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ABSTRACT

Pathogenesis-related (PR) proteins are expressed at particular stages of normal

plant growth and development, but are expressed at high levels

in response

to

pathogen attack in tissues where they are otherwise absent. PR proteins of family five

(PR-5 proteins) are a sub-class of the PR group of proteins. PR-5 proteins have
demonstrated antifungal activity

in vitro, and have been associated with

delayed

development of fungal disease symptoms in transgenic plants carrying genes encoding
PR-5 proteins.

In previous studies, PR-5 proteins have been associated with osmotic

stress,

the hydrolysis of fungal cell-wall polysaccharides, antifreeze activtty and bifunctional
cr-amylase/trypsin inhibition, but the major mechanism of PR-5 protein activity has

been thought to be permeabilisation

of fungal plasma membranes. However, the

crystal structures of PR-5 proteins do not have features nofinally associated with
direct pore formation. Furthermore, the PR-5 protein activity

is specific

towards

particular fungal species, which suggests that they might recognise specific structures
at the fungal cell surface before membrane damage occurs.

An unexpected function for PR-5 proteins was suggested by the observation
that PR-5 proteins in crude extracts of germinated barley bound to an alkaline-treated

pachyman sample. Linkage analysis of the treated pachyman revealed that several

different polysaccharides were present

in the sample. The constituents of

pachyman sample were tested individually

for their ability to bind barley

the

PR-5

proteins, and the binding agent was shown to be insoluble (1-+3)-B-glucan.

To further investigate the interaction between barley PR-5 proteins and
(1+3)-Ê-glucans, PR-5 proteins were isolated from barley. The PR-5 proteins were

vll

purified using a combination

of

ammonium sulphate fractional precipitation, anion

exchange and cation exchange chromatography, and gel filtration chromatography.

Using these methods, two isoforms were purified from barley, and

designated

HvPRSb and HvPR5c. HvPR5b and HvPR5c have molecular weights of 2I,846 Da

and2l,365 Da, respectively,

as determined

by electrospray mass spectrometry. They

have amino acid sequences that are approximately 607o identical, and are clearly the
products of separate genes.

Purified HvPRSb and HvPR5c were used in binding studies. HvPR5c was
found to interact with insoluble (1-+3)-B-glucan, but not cellulose, pustulan, mannan,
xylan or chitin. Binding was greatest to linear (1-+3)-Þ-glucan, but lower if (1-+6)-p-

linked branches or glucosyl substituents were present. Binding was maximal

at

approximately pH 5.0, and was unaffected by high NaCl concentrations, Mg2*, Ca2*

or Zn2*, or by the addition of EDTA. The binding data was fitted to the hyperbolic
Langmuir Isotherm function, and kinetic parameters associated with the interaction

were determined. HvPR5b did not show significant binding

to any of

the

polysaccharides tested, suggesting that only specific PR-5 proteins may interact with

(1-+3)-B-glucans.
Several cDNAs and a gene encoding proteins closely related to HcPR5c were

isolated. The cDNAs all encoded proteins of approximately 2I kDa with a potential
N-glycosylation site near the COOH-terminus. One cDNA, designated HvPR5c2,
carried a short COOH-terminal extension that might be involved

in the vacuolar

targeting of that particular isoform. The isolated gene carried an AGCCGCC motif

that is conserved in several PR protein genes, and has been linked with ethylene
responsiveness, and some elements associated with gibberellin response. Southern

blot analysis revealed the presence of between 4 and 6 genes encoding HvPR5c-like

v111

proteins in the barley genome. Using wheat-barley addition lines and RFLP mapping,
some genes were linked to the short arm of barley chromosome 5H.

Molecular models of HvPR5b and HvPR5c were constructed. The models
were compared with the known structures of several PR-5 proteins, and examined for

features that may be associated with (1-+3)-0-glucan binding.

A

(1-+3)-0-glucan

binding domain was located on the surface of HvPR5c, but no obvious feature that
would prevent HvPR5b binding was located. HvPRSb was particularly proline-rich in

the proposed binding domain, a property that might reduce the flexibility of this
region and somehow impede binding.

All known PR-5 proteins that bind (1-+3)-p-

glucans have a conserved N-glycosylation site, which is absent in all PR-5 proteins
that did not bind (1-+3)-B-glucans.

The were trace amounts of (1-+3)-p-glucan hydrolase activity present in
preparations of barley PR-5 proteins, but none was observed using isolated fungal cell

walls. There was no increase in hydrolysis observed when combinations of barley
PR-5 proteins and (1-+3)-B-glucanases were incubated with insoluble (1-+3)-Ê-

glucans. Furthermore, no hydrolysis of Rhynchosporium secalis cell walls
observed using combinations

of barley PR-5 proteins,

chitinases. Finally, purified HvPR5b and HvPR5c were

was

(1-+3)-B-glucanases or
assessed

for

antifungal

activity against several fungal isolates. Both HvPR5b and HvPR5c significantly
inhibited the growth of Fusarium graminearium. The effect of the barley PR-5
proteins on F. graminearium plasma membranes was assessed using a novel confocal

microscopy technique. Barley PR-5 proteins were found

to

induce

the

hyperpolarisation of the Fusarium membrane, which was quantified at approximately
-30 mV.
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GENERAL INTRODUCTION

Chapter I

-

General Introduction

Plants are essentially immobile organisms that are constantly challenged by

both their biotic and abiotic environment. Despite this, the plant kingdom
flourished to the point where representative species now

fill

has

most ecological niches on

the planet. To do this, plants have had to evolve elaborate physiological

and

biochemical systems to cope with the various stresses that arise during normal growth
and development. In particular, plants are in constant contact with air-, water- and

soil-borne microorganisms, many of which are potentially pathogenic. However, the
occurrence

of

disease

is a relatively rare event, usually involving

species-specific

pathogens (Jones, 1994; Staskawicz et al., 1995). Clearly, plants have developed a

defence strategy for resisting a broad spectrum

of disease-causing agents. When

disease does occur, the pathogen must be able

to circumvent the plant's

defence

mechanisms. How a pathogen is able to do this in a particular species but not in a
broader array of plants remains unclear (Staskawicz et a|.,1995).

The work described in this thesis was designed to investigate one component

of the plants' defences

against pathogen attack, namely the production

of

PR-5

proteins. The PR-5 proteins are members of the pathogenesis-related (PR) proteins
that are expressed constitutively in some tissues, but are also induced in a range
tissues following microbial invasion. The proposed roles

of

of PR proteins, and in

particular the PR-5 proteins, are discussed in the overall context of plant-pathogen
interactions in the following sections.

1.1

GENERAL PLANT DEFENCE MECHANISMS

1.1.1

Defence strategies of the plant

The plant defence system can be broken down into two

generalised

components. Physical barriers represent the first tier of defence, and constitute the
morphological features of the plant that prevent pathogen access to their cells. These
features include the waxy cuticle and epidermal cells on the exterior of organs such as

I
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leaves and roots, and lignification that can toughen cell

walls. Furthermore, the cell

wall contains high levels of structural polymers that are resistant to rapid enzyme
hydrolysis. Another common stress response in plants invaded by microorganisms is
the deposition of callose, a linear (1-+3)-p-glucan, into the extracellular space at the
site of invasion (Stone and Clarke,1992).

Physical openings, such as wounds, are usually required for the entry of
bacteria, viruses and opportunistic fungi which have no specialised mechanisms to
breach the plants' structural barriers. However, many true phytopathogenic fungi
have developed specialised mechanisms to penetrate these barriers (Knogge, 1996).
These mechanisms include the secretion of a range of hydrolytic enzymes, such as
cutinases, proteases and B-glucanases, which degrade the cuticle and epidermal cell

wall (oliver and osbourne, 1995; Knogge, 1996). some fungi form

appresoria,

which are specialised structures that alone, or in combination with hydrolytic
enzymes, pierce the cuticle and cell wall through mechanical pressure, and allow

infection to proceed (Mendgen and Deising, 1993). Other fungi gain access to the
interior of the plant directly through stomatal openings (Knogge, 1996).

The second tier of plant defences may be viewed as the biochemical tier,
whereby each living cell
production

in the plant is

capable

of

defending itself through the

of antimicrobial compounds (Lamb et al., 1992).

These compounds

include a battery of PR proteins, phytoalexins, and active oxygen species (Darvill and
Albershiem, 1984; Ebel, 1986; Linthorst,

l99l; Cutt and Klessig, 1992; Staskawicz

al., 1995). In most cases, constitutively
compounds,

present

¿r

or inducible anti-microbial

in conjunction with morphological barriers of the plant,

successfully

prevent potential disease events occurring.

l.L2

Recognition of invading microorganisms

When microorganisms invade plants,
responses can be

a number of different

induced. Symbionts, such as Mycoruhiza

biochemical

and Rhizobia species, do

2
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not elicit an antagonistic response when recognised by the plant in a species-specific

manner. V/hen a disease-causing microorganism is not recognised or recognition is
slow, there is only mild and delayed induction of the plant defence responses, usually
accompanied

by the onset of disease. However, when the plant recognises

an

invading pathogen, there is a rapid and strong induction of a battery of plant defence
responses (Linthorst,

I99l; Cutt and Klessig,

1992; Staskawicz et al., 1995; Bent,

1996). This type of response is characteristic of gene-for-gene resistance (Flor, l97l).
The plant recognises a microbial product, either directly or indirectly encoded by the

microbial avirulence (avr) gene, through a corresponding plant-encoded resistance (l?)
gene (Figure

1.1). If either the avr orR

gene products are absent, the plant does not

recognise the pathogen and disease occurs (Staskawicz et

al., 1995; Bent,

1996;

Knogge, 1996).

The recognition of an antagonistic invading microorganism by the plant is
usually, but not always, associated with the hypersensitive response (HR). The HR,

which involves localised plant cell death at the site of infection, is thought to prevent
the spread of the pathogen by the "self-destruction" of living cells surrounding the
infected site. Alternatively, the HR may directly

kill the invading

pathogen through

the strong and rapid induction of antimicrobial compounds (Keen et al., 1993). The

HR is also linked to systemic acquired resistance (SAR), a phenomenon where the
levels of defence-related compounds are increased throughout the plant following a

localised attack at

a pafücular site (Kuc, 1982; Ryals et al., 1993). Upon

the

induction of SAR, the plant has an increased ability to withstand infection, even by
pathogens that are normally virulent (Kuc, 19821, Ryals et a\.,1993).

I.2

PATHOGENESIS.RELATED PROTEINS

V/hen plant leaves undergo

a HR, the levels of PR proteins increase

dramatically. The ensuing SAR is also associated with increased levels of PR
proteins throughout the plant (Ryals et al., 1993; Keller et al., 1996; Strobel et al.,

J

Ligand

I

Gytoplasmic
receptor

I

Extracellular
receptor

^+

Ligand

Protein
kinase

X
Oxidative burst
Gell wall lignlfication

t
I

\
\

Expression of
defense genes
(PR proteins)

Hypersensitive
Response

Figure 1,.1 A summary of the receptor-ligand model for the recognition of microbial
invasion and subsequent induction of the synthesis of antimicrobial compounds and

HR. In this model, an R gene encodes
avirulence

(f

an intra- or extracellular receptor

(!)

for an

) nroOuct coded for either directly or indirectly by the microbial avr

gene. Such recognition triggers a signal cascade involving protein kinases (
leading

to the expression of plant disease

resistance genes.

),

In the absence of

recognition of the avirulence factor, the induction of defence response is weakened
and delayed (Based on Staskawicz et al.1995).
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1996). Because of these observations, PR proteins have been linked to

disease

responses in plants, and have been the focus of considerable research. PR proteins are

proteins that may be present at particular stages
development, but are inducible to high levels

in

of normal plant growth and

tissues where they are otherwise

absent upon infection by invading microorganisms (Van Loon et

review

will

al., 1994). This

therefore deal primarily with the defence-related PR proteins, and in

particular with the PR-5 family of proteins.
PR proteins have been identihed in all higher plant species examined and are

probably ubiquitous in higher plants (Cutt and Klessig, 1992). During normal growth
and development, the level of expression of PR proteins observed in healthy plant
tissues is

variable. Relatively low levels are observed in mature leaves (Fraser, 1981;

King et al., 1986; Memelink et a1.,1990; Xu et a1.,1992). However, higher levels are

observed

in

developing and mature grains, seeds and

Selitrennikoff, 1986; Leah et al.,

l99l;

fruits (Roberts

and

Borgmeyer et al., 1992; Fils-Lycaon et al.,

1996; Tattersall et al.,1997), mature roots (Felix and Meins, 1986; King et al.,1986;

Memelink et a|.,1990; Malehorn et al.,1993) and floral structures (Lotan et a|.,1989;

Memelink et al.,1990; Neale et a1.,1990). The presence of PR proteins in the latter
structures may represent a pre-emptive defence strategy in tissues that are particularly

vulnerable to pathogen attack (Fincher, 1989).

Structures such as roots, which are constantly exposed

to

soil-borne

microorganisms, or nutrient-rich flowers and fruits, which are exposed to air- and
water-borne microorganisms, are likely targets for microbial invasion. Constitutively
expressed PR proteins are present

in several subcellular locations in these tissues. It

was initially thought that the pI of the PR isoform might be important for subcellular

I99l; Cutt and Klessig,

1992), but further characterisation

of

these protein families suggests that PR protein localisation in plants is independent

of

localisation (Linthorst,

the

pI (Xu et al.,

1992; Collinge et

al., 1993). Most PR proteins are either

extracellular or vacuolar, but some are also cytosolic. This may create several layers

of defence, through which invading microbial pathogens are first confronted outside
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the cell, but a second, internal line of defence is met

if cell penetration occurs (Mauch

and Staehelin, 1989).

The PR proteins were originally divided into hve major categories (groups

PR-l to PR-5), although work that is more recent has lead to the identification of
several further classes of PR protein (Van Loon et al., 1994). Classification of PR

proteins has been based on similarities in primary structure, function, mobility on
electrophoretic gels, and serological relationships (Linthorst,
1992; Van Loon et

l99l; Cutt and Klessig,

al.,1994). The five classical PR protein groups, which

the major classes of protein induced upon pathogen attack,

will

represent

be reviewed in the

following sections.

1.2.1 PR-I Proteins

The PR-l proteins that accumulated in tobacco challenged with Tobacco
Mosaic Virus (TMV) were amongst the first PR protein species characterised
(Antoniw et a1.,1980). Southem analyses of tobacco DNA suggest that a small gene

family encodes PR-l proteins with a range of isoelectric (pI) points. These include
three highly similar proteins with an acidic pI that are approximately 15 kDa in size

(Antoniw et a1.,1980; Cornelissen et a1.,1987), while two PR-1 proteins with a basic

pI

have COOH-terminal extensions not present

in their acidic

counterparts

(Cornelissen et a1.,1987; Payne et a1.,1989). The PR-1 proteins with an acidic pI are

greater than 90o/o identical at the nucleotide sequence level, while the two basic

isoforms are 80Yo identical to each other. There is

650/o

positional identity between

the acidic and basic isoforms (Ohashi and Ohshima, 1992), although the functional
significance of this is unclear.
Genes encoding

PR-l proteins have often been used as markers of

disease

resistance, where their strong and rapid induction in plants undergoing a HR reaction

has been used as an indicator

of the presence of an l? gene. Despite

intensive
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investigations over many years, little is known about the precise function

of this

family of PR proteins.
Benhamou et al. (1988) found that some PR-l protein was associated with the
outer cell wall, implying a structural role for bound forms of PR-l (Cutt and Klessig,

1992). A PR-l-like protein from the saliva of the Mexican bearded lizard has been
shown to inhibit a mammalian

C**

channel protein-binding function

channel (Morrisette et a1.,1995). By analogy, a

for plant PR-l proteins has been

suggested by

Kitajima and Sato (1999).
Niderman et al. (1995) showed that PR-l proteins displayed in vitro fungicidal

activity against Phytophthora infestans. Furthermore, transgenic tobacco plants
overexpressing PR-l proteins showed increased tolerance to two normally pathogenic
Oomycete species (Alexander et a1.,1993). However, no clear molecular mechanism

for the antifungal activity of this family of proteins has been determined.

Using immunolocalisation experiments in tobacco, PR-l proteins have been
detected

in the extracellular fluid and the cytoplasm of TMV-infected or salicylic

acid-treated leaves (Dumas et al., 1988; Hosokawa and Ohashi, 1988), but also in

healthy xylem tissue (Can et al., 1987) and floral structures (Lotan et al., 1989).
These results indicate that

PR-l proteins are developmentally regulated as well

as

stress inducible.

1.2.2 PR-2 Proteins

The PR-2 proteins were shown to have (1+3)-Þ-glucan endohydrolase (EC

3.2.L39) activity by Kauffman et al. (1987). The enzymes hydrolyse contiguous
(1+3)-p-linkages of linear (l+3)-Þ-glucans and possibly of (l+3,1-+6)-B-glucans
or substituted (l+3)-p-glucans (Hrmova and Fincheg 1993). (l-+3)-B-Glucans

are

commonly found as a major structural component in fungal cell walls (Wessels and
Sietsma,

1979). In plants, the occurrence of (1+3)-p-glucans is

widespread

throughout the plant, but is generally limited to small, localised deposits such as those
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seen at wound sites,

in pollen tube and pollen grain walls, or in the cell plate formed

during cell division (Fincher, 1989; Stone and Clarke, 1992). The constitutive
expression of the (1-+3)-B-glucanases in such tissues may therefore be attributed to

normal (1-+3)-B-glucan metabolism within the plant (Boller, 1987). However, plants
that are resistant to fungal pathogens show a faster and stronger induction of (1+3)B-glucanases (Jutidamrongphan et

al., l99I:. Van Kan et al., 1992; Roulin et al.,

1997). The induction of these proteins during pathogen attack and HR indicates that
they also play arole in the plant defence response system.

(l-+3)-Þ-Glucanases with a range of pls and molecular weights (30-36 kDa)
occur in plants (Linthorst,
subclasses

of

l99I; Cutt and Klessig, 1992). In tobacco, three separate

(1-+3)-p-glucanases have now been described, based on sequence

identity and subcellular localisation. Class I includes vacuolar isoforms, while those
of classes II and

III

each of the class

I, II and III subgroups (Linthorst et a1.,1990; Payne et a1.,1990). In

are extracellular. There is around 50% positional identity between

barley, various isoforms are targeted to the extracellular space, the vacuole and to the
cytosol (Høj et al.,1989;Xu et a|.,1992; Malehorn et a|.,1993; Burton et a|.,1998).
Seven genes encoding barley (l-+3)-Þ-glucanases have been mapped to the long arm

of chromosome 3 (3HL), where all but one isoform, thought to be a pseudogene, lie in
a20 cM cluster (Li et a1.,1996).

The (1-+3)-Þ-glucanases exhibit 45-50% positional identity at both the
nucleotide and amino acid level, in comparisons between higher plant species (Høj

and Fincher, 1995). The structures

of

genes encoding (1-+3)-B-glucanases are

conserved; most plant (1+3)-B-glucanase genes have a single intron in the 5' region

(Linthorst et al., 1990; Simmons et al., 1992;Xt¡ et al., 1992; Malehorn et al., 1993).

Despite the presence

of several (l-+3)-Þ-glucanase isoforms in most plant

species, there is evidence that only particular isoforms are induced in plant defence
responses (Van Loon et a|.,1994), while other isoforms are probably involved only in

normal growth and development. Near isogenic barley lines differing in resistance to

the barley scald fungus Rhynchosporium secalis show differential induction of
7
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(1+3)-Þ-glucanases. In particular, resistant barley lines show induction of (l-+3)-pglucanase activity up to 24 hours sooner than susceptible

lines. The rapid induction of

(1-+3)-0-glucanase activity is predominantly attributable to an increase in just two
isoforms, designated isoenzymes GI and GII (Xu et a1.,1992; Roulin et a1.,1997). ln

barley cell suspension cultures elicited with N-acetyl chitooligosaccharides, only
isoenzyme GII shows significant induction (Kaku et al.,1997).

1.2.3

PR-3 Proteins

Members of the third major class of PR proteins, the PR-3 class, are known to
exhibit chitin endohydrolase activity. Chitinases (EC 3.2.1.14) are able to hydrolyse

chitin,

a

(1+a)-p-linked polymer

of

N-acetyl-D-glucosamine (GlcNAC), and

chitosan, which is a deacetylated chitin. Chitin is a major component of many fungal

hyphal cell walls (Chet and Henis, 1969; Wessels and Sietsma,1979; Wessels, 1994).
Chitinases are strongly induced upon microbial pathogen attack (Pegg and Young,
1982; Hedick et
demonstrable

al., 1988; Mauch et al., 1988a; Lawton et al., 1992) and have

in vitro antifungal activity (Schlumbaum et al., 1986; Mauch et al.,

1988b; Leah et al.,

Chitinases

l99l;

Sela-Buurlage et a|.,1993).

with a range of pls are found in plants, and vary

approximately 25 kDa to over 30 kDa

from

in size. The size difference between these

isoforms is primarily due to the presence or absence of a cysteine-rich region of
approximately 50 amino acids near the NHz-terminus (Linthorst,

l99l).

This

cysteine-rich region has similarity to the carbohydrate-binding domain of wheat-germ
agglutinin (Lucas et a1.,1985) and while it may have a function in substrate binding,

it is not required for catalytic activity (Linthorst, l99l). Six distinct
classes, based
Q.{euhaus et

chitinase sub-

on size, structure and sequence identity have now been identified

al., 1996). These

sub-classes have been separated

into the PR protein

families PR-3, PR-8 and PR-l1 in the more detailed classification of PR proteins (Van
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Loon et a1.,1994). Each of the subclasses has been correlated with a slightly different
substrate specificity (Brunner et a|.,1998).

Chitinases are encoded by genes that show conserved features, and two introns

intemrpt the coding sequence of most genes. In tobacco, some chitinase isoforms
have a short COOH-terminal extension that is believed to target these isoforms to the

vacuole (Neuhaus et

al.,l991b).

Chitinases that lack this COOH-terminal extension

are targeted to the extracellular space (Collinge et

al., 1993).

Immunolocalisation experiments have shown that when fungi penetrate the
plant, chitinases are localised around the fungal hyphae, where they are thought to
degrade hyphal chitin (Benhamou et a1.,1990; V/ubben et a1.,1992). However, only

specific isoforms of tobacco chitinase show antifungal activity (Sela-Buurlage et al.,
1993) and just one of hve basic chitinase isoforms is induced in barley leaves infected

with Erysiphe gramims (Ikagh et al., 1990). These results indicate that only
particular chitinases may be involved in the plant's defence against fungal pathogens.
Some chitinases also show antibacterial activity, probably through the ability

to

hydrolyse (1+a)-F-linkages between N-acetyl muramic acid and N-acetyl

glucosamine residues in peptidoglycans of the bacterial envelope (Boller et a\.,1983;

Majeau et a1.,1990). In addition, plant chitinases have been shown to play a role in
host-specificity determination in Rhizobium colonization of legumes (Staehelin et al.,
1992; Collinge et al., 1993; Staehelin et al., 1994).
Several potential roles in normal growth and development have been proposed

for chitinases within the plant. Collinge et al. (1993) speculated that chitinases may
play a role in the metabolism of plant signal molecules. The addition of chitinases to
mutant carrot somatic embryos results in the correct formation of somatic embryo
protoderms (De Jong et

al.,

1992; Kragh et

al., 1996). Chitinases also bind to

secondary cell walls in Solanaceae species (Benhamou and Asselin, 1989), suggesting

the presence of N-acetyl glucosamine polymers or analogues within plant walls.
However, chitin has never been detected in plant cell walls (Boller, 1985).
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In tobacco, particular class I and class II chitinases are expressed at high levels

in the roots of healthy plants and others are

expressed at lower levels (Memelink er

al., 1990; Brederode et al., 1991). Some chitinases are expressed in the epidermal
cells of healthy tobacco leaves at low levels (Keefe et a\.,1990), but several chitinases
are abundant

in specif,rc floral organs of tobacco (Lotan et a1.,1989; Memelink et al.,

1990; Neale et

al., 1990; Harikrishna et al., 1991). The presence of chitinases in such

tissues may represent a pre-emptive defence strategy as described for the (1+3)-Bglucanases in section 1.2.3.

1.2.4 Plant transformation with

chitinases and (1 +3)-ftglucaneses

As described in the previous sections, the enzymic function and antifungal
activity of the PR-2 and PR-3 classes have been well characterised. However, when

plants have been transformed with genes encoding PR-2 and PR-3 proteins,
conflicting observations on the effect on disease resistance are reported. Work by
Neuhaus et al. (1991a) and Nielsen et al. (1993) suggests that over-expression of
tobacco chitinases has no effect on tobacco resistance against Cercospora species. In

addition, Neuhaus et al. (1992) suggested that antisense silencing of basic
glucanase activity

in

tobacco had no effect on the susceptibility

of

(l+3)-B-

tobacco to

Cercospora nicotianae infection. Punja and Raharjo (1996) found that cucumber
transformed

with petunia, tobacco or bean chitinase genes showed no

enhanced

resistance to a number of fungal pathogens. However, when the same petunia and

tobacco chitinase genes were transformed into carrots, the tobacco gene enhanced
carrot resistance to the pathogens but the petunia gene did not.

Broglie et al. (1991) and Grison et al. (1996) found that a bean chitinase
constitutively expressed
resistance

to

in

transgenic tobacco and canola resulted

in

increased

several fungal pathogens. Furthermore, transgenic wheat leaves

expressing a barley chitinase resulted in a significant reduction of the penetration

Erysiphe graminis into transformed epidermal cells

in a transient assay

of

system
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(Schweizer et

al., 1999). Therefore overall, experiments using plants

transformed

with single genes have proved inconclusive so far.
The variability in effects of chitinase and (l-+3)-B-glucanase genes may be a
result of in planta effects resulting from transformation, or the result of the fungus'

ability to overcome the effects of particular enzymes. Several fungi that
susceptible

are

to bean (l+3)-B-glucanases and chitinases i¡¿ vitro become insensitive

after a few hours (Ludwig and Boller, 1990), suggesting that the fungi produce
inhibitors or proteases that are able to inactivate the plant enzymes. The soybean
pathogen Phytophthora sojae

f.

sp. glycines. secretes a protein that specifically

inhibits the soybean (1+3)-Þ-glucanase EnGL,or-A, but not the soybean (1-+3)-pglucanase isoform EnGL.or-B, tobacco (1-+3)-B-glucanase or the endogenous (1-+3)-

B-glucanases secreted by the fungus (Ham et al., 1997). These results indicate that

while the plant may secrete specihc PR proteins during pathogenesis, some fungi have
evolved specific inhibitors of plant defence-related proteins.
Because chitinases and (1-+3)-B-glucanases are often coordinately expressed

in response to

pathogen attack (Collinge et

al., 1993) and because the in vitro

antifungal effects of the two enzymes can be synergistic (Mauch et a\.,1988b; Leah et

al., l99I; Sela-Buurlage et al., 1993), several experiments have been focused on the
co-transformation of plants with genes for both (1+3)-p-glucanases and chitinases in
attempts to utilise any such synergistic antifungal effects. These studies have shown

that enhanced resistance to a number

of

fungal pathogens

is

achieved

in both

transgenic tomato and tobacco (Van den Elzen et a1.,1993; Zhu et a1.,1994; Jach et

al., 1995; Jongedijk et al., 1995). Furthermore, the transformation of wheat with
barley (1-+3)-B-glucanase, chitinase and ribosome-inactivating protein (RIP30)
resulted

in the increased protection of

transgenic plants against powdery mildew

(Erysiphe graminis) infection (Bieri et al., 1999). These experimental conditions may

more closely reflect the situation in vivo, where invading microorganisms will be met

by a combination of PR proteins from several families, in addition to other defencerelated compounds produced by the plant.
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1.2.5

PR-4 Proteins

The fourth group of PR proteins exists as a number of isoforms with a range

of

pls and molecular weights of approximately 14 kDa. Apart from their induction
during pathogen attack (Friedrich et al., 1991; Linthorst e/ al.,

l99I),little is known

I99I; Sehgal et al.,

about these proteins. PR-4 proteins show in vitro antifungal

activity (V/oloshuk et al.,

l99l;

Hejgaard et al.,1992; Ponstein et a1.,1994), but the

mechanism of the observed antifungal activity is yet to be determined.
Characterisation of cDNA clones encoding acidic PR-4 proteins (Friedrich et

al., l99l; Linthorst et a1.,1991) revealed a similarity between

these proteins and the

COOH+erminal region of the chitin-binding lectin hevein (Friedrich et al.,

I99l;

Linthorst et al., I99I; Van Parjis et a1.,1991). PR-4 proteins exhibit chitin-binding

activity in vitro, although the affinity is low (Hejgaard et al., 1992; Ponstein et al.,
1994), and any potential synergy of antifungal action between PR-4 chitin-binding
proteins and the PR-3 chitinases remains unclear.

1.2.6

PR-5 Proteins

PR-5 proteins with a range of pls have been isolated from many plant species.

Acidic PR-5 proteins are often referred to as 'thaumatin-like' proteins because of their
sequence

similarity to the intensely sweet thaumatin protein, isolated from the West

African shrub Thaumatococcus daniellii (Cornelissen et al., 1936). Basic proteins
analogous to thaumatin-like proteins have been referred to as osmotin-like proteins
because

of their similarity to osmotin, a salt stress-induced protein from tobacco

(King et a|.,1986; Singh et al., 1987a).

This system of nomenclature is somewhat arbitrary, because osmotin

and

osmotin-like proteins have as similar a level of identity to thaumatin as do the acidic
PR-5 proteins. There is also some potential for confusion because a class of neutral
tobacco PR-5 proteins has been described as osmotin-like proteins. Throughout this
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thesis, both'thaumatin-like' and'osmotin-like'proteins

will be referred to generically

as PR-5 proteins to avoid any potential confusion. This removes the system of
designation that implies

a functional

difference between acidic and basic PR-5

proteins, as any such difference is yet to be clearly demonstrated. Because the
isolation, characterisation and functional analysis of barley PR-5 proteins was the
central aim of this project, existing work on both thaumatin and PR-5 proteins will
now be discussed in detail.

1.3

THAUMATIN

Thaumatococcus daniellii Benth, first described by Daniel (1855), is a shrub

found throughout V/est Africa, from Sierra Leone through to Zaire and Uganda (Van
der Wel and Loeve, 1972). The shrub is distinctive for its notably sweet fruit, which
consists of two or three fleshy pericarps, each containing a large seed. The seeds are
surrounded by viscous mucilage, with a soft aril at the base. The fruit contains an

intensely sweet compound, which is traditionally used by the native population for
sweetening drinks and breads (Van der Wel and Loeve, 1972). The sweet-tasting
compound was found to be located in the aril of the fruit by Inglett and May (1968)
and was isolated and characterised by Van der Wal and Loeve (1972).

Initial characterisation of the sweet factor showed that it was attributable to
two isoforms of a sweet tasting protein, designated thaumatin
Thaumatin

I

and thaumatin

II

I

and thaumatin II.

both have molecular weights of approximately 21,000

and have extremely basic isoelectric points of around 12 (Van der Wel and Love,

1972). Thaumatin is one of the sweetest compounds known in nature, and is about
100,000 times sweeter than sucrose on a molar basis (De Vos e/

al., 1985). Later

work showed the presence of six closely related thaumatin isoforms in T. daniellii, all

with 207 amino acids and differing only slightly in charge and sweet taste
(Higginbotham,l9T9).
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Although not fully understood, the sweetness of thaumatin is likely to be
perceived through the binding of the protein to taste receptors on the membrane
taste cells in the tongue (Van der Wel, 1994). Thaumatin binds to

of

microvilli, to small

vesicles shed from the microvilli and to the amorphous secretion from taste cells in
rhesus monkeys (Farbman et

al., 1987; Hellekant, 1994). The proposed ability of

thaumatin to bind a receptor molecule might be related to the mechanism of antifungal

activity of the PR-5 protein family, as discussed in the following sections.

