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ABSTRACT

The profile of soluble proteins found in the juice of ripe V. vinifera berries often
appears surprisingly simple, with the predominance of a few low molecular mass proteins
that are known to be associated with white wine haze formation. To understand the
biology and function of these proteins in the berry, and with the long term view to reduce

the problem of haze formation in wine, the following study was performed.

Four prominent juice proteins were purified and through amino acid sequence
analysis identified as pathogenesis-related (PR) like proteins. A detailed study was
conducted on two of these proteins, namely VVPR-4a, a 13 kDa PR-4 like protein, and
VVTLI, a 21 kDa PR-5 like protein. cDNA sequence 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 VVPR-4a and VVTLI1 are encoded by genes that belong to multigene
families. Both genes appeared to be expressed mainly in the berry, coordinated with the
onset of sugar accumulation and softening. The genes of VVPR-4a and VVTL1 were
sequenced, and putative promoter elements possibly involved in the developmental
control of gene expression were detected in both cases. It is believed that PR proteins
play an important role in plant defence, particularly in the protection of plants against
fungal attack. In this study, in vitro fungal 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 1 - Ger

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
known 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 Heatherbell,
1987a).  Unfortunately for the wine industry, these soluble proteins survive the
vinification process and are known to be associated with wine haze formation (Waters et
al.,, 1991). To understand the biology and function of these proteins in the berry, and
with the long term view to reducing the problem of haze formation in wine, the following

study was performed.

1.1.1 Protein-associated wine haze

Wine, in particular white wine, can develop a cloudiness or sediment due to the
precipitation of protein from solution (Bayly and Berg, 1967; Hsu and Heatherbell,
1987a; Waters et al., 1992). The presence of precipitated protein, usually caused by
elevated storage temperature, is often termed ‘wine haze’ or ‘heat haze’, 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 the 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 contain at
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least 25 different berry proteins, with molecular masses of between 11 to 65 kDa (Hsu
and Heatherbell, 1987a; Murphey ef al., 1989; Waters et al., 1991; Yokotsuka 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 mg/L range but has been reported to be as high as several hundred mg/L (Koch and
Sajak, 1959; Bayly and Berg, 1967; Somers and Ziemelis, 1973a; Hsu and Heatherbell,
1987a; Murphey ef al., 1989; Yokotsuka et al., 1991; Dorrestein ef al., 1995; Santoro,
1995). Some variations in protein concentrations are most likely dependent on the
method of protein determination, and the variety of grape, vintage and location. Most
white grape varieties contain high amounts of soluble protein in their juice and wine
derived therefrom. Particularly high protein concentrations are commonly found in the
varieties Muscat of Alexandria (syn Muscat Gordo Blanco), Sauvignon Blanc, White
Riesling, Sylvaner, and Gewiirztraminer (Bayly and Berg, 1967; Somers and Ziemelis,
1973a; 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; Hsu and Heatherbell, 1987a, b;
Murphey et al., 1989; Pueyo et al., 1993; Dorrestein ef al., 1995; Santoro, 1995; Weiss
et al., 1998). However, notwithstanding the varietal differences, the biggest factor
determining the amount of soluble protein in juice, and the wine made therefrom, is
probably berry maturity (Luis, 1983; Murphey et al., 1989). Murphey et al. (1989)
reported that the concentration of soluble juice protein of White Riesling and
Gewiirztraminer juices almost doubled in the last six weeks of ripening, suggesting

synthesis of soluble protein is at its greatest in the late stages of berry development.
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Several studies have shown that only up to a 50% reduction in the protein
concentration occurs upon transformation of a juice into wine (Hsu and Heatherbell,
1987a; Murphey et al., 1989; Yokotsuka et al., 1991; Pueyo et al., 1993; Santoro,
1995). Furthermore, electrophoretic polypeptide banding patterns of juice and wine
differ only slightly due to size polymorphisms, and appearance/disappearance of bands is
negligible (Hsu and Heatherbell, 1987a, b; Murphey et al., 1989; Yokotsuka ez al., 1991;
Pueyo ef al., 1993; Santoro, 1995). This suggests the soluble proteins are resistant to

proteolytic attack by fermenting yeast (Lagace and Bisson, 1990; Waters et al., 1992).

1.1.2 Removal of haze-associated protein during winemaking

Potential protein ‘instability’ in wine is usually estimated by incubation at an
elevated temperature, followed by visual or photometric inspection for clarity and
precipitate formation (Berg and Akiyoshi, 1961; Pocock and Rankine, 1973). A wine is
considered to be ‘heat stable’ if no haze is observed, typically following an incubation at
80°C for 6 hours. Although all major wine proteins appear to contribute to wine haze
(Hsu and Heatherbell, 1987b; Waters et al., 1991), a 24 kDa protein is believed, based
upon heating in a model wine, to be the main contributor to wine haze on a per unit

weight basis (Waters et al., 1992),

In addition to elevated temperature, early research also suggested that the
presence of phenolics may enhance the formation of protein-associated wine haze (Koch
and Sajak, 1959; Somers and Ziemelis, 1973a). Although phenolics such as procyanidins
represent only a minor proportion of a haze (less than 5% w/w), and are only weakly
associated with protein (Waters ez al., 1995b), specific interactions between proteins and
wine phenolics have been reported (Yokotsuka et al., 1991). Moreover, soluble wine
proteins require phenolics in order to precipitate in a heated model wine (Waters ef al.,

1995b).
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The preferred method for removing ‘unstable’ proteins from juice or wine is by
the addition of bentonite (Rankine, 1989; Ough, 1992). Bentonite, an aluminium-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*, Ca*
and Mg®" are released and proteins, with isoelectric points greater than the pH of the
juice or wine, are bound to the clay. Bentonite has the ability to quickly remove the
majority of proteins from juice or wine over a range of different ethanol concentrations
and temperatures (Somers and Ziemelis, 1973b, Hsu and Heatherbell, 1987b; Blade et
al., 1988; Dawes et al., 1994). Unfortunately, several disadvantages are associated with
bentonite use. After bentonite has been added to juice or wine, it must be removed,
which can result in ~3% loss of wine volume (D. McWilliam and T. Jones, pers.
commun.). In addition, some favourable characteristics, such as various aroma
components, may be reduced in a wine following a bentonite treatment (Miller ef al.,
1985; Voilley et al, 1990). Environmental problems conceming disposal of used

bentonite are also an issue (Rankine, 1989).

Bentonite fining is the most prevalent method for protein fining of wine but other
methods previously tested include ultrafiltration (Hsu ef al., 1987; Flores et al., 1988;
Peri et al., 1988; Flores et al., 1990), addition of proteolytic enzymes (Lagace and
Bisson, 1990), and flash pasteurisation (Koch and Sajak, 1959; Hsu and Heatherbell,
1987b). Whilst ultrafiltration removes most proteins, in its current format, unattractive
for most large scale winemaking due to the presence of residual proteins in the filtrate,
high set up costs, and possible loses of flavour, aroma and colour (Miller e al., 1985;
Voilley et al., 1990). Proteolytic enzymes, although most attractive in principle, have
proven to be ineffective under standard winemaking conditions (Ngaba-Mbiakop, 1981;
Feuillat and Ferrari, 1982; Heatherbell et al., 1984; Waters et al., 1992), whilst flash
pasteurisation has been judged to have too detrimental an effect on wine quality

(Ferenczy, 1966).
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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 cannot be detected with the naked eye (Waters et al.,
1993). This in tumn is believed to reduce the amount of protein needed to be removed to
make a wine appear ‘stable’. Both yeast derived (Ledoux et al.,1992; Waters ef al.,
1993; Waters et al., 1994) and grape derived (Waters et al., 1994) polysaccharide-linked
proteins have been deemed to act as haze protective factors. Further research and
development is needed to determine the effectiveness of haze protective factors in

winemaking.

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

During the early stages of this study, which was commenced in April 1995, there
were two reports detailing the purification and characterisation through amino acid
sequencing of wine haze-associated proteins (Santoro, 1995; Waters et al., 1996).
Santoro (1995) purified three 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, 8 and 7 amino acid residues, respectively, were
obtained from the proteins, although no sequence homology to other known 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 of Alexandria wine, with molecular masses of 24, 28 and 32 kDa. Extensive
sequencing revealed that two 24 kDa proteins (major and minor isoforms) shared
extensive homology with thaumatin-like proteins, while the 28 kDa and 32 kDa proteins
were both homologous to a number of plant chitinases. Thaumatin-like proteins and
plant chitinases can be classified as pathogenesis-related (PR) proteins (Stintz et al.,

1993). PR proteins generally resist proteolytic cleavage and are soluble at acidic pH
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(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 explain the selective survival of these proteins through the winemaking

process.
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1.2 Plant pathogenesis-related proteins

Early descriptions of pathogenesis-related (PR) proteins appeared in studies
involving the infection of resistant tobacco plants with the tobacco mosaic virus (TMV)
(Gianinazzi et al., 1970; van Loon and Van Kammen, 1970). Infection resulted in a
hypersensitive response (HR) and the appearance of new soluble leaf proteins. These
soluble proteins were later termed ‘pathogenesis-related proteins’ and defined as
‘proteins coded for by the host plant but induced only in pathological or related
situations’ (Antoniw et al., 1980). PR proteins have since been characterised from many
dicotyledonous and monocotyledonous plant species (for reviews see Stintzi et al,
(1993) and van de Rhee ef al. (1994)). However, as tobacco was originally used as a
model plant for the study of PR proteins, the majority of PR proteins first purified 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 leading to necrosis, PR proteins rapidly accumulate to high concentrations,
with individual proteins accounting for up to 10 % of the 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 the hypersensitive response. Moreover, it was found that PR
proteins were found to accumulate in the uninfected parts of the plant and not just locally
around the sites of infection (Kassanis ef a/., 1974; van Loon, 197 5). This association of
PR protein accumulation with the phenomenon of systemic acquired resistance (SAR), a
condition in which an infected plant has systemic resistance against subsequent pathogen
attack (Ross, 1961, Ryals ef al., 1994), also suggests a role of PR proteins in plant

defence.
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Although conclusive evidence for involvement of PR proteins in plant disease
resistance has not yet been recorded (van Loon, 1997), PR proteins have been shown to
possess inhibitory activities toward the growth of fungal pathogens in both in vitro and
in vivo studies. When a plant is attacked by a fungal pathogen, PR proteins are
presumed to challenge the invading organism, possibly by interfering with the pathogen’s
cell wall or membrane integrity, and through this activity perhaps releasing elicitors
which could serve to induce further PR protein production (Stintzi, 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 the application of plant hormones and signalling
molecules like salicylic acid, ethylene, abscisic acid (ABA), as well as changes in the
balance of auxins and cytokinins (Shinshi ef al., 1987; Yalpani ef al., 1991; Zhu et al.,
1993; Coupe et al., 1997). Additionally, other forms of stress such as bacterial toxins
(Beffa et al., 1995), air pollutants (Sandermann et al., 1998), wounding (Ponstein ef al.,
1994), ultraviolet light (Yalpani ef al, 1994; Green and Fluhr, 1995), heavy metals
(Didierjean et al., 1996) and osmotic or salt stress (Singh et al., 1987) can turn on PR
protein production possibly via the modulation of hormone levels (Jung ef al., 1995).
Interestingly, subsets of PR proteins also exist in the organs of healthy plants apparently
in the absence of any stress. The presence of PR proteins in ‘healthy 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; Tomero et al., 1997). Such an expression of PR proteins may
represent a pre-emptive response 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 ef al, 1980). Initial studies involving tobacco resulted in the
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Figure 1.1  Proposed interaction between invading fungal hyphae and plant PR
proteins. Initially, the approaching fungus makes contact with extracellularly located PR
proteins (shown in green). This inhibits fungal growth and/or results in the release
oligosaccharide elicitors from the hydrolysed hyphal cell wall. With time, the fungus may
breach the plant cell membrane which would result in contact with intracellular PR

proteins located in the vacuole (shown in red). Redrawn from Mauch and Staehelin
(1989).
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establishment of five distinct families, named PR-1 to PR-5. Newly identified PR
proteins were ascribed to these families in order of their decreasing mobility when
subjected 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 species. Eventually, a system which classified
PR proteins from any source into a family according to amino acid sequence, serological
relationship and/or enzymatic activity was devised (van Loon ef al., 1994). Despite 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 families (PR-1 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), ‘ribonuclease-like’ proteins
(PR-10) (Swoboda ef al., 1994) and novel classes of chitinase/lysozymes (PR-8 and PR-
11) (Melchers et al., 1994; Yeboah et al., 1998). Indeed, even more families may be
adopted in the future as additional classes of pathogen induced proteins are characterised

(eg. Broekaert et al. (1997).

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-1 Family

Due to their high mobility during native electrophoresis PR-1 proteins were the
focus of most early studies involving PR proteins (Gianinazzi et al., 1970; van Loon and
Van Kammen, 1970), although the first characterisation of PR-1 proteins by amino acid
sequencing was reported much later (Lucas et al., 1985) (Table 1.1). Despite extensive
sequence similarities between the PR-1 proteins from tomato and tobacco, little could be

elucidated about their biological function. Initial experiments involving immunoblotting
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with PR-1 antibodies also revealed the existence of structurally related PR-1 type
proteins in a wide range of plant species (Nassuth and Sanger, 1986; White ef al., 1987)

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

cDNAs and genomic clones encoding PR-1 proteins have been cloned from a
wide range of plants including elder berry (Coupe et al., 1997), barley (Mouradov ef al.,
1993; Bryngelsson et al., 1994; Mouradov et al., 1994; Stevens ef al., 1996), tobacco
(Hooft van Huijsduijnen e al., 1986; Oshima et al., 1987; Payne ef al., 1989; Oshima et
al., 1990), tomato (Tomero et al., 1994; Tornero et al., 1997), maize (Casacuberta et
al., 1991), Arabidopsis thaliana (Metzler et al., 1991) and Medicago truncatula
(Szybiak Strozycka et al., 1995). Sequence analysis of PR-1 genes, which encode for
mature proteins of 14-17 kDa, has revealed they do not contain introns within their open
reading frames. Many plants contain several PR-1 related sequences within their
genomes, with at least four functional genes in tobacco and three in tomato (Niderman et

al., 1995). PR-1 pseudogenes are also known to exist (Pfitzner ef al., 1991).

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

Protein | Plant species and Antifungal | M, Reference
tissue activity * (kDa)
PR-1 Oryza sativa (rice) leaves nd 16.5 (Moons ef al., 1997)
treated with jasmonic acid.
Pl4a Lycopersicon esculentum yes 14-15 (Lucas et al., 1985,
P14b (tomato) leaves infected with Niderman ef al.,
Pl4c Phytophthora infestans;, also 1995)
leaves infected with viroid
(PSTV).
PR-1a Nicotiana tabacum (tobacco) yes 14-15 (Lucas et al., 1985,
PR-1b leaves infected with virus Niderman et al.,
PR-1c (TMV). 1995)
PR-1g
HvPR-1a Hordeum vulgare (barley) nd 15 (Bryngelsson et al.,
HvPR-1b leaves infected with Erysiphe 1994)
graminis

* yes = growth inhibition of one or more fungal species in vifro, nd = growth inhibition potential not
determined or reported.
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By a combination of cDNA and protein sequencing data, it is known PR-1
proteins are typically synthesised as preproteins. An N-terminal signal peptide directs
passage of PR-1 proteins through the endoplasmic reticulum, after which most of the
proteins are released by the cell into the apoplastic space due to the lack of additional
topogenic signals (Linthorst, 1991). However, some PR-1 proteins are known to have
short C-terminal extensions thought to act as signal peptides for vacuolar targeting
(Tornero et al., 1994). Both basic and acidic PR-1 proteins of tobacco appear to be

located extracellularly (Niderman et al., 1995).

Alexander et al. (1993) was the first to report the antifungal properties of PR-1
protemns. It was found transgenic tobacco constitutively expressing high amounts of an
acidic PR-1 protein had an increased tolerance to Perenospora tabacina and
Phytophthora parasitica when challenged under controlled conditions. Also, Niderman
et al. (1995) found that the three basic PR-1 isoforms from tomato and a basic PR-1
protein from tobacco had inhibitory activity against Phytophthora infestans both in in
vitro and in vivo assays. Interestingly, the acidic PR-1 proteins from tobacco were
reported to have little or no antifungal activity. Additionally, the constitutive transgenic
expression of a tobacco PR-1 protein in tobacco plants resulted in no decrease in

susceptibility to infection by two different viruses (Linthorst et al., 1989).

Recently, it was discovered that a human pathogenesis-related protein (GLPR),
believed to play an important role in tumour growth, and PR-1 proteins share significant
similarities (Szyperski ef al., 1998). In particular, the tomato PR-1 protein (P14a)
(Lucas et al., 1985) and GliPR share a 35% amino acid sequence identity. By comparing
the known three-dimensional structure of P14a obtained by NMR (Fernandez ef al.,
1997) to the proposed GlPR structure, it was suggested that PR-1 proteins and GPR
may operate according to the same molecular mechanisms, although these still remain

unknown.
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1.2.2 PR-2 and PR-3 Families: the polysaccharide endohydrolases

PR-2 (endo-B-1,3-glucanases; classes I, II and III; van Loon ef al., 1994) and
PR-3 (endo-chitinases; classes I, II, IV, V and VI; Neuhaus ef al., 1996) protein families
both contain members which have been assigned enzymatic functions. Moore and Stone
(1972) were the first to discover the increase in f-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 ef al., 1987; Kauffinann et al., 1988).
The B-1,3-glucanases hydrolyse (-1,3-glucan (poly(1,3-B-D-glucose)), whilst the
chitinases can hydrolyse chitin (poly(1,4-(N-acetyl-B-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 -
1,3-glucanases and chitinases have been purified and characterised from a wide range of
plant species, and the encoding cDNAs and genes obtained (for reviews see Meins Jr. ef
al. (1992), Collinge et al. (1993), Raikhel et al. (1993), Stone and Clarke (1993),
Beintema (1994), Graham and Sticklen (1994), Simmons (1994), Hgj and Fincher
(1995), Beffa and Meins Jr. (1996)). The PR-2 and PR-3 families consist of proteins
which have similar molecular masses of approximately 25 to 35 kDa. These proteins are
located either within vacuoles or extracellularly, depending on the topogenic signal
present in the primary translation product (some have C-terminal extensions) (Linthorst

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

Interestingly, the substrate for PR-2 proteins, B-1,3-glican, is only present in
small quantities in planta (Stone and Clarke, 1993), whilst the substrate for the PR-3
proteins, chitin, is yet to be found in higher plants. Although PR-2 and PR-3 proteins
may have a role in plant development (Bucciaglia and Smith, 1994; Végeli-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, especially as B-1,3-glucan and chitin are major
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components of many fungal cell walls (Bartnicki-Garcia, 1968; Wessels, 1993). The first
strong indication for such a role was provided by Schlumbaum et a/. (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 B-1,3-glucanases
purified from pea pods to be antifungal and furthermore, plant chitinases and (-1,3-
glucanases were demonstrated to act synergistically to inhibit hyphal extension (Mauch ez
al., 1988). 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 fingi (Roberts
and Selitrennikoff, 1988; Leah et a/., 1991; Verburg and Huynh, 1991; Huynh e al.,
1992b; Gomes et al., 1996; Lawrence et al., 1996; Anderson ef al., 1998; Salzman 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 hyphae. A possibility is that some
isoforms are specifically involved in the hydrolysis of fungal cell wall polysaccharides
whilst others primarily serve to specifically induce other plant defence pathways (eg.
phytoalexin synthesis) via the release of specialised ghican or chitin oligosaccharides
which have an elicitor function (Dixon and Harrison, 1990). If this were the case it is
perhaps not surprising that certain fungal pathogens secrete proteins that act as inhibitors

to a specific subset of plant hydrolases of the PR-2 family (Ham et al., 1997).

