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ABSTRACT

The profile of soluble proteins found in the juice of rip e V. viniferø berries often

appears suryrisingly simple, with the predominance of a few low molecular mass proteins

that ne knoram to be associated with white wine haze formation. To r¡nderstand the

biology and frrnction ofthese proteins in the berry, and with the long termview to reduce

the problem ofhaze formation in wfure, the following study was performed.

Four prominent juice proteins were purified and tlrrough amins acid sequence

analysis identified as pathogenesis-related (PR) like proteins. A detailed study was

conducted on two of these proteins, nameþ WPR-4a, a 13 kDa PR-4 like protein, and

WTLI, a 2I kDa PR-5 like protein. oDNA sequenoe analysis and electrospray mass

spectrometry suggested both proteins undergo post-translational modifications, including

the removal of an N-terminal signal sequence. Analysis of grapevine genomic DNA

suggested that WPR-4a md WTLI are encoded by genes that belong to multþene

families. Both genes appeared to be e4pressed rnainly in the berry, coordinated with the

onset of sugar accumulation and softening. The genes of WPR-4a and WTL1 were

sequenced, and putative promoter elements possibly involved in tle developmental

oontrol of gene expression were deteoted in both cases. It is believed that PR proteins

play an important role in plant defence, particularly in the protection of plants against

frrngal attack. In this study, in vitro firngal growth inhibition assays also suggested berry

PR-like proteins may perform this role. We propose therefore that a function of the

developmentally regulated accumulation of PR-like proteins in the grape berry is to

provide a pre-emptive measure against pathogen attack.
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Chapter I -

1.1 Berry proteins and haze formation in wine

Whilst a great deal is known about some of the simple chemical constituents of

the grapevine (Vitis vinifera L.) berry, and the qualitative and quantitative changes that

occur during berry development (Kanellis and Roubelakis-Angelakis, 1993), little is

knoum about berry protein metabolism and the associated ripening physiology. The

profile of soluble proteins found in the juice of ripe berries often appears surprisingly

simple with a predominance of a few low molecular mass proteins (Hsu and Heatherbe[

1987a). Unforn¡nately for the wine industry these soluble proteins survive the

vinification process and are knor¡m to be associated with wine haze formation (Waters el

al., L99L). To understand the biolory and ftnction of these proteins in ttre berry, and

with the long termviewto reducing the problem ofhaze formation in wine, the following

study was performed.

1.1.1 Protein-associated wine haze

Wine, in particular white wine, can develop a clouctiness or sediment due to the

precipitation of protein from solution (Bayly and Berg, L967; Hsu and Heatherbe[

I987t; Waters et al., 1992). The presence of precipitated protein, usually caused by

elevated storage temperature, is often termed 'wine htze' ot'heathaze', and a wine with

the potential to form a haze is classified as 'unstable'. To many consumers of white

wine, protein associated haze is unattractive and therefore constitutes an undesirable

characteristic.

The soluble proteins in wine which have the potential to aggregate to form hazes

and precipitates are derived from tle grapevine berry. The early study by Koch and

Sajak (1959) was the first to demonstrate that several distinct soluble proteins exist in

wine. Further research has revealed that wines made from a single variety oontain at

2



Chapter 1 - Ge ne ral i¡ttroduction

least 25 different berry proteins, with molecular masses of between 1l to 65 kDa (Hsu

and Heatherbe[ 1987a; Murphey et al., 1989; Waters et al., 1991; Yokotzuka et al.,

1991; Pueyo et al., 1993; Dorrestein et al., 1995; Weiss et al., 1998). The most

prominent juice and wine proteins are acidic and have relatively low molecular masses

(approximately 20 to 30 kDa).

The concentration of soluble protein in 'unfined' wine is commonly in the 50 to

100 mgll range but has been reported to be ¿s high as several hundred mglL (Koch and

Sajaþ 1959; Bayly and Berg, 19671' Somers and Ziemelis, 1973a; Hsu and Heatherbe[

L987a; Murphey et al., 1989; Yokotsuka et al., 1991; Dorrestein et a1.,1995; Santoro,

1995). Some variations in protein concentrations are most likely dependent on tl.e

method of protein determination, and the variety of grape, vintage and location" Most

white gape varieties contain high ¿6qun1s of soluble protein in their juice and wine

derived therefrom" Particularþ high protein concentrations are commonly found in the

varieties Muscat of Alexandria (syn Muscat Gordo Blanco), Sauvignon Blanc, White

Riesling, Sylvaner, and Gewtir¿¡¿mins¡ (Bayly and Berg, L967; Somers and Zemelis,

L973a; Hsu and Heatherbell, 1987a; Rankine, 1989; Ough, 1992). Additionally, despite

many common phenological characteristics, grapevine varieties do exhibit individuality in

their juice and wine soluble protein profiles (Luis, 1983; Hzu and Heatlerbelt 1987a, b;

Mnrphey et a|.,1989; Pueyo et a1.,L993;Dorrestein et a1.,1995; Santoro, 1995; Weiss

et al., 1998). However, notwithstanding the varietal differences, the biggest factor

determining ttre amount of soluble protein in juice, and the wine made therefrom, is

probably berry maturity (Luis, 1983; Murphey et al., 1989). Murphey et al. (L989)

reported that the concentration of soluble juice protein of White Riesling and

Gewä¡ztraminer juices almost doubled in the last six weeks of ripening, suggesting

qarthesis of soluble protein is at its greatest in the late stages ofberry development.

J



Chaprer I - General ìntroduction

Several studies have shoum that only up to a 50yo reduction in the protein

concentration occurs upon transformation of a juice into wine (Hsu and Heatherbe[

1987a; Murphey et al., 1989; Yokotsuka et al., l99l; Pueyo et al., 1993; Santoro,

1995). Furthermore, electrophoretic poþe,ptide banding patterns of juice and wine

differ only slightly due to size po\,morphisms, and appearance/disappearance of bands is

negligible (Hsu and Heatherbell,1987a, b; Murphey et al.,1989; Yokotsuka et al.,l99l;

Pueyo et al., 1993; Santoro, 1995). This suggests the soluble proteins are resistant to

proteolytic attack by fermenting yeast (Lagace and Bisson, 7990;Waters et al., L992).

1..1.2 Removal of haze-associated protein during winemaking

Potential protein 'instability' in wine is usually estim¿ted by incubation at an

elevated temperature, followed by visual or photometric inspection for clarity and

precipitate formation (Berg and Akiyoshi, l96l;Pocock and Rankine, L973). A wine is

considered to be 'heat stable' if no haze is observed, typically following an incubation at

80oC for 6 hours. Although all maje¡ wine proteins appear to contribute to wine haze

(Hsrr and Heatherbelt 1987b; Waters et al., l99l), a 24 kDa protein is believed, based

upon heating in a model wine, to be the main contributor to wine haze on a per gnit

weight basis (Waterc et al., L992).

In addition to elevated ternperature, earþ research also zuggested that the

presence of phenolics ruty enhance the formation of protein-associated wine haze (Koch

and Sajak, L959; Somers and Ziemelis, 1973a). Although phenolics zuch as procyanidins

represent only a minor proportion of a haze (less than 5%| w/w), and are only weakly

associated with protein (Waters et al., 1995b), qpecific interactions between proteins and

wine phenolics have been repofed (Yokotsukt et al., l99l). Moreover, soluble wine

proteins require phenolics in order to precipitate in a heated model wine (Waters et al.,

lee5b).
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Chøpter 1 - General introduction

The preferred method for removing 'unstable' proteins from juice or wine is by

the addition ofbentonite (Rankine, 1989; Ough, 1992). Bentonite, an ahrminium-silicate

based clay, possesses a net negative charge at wine pH (typically pH 3 to pH 4) and acts

as a cation exchanger. Through this property, exchangeable cations such as Na*, Ca2*

and Mg2* are released and proteins, with isoelectric points greater than tle pH of the

juice or wine, are bor¡nd to the clay. Bentonite has the ability to quickly remove the

majority of proteins ûom juice or wine over a range of different ethanol concentrations

and temperatures (Somers and, Ziemehs, 1973b, Hsu and Heatherbelt 1987b; BIade et

al.,1988;Dawes et a!.,1994). Unfortt¡nately, several disadvantages are associated with

bentonite use. After bentonite has been added to juice or wine, it must be removed,

which can result n -3% loss of wine voft¡me (D. McWilliam and T. Jones, pers.

commun.). In addition, some favourable characteristics, such as various aroma

çomponents, may be reduced in a wine following a bentonite treatment (Mller et al.,

1985; Voilley et al., 1990). Environmental problems concenring diqposal of used

bentonite are also an issue (Rankine, 1989).

Bentonite fining is the most prevalent method for protein fining of wine but other

metlods previously tested include ultrafiltration (Hsu et al., L987; Flores et al., 1988;

Peri et al., 1988; Flores et al., 1990), addition of proteolytic enzym.es (Lagace and

Bisson, 1990), and flash pasteuisation (Koch and Sajalq 1959; Hsu and Heatherbelt

1987b). Whilst ultrafiltration removes most proteins, in its current format, unattractive

for most large scale winemaking due to ttre presence of residual proteins in the filtrate,

high set up costs, and possible loses of flavour, aromâ and coloru (Miller et al., 1985;

Voilley et al., 1990). Proteolytic enzJmles, although most attractive in principle, have

prove,lr to be ineffective r¡nder standard wine-akittg conditions (Ngaba-Mbiakop, l98l;

Feuillat and Fenari, 1982; Heatherbell et al., 1984; Waters et al., 1992), whilst flash

pasteurisation has been judged to have too detrime,ntal an effect on wine quality

(Fere,nczy, 1966).

5



Chapter I - General ìntroduction

A possible altemative solution to the stabilisation of wine against protein haze

formation is the addition of specific yeast derived glycoproteins, known as haze

protective factors. These glycoproteins appear to reduce the particle size of denatured

wine protein to a level which cennot be detected with the naked eye (Waters et al.,

1993). This in tum is believed to reduce the amount ofprotein needed to be removed to

make a wine appear 'stable'. Both yeast derived (Ledoux et a1.,1992; Waters et al.,

1993; Waters et al.,1994) and grape derived (Waters et al., L994) polysaccha¡dsJinked

proteins have been deemed to act as haze protective factors. Fu¡ler research and

development is needed to determine the effectiveness of haze protective factors in

winemaking.

1.1.3 ldentification of haze-associated proteins as pathogenesis-related proteins

During the early stages of this study, which was cornmenced in April 1995, there

\À/ere two reports detailing the purification and characterisation tlrough amino acid

sequencing of wine haze-associated proteins (Santoro, 1995; Waters et al., 1996).

Santoro (1995) purified tlree proteins from a Chardonnay wine, one protein with a

molecular mass of 28 kDa and two other proteins with molecular masses of 35 kDa.

Amino terminal sequence of only 9, I and 7 amino acid residues, respectively, were

obtained from the proteins, althot'gh no sequexrce homology to other knoum proteins

was reported. A more defining study by Waters et al. (1996) resulted in the purification

and characterisation of proteins present in three dominant and separable protein fractions

of a Muscat ofAlexandria wine, with molecular mâsses of 24,28 and 32kDa. Extensive

sequencing revealed that two 24 kDa proteins (major and minor isoforms) shared

extensive homology with thaumatin-like proteins, while the 28 kDa and 32kDaproteins

were both homologous to a nr¡mber of plant chitinases. Thaumatin-like proteins and

plant chitinases can be classified as patlogenesisrelated (PR) proteins (Stintzi et al.,

1993). PR proteins ge,nerally resist proteolytic cleavage and are soluble at acidic pH

6



Chapter I - General introductlon

(Stintzi et al., 1993), which are properties exhibited by the majority of juice and wine

proteins. Recognition that the major haze-forming proteins in wine are plant PR-like

proteins helps erplain the selective survival of tlese proteins through the winemaking

pfocess.

7



Chapter 1 - General ìntroduclion

1.2 Plant pathogenesis-related proteins

Eatly descriptions of pathogenesis-related (PR) proteins appeared in studies

involving the infection of resistant tobacco plants with the tobacco mosaic virus (TMV)

(Crtanntza et al., 1970; van Loon and Van Kammen, 1970). Infection resulted in a

hlpersensitive response (HR) and the appearance of new soluble leaf proteins. These

soluble proteins were later termed 'patlogenesis-related proteins' and defined as

'proteins coded for by the host plant but induced only in pathological o¡ related

situations' (Antoniw et a1.,1980). PR proteins have since been characterised from many

dicotyledonous and monocotyledonous plant qpecies (for reviews see Stintzi et al.

(1993) and van de Rhee et al. (1994)). However, as tobacco was originally used as a

model plant for the study of PR proteins, the majority of PR proteins füst pruified and

characterised were from tobacco.

The induction of PR proteins can also be caused by non-viral pathogens,

including viroids, bacteria and fungi. During infection, especially in incompatible

reactions leatling to necrosis, PR proteins rapidly accumulate to high concentrations,

with individual proteins accounting for up to 10 Yo of tle soluble protein content of

tobacco leaves (van Loon, 1997). van Loon and Van Kammen (1970) proposed that pR

proteins might play an antipathogenic role against invading pathogens considering they

are associated with t.he hypersensitive response. Moreover, it was found tlat pR

proteins were for¡nd to accumulate in the r¡ninfected parts ofthe plant and not just locally

aror¡nd tle sites ofinfection (Kassanis et al.,1974;van Loon, lg75). This association of

PR protein accr¡mulation with the phenome,non of systemic acquired resistance (SAR), a

condition in which an infected plant has systemic resistance against zubsequent pathogen

attack (Ross, 1961, Ryals et al., Lgg4), also suggests a role of pR proteins in plant

defence.

8



Chapter 1 - General introduction

Although conolusive evidence for involvement of PR proteins in plant disease

resistanoe has not yet been recorded (van Loon, 1997\, PR proteins have been shoum to

possess inhibitory activities toward the growth of firngal pathogens in both in vitro and

in vivo studies. When a plant is attacked by a frrngal pathogen, PR proteins are

presumed to challenge the invading organism, possibly by interfering with the pathogen's

oell wall or membrane integrity, and through this activity perhaps releasing elicitors

which could serve to induce further PR protein production (Stint4 1993). This

proposed scenario is illustrated in Figure 1.1.

The production of PR proteins can also be modulated by a number of factors

other than pathogen attack, such as tle application of plant hormones and sþalling

molecules like salicylic acid, ethylene, abscisic acid (ABA), as well us sfuanges in the

balance of auxins and cytokinins (Shinshi et al., 1987; Yaþani et al., 1991; hu et al.,

1993; Coupe et al., 1997). Additionally, other forms of stress such as bacterial toxins

(Betra et al., 1995), air pollutants (Sandermann et al., 1998), wounding (Ponstein et al.,

1994), ultraviolet light (Yaþani et al., 1994; Green and Fluhr, 1995), heavy metals

(Di<lierjean et a1.,1996) and osmotic or salt stress (Siogh et al., 1987) can tum on PR

protein production possibly via the modulation of hormone levels (Jung et al., 1995).

Interestingly, subsets of PRproteins also exist in the organs of healthy plants apparentþ

in the absence of any stress. The presenoe of PR proteins in 'healtþ plants' often

appears in an organ specific fashion and has been observed in fruit (Clendennen and May,

1997), flowers (Neale et al., 1990; Harikrishna et al., 1996), and senescent leaves

(Hanfrey et al., 1996; Tornero et al., 1997). Such an expression of PR proteins may

represent a pre-emptive reqponse of plants to potential pathogen attack, or indicate some

PR proteins may have role in plant development processes (eg. De Jong et al. (1992)).

PR proteins have routinely been classified into groups, commonly referred to as

families (Antoniw et al., 1980). Initial studies involving tobacco res,ulted in the
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Figure 1.1 Proposed interaction between invading fungal hyphae and plant PR
proteins. Initially, the approaching fr¡ngus makes contact with extracellularþ located PR
proteins (shoum in green). This inhibits fungal grourth and/or results in the release
oligosaccharide elicitors from the hydrolysed hyphal cell wall. With time, ttre frrngus may
breach the plant cell membrane which would result in contact with intracellular PR
proteins located in the vacuole (shoum in red). Redrawn from Mauch and Staehelin
(le8e).
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Chapter I - General ìnÛoduction

establishment of five distinct f¿miliss, named PR-l to PR-5. Newly identified PR

proteins were ascribed to these families in order of their decreasing mobility when

zubjected to native gel electrophoresis. PR proteins were also being identified in other

plants. Unfortunately this resulted in an array of different nomenclature for related PR

proteins present in distinct individual plant qpecies. EventualTy, t system which classified

PR proteins from any soruce into a frmily according to amino acid sequence, serological

relationship and/or enzymatíc activity was devised (van Loon et al., 1994). Deqpite this

advance it has been proposed that an additional six PR families (pR-6 to pR-11) be

adopted along with the five well established PR protein f¿milies (PR-l to PR-5) (van

Loon et al., 1994). These newly defined PR protein families consist of proteinase

inhibitors (PR-6) (Heitz et al., 1993), endoproteinases (PR-7) (Vera and Conejero,

1988), peroxidases (PR-9) (Lagramini and Rothstein, 1987), 'ribonucleass-like' proteins

(PR-10) (Swoboda et a1.,1994) and novel classes of chitinase/lysozSmes (PR-8 and PR-

l1) (Melchers et al., 1994; Yeboah et al., 1998). Indeed, even more f¿milies may be

adopted in the futrue as additional classes of patlogen induced proteins are characterised

(eg. Broekaert et al. (L997).

In the sections below, the characteristics of the five well established PR protein

families (PR-1 to PR-5) are briefly reviewed.

1.2.1 PR-l Family

Due to their high mobility during native electrophoresis PR-l proteins were the

focus of most earþ studies invofuing PR proteins (Gianinazzi et al., L970;van Loon and

Van Kammen, L970), ¿ftþs,,gh the first characterisation of PR-l proteins by amino acid

seque'ncing was reported much later (Lucas et al., 1985) (Table l.1). Deqpite exte,nsive

sequence similarities between the PR-l proteins from tomato and tobacco, little could be

elucidated about their biological fi¡nction. Initial experiments invofuing immunoblotting

11



Chapter I - General íntroduclion

with PR-l antibodies also revealed the existence of structuraþ related PR-l t¡pe

proteins in a wide range of plant species (Nassuth and Sanger, 1986; White et a1.,1987)

without any further clue being revealed about their possible biological frrnction.

cDNAs and genomic clones encorling PR-l proteins have been cloned from a

wide renge of plants inclurling elder berry (Coupe et al., 1997), barley (Mouradov et al.,

1993; Br¡mgelsson et al., 1994; Mouradov et al., 1994; Stevens et al., 1996), tobacco

(Hooft van Huijsduijner et al., L986; Oshimn et al., 1987; Pa5me et al., 1989; Oshima ø/

al., 1990\, tomato (Tornero et al., L994; Tornero et al., 1997), matze (Casacuberta et

al., 1991), Arøbidopsis thaliana (Metzler et al., 1991) and Medicago truncatula

(Szybiak Strozycka et a1.,1995). Sequence analysis of PR-l genes, which encode for

mature proteins of l4-L7 kDa, has revealed they do not contain introns within their open

rearling frames. Many plants contain several PR-l related sequences within their

genomes, with at least four functional genes in tobacco and three in tomato (Niderman er

al., L995). PR-1 pseudogenes are also known to exist (Pfitzrer et a1.,1991).

Tabte 1.1 - PR-1 like proteins isolated and characterised by amino acid sequencing.

@ryngelsson ef ø/.,
rge4)

15ndH or d eum v ulg ar e (barley)
leaves infected with Erysiphe
srqminis

HvPR-1a

HvPR-1b

(Lucas et a1.,1985;
Niderman øf a/.,
19e5)

I4-15yesNi c oti an a t ab ac um (tobacco)

leaves infected with virus
(TMÐ.

PR-la
PR.Ib
PR-lc
PR-le

(Lucas et a1.,1985;
Niderman ef a/.,
1ee5)

14.15yesLyc opersi c on esc ulentum
(tomato) leaves infected with
P hy t oph th or a i nfe s t an s ; also
leaves infected with viroid
(PST\N.

Pl4a
Pl4b
P14c

(Moons et a1.,1997)t6.5ndOryza sativa (rice) leaves
treated with iasmonic acid.

PR.1

ReferenceM"

(kDa)

Antifungal

activitv *
Plant species and

tissue

Protein

* yes : g¡owth inhibition of one or more fungal species in vitro', nd : growth inhibition potential not
determined or reported.
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Chapter 1 - General ìntroduction

By a combination of oDNA and protein sequencing data, it is knoram PR-l

proteins are typically qmthesised as preproteins. An N-terminal sþal peptide directs

passage of PR-l proteins through the endoplasmic reticulum, after which most of the

proteins are released by the cell into tle apoplastic space due to the lack of additional

topogenic sþals (Linthorst, 1991). However, some PR-l proteins are known to have

short C-terminal exte,nsions thought to act as sþal peptides for vacuolar targeting

(Tonrero et al., L994). Both basic and acidic PR-l proteins of tobacco appear to be

located extracelhrlarþ (Niderman et al., I 995 ).

Alexander et al. (L993) was the fi¡st to report the antifungal properties of PR-l

proteins. It was fotmd transgenic tobacco constitutiveþ expressing high amounts of an

acidic PR-l protein had an increased tolerance to Perenospora tabacina and

Phytophthora parasitica when challenged r¡nder controlled conditions. Also, Niderman

et al. (1995) found that the tlree basic PR-l isoforms from tomato and a basic PR-l

protein from tobacco had inhibitory activity against Phytophthora infestans both in irz

vitro and in vivo assays. Interestingly, the acidic PR-l proteins from tobacco were

reported to have little or no antifungal activity. Additionally, the constitutive transgenic

expression of a tobacco PR-l protein in tobacco plants resulted in no decrease in

susceptibility to infection by two different viruses (Linthorst et al.,l9B9).

Recently, it was discovered that a human pathogenesis-related protein (GliPR),

believed to play ¿¡1 important role in tumour gro\ilth, and PR-l proteins share significant

similarities (Sz¡perski et al., 1998). In particular, the tomato PR-1 protein (Plaa)

(Lucas et a1.,1985) and GIiPR share a 35%o amino acid sequence identity. By comparing

the knor¡m tlree-dimensional snrcture of P14a obtained by NMR (Fernandez et al.,

1997) to the proposed GIiPR structure, it was suggested that PR-l proteins and GIiPR

may operate according to the same molecular mechanisms, although these still remain

unknor¡rm.
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1.2.2 PR-2 and. PR-3 Families: the polysaccharide endohydrolases

PR-2 (endo-p-1,3-glucanases; classes I, II and III; van Loon et al., 199a) and

PR-3 (endo-chitinases; classes f, II, fV, V and VI; Neuhaus et al., 1996) protein families

both contain members which have been assigned enzSrmatic functions. Moore and Stone

(1972) were the first to discover the increase in p-1,3-glucanase activity of tobacco

plants when infected with TMV, however, the identification of PR-2 and PR-3 proteins

as endohydrolases was only realised later (Legrand et a1.,1987; Kautrnann et a1.,1988).

The p-1,3-glucanases hydrolyse B-1,3-glucan (poly(1,3-p-o-glucose)), whilst the

chitinases oan hydrolyse chitin þoþ(1,4-(N-aceryl-P-D-glucosamine))) into small

oligomeric subunits. Additionally, some chitinases are capable of hydrolysing

peptidoglycan present in bacterial cell walls (lysozyme activity). A large number of B-

l,3-glucanases and chitinases have been purified and characterised from a wide range of

plant qpecies, and the encoding cDNAs and genes obtained (for reviews see Meins k. et

al. (L992), Collinge et al. (1993), Railùel et al. (1993), Stone and Clarke (1993),

Beintema (1994), Graham and Sticklen (1994), Simmons (1994), IIøj and Fincher

(1995), Beff¿ and Meins Jr. (1996). The PR-2 and PR-3 families consist of proteins

which have similar molecular mâsses of approximately 25 to 35 kDa. These proteins are

located either within vacuoles or extracellularþ, depe,nding on the topogenio signal

present in the primary translation product (some have C-terminal extensions) (Linthorst

et a1.,1990; Melchers et a1.,1993).

Interestingly, the zubstrate for PR-2 proteins, p-1,3-glucan, is only present in

small quantities in planta (Stone and Clarke, L993), whilst the substrate for the PR-3

proteins, chitin, is yet to be found in highs¡ plants. Although PR-2 and PR-3 proteins

may have a role in plant development (Bucciaglia and Smith, 1994; Vögeli-Lange et al.,

1994; Dong and Dunstan, 1997), it has been widely proposed that pR-2 and pR-3

proteins play a role in plant defence, eqlecially as p-l,3-glucan and chitin ¿¡s major
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Chapter I - General introductìon

components of many frrngal cell walls (Bartnicki-Garcia, 1968; Wessels, 1993). The füst

strong indication for such a role was provided by Schlumbaum et al. (1986) when a

purified pathogen-inducible bean chitinase was demonstrated to inhibit the growth of

Trichoderma viride on agar plates. Subsequent in vitro studies found p-I,3-glucanases

pwified from pea pods to be antifirngal and furthermore, plant chitinases and B-1,3-

glucanases were demonstrated to act qmergistically to inhibit hy,'phal extension (Mauch el

al., L988). Many in vitro studies have now demonstrated the effectiveness of PR-2 and

PR-3 proteins from a number of different plants, to inhibit the growth of firngi (Roberts

and Selitrennikofl 1988; Leahet a1.,7991; Verburg and Hqmh, L99l; Hqnh et al.,

1992b; Gomes et al., 1996;Lawrence et al., L996;Anderson et a1.,1998; Sal'man et al.,

1998). Additionally, it is known specific isoforms vary in their effectiveness to inhibit

fungal growth in vitro (Sela-Buurlage et al., 1993) suggesting some PR-2 and pR-3

proteins may have roles other than the direct lysis of hlphae. A possibility is that some

isoforms are specifically invofued in the hytlrolysis of firngal cell wall polysaccharides

whilst others primarily serve to specifically induce other plant defence pathways (eg.

phytoalexin qmthesis) via the release of qpecialised glucan or chitin oligosaccharides

which have an elicitor fünction (Dixon and Harrison, 1990). If this were tle case it is

perhaps not surprising that certain fungal pathogens secrete proteins that act as inhibitors

to a qpecific zubset ofplant hydrolases oftle PR-2 family (Ham et al.,1997).

