360 bp was obtained with both 
DNAs. This PCR-product was gel purified and cloned 

in the MI 3mp 18phage vector for nucleotide sequenc-
ing [32,33]. 

Primer extensión analysis 

A 17-mer synthetic oligonucleotide, 5'-AGAATGGC 
GAGCATGAC-3' (2446 to 2430 in .AgCMe, Fig. 1), 
complementary to the coding strand near the ATG-
translation initiation codon, was used to prime the 
reverse transcriptase reaction, using 5 ¡jg of poly(A)+ 
RNA which had been heated at 90 °C for 3 min and 
cooled down to room temperature during 30 min. Reac
tion conditions with reverse transcriptase were as pre-
viously described [32]. 

Plasmid constructsfor transient expression 

A series of Itrl promoter fragments were obtained 
spanning in its 3' end from the first HaelII restriction 
site afterthe ATG translation initiation codon (position 
2422 in .AgCMe, Fig. l ) t o the following restriction 
sites in their 5' ends: Salí for construct -2369, Kpnl 
for -1969, HaelII for -816; Sphl for -343 and Pvull 
for -83 (numbering refers to the distance to the trans
lation initiation codon, see Fig. 1). These fragments 
were subcloned into the Smal site of the polylinker in 
pHW9, a ,B-glucuronidase coding región (GUS) con-
taining plasmid, producing an in-phage fusión with the 
repórter gene [16]. 

Constracts - 2 8 9 , - 2 4 1 , - 2 1 1 , -179 and -1 13 
(Fig. 1) were prepared from the -343 by treatment 
with exonuclease III. The 5' ends of alithe constructs 
were established by DNA sequencing [33]. 

Transient gene expression in protoplasts 

Protoplasts were isolated from developing endosperm 
( 10-15 days after pollination, dap), mature aleurone, 
young leaves and roots from barley cvs. Borní and 
Ris01508, following procedures developed in our lab 
[5, 6]. Plasmid DNA (30 ¡jg per 106 protoplasts) was 
transfected into endosperm and aleurone protoplasts, 
using the polyethylene glycol (PEG) method [6]. Pro
toplasts derived from leaves and roots were electro-
porated [5] with 20 ¡jg of plasmid DNA per 106 pro
toplasts, using a Electro Cell Manipulator 600 BTX 
(BTX electroporation system) at 625 V/cm (leaves: 
200 fjF, 10-15 ms; roots: 500 fjF, 20-25 ms). Trans
fected protoplasts were incubated for 22 h at 27 °C in 
the dark until sampling for GUS determination [16). 
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Fig. I. Nucleotide sequence of the barley /ir I gene (Sa/l-EcoRI restriction fragment of gcnomic clone ,\gCMe). The putative TATA box, ñanked 

by inverted rcpeats, and the polyadenylation signáis are boxed. The CAAAAT and CATCC motives are indicated with a double underline and 

a broken overlinc respectively. The endosperm-like motif in thc non-coding strand is indicated with a broken underline. Putative bZIP-binding 

sites in the proximal -343 promoter are underlined. The transcription start site is indicated with a downward arrowhead and the polyadenylation 

point with a vertical arrow. The 605 bp sequence homologous to the LTR of thc BARE-1 retroposon 1261 is in lowcr case and the two long 

repeats that follow are indicated with horizontal arrows over sequences in capitals. The wavy lines show the 24 bp element present also in ÜieAc 

transposable elemcnt of maize [29[. Bent arrows indicate 5'-end points of deletions for promoter function analysis. Selected direct and inverted 

repears in the proximal promoter región are indicated by horizontal arrows. Thc deduccd amino acid sequence, shown by single capital lctters 

below the translatcd nucleotide sequence, coincides with that reponed for thc cDNA [311. Various endonuclease restriction sites are indicated. 



Protein content was determined using the BioRad kit 
with bovine serum albumin as standard. 

