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Abstract 

Hordothionins (HTHs) are small anti-bacterial proteins present in barley endosperm which are pro- 
cessed from larger precursor proteins, consisting of an amino-terminal signal peptide (SP), the mature 
highly basic HTH and a carboxy-terminal acidic peptide (AP). Different HTH precursor proteins were 
expressed in tobacco to study the effects of the pre-sequences (SP) and pro-sequences (AP) on expres- 
sion, processing, sorting and biological activity and hence the feasibility of engineering bacterial disease 
resistance into crops which lack these proteins. Maximum HTH expression levels of approximately 0.7 ~o 
(11 #mol/kg) of total soluble protein in young tobacco leaves were obtained using a semi-synthetic gene 
construct encoding a complete chimaeric HTH precursor protein. Tenfold lower HTH expression levels 
(maximum 1.3 #mol/kg) were obtained using synthetic gene constructs without the AP-coding sequence 
and no expression was found in plants containing synthetic HTH gene constructs without SP-and 
AP-coding sequences. In both cases where expression was found, the precursors were apparently cor- 
rectly processed, although the HTH produced in plants containing a construct without AP sequence 
appeared to be slightly modified. No effect on plant phenotype was observed. Localization studies in- 
dicated that the HTH was in identical fractions of plants expressing the two different precursors, albeit 
at a different ratio, and was not secreted into the intercellular spaces of leaves or culture medium by 
protoplasts. Our results indicated that the AP is not involved in sorting and suggested that it might 
facilitate transport through membranes. The in vitro toxicity of HTH isolated from transgenic tobacco 
plants expressing the two different precursor proteins for the bacterial plant pathogen Clavibacter michi- 
ganensis subsp, michiganensis appeared similar to that of the HTH purified from barley endosperm. 

Introduction 

Thionins are a family of low-molecular-weight 
(M r ca. 5000) proteins that have been identified 

in various plant species (recently reviewed in 
[20, 21]). They can be divided into at least five 
different types, based on the number of amino 
acids, the net charge and the number of disul- 
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phide bonds present in the mature protein [7]. 
Best characterized at the molecular level are the 
type 1 thionins present in the endosperm of 
monocotyledons. Type 1 thionins have been iso- 
lated from wheat (purothionins; PTHs), barley 
(hordothionins; HTHs) and other monocots and 
were shown to be highly homologous. The PTHs 
appeared to consist of three proteins, designated 
~1-, c~2- and fi-PTH and the HTHs of two pro- 
teins, designated a- and ~-HTH (reviewed in 
[21]). The type 1 thionins are composed of 45 
amino acids, possess four disulphide bonds which 
are conserved in all the type 1 thionins known. 
They are synthesized as larger precursor proteins 
comprising three distinct domains: an amino- 
terminal signalpeptide (SP) involved in transition 
of the precursor into the lumen of the endoplas- 
mic reticulum (ER), followed by the highly basic 
mature thionin and a carboxy-terminal acidic 
peptide (AP) with unknown function [23, 34, 35]. 
The type 1 PTHs and HTHs have been shown to 
exhibit anti-microbial properties against a num- 
ber of bacteria, fungi and yeasts [2, 14, 17, 18, 22, 
32, 33, 42]. 

The type 1 PTHs have also been shown to be 
toxic in vitro for a number of plant pathogenic 
bacteria at relatively low concentrations [14]. 
Toxicity differed slightly depending on the PTH 
used, c~-PTH (a mixture of e l -  and c~2-PTH) or 
fl-PTH for two of the bacteria tested [14]. This 
was confirmed for the type 1 HTHs which were 
shown to be toxic in vitro for several plant patho- 
genic bacteria causing serious damage in solana- 
ceous crops [17]. This in vitro toxicity renders the 
genes encoding these proteins into potentially 
powerful tools for engineering bacterial disease 
resistance into plant species that lack these pro- 

teins [18, 21]. Prerequisites for such an applica- 
tion are high expression levels of the mature HTH, 
proper processing of precursor proteins and fold- 
ing into the biologically active form and sorting of 
the protein to the compartment where the patho- 
gen resides. 

Recently, the constitutive expression in tobacco 
of a barley type 1 c~-HTH gene accommodating 
two introns and controlled by the cauliflower mo- 
saic virus (CaMV) 35S promoter, was shown 
to result in high HTH expression levels and en- 
hanced resistance against two bacterial plant 
pathogens, Pseudomonas syringae pv. tabaci 153 
and P. syringae pv. syringae [5]. In contrast, a 
wheat c~I-PTH cDNA-derived gene, also con- 
trolled by the CaMV 35S promoter, was only 
poorly expressed in tobacco and did not result in 
resistance against these bacteria [5]. 

In this paper we report the introduction of 
seven synthetic and semi-synthetic gene con- 
structs encoding different type 1 c~- and fl-HTH 
derived precursors into tobacco to study the 
effects of deletion of the N-terminal SP and/or 
C-terminal AP sequences on expression, process- 
ing and sorting and to study the biological activity 
of the mature HTH. 

