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Abstract

Barley plants are known to produce various PR-5 proteins. Transcripts encoding eight different barley PR-5 proteins (TLPs 1-8, TLP
for thaumatin-like protein) were identified and cloned — seven from infected leaves and one from developing grains. Here, we describe the
cDNA sequences of four of these TLP isoforms. Moreover, the TLPs from the infected leaves (TLPs 1, 2, and TLPs 4-8) were subjected
to MALDI-TOF mass spectrometric measurements that resulted in protein fragments consistent with their deduced peptide sequences.
Multiple sequence alignment analysis revealed that the TLPs in barley fall into two groups: long-chain proteins (TLPs 5-8) having 16
cysteine residues and short-chain proteins (TLPs 1-4) with only 10 cysteine residues. Finally, modelling experiments highlighted the
effects of sequence differences between the TLP isoforms in terms of their secondary structures and their molecular electrostatic poten-
tials. We propose that these sequence differences have implications for the target preferences of the different isomers.
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1. Introduction

Plants have evolved different defence mechanisms,
resulting in a large variety of structural and biochemical
alterations in the plant cell. Generally, the defence
responses include the activation of genes encoding proteins
that have antimicrobial activity and are termed pathogen-
esis-related (PR) proteins (Bol et al., 1990; Van Loon,
1985). These plant defence proteins are ubiquitous in
monocots and dicots and are currently grouped into 17
families based on their structural and functional properties
(Van Loon and van Strien, 1999; Christensen et al., 2002).

The proteins of the PR-5 family are also called thauma-
tin-like proteins (TLPs) as they have a high degree of
homology to thaumatin, a sweet-tasting protein from the
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ripe fruits of the West African shrub Thaumatococcus dani-
ellii. The TLPs are associated with diverse functions like
antifungal activity (Hejgaard et al., 1991), protection
against osmotic stress (Kononowicz et al., 1992), and freez-
ing tolerance (Chun and Griffith, 1998). Moreover, some of
these proteins have been reported to inhibit hyphal or
spore growth of different fungi due to their ability to per-
meabilise the fungal plasma membrane (Roberts and Seli-
trennikoff, 1990; Vigers et al., 1991). However, to date,
the examination of the three-dimensional structure of
PR-5 proteins has revealed few clues as to how members
of this protein family form transmembrane pores and per-
meabilise the fungal plasma membrane (Koiwa et al.,
1999).

PR-5 proteins have been suggested to bind B-1,3-glucans,
and hence they might have carbohydrate-binding properties
that may result indirectly in membrane permeabilisation
(Trudel et al., 1998; Osmond et al., 2001). Studies on the
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molecular interaction of the tobacco PR-5 protein, called
osmotin, using the yeast Saccharomyces cerevisiae as the
model fungal genetic system, have shown that the anti-
fungal activity of the PR-5 family of plant defence proteins
may involve mechanisms resulting in pathogen apoptosis.
Evidence has also been presented for a plasma membrane
protein in yeast, called PHO36, that functions as a specific
osmotin receptor (Narasimhan et al., 2005). Currently, the
precise mode of osmotin action resulting in plasma mem-
brane damage is not completely understood. However,
some reports have indicated that the structural differences
between the various isoforms of the PR-5 family are essen-
tial for the binding of different targets (Yun et al., 1997).
Variations in the topology and surface electrostatic poten-
tial around the acidic cleft, commonly found in the tertiary
structure of PR-5 proteins, have also been suggested to be
responsible for the different specificities of the isoforms,
and hence target sites in different pathogens (Min et al.,
2004).

Therefore, to assess the variety of PR-5 isoforms, we
present a summary of barley TLP sequences. Here, we
report two new TLP sequences (TLPs 3 and 5) in barley.
To date, there is conflicting literature on the numbers of
the more acidic TLPs (Hahn et al., 1993; Reiss and Horst-
mann, 2001; EST data bank). We provide evidence to clar-
ify this issue. Finally, to better understand the differences
between the isoforms and how these affect their classifica-
tion, we present structural models and discuss the implica-
tions of these differences for TLP antifungal activity.

2. Results
2.1. Two-dimensional electrophoresis

Proteins extracted from the leaves of Drechslera teres-
infected barley plants and applied to two-dimensional
polyacrylamide gel electrophoresis produced patterns of
spots that were dominated by PR proteins (Fig. 1). Among
them, the PR-5 proteins were identified by MALDI-TOF
analyses (Fig. 2).