I.4

PR.s PROTEINS IN HIGHER PLANTS

Most research on the PR-5 proteins has been performed using tobacco as a
model system, where Van Loon and Van Kammen (1970) first noted the accumulation

of these proteins in tissue infected with TMV. PR-5 proteins with a broad range of
pls have been isolated from many plant sources (Table 1.1) and the proteins generally
range between 18 and

1.4.1 Acidic

PR-5

25kDain

size.

proteins

In tobacco there are two

genes encoding acidic PR-5 proteins, and the genes

show conserved nucleotide sequences in both the coding and untranslated regions
(Van Kan et a1.,1989). This is consistent with the isolation of the two closely related
PR-5 protein isoforms from tobacco (Pierpoint et al., 1987; Kauffman et al., 1990)

which have been designated PR-5a and PR-5b (Van Loon, 1994). The genes have no
introns, encode proteins of around 25 kDa and are 95Yo identical at the nucleotide

level over the coding region (Van Kan et al., 1989). PR-5a was proposed to have

anti-nutritive activity because of

its

homology

amylase/proteinase inhibitor (Richardson et

with a maize

bifunctional

al., 1987). However, no experimental

evidence demonstrating this function has been published.

l4

Chapter |

-

General Introduction

Acidic PR-5 proteins or their corresponding cDNAs have been isolated from
many plant species, and several examples are summarised in Table

l.l.

They are

generally secreted into the extracellular space, targeted by a NH2-terminal signal
peptide (Kitajima and Sato, 1999). The up-regulation of these proteins has been

linked with resistance to the fungal pathogens Rhynchosporium secalis in barley
(Hahn et al., 1993), Puccinia graminis in oats (Lin et al., 1996) and (Jncinula necator

in grape (Tattersall et a1.,1997).

1.4.2 Basic PR-5 proteins

In tobacco, a water-soluble protein and a detergent-soluble protein accumulate

in tobacco cell

cultures adapted

to osmotic stress.

Because they accumulate in

osmotically adapted cells, they were designated osmotin I (water-soluble) and osmotin

II

(detergent-soluble) (King et a1.,1986; Singh et

II

have identical NH2-terminal sequences over the first 22 amino acids and pls of 8.2

al.,I987a). Osmotin I and osmotin

(Singh et al., I987a). Upon subsequent isolation and characterisation of cDNAs
encoding osmotin (Singh et a1.,1989), a high degree of similarity was observed both

to PR-5a, PR-5b and to thaumatin. Osmotin was thus classified as the basic
counterpart of the PR-5a and PR-5b proteins. Osmotin has been designated PR-5c
according to the nomenclature of (Van Loon et al.,1994).
Sequence alignments

of osmotin and PR-5a and PR5-b show that a short

COOH-terminal extension is present on osmotin, but absent

in the other forms.

Osmotin accumulates in the vacuole of cells (Singh et al., 1987a), while PR-5a and
PR-5b are extracellular. The COOH-terminal extension of osmotin has been linked to

vacuolar targeting (Singh et

al., 1989; Melchers et al., 1993; Liu et al.,

1996),

although some osmotin has been detected in the cytosol (Singh et al.,1987a;Koiwa et

al., 1994). Southern analysis has revealed that two genes encoding osmotin

are

present in the tobacco genome (Singh et a|.,1989).
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Table 1.1 Examples of PR-5 proteins isolated from plant sources
Reference

Protein

Plant source

Isoelectric Point

Hv-l

Barley (H. vulgare)

acidic

PR-R, PR-S

I

basic

Trimatin

Wheat (7. aestivium)

basic

Vigers et al. (1991)

Zeamattn

Maize (2. mays)

basic

Richardson et al. (1987)

Bryngelsson and Green (1989)
Hejgaard et al.(1991)
Cvetkovic et al. (1997)
Trudel et al. (1998)

Roberts and Selitrennikoff (1990)

Huynh et al. (1992)

AFP-I6

Rye (S. cereale)

nd
nd

Tobacco

acidic
acidic

AFP-25
PR-5a
PR-5b
PR-5c

(NicotianaSp.)

basic

Hon e/

al.099a)

Cornelissen et al. (1986)
Kauffman et al. (1990)
Singh er al. (1987a)

PR-5d

I

neutral

Singh er al. (1987b)
Koiwa et al. (1994)

VvTLI

Grape (V. vinifera)

acidic

Tattersall et al. (1997)

GO

I

basic

Salzman et al. (1998)

Protein C

Potato (5. tuberosum)

acidic

Pierpoint et al. (1990)

P23

Tomato
(L. esculentum)

basic

Kinget a/. (1988)

Linuistin

Flax

basic

Borgmeyer et al. (1992)

IFI

(L. usitatissimum)
Lupin (L. albus)

basic

Regalado and Ricardo (1996)

CHTL

Cherry (Prunus)

acidic

Fils-Lycaon et al. (1996)

Ji-hwang

basic

Pan et al. (1999)

(NP24)

PI

Rodrigo et al. (1991)

(Rehmannia glutinosa)

27 kDa

Persimmon (D. kaki)

acidic

Vu and Huynh (1994)

P2l

Soybean (G. max)

acidic

Graham et al.(1992)

PsTLI

Japanese pear

acidic

Sassa and Hirano (1998)

(P

* nd denotes not determined
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Osmotin has been shown

to exhibit

antifungal activity at physiological

concentrations (Roberts and Selitrennikoff, 1990; V/oloshuk et

al.,l99l;

Abad et al.,

1996). It has been proposed that the observed antifungal activity is due to
permeabilisation of the fungal plasma membrane (Roberts and Selitrennikoff, 1990),

but this is yet to be clearly demonstrated. Some work has suggested that these
proteins show anti-viral activity (Edelbaum et a1.,1990), although no work in support
of this finding has been published. Basic PR-5 proteins analogous to tobacco osmotin
have been isolated from many plant species, and some exÍìmples are summarised in

Table 1.1.

A neutral form of osmotin with

a

pI of 7.2 was isolated (Singh et al., 1987b;

Takeda et al., 1990) and later described as a separate PR-5 protein class when the

oDNA was isolated by Takeda et al. (1991). This is because a putative glycosylation
site and a proline-glutamate-serine-threonine rich site, not found in the other tobacco

PR-5 isoforms, is found in this protein. This isoform was designated PR-5d by (Van

Loon et al., 1994). However,

it must be emphasised

again that the designation of

members of the PR-5 group of proteins as 'thaumatin-like' or 'osmotin-like' is not
based on any sound functional criteria, and the proteins
as PR-5

1.5

will

be referred to collectively

proteins in this thesis.

REGULATION OF PR-s PROTEINS

Pathogenesis-related proteins are regulated by both biotic and abiotic stress.

Biotic factors may include induction by microbial pathogens or elicitors of microbial

origin. Abiotic elicitation factors include hot or cold temperature

stress, water stress,

UV light, and mechanical wounding of the plant. PR proteins are also regulated
during normal growth and development in a tissue-specihc manner, and in response to
developmental cues. The regulation of PR-5 proteins is discussed in the following
sections and, in many cases, is analogous to the regulation of the other classes of PR
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proteins, which are often coordinately expressed (Linthorst, 1991; Cutt and Klessig,
r9e2).

1.5.1 Hormonal regulation of PR-5 gene expression

PR-5 proteins are present at specific stages of normal plant growth and
development, and are subject to hormonal regulation. Most work has been done in
tobacco, where PR-5c accumulates in response to etþlene, abscisic acid and methyl
jasmonate (Singh et a|.,1989; Nelson et

a|.,1992;xu et a\., 1994; Ragothama et al.,

1997). Furthermore, Xu et al. (1994) found that methyl jasmonate and ethylene acted
synergistically to up-regulate PR-5c accumulation. The responsiveness of the PR-5c
promoter to exogenously applied abscisic acid decreases with the age of both roots

and shoots (Nelson et
responsible
contained

Promoter analysis showed that the elements

for ethylene-, abscisic acid- and NaCl-mediated induction are all

in a region between

(Raghothama et

conserved

al., 1992).

in

nucleotides -248 to -101

in the PR-5c

promoter

al., 1997). This region contains an AGCCGCC element, which is

several PR gene promoters and has been found to be involved with

ethylene responsiveness (Ohme-Takagi and Shinshi, 1 995).

In
jasmonate

contrast, PR-5d

is induced by ethylene, but not salicylic acid, methyl

or abscisic acid (Koiwa et al., 1994). The PR-5d gene contains the

etþlene response motif in the promoter, but lacks elements associated with

the

abscisic acid response (Sato et al., 1996). Salicylic acid application has been shown

to result in the accumulation of PR-5a and PR-5b (Pierpoint et a\.,1990; Koiwa et al.,
1994), but ethylene, abscisic acid and methyl jasmonate do not (Koiwa et a1.,1994).

1.5.2 Tissue specificity of PR-5 gene expression

PR-5 genes are constitutively expressed in the roots of tobacco (Kononowicz
et al., 1992; LaRosa et al., 1992; Koiwa et a1.,1994). However, Kononowicz et al.

l7
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(1992) found that expression was lower in hydroponically-grown plants whose roots
were not exposed to soil-borne microorganisms. The PR-5 proteins are also present in

specific floral structures, mature pollen grains, the vascular parenchyma and
epidermal cells of stems, but in leaves there is little or no expression unless the genes
are induced by biotic or abiotic stress (Neale et

al., 1990; Kononowicz et al., 1992;

LaRosa et al., 1992; Raghothama et a1.,1997).

Constitutively expressed PR-5 proteins have been observed in the fruits,

seeds

or flowers of barley (Hejgaard et al., 1991) grape, corn, oats, sorghum and wheat
(Vigers et a|.,1991), flax (Borgmeyer et a|.,1992) cherry (Fils-Lycaon et a\.,1996),
grapes, banana and

kiwifruit (salzman et al., 1994; Tattersall et al., 1997). The

constitutive presence of PR-5 proteins in these tissues may be representative of a preemptive strategy of plant defence, such as that proposed for the (1-+3)-B-glucanases

by Fincher (1989), in which the PR proteins are

expressed

in

tissues that are

particularly vulnerable to pathogen attack, even when no infection has occurred.

1.5.3 Induction of PR-5 proteins in response

to

pathogen attack

The accumulation in tobacco leaves of all classes of PR-5 proteins has been
observed in response to
et

al.,I99l;

viral infection (Bol e/ al.,1990; Brederode et al.,l99l; Stinzi

LaRosa et a|.,1992). However, the accumulation of the extracellular PR-

5a and PR-5b proteins is far greater than that of the intracellular PR-5c or PR-5d
isoforms (Brederode et

al., 1991). LaRosa et al. (1992) concluded that PR-5c

regulation occurred post-transcriptionally, because mRNA encoding pR-5c
accumulated in tobacco leaves infected with TMV, but the corresponding protein did

not. Post-transcriptional regulation of PR-5 protein expression during pathogen affack
is also seen in potato (Zhu et al., 1995). Upon induction, PR-5 gene expression is
predominantly in the epidermal, mesophyll and vascular cells of leaves (Kononowicz
et

al.,1992).
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The induction of PR-5 proteins has also been observed in many other plant
species challenged

with fungal pathogens (Bryngelsson and Green, 1989; Rebman ef

al., l99I; Rodrigo et al., I99l; Ruiz-Medrano et al.,

1992; Hahn et

al.,

1993;

Velahahan et al., 1998), and Phytophthora infestans activates a PR-5 gene promoterGUS fusion in transgenic potato plants (Zhu et al.,1995). Furthermore, PR-5 proteins

are induced earlier or more strongly

in plants resistant to the invading

(Bryngelsson and Green, 1989; Rebmann et

al.,I99l;

pathogen

Hahn et a1.,1993).

Coupled with the localised induction of PR-5 proteins at the site of microbial

infection, PR-5 proteins are induced systemically throughout the plant as part of the
SAR response (Kuc, 1982; Ward et a1.,1991). In tobacco, all of the PR-5 proteins are
upregulated during SAR, but PR-5a and PR-5b are induced more strongly (Ohashi and

Ohshima, 1992).

I.6

ANTIFUNGAL ACTIVITY OF PR-5 PROTEINS

As noted above, PR-5 proteins are induced by biotic stress and, consequently,
have been classified with the pathogenesis-related proteins. This raises the question
as to how the proteins

function in plant-pathogen interactions. Isolated PR-5 proteins

from several plant species show i¡¿ vitro arúifungal activity against a range of
pathogenic and non-pathogenic fungi and yeasts (Table 1.2). Overexpression of PR-5

proteins from tobacco and potato

in

transgenic potato plants delays the onset of

disease symptoms caused by Phytophthora infestans

(Liu et al., 1994; Zh:u et al.,

1996) and overexpression of a rice PR-5 protein in transgenic rice results in increased
tolerance to Rhizoctonia solani (Datta et al.,1999).

1.6.1 The molecular mechanism of PR-5 protein antìfungal activity

The molecular mechanism of the antifungal activity of PR-5 proteins is
unclear. Activity through fungal membrane permeabilisation was first proposed by
I9

Table 1.2 Examples of PR-5 proteins and the fungal species against which they show
antifungal activity.

Protein

Fungi

Reference

PR-5b (Nicoliana sp.)

Cercospora beticola

Vigers et al.(1992)

PR-5c

Cqndida albicans
Neurospora crassa
Trichoderma reesei

Vigers et al.(1992)

(Nicotiana sp.)

Saccharomyces cerev

is

ae

Alternaria solani
Bipolaris spp.

Yune/ al.(1997)
Abad et al. (1996)

a z eae-m ay dis
Cladospor ium cucumer inum
Colletotrichul?t spp.

C er c osp or

Fusarium spp.
Kabatiella zeae
Periconia circinata
Phytophthora spp.
Sclerotiniq sclerotiorum
Stenocarpella maydis
Tr i choder m

PR-5d

(Nicotiana sp.)

a I ongibr achi atum

Neurospora crassct
Trichoderma reesei
Cochliobolus miyabeanus

Koiwa et al. (1997)

Fusarium oxysporum
Alternaria solani
Phytophora infestans

Woloshuk et al. (1992)

Trichoderma viride
Candidq qlbicqns

Hejgaard et al. (1991)

Sacchøromyces uvqrum

Cvetkovic et al.(1997)

Candidq albicans
Neurospora crassa
Trichoderma reesei

Roberts and Selitrennikoff (1990)

Candida qlbicans

Vigers et al. (1991)

Oat PR-5
(A. sativa)

Neurospora crqssct
Trichodermq reesei
Neurospora crqssct

Vigers et al. (1991)

Sorghum PR-5 (.S. bicolor)

Neurospora crqssct

Vigers er al. (1991)

Linuistin

Alternariq solani

Borgmeyer et al. (1992)

(L. usitatissimum)

Candida albicans

P23 (L. esculentum)
PR-R, PR-S

(H. vulgøre)

Zeamatin
(2. mays)

Trimatin (7. aestivium)

GO
(V. vinifera)
Persimmon PR-5

(D. kaki)

Guignardia bià'uellii
Bolrytis cineria
P hyt ophthor

a infes t ans

Salzman et al. (1998)

Vu and Huynh (1994)
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Roberts and Selitrennikoff (1990). This hypothesis followed the observation that the

cytoplasmic contents of Neurospora crassa and Candida ølbicans leaked into the
surrounding media upon addition of the maize PR-5 protein, zeamatin. This effect
was later observed using PR-5 proteins isolated from several plant species (Anzlover

et al., 1998; Koiwa et al., 1994; Abad et al., 1996; Cvetkovic et al.,

1997).

However, the crystal structures of PR-5 proteins show none of the structural
features normally associated with pore-forming proteins that might breach the plasma

membrane (Batalia et

al., 1996; Koiwa et al., 1999). Ion channel proteins

are

typically large (250 kDa) and are formed by multimeric complexes with distinct
transmembrane structures (Ewart et al., 1999; Separovic et

al., 1999). Furthermore,

PR-5 proteins permeabilise membranes at a similar rate whether at room temperature

or at 4C, where the relatively crystalline nature of the membrane lipid bilayer at this
temperature would be expected to resist the incorporation of pore-forming compounds

(Batalia et a|.,1996).

Indirect evidence points towards PR-5 proteins interacting with a specific
molecule at the plasma membrane, rather than through direct pore formation. The
extracellular domain of a protein kinase receptor from Arabidopsis shows extensive

homology with PR-5 proteins (wang

et al., 1996). By analogy with

well-

characterised receptor kinase systems, the Arabidopsls protein is likely to be activated

or deactivated by the binding of a ligand to the extracellular PR-5-like domain.
Furthermore, the related thaumatin molecule is thought to exert its sweet taste through

binding to a taste-cell receptor.

1.6.2

Plant lectins

An observation by Dr. Maria Hrmova in 1995 (Department of Plant

Science,

University of Adelaide) indicated the possibility of an unexpected function for barley
PR-5 proteins. Experiments \ryere undertaken to puriff barley (1-+3)-B-glucanases
through affinity chromatography. To this end, crude protein extracts from germinated
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barley were chromatographed on a column of NaOH-treated pachyman, an insoluble
(1-+3)-B-glucan from the fungus Poria cocos (Stone and Clarke,1992). The crude
pachyman was treated with NaOH to remove contaminating proteins. It was expected

that (1-+3)-B-glucanases would bind to the pachyman, while other proteins would be

eluted. However, (l+3)-B-glucanases did not bind, and elution with the soluble
(1-+3)-B-glucan laminarin resulted

in the release of a major protein

species of

approximately 25 kDa (Osmond et al., 1998). Subsequent NH2-terminal sequence
analysis showed the product was identical with a barley PR-5 protein, designated PR-

R by Hejgaard et al. (1991). This result suggested that PR-5 proteins in barley might

have lectin-like carbohydrate binding activity, and

in particular, may bind to the

(1+3)-p-glucans commonly found in fungal cell walls.
Lectins have been defined as carbohydrate-binding proteins with at least two

binding sites allowing the protein to agglutinate cells andlor precipitate complex
carbohydrates by the IUB-IUPAC Joint Commission on Biochemical Nomenclature.

The first protein with lectin-like properties was isolated from castor beans by
Stillmark (1888), and since then carbohydrate-binding proteins have been isolated
from many plant species (Puemans and Van Damme, 1995).
While the physiological role of plant lectins also remains unclear, several lines

of evidence

suggest that lectins are important

in the defence of the plant

against

invading pathogens. Lectins are one of only a few plant proteins that are capable of

binding to the surface of microorganisms, along with hydrolytic enzymes from the

PR-2 and PR-3 groups (Peumans and van Damme, 1995). Furthermore, many
lectins, such as chitin-binding lectins, show a high affinity for oligosaccharides that
are raÍe or absent in plants.

Lectins inhibit plant viral pathogens (Barbieri et a1.,1993) and animal viruses
such as

HIV (Balzarini

et al.,1992), probably by binding to glycoproteins on the viral

protein coat (Peumans and Van Damme, 1995). Some work suggests that lectins also

have antibacterial activity (Sequeira and Graham, 1977; Broekaert and Peumans,
1986), which may result from the binding

of the lectins to carbohydrates of

the

2T
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bacterial cell envelope in a process that may either slow bacterial mobility or prevent
access to the plant cell.

Plant lectins also show in vitro antifungal activity (Brambl and Gade, 1985;
Broekaert et al., 1989; Van Parjis et al.,

l99l; Van Parjis et al., 1992), but the

mechanism of antifungal activity remains unclear. Van Parjis et al. (1992) found the

only detectable change in the metabolism of fungi exposed to a chitin-specific lectin
was a lowering of chitin synthesis andior deposition. Whether the antifungal activity

of lectins is important in vivo remains to be demonstrated.

1.6.3

Evidence that PR-5 proteins have lectinJike activity

Edelbaum et al., (1991) used monoclonal antibodies raised against human
interferon-p to isolate plant antiviral proteins. 'When crude extracts of tobacco protein
were chromatographed on a column containing these antibodies, two proteins bound
to the column; a (1-+3)-B-glucanase and a PR-5 protein. This result raised a number

of possibilities, including the co-purification of the proteins due to protein linking,
recognition of the two separate proteins at different regions of the antibody, or the
recognition of common moieties present on both proteins.
As the primary structures of human interferon-8, (l-+3)-B-glucanases and PR-

5 proteins show little or no sequence similarity, it was suggested that the antibody

may be recognising specific features of the tertiary structures of the proteins
(Edelbaum et al.,

l99l).

Thus, amino acids from separate regions of the primary

chain brought into close proximity after protein folding to create localised regions of

similarity, may form structures such as a (l+3)-B-glucan binding domain.
Experimental work confirming this hypothesis was published recently by
Trudel et al. (1998), who found that several, but not all, PR-5 proteins bind insoluble

(1-+3)-B-glucans. Thus, while the current project was in progress, the observation on
which it was based, namely that PR-5 proteins bind (l-+3)-B-glucans, was confirmed
by Trudel et al. (1998).
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AIMS OF THE PRESENT STUDY

Plant PR-5 proteins are members of the wider class of pathogenesis-related

proteins. Of the five classical groups of PR proteins initially observed in tobacco
tissue inoculated with TMV, all have been shown to exhibit antifungal activity. In the
case

of the PR-2 and PR-3 groups, this activity is presumed to be related to enzymic

activity against major polysaccharide constituents of the fungal cell wall. However,

for the PR-I, PR-4 and PR-5 groups, the mechanisms of antifungal activity remain
unclear.

The major theory of the mechanism of plant PR-5 protein antifungal activity

has been that

of

fungal cell membrane permeabilisation, but there are intrinsic

experimental inconsistencies with this hypothesis. Recent evidence has suggested a
role for some PR-5 proteins in carbohydrate binding. Barley PR-5 proteins in a crude
extract of germinated grain bind to a column of insoluble linear (1+3)-B-glucan, and

are retained until eluted with laminarin, a soluble, linear (l+3)-B-linked
polysaccharide (Dr M. Hrmova, personal communication). These results suggest that
barley PR-5 proteins might have lectin-like activity.

The central aim of the work presented in this thesis was therefore to
investigate the interactions between the barley PR-5 proteins and (1-+3)-B-glucans.
The isolation and characterisation of barley PR-5 proteins is described in Chapter 2.

The specificity and kinetics of protein-carbohydrate interactions are investigated in
Chapter

3.

The mechanism of binding through molecular modeling is described in

Chapter 5, and is based on the isolation and characterisation of barley cDNAs that
encode PR-5 proteins, as presented

in Chapter 4. Other potential mechanisms of PR-5

protein activity have been investigated, such as hydrolytic activity and alteration of
membrane function, and are described in Chapter 6.
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2.I

PR-5 Proteins

INTRODUCTION

A

procedure

for the purification of barley PR-5 proteins from 5

day

germinated barley (var. Clipper) is presented in this Chapter. In previous work, two

basic PR-5 isoforms, designated PR-R and PR-S were isolated from barley by
Hejgaard et al. (1991) (var. Bomi mutant 1508) and Cvetkovic et al. (1997) (cv. Ns-

294). An acidic PR-5 protein of slightly lower molecular weight, designated Hv-l,
was isolated from barley (var. Alva) challenged with Erysiphe graminis

f.

sp.

Hordei

(Bryngelsson and Green, 1989).

The primary observation in the current project was that barley PR-5 proteins
bound to a (1-+3)-p-glucan affrnity column. In the initial stages of work described in

this thesis, the optimisation of conditions for this affinity chromatography

was

undertaken. However, the publication of similar data by Trudel et al. (1998) resulted

in a redefinition of the original aims. An emphasis was placed on the kinetic and
molecular analysis of the PR-5 - (l-+3)-Þ-glucan interaction. For this, protein in a

purified form was required to initiate kinetic and specificity analyses of the binding

interaction. The work described in this Chapter therefore relates to the purification

and characterisation of the proteins that bound pachyman

in the preliminary

experiments (Osmond et a|.,1998).

The purification of barley PR-5 proteins described in this chapter was based
on ammonium sulphate fractional precipitation, ion-exchange chromatography and gel

filtration chromatography. The purification enabled comparison of the physical and
chemical properties of barley PR-5 proteins, and enabled the detailed analysis of the
interaction of these proteins with (1+3)-B-glucans, as presented in Chapter 3.
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2.2

PR-S Proteins

MATERIALS AND METHODS

2.2.1 Materials

Barley grain (Hordeum vulgare L., var. Clipper) was provided by Dr' Tony
Rathjen (Department

of Plant

Science, University

of Adelaide). The

polyclonal

antibody raised against grape PR-5 protein was provided by Dr David Tattersall
(Department of Horticulture, Viticulture and Oenology, University of Adelaide). The
Coomassie brilliant blue R, acrylamide, bisacrylamide, Tween-20, neomycin sulphate,

penicillin G, nystatin, chloramphenicol and laminarin from Laminaria digitata wete

from Sigma (St. Louis, MO, USA). The bromophenol blue was from APS Fine
Chemicals (Auburn, Australia). The Coomassie protein reagent and BSA protein
standards were from Pierce (Rockford,

IL, USA). The dialysis membrane (membra-

cel MD44-14) was from Selby Scientific (Notting Hill, Australia). The Goat anti-

rabbit IgG (H+L)-HRP conjugate, kaleidoscope prestained markers, BioGel P-30
(Fine) and protein chromatography columns were from BioRad (Hercules, CA, USA).
The TMB stabilized substrate for HRP and endoproteinase LysC were from Promega
Corporation (Madison, WI,

USA). The low molecular weight protein markers

and

CM-Sepharose CL-6B were from Pharmacia Biotech (Uppsala, Sweden). The

nitrocellulose membrane was from Micron Separations Inc. (Westborough, MA,

USA).
'Whatman

'Whatman

3MM filter paper and DEAE-cellulose (DE-52) were from

International (Maidstone, England). The Diaflo ultrafiltration membranes

and Microcon 3 microcencentrators were from Amicon Incorporated (Beverly, MA,

USA). The Miracloth was from Calbiochem-Novachem Corporation (La Jolla, CA,
USA). The Mighty Small SE-250 and SE-600 vertical

slab gel protein electrophoresis
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systems were from Hoefer Scientihc Instruments (San Fransisco, CA,

USA).

The

Semi-dry blotting system was from C.B.S. Scientific Company Incorporated (Del
Mar, CA, USA). The UA-6 UV absorbance detector and'Wiz peristaltic pump were

from ISCO (Lincoln, NE, USA). NH2-terminal sequence analysis was performed
using a Hewlett-Packard G1005A protein sequencer (Palo Alto, CA, USA), based on
Edman degradation chemistry (Edman and Begg, 1967).

2.2.2 Germination of barley (Hordeum vulgare var. Clipper)

The outer surface of the barley grain is able to support the growth of a wide
range of microbial organisms that can reduce germination efficiency and can produce

proteins that might be mistaken for barley proteins (Fincher, 1989). It was therefore
necessary to rigorously surface sterilise the barley grain prior to germination. The

grain (3 kg) was washed twice with H2O, once with 0.5% (vlv) Tween-2O for 20 min
and rinsed twice

with HzO. The grain was surface sterilised wíth}.2%o (w/v) AgNO3

for 20 min and washed three times with H2O (Hoy et al.

l98l).

The grain was

steeped in a solution containing neomycin (100 ¡rg/ml), chloramphenicol (100 pglml),

nystatin (100 units/ml) and penicillin G (100 units/ml) (Hoy et

al.,I98I). After 4 h

steeping, the grain was aerated for 5 min, followed by immersion in fresh antibiotic

solution for a fuither 20

h. At the completion of steeping, the grain was germinated in

the dark for 5 days at

2l + 2oC under aseptic conditions on autoclaved Whatman

3MM filter paper soaked in fresh antibiotic solution.
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2.2.3 Extraction of proteinfrom germinated grain

The germinated barley was homogenised using a Waring blender at 4"C (10
seconds

low speed, l0

seconds medium speed, 10 seconds

high speed) x 2 in 6 I of

protein extraction buffer (50 mM sodium acetate buffer, pH 5.0, containing 5 mM
NaN3, 5 mM EDTA, 3 mM PMSF and 3 mM 2-mercaptoethanol). The homogenate

was placed on ice

for I h to

centrifugation at 5,000

extract protein. Insoluble material was removed by

x g for 30 min and the supernatant

was filtered through

Miracloth.
The extract was precipitated with (NH4)2so4 at 4oc into 0-30%, 30-60%o and
60-100% fractions, and a minimum of 4 h was allowed for the precipitation of each

fraction.

Precipitated proteins

at each fractionation step were removed

by

centrifugation at 5,000 x g for 20 min and re-dissolved in extraction buffer.

2. 2.

4 DÐAU-cellulose chromatography

The selected (NH4)2SOa fraction was consecutively dialysed against three 8 I
batches

of 50mM TRIS-HCI pH (s.0) containing 3 mM NaN¡. The equilibrated

protein was loaded in two

x

I I batches

onto a DEAE-cellulose (DE-52) column (21 cm

19.63 cm2) equilibrated in the same buffer, at a linear flow rate of 60

ml/h.

The

unbound proteins were retained for further purification.
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2.2.5 CM-Sepharose chromatography

The DEAE-unbound proteins were equilibrated

in 50 mM

sodium acetate

buffer, pH 5.0, and loaded onto a CM-Sepharose Cl-68 column (15 cm
at a linear flow rate of 60

ml/h. The column was washed with

1

x

19.63 cm2)

I of 50 mM sodium

acetate buffer, pH 5.0, to remove unbound material. Bound proteins were eluted

a2llinear ionic gradient of 0-0.6 M NaCl in

2. 2.

6 BioGel

P-30

with

50 mM sodium acetate buffer, pH 5.0.

gel-filtration chromatography

Pooled fractions from CM-Sepharose chromatography were equilibrated with

gel-filtration buffer (50 mM sodium acetate buffer, pH 5.0, containing 600 mM NaCl

and 3 mM 2-mercaptoethanol) and concentrated by ultrafiltration using a YM-3
membrane. The proteins were chromatographed
column (110 cm

x

in 1 ml

1.77 cm2¡ at a linear flow rate of 8

batches on a BioGel P-30

ml/h. The fractions containing

barley PR-5 protein were pooled and rechromatographed on the P-30 column in two

1

ml batches.

2.

2.7 Final CM-Sepharose chromatography

After gel-filtration, fractions containing barley PR-5 protein were pooled and
equilibrated with 20 mM sodium acetate buffer, pH 5.0. The proteins were applied to
a CM-Sepharose CL-68 column (18 cm x 0.79 cm2; at a linear flow rate

of

15 ml/h.

Bound proteins were eluted with a 200 ml linear ionic gradient of 0-0.2 M NaCl in 20

mM sodium acetate buffer, pH 5.0.
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2.

2.8 Protein determination

Protein in column eluates was monitored by absorbance at 280 nm using an

ISCO UA-6 UV detector. One absorbance unit was equivalent to a BSA protein
concentration

of approximately 0.8 mg/ml.

Otherwise, protein concentration \ /as

estimated using the method of Bradford (I976),using BSA as a standard.

2.2.9

Polyacrylamide gel electrophoresis

Protein samples were analysed by SDS-PAGE (Laemmli, 1970), using a 5%

(w/v) polyacrylamide stacking gel, pH 6.8, and a l2.5Yo (w/v) polyacrylamide
resolving gel, pH 8.8. The gels were generally electrophoresed at 100

V for 2 h in

electrophoresis buffer (25 mM TzuS-HCl, pH 8.3, containing 250 mM glycine and
0.1%o

wlv SDS) using the Hoefer Mighty Small SE 250 protein

electrophoresis

system. The final SDS-PAGE analysis (Figure 2.8) was performed using the SE 600
vertical slab gel system electrophoresed under a constant current of 30 mA for 2 h and
using the buffer and polyacrylamide concentrations described above.
Gels were stained with Coomassie Brilliant Blue R in 25%o (v/v) ethanol and

7% (vlv) acetic acid and destained in the same solvent. Molecular weight markers

were phosphorylase

b (94 kDa), BSA (67 kDa), ovalbumin (43 kDa), carbonic

anhydrase (30 kDa), soybean trypsin inhibitor (20 kDa) and cr-lactalbumin (14.4 kDa)

(Pharmacia).
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2.2.I0 Detection of barley

PR-5

PR-5 Proteins

proteins by Western analysis

Barley PR-5 proteins were detected by Western blot analysis, using
polyclonal antibody raised in rabbits against grape
Department

of

a

VvTLI (Dr David Tattersall,

Horticulture, Viticulture and Oenology, University

of

Adelaide).