Materials and methods 

Hordothionin plasmid constructions 

The seven HTH gene constructs used in this work 
are represented in Fig. 1. Type A and B con- 
structs were made chemically. The Type A con- 
structs pA~ and pA/~ were designed based on the 
published sequences of two type 1 HTH cDNA 

Fig. 1. Structures and sequences of the different HTH gene constructs used. A. Schematic drawing of the composition of a type 
1 thionin cDNA and the type A, B, C1 and C2 gene constructs used in this work. Dotted boxes represent sequences of cDNA 
origin (pC263), grey and black boxes represent the chemically synthesized sequences coding for the mature protein and the sig- 
nal peptide, respectively. The synthetic Dde I/Sau 96I linker adapter in type C1 constructs is indicated as a light-grey box. Verti- 
cal bars in the boxes indicate proteolytic cleavage sites. Restriction endonuclease cleavage sites are indicated by arrows (H): 
A, Ava II; B, Barn HI; D, Dde I; E, Eco RI; H, Hpa I; Ma, Mae I; Ms, Mst I; N, Nco I; P, Pst I; Sa, Sau 96I; St, Sty I. B and 
C. Nucleotide and amino acid sequences of pAc~, pail ,  pB~, pB/~, pClc~, pClfl and pC2cc For comparison, the corresponding 
sequence of a natural e-hordothionin gene, Hth-1 [37], is shown on top. Translation start and stopcodons are printed in bold- 
face. Flanking Barn HI, Hpa I and Nco I restriction sites are in italics and the optimized translation initiation region [29] is 
underlined. Sequences in common with the Hth-I gene are indicated by dots (.). 
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clones, pTH1 and pTH2 encoding c~- and fl-HTH 
respectively [ 23 ]. The Type B constructs pB c~ and 
pBfi were derived from the Type A constructs by 
the addition of the SP encoding sequence of a 
type 2 leaf thionin cDNA clone, pDB4 [1]. In 
these four synthetic genes the codon usage was 
altered in favour of use in solanaceous crops, as 
estimated from a comparison of compilated 
codon usages [46]. Some of the codons were also 
altered to create unique restriction sites at inter- 
val throughout the gene (Fig. 1). To simplify suc- 
cessive cloning experiments, an unique Hpa I site 
was created at the 5' end as part of an optimized 
translation initiation region according to L~itcke 
et al. [29], and a Barn HI site at the 3' end, di- 
rectly following the stop codon (Fig. 1A and 1B). 
All synthetic genes were made by ligation of frag- 
ments derived after enzymatical conversion of 3' - 
end overlapping oligonucleotides as described 
previously [18]. The Type C1 constructs pClc~ 
and pC1/~ were made by ligation of the Sau 96I/ 
Barn HI fragment ofpC263, a type 1 HTH cDNA 
clone (kindly provided by Dr A. Brandt, Carls- 
berg Research Center, Copenhagen) to pBc~ and 
pBfl, digested with Hpa I and Dde I using a syn- 
thetic Dde I/Sau 96I adapter. The Type C2 con- 
struct pC2c~, was made by ligation of the Hpa I~ 
PstI fragment of construct pBfl to pC263, 
digested with Pst I and Barn HI. All gene con- 
structs were initially cloned in Bluescribe pSK + 
(Stratagene, La Jolla, CA) and verified by se- 
quencing using the dideoxy-mediated chain- 
termination method [40] on an Applied Biosys- 
tems 370A automated DNA sequencer. For 
expression in plants, all constructs were cloned as 
Hpa I/Bam HI fragments in the binary vector 
pCPO5 (Fig. 2). This binary vector was derived 
from pPCV708 [26] and contains between the 
left and right T-DNA borders three expression 
cassettes with multiple cloning sites. All HTH 

gene  constructs were cloned between a modified 
CaMV 35S promoter containing a doubled en- 
hancer sequence [25], and the nopaline synthase 
(NOS) terminator sequence. The recombinant 
binary vectors were conjugated into Agrobacte- 
rium tumefaciens GV3101 (pMP90) or GV3101 
(pMP90RK) [27] by parental mating [44] using 

GENE 

• ~ T 3 5 8  

/ .oroomlonln ~ Pnos 
[ expression vector ~ / 
~, lOkb I] NPTII 
~\ori pBR 

LB~I~ oriV /m~RTg4 

Fig. 2. Representation of the binary vector pCPO5 containing 
the different HTH gene constructs. RB, right T-DNA border 
sequence; Tg4, T-DNA gene 4 terminator; NPTII, neomycin 
phosphotransferase II gene, selectable kanamycin resistance 
marker; Pnos, nopaline synthase promoter; Tocs, octopine 
synthase terminator; PI ' ,  T-DNA gene 1 promoter; p2', 
T-DNA gene 2 promoter; T35S, CaMV 35S terminator; P35S, 
modified CaMV 35S promoter; Tnos, nopaline synthase ter- 
minator; Cb R, bacterial ampicillin/carbenicillin resistance 
marker; ori pBR, pBR322 origin of replication; LB, left 
T-DNA border sequence; oriV, pRK2 origin of replication; 
oriT, pRK2 origin of conjugative transfer. 

Escherichia coli HB 101 (pRK2013) [ 13 ] as helper 
when appropriate. 