2.2. Acidic TLPs

Extensive screening of a cDNA library constructed from
mRNA of D. teres-infected barley leaves for acidic TLPs
resulted in the identification of three types of cDNAs
encoding TLP1, TLP2, and the previously sequenced
TLP4 (Gen Bank accession Nos. AY839292, AY839293,
and AF355455). Additionally, a tBlastn similarity search
against EST databases was carried out to better evaluate
the number of acidic TLPs present in the barley genome.
A short sequence region common to TLPs 1, 2, and 4
was used as query and was expected to exclude the ESTs
encoding the higher molecular weight TLP isoforms. Four
types of ESTs were found representing cDNAs of the pre-
viously reported TLPs 1, 2, and 4 (Reiss and Horstmann,

‘... 1 66 [
RTE ]
e
2 s W
Q "
- - w
i i - 35
i % al i a2
b - —
° -
! ot
.c .ct:1 ’. o S § _'bz - G
‘ * M.,
1 2
S - 184 ‘
-
[ 4 b ‘u
'n- -
i - a2 140 #
- ;
@ (kDa)

Fig. 1. Coomassie stained 2-D PAGE gel of acidic extracted barley leaf
proteins. First dimension (left to right pH 3-10): IEF; second dimension
(top to bottom): SDS-PAGE. The spots of the PR-5 proteins are
numbered 1, 2, and 4-8 and represent TLP1, TLP2, and TLPs 4-8,
respectively. Other pathogenesis-related proteins, which also have been
identified by MALDI-TOF MS (data not shown), are indicated by ‘a’ for
B-1,3-glucanases (al — gi|3037080, a2 — gi|809429), ‘b’ for chitinases (bl —
2i|563489, b2 - gi|563487), ‘¢’ for superoxide dismutase (homologous to
21|7433318), and ‘d’ for the three spots of PR1 proteins (d1,d3 — gi|480679,
d2 - gi|548592).

2001) plus a new cDNA expressed in the reproductive
organs of barley. Using primers derived from the ESTs of
the unknown TLP, PCR amplification was possible on bar-
ley genomic DNA but not on leaf cDNA (data not shown).
Finally, the cDNA was cloned from dissected developing
grains in glasshouse grown barley plants (cv. Mandschu-
ria). The obtained sequence encoding a new member of
barley PRS proteins which was called TLP3 (Accession
No. AYS839294) according to the calculated pl of the
deduced protein sequence (Table 1).

2.3. TLPS

The tryptic fragment FGGDTYCCR with a mass m/
z=1135 determined by MALDI-TOF analyses was com-
mon to TLPs 5, 6, and 7 (Fig. 2b). The sequence of the
TLPS fragment was also confirmed by PSD spectra (data
not shown). Querying EST databases with this sequence
information yielded ESTs which afterwards were screened
for the known sequence of the N-terminus of TLP5 (Reiss
and Horstmann, 2001). The obtained ESTs, probably
encoding TLPS5, facilitated the design of specific primers,
which enabled PCR amplification of the cDNAs of TLP5
in samples prepared from infected leaves. The PCR prod-
uct was cloned and sequenced (GenBank accession No.
AY839295). The derived amino acid sequence of TLP5
was confirmed by MALDI-TOF MS data (Fig. 3) reaching
a sequence coverage of nearly 97%. The TLP5 sequence
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693 3715 | 545 |
TLP1 -AT-FNIKNNCGSTIWPAGIPVGGGFELGSGQTSSINVPAGTQAGRIWARTGCSFNG-GSGSCQTGDCGGQLSCS 72
693 3715 | 545
TLP2 -AT-FNIKNNCGSTIWPAGIPVGGGFELGSGQTSSINVPAGTQAGRIWARTGCSFNG-GSGSCQTGDCGGQLSCS 72
TLP3 TSTPLTITNRCSFTVWPAVAPAGLGTELHPGANWSVDESAFDSPASIWGRTGCSFDAAGSGLCRTADCGSGLRCA 75
824 | 1663 2131 | | 1214 |
TLP4 -RS-FSITNRCSFTVWPAATPVGGGRQLNGGETWNLDIPDGTSSARIWGRTDCSFNG-NSGRCGTGDCGGALSCT 72
Zeam -AV-FTVVNQCPFTVWAASVPVGGGRQLNRGESWRITAPAGTTAARIWARTGCKFDASGRGSCRTGDCGGVLQCT 73
|
TLP1 LSGQP-PATLAEFTIGGGSTQDFYDISVI-D-GFNLAMDF------- SCSTGDALQC---- - - RDPS-------- 118
|
TLP2 LSGRP-PATLAEFTIGGGSTQDFYDISVI-D-GFNLAMDF------- SCSTGDALQC------ RDPS-------- 118
TLP3 TTDPPAPVTRAQVASSEG- - --FYHYGITTDKGFNLPLDL------- TCSSGDALRC- ----- REEG-------- 120
|
TLP4 LSGQP-PLTLAEFTLGGG- - TDFYDISVI-D-GYNLPMDF------- SCSTGVNIQC------ RDRN-------- 116
Zeam GYGRA-PNTLAEYALKQFNNLDFFDISLI - D-GFNVPMSFLPDGGS - GCSRGP- - RCAVDVNARCPAELRQDGVC 143
3758
TLPLl - - - - mmmmmmmmmmmmmmmeomeo oo CPPPQAYQHPNDVATHACSGNNN- YQITFCP--------- 153
3758
TLP2 - -=-----------mmmmmmmmo—oo oo CPPPQAYQHPNDVATHACSGNNN- YQITFCP--------- 153
TLP3 - == - - mmmmmmmmmmmmmmmmmmeomoooooo CHDAFPYVEFNE- - - HACTAAGSRLQIVFCP--------- 153
1526 | 664 | 1053
TLP4 - -- - - mmmmmmmmmmmmmmmemeo oo CPDAYHTPPEPKTK- -ACSG-NRRFNIVFCP--------- 149
Zeam NNACPVFKKDEYCCVGSAANDCHPTNYSRYFKGQCPDAYSYPKDDATSTFTCPAGTN-YKVVFCP--------- 206