In an attempt to extend the observations on the ir vitro antifingal activities of PR
proteins to an in planta scenario researchers have produced transgenic plants that
synthesise PR-2 and/or PR-3 proteins to a high level constitutively. Transgenic tobacco,
alfalfa, carrot and oilseed rape plants expressing either plant B-1,3-glucanases
(Yoshikawa et al., 1993; Zhu et al., 1994; Jach et al., 1995; Masoud et al., 1996), or
chitinases (Broglie ez al., 1991; Vierheilig et al., 1993; Zhu et al., 1994; Jach et al.,

1995; Grison et al., 1996; Punja and Raharjo, 1996) have indeed demonstrated decreased
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susceptibility to a number of fungal pathogens under controlled glasshouse conditions.
Furthermore, in an extension of these studies, enhanced coexpression of chitinases and -
1,3-glucanase in transgenic tobacco (Zhu et al., 1994; Jach et al., 1995) and tomato
(Jongedijk et al., 1995) plants demonstrated a synergistic effect between the transgenes
and thus enhanced protection against specific pathogens. The functions of PR-2 and PR-
3 proteins have also been examined through suppression of gene expression using
antisense technology. Thus Beffa et al. (1996) unexpectedly found that tobacco plants
with a reduced B-1,3-glicanase activity showed a decrease in disease symptoms upon
TMYV infection, along with a delayed spread of symptoms and a lower virus yield as
compared to control plants. The transgenic plants were proposed to have an inhibited
virus movement in planta because physical barriers such as callose (B-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, Samac and Shah (1994) also attempted to down-regulate chitinase
synthesis in Arabidopsis 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 the 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 species (see Table 1.2). Class I proteins have molecular masses
of approximately 20 kDa and, through sequence similarities, have been proposed to
consist of two domains (Ponstein ef al., 1994). The proposed N-terminal domain
(approx. 6 kDa) is homologous to hevein, a lectin present in the sap of the 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 ef al., 1994). It has
furthermore been proposed that class I PR-4 proteins exhibit chitinase activity (Neuhaus
et al., 1996), however, the enzyme activity detected was extremely low (Ponstein ez al.,
1994) and the presence of a contaminating chitinase cannot be ruled out. The 14 kDa C-
terminus of the class I proteins is homologous to the smaller class II PR-4 proteins. The
function of the 14 kDa class II proteins is unknown although a weak affinity for chitin
has been observed for barley PR-4 proteins (Hejgaard ef al., 1992; Ludvigsen and
Poulsen, 1992b). Furthermore, class I and II PR-4 proteins are highly similar to the
putative products of two wound inducible, tandemly arranged potato genes, winl/ and
win2 (Stanford et al., 1989). Hence, 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

Protein | Plant species and Antifungal | M, Reference
tissue activity * | (kDa)

PR-4 Nicotiana tabacum (tobacco) nd 13.5° (Friedrich et al., 1991)
leaves infected with virus (TMV)

PR-P2 Lycopersicon esculentum nd 13.5° (Joosten et al., 1990;
(tomato) leaves infected with Linthorst et al., 1991)
Cladosporium fulvum

CBP20 Nicotiana tabacum (tobacco) yes 207 (Ponstein et al., 1994,
leaves infected with virus (TMV) Hensel ef al., 1997)

Prohevein | Hevea brasiliensis (rubber tree) nd 20° (Broekaert et al., 1990;
latex Van Parijs et al., 1991)

wheatwinl | Triticum aestivum (wheat) grain | yes 13° (Caruso ef al., 1993;

wheatwin?2 Caruso et al., 1996)

barwin Hordeum vulgare (barley) grain nd 13.7° (Svensson et al., 1992)

CBPN Hordeum vulgare (barley) grain | yes 13.7° (Hejgaard et al., 1992)

CBP4 (CBPN) and Erysiphe graminis 13.6°

CBP5 infected leaf (CBP4 and CBP5) 13.7°

* yes = growth inhibition of one or more fungal species in vitro, nd = growth inhibition potential not
determined or reported; no = no growth inhibition observed in vitro.

*Class I

® ClassII
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cDNAs encoding PR-4 like proteins have been cloned from a wide range of
plants including tobacco (Friedrich et al., 1991; Linthorst et al., 1991; Ponstein ef al.,
1994), tomato (Linthorst ef al., 1991; Harris et al., 1997), maize (Chevalier ef al., 1995),
elderberry (Coupe et al., 1997), Arabidopsis (Potter et al., 1993), potato (Shirras and
Northcote, 1984) and barley (Gregersen ef al., 1997). Analysis of the deduced amino
acid sequences has revealed the presence of both N- and C-terminal topogenic signals.
An N-terminal signal peptide, alone, results in PR-4 proteins being exported to the
extracellular matrix (Friedrich ef al., 1991). Altematively, PR-4 proteins are retained
intracellularly, most likely in a vacuolar location, when a C-terminal signal peptide is also

present in the translated protein (Ponstein ef al., 1994; Hensel et al., 1997).

The genomes of tobacco and tomato contain two to four genes encoding PR-4
like proteins (Linthorst ef al., 1991; Ponstein ef al., 1994) while potato plants possibly
contain a minimum of five functional genes (Stanford ef a/., 1989). Two wound-induced
genes that encode putative class I PR-4 like proteins in potato have been isolated and
shown to contain one intron (Stanford ef al., 1989). No class I PR-4 encoding genes

have been cloned from any source.

The chitin-binding activity of some PR-4 proteins suggests they may play an
antifungal role (see Table 1.2). Both class I and II PR-4 like proteins from tobacco,
barley and wheat do indeed display antifungal activity in in vitro studies (Hejgaard ef al.,
1992; Ponstein ef al., 1994; Caruso et al., 1996). Barley PR-4 proteins exhibited
antifungal activity against Trichoderma harzianum, an activity which was enhanced in a
synergistic fashion v;/hen mixed with PR-3 or PR-5 proteins (Hejgaard ef al., 1992).
Similarly, Ponstein et al. (1994) demonstrated that the tobacco PR-4 protein CBP20
alone inhibited the growth of the fungal pathogen Trichoderma viride whilst its
combination with tobacco chitinase or -1,3-glucanase led to synergistic inhibition of

Fusarium solani and Alternaria radicina growth in vitro.
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The three-dimensional structure of barwin, a class II PR-4 type protein from
barley, has been solved using NMR (Ludvigsen and Poulsen, 1992b). A globular fold of
the 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 thus

remains unknown.

1.2.4 PR-5 Family: the thaumatin-like, osmotin and permatin proteins

PR-5 proteins exhibit molecular masses typically in the 20 to 30 kDa range.
Members of this protein family have been assigned roles in: defence against plant
pathogens, osmotic stress (Singh ez al., 1987), development (Neale et al, 1990;
Kuboyama ef al., 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, 1972;
Comelissen ef al., 1986a). An alternative designation of PR-5 family members is that of
osmotin-like. Osmotin, a protein originally purified from salt stressed tobacco plants
(Singh ef al., 1987; Singh et al., 1989) exhibits >50% positional identity to several PR-5
proteins. Finally, due to a proposed fungal membrane permeabilising activity originally
suggested by Roberts and Selitrennikoff (1990), PR-5 protein members have also been

referred to as permatins (Vigers ef al., 1991).

PR-5 proteins have been purified from many plants (Table 1.3), and numerous
cDNA and genomic sequences encoding these proteins have been cloned. Information
obtained from mature protein and cDNA sequences reveals the possibility of two
topogenic signals within the primary translation product. As seen for other PR protein

family members, a transient N-terminal peptide exists for PR-5 proteins. This directs the
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protein to the extracellular matrix, unless a second C-terminal peptide is present to target

the protein intracellularly, usually to the vacuole (Melchers ef al., 1993).

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

Protein | Plant Species and Antifungal | M, Reference
tissue activity * a)
BFTP Brassica campestris flower yes 27 (Cheong et al., 1997b)
buds
PR-5d (also | NVicotiana tabacum (tobacco) yes 25 (Koiwa et al., 1994,
known as cultured cells Koiwa et al., 1997)
OLP)
PLTP Cucurbita sp. (pumpkin) leaves | ves 28 (Cheong et al., 1997a)
Osmotin Nicotiana tabacum (tobacco) yes 24 (Singh et al., 1987,
(isoforms I | cultured cells (NaCl stressed), Singh et al., 1989;
and II). also leaves infected with Stintzi et al., 1991;
Osmotin I[I | Phytophthora infestans or virus Woloshuk et al., 1991,
also known | (TMV) Vigers et al., 1992;
as AP24. Abad et al., 1996)
Zeamatin Zea mays (maize) seeds yes 22 (Roberts and
Selitrennikoff, 1990,
Vigers et al., 1991,
Batalia ef al., 1996)
Trimatin Triticum aestivum (wheat) yes 22 (Vigers et al., 1991)
grain
BP-R Hordeum vulgare (barley) yes 23 (Hejgaard et al., 1991)
BP-S _grain
NP24 Lycopersicon esculentum yes 24 (King et al., 1988,
(isoforms I (tomato) fruit, also leaves Woloshuk ef al., 1991;
and II). infected with Phytophthora Pressey, 1997)
infestans (NP24 1)
Thaumatin | Thaumatococcus daniellii yes 22 (van der Wel and
(isoforms (ketemfe berry) fruit Loeve, 1972; Iyengar
TO, TI and et al., 1979; Vigers et
TID al., 1991)
27 kDa Diospyros texana (persimmon) | yes 27 (Vu and Huynh, 1994)
protein fruit
Linusitin Linum usitatissimum (flax) yes 25 (Borgmeyer et al.,
seed 1992; Anzlovar et al.,
1998)
ATLP1 Arabidopsis thaliana cDNAs yes (ATLP3) 23 (Hu and Reddy, 1997)
ATLP3 expressed in E. coli
GO Vitis labruscana (American yes 27 (Salzman et al., 1998)

grapevine) fruit

* yes = growth inhibition of one or more fungal species in vitro.
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Table 1.3 continued

Protein | Plant Species and Antifungal | M, Reference

tissue activity* (kDa)
ZLP Zea mays (maize) cDNA yes 22 (Malehorn et al.,
expressed in tomato, 1994)
Arabidopsis thaliana and
insect cells

PR-S Nicotiana tabacum (tobacco) yes 24 (Kauffmann et al.,
leaves infected with virus 1990; Vigers et al.,
(TMV) 1992)

MAI Zea mays (maize) seeds yes 22 (Richardson et al.,
1987; Huynh et al.,
1992a)

P23 Lycopersicon esculentum nd 23 (Rodrigo et al., 1991a)

(tomato) leaves infected with
viroid (CEV)

Protein C Solanum tuberosum (potato) nd 21 (Pierpoint et al., 1990)

salicylate treated leaves

[FW 19 Hordeum vulgare (barley) nd 19 (Trudel ef al., 1998)

IFW 16 leaves treated with silver 16

[FW 15 nitrate 15

Hv-1 Hordeum vulgare (barley) nd 19 (Bryngelsson and

leaves infected with Erysiphe Green, 1989)
graminis

gp22 Nicotiana tabacum (tobacco) nd 22 (Edelbaum et al.,

leaves infected with virus 1991)
(TMV)
P21 Glycine max (soybean) leaves nd 21 (Graham et al., 1992)
Rye TLs Secale cereale (Winter rye) nd 16 and (Hon et al., 1995)
leaves 25

Prua 2, also | Prunus avium (cherry) fruit no 23 (Fils-Lycaon ef al.,

known as 1996; Inschlag et al.,
CHTL 1998)
SRgp24 Mesembryanthemum nd 241 (Yen et al., 1994)
crystallinum (common ice
plant) callus

SE39b Nicotiana tabacum (tobacco) nd 391 Kuboyama et al.,
flower stigmas 1997)

PsTL1 Pyrus serotina (Japanese pear) | nd 321 (Sassa and Hirano,
flower styles 1998)

AHCSP33 Arachis hypogaea (groundnut) | nd 33T (Dave and Mitra,
leaves 1998)

* yes = growth inhibition of one or more fungal species in vitro; nd = growth inhibition potential not

determined or reported; no = no growth inhibition observed in vitro.

§ protein possibly modified by glycosylation.
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There appears to be at least six genes encoding PR-5 isoforms in some plant
genomes (Zhu ef al., 1995; Loulakakis, 1997a). Notably, no introns exist within any of
the PR-5 genes so far characterised (van Kan et al., 1989; Nelson et al., 1992; Zhu et al.,
1995). Various putative promoter sequences controlling PR-5 gene expression in both
pathological and other stress situations have been studied using transgenic constructs and
through this critical elements have been identified (Albrecht ef al., 1992; Kononowicz et
al., 1992; Nelson et al., 1992; Raghothama et al., 1993; Zhu et al., 1995; Sato et al.,

1996).

PR-5 proteins impede the growth of a wide range of fungal pathogens in vitro
(see Table 1.3). Additionally, a synergistic effect can occur when PR-5 proteins are
mixed with members of other PR protein families (Hejgaard ef al., 1991; Hejgaard ef al.,
1992; Lorito et al, 1996) or other components known to affect fungal cell
walls/membranes (Roberts and Selitrennikoff, 1990; Vigers ef al., 1991; Lorito et al.,
1996). Liu ef al. (1994) and Zhu et al. (1996) demonstrated that transgenic tobacco and
potato plants constitutively expressing high levels of osmotin showed an increased
tolerance to the fimgal pathogen Phyfophthora infestans. Conversely, Liu et al. (1994)
found that transgenic tobacco plants with enhanced levels of osmotin displayed no
change in the development of disease symptoms when challenged with Phytophthora
parasitica, even though in vitro inhibition was observed with the purified osmotin. The
basis for these apparently contradictory results is not yet understood. Furthermore,
transgenic tobacco constitutively expressing a PR-5 protein showed no signs of increased

resistance to virus infection (Linthorst ef al., 1989).

The mechanism by which PR-5 proteins cause lysis of fungal hyphae and spores,
in vitro, is not firmly established. The PR-5 proteins from maize seed (Roberts and
Selitrennikoff, 1990; Batalia et al., 1996), tobacco (Abad et al., 1996) and flax seed

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

induce cytoplasmic leakage. Apart from permeabilising fungal membranes, there is
evidence that several, but not all, thaumatin-like proteins bind B-1,3-glucans (Trudel ez
al., 1998). Likewise, it has been suggested PR-5 proteins have the ability to bind actin
(Takemoto et al., 1997) and to act as a receptor for other unknown ligands (Wang ef al.,
1996). It has also been reported that a PR-5 like protein from maize seeds possesses o-
amylase/trypsin 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 ef al., 1996). The three-dimensional crystal structures of three PR-5 like
proteins, thaumatin (from Thaumatococcus daniellii) (Kim et al., 1988; Ogata ef al,
1992; Ko et al., 1994), zeamatin (from Zea mays) (Batalia et al., 1996), and PR-5d
(from Nicotiana tabacum) (Koiwa et al., 1999), have been solved by protein
crystallography. Analysis of these structures does reveal the presence of a pronounced
cleft, the function of which still remains to be elucidated although it clearly is compatible

with the binding of large molecules.

1.2.5 PR proteins of the Vitis species

Initial studies on PR-like proteins in grapevine focussed on factors influencing 3-
1,3-glucanase activity. Clarke and Stone (1962) were the first to report 3-1,3-glucanase
activity in the xylem and phloem of V. vinifera canes. They hypothesised the f3-1,3-
glucanase activity to have a role in the removal of dormancy callose although their
results revealed there were no significant differences in total (3-1,3-glucanase activity
between dormant and activated canes. In a subsequent study, Hawker et al. (1974)
showed that (-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 spectrum of viruses causing leafroll, yellow speckle, fleck or fanleaf

symptoms.
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Chapter 1 - General introduction

Since the commencement of this study in April 1995, there have been many
papers dealing with grapevine proteins homologous to members of the PR-2, PR-3, PR-5
and PR-8 families. Firstly, as many as thirteen chitinase isoforms may exist in healthy,
wounded, and salicylic acid treated grapevine tissues (Derckel et al., 1996). Chitinases
have also been detected in cell cultures (Deloire et al., 1996; Busam e? al., 1997), leaves
infected by various fungal pathogens, and leaves treated with chemical and fungal
elicitors (Busam et al., 1997). A chitinase has also been purified from mature berries and
identified by amino acid sequencing as a class IV chitinase (Derckel ef al., 1998). This
chitinase has extensive homology to a 32 kDa wine haze-associated protein (Waters et
al., 1996; Waters ef al., 1998) and to two ripening induced berry chitinases (Robinson et
al., 1997). Moreover, chitinases are now known to be abundant constituents of mature
Vitis labruscana L. berries (Salzman et al., 1998). Secondly, B-1,3-glucanase like
proteins have been detected in cell cultures (Deloire et al., 1996), Botrytis cinerea
infected and salicylic acid treated leaves (Renault ef al., 1996), and two partial cDNAs
encoding different isoforms have been cloned (Kraeva ef al., 1998). Finally, a cDNA
encoding a thaumatin-like protein has also been isolated from cell cultures (Loulakakis,
1997a; Loulakakis, 1997b) which is homologous to a previously characterised wine
haze-associated protein (Waters et al., 1996). Also, in a very recent study, a thaumatin-
like protein was purified from mature V. labruscana berries (Salzman et al., 1998). As
most of the above developments occurred subsequent to experimentation described in
this thesis, and indeed subsequent to publication of some of the results reported herein
(Tattersall ez al., 1997), relevant discussion and reference to these papers will be given in

the following chapters.
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Chapter I - General introduction

1.3 Aims of this study

Despite 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 largely unknown.
Initial results from this study, and other research (Waters et al., 1996), indicated that PR-
like proteins are highly abundant in the grapevine berry. This observation not only
presented an opportunity to further define the role of PR proteins in plant function but
also had clear technical implications for viticulture and winemaking. Understanding
whether different management practices have an impact on the accumulation of these
proteins, and whether this in turn can modulate pathogen resistance of the vine is of great
practical importance, as is the definition of individual PR protein functions. Further
insights in these areas may in turn facilitate the development of superior ways of
stabilising wine therefore avoiding the formation of wine haze with a minimum of

intervention.

The general aim of this study was to develop molecular tools to define the
complement of prominent PR-like proteins in 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 Northern and Westem blot analyses to define the tissue-specific and temporal

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

. examine the potential antifungal properties of these proteins in vitro (Chapter 5).
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Purification and identification of four prominent

berry PR-like proteins
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Chapter 2 - Purification of berry PR-like proteins

2.1 Introduction

For over a decade, the small number of berry-derived proteins that are associated
with white wine haze have been known to have relatively low molecular masses (~12 to
30 kDa) and isoelectric points (~4.1 to 5.8) (Hsu and Heatherbell, 1987a). This study
was undertaken to gain a better understanding of the properties, synthesis and functions
of these proteins within the berry. As found in wine, soluble berry proteins in juice are
relatively abundant, and few in number. Indeed, the protein composition 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 through 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 that 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 VVTLI1), and minor 24 kDa protein (named VVTL2), to be thaumatin-like (PR-
5 like) proteins. Additionally, the partial amino acid sequence of the 13 kDa protein
(named VVPR-4a) exhibited high homology to known PR-4 like proteins, and the partial
amino acid sequence of the 28 kDa protein (named VVCHIT) suggests it may be a
chitinase (PR-3 like). Since the commencement of this study, four prominent proteins
have been purified from a Muscat of Alexandria wine (Waters et al., 1996; Waters et al.,
1998). Examination of the partial amino acid sequences of the soluble wine proteins
reported by Waters et al. (1996) reveals that they are highly similar, if not identical, to

that of three berry PR-like proteins characterised here (VVTL1, VVTL2 and VVCHIT).
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Chapter 2 - Purification of berry PR-like proteins

2.2 Materials and methods

2.2.1 Protein purification

Ammonium sulfate precipitation and anion exchange fractionation of soluble juice

proteins

Approximately 2 L of juice from Muscat of Alexandria berries (BRL Hardy Berri
Estate, Australia or Alverstoke vineyard, The University of Adelaide) was subjected to
(NH,).SO; fractionation. (NH,4);SO, was added to 80% saturation and stirred overnight
at 4°C. The pellet obtained after centrifugation (10,000g for 30 min, 4°C) was
extensively dialysed at 4°C against 20 mM Tris-HCL, pH 8.0 before loading onto a 1.5 x
16 cm Q-Sepharose column (Pharmacia, Sweden) equilibrated with 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 mL per h. Fractions of 8 mL were collected and those
containing prominent 24 kDa proteins (VVTLI1: fractions 9-13; VVTL2: fractions 19-
22), a 13 kDa protein (VVPR-4a: fractions 35-39), and a 28 kDa protein (VVCHIT:
fractions 43-47), as judged by SDS-PAGE were individually pooled, concentrated to
approximately 4 mL, and exchanged into respective buffers (as described below), by
ultrafiltration using a Diaflo YM 10 (VVTL1, VVTL2, VVCHIT) or YM3 (VVPR-4a)
membrane (Amicon, USA).

VVTLI1, VVPR-4a and VVCHIT purification by gel filtration chromatography

VVTLI1, VVPR-4a and VVCHIT (in 50 mM Tris-HCL, pH 8.0, 150 mM NaCl)
were then individually loaded onto a Superdex 200 Hiload™ 26/60 column (Pharmacia,
Sweden), equilibrated in the same buffer, and chromatographed using a flow rate of 100
mL per h. Fractions (4 mL) containing either VVTL1, VVPR-4a or VVCHIT were
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Chapter 2 - Purification of berry PR-like proteins

identified, pooled and concentrated as above. VVPR-4a was rechromatographed on the
Superdex 200 Hiload™ 26/60 column until other contaminating proteins could not be

detected by SDS-PAGE.

VVTL?2 purification by cation exchange chromatography

VVTL2 (in 20 mM formic acid, pH 4.0) was loaded onto a SP Sepharose
Hiload™ 26/10 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 8 mL were collected and those
containing a 24 kDa protein, which was judged to be pure by reverse phase HPLC (as

described below), were pooled.

Protein yield and purity

The yield of essentially pure protein was approximately 30 mg/L, 2 mg/L, 2 mg/L
and 10mg/L of juice (Alverstoke vineyard) for VVTL1, VVTL2, VVPR-4a and
VVCHIT, respectively.

