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ABSTRACT

Wattle seed (Acacia victoriae Bentham) is one of the most economically viable
Australian native plants and has considerable potential as a food ingredient in raw and
roasted forms. In this study, its minor constituents, namely protease inhibitors (PIs) and
phenolic components were isolated and characterised. The effects of roasting on the
chemical composition and their characteristics were also studied. Furthermore, extracts
from raw and processed wattle seeds were analysed for in vitro bioactive properties.

An Acacia victoriae trypsin inhibitor (AvTI) was purified from the seeds of prickly
wattle (A. victoriae Bentham) by salt precipitation, ion exchange, and gel filtration
chromatography and then characterised by electrophoresis, N-terminal amino acid
sequencing, amino acid analysis and kinetic properties. AvTI had a specific activity of
138.99 trypsin inhibitor units per milligram (TIU mg-1), which was 21-fold higher than
that of the salt precipitate. A molecular mass of 13 kDa with glycosylation of 2.06%
was estimated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDSPAGE) under reducing conditions, which also indicated that AvTI may consist of two
polypeptide chains linked by at least one disulphide bond. Although only a single peak
was resolved by ion exchange and reverse phase high-performance liquid
chromatography (RP-HPLC), native-PAGE and isoelectric focusing revealed the
presence of three isoforms possessing acidic pI values of 5.13, 4.76, and 4.27,
respectively. AvTI had mainly glutamate, aspartate, leucine and lysine while the
contents of sulphur-containing amino acids were low. N-terminal amino acid
sequencing analysis of native and reduced AvTI showed two sequences with a high
degree of homology with a typical Kunitz-type trypsin inhibitor. Its dissociation
constant (Ki) for the inhibition of bovine trypsin (1.06 × 10-8 M) suggests competitive
xviii

inhibition, which was confirmed by a double reciprocal plot. All isoforms had
considerable trypsin inhibitory activity but showed relatively very low inhibition against
α-chymotrypsin.

Seeds from the “prickly wattle” (Acacia victoriae Bentham) have long been used as
food by the indigenous people of Australia and have a strong potential to be processed
into a multi-purpose food ingredient. This study investigated the effect of roasting (200
o

C) on the colour, chemical composition and trypsin inhibitor activity of wattle seed and

its extracts. Roasting induced very significant (p ≤ 0.05) changes in colour difference
index (ΔE*ab) of flours compared to seeds. While chemical analysis showed that protein
solubility decreased as a result of roasting, polyacrylamide gel electrophoresis (PAGE)
and reverse phase-high performance liquid chromatography (RP-HPLC) analyses of
soluble proteins showed that large molecular weight polypeptides were rapidly broken
down, with resultant formation of smaller, more hydrophilic fragments. Both total and
soluble carbohydrates decreased during roasting, most likely due to Maillard-type
reactions and caramelisation. PAGE and spectrophotometric assays confirmed the
essential elimination of trypsin inhibitor activity after 20 min of roasting. Results
obtained from a commercial roasted wattle seed product indicated that its physical and
chemical characteristics were most similar to seeds roasted at 200 oC for 20 min.
Roasting at different time regimes affected both chemical and physical properties of
wattle products, thereby generating data that can be used to enhance their utilisation as
viable food ingredients.

The effect of roasting on the phenolic components of Australian wattle (Acacia
victoriae Bentham) seed was investigated. Wattle seeds were roasted at 200 oC for 5−30
min and ground to flour, which were then extracted with either 70% acetone or 80%

xix

methanol. Total phenolic and flavonoid contents of the extracts, before and after
hydrolysis, were determined, and the phenolic components were analysed by reverse
phase-high performance liquid chromatography (RP-HPLC) coupled with an on-line
post-column reaction system to determine the active antioxidant peaks. Major peaks
were then purified by preparative HPLC and identified by gas chromatography-mass
spectrometry (GC-MS) analysis. Roasting of wattle seeds resulted in significant
increases in its soluble phenolic content including both phenolic acids and flavonoids.
The concentration of total phenolics and flavonoids in seeds roasted for 30 min was
more than nine and four times higher, respectively, than that in the raw seeds. The major
phenolic acids present in wattle seeds were found to be succinic and gallic acids, and
there was up to 10-fold increase in concentration of both acids in wattle seed extract as a
result of roasting.

Protease inhibitors (PIs) at varying stages of purification obtained from raw wattle seeds
as well as phenolic extracts from raw and processed wattle seeds were analysed for
antioxidant and other in vitro bioactive properties. The antioxidant and angiotensinconverting enzyme (ACE) inhibitory activities of wattle seed PIs decreased while their
cytotoxicity increased with purity. Phenolic extracts exhibited three to five times the
antioxidant activity of the roasted and hydrolysed samples compared to those in the raw
seeds. However, roasting reduced ACE inhibitory activity and cytotoxicity of the
phenolic extracts and the extract obtained from commercial product exhibited ACE
inhibitory and antioxidant activities similar to that obtained from the 20-min roasted
wattle seed. In general, the bioactivities of wattle seed extracts were very narrow and
mostly attributable to phenolic compounds.
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CHAPTER 1. INTRODUCTION

Wattle (Acacia spp.) seed is one of the major products from Australian native plants
with significant economic potential in food manufacture due to its extensive availability
(Maslin & McDonald, 2004). The most common species, Acacia victoriae Bentham
(prickly wattle), which was used traditionally as a leguminous food source by
Australian Aborigines, has been resurgent economically as foods or versatile food
additives, such as flavouring agent and emulsifier/stabiliser due to high amounts of
proteins and carbohydrates (Ee et al., 2008; Agboola et al., 2007; Zhao & Agboola,
2007; Maslin & McDonald, 2004; Maslin et al., 1998). However, apart from anecdotes
from processors, very little is known about the nature, composition and particularly the
health benefits of minor constituents of wattle seeds.

Numerous protein and non-protein bodies in higher leguminous plants have endogenous
physiological functions and protective roles in plants (Haq et al., 2004; Lawrence &
Koundal, 2002; Macedo et al., 2000). Some of these entities are antinutrients, such as
enzyme inhibitors while others have toxicity implication in human diets, such as
phytates and glucosinolates (Whitaker, 1997). The nutritive use of legumes can be
limited by the presence of protease inhibitors (PIs) and as such, are generally the most
studied antinutritional factors. Protease inhibitors, present as minor constituents, are
substances that exhibit strong inhibitory activity against proteolytic enzymes, such as
trypsin and chymotrypsin, by forming stable complexes in the digestive tract, thereby
causing a decrease in the ability of the body to utilise proteins in food (Srinivasan et al.,
2005; Norton, 1991; Liener, 1980). Additionally, however, PIs from leguminous plant
seeds have been reported as having bioactive properties, such as antiproliferative,
antitumour, immunomodulatory and other antipathogenic activities (Ho & Ng, 2008;
1

Wang et al., 2006; Kobayashi et al., 2004). It is therefore imperative to investigate the
biochemical characteristics of wattle seed protease inhibitors as they can have
potentially beneficial effects when used as food ingredients for human consumption.

Additionally, natural phenolic compounds in legumes, which are also regarded as minor
constituents with antinutritional properties, also contribute to their beneficial health
effects mainly through antioxidant activities and mediation of hormones (Adom & Liu,
2002). They are secondary plant metabolites possessing one or more benzene rings
bearing one or more hydroxyl groups (Shahidi & Naczk, 2004). High concentrations of
phenolic compounds present mainly in the seed coat are believed to play an important
role in the physical and chemical defence system of the seed (Troszyska et al., 2002).
Furthermore, a number of epidemiological studies have established an inverse
correlation between the intakes of legumes or foods containing high phytochemicals and
the occurrence of oxidative damage and associated diseases, such as cardiovascular
diseases (Anderson et al., 1999), cancer and inflammation (Middleton et al., 2000).
Despite this, little is known about the composition and properties of phenolic
compounds in wattle seed.