Preparation of nuclear extracts 

Nuclei and nuclear extracts were prepared from devel
oping barley endosperms (10-15 dap) essentially 
as described by Luthe and Quatrano [24]. 5-10 g 
of frozen tissue ground in liquid N2 and homoge
nized at 4 °C for 15 min in nuclei extraction buffer 
(0.44 M sucrose, 2.5% Ficoll, 5.0% Dextran 40, 
25 mM Tris-HCI pH 7.6, 10 mM MgCl2 , 10 mM 2-
mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluo
ride (PMSF), 0.15 mM spermine, 0.5 mM spermidine 
and 0.5%) Triton X-100) followed by filtration through 
cheesecloth and a 64 fjrn nylon mesh, and centrifuga-
tion at 4000 x g for 5 min. The pellet was resuspend-
ed in nuclei extraction buffer without Triton X-100, 
Ficoll and Dextran 40, and was layered on a discon
tinuous Percoll gradient (80%, 60%, 40% w/v Percoll) 
over a 2 M sucrose cushion. After centrifugation at 
4000 x g for 30 min, the nuclei interface was washed 
in 1 mi of buffer (0.44 M sucrose, 25 mM Tris-HCI 
pH 7.6, lO mM MgCiz, 0.2 mM PMSF), centnfuged at 
4000 x g for 5 min and stored at -70 °C in the same 
buffer with 50%o glycerol. 

The stored nuclei were pelleted by centrifugation at 
4000 x g for lO min and resuspended in the lysis buffer 
described by Jensen et al. [17] for 2 h at 4 °C. Nuclear 
debris was removed by centrifugation (15 000 x g, 
15 min) and the supernatant dialysed for 2 h against 
buffer D (20 mM HEPES pH 7.9, 20% glycerol, 0.1 M 
KCI, 0.2 mM EDTA, 0.5 mM PMSF and 0.5 mM DTT, 
containing 2 fjglml of each of the following proteinase 
inhibitors: antipain, leupeptin, pepstatin A and apro-
tinin). Aliquots were frozen in liquid Nz and stored 
at -70 °C. Yields of about 7 fjg protein per gram of 
developing barley endosperm were obtained. 

Gel retardation assays 

The Itrl gene sequence spanning from the restriction 
sitesSphl at position -343 andHaelll atpostion +30 
(see Fig. 1) was digested with Sspl and Pvull and 
the three resulting fragments were end-labelled with 
(a32P)ATP using the Klenow enzyme and purified from 
6%polyacrylamide gels. 0.2-0.5/jg of labelled DNA 
(50 000 cpm) were incubated with 15 fjg of nuclear 
extracts and 1 fjg poly dl/dC as a non-specific com
petitor, in 30 ul of binding buffer containing lO mM 
Tris-HCI pH 7.5, 50 mM NaCI, 1 mM DTT, 1 mM 

EDTA, 5%o glycerol. Reaction mixtures were incubat
ed for 30 min at 25 °C and analysed after 4%o polyacry-
lamide gel electrophoresis and autoradiography. Com
petition assays were carried out with the appropriate 
unlabelled DNA fragments [38, 39]. 

Results 

Isolation and sequence of the ltrl gene 

The screening of a genomic library from barley cv. 
Villa, in the ,\EMBL4 vector, using BTI-CMe cDNA 
as a probe [31], gave a positive recombinant phage, 
,\gCMe, with an insert of about 15 kb. A Sall/EcoRI 
interna) fragment of ca. 3 kb from this insert that 
hybridized with the probe was sequenced. As shown 
in Fig. 1, this fragment contained the entire coding 
and 3'-untranslated regions of the gene and 2369 bp 
upstream of the translation initiation codon. The gene 
has no introns and the coding sequence is identical to 
its corresponding cDNA [31]. The TATA box (at posi
tion -60) is flanked by inverted repeats, TCACAT. 
One of these repeats is part of an 11 bp motif, TTCA-
CATTTCA, which is located in an equivalent position 
in the protein Z gene [1]. Sequences resembling the 
CATC box of prolamine promoters [9, 36] are found 
at positions -134 and -201. The CAAAAT motif at 
position -155 appears also in the barley B-hordein 
and protein Z promoters [1 ,9 , 14, 19], as well as in 
those of Opaque 2 and zein genes from maize [ lO, 
11, 25, 41]. Motif AATGCAAAA, which is related 
to the canonical endosperm box [36], is present in the 
non-coding strand between positions -228 and -236. 
Severa) potential binding sites for transcription factors 
of the bZIP class [15] are present up to position -343 
(see Fig. 1). 

