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Structural and Antifungal Properties of a Pathogenesis-
Related Protein from Wheat Kernel

Carla Caruso,'? Carlo Caporale,’ Gabriele Chilosi,* Francesco Vacca,' Laura Bertini,'
Paolo Magro,’ Elia Poerio,' and Vincenzo Buonocore'
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We have purified and characterized a protein from the water-soluble fraction of wheat
kernel (Triticum aestivum cv. S. Pastore) consisting of a single polypeptide chain blocked
at its N-terminus by a pyroglutamate residue; the complete amino acid sequence has been
determined by automated sequence analysis performed on peptide fragments obtained by
enzymatic hydrolyses of the protein. Homology studies have shown that this protein is very
similar (97% sequence identity) to the previously characterized wheatwinl as well as to
other members of the pathogenesis-related (PR) proteins of class 4; in analogy with
wheatwinl, we have termed this protein wheatwin2. Both wheatwinl and wheatwin2 have
specific antifungal activity toward the wide-host-range pathogen Botrytis cinerea and the
wheat-specific pathogenic fungi of wheat Fusarium culmorum and Fusarium graminearum
of groups | and 2. On the basis of their structural and functional properties, wheatwin|
and wheatwin2 can be classified as members of the PR4 protein family; this represents the

first report concerning the presence of this kind of protein in wheat.

KEY WORDS: Antifungal activity: pathogenesis-related proteins; primary structure; wheat kernel.,

1. INTRODUCTION

During evolution, plants have developed constitu-
tive and inducible mechanisms to respond to
infection by viruses, fungi, and bacteria (Hahlbrock
and Schecl, 1987) or mechanical and chemical
treatments (Davies, 1987; Boller, 1988; Hildmann er
al., 1992); these defense reactions are considered to
play an important role in disease resistance. The
most extensively characterized defense reactions
are the activation of the phenylpropanoid metabol-
ism (Lawton et al., 1983; Cramer er al., 1985;
Friend, 1985), the synthesis of antimicrobial
compounds such as phytoalexins (Bowles, 1990)

' Dipartimento di Agrobiologia ¢ Agrochimica, Universitd della
Tuscia, 1-01100 Viterbo, Italy.

*To whom correspondence should be addressed. E-mail:
Caruso(@tusmx | .utovrm.it.

'Dipartimento di Protezione delle Piante, Universitd della
Tuscia, [-01100 Viterbo, Italy.

35

and protcinase inhibitors (Ryan, 1990), and the
synthesis and accumulation of a set of host-encoded
pathogenesis-related (PR) proteins (Van Loon,
1985; Boller, 1987; Carr and Klessing, 1989; Bol et
al., 1990; Dixon and Lamb, 1990; Linthorst, 1991).

PR proteins are widely distributed in the plant
kingdom and are induced by different stress
situations; they were first described in tobacco
plants infected with tobacco mosaic virus (TMV)
(Gianinazzi ef al, 1970; Van Loon and Van
Kammen, 1970); since then, several PR proteins
have been described in other plant species
challenged with many biotic and abiotic stresses
(Van Loon, 1989).

While the molecular characterization of PR1,
PR2, PR3, and PRS protein families has been
extensively reported, only a little is known about
members of group 4. Two PR4 proteins have been
isolated from tobacco and tomato plants infected
with TMV and Cladosporium fulvum, respectively

D2TT-ROBI SR ANTNO-O0RSSON.50/0 @ 1996 Plenum Publishing Corporation
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(Friedrich et al., 1991; Linthorst et al., 1991). Their
cDNA sequences were found to be homologous to
the C-terminal domain of both winl and win2 genes
from potato (Stanford er al, 1989) and to the
region of hevl gene encoding the precursor of
hevein, a small protein isolated from rubber tree
(Hevea brasiliensis) latex (Broekaert et al., 1990);
interestingly, the N-terminal hevein-like domain of
winl, win2, and hevl genes is missing in both
tobacco and tomato PR4 genes, while it is present
in genes coding lectins from monocots (Raikhel and
Wilkins, 1987; Wright and Raikhel, 1989; Lerner
and Raikhel, 1989; Chrispeels and Raikhel, 1991)
and dicots (Chapot et al., 1986) as well as in gencs
coding some basic chitinases; these last have the
hevein-like domain fused to an unrelated C-
terminal portion (Broglic et al., 1986: Shinshi et al.,
1987, 1990:; Parson et al., 1989; Laflamme and
Roxby, 1989).

