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ABSTRACT

The contribution of potyphenol oxidase (PPO) and peroxidase (POD) to enzymic browning

in sugarcane juice was investigated. Inactivation of these enzymes with heat resulted in juice

of lower colour (absorbance measured at 420nm), but POD was found to be more heat stable

than PPO. Salicylhydroxamic acid (SHAM) completely inhibited PPO activity and markedly

reduced juice colour but had no effect on POD activity. Removal of oxygen in the presence

of the substrate chlorogenic acid stopped colour formation. Upon subsequent addition of

oxygen, browning continued, indicating that the process was oxygen dependent. This

evidence suggested that enzymic browning contributes significantly to colour formation in

sugarcane juice and that PPO is the major enzyme involved.

Differences were observed in levels of PPO, phenolics and colour in different sugarcane

clones. There was a correlation between juice colour and phenolic content but not between

juice colour and PPO activity. PPO activity throughout the sugarcane plant was measured

and found to be highest on a fresh weight basis in the growing point. PPO activity was also

higher in nodes than internodes and activity declined progressively down the stalk. PPO

activity was high in young leaves, decreasing with leaf age. When extracts of sugarcane stem

or leaf were subjected to differentiat centrifugation, most of the PPO activity remained in the

supernatant even after ultracentrifugation, suggesting the eîzyme was soluble or readily

released from membranes. The PPO enzyme was most active with chlorogenic acid, not

active wíth para -diphenols and was inhibited by SHAM suggesting it is a catechol oxidase-

type enzyme and not a laccase. At temperatures above 65 "C the enzyme was rapidly

inactivated.

A 45 kD protein with PPO activity was purified to homogeneity from young sugarcane stem

using cation and anion exchange chromatography, gel exclusion and preparative
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electrophoresis. A polyclonal antibody was raised against the purified 45 kD protein.

Western blots identified a 60 kD PPO in stem and leaf extracts which is cleaved in vito to

the 45 kD protein in the presence of proteases and under acid conditions, without loss of

activity. The antibody was used to screen a cDNA library constructed from immature

sugarcane stem and a number of positive clones were identified. Mapping and cross-

hybridization showed the clones to be closely related. A putative full length clone was

sequenced and verified to encode PPO by comparison with other plant PPO sequences.

Northern blots probed with this full length cDNA clone, identified a transcript of

approximately 2.2 kb, which is highly expressed in young tissue with expression declining

sharply in mature sugarcane. The compleæ cDNA encodes a 67 kD protein with a putative 8

kD transit peptide. The mature 59 kD PPO protein contains two copper-binding regions and

a C-terminal extension believed to be 14 kD which is readily cleaved in vitro to give the 45

kD form.

The results suggest that PPO does contribute significantly to browning of sugarcane juice.

Two possible approaches for decreasing this enzymic browning are suggested. The first,

would involve inhibition of PPO activity during processing using either chemical inhibition

or heat inactivation. The second approach would be to select for genotypes with a low

potential to brown as there does seem to be a genetic basis to juice colour. Isolation of the

gene encoding sugarcane PPO makes it feasible to use genetic manipulation to decrease

expression of the PPO gene in existing commercial cultivars.
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CHAPTER 1. GENERAL INTRODUCTION

Sugar industry

Sugar is produced commercially from two plant sources - sugarcane and sugarbeet, with

sugarcane producing 64Vo of the world's sugar supplies. World production since 1987 has

exceeded 100 million tonnes of raw sugar per annum (SRDC, 1992).

In Australia sugarcane is grown from Mossman in North Queensland to Grafton in

Northern New South Wales. In 1993 Australian sugar production was a record 4.37 million

tonnes from 32 million tonnes of cane crushed. This was from a total of 340,000 ha

harvested (SRDC, 1994). Australia exports approximately 8O7o of its raw sugar and is one

of the world's largest exporters of raw sugar, with export sales worth more than $1000

million annually.

Sugarcane

Sugarcane is a large grass of the genus Saccharum within the family Gramineae and is in

the tribe Andropogoneae. Plants of the genus Saccharum have been selected and used as a

source of sugar since the days of primitive man, however the origins of sugarcane continue

to be debated. The term'saccha,rum complex' has been used to describe a closely related

interbreeding group believed to be progenitors of modern sugarcane (see review by

Daniels and Roach, 1987).

Cultivated sugarcanes are thought to have originated in New Guinea and other islands of

the Malayan Archipelago. It is suggested that Saccharum fficinarum L. may have been

selected by man for its sweetness and low fibre and subsequently became dependent upon

man for its propagation. Interspecif,rc hybridisation of S. fficinar,øm ('noble' canes) with

the wild S. spontaneum L. or S. robustumBrandes and Jeswiet ex Grassl., and subsequent

backcrossing gave signifîcant yield increases, a process known as 'nobilisation'. In this

process the female parent, S. fficinarum contributes its somatic chromosome number to
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the progeny whilst the male parent contributes vigour and disease resistance in a normally

reduced chromosome complement. Commercial sugarcane cultivars are complex hybrids

arising from this original 'nobilisation'and have high aneuploid chromosome numbers due

to chromosomal increases accompanying certain crosses and backcrosses (see review by

Daniels and Roach 1987).

Sugarcane is probably the most spectacular member of the grass family not simply for its

sheer size, but also for its ability to synthesize, translocate and store sucrose in vast

quantities. The basic structure of the sugarcane plant is closely related to other members

of the Gramineae. Sugarcane reaches a height of 2-4 metres when mature and has a stem

composed of a series of nodes and inærnodes which grow acropetally from a cone-shaped

growing point. The increase in length of the stem, however, is due to an intercalary

meristem at the base of each internode (Artschwager, 1925). Vascular bundles are

scattered through the parenchymatous tissue of the internode, increasing in number, but

decreasing in size, towards the periphery of the stem (see review by Moore, 1987). Leaves

grow from the nodes on alternate sides of the stem. The teaf sheath envelopes the stem

with the margins overlapping to protect the lateral buds present at each node. The leaf

blade is linear lanceolate, up to two metres long. Inflorescence formation is known as

arrowing, whereby a tassel of tiny flowers is formed. However, flowering in commercial

sugarcane is an undesirable characteristic and is not often seen.

Sugarcane is propagated asexually, which involves the planting of sections of cane stem

with one or more lateral buds, these stem sections are referred to as setts. The bud grows

into a primary shoot and the roots develop under the influence of auxins. As the primary

shoot grows it develops its own root system and a series of closely spaced joints, each with

its own tiny bud and embryo roots, which give rise to the secondary shoots.

Typically in Australia, cane is harvested after 12-16 months. Following harvesting the

cane is able to regrow, a process known as ratooning.

)
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Milling

In Australia, sugarcane is mechanically harvested and delivered to the mill for crushing

within about 16 hours. Currently sugarcane is both burnt and green harvested. The

harvester removes the leafy tops of the cane stalks, cuts the stalks off at ground level and

chops the stalk into short lengths known as billets. At the mill the billets are shredded and

passed through a series of mills where the cane is crushed and the juice extracted. After

crushing the juice is heated to approximately 77"C where the starch is broken down by

heat activated enzymes. The juice is subsequently clarified by heating to 100"C in the

presence of lime and then filtering the juice. The clear juice from the clarifiers is

concentrated to a syrup by evaporating most of the water from it under vacuum. The syrup

is then further concentrated by heating in a vacuum pan and is seeded with small sugar

crystals. The sugar crystals are grown to the required size and the syrup is then separated

from the crystals by centrifugation. Molasses, which contains about 357o sucrose, is the

remaining syrup from which it is not economic to crystallise sugar.

Browning

Although sugarcane is one of the world's largest crops, it is not a high value crop and its

economic importance comes from the sheer tonnage of cane produced. Because of the

large volumes of sugarcane processed, and its inherent low value, the aim is to produce

sugar of high quality while minimising the costs of processing.

The colour of raw sug¿u is an important aspect of its quality. Brown pigments are formed

during the processing of sugarcane from the initial juice extraction through to

crystallisation of the raw sugar. The presence of these coloured impurities is of

considerable significance to the sugar industry as they impede crystallisation and result in

Iower sugar yields and poorer quality sugars (Jimenez and Samaniego, 1981). Removal of

these colourants from raw sugar adds to the costs of refining, particularly where high

molecular weight compounds aro present in the raw sugar. These high molecular weight

colourants have been found to be preferentially included in the sugar crystal during

3
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crystallisation (Tu et al., 1977; Smith et al., 1981) and so are difficult to remove during

refining. The total cost of colour removal in the Australian sugar industry has been

estimated at $5 M per annum, but even a partial reduction in raw sugÍu colour could have

significant economic benefits. Many industrial consumers of sucrose, such as the beverage

and certain confectionary industries, require very high quality white sugar.

The chemistry of cane sugar colourants is extremely complex as the colourants are a

mixture of cane plant pigments, factory produced colourants and colour precursors. At

least four different mechanisms are believed to contribute to colour formation during raw

sugar production (Kort, 1979):

1. Melanoidins formed from sugar-amino acid reactions via the Maillard reaction.

Melanoidin colours do not form until the mixture of reactants is submitted to heat.

2. Thermal degradation and condensation reactions of sugars (caramelisation). Caramels

increase in molecular weight with time and temperature.

3. Alkaline degradation and condensation reactions of reducing sugars. The colourants

formed from this process are relatively uncharged and of medium to high molecular

weight.

4. Oxidative reactions of phenolic compounds.

The first three are non-enzymic reactions (colourants developed during processing by

chemical reactions) whereas the oxidation of phenolic compounds to the chemically more

reactive quinones is predominantly enzymic and occurs early in the extraction process,

when the cane is hrst crushed.

Much of the investigation into raw sugar colour, thus far, has centred around the formation

of colourants by the non-enzymic reactions discussed above. The problem of colourant

identification has been approached tiom many directions resulting in a diversity of

conclusions concerning the qualitative and quantitative significance of particular

4
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colourants (Kort, 1979). Model systems have been used to simulate these various

processes whilst colourants have been isolated and analysed from different stages of the

milling process. Paton and McCowage (1987) investigated the effect of process conditions

(e.g. temperature, pH and "Brix) on colourant formation during mill processing. They

found temperature to be the most important factor governing colour formation due to

alkaline degradation of reducing sugars and in the formation of melanoidins. Similar

studies have looked at the different stages of milling and the colourants produced at each

of these stages with a view to identifying the factors contributing to non-enzymic colour

formation e.g. (Tu et a1.,1977; Smith et a1.,1981).

However, studies suggest that enzymic browning may contribute significantly to colour in

cane juice. Smith (1976) found heating cane to 80-90"C prior to crushing resulted in a

477o reduction in average juice colour and a consequent 447o reduction in crystal colour.

The heated cane juice had mostly low molecular weight colourants whereas the control

juice had mainly high molecular weight colourants. In raw sugar made from heat treated

juice, the colourants were mainly low molecular weight whilst sugar made from untreated

juice contained a mixture of high and low molecular weight colourants. Tu (1977)

observed a similar reduction in cane juice colour when the juice was made alkaline to

inhibit enzyme activity. Liming raised the pH of the juice to more than 10.5, leading to a

MVo reduction in juice colour and a 50Vo reduction in crystal colour.

Coombs and Baldry (1978) found addition of the compound thioglycollate at a

concentration of O.ÙIVo decreased cane juice colour by more lhan 50Vo. This decrease in

juice colour was attributed to inhibition of the enzyme polyphenol oxidase (discussed in

detail later). In various cane tissue extracts, high juice colour was found to be associated

with higher levels of phenolics, amino acids and polyphenol oxidase (Goodacre and

Coombs, 1978). The authors suggested this colour resulted from the interaction of

enzyme-generated quinones and amino acids or soluble proteins.

5
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From this early work it would appear that enzymic reactions contribute as much as 50Vo to

cane juice colour, and that inhibition of enzyme activity reduces the proportion of high

molecular weight colourants. Also, reduction in juice colour through the inhibition of

enzyme activity results in raw sugar of lower colour.

Sugarcane colourants

The main colourants in sugarcane are chlorophylls and flavonoids. Chlorophylls are not

soluble in water, are prone to chemical change and degrade easily (Harborne, 1984) and

there is little evidence of them in cane juice. Flavonoids are phenolic compounds with two

six-membered rings joined by a three member chain. Anthocyanins are a type of

flavonoid, which are intensely coloured and responsible for the coloured rind of some

'sugarcane clones. They are, however, unstable in neutral or alkaline solutions, and are

decomposed by heat (Harborne, 1984) and, thus, do not survive mill clarification.

Flavones are yellow flavonoids, present in cane as glycosides, which are generally stable

in mill clarification. More than 20 flavones have been identified in Saccharum and all are

derivatives of tricin, luteolin and apigenin (Smith and Paton, 1985).

Phenolic compounds a¡e usually derivatives of cinnamic acids and they are present in the

plant as esters. The most common ester in sugarcane is chlorogenic acid. Upon

hydrolysis, chlorogenic acid yields both caffeic and quinic acids. Caffeic acid has also

been deæcted in raw sugar (Farber and Carpenter,l97l). Phenolics are subject to enzymic

oxidation forming quinones which can further react with other quinones, phenols or amino

acids to form polymeric colourants. A reduction, not only in chlorogenic acid levels, but

also the concentration of luteolin-based flavonoids, in cane extracts induced to brown, led

Paton and Duong (1990) to suggest that these flavonoids were also involved in browning.

The tops of st¿lk and the leafy trash contained a higher concentration of chlorogenic acid

and flavonoids than the rest of the stalk (Paton et a1.,1991). Paton et al. (I99I) suggested

that a small percentage of this extraneous matter would increase significantly the high

molecular weight colourants in juice.

6
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The other significant colour precursors in sugarcane are reducing sugars and amino acids.

When solutions of reducing sugars are heated under alkaline conditions coloured polymers

are formed, known as alkaline degradation products. However, when high brix solutions

of reducing sugars and amino acids are heated, coloured polymers known as melanoidins

are formed (see above).

Enzymic browning

Enzymic browning in plants is initiated when cell integrity is disrupted, allowing the

enzyme and its substrates to mix. Both phenol oxidases and peroxidases have been

implicated in enzymic browning of plant tissues (Vámos-Vigyâ26, 1981).

Peroxidases

Peroxidases are widely distributed in the plant and animal kingdoms. Plant peroxidases

are heme-containing glycoproæins which utilise HZOZ to oxidise a wide range of phenolic

substrates. The physiological role of peroxidase is not well understood but the general

consensus holds that a major function of the extracellular peroxidase concerîs lignin

synthesis, regardless of whether in connection with cell differentiation or with host

defences against pathogenic invasions (van Huystee, 1987). Peroxidase is considered to be

a relatively heat stable enzyme and as such is widely used as an index of blanching in the

canning of fruit and vegetables (Burnetta, 1977).

Much of the wound-induced browning of plant tissues has previously been attributed to

phenol oxidases (see below) with little evidence for the involvement of peroxidase.

Takahama and Oniki (1991) however, suggest that a peroxidase-HZOZ system, and not

phenol oxidase participates in the oxidation of the phenolic substrate DOPA in the leaves

of Vicia faba. They found that in the presence of added HzOz a melanin-like pigment

accumulated. When tropolone, an inhibitor of polyphenol oxidase was added, DOPA

oxidation was stimulated. Furthermore, transgenic tobacco plants overexpressing

peroxidase exhibited rapid browning of stems following wounding (Lagrimini, 1991). The

transgenic plants had levels of peroxidase activity l0-fold higher than control plants and

7
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peroxidase was expressed in all tissues. Pith tissue from the peroxidase overproducer

plants browned within 24 hours of wounding, while control tissue did not brown even after

seven days. Thus when peroxidase levels in tobacco were elevated, increased browning

occurred, but the role of peroxidase in normal enzymic browning is still not well

established.

Phenol oxídases

Phenol oxidases are copper-containing enzymes which in the presence of oxygen catalyse

the oxidation of phenolics to quinones (Mayer and Harel, 1979). The highly reactive

quinones, thus formed, can undergo secondary reactions and polymerise to form the red,

black and brown pigments associated with the browning of plant tissues.

Many different enzymes have been described as phenol oxidases and the relationship

between these different enzymes is not clear. Nomenclature of these enzymes is somewhat

arbitrary and has changed several times in the past 25 years (Mayer and Harel, 1991).

In animal tissues, the major enzyme catalysing phenol oxidase type reactions is tyrosinase,

which is mainly involved in melanin synthesis and oxidises a range of mono- and di'

phenols including DOPA and tyrosine. Phenol oxidases have been identified in a number

of fungi and the terms laccase, polyphenol oxidase and tyrosinase have variously been

used. Fungal tyrosinases which have been studied in deøil include those from mushroom

(Ingebrigtseî et al., 1989) and Neurospora crassa (Lerch, 1987). The overall reaction

mechanism of N. crassa tyrosinase has been described in a model by Lerch (1981). This

model includes a binuclea¡ centre and copper liganded in part by histidine. Monophenols

bind to one of the Cu2+ atoms, while diphenols bind to both of them. Fungal tyrosinases

are cytoplasmic, and histochemical and immunological localisation showed tyrosinase to

be present throughout mushroom tissues (Moore et a\.,1988).

In higher plants at least two different types of phenol oxidase have been identified: laccase

and polyphenol oxidase (PPO). Substrate specifîcity is diagnostic of the type of enzyme

8
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prcsent, laccases being able to oxidise both para- and ortho- diphenols while polyphenol

oxidases oxidise only the ortho- diphenols (Mayer and Harel, 1979). PPOs and laccases

can also be distinguished by their different sensitivities to various inhibitors.

Salicylhydroxamic acid (SHAM) is a potent inhibitor of PPO, but it has little effect on

laccase activity (Allan and Walker, 1988). Cinnamic acid derivatives have also been

reported to inhibit PPO and not laccase, whilst laccases are inhibited by cationic detergents

such as CTAB (Walker and McCallion, 1980).

While PPO is almost universally present in the plant kingdom, in possibly all angiosperms

as well as numerous fungi, algae, bryophytes, pteridophytes and gymnosperms (Mayer and

Harel, 1979),laccases appear to occur much less frequently. Laccases have been reported

in many fungi and in certain higher plants, including peaches (I-ehman, I974), apricots

(Dijkstra and Walker, 1991), sycamore cell cultures (Bligny and Douce, 1983), loblolly

pine (Bao et a1.,1993) and all members of the Anacardiaceae (Joel, 1978; Robinson et al.,

1993). Although plant laccases show certain similarities to those described in fungi, they

do differ in some respeOts and the relationship between the plant and fungal laccases is not

yet clear.

Laccase is a blue glycoprotein that has been reported to contain 40Vo carbohydrate in

sycamore (Bligny and Douce, 1983). Plant laccases are generally secreted into

extracellular fluids being present in the sap of mangoes (Joel, L978: Robinson et al., 1993)

and secreted by suspension-cultured sycamore cells (Bligny and Douce, 1983). Fungal

laccases are thought to be involved in the degradation of lignin in plant cell walls, and

although the function in plants is unknown, it has been suggested that they promote

polymerisation of polyphenols in sap, causing it to harden and seal off wounds (Robinson

et a1.,1993). They may also be involved in the lignification of wood tissues (Bao et al.,

1ee3).

PPO catalyses two separate reactions, the hydroxylation of mono-phenols to ortho-

diphenols (cresolase, tyrosinase or monophenol oxidase activity) and the oxidation of

9
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ortho-diphenols to their corresponding quinones (catecholase or diphenol oxygen

oxidoreductase activity). ppO may exhibit either or both of these activities (Mayer and

Harel, lgTg). Whilst laccase is generally thought to be an extracellul¿u enzyme, PPO is

localised in plastids. PPO is believed to be the enzyme involved in the browning of

sugarcane juice and is discussed in det¿il below.

Polyphenol oxidase

Latency

In many plants the enzymic activity of PPO is latent. The latency and activation of plant

polyphenol oxidases were first studied by Kenten (1957; 1958) in broad bean, where

activation was achieved by exposure to acid or alkali or by incubation with ammonium

sulphate. The activation was attributed to removal of an inhibitory proæin, assumed to be

attached to the enzyme. The activation of spinach PPO has bþen extensively studied and

has been found to be initiated by the onset of senescence (Meyer and Biehl, 1981), with

the freezing and thawing of chloroplasts (Lieberei and Biehl, 1978), by fatty acids

(Golbeck and Cammafata, 1981), by trypsin (Tolbert, 1973) and by sodium dodecyl sulfate

(SDS) (Satô and Hasegawa, 1976). SDS also acúvates PPO extracæd from green olives

(Kahn, lg71),avocado (van Lelyveld and Bower, 1984) and potato leaf (Sánchez-Fener et

at.,1993). Broad bean PPO can also be activated by denaturing agents such as urea (Robb

et a|.,1965), proteolysis with trypsin, thermolysin and subtilisin (King and Flurkey' 1987)

or by treatment with fatty acids (Hutcheson et al-,1930). As in spinach, activation of

broad bean ppO has been suggested to be the result of release from the thylakoid

membranes, although a conformational change in the enzyme brought about by these

agents has also been postulated. Lerner et al., (1972) found that ineversible activation of

the ppO enzyme from grape benies following long exposure to acid pH was accompanied

by a change in the Stokes' radius of the protein, indicating the involvement of a

conformational change (Lerner and Mayer,IgT5). Valero and García-carmona (1992)

suggested the pH response of latent PPO may represent a mechanism of regulation of its

activity in vivo. Broad bean PPO is extracted as a latent 60 kD protein which can be

10
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activated by addition of SDS (Moore and Flurkey, 1990; Robinson and Dry, 1992). The

60 kD PPO can be cleaved by the protease thermolysin to a 421<D form with no loss of

activity. In Bruce's Sport, a variegated sultana grape mutant with abnormal plastid

development and low levels of PPO activity, the majority of the PPO is in an inactive 60

kD form. It is suggested that the specific protease necessary for the cleavage to the active

40 kD form is absent or dysfunctional allowing accumulation of the 60 kD form (Rathjen

and Robinson, 1992a). In carrot cell cultures, PPO activity was increased three- to l5-fold

in the presence of 2 mM CaCI2, and a 58 kD lectin which enhances the activation of carrot

prophenoloxidase by calcium chloride has been identified (Söderh¿itl et aL.,1990).

Cellular localßøtíon

-In non-senescent plant tissues PPO appears to be localised in plastids. This is supported

by the evidence accumulated from fractionation studies, cytochemical and

immunolocalisation studies, and chemical and genetic modifications of the plastid

(Vaughn and Duke, 1984a).

In cellular fractionation studies (using either differential or gradient centrifugation) PPO

activity is found to be associated with pellets enriched in chlorophyll or other plastid

markers (Tolbert, 1973: Vaughn and Duke, 1984a). Reports of PPO associated with other

cellular fractions may indicate solubilisation of the enzyme during sensecence, aggregation

of protein and membranes and cross-membrane contamination.

Polyphenol oxidase reacts with ot--dihydroxyphenylalanine (DOPA) to form an electron

dense product. Following incubation of the active PPO with DOPA the highly osmiophilic

compounds produced can be viewed in fixed plant tissues with an electron microscope.

Much of the work concerning localisation of PPO has involved this cytochemical

technique. PPO has been localised in a diverse number of plastid types including canot

tissue culture plastids (Olah and Mueller, 1981), leucoplasts of. Aegopodium podograria

(Vaughn et a1.,1981), epidermal plastids (Henry, 1976; Vaughn et a1.,1981) and potato

tuber amyloplasts (Czaninski and Catesson, I974) as well as chloroplasts of many different

11
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species (Henry, 1976; Vaughn and Duke, l98la; Vaughn and Duke, 1981b; Vaughn et al.,

1981).

Although PPO appears to be restricted to thylakoids in most tissues, not all plastid types

contain PPO. The plastids in guard cells in Sorghurn bicolor, Aegopodium podograria

and Solanum berthaultii have been shown to lack active PPO (Steffens et al., 1994;

Vaughn et a|.,1981; Vaughn and Duke, 1981b). Using cytochemical and fractionation

æchniques, PPO was found to be present in mesophyll plastids yet absent from the bundle

sheath plastids in the C4 plant Sorghum. Bundle sheath plastids virtually lack grana

stacking however these membrane structures are not a requirement for PPO, as mutants of

Aegopodium lacking 70S ribosomes (with only thylakoid rudiments) do have PPO

(Vaughn et a1.,1981).

Modification of the plastid can result in the complete loss of PPO activity. Tentoxin is a

fungal toxin which affects the internal membrane structure of plastids, inducing severe

chlorosis. PPO activity is completely absent in all plastid types from tentoxin sensitive

plants grown in a solution of the toxin (Vaughn and Duke, 1981a; Vaughn and Duke,

1982; Vaughn and Duke, 19S4b). Using immunolocalisation techniques, PPO was found

to accumulaæ at the plastid envelope in tentoxin-treated plants suggesting that it is not

processed to an active protein (Vaughn and Duke, 1984b). In the white regions of the

variegaæd grape mutânt Bruce's Sporl which have low PPO activity, the plastids were not

fully developed and lacked internal structure (Rathjen and Robinson, 1992a)' It is

suggested that a mutation affecting chloroplast development prevented PPO from being

correctly processed and activaæd.

Despite the reports of cytosolic localisation of some PPOs (Mayer and Harel, 1979: Mayer

and Harel, 1981), to date no PPO genes encoding a non-plastidic enzyme have been

isolated. All of the PPO genes isolated so far possess a putative plastidic transit peptide

typical of lumen proteins (Newman et al., 1993). Steffens et al. (1994) suggest that

although some of the reports of soluble PPOs may be authentic, others may be due to the
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distintegration of plastids during senescence or fruit ripening or lumenal PPOs released on

grinding.

The most compelling work reported thus far on the subcellular localisation of PPO has

been in a recent paper from Sommer et al. (1994). They showed the import, targeting and

processing of a ¡355¡.ethionine-labelled PPO precursor protein in isolated chloroplasts.

The protein was routed to the thylakoid lumen in two steps. It was first imported into the

stroma in an ATP-dependent step, processed to a 62 kD intermediate and then translocated

into the lumen in a light-dependent step where the intermediate was processed to the 59 kD

mature form. Tentoxin severely inhibited PPO import in this system. Consistent with the

earlier observations of Vaughn and Duke (1984b), a signif,rcant amount of the unprocessed

PPO remained bound to the plastid envelope in the presence of tentoxin.

In summary, the recent literature is consistent with PPO being localised only in the plastids

of plant cells. Furtherrnore, it appears to be within the thylakoid lumen of chloroplasts, but

its precise localisation within other plastid types has yet to be established.

Structure of PPO

Molecular weight estimates for PPO vary widely with multiple forms frequently reported

(Mayer and Harel, 1979; Vámos-Vigyâ26,1981). Harel and Mayer (1968) reported three

forms of PPO from apple fruit with MWs of 30-40, 60-70 and 120-130 kD. These forms

were shown to undergo interconversions. Different forms have also been reported from

within the same species. In banana, Thomas and Janave (1986) found fourteen forms of

PPO in the pulp fruit of unripe Dwarf Cavendish fruit whilst Galeazzi et al. (1981)

reported the presence after electrophoresis of only four bands in the pulp tissue of an

unknown variety of mature dwarf bananas. Few reports, however, describe these apparent

isozymes or multiple forms purified to homogeneity and many of the estimates were made

under non-denaturing or partialty denaturing conditions. Many PPO sttldies report

isoforms of 40-45 kD. These include the polyphenol oxidases purified from spinach,

olive, grape and sago palm (Vaughan er a1.,1975; Ben-Shalom et al.,1977; Nakamura ¿r
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al.,1983; Okamoto et a1.,1988). Western blots probed with a polyclonal antibody raised

against purifred broad bean PPO indicated a 43 to 45 kD band was present in broad bean,

lettuce, mung bean, soybean, spinach and tobacco (Lanker et al., 1988). Whilst a 40-45

kD major form of the enzyme has been observed in a range of plants, all the genes recently

isolated encode proteins with a molecular weight of around 60 kD (Cary et a1.,1992; Hunt

et a|.,1993; Newman et a|.,1993; Dry and Robinson, 1994; Boss ¿t al., 1995). The work

by Robinson and Dry (1992) suggests that this discrepancy may in part be attributed to C-

ærminal proteolysis during isolation, cleavage of the 60 kD protein giving rise to the 40-45

kD form. The other isoforms are thought to be artefacts of isolation and purification

generated either by quinone alkylation, partial denaturation, proteolysis and carbohydrate

attachment. Harel et ø1. (1973) reported that upon exposure to acid pH or urea, the

predominant 55-59 kD form of PPO could be converted to 31-33 and 20-21kD subunits.

This dissociation could be mimicked by short exposure to commercial proteases. Failure

to compleæly inhibit quinone formation and prevent cross-linking in one study led to a

molecular weight estimate in excess of 106 for a trichome-localised PPO later shown to be

a 59 kD protein (Bouthyette et aL.,1987; Kowalski ¿r al., t992).

Properties

Polyphenol oxidase has generally been found to have an acidic pH optimum, ranging from

pH 4.0 in eggplant (Fujita and Tono, 1938) to pH 6.0 in Koshu grapes and artichoke

(Nakamura et a\.,1983; Zawistowsl<t et a\.,1988). However, higher pH optima have been

reported for PPO in a number of other plant tissues including the leaves of the Aranda

orchid and from sunflower seeds with pH optima of 7 and 7.9 respectively (Lam and Ho,

1990; Raymond et a1.,1993). There are also conflicting rcports on the pH optimum from

the same plant. The purity of the enzyme source and the type of phenolic substrate being

oxidised may affect the pH optimum (Mayer and Harel, 1979).

The substrate specificities of plant polyphenol oxidases have also been reported to vary

widely, with many able to oxidise an extensive range of both m.ono- and ortho-diphenols.

However, the affinity of PPOs for their phenolic substrates is relatively low. The Ky is
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high, usually around I mM and higher (Mayer and Ha¡el, 1979). Frrquently it appears the

phenolic compound for which a PPO has the highest affinity is the most prevalent in that

tissue. The affinity of PPO for oxygen is also relatively low, with an estimated Krr,r of 0.1

mM or 8Vo OZ(Radler and Torokfalvy,IgT3), so that PPO is saturated with oxygen at the

normal partial pressure of air, and with excess substrate the reaction velocity is close to its

maxrmum.

15

Most of the reports on the thermostability of PPO have been from fruit and vegetables.

PPO is not an extremely heat stable enzyme, with short exposures to temperatures of 70-

90'C sufficient in most cases to inactivate the enzyme (Vámos-Vigyâzó,1981). There are,

however, reports of more tolerant PPO enzymes, for example in mango, 35 minutes at

80"C was required for a507o loss in activity (Robinson et a1.,1993). Heatinactivation

ænds to follow first order kinetics (Lee et a1.,1983; Zawistowski et a1.,1988; Robinson ¿r

al., 1993) but there are also reports of biphasic heat inactivation e.g. (Batistuti and

Lourenço, 1985).

Inhibítors of PPO

As a copper-containing enzyme, PPO is inhibited by agents which chelate copper and

prevent its activity. Copper chelators known to inhibit PPO activity include cyanide,

diethyldithiocarbamate (DIECA), citric acid and carbon monoxide. In olives, 507o

inhibition of PPO activity was achieved with 5 pM DIECA (Ben-Shalom et aL.,1977) with

varying degrees of inhibition reported by others (Inæresse et al., 1983; Lam and Ho,

1990). SHAM is also a porent inhibitor of PPO (Allan and Walker, 1988). Tropolone is a

slow-binding competitive inhibitor of PPO, structurally analogous to the o-diphenolic

substrates of PPO as well as an effective copper chelator (Bryant et a1.,1953; Valero et al',

1991). In the presence of hydrogen peroxide, tropolone acts ¿Iri a substrate rather than an

inhibitor of peroxidase and so can also be used to distinguish between PPO and peroxidase

rcactions (Kahn and Andrawis, 1985). Inhibition of PPO activity by NaCl and other halide

salts has been observed (Ben-Shalom et aI., 1977; Rouet-Mayer and Philippon, 1986;

Janovitz-Klapp et a1.,1990) but the inhibition is strongly pH dependent. Reducing agents
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such as sodium metabisulfite, dithiothreitol, ß-mercaptoethanol an.i ascorbate can reduce

the quinones formed by PPO back to o-diphenols. These reductants are oxidised in the

process such that their inhibition of PPO is often temporary. It is, however, generally

accepted that these compounds also inhibit the enzyme to some extent (Mayer and Harel,

re79).