It is well established that antinutrients in leguminous seeds or cereals are generally
denatured by heat treatments such as roasting and cooking (Soetan & Oyewole, 2009).
We have previously reported that wattle seed extracts contain high level of trypsin and
α-chymotrypsin inhibitor activities and they are susceptible to inactivation by moist heat
treatment (Ee et al., 2008). Meanwhile, processed Acacia seeds, obtained by roasting at
very high temperatures mainly to develop nutty flavour and aroma (Hegarty et al.,
2001), are currently being used as a food flavouring agent in commercial dairy products
and as an ingredient in beverages (Maslin & McDonald, 2004). The roasting process is
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assumed to be adequate for inactivating protease inhibitors before being incorporated
into foods. However, experimental evidence is still needed to verify this assumption.
Furthermore, majority of phenolic constituents are bound in legumes and could only be
released on processing or hydrolysis (Madhujith & Shahidi, 2009; Adom & Liu, 2002).
Therefore, such technological processing could influence their chemical composition
and other characteristics of both wattle seed and flour, including nutritional value and
their potential bioactive properties.

In recent years, the important physiological roles and potential beneficial functions of
protease inhibitors and phenolic compounds is attracting increased attention among
researchers. However, little research, which could examine the synergistic effect of both
protease inhibitors and phenolic compounds, has been instigated. Hence, this study on
the potential bioactive properties of wattle seed protease inhibitors and phenolic
compounds is warranted. A flow chart (Appendix 1) highlighting the steps in the
process is provided.

The primary aim of this study is to characterise the protease inhibitors and phenolic
compounds in raw and roasted wattle seeds and to investigate the beneficial bioactive
properties of extracts containing predominantly one or the other group of minor
constituents. The main objectives of this study are:

i. To extract and characterise wattle seed protease inhibitors and phenolic compounds;
ii. To study the effects of roasting on the characteristics of wattle seeds and
corresponding flours; and
iii. To determine the potential bioactive properties of the isolated protease inhibitors
and the phenolic compounds.
3

CHAPTER 2. LITERATURE REVIEW

2.1. Abstract

This chapter is a summary of pertinent literature and a general discussion of the
characteristics of minor constituents from legumes, including protease inhibitors and
phenolic compounds, as well as their potential bioactive properties. More specific
literature is cited in the introduction and discussion sections of subsequent result
chapters.

2.2. Introduction

Leguminosae is one of the largest families of flowering woody plants with 18,000
species classified into around 650 genera (Polhill, 1994). It is an extremely diverse
assemblage of plants generally grown for their dry and dehiscent fruits which are rich in
functional components, such as proteins, complex carbohydrates, edible oils and
phenolic compounds.

Leguminous seeds have formed a popular subject of research owing to the abundance of
proteins and polypeptides with endogenous physiological functions and protective roles
(Haq et al., 2004; Lawrence & Koundal, 2002; Macedo et al., 2000). They play a role of
defence against predators, such as insects or pests (Bhattacharyya et al., 2007; Macedo
et al., 2004) and fungi (Lopes et al., 2009; Giudici et al., 2000). They also have
antipathogenic and anti-proliferative activities (Wang et al., 2006). Some of them are
antinutrients, such as protease inhibitors and α-amylase inhibitors, as well as high
proportions of non-starch polysaccharides, such as β-glucans, arabinoxylans and
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galactomannan (Whitaker, 1997). However, low concentration of antinutrients may
exert beneficial health effects, for example, prevention of blood clotting (Oliva et al.,
2000), antihypertensive activity (Kamath et al. 2007), antioxidant effects (Hartman &
Meisel, 2007), decreasing of tumour cell proliferation, induction of apoptosis and
immunomodulatory activities (Ho & Ng, 2008; Wang et al., 2006; Kobayashi et al.,
2004; Fernanda Troncoso et al., 2003).

These potential health benefits of legume seeds may not be entirely associated to
proteins or peptides, but also to phenolic and other non-nutritive compounds, such as
phytic acid, condensed tannins, polyphenols, lectins and saponins. These naturally
occurring minor constituents are predominantly present in the seed coat and possess
antimutagenic, antioxidant activities (Troszyska et al., 2002; Friedman, 1997) and are
believed to play a major role in the physical and chemical defence system of the seed
(Troszyska et al., 2002). Many recent studies have shown a correlation between
moderate consumption of legumes and reduced risk of many diseases, such as
prevention of oxidative damage associated with cancer, cardiovascular diseases,
hypertension, immune deficiency diseases and ageing (Amarowicz & Pegg, 2008; KrisEtherton et al., 2002; Bazzano et al., 2001; Middleton et al. 2000; Anderson et al.,
1999; Bravo, 1998). While epidemiological evidence supports the benefits of particular
nutrients in legumes, it had been suggested that wide range of bioactive secondary
metabolites in whole seeds might be engaged in synergistic or antagonistic biological
activities (Slavin, 2003; Niki & Noguchi, 2000). There has been very little study on the
biological activity of native Australian leguminous plants, such as wattle seed.
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2.3. Wattle seed

Wattle (Acacia victoria Bentham) seed is one of the most common Acacia species,
belonging to the subgenus Phyllodineae. Acacia is the second largest genus in Australia
comprising nearly 1000 species currently recognised in the temperate and semi-arid
regions (Figure 2.1A) with 250–500 mm rainfall, of all mainland states of Australia
(Maslin & McDonald, 2004; Hegarty & Hegarty, 2001). It is commonly called wattle
and Acacia pycnantha has been adopted as the Australian national floral emblem since
1st September 1988. A. victoriae (prickly wattle) (Figure 2.1B) occurs in a variety of
habitats but it is commonly found in clay or loam on alluvial flats with soils ranging
from acid to alkaline or sub-saline, and shallow to deep (Fowler & Fox, 1995).
Flowering generally occurs from September to December and in colder southern sites
flowering extends to January and February. The mature seeds are harvested from
February (in the hotter regions and seasons) to May or June (cooler regions), although
the rate of pod formation and harvest time appear to vary depending upon
environmental and ecological factors (Ryder et al., 2008; Fowler & Fox, 1995). Wattle
is mainly cultivated for timber or bark and as a source of gums (Anderson & McDougal,
1988) as well as stock fodder in arid areas, and sometimes it is grown as ornamentals.
Like the majority of legumes, Acacia utilise rhizobia to fix atmospheric nitrogen in the
soil enabling them to grow in relatively poor soils (Harden, 1991). They are therefore
ecologically important as 'pioneer' species due to their rapid establishment (Ryder et al.,
2008; Christensen et al., 1981).

The Australian bushfood industry has grown substantially since its establishment in the
early 1980s (Zhao & Agboola, 2007). Although wattle (Acacia vivtoriae) seed has been
cultivated and wild harvested for a long period of time, there is still little information
6

A

B

Figure 2.1. (A) Distribution of Acacia victoriae Bentham throughout Australia and (B)
pictures (from left) of Acacia victoriae Bentham tree, flowers, trunk, pods and seeds.
Note: Pictures were obtained from Florabank website.
http://www.florabank.org.au/lucid/key/Species%20Navigator/Media/Html/Acacia_victo
riae.htm
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about the most recent production and the market demand of wattle seed. A previous
study by Hele (2001) suggest that a yield of wattle seed (3 to 5 kg/tree or 1,667 to 4,165
kg/hectare) in the fourth year from planting can give a per hectare gross return of
between $8,335 and $20,825. It is also estimated that approximately 10 tonnes of seed
was harvested from the wild in the 1997/98 season and sold at a wholesale price of
around $10.00 to $12.00 per kilogram. Ryder et al. (2008) reported that the total harvest
from 10 trees was approximately 3 kg or 300 grams per tree in 2005 after three and a
half years of planting; in 2006, the total harvest was increased to approximately 22.5 kg
from 34 trees (average 670 grams per tree). Therefore, wattle seed production may be
worth considering as a potentially profitable farming alternative.

