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ABSTRACT

Sorghum is a staple food in the semi-arid tropics of Adaand Africa, sugstaining the lives of the poorest
rurdl people. This project set out to improve the potential economic vaue of Sorghum bicolor as a
crop. The task was undertaken by screening for sdlected enzymes in the plant that would have a
potential market for use in indugtria gpplications and in biotransformations, specificaly proteases,

polyphenol oxidases and peroxidases.

A survey was conducted usng standard enzyme assays and crude plant extracts, to determine whether
the selected enzymes were present. Grain tissue did not appear to have significant protease or
polyphenol oxidase activity, but high levels of peroxidaseswere detected, withthe young grain extracts
showing more activity (4.63 U/mL) thanripegrain extracts (0.62 U/mL). Lesf tissue extracts contained
low leves of protease activity, a congderable amount of polyphenol oxidase (0.127 U/mL), and
peroxidase (4.7 U/mL) activities comparable with that found in grain tissue. Root tissue extract was
found to contain the highest levels of peroxidase activity (7.8 U/mL) compared to the other extracts.
Therefore, sorghum peroxidase from the root was isolated, purified, characterized and applied to

biotransformation reactions.

Different sorghum strains, withvaryinggraincolour, (Zimbabwe - bronze, Seredo - brown and Epurpur
- cream/white) were investigated for the presence of polyphenol oxidase and peroxidase activities.
Results of spectrophotometric andysis showed that the enzymes did not appear to be drain specific.

However, gd dectrophoresis andyss reveded differencesin band patterns among the strains.



Partid purification of sorghum root peroxidase was achieved after centrifugation, extraction with
polyvinylpolypyrrolidone (PVPP), ultrdfiltration, and hydrophobic chromatography with phenyl
Sepharose, followed by polyacrylamidege eectrophoress (PAGE). The specific activity of the5-fold
purified enzyme was found to be 122.3 U/mg. After PAGE anayss, two bands with molecular
weights of gpproximately 30 000 and 40 000 were detected, which compares well with horse radish
peroxidase (HRP) which has a molecular weight of gpproximately 44 000. The colour intengty of the
bands in the activity gds indicated that sorghum root peroxidase had apparently higher leves of

peroxidase activity than commercid horseradish peroxidase (HRP).

Characterizationexperimentsreveal ed that sorghumroot peroxidaseisactive over abroad temperature
range and remains active at temperatures up to 100°C. It dso has a broad substrate range. The
optimum pH of the enzyme was found to be pH 5 - 6. Under standardized assay conditions, the
optimal substrate concentration, usng o-dianisidine as substrate, was 50 mM, and the optimal H,O,

concentration under these conditions was found to be 100 mM.

Sorghum root peroxidase was gpplied in a preliminary investigation into the oxidative biotransformationof a
number of aromatic compounds. The products obtained were comparable withthose whenthe compounds
are reacted with HRP which is the most commonly used commercia peroxidase and has been extensively
studied. However, HRP isrdatively costly, and the use of peroxidase from sorghum rootsasandternaive
source, gppearsto be promisng. A patent hasbeen provisionaly registered, covering gpplication of sorghum

root peroxidase for biotransformations.
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Chapter 1
LITERATURE REVIEW

1.1 INTRODUCTION

For millions of people in the semi-arid tropics of ASa and Africa, sorghum is one of the most important
saple foods, and is grown mainly as a subsstence crop. The am of this study was to investigate the
potentia use of sorghum as a cash crop, by detecting enzymes present inthe plant which could be extracted
and utilized as novd catalysts in indudtrid, medica and andytical applications. Because of their large
biomass, plants present a potentialy cheap source for large amounts of enzymes.  Sorghum would be a
particularly cheap source of enzymes snce it is adle to grow in harsh environments without the need for
fertilizersand irrigation, yet it isrelatively under-exploited at present.

Pants are known to contain numerous phenalic and polyphenolic compounds which suggeststhe presence
of oxidaive enzymes, because these oxidative enzymes play a role in the biosynthesis of the phenalics
(Mayer and Hard, 1979; Robinson, 1991). Commercidly, oxidative enzymes find application in
biotransformations, bioremediation, in anaytica biochemistry and as specific reagents such as bleaching
agents. Horse radish peroxidase (HRP), for instance, is currently the most common peroxidase used in
indusry. However, HRP is costly and, therefore the introduction of a cheaper peroxidase could be
appropriate. Inview of the economic potentia of oxidative enzymes, the detection and characterisation of
polyphenol oxidase (PPO) and peroxidase in Sor ghum bicolor were mgor objectivesof the present study.
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Proteases are dso ubiquitous in plants, and therefore the proteasesin S bicolor were aso identified as
candidates for investigation. Plant proteases are commercidly important in meet tenderizers and in other
areas of food production including brewing and baking, in tanning and in pharmaceuticals as digestive-aid
preparations and aso have many indudtria gpplications. Therefore, finding a nove protease in sorghum

would enhance its potentia as a cash crop.

Anadditiond reason for sdecting proteases was the possbility of using these enzymes to de-hull grains.
Inrurd aress, grain is de-hulled by the strenuous method of pounding with a pestle and mortar, but it has
been suggested that proteases might facilitate de-hulling (Hulseet al., 1980). Thus, a proteaseinsorghum
itsdf, might provide a readily available de-hulling aid even in low-technology or rurd environments.

1.2. CHEMICAL COMPOUNDS FOUND IN SORGHUM

1.2.1. Polyphenols

Phenols are widdly recognized as antioxidants because of their ability either to scavenge freeradicals or in
some cases to react directly with the oxidant (Howard, 1974). The functional group in phenolsis a
hydroxyl group attached to one of the carbon atoms of a benzene ring. The formula of the smplest
member, phenal itsdlf, is CHsOH (Fig 1.1).

OH

Figure 1.1. Phenadl



Chapter 1 Literature Review

Phenolic compoundsin sorghum can be dassfied as phenolic acids, flavanoids and tannins (Bate-Smith,
1969; Guptaand Hadam, 1980). Sorghum'snutritiond benefitislimited by the presence of tanninsin some
genotypes. These polyphenals give the grain an adtringent taste. They are a so involved inthe formation of
deep red to brown colour whichsome grains assume as they ripen, and may cause off-colour in products
derived from sorghum grain. For example, during wet weather or during steeping they can migrate from
the seed coatsinto the endosperm and cause starch to darken in colour, either by complex formationwith

trace metals or by oxidation.

3-Deoxyanthocyanidins extracted from the grains of Sorghum caudatum (L.) Moench (Poaceae) are
known for the yellow or orange colorationthey show inacidic solutions. Previousstudiesonthegrainsand
the leaf sheeths have shown the presence of gpigeninidin and luteolinidin derivatives (Nip and Burns, 1969;
Nip and Burns, 1971; Sé&éméet al., 1993; Kouda-Bonafoset al., 1994). In 1997, Paeet al. (1997)
isolated and elucidated the structure of anew O-methylated 3-deoxyanthocyanidin. In their experiments,
sorghum grains were extracted with ethanol under acidic conditions and they detected four anthocyanidins
(Fig 1.2. 1-1V).

One of the ol dest suggestions of a physiologicd role of polyphenol oxidasesin plantsis that of synthess of
o-diphenols (Mayer and Hard, 1979) and these enzymes have been shown to hydroxylate naturally
occuring phenalics, e.g. flavanoids in spinach beet (Vaughan et al., 1969). Thisconfirms the likelihood of
the presence of polyphenol oxidases in the sorghum plant.
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R,=Gc R,=H,R,=0H (I)
R,=R,=H R,=OH (1
R =R,=R =H D)
R,=R,=HR=Me (IV)

Figure 1.2. Anthocyanidins

1.3. INDUSTRIAL ENZYMES

1.3.1. Thediscovery of enzymesand their industrial application through history

The firgt observation of an enzymatic degradationreactionwasin 1783 by Spdazani (1729-1799), apriest
and naturdist fromPadua, Itay. After placing mest in smdl porous capsules, he examined the regurgitated
pellets of hawks which had eaten this materid and found the capsules to be empty, proving that the mest
had been rapidly liquefied by the ssomach juices of these birds of prey.

In 1857 Pasteur showed that fermentation is closdly associated with live yeast. Hedigtinguished between
the actions of "organized ferments’ (cellular) and the "unorganized ferments’ (soluble). These soluble
"ferments’ which are not bound to the living cell, were labeled enzymes by Kihne (1878). This termis
derived from the Greek en zyme, meaning "in sour dough. Concrete evidence for this assumption was
provided by E. Buchner in1897, as he showed that the cdll-free extract fromyeast cdls could a so produce
a cohol fromsugars (Buchner, 1897, 1898). The enzyme active in fermentation was termed zymase. The
fird book summarizing the "wonderful mechaniam" of the enzymes known at that time and outlining the
history of their discovery was written by Green (1901). Friederich Wilhem Ostwald (1954) first coined
the now-familiar definition of a catay<t, specificdly, that acatdys is a substance that dters the rate of a
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chemicd reaction without being present in the reaction products. Thus Ostwald recognized enzymes as
catayds.

The development of today's indudrialy important microbia enzymes began with Takamine who studied
the production of enzymes from molds. In 1894, he obtained a process patent for making a diastatic
enzyme preparation from fungi, (a mixture of carbohydrases and proteolytic enzymes) which he named
Takadiastase. The production occurred either via a surface culture, a semisolid culture, or the koji
process on moist wheet bran with nutrient saltsand buffersadded. The erile culture medium, mixed with
spores from Aspergillus oryzae, was poured onto metd trays to a thickness of a few centimeters and
incubated in climate-controlled culture chambers. The culture media, permeated with fungd mycdlia, are
ground and extracted withwater. In 1907 Otto R6hm discovered the effectiveness of pancrestic proteases
in liming and bating of hides in leather manufacture (Réhm, 1907a, 1907b). Until then, durries of dog
feaces had been used in bating. 1n 1913 R6hm introduced the first commercia enzymatic detergent. In
addition to pancreatic enzymes, it contai ned sodium carbonate and sodium bicarbonate, which maintained
the pH in the wash water below 9. Walergtein (1911) was the first to use papain, a plant protease, for
Sabilizing beer, preventing protein flocculation or hazing on refrigeration. In 1960 Novo Nordisk began
production of dkaine bacteria proteases from Bacillus licheniformis for use in detergents, and these

proteases are currently the most commercidly important microbia enzymes (Uhlig, 1998).

1.3.2. General characteristics of industrial enzymes

While enzymesare being used increasingly inindustrid processes, their biochemical nature requirescertain
conditions to be maintained inorder for themto be efficent catalysts. Enzymesarelarge, three-dimensiond
protein molecules with an active Site a a defined location on the folded surface that permits entry only to
specific substratesfor areactionto occur. Anenzymeisevauated according toitsactivity which describes
how much of a given substrate S is converted within a given time and under defined conditions into a

corresponding product P. For maximum enzyme activity, enzyme and substrate must have acongtant and
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unimpaired contact. Generaly, aslong asthe reaction conditions do not change, twicetheyield of product
will be generated in twice the time. The conversion rate is reduced when there is insufficient substrate
avallable to saturate the enzyme or the enzyme is denatured because of anincreaseintemperature, resulting

in inactivation (Uhlig, 1998).

Every enzyme hasan optimal activity whichis affected by pH and temperature. The temperaturesat which
enzymes are stable or labile is of great significance for many technica processes. In some processes,
enzymes should be sufficiently labile so asto be completely inactivated at temperatures of 70-80°C. On
the other hand, enzymes that are active above 100°C may be needed, e.g. for the modern production of
glucosefromstarch. Thus, high enzyme stability may be of sgnificant economic vaue. In additionto heavy
metals, there are a number of chemicas and many natural substances that can inhibit or completely

inactivate enzymes.

1.3.3. Applications of industrial enzymes

Major targets of modern enzyme technology continue to include preservation of foods and food
components (e.g. vitamins), more efficient use of raw materids and improvement of food quality such as
textureand taste. Other current objectives include the utilization of new raw materids for feeding humans
and animals, the manufecture of dietetic foods and dimination of antinutritive substances from certain
nutritional raw materials.

Biotechnologicad methods have replaced some of the traditiond chemica processes. Examples of new
biotechnol ogica processesindudethe use of enzymes for recycling food wastes, inwastewater trestment,
and in biotrandformations (Shoemaker, 1986); the use of proteases and lipases as active components of
detergents; the production of sweeteners, suchasaspartame, usngcombined microbiol ogica and enzymetic
methods (Uhlig, 1998). This study contributes to the continuing search for novel enzymes with specific
characterigtics, for particular applications.
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1.4. PEROXIDASES

Peroxidases are widdy distributed inthe plant and anima kingdoms and have beenfoundindl higher plants
that have been investigated. Oxygen toxicity is an inherent fegture of aerobic life because of the highly

reactive by-products produced by molecular oxygen. Inchloroplasts, the photosynthetic activity generates
superoxideradicals which are immediately disproportionated to hydrogen peroxide (H,O,) and dioxygen.

The rapid scavenging of HO, is essentid to keep the photosynthetic activity functioning. As a
consequence, peroxidases serve to rid plant cells of excess H,O, under norma and stress conditions

(Laoueet al., 1997). Peroxidases are found mainly as haemoproteins and use hydrogen peroxide asthe

oxidizing subgtrate, athough other more unusua peroxidases have been shown recently to contain ether

metal ions, such as sdenium and vanadium, or aflavin prosthetic group (Table 1.1).

Table 1.1. Classification of peroxidases. From Robinson (1991)

Progheiicgroup Garmmnare Souree Potential subsiratest

Heem Peroxidases Source Test substrates including

guaiacol and o-dianisidine

Ascorbic acid peroxidase Plants Ascorbic acid
Cytochrome c peroxidase Plants Cytochrome ¢
Lactoperoxidase Animals Thiocyanate

Lignin peroxidase Plant + fungal cell walls Lignin precursors including

cinnamic and ferulic acids

Myeloperoxidase Animals Test substrates and thiols
Eosinophil peroxidase Animals Test substrates and thiols
Thyroid Peroxidase Animals Phenols including
tyrosine
Selenium Glutathione peroxidase Plants Reduced glutathione
Vanadium Bromoperoxidase Ascophyllum nodosum Halogens
Manganese Mn-haem peroxidase Phanerochaete Lignin
chrysosporium
Flavin Flavoperoxidases Micro-organisms

#The peroxidatic of the peroxidase action may not necessaritly be restricted to the named substrate.
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Peroxidase (EC 1.11.1.7) isamember of alarge group of enzymes called the oxidoreductases (Robinson,
1991). The mgority of known peroxidases belong to the plant peroxidase superfamily, which is
characterized by a central haem group sandwiched between adistal and a proxima protein domain. The
plant peroxidase superfamily is subdivided into three classes based on structural divergence (Welinder,
19924). Class | conditutes intracdlular peroxidases of prokaryotic origin, and are found in yeast
(cytochrome ¢ peroxidase; CCP), plants (pea cytosolic ascorbate peroxidase) and bacteria. Classll and
I11 peroxidases are found in fungi and plants respectively, and are largdly extracdlular. Both class 1l and
classl1 peroxidases contain two conserved calcium ions, one in each of the dista and proxima domains.
Class I includes the lignin-degrading manganese-dependent (MnP) lignin peroxidase (LiP) and Coprinus
peroxidases (synonymous with Arthromyces ramosus peroxidase) (Poulos et al., 1993). Class IlI
includes the classic horseradish peroxidase isobenzyme C (HRPC); peanut peroxidase (PNP), for which
the fird crystal structure of a class 111 peroxidase was solved (Schuller et al., 1996); and the mgor
peroxidase from barley grain (BP 1) (Henriksenet al., 1997). Within class 111, HRPC and PNP (peanut
peroxidase) occupy distant branches of the phylogenetic tree and therefore provide a close structura
representative for the many class 11l sequences currently identified, which should facilitate future
rationdizationof structure-functionrelationships (Gajhedeet al., 1997). Themolecular structure of HRPC
isdiscussed in Section 1.4.3.

There have been numerous reports in the plant physology literature of the specific involvement of
peroxidasesin lignin biosynthes's, oxidation of indoleacetic acid, ripening of fruits and protection against
fungd and bacterial attack; peroxidases have been claimed to influence a large array of physiological
functions. In harvested plant foods, peroxidasesare believed to be responsible for loss of colour, flavour
and texture as well as nutritiona attributes (Robinson, 1991).

1.4.1. History of the study of peroxidasesin plants
Products of the action of peroxidasesin both horseradish and milk were first observed gpproximately 190
years ago; it was observed that "extract of guaiacum™ turned blue in the presence of what we now know

to be peroxidase. Fundamentd investigations began in 1920 with the work of Ondow (1920) who

8
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observed that the activity of oxidizing enzymes varied with the ripeness of fruit. During the 1930s, Keilin
and co-workers observed the importance of the haem component (Kellinand Mann, 1937). Davis(1942)
reported that the greatest peroxidase activity was in the inner seed coat in citrus fruits. With advancesin
spectral techniques and protein purification methods, Chance (1951) showed the existence of the
peroxidase-hydrogen peroxide complexes, compound | and compound Il. These are important
intermediates formed between peroxidase and the oxidant in peroxidase-catalysed reactions (Chance,
1952) and will be discussed later.

1.4.2. Occurrence and distribution of peroxidasesin plant cells

| soperoxidases seem to be located in dmost dl parts and organdlles of the cell, athough they vary in
number and activity with physologica changes, peroxidase activity has been detected in vacuoles,
tonoplasts, plasmalemmae, mitochondria, microsomes and cdll wals. The tissuesof lupin (RosBarcelo et
al., 1987), petunia (Hendriks et al., 1985) and tobacco (Pang et al., 1989) have been used to study the
transport and digtribution of i soperoxidasesinplant cells. 1t isaccepted that peroxidasesare mainly located
in cdl walls, cytoplasm and vacuoles, athough there is litle unenimity on the location of individua
isoperoxidases in plant cdls (Robinson, 1991).

Fractionation of intracellular membranes by isopynic sucrosedensity gradient contrifugetion(Thomaset al.,
1981) has indicated that lupin anionic isoperoxidases are associated principaly with membranes of the
endoplasmic reticulum and to a lesser extent with the Golgi apparatus and plasmalemma-derived
membranes. These locations are in accord with the biosynthesis of peroxidases on polysomes attached to
the rough endoplasmic reticulum and with the transport pathway: endoplasmic reticulum= Golgi =
plasmdemma. Following biosynthesis and transport of peroxidases, it has been claimed (Gaspar et al.,
1986) that the findl locations of peroxidases are likdy to becdl wadls, intracdlular free spaces and vacuoles.
The subcellular location of membrane-bound acidic isoperoxidasesin etiolated lupin hypocotyls has been
reported (Ros Barcelo et al., 1988a). Doulis et al. (1997) have data that suggest that the ascorbate
peroxidase activity in maize leavesislocdized in the bundle sheath cells.
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The exact locdisation of bound peroxidases within whole cells has not been sufficiently investigated,
athough Naveh et al. (1981) claimed to have developed a chemiluminescent method for the quantitative
andyds of peroxidases. Using an immunogold-labdling technique Hu et al. (1989) have claimed that the
anionic isoenzyme of peanut cdll culturesis predominantly located in the plasmaemma

1.4.3. Molecular structure of peroxidases

Peroxidases in plants are mainly haem-containing enzymes where the prosthetic group is protophorphyrin
IX. The haem moiety is involved in the active Site of peroxidases. The secondary structure of yeast
cytochrome c peroxidase has been determined by X-ray crystdlography (Finzd et al., 1984) and has
provided a reference point for comparing and matching amino acid sequences for active Ste regions in
horseradishand turnip peroxidases. For cytochrome c peroxidase it has been shownthat the arginine and
higtidine sdechainsinthe distal pocket are configured insuchaway asto be able to serve as catdytic Sites
for reactionwithhydrogen peroxide. Nuclear magnetic resonance (NMR) studies have also been reported
on the dectronic structure and molecular structure specificdly of the haem cavity in the horseradish
peroxidase (HRP) (Thanabd et al., 1987). Using thistechnique Thanabd et al. (1987) have identified on
the proxima dde of the haem: His 170, Leu 237 and Tyr 185 and on the distal sde: Arg 46, His 42 and
Phe 41, as catdyticdly important resdues in a cyano complex of HRP.

The size of plant peroxidasesis Smilar to that of cyochrome ¢ peroxidase, with gpproximately 300 amino
acid resdues per mole. 1soperoxidases do not differ sgnificantly in Size, with molecular weightsgeneraly
in the range 40 000 - 50 000 (Robinson, 1991). Pant peroxidases differ from yeast cytochrome ¢
peroxidases, in so far as they contain four disulfide bonds, bind two aoms of cacum per mole and are
glycoproteins (Wdinder 1985).

1.4.4. Peroxidatic reaction

Peroxidases are able to catalyse peroxidatic reactions, oxidatic reactions and hydroxylations, utilizing both

10
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an oxidizing substrate and areducing substrate. The oxidizing subgtrate is usudly aperoxide or a peroxy
acid, ROOH (Robinson, 1991). Typicdly, peroxidases can use hydrogen peroxide (H,0,), methyl-
hydrogen peroxide and ethyl-hydrogen peroxide (Kermasha and Metche, 1988) as oxidizing agentsinthe
peroxidatic reaction. The digtinctive absorption spectradue to the haem prosthetic group exhibitstransient
changes on mixing with H,O,. The Soret band and vishle spectra change markedly on the binding of
peroxideand the consequent formationof compound |, whichhasaferryl-type structure carryinganoxygen
atomacquired fromthe peroxide. Peroxidases cause the heterolytic cleavage of the O-O bond. Theiron-
oxo compound is in the forma oxidation state of +5, the H,O, having effectively removed two dectrons
from the iron atom of the enzyme. The second stage of the peroxidatic reaction involves the reduction of
compound | by areducing donor substrate. Table 1.2. lists some typical donor test substrates.