The purity of VVTL1, VVTL2, VVPR-4a and VVCHIT was finally assessed by
reverse phase HPLC using a Beckman System Gold apparatus (128 diode array detector
module, 126 pumps, 507E autosampler) and Gold Noveau software. An equal volume
of denaturing buffer (6.0 M guanidine hydrochloride, 0.1 M Tris-HCL, pH 7.6, 1 mM
EDTA) was added before proteins were applied to a Cg column (4.6 x 250 mm; Vydac,
USA) equilibrated in buffer A (0.1% TFA) and operated with a flow rate of 0.6 mL/min.
The column was washed for 5 min with buffer A followed by a linear gradient of 0 to
100% 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 - Purification of berry PR-like proteins

2.2.2 SDS-PAGE

Loading buffer (final concentration of 60 mM Tris-HCL pH 6.8, 2% (w/v) SDS,
8% (v/v) glycerol, 100 mM DTT, 0.001% bromophenol blue) was added and proteins
then incubated at 80°C for 2 min before resolution by SDS-PAGE in 12.5% (w/v)
(50:1.35; acrylamide:bisacrylamide) Tris-glycine gels (Fling and Gregerson, 1986) or
16% (w/v) (32:1; acrylamide:bisacrylamide) Tris-tricine gels (Schigger and von Jagow,
1987). Post electrophoresis, gels were stained (0.1% (w/v) Coomassie Brilliant Blue R-
250 (Sigma, USA), 40% (v/v) ethanol, 7% (v/v) acetic acid) at approximately 60°C for
30 min and then destained (20% (v/v) ethanol, 7% (v/v) acetic acid). Gels were
preserved by drying between cellophane sheets (Biorad, USA) which had been

previously soaked in 50% (v/v) ethanol.

2.2.3 Protein digestion, acid hydrolysis and sequence analysis

Prior to proteolytic digestion, VVTL1 (~400 pg) was denatured by TCA
precipitation as follows. Essentially, ice cold TCA (60% (w/v)) was added to a final
concentration of 10% (w/v) before a 15 min incubation on ice followed by centrifugation
(12,000g, 15 min). The pellet was washed twice with ice cold ethanol:ethyl acetate (2:1
v/v) before resuspension in 50 ul of 6 M Urea, 50 mM Tris-HCL, pH 8.0 and 5 mM
DTT, incubated at 60°C for 30 min, and then diluted with 3 vol of 25 mM Tris-HCL pH
7.7 and 1 mM EDTA. VVTLI 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 proteolytic digestion of VVPR-4a (~100 pg) by endoproteinase
Lys-C, essentially as described above, and acid hydrolysis of VVTL1 (~1 mg), both
proteins were reductively alkylated with iodoacetamide as described previously (Hej et
al., 1987). Acid hydrolysis of VVTLI1 was performed in 70% (v/v) TFA (HPLC grade,
Pierce, USA) at 40°C for 20 h and terminated by addition of 10 vol of H,O before
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Chapter 2 - Purification of berry PR-like proteins

vacuum concentration. Peptides generated by endoproteinase digestion and acid
hydrolysis were purified by reverse phase HPLC essentially as described in Section 2.2.1
except peptides were eluted with a gradient of 0 to 75% buffer B developed over 125
min. Collected peptides were then subjected to sequencing as described below.
VVCHIT (~100 pg) was resupended in 150 pL of reaction buffer (100 mM NaH,PO,,
pH 8, containing 10 mM EDTA, 5 mM DTT, 5% (v/v) glycerol, 1 M urea) before
incubation with 5 pg pyroglutamate aminopeptidase (Boeliﬁnger Mannheim, Germany)
at 4°C for 18 h, then 25°C for 4 h. The VVCHIT reaction mixture was then
concentrated and buffer exchanged with an Ultrafree MC 10 filter unit (Millipore, USA)

before sequencing as described below.

Proteins and peptides were sequenced using an automated Edman G1000A
protein sequencer (Hewlett-Packard, USA), by Neil Shirley and Jelle Lahnstein

(Department of Plant Science, The University of Adelaide).

2.2.4 Protein database analyses

Amino acid sequences were compared to known sequences within the GenBank
database via the BLAST suite of programs (Altschul et al., 1990). Access to the
GenBank database and related analysis programmes was 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 buffering agents and analysed
by SDS-PAGE, a very complex pattern of proteins ranging from less than 10 kDa to
greater than 100 kDa is evident (Figure 2.1, lane 1). By contrast, when juice is
expressed in the absence of protective agents, a very simple pattern of polypeptides is
visible (Figure 2.1, lane 2) indicating a selective extraction of soluble, relatively low
molecular mass components has taken place. From previous studies it is known that
these proteins are associated with wine haze (Hsu and Heatherbell, 1987a; Waters ef al.,

1995a).

The polypeptide patterns of both Muscat of Alexandria juice and wine consist
mainly of relatively low molecular mass components in the range of approximately 20 to
30 kDa (Figure 2.1). Additionally, less abundant polypeptides ranging in molecular
masses from 13 kDa to approximately 60 kDa are observed. Most, if not all,
polypeptides 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
(Hsu and Heatherbell, 1987a; Murphey et al., 1989; Waters ef al., 1991; Yokotsuka et
al., 1991; Pueyo et al., 1993; Dorrestein et al., 1995; Santoro, 1995). Reported
compositional differences may be accounted for by variations in analytical methods such
as SDS-PAGE techniques. This is exemplified when the same juice proteins are analysed
by Tris-tricine (Figure 2.1A) and Tris-glycine (Figure 2.1B) 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-tricine SDS-PAGE was used to analyse protein extracted from Muscat
of Alexandria berries by boiling in SDS-PAGE loading buffer (berry), (NH4),SO,
precipitated juice (juice) 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 Elizabeth Waters (The Australian Wine and
Research Institute). M, Molecular 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 polypeptides obtained when using different SDS-PAGE
techniques.
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Chapter 2 - Purification of berry PR-like proteins

2.3.2 Purification of four soluble juice proteins

As a first step in the understanding the biochemistry of some of the principle
protein components of a Muscat of Alexandria juice, and hence wine, four prominent
polypeptides were purified to apparent homogeneity. The molecular masses of these
polypeptides, as judged by Tris-tricine SDS-PAGE, were 24 (2 polypeptides - a major
and a minor form), 13 and 28 kDa. The purification of the major 24 kDa polypeptide,
and 13 and 28 kDa polypeptides was readily achieved from clarified juice, using
ammonium sulfate precipitation followed by anion exchange (Figure 2.2) and gel
filtration chromatography (Figure 2.3). All three polypeptides appeared to have been
purified to homogeneity following the final rounds of gel filtration chromatography. The
minor 24 kDa polypeptide was purified as described above except, following anion
exchange chromatography (Figure 2.2), the polypeptide was subjected to cation
exchange chromatography (Figure 2.4) before apparent homogeneity was achieved. The
purification of all polypeptides was monitored by SDS-PAGE (Figure 2.5) and reverse
phase HPLC (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 (Figure 2.2). Several major peaks of
protein were resolved, many containing two or more polypeptides. This result was
consistent with the two-dimensional PAGE study of Hsu and Heatherbell (1987a) where
up to 25 different polypeptides were found in Gewlirztraminer 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) contained a major 24 kDa
polypeptide (fractions 9-13), a minor 24 kDa polypeptide (fractions 19-22) eluting at
lower salt concentration, and a later eluting 13 kDa polypeptide (fractions 35-39) and 28

kDa polypeptide (fractions 43-47).
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Figure 2.2  Separation of soluble grape juice proteins by anion exchange chromatography. (A) Proteins bound to
the Q-sepharose column were eluted by a linear NaCl gradient and monitored by absorbance at 280 nm. (B) Aliquots (20
uL) of every second eluted fraction (8 mL) were analysed by Tris-glycine SDS-PAGE and protein visualised by Coomassie
brilliant blue. Fractions containing major and minor 24 kDa polypeptides, and 13 kDa and 28 kDa polypeptides, which
were the subject of further investigation, are highlighted. Clarified Muscat of Alexandria juice (juice protein), (NH,),SO,
precipitated juice protein (precipitated juice protein), protein which failed to bind to the column (unbound), and protein
which eluted from the column after a 350 mM NaCl wash (NaCl wash) are shown. M,, Molecular mass standards.
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Chapter 2 - Purification of berry PR-like proteins

The major 24 kDa polypeptide, and 13 and 28 kDa polypeptides were subjected
to further purification by gel filtration chromatography. All three proteins behaved as
monomers (Figure 2.3). Interestingly, the 24 kDa polypeptide was estimated to have a
considerably smaller molecular mass of 16 kDa when its elution volume was compared to
that of protein standards. This suggests one of two possibilities. Firstly, the polypeptide
may have a very compact structure, or secondly, even in the presence 150 mM NaCl, the
polypeptide may have interacted with the column matrix, which consisted of cross-linked
agarose (a complex range of polysaccharide chains having altemating 1,3-c- and 1,4-f-

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

SDS-PAGE (Figure 2.5B, lane 3) and reverse phase HPLC analysis (results not
shown) revealed the pooled ‘minor 24 kDa polypeptide’ fractions from anion exchange
chromatography (Figure 2.2) contained two 24 kDa polypeptide species. The N-terminal
amino acid sequence (NH,-Ala-Thr-Phe-Asp-Tle-Leu-Asn-Lys-X-Thr-) of the less
abundant species (Figure 2.4) was identical to that of the ‘major 24 kDa polypeptide’ (as
described below). The ‘minor 24 kDa polypeptide’ of interest was purified by cation
exchange chromatography which enabled its separation from the less abundant ‘major 24

kDa polypeptide’ species (Figure 2.4).

2.3.3 Identification of juice proteins as PR-like proteins

The N-terminal sequences of the purified major 24 kDa polypeptide (NH,-Ala-
Thr-Phe-Asp-He-Leu-Asn-Lys-X-Thr-), and minor 24 kDa polypeptide (NH,-Ala-Thr-
Phe-Asn-Tle-Gln-Asn-His-X-Ser-), are identical to that of major wine haze-associated
proteins isolated by Waters ef al. (1996). These proteins are homologous to thaumatin,
an immensely sweet protein (10° times sweeter than sucrose on a molar basis) found in
the arils of the ripe fruits of Thaumatococcus daniellii (van der Wel and Loeve, 1972), a
West African shrub. Therefore, the major 24 kDa polypeptide was named VVTL1 (for

Vitis vinifera thaumatin-like protein 1; Tattersall et al., 1997), and similarly the minor 24
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Figure 2.3  The major 24 kDa polypeptide, and 13 and 28 kDa soluble juice
polypeptides behave as monomers when subjected to gel filtration. The 24, 13 and
28 kDa polypeptides, judged to be essentially pure by SDS-PAGE, were applied to a
Superdex 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. The M, standards (M, shown in
parentheses) were as follows: BD, blue dextran (22,000 kDa); Cat, catalase (232 kDa),
Ado, adolase (158 kDa); Alb, bovine serum albumin (67 kDa); Ova, ovalbumin (43
kDa); Chy, chymotrypsin A (25 kDa); Rib, ribonuclease A (13.7 kDa).
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Purification of a ‘minor 24 kDa juice polypeptide’ by cation

exchange chromatography. Proteins bound to a cation exchange column were eluted
by a linear NaCl gradient and monitored by absorbance at 280 nm. Aliquots (20 uL) of
eluted fractions (8 mL) were analysed by SDS-PAGE and reverse phase HPLC (results
not shown). Both peaks consisted of 24 kDa components as judged by SDS-PAGE,
however, reverse phase HPLC analysis (see Figure 2.6) confirmed peak 2 contained the
‘minor 24 kDa polypeptide’ of interest.
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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 kDa polypeptide’ (lane 3),
and pooled gel filtration fractions containing the ‘major 24 kDa polypeptide’ (lane 4).
(B) SDS-PAGE analysis of: juice (lane 1), precipitated juice protein (lane 2), pooled
anion exchange fractions containing the ‘minor 24 kDa polypeptide’ (lane 3), and pooled
cation exchange fractions containing the ‘minor 24 kDa polypeptide’ (lane 4). (C) SDS-
PAGE analysis of juice (lane 1), precipitated juice protein (lane 2), pooled anion
exchange fractions containing the ‘13 kDa polypeptide’ (lane 3), pooled first round gel
filtration fractions containing the ‘13 kDa polypeptide’ (lane 4), and second round gel
filtration fractions containing the ‘13 kDa polypeptide’ (lane 5). (D) SDS-PAGE
analysis of juice (lane 1), precipitated juice protein (lane 2), pooled anion exchange
fractions containing the ‘28 kDa polypeptide’ (lane 3), and pooled gel filtration fractions
containing the 28 kDa polypeptide’ (lane 4). M,, Molecular mass standards.
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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 ng of the (A) major 24 kDa, (B) minor 24 kDa, (C) 13 kDa, and (D)
28 kDa polypeptides were applied to a Cg column and then eluted with a 0 to 80% (v/v)
acetonitrile gradient developed over 60 min as described in the Materials and Methods.
Approximate retention times are shown.
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Chapter 2 - Purification of berry PR-like proteins

kDa polypeptide was named VVTL2. The N-terminal sequence of VVTL2 (Figure
2.7A) also reveals that it is highly similar, if not identical, to a V. vinifera (cv Sultana)
protein (VVOSM1) encoded by a cDNA isolated from cell culture (Loulakakis, 1997b).
Interestingly, it is known that VVTL1 (Peng et al., 1997), and other thaumatin-like
proteins tested (Singh ef al., 1987; Roberts and Selitrennikoff, 1990; Fils-Lycaon et al.,

1996) lack any sweet characteristics detectable by humans.

To further characterise VVTLI, proteolytic digestion was undertaken. Initial
attempts to digest this protein confirmed its inherent resistance to proteolytic digestion
as inferred from its survival during winemaking procedures. Indeed, despite the use of
strong denaturing agents and carboxymethylation, VVTLI resisted complete digestion by
both endoproteinase Lys-C and endoproteinase Glu-C (results not shown).
Nevertheless, following reverse phase HPLC separation of the peptides present in the
digestion mixtures, two pure peptides were obtained and their sequences determined
(Peptides 1 and 2, Figure 2.7A). Major similarities of these internally located VVTL1
peptides to other PR-5 like proteins were found when a database search was performed.
When the VVTLI peptide sequences were aligned with highly homologous PR-5 like
proteins (Figure 2.7A), it was apparent that sequence towards the C-terminus of VVTL1
had yet to be obtained. To overcome this lack of sequence, reductively alkylated
VVTLI was initially subjected 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 eventual cloning of a VVTLI encoding

cDNA (see Chapter 3).

To determine the identity of the purified 13 kDa polypeptide it was firstly
subjected to Edman degradation. No N-terminal sequence was obtained, indicating that
the 13 kDa polypeptide had a modified N-terminal amino acid. In an attempt to obtain

peptide sequence, and to overcome difficulties of proteolytic digestion, the protein was
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firstly reductively alkylated. When the endoproteinase Lys-C digest was subjected to
reverse phase HPLC, 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 2.7B). The purified protein was named
VVPR-4a (for Vitis vinifera PR-4 protein a) and represents the first reported PR-4 like
protein purified from grapevine or any fruit. As with VVTLI, the peptide sequence
information of VVPR-4a was utilised for the eventual cloning of a VVPR-4a encoding
cDNA (see Chapter 3).

Amino acid sequence of the 28 kDa polypeptide was obtained subsequent to the
identification of wine and juice proteins by Waters ef al. (1996, 1998). Both these
studies revealed the potential for N-terminal modification of abundant proteins of
approximate molecular masses 28 to 32 kDa. These proteins, which have been classified
as chitinases, commonly possess an N-terminal pyroglutamate residue which blocks
Edman degradation (Waters ef al., 1998). To avoid potential sequence problems, the 28
kDa polypeptide was first incubated with pyroglutamate aminopeptidase, an enzyme
which removes N-terminal pyroglutamate residues. When the treated 28 kDa
polypeptide was subjected to Edman degradation the following sequence was obtained
(Gly-Tyr-X-Gly—Thr—Gly—Ser-Glu-Tyr-X-Giy—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 ef al., 1998). It is also highly similar to
the amino acid sequence of a chitinase (CHV 5) purified from V. vinifera (cv Pinot noir)
berries (Derckel et al., 1998), and to other plant chitinases (Figure 2.7C). Furthermore,
a ¢cDNA encoding a highly similar grapevine berry class IV chitinase (PR-3 like),
VVvChidA, has been cloned (Robinson ef al., 1997). As further characterisation of the 28

kDa polypeptide is needed to prove its possible identity to ChitD (Waters et al., 1998),
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for the purpose of this study, it will be referred to as VVCHIT (for Vitis vinifera

chitinase).
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2.4 Discussion

The preparation of berry juice constitutes a selective extraction procedure of a
small number of relatively low molecular weight proteins (Figure 2.1) which, once
extracted, can persist throughout the winemaking process (Hsu and Heatherbell, 1987a).
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 likely 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
exposed to the acidic conditions (pH ~3 to 4) of the berry juice. To negate these
problems often encountered when studying active soluble enzymes from recalcitrant
grapevine tissue such as berries, ‘complex’ detergent based buffers were developed
(Hawker, 1969a, 1969b; Downton and Hawker, 1973; Ford and Hgj, 1998). These
‘complex’ buffers are designed to inhibit polyphenolic:protein interactions and therefore
contain many additives such as copper chelating agents (Cu’" is a cofactor for polyphenol
oxidase), antioxidants and polyphenol binding compounds. The use of such buffers
results in efficient extraction of a complex array of berry polypeptides (see a comparison
by Ford and Hgj (1998)). Fortunately, from the point of view of purifying wine haze
proteins, inclusion of the protective agents is not required. Instead the expression of
berry juice alone represented an ideal first step in making the purification process a
relatively simple task. With the purification and sequencing of four prominent soluble
juice proteins it is now apparent that the haze associated proteins of wine are in fact PR-
like proteins derived from the grapevine berry, a phenomena also reported by Waters et

al. (1996).

Comparison of the soluble proteins present in a Muscat of Alexandria juice and
commercial wine reveals a highly similar polypeptide pattem (Figure 2.1, lanes 2 and 3).

The very minor differences observed between the wine and juice polypeptide pattern may
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be explained by the fact that the wine analysed in lane 3 was not made from the Juice
analysed in lane 2. The conservation of polypeptide pattern between juice and wines has
been reported previously by Pueyo ef al. (1993). Overall, this suggests the soluble berry
proteins extractable into juice and wine tolerate low pH conditions (pH ~3 to 4) and
ethanol concentrations of at least 10% (v/v). Resistance to proteolytic cleavage by
peptidases secreted by fermenting yeasts is also evident (Waters ef al., 1992) and appears
to be intrinsic rather than a function 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 unsuccessful (Lagace and Bisson,
1990; Charoenchai et al., 1997), and the use of current commercial protease preparations
at winemaking temperatures of 20°C or below appears ineffectual (Feuillat and Ferrari,
1982; Waters et al., 1992). Now that it is evident wine haze associated proteins are
berry PR-like proteins, an alternative and more appropriate approach to finding effective
proteases for the degradation of wine haze proteins may be to first understand the
mechanisms of PR protein tummover in plants. In fact, it has been previously reported
that extracellular proteases isolated from tomato (Rodrigo et al., 1989) and tobacco
(Rodrigo et al., 1991b) can degrade some PR proteins in vitro. Such specialised
proteases possess activity at low pH, 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, mass and charge (Hsu
and Heatherbell, 1987a; Murphey ef al., 1989; Waters et al., 1991; Yokotsuka et al.,
1991; Pueyo et al., 1993; Dorrestein et al., 1995; Santoro, 1995). Interestingly, possible
genuine small variations in varietal protein compositions (both protein molecular mass
and presence) are currently being considered as a method of distinguishing
(‘fingerprinting’) wines (Weiss et al., 1998; Y. Hayasaka, pers. commun.). Such

‘fingerprinting’, as opposed to DNA analyses, may be used in the future to guarantee
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wine varietal authenticity of bottled products to governing organisations and consumers.
Notwithstanding these minor differences, the ubiquitous nature of juice and wine protein
suggests common physiological signals are responsible for their production by grapevine
berries. Indeed, it has been proposed these proteins accumulate primarily as a result of

developmental processes that occur during berry ripening (Murphey ef al., 1989).

Chitinases and thaumatin-like proteins have now been purified from a number of
fleshy fruits including tomato (Pressey, 1997), cherry (Fils-Lycaon et al., 1996) and
persimmon (Vu and Huynh, 1994). This study confirms the presence of these proteins in
grapevine berries, a phenomenon which now has been widely reported (Derckel ef al.,
1996; Robinson ef al., 1997, Tattersall et al., 1997; Derckel et al., 1998; Salzman et al.,
1998; Waters et al., 1998). The reasons for the location of PR-like proteins within fleshy
fruit have not been fully 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 pathogens, especially those of fungal origin (see Section 1.2.4), as suggested by
in vitro assays involving a thaumatin-like protein purified from persimmon (Vu and
Huynh, 1994) and Vitis labruscana (cv Concord) grapes (Salzman ef al., 1998).
Chitinases are thought to degrade the chitin present in the cell walls of fungal pathogens,
however, the mechanism by which thaumatin-like proteins exert antifungal effects is
unknown. It has been observed that some thaumatin-like proteins have an affinity for p-
1,3-glucan (Trudel er al., 1998), aléo a component of fungal cell walls. However,
although VVTLI1 appeared to interact with the gel filtration column matrix during
purification (see Section 2.3.2), it was reported that grapevine berry thaumatin-like
proteins do not possess B-1,3-glucan binding activity (Trudel et al., 1998). It is of
course still possible that VVTL1 and related fruit thaumatin-like proteins such as

VVTL2 have an affinity for polysaccharides which are present in fingal cell walls.