Seeds of Acacia vivtoriae Bentham have long been an important food source for the
indigenous people of Australia and it has been recognised to have significant economic
potential due to its extensive availability through cultivation and wild harvest (Seigler,
2002; Ahmed & Johnson, 2000). It is also the most important species in the emerging
‘bush tucker’ industry (Maslin et al., 1998). Wild harvested prickly wattle seed from
areas such as Alice Springs, Hawker-Port Augusta and Broken Hill has largely supplied
the food industry to-date (Hele, 2001). Furthermore, one of the main driving forces for
the growth of the bushfood industry has been the appeal of its nativeness and a
distinctive Australian flavour. Roasted wattle seed products are currently commercially
available and have a nutty, coffee or chocolate aroma. This roasted product is used
mainly as a food ingredient in beverages. It has been used extensively as a coffee
analogue and sometimes as a flavouring agent in ice cream and dairy products (Ryder et
al., 2008; Forbes-Smith & Paton, 2002).
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Wattle seeds have a very hard and thick outer coat. Analysis of whole non-processed
seeds from several Acacia varieties (Agboola et al., 2007; Harwood & House, 1992;
Brand et al., 1985) has, however, shown that the seeds contain about 23% protein, 35%
carbohydrate, 32% fibre, 9% fat and the seed flour is low in glycemic index and
caffeine free. Of these components, proteins are the most versatile of all because of the
many functional properties to which they can be applied in foods (deMan, 1999).
Proteins, especially those extracted from legumes, have been applied in many food
products as thickeners, fillers and emulsifying, gelling and foaming agents (Maslin &
McDonald, 2004; Maslin et al., 1998). Anecdotal evidence of the potential emulsifying
and foaming ability in food system using wattle seed extract has been confirmed in
previous studies (Ee et al., 2008; Agboola et al., 2007; Zhao & Agboola, 2007). It is
conceivable that wattle proteins can be used for these food-functional purposes, thereby
providing a vastly greater market for the crop than its current main use as a flavouring
agent for a small niche market (Forbes-Smith & Paton, 2002; Brand et al., 1985).

However, minor constituents occur naturally in reproductive organs, storage organs and
vegetative tissues of most leguminous families comprising substances such as protease
inhibitors and phenolic compounds. These substances in high concentration can
interfere with the digestion and absorption of nutrients by forming stable complexes
with target enzymes in the organisms (Liener, 1980). On the other hand, they are
involved in plant defence mechanisms against pests and diseases during normal
development of seed. In addition, they may also have role in the treatment of human
pathologies, such as blood clotting, hemorrhage, inflammation and cancer. Previous
studies show that protease inhibitors from the seed of Acacia species, such as A.
plumosa (Lopes et al., 2009), A. confusa (Wu & Lin, 1993; Lin et al., 1991) and A.
elata (Kortt & Jermyn, 1981) may exert potential bioactive properties, such as
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insecticidal and antifungal properties (Lopes et al., 2009), and potential health effects in
humans. Moreover, studies by Li et al. (2005), Jayatilake et al. (2003), Hanausek et al.
(2001), Haridas et al. (2001) and Mujoo et al. (2001) suggest that triterpenoid saponins
from A. victoriae have potential as novel anticancer agents. Nevertheless, there is very
little information in the literature on bioactive properties of protease inhibitors and
phenolic compounds from the seed of A. victoriae. Research is needed to characterise
these components in wattle seed and the effect of processing on the seed before
consumption, which is based on food acceptability as well as the chemical properties of
potential bioactive components in wattle seed.

2.4. Antinutritional factors

The antinutritional factors may be defined as those substances present in plant based
foods, particularly in legumes and cereals, that result in adverse effects caused mainly
by prolonged ingestion (Liener, 1989; Liener, 1980) or ingestion in high concentrations
(Shahidi, 1997). Common effects may include an interference with the biological
availability of nutrients resulting in an inhibition of growth (Palacios et al., 2004), a
goitrogenic response, pancreatic hypertrophy, hypoglycemia and liver damage
(Guillamon et al., 2008; Lajolo & Genovese, 2002; Shahidi, 1997; Liener, 1980).
However, antinutrients present in the diet do not pose health risks to humans or cause
antinutritional effects in normal conditions of consumption, that is, after proper thermal
processing, or even after chronic ingestion of low residual levels (Lajolo & Genovese,
2002). Since their discovery, antinutritional factors have been extensively studied with
respect to their biochemical properties and nutritional significance (Norton, 1991).
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Plant endogenous toxic factors are distinguished by the presence of particular functional
compounds, such as sugars and amino acids, and are divided mainly into four groups
(Liener, 1989):

1. Proteins, e.g. protease inhibitors and phytohemagglutinins (lectins).
2. Glycosides, e.g. goitrogens, cyanogens, saponins and estrogens.
3. Phenols, e.g. gossypol and tannins.

4. Miscellaneous, e.g. anti-minerals, anti-vitamins, anti-enzymes, food allergens,
microbial/plant carcinogens and toxic amino acids.

More details on some of these examples are given in this review below.

2.5. Protease inhibitors

Proteinase inhibitors are ubiquitous in nature and are important for regulating
proteolytic activity of their target enzymes (Liener, 1980). Application of enzyme
inhibitors from foods to a living organism may exert an alteration on the total system
with certain metabolic functionality. If the balance is shifted to the detriment of the
system, the protease inhibitor is generally considered as a poison or an antinutrient.
However, if the balance is shifted to favour the total system, the inhibitor may be
considered as a drug (Webb, 1963).

Plant protease inhibitors (PIs) were investigated as early as 1938, when Read and Haas
recognised the presence of an inhibitor in soybean material. The fraction of the
functional protein was then partially purified by Bowman, as well as Ham and
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Sandstedt, followed by its subsequent isolation in crystalline form by Kunitz (Liener,
1980; Kunitz, 1947). They constitute a unique class of proteins with the ability to react
in a highly specific manner with a number of proteolytic enzymes in the digestive
secretions of humans and animals. Trypsin inhibitors of soybean, for example, are now
well characterised (Norton, 1991) and are important determinants of nutritive value of
soybean products. The possible role of protease inhibitors as insecticides was
established in 1947 when Mickel and Standish observed that the larvae of certain insects
were unable to develop normally on soybean products (Lawrence & Koundal, 2002).
Since then, in addition to their natural biological functions, protease inhibitors have
been found to have pharmacological properties that may play a role in the prevention or
treatment of certain pathologies, such as oedematogenic activity (Mello et al., 2006),
effects on the release of human neutrophil elastase (Fook et al. 2005), effects on the
blood coagulation, kinin release and rat paw edema (Oliva et al., 2000).

2.5.1. Classification of protease inhibitors

Protease inhibitor families that have been found are specific for each of the four
mechanistic classes of proteolytic enzymes. They are presently recognised on the basis
of the primary protein structure, that is, the active amino acids in their reactive site, and
they are classified as serine, cysteine, aspartic and metalloprotease inhibitors, as shown
in Table 2.1 (Lawrence & Koundal, 2002; Laskowski & Qasim, 2000; Shewry, 2000;
Shahidi, 1997; Whitaker, 1997). The serine and cystein PIs are the most abundant, and
also most studied antinutritional factors present in plant storage tissues such as seeds
and tubers. Their inhibitor contents can vary from 1 to >10% of their soluble proteins,
as in soybeans which contain Kunitz and Bowman-Birk type inhibitors (Mandal et al.,
2002; Whitaker, 1997).
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Table 2.1. The classification of protease inhibitors
______________________________________________________________________
1. Serine protease inhibitors−also known as serpins (enzyme inhibited)
• Soybean protease inhibitor (Bowman-Birk) family
(trypsin/chymotrypsin)
• Soybean trypsin inhibitor (Kunitz) family (trypsin; others)
• Potato I inhibitor family (chymotrypsin; trypsin)
• Potato II inhibitor family (trypsin; chymotrypsin)
• Cucurbit (Squash) inhibitor family (trypsin)
• Cereal inhibitor family (amylase; trypsin)
• Ragi I-2 inhibitor family (amylase; protease)
• Thaumatin-related inhibitor family (amylase; trypsin)
• Others
2. Cysteine protease inhibitors−also known as cystatins and stefins
• Cystatin super family
• Cystatin family
• Stefin family
• Fitocystatin family
3. Aspartic protease inhibitors
• Human immunodeficiency virus (HIV) protease inhibitor family
• Pepsin family
• Renin family
• Cathepsin family
4. Metalloprotease inhibitors
• Thermolysin family
• Carboxypeptidase family
______________________________________________________________________