A maturc protein, called barwin, from barlcy
seeds has been isolated and completely sequenced
(Svensson et al., 1992); this protcin was found to be
homologous to the tobacco and tomato PR4
proteins as well as to the C-terminal domain of the
winl, win2, and hevl proteins; barwin, which is also
present in primary leaves challenged with Erysiphe
graminis, shows an antifungal activity toward
Trichoderma harzianum (Hejgaard et al., 1992).

Recently we reported the structural charac-
terization of a protein from wheat kcrnel, named
wheatwinl, which was highly homologous to the
PR4 protein family (Caruso et al., 1993). on the
basis of this structural evidence we assumcd for
wheatwinl a possible role in the mechanisms ol
plant defensc. In this paper we report the isolation
and structural characterization of a new protein
from wheat kernel, named wheatwin2, closely
related to wheatwinl, and the antifungal activity of
both wheatwinl and wheatwin2 toward a wide-host-
range fungal pathogen and isolates of pathogenic
fungi of wheat.

2. MATERIALS AND METHODS

2.1. Materials

Triticum aestivum, cultivar San Pastore, was
kindly supplied from Istituto Sperimentale per la
Cerealicoltura (S. Angelo Lodigiani, Italy). HPLC

was carried out on a Beckman GOLD apparatus
equipped with a variable-wavelength monitor
model 166. HPLC-grade acetonitrile and methanol
were from Baker (Holland). Bovine serum
albumin, trifluoroacetic acid, dithiothreitol, and
4-vinylpyridine were from Sigma Chemical Co. (St.
Louis, MO). Sequencing-grade trypsin
(EC3.4214) and cndoproteinase Lys-C  from
Lysobacter enzymogenes were from Bocringher
Mannheim [Italia SpA. The p-Bondapak Cy
column (0.39 X 30cm) was from Waters-Millipore
(Milford, MA). Reagents for SDS-PAGE, includ-
ing low-molecular-weight markers, were from
Bio-Rad (Italy); rcagents for isoelectric focusing
were from Pharmacia (Uppsala, Sweden). All other
reagents were of the highest purity commercially
available.

2.2. Protein Purification

Wheatwinl and wheatwin2 were purified from
the water-soluble albumin fraction of wheat kernel
following the procedure previously described for
the purification of the 13-kD monomeric isoin-
hibitors of a-amylase (Carrano et al., 1989) with
slight modifications: the last chromatographic step
on a Q-Scpharose Fast Flow column using an FPLC
apparatus was replaced by reverse phase (RP)
HPLC using a u-Bondapak C column. Eluent A
was aqueous 0.1% trifluoroacetic acid and cluent B
was (.07% trifluoroacctic acid in acetonitrile.
Elution was accomplished at a flow rate of
| ml min~' monitoring the absorbance at 220 nm.
The elution program was isocratic elution for 5 min
at 28% B, followed by a linear gradient from 28%
10 36% B in 55min. Fractions were manually
collected and freeze-dried. The protein concentra-
tion was determined by the Bio-Rad assay,
following the manufacturer’s instructions and using
bovine serum albumin as a standard.

2.3. Electrophoresis

SDS-PAGE was carried out on a mini-Protean
apparatus (Bio-Rad) using a discontinuous system
according to Laemmli (1970) on a 12% acrylamide
gel: both Coomassie and silver staining procedures
were used following the instruction of the
manufacturer, IEF was performed in the pH range
3.5-10 using both an LKB apparatus (Pharmacia,
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Uppsala, Sweden) and a mini-1EF apparatus from
Bio-Rad.