This study also represents the first report of the 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 unknown mechanisms (Hejgaard et al., 1992; Caruso ef al., 1996). Such a

possible role for PR-4 like proteins in berries will be discussed in the following chapters.
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CHAPTER 3

Molecular cloning of cDNAs encoding the berry
PR-like proteins - VVTL1 and VVPR-4a
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3.1 Introduction

Of the four predominant grape berry PR-like proteins identified in Chapter 2, two
were further characterised by a combination of molecular biology and protein
biochemistry techniques. Further definition of the properties of these proteins may help
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 the 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 al., 1985; Voilley et al., 1990), it leads to typical losses of ~3% of wine
volume during removal from fined wine (D. McWilliam and T. Jones, pers. commun.),

and there are environmental problems concerning its disposal (Rankine, 1989).

A detailed characterisation of berry PR-like proteins may also help reveal their
role within fruits in general and the grapevine in particular. Both the abundance and
stability of these proteins suggests they may be integral to important processes within the
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 expression of respective genes within the grapevine may

be beneficial.

Described in this chapter is the examination of several characteristics of the berry
PR-like proteins, VVTL1 and VVPR-4a. Sequence analysis of cloned cDNAs has
allowed for the deduction of the complete primary structures for both proteins. Also,
combined cDNA sequence analysis and electrospray mass spectrometry data has been

used to predict post-translational modifications including the identification of likely
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topogenic signals responsible for protein subcellular localisation, and the formation of
intramolecular disulfide bonds. Finally, based on X-ray crystallographic 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

VVTL1 and VVPR-4a,
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3.2 Materials and Methods

All molecular biology procedures were performed essentially as described by

Sambrook ef 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 ef al. (1992), except that the extraction buffer contained
500 mM Tris-HCL 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) were ground to a powder in liquid N, before addition of buffer (2 mL of buffer to
1 g tissue). RNA concentrations and purity were determined by scanning UV

spectroscopy (assuming 1 OD,so = 40 pug/mL). Typical total RNA yields were ~20 pug/g
fresh berry weight.

3.2.2 cDNA Synthesis

All oligonucleotides were synthesised by Gibco BRL Lifescience (Australia) and
PCRs performed in a Perkin Elmer GeneAmp PCR System 2400 machine (USA).

VVTLI ¢cDNA

The cDNA sequence of VVTL1 was obtained by combination of the information
contained in an 'internal' cDNA, a 5-RACE product and a 3-RACE product. First
strand cDNAs were generated with SUPERSCRIPT II RNase H- Reverse Transcriptase
(GIBCO BRL, USA) according to the manufacturer's instructions in a volume of 20 pL,
using 2 pug of post-veraison berry RNA as template and 150 pmoles of primer. A (dT)5

primer was used in the preparation of first strand ¢cDNA for cloning of the 'internal’
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cDNA (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 cDNA used to generate the 5' RACE-PCR product (nucleotides 1 to 254,

Figure 3.2).

‘Internal' ¢cDNA: Based on amino acid sequences obtained from VVTLI,
degenerate oligonucleotides representing all possible codon usages were synthesised.
The oligonucleotides and corresponding amino acid sequences are as follows: TL1, 5'-
TT(C/T)GA(C/T)AT(A/T/CYC/T)TIAA(C/T)AA(A/G)TG(T/C)ACITA-3' (FDILNKC
T); TLRT2, 5’-(A/G)CA(A/G)AAIGTIAC(C/T)TT(A/G)TA(A/G)TT-3' (NYKVTFC).
Reaction mixtures typically contained one unit of 7aq polymerase (GIBCO BRL, USA),
50 pmoles of each primer and 2 pL of the first strand cDNA product as template in a
final volume of 25 pL, buffered according to the manufacturer’s instructions. Following
incubation at 94°C for 2 min, a total of 37 cycles were performed (cycle 1 to 2: 94°C for
1 min, 37°C for 2 min, and 72°C for 1 min 30 s; cycles 3 to 37: 94°C for 1 min, 55°C for
2 min, and 72°C for 1 min 30 s) then terminated by a final extension reaction at 72°C for

7 min,

RACE-Products: RACE-PCR, performed essentially as described by Frohman et
al. (1988), was employed to obtain the 5' and 3' ends of the final cDNA (Figure 3.2).
Oligonucleotides described by Frohman et a/. (1988) were used in conjunction with TL5,
5“TTGACGGTGATTGTCCAGGACTG-3' (nucleotides 232 to 254, Figure 3.2) and
TL6, 5-CATTGGCGTCGAAGGTGCATGAG-3' (nucleotides 291 to 313, Figure 3.2)
to generate the 5> RACE-PCR product. The Frohman et al. (1988) oligonucleotides and
primers TL3, 5' - AA(C/T)AA(C/T)C/T)TIGA(C/T)TA(C/T)ATIGA(C/T)AT - 3'
(nucleotides 415 to 437, Figure 3.2) and TL7, 5-~AGCTGTGGTCCGACCACATACTC-
3' (nucleotides 610 to 632, Figure 3.2) were used to generate the 3'-RACE-PCR

product.
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VVPR-4a cDNA

The cDNA sequence of VVPR-4a was obtained by combination of the
information contained in an 'mternal' cDNA (nucleotides 205 to 437, Figure 3.6), a 5'-
RACE product (nucleotides 1 to 320, Figure 3.6) and a 3'-RACE product (nucleotides
321 to 569, Figure 3.6). A (dT)15 primer was used in the preparation of first strand
cDNA for cloning of the 'mternal' cDNA 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.

‘Internal' cDNA: Based on amino acid sequence obtained from VVPR-4a and
related proteins from other plant species (see Figure 3.7), degenerate oligonucleotides
representing all possible codon usages were synthesised and employed in PCR reactions
as described for cloning of VVTLI1 encoding cDNAs (see above). The oligonucleotides
and corresponding amino acid sequences are as follows: WIN1, 5-TA(C/T)GGITG
GACIGCITT(C/T)TG(C/T)GG-3' (YGWTAFCG); WINRT, 5°-CA(A/G)T(C/T)IAC
(A/G)AAI(C/T)C(A/G)TA(A/G)T(C/T)IAC-3' (V(N/D)Y(Q/E)FV(N/D)C).

RACE-Products: RACE-PCR, performed essentially as described for VVTL1
cDNA synthesis, was employed to obtain the 5' and 3' ends of the final cDNA (Figure
3.6). Oligonucleotides described by Frohman et al. (1988) were used in conjunction
with WIN4, 5-ATCCAATCCTCCATTGCTGCATTG-3' (nucleotides 323 to 346,
Figure 3.6) and WIN3, 5'-CCACTATTCTTCACCGTTGCCTG-3' (nucleotides 299 to
320, Figure 3.6) to generate the 5° RACE-PCR product. The oligonucleotides of
Frohman et al. (1988) combined with the WIN1-primer (described above) and WINS5-
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 RACE-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 either competent E. coli XL1 blue (Stratagene, USA) or
IM109 (Promega, USA) cells. Competent cells were prepared using a CaCl, based
method as described by Miller (1987). Transformed cells were grown (37°C overnight)
on LB agar (1% (w/v) NaCl, 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 2% (wW/v)
agar, pH 7) containing 100 pg/mL ampicillin. Double stranded plasmid templates were
prepared from E. coli cultures, grown (37°C overnight) in 2YT broth (0.5% (w/v) NaCl,
1% (W/v) yeast extract, 1.6% (w/v) tryptone) containing 50 pug/mL ampicillin, using the

alkaline lysis based method described elsewhere (Birnboim and Doly, 1979).

Sequencing was performed by the dideoxynucleotide chain termination method
using a Sequenase™ Version 2.0 sequencing kit (Amersham Lifescience, UK), as
described in the manufacturer’s instructions, and [a-*>S]dATP labelled products were
separated on a 6% (wW/v) denaturing polyacrylamide gel and detected by
autoradiography. Automated DNA sequencing (Dyedeoxy Terminator™ Chemistry;
Perkin Elmer, USA) was occasionally performed by one of the following facilities:
Newecastle DNA, The University of Newcastle (Australia); Flinders Medical Centre DNA
sequencing core facility, Flinders University (Australia); Nucleic Acid and Protein
Chemistry Unit, The University of Adelaide. All facilities used a Perkin Elmer Applied
Biosystems Model 373A DNA sequencer (USA) for the detection of products.

3.2.4 Mass spectrometry

The masses of VVTLI and VVPR-4a, respectively, were determined on a API-
300 triple quadrupole mass spectrometer coupled with an ionspray interface (Perkin

Elmer Sciex, Thomhill, Ontario, Canada) by Yoji Hayasaka at the Mass Spectrometry
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Facility, Waite Campus, The University of Adelaide. Briefly, the ion spray voltage was
5.5 kV and the orifice voltage was 30 V. The curtain (N) and nebuliser (air) gases were
set at 8 and 10 units, respectively. Solutions of proteins (~1 pmol/uL) were introduced
into the mass spectrometer by a flow injector (8125, Rheodyne, Cotati, California, USA)
with a 5 or 20 pL sample loop connected to the ion sprayer. The injected solution was
delivered by 50% acetonitrile containing 2.5% acetic acid at a rate of 5 pL/min, using a
syringe pump (Cole-Parmer, Niles, lllinios, USA). Mass spectra were processed to
determine the molecular weight of the protein by deconvolution of the multiply charged

ions of the protein using Bio-Multiview software (Pekin Elmer Sciex, Canada).

3.2.5 Protein database searching, sequence alignments, pI and mass predictions

The GenBank and sister databases were searched for sequences related to
VVTLI1 and VVPR-4a using the BLASTP Version 1.4.9 program (Altschul ef al., 1990).
Protein alignments and dendrograms were made using the PILEUP program. The
dendrogram was displayed using the FIGURE program. 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 programs were provided by the Australian
Genomic Information Service (ANGIS), located at The University of Sydney.

3.2.6 Three-dimensional protein structure prediction

VVTL1 and VVPR-4a tertiary structure predictions were made using the
SWISS-MODEL tools and software packages available through the world wide web
(WWW) server of the Swiss Institute of Bioinformatics (Internet address =
http//:www.expasy.ch/swissmod/ SWISS-MODEL.html). The First Approach Mode

was used to obtain predictions. Briefly, VVTL1 and VVPR-4a protein sequence was
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compared, via the BLASTP2 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 program (Huang and Miller,
1991), and model predictions generated with the ProModIl program (Peitsch, 1996).
Energy minimisation of predicted models was performed by the Gromos96 program

(BIOMOS, Ziirich, Switzerland).

Model coordinate files obtained from Brookhaven Protein Data Bank and
SWISS-MODEL database were displayed using the MOLMOL molecular graphics
program, version 2.6 (Koradi et al., 1996), which is available at the following internet
address: http://odin.ethz.ch/wuthrich/software/molmol/index.html.
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3.3 Results

3.3.1 Isolation of cDNAs encoding VVTLI1 and VVPR-42

In the absence of a suitable grapevine berry cDNA library, partial cDNAs
encoding VVTLI and VVPR-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 VVPR-4a, conserved sequences of other PR-4 like proteins (see Figure
3.7), several degenerate primers (as described in the materials and methods Section)
were synthesised and employed in PCR reactions to amplify respective cDNAs from
reverse transcribed grapevine berry mRNA. The source of mRNA template for cDNA
generation was post-veraison Muscat of Alexandria berries (~17° Brix). The reason for
this choice was two-fold. Firstly, both VVTL1 and VVPR-4a had been purified from a
Muscat of Alexandria juice, and secondly, it was assumed that both VVTL1 and VVPR-

4a were synthesised towards the latter stages of berry development (see Section 1.1.1).

The cloning and sequencing of partial VVTL1 and VVPR-4a cDNAs allowed the
further design of ¢cDNA specific 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
encoding cDNAs to be amplified. Subsequently, the cloning of the RACE-PCR products
facilitated the sequence characterisation of the full length cDNAs encoding VVTLI and
VVPR-4a (Figure 3.1).

3.3.2 Characterisation of the cDNA encoding VVTL1

The sequence of the VVTLI encoding cDNA 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 VVTLI is synthesised
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Figure 3.1  Subclone map of (A) VVTL1 and (B) VVPR-4a ¢cDNAs. Each cDNA sequence is a combination of
information contained in an ‘internal’ cDNA, 5° RACE-PCR product, and a 3> RACE-PCR product (as described in the
Materials and Methods section). The inserts and corresponding names of the individual plasmid subclones are shown. The
respective open reading frames (ORF) are shown in black, and the 5° and 3’ untranslated regions (UTR) are shown in grey.
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GGACACCGCATTAGCCCAAACCCATAAGAATTCTAAATACTTCGATTCIRITCATCTGAT 60

TCATTCAACATCAAAATGCGCTTCACCACCACCCTCCCAATTCTCATCCCTCTCCTCCTC 120
-24 M R F T T T L P I L I P L L L

AGCCTCCTCTTTACCTCCACCCATGCAGCCACCTTCGACATCCTCAACAAATGCACCTAC 180
-9 s L L. F T § T H A A T F DI L N K C T Y

ACCGTCTGGGCAGCCGCCTCCCCCGGTGGCGGACGGAGACTTGACTCCGGCCAGTCCTGG 240
12T v W A A A S P G G G R R L D S G Q s W

ACAATCACCGTCAACCCCGGCACCACCAATGCTCGCATCTGGGGCCGAACCTCATGCACC 300
32T I T V N P G T T N A R I W G R T S8 C T

TTCGACGCCAATGGGCGTCGCAAATGCGAAACTGGTGACTGCAATGGCCTCCTCGAATGC 360
52 F D A N G R G K C E T G D CNGUL L E C

CAGGGCTACGGTTCTCCCCCAAACACCCTCGCTGAATTCGCTCTARACCAGCCCAATAAC 420
72 Q 6 Y 6 §S P P N T L A EVF A L N Q P N N

CTCGACTACATCGACATCTCCCTTGTCGATGGCTTCAACATCCCCATGGACTTCAGCGGC 480
92 L. D ¥ T D I S L VvV D 66 F N I P M D F S G

TGCCGCGGCATCCAGTGCTCCGTTGACATCAATGGGCAATGCCCCAGTGAGTTGAAGGCC 540
112 ¢c R 6 I Q¢ ¢ 8 v D I N G Q €C P S E L K A

CCCGGTGGATGCAACAACCCGTGTACAGTGTTCAAGACCAATGAGTATTGTTGCACTGAT 600
132 P 6 6 C NN P C TV F KT NE Y C C T D

GGACCTGGAAGCTGTGGTCCGACCACATACTCCAAATTCTTCAAGGACAGGTGCCCAGAT 660
152 ¢ P 6 §s ¢ ¢ P T T Y §S K F F K D R C P D

GCTTATAGCTACCCTCAGGATGACAAAACCAGCTTGTTCACCTGTCCTTCTGGTACCAAC 720
172 A ¥ S ¥ P Q D D K T 8 L F T ¢C P S G T N

TACAAGGTCACGTTTTGCCCTTGAAAGTTGGAACTCATTTTCCTTCACTTTCTTGGTGAA 780
192 ¥ K Vv T F C P *

TGAAAAGAGTACAAGACACCCAGGAAAGTTTTAGTTTTCAGCGTAGAGAAGRATAAAIITT 840
GTGCACGTAATGATAGTATTGTGCGCATGTGATGTGATAATCAGTCTGTAATGTGATTCC 900

AGTGAAARATAAAINGAAGAAGCCTACTTACTCAAAAAAAAAAAAAAAAAAAAAA (n) 954

Figure 3.2  Nucleotide and deduced amino acid sequence of a VVTLI1 encoding
c¢DNA. Peptide sequences obtained from purified VVTLI 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 (1 to 254) and a 3'-RACE product (610 to 954). No sequence
discrepancies were noted in the overlaps.
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as a precursor protein with a typical transient presequence (Bar-Peled et al., 1996) of 24
residues preceding Ala™ of the mature protein. The presequence, which is assumed to
be necessary for transport in the secretory system, suggests that VVTL1 is an apoplastic
protein as it is not synthesised with a C-terminal propeptide which may act as a vacuolar
targeting signal (Melchers ef al., 1993). The predicted mass of the mature protein is 21
286.45 Da whilst that obtained by mass spectrometry is 21 272.90 +/- 1.88 Da. The
discrepancy of 16 Da can readily be accounted for by the formation of eight disulfide
bonds as seen in the crystallised PR-5 like proteins, thaumatin (Ogata ef al., 1992; Ko et
al., 1994), zeamatin (Batalia ef al., 1996) and PR-5d (Koiwa et al., 1999). Thus, it was
concluded not only that the cDNA sequence (Figure 3.2) exactly specifies the purified
VVTLI but also that the protein undergoes no post-translational modification other than
the removal of the presequence and formation of intramolecular disulfide bonds. The
predicted pI (4.60) is consistent with the protein’s behaviour during anion exchange
chromatography (see Section 2.3.2). Within the 3’ untranslated region of the VVTLI1
cDNA there are two consensus polyadenylation signals (Li and Hunt (1997); Hunt and
Messing, 1998), one within 19 bp of the poly (A) tail.

A cDNA encoding a grapevine protein, VVOSMI, has been cloned from cultured
cells (Loulakakis, 1997b). The predicted N-terminal amino acid sequence of VVOSM1
is identical to that of VVTL2 (see Figure 2.7A). Also, the predicted mass of VVOSMI,
accounting for the formation of a proposed eight disulfide bonds and the removal of a
putative signal peptide, is 21 248 Da, which is in good agreement with the predicted
mass of purified VVTL2 (21 246 Da). Therefore, it is highly likely that VVTL2 and
VVOSM1 are identical proteins.
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3.3.3 Comparison of VVTLI1 to other PR-5 protein sequences

The primary structure of VVTLL1 is highly similar to those of a large number of
PR-5 like proteins present within the GenBank and sister databases (Figure 3.3). To
date, the known proteins most similar to VVTLI1 are two isoforms of the tobacco PR-R
protein (PRR1 and PRR2) (Comelissen ef al., 1986b; Payne ef al., 1988) which exhibit
positional amino acid sequence identity of 82% and 79% to that of VVTLI, respectively.
The PR-R genes are induced by TMV infection (Comelissen et al., 1986b). Other highly
related proteins include PR-5B (76% positional identity; encoded by a cDNA isolated
from chickpea (Cicer arietinum);, GenBank accession no. 081926), and ATOSM from
Arabidopsis (74% positional identity) (Capelli et al., 1997), the mRNA of which is most
abundant in older leaves. Also, the VVTL1 amino acid sequence is 72% identical to that
of VVOSM1 (Loulakakis, 1997b), and therefore presumably VVTL2. Apart from the
berry, the VVOSMI1 gene is also expressed in various other grapevine tissues including

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 previously mentioned (see
Section 3.3.2), these residues are believed to be involved in the formation of disulfide
bonds. Because of the large number of PR-5 like protein sequences available within
various protein databases, the relationship of VVTLI1 to other PR-5 like proteins could
be examined by the use of a dendrogram (Figure 3.4). Apart from the group of highly
related proteins within VVTLI is placed, it is apparent that there is high degree of
relatedness amongst a group of proteins from several cereal plants including wheat,
barley, oats, and rye, and amongst a separate group of proteins from several Solanaceous
species (Nicotiana tabacum, Solanum commersonii and Lycopersicon esculentum). The
grouping of the cereal PR-5 proteins is mostly likely accounted for by the fact these

smaller proteins lack an approximately 50 amino acid internal sequence present in other
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Figure 3.3  Multiple amino acid sequence alignment of some PR-5 protein family members using the PILEUP
program. Residues that are identical in at least seven of the eleven sequences are highlighted. Actual or deduced mature
amino acid sequences were obtained from the following sources: wheatPWIR2 (cDNA isolated from powdery mildew
challenged wheat leaves (Rebmann ef al., 1991)), PR-5d (gene isolated from tobacco (Sato ef al., 1996) encoding a neutral
protein expressed in cultured cells (Koiwa et al., 1997)), tobaccoOS (cDNA isolated from NaCl stressed tobacco culture
cells encoding osmotin (Singh ef al., 1989)), tomatoP23 (Citrus exocortis viroid-induced cDNA from tomato leaves
encoding the vacuolar PR protein P23 (Rodrigo ef al, 1993)), VVTL1 (cDNA isolated from grapevine berries),
tobaccoPRR (cDNA encoding PR protein R (major form) isolated from tobacco leaves infected with TMV (Payne et al.,
1988)), VVOSM1 (cDNA isolated from grapevine cell culture (Loulakakis, 1997b); VVOSMI1 is possibly identical to
VVTL2), soybeanP21 (protein purified from healthy soybean leaves (Graham et al., 1992)), maizeZEAMAT (protein
purified from maize seed (Batalia e al., 1996)), thaumatinIl (cDNA encoding for thaumatin, an intensely sweet protein
from the seed arils of the West African shrub, Thaumatococcus daniellii (Edens et al., 1982)) and cherryTL (cDNA
encoding a protein purified from ripe cherry fruit (Fils-Lycaon ef al., 1996)). Amino-terminal presequences and transient
carboxy-terminal propeptides are not included. Conserved cysteine residues are denoted by asterisks (*).
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Protein Species Acc. no.
™ ATTHLP Arabidopsis thaliana S71175
e BFTP Brassica campestris U71244

__l_ CHTL Prunus avium 032440

MDTLP1 Malus domestica AF090143

PsTL1 Pyrus pyrifolia AB006009

TOMOLP1 Lycpersicon escultentum 176632

PR-1la Hordeum vulgare 518034

_——E PWIR2 Triticum aestivum X58394

TLP1 Secale cereale AF096927

rastl-4 Avena sativa 139777

OSTHLP Oryza sativa $25551

TATHAUMLP Triticum aestivum X97687

f* THAUMATINI Thaumatococcus danielli A03377
= THAUMATINII Thaumatococcus danielli A03378
[ OLPA Nicotiana tabacum P25871
PR-5d Nicotiana tabacum D76437
OSML13 Solanum commersonii P50701
I—[ P23 Lycpersicon escultentum 001591
NP24 Lycpersicon escultentum 507406
E OSML81 Solanum commersonil P50702

OSMOTIN Nicotiana tabacum P14170

P21 Glycine max P25096

VVOSsSM1 Vitis vinifera Y10992

E PRR1 Nicotiana tabacum P13046

PRR2 Nicotiana tabacum P07052

— wTLl Vitis vinifera AF003007
_: ATOSM Arabidopsis thaliana X89008

PR-5B Cicer arietinum 081926

ZEAMATIN Zea mays P33679

HVPATHPRS Hordeum vulgare AJ001268

RIC14B Oryza sativa L76377

PA9 Atriplex nummularia M84468

P;sjlsrt;ﬂ?:.: D.endrogram illustrating phylogenic relationships among a number
ol (]));otems. a:l:tual o;ddBeSuced amino acid sequences were obtained from the
T, GenB ) ITRE and PIR databases. Sequences encoding kn
presumed signal peptides were deleted and following alignment of matlgue ;ﬁe?;
(slzctl:;::es the fiendrogll;am was constructed using the PILEUP program. Relevant
e accession numbers and the species of protein origi
VVOSMI (VVTL2), are shown in bold. ° gin are shown. VVILL ad
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PR-5 proteins (see Figure 3.3). The significance of the absence of this stretch of amino
acids remains unknown as these proteins still possess antifungal activity (Vigers ef al.,

1991).