Fig. 2a. CLUSTAL W (V.1.82) multiple sequence alignment of the barley PR-5 proteins (TLP1-4) and zeamatin (Zeam) using MOE with alignment
constraints (underlined cysteins). Bold highlighted letters indicate a-helical, and bold and cursive letters B-sheet secondary structures. The fragment masses
of the TLPs measured by MALDI-TOF mass spectrometry were assigned to the sequences. The masses were rounded up to obtain whole digits. ‘|” marks

the cleavage sites of the tryptic digestion C-terminal at arginine and lysine.

shows a high degree of similarity to the sequences of TLP6
and TLP7 (Fig. 2b).

2.4. Molecular modelling of barley TLPs

Homology modelling for TLPs 5-8 is based on the align-
ment with the X-ray structure of 1DUS (maize zeamatin)
(Batalia et al., 1996). Since template and target proteins
have nearly the same sequence lengths and no large gaps
in their alignment, the resulting secondary structures of
TLPs 5-8 are almost identical to 1DUS. This is also indi-
cated by the eight conserved disulphide bridges listed in
Table 2. Much more difficult was the modelling of TLPs
1-4. These four proteins contain only ten cysteine residues
which allows in maximum only the formation of five disul-
phide bridges instead of the eight bridges in TLPs 5-8 and
1DUS. Furthermore, the alignment with 1DUS shows a
large gap (residues 112-150 in 1DUYS), which causes prob-
lems in simple protein homology modelling. Using stan-
dard settings (BLOSUMS0) with several different gap
penalties no appropriate model could be formed which
allowed the formation of five disulfide bridges. With the
help of alignment constraints between the cysteins of the
TLPs and 1DUS using MOE (molecular operating environ-
ment) models could be created which very likely represent a
native-like fold of these four proteins. In the alignment