In an attempt to extend the observations on the in vitro arrrtifingal activities of PR

proteins to an in planta sce,nario researchers have produced transgenic plants that

rymthesise PR-2 and/or PR-3 proteins to a high level constitutively. Transgenic tobacco,

alfalft, carrot and oilseed rape plants expressing either plant B-1,3-glucanases

(Yoshikawa et al., 19931' Zntt et al., 1994; Jach et al., 1995; Masoud et al., 1996), or

chitinases (Broglie et al., 1991; Vierheilig et al., 1993; hu et al., 1994; Jach et al.,

1995; Grison et al.,1996;Punja and Raharjo, 1996) have indeed demonstrated decreased
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Chapter I - General introìluction

susceptibility to a number of f,rngal pathogens r¡nder controlled glasshouse conditions.

Furthermore, in an extension ofthese studies, enhanced coe4pression of chitinases and B-

I,3-glucanase in transgenic tobacco (ãu et al., 1994; Jach et al., 1995) and tomato

(Jongedijk et a1.,1995) plants demonstrated a qrnergistic effect between the transgenes

and thus enhanced protection against qpecific pathogens. The finctions of PR-2 and pR-

3 proteins have also been examined through zuppression of gene ex¡lression using

antisense technology. Thus Beffa et al. (1996) unexpectedly for¡nd that tobacco plants

with a reduced p-1,3-glucanase activity showed a decrease in disease qmptoms upon

TMV infection, along with a delayed qpread of symptoms and a lower virus yield as

compared to control plants. The transgenic plants \¡/ere proposed to have an inhibited

virus movement ¡n planta because physical barriers such as callose (p-1,3-glucans) were

less prone to degradation due to a decrease in B-1,3-glucanase activity. This led to the

tentative conclusion that PR-2 proteins may also have a role in viral pathogenesis. Using

antisense technology, Sam¿c and Shah (1994) also attempted to down-regulate chitinase

qmthesis tn Arabidopsls plants. However, suppression of chitinase expression during

fungal attack was not evident and the disease resistance of the transgenic plants was not

significantly different to that of control plants. Conclusive proof of tle direct

involvement of PR-2 and PR-3 proteins in the defence response is therefore still lacking

although on balance, such a role seems plausible.

1.2.3 PR-4 Family

Two distinct classes of PR-4 type proteins have so far been characterised from a

number of different plant qpecies (see Table 1.2). Class I proteins have molecular mâsses

of approximately 20 kDa and, through sequence similarities, have been proposed to

consist of two domains (Ponstein et al., 1994). The proposed N-terminal domain

(approx. 6 kDa) is homologous to hevein, a lectin present in the sap of ttre rubber tree,

thus some PR'4 type proteins are described as hevein-like. Indeed these proteins do
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exhibit lectin-like characters with the ability to bind chitin (Ponstein et al., 1994). It has

fufhermore been proposed that class I PR-4 proteins exhibit chitinase actwity (Neuhaus

et al.,1996), however, the en4me activity detected was extremeþ low (Ponstein et al.,

1994) and the presence sf ¿ esftaminating chitinase cannot be ruled out. The 14 l¡Da C-

terminus of the class I proteins is homologous to the smaller class II PR-4 proteins. The

frrnction of ttre 14 kDa class II proteins is unknoum although a weak atrnity for chitin

has been observed for barley PR-4 proteins (Hejgtalld et al., 19921, Ludvigsen and

Poulsen, I992b\. Furthermore, olass I and tr PR-4 proteins are highly similar to the

putative products of two wor¡nd inducible, tandemly arranged potato genes, winl md.

win2 (Stmford et al., 1989). Henoe, some researchers also refer to PR-4 proteins as

win-like.

Table 1.2 - PR-4 like proteins isolated and characterised by amino acid sequencing

* yes : gfo\¡/th inhibition of one or more fungal species in vitro; nd : growth inhibition potential not
determined or reported; no = no gfowth inhibition observed in vitro.
'Class I
b ClassII

(Hejgaard et ø1.,1992)13.7'
13.6b

L3.7b

yesHordeum vulgare (barley) grain
(CBPÐ and Erysiphe graminis
infected leaf (CBP4 and CBP5)

CBPN
CBP4
CBP5

(Svensson et sl..1992\13.70ndHordeum vulpare fbadev) erainbarwin

(Caruso et a|.,1993;
Caruso et al.,1996)

130yesTriticum aestivum (wheat) grainwheatwinl
wheatwin2

@roekaert et al.,1990;
Van Pariis et al..l99l\

20"ndHevea brasiliensis (rubber tree)
latex

Prohevein

@onstein et a1.,1994;
Hensel et a1..1997\

20"yesNi c oti an a tab qc um (tobacco)

leaves infected with virus (TMV)
CBP2O

(Joosten et al.,1990;
Linthorst et al., l99l)

13.50ndLycopersi c on esculentum
(tomato) leaves infected with
Cladosporium fulvum

PR.P2

@riedrich et al.,l99l)13.5bndNic oti ana tab ac um (tobacco)

leaves infected with virus (TMV)
PR.4

ReferenceM,
(kDa)

Antifungal
activity *

Plant species and
tissue

Protein
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cDNAs encoding PR-4 like proteins have been cloned from a wids lange of

plants inclurting tobacco (Friedrich et al., L99l; Linthorst et al., 1991; Ponstein et ø1.,

Lgg4),tomato (Linthorst et al.,l99l;Harris et a1.,1997),matze (Chevalier et a1.,1995),

elderberry (Coupe et al., 1997), Arabidopsls (Potter et al., 1993), potato (Shirras and

Northcote, 1984) and barley (Gregersen et al., 1997). Analysis of the deduced amino

acid sequences has revealed the presence of both N- and C-terminal topogenic sþals.

An N-terminal sþal peptide, alone, res,ults in PR-4 proteins being exported to the

extracellular matrix (Friedrich et al., 1991). Altemativeþ, PR-4 proteins are retained

intracellularþ, most likely in a vacuolar looation, when a C-terminal sþal peptide is also

present in the translated protein (Ponstein et a1.,7994;Hensel et aL.,1997\.

The genomes of tobacco and tomato contain two to four genes encoding PR-4

like proteins (Linthorst et al., l99l; Ponstein et al., 1994) while potato plants possibly

oontain ¿ minimum of five frrnotional genes (Stanford et al.,1989). Two wound-induced

genes that encode putative class I PR-4 like proteins in potato have been isolated and

shovrm to contain one intron (Stanford et al., 1989). No class tr PR-4 encoding genes

have been cloned from any source.

The chitin-binding activity of some PR-4 proteins suggests they may play an

antifrrngal role (see Table 1.2). Both class I and II PR-4 like proteins from tobacco,

barley and wheat do indeed diqplay antifi,ngal activity in in vitro studies (Hejgaard et al.,

1992; Ponstein et al., 1994; Caruso et al., 1996). Barley PR-4 proteins exhibited

antifnngal activity against Trichoderma harzianum, aî activity which was enhanced in a

qmergistic fashion when mixed with PR-3 or PR-5 proteins (Hejgaard et al., lgg2).

Similarly, Ponstein et at. (1994) demonstrated that the tobaoco PR-4 protein CBP20

alone inhibited the growth of the ñrngal pathogen Trichoderma viride whilst its

combination with tobacco chitinase or B-1,3-glucanase led to syrergistic inhibition of

Fusarium solani md Alternaria radicina growth in vitro.
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The three-dimensional structure of barwin, a class II PR-4 gpe protein from

barley, has been solved using NMR (Ludvigsen and Poulsen, I992b). A globular fold of

tle peptide backbone was observed and identified as a potential binding site for chitin but

binding studies revealed affinities to be weak. The exact role of PR-4 proteins tlus

remains unknor¡rm.

1.2.4 PR-S Family: the thaumatin-like, osmotin and permatin proteins

PR-5 proteins exùibit molecular masses tpicaþ in the 20 to 30 kDa rânge.

Members of this protein family have been assigned roles in: defence against plant

pathogens, osmotic stress (Singh et al., 1987), development (Neale et al., L990;

Kuboyama et a1.,1997; Sassa and Hirano, 1998) and even freezing tolerance (Hon et al.,

1995). PR-5 proteins are often classified as thaumatin-like proteins as they exhibit

extensive amino acid sequence identity to thaumatin, a sweet tasting protein present in

the fruit of the African shrub Thaumatococcus daniellii (van der Wel and Loeve, L972;

Conrelissen et al., f 986a). An alternative desigrration of PR-5 family members is that of

osmotin-like. Osmotin, a protein originally purified from salt stressed tobacco plants

(Singh et al.,1987; Si"gh et a|.,1989) exhibits >50yo positional identity to several PR-5

proteins. Finally, due to a proposed fingal membrane permeabilising activity originally

suggested by Roberts and Selitrennikoff(1990), PR-5 protein members have also been

referred to as permatins (Vigers et al.,l99l).

PR-5 proteins have been purified from mâny plants (Table 1.3), and numerous

oDNA and genomic sequences encoding these proteins have been cloned. Information

obtained from mature protein and oDNA sequences reveals the possibility of two

topogenic sþals within the primary translation product. As seen for other PR protein

fu-ily members, a transient N-terminal peptide exists for PR-5 proteins. This directs the

19



Chapter I -General introduction

protein to the extracellular matrix, unless a second C-terminal peptide is present to target

the protein intracellularþ, usuaþ to the vacuole (Melchers et a1.,1993).

Table 1.3 - PR-5 like proteins isolated and characterised by amino acid sequencing

(Salzman et al.,1998)27yesVi ti s I qbrus c an a (American
erapevine) fruit

GO

(Hu and Reddy, 1997)23yes (ATLP3)Arabidopsis thaliana cDNAs
exþressed inE. coli

ATLPl
ATLP3

@orgmeyer et al.,
19921' Arølovar et al.,
1998)

25yesLinum usi tatissimum (flax)
seed

Linusitin

(Vu and Huynh, 1994)27yesDi ospyros texan q (persimmon)
fruit

2l lÐa
protein

(van der Wel and
Loeve, I912;Iyengar
et a1.,1979; Vigers ef
al.. I99L\

22yesThaumatococ c us dani ellii
(ketemfe berry) fruit

Thaumatin
(isoforms
T0, TI and
TII)

$inget a1.,1988;
Woloshuk et al.,I99l;'
Pressey, 1997)

24yesLyc opersi c on es cul entum
(tomatQ fruit, also leaves

infected with Phy t oph th or a
infestans NP24 I)

NP24
(isoforms I
and II).

(Hejgaard et al.,l99I)23yesHordeumvulgare (barlÐ
sfatn

BP-R
BP-S

(Vigers et al.,l99l)22yesTri ti cum ae s tiv um (wheat)

sfatn
Trimatin

(Roberts and
Selitrennikoff, 1990;
Vigers et al.,l99l;
Batalia et a1..1996\

n',yesZea mays (maize) seedsZeanatin

(Singh et al.,1987;
Singhø/ aI.,1989;
Stintzi et al.,I99l;
Woloshuk et al.,I99l;
Vigers et a1.,1992;
l+bad et al.. 1996)

24yesNi c oti an a t ab ac um (tobacco)

cultured cells (NaCl stressed),

also leaves infected with
Phytophthora infestans or virus
(TMÐ

Osmotin
(isoforms I
and II).
Osmotin II
also known
as þ'Y24.

lCheons et ø1.-1997a\28YesCucurbita sp. (Þumpkin) leavesPLTP

(Koiwa et a|.,1994,
Koiwa et a1.,1997)

25yesNi c oti an a t qb ac um (tobacco)

cultured cells
PR-5d (also
known as

OLP)

(Cheong et al.,1997b)27yesBrqssi c a c ampes tris fl ower
buds

BFTP

ReferenceM"
(kDa)

Antifungal
activity *

Plant Species and
tissue

Protein

* y", : g¡owth inhibition of one or more fung¿l species in vitro.
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@ave andMitra
1998)

331ndAr ach i s hypog a e a (groundnut)
leaves

AHCSF{I3

(Sassa and Hirano,
19e8)

321ndPyrus serotinø (Japanese pear)
flower styles

PsTLI

(Kuboyama ef ø/.,
re9't)

391ndNi c o ti an a tab acum (tobacco)
flower stigmas

SE39b

(Yen et al.,1994)241ndMesembryanlhemum
crystallinum (common ice
plant) callus

SRgp24

(F1ts-Lycaon et al.,
1996;Inschlaget al.,
19e8)

23noPrunus øuiurz (cherry) fruitPru a 2, also
known as

CIITL

(Hon ef al.,1995)16 and
25

ndSecale cereale (Winter rye)
leaves

Rye TLs
(Graham et al.. L992\2lndGlycine r¡ar (soybean) leavesnt

@delbaum ef a/.,
leel)

,,,,ndNi c oti an a tab acum (tobacco)
leaves infected with virus
(TMÐ

w22

@ryngelsson and
Green, 1989)

19ndHordeum vulgare (ba¡lÐ
leaves infecte d tvirth E rysi ph e
gramtnts

Hv-1

(Trudel et al., L998)l9
l6
l5

ndH ord e um v ulg ar e (barley)
leaves treated with silver
nitrate

IFW 19

IFW 16

IFW 15

@erpoint et al.,1990)2tndS o I an um tub er os um (poøto)
salicylate treated leaves

Protein C

@odrigo et al.,l99la)23ndLy c opersi c on e s c ul entum
(tomato) leaves infected with
viroid (CEÐ

n3

@ichardson ef a/.,
I987;Huynh et al.,
I992a\

),)yesZea mays (maize) seedsMAI

(I(auffmann er a/.,
1990- Yigers et al.,
r992)

24yesNi c o ti an a tab acum (tobacco)
leaves infected with virus
(TM\¡)

PR-S

Qvlalehom et al.,
r9e4)

22yesZea mays (maize) cDNA
expressed in tomato,
Arabi dopsis th q li an a arrd
insect cells

A,P

ReferenceM"
(kDa)

Antifungal
activity*

Plant Species and
tissue

Protein

Table 1.3 continued

* yes = g¡owth inhibition of one or more fungal species in vitro; nd : growth inhibition potential not
determined or reported; no = no gowth inhibition observed in vitro.

![protein possibly modiñed by glycosylation.
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There appears to be at least six genes encoding PR-5 isoforms in some plant

genomes (hu et al., 1995; Loulakakis, I997a). Notably, no introns exist within any of

the PR-5 genes so far characterised (van Kan et al., 1989;Nelson et al., 1992;hv et al.,

1995). Various putative promoter sequences controlling PR-5 gene e4pression in both

pathological and other stress situations have been studied using transgenic constructs and

through this critical elements have been identified (Albrecht et al., 1992; Kononowicz ¿l

al., 1992; Nelson et al., 1992; Raghothama et al., 1993; fuu et al., 1995; Sato et al.,

1ee6).

PR-5 proteins impede the growth of a wide range of firngal patlogens in vitro

(see Table 1.3). Additionally, a qmergistic effect can occur when PR-5 proteins are

mixed with members of other PR prote¡1 f¿milies (Hejgaard et al., l99l; Hejgaard et al.,

1992; Lorito et al., 1996\ or other components known to affeot firngal oell

walls/membranes (Roberts and Selitrenniko$ 1990; Vigers et al., l99l; Lorito et al.,

1996). Liu et al. (I99\ and.fuu et al. (L996) demonstrated that transgenic tobacco and

potato plants constitutively e4pressing high levels of osmotin showed an increased

tolerance to the frrngal pathogen Phytophthora infestaru. Conversely, Liu et al. (L994)

found that transgenic tobacco plants with enhanced levels of osmotin diqplayed no

change in the development of disease rymrptoms when challenged vnth Phytophthora

parasitica, even though in vitro inhibition was observed with the purified osmotin. The

basis for these apparentþ contradictory results is not yet understood. Furlhermore,

transgenio tobacco constitutiveþ expressing a PR-5 protein showed no sþs of increased

resistance to virus infection (Linthorst et a1.,1989).

The mechanism by which PR-5 proteins cause lysis of frrngal hyphae and qpores,

in vitro, is not firmly established. The PR-5 proteins from malz;e seed (Roberts and

Selitrennikofl 1990; Batalia et al., 1996), tobacco (Abad et al., 1996) and flax seed

(Anzlovar et al., 1998) are proposed to somehow permeabilise frrngal membranes and
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Chapter 1 - General introdttction

induce oytoplasmic leakage. Apart from permeabilising fungal membranes, there is

evidenoe that severaf but not all, thaumatin-like proteins bind B-1,3-gluoans (Trudel øl

at., 1998). Likewise, it has been zuggested PR-5 proteins have the ability to bind actin

(Takemoto et a1.,1997) and to act as a receptor for other unknown ligands (Wang et al.,

1996). It has also been reported that a PR-5 like protein from maize seeds possesses c[-

amylase/tr¡psin inhibition activity (Richardson et al., 1987), however, no such activity

has been demonstrated for the near identical maize seed protein, zeamatin (Vigers et al.,

1991; Batalia et al.,1996). The three-dimensional crystal structures of three PR-5 like

proteins, thaumatin (from Thaumatococcus daniellii) (IGm et al., 1988; Ogata et al.,

1992; Ko et al., 1994), zeamatin (from Zea mays) (Batalia et al., 1996), and PR-5d

(from Nicotiarn tabacum) (Koiwa et al., 1999), have been solved by protein

crysaltography. Anaþsis of these structures does reveal the presence of a pronounced

cleft, the fi¡nction of which still remains to be elucidated although it clearþ is compatible

with the binding of large molecules.

1.2.5 PR proteins of the ZÍlÍs species

Initial sfudies on PR-like proteins in grapevine focussed on factors influencing p-

l,3-glucanase activity. Clarke and Stone (1962) were the first to report p-l,3-glucanase

activity in the xylem and phloem of V. vinifera carrcs. They hypothesised the B-1,3-

glucanase activity to have a role in the removal of dormancy callose although their

res,ults revealed there we¡e no significant differences in total B-1,3-gluoanase activity

between dormant and activated canes. In a subsequent study, Hawker et al. (1974)

showed that B-1,3-glucanase activity gradually increased in leaves during the growing

season but also that B-1,3-glucanase activity was not induced in grapevine leaves

infected with a qpectrum of viruses causing leafroll, yellow speckle, fleck or fanleaf

symptoms.
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Chapter I - General introduction

Since the commencement of this study in April 1995, there have been many

papers dealing with grapevine proteins homologous to members ofthe PR-2, PR-3, PR-5

and PR-8 families. Firstly, as many as t¡irteen chitinase isoforms may exist in healtþ,

wounded, and salicylic acid treated grapevine tiszues (Derckel et al., 1996). Chitinases

have also been detected in cell cultures (Deloire et al., 1996; Busam et al., I997),leaves

infected by various firngal pathogens, and leaves treated with chemical and firngal

elicitors (Busam et al.,1997). A chitinase has also been purified from mature berries and

identified by amins acid sequencing as a class [V chitinase (Derckel et al., 1998). This

chitinase has extensive homology to a 32 kDa wine haze-associated protein (Waters e/

a1.,1996; Waters et a|.,1998) and to two ripening induced berry chitinases (Robinson el

al., L997). Moreover, chitinases are now knor¡rm to be abundant constituents of mature

Vitis labruscana L. berries (Sal-man et al., 1998). Secondly, B-1,3-glucanase like

proteins have been detected in cell cultures (Deloire et al., 7996), Botrytis cinerea

infected and salicylic acid treated leaves (Renault et al., 1996), and two partial cDNAs

encoding different isoforms have been cloned (Kraeva et al., 1993). Finally, a oDNA

encoding a thaumatin-like protein has also been isolated from cell cultures (Loulakakis,

1997a; Loulakakis, 1997b) which is homologous to a previousþ characterised wine

haze-associatedprotein (Waters et al.,1996). Also, in avery recent fidy, a tlaumatin-

like protein was purified from mature V. Iabruscarn berries (Salzrnan et al., 1998). As

most of the above developments occurred zubsequent to experimentation described in

this thesis, and indeed subsequent to publication of some of the results reported herein

(Tattersall et al., L997), relevant discussion and reference to tlese papers will be given in

the following chapters.
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Chapter I - General introduclion

1.3 Aims of this study

Deqpite the ubiquitous presence of PR proteins in plants, and notwithstanding the

hundreds of reports describing aspects of their properties, the exact role of PR proteins

in plant development or defence, and their mode(s) of action remain largeþ unknor¡m.

Initial rezults from this study, and other research (Waters et al., L996), indicated that PR-

like proteins are highly abundant in the grapevine berry. This observation not only

presented an opportunity to firther define the role of PR proteins in plant fi¡nction but

also had clear technical implications for viticulture and winemaking. Understanding

whetler different management practices have an impact on tLe accumulation of tlese

proteins, and whether ttris in tum can modulate pathogen resistance of the vine is of great

practical importance, as is the definition of individual PR protein firnctions. Further

insights in these areas may in tum facilitate the development of superior ways of

stabilising wine therefore avoirling the formation of wine haze with a minimum ef

intervention.

The general aim of this study was to develop molecular tools to define the

complement ofprominent PR-like proteins n V. vinifera berries and to carefully examine

their accumulation during development of the fruit from flowering to berry maturity.

Specific aims of the project were to:

purify and identify abundant PR-like soluble juice proteins (Chapter 2)

obtain and characterise the cDNAs encoding the above proteins (Chapter 3)

use Northem and Westem blot analyses to define the tissue-qpecific and temporal

expression pattern of the cloned genes encoding these proteins (Chapter 4)

examine the potential antifirngal properties of these proteins in vitro (Chapter 5).

a

a

a

a
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CHAPTER2

Purification and identification of four prominent

berry PR-like proteins
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Chapter 2 - PuriJìcation ofberry PRJike proteins

2.L Introduction

For over a decade, the small number of berry-derived proteins that are associated

with white wine haze have been knor¡m to have relatively low moleculâr massss (-12 to

30 kDa) and isoelectric points (-4.1 to 5,8) (Hsu and Heatherbell" 1957a). This study

was undertaken to gain a better understancling of the properties, qmthesis and firnctions

of these proteins within the berry. As found in wine, soluble be.ry proteins in juice are

relatively abundant, and few in number. Indeed, the protein semposition of a juice and a

wine made therefrom are highly similar. Accordingly, berry juice provided the ideal

source from which soluble grape proteins that persist througb the winemaking process

could be purified readily.

The initial step for this examination involved the purification of four prominent

proteins from Muscat of Alexandria berry juice tlat were to be the subject of further

detailed characterisation. The purified proteins, as judged by SDS-PAGE, included a

major and a minor 24 kDa protein, a 13 kDa protein, and a 28 kDa protein. As

described in the following chapter, protein sequencing revealed the major 24 kDa protein

(named WTLI), and minor 24kDr protein (named WTL2), to be thaumatin-like (PR-

5 like) proteins. Additionally, the partial amino acid sequence of the 13 kDa protein

(named WPR-4a) exhibited high homology to known PR-4 like proteins, and the partial

amino acid sequence of the 28 kDa protein (named WCHIT) suggests it may be a

chitinase (PR-3 like). Since the commencement of this sdy, foru prominent proteins

have been purified from a Muscat of Alexandria wine (Waters et al., 7996;Waters et al.,

1998). Examination of the partial amino acid sequences of tle soluble wine proteins

reported by Waters et al. (L996) reveals that they are higbly similar, if not identical to

that ofthree berry PR-like proteins characterised here (wTLl, wTLz and WCHIT).
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Chapter 2 - PuriJication of berry PR-lìke proteins

2.2 Materials and methods

2.2.1 Protein purification

Ammoníum sulfate precípítatíon and aníon uchange fractíonatíon of soluble juíce

proteíns

Approximately 2L ofjuice from Muscat of Alexandria berries (BRL Hardy Berri

Estate, Australia or Alverstoke vineyard, The University of Adelaide) was subjected to

(NII+)zSOa fractionation. (NII¿ÞSO¿ \ryaS added to 80% saturation and stirred ovenright

at 4"C. The pellet obtained after centrifugation (10,0009 for 30 min, 4oC) was

extensively dialysed at 4oC against 20 mM Tris-HCl pH 8.0 befo¡e loading onto a 1.5 x

16 cm Q-Sepharose column (Pharmacia, Sweden) equilibrated witl the above buffer.

Proteins were eluted with a linear 0 to 0.35 M NaCl gradient (in equilibration buffer)

over 33.3 h, at a flow rate of 30 mt per h. Fractions of 8 mI were collected and those

containing prominent 24kDa proteins (WTLI: fractions 9-13;YYTL2: fraøions 19-

22), a, 13 kDa protein (WPR-4a: fractions 35-39), and a 28 kDa protein (WCHIT:

fractions 43-47), as judged by SDS-PAGE were individuaþ pooled, concentrated to

approximately 4 mT, and exchanged into respective buffers (as described below), by

ultrafiltration using a Diaflo YM 10 (WTLI, WTLZ, VVCHIT) or YM3 (WPR-aa)

membrane (Amicon, USA).

WTLI, VWR-4a and WCHIT puríficøtion by gelfiltrøtion chromatography

WTLI, WPR-4a and WCHIT (in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl)

were then individually loaded onto a Superdex 200 Hiloadru 26160 column (Pharmacia,

Sweden), equilibrated in the same buffer, and chromatographed using a flow rate of 100

mr per h. Fractions (4 mL) senl¿ining either wTLl, WPR-4a or WCHIT were
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Chapter 2 - PuriJìcation of berry PRJike proteins

identified, pooled and concentrated as above. WPR-4a was rechromatographed on the

Superdex 200 tliloadrM 26160 column until other contaminating ptoteins could not be

detected by SDS-PAGE.

WTL2 purífication by cation uchange chromatography

Iy'VTLZ (in 20 mM formic acid, pH a.0) was loaded onto a SP Sepharose

Hiloadru 26110 cation exchange column (Pharmacia, Sweden) equilibrated with the same

buffer, and eluted with a linear 0 to 100 mM NaCl gradient (in equilibration buffer) over

6.67 h, at a flow rate of 150 mL per h. Fractions of I mT were collected and tÏ.ose

containing a 24 kDa protein, which was judged to be pwe by reverse phase HPLC (as

described below), were pooled.

Proteín yíeld ønd purìty

The yield of essentiaþ pure protein was approximately 30 mdL,2 mglL,2 mg/L

and lDmglL of juice (Alverstoke vineyard) for WTLI, WTL2, WPR-4a and

WCHIT, reqpectively.