Briefly, SDS-PAGE gels were electrophoresed under the conditions described in
section 2.2.9. The proteins from these gels were transferred to nitrocellulose filters
using the semi-dry blotting system (CBS Scientific) under a constant voltage of 100 V

for t h. Filters carrying the transferred proteins were blocked with
powder in

I x PBS (140 mM NaCl, 5 mM Na2HPO4,

and rinsed twice with 1

x PBS.

antibody diluted 1:1000

in I x PBS containing

temperature

5Yo

(w/v) milk

2.5 mM KCl, 1.5 mM KH2PO4)

The filters were incubated with the anti-VvTll

lYo (w/v) BSA for 3 h at room

with gentle rocking, rinsed three times with 1 x PBST

containing 0.05% v/v Tween-20) and twice with

I x PBS.

(l x

pBS

The filters were incubated

with goat anti-rabbit IgG-HRP conjugate diluted 1:2000 in 1 x PBS containing
(w/v) BSA for
with

1

I h at room temperature.

x PBST, twice with

lo/o

Finally, the filters were washed three times

I x PBS and blotted dry.

The filters were incubated at room temperature with TMB-stabilised substrate

for HRP, and developed for between 30-60 sec. The filters were blotted dry

and

results were recorded by photography or photo-copying.

2.2.I

I

NH2-terminal sequence analysis and electrospray mass spectrometry

NH2-terminal amino acid sequence analyses

of proteins of

interest were

performed using a Hewlett-Packard G10054 protein sequencer, based on Edman
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degradation chemistry (Edman and Begg, 1967), by the V/aite Nucleic Acid and
Protein Chemistry Unit. Electrospray mass spectrometry was performed by the Waite
Campus Mass Spectrometry Facility

of The Australian Wine Research Institute.

Electrospray mass spectra were obtained using an API-300 mass spectrometer
coupled with an ionspray interface (PE Sciex, ontario, Canada). The ion spray
voltage was 5.5

kV and the orifice voltage was 30 V. The curtain (nitrogen) and

nebuliser (air) gases were set at 8 and 10 units, respectively. Solutions of proteins
were introduced into the mass spectrometer by a flow injector (8125, Rheodyne, CA,

USA) with a 5 or 20 ¡rl sample loop connected to the ion sprayer. The injected
solution was delivered by 50 % (vlv) acetonitrile containing 2.5 % (v/v) acetic acid at
a rate of 5 ml/min, using a syringe pump (Cole-Parmer, IL, USA). Mass spectra were
processed

to determine the molecular weight of the protein by deconvolution of the

multiply charged ions of the protein using Bio-Multiview software (PE Sciex).
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2.3

PR-5 proteins

RESULTS AND DISCUSSION

2.3.1 Extraction of proteins from barley germinatedfor 5 days, ammonium sulphate

fr ac t i o nal pr

ec

ip it at

io

n

qn

d D E A E - c e I I ul o s e c hr om at o gr aphy

From 3 kg of germinated barley grain, approximately 8g of soluble protein
was extracted under the conditions described in section2.2.3. Both Hejgaard et al.

(1991) and Cvetkovic et
precipitated

ql. (1997)

showed that the barley PR-5 proteins are

in 30-60% (wlv) ammonium sulphate. Accordingly, the crude protein

extract was fractionated with ammonium sulphate and the 30-60% ammonium
sulphate fraction, containing approximately 5 g of protein, was retained for further

purification. This fraction was chromatographed on DEAE-cellulose in two 1 I
batches (Figure 2.1). Because of the basic nature (pI >9) of these proteins (Hejgaard

et al., l99l; cvetkovic et al., 1997), they were not expected to bind to DEAE
cellulose that had been equilibrated at pH 8.0. Thus, the DEAE-unbound fractions,
consisting of approximately 3.2 g of protein, were collected and pooled for further
purification.

2. 3.

2

CM-Sephorose ion-exchange chromatography

The pooled DEAE-unbound proteins were equilibrated with 50 mM sodium
acetate buffer,

pH 5.0, and concentrated to

Sepharose column equilibrated

I l.

The proteins were loaded on a CM-

with the same buffer and the column was washed with

50 mM sodium acetate buffer (pH 5.0) to remove unbound material. The bound
material was eluted with a 2

I linear ionic strength

gradient of 0-0.6 M NaCl in 50
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mM sodium acetate buffer, pH 5.0. The elution proflle is shown in Figure 2.2. Eluted
proteins were collected in 20 ml fractions and analysed by SDS-PAGE (Figurc2.3A).

To detect fractions containing PR-5 proteins, an SDS-PAGE gel containing
NaCl-eluted protein fractions was transferred to a nitrocellulose filter and probed with

the anti-VvTll antibody raised against grape PR-5 protein. The Western blot
revealed that barley PR-5 protein was present in fractions

ll0 - 126, and the intensity

of the bands indicated that most PR-5 protein was present in fractions 112

-

122

(Figure 2.3 B). Accordingly, fractions 112 - 122, containing approximately 240 mg

of

protein, were pooled for fuither purification.

2. 3.

3 BioGel

P-30 gel-filtration chromatography

Pooled fractions from CM-Sepharose chromatography were concentrated by

ultrafilration using a YM10 membrane to approximately 24 mg/ml and loaded onto
BioGel P-30 column (section 2.2.6). The elution profile is shown in Figure 2.4
analysis by SDS-PAGE is shown in Figure

A

a

and,

2.5. Fractions containing approximately

46 mg of proteins of a size range around 25 kDa (peak II, Figure 2.4 A) were pooled

and rechromatographed on the BioGel P-30 column under the same conditions.
Rechromatography resulted in the elution of a single major peak of protein which was
retained for further purification (Figure 2.48; Figure 2.6 A).

2. 3.

4

Second CM-Sepharose chromatography

Previous studies have found that two major basic barley PR-5 protein isoforms

of similar molecular weight are found in barley (Hejgaard et al., l99l; Cvetkovic e/
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al., 1997). To investigate whether the barley PR-5 protein peak eluted from

gel

filtration contained both isoforms, the proteins were rechromatographed on CMSepharose (section 2.2.7) under similar

low ionic strength conditions as described by

Hejgaard et al. (1991). The elutionprof,rle is shown in Figure 2.7 and SDS-PAGE
analysis is shown in Figure

2.68.

The elution profile clearly shows two major peaks in the ratio of
approximately 2:1 (11 mg: 6

mg). NHz-terminal

sequence analysis of the proteins

contained in the two peaks showed that peaks I and II corresponded to PR-S and PR-R

respectively (Hejgaard et al., 1991, Table

2.2). No other sequences were detected

during NHz-terminal sequence analysis, and after SDS-PAGE analysis (Figure 2.9),

the proteins were deemed to be sufficiently pure for use

in the binding

studies

described in Chapter 3.

To indicate their source and biological nature, the two purified proteins were
designated HvPRSb (PR-S) and HvPR5c (PR-R) respectively @ordeum vulgare, pR-

5 protein) based on the order of their elution from the CM-Sepharose column. This
designation is

in

accordance with the recommendations

of Van Loon (1994), who

suggested that PR proteins should be named according

to their plant source, the

homologous PR family in tobacco (PR-5) and the order of their identification. Under

this system, the acidic PR-5 protein purified by Bryngelsson and Green (1989),
originally named Hv-l, would be designated HvPRSa. As both HvPRSb and HvPR5c
were purified at the same time (Hejgaard et

order

of elution from

CM-Sepharose

al.,l99l),

the designation is based on the

in the final purification step. The purified

proteins were assessed for hydrolytic activity using 0.2% (wlv) laminarin (Hrmova
and Fincher, 1993), and activities that could be attributable to 0.2Yo contamination

with barley (1+3)-p-glucanase were detected (data not shown).
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Figure 2.1 DEAE-cellulose ion-exchange chromatography elution profile.
The profile shows unbound protein eluting from the column in fractions
representing approximately 60Yo

I-

90,

of total protein loaded. Fractions 0 - 75 were

pooled for further purification. The bound proteins were eluted in bulk by the

addition

of

I M NaCl, and eluted proteins are shown in fractions 100 -

Fractions contained a volume of 20 ml.

140.
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Figure 2.2 CM-Sepharose chromatography elution profile.

The profile shows unbound proteins eluting from the column (fractions 40-70)
representing about 25-30%

remove

of total protein loaded. After washing the column

all unbound material, a

to

stable baseline was achieved (fractions 70-100).

Bound proteins were eluted from the column with a linear 0-0.6 M NaCl gradient.
The majority of bound proteins eluted in the 0-0.4 M NaCl range (fractions 105-160).

After analysis by SDS-PAGE and Westem blot (Figure 2.3 A and B), fractions 112122 were selected for further purification.
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Figure

2.3

SDS-PAGE and \üestern blot analysis of CM-Sepharose bound

fractions.

A. SDS-PAGE analysis. Lanes 1 and 10 contain markers (94,67,43,30,20
kDa respectively). Lanes 2 - 9 contain 10 pl fractions 110, 112,

ll4,

and 14.4

116, 118,

120,122 and 124, respectively (Figure 2.2).

B.

Western blot analysis. Lane 1 contains rainbow markers (202,133,71,4I.8, 30.6,
17.8 and 6.9 kDa respectively). Lanes 2

- I0 carry 10 ¡rl fractions Il2, ll4,116,

118, 120, 122, 124 and 126 separated

by SDS-PAGE,

transferred

a

to

nitrocellulose filter and probed with the antibody raised against grape VvTLI
(section

2.2.3). The blot

contained

in

purification.

fractions

shows that most detectable barley PR-5 protein is

Il2-122.

These fractions were selected

for

further

A
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Figure 2.4 Elution profiles of consecutive BioGel P-30 gel filtration
chromatography.

A.

Gel-filtration chromatography of pooled fractions ll2-122 from CM-Sepharose.
SDS-PAGE analysis of fractions 28-47 (Figure 2.5 A) shows protein of around

25 kDa eluting in fractions 32-40 (peak

II).

Protein

in the corresponding

fractions from ten identical gel filtration column runs were pooled and
rechromatographed on the same gel hltration column.

B.

Elution profile from gel filtration chromatography of pooled fractions from the
first gel filtration step (Figure 2.4

A).

Most contaminants separated from the PR-

5 protein, leaving a single major peak of protein of around 25

fractions 32-40 were pooled for further purification.

kDa. Accordingly,
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Figure

25

Polyacrylamide gels

of fractions generated through initial Biogel

P-30

Chromatography. t ane 1 contains molecula¡ weight markers. Lanes 2-21 contatn 10 pl
fractions eluted from BioGel P-30 gel f,rltration column (Figure 2.4

A).

Fractions33-39 were

pooled, concentrated and rechromatographed through the Biocel P-30 column.

Figure

2.6

SDS-PAGE analysis of gel-filtration chromatography

Sepharose chromatography

A.

II

and CM-

II.

SDS-PAGE analysis of gel filtration chromatography

II

(Figure 2.4

contains protein markers. Lanes 2-10 contain 10 pl fractions

B).

Lane

1

30,32,34,36,38,

40, 42, 44 and 46 respectively. The protein of interest was eluted

in fractions 32-

40, which were pooled for further purification.

B.

SDS-PAGE analysis

of

protein markers. Lanes

CM-Sepharose chromatography

2-I2

II.

Lane one contains

contain fractions 40, 42, 44, 46,48, 50, 52, 54, 56,

58 and 60 respectively (Figure2.7). The gel shows the separation of two distinct

proteins

of similar molecular weight. Accordingly, fractions

were pooled separately for further analysis.

40-49 and 51-60

A
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B
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42 44
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46

X'igure 2.7 Protein elution profile of CM-Separose chromatography

The fractions pooled from gel filtration

II

II.

were loaded on a CM-Sepharose column

and eluted with a 0 - 0.2 M NaCl gradient. Two major peaks eluted from the column

at concentrations of approximately 0.09 M NaCl and 0.1I M NaCl. These fractions

were analyzed by SDS-PAGE (Figure 2.6 B) and pooled into separate batches for
further analysis.
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Figure 2.8 Summary of purification procedure for basic PR-5 proteins from germinated barley
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Figure 2.9 SDS-PAGE analysis of the purifÏcation procedure. Lanes

I

and 9

contain molecular weight markers. Lane 2 - crude protein extract. Lane 3 - 306OVo

ammonium sulphate fraction. Lane 4 DEAE-cellulose unbound. Lane 5 -

CM-Sepharose pooled fractions LL2-122. Lane 6 - Biogel P-30 pooled fractions

after second column. Lane 7- HvPRSb, peak

II

eluted from final CM-

Sepharose. Lane 8 - HvPR5c, peak I eluted from final CM-Sepharose column.

Table 2.1 Protein yields at each stage of the purification of barley PR-5 proteins

Purification Step

Protein Recovery (mg)

Yield (% crude extract)

Crude Extract

8,000

100

4,900

6l

3,200

40

240

J

46

0.6

24

0.3

HvPR5b

1l

0.14

HvPR5c

6

0.08

30-60rùÁ

Ammonium Sulphate

DEAE-cellulose
unbound fraction

I

CM-Sepharose

Fractions

ll2-

122

Gel Filtration

I
Chromatography II
Chromatography

CM-Sepharose

II
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PR-5 proteins

The overall purification strategy used to purify HvPRSb and HvPR5c is shown

in Figure 2.8. SDS-PAGE analysis of protein fractions at all stages of the purification
procedure is shown in Figure

2.9. The purification yields at each step of purification

procedure are summarised in Table 2.1.

2.3.5 Characterisation of HvPRSb and HvPRSc

The NHz-terminal amino acid sequences

of

HvPRSb and HvPR5c were

determined (Table 2.2), and were compared with the PR-5 proteins described by
Hejgaard et al. (1991) (Table 2.2). There is 95o/o sequence identity between PR-R and

HvPR5c over the first 44 amino acids and 100% sequence identity between HvPR5b
and PR-S over the

first 34 amino acids. Between HvPR5b and HvPR5c, there is 58%

sequence identity over the first 60 amino acids. This indicates that while they are
related, the two proteins are clearly the products of separate genes that have diverged
si

gnifi cantly during evolution.

The molecular weights of HvPR5b and HvPR5c were also determined by
electrospray mass spectrometry. The molecular mass of HvPR5b was 21,846 Da and

HvPR5c was 21,365

Da. These values

are consistent with the molecular weights

of

HvPR5b and HvPR5c as measured by SDS-PAGE (Figure 2.9). The isoelectric points

þI) of the two proteins

were estimated at between 9-10 by Hejgaard et at. (I99I),

while Cvetkovic et al. (1997) estimated that both proteins had a pI of 9.3. These
results are consistent with the behaviour

of HvPR5b and HvPR5c during

exchange chromatography. Isoelectric focussing from

anion-

pI 4-10 was conducted, but

both HvPR5b and HvPR5c migrated to the edge of the basic side of the gel, and
accurate assignment of the pI was not possible using this method (data not shown).
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Table 2.2 NEz-terminal amino acid sequences of barley

HvTLI and HvTL2.

20
30
40
50
GGGVR LDPGQ ShTALN MPAGT AGARV WPRTG CTFDG SGRGR

HvPR5c

ATITV

10
VNRCS YTVWP GALP.

PR.R

ATITV

VNRCS YTVWP GALP. GGGVR LDPGQ RWALN MPAGT AGAAV
:ß

HvPRSb ATFTV
PR.S

60

*

TNKCQ YTVV'IA AAVPA GGGQK LDAGQ T¡TSIN VPAGT TSGRV wARTG FSFDS AGNCR

ATFTV TNKCQ YTVWA AAVPA GGGQK LDAGQ T!{SI

NH2-terminal sequence alignments of HvTLI and HvTL2 with the published NH2-terminal sequences of the barley thaumatin-like proteins PR-R
and PR-S (Hejgaard et a1.,1991).
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2.4

CONCLUSIONS

The work described in this Chapter has shown that two isoforms of basic
barley PR-5 protein can be readily purified from 5 day germinated barley. The
methods used to

puriff the two isoforms included ammonium sulphate fractionation,

ion-exchange chromatography and gel-filtration chromatography. The yields of the

purified proteins, as

a

percentage

of

crude protein, were 0.14% and 0.0ïyo,

respectively.

The two isoforms were designated HvPRSb and HvPR5c, in accordance with
the nomenclature system of Van Loon (1994). The proteins had molecular weights

2I,846 and 21,365 Da respectively,

as determined

of

by electrospray mass spectrometry.

Both proteins were basic, and appeared to have pls of about 10, in agreement with
Hejgaard et al. (1991) and Cvetkovic et al. (1997). NH2-Terminal sequence of the

first 60 amino acids of each protein showed 58% identity over this region.
The purity of HvPR5b and HvPR5c was assessed by overloaded SDS-PAGE

and NHz-terminal

sequence analysis,

ffid there were no detectable contaminants.

Thus, the HvPR5b and HvPR5c fractions were considered to be suffrciently pure for

use

in binding studies and other functional assays. The binding of HvPRSb

and

HvPRSc to a range of polysaccharides is described in the next chapter.
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3.1

PR-5 Protein - P o lys acc har ide Inter act i ons

INTRODUCTION

An investigation into the polysaccharide-binding function of barley

PR-5

proteins is presented in this Chapter. This work arose from the observation that PR-5
proteins in crude extracts of germinated barley grain bind to the insoluble (l-+3)-pglucan, pachyman (Osmond et al., 1998). These observations raised the possibility

that PR-5 proteins could exert their antifungal activity through binding to (l+3)-Bglucans that are found in many fungal cell walls.

(1+3)-p-Glucans are widely distributed in plants and microorganisms (Stone
and Clarke,1992). In plants, significant deposits of (1-+3)-p-glucan are located in
vascular tissues (Currier, 1957; Smith and McCully, 1978), in pollen tubes and in the

pollen grain cell wall (Polito, 1985; Rae e/ al., 1985; Tiwari and Gunning, 1986).
Transient deposition of (1+3)-p-glucan occurs in the cell plate formed during cell

division (Sutherland and McCully, 1976; Smith and McCully, 1978). In addition,
deposition of (1+3)-p-glucan can be induced by either biotic or abiotic stress (Pearce
et a1.,1974; Smith and

McCully, 1977; Gaspar et a1.,1984; Skou, 1985).

Low molecular weight, soluble (l-+3)-B-glucans, known as laminarins, can be
isolated from several algal species (Yamaguchi et a1.,1966). Laminarins may contain

(1-+6)-B-linked branches, or contain intrachain (1+6)-B-linkages (Peat et al.,I958a;

Mian and Percival, 1973). Laminarins are thought to act as storage polysaccharides
because

of their

(Yamaguchi

synthesis

in sunlight and their rapid depletion in darkness

er al., 1966).

A

variable proportion

of

laminarin chains

are

glycosidically linked to D-mannitol at the reducing terminal (Peat et al.,1958b).

(1+3)-þ-Glucans are major structural components in the cell walls of many
fungal genera (wessels and Sietsma,1979; Wessels, 1994). Fungal cell-wall (1-+3)-
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B-glucans may be branched or substituted, or contain intrachain (l-+6)-B-linkages.

Other fungal (1+3)-B-glucans are essentially linear, including pachyman from Poria
cocos (Hoffman et

al., l97I), and lentinan from Lentinus

edodes (Chihara et al.,

1970). Similar polysaccharides, such as curdlan from the bacteria Alcaligenes
faecalis, are secreted from certain prokaryotic organisms (Harada et a1.,1966; Saito er
o1.,1968; Hisamatsu et a1.,1977; Footrakul et a1.,1981; Ghaiet

al.,l98l).

The functions of several classes of PR proteins have been linked with the
compositions of the pathogen cell wall, including the PR-2 (l+3)-B-glucanases and
PR-3 chitinases (Kauffman et a1.,1987; Mauch et al.,l988a; Høj et a1.,19891,Leah et

al.,

l99l). It is thought that the antifungal activity shown by these enzymes is

attributable to the hydrolysis of the polysaccharide component of fungal hyphal cell
walls.
Related to the potential action of (1+3)-p-glucanases and chitinases on fungal

cell wall polysaccharides is the observation that some PR-4 proteins bind chitin. The

initial observation that barley PR-5 proteins bind insoluble (l+3)-p-glucans (M.
Hrmova and G. Fincher, unpublished data) raised the possibility that PR-5 proteins
might be analagous to the PR-4 group, insofar as they may bind an insoluble wall
polysaccharide from fungi. Taken one step further, it was possible that the function

of

PR-5 proteins might be linked to the function of the (1-+3)-Þ-glucanases; perhaps the

PR-5 proteins would somehow facilitate hydrolysis

of fungal cell wall

(1-+3)-B-

glucans by the PR-2 proteins. V/ith these possibilities in mind, the binding of the

purified barley PR-5 proteins (Chapter 2) to (l+3)-B-glucans was examined in detail
and results are presented in this Chapter.
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3.2

PR-5 Protein - Polysaccharide Interactions

MATERIALS AND METHODS

3.2.1 Materials

Barley PR-5 proteins HvPR5c and HvPR5b were purified according to the
method described

in

Chapter

2.

The pachyman from Poria cocos and ivory nut

mannan were from Deltagen (Wicklow, Ireland). The CM-pachyman was prepared

and generously provided by Dr Maria Hrmova. The laminarin from Laminaria
digitata, curdlan ftom Alcaligenes faecalis,xylan from oat spelts, Tween-20, B)C{HS
and ABTS were from Sigma. The pustulan from Umbilicaria papullosa was from
Calbiochem-Novabiochem Corporation (La Jolla, CA,

USA). The Avicel

cellulose

and crab shell chitin were from Fluka Biochemika (Buchs, Switzerland). The
laminaribiose, laminaritriose, laminaritetrose, laminaripentose, laminarihexose and
laminariheptose were from Seikagaku Corporation (Chuo-ku, Tokyo,

JapÐ. The

Streptavidin-HRP conjugate was from Amersham International (Amersham, UK).
The Microcon 3 microconcentrators and YM-10 ultrafiltration membranes were from

Amicon

Inc.

The 45 ¡rm ultrafiltration filters were from Sartorius AG (Gottingen,

Germany). The Protein A Sepharose CL-4B and PD-10 columns, the BIAcore 2000
biosensor, CM5 sensor chips, SA sensor chips, EDC, NHS,

I M ethanolamine and

surfactant were from Pharmacia Biotech.

3.2.2

Generation of antibodies against HvPRSb

Polyclonal antibodies against HvPR5b were generated at the Institute of
Medical and Veterinary Science (Gillies Plain, SA, Australia) using a standard
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protocol. A rabbit was inoculated with 300 pg HvPRSb

(l

pglpl) mixed with

an

the initial inoculation' the
equal volume of Freund's complete adjuvant. Following
equal volume of Freund's
rabbit was inoculated with 300 pg antigen mixed with an

Nine days after
incomplete adjuvant on four further occasions, at 3 week intervals'
the IgG
the 5th inoculation, serum was collected' A total of 80 ml serum containing
fraction was obtained.

3.2.3 Purification of polyclonal

antibodies using protein A

ffinity

The IgG fraction was purified from the crude serum by mixing 10 ml serum

with 6 ml chloroform for 30 sec and centrifuging at 1,000 x g for 10 min. The
aqueous phase was collected, filtered through a 0.45 pm

using 1.0 M Tris-HCl buffer, pH
Sepharose

8.0.

filter and adjusted to pH 8.0

The serum was loaded onto a Protein A-

Cl-48 column equilibrated with 100 mM Tris-HCl buffer, pH 8.0, and the

column was washed with the same buffer to remove unbound material. The bound

IgG fraction was eluted with 100 mM glycine buffer, pH 2.5, adjusted
approximately pH 7.0 with

I M Tris-HCl

to

buffer, pH 8.0, and concentrated to 5 mg/ml

by ultrafiltration on a YM-10 membrane. The column was regenerated by sequential
washing with 80 ml 2 M urea,

I M LiCl, 100 mM glycine buffer, pH 2.5, and 100

mM Tris-HCl buffer, pH 8.0, before puriffing further batches of antibodies.

3.2.4 Biotinylation

of antibodies and barley PR-5 proteins

Purified antibodies (10 mg) were adjusted to pH 9.5 by the addition of 0.2 ml

1 M carbonate buffer (30% vlv

I

M

NazCO3, 70%o v/v

I

M NaHCO3, pH

9.5).
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BXNIHS (57 ¡.rl 0.1

M BAnHS in DMSO) was added

shaker at room temperatur e for 2

h.

and mixed using an orbital

The reaction was stopped by the addition of 200

unincorporated BXNHS
pl 1 M NH¿CI. Biotinylated antibodies wefe purified from

peak, containing the
on a PD-10 pre-packed gel filtration column. The first
biotinylated antibodies, was dialysed against four 2

I batches of I x PBS'

to
concentration of the biotinylated antibodies was adjusted
of 1 x PBS, and stored in

1

The

I mg/ml by the addition

ml aliquots at -20oc for further use.

the method
Biotinylation of the barley PR-5 proteins was achieved using
PR-5 protein (1 mg) in
described above, except that the starting material was barley

ml

10

1

buffer
mM sodium acetatebuffer, pH 5.0. Accordingly, 0.1 ml 1 M carbonate

stopped with 0'1
was added, followed by 6 pl BXNIHS solution, and the reaction was

ml I M NH¿CI.

The biotinylated proteins were separated from unincorporated

(10 mM
BXNIHS using a PD-10 gel filtration column equilibrated with HBS buffer
HEpES buffer, pH 7.4, containing 150 mM NaCl) and concentrated to
a

I

mg/ml using

Microcon 3 microconcentrator for use in the BIAcore studies (section 3'2.9).

3.2.5

ELISA using biotinylated antibodies

Affinity-purified polyclonal antibodies (1 pg)

in 100 ¡rl 50 mM carbonate

buffer, pH 9.5, were added to 96 well microtitre plates and left overnight at 4oC. The
antibodies were removed from the wells by inversion of the plate, and the wells were
washed twice

x

with I x PBST for

PBS containing

5

min. The wells were blocked for t h with 200 pl

l% (wlv) BSA, and washed twice with 1 x PBS.

containing antigen diluted in 100

pl 1 x PBST containing l% (wlv) BSA

1

Samples

were added

to the wells and incubated at room temperature for 2 h. The wells were washed three

4l
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times with 200 pt

in 200 pl

1

I x PBST and incubated with the antibody-biotin conjugate

diluted

temperature' The wells
x PBST containing 1% (w/v) BSA for 2hatroom

the streptavidin-HRP conjugate diluted in
were washed, followed by incubated with
200 ¡rl

The wells
I x PBST containing l% (wlv)BSA for 1.5 h at room temperature'

werewashedwith200pllxPBsTandincubatedwithl50¡rlfreshlypreparedHRP
citrate' 2 mM ABTS and 0'03% v/v
substrate (25 mM citric acid, 25 mM tri-sodium
stopped by the addition of 50 pl
HzOz). The reaction was developed fot 20 min, and
was measured using a BioRad
3% (wlv)oxalic acid. Colour development in the wells
3550 MicroPlate Reader at 414 nm'

j.2.6 Preparation of PachYman

In initial experiments, pachyman was prepared by incubating 5 g pachyman
with l00ml

I M NaoH for 30 min at 80"c. The insoluble fraction

was recovered by

Linkage
centrifugation at 3,000 x g, washed extensively with HzO and lyophilised'

analysis

of the derived polysaccharide was determined by Professor A. Bacic

(1994)'
(University of Melbourne) using the protocol described by Schulpmattn et al.

The NaOH treatment resulted

in

significant losses

alternative method was therefore used

to

of (1+3)-B-glucan and an

prepare pachyman

for further

binding

studies.

Sequential periodate oxidation and Smith degradation of the crude pachyman

preparation (Figures 3.1 and 3.2), based on the method of Chihara et al., 1970, was
used

to generate an insoluble (1-+3)-þ-glucan for binding studies. To remove single

(l-+6)-Þ-glucosyl substituents and other (1+6)-p-linked substituents, 3 g pachyman
(pachyman

I,

Figure 3.3) was oxidised with 25 mM sodium metaperiodate. After
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Chapter 3 - Barley PR-5 Protein - Polysaccharide Interactions

gentle stining

in

darkness

for 48 h, the insoluble material was recovered by

centrifugation at 4,000 x g for 15 min.
The oxidised pachyman was resuspended in 200 ml H2O, and reduced by the
slow addition of 800 mg sodium borohydride dissolved in 100 ml HzO. The solution
was gently stirred for 24 h, a further 300 mg sodium borohydride was added and the

reduction continued for another

acid

to

24h.

The solution was adjusted to pH 6.0 with acetic

destroy excess reductant. The insoluble material was recovered by

centrifugation at 4,000 x g for 15 min, and washed sequentially with 200 ml HzO,200

ml ethanol and finally 200 ml acetone.

The pachyman was resuspended in 200
vigorously at room temperature for 24

h.

ml 50 mM

H2SO¿ and stirred

The solution was centrifuged at 3,000 x g to

recover the insoluble, partially hydrolysed product. The pachyman was washed
sequentially with 200 ml H2O, ethanol and acetone, resuspended

in

10 ml HzO and

lyophilised. The recovered product was designated pachyman II (Figure 3.3).
Both pachyman
NaOH for 10

min.

I

and pachyman

II

(0.5 g each) were dissolved in 15 ml 1 M

The reaction was performed at 4oC to minimise B-elimination

(Saito et a1.,1968). Insoluble material was removed by centrifugation at 4"C (3,000 x

g) and the supernatant was adjusted to 50 ml with HzO. Dissolved pachyman was
precipitated by adjusting the solution to pH 5 using acetic
appeared as opaque gels, which were washed extensively

The product recovered after NaOH-treatment
pachyman

of

acid. The precipitates

with HzO and lyophilised.

pachyman

I

was

designated

IV, and the product derived from pachyman II was designated Pachyman

IIL A scheme of the protocol

for the purification of the various pachyman fractions is

shown in Figure 3.3. Linkage analyses of the derived polysaccharides (Pachyman I,

II, III and IV) were determined by Professor A. Bacic.
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Figure 3.1 Use of periodate oxidation and Smith degradation for the
removal of (l+6)-B-glucosyl substituents from a linear
(l+3)-Þ-glucan.
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Figure 3.2 Use of periodate oxidation and Smith degradation for the
removal of intrachain (1-+6)-B-linkages from a linear
(1+3)-Þ-glucan.
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HORa

Pachyman preparations

Megazyme Pachyman - Pachyman

I

ALKALI TREATMENT

DEBRANCHING

l. I MNaOH,4"C l0 min

l. Sodium periodate oxidation
2. Sodium borohydride reduction
3. 50 mM HrSOn hydrolysis
4. rWashed with water, ethanol and acetone

2. Centrifugation3,000 x g, 15 min
3. Precipitation with acetic acid
4. Lyophilisation

Pachyman

IV

Pachyman

II

ALKALI TREATMENT
1. lMNaOH,4oC5min
2. Centrifugation 3,000 x g, l5 min
3. Precipitation with acetic acid

4. Lyophilisation

Pachyman

F'igure

III

3.3 Outline of the strategT for the preparation of pachyman

fractions. Starting material was 3 g pachyman from Megazyme. Recovery
of pachyman II was

64%o

of starting material. Recovery of pachyman III was

88% of starting material (pachyman
64Yo

of starting material (pachyman I)

II).

Recovery of pachyman

IV

was
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3.2.7 Prepqration of other polysaccharides

Curdlan (1 g) was resuspended in 20 ml HzO and boiled for 30 min to induce

gel formation (Saito et al., 1968). The gel was washed extensively with H2O to
remove soluble material, resuspended in

l0 ml HzO and lyophilised. Chitin, Avicel

cellulose and pustulan were ground to a powder and resuspended in 20 ml

for

10

lM NaOH

min at 4oC. Insoluble material was recovered by centrifugation at 3,000 x g for

10 min, washed extensively with HzO and lyophilised. The polysaccharides were
resuspended

in 50 mM sodium acetate buffer, pH 5.0, at a concentration of 10 mg/ml

for use in binding experiments. Mannan and xylan were resuspended in 50 mM
sodium acetate buffer,

pH 5.0, at a

concentration

of

10 mg/ml for binding

experiments.