shown in Fig. 2a the cysteine residues with applied align-
ment constraints are accentuated (underlined). In Table 2
the z-score values are also listed resulting form the PROSA
IT analysis (Sippl, 1990). All the z-scores of TLPs 1-4 arc a
bit smaller than the mean values expected for proteins with
the corresponding sequence length of 1DUS, but in the tol-
erance given by PROSA II. The modelled structures have
been accepted by the protein database and in Table 2 their
entry-codes are listed for downloading (http://
www.rcsb.org/pdb/Welcome.do) and detailed inspection.
The structures of TLP1 and TLP5 are exemplified in
Fig. 4. Whereas the structure of TLPS is almost identical
to the experimental template 1DUS, the helical domain
of TLPI is completely removed. The secondary structure
of all proteins is characterised by an extended beta sheet
in the centre of the proteins. The first four TLPs (TLPs 1
to 4) do not form any other secondary structure element.
In contrast, within the other four TLPs (TLPs 5-8), there
is at least one helix at the left hand side of the structures.
These differences can also be seen in the sequence align-
ment (Fig. 2) and correspond to about 50 amino acid resi-
dues inserted in TLPs 5-8 in comparison to TLPs 1-4.
Corresponding to the shown orientation of the secondary
structure for each protein, the molecular electrostatic
potentials at the Connolly surface (spatially accessible sur-
face of a water molecule with a van der Waals radius of
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904 | 1663 | 1970 |557| 856 | | 1453
TLP5 -TT- ITVVNRCSYTIWPGALP- GGGARLDPGQSWQLNMPAGTAGARVWPRTGCTFDRSGRGRCITGDCAGALVCR 72
873 | 1677 | 1913 \ | 1057 || 1496 |
TLP6 -AT- ITVVNRCSYTVWPGALP-GGGVRLDPGQSWALNMPAGTAGARVWPRTGCTFDGSGRGRCITGDCNGVLACR 72
873 | 1677 | 1913 \ | 1057 | | 1411 |
TLP7 -AT- ITVVNRCSYTVWPGALP-GGGVRLDPGQSWALNMPAGTAGARVWPRTGCTFDGSGRGRCITGDCGGALACR 72
894 | 1764 | 1931 | | 1198 | 982 |
TLP8 -AT- FTVINKCQYTVWAAAVPAGGGQKLDAGQTWSINVPAGTTSGRVWARTGCSFDGAGNGRCQTGDCGGKLRCT 73
Zeam -AV-FTVVNQCPFTVWAASVPVGGGRQLNRGESWRITAPAGTTAARIWARTGCKFDASGRGSCRTGDCGGVLQCT 73
2048 2872 2972
TLP5 VSGEQ-PATLAEYTLGQGGNRDFFDLSVIDGFNVPMSFQPVGGA-PCRAA- - TCAVDITHECLPELQVPGGCASA 143
2063 2705 | | 1434
TLP6 VSGQQ-PTTLAEYTLGQGANKDFFDLSVIDGFNVPMSFEPVGG- - -CRAA- - RCATDITKDCLKELQVPGGCASA 141
2063 2806 | | 1434
TLP7 VSGQQ-PTTLAEYTLGQGANKDFFDLSVIDGFNVPMSFEPVGAS - - CRAA- - RCATDITKECLKELQVPGGCASA 143
2012 | | 1270 | 1370
TLP8 QYGQA-PNTLAEFGLNKYMGQDFFDISLIDGYNVPMSFVPAPGSTGCPKGGPRCPKVITPACPNELRAAGGCNNA 147
Zeam GYGRA-PNTLAEYALKQFNNLDFFDISLIDGFNVPMSFLPDGGS-GCSRG-PRCAVDVNARCPAELRQDGVCNNA 145
| 1135 | 1756 | | 1074 | 2615
TLP5 CGKFGGDTYCCRGQFEHNCPPTYYSRFFKGKCPDAYSYAKDDQTSTF TCPA-GTNYQIVLCPARNDLHMDQ 213
| 1135 | | 1074 |
TLP6 CGKFGGDTYCCRGQFEHNCPPTNYSMFFKGKCPDAYSYAKDDQTSTFTCPA-GTNYQIVLCP--------- 202
| 1135 | 1679 | 1074 |
TLP7 CGKFGGDTYCCRGQFEHNCPPTNYSKFFKGKCPDAYSYAKDDQTSTFTCPA-GTNYQIVLCP--------- 203
| 2027 [ 1286 |
TLP8 CTVFKEDRYCCTGSAANSCGPTDYSRFFKGQCPDAYSYPKDDATSIFTCPG-GTNYQVIFCP--------- 208
Zeam CPVFKKDEYCCVGSAANDCHPTNYSRYFKGQCPDAYSYPKDDATSTFTCPA-GTNYKVVFCP--------- 206

Fig. 2b. CLUSTAL W (V.1.82) multiple sequence alignment of the barley PR-5 proteins (TLP5-8) and zeamatin (Zeam). Bold highlighted letters indicate
o helical, and bold and cursive letters B-sheet secondary structures. The fragment masses of the TLPs measured by MALDI-TOF mass spectrometry were
assigned to the sequences. The masses were rounded up to obtain whole digits. ‘|” marks the cleavage sites of the tryptic digestion C-terminal at arginine

and lysine.

1.4 A) are represented (Fig. 5). The molecular electrostatic
potentials of TLPs 5-8 show a negatively charged cleft
caused by acidic residues (two aspartic acid and one gluta-
mate), which may represent a binding site for not yet
known ligands. Such a negatively charged cleft is not so
distinctive for TLPs 1-4. In particular, TLP3 is clearly dif-
ferent from the other TLPs because it is lacking the acidic
residues in identical positions. This results in a different
form of the pocket and weaker negative potentials in this
area which might be an indication of altered substrate spec-

Table 1
Data calculated from the sequences of the cloned cDNAs of barley TLPs

ificity of this protein. An observation that certainly
deserves further analysis in future work.