Table 1.2 Action of peroxidase-H,0, on different substrates (Burnette, 1977)

Substrate Product
Pyrogdllol Pupurogallin
Guaiacol Tetraguaiacoquinone

Hydroquinone

Quinhydrone

Benzidine p-Quinone di-imide
o-Phenylene diamine Phenazine
Leucomalachite green Malachite green
Catechol 0-Quinone

p-Cresol Milky precipitate
0-Cresol Green solution
m-Cresol Flesh-colored solution
Tyrosine Yellow solution
Adrenaline Reddish solution

11
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Hydrogen abstraction readily occurs from phenalic substrates because of the resonance sabilization of the
resulting phenoxy radicd.

Generdly, peroxidases are defined as enzymes that catalyze the following overdl peroxidatic reection:

ROOH + AH, © H,0 + ROH + A

Thefirgt step of the initid oxidation of the donor substrate (AH,) produces a free radica (A’).

The following reaction (Scheme 1) describes the action of horseradish peroxidase isozyme C (HRPC).

Compound |

(i) HRPC(Fe**=0)Porphyrin* + AH \V HRPC(F&**=0)Porphyrin + A:

Compound I

(iii) HRPC(Fe**=0O)Porphyrin + AH \/ HRPC(Fe*")Porphyrin + A + H,O

Scheme 1

The resting ferric enzyme reactsrapidly with H,O, to form compound I, an oxy-ferryl speciesinwhichone
electron has been withdrawn from the haem group to forma porphyrin B cationradica. Thisintermediate
is reduced by areducing substrate intwo sequentia one dectron steps through compound 11, in which the
porphyrin cation radical has been reduced (Gajhede et al., 1997). The overdl reaction involvesacyde

12
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of oxidationand reformation of the enzyme. The separate cationic freeradicals (A') derived fromthe donor
substrate then react non-enzymaicaly with each other to form dimers or higher polymers. At high
concentrations of donor substrates, the liberated free radicas interact with each other to formpolymers of
the A-A type asin the case of the oxidation of guaiacol or o-dianisidine (Robinson, 1991).

From the natura substrates, induding the phenolic compounds, present in fruits and vegetables, a wide
range of products may be formed through reactions involving free radicals. The specific effects of
peroxidaseactionaredifficuit to identify, Sncethey become apparent only during prolonged storage of fresh
produce and they may be confused with polyphenoloxidase catadysed oxidations. Mono- and
dihydroxyphenols and complex compounds such chlorogenic acid are potentia substratesfor peroxidases.
Other substratesindudethe flavonoids from which it has been damed that alarge number of productsare
formed through the action of peroxidases (Schreier and Miller, 1985) and itisal so suggested that flavonoids
act asradica scavengers (Darimont et al., 1989). Other reducing agentsfor compound | include hdides,
the bisulfite ion and secondary adehydes (Dunford, 1986).

1.4.5. Industrial applications of peroxidases

Elucidationof the mode of action and the availability of purified isoperoxidases increases the likelihood of
their use for manufacturing purposes. The cataytic action of peroxidases is unusual in so far as these
enzymesgeneratetwo well-defined chemicdly distinct oxidant enzyme-substrate complexesfromhydrogen
peroxide. Moreover, the substrates that are converted to free radica intermediates may polymerize or
react with other substances to form further products. Also, for enzymes bound to solid supports,
thermogtability is frequently a sought-after attribute, and the natural occurrencein plants of thermogtable

isoperoxidases augers well for their use as reagents in manufacturing processes (Robinson, 1991).

Based on the knowledge of the action of peroxidases on phenolics, dihydroxy compounds, eg.
dihydroxyfumarate, and heterocydlics, e.g. indoleacetic acid, alikely commercia use of peroxidasesisto
provide sources of both smple and complex oxidised aromatic intermediatesinthe formof hydroperoxides

13
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or hydroxy compounds. Thedegradation of chlorophyll, catalysed by peroxidases, dsoindicatesapossble
use in the degreening of, otherwise, unattractive leaf protein and other proteins of photosynthetic origin.

Some more unusud peroxidases are aready known that catalyze the oxidation of halogens to form
hypochlorous and hypobromous acids and there is recognized potentia for their use as oxidiang agents
(Robinson, 1991).

Horseradish peroxidase (HRP), whichiswiddy usedinbiochemica analyss, oxidizesphenolsand aromatic
amines (Saunders et al., 1964; Dunford and Stillman 1976) as well as low oxidation potential
methoxybenzenes (Kersten et al., 1990) and nonaromatic reductants such as dihydroxyfumaric acid,
NADH, glutathione, cysteine and dithiothreitol (Halliwe and Rycker, 1978). McEldoonet al. (1995) have
shown that soybean peroxidase is an effective catalyst for veratryl acohol oxidation.

Prior oxidation of aromatics in waste effluents by peroxidases may aso be very beneficid in reducing the
oxygendemandsthat such products place onlakesand rivers (Robinson, 1991). Phenolic compoundsare
pervasive pollutants in the water environment as evidenced by the presence of 11 of them in the EPA 126
priority pollutant lig (40 CFR 423.A., Code of Federa Regulations, 1991, p. 744-745) (Adler et al.,
1994). Peroxidases have beenidentified on theroot surface of many plant species (Mueller and Beckman,
1978; Smith and O’ Brien, 1979; Zaar, 1979; Albert et al., 1986) and have been shown to polymerize
phenolic compoundsin vitro (Klibanov et al., 1980; Alberti and Klibanov, 1981; Klibanov et al., 1983;
Nakamoto and Machida, 1992) thereby removing them from solution by precipitation.

Adler et al. (1994) have experimented on the polymerization of phenolics in vivo in the tomato root
system. After the tomato root system was exposed to 100 = gmlL* guaiacol for 24 h, it turned brown, the
color of tetraguaiacol which is a polymer of guaiacol. This demonstrates that the root system can
polymerize guaiacol and possibly other phenolic compounds under natural conditions. They have thus
suggested that plants may be utilized as a source of peroxidases for remova of phenolic compounds that
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are on the EPA priority pollutant list. Plant roots may be viewed as columns with immobilized enzymes
associated with them.  If roots behave like other immobilized enzyme systems (Nannipieri and Bollag,
1991), root surface peroxidases will treat water as it flows by the root surface in aguatic systems,
bioremediate rhizosphere soil in terrestrid ecosystemns and minimize the absorption of phenalic pollutants
and dldochemicdsinto plants by precipitating them at the root surface (Adler et al., 1994).

N-demethylation reactions by peroxidases have been studied by a number of investigators. Inther N-
demethylation sudies of N,N-dimethylanilines (DMA) by HRP and peroxides, Kedderis and Hollenberg
(1983) reported that there was a 1:1 ratio of formadehyde formed to peroxide consumed. N-
demethylation of DMA to formadehyde and N-methylaniline by HRP immohbilized on a graphite fdt, and
electrogenerated H,0,, has been reported by Chen and Nobe (1993a), for synthess on a commercia
scale. Electrogeneration provides a continuous supply of H,O, to HRP at low concentrations, which
extends reaction times and minimizes formation of undesirable products. The optimum temperature was
increased from 28°C for free enzymesto 55°C for immokbilized HRP. The thermd stability of immobilized
HRP was grester than free enzyme; deactivation did not occur until 65°C compared to 40°C for free

enzyme.

Recently, to replace benzoyl peroxide as a bread dough-bleaching agent, Gelinas et al. (1998) screened
pure and commercia oxido-reductases (peroxidases, catalases, glucose oxidases, lipoxygenase and
laccase) based on degradation of beta-carotene in aliquid systemor dough. They found that peroxidases
had the best bleaching actvity.
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1.4.6. Medical applications of per oxidases

Aryltetrdins are an important group of natura lignans with a 1,2-dihydro- or tetrahydro-naphthalene
skeleton. Many of these compounds have been observed to have biologica and pharmacological effects
(Hodgtettler and Setkel, 1969). The oxidative coupling of phenols catalyzed by peroxidases is a very
attractive method for preparing phenolic dimers of this type from phenolic cinnamates. The advantages of
the enzymatic method are mild reaction conditions and fast reaction rates (Setéta et al., 1994).

The use of peroxidasesina preparatively ussful manner islimited by low sdlectivity of the oxidative coupling
and the complexity of the subsequent reactions. Setéta et al. (1994) managed to enhance the sdlectivity
of this reaction type by carrying out the reaction a low pH since low pH-vaues favour the formation of
dimers at the expense of polymeric products (Chioccaraet al., 1993). In their experiment, the oxidative
coupling of methyl singptate (1) with H,O,/HRP at pH 4 in the presence of methanol, the main products
yielded were diastereoisomeric spiro compounds [22(32%) and 2° (17%)] (Scheme 2).

Scheme 2
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Sdective hydroxylation of aromatic compounds is a difficult task in preparative organic chemistry
particularly when the compounds to be hydroxylated are opticaly active, due to racemization and
decomposition (Gunstone, 1965). Therefore, such hydroxylations are carried out by microbiologica
means (Sih and Rosazza, 1977) which are laborious, time consuming and usudly provide relaively low
yields (Klibanov et al., 1981). Klibanov et al. (1981) have found that under certain conditions, the
reaction in Scheme 3, catalysed by peroxidase, can be used for fast, convenient and selective
hydroxylations which afford yields up to 70%.

X OH
y HO_ COOH oH oy ,COOH
+ | + 0, —> + é
Hooc/C\OH Hooc” O
R R

I: R=CH,CH(NH,)COOH, X = OH, Y = H
II: R= CH(NH,)COOH, X =OH,Y =H
l1: R = CH(OH)CH,NHCH, X =H, Y =OH

Scheme 3

Three important drugs have been produced as examples using this enzymatic hydroxylation: L-DOPA
(used for the treatment of Parkinson's disease) from L-tyrosine (I, Scheme 3)), D-(-)-3,4-
dihydroxyphenylglycine (11, Scheme 3) (a potentia intermediate in the synthesis of semisynthetic
antibiotics, including the cepha osporin-type antibiotics) from D-(-)-p-hydroxyphenylglycine, and L-
epinephrine (adrenaine) from L-(-)-phenylephrine (111, Scheme 3).

Thus, thereis a continua search for novel peroxidases for various gpplications. This project seeksto
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find anove peroxidase in sorghum.

1.5. POLYPHENOL OXIDASES

One reason for selecting to investigate the presence of polyphenoloxidase (PPO) (EC 1.14.18.1) in
sorghum, for this study, was to ascertain whether it isinvolved in polyphenol formation in sorghum grain.
Als0, there is the possible use of sorghum PPO as anovel PPO for biotransformations. PPOs occur
amog ubiquitoudy in plants (Robb et al., 1984; Sherman et al., 1991). PPO has also been found in
the common mushroom, Agaricus bisporus, and this has been used in the mgority of biocatalytic
dudies, since it iscommercialy avallable (Burton, 1994).

Half of the world's fruit and vegetable cropsislost due to postharvest deteriorative reactions. Browning
results from both enzymeatic (PPO) and non-enzymatic oxidation of phenolic compounds. Browning in
fruit and in some vegetables, such as |ettuce and potato, is initiated by the enzymatic oxidation of
phenolic compounds by PPOs. The formation of shrimp black spot is another example of browning
due to PPO activity. Theinitial products of oxidation are quinones, which rgpidly condense to produce
relatively insoluble brown polymers (mdanins). Some non-enzymatic causes of browning in foods
include the Malllard reaction, autooxidation reactions involving phenolic compounds and the formation
of iron-phenol complexes (Martinez and Whitaker, 1995).

Based on previous work (Hulse et al., 1980) it is clear that thereis a correlation between seed colour
and totd phenol content in sorghum. White colored seeds have smaler amount of phenols than brown
colored seeds. In this project, avariety of sorghum seeds with colors ranging from white, red-brown to

bronze were examined for the presence of polyphenol oxidases.

PPO is a copper containing enzyme which is aso known as catechol oxidase, catecholase, diphenol
oxidase, o-diphenolase, phenolase and tyrosinase. PPO is present in some bacteriaand fungi, in most

plants, some arthropods and dl mammals (Martinez and Whitaker, 1995). In dl cases, the enzymeis
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asociated with dark pigmentation in the organism and seems to have a protective function (Mayer and

Harel, 1991). PPO catalyses two distinct reactions:

(@ Theinsertion of oxygen in aposition ortho to an existing hydroxy group, followed by oxidation of
the diphenal to the corresponding quinone, often referred to as cresolase activity (Scheme 4):

O
+ HO
Phenol oxidese

Scheme 4

and (b) The oxidation, with hydrogen abstraction of o-diphenal (o-dihydroxybenzene or catechol) often
referred to as catecholase activity (Scheme 5). Molecular oxygen participates in both reactions.

OH O

12 O,
— + HO

Catecholae

Scheme5

1.5.1. Occurrence of PPOsin plant cells

PPO isanintracdlular enzyme. It is membrane-bound, particularly in chloroplasts. Burton and
Kirchman (1997) have identified a chloroplast membrane-bound PPO from tea (Camellia sinensis)
and have optimized a detergent-based method for its extraction. It has also been reported to be
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locdlized in mitochondria (Mayer and Friend, 1960; Mayer, 1961; Bonner, 1955; Demenyuk et al.,
1974) and in peroxisomes and microsomes (Kato et al., 1976; Ruis, 1972). The strength of binding
of PPO to membranes appears to vary depending on the tissue and the stage of development of the
plant. Thus, in tobacco, washing with buffer suffices to release the enzyme from chloroplast lamellae
(Hoffer, 1964). In most cases, more drastic conditions are required for the solubilization of membrane-
bound catechol oxidaze, such asthe use of detergents, e.g. digitonin (Hardl et al., 1965; Alberghina,
1964), Triton X-100 (Harel et al., 1964; Harel and Mayer, 1971; Walker and Hulme, 1966) and
SDS (Yamaguchi et al., 1969; Ben-Shdom et al., 1977). These treatments evidently cause changes
in the enzyme's structure and/or conformation and are frequently accompanied by activation (Kenten,
1957; Robb et al., 1965; Mayer, 1966).

The compartmentaisation of the phenolic subdtrates of the enzyme, both in cells (Barndll and Barndll,
1945; Reeve, 1959; Mace, 1963) and within the cell have been reported. Thisresultsin the
separation between the enzyme and the bulk of its phenolic substratesin situ.

1.5.2. Structure of polyphenol oxidases

No complete structure el ucidations have been reported for polyphenol oxidases (PPO); the difficulties
inherent in the purification of multi-subunit enzymes, and the multiplicity which PPOs exhibit, contribute
to the lack of progressin defining their protein structures. The amino acid composition and sequences
for Neurospora and Streptomyces tyrosinases have been published by Lerch et al. (1982). Inthe
case of mushroom tyrosinase, the amino acid composition was determined by Jolley et al. (1965).
Various investigations into the quaternary structure of mushroom tyrosinase have been carried out
(Bouchilloux et al., 1963; Jolley, 1965). Chen et al. (1992) have dso examined the multiple forms of
potato and mushroom polyphenol oxidases. In the absence of crystds sufficiently pure for X-ray
crystalographic analys's, the solid state structure of the proteins remains undefined.

1.5.3. Mechanism of oxidation by polyphenol oxidases
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Much attention has been devoted to intengive investigations of the dinuclear copper binding stewhichis
present in the group of “Type 111" copper proteins, of which PPO isamember. These proteins are
characterized by two anti-ferromagnetically coupled copper ions Stuated close together in the active
Stes, capable of binding dioxygen to form a dioxygen-dicopper (11) complex (1 in Scheme 6) (Solomon
et al., 1992). A mechanism proposed to explain the activity of tyrosinase, based on these
congderations, is shown in Scheme 6 (Solomon et al., 1992). The phenolic subgtrate is suggested to
coordinate initidly from the axid position, and eectron dengity is donated from the subdtrate into the
lowest unoccupied molecular orbital (LUMO) of the oxy-dicopper unit 2 which is anti-bonding with
respect to the oxygen-oxygen and copper-oxygen bonds. Thisinitiates oxygen transfer to the ortho
position of the phenyl ring, resulting in the formation of bound catechol, 3. Electron transfer from the

catechol to the copper atoms generates the deoxy site and rel eases the o-quinone.
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Scheme 6 (Burton, 1994)
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1.5.4. Physiological function of PPO

Any attempts to ascribe a physiologica function to PPO in green plants, from the dgae to higher plants
must take into account a number of properties of the enzyme. These properties are: (1) its subcdlular
location - the enzyme may be particulate or soluble and it often gppearsin severd subcdlular fractions;
(2) the activetion of the enzyme under certain conditions due to conformationd changes, (3) the
presence of native inhibitors; (4) the enormous variation in the enzyme leve at different periods of
growth and development; (6) the separation of the enzyme from most of its subgtrate due to
compartmentation, cellular or subcdlular (Mayer and Hardl, 1979).

One of the oldest suggestions of a physologica roleisthat of synthess of o-diphenols. This suggestion
is based on the undoubted ability of many PPO preparations to oxidize monophenols to the
corresponding o-quinone (Mayer and Hardl, 1979). Although plant PPOs have been shown to
hydroxylate naturdly occurring phenolics, e.g flavonoids in spinach beet (Vaughan et al., 1969), the
physiologica significance of these observations was not established. In Vicia faba, it was shown that
PPO is not involved in L-DOPA synthess (Griffith and Conn, 1973).

A second suggested role of PPOsisin dectron trangport. Since quinones are powerful oxidizing agents
it is easy to imagine areaction in which adiphenal is oxidized by PPO and the quinone then reduces
some cell condtituent, such as a nuclectide, non-enzymaticaly. Kubowitz (1939) claimed to have
demonstrated such areaction, and since then PPO has been suggested to be involved one way or
another in agrobic respiration (Arnon, 1950; Bonner, 1955).

The presence of phenolic compounds in plants, their oxidation following injury, either mechanica or due
to infection and the rdatively high toxicity of the oxidation products have long drawn attention. The
possible relationship of these properties to plant resistance to disease has prompted many research

workers to ascribe arole to PPO in disease resstance. Kosuge (1969) concluded that in most cases
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there was inadequate evidence to show that PPO plays asgnificant rolein disease resstance. From the
review of Kosuge (1969), the following generd conclusions can be drawn: PPO doesincreasein
activity following infection by virus, bacteria, fungi or mechanicd injury, and the increase may be dueto
activation of hogt latent enzyme by solubilization of host PPO which is normally particulate. Kosuge
aso concluded that generdly speaking, quinones are quite toxic to extracelular enzymes produced by
pathogens, due to their greet reactivity. Thus PPO may function by producing such quinones.

1.5.5. Applications of Polyphenol oxidases

The application of polyphenol oxidase as a biocatalys, in agueous and/or organic systems has been
shown to have significant synthetic potentia. Mushroom tyrosinase has been observed to catalyse the
transformation of phenals to o-quinone products (Burton, 1994). Dopamine and its andlogs, eg. *'-
methylnoradrenaline also serve as subgtrates for tyrosinase, and the transformation of dopamine has
been proposed as a minor pathway for the oxidation of DOPA in vivo (dmenez et al., 1984).
Fluorinated substances have been investigated because fluoride has been observed to be released as a
result of tyrognase activity. Thisfluorideistoxic to cancer cells, and thus there is potentid for treatment

of tyrosinase-rich melanomawith these subgtrates (Rice et al ., 1987).

Tyrosnase is aso cgpable of hydroxylating and oxidizing tyrosine resdues in peptides and proteins
(Marumo and Waite, 1986). Thisisimportant in the production of moisture-res stant adhesives which
imitate naturaly occurring adhesives such as mussdl glue, and tyrosinase has been used in the production
of synthetic glues which are smpliar in compostion to these (Yamamoto et al., 1992).

PPO (from mushroom, frog epidermis and grape) has been used in a smple but accurate method for
cdibration of an oxygen eectrode, since the oxidation of tert-butylcatechol by the enzyme is oxygen
dependent and can also be monitored spectrophotometrically (Rodriguez-Lopez et al., 1992). One
important application of PPO capitalises on the polymerising properties of o-quinones: the remova of
phenols from polluted waters can be effected by tyrosinase-mediated oxidation and the subsequent
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non-enzymic polymerization which leads to the formation of melanin-like precipitates (Burton, 1994).
Because of the wide commercia applications of PPOs and the possibility of their presence in sorghum,
investigation of novel PPOsin sorghum is justified, epecidly for the enhancement of the plant’s

economic vaue.

1.6. PROTEASES
Protease preparations are, on acommercia basis, the most important of the currently produced
enzymes (Table 1.3).

Table 1.3. World-wide sales (1986 estimates) of industrial enzymes (Poldermans, 1989)

Market Enzyme Sales (10%%) p.a
Detergents Protease 140
Starch "'-Amylase 40
Amyloglucosidase 40
Glucose isomerase 25
Dairy Rennet 70
Others 10
Beverages (Hemi)cellulase
Pectinase 40
"'-Amylase
Protease
Bakery "'-Amylase 20
Protease and others
Miscellaneous 40

They are obtained from plants, anima organs and microorganisms, with the mgority obtained from
bacteria. To achieve targeted and specific changes in proteins, commercia protease preparations with
different specificitiesare used. Such preparations are currently employed to produce many foodsin
which enzymes can replace potentialy carcinogenic or otherwise harmful chemicads. Table 1.4 shows
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some processes used in the manufacture of foods in which proteases have specific applications which
are discussed later.

Table 1.4. Application of Proetasesin Food and Industrial Technology (Uhlig, 1998)

Product or Process Use

Beer To solubilize grain proteins; to stabilize beer
Cheese To coagulate milk proteins and to ripen cheese
Meat tenderizing To partially separate connective tissues

Bread To increase gluten elasticity

Cookies and crackers To improve crispness

Leather To remove wool, hair and pigments: to soften skins
Laundry detergents To remove protein stains

In ancient China and Jgpan man utilized microbid amylases and proteases, in particular, for the
production of soy-derived foods. A famous Greek writer, Homer, describes the production of cheese
by dirring milk with atwig of afig tree which lesks a protease, ficin. Otto Rohm obtained his famous
trypsin-in-detergent patent in 1913, but it was to take 50 years before the real breakthrough occurred.