Transformation of tobacco 

Leaf discs of tobacco (Nicotiana tabacum cv. Petit 
Havana SR1) were transformed by a modifica- 
tion of the method of Horsch et al. [24]. Shoots, 
regenerated in the presence of 100 mg/1 kanamy- 
cin were rooted in MS medium [30], supple- 
mented with 0.05 mg/1 indole acetic acid (IAA) 
and 500 rag/1 cefotaxim. After rooting, plantlets 
were transplanted to normal potting soil, trans- 
ferred to the greenhouse and grown to maturity. 

Hordothionin expression and processing analysis 

Total RNA was isolated from young leaves 
(ca. 5 cm) of greenhouse-grown plants essentially 
as described [11 ]. 10/~g of total RNA from each 
plant was separated on a 270 agarose gel in the 



presence of 6~o (v/v) formaldehyde, transferred 
to membranes (GeneScreen Plus, New England 
Nuclear) for northern analysis [39] and hybrid- 
ized with random primer 32p-labelled DNA ac- 
cording to the manufacturer. The Hpa I/Barn HI 
fragments of Type A constructs were used as 
probes. 

Proteins were also extracted from young leaves 
of greenhouse-grown plants. Ca. 100 mg of leaf 
tissue was ground in an Eppendorf  tube under 
liquid nitrogen and incubated with 1 ml 50 mM 
U2SO 4 for 1 h at 40 °C. After incubation, debris 
was pelleted by centrifugation and the super- 
natant was transferred to a fresh tube. Total pro- 
tein was precipitated with ice-cold triochloroace- 
tic acid (TCA) at a final concentration of 127o by 
overnight incubation at 4 ° C. Precipitated pro- 
teins were collected by centrifugation, washed 
once with ice-cold absolute ethanol, lyophilized 
and dissolved in 200 #1 170 CH3COOH. The 
amount of soluble protein was estimated by the 
method of Bradford [3]. 

For dot blot immuno-assays, 5/~g of soluble 
protein was blotted onto nitrocellulose mem- 
branes (BA 85, Schleicher & Schuell) using a dot 
blot apparatus (SRC 96 D, Schleicher & Schuell). 
Western blot analysis [43] was performed using 
a polyclonal antiserum raised in a rabbit against 
HTHs, coupled to bovine serum albumin (BSA) 
to increase antigenicity [9]. Alkaline phos- 
phatase-labelled goat anti-rabbit IgG was from 
Sigma. HTH-expression levels were estimated by 
comparison of the results from samples of trans- 
genic plants with the results from 50, 100, 150, 
200 and 250 ng amounts of the purified HTHs 
from barley on dot blots. Transgenic plants were 
divided into 4 classes according to their HTH 
expression level: class 1, expression less than the 
detection level being 0.01 70 (<  0.16 #mol/kg) of 
total soluble protein in young tobacco leaves 
(8 mg/g); class 2, expression between 0.01 and 
0.0370 (0.16-0.48 #mol/kg); class 3, expression 
between 0.03 and 0.170 (0.48-1.6 #mol/kg) and 
class 4, more than 0.1Yo (>  1.6 #mol/kg) of total 
protein. Samples were analysed twice in indepen- 
dent experiments. 

Proteins were analysed by SDS-tricine poly- 
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acrylamide gel electrophoresis (SDS-tricine- 
PAGE) according to Schagger and Jagow [41] 
and by acid PAGE as described previously [17]. 
Rainbow-coloured low-molecular-weight protein 
markers were from Amersham. Separated pro- 
teins were transferred to polyvinylidene difluoride 
(Immobilon-P, Millipore) or nitrocellulose (BA 
85, Schleicher & Schuell) membranes in a Trans- 
Blot Cell (Bio-Rad) and were analysed by en- 
hanced chemiluminescence western blotting 
(ECL, Amersham), using the HTH antiserum and 
horse radish peroxidase-labelled secondary anti- 
body, according to the manufacturer. 

Subcellular localization analysis 

Intercellular washing fluids (IFs) were isolated 
from young leaves of selected transgenic plants 
containing the pAc~, pB c~ and pC 1 ~ construct, and 
from control kanamyein resistant plants using 
water or a buffer containing 50 mM KH2PO4 and 
100 mM NaCL (pH 7.2) to infiltrate the intercel- 
lular spaces [ 12]. 100 #1 intercellular fluid of each 
plant was analysed by protein gel blotting as de- 
scribed above. Further analysis of the subcellular 
location of HTH was established by plant cell 
fractionation of the same, aseptically grown, 
plants essentially as described [10]. After incu- 
bation for 20 h in culture medium, protoplasts 
(2 x 106) were floated, separated from the me- 
dium which was kept as 'medium' fraction, and 
resuspended in 200 #1 buffer, containing 50 mM 
Tris pH7.5 ,  2 m M  EDTA and 0.15mg/ml 
PMSF.  The protoplast membrane was disrupted 
by gentle passing through a yellow pipet tip and 
microsomes were separated from soluble cyto- 
plasmic proteins by centrifugation at 14000 rpm 
for 10 min at 4 °C. The supernatant was kept as 
'cytosol' fraction and the pellet was sonicated 
(5 #m amplitude, 20 s at 4 ° C) in 200/,1 of the 
buffer mentioned. Soluble microsomal proteins 
('microsome' fraction) were separated from the 
membrane remnants ( 'membrane' fraction) by 
centrifugation at 14000 rpm for 10 min at 4 °C. 
All fractions were treated in 50 mM H2SO4 for 
1 h at 40 °C and proteins were precipitated, 
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resuspended in 100#1 1~o CH3COOH and 
analysed (25 #1 of each fraction) by protein gel 
blotting for the presence of H T H  as described 
above. 