When comparing the sequences of all TLPs, TLPS turns
out to be the longest protein with nine additional residues
at the C-terminus. This chain extension could not be mod-
elled due to the lack of a structural template. However, the
C-terminus is located at the opposite site of the acidic cleft.
Therefore, an extension of the chain in this position will
very likely not influence the putative pocket for any ligand
binding.

GenBank locus

Molecular mass (Da)

Theoretical pl acc. Expasy

Mature peptide (aa)

Cysteine residues

TLP1 AY839292 15626 433 153 10
TLP2 AY839293 15654 4.51 153 10
TLP3 AY839294 16071 4.85 153 10
TLP4 AF355455 15873 5.71 149 10
TLPS AY839295 22724 6.24 213 16
TLP6 AF355456 21352 7.53 202 16
TLP7 AF355457 21379 791 203 16
TLP8 AF355458 21855 8.15 208 16




1860

[a.i. * 1000]
4o O N~ © VO QN el D W0
N DA © oo e ohed N © @
~ GH 5 o W SO0 %) o
40118 38 52 3 88 583 5 ®5
- - v ——q N NN
4 \ JJ
| N I VN B 5 I
30
20
10
Lo J| | — ) | [
[ R s s s e e e e e S e S B B LA A B R S e e e
500 1000 1500 2000 2500 m/z

Fig. 3. Tryptic peptide mass fingerprint of TLP5. The 15 labelled masses
match with the peptide fragments as according to Fig. 2. All cysteines have
been modified with iodoacetamide to form carbamidomethyl-cysteine.
Additionally, the mass m/z=1605.85 indicates the non-derivatised
peptide fragment from position 9 to 24, and the mass m/z = 1986.02
indicates the oxidation of the methionine residue to the sulphoxide (MSO)
in the peptide fragment from position 25 to 43.

3. Discussion
3.1. The array of TLP sequences

Transcripts encoding eight different barley PR-5 pro-
teins were identified and cloned — seven from infected
leaves and one from developing grains. TLPs 1 to 4 belong
to the group of smaller PR-5 proteins, which are found
mainly in the cereals. However, in chickpea, PR-5a is only
16 kDa, and was the first smaller PR-5 member to be
described in dicots (Hanselle et al., 2001). TLPs 1 and 2 dif-
fer only in one amino acid residue and represent the stron-
ger acidic TLPs, whereas TLPs 3 and 4 are moderately
acidic and belong to the PR-like proteins since TLP3 was
not detected in infected leaves and TLP4 was found in both
healthy and infected leaves. In this study, the configuration
(grouping) of TLPs 1 to 4 contrasts with those of previous
findings of four acidic (three strongly and one weakly)
members from infected leaves (Reiss and Horstmann,
2001) as well as with the cDNA cloning of three strongly
acidic isoforms from Rhynchosporium secalis-infected bar-
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ley leaves (Hahn et al., 1993). In the first case, the previ-
ously described third spot at the stronger acidic region of
the gel may have been resulted from insufficient reduc-
tion/alkylation before isoelectric focusing. In the second
case, the cDNAs of PR-Hvla and PRHv1b both seem to
encode only the one stronger acidic TLP1, whereas TLP2
was encoded by PR-Hvlc.

3.2. Posttranslational modifications of the proteins were not
detected

The MALDI-TOF analyses of TLPs from the infected
barley leaves resulted in fragments which are in perfect
accordance with the sequences translated from cDNA
sequences. Therefore, posttranslational modifications of
the proteins were not detected. A fragment of TLP7 with a
potential motif for N-glycosylation at position N-165 was
present only in its native, unmodified form, indicating that
glycosylation has not taken place. The corresponding frag-
ment from TLP6 with a similar potential N-glycosylation
site at N-164 could not be detected, but this maybe because
this fragment is more difficult to transfer into a detectable
ionised state. However, the location of the spots of TLPs 6
and 7 in the 2D PAGE gel in relation to their molecular
weights would not favour extensive glycosylation of TLP6.