There are two long repeats (88%) identical) of 
approximately 660 bp each, separated by 93 bp, 
upstream of position -343. Each repeat includes two 
copies of a 24 bp element (wavy lines in Fig. 1) that is 
present also in the 3'-untranslated region of the Ac 
transposable element of maize [21, 29]. About 40 
copies of the repeat are dispersed throughout the barley 
genome (data not shown). Additionally, just upstream 
of the two direct repeats, there is a 605 bp region that is 
homologous (ca. 90%o identical nucleotides) to the 5' 
terminus of the long terminal repeat (LTR) from barley 
retrotransposon BARE-1 [26]. 



Table 1. Average GUS specific activity on barley protoplasts derived from 
developing endosperms, aleurone. Jeaves and roots ofcv. Bomi, transientlv 
transfected with chimeric constructs derived from the ItrJ promoter fused 
to the /^-glucuronidase reporter gene1 • 

Contructs Endosperm Aleurone Leaves' Roots-' 

- 2 3 6 9 

- 8 3 

35S 

316 ± 6 1 

55.6 ± 9.7 

776 ± 125 

1.3 ± 0.3 

7.3 ±2.4 

1 85 ± 66 

8 0 ± 1.3 

15.1 ±4 .0 

827 ± 172 

6.5 ± 0 . 9 

3.8 ± 1.1 

409 ± 46 

1 Data are the average values of three different experiments (with their 
tandard deviations) expressed as pmol 4-MU per minute per mg protein. 

-Transfected by the PEG method. 
'Transfected by electroporation. 
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Fig. 2. Transcription initiation of the Itrl gene by primer extension 
analysis. Oligonucleotide S'-AGAATGGCGAGCATGAC-S' (posi
tions 2446 to 2430 in Fig. 1 ) was used for priming the reverse 
transcriptase reaction using as templates either total RNA (t) or 
poly( A)± RNA (± ) from developing barley endosperm. The 51 end 
of this reaction (horizontal arrows) was determined by electrophore
sis of the primer extension products, next to the sequencing reactions 
(G. A. T. C) of the genomic clone primed with the same oligonu
cleotide. 

Transcription initiation 

The mRNA transcription start site of the Itrl gene has 
been determined by primer extension analysis using 
poly(A)+ RNA from barley developing endosperms 
from both cv. Borni and its mutant Ris01508. Pre
viously, the proximal promoter regions of the Itrl 
gene were isolated by PCR amplification and con
firmed by sequencing to be identical to that contained 
in the genomic clone .AgCMe described here. The 
major putative transcription start sites for cv. Borni 
were adenosines at positions -22, -23, -25 and 
-26 (Fig. 2). The same transcription start points were 
detected in the Ris01508 mutant, although the gel 
bands were fainter (data not shown), corroborating 
that transcription in the mutant is correct but occurs 
at a lower rate [31]. It can be assumed that position 

-26 is the in vivo transcription start, and that the oth
ers are likely to be premature terminations of reverse 
transcription in vitro. 