Analysis of biological activity 

Protein extracts from ca. 200 g of leaf material 
from the selected plants described above were 
enriched for the H T H  by selective water-ethanol 
treatment [ 15]. Proteins soluble in 70~o ethanol 
were lyophilized and dissolved in a small volume 
of water. The amount of H T H  present in these 
extracts was determined by the dot immuno- 
assay,. These extracts were tested for toxicity to- 
wards Clavibacter michiganensis subsp, michigan- 
ensis PD 1386 (collection Dutch Plant Protection 
Service, Wageningen) in the micro-plate broth di- 
lution assay as described previously [17]. As a 
control, a known amount of purified HTH-1 from 
barley endosperm was added to extracts from 
plants containing the pAc~ construct. An inocu- 
lum of 2 x 10 3 colony-forming units (CFUs) per 
ml was used and plates were incubated for 24 h 
at 27 ° C. After incubation, CFUs were counted 
by plating serial ten-fold dilutions in trypticase 
soy agar (Becton-Dickinson) in 24-well Cluster 24 
(Mark II, Costar) tissue culture plates. 

Results 

Hordothionin gene constructs and transformation 

Gene constructs were prepared encoding differ- 
ent ~- and f i-HTH precursor proteins to investi- 
gate the necessity of a SP, the AP or both for 
expression, extracellular targeting and biological 
activity. Constructs designated Type A code for 
the mature protein domain only, Type B for the 
mature protein with a SP and Type C for the 
full-length precursor protein (Fig. 1A). 

Type A and B constructs were synthesized 
chemically based on published type 1 H T H  se- 
quences. Codon usage in these constructs was 
altered in favour of use in solanaceous species, 

the crops we ultimately intend to engineer. In the 
type B constructs, the coding regions of the ma- 
ture c~- and f i-HTH were preceded by the SP 
sequence derived from a type 2 barley leaf thionin 
[1]. This SP was favoured above the SP of the 
type 1 HTHs  because it contains a stretch of 
positively charged amino acids at the NH2 ter- 
minus, reported to enhance SP function [45]. 
Most  of the SP sequence and the cleavage site 
remain unchanged, compared to the original SP 
sequence, due to the high homology (Fig. 1B and 
1C). In all these synthetic genes the regions sur- 
rounding the ATG-codon were optimized for 
translation initiation according to Latcke et al. 
[29]. Type C1 constructs were derived from the 
synthetic Type B constructs by addition of an 
AP-coding sequence, while the type C2 construct 
was derived from a type 1 H T H  cDNA by addi- 
tion of the SP-encoding region of the synthetic 
pBfi construct to the PstI  site of the cDNA 
(Fig. 1A). The nucleotide and amino acid se- 
quences of all the constructs made are shown in 
Fig. 1B and 1C. 

All constructs were cloned in the binary plant 
expression vector pCPO5 under control of a 
modified CaMV 35S promoter with a duplicated 
enhancer sequence and the Nos terminator se- 
quence (Fig. 2) and introduced into plant cells. A 
large number of independent transgenic tobacco 
plants (52 plants with a type A, 113 with a Type 
B and 200 with a Type C construct) were ob- 
tained and grown to maturity in the greenhouse. 
As a control, the empty binary vector pCPO5 was 
introduced into tobacco (5 plants). All plants were 
phenotypically normal and most were self-fertile. 

Hordothionin expression in tobacco 

H T H - m R N A  levels were estimated by Northern 
blot analysis of total RNA from 42 plants with a 
Type A, 30 plants with a Type B and 73 plants 
with a Type C gene construct. Hybridization with 
HTH-specific probes indicated that almost all the 
plants analysed expressed the gene. The level of 
H T H - m R N A  varied depending on the type of 
construct used in the transformation event 
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(Fig. 3). Plants with a Type A construct gave only 
weak signals after Northern blot analysis, whereas 
the HTH-mRNA levels in plants with a Type B 
and C construct were higher. No differences were 
seen between plants containing a Type C 1 or Type 
C2 construct. 