All of the identified barley PR-5 proteins contain an N-
terminal signal sequence for export to the apoplast. The
traditional subdivision of some PR protein families into
acidic proteins, which are secreted, and basic proteins,
which remain in the cells, appears not to apply to the TLPs
of barley. Therefore, in intercellular washing fluids of
stressed barley leaves, basic as well as acidic PR-5 proteins
are detected (Trudel et al., 1998). TLP5 shows a C-terminal
structure differing from that of the other TLPs. This kind
of C-terminal extension has been suggested to be a vacuo-
lar sorting determinant (Neuhaus and Rogers, 1998). Inter-
estingly, there are some indications of the presence of
modified TLP5 proteins at certain sites in the 2D-PAGE
which are different from those detected by MALDI-TOF
analyses of the protein spots shown in Fig. 1 (unpublished
data). However, to date, no modified fragments have been
detected lacking the nine amino acid C-terminal extension.

Table 2
Disulfide bridges and z-scores of the modeled structures
Protein Disulphide Disulphide Disulphide Disulphide Disulphide Disulphide Disulphide Disulphide z-Score z-Score- Sequence pdb-
bridge 1 bridge 2 bridge 3 bridge 4 bridge 5 bridge 6 bridge 7 bridge 8 mean length code
1DUS 9-205 51-61 66-72 118-194 124-177 132-142 146-155 156-164 —-832 -9.57 206 1DUS
TLP1 9-153 51-60 65-71 111-141 119-124 — - - —-6.88 —8.83 153 2DOV
TLP2 9-152 51-60 65-71 111-141 119-124 - - - -7.32 —8.83 153 2DOW
TLP3  12-153 54-64 69-75 114-141 122-127 - - - —6.67 —8.80 151 2D0OZ
TLP4 9-148 51-60 65-71 109-137 117-122 - - - -7.06 —8.77 149 2DOX
TLPS 9-203 50-60 65-71 117-192 122-175 130-140 144-153 154-162 -7.82 =9.55 204 2DOY
TLP6 9-201 51-61 65-71 115-190 120-173 128-138 142-151 152-160 -8.18 —9.51 202 2DP1
TLP7 9-202 50-60 65-71 116-191 121-174 129-139 143-152 153-161 -8.62 953 203 2DP2
TLPS8 9-207 51-61 66-72 119-196 126-179 134-144 148-157 158-166 -839 —-9.60 208 2DP0
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Fig. 4. Stereo-representation of the secondary structure of TLPS (a) and of TLPI (b) with shown disulfide bonds. Yellow arrows indicate beta sheets, red
alpha helices, and light blue coil loop structures.

Fig. 5. Representation of the molecular electrostatic potentials of TLP1 to TLP8 for comparison. Red areas of the potential indicate acidic (negative) and
blue ones basic (positive) electrostatic potential. The view is identical to the shown structures in Fig. 3.

Moreover, the existence of a C-terminal structure different ple, class II and IV chitinases differ at their C-termini by six
from that of related proteins is not sufficient to conclude  to nine amino acids but are still both secreted (Neuhaus
that this extension results in different targeting. For exam- et al., 1996).
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3.3. Secondary structures and surface electrostatic potentials

Modelling of the barley TLPs revealed clear differences
in the overall peptide structures. As already proposed for
the cDNA sequences, the described isoforms of barley
PR-5 proteins can be classified roughly into those having
the normal size of most PR-5 proteins, characterised by
eight disulphide bonds, and those which are shortened to
peptide structures containing only five disulphide bonds.
These deletions in TLPs 1-4 result in simpler peptide struc-
tures without the alpha helices found in TLPs 5-8. In prin-
ciple, the size of the proteins or the presence of alpha
helices seems not to be decisive for the antifungal activity
since the small TLP2 from winter rye, which has 96% iden-
tity to barley TLP2, has been described to possess anti-
fungal activity towards some fungal species (Chan et al.,
1999).

Barley TLP proteins R and S (corresponding to TLP6/
TLP7 and TLP8, respectively) have been reported to inhi-
bit fungal growth in vitro (Hejgaard et al., 1991). A com-
mon motif of PR-5 proteins seems to be the conserved
cleft region, which is highly acidic in all the barley TLPs
except TLP3. All of the known antifungal PR-5 proteins
are similar in their acidic cleft regions, whereas thaumatin
has no antifungal activity and its cleft is basic (Min et al.,
2004). Taken together, this suggests that the negative
charges in the cleft regions may be crucial in conferring
antifungal activity.