3.3.4 Modelling of the putative three-dimensional structure of VVTL1

Comparative computer modelling is a relatively new phenomenon which has been
proven to be highly usefiil for many structural predictions, particularly when the degree
of sequence identity between target and template sequences are >70% (Mosimamm et
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, 1997), large-scale
comparative protein modelling is now believed to be sufficiently accurate for the use in
genomic projects (Peitsch and Guex, 1997; Adzhubei et al., 1998; Bork ef al., 1998,
Sanchez and Sali, 1998). Comparative modelling involves three 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 are aligned
with template sequences, and then, if more than one target-template combination exists,
areas of best ‘fit> are chosen between different template and target sequences. Finally, 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: 11AUN.pdb), and
thaumatin (Ko ef al. (1994); Brookhaven accession codes: 11THV.pdb, 11THU.pdb), it
was possible to predict the tertiary structure for the highly similar VVTL1 sequence (see
Figure 3.3 for a comparison) using the SWISS-MODEL suite of programs. Essentially,
these PR-5 like proteins, and the predicted VVTLI, are tightly folded globular proteins

(Figure 3.5). They consist of a hydrophobic core composed primarily of a B-sandwich,
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Figure 3.5  Comparison of the known tertiary structure of PR-5d, with the
SWISS-MODEL predicted structure of VVTL1. Shown 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 60° around the horizontal X
axis (ie. a top perspective). [B-strands are shown in blue and a-helical regions in red and
yellow. The arrows indicate the position of a pronounced cleft. The positions of the
amino (N) and carboxy (C) termini are shown. Actual and predicted structural
coordinates were obtained from the Brookhaven Protein Data Bank and the SWISS-
MODEL database, respectively, and graphical models displayed using the MOLMOL
program.
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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 structures of thaumatin, zeamatin (Batalia ef
al., 1996) and PR-5d (Koiwa et al., 1999) reveals the presence of a cleft, or groove - a
feature that VVTLL1 is also predicted to possess (Figure 3.5B). The significance of
minor structural differences between PR-5d and the putative VVTLI model will remain
unknown until specific amino acids or regions are implicated, for example, in possible
binding activities. Moreover, surface charges, which have not been examined here, have
been suggested to be major determinants in the activities of the PR-5 like proteins,

zeamatin, PR-5d and thaumatin (Batalia ef al., 1996; Koiwa et al., 1999).

3.3.5 Characterisation of the cDNA encoding VVPR-4a

Comparison of the amino acid sequence deduced from the VVPR-4a cDNA
(Figure 3.6) with electrospray mass spectrometry data obtained for the purified protein
suggests that VVPR-4a undergoes a number of post-translational modifications. Firstly,
it appears VVPR-4a is synthesised with an N-terminal presequence of 21 residues,
typical of a signal peptide needed for translocation to the endoplasmic reticutum (Bar-
Peled et al., 1996). The VVPR-4a cDNA does not reveal the presence of a C-terminal
signal peptide (Melchers et al., 1993), indicating the mature VVPR-4a may not be
transported to the vacuole but rather to the apoplastic space, as suggested for most small
PR-4 like proteins which are known to exist in the intercellular fluid of leaves (Joosten et
al., 1990; Friedrich et al., 1991; Hejgaard et al., 1992). Secondly, based on the NMR
structure determination of barwin (a PR-4 like protein from barley) (Svensson et al.,
1992), all PR-4 like proteins so far characterised, including VVPR-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 Gin™

following proteolytic removal of residues -21 to -1 inclusive. Accounting for the removal
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Figure 3.6

CATTCAACAAAAAATGGAGAGGAGAGGCATATGCAAGGTGGTGGTGTTGCTGTCTCTAGT
M E R R G I C XK V V VvV L L S L V

GGCTTGTGCCGCTECCCAGAGCGCTAGTAATGTGAGGGCCACCTACCATTACTATAATCC
A ¢C A A A Q S A S N V RAT Y HY Y NP

GGAGCAAAATGGATGGGACTTGAACGCAGTGAGCGCCTACTGCTCCACTTGGGATGCCAG
E Q N G WD L NA AV S A Y C S T W D A )

CCAGCCCTTGGCATGGCGCAGCAAGTATGGATGGACCGCCTTCTGTGGACCTTCTGGTCC
Q P L A WR S K Y G WTATPFCGUZP S G P

TACTGGCCAAGCTGCCTGTGGCAAGTGCCTTAGTGTGACAAACACTGCCACAGGAACTCA
T G Q A A C G K CL S V TNTATGT Q

GGCAACGGTGAGAATAGTGGACCAATGCAGCAATGGAGGATTGGATTTGGATTCCGGAGT
A TV R I VvV D @ €C S N G G L DL D S G V

GTTCAATAAACTAGACACTAATGGGGCTGGCTATAACCAAGGTCATCTTATTGTCAATTA
F N K L DT NGAG Y NQ GG HL I V N Y

CGAGTTTGTGGACTCTGETGACTAAACCACTGCTCCCCTTGTTCCTAATAATAAGAGATT
E F v D C G D *

ATGGTGCAAABATAANTAAGCATCGAGTTAGCCGCTTCTTCTGCEATAAARTGTAGTCAA

ACTTTGAGTAAAAAAAAAAAAAAAAAAALA (n) 569
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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 (*). 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).

discrepancies were noted in the overlaps.

No sequence
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of the signal peptide, formation of three disulfide bonds and formation of the
pyroglutamyl residue at Gln"', the predicted mass of mature VVPR-4a is 13019.11 Da
whilst that obtained by mass spectrometry is 13021 +/- 0.6 Da. Thus, it was concluded
that the cDNA sequence specifies the purified VVPR-4a protein and, based on strong
experimental evidence, that the suggested post-translational modifications take place.
The predicted pI (4.61) of VVPR-4a is consistent with the protein’s behaviour during
anion-exchange chromatography (see Section 2.3.2). Analogous to the VVTL1 cDNA,
two consensus polyadenylation signals are present in the 3’ untranslated region of the

VVPR-4a cDNA - one within 19 bp of the poly (A) site.

3.3.6 VVPR-4a is highly homologous to other PR-4 (class IT) proteins

When the deduced amino acid sequence of mature VVPR-4a was aligned with
other known protein sequences a number of similarities were revealed (Figure 3.7).
Foremost, VVPR-4a is highly homologous to a number of small PR-4 (class II)-like
proteins from a range of pathogen challenged and healthy plants. Positional identity of
VVPR-4a to these proteins is as high as 78% for barwin, a basic protein from barley seed
(Svensson et al., 1992), suggesting a highly similar tertiary structure (Ludvigsen and
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 from wheat (Caruso et al., 1993; Caruso et al., 1996). VVPR-4a is
also homologous to PR-4 like proteins encoded by cDNAs isolated from tobacco mosaic
virus infected tobacco (Friedrich et al., 1991; Linthorst et al., 1991), Cladosporium
Julvum infected tomato (Linthorst et al., 1991), Sambucus nigra leaf abscission zones
(Coupe et al., 1997), maize glucose starved root tips (Chevalier ef al., 1995) and barley

leaves infected with the fungus Blumeria graminis (Gregersen et al., 1997).
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Figure 3.7  Multiple amino acid sequence alignment of PR-4 like proteins using the PILEUP program. Putative
signal peptides have not been included. The aligned sequences are as follows: tobaccoCBP (CBP20 cDNA isolated from
TMV infected tobacco (Ponstein ef al., 1994)), prohevein (cDNA isolated from laticifers of Hevea brasiliensis (Broekaert
et al., 1990)), tobaccoPR4 (PR-4a cDNA isolated from TMV infected tobacco (Linthorst ef al., 1991)), tomato (PR-P2
cDNA isolated from Cladosporium fulvum infected tomato (Linthorst ez al., 1991)), elder (¢cDNA isolated from Sambucus
nigra leaflet abscission zone (Coupe ef al., 1997)), VVPR-4a (cDNA isolated from grapevine berries), barley (barwin
isolated from grain (Svensson ef al., 1992)), wheat (wheatwinl isolated from grain (Caruso et al., 1993)) and maize
(cDNA isolated from glucose starved maize root tips (Chevalier ef al., 1995)). Highlighted residues are identical in at least
five of the nine aligned proteins. Conserved cysteine and glycine residues are denoted by asterisks (*) and hatches (3),
respectively. Eight residues believed to be involved in the binding of chitin (Ludvigsen and Poulsen, 1992b) are indicated
by arrows.
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Chapter 3 - VVIL] and VVPR-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 VVPR-4a.
These are CBP20 from tobacco (Ponstein ez al., 1994), prohevein from the latex of the
rubber tree (Broekaert et al., 1990), the gene products of win/ and win2 from potato
(Stanford et al., 1989) and the putative proteins encoded by the HEL and TAB7 cDNAs

from Arabidopsis (Potter et al., 1993) and tomato (Harris ef al., 1997), respectively.

3.3.7 Modelling of the putative three-dimensional structure of VVPR-4a

The three-dimensional structure of barwin, a barley class IT PR-4 like protein, has
been determined by NMR (Ludvigsen and Poulsen (1992); Brookhaven accession code:
11BW3.pdb) and, given the high degree of sequence conservation, VVPR-4a is likely to
have an almost identical structure (Varghese et al., 1994). Indeed, computer modelling
predicts that VVPR-4a would have a similar globular fold (Figure 3.8). Barwin has a
core which is composed primarily of B-sheet structures between which two major
hydrophobic regions exist. The B-sheet region is flanked by several relatively short o-
helical and loop regions. This tightly packed structure is held together by three disulfide
bonds and over sixty hydrogen bonds. By examination of the primary structure of
known PR-4 like proteins (Figure 3.7) it is apparent that most glycine residues are highly
conserved. It is believed that these residues, which are normally susceptible to high
mutation rates in other proteins, are important in the correct folding of the peptide chain
(Ludvigsen and Poulsen, 1992b). Eight residues believed to be involved in the binding of
chitin tetramers (Ludvigsen and Poulsen, 1992b) are indicated in Figure 3.7 and Figure

3.8. Seven of these residues are positionally conserved in VVPR-4a.
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Figure 3.8  Comparison of the known tertiary structure of barwin with the
SWISS-MODEL predicted structure of VVPR-4a, Shown is a ‘ribbon’
representation of the two protein structures from a side perspective chosen in a previous
NMR study of the barwin structure (Ludvigsen and Poulsen, 1992b). B-strands are
shown in blue and o-helical regions in red and yellow. Residues proposed to form a
binding site for chitin are indicated. The positions of the amino (N) and carboxy (C)
termini are shown. Actual and predicted structural coordinates were obtained from the
Brookhaven Protein Data Bank and the SWISS-MODEL database, respectively, and
graphical models are displayed using the MOLMOL program.
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3.4 Discussion

Characterisation of VVTL1 and VVPR-4a by sequence and mass spectrometric
analyses, combined with sequence analyses of the corresponding cDNAs, has allowed the
determination of the post-translational modifications to which the primary VVTLI1 and
VVPR-4a translation products are subjected. Thus, both VVTLI and VVPR-4a appear
to be synthesised as preproteins with 24 and 21 amino acid N-terminal leader sequences.
These presequences presumably ensure passage through the secretory pathway to an
extracellular location (Stintzi ef al., 1993; van de Rhee ef al., 1994). Additionally for
VVPR-4a, as is commonly speculated for a number of PR-4 proteins (Svensson ef al.,
1992; Caruso et al., 1993; Caruso et al., 1996), the N-terminal glutamine residue is
converted to a pyroglutamate residue, after the removal of the signal peptide. The
functional significance of this modification is unknown but it may serve to reduce the
susceptibility to amino peptidase degradation. The mass spectrometric data also strongly
imply that VVTL1 and VVPR-4a contain multiple disulfide bridges. The sixteen
conserved cysteine residues of VVTL1 most likely form eight disulfidle bonds as
observed in the tertiary structures of thaumatin (Ogata et al., 1992; Ko et al., 1994),
zeamatin (Batalia ef al., 1996) and PR-5d (Koiwa et al., 1999). The six conserved
cysteine residues of VVPR-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 VVTL1 tertiary structure, predicted by
computational simulation (Figure 3.5), to that of known PR-5 like protein structures
reveals several common features. Foremost, the most prominent surface feature of the
known PR-5 like tertiary structures is the presence of a pronounced cleft. The function

of this cleft remains unknown, 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., 1997). Further
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circumstantial evidence for an unknown ligand binding role of PR-5 proteins has been
provided by the isolation of a cDNA from Arabidopsis encoding the protein PRSK
(Wang et al., 1996). PRSK, which is presumed to play a role in cell signal transduction,
has been proposed to consist of three domains - an extracellular domain which is highly
homologous to PR-5 proteins, a transmembrane domain, and an intracellular
serine/threonine kinase domain, which is active when expressed as a recombinant protein.
Moreover, osmotin (a PR-5 protein) appears to have a specific interaction with plasma
membrane components of yeast and this interaction in turn produces a cytotoxic effect
(Yun et al., 1997, 1998), an activity which may be extended to other antifungal PR-5
proteins. Lastly, authentic thaumatin has a specific ability to bind to the membrane
located taste receptors of old world primates and humans. This binding elicits an
extremely sweet sensation and is on a molar basis 10° times more potent than sucrose

(van der Wel and Loeve, 1972).

Considering the range of known and proposed binding functions of PR-5 like
proteins it is highly likely that specific affinities for different ligands exist. For example,
only a subset of PR-5 proteins bind f3-1,3-glucans (Trudel ef al., 1998). Similarly, not all
PR-5 proteins bind yeast membrane components (Yun ef al., 1997), and only thaumatin
has been found to be sweet 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 such 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., 1994; Slootstra et al., 1995,
Suami ef al., 1997), whilst surface charges may be integral to the antifungal activity of
zeamatin (Batalia ef al., 1996). Nonetheless the exact mechanism(s) by which PR-5 like

proteins function remains largely unknown.
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As discussed previously, it is becoming more evident that PR-4 proteins can be
grouped into two major classes (Poustein ef al., 1994). The class I PR-4 proteins, of
which CBP20 (Ponstein et al., 1994), prohevein (Broekaert et al., 1990), the putative
products of winl, win2 (Stanford et al., 1989), HEL (Potter ef al., 1993) and TAB7
(Harris et al., 1997) can be included, are either known to be plant lectins (Van Parijs et
al., 1991; Ponstein et al., 1994), or homologues thereof. 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 ef al, 1991). It is the N-terminal lectin domain, often
referred to as the hevein (homologous in size and sequence to mature hevein) domain,
that is known to give the class I PR-4 proteins their lectin properties. Interestingly, other
proteins such as a class I chitinase from tobacco contain this conserved domain indicating
that a possible transposition of DNA between genes may give rise to new proteins
containing lectin domains (Shinshi et al., 1990). In contrast, the smaller class I PR-4
type proteins, of which VVPR-4a is a representative, lack the lectin domain, however are
highly homologous in both size and sequence to the C-terminal domain of the class I PR-

4 proteins.

The class I PR-4 like protein, barwin, has been proposed to bind chitin
(Hejgaard et al., 1992), 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, His11, Tyr12, Asp92,
Asp94, Trp95, Tyrl09 and His113. Seven of these residues are present in VVPR-4a
suggesting it may have a similar affinity for chitin. VVPR-4a does not contain a Trp95
residue at the expected position 93 (refer to Figure 3.7). As chitin is present in the cell

wall of pathogenic fungi, the above data is not at odds with the suggestion that VVPR-
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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 class I PR-4 like proteins. The class I PR-4 like proteins
possess a carboxy-terminal domain which is highly similar to the class II PR-4 like
proteins, to which VVPR-4a can be classified. The diagram is modified from Friedrich ef
al. (1991). Both class I and class II 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
VVTL1 and VVPR-4a have highly similar secondary and tertiary structures to previously
characterised proteins, a suggestion which is further confirmed by the simulated
prediction of the tertiary structures of the two grape proteins. Given that 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
understandable why these berry PR-like proteins persist throughout the winemaking
process. Further comparison of protein structures, 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 turn, may provide further
insights to the in planta function of these proteins, including VVTL1 and VVPR-4a. As
a complement to such studies, a full understanding of the temporal and spatial synthesis,
and concentration, of these proteins in the plant is required. In the following chapter,
tools generated through protein purification (Chapter 2) and cDNA cloning (Chapter 3)
will be used to address this issue.
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Characterisation and expression patterns of the
ripening induced VVTLI1 and VVPR-4a encoding

genes
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4.1 Introduction

The grapevine berry is a fleshy fruit (Coombe, 1976), consisting primarily of
three basic structures: the skin (exocarp), flesh (mesocarp) and seeds (see Figure 4.1A).
Like a small number of other fruits, the ripening of grapes is non-climacteric and its
growth pattern follows a double sigmoid curve encompassing three stages (Coombe
(1976); Figure 4.1B). 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 Knox, 1979) concomitant with high rates of metabolism and
rapid accumulation of acid (Kliewer, 1965). Stage II 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
sugars and amino acids (for review see Kanellis and Roubelakis-Angelakis (1993))
signals entry into stage III, in which cell expansion 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 III and hence the inception of ripening.

Although a great deal is known about some of the chemical constituents of
grapevine berries and the changes that occur through the three 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
simple with a predominance of a few low molecular weight proteins (see Chapter 2).
The simplicity of this profile is to a large extent a result of incomplete extraction of total
cellular protein. To better understand the accumulation of these soluble berry PR-like

proteins during the development of the 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 berry showing the three major structures- the skin, flesh and seed (reproduced
from Coombe (1987)). (B) Graph demonstrating the three major phases of berry growth
(volume) - stages I, IT and I (redrawn from Coombe and Hale (1973)).
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II and III, was performed. Through Northern and Western blot analyses it was possible
to demonstrate that the genes encoding VVTL1 and VVPR-4a are predominantly
expressed in the berry at the onset of ripening. Furthermore, the respective genes, which
appear to be coordinately regulated, have been cloned. Sequence analysis has revealed
that both genes contain similar putative sequence elements which could be the targets of

transcription factors which ensure tissue and developmentally specific expression.
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4.2 Materials and Methods

All common molecular biology procedures were performed, and solutions

prepared, as described by Sambrook et a/. (1989) unless otherwise noted.