Proteases were first used in brewing in 1911.

1.6.1. Plant proteases

Pant proteases are ubiquitous, occurring mainly in tropica plants. Well recognized and characterized
proteases are found in papaya (Carica papaya), pinegpple (Anana sativa), figs (Ficus carica, Ficus
glabrata), artichokes (Cynera cardunculus) and soybeans (Soya hispidus). All of these enzymes
belong to the cysteine protease family characterized by the presence of a sulfhydryl group in the active
ste (Uhlig, 1998)

The main commercia source of plant proteases is green papaya, from which papain isobtained. In

addition, bromelain is produced by acohol precipitation from extracts of pineapple or pinegpple salk,
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and ficin is prepared in the form of ficus latex, but is of limited commercid importance. The plant
proteases are used as meat tenderizers and in other areas of food production, including brewing, beer
sabilization, cookie baking and the production of protein hydrolysates. Other applications arein
tanning and pharmaceuticas as digestive-aid preparations (Uhlig, 1998).

1.6.2. A model protease: subtilisin proteases

Subtilisin is among the most important industrid enzymes dueto its use in laundy detergents. Being a
small sngle domain serine protease (MW 27 500) with no cofactor or metal ion requirement for its
function, subtilign displays Michadis-Menten kinetics and is secreted in large amounts by awide variety
of Bacillus species. Protein engineering strategies for subtilisin have focussed on a number of aspects,
including cataysis, substrate specificity, and pH profile.

1.6.3. Applications of proteases

The detergent industry is the largest single market for enzymes, at 25 - 30% of total sdes. Over hdf of
al detergents presently available contain enzymes, in particular proteases and lipases. Besides
improved washing efficiency, the use of enzymes alows lower temperatures and shorter periods of
agitation to be employed, often after a preliminary period of soaking.

The leather industry is responsible for a Sgnificant proportion of the world' s enzyme consumption.

Skins are soaked initidly to clean them and to alow rehydration. Thislatter processis aided by the
addition of very low concentrations of proteases. Use of pancrestic trypsin is especialy favoured, since
contaminating lipases solubilize fats and gums, further improving water uptake. Dehairing isthen carried
out usng akaine proteases, such as subtilisin, in an akaine bath. Alkaine conditions tend to swell the
hair roots, so easing removad of the hair by dlowing the proteases to attack, selectively, protein in the
harr follicle. Relativdy large amounts of enzyme are required (0.1 - 1% (w/v)) and thus a cheaper

source of proteases, from sorghum, for instance, would decrease leather processing costs.
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Fabrics are normaly sized to increase strength during weaving by the gpplication of adhesive starch.
Subsequent desizing by liquefaction of the starch by bacterid amylasesis carried out because the sized
fabric isless absorbent to liquids, making operations such as dyeing and bleaching more difficult.
Proteases (papain) have been used in the past to ‘ shrink-proof” wool and to giveit aslky lustre. The
method was abandoned some years ago, primarily for economic reasons, but it is not unreasonable to

expect its use to be re-established, now that cheaper enzyme sources are available (Uhlig, 1998).

This sudy investigates the possibility of isolating another chegp protease enzyme from the sorghum plant
for such gpplications.

1.7.OTHER ENZYMESREPORTED IN SORGHUM
For the sake of completion, this section summarizes the literature reporting other, more speciaized,
sudies on enzymes found in sorghum, but not necessarily for direct investigations relevant to application

in biotransformations.

1.7.1. $-Glucosidase (dhurrinase)

$-glucos dases ($-D-glucoside glucohydrolase; EC 3.2.1.21) catalyse the hydrolysis of aryl and akyl
$-glucosides, rdeasing Glc (glycone) and aglycone (Reese, 1977). These enzymes occur ubiguitously
in plants, fungi, bacteria and animals (Woodward and Wiseman, 1982). The natural substrates of $-
glucosidases include $-glucosides and $-glucosyl ceramides of mammals, cyanogenic and hydroxamic
acid $-glucosides of plant secondary metabolism and $-linked oligosaccharides rdeased from the
digestion of plant cell walls during germination (Conn, 1981; Niemeyer, 1988; Beutler and Eaton 1992,
Ceuvaset al., 1992; Lesh et al., 1995). Most $-glucosidases display broad range specificity for the
agycone moiety of their substrates but somewhat narrow specificity for the glycone moiety (HOsd et al.,
1987; Hughes and Dunn, 1982; Babcock and Esen,1994). Babcock and Esen (1994) proposed that
a hydrophobic aglycone group is required for cleaving the $-glycosidic bond between the glycone and

the aglycone in maize.
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1.7.1.1. Functions of $-glucosidases

The aglycones, the active group of glucosides, play important rolesin plant defense, development and
growth (Selmer et al., 1987; Poulton, 1990). Cyanogenic $-glucosides have long been known to be
involved in the defense againgt some pathogens and herbivores, releasing the respiratory poison
hydrogen cyanide (HCN) upon hydrolysis by $-glucosidase (Hruska, 1988; Poulton, 1993). In fact,
many important crops, including sorghum (Sorghum bicolor), cassava, lima beans, flax, white clover,
rubber tree and stone fruits contain cyanogenic $-glucosides and corresponding $-glucosidases
(Poulton, 1989). Upon damage to tissues, the enzyme and its substrate, which are compartmentalized
inintact tissues, come into contact and release atoxic aglycone or aderivative (eg HCN) (Kakes,
1985; Hosd et al., 1987; Sdmar, 1993). Under these conditions, dhurrin is hydrolysed by an
endogenous $-glucos dase (dhurrinase) to produce p-hydroxymande onitrile, which subsequently
disassociates to free HCN and p-hydroxybenzal dehyde (this process is described in section 1.7.2
where hydroxynitrile lyases (HNLs) are discussed). Khan et al. (1997) ducidated the cyanogenic
glucoside biosynthesic pathway using sorghum as amodd plant.

1.7.1.2. Sorghum $-glucosidases

Sorghum has two cyanogenic $-glucosidases, Dhr1 and Dhr2, which were purified by Hosdl et al.
(1987) and shown to be made up of 57- and 62-kD monomers, respectively. Both enzymes exhibit
high specificity for the physiologica substrate dhurrin, as well asits structurd andog sambunigrin (Hosd
et al., 1987). However, neither enzyme shows any detectable activity toward any of the other natura
or artificial substrates tested, except that Dhr2 shows subgtantid reactivity toward the synthetic
subgtrates 4-methylumbeliferyl-$-D-Glc and p-nitrophenyl- $-D-Glc (Cicek and Esen, 1998). Asyet,
because of the low activity levels displayed by these enzymes, they are not likely to have commercid

use.
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1.7.2. Hydroxynitrile lyases (HNL s)

HNLs are enzymes catalyzing the dissociation of cyanohydrinsto HCN and the corresponding adehyde
or ketone. They are involved in the cyanogeniss of higher plants. There they cleave cyanohydrins
released from cyanogenic glycosides by the action of specific $-glucosidases (Hosel and Nahrstedt,
1975) (discussed in section 1.2.2.1.). Two different groups of HNLs exist, namely one which contains
FAD and another which lacks it (Kuroki and Conn, 1989). Flavoprotein HNLs are found only in
members of the family Rosaceae (Gerstner et al., 1968), whereas nonflavoprotein HNLs occur in
sved families. All flavoprotein HNLs are of smilar molecular weight and dl are glycosylated (Wgant
and Mundry, 1993). Of the nonflavoprotein HNLs, which differ in Sze and substrate specificity
(Kuroki and Conn, 1989; Bové and Conn, 1961; Smitskamp-Wilmset al., 1991; Xu et al., 1988;
Carvaho, 1981), only HNLsisolated from Ximenia americana L. (Kuroki and Conn, 1989) and
Sorghum bicolor (Wagjant and Mundry, 1993) are described as glycoproteins.

In organic chemistry the HNLs are used for the stereosdl ective synthesis of **-hydroxynitriles
(Effenberger et al., 1987a; Effenberger et al., 1990). In organic solventsit is possible to add HCN to
adehyde or ketone enzymically with highly sdective production of only one of the possible enantiomers,
because the base-catal ysed addition, which leads to racemates, is suppressed (Effenberger et al.,
1987a).

1.7.2.1. Sorghum HNLs

Bové and Conn (1961) described a hydroxynitrile lyase of Sorghumwvulgare (EC 4.1.2.11, S
oxynitrilase) which catalyzes the reactions of S-cyanohydrins, the naturd substrate being p-
hydroxymande onitrile. The glycosylation of sorghum HNL is necessary for maintenance of cataytic
activity. Sorghum HNL is a heterotetramer which exists in three isoforms and the molecular weights of
the " and $ subunits are 30 and 25 kDa respectively (Wajant and Mundry, 1993). Because of the
practical importance of (S)-HNL from Sorghum bicolor L. asatool for the synthesis of (S)-
cyanohydrins (Effenberger et al., 1990), a number of procedures for its purification have been
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established (Smitskamp-Wilms et al., 1991; Jansen et al., 1992; Waant and Mundry, 1993). Thus,
the study of these enzymesis an area of academic interest. However, asyet, commercid applications

have not been developed.

1.7.3 Glutathione S-transferase (GST)

GSTs (EC2.5.1.18) are dimeric enzymes found in mammals, insects, plants and microbes that catalyze
nucleophilic attack by the thiolate anion of GSH on eectrophilic centres of hydrophobic molecules
(Mannervik and Guthenburg, 1981).

1.7.3.1 Plant glutathione S-transferases (GSTS)

1.7.3.1.1. Classification of plant GSTs

In generd, plant GSTs have not been as wdl characterized as mammadian GSTs. Plant GSTs are
members of the archaic 2-GST class, from which other GST classes evolved (Buetler and Eaton,
1992). It has been proposed that 2-GSTs origindly evolved in prokaryotes to protect against
oxidative stress (Pemble and Taylor, 1992). Plant 2-GSTs have been subdivided into three types (1, 11
and 1) based on amino acid sequence identity and conservation of intron:exon placement (Droog et
al., 1995).

1.7.3.1.2. Function of plant GSTs

The best-characterized function of plant GSTsisther role in the detoxification of certain herbicide
classes such as the chloroacetanilides, thiocarbamates and Sttriazines (Lamoureux and Rusness, 1989).
Pant GSTs can be induced by bictic stimuli such as pathogen invasion and abictic stimuli, such as
herbicide safeners and heavy metds (Marrs, 1996). Very little is known about endogenous substrates
and functions of plant GSTs. Certain plant GSTs bind auixins as nonsubgrate ligands (Bilang et al .,
1993; Zettl et al., 1994). A GST encoded by the maize bronze2 gene conjugates anthocyanin prior to
trangport into the vacuole viaatonoplast transporter (Marrs et al., 1995). There are dso increasing

numbers of reports of plant GSTs exhibiting GSH peroxidase activity (Williamson and Beverley, 1987,
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1988; Bartling et al., 1993; Zettl et al., 1994; Flury et al., 1996), which suggests arole in protection
againg oxidative stress.

1.7.3.1.3. Sorghum GSTs

From etiolated sorghum roots, Gronwad and Plaisance (1998) have purified two GST isozymes. GST
A1/A1, aconditutively expressed homodimer and GST B1/B2, a heterodimer induced by the
herbicide, fluxofenim. Huxofenim treetment of sorghum causes dress, as indicated by growth inhibition
of developing seedlings (Fuerst and Gronwald, 1986). Although thisinduced GST B1/B2 exhibits
activity with herbiciddl concentrations of metolachlor, it is possble that the primary function of this
isoenzyme, and perhaps others induced by the safener, is to protect againgt lipid peroxidation products

generated by various forms of stress (Gronwold and Plaisance, 1998).

1.7.4. Betaine aldehyde dehydrogenase (BADH)

Glycine betaine (Gly betaine) is a quaternary ammonium compound that accumulates in a diverse array
of prokaryotic (Csonka, 1989) and eukaryotic organisms (Rhodes and Hanson, 1993). The ability to
synthesize and accumulate glycine betaine is wide-oread among angiosperms (Weretilnyk et al., 1989)
and is thought to contribute to salt and drought tolerance (Grumet and Hanson, 1986). In plants, Gly
betaine is sythesized by the two-step oxidation of choline monooxygenase (CMO) and betaine
adehyde dehydrogenase (BADH) (Hansen, 1993). CMO isresponsible for the oxidation of choline to
betaine aldehyde and BADH converts betaine adehyde to Gly betaine,

BADH is a pyridine nucleotide-dependent dehydrogenase (Weretiinyk et al., 1989) specific to betaine
adehyde (Weigd et al., 1986). BADH has been purified to homogeneity from the leaves of sdinized
spinach plants and is found primarily in the stromal fraction of the chloroplast (Arakawaet al., 1987,
Werdtilnyk and Hanson, 1989). The accumulation of Gly betaine in higher plantsisinduced by cold
(Kighitani et al., 1994), drought (Ladyman, et al., 1980) and sdinity (Hanson and Wyse, 1982). Gly
betaine accumulates primarily in the leaves of stressed plants (Hanson, 1993). The stress-induced
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accumulation is associated with increasesin the activities of CMO (Broquisse et al., 1989) and BADH
(Weretilnyk and Hanson, 1989).

1.7.4.1. Betaine aldehyde dehydrogenase (BADH) and its function in sorghum

The ahility to modify essentia metabolic processesis akey to plants adaptation to adverse
environmentd conditions (Yancey et al., 1982). Plants utilize anumber of protective mechanismsto
maintain normal cdllular metabolism and prevent damage to cdlular components. In response to
dedining R,, (leaf water potentia), many plant species experience asmilar declinein Rg (osmoatic
potential) (Morgan, 1984). The decreasein Ry can be the result of either passive ion concentration,
caused by areduction in cell volume, or the active accumulation of solutes. The decreasein Ry that
results from the active accumulation of solutes is termed osmotic adjustment (OA) (Morgan, 1984).
OA isamechanism for maintaining turgor and reducing the deleterious effects of water stress on
vegetative and reproductive tissues (Flower et al., 1990). The active accumulation of solutes
compatible with cdllular metabolism is thought to play acentrd rolein OA (Yancey, 1994). Glycine
betaine (Gly betaine) accumulates in response to osmoatic stress, and its accumulation may represent an

important adaptive response to drought stress (Rhodes and Hanson, 1993).

Sorghum is known to accumulate Gly betaine in response to sdinity stress (Weinburg et al., 1982;
Grieve and Mass, 1984). Wood et al. (1996) have shown that levels of Gly betaine increased in
response to water deficit and made mgjor contributionsto R and OA. Gly betaine accounted for 3%
(6% totd) of the maxima measured OA. They dso showed that the level of BADH1 and BADH15
mMRNASs increased 2- to 3-fold under conditions of water deficit.
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1.8. CONCLUSION

Thisliterature review has demondrated that the sorghum plant contains a number of enzymes with
potentia gpplications of commercid interest. However, rdativey little or no information has been
reported on the presence or nature of peroxidase, polyphenol oxidase, or protease activitiesin
sorghum. In the present study, an investigation into these enzymes was initiated with the objectives of
identifying novel enzymes which might have interesting characterigtics and of developing opportunities
for enhancing the vaue of sorghum as a cash crop.

If highly active, novel enzymes were found, they would have potentia application in a number of
biotransformation reactions, and hence the enzymes would possbly have commercia vaue.

1.9. OBJECTIVES
The objectives set at the start of the project were, thus, asfollows:-

1) To conduct an investigation to determine whether the following enzyme activities were present in

sorghum: peroxidase, polyphenol oxidase, protease.

2) To isolate and characterise the enzymes found to be present and active in sorghum extracts.

3) To demondrate the potentia of these enzymes in applications involving biotransformations.
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Chapter 2
SURVEY TO DETECT SELECTED ENZYME
ACTIVITIES

2.1. INTRODUCTION

A surveywas conductedinorder todetect proteases, polyphenol oxidasesand peroxidasesinSorghum
bicolor. Theseenzymesweresel ectedfor their potential inenhancing theeconomicvalueof sorghum,
sincethey could haveimportant applicationsinindustry and medicine. Sorghum containsphenolic
compoundsand thusitisreasonableto expect the presenceof oxidativeenzymes, polyphenol oxidasesand
peroxidases, whichareknownto beinvolvedinthesynthesi sof thesecompounds(Mayer andHarel, 1979,

Robinson, 1991).
Proteasesarecommonin plantsand used extensively inindustry. Oneof thereasonsfor selectingthem

wastheir potential useingrainde-hulling. Inrural areas, grainhullsareremoved using pestlesand mortars,

which is a strenuous exercise.
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22. MATERIALSAND METHODS

2.2.1. Materials

Sorghumbicolor seeds, (agiftfromMr. C. Muzariri, University of Zimbabweand Dr. Kamugiraof the
KawandaA gricultural ResearchInditure, Uganda)) wereplantedinthe Groundsand GardensDepartment
of RhodesUniversity andthecropswereusedfor al experimentsdescribed unlessotherwisestated. Leef,
root andgraintissuewasstored at -20°C until used. B ef ore homogeni zati on, the tissuewaspowdered by

liquidising in liquid nitrogen.

For theextraction of proteasesthefoll owing chemical swere purchased: - 2-mercaptoethanol from Unilab
Saarchem (Pty) Ltd, (Trig hydroxymethyl]-aminomethyl), trichloroacetic acid, sulfanilamide-azocaseinand
Sephadex G-25from SigmaChemical Co. (USA), caciumchloridefromMerck NT Laboratory Supplies
(Pty) Ltdand hydrochloricacidfrom BDH chemicals. Thefollowing chemical swerepurchasedfor the
extractionandassay of peroxidase:- malonate, sodium hydroxide, anmoniumsulfateand ETDA were
purchased from Unilab Saarchem (Pty) L td, sodium- and calcium chloridefromMerck NT L aboratory
Supplies(Pty) Ltd, ascorbicacidfrom Seelze-Hannover, Triton-X100from BDH Chemicals, sodium
dihydrogenortho-phosphat efromHolpro Anaytics(Pty) Ltd, 2-[N-M orpholino] ethanesul fonicacid
(MES), polyvinylpolypyrrolidone (PV PP) hydrogen peroxideando-dianisdinefrom SgmaChemica Co.
(USA), phenyl Sepharose CI-4B and Sephadex G-75from Pharmacia. For the extractionandassay of
polyphenol oxidase, the fol | owing chemical swere purchased:- sodiumhydroxideand sucrosefrom
Saarchem, ascorbicacidfrom Seel ze-Hannover, sodium chloridefromMerck NT Laboratory Supplies
(Pty) Ltd, Triton X-114from BDH Chemicals, polyethyleneglycol 6000 CP(PEG) from Associated
Chemicd Enterprises, L-$-3,4-dihydroxyphenyla anine(L-DOPA) and caffei cacid from Sigmaand 4-
methylcatechol from Aldrich.

Other materiasincluded diaysis tubing (Sigma) (MWCO-12000) and Slide-A-Lyzer cassettes(Pierce)
fordialysis. Centrifugationwasconducted usingaBeckman J2-J21 centrifuge. A Mol ecul ar/Por Stirred
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Cell andacelluloseMolecul ar/Por filtration membrane (MWCO - 10000) wereusedfor ultrafiltration.
A Shimadzu UV - 160 A spectrophotometer wasused for spectrophotomericassays. PolyacrylamideGel
ElectrophoresiswasdoneusingaHoefer Tall Mighty Small apparatus. Molecul ar weight markerswere
from Sigma Chemical Co. (USA).

2.2.2. Assay methods

2.2.2.1. Protease assays

Theassay procedurewasadapted from themethod of I1amietal. (1997). Sulfanilamide-azocasein (0.2%
(w/v)) was dissolvedin50 mM Tris-HCI buffer pH 7.5 containing 10 mM CaCl,. 800 :L of the
azocaseinsolutionwasaliquotedinto 12 eppendorf tubes(six setsof twoduplicates) and 200 :L of crude
enzymesol utionwasadded to eachtubetoinitiatetheproteol yticreactionwhichwascarried out at 37°C
inawater bath. Thereactionwasterminated by denaturing theenzymeinonepair of tubes, with 100: L
of 50% (w/v) trichloroacetic acid, every 2 minutesfor 30 minutes. Thetubeswereplacedinafridgeand
microfugedfor 3 minutes. Theabsorbanceof thesupernatant, containing solublefragmentsof thedyed
protein, wasdeterminedat 336 nm against ablank containing azocaseinand buffer. Proteolyticactivity
(units) wasexpressed by theamount of azo dyerel eased per minuteper 200: L of enzyme,i.e Lunit=

the amount of enzyme required for 1 -mole product to be formed per minute.

2.2.2.2. Polyphenol oxidase assay

Duplicate colorimetric assayswereperformed using aspectrophotometer. Thesubstratesusedwere10
mM caffeicacid, 20 mM 4-methylcatechol and20mM L-$-3,4-dihydroxyphenylalanine(DOPA) in
potassium phosphatebuffer (pH 6.8). To0.9mL of theappropriateaerated substrate, 0.1 mL of the
enzymemixturewasaddedandthe rateof absorbance (420 nm) of themixturewasmonitored over a
period of 30 minutes. 1 U of polyphenol oxidaseactivity wasexpressed asproduct formed ( zmol) permin

per mL of enzyme solution (Burton et al., 1993).
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2.2.2.3. Peroxidase assays

(1). Peroxidaseassays(induplicate) wereadapted from V agujfal vi and Petz- Stifter (1982). 50:L of
substrate, 50 mM o-dianisidine, wasadded to 6 mL sodium phosphatebuffer, pH 6, containing0.01M
H,0O,. Theperoxidaticreactionwasinitiated by adding 100: L of enzymesolutionto 2.9 mL of the

substrate mixture in a plastic cuvette and monitored at 460 nm. Assays were conducted in duplicate.