PPO is nuclear encoded

It appears that while PPO is localised in plastids it is encoded in the nucleus. A study of

PPO isozyme patterns of species of Nicotiana and their hybrids was used to determine the

mode of inheritance of PPO (Lax et a1.,1984). The plastids of Nicotiana are strictly

maternally inherited, and the presence of PPO isozymes from the paternal parent and

absence from the maternal parent indicated the nuclear inheritance of PPO. The

Mendelian segregation of PPO allozymes in the glandular trichomes ofSolnnum berthaultii

also demonstrated the nuclear inheritance of this enzyme (Kowalski et al., 1990). Further,

a mutant of Aegopodium podagraria which lacks 70S ribosomes in its leucoplasts still

contains PPO. Therefore translation in the plastids was not required for PPO protein

synthesis (Vaughn et aL.,1981).

PPO genes

As mentioned earlier, genes encoding plant polyphenol oxidases have now been cloned

from broad bean (Cary et al.,lg92), potato (Hunt et a\.,1993: P.Thygesen pers' comm'),

tomato (Shahar et al., L992; Shahar et al., 1992), gfape (Dry and Robinson, 1994) and

apple (Boss et a1.,1995). They all encode 56-62 kD mature polypeptides with 8-12 kD

putative N-terminal transit peptides.

The PPO gene family in tomato was characterised by Newman et al. (1993). All seven

genes are clustered on a 165 kb fragment on chromosome 8, they all lack introns and

encode CuA and CuB putative copper sites characteristic of bacterial, fungal and

mammalian tyrosinases. In another Solanaceae member, potato, there is evidence for at
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least six PPO genes (Thygesen et al., 1994). In grape, however, Southern analysis

suggested the presence of only one PPO gene (Dry and Robinson, 1994).

In tomato and potato leaves and flowers, and grape berries, PPO transcripts of 2-2-2 kb

were present predominantly at early developmental stages (Shahar et aL.,1992;Hunt et al.,

1993; Dry and Robinson, 1994). Potato leaf PPO mRNA was developmentally regulated

and only detectable in young foliage, however, tþe protein profile remained fairly constant

with leaf age (Hunt et al., 1993). While grape beny PPO mRNA expression was

signifTcantly curtailed during berry development (Dry and Robinson, 1994), PPO activity

on a per berry basis appeared to increase (Rathjen and Robinson, 1992b) indicating the

relatively slow turnover of this protein. Vicia faba was found to have a different

expression pattern to that of grape, tomato, and potato, with PPO transcripts abundant in

mature leaves (Cary et al., 1992). Generally however, PPO mRNA appears to be

expressed early in development whilst PPO activity remains fairly constant throughout

development, indicating a low turnover of PPO.

Thygesen et al. (1994) found differential expression of the PPO genes in different potato

tissues whilst Newman et at. (1993) suggest that divergent DNA sequences in the 5'

promoter regions in five of the seven tomato PPO genes may regulate the differential

expression of the genes.

Functían of PPO

Despiæ inænse study, biochemical and physiotogical studies have provided few answers to

the question of PPO function in plants. The function of PPO has been reviewed by a

number of authors (Mayer and Harel, 1979; Vámos-Vigyâ26, 1981; Vaughn and Duke,

1984a; Vaughn et al., t988; Steffens et al., 1994)-

polyphenol oxidase has been implicated in the synthesis of phenolic compounds as a

consequence of its ability to convert monophenols to o-diphenols in vitro. This is

supported by correlations between hydroxyphenolic compound content and extractable
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PPO activity, co-induction of PPO activity with activities of other enzymes synthesising

phenolic compounds and inhibition of phenolic hydroxylation by DIECA, an inhibitor of

PPO (Vaughn et a/., 1988). However, when mung bean seedlings were treated with

tentoxin and PPO activity was eliminated, the accumulation of the ortho-hydroxylated

flavonoids (rutin and delphinidin) and caffeic acid was unaffected (Duke and Vaughn,

1982). Further argument against the involvement of PPO in phenolic synthesis comes

from the observation that PPO is localised in plastids whereas most phenolic compounds

are found in the vacuole (Vaughn and Duke, 1984a).

Because of its thylakoid membrane association and high K¡a for oxygen it has been

suggested that PPO has some role in photosynthesis. Mayer and Harel (1979) speculaæd

that PPO may be involved in regulation of plastidic oxygen levels, despite its low afhnity

for oxygen. A role in pseudocyclic photophosphorylation (ATP production with 02 as a

ærminal electron acceptor) was suggested by Tolbert (1973). From this Vaughn and Duke

(19S4a) suggest a mechanism by which PPO could regulate pseudocyclic phosphorylation

by mediating pholoreduction of molecular oxygen (the Mehler reaction) via photosystem I.

Support for this hypothesis included the knowledge that quinones can mediate the Mehler

reaction and that PPO exists only in chloroplasts that generate high oxygen levels (Vaughn

et a|.,1988). However, mol€ rccent evidence which argues against this proposal includes

the co-localisation of PPO with the proteins of photosystem II rather than photosystem I

(Lax and Vaughn, 1991) and the demonstration of import, targeting and processing of a

prccursor PPO to the thylakoid lumen (Sommer et a1.,1994). The Mehler reaction occurs

in the stroma.

A long suggested role of PPO is in electron transport. As quinones are powerful oxidising

agents, the quinone produced from the oxidation of o-diphenols by PPO could then reduce

another cell constituent non-enzymically (Mayer and Harel, 1979). However there is no

real evidence that the reduction of quinones is a normal physiological process, active in

electron transport. There is also little evidence to support localisation of PPO in

mitochondria (Mayer and Harel, 1979;Mayer, 1987) and although there are claims of the
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mediation of cyanide-insensitive respiration in plants by PPO (Mayer and Harel, 1979) it

seems unlikely given the sensitivity of PPO to cyanide.

PPO has also been implicated in the formaúon of hard seed coats (Marbach and Mayer,

1975). However, Egley et al. (1983; 1985) have shown in several species, that this process

is associated with peroxidase and not PPO. No PPO activity was detected in developing

seed coats either by spectrophotometric assay, immunochemical or cytochemical

techniques (Egley et aI., 1985). It seems likely therefore that the correlation with PPO

activity reported by Marbach and Mayer (1975) was an artefact, and that the lignification

of seed coats is due to the action of peroxidase.

Many authors view the primary role of PPO to be one of plant defence. PPO activity is

highest early in fruit development and Mayer and Harel (1981) suggest that a high level of

PPO and its substrates protects the seeds from predation prior to maturity. The oxidation

of phenolics and tanning of protein lowers the digestibility and therefore the palatability of

the fruit. As the seed matures and the fruit ripens, PPO activity on a whole fruit basis

decreases so that seed dispersal by consumption and scattering of the residual seeds

becomes more desirable. Sequestration of PPO within the thylakoid prevents its

interaction with phenolic substrates until the cell is disrupted by herbivores, pathogens,

senescence or injury and the latent enzyme is activated. The bacteriocidal and fungicidal

hydroxyphenolics and quinones formed as a result of this cellular disruption may then

polymerise to seal off infected tissues (Vaughn et a1.,1988). Attempts to correlate PPO

activity with disease resistånce have, so far, proved inconclusive (see review by Vaughn ør

a/., 1988). Reports of a stimulation of PPO activity following infection are also somewhat

inconclusive, with peroxidase activity often increasing in combination with PPO activity

(Abbattista Gentile et a1.,1938). Vaughn et al. (1988) suggest that although PPO activity

usually increases in infecæd tissues it may only be a function of cell damage'

In contrast, the role of PPO in polymerisation of trichome exudate and entrapment of

small-bodied insects is well accepted. Foliar glandular trichomes of the wild potato
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(Solanum berthaultii) entrap insects by rapidly polymerising the trichome contents after

breakage by insect contact. Polymerisation of trichome exudate appears to be driven by a

polyphenol oxidase which constitutes up to 70Vo of the protein in individually collected

richomes (Kowalski et al.,1992).

In experiments with tomato foliage, the relative growth rate of tomato fruit worm

(Heliothis zea) was found to be negatively correlated with PPO activity (Felton et al.,

1989). When tomato fruitworm feeds on tomato foliage much of the ingested chlorogenic

acid is converted to chlorogenoquinone by PPO in the insect gut. The reduction in growth

rate is proposed to result from the alkylation of amino acids and proteins by the rcactive o-

quinone and a subsequent reduction in the digestibility of dietary prötein. Felton et al-

(1939) suggesr that this mechanism of digestibility reduction may be able to be

extrapolated to other plant-insect systems.

In a recent review Steffens et at. (1994) cites unpublished work examining the growth and

development of tomato-adapted Colorado potato beetle (Leptinotarsa decelineata) on

transgenic PPO-null and PPO-overexpressing transgenic tomato plants. Preliminary

results indicate that mortality of the beetle was lowest and weight gain and developmental

rate was highest on the PPO-null plants, conversely mortality was highest and

developmental rate and weight gain lowest on the PPO-overexpressing plants.

Recent work by Boss ¿r al. (1995) shows PPO mRNA in apple is induced in wounded and

damaged tissues and in fruit showing symptoms of superficial scald, providing the first

evidence of a wound-inducible form of PPO and further evidence for a potential role in

plant defence.

Sugarcane PPO

Sugarcane ppO was first studied by Alexander (1966b) who extracted what he referred to

as a 'tyrosinase' from various sugarcane tissues and investigated some of its properties. He

found by far the greatest enzyme activity in the meristem tissue with relatively high
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activity also present in young leaves. The enzyme oxidised a range of phenolics including

tyrosine, catechol and DOPA and had a sharp pH optimum of 7.5.

Since this early work, an active PPO with a high specificity for chlorogenic acid has also

been isolated from sugarcane leaf tissue (Coombs et al., I974). The enzyme was readily

soluble, with the authors suggesting that it was cytoplasmic. Gel filtration produced two

PPO fractions of 32 and 130 kD respectively. It was therefore suggested that PPO existed

as a tetramer of the 32 kD subunit. The higher molecular weight form could be

quantitatively converted to the 32 kD form by eluting the columns with buffer of high

ionic strength or eluting with SDS or urea. The two forms of PPO identified in extracts of

leaf tissue were subsequently identifed in stem extracts (Gross and Coombs, 1976a).

Contrary to the work by Alexander (1966b) a broad pH optimum was observed using both

fractions with little change in activity between pH 4.5 and 7.5 and the specific substrate

was found to be chlorogenic acid. Both forms were denatured fairly rapidly at 55"C. PPO

activity was found to be high in the growing point and immature stem and higher in the

nodes than the intemodes (Goodacre and Coombs, 1978).

In summary, there is evidence to suggest that enzymic browning does contribute to colour

formation in sugarcane. The literature on browning suggests that both PPO and peroxidase

may be involved but this has not yet been determined and neither enzyme has been well

characterised in sugarcane tissues.

The aims of the research described in the following chapters were:

- To determine the contribution of enzymic browning to colour in sugarcane juice.

- To determine which enzymes are involved.

- To determine the properties of these enzymes in sugarcane.

- To characterise, and if possible purify the enzyme from sugarcane.
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CHAPTER 2. THE CONTRIBUTION OF ENZYMIC BROWNING TO

COLOUR IN CANE JUICE

Introduction

Brown pigments are formed during the processing of sugarcane from the initial juice

extraction through to crystallisation of the raw sugar. The presence of these coloured

impurities is of considerable importance as their presence impedes crystallisation and

results in lower sugar yields and poorer quality sugars (Jimenez and Samaniego, 1981).

The removal of these colorants in the refîning process, particularly the high molecular

weight colourants increases the cost of refining.

The brown colour of raw sug¿lr results from a complex interaction of substances derived from

sugarcane and formed during processing. As discussed in Chapter 1, at least four different

mechanisms are believed to contribute to colour formation during raw sugar production: (1)

melanoidins formed from sugar-amino acid reactions via the Maillard reaction; (2) thermal

degradation and condensation reactions of sugars (caramelisation); (3) alkaline degradation

and condensation reactions of reducing sugars and (4) oxidative reactions of phenolic

compounds (Kort, lgTg). The first three processes are nonenzymic reactions, whereas the

oxidation of phenolic compounds to the chemically more reactive quinones is enzymic and

occurs when the cane is frrst crushed and its cellular contents are disrupæd'

previous studies suggest that enzymic browning may contribute significantly to colour in

cane juice. Smith (1976) found rhat heating cane to 80-90oC for 10-15 minutes prior to

crushing resulted in a 477o reduction in average juice colour, and a 447o reduction in the

washed crystal colour. In the heated cane juice, the colourants were predominantly low

molecular weight whereas the control juice contained mostly high molecular weight

colourants. Tu (1977) observed a similar reduction in the colour of both cane juice and raw

sugar by raising the pH of the juice above 10.5, thereby inhibiting enzyme activity.
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Both polyphenol oxidase (PPO) and peroxidase (POD) have been implicated in the enzymic

browning of plant tissues (Vámos-Vigyâ26,1981) by catalysing the oxidation of phenolics to

the highly reactive quinones. An active PPO with a high specifîcity for chlorogenic acid has

previously been isolaæd from sugarcane leaf tissue (Coombs et al., 1974). Subsequent

inhibitor and heat inactivation studies suggested PPO contributed significantly to colour

formation in sugarcane juice (Gross and Coombs, 1976a; Gross and Coombs, 1976b;

Coombs and Baldry, 1978; Goodacre et a\.,1980). The presence of POD has been reported

in sugarcane and its properties have been studied (Alexander, 1966a). However, its

contribution to colour formation in cane juice has not been investigaæd.

The work presented in this chapter aimed to est¿blish the contribution of enzymic browning

to colour formation in sugarcane juice and to determine the relative contributions of both

polyphenol oxidase and peroxidase. Subsequent experiments were designed to determine the

influence of substrate on the extent of colour formation.

Materials and Methods

Plant material

Sugarcane cultivars Q87 and Q96 were propagated from clonal setts obtained from the Bureau

of Sugar Experiment Station (BSES), Mackay, Queensland and grown in a heated glasshouse

with an average day temperature of 30oC and a night temperature of 17oC. The clones H56-

752, Q87, Q96, 81C236, 81C337 ,81C497,81C509, 81C542 and 81C558 (Figures 2.4 and2.5)

were grown at BSES, Mackay, Queensland, under field conditions and harvested September 5,

1991

Tissue extraction and enryme assays

All experiments were repeated several times and unless otherwise stated, the data shown are

representåtive of a typical situation. Individual measurements were replicated two to three
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times. Lengths of stalk were sliced transversely into 2-3 mm thick discs using a Berkel food

processor and then ground with a Polytron blender in four volumes of ice-cold 100 mM

NaHzpO¿ pH 5.0 conrâining I mM MgCl2. For the inhibition studies, specific inhibitors were

added to the extraction buffer and the tissues homogenised in the presence of the inhibitors.

Where tissue was heat treated, the discs were added directly to buffer of the appropriate

temperature and immediately homogenised. The homogenate was fîlæred through Miracloth

and used directly for enzyme assays. PPO activity was measured as substrate dependent

oxygen uptake using a Hansatech oxygen electrode at25"C. The reaction chamber contained

50 mM NaHzpo¿ pH 6.0 and extract in a total volume of 1 mL, and the reaction was initiated

by the addition of chlorogenic acid to a final concentration of 2 mM (unless otherwise stated).

A pH of 6.0 was found to be optimal for the reaction (see Chapær 4).. The units (U) of PPO

activity ars measured as pmol 02 consumed per minute. Peroxidase activity was measured

spectrophotometrically ar410 nm and 25oC. The reaction cell contained 0.567o (v/v) guaiacol,

50 mM NaH2poa pH 6.0 and extract in a total volume of 1'mL. Hydrogen peroxide was

added to a final concentration of 0.3Vo (vtv) to initiate the reaction. No change in colour was

detected in the absence of added hydrogen peroxide. The units (U) of POD activity are

measured as the change in absorban ce at 470 nm min-l'

Juic e colour determination

Unless otherwise stated, extracts were allowed to stand for at least 40-60 minutes, by which

time browning was complete, and then centrifuged at 40,000g at 4"C for ten minutes' The

supernatant was filtered through a 0.45 pM Millipore filter and colour assayed

spectrophotometrically at420 and720 nm. The absorbance af 72O nm reflects the degree of

turbidity and was subtracted from the absorbance measured at 420 nm. Where the change in

colour was measured over time (Figures 2.3 and 2.6), samples were taken and

salicylhydroxamic acid (SHAM) added to a final concentration of 2.5 mM to prevent any

further oxidation. This inhibitor stop method was found to prevent any further colour

development in the juice.
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M e as ur e ment of pheno Ii c s

phenolics were measured in aqueous extracts (Table 2.1) prepared as described for the

measurement of colour. For the clonal studies (Figure 2.5) total phenolics were measured in

methanolic extracts. Stems were sliced and ground with a Polytron blender in four volumes of

g07o methanol and then centrifuged at 40,0006 for ten minutes. The supernatant was collected

and the pellet re-extracted in methanol and centrifuged again. The supernatants were

combined and filtered through a 0.45 pM Millipore filter. Total phenolics were measured

following the method of Rathjen and Robinson (1992b), using the Folin-Ciocalteu reagent.

phenolic levels are expressed in gallic acid equivalents per gram of tissue. All measurements

were made in duplicaæ.

Partial purification of PPO

Stems of sugarcane cultivar Q87 were sliced and homogenised using a Polytron blender in 20

mM MES, 10 mM L-ascorbic acid (pH 5.0), 2 pM leupeptin and 1 mM

phenylmethylsulfonylfluoride (PMSF). The extract was then filtered through Miracloth and

centrifuged at 15,000g for 40 min at 4oC. The supernatant was loaded onto a S-Sepharose

Fast Flow column (2.5x15 cm) equilibraæd with 20 mM MES, 1 mM L-ascorbic acid (pH 5'0)

at a flow rate of 10 mL min-l and subsequently washed with 200 mL of buffer. PPO was

eluted with a gradient of 0-300 mM NaCl in the above buffer and the active fractions were

pooled. The pooled extract was desalted on 4x40 cm column of Sephadex G-25 equilibrated

wirh 20 mM Mes pH 6.0 at a flow rate of 10 mL min-l. The active fractions were pooled,

made 20Vo (vlv) in glycerol and frozen at -70oC.

partially purified ppO was used to examine the effect of various substrates on colour

formation (Table 2.4). Specific phenolics and flavonoids at the appropriate concentration were

added to paired cuvettes, where one cuvette of the pair had been heat treated- The cuvettes

were left shaking for 24 hours and the colour measured as described previously.
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Stems of sugarcane cultivar Q96 were sliced into discs using a Berkel food processor and

immediately dropped into boiling sterile water and reheated to boiling. The tissue was

homogenised using a Polytron blender and the extract again heated to boiling to ensure no

PPO activity remained. The extract was filtered through Miracloth and centrifuged at 40,0009

for ten minutes at 4"C. The supernatant was collected and separated into two vessels; to one

partially purified PPO was added to a concentration of 500 mU mL-I. Both vessels were then

shaken at room temperature for 90 minutes. The extracts were then hltered through a 0.45 pM

lrlter and the colour at420 and720 nm w¿ls measured.

Results

Heat inhibition of colour formntiom

preliminary experiments aimed to establish the contribution of enzymic browning to colour

formation in sugarcane stems. Transverse sections through internodes were left for 3-4 hours

to brown at room temperature or heated in a microwave for a minute to inhibit enzyme

activity. There was an obvious inhibition of colour formation in the heat treated discs

compared to the controls (Figure 2.1) suggesting that browning was an enzyme dependent

process.

To investigate further this enzymic browning, the contribution of polyphenol oxidase and

peroxidase to the browning of sugarcane juice was examined. Sugarcane stem was extracted at

various temperatures and juice colour, total phenolics, and PPO and POD activities determined

(Table 2.1). As there was some heat loss upon addition of plant material to the extraction

buffer, and also during homogenisation, both the initiat temperature of the buffer and the final

temperature of the extract were measured.
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Figure 2.1. Transverse sections of internode sections which \ryere either heat treated or

left to brown at room temperature. The two halves are repl'esentative examples. The left

half was heat treated, the right half was kept at room temperature.
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Table 2.1. Effect of temperature on PPO and POD activities, colour and total phenolics

in sugarcane juice. Stems of sugarcane clone 81C337 were homogenised in buffer at the

temperatures indicated and the final temperature of the extract was determined after

homogenisation.

Buffer temp.
('c)

Final temp.
("c)

Colour
(4420 nm)

PPO activity
(U grr4t't¡

POD activity Phenolics

ru g¡t$/'t¡ (me sFW'l)

1. l6

1.19

t.24

1.36

r.75

76

97

104

63

47

2.0

48

25 0.792 2.1

4t 0.830

0.715 1.1

58 0.467 0.2

72 0.230 0.0

25

50

65

80

100

The colour of the sugarcane juice initially increased then progressively decreased with

increasing extraction temperature. In extracts at 100oC, colour was reducedby TlVo compared

to those extracted at 25"C. There was a corresponding increase in the level of phenolics

remaining in the juice following extraction at higher temperatures, which is consistent with

phenolics acting as substrates for the browning reaction in cane juice. Polyphenol oxidase

activity decreased with increasing temperature, with no PPO activity detected in juice

extracted at 100oC. Peroxidase was much less sensitive to heat treatment, and more than half

of the activity still remained in juice extracted at l00oc compared to that extracted at25"C.
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Enzymz inhibition

The relative contribution of PPO and POD to colour formation was further characterised using

enzyme inhibitors. SHAM is a powerful specific noncompetitive inhibitor of polyphenol

oxidase (Allan and Walker, 1988). Diethyl dithiocarbamate (DIECA) is also an effective

inhibitor of PPO and acts by chelating copper in the active site of the enzyme (Anderson,

1968). Tropolone is a slow binding competitive inhibitor, structurally analogous to the o-

diphenolic substrates of PPO, as well as an effective copper chelator (Valero et a1.,1991). In

the presence of hydrogen peroxide, tropolone acts as a substrate for peroxidase rather than an

inhibitor and so can be used to distinguish between the reactions of polyphenol oxidase and

peroxidase (Kahn, 1985).

The effect of the addition of these inhibitors on juice colour and the activities of PPO and POD

is shown in Table 2.2. A heat treatment where sugarcane stem was extracted in grinding

medium heaæd to 100oC was also included for comparison. All of the treatments tested were

found to cause a concommitant decrease in PPO activity and juice colour. In contrast, POD

activity was not inhibited in all cases and the extent of inhibition was always less than for

PPO. PPO activity was completely inhibited by SHAM and there was a marked decrease in

juice colour yet there was no effect on POD activity (Table 2.2). Juice colour in the sample

with tropolone was lower than might be expected from the measured PPO activity which was

23Vo of the control. An example of the colour of juice samples treated to inhibit enzymic

browning is shown in Figure 2.2. lJntreated juice was yellow brown to dark brown depending

on the age of the tissue and the sugarcane clone, whereas juice reaæd with heat or SHAM was

much lighter in colour and was clear to a very pale yellow.
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Table 2.2. Effect of enzyme inhibitors on PPO and POD activites and
colour in sugarcane extracts.

All values are expressed relative to the control i.e. PPO activity, 3.0 pmol 02
min-l gFW-l, POD activiry, gS LA4i0 min-l gFV¡-l and the A420 was 0.6

absorbance units. SHAM and tropolone wele present at a final concentration of
1.7 mM, DIECA was 8 mM. For the heat treatment stem portions were

extracted at l(X)oC. The sugarcane clone was 81C337.

Inhibitor

30

PPO activity
(vo)

POD activity
(vo)

Colour A,420nrn
(vo)

Control

SHAM

Heat

Tropolone

DIECA

100 100

103

55

79

62

100

30

35

36

51

0

0

23

7

Figure 2.2. Inhibition of colour formation in sugarcane extracts. The extracts were made

as describe d ín T able 2.2
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Orygen-dependency of the browning reaction

Enzymic browning catalyzed by PPO is an oxygen-dependent reaction, unlike the oxidation

reaction catalysed.by POD. If PPO is a major contributor to browning, removal of oxygen

from the extraction system should inhibit colour formation. Stems of cultivar Q96 were

ground in the cold to minimise PPO activity, the extract degassed to remove oxygen and then

placed in a sealed chamber. Nitrogen was blown over the extract, and the oxygen

concentration was monitored with an oxygen electrode. When the oxygen tension was near

zero, substrate (chlorogenic acid) was added and half the extract was exposed to air while the

other half remained under nitrogen.

0.4
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0.0

ôìr
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(t)
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Figure 2.3. Colour development in cane in th presence and absence of oxygen. Oxygen

was added back to the anaerobic sample after 30 minutes.
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There was an initial increase in colour in the anaerobic sample which may have resulted from

residual oxygen in the sample, but there was no further increase in colour after the hrst five

minutes, whereas colour of the extract exposed to air increased (Figure 2.3). After 30 minutes

the extract under nitrogen was exposed to air, resulting in a sharp increase in A420, and after I

hour the two extracts had achieved the same A420 (Figure 2.3). Thus, colour development

was severely inhibited in the absence of oxygen and was restarted upon addition of oxygen

suggesting that under normal extraction conditions enzymic browning is predominantly an

oxygen-dependent reaction in sugarcane juice.

Correlation between PPO activiry andiuice colour

A survey of a number of different sugarcane clones previously shown to produce juice of

varying colour (Clarke et al., 1990) was undertaken to determine the variation in juice colour

and PPO activity. These nine clones grown at Mackay, Queensland were assayed for PPO

activity, total phenolics and absorbance at" 420 nm. The results for three separate stalks from

each clone are presented in Figures 2.4 and 2.5. ltcan be seen that there was wide variation in

all three parameters. PPO activity ranged from l-6 Unia gFW-l and there was an almost four-

fold range in juice colour but only a two-fold difference in total phenolics measured. A least-

squares regression showed only a weak correlation (R2=0.17; p value=0.037) between colour

and PPO activity (Figure 2.4). There was however a strong correlation (R2{.76; p value

<0.0m1) between total phenolics extracted and A420 measurcd at pH 5.0 (Figure 2.5).
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Figure 2.4. Relationship between PPO activity and colour in nine different sugarcane

clones. Each point represents the PPO activity and colour determined in an extract from a

single stalk. Extracts from three individual stalks were made for each clone. The line

indicated had a correlation coefhcient (R 2) of 0.17.
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Figure 2.5. Relationship between phenolics and colour in nine different sugarcane

clones. Each point represents phenolic content and colour determined in an extract from a

single stalk. Extracts from three individual stalks were made for each clone. The line

indicated had a correlation coefficient (R 2) of 0.76.
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Effect of substrate on browning

Given the strong correlation between total phenolics and juice colour shown for the nine

sugarcane clones, the involvement of substrate in the browning reaction was further

investigated. Inærnodes of Q96 were extracted at 4oC, warmed to 25oC, and colour

development (4420) monitored over time. Colour development was rapid initially but reached

a plateau after 30 minutes (Figure 2.6) even though 757o of the initial PPO activity remained.

Addition of 1 mM chlorogenic acid at this point resulted in a rapid increase in A42O,

suggesting that a lack of appropriate substrate was limiting the colour reaction. After 90

minutes, colour development of the extract with added chlorogenic acid had slowed

considerably. PPO activity declined substantially over time, suggesting it was being inhibited

by product formation or by other compounds in the extract. Walker (1964) observed an

inhibition of apple PPO by its reaction products afær only 20 minuæs.

The substrate specihcity of PPO extracted from sugarcane is shown in Table 2.3. PPO utilised

a limited range of phenolic compounds with the o-diphenol, chlorogenic acid, by far the

preferred substrate. The enzyme had a low activity with monophenols (ferulic acid, tyrosine,

and p-cresol), and oxidation of the p-diphenols, toluquinol, and p-phenylenediamine was less

than 3Vo of the activity with chlorogenic acid. The nature and occurrence of phenolics and

flavonoids in sugarcane have been extensively studied in the sugar industry $/illiams et aI.,

1974: Smith and Paton, 1985). Flavonoid compounds are principally extracted from the cane

plant in the maceration step of the mill process and a¡e mainly located in the tops and rind of

the cane plant (Smith and Paton, 1985). The involvement of specific sugarcane flavonoids in

the browning process is shown in Table 2.4. It would appear that PPO cannot oxidise

flavonoids themselves, however the reactive quinone produced from the oxidation of

chlorogenic acid can oxidise specific sugarcane flavonoids and other o-diphenols resulting in

an increase in extract colour above that when only chlorogenic acid is added. When the

phenolics caffeic acid and chlorogenic acid were added in combination, the A420 nm
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Figure 2.6. Colour development and PPO activity in sugarcane juice (cultivar Q96) over

time. Chlorogenic acid was added to half the extract to a final concentration of I mM after 30

minutes, as indicated by the arrow. Samples were taken over time and immediately assayed

for PPO activity and colour as described under Material and Methods.
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Table 2.3. Substrate specificity of sugarcane PPO

All substrates were present at a final concentration of 2 mM, except for

dihydroxyphenylalanine, which was 1 mM. Activity was measured in

extracts of cultivar Q87 and expressed relative to that obtained with

chlorogenic acid .

Substrate Relative PPO activity

Chlorogenic acid 100

Catechol

Caffeic acid 19

4-methyl catechol

Catechin

Dihydroxyphenylalanine

Ferulic acid

Tyrosine

p-cresol

p-phenylenediamine

Toluquinone

36

9

22

5

0

4

0

1

2

1
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measurement was almost twice that when chlorogenic acid alone was added, which may

suggest substrate was limiting when the two phenolics were added in isolation. The situation

with the flavonoids is more complex however as they could not be directly oxidised by PPO.

Of the flavonoids, luteolin was the most readily oxidised, the A420 measured when

chlorogenic acid and luteolin were added in combination was again almost twice that when

only chlorogenic acid was added (Tabte2.4).

Table 2.4. Effect of different PPO substratcs on colour formation in a partially

purified sugarcane PPO preparation.

The phenolics chlorogenic acid (CA) and caffeic acid were added to a concentration

of I mM and L-Dopa to 0.2 mM. The flavonoids luteolin and protocatechuic acid

were added to 0.5 mM and apigenin to 0.25 mM.

Substrate Extract + substrate

(4a20 nm)

(A)

Ileated extract t
substrate (4420 nm)

tB)

A.B
(4420 nm)

CA

Luteolin

CA+Luteolin

Apigenin

CA+Apigenin

Protocatechuic acid

CA+Protocatechuic acid

L-Dopa

CA+L-Dopa

Caffeic acid

CA+Caffeic acid

r.22

0.18

2.06

0.2t

r.46

0.r7

1.55

0.37

1.80

0.87

2.07

0.41

0.28

0.3s

0.24

0.43

0.15

0.44

0.19

0.52

0.28

0.470

0.81

-0.1

t.7t

-0.03

1.03

0.02

1_11

0.18

r.28

0.59

t.6
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Effict of added PPO on colour formntion

Partially purified PPO was added to heat treated extracts made from different internodes of

cultivar Q96 (Figures 2.7 and 2.8). Each of the extracts had the same amount of PPO activity

added to them, the different final A420 measurements reflecting the availability of substrate in

each of the extracts. This experiment demonstrates that browning can be stopped by heat

inactivation, and restarted with the addition of partially purified sugarcane PPO enzyme.
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Figure 2.7. The effect of added PPO on colour formation in heated sugarcane extracts.

The numbers indicate different extracts.
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Figure 2.8. The change in colour observed in heated sugarcane extracts with the addition

of partially purified PPO. Four representative extracts seen in Figure 2.7 are shown 5,6,'l

and 8. The extract with added PPO is the lefthand tube of the pair.

567I
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Discussion

The inhibition of colour formation in the internode sections when heaæd suggests that enzymic

browning does contribute to colour formation" This is reinforced by the progressive decrease

in colour measured Lt 420 nm with increasing temperature of extraction of the dilute stem

extracts (Table 2.1). The data suggests that more than707o of the colour formed in cane

extracts could be attributed to enzymic browning reactions. This is in agreement with previous

studies where heat treatments and the addition of lime inhibited colour formation (Smith,

1976:Tu, !977; Goodacre and Coombs, 1978) and decreased the level of high molecular

weight colourants present in cane juice. The degree of colour inhibition reported is dependent

on both the rime taken to inhidit enzymic activity from the point of cellular disruption and the

extent of inhibition. Thus, differences in the degree of colour inhibition may reflect

inadequate inhibition or a delay in inhibition from when the sugarcane is first crushed.

