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Antifungal activity of chitin-binding PR-4 type proteins from barley grain
and stressed leaf

Jorn Hejgaard", Susanne Jacobsen®, Seren E. Bjern*” and Karsten M. Kragh*

“Depariment of Blochemistry and Nutrition, Bldg 224, Technical Universiny of Denmark, DK-2800 Lyngby, Denmark, ®Bioscience,
Corporate Research, Novo-Nordisk, DK-2880 Bugsverd, Denmark and ‘Maribo Sced, Bivtechriology, PO Box 17, DK-1001 Copen-
hagen K, Denmark

Received 25 May 1992

Antifungal activity in vilro has been associated with barley leal’ and grain proteins which are homologous with pathogenesis related proteins of
type 4 {PR-4) from tobacco and tomato and with C terminal domains of potato win und Hevea hevein precursor proteins. One protein (pl ~9.3,
M, ~13.7 kDa) from barley grain and (wo very similar proteins from leaves infected with Erysiphe graminis were isolated by chitin affinity
chromatography, but none of the proteins showed chitinase activity in vitro, The leafl proteins were increased several fold in response to either
Erysiphe infection or NiCly infiliration and accumulated extracellularly. The three barley proteins were found to inhibit growth of Trichaderma
harsiwmen in microtiter plate assays using ~10 gg/m! concentrutions and in lower concentrations in a synergistic way when mixed either with barley
chitinase C (a PR-3 type protein) or with barley prolein R (a PR-5 type protein). Structurally similar proteins were detected in wheat, rye and oats
grain extracls.

Amino acid sequence: Antifungal: Hevein: Pathogenesis related: Win protein; Hordeun vulgare

1. INTRODUCTION

Infection with fungal or viral pathogens may induce
a systemic synthesis of about 10 families of homologous
pathogenesis-related proteins (PR proteins) in vegeta-
tive tissues of plants [1,2]. A simultaneously acquired
resistance arresting or delaying further infection sug-
gests a direct defensive action of the induced proteins
against invading pests. The first direct proof of in-
creased resistance due to expression of a chitinase gene
in transgenic tobacco plants appeared recently [3]. Ho-
mologous, but not identical, PR-like proteins are consti-
tutively expressed in many tissues. In cereal seeds these
proteins are synthesized in the late stages of develop-
ment together with or after the storage proteins [4,5].
The relatively high seed contents indicate protective
roles of importance for seed storage.

The hypersensitive response of tobacco to TMYV in-
fection is well-characterized and the induced PR pro-
teins have been classified in five groups [1]. The PR-2,
PR-3 and PR-5 proteins are §-1,3-glucanases, chitinases
and thaumatin-like proteins, respectively, which all pos-
sess antifungal activity. Specific functions have not been
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associated with PR-1 and PR-4 proteins. Recently,
¢DNA clones with open reading frames for tobacco and
tomato PR-4 proteins were characterized [6,7]. Com-
parisons with partial amino acid sequences showed that
the encoded acidic proteins are very similar to the C-
terminal domains of prohevein and the putative wound-
induced win proteins of potato, thus lacking the N-
terminal hevein domain.

The present communication describes proteins of ce-
real grain and stressed barley leaf, which are basic coun-
terparts of these acidic PR-4 proteins. Although the
chitin-binding (CB) hevein domain is absent in their
structure the barley proteins were isolated by chitin af-
finity chromatography. The proteins were characterized
and found to possess antifungal activity towards
Trichoderma harzianum presumably related to the affin-
ity for chitin.

2. MATERIALS AND METHODS

2.1, Pl muterial

Sceds of barley (Hordeum vilgare L. cv Bomi mutant 1508) were
used for purification of the grain protein. Barley line P02, a near-
isogenic line of the cv Pallas possessing the resisiance gene M/-a3, was
grown as described [8]. The powdery mildew (Erysiphe gramiitis £, sp,
hordei) isolate C 15 was used for inoculation day 7 after sowing and
primary leal maierial was harvesied at day 14 and stored at =20°C
until used for purification. For elicitor infiltration pots with 7-days-old
plants were inveried and leaves submerged in a degassed solution of
0.019 Tween-20 containing 2 mM sodium salicylate, pH 6.5 or 2 mM
NiCl, for 5 min at 2,700 Pa whereafler the vacuum was released. At
day 10 leaf material was harvested, intercellular washing fluid (IWF)
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was isolated by vacuum infiltration before extraction of leafl cells us
described [8].