(2). Peroxidaseassays, adapted from Pitter (1975), using 0.02 M 2,2-azinobi s(3-ethyl benzthiazoline-6-
sulfonicacid) (ABTS) as asubstrate, used thefollowing reaction mixture: 500 : L enzymeextract, 500:L
0.1 M sodium phosphatebuffer, pH 6, 100:L ABTSand100 :L 0.01 M H,O,whichwasaddedto
initiatethereaction. Thechangeinabsorbancewasmonitored at 465 nm. Assayswereconductedin

duplicate.

(3). Thereactionmixture, with 10 mM guaiacol assubstrate, consisted of 100: L of enzymeextract, 700
:L of guaiacol and200 :-L of 0.01 M H,O,toinitiatethereaction. Thechangeinabsorbancewas

monitored at 465 nm. Assays were conducted in duplicate.

(4). Thereaction mixture, with 2,4-dichlorophenol (2,4-DCP), consisted of 100: L enzymeextract, 200
- L of sodium phosphatebuffer, pH 6,200-L 1 mM 4-aminoantipyrine, 300:L 5 mM 2,4-DCPand 200
:L of 0.01 M H,0O,toinitiatethereaction. Thereactionwas monitoreda 510 nm. Assayswere

performed in duplicate.

Peroxidase activity wasexpressed as: mol of product formed per minute per mL enzyme. Equationsfor

the calculations of enzyme units are given in Appendix 2.
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2.2.2.4. Protein assay

Proteinsassayswereperformed accordingtoBradford (1976). Toprepareaproteinstandard curve, into
8 microfugetubes, duplicateamountsof 5, 10, 15and 20:L of 0.5 mg/mL bovineserumabumin(BSA)
werealiquoted. Thevolumeineachtubewasadjustedto 100 :L with0.15M NaCl. Blankswere
prepared by aliquoting two microfugetubeswith 100: L of 0.15 M NaCl. 1mL of CoomasseBrilliant
Blue solution(CBB) (100mgCBB, G-250, in50mL 95 % ethanol, 100 mL 85% phosphoricacidand
850 mL H,0) wasaddedtothetubesandvortexedtill thoroughly mixed. Thesolutionwasleft tostand
for 2minutesat roomtemperature. Theabsorbancesof all samplesweredeterminedat 595nm. To
determinethe protei n concentration of theenzymeextracts, duplicateamountsof 100: L of extract (diluted
if necessary) wereassayedinthesamemethod. Theabsorbanceof theextractsweremeasured against
the absorbancevaluesof theprotein standardsin order to determinetheir concentrations. The standard

curve and calculations of protein concentration are given in Appendix 1.

2.2.3. Extraction methods

2.2.3.1. Extraction of proteases

Crudeenzymeextract wasobtai ned by grindingleaf powder, young, newly harvestedgrainandold, dried
graininsodium phosphatebuffer, pH 6, using apestleand mortar, andfiltering through cheesecloth. The
extract wasassayedf or proteaseactivity (Section2.2.2.1), incomparisonwith commercia proteinaseK

and trypsin.

2.2.3.2. Extraction of polyphenol oxidase

2.2.3.2.1. Extraction of polyphenol oxidase from sprouted seeds

A variety of seeds(Zimbabwe, Seredo and Epurpur - thel atter two strainsdonated by Kawandal nstitute)
weresproutedfor tendaysafter beingwashedwithwater, drainedandleftininvertedjars, closedwith
cheesecloth. Seedswerewashed and drainedthreetimesaday. Thesproutswerehomogenizedin 0.1

M sodium phosphatebuffer (1g/3mL), pH 6.8, containing 0.1 M ascorbicacid, using apestleand
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mortar andthe homogenatewas centrifugedat 28000xg, 15min, 0°C). Experimentswerecarried out
a 0°C. Thesupernatant wasthen assayed for polyphenol oxidaseusing 20 mM 4-methylcatechol, 10mM

caffeicacidand 10mM L-$-3,4-dihydroxyphenylalanine (DOPA) assubstrates(assaysdescribedin
Section 2.2.2.2.).

2.2.3.2.2. Extraction of polyphenol oxidase from grain

Harvestedgrain(ripe or immaturegrain), (1g), washomogenizedin 10mL 0.1 M sodium phosphate
buffer,pH 6, using apestleand mortar, onice. Thehomogenatewassqueezed through cheeseclothand
allowedtosettlefor 1 h. Thesupernatant wasused astheenzymeextract and wasassayedfor polyphenol
oxidase activity using 20 mM L-DOPA as a substrate.

2.2.3.2.3. Extraction of polyphenol oxidase from leaves

Method 1

Samples(7 g) of 25 day old|eaf tissue, powderedinliquid nitrogen, werehomogenizedin15mL 0.1 M
sodium phosphatebuffer, pH 6.8, containing0.1 M ascorbicacidusngapestieand mortar. Becausethe
enzymeisthought to bemembrane-bound, the detergent-based method of extraction, devel oped by Burton
andKirchman (1997), wasused. Thehomogenatewassqueezed through cheeseclothand centrifuged
a 18500 rpmfor 15 minutes. Theprecipitatewasresuspendedin20mL Triton X-114(1.5%in0.1M

sodium phosphatebuffer) for 30 minuteswith stirring, and centrifuged at 60000 g for 15 minutesat 0°C.
The supernatant wasassayedfor polyphenol oxidaseactivityusing20 mM L-DOPA, beforebeing
subj ected totemperaturephasepartitioning. Thisprocessinvolved adding Triton X-114tothesupernatant
to 4% (w/v). Thissolutionwaskept onice(15min), warmedto 35°C (10min) and centrifuged (5000
xg,10min, RT). Thesupernatant wasdialysed and assayed for polyphenol oxidaseactivity usng20 mvi

L-DOPAasasubstrate(Section2.2.2.2) and proteincontent (Section 2.2.2.4) whilethedark green

detergent-rich phase was discarded.
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Method 2

Based onthemethod of Meyer and Biehl (1980), | eaf tissuewashomogenisedinhighsalt buffer (327 mM
NaCl in0.1 M sodium phosphatebuffer pH 6) and high sucrosebuffer (327 mM NaCl in0.1 M sodium
phosphatebuffer, pH 6). Leaf powder (2g) washomogenizedin5mL of therelevant buffer usingapestie
andmortar. Thehomogenatewassqueezed through cheesecloth and centrifuged (17 000x g, 10min,
0°C). Thesupernatant wasassayed for polyphenol oxidaseactivity using20mM L-DOPA assubstrate
(Section 2.2.2.2) and protein content (Section 2.2.2.4).

2.2.3.3. Extraction of peroxidase

2.2.3.3.1. Extraction of peroxidase from grain

Thefirstgraintoappear ontheplant, at 3months, washarvested andwasgreenincolour. Grain(4.99)
washomogenizedin25mL (1g/5mL) of 0.1 M sodium phosphatebuffer, pH 6, using apestleand
mortar. Thehomogenatewassqueezed through cheesecloth and thefiltratewasassayedfor protein
content and peroxidaseactivity (Section2.2.2.3- method 1) and analyzed using polyacrylamidegel
electrophoresis(PAGE) (Section3.2.4). Ripegrain(30g) from5month old plantswasharvested,
subjected to the sameextracti on conditionsand assayed for peroxidaseactivity. Thisgrainwasgolden

brownin color.

Units of peroxidase activity were expressed as U/mL and the calculation is given in Appendix 2.

2.2.3.3.2. Extraction of peroxidase from leaves

Method 1

Thefollowing experiment wasperformed using fresh and dried | eavesof differentSorghumbicolor strains,
(Zimbabwe, Seredoand Epurpur) toinvestigatewhether peroxidaselevel sarestrain specific. Leaf tissue
washomogenisedin 10mL of 0.1 M Naphosphatebuffer, pH 6, (1g/5mL ) using apestleand mortar and
squeezedthrough cheesecloth. PV PP (polyvinylpolypyrrolidone) (1g/10mL) wasaddedtoremove
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phenolics,the homogenatewasstirredonice (2 h) and centrifuged (10000xg, 10 min,0°C). The
supernatant (crudeextract) wasassayedfor peroxidaseactivity (Section2.2.2.3- method 1) and protein
content (Section 2.2.2.4) and analyzed by PAGE (Section 3.2.4). Therest of thesamplewassubjected
to ammonium sul fatepreci pitation (80%w/v) and assayed for peroxidaseactivity and protein content. L esf
sampleswereharvested weekly, homogenizedin 0.1 M sodium phosphatebuffer, pH 6, centrifuged and
thesupernatant wasassayed for peroxidaseactivity. Sampleswereal so subjectedto PAGE (Section
3.2.4).

Method 2

Nineteenday old|eaveswereextracted using an adaptation of theaqueoustwo-phasesystem (A TPS) of
Srinivasetal.(1999). Freshleaves(609) werehomogenizedindigtilledH,O (200 mL ) withaWaring
blendor for 3minat RT. Theextractwasfilteredthroughfour layersof cheesecloth. TheATPSwas
preparedby adding solid PEG, anmonium sulphateand NaCl, to 80 mL of homogenateinamountsthat
wouldgive 24%, 7.5% and 2%, respectivey, whenfinaly madeupto 100mL. Thevolumewasadjusted
to 100 mL usingdistilledH,O. Thesolutionwasplacedinal00mL separatingfunnel andthevolumes
of thetwo different phasesobtai ned weremeasured. Thesalt-rich, bottomlayer was didyzedaganst
distilledwater toremovesaltsand concentratedto 6.5mL by dialysisagainst 25% PEG. Thiswasused
asthe crude extract. Thecrudeextract wassubjectedtogel filtration chromatography using Sephadex G-
75,in10 MM Naphosphatebuffer, pH 6. 1 mL fractionswerecollected andtheir absorbancewas
measuredat 280 nm. Thesamplescontainingthemost proteinwerepool ed and assayed for peroxidase
activity (Section2.2.2.3-method 1), and protein content (Section 2.2.2.4). Crude and purifiedextracts
were subjected to PAGE (Section 3.2.4).
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2.2.3.3.3. Extraction of peroxidase from roots

Method 1

Thismethod of extractionwasadapted fromthemethod of Kvaratskheliaet al. (1997). Thisinvolved
grinding dry plant tissue to apowder usingaWaringblendor. 100 g of powderedroot tissuewas
homogenized, by stirring, in250mL of 50mM MESbuffer, pH 5.5, containing 1M NaCl, 30mM ascorbic
acid, 1mM EDTA and Triton-X 100. Thehomogenatewassqueezed throughtwo layersof cheesecloth
and centrifuged (10 000 xg, 30 min, 0°C). The supernatant (crude extract) was then assayedfor
peroxidaseenzymaticactivity (Section2.2.2.3- method 1) and protein content (section2.2.2.4). The
buffer usedinthismethod of extractionwasmodified by omitting Triton-X 100whichinterfereswith protein

determination. The crude extract was partially purified as described in Section 3.2.3.

Method 2

Sorghum root powder (20 g) was homogenizedin 100mL 0.1 M sodium phosphatebuffer (1g/5mL),
pH 6.8, using apestleand mortar. Thehomogenate wassqueezed through cheesecloth, assayedfor
peroxidaseactivity (Section2.2.2.3 - method 1) and centrifuged (10 000 rpmfor 15minutes). The
supernatant wasassayed for peroxidaseactivity and ammonium sulfatecuts, from 20- 70% saturationin
10% increments, wereharvested. Thisinvolved dissovingtherel evant amount of ammoniumsulfateinthe
supernatant to givethedesired percentage of ammonium sulfatesaturation, withgentlestirringat 4°C. The
mixturewasleftto standonicefor 3 handcentrifuged (20000xg, 15min, 0°C). Thesupernatantwas
dialyzed against several changesof half-strength Naphosphatebuffer, pH 6, toremovesalts, and assayed
for peroxidaseactivity (Section2.2.2.3 - method 1) and proteincontent (Section2.2.2.4). The
fractionati onprocedur ewasrepested a thenext ammoniumsulfatelevel andthepreci pitatewasharvested,
dialysed and assayed as before.
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2.2.3.3.4. Effect of buffersused during extraction

A comparisonof different extractionbufferswasstudied with 19 day old root tissuein order todetermine
what effect the sol vent constituentshad ontheextraction process. Extraction bufferscomparedwere0.1
M Naphosphatebuffer,pH 6, MESbuffer,pH 5.5and MESbuffer, pH 5.5withCaCl,. Distilledwater
wasused asacontrol extraction medium. Theextraction procedureinvolved homogenizing theroot tissue
withapestleand mortar oniceintherel evant buffer (1 g/5mL) and squeezing thehomogenatethrough

cheese cloth. Thefiltrate was used as the crude enzyme extract.

2.3. RESULTSAND DISCUSSION

2.3.1. Extraction of proteases

Anattempt was made to extract proteases fromSorghumbicdor by grinding theplant tissueinsodium
phosphatebuffer, using apestleand mortar (Section 2.2.3.1), withtheview to utilizing thisenzymefor de-
hullinggrain. However, resultspresentedin Table2.1 show that therewaslittleconvincing evidencefor
highlevelsof proteaseactivity intheplant extracts. It wasexpected that by increasingthereactiontime
betweensubstrate and enzyme, therewould bealinear increaseof azo dyeinthesol ution astheprotease
cleavedthedyefromthesubstrate. Ripegrainandyoung graintissueshowed higher absorbancevalues
than|eaf tissuebut therewasadecreasein theabsorbanceval ueswithtime, after theinitial twominute
period. Itispossiblethat any reactionwasover after two minutesdueto product inhibition or other
interferingfactors. Onecouldadd commercial proteasesto detect thepresenceof inhibitors. Although
theabsorbancevaluesinleaf tissuewerelow, therewasanincreaseinabsorbanceasthereactiontime
increased, suggestinglow level sof proteaseactivity. Theseresultsareinconclusivebecausethetrends

observed are not typical as compared with those observed using the commercial enzymes studied.
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Table 2.1. Protease activity in sorghum leaf tissue detected using azocasein assay

Time (min) Absorbance (336 nm)
Ripe Grain Young grain Leaf Tissue
0 0 0 0
2 0.32 0.38 0.0195
4 0.37 0.37 0.027
6 0.41 0.31 0.034
8 0.30 0.29 0.039
10 0.33 0.20 0.033
20 0.28 0.27 0.048
30 0.31 0.22 0.057

The values shown are averages of the duplicate experiments.

Twocommercial proteasesweretested for proteaseactivity using thesamemethod and bothwerefound
to havehigher activitiesthantheleaf extract. Not only wastherealinear increaseinabsorbance, butthe
actual absorbancereadings provedto bemuchhigher thanthosefoundwith sorghumextracts. Table2.2

shows the protease activity of proteinase K and trypsin.

Table2.2. Protease activity with proteinase K and trypsin.

Time (min) Absorbance 336nm
Proteinase K Tripsin
0 0 0
2 0.83 0.22
4 1.09 0.38
6 1.19 0.48
8 1.29 0.68
10 1.33 0.63
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30 1.39 0.94

The values shown are averages of the duplicate experiments.

Inview of theseunconvincing resultsascompared withcommercial proteases, it wasdecided that the

investigation of proteases should not be pursued in this study.

2.3.2. Extraction of polyphenol oxidase

Sorghumbicolor contai ns phenolic compoundsandtherefore it wasexpectedthat it would contain
polyphenol oxidase (PPO) activity. ThePPOactivity wasinvestigatedinassaysusng varioussubgrates,
and with different strains of Sor ghumbi col or whichhad varying colors. Thesorghumstrainsstudiedwere

Zimbabwe (bronze colored), Seredo (brown) and Epurpur (cream white).

2.3.2.1. Extraction of polyphenol oxidase from sprouted seeds

Avarietyof 10 day oldsproutedseeds (Zimbabwe, Seredo and Epurpur), extractedusing sodium
phosphatebuffer containing ascorbicacid (section2.2.3.2.1), wereassayed for polyphenol oxidaseactivity
usngL-$-3,4-dihydroxyphenylaanine(L-DOPA), caffeicacid and 4-methyl catechol assubstrates. Very
little or noactivity wasdetected(Table2.3). Inall strai nsshowed no PPO activity wasdetected when
DOPAwasusedasasubstrate. Thereforethereisno conclusiveevidencethat thereisacorrelation
between grain color and the presenceof PPO or indeed acorrel ation between PPO and the presence of
phenolics. Theextract of thebrown coloured grain (Seredo) showed no activity whiletheextract of the
cream/whitecoloured grain (Epurpur) had someactivity. Thisisinteresting becausethecol our of seeds
impliesthepresenceof PPOwhich probably playsarol eingenerating these col ored complexes(Mayer

and Harel, 1979).

Theseexperimentswerecarried out with sprouted seedsand it ispossi blethat PPO activity increasesat
alater developmental stage (Mayer andHarel, 1979). Thus, PPO activity wasscreenedinthetissueof

older plants.
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Table 2.3. Polyphenol oxidase activity in extractsfrom a variety of Sorghum bicolor sprouted
seeds.

Strain Substrate
DOPA Caffeic Acid 4-Methylcatechol
Zimbabwe - 0.0014 U/mL 0.0019 U/mL
Seredo - - -
Epurpur - - 0.002 U/mL

The values shown are averages of the duplicate experiments.

U/mL - Units of activity is expressed as -mol product produced per mL of enzyme extract (Appendix 2).

2.3.2.2. Extraction of polyphenol oxidase from leaves

Usingmethod 1 (Burtonand Kirchman, 1997, section 2.2.3.2.3), 25 day oldleaveswerehomogenized
inbuffer containingascorbicacid. Inorder to ascertain whether theenzymeismembrane-bound, after
centrifugation, the preci pitatewas subjected to adetergent based method of extractionusing Triton X-114
(BurtonandKirchman, 1997). The crude extract andthe extractsobtained after thetemperaturephase
partitioning processwereassayed for PPO activity (Section2.2.2.2) using DOPA asthesubdrate. The
results(Table2.4) indicated thepresenceof considerablelevelsof PPO activity in25day oldleaves. The
detergent based method of extraction did not seemto effect rel ease of PPO from membranetissuesince
thespecificactivity of thefinal product of thedetergent based method (supernatant - Table2.4) wassimilar
(0.224 U/mg) to that of the crude extract (0.281 U/mL).
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Table 2.4. Polyphenol oxidase activity in extracts of sorghum leaf (Zimbabwe strain) extracted

by temperature phase partitioning

Temp. Phase Partitioning
Crude Extract Precipitate Supernatant
Protein (mg/mL) 0.441 0.334 0.347
Activity(Zmol/min/mL) 0.127 0.006 0.078
Specific Activity (Zmol/min/mg) 0.281 0.018 0.224

The values shown are averages of the duplicate experiments.

Specific activity is calculated as :mols product produced per minute per mg protein (Appendix 2).

Usingmethod?2, (Meyer andBiehl, 1980) (Section 2.2.3.2.3), leaf tissuewasextracted usng highsdtand
highsucrosebuffers. Leaf powder washomogenized, filtered through cheesecloth, and after centrifugation,
thesupernatant (crudeextract) wasassayed for protein and enzymeactivity using L-DOPA asasubstrate.
Table2.5 showsthat inleaf tissue(Zimbabwestrain), comparedto sprouted seeds, considerably higher
PPO activity was observed.

Table2.5. Polyphenol oxidase activity in leaf tissue (Zimbabwe strain) after extractioninhighsalt

and high sucrose buffers

Buffer Used
High Salt Buffer High Sucrose Buffer
Protein (mg/mL) 122 2.09
Activity (Zmol/min/mL) 0.026 0.014
Specific Activity (- mol/min/mg) 0.021 0.007

The values shown are averages of the duplicate experiments.

Specific activity is calculated as :mols product produced per minute per mg protein (Appendix 2).
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Extractioninhigh salt and sucrosebuffersresultedinreatively largeamountsof proteinbeing extracted.
Itispossiblethat the enzymeisionically bound, whichisthereasonthat thesethesehigh salt/sucrose
solutionswereused (Meyer and Biehl, 1980). However, thespecificactivity of PPOwasstill relatively
low, withthe high salt extract exhibiting ahigher specificactivity of 0.021 U/mgthanthehighsucrose
extract which had a specific activity of 0.007 U/mg (Table 2.5).

2.3.2.3. Extraction of polyphenol oxidase from grain

Ripegrainandyounggrain, extracted using sodium phosphatebuffer (Section 2.2.3.2.2), showed no PPO
activitywhenassayedwithL -DOPAasasubstrate. Thus, PPO activity isnot evidentintheseedin
Sorghumbicolor, whichissurprising because onewoul d have expected that at thisstage of devel opment
(grainproduction) PPO activity would berelatively moreabundant, than at other stages, for thesynthesis
of phenolicsinorder to protect theplant from predators. Possibly another congtituentintheplantismore
involvedthan PPOinthesynthesisof phenolicsintheplant. Infact, whengrainextract wasinvestigated
for peroxidaseactivity, therewasclear evidenceof itspresence, at thelevel of 4.9 U/mL of activity (section
2.3.4.1). Itislikely then, that peroxidaseismoreinvolvedin phenolic synthesi sthan originally thought and
it wasthusinvestigatedinmoredetail. Atthispoint,itisimportant to differentiate betweentherolesof PPO

and peroxidase activities.