Furthermore, PPO in sugarcane juice is more sensitive than peroxidase to inhibition by heat.

This is consistent with previous reports on peroxidase, which indicate that it is a relatively

heat-st¿ble enzyme and is thus widely used as an index of blanching and other heat treatments

(Burnette, t977).

The inhibition of colour formation with specific inhibitors of PPO activity again suggests that

PPO is the predominant contributor to enzymic browning in sugarcane extracts. SHAM had

the most dramatic effect on browning with a707o reduction in colour and total inactivation of

PPO yet it had no effect on POD activity. With both DIECA and tropolone there was also a

significant decrease in colour with a reduction in both PPO and POD activities, however PPO

activity was most severely affected. In earlier work, Gross and Coombs (1976b) showed more

than a 507o reduction in cane juice colour using DIECA to inhibit colour formation and

achieved a similar reduction with thioglycollate, another inhibitor of PPO. The inhibition of

juice colour with tropolone appears to be greater than would be expected if PPO activity was

the major contributor to browning. This may indicate that tropolone inhibition of PPO in the

juice, where the level of phenolic substrates may be limiting, was greater than that determined
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in the PPO assay with saturating levels of substrate. As a slow binding competitive inhibitor

(Valero et a1.,1991) tropolone would be competing with the substrate to bind to PPO.

The different sugÍucane clones may have a lowered potential for enzymic browning as a result

of either low levels of endogenous phenolic substrates, lower levels of the enzymes involved,

or the presence of endogenous inhibitors. The nine clones used in the clonal studies (Figures

2.4 and 2.5) are commercial hybrids and have been bred to have desirable traits such as high

yield, high sucrose, and disease resistance. The poor correlation between PPO activity and

colour (Figure 2.4) may well be due to tissue heterogeneity and the difficulty in sampling

uniform plant material. The strong correlation between colour and total phenolics (Figure 2.5),

however suggests that this is not the case and that availability of phenolic substrates limits the

browning reaction in sugarcane juice. Similarly in apples, Harel et al., (1966) found a good

correlation between browning and o-diphenol content, but the correlation of browning with

catechol oxidase activity was poor.

There are conflicting reports in the literature relating to the factors involved in the browning

reaction. Sciancalepore and Longone (1984) found a direct correlation between PPO activity

and the rate of browning of crude olive fruit homogenates. In contrast, Golan et al. (1977)

showed the rate of browning of different avocado cultivars was positively correlated with the

total phenol content. Addition of exogenous substrate (Figure 2.6) led to an increase in the

rate of browning, suggesting that the reaction was not limited by PPO activity but by the

presence of the appropriate substrate. Sapis et al. (1983) reported a similar finding for grapes,

showing the poæntial for browning to be substrate limited. Substrate concentration also

governed the degree of actual browning of different apple varieties (Walker, 1964). This is not

unexpected as PPO is a catalyst and the endpoint (uice colour) should be proportional to the

concentration of substrate, provided the reaction goes to completion.

It is apparent that the formation of colourants in sugarcane juice is the result of a complex

interaction between the enzyme, the type cif phenolic substrate present and its concentration,

and possibly other reactive compounds present in the juice. The fundamental step in browning

4l
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is the transformation of a-diphenols to the corresponding o-quinones (Pierpoint, 1966). Once

formed, the o-quinones are very reactive species which may polymerise (Pierpoint, 1966;

Rouet-Mayer et al., 1990), oxidise other substrates, and, in the process, be reduced to the

original phenolic (Pierpoint, 1966). Substrate specificity is diagnostic of the type of PPO

enzyme involved. Laccases can oxidise both p- and o-diphenols while catechol oxidases only

oxidise the o-diphenols (Mayer and Harel, L979). Sugarcane PPO had a much higher affinity

for the o-diphenols than the p-diphenols. It was in fact highly specific for chlorogenic acid

(Table 2.3), but would oxidise other o-diphenols such as caffeic acid,4-methylcatechol and

catechol to a lesser extent. The enzyme did not readily oxidise any of the p-diphenols

suggesting it is not a laccase type enzyme. Both chlorogenic acid and its hydrolysis product,

caffeic acid, have been identified in sugarcane tissues (Gross and Coombs, 1971). In cane leaf

extracts chlorogenic acid and caffeic acid were the major o-diphenols identified (Baldry et al.,

1970). When the o-diphenols, chlorogenic acid and caffeic acid were added to sugarcane PPO

there was a large increase in colour as measure d at 420 nm (îable 2.4). When chlorogenic

acid was added in combination with the other o-diphenols (caffeic acid or Z -Dopa) or the

flavonoids (luteolin, apigenin or protocatechuic acid) there was increased colour formation

even though the flavonoids were themselves not readily oxidised by sugarcane PPO. This

suggests that the primary catalysed oxidation of chlorogenic acid is followed by the chemical

oxidation of a secondary phenolic by the resulting quinone. Coombs et al. (1974) using

sugarcane leaf brei found a similar occurrence in mixed phenol reactions, where enzyme-

catalysed oxygen uptake was only observed with a number of phenolics when catalytic

amounts of chlorogenic acid were added.

Addition of partially purified PPO to heat treated st€m extracæ led to a dramatic increase in

colour measured at 420 nm compared to the heated extracts without added PPO (Figute 2.7).

The same level of PPO activity was added to all extracts so that differences in the final colour

measurements must reflect the abundance of oxidisable phenolics and presence of other

components in the extracts, with which the reactive quinones are able to interact. The

inhibition of colour formation in juice by heat (Table 2.1), inhibitors of PPO (Table 2-2), and

anaerobic conditions (Figure 2.4) indicates that enzymic reactions make a major contribution

42
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to colour formation in sugarcane juice. The oxygen requirement for colour formation (Figure

2.4) and the observation that SHAM, which totally inhibited PPO without affecting POD,

reduced colour formation to the same extent as boiling (Table 2.2), ue strong evidence for the

dominant role of PPO in enzymic browning in cane juice. Finally, addition of partially

purified PPO to heat treated stem extracts caused them to brown (Figures 2.7 and 2.8). Thus,

it appears, that although cane juice exhibits significant peroxidase activity which can cause

enzymic browning, peroxidase does not contribute to colour formation in cane juice under

normal extraction conditions, possibly because of insufficient levels of hydrogen peroxide

required by the enzyme to catalyse the reaction. V[hilst Lagrimini (1991) was able to produce

transgenic tobacco plants overexpressing peroxidase which showed rapid browning in

response to wounding, more evidence for the involvement of peroxidase in normal enzymic

browning is required.

The results of this chapter suggest that inactivating the PPO enzyme would result in a

significant decrease in cane juice colour. Selection of low browning phenotypes on the basis

of PPO activity does not appear feasible due to the weak correlation between juice colour and

PPO activity ( Figure 2.4). However, if the level of PPO activity were reduced sufficiently,

browning would be decreased in the commercial mill situation where the reaction can only

proceed for a limited time, initiated by crushing of the cane and ending when the juice is

sufficiently heaæd to inactivate the enzyme. Chemical inhibition of PPO is possible, but may

not be an economic or desirable option for a food product. Thermal inactivation of the PPO

enzyme is also possible as it does not appear to be a very heat tolerant enzyme- But white

sugar produced from steamed cane has been reported to have a strong and persistent taste

(Coombs et a\.,1980).

Further studies were undertaken to characterise the sugarcane PPO enzyme with the aim of

decreasing its activity during processing or producing cultivars with low levels of PPO.



CHAPTER 3 . PPO, PHENOLICS AND COLOUR IN SUGARCANE

Introduction

The results presented in Chapter 2 suggest that polyphenol oxidase contributes significantly

to colour in cane juice. The sugarcane plant, when harvested for crushing, is cut at the

ground level and as much of the top leafy material is removed as possible. Given the size

and complexity of the sugarcane plant, more information on the tissues contributing to

colour formation in cane juice would appear necessary. PPO in higher plants has been

found in a variety of organs and tissues. It is often abundant in leaves, tubers, storage roots,

floral parts and fruits. Its abundance in tubers and fruits in the early stages of development

has led to speculation that it has a role in protection against predation (Mayer and Harel,

1981). PPO is localised in plastids, although there are reports, particularly in fruit tissues,

of its presence in other cell compartments (Mayer and Harel, 1979; Mayer, 1987). Earlier

work on sugarcane by Goodacre and Coombs (197S) showed levels of colour to be higher

in juice from nodes than from internodes, and higher in extracts of rind than from the

storage parenchyma. Maximum absorbance at 420 nm was observed in extracts made from

growing point tissue. PPO activity was found to be highest in the growing point and in

tissue immediately below it. PPO was also reported to be higher in the nodes than the

inærnodes and higher in the outer layers of stem tissue than internal pith tissue. Further,

based on a measurement of absorbance at 320 nm of ethanolic extracts, the authors

suggested that the concentration of phenolics was highest in the growing point and higher

in the nodes than internodes.

The aim of the following experiments was to measure PPO activity throughout the

sugarcane plant, and to determine the location of the phenolic substrates and the tissues

contributing to colour in juice extracts. From initial studies (Chapter 2) and the

observations by Clarke et at. (1990), the commercial cultivars Q87 and Q96 are distinctly
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different in their potential to brown, Q96 producing much darker juice. The differences

between these clones were further investigated.

Furthermore, clones of the genus Erianthus, reported to be involved in the origin of

sugarcane (Mukherjee, 1957) have been observed to brown very quickly when cut or

crushed. The levels of phenolics, PPO and colour were investigated in a number of

Erianthus clones and compared with a number of commercial breeding clones grown at the

same slte.

Materials and Methods

Plant mnterial

The cultivars Q87 and Q96 were grown under glasshouse conditions at the CSIRO Division

of Horticulture, Adelaide. All other material including the Erianthus arundinaceøs clones

were sent overnight from BSES Meringa, Queensland courtesy of Dr Nils Berding. The

Erianthus arundinaceus clones were IK76-20,1K76-22,IK76-62,IK76-103 andlK76-124,

and the Saccharum spp. hybrid canes were 60N1853, 6lN1232, 62N1659, 63N1700'

66N2008, 67N 1 69 1, 67 N2254, 7 2N424 and 8 8N 1 797.

Plants were harvested and leaf, node and internode position assigned based on the TVD

(top visible dewlap) counting system (Moore, 1987). The dewlap is the transitional tissue

between the leaf blade and the leaf sheath which differs in colour from the lamina and is

readity identifiable. For the purposes of this thesis, the youngest leaf whose dewlap is fully

exposed (e.g., not enclosed in older leaves) has been designated as leaf Dl, the node at

which it is attached to the stalk as node I and the internode subænding it as internode l.

Older internodes and leaves were numbered consecutively down the stalk. For the pulposes

of this study, the growing point tissue is defîned as the 0.5 cm of tissue below and including
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thr,: apical mclistent. The leaves were numbered relative tc the first exposed dewlap (D1)

These designations are shown in a diagrammaúc form in Figure 3.1.

D2
D3

LEAF LAMINA

GROWING
POINT

APICAL
MERISTEM

¿[6

LE.AF
ROLL

GROWING FOINT

DEWLAP

SHEATH

tlc)DT I

NODE2

NODE 3

NODÉ4
_VASCULAR

BUNDLES

LEAF SCAR

PRIMORDIA

Figure 3.1. Diagrammatic presentation of the designations given to the various parts

of the sugarcane plant. (After Artschwager (1925) and van Dillewijn (1952)).
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Root tissue was from germinating setts of both cultivars Q87 and Q96. V/here

measurements were made on leaves, the whole leaf blade was homogenised to avoid any

variation along the leaf blade.

The distribution of PPO activity, phenolics and colour within the sugarcane stem was

investigated. The 8th and 10th internodes and the 9th and l lth nodes of glasshouse grown

Q87 were used. Sugarcane stem was separated into internodes and nodes and the internode

tissue further separated into parenchyma and rind (2-3 mm in from the epidermis).

Extraction and assay of PPO acrtvity, phenolics and colour in different plant parts

Each of the various tissues was dissected out and frozen immediately in liquid nitrogen.

The tissue was ground to a fine powder in a pre-cooled coffee grinder and the powder

added immediately to three volumes of stirring extraction buffer (PPO assay) containing 50

mM NaH2POa pH 6.0 or four volumes of methanol (total phenolics assay). For the

measurement of PPO activity the homogenate was filtered through Miracloth and then

assayed for PPO activity as described in Chapter 2.

For measurement of phenolics, the extracts were vigorously shaken and centrifuged to

pellet the insoluble material. The supernatant was retained and the pellet re-extracted with

807o methanol to a volume equivalent to the original tissue volume. The supernatants were

pooled, I mL taken and dried down to 200 pL in a Speedivac and made up to the original

volume with deionised water and then filæred through a 0.45 pM Millipore filter. The

filtrate was assayed a.s described in Chapær 2.

V/here colour was measured, 4 mL of the extracts prepared to measure PPO activity were

shaken f.or 12 hours at room temperature. The extracts were then centrifuged in at 14,(XÐg

for l0 minutes, filtered through a 0.45 pM Millipore filter and absorbance at 420 and 72O

nm measured.
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When young stem was assayed for PPO activity, 10 mM ascorbate was included in the

extraction buffer to prevent tanning of protein, as these tissues tended to brown rapidly

once cut. Tissues were dissected and immediately placed in the extraction buffer

containing ascorbate and the tissue homogenised with a Polytron Blender and filtered

through Miracloth. The tissue:buffer ratio varied depending on the potential of the tissue to

brown. Protein concentrations were determined using the Biorad Protein Assay, based on

the method of Bradford (1976) using bovine gamma globulin as a standard.

Sectioning and staining

Both transverse and longitudinal hand sections through the internodes and nodes of

sugarcane cultivar Q90 were cut and left to brown undisturbed at room temperature. The

longitudinal section through the growing point of the stalk wæ from Q87. Nodal sections

were stained for polyphenolic compounds following the method of Hawker et al. (1972),

where sections were rinsed briefly in water and then placed.in IVo vanillin in concentrated

HCI overnight. Vanillin-HCl produces a carbonium ion from compounds containing a 1,3,

5 trihydroxybenzene nucleus, giving a red colour.

Heat inactivation of PPO

Stems of the commercial cultiva¡s Q87, Q90, and Q96 and an Erianthus clone lK76-140,

were sliced using a Berkel food processor and 15 g of material from each clone added to 50

mL of extraction buffer containing 0.1 M NaH2PO4, I mM MgCl2 pH 5.0 and also to 50

mL of the same buffer heated to boiling. The tissue was homogenised using a Polytron

blender. The extracts were filtered through Miracloth and PPO activity assayed as

described in Chapter 2. Afte.r centrifugation at 40,0009 for l0 minutes, the measurements

of colour, total phenolics, and peroxidase activity of the extracts were carried out as

described in Chapter 2.
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Clonal studies

Some Saccharum spp. hybrid clones grown for the Northern zone of Queensland (referred

to as the Northern clones) were used in the comparison with the Erianthus arundinaceus

clones. 30-40 cm from the bottom half of the stalk were sliced, from which 20 g of tissue

was subsampled and homogenised in 100 mL of 0.1 M NaHzPO¿, 1 mM MgCl2 pH 5.0

extraction buffer. The whole homogenate was then assayed for PPO activity as described

in Chapter 2. Following filtering and centrifugation at 40,0006, the pH of the extract was

adjusted to 4,7, or 9 and the absorbance at 420 and 720 nm was measured at each pH.

These results were used to calculate the IV value, the ratio of the absorbance a¡ 420nm at

pH 9.0 to that at pH 4.0. The IV value reflects the pH sensitivity of the colourants, a high

IV value indicating a high proportion of pH-sensitive flavonoids and phenolics whilst a low

value is indicative of pH-insensitive high molecular weight colourants. Juice soluble solids

were measured using a Zeiss handheld refractometer and expressed in "Brix. Total

phenolics were extracted in methanol as described for the comparison in Chapter 2. For

each clone, measurements were made on two separate stalks.

Results

Localisation of tissue browning and phenolics

The most obvious browning of cut sugarcane was through the shoot apex. A longitudinal

section through this region is shown in Figure 3.2. Browning was concentrated in the

region of the apical meristem and in the young nodes. Browning occurred very rapidly, and

was even more rapid and spectacular in the high browning cultivars such as Q96 (data not

shown).

49



*
1

I

t

t
ì'¡

ri

Chaprcr ,l:PPO, phenolic's (ttt¿ colour 50

i(t

JF-.

Íi,

Figure 3.2. Longitudinal section through the shoot apex of sugarcane cultivar Q87,

sholving browning.

t

I
r;
nf
t

I

ì

I

¡

I



Chapter 3:PPO, phenolics and colour

Browning observed in transverse and longitudinal stem sections left to brown was

concentrated towards the periphery of the stem where the concentration of vascular bundles

was greatest (Figures 3.3,3.4). The brown colourants were localised primarily around the

vascular bundles and the cells which constitute the rind. The browning was greatest in the

young int€modes decreasing with increasing age of the tissue (Figure 3.3). A longitudinal

section through a node shows a concentration of browning through the node and along the

vascular strands, again increasing at the periphery of the pith (Figure 3.4).

Staining for polyphenolics using vanillin showed a concentration of phenolics in the pith

tissue beneath the rind (Figure 3.5) decreasing towards the centre of the section. There was

also staining in the lateral bud. The longitudinal section (Figure 3.6) showed strong

staining through the node but was much less obvious in the internode. It should be noted,

however, that the vanillin stain is selective and does not detect hydroxycinnamoyl esters

such as chlorogenic acid and therefore does not show the location of all potential substrates

in sugarcane tissues.
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Figure 3.3. Browning of stem sections. Transverse intelnode sections of sugalcano

cultival Q90 were lefi to brown, oldcr intemode (left) to younger internode (right).

Figure 3.4. Longitudinal section through a node of sugarcane cultivar Q90, showing

location of browning.
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Figure 3.5. Transverse nodal section of sugarcane cultivar Q90, stained for

polyphenolic comPounds.

Figure 3.6. Longitudinal section through a node of sugarcane cultivar Q90' stained
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PPO activiry throughout the cane plant

The distribution of PPO activity in sugarcane stems was measured in Q87 and Q96, with

both cultivars showing similar trends over three separate experiments. A typical set of

results from an actively growing Q87 stalk is presented (Figure 3'7)' PPO activity was

!u\5}o^rì"tl
much higher in the nodes than the inærnodes, and sig+ifieantþ higher in the immature

stem. In the mature cane, levels of PPO activity remained relatively constant down the

stalk with activity remaining higher in nodes than internodes'

The tissue defined as the growing point includes the apical meristem and its derivative

meristematic tissues that give rise to the entire plant body. PPO activity was highest on

both a fresh weight and protein basis in this meristematic tissue (Table 3.1) and in the

young srem immediaæIy below the growing point. PPO activity was also high in the young

leaf roll, and was highest in the 5 cm of soft tissue immediately above the growing point.

Activity also was high in young leaf, and was extracted from both young leaf lamina and

leaf sheath. Activity in the green leaf lamina was almost three times higher on a fresh

weight basis than that in the leaf sheath. However, the specific activity of PPO extracted

from the leaf sheath was twice that from the leaf lamina. A more extensive investigation of

ppO activity in leaf maærial showed a similar situation to that in the stem with PPO

activity decreasing on a fresh weight basis (Figure 3'8) with leaf age suggesting PPO

synthesis takes place early in leaf development'
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Table 3.1. Distribution of PPO activity within young stalk tissues of cultivar

QE7.

The growing point was dissected out and tissue taken I cm (Cl) and 2 cm (C2)

below the apex. The soft leaf roll was dissected out and sections 5, 10, 20, 30 and

40 cm above the growing point were measured for PPO activity and total protein.

Young leaf refers to green leaves above leaf Dl, and Dl refers to the first exposed

dewlap (see Figure 3.1).
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Tissue PPO activity Protein Specific activity
ru gFw-l¡ (mg gF\ry'r¡ (U mg-l¡

Growing point

c1

c2

Leaf roll+5 cm

+10 cm

+20 cm

+30 cm

+40 cm

Young leaf

Dl Leaf blade

Dl L€af sheath

406.0

t26.4

86.0

t35.2

58.5

29.2

31.7

33.7

47.9

34.3

t2.0

19.70

t2.74

t2.67

2r.49

12.97

8.96

9.11

8.94

18.00

28.35

4.96

20.6r

9.92

6.79

6.29

4.5r

3.26

3.48

3.77

2.66

t.2l

2.42
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D9 ül D5 D3 Dl D-2 Young

Leaf position relative to first exposed dewlap (D1)

Figure 3.8. PPO activity in sugarcane leaves of different ages from Q87. Leaves were

numbered relative to the first exposed dewlap, so that D9 was the oldest leaf. Each value is

the mean and standard error of three replicates.
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Extracts of sugarcane nodes had higher levels of PPO activity, total phenolics and colour

than comparable extracts of sugarcane internodes (Table 3.2). PPO activity in the node was

five times that in the inærnode as was colour measured at 420 nm. The total phenolics

measured were twice that in the internode. A further dissection of the internode showed the

bulk of the phenolics and colour to be contributed by the rind, however, higher levels of

PPO activity were measurcd in the storage parenchyma.

Table 3.2. Comparison of PPO activity, total phenolics and colour in extracts of

various stem tissues of cultivar QE7.

Internodes 8 and 10 and the nodes directly below each internode were used. Each

value represents the mean and standa¡d enor of four replicates.
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Tissue Phenolics

1mg gFW'l)
Colour

(4420 nm)

Node

Inærnode

Parenchyma

Rind

25.24fl.6r

4.62fl.57

4.24fl.r3

3.0710.48

723.5t42.0

342.5!28.2

t64.5+16.6

655.5+103.8

0.685t0.041

0.13710.017

0.05310.006

0.304il.06

pPO acriviry in roots was very low on a fresh weight basis in both Q87 and Q96 (Table 3.3)

compared to other tissues. In some plant tissues PPO is latent and can only be detected in

extracts following activation by detergents in particular, sodium dodecyl sulfate (SDS)

(Flurkey, 1986). To ensure that the PPO was fully activated in these tissues, extracts were

also assayed for activity in the presence of the detergents SDS and Triton X-100 however

there was no increase in activity (data not shown).
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Table 3.3. PPO activity measured in the roots of a

high and low browning cultivar.

Roots werc taken from germinating setts and immediately

frozen in liquid nitrogen. Each value represents the mean

and standard error of two replicaæs.

Cultivar PPO activity (U gFW-l¡

0.97fl.21

0.57r0.01

Heat inactivation of PPO

In Chapter 2 a strong correlation was found between colour and total phenolics in nine

different sugarcane clones. The correlation between PPO activity and colour however was

poor. The factors influencing PPO-catalysed browning in different sugarcane clones was

further investigated. Heat inactivation of PPO in extracts made from three commercial

cultivars and the Erianthus clone IK76-140 illustrated dramatically not only the inhibition

of colour formation but also the difference in the juice colour produced from these canes

(Figure 3.9). In the extracts which had not been heated, the extracts of Q96 and IK76-140

were very similar in colour whilst the extracts of Q90, and particularly Q87, were much

lighter in colour. PPO activity and total phenolics were highest in the Erianthus clone

IK76-140 (Table 3.4). Colour measured in the extract of the commercial cultivar Q96 was

more than four times that measured in Q87. However, the small difference in PPO activity

between these two cultivars is unlikely to account for this. rWhere the extracts were heated

and PPO inactivated, total phenolics measurcd in the heated Q96 extract were almost twice

that measured in the heated extract of Q87. Further, the paired phenolics measurements for

Q87 indicated very little of the phenolic substrate was utilised compared to Q96. PPO
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activity meÍ¡surcd in Q90 was lower than that measured in Q87 but there was greater colour

formation with a corresponding decrea.se in total phenolics. The high colour measured in

the heated extracr of IK76-140 compared with the other heated extracts most likely

indicates browning which occurred prior to heating. The high levels of both PPO activity

and substrate in IKt6-140 makes the control of browning during preparation of extracts

more difficult.

Table 3.4. Effect of heat treatment on PPO activity, colour and total

phenolics in extracts of an Eríanthus arundínaceus clone and three

Saccharum spp. hybrid clones.
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Variety PPO Activity
(U grw'l)

Phenolics
(mg gFW-l)

Colour
(4420 nm)

rK76-140

Heated

Q87

Heated

Qe0

Heated

Qe6

Heaæd

rt.4

0

4.7

0

2.3

0

0.8

1.27

0.53

0.61

0.47

0,70

0.72

t.t2

0.644

0.363

0.179

0.104

0.329

0.106

0.76t

0.230

5.6

0
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Figure 3.9. Colour differences between untreated (lefthand tube)
and heated extracts shown in Table 3.4.
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Erianthus arundinaceus - a high browning species

PPO activity in the Erianthus arundinace¿s clones was more than eight times the activity

measured in the Northern clones (Table 3.5). Given that PPO activity within the stalk

decreases with tissue age (Figure 3.5), material was taken from the lower half of the stalk to

minimise differences due to age. Phenolic levels were higher in the Erianthus clones, with

the higher indicator (IV) ratio in the Northern clones reflecting the higher proportion of

unoxidised, low molecular weight, pH sensitive colourants. Colour measured at pH 7.0 in

the Erianthøs clones was more than twice that measured in the Northern clones.

Conversely "Brix measured in Erianthus was only half that of the hybrid clones.

Table 3.5. PPO activity, phenolics, colour,IVl and 'Brix in a study of
Eríanthus ørundinac¿¿s clones compared witln Saccharum spp. hybrids.

Five different Erianthus arundinac¿us clones (two stalks of each) and nine

North Queensland hybrid canes (two stalks of each) were investigated. Each

value represents the mean and standard error of each group.

62

Cane PPO Activity
( U gFw-l¡

Phenolics
(-g gFrv'1)

Colour at pII7.0
(4420 nm)

Iv 'Brix

Erianthus 16.8412.01 1.4110.11 0.6310.07

Commercial 2.05fl.25
hybrids

1.1210.06 029fl.02

22rfl.0 13.8t().s
7

6.6511.0 27.4fl.4
8

lIV is the ratio of the absorbance at 420 nm at pH 9.0 to that at pH 4.0.
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Discussion

Browning of cut sugarcane was most obvious in the region of the shoot apex (Figure 3.2),

Transverse sections of sugarcane stem showed browning to be more intense in the

immature internodes thari mature internodes (Figure 3.3) and concentrated in the nodal

tissues (Figure 3.4). From both the transverse and longitudinal sections of sugarcane stem,

browning is most evident in the cells surrounding the vascular bundles. These vascular

bundles are randomly scattered in the centre of the internode increasing to the periphery

where they are smaller but more numerous. Within the internode the browning was most

obvious in the epidermal layer and in the tissue immediately below it. According to Moore

.(1987) these outer layers of cells constitute the rind. The rind includes the epidermis and

two or three layers of small, thick-walled, lignified cells which frequently contain

anthocyanin. Below these are slightly larger, thinner walled cortical cells often containing

chlorophyll, and then the sclerenchyma fibres of the fused vascular bundles. Obviously

where browning has occurred in these node and internode sections, both PPO and its

phenolic substrate must be present. PPO may be present in other cell types, but not

detected because of the absence of an appropriate substrate.

The assay of PPO activity, phenolics and colour in extracts made from dissected internode

tissue (Table 3.2) support the visual evidence. Phenolics and colour were much higher in

the rind than the storage parenchyma, whilst PPO activity was slightly less than in the

storage parenchyma. The staining of sections though the node with vanillin (Figure 3.5)

does not support the phenolics measurements as the cells forming the rind did not stain red.

The storage parenchyma tissue just inside the rind, and the lateral bud stained most

strongly. The browning through the node, however, was less specific than through the

internode which does support the red staining of the polyphenolics throughout the node

seen in the longitudinal section (Figure 3.6). As the vanillin stain will not detect the

hydroxycinnamate esters this may not be a good method for detecting all phenolic
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substrates, particularly those in the rind. PPO activity in the node was more than five times

that measured in the internode, as was colour, whilst phenolics measured were twice that in

the internode. The browning through the node was distinct from the internode either side of

it (Figure 3.4) again supporting the biochemical measurements.

PPO activity declined down the sugarcane stalk, with much higher activity in the young

stem tissues. The immature stem also exhibited a greater propensity to brown (Figure 3.3).

Independent of stalk age, PPO activity was higher in the nodes compared to the internode

(Figure 3.7). This may reflect the potential for regrowth from the nodal region. The node

consists of a growth ring (intercalary zone) which forms the boundary between the node

and its intemode above, the root band which contains the lateral bud, one to several rows of

root primordia, and the leaf sheath scar. The growth ring can resume growth under certain

circumstances, and thus is meristematic (see Moore, 1987).

PPO activity was highest in the region of shoot apex, the young stem tissues immediately

below, and the leaf roll above it (Table 3.1). This supports the earlier work on sugarcane by

Goodacre and Coombs (1978) which showed PPO activity to be highest in the growing

point and higher in the nodes than in the internodes. They also suggested that the levels of

phenolics and PPO activity were higher in the rind than internal pittr tissue. Total phenolics

measured in the rind of cultivar Q87 were also found to be much higher than in the storage

parenchyma. Conversely, PPO activity was higher in the storage parenchyma than in the

rind (Table 3.2) however, the difference in PPO activity measured in these tissues is not

large. The discrepancy between this result and that reported earlier may be attributed to

how carefully the rind was removed, or possibly to differences in growth conditions.

The high levels of PPO activity reported in young meristematic tissues is consistent with a

number of other reports. In potatoes there was significant PPO activity in tubers, flowers,

and roots but the highest activity was in young stolons and tuber buds (Thygesen et aI.,

1994). Similarly, in tomato fruit the levels of PPO are highest in small immature fruit and
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essentially negligible in mature fruit (Felton et al., 1989). In Sultana grapes PPO activity

on a fresh weight basis was high at fruit set and declined as the berry developed (Rathjen

and Robinson, 1992b). In peaches, PPO activity was very high at an early development

stage, declining to a constant level after the pit-hardened stage (Flurkey and Jen, 1978).

As in sugarcane stem, PPO activity in the leaf decreased on a fresh weight basis with

increasing age. In potatoes, Thygesen et al. (1994) found PPO activity to be low in

photosynthetic tissues but higher in young leaves than in fully expanded leaves. PPO

activity decreased eight-fold from young to mature Vicia faba leaves (Lanker et al., 1987).

Delhaize et aI. (1985) suggest.that metalloenzymes including o-diphenol oxidase are only

synthesised in early leaf development in subterranean clover. This was concluded after the

failure of these enzymes in all but the leaf primordia to respond maximally to added copper

following a period of copper deficiency. The activities measured per leaf remained

constant or decreased with increasing maturity of the leaf after emergence, despite evidence

that total protein increases about five-fold from leaf emergence to maturity (Williams and

Rijven, 1970).

The oxidised phenolics and tanned proteins produced when plant tissue is wounded tends to

reduce the digestibility and palatability of that tissue. Hence it has been suggested that

high levels of PPO activity, together with high levels of phenolic substrate early in fruit

development may act as a defence mechanism by protecting seeds from infection or

predation prior to maturity (Mayer and Harel, 1981). The high PPO activity measured in

soft meristematic tissues of cane may serve a simila¡ role in defence against predation. As

cane matures and the deposition of secondary cell wall material occurs, forming a physical

barrier, the stalk is less vulnerable to pathogen attack.