3.2.8

PR-5

protein adsorption on insoluble polysaccharides

The method of Beldman et al. (1987) was used with some modifications to
quantify the adsorption of HvPR5b and HvPR5c to several insoluble polysaccharides.
Various amounts of protein were incubated with a fixed amount of polysaccharide (10

mg/ml in 50 mM sodium acetate buffer, pH 5.0) in a final assay volume of 0.5 ml.
The protein-polysaccharide mixtures were incubated at 25oC for
shaker, and centrifuged

I h on an orbital

at 1,000 x g for 3 min to remove insoluble material. The

supernatant was analysed for residual PR-5 protein using ELISA (section 3.2.5) and

for residual protein using the Coomassie Blue reaction (Bradford, 1976). Protein
adsorption was estimated by subtraction of residual protein present in similar assays
conducted without polysaccharide.
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3.2.9 Preparqtion of BIAcore sensor-chip surfaces

The binding of soluble (l+3)-p-glucans to immobilised barley PR-5 proteins

was estimated in real time using a BIAcore 2000 biosensor (Pharmacia Biotech).

Two methods were used to immobilise the barley PR-5 proteins, namely amine
coupling and streptavidin affinity using biotinylated PR-5 proteins (section 3.2.4).
For amine coupling, two flow cells of a sensor chip coated with CM-dextran
were equilibrated at 25oC with I 0 mM sodium acetate buffer, pH 4.6, at a flow rate

of

5 pllmin. The surfaces of the flow cells were activated with 160 pl freshly mixed
NHS (80 pl of an 11.5 mg/ml solution) and EDC (80 ¡rl of a75.0 mg/ml solution) at a

flow rate of 5 ¡rl/min. The activated surfaces were washed with 35 pl of the same
buffer, and five sequential aliquots of PR-5 protein (1, 3, 9, 27 and 60 ¡rl) were
injected over activated surfaces at a concentration of 300 pglml and a flow rate of

5

¡.rllmin. Uncoupled protein was removed between injections by washing with 10 mM
sodium acetate buffer, pH 4.6. Following the final injection,

I M ethanolamine

injected over the chip to deactivate the remaining uncoupled CM groups.

was

A blank

flow cell was prepared as described above, except that instead of protein, the 10 mM
sodium acetate buffer, pH 4.6, was injected over the activated surface of the flow cell.

To prepare a surface using biotinylated PR-5 proteins, a sensor chip containing
streptavidin linked to dextran was thermally equilibrated to 25"C. The surface was
prepared by three sequential washes

with 50 mM NaOH containing I M NaCl,

followed by equilibration with 10 mM HBS buffer, pH 7 .4, at a flow rate of 4 ¡rl/min.
Biotinylated PR-5 protein (25 pg in 50 pl) was injected over the surface at a flow rate

of 4 pl/min to allow affinity coupling of the biotinylated protein to the streptavidin
surface. Uncoupled protein was removed from the surface by washing with 10 mM
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HBS buffer, pH 7.4. A blank flow cell surface was prepared using the same protocol,
except that 50 ml of a 5 pM biotin solution was coupled to the surface.

3.2.10 Binding of soluble polysaccharìdes to immobilised PR-5 proteins

Binding interactions between the immobilised PR-5 protein and various
soluble (1+3)-B-glucans were carried out

in

10 mM HBS buffer, pH7.4, or

in l0

mM sodium acetate buffer, pH 5.0, containing 150 mM NaCl. To measure binding
associations, oligosaccharides were diluted

in the binding buffer to a series of

concentrations and injected over the sensor chip carrying the immobilised PR-5

proteins. A flow rate of 10 pllmin was used for the association of the small analytes,

while a flow rate of 30 pllmin was used for the association of CM-pachyman, to
minimise mass transport effects. Dissociation was effected by replacing the soluble
(1-+3)-F-glucan solutions with binding buffer without polysaccharide. Between
assays, the surface was regenerated

pl/min. The regenerated surface

with 20 mM HCI for

I

min at a flow rate of 30

was washed with binding buffer until a steady

baseline was achieved. Binding was quantifred by the change in relative response,
measured

by the subtraction of the blank flow cells from flow cells containing

immobilised PR-5 proteins.
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RESULTS AND DISCUSSION

3.3.1 Generation of polyclonal antibodies

Purified HvPR5b was used to generate polyclonal antibodies that recognise
barley PR-5 proteins. Approximately 2 mg purified protein was required to generate
the antibodies in a rabbit. Because HvPR5b was purified in greater amounts (Chapter

2), that isoform was used for the generation of the antibody.
observed

in

V/estern analyses

A

single band was

of crude protein extracts from barley, using serum

diluted 1:2000 in 1 x PBS, but some cross-hybridisation with a low molecular weight

protein was observed

in extracts purified

through ion-exchange chromatography.

However, when purified HvPR5b and HvPR5c were analysed, no contaminating
bands were observed (data not shown). Because all binding studies were conducted

using purified proteins, cross-hybridisation observed to some other barley proteins
was not considered important.

3.3.2 Purification and biotinylation of polyclonql antibodies

To purify the IgG fraction, the crude rabbit serum was subjected to affinity
chromatography using a Protein-A column (section 3.2.3). Protein

A

specifically

binds the IgG fraction of mammalian serum (Jungbauer, 1989). The IgG fraction that

had bound

to the column was

eluted

with 100 mM glycine buffer, pH

2.5,

Approximately 350 mg antibodies were purified from the serum and their specificity
was assessed by Western analysis. HvPR5b and HvPR5c were detected at antibody
dilutions as high as 1:10,000, and no cross hybridisation was observed (Figure 3.4).
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Figure 3.4 Assessment of the anti-HvPR5b polyclonal antibody specificity.

A.

SDS-PAGE analysis of several barley protein fractions. Lane

I

contains low molecular

weight protein markers. Lane 2 contains crude barley protein extracts from ungerminated

grain. Lane 3 contains crude barley proteins precipitated with 30-60%
sulphate. Lane 4 contains

I

ammonium

pg purified HvPRSb. Lane 5 contains 1 ¡rg purified HvPR5c.

The position of the barley PR-5 proteins is marked with an arrow.

B.

W'estem analysis

of the above fractions (Lanes 2 -

5).

Lanes carrying the purified

proteins show the strongest signals. No cross-hybridisation was seen with the conditions

used. However, when high concentrations of crude proteins are used, some
hybridisation with a low molecular weight protein is observed.

cross-

A.

1

2

3

4

5

.F

PR-5

I
B
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In the double sandwich ELISA method, biotinylated secondary antibodies
bind antigens that are immobilised by primary antibodies coated on the wells of
microtitre plates (Evans and Hejgaard, 1999). Biotin-streptavidin affinity (Haeuptle

et al., 1983) is subsequently used to detect the immobilised secondary antibodies
attached to the antigen, thus allowing quantification of the antigen immobilised in the

wells (Scheme 1). Thus, purified antibodies (10 mg) were biotinylated (section3.2.4)
and the products separated from unicorporated biotin on a PD-10 size exclusion
column (Figure 3.5). A yield of 9.5 mg biotinylated antibodies was obtained.

3.3.3 Determination of conditions for ELISA assays

To determine a suitable working dilution of the biotinylated antibodies, 1 pg

of either HvPR5b or HvPR5c was incubated in the antibody-coated wells

(section

3.2.5). Biotinylated antibodies were added at antibody dilutions ranging from 1:100

to 1:100,000. Using HvPR5b, colour development was generally stronger than for
HvPR5c, probably because the antibody was raised against HvPR5b and because
HvPR5b and HvPRSc have divergent amino acid sequences (Chapter

2).

Using

HvPR5b, colour development was saturated at dilutions less than around l:2,000, and

not detectable at dilutions over 1:40,000 (Figure 3.6

A). Based on these results, a

dilution of 1:3,000 was selected for the detection of HvPRSb in ELISA assays. Using
HvPR5c, the colour development was saturated at dilutions less than 1:1,000 and was

not detectable at dilutions over l:20,000. Based on these results, the dilution of
1:3,000 was also selected for the detection of HvPR5c (Figure 3.6 B).

To determine the range in which small changes in antigen concentration could

be detected, diluted antigen concentrations ranging between 0.01 ng and 1,000 ng
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Scheme

1 Outline of the double-sandwich ELISA assay procedure

L.

The primary antibody ) is attached
to the wall of the microtitre plate well.

The antigen is bound by the primary
antibody.

2.

3. The biotinylated

secondary antibody
is bound to the antigen.

4.

(

(

Streptavidin, coupled to HRP
), binds
to the biotin-labeled secondary antibody.

)

3
Peak

I

2.5
2

o
€

(\ 1.5
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II
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Figure 3.5 Elution profile of biotinylation products on a PD-10 size exclusion
column.
The initial peak (peak

I)

containing the biotinylated IgG fraction was retained,

while the second peak þeak II) containing unincorporated BAnHS was discarded.

Figure 3.6 Determination of biotinylated antibody dilution for ELISA assays.
Determination of suitable dilution of antibody for the detection of HvPR5 proteins by ELISA.
Absorbance at A¿r¿ was used to measure the colour development of the ELISA reaction'

A.

ELISA antibody dilution for HvPR5b. Interaction was maximal at dilutions less than
1:2,000 and not detectable at dilutions of more than around 1:40,000.

B.

ELISA antibody dilution for HvPRSc. Interaction was maximal at dilutions less than
1:1,000 and not detectable at dilutions of more than around I :20,000.
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f igure 3.7 Determination of HvPRSb dilution for quantification using ELISA.

A.

Determination of a suitable range for HvPR5b quantification, using dilutions in the range

of approximately 0.01

- 1000 ng.

The interaction was maximal using HvPR5b amounts

greater than 5 ng, and was not detectable at less than 0.05 ng'

B.

Colouration using HvPR5b in the range of 0.1
range results in a non-linear response.

-

1.0

ng. HvPRSb amounts outside of this
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Figure 3.8 Determination of HvPRSc dilution for quantification using ELISA.

A.

Determination
range

of suitable range for HvPR5c quantification, using dilutions in

of approximately 0.01 - 1000 ng. Colouration \ryas saturated using

the

HvPR5c

amounts greater than 50 ng, and not detectable at less than 0.5 ng.

B.

Colouration using HvPR5c amounts in the range

of

I - l0 ng. HvPRSc amounts

outside of this range results in a non-linear colouration response.
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were reacted with l:3,000 diluted biotinylated antibodies. Colour development was
saturated at concentrations above 5 ng HvPR5b (Figure 3.7
HvPRSc (Figure 3.8

A).

More detailed analyses showed that an approximately linear

curye for HvPR5b was observed in the range of 0.1

and 1

A), and above 50 ng

-

1.0 ng per

well (Figure 3.7 B),

- l0 ng per well when using HvPR5c (Figure 3.8 B). Thus, when using a

1:3,000 dilution of biotinylated antibodies, some quantification of HvPR5b could be

achieved in the range of 0.1

-

1.0 ng antigen per sample, while HvPRSc could be

quantified in the range of 1 - 10 ng per sample.

3.3.4 Preparation of polysaccharides

for binding studies

As discussed in section 1.7, barley PR-5 proteins can be purified from crude
extracts of barley grain using a pachyman affinity column. Pachyman is a waterinsoluble (1-+3)-B-glucan that is isolated from the sclerotia of Poria cocos (Hoffman

et al., l97I), and is the major constituent of the hyphal cell walls of this fungus
(Hoffrnan et al.,

l97l).

Pachyman has reported degrees of polymerisation varying

from 255 (Saito et al., 1968), 690 (Hoffmann et al.,

l97l)

and 914 (yamaguchi and

Makino, 1977). Individual pachyman chains form triple helical structures that
stabilised

by

hydrogen

bonding. A low degree of (l-+6)-B-linked

are

glucose

substituents, estimated at four per pachyman molecule, are linked to the main chain

and some intrachain (1+6)-B-linkages have also been reported (Saito et al., 1968;
Hoffrnann et al., 197 l).

To remove proteins and other contaminants, the initial pachyman preparation
was treated

with

1

M NaOH (section 3.2.6). However, (l+3)-B-glucans are generally

soluble under alkaline conditions, and can be degraded by p-elimination (Saito et al.,
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1968). Thus, considerable losses of polysaccharide were observed after NaOHtreatment, and the recovery of pachyman was routinely as low as 5 Yo of the starting

material. Linkage analysis of the NaOH-treated pachyman indicated that in addition
to the (1-+3)-B-glucan, several other polysaccharides were present, because (l+a)linked glucosyl, (l+6)-linked glucosyl and (l-+4)-linked À/-acetyl glucosyl residues
were detected (Table 3.1); these were probably derived from cellulose, fungal cell
wall

(

I

+3, 1 +6)-B-glucans

and chitin, respectively.

To identi$ which of the polysaccharide components in the NaOH-treated
pachyman sample were responsible for binding PR-5 proteins, individual analyses

of

the binding properties of each of the major components were performed. Thus, pure
preparations

of cellulose, pachyman, pustulan and chitin obtained from commercial

sources were subjected

to NaOH-treatment as described in sections 3.2.5 and 3.2.6.

Mannan and xylan, coÍrmon cell-wall polysaccharides of plants, were included in the

preliminary binding trials. A summary of the polysaccharides used in binding studies
is presented in Table 3.2. The recoveries (Table 3.2) reveal that with the exception

of

pachyman, the polysaccharides were relatively insoluble under alkaline conditions,

which is consistent with the enrichment of these polysaccharides in the pachyman
sample after NaOH-treatment.

3.3.5 ldentification of

(1

-+3)-B-glucan as the polysaccharide bound by PR-S proteins

Polysaccharides with linkage types similar to those found in the NaOH-treated
pachyman were assessed individually for their ability to bind barley PR-5 proteins. In

initial tests, both untreated and NaOH-treated
comparison.

'When

polysaccharides were used for

using untreated polysaccharides, the binding of PR-5 proteins was
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Table 3.1 Summary of the Linkage Analysis of Treated and Untreated Pachyman.

Pachyman

Derivative Linkage

NaOH-treated (Mol %)

Pachyman

Insoluble fraction

Untreated (Mot %)

8

I

3-Glucose

42

94

4-Glucose

J

6-Glucose

5

terminal Glucose

2,3-Glucose

t0

J

314-Glucose

J

I

3,6-Glucose

8

I

4-N-acetyl
Glucosamine

21

Total

lr4ol

%o

values represent the mol Yo

100

100

of the total pachyman, calculated from the mol o/o

methylated alditol acetates that are characteristic

of

particular polysaccharides.

Pachyman (Deltagen) was treated with NaOH and the insoluble fraction was retained for

the pachyman affinity column. The untreated pachyman was analysed in the form
supplied by Deltagen.

Table 3.2 Summary of treatments, recoveries and major linkages of the polysacharides used
in binding studies.

Polysaccharide

Treatment

Recovery
(7o starting

Linkage type

Linkage Analysis

MolTo (1+3)-

material)
Pachyman

I

Pachyman

II

periodate
oxidation

Pachyman

III

Pachyman

IV

(l+3)-p-glucosyl
p-glucosyl

97

64V"

( I -+3 )-

oxidation,
NaOH-extracted

88Yo

(l -+3)-p-glucosyl

9"Ì

NaOH-extracted

74%

(l-+3)-p-glucosyl

96

100

periodate

Curdlan

I

Curdlan

II

(l -+3)-p-glucosyl

Pachyman

boiled

94%

(l -+3)-p-glucosyl

NaOH-treated

5Yo

(l-+3)-p-glucosyl

Mixed
(see Table 3.1)

Chitin

NaOH-treated

74Yo

(l-+4)-p-N-acetyl
glucosamine

Pustulan

NaOH-treated

78%

(l-+6)-p-glucosyl

Cellulose

NaOH-treated

69Yo

(l-+4)-p-glucosyl

Mannan

(l-+4)-p-mannosyl

Xylan

(l-+4)-p-xylosyl

Linkage type represents the major structural linkage type found in the polysaccharide.
Treatments

of the polysaccharides are described fully in

sections 3.2.6 and 3.2.7.

Recovery represents the Yo dry weight recovery of the starting material after treatment.

Linkage analysis mol
polysaccharide.

o/o

values represent the Yo mol

of (l-+3)-linkages of the total
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insignificant for all polysaccharides tested, with the exception of cellulose, mannan

and

xylan.

amounts

However, these polysaccharides also adsorb comparable

of BSA, suggesting that binding was non-specific (Figure 3.9

NaOH-treated polysaccharides, there was significant binding

or

greater

A).

With

of both HvPR5b

HvPR5c to the pachyman sample, but no BSA bound (Figure 3.9

and

B). No adsorption

of barley PR-5 proteins or BSA to NaOH-treated chitin, pustulan or cellulose

was

observed, suggesting that the interaction between barley PR-5 proteins and NaOHtreated pachyman was attributable to the (1+3)-B-glucan in the sample.

3.3.6

Preparation of branched ønd debranched

Because barley PR-5 proteins

(1

-+3)-þ-Slucan fractions

did not interact with untreated pachyman

(Figure 3.9 A), but NaOH treatment of pachyman resulted in significant losses of
(1-+3)-B-glucan, an alternative method

of production was required. Thus, a

polysaccharide containing primarily linear, (l-+3)-B-linked glucosyl units was
generated using periodate oxidation, borohyride reduction and

mild acid hydrolysis of

pachyman (section 3.2.6). This process removed (1-+6)-F-glucosyl substituents and
intrachain (1-+6)-B-linkages from the main (1-+3)-B-linked chain of pachyman. The

final product, designated pachyman

II,

was a colourless powder that had a finer

texture than the untreated pachyman, which was designated pachyman I.

To test for the specificity of (1-+3)-B-glucan binding, several other pachyman
and curdlan fractions were generated (sections 3.2.6 and 3.2.7), as summarised in

Table

3.2. The NaOH-extracted

pachyman

products of pachyman

IV and III, respectively (Figure 3.3).

designated curdlan

I

and

II were designated

The hydrated product of curdlan (I),

II, was formed by boiling. Linkage

analysis of the pachyman

51

Chapter 3 - Bartey

PR-S

Protein - Polysaccharide Interaclions

fractions (Table 3.2) revealed that of the four fractions, pachyman
homogenous, containing virtually 100% (1-+3)-glucosyl

II

was the most

residues. The

pachyman fractions were also highly pure, but contained minor amounts

of

other
other

linkage types. Curdlan was used as an alternative (1+3)-p-glucan to test for the
generality

of binding by barley PR-5 proteins, as it is unbranched and virtually

unsubstituted (Saito et al., 1968).

3.3.7 Binding studies on insoluble (I -+3)-þglucans

Binding studies show that the adsorption of barley PR-5 proteins is negligible
using untreated pachyman or curdlan (Figure 3.10). In contrast, binding was greatest

for pachyman

II

and curdlan

glycosyl residues (Table

II, which contain the highest

3.2).

proportion

of (1-+3)-

HvPR5c bound the other pachyman fractions at

significant but lower levels (Figure 3.10), suggesting that HvPRSc has the greatest
affinity for linear, homogenous

(

1

-+3)-B-glucans.

It has been observed that the cell walls of most fungi contain (l+3)-B-glucan
that is in an gel-like state (Stone and Clarke, 1992). The results described above
suggest that under physiological conditions,

it is likely that HvPR5c

would bind

fungal cell-wall (l+3)-Þ-glucans. HvPRSb bound pachyman at a much lower level
than HvPR5c, but binding was again greatest for pachyman

II

and curdlan

II

(Figure

3.10). However, the affinity of HvPR5b may not be biologically significant,

as the

binding is at such a low level.

Binding is influenced by the pH at which binding is conducted. The optimal

pH for the HvPR5c-pachyman interaction is approximately pH 5.0 (Figure 3.11).
This value is similar to the pH optima of barley (l+3)-p-glucanases (Hrmova and
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Figure 3.9 Barley PR-5 protein adsorption to various polysaccharides.

A.

Binding of 20 ¡rg HvPR5b, HvPR5c and BSA to pachyman
pustulan (4), cellulose (5), mannan (6) and xylan

(7).

(l),

curdlan (2), chitin (3),

Binding is expressed as the

percentage of unbound protein compared with assays without polysaccharide.

B.

Binding of 20 pg HvPR5b, HvPRSc and BSA to NaOH-treated pachyman
pustulan (3) and cellulose

(4).

amounts of barley PR-5 Protein.

(l), chitin (2),

Only the NaOH-treated pachyman adsorbed significant
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Figure

3.10

HvPRSb and HvPRSc adsorption to pachyman and curdlan.

Binding of HvPRSb and HvPR5c to pachyman and curdlan samples pachyman

(1), pachyman
curdlan

II

(2), pachyman

III

(3), pachyman

IV (4), curdlan

I

(5)

I

and

II (6)(section3.2.6 and3.2.7). Binding is expressed as the percentage of

unbound protein compared with assays without polysaccharide.
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Figure 3.11 pH optimum offIvPR5c adsorption to pachyman.
Adsorption is expressed as a percentage of binding activity, where 100% is the
adsorption observed when 20 pg HvPR5c is incubated with 1 mg pachyman in
50 mM sodium acetate buffer, pH 5.0, for one hour at 25oC.
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Fincher, 1993) and chitinases (Kragh et al., 1990), which PR proteins that

are

coordinately induced and would operate under similar conditions during pathogen
attack.

Binding decreases slowly

as the

pH increases, but decreases more dramatically

when lowered beyond pH 5,0, suggesting that acidic amino acids may be involved in
the binding. Aspartic acid and glutamic acid have R-group pI points of 3.9 and 4.3
respectively (Zubay et a1.,1988), and at values lower than pH 4.0 charge is lost from
these amino acids. However, binding is not influenced by the addition of up to 500

mM NaCl, l0 mM of Mg2*, C** or Zn2* ions, or the addition of EDTA to the
medium (data not shown), suggesting that adsorption is not dependant on electrostatic

interactions. Binding is lost when the proteins are denatured, or in the presence of
0.01% SDS (data not shown).

To investigate kinetic parameters of the HvPRSc-(l-+3)-B-glucan interaction,
optimised conditions, using pachyman

II is referred to simply

II

at pH 5.0, were used. Therefore, pachyman

as pachyman for the rest of this chapter, and refers to

a

relatively homogenous, insoluble (1+3)-p-glucan. The results of the kinetic analysis
are presented

in the following section.

3.3.8 Kinetic parameters of PR-5 protein binding

to

pachyman

Various amounts of HvPRSc and HvPR5b were incubated with pachyman, and
the amount of free protein, P (mg/ml), was determined. By subtraction from similar
assays

without pachyman, the amount of adsorbed protein,

defined as the amount

of

P¿¿5,

wÍrs deduced, and

protein adsorbed per mg pachyman (mg proteirVmg

pachyman). The binding data was plotted (Figure 3.12), and a hyperbolic curve
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similar to the Langmuir isotherm was obtained (Hayward and Trapnell, 1964). The
Langmuir isotherm assumes that the protein forms a monolayer, and that protein
adsorption is independent of protein that is already bound. The following equation

may be used to describe a Langmuir-type (Hayward and Trapnell, 1964) hyperbolic
absorption function:

(l)

Pads: [Kp x Pu¿,,n'/(l + Ke x P)] x P

where Pads,m is the maximal amount of protein adsorbed (mg protein/mg pachyman)
and Ko is the adsorption equilibrium constant (mg/ml¡-r (Peitersen et al., Ig77).

Equation I may be rearranged thus:

(2)

P/Pu¿,: l/(Ko x

Equation 2 has the form

Pa¿s,m)

+ (l/Pu¿,.¡) x P

"y: a * bx", suggesting that a plot of P/Pu¿. against P

should result in a linear curve. The corresponding plots for HvPR5b and HvPR5c

(Figure 3.13) reveal that the adsorption of HvPR5c to pachyman can be described
adequately by a Langmuir-type adsorption system. However, HvPR5b binding data
does not yield a particularly good linear relationship, suggesting that the HvPR5bpachyman interaction may be non-specific.

From Equation 2, the maximal adsorption

(Pu¿r,n')

and the adsorption

equilibrium constant (Ko) can be obtained by calculating the slope and intercept of the
regression lines, respectively, where the slope is (Pu¿r,r)-l and the intercept is (Ko x
Pu¿r,r)-l. These kinetic parameters are presented in Table 3.3. The time course of the

interaction is rapid, and most HvPR5c is bound within the first

l0 minutes

(Figure

3.r4).
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Table 3.3 Kinetic parameters of the PR-5 protein-pachyman interaction
Kp
(mg/ml)-r

(mg protein/ mg pachyman)

HvPR5b

0.003

0.006

HvPR5c

0.109

0.033

The behaviour

of

pads,,n

HvPR5b and HvPR5c suggests that the two proteins,

although related, may have developed separate functional properties. This is
consistent with the results of Trudel et al. (1998), who found that only some of the

PR-5 proteins examined had (1+3)-B-glucan-binding

activity.

Furthermore,

thaumatin I exhibits a sweet taste that has not been reported for PR-5 proteins, in spite

of the obvious amino acid sequence relationships. This suggests that despite
extensive sequence similarities, the activity

of PR-5 protein sub-families may be

unique, as shown by the different affrnities HvPR5b and HvPR5c

for

insoluble

(1+3)-B-glucans.

3.3.9 Barley PR-5 protein binding to soluble (I +3)-þgtucons

Trudel et al. (1998) demonstrated that PR-5 protein interactions with insoluble

(l+3)-B-glucans could be inhibited by the addition of particular soluble (1+3)-pglucans. In the experiments described below, laminarin, laminariheptaose and CMpachyman were used as model soluble (l-+3)-B-glucans

to

assess

the binding of

barley PR-5 proteins. Laminarin, from Laminaria digitata, has

a

Dpuu of

approximately 30, and has some branching via a (1+6)-B-linkage. Laminariheptaose
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is a linear, homogenous

(1-+3)-B-glucan

of DP 7, and CM-pachyman is

carboxymethylated pachyman (DS 0.21), which solubilises this large and otherwise
insoluble molecule.

Binding of barley PR-5 proteins to soluble (1+3)-B-glucans was assessed in
real time using a BIAcore affinity sensor. Sensor chips carrying immobilised barley
PR-5 proteins were prepared using both direct amine coupling, and immobilisation

biotinylated PR-5 proteins
generated

via streptavidin

(sections

3.2.8). Amine

of

coupling

flow cell protein surface densities of approximately 600 response units

(RU), and streptavidin coupling generated surfaces of approximately 1500 RU. No
binding of either laminariheptaose or laminarin to the immobilised protein surfaces
was observed at pH 5.0 or pH7.4, even at concentrations as high as 1 mM (data not

shown). CM-Pachyman at concentrations of up to approximately 10 pM

(l

mg/ml)

were examined, but again no binding to the immobilised protein was observed (data
not shown).
The amine coupling procedure links proteins through the NHz-terminus amino

acid and primary amine groups, and biotinylation generally couples NHS-biotin to
surface-exposed primary amine groups, normally lysine residues (Bayer et a1.,1976).

To assess whether the coupling procedures interfered with polysaccharide binding, the

biotinylated HvPR5c was assessed for pachyman binding activity in assays similar to
those described

in section 3.3.7. No decrease in pachyman-binding was observed

(data not shown), suggesting that the biotinylation

of HvPR5c did not affect

the

polysaccharide binding domain, and that an active form of HvPRSc was obtained.
However, whether other conditions of the BIAcore assays affected the ability of the

barley PR-5 proteins to bind (l-+3)-p-glucans is unclear, because no definitive
positive control was available.
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3.4

CONCLUSIONS

HvPR5b and HvPR5c were tested for polysaccharide binding activity. There
was a strong and specific interaction between HvPRSc and insoluble, linear

(l+3)-B-

glucans such as pachyman and curdlan, but the interaction between HvPR5b and
pachyman was much weaker. Immobilised HvPR5b or HvPR5c did not bind soluble

(1-+3)-Þ-glucans such as laminariheptaose, laminarin or CM-pachyman under the
experimental conditions used. There \ryas no significant interaction between barley
PR-5 proteins and chitin, cellulose, pustulan, mannan or xylan.
The different behaviour of HvPRSb and HvPR5c on insoluble (l+3)-p-glucan
suggests that the

two isoforms may have a separate function during pathogen attack.

Clearly, HvPR5c would bind strongly and rapidly to fungal cell wall (l+3)-Bglucans, but HvPR5b would

not. This may have implications for the ability of these

two proteins to gain access to the fungal cell membrane. Thus, the binding of
insoluble (1+3)-Þ-glucans may in fact impede the movement of HvPRSc protein,
while HvPR5b may freely diffuse to the plasma membrane. However, the importance

of (1-+3)-B-glucan-binding to the antifungal activity of HvPR5c is unclear, and

is

further examined by molecular modeling, described in Chapter 5, and by antifungal
assays, described

in Chapter 6.
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Chapter 4 - Isolation and characterisation of cDNAs and a gene encoding barley

4.I

PR-5

proîeins

INTRODUCTION

The primary aim of the work described in this thesis was to investigate
biological functions of barley PR-5 proteins. As described in section l.7,the starting
point for this work was the observation that barley PR-5 proteins bind the (l-+3)-B-

glucan, pachyman. Work described

purification

in the previous chapters focused on the

of barley PR-5 proteins and on an investigation of their

binding

interactions with a number of substrates.

The objective of the work that is presented in this Chapter was the isolation of

oDNA and genomic sequences that encode barley PR-5 proteins. Isolated cDNAs and
genes provide the primary structure

of

encoded proteins, through the deduction

of

amino acid sequence from the nucleotide sequences of the cDNAs and genes. This
enables structural analysis of the primary peptide sequence and can provide a template

for the 3-dimensional molecular modeling of the protein. It was anticipated that 3dimensional models
mechanism and site

of the barley PR-5 proteins could
of (l+3)-B-glucan binding.

provide clues on the

Furthermore, cDNAs and genes

contain information on cellular targeting, and an insight into factors that control gene

regulation. Again, this information is important in defining the biological function of
PR-5 proteins. Thus, in this Chapter, the purification of three cDNAs and a gene from

barley cDNA and genomic libraries is presented.
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MATERIALS AND METHODS

4.2.1 Materials

A

barley (Hordeum vulgare var. Bomi) 5-day seedling cDNA library

constructed with the ?,"ZAP

II

bacteriophage vector (Stratagene, La Jolla CA, USA)

was obtained from Clontech Laboratories Inc. (Palo Alto CA, USA). A oDNA library

prepared

in the l"gt10 bacteriophage vector

(Stratagene) from mature barley (var.

Weeah) root mRNA was generously provided by Dr. Chunyuan Huang (Department

of Plant Science, University of Adelaide). A genomic library was constructed using
the bacteriophage vector IDASH
described

II

(Stratagene) by the author

of this thesis, as

in the honours thesis "Isolation and Characterization of Genes Encoding

Barley B-Glucan Endohydrolases" (R.
Science, University

L W. osmond,

1995, Department

of plant

of Adelaide). The E coli stains C600, XLI-Blue, XLl-Blue

MRA (P2), xll-Blue MRF' and soLR, and plasmid pBluescript
obtained from Stratagene. The

II

(SK+) were

1 kb DNA ladder was from GIBCO BRL

(Gaithersburg, MD, USA). Restriction enzymes were purchased from New England

Biolabs (Beverly, MA,

usA). The v/izard-Prep

DNA purification kit, T4 DNA

ligase, zaq DNA polymerase and dNTPs were obtained from promega. Tryptone,

yeast extract and agar \¡/ere purchased from Difco (Detroit,

Megaprime oDNA labeling

kit,

MI, USA).

The

¡a-32p1-dcrp, Hybond-N* membranes

and

Nitrocellulose filters (137 mm and 87 mm) were obtained from Amersham.
Autoradiograhpic film was from Fuji (Japan). The IPTG, X-Gal and herring sperm

DNA were obtained from Boehringer Mannheim GmbH (Sandhofer Strasse,
Mannheim, Germany). The radionucleotide ¡o-32p1-dcrp, the BRESAclean DNA
s9
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purification

kit and oligonucleotides were obtained from

PR-5 proteins

Gene V/orks (Adelaide,

Australia). Agarose, ampicillin, Orange G, ethidium bromide, casein acid
hydrolysate, Ficoll, RNase, Triton x-100 and lysozyme were obtained from Sigma.
Sephadex G-100 and Blue Dextran 2000 were from Pharmacia Biotech. Whatman

3MM filter paper was from Whatman International. DNA sequencing was performed
using the ABI PRISM dye primer cycle sequencing reaction kit from Perkin-Elmer
corporation (cA, usA) on the ABI 373 DNA sequencer with stretch upgrade.