13

Proteins are primarily formed with the most basic peptide chains between amino acids.
The further development of this primary structure element will lead to the formation of
α-helices and β-sheets which are the secondary structure. The folding of the polypeptide
chain to assemble the different secondary structure elements in a particular arrangement
produces a tertiary structure (Lehninger et al., 1993). Protein structure is highly
dependent upon the environment, such as temperature, pH and the dielectric constant.
The conformation of proteins exist in the lowest kinetically attainable state of Gibbs
free energy (G) in a reasonable period of time is usually thermodynamically most stable
under a given set of conditions (Damodaran, 1996). The noncovalent forces such as the
electrostatic bonding, the hydrogen bonding and the hydrophobic interactions of amino
acid side chains, together with covalent disulfide links between thiol groups of cysteine
residues are responsible for protein conformations and also their functionality (Liu,
1997, Lehninger et al., 1993). Therefore, any factors that disrupt these interactions, the
conformational structure will lead to changes in their functional properties such as
protease inhibition activity (Ee et al., 2009b; Ee et al., 2008) and antioxidant capacity
(Tsoi et al., 2005; Hou et al., 2001).

Serine protease inhibitors have been most extensively studied. They are strictly
competitive inhibitors forming 1:1 complexes with the enzymes they inhibit
(Bhattacharyya et al., 2007; Macedo et al., 2007; Bhattacharyya et al., 2006; Mello et
al., 2001; Batista et al., 1996). The reactive site peptides are the major common element
in the structures of the serine protease inhibitor. Generally, there are 10−15 amino acid
residues of the inhibitor are in contact with the enzyme. Their specific nature strongly
affects both the strength and the specificity of enzyme-inhibitor interaction (Laskowski
& Qasim, 2000; Bode & Huber, 1992). These reactive site peptides adopt a
conformation that is complementary to the surface of the enzymes and resemble the
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conformation of a substrate bound to the active site. Therefore, a range of
conformations are found in different inhibitor families and the serine protease inhibitors
can be divided into 18 families (Laskowski & Qasim, 2000).

Trypsin inhibitors are chemicals that reduce the bio-availability of trypsin, an enzyme
essential to nutrition of humans and animals (Liener, 1980). The soybean Kunitz-type
inhibitor (SBTI), for instance, consists of a single polypeptide chain with molecular
weight in the range of 18–24 kDa. It is cross linked by two disulphide bonds which are
located at Cys 136–145 and Cys 39–86 and its reactive sites are located at Arg 63 and
Ile 64 (Liu, 1997; Norton, 1991; Liener, 1989; Liener, 1980). The isoelectric point (pH
4.5) and the dissociation constant (Ki = 3.2–6.2 × 10-9) of SBTI at pH 8.0 were reported
(Deshimaru et al., 2002). They are quite resistant to denaturing reagents such as urea
and guanidinium chloride, however, the rupture of both disulphide bonds causes
inactivation (Liener, 1980). Apart from legumes, such as Acacia farnesiana (50–70
TIU/g) (Magdalena, 1996), Kunitz-type PIs have been described in cereals and in
solanaceous species. Many studies have been reported on the Kunitz-type PIs, such as
antifungal properties of the roots of punce ginseng (Pseudostellaria heterophylla) and
stressed potato tubers (S. tuberrosum) (Habib & Fazili, 2007).

Bowman-Birk type inhibitors (BBIs) have molecular weight 8–10 kDa with high
cysteine but lack glycine and tryptophan content and with two homologous domains
each bearing a separative reactive site. They are widely distributed in monocot and dicot
species (Richardson, 1991). BBIs from monocotyledonous plants are of two types. One
group (8 kDa) consists of a single polypeptide chain with a single reactive site and
another group (16 kDa) has two reactive sites (Habib & Fazili, 2007). In soybeans,
Bowman-Birk inhibitor is a relatively small molecule with single polypeptide chain of
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71 amino acids with seven disulphide bonds (Liener, 1980). It exhibits marked stability
toward heat, acid and alkali; even after the disulphide bonds are broken by heating it
still has stable conformation (Liu, 1997; Liener, 1980). It binds to trypsin and
chymotrypsin enzymes at independent sites – a trypsin-reactive site (Lys 16–Ser 17)
and a chymotrypsin-reactive site (Leu 44–Ser 45) (Liener, 1989). The dissociation
constant of complexes of BBI for trypsin (Ki = 2.8 × 10-10) and chymotrypsin (Ki = 2.9 ×
10-8) were reported (Liener & Seidl, 1972). A study by Brovosky (1986) showed
purified Bowman-Birk trypsin inhibitor at 5% of the diet inhibited growth of
lepidopteran larvae (Lawrence & Koundal, 2002).

2.6. Kinetics of enzyme-catalysed reactions

The rate equation for one-enzyme/one-substrate reaction is the Michaelis-Menten
equation (Equation 2.1). This is the quantitative relationship between the initial
velocity, Vo, the maximum initial velocity, Vmax, and the initial substrate concentration
[S]. The two empirical kinetic parameters, Vmax and Michaelis-Menten constant (Km),
will be different for every enzyme-substrate pair (Lehninger et al., 1993).

Vmax[S]
Vo = _________ --------------------------------------------------------------------------------[2.1]
Km + [S]

Vmax can be approximated from Figure 2.2 which is the typical curve for a MichaelisMenten enzyme catalysed reaction. Vo will approach but never quite reach Vmax. The
substrate concentration at which Vo is half maximal is Km. At low [S], where Km >> [S],
the [S] term in the denominator of the Michaelis-Menten equation becomes
insignificant.
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Figure 2.2. Dependence of initial velocity (Vo) on substrate concentration [S] of an
enzyme-catalysed reaction.

17

Therefore, the equation simplifies to:

Vmax[S]
Vo = _________ --------------------------------------------------------------------------------[2.2]
Km

Equation 2.2 shows that Vo exhibits a linear dependence on [S].

At high [S], where [S] >> Km, the Km term in the denominator of the Michaelis-Menten
(Equation 2.1) becomes insignificant and the equation simplifies to Equation 2.3:

Vo = Vmax ---------------------------------------------------------------------------------------[2.3]

The Michaelis-Menten equation can be transformed to a more illustrative version which
is the Lineweaver-Burk equation (Equation 2.4). For enzymes obeying the MichaelisMenten relationship, a double- reciprocal plot of 1/Vo versus 1/[S] yields a straight line
with a slope of Km/Vmax and y-intercept of 1/Vmax. The x-intercept, a theoretical point
since 1/[S] cannot be negative, is -1/Km (Figure 2.3). The Lineweaver-Burk equation
can be used to categorise different enzymes, to accurately determine accurate Vmax and
to analyse the kinetic data, therefore giving clues on how its structure might be modified
to increase its potency. For more details on Michaelis-Menten kinetics, please refer to a
standard biochemistry or food chemistry text book, for example, Belitz et al., 2004 and
Lehninger et al., 1993.