Functional analysis of the promoter 

In an initial experiment, fusions of the GUS reporter 
gene to the complete Itr 1 promoter (-2369) and to 
its minimal version (-83) were subcloned into the 
poly linker of the pUC 19 plasmid and introduced into 
protoplasts from leaves, roots, aleurone and develop
ing endosperm from barley cv. Bomi, using a GUS 
fusion to the CaMV 35S promoter as control. As 
summarized in Table 1, both ItrJ constructions gave 
endosperm-specific expression, although the enzyme 
activity was much higher with the complete promoter. 
Additional fusions were obtained with promoter frag
ments whose 5' ends respectively extended to positions 
-1969, -816, -343. -289, -241 , -21 1, -179, and 
-113, and transiently expressed, together with those 
previously obtained, in endosperm protoplasts from 
cv Bomi and from its mutant RisO 1508 (Fig. 3). Dele
tions of the promoter up to position -343 did not affect 
expression of the reporter. Expression directed by the 
truncated promoters -289, -241, - 2 1 1 , -179 and 

- 1 13 was about 50% of that of the complete pro
moter (-2369), indicating the presence of a cis-acting 
sequences between positions -343 and -289 affect
ing quantitatively the expression of the//r / gene. The 
expression driven by the minima! promoter fragment 
assayed (-83), which contained the TATA box, was 
20% that of the full promoter, again indicating the 
existence of positive cis-elements between positions 

- 1 13 and -83 and downstream from the latter. Ali the 
gene constructions were only marginally active ( < 5 % 
of maximal expression in the wild type) in the mutant 
protoplasts (Fig. 3). 
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Fig. 3. Functional analysis of the ith promoter by transient expression in barley endosperm protoplasts, a. Schematic representation of the 
genomic clone for /tri. Restriction endonuclease sites for Sail (S), Kpnl (K), Haelll (H), SphI (Sp), PvuII (P) are indicated. The coding region 
is hatched. Chimeric constructs were obtained by in-phase fusion to the GUSINOS reporter gene, of several fragments of the promoter spanning 
in its 5' end to the indicated restriction sites (1 =S; 2=K; 3=H; 4=Sp; 10=P) or to different ExoIII digestion stop points (5, 6, 7, 8, 9). b. GUS 
specific activity (pmol MU per minute per mg protein) after transfection of endosperm protoplasts derived from barley cv. Bomi (white bars) 
or from its mutant RisOl508 (hatched bars) with the chimeric constructs described in a. The CaMV 35S constitutive promoter was used as a 
positive control. Background values obtained with the promoter-less GUS plasmid was substracted from al! data. The average of four different 
experiments with their standard errors are represented. Insert: developing endosperm protoplasts from barley cv. Borni. 

To ascertain that the Borni and RisO 1508 
endosperms were at the same developmental stage, a 
construct driven by the promoter of the sucrose syn
thase Ssl gene that is not under Lys3a control was used 
to transfect endosperm protoplasts of both types and 
the same Gus specific activity was obtained both in 

wild-type and mutant protoplasts (x= 900± 130 pmol 
MU per mg protein per minute). 

Binding of nuclear proteins to promoter fragments 

Gel retardation assays were carried out with nuclear 
proteins isolated from developing barley endosperms 
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F/gf. 4. Gel retardation analysis of the /tri proxi mal promoter. a1 
Restriction fragment Sphl/Haelll. spanning from nt -343 (upstream 
of the ATG codon) to position +28 of the coding region, was sepa
rated into the three indicated fragments after digestion with restric
tion endonucleases Sspl and Pvull h. Each 3 2 P-labelled DNA frag
ment was incubated with crude protein preparations derived from 
endosperm nuclei of cvs. Bomi (B) or RisO 1508 (R) and the mixture 
was analysed by gel electrophoresis and autoradiography. Lane ( - ) 
contains the appropriate 32 P-labelled DNA-fragment without pro
tein. Arrowheads indicate differentially retarded bands in the wild 
type and in the mutan!. 

from wild type cv. Bomi and muntant Risl) 1508. Based 
on the functional analysis, the 350 bp Sphl-Haelll 
region reaching up to position -343 (Fig. 1) was 
digested with Sspl and Pvull restriction endonucle
ases, producing fragments Sphl-Sspl (127 bp), Sspi-
Pvull (133 bp) and Pvull-Haelll (90 bp), correspond
ing to the three regions of the promoter associated 
with changes in its activity. The three fragments were 
32 P-labelled and incubated with endosperm nuclear 
extracts. Differential retardation bands (present in cv. 
Bomi and absent in Risl) 1508) were detected for each 
of the three fragments (Fig. 4), although forthe proxi
mal fragment a weak trace of the differential band was 
barely detected in the mutant. 