The pruity of WTLI, VVTLZ, WPR-4a and WCHIT was finally assessed by

reverse phase IIPLC using a Beckman System Gold apparatus (128 diode array detector

module, 126 pt'mps, 5078 autosampler) and Gold Noveau software. An equal volume

of denaturing buffer (6.0 M guanidine hydrochloride, 0.1 M Tris-HCl, pH 7.6, l mM

EDTA) was added before proteins were applied to a Cs column (4.6 x 250 mm, Vydac,

USA) equilibrated in butrer A (0.1% TFA) and operated vvith a flow rate of 0.6 mllmin.

The coh¡mn was washed for 5 min with buffer A followed by a linear gradie,nt of 0 to

l00o/o buffer B (80% (v/v) CH3CN, 0.085% (v/v) TFA) developed over 60 min at the

same flow rate.
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Chapter 2 - Purífcøtion of berry PRJikc proteins

2.2.2 SDS.PAGE

Loading buffer (final concentration of 60 mM Tris-HCl, pH 6.8, 2% (w/v) SDS,

8% (vlv) glycerof 100 mM DTT, 0.001% bromophenol blue) was added and proteins

then incubated at 80oC for 2 rr.in before resolution by SDS-PAGE in 12.5% (w/v)

(50:1.35; acrylamide:bisacrylamide) Tris-glycine gels (Fling and Gregerson, 1986) or

16% (wlv) (32:L; acrylamide:bisacrylamide) Tris-tricine gels (Schägger and von Jagow,

1987). Post electrophoresis, gels were stained (0.1% (w/v) Coomassie Brilliant Blue R-

250 (Sipa, USA), 40% (vlv) ethanol 7% (vlv) acetic acid) at approximateþ 60"C for

30 min and then destained (20% (v/v) ethano\ 7% (v/v) acetic acid). Gels were

preserved by drying between cellophane sheets (Biorad, USA) which had been

previousþ soaked n 50% (v/v) etlanol.

2.2.3 Protein digestion, acid hydrolysis and sequence analysis

Prior to proteolytic digestion, WTL1 (-400 ¡rg) was denatured by TCA

precipitation as follows. Essentially, ice cold TCA (60% (w/v) was added to a final

conce,ntration of l0% (w/v) before a 15 min incubation on ice followed by centrifugation

(12,0009, 15 min). The pellet was washed twice with ice cold etlanol:ethyl acetate (2:l

v/v) before resuspe,rsion in 50 pL of 6 M Urea, 50 mM Tris-HCl pH 8.0 and 5 mM

DTT, incubated at 60oC for 30 min, and then diluted with 3 vol of 25 mM Tris-HCl, pH

7.7 ard 1 mM EDTA. WTL1 was either digested with endoproteinase Glu-C

(Promega) or endoproteinase Lys-C (Promega, USA), which was added at a final ratio

of substrate to protease of approximately 20:.1 (w/w). Digestions were performed at

37"C for 42 h. Before proteollic digestion of WPR-4a (-100 pg) by e,ndoproteinase

Lys-C, essentially as described above, and acid hydrolysis of WTLI (-l mg), both

proteins were reductiveþ aþlated with iodoacetamide as described previously (Høj et

al., 1987). Acid hydrolysis of WTLI was performed n 70% (v/v) TFA (IIPLC grade,

Pierce, USA) at 40oC for 20 h and terminated by addition of 10 vol of I{zO before
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Chapter 2 - PuriJìcation ofberry PR-lihe proteíns

vâcuum concentration. Peptides generated by endoproteinase digestion and acid

hydrolysis were purified by reverse phase IIPLC essentially as described in Section 2.2.I

except peptides were eluted with a gradient of 0 to 75Vobr¡trer B developed over 125

min. Collected peptides were then subjected to sequencing as described below.

WCHIT (-100 pg) was resupended in 150 prl, of reaction buffer (100 mM NaHzPO¿,

pH 8, çe¡1¿ining 10 mM EDTAI 5 mM DTT, 5% (vlv) glycerot 1 M urea) before

incubation with 5 pg pyroglutam¿te aminspsplidase (Boeliringer Mannheþ Germany)

at 4"C for 18 h, then 25"C for 4 h. The WCHIT reaction mixture was then

concentrated and buffer exchanged with an [Iltrafree MC 10 filter unit (Millipore, USA)

before sequencing as described below.

Proteins and peptides were sequenced using an autom^ated Edman G10004

protein sequencer (Hewlett-Packard, USA), by Neil Shirley and Jelle Lahnstein

(Department ofPlant Science, The University of Adelaide).

2.2.4 Protein database analyses

Amino acid sequences were sompared to known sequences \¡iithin the GenBank

database via the BLAST suite of progtams (Altschul et al., 1990). Access to the

GenBaxk database and related analysis programmes \¡rlas provided by the Australian

National Genomic Information Service (ANGIS), located at The University of Sydney.
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2.3 Results

2.3.1 Polypeptide pattern of berries, juice and wine

When berry proteins are extracted using protective butFering agents and analysed

by SDS-PAGE, a very complex pattem of proteins ranging from less than 10 kDa to

greater than 100 kDa is evident (Figure 2.1, lane I). By contrast, when juice is

e4pressed in the absence of protective agents, a very simple pattern of poþeptides is

visible (Figure Z.|,lane 2) indicating a selective extraction of soluble, relativeþ low

molecular mass components has taken place. From previous studies it is kno'¡m that

tlese proteins are associated with wine haze (Hsu and Heatherbelt 1987a; Waters et al.,

1995a).

The poþeptide pattems of both Muscat of Alexandria juice and wine consist

m¿inly of relatively low molecular rnâss ssmponents in tle range of approximateþ 20 to

30 kDa (Figure 2.1). Additionally, less abr¡ndant polypeptides ranging in molecular

masses from 13 kDa to approximately 60 kDa are observed. Most, if not a[

poþeptides observed in the Muscat of Alexandria juice and wine are consistently

reported to be present in the juices and wines from many different varieties and locations

(H2 and Heatherbe[ 1987a; Murphey et a1.,1989; Waters et al., 1991; Yokotsuka el

al., 1997; Pueyo et al., 1993; Dorrestein et al., 1995; Santoro, 1995). Reported

compositional differences may be accounted for by variations in analytical metlods zuch

as SDS-PAGE techniques. This is exemplified when the same juice proteins are analysed

by Tris-tricine (Figure 2.lA) and Tris-glycine (Figure 2.18) SDS-PAGE.
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Figure 2.1 The complement of soluble proteins in grape juice and wine are
highly similar and represent only a small subset of total proteins present in the
berry. (A) Tris+ricine SDS-PAGE was used to analyse protein extracted from Muscat
of Alexandria berries by boiling in SDS-PAGE loading buffer (betry), (NI{4)rSO4
preoipitated juice (uice) and wine protein (wine). Berries were obtained from the
Alverstoke vineyard (The University of Adelaide), juice from BRL Hardy Berri Estate,
and the wine protein was a gift from Dr F,ltzabeth Waters (The Australian 'Wine 

and
Research Institute). M,, Moleulal mass standards. (B) Tris-glycine SDS-PAGE
analysis of the same juice proteins analysed in (A) illustrates the variations in apparent
molecular mass estimates of poþeptides obtained when using different SDS-PAGE
techniques.
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Chapter 2 - Purification of berry PRJike Proteins

2.3.2 Purification of four soluble juice proteins

As a first step in the understanding the biochemistry of some of tÍ.e principle

protein components of a Muscat of Alexandria juice, and hence wine, four prominent

poþeptides were purified to apparent homogeneity. The molecular masses of these

po\peptides, as judged by Tris-tricine SDS-PAGE, were 24 (2 poþeptides - a major

and a minor form), 13 and 28 kDa. The purification of the major 24 kDa po\peptide,

and 13 and 28 kDa poþeptides was readily achieved from clarified juice, using

ammonium sulfate precþitation followed by anion exchange (Figure 2.2) and geI

filtration chromatography (Figure 2.3). All tlree poþeptides appeared to have been

purified to homogeneity following the final ror¡nds of gel filtration chromatography. The

minsl 24 kDa poþeptide \¡/as purified as described above except, following anion

exchange chromatography (Figure 2.2), ttre poþeptide was subjected to cation

exchange chromatography (Figure 2.4) before apparent homogeneity was achieved. The

purification of all poþeptides was monitored by SDS-PAGE (Figure 2.5) md reverse

phase I{PLC (Figure 2.6).

The majority of soluble juice proteins bound to an anion exchange column (pH

8.0) and were eluted with less than 150 mM NaCl (Fig¡lre 2.2). Several major peaks of

protein were resolved, meny soafaining two or more poþeptides. This res,ult was

consistent with the two-dimensional PAGE study of Hsu and Heatherbell (1987a) where

up to 25 different poþeptides v/ere for¡nd in Gewtir¿raminer and White Riesling juice,

the majority with a low pI (4.1 to 5.8), and the outcome similar to that obtained by

Waters et al. (1995) when Muscat of Alexandria wine was subjected to anion exchange

chromatography. The anion exchange fractions (Figure 2.2) contaned a major 24 kDa

poþeptide (fractions 9-13), a minor 24 kDa poþeptide (fractions L9-22) eluting at

lower salt concentration, and a later eluting 13 kDa pollpeptide (fractions 35-39) and 28

kDa poþeptide (fractions 43-47).
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Figure 2.2 Separation of soluble grape juice proteins by anion exchange chromatogrâphy. (A) Proteins bor¡nd to
the Q-sepharose colunm were eluted by a linear NaCl gradient and monitored by absorbance at 280 nm (B) Aliquots (20
pL) of every second eluted fraotion (8 mL) were analysed by Tris-glycine SDS-PAGE md protein visualised by Coomassie
brilliant blue. Fractions esal¿ining major and minor 24 kDa pol¡'peptides, and 13 lùa and 28 kDa poþeptides, which
were the subject of fruther investigation, are highlighted. Clarified Muscat of Alexandria juice (iuice protein), (NII4)rSO4
precipitated juice protein (precþitated juice protein), protein which failed to bind to the column (unbound), and protein
which eluted fromthe column after a 350 mM NaCl wash (NaCl wash) are shor¡m. M,, Moleculâr mass standards.
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Chapter 2 - Purification of berry PRJihe proteins

The majsl 24Ða poþeptide, and 13 
^nd28 

kDa polypeptides were zubjeoted

to further pruification by gel filtration chromatography. All three proteins behaved as

monomers (Figure 2.3). Interestingly, the 24 kDa poþeptide was estimated to have a

considerably smaller molecular mass of 16 kDa when its elution volume was compared to

that ofprotein standards. This zuggests one of two possibilities. Firstly, the po\peptide

may have a very compact structure, or secondly, even in tle presence 150 mM NaCt ttre

po\rpeptide rnay have interacted with the column måtrbq which consisted s¡slsssJinked

agarose (a complex range of polysaccharide chains having altemating 1,3-a- and 1,4-p-

linkages) and dextran (1,6-a-D-glucan).

SDS-PAGE (Figure 2.58, lane 3) and reverse phase I{PLC analysis (results not

shounr) revealed the pooled 'minor 24 kDa poþeptide' fractions from anion exchange

chromatography (Figure2.2) contained two 24 kDa poþeptide qpecies. The N-terminal

âmino acid sequence (NHr-Ala-Thr-Phe-Aqp-tre-Leu-Asn-Lys-X-Thr-) of the less

abundant qpecies (Figure 2.4) was identical to that of the '-ajor 24 kDa po\peptide' (as

described below). The 'minor 24 kOa pollpeptide' of interest was purified by cation

exchange chromatography which enabled its separation from ttre less abundant 'major 24

kDa poþeptide' qpecies (Figure 2.4).

2.3.3 Identification of juice proteins as PR-like proteins

The N-terminal sequences of tle purified major 24kDa pollpeptide (NI{r-Ala-

Thr-Phe-Asp-Ile-Leu-Asn-Lys-X-Thr-), and min or 24 kDa p ollp eptide (Nrrr-Ala-Thr-

Phe-Asr-Ile-Gln-Asn-His-X-Ser-), are identical to that of major wine haze-associated

proteins isolated by Waters et al. (1996). These proteins are homologous to thaumatin,

an immensely sweet protein (105 times sweeter than sucrose on a molar basis) for¡nd in

the arils of the ripe fruits of Thaumatococcus daniellii (van der Wel and Loeve, L972), a

West African shrub. Therefore, the maj6¡ 24 kDa poþeptide was named WTLI (for

[itis yinifera$avmatin-like protein 1; Tattersall et a1.,7997), and similarþ the minor 24
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Figure 2.3 The major 24 kDa polypeptide, and 13 and 28 kDa soluble juice
potypeptides behave as monomers when subjected to gel filtration. T\e 24, 13 and
28 kDa poþeptides, judged to be essentiaþ pure by SDS-PAGE, were applied to a

Superdcx 200 Hiload column and elution monitored by absorbance at 280 nm. (A)
Elution volumes were compared to that of protein standards (Pharmacia, Sweden) and
(B) the log M, values vs elution volumes were graphed. T\e M, standards (M shown in
parentheses) were as follows: BD, blue dextran (>2,000 Ðu); Cat, catalase (232 Ðu);
Ado, adolase (158 Ðu); Alb, bovine serum albumin (67 kDa); Ova, ovalbumin (43
1ùa); Chy, ch¡rmotrypsin A(25 Ðt); Rib, ribonuclease A(13.7 kDa).
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Figure 2.5 SDS-PAGE analysis of the purification steps of four polypeptides
from juice. (A) SDS-PAGE analysis of juice (lane 1), precipitated juice protein (lane
2), pooled anion exchange fractions containing the 'major 24 kÐa poþeptide' (lane 3),
and pooled gel filtration fractions containing the 'major 24 lÐa polypeptide' (lane 4).
(B) SDS-PAGE analysis of juice (lane l), precipitated juice protein (larc 2), pooled
anion exchange fractions containing the 'minor 24 kÐa poþeptide' (lane 3), and pooled
cation exchange fractions ç66¿ining the 'minor 24IcJ.a poþeptide' (lane 4). (C) SDS-
PAGE analysis of juice (lane l), precipitated juice protein (lane 2), pooled anion
exchange fi'actions containing the'13 kDa poll,peptide'(lane 3), pooled fir'st round gel
filtration fractions ç6ft¿ining the'13 kDa poþeptide'(lane 4), and second round gel
filtration fractions s6nf¿ining the '13 kDa poþeptide' (lane 5). (D) SDS-PAGE
analysis of juice (lane 1), precipitated juice protein (lane 2), pooled anion exchange
fractions containing the '28 kDa poþeptide' (lane 3), and pooled gel filtration fractions
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Figure 2.6 Major and minor 24 kDa polypeptides, and 13 and 28 kDa
polypeptides elute as single peaks when subjected to reverse phase HPLC.
Approximately 25 ¡rg of the (A) major 24 kDa, (B) minor 24 kDa, (C) 13 kDa, and (D)
28 l¡Da polypeptides were applied to a Cs column and then eluted with a 0 to 80% (v/v)
aoetonitrile gradielrt developed over 60 min as described in the Materials and Methods.
Approximate retention times are shor¡m.



'major
24 kDa polypepride'

40.0 min

A
1000

500

d'0"n,

0

frA,no,n

0

c
?50

500

m4,0".

250

D
500

d,o^n

25 so
mtnutes

25 so
mtnutes

25 50
mlnutes

0 75

15

75

B
750

500

250

0

0

250

0

0

44.5 min

'minor
24 kDa polypeptide'

36.5 min

'13 kDa poþeptide'

55.0 min

'28 kDa polypeptidel

25 so
mtnutes 75

40



Chapter 2 - Purifcation of berry PRJìke proteins

kDa po\,peptide was named vyrLZ The N-terminal sequence of wrl2 (Figure

2.71') also reveals tlat it is lrlgnry similar, if not identical to a V. vinifera (w Sultana)

protein (WOSMI) encoded by a oDNA isolated from cell culture (Loulakakis, 1997b).

Interestingly, it is known that WTLI (Peng et al., 7997), and other thaumatin-like

proteins tested (Singh et al., 1987; Roberts and Selitrennikofi, 1990; Fils-Lycaon et al.,

1996) lack any sweet characteristics detectable by humans.

To frrrther characterise WTLI, proteolytic digestion was undertaken. Initial

attempts to digest this protein confrmed its inherent resistance to proteolytic digestion

as inferred from its survivâl during winemaking procedures. Indeed, deqpite the use of

strong denanuing agents and carboxSmethylation, WTL1 resisted complete digestion by

both endoproteinase Lys-C and endoproteinase Glu-C (results not shoram).

Nevertheless, following reverse phase I{PLC separation of the peptides prese,lrt in the

digestion mixtures, two pure peptides were obtnined and their sequences determined.

(Peptides I and 2, Figure 2.7A). Major similarities of tlese internally located WTL1

peptides to other PR-5 like proteins were for¡nd when a database search was performed.

When the WTL1 peptide sequences were aligned with highly homologous PR-5 like

proteins (Figure 2.7A), it was apparent that sequence towards the C-terminus of WTL1

had yet to be obtained. To overcome this lack of seque,nce, reductiveþ aþlated

WTLI was initially zubjected to limited acid hydrolysis in TFA. Subsequently, a short

peptide was purified by reverse phase HPLC and sequenced (Peptide 3, Figure 2.7A).

The protein data presented in Figure 2.7A proved sufficient to enable the design of

degenerate oligonucleotide primers and the eventu¿l slsning of a WTLI encoding

oDNA (see Chapter 3).

To determine the identity of tle purified 13 kDa poþeptide it was firstly

zubjected to Edman degradation. No N-terminal sequence was obtained, indicating that

the 13 kDa polypeptide had . psrlified N-terminal amine ¿si¿. In an attempt to obtain

peptide sequence, and to overcome difñe¡h¡s. of proteolyic digestion, the protein was
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Chapter 2 - Purificalion of berry PR-likc proteins

firstly reductively aþlated. When the endoproteinase Lys-C digest was subjected to

reverse phase ÉIPLC, a peptide was purified and sequence obtained (Tyr-Gly-Trp-

Thr-Ala-Phe-Cys-Gly-Pro-Ser-Gly-Pro-Thr-Gly-Gln-Ala-Ala-Cys-Gly-Lys). Database

searches revealed a very high degree of sequence similarity to members of the pR-4

family of pathogenesis-related proteins (Figure 2.78). The purified protein was named

WPR-4a (for [itis vinifera PR-4 protein a) and represents the first reported PR-4 like

protein purified from grapevine or any fruit. As with WTLI, the peptide sequence

information of WPR-4a was utilised for the eventual cloning of a WPR-4a encoding

oDNA (see Chapter 3).

Amino acid sequence of the 28 kDa pollpeptide rryas obtained subsequent to tle

identification of wine and juice proteins by Waterc et al. (1996, 1998). Botl tlese

studies revealed the potential for N-terminal morlifis¿1ion of abr¡ndant proteins of

approximate molecular mâsses 28 to 32 kDa. These proteins, which have bee,n classified

as chitinases, commonly possess an N-terminal pyroglutamate residue which blocks

Erlman degradation (Waters et a1.,1993). To avoid pote,ntial sequence problems, the 28

kDa poþeptide was first incubated with pyroglutamate aminopeptidase, an enzyme

which removes N-terminal pyroglutamate residues. When the treated 2g kDa

pollpeptide was subjected to Edman degradation the following sequence was obtained

(Gly-Tyr-X-Gly-Thr-G1y-Ser-Glu-Tyr-X-Gly-Asp-). This amino acid sequence is

identical to that of ChitD, a chitinase purified from Muscat of Alexandria juice, and the

Muscat of Alexandria wine protein Ia (Waters et a1.,1998). It is also highty similar to

the amino acid sequence of a chitinase (CIIV 5) purified from V. vinifera (w pinot noir)

berries (Dercket et a1.,1998), and to other plant chitinases (Figure Z.7C). Furftermore,

a cDNA encoding a highlt similar grapevine berry class IV chitinase (pR-3 like),

YvChi4A, has bee,n cloned (Robinson et al.,lggT). As fiuther characterisation ofthe 28

kDa polypeptide is needed to prove its possible identity to ChitD (Waters et a1.,1998),
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Chaprer 2 - PuriJìcation of berry PR-like proteins

for tle purpose of this study, it will be referred to as WCHIT (for [itis yinifera

chitinase).
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Chapter 2 - Purification of berry PR-lihe proteins

2.4 Discussion

The preparation of berry juice constitutes a selective extraction procedure of a

sm¿ll mrmber of relatively low molecular weight proteins (Figue 2.1) which, once

extracted, can persist tlroughout th. *io.-oking process (Hsu and Heatherbelt L987a).

This selective extraction of a small subset of proteins from the berry appears to be result

of two major factors. Firstly, a large proportion of berry proteins most likeþ form

insoluble precipitates when complexed with phenolics from cell vacuoles soon after cell

lysis (Anderson, 1968), and/or secondly, many proteins may simply denature when

e4posed to the acidic conditions (pH -3 to 4) of the berry juice. To negate these

problems ofte,n encountered when studyng active soluble enzymes from recalcitrant

grapevine tissue such as berries, 'complex' detergent based buffers were developed

(Hawker, 1969a, L969b; Dor¡mton and Hawker, 1973; Ford and IIøj, 1998). These

'complex' buffers are desþed to inhibit poþhenolic:protein interactions and therefore

contain Íuny additives such as copper chelating agents (Co'* is a cofactor for pollphenol

oxidase), antioxidants and poþhenol binding comlounds. The use of such buffers

results in efficient extraction o¡¿ çomplex array of berry poþeptides (see a comparison

by Ford and IIøj (1998)). Fornrnateþ, from the point of view of pwifying wine haze

proteins, inclusion of the protective agents is not required. Instead the e>ipression of

berry juice alone represented an ideal first step in making the purification process a

relatively simple task. With the pruification and sequencing of four prominent soluble

juice proteins it is now apparent ttrat the haze associated proteins of wine are in fact PR-

like proteins derived from tle grapevine berry, a phenomena also reported by Waters er

at. (Iee6).

Comparison of the soluble proteins present in a Muscat of Alexandria juice and

commercial wine reveals a highly similar poþeptide pattem (Figure 2.1, lanes 2 and 3).

The very minor differences observed between the wine and juice poþeptide pattern may
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be explained by the fact that the wine anaþsed in lane 3 was not mâde from tle juice

anaþsed in lane 2. T\e conservation of poþeptide pattem between juice and wines has

been reported previousþ by Pueyo et al. (1993). Overa[ this zuggests the soluble berry

proteins extractable into juice and wine tolerate low pH conditions (pH -3 to 4) and

ethanol concentrations of at least lO% (vlv). Resistance to proteolytic cleavage by

peptidases secreted by fermenting yeasts is also evident (Waters et al., lgg}) and appears

to be intrinsic rather than a frmction of protease inhibiting substances (Waters et al."

1995a). As yet, attempts to isolate wine yeasts that produce effective proteases against

wine haze proteins during fermentation have been unsuccessfirl (Lagace and Bisson,

1990; Charoenchat et al., 1997), and tle use of current commercial protease preparations

at winemaking temperatures of 20"C or below appears ineffectual (Feuillat and Fenari,

L982; Waters et al., 1992). Now t.hat it is evident wine haze associated proteins are

berry PR-like proteins, an altemative and more appropriate approach to finding effective

proteases for the degradation of wine haze proteiins may be to first understand the

mechanisms of PR protein flnnover in plants. In fact, it has been previousþ reported.

that extracellular proteases isolated from tomato (Rodrigo et al., l9B9) and tobacco

(Rodrigo et al., 1991b) can degrade some PR proteins in vitro. Such specialised

proteases possess activity at low pll making them potentially suitable candidates for

application in juice and wine processing.

The soluble proteins present in grape juice and wine from around the world

appear to share several properties including amino acid sequence, rnass and charge (Hsu

and Heatlerbelt 1987a; Murphey et al., 1989; Waters et al., l99l; yokotsuka et al.,

1991; Pueyo et al., 1993; Donestein et a\.,1995; Santoro, 1995). Interestingly, possible

genuine small variations in varietal protein compositions (both protein molecglar mnss

and presence) are currently being considered as a method of distinguistring

('finge¡printing') wines (weiss et al., 1998; y. Hayasaka, pers. commun.). Such

'fingerprinting', as opposed to DNA analyses, may be used in the firture to guarantee
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wine varietal authenticity of bottled products to govenring organisations and consumers.

Nonvithstanding ttrese minel differences, the ubiquitous nature ofjuice and wine pfotein

suggests common physiological signals are req)onsible for their production by grapevine

berries. Indeed, it has been proposed tlese proteins accumulate primarily as a result of

developmental processes that occur during berry ripening (Murphey et a1.,1939).

Chitinases and thaumatin-like proteins have now been purified from a mrmber of

fleshy fruits including tomato (Pressey, 1997), cherry (Fils-Lycaor et al., 1996) and

persimmon (Vu and Huph, L994). This study con-firms the presence of these proteins in

grapevine berries, a phenomenon which now has been widely reported (Derckel et al.,

L996; Robinson et al., L997; Tattersall et al., 1997; Derckel et a|.,1998; SaLa¡an et al.,

1998; Waters et al., 1998). The reasons for the location of PR-like proteins within fleshy

fruit have not been firlly established and this will be more extensively discussed in

following chapters. These PR-3 and PR-5 like proteins may play a role in defence

against patlogens, especiaþ those of fungal orign (see Section L.2.4), as suggested by

in vitro assays involving a thaumatin-like protein purified from persimmon (Vu and

Huyrh, 1994) and. Vit¡s labruscarn (w Concord) grapes (Sal'.man et al., 1998).

Chitinases are ttrought to degrade the chitin present in tle cell walls of frrngal pathogens,

however, t.he mechanism by which thaumatin-like proteins exert antifirngal effects is

r¡¡knor¡m. It has been observed that some thaum¿tin-like proteins have an affnity for F-

l,3-glucan (Trudel et al., 1998), also a esmponent of firngal cell walls. However,

although WTL1 appeared to interact witl the gel filtration column matrix during

purification (see Section 2.3.2), it was reported tlat grapevine berry thar¡matin-like

proteins do not possess p-l,3-glucan binding activity (Trudel et al., l99s). It is of

course still possible that WTLI and related fruit thaum¿tin-like proteins such as

WTL2 have an atrnity for polysaccharides which are present in fungal cell walls.