The heat inactivation of PPO in the four different sugarcane clones clearly illustrates the

involvement of PPO in browning (Figure 3.9). The cultivar Q96 was chosen for the clonal

comparison as it has been shown to produce juice of a dark colour, whereas Q87 reportedly
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does not brown to as great an extent (Clarke et al-,1990). The results here confirm these

observations. Q96 produced juice of the highest colour, whilst Q87 produced the lowest

juice colour (Figure 3.9; Table 3.4). As both showed similar PPO activities the difference

in the browning of these two commercial cultivars cannot be attributed to PPO activity. In

the heated extracts where oxidation had not been allowed to proceed the total phenolics

measured in Q96 was twice that measured in Q87. This may may explain the large

difference in colour between the two extracts. Q90 was included in the comparison as was

the Erianthas clone IK76-140. The juice colour of Q90 was intermediaæ and IK76-140

also produced juice of a high colour. PPO activity of Q90 was less than that of Q87

although juice colour was higher. The decrease in total phenolics measurcd for Q90 due to

enzymic browning was almost three times that observed in Q87. This would suggest either

the phenolics measured in Q87 are not readily oxidisable or that there is an endogenous

inhibitor or a reducing agent such as ascorbic acid which is preventing oxidation. IK76-140

had the highest PPO activity and total phenolics. However, the final colour measured was

less than that measured for Q96, which again suggests the difference in colour may be due

to the type of phenolic present. The substrate specificity shown in Chapter 2 clearly

indicates that sugarcane PPO has a high specificity for chlorogenic acid, although other

phenolics and flavonoids can also be oxidised in the presence of chlorogenic acid. The

presence of other reactive compounds in these extracts will also influence the final juice

colour. Coombs and Baldry (1978) suggest that colourants are formed from the interaction

between the enzyme-generated quinones and free amino acids.

Modern domestic sugarcane varieties are heterozygous and have highly complex polyploid,

aneuploid genomes derived from several species of Saccharum and relaæd genera. The
bL

genus Erianthus is believed to4one of a closely related interbreeding group involved in the

origin of sugarcane (Mukherjee, 1957). Modern day sugarcanes have arisen from

interspecifîc crosses. The progress in improvement of commercially-cultivated varieties

has been achieved almost entirely with a germplasm base which is now over 60 years old.

Attempts to widen the current genetic base have met with little success but would appear
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necessary as a long term goal. Recently there have been attempts to introgress Erianthus

arundinac¿us with Saccharum spp. hybrids, with the aim of increasing hybrid vigour,

however the E. arundinaceils clones have a tendency to produce very dark juice when

crushed. Clones of E. arundinaceus were found to have much higher levels of PPO activity

and phenolics than their commercial hybrid relatives resulting in higher colours in juice

extracts (Table 3.5). If sugar content was taken into consideration, the colour on a per unit

sug¿u basis would be doubled in Erianthrrs comp¿ued with the Northern clones.

The heat inactivation of PPO activity in the four clones studied reinforces the complexity of

the enzymic browning in sugarcane as suggested in Chapter 2. Clearly PPO activity is

required for browning to occur, but the extent of the reaction is determined not only by the

concentration and type of substrate present but also by the presence of endogenous

inhibitors and reductants. Further, the oxidation of the phenolics to the reactive quinones

catalysed by PPO is only the first step in the browning process. These quinones are then

able to polymerise and react with other cellular components such as amino acids or amino

groups of proteins to give high molecular weight colorants. Obviously the phenolic

substrate is necessary for browning to occur, but as phenolics are formed in a complex

pathway, selection for low phenolic levels directly through breeding or genetic

manipulation would be diffrcult.

There is considerable variation in the browning of sugarcane juice from different clones

(compare Q87 and Q96). The planting of a particular clone is influenced mostly by factors

such as yield and sugar content rather than colour. Whilst this may be the case, avoiding

harvesting the leafy part of the cane plant during harvesting, where PPO activity is highest

on a fresh weight basis in both young leaf and stem tissues, would seem desirable in

reducing colour formation during milling. With the increase in green harvesting of

sugarcane, care perhaps should be taken not to include too much of this top leafy material

when harvesting.
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Although PPO activity was found in both sugarcane stem and leaf tissues, it is not known at

this stage if the same form of PPO is present in both tissues. PPO is localised in plastids

and has been detected in a number of plastids including chloroplasts, etioplasts, root

plastids, potato amyloplasts, leucoplasts and chromoplasts (Mayer and Harel, 1991). From

the tissue sections (Figures 3.3 and 3.4) it appears the PPO is associated with the cells

around the vascular bundles. Without specific localisation studies however, one can only

speculate on where PPO may be located within these cells. In chloroplasts, PPO is said to

be associated with the thylakoid membranes (see review by Mayer, 1987), in other plastid

classes PPO has been detected in membrane-bound vesicles within the plastid e.g. in potato

tuber amyloplasts (Czaninski and Catesson, 1974) and in leucoplasts of Aegopodium

podngrariø (Vaughn et al., 1981). As sugarcane stem is largely composed of storage

parenchyma and non-photosynthetic tissues, PPO may be similarly localised in a non-

photosynthetic plastid, such as a leucoplast-type plastid. The localisation of PPO in

sugarcane leaves may be similar to that in another C4 plant, Sorghum bicolor, where PPO is

present in the mesophyll plastids but not in the bundle sheath or guard cell plastids (Vaughn

and Duke, 1981b).
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CHAPTER 4,
SUGARCANE

PROPERTIES OF THE PPO ENZYME IN

Introduction

A knowledge of the properties of the PPO enzyme in sugarcane is imperative from a

processing viewpoint, where manipulation of the processing conditions could reduce the

activity of the enzyme and so inhibit colour formation in cane juice and, ultimately, lead to

raw sugar of lower colour.

The original work on PPO in sugarcane was done by Alexander (1966b) who investigated

the properties of a PPO in sugarcane which he called a cane tyrosinase. Later, Gross and

Coombs (1976a) isolated two different PPO fractions from the leaves and stems of

sugarcane and found the two forms to have different properties, which were again different

to those reported by Alexander (1966b) The following experiments aimed to investigate

the ambiguities in this earlier work and to conduct a more extensive investigation of the

properties of cane PPO, both from a processing viewpoint and with respect to other

polyphenol oxidases. Although the properties of the PPO enzyme have been studied in an

extensive range of plants, in fruits and vegetables, the literature shows considerable

variation and diversity. There are often conflicting reports of the enzyme from the same

source (Mayer and Harel, 1979). Further to this, information on the properties of the

enzyme (e.g.pH optimum, stability and solubility) will be necessary in planning a strategy

for purification of the PPO protein to ensure measurement of PPO activity is optimised.
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Materials and Methods

Plant Material

Glasshouse grown stalks of Q87 were harvested and crude extracts prepared from either

leaf or stem tissues.

PPO solubiliry

Sugarcane leaf and stem were sectioned by hand and homogenised with a Polytron blender

in a buffer of 0.1 M NaHzPO¿,0.4 M sucrose, I mM MgCl2 pH 7.0 and 5 mM ascorbate.

The extracts were centrifuged at 10,0009 for ten minutes at 4oC, and the pellets

resuspended in grinding meOiräl An aliquot of the supernatant was centrifuged at 40,000g

for 40 minutes at 4oC and the pellets resuspended in grinding media. A further aliquot of

the 40,000g supernatant was taken and centrifuged at 450,000g for one hour at 4oC and the

pellet resuspended in grinding media. PPO activity in each of the fractions was assayed in

ttre oxygen electrode as described in Chapær 2.

Chlo rophyll dete r mination

Chlorophyll was determined by mixing I mL of acetone with 100 pL of the leaf fractions

and 200 pL of the stem fractions. The fractions were then centrifuged at 12,0009 for five

minutes, the supernatant removed and absorbance measured at 663,645 and 652 nm. Tot¿l

chlorophyll was calculated according to the method of Bruinsma (1963):

Chlorophyll a (Ca) = 12.7 Aoo¡ - 2.7 Aa5

Chlorophyll b (C6) = 22.9 Aa+s - 4.7 A63

Total chlorophyll (Ca +b) =20.2 A6a5 + 8.0 4663 =27.8 Assz
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Assay linearity

Sugarcane stem was sliced and homogenised with a Polytron blender in four volumes of

ice-cold 50 mM NaH2PO4, lmM MgClz pH 5.0 and the homogenate filtered through

Miracloth. The fîltrate was assayed for PPO activity. Varying amounts of homogenate

were added to the oxygen electrode with 2 mM chlorogenic acid to deærmine whether the

assay was linear with respect to the amount of enzyme added.

pH Optima of sugarcane PPO

The optimal pH for assaying PPO activity was deærmined using the partially purified PPO

(prepared as described in Chapter 2). PPO activity was assayed using the oxygen

electrode. Three buffers were used at a concentration of 50 mM within their buffering

range; MES, MOPS and Tricine. Buffer of a given pH was added to the electrode chamber

and a constant amount of PPO was added. Chlorogenic acid (2 mM) was added finally to

initiate the reaction.

Effect of substate concentration

Increasing amounts of substrate (chlorogenic acid or 4-methyl catechol) were added to the

oxygen electrode containing 50 mM NaH2POa at pH 5.0 and a constant amount of partially

purified PPO. The resulting PPO activity was measured to determine the saturation point

of the substrate. Michaelis constants and maximum velocities were calculated from

Lineweaver-Burk plots. At pH 5.0, the effect of the addition of 5 mM NaCl on the

rcactions was also determined.
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Heat inactivation

Heat treatments of PPO were carried out at 55, 60, 65 and 70"C for varying periods of time

in a waterbath. Partially purified PPO in 50 mM NaH2PO4, pH 6.0 buffer was added to a

glass tube equilibrated at the designated temperature. 50 pL was withdrawn at each time

point and immediately placed on ice and remaining PPO activity determined.

Results

The following studies on the properties of the sugarcane PPO enzyme use both crude

extracts of leaf and stem tissue and partially-purified PPO from stem tissue of cultivar Q87

(see Chapter 2). The type of extract used is clearly explained for each experiment.

Solubiliry of the PPO enryme

Despite possible artefacts, the weight of evidence indicates the wide occurrence of

membrane-bound polyphenol oxidases, particularly in chloroplasts (Mayer and Harel,

\979). In fruit, solubilisation tends to occur with fruit ripening as seen in grapes (Kidron ¿l

al., 1978) and apples (Harel et a1.,1966). Sometimes more drastic conditions are required

for solubilisation of membrane-bound PPO, such as the use of detergents or limited

digestion with proteases (Vaughn and Duke, 1984a). In view of this, the solubility of the

PPO enzyme in sugarcane was investigated with the aim of ensuring maximum extraction

of PPO activity.

Leaf extracts were subjected to differential centrifugation to determine the subcellular

localisation of PPO (Table 4.1). Most of the chlorophyll was recovered in the 10,0(Ðg or

40,000g pellets, suggesting it wa.s associated with chloroplasts or thylakoid membranes.

In contrast, 767o of the PPO activity recovered was found in the 450,0009 supernatant

suggesting that the enzyme is soluble or readily released from membrane fractions' The
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same pattern of distribution of PPO activity was observed in stem extracts, with SlVo of the

PPO activity recovered in the supernatant of the 450,0009 spin (Table 4.1). In the stem

extracts the recovery of chlorophyll was greater than that measured in the original

homogenate. This most likely reflects the inaccuracies in measuring low levels of

chlorophyll in stem tissue. When protein was analysed in the various fractions much of the

protein was found in the pellet fractions and as most of the PPO was present in the

supernatant, there was an almost three-fold increase in specific activity following

centrifugation (data not shown).

Table 4.1. PPO activity and total chlorophyll in fractions obtained by

differential centrifugation of extracts of sugarcane leaf and stem.

Recovery is the total recovered PPO activity and chlorophyll from the

various fractions. ND= Not determined
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Fractions PPO activity
(Units)

Chlorophyll
(mg)

læaf homogenate

10,0009 pellet

40,0009 pellet

450,0009 pellet

450,0009 supernatant

Recovery

Stem homogenate

10,0(Ðg pellet

40,0009 pellet

450,0009 pellet

450,0009 supernatant

Recovery

42.75

1.50

1.87

6.13

30.63

40.13

49.s0

3.25

1.73

3.45

36.65

45.08

t.82

0.86

0.64

0.053

ND

r.53

0.234

0.r92

0.156

0.009

ND

0.357
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In many plants PPO exists in a latent state and can only be detected following activation by

anionic detergents, fatty acids, treatment with proteases or acid ææ (Vaughn and

Duke, 1984a; Steffens et a1.,1994). Detergents (SDS and CTAB) were added to the assay

to try and activate any latent PPO activity. Unfiltered homogenate was added to the

oxygen electrode together with the respective detergent and left stirring for two to three

minutes before addition of the substrate. Neither of the detergents activated the enzyme,

instead they both had an inhibitory effect (Figures 4.I and 4.2). PPO activity was

decreased by 707o with the addition of O.IVo SDS to both stem and leaf extracts of cultivar

Q87, although the remaining PPO activity was not greatly inhibited by higher

concentrations of SDS (Figure 4.1). CTAB decreased PPO activity but at much higher

concentrations than that needed for SDS inhibition. The inhibition appeared to be linear,

with approximately 507o loss of PPO activity with the addition of 0.4Vo CTAB (Figure

4.2). The inhibition of PPO activity with both SDS and CTAB did not appear to be time-

dependent.

100

0.1 0.2 0.3

% SDS (w/v)

Figure 4.1 Effect of SDS on sugarcane PPO activity. Activity was measured in crude

extracts of Q87.
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Figure 4.2. Effect of CTAB on sugarcane PPO actiyity. Activity was measured in

crude extracts of sugarcane cultivar Q87.

Effect of enzyme concentration on reaction rate

PPO dependent oxygen uptake increased linearly with the addition of increasing amounts

of homogenate (Figure 4.3). There was no inhibitory effect with the addition of 160 pL of

homogenate indicating that the amount of added substrate exceeded that used by the

enzyme, and that no significant endogenous inhibitors were present in the extract.
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200
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Figure 4.3. Linear increase in the rate of PPO dependent 02 consumption with the

addition of increasing amounts of homogenate.

pH optimum

The pH activity profile of partially purified sugarcane PPO was determined between pH

3.5 and 10 (Figure 4.4). Using MES, MOPS and Tricine buffers there was a relatively

broad pH optimum, with maximum activity at pH 5.0. PPO activity declined more rapidly V'
I g ¡r"(-, , Cl 'ìi'r Ôi 1r'

att[righei,pH values than at pH valuesibelow the optimum (Figure 4.4). Similar pH profiles

were obtained with other buffer systems such as phosphate. In all instances, there was a

broad pH optimum between pH 4.5 and 6.0 with fo increasedidecline in PPO activity at

alkaline pH values.
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Figure 4.4. The effect of pH on the activity of partially-purified PPO. Activity was

assayed using 2 mM chlorogenic acid.
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Effect of substrate concentration on PPO reaction rate

As shown in Chapter 2, sugarcane PPO shows a distinct preference for the substrate

chlorogenic acid over any of the other substrates tested. The effect of chlordgenic acid

concentration on the rate of PPO-dependent 02 uptake was further investigated. PPO

activity increased with increasing substrate concentration up to 2 mM, after which there

was there was a slight inhibitory effect with additional substrate (Figure 4.5).

0

Chlorogenic acid (mM)

Figure 4.5. Effect of chlorogenic concentration on PPO activity. Activity was

measured with partially purihed PPO.

Lineweaver-Burk plots of the oxidation of chlorogenic acid and 4-methyl catechol are

shown in Figures 4.6 and 4.'7. For chlorogenic acid, the apparent Ky at pH 5.0 was 0.42

mM and the V."^ was 6.54. Sugarcane PPO showed much lower affinity for 4-methyl

catechol with a K¡a of l5 mM and a Vsìaj( of 4.88 U mL-1.

78

I

É

c)(!

O.
O.

5

4

J

2

I

0
I 5432



Chapter 4 : Properties of the PPO enzyme 79
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Figure 4.6. Lineweaver-Burk plot of sugarcane PPO activity versus chlorogenic acid

concentration at pH 5.0.
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Figure 4.7. Lineweaver-Burk plot of sugarcane PPO activity versus 4-methyl

catechol concentration.
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Enzyme stability

Many enzymes lose activity when plant extracts are left standing. Loss of PPO activity in

crude sugarcane extracts incubated on ice was found to be dependent on pH of the

homogenaæ (Figure 4.8). At pH 7.5, loss of activity was most rapid, with 507o lost after

two hours. Extracts at pH 5.0 were more stable with more than 70Vo of the initial PPO

activity remaining after four hours on ice (Figure 4.8)

100

0.5 1 1.5 2 2.5

Time (hours)

3 3.5

Figure 4.8. Effect of pH on the stability of PPO activity in sugarcane extracts. PPO

activity was monitored in crude extracts of cultivar Q96 extracted in phosphate buffer at

pH 5, 6 and 7 and left on ice over a period of four hours. An aliquot was withdrawn

periodically and assayed for activity. The initial PPO activities were 4.4,4.9 and 5.6 Unia

gFW-l at pH 7.5,6 and 5 respectively.
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Heat inactivation

The thermal stability of the enzyme was measured by incubating extracts at various

temperatures and measuring the PPO activity remaining over time. Partially purified

sugarcane PPO was not a particularly thermostable enzyme, with almost all activity lost

within five minutes at 70"C. At lower temperatures the rate of inactivation was much

slower, with a sharp increase in the rate of inactivation from 55'C to 65"C (Figure 4.9).

After ten minutes at 55"C just over 50Vo activity remained, the rate of inactivation then

slowed as there was still 307o acuvity remaining after 25 minutes.

0
10 15 20 25 30

Time (min)

Figure 4.9 Thermal inactivation of partially purified sugarcane PPO at various

temperatures.
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At higher temperatures inactivation was much more rapid, however a log plot of Vo acrsvity

remaining against time showed at all temperatures the heat denaturation of the PPO

enzymedidnotfollowfirstorderkinetics(Figure4.l0). Asthelogplotwasnotlinear,it

might suggest two populations of enzyme, one being more temperature resistant, or a

complex pattern of heat inactivation of the protein.

1.5

0.5

10 15 20 25

Time (min)

Figure 4.10. Log plot of thermal inactivation of PPO.

Halide inhibition

Inhibition by halides has been demonstrated for PPO from many sources (Mayer and

Harel, 1919). PPO activity was assayed in the presence of a number of halides at both pH

5.0 and pH 7.0 (Table 4.2), as inhibition has been shown to be strongly pH dependent

(Ben-Shalometal., l977: Peñafiel etal.,l984). Allof thehalidestestedinhibitedPPO

activity strongly at pH 5.0, with little effect at pH 7.0. Sodium fluoride was the most
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porent inhibitor followed by KCl, with NaBr the least effective. V/hen NaH2PO4 was

added to a concentration of 0.5 M at pH 5.0 (data not shown) there was no decrease in

activity, suggesting it was the halide anion which is the inhibitory factor.

Table 4.2. Effect of different halides on sugarcane PPO activity at different pH.

Values are expressed relative to activity measured without halide. Activity assayed

with 2 mM chlorogenic acid and partially purified PPO enzyme.
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Halide PPO activity
(expressed

assayed at pH 5.0
as Vo of control)

PPO activity
(expressed

assayed at pH 7.0
as 7o of control)

KCI (10 mM)

NaBr (10 mM)

KI (10 mM)

LiCl (10 mM)

NaCl (10 mM)

NaF (6.7 mM)

10.7

22.8

16.9

12.I

10.0

0.0

98.3

87.9

75.6

87.9

88.3

7r.9

The effect of pH on inhibition by halides was more closely studied using NaCl. PPO

activity was assayed at pH 4.0, 5.0 and 7.0 with increasing NaCl concentration. There was

virtually no effect of increasing NaCl concentration on activity at pH 7.0, while at pH 5.0

and 4.0 PPO activity measured was decreased by more than 807o with the addition of only

5 mM NaCt (Figure 4.11). Two series of measurements were then carried out with a range

of chlorogenic concentrations with and without 5 mM NaCl at pH 5.0. A Lineweaver-

Burk plot showed the NaCl at 5 mM to be a competitive inhibitor (Figure 4.12 ) changing

the apparent Ky from 0.42 mM to 1.72 mM.
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Figure 4.11. Effect of increasing NaCl on PPO activÍty Activity was measured with

partially purified PPO.
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1.5

0.5

0
4 10

1/S (mM-l)

Figure 4.12. Lineweaver-Burk plots of sugarcane PPO activity versus chlorogenic

acid concentration in the presence and absence of 5 mM NaCl. The assay was carried

out using partially purified PPO at pH 5.0.

Other inhibitors

The effects of other known inhibitors of PPO on sugarcane PPO activity were investigated.

SHAM which inhibits caæchol oxidases but not laccases (Allan and Walker, 1988) was the

most effective inhibitor of sugarcane PPO, with 507o inhibition observed with only 20 ¡rM.

Laccases a¡e inhibiæd by the cationic detergent CTAB, but this compound has no effect on

catechol oxidases (Walker and McCallion, 1980). Sugarcane PPO, however, was inhibited

by B0To with 0.87o CTAB (Figure 4.2). Cinnamic acid, which has been reported to inhibit

catechol oxidases, but not laccases (Walker and McCallion, 1980), inhibited PPO activity

by 50Vo 
^t 

2.5 mM (data not shown). DIECA, a known inhibitor of PPO (Mayer and

Harel, lg|g), inhibited sugarcane PPO by 507o at a concentration of 0.2 mM (Figure 4.I3).
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0
10 30 40

SHAM (pM)

100

0
0.2 0.4 0.6 0.8

DIECA (mM)

Figure 4.13. Effect of SHAM and DIECA on PPO activity. Activity was measured

with partially purified PPO.
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Discussion

It is generally accepted that the PPO enzyme is localised in plastids bound to the thylakoid

membranes (Mayer, 1987) but it can be released from the thylakoids by sonication,

detergent treatment or protease treatment (Golbeck and Cammarata, 1981; Flurkey, 1986;

King and Flurkey, 1987). Sugarcane PPO appears to be unusual in that it was readily

soluble in both leaf and stem extracts even when extracts were prepared in buffers

containing sucrose and MgCl2 to preserve the integrity of chloroplast membranes (Table

4.1). Sugarcane PPO was not closely associated with chlorophyll following centrifugation,

remaining in the supernatant in both leaf and stem extracts, suggesting that it is not

attached to plastid membranes. PPO from glandular trichomes of Solanum berthaultii is

also reported to be very soluble, with 80Vo of the PPO activity remaining in the supernatant

after high speed centrifugation (Kowalski ¿r al., 1992). More recently, based on the

deduced amino acid sequences of PPO genes isolated from tomato, Newman et al. (1993)

have suggesæd that tomato possesses both soluble and membrane-bound PPOs. Following

the work of Sommer et aI. (1994) on the import, targeting and processing of PPO, they

suggest that some reports of PPO tightly bound to the thylakoid membrane could be due to

cross-linking reactions occurring during isolation of the proteins.

In most, but not all plant extracts, PPO activity is latent and maximum activity can only be

observed in extracts following activation with detergents, acid treatment or protease

treatment (Vaughn and Duke, 1984a; Steffens et al., 1994). In many plant extracts the

anionic detergent SDS is commonly used to activate PPO enzymes (Flurkey, 1986; Moore

and Flurkey, 1990). However, SDS failed to increase the activity of PPO in sugarcane

extracts and actually inhibited activity at quite low concentrations (Figure 4.1). CTAB had

a similar inhibitory effect at higher concentrations. This suggests that there may be an

endogenous agent which activates PPO when the sugarcane tissues are disrupted, or that

sugarcane PPO is simply not latent.
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Generally, the affinity of plant catechol oxidases for their phenolic substrates is relatively

low, with a K¡a of around 1 mM (Mayer and Harel, 1979) The aff,rnity for the preferred

substrate, chlorogenic acid, was higher than this, with a K¡a of 0.42 mM whilst the affinity

for the next preferred substrate, 4-methyl catechol was significantly lower, the Ky being

15 mM. Alexander (1966b) previously found the K¡a of sugarcane PPO fbr catechol to be

around 4.0 mM. Gross and Coombs (1976a) reported the Ky for two isolated fractions of

sugarcane PPO for chlorogenic acid tobe2.4 and 1.1 mM respectively, however they do

not state the pH at which the assay was made. The higher K¡a they report,may indicate the

assay was not performed at the optimal pH.

The pH optimum of most of the polyphenol oxidases studied to date is between 5.0 and 7.0

(Mayer and Harel, 1979). There are, however, many conflicting reports on the pH

optimum, even from the same source, with differences attributed to the phenolic substrate

used, the type of buffer and the purity of the enzyme (Vámos-Vi gyâ26, 1981). A common

featurc is the presence of two peaks within the pH curve; a peak and a prominent shoulder,

(Harel et a1.,1965; Robb et a1.,1966; Harel and Mayer, I97l) or a wide optimum (Ben-

Shalom et al., 1977). Gross and Coombs (1976a) found the pH optimum of both sugarcane

PPO fractions to be between 4.5 and 7.5, while Alexander (1966b) showed a pH optimum

of around 7.5. The pH optimum of sugarcane PPO found in this study was between pH 4.5

and 6.0. The same pH profile was observed with different buffer systems (data not

shown). As the pH optimum was quite broad between 4.5 and 6.0, PPO was subsequently

assayed throughout at pH 6.0. The enzyme was also more stable at acid pH, with stability

decreasing at higher pH (Figure 4.8).

PPO is not thought to be a particularly heat-stable enzyme. Short exposures, in tissue or in

solution, to temperatures of 70-90"C, are in most cases sufficient for partial or irreversible

destruction of its catalytic function (Vámos-Vigyâ26, 1981). There are however

exceptions, for example, the PPO enzyme from mango required more than 15 minutes at
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gg"C for 507o loss of activity (Robinson et aI., 1993). In grape the PPO enzyme is also

quite heat stable requiring 15 minutes at75"C for complete inactivation (Valero et al.,

l9S8). Sugarcane PPO however, does not appear to be a particularly heat-stable enzyme

which is important from a processing point of view. A heat treatment at 70"C for five

minutes was found to completely inactivate the enzyme (Figure 4.9) and at higher

temperatures the process would presumably be even more rapid. Gross and Coombs

(I976a)found the sugarcane fractions they isolated to be even more sensitive to

temperature, being fairly rapidly denatured at 55'C, with a \¡2of 1.6 and three minutes

respectively. Factors such as pH, ionic strength, protein concentration can affect the

inactivation rate (Dixon and Webb, 1958) and so give rise to the differences reported on

the inactivation of PPO from the same species (Vámos-Vi gyâ26,1981). Lourenço et al-

(Lggz) found sweet potato PPO was more thermostable at 80'C in the presence of added

sucfose.

The kinetics of sugarcane PPO heat inactivation are not straightforward as it does not

appear to follow classic first-order kinetics (Figure 4.10), suggesting possibly two

populations of PPO. Many reports on the heat stability of PPO enzymes show the

inactivation to follow first order kinetics, as seen in grape (Wissemann and [æe, 1981; Lee

et a1.,1983), cherries (Benjamin and Montgomery' 1973) and mango (Robinson et al"

1993). However, heat inactivation of sweet potato PPO was also shown to be biphasic

between 60-80'C (Lourenço et aL.,1992).

Given the substrate specificity (see Chapær 2) of sugarcane polyphenol oxidase, it would

appear to be a catechol oxidase-type enzyme and not a laccase. The inhibition of PPO

activity with low concentrations of SHAM is further evidence for this, but it is atypical in

that it was inhibited by both SDS and CTAB. DIECA (a copper chelator) has been shown

to be a potent inhibitor of other polyphenol oxidases. For example, the activity of olive

PPO was inhibited by 507o in the presence of only 5 pM DIECA (Ben-Shalomet al"
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1977). Similarly DIECA inhibited sugarcane PPO activity at quite low concentrations with

50 7o inhibition at 0.2 mM.

The inhibition of sugarcane PPO by halides was found to be strongly pH dependent and

from the Lineweaver-Burk plots is of the competitive type. Ben-Shalom et al. (1977)

showed the pH dependence of inhibition of PPO by chloride from three distinct sources. It

was found that avocado and olive PPO which have low pH optima (approximately 5.0)

were more effectively inhibited by chloride ions than mushroom tyrosinase which has a

higher pH optimum (pH 6.5). Ben-Shalom et al. (1977) and Peñafiel et al (1984)

postulated a mechanism in which chloride binds to the enzyme in competition with the

substrate only when the enzyme is in its protonated form. Janovitz-Klapp et al. (1990)

suggested that as chloride was found to be a noncompetitive inhibitor for apple PPO it can

also interact with the enzyme-substrate complex in the protonated form. Both Peñafiel ¿r

al. (1984) and Janovitz-Klapp et al. (1990) also found NaF to be the most potent halide

inhibitor, followed by NaCl, NaBr and NaI.

The inhibition of PPO by chloride is interesting from a commercial point of view as most

other inhibitors of PPO are toxic to humans and therefore not suitable in food processing

industries or are expensive. At the pH of cane juice (5.0-5.5) even relatively low

concentrations of NaCl would significantly inhibit PPO activity.
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CHAPTER 5. PURIFICATION OF A 45 KD PROTEIN SHOWING PPO
ACTIVITY

Introduction

Purification of PPO from a number of different sources has led to varying and often

conflicting estimates of its molecular weight and properties (Mayer and Harel, 1979; Vámos-

Yigyâzó,1931). Multiple forms of PPO have been reported in a range of plant species

including banana (Thomas and Janave, 1986) and kiwifruit (Park and Luh, 1985) where 14

and eight isoforms were reported respectively.

Extraction and isolation of PPO enzymes is complicated by the fact that high levels of

enzyme a¡e often found in tissues rich in phenolic substrates. It is therefore likely that at least

some of these multiple forms arise from artefacts generated during isolation and purification

either by quinone alkylation, paftial denaturation or proteolysis ( Lanker et a1.,1987:, Ganesa

et aI., 1992; Robinson and Dry, 1992). Failure to inhibit quinone formation has been an

important source of heterogeneity in PPO molecular weight estimates. Inadequate inhibition

of this quinone mediated cross-linking during the isolation of a potato trichome PPO led to an

estimate of its molecular weight to be in excess of 106, but it was later shown to be 59 kD

(Bouthyette et a1.,1987; Kowalski et al., L992).

A 40-45 kD isoform has been purified from a number of species including spinach beet

(Vaughan et al., 1975), spinach (Golbeck and Cammarata, 1981), grapes (Nakamura et al.,

1983), sunflower seeds (Raymond et a|.,1993) and green olives (Ben-Shalom et al., 1977).

Immunoblots probed with a polyclonal antibody raised to broad bean PPO indicated a 43-45

kD band in broad bean, bush bean, lettuce, mung bean, soybean, spinach, and tobacco

(Lanker et al., 19SS). In vitro translation of mRNA isolated from each of these species also

produced a PPO protein of approximately 45 kD suggesting that PPO is synthesised as a

mature 45 kD protein (Flurkey, 1986).
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Active 59-65 and 70-72 kD isoforms and higher, however, have also been reported ( Mayer

and Harel, 1979; Ganesa et al., 1992: Kowalski et al., 1992; Robinson and Dry, 1992).

Recently Robinson and Dry Q992) purifred an active 60 kD PPO from broad bean leaf which,

in the presence of proteases, could be cleaved in vito to a 42 kD protein. They suggested that

the 45 kD protein described by Flurkey (1985;1989) may be the result of proteolytic cleavage

of the 60 kD protein.

Previous work by Coombs et al. (I974) and Gross and Coombs (1976a) led to the isolaúon of

a non-particulate PPO from the leaves and stems of sugarcane. Gel filtration produced two

fractions: PPO I (MW 130 kD) and PPO II (MW 32 kD). PPO I could be converted

quantitatively to PPO II by eluting columns with buffer of high ionic strength, using aged

preparations or eluting with sodium dodecyl sulphate or urea.

The aim of the following work was to purify PPO from sugarcane with a view to

understanding better its properties with respect to manipulating the enzyme to ultimately

reduce colour in raw sugar.
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Materials and Methods

Protein purification

Method l-Purification of actiye PPO (see Figure 5.1)

Stems (750 g) of sugarcane cultivar Q87 were sliced transversely into 2-3 mm thick discs and

homogenised with a Polytron blender in 1.5 L of ice-cold buffer containing 0.1 M NaHzPO¿,

10 mM ascorbic acid and 1 mM MgCl2 (pH 5.0) and the protease inhibitors

phenylmethylsulfonylfluoride (PMSF) and leupeptin at concentrations of 1 mM and 2 pM

respectively. The homogenate was then filtered through Miracloth and centrifuged at 15,0009

for 30 minutes at 4oC and the supernatant retained.