HTH protein expression was studied of 48 
plants with a Type A (pAe and pA~), 80 plants 
with a Type B (pB0~ and pBfi) and 178 plants with 
a Type C (pCl~, pClfl and pC2c~) gene construct 
by dot blot immuno-assays using the HTH anti- 
serum. Proteins were extracted from ground leaf 
material by an extraction procedure previously 
used for the isolation of biologically active HTHs 
from barley endosperm [32]. On average, 100 #g 
of dilute sulphuric acid-extractable and acetic 
acid-soluble protein was extracted from 100 mg 
of leaf material (1 mg/g), which is 12.57o of the 
total amount of protein in these young leaves (ca. 
8 mg/g fresh weight). 5 #g samples of these were 

blotted onto nitrocellulose membranes. Quantifi- 
cation was made possible by the inclusion of 
known amounts of purified HTHs from barley 
endosperm. Routinely, 50 to 100 ng HTH could 
be detected using this method. To allow compari- 
son between dot blots, half of the samples on one 
blot were also included on the next blot and all 
samples were analysed twice. The protein could 
be detected in a large number of plants with a 
Type C and in approximately half of the plants 
with a Type B gene construct. In plants with a 
Type A gene construct, the HTH protein could 
not be detected in spite of the fact that almost 
all the plants expressed the synthetic HTH gene, 
as deduced from northern analyses (data not 
shown). Interestingly, most of the plants with a 
Type B construct showing HTH expression above 
the background level were transformed with the 
pB~ construct, whereas only few plants contain- 
ing the pBfi construct had detectable HTH 

Fig. 3. Autoradiographs of northern blots containing total RNA oftransgenic tobacco plants hybridized with HTH-specific probes. 
The construct type used for transformation in indicated on top of the lanes. The lane containing total RNA of a control kanamycin 
resistant plant is indicated by a 'c'. 
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protein. In young tobacco leaves of plants with a 
Type B construct (pBc~), HTH levels up to ca. 
0.1~o (maximum 1.3 #mol/kg) of total protein 
were detected, and in plants with a Type C con- 
struct, HTH levels up to approximately 0.7~o 
(11 #mol/kg) were detected. No differences were 
seen between the HTH protein levels of plants 
containing a Type C1 or Type C2 construct (data 
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Fig. 4. Distribution oftransgenic tobacco plants according to 
the HTH protein expression level. Expression of 48 plants 
containing a Type A, 80 plants containing a Type B and 178 
plants containing a Type C gene construct were analyzed by 
dot blot immuno-assays and the expression levels were divided 
into four arbitrary expression classes. Class 1, expression less 
than the detection level being 0.01% (<  0.16/~mol/kg) of total 
soluble protein; class 2, HTH expression between 0.01 and 
0.03 % (0.16-0.48 #mol/kg); class 3, HTH expression between 
0.03 and 0.1% (0.48-1.6/~mol/kg) and class 4, expression 
higher than 0.1% (> 1.6 #mol/kg) of total protein. Samples 
were analyzed twice in independent experiments. The num- 
bers of plants (y-axis) per type of construct present in each 
expression class (x-axis) are indicated. 

not shown). The HTH-mRNA level and the 
HTH-protein level in these plants was not corre- 
lated (data not shown), although the HTH- 
mRNA level was lower in plants with a Type A 
construct (Fig. 3) in which the HTH protein was 
not detectable. These transgenic plants were di- 
vided into four arbitrary expression classes which 
resulted in a distribution as shown in Fig. 4. These 
data indicate that the presence of a SP is essen- 
tial for expression of the HTH, while the presence 
of an AP is essential for high expression. 

Hordothionin precursor processing 

One plant each containing the pAe, pBc~ and pClc~ 
construct were chosen for further analysis of pro- 
cessing, subcellular localization and biological 
activity of the HTH. The plants containing the 
pBc~ (ANF901710; HTH level 0.64 #mol/kg) and 
the pClc~ (ANF902932; HTH level 2.2 #mol/kg) 
gene construct were chosen on the basis of a 
moderate respectively high HTH-protein expres- 
sion, while the selected plant containing the pA~ 
construct (ANF903401) was chosen on the basis 
of moderate HTH-mRNA expression, because 
no HTH was detected in this plant. A control 
kanamycin-resistant plant (ANF900701) was 
also included. The immunoblot of the protein ex- 
tract from ANF902932 (pCle) separated on a 
SDS-tricine polyacrylamide gel (Fig. 5A, lane 3) 
showed a single band which comigrated with 
HTH-1 (Fig. 5A, lane 5) purified from barley en- 
dosperm and which probably represents e-HTH 
[ 17]. The apparent molecular weight was 5 kDa, 
which is in agreement with that of the mature 
c~-HTH encoded by these constructs as deduced 
from the amino acid sequence ([23 ]; see Fig. 1C). 
The immunoblot of the same extract separated 
on an acid polyacrylamide gel (Fig. 5B, lane 3) 
also showed one band comigrating with the bio- 
logically active HTH from barley endosperm 
(Fig. 5B, lane 5). Both immunoblots of the extract 
from ANF901710 (pBe) also showed a single 
band, but the protein recognized by the antibody 
migrated slightly slower on both gels (Fig. 5A and 
5B, lane 2). On the contrary, the immunoblots of 
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This p rompted  us to investigate in which com- 
pa r tment  H T H  accumulated.  Protoplas ts  were 
prepared  of  aseptically grown plants  and frac- 
t ionated into a 'medium' ,  'cytosol ' ,  'm ic rosome '  
and ' m e m b r a n e '  fraction. Immunob lo t s  of  the 
proteins f rom the four fract ions of  ANF902932  
(pC 1 ~) separa ted  on S D S-tricine polyacrylamide 
gels (Fig. 6A and 6B, lanes 5 and 10) indicated 
that  H T H  was present  in the 'cytosol ' ,  
'm ic rosome '  and ' m e m b r a n e '  fraction at an 