2.2, Isolation and characterization

The grain ~14 kDu CB protein was purifled by chitin altinity chro-
malography and calion exchunge chromulography as described for
isolation of the grain chitinases C and T [5]. Extraclion and purifica-
tion of ~14 kDa CB proteins from inlecied leaves by combinition of
chitin alfinily and ion exchange chromatography has also been de-
scribed [8]. Chitinuse, lysozyme and chitosanase activities were as-
sayed with tritiated chitin [3], Micrococens lisodeikticts cell walls [9]
and glycolchitosan [10] as substrates, respectively, M, of the purified
proteins was determined by plasma desorplion mass spectrometry
(PDMS) on a BIO-ION 20, Other methods used for protein character-
izalion, including amino acid analyses, sequencing of separated tryptic
peptides, RP-HPLC, SD&-"AGE and immunoblotting were described
recently [5,8.11.12]),

2.3, Aneifungat activity

Inhibition of fungal growth was measured in 96-well microtiter
plates at 540 nm {12]. The desalted antifungal proleins were preincus
bated with ~10* pregerminated spores of Fricloderma harziamun in 200
41 25x diluted polalo dextrose broth (Difco) for 2 hat 31°C, Then 50
4l Sx concentrated medium was added and the plates were read alter
20-50 h at 3]°C. The conceniration (ug protein/ml finul medium}
resulting in 50% inhibition of growth as measured at an absorbance
of about 0.6 in the control wells was termed Iy, To test for synergistic
effects, two proleins were mixed in proportion to their I, The medium
conlained chloramphenicol (30 ug/ml) und chlorotetrucyeline (30 g/
ml) as anlibacterial ugents.

3. RESULTS

3.1. Characterization

During purification of chitinases from barley leaf [8]
and grain [5] using chitin affinity columns minor com-
ponents with M, ~14 kDa were eluted with acetic acid,
pH 3.2 together with the ~27-33 kDa chitinases. Subse-
quent cation exchange chromatography on Mono S re-
sulted in isolation of three ~14 kDa proteins from the leaf
extract [8). Two of these CB proteins, CBP 4 and 5, were
isolated in higher amounts for the present study. A
similar separation of the CB grain proteins resulted in
isolation of one ~14 kDDa component, termed CBP N,
Amino acid analyses and immunochemical tests (not
shown) confirmed that CBP N was identical with a
previously characterized basic protein N with pl ~9.3
[11]. Purity of the three CB protein preparations was
confirmed by SDS-PAGE and RP-HPLC. In the RP-
HPLC system CBP N and § had same retention time,
but in cation exchange chromatography on Mono S
CBP N eluted close to CBP 4 in the salt gradient (com-
pare with [8]). The three CB proteins had very similar,
but not identical, amino acid compositions [3,11], Ms
and immunochemical properties (Fig. 1A). After tryptic
digestion of CBP N and CBP 5 selected peptides were
sequenced. About 50% of the CBP N sequence was
determined and comparisons showed ~80% amino acid
identity with the tomato and tobacco PR-4 proteins and
the C-terminal domains of prohevein and the putative
win proteins (Fig. 2). The two short sequences of CBP
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Fig. 1. Immunoblotting of PR-4-like barley leaf and grain proteins.
Proteins were sepacaled by SDS-PAGE and detected with antibodies
towards CBP N aller blolling on nitrocellulose, (Panel A) Purified
chitin- binding proteins (rom barley leal (4 and 5,~30ng) and grain (N,
~30 ng). The same preparation of CBP N wus applied as reference in
panels B-E. (Panel B) EfTect ol Evysiphe graminis infection on leaf,
Extracts of 7- and l4-days-old leaves (7 und 14) are compared with
14.days leal infected ut day 7 (141). About 2 ug protein was applied
in each well, (Panels C and D) Effect of salieylic acid (8A) or NiCl,
(Ni) treatment of leal, IWFEF (panel C) and cell homogenate (panel D)
were isolated at day 10 after treatment at day 7. Leaves from un-
stressed planis were included us controls (U), See section 2 for details,
About 1 g protein wus applied in each well. (Panel E) Extruct ol
dissected embryo (G), endosperm (E) and aleurone (A) tissue {rom
immature barley grains harvested 25 days aller unthesis. Extract cor-
responding o 12,5 ug protein was applied in euch well, These amounts
correspond to about 8, 1.6 and 8% (wel weight) of the embryo, en-
dosperm und aleurone tissue, respectively, present in a grain at this
stage. (Panel Fy Immunochemically related proteins in cereals: barley
(B). wheal (W), rye (R), oats (O) and maize (M), Flour of muture grain