24. Protein Reduction and Pyridylethylation

Wheatwin2Z (10nmol) was treated with
0.5umol of dithiothreitol in 0.lml of 0.25M
Tris-HCl buffer, pH&8.0, 2mM EDTA, 6M
guanidine-HCI, for 2hr at 37°C under nitrogen
atmosphere. Alkylation was performed with 4-
vinylpyridine (15 wmol) for 2 hr at room tempera-
ture in the dark under nitrogen atmosphere. The
reaction was stopped by freezing and reagents in
excess were removed by RP-HPLC on the
u-Bondapak C,x column. Eluents A and B were
those described above. The elution was carried out
at a flow rate of Imlmin' by the following
program: isocratic elution for 5min at 15% B
followed by a linear gradient from 15% to 40% B
in 30 min. The S-pyridylethylated (PyEt) wheatwin2
was manually collected and [reeze-dried.

1.5. Digestion with Trypsin

PyEt-wheatwin2 (5nmol) was digested with
trypsin (enzyme:substrate 1:50, w/w) for 6 hr at
37°C in 0.1 ml of 0.1% ammonium bicarbonate
buffer, pH 8.0. The digest was freeze-dried and
dissolved in 0.1 ml of aqueous (.1% trifluoroacetic
acid. The fragment mixture was resolved by
RP-HPLC on the u-Bondapak C,4 column. Eluents
A and B were those described in the previous
section. The elution was performed at a flow rate of
I mlmin~" monitoring the absorbance at 220 nm by
using the following program: isocratic elution for
10 min at 10% B followed by a linear gradient from
10% to 26% B in 56 min and then from 26% to
34% B in 54 min. Pcaks were manually collected
and freeze-dried.

2.6. Digestion with Endoproteinase Lys-C

PyEt-wheatwin2 (10 nmol) was digested with
endoproteinase  Lys-C  from  Lysobacter en-
zymogenes (enzyme:substrate 1:50, w/w) for 8 hr at
37°C in 0.1 ml of 0.1% ammonium bicarbonate
buffer, pH 8.0; the digestion was terminated by
acidification with trifluoroacetic acid (1 mM final
concentration) and the peptide mixture was
freeze-dried and dissolved in (.1 mi of aqueous
0.1% trifluoroacetic acid. The fragment mixture
was resolved by RP-HPLC on the p-Bondapak C,y
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column. Eluents A and B were those described in
the previous section. The elution was performed at
a flow rate of 1 ml min~' monitoring the absorbance
al 220nm and using the following program:
isocratic elution for Smin at 5% B followed by a
linear gradicnt from 5% to 40% B in 85 min. Peaks
were manually collected and freeze-dried.

2.7. Sequence Analyses

The purificd tryptic and endoproteinase Lys-C
peptides of wheatwin2 were dissolved in aqueous
0.1% trifluoroacetic acid (10-40 pl); portions
(200-500 pmol) were submitted to automated
sequence analysis using a pulsed liquid-phase
automatic sequencer (Applied Biosystems model
477A) equipped on-line with a phenylthiohydantoin
amino acid derivative analyzer (Applicd Biosystems
model 120A). Samples were loaded onto a
trifluoroacetic acid-treated glass-fiber filter, coated
with polybrene, and washed according to
manufacturer's instructions. The relative reagents
were from Applied Biosystems.

2.8. Deblocking of the N-Terminal Residue

Deblocking of the N-terminal residue was
achicved by incubating the N-terminal tryptic
fragment (200 pmol) of wheatwin2 in 50 ul of
1 M HCI in methanol for 1 hr at 45°C.