This study also represents the first report of ttre identification a PR-4 like protein

from fleshy fruit. PR-4 proteins have also been implicated as being important for plant
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defence via unloror¡m mechanisms (Hejgaard et al., 1992; Caruso et a1.,1996). Such a

possible role for PR-4 like proteins in berries will be discussed in the following chapters.
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CHAPTER3

Molecular cloning of cDNAs encoding the berry

PR-like proteins - VVTL1 and WPR-4a
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Chapter 3 - WIL| and VItPR-4a cDNA cloning

3.1 Introduction

Of t.he four predominant grape berry PR-like proteins identified in Chapter 2, fitro

were further characterised by a combination of molecular biology and protein

biochemistry tecbniques. Further definition of the properties of these proteins mây heþ

facilitate the discovery of superior ways of removing unwanted protein from 'unstable'

wine. For example, it may be possible to design specific affinity based fining agents, or

to find more suitable and efficient proteases to replace tle widespread use of bentonite

clay in winemaking. Such a replacement would be advantageous for several reasons.

Bentonite is believed to have detrimental effects on the sensory properties of treated

wines (Miller et a1.,1985; Voilley et a1.,1990), it leads to typical losses of -3Yo of wine

volume during removal from fined wine (D. McWilliam and T. Jones, pers. commr:n.),

and ttrere are environmental problems concenring its disposal (Rankine, 1989).

A detailed characterisation of berry PR-like proteins may also heþ reveal their

role within fruits in general and the grapevine in particular. Both the abundance and

stability ofthese proteins suggests ttrey may be integral to important processes within tle

berry, for example, development or defence against pathogens. These issues need to be

addressed if genetic manipulation is to be considered as an option for reducing PR-like

protein levels in berries, and wine made therefrom- Conversely, if these proteins have

roles in plant defence, enhanced e4pression of reqpective genes within the grapevine m¿y

be beneficial.

Described in this chapter is the examination of several characteristics of the berry

PR-like proteins, WTLI and VVPR-4a. Sequence analysis of cloned cDNAs has

allowed for ttre deduction of the complete primary structures for both proteins. Also,

combined cDNA sequence analysis and electrospray rnass qpectrometry data has been

used to predict post-translational modifications including the identification of likely
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topogenic signals reqponsible for protein subcelltrlar localisation, and t}e form¿tion of

intramolecular disulfide bonds. Finally, based on X-ray crystallogaphic data for PR-5

proteins (Ko et al., 1994; Koiwa et al., 1999), and NMR data for a PR-4 protein

(Ludvigsen and Poulsen, 1992b), predictions of tertiary structure have been made for

VVTLI and WPR-4a.
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3.2 Materials and Methods

All molecular biology procedwes were performed essentially as described by

Sambrook et al. (1989) unless otherwise noted.

3.2.1 Berry RNA Isolation

Total RNA was extracted from ripening Muscat of Alexandria grapevine berries

essentially as described by Levi et al. (1992), except that the extraction buffer contained

500 mM Tris-HC[ pH 8.0 while thiourea and aurintricarboxylic acid were excluded.

With the aid of a small coffee grinder (Black and Decker, Australia), berries (stored at -

70'C) \¡/ere ground to a powder in liquid N2 before addition of buffer (2 nL of buffer to

1 g tissue). RNA concentrations and purity were determined by scanning UV

qpectroscopy (assuming 1 oDzeo : 40 ¡tglmL). Tlpical total RNA yields werc -20 ltglg

fresh berry weight.

3.2.2 cDNA Synthesis

All oligonucleotides were qørtlesised by Gibco BRL Lifescience (Australia) and

PCRs performed in a Perkin Elmer GeneAmp PCR Sysrem 2400 machine (uSA).

WTLI gDNA

The oDNA sequence of WTLI was obtained by combination of the information

contained in an 'intemal' cDNd a 5'-RACE product and a 3'-RACE product. Ffust

strand cDNAs \¡/ere generated with SUPERSCRIPT II RNase H- Reverse Transcriptase

(GIBCO BRL, USA) according to tle manufacturet's instructions in a volume of 20 1il,,

using 2 pg of post-veraison berry RNA as template and 150 pmoles of primer. A (tlT)rs

primer was used in the preparation of first strand oDNA for cloning of tle 'intemal
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oDNA (nucleotides 154 to 738, Figure 3.2) and 3' RACE-PCR product (nucleotides 610

to 954, Figure 3.2), while the primer TL6 (described below) was employed to prepare

the first strand oDNA used to generate the 5' RACE-PCR product (nucleotides I to 254,

Figure 3.2).

'Intemal oDNA: Based on amino acid sequences obtained from wrl,l,
degenerate oligonucleotides representing all possible codon usages were synthesised.

The oligonucleotides and corresponding amino acid sequences are as follows: TLl, 5'-

rr( c/r)GA(c/r)Ar(A/r/c x c/r)rrAA( c/r)AA(A/c)rqr/c)AcrrA- 3, (FDTLNKC

T); TLRT2, 5'-(A/c)cA(A/c)AAIcrIAc(c/T)TT(A/c)TA(A/c)TT-3' (I.IYKVTFC).

Reaction mixtures typically contained one unit of Taq pollmerase (GIBCO BRL, USA),

50 pmoles of each primer and,2 ¡rL of the first strand oDNA product as template in a

final volume of 25 1tL, buffered according to tle manufacturer's instructions. Following

incubation ú 94oC for 2 min, a total of 37 cycles were performed (cycle L to 2:94oC for

I min, 37oc for 2 min, and,72oc for I min 30 s; cycles 3 to 37; 94'c for 1 min, 55oc for

) min, and' 72"C for I min 30 s) then terminated by a final extension reaction at 72oC for

7 min.

RACE-Products: RACE-PC& performed essentially as described by Frohman e/

al. (1988), was employed to obtain tle 5' and 3' ends of the final oDNA (Figue 3.2).

Oligonucleotides described by Frohman et al. (1988) were used in conjunction \¡iith TL5,

5'-TTGACGGTGATTGTCCAGGACTG-3' (nucleotides 232 to 254, Figure 3.2) md

TL6, 5'-CATTGGCGTCGAAGGTGCATGAG-3' (nucleotides 291 to 3 13, Figure 3.2)

to getrerate the 5' RACE-PCR product. The Frohmnn et al. (L988) oligonucleotides and

primers TL3, 5' - AA(C/T)AA(C/TXC/T)TIGA(C/T)TA(C/T)ATIGA(C/T)AT - 3'

(nucleotides 4 I 5 to 43 7, Figure 3.2) and TL7, 5' - AG0TGTGGTCCGACCACATACTC-

3' (nucleotides 610 to 632, Figure 3.2) were used to generate tle 3'-RACE-PCR

product.
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VWR-4a eDNA

The oDNA sequence of WPR-4a \ryas obtained by combination of the

inform¿tion contained in an'intemal'cDNA (nucleotides 205 to 437,Figwe 3.6), a 5'-

RACE product (nucleotides I to 320, Figure 3.6) and a 3'-RACE product (nucleotides

321 to 569, Figure 3.6). A (dT)tS primer was used in the preparation of first strand

oDNA for cloning of the 'intemal oDNA and 3' RACE-PCR product, whilst the primer

WIN4 (described below) was employed to prepare the first strand cDNA for generation

of the 5' RACE-PCR product.

'Intemaf oDNA: Based on amino acid sequence obtained from WPR-4a and

related proteins from other plant qpecies (see Figure 3.7), degenerate oligonucleotides

representing all possible codon usages were slmtl,esised and employed in PCR reactions

as described for cloning of WTLI enco<ling cDNAs (see above). The oligonucleotides

and corresponding amino acid sequences are as follows: WINI, 5'-TA(C/T)GGITG

GACIGCITT(C/T)TqC/T)GG-3' (YGWTAFCG); v[rINR'T, 5' - CA(A/G)T(C/T)IAC

(A/G)AAr(c/r)c(A/G)rA(A/G)r(c/r)rAC-3' (VCN/D)Y(QÆ)FV(N/D)C).

RACE-Products: RACE-PC& performed essentiaþ as described for WTL1

oDNA qmthesis, was emqlloyed to obtain the 5' and 3' ends of the final cDNA (Figure

3.6). Oügonucleotides described by Frohmen et al. (1988) were used in conjunction

with wIN4, 5'-ATCCAATCCTCCATTGCTGCATTG-3' (nuclåotides 323 to 346,

Figure 3.6) and WIN3, 5'-CCACTATTCTTCACCGTTGCCTG-3' (nucleotides 299 to

320, Figwe 3.6) to generate tle 5' RACE-PCR product. The oligonucleotides of

Frohman et al. (L988) combined \¡/ith the WlNl-primer (described above) and WIN5-

primer, 5'-ACCAATGCAGCAATGGAGGATTG-3' (nucleotides 321 to 343, Figure

3.6) were used to generate the 3'-RACE-PCR product.
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3.2.3 Cloning and sequencing of RT- and ITACE-PCR products

PCR products were purified from TAE buffered agarose gels using the Wizard

DNA purification system (Promega, USA), ligated into the pGEM-T vector (Promega,

USA) and transformed into eitler sompetent E. coli XL1 blue (Stratagene, USA) or

JM109 (Promega, USA) cells. Competent cells were prepared using a CaCb based

method as described by Mller (1937). Transformed cê[s \¡/ere gtown (37'C ovenright)

on LB agar (l%o (w/v) NaC\ lo/o (w/v) tr5ptone, 0.5Yo (wlv) yeast extract, 2% (wlv)

agar, pH 7) containing 100 Vg/ßI- ampicillin. Double stranded plasmid terylates were

prepared from E coli cultures, grown (37'C ovenright) :n2YT brotl (0.5o/o (w/v) NaCf

l% (wlv) yeast extract,7.6Yo (w/v) tryptone) ssnf¿ìning 50 ¡tglnr,I- ampicillin, using the

¿1ftaline lysis based method described elsewhere (Birnboim and Doly, 1979).

Sequencing was performed by the dideox¡mucleotide chain termination method

using a Sequenaseru Version 2.0 sequencing kit (Amersham Lifescience, UK), as

desoribed in the manufacturer's instructions, and ¡a-35s1dAtt labelled products were

separated on a 6%o (w/v) denatruing polyacrylamide gel and detected by

autoradiography. Automated DNA sequencing (Dyedeoxy Terminatorru Chemistry;

Perkin Elner, USA) was occasionally performed by one of the following facilities:

Newcastle DN,\ The University ofNewcastle (Australia); Flinders Medical Centre DNA

sequencing core facility, Flinders University (Australia); Nucleic Acid and Protein

Chemistry Unit, The University of Adelaide. A1l facilities used a Perkin Elmer Applied

Biosystems Model 373ADNA sequencer (USA) for the detection ofproducts.

3.2.4 Mass spectrometry

The masses of WTLI and WPR-4a, reqpectively, were determined on a API-

300 trþle quadrupole mâss spectrometer coupled with an ionqpray interface (perkin

Elmer Sciex, Thornhilt Ontario, Canada) by Yoji Hayasaka at the Mass Spectrometry
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Facility, Waite Caryus, The University of Adelaide. Briefly, the ion qpray voltage was

5.5 kV and ttre orifice voltage vvas 30 V. The curtain (N2) and nebuliser (air) gases were

set at 8 and l0 units, respectively. Solutions of proteins (-l pmoV¡rl) were introduced

into the mass slrectrometer by a flow injector (8L25, Rheodyre, Cotati Califonria, USA)

with a 5 or 20 ¡rL sample loop connected to the ion sprayer. The injected solution was

delivered by 50o/o acetonitrile ssnlaining 2.5o/o acetic acid at a rate of 5 ¡rllmin, using a

syringe pump (Cole-Parmer, Niles, Illinie5, USA). Mass spectra were processed to

determine the molecular weight of the protein by deconvolution of the multiply charged

ions oftle protein using Bio-Multiview software (Pekin Elmer Sciex, Canada).

3.2.5 Protein database searchingr se{uence alignments, pI and mass predictions

The GenBnnk and sister databases \ryere searched for sequences related to

\r\/TLI and WPR-4a using the BI-ASTP Version 1.4.9 program (Altschul et a1.,1990).

Protein alignme,nts and dendrogams were made using the PILEUP program The

dendrogram was diqplayed using the FIGURE prograrrr" Protein pI and mass predictions

were made using the PEPSORT program- PILEUP, PEPSORT and FIGURE were

provided within the Wisconsin package, Version 8.1.0 (Program Manual for the

Wisconsin Package, Version 8, August 1994, Genetics Computer Group, 575 Science

Drive, Madison, Wisconsin, USA 53711). All progtams were provided by the Australian

Genomic Information Service (ANGIS), located at The University of Sydney.

3.2.6 Three-dimensional protein structure prediction

WTL1 and WPR-4a ßfüary structure predictions v¡s¡s made using the

SWISS-MODEL tools and software packages available through tle world wide web

(WVVW) server of the Swiss Institute of Bioinformatics (Intemet address =

http//:www.expasy.ch/swissmod/ SWISS-MODEL.htmI). The First Approach Mode

was used to obtain predictions. Briefly, WTLI and WPR-4a protein sequeûce was
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compared, via the BI-ASTP2 program (Altschul et al., 1990), to sequences of known

tertiary structure held within the Brookhaven Protein Data Bank. Areas of sequence

identities with model templates were selected with the SIM progtam (Huang and Miller,

1991), and model predictions generated with the ProModtr progtam (Peitsch, 1996).

Energy minimisation of predicted models was performed by the Gromosg6 program

(B IOMO S, Zärich, Switzerland).

Model coor¡linate files obtained from Brookhaven hotein Data Benk and

SWISS-MODEL database were displayed using the MOLMOL molecular graphics

program, version 2.6 (Koradi et al., 1996), which is available at the foltowing intemet

address: http : //odin. etlz. ch/wuthrich/software/molmoVindex.html.
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3.3 Results

3.3.1 Isolation of cDNAs encoding WTLI and WPR-4a

In ttre absence of a suitable grapevine berry oDNA library pntial cDNAs

encorling WTLI and WPR-4a were obtained by amplifying target cDNAs using the

technique of RT-PCR Based on the peptide sequence of the purified proteins, and also

in the case of WPR-4a, conserved sequences of otler PR-4 like proteins (see Figure

3.7), several degenerate primers (as described in the materials and methods Seøion)

were qnrthesised and employed in PCR reactions to ampli$ respective cDNAs from

reveÍse transcribed grapevine berry mRNA. The source of mRNA template for cDNA

generation was post-veraison Muscat of Alexandria berries (-I7" Brix). The reason for

this choice was two-fold. Firstly, both WTLI and WPR-4a had been purified from a

Muscat of Alexandria juice, and secondly, it was assumed that both VVTLI and WPR-

4a were qmthesised towards ttre latter stages ofberry development (see Section 1.1.1).

J[s slening and sequencing ofpartial WTLI and WPR-4a cDNAs allowed the

further desþ of cDNA qpecific primers (see Section 3.2.2) for use in RACE-PCR

reactions (Frohman et al., 1988), allowing the remaining 5' and 3' regions of the

encoditg cDNAs to be amplified. Subsequently, tle cloning of the RACE-PCR products

facilitated the sequence characterisation of tle full length cDNAs e,ncoding WTLI and

WPR-4a (Figure 3.1).

3.3.2 Characterisation of the cDNA encoding VVTLI

The sequence of the WTLI encoding oDNA and the deduced amino acid

sequence is shown in Figure 3.2. Comparison of the deduced amino acid sequence and

the N-terminal sequence data for the purified protein suggests that WTLI is spthesised
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X'þure 3.1 Subclone map of (A) WTtl and (B) WPR4a cDNAs. Each oDNA sequence is a combination of
information contained in an 'inte¡ral' cDNd 5' RACE-PCR product, and a 3' RACE PCR product (as described in tle
Materials and Methods section). The inserts and correryonding names ofthe inalividual plasmid subclones are úoum. The
reqpeotive open rearling frames (ORF) are shor¡rm in blacþ and the 5' and 3' rmtranslated regions (lr-IR) are shov¡r in gey.
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ccACACcccATTAGCCCAAAcccATAÄcAATTcrAAATAcrrccATTC@rcatctcAT 6 o

TCATTCAACATCAAAATGCGCTTCACCACCACCCTCCCAATTCTCATCCCTCTCCTCCTC 1 2 O

-24MRFTTTLPILIPLLL

AGCCTCCTCTTTACCTCCACCCATGCAGCCACCTTCGACATCCTCAÀC AÄATGCACCTAC 1 8 O

-9S L L F T S T H A A T F D I T' N K C T Y

ACCGTCTGGGCAGCCGCCTCCCCCGGTGGCGGACGGAGACTTGACTCCGGCCAGTCCTGG 2 4 O

t2T v W.ã, À À S P G G G R R L D .s G a S W

ACAATCACCGTCAÄCCCCGGCACCACCAÀ,TGCTCGCATCTGGGGCCGAACCTCATGCACC 3 O O

32 T I T V N P G T T N A R I W G R T S C T

TTCGACGCCAATGGGCGTGGCAAÄ,TGCGAÄACTGGTGACTGCAATGGCCTCCTCGAATGC 3 6 O

52F D À N G R G K C E T G D C N G L L E C

CAGGGCTACGGTTCTCCCCCAÀACACCCTCGCTGAATTCGCTCTAÄACCAGCCCAÀTAAC 4 2 O

72Q G Y G S P P N T I, À E F À IJ N A P N N

CTCGACTACATCGACATCTCCCTTGTCGATGGCTTCAACATCCCCATGGACTTCAGCGGC 4 B O

92 I' D Y I D I S L V D G F N I P M D F S G

TGCCGCGGCATCCAGTGCTCCGTTGACATCAATGGGCAÀTGCCCCAGTGAGTTGAAGGCC 5 4 O

LL2C R G I Q C S V D I N G O C P S E IJ K A

CCCGGTGGATGCAACAACCCGTGTACAGTGTTCAAGACCAATGAGTATTGTTGCACTGAT 6 O O

L32P G G C N N P C T V F K T N E Y C C T D

GGACCTGGAAGCTGTGGTCCGACCACATACTCCAÄATTCTTCAAGGACAGGTGCCCAGAT 6 6 O

L52G P G S C G P T T Y S K F F K D R C P D

GC TTATAGC TACCCTCAGGATGACA.A.AACCAGCTTGTTCAC CTGTC CTTCTGGTACCAAC 7 2 O

L72A Y S Y P Q D D K T S I, F T C P S G IT N

TACAÀ,GGTCACGTTTTGCCCTTGAÀAGTTGGAÂCTCATTTTCCTTCACTTTCTTGGTGAA 7 B O

L92! K V T A C P *

TGAÀ.AAGAGTACAAGACACCCAGGAÄAGTTTTAGTTTTCAGCGTACECAAC.ffiþTT 8 4 O

GTGCACGTAÄTGATAGTATTGTGCGCATGTGATGTGATAÄ,TCAGTCTGTAÀTGTGATTCC 9 O O

ECTCE¡¡MT¡EEþGAÀGAAGCCTACTTACTCM ( N ) g 5 4

Figure 3.2 Nucleotide and deduced amino acid sequence of a VVTL1 encoding
cDNA. Peptide sequences obtained from purified VVTL1 are highlighted, a cleavable
presequence is underlined and putative polyadenylation signals are boxed. Nucleotides
are numbered on the right hand side while amino acids are numbered on the left hand
side with the first residue of the mature protein designated +1. The translational stop

codon is denoted by an asterisk (*) and an in-frame stop codon upstream of the initiation
codon is shaded black. This sequence was compiled from an 'internal' cDNA (154 to
738), a 5'-RACE product (I to 254) and a 3'-RACE product (610 to 954). No sequence

discrepancies were noted in the overlaps.
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as a precnrsor protein with a t¡pical transient presequence (Bar-Peled et al., l99Q of 24

residues precerting Ala*r of the mature protein. The presequence, which is assumed to

be necessary for transport in the secretory systeq suggests that WTLI is an apoplastic

protein as it is not slmthesised with a C-terminal prope,ptide which may act as a vacuolar

targeting sipal (Melchers et a1.,1993). The predicted mass of the m¿ture protein is 21

286.45 Da whilst that obtained by mass qpectrometry is 21 212.90 +/- 1.88 Da. The

discrepancy of 16 Da can readily be accot¡nted for by the form¿tion of eight disulfide

bonds as seen in the crystallised PR-5 like proteins, thaumatin (Ogata et a1.,1992;Ko et

al., L994), zeamatin (Batalia et a1.,1996) and PR-5d (Koiwa et al., 1999). Thus, it was

concluded not only that tle cDNA sequence (Figrrre 3.2) exactþ specifies the purified

WTLI but also ttrat tle protein undergoes no post-translational modification other than

tl.e removal of the presequence and formation of intramolecular disulfirle bonds. The

predicted pI (a.60) is consiste,nt with the protein's behaviow during anion exchange

chromatography (see Section 2.3.2'). Within the 3' untranslated region of the VVTLI

oDNA there are two consenzus polyadenylation signals (Li and Hunt (1997); Hunt and

Messing, 1998), one witlin 19 bp ofthe poly (A) tail.

A cDNA snseding a grapevine protein, WOSMI, has been cloned from cultrued

cells (Loulakakis, 1997b)" The predicted N-termin¿l ¿mino acid seque,nce of WOSMI

is identical to tlat of WTL2 (see Figure 2.7A). Also, tle predicted mass of WOSMI,

accounting for tle formation of a proposed eight disulfide bonds and the removal of a

putative sþal peptide, is 21 248 Da, which is in good agreement with the predicted

mass of pruified Vl/TLz (2L 2a6 Da). Therefore, it is highly likely tlat WTL2 and

WOSMI are identical proteins.
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3.3.3 Comparison of VVTL1 to other PR-s protein sequences

The primary structure of WTL1 is highly similar to those of a large numbel of

PR-5 like proteitrs present within the GenBank and sister databases (Figure 3.3). To

date, the lnown proteins most similar to WTLI are two isoforms of the tobacco PR-R

protein (PRRI and PRR2) (Comelisse,n et al.,1986b; Palme et a1.,1988) which exhibit

positional amino acid sequence identity of 82%o and79o/o to that of WTLI, reqpectively.

The PR-R genes are induced by TMV infection (Comelissen et a|.,1986b). Other highly

related proteins include PR-58 (76% positional identity; encoded by a oDNA isolated

from chicþea (Cicer arietinum); GenBank accession no. 081926), and ATOSM from

Arabidopsis (74o/o positional identity) (Capelli et al., 1997), the mRNA of which is most

abundant in older leaves. Also, the WTLI amino acid seque,nce ß72Vo identical to t.hat

of WOSM1 (Loulakakis, 1997b), and therefore presumably YYTL2. Apart from ttre

berry, the WOSM1 gene is also expressed in various other grapevine tissues inclutling

roots, stems and leaves (Loulakakis, 1997a).

A common feature to all the PR-5 like proteins analysed was the existence of 16

positionally conserved cysteine residues (see Figure 3.3). As previousþ mentioned (see

Section 3.3.2), theso residues are believed to be involved in the formation of distilfide

bonds. Because of the large number of PR-5 like protein sequences available within

various protein databases, tle relationship of VVTLI to other PR-5 like proteins could

be examined by the use of a dendrogram (Figrre 3.4). Apart from tle goup of highly

related proteins within WTL1 is placed, it is apparent that there is high degree of

relatedness amongst a group of proteins from several cereal plants including wheat,

b"tl"y, oats, and rye, and amongst a separate group ofproteins from several Solanaceous

qpecies (Nicotiarn tabacum, Solanum commersonii and Lycopersicon escalentum). The

grouping of the cereal PR-5 proteins is mostly likely accor¡nted for by tle fact these

smaller proteins lack an approximately 50 amino acid intemal sequence present in otler
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Figure 3.3 Multþle amino acid sequence alignment of some PR-5 protein family members using the PILEIIP
program. Residues that are identical in at least seven of tle eleven sequences are highlighted. Actual or deduced mature
amino aoid sequences were obtained from the following sorrces: wheatPWIR2 (oDNA isolated from powdery mildew
challenged wheat leaves (Rebmann et al., 1991)), PR-5d (g*" isolated from tobacco (Sato et al., 1996) encodirg a neutral
protein expressed in oultured cells (Koiwa et al., 1997)), tobaoooOs (oDNA isolated from NaCl stressed tobacco culture
cells encoding osmotin (Singh et al., 1989)), tomatoP23 (Citrus exocortis viroid-induced oDNA from tomato leaves
encoding the vacuolar PR protein P23 (Rodrigo et al., 1993)), WTLI (oDNA isolated from grapevine berries),
tobaccoPRR (oDNA encoding PR protein R (major form) isolated from tobacco leaves infected with TMV (Payre et al.,
1988)), WOSMI (oDNA isolated from grapevine cell culture (Loulakakis, 1997b); WOSM1 is possibly identical to
WTL2), soybemP2l þrotein purified from healtly so$ean leaves (Graham et al., 1992)), maizeZEANIAT þrotein
purified from maize seed (Bataha et al., 1996)), thaumatinTT (oDNA encoding for thaumath, ffi intensely sweet protein
from the seed arils of the West African shrub, TVtaumatococcus dan¡ell¡¡ (Edens et al., 1982)) and cherryTl (oDNA
encoding a protein purified from ripe cherry fruit (Fils-Lycaon et al", 1996)). Amino-terminal presequenoes and transient
carbory-terminal propeptides are not included. Conserved cysteine residues are denoted by asterisks (*).
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Figure 3.4 Dendrogram illustrating phylogenic relationships among a number
PR-5 like proteins. Actual or deduced amino acid seque,nces \¡/ere obtained from the
SWISSPROT, GenBenk, TREMBL and PIR databases. Seque,nces encoding knoum or
presumed signal peptides were deleted and following alignment of m¿true protein
seque,nces the dendrogram was constructed using the PILEIJP progrem Relevant
database accession nrmbers and the qpecies of protein orign are sho\¡/n. WTLI and
WOSMI (\ /TL2), are shoum in bold.
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PR-5 proteins (see Figure 3.3). The significance of the absence of this stretch of amino

aoids remains unknor¡m as these proteins still possess antifirngal aotivity (Vigers et al.,

1ee1).