2.3.3. Differentiation between polyphenol oxidase (PPO) and peroxidase

Thereactionof PPOwithD OPA has been adaptedfor useinelectronmicroscopy for determiningthe
localization of theenzymewithincells. Cottonrootspresent awell defined systemfor determiningthe
localization sincetheaccumulationinendodermal cellscan befollowed by light and €l ectron microscopy
(Mueller andBeckman, 1976). However, V eech (1976) reported that hecoul d not detect PPO activity
inhypocotylsof the Deltapine-16 cultivar of cotton and that oxidation of phenolicsincottonwasdueto
peroxidase. Further, it hasbeen shownthat peroxidasecan participateintheoxidation of DOPA (Okun

etal., 1972).
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Mueller and Beckman (1978) thus attemptedto differentiateand |l ocalize PPO and peroxidaseat the
ultrastructural level inthe rootsandhypocotylsof cotton seedlings. PPO and peroxidase were
differentiated and localizedintherootsand hypocotylsof cotton seedlingsat theultrastructural level by
meansof the DOPA and 3,3'-diaminobenzedinetetrahydrochl oride (DAB) reactions. They observedthat
twodistinct reaction productswere present and resulted fromtheaction of two different enzymesystems.
It wasconcluded that both PPO and peroxidaseare present in cotton root and hypocoty! tissues, that the
enzymesoccur indistinct locations(PPOsinthethylakoidsof plastidsand peroxidasesinthecel | walls)
andthat intheroot, the presenceof PPOiscorrel ated with phenolic synthesis. Thefailureof Veechto
detect PPO couldresult fromitsrelatively low concentration or becauseitisboundtotheplastid thylakoids
(Mueller and Beckman, 1978).

Thusapossi blereasonfor detecting |ow concentrationsof PPOinthesorghumextractsinthisstudy could
beduetotheextraction methodsbeingineffectiveinisol ating plastidswhich containthethylakoidstowhich
thePPOisbound. Further investigation, utilizing thestai ning techni quesdescribed above, might provide
further information on the presence of PPO in sorghum.

However, peroxidaseactivity canal so bedistingui shed from PPOinenzymeextracts, onthebasi sthat
additionof H,O,isrequiredfor peroxidaseactivity, but not for PPO activity. Onthisbasis, whenthe
sorghum plant wasinvestigatedfor peroxidaseactivity, relatively highamountsweredetectedin crude

extracts. The results of the extraction of peroxidases are given below.

2.3.4. Extraction of sorghum peroxidase

2.3.4.1. Extraction of peroxidase from grain tissue

Peroxidasewasextracted, using sodium phosphatebuffer, fromyoung grainthat wasjust emerging, and
fromripegraininorder tostudy theeffect of ripeningon peroxidaseactivity (Section2.2.3.3.1). Y oung
grainwasharvestedfrom 3 monthol d sorghumplantsandwasgreenincolour. Ripegranwasharvested

from 5 month old plants and was golden brown in colour.
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Activity (U/mL)

young ripe

Figure2.1l. Peroxidase activity in grain tissue extracts. Units (U) of activity = zmol product

produced per min per mL of enzyme extract. (The values are the average of duplicate experiments).

TheresultsshowninFigure2.1indicated that theyoung grainhad moreactivity (4.63U/mL) thanripegrain
(0.62U/mL). Ricardo(1998) haveshownthat different peroxidasegroupsshow differential patternsof
activity during vegetative devel opment and peroxidaseshavebeenimplicatedin plant developmentin
numerousstudies. Thus, theresultsobtainedinthisstudy areinaccordancewiththissuggestion, since
peroxidaseactivity wasfoundto be most evidentinyounggrain. Theresultsfrom polyacrylamidegel
electrophoresis(PAGE) analysis(section 3.2.4) of partialy purified peroxidasefromgraintissueareshown

in Figure 3.5 (section 3.3.3.3) and confirm these results.

2.3.4.2. Extraction of peroxidase from leaf tissue

2.3.4.2.1. Weekly extraction of per oxidase from leaf tissue

L eaf sampleswereharvestedweekly, extracted (Section2.2.3.3.2) andtheextractswereassayedfor
peroxidaseactivity. Figure2.2 showsthat |eavesof different ageshad differentlevel sof peroxidase

activity. Of the 16 weekly samplesstudied, thehighest activity (6.5U/mL) wasfoundin13week old
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|leaves. ThePAGE analysis(Section 3.2.4) of graintissueextractsareshowninfigure 3.3 (Section
3.3.3.1).

Activity (U/mL)

1 2 3 45 6 7 9 10 11 12 13 14 16

Weeks

Figure 2.2. Peroxidaseactivity in weekly leaf samples. (The valuesare the average of duplicate

experiments).

Peroxidasesin plant tissuesexi st asgroupsof isoenzymeswhich can beseparated and detectedongels
after electrophoresis(Robinson, 1991). Intheliving plant thepH of cell wallsmay bemodified frompH
4.5t0 7.5 duringgrowthandthiswill clearly affect thebinding of acidicisoperoxidases. Thebinding
equilibrium asinfluencedby pH has beensuggestedto act asacontrol of both peroxidaseactivity and
hydrogenperoxide productionby peroxidasesfrom NADH (Pedrenoetal., 1989). Thusprotonsmay
modul atethe binding of acidicisoperoxidasestocell wallsandthereforethelevel of enzymeinthe
intercellul ar spaceaswell asthepH-dependent activity of theenzyme. Significant changesintheCa?*:H*
ratioincell walswouldinducemodificationsof thecel | wall pH and henceperoxidaseactivity (RosBarcelo
etal.,1988b). Thus,inthisstudy, itissuggestedthat thevaryinglevel sof peroxidaseactivity intheleaves
insorghum also may depend on the pH of the cell wallswhichis modifiedat aspecific stage of

devel opment, depending onwhen peroxidaseisrequiredintheplant. Assumingthat sorghum peroxidase
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isacidic,itispossiblethat at 13weeks, thepH of thecell wallswasacidic (pH between4.5and5.5)
because, whenthesodium phosphatebuffer (pH 6, thereforemorebas cthanthecell walls) wasintroduced

during extraction, the enzyme was rel eased, hence the high levels of peroxidase activity at 13 weeks.

2.3.4.2.2. Isolation of leaf peroxidase with ammonium sulphate

M cL ellanand Robinson (1981) suggested that peroxidasescan beextracted fromthepellet using high
molarity salt solutions. Saltshavetheability totrapwater and exposethehydrophobicareasonthesurface
of enzymemolecules. Thehydrophobicinteraction between enzymemol ecul esresultsinaggregation, and
consequently, intheir precipitation. Salting out dependson hydrophobicinteraction, alterationof pH or
ionic strength, polarity and temperature (Ballesteroset al. 1994).

Inthisexperiment, freshleaf tissue from different Sorghumbicolor strai ns(Zimbabwe, Epurpur and
Seredo) and dry leaveswerestudied (Section 2.2.3.3.2). Thespecificactivities(thecal culationshownin
Appendix2) of thesampleswerecomparedinorder to determinewhether peroxidaseactivity isdependent

on strain, and dry leaves were studied to investigate latent peroxidase activity after plant death.

A highammonium sul phateconcentration seemed appropriate, initialy, becausepreviousexperimentswith
leaf tissueshowedthat high salt buffers(Section 2.3.2.2) yiel ded highlevel sof enzymeactivity. The80%
ammonium sul phate preci pitation proved to bean effectiveway of partially isolatingtheenzyme. Figure
2.3showsanincreaseinthespecificactivity of peroxidaseafter 80% ammonium sul phatewasadded to
thecrudeextract. Theresultsobtained fromdifferent strainsof Sor ghumbicol or i ndicated that peroxidase
activity isnot strain-specific, sincesimilar level sof peroxidaseoccurredineach strain. Seredo peroxidase
showedthehighest specificactivity inthe80% precipitation (57.7 U/mg) whiletheenzymefromthe
Zimbabwestrain had thel owest specificactivity (38.4 U/mg). Itisinterestingto notethat thedry leaves
gaveahighspecificactivity of 50.3 U/mg of peroxidaseinthe80% ammoniumsulphateprecipitate. Results
of PAGE analysis (Section 3.2.4) are shown in Figure 3.4 (Section 3.3.3.2).
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Zimbabwe Epurpur Seredo Dry leaves

o

Specific Activity (U/mg protein)

Ecrude W80 % Am. Sulphate Ppt

Fresh and dried sorghum leaves
Figure 2.3. Specific activity of peroxidasein leaf extracts and driedleaves. (Thevaluesare the

averages of duplicate experiments).

2.3.4.2.3. Isolation of L eaf Peroxidase Using the Aqueous Two-Phase System (ATPS)

Water solublehighmolecular wei ght organic polymers, of which polyethyleneglycol (PEG) isthemost
widely used, canbeusedfor theprecipitation of enzymes. Thesehavetheadvantagesof being non-toxic,
non-inflammableand non-denaturing to proteins. Themechanismof precipitationisnot fully explained but
itissuggestedthat the polymersexclude the proteinsfrom part of thesol ution and reducetheeffective
amount of water availablefor their solvation. Inprecipitation of enzymeswith PEG, phaseseparationcan

occur, with one of the phases containing the enzyme (Ballesteroset al., 1994).

Theagueoustwo-phasesystem (ATPS) separatesenzymesand other biopolymers, aswell ascell debris,
accordingtotheir size, chargeand surfacecharacteristics. Atlow concentrationsof PEG and (NH,),S0,,
homogeneous sol utions areobtained but at discreteconcentrationrati os, phase separation occurs, giving

aPEG-richupper phaseand ahigh-saltlower phase. Each phasecontains ahigh percentage of water,
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forming averyfavourableenvironmentfor biologicaly activeproteinsandevencell organelles. Partition
of acompound betweentwo phasesisdescribed by therelationshipK = C,/C;, whereK isthepartition
coefficientand C,and C, arethe concentrationsof thecompoundsat equilibriumintheupper andlower
phasesrespectively. Thelocationof aparticular compoundindifferent phasesdependsonnature,
concentration and molecul ar wei ght of polymers, temperature, pH, ionic strength of themixture, andthe

presence of polyvalent salts.

Inthisexperiment, 19 day old|esf tissue(Zimbabwestrain) washomogenizedinditilled water. Usngthe
ATPSdeveloped by Srivinaset al. (1999), the formationof two phasesresulted(section2.2.3.3.2-

method2). Thelower, dark green, salt-rich phase contained amuch higher peroxidaseactivity (4.44
U/mL) thanthetop, clear phase(0.89 U/mL) (cal cul ation of enzymeactivity asin Appendix 2). Thesalt
richlayer wasdialysedagainst distilledH,Otoremovesatsand then concentrated by diaysisaganst 25
% PEG. Thisconcentrated sample(thecrudeextract) wascentrifuged (10000xg, 10 min, RT) andthe
supernatant was subjectedto chromatography using Sephadex G-75. Thedegreeof purificationusingthe
ATPSprocedureissummarisedinTable2.6.(The equationsusedfor thedatapresentedin Table2.6are
explained in Appendix 2).

The product after chromatography on Sephadex (G-75) showedal.5fold purification, withahigh specific
activity of 70.3U/mg. Thismethod of purification provedto bemoreeffectivethan ammoniumsul phate
precipitationwhichresultedinaspecificactivity of 38.4 U/mgfor theZimbabwestrain. Twoimportant
advantagesof using ATPSover anmoniumsul phateprecipitationarethat itisfaster and each phasein

ATPS contains a high percentage of water, forming a very favourable environment for enzymes.
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Table 2.6. Purification of sorghum leaf peroxidase usng the aqueous two phase system and

chromatography
Crude extract Product after chromatography

Volume (mL) 6.2 2

Protein (mg/mL) 0.09 0.05
Activity (Zmol/min/mL) 47 3.32
Specific Activity (Zmol/min/mg) 475 70.3
Total Activity (Zmol/min) 29.3 6.65
Total Protein (mg) 0.62 0.09
Yield (%) 100 22.7
Relative Purification 1 15

The values shown are averages of the duplicate experiments.

2.3.4.3. Extraction of peroxidase from roots
L evel sof peroxidaseactivity are subject to vegetativedevel opment (Jacksonand Ricardo, 1998) and
enzymesoccur indistinct locations(Mueller and Beckman, 1978), and, therefore, root tissue was

investigated for peroxidase activity.

2.3.4.3.1. Extraction of root peroxidase using different extraction buffers

Optically clear solutionscontai ning peroxidaseactivity aregenerally obtained after rel atively low-speed
centrifugation(e.g. 800 g) (Robinson, 1991). Suchasolutionisnormally designated thesolubleor
cytopl asmic peroxidasefraction, athoughthesol utionmay gtill contain suspendedintracel lular membranes
with bound peroxidases. However, for acompl eteextraction of peroxidaseactivity ahighionicstrength
isneededto solubilizeionically boundisoperoxidases (Robinson, 1981). The800-gpellet consstsmainly
of cell walls, possibly somelargevacuoles, afew nucle and partidly brokencells. After extensvewashing
of the pell et the remainingionically bound peroxidasescan beextracted fromtheinsolublepellet usng 1

M salt solutions (McL ellanand Robinson, 1981; Moulding et al., 1987). Theseionically bound
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isoperoxidasesareoften of thecationictypeandrarely containasubstantia quantity of anionicisoenzymes
(Thomasetal., 1981; McL ellan and Robinson, 1983; Mouldinget al., 1987). Thissmplefractionation
procedurehasproved val uabl efor therapid separation mainly of thecati onic peroxidaseswhich seemto

beionically bound to the crude cell wall material.

Boththeanionicand cationicisoperoxidasesare present inthe sol ublereaction, whichwoul d beexpected
to contai nsuspendedintracellular endopl asmi creticulum Gol gi membranesand microsomes. However, it
i spossiblethat thecationic peroxidasesarenot only locatedinthecell wall, sincebinding may ariseduring
homogeni zation and their apparent | ocation may then bean artefact of cell breakage (Schlossetal., 1987,
Goldberg et al., 1989).

Binding of i soperoxidasesto cell wall sand other membranesmay beinfluenced by theionicstrengthand
pH valueof theextracting buffer, thei soel ectric pointsof isoperoxidasesand charged groupspresentincell
walls. For acidicisoperoxidasesRosBarce oetal . (1988b) have shown that lowpH (4.0 - 5.0) favours
bindingto cell wallswhileaneutral pH favoursrelease. At neutral pH boththecell wallsandtheacidic
isoperoxidasesarenegatively charged andthereforeinteractionsareprevented. However, under these
conditionsthecationicisoperoxidaseswoul d bepositively charged and theref orewoul d beexpected tobind

to cell wall fragments during extraction.

Sorghum peroxidasewashomogenized withavariety of buffersinorder todeterminetheeffect of reagents
during extraction. Thesebuffersweresodium phosphatebuffer (pH 6), MESbuffer (pH5.5andMES
buffer pH 5.5 + calcium chloride. Distilledwater wasused asacontrol medium (Section 2.2.3.3.4).
Figure2.4 showstheresultsobtained; 2.67 U/mL of peroxidaseinthedistilledwater extract, 3.82 U/mL
i nthesodium phosphatebuffer (pH 6) extract, 7.23U/mL intheMESbuffer, pH 5.5extract and 7.8 U/mL
in MES buffer, pH 5.5 + calcium chloride extract.
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Figure 2.4. Extraction of per oxidase fromrootsusng different extractionbuffers. (Values shown

are the average of duplicate expriments).

Inthe present study, asexpected, distilled water wasarel atively ineffectiveextraction medium, havinga
negligibleioniccharge. However, itismorefeasi blethat thepH, and not theionic chargeof thewater
contributedtothisineffectiveness, if it assumedthat the peroxidaseiscationi cand thereforeremained bound
to cell wall fragmentsat aneutra pH during extraction (RosBarcel oet al. 1988b). Low pH values(4.0-

5.0) wereexpectedtofavour therel easeof cationicisoperoxidases. Thus, MESbuffer (pH 5.5) was
shown to be an effective extraction medium for the release of peroxidase. However, further
experimentationneedsto be conductedi norder toconfirmwhether theisolated sorghum peroxidaseis

cationic or indeed, if both cationic and anionic isoperoxidases are present.
WhenCaCl,wasaddedto MES buffer at pH 5.5, therewas only anincrease of 0.52 U/mL inthe

peroxidaseactivity extracted. A higher increaseof peroxidaseactivity wasexpected withtheaddition of

calciumchloridebecause cal cium appearsto enhancesecretionintheplant cells. Robinson (1991) and
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other workershave confirmedthatitintensifiesrel ease of theenzymein culturecells(Bakarjievaet al,
1987; Welinder, 1985). Welinder (1985) suggeststhat for horseradi sh peroxidase (HRP), because
caciumisanintegra part of themolecule, it affectstheconformationa structureof theproteinclosetothe
haem group. Itisnot clear why only adight increasein sorghum peroxidaseactivity occurredwhencacium
wasaddedtothe extract. Itispossible, but perhapsunlikely, that calciumisnot anintegral part of this
particular enzyme. Thecal ciuminducedincreasein peroxidaseactivity in plantshasal sobeen attributed
toanincreaseintheactivity of thecationicisoperoxidasesinitiated by stimuli-induced rel easeof potassium
(Gaspar e al, 1985). Further experimentationwith potassium coul dincreasecal cium-induced peroxidase
activityinthisstudy. Itisalsoposs blethat theextractionwasal ready effectiveevenwithout addition of

calcium.

Whenthedifferent bufferswereusedfor extracti onof peroxidasefromroot tissue, thelag phaseinthe
assay (theperiodfromthetimeof addition of theenzymeextract tothesubstratetill acol orimetric change
isdetected) differedfor eachbuffer (Figure2.5). A possibleexplanationfor thisistheoccurrenceof
chemical interactionsbetween theenzymeand reagents, perhapsrendering theactivesiteinaccessiblefor

aperiod due to steric hindrance.
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Figure 2.5. Lag phase in assay for sorghum peroxidase extracted using different extraction

buffers. (Values are averages of duplicate experiments).
Thereisaneedfor further investigation astowhat causesthechangeinlag phaseswhen different extraction

buffersareused. Suchinvestigationwoul dwarrant experimentationwith purified enzyme, and hencethe

purification of sorghum peroxidase from root tissue has been studied, as described in Chapter 3.
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2.4. CONCLUSION

Inthischapter,asurveywas made of proteases, polyphenol oxidasesand peroxidasesinSorghum
bicdlor. Sprouted seeds, | eaf tissueand graintissuewereextracted and studied for the presenceof these
enzymes. Generdly, extractiontechniquesinvolved homogenizationintherd evant buffer usngapestieand
mortar or aWaring blendor. HomogenizationwithaWaring blendor yiel ded better resultsthan extraction
withapestleand mortar. Thecrudeextract wasthenfiltered through cheeseclothand assayedfor enzyme

activity and protein content and al so subjected to polyacrylamide gel electrophoresis (PAGE).

Enzymeassay methodsinvolved spectrophotometric analysi swiththerel evant substratefor eachenzyme.
Protei nassayswereconducted accordingto Bradford’ smethod (Bradford, 1976). PAGE analysisof the
extractswas conductedaccordingto Laemmli’ smethod (1970) (section 3.2.4) and theresultsaregiven

in the following chapter.

Proteaseassaysinvolvedthehydrolyzation of azocasein by the proteasetoyield thecol ored complex, azo
dyeandcasein. A highamount of azo dyeafter thereaction, detected spectrophotometrically, indicated
proteaseactivity. Accordingtothespectrophotometricanalysis, proteaseswerefoundto bepresent at
very low concentrationsinleaf tissueandto beabsent inyoung andripegrainextracts. Usngthesame
assay method, two commercial proteases, proteinaseK andtrypsinshowed evidence of much higher
proteaseactivity. Proteaseconcentrationsinsorghumwereprobably toolowtodicitasignificant reaction

or proteases could be produced only at specific developmental stages.

Polyphenol oxidase (PPO) wasextracted i n sodium phosphate buffer using apestleand mortar, and
detected by spectrophotometrically monitoringitsoxidationof L-DOPA, caffeic acidand 4-methyl catechal.
Interestingly, PPOsdid not feetureas prominently asexpected. Sorghumbicolor contains phenolicsand
PPOisthought to beinvolvedintheir synthesis(M ayer andHarel, 1979). Low levelsof PPOactivity
(0.0014 U/mL for caffei c acidinthe Zimbabweextract; 0.0019 U/mL for 4-methyl| catechol inthe
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Zimbabweextract; 0.002 U/mL for 4-methyl catechol for the Epurpur extract) weredetectedin sprouted
seedsand no PPO activity wasevidentingrainextract. Althoughahigherlevel of PPOwasfoundinleaf
tissue(0.127 U/mL inthesodium phosphate buffer extract; 0.026 U/mL inthehigh salt buffer extract;
0.014U/mL inthehighsucrosebuffer extract), thesel evel swerenot sufficiently hightojustify consideration

of its use in biotransformation applications.

Peroxidasewasextracted fromgrainand | eaf tissue, in sodium phosphatebuffer, usngapestleand mortar.
Analternative methodof extractionof |eaf ti ssueinvolvedusingtheagueoustwo-phasesysem (ATPS)
after homogenizationwithaWaringblender. Extraction of root tissueinvol ved using two methods;
homogenizationinMESbuffer (pH 5.5) withaWaring blender and homogeni zationwith apestleand
mortar insodium phosphatebuffer, MESbuffer (pH 5.5), MESbuffer (pH 5.5) + calciumchloride, and
distilledwater. Peroxidaseactivity wasdetected by spectrophotometrically monitoringitsoxidation ofo-
dianisidineinthepresenceof hydrogen peroxide. Highlevel sof peroxidaseactivity weredetectedin
sorghum grai n(4.63U/mL inyounggrainand 0.62 U/mL inripegrain). Evenhigherlevelsof peroxidase
activityweredetectedinleaf (6.5 U/mL inthe sodium phosphatebuffer extract; 4.7U/mL intheATPS
extract) and, particularly, inroottissue(7.8 U/mL inMESbuffer + calciumchlorideextract). Thisledto
the objective of purifyingand characterizing sorghum peroxidasefromtheroots. Theresultsof the

purification and characterization experiments will be described in Chapter 3.
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Chapter 3
PURIFICATION AND CHARACTERIZATION OF
SORGHUM ROOT PEROXIDASE

3.1. INTRODUCTION

The purificationand characterization of anove peroxidase that has been detected in Sorghum bicolor
is described in this chapter. Horse radish peroxidase (HRP) is the most common commercia
peroxidase used in industry today but it is cogtly, and thus a cheaper source of peroxidase from
sorghumwould be advantageous. Sorghumisapotential cheap source of peroxidase becauseitisable
to grow in harsh environments, dimitating the expense of fetilizersand irrigation. Also, it is aready
grown as afood crop - but here, the root would be used which would otherwise wasted. Sorghum

peroxidase has not been reported in the literature previoudy.