2.9. In Vitro Antifungal Assay

To assess the antifungal properties of
wheatwinl and wheatwin2 the two proteins were
cxtensively dialyzed against distilled water and
lyophilized. Inhibition bioassays of fungal growth
were carried out with the pathogenic fungi of wheat
Fusarium culmorum (Smith) Sacc., Fusarium
graminearum Schwabe of groups 1 and 2, and
Botrytis  cinerea Pers. (isolate 91/3). The F
culmorum (isolate 485) and F. graminearum group
1 (isolate 218) and group 2 (isolate 511) were
obtained from wheat and kindly supplied by Istituto
Sperimentale per la Patologia vegetale (Rome,
[taly); the isolates were grown on carnation leaf
agar (CLA). B. cinerea (isolate 91/3), obtained
from grape and grown on potato dextrose agar
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(PDA) (OXOID, Hampshire, England), was
maintained as a stock culture on PDA slants at 4°C
in our culture collection. Macroconidia from
sporodochia of Fusarium cultures and conidia from
B. cinerea cultures were collected from 10-day
cultures grown at 20°C and suspended in sterile
potato dextrose broth. In the growth inhibition
assay 10-ul aliquots of suspension containing
10°ml™" spores of each isolate were placed on
sterile microscope slides and 90 ul of protein
solution was added to each spore suspension (final
protein concentration 5, 10, and 25 ugml™'); the
microscope slides were kept in a moist chamber at
21°C in the dark for 8 hr. Antifungal activity was
determined microscopically by measuring hyphal
growth; two sets of spore suspensions in sterile
distiled water and in bovine serum albumin
solution represented the controls. Assays were
performed in duplicate and both the average of at
least 100 measurements of hyphal growth for each
sample and the standard deviations were calculated.
The effective dose for 50% inhibition (EDs,) of
each sample was obtained by least-square linear
regression of the dosage response.

Caruso, Caporale, Chilosi, Vacca, Bertini, Magro, Poerio, and Buonocore

3. RESULTS

3.1. Protein Purification

Wheatwin2 has been purified to homogeneity
following basically the purification procedure of
a-amylase and protcase inhibitors from wheat
seeds (Carrano et al., 1989); after the gel-filtration
step on the Sephadex G-100 superfine column the
fractions corresponding to a molecular weight of
about 13,000 were pooled and the last step of
ion-exchange chromatography on a Q-Sepharose
column was replaced with RP-HPLC, which
allowed us to isolate this new protein together with
wheatwinl in higher yields (Fig. 1). SDS-PAGE in
the presence and absence of mercaptoethanol
shows that wheatwin2 is a monomeric protein with
a molecular mass of about 13 kD, according with
the value previously determined by gel filtration:
the isoelectric point of wheatwin2 is 8.3, which is
slightly higher than the value of 7.3 determined for
wheatwin 1. Both SDS-PAGE and IEF confirmed
that wheatwinl and wheatwin2 appear as pure

0,02 40
d
c
i)
E L35 &
% 0,014 b .g..
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T T T L T
0 10 20 30 40 50 60
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Fig. 1. Purification of wheatwinl and wheatwin2 by RP-HPLC, a-Amylase monomeric
inhibitors (a) 0.28 and (b) (.39 (¢) wheatwin2: and (d) wheatwinl.
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proteins after RP-HPLC and do not contaminate
each other. Their total grain concentration is about
10-15 ug g ' grain.

3.2. Sequence Analysis

The Edman degradation of the reduced and
pyridylethylated wheatwin2 was unsuccessful due to
the presence of a blocking group at the N-terminus.
The pyridylethylated protein was separately di-
gested with trypsin and endoproteinase Lys-C: the
two peptide mixtures were resolved by RP-HPLC,
which allowed the purification of all peptides
through a single chromatographic run (Fig. 2). The

39

purified tryptic (TI-T8; Fig. 2A) and endop-
roteinase Lys-C (K1-K4; Fig. 2B) peptides of the
S-pyridylethylated wheatwin2 were submitted to
automated sequence analysis. Fragment T (Fig.
2A) failed to show any amino acid derivative, thus
suggesting the presence of a blocked N-terminal
residue; it was deblocked by acid treatment with
HCl-methanol and its sequence was then assessed.
The presence of glutamic acid at the N-terminus of
the deblocked T1 fragment suggested that the
masking group was pyroglutamate, analogous to the
situation for wheatwinl (Caruso er al., 1993). As
determined by the sequencer software, the average
and combined repetitive amino acid yields were not
lower than 90% for each sequenced peptide; the

. 100
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0,151 A " ‘é}
E @
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é N b T7 2
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&
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0 50
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Fig. 2. RP-HPLC of (A) tryptic and (B) endoproteinase Lys-C peptides of S-
pyridylethylated wheatwin2. All peptides were subjected to sequence analysis, Peptides
Tl and K1 were found to be blocked at their N-terminus.
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Fig. 3. Amino acid sequence of wheatwin2. Tryptic (T1-T8) and endoproteinase Lys-C (K2-K4) peptides utilized for establishing the

theoretical initial yields were not lower than 60%.
The completec amino acid sequence of wheatwin2,
obtained by overlapping useful tryptic and endop-

sequence are indicated.