3.3.4 Modelling of the putative three-dimensional structure of WTL1

Comparative computer modelling is a relatively new phenomenon which has been

proven to be highly useful for many structural predictions, partioularþ when the degree

of sequence identity between target and template sequences are >70o/o (Mosimamm e/

al., 1995). Such protein models have allowed for the design of specific ligands (eg. new

drugs), and although not all models are useful (Peitsch and Guex, I997),1arge-scale

comparative protein modelling is now believed to be sufficientþ accurate for the use in

genomic projeots (Peitsch and Guex, 1997; Adzhubei et al., 1998, Botk et al., L998;

Sánchez and Sali 1998). Comparative modelling involves tlree basic steps. Firstly, a

search is conducted with the sequence of interest (target sequence) to determine if

related proteins exist with known three-dimensional structures obtained by X-ray

crystallography or NMR (template sequences). Secondly, target sequences ¿1s ¿ligned

with template sequences, and then, if more than one target-template combination exists,

areas ofbest 'fit' are chosen between diflerent template and target sequences. Finaþ, a

model is generated based on the previous alignments and refined.

Through the availability of the highly resolved crystal structures of the PR-5 like

proteins, PR-5d (Koiwa et al. (1999); Brookhaven accession code: llAUN.pdb), and

thaumatin (Ko et al. Q99\; Brookhaven accession codes: 1lTHV.pdb, llTHU.pdb), it

was possible to predict the tertiary structure for the highly similar VVTLI sequence (see

Figure 3.3 for a comparison) using the SWISS-MODEL suite of programs. Essentiaþ,

these PR-5 like proteins, and the predicterl WTLI, are tightly folded globular proteins

(Figure 3.5). They consist of a hydrophobic core composed primarily of a B-sandwich,

65



A

A

B

PR.5d

VVTLl

/

/

B

c

/

/

Figure 3.5 Comparison of the known tertiary structure of PR-Sd, with the
SWISS-MODEL predicted structure of WTL1. Shorvn is a 'ribbon' representation
of the two protein structures (A) from a side perspective as in a previous study of the
PR-5 protein zeamatin, and (B) with the molecules rotated 60o around the horizontal X
axis (ie. a top perspective). p-strands are shoum in blue and cr-helical regions in red and
yellow. The arrows indicate the position of a pronounced cleft. The positions of the
amino (N) and carboxy (C) tennini are shorvn. Actual and predicted structural
coordinates were obtained from the Brookhaven Protein Data Bank and tle SWISS-
MODEL database, reqpectively, and graphical models displayed using the MOLMOL
pfogram
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consisting mostly of eight B-strands, and several loops which extend from this core. This

structure is held together by eight disulfide bonds and well over one hundred hydrogen

bonds. Examination of the X-ray crystal stnrctures of thaumatin, zeamatin (Bataha et

al., 1996) and PR-5d (Koiwa et al., 1999) reveals the presence of a cleft, or groove - a

feature that WTLI is also predicted to possess (Figure 3.58). The significance of

minor structural differences between PR-5d and the putative WTLI model will remnin

unknor¡rm until qpecific amino acids or regions are implicated, for example, in possible

binding activities. Moreover, srface charges, which have not been examined here, have

been zuggested to be major determinants in the activities of the PR-5 like proteins,

zeamatin, PR-5d and tlaumatin (Batalia et a1.,1996; Koiwa et a1.,1999).

3.3.5 Characterisation of the cDNA encoding WPR-4a

Comparison of the amino acid sequence deduced Êom ttre VVPR-4a 9DNA

(Figrue 3.6) with electroqpray mass qpectrometry data obtained for the purified protein

suggests that WPR-4a undergoes a number of post-translational modifications. Firstly,

it appears V\lPR-4a is qarthesised with an N-terminal presequence of 21 residues,

typical of a signal peptide needed for translocation to the endoplasmic reticulum (Bar-

Peled et al., 1996). The WPR-4a oDNA does not reveal the prese,nce of a C-terminal

signal peptide (Melchers et al., 1993), indicating the matr¡¡e WPR-4a may not be

tranqported to the vacuole but rather to the apoplastic space, as suggested for most small

PR-4like proteins which are known to exist in the intercellular fluid of leaves (Joosten ef

al., L990; Friedrich et al.,l99l; Hejgaard et al., 1992). Secondly, based on the NMR

stnrctue determination of barwin (a PR-4 like protein from barley) (Sve,nsson et al.,

1992), all PR-4 like proteins so far characterised, including WPR-4a, most likely

contain three highly conserved disulfide bridges. Thirdly, the N-terminal blockage of the

protein can be assumed to be due to the formation of a pyroglutamyl residue at Gln*r

following proteolytio removal ofresidues -21to -l inclusive. Accor¡nting for the removal
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CATTCAACAAAÀÀATGGAGAGGAGAGGCATATGCAAGGTGGTGGTGTTGCTGTCTCTAGT 6 O

-2L MERRGTCKV VVLLSLV

GGCTTGTGCCGCTGCCCAGAGCGCTAGTAATGTGAGGGCCACCTACCATTACTATAÀTCC 12 O

-5 A C A AA O S À S NV RÀ T Y H Y Y N P

GGAGCAAAÄTGGATGGGACTTGAÀCGCAGTGAGCGCCTACTGCTCCACTTGGGATGCCAG 1 8 O

16 E a N GW D r, NAV S À Y C S T W D À s

CCAGCCCTTGGCATGGCGCAGCAAGTATGGATGGACCGCCTTCTGTGGACCTTCTGGTCC 2 4 O

36 O P IJ AW R S K Y GWTÀ F C G P S G P

TACTGGCCAÀGCTGCCTGTGGCAAGTGCCTTAGTGTGACAAACACTGCCACAGGAACTCA 3 O O

56 T G A ÀÀ c G K C r, s v r N T À T G T O

GGCAACGGTGAGAATAGTGGACCAATGCAGCAÂ,TGGAGGATTGGATTTGGATTCCGGAGT 3 6 O

76 À T V R I O C S N G G IJ D L D S G V

GTTCAATAAACTAGACACTAATGGGGCTGGCTATAACCAAGGTCATCTTATTGTCAATTA 4 2 O

96FNKLDTNGÀGYNOGHLI Y

CGAGTTTGTGGACTGTGGTGACTAAACCACTGCTCCCCTTGTTCCTAATAATAÀGAGATT 4 8 O

116EFVDCGD*

ATGGTGCAAÄMFAAGCATGGAGTTAGCCGCTTCTTCTGCMTE;UThI6TAGTCAA 5 4 O

ACTTTGAGTM(n) 569

Figure 3.6 The VVPR-4a encoding cDNA and deduced amino acid sequence.

Nucleotides are numbered on the right side and amino acids are numbered on the left,

with the first residue of the mature protein designated as +1. Peptide sequence obtained

from purified VVPR-4a is high-lighted, a cleavable presequence is underlined and the

translational stop codon is denoted by an asterisk (x). Putative polyadenylation signals

are boxed. This sequence was compiled from an 'internal' cDNA (205 to 437), a 5'-

RACE product (1 to 320) and a 3'-RACE product (321 to 569). No sequence

discrepancies were noted in the overlaps.
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Chapter 3 - WILI and VIlPR-4a cDNA cloning

of the signal peptide, formation of th¡ee disulfide bonds and formation of the

pyroglutamyl residue at Gln*r, tle predicted mass of mature WPR-4a is 13019.11 Da

whilst that obtained by m¿ss qpectrometry is 13021 +l- 0.6 Da. Thus, it was concluded

that tle oDNA sequence specifies the purified WPR-4a protein and, based on strong

experimental evidence, tlat the suggested post-translational modifications take place.

The predicted pI (4.61) of WPR-4a is consistent with the protein's behavioru rhuing

anion-exchange chromatography (see Section 2.3.2). Analogous to tle WTL1 oDNA

two conse,nsus polyadenylation signals are present in the 3' r¡ntranslated region of the

WPR-4a cDNA - one within 19 bp ofthe poly (A) site.

3.3.6 VtlPR-4a is highly homologous to other PR-4 (class II) proteins

When the deduoed amino acid sequence of matue WPR-4a was eligned with

otler knoum protein sequences a number of similarities were revealed (Figure 3.7).

Foremost, VVPR-4a is higbty homologous to a number of small PR-4 (class trllike

proteins from a range of pattrogen challenged and healtly plants. Positional identity of

WPR-4a to these proteins is as high as 78o/o for barwin, a basic protein from barley seed

(Sve,nsson et al., 1992), zuggesting a higtlLy simila¡ tertiary structrrre (Ludvigsen antl

Poulsen, 1992b). A near identical protein to barwin, also purified from barley was

reported as possessing antifungal properties (Hejgaard et al., 1992) as were two PR-4

like proteins purified fromwheat (Caruso et a1.,1993; Caruso et a1.,1996). WPR-4a is

also homologous to PR-4 like proteins e,ncoded by cDNAs isolated fromtobacco mosaic

virus infected tobacco (Friedrich et al., L99L1' Linthorst et al., 1991), Cladosporium

fulvum infected tomato (Linthorst et al., 1991), Sambuas nigra leaf abscission zones

(Coupe et al., 1997), maize glucose starved root tþs (Chevalier et a1.,1995) and barley

leaves infected with the f,rngos Blumeria graminis (Gregersen et al., L997).
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Figure 3.7 Multipte amino acid sequence alignment of PR-4 like proteins using the PII.T',IIIr program. Putative
signal peptides have not been included. The aligned sequences are as follows: tobaccoCBP (CBP20 oDNA isolated from
TMV infected tobacco @onstein et al., 1994)), prohevein (oDNA isolated from laticifers of Hevea brasiliersis (Broekaert
et a1.,1990)), tobaccoPR4 (PR-4a oDNA isolated from TMV infeøed tobacco (Linthorst et a1.,1991)), tom¿to (PR-P2
oDNA isolated from Cladosporium fulvum infected tomato (Linthorst et al., 1991)), elder (oDNA isolated from Sambucus
nigra leaflet abscission zone (Coupe et al., 1997)), WPR-4a (oDNA isolated from grapevine berries), barley (barwin
isolated from grain (Svensson et al., 1992)), uiheat (ufreanvinl isolated from grain (Caruso et al., 1993)) md, maize
(oDNA isolated from glucose starved maize root tips (Chevalier et a1.,1995)). Highlighted residues are identical in at least
five of tle t1¡e ¿ligned proteins. Conserved cysteine and gþcine residues are denoted by asterisks (*) and hatches (f),
respectiveþ. Eight residues believed to be involved in the binding of chitin (Ludvigsen and Poulsen, I992b) are indioated
by arrows.
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Chapter 3 - WILI and VIIPR'4a cDNA cloning

The larger class I PR-4 like proteins, which contain an N-terminal chitin binding

domain, possess C-terminal domains which are also highly homologous to WPR-4a.

These are CBP20 from tobacco (Ponstern et al., 1994\, prohevein from the latex of the

rubber tree (Broekaert et al., L990), the gene products of winl and win2 from potato

(Stanford et aL.,1989) and tle putative proteins encoded by the IIEL and TABT cDNAs

fromArabidopsis (Potter et al., 1993) and tomato (Hanis et al., 7997), reqpectiveþ.

3.3.7 Modelling of the putative three-dimensional structure of WPR-4a

The three-dimensional structure ofbarwin, a barley class II PR-4 like protein, has

been determined by NMR (Ludvigsen and Poulsen (1992);Brooküaven accession code:

1lBW3.pdb) and, given fhs high degree of sequence conservation, WPR-4a is likeþ to

have an almost identical structure (Varghese et al., 1994). Indeed, coryuter modelling

predicts that WPR-4a would have a similar globular fold (Figrre 3.8). Barwin has a

core which is composed primarily of p-sheet stnrctures betwee,n which two major

hydrophobic regions exist. The p-sheet region is fla¡ked by several relativeþ short a-

helical and loop regions. This tightly packed strucfi¡re is held together by tlree disulfide

bonds and over sixry hydrogen bonds. By examination of the primary structure of

known PR-4 like proteins (Figure 3.7) it is apparent that most glycine residues ¿rs highly

conserved. It is believed that tlese residues, which are normally susceptible to high

mutation rates in other proteins, are imtr¡ortant in the correct folding ofthe peptide chain

(Ludvigsen and Potrlsen,1992b). Eight residues believed to be invofued in the binding of

chitin tetramers (Ludvigsen and Poulsen, 1992b) are indicated in Figure 3.7 znd Figure

3.8. Seven ofthese residues are positionally conserved in WPR-4a.
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Figure 3.8 Comparison of the known tertiary structure of barwin with the
SLSS-MODEL predicted structure of WPR-4a. Shoum is a 'ribbon'
representation ofthe two protein structures from a side perspective ohosen in a previous
NMR stutly of the barwin structure (Ludvigsen and Poulsen, 1992b). p-strands are

shor¡rm in blue and a-helical regions in red and yellow. Residues proposed to form a

binciing site for ohitin are indicated. The positions of the amino (N) and carboxy (C)
termini are shovrm. Actual and predicted struotural coordinates were obtained from the
Broolûaven Protein Data Bank and the SWISS-MODEL database, respectively, and
graphical models are diqplayed using the MOLMOL program.
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Chapter 3 - WTLI and VWR-4a cDNA cloning

3.4 Discussion

Characterisation of WTLI and WPR-4aby sequence and mass qpectrometric

analyses, combined with sequence analyses ofthe corresponding cDNAs, has allowed tle

determination of the post-translational psdifications to which the primary WTLI and

WPR-4a translation products are subjected. Thus, both WTLI and WPR-4a appear

to be syrrthesised as preproteins with 24 and,2l amino acid N-terminal leader sequences.

These presequences presumably ensure passage through tle secretory pathway to an

extracellular location (Stintzi et al., L993; van de Rhee ¿l al., 1994). A<lditionally for

WPR-4a, as is commonly qpeculated for a number of PR-4 proteins (Svensson et al.,

1992; Caruso et al., 1993; Caruso et al., 1996), the N-terminal glutamine residue is

converted to a pyrogluttmate residue, after the removal of the signal peptide. The

fi¡nctional signific¿¡1es of this modìfication is u¡known but it may serve to reduce the

susceptibility 1e ¿mins peptidase degradation. The mass qpectrometric data also strongly

imply that WTLI and WPR-4a contain multiple disulfide bridges. The sixteen

conserved cysteine residues of WTLI most likely form eight disulfide bonds as

observed in the tertiary structures of thaum¿tin (Ogata et al., 1992; Ko et al., L994),

zeamatin (Batalia et al., 1996) and PR-5d (Koiwa et al., 1999). The six conserved

cysteine residues of WPR-4a are likely to form three intermolecular sulfide bridges, as

observed for the barley PR-4 like protein, barwin (Ludvigsen and Poulsen, 1992a).

Comparison of the putative WTLI tertiary structure, predicted by

computational simulation (Figure 3.5), to that of knor¡m PR-5 like protein structures

reveals several common features. Foremost, the most prominent surface feature of the

known PR-5 like tertiary structures is tle presence of a pronounced cleft. The fi¡nction

of this clefr remains r¡nknown, however, it may play a role in the binding of molecules

such as B-1,3-glucans (Trudel et al., 1998) or actin (Takemoto et al., L997). Fufler
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Chapter 3 - WILI and l4/PR-4o cDNA cloning

circumstantial evidence for an unlnown ligand binding role of PR-5 proteins has been

provided by the isolation of a cDNA from Arabidopsis encoding the protein PR5K

(Wang et al., 1996). PR5K which is presumed to play a role in cell signal transduction,

has been proposed to consist of tlree domains - an extracelhrlar domain which is highly

homologous to PR-5 proteins, a transmembrane domain, and an intracellular

serine/threonine kinase domaip, which is active when expressed as a recombinant protein.

Moreover, osmotin (a PR-5 protein) appears to have a qpecific interaction with plasma

membrane components of yeast and this interaction in tum produces a cytotoxio effect

(Yun el al., L997, 1998), an activity which may be extended to other antifungal PR-5

proteins. Lastly, authentic tlaumatin has a specific ability to bind to the membrane

located taste receptors of old world primates and humans. This binding elicits an

extremeþ sweet sensation and is on a molar basis 105 times more potent than zucrose

(van der Wel and Loeve, 1972).

Considering the range of known and proposed binding fr¡nctions of PR-5 like

proteins it is highly likely that qpecific afEnities for different ligands exist. For example,

only a subset of PR-5 proteins bind P-1,3-glucans (Trudel et a1.,1998). gimil¿¡þ, not all

PR-5 proteins bind yeast membrane components (Yun et al., L997), and only thaum¿tin

has been found to be s¡reet tasting. This differential affinity for specific ligands is

perhaps also reflected in the observation that PR-5 proteins differ markedly in their

ability to inhibit the growth of a number of different fungal genera (Stintzi et al., 1993).

The structural basis for zuch differences is unknown although it is believed that only

minor tertiary structure differences are responsible for the difference in sweetness of

authentic thaumatin and its close homologues (Ko ef al., L994; Slootstra et al., 1995;

Suami et al., 1997), whilst zurf¿ce charges may be integral to tle antifungal activity of

zeamatin (Batalia et a1.,1996). Nonettreless the exact mechanism(s) by which PR-5 like

proteins fi¡nction remains largeþ unknor¡rm.
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Chapter 3 - WILI and VITPR-4a cDNA clonìng

As discussed previously, it is becoming more evide,nt that PR-4 proteins can be

grouped into tn'o major classes (Ponstein et al., 1994). The class I PR-4 proteins, of

which CBP20 (Ponstein et al., L994), prohevein (Broekaert et al., 1990), the putative

products of winl,win2 (Stanford et al., 1989), IIEL (Pottet et al., 1993) and TABT

(Hanis et al., 1997) can be included, are either known to be plant lectins (Van Parijs ø/

al., l99l; Ponstein et al., 1994), or homologues tlereof Many of these proteins are

therefore implicated in plant defence (Peumans and Van Damme, 1995). As illustrated in

Figure 3.9, these class I proteins are proposed to consist of two domains, which may

undergo post-translational processing into an N-terminal and C-terminal domain as

observed for prohevein (Lee et al., l99l). It is the N-terminal lectin dsmain, often

referred to as the hevein (homologous in size and sequence to mature hevein) dsmain,

tlat is known to give tle class I PR-4 proteins thei¡ lectin properties. Interestingly, other

proteins such as a class I chitinase from tobacco contain tlis conserved domain indicating

that a possible tranqposition of DNA between genes mây give rise to new proteins

containing lectin domains (Shinshi et a1.,1990). In contrast, tÍ.e smaller class tr PR-4

type proteins, of which WPR-4a is a representative, lack the lectin demain, however are

highly homologous in both size and sequence to the C-terminal domain of the class I PR-

4 proteins.

The class tr PR-4 like protein, barwin, has been proposed to bind chitin

(Hejgaard et al., L992), albeit weakly, and a potential binding site for a tetramer of N-

acetylglucosamine has been determined (Ludvigsen and Poulsen, 1992b). The potential

site (see Figure 3.8) is proposed to involve eight residues - Tyr10, Hisl1, TyrLZ, Asp92,

Aqp94, Trp95, TyrlO9 and Hisl13. Seven of these residues are present in WPR-4a

suggesting it may have a similar affnity for chitin. WPR-4a does not contain a Trp95

residue at the e4pected position 93 (refer to Figrre 3.7). As chitin is present in the cell

wall of pathogenic ftngi, the above data is not at odds with the suggestion that VVPR-
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Lectin Domain Chitinolytic Domain

Class I Chitinase

Hinge

Class II Chitinase

Carboxy-Terminal Domain

Class I PR-4like

Class II PR-4 like

Figure 3.9 Diagrammatical representation of the proposed domains common to
PR-4 like and other related proteins. These domains include a lectin (hevein) domain
present in class I chitinases and olass I PR-4 like proteins. The class I PR-4 like proteins
possess a carboxy-terminal domain whioh is highly similar to the class II PR-4 like
proteins, to which WPR-4a can be classif.ed. The diagram is modified from Friedrich ¿l

al. (1991). Both class I and class tr chitinases are classified as PR-3 proteins (van Loon
et al.,1994).
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4a may play a role in plant defence. Such implications will be discussed in the following

chapters.

In conclusion, due to their highly conserved primary structures, it is likely that

WTLI and WPR-4ahwe highly similar secondary and tertiary structures to previousþ

characterised proteins, a zuggestion which is further confrmed by the simulated

prediction of the tertiary structures of the two grape proteins. Given tlat such tightly

packed globular structures have the potential to provide stability over a broad pH and

temperature range, and resistance to proteolytic attack (Stintzi et al., 1993), it is now

r¡nderstandable why these berry PR-like proteins persist tlroughout the winemaking

process. Further comparison of protein strucfirres, mutational studies, and more

extensive binding studies will be required to determine how possible ligands might

interact with PR-5 and PR-4 like proteins. These studies, in tum, may provide firrther

insights to the in planta fi¡nction of tlese proteins, including WTL1 and WPR-4a. As

a complement to such studies, a full r¡nderstanding of the temporal and spatial qarthesis,

and concentration, of these proteins in the plant is required. In the following chapter,

tools generated through protein purification (Chapter 2) and oDNA cloning (Chapter 3)

will be used to address this issue.
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CHAPTER4

Characterisation and expression patterns of the

ripening induced VVTL1 and VVPR-4a encoding

genes
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Chopter 4 - V|¡TLI and VI4PR-4a gene characterisøtion

4.1 Introduction

The grapevine berry is a fleshy fruit (Coombe, 1976), consisting primarily of

tlree basic structures: the skin (exocarp), flesh (mesocarp) and seeds (see Figure 4.1A).

Like a small number of other fruits, the ripening of gapes is non-climacterio and its

growth pattem follows a double sigmoid curve encompassing three stages (Coombe

(L976); Figure 4.lB). Stage I, immediately following flowering, is characterised by a

short period of rapid cell division followed by marked cell enlargement (Nakagawa and

Nanjo, 1965; Considine and Ifuo4 1979) concomitant with high rates of metabolism and

rapid accumulation of acid (Kliewer, 1965). Stage tr is a lag-phase, some 7 to 10 weeks

post flowering (WPF), which constitutes a short period of slow, or no, growth (Coombe

and Bishop, 1980). Towards the end of this period, the berries lose chlorophyll and

acidity reaches a maximum- Berry softening together with the rapid accumulation of

sugafs and amino acids (for review see Kanellis and Roubelakis-Angelakis (1993)

sþals e'ntry into stage III, in which cell e4pansion rather than cell division is chiefly

responsible for the continued growth in berry size (Nakagawa and Nanjo, 1965;

Considine and Knox, 1979). Viticulturists use the term veraison (from the French

véraison) to describe the entry into stage Itr and hence the inception ofripening.

Although a great deal is known about some of the chemical constituents of

grapevine berries and the changes that occur tlrough the tlree stages of berry growth,

little is known about their protein composition and respective gene expression. The

profile of soluble proteins found in the juice of ripe berries often appears surprisingly

simfle with a predomin6ce of a few low molecular weight proteins (see Chapter 2).

The simplicity ofthis profile is to a large extent a result of incomplete extraction of total

celhrlar protein. To better r¡nderstand the accumulation of these soluble berry PR-like

proteins during the development oftle berry, a systematic sampling, throughout stages I,
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Figure 4.1 The morphology and growth of the grapevine berry. (A) Illustration
of the betry showing the tlree major structures- the skin, flesh and seed (reproduced
from Coombe (1987)). (B) Crraph demonstrating the tlree majsr phases ofberry growth
(volume) - stages I, II and Itr (redraum from Coombe and Hale (1973)).
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Chapter 4 - WTL| anil VtlPR-4a gene characterisøtion

tr and Trr, was performed. Through Northern and Westeflr blot anaþses it was possible

to demonstrate that the genes encoding WTL| and V\¿PR-4a arc predomin¿11þ

ex¡)ressed in the berry at the onset of ripening. Furthermore, the respective genes, which

appear to be coordinateþ regulated, have been cloned. Sequence anaþsis has revealed

that both genes contain similar putative sequence elements which could be the targets of

transcription factors which ensure tissue and developmentally specifi.c expression.
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Chapter 4 - WILI and VllPR-4a gene characterisdion

4.2 Materials and Methods

All common molecular biology procedures were performed, and solutions

prepared, as described by Sambrook et al. (L989) unless otherwise noted.

4.2.1 Berry sampling

Berries were harvested in the 1995196 season from 26 V. vinifera cv Muscat of

Alexandria vines þlanted 1981) at the Afuerstoke vineyard (Waite Campus, The

University of Adelaide; Latitude: 35' South). Sy,nchronousþ flowering bunches were

tagged and their development followed to maturity. Ten br¡nches were taken from tle

vines every I to 2 weeks. No more than l0% of the a particular vine's br¡nches were

harvested. A 50 berry sample, consisting of five berries taken from tle top, middle and

bottom of each br:nch, was zubjected to weight and deformability measurements.

Deformability measurements were performed with a calibrated Harpenden Skinfold

Caliper Gauge (British Indicators, West Sussea UK) as previousþ described (Coombe

and Bishop, 1980) and illustrated (Coombe, 1992). Remaining berries were frozen in

liquid Nz and powdered in a Waring Blendorru before storage at -70"C. Sub-samples of

the frozen berries (2 to 5 g) from different developmental stages were used for protein,

RNA and'free run' juice extraction. 'Free run' juice was obtained by thawing powdered

berries and centrifugng at I2,000g for 5 min. Both "Brix (Erma digital refractometer,

Japan) and pH ofthe juice were measured.

4.2.2 Tissue sampling and protein extraction

All grapevine tissues were obtained from the Muscat of Alexandria vines used for

berry sampling except roots which were obtained from a potted vine ofthe same cultivar

glowll r¡nder shadehouse conditions. Skin, pulp and seed tissue was obtained from
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Chapter 4 - YIITLI and VItPR-4a gene characterisation

mature berries harvested 17 WPF. Skin was removed from frozen berries and washed

extensiveþ in distilled water prior to protein extraction. Tissue (2 to 5 g) was frozen in

liquid Nz and ground to a fine powder using a mortar and pestle. Protein was extracted

by addition of 2 mI of buffer (500 mM Tris-HCl, pH 8.0, 5% (wlv) sDS, 10 mM DTT,

10 mM sodium diethyldithiocarbamate) to I g of powdered tissue followed by incubation

at 95oC for 5 min and then centrifugation at 12,0009 for 5 min. Protein was

concentrated by precipitation with ice-cold TCA at a final concentration of 10% (w/v).