1
Km
1
___ = _________ + _____ -------------------------------------------------------------------[2.4]
Vo

Vmax × [S]

Vmax

18

Figure 2.3. A double-reciprocal or Lineweaver-Burk plot.
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2.6.1. Inhibition mechanisms

An enzyme inhibitor is a compound that decreases the measured rate of enzymecatalysed hydrolysis of a given substrate. Protease inhibition usually applies to the
competition between two substrates in a reaction with an enzyme (protease); one can
decrease the apparent rate of hydrolysis of the other (Nagase & Salvesen, 2001). The
relative efficiency of inhibitor is described by the kinetics of the interaction. Based on
kinetic consideration, there are two types of inhibition – reversible and irreversible.
Reversible enzyme inhibitors fall into three categories – competitive, uncompetitive and
non-competitive. Furthermore, non-competitive inhibitors can be divided into two
additional categories which are pure and mixed inhibitors (Lehninger et al., 1993).
Thus, kinetic tests can be used to determine the inhibition mechanisms.

The protease-inhibitor interactions are defined by the association rate constant, Kass (or
speed) and dissociation rate constant or kinetic specificity constant, Ki (or strength). The
lower the value of Ki, the higher the affinity of the inhibitor for the enzyme (Wu &
Whitaker, 1990). A physiological inhibitor should have Kass greater than 105 M.s-1 or Ki
below 10-9 M, or Ki and turnover numbers (k) lower than the equivalent constants (Km)
(Nagase & Salvesen, 2001). A simplified reaction between enzyme (E) and inhibitor (I)
which results in the formation of stable complex (E-I) via intermediate analogue (E-I’)
is showed below:

k1
E+I

k2
E-I’

E-I --------------------------------------------------------------[2.5]

k-1
k-1
Ki = ____ ----------------------------------------------------------------------------------------[2.6]
k1
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k2
Kass = ____ --------------------------------------------------------------------------------------[2.7]
Ki

2.6.2. Reversible inhibition

Reversible inhibition is characterised by equilibrium between enzyme (E) and inhibitor
(I) (Belitz et al., 2004):

Ki
E + I ↔ E-I -------------------------------------------------------------------------------------[2.8]
The equilibrium constant or dissociation constant (or inhibitor constant) of the enzymeinhibitor complex, Ki, is a measure of the level of inhibition. Small value of Ki would be
obtained from a high affinity inhibitor for the enzyme (Wu & Whitaker, 1990).

2.6.2.1. Competitive inhibition

When two or more molecules compete on the same active site of the enzyme (E), only
the substrate (S) molecule completes the catalytic reaction, whereas the inhibitors (I)
block the active site and no catalytic reaction will occur. Competitive inhibitor can only
bind to E to form E-I complex (see Scheme 2.9). Since the inhibitor and substrate
compete for the same site, raising the substrate concentration can fully dislodge the
inhibitor from the active site (Lehninger et al., 1993). All serine inhibitor families from
plants are competitive inhibitors (Lawrence & Koundal, 2002) and most of the protease
inhibitors appear to interfere with their respective proteases through a similar
mechanism. Serine protease inhibitors (serpins) undergo a unique and dramatic
conformational change when they inhibit target proteases. They perform classical
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function as simple "lock and key" molecules that bind to and block access to the
protease active site (Silverman et al., 2001). For example, liver alcohol dehydrogenase
converts methanol to formaldehyde that causes damage to tissues. This reaction is
slowed down by competitive inhibitors, such as hydroxylamine and pyrazole, and the
alcohol will be filtered out through the kidneys (Lehninger et al., 1993).
E + S ↔ E-S → E + Product (P) ------------------------------------------------------------[2.9]
+
I
↕ Ki
E-I

Competitive inhibition can be described by a deviation of the Michaelis-Menten
equation (Equation 2.1) for a single-substrate reaction as in Equation 2.10 below (Belitz
et al., 2004; Whitaker, 1996):

Vmax [So]
Vo = ______________________ -----------------------------------------------------------[2.10]
Km

[Io]
1 + ___

+ [So]

Ki

where Vo is the initial velocity in the presence of fixed concentration of inhibitor. The
Michaelis constant, Km, is apparently increased by the factor (1 + [Io]/Ki).

The Linewaver-Burk equation (Equation 2.11) is derived from Equation 2.10 and its
plot is shown in Figure 2.4.

1
[Io]
___ = 1 + ____
Vo

Ki

Km
1
__________ + _____ ----------------------------------------------[2.11]
Vmax [So]

Vmax
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Figure 2.4. Linear competitive inhibition.
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The Ki can also be derived as the following equation (Dixon, 1953):

Km [Io]
Ki = ___________ ----------------------------------------------------------------------------[2.12]
Kmapp - Km

where Kmapp is the apparent Michaelis-Menten constant.

Competitive inhibition increases Km where the inhibitor interferes with substrate
binding, but does not affect 1/Vmax in the presence of linear competitive inhibitor
because the inhibitor does not hinder catalysis in enzyme-substrate complex (E-S) (see
Scheme 2.9). Therefore 1/Vo = 1/Vmax, so Vmax is unchanged (Figure 2.4).

One of the classic examples of competitive inhibitors is soybean Kunitz-type trypsin
inhibitor (SBTI). It consists of a single polypeptide chain (MW 18
−24 kDa) with two
disulphide bonds which are located at Cys 136–145 and Cys 39–86 and its reactive sites
are located at Arg 63 and Ile 64 (Liu, 1997; Norton, 1991; Liener, 1989; Liener, 1980).
The isoelectric point (pI 4.5) and the dissociation constant (Ki 3.2−6.2 × 10-9) of SBTI at
pH 8.0 were reported (Deshimaru et al., 2002). They are quite resistant to denaturing
reagents such as urea and guanidinium chloride, however, the rupture of both disulphide
bonds causes inactivation (Liener, 1980). In addition, it has been reported that SBTI
renatured after heating up to 90 oC and subsequent cooling (Markwell et al., 2003).
Apart from legumes, such as Acacia farnesiana (Magdalena, 1996), Kunitz-type PIs
have been described in cereals, solanaceous species, ginseng (Pseudostellaria
heterophylla) roots and potato (Solanum tuberosum) tubers (Habib & Fazili, 2007).
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2.6.2.2. Uncompetitive inhibition

Uncompetitive inhibitors only bind to the E-S complex and form enzyme-substrateinhibitor complex (E-S-I) (see Scheme 2.13). They do not compete for the active site.
This can occur due to conformational changes in enzyme structure that accompany
substrate binding, opening up a previously occluded site. The binding of an inhibitor to
the E-S complex leads to a decrease in the concentration of the E-S complex, thus
accelerating the affinity of the enzyme for the substrate to form E-S complex. By Le
Chatelier's principle, the equilibrium of the enzyme and substrate will shift to form
more E-S complex in the presence of an uncompetitive inhibitor (Lehninger et al.,
1993). For example, the inhibition kinetics of rat intestinal alkaline phosphatase
inhibitor L-phenylalanine (Ghosh & Fishman, 1966), human liver and bone alkaline
phosphohydrolases inhibitor 1-homoarginine (Lin & Fishman, 1972) and steroid 5αreductase inhibitor epristeride (Levy et al., 1994) are greatly dependent on substrate and
inhibitor concentrations because the double reciprocal plots of velocity and substrate
concentrations in the presence of different concentrations of inhibitors are all straight
lines parallel to those obtained without the inhibitor (Figure 2.5).

E + S ↔ E-S → E + P -----------------------------------------------------------------------[2.13]
+
I
↕ Ki’
E-S-I

The following equation is obtained from rearrangement of Equation 2.11 to give:

1
Km
___ = _________
Vo

Vmax [So]

+

1
_____
Vmax

[Io]
1 + ____ -------------------------------------------[2.14]
Ki
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In the presence of an uncompetitive inhibitor, both the Vmax and Km are changed but not
the ratio of Km/Vmax, therefore, plots of 1/Vo versus 1/[S] are parallel (Figure 2.5). This
type of inhibition is rarely found in single-substrate reactions, it usually occurs in twosubstrate reactions (Belitz et al., 2004). Also, it has not been reported in any leguminous
protease inhibition mechanism.
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Figure 2.5. Linear uncompetitive inhibition.
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2.6.2.3. Non-competitive inhibition

Non-competitive inhibitors bind at the site distinct from the substrate active site and
leave the active site unblocked. Therefore, the inhibitor can react equally with free
enzyme (E) or with enzyme-substrate complex (E-S). However, the E-S-I complex can
not convert the substrate into product (see Scheme 2.15). Examples of clinically useful
non-competitive inhibitors come from the class of Acquired Immune Deficiency
Syndrome (AIDS) drugs known as non-nucleoside reverse transcriptase inhibitors
(NNRTIs), such as phenylethylthiazolylthiourea (PETT) (Ren et al. 2000), nevirapine,
didanosine, zidovudine and efavirenz (Maga et al., 2000).