4.2.1 Berry sampling

Berries were harvested in the 1995/96 season from 26 V. vinifera cv Muscat of
Alexandria vines (planted 1981) at the Alverstoke vineyard (Waite Campus, The
University of Adelaide; Latitude: 35° South). Synchronously flowering bunches were
tagged and their development followed to maturity. Ten bunches were taken from the
vines every 1 to 2 weeks. No more than 10% of the a particular vine's bunches were
harvested. A 50 berry sample, consisting of five berries taken from the top, middle and
bottom of each bunch, was subjected to weight and deformability measurements.
Deformability measurements were performed with a calibrated Harpenden Skinfold
Caliper Gauge (British Indicators, West Sussex, UK) as previously described (Coombe
and Bishop, 1980) and illustrated (Coombe, 1992). Remaining berries were frozen in
liquid N and powdered in a Waring Blendor™ 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 centrifuging at 12,000g for 5 min. Both °Brix (Erma digital refractometer,

Japan) and pH of the 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 of the same cultivar

grown under shadehouse conditions. Skin, pulp and seed tissue was obtained from
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mature berries harvested 17 WPF. Skin was removed from frozen berries and washed
extensively in distilled water prior to protein extraction. Tissue (2 to 5 g) was frozen in
liquid N and ground to a fine powder using a mortar and pestle. Protein was extracted
by addition of 2 mL of buffer (500 mM Tris-HCL pH 8.0, 5% (w/v) SDS, 10 mM DTT,
10 mM sodium diethyldithiocarbamate) to 1 g of powdered tissue followed by incubation
at 95°C for 5 min and then centrifugation at 12,000g 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 12,000g and the resulting pellet washed twice with ice-cold ethanol:ethyl
acetate (2:1, v/v). Following brief drying, proteins were resuspended in 20 mM Tris-
HCL, pH 8.0 before analysis by SDS-PAGE and immunoblotting. Juice from various
fruits, purchased from a local fruit shop, was obtained by squeezing the pulp gently,
followed by centrifugation at 12,000g for 5 min. For the measurement of (1,3)-B-D-
glucan endohydrolase activity, berry proteins were extracted in 50 mM sodium acetate,

pH 5.0, 2 mM DTT and assayed as described previously (Chen et al., 1993).

4.2.3 Southern blot analyses

Grapevine genomic DNA was extracted from Muscat of Alexandria leaves as

described previously Steenkamp et al. (1994).

VVTLI gene

DNA (4 pg) was digested to completion with respective restriction enzymes
(Promega, USA), resolved in a TAE buffered 0.8% (w/v) agarose gel, capillary blotted
with 20 x SSC onto Hybond Nt membrane (Amersham, UK) according to the
manufacturer's instructions, and then fixed with 0.4 M NaOH for 15 min. The blot was
incubated at 65°C for 1 h in prehybridisation solution (5 x SSC, 0.5% (v/v) SDS, 5 x

Denhardt's reagent, 100 pg/mL denatured and sheared salmon testes DNA) before
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addition of a denatured DNA probe (nucleotides 154-738, Figure 3.2), which was [o-
32P1dCTP labelled using the Megaprime™ DNA labelling system (Amersham, UK)
according to the manufacturer's instructions. For high-stringency screening,
hybridisation for 16 h at 65°C was followed by washes of the membrane at 65°C in 2 x
SSC, 0.1% (w/v) SDS for 2 x 10 min, 1 x SSC, 0.1% (w/v) SDS for 15 min and then 0.1
x SSC, 0.1% (w/v) SDS for 15 min. Labelled DNA was detected with a
PhosphorIlmaging™ screen (Kodak, USA) and analysed using a Storm 860
PhosphorImager™ (Molecular Dynamics, USA) and ImageQuaNT software (Molecular
Dynamics, USA). Screenings at lower stringency were performed exactly as for the high
stringency screens except that filters were washed only in 2 x SSC at 65°C for 3 x 10

min.
VVPR-4a gene

Southern blot analyses were performed essentially as described above with the
following modifications. Digested DNA (8 pg) was resolved then blotted onto Hybond
N membrane (Amersham, UK). DNA was fixed with UV light (as described by the
membrane’s manufacturer) with a UV crosslinker (Amersham, UK). Prehybridisation
was performed at 60°C for 1 h, followed by hybridisation with [a->*P]dCTP labelled
probes. VVPR-4a cDNA probes were hybridised at 60°C for 16 h before the membrane
was washed at 60°C in 2 x SSC, 0.1% (w/v) SDS for 2 x 10 min, 1 x SSC, 0.1% (w/v)
SDS for 15 min and then 0.5 x SSC, 0.1% (w/v) 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 quantified
by UV spectroscopy, as described in Section 3.2.1. Total RNA (5 nug) was denatured by

incubation (65°C for 15 min) in denaturing buffer (final conc. of 6.5% (v/v)
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formaldehyde, 50% (v/v) formamide, 1 x MOPS buffer (20 mM MOPS, pH 7.0, 10 mM
sodium acetate, 1 mM EDTA)) and then chilled on ice (5 min). RNA loading buffer was
then added (final conc. 10% (v/v) glycerol, 0.05% bromophenol blue) before the RNA
was resolved by electrophoresis through a 1.25% (w/v) agarose gel, containing 6.5%
(v/v) formaldehyde, in 1 x MOPS buffer. Following blotting onto a Hybond N
membrane (Amersham, UK) according to the manufacturer’s instructions, the RNA was
fixed with a UV crosslinker (Amersham, UK), and the blot hybridised and washed before
the labelled DNA was detected as described for VVTL1 or VVPR-4a Southern blot

analyses (Section 4.2.3) under stringent conditions.

Total RNA from Uncinula necator infected leaves and pre-veraison berries (6
WPF) was a kind gift from A. Jacobs, I. Dry, and S. Robinson (CSIRO Plant Industry,
Adelaide) . Infections were assessed by the naked eye and judged to be mild if hyphae
covered up to 20% of leaf or berry surface areas, and to be severe if hyphae covered

greater than 50% of the leaf or berry surface area.

4.2.5 SDS-PAGE and Western transfer

Proteins were resolved by SDS-PAGE as described previously (Section 2.2.2).
Gels were stained with Coomassie Brilliant Blue R-250 or blotted onto nitrocellulose
membrane (MSI laboratories, USA) using a semi-dry transfer unit (LKB broma, Sweden)
as described elsewhere (Harlow 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) in 0.2% (w/v) TCA and 3% (w/v) sulfosalicylic acid, before

destaining with deionised H,O.
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4.2.6 Western blot analyses

Anti-VVTL1 antibodies were produced by the Institute of Medical and
Veterinary Science (Adelaide, Australia) in New Zealand White rabbits. Reverse phase
HPLC purified VVTL1 (~100 pg in phosphate buffered saline) was mixed with an equal
volume of Freund's complete adjuvant and injected intramuscularly. The rabbit was
given a further two booster injections (~100 pg of VVTLI in Freund's incomplete
adjuvant) at 3 weekly intervals, before bleeding one week after the final boost. The IgG
fraction was stored in 30% (v/v) glycerol containing 0.02% (v/v) sodium azide at 4°C. A
dilution of 1:10,000 (v/v) in 3% (w/v) BSA was used for immunoblotting experiments.
Prior to probing, the immunoblots were blocked overnight at 4°C in a 5% (w/v) low fat
milk powder dissolved in TBS-T (137 mM NaCl, 2.7 mM KCl, 25 mM Tris-HCI, pH
8.0, 0.1% (v/v) Tween 20 (Sigma, USA)). Immunoblots were probed (1 h at room
temperature) with anti-VVTL1 antibodies, followed by horseradish peroxidase-coupled
anti-rabbit antibodies (Promega, USA; dilution of 1:10,000 (v/v) in 3% (w/v) BSA)
before detection using ECL™ reagents (Amersham, UK) and subsequent exposure to
Hyperfilm-MP™ (Amersham, UK). Before and after antibody additions immunoblots

were washed for 4 x 10 min with TBS-T at room temperature.

4.2.7 Genomic library construction and gene isolation

A genomic library was constructed by ligating V. vinifera cv. Muscat of
Alexandria DNA, which had been partially digested with Abol then partially filled using
Klenow DNA polymerase (Promega, USA) leaving 5’-AG-3" overhangs, into the AFIXII
vector (Stratagene, USA), which had been digested with X%ol and partially filled in
leaving 3’-CT-5" overhangs. The DNA was then packaged into Gigapack III Gold
packaging extract (Stratagene, USA) according to the manufacturer’s instructions. E.

coli XL1-Blue MRA (P2) cells (Stratagene, USA) were used as the library’s host.
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Approximately 4.5 x 10° plaques were screened in duplicate firstly with a [a-**P]dCTP
labelled VVTL1 probe under high stringency conditions as described in Section 4.2.3.
After the detection of VVTLI 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
[0-*P]dCTP labelled probes (pWIN24 and pWINS52 insert DNA; Figure 3.1),
representing the entire VVPR-4a c¢DNA, and then washed under high stringency
conditions (0.1 x SSC, 0.1% (w/v) SDS at 65°C). Hybridising phage were purified
through two additional rounds of screening. The DNA of hybridising phage was purified
(Section 4.2.8) and the presence of VVTL1 or VVPR-4a encoding DNA confirmed by
Southern blot hybridisation, and by PCR employing gene specific primers. Respective
genes were subcloned from A phage inserts into the pBluescript II SK (-) vector
(Stratagene, USA), and transformed into competent E. coli XL1-Blue cells (Stratagene,

USA) before sequencing as previously described (Section 3.2.3).

4.2.8 A phage DNA extraction

For the preparation of A phage DNA, 100 pL of host E. coli cells (prepared as
described in the AFIXII manual (Stratagene, USA)) were transfected by incubation
(37°C, 15 min) with 100 pL of transfection buffer (10 mM MgCl,, 10 mM CaCl,) and
100 pL of a suitable phage stock. Phage stock typically consisted of an agar plug
containing a monoclonal plaque of interest stored at 4°C in 1 mL of SM buffer (0.1IM
NaCl, 10 mM Mg,S0,, 20 mM Tris-HCI, pH 7.5, 0.01% (w/v) gelatin), with 25 pL of
chloroform added as a preservative. After addition of 10 mL of NZY broth (0.5% (w/v)
NaCl, 0.2% (w/v) MgzSOq, 0.5% yeast extract, 1% (w/v) casein hydrolysate), the culture
was grown overnight at 37°C, or until cell lysis was evident. Chloroform (200 pL) was
then added and the lysate was clarified by centrifugation (4,000g, 10 min). Soluble

phage particles were precipitated by adding an equal volume of PEG solution (20% w/v
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PEG 6000, 2.5 M NaCl). The mixture was incubated on ice for 60 min, before
centrifugation (2,000g, 10 min), and resuspension of the phage pellet in SM buffer.
Remaining cellular contents were removed by incubation (with mixing for 10 min) with
an equal volume of a Q-Sepharose (Pharmacia, Sweden) suspension (20% (v/v)
equilibrated in SM buffer). The Q-Sepharose was removed by centrifugation (12,000g, 5
min) before RNAse A (20 ug) was added to the clarified supernatant. Following a 15
min incubation at 37°C, the phage particles were lysed as previously described (Helms et
al., 1985), then extracted with phenol:chloroform:isoamylalcohol (25:24:1). The phage
DNA was precipitated with isopropanol, the pellet washed with 70% (v/v) ethanol, dried
and resuspended in TE buffer (10 mM Tris-HCL, pH 8, 1 mM EDTA). Typical DNA

yields were ~20 ng/mL of phage lysate.

4.2.9 Searches for putative transcription factor binding sites

DNA sequences of the respective genes were scanned for putative transcription
factor binding sites by the TFSEARCH program (Yutaka Akiyama: “TFSEARCH:
Searching Transcription Factor Binding Sites”; internet address = http://pdap1.trc.rwcep.
or.jp/research/db/TFSEARCH.html). The TFSEARCH program employed the
TRANSFAC database (Heinemeyer et al., 1998), which contains the known binding sites

of previously characterised plant transcription factors.
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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 routinely from
flowering to berry maturity (17 WPF). Values obtained for berry weight, deformability,
°Brix and pH are shown in Figure 4.2. A double sigmoid growth curve typical of grape
berries (Coombe, 1976) was observed. The onset of veraison, signalled by the sudden
increase in berry deformability and the onset of rapid accumulation of soluble solids, was

clearly observed nine WPF, shortly before the resumption of rapid berry growth.

4.3.2 VVTLI1 and VVPR-4a genes belong to small multigene families

Before defining when and in which tissues the VVTL1 and VVPR-4a encoding
genes are expressed, it was first determined how many closely related genes exist within

the diploid genome of V. vinifera.
VVTLI gene

Through availability of the VVTLI1 encoding cDNA it was possible to ascertain
the likely copy number of VVTL1 encoding genes. Southern blot hybridisation analysis
of restriction endonuclease digested genomic DNA under highly stringent conditions (0.1
x SSC, 65°C), in which only targets of greater than about 90% identity were detected
(the T,, of the probe in 0.1 x SSC is 75.2°C; Meinkoth and Wahl (1984)), revealed that
VVTLI1 is most likely encoded by a single gene (Figure 4.3A). Hybridisation under less
stringent conditions (2 x SSC, 65°C), in which only targets of greater than about 70%
identity will be detected (the Ty, of the probe in 2 x SSC is 96.8°C; Meinkoth and Wahl
(1984)), reveals additional hybridising DNA fragments (Figure 4.3B). Indeed, through
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Figure 4.2  Physical and chemical changes in grape berries from flowering to
ripeness. Muscat of Alexandria berries were sampled from 2 to 17 weeks post
flowering. Weight and deformability measurements were performed on whole berries
whilst pH and °Brix measurements were performed on ‘free run’ juice. The approximate
time of veraison is indicated by a dashed line (~9 weeks post flowering).
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Figure 4.3  Genomic Southern blot analysis of V. vinifera DNA indicates VVTL1
is encoded by a single gene and that related genes exist. Muscat of Alexandria DNA
was digested with the restriction enzymes Sacll, Xbal, HindIll, Sacl and Ncol, blotted
onto a nylon membrane and probed with VVTL1 ¢cDNA. Membranes were then
screened under (A) high and (B) low stringency conditions as detailed in Materials and
Methods. Note: Sacll and Ncol cut the VVTL1 encoding cDNA.

91



Chapter 4 - VVTL1 and VVPR-4a gene characterisation

the purification of VVTL2 (see Chapter 2) it is known that other genes encoding distinct
proteins with some degree of sequence similarity to VVTL1 do exist within the grape
genome. VVTL2 is likely to be identical to the grapevine protein VVOSMI1 (see
Sections 2.3.3 and 3.3.2), a protein of 72% positional identity to VVTL1 (Loulakakis,
1997b).

VVPR-4a gene

To estimate the copy number of VVPR-4a encoding genes, genomic DNA from
V. vinifera cv Muscat of Alexandria was analysed by Southern blot hybridisation, using a
114 bp probe primarily representing the 3' untranslated region (nucleotides 436 to 550 in
Figure 3.6) of the VVPR-4a ¢cDNA. Employing the highest stringency practically
possible for this relatively short probe, the results (Figure 4.4B) indicate that two highly
similar sequences encoding VVPR-4a may exist within the diploid V. vinifera genome.
Whether these sequences are allelic or represent distinct genes is not clear. When the
same membrane was stripped and reprobed with a probe (nucleotides 77 to 321 in Figure
3.6) representing the coding region of VVPR-4a (Figure 4.4A) it is evident the VVPR-4a
gene belongs to small, highly related multigene family, consisting of at least two, possibly

five genes.

4.3.3 The VVTLI1 and VVPR-4a genes are highly expressed in ripening berries

To determine when during fruit development the VVTL1 and VVPR-4a encoding
genes are expressed, equal amounts of RNA, extracted from berries at different stages of
development, were subjected to Northern analysis (Figure 4.5), using firstly a 114 bp
VVPR-4a specific probe, and secondly a VVTLI specific probe. There was a clear
correlation between the onset of veraison (the initiation of sugar accumulation and
softening), at nine WPF, and substantial accumulation of both the VVTL1 and VVPR-4a

messages. A maximum level of message was observed at 11 WPF, after which the
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Figure 4.4 Genomic Southern analysis reveals that the gene encoding VVPR-4a
belongs to a multigene family. Grapevine DNA was digested with the restriction
enzymes EcoRl, Sacl, Ncol, Hindlll, Xbal, blotted onto a nylon membrane and probed
with partial VVPR-4a cDNA probes representing (A) the protein coding region
(nucleotides 77-321, Figure 3.6) and (B) the 3' untranslated region (nucleotides 436-550,

Figure 3.6). None of the restriction enzymes employed cut the VVPR-4a encoding
cDNA.
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Figure 4.5 Northern analysis of RNA extracted from (A) developing grapevine
berries and various grapevine tissues, and (B) Uncinula necator infected leaves and
pre-veraison berries. Total RNA (5 pg) was loaded in each lane, electrophoresed,
blotted onto a nylon membrane and probed in succession with the 114 bp probe
representing the 3' untranslated region of the VVPR-4a ¢cDNA, and the VVTL1 ¢cDNA
as described in the Materials and Methods. Equal loading was assessed by staining
blotted RNA with methylene blue (Wilkinson e al., 1991). The positions, and sizes (nt
= nucleotides), of single stranded RNA markers are shown.
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VVTLI1 and VVPR-4a mRNA appeared to decrease in abundance. This suggests that
near berry maturation either a higher degradation rate of VVTL1 and VVPR-4a mRNA
occurs, or that gene activation may diminish. Flowers were the only other tissue that
contained detectable levels of message hybridising to both probes, whilst very low levels
or no VVTLI1 or VVPR-4a message is present in roots, leaves, tendrils or flower buds,
suggesting a highly tissue specific pattern of the expression of the VVTL1 and VVPR-4a
genes (Figure 4.5). The induction of expression at veraison, followed by sustained high
levels of message throughout ripening is a pattern also demonstrated for a chitinase
(VvChid) (Robinson et al., 1997). Together, these results suggest that a coordinate
regulation of PR protein genes occurs in ripening grapevine berries in response to

developmental signals.

4.3.4 The VVPR-4a gene is induced by powdery mildew infection

An important feature of PR proteins is the inducibility of their genes in tissues
challenged with a pathogen (van Loon et al., 1994). Powdery mildew, a major pathogen
of both leaves and pre-veraison berries of V. vinifera was used to challenge these tissues
under controlled conditions. Northern analysis (Figure 4.5B) showed that the VVPR-4a
mRNA levels were higher in infected tissue whilst no VVTL1 mRNA could be detected.
The highly similar pattern of expression of the genes encoding VVPR-4a and VVTLI
during fruit development can therefore not be extended to situations of pathogen

challenge.

4.3.5 Protein profiles of developing grape berries

Extraction of berry proteins in a 5% (w/v) SDS based buffer followed by
electrophoresis reveals a relatively complex polypeptide pattern with few obvious
changes during development other than a general increase in the amount of extractable

protein (Figure 4.6B). A prominent 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 resolved by SDS-PAGE and stained with Coomassie brilliant blue. Each
lane contains protein TCA precipitated from 400 pl of juice. The estimated positions of
VVTL1 and VVPR-4a are indicated by arrows. (B) Protein extracted from whole
Muscat of Alexandria berries (2 to 17 weeks post flowering) into an SDS containing
buffer was resolved by SDS-PAGE and stained with Coomassie brilliant blue. Each lane
contains protein extracted from approximately 50 mg fresh weight of tissue. The arrow
indicates the approximate position in the gel of VVTL1. (C) VVTLI accumulates as the
grape matures. Proteins in a replica gel to that shown in B were transferred to a
nitrocellulose membrane and subjected to Western blot analysis with anti-VVTL1
antibodies. (D) A longer exposure of the immunoblot shown 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 kDa and 32 kDa, clearly distinguishable at and after
13 WPF. These are likely to represent VVTL1/VVTL2 and VVCHIT, based on the
protein purification and characterisation data obtained using Muscat of Alexandria Juice
described previously (Section 2.3.2 and 2.3.3). When clarified ‘free-run’ juice, was
extracted from the same berry samples without any protective buffering agents, a very
simple polypeptide pattern consisting almost exclusively of 13, 24 and 32 kDa
components was observed (Figure 4.6A). Again, based on previous data, these are likely
to represent VVPR-4a, VVTL1/VVTL2, and VVCHIT. All of these protein species

accumulated to significant levels during the latter stages of ripening (Figure 4.6A).

4.3.6 VVTLL is specific to ripening fruit of V. vinifera

Northern blot analysis suggested a tight temporal and site-specific control of the
expression of VVTL1 and VVPR-4a encoding genes, indicating that the berry may the
sole site of VVTL1 and VVPR-4a accumulation (Section 4.3.3). Additionally, analysis
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 VVTLI" purified from juice (Chapter 2) and Western blots
were performed. The antibodies produced were shown to be highly specific for VVTLI,
and had a cross-reactivity of approximately 20 times less against VVTL2 (results not
shown), which is proposed to have a positional identity of 72% to VVTLI (see Section
4.3.2). The Western blot analysis therefore of total berry protein extracts (Figure 4.6C)
and of free run juice samples (data not shown) confirmed that a 24 kDa protein
accumulating in ripening fruit was most likely VVTL1. High levels of the VVTLI

mRNA appeared 10 WPF and remained high throughout ripening (stage III) (see Figure

" Despite several independent attempts in three different rabbits, efforts to raise antibodies against

VVPR-4a were unsuccessful as no immunological response appeared to be mounted.
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4.5). VVTLI, or a close homologue thereof, was readily detectable 11 WPF and
although its level appeared to increase throughout ripening, the relatively slow rate of
accumulation 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

previously observed for the tobacco PR-5 protein, osmotin (LaRosa ef al., 1992).