After a 15 min incubation on ice the precipitated protein was collected by centrifugation

for 15 min at l2,00Dg and the resulting pellet washed twice with ice-cold ethanotethyl

acetate (2:1, vlv). Following brief drying, proteins were re$rspended in 20 mM Tris-

HCt pH 8.0 before anaþsis by SDS-PAGE and immunoblotting. Juice from various

fruits, purchased from a local fruit shop, was obtained by squeezing tle pulp gently,

followed by centrifugation tt 12,0009 for 5 min. For the measurement of (1,3)-B-o-

glucan endohydrolase aøivity, berry proteins were extracted in 50 mM sodir¡m acetate,

pH 5.0, 2 mNI DTT and assayed as described previousþ (Chen et a1.,1993).

4.2.3 Southern blot analyses

Crrapevine genomic DNA was extracted from Muscat of Alexandria leaves as

described previousþ Steenkamp et al. (1994).

WTLI gene

DNA (a pg) was digested to completion witl respective restriction en4mes

(Promega, USA), resofued in a TAE buffered 0.8% (w/v) agarose get capillary blotted

with 20 x SSC onto Hybond N+ membrane (Amersham, UK) according to the

manufacture/s instructions, and then fixed with 0.4 M NaOH for 15 min. The blot was

incubated at 65oC for I h in prehybridisation solution (5 x SSC, 05% (vlv) SDS, 5 x

Denhardt's reagent, 100 pglml denatured and sheared salmon testes DNA) before

83



Chapter 4 - WTL| and WPR-4a Sene characterisation

addition of a denatured DNA probe (nucleotides 154-738, Fþre 3.2), which was [ct-

t'flaCff hbelled using the Megaprimeru DNA labelling system (Amersham, UK)

aooording to the manufacturer's instructions. For high-stringency soreening,

hybridisation for 16 h at 65'C was followed by washes of the membrane ú 65oC tn 2 x

SSC,0.I%(wlv) SDS for 2xl0 min, I x SSC, 0.1%(wlv) SDS for l5 min andthen 0.1

x SSC, 0.I% (w/v) SDS for 15 min. Labelled DNA was detected with a

Phoqphorlmaging* screen (Kodak, USA) and analysed using a Storm 860

Phoqphorlmagef,M (Molecular Dlmamics, USA) and ImageQuaNT software (Molecular

D5mamics, USA). Screenings at lower stringency were performed exactly as for the high

stringency screens except that filters were washed only n 2 x SSC at 65'C for 3 x l0

min.

VWR-4ø gene

Soutlem blot analyses \ryere performed essentially as described above with the

following modifications. Digested DNA (8 prg) was resolved then blotted onto Hybond

N membrane (Amersham, UK). DNA was fixed with IIV liglrt (as described by the

membrane's manufacturer) with a UV orosslinker (Amersham, UK). Prehybridisation

was performed at 60"C for I h, followed by hybridisation with ¡cr-32n1dctt labelled

probes. WPR-4a oDNA probes were hybridised at 60'C for 16 h before the membrane

was washed at 60oC n2 x SSC, 0. L% (wlv) SDS for 2 x l0 min, 1 x SSC, 0.1% (w/v)

SDS for 15 min and then 0.5 x SSC, 0.1% (wlv) SDS for 15 min. Labelled DNA was

detected as described above.

4.2.4 Northern blot analyses

Total RNA was extracted from berries and other grapevine tissues, and quantifi.ed

by tIV spectroscopy, as described in Section 3.2.1. Total RNA (5 pg) was denafured by

inoubation (65"C for 15 min) in denaturing buffer (final conc. of 6.5%o (v/v)
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formaldeþde,50%o (v/v) formamide, I x MOPS buffer (20 mM MOPS, pH 7.0, 10 mM

sodium acetate,l mM EDTA)) and then chilled on ice (5 min). RNA loading buffer was

then added (final conc. I0% (v/v) glycerof 0.05% bromophenol blue) before the RNA

was resolved by electrophoresis through a 7.25%o (w/v) agÍrose get containing 6.50/o

(v/v) formaldeþde, in I x MOPS buffer. Following blotting onto a Hybond N

membrane (Amersham, UK) according to the manufacturer's instructions, tle RNA was

fixed with ¿ lJ[ ç¡essrinker (Amersham, uK), and the blot hybridised and washed before

the labelled DNA was detected as described for WTL1 or WPR-4a Southem blot

analyses (Section 4.2.3) under stringent conditions.

Total RNA from Uncinula necator infected leaves and pre-veraison berries (6

!VPF) was a kind glft from A. Jacobs, I. Dry and S. Robinson (CSIRO Plant Industry,

Adelaide) . Infections \ryere assessed by the naked eye and judged to be mild if hyphae

covered up to 20Yo of leaf or berry surface areas, and to be severe ifhl,phae covered

greater tlan 50% of ttre leaf or berry surface area.

4.2.5 SDS-PAGE and Western transfer

Proteins were resolved by SDS-PAGE as described previousþ (Section 2.2.2).

Gels were stained with Coomassie Brilliant Blue R-250 or blotted onto nitrocellulose

membrane (MSI laboratories, USA) using a semi-rlry transfer unit (LKB bromâ, Swedelr)

as described elsewhere (Ilarlow and Lane, 1988). Protein transfer was confirmed by

staining the nitrocellulose membranes for 2 min at room temperature with 0.2% (w/v)

Ponceau S (Sigma, USA) tn 0.2% (w/v) TCA and 3% (wlv) sultosalicylic acid, before

destaining with deionised IIzO.
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4.2.6 Western blot analyses

Anti-WTLl antibodies were produced by the Institute of Medical and

Veterinary Science (Adelaide, Australia) in New Zealand White rabbits. Reverse phase

HPLC purified WTLI (-100 ¡rg in phosphate buffered saline) was mixed with an equal

volume of Freund's complete adjuvant and injected intramuscularþ. The rabbit was

given a further two booster injections (-100 pg of WTLI in Freund's incomplete

adjuvant) at 3 weekly intervals, before bleeding one week after the final boost. The IgG

fraction was stored tn30% (v/v) glycerol containin g0.02% (v/v) sodium ande at 4"C. A

dilution of 1:10,000 (v/v) in 3% (wlv) BSA was used for immunoblotting experiments.

Prior to probing, the immunoblots were blocked ovenright at 4"C n t 5o/o (w/v) low fat

milk powder dissolved in TBS-T (137 mM NaCl, 2.7 nNIKC\ 25 mM Tris-HCl, pH

8.0, 0.l% (vlv) Tween 20 (Sigma, USA)). Tmrm'noblots were probed (1 h at room

temperature) with anti-WTLI antibodies, followed by horseradish peroúdase-coupled

anti-rabbit antibodies (Promega, USA; dilution of l:10,000 (v/v) n 3% (w/v) BSA)

before detection using ECLrM reagents (Amersham, UK) and subsequent exposure to

Hyperflm-MPrM (Amersham, UK). Before and after antibody additions immunoblots

were washed for 4 x l0 min with TBS-T at roomtemperature.

4.2.7 Genomic library construction and gene isolation

A genomic library was constructed by ligating V. vinifera w. Muscat of

Alexandria DNA which had been partially digested vtrth MboI then partially filletl using

Klenow DNA pol¡merase (Promega, USA) leaving 5'-AG-3' overhangs, into the IFDil

vector (Stratagene, USA), which had been digested with XhoI and partiaþ filled in

leaving 3'-CT-5' overhangs. The DNA was then packaged into Gigapack Itr Gol<l

packaging extract (Stratagene, USA) according to the manufacturer's instructions. E.

coli ){J-l-B,lue MRA (P2) cells (Stratagene, USA) were used as the library's host.
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Approximately 4.5 x 105 phques were screened in duplicate firstly with a ¡cr-"fldctf

labelled WTLI probe under hiBh stringency conditions as described in Section 4.2.3.

After the detection of WTLI related DNA, filters were stripped of probe, with boiling

0.5% (w/v) SDS. The stripped filters were reprobed at 65"C with a combination of two

¡o-32t¡dctP labelled probes (pWIN2a and pWIN52 insert DNA; Figure 3.1),

representing the entire WPR-4a oDNA, and then washed under high stringency

conditions (0.1 x SSC, 0. l% (wlv) SDS at 65'C). Hybridising phage were purified

through two additional rounds of screening. The DNA of hybridising phage was purified

(Section 4.2.5) and the presence of WTL1 or WPR-44 encoding DNA con-firmed by

Southem blot hybridisation, and by PCR employrng gene specific primers. Respective

genes were subcloned from l, phage inserts into the pBluescript II SK (-) vector

(Stratagene, USA), and transformed into corrpetent E. coli XLl-Blue cells (Stratagene,

USA) before sequencing as previousþ described (Section 3.2.3).

4.2.8 Ì' phage DNA extraction

For the preparation of î, phage DNA, 100 ¡"rL of host E. coli cells þrepared as

described in the l,FDil manual (Stratagene, USA)) were transfected by incubation

(37"C,15 min) with 100 ¡rL of transfection buffer (10 mM MgC12, 10 mM CaClz) and

100 pL of a suitable phage stock. Phage stock ¡pically consisted of an agar plug

containing a monoclonal plaque of interest stored at 4"C in I mL of SM buffer (0.1M

NaCt 10 mM Mg2SO4, 20 mM Tris-HCl, p}J7.5, o.0l% (w/v) gelatin), w1th25 ¡rL of

chloroform added as a preservative. After addition of l0 mI ofNZY broth (0.5% (w/v)

NaCl, 0.2o/o(wlv)MgzSO+, 0.5%oyeast extract, l%o(wlv) caseinhydrolysate), the culture

was gtown ovemight at 37"C, or until cell lysis was evident. Chloroform (200 pL) was

then added and the lysate was clarified by centrifügation (4,0009, 10 min). Soluble

phage particles were precipitated by adding an equal volume of PEG solution (20o/o wlv
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PEG ó000, 2.5 M NaCl). The mixture was incubated on ice for 60 min, before

centrifugation (2,0009, 10 min), and resuspension of the phage pellet in SM buffer.

Remaining cellular contents were removed by incubation (with mixing for 10 min) with

aû equal volume of a Q-sepharose (Pharmacia, Sweden) suspension (20% (vlv)

equilibrated in SM butrer). The Q-sepharose was removed by centrifirgation (12,0009, 5

min) before RNAse A (20 ¡rg) was added to the olarified supematant. Following a 15

min incubation at 37oC, the phage particles were lysed as previousþ described (Helms el

ø1., 1985), then extracted with phenol:chloroform:isoamylalcohol (25:24:I). The phage

DNA was precipitated with isopropanol, the pellet washed \løth70% (v/v) ethanol, dried

and resuqpended in TE buffer (10 mM Tris-HCl, pH 8, I mM EDTA). T¡pical DNA

yields were -20 þElñ ofphage lysate.

4.2.9 Searches for putative transcription factor binding sites

DNA sequences of the respective genes were scanned for putative transcription

faotor binding sites by the TFSEARCH program (Yutaka Akiyama: "TFSEARCH:

Searching Transcription Factor Binding Sites"; intemet address :http.llpdapl.trc.rwcp.

orjp/research/db/TFSEARcH.html). The TFSEARCH program employed the

TRANSFAC database (Heinemeyer et a1.,1998), which contains the knor¡m binding sites

of previousþ characterised plant transcription fa ct ors.
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4.3 Results

4.3.1 Sampling of developing Muscat of Alexandria berries

As a first step in understanding the processes that affect grapevine berry PR-like

gene expression, berries from Muscat of Alexandria vines were sampled routineþ from

flowering to berry maturity (17 WPF). Values obtained for berry weight, deformability,

'Brix and pH are shor¡rm in Figure 4.2. A double sþmoid growth ourye t¡pioal of grape

benies (Coombe, 1976) was observed. The onset of veraison, sþalled by the sudden

increase in berry deformability and the onset of rapid accumulation of soluble solids, was

clearþ observed nine WPF, shortly before the resumption of rapid berry growth.

4.3.2 VVILI and WPR-4a genes belong to small multigene families

Before defining when and in which tissues the WTL1 and WPR-4a encoding

genes are e{pressed, it was first determined how many closely related genes exist within

the diploid genome of V. vinifera.

WTLI gene

Through availability of the WTLI encoding oDNA it was possible to ascertain

the likeþ copy number of WTLI encoding genes. Southem blot hybridisation analysis

of restriction endonuclease digested genomic DNA rurder highly stringent conditions (0.1

x SSC, 65'C), in which only targets of greater than about 90%o identity were detected

(the T- of the probe in 0.1 x SSC is 75.2"C; Meinkoth and Wahl (1984)), revealed that

WTLI is most likely encoded by a single gene (Fþre 4.34). Hybridisation under less

stringent conditions (2 x SSC, 65'C), in which only targets of greater than about 70o/o

identity will be detected (the T"' of the probe in 2 x SSC is 96.8oC; Meinkoth and Wahl

(1984)), reveals additional hybridising DNA fragments (Figure 4.38). Indeed, through
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Figure 4.2 Physical and chemical changes in grape berries from flowering to
ripeness. Muscat of Alexand¡ia berries \¡/ere sampled from 2 to 17 weeks post
flowering. Weight and deformability measurements were performed on whole berries
whilst pH and oBrix measureme,nts were performed on 'free run' juice. The approximate
time ofveraison is indicated by a dashed line (-9 weeks post flowering).
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the purification of WTL2 (see Chapter 2) it is known that other genes encoding distinct

proteins with some degree of sequence similarity to WTL1 do exist within the grape

genome. Ir'IiTL2 is likd to be identioal to the grapevine protein WOSM1 (see

Sections 2.3.3 and3.3.2), a protein of 72Yo positional identity to WTLI (Loulakakis,

reeTb).

VWR-4ø gene

To estimate the copy number of WPR-4a encoding genes, genomio DNA from

V. vinifera cv Muscat of Alexandria was analysed by Southem blot hybridisation, using a

114 bp probe primarily representing the 3'untranslated region (nucleotides 436 to 550 in

Figure 3.6) of the WPR-4a oDNA. Employing 1þs highest stringency practically

possible for this relatively short probe, the results (Figure 4.48) indicate that two highly

similar sequences encoding WPR-4a may exist within the rliploid V. vinifera genome.

Whether tlese sequences are allelic or represent distinct genes is not clear. When the

same membrane was stripped and reprobed with a probe (nucleotides 77 to 32L n Figure

3.6) representing the coding region of WPR-4a (Figure 4.4A) it is evident the WPR-4a

gene belongs to sma[ highly related multigene family, consisting of at least two, possibly

five genes.

4.3.3 The VVTL1 and WPR-4a genes are highly expressed in ripening berries

To determine when during fiuit development the WTLI and WPR-4a encoding

genes are expressed, equal amounts of RNA, extracted from berries at different stages of

development, were subjected to Northem analysis (Figure 4.5), using firstly a Ll4 bp

WPR-4a specific probe, and secondly a WTL1 specific probe. There was a clear

correlation between the onset of veraison (the initiation of sugar accumulation and

softening), at nine WPF, and substantial accunulation of both the WTLI and WPR-4a

messages. A maximum level of message was observed at 11 WPF, after which the
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WTL1 and WPR-4a mRNA appeared to decrease in abundance. This suggests that

near berry maturation either a higher degradation rate of WTLI and WPR-4a mRNA

occllrs, or that gene activation may diminish. Flowers were the only other tissue tlat

contained detectable levels of message hybridising to both probes, whilst very low levels

or no WTLI or WPR-44 message is present in roots, leaves, tendrils or flower buds,

suggesting a highly tissue qpecific pattem of the expression of tLe WTLI and WPR-4a

genes (Figwe a.5). The induction of expression at veraison, followed by sustained high

levels of message throughout ripening is a pattem also demonstrated for a chitinase

(YvChi$ (Robinson et al., 1997). Together, these results suggest that a coordinate

regulation of PR protein genes occrrrs in ripening grapevine berries in reqponse to

developmental sþals.

4.3.4 The WPR-4a gene is induced by powdery mildew infection

An important featr¡re of PR proteins is the inducibility of their genes in tissues

challenged wittr a pathogen (van Loon et a\.,1994). Powdery mildew, a major pathogen

of both leaves and pre-veraison berries of Z vinifera was used to challenge these tissues

r¡nder controlled conditions. Northem anaþsis (Figure 4.58) showed that the WPR-4a

mRNA levels were higher in infected tissue whilst no WTL1 mRIIA could be detected.

The highly similar pattern of e4pression of tle genes encoding WPR-4a and WTLI

druing fruit development can therefore not be extended to situations of patlogen

challenge.

4.3.5 Protein profiles of developing grape berries

Extraction of berry proteins n a 5% (w/v) SDS based buffer followed by

electrophoresis reveals a relatively complex pob/peptide pattem with few obvious

eþanges during development otler than a general increase in the amount of extractable

protein (Figwe 4.68). A prominsnl feature is the continuous accumulation of two
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Figure 4.6 Protein profiles of berries at different stages of development. (A)
Protein extracted from juice of Muscat of Alexandria berries (4 to 17 weeks post
flowering) was resofued by SDS-PAGE and stained with Coomassie brilliant blue. Each
lane contains protein TCA precipitated from 400 pl ofjuice. The estimated positions of
\Ã/TLI and WPR-4a arc indicated by arrows. (B) Protein extracted from whole
Muscat of Alexandria berries (2 to 17 weeks post flowering) into an SDS containing
buffer was resofued by SDS-PAGE and stained with Coomassie brilliant blue. Each lane
contains protein extracted from approxim¿tely 50 mg fresh weight of tiszue. The arrow
i-rli^otoo +Lo o---^*imofa nncifinn in tflra cal nf \Ã/'FT I /ñ\ \^/TT 'l .n^"m"f^+a¡ n¡ +lraduv4rvù luv UPl,¡v/.Wùwl,uù¡trvû¡x luw õwr vr Y Y r!¡. \v/ v Y rL¡ 4wwuuu4lwù 4s ruw

grape matures. Proteins in a replica gel to that shovr¡n in B were transferred to a

nitrocellulose membrane and subjected to Western blot analysis with anti-WTLI
antibodies. (D) A longer exposure of the immunoblot shovrn in C. The positions of
molecular mass standards are indicated on the sides of respective gels and immunoblots.
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proteins with apparent masses of 24 kÐa alrd 32 kDa, clearþ distinguishable at and after

13 WPF. These are likely to represent WTLIA/VTL2 md WCHIT, based on the

protein purification and oharacterisation data obtained using Muscat of Alexandria juice

described previousþ (Section 2.3.2 and 2.3.3). When olarified 'free-run' juice, was

extracted from the same berry samples without any protective buffering agents, a very

simple poþeptide pattem consisting almost exclusively of 13, 24 and 32 kDa'

components was observed (Fþre 4.64). Agatn, based on previous data, these are likely

to represent WPR-4a, WTLIA/VTL2, and WCHIT. All of these protein qpecies

accumulated to significant levels during the latter stages ofripening (Figure 4.6A).

4.3.6 WTL1 is specific to ripening fruit ol V. vinifera

Northem blot anaþsis suggested a tight temporal and site-specific control of the

expression of WTLI and WPR-4a encoding genes, indicating that the berry may the

sole site of WTLI and WPR-4a accumulation (Section 4.3.3). Additionally, anaþsis

of total and soluble protein by SDS-PAGE strongly indicated both proteins accumulate

during ripening (Section 4.3.5). To investigate these aspects further, polyclonal

antibodies were raised to VVTll- purified fi'om juice (Chapter 2) and Western blots

were performed. The antibodies produced were shown to be highly specific for WTLI,

and had a cross-reactivity of approximately 20 times less against WTL2 (results not

shorvn), which is proposed to have a positional identity of 72o/o to WTLI (see Section

4.3.2). The Western blot anaþsis therefore of total berry protein extracts (Figure 4.6C)

and of free run juice samples (data not shown) con-firmed that a 24 kDa protein

accumulating in ripening fiuit was most likely WTLI. High levels of the WTL1

mRNA appeared 10 WPF and remained high tluoughout ripening (stage Itr) (see Figure

* 
Despite several independent attempts in three different rabbits, efforts to raise antibodies against

WPR-4a were unsuccessful as no immunological response appeared to be rnounted.
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4.5). WTLI, or a olose homologue thereo! was readily detectable 11 WPF and

although its level appeared to increase thn'ougbout ripening, the relatively slow rate of

accumglation from weeks 13 to 17 post flowering could, given the high mRNA levels,

indicate that some protein turnover or post-transcriptional control is taking place, as

previousþ observed for the tobacco PR-5 protein, osmotin (LaRosa et a1.,1992).

The availability of the highly specific antibodies allowed a further search for

WTL1 ¿nd highly similar proteins in other tissues of the grapevine. Equal amounts of

protein extracted from berry skins, beny pulp, seeds, roots, flowers, tendrils, young

leaves and mature leaves were electrophoresed and subjected to Western blotting. It was

found that only the berry pulp and skin extracts contained detectable amounts of WTL1

or a close homologue thereof (Figure 4.7). The level of WTLI or like protein in the

pulp extract prepared as described here wâs mary-fold higlrer than the levels found in the

skin, a scenario similar to that found for beny chitinases (Derckel et al., 1998). In fact,

it cannot be ruled out that the low amorurt of WTL1 or like protein detected in the skin

extract is derived from small amorrlrts of pulp adhering to the skin preparation.

Conversely, it cannot ruled out that WTL1 or like protein was lost from the skin during

preparation which included washing in distilled water to remove the majority of adhering

pulp. Indeed, Pocock et al. (1998) found that thaumatin-like proteins and berry

chitinases were readily extractable, with rnodel grape juice, from skin samples prepared

from Pinot noir and Sauvignon blanc benies.

4.3.7 PR-5 like proteins are major protein species in a range of fruits

The Muscat family of grapes is renowned in the wine industry for the high levels

of protein that may be found in the wines prepared from them, with concomitant

problems of precipitation and so-called 'haze formation' during produot storage (see

Chapter 1). However, extraction of 'fi'ee-nur' juice from the ripe berries of six different
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Figure 4.7 WTL1 is specifïc to the grape berry and present in high levels in the
pulp. (A) Proteins extracted from flower buds (FB), flowers (FL), tendrils (TE), roots
(RO), immatrue leaves (IL), mature leaves (ML), seeds (SE), berry pulp (PU) and skins
(SK) were resohed by SDS-PAGE and stained with Coomassie brilliant blue. The affow
indicates the position in the gel of WTLI. (B) As for A except proteins were
transferred to a nitrocellulose membrane and WTL1 detected by Westem blotting. (C)
A longer exposure ofthe immunoblot sho'¡m in B.
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grape cultivars (Figure 4.84) shows that the accumulation of WTLI, or its close

homologues, is wideqpread (Figure 4.SB). The highly conserved accumulation of

WTLI, or closeþ related protein, in the fruits of V. viniftra raises the question of how

ubiquitous this phenomenon is. To address this question a variety of commercially

available fruits with no apparent disease symlltoms were obtained and the presence of

WTLI homologues in their juice analysed by Western blot analysis (Figure 4.8C). In

some fruits (banana and kiwifruit) large amounts of WTl-l-like soluble proteins had

aocumulated whilst others appeared to contain little or no cross-reactive protein. Thus

the accumulation of PR-5 like proteins in fruits may be widespread but possibly not

universal. It should be bome in mind that the antibodies raised against WTL1 may not

recoeÍdse PR-5 like proteins from all species since signifioant sequence diversity may

exist. For example, a thaumatin-like protein purified from cherry (CIilL) (Fils-Lycaon

et al., 1996) exhibits only 45Yo positional identity with WTL1 whilst a tobacco PR-5

protein (PRR-1) (Payre et a1.,1988) exhibits 82% positional identity with WTL1 (see

Figure 3.3). Notably, since the commencement of this study, it is has been reported tlat

PR-5 like proteins do exist in tomato fruit (Pressey, 1997), and PR-5 like cDNAs have

been cloned from apple (unpublished; GenBank accession no. 4F090I43) andbanana

(Clendennen and May, 1997; Medina-Suârez et al., 1997) fr:wt. Whether the onset of

PR-like protein synthesis in banana and kiwi fruit is tightly coupled to ripening has yet to

be established, as has the nature of the regulatory sþals controlling the promoters of

these highly inducible genes.

4.3.8 Isolation of WTL1 and V\{PR-4a encoding genes

To further characterise the genetic material responsible for the production of

WTLI and WPR-4a, ther reqpective genes were isolated. A genomic library was

constructed fromV. vinifera cv. Muscat ofAlexandria DNA and approximateþ 4.5 x 105

plaques were screened at high stringency using partial cDNAs encoding WTLI or
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Figure 4.8 VVTL1 homologues are present in the tfree runt juice of several Z
vínífera cultivars and other fleshy fruits. (A) Proteins from the juices (iBrix in
parentheses) of the following oultivars (a) Chardonnay (23.8), (b) Pinot noir (27.8), (c)
Palomino (18.5), (d) Shiraz (23.4), (e) Semillon(26.3) and (Ð Sultana (qm Thompson
seedless) (2I.7) were subjected to SDS-PAGE and the gel stained with Coomassie

brilliant blue. The affow rqlresents the position of WTL1 homologues. (B) Proteins in
a replica gel to that shovrm in A were zubjeoted to Westem analysis using anti-WTLI
antibodies. (C) Juice (20 ¡rL) from the ripe fruits of the desþated plants was resofued
by SDS-PAGE and the separated proteins transferred to a nitrocellulose membrane. The
blot was subjected to Westem anaþsis using anti-WTT-l antibodies. The fruits (Tti*
ofjuices in parentheses) are as follows: tomato (4.1), ryple (L2.9), mandarin (I3.4),
apricot (18.3), banana (20.9), kiwi fruit (14.1), and grape (Muscat of Alexandria) (22.2'¡.

rffir
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WPR-4a. Six phage clones were isolated which hybridised to the WTL1 oDNA

probe, whilst only three phage clones hybridised to the WPR-4a oDNA probes. To

confirmthe presence ofthe targeted genes Southern blot hybridisation was performed on

several candidate phage (data not shown). It was revealed that the phage isolate )u7[l

contained DNA restriction fragments indicative of the presence of the VVTLI gene, and

hybridisation using a probe primarily representing the 3' untranslated region of the

WPR-4a cDNAo revealed tlat the phage isolate Ì,"4C2 most likeþ contained the WPR-

4a gene. The above results were confirmed by PCR employing gene specific primers

(data not shorvn).