alignment of the tryptic peptides in the N-terminal
region was achieved by homology with the
corresponding region of wheatwinl, since peptide

roteinase Lys-C peptides, is shown in Fig. 3. The Kl from endoproteinase Lys-C digestion was
HEV1 -N- -F-- -VV - C-L-TGV I E Q A K PN W DY DHN N KDS -EGVG-G
WINZ CGP A V CISLTSV - R GN ¥ Q S -PD GQG
WINL MVKLISNSTILLSLFLFSIAAT - ANAQQ- CGRQKGGALCSGNLCCSQFGWCGSTPEFCSPSQGCQSRCTCTGGSTPTPS
PR4 Tobacco ERVISYKLCYAL IISMVM N Asr—reressssssssssdsrsssbdontnscecdappauiiidmam s
PR4 Tomato ERVNK- - LCVAFFVINMMM V A-----------2=-------smssmmooocmooo-o-conoooossoooooon-
HEV1 S L L S DH --a Y S AH QS s G K
WINZ2 = YA S

WINL GSAQNVRATYHI YNPONVGWDLN - - AVSAYCS TWDANK PLSWRKKYGWTAFCGPVGPRGRDSCGKCLRVINTRTGAQT
PR4 Tobacco Q T S L IN R--A FA D A Q A Qv R G T
PR4 TOmato QT L IN R--TAV A D E RR A TQA R G TE
Barwin QQ ND Y R AQNN  GAP A s s A QAA PA I
Wheatwinl QQ TN Y R AQNN  GAP A S SG A BH QA Q PA I
Wheatwinz2 QQ TN Y R AQNN GAP A s s A BH QAA PA I
HEV1 - L K YER IT SFN- PLFSVMKSSVIN

WINZ2 I- Q v Q N VNVPLLSVV-DK- -E

WINL TVRIVDQCSNGGLDLDVN- VFRQIDTDGNGNHQGHLIVNYQFVDCGDN

PR4 Tobacco - NL NVYQ T E NN -

PR4 Tomato R - NRL NLYQRNN E N ---

Barwin A A WDT TK NIYQ N R -

Wheatwinl A A WDT TK N I YQ N R -

Wheatwinz2 A AD WDT TK NI YQ N R -

p—

Fig. 4. Scquence comparison of wheatwinl, wheatwin2, barwin, tobacco PR4 protein. tomato PR4 protein, and the proteins encoded by
winl, win2, and hevl genes. All comparisons refer to the sequence of winl. which is comprehensive of all domains. The amino acid
residues of the other proteins different from thosc in the winl sequence are indicated. Gaps (—) arc introduced to maximize the
homology.
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deduced to be the N-terminal blocked fragment by
the evidence that its sequence analysis was
unsuccessful. The calculated molecular weight of
13,645 is in good agreement with the mass value
estimated from SDS-PAGE.

Figure 4 shows the sequence of wheatwin? in
comparison with that of wheatwinl and other PR4
proieins as well as with the gene-deduced
sequences of winl and win2 from potato and hevl
from rubber tree. Wheatwin?2 is highly homologous
to wheatwinl (Caruso er al., 1993), differing in only
3 residues out of 125, and both proteins are very

closely related to barwin (94-97% sequence
125
N R
1004 Aty -y
o SIRRER o BE T
& »] T A
g i -."“--._
E 50
]
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Fig. 5. Antifungal activity of wheatwinl and wh
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identity) isolated from barley (Svensson er al.,
1992) and to the two PR4 mature proteins purified
from tobacco and tomato plants (69-71% sequence
identity) (Friedrich et al., 1991; Linthorst et al,
1991). Ali these mature proteins were found to be
homologous to the C-terminal domain of the
gene-deduced sequences of winl and win2 (70%
sequence identity) (Stanford et al., 1989) and hevl
(68% sequence identity) (Broekaert er al., 1990).
However, these putative proteins contain an
N-terminal cysteine-rich domain which is missing in
the PR4 protcins. This domain of 43 amino acid
residues, encoding the mature hevein (Walujono er