In addition, PR-5 proteins show different activities and
specificities against their target cells (Selitrennikoff, 2001;
Yun et al., 1998; Wang and Ng, 2002). The predicted sec-
ondary structures for both TLP subgroups in barley have
many differences, the significance of which, however, can
only be clarified once we know the still to be determined
interacting molecules. The difference between the TLPs 1
and 2 is due to a single amino acid which results in a pro-
truding basic group above the acidic cleft in TLP2. Such
small differences in the proposed topology and surface elec-
trostatic potential around the acidic cleft and in other
structural regions of the barley TLPs have to be considered
as determinants for the various specificities of the TLPs
towards target fungal cells. For instance, when comparing
TL8 with the other basic TLPs 5-7, the differently posi-
tioned basic groups near the acidic cleft are clearly visible,
indicating that these areas will have different bonding pref-
erences. The initial interaction of TLPs with the fungal cell
wall surface may be facilitated by the hydrophilic back of
the proteins, which is highly basic, especially in the group
of large TLPs. Experimental binding data for selected sin-
gle-stranded (1,3)-B-p-glucans to the acidic clefts of
HvPR5b and HvPRS5c (corresponding to TLPs 8 and 6,
respectively) have shown that the different ability to form
hydrogen bond interactions with the carbohydrate group
might explain why HvPRS5c binds (1,3)-B-p-glucans and
why HvPR5b does not (Osmond et al., 2001). For a better
understanding of the role of different barley PR-5 isoforms,
more information about putative receptor targets located

in the fungal cell membrane and cell wall is needed in order
to exploit the information on TLPs provided here for sec-
ondary structures and molecular electrostatic potentials
in further docking experiments.

4. Experimental
4.1. Plant material

Culture and infection of barley (Hordeum vulgare L. cv.
Karat) plants with Drechslera teres f. teres and the acidic
extraction of the leaf proteins were described previously
(Reiss and Bryngelsson, 1996). Generally, the primary
leaves of the young seedlings were used for the analyses.
To analyse the expression of TLP3 in the reproductive
organs of barley, the developing grains of barley cv.
‘Mandschura’ were separated as a whole 3-6 days after
anthesis and RNA was extracted. All plants were grown
under greenhouse conditions.

4.2. Two-dimensional gel electrophoresis (2D-E)

Isoelectric focusing (IEF) with immobilised pH gradients
(Goerget al., 2000) and sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) were carried out
essentially as recommended by the manufacturers. Crude
protein extracts were purified for preparing low conductiv-
ity samples by using the Perfect FOCUS kit (GenoTech,
St. Louis, MO, USA). Isoelectric focusing was performed
using the PROTEAN IEF system with immobilised pH
gradients (IPG) for 2D-E (Bio-Rad, Munich, Germany).
The pellets of the purified proteins obtained from
1 g leaf material were dissolved in the supplied rehydration
buffer containing 50 mM DTT. Dehydrated 11 cm IPG
strips (pH 3-10, linear) were rehydrated overnight in
185 pl rehydration buffer. Focusing was performed in three
steps: 1. 500 V for 1 h, 2. 1000 V for 1 h, and 3. 8000 V until
7500 Vh were reached. The current limit was set to 50 pA
per strip. Focused IPG strips were stored at —20 °C over-
night and afterwards equilibrated for the second dimension
in two steps: 1. with equilibration-base buffer mixed with
2% DTT and 2. with equilibration-base buffer mixed with
5% iodoacetamide. The strips were placed on the top of a
15% SDS-PAGE gel with 3% stacking gel and overlaid with
0.5% (w/v) low melting agarose prepared in running buffer.
The gel was run in the second dimension at 25 mA using
the PROTEAN II xi Cell system (Bio-Rad, Munich, Ger-
many). The protein spots were visualised by staining with
Deep Blue - Colloidal Coomassie (MoBiTec, Gottingen,
Germany).

4.3. MALDI-TOF MS
In-gel digestion and MALDI-TOF MS analysis of the

TLP-samples were carried out as described previously
(Schlesier et al., 2004).
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4.4. Nucleic acid isolation and PCR

Standard molecular biology techniques were carried out
as described previously (Ausubel et al., 1999). For RNA
isolation, cDNA preparation, and preparation of genomic
DNA respective kits were used (Qiagen, Hilden, Germany).
PCR amplification for TLPS5 was performed using the
forward primer 5-CAGCACCAAACCACCATATTCA-
CAAACAAG-3' and the reverse primer 5'-GAGCGG-
CCACCC (T)30-3’. To amplify the sequence of TLP3 from
the genomic DNA, the following primer pair was used:
5’- ACCGACCCCCCGGCGCCGGTGAC-3' as forward
primer and 5'-GCTCATCATGGGCAGAAGACGATCT-
GGAGCAGG-3' as reverse primer. For amplifying TLP3
in ¢cDNA isolated from developing grains 5-GTTCCA-
CAAAAATGGCTCGCGCCTCTC-3' as forward primer
and 5'-GAGCGGCCACCC(T)3(-3’ as reverse primer were
used. The PCR program used to amplify both TLPs con-
sisted of a 94 °C hot start for 5 min, followed by 30 cycles
of denaturation (94 °C, 45 s), annealing (60 °C, 45 s), and
extension (72 °C, 1 min). This was followed by a final
10 min extension at 72 °C. PCR products were fractionated
on a 1.5% agarose gel and the expected size bands were cut
out and purified using the High Pure PCR Product Purifica-
tion kit (Roche Applied Science, Penzberg, Germany).