wis extracted and about 15 ug was applied in each well,

5 were identical with sequences in CBP N and the PR-4
proteins (Fig. 2). The M s determined by PDMS were
13,718+£10 Da. 13,605£14 Da and 13,699+14 Da for
CBP N. 4 and 3, respectively. CBP N contains an inser-
tion of two residues between residue 24 and 25 in com-
parison with tobacco and tomato PR-4 proteins [6,7]
with caleulated M s in the range 13,468-13,485 Da (122
or 123 residues). The three barley proteins had blocked
N-terminals and contained five Cys residues as the ho-
imologous tobacco and tomato proteins, These data fur-
ther confirm that the barley proteins are PR-4 type
proteins without Cys-rich N-terminal hevein domains.
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CBP N ATYHYYR PAQNNWDLGAPAVSAYCATWDASK
PR-P2 R**#ALANH*QNI***#*RT  DAYAR*RERK]DR®
PR-4 RE*#ALANHQNI*#**R* DN *AFr* Ak *D*
wWin RE***TRN*QNVGHA*N* AN AXRGRARFN®
Hev Lr*** ] *NSQDHG* * *N* KA AR KGARAKNA

43 47 80 94
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PR-P2 REXAESK RE®ERKRRIKERK LR,
PR-4 Kexx&n REBARNGHRE RN LR H
wWin2 Kr#kar® REKRARQARKAKART*
Hev Roawrhnn RAKKAREGHRRRANRNTH

Fig, 2. Partial amino acid seauences of barley grain and leaf proteins.
CBP N, barley grain chitin -binding orotein N. Residues 7, 42 and 7%
are most likely either Arg or Lys. The underlined sequences were also
identified in barley l=af ciitin-binding protein 5. Sequences included
for comparison [7): PR-P2, tomalo PR-4 type protein P2; PR.4 to-
bucco PR-4 protein; Win, putative wound-induced potalo protein:
Hev, Hevea brasiliensis pro-hevein. Numbering refers to the mature
PR proteins [7]. * indicate identity wilth the CBP N sequence. Nole
insertion of two residues in CBP N between residues 24 and 28,

CBP N did net exhibit chitinase, lysozyme or chito-
sanase activity. Neither did the protein enhance the
chitinase activity or the (weak) lysozyme activity of
chitinase C from barley [5].

3.2, Induction and localization

Immunoblotting experiments (Fig. 1B) showed that
the low content of ~14 kDa CB proteins in healthy leaves
of the susceptible line P-02 had increased at day 3 and
at least 5-fold 7 days after inoculation with Erysiphe
graminis (Fig. 1B). A similar increase in chitinase activ-
ity was observed [8]. Very low amounts of the CB pro-
teins were tfound both in IWF (Fig. 1C) and in the
subsequently prepared cell extracts (Fig. 1D) of un-
stressed as well as salicylate treated leaves. In contrast,
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Fig. 3. Growth curves [or Trichoderma harsianum in microtiter wells

in the presence of antifungal barley proteins. §, barley leaf CBP 5 (14

ug/ml); C, chitinase C (3 yg/ml); R, thaumatin-like protein R (7 ug/

mi). X/X indicate mixtures of two proteins in fialf concentrations, A

water control experiment is included, Very similar growth curves were

obtained in identically performed experiments where CB? 5 was sub-
stituled with CBP 4 or CBP N.
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nickel chloride infiltration strongly increased synthesis
of the CB proteins which were only detected in the IWF
and thus exported and accumulated outside the cell
membrane (Fig. 1C). The tissue distribution of CBP N
in developing Carlsberg 11 barley grain 25 days after
anthesis was also estimated by immunoblotting (Fig.
1E). Only low concentrations were detected in the em-
brye and starchy endosperm and, apparently, the aleu-
rone layer is the main site of expression. Other cereals
of the tribe Triticeae (wheat, rye and oats) all contain
immunocchemically related proteins of same size, while
cross-reacting proteins could not be detected in maize,
sorghum or rice grain extracts with the CBP N antise-
rum (Fig. 1F).