Fant peroxidases have very high specific activities and while it has been straightforward to detect
peroxidases, it may be difficult to obtain sufficient purified enzyme to characterize the protein moiety.
Some of the practical problems inthe isolation of plant isoperoxidases have been mentioned by Aibara
et al. (1982), viz, that purification procedures are time-consuming and frequently require expensve
carrier ampholytes. Furthermore, clams of purity of enzymes depend on the adequacy and sengitivity
of the methods available for detection of protein. During recent years more sendtive staining methods,
usng silver, have been developed to detect low levels of protein on zymograms. This method is
particularly suitable for peroxidases, where ather the iSobenzymes or contaminating enzymes may not
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gain with Coomasse Blue. Khan and Robinson (1991) have shown, for mango isoperoxidases, that
contaminating proteins and the enzyme protein can only be observed after Slver gaining. Lagrimini et
al. (1987) have aso used slver staining to establish that a mixture of anionic tobacco isoperoxidases

was free of contaminating proteins.

3.2. MATERIALSAND METHODS

3.2.1. Materials

Materiasusedfor the purificationexperimentsarelisted insection2.2.1. Thefollowing chemicaswere
used for polyacrylamide gel eectrophoresis (PAGE). Ammonium persulphate, glycerol, methanal,
glycine, glacid acetic acid, hydrochloric acid and mercaptoethanol were from Unilab Saarchem (Pty)
Ltd. Coomassie brilliant blue R-250 (CBB), Tris(hydroxymethyl)aminomethane), bromophenoal blue,
molecular weight markers (listed in gppendix 3), slver gain kit, and horse radish peroxidase (HRP)
were fromSgmaChemicds Co. (USA). Acrylamide was from BDH chemicals, tetramethylethylene
diamine (TEMED) was purchased from Merck NT Laboratory Supplies (Pty) Ltd, and N,N-
methylene-bis-acrylamidewasfromBoehringer Manneim. Sodium dodecyl sulphate wasfrom Reidd-
de Haen. For polyacrylamidegel dectrophoresis (PAGE) experiments, the Hoefer Tall Mighty Small
electrophoresis kit was used.

3.2.2. Partial purification of sorghum root extract with ammonium sulphate

Root powder was extracted usng 100 mL 0.1 M sodium phosphate buffer (1g/5mL), pH 6.8, usng
apestle and mortar, the homogenate was filtered through cheese cloth, assayed for enzymatic activity
and centrifuged (10 000 x g, 15 min, 0°C). The supernatant was assayed for peroxidase activity
(Section 2.2.2.3 - method 1) before anmonium sulphate precipitation (Section 2.2.3.3.3 - method 2).

3.2.3. Purification of sorghum root peroxidase with alter native methods

Plant tissue was ground to apowder usngaWaring blender. The powder (100 g) was homogenized
by girring in 250 mL 50 mM MES buffer, pH 5.5 containing 1 M NaCl, 30 mM ascorbic acid, and
1 mM EDTA. The homogenate was filtered through two layers of cheese cloth and centrifuged (10
000 x g, 30 min, 0°C). The supernatant (crude extract) was assayed for peroxidase activity (Section
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2.2.2.3 - method 1) and protein content (Section2.2.2.4). Thefirg purification step involved blending
10% polyvinyl polyprrolidone (PV PP) inthe crude extract usng aWaring blendor operated at maximum
speed for 1 minute. This mixture was centrifuged (10 000 x g, 30 min, 0°C). The supernatant was
didysed agang a 25 mM maonate solution, pH 5.5, containing 10 mM of ascorbic acid and
centrifuged (10 000 x g, 10 min, 0°C) toremovethesolids. The supernatant wasandysed by (PAGE)
(Section3.2.4), assayed for peroxidaseactivity and protein content, and ultrafiltered through acdlulose
Molecular/Por filtration membrane (MWCO 10,000) at a pressure of 3000 Atm in a Molecular/Por
Stirred Cdll. A portion of thefiltrate was used for to PAGE analysis (Section 3.2.4). Chromatography
on phenyl Sepharose was used asthefind purification step. The column was equilibrated with 0.1 M

Na sodium buffer, pH 6, and the sample was applied and duted in didtilled water. The euate was
assayed for peroxidase activity (Section 2.2.2.3 - method 1) and a sample was anadlysed by PAGE
(Section 3.2.4).

3.2.4. Polyacrylamide gel electrophoresis (PAGE) analysis

Polyacrylamide gel eectrophoresis was carried out according to Laemmli (1970). The Tdl Mighty
Smdl dectrophoresis kit was set up accordingtothe Hoefer Saentific Instruments manua (CatalogNo.
SE 280).

The denaturing polyacrylamide g was prepared inthe following manner:- the resolving part of the ge
contained 13.5 mL 30% of acrylamide stock (2 g bis-acrylamide, 75 gacrylamideand 250 mL dH,O),
15mL of 1 M TrisHCI pH 8.8, 9.25 mL dH,0, 0.4 mL 10% sodium dodecyl sulphate (SDS), 0.3
mL 10% ammonium persul phate (APS) and 20 : L tetramethylethylene diamine (TEMED); the stacking
part of the gel contained 2.0 mL acrylamide stock, 1.9 mL 1 M trisHC| buffer pH 6.8, 9.25 mL
dH,0, 1.0mL 80 % glyceral, 0.15 mL 10% SDS, 0.10 mL 10% APSand 20 :L TEMED. Thenon+
denaturing gel was prepared in the same manner, except it did not contain 10% SDS.

Enzyme samples (30 :L ) were denatured by boiling in eppendorf tubes for 5 min in 15 :L of
dissociation buffer whichcontained 5 g (10%) SDS, 5 mL mercaptoethanol, 7.5 mL glycerol, 2.5 mL
bromophenol blue, 6.3 ML 1 M Tris-HCl buffer, pH 6.8 and 28.7 mL dH,O. 30 :L of the denatured

64



enzyme samples wereloaded into the denaturing gds and e ectrophoresed, usng bath buffer (10 times
diluted stock of 30.3g Tris, 144.1 gglycine, 10.0g SDSand 1 L dH,0) asamedium, for 3 hours a
100 V. 30 :1 of undenatured enzyme samples (same enzyme run in denaturing gel but unboiled) (30
L) were loaded into non-denaturing gels and subjected to the same electrophoretic conditions.
Protein marker solution, containing proteins with known molecular weights (5 - L), wasgppliedto the
gel and electrophoresed dong with the enzyme samples in order to determine the molecular weight of
the enzymes.

After electrophoress, the gds were soaked in Coomasse Brilliant Blue (CBB) staining solutionwhich
contained 45 mL methanal, 10 mL glacid acetic acid, 45 mL dH,0 and 0,2 g Coomassie Brilliant Blue
R-250. Thiswasdonein order to stain dl proteinswith CBB. These gelswere caled the CBB géls.
Duplicate gd's (non denaturing and denaturing gdl's containing unboiled enzyme samples identica to the
boiled ones) were soaked in a dilute substrate solution (100 : L of 50 mM o-dianisidine in30 mL H,O
containing 50 - L H,0,), to detect the colour reaction between the peroxidase enzyme and substrate,
at the position where the enzyme migrated. These gels were cdled the activity ges. The gels were
photographed and analysed to determine the molecular weights of the enzyme. Gels were also stained
for protein detection usng the slver slain method as described in the slver stain kit booklet supplied
by Sigma Chemicas Co. (USA).
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3.2.5. Characterization experiments

3.2.5.1. Assay optimization

3.2.5.1.1. Temperature dependence of sorghum root peroxidase

Experiments to determine the optima temperature for sorghum root peroxidase activity involved
measuring the activity at varying temperatures (in duplicate). Theassay mixturecontainingo-dianisdine
as subgtrate, with H,O,, in sodium phosphate buffer (Section2.2.2.3 - method 1), was adjusted to the
relevant temperature, and the enzyme solution was added to initiate thereaction. Temperaturesranged
from 20 - 60°C and the pH used was 6.

3.2.5.1.2. Thermostability of sorghum root peroxidase

Enzyme sampleswereincubated at the relevant temperature for a specific period in awater bath. The
temperatures ranged from 40 - 100°C and peroxidase activity (Section 2.2.2.3 - method 1) was
monitored hourly for a total of six hours. At 100°C, peroxidase activity was monitored every 2
minutes for a total of 8 minutes. The extract was removed from the water bath and alowed to

equilibrate to room temperature for 15 minutes before assaying for activity.

3.2.5.1.3. Effect of hydrogen peroxide concentration on sorghum root per oxidase

A series of 0.1 M Na phosphate buffer solutions of pH 6 were prepared containing varying
concentrations of hydrogen peroxide ranging from0.005 to 0.9 M. Peroxidaseassays(Section2.2.2.3
- method 1) at room temperature.

3.2.5.1.4. Optimal substrate concentration for sorghum root peroxidase

This experiment involved assaying for peroxidase activity using different substrate (O-dianisidine)
concentrations, according to the first method described in Section 2.2.2.3, a room temperature and
pH 6. The substrate concentration ranged from 10 - 150 mM.

3.2.5.1.5. Substrate range for assay of sorghum root per oxidase
Assayswerecarried out usng other substratesto determine the substrate range of sorghum peroxidase.
The other substrates used to measure the activity of sorghum peroxidase were guaiacol, 2,4-
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dichlorophenal and 2.2-azinobig(3-ethylbenzthiazoline-6-sulfonic acid) (ABTYS).
The assay methods are described in Section 2.2.2.3 - methods 2-3.

3.2.5.1.6. Effect of CaCl, on sorghum root peroxidase

Thisexperiment involved adding 10 L of the appropriate CaCl, concentration to 100 - L samples of
enzyme extracts and proceeding with the assay procedure described in method 1 of Section 2.2.2.3.
The CaCl, concentration ranged from 0.001 to 10 M.

3.25.1.7. Optimal pH of sorghum root peroxidase

A series of 0.1 M sodium phosphate buffers with pH vaues ranging from 3 to 8 wereprepared. The
assay mixture was prepared usng sodium phosphate buffer and o-dianisdine as substrate, at room
temperature, and enzyme extract was added to initiate the reaction (Section 2.2.2.3 - method 1).

3.3. RESULTS AND DISCUSSION

The initid investigation to purify sorghum root peroxidase involved ammonium sulphate fractionation,
then alternative methods of purification were employed. The resulting fractions were assayed for
enzyme activity and protein content.

3.3.1. Purification of sorhum root per oxidase ammonium sulphate

Ammonium sulphate fractionation was used initidly, in attempting to isolate sorghum root peroxidase.
Thisinvolved homogenisationof the root powder in sodium phosphate buffer followed by the addition
of ammonium sulphate, in increments ranging from 20 - 70 % (w/v), to the extract (Section 3.2.2

(method 1)). Theresults are shown infigure 3.1.
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Figure 3.1. Activity of sorghum root per oxidase in ammonium sulfate precipitation fractions.

(The values are averages of duplicate experiments).

Although an expected trend was noted, namely, a decrease of peroxidase activity in the supernatant
fraction and an increase of activity in the precipitate fraction with increasing ammonium sulphate
precipitation, there was no clear separation of peroxidase activity in one fraction. Thus anmonium
sulphate precipitation was not an effective means of isolating peroxidase from the root extract. The
highest enzyme activity (0.17 U/mL) (caculations of enzyme activity are given in Appendix 3) inthe
preci pitate was seen whenammonium sulphate was at 60% saturation. However, this activity wasvery
low compared to the activity inthe corresponding supernatant fraction (1.61 U/mL) at that ammonium
sulphate saturation level. The gradud decrease in the activity of the supernatant could have been due
to denaturation of the enzyme with increasing sdt concentration or due to dilution during the didysis
step. Although there was agradud increase in activity in the precipitate fractions, the vaues were too
low to conclude that the enzyme was precipitated out of solution.

3.3.2. Partial purification using alter native methods

An dternative method for proxidase isolation was adapted from that of Kvaratskheliaet al. (1997)
(Section 3.2.2 - method 2). This involved homogenisation usng MES buffer containing sodium
chloride, ascorbic acid and EDTA, PVPP treatment, didyds and ultrefiltration, followed by
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hydrophobic chromatography usng phenyl Sepharose Cl-4B. Table 3.1 describes the successive
purification steps. (The equations used for the caculation of enzyme activity units and the data
presented in Table 3.1 are in Appendix 2).

After centrifugation of the crude extract, a 1.7-fold purification resulted, while the PV PP purification
step gavea2.3-fold purification, indicatingthe removal of interfering phenolic substances. Ultr&filtration
separates macromolecules in the molecular weight range from 1000 to about 10 000. Ultrafiltration
effected a 3-fold purification. The filtrate was clear, compared to the retenate which was orange-
coloured and which became more intensely coloured when concentrated.

Chromatography on phenyl Sepharose CL-4B column gave a ca. 2-fold increase in specific activity
but with the lossof ca. 75% of thetotal activity (Table 3.1). This process involves the separation of
enzymes according to their size. Sepharose Cl-4B is arigid, cross-linked agarose materid. The
separation depends onthe different abilities of the particular protein moleculesto enter the pores within
the g beads. Large molecules which cannot enter even the largest pores, pass through the column

faster. Molecules are eluted in order of decreasing size.
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Table 3.1 Partial purification of sorghum root peroxidase

Fraction Crude Centrifuged PV PP* Ultrafiltratio | Chromatograph
n y
Vol (mL) 210 200 100 14 5
Protein (mg/mL) 0.053 0.029 0.025 0.079 0.034
Activity 124 1.19 14 54 411

(zmols/min/mL)

Specific 233 39.9 54.3 69.3 122.3
Activity

(zmols/min/mg)

Total Activity 260.4 238.0 140.0 75.6 20.6
(zmols/min)

Total Protein 11.13 5.96 258 5.20 0.17
(mg)

Yield (%) 100 91.4 57.3 29.0 7.9
Relative 1 17 23 29 5.2
Purification

* PVPP - polyvinylpolypyrrolidone

All values are averages of duplicate experiments.

3.3.3. Palyacrylamide gdl electrophoresis (PAGE)analysis

A range of plant isoperoxidases have been detected by PAGE and PAGE zymography (Robinson,
1991) and an attempt wasmadeto detect sorghum root i soperoxidases usng PAGE andyss. Thisaso
alowed comparison of sorghum root peroxidase with horse radish peroxidase (HRP). Gels stainedin
Coomassie brilliant blue (CBB gels) and in substrate solution (activity gels), were used to visudize the
banding pattern of the enzymes. PAGE gds and zymograms give only gpproximate indications of

molecular weight, but are nonetheless useful for the sake of comparison.

3.3.3.1. PAGE analysis of sorghum peroxidasein leaf and root tissue
In each gel equal and equal mass (30 ) of protein was loaded. CBB gels, sained in Coomasse
Brilliant Blue, and activity gels, soaked in substrate solution, (Section 3.2.4), of the leaf and root
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extracts, were analysed. Theleaf extract was obtained using the agueous two-phase system (ATPS)
(Section2.2.3.3.2) and the root extract was the purified extract after the hydrophobic chromatography
step (Section3.2.3). Figure 3.2 showstwo CBB gelsand one activity gd of theleaf and root extracts.
The CBB gl (A) is the non-denaturing gd, the CBB gd (B) is a denaturing gdl and gel (C) shows
enzyme activity. Lane 1 (Ieft) contained marker proteins (Appendix 3), lane 2 contained crude leef
extract, lane 3 contained purified leaf extract and lane 4 contained purified root extract.

In the undenatured gd (A), of the crude leaf extract (lane 2) one mgor band, with an approximate
molecular weight of 77,000, was detected. When denatured, this protein was gpparently partiadly
fragmented into two fractions, of approximate molecular weights 77,000 and 63,000 (lane 2 of Gl B).
Similarly, the purified leaf extract showed a single band with gpproximate molecular weight of 77,000
ingd A (lane 3) and, when denatured, a band of molecular weight, gpproximately 50,000 was seen
in the denaturing gd (B).

Lane 4, in both gds A and B, contained the root extract but no bands were seen. However, in the
activity gd (C, Figure 3.2), observation of the band intensties showed that the root extract (lane 4)
contained higher activity than comparable amounts of the leaf extracts (lanes 2 and 3). This dso
indicated that very low amounts of root peroxidase, that could not be detected in the CBB gels,
contained high levels of peroxidase activity.
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A B C
Figure 3.2. CBB gels (A and B) and an activity gel (C) of leaf and root tissue. Gd A: lane 1:
marker; lane 2. undenatured crude leaf; lane 3. undenatured purified leaf; lane 4:
undenatured purified root. Gel B and C: lane 1. marker; lane 2: denatured crude leaf; lane
3: denatured purified leaf; lane 4: denatured purified root. Each lane wasloaded with 30 = g
protein.

The activity gd (undenatured proteins) shown in Figure 3.3 confirms that root extract contained more
peroxidase levels than lesf extract. Lanes 1 - 6 contained weekly extracts of leaf tissue (Section
2.2.3.3.2 - method 1) where leaf tissue was homogenized inbuffer usng a pestle and mortar. Lane 1
contained 1 week old leaf extract, lane 2, two week old leaf extract, etc. up to 6 weeks. Lane 7
contained 6 month old root extract and lane 8 contained 1 month old root extract. The root extracts
(both 1 and 6 month old) appeared to have more peroxidase activity, Since they gave a higher colour
intengty than the leaf extracts. From the band patternsin lane 7 and 8, it appears that peroxidase in
root extract of 6 months is different from that in root extract of 1 month, confirming that the
development of peroxidase activity depends on age of plant tissue. The 6 month old root extract
showed higher activity than 1 month old extract, for the same amounts (30 : g) of protein loaded on
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the gds.

123 4 5 6 7 8
Figure 3.3. Activity gel of weekly leaf extracts (lanes 1 - 6) and 6 monthold root extract (lane
7) and one month old root extract (lane 8). (30 : g protein loaded in each lane).

3.3.3.2. PAGE analysis of sorghum peroxidasein leaf tissue of different strains

Prior to the demonstrationof high sorghum peroxidase activity in root tissue, the lesf tissue of different
sorghum grains (Zimbabwe, Seredo and Epurpur) was subjected to PAGE to compare banding
patterns for the different strains. Lesf tissue was obtained by homogenization with a pestle and mortar
inbuffer. Theactivity ge shownin Figure 3.4 showed thet different sorghum strains displayed different
peroxidase activity band patterns. The Zimbabwe strain gave 1 band which appearsto have the highest
peroxidase activity, judging visudly from itsintensty. The 45 day old Zimbabwe strain had the same
band but at a lower intengty, indicating that younger leaf tissue has higher peroxidase activity. The
Epurpur strain had three bands, suggesting the presence of three isobenzymes. The Seredo strain had
6 bands, suggesting the presence of severd isoenzymes. The dried leaf extract showed 1 band &t the
same positionasthe 4™ band of the Seredo extract but at alower intensity. Thisexperiment showsthat
sorghum peroxidase is strain dependent, with Seredo and Zimbabwe showing the highest levels of
activity.
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Figure 3.4. Activity gel of leaf peroxidasein different sorghumstrains. Lanel: Zimbabwe (25
days); lane 2: Zimbabwe (45 days); lane 3: Epurpur (cream colour ed); lane 4: Seredo (brown
coloured); lane 5: dried leaves. (30 : g protein loaded in each well).

3.3.3.3. PAGE analysis of sorghum root peroxidasein grain tissue

Peroxidase activity appears to depend on the vegetaive development of the plant, thus, peroxidase
activity in grain tissue was studied. Grain tissue (young and ripe) was homogenized in buffer usng a
pestle and mortar. 30 : g of each extract was |oaded in the gd which was soaked in substrate (o-
dianingdine). 30 : g of horse radish peroxidase (HRP) was|oaded in the gel for comparisonwithgrain
peroxidase. Figure 3.5 showstheresults. Lane 1 contained the HRP, lane 2 contained theyoung grain
extract and lane 3 contained the ripe grain extract. The commercid HRP showed much higher levels
of peroxidase actvity than the grain extracts. Judging fromthe band intengity, young grain appeared to
have higher levels of activity than ripe grain.
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Figure 3.5. An activity gel showing a comparison of per oxidase activity between commer cial
HRP (lane 1) and grain tissue (lane 2: young grain; lane 3: ripe grain). (30 : gof proteinloaded
in each lane).

3.3.3.4. A comparison of HRP and sorghum root peroxidase using PAGE analysis

Figure 3.6. shows a denaturing CBB gel and an activity gd stained with o-dianisidine (Section 3.2.1)
of commercia HRP and sorghum root extracts (Section 3.2.3). The CBB gel (A) contained the
following extracts: lane 1 - crude root extract; lane 2 - freeze dried root extract after the ultrefiltration
step (Section 3.2.3); lane 3 - freeze dried root extract after the phenyl sepharose step (Section 3.2.3);
lane 4 - commercid HRP; lane 5 - marker proteins (Appendix 3). The activity gel (B) contained the
same extracts, loaded in the same pattern as extractsin gel A, except marker proteins.