In pure non-competitive inhibition (Figure 2.6A), the substrate has an identical affinity
for both the free enzyme and the E-I complex. However, with a mixed non-competitive
inhibition (Figure 2.6B), the affinity of the E-I complex for the substrate is not the same
as the free enzyme (Lehninger et al., 1993). For example, consider a bisubstrate enzyme
with separated binding sites which are S1 and S2, and an inhibitor only binds to the site
for S2. If substrates S1 and S2 bind independently to the distinct site of the enzyme, then
the inhibitor is considered a competitive inhibitor of S2 and a non-competitive inhibitor
of S1. If S1 binds to the enzyme before S2, the inhibitor will only bind to the E-S1
complex and acts as uncompetitive inhibitor for S1 (Lehninger et al., 1993).

E + S ↔ E-S → E + P -----------------------------------------------------------------------[2.15]
+
+
I
I
↕ Ki
↕ Ki’
E-I + S ↔ E-S-I
Ki’
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A

B

Figure 2.6. (A) Linear pure non-competitive inhibition and (B) linear mixed noncompetitive inhibition.
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Since the dissociation constants Ki and Ki’ are numerically equal, the following equation
is obtained from the rearrangement of Equation 2.11.

1
[Io]
___ = 1 + ____
Vo

Ki

Km
1
__________ + _____
Vmax [So]

----------------------------------------------[2.16]

Vmax

Equation 2.16 shows that Km is unchanged in the presence of a pure non-competitive
inhibitor whereas the values of Vmax are decreased such that Vmax becomes Vmax/(1 +
[Io]/Ki). Therefore, non-competitive inhibition can not be overcome by high
concentrations of substrate but it can decrease the catalysis of enzyme (Belitz et al.,
2004).

When their affinities for these two forms of the enzyme are different (Ki ≠ Ki’), thus,
mixed-type inhibitors interfere with substrate binding (i.e., the inhibitors increase Km)
and hinder catalysis in the E-S complex (i.e., the inhibitors decrease Vmax). The
common intercept indicates Km for the substrate is increased by the inhibitor but Vmax is
decreased (Lehninger et al., 1993).

2.6.3. Irreversible inhibition

Irreversible inhibitors usually covalently modify an enzyme; therefore the inhibition
cannot be reversed. Their electrophilic groups, such as aldehydes, haloalkanes or
alkenes, react with amino acid side chains containing nucleophiles, such as hydroxyl or
sulfhydryl groups, including serine, cysteine, threonine or tyrosine (Lehninger et al.,
1993). The irreversible inhibitors form a reversible non-covalent complex with E-I or ES-I complex and then produce a “dead-end complex” (E-I*) as shown in Scheme 2.17.
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The rate at which E-I* is formed is called the inactivation rate (Kinact) (Lehninger et al.,
1993).

E + S ↔ E-S → E + P -----------------------------------------------------------------------[2.17]
+
+
I
I
↕ Ki
↕ Ki’
E-I
E-S-I
Kinact
E-I*

The rate of inhibition depends on the reaction rate constant (Kinact), the enzyme
concentration [E] and the inhibitor concentration [I]. Therefore, it is a function of
reaction time (t). The reaction can not be reversed by diluting the reaction medium.
Examples of irreversible inhibitors are the reaction of SH-groups of an enzyme with
iodoacetic acid, dinitrofluorobenzene, chymotrypsin inhibitor N-tosyl-L-phenylalanine
chloromethylketone and trypsin inhibitor N-tosyl-L-lysine chloromethylketone (Belitz et
al., 2004).

2.7. Extraction and characterisation of protease inhibitors

Cell disruption is the most important step to release the protein in a soluble form from
its intracellular compartment. Several disruption techniques, both mechanical and
chemical, are available for different materials. For plant seed, grinding is the preferred
method compared to alternatives such as enzyme digestion, homogenisation, pressing
and sonication (Ahmed, 2005).

Many plant storage organs, such as seeds and tubers, contain >10% of their soluble
proteins as protease inhibitors (Mandal et al., 2002). Seed proteins are normally
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classified based on their solubility in a sequential series of solvents (Tanford, 1961).
These are water soluble albumins, dilute salt solution soluble globulins, alcohol soluble
prolamins and dilute acid or alkali soluble glutelins. Solubility in water is especially
known to be very important in the application of proteins in food systems (Cheftel et al.,
1985). However, proteins are extremely heterogeneous biological macromolecules.
Their properties can be affected by small changes in hydrogen ion concentration, and
thus a stable pH of the environment is necessary (Ahmed, 2005). Thus, appropriate
buffer solution is usually used in the extraction of soluble proteins.

The purification of protein is an essential first step for the study of its molecular and
biological properties and its subsequent biological functions. On the basis of the
properties of proteins, such as molecular weight, charge, hydrophobicity, binding
affinity and isoelectric point (pI), several chromatographic and non-chromatographic
(precipitation, electrophoretic and membrane filtration) methods are available. The
purpose of these characterisation procedures is to determine whether the specific
activity of the protein increases after fractionation. A failure to increase the specific
activity suggests that the initial apparent inhibition was due to the endogenous
substrates competing with the test substrate (Nagase & Salvesen, 2001).

A protein may be purified by a single step using affinity chromatography, or by a
combination of several steps, such as ammonium sulphate precipitation (salting out)
(Bollag et al., 1996), organic solvent (Wessel & Flugge, 1984), ion-exchange
chromatography and gel filtration chromatography. Among the several salts, sulphite
salts (SO32-) have strongest effects in reducing solubility (Liu, 1997). Besides, salting
out process works best with divalent anions like sulphate, according to the Hofmeister
series (Zhang & Cremer, 2006), especially ammonium sulphate ((NH4)2SO4) which is
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highly soluble even at ice temperatures. It is useful for fractionating a mixture of
proteins and purifying interested protein. Since large proteins tend to precipitate first,
smaller ones will stay in solution (Ahmed, 2005). The initial decrease in solubility is
due to decreased electrostatic repulsion and enhanced hydrophobic interaction between
protein molecules as a result of electrostatic shielding of charge groups in proteins by
ions (Liu, 1997).

Column chromatography is a powerful method for fractionating proteins. It is a system
composed of both stationary and mobile phases. The stationary phase is a porous solid
material with appropriate chemical properties, and the mobile phase is a buffered
solution that serves as a carrier of protein mixture and percolates though the solid
matrix (Lehninger et al., 1993). As the proteins migrate through the column, they are
retarded to different degrees by their interactions with the matrix material resulting in
the separation of individual proteins. The resolution increases as the length of the
column increases (Lehninger et al., 1993). In general, anion-exchange chromatography
is employed for the purification of an acidic protein. Similarly, cation-exchange
chromatography is suitable for the purification of a basic protein. Reverse-phase
chromatography is suitable for a family of active proteins of similar charge (Ahmed,
2005).

In previous studies, we have reported the effects of different solvents and treatments on
the extraction of proteins from wattle seed and their food functional properties (Ee et
al., 2009a; Agboola et al., 2007). Furthermore, in another study, we have also reported
crude wattle seed extracts possess significantly high level of trypsin and α-chymotrypsin
inhibitor activities, especially in the fraction precipitated with 25–50% (w/v)
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ammonium sulphate solution (Ee et al., 2008). However, these protease inhibitors have
yet to be purified and fully characterised.