Ammonium sulphate was added to the supemat¿nt to saturation over a period of 90 minutes at

4oC and the extract then centrifuged at 15,000g for 40 minutes at 4oC. The pellets were

resupended in 0.1 M NaH2PO¿, 1 mM MgCl2 and 2 mM ascorbic acid (pH 5.0) and

centrifuged at 40,0009 for 15 minutes. The supernatant was desalted on a 3.8 x 40 cm

Sephadex G25 column equilibrated with 20 mM piperazine, pH 5.0 at a flow rate of 10 mL

min-l and the active fractions were collecæd and pooled. The pooled extract was applied to a

1.6 x 5 cm Q-Sepharose column equilibrated with 20 mM piperazine, pH 5.0 and the active

fractions which did not bind to the column were pooled and desalted on the 3.8 x 40 cm

Sephadex G25 column equilibrated with 20 mM MES, pH 5.5. The desalted fraction was

then loaded onto an 1 x 10 cm S-Sepharose column equilibrated with 20 mM MES, pH 5.5.

The PPO was eluted with a 0-500 mM NaCl gradient and the active fractions pooled and

concentrated on an Amicon YM30 ultrafiltration membrane. The concentrate was then

applied to a 2.6 x 90 cm Sephacryl-30O column equilibrated with 25 mM MES, 150 mM

NaCl (pH 6.0) at 2 mL min-1. Fractions were collected, assayed for PPO activity and the

active fractions pooled. Active fractions were concentrated on an Amicon YM30

ultrafiltration membrane.
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The Biorad Model 491 Prep Cell is a preparative electrophoresis apparatus which purifies

specific proteins from complex mixtures by continuous-elution electrophoresis. Proteins are

electrophoresed vertically through a cylindrical acrylamide sieving gel. As individual bands

migrate off the bottom of the gel, they pass directly into an elution chamber consisting of a

thin trit. A dialysis membrane underneath the elution frit traps proteins within the chamber.

Elution buffer enters the chamber and is drawn into the elution frit and inward to an elution

tube using a peristaltic pump. The eluted protein is collected as individual liquid fractions.

For preparative nondenaturing gel electrophoresis, the discontinuous buffer system of

Laemmli was used. A 7.5 cm high 8Vo acrylamide (30 acrylamide: 0.8 bis-acrylamide)

resolving gel, and a 0.5 cm 47o stacking gel, were cast in the 28 mm ID gel tube of the Model

491 Prep Cell. One mL of the Sephacryl concentrate was loaded in 50 mM Tris (pH 6.8),

lU%o glycerol,O.IVo SDS, 0.0027o bromophenol blue. The gel was electrophoresed at 40 mA

with the same electrophoresis buffer in the upper and lower tanks (25 mM Tris-HCl, 192 mM

Glycine, 0.1 7o SDS pH 8.3). The lower electrophoresis buffer was cooled by circulation

through an ice waterbath. The elution buffer contained 25 mM Tris-HCl and 192 mM

Glycine (pH 8.3). Following elution of the bromophenol blue (approximately 100 min), 5 mL

fractions were collected and assayed for PPO activity. The active fractions were pooled and

concentrated in an Amicon Centricon-30.

Another I mL Sephacryl concentrate aliquot was desalted on a 0.8 x 16 cm Sephadex G25

column equilibrated with 20 mM Bis-Tris propane-HCl, pH 7.2 at 1 mL min-1. The active

fractions were pooled and loaded on a I x 10 cm Q-Sepharose column equilibrated with the

same buffer at 1 mL min-l. PPO activity was eluted with a 0-300 mM NaCl gradient and the

active fractions pooled. The fractions were then concentrated in an Amicon Centricon-30.
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Figure 5.1 Diagrammatic representation of the steps in the frrst purification method
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Method 2- Purification for antibody production

Young stem tissue of Q87 was sliced and 1.5 kg of tissue homogenised in two stages in three

litres of 20 mM MES, 15 mM L-ascorbic acid, 1 mM MgCl2 (pH 5.0), 1 mM PMSF and 2

pM leupeptin using a Polytron blender at 4oC to minimise browning. The homogenate was

then filtered through Miracloth and centrifuged at 15,000g for 40 minutes at 4oC. The first

preparation was loaded onto a 2.5 x 12 cm column of S-Sepharose equilibrated with 20 mM

MES, 2 mM I -ascorbic acid (pH 5.0) at 10 mL min- 1. The column was washed with

approximately 100 mL of buffer and loaded with the second preparation. The column was

washed with 170 mL of 20 mM MES, 2 mM L-ascorbic acid (pH 5.0) and 0.5 mM PMSF.

PPO activity was eluted with a 0-300 mM NaCl gradient at 5 mL min-l and the active

fractions pooled. The extract was desalted on a 3.8 x 40 cm Sephadex G25 column

equilibrated with 20 mM Tris-HCl, 2 mM L-ascorbic acid (pH 7.5) and eluted in the presence

of 0.5 mM PMSF at 10 mL min-1. The pooled fractions were loaded onto a2.2 x 10 cm Q-

Sepharose column equilibrated with 20 mM Tris-HCl and2 mM l-ascorbic acid (pH 7.5) and

washed with 120 mL buffer and 0.5 mM PMSF. PPO activity was eluted with a 0-300 mM

NaCl gradient.

The active fractions were pooled and concentrated on an Amicon PM10 ultrafiltration

membrane. There were two separate groups of PPO activity: that which did not bind to the

Q-Sepharose (RT) and that which eluted in the NaCl gradient (BP). As the RT fraction

contained the majority of the activity, it was concentrated and loaded onto a 2.6 x 90 cm

Sephacryt-3(X) column equilibrated with 25 mM MES, 150 mM NaCl pH 6.0 at 2 mL min-1

and the active fractions pooled.

For preparative denaturing gel electrophoresis, the Tricine Page (Schägger and Von Jagow,

1987) system was used. A 6.1 cm high l07o acrylarrride resolving gel, and a 0.3 cm high

4.07o acrylamide stacking gel were cast in the 37 mm ID gel tube of the Model 491 Prep Cell
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and cooled during polymerisation. The upper tank buffer contained 0.1 M Tris-HCl, 0.1 M

Tricine and 0.17o SDS (pH 8.25) and the lower tank buffer contained 0.2 M Tris-HCl, pH 8.9.

The sample was loaded in denaturing load buffer (225 mM Tris (pH 8.45), I07o glycerol,2To

SDS, 100 mM DTT, 0.00257o bromophenol blue) after heating at 100oC for 3 minutes. The

gel was electrophoresed initially at 30 V for 60 minutes, with the lower tank buffer cooled to

8oC. The voltage was then raised to 100 V and run overnight. The elution chamber outlet

was pumped at 0.5 mL min-l to a fraction collector and 3 mL fractions were collected. In

order to detect the fractions containing the PPO, 15 pL of every fifth fraction after the

fraction containing bromophenol blue marker dye was analysed by the Tricine Page system.

After the elution position was determined, every fraction near the peak was analysed. The

purest fractions were pooled and concentrated on an Amicon YM30 ultrafiltration membrane.



Run-thru

Pooled active fracúons (337o)

concenEate

Sephacryl-300
(25 mM MES pH 6.0 + 150mM NaCl)

Pooled active fractions

concenEate

Q1-Peak

98

Pellet

concenhate

Sephacryl-300
(25 mM MES pH 6.0 + 150 mM NaCl)

Pooled active fracúons

concenhate

RT

Prep cell

Pooled fractions

concent¡ate

Chapter S:Purification of a 45 kD protein

Homogenate

cenEifuge

supernatant

S-Sepharose (20 mM MES pH 5.0)

mM NaCl gradient

Pooled active fractions

Sephadex G25 (20 mM Tris-HCl pH 7.5)

Pooled active fractions

Q-Sepharose (20 mM Tris-HCl pH 7.5)

mM NaCl gradient
Activity which did not bnd(66Vo)

Protein for antibody production

Figure 5.2. Diagrammatic representation of the steps in the Method 2 purification.
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Measurement of PPO activity and protein estimntion

PPO activity was assayed as described in Chapter 2 as oxygen uptake in a Hansatech oxygen

electrode at 25"C. The reaction chamber contained 50 mM NaH2PO4, pH6.0 and extract in

total volume of 1 mL and the reaction was initiated by addition of 2 mM chlorogenic acid.

Protein concentration was estimated using the Biorad protein assay based on the method of

Bradford (I976) using a combination bovine g¿rmma globulin as the standard.

Electophoresis

Electrophoresis was conducted using a mini-gel system (Hoeffer Mighty Small II) and Tricine

polyacrylamide slab gels (Schägger and Von Jagow, 1987), comprising a I0Vo (w/v)

resolving gel and a 4Vo (wlv) stacking gel in a discontinuous buffer system. For denaturing

gels the protein sample was diluted into 225 mM Tris (pH 8.45), IÙVo glycerol,2Vo SDS, 200

mM DTT, 0.A025Vo bromophenol blue and heated at l00oC for three minutes prior to loading.

Gels were electrophoresed for 30 minutes at 30 V followed by 60-90 minutes at 150 V.

Apparent molecular weights on Coomassie and silver stained gels were calculated by

comparison with known standards. For gels stained for PPO activity apparent molecular

weight was determined by comparison with prestained protein standards obtained from

Biorad which, in turn, were calibrated by electrophoresis in the same gel system with

unstained protein standards.

Gels were stained for total protein with Coomassie stain (0.157o (w/v) Coomassie blue,507o

(v/v) methanol, I07o (v/v) acetic acid) then destained in 50Vo (v/v) methanol, lÙVo (v/v) acetic

acid for l-2hours. Remaining background colour in the gels was removed by washing in 57o

(v/v) methanol,TVo (v/v) acetic acid before drying on a slab dryer. For more sensitive protein

detection a silver stain based on the method of Menil et al. (1981) was used.
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For activity stained (partially denaturing) gels, samples were diluted into loading buffer (50

mM Tris-HCl (pH 6.8), 0.17o SDS, lOVo (vlv) glycerol, 0.0IVo (w/v) bromophenol blue) and

the gels electrophoresed with 12oC cooling. The gels were washed twice for five minutes in

20 mM NaH2PO4, pH 6.0 and then stained in 20 mM NaHzPO¿ (pH 6.0), 1 mM chlorogenic

acid,2mM L-3,4-dihydroxyphenylalanine,0.5 mMp-phenylenediamine and 180 Units mL-1

catalase. After staining the gels were rinsed briefly in 20 mM NaH2PO4, pH 6.0 and dried

on a slab dryer.

Protein sequencing

Determination of the N-terminal sequence of the sugarcane PPO proteins was carried out

according to the method of Ploug et al. (1989). A total of 300 pg of partially purified extract

was loaded into six tracks of a 1.5 mm, lÙVo Tricine gel. The gel was pre-electrophoresed in

a cathode buffer containing 1 M Tris-HCl (pH 8.45), 0.17o SDS, 10 mM reduced glutathione

,Jl'r"tt";'
(GSH) for 100 minutes. Reduced/was also added to the cathode running buffer (0.1 M Tris-

HCI (pH 8.25), 0.1 M Tricine, 0.17o SDS, 10 mM GSH) in an attempt to prevent amino

terminal blockage of the protein (Simpson et a\.,1989). Separated proteins were transfened

onto Transblot Protein Sequencing PVDF membrane (Biorad) in sequencing transfer buffer

(10 mM CAPS-NaOH pH ll.0,2OVo methanol, 0.5 mM DTT) for t hour at 300 mA. After

washing in water 3 x 3 minutes, the membranes were stained inO.025Vo Coomassie bhte,40Vo

methanol for three minutes. The membranes were subsequently destainedin 507o methanol,

the stained protein bands excised, washed in sterile water and left to air dry.
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Results

Purification-Method /, I
A number of attempts were made to purify PPO from sugarcane. The first method was based

on ammonium sulphate precipitation (see Figure 5.1). As the sugarcane PPO enzyme is

soluble (Chapter 4), extraction of the enzyme led to large volumes of extract. The enzyme

was concentrated by precipitation with ammonium sulphate. The specific activity of the

sugarcane PPO in the homogenate was relatively high (Table 5.1). Following centrifugation,

there was a significant loss in PPO activity (40Vo) in the ammonium sulphate precipitation

step and only a two-fold increase in purification over the homogenate. Subsequent desalting

on a Sephadex G25 column led to an increase in total activity measured, suggesting the

removal of an inhibitory agent. The extract was then fractionated by anion exchange

chromatography on Q-Sepharose and the peak of activity further fractionated by cation

exchange chromatography on S-Sepharose. The most significant increase in purification

occurred with this fractionation, with a more than five-fold increase in purification over that

achieved with the Q-Sepharose column step (Table 5.1).

Table 5.1. Purification table using Method 1.

Activity
(Units)

Protein
(me)

Specific activity
(Units mg-1)

Purifrcation
(-fold)

Yield
(vo)

Homogenate

15,0009 supt

Ammonium sulfate pellet

Sephadex G25

Q-Sepharose

S-Sepharose

Sephacryl-300*

4428

4105

2450

27r7

2059

t320

t012

587.2

3M.2

148.7

105.0

46.2

7.2

2.6

7.5

11.9

16.5

25.9

M.6

234.4

389.2

1.0

1.6

2.2

3.5

6.0

3r.2

51.9

100

93

55

61

47

38

25

* The Sephacryl concentrate was subsequently used in a number of different proceclures.
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After concentration, the enzyme was fractionated on a size exclusion column, Sephacryl-30O,

and the active fractions pooled. The specific activity was 389 Units mg-l and the purification

was almost 52 fold over the homogenate. Electrophoresis under denaturing conditions

revealed three strong protein bands (Figure 5.3) the strongest being at 60 kD. As PPO

activity can be easily measured using the oxygen electrode, tracing the presence of the

eîzyme through the various chromatography steps rwas relatively straightforward. Identifying

which of the protein bands shown in Figure 5.3 was the PPO enzyme also appeared to be

quite simple given that PPO can be activity-stained when electrophoresed under partially

denaturing conditions. Based on partially-denaturing activity stained gels, the sugarcane PPO

enzyme appeared to be an approximately 60 kD protein. An activity stained gel of the peak

fractions eluted from the Sephacryl-30O column (Figure 5.4), shows in fractions one and two

a sharp band at 60 kD with a much fainter band in fraction three corresponding to lower

amounts of the 60 kD protein seen in the protein stained gel (not shown). These 60 kD bands,

when stained for acúvity, excised and re-run under fully denaturing conditions still migrated

as 60 kD bands (data not shown).



Chapter 5:Purification of a 45 kD prote¡n

S

106 >
80>

4e>
32>
27>
le>

Figure 5.3. Silver stained denaturing Tricine gel of the Sephacryl-300 concentrate. 6 pg

of total protein was loaded.
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Figure 5.4. Activity staining of Sephacryl-300 fractions. Fractions which had eluted from

the Sephacryl-3O0 column were electrophoresed on a partially denaturing Tricine gel and

stained for PPO activity. The fractions are labelled as 1, 2 and 3. The three lanes of each

fraction were loaded with 2, 5 and 5 ¡rL.
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To separate the 60 kD protein from the other proteins shown in Figure 5.3 the Sephacryl-300

extract was further fractionated using Preparative electrophoresis and by anion exchange

chromatography on a Q-Sepharose column. 27 4 uníts of PPO activity (0.6 mg protein) were

loaded onto the Prep Cell and the gel was electrophoresed until the bromophenol blue had

eluted, at which point 3 mL fractions were collected and assayed for activity. PPO activity

eluted in fractions2T-34 with the peak in fractions 30 and 31 (Figure 5.5). There was,

however, a low recovery rate with only 227o of the PPO activity recovered (data not shown).

Fractions 21-34 were pooled into three larger fractions and concentrated. Analysis of these

three concentrated fractions on a denaturing Tricine gel revealed a predominant band of

protein with an apparent molecular mass of approximately 60 kD and a fainter band at around

45 kD (Figure 5.6).
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Figure 5.5. Elution profile of PPO activity from the Prep Cell.
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Figure 5.6. Purification of 60 kD PPO protein using preparative electrophoresis.
Coomassie blue stained denaturin g l07o Tricine gel of fractions collected from the Prep Cell.

5 and 10 pL of each of the pooled and concentrated fractions were loaded. Where (1)

fractions 27 , 28 and 29, (2) fractions 30, 3 I and 32 and (3) fractions 33 and 34.
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A second portion of the Sephacryl fraction was fractionated on a Q-Sepharose column

equilibrated with 20 mM BTP/HCI, p}l7.2. At this pH some of the PPO activity bound to the

column whilst the remainder ran straight through. The peak which eluted from the column

under a NaCl gradient was very broad (Figure 5.7). The two peaks of activity were

concentrated separately and analysed by denaturing electrophoresis (Figure 5.8). In the peak

which did not bind to the column (RT) there \¡/ere two strong bands of protein at around 60

and 45 kD. In the peak which eluted from the column the predominant band was at 60 kD.

The column was not overloaded as the capacity of the column was far in excess of that which

was loaded onto it.

'ftu[c"I
The 60 kD(isolated under partially denaturing conditions using the Prep cell (Figure 5.6) still

showed PPO activity, confirming that it was indeed a PPO. It appeared, however, that

although the protein was being recovered not all the activity was, with only a 22Vo recovef!

of activity from the Prep Cell. Fractionation by anion exchange chromatography (Figure 5.7)

suggested two PPO populations; one which was predominantly the 60 kD protein (Q) and

another which contained both a 60 kD protein band and a 45 kD protein band. Despite

purifying the 60 kD protein almost to homogeneity using the Prep Cell, the low yield of

activity limited further purification. Scaling up this first purification procedure was not a

viable option as the limiting step was the ammonium sulphate precipitation. Instead a second

strategy was employed which eliminated this precipitation step.
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Figure 5.8. Comparison of two peaks of activity cotlected from the additional

e-Sepharose chromatography step. Silver stained denaturing IÙVo Tncine gel, lane S

contains 6 pg of the Sephacryl-300 concentrate, lanes RT and Q were loaded with

approximarely 2 pg of protein (see Figure 5.6).
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Purification-Method 2

The purification was scaled up such that the initial total activity was more than six times that

of the first purification procedure (Table 5.2) and the procedure eliminated the need for the

ammonium sulphate precipitation step (see Figure 5.2). The supernatant from the 15,0009

spin was loaded directly onto a cation exchange column and the PPO activity eluted with a

NaCl gradient, the peak of activity eluting at a concentration of 125 mM (Figure 5.9). There

was an 1l-fold increase in specific activity with a 427o recovery of activity (Table 5.2).

Table 5.2. Purification of PPO from 1.5 kg of cane by Method 2.

Activity
(Units)

Specific activity
(Units mg-l)

Purification
(-fold)

Protein Yield
(7")(mg)

Homogenate

15,0009 supernatant

S -Sepharose

Q-Sepharose RT

Amicon YM30 conc.

Sephacryl-3ü)

Amicon YM conc.#

29260

2r755

12420

47r0*

4602

2850

2312

2057.0

1001.0

83.7

9.1

5.7

2.6

1.8

I4

22

r49

518

802

1096

r284

1

1.5

l1

37

57

77

90

100

74

42

16

16

10

8

* The fractions were left on ice for five days. As a consequence some PPO activity was lost.

# This preparation was subsequently fractionated using Preparative electrophoresis.

The active fractions were pooled and desalted into 20 mM Tris-HCl, pH 7.5 for fractionation

on a Q-Sepharose column. A large component of the activity (66Vo) was recovered in the

fraction which did not bind to the column (Run-thru). The rest of the activity was recovered

in two peaks El and E2, representing 16 and lTVo of the total activity respectively, which

eluted from the column with NaCl (Figure 5.9). Due to unforeseen circumstances, the
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column fractions were left on ice for five days and as a result some activity was lost. The

Run-thru fractions however, when pooled, gave a specific activity of 518 units mg-l and a

37-fold increase in purification. There was a further increase in specific activity following

concentration on an Amicon YM30 ultrafiltration membrane (Table 5.2).

Size fractionation on the Sephacryl-3O0 column gave a sharp peak of activity (Figure 5.9)

with a 77-foId purification over the homogenate and a specific activity of 1096 Units mg-l.

Again, concentration using an Amicon YM30 ultrafiltration membrane resulted in an increase

in the specific activity. A gel of fractions from different stages of the purification shows the

predominant protein band in the final Sephacryl-3OO concentrate to be at approximately 45

kD (Figure 5.9).

It can be seen with this purification procedure that the 60 kD protein was in much lower

abundance even in the initial chromatography steps involving cation and anion exchange

chromatography (Figure 5.10). The same three bands seen in the Sephacryl concentrate from

the first procedure were still evident in this concentrate (the 60, 45 and 30 kD proteins), but

the 45-kD protein band was now the most predominant.
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Figure 5.10. Comparison of different stages of the Method 2 purification- Coomassie

blue staine d lOVo denaturing Tricine gel. Lane (A) S-Sepharose concentrate (9.3 pg)' (B)

Q-Sepharose RT concentrate (5.8 pg), (C) Q-Sepharose El concenttate (7.2 pg)' (D) Q-

Sepharose (I2.7 ltg), (E, F, G and H) peak fractions collected off the Sephacryl-300 column

following fractionation of the e-Sepharose RT (0.6, 2.5, 3.6 and 2.5 pg respectively)' (I)

Sephacryl-3OO pooled concentrate (3.5 pg)'
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As these proteins were co-purifying on the basis of activity, it was possible they were all

PPOs, and would not be separated by following activity and using conventional

chromatography. Thus to purify the predominant 45 kD protein away from the other proteins,

the Sephacryl concentrate was denatured and fractionated using denaturing Preparative

electrophoresis (Prep Cell). The fractions eluting off the Prep Cell were collected and 15 pL

of every fifth fraction was run on denaturing Tricine gels to locate the 45 kD PPO protein.

Once the approximate location of the 45 kD protein was established, 15 pL of every second

fraction was run (Figure 5.11). Fractions 38-50 were pooled and concentrated. Figure 5.12

compares the Sephacryl concentrate loaded onto the Prep Cell and the purified 45 kD PPO

which was subsequently isolated. Due to the presence of SDS on the denatured protein it was

not possible to measure protein by the Biorad protein assay, instead aliquots of the purified

protein were run with known amounts of bovine serum albumin on a Tricine gel and then

stained with Coomassie Blue. The amount of PPO protein was determined by comparison

with the protein bands of the bovine serum albumin and estimated to be approximately 300

pg in total.
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Figure 5.11. Fractions collected during the purification of PPO by Preparative

electrophoresis. 15 ¡rL of every second fraction was run on a lOTo denaturing Tricine gel

and then silver stained. Numbers across the top indicate the fraction number.

66>

4s>

22>

31



Chapter S:Purification of a 45 kD protein 115
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Figure 5.12. Purification of the 45 kD PPO using Preparative electrophoresis. Silver

stained 107o denaturing Tricine gel showing the Sephacryl-300 concentrate (L) loaded onto

the Prep Cell and the purified 45 kD PPO (P)'
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Fractions containing predominantly the 60 kD protein band and the 45 kD were run on

partially denaturing Tricine gels and stained for PPO activity. The (a) fractions containing

the 60 kD protein showed an activity smear down to 60 kD with a predominant band at

around 60 kD (Figure 5.13) whilst the (b) fractions containing predominantly the 45 kD

protein band showed a smear of activity starting and concentrated well above the 106 kD

prestained marker down to the 60 kD mark. For the same amount of PPO activity loaded,

staining of the 45 kD fraction was weaker than for the 60 kD protein.

Protein sequencing

Very little N-terminal amino acid sequence was obtained from either the 45 or 60 kD proteins

as they were N-terminally blocked. However, both proteins had the same N-terminal amino

acid sequence: ADSS.

116
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Figure 5.13. Activity stain of partially purified fractions of PPO. Fractions containing

predominantly the 60 kD protein (a) and the 45 kD protein (b) were electrophoresed on a

partially denaturing Tricine gel and stained for PPO activity. The first four lanes had

chlorogenic acid as the major phenolic substrate and the second four had a combination of
chlorogenic acid and caffeic acid. Each of the lanes contained 0.5 Units of PPO activity.
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Discussion

The initial purification of the sugarcane PPO enzyme isolated low amounts of a 60 kD protein

as estimated under fully denaturing conditions by gel electrophoresis. When stained for

activity under partially denaturing conditions an activity band at approximately 60 kD was

observed. Although this procedure yielded relatively pure 60 kD PPO protein, the yields

were extremely low and scaling up of this method was not feasible. The observation that all

of the PPO activity could be bound to S-Sepharose at pH 5.5 \Ã/as utilised to devise an

improved procedure. Modification of the purification protocol eliminated the ammonium

sulphate precipitation step which had proved to be cumbersome. This modification (Figure

5.2) however, increased the proportion of the 45 kD protein detected at each of the

purification steps (Figure 5.10).

Unlike the 60 kD PPO, the 45 kD protein did not stain as a single band of activity on a

partially denaturing gel which led to speculation ¿¡s to whether it really was a PPO (Figure

5.13). It is possible that the 45 kD protein is more affected by the electrophoretic conditions

than the 60 kD protein and becomes inactivated. The high molecular weight smear of activity

in extracts containing predominantly the 45 kD protein suggest that under partially denaturing

conditions this protein runs as an aggregate. Angleton and Flurkey (1984) electrophoresed

extracts of grapes, mung beans, yams, broad beans, lettuce and mushrooms in the presence

and absence of SDS. They found that in the absence of SDS, the pattern of staining in all but

the extracts of lettuce and mushrooms was a broad zone of activity but that this changed into

sharp bands in the presence of SDS. If a protein is not fully denatured and saturated with

SDS, the relationship between its apparent molecular weight and mobility on a gel is tenuous

(See and Jackowski, 1989).

The 45 kD protein could not be totally separated from the 60 kD protein using conventional

chromatography as this was based on fractionation using activity as the marker, and the
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possibility that there may be other smaller forms of the PPO protein could not be ignored. It

is possible that the 30 kD protein co-purifying with the 45 and 60 kD proteins is also a PPO

(see Figures 5.3 and 5.10). The 45 kD protein was ultimately isolated from the other proteins

in a denatured form, so that it could not be confirmed as a PPO. However, given the same

timited N-terminal sequence in both forms, it is suggested that the 45-kD protein may be the

in vitro cleavage product of the 60 kD PPO, a similar situation to that observed by Robinson

and Dry Q992) with broad bean leaf PPO.

Despite the number of reports of the 45 kD protein as the predominant PPO form, the most

compelling work is that on PPO in Vicia faba. Flurkey (1985) partially purified an active 45

kD PPO from broad bean leaf. Poly A+mRNA was isolated, translated in vitro and

immunoprecipitated with an antibody to broad bean PPO yielding a 45 kD protein. This led

him to suggest that, unlike other nuclear coded proteins targeted to the chloroplast, PPO was

synthesised without a transit peptide to facilitate transport into the chloroplast. He

subsequently translate d in vitro poly A+mRNA isolated from a number of different plants and

showed that the products immunoprecipitated with the broad bean antibody had an apparent

molecular weight of 45 kD. When Lanker et al. (1988) tested the cross-reactivity of the broad

bean antibody against other species they identified, in addition to the 43-45 kD protein, a

band at 60-63 kD. Flurkey (1939) purified both the 60 and 45 kD forms and showed them to

have almost identical N-terminal amino acid sequence. More recently, Ganesa et al. (1992)

purified broad bean PPO to apparent homogeneity in the presence of protease inhibitors and

reducing agents, to prevent covalent modification and phenolic oxidation, to give a 65 and a

68 form of PPO with no evidence of a 45 kD enzyme. They suggested that the broad bean

PPO may be larger than originally thought and susceptible to proteolysis during purification.

Robinson and Dry 0992) purified a 60 kD PPO from broad bean leaves in the presence of

protease inhibitors and showed that it is susceptible to in vitro proteolytic cleavage at the

C-terminal end, yielding an active 42 kilodalton protein. They concluded that PPO is

synthesised as the 60 kD form but that it can be cleaved to the 45 kD form without loss of

activity.
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The increase in the prevalence of the 45 kD protein with the Method 2 purification suggests

that this procedure resulted in proteolytic cleavage of the 60 kD PPO protein to yield the 45

kD form. This may have resulted from inadequate inhibition of proteolysis or acid mediated

cleavage of the 60 kD protein promoted by the acidic nature of the cation exchange

chromatography step early in the purification procedure. Harel et al. (1973) reported that the

predominant form of grape catechol oxidase (55-59 kD) underwent dissociation with

exposure to acid pH or urea forming 31-33 kD and 20-21kD subunits. Similarly, when

purification of peach polyphenol oxidase was carried out in the presence of protease

inhibitors the number of isozymes observed decreased (Flurkey and Jen, 1980). It is also

possible that the ammonium sulphate step utilised in the first strategy may have removed

proteases involved in the cleavage.

The apparent discrepancy between the estimates of molecular weight reported by Gross and

Coombs (1976a) for sugarcane PPO and those reported here may reflect the method of size

determination. The molecular weight estimates they report were based on gel filtration which

separates the proteins in a native state and does not take into consideration any aggregation

which may occur. They also reported the presence of brown bands when the preparations

were run on electrophoresis gels, suggesting the proteins had not been isolated under

sufficiently reduced conditions. They found the larger form, PPO I (130 kD), could be

quantitatively converted to PPO n Q2 kD) by eluting with buffer of high ionic strength, using

aged preparations or eluting with SDS or urea. In many cases crude or partially purified

preparations show a multiplicity of forms which may occur through association or

dissociation. Harel and Mayer (1968) observed three forms of catechol oxidase from apple

fruit, with molecular weights of 30-40, 60-70 and 120-130 kD which were shown to undergo

interconversions. Thus the 60-70 kD fraction could be partially converted to the 120-130 kD

fraction in the presence of 1 N NaCl.
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Whilst there continues to be confusion over the estimates of the structural size of PPO, all

PPO genes isolated to date from tomato (Shahar et al., 1992; Newman et a1.,1993), potato

(Hunt et aL.,1993), broad bean (Cary et a\.,1992; Robinson and Dry, 1992), apple (Boss er

a\.,1995) and grape (Dry and Robinson, 1994) encode 56-62 kD mature peptides with 8-12

kD putative transit peptides. This supports the hypothesis that the mature PPO protein has a

molecular weight of 57-62 kD and that reported smaller PPOs may be the product of in vitro

cleavage as a result of the extraction procedure. However Dry and Robinson (1994) and

Rathjen and Robinson (1992a) suggest that in the Sultana grape berry cleavage may be an in

vivo process necessary for activation of the enzyme. In a variegated mutant of Sultana with

low levels of the active 40 kD PPO in the whiæ regions of the leaf, it appears ttrat the specific

protease necessary for cleavage of the inactive 60 kD form to the active 40 kD PPO is absent

or dysfunctional, leading to the accumulation of the inactive 60 kD form. Similarly, in

Neurospora crassa, a protyrosinase with a molecular weight of 75 kD is cleaved to produce

the mature 46 kD tyrosinase (Kupper et a1.,1989). 
.When 

the gene encoding the protyrosinase
r , ifr'

was cloned it revealed cleavage involve-dithe--removal of 213 amino acids from the

C-terminus. The authors suggested that this C-terminal extension was involved in shielding

the enzyme's active site, its cleavage resulting in activation of the enzyme.

Clearly there is still considerable debate as to both the size of PPO and the number of forms

present in plants. In sugarcane, a 45 kD PPO has been purified and a 60 kD form shown to

stain for PPO activity. The two proteins were shown to have identical N-terminal amino acid

sequence, however, the relationship between these two proteins in sugarcane is still uncertain'

A polyclonal antibody was raised to the purified 45 kD protein with a view to determining

the relationship between these two proteins and the results are presented in the following

chapter.



CHAPTER 6. SUGARCANE POLYPHENOL OXIDASE IS A 60

KILODALTON PROTEIN SUSEPTIBLE TO /N VITRO CLEAVAGE

Introduction

In the previous chapter, a 60 kD protein was partially purified which could be stained for

PPO activity in partially denaturing gel systems, however significant quantities of this

protein could not be obtained. A 45 kD protein also believed to be a PPO was purified to

homogeneity but as it was purified in a denatured state the activity of this 45 kD protein

could not be demonstrated The relationship between these two proteins remains unclear

although previous results suggest that the 45 kD protein may be a cleavage product of the 60

kD protein (Rathjen and Robinson, 1992a; Robinson and Dry, 1992: Dry and Robinson,

1994:). To clarify this relationship a polyclonal antibody was raised to the 45 kD protein

and used to further characterise this enzyme in sugarcane.