25 4

’ 30
Protein ( ug ml-1)
125 -[—
D

s s 3

"1 &

504 “:_‘
25

G_Jr 1 T +_|

n 15 20 2% 0

Protein ( ug mi-1)

eatwin2. Hyphal growth was measured

al varying concentrations of the proteins using the following test fungi: (A) Botrytis
cinerea, (B) Fusarium culmorum, (C) Fusarium graminearum of group 1, and (D)
hyphal growth is expressed as percentage
of the hyphal growth of control cultures and data are means of two independent
experiments. Bars represent SDs: SD values not indicated were not detectable under the
unit scale used. (A) Control; (O) BSA: (L) wheatwinl: (&) wheatwin2,

Fusarium graminearum of group 2. Relative
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Table I. ED., Values of Germ Tube Elongation in Phytopatho-
0 B 3

genic Fungi Botrytis cinerea, Fusarium culmorum, and Fusarium

graminearum Groups | and 2 Treated with Wheatwinl and

Wheatwin 2
EDs, (g ml ‘}
Pathogen whealwinl wheatwin2
Borrytis cinerca 12.1 14.7
Fusarium culmorum 9.6 12.2
Fusarium graminearwm group 1 32 9.7
Fusarium graminearum group 2 10.4 11.3

“ EDy, values were obtained by least-square linear regression of
the dosage response.

al., 1975), is found in other chitin-binding proteins
(Shinshi et al., 1990) and some lectins (Chrispeels
and Raikhel, 1991).

3.3. Antifungal Activity

The antifungal activity was determined by
measuring the effect of increasing protein con-
centrations (5-25 ug ml~') on the growth of fungal
hyphac. Both proteins are effective in inhibiting the
hyphal growth of the wide-host-range pathogen B.
cinerea (Fig. 5A) and the three wheat-specific
pathogenic fungi F. culmorum and F. graminearum
of group 1 and of group 2 (Fig. 5B-D). The
inhibitory abilities of the two proteins toward the
four fungi, compared on the basis of EDs, valucs,
are reported in Table L.

4. DISCUSSION

Wheatwinl and wheatwin2 are two highly
homologous components (97.6% sequence identity)
of the albumin family of wheat kernel, differing in
only 3 amino acid residues out of 125; the
difference in the basic amino acid content (higher in
wheatwin2) is in agreement with the different
isoelectric points of the two proteins.

Given the sequence similarity, the two proteins
are likely to have a global fold similar to that of
barwin, whose three-dimensional structure in
solution has been determined by NMR (Ludvigsen
and Poulsen, 1992a,b). It is of great interest (o
compare the similar primary structure of proteins,
especially when three-dimensional data are avail-
able; in particular, the comparison can shed some
light on the molecule sites where the structure is

conserved and similarly on the sites where
mutations have occurred. Ludvigsen and Poulsen
(1992b) reported that barwin differs from winl,
win2, and hevl proteins in sites on the protein
surface located in the loop regions (Arg 14-Ala29
and Gly53-Gly64) and in the small a-helix
Trp95-Glyl11. On the other hand, wheatwinl and
wheatwin2 differ from barwin only in the loop
region Gly53-Gly64 and in the B-sheet Gln2-
Thr9, which is also located on the surface of the
protein. These findings show that wheatwinl and
wheatwin2 are very similar to barwin also in the
three-dimensional structure; this is not surprising
considering that wheat and barley are very closely
related. Furthermore, the observed differences of
wheatwinl and wheatwin2 from the proteins from
potato and rubber tree are located in the surface
regions where random mutations are more likely to
be expected, confirming that the global fold of all
these PR4 proteins is likely to be more conserved
during evolution than their primary structures.