2.7.1. Protease inhibitor activity assays

The method that is usually applied in the laboratory is based on the determination of
inhibitory rate in pre-incubation of enzyme with increasing concentrations of the
inhibitor at room temperature (25 oC) or human body temperature (37 oC) in an
appropriate buffer. The inhibition constant (Ki) value is determined by using Dixon
method or using a nonlinear regression with the help of the Enzfitter program (Macedo
et al., 2007; Bhattacharyya et al., 2006).

The concentration of the enzyme used for the assay and the apparent non-specific
inhibition, such as pH and temperature, of the enzymatic activity by proteins should be
considered (Nagase & Salvesen, 2001). When the enzyme concentration is lower than
the equilibrium dissociation constant, Ki, of inhibition, the inhibition by crude extract is
apparently decreased; therefore the potential inhibitors may be ignored. If the enzyme
concentration is close to or higher than the Ki value, concentration dependent inhibition
is observed. However, the Ki value is unknown for screening a new inhibitor; therefore,
it is recommended that a low concentration of enzyme is used in the assay, preferably
less than 10 nM for initial screening (Nagase & Salvesen, 2001). The double-reciprocal
or Lineweaver-Burk plot is used to determine the type of inhibition kinetics in two sets
of rate experiments with constant enzyme concentration (Lehninger et al., 1993):

First set: with constant substrate concentration, [S], permitting measurement of the
effect of increasing inhibitor concentration, [PI] on the initial rate, Vo.
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Second set: with constant [PI] but varied [S].

A constant concentration of synthetic substrates, such as p-toluenesulfonyl-L-argininemethyl ester (TAME) or N-benzoyl-DL-arginine p-nitroanilide (BAPNA) and Nbenzoyl-L-tyrosine ethyl ester (BTEE) are used in conjunction with bovine trypsin and
chymotrypsin, respectively. The Ki and [PI] are determined for each protease by preincubating the enzyme with increasing [PI] in buffer solution followed by measurement
of the residual activity using appropriate substrate. The initial slope (Vo) is determined
for each inhibitor concentration. The reciprocal velocity (1/Vo) versus [PI], for each
substrate concentration [S] is plotted (Dixon plot). A single regression line for each [S]
is obtained and the Ki is calculated from the intersection of the lines (Macedo et al.,
2007; Bhattacharyya et al., 2006; Paiva et al., 2006; Deshimaru et al., 2002; Mello et
al., 2001; Ruoppolo et al., 2000).

2.7.2. Native polyacrylamide gel electrophoresis (PAGE)

Sensitive but non-specific techniques have been developed for the screening of enzyme
inhibitor activity of the plant extracts (Kollipara & Hymowitz, 1992). The principle of
native PAGE to identify inhibitor-active proteins relies on the formation of inhibitorenzyme complex. Incubation of the gel after electrophoresis with solution containing
particular protease at appropriate temperature allows the protein substrate to be digested
by the enzyme. However, on the other hand, the resolved protein bands of inhibitors on
gel form a stable complex with the protease, which after addition of suitable
chromogenic substrates (e.g. N-acetyl-DL-phynylalanine-β-naphthyl ester), usually
appears as colourless areas on the coloured background. Since as little as 1 ng protease
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inhibitor can be detected, this reverse zymography should be useful in monitoring
fractions obtained in the separation of the inhibitors (Norton, 1991).

2.8. Roles of protease inhibitors

As noted earlier, protease inhibitors (PIs) are the most studied antinutritional factors.
They exhibit strong inhibitory activity against proteolytic enzymes, such as trypsin and
chymotrypsin, by forming stable complexes in the digestive tract, thereby causing a
decrease in the ability of body to utilise proteins in food (Srinivasan et al., 2005;
Norton, 1991; Liener, 1980). The levels of PIs in the different legumes, their dose and
time of consumption and the biological activity of their variant forms could be the cause
of either positive or negative effect on consumers (Liener, 1994). However, they are
heat labile and can be inactivated by either dry or moist heat treatment such as roasting,
steaming and cooking (Ee et al., 2008; Liener, 1994).

The knowledge of enzymatic regulation human beings lead to the understanding of
functional application of protease inhibitors on human diseases. Some regulatory
enzymes, called allosteric enzymes, are adjusted by reversible, noncovalent binding of a
specific modulator to a regulatory or allosteric site. Such modulators may be inhibitory
or stimulatory on either substrate or other metabolite. Other regulatory enzymes are
modulated by covalent modification of a specific functional group necessary for
activity, or by proteolytic cleavage of a zymogen which is an inactive precursor of an
enzyme (Lehninger et al., 1993).

There has been renewed interest in protease inhibitors (PIs), following the recognition
that certain PIs from legumes are effective in preventing or suppressing carcinogenic
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processes in a wide variety of in vitro and in vivo model systems and protease inhibitors
might be cancer chemopreventive agents (Kennedy, 1998a, 1998b). Apart from their
nutritional implications, consideration has also been given to the physiological roles and
beneficial functions of PIs in plants. Thus, proposed roles of PIs include: as stores of
sulphur-containing amino acids during seed development, as regulators of endogenous
enzymes, and as defensive agents against attack of pathogens and pests (Lawrence &
Koundal, 2002; Shewry, 2000; Richardson, 1991). Nowadays, about one-fourth of all
medications contain bioactive ingredient derived from a plant (Mujoo et al., 2001).
Although synthetic protease inhibitors are effective as other drugs, they cause adverse
side effects, such as coughing, allergic reactions, taste disturbances and skin rashes
(Kamath et al., 2007). Therefore, research and development to find safer, innovative
and economical protease inhibitors is necessary for the prevention or remedy for many
diseases. More specific information about the use of protease inhibitors as bioactive
agents is available in Chapters 3–6, as well as in the following subsections.

2.8.1. Serine protease inhibitors

Plant serine protease inhibitors (serpins) have been identified and isolated from various
leguminous seeds (Bhattacharyya et al., 2006; Garcia et al., 2004; Mello et al., 2001;
Macedo et al., 2000; Macedo & Xavier-Filho, 1992). They are able to inhibit serine
proteases in vitro with the optimum inhibitory activity at pH range of −911 ( Lawrence
& Koundal, 2002). Besides their storage function (Richardson, 1991), they have been
recognised as regulating endogenous plant proteinases to prevent precocious
germination, inhibiting trypsin in human or animal’s gut, thus helping in seed dispersal
and protecting plant against pests (Haq et al., 2004; Macedo et al., 2000; Ryan, 1990).
Additionally, protease inhibitors have been extensively researched for their potential use
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as bioinsecticides (Abdeen et al., 2005; Haq et al., 2004), for their antifungal activity
(Park et al., 2005) and also for their health-promoting effects, such as treatment of high
blood pressure (Kamath et al., 2007), blood clotting (Oliva et al., 2000), prevention of
carcinogenesis (Kennedy, 1998a), decreasing tumour cell proliferation and induction of
apoptosis, thereby reducing the risk of cancer (Kennedy, 1998b; Kennedy, 1995).

Furthermore, angiotensin converting enzyme (ACE, dipeptidyl carboxy peptidase, EC
3.4.15.1) is a multifunctional zinc-containing enzyme that plays a key physiological role
in the control of blood pressure, by virtue of the renin-angiotensin system (Fujita et al.,
2000). Inhibition of ACE is considered to be a useful therapeutic approach in the
treatment of high blood pressure (Kamath et al., 2007; Hsu, et al., 2002). Several
studies have reported ACE inhibition by food-derived peptides, such as kafirin
(prolamin) in sorghum grains (Kamath et al., 2007), chickpea protein isolates (Pedroche
et al., 2002) and yam dioscorin (Hsu et al., 2002).