Materials and Methods

Antibody preparation

The purified 45 kD protein was used to raise polyclonal antibodies in a New Zealand white

rabbit. For the initial injection, 1.2 mL of the Prep Cell purified PPO desalted into PBS (137

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,1.7 mM KH2PO¿, pH 7'4), was added to I mL

Freund's Complete Adjuvant. The protein was added to the Adjuvant 200 ¡tL at a time,

mixing with a syringe after each addition until a thick emulsion was formed. This was

injected intramuscularly into the hind legs of the rabbit. After four weeks a further 750 pL

of the protein in PBS was added to 0.5 mL of Freunds Incomplete Adjuvant and injected

intradermally in approximately ten different positions over the rabbit. A final injection

occurred three weeks later when 0.5 mL of the protein in PBS was injected intravenously.
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Ten days later the rabbit was test bled and an Ouchterlony test showed an antibody to the

injected protein.

Blood was removed from the rabbit by cardiac puncture and the serum separated. IgG was

purified on a Protein A column and concentrated to a final concentration of 7 mg mL-1.

Aliquots were stored at -70oC in25Vo (v/v) glycerol to give a final concentration of 5.2 mg

mL-1.

For immunoblotting, proteins were transferred to a polyvinylidene difluoride (PVDF)

membrane in transfer buffer (25 mM Tris, 192 mM glycine,207o (v/v) methanol, pH-8.3)

using a Biorad Mini Trans-Blot apparatus. Prior to transfer, both the gel and membrane were

washed in transfer buffer for 20 minutes. Transfer was for 60 minutes at 100 V, the

membrane was then removed and washed in TBS (20 mM Tris-HCI,0.5 M NaCl, pH 7.5)

for 15 minutes. The membrane was placed in block solution (3Vo gelatin in TBS) for 45

minutes, and subsequently washed three times for f,rve minutes in TTBS (20 mM Tris-HCl,

0.5 M NaCl, 0.05Vo (v/v) Tween-20, pH 7.5). It was then incubated for one to two hours in

primary antibody (diluted 1:3000 in TTBS, l7o gelatin,0.02Vo azide) and subsequently

washed a further three times in TTBS. The secondary antibody was a goat anti-rabbit

antibody conjugated with alkaline phosphatase (Biorad) and was made to a 1:2fi)0 dilution

in TTBS. This was incubated with the membrane for a further 1-2 hours, followed by three

rinses, each of five minutes, in TBS. The alkaline phosphatase substrates, nitro blue

tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP), were prepared

according to the manufacturers instructions (Promega) and incubated with the membrane for

up to ten minutes. The reaction was stopped by rinsing in water and the membrane was

allowed to air-dry. All washing and incubations were carried out on a rotary shaker.

r23
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Preparation of dffirent fsugarcanelíssues for blottíng

Various tissues were homogenised in 50 mM NaH2PO4, 10 mM ascorbate (pH 6.0); tne

tissue:buffer ratio dependent on the expected level of activity. The homogenates were

filtered through Miracloth and assayed for PPO activity and total protein. For

electrophoresis, an aliquot was removed, centrifuged at 12,0009 for ten minutes, the

supernatant removed and denatured in loading buffer at 100"C for three minutes. Following

electrophoresis, PPO protein was detected by immunoblotting. Equivalent loadings were

made in each lane based on PPO activity determined in each extract.

Acid -mediated cleavage of sugarcane PPO

Extracts of sugarcane cultivar Q87 were prepared by homogenising 7.5 g of internode tissue

in 20 mL of cold grinding medium (20 mM NaHzPO¿, 10 mM ascorbate, pH 7.5). When the

tissue was extracted in the presence of protease inhibitors, a cocktail containing 1 pM

pepstatin, 1 pM leupeptin and 1 mM PMSF was included in the grinding medium. Where

extracts were immediately heat-denatured, tissue was added directly to boiling buffer in the

presence of 27o SDS and reheated to boiling. The various homogenates were filtered

through Miracloth and centrifuged at 40,000g for ten minutes at 4oC. From each of the

extracts an aliquot was taken and the pH adjusted to 4. The extracts at both pH 4 and 7.5

were then left overnight at 4oC. Total protein measurements and, where possible, assays for

PPO activity were made and the samples were then denatured as described previously and

loaded onto a 0.75 mm 107o Tricine gel. Immunoblots blots were performed as described

above.

Protease digestion

Stem portions of cultiva¡ Q87 were homogenised in 25 mM Tris-HCl, 2mM ascorbate (pH

7.0), filtered through Miracloth and centrifuged at 40,0009 for ten minutes at 4oC. The

supernatant was concentrated and desalted in an Amicon Centricon-30 into 25 mM Tris-HCl,
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pH 7.8. For digestion with Lys-C, 1 mM EDTA was added to the buffer. The proteases

trypsin, thermolysin and Lys-C were added to a concentration of 30 pg ml--l and incubated

at room temperature. Aliquots were removed after zero, one and three hours and added

directly to denaturing buffer to stop further digestion. Additional aliquots were taken to

measure PPO activity and aliquots were also taken from control tubes, incubated under the

same conditions without added proteases. The denatured extracts were then loaded on a 0.75

mm I07o Tricine gel and PPO protein w¿ìs detected by immunoblotting.

Cross reactivity of plant PPOs

Known amounts of PPO purified from sugarcane, bean and grape were loaded onto 0.75 mm

l07o Tncine gels and the proteins were subsequently transferred onto PVDF membrane and

probed with antibodies to grape PPO, bean PPO and the 45 kD sugarcane protein. A control

lane was run on each gel of bovine serum albumin to check îor non-specific binding of the

antibodies.

Immunoblotting of activity staíned gel slices

A 0.75 mm l\Vo Tricine gel was run v¿ith extracts at varying stages of purification under

partially denaturing conditions and the gel was stained for PPO activity as described earlier.

Gels slices were cut from the activity stained smears as shown in Figure 6.8 and added to 5

pL of denaturing buffer and heated at 100oC for three minutes. The gel slices were then

trimmed and loaded onto a second 1.5 mm IÙVo Tncine gel. The presence of bromophenol

blue allowed the slices to be seen. It was found to be essential for the gel slices to be placed

at the bottom of each well. Following electrophoresis, the positions of PPO bands were

detected by immunoblotting.
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Results

The antibody raised against the purified 45 kD protein was used to detect PPO proteins in

immunoblots of extracts of various sugarcane tissues. The specificity of this antibody was

determined by probing a western blot of the purified 45 kD protein with pre-immune and

post-immune serum. Pre-immune serum did not react with the purified 45 kD extract,

whereas the post-immune semm gave the expected single band at 45 kD (data not shown).

When PPO partially purified from stem and leaf extracts of Q87 using the cationic exchange

step described in Chapter 2, was separated on an SDS gel and probed with the sugarcane

PPO antibody, not only was a band at 45 kD deæcted but also an antigenic protein of 60 kD.

' This suggested they were either closely related proteins or that the 45 kD protein was a

cleavage product of the 60 kD protein (Figure 6.1). There were different proportions of the

two forms, with more of the 45 kD band in the stem prcparation, which may reflect the fact

that the stem preparation was left at 4'C overnight. In addition to the two major bands, a

further band at around 35 kD was detected in the leaf extract.
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Figure 6.1. Western blot of partially PPO in stem and leaf extracts probed with the
sugarcane PPO antibody. In the two lanes of stem extract, 60 and 120 mU of PPO activity
were loaded respectively and in the two lanes of leaf extract, 30 and 60 mU.
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Detection of PPO in dffirent tissue types

\ryestern blot analysis was used to detect the presence of PPO in different sugarcane tissues.

Extracts were made from immature stem, the nodes and internodes of mature stem and from

leaves. When these samples were mn on a gel under partially denaturing conditions and

stained for PPO activity, the active 60 kD band showed up strongly with very little smearing

(Figure 6.2). When the extracts were electrophoresed under fully denaturing conditions and

probed with the antibody to the 45 kD protein the active 60 kD band was detected in all the

tissue types, with very little of the 45 kD protein apparent except in the extract of nodal

tissues (Figure 6.3). Trace amounts of an antigenic 35 kD protein were also observed.

Similarly, in other tissue types where the extracts were made at pH 6.0, the 60 kD band was

the predominant band detected by immunoblotting (Figure 6.4) in all tissues. Despite the

same activity loaded in each track, the intensity of the 60 kD band detected by the antibody

was not consistent. In extracts with high levels of PPO activity, which brown more readily,

the PPO protein was less antigenic, as seen in the tracks GP, Cl, LRl and LR2 (Figure 6-4).
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Figure 6.2. Crude extracts of immature stem, the internodes and nodes of mature

stem and sugarcane leaf electrophoresed on a partialty denaturing Tricine gel and

stained for ppO activity. For each extract there are two lanes representin g 25 znd 50 mU

of ppO activity except for the leaf extract where only 15 and 30 mU of activity was loaded'
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Figure 6.3. Western blot of extracts of immature sugarcane stem, the internodes and

nodes of mature stem and Sugarcane leaf. For each extract there afe two lanes with the

same units of activity loaded as for the activity stained gel (Figure 6'2)'
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Figure 6.4. Immunoblot of extracts made from young sugarcane tissues containing
high levels of PPO activity. GP-growing point; Cl-stem tissue taken I cm below GP; CZ-

stem taken 2 cm below GP; leaf roll 1-5, (l){he 5 cm immediately above the GP, (5)-40 cm

above the GP; Yl-young furled green leaf; L-Dl leaf lamina; S-Dl leaf sheath. Equivalent
loadings were made on the basis of PPO activity.
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Protease digestion

Crude protein extracts containing predominantly the 60 kD protein were subjected to

proteolytic digestion by trypsin, thermolysin and Lys-C over a period of three hours and the

products analysed by immunoblotting (Figure 6.6). There was almost complete conversion

of the 60 kD protein to the 45 kD form in extracts digested with trypsin after one hour and

with thermolysin and trypsin after three hours. Therp was also the appearance of a smaller

antigenic band at around 20 kD in the extract digested with thermolysin. Aliquots were

taken through the time course and PPO activity measured. PPO activity in the control

extracts decreased over time (Figure 6.5) which was not unexpected as the enzyme was in an

alkaline environment.

2

Time (hours)

Figure 6.5. Effect of trypsin and thermolysin treatment on PPO activity Ín crude

sugarcane extracts. Extracts were incubated with proteases as described in Figure 6.6 and

samples were taken at times corresponding to those taken for western analysis.
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Figure 6.6 Western blot of proteolysis of PPO in sugarcane extracts. Crude extracts of
Q87 were digested with 30 lrg mL-l of the proteases over a period of three hours. Samples

were taken after one and three hours, denatured, and run on a lOVo Tricine gel. Lane C is the

control sample and the other lanes are samples from extracts treated with trypsin (Tr),

thermolysin (Th) and Lys-C (L), taken at the times indicared.
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After an one hour incubation with trypsin, PPO activity had increased relative to the control

at time zero and remained greater than the control after three hours incubation. Similarly,

activity in the thermolysin treated sample was higher than that measured in the controls after

one and three hours. These results indicate that cleavage of the 60 kD protein to the 45 kD

form did not result in loss of PPO activity, rather there was activation relative to the control.

Ac id- me diat e d c I e av a g e

Given the greater proportion of the 45 kD protein observed in the Method 2 purification

(Chapter 5) where there was an acidic step early in the procedure, it was possible the 45 kD

form was a breakdown product of the 60 kD form resulting from the acidic conditions. In

order to determine whether this was the case, extracts were made at pH 7.5 in the presence

and absence of protease inhibitors and a portion subsequently adjusted to pH 4. After

incubation overnight, PPO activities were assayed and the antigenic proteins identified in a

western blot. Activity was higher in all the extracts adjusted to pH 4 (Table 6.1). In the

extracts at pH 7.5 the major band was at 60 kD, whilst at pH 4 most of the 60 kD form had

been cleaved to the 45 kD form (Figure 6.7). In the extracts denatured immediately in the

presence of SDS and then adjusted to pH 4 and incubated overnight, there was no cleavage

to the 45 kD form. Where protease inhibitors (1 pM leupeptin, I ttM pepstatin, 100 pM

EDTA and 1 mM PMSF) were included in the extraction media, the same patterns of

proteins were observed, thus the 60 kD form was still cleaved to the 45 kD form at pH 4

(data not shown).



Chapter 6: Sugarcane PPO is a 60 kD protein 734

7.5 4 7.5
\tl

Heat+SDS

4 7.5 4
tl/

106
80

4e>
32>
28>

- -

-
a-

Figure 6.7. Immunoblot showing the effect of pH on the cleavage of the PPO

protein. Two separate extracts were prepared at pH 7.5 and half of each subsequently

adjusred to pH 4. Cane was also extracæd at pH 7 .5 at 100"C in the presence of 27o SDS

and the pH then adjusted to 4. The extracts were incubated overnight on ice and

subsequently electrophoresed. 5 pL of each of the extracts was loaded.
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Table 6.1. Activation of PPO activity in sugarcane extracts by incubation at
low pH. Tissue was extracted at pH 7.5 and then adjusted to pH 4 and incubated

overnight on ice. PPO activity was then assayed. Each value represents the mean

and standard error of two measurements. The samples were subsequently

electrophoresed, blotted and probed with the sugarcane antibody (Figure 6.7).

PPO Activity (Units ml,'l)

135

Extractl - pH7.5

- pH4

Extract2 - pH 7.5

- pH4

2.27 + 0.02

3.88 r 0.00

2.78 + 0.03

4.47 + 0.03

Active PPO can be detected by separating extracts on partially denaturing gels and staining

with a phenolic substrate (Chapter 5). When preparations containing predominantly the 45

kD protein were nrn on gels under partially denaturing conditions and stained for PPO

activity a discrete band was not detected, This inability to identify the 45 kD protein by

staining for PPO activity was of concern, especially as the active 60 kD PPO could be

readily identified as a single band on the same gels. Various preparations of partially

purified PPO from different purification procedures were run on partially denaturing gels and

stained for PPO activity and gel slices werc excised from various positions within the smear

of activity (Figure 6.8). The five tracks on the righthand gel show the activity staining

pattern prior to excision. Lane A shows a large sme¿u of activity of high molecular weight

down to around 60 kD, but in the other tracks the 60 kD band is the major staining zone. In

the lefthand gel the areas of gel excision in an identical gel can be seen. When these gel

slices were re-run under fully denaturing conditions and analysed by western blotting, the 60

kD bands which were activity stained (5 and 6) showed the same mobility under fully

denaturing conditions (Figure 6.9). V/here gel slices were cut from the smear of lane A

(Figure 6.8: 1,3, 4 and 7) the 45 kD protein was the main band detected in the immunoblot

although there were
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Figure 6.8. Partially denaturing Tricine gel of various partiatly purified
extracts of sugarcane PPO stained for PPO activity. The two halves of the gel

have the same protein loadings, the f,rve lanes (4, B, C, D, E) on the right side show

the activity stain before excision of the gel slices, as seen on the left side.
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Figure 6.9. Immunoblot of the excised gel bands from an activity stained gel. The

excised bands (Figure 6.8) were denatured and re-run on a I\Vo Tricine gel. The lane

numbers indicate the position of the excised band in the activity stained gel (see Figure 6.8).
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also low amounts of a 35 kD antigenic protein. Gel slice number 2, which was excised from

around the 60 kD mark, contained both the 45 and 60 kD bands.

Cross-reactiviry of sugarcane PPO antibody

The cross-reactivity of the sugarcane PPO antibody was tested against bean and grape

extracts. The grape and bean antibodies were also tested for their cross-reactivity. The bean

PPO antibody which was raised against a 60 kD protein did not recognize the sugarcane

protein at all and detected the 40 and 60 kD forms in grape only weakly, with the band

intensity about 50 times lower than with the broad bean PPO protein (Figure 6.10). The

sugarcane PPO antibody detected the PPO protein in both bean and grape down to 5 ng of

- protein but the band intensity was again more than 50 times lower than that with the

sugarcane PPO protein. The grape PPO antibody also cross-reacted with the PPO protein in

bean and sugarcane, but the reactivity was stronger with the bean protein.
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Figure 6.10. Comparison of the cross-reactivity of sugarcaner grape and broad bean

antibodies. When tested against the epitope to which the antibody was raised, 0.5 and 1 ng

of protein was loaded and 1, 5, 10 and 50 ng of the proteins isolated from the other species.

The top blot was probed with the sugarcane PPO antibody, the middle blot with the broad

bean PPO antibody and the bottom blot with the grape PPO antibody.
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Discussion

In the previous chapter a 45 kD protein, believed to be polyphenol oxidase, was purified

from sugarcane. A polyclonal antibody was subsequently raised to this protein. When

sugarcane stem and leaf extracts prepared under acidic conditions were separated under fully

denaturing conditions, blotted and probed with this antibody, the 45 kD protein band was

identified in both extracts, as was the 60 kD PPO protein (Figure 6.1). In contrast, when a

range of different tissues were extracted at pH 6.0 and probed with the sugarcane PPO

antibody, the predominant band in all extracts was not the 45 kD protein but rather the

activity staining 60 kD PPO (Figures 6.2 and 6.3). Attempts to inhibit PPO activity or

precipitate the native enzyme with the antibody were unsuccessful (data not shown). This,

however, was not unexpected as the antibody was raised against a denatured protein.

Driouich et aI. (1992) could not inhibit laccase activity or precipitate the native form of the

enzyme with an antibody raised against the denatured protein.

When subjected to proteases the undenatured 60 kD PPO readily cleaved to the 45 kD

peptide without loss of activity. Indeed there was an increase in activity relative to the

control (Figure 6.5). Given the amino acid sequence of the peptides shown as in Chapter 5,

it would appear the 45 kD peptide is at the N-terminal end of the 60 kD PPO and that

cleavage occurs at the C-terminus. Unlike many other plant PPOs the activity of sugarcane

PPO does not appear to be latent. However although it was not activated by SDS (Chapter

2), proteolytic cleavage of the 60 kD protein to the 45 kD form increased PPO activity

(Figure 6.6). In contrast, broad bean PPO is latent, with activity increased several fold by the

presence of SDS (Flurkey, 198ó; Moore and Flurkey, 1990). Moore and Flurkey (1990)

suggested that a minor conformational change occurs in the presence of SDS which leads to

opening or unblocking of the active site. Robinson and Dry (1992) showed that proteolytic

cleavage of the 60 kD PPO to the 42 kD form in broad bean was not required for activity,

however cleavage at the C-terminus could occur without fully activating the enzyme. They

suggested that the proteolytic cleavage may be a prerequisite to activation of PPO, as latency

of the enzyme appears to be related to the secondary structure of the N-terminal 45 kD
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region of the protein. In sugarcane, although PPO does not appear to be latent it may be that

the C-terminus cleavage makes the active site more accessible. As there was no loss of

activity with cleavage at the C-terminus it is clear that the cleaved peptide is not involved in

catalytic activity of the enzyme.

This C-terminal cleavage could also be induced in sugarcane when the PPO was extracted

under acidic conditions (Figure 6.7). As with the proteolytic digestion there was no loss of

activity with cleavage (Table 6.1) and the measured activity was higher in the extracts left at

pH 4 than in the extracts left at pH 7.5. This increase, however, most likely reflects the

greater stability of the enzyme at acid pH than at more alkaline pH (ChapTer 4).

Interestingly, when the extract was denatured there was no cleavage of the 60 kD protein

under acidic conditions. Rathjen and Robinson (1992a) also found in grape that when the 60

kD PPO was denatured it could not be cleaved with proteases. They suggested that the

susceptibility of the 60 kD protein to cleavage was structurally conferred, perhaps in the

form of a proteolytically-sensitive loop. It is possible a similar situation occurs in sugarcane,

that with denaturation of the protein a cleavage sensitive loop in the native protein is lost.

An alternative explanation is that an endogenous protease involved in the cleavage at low pH

was inactivated by the denaturation. Cleavage however, still occurred under acidic

conditions when protease inhibitors were included in the extraction buffer (data not shown).

It is possible that the protease inhibitors used were not effective with the specific protease

involved in the cleavage.

It appears that the purified 45 kD form arose as a result of the purification procedure when

the protein was exposed to chromatography steps involving low pH conditions. The

cleavage seems to be an in vitro process with no evidence for cleavage in the plant itself. In

all cases where steps were taken to prevent proteolysis only the 60 kD form was detected.

As discussed in Chapter 5, a 40-45 kD PPO has been isolated from a number of different

plant species. It is possible that cleavage to the 40-45 kD forms may have occurred in vivo

in these species, which suggests that cleavage of the C-terminal peptide in the plant serves

some, as yet unknown, function. However, in other instances, where steps have been taken
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to inhibit proteolysis during extraction of PPO as in broad bean and tomato (Robinson and

Dry,1992; Shahar etal., 1992) and where adequate levels of reducing agents have been

employed as in the isolation of apple and potato trichome PPOs (Kowalski et al., 1992;

Murata et al., 1992) a 59-66 kD protein has been purified.

Because it is possible to demonstrate PPO activity in the presence of anionic detergents,

partially denaturing activity stained gels have been routinely used in the detection of plant

PPOs. In sugarcane, the 60 kD form is readily identified in the partially denaturing system

as a discrete band at 60 kD. The 45 kD peptide, however, appears to run as an aggregate

when stained for activity, showing apparent molecular masses larger than the expected 45 kD

peptide (Figure 6.8) When gel fragments were excised from within this smear and re-run

under fully denaturing conditions and probed with the antibody, the 45 kD band was

observed (Figure 6.9). In this cleaved form, there appears to be a greater tendency for

aggregation with itself and perhaps other proteins.

In many of the sugarcane preparations a band of 35-37 kD was detected by the antibody.

Although the identity of this peptide was not fully determined it is possible that it too may be

a product of cleavage of the 60 kD PPO. The presence of a similar sized protein excised

from the activity stained smeÍrr (Figure 6.9) lends further support to the 35 kD being a PPO.

In immunoblots of a range of higher plants probed with the broad bean polyclonal antibody

Lanker et al. (1988) identifed, in addition to the proteins with molecular masses of 60-63 and

43-45, a group of antigenic proteins at34-36 kD. The antigenic proteins at34-36 kD were

detected after denaturing SDS-PAGE with no evidence for them existing in an active state.

As yet, no PPO proteins of 30-35 kD MW have been purified and demonstrated to have PPO

activity.

In addition to the polyclonal antibody raised to sugarcane, antibodies have now been raised

to a number of different plant PPOs including broad bean (Hutcheson et al., 1980), grape

(Rathjen and Robinson, 1992a), apple (Murata et aI., 1993), tomato (Shahar et al., 1992)

and the trichomes of Solanum berthaultii (Kowalski et al., L992). Lanker et al. (1988)
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showed the broad bean polyclonal anti-PPO to be quite cross-reactive, identifying PPO in

eight other species. In apple, among the PPOs of six plant species tested, only pear PPO

cross-reacted with the monoclonal apple PPO antibody indicating much greater specificity

(Murata et aL.,1993). The sugarcane antibody detected both grape and bean PPOs down to 5

ng, the grape PPO antibody was similarly cross-reactive against the other two species while

the broad bean antibody was the most specific, not recognising the sugarcane enzyme at all

(Figure 6.10). The weak cross-reactivity of the three PPO antibodies seen here suggests that

PPOs are not highly conserved in terms of their antigenicity.

As shown in Chapter 3, PPO activity is highest in young, actively growing tissues at the top

of the sugarcane stalk, declining on a fresh weight basis down the stem. In all of the

sugarcane tissues investigated the 60 kD form was the dominant band identified by the

antibody. It was often observed that in tissues with high PPO activity the intensity of the

immunostaining band was less than in tissues with lower aôtivity (Figure 6.4). The most

likely explanation for this observation is that in those tissues rich in PPO and phenolics,

where browning is difhcult to control, the PPO protein t¿ns, affecting its antigenicity.

In summary, the evidence indicates that sugarcane PPO exists as a 60 kD protein in vivo but

that it can be cleaved to the 45 kD form in vito without loss of activity. It seems likely,

given the similar observations made by Rathjen and Robinson (1992a) and Robinson and

Dry Q992) and those described here, that the PPOs purified from other species as 40 to 45

kD proæins may also result from cleavage of a C-terminal peptide from a larger protein.

V/hether this cleavage occurs, as for sugarcane PPO as a consequence of extraction, or

occurs in vivo as found for grape PPO (Rathjen and Robinson, 1992a), the functional role of

the C-terminal peptide is yet to be resolved.



CHAPTER 7. ISOLATION OF THE STRUCTURAL GENE ENCODING

SUGARCANE POLYPHENOL OXIDASE

Introduction

In Chapter 5 a 45 kD protein believed to be a PPO was purified and an antibody was raised

to rhis protein. Subsequent studies showed that the ó0 kD PPO could be cleaved in vitro to

the 45 kD form (Chapter 6). This suggested that PPO exists as a 60 kD protein in vívo.

Furthermore, all plant PPO genes isolated encode 56-62 kD mature peptides with no

evidence for a gene encoding a 40-45 kD PPO. Isolation of a gene encoding PPO in

sugarcane using the antibody raised to the 45 kD form of PPO would confirm its identity. In

addition, isolation of the gene is the first step required in attempting to overcome the problem

of browning by genetic manipulation. By decreasing expression of the PPO gene and

thereby reducing enzymic browning, lighter coloured cane juice, and thus raw sugar could be

obtained. With these objectives in mind, this chapter reports on the cloning and

characterisation of a sugarcane PPO cDNA .

Materials and Methods

Plant material

For rhe çDNA library the growing points (first 1-1.5 cm below the apical meristem) of ten

glasshouse grown stalks of cultivar QS7 (0.8-2.5 g each) were dissected over liquid nitrogen,

frozen immediately in liquid niUogen and stored at -70oC. For the northern blots, tot¿l RNA

was extracted from glasshouse grown sug¿rcane (cultivar Q87), where stem above the point

of attachment of leaf Dl was called the growing point (GP) and sections of stem below this

point designated as numbered internodes.
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Total RNA extraction and mRNA purification

Total RNA was isolated following a modification of a method from Dr Bob Bugos

(USDA/HSPA). The frozen tissue (la g) was ground to a fine powder in a coffee grinder

cooled by liquid nitrogen. The powder was slowly added to a stirring beaker containing 45

mL of buffer (0.1 M Tris, (pH 9.0) 0.2 M NaCl, 15 mM EDTA, 0.5 Vo (w/v) Sarkosyl and

l7o (vlv) ß-mercaptoethanol), 45 mL phenol (equilibrated with 3 M sodium acetate pH 5.2)

and 9 mL of chloroform:iso-amyl alcohol (24:l) and left to stir for five minutes. Three molar

sodium acetate pH 5.2 (3.8 mL) was added and the extract left on ice for 15 minutes. The

homogenate was then centrifuged at 16,0ü)g for 15 minutes at 4oC. The upper aqueous

phase was recovered, an equal volume of isopropanol added, and this was incubaæd at -70oC

for 20 minutes. The precipitated RNA was collected by centrifugation at 10,fi)03 for 10

minutes at 4oC, the pellet was washed with 707o (vlv) ethanol and centrifuged again at

10,000g for 5 minutes. The pellets were allowed to air-dry and then resuspended in RNase-

free water. Any insoluble material was removed by centrifugation at 10,0009 for 5 minutes.

Lithium chloride was added to the supernatant to a concentration of 2 M and incubated

overnight at 4oC. RNA was pelleted by centrifugation at 12,000g for 15 minutes at 4'C,

washed with707o (v/v) ethanol and resuspended in 6ü) pL of RNase free water.

Purification of mRNA was carried out using a PolyAtract mRNA Isolation System

(Promega), which utilises a biotinylated oligo(dT) primer able to hybridise to the poly-A+ of

the mRNA. Following the manufacturer's instructions, 2.7 mg of total RNA in a final

volume of 2.43 mL was heated to 65oC. For the annealing reaction, 10 pL of the

biotinylated-Oligo(dT) Probe and 60 pL of 2OxSSC were mixed with the RNA and left to

slowly cool to room temperature. The cooled annealing reaction was then added to

streptavidin-paramagnetic particles (SA-PMPs) and the mixture incubated at room

temperature for ten minutes. The SA-PMPs were captured using a magnetic stand, washed

four times with 0.|xSSC, and the mRNA eluted into RNase-free water. An equal volume of

T4
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isopropanol and 0.1 volume of 3 M sodium acetate was added and the mixture was left at

-2OoC overnight. The mRNA was pelleted by centrifugation, washed with707o ethanol and

left to air-dry. The pellet was then resuspended in 50 pL of RNase free water.

cDNA library construction

çDNA synthesis was carried out using the TimeSaver cDNA Kit (Pharmacia). Following the

manufacturer's instructions, 3.7 ttg of mRNA in a volume of 20 pL was heated to 65oC and

immediately chilled on ice. To a First-Strand Reaction Mix, 1 pL of 0.2 M DTT, 1 pL of

oligo(dT) and the heat-denatured mRNA was added and incubated for one hour at 37oC. The

First Strand Reaction was then added to the Second-Strand Reaction Mix, incubated at I2oC

for 30 min and then at 22"C for one hour. The reaction was heated to 65oC for ten minutes

and aftercooling to room temperature, extracted with 100 pL of phenoVchloroform (1:1).

The upper phase contåining the cDNAs was then purified on a Sepharose CL-48 spun

column previously equilibrated with ligation buffer.

To ligate the EcoRIlNolI adaptors, 3.8 pL of EcoRIJNoTI Adaptors, 30 pL of buffered

polyethylene glycol solution, 1 pL 15 mM ATP and 1 ¡tLT4 DNA Ligase were added to the

column effluent, mixed and incubated at 16oC for one hour. The reaction was stopped by

hearing to 65oC for 10 min. The EcoRl-ended cDNAs were phosphorylated directly in the

ligation mixture by the addition of 1.5 ¡rL of 75 mM ATP and I pL of T4 Polynucleotide

Kinase and incubated at 37oC for 30 minutes. The reaction was stopped by heating at 65oC

for ten minutes, and extracted with phenoVchloroform. The excess and dimerised adaptors

were removed using a second spun column. The column effluent containing the cDNAs was

precipitaæd overnight at -20oC in two volumes of ethanol,0.l volume of 3 M sodium acetate

and 5 pg mussel glycogen. After centrifugation at 30,000g for 30 minutes, the pellet was

dried and resuspended in 10 pL of sterile water. The concentration of cDNA was determined

using ethidium bromide plates, where the concentration of oDNA was visualized against

r45
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known standards. The cDNA was ligated into Lambda ZAP@II vector (Stratagene)

according to manufacturers instructions and packaged directly into Gigapackru II Gold

packaging extract (Stratagene). To determine recombination efficiency 1 pL of the library

was plated on E. coli SURE@strain (Stratagene) and the number of white plaques counted.

In vivo excision of PBluescriPt

The ExAssistru/SOlRru system (Stratagene) was used to excise pBluescript from the

Lambda ZAPII vector. The plaque of interest was cored as an agar plug using a sterile

pasteur pipene and added to 500 pL of SM buffer and 20 pL of chloroform' The phage

particles were released by vortexing and incubation overnight at 4oC. Phage stock (100 pL)

wascombinedwith200¡rLofXLl-Bluecells(oD66g=|.0)andlpLofExassisthelper

phage and themixture incubated ar.37ocfor 15 minutes to allow phage adsorption' Three

mL of 2xyT media was added and incubated with shaking for a further three hours. The

tube was then heated at 70oC for 20 minutes and centrifuged at 4,000g for 15 minutes to

pellet the cellular debris. The supernatant containing both helper phage and excised

phagemid was used to infect soLR host cells (oD6gg=1.0). The helper phage contains an

amber mutation which prevents its replication in non-suppressing host strains such as SOLR

cells. The infected SOLR cells were incubated at 37oC for 15 min and 100 pL plated on

media containing ampicillin to select for bacteria containing pBluescript'

Plating and screening the cDNA library

XLI-Blue cells were grown inLB+0.27o maltose +10mM MgSOa.TH2O until they reached

an oD6¡6 of approximately 0.5. Diluted phage stocks were added to 350 pL of the prepared

cells and incubated for 15 minutes at 37oC. Top agar equilibrated at 50oC was added to the

cultures and immediately poured onto NZY plates pre-waflned to 37oC' The plates were

incubated at 42"C for three to four hours. The phage stock was plated at a dilution of

r46
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approximately 8000 plaques per plate onto 150 mm plates as described above, and incubated

upside down ar. 42oC for three to four hours until cell lysis began to occur. IPTG-treated

filters were then placed on the plates and left overnight at 37"C. The filters were screened

with the anti-sugarcane PPO as described in Chapter 6, except that E. coli extract (Promega)

for background reduction was added to the primary antibody at a ratio of 1:1ü) and incubated

at37oc for 30 minutes prior to screening of the filters .