The availability of the highly specific antibodies allowed a further search for
VVTLI1 and highly similar proteins in other tissues of the grapevine. Equal amounts of
protein extracted from berry skins, berry 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 VVTLI1
or a close homologue thereof (Figure 4.7). The level of VVTLI or like protein in the
pulp extract prepared as described here was many-fold higher than the levels found in the
skin, a scenario similar to that found for berry chitinases (Derckel ef al., 1998). In fact,
it cannot be ruled out that the low amount of VVTLI or like protein detected in the skin
extract is derived from small amounts of pulp adhering to the skin preparation.
Conversely, it cannot ruled out that VVTLI 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 model grape juice, from skin samples prepared

from Pinot noir and Sauvignon blanc berries.

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 product storage (see

Chapter 1). However, extraction of 'free-run' juice from the ripe berries of six different
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Figure 47  VVTLI is specific 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), immature leaves (IL), mature leaves (ML), seeds (SE), berry pulp (PU) and skins
(SK) were resolved by SDS-PAGE and stained with Coomassie brilliant blue. The arrow
indicates the position in the gel of VVTL1. (B) As for A except proteins were
transferred to a nitrocellulose membrane and VVTLI1 detected by Western blotting. (C)
A longer exposure of the immunoblot shown in B.
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grape cultivars (Figure 4.8A) shows that the accumulation of VVTLI, or its close
homologues, is widespread (Figure 4.8B). The highly conserved accumulation of
VVTLI, or closely related protein, in the fruits of V. vinifera raises the question of how
ubiquitous this phenomenon is. To address this question a variety of commercially
available fruits with no apparent disease symptoms were obtained and the presence of
VVTL1 homologues in their juice analysed by Western blot analysis (Figure 4.8C). In
some fruits (banana and kiwifruit) large amounts of VVTL]1-like soluble proteins had
accumulated 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 borne in mind that the antibodies raised against VVTL1 may not
recognise PR-5 like proteins from all species since significant sequence diversity may
exist. For example, a thaumatin-like protein purified from cherry (CHTL) (Fils-Lycaon
et al., 1996) exhibits only 45% positional identity with VVTLI1 whilst a tobacco PR-5
protein (PRR-1) (Payne et al., 1988) exhibits 82% positional identity with VVTLI (see
Figure 3.3). Notably, since the commencement of this study, it is has been reported that
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. AF090143) and banana
(Clendennen and May, 1997, Medina-Suarez et al., 1997) fruit. 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 signals controlling the promoters of

these highly inducible genes.

4.3.8 Isolation of VVTLI1 and VVPR-4a encoding genes

To further characterise the genetic material responsible for the production of
VVTL1 and VVPR-4a, their respective genes were isolated. A genomic library was
constructed from V. vinifera cv. Muscat of Alexandria DNA and approximately 4.5 x 10°

plaques were screened at high stringency using partial cDNAs encoding VVTL1 or
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Figure 4.8 VVTLI1 homologues are present in the ‘free run’ juice of several V.
vinifera cultivars and other fleshy fruits. (A) Proteins from the juices (°Brix in
parentheses) of the following cultivars (a) Chardonnay (23.8), (b) Pinot noir (27.8), (c)
Palomino (18.5), (d) Shiraz (23.4), (¢) Semillon (26.3) and (f) Sultana (syn Thompson
seedless) (21.7) were subjected to SDS-PAGE and the gel stained with Coomassie
brilliant blue. The arrow represents the position of VVTL1 homologues. (B) Proteins in
a replica gel to that shown in A were subjected to Western analysis using anti-VVTL1
antibodies. (C) Juice (20 L) from the ripe fruits of the designated plants was resolved
by SDS-PAGE and the separated proteins transferred to a nitrocellulose membrane. The
blot was subjected to Western analysis using anti-VVTLI1 antibodies. The fruits (°Brix
of juices in parentheses) are as follows: tomato (4.1), apple (12.9), mandarin (13.4),
apricot (18.3), banana (20.9), kiwi fruit (14.1), and grape (Muscat of Alexandria) (22.2).
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VVPR-4a. Six phage clones were isolated which hybridised to the VVTL1 cDNA
probe, whilst only three phage clones hybridised to the VVPR-4a cDNA probes. To
confirm the presence of the targeted genes Southern blot hybridisation was performed on
several candidate phage (data not shown). It was revealed that the phage isolate A7A1
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
VVPR-4a cDNA, revealed that the phage isolate A4C2 most likely contained the VVPR-
4a gene. The above results were confirmed by PCR employing gene specific primers

(data not shown).

4.3.9 Sequence characterisation of the VVTL1 and VVPR-4a genes

To characterise the VVTL1 and VVPR-4 encoding genes by DNA sequencing,
several different plasmid subclones were constructed, from A7A1 DNA (Figure 4.9) and
A4C2 DNA (Figure 4.10), respectively. Through the employment of both gene specific
primers and vector sequencing primers, the VVTL1 encoding gene (Figure 4.11) and
VVPR-4a encoding gene (Figure 4.12) were sequenced on both DNA strands. Notably,
this study represents the first published report of the cloning and sequence

characterisation of a PR-4 like class II gene.

By comparison of the cDNA sequences (Chapter 3) and gene sequences it was
possible to predict putative transcription sites for both VVTL1 and VVPR-4a encoding
genes (Figure 4.11 and Figure 4.12). Transcription start sites appear to be located 26
and 25 nucleotides, respectively, downstream of putative ‘TATA boxes’ - distances
within the suggested limits of 31 +/- 7 nucleotides (Joshi, 1987). Like other previously
characterised PR-5 genes (van Kan et al., 1989; Nelson ef al., 1992), the VVTLI1 gene
contains no introns. Conversely, thc VVPR-4a cncoding gene contains a relatively small

107 bp intron (nucleotides 1059-1166, Figure 4.12). This intron has splice sites that
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conform with consensus sequences suggested for higher plants (5 GT, 3° AG), and
contains a pyrimidine tract (CTs-G-CT;) which is proposed to be recognised by intron
splicing proteins (Simpson and Filipowicz, 1996). Furthermore, the positioning of the
intron within the VVPR-4a open reading frame is identical to that of an intron within the

PR-4 like class I potato gene, win/ (Stanford et al., 1989).

Utilising the TFMATRIX transcription factor binding site profile database
(Heinemeyer ef al., 1998) and associated software, the VVTL1 and VVPR-4a encoding
genes were scanned for regions homologous to the binding sites of previously
characterised transcription factors. Each gene contained two putative binding sites for
the same two types of transcription factors. The first site (VVTL1 gene: nucleotides
706-711, Figure 4.11; VVPR-4a gene: nucleotides 646-651, Figure 4.12) is highly
similar to a consensus sequence to which a myb-like P protein from maize has been
shown to bind (Grotewold et al., 1994), whilst the other site constitutes a sequence to
which the protein factor SBF-1 from bean binds (Lawton et al., 1991) (VVTLI1 gene:
nucleotides 155-160, Figure 4.11; VVPR-4a gene: nucleotides 486-490, Figure 4.12).
Comparison of the 5 flanking regions of the VVTL1 and VVPR-4a genes, upstream
from the respective start codonms, failed to reveal any extensive DNA sequence

similarities (data not shown).
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Figure 4.9  Partial subclone map of the A7A1 isolate which contains the VVTLI1 encoding gene. Shown is the
VVTL1 open reading frame (ORF) and selected restriction enzyme sites. For simplicity, the diagram has been truncated.
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Figure 4.11 The VVTLI1 encoding gene and deduced amino acid sequence. The
start and finish of the corresponding cDNA 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 designated as +1. A cleavable presequence is
underlined, the translational stop codon is denoted by an asterisk (*), and a putative
‘TATA box’ is boxed. Two putative transcription factor (SBF and P) binding sites are
underscored by horizontal arrows.
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Figure 4.11 continued
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4.4 Discussion

Despite the many reports in the literature concerned with wine haze-associated
proteins little is known about the temporal patterns 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 VVTL1 and VVPR-4a, was studied in
grapevine berry samples collected from fiuit set to maturity. Northern and Western blot
analyses revealed that the presence of the VVIL1 and VVPR-4a transcripts and
proteins, and potentially therefore, transcriptional activation of their corresponding
genes, coincides with the transition of berries from the stage II lag phase to stage I, and
the onset of sugar accumulation and berry 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 VVTL1 and VVPR-4a synthesis and
accumulation throughout the remainder of berry ripening is unknown. In a variety of
plants, a number PR proteins are induced in response to a suite of signals including
pathogen attack, wounding, and signalling molecules such as salicylic acid, abscisic acid
and ethylene (see Section 1.2). It would be tempting to speculate that the accumulation
of berry PR-like proteins is a result of pathogen attack although this now appears
unlikely. Berry PR-like proteins appear to be ubiquitous in berry juice from apparently
healthy grape samples from a range of different varieties. Their homologues are also
found in a number of other, apparently disease free, ripe fleshy fiuits (Figure 4.7).
Additionally, no B-1,3-glucanase activity, a potential indicator of pathogen attack (Stintzi
et al., 1993), could be detected in our berry extracts (results not shown), and has not
been detected in other ripening berries in which PR-like proteins are known to

accumulate (Robinson ef al., 1997; Derckel et al., 1998; Kraeva et al., 1998), despite the
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recent cloning of a partial cDNA encoding a B-1,3-glucanase from cultured berry cells

(Kraeva et al., 1998).

A factor which might induce berry PR-like accumulation is osmotic stress. A
change in the osmotic pressure of grape berry juice occurs very rapidly at the beginning
of stage I, and over the entire ripening period there can be an increase in osmotic
pressure of about 2,000 kilopascals (Downton and Loveys, 1978). The major solutes
that contribute to this osmotic pressure change are fructose and glicose, both of which
accumulate to near molar levels in grape juice (Kliewer, 1965). Interestingly, four
tobacco PR-3 protein family members (Yun ez al., 1996), and the PR-5 protein family
members, osmotin and NP24, which were originally purified from salt stressed tobacco
and tomato cells, respectively (Singh et al., 1987; King ef al., 1988), all accumulate at
levels directly related to the degree of osmotic stress. Furthermore, the osmotin gene is
known to be expressed during the later stages of tobacco fiuit development
(Kononowicz et al., 1992), and an NP24 isoform accumulates during tomato fruit
ripening (Pressey, 1997). Osmotin and NP24 are known to have a predominantly
intracellular location, as opposed to the presumed extracellular location of VVTLI and
VVPR-4a. Therefore, whether VVTL1 and VVPR-4a have a role in osmotic stress
adaptation or accumulate non-specifically in response to such stresses remains unknown.
However, the gene encoding the potentially extracellular PR-5 like protein, VVOSM1
from grapevine, is known to be induced in NaCl stressed cultured grapevine cells

(Loulakakis, 1997a).

High levels of free hexoses have now been shown to repress the synthesis of
chlorophyll a/b-binding proteins (Sheen, 1990) and induce the synthesis of a number of
defence-related genes such as proteinase inhibitor II (Johnson and Ryan, 1990), chalcone
synthase (Tsukaya ef al., 1991) and four PR proteins (PAR-1, PR-1b, PR-Q and SAR

8.2) in the leaves of transgenic tobacco plants (Herbers et al, 1995). Such
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photoassimilate induced gene expression occurs only above a certain threshold hexose
concentration and the situation is thus reminiscent of that seen in berries when the onset
of stage III (veraison) occurs. Therefore, it is suspected that the temporally and spatially
defined induction of not only VVTL1 and VVPR-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 mechanism by which such hypothetical 'sugar sensing'
and intermediate signals operate remains unclear. 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 secretory
pathway. In this context it is important to note that vacuolar grape invertases are
synthesised well in advance of veraison (Davies and Robinson, 1996) with no apparent
VVTL1 and VVPR-4a gene expression as a result, possibly because the free hexoses
generated do not reach critical threshold levels at early stages of berry development due
to a multitude of competing metabolic demands. Preliminary experiments performed in
this study (results not shown) to detect an effect of high sugar concentration (1 M
glucose or 1 M fructose) on PR-like protein gene expression in pre-veraison berries were
inconclusive. No induced expression of the VVTLI or VVPR-4a genes was observed,
either at the mRNA or protein level, when berries were floated in respective sugar

solutions.

Another consideration on the matter of what triggers VVTL1, VVPR-4a and
indeed class IV chitinase (Robinson et al., 1997) gene expression at veraison is that of
the role of signalling molecules. For example, salicylic acid (SA) could play a role in
gene induction as it is a product of the phenylpropanoid pathway (Yalpani ef al., 1993),
which is induced in grape berries at veraison (Boss ef al., 1996). The concentration of
SA during berry ripening remains unknown, however, exogenous application of SA is

known to induce chitinase activity in wounded grapevine leaves (Derckel ef al., 1996)
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and berries (Derckel ef al., 1998). Conversely, it has now been demonstrated that sugar-
dependent induction of PR proteins discussed previously can occur independent of SA
(Herbers et al., 1996b). Abscisic acid (ABA) is a plant hormone which is known to
accumulate to high levels during grapevine berry sugar accumulation (Coombe and Hale,
1973), and to be capable of inducing PR protein encoding genes in several plants
(Broekaert et al., 1990; Zhu ef al., 1995; Raghothama ef al., 1997) including grapevine
(Loulakakis, 1997a). ABA is known to be upregulated during osmotic adaptation of
plant cells (Skriver and Mundy, 1990). Furthermore, the treatment of berries with a
synthetic auxin, benzothiazole-2-oxyacetic acid (BTOA), delayed the onset of ripening,
ABA production, and the induction of four different ripening related genes in parallel
(Davies ef al., 1997). Alongside the potential role of ABA, that of indole acetic acid
(IAA) must also be considered. IAA, which is present at high levels during early berry
development (Cawthorn and Morris, 1982), may repress berry PR-like protein gene
expression until after veraison, when TAA levels become very low and ABA levels peak.
As grapevine berries are a nonclimacteric fruit (Kanellis and Roubelakis-Angelakis,
1993) it is unlikely that ethylene, which is an inducer of PR protein encoding genes in
many plants (Cabello ez al., 1994; Coupe et al., 1997; Tomero et al., 1997), has a major

role in berry PR-like protein accumulation.

The isolation and characterisation of the VVTL1 and VVPR-4a encoding genes
provides the potential materials needed to elucidate which factors trigger the
accumulation of VVTL1 and VVPR-4a at the onset of ripening, and indeed possibly
which factors trigger ripening of this non-climacteric fruit - a process relatively little is
known about. Sequence characterisation of the VVTL1 and VVPR-4a genes revealed
the existence of two different putative plant promoter elements which are present in both
genes. This suggests VVTLI and VVPR-4a may accumulate in the berry as a result of a
specific developmental program coordinated by the action of common transcription

factors. One site (nucleotides 706-711, Figure 4.11; nucleotides 646-651, 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 (CHS15) (Lawton ef al., 1991). These
silencer elements bind a protein factor, SBF-1 (Harrison et al., 1991), the presence of
which has been suggested to repress transcription of the chalcone synthase gene in
hypocotyls, yet enhance activity in young cotyledons (Lawton ef al., 1991). The other
putative promoter element (nucleotides 155-160, Figure 4.11; nucleotides 486-490,
Figure 4.12) is near identical to a core sequence required to bind the myb-like
transcription factor, P, from maize (Grotewold et al., 1994). P binds to and activates
transcription of the A/ gene, which is required for the formation of pigment compounds
in the pericarp of the cob (Grotewold et al., 1991). A similar protein may control
transcription of the VVTL1 and VVPR-4a genes, which are highly expressed in the
ripening pericarp tissue of the grape. The involvement of promoter elements
homologous to the fore-mentioned may indeed drive a berry specific transcription,
unique to the ripening phase. Unfortunately the non-coding DNA sequences of other
ripening induced berry PR-like protein genes of V. vinifera have yet to be defined.
Further progress must await the elucidation of such sequences as well as manipulation of
VVTL1 and VVPR-4a expression in vivo, a task which is well outside the scope of this
PhD study considering the time required for such manipulations in the woody perennial
V. vinifera. Attempts to characterise ripening related transcription factors 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 clearly demonstrated that VVTL1 and VVPR-4a
accumulate in a ripening induced manner in parallel with other berry PR-like proteins
(Robinson ef al., 1997; Derckel ef al., 1998; Salzman 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 in vitro antifungal assays as reported in the following chapter.

113



CHAPTER S

Antifungal properties of berry PR-like proteins

114



Chapter 5 - Fungal growth inhibition studies

5.1 Introduction

During ripening, the grapevine berry softens dramatically and accumulates both
amino acids and sugars to very high levels (Kanellis and Roubelakis-Angelakis, 1993), a
scenario which, everything else being equal, is expected to render the fiuit susceptible to
pathogen attack. In this context it is particularly interesting to note that this study and
others (Robinson et al., 1997; Tattersall et al., 1997, Derckel et al., 1998; Salzman et
al., 1998; Waters et al., 1998) have recently identified PR-3, PR-4 and PR-5 like
proteins as major protein components of the berry. Furthermore, research on the
temporal and spatial accumulation of these fruit-specific PR-like proteins showed them
to accumulate to very high levels in the ripening berries from veraison onwards
(Robinson ef al., 1997; Tattersall et al., 1997) - Chapter 4. Notably, accumulation of
PR-like proteins in ripening fruit is not restricted to grapevine berries. PR-3 like
(thaumatin-like) proteins have also been reported to be present in tomatoes (Pressey,
1997), cherries (Fils-Lycaon et al., 1996), persimmons (Vu and Huynh, 1994), and the
fruit of the West African shrub, Thaumatococcus daniellii (van der Wel and Loeve,
1972). Also, through the cloning of cDNAs (Dopico et al., 1993; Clendennen and May,
1997; Medina-Suarez ef al., 1997; Naim et al., 1997), the purification of chitinase
proteins (Clendennen et al., 1998), and the detection of chitinase and [-1,3-glucanase
activity (Esaka ef al., 1993; McLeod and Poole, 1994; McCollum et al., 1997; Wurms et

al., 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 ripening grapevine berries has
been suggested to be part of the natural defence system against fungal growth and
invasion (Derckel et al., 1998; Salzman ef al., 1998). It is well documented that many
PR proteins from other plants inhibit fungal growth in vitro (see Section 1.2) with the

greatest anti-fingal activity often observed using synergistic combinations of proteins
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from different PR protein families (Leah et al., 1991; Hejgaard ef al., 1992; Ponstein et
al., 1994). The enhanced efficacy of combinations of PR proteins appears to be reflected
in their coordinate regulation in vivo, especially as a range of biotic and abiotic stresses
have been shown to induce synthesis of different families of PR proteins concurrently in
vegetative tissues (for reviews see Stintz ez al. (1993) and van de Rhee et al. (1994)).
In view of this, PR-like proteins purified from ripening berries (Chapter 2) were
examined for their potential antifungal properties. Additionally, other soluble proteins
present in fractionated berry extracts were also examined for their potential antifungal
properties. The results suggest that some of these proteins may indeed play a direct role

in plant defence.
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5.2 Materials and Methods

5.2.1 Assay for inhibition of fungal growth

Antifungal activity of protein solutions was determined essentially as previously
described (Roberts and Selitrennikoff, 1986; Abad ef al., 1996). Briefly, all fungi were
grown on potato dextrose agar (PDA; Sigma, USA) except Phytophthora cinnamomi
and Spaceloma ampelina which were grown on corn meal agar (CMA; Difco, USA).
An agar plug containing mycelia of an actively growing test fungus was placed in the
centre of an agar plate, which was then incubated at 25°C (typically 1 to 2 days) allowing
hyphae to grow outwards in a circle with a diameter of ~2 to 4 cm. Sterile blank paper
(3 MM chromatography paper; Whatman, UK) discs of 6 mm diameter were then placed
on the agar adjacent to the hyphal front before addition of a 50 uL protein or buffer
solution. All solutions were filter sterilised by centrifugation through Costar Spin-X 0.22
um columns (Corning, USA). The agar plates were then incubated at 25°C until the
hyphal front had grown past the paper discs. Antifungal activity of a protein solution
was visually 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 serum
albumin or boiled protein (100°C for 10 min). Inhibition experiments were performed at
least twice to confirm reproducibility of results. Combinations of proteins were also
tested for possible synergistic 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.

Protein combinations and amounts

Total soluble juice protein (10 pg, 30 pg and 100 pg)

VVTLI (30 pug and 100 pg)

VVTL2 (30 ug and 100 pg)

VVPR-4a (30 pg and 100 pg)

VVCHIT (30 pg and 100 pg)

GII B-1,3-glucanase (10 pg)

VVTLI1 (15 pg) + VVTL2 (15 pg)

VVTL1 (15 ug) + VVPR-4a (15 pg)

VVTLI (15 pg) + VVCHIT (15 ug)

VVTL2 (15 pug) + VVPR-4a (15 pg)

VVTL2 (15 pg) + VVCHIT (15 pg)

VVPR-4a (15 ng) + VVCHIT (15 ng)

VVTL1 (22.5 pg) + GII B-1,3-glucanase (7.5 ug)

VVTL2 (22.5 pg) + GII B-1,3-glucanase (7.5 pg)

VVPR-4a (22.5 pg) + GII B-1,3-glucanase (7.5 ug)

VVCHIT (22.5 ug) + GII B-1,3-glucanase (7.5 pg)

Total soluble juice protein anion exchange chromatography
fractions: U, 11, 21, 25, 29, 43 and 56 (30 g each)

5.2.2 Fungal strains

Fungi tested were obtained, or originated, from the New South Wales
Department of Agriculture (NSW Ag.) Fungal Collection (Orange, NSW, Australia),
South Australian Research and Development Institute (SARDI) Fungal Collection
(Urtbrae, SA, Australia), or Lenswood Research Centre (LRC) Fungal Collection

(Lenswood, SA, Australia).