In comparison with the gene-deduced sc-
quences of winl, win2, and hevl, wheatwinl and
wheatwin2 lack the hevein-like domain, analogous
to the other PR4 mature proteins from tobacco,
tomato, and barley (Friedrich et al., 1991; Linthorst
et al., 1991: Svensson et al., 1992). Therefore, the
PR4 family is a structurally distinct example of a
phenomenon already described in chitinases. These
enzymes, belonging to the PR3 family, have been
grouped into three classes on the basis of their
primary structures (Shinshi er al, 1990). Class I
chitinases are basic proteins of about 32-34kD
mainly located in the vacuole, characterized by the
presence of the hevein-like domain, followed by the
presence of a C-terminal chitinolitic, sugar-binding
domain; in addition, the vacuolar chitinases contain
a C-terminal extension of seven amino acids
necessary for vacuolar sorting that is missing in the
mature protein (Neuhaus et al., 1991; Bednarek and
Raikhel, 1992; Nakamura and Matsuoka, 1993).
Class 11 chitinases are structurally similar to the
chitinolitic domain of class 1 enzymes, but are acidic
proteins of about 27-28 kD that lack the hevein-
like domain and are extracellularly located (Payne
et al., 1990). Class IlI chitinases also lack the
hevein-like domain and are structurally unrelated
to class I and class Il enzymes. It has been
proposed that class I chitinases have evolved by
gene fusion of the chitin-binding domain with the
DNA encoding the hevein domain, whereas class 11
enzymes could have evolved from class I chitinases
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by excision of this domain (Shinshi er al., 1990).
The sugar-binding domain, found in several lectins.
could represent a building block of many protcins,
all of which have similar sugar-binding specificities
(Chrispeels and Raikhel, 1991). During evolution,
this cysteine-rich domain could have been dupli-
cated several times producing lectins, such as wheat
germ agglutinin (Raikhel and Wilkins, 1987), or
becoming incorporated into genes that now encode
different proteins, such as chitinases and PR4
proteins. This combination of fusion and duplica-
tion of building blocks represents a model of
evolution that yields mosaic structures with
different biological functions.

It has been demonstrated that mature plants
respond 1o microbial infection by synthesizing a
group of pathogenesis-related proteins, all of which
possess antifungal activity with the exception of the
PRI family, which has been characterized only at
DNA level. In order to determine the biological
role of wheatwinl and wheatwin2, assays for
antifungal activity were performed utilizing a
number of pathogenic fungi. Wheatwinl was found
to be more cffective than wheatwin2 toward all
tested fungi; for instance, the inhibition of B.
cinerea growth is complete with wheatwinl and is
about 60% with wheatwin2 using a concentration of
25 pgml Both proteins were more effective
toward F. culmorum growth; this is not surprising
considering that F. culmorum is a pathogen specific
for wheat, whercas B. cinerea is a wide-host-range
pathogen. This trend is confirmed by the experi-
ments performed on two other isolates of wheat: F,
graminearum groups 1 and 2. Both wheatwinl and
wheatwin2 show a more pronounced antifungal
effect against these latter two isolates; in fact, the
inhibition is complete for both proteins at
10ugml '. Control experiments with BSA con-
firmed that the observed inhibition patterns were
not due to the general clfect on cell growth found
for many basic proteins in the 10-100 pgml™'
range (Jacobsen er al., 1990). The two proteins, in
particular wheatwinl, appear to possess higher
antifungal activity toward F. graminearum G1 than
F. graminearum G2 as rcvealed by EDs, values.
Members of the two groups differ essentially
because the former is a soil-borne pathogen which
causes crown rot of tempcrate cercals, while the
latter is an air-borne pathogen which causes head
blight of temperate cereals (Francis and Burgess,
1977).

It is worth pointing out that the two proteins
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differ in only three residues, all located in the
surface region, which probably play an important
role in determining their different antifungal
activity. The functional significance of the structural
differences between wheatwinl and wheatwin2 is
not fully understood, but the existence of two
proteins with different specific antifungal activity
might represent a sclective advantage toward a
wide range of potential pathogens.

Our study provides strong evidence that
wheatwinl and wheatwin 2, which accumulate in
wheat seeds, play a protective role against attack by
pathogens and seed rots. The aim of our future
projects is to gain more insight into the molecular
characterization of these PR4 proteins; to this end,
cloning of wheatwinl is in progress in order to
study the gene organization and the regulation of
its expression. Moreover, we are producing
monoclonal antibodies raised against wheatwin 1 to
elucidate the tissuc and subcellular localizations of

the two proteins by immunocytochemical
techniques.
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