Putative positives were cored with the 'wide' end of a sterile pasteur pipette into 0.5 mL SM

buffer and 10 ¡rL of chloroform, vortexed and incubated overnight at 4oC. Five and 50 pL of

a 1:100 dilution of the phage mix from the first round screening was plated as above and

screened with the anti-sugarcane PPO. The positives were cored with the 'narrow' end of a

sterile pasteur pipette and incubated in SM buffer and chloroform. For the third round

screening 1 pL of a 1:100 and 1:1000 dilution was plated. Positives were cored and excised

following the ExAssistru/SOlRru protocol as described above.

Bacterial growth media

NZY Broth: 0.57o NaCl,0.27o MgSO¿.7HZO,0.5Vo Yeastextract, l7o caæn hydrolysaæ, pH 7.5

2XYT Broth: 17o NaCl, l%oYeastextract, 1.67o Bacto-Tryptone

LB Broth: 17o NaCl, l7oBactotryplane,0.5To YeastExtract

SM Buffert 0.2Vo MgSO¿.7H20, 50 mM Tris-HCl, Q.OlVo gelatin, 100 mM NaCl, pH 7.5

Top Agar: NZY Broth with0.7Vo agu

NZY Plates: NZY Broth with 7.5Vo Agu

LB plates: LB Broth with 1.57o Agar

2X YT B roth : 1 7o NaCl, l7o Y eas¡ extract, l.6%o Bacto'Tryptone
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Chapter 7: Isolation of the structural gene

Extraction of plasmid DNA

Plasmid DNA was isolated using either the Boiling miniprep method described in Holmes

and Quigtey (1981) or using the QIAGEN plasmid kit (Diagen) according to the

manufacturer's instructions.

Northern Blot analysis

RNA was extracted from various tissues as described above. Total RNA samples were

resolved in a I.2Vo agarose gel containíng 8Vo formaldehyde in MOPS buffer (20 mM

MOPS, 5 mM sodium acetate, 1 mM EDTA, pH 7.0) as described by Sambrook (1989).

' RNA markers (Promega) were loaded to allow sizing of the transcript after staining with

erhidium bromide. Total RNA (10 pg per lane) was mixed with three volumes of load buffer

(5ffi pL deionised formamide, 190 pL formaldehyde(407o),100 pL x10 Northern buffer and

0.2Vo bromophenol blue), heated at 65oC for ten minutes and chilled on ice prior to loading.

Following electrophoresis the separated RNA was transferred overnight onto Zeta-Probe

membrane (Biorad) by alkaline capillary transfer using 50 mM NaOH. The membrane was.

then rinsed in 2xSSC (150 mM NaCl, 150 mM sodium citrate pH 7.0) and allowed to air-dry.

A 900 bp BamH\tHind II cut fragment of the SUGPPOI clone was used as a probe. The

digested fragment was mn on a 27o Nusieve (FMC Bioproducts) gel and the gel fragment

excised using a sterile scalpel blade and purified using a QIAEX kit (Diagen) according to

the manufacturers instructions. The DNA (200 ng) was labelled using a GIGAprime DNA

labelling kit (Bresatec) using 50 pCi of cr-32p-dATP according to the manufacturer's

instructions. After incubation at37oC for 30 minutes, I pL of EDTA, 15 pL of TE and 5 pL

of Blue Dextran were added. Labelled DNA was separated from unincorporated nucleotides

using 1 mL Sephadex G-50 columns equilibrated with TE, the labelled DNA eluting from the

column with the Blue Dextran.
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Hybridization wÍts carried out in a Hybaidru mini hybridisation oven. The membranes were

initially incubated in 5 mL of prehybridisation solution (250 mM NazHPO¿ (pH 7.0),77o

SDS, 1 mM EDTA) at 65oC for at least one hour. The DNA probe was denatured at l00oc

for five minutes and cooled on ice, before addition to the prehybridisation mix.

Hybridisation was carried out overnight at 65oC. Following hybridisation the membrane was

washed for 15 minutes at room temperature in 2xSSC, 0.17o SDS followed by two washes in

0.1xSSC,0.17o SDS for ten minutes at 65oC.

Subcloning

Specif,rc DNA fragments were separated after digestion on a I.5Vo Nusieve low melting point

agarose gel. Excised gel slices were melted at 68oC for ten minutes and placed at 37oC. To

7 ¡rL of molten agarose was added 4 pL of sterile water (at 37oC), 1.5 pL of Boehringer 10x

Ligase Buffer (660 mM Tris-HCl, 50 mM MgCl2, l0 mM DTT, l0 mM ATP, pH 7.5)' 1.5

pL Boehringer T4 DNA Ligase and 1 pL of vector (pBluescript SK+ or pGEM3Zf), mixed

and left at37"C for 30 seconds,before incubation at room temperature overnight. Ligation

mixtures were transformed into E. coli strain DH5cr by electroporation. The ligation mixes

were heated at 68oC for five minutes and then placed at37"C. To 1 pL of the ligation, 40 pL

of competent cells was added, mixed and transfened into a pre-chilled 0.1 cm electroporation

cuvette (Biorad). The cuvette was pulsed at 1.8 kV and then 8ü) pL of LB added to the

cuvette to remove the transformed cells. The cells were incubated at 37oC for one hour and

then plated onto solid media, with ampicillin selection.

DNA sequencing

Double-stranded plasmid DNA templates were sequenced using the di-deoxy chain

termination method (Sanger et al., 1977). The sequences were read using an Applied

Biosystems 3734 DNA sequencer. SUGPPOI was fully sequenced using subclones and
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oligonucletide primers as shown in Figure 7.2. The oligonucleotides were synthesised by

Bresatec Ltd and purified on OPC columns (Applied Biosystems) following the

manufacturer's instructions.

Results

PCR

Degenerate oligonucleotide primers designed to conserved regions identified in sequenced

plant PPO genes have been used successfully to amplify and isolate PPO genes from a range

of plant species including lettuce, potato, bean, apple and grape (Dr Simon Robinson, CSIRO

Division of Horticulture, unpublished data). A similar approach was tested using sugarcane

mRNA from growing point tissue. First-strand cDNA was synthesised and PCR was carried

out with a number of different degeneraæ primers. None of the primer combinations

produced a DNA species of the predicted size. To check the quality of the first-strand

cDNA, degenerate primers designed to conserved regions of various plant invertases (Dr.

Chris Davies, CSIRO Division of Horticulture, unpublished data) were used to amplify an

internal fragment (570 bp) of sugarcane invertase. This fragment was cloned and sequenced

and shown to encode sugarcane invertase (data not shown). It appeared therefore that the

cDNA was intact, but that the PPO oligonucleotide primers were unable to anneal to the

sugarcane PPO transcript. As a result, a different strategy for cloning PPO was utilised,

involving antibody screening of a cDNA expression library.

Screening the cDNA library

The \uZAPII expression library constructed from Q87 growing point mRNA was screened

with the sugarcane PPO antibody. Approximately 40,000 primary plaques were screened

and 14 plaques remained positive after the tertiary screen. EcoRI restriction digestion of
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phagemid DNA from the purifîed phage clones showed the inserts to range in size from

600bp to 4.0 kb. However, eight of the 14 clones had inserts of around 2.0 kb which

approximated the predicted size of a full-length PPO cDNA. Two of the clones (1A and 6A)

had inserts of 4 and 3.5 kb respectively. To determine the relatedness of the clones, a-32p

labelled clone 8A was used to probe a blot of a Hind II restriction digest of the remaining

clones. Atl of the clones, except 34, cross-hybridised strongly with the probe at high

stringency (data not shown). Subsequent restriction endonuclease mapping of the clones

showed the relatedness of all but one of the clones (3A) and suggested that clones 1A and 6A

were concatemeric. Of the other clones, only 114 differed significantly, having no KpnI

sites (compare with SUGPPOl; see Figure 7.1) and an additionaLHind II site. Furthermore,

digestion of 114 with Rs¿I gave a very different restriction pattern to that seen with the other

clones (data not shown). One clone SUGPPO1 (2209 bp) was fully sequenced and partial

nucleotide sequence was obtained from the 5' end of many of the other clones, identified by

the bold ¿urows (see Figure 7.1). Comparison of the limited 5' sequence of these clones with

the SUGPPO1 sequence and restriction endonuclease mapping (Figure 7.1) indicated a

number of the clones (74, 84, 94, 144 and 134) were shorter versions of the full length

(SUGPPOI) clone. Other sequenced clones (44, 5A and 10A) aligned with SUGPPOI and

showed similar restriction endonuclease sites but were longer at the 3'end, indicating either a

3' attachment of unrelated DNA or the presence of a long poly-A+ tail. The limited

nucleotide sequence obtained for I lA confirmed that it is quite different to SUGPPOI.
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Figure 7.2 Subcloning strategy for sequencing SUGPPO1

This figure shows a restriction map of the SUGPPO cDNA (22W bp). The gites were used in the
construction of subclones as shown above. Sequence obtained using the oligonucleotides SUGl,
SUG2 and SUG3 are also indicated. Bam HI and Hind II sites in the polylinker sequence of the
cloning vector were used in the construction of the subclones.

The ten subclones generated were as follows:

pBHII 870 bp (approx.) Bam \il,fiIind II fragment in pBluescript SK+

pEagl 580 bp Eag I fragment in pBluescript SK+

pKpn6 505 bp Kpn I fragment in pGEM-3Z

pHl.1 888 bp Hind Il fragment in pBluescript SK+

pE23 792bp Eag I fragment in pBluescript SK+

pH3.10 131 bp Hind II fragment in pBluescript SK+

pH3.L2 250 bp (approx.) Hind Il fragment in pBluescript SK+
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Characterisation of SUGP PO I

The sequencing strategy of SUGPPOI is shown in Figure 7 .2, which indicates the subclones

that were made and the oligonucleotide primers that were used. Figure 7.3 shows the

nucleotide and deduced amino acid sequences of the 2209 bp SUGPPO1. Consistent with

genes isolated from other monocots (Campbell and Gowri, 1990) sugarcane PPO has a high

G+C content (66Vo). In comparison the G+C content of the potato tuber cDNAis only 427o.

Analysis of the nucleotide sequence indicated the presence of two methionine residues which

could potentially act as the site of initiation of translation. In the alignment of the sugarcane

PPO protein sequence with other plant PPO protein sequences (Figure 7 .4) the amino acids

M*S are highly conserved at the start of the protein. In both grape and potato tuber PPO, the

start sequence is MAS, which is consistent with the sequence following the second

methionine in the translation of SUGPPOI. The open reading frame encodes a protein of

615 amino acids with a calculated molecular mass of 67066. From the N-terminal amino

acid sequence of the 60 and 45 kD sugarcane PPO proteins (ADSS, Chapter 5), a putative

transit peptide was identified upstream of the mature PPO protein. This peptide encodes 80

residues with a predicted molecular weight of 8063 and isoelectric point of 11.79. The

mature PPO proæin, thereforc, is 535 residues in length with a predicted molecular weight of

59021and an isoelectric point of 6.96.
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*

TCAÀÀTC C AGAC CGCTGCAÀÀTAÎC ACGTAGTCTCGTAGACATGAACGGC TC CATGGC G

MNGSMA

6 O AGCGC CTGCGCCACCTCCAGCCCCCTCGTCTCGGCGCCCTC TGCATGCC CGTCCAAGAAG
SACATSSPLVSAPSACPSKK

1.2 O ACCTCCGCCGCCÀGGTTCCGGCGCCGCACGTTCTCGTGCAGGGCCACCGGCGGCGGAGGC
TSAARFRRRTFSCRAlGGGG

]- 8 O GGCGGCCGGGGCAÀCÀATGACGGCTTCTTGTGGCTGCCTCGGCC.GGACGTGATGCTCAGC
GGRGNNDGFLWLPRRDVMLS

2 4 O GGC C TGÀGCGGTGTC GC CGC CGGGC TCGC C TGGTÀC C CGC,GC C TC GCGTC TC'GTGCGGAT

GLSGVAAGLAWYPGLASGÀD

3 O O TCGTCGTCTTCGCCGTGCACGACGGCGGACAAGGTGAACGAGAAGATCTTGCTGTGCGCG
SSSSPCTTADKVNEKILLCA

3 6 O GACACGGACAAGCAGÀÀGCCCTGCCCTCTTGTGTCGCCGGCGGCCCCCGTGGACTTCACG
DTDKAKPCPLVSPAAPVDFT

420 C CGGAÀGGCAÀC.GTGACGCGCGTC CGGC AGC C CGTGC ÀTC TC C TGAGC CGGGAÀTAC CÀG

PEGKVTRVRQPVHLLSREYA

4 8 O GAGÀÀGTACAAGGÀGGCCGTCGGGAÀGATGAÄGGCGCTGCCGGÀGTCGAÀTCCGCTGAGC
EKYKEAVGKMKALPESNPLS

5 4 O TTCAÀGGCGCAGGCGGCCATCCACCAGGCTTACTGCGACAACTACTACAAGTACCACAÀG
FKAOAATHOAYCDNYYKYHK

6 O O TCATCCGGCTCGACGGTGGCCAAGGACGACCCGGCGTTCGACGTGCACTACTCGTGGATC
SSGSTVAKDDPAFDVHYSWI

6 6 O TTCGCGCCGTGGCACCGCATGTACATCTACTTCTACGÀGCGTGCCCTCGGCGACCTCATC
FAPWHRMYIYFYERALGDLI

7 2 O GGCGAC AÀÀACCTTCGCGCTGCCGTTCTGGAGCTGGGACGCGCCGGCCGGCATGGTGGTA
GDKTFALPFWSWDAPAGMVV

780 C CGGCTCTCTTCÀAGGAÀGCCTTTGCCAÀCCCGCTGTACGACCCCAÀCCGGAÀCACGGCG
PALFKEÀFANPLYDPNRNTA

8 4 O ÀÀCCTCAÀCGCGCTGGTCGACCTAGACTACCTCAGCCACAGGGATGCGAÀGCCCATCGAT
NLNALVDLDYLSHRDÀKPID

9 O O TTCÀÀGC.GCCCAÀÀGGACGAÀÀÀÀTACAÀGGAACTTGTTAÀCAÀGÀACCTGIGCACCGTA
FKGPKDEKYKELVNKNLCTV

9 6 O TAC AAC C AGCAÀGTGCGTAÀGC,GCC CGGAGTCGTTC C TGGGCGAGÀAGTTC TGC AC CGC C

YNAAVRKGPESFLGEKFCTA

1.0 2O ATCGATGGCÀCCAGCGGCATGGGTTCGCTGGAGCC'GATGGCGCÀCACCGCCATGCACGTC
IDGTSGMGSLERMÀHTAMHV

1 O 8 O TGGGTCGGCAÀGGCGGGCGCGAÀGCCTTGCGACGCCGCCGCCGGCGGCGTCCTGAGCCAC
I^1 V G K À G A K P C D A A A G G V L S H
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Chapter 7: Isolation of the structural gene

1 1 4 O ÀÀGGÀTÀÀTGGCGCGTTCAÀCTGCAÀCAÀCGÀCATGC.GGTTCCTGGGGTCGGTCGGGAÀC
KDNGAFNCNNDMGFLGSVGN

1. 2 O O GACCCACTCTTCTACTCACAC CACTCCAACGTGGACCGCATGTGGCACCTCTGGTCCACC
DPLFYSHHSNVDRMWHLWST

L2 6 O AGGATGGGCGGCGGGCAGGGCATCÀCGGACCCGGACTGGCTGGÀCGCCAGCTTCGTCTTC
RMGGGAGITDPDWLDASFVF

T3 2 O ÎACGACGACGTCÀÀGAGCCCGCGGAÀGGTGCGCATCAAGTTCCGCGACGTCGTGGACACG
YDDVKSPRKVRIKFRDVVDT

1 3 8 O CGCGACCTCGGCTACACGTACGACCCCGAGTACGACAGGGACCTGCCGTGGCTGCGGCCC
R D L G Y T Y D P E Y D R D L P hIL R P

I 4 4O AÀGATCACGACGCTGGTGCCCCACGGCAAGGACAGCGGCGGCGCGGCGGCGAGGTCGTCG
KITTLVPHGKDSGGAAARSS

]- 5 O O GCGGCGCCGCCGGTGTTCCCGCTCGCTCTGACCAAGGGCCAGGTCGTGGAGGTGCCGGCC
AÀPPVFPLALTKGAVVEVPA

1 5 6 O GTGGCCGTGCCCGCCAGGGAGGCGGGGÀAGGAACAGCTGCTGGTGATCGÀCGGCATCGÀC

7620 TTCGÀC C C GC AGGCGAAC ÀÀCAÀGTTCGACGTCGC CÀTCAÀC C TGC C CGCGGAC AÀC'GCG

FDPQANNKFDVAINLPADKA

1 6 8 O CTGCTGGTGGGGCCGCAGTACAAGGAGTACGCCGGGAGCTTCGCCGTCGTGCCGGGCTCC
L L V G P Q Y K E Y A G S F ,A V V P G S

t7 40 GGGGCCGGCGAGACGCGGAAGGGGAAGGTCTCCCTCTGCATCACCGACGTGCTGTACGAC
GAGETRKGKVSLCITDVLYD

1 8 O O CTCGACGCGGAGGACGATAGCACCGTCGACGTCCTTATCGTGCCGCGCACCAÀTGCAÀAG
LDAEDDSTVDVLIVPRTNÀK

1 8 6 O GTGACGATCAÀCGTTCGCCCCACCATCAÀGÄACCGCÀÀGTAGCTAÀGCTAGCTACTGGAG
VTINVRPTIKNRKi'

TAGTACTCGGTCGCGACGATTGTGTGGTCAATGACGTCGAC CATCGTTTC AT'GCACAGC T
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1980

2040

21,00

2760

GATÎGCGACÀC CGGGTGTC CGCAÀCAATAÂAC TTATTGTAGTAC C AGC TGATTGC ATTGÀ

GÎGGTTTATÀTTAGGAAÀGAGC C CATGGTAGC TGC TGTTGGAGCAEGC C TTGGTC CGGGT

GC AGAÀTCAGTTCGAGAC TGCATTC CAÀÀTTGTATTCAGAC C TTGTTGGC C AÀTGATTÎG

GCCGCTGTTTCTCAGTAÀTGGAGTTCCACTTCCATGTT A.AÀ.4.4À.A.AA.AÀÀ 22 O 9

Figure 7.3. Nucleotide and deduced amino acid sequence of SUGPPOI. The putative

site of initiation of translation is indicated by (*). The N-terminal amino acid sequence of the

purified 45 kD sugarcane PPO protein is underlined indicating the start of the mature

peptide.
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Alignment of SUGPPO1 with deduced amino acid sequences of PPO cDNAs isolated from

grape berry (Dry and Robinson, 1994), bean leaf (Cary et al., 1992), apple (Boss et al-,

1995), tomato leaf (Shahar et aI., 1992) and potato tuber (Dr Peter Thygesen, CSIRO

Division of Horticluture, unpublished data) is shown in Figure 7.4. Within the putative

transit peptides there is little homology other than a region between residue numbers 8l and

94. The greatest sequence homology was present in the two putative copper binding

domains designated CuA and CuB with the histidine residues highly conserved (Figure 7.5).

The CuA domain is highly conserved across the species whereas the CuB domain is not

(Steffens et al.,1994). In the CuA domain sugarcane PPO is the only plant PPO to have a

tryptophan (W) insæad of a phenylalanine (F) preceding the second histidine residue. In this

instance, sugarcane PPO is like the tyrosinases in that a tryptophan (W) at this position is

highly conserved in tyrosinases (Steffens et al., 1994). In the CuB domain both the

sugarcano and potato tuber proteins have a large insertion between the two groups of

histidine residues which decreases the overall consensus. The greatest sequence

conservation in the CuB domain is around the third histidine residue (Figure 7.5).

t57



Chapter 7: Isolation of the structural gene 158

1 Trauslt peptlde '7 0

potato leaf ...SSSSTTTIPLCTNKSLSSSFTTNNSSFLS...KPSQLFLHGRRNQSF...KVSCNÀNNNVGEI{DKNL
tomaLo leaf MSSSSSITTTLPLCTNKSLSSSFTTTNSSLLS...KPSQLFLHGRRNQSF...KVSCNÀNN....VDKNP

potato tuber ....MASLCNSS...STSLKTPFTSSSTSLSS.TPKPSQLFIHGKRNQMF...KVSCKVTNNNGDQNQNV
apple . . . .MTSLSP. PWTTPTVPNPATKPLS. . . PFSQNNSQVSLLTKPKRSFAR. KVSCKÀTNNDQNDQAQS
grape ....MASL,PWSLTTSTAfANTTNISAFPPSPLFQRÀSHVPVARNRSRRFAPSKVSCNSÀNGDPNSDSTS

sugarcane ....MÀSACAT..... .SSPLVSAPSACPSKKTSAÀRFRRRTFSCRÀTGGGGGGRGNN

Consensus

potato Ieaf
tomato leaf

potato tuber
apple
bean

grape
sugarcane

potato leaf
tomato leaf

potato tuber
apple
bean

grape
sugarcane

potato leaf
tomato Ieaf

potato tuber
apple
bean

grape
sugarcane

potato leaf
tomato feaf

potato tuber
apple
bean

grape
sugarcane

potato leaf
tomato leaf

potato tuber
apple
bean

grape
sugarcane

1I ltlature peptlde l-40
D..,..T..VDRRNVLLGLGGLYGAÀN.,.LAPL,ÀS^ASPIPPPDLKSC.GVAHVTEGVDVT.YSCCPPV
D...,,A..VDRRNVLLGLGGLYGAAN...LÂ,PL.ÀTÀÀPIPPPDLKSC.GTATIVKEGVDVI .YSCCPPV
E.....TNSVDRRNVLLGLGGLYGVAN..,ÀIPLAÀSAÀPAPPPDLSSC.SIARINENQWP,YSCCAPK
KL....,...DRRNVLLGLCGLYGVAG..MGTDPFAFAKPIAPPDVSKC.GPADLPQGAVPT..NCCPPP
ELSNTVG,..HRRNVLIGLGGIYG..T..LATNPSALASPISPPDLSKCVPPSDLPSGTTPPNINCCPPY
DVRETSSGKLDRRNVLLGIGGLYGAÀGGLGATKPLAFGÀPIQAPDISKC . GTATVPDGVTPT . . NCCPPV
D . . . , GFLWLPRRDVM. . LSGLSGVAÀGLÀhIYPGLASGÀDSSS . , . S PCTTADKVNEK]LLCADTDKQKP

74\ 2r0
PDDIDSVPYYKFPP . MTKLR]RP PATIÀÀDEEWAKYQLATSRMRELDK . DSFDPLGFKQQAN]HCAYCNG
PDDIDSVPYYKFPS . MTKLRTRPPAHAADEEYVAKYQLÀTSRMRELDK . DPFDPLGFKQQANIHCAYCNG
PDDMEKVPYYKFPS . MTKLRVRQPÀHEANEEYIÀKYNLAISRMKDLDKTQPLNPIGFKQQANIHCAYCNG
STKITD...FKLPAPÀ.KLRIRPPATIÀVDQÀYRDKYYKAMELMKÀLPDD,..DPRSFKQQÀÀVHCAYCDG
STKITD . . . FKFPSNQ , PLRVRQAÀHLVDNEFLEKYKKATELMKÀLPSN . . . DPRNFTQQANÏHCAYCDG
TTKfID...FQLPSSGSPMRTRPAÀHLVSKEYLAKYKKÂIELQKALPDD...DPRSFKQQANVHCTYCQG
CPLVS PAAPVDFTPEGKVTRVRQPVHLLSREYQEKYKEAVGKMKALPES . , . NPLSFKÀQAÀIHQAYCDN

2LL <-=---
AyK.......VGG...KELQVHFSWLFFPFHRWYLYFYERILGSLINDPTFALPYWNWDHPKGMRIPPMF
AYK..,....VGG.,,KELQVHFSWLFFPFHRWYLYFYERTLGSLINDPTFALPYWNWDHPKGMRIPPMF
AYR......,IGG...KELQVHNSWLFFPFHRWYLYFHERIVGKFIDDPTFALPYWNWDHPKGMRFPAMY
AYD,,.....QVGFPELELQIIINSWLFFPFHRYYLYFFEKILGKLINDPTFALPFWNWDSPAGMPLPAIY
AYS.......QIGFPDLKLQVHGSWLFFPFHRWYLYFYERILGSLINDPTFALPFWNYDAPDGMQLPTÏY
AYD.......QVGYTDLELQVHASWLFLPFHRYYLYFNERILAKLIDDPTFALPYWAI¡IDNPDGMYMPTIY
YYKYHKSSGSTVAKDDPAFDVHYSWIFAPWHRMYIYFYERÀLGDL IGDKTFÀL PFWSWDÀPÀGIVMVPALF

2Bt 350
DRE . GSSLYDDKRNQNHRNGTIIDLGHFGQEVDTPQL . . . . QIMTNNLTLMYRQMVTNAPCPSQ
DRE . GSSLYDEKRNQNHRNGTTTDLGHFGKEVDTPQL . . , . Q]MTNNLTLMYRQMVTNAPCPSQ
DRE . GTSLFDVTRDQSHRNGAVTDLGFFGNEVETTQL . . , . QLMSNNLTLMYRQMVTNAPCPRM
ADP.KSPLYDKLRSANI{QPPTLVDLDYNGTEDNVSKE ...,TTINANLKIMYRQMVSNSKNAKL
ADK.ASPLYDELRNASHQPPTLTDLNFCDTGSDIDRN .. ..ELIKTNLSTMYRQVYSNGKTSRL
ASS.PSSLYDEKRNAKHLPPTVIDLDYDGTEPTIPDD ....ELKTDNLAIMYKQIVSGATTPKL
KEAFANPLYDPNRNTANLNA.LVDLDYLSHRDAKPIDFKGPKDEKYKEL\¡NKNLCWYNQQVRKGPES..

351 <----=----
FFGAÀYPLGTEPSPGMGTIENIPIITPVHIWTGD..,.,..SPRQK .. ...NGENMGNFYSAGLD

FFGAÀYPLGSEPSPGQGTIENIPIfIPVHIWTGD.......KPRQK .....NGEDMGNFYSAGLD
FFGGPYDLGVNTELP , GTIENTPI{GPVHIWSGTVRGSTLPNGÀTS . . . . . NGENMGI{FYSAGLD

FFGNPYRÀGDEPDPGGGSIEGTPHÀPVSLWTGD. . . . . . . .NTQP . . . . .NFEDMGNFYSAGRD

FLGNPYRAGDAEPQGÀGSIENVPHAPVI{TWTGD. . . . . . . .NTQT . . . . .NIEDMGIFYSAÀRD
FLGYPYRAGDÀIDPGAGTLEHAPHNIVHKWTGL . . . . . , . . ADKP . . . . . S . EDMGNFYTAGRD

FLGEKFCTÀTDGTSGMGSLERMÀIfIAMIIVWVGKAGAKPCDÀÀAGGVLSHKDNGAFNCNNDMGFLGSVGND

Consensus -Y-------- -H-SW-F-P-HR-Y-YF-ER-----I-D-TFALP-W-WD-P-GM--P---
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42t 490
PIFYCHHANVDRMI¡¡DEWKLIGGK . RRDLSNKDWLNSEFFFYDENRNP . . YRVKVRDCLDSKKMGFSYAPM
PIFYCI{HÀNVDRMI¡INEWKLIGGK . RRDLTDKDWLNSEFFFYDENRNP . ' YRVKVRDCLDSKKMGFDYAPM
PVF FC I{HSNVDRMI¡IS EWKÀTGGK . RTD ITI{KDWLNS E FF FYDENENP . . YRVKVRDC LDTKKMGYDYK P I
PIFFAHHSNVDRMWSIWKTLGGK.RTDLTDSDWLDSGFLFYNENAEL..VRVKVRDCLETKNLGYVYQDV
PIFYSHHSNVDRLWYTWKTLGGK.KHDFTDKDWLESGFLFYDENKNL..VR\AIVKDSLDÏDKLGYAYQDV
PIFFGHHANVDRMWNIWKTIGGKNRKDFTDTDWLDATFVFYDENKQL,,VKVKVSDCVDTSKLRYQYQDf
PLFYSHHSNVDRMWHLWSTRMGGGQ . GITDPDWLDÀSFVFYDDVKS PRKVRTKFRDWDTRDLCYTYDP .

49t C-ter¡lnal cleavage 560
PTPWRNFKPI ...RKTTÀGKVNTASIAPVTKVFPLAK LDRAISFSITRPA.S
PTPWRNFKPI . . ,RKSSSGKVNTASIÀPVSKVFPLAK LDRÀISFSITRPA. S

ATPWRNFKPL ...TKASAGKVNTASLPPASNVFPLAK LDKÀISFSINRPT.S
DIPWLSSKPTPRRAKVALSKVAKKLGVAHAAVASSSKWAGTE . , . . . . , . FPISLGSKISTWKRPKQK
PIPb/EKÂKPVPRRTKV...QKLVEVEVNDGNLRKSPTTFLVRQQSPRKYVTFPLVLNNKVSATVKRPK.K
PIPWL.,.PKNTKAKAKTTTKSSKSGVAKÀÀEIJPKTTISSTGD ..FPKÀLNSV]RVEVPRPK.K
. . EYDRDLPWLRPK]TTLVPHGKDSGGAAARSSÀÀPPVEPLA . LTKGQWEVPAVAVP

561 630

SRTTQEKNEQEEILTFNKVAYDDTKWRFDVFLNVDKT, VNADELDKAEFAGSYTSLPHVH , GNNTNHVT

SRTTQEKNEQEEILTFNKISYDDRNWRFDVFLNVDKT . VNADELDKAEFÀGSYTSLPHVH . GSNTNHVT

SRTQQEKNAQEEMLTFSSIRYDNRGYIRFDVFSNVDNN. VNANELDKAEFAGSYTSLPHVHRÀGETNHTA
KRSKKAKEDEEEILVfEGTEFDRDVAVKFDVWN. DVD. DLPSGPDKTEFAGSFVSVPHS . HKHK . KKMN

LRSKKEKEEEEEVLVIEGI EFYMNIAIKFDVYTN. DED. D. KVGAGNTEFAGS FVNI PHSAHGHKNKKT I
SRSKKEKEDEEEVLLIKGIELDRENFVKFDVYIN,DED.YSVSRPKNSEFAGSFVNVPHK..HMKEMKTK
AR....EAGKEQLLVIDGIDFDPQANNKFDVAINLPADKALLVGPQYKEYAGSFAVVP....GSGÀGETR

Consensus -R- -- -- -- -E--L- -- -- ------ -- -FDV--N- -- ---- -- -- -- -E-AGS

63j- 679
SVTFKLAITELLEDNGL EDEDTIAVTLVPKVGGEGVS TESVE ÏKLEDC .

S LTFKLÀITELLEDI GLEDEDTIAVTLVPKÀGGEEVS T ESVEI KLEDC .

TVDFQLAITELLEDIGLEDEDTIAVTLVPKRGGEG I S I EGATI SLADC *

T, ILRLGLTDLLEETEAEDDDSVWTLVPKFGA, .VK]GGIKIEFAS . .

T . SLRLG ITDLLEDLHVEGDDNTWTLVPKCGSGQVK INNVE]VFED * .

T . NLRFA]NELLEDLGAEDDESVTVTIVPR.A,GGDDVTIGGI EI EFVSD *

KGKVS LC ITDVLYDLDÀEDDS TVDVL IVPRTNAKVTI¡IVR PT Ï KNRK . .