The results showed that the crude root extract contains 6 bands corresponding to molecular weights
of 33 000, 34 000, 38 000, 44 000, 54 000 and 97 000. Lane 2 had no visble bands, while lane 4
(the phenyl sepharose-purified root extract) had one band corresponding to a molecular weight of 35
000. Although overloaded, the HRP (lane 4) showed a molecular weight of 44 000 which isin
accordance with the literature (Wdinder, 1979). The molecular weight of the other HRP component
wasfound to be 64 000. Thus the apparant molecular weght of the sorghum root peroxidase fraction
obtained by the purification procedureis 35 000. However, inthe cruderoot extract, one of the bands
(3" band from the top in lane 1) indicated a molecular weight of approximately 44 000.
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Interegtingly, the activity gd (B) reveds that the root extracts (lanes 2 and 3) (which are hardly
noticeableinthe CBB gd), appeared to contain higher leves of peroxidase activity thanthe commercia
HRP (lane 4), judging fromthe intengity of the bands. It gppears dso, in the activity gels, that the HRP
bands and root extract bands appeared in dightly different postions from each other, indicating the
presence of different isoenzymes. The crude root extract (lane 1) had avery light band, indicating low
levels of activity.

Figure 3.6. PAGE analysis. comparison between commercial HRP and sorghum root
peroxidase. Lane 1. cruderoot extract; lane 2: root extract after ultrafiltration; lane 3: root

extract after hydrophobic chromatography; lane 4: commercial HRP. ( 30 - gproteinloaded).

The purification of root peroxidase (Section 3.2.3) was repeated and another CBB gd was run to
confirmthese results (Figure 3.7), showing mgjor bands corresponding to molecular weights of 64 000
and 44 000 for HRP (Gd B: lane 2), 46 000 for phenyl sepharose-purified root extract (Gel B: lane
3, Figure 3.7), and 64 000 for the root extract after ultrafiltration (Gel B: lane 4, Figure 3.7) which is
very smilar to the denatured HRP component. The crude root extract contained 5 components with
molecular weights of 33 000, 34 000, 46 000, 63 000 and 64 000 (Gel B, lane 5, Figure3.7). These
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results, indicate that sorghum root peroxidase is Smilar to HRP in having bands corresponding to the
molecular weights of 44 000 and of 64 000. The results aso confirm that sorghum peroxidase is
difficult to detect using the CBB staining procedure.

Figure 3.7. Non-denaturing (A) and denaturing (B) CBB gels showing a comparison between
HRP and sorghum root per oxidase. L oading patternin gelsA and B: lane 1: marker proten;
lane 2: HRP; lane 3: freezed-driedroot extract after chromatography with phenyl Sephar ose;
lane 4: freezed-dried root extract after ultrafiltration; lane 5: crude root extract. (30 - g

protein loaded).

Generally, peroxidases are not easily stained with CBB (Robinson, 1991), and thus, in recent years,
more sengtive staining methods, using silver have been employed. In the following experiment (Figure
3.8), sorghum peroxidase (lane 1), HRP and lignin peroxidase (LiP) were e ectrophoresed and the gds

sained with slver sain, with marker proteinsin lane 4.

The same amount of protein was loaded (30 : g) was loaded, but since dlver sain is more sengtive,
the gel appeared overloaded. Nevertheless, it was observed that sorghum peroxidase (lane 1, Figure
3.8) comprised two mgjor bandswithmolecular weights of gpproximately 30 000 and 40 000. HRP
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(lane 2, Figure 3.8) contained two mgor bands with molecular weights of approximately 74 000 and
44 000. In the same lane, two larger bands, whichwere not detected in the same gd stained in CBB
(Figure 3.9), were seen above the 77 000 band. This confirmsthat Slver gaining isamore sendtive
method of detecting proteinsin gels. Lane 3 contained commercid lignin peroxidase (LIP) which has
sub-units with molecular weights of 44 000 and 50 000. This method needs refining to give improved

results.

1 2 3 4

Figure 3.8. Silver stain of a denaturing gel withsorghum per oxidase(lane 1), commercial HRP

(lane 2), commercial lignin peroxidase (lane 3) and marker proteins (lane 4).
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Figure 3.9. CBB stained denaturing gel with marker proteins (lane 1), commercial lignin

per oxidase (lane 2), commercial HRP (lane 3) and sorghum root peroxidase (lane 4).

3.3.3.5. A comparisonof HRPand sor ghum r oot per oxidaseusing spectr ophotometricanalysis
Solutions of commercid HRP and partidly purified sorghum root peroxidase, containing equal protein
concentrations, were compared, using the peroxidase assay where the enzyme solutionwas added to
the assay mixture containing, substrate (o-dianisidine) dissolved in sodium phosphate buffer, pH 6,
containing HO, at room temperature (Section 2.2.2.3 - method 1). HRP was found to have an
activity of 10.3 U/mL and sorghum root peroxidase had an activity of 3.5 U/mL.

In the assay, HRP showed no lag phase and the reaction was completed within 10 seconds while
sorghum root peroxidase had alagphaseof 90 seconds, withthe enzymetic conversiontaking 1 minute.
Thus, the HRP had apparently higher activity than sorghum root peroxidase. However, the activity gel
(Figure 3.6) indicated that sorghum peroxidase had higher levels of activity than HRP. Confirmatory
experiments thus need to be performed. A long lag phase is a feature common to impure enzymes.
Thus it was clear that sorghum root peroxidase needed to be purified to a greater degree than it has
been thus far. However it was decided that characterization was more important at that point for
comparison with HRP in order to determine whether sorghum root peroxidase would be useful for

biotransformations. Complete purification is not dways necessary for an enzyme to be used in
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biotransformation, and indeed, if this can be avoided, the process may be more economicdly vigble.

3.3.4. Characterization of root sorghum peroxidase
An attempt was made to characterize sorghumroot peroxidasefor itsgpplications in biotransformations
and to determineits optima functioning conditions during biotransformeations.

3.3.4.1. Assay optimization

Inindudtrid applicationsit is relevant to know the optimal conditions inwhichan enzyme functions. An
enzyme-catdyzed conversion can be influenced by a number of factors, induding the type and
concentration of the participating substances, temperature, pH vaue and ionic srength, and natura
properties of the enzyme such as its catalytic specificity or its stability under the given conditions.
Peroxidases are dso influenced by the amount of H,O, present inthe system, and therefore, its effect
a0 has to be studied. Thus, optimization experiments were carried out to determine temperature
dependence, optimd pH, substrate and H,O, concentrations of sorghum peroxidase. The effect of
cacum chloride on enzyme activity, the substrate range and thermogtability of sorghum peroxidase
were aso investigated.

3.3.4.1.1. Temperature dependence

Enzyme activity is dependent on temperature, thus, experiments were performed to determine how
sorghum root peroxidase is affected by temperature. In this experiment, enzyme assays were carried
out at temperatures varying from 20 - 60 °C, by equilibrating the assay mixture (o-dianingdine in
sodium phosphate buffer, pH 6, containing H,O,,) to the relevant temperature, and initiating the reaction
with the enzyme solution (Section3.2.5.1.1). Figure 3.10 showsthat peroxidase activity increased as
the temperature of the assay mixture increased. At 60°C the activity was 3.5 U/mL while the activity
was 2.4 U/mL at 20°C.
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Figure 3.10. Effect of temper ature on sorghum r oot per oxidase activity. Unitsof activity arein

U/mL (Appendix 2). (The vaues are the average of duplicate experiments).

Therate of achemica reaction depends ontemperature, and this dependence can be described by the
empirica Arrhenius equation:

K= Ae—E/RT

where K isthe rate congtant, E is the activation energy of the reaction and A is the “action congtant”.
I nthe case of enzymes, the rate of the catal ysed reactionincreases regularly withincreasng temperature
(Bdlesteros et al., 1994). Generdly, the enzymatic conversion rate doubles on a 10°C temperature
increase. Thisholdstruefrom about 10- 40°C (Uhlig, 1998). Theresultsin thisexperiment show that
sorghum peroxidase activity more thandoubled whenthe temperature wasincreased from30 - 40°C,
and the enzyme remained active at hightemperatures, indicatingitspotentia vauein biotransformations.

3.3.4.1.2. Thermostability of sorghum root peroxidase

In anumber of technical processes, high enzyme stability is of sgnificant economic vaue especidly in
processes operated at high temperatures (Uhlig, 1998). In this experiment, sorghum root peroxidase
was subjected to incubation at a series of high temperaturesin order to determine its thermodtability.
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The experimenta procedure involved hegting the enzyme extract to the relevant temperature for a
specific period of time, dlowing it to equilibrate to roomtemperature for 15 minutes, and thenassaying
for enzyme activity at room temperature (Section 3.2.5.1.7).

Figures 3.11 and 3.12 reved that sorghum peroxidaseis rdatively stable for 6 h at 40 and 50°C. At
40°C for aperiod of 6 h the activity varied dightly around 6 U/mL. At 50°C, the activity remained
congtant at approximatdy 4.5 U/mL over 6 h. At 60°C the activity remained constant at approximeately
4.0 U/mL for 2 h, then gradually decreased to 2.34 U/ ml over theremaining4 h. At 70°C peroxidase
activity was very low (1.67 U after 1 h) and gradualy decreased to 0.37 U/mL at the end of 6 h.
Traces of activity (0.6 U/mL) were detected when the enzyme was incubated for 1 h at 80°C. Atthis
temperature, activity was detected up to 3 h (0.005 U/mL) and there was no activity after 4 h. Even
at 100°C, the sorghum root peroxidase activity remained a 2 U/mL for atotal of 8 min(Figure 3.15).
Thisindicates sgnificant thermostability whichisauseful characteridtic for indudtria gpplications. This

suggests further investigation of sorghum root peroxidase for use in organic, non-aqueous media.
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Figure 3.11. Thermostability of sorghum root peroxidase. Enzyme unitsarein U/mL

(Appendix 2). (Thevauesare averages of duplicate experiments).
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Figure 3.12. Thermogtability of sorghum peroxidase at 100°C. (Enyzmeunitsarein U/mL
Appendix 2). (Vdues are averages of duplicate experments).
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3.3.4.1.3. Effect of hydrogen peroxide concentration on sorghum root peroxidase
Peroxidases are affected by the levels of hydrogen peroxide during assays, with the optimum
concentrations of H,O, resulting in optima peroxidase activity and high H,O, concentrations
inhibiting activity. Enzyme assays were carried out a room temperature, in 0.1 M sodium
phosphate buffer, pH 6, containing varying concentrations of H,O, (Section 3.2.5.1.3). Figure 3.13
shows that the optimal hydrogen peroxide concentration for sorghum peroxidase activity was 0.01
M where the activity was 3.7 U/mL. Only very low levels of hydrogen peroxide, 0.005 M, were
needed to dlicit areaction (where the activity was 2.4 U/mL). Saturation was observed with
increasing hydrogen peroxide concentrations. However, high levels of hydrogen peroxide (e.g. 0.9
M where the activity was 2.3 U/mL) did not dramatically decrease peroxidase activity. It isnot
clear why these results were observed, but it is clear that, hydrogen peroxide levels affect
peroxidase activity. The shoulder of the curve suggests that a second enzyme with a different pH

dependence may dso active (side activity) (Uhlig, 1998) and this observation needs to be
confirmed.
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Figure 3.13. Effect of hydrogen peroxide concentration on sorghum root peroxidase
actvity. Enzyme unitsarein U/mL (Appendix 2). (The vaues are averages of duplicate

experiments).
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3.3.4.1.4. Optimal substrate concentration

During assays, enzymes are affected by the concentration of the substrate and they function best at
an optimal substrate concentration. Experimental procedures to determine the optimal
concentration of substrate for sorghum root peroxidase were carried out by conducting assays at
room temperaturein 0.1 M sodium phosphate buffer, pH 6, with varying concentrations of o-
dianisgdine (Section 3.2.5.1.4). Figure 3.14 shows that the optima concentration of o-dianisdine
for peroxidase activity was 50 mM, where the activity measured was 7.0 U/mL. Doubling the
substrate concentration to 100 mM led to adight decrease in activity to 5.8 U/mL while tripling the
substrate concentration to 150 mM led to a significant decrease in activity to 1.6 U/mL, indicating
subgtrate inhibition effects. Thus, peroxidase activity is dependent on substrate concentration for
optima activity. At ardatively low concentration (10 mM) of substrate, lower activity levels (4.6
U/mL) were detected. Thisis presumably due to insufficient substrate available for the oxidation

reection.
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Figure 3.14. Optimal substrate concentration for sorghum root peroxidase activity assay
using o-dianisidine. Units of activity arein U/mL). (The vaues are the average of the duplicate

experiments).

3.3.4.1.5. Assay of sorghum root peroxidase with different substrates

There are many naturaly occurring phenolic compoundsin al plant tissues, and non-natura
phenolics, which can be oxidised by peroxidase. Dueto the diversity of compounds which are
susceptible to oxidations catalyzed by peroxidases, the range of products formed is very extensve
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(Robinson, 1991). Thisisan important characterigtic for industrid gpplications where thereisa
congtant search for economicaly vauable compounds. Three different substrates were investigated
in this experiment, for oxidation by sorghum peroxidase. The enzyme solution (500 : L) was added
to 100 -L 0.2 M ABTS in sodium phosphate buffer, pH 6 and the reaction was initiated by the
addition of H,O, (Section 2.2.2.3: method 2). With guiacol as substrate, 100 : L of enzyme was
added to 700 - L 10 mM guaiacol and the reaction was initiated with H,O, (Section 2.2.2.3:
method 3). When 2,4-DCP was used as a substrate, 100 : L of enzyme solution was added to
300 L 5mM 2,4-DCP solution and the reaction was initiated with 100 - L of 0.1 M H,0O,
(Section 2.2.2.3: mehod 4).

Figures 3.15 and 3.16 show the activity of the enzyme with different molarities of 2,4-
dichlorophenol and guaiacol respectively. Using 2,4-DCP, the highest level of peroxidase activity
was seen (2.48 U/mL) when 5 mM substrate was used. The optimal concentration of guaiacol for
peroxidase activity was 10 mM, where the activity was 3.7 U/mL. ABTS was dso oxidized by the
enzyme - a colourless ABTS solution turned green and eventualy purple when enzyme extract was
added to it. This experiment supports the known fact that peroxidases can act on awide range of
substrates.
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Figure 3.15. Oxidation of 2,4-dichlorophenol (2,4-DCP) by sorghum root peroxidase. Units
of activity are U/mL (Appendix 2). (The vaues are average of the duplicate experiments).
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Figure 3.16. Oxidation of guaiacol by sorghum root peroxidase. Enzyme unitsarein U/mL,

Appendix 2. (The vaues are average of the duplicate experiments).

3.3.4.1.6. Effect of CaCl, on sorghum root peroxidase activity

In this experiment, 10 : L of varying CaCl, concentrations were added to 100 : L of sorghum root
peroxidase and assayed for enzyme activity (Section 3.2.5.1.6). Figure 3.17 shows that a high
molarity (10 M) of CaCl, increased peroxidase activity dightly.
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Figure 3.17. Effect of calcium chloride on peroxidase activity. Enzymeunitsarein U/mL

(Appendix 2). (Thevauesare averages of duplicate experiments).
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These results are interesting consdering that when Rasmussen et al. (1998) studied the effect of
cacium ions on barley peroxidase (BP 1) reacted with hydrogen peroxide, it was found that, in the
absence of Ca?*, the reaction was dow and strictly monophasic whereasit became biphasic in the
presence of Ca?*, with afast phase gpproximately 100 times faster than the dow phase observed in
the absence of Ca?*. Furthermore, the fast phase congtituted approximately 20% of the total
change of enzyme absorbance in the presence of 1 mM Ca* and 90% in the presence of 50 mM
Ca?*. The absorption spectrum of B1 changed very little upon Ca2* binding in the aosence of Cf.
Consequently, the near haem environment was not changed directly on Ca2* binding. The results of
the present study show that CaCl, was unlikdy to have such a 9gnificant effect on sorghum
peroxidase activity snce very high levels of CaCl, dicited adight increase in activity. It isnot clear
why thisis so, and further investigation of this effect could be useful.

3.3.4.1.7. Optimal pH of Sorghum root peroxidase

Enzyme assays were carried out in 0.1M sodium phosphate buffer with varying pH, a room
temperature (Section 3.2.5.1.2). According to the results shown in figure 3.18 the optimal pH of
sorghum peroxidase was 6, where an activity of 2.38 U/mL was seen. Thisvaue was virtudly the
same asthe activity at pH 5 where the activity was 2.36 U/mL. It is acknowledged that ionic
strength would vary in the buffers used for this experiment. However, for practical purposes, the
optimal pH range for sorghum peroxidase activity was taken to be between 5and 6. At apH of 3,
the enzyme was inactivated while at abasic pH of 8, the activity was very low (0.048 U/mL).
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Figure 3.18. Effect of pH on activity of sorghum root peroxidase. Units of activity arein U/mL
(Appendix 2). (These vaues are the average of duplicate experiments.)

The pH dependence of the activity of an enzyme is the result of a fundamentd effect of the H* ion
concentration. pH can exert its effects by changing the ionisation of groups in the active site, aswell
as on the gross conformetion of the protein.  Fortunately, large inactivating conformationa changes
occur usudly in pH regions far from the pH optimum of the activity (Balesteros, 1994). Inthe case
of sorghum root peroxidase, the pH vaues a which deactivation of the enzyme occurs (pH 3 and 8)
are far from the optima pH at whichthe enzyme functions (pH 6). Thisisimportant because enzyme
inactivationthrough pH-mediated conformationa changeswould, therefore, not cause difficultiesinthe
industrid application of the peroxidase.
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3.4. CONCLUSION

Sorghum root peroxidase was patidly purified and characterized. A fivefold purification of the
enzyme resulted after hydrophobic chromatography withsepharose CL-4B. Using polyacrylamidegel
electrophoresis, the molecular weight of the enzyme was found to be gpproximately 40 000 which is
gmiler to that of HRP (44,000). According to the colour intengity of the band in the activity gd,
sorghum root peroxidase appeared to have a higher activity than HRP.

A number of characteristics of sorghum peroxidase make it an attractive candidate for industrial
goplications, and a cheaper subgtitute for HRP. 1) It is stable and active at high temperatures, a
characterigtic of particular importanceinindustria gpplications whichoperate at hightemperatures. In
assay conditions that ranged from temperatures of 20 - 60°C, sorghum root peroxidase maintained
activity and increased inactivity as the temperatureincreased as was expected. Whentheenzymewas
incubated at high temperatures (40 - 100°C), although it decreased with increasing temperature
incubations, it maintained its activity for 6 h at 40°C and 50°C; 2 hat 60°C; 1 hat 70°C, and for 8 min
at 100 °C. 2) Theoptima pH of sorghum peroxidaseis between 5 and 6 and the enzyme retains some
activity a pH 4 and 7. However, in extreme acidic (pH 3) conditionsit is denatured and in basic (pH
8) conditions it exhibits very low activity. 3) It has a wide subgtrate range and this is a particularly
advantageous featureinindustry. Having awide subgtrate range confirmsthat sorghum root peroxidase
is applicable in biotransformations. The biotransformation of a number of substrates by sorghum
peroxidase is discussed in Chapter 4.
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Chapter 4
APPLICATIONS OF SORGHUM PEROXIDASE

4.1. INTRODUCTION

I nthe previous chapter, the purificationand characterization of sorghum peroxidase from Sor ghum bicol or
was discussed.  Sorghum peroxidase was shown to have properties smilar to HRP. Thus, sorghum root
peroxidase is a potentid substitute of horse radish peroxidase (HRP), which is commonly used in awide
variety of industrid and andyticd applications, but which isrdatively codly.

Inthefield of biotransformations, peroxidases are particularly ussful, because they have the potentia to
oxidize awiderange of substrates, and have the advantage that no cofactor isrequired. The nature of the
products produced by the reactions of known plant peroxidasesis relaively wel documented (Robinson,
1991), and one am of this study was to compare the activity of sorghum peroxidase withthat of HRP. The
reaction typicaly involves oxidation of an electron donating substrate by H,O, and involves the overal
transfer of two electrons, athough most reactions catalyzed by HRP and other peroxidases occur in
sequentia one electron steps.

In addition to application in biotransformation reactions, peroxidases can be utilized for bioremediation.

While a number of peroxidases enzymes obtained from plant, anima and microbia sources have been
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Chapter 4 Applications of Sorghum Peroxidase

investigated for their ability to catdyze the removal of aromatic compoundsfromwaste waters, the mgority
of sudieshavefocused on usng commercidly available pure HRP (Adler et al., 1994). However, remova
of phenalicsby this enzyme isnot cost effective, and it is susceptibletoinactivationby various side reactions

of the treatment process. This suggests an additional use for sorghum root peroxidase.

This chapter reports a preiminary investigation, in collaboration with Dr. Koteshwar (Post-Doctoral
Felow, Rhodes Universty), of the reactivity of sorghum peroxidase in biotransformation of a range of
model aromatic substrates. These subsirates were selected on the basis of their presence in industrial
resdues which provide an inexpensve source of darting materids for indudtrid processes. Thus,
biotransformation of these substrates could be devel oped as the basis for commercidisable processes,
yidding economicdly vauable products. Characterization of products was achieved usng andytica
techniques such as UV-Visble absorption spectroscopy, nuclear magnetic resonance (NMR), high
performance liquid chromatography (HPLC), and HPL C-mass spectroscopy.

42. MATERIALSAND METHODS

4.2.1. Biotransformation reactions

Sorghum peroxidase was used as the biocatayst in a series of biotransformation reactions. The reaction
mixture conssted of equal volumes of buffer and ethyl acetate, with 1 mM substrate and partialy purified
enzyme extract added (prepared as described in Section 3.2.3). The reaction wasinitiated by addition of
1 mM H,O, and this addition was repeated periodically. After 24 hoursthe reactionmixturewasalowed
to separate into two layersand the organic layer was separated, washed withbrine, dried, and evaporated.
The formation of the reaction products from a given phenolic substrate was determined by C18 reverse
phase HPLC with UV detection. Any product euting before the parent compound was assumed to be
more polar than the parent compound.