4.2.

l.

I

Commercíally obtained oligonucleotides

T3

5'- AATTAACCCTCACTAAAGGG - 3'

T7

5'- GTAATACGACTCACTATAGGGC - 3'

Àgt10

Forward

5'- CTTTTGAGCAAGTTCAGCCTGGTTAAG - 3'

l,gt10

Reverse

5' - GAGGTGGCTTATGAGTATTTCTTCCAGGGTA - 3'

The T3 and T7 primers were from Stratagene, and the Àgtl0 forward and reverse
primers were from Promega.

4.2.2 Isolation of a PR-5 probe by PCR

PCR primers were designed for DNA encoding barley PR-5 protein based on a

cDNA sequence published in the EMBL database under the accession number
hvpathpr5 (Collinge et a1.,1997). The primers were designed to ampliff a region of
approximately 550 bp and were of the following sequence;
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forward (PR5c-f) 5' GCGGCCACCATCACCGTCAACCGG 3'

reverse

(PR5c-r) 5' GCAGGGCAGGTGAAGGTGCTGGTCTGG 3'.

cDNAs encoding barley proteins that were derived from developing barley (var.
Schooner) endosperm and from

5 day and 10 day old roots (Dr Rachel Burton,

Department of Plant Science, University of Adelaide), were screened by pCR using
these

primers. A band of the correct size was observed in reactions containing 5 day

old and l0 day old root oDNA as a template using the following PCR conditions;

f

.

2.

initial denaturation (94"C) - 2 minutes
denaturation (94"C) - 40 seconds
annealing (55'C) - 60 seconds
extension (72"C) - 40 seconds

3.

final extension (72"C) - 10 minutes

Step 2 was repeated for 39 cycles. The reaction mixtures contained 1 x pCR buffer
(10 mM Tris-HCl buffer, pH 9.0, containing 50 mM KCI and 0.1% Triton x-100), 1.5

mM Mgcl2, 0.08 mM dNTPs and 1.3 M DMSO. røq DNA polymerase (0.5 u)and
10 ng of each primer were used per reaction. The PCR products were separated by

electrophoresis on

a

I o/o (wiv) agarose gel. A single band of 550 bp, designated

pcrPR5c, was purified from the

gel. The pcR product (100 ng) was sequenced

to

establish its identity, using 1.0 ng PRSc-f oligonucleotide on the Applied Biosystems
sequencing system, as recommended by the manufacturers. The concentration

of

DNA preparations were quantified using the following formula:

6l
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[DNA (ttglpl)]

4.2.3 Preparation of

:

Azøo

PR-S proteins

x 50 x dilution factor (usually l:1000)

f2f J-radiolabeled

PCR probes

PcrPRSc was labeled with ¡a-32e1-dCTP using the protocol provided with the

Megaprime labeling kit, except that the primers used were

l0 ng each of PRPR5c-f

and PRPR5c-r. Briefly, pcrPR5c (100 ng) was mixed with the primers and the total

volume brought to 33 ¡.rl with sterile milliQ H2O. The primer-DNA mix was boiled

for 5 min and allowed to cool slowly to room temperature. After cooling, l0 ¡rl
labeling buffer, 5 pl [cr-32P]-dCTP and2 pl Klenow DNA polymerase were added and

incubated

at 37'C for 30 min.

unincorporated nucleotides using

a

Radiolabeled pcrPR5c was separated from
Sephadex G-100

column.

A

sterile Pasteur

pipette, plugged with glass wool, was filled to 0.5 cm from the top with Sephadex G100, pre-equilibrated

with I x TE buffe¡ pH 7.6. Loading dye (50 ¡tl l% w/v Blue

Dextran and l%o w/v Orange G) was added to the labeling reaction, and the mixture

was loaded onto the Sephadex column. The labeled probe co-eluted with Blue
Dextran, while unincorporated nucleotides remained in the column. The purified
pcrPR5c probe was boiled for 5 min before being added to the hybridisation solution.

4.2.4 Screening of the barley cDNA libraries

Competent E. coli XLI-Blue MRF' cells were prepared in LB-media(IYowlv

NaCl, lVo wlv tryptone and

0.5%o

w/v yeast extract, pH 7.0) containing 10 mM

MgSOa and 0.2o/o (w/v) maltose, to an ODooo of

0.6. The cells were centrifuged

at
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x g for 15 min and resuspended in 10 mM MgSOa at an OD6s0: 1.0. The cells

were competent after 2 h using this method.
The clones from the oDNA library, prepared from 5 day old barley (var. Bomi)
seedlings and cloned into the ?,,ZAPII bacteriophage vector (Stratagene), were plated

(150mm plates) onto lawns of competent E. coli XLl-Blue MRF' cells in 0.7% (wlv)
agarose in NZY-media

(l

%o

wlv casein hydrolysate, 0.5 Yo wlv NaCl, 0.5 % w/v yeast

extract and 0.2 Yo wlv MgSOa.THzO, pH 7.0) over I.5 % (w/v) agar in NZY-media,

pH 7.5, and incubated at 37oC for approximately

t hours.

The plates were transferred

to 4oC and left overnight. Nitrocellulose filters (137 mm) were placed on the chilled
agarose surface

for 3 min. The cDNAs carried on the filters were denatured for 3 min

with 0.5 M NaOH containing 1.5 M NaCl, and neutralised for 3 min with 0.5 M TrisHCI buffer,pH7.5, containing 1.5 M NaCl. The filters were baked at 80'C under
vacuum for 2h, and incubated at 65oC in 200
15

ml 6 x SSC (l x SSC is 150 mM NaCl,

mM sodium citrate, pH 7.0) containing 5 x Denhardt's solution (0.1

0.1 % w/v Ficoll and 0.1

%o

Yo

wlv BSA,

wlv PVP) (Denhardt, 1966),0.5 % (w/v) SDS and 100

pglml herring sperm DNA, for 2

h.

The prehybridisation mixture was removed, 50

ml hybridisation solution (as for prehybridisation, except containing 3 x SSC) and the
¡a-32P1-labeled pcrPR5c probe were added

to the filters, and incubated at 65"C with

gentle rocking for 16 h. The filters were washed sequentially at 65oC for 20 min with

2 x SSC containing 0.1 % (w/v) sDS, with 1 x SSC
SSC

/

0.1 % (w/v) SDS and finally with 0.1

x

SSC

I

0.1 % (w/v) sDS, with 0.5 x

l0.l

% (w/v) SDS. The filters

were blotted dry and exposed against X-ray Hyperf,rlm at -80oC for 24 h using an

intensifring screen. Positive clones were selected and subjected to three rounds of
plaque purification using the detection methods described above.
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The oDNA library prepared from mRNA extracted from mature barley (var.
Weeah) roots and cloned into l"gt10, was screened using the protocol outlined above,

except

LB rather than NZY media was used for plating both in top

agarose and

bottom aga4 and E. coli strain C600 was used as a host for the library.

4.2.5 Screening the barley genomic library

The barley genomic library had been prepared from barley DNA (var.
Galleon) partially digested with EcoRI and ligated into IDASH
Approximately 5

x

10s genomic clones were screened

II

(Stratagene).

by hybridisation of plaque

replicas on nitrocellulose filters, using the protocol outlined

in section 4.2.4.

bacterial host strain used for the recombinant bacteriophage vector ¡,DASH

coliXLI-Blue (P2), and the plates contained agar

(1

The

II was E

.5 Yowlv, pH 7.5) and agarose

(0.7% w/v, pH 7.0) in LB media.

4.2.6 Rescue of clones from LZAPII into pBluescript

Purified clones from 5 day old barley seedling library cloned into IZAPII
were rescued directly into pBluescript phagemids according to the standard protocol
(Stratagene). The clones of interest were isolated and placed in a tube containing 500

pl SM buffer (50 mM Tris-HCl, pH7.5, containing l0mM NaCl, 8 mM MgCl2 and
0.01 % w/v gelatin) and 20 pl chloroform, vortexed thoroughly and stored at 4oC
overnight. The bacteriophage mixture (250 pl) was added to 200 pl competent E. coli

XLl-Blue MRF' cells (Section 4.2.4), I ¡tl ExAssist helper phage (Stratagene)

was

for 15 min. LB media (200 pl)

was

added, and the mixture was incubated at 37oC
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added and the mixture incubated at 37'C for a further 3 h with shaking. The mixture
was heated to 70oC for 20 min to lyse cells, and centrifuged at 1,000 x g for l5 min to
recover the supernatant. E. coli SOLR cells (200 pl of an ODooo 1.0 suspension in 10

mM MgSOa) were added to 10 pl lysed bacteriophage mixture, and incubated at 37'C

for 15 min. The mixture was plated onto LB-agar (I.5% w/v) plates containing 100
pglml ampicillin and incubated overnight at 37'C. Colonies that grew overnight
contained pBluescript phagemids.

4.2.7 Isolation of bacteriophage

DNA

The following method was used to isolate DNA from genomic clones and

cDNA clones in the

lgtl0

bacteriophage vector, which does not have the auto-

excision facility of the ?,"ZAP

II vector.

Bacteriophage DNA was isolated using the

V/izard Lambda DNA purification system (Promega), according to the manufacturers

protocol. Single positive plaques were picked from LB plates using a sterile pipette
tip and placed in tubes containing 100 ¡rl SM buffer and20 pl chloroform. The tubes
were held at 4oC for at least 6 h to allow bacteriophage particles to diffuse from the
agarose. Phage stock (20 pl) was added to 500 ¡rl fresh bacterial culture in

LB

media

containing 10 mM MgSOa and0.2o/o (w/v) maltose, and incubated at37oC for 20 min.

The mixture was added

to 25 ml LB

medium containing 10 mM Mgsoa, and

incubated overnight at 37oC with shaking. After incubation, 500
¡rl chloroform was
added

to the culture and incubated with shaking for a further 15 min. The lysed

culture was centrifuged at 8,000

x g for l0 min and the supernatant, containing

bacteriophage particles, was recovered.
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Nuclease mixture (10 pl, Promega) was added to 10 ml lysate and incubated at

37"C for 30

min.

Phage precipitant (4 ml, Promega) was gently added, the mixture

was placed on ice for 30 min, and finally centrifuged at 10,000 x g for

l0 min.

The

supernatant was discarded. The pellet was resuspended in phage buffer (Promega)

and centrifuged for 30 sec to remove particulate matter. The supernatant was
recovered and thoroughly mixed with

I ml purification resin (Promega).

The mixture

was immobilised on a V/izard minicolumn (Promega), and the column washed with
80% (vlv) isopropanol. The column was centrifuged for 2 min at 10,000

x g to

remove liquids, and 100 pl sterile HzO heated to 80"C was added to the column. The
column was immediately centrifuged at 10,000 x g for 20 sec. The eluate, containing

purified bacteriophage DNA, was recovered and analysed on 0.8% agarose gels.

4. 2.

8

Subcl oning DNA

fr agments into p Blues

cr

ipt

DNA (0.5 pg) from genomic clones canying putative barley PR-5

sequences

were digested with various restriction enzymes. Purified Àgt10 DNA carrying
putative barley PR-5 sequences were digested with the restriction endonuclease
EcoRL For Southern analysis, digested bacteriophage DNA was separated on 0.8%
agarose

gels. DNA in the gels was denatured for 20 min with 0.5 M NaoH

containing 1.5 M NaCl, and neutralised for 20 min with 0.5 M Tris-HCl buffer, pH
7.5, containing 1.5 M NaCl. DNA was transferred from the agarose gels to a nylon

filter

as

follows. A piece of clean sponge soaked in

10

x

SSC was placed

in

a

plastic

tray and overlaid with a piece of Whatman 3MM filter paper. Gels were placed
upside down on top of the filter paper and trapped air bubbles were removed. The
gels were overlaid with a piece of Hybond N+ (Amersham) membrane soaked in 10 x
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SSC, a piece of Whatman 3MM filter paper and several layers of dry paper towel.
The tray was filled with 10

x

SSC until the sponge was just covered and DNA was

allowed to transfer to the nylon membrane overnight. Membranes carrying the
transferred DNA were fixed by soaking with 0.4

hybridised

with

M HCl. The membranes were

¡a-32P1-labeled pcrPR5c (section 4.2.4), and hybridising DNA

fragments were identified by comparison the DNA bands in agarose gels containing
the corresponding digested

DNA. The DNA

fragments were recovered from agarose

gels by the gene-clean procedure (Geneworks). Purified DNA fragments were ligated

into the appropriate pBluescript site, using 0.5 pg each of DNA and pBluescript,
ligation buffer (Promega), T4 DNA ligase (400 U) and HzO to

at

16oC

a

Ix

total volume of 10 pl

for 16 h. The ligated DNA was stored at 4C prior to transformation into

competent E. coli cells.

4.2.9

Transformation of pBluescript into E. coli

Competent
ODooo

:

E. coli XLI-Blue cells were prepared by growing the cells to

0.6 in 50 ml fresh LB medium. The cells were centrifuged at 1,000 x g for

15 min, resuspended in 20

ml 0.1 M CaClz and left on ice for 30 min. The cells were

centrifuged at 1,000 x g for 15 min, resuspended in2 ml 0.1 M CaClz and left on ice

for

a

further 3 h. The cells were then ready for transformation.
Competent XLl-Blue cells (50 pl) were transformed by adding 5 pl ligation

mixture (section 4.2.8) and incubating on ice for 30

42'C for 60

sec and incubated on ice

cells incubated at 37oC for

were heated to

for 5 min. LB media (900 ¡rl) was added, the

I h with gentle shaking,

20 sec. The cells were resuspended

min. The cells

in

100

and centrifuged at 16,000 x g for

pl LB media and plated onto LB (1.5%
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w/v agar) containing 100 pglml ampicillin, 40 pglml X-gal and 12.5 pglml IPTG.
White colonies containing plasmids carrying DNA encoding PR-5 proteins were
retained.

4. 2.

I

0 Plasmid DNA mini-preparations

Plasmids carrying barley cDNA and gene fragments encoding PR-5 proteins
were prepared for nucleotide sequencing by the following procedure. Transformed
cells were grown overnight in 3 ml LB media containing 100 ¡rg/ml ampicillin. The
overnight culture (2 ml) was centrifuged at 5,000 x g for 5 min. The bacterial pellet
was resuspended

in

100

pl GTE buffer (25 mM Tris-HCl buffer, pH 8.0, containing

50 mM glucose and 10 mM EDTA) and chilled on ice for 5

min. A freshly

prepared

mixture of lYo (w/Ð SDS and 0.2 M NaOH (200 pl) was added to the chilled cells
and gently

mixed. The cells were incubated on ice for 5 min, followed by the addition

of 200 ¡rl 3M potassium acetate, pH 4.8. The lysed cells were centrifuged at 16,000 x

for

min, and DNA was precipitated from the supernatant with I ml ethanol for

10

min at -20oC. Plasmid DNA was recovered by centrifugation at 16,000 x g for

15

g

15

min, washed with 70% (vlv) ethanol for 5 min and dried. The plasmid DNA was
resuspended in 20

4.2.1

pl sterile H2O and

I

pl RNase (20 mglml).

1 Southern hybridisation analysis of barley genomic DNA

Genomic DNA from barley var. Clipper (5 pg) was digested with 10.0 U of a
range of restriction enzymes (EcoRI, BamHl, HindIlI, XhoI, EcoRV and Ps/I) for 6 h
at 37oC. Digested DNA fragments were separated on a

I

Yo

(w/v) agarose gel at 30 V
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for 16 h. The DNA was transferred to a nylon membrane

(section 4.2.8) and

hybridised with the ¡a-32P1-labeled pcrPR5c probe (section 4.2.4).

4.2.12 Mapping and chromosomal location of barley PR-5 genes

Wheat (var. Chinese-spring)-barley (var. Betzes) addition lines are described

in Islam et al. (1981) and Islam and Shepherd (1990). Drs Rafiq Islam and Ken
Shepherd (Department of Plant Science, University of Adelaide) generously provided

DNA extracted from these addition lines and from the parental lines. The DNA was
digested with BamHI, separated on an agarose gel and transferred to a nylon filter by

Mr Andrew Harvey (Department of Plant Science, University of Adelaide). The f,rlter
carrying the digested DNA was hybridised to the [a-32P]-labeled pcrPR5c probe
(section 4.2.4) and analysed for the presence of barley-specific hybridising fragments.

A 'chebec x Hanington'

doubled haploid (DH) population, generated by Dr

Sue Logue (Department of Plant Science, University of Adelaide) and consisting

of

120 DH lines, was used to map barley PR-5 genes. Samples of DNA from parental
and mapping lines that had been digested with restriction enzymes and transferred to

nylon filters, were generously provided by Professor Peter Langridge (Department of
Plant Science, University of Adelaide).

Filters carrying DNA from the parental lines were hybridised to the ¡crJ2t1labeled pcrPR5c probe (section 4.2.4), and analysed for the presence

of

suitable

RFLPs. To map the selected genes, DNA isolated from suitable mapping populations
was hybridised to the [a-32P]-labeled pcrPR5c probe, and scored based on parental

genotype. The linkage scores were analysed using the Map-maker software (Lander

et al., 1987). Crossover units were converted into map distances (cM) using the
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Kosambi function (Kosambi, 1944), and incorporated into the 'Chebec x Harrington'
linkage map using JoinMap software (Stam, 1993).
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4.3 RESULTS AND DISCUSSION

4.3.1 Generqtion of the pcrPRïc probe

To isolate cDNAs and genomic clones encoding barley PR-5 proteins,

a

suitable probe was required to screen the relevant libraries. PCR primers, designated

PR5c-f and PR5c-r (section 4.2.2), were based on a known barley PR-5 sequence

(Collinge et al., 1997; accession number hvpathpr5) and used to generate a pcR
product with which to screen oDNA and genomic libraries. PR-5 proteins have been
isolated from mature barley grains (Hejgaard et

øl.l99I),

and from the roots of many

plant species (Kitajima, S. and Sato, F., 1999). Thus, oDNA libraries generated from

various stages

of

embryo development and from

5 and 10 day old roots, were

screened by PCR using the PRSc-f and PR5c-r primers. No product was detected

with

cDNAs from the developing embryo, but in both the 5 and 10 day old root samples a
PCR product

of the correct size (550 bp) was

observed (Figure

4.1). The pCR

product was isolated and sequenced (section 4.2.2). Based on positional identity to

the hvpathpr5 sequence and other PR-5 sequences, the PCR product was shown to
partially encode a barley PR-5 protein (Figure 4.2). The PCR product was designated
pcrPR5c and used as a probe to screen oDNA and genomic libraries, and for Southern

hybridisation analyses.

4.3.2 Isolation of cDNA clones

Two oDNA libraries were screened for clones encoding barley PR-5
sequences. The first was an amplified library generated with RNA derived from 5 day

7I

r23

ê

550bp

Figure 4.1 agarose gel analysis of PCR products from barley root tissue.
Lane 1 contains the 1 kb ladder DNA markers (L2,216,11,198, 10,180, 9,162,8,144,
7

,L26,6,108, 5,090, 4,072, 3,054, 2,036, I,636, 1,019, 5r7, 506,396, 344, 2gg, 220,

207, r54, L34,75 bp respectively); lane 2 contains PCR products generated from

5

day old barley root cDNAs; lane 3 contains PCR products generated from 10 day old
barley root cDNAs.

Figure 4.2 Sequence alignment of pcrPR5c and related DNA sequences.

The sequence derived from pcrPR5c (designated

pcrTll) was aligned with DNA

from several plant species, derived from the

sequences encoding PR5 proteins

Genbank and EMBL databases under the following accession numbers: barley -

hvpatþr5, oat

-

as57787, rice

-

osu77656, maize

danielli (thaumatin) - a15660, wheat

-

-

2m06831, Thaumatococcus

tathau, and arabidopsis - attlp. The alignment

was performed using the Pileup program, and presented using the Prettybox progrrim

of the ANGIS suite of programs (University of Sydney).
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old barley seedlings, and the cDNA was cloned between the EcoRI
the ?'ZAP

II

vector (section 4.2.1). Approximately 5

x

and

XhoI sites of

105 bacteriophage plaques

were screened with the pcrPR5c probe, and six clones gave positive signals. The

positive clones were purified to homogeneity through three rounds

of

screening

(section 4.2.4), and the corresponding oDNA inserts were rescued. Plasmid DNA was

purified and subjected to restriction analysis using the.EcoRI andXhol endonucleases.
The clones were sequenced using T3 and T7 primers, revealing that two clones

of identical sequence were essentially full-length (about 900 bp, Figure 4.3), and two
clones, identical

Figure 4.3).

in

sequence to the other two, were not full-length (about 800 bp,

All four clones were highly

similar to sequences encoding other PR-5

proteins in plants. The oDNA inserts of two clones were attached to non-related
sequences that were probably artifacts

A

from the original cDNA library manufacture.

single clone (Figure 4.3, Lane 2), designated HvPR5c7, wâs selected for fuither

analysis.

Approximately 5

x

lOs clones were screened from another cDNA library,

generated from cDNAs derived from mature barley roots and cloned into the EcoRI

site of the l,gt10 vector (section 4.2.1). Ten positive clones were identified and
purified to homogeneity through three rounds of selection. DNA was obtained from
the purified clones. A PCR procedure, using primers located on the linker sections

of

the î,gt10 vector (section 4.2.1.I), was used to generate products that were
subsequently sequenced using the PR5c-f primer. From the sequence data,

it was

concluded that two separate, essentially full-length cDNAs encoding barley PR-5
proteins had been isolated, designated HvPR5c2 and HvPRScs.

Purified bacteriophage DNA was digested with the restriction enzyme.EcoRI
and analysed on an agarose gel (Figure

4.4). Five cDNA clones were digested with
72

r234567

lkb +

Figure 4.3 Analysis of positive clones derived from the 5 day
old barley seedling cDNA library.
Lane

2

I

contains the 1 kb ladder DNA markers. The clones in lanes

and 3 had identical sequence and matched PR-5 sequences from

other plant species. The clones
sequences to those

in lanes 2

in

lanes

4 and 5 had identical

and 3, but were not

full length. The

clones in lanes 6 and 7 matched PR-5 sequences from other plant
species, but were attached to non-related
sequenced using the T3 and T7 primers.

DNA. The clones

were

r23456789101112

U
U

-

r¡t
U

+-

1kb

Figure 4.4 Analysis of positive clones from the barley root cDNA library.
Purified l,gt10 DNA from 10 positive clones was digested with EcoRL From
the clones in lanes

2,4 6, 10 and

11, cDNA inserts of approximately 0.9 kb

were released. The 0.9 kb fragments from these lanes were purified and
subcloned into pBluescript. Lanes
markers.

I

and 12 contain the 1 kb ladder DNA

Chapter 4 - Isolation and characterisation of cDNAs and

a gene encoding barley PR-5 proteins

EcoRI and DNA bands of approximately 0.9 kb were purified and ligated into the
EcoRI site of pBluescript. The ligation products were transformed into the EcoRI site

of E. coli XLl-Blue and two white colonies from each transformation experiment
were selected at random. Of the ten transformed colonies, three contained cDNA

inserts. Sequencing revealed that two clones contained the same oDNA
(Figure 4.5, lanes

I

sequence

and 10), designated HvPR5c2, and a separate cDNA clone carried

the other cDNA sequence, designated HvPRScs (Figure 4.5, lane 1l).
HvPR5c1, HvPRScz and HvPR5c3 were shown to encode barley PR-5 proteins

because

of their high degree of positional identity with the barley PR-5

clone

hvpatþr5 (Collinge et al., 1997) and to the first 60 NHz-terminal amino acids of
HvPR5c (Chapter
between 50%

2).

Furthermore, the barley cDNAs showed sequence identity of

- 90Yo with other PR-5 gene sequences of monocotyledonous

and

dicotyledonous plants.

4.3.3 Isolation of a genomic clone

Approximately 5

x

105 clones

of an amplified barley genomic library (section

4.2.5) were screened using the pcrPR5c probe, and a single genomic clone hybridised

with the probe. The clone was purified through three rounds of selection

and

DNA was purified, digested with various restriction enzymes

and

bacteriophage

analysed on an agarose gel (Figure 4.6

to a nylon filter and probed with

A).

pcrPR5c

carried the sequence of interest (Figure 4.6

approximately

The digestion products were transferred

3 kb was selected and

to ascertain which digestion products

B).

Accordingly, a BamHI fragment of

subcloned into the corresponding site of

73
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Figure

4.5

Analysis of DNA purified from the root cDNA library and

subcloned into pBluescript.

Ten XLl-Blue colonies, transformed with cDNAs putatively encoding barley
PR-5 proteins, were selected at random. Plasmid DNA isolated from these
colonies was digested with EcoRI. Clones in lanes 8, 10 and 11 carried cDNA
inserts of the correct size (approximately 0.9 kb), and were sequenced using T3

and 17 primers (section 4.2.1.D. cDNA clones

in lane 8 and 10 encoded

HvPRSc, and lane 11 contained a cDNA encoding HvPRSc,

Figure 4.6 Restriction digest and Southern analysis of the clone isolated from the
genomic library.

A. DNA purified from a genomic

clone that hybridised with pcrPR5c was digested with

the following restriction enzymes; EcoRI (lane 2), PslI (3), Hindlll (4), EcoRV (5),
SacII (6) and BamHl (7). Lane

B.

I

contains the

I kb ladder DNA

markers.

The restriction products were transferred to a nylon filter and probed with [cr-32e]labeled pcrPR5c (section

4.2.8). The 3.3 kb product of BamHI digestion

selected for subcloning into pBluescript.

was
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Figure 4.7 Restriction analysis of the hvpríc, genomic clone in
pBluescript.

A

3.3 kb Bamf{I fragment from the isolated genomic clone that

hybridised to pcrPR5c was ligated into pBluescript and transformed

into E. coli XLl-Blue. Plasmid DNA was purified from

a

transformed colony and digested with BamHL

A.

Lane 1 contains 1 kb ladder DNA markers, lane 2 contains

plasmid DNA only, and lane 3 contains the 3.3 kb BamIil genomic

DNA fragment and the plasmid DNA.

B. DNA from A. was transferred

to a nylon filter and hybridised with

pcrPR5c. Only the DNA in lane 3 hybridised.

3.3 kb

Figure 4.8 Restriction maps and sequencing strategies for cDNA clones encoding

barley PR-5 proteins. Arrows

(+)

indicate the direction and length

of individual

sequencing analyses. The clone maps have been horizontally positioned such that the

initial codons for the mature protein are aligned for all three maps.
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Chapter 4 - Isolation and characterisation of cDNAs and

pBluescript (Figure

a gene encoding barley PR-5 proteins

4.7). The sequence obtained from the genomic clone exactly

matched the sequence of HvPR5cz andthe genomic clone was designated hvpr\c2.

4.3.4 Characterisation of the cDNA clones

Three oDNA clones, designated HvPR5c1, HvPRScz and HvPRicr,

rwere

isolated from two separate oDNA libraries (section 4.3.2). Restriction maps and
strategies used to deduce the sequence of these cDNAs are shown in Figure 4.8. The
complete nucleotide sequences are shown in Figures 4.9,4.10 and 4.1l, respectively.

HvPRSct is 882 bp in length and contains an open reading frame of 678 bp,
corresponding to a pre-protein of 226 amino acids, beginning at nucleotide

41. The

deduced amino acid sequence of HvPRSct includes a region that corresponds exactly

to the first 60 amino acids of HvPR5c determined directly by NH2-terminal amino
acid sequencing (Chapter 2), and to 42 of the first 44 amino acids derived from NHz-

terminal sequencing of barley PR-R protein (Hejgaard et al., 1991). The HvPR5c2
and HvPRSca

cDNAs contain open reading frames of 7I7 bp and 681 bp, beginning at

nucleotides 9 and 40, respectively. They encode proteins with 92% and 97%o amino
acid identity to HvPR5c, respectively, over the first 60 amino acids.

The 3' untranslated regions of HvPRScßnd HvPR5c2 are I47 bp and 162 bp in
length, respectively, and are followed by a poly(A) tract. Potential polyadenylation
signals (AATAAA) are located 3 and 15 bp upstream from the poly(A) sequence

of

HvPRSct. On HvPRîc2,potential polyadenylation signals are located 65 bp and 75 bp
upstream from the poly(A) sequence. No poly(A) tract was present on the HvPRScs

oDNA, but a potential polyadenylation signal was located 107 bp from the 3' end of
the cDNA.
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Figure 4.9 The complete nucleotide sequence and derived amino acid sequence of barley

thaumatin-like protein HvPRScr. The signal peptide is shown in bold and the NHz-terminal
alanine residue, as determined by NHz-terminal sequencing
indicated with an

arow.

of HvPR5c (Chapter 2)

is

The numbering of the amino acid residues starts at the NHz-terminal

alanine. A Potential N-gylcosylation site is in bold. Potential polyadenylation signals
underlined. The translation stop codon is marked with an asterisk.

are

ACAAGTCCTCAGAGGACAACAAGAGCGGTATCATCCATCCATGGCGTCCTCTCGTG

MASSRVV

T

TGT

CTACCTCCTGGCCGGTCTACTCCTAGCCGCCCTCGCCGCCACCACAGACGCGGCCACCAT

YLLÀGLLLAÀLAATTDAATI

60

]-20
3

.t
CACCGTCGTCAACCGGTGCTCCTACACGGTGTGGCCGGGCGCGCTCCCGGGTGGCGGTGT

T V V N R C S Y T VVü P GA

L P G G G

180
V

GCGTCTCGACCCAGGCCAGTCGTGGGCGCTGAACATGCCCGCGGGTACCGCGGGCGCCAG

240

RLDPGOSWALNMPAGlAGAR

43

GGTGTGGCCGCGCACCGGGTGCACCTTCGACGGCAGCGGCCGCGGCCGGTGCATCACCGG

300

VWPRTGCTFDGSGRGRClTG

63

CGACTGCAACGGTGTGCTGGCATGCCGGGTGTCCGGCCAGCAGCCGACCACGCTGGCCGA

360

DCNGVLACRVSGOOPTTLAE

GTACACCCTGGGCCAGGGCGCGAACAAGGACTTCT

83
TCGACCTGTCCGTCATCGACGGGTT

YTLGOGANKDFFDLSVIDGF
CAACGTGCCGATGAGCT TCGAGCCCGTGGGAGGGTGCCGTGCTGCGCGGTGCGCCACGGA

NVPMSFEPVGGCRAARCATD

L43

CAAGTTCGGCGGCGACACCTACTGCTGCCGTGGCCAGTTTGAGCACAACTGCCCGCCGAC

KFGGDTYCCRGQEEHNCPPT
TCAAGGGC AÄATGCCCCGACGCCTATAGCTATGCGAAGGACGA

NYSMFFKGKCPDAYSYAKDD

CCAGACCAGCACCTTCACCTGCCCTGCCGGAACCAACTACCAGATCGTCCTCTGCCCTTA

QTSTFTCPAGTNYQTVLCP*
GATCAATATCAGTCAAT TACTTGGGTCAATAAGGAATAAGGACTACTCT TAGTCTGCT

480

540

ITKDCLKELOVPGGCASACG

T CT

420
103

I23

CATCACCAAGGATTGCCTCAAGGAGCTGCAGGTGCCGGGAGGGTGCGCGAGCGCGTGCGG

CAACTACTCAATGT

z-1

TA

600
163
660
183
120
202
78

O

TGATCGAGGATCATT TGTATGTTGCTATG TCATATATGCATGCTAGTGCCTGTATGTGGA

840

TCAATTATAÄAT AÄATGGTT A]U\T NUqAIUUUUU\A'\iUUUqN\

882

Figure 4.10 The complete nucleotide sequence and derived amino acid sequence of
barley thaumatin-like protein HvPRScz. The putative signal peptide is shown in bold and
the putative NH2-terminal threonine is indicated with an arrow. The numbering of the amino
acid residues starts at the NHz-terminal threonine. A potential N-glycosylation site is in bold.

Potential polyadenylation signals are underlined. The translation stop codon is marked with
an asterisk.