Figure 7.4. Comparison of deduced amino acid sequences of cDNA clones encoding

plant PPO proteins. The multiple alignment of sequences from bean (Cary et al., 1992),

grape (Dry and Robinson, 1994), potato leaf (Hunt et a1.,1993), tomato leaf (Newmrn et al.,

1993), apple (Boss et a1.,1995) and potato tuber (Dr. Peter Thygesen, unpublished data) was

carried out with the program PILEUP from the GCG Sequence analysis software package. In

the consensus, an upper case letter indicates total conservation. Gaps introduced to maximise

homology are indicated by (.). The histidine residues thought to be involved in copper

binding are shown in bold. The N-terminal sequence of the cleaved C-terminal peptides of

bean and grape are shown in bold and the proposed region of C-terminal cleavage in the

sugarcane sequence is underlined.
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CuA

VHFSWLFF PFHRWYLYFYER ILG
VHFSWLFF PFHRWYLYFYER ILG
VHNSWLFF PFHRWYLYFHER TVG

II{NSWLFF PFHRYYLYFFEK ILG
VI{GSWLFF PFHRWYLYFYER TLG
VHÀSWLFL PFHRYYLYFNER ]LA
VHYSWI FAPWHRMY IYFYERALG

H. SI^i. F. PFHR. Y . YF . E
W

CuB

PHTPVI{IWTGD. . . . . . .sprQk . . . . .NGEnMGNFYSAGIDPIFYCHHaNVDRMW
PHTPVIIIWTGD. . . . . . .kpTQk . . . .,NGEDMGNFYSAGIDPIFYCHHaNVDRMIJ
PHgPVHIWsGtvrgstlpngais,.. ..NGEnMGhFYSAGIDPVFFCHHSNVDRMI^I
PHaPVHIWTGD. . . . . . . .ntQp . . . . .NfEDMGNFYSÀGTDPIFFaHHSNVDRMW
PIIaPVIIIWTGD. . . . . . . .ntQt . . . . .NiEDMGiFYSAaTDPIFYsHHSNVDRLW
PHniVHkliTGl, . . . . . . .adkp ., . . .s. EDMGNFYTAGTDPIFFqHHaNVDRMW
aHTamHVWvGkagakpcdaaaggvl shkdnga f ncnnDMG f LgSvGnD Pl- FYSHHSNVDRIM
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consensus .H...H.W.G MG DP.F..HH.NVDRMW

Figure 7.5. Homology between the putâtive copper-binding domains of PPO amino

acid sequences shorvn in Figure7.4, Histidine residues believed to be involved in copper

binding are shown in bold.

A dendrogram illustrating the relatedness of the translated sugarcane SUGPPO1 to various

plant PPO proteins and the related tyrosinases is shown in Figure 7.6. The PPO proteins

isolated from the Solanaceae family are closely related and form one group. Within the

Solanaceae there are a number of subgroups which are not species specific, thus the

tomato_d protein is more similar to the potato tuber protein than it is to the tomato-b protein.

The grape, bean and apple proteins form another group, distinct from the Solanaceae, with

the apple and bean proteins more closely related than the grape protein. Of the sequenced

plant PPOs, sugarcane is the most different, forming its own subgroup.
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Figure 7.6 Dendrogram showing the relatedness of a number of plant PPO and

tyrosinase proteins to the SUGPPOI protein. The multiple alignment was done using the

program PILEUP from the GCG Sequence analysis software package and displayed using

FIGURE. The tyrosinase sequences were obtained from the Swiss-Prot Database under the

accessions TYRO-MOUSE and TYRO-HUMAN. The apple, bean, grape, potato leaf and

tomato (a ,b, c, d, e and Ð are published sequences (Boss et a|.,1995; Cary et al., 1992;Dry
and Robinson, 1994; Hunt ¿r a1.,1993; Newman et al-,1993) respectively. The potato tuber

sequence is unpublished (Dr. Peter Thygesen, unpublished data).
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Figure 7 .7 a and 7.7b show hydropathicity ploa of the putative transit sequence and the entire

precursor PPO protein. Transit peptides are characterised by high amounts of the hydroxy

amino acids, serine (about 207o) and threonine and the lack of negatively charged amino

acids (Douwe de Boer and Weisbeek, 1991). In the SUGPPO1 putative transit peptide 15

out of the 80 residues are either serine or threonine and there are only two negatively charged

residues. In the amino terminal portion of the transit peptide there is a high proportion of

hydrophilic amino acids, typical of stromal protein precursors. Before the site of cleavage of

the transit peptide, there is a hydrophobic domain of about 22 anino acids (Figures 7.7a and

7.7b) This hydrophobic domain is preeçded by two arginine residues (Figure 7.3) typical of

the lumen targeting of transit peptides (Douwe de Boer and Weisbeek, 1991). The Kyte-

Doolittle analysis of the complete PPO precursor protein also shows the carboxyl-terminal

. 100 residues to be quite hydrophobic (Figure 7.7b).

Expression of PPO mRNA in sugarcane

Northern blot analysis of sugarcane RNA probed with the 900 bp Bam HUHind Il fragment

of SUGPPOl identifed a transøipt of approximately 2.2kb (Figure 7.8). PPO mRNA was

detected in the tissues designated as growing point, and in the immature stem immediately

below it. The same transcript was also detected in young leaf roll and in the RNA from

which the cDNA library was made. Expression was highest in the growing point tissues.

There was no detectable message in the older stem and leaf RNA even after five days of

exposure to X-ray film.
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Figure 7.7a, Hydropathicity (Kyte and Doolittle) plot of the sugarcane putative transit
peptide.
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Figure 7.7b. Hydropathicity (Kyte and Doolittle) plot of the sugarcane precursor PPO

protein. Arrows indicate (A) the site of cleavage of the transit peptide to yield the mature

PPO protein and (B) the proposed site of cleavage of the C-terminal extension in vitro.
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Figure 7.g. Northern analysis of PPO expression in different sugarcane tissues. Total

RNA (10 pg) from each tissue was gel-fractionated, blotted and probed with a radiolabelled

g00 bp BamHllHind II fragmenr of suGPPOl. The blot was washed at high stringency and

exposed to X-ray film for 24 hours. The size of the band was determined from RNA

standards (promega). Tissue 1-1.5 cm below the apical meristem was designated as growing

point, the node and intemode below the attachment of the D 1 leaf as cane 2, internode 4 as

cane 3, internode 6 as cane 4 , internode 8 as cane 5, young furled green leaf as young leaf

and the first 5 cm of leaf roll above the apical meristem as leaf roll. RNA which was used to

make the oDNA library (10 pg) was also loaded'
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Discussion

cDNAs isolated from a sugarcane cDNA expression library with the antibody raised to the 45

kD protein were confirmed to encode PPO by comparison with known PPO sequences. The

antibody appears to be highly specific as 13 of the 14 clones isolated contained either partial,

full length or concatameric clones of PPO. Without sequencing all of the clones fully, it

would seem there are at least two different PPO genes. Based on the limited nucleotide

sequence and restriction mapping, clone 114 appears to be quite different to SUGPPOl.

SUGPPO1 encodes a protein with a predicted mature molecular mass of 59 kD plus a

putative transit peptide of 8 kD. This is consistent with plant PPO genes cloned to date,

which all encode mature proteins of 56-62 kD with 8-12 kD putative transit peptides (Shahar

et al., 1992; Cary et al., 1992: Hunt ¿/ al., 1993; Newman et al., 1993; Dry and Robinson,

1994: Boss ¿f al., 1995). Cellular localisation studies indicate that PPO is plastid associated

(Vaughn and Duke, 1981a; Vaughn et a1.,1988; Lax and Vaughn, 1991). All plant PPO

genes encode plastidic transit peptides with hydrophobic C-terminal regions which could

direct transport of the mature protein to the thylakoid lumen. More recently the import,

targeting and processing of a tomato PPO by isolated plastids has been demonstrated

(Sommer et aI., 1994), showing the in vitro transcribed and translated precursor to be

directed to the thylakoid lumen in two steps, giving rise to a 59 kD mature form. The

cleavage site of the putative sugarcane PPO transit peptide was identified from the

N-terminal sequence of the purified 60 and 45 kD proteins (see Chapter 5). Comparison of

seven putative transit peptide sequences from different PPO proteins reveals little

conservation apart from a region at residues 81-94, just upstream of the cleavage site (Figure

7.4). The hydrophobic C-terminal region of the sugarcane PPO transit peptide identified in

16s
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the hydropathy plot (Figures 7.7 and 7.7b) is consistent with a role in directing transport of

the mature protein to the thylakoid lumen.

The strongest regions of homology across the plant PPO proteins appear to be in the two

copper binding domains (Figure 7.5) with the CuA site more highly conserved than the CuB

site. The histidine residues are totally conserved in both domains and are thought to be

involved in copper coordination. Site-directed mutagenesis of histidine residues in the CuA

and CuB binding regions of. Streptomyces glaucensøns tyrosinase resulted in synthesis of a

protein with no detectable tyrosinase activity and decreased affinity for copper (Jackman er

at., l99I). Experimental evidence for copper coordination by the conserved histidine

residues of CuA and CuB in plant PPOs is not yet available.

Figure 7.6 clearly illustrates that the PPO protein encoded by SUGPPO1 is very different to

the plant PPO protein sequences previously identified. As sugarcane is both the first C¿

plant and monocot for which PPO sequence has been obtained it is not surprising that it is

quite different to the other sequenced plant PPOs and the tyrosinases. There may well be

specific residues conserved in PPOs isolaæd from C4 plants and/or monocots.

Numerous attempts to amplify PPO from sugarcane cDNA using degenerate oligonucleotide

primers were unsuccessful. Amplification of invertase from the same cDNA (data not

shown) confirmed that the problem was not with the cDNA but with the primers.

Comparison of the nucleotide sequence of SUGPPO1 with the primer sequences revealed

sequence differences which must have dest¿bilised the annealing reaction sufficiently to

inhibit the generation of any PPO specifrc PCR product. If PCR is to be used in the future to

isolate PPO from other monocots and/or C¿ plants these important sequence differences

observed in sugarcane PPO need to be incorporated into the primer design.
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In Chapter 6 it was demonstrated that the 60 kD sugarcane PPO was susceptible to in vitro

cleavage to the 45 kD form. Similarly, in bean leaves (Robinson and Dry, 1992), PPO exists

as an active 60 kD protein susceptible to in vitro cleavage at the C-terminal end, yielding an

active 42 kD protein. In Sultana (Vitis vinifera L.), there appears to be an inactive 60 kD

form which is cleaved in vivo to an active 40 kD protein. In a variegated mutant of Sultana

(Bruce's Sport) in vivo cleavage of the 60 kD protein does not occur in the variegated (white)

regions (Rathjen and Robinson,lgg2a). As in bean, however, the 60 kD protein from grape

can be cleaved in vitro to the 40 kD form. N-terminal amino acid sequence analysis of the

C-terminal cleavage peptides from Bruce's Sport PPO (AELPKTTISSIGDF; Dry and

Robinson 1994) and bean PPO (VRQQSPR; Robinson and Dry 1992) locates the respective

cleavage sites at equivalent positions (amino acid 464) within both proteins (Dry and

Robinson, 1994). V/ith respect to sugarcane PPO, in the absence of the N-terminal sequence

of the C-terminal cleavage peptide or any apparent structural motif to locate it, it is

impossible to determine the exact position of cleavage. If it ís speculated however, that the

sugarcane PPO protein is cleaved at a similar relative position to that of bean and grape (see

Figure 7 .4) the cleaved peptide would have a molecular weight of approximately 45 kD and a

pI of 7.3, which is in close agreement with the apparent molecular weight of the purified

PPO protein (Chapter 5). The predicted pI of the mature sugarcane PPO protein is 6.96 but

the proposed site of cleavage of the C-terminus predicts that the pI of the cleaved peptide is

7.3. This predicted difference in pI is significant as it would explain the purification step,

where separation of the 60 and 45 kD proteins on the Q-Sepharose column (equilibrated at

pH 7.5) was achieved (Chapter 5). The 45 kD form would carry more of a negative charge

than the 60 kD PPO at this pH, binding weakly, with most of the 60 kD protein not binding

to the column at all. As there has not yet been a gene isolated that encodes a 45 kD PPO

protein it is likely that the various reports of 45 kD PPO proteins represent similar cleaved

forms of a larger protein.
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Historically, PPO has often been described as tightly bound to thylakoids but has also been

observed in plastid envelopes or the thylakoid lumen (Kowalski et al., 1992; Mayer, 1987;

Vaughn et al., 1988). The hydrophobic domain close to the C-terminus of the mature

SUGPPOI protein (Figure 7.7b) is consistent with membrane association of the enzyme. In

Chapter 4, however, the sugarcane PPO protein was demonstrated to be either very soluble or

readily released from membranes during extraction. In the tomato gene family only three of

the seven genes encode mature polypeptides with sufficient hydrophobic character to suggest

the possibility of their being membrane associated (Newman et aL, 1993). Sommet et aI.

(1994) therefore suggest that some of the reports of PPO tightly bound to the thylakoid

membrane could thus be due to post-import modification or crosslinking reactions during the

isolation of the proteins.

SUGPPO| 6RNA was only detected in very young tissues, the growing point, the immature

stem tissue immediately below it and young leaf roll tissue. Most reports show expression of

PPO mRNA to be high in early developmental stages, declining with tissue age. In

grapevine (Dry and Robinson, 1994) the highest levels of expession were in young

developing tissues of berries and leaves. Similar developmental patterns of PPO expression

were also found in the floral organs of tomato (Shahar et aI., 1992) and vegetative organs of

potato (Hunt et al.,1993). In contrast, in broad bean leaves, translatable message is present

throughout leaf development with more translatable message reported in the intermediate

leaves than either the young or mature leaves (Cary et al.,1992). Whilst the expression of

sugarcane PPO mRNA declines rapidly with tissue age, the sugarcane PPO protein was

detected in immunoblots throughout development (see Chapter 6) suggesting that the protein

is very stable. This supports the conclusions of Dry and Robinson (1994) who proposed a

relatively slow turnover of the PPO protein in the grape beny and (Hunt et al., 1993)

regarding the apparent stability of PPO protein in potato tissues.
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Isolation of SUGPPO1 represents the first step towards using genetic engineering to modify

PPO expression in sugarcane. Down-regulation of PPO expression could significantly

decrease the colour of sugarcane juice. Conversely, as PPO has been implicated in plant

defence, overexpression of PPO may potentially minimise pest damage by antinutritive

effects on plant protein (Steffens et a1.,1994).

Given the complex genetics of sugarcane, before attempting to modify gene expression in

sug¿ucane the number of genes present and their similarity needs to be established. At this

point there would appear to be at least two different PPO genes present in sugarcane. In

tomato, seven PPO genes have been isolated (Newman et al., 1993) and at least six are

thought to be present in the closely related potato plant (Thygesen et al., 1994). In

grapevine, however, Southern analysis revealed a banding pattern consistent with a single

PPO gene (Dry and Robinson, 1994). The expression of the genes present also needs to be

investigated, to determine whether they are spatially or temporally expressed as in tomato

(Newman et a1.,1993).
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The formation of brown colourants in sugarcane juice is a complex process, colourants

being both derived fiom the plant and tbrmed during the processing of sugarcane. The

data presented in Chapter 2 indicates that enzymic activity does contribute significantly to

colour formation in juice. Inhibition of PPO activity using specific inhibitors such as

SHAM, removal of oxygen or heat inactivation, all led to decreased juice colour, thereby

demonstrating that PPO, and not peroxidase, was the major contributor to enzymic

browning in sugarcane.

The extent of the browning reaction in sugarcane juice is not detemined by PPO activity

alone, as demonstrated by the difference in browning of juice extracted from Q87 and Q96

despite their similar PPO activities (Chapter 3). Other factors such as the type and

availability of the substrate (Chapter 2), the reaction conditions (Chapter 4) and the

presence of other cellular components such as amino acids with which the PPO-formed

quinones can react, also determine the extent of the browning reaction. Despite this,

inhibition of PPO does result in cane juice of lower colour (Chapters 2 and 3).

It remains to be determined whether the reduction in juice colour observed when PPO

activity is decreased can be translated into lighter-coloured raw sugar in commercial

production. The previous studies of Smith (L976) and Tu (1977) indicate that inhibition of

enzymic browning does result in decreased juice colour and lighter-coloured raw sugar and

that the level of high molecular weight colourants in the raw sugar is also reduced. The

question of whether inhibiting enzymic browning would produce lighter-coloured raw

sugil could be answered by comparing the colour of raw sugar produced from untreated

and PPO-inhibited juice. For this to be successful, PPO would need to be inhibiæd prior to

or immediately after disruption of the cane as the formation of colourants is rapid once

disintegration of the cane occurs. Furthermore, the quinones produced by PPO can
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subsequently react with other cellular components including amino acids, flavonoids and

other phenolics, to produce brown colourants in non-enzymic reactions.

From an industry perspective there are a number of approaches which could lead to lower

juice colour and, ultimately, lighter-coloured raw sugar. The first approach would be to

inhibit enzymic browning during the processing of sugarcane. The data presented in

Chapters 2 and 4 suggest a number of potential methods of achieving this. The use of

chemical inhibitors such as SHAM has been shown to be effective in inhibiting PPO

activity (Chapter 2) and in reducing browning. However, the use of chemical inhibition on

a commercial scale is unlikely to be economically feasible because of the high volume and

relatively low value of the product. In addition, it may be undesirable to use many of these

chemicals in a food product where the emphasis is on sugar as a 'natural' product.

Alternatively, heat could be used to inactivate the enzyme, since excess heat is produced

by the mill process and PPO is heat-labile (Chapær 4). The cane could be shredded and

immediately steamed at the time of disruption, prior to crushing. The effectiveness of this

approach would be determined by the speed at which the enzyme is inactivated once the

cane is disrupted. The feasibility of commercial heat treatment of cane would need to be

evaluated by engineering studies since the scale of such an operation may not make it

commercially viable. A further option to control PPO activity could be to alter the pH of

the sugarcane juice. PPO is less active and less stable at high pH (Chapter 4). When Tu

(1977) raised the pH of cane juice by adding lime he observed a marked decrease in the

colour of both juice and raw sugar. Altematively, the pH of the juice could be lowered and

NaCl, which inhibits PPO at relatively low concentrations at low pH, could be added

(Chapter 4). This is also perhaps undesirable as the salt would need to be removed at a

laær stage.

The second approach to decreasing enzymic browning in cane juice would be to select for

low-browning phenotypes. Clearly there is a genetic basis to juice colour, with the

cultivars Q87 and H56-742 producing juice of much lighter colour than Q96, whilst clones
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of Erianthus arundinaceus were generally found to produce juice of much higher colour

than commercial clones (Chapter 3).

In a breeding program, plants could be readily sçreened for low browning by extracting

cane juice, incubating for a set period of time and then measuring juice colour. There are,

however, many other traits such as soluble sugar content, low fibre and disease resistance

which have much higher priority in sugarcane breeding programs. In a large scale

breeding program, adding another selection criterion to the breeding program would be

labour intensive and expensive.

With the development of genetic engineering techniques it is now feasible to directly

engineer existing sugarcane varieties to produce low-browning phenotypes. The

advantage of this technology is that low-browning sugarcane plants could be produced

directly from existing commercial cultivars. Stable transformation of sugarcane and

regeneration of transgenic plants following microprojectile bombardment of embryogenic

callus, has recently been demonstrated (Bower and Birch, 1992).

The strong correlation found between cane juice colour and the level of total phenolics in

the cane (Chapter 2), might suggest targeting of the phenolic substrates. However, given

the heterogeneity of these phenolic compounds, and the complex secondary metabolic

pathways in which they are involved, genetic manipulation to reduce phenolic levels could

have potentially deleterious effects.

Targeting of PPO, however, has already proved successful in potatoes (Bachem et al.,

1994 ; Dr. Peter Thygesen, CSIRO Division of Horticulture, unpublished data) where

antisense inhibition of PPO gene expression decreased PPO activity in potato tubers and

inhibited the formation of blackspot bruises following mechanical damage. Similarly,

transformation of sugarcane with antisense constructs of PPO should decrease expression

of the endogenous genes and inhibit synthesis of PPO in sugarcane tissues.
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As discussed in Chapter 7, before attempting any genetic manipulation of sugarcane PPO,

the number of genes present and their similarity needs to be established. Although only

one of the PPO cDNAs isolated (SUGPPOI) was fully sequenced, nine of the other clones

appear to be the same or very similar genes (Chapter 7). At least one of the other cDNAs

(114) is clearly different to SUGPPOI. Further sequencing of the other cDNAs will be

required to establish the relationship between these clones. Once the number of PPO

genes present in sugarcane is established, their temporal and spatial expression patterns

need to be investigated. The expression of SUGPPOI is developmentally regulated, and

PPO mRNA was detected only in young tissues (Chapter 7). There may, however be,

other tissue-specific PPO genes the expression of which is induced by wounding or stress.

At present one of the greatest limitations to the successful expression of introduced genes

in sugarcane is the availability of effective monocot promoters. Various promoters,

including rice actin, maize ubiquitin and 'Emu' are currently being assessed for the

effectiveness and stability of expression in transgenic sugarcane plants (Elliot et aL.,1994).

Isolation of the specific PPO promoter in sugarcane would increase the likelihood of

effective expression of the PPO constructs. The isolation of a strong, early development

promoter such as the PPO promoter may also be useful for manipulating expression of

other genes in sugarcane. Bachem et al. (L994), using both CaMV 35S and patatin

promoter constructs, showed that using the appropriate promoter to express antisense PPO

was very important. The patatin constructs were less successful and the authors suggested

that the temporal expression pattern conferred by this promoter does not coincide precisely

with the onset of endogenous PPO gene expression in developing tubers. Thus early

expression of endogenous PPO, together with its long half-life, may allow enough protein

to be accumulated to give high PPO activities in antisense lines with this promoter.

Purifîcation of the PPO protein from sugarcane and subsequent cloning of the gene has

provided a great deal of information about this enzyme. Initial purification of the PPO
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protein isolated low amounts of a 60 kD protein which could be stained for activity.

Subsequent modification of the purification protocol increased the proportion of the 45 kD

protein band at the expense of the 60 kD protein band. The many reports in the literature

of a purified 45 kD PPO (see Chapter 5) suggested that the purified 45 kD protein from

sugarcane was the predominant form and that the 60 and 45 kD bands represented two

different proteins. However, when various sug¿ucane tissue extracts were probed with the

antibody raised to the 45 kD protein, the predominant band was at 60 kD and not 45 kD.

Limited N-terminal amino acid sequence suggested that the 60 kD protein was cleaved at

the C-terminus to give rise to the 45 kD protein. Subsequent studies showed the 60 kD

PPO could be cleaved in vitro to the 45 kD form without loss of activity by incubating the

extracts at low pH or by digestion with certain proteases (Chapter 6). This C-terminal

cleavage has been observed with PPO isolated from both broad bean (Robinson and Dry,

1992> and grape (Rathjen and Robinson, 1992a) and with a tyrosinase protein from

Neurospora crassa. In Neurospora crassa the mature protein is a 46 kD protein but is

synthesised as a larger precursor with a 24 kD C-terminal extension. The precursor is

inactive until it is cleaved in vivo(Kupper et al., 1989). The authors suggest the C-terminal

extension could function to shield the active site of the enzyme and so prevent its activity.

This is supported by work with the variegated grapevine mutant, Bruce's Sport which

indicates that C-terminal processing of the 60 kD PPO protein may be required for enzyme

activation (Rathjen and Robinson, 1992a). Dry and Robinson (1994) suggested that

regulation of PPO in this way may be important to prevent potentially deleterious effects

occurring in the cytoplasm during biogenesis and transport of the protein to the chloroplast

compartment. However sugarcane PPO, like broad bean PPO, does not require cleavage of

the C-terminal extension for activation of the enzyme (Robinson and Dry, 1992).

In the tomato PPO gene family three of the seven genes encode proteins with C-terminal

hydrophobic structures consistent with membrane association (Newman et al., 1993),

Howevçr if the protein was only released from this association following cleavage, the 45

kD form would only ever be observe d in vito and this is not the case (Shahar et al., 1992).
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Alternatively, the harsh measures involved in extraction may release the protein without

cleavage. Although the function of this C-terminal extension has yet to be determined the

fact that such a large peptide can be cleaved from PPO without loss of activity suggests it

must have some other role. This may be in the correct folding of the protein or in the

coffect insertion of the two copper atoms once the protein has reached the thylakoid

lumen. Sommer et at. (1994) showed that low concentrations of Cu2+ inhibited the import

of the precursor PPO protein into the chloroplast. In the absence of a crystal structure to

visualise how the C-terminal extension relates to the rest of the protein, this remains

speculative.

If, as speculated in Chapter 7, the C-terminal peptide of sugarcane PPO is cleaved at a

similar position to that of grape and broad bean PPO, the deduced pI of the 45 kD form is

sufhciently different to that of the 60 kD protein to explain the separation of the two forms

on the Q-sepharose coloumn at pH 7.5. Further, the presence of the two proteins could

explain the biphasic heat inactivation of sugarcane PPO (Chapter 4) if one of the proteins

was less heat stable. The unusual inhibition of the enzyme with SDS may also be

explained by the presence of the two forms. PPO activity was decreased by 70Vo with the

addition of only O.lVo (wlv) SDS, but at higher concentrations there was little effect on

PPO activity (Figure 4.1). It is possible that the predominant form was totally inhibiæd by

the SDS and the other not at all.

Isolation of cDNAs encoding sugarcane PPO with the antibody raised to the 45 kD protein

confirmed the identity of the 45 kD protein and showed the antibody to be specific for

PPO. Sequencing of a full-length PPO cDNA (SUGPPOI) confirmed that it encoded a

mature protein of 59 kD, not 45 kD. From the limited N-terminal sequence of the purified

45 kD protein, an 8 kD putative transit peptide was identified. The hydrophobic

C-terminal region of this putative transit peptide is consistent with a role in directing

transport of the mature protein to the thylakoid lumen (Figures 7 .7 a and 7 .7b) as

demonstrated by Sommer et aI. (1994).

r75



Chapter 8: General Discussion r76

The deduced protein sequence of SUGPPOI is clearly very different to the sequences

derived from other plant PPOs and the tyrosinases (Figure 7.6). However, all of the plant

PPO cDNAs isolated to date have been from dicots. Genes encoding PPO have not been

isolated from other monocots or C¿ plants. It would be interesting to see whether there are

conserved regions between PPO from sugarcane and from other monocots or C4 plants.

There are a number of other very interesting experiments yet to be done. One of the most

important would be to investigate the localisation of PPO in sugarcane at both the cellular

and subcellular level. Sugarcane PPO is interesting, firstly because unlike other PPOs it is

readily soluble, and secondly because it is present in largely non-photosynthetic stem

tissues. Previously most studies indicated that PPO was membrane-bound in plastids of

non-senescing tissues (Mayer, 1987). However, the in vitro uptake studies by Sommer øt

al. (1994) indicate that PPO is soluble in the thylakoid lumen. The authors suggest that

as a significant portion of endogenous tomato PPO was found soluble in the lumen that a

similar scenario occurs in vivo- Reaction products of PPO were observed in the lumen,

and the enzyme was suggested to be located on the luminal face of the thylakoid

membrane (Shomer et al., 1979: Sherman et al., 1990). Thus in the chloroplast, PPO

would seem to be localised in the thylakoid lumen, however the location of PPO in non-

photosynthetic ptastids is yet to be determined.

The sugarcane PPO antibody makes localisation of the protein possible. As discussed in

Chapter 3, one can only speculate on where sugarcane PPO is localised in stem tissue.

From the browning of the internode and node sections, it would seem PPO is localised in

cells around the vascular bundles and below the rind (Chapter 3). At a subcellular level it

is possibty localised in a non-photosynthetic plastid such as a leucoplast. In other non-

photosynthetic plastid classes, PPO has generally been associated with membrane-bound

vesicles within the plastid (Vaughn and Duke, 1984). Localisation of PPO in sugarcane

leaves would also be interesting given the localisation of PPO in the leaves of the C4 plant,
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Sorghum. ln Sorghum, PPO is present in the plastids of mesophyll cells but absent in

bundle sheath cells (Vaughn and Duke, 1981b). The significance of this localisation is

particularly interesting as it may be related to its function.

The use of in situ hybridisation techniques would allow determination of the cell types in

which PPO is expressed, and at what point in development gene expression occurs in a

given tissue. Once the number of genes present is established, then in sítu hybridisation

could be used to deærmine in what cells they are expressed by using gene-specific probes.

PPO activity was found to be highest in immature stem tissue and especially high in the

meristematic tissue. Activity was also higher in young leaves than in older leaves and in

the nodes compared with the internodes, with activity on a fresh weight basis decreasing

with tissue age. This high activity in early developmental stages is consistent with the

proposal that it is involved in defence against predation (Mayer and Harel, 1981). Cellular

damage and the breakdown of compartmentation which occurs following pathogen

invasion, allows the mixing of PPO with its substrates which are normally contained in the

vacuole. The bitter and unpalatable tannins formed as a result of the action of PPO

discourages further invasion by the pathogen. Sugarcane meristematic tissues are soft and

vulnerable, as is the immature stem, and are important for the continued growth of the

plant. Once tissue has matured, cells become lignified which provides some physical

means of protection, and PPO may no longer be as important a form of defence. PPO

activity however, is often high in peripheral tissues. The skin or peel of fruit often has

higher PPO activity than the flesh as observed in apples (Harel et al., 1964) and grapes

(Rathjen and Robinson, 1992b). Whilst the function of PPO is still unclear, there would

seem to be growing evidence associating PPO with defence against pathogens. Recently,

enhanced expression of PPO mRNA was detected in apple fruit six hours after wounding

(Boss et a\.,1995). The authors suggested that wound-induction of PPO occurs in cells

adjacent to the wound. The increased levels of polyphenolics produced in the cells

surrounding the site of wounding as a result of PPO activity may prevent further spread of
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a pathogen. They also suggested that the elevated expression of PPO could cause an

alteration in the concentration of oxygen and oxygen free radicals in the chloroplast.

Reactive oxygen species have been implicated as endogenous signals in plant defence

responses (Chen et a1.,1993)

It has only been in the last three years that plant PPO genes have been cloned and

sequenced. With the isolation of these PPO genes, genetic manipulation of its expression

is now possible. The production of PPO-null (Bachem et al., 1994) and PPO-

overexpressing transgenic plants (Steffens et al., 1994) provides another avenue for

investigating the much asked question as to the function of PPO. However any attempt to

modify PPO expression, either to down-regulate or over-express, must take into account

the possibility that PPO possesses vital functions which, to date, have been overlooked.

As discussed in Chapter 1, a number of hypotheses suggest involvement of PPO in a

number of processes unrelated to phenolic oxidation, particularly with regard to

photosynthesis and regulation of plastidic oxygen levels. Transgenic plants exhibiting

modified PPO expression provide a means to determine invivoPPO function. For example

if chloroplast PPO has a role in oxygen buffering, antisense transgenics exposed to high

light should exhibit chlorophyll photobleaching (Steffens et aL.,1994).

Given this uncertainty of PPO function in viyo, reducing PPO expression could lead to

unexpected and perhaps deleterious phenotypes. As mentioned earlier, antisense inhibition

of PPO gene expression inhibited enzymic browning in potato tubers, thereby stopping the

discoloration which usually occurs after bruising (Bachem et al., 1994). However, no

aberrant phenotypes associated with transformed potato plants with reduced PPO activity

were observed. Future field trials of these plants and assessment of their resistance to

diseases and pests may provide a better insight into the in vivo function of PPO.

In summary, the results presented in this thesis suggest that enzymic browning contributes

significantly to colour in sugarcane juice and that PPO is the predominant enzyme
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involved. The sugarcane PPO protein has been purified, a polyclonal antibody prepared,

and the gene encoding this enzyme has been isolated and characterised. This will provide

tools to further investigate the localisation of PPO in sugarcane tissues and additional work

on the expression of PPO genes and their promoters could be undertaken.

The availability of a transformation system for sugarcane makes it feasible to use direct

genetic modifîcation to produce low PPO transgenic sugarcane plants. This would be of

potential commercial benefit as it would allow the role of PPO in raw sugar colour to be

determined directly and be a test of the potential to use this technology to produce low

browning commercial sug¿rcane plants. Of equal importance, it may be a valuable way of

deteimining the role of PPO in plants, which remains the major unanswered question in

this area of plant research.
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