4.2.1.1. Biotransformation reactionswith p-dianisdine
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p-Dianisdine (100 mg) was dissolved in a biphasic system (0.1 M phosphate buffer, pH 6/ ethylacetate,
1:2) and agitated for 5 - 10 minutes. To this, 1 mL of enzyme extract was added and the mixture was
stirred for another 5 - 10 minutes. 100 :L of 100 mM H,O, was added to initiate the reaction. After 3
hours, the reaction was alowed to settle into two phases. The agueous phase was removed and the
organic layer was dried over anhydrous Na,SO, and evaporated under vacuum. 160 mg of a reddish-
brown to brick red product formed.

4.2.1.2. Biotransfor mation reactionswith phenol

Phenol (94 mg) was dissolvedin a biphasic syslem (0.1 M phosphate buffer, pH 6/ethylacetate, 1:2). To
this mixture, 1 mL of enzyme was added and the reaction was initiated with 100 :L of 100 mM H,0, .
After 16 hours a colour change was observed. The product was extracted with ethylacetate, dried over

anhydrous Ng,SO, and evaporated under vacuum.

4.2.1.3. Biotransformation reactionswith p-cresol

p-Cresol (105 mg) was reacted in the biphasic system described in section 4.2.2.1. The product was
andysed usng HPL C, with conditions as follows.- mobile phase: H,O/CH;OH, 70:30; flow rate 0.8
mL/min; detection by UV & 290 nm.

4.2.1.4. Biotransformations with m-cresol (m-methylphenal)

m-Cresol (100 mg) was dissolved in the following biphasic system - (0.1 M phosphate buffer, pH
6/ethylacetate, 1:3). The product was anaysed usng HPLC, with conditions as described in Section
4213

4.2.1.5. Biotransfor mations with guaiacol (o-methoxyphenal)

Guaiacol (250 mg) was dissolved inthe biphasic system (0.1 M phosphate buffer, pH 6/ ethylacetate, 1:2)
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and reacted with the enzyme. HPLC andysis was carried out using the same conditions as described in
Section 4.2.1.3.

4.2.1.6. Biotransfor mation reactionswith p-methoxyphenol

Biotransformation with 124 mg methoxyphenol was carried out as described in Section 4.2.1.5. The
product was anaysed usng HPL C, with conditions as follows.- mobile phase: H,O/CH,;CN, 60:40; flow
rate ImL/min; detection by uv a 270 nm.

4.2.1.7. Biotransfor mation reactionswith veratryl alcohol

Veratryl acohol (100 mg) was dissolved inthe biphasic system buffer described in Section 4.2.1.5. After
reacting withthe enzyme, the product was andysed using the following HPL C conditions- mohile phase--
H,O/CH;CN, 60:40; flow ratel mL/min; dectection with uv a 250 nm for alcohol and 310 nm for
adehyde.

4.2.1.8. Biotransformation reactions with 2,4 diaminophenol

2,4-Diaminophenol (394 mg) was dissolved in the biphasic system described in Section 4.2.1.5. and
reacted with0.5 mL of enzyme extract. The product was andysed using the HPL C conditions described
in Section 4.2.1.3.

4.2.1.9. Biotransformation reactionswith procatechuic acid (3,4-dihydr oxybenzoic acid)
Procatechuic acid (0.154 mg) was dissolved in the biphasic system described in Section 4.2.1.5. and

reacted with 0.3 mL of enzyme extract. The product was analysed using the HPL C conditions described
on Section 4.2.1.3.

4.2.1.10. Biotransformations with ferulic acid (4-hydr oxy-3-methoxy-2-pr openoic acid)
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Ferulic acid (100 mg) was dissolved in the biphasic system buffer described in Section 4.2.1.5. After
reacting with enzyme, the product was andysed using the HPL C conditions described in Section 4.2.1.3.

4.2.1.11. Biotransfor mation reactionswith p-coumaric acid (4-hydr oxycinnamic acid)
p-Coumaric acid (164 mg) was dissolved inthe biphasic system (buffer/ethylacetate, 1:3). Tothismixture,
0.4 mL sorghum peroxidase was added and 100 :L of 100 mM H,O, initiated the reaction. The product
was andysed with HPLC (same conditions as in Section 4.2.1.3)and thin layer chromatography (TLC),
on glicagd plateswith amobile phase of CHCL,/MeOH, 60:40.

4.2.1.12. Biotransfor mations with 4-hydr oxyphenylacetic acid

4-Hydroxy phenyl acetic acid (0,152 mg) wasdissolved inthe biphasic systemdescribed in Section4.2.1.5
and reacted with 0.3 mL of enzyme extract. The product was analysed using the HPLC conditions
described in Section 4.2.1.3 and by TLC (as above).

4.3. RESULTSAND DISCUSSION

4.3.1. Biotransfomation reactions of sorghum root peroxidase

The activity of sorghum root peroxidase in biotransformation reactions was investigated by conducting a
series of reactions usng a range of different substrates. These substrates have al been reported to be
oxidized by HRP, and thus comparisons could be drawn between sorghum root peroxidase reactions and
HRP reactions. In addition, the substrates used are components of industrial residues, which provides an
inexpendve source of the substrates. The products of these peroxidase oxidation reactions have potential
use as organic synthons, in industrial processes, or as anadytica products.

4.3.1.1. Biotransfor mation of p-dianisidine by sorghum root peroxidase

The p-amino groups on aromatic rings are prone to oxidation and form a diazo linkage between the

95



Chapter 4 Applications of Sorghum Peroxidase

molecules, which leads to a reddish brown colour and findly the solid separating out. In the reaction
between sorghum root peroxidase and p-anisidine, the yield was 161 mg (70%). The HPLC analysis of
this product showed a single peak, detected at 300 nm, with retention time 3.6 min, which confirms thet
asngle product was formed. This product issmilar to that produced by HRP, and could have application
asadye (Vagujfavi and Petz-Stifter, 1982) (see scheme a).

Scheme a
Srghum Paaxi sy HO:
H NH >
Byl aetae/affer
OCH, OCHj,4 OCHs OCH, OCH;,
pdarisdne Recishbroandye

4.3.1.2. Biotransfor mation of phenol by sorghum root peroxidase

Generdly, when phenol reacts withaperoxidase inthe presence of H,O, it gives polymeric productswhich
areinsoluble inagueous systems and which deactivate the enzyme (Adler, 1994). When abiphasic system
was used, however, the polymeric maerids remained in the organic phase, and no evidence of enzyme
inactivation was observed. HPLC andysis showed the sarting materia peak, observed at 6.3 min, and
two other products a 8.2 and 10.8 min which may be polymeric products (Dunford, 1986).

4.3.1.3. Biotransfor mation of p-cresol by sorghum root peroxidase

This reaction has been thoroughly investigated withHRP (Pietikéinenand Aldercreutz, 1990; Hewsonand
Durnford, 1976)), and p-cresol yields Pummerer’ s ketone with other polymeric compounds, such asthe
dimer and trimer, inthe presence of the H,O,/peroxidase system (scheme b). Inthe presence of sorghum
peroxidase and H,O, the formation of the same compounds was observed. This was confirmed by using
HPL C andyss and HP-mass spectra andysis. The HPL C retention times were observed at 4.3 min(p-
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cresol), 6.46 min(Pummerer’ sketone) > 5%, 8.3 min(dimer) < 5% and 13 min(trimer) (very little), which
match exactly with information in the literature describing the HRP reaction under the same conditions
(Pitiekéinenand Aldercreutz, 1990). From HP-mass spec analysis, the molecular ion pesk 214 m/z was
observed for the component with retention time 6.46 min, which confirms the identity of the Pummerer's
ketone product, and aso confirms the smilarity between sorghum root peroxidase and HRP.

Schemeb
&t e sz
.. L)
Sagim Foarichee 300 X X
Ednlacet as Biffe - (;_(; " mj
X CH,
Lm; '~j-_]3 I]-IS T ﬂ’l"ﬂtllﬁ.‘
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o T 0
CTT 0T
= = =
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4.3.1.4. Biotransformation of m-cresol by sorghum root peroxidase
No reactionwas observed withm-cresol. The same has a so been reported when HRP was used (Uyama
et al., 1995).

4.3.1.5. Biotransformation of guaiacol by sorghum root peroxidase
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During the guaiacol reaction with sorghum peroxidase in the presence of H,O,, the solution, which was
initidly colourless, turned yellow and later became pink. This indicated that o-quinone formed first and
underwent rapid polymerizationleading to the formation of tetraguaiacol (schemec). Thisisarecognised
reaction of peroxidaseswithguaiacol, and is used as an analytical assay of peroxidases (Bilesand Abeles,
1991).

Sagdhvr Parosibe: HO

Ethylaced ate hff

155031 OTh

Schemec

4.3.1.6. Biotransformation of p-methoxyphenol by sorghum root peroxidase

It was observed from HPLC andysis that p-methoxyphenol reacted with peroxidase and H,O,, yidding
two different products apart from the garting materia, where one peak was more mgor than the other.
The retention times were 5.54 min (p-methoxyphenal), 11.89 min and 20.74 min. These peaks may
indicate the dimer and trimers products as shown in scheme d. Biotransformation of p-methoxyphenols
withHRP have been found to yield the same results (Setti et al., 1998). Theresults need to be confirmed
by mass spectrophotometric analyss.
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OH
OCH,
Sorghum Per oxidese/H,0, )
» Tetra Guaiacol
Ethylacet ate/Buf fer
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4.3.1.7. Biotransfor mation of veratryl alcohol by sorghum root peroxidase

3,5-Dimethoxybenzyl acohol (veratryl acohol), with peroxidase and H,O, reacted to gve 3,5
dimethoxybenza dehyde (scheme €), which has a maximum absorbance at wave ength 310 nm, while the
acohol absorbsat 280 nm. HPLC andysisindicated that the oxidized product, the adehyde, isless polar
thanthe parent compound, since it euted later. The retention times are5.391 min (aldehyde) and 3.6 min

(dcohal). Veratryl dcohol isused in the standard assay for peroxidases and reactions with HRP confirm
the reallts

obtained
here(Aitken OH OH O et al.,
1993).
Sorghum Peroxidase/H.O, - @ @ + Trimer
OCHs OCH; ~ OCHs
Dimer
Schemee

4.3.1.8. Biotransformation of 2,4-diaminophenol by sorghum root peroxidase
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In the reactionof 2,4-diaminophenol withsorghum root peroxidase and H,O,, asthe reaction progressed,
ablack precipitate separated out (scheme f), whichmay be due to the formationof adiazo linkage between

the molecules as o discussed in section

4.3.1.1. Klibanov et al. (1981) have

reported the N biotransformation of
Sorghum Peroxidase/H 0,

diaminophenal by > Black dye product HRP and reported

the same results.
NH,

Schemef

4.3.1.9. Biotransformation of procatechuic acid by sorghum root peroxidase

3,4-Dihydroxybenzoic acid, in the presence of H,0O, and peroxidase, gave a colourless solution which

turned ydlow, possbly due to formation of the o-quinone
(absorbed at 380 nm - 420 COOH COOH nm), in organic phase, and
reddish brown in agueous phase. As the reaction
progressed, the ydlowish E— organic phase turned brown.
TLC dowed that the OH \O product was very similar in
polarity to the parent OH 0O compound. uv
spectrophotometric andyds showed a bathochromic shift

in wavelength from290 nm- 310 nm. The possible reaction scheme is shown (scheme g). Thisreaction
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digtinguishes peroxidase from polyphenol oxidase which isinhibited by this compound (Burton, 1994).

Scheme g
4.3.1.10. Biotransfor mation of ferulic acid by sorghum root peroxidase
During the reaction, the solution changed from light brown to yellow. HPLC andysis showed peakswith
retentiontimes4.9 min (ferulic acid) and aproduct at 18.2 min. HPLC-Mass spec andys's showed mgjor
ionpeaksat 297, 358, 360 and 390 as mgjor ones, corresponding to the structures shown below (scheme
h). This correlates with data reported by Rosazza et al., 1995, on the reaction of HRP.
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Schemeh

4.3.1.11. Biotransformation of p-coumaric acid by sorghum root peroxidase

HPLC andyss showed a product pegk at 4.9 min and TLC andyss showed three different spots apart
from gtarting materid. The products shown (scheme i) are suggested to be formed.

OH OH

COOH o
©/ _ OOCH l:l
Sorghum Peroxidase/H:0, + \
> (e}
HO /
C
OH QOOH - oH I
o}
@ OH a : @
OH OH
N mz= 3,8 m'z=308
OH OH
mz= 769 Mz=238
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Schemei

CH OH

: : OMe

N COOH (ﬁ

Sorghum Peroxidase/H 0, + C\
- (0]

HO /

OMe COOH  oH ﬁ

O

oH
;] my z =358 j m z=1338
/

OH OH

m;z = 268
m;z =299

4.3.1.12. Biotransformation of 4-hydroxyphenyl acetic acid by sorghum root peroxidase

A change in wavelength of absorption was observed indicating product formation. The agueous solution
was acidified and extracted withethyl acetate. FromtheNMR analysisof thecompound, no acid remained
after the reaction. TLC andys's showed that the product was more polar than the parent compound, and
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was found to be the same as benzadehyde onthe TLC. Again, this showed a amilar reaction to HRP
(Uyamaet al., 1995).

4.4. CONCLUSION

The work reported here represents a prdiminary sudy, and muchof the analysis of the products must il
be confirmed. However, it isdlear that sorghum peroxidaseisahighly active enzyme and that its reactions
are comparable with those of HRP. It is thus feasble to suggest the use sorghum peroxidase in

bioremediation and biotransformeation reactions.

The substrates selected for tria biotransformation reactions are representative of the aromatic compounds
found in common indugtria resdues, and in particular, olive waste. The fact that they were transformed
by sorghum peroxidase indicates that the beneficiation of industrial resdues using peroxidasesin generd,
and with sorghum peroxidase, in particular, isfeasible.

Thisresearchwill need to be further devel oped to fully characterize the nature of the products. Inaddition,
subsequent investigations will be required to establishwhichof the condtituents of the specific effluents are
the most promising candidatesfor biotransformationto make marketable products, and whether extraction

of subgtrates prior to bioconversion, or after it, will be the most efficient process to develop.
The potential vaue of sorghum root peroxidase has been recognized by the Water Research Commission

of SA who have supported the regstration of a provisona patent for the application of sorghum root
peroxidase in biotransformetion.
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Chapter 5
CONCLUSION

The objectives of this project were to conduct an investigation to determine whether peroxidase,
polyphenol oxidase and protease enzyme activities are present in Sorghum bicolor, to isolate and
characterize the enzymes found to be present and active, and to demonstrate the potentia of these
enzymes in gpplications involving biotransformations.

Only low leves of protease were found and it wasthereforedecided not to proceed withtheir isolation.
Polyphenol oxidases were found to be present in the grain and lesf tissues but a levels which did not
suggest the feashility of application in biotransformation. High levels of peroxidases were found in
grain, leaf and root tissue.

Extraction of sorghum peroxidase proved to be relatively straightforward, with the crude extracts
yidding large amounts of peroxidase ectivity. Peroxidase wasisolated from young and ripegraintissue
in sodium phosphate buffer usng a pestle and mortar. 'Y oung grain appeared to have more peroxidase
activity than ripe grain. Peroxidase levels are subject to plant growth and devel opment (Jackson and
Ricardo, 1998) and thiswas confirmed in this sudy. Two methods were employed for the isolation
of peroxidase from the leaves, homogenization using a pestle and mortar in sodium phosphate buffer,
followed by ammonium sulphate precipitation, and using the agueous two-phase system (ATPS) after
homogenizationinaWaring blender. The ATPSmethod of |eaf peroxidaseisolation proved to bemore
effective than precipitation with anmonium sulphate, since this method yielded higher peroxidase
gpedific activitiesthanthe precipitationmethod. Isolation of peroxidasefromthe rootswas carried out
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usng two methods. One method involved homogenization with a Waring blender in MES buffer, and
the other method involved homogenization with a pestle and mortar in sodium phosphate buffer
followed by ammonium sulphatefractionation. The most effective method of isolating peroxidase was
with a Waring blender in MES buffer, pH 5.5.

Because the roots appeared to have the highest levels of peroxidase activity, Sorghum root peroxidase
was purified from the roots. Purification steps included centrifugation, treatment wtih PVPP,
ultrafiltration and hydrophobic chromatography. A 5-fold purification was achieved.

Purification of the enzyme proved to be chdlenging, asthe enzymeswere not readily stained by protein
gan, Coomasse Brilliant Blue (CBB), making them barely identifiable in CBB gds after PAGE.
However, they showed high levels of activity in the activity gels after PAGE separation. These results
a0 suggested that sorghum root peroxidase had higher activity than the most commonly used
commercid peroxidase, horse radish peroxidase (HRP). From ther molecular weights, two bands
observed inCBB gds after SDS-PA GE, appeared to be very smilar inmolecular waight to HRP which
has amolecular weight of 44 000. Another possiblesub-unit or isoenzyme of sorghum peroxidase was
identified, which had a molecular weight of 64 000. Further work needsto be done to confirm these

results.

Characterization of sorghum root peroxidase activity reveded that it has considerable therma stability
and it dill has activity at 100°C for about 8 minutes. Its optima pH range was found to be between
5and 6. Like other plant peroxidases, it was found to have awide substrate range. For the assays,
o-dianisdine was used as a substrate at an optima concentration of 50 mM, while the optimal

concentration of H,O, during the assay was found to be 100 mM.
Sorghum root peroxidase was applied in biotransformation reactions with a number of compounds

found incommonindustrid residues. The reactions observed were comparablewith those of HRP, and

thusit isfeasible to consider the use of sorghum root peroxidase in biotransformation applications.
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Thus, sorghum root peroxidase, which hasbeenisolated and partidly purified from Sorghumbicolor,
appears to have smilar properties to HRP, making it a cheaper dternative to HRP which isrelatively
codly.

Sorghumbicolor isaplant that sustains the lives of rurd people in the semi-arid tropics of Africaand
Asa By isolatingacommercidly vauable enzymefrom the plant, its economic val ue can be enhanced,
thereby providing the potentid to improve the quality of the lives of the people who live onit.

5.1. FUTURE WORK

Futurework would involve the complete purification of sorghum root peroxidase in order to isolate a
sngle band during SDS-PAGE andysis. Thus far, the characterizationof sorghum root peroxidaseis
incomplete, because only the level of purification required for biotransformations was carried out.

It is possible to induce peroxidase production.  Environmenta stresses, especialy drought and sdlt-
stress, dter the steady-dtate level of mRNA coding for peroxidases, and accordingly the leve of their
activityinthe cdls (Eshdad et al., 1997; Gangopadhyay et al., 1996). Nkang, (1995), has shown that
in seeds of Guilfoylia monostylis, cyanide pretrestment caused a sharp increase in cotyledonary
peroxidase activity. Kwak et al. (1996), found that stress-related plant hormones, doscisic acid or
ethephon, enhanced peroxidase activity by 50% in suspension cultures of sweet potato. Thus,
subsequent work could involve the enhancement of peroxidase in the plant usng methods smilar to

these.
Future work could aso entall applying sorghum root peroxidase in bioremediation of waste water

contaminated with aromatic compounds, since it hasbeenfound to have biotransformation properties

amilar to HRP.
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Appendix 1

Protein standard curve and calculation of protein concentration
The proteinstandard curve, usngBradford’ s method, was prepared according to the method insection
2.2.2.4 and is shown below. A standard curve was prepared for each experiment.

Protein standard curve

0.4

0.3

0.2

Absorbance (595 nm)

0.1

]

T

0 2 4 6 8 10
Concentration (ug/ul)

1. Calculations of concentrationsin the standard curve.
BSA stock (0.5 mg/mL) - 50 2gin100 DL
therefore, 25 2gin5 -L
5 Igin10 :L
75 Zginl5 L eic

But, the volume was brought up to 100 : L, therefore, the concentration becomes:

25 2g/100:L ,5 - g/100: L, 7.5 - g/100: L, eic.

2. Converson from Zg/100ZL to mg/mL protein

Say the unknown protein concentration is caculated to be 1.8 - ¢/100: L from the std. curve.
e 0.0018 mgin 100 - L
therefore, 0.018 mgin 1000 - L (mL)
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Appendix 2

1. Calculation of enzyme units
The units (U) of enzyme activity are expressed as the amount of product formed per minute, during the
assay. Product formed isexpressed in - molgmin/mL using the following equetion:

)A x y X 1000 = - mal/mirymL = Units (U)
xxlemxtx ,

where ) A/)t = change in absorbance / minute
y = total assay volume (mL)
X = volume of enzyme extract (mL)
, = extinction coefficient (expressed as M.cnT?) of the substrate (listed below)
multiply the vaue obtained by 1000 to make the cadculation a function of mL

hence U/mL

Substrate » (ML.cm?)(extinction coefficient)

o-dianisidine 11,300

ABTS 18,600
guai acol 6390
2,4-DCP 1.36x 10*
L-DOPA 1460

2. Purification table

Thevauesin the purification tables are expressed asfollows:

a) Activity - explained in section 1

b) Specific activity - U/mg protein (- molgmin/mg)

) Yidd (%) - Totd activity of the purified fraction/ Tota activity of the crude extract

d) Rddtive purification - Specific activity of the purified fraction / specific activity of the crude extract
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Appendix 3

1) Table of molecular weights of protein sandards

Protein standard Molecular Weight
Myosin 205,000
$-Galactosidase, E. coli 116,000
Phosphorylase b, rabbit muscle 97,000
Fructose-6-phosphate kinase, rabbit muscle 84,000

Albumin, bovine serum 66,000

Glutamic dehydrogenase, bovine liver 55,000

Ovalbumin, chicken egg 45,000
Glyceraldehyde-3-phosphate dehydrogenase, rabbit muscle | 36,000

2) Standard curve of protein standar ds ver sus distance migrated during electrophoresis

For each gel that was electrophoresed, a new standard curve was prepared.

5.4

534 o
52 |
51 {

4.9 4
4.8 4

4.7
4.6 4

4.5 J

Log Molecular Weight

4.4

1.4 1.8 22 26 3 3.4 38 4.2 4.6 5 54 5.8

Distance Migrated (cm)
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