4.5. Cloning and sequencing of nucleic acids

Purified DNA of PCR products was cloned in pDrive
Cloning Vector (Qiagen, Hilden, Germany). Transforma-
tion and plating were performed according to the recom-
mendations of the manufacturer.

The cDNA library was produced from mRNA of barley
leaves 5 days after inoculation with D. teres f. teres as
described (Reiss and Horstmann, 2001). The plasmid
DNA was prepared using the Qiaprep system (Qiagen)
and then applied to fluorescent sequencing (Amersham
Biosciences, Freiburg, Germany).

4.6. Bioinformatics (ldentification by database search)

The computer analyses of the nucleotide and amino acid
sequences were performed with the PCGENE software
(Release 6.85, IntelliGenetics, Geneva, Switzerland) and
with the ExPASy Proteomics Server (http://us.exp-
asy.org/). For screening EST databases, the Blast server
of NCBI was used, and for the tBLASTn search, the Blast
server in the bioinformatics tools of the Plant Genome
Resource Centre of the Institute of Plant Genomics and
Crop Plant Resource in Gatersleben, Germany was used.
In the search for TLPS, the peptide sequence
FGGHDTYCCR was used in tBLASTn (Altschul et al.,
1990) and the obtained ESTs were selected successfully
with the TLP5 N-terminus TTITVVNRCSYTIW. The
search for the smaller TLP isoforms of barley by tBLASTn
was performed using the sequence FNLAMDFSCSTG-
DAL as a query and the tBLASTn search in EST data

bank for additional, up to now not described TLPs was
performed with the query NXCXXTXWXXXXPXGXG-
XXLXXGXXX XXX XXX XXX XXXXWXRTXCXFXX-
XXXGXCXTXDCXXXLXC (X represents any amino
acid residue).

4.7. Molecular modelling

To find homologous proteins with known three-dimen-
sional structures to the eight thaumatin-like proteins
(TLPs) of barley (Hordeum vulgare), a Blastp (Altschul
et al., 1990) search was used. The program provided as
the most promising template structures for homology mod-
elling 1PCV (tobacco osmotin) (Min et al., 2004), 1IDUS
(maize zeamatin) (Batalia et al., 1996), 1AUN (tobacco
PR-5d) (Koiwa et al., 1999), ITHU (thaumatin b) (Ko
et al., 1994), and 1RQW (thaumatin) (Ma and Sheldrick,
unpubl.) with E-values below 10, The sequence identities
between the templates and target structures was approxi-
mately 50% which is sufficient for homology modelling.

The program MOE® (Molecular Operating Environ-
ment) was used for homology modelling of the eight TLPs.
The sequences were aligned with the aforementioned tem-
plates using the blosum 50-matrix (Henikoff and Henikof,
1992, 1993) For each protein, ten models have been calcu-
lated by MOE and pre-optimised using the Charmm force
field (MacKerell et al., 1998). All ten models were checked
with regard to stereochemical quality using PROCHECK
(Laskowski et al., 1993). The backbone dihedral angle dis-
tribution of all amino acid residues (Ramachandran Plot)
showed on average 86% in most favoured, 11% in addi-
tional allowed, and 3% in generously allowed regions. All
other stereochemical parameters were inside the quality
expected for a structure with a resolution of 2.0 A. The
quality of the fold was inspected with PROSA (Sippl,
1990) that allowed all residues in negative energy regions
very similar to the template protein, and indicates the pos-
sible correctness of the modelled structures.

Molecular electrostatic potentials were calculated at the
Connolly surface (Connolly, 1983a,b) of the proteins using
MOLCAD (Heiden et al., 1993) and Gasteiger charges
(Gasteiger and Marsili, 1980), which are implemented in
the SYBYL molecular modelling package (SYBYL®© Tri-
pos Associates Inc.) at Silicon Graphics workstations.
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