The binding specificity was demonstrated in ali cas
es by competition titrations with the respective unla
beled DNA fragment at 20 x concentrations (data not 
shown). 

Discussion 

The 343 bp upstream of the ATG initiation codon of 
the gene Itrl contain ali the information required for 
full activity and for endosperm specificity, whereas 
the region further upstream (up to -2369) seems to 
be of no relevance for promoter function. The most 
significant feature of this 2 kb dispensable region is 
the presence of a BARE-1 LTR fragment. Complete 
LTRs are 1.8 kb long, but this one is interrupted by 
two tandem, unrelated repeats of 660 bp, which may 
explain why it does not have any enhancing effect, in 
contrast to what has been reported in other cases [26]. 
Partial BARE-1 LTRs have been reported previously 
in the promoter regions of other barley genes, such 
as those encoding acyl carrier protein ACP III [ 1 2] 
and nitrate reductase [37]. The gene Itrl is part of a 
very divergent multi-gene family that is dispersed over 
several chromosomes and encodes both protease and 
n-amylase inhibitors [3]. The presence of a BARE-1 
fragment near the gene suggests that this element might 
have been involved in the alluded dispersal. 

Promoter activity gradually decreases with the 
extent of the 5' deletions and the -83 minimal pro
moter still retains 20% of the maximum activity. This 
is in agreement with the evidence of binding of nucle
ar factors to the distal, central and proximal promoter 
segments in gel retardation experiments. Ali construc
tions tested gave similar low leve] of activity in mutant 
protoplasts, under conditions in which the CaMV 35S 
promoter showed normal function, and ali of them, 
incl uding that with the minimal -83 promoter, gave 
differential expression i n wild-type protoplasts. This 
suggests that the proximal -83 region is involved in the 
interaction affected by the lys3a mutation, but does not 
exclude the involvement of other promoter regions in 
the effects of the mutation. Indeed, differential retarda
tion bands have been observed for each of the three pro
moter segments, which would point to the latter possi
bility. We have previously shown that a single dose of 
the wild-type Lys3a allele, in the triploid endosperm, 
completely restores the expression of the Itrl gene 131], 
wh ich indicares the lack of a functional posi tive factor 
in the mutant genotype. This factor could play one of 
the following roles: ( 1) activate the expression of genes 



encoding the transcription factors that would bind to 

the different promoter regions; (2) mediate binding 

of different transcription factors to these regions; (3) 

directly bind to multiple sites along the promoter, either 

alone or as a heterodimer. These alternatives have not 

been yet investigated, but there are some suggestions 

concerning the third one. The opaque2 mutation in 

maize has very similar functional effects to those of the 

lys3a in barley, and it has been shown that the Opaque2 

gene encodes a transcriptional activator of the bZIP 

class [13, 34]. Multiple putative binding sites for this 

class of factors are distributed along the Itrl promoter. 

In the distal, Sphl-Sspl fragment, there are three such 

sites, TAGTA, AACTC , and CACTG, between posi

tions - 3 4 3 and - 2 8 9 , which would be congruent with 

the decrease of activity observed when the segment 

between these positions is deleted (Fig. 3). In the cen

tral, Sspl-Pvull fragment, sites CACTT and TACTT 

are present between positions - 113 and - 8 3 , and an 

additional CAGCTG site coincides with the Pvull site 

(Fig. !). Again, an activity decrease is associated with 

the deletion of the segment between positions - 1 1 3 

and -83 (Fig. 3). Anotherthree potential bZIP-binding 

sites, CACTA, CACTT, and ACATGT, are located in the 

minima! -83 promoter (Figs. 1 and 3). 

Further analysis of the cis-regulatory elements of 

the /tri promoter, and of the corresponding protein 

factors that interact with them, will be required to dis

criminate between the above alternative hypothesis. 
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