Fig. 5. Immunoblots of leaf proteins from tobacco plants 
transformed with the pAc~, pBc~ and pClc~ constructs after 
incubation with the HTH antibody. Lane 1, ANF900701, 
kanamycin-resistant control plant; lane 2, ANF901710 (pBc~); 
lane 3, ANF902932 (pClc0; lane 4, ANF903401 (pA~) and 
lane 5, purified HTH from barley endosperm. A. Proteins were 
separated by SDS tricine PAGE. The position of HTH-1 and 
HTH-2 [ 17] from barley endosperm are indicated at the right. 
B. The same proteins separated by acid PAGE. The migration 
direction ( + to - ) is indicated at the right. 

protein extracts f rom ANF903401 (pAc~; Fig. 5A 
and 5B, lane 4) and f rom the control  kanamycin-  

resistant  plant  ANF900701 (Fig. 5A and 5B, 
lane 1) showed no bands.  F r o m  these experiments  
it appears  that  the precursor  proteins are cor- 
rectly processed  at the junct ions of  the SP and 
mature  H T H  and at the junct ion of the mature  
H T H  and the AP. The different migrat ion of  the 
H T H  produced  in the pB~ plant  on bo th  gels 
might be explained by a minor  modification of  the 

mature  ~ - H T H  domain.  

Localization of  H T H  in transgenic tobacco 

The same plants analysed for H T H  processing 
were used to study the subcellular location of  the 
mature  H T H .  Western  blot analysis o f  IFs  of  
these plants revealed that  H T H  was  not  secreted 
into the intercellular spaces (data  not  shown). 

Fig. 6. Immunoblots of the different fractions from tobacco 
protoplasts of plants transformed with the pA:~, pB e and pC 1 
construct and control plants after incubation with the HTH 
antibody. All fractions were treated with dilute sulphuric acid. 
Lanes 1 and 2, 100 and 50 ng HTH respectively; lanes 3 and 
8, ANF900701, control kanamycin-resistant plant; lanes 4 and 
9, ANF901710 (pB~); lanes 5 and 10, ANF902932 (pClc0; 
lanes 6 and 11, ANF903401 (pAc~) and lane 7, low-molecular- 
weight size markers. A. Immunoblot of medium- (MEDIUM) 
and cytoplasm-enriched (CYTOSOL) fractions. B. Immuno- 
blot of the contents of endomembrane compartment- (MI- 
CROSOME) and membrane remainder-enriched (MEM- 
BRANE) fractions. Molecular weight size markers are 
indicated at the right and the position of the HTH is indicated 
by an arrow at the left. 



92 

approximate ratio 1:5:5 and comigrated with the 
HTH from barley endosperm (Fig. 6A and 6B, 
lanes 1 and 2). The apparent molecular weight 
was 5 kDa, which is in agreement with the results 
from the processing analysis (Fig. 5). Immuno- 
blots of the four fractions of ANF901710 (pB e) 
indicated that HTH was present in the 
'microsome' and 'membrane' fraction at an ap- 
proximate ratio of 1:5 (Fig. 6B, lanes 4 and 9) and 
migrated slightly slower, confirming our previous 
findings. As expected, the immunoblots contain- 
ing the fractions from the two control plants 
showed no bands (Fig. 6A and 6B, lanes 3, 6, 8 
and 11). The faint bands of higher molecular 
weight in the 'microsome' and 'membrane' frac- 
tions of ANF902932 (Fig. 6B, lanes 5 and 10), 
might be HTH precursors derived by processing 
of the AP, since these were not detected in the 
fractions from ANF901710 (pB ~) which lacked 
the C-terminal AP, and in control plants. 

Biological activity of hordothionins from transgenic 
plants 

The experiments described above indicated that 
the different HTH precursor proteins were cor- 
rectly processed and expressed up to high levels 
in tobacco plants, depending on the construct 
used for transformation. Extracts from these 
transgenic plants were enriched for HTHs by se- 
lective water-ethanol treatment and tested for in 
vitro toxicity towards C. michiganensis subsp. 
michiganensis in micro-plates. This bacterial plant 
pathogen was previously shown to be susceptible 
to HTHs [17]. Serial two-fold dilutions of the 
partially purified extracts were inoculated and 
after incubation and plating, bacteria were 
counted. The results indicated that toxicity of the 
extracts from plants transformed with the pBc~ 
and pC le  constructs, increased with increasing 
amounts of protein, and toxicity was similar to 
that of the purified HTH- 1 from barley endosperm 
(Fig. 7). In contrast, extracts from plants contain- 
ing the pAc~ construct were not toxic at similar 
protein levels. 
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Fig. 7. In vitro growth of the bacterial plant pathogen Clavi- 
batter michiganensis subsp, michiganensis PD1386 in serial 
twofold dilutions of partially purified extracts from transgenic 
plants. Growth in extracts from plants containing the 
pBc~ construct (ANF901710) and the pClc~ construct 
(ANF902932) was compared to growth in extracts from plants 
harbouring the pAce construct (ANFg03401), for which growth 
was taken as 100% at each dilution tested. As a control, 
purified HTH-1 from barley was mixed with extract of 
ANF903401, and growth was compared to growth in extract 
of ANF903401. This experiment is one of three performed 
which gave similar results. The concentrations of HTH present 
in each of the most concentrated samples (360 #g/ml) were 
9.6/~M for HTH-1, 5 #M for pClc~ extract and 2.5/~M for 
pBc~ extract. The bacterial inoculum was 2.3 x 103 CFU/ml 
and plates were incubated for 24 h at 27 °C before plating. 