CACAAGCCATGGCGTTCTCCGGCGTCGTCCACCTCATCGCTCTCGTGATCGCGGCCGCTG

MAFSGVVHLIALVIAÀÀA
CCGCTGCCACCGATGCGACCACCATAACCGTGGTGAACCGGTGCTCCTACACGATATGGC

AÀTDATTITVVNRCSYTTWP

CAGGCGCGCTCCCAGGCGGCGGCGCGCGTCTCGACCCGGGCCAGTCGTGGCAGCTCAATA

L P G G G AR

L D P G O S !f

180

O L N

M

TGCCCGCGGGCACGGCGGGCGCCAGGGTGTGGCCGCGCACGGGGTGCACCTTCGACCGCA

P A G T A G A R VVü

35

240

P R T G C T F D R

S

GCGGCCGTGGCCGGTGCATCACCGGCGACTGCGCGGGCGCTCTGGTCTGCCGCGTGTCCG

55

300

GRGRCITGDCAGALVCRVSG

15

GCGAGCAGCCAGCCACGCTGGCCGAGTACACGCTGGGGCAGGGCGGGAACCGGGACT

EQPATLAEYTLGQGGNRDFF
TCGACCTGTCCGTCATAGACGGGT

L20
15

.1

GA

60

T

TT

360
95

TCAATGTGCCCAT"OåcT"'O"CCðGT'"".".."

DLSVIDGFNVPMSFOPVGGA

CGCCGTGCCGCGCGGCTACCTGCGCCGTGGACATCACCCATGAGTGTCTGCCGGAGCTGC

PCRAATCAVD]THECLPELO
AGGTGCCCGGAGGGTGCGCGAGCGCGTGCGGCAAGTTCGGCGGCGACACCTACTGClGCC

VPGGCASACGKFGGDTYCCR

420
115
480
135
540
155

GTGGCCAGT TCGAGCACAACTGCCCGCCGACCAACTACTCGAGGTTCT TCAAGGGCAAGT

600
175

GCCCCGACGCCTACAGCTACGCCAAGGACGACCACACCAGCACCT

660
195

GQFEHNCPPTNYSRFFKGKC
PDAYSYAKDDHTSTFTCPAG

TCACATGTCCCGCCG

GAACCAACTACCAGATCGTGCTCTGCCCCGCCCGAAATGATTTACACATGGATCAGTAAG

TNYOIVLCPARNDLHMDQ*

TAGAGAGGACTAGTCCTTGTAGTCTTCCTTACTTATTATGATCATCGATCGATCGTATCA

720

2r2
?8

O

GGGTGTGCCATATGTCCATATATGCGTGCCTTCATGACGGGTGAG TGCATGTCAT TCAGC

840

GA,¡\TAiU\TGTAT AiU\TA,U\'\GGGACGTGTAAT TTTTAAGGTTATGTGAAGTGTAGCTCTG

900

T

TATAT

TTTTTT

TAC

CT T

Ai\ fuU\iq

A,U\

921

Figure 4.11 The nucleotide sequence and derived amino acid sequence of barley thaumatinlike protein HvPRSc¡ The putative signal peptide is shown in bold and the putative NHz-terminal
alanine residue is indicated with an

NHz-terminal alanine.

anow. The numbering of the amino acid residues

starts at the

A potential N-glycosylation site is in bold. A potential polyadenylation

signal is underlined. The translation stop codon is marked with an asterisk.

GCACGCACGCACAGTACCATCACAATTCACAAGTCCTCCATGGCGTCATCT CACGTTGTT

bU

MASSHVV
AGCCTCCTGGCCGGTCTCCTCCTTGCCGCCCTCGCCGCAAGCACAGACGCGGCCACCATC

SLLAGLLLAALAASTDAATI

120
3

.t
ACCGTCGTCAACCGGTGCTCCTACACGGTGTGGCCGGGCGCGCTCCCAGGTGGCGGCGTG

T VV

N R C S Y T VVü

P GAL

P G G G

180
V

AGTCTCGACCCAGGCCAGTCGTGGGCTCTGAACATGCCGGCCGGCACCGCGGGCGCCAGG

SLDPGQSWALNMPAGTAGAR
P RT

G C T S D G S G RG

R C T T

GACTGCGGCGGCGCGCTGGCATGCCGCGTGTCCGGCCAGCAGCCCACCACGT

D C G GAL

A C RV

240
43

GTGTGGCCGCGCACGGGGTGCACCTCCGACGGCAGCGGCCGTGGCCGGTGCATCACCGGA

VïI

23

G

TGGCCGAG

S G A A P T T LAI;

300
63

360
83

TACACCCTGGGACAGGGCGCGAACAAGGACTTCTTCGACCTGTCCGTCATCGACGGGTTC

YTLGOGANKDFFDLSV]DGF

420
103

AACGTTCCCATGAGCTTCGAGCCCGTCGGCGCGTCGTGCCGTGCTGCGCGGTGTGCCACG

480

NVPMSFEPVGASCRAARCAT
GACATCACCAAGGAGTGCCTCAAGGAGCTGCAGGTGCCGGGAGGG

r23
TGCGCGAGCGCGTGC

DITKECLKELOVPGGCASAC
GGCAAGTTCGGCGGCGAÄACCTACTGCTGCCGGGGCCAGTTCGAGCACAACTGTCCGCCG

GKFGGETYCCRGQFEHNCPP

540
143
600
163

ACCAACTATTCGAAGT lCT TCAAGGGCAAGTGCCCCGACGCCTATAGCTATGCCAAGGAC

660
183

GACCAGACCAGCACCTTCACCTGCCCTGCCGGAACGAACTACCAGATCGTCCTCTGCCCT

DQTSTFTCPAGTNYQIVLCP

120
203

TAAATTACGTCATTGGTATAATTACTGGGATCAATAAGGAATAAGGACTACTCTCAGTCC

?8O

AGTTATGATCAGCAGCCATGTGTATCAGCAACCATGTGTACTAACATATATGCATGCATG

820

ACTAGTGCGTGTATGTCGATCGAGTA

846

TNYSKFFKGKCPDAYSYAKD

X'igure

4.12 Alignment of the deduced amino acid sequences of barley PR-s

protein isoenrymes HvPRSct, HvPRScr and HvPRScr.
The alignments were performed using the Pileup program and graphically represented
using the Prettybox option in the ANGIS suite of programs. The NHr-terminus of the
mature proteins are indicated with an Íurow.
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Figure 4.13 Nucleotide sequence alignment of the barley PR-5 cDNA clones
HvPRSc, HvPRSct anù HvPRSct.
The alignments were performed using the Pileup program and graphically represented
using the Prettybox program in the ANGIS suite of programs.
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Chapter 4 - Isolation and characterisation of cDNAs and a gene encoding barley

PR-S

proteins

The mature protein-coding regions of HvPR5c1, HvPR5c2 andFvPR1ca show a

marked G+C bias in the wobble base position of codons (89.6Yo,88.7% and. Bg.2yo,

respectively). Such a bias in codon usage is seen in other members of PR

gene

families in cereals, including (1+3)-B-glucanases (Høj et al., 1989, Simmons et al.,
1992) and chitinases (Xu et
suggested that a bias

al., 1996; Dong and Dunstan, 1997). It has been

in codon usage might affect

rates or efficiencies

of mRNA

translation (Fincher et al., 1 989).

The rate of translation of mRNA is limited by the availability of the tRNA
complex corresponding to a particular codon; codons that are recognised by common

tRNA complexes will be translated more rapidly than those recognised by

less

abundant tRNA complexes (Bulmer, 1991). In germinated barley, highly expressed

genes such as those encoding cr-amylases and (l+3,1-+4)-B-glucanases show a
strong G+C bias in the wobble base position and have high overall G*C contents.
This contrasts with genes whose mRNA products are rare and in which codon usage is
more balanced (Fincher, 1989). A similar observation has been made in yeast, where

highly expressed genes are biased towards G+C in the wobble base position, while
genes transcribed at a lower rate show a more balanced
base position (Sharp et

G*C content in the wobble

a1.,1986). Thus, a biased codon usage may be a mechanism

for the rapid and preferential translation of certain mRNA in germinated barley grain
(Fincher, 1989). Such preferential translation may be required of genes encoding pR
proteins when the plant is attacked by microbial pathogens.

overall, the deduced amino acid sequences or HvpR5c1, HvpR5c2 and
HvPRSc

j

show a high degree of similarity (>90%) that is distributed along the entire

length of the proteins (Figure 4.12). At the nucleotide level, this relationship is also
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-

observed (Figure 4.13),

PR-S

proteins

but significant differences arise in both the 5' and 3'

untranslated regions.

All

three cDNAs encode putative signal peptides which are 24 amino acid

residues in HvPRScT and HvPRScs and 23 amino acid residues in HvPR5c2. The

putative signal peptides contain several

of the properties

expected

for

proteins

secreted via the endoplasmic reticulum ('Watson, 1984). These properties include a

hydrophilic

or

charged region immediately adjacent

to the translation start

methionine, followed by a hydrophobic core that forms a membrane-spanning helix.

The signal peptide becomes more hydrophilic towards its COOH-terminal (Vy'atson,
1984). All three barley cDNAs encode the same sequence (-T-D-A-) before the first
amino acid of the mature protein.
The deduced COoH-terminus amino acid of HvPRScT is P202, and is P203 for

HvPRScs. However, HvPRScz has a COOH-terminal extension of 9 amino acids of
unclear function. There is evidence that, in plants, short COOH-terminal extensions
are involved

in subcellular targeting (Bednarek et a1.,1990; Neuhaus et al.,l99lb;

Melchers et a1.,1993;Liu et al., 1996). In particular, the COOH-terminal extension

may be required for the targeting of proteins to the vacuole. Such targeting signals
require N-glycosylation in mammalian cells, but N-glycosylation is not required in

plant cells (voelker et al., 1989; sonnewald et

al.,

1990; Wilkins et

al.,

1990;

Melchers et a1.,1993;Liu et al., 1996).

The deduced molecular masses of the PR-5 proteins are 21,351 Da for
HvPR5c1, 21,683 Da

for HvPRScz and 2r,264 Da for HvpRicj. These

values

correspond closely to the value of 21,365 Da obtained experimentally for the purified

HvPR5c by electrospray mass-spectroscopy (Chapter

2).

The difference of just

14

mass units between the HvPR5c and the HvPRScl proteins could be a result of any
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one of a number of conservative amino acid changes; or de-amidation during the
purification procedure. Amino acid changes can arise from the substitution of a single
nucleotide and may be the result of slight varietal differences. The cDNA clone was
derived from the barley variety Bomi (section 4.2.I), while the proteins were purified

from barley variety Clipper (Chapter

2). All three cDNAs encode a potential N-

glycosylation site (-N-Y-S-) located near the COOH-terminus of the mature protein.
However, because the experimental molecular mass derived for HvPR5c is so close to
the deduced molecular mass of I1vPR5c1,it is unlikely that HvPRSc is glycosylated.

The calculated pI of the encoded proteins deduced from the cDNAs are close

to neutral (7.2 îor HvPRSc¡,6.8 for HvPRScz and7.2for HvPRScj). These values
were calculated using the Pepstats program

in the ANGIS suite of programs

(Devereux et a1.,1984). The deduced and experimental pI values for HvPRSc differ

significantly. Purified HvPR5c has a pI of 9 or more (Hejgaard et al., I99l;
Cvetkovic et al., 1997). Examination of the deduced barley PR-5 sequences show

that both acidic and basic residues are spread relatively evenly over the mature
protein, with no concentration of a particular charge in any one area. The percentages

of acidic and basic amino acids in HvPRSct are roughly equivalent 17.9% acidic (D +
E) and 8.9% basic (H+K+R)]. However, examination of the 3-dimensional structure

of HvPR5c (Chapter 5) reveals that several basic amino acids are located at the
surface of the protein.

4.3.5 Chqracterisation of the genomic clone

A genomic clone was isolated from a barley genomic library
partially digested barley

DNA.

prepared from

The restriction map and strategy for sequencing the
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Figure 4.14 Restriction map and sequence stratery for the huprSc2 gene. Arows indicate the length and
direction of the individual sequencing analyses.
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Figure 4.15 The complete nucleotide sequence of the gene encoding barley
thaumatin-like protein HvPRScs.
GA-response elements are

in blue, and the etþlene

response element is

in red. The

putative transcription start point and the NHz-terminal threonine residue are denoted
with arrows. The putative TATA, CAAT boxes and possible polyadenylation elements
are underlined. The putative signal peptide is

in bold. Amino acid numbering

from the putative mature protein NHz-terminal threonine residue.

starts

GTAAATATAGTÀACCCGTCGGTAÀCATTATATATCAATÀGGGTAACATAATTAATGTATT
TGTTTTTCTATTAATCATAÀAATTTGATACC

60

CGGTTTATGA.AATAÀÀ.ATTTTATTTAATA

120

AATT.AATG;AATTcccc;ATAcTTAAT¿ATATTAttorrotttn""o"*r"ooooto

180

ATATAAÀATTTGAAG CACAACAC.ATACATAÀATTCAÄAATATGAAGATATTTATTACAÀÀ

240

TATAccAAc;c

c"tor"oto"otooo

"orro"*tooo"otor"otr"ororoot"tooo

300

ATGCATCCTCÀGTTCATGCCCCTAA.ATGTACACATATGAîCTAÃÄ,CTGCATCCTCATTTA

360

ootooro"to""rototoortr"tottrortt"oto"r"ò""troo*oo"oooorotrt

420

TTTCCAAGACGTTTÀGTTTCTTTTTTGÀGCACATCCAAGAGGTTCAAGTGGATGCTAACA

480

o"oooorroåo"ccAGT.À¿AAATÄAtoortrrtrotrnrtoro"r"orrcAcrcATTc;

s40

GGCCTTCTAGCTGCACTTAGATATAÄTCATACGACTGTTCTGGÀTTTGGACCCGCÀÀCÀÀ

600

crccrcrAT;AÀTTccATcATccA'tr"*å""*ro*,tootcccoro"o""ooo"nå

660

CGCCGTGGAAAATGTATAGGCTAGCTGGTTTGGATTTGGACATGCTÀCCÀÀÀ,CCGGGCTA

TTATAGcAGóccoro"o""å"""""oororooreccctròcocto""o"o""o""ooo"ð

780

ACCGTATTCÀCAÀACAÀGAACGGCACAAGCCATGGCGTTCTCCGGCGTCGTCCACCTCÀT

840

1¡¡ÀFsclvvufJr
À E V I

900

AÀÀÀAÀ

!! D ÀT

T I

T V V

N

'1

1

960

RCSYTIWPGALPGGGARLDP

)1

GQSWQLNMPAGTAGARVWPR

47

L020

CACGGGGTGCACCTTCGACCGCAGCGGCCGTGGCCC.GTGCATCACCGGCGACTGCGCGGG

TGCTFDRSGRGRCITGDCAG

67

CGCTCTGGTCTGCCGCGTGTCCGGCGAGCAGCCAGCCACGCTGGCCGÀGTACACGCTGGG

ALVCRVSGEQPATLÀEYTLG
Q G G N R D F F D I, S V I

1080
LL40
81

L200

D G F NV

PM

GAGCTTCCAGCCCGTCGGCGGCGCGCCGTGCCGCGCGGCTACCTGCGCCGTGGACATCÀC

SFQPVGGAPCRAATCAVDIT
CCATGAGTGTCTGCCGGAGCTGCAGGTGCCCGGAGGGTGCGCGAGCGCGTGCGGCAAGTT

HECLPELQVPGGCASACGKF
CGGCGGCGÀCACCTACTGCTGCCGTGGCCAGTTCGAGCACAÀCTGCCCGCCGÀCCAACTA

GGDTYCCRGQFEHNCPPTNY
CTCGAGGTTCTTCAAGGGCAAGTGCCCCGACGCCTACAGCTACGCCAAGGACGACCACAC

SRFFKGKCPDAYSYÀKDDHT
CAGCACCTTCACATGTCCCGCCGGAACCAACTÀCCAGÀTCGTGCTCTGCCCCGCCCGAAA

STFTCPAGTNYQIVLCPARN
TGATTTACACATGGATCAGTAAGTAGAGAGGACTAGTCCTTGTAGTCTTCCTTACTTATT

DLHMDQ*

r07
L260
127

1320

t47
1380
L67

L440
187

I 500
207
l-s60
213

ATGATCATCGATCGATCGTATCAGGGTGTGCCATATGTCCATATATGCGTGCCTTCATGA

L620

CGGGTGAGTGCATGTCATTCAGCGAATAAATGTATAAATAAAÀGGGÀCGTGTAATTTTTA

16 80

AGGTTATGTGAAGTGTAGCTCTGTTATATTTTTTTTACCTTACTAGCAÃ.AAGAGCCCGTA

L7 40

CGTTGCAACGGGAÀÀAÀAÄAC

17 6L

Table 4.1 Sequence motifs in the barley hvpríc2gene

Motif
Iranscription Start Point (TSP)

Position

Sequence

CTCATCA
TTCACAA

consensus

I

hvpr5c2

1

(790; Figure 4.15)

Translation Start Point

TAAACAATGGCT consensus
CAAGCCATGGCG hvpr5c2

I't ATG 3' to TSP
23 (8t2)

TATA Box

ACTATATATAG
CAATATAATGG

consensus
hvpr5c2

to -39
-4s (t4s)

CAAT Box

GGTCAATCT
AGCCCATGG

consensus
hvpr5c2

-75 to -80

AATAAA
AATAAA

consensus
hvpr5c2

(164s) and (1657)

AGCCGCC
CGCCGCC

consensus
hvpr5c2

-132 (6s8)

C/TCTTTTC/T
TCTTTTT
TTTCTCC

consensus

hvpr5c2
hvpr5c2

-3sl (43e)
-t6s (62s)

TAACA(A/c)A
TAACCAA

consensus
hvpr5c2

-84 (706)

CAACAAC
CAACAAC

consensus

Polyadenylation Signal

Ethylene Response Element

GA Response Elements
Pyrimidine box

(i)

(iÐ
(iiÐ

TAACAAA box

CAACAAC box

Consensus sequences for plant

hvpr5c2

-25

-62 (728)

-1es (ses)

TATA box, CAAT box, TSP and translation start points

are from Joshi (1987). The GA-response elements are from Huang et al. (1990) and
Slakeski et al. (1990). The ethylene response element is from Kitajima and Sato (1999).
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genomic clone are outlined in Figure 4.14, and the complete nucleotide sequence of
the gene fragment is shown in Figure 4.15.

The genomic clone, designated hvpr5c2, was isolated on a single BamHI

of

fragment

approximately 3.3

kb

(Figures

4.6

and

4.7). of this fragment,

approximately 1.8 kb was sequenced. The sequenced gene includes approximately
800 bp of

5' untranslated region, a single exon encoding a pre-protein of 239 amino

acids and approximately 250 bp of

3'

untranslated

region. Like genes from other

species that encode PR-5 proteins, hvpr\c2 has no intron (Linthorst,

l99l; Cutt and

Klessig, 1992). The hvpr5c2 c[oîe was t.ound to correspond exactly to the gDNA
HvPRScz and,

it was therefore deduced that hvpr5c2 encodes HvpR\cz.

The putative transcription start point (TSP) TTCACAA at nucleotide 790
(Figure 4.15), was assigned because of its close similarity with the transcription start
consensus sequence

for plant genes (Table 4.1; Joshi, 1937). Upstream, but in close

proximity to the putative TSP, sequences coffesponding to TATA and CAAT boxes

,

and elements associated with the gibberellin response are present (Figure 4.15; Table

4.I).

The putative translation start point is located

2l

bp downstream from the

putative TSP (Figure 4.15; Table 4.1).

Although no elements associated with abscisic acid (ABA) response have been
located within the promoter region, a potential ethylene-response element (ERE) is
present at nucleotide 658, approximately 130 bp upstream from the putative TSP.

This is consistent with findings in other plant species, which show that proteins from

the PR family are ethylene-inducible (Boller et al., 1983; Keefe et al.,
Brederode et al.,

l99l;

Sato et

1990;

al., 1996). ln Arabidopsrs, the ERE binds an ethylene

response factor (ERF), a small DNA-binding protein which acts as a transcriptional

activator

in

response

to

defence-related signaling cascades (Ohme-Takagi and
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Shinshi, 1995; Suzuki et a1.,1998). In tomato, an ERF homologue interacts with Pto
kinase, a protein involved in the signaling cascade that confers resistance in tomato to

bacterial speck disease, and transcriptionally activates genes with an ERE

in

the

promoter region (Zhou et a|.,1997).

4.3.6 Copy number of genes encoding

PR-5

proteins

Southern analysis of barley genomic DNA probed with pcrPR5c revealed the
presence

of

4.16). The

several hybridising DNA fragments
presence

in

each restriction digest (Figure

of between six and eight bands in several of the restriction

digests suggest that barley PR-5 proteins are encoded by a small gene family

of

between six and eight genes. However, whether the genes encode different proteins

or are the result of duplication of the same gene is unclear, and clarification would
require the production of gene-specific probes. There were no internal sites in the

cDNAs for any of the restriction enzymes used. However, restriction sites may be
present in intron sequences of the genes, although plant genes encoding PR-5 proteins

generally lack introns (Linthorst,l99l; Cutt and Klessig, 1992).

4.3.7 Mapping genes encoding barley PR-5 proteìns

To deduce the chromosomal location of genes encoding barley PR-5 proteins,
wheat-barley addition lines were hybridised with the pcrPR5c probe (Figure 4.17).
Southem analysis revealed that the detectable bands in the barley parent variety from

which the addition lines were derived were only detectable
carrying barley chromosome

5H.

in the addition line

Thus, several PR-5 genes appear to be located on
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Figure 4.16 Southern hybridisation analysis of barley genomic DNA.

A.

Barley genomic DNA was cut with restriction enzymes .E'coR[ (lane 2), BamHl

(3), HindIlI (4), XhoI (5), EcoRV (6) and Pstl (7). Lanes

I

and 8 contain the

I

kb

ladder DNA markers.

B.

The DNA in the gel in A. was transferred to a nylon filter and hybridised with the
¡a-32P1

-labeled pcrPR5c probe.
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barley chromosome 5H, but the results were difficult to interpret due to the poor

quality of the hybridisation. Nevertheless, in barley, the arrangement
encoded by a gene

of

genes

family on a single chromosome has been observed in gene families

encoding (1-+3)-B-glucanases (Li et al.,1996), hordeins (Shewry et a1.,1990) and aamylases (Takano and Takeda, 1987; Khursheed and Rogers, 1988).

The pcrPR5c probe hybridises to between 6-8 genes observed
analysis, making the identification

in Southern

of a particular gene by mapping impossible

without a specific probe. However, mapping using the non-specific pcrPR5c probe
was initiated to give a general overview of where on the chromosome the genes
encoding PR-5 proteins may be located. Initially, six parental lines were screened to

identiff parental lines where one or two polymorphisms were located. The analysis of

the parental lines revealed that the genes encoding barley PR-5 proteins
polymorphic between

lines. The chebec, Harrington,

Haruna

are

nijo and clipper

varieties show similar RFLP patterns, while those of Sahara and Galleon are quite

distinct (Figure

4.18). Four polymorphisms were selected, based on restriction

patterns. These included the Chebec and Harrington parental lines digested with
EcoRr,

Drar and Hindrrr. The EcoRr and Dral digests showed a

single

polymorphism between parents, while the HindIII digest revealed two polymorphisms
(Figure 4.18).

Linkage analysis

of the RFLP banding

patterns showed that

polymorphisms mapped to a single site on the short arm

all

four

of chromosome 5H, in

agreement with the result obtained from the wheat-barley addition line analysis. The

position of the locus, designated HvPR-5, is shown in Figure

4.19.

Because the

determination of individual genes is impossible without specific probes, it is diffrcult

to say whether the four polymorphisms that mapped to the HvPR-5 locus

represent
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different genes. However, the three cDNAs and gene encoding barley PR-5 proteins
described

in this Chapter have no Dral, EcoRI or Hindlll sites that intemrpt the

coding sequence. Therefore, it is possible that at least two separate barley PR-5 genes

map to the HvPR-5 locus, because both HindIII polymorphisms observed

in

the

chebec x Harrington mapping population co-segregate in all mapping lines.
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Figure 4.17 Southern hybridisation analysis of wheat-barley addition lines.
Lanes 1 and 9 contain barley var. Betzes digested with Bam

HI. Lanes 2 - 8 contain

DNA from seven Chinese-Spring wheat lines carrying barley chromosomes lH

-

7H, respectively, digested with Bam }JI. Hybridising DNA fragments unique to
barley are shown with arrows. Due to the toxic effect observed in wheat lines

carrying barley chromosome
chromosomes

lH

lH

alone, an addition line containing both barley

and 6H was generated (Islam and Shepherd, 1990).

Figure 4.18 Barley parental lines hybridised with the pcrPR5c probe.
Six barley parental lines were screened for polymorphisms in pcrPR5c hybridisation. The six lines,

from left to right, are Clipper, Sahara, Galleon, Haruna nijo, Chebec and Hanington. The parental
lines were digested with tìve different restriction enzymes, from left to right, Ecolll,

Dral, HindIIl,

BamHI and EcoRV. The polymorphisms selected to use for mapping population are designated with
an asterisk (*).
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Figure 4.19 Consensus Chebec x Harrington linkage map of the barley 5H chromosome.
Four RFLPs encoding barley thaumatirrlike proteins were mapped using the 'Chebec' x 'Harrington'
mapping population. The HvTL locus is shown in bold and marked with an anow. The linkage
analysis was performed using the Map-maker software, and graphically represented using the
JoinMap software.
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4.4 CONCLUSIONS

Three cDNAs have been isolated from barley, and designated HvPR5ct,
HvPR5c2 and HvPRSca respectively. Their identity has been confirmed on the basis

of

sequence identity with the NHz-terminal amino acid sequence derived from the

purified protein HvPR5c, and from sequence similarities with PR-5 cDNAs derived

from barley and other plant species. In addition, a genomic clone exactly matching
HvPRScz has been purified

All DNA fragments

from a barley genomic library, and is designated hvpr5c2.

are characterised by a strong G+C bias

in the wobble base

position of the coding sequence and by the presence of sequences encoding an NHz-

terminal signal peptide that targets the pre-protein to the endoplasmic reticulum.
HvPRScz also encodes a COOH-terminal extension of the type that has been linked to

targeting in other PR proteins to the vacuole.

The putative mature proteins exhibit over 90Yo sequence similarity at the
amino acid level, and can be classified as members of the same subfamily of HvPR5c-

like proteins. The hvpr5c2 gene contains putative gibberellin response elements and
an etþlene response element in the promoter region of the gene; these elements are
observed in genes encoding basic PR proteins from other plant species. The ethylene
response element may be involved in the recognition of cis-acting factors associated

with defence-related signaling. The isolation and characterisation of cDNAs encoding

HvPR5c provide the complete primary structure that enables the comparative
modelling of this protein based on known PR-5 protein crystal structures. The
molecular modeling dataarc presented in the following Chapter.

82

CHAPTER

5

COMPARATIVE MODELLING OF
PR-s PROTEII\S

Chapter 5 - Comparative ModeII ins of

5.1

PR-5 Proteins

INTRODUCTION
There is a high degree of amino acid sequence similarity between the barley PR-5

proteins and other PR-5 proteins in the databases (Figure 5.1). In addition, the threedimensional (3D) structures of thaumatin
namely maize zeamatin (Batalia et

al,

I

(Ogata et aL, 1992) and two PR-5 proteins,

1996) and tobacco PR-5d (Koiwa et aL, lggg),

have been solved by X-ray crystallography. Computer modelling has proved useful for

the prediction of protein structure, particularly when the target and template sequences
are similar (Mosimamm et al., 1995). The solved structures of plant PR-5 proteins could

therefore be used as templates for the construction of models of the barley PR-5 proteins.
ÌV4al.ze zeamatin, tobacco

PR-5d and thaumatin

I each consist of three separate

domains, the most distinctive of which is a flattened p-barrel which forms the core of the

molecule (domain

I).

Domains

II

and

III

are small, and consist of B-strands, short o,-

helices and loops that are stabilised by disulphide bonds (De Vos et al., 7985; Ogata et

al',

1992; Batalia et

al., 1996; Koiwa et aI., 1999). Several structural and

surface

properties of PR-5 proteins are also conserved.
Thus, the comparative homology modelling of several PR-5 proteins is presented

in this Chapter. The models are examined for structural features that may be

associated

with the observed behaviour of PR-5 proteins, in particular with their potential for
(1+3)-B-glucan binding and plasma membrane disruption. Barley and other pR-5
proteins that bind (1-+3)-p-glucans are compared with those that do not bind (Osmond er

al., 1998; Trudel et aI., 1998; osmond et al., 1999). Again, these experiments

were

performed in attempts to cast some light on potential functions of the widely distributed
PR-5 proteins of plants.
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Figure 5.1 Multiple sequence alignment of the target and template sequences
used for protein modelling.

The structures of maize zeamatin, tobacco PR-5d and thaumatin have been solved

by X-ray crystallography (Bataha et aI., L996; Koiwa et al., 1999; Ogata et al.,
1992). These structures were used as templates for the construction of the models
of barley HvPR5b, HvPR5c and tobacco PR-R proteins (section 5.2.2)
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5.2

PR-5 Proteins

Materials and Methods

5.2.1 Generation of HvPRSb fragments for amino acid sequencing

Purified HvPR5b (Chapter 2) was dried under vacuum and resuspended in 50 pl
100 mM Tris-HCl buffer, pH 8.5, containing 6

M guanidine-HCl, pH 8.5,

and 5 mM

DTT. The solution was heated to 65oC for 30 min and cooled to room temperature.
sample was alkylated with 2o

The

¡ú 1 M Tris-HCl buffer, pH 8.5, containing 108 mM

iodoacetic acid, in the dark for 20 min. The reaction was stopped by the addition of 30 pl

50 mM

DTT. The reduced

and alkylated protein was equilibrated with the appropriate

digestion buffer. Cyanogen bromide fragments were generated by cleaving 1.0 nmole
HvPR5b in 7O 7o (v/v) formic acid containing 0.5 nmole cyanogen bromide, in the dark

for 16 h.

Endoproteinase Lys-C (Sigma) fragments were generated by cleaving 0.5

nmole HvPR5b in 20 ¡tI25 mM Tris-HCl buffer, pH 7.0 containing 4 M Urea and 0.5 mg
endoproteinase

Lys-C.

Peptides products from HvPR5b digestion were separated by

reversed-phase series 1090 capillary HPLC (Hewlett Packard), using a Vydac protein

C18 250 x 4.6 mm column and guard column. Peptides that bound to the column were
eluted with a linear 3.5

- 70 Vo (v/v) acetonitrile gradient at a flow rate of 0.6 ml/min at

40'C. The complete primary structure of HvPR5b was derived from sequence alignment

of peptide fragments with a partial HvPR5b cDNA
database

sequence present

in the EMBL

(Ling, 1997; accession number: hbrnaml2).
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5.2.2 Modelling

A

model

PR-S

PR-5 Proteins

proteins

of HvPR5b \vas constructed using the first

approach mode

of the

SWISS-MODEL suite of programs (Peitsch, 1995; Peitsch, 1996 Guex and Peitsch,

1997) The coordinates of the tobacco PR-5d crystal structure were used as a template
(Koiwa et a1.,1999; Protein Database (PDB) accession code IAUN). The stereochemical

quality

of the constructed

model was examined using the PROCHECK structural

validation pro$am (Laskowski et aI., 1993). A model of the tobacco PR-R protein was
generated using the primary amino acid sequence extracted from the Swiss-Prot (SP)
database (Pierpoint et a1.,1987; accession code:

prrl-tobac). The model

was constructed

using tobacco PR-5d and thaumatin I (Ogata et aI., 1992) as templates, and the quality of
the model was evaluated with PROCHECK.

To model HvPRSc, the amino acid sequence of HvPR5c was aligned with the
sequences

of maize zeamatin and tobacco PR-5d (Batalia et al., 1996, Koiwa et al.,

1999). This alignment, together with the coordinates of the crystal structures of maize
zeamatin (kindly provided by Professor J. D. Robertus, Department

of Chemistry

and

Biochemistry, University of Texas, Austin, USA) and tobacco PR-5d (PDB accession

code: IAUN), served as the input for the COMPOSER protein modelling

progr¿ìm

(Blundell et a1.,1988) in the Sybyl package (Tripos). Five structurally conserved regions
shared by the two crystal structures were used to build the framework

of the model.