The fungi tested, their culture collection number and relevant collection details
are as follows: Alternaria alternata (DAR 45878, NSW Ag.), Botrytis cinerea (DAR
48939, NSW Ag.), B. cinerea (B27 (grape), SARDI), B. cinerea (B44 (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 sclerotiorum (DAR 43140, NSW Ag.), Spaceloma ampelina
(DAR 43140, NSW Ag.), Trichoderma harzianum (DAR 41916, NSW Ag),

Verticillium dahliae (DAR 44537, NSW Ag.).

5.2.3 Protein purification

VVTLL, VVTL2, VVPR-4a and VVCHIT were purified as described in Chapter
2. To reduce the potential negative effects of salts on antifungal activity (Roberts and
Selitrennikoff, 1990), desalting of these proteins was accomplished by repeated
concentration by ultrafiltration using a Diaflo YM10 (VVTL1, VVTL2, VVCHIT) or
YM3 (VVPR-4a) membrane (Amicon, USA) followed by redilution with deionised HO.
Protein fractions of soluble Muscat of Alexandria grape juice 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 fraction was prepared for fungal
bioassays by overnight dialysis, using SPECTRA/POR membrane (MW cut-off 6-8,000;
Spectrum Medical Industries, Los Angeles, California, USA), against deionised H,O

before concentration with Centricon 10 (Amicon, USA) ultrafiltration units.

A barley (Hordeum vulgare) B-1,3-glucanase (isoenzyme GII; Hej et al. (1989))
was recombinantly expressed and purified as described below. A modified pET3a
plasmid expression vector (Novagen, USA) containing the barley GII -1,3-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 terminus which subsequently enabled the purification
of the protein by nickel column chromatography (Ni**-NTA spin columns; Qiagen, USA)
according to the manufacturer’s instructions. The protein was expressed in E. coli BL21

(DE3) cells (Novagen, USA), a cell line which produces lysozyme in the presence of
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IPTG. The E. coli culture was initially grown in LB media (1% (w/v) NaCl, 1% (w/v)
bactotryptone (Difco, USA), 0.5% (w/v) yeast extract), containing 100 pg/mL ampicillin
and 34 pg/mL chloramphenicol, at 37°C until an ODggo of ~0.4 was achieved. Synthesis
of GII 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-1,3-glucanase were
lysed by freezing in liquid N,, then resuspended in wash buffer (50 mM sodium
phosphate, pH 7.8, 300 mM NaCl, 20 mM imidazole, 10 mM B-mercaptoethanol) before
the soluble protein fraction was applied to Ni**~NTA spin columns equilibrated the same
buffer. Fractions containing GIT B-1,3-glucanase were eluted by application of elution
buffer (50 mM sodium phosphate, pH 7.8, 300 mM NaCl, 250 mM imidazole, 10 mM [3-
mercaptoethanol), combined, then dialysed agamst 20 mM Tris-HCl, pH 8.0 before
passing through a 0.5 x 1.0 cm Q-Sepharose column (Pharmacia, Sweden), equilibrated
with the same buffer, at a flow rate of ~1 mL per min. Unbound fractions containing
essentially pure GII 3-1,3-glucanase, as judged by SDS-PAGE, were concentrated and
resuspended in deionised H,O by ultrafiltration using a Diaflo YM10 membrane
(Amicon, USA) as described above. The yield of GII 3-1,3-glucanase was ~500 ug per
100 mL of induced culture. For the measurement of 1,3-B-D-glucan endohydrolase
activity, purified protein was diluted in 50 mM sodium acetate, pH 5.0 and assayed at

37°C as previously described (Chen ef al., 1993).

Protein concentrations were estimated by a Coomassie blue binding assay
(Sedmak and Grossberg, 1977) using bovine serum albumin (Himosan, Austria) as a

standard. Proteins were analysed 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 in vitro

Ten different fungal strains were screened for suitability for use in hyphal 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 manner. Eventually
the following four species of fungi were chosen: B. cinerea (three isolates), P.
cinnamomi, T. harzianum, and R. solani. Of these, only B. cinerea and T. harzianum
were noticeably inhibited by as little as 10 pg of total soluble protein (resuspended in
H;0) from Muscat of Alexandria grape juice (Figure 5.1), a protein mixture consisting
primarily of PR-like proteins (see Chapter 2 and Figure 2.1). Further examination
revealed that three B. cinerea isolates - two isolates from grapevine and an isolate from
rose - were equally susceptible (results not shown). The growth inhibition of B. cinerea,
a pathogen which can inflict serious damage to grapevine berries near maturity, 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 irregular growth patterns of this fungus prevented repetition of this
finding.

Because of the observed susceptibility 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 further studies on the effect of the four purified juice proteins -
VVTLI, VVTL2, VVCHIT and VVPR-4a (Figure 5.2). Considerable growth inhibition
was only observed with discs containing VVCHIT, some inhibition was observed with

discs containing VVTL1 or VVTL2, but little, if any, growth inhibition appeared to be
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Boiled 100 Boiled

Botrytis cinerea Trichoderma harzianum

Boiled i

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 described in the Materials and
Methods with the following fungi: B. cinerea (B27), T. harzianum (DAR 41916), P.
cinnamomi (C2-77), R. solani (AG4 1701). Discs contained 100 pg (100) or 10 pg (10)
of total juice protein. Controls consisted of 100 pg total juice protein (boiled; 100°C for
10 min) or H,O. All proteins were resuspended in 50 pL of H,O.
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A Botrytis cinerea

/—\ VVCHIT

s BOILED

VVPR-4a VVCHIT

VVPR-4a
BOILED

B Trichoderma harzianum

VVCHIT

BOILED

VVCHIT
VVPR-4a VVTL1
BOILED BOILED

Figure 5.2  Antifungal activity of VVTL1, VVTL2, VVPR-4a, and VVCHIT
proteins. The hyphal growth inhibition assay was performed using (A) B. cinerea (B27)
and (B) T. harzianum (DAR 41916). Discs contained 100 pg of indicated proteins.
Control discs contained 100 ng bovine serum albumin (BSA), 100 pg of respective
proteins (boiled; 100°C for 10 min), or H,O as indicated. All proteins were resuspended
in 50 uL of H;O.
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associated with VVPR-4a. Boiling for 10 min appeared to destroy most, if not all, of the

antifungal activity of the tested proteins.

5.3.2 Combinations of berry PR-like proteins, and a $-1,3-glucanase did not result

in a synergistic antifungal effect.

It has previously been observed that combinations of PR proteins from PR-3, PR-
4 and PR-5 families, can act in a synergistic manner to inhibit fungal growth in vitro
(Roberts and Selitrennikoff, 1990; Hejgaard et al., 1991). Additionally, members of the
PR-2 family, the B-1,3-glucanases, have been reported to act synergistically with other
PR proteins, especially when combined with chitinases (PR-3 proteins) in in vitro
antifungal assays (Mauch e al., 1988; Leah et al., 1991; Sela-Buurlage et al., 1993). As
little or no B-1,3-glucanase activity appears to be present in ripening berries of V.
vinifera (Robinson et al., 1997; Derckel et al., 1998), it was of interest to determine if
enhanced antifungal activity could be detected using combinations of a barley B-1,3-
glucanase (isoform GII), a protein previously shown to have in vitro antifungal activity
(Leah et al., 1991), and VVTLI1, VVTL2, VVCHIT, or VVPR-4a. The availability of a
plasmid expression vector encoding barley GII B-1,3-glucanase allowed for relatively
quick production of this enzyme in large quantities in E. coli. Also, purification of this
polyhistidine ‘tagged’ enzyme was readily performed through the application of nickel

resin and anion exchange chromatography (Figure 5.3).

Unlike some previous studies, no synergism could be observed with combinations
of berry PR-like proteins, or a combination of berry PR-like proteins and barley B-1,3-
glucanase (isoform GII) protein when tested against B. cinerea and 7. harzianum. All of
the combinations tested are listed in Table 5.1, however, only some of the representative

results are illustrated in Figure 5.4. Nevertheless, these findings are similar to those of
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Figure 5.3  Synthesis of a barley B-1,3-glucanase (isoform GII) in E. coli and
subsequent purification. The recombinant 3-1,3-glucanase was expressed as described
in the Materials and Methods. SDS-PAGE analysis of total E. coli cellular protein at
induction (T,), and 3.5 h after induction (T5s) with IPTG, total soluble E. coli protein at
Tss, B-1,3-glucanase after nickel column purification (Ni*-NTA), and after anion
exchange chromatography (AE).
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Figure 5.4  Analysis of possible synergistic antifungal activities between selected berry PR-like proteins and a
barley 3-1,3-glucanase. Only selected tests are shown. The hyphal growth inhibition assays employed B. cinerea (B27)
and 7. harzianum (DAR 41916). Discs contained 30 pg of indicated berry PR-like proteins, 10 pg of B-1,3-glucanase, or
combinations of proteins as indicated below. Control discs contained respective protein combinations (boiled; 100°C for

10 min), or H;O. All proteins were resuspended in 50 pL of H;O.

Various protein combinations tested in hyphal growth inhibition assays.

Panel Protein combinations and amounts Panel Protein combinations and amounts
A VVPR-4a (30 ug) D GII B-1,3-glucanase (10 pg)
VVCHIT (30 pg) VVPR~4a (30 pug)
VVPR-4a (15 pg) + VVCHIT (15 pg) GII 3-1,3-glucanase (7.5 ug) + VVPR-4a (22.5 pg)
VVPR-4a (30 ug) + VVCHIT (30 pg). 100°C GII B-1,3-glucanase (10 pg) + VVPR-4a (30 pg); 100°C
B GII B-1,3-glucanase (10 pg) E GII 3-1,3-glucanase (10 pg)
VVCHIT (30 pg) VVTLI1 (30 pg)
GII B-1,3-glucanase (7.5 pug) + VVCHIT (22.5 pg) GII B-1,3-glucanase (7.5 pg) + VVTLI (22.5 pg)
GII B-1,3-glucanase (10 pug) + VVCHIT (30 pg);, 100°C GII B-1,3-glucanase (10 pg) + VVTL1 (30 pg); 100°C
C VVTLI1 (30 pg) F GII B-1,3-glucanase (10 pg)
VVTL2 (30 pg) VVCHIT (30 pg)
VVTLI1 (15 pg) + VVTL2 (15 pg) GII B-1,3-glucanase (7.5 pg) + VVCHIT (22.5 pg)
VVTL1 (30 pg) + VVTL2 (30 pg), 100°C GII B-1,3-glucanase (10 pg) + VVCHIT (30 pg), 100°C
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Salzman 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 GII B-1,3-glucanase had a specific activity of ~20 pmol of
glucose equivalents/min/mg protein which was 5 to 10 fold lower than that of previously
reported values for the native enzyme (Hgj ef al., 1989; Leah ef al., 1991; Hrmova and
Fincher, 1993). However, as some antifungal effect was observed when the barley B-
1,3-glucanase was used alone, at least with 7" harzianum, it was deemed satisfactory for

the determination of potential synergistic effects when combined with other proteins.

S.3.3 Several uncharacterised soluble grape juice proteins possess antifungal

activity

The relatively strong inhibitory activity of the total juice protein extract,
suggested that proteins other than 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 5.5A) were included in hyphal
growth inhibition assays involving B. cinerea and T. harzianum (Figure 5.5B). Most
fractions tested appeared to contain some antifungal activity, particularly against T.
harzianum, 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
example, the unbound protein fraction (U) was the strongest inhibitor of T. harzianum
growth, whilst fraction 43 was the strongest inhibitor of B. cinerea growth. This is not
inconsistent with the previous suggestion that certain PR-like proteins may have specific

activity against certain pathogens (Abad et al., 1996).

Some of the protein fractions investigated for antifungal activity are known to
possess substantial amounts of the previously characterised proteins (see figure legend

for Figure 5.5). As expected, similar antifungal activity of these 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 in vitro. (A) Total soluble protein from a Muscat of Alexandria juice was
fractionated by anion exchange chromatography (see Figure 2.2) and (B) hyphal growth
inhibition assays were performed as described in the Materials and Methods with B.
cinerea (B27) and 7. harzianum (DAR 41916). The discs contained 30 pg of protein
from the indicated fractions or 30 ug of total soluble juice protein (TP). Control discs
contained H,O. All proteins were resuspended in 50 uL. of H,O. Some fractions
contained previously characterised proteins as shown below.
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purified proteins (Figure 5.2) was observed (Figure 5.5B), with fraction 43 being the
most effective inhibitor of growth. Other fractions with relatively strong antifungal
activity (U, 25 and 29) contained prominent polypeptides with approximate molecular
masses of 28 to 32 kDa. These polypeptides may be other PR-3 like proteins
(chitinases), four of which have been recently purified from Muscat of Alexandria juice

and characterised by amino acid sequencing (Waters ef al., 1998).
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5.4 Discussion

Many genes encoding PR proteins are known to be induced, often systemically,
when plants are challenged with pathogens (Stintzi ef al., 1991; van de Rhee ef al.,
1994). In line with this, the results of both in vitro and in vivo studies have strongly
implied that these proteins have a direct role in plant defence, especially against fungal
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 relatively high concentrations in specific tissues, such as dormant or
germinating seeds (Roberts and Selitrennikoff, 1990; Hejgaard et al., 1991; Vigers ef al.,
1991; Caruso et al., 1993; Vogeli-Lange et al., 1994), and floral organs (Lotan ef al.,
1989; Neale et al., 1990; Ori ef al., 1990; Richard et al., 1992; Harikrishna ef al., 1996).
The role of developmentally regulated PR proteins in plant growth and development
remains unknown, although again they are suggested to be involved in plant defence.
For example, in vitro assays with PR-like proteins that accumulate in seed have
demonstrated fungal growth inhibition (Roberts and Selitrennikoff, 1990; Hejgaard et al.,
1991; Vigers et al., 1991) suggesting they are part of a pre-emptive strategy for
protection against pathogen attack. However, a direct contribution to developmental
processes cannot be excluded since a class IT endochitinase is apparently necessary for
carrot somatic embryo development (De Jong 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 these proteins may play a role in defence of this presumably vulnerable organ
against fungal attack. However, it cannot 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 previously proposed for some PR-like proteins (Singh et al.,

1987; King et al., 1988; Yun ef al., 1996).

Although not all berry PR-like proteins exhibit in vitro antifungal activity, as
detected in the plate assays described here, their activity could be enhanced in vivo in the
presence of other antimicrobial proteins (Meyer ef al., 1996), for example, the as yet
uncharacterised antifungal proteins detected in anion exchange chromatography fractions
of grape juice (Figure 5.5). In addition, their in vivo activity could be enhanced by the
presence of phytoalexins (Paxton and Groth, 1994) or other physiological factors such as
high sugar concentrations (Salzman et al., 1998). Considering the complexity of plant
defence mechanisms (Guest and Brown, 1997), the interaction between grapevine PR-
like proteins and potential pathogens is not expected 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 (1954) noted that new powdery mildew infections had never been
observed on ripe grape berries in the field and further established that they do not occur
on berries from the varieties Muscat of Alexandria, Tokay, Sultana (syn Thompson
seedless) and Carignane at a level of maturity greater than about 8°Brix. In contrast,
berries at a more immature stage, at or below 6°Brix, were consistently susceptible. A
more recent study (Chellemi and Marois, 1992) has confirmed these observations and
demonstrates that grape 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, respectively, of berry PR-like proteins, suggesting that these proteins may play

a role in this phenomenon. U. necator is an obligate parasite of the grapevine and
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therefore difficult to study, however, in vitro assays have recently been developed
(Giannakis ef al., 1998) which could be useful in providing some clues to the significance

of PR-like protein accumulation in berry resistance to powdery mildew infection.

It is also interesting to note that the foliar disease susceptibility of plants has for
decades been recognised to be correlated with the sugar content of leaves (reviewed by
Vanderplank (1984)). From this, the concept of ‘low’ and ‘high’ sugar diseases was
developed. For example, low sugar diseases are those where resistance is increased as
leaf sugar content increases. Overall, results presented in this study 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 pathogens throughout their maturation in order

to determine how universal this link may be.
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The work described in this thesis was undertaken to identify and investigate the
properties, function, and patterns of accumulation of prominent berry proteins that 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 the vinification
process 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 ef al., 1996; 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
the soluble berry PR-5 like and PR-4 like proteins, VVTL1 and VVPR-4a respectively.
Characterisation of the cDNAs enabled the complete primary structures of these proteins
to be deduced, including topogenic signals which suggest they are extracellular proteins.
They are highly similar in sequence to other previously characterised proteins for which
tertiary structures have been solved through X-ray crystallography and NMR studies
(Ludvigsen and Poulsen, 1992b; Ko et al., 1994; Koiwa et al., 1999). Therefore,
through the use of computer modelling software, three-dimensional structural predictions
could be made for VVTL1 and VVPR-4a. These may prove useful for future studies on
the definition of potential binding substrates for both proteins, and hence PR-4 and PR-5
proteins in general. Additionally, such information may be used to aid the search for
effective high affinity binding agents that could be used as alternatives to wine fining

agents such as bentonite.
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In Chapter 4 the expression patterns of the genes encoding VVTL1 and VVPR-
4a were examined at both the mRNA and protein level. The careful sampling of
grapevine berries from flowering to maturity, and other healthy grapevine tissues,
provided material essential for these studies. The VVTL1 and VVPR-4a encoding genes
appear to be expressed in a coordinated berry specific manner from veraison and
throughout the remainder of the ripening period, the protein products accumulating
predominantly towards berry maturity. Similar expression patterns of other grapevine
berry PR-like proteins have also been reported (Robinson ef al., 1997; Derckel et al.,
1998) suggesting this may be a ubiquitous phenomenon, at least in V. vinifera berries.
Additionally, the results of this study and others suggest soluble juice and wine proteins
are highly similar irrespective of grapevine variety. Indeed, the molecular weights of
several prominent soluble juice proteins from several white and red varieties have now

been shown to be almost identical (Y. Hayasaka, pers. commun.).

Although it is now known that grapevine berry PR-like proteins accumulate
during ripening, the signal(s) driving the expression of the respective genes have yet to
be elucidated. As a first step in this process, a genomic library of Muscat of Alexandria
was constructed and the genes encoding VVTL1 and VVPR-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 genes, may reveal
common elements, which could lead to the isolation of regulatory transcription factors.
Elucidation of the signal transduction pathways leading to the modulation of the activity
of these transcription factors could then provide further insights into why berry PR-like
protein encoding genes are expressed predominantly during ripening. Through studies of
this kind, it is hoped that the factors controlling the ripening process eventually will be
found. Such a discovery would be highly beneficial to the viticultural industry which
currently has no control over the irregular ripening pattern of grapes, a process that can

vary dramatically even within a single bunch. The isolation of gene promoter sequences
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which can drive the expression of transgenes in a berry and ripening specific manner
would also be useful considering current strategies for producing transgenic grapevines

with improved properties.

As the berry ripens it accumulates high levels of sugar and softens, a scenario
which is expected to render the berry susceptible to pathogen attack. In Chapter 5
experiments were detailed which revealed that some of the berry PR-like proteins
(VVTL1, VVTL2 and VVCHIT) do have an antifungal effect in vitro. However, despite
the sequence similarity of the protein VVPR-4a to other known antifungal proteins (eg
wheatwin2; (Caruso ef al., 1996)) no antifungal 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 pathogen attack, for example, in tissue
development and/or osmotic stress adaptation. Through the recent development of
transformation systems for V. vinifera (Mauro et al., 1995; Perl et al., 1996; Scorza et
al., 1996; Franks ef al., 1998) important clues to functions of the berry PR proteins may
now be gained from attenuation of their expression in transgenic grapevines. Parallel
studies in other ripening fruits where PR proteins have been shown 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
level, which are now possible through the availability of the highly specific antibodies
made against VVTL1, and also VVTL2 (this study, results not shown), and berry
chitinases (E. Waters and S. Robinson, pers. commun.). The production of highly
specific antibodies against VVPR-4a may also be achieved by the use of an alternative
animal other than a rabbit, or the modification of this protein to make it more antigenic

(Harlow and Lane, 1988).

136



Chapter 6 - Summary and future directions

Finally, whilst it may be beneficial for the winemaking industry to reduce the
accumulation of berry PR-like proteins that are associated with white wine haze by, for
example, 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 difficult to dispose of. The possibility of identii‘;dng other more superior
fining agents through studies on PR-protein structure and ligand binding have already
been mentioned. Alternatively, the identification of a protease that degrades PR proteins
under premium white winemaking conditions (pH 3 to 4, and <20°C) may provide an
inexpensive and easy to use option. Continued study of the in vivo turnover of plant PR
proteins in general (Rodrigo ef al., 1989; Rodrigo et al., 1991b), and V. vinifera berry
PR-like proteins, in particular, may not only lead to insights into PR protein degradation

but reveal the existence of a useful protease for winemaking,
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