4.3.9 Sequence characterisation of the VVTL1 and WPR-4a genes

To characterise the WTL1 and WPR-4 encoding genes by DNA sequencing,

several different plasmid subclones were constructed, from À7Al DNA (Figure 4.9) and

\4C2 DNA (Figure 4.10), reqpectiveþ. Through the emplolment of both gene specifi,c

primers and vector sequencing primers, the WTL1 enooding gene (Figure 4.11) and

WPR-4a encoding gene (Figure 4.12) were sequenced on both DNA strands. Notably,

tlis study represents the first published report of the oloning and sequence

characterisation of a PR-4like class II gene.

By comparison of the oDNA sequences (Chapter 3) and gene sequences it was

possible to predict putative transcription sites for both WTLI and WPR-4a encoding

genes (Figure 4.11 andFigure 4.I2). Transcrþtion start sites appearto be loaated26

and 25 nucleotides, reqpectively, doumstream of putative 'TATA boxes' - distances

within the suggested limits of 31 +/- 7 nucleotides (Joshi, 1987). Like other previousþ

characterised PR-5 genes (van Kan et al., 1989; Nelson et al., 1992), the WTLI gene

contains no introns. Converseþ, thc WPR-4a cncoding gcne contains a relativeþ small

107 bp intron (nucleotides 1059-1166, Figure 4.12). This intron has qplice sites that
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conform with consensus sequences suggested for higher plants (5' GT, 3' AG), and

contains a pyrimidine tract (CTrG-CTz) which is proposed to be recognised by intron

qplicing proteins (Simpson and Filipowicz, 1996). Furthermore, the positioning of the

intron within the WPR-4a open reading frame is identical to that of an intron within the

PR-4 like class I potato gene,winl (Stanford et a1.,1989).

Utilising the TFMATRX transcription factor binding site profile database

(Heinemeyer et a1.,1998) and associated software, the WTLI and WPR-4a encoding

genes wefe soannsfl for regions homologous to the binding sites of previousþ

characterised transcription factors. Each gene contained two putative binrling sites for

the same two types of transcription factors. The first site (WTLI gene: nucleotides

706-711, Figure 4.11; WPR-4I gene: nucleotides 646-651, Figure 4.12) is hiehly

similar to a oonsensus sequence to which a myb-ltke P protein from maize has been

shownto bind (Grotewold et al., 1994), whilst the other site constitutes a sequence to

which the protein factor SBF-I from bean binds (Lawton et al., 1991) (WTLI gene:

nucleotides 155-160, Figure 4.ll; WPR-4a gene: nucleotides 486-490, Figure 4.12).

Comparison of the 5'flanking regions of the WTLI and WPR-4a genes, upstream

from the reqpective start codons, failed to reveal any extensive DNA sequence

similarities (data not shoum).
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Figure 4.11 The WTLI. encoding gene and deduced amino acid sequence. The
start and finish of the corresponding oDNA sequence (see chapter 3) is denoted by
downward arrows. Nucleotides are numbered on the right side and amino acids are

numbered on the left, with the first residue desþated as *1. A cleavable presequence is
underlined, the translational stop codon is denoted by uo asterisk (*), *d a putative
'TATA box' is boxed. Two putative transcription factor (SBF and P) binding sites are
underscored by horizontal arrows.



CGTTAÀAGTCATC TCACATAAGA.AAÀA.AÀAAGAÄAAAÄAÀAAGAGC T T C T TTATGC TATC

TGAGGGGCATCCATCCTTGATATTCTTCATC CTAAAAÄAAACTTTTATTTTTTTGCÄAGT

TTTTATGTTATC TC C TC TAÀATC GTA.AAÄAGAGAGGTTACAATTTTGTATTTATATGATG

SBF

AATATTTTTTAGTTTTGTTCTTTGGGTTTCCTTCATAATTAAAAGGGTTTAATATGTAAG

TATTTTTAATTATTTTATTTATTCTATTACÀTTATTATTTTATTATTC TATTTTTAÀÀ,TT

ATGGGAGCATCATTTCAAAÀ,CAC TAC C TTTAAAÀÄAATAÀATAAÄAATATAGTTT TTATA

TTTGAGATTTTAÄACAÀAATTTTATTTATAAÄÄÄ.TAATTAÄAATTAC GTTTTGC C TAACA

TGCGTACGTTGTAGTCATCCGCGGAGTTGGTTCGAGAGGACATTGGAAAATCACACAÀAG

TGATCATGTGC CTTTAATTGGAÀAATAAA,CAGTGGATTTTC TCTTCTCTAGAATTGGTTG

C TTC TCAGATAÀÀGGTCAAÄ.A,TTCAATTATGATATTATGGAAÀATAGTC C CAGTC GAAC C

AATTTTCAÀGGCATTTGAAGTGGC CATTCATTCÀAGAÀÄ.GGAÀGTTTGAAATAÀAT TTTT

CCAACGC.AACGCGGCACGCACCCGGCCATGTTTTCAAGATGC CTTCC TAC CTGTCCTCAG
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AÀTTCAGTAT TCATGAATTTC CATAAÀAGTTAGACAGGTTTC TGA.AAÄ,TAÄ,TAAÀ,AATGA

TAATGATGTGGACC C C TTGAAATAÄÄ'TTCAGTATTCATGAÄTGGGCA.ATTC TGGTTC TTT
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CATCATCTTTTTATCTGTAATCAATCATCCAÄ,TC.AAGTCCAACAAÀÀTGCTGAÄATTTCC 9 O O

ATTccAATTAACccAC TTcrcAccrAÀTcrcccAAAccATAGCcAccc rrcATcFarffi g o o

.t
AÄCCCCACCATACATCCATCTCCAÀGÀCACCGCATTAGCCCAAACCCATAAGAATTCTAÀ ]. O 2 O

-1
ATACTTCGATTCTGATCATCTGATTCATTCAACATCAÄÄÄ,TGCGCTTCACCACCACCCTC 1 O 8 O

MRFTTTL

CCAATTCTCATCCCTCTCCTCCTCAGCCTCCTCTTTACCTCCACCCATGCAGCCACCTTC 1 1 4 O
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GACATCCTCAACA.A.A,TGCACCTACACCGTCTGGGCAGCCGCCTCCCCCGGTGGCGGACGG 1 2 O O
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AGACTTGACTCCGGCCAGTCCTGGACA.ATCAC CGTCAAC CC CGGCACCAC CAÀTGC TCGC 1 2 6 O

24 R I, D S G O S W.T I T V N P G T T NÀ R

ATCTGGGGCCGAACCTCATGCACCTTCGACGCCAÀTGGGCGTGGCAAATGCGAAACTGGT ]. 3 2 O

44 I W G R T S C T F DAN G R G K C E T G

GACTGCA.ATGGCCTCCTCGAATGCCAGGGCTACGGTTCACCCCCAAACACCCTCGCTGAA 1 3 B O

64 D C N c L L E C O G Y G S P P N T LA E

TTCGCTCTAAACCAGCCCAATAACCTCGACTACATCGACATCTCCCTTGTCGATGGCTTC ]- 4 4 O
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AACATCCCCATGGACTTCAGCGGCTGCCGCGGCATCCAGTGCTCCGCTGACATCAATGGG 1 5 O O

104 N I P M D F S G C R G I Q C S À D I NG

t24
CAATGCCCCAGTGAGTTGAÄ,GGCCCCCGGTGGATGCAACAÄCCCGTGTACAGTGTTCAAG 1- 5 6 O

A C P S E IJ KA P G G C N N P C Í v F K

ACCAATGAGTATTGTTGCACTGATGGACCTGGAAGCTGTGGTCCGACCACATACTCCAAA 1 6 2 O

L44T N E Y C C T D G P G S C G P T T Y S K

TTCTTCAAGGACAGGTGCCCAGATGCTTATAGCTACC CTCAGGATGACAÄÄACCAGCTTG 1- 6 8 O

L64 F F K D R C P D å, Y S Y P O D D K T S I'

TTCACCTGTACTTCTGGTACCAACTACAAGGTCACGTTTTGCCCTTGAAAGTTGGAACTC 1 7 4 O

lS4FTCTSGTNYKVTFCP*

ATTTTCCTTCACTTTCTTGGTGAATGA.AAAGAGTACÀÀGACACCCAGGAAÄGTTTTAGTT ]- B O O

TTCAGCGTAGAGAAGAÄTAÀATTTGTGCACGTAATGATAGTÀTTGTGCGCATGTGATGTG 1 8 6 O

J
ATAATCAGTCTGTAATGTGATTCCAGTGAAÂAATAAATGAAGAAGCCTACTTACTCATTT 1 9 2 O

TCACCTTGGATCAÂACTTGTCAACCTATTTAACTTCTTTAACAAAAACÀTAGTTTTTGGG ]. 9 8 O

TTCAACCTCCATAATACAÀAACCCTTCATTATTTTTTGGCCTCATTCATTTATTTATTTA 2 O 4 O

TTTATAAAAATAAC TC TTTC TTTT.AA.AACACACATGTAÀÄTAC TTGAAATAGTTAÀGGAC 2 1 O O

Figure 4.L1 continued
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4.4 I)iscussion

Deqpite the many reports in the literature concemed with wine haze-associated

proteins little is known about the tempolal pattems of accumulation within the grapevine

berry. To address this gap in knowledge, the accumulation of two representative wine

haze proteins, the berry PR-like proteins WTL1 and WPR-4a, was studied in

grapevine berry samples collected from fiuit set to maturity. Northem and Westem blot

analyses revealed that the presence of the WTLI and WPR-4a transcripts and

proteins, and potentiaþ therefore, transcriptional activation of their corresponding

genes, coincides with the transition of benies from the stage II lag phase to stage III, and

the onset of sugar accumulation and beny softening (veraison). Also, it appears that the

proteins accumulate exclusively in the ripening berry, and not in other grapevine tissues.

The trigger at veraison for the onset of WTL1 and WPR-4a slmthesis and

accumulation throughout tle remainder of berry ripening is unknown. In a variety of

plants, a number PR proteins are inducecl in response to a suite of signals including

pathogen attack, woundirg, and sþalling molecules such as salicylic acid, abscisio acid

and ethylene (see Section L2). lt would be tempting to speculate that the accumulation

of berry PR-like proteins is a result of pathogen attack although this now appears

rnlikeþ. Berry PR-like proteins appear to be ubiquitous in benf, juice from apparentþ

healtþ grape samples from a range of different varieties. Their homologues are also

found in a number of other, apparently disease free, ripe fleshy fruits (Figure 4.7).

Additionally, no B-1,3-glucanase activity, a potential indicator ofpathogen attrck (Stintzi

et al., 1993), could be detected in our beny extracts (results not shown), and has not

been detected in other ripening benies in which PR-like proteins are knoum to

accumulate (Robinson et al.,1997;Derckel et a|.,1998; Kraeva et a1.,1998), despite the
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recent cloning of a partial cDNA encoding a B-l,3-glucanase from cultured berry cells

(Kraeva et a1.,1998).

A factor which might induce beny PR-like accumulation is osmotic stress. A

change in the osmotic pressure of grape beny juice occurs very rapidly at the beginning

of sage III, and over the entire ripening period there can be an increase in osmotic

pressure of about 2,000 kilopascals (Downton and Loveys, 1978). ffus major solutes

that contributeto this osmoticpressure change are fiuctose and glucose, both of which

accumulate to near molar levels in grape juice (Kliewer, 1965). Interestingly, four

tobacco PR-3 protein family members (Yun e/ al., 1996), and the PR-5 protein family

members, osmotin and NP24, which were originally pulified from salt stressed tobacco

and tomato cells, reqpectivd (Si"gh et al., I987;I(ng et al., 1988), all accumulate at

levels directþ related to the degree of osmotic stress. Furthennore, the osmotin gene is

knor¡rm to be expressed during the later stages of tobacco fruit development

(Kononowicz et al., lgg}), and an NP24 isoform accumulates during tomato fruit

ripening (Pressey, 1997). Osmotin and NP24 are known to have a predominantþ

intracellular location, as opposed to the presurned extracellular location of WTL1 and

WPR-4a. Therefore, whether WTL1 and WPR-4a have a role in osmotic stress

adaptation or accumulate non-specifically in response to such stresses remains unknou¡n.

I{owever, the gene encoding the potentially extracellular PR-5 like protein, WOSMI

from grapevine, is known to be induced ilr NaCl stressed cultured grapevine cells

(Loulakakis, 1997a).

High levels of free hexoses have now been shown to repress the qmthesis of

chlorophyll a/b-binding proteins (Sheen, 1990) and induce the rymthesis of a mrmber of

defence-related genes such as proteinase fuhibitor II (Johnson and Ryan, 1990), chaloone

qmthase (Tsukaya et a1.,1991) and four PR proteins (PAR-l, PR-lb, PR-Q and SAR

8.2) in the leaves of transgenic tobacco plants (Herbers et al., 1995). Such
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photoassimilate induoed gene expression occurs only above a aertain thresholtl hexose

conoentration and the situation is thus reminiscent of that seen in berries when the onset

of stage Itr (veraison) occurs. Therefore, it is suspected that the temporully ao,l spatially

defined induction of not only WTLI and WPR-4a, but perhaps of a majority of

ripening related genes, directly or indirectly is caused by the onset of sugar accumulation,

possibly due to the presence of regulatory'sugar boxes' (Tsukaya et al',1991) within the

promoters of these genes. The mechanisrn by which such hypothetical 'sugar sensing'

and intermediate sþals operate remains rurclear. It has recently been demonstrated that

the presence of an invertase in the vacuole in tobacco leaves leads to SAR (Herbers et

al., 1996a) and that hexose sensing therefore appears to take place in the seoretory

pathway. In this context it is important to note that vacuolar grrpe inverlases are

qmthesised well in advance of veraison (Davies and Robinson, 1996) with no apparent

WTLI and WPR- 4t gene expression as a result, possibly beoause the free hexoses

generated do not reach critical tlueshold levels at early stages of berry development due

to a multitude of competing metabolic demands. Pleliminary experiments performed in

this sturly (resrlts not shown) to detect an efFect of high sugar concentration (1 M

glucose or I M fructose) on PR-like protein gene expression in pre-veraison berries were

inconclusive. No induced expression of the WTLI or WPR-44 genes was observed,

either at the 6RNA or protein level, when berries were floated in respeotive sugar

solutions.

Another consideration on the matter of what triggers WTLI, WPR-4a and

indeed class IV chitinase (Robinson et al., 1997) gene expression at veraison is that of

the role of sþalling molecules. For example, salicylic acid (SA) could play a role in

gene induction as it is a product of the phenylpropanoid pathway (Yalpani et al., 1993),

which is induced in grape berries at veraison (Boss et al., 1996). The concentration of

SA rluring berr)' ripening remains unknown, however, exogenous application of SA is

known to induce chitinase activity in wounded grapevine leaves (Derckel et al., 1996)
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and berries (Derokel et a\.,1998). Converseþ, it has now been demonstrated that sugar-

dependent induction of PR proteins discussed previousþ oan ocorú independent of SA

(Herbers et a1.,1996b). Abscisic acid (ABA) is a plant hormone which is known to

accrúrulate 1e high levels during grapevine berry sugar accumulation (Coombe and Hale,

lg73), and to be capable of inducing PR protein encoding genes in several plants

(Broekaert et a1.,1990; hu et al.,1995; Raghotharna et al., 1997) including grapevine

(Loulakakis, 1997t). ABA is known to be upregulated during osmotic adaptation of

plant cells (Skriver and Mundy, 1990). Furdrennore, the treatment of berries wit,h a

qnrthetic auxin, benzothiazole-2-oxyacetic acid (BTOA), delayed the onset of ripening,

ABA production, and the induotion of four different ripening related genes in parallel

(Davies et al., LggT). Alongside the potential role of ABA, that of indole acetic acid

(IAA) must also be considered. IAA, which is present at high levels during earþ berry

development (Cawthorn and Morris, 7982), may repress berry PR-like protein gene

e4pression until after veraison, when IAA levels become very low and ABA levels peak.

As grapevine berries tre L nonclimacteric fiuit (Kanellis and Roubelakis-Angelakis,

1993) it is unlikely that ethylene, which is an hducer of PR protein encoding genes in

nrany plants (Cabello et a1.,1994; Coupe et al., 1997; Torlero et al.,1997), has a major

role in berry PR-like protein accumulation.

The isolation and characterisation of the WTLI and WPR-4a enooding genes

provides the potential materials needed to elucidate which factors trigger the

accumulation of WTLI and WPR- 4a at the onset of ripening, and indeed possibly

which factors trigger ripening of this p611-elimacteric fiuit - a process relativeþ little is

knorvn about. Sequence characterisation of the WTLI and WPR-4a genes revealed

the existence of two different putative plant prornoter elements which are present in both

genes. This suggests WTLI and WPR- 4a may accumulate in the betry as a result of a

qpecific developmental program coordinated by the action of common transcription

factors. One site (nucleotides 706-711, Figure 4.11; nucleotides 646-65L, Figure 4.12)
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is highly similar to silencer elements present in the promoter of the proposed bean

defence gene encoding chalcone synthase (CHSI5) (Lawton et al., 1991)' These

silencer elements bind a protein factor, SBF-I (Harrison et al., 1991), the presence of

whioh has been suggested to repress transcrþtion of the chalcone synthase gene in

h5pocoryls, yet enhance activity in yorurg cotyledons (Lawton et a1.,1991). The other

putative promoter element (nucleotides 155-160, Fþre 4.11; nucleotides 486-490,

Figrne 4.12) is near identical to a core sequence required to bind the myb-ltke

transcription factor, P, from matze (Grotewold et ø1., 1994). P binds to and activates

transcription of the AI gene,which is required for the formation of pigment compounds

in the pericarp of the cob (Grotewold et at., l99I). A similar protein may control

transoription of the WTL1 and WPR-4a genes, which are highly expressed in the

ripening pericarp tiszue of the grape. The involvement of promoter elements

homologous to the fore-mentioned rnay indeed drive a be.ry speoific transcription,

¿nique to the ripening phase. Unforturately the non-coding DNA ssquenoes of other

ripening induced berry PR-like protein genes of V. vinifera have yet to be defined.

Further ptogtess must await the elucidation of such sequences as well as manipulation of

WTLI and WPR-4a expression in vivo, a task which is well outside the scope of this

PhD study considering the time requiled for such manipulations in the woody perennial

V. vinifera. Attempts to characterise np.oiog related transcription faotors through the

one-hybrid selection in yeast are underway in other laboratories (S. Robinson, pers.

commun.) but no definitive outcomes have yet been reported'

In conclusion, it has been clear'þ demonstrated that WTLI and WPR-4a

accumulate in a ripening induced manner in parallel with other berry PR-like proteins

(Robinson et al., 1997;Derckel et a1.,1998; Salnnan et al., 1998). The mechanism of

induction and the exact roles of these developmentally regulated berry PR-like proteins

remains unknown, however, their potential to act in plant defence has been assessed

through invitro antifrrngal assays as reported in the following chapter.
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5.1 Introduction

During ripening, the grapevine beny softens dramatically and accumulates both

amino acids and sugars to very high levels (Kanellis and Roubelakis-Angelakis, 1993), a

soenario which, everything else being equal, is erylected to render the fiuit susceptible to

pathogen attack. In this context it is particularþ interesting to note that this stu<ly and

others (Robinson et al., 1997; Tattersall et al., 1997' Derckel et al., 1998; SaTrman et

al., 1998; Waters et al., 1998) have recently identified PR-3, PR-4 and PR-5 like

proteins as major protein somponents of the beny. Furthermore, research on the

temporal and spatial accumulation of these fiuit-specific PR-like proteins showed them

to accumulate to very high levels in the ttpeoiog benies from veraison onwards

(Robinson et al., 1997; Tattersall et al., 1997) - Chapter 4. Notably, accumulation of

PR-like proteins in ripening fiuit is not restricted to grapevine berries. PR-5 like

(thaumatin-like) proteins have also been reported to be present in tomatoes (Pressey,

IggT), cherries (Fils-Lycaon et al., Lgg6), persimmons (Vu and Hu1mh, 1994), and the

fruit of the West African shrub, Thaunmtococcus daniellii (van der Wel and Loeve,

lg72). Also, througþ the cloning of cDNAs (Dopico et a1,., 1993; Clendennen and May,

1997; Medina-suirez et al., 1997; Naim et al., 1997), the purification of chitinase

proteins (Clendennen et a1.,1998), and the detection of chitinase and B-1,3-gluoanase

activity (Esaka et al.,1993;Mcleod and Poole, 7994; McCollum et a1.,I991;Wurms el

a1.,1997), it has become evident PR-like proteins are present in a wide range of fruit.

The presence of PR-3 and PR-5 like proteins in r'þening grapevine berries has

been suggested to be part of the natural defence system against firngal growth and

invasion (Derckel et a1.,1998; Salzrnan et al., 1998). It is well documented that nuny

PR proteins from other plants inhibit ñurgal growth in vitro (see Section 1.2) with the

greatest anti-firngal activity often observed using synergistic combinations of proteins
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from different PR pfotein families (Leah et al., l99I; Hejgaard et al., 1992; Ponstein ¿/

at., 1994). The enhanced efficacy of combinations of PR proteins appears to be reflected

intheir coordinate regulation invivo, especially as a range of biotio and abiotic stresses

have been shown to induce qmthesis of different families of PR proteins concuffently in

vegetative tissues (for reviews see Stintzi et al. (1993) and van de Rhee e/ al. Ç99\'¡.

In view of this, PR-like proteins purified from ripening berries (Chapter 2) were

examined for their potential antifirngal properties. Ad<litionally, other soluble proteins

present in fractionated berry extracts were also examined for their potential antifrrngal

properties. The results suggest that some of these proteins may indeed play a direct role

in plant defenoe.
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5.2 Materials and Methods

5.2.1 Assay for inhibition of fungal growth

Antifungal activity of protein solutions was deteffiined essentially as previousþ

described (Roberts and Selitrennikofi 1986; Abad et a1.,1996). Briefly, all firngi were

gtown on potato dextrose agar (PDA; Sigma, USA) except Phytophthora cinnamomi

and Spaceloma ampelina which \¡/ere grown on coflt meal agar (CMA; Difco, USA).

An agar plug containing mycelia of an actively growing test frrngus was placed in the

centre of an agar plate, which was then incubated at 25"C (tlpically I to 2 days) allowing

h¡,phae to grow outwards in a circle with a diameter of -2 to 4 cm- Sterile blank paper

(3 MM ohromatography paper; Whatman, UK) discs of 6 rnrn diameter were then placed

on the agar adjacent to the h¡,phal front before addition of a 50 ¡rL protein or buffer

solution. All solutions were filter sterilised by centrìfugation through Costar Spin-X 0.22

¡rm columns (Coming, USA). The agar plates were then incubated ú 25oC until the

hlphal front had glown past the paper discs. Antifungal activþ of a protein solution

was visuaþ assessed as a crescent of growth inhibition around the paper disc of interest

compared to that of control discs, which contained either deionised HzO, bovine senrm

albumin or boiled protein (100'C for 10 min). Inhibition experiments were performed at

least twice to con-firm reproducibility of results. Combinations of proteins were also

tested for possible qmergiSic effects using the above assay. Amounts and combinations

of proteins tested are shown in Table 5.1.
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Table 5.1 Various protein combinations tested in hyphal growth inhibition

assays.

Total soluble juice protein anion exchange clu'omatography

fractions: U, 11, 21,25,29,43 and 56 (30 pLg each

WCHIT (22.5 ¡ts\ + Gtr B-1,3-glucanase (7.5 pe)
WPR-4a (22.5 þe\ + Gtr P-1,3- (7.s vs)
WTL2 (22.5 þe\ + GII B-1,3- (7.5 pe)
wTLl (22.5 vÐ + Gtr P- I J. olucannse l7 5 rLs)
WPR-4a (15 ug) + WCHIT (15 pg)
VVTL2 (15 rre) + WCHIT (15 pe)
WTL2 (15 rrg) + WPR-4a (15 ¡rg)

WTL1 (15 rre) + WCHIT (15 ue)
VVTLl 15 + WPR-4a 15

WTLI (15 rre) + WTL2 (15 pg)
Gtr ß-1,3-elucanase (10 Pg)

WCHIT (30 pe and 100 Pg)

WPR-4a 0 and 100

WTL2 0 antt 100
WTL1 (30 pg and 100 ¡rg)

Total soluble 10 30 and 100
Protein combinations and amounts

5.2.2 Fungal strains

Fungr tested were obtained, oI originated, fiom the New South Wales

Department of Agriculture (NSW Ag.) Fungal Collection (Orange, NSW, Australia),

South Australian Research and Development Institute (SARDI) Fungal Collection

(Urrbrae, SA" Australia), or Lenswood Research Centre (LRC) Fungal Collection

(Lenswood, SA, Australia).

The firngi tested, their culture collection numbet and relevant collection details

are as follows: Alternaria alternata (DAR 45878, NSW Ag.), Botrytis cinerea (DAR

4gg3g,NSW AE), B. cinerea (827 (grape), SARDI), B. cinerea (844 (rose), SARDI),

Colletotrichum gloeosporioides (DAR 29821, NSW Ag.), Phytophthora cinnamomi

(C2-77, LRC), Rhizopus stolonifer (DAR 27904, NSW Ag), Rhizoctonia solani (AG4
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1701, SARDI), Sclerotinia sclerotiorur?, (DAR 43140, NSW Ag.), Spaceloma ampelina

(DAR 43140, NSW Ag.), Trichodernm harzianum (DAR 4L9T6, NSW Ag.),

Verticillium dahliae (DAR 44537,NSW Ag.).

5.2.3 Protein purification

WTLI, VVTLL, WPR-4a and WCHIT were purifietl as described in Chapter

Z. To reduce the potential negative effects of salts on antifirngal aotivity (Roberts and

Settrennikofl 1990), desalting of these proteins was accomplished by repeated

concentration by ultrafiltration using a Diaflo YM10 (WTLI, YVTLZ, WCHIT) or

1.M3 (WPR-4a) membrane (Amicon, USA) followed by redilution with deionisetl l{zO.