Three of the loops were built using the most homologous fragments of the two crystal
structures. For the fourth loop, where the homology of maize zeamatin and tobacco pR-

5d was unsatisfactory, a search was performed using the library provided with

the
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COMPOSER program to obtain the structural coordinates. Each loop was submitted to

local geometry optimisation to release steric constraints.

The model was evaluated with PROCHECK, and overall G-factors

were

calculated. Backbone linkages lying in the disallowed regions of the Ramachandran plot
were further optimised. Finally, the geometry of the whole model was optimised while
keeping the backbone geometry constrained.

The Connolly surface of the HvPR5c model was calculated using the MOLCAD
program (Waldhen-Teschner et al., 1992) from the Sybyl package. Secondary structural
elements of PR-5 proteins were assigned with the PredictProtein suite of programs (Rost
and Sander,1993; Rost and Sander, 1994; Rost et a1.,1994). Surface potentials of barley

HvPR5b and HvPRSc, maize zeamatin, thaumatin and tobacco PR-R and PR-5d were
calculated using the GRASP software (Nicholls et a1.,1991).

5.2.3 Docking of a (1-->3)-þglucan

onto the HvPRSc model

The GRID program (Goodford, 1985) was used to predict favorable anchoring
positions

for a

carbohydrate, and energy contours

of hydroxyl,

ester oxygen and

methylene interactions with the protein surface were calculated using a grid spacing of
,Ä,.

ttre GROUP function within the GRID

1

package was used to automatically dock B-D-

glucose, p-laminaribiose and BJaminaritriose onto the surface of HvPRSc, using the
energy contours determined by the GRID output.

An optimised docking mode for B-laminaribiose into the cleft of HvPR5c

was

used to dock the (1-+3)-B-glucan polysaccharide. The geometry of the disaccharide was
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optimised, together with the side chains of adjacent amino acids.

All

energy calculations

were performed using the Tripos force-field (Clark et al., 1989), together with energy
parameters specially derived

for carbohydrates (Pérez et al., 1995). B-Glucosyl residues

were added sequentially to the terminal O-1 and O-3 positions of the disaccharide, and a
systematic conformational search of the created glycosidic linkage was performed. The

conformation that had no steric conflict with the protein, and which remained in
agreement with the known energy maps for

(l+3)Jinked p-glucans, \ryas optimised.

The

lowest energy conformation was retained, and the procedure was repeated, until a (1-+3)-

p-glucan oligosaccharide longer than the protein surface was generated. HvPR5c was
modelled and the (1-+3)-B-glucan docking calculations were made in conjunction with

Dr Anne Imberty and Mr Fabien Fontaine (Centre de Recherche sur les Macromolécules
Végétales, Grenoble, France).

5.2.4 Hydrophobic cluster analysis

Hydrophobic cluster analyses (HCAs) were performed using the drawhca progïam

which \ryas accessed via the internet at http://www.lmcpjussieu.frl-soyer/wwwhca/lrca-file.html. The input amino acid sequences were HvPR5b (Figure 5.2 B),
HvPR5cl (Chapter 4), maize zeamatin (SP accession code: zearn_maize), tobacco PR-R
(SP acc. prrl-tobac), tobacco osmotin (EMBL acc. ntospr), tomato p23 (EMBL acc.
leprpa), and cherry CHTL (EMBL acc. pa32440

). HCA displays the amino acids wound

around a cylinder with a pitch of six amino acids, which is split lengthwise, flattened and
the output duplicated for amino acid continuity (Gaboiaud et at.,1987).
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5.3

PR-S

Proteins

Results and Discussion

5.3.1 Deduction

of the primary sequence of HvPRSb

To determine whether any structural characteristics might be associated with PR-5
(1-+3)-p-glucan binding, the (1-+3)-p-glucan-binding HvPR5c was compared to that of
the non-binding HvPR5b. The complete amino acid sequence of a protein is required for

comparative structural modelling. The primary structure of HvPR5c was deduced by the

isolation and characterisation of the corresponding cDNA clone (Chapter

no cDNA or genomic clones encoding HvPR5b were isolated, and

it

4).

However,

was necessary to

determine the primary structure of HvPR5b by sequencing peptide fragments of HvPR5b

that were produced by cyanogen bromide and endoproteinase Lys-C cleavage (section

5.2.2). Small portions of the amino acid sequence of HvPRSb that were not obtained by
NHz-terminal sequence analysis were incorporated from the deduced amino acid
sequence of a barley PR-5

cDNA, hbrnaml2 (Ling, 1997).

The hbrnaml2 cDNA was not useful to deduce the entire amino acid sequence of

HvPR5b, because examination

of

hbrnaml2 sequence suggested that the cDNA

contained both sequencing and cloning artifacts. For example, the hbrnaml2 clone is

approximately 1.8 kb

in length (Ling, 1997); double the length that is

expected

of

a

cDNA encoding a barley PR-5 protein (Chapter 4). Furthermore, the reading frame that
encoded the HvPR5b amino acid sequence contained several stop codons prior to the

correct HvPR5b sequence, including some

in the NHz-terminus region of the protein

(Chapter 2). However, the 3'region of the cDNA matched to the sequence corresponding

to over 100 amino acids, derived here by amino acid sequencing of HvPR5b fragments,
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Figure 5.2 Determination of the amino acid sequence of HvPRSb.

A. The amino acid sequence

deduced ftom hbrnaml2 is in

black. Amino acid

sequence

data derived from the NHz-terminus, from Lys-C peptides, and from cyanogen bromide

peptides of HvPR5b are aligned with the hbmaml2 sequence. The non-matching amino
acids from the NHz-terminus
sequences are

B.

boxed

of hbrnaml2 are shown in bold. Internal

non-matching

and stop codons are marked with an asterisk (*).

The complete primary sequence of HvPR5b, derived from the amino acid sequence data,

denoted in

bold. Where no amino acid

sequence was obtained, the deduced sequence of the

hbrnaml2 cDNA was incorporated, and is shown in red. Where non-matching amino acids
were obtained, the residues from direct amino acid sequencing were selected.
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of the hbrnaml2 cDNA was

correct (Figure 5.2 A).

Accordingly, sequences not obtained directly from amino acid sequencing were derived

from the hbrnarnl2 cDNA. The complete primary sequence of HvPRSb was derived by
this method (Figure 5.28), and served as the input for the modelling of HvPR5b.

5.3.2 Comparative modelling of PR-5 proteins

The structures of two PR-5 proteins that bind (1-+3)-B-glucans, namely barley
HvPR5c and maize zeatnatin (Osmond et al., 1998; Trudel et al., 1998), and two PR-5
proteins that do not, namely barley HvPR5b and tobacco PR-R (Trudel et al., 1998;
Osmond et aL, 1999) were modelled. These PR-5 proteins were examined for features
that may contribute to observed differences in (1+3)-0-glucan-binding.

Accordingly, barley HvPRSb and tobacco PR-R were modelled using the
coordinates of the tobacco PR-5d and thaumatin crystal structures as templates (Ogata et

al., 1992; Koiwa et aI., 1999). The Ramachandran plot of the HvPR5b model

revealed

that no residues were in disallowed regions, but four residues were in generously allowed

regions (Figure 5.3

A).

The overall G-factor of the model, which is a measure of the

normality of C"-backbone bond lengths and angles, was -0.32. G-Factor scores less than
-0.5 are considered unreliable, and scores less than -1.0 are considered highly unreliable
(Laskowski et aL,1993). The overall G-factor of the tobacco PR-R model was -0.11, and
a Ramachandran

plot revealed that there were no residues in either generously allowed or

disallowed regions (Figure 5.3

B). Thus, the models of barley HvPR5b

and tobacco

PR-R were considered to be of sufficient quality for use in comparative analyses with
PR-5 proteins that bound (1+3)-Ê-glucans, namely barley HvPR5c andmaize zeatrtatin.
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Figure 5.3 Ramachandran plots of the HvPRSb and PR'R models.

The Ramachandran plots are separated the most favorablel,additionally
allowed

ñ,

generoosly

allowed[, and disallowed! regions for particular amino

acid residues. The amino acid residues are designated

l,

and glycines

are

designatedA.

A.

Examination

of the HvPR5b model with

PROCFIECK revealed that no

residues were in disallowed regions, but Cys59, Tyr90, Met91 and Cys148 were in
generously allowed regions. The G-factor of the HvPRSb model was -0.32, within
the ideal range of greater than -0.5.

B.

Examination of the tobacco PR-R model with PROCHECK revealed that no

residues were in either generous or disallowed regions. The G-factor of the model
was -0.11, within the ideal range of greater than -0'5.

C. Examination of HvPRSc with

PROCFIECK revealed no residues were in either

generously allowed or disallowed regions. The G-factor of the HvPR5c model
was -0.39, within the ideal range of greater than -0.5.

D.

Examination of the PR-5d crystal structure revealed no residues were in either

generously allowed or disallowed regions. The G-factor was 0.22.

E.

Examination of the zeamatin crystal structure revealed that Gln89 and Ala160

were in disallowed regions. Furthermore, the G-factor was -0.57, which is
unusually low score (Laskowski et a1.,1993).
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Figure 5.4 Alignment of the Ccx-backbones of zeamatin, PR-5d and the models
of HvPRSb, HvPRSc and tobacco PR-R.

The backbones of

,

PR-5d (dashed blue/white), and the models of

HvPR5b, HvPR-5c and PR-R were superimposed. The alignment reveals that there
are no major differences between the structures. The Ca-backbones were aligned

using the PDB-Viewer version 3.5 software (Guex and Pietsch, 1996 and 1997),

and rendered using the POV-Ray version 3.1 software (POV-Ray Team;
www.povray.org).
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A model of barley HvPR5c was generated for comparative

in

automated docking experiments (section

analyses, and for use

5.2.4). HvPR5c was modelled using the

crystal structures of maize zeamatin and tobacco PR-5d as templates. The Ramachandran

plot (Figure 5.3 C) revealed that there were no residues of the model that were in either
generous or disallowed regions. The overall G-factor of the model was

of the maize

zearrtatin and tobacco PR-5d crystal structures

-0.39. Analysis

with PROCHECK reveals

that the PR-5 protein models were of good quality when compared to their crystal
structure templates (Figure 5.3 D and 5.3

E).

There were no major differences between

the structures (Figure 5.4), and all eight disulphide bonds are conserved in the models and

in the PR-5 protein crystal structures (data not shown).

5.3.3 Three-dimensional structure of PR-5 proteins

The structure of PR-5 proteins is conserved in all of the 3D structures and models
that have been examined in this Chapter, including those that bind (1+3)-p-glucans, and
those that do

not. An examination of the architecture of PR-5 proteins revealed that the

structures are separated into three distinct domains (Figure 5.5). Domain I is a flattened

B-banel that is conserved not only in PR-5 proteins, but also in many other unrelated
proteins (De Vos et a1.,1985).

Domain II consists of several loops that are stabilised by four disulphide bridges,

a motif observed in proteins such as snake venom cardiotoxins, neurotoxins and
cytotoxins, pollen allergens, wheat germ agglutinin and hevein (Drenth et aI., 1980; De
Vos ¿/ al., 1985). Several of these proteins share a cofiìmon membrane receptor-binding
function, while hevein has carbohydrate-binding activity (Van der Wel, 1994). Between
90

Domain ll

Domain

Domain Ill
I

Figure 5.5 Topology diagram of Thaumatin I.
B-Strands are represented by arïows, with red ¿urows and blue arrows belonging to
separate B-sheets. Loops are represented by black lines and disulphide bonds are

represented

by yellow lines.

(Reproduced from Ogata et

Primary sequence

is numbered on B-strands.

al., 1992). The topologies of the PR-5 proteins maize

zeamatin and tobacco PR-5d are highly similar to thaumatin, as are the models of
barley HvPRSb and HvPR5c.

A. HvPRSc

I

B. Zeamatin

I

I

t

C. HvPRSb

\

D. PR-R

I

I

Figure 5.6 Comparison of the topology of PR-5 proteins.

A topological representation of two PR-5 proteins that bind (1+3)-B-glucans (A and B),
compared to two that do not (C and

D).

The flattened B-barrel dominates the structures,

and a major cleft is formed between the B-banel and the loop-rich domains. p-Strands,

folded into a flattened B-barrel, are coloured cyan, a-helices are coloured red, and loops
are coloured

grey. The figures were drawn with MS Viewer,

(Molecular Simulations Incorporated., San diego, USA).

version 3.10 software
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II, alarge cleft is formed, and this cleft is conserved in all PR-5 proteins.

Domain

III is a small loop-rich region

that lies adjacent to domain

stabilised by both hydrogen bonding to residues of domain

I,

I,

and is

and by disulphide bonds

(Ogata et al., 1992). The overall topologies of several PR-5 proteins are presented in
Figure 5.6.

No PR-5 proteins that were examined possess hydrophobic, membrane-spanning
structures that could form transmembrane pores, as assessed by the PredictProtein suite

of

programs (Rost and Sander, 1993; Rost and Sander,1994; Rost ¿/ a1.,7994). Mechanical

disruption of membranes as a result of protein aggregation

in a manner similar to the

action of the yeast killer toxin has been proposed (Trudel et aL, 1998). Yeast killer toxin

is a heterodimeric protein that is proposed to initially bind to (1-+6)-B-glucan in the yeast

cell wall, and subsequently interacts with a membrane-bound receptor, before forming
transmembrane pores through protein aggregation (Kurzweilova and Sigler, 1994;

Schmitt and Compain, 1995). However, there is no evidence suggesting that barley
HvPRSb or HvPR5c proteins form aggregates in solution (Chapter 2), or when bound to
(1-+3)-B-glucan (Chapters 3).

5.3.3.1 Surface charges of PR-5 proteins

Calculations of the electrostatic potentials at the surfaces of the proteins revealed
that the large cleft of PR-5 proteins examined is highly negatively charged, but is less so

in thaumatin (Figure 5.7). The charge of the cleft is conserved in both acidic

and basic

PR-5 protein isoforms that were examined, and the presence of a conserved region of
negative charge

in the cleft of PR-5 proteins

suggests that this particular area may be

9t

Figure 5.7 Comparison of the surface charge of PR-S proteins.
The proteins are viewed from above the major cleft that separates domains

III (Figure 5.6).

I

and

The cleft contains several acidic residues that are conserved in all

of the PR-5 proteins analysed. The distribution of surface charge is similar in the
PR-5 proteins, whether they bind (1+3)-B-glucan or not, suggesting that binding

is independent of the charge in the cleft. Basic regions are shown in blue, and
acidic regions are shown in

red. The surface

charges were calculated, and the

figures were drawn with the GRASP software (Nichols et a1.,1991).

A.

B. Zeamatin

HvPRSc

a
C. HvPRSb

D. PR.R

t

E. PR.sd

F. Thaumatin
tJ

a

,

I
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involved with function. However, the positive cleft charge is conserved in both (1-+3)-pglucan binding and non-binding proteins, suggesting that the surface potential of the cleft

is not indicative of (1+3)-Ê-glucan binding. The (1-+3)-B-glucan binding activiry of
HvPR5c is not affected by NaCl, or a number of divalent cations (Chapter 3), suggesting
that binding of (1+3)-p-glucan is not dependent on electrostatic interactions. In contrast,

the antifungal activity of tobacco PR-5d is inhibited by NaCl (Koiwa et al., Ig97),
suggesting surface charges may be important for the antifungal activity of PR-5 proteins.

5.3.3.2 Post-translational modffication of PR-5 proteins

The primary amino acid sequences of both HvPR5b and HvPR5c contain several

potential phosphorylation sites and myristylation sites. However, such sites are conìmon

on proteins, and do not necessarily indicate that the modifications will occur. The
(1-+3)-Ê-glucan-binding barley HvPR5c protein has

a potential N-glycosylation

site

(Marshall, 1972) which is located at the surface of the protein model. However, the
theoretical and experimental molecular weights differ by just 14 mass units (Chapter 4),
suggesting that barley HvPR5c is not glycosylated.

The potential for N-glycosylation is conserved in barley HvPR5c, maize zearnatin,
cherry CHTL (Fils-Lycaon et al., 1996) and tobacco SE39b (Kuboyama et al., IggT), all

of which are PR-5 proteins that bind (1+3)-B-glucans. However, the N-glycosylation
site is not conserved

in barley HvPR5b, tobacco PR-R or osmotin, tomato p23 or

thaumatin I, none of which bind (1-+3)-B-glucans (Osmond et al., 1998; Trudel et aL,
1998; Osmond et a1.,1999: Trudel et

al.,

1999).
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5.3.3.3 Hydrophobic cluster analysis

The structures of barley HvPR5b, maize zeamatin and cherry CHTL, PR-5
proteins that bind (1-+3)-Ê-glucans, were analysed with HCA and compared HvPR5c,
tobacco osmotin and PR-R and tomato P23, PR-5 proteins that do not bind (1-+3)-Ê-

glucans. HCA is a method of protein structural analysis based on a two dimensional
amino acid sequence representation (Gaboriaud et a\.,1987).

From the HCA plots, the separation of domains I,
(Figure

II

and

5.8). Domain I is similar in all of the PR-5 proteins

III

can be clearly seen

analysed, and is rich in

clustered hydrophobic residues. This is consistent with the globular nature of domain

I of

PR-5 proteins, where the side chains of hydrophobic residues are internal to the flattened

p-barrel. Domain III also appears to be similar in all of the PR-5 proteins analysed, and
is rich in glycines and charged amino acid residues.

However, domain

II

appears different when comparing PR-5 proteins that bind

(1-+3)-p-glucans with those that do not bind this polysaccharide. Domain

II

is

particularly rich in proline residues in barley HvPR5b, tobacco PR-R and osmotin, and
tomato P23 all of which do not bind (1-+3)-B-glucans. Proline residues confer rigidity to

a polypeptide chain (Callebaut et al., 1997), and may provide extra rigidity to this
domain. In contrast, barley HvPR5c, maize zeamatin and cherry CHTL, all of which
bind (1-+3)-B-glucans, have less prolines in domain
as a hinge structure

IL

It is possible that domain II

acts

in (l+3)-B-glucan binding reactions, and is required to be flexible.

However, such differences will be conclusive only when more PR-5 proteins that bind or
do not bind (1-+3)-B-glucans have been identified.
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Figure 5.8 Comparison of HCA plots of several PR-s proteins.
The PR-5 proteins HvPR5c, zeamatin, CHTL tobacco PR-R and osmotin, tomato

HCA. HvPR5c, CHTL

P23 and HvPR5b were analysed by

(1-+3)-Ê-glucans, but the rest do not. Domains II and
comprised unshaded areas.
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5.3.4 Determination of a polysaccharide binding site

A
surface

systematic scan of the HvPR5c model was initiated to locate regions on the

of the model that might interact with a (1-+3)-B-glucan. The GRID program

(Goodford, 1985) was used to predict favorable regions for interaction with carbohydrate

fragments. Figure 5.9 displays the contours for lowest energy interaction for both
hydroxyl and methylene probes on the Connolly surface of HvPR5c. Favorable regions

for a protein-polysaccharide interaction are not restricted to a particular area of
surface, but the density

of isocontours is highest in the cleft of HvPR5c.

the

Previous

modelling studies have shown that associated hydrophilic and hydrophobic isocontours
are often found

in

carbohydrate binding pockets (Gohier et al., 1996; Epinosa et al.,

1998). Furthermore, the cleft of HvPR5c contains several charged and aromatic amino
acid residues that are characteristic of carbohydrate-binding domains (Quiocho, 1989;

Sþin

5.3

¿r

.5

a1.,1992; Koiwa et a1.,1999).

Docking a linear ( I -+3 )- þglucan in the cleft of HvPRSc

Barley HvPR5c binds strongly and specifically to (1-+3)-B-glucans. However,
discussed

in the previous

as

sections, no particular structural features distinguish barley

HvPR5c from barley HvPR5b or other PR-5 protein that lack (1-+3)-B-glucan-binding
capacity. Therefore, computational methods to identify regions that might interact with a
polysaccharide were employed in an attempt to define a structural basis for differences in
PR-5 protein-( 1 -+3)-B-glucan affinity.
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Figure 5.9 Hydroxyl and methylene isocontours calculated for the HvPRSc
model.
The Connolly surfaces were colored by electrostatic potential, from blue (acidic) to

red (basic). The results of the GRID calculations are indicated by localised
isocontours. The red contour lines ($) indicate the best regions for interaction with
an OH probe and the green cotour lines (

with

a

CH, probe.

0

) indicate the best regions for interaction

Chapter 5 - Comparative Modelling of

PR-5

Proteins

(1-+3)-Þ-Glucans can exist as

a single flexible chain in solution, or as an

insoluble triple helix (Stone and Clarke, 1992). The structure of the triple-helix has been
solved by fibre X-ray diffraction (Deslandes et aI., 1980), and a family of conformations

for the single-chain polymorph have been determined by X-ray diffraction (Okuyama

er

al., I99I). Docking of a triple helical (1-+3)-B-glucan into the cleft of HvPR5c was not
possible because of the large size and rigidity of the triple-helical structure. While

it is

possible that a triple-helix binding site is present on the HvPR5c protein, such a site was
not recognised by the computational methods used here.

In order to determine the best anchoring point for a single helical (1-+3)-p-glucan
fragment, the GROUP program from the GRID package was run using B-laminaribiose
and BJaminaritriose in several low energy conformations (Kobayashi et al., 1989; Dowd

et al., 1992). This procedure revealed three regions for interaction at the surface of the
protein (Figure 5.10). Consistent with the density of isocontours (section 5.3.2), the most
favorable site for binding was the acidic cleft. The best docking mode for a disaccharide
was selected and the complex was optimised (Figure 5.11). From this anchoring point, a

(1-+3)-B-glucan polysaccharide was generated by the stepwise addition

of

glucosyl

residues at both ends of the (1-+3)-B-glucan chain.

The elongation of the polysaccharide led to several possible conformations for the

(1-+3)-p-glucan in the binding site, because possible conformations at each glycosidic
linkage are not unique. Nevertheless, the final docked model fits closely into the acidic

cleft of HvPR5c (Figure 5.12). The model predicts that Arg43, Ser74, Gln76, Glu83,
of the (1+3)-

Thr85, Asp101, Lysl44, Arg153, Asp183 and Thrl87 are all within 2.5
B-glucan, and could therefore participate

^

in hydrogen bonding of the polysaccharide
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(Ztbay et a1.,1988). The aromatic ring of Phe94 is approximately 6 Å from the aliphatic

face

of

one glucosyl residue, and may interact with the polysaccharide through

a

hydrophobic stacking interaction (Quiocho, 1989; Figure 5.13).

All of the glycosidic linkages of the docked
conformations close

to

Q(9-5.ç-t;-o-tLC-3)

= -75" and

(1-+3)-Þ-glucan but one adopt
Y1c-r.o-llc-3-c-4)

=

I2Oo, a low

energy family of conformations close to those observed by X-ray diffraction of a single

helix polymorph (OkuyaTrra et aL,

l99l). In order to adapt perfectly to the shape of the

cleft, one glycosidic linkage has a

(Þ

torsion angle close to 0o, which is within possible

conformations for the linkage as determined by the energy map (Dowd et al., 1992). It
has been observed that carbohydrates can adopt conformations that are different from the

lowest energy ones upon binding to protein (Imberty, 1991).

5.3.6 Comparison of the (1--+3)-ftglucan binding domain of HvPRSc with other

PR-5

proteins

The docked polysaccharide was fitted into the clefts of the models of barley
HcPR5b, tobacco PR-R, which do not bind (1-+3)-B-glucans, andmaize zeatrtatin, which
does

bind (1+3)-Ê-glucans. No steric hindrance to (1-+3)-0-glucan docking could

detected

in non-binding PR-5 proteins. However, although several amino acid

be

residues

that are predicted to be involved in the interaction between HvPR5c and (1-+3)-B-glucan
are conserved

in the models of tobacco PR-R and barley HvPR5b, their R-groups are in

different spatial conformations. Thus, potential hydrogen-bonding groups are to far from
the polysaccharide to interact

.
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Figure 5.10 Most probable regions for an interaction between HvPRSc and
B-laminaribiose.

The Ccr backbone of HvPR5c is represented as a ribbon. The atoms of the

B-

laminaribiose molecules are represented by dots in each of the possible locations. The
density of dots indicates the relative probability of the disaccharide interacting with a

given region of the protein surface. Regions of interaction were calculated with the
GROUP option of the GRID software.

Figure 5.11 Lowest energy conformation for a p-laminaribiose docked
into the cleft of HvPRSc.
B-Laminaribiose was docked onto the surface

of HvPR5c in the optimum

conformation for binding, as calculated from the GROUP function of the
GRID software package. Red and green isocontours (Figure 5.9) indicate the
prediction for an interaction with oH probes and CH, probes, respectively.

F'igure 5.12 Model of HvPRSc with a (1+3)-p-glucan docked into the cleft.

A.

Schematic diagram

of the HvPRSc model, showing the docked (1+3)-p-

glucan lying in the cleft from a side view.

B.

The same view as A, but with the molecular surface depicted. The surface

of

HvPR5c is in blue, and the (l+3)-Þ-glucan is in red.

C.

Schematic diagram

of the HvPRSc model, showing the docked (l+3)-p-

glucan lying in the cleft from a top view, looking down on the cleft.

D.

The same view as presented in C, but with the molecular surface depicted.

The helical shape of the (1+3)-Þ-glucan fits well with the shape of the cleft of
HvPR5c.

Topology diagrams were constructed with MOLSCRIPT software (Kraulis, 1991)
and surface models were drawn

with GRASP software.

A

B

C

D

X'igure 5.13 View of the amino acid residues in the cleft of HvPRSc that could

interact with the docked (1+3)-p-glucan.

A.

Amino acid residues that interact with the (l+3)-p-glucan in the docked

model are shown in

a

ball-and-stick representation. Ser74, Glu83, Phe94 and

Asp101 are part of the p-barrel, and the other amino acid residues contained in
loops of domain II.

B.

The position of the docked (l-+3)-Þ-glucan in relation to the position of

interacting amino acids.
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CONCLUSIONS

Using the complete primary structure deduced from HvPR5cl (Chapter 4), barley
HvPR5c was modelled using the crystal structures of the PR-5 proteins maize zeamatin

and tobacco PR-5d as templates. The complete primary structure
deduced primarily

of HvPR5b was

by amino acid sequencing of HvPR5b peptide fragments. HvPR5b

and tobacco PR-R were modelled using the crystal structures of thaumatin

by the SWISS-MODEL automated procedure. There

\ryere

I

and HvPR5c

no significant topological

differences between the modelled PR-5 proteins and the known crystal structures of
maize zeamatin, tobacco PR-5d or thaumatin I.

The structure of barley PR-5 proteins is dominated by a flattened B-barrel that, and
also contains two loop-rich regions, domain

II

and domain

III.

The most obvious feature

of the globular PR-5 protein structures was the large cleft that is formed between domains

I

and

II.

Examination

of the structures

revealed no membrane-spanning structures

usually seen in pore-forming proteins, nor were the proteins particularly hydrophobic.
Furthermore, no obvious structural features could distinguish PR-5 proteins that bind

(1+3)-B-glucans from those that do not.

A

linear (1-+3)-p-glucan was fitted onto the surface

of

HvPR5c, using

a

combination of automated and manual docking procedures. The docked model contained
several amino acid residues whose side chains were within 2.5

and could potentially participate

in

L of the polysaccharide,

hydrogen bonding. One possible hydrophobic

interaction between the polysaccharide and protein was also detected. The 3D
positioning of amino acids that were predicted to participate in (1+3)-Ê-glucan-binding
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on HvPR5c were generally conserved in maize zeamatrn, but not tobacco PR-R or barley
HvPRSb.

HCA suggested that domain II of PR-5 proteins that do not bind (1-+3)-p-glucans
were rich in proline, in contrast with PR-5 proteins that do bind (1-+3)-B-glucans. The
presence of prolines

in a polypeptide chain reduces flexibility of the chain, which may

be

required for (1-+3)-B-glucan binding. An N-glycosylation site is found in PR-5 proteins

that bind (1+3)-B-glucans, but not in PR-5 proteins that lack (1+3)-p-glucan binding

activity. Apart from these differences, there were no obvious structural reasons that
would distinguish HvPR5b from HvPR5c with respect to (1-+3)-B-glucan binding.
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CHAPTER 6

FUNCTIONAL PROPERTIES OF
BARLEY PR-s PROTEII{S

6.1

INTRODUCTION

PR-5 proteins accumulate in several tissues during normal growth

and

development, and are induced both locally and systemically during pathogen attack. PR-

5 proteins display antifungal activity in vitro and in vivo, and the antifungal activity of
individual PR-5 proteins is slmergistically enhanced in combination with PR proteins
from other families (Chapter 1). Synergy of activity may be a reflection of the situation
in vivo, where numerous antimicrobial activities are likely to be unleashed by the plant in
response in microbial invasion.

In previous Chapters, barley PR-5 protein-polysaccharide interactions have

been

described. In particular, two purified barley PR-5 proteins show different behaviour;
HvPR5c binds strongly
weakly (Chapter

3).

to insoluble

(1-+3)-B-glucans, but HvPR5b binds relatively

Molecular modelling of the HvPR5c-(1-+3)-B-glucan interaction

revealed a potential (1-+3)-p-glucan binding domain in the cleft of PR-5 proteins, and
certain structural motifs \üere common to PR-5 proteins that bind (1-+3)-Ê-glucans, but

were absent in those that do not (Chapter

5).

However, how (1+3)-B-glucan binding

might relate to the observed antifungal activity of PR-5 proteins is unclear.

In experiments that are described in this Chapter, several fungal isolates
examined

for sensitivity to HvPR5b and HvPR5c. The

proteins might assist

in the hydrolysis of

were

hypothesis that barley PR-5

(1-+3)-Ê-glucans was investigated.

Furthermore, the possibility that PR-5 proteins actually hydrolyse (1-+3)-p-glucan and

chitin was examined in the light of recent reports that some PR-5 proteins

possess

polysaccharide hydrolase activity (Grenier et a1.,1999;Pan et a|.,1999).
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6,2

MATERIALS AND METHODS

6.2.1 Materials

Fungal isolates were obtained, or originated from, the Department

of

Plant

Science Fungal Collection, University of Adelaide, or the South Australian Research and

Development Institute (SARDI) Fungal Collection (Urrbrae, SA, Australia). The
Saccharomyces cerevisiae sftains were from the Australian Wine Research Institute

(Urrbrae, SA, Australia) and the Candida albicans strain was from the Royal Adelaide
Hospital (Adelaide, SA, Australia). The fungal isolates tested were as follows: Candida
albicans strain 99.200641, Fusarium graminearium, Rhizoctonia solani, Rhynchosporium
secalis, Saccharomyces cerevisiae strains 1017 and s288ccr, andTrichoderma koningü.
Potato dextrose agar was from Sigma. The purified (1-+3)-Ê-glucanase isoenzyme GII
was kindly provided by Dr Maria Hrmova (Department of Plant Science, University of

Adelaide). Barley chitinase K (Kragh et al., 1991) was purified by affinity
chromatography using fungal cell-wall chitin (data not shown), and was identified on the
basis of NHz-terminal sequence analysis and activity against chitosan (data not shown).

Cell walls from Rhynchosporium secalis were isolated by Dr Izumi Sasaki (Department

of Materials Chemistry and Bioengineering, Oyama National College of

Technology,

Japan). The confocal laser-scanning microscope model MRC 100 was from BioRad.

The tetramethyl rhodamine dye was from Molecular Probes (Eugene, oR, USA).
Pachyman

II

was prepared as described

in

Chapter

3.

Chitin was from Fluka

Biochemika.

r00

6.2.2

Assay

for inhibition of fungal growth

The antifungal activities of HvPR5b and HvPRSc were assessed in microassays.

Briefly, 1 cm x 1 cm
allowed to dry for

squares

t h.

of agar were placed on sterilised microscope slides and

The squares were infused with 1 mM sodium acetate buffer, pH

5.0, containing 0-50 pg barley PR-5 proteins. Plugs of actively growing fungal mycelia

(1 mm2) grown on 2 7o (w/v) PDA, were placed on top of the agar squares. The fungi
were allowed to grow for several days at 22"C, and growth retardation was compared

with similar

assays

in which barley PR-5 proteins were omitted from the agar squares.