3.3. Antifungal activity

Originally, the grain protein N was isolated together
with several other basic proteins appearing very late
during seed development {4,11]. Recently, five of these
proteins: the chitinases C and T, the ribosome inactivat-
ing protein K and the thaumatin-like proteins R and $
were found to retard fungal growth {5,12,13). The three
CB proteins were tested in vitro for antifungal activity
in growth inhibition experiments with Trichoderma har-
sianum. Time course experiments (Fig. 3) illustrate that
all three CB proteins can retard growth almost as effi-
ciently as chitinase C and protein R [12], when added
in a final concentration of ~10 ug/ml. Mixing half
amounts of one of the CB proteins with half amounts
of either chitinase C or protein R further delayed onset
of growth and the experiments suggested synergistic
inhibition in both combinations (Fig. 3). After incuba-
tion with substrate for more than 50 h no growth could
be detected in 3 out of 10 wells contaning the CBP 5/
chitinase C mixture and 6 of 10 wells with CBP 5/pro-
tein R. Synergism was clearly confirmed in dilution ex-
perinients where CBP N was mixed with chitinase C
(Fig. 4A) or protein R (Fig. 4B) in proportion to the I,
values,

4. DISCUSSION

We have identified three new antifungal proteins, one
from barley grain (CBP N) and two from primary leaves
challenged with Erysiphe graminis (CBP 4 and 5). How-
ever, further sequencing is necessary to confirm that the
proteins are not modifications of the same gene prod-
uct, The three proteins are very similar in size, amino
acid composition and sequence to PR-4 proteins from
leaves of infected tobacco and tomato planis (Fig. 2).
Like these acidic proteins the basic barley counterparts
have blocked N-terminals. The tobacco and tomato PR-
4 proteins appear to be synthesized as precursors with
short N-terminal signal peptides involved in extracellu-
lar targeting [6,7] as found for other acidic PR proteins.
Although basic, our experiments suggest that the barley
PR-4-like proteins of stressed leaves also accumulate in
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Fig. 4. Synergistic effect of barley antifungal proteins on Trichoclermc
growth in dltution cxperiments. (A) Grain CBP N and chitinuse C. (B)
CBP N and protein R. See Fig. 3. for explanation of symbols. Two
proteina were mixed in ratios corresponding to the I, values. The
following highest concentrations {dilution factor 1) were used: N (28
ug/mi); C (6 ug/mi); R (12 ug/ml); NIC (14 ug N + 3 ug C/ml). N/R
(14 ug N + 6 ug R/ml). Inhibition of Frichodermta growth was meas-
ured in microtiter welis in dilution assays as indicated.

the extracellular space (Fig. 1C). In contrast to the to-
bacco and tomato genes, the related wound induced
genes of Hevea brasiliensis and potato encode protein
precursors which contain a wheat germ lectin type do-
main, called hevein, between the N-terminal signal pep-
tide and a C-terminal PR-4-type domain. In Hevea
processing results in release of the cysteine-rich hevein
domain of 43 amino acids, but the C-terminal peptide
as well as the gene product(s) of the win genes in potato
have not been identified. Hevein is present in high
amounts in Hevea latex and possesses antifungal activ-
ity [14]. The present results suggest that also the C-
terminal domain of prohevein and of the primary win
gene product may be antifungal and have affinity for
N-acetyl glucosamine polymers. This structural organi-
zation is similar to that of the plant class 1 chitinases
which contain an N-terminal hevein-type domain in ad-
dition to the catalytic domain [5,15]. The barley PR-4
type proteins did not show chitin degrading activity in
. vitro, alone or in mixtures with chitinase. Neither did
they show related (lysozyme or chitosanase) activities
that could explain an affinity for (partly deacetylated)
chitin. Yet, all three barley proteins inhibited
Trichoderma growth alone and in a synergistic way both
when mixed with chitinase C and, like chitinase C [12],
in combination with the thaumatin-like proiein R,
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which is ussumed to have a membrane permeabilizing
activity (Figs. 3 and 4). The leaf challenge experiments
(Fig. 1B-D) suggest that CBP 4 and 5 arc truly induci-
ble PR-4 protcins. The grain protein CBP N appears to
be deposited. together with the chitinases [5,13], in the
outer aleurone layer (Fig. 1E) where combined action
of the two proteins could retard fungal attacks effi-
ciently. CBP N has previously been shown to be en-
coded by a gene on barley chromosome 3 (3 H) [16]. The
total grain concentration in cultivated barleys is 0.2-0.4
mg/g grain [11] and CBP N can easily be izolated in
sufficient amounts for detailed structural characteriza-
tion and elucidation of the molecular basis for the chitin
affinity as well as the antifungal activity of PR-4 type
proteins.
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