Discussion 

The aim of our research was to investigate the 
feasibility of using the thionins from barley en- 
dosperm for engineering bacterial disease resis- 
tance into plants. To this end, expression of the 
mature HTH, processing of different precursor 
proteins, subceUular targeting and biological 



activity were studied in tobacco using three dif- 
ferent types of HTH gene constructs (Fig. 1). Our 
results clearly indicate that HTHs can only be 
expressed when fused to a SP sequence. SP se- 
quences mediate the transition of proteins into 
the endoplasmic reticulum (ER; reviewed in [8]) 
where conditions for disulphide bond formation 
are favourable and enzymes like protein disul- 
phide isomerase are present which catalyse the 
formation of these bonds [19, 38]. Disulphide 
bond formation is a prerequisite for the correct 
folding and highly stable conformation of HTHs, 
which might explain our inability to detect HTH 
in extracts of plants transformed with Type A 
gene constructs which lack a SP sequence. The 
HTH produced in these plants probably cannot 
form disulphide bonds in the reducing environ- 
ment of the cytosol [19] which, in addition, does 
not contain the enzyme protein disulphide iso- 
merase [38 ], thereby resulting in an unstable pro- 
tein. We also showed that HTH accumulates to 
at least tenfold higher levels in plants containing 
Type C gene constructs with the AP sequence as 
compared to plants containing Type B gene con- 
structs without the AP sequence (Fig. 4). One 
transgenic plant each harboring the constructs 
coding for the different c~-HTH precursor pro- 
teins were chosen for further analysis because the 
HTH was easily detectable in these plants, 
whereas the HTH was hardly detectable in plants 
containing the pB/~ construct. Protein gel blotting 
revealed that the HTH had a molecular mass of 
ca. 5 kDa, which indicates correct processing of 
both precursors (Fig. 5). It also showed that the 
HTH produced in tobacco by the pBe construct 
migrated slightly slower on both gel types com- 
pared to the HTH produced in the plant with the 
pC lc~ construct and the barley endosperm HTH 
(Fig. 5). This might be the result of a modification 
of the mature c~-HTH in plants with the pBc~ con- 
struct, which might be prevented in plants with 
the pClc~ construct as the result of a close inter- 
action of the AP with the mature e-HTH (see 
below). In fact, there is a potential protein kinase 
C phosphorylatable serine residue at position 36 
in the mature ~-HTH domain [47]. This serine 
residue is flanked by a number of basic residues 
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(see Fig. 1C), which enhance the kinetic param- 
eters for protein kinase C phosphorylation [47]. 
Phosphorylation of a serine residue has only a 
minor effect on the molecular weight of a protein, 
but could have a major effect on the overall 
charge. In our case the c~-HTH produced by the 
plant with the pB~ construct migrated slightly 
slower on both gels (Fig. 5A and 5B), which might 
be explained by the fact that the acid polyacryla- 
mide gel was run at pH 4.3 at which point the 
addition of two negatively charged groups only 
has a minor effect on the overall charge of the 
c~-HTH compared to the ten positively charged 
lysine and arginine residues. Experiments to un- 
ravel the exact kind of the modification remain to 
be performed. 

HTH was not secreted into the intercellular 
spaces of leaves and also not found in the 
'medium' fraction ofprotoplasts from these plants 
(Fig. 6A). It was found in the 'microsome' and 
'membrane' fractions of plants containing the pB c~ 
or pCl~ construct, suggesting that the AP is not 
involved in sorting and that the signal for intra- 
cellular retention must be in the mature protein 
domain. The presence of HTH in the membrane 
fraction is in agreement with sucrose gradient 
centrifugation experiments performed on barley 
endosperm where the HTH was found to cosedi- 
ment with the ER and membranes of the protein 
bodies [4, 34] and immunogold labelling per- 
formed on barley leaves which indicated that the 
(type 2) thionin was present in the vacuoles [36] 
and cell wall [2]. These type 2 thionins were also 
not found in the intracellular spaces of barley 
leaves [16]. The localization experiments also 
showed that the HTH produced by the plant with 
the pB c~ construct had a slightly different mobil- 
ity on SDS-tricine polyacrylamide gels, which is 
in agreement with our results obtained in the pro- 
cessing analysis experiments. The presence of 
HTH in the cytosol of protoplasts from the pClc~ 
plant, which was selected for high expression (ca. 
0.25 ~o of total protein in young tobacco leaves), 
most likely is caused by disruption of the mem- 
branes of the microsomes (mainly vacuoles in 
plants) during preparation of the cytoplasm- 
enriched fraction, although leakage from the 
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microsomes caused by the intrinsic pore-forming 
ability of HTHs [6, 31, 33] cannot be excluded. 
The largest amount of HTH from the plant with 
the pB~ construct was in the 'membrane' fraction 
(Fig. 6B, lane 9 versus lane 4) whereas in plants 
expressing the pCl:~ construct the ratio was equal 
for 'microsome' and 'membrane' fractions 
(Fig. 6B, lanes 5 and 10), suggesting that the HTH 
integrated in some membrane (maybe the ER) in 
the absence of an AP. 