Growth retardation was quantified by measuring the diameter of the fungal mycelia.

6.2.3

Assay

for inhibition

of yeast growth

Saccharomyces cerevisiae and Candida albicans colonies were grown overnight

at 30'C on YEPG medium (0.5

Vo

w/v yeast extract, 2 7o wlv glucose,

| 7o wlv tryptone)

containing 2 7o (w/v) agar. Single colonies were selected, resuspended

in 1 ml YEPG

medium, and grown at 30oC with shaking until they reached the early exponential phase
(4-6

h). Various concentrations of barley

cells and incubated for

I h with shaking.

PR-5 proteins (0-50 pgftnl) were added to the

Aliquots of the treated cells were plated out on

YEPG medium, and the cells were grown overnight at 30"C. The number of colonies was
scored and compared with the number of colonies grown

in similar

assays without PR-5

proteins.
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6.2.4

C

onfoc al mic ros c opy

Fusarium graminearium was grown

on PDA for

several days

at

room

temperature. Plugs of approximately 1 mm2 *e.e transferred to potato dextrose broth the
day before analysis and grown at room temperature until required. Either HvPR5b or
HvPR5c (0-20 ¡t"g/ml) was added to the fungal liquid culture for various times before

analysis. To measure potential differences (PDs), tetramethylrhodamine (TMR)
added to the fungal culture to a final concentration of 0.5

20

min.

pM and incubated for

was

at least

The fungal cultures were mounted on large glass coverslips and fluorescence

images were collected with a confocal laser scanning microscope, using an excitation
wavelength of 514 nm and an emission filter centred on 580 nm with a bandwidth of 32

nm. Local fluorescence

in the images were measured using the

intensities

COMOS

software supplied with the instrument. The measurements were made in conjunction with

Dr Rob Reid (Department of Plant Science, University of Adelaide) who developed this
technique for measuring PD in

fungi. The fluorescence intensities were compared with

similar assays with buffer alone, or with assays containing BSA.

6.2.5 Hydrolysis of fungal cell-wall

polysaccharides

Solutions (0.5 rnl) containing

l0 mg/mt

pachyman (Chapter 3) were incubated

with up to 10 ¡rg HvPR5b or HvPR5c, alone or in combination with 50 ng barley (1-+3)B.glucanase isoenzyme GII (Hpj et al., 1989), for periods ap to 24 h at 37"C using a

orbital shaker. The suspensions were centrifuged at 1,000

x g for

10 min, and the

r02
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supernatant was analysed for released reducing sugars using the Somogyi-Nelson method

(Nelson, 1944; Somo gyí, 1952).

Cell walls (1 mg) lrom Rhynchosporium secalis were incubated at 37'C with
combinations

of 50 ng (1-+3)-p-glucanase isoenzyme GII (Høj et al., 1989),

barley chitinase K (I(ragh et a1.,1991) and either 1

¡"tg

100 ng

HvPRSb or HvPRSc, with constant

shaking for periods up to 72 h (Dr. Izumi Sasaki, Department of Materials Chemistry and

Bioengineering,

oyama National college of rechnology, Japan,

personal

communication). The media around the wall suspensions were analysed for released
reducing sugars using the Somogyi-Nelson procedure.
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6.3

RESULTS AND DISCUSSION

6.3.1 Barley

PR-5

protein inhibition of yeasts

Previous studies have suggested that barley PR-5 proteins display inhibitory

activity towards Candida albicans (Hejgaard et al.,
Saccharomyces uvarum (Cvetkovic et

l99l)

and the brewers'

yeast

al., 1997). Furthermore, PR-5 proteins isolated

from several other plant species inhibit various Candida and Saccharomyces
(Roberts and selitrennikofi 1990; vigers

et aL, 7992; Yun et al., rg97).

strains
Here,

Saccharomyces cerevisiae (strains 1017 and s288cs) and Candida albicans (strain
99.2000641) were examined for sensitivity to barley PR-5 proteins (section 6.2.3). The

cells were treated with concentrations

of up to 20 llglÍú HvpR5b,

HvpR5c, or

combinations of both. In contrast to the results of Hejgaard et at. (1991) and Cvetkovik
et al. (1997), no reduction

in the number of viable cells was observed.

Such contrasting results may be attributable to the particular strain of yeast used.

Yw

et al. (1997) detected a high degree of specificity between PR-5 protein isoforms and

their target microorganisms. In particular, several strains of Saccharomyces cerevisiae
differed in their susceptibility to tobacco osmotin. Yun et al. (1997) determined that
resistance of yeast to osmotin was determined primarily by the presence or absence

of

a

particular family of cell-wall proteins, designated plr proteins. Resistant yeasts became
sensitive to osmotin

pir ptoteins

if

the cell wall was removed, or

if

the expression of genes encoding

was subverted. In addition, yeast strains that were sensitive to osmotin were

insensitive to PR-5 proteins isolated from other plant species, with or without the cell

wall (Yun et a1.,1997).
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These results suggest that interactions between PR-5 proteins and their target
microorganisms are quite specific, and not the result of generalised plasma membrane
pore formation. Specificity may be mediated by the microorganism's ability to recognise
and detoxify a particular PR-5 protein isoform by mechanisms such as the production

pir proteins, or by the presence or absence of a particular
strains

if

of

target molecule in the sensitive

the PR-5 protein is able to advance to the cell membrane. The target molecule

in this system is unlikely to be a (1-+3)-0-glucan, because the widespread occurrence of
(1-+3)-B-glucans

in fungal cell walls would not be consistent with the specificity of

action that was observed by Yun et al. (1997).

6.3.2 Barley PR-5 protein inhibition of filamentous fungi

Several fungal isolates were tested for susceptibility to HvPR5b and HvPR5c,
measured

as

by the growth retardation of fungal mycelia (section 6.2.2). The growth

retardation

of

Trichoderma koningii was negligible with HvPR5b

or HvPR5c at

concentrations of up to 50 pg/mt. Some retardation of the growth of Rhizoctonia solani
was apparent. The retardation was greater for HvPR5c than HvPR5b, but was generally

low for both proteins at concentrations of up to
significant retardation

of the growth of

50

¡rglrnl. However, there was a

Fusarium graminearium with HvPR5b or

HvPR5c at concentrations of 20 ¡tglml (Figure 6.1).

The inhibition of Fusarium hyphal extension was greatest with HvPR5b, and the
effect was maximal at concentrations above approximately 10 Vgrnl (Figure 6.2). Such
concentrations are relatively low, and are comparable to physiological PR-5 protein
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Figure 6.1 Inhibition of the growth of fungar hyphae after 24hours.
Three fungal species were tested for sensitivity to barley PR-5 proteins, where
7007o was

the diameter of fungi grown

in buffer only. The growth of

Trichoderma koníngii was not affected at concentrations of protein up to 50
ttglml.

The growth of Rhizoctonia solani was mildly retarded by the PR-5 protein at
concentrations of 50 ¡rglml. The growth of Fusarium graminearium was greatly

inhibited by 20 ¡t"glml HvPR5b, but less so by 20 ¡tglml HvpR5c. Error bars are
indications of variability of hyphal growth in two experiments, and e11ors were
usually between 5 and I0

%o

.

Figure 6.2 Growth inhibition

oT

Fusarium graminearíum.

Fungi were assessed for growth inhibition at concentrations of HvPRSb ranging

from 0 - 20

pglml

The growth was assessed after 24 h, and 72

there was little or no growth when HvPRSb concentrations of

h.

After 24 h,

l0 pglml or greater

were used. After 72h, growth of Fusarium cultures had recommenced at even the

highest concentrations

of HvPR5b, but the growth at

pglml was still significantly less than the control culture.

concentrations over

l0

24 hours

72 hours

0 ¡rglml

5 ¡tglml

l0 pglml

15 pglml

20 ¡tglml

levels observed in the plant (Hejgaard et

and after 72

h Fusarium growth had

al.,l99l).

The growth retardation was transient,

recom.menced, suggesting that the barley PR-5

proteins might have a fungistatic effect rather than a fungitoxic effect, or that Fusarium
may become "resistant" to barley PR-5 proteins. Acquired resistance to plant antifungal
proteins has been observed in several fungal species (Ludwig and Boller, 1990), and has
been attributed to the production of broad spectrum PR protein inhibitors (Ham et aL,

1997). However, after 72 hours the growth of PR-5-treated Fusarium clltares remained
significantly less than untreated cultures (Figure 6.2).
Retardation

in the early

stages

of the growth of

phytopathogenic fungi could

allow the production of other plant antimicrobial compounds before the fungi became
well-established in the plant. Thus, a fungistatic effect against particular fungal species

by a pre-emptive or initial defence response may effectively delay the spread of

the

fungus while other plant defence mechanisms are activated. Further investigation of the

mode

of

action

of PR-5 proteins

against Fusarium was undertaken using confocal

microscopy studies.

6.3.3 Hyperpolarisation

across the Fasaritm graminearium plasma membrane

Microscopic examination of Fusarium hyphae revealed that the hyphal tips were
swollen when incubated with PR-5 proteins, but not in similar assays without protein.
Furthermore, some hyphal cells appeared to have ruptured (Figure

6.3). Thus, while

some hyphae were lysed by the application of barley PR-5 proteins, most hyphal tips

swelled but remained intact. These results suggest that the effect of PR-5 proteins is
manifested through the hyphal

tip, where the growth of the fungus is most

rapid.
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Targeting of the hyphal tip is consistent with the effects observed for PR-5 proteins from
other plant species, and is also observed with other classes of PR proteins (Mauch et al.,

1988;Ludwig and Boller, 1990; Roberts and Selitrennikoff, 1990).

To ascertain whether the swollen Fusarium hyphae had died as a result of PR-5
protein application, the electric potential difference between the cytoplasm of the hyphae
and the external medium was measured using a voltage-sensitive fluorescent dye. The

dye, tetramethylrhodamine (TMR), is a highly membrane-permeant monovalent cation

that distributes across membranes of living cells according to the potential difference
across the membrane (Ehrenberg et

al., 1988). Cell death through pore formation or

other effects would result in a total loss of membrane potential. However, not only did

the TMR dye accumulate in the treated hyphae, the degree of accumulation was even
greater than

in the untreated or BSA-treated

hyphae (Figure

6.4). This suggests

that

barley PR-5 proteins induce membrane hyperpolarisation in Fusarium, and essentially
rules out the formation of plasma membrane pores in this system.

The accumulation of the dye could be a result of a number of physiological
effects, including the extrusion of H* or other cations from the cytoplasm, the uptake of
Cl- or other anions, or the blocking of cation uptake or anion extrusion (Zingarelli et al.,

1999). The mode of action of PR-5 proteins is unknown, but the hyperpolarisation of the
Fusarium membrane suggests that its target could be an ion channel or ATPase. Binding
to such atarget molecule would be consistent with observations that the PR-5 proteins are
membrane-active, and can result in the hyperpolarisation or bursting of the hyphal tip.

The plant pathogen Fusarium amygdali Del. produces a toxin known as fusicoccin, and
this toxin results in the hyperpolarisation of plant cells (Marré, 7919). Fusicoccin affects
several physiological processes in plant cells, including binding to a membrane-bound

t07
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ATPase, and alteration

of the activity of

several membrane-bound ion transporters

(Marré, 1979). However, certain animal cells have been shown to be protected from
toxin-induced cell death by membrane hyperpolarisation (Wang et al., 1999), indicating

that the hyperpolarisation of Fusariurn membranes could be an induced or reactive
defence mechanism of the fungi, rather than a direct effect the of PR-5 proteins.

To quantify the hyperpolarisation that was induced across Fusarium membranes
when HvPR5b and HvPR5c were applied, the difference in concentration was determined

from the fluorescence and converted to a voltage using the Nernst equation (Ehrenberg er

al., 1988);

presented below as equations 1 and

2.

Conversion of fluorescence intensity

into TMR concentration was achieved by constructing a calibration curve (Figure 6.5).
Using these equations, a

/Y

from approximately -120 mV to -150 mV was observed

when HvPR5b was applied to the culture, and -l2O mV to -140 mV when HvPRSc was
applied.

(t) AY = _ BllnflXln/lX]s)
mF
where

Y is the membrane potential (V)
R is the gas constant (8.31joules deg-l mole-r)
T temperature is in degrees Kelvin (298 K)
F is the Faraday constant (96,485 coulombs/mole)
¡r¿ is the charge of an ion [TMR = +1]
[X]a is the internal ion concentration: [TMR]int".r,ul
[X]s is the external ion concentration: [TMR]"*1".nu¡
Thus:

(2) AY = - 59logro [TMR]i,.,t"-¿l[TMR]"*t"-ul
where
[TMR]int"-ur is the ion concentration inside the hyphae
[TMR]"*t".n¡ is the ion concentration outside the hyphae = 0.5 pM.
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Figure 6.3 Fusaríun hyphae grown under various treatments, and examined using light transmission microscopy.

A. Fusaríun

B.

incubated with buffer only.

Fusariumincubated with barley PR-5 proteins; hyphal tips were generally swollen.

C. Fusarium incubated with barley PR-5 proteins; some hyphal tips lost their swelling and appeared to release cytoplasmic
contents (marked with -+), suggesting they had burst.

Figure 6.4 Confocal lasar-scanning microscopy of Fusaríulz hyphae treated
with TMR.
Control samples of fungi in
acetate buffer,

1

mI PDA were incubated with 10 pl 10 mM sodium

pH 5.0, prior to analysis. Fungi in

HvPRSb, HvPRSc or BSA (10
containing

l0

I ml PDA were treated with

pl l0 mM sodium

actetate buffer,

pH 5.0,

pg protein), prior to analysis. Fluorescent hyphal tips

were

observed in the HvPR5b and HvPR5c-treated cultures, but not in the control or

BSA treated cultures.
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Figure 6.5. Calibration curve for converting fluorescence intensity to
concentration of the monovalent cationic dye tetramethylrhodamine.

If the dye concentration measured represents the dye concentration inside
the fungal hyphae when the extemal concentration of the dye is 0.5 ¡rM,

then the ratio

of these concentrations is proportional to the potential

difference (PD) between the inside and outside of the hyphae, according
to the Nernst equation.
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The difference in the membrane hyperpolarisation attributable to HvPR5b and
HvPR5c correlates with the inhibition of Fusariur?4 when using HvPR5b, compared to

HvPR5c. Thus, greater Fusarium sensitivity to HvPR5b is observed when measuring
both hyphal growth and membrane hyperpolarisation. HvPR5b does not bind to insoluble

(1-+3)-B-glucan, but exhibits anti-Fusarium activity. However, HvPR5c does bind to
(1-+3)-0-glucan and displays a lower activity against Fusarium than HvPR5b. These
results suggest that (1-+3)-B-glucan-binding is not positively correlated with Fusarium
growth inhibition.

In previous studies, it has been reported that polysaccharide binding is important

for the antifungal activity of several proteins, including the yeast killer toxin and

the

AFP1 chitin-binding protein. The yeast killer toxin interaction is biphasic, and requires
binding of the toxin to a (1-+6)-Þ-glucan before interaction of the resulting complex with

a membrane-bound receptor and subsequent membrane disruption (Kurzweilova
Sigler, 1994; Schmitt and Compain, 1995). Furthermore, Bormann et

al.

and

(1999)

speculated that AFP1 exerts antifungal activity through disruption of chitin synthesis by

binding nascent chitin chains. If such a mechanism exists for PR-5 proteins, then it is not
a general mechanism

of action for PR-5 proteins, because antifungal activity is observed

for PR-5 isoforms that do not bind (1-+3)-Ê-glucan.

6.3.4 Hydrolysis offungal cell-wall

polysaccharides by barley PR-5 proteins

Recent reports have suggested that PR-5 proteins have hydrolytic activity against

(1-+3)-p-glucans (Trudel et al., 1999) and chitin (Pan et al., 7999). In hydrolytic assays
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with HvPR5b and HvPR5c using purified pachyman, a very low hydrolytic activity that

could be attributable to approximately 0.27o (molar) contamination with (1-+3)-0glucanase isoenzymes (Hrmova and Fincher, 1993) was detected (Chapter

2). IVhen cell

walls of Rhychosporium secali,r'were incubated with barley PR-5 proteins, no hydrolysis
was detected. Furthermore, neither HvPR5b or HvPR5c increased the activity of barley
chitinase K or (1-+3)-B-glucanase isoenzyme GII against Rhynchosporium cell walls (Dr

Izumi Sasaki, personal communication), or (1-+3)-0-glucanase isoenzyme GII against
purified

(

1

-->3)-B-glucans.

Although

it

remains possible some separate classes

of PR-5 proteins

possess

hydrolytic activity (Pan et al., 1999; Trudel et a1.,1999), the results must be treated with

caution. PR-5 proteins are usually coordinately expressed with other classes of

PR

proteins, including chitinases and (1-+3)-p-glucanases. Furthermore, the physiochemical
properties of PR proteins are often highly similar. Thus, the co-purification of traces of
enzymes with PR-5 proteins

is virtually unavoidable in some cases. Therefore, the

hydrolytic activity of PR-5 proteins may in fact be attributable to minor contamination of
the preparations by hydrolytic enzymes.

This is especially easy in barley preparations, because barley (1-+3)-B-glucanases
and chitinases possess high specific activities (Hrmova and Fincher,1993; Kragh et al.,

I99t), and the activities of just a few protein

molecules can be readily detected.

Furthermore, several of these proteins are extracellular, have similar molecular weights,
similar pls and are all present in similar tissues.
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6.4 CONCLUSIONS

Variable antifungal effects of HvPR5b and HvPR5c were observed with several

fungi species. There was no activity against the Saccharomyces cerevisiae or Candida
albicans strains used. No activity was observed against Trichoderma koningii, and only

low activity against Rhizoclonia solani was seen. However, strong inhibition of

the

growth of Fusarium graminearium was observed, although Fusarium appeared to gain
tolerance to barley PR-5 proteins after initial growth retardation.

HvPR5b or HvPR5c were found to induce the swelling or bursting of Fusarium
hyphal

tips.

Furthermore, the plasma membranes of swollen tips were hyperpolarised.

This effect might be attributable to binding of the barley PR-5 proteins to membranebound ion transporters or ATPases, as seen with other compounds that induce membrane

hyperpolarisation. However, hyperpolarisation is a defence mechanism against toxins in

some animal cells and the results obtained here may therefore indicate that
hyperpolarisation is also a defence response ofthe fungi.

Cells walls, chitin and (1-+3)-B-glucan were used as substrates to test for
hydrolytic activity of HvPRSb and HvPR5c. Low levels of hydrolytic activity observed
could be attributable to contamination enzymes with concentrations as low as 0.27o of
PR-5 protein. In addition, these PR-5 proteins did not affect the hydrolysis of (1-->3)-0glucans or Rhynchosporium cell walls by purified chitinase or (1-+3)-p-glucanase. Thus,

barley PR-5 proteins do not appear to assist (1-+3)-B-glucanases in the hydrolysis of
(1-+3)-B-glucans through binding of PR-5 proteins to (1-+3)-B-glucan.
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CHAPTER 7

SUMMARYAND FUTURE
DIRECTIONS

Chapter 7 Summary andfuture directions

7.1 SUMMARY OF EXPERIMENTAL RESTJLTS

The control of disease

in

agricultural crops

is a major challenge to

primary

producers worldwide. Disease causes significant losses every year in a broad range of

crop species, and in areas where local epidemics occur, severe yield losses can ensue.

Agricultural crops are particularly vulnerable to the spread of disease because they are
usually grown as uniform monocultures. Although management practices may help
prevent the onset or spread of disease throughout a crop, the spread of air - and waterborne diseases is often difficult to combat. Thus, there have been extensive studies on the

plant's own antimicrobial compounds, both to elucidate their mechanism of action and to
examine their toxicity towards plant pathogens.

The work described in this thesis was designed to investigate one component of
the plants' defence against pathogen attack, namely the production of PR-5 proteins. The

PR-5 proteins are members of the wider pathogenesis-related family of proteins that are
induced following microbial invasion of plants. PR-5 proteins have been referred to in

the literature as 'thaumatin-like' proteins, 'osmotins', 'osmotin-like' proteins and
'permatins'. To avoid confusion, these proteins have been referred to generically as PR-5
proteins throughout this thesis. Several roles have been proposed for PR-5 proteins,

including adaptation of plant cells to osmotic stress, antifueeze activity, polysaccharide
hydrolase activity, fungal plasma membrane pore forming activity, and c{,-amylase/trypsin

inhibition.

In the initial work that is

described

in this thesis, a polysaccharide-binding

function for PR-5 proteins was suggested by the observation that barley PR-5 proteins in
crude extracts of germinated barley grain were bound by a affinity column that consisted

of

several different polysaccharides. The constituents

of the column were tested
rt2
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individually for their ability to bind barley PR-5 proteins, and the binding agent was
shown

Lo

be insoluble (1+3)-B-glucan. Subsequently, similar experiments demonstrated

that particular PR-5 proteins from several other plant species bind to (1-+3)-B-glucan
(Trudel et a1.,1998; Grenier et a1.,1999).

Two PR-5 proteins were purified from barley using a combination of ammonium

sulphate fractional precipitation,

ion exchange

chromatography and

gel filtration

chromatography. The two isoforms were designated HvPR5b and HvPR5c, in accordance

with the nomenclature recommendations of Van Loon et aL (1994), and were probably
analogous to two barley PR-5 proteins isolated by Hejgaard et aL (1991). HvPR5b and

HvPR5c have molecular weights of 21,846 Da and 2I,365 Da respectively, as determined

by

electrospray mass spectrometry. They have amino acid sequences

that

are

approximately 60Vo identical, and are clearly the products of separate genes.

HvPR5c was found to bind to insoluble (1-+3)-p-glucan, but not cellulose,
pustulan, mannan, xylan or chitin. Binding was greatest to linear (1-+3)-B-glucan, and
lower

if (1+6)-B-linked

was fitted

branches or glucosyl substituents \ilere present. The binding data

to a hyperbolic function similar to the Langmuir

isotherm, and kinetic

parameters associated with the interaction were determined. Binding was maximal at
approximately pH 5.0, and was unaffected by high NaCl concentrations, Mg2*, Ca2* or
Zn2*, or by the addition of

EDTA. HvPR5c did not bind any of the soluble (l-+3)-0-

glucans that were tested. HvPR5b did not show significant interaction with any of the
soluble or insoluble polysaccharides examined. Thus, only a specific sub-class of barley
PR-5 proteins might interact with insoluble (1-+3)-B-glucans.

Several cDNAs and a gene encoding proteins of approximately 2L l<Da, with

a

potential N-glycosylation site near the COOH-terminus, were isolated and characterised.
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One cDNA, designated HvPRScs, carried a short COOH-terminal extension that has been

linked to vacuolar targeting of PR proteins frorn

t.rf.her

plant spccies. The promoter of the

isolated gene carried an ethylene response motif, which is conserved in several PR gene

promoters and some elements that have been linked gibberellin response
Southern analysis revealed the presence of around

4-6

in cereals.

genes encoding HvPR5c-like

proteins in the barley genome, several of which were mapped to the short arm of barley
chromosome 5H by RFLP mapping and by screening wheat-barley addition lines.

The cDNA clone designated HvPRSc' had a deduced amino acid sequence and
molecular weight which corresponded almost exactly to that of the purified HvPR5c
protein, and was used for the construction of a molecular model. A model of HvPR5b
was constructed using amino acid sequence obtained primarily from peptide fragments.

The models were compared with the structures of several PR-5 proteins, and examined

for features that may be associated with (1-+3)-p-glucan binding. A (1-+3)-B-glucan
binding domain was located on the surface of HvPR5c. The corresponding region of
HvPR5b was particularly proline-rich, a property that might reduce the flexibility of this

region and somehow impede binding.

All known PR-5

proteins that bind (1-+3)-p-

glucans retain a conserved N-glycosylation site in domain II, but this site is absent in PR5 proteins that do not bind (1-+3)-B-glucans.

Barley PR-5 proteins were assessed for (1-+3)-B-glucan hydrolase activity, but
only trace activities were observed using pure pachyman, and none against isolated fungal

cell walls. There was no increase in hydrolysis observed when combinations of barley
PR-5 proteins and (1-+3)-B-glucanases were incubated with insoluble (1-+3)-B-glucans.
Furthermore, no hydrolysis of Rhynchosporium secalis cell walls was observed using
combinations of barley PR-5 proteins, (1+3)-B-glucanases and chitinases.

r14
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Purified HvPR5b and HvPR5c were

assessed

for antifungal activity

against

several fungal isolates. Of the fungi tested, both HvPR5b and HvPR5c significant"ly

inhibited the growth of Fusarium graminearium. Barley PR-5 proteins were found to
induce the swelling or bursting of the hyphal tips of Fusarium. Furthermore, swollen

hyphal tips exhibited hyperpolarisation of the plasma membrane of approximately -30

mV for HvPR5b and by -20 mY for HvPRSc. However, whether the hyperpolarisation
was indicative of a defence response of the fungus, or was the direct result of antifungal

activity of the protein, was unclear.

7.2 AMINO ACIDS INVOLVED IN (1-+3)-P-GLUCAN BINDING

The kinetic parameters of the HvPR5c-(1-+3)-B-glucan interaction have

been

described, and a putative (1+3)-p-glucan binding domain has been located on the surface

of the model of HvPR5c using automated docking procedures. However, the definition of
amino acids that are involved with (1-+3)-B-glucan binding remains to be demonstrated,

as there are no regions on the model that have the potential to form

sequential

hydrophobic interactions, such as those seen in the cellulose-binding regions of several

cellulases. Thus, the characterisation of the precise structure of the polysaccharidebinding domain is of considerable interest for predicting which other PR-5 proteins will
bind (1-+3)-p-glucans. Using the docked model as a starting point, it would be possible
to address this issue via site-directed mutagenesis. Mutagenesis requires the target cDNA
to be cloned into a specialised vector, after which the creation of particular mutants is
generally routine procedure (S. Rutten, Department

of Plant

a

Science, University of

Adelaide, personal communication). The mutant proteins can

be expressed
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heterologous bacterial expression systems, enabling a rapid assessment of the (1-+3)-Þglucan binding capacity. Several amino acids of HvPR5c have been linked with (1-+3)-

p-glucan binding, and mutants carrying the alteration of one or more of these could be
screened

for a decrease, or increase, in the level of binding. Such results may indicate

whether particular amino acids

or a particular area of the protein, such as the N-

glycosylation site, are important for binding.

7.3 THE IMPORTANCE OF (1-+3)-Ê-GLUCAN BINDING TO ANTIFUNGAL
ACTIVITY

Work described in this thesis and elsewhere shows that several, but not all, PR-5
proteins bind (1-+3)-p-glucans. However, the importance of polysaccharide-binding to
antifungal activity is yet to be demonstrated. It appears that only a particular sub-class of

PR-5 proteins bind (1-+3)-p-glucans, and that others do

not.

Thus,

it is possible that

(1-+3)-B-glucan in fungal cell walls acts as a defence against PR-5 proteins, by binding

the proteins

in an essentially irreversible manner.

Such binding would prevent these

proteins reaching the fungal plasma membrane where they are thought to act. It has been
observed that yeast cell-wall proteins can confer resistance to particular PR-5 proteins,
and that this resistance is lost when protein expression is subverted (Yun et al., 1991).

The yeast proteins are postulated to prevent the PR-5 proteins from diffusing freely to the
yeast plasma membrane, or to mask the potential binding sites of PR-5 proteins (Yun e/

a1.,1997). Furthermore, (1-+3)-B-glucans in the growing hyphal tip may be overlain with
other polysaccharides or mannoproteins, thus masking binding sites. Such differences
may account for the difference in fungal susceptibility observed (Chapter 6).

I16
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PR-5 proteins that have had their capacity to bind (1-+3)-p-glucans removed by
site-directed mutagenesis (section 7.2) could be assessed
compared to their wildtype counterparts.

or antifungal activity is

for antifungal activity and

If no change in antifungal activity is observed,

increased, despite the removal

of

(1-+3)-p-glucan binding

activity, then this would suggest that (1-+3)-p-glucan binding of PR-5 proteins is actually
a defence mechanism of the fungus

itself. Such a fungal defence mechanism would lead

to evolutionary pressure in plants for the loss of PR-5 protein (1-+3)-p-glucan binding
capacity to create a sub-class of PR-5 proteins that do not bind (1-+3)-0-glucans

7.4 CRYSTALLISATION OF BARLEY PR.5 PROTEINS

The comparative modelling

of

HvPR5b and HvPR5c has been described in this

thesis. However, obtaining the precise three-dimensional (3D) structure of proteins can

only be achieved by either crystallising the proteins, and subsequently solving their
structure by X-ray crystallography, or by using NMR techniques. Both methods have
been shown to produce high resolution protein structural data, but both are associated

with experimental difficulties and require specialised knowledge. Currently, Dr. Maria
Hrmova (Department of Plant Science, University of Adelaide) is attempting to crystallise
PR-5 proteins, isolated by the methods described in this thesis. Once crystallised, precise

3D structural data could be obtained from the crystals, and the mode of (1-+3)-B-glucan
docking might be deduced. Because HvPR5c does not bind soluble (1-+3)-p-glucans, the
crystals could not be soaked with the appropriate polysaccharide substrate to reveal its

bound conformation. However, the combination

of the crystal structure, and data

II7
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obtained from site-directed mutagenesis, could enable a precise description of the (1-+3)-

p-glucan-binding domain of barley PR-5 proteins

7.5 PRODUCTION OF TRANSGENIC PLANTS CARRYING CONSTRUCTS
ENCODING PR.s PROTEINS

The ultimate aim

of studies of the plant defence system is to incorporate

new

knowledge of plant-pathogen interaction into the production of crop plants that have a
greater disease resistance in the

field. This may be achieved through the incorporation of

more potent forms of PR-5 protein either through traditional plant breeding or through
modern plant transformation procedures. Engineered genes encoding PR-5 proteins with

broader

or

greater antifungal activity could be directly inserted into agriculturally

important crop species by transformation. Stably transformed barley has now been
produced by Agrobacterium-mediated (Tingay et al., 1997) and biolistic (Wan and
Lemaux, 1994) transformation methods, albeit with low frequencies (Ritala et al., 1994;
Wan and L,emaux, 1994; Jensen et al., 1996).
Currently, one of the major limitations to barley transformation is the difficulty in
the regeneration of plants from callus. This has been attributed to the quality of the plant

material used for transgenesis (K. Gatford, Department of Plant Science, University of
Adelaide, personal communication), and to the handling and age of callus in tissue culture

(Jiang et al., 1998).

By

transforming meristematic tissue, which can be directly

regenerated into plants and does not require a callus intermediate, plant regeneration from

callus can be avoided. Such methods have been used to generate Agrobacteriummediated transformants of maize (Gould et al., 1990; Ishida et al., 1996) and rice (Chan et

al., 1992; Hiei et al., 1994), and might be equally successful in barley. Furthermore,
118

recent technological advances such as

in vivo site-directed

mutagenesis, known

as

'chirrreraplasty', can gettet'ate specific tnutatiotts in the planL cclls wil.hout the need for the

integration of large DNA constructs carrying foreign DNA into the plant (Beetham et al.,
1999;Zhu et a1.,1999).
Such issues have become important with the raised public awareness of plant
transformation and biotechnology, and a backlash against genetically manipulated plant
species has been seen recently, particularly
genetically modified organisms (GMOs)

in Europe. The public

acceptance of

will ultimately decide the fate of fast-tracked

plant breeding through plant transformation. The development of appropriate food safety

and health regulations, coupled with a concerted effort to educate the public on the
scientific processes involved in the production of GMOs and on biotechnology in general,
may help to alleviate public concern about foods produced using these technologies. Such

education programs have been recently been initiated by the Department of Agriculture,

Forestry, Fisheries Australia, and the acceptance

of GMOs that are perceived to be

beneficial to health or the environment is now over 507o of respondents of the Australian

public (The

We ekend

Australian, 5 /2/ 2000).

Finally, the experiments that are described in this thesis were aimed at defining

the function of barley PR-5 proteins. While several functional properties have been
described, the function

of barley PR-5 proteins has not been unequivocally

defined.

Functional analysis systems, such as transformed plants with gain or loss of function, may
prove useful for the aim of fully characterising the function of PR-5 proteins in barley.
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