Protein fractions of soluble Muscat of Alexandrià grapejuice protein separated by anion

exchange chromatography, were also prepared as described in Chapter 2 (see Figure

2.2\. The protein fractions (1 mL) tested included: fractions 11,21,25,29,37, 43, 56

and the unbound protein fraction (U). Each protein fi'action was prepaled for frrngal

bioassays by overnight dialysis, using SPECTRA/POR membrane (MW cut-off 6-8,000;

Spectrum Medical Industries, Los Angeles, Califomia, USA), against deionised HzO

before concentration with Centricon 10 (Amicon, USA) ultrafiltration units.

Abarley (Hordeumvulgare) B-1,3-glucanase (isoenzyme GII; Høj et a/. (1989))

was recombinantly e4pressed and purìfied as described below. A modified pET3a

plasmid expression vector (Novagen, USA) containirrg the barley GII P-l,3-glucanase

ORF was constructed by Richard Stewart (Department of Plant Science, University of

Adelaide). The recombinant GII B-1,3-glucanase contained an engineered polyhistidine

'tag' of six residues at the carboxy tenninus which subsequently enabled the purifioation

of the protein by nickel column chlornatography (NF.-NTA spin columns; Qiagen, USA)

¿seglrling to the manufacturer's instructious. The protein was expressed in E. coli B.LZI

(DE3) cells (Novagen, USA), a cell line which produces lysozyme in the presence of
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IPTG. The E coli cvlttrre was initially grown in LB media (I% (wlv) NaCl, lo/o (wlv)

bactotryrytone (Difco, USA), 0.5% (w/v) yeast extract), containing 100 pglmL ampicillin

and 34 pglú chloramphenic oI, at 37"C rurtil an ODooo of -0.4 was achieved. Slarthesis

of Gtr B-1,3-glucanase was then induced by incubating the culture at 25"C for 3.5 h in

the presence of 0.5 mM IPTG. E. coli cell pellets containing GII B-l,3-glucanase were

lysed by freezing in liquid Nz, then resuspended ùr wash buffer (50 mM sodfurm

phoqphate, pH 7.8, 300 mM NaCl, 20 mM imidazole, l0 mM B-mercaptoethanol) before

the soluble protein fraotion was applied to Nit*-NTA spin colurnns equilibrated the same

buffer. Fractions containing GII B-l,3-glucanase were eluted by application of elution

buffer (50 mM sodiumphosphate, pH 7.8, 300 mM NaCl, 250 mM imidazole, 10 mM P-

mercaptoethanol), combined, then dialysed against 20 mM Tris-HCl, pH 8.0 before

passing through a 0.5 x 1.0 cm Q-Sepharose column (Phannacia, Sweden), equilibrated

with the same buffer, Lt L flow rate of -l mL per min. Unbound fractions ssnf¿ining

essentially pure Gtr B-1,3-glucanase> as judged by SDS-PAGE, were concentrated and

rezuspended in deionised IIzO by ultrafiltration using a Diaflo YM10 membrane

(Amicon, USA) as described above. The yield of GII B-l,3-glucanase was ^-500 ¡rg per

100 mI of induced culture. For the measurernent of 1,3-B-D-glucan endohydrolase

aotivity, purified protein was diluted in 50 mM sodium acetate, pH 5.0 and assayed at

37oC as previousþ described (Chen et a1.,1993).

Protein concentrations were estirnated by a Coomassie blue binding assay

(Seúnak and Grossbery, 1977) using bovine serum albumin (Hämosan, Austria) as a

standard. Proteins were anaþsed by SDS-PAGE as previously described (Section 2.2.2)
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5.3 Results

5.3.1 Berry PR-like proteins inhibit fungal growth ín vítro

Ten different fungal strains were screened for suitability for use in hphal growth

inhibition studies through their ability to grow quickly (able to reach the agar plate

perimeter within 3 to 5 days after inoculation) in a consistent radial månner. Eventually

the following for¡¡ species of fungi were chosen: -8. cinerea (tlree isolates), P.

cinnamomi, T. harzianum, md R solani. Of these, only.B. cinerea md T. harzianum

were noticeably inhibited by as little as 10 pg of total soluble protein (rezuqpended in

IIzO) from Muscat of Alexandria gtape juice (Figure 5.1), a protein mixture consisting

primarily of PR-like proteins (see Chapter 2 and. Figure 2.1). Further examin¿1is1

revealed tlat tlree B. cinerea isolates - two isolates from grapevine and an isolate from

rose - were equally susceptible (results not shoum). The growth inhibition of B. cinerea,

a pathoge'n which can inflict serious demags to grapevine berries near maturiry was

unexpected but after several more days of growth the inhibitory effects of the protein

were overcome (results not shown). A previous trial had suggested the growth of ,S.

sclerotiorum was also inhibited by total soluble proteins from grape juice, however,

strain instability and inegular growth pattems of this fungus prevented repetition of this

fioding.

Because of tle observed zusceptibility of B. cinerea and T. harzianum to the

total complement of soluble Muscat of Alexandria juice proteins, these two fungi were

chosen as candidates for firrther studies on tle effect of the fow purified juice proteins -

WTLI, WTLZ, WCHIT and WPR-4a (Figure 5.2). Considerable growth inhíbition

was only observed with discs containing VVCHIT, some inhibition was observed with

discs containing WTLI or WTL2, but little, if any, growth inhibition appeared to be
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Botrytis cinerea

100 Boiled

HrO

Boiled 100

l0
Trichoderma harzianum

HrO HrO

Boiled 100 Boiled 100

10 l0

Phytophthora cinnamomi Rhizoctonia solani

Figure 5.1 Antifungal activity of the total soluble protein present in grape juice.
The hyphal growth inhibition assay was performed as desoribed in the Materials and
Methods with the following fungi: B. cinerea (827), T. harzianum (DAR. 41916), P.
cinnamoml (C2-77\, R solani (AG4 1701). Discs contained 100 ¡rg (100) or 10 pg (10)
of total juice protein. Controls consisted of 100 prg total juice protein (boiled; 100'C for
10 min) or IIzO. All proteins were resuqpended in 50 pL of tIzO.
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Trichoderma harzianum

WCHIT
BOILED

BSA

WCHIT WTL1

BSA

WPR-4a

BSA

WPR-4a

WPR-4a
BOILED

HrO

WPR-4a
BOILED

HrO

WTLl
BOILED

HrO

WTLI
BOILED

WTL2
BOILED

WTL2

I/VTL2
BOILED

I/VTL2

HrO

B

Figure 5.2 Antifungal activity of WTLI, VVIL2, WPR-4a, and WCHIT
proteins. The h¡,phal growth inhibition assay was performed using (A) B. cinerea (827)
and (B) T. harzianum (DAF. 41916). Discs contained 100 pg of indicated proteins.
Control discs contained 100 pg bovine senrm albunin (BSA), 100 ¡lg of reqpective
proteins (boiled; 100"C for 10 min), or tIzO as indicated. All proteins were resuqpended
in 50 ¡rL oftl2O.
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associated with WPR-4a. Boiling for 10 min ¿ppsared to destroy most, if not a[ ofthe

antifungal activity of the tested proteins.

5.3.2 Combinations of berry PR-like proteins, and a p-1,3-glucanase did not result

in a synergistic antifungal effect.

It has previousþ been observed that combinations of PRproteins from PR-3, PR-

4 and PR-5 families, can act in a qmergistic mnnner to inhibit fungal growth in vitro

(Roberts and SelitrennikoË 1990; Hejgaard et a1.,1991). Additionally, members of the

PR-2 family, tle p-1,3-glucanases, have been reported to act s¡mergistically with other

PR proteins, eqpecially when combined with chitinases (PR-3 proteins) m in vitro

antifnngal assays (Mauch et a1.,1988; Leah et al., l99l; Sela-Buurlage et a1.,1993). As

little or no p-1,3-glucanase activity appears to be present in ripening berries of Z

vinifera (Robinson et al., 1997; Derckel et a1.,1998), it was of interest to determine if

enhanced antifungal activity could be detected using combinations of a barley B-1,3-

glucanase (isoform Gtr), a protein previousþ shor¡m to have in vitro antifimgal activity

(Leah et a1.,1991), and WTLI,VVTLZ, WCHIT, or WPR-4a. The availability of a

plasmid expression vector encoding barley Gtr P-1,3-glucanase allowed for relativeþ

quick production of this enzyme in large quantities n E. coli. Also, purification of this

polyhistidine 'tagged' enzyme was readily performed tlrough the application of nickel

resin and anion exchange chromatography (Figtrre 5.3).

Unlike some previous studies, no qarergism could be observed with combinations

of berry PR-like proteins, or a combination of berry PR-like proteins and barley P-1,3-

glucanase (isoform Gtr) protein whe,n tested against B. cinerea and T. harzianum. All of

the combinations tested are listed in Table 5.1, however, only some of the represe,lrtative

results are illustrated in Figure 5.4. Nevertheless, these findings are similar to tlose of
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Figure 5.3 Synthesis of a barley p-lr3-glucânâse (isoform GIf) in E. colí and,
subsequent purification. The recombinant p-1,3-glucanase was expressed as described
in the Materials and Methods. SDS-PAGE analysis of total E. coli cellular protein at
induction (Ts), and 3.5 h after induction (T, r) with PTG, total soluble E. coli protein at
T¡.s, B-1,3-glucanase after nickel column purification 1Nf*-NtR¡, and after anion
exchangê chromatography (AE).
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Figure 5.4 Analysis of possible synergistic antifungal activities between selected bery PR-like proteins and a

barley p-1'3-glucanase. Only selected tests are shown. The h¡phal growth inhibition assays eryloyed B. cinerea (827)
and T. hørzianum (DAR 41916). Discs contained 30 pg of indicated berry PR-like proteins, 10 pg of p- 1,3-glucanase, or
combinations of proteins as indicated below. Control disos oontained respective protein combinations (boiled; 100"C for
l0 min), or tIzO. All proteins were resuqpended in 50 pL of I{zO.

Various protein combinations tested in hyphal growth inhibition assays.

c

B

A
Panel

wTLl (30 pg)
WTL2 (30 t¡g.t
WTLI (15 rrg)+ WTL2 (15 pg)
WTLI (30 ue) + WTL2 (30 rrs): l00oC

GII p-1,3-glucanase (10 ¡rg)
WCHIT (30 ttg)
GII p-1,3-glucanase (7.5 ¡rg) + WCHIT (22.5 Fg)
GII Þ-1,3-elucanase (10 ue) + WCHIT (30 ue): 100"C

WPR-4a(30 pg)
WCHIT (30 trg)
WPR-4a(15 pg)+ WCHIT (15 pe)
WPR-4a (30 ue) + WCHIT 130 ue): 100'C

Protein combinations and amounts

F

E

D

Panel

GII B-1,3-glucanase (10 ¡rg)
WCHIT (30 rrg)
GII p-1,3-glucanase (7.5 ¡rg) + WCHIT (22.5 Fg)
GII ß-1.3-elucanase 110 ue) + WCHIT (30 ue): 100oC

GII B-1,3-glucanase (10 pg)
wTLl (30 pg)

GII B-1,3-glucanase (7.5 ¡rg) + WTLI (22.5 ¡rg)
GII ß-1.3-elucanase (10 Es) + WTLI (30 rrs): 100"C

GII B-1,3-glucanase (10 ¡rg)
WPR-4a(30 trg)
GII p-1,3-glucanase (7.5 ¡rg) + WPR-4a(22.5 ¡tg)
GII Ê-1,3-elucanase (10 ¡¡s) + WPR-4a(30 pe): 100"C

hotein combinations and amounts



Botrytis cinerea
A

WPR-4a

WCHIT

p-1,3-gluoanase

WPR4a + WCHIT
(100"c)

VVPR-4a+
WCHIT

p-l,3-glucanase +
WPR-4a (100"C)

B

p-1,3-glucanase

WCHIT

p-1,3-glucanase

p-1,3-glucanase +
wcHIT (100"c)

B-1,3-glucanase +
WCHIT

p-1,3-glucanase +
wTLl (100"c)

WTLl

WTL2

p-1,3-glucanase

C HrOEo wo

T4ichoderma harzianum

WTLI +VVTL2
(100"c)

VVTLI +
VYTL2

p-1,3-glucanase +
wcHIT (100"c)

p-1,3-glucanase +
VVCHIT

FHrOEH'OD

p-1,3-glucanase +
WPR-4a

p-1,3-glucanase +
WTLIl.J

o\

WPR-4a VVTLI VVCHIT



Chapler 5 - Fungal grovth inhibilíon stud¡es

$¿lzman et al. (1998) who challenged a B. cinerea isolate with a combination of PR-3

and PR-5 like proteins purified from Vitis labruscana berries. It should be noted that the

purified recombinant barley Gtr B-1,3-glucanase had a specific activity of -20 Fmol of

glucose equivalentVmin/mg protein which was 5 to l0 fold lower than tlat of previousþ

reported values for tle native enzlime (}Jøj et al., 1989;Leah et al., l99l; Ilrmova and

Fincher, 1993). However, as some antifrrngal effect was observed when the barley p-

l,3-glucanase u/as used alone, at least \¡iith Z. harzianum, it was deemed satisfactory for

the determination of potential qmergistic effects when combined witl other proteins.

5.3.3 Several uncharacterised soluble grape juice proteins possess antifungal

activity

The relatively strong inhibitory activity of ttre total juice protein extract,

zuggested that proteins other tlan the purified PR-3, PR-4 and PR-5 components might

be antifungal. In order to evaluate this proposition, fractions obtained by anion exchange

chromatography of total juice protein (Figures 2.2 and 5.54) were included in hlphal

growth inhibition assays involving B. cinerea and ln harzianum (Figure 5.58). Most

fractions tested appeared to contain some antifungal rctrty'rty, particularly against Z.

hsrzianum, and in addition, it appeared that different fractions varied in their relative

potency, on an equal weight basis, to inhibit either B. cinerea or T. harzianum. For

s¡ample, the unbound protein fraction (U) was the strongest inhibitor of T. harzianum

growth, whilst fraction 43 was the strongest inhibitor of B. cinereø growth. This is not

inconsistent with the previous suggestion tlat certain PR-like proteins may have qpecific

activity against certain pathogens (Abad et a1.,1996).

Some of the protein fractions investigated for antifungal activity are known to

possess substantial amounts of the previousþ characterised proteins (see figure legend

for Figure 5.5). As expected, similar antifirngal activity of tlese fractions to that of the
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Figure 5.5 SDS-PAGE analysis of juice proteins in fractions obtained after
anion exchange chromatography and examination of their respective antifungal
activity ín vítro. (A) Total soluble protein from a Muscat of Alexandria juice was
fractionated by anion exohange chromatography (see Fþre 2.2) and (B) hy,phal growth
inhibition assays were performed as described in the Materials and Methods with ,8.

cinerea (827) ard T. harzianum (DAR 41916). The discs contained 30 pg of protein
from the indicated fractions or 30 ¡rg of total soluble juice protein (TP) Control disos

contained IIzO. All proteins were rezuspended in 50 pL of HzO. Some fractions
contained previousþ characterised proteins as shoram belo'w.
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purified proteins (Figure 5.2) was observed (Figure 5.58), with fraction 43 being the

most effective inhibitor of growth. Other fractions with relatively strong antifungal

aotivity (U, 25 nd 29) contained prominqrl polypeptides with approximate molecular

rnasses of 28 to 32 kDa. These poþeptides may be other PR-3 like proteins

(chitinases), four of which have been recentþ purified from Muscat of Alexandria juice

and characterised by amins acid seque,lrcing (Waters et a1.,1993).
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5.4 Discussion

Many genes encoding PR proteins are known to be induced, often systemically,

whe,n plants are challenged with pathogens (Stintzi et al., 1991; van de F.hee et al.,

1994). In line with this, the results of both in vitro and in vivo studies have strongly

implied that tlese proteins have a direct role in plant defence, especially agains fi¡ngal

pathogens. In some cases however, PR-like proteins are reported to accumulate most

likely as a result of developmental signals and not in response to pathogen attack. These

proteins may exist in relativeþ high concentrations in qpecific tissues, such as dormant or

germinating seeds (Roberts and Selitrennikofl 1990; Hejgaard et a1.,1997; Vigers et al.,

L99L; Caruso et al., 1993; Vögeli-Lange et al., 1994), and floral organs (Lotan et al.,

1989; Neale et al., 1990; ü. et al., 1990; Richard et al., L992; Harikrishna et al., 1996).

The role of developmentally regulated PR proteins in plant growth and development

remaìns unknoum, although again they are zuggested to be invofued in plant defence.

For example, in vitro assrys with PR-like proteins tl.at accumulate in seed have

demonstrated fungal growth inhibition (Roberts and SelitrennikoË, 1990; Hejgaard et al.,

1991; Vigers et al., 1991) suggesting tley are part of a pre-emptive strategy for

protection against pathogen attack. However, a direct contribution to developmental

processes cennot be excluded since a class tr e,ndochitinase is apparently necessary for

carrot somatic embryo development (De Iong et al., 1992). It is now clear that

grapevine berries also accumulate PR-like proteins to high levels in a coordinated

manner, probably as a result of a developmental signal. In vitro assays performed here

suggest tlese proteins rnay play a role in defence of this presumably vulnerable organ

against fungal attack. However, it cennot be ruled out that they may also be required for

tissue or organ development, or that they provide a protective mechanism against

physiological stresses such as that associated with increased osmotic pressure - a
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function which has been previousþ proposed for some PR-like proteins (Singh et al.,

1987;I(ng et al., L988;Yun et al., L996).

Although not all berry PR-like proteins exhibit in vitro antifrrngal activity, as

detected in the plate assays described here, their activity could be enhanced in vivo in the

presence of other ¿alimicrobial proteins (Meyer et al., 1996), for example, the as yet

uncharacterised antifirngal proteins detected in anion exchange chromatography fractions

of grape juice (Figure 5.5). In addition, their in vivo activity could be e,nhanced by the

presence ofphytoalexins (Paxton and Groth, 1994) or other physiological factors such as

high sugar concentrations (Sal'man et al., l99S). Considering the complexity of plant

defence ¡ssþanisms (Grest and Brown, 1997), the interaction between grapevine PR-

like proteins and potential pathogens is not e4pected to be simple and can only be

approximated by in vitro assays.

The accumulation of PR-like proteins as described in this study, in developing

berries, may suggest a new interpretation of previous research that studied the effect of

fruit maturity on the ability of powdery mildew (Uncinula necator) to establish an

infection. Delp (195a) noted that new powdery mildew infections had never been

observed on ripe grape berries in the field and further established that they do not occrr

on berries from tle varieties Muscat of Alexandria, Toka¡ Sultana (qar Thompson

seedless) and Carignane at a level of maturity greater tlan about 8Brix. In contrast,

berries at a more immatu¡e stage, at or below 6'Bri4 were consistently zusceptible. A

more recent study (Chellemi and Marois, 1992) has confrmed these observations and

demonstrates that gape berries become resistant to new powdery mildew infections

above 7'Brix. The concentration of soluble solids at which berries are resistant or

susceptible to new powdery mildew infections correlates well with the presence or

absence, reqpectively, of berry PR-like proteins, suggesting that these proteins may play

a role in this phenomenon. U. necator ß an obligate parasite of the grapevine and
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therefore diffioult to study, however, in vitro assays have recently been developed

(Giann¿¡is et a1.,1998) which could be usefrrl in providing some clues to the significance

ofPR-like protein accumulation in berry resistance to powdery mildew infection.

It is also interesting to note that the foliar disease zusceptibility of plants has for

decades been recognised to be correlated with the zugar content of leaves (reviewed by

Vanderplank (1984)). From this, the concept of 'low' 6d 'high' sugar diseases was

developed. For example, low sugar diseases are tlose where resistance is inc¡eased as

leaf sugar content increases. Overa[ results presented in this srudy suggest a link

between high sugar concentration, PR protein expression and disease resistance in grape

berries. In view of the demonstrated expression of PR-like proteins in other fruits at

maturity, it would be interesting to examine the relative resistance or susceptibility of

these fruits to new infections of known patlogens tbroughout their maturation in order

to determine how universal this link may be.
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The work described in this tlesis was undertaken to identify and investigate tle

properties, frrnction, and patterns of accumulation of prominent berry proteins tlat are

associated with white wine haze.

In Chapter 2, the purification of four soluble proteins from a Muscat of

Alexandria juice was described. These proteins persist throughout tle vinification

ptocess and three of them have subsequently been identified as major proteins of Muscat

of Alexandria wine (Waters et al., 1996). Amino acid sequence determination of the

purified proteins revealed they were homologous to plant PR proteins belonging to the

PR-3, PR-4 and PR-5 families. PR proteins have relatively low molecular weights, are

soluble at low pH and resist proteolytic attack. Such properties are intrinsic to wine

haze associated proteins, and it is now clear from the results of this study, and other

recent research (Waters et al., L996; Waters et al., 1998), that the vast majority of

soluble wine proteins are PR-like proteins derived from the grapevine berry.

The research described in Chapter 3 resulted in the isolation of cDNAs encoding

tle soluble berry PR-5 like and PR-4 like proteins, VVTLI and WPR-4a reqpectiveþ.

Characterisation of the cDNAs enabled the complete primary structures of these proteins

to be deduced, including topogenic sþals which zuggest tley are extracellular proteins.

They are highly similar in sequence to other previousþ characterised proteins for which

tertiary structures have been sofued through X-ray crystallogaphy and NMR studies

(Ludvigsen and Poulsen, 1992b; Ko et al., L994; Koiwa et al., 1999). Therefore,

through t.he use of computer modelling software, tlree-dimensional structural predictions

could be made for WTL1 and WPR-4a. These may prove useful for future studies on

the definition ofpotential binding substrates for both proteins, and hence PR-4 and PR-5

proteins in general. Additionally, zuch inform¿tion may be used to aid the search for

effective high atrnity binding agørts that could be used as alternatives to wine fining

age,nts zuch as bentonite.
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In Chapter 4 the expression patterns of the genes e,ncocling WTLI and VVPR-

4a were examined at both the mR}{A and protein level. The carefirl sampling of

gapevine berries from flowering to maturity, and other healthy $apevine tissues,

provided m¿terial essential for these studies. The WTLI and WPR-4a encorling ge,nes

appear to be expressed in a coordinated berry qpecific mânner from veraison and

tlroughout the remainder of the ripening period, tle protein products accumulating

predominantly towards berry maturity. Similar expression pattems of other grapevine

berry PR-like proteins have also been reported (Robinson et al., 1997; Derckel et al.,

1998) suggesting this may be a ubiquitous phe,nomenon, at least in V. vinifera berries.

Additionally, the results of tlis study and others suggest soluble juice and wine proteins

are highly similar irrespective of grapevine variety. Indeed, tle molecular weights of

several prominent soluble juice proteins from several white and red varieties have now

been shor¡rm to be almost identical (Y. Hayasaka, pers. commun.).

Although it is now known that grapevine berry PR-like proteins accumulate

druing ripening, the signa(s) driving the expression of tle respective genes have yet to

be elucidated. As a first step in this process, a ge,nomic library of Muscat of Alexandria

was constructed and the genes encoding WTLI and WPR-4a were isolated and

characterised by DNA sequencing. The future study of the promoter regions of these

genes, combined with the characterisation of other ripening related geres, may reveal

common elements, which could lead to tle isolation of regulatory transcription factors.

Elucidation of the sþal transduction pathways leading to the modulation of the activity

of tlese transcription factors could tlen provide fiuther insights into why berry PR-like

protein encoding geûes are expressed predominantly ûuing ripening. Through studies of

tÍis kind, it is hoped that the factors controlling the ripening process eventually will be

for¡nd. Such a discovery would be highlty beneficial to the viticultwal industry which

currentþ has no control over the inegular ripening pattem of grapes, a process that can

vary dramatically even \¡/ithin a single bunch. The isolation of gene promoter sequerices
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which can drive the expression of transgenes in a berry and ripening specific mânneJ

would also be useful considering crurent strategies for producing transgenio gtapevines

with improved prop erties.

As the berry ripens it accumulates high levels of zugar and softens, a scenario

which is e4pected to render the berry susceptible to pathogen attack. In Chapter 5

experiments were detailed which revealed that some of the berry PR-like proteins

(VVTLI, VYTL} and WCHIT) do have an antifrrngal effect invitro. However, despite

ttre seque,nce similari¡y of the protein WPR-4a to other known antifirngal proteins (eg

wheatwin2; (Caruso et a1.,1996)) no antifimgal activity was detected for this PR protein.

Although the in vitro assays performed in this study may not be a true reflection of

protein activity in vivo, it cannot be ruled out that berry PR-like proteins have a role in

processes other than plant defence against patlogen attack, for example, in tissue

development and/or osmotic stress adaptation. Through the recent developmelrt of

transformation systems for V. vinifera (Mauro et al., 1995;Perl et al., L996; Scorza et

a1.,1996; Frenks et al.,l99S) important clues to fi¡nctions of the berry PR proteins may

now be gained from attenuation of their e4pression in transgenic grapevines. Parallel

studies in otler ripening fruits where PR proteins have bee,n shoum to accumulate to high

levels would also be of interest. Further information gained through these studies could

be supported by berry PR-like protein localisation studies, both at the cellular and tissue

levef which are now possible through the availability of fhs highly qpecific antibodies

made against wTLl, and also WTL2 (this study, results not shown), aod berry

chitinases (E. Waters and S. Robinson, pers. commun.). The production of highly

specific antibodies against WPR-4a may also be achieved by the use of an alternative

animal other than a rabbit, or tle modification of this protein to make it more antigenic

(Harlow and Lane, 1983).
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Finally, whilst it may be beneficial for the winemaking industry to reduce the

accumulation of berry PR-like proteins tlat are associated with white wine haze by, for

s¡¿mple, genetic manipulation, this may not be a suitable option if the disease resistance

or other physiological processes of the grapevine are compromised. Instead it might be

highly attractive to find an efficient practice for depleting juice or wine of these proteins

without the use of fining agents such as bentonite which are detrimental to wine quality,

costly and dìfficult to diqpose of The possibility of identiû¡ing other more superior

fining agents tlrough studies on PR-protein structure and ligand binding have already

been mentioned. Altemativeþ, ttre identification of a protease that degrades PR proteins

r¡nder premium white winemaking conditions (pH 3 to 4, and <20oC) may provide an

inexpensive and easy to use option. Continued study of tle in vivo tumover of plant PR

proteins in general (Rodrigo et al., 1989; Rodrigo et al., 1991b), and V. vinifera berry

PR-like proteins, in particular, rnay not only lead to insights into PR protein degradation

but reveal the existence of a usefirl protease for winemaking.
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