In view of these results, two possible functions 
could be ascribed to the AP. The first might be 
that the negatively charged AP functions as an 
intramolecular chaperone by stimulating the cor- 
rect folding of the extremely positively charged 
mature HTH, resulting in higher protein expres- 
sion levels. This is in analogy with the interaction 
of the negatively charged nucleoplasmin with the 
positively charged histones in Xenopus eggs, es- 
sential for the assembly of nucleosomes from 
DNA and histones, described by Laskey et al. 
[28], who first used the term 'molecular 
chaperone' to describe this function of the nucleo- 
plasmin. A second possible function of the AP 
might be a role in neutralizing the extremely posi- 
tive charge of the mature HTH during transit 
through the secretory pathway, thereby prevent- 
ing illegitimate interactions with other compo- 
nents of the pathway. Toxicity of thionins is 
caused by pore formation in biological mem- 
branes most likely after binding to its polar lipids 
and this might hamper direct transport of mature 
thionin through the ER. This proposed role of the 
AP is favoured by our findings that only low 
amounts of HTH are found in plants with a Type 
B construct and that the HTH in these plants is 
mainly found in the membrane fraction. Our find- 
ings that the HTH produced in plants with a pB 
construct might be modified, further strengthens 
a possible close interaction of the AP with the 
mature HTH during transition through the secre- 
tory pathway. In case of protein kinase C phos- 
phorylation the presence of an AP sequence, as 
in the pClc~ construct, would then result in inac- 
cessibility of the serine residue at position 36 of 
the mature c~-HTH domain to phosphorylation. 

We have shown that the barley endosperm 

thionins can be expressed by a Type B construct 
and accumulate up to high levels in transgenic 
tobacco plants with a Type C gene construct 
(Figs. 4, 5 and 6). Carmona etal. [5] recently 
showed that a cDNA-derived gene encoding ~ 1- 
PTH, under control of a CaMV 35S promoter, 
was only poorly expressed in tobacco with PTH 
levels less than 0.2 #mol/kg. In contrast, expres- 
sion of our Type C HTH gene constructs, which 
resemble this PTH gene in structure, resulted in 
100-fold higher expression of the mature HTH. 
This might be explained by the differences be- 
tween these constructs, encompassing a doubled 
CaMV 35S promoter, the origin of the SP se- 
quence, the origin of the thionin (puro- versus 
hordothionin), the codon usage and the optimized 
translation initiation region, or by differences in 
the calculation of protein levels. The HTH ex- 
pression levels found in transgenic tobacco har- 
bouring a genomic HTH gene construct under 
control of a CaMV 35S promoter [5], were simi- 
lar to those found in our transgenic plants har- 
bouring a Type C construct. 

The most important prerequisite for applica- 
tion of HTHs in biotechnology is the biological 
activity of these proteins when produced in trans- 
genic plant cells. Expression of a genomic DNA 
encoding ~-HTH in tobacco, resulted in high 
HTH expression levels and enhanced resistance 
to P. syringae pv. tabaci 153 and P. syringae pv. 
syringae [ 5 ]. Recently, we demonstrated that the 
type 1 HTHs from barley are toxic for C. michi- 
ganensis subsp, michiganensis, the causal agent of 
bacterial canker in tomato, C. michiganensis 
subsp, sepedonicus, the causal agent of ring rot in 
potato and Xanthomonas carnpestris pv. vesicato- 
ria, the causal agent of a spot disease in tomato 
and pepper [ 17], bacteria that are not pathogenic 
for tobacco. Bacteria that are pathogenic for to- 
bacco and were available to us, respectively 
P. solanacearum (biovar 1, race 1) UW213 
(--PD1456), P. syringae pv. tabaci NCPPB1408 
( = PD1616) and P. syringae pv. tabaci 
NCPPB1427 ( = PD1617) were not sensitive for 
HTHs in contrast to P. syringae pv. tabaci 153 
used by Carmona et al. [5]. This might be ex- 
plained by differences in bacterial strains. There- 



fore our transgenic tobacco plants were not 
further evaluated for resistance and another ap- 
proach was chosen to determine the biological 
activity. In vitro assays clearly indicated that the 
HTHs from the transgenic tobacco plants were 
biologically active and inhibited the growth of 
C. michiganensis subsp, michiganensis. Experi- 
ments to determine the level of resistance of 
transgenic tomato plants, harbouring a Type C 
HTH gene construct giving highest expression in 
tobacco, by infection with C. michiganensis subsp. 
michiganensis and X. campestris pv. vesicatoria 
and transgenic potato plants by infection with 
C. michiganensis subsp, sepedonicus remain to be 
performed. 
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