Many Bowman-Birk type trypsin inhibitors which are implicated in the protection of
plants against insects and fungi (Giudici et al., 2000), have also been implicated in the
adverse effect on bioavailability of dietary proteins (Liener, 1994). On the other hand,
the chymotrypsin inhibitory site of Bowman-Birk inhibitors (BBI) has been implicated
in the anti-carcinogenic effect (Liener, 1994). It can inhibit growth of transformed cells,
thereby effective in preventing, or suppressing, carcinogen-induced transformation in
vitro and carcinogenesis in animals without toxicity (Kennedy, 1998b; Clawson, 1996;
Das & Mukhopadhyay, 1994; Troll & Wiesner, 1983). Many significant studies on the
health-promoting properties of plant protease inhibitors have used BBI from soybean
(Ho & Ng, 2008; Kennedy, 1998a; Kennedy, 1995).
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2.8.2. Cysteine protease inhibitors

Inhibitors of cysteine proteases include papain, calpain and lysosomal cathepsins. The
optimum inhibitory activity of cysteine protease inhibitors is usually in the pH range of
5−7 (Lawrence & Koundal, 2002). It has been reported that various protease inhibitors
purified from legume, cereal seeds and tubercles, especially those belonging to the
Kunitz and Bowman-Birk families, are known for their roles in plant defence processes
against insect and phytopathogen attacks (Bhattacharyya et al., 2007; Richardson,
1991), where they are effective against insect digestive enzymes (Oliveira et al., 2002;
Bode & Huber, 2000). However, they have limited health implications in human diet.
Recent studies on insecticidal activity of protease inhibitors from black-eye pea (Franco
et al., 2003), Adenanthera pavonina L. (Macedo et al., 2004) and Pithecellobium
dumosum seeds (Oliveira et al., 2007) suggest that the digestive system of
Lepidopterans and Dipterans is mainly based on serine proteinases whereas cysteine
proteinases are predominant in Coleopterans of the Bruchidae family. It has also been
reported that cowpea vicilins (7S globulins) provide resistance to a range of invertebrate
pests (Shewry, 2000) and the germination of spores of the fungi (Gomes et al., 1997).
Furthermore, rice cysteine PIs are the most studied of all the cysteine PIs which is
highly heat stable (Lawrence & Koundal, 2002).

2.8.3. Aspartic protease inhibitors

Aspartic proteases include human immunodeficiency virus (HIV) proteases, pepsin and
renin. Unlike cysteine protease inhibitors, there is limited knowledge on the role of
aspartic protease inhibitors in pest digestion and also on their respective inhibitory
activity. On the other hand, a study of the inhibitory effect of four different HIV aspartic
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protease inhibitors (ritonavir, saquinavir, indinavir, and nelfinavir) on the activity of
different Candida albicans secretory aspartic proteases is demonstrated (Borg-von
Zepelin et al., 1999). It is also shown that the HIV aspartic proteases and Candida
species are enzymes which belong to the same class of proteases. Aspartic PIs have also
been isolated from sunflower, barley, cardoon (Cyanara cardunculus) flowers and
potato tubers (Lawrence & Koundal, 2002).

2.8.4. Metallo-protease inhibitors

There are two families of metallo-protease inhibitors namely metallo-carboxypeptidase
inhibitor family, which is found in potato and tomato plants, and a cathepsin D inhibitor
(27 kDa) family, which is found in potato tubers (Lawrence & Koundal, 2002). It has
been reported that the metallo-carboxypeptidase inhibitors (4 kDa) competitively inhibit
carboxypeptidases from animals and microorganisms but not from yeast and plants.
Although they inhibit all the five major digestive enzymes which are trypsin,
chymotrypsin, elastase, carboxypeptidase A and carboxypeptidase B of higher animals
and insects (Lawrence & Koundal, 2002), limited information is found on the role of
metallo-protease inhibitors in beneficial health effects.

2.9. Phenolic compounds

Phenolic compounds are secondary plant metabolites possessing one or more benzene
rings bearing one or more hydroxyl groups including their functional derivatives, such
as simple phenols, phenylpropanoids, benzoic acid derivatives, flavonoids, stilbenes,
tannins, lignans and lignins (Shahidi & Naczk, 2004). These substances are
biogenetically produced from the shikimate pathway and the acetate pathway, usually in
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the form of esters and glycosides or in the bound form rather than as free compounds
(Adom & Liu, 2002; Bravo, 1998). There are more than 8000 phenolic structures
currently recognised in plant kingdom. Most of these compounds are of relatively low
molecular weights and are soluble according to their polarity and chemical structure,
such as the degree of hydroxylation, glycosylation, acylation or other chemical
conjugations. These complexities of phenolic structures, hence, determine the degree of
absorption, metabolism of food phenolics as well as their potential beneficial functions,
such as antioxidant properties (Bravo, 1998).

Antioxidants are usually the substances that delay or prevent oxidation of the substrate.
They may originate from the phenolic compounds that occur naturally in the food or
from the components formed during its processing (Shahidi, 1997; Shahidi &
Wanasundara, 1992). The antioxidant potential, in terms of free radical scavenging,
hydrogen- or electron-donating and metal-chelating capacities, of phenolic compounds
mainly depends on their chemical structure (Bravo, 1998; Rice-Evans et al., 1996). It is
also affected by the stability of the resulting phenoxyl radical. For example, phenol
itself is not an active antioxidant compound; however, the substitution of hydrogen
atoms by ethyl or n-butyl groups increases the antioxidant capacity (Shahidi &
Wanasundara, 1992). The antioxidant activity of phenolic acids is related to the acid
moiety and the number and relative positions of hydroxyl groups on the aromatic ring
structure (Rice-Evans et al., 1996). For example, hydroxycinnamic acids are found to
have higher level of antioxidant activities than hydroxybenzoic acids due to high
possibility of delocalisation of the phenoxyl radical. In addition, hydroxylation in the 2and 4- positions or in the 3-, 4- and 5- positions gives the greatest antioxidant activity of
phenolic acids (Rice-Evans et al., 1996).
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The structural characteristics imparting the highest antioxidant activity in flavonoids
have been found to be the ortho 3’, 4’-dihydroxy moiety in the B-ring for the electron
delocalisation and stability of the phenoxyl radical; the 2, 3-double bond in combination
with the 4-keto group for electron delocalisation in the C-ring; the 3- and 5- hydroxyl
groups in the C- and A-ring, respectively, in combination with the 4-keto group in the
C-ring for maximum scavenging potential (Bors et al., 1990). Moreover, the antioxidant
capacity of flavonoids is also correlated to their degree of hydroxylation and the
reduction of sugar moiety (Bravo, 1998). However, the effects of structure-activity
relationships of antioxidants could not be demonstrated as a result of the differences in
mechanisms, end-points used, substrates and concentrations of the antioxidants in the
methods used (Rice-Evans et al., 1996; Bors et al., 1990). On the other hand, the
importance of the chemical structure in the antioxidant potency of phenolic compounds
can be illustrated if only one aspect of the antioxidant activity, such as free radical
scavenging activity or metal-chelating capacity, is examined at a time. For example, the
free radical scavenging activity of a substance is assayed in relation to a reference
compound, Trolox, to obtain Trolox equivalent antioxidant capacity (TEAC) values of
the substance.

Because of the effects on protein digestibility, mineral bioavailability and undesirable
astringency, these bioactive substances in legumes or cereals are usually eliminated by
dehulling, soaking, germination and heat treatment (Xu & Chang, 2008). However, such
technological processing may influence the nutritional value, health benefits and
therapeutic properties, such as antioxidant properties (Xu & Chang, 2008; Xu et al.,
2007; Adom & Liu, 2002) which has been implicated in the prevention of oxidative
damage associated with cancer, cardiovascular diseases, hypertension, immune
deficiency diseases and ageing (Kris-Etherton et al., 2002; Bazzano et al., 2001;
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Middleton et al. 2000; Anderson et al., 1999; Bravo, 1998). Therefore, the degree of
elimination of antinutritional constituents should depend on the type of legume and the
processing conditions employed. To understand the significance of wattle seed phenolic
compounds, it is necessary to investigate their bioavailability, their mechanisms of
antioxidant properties and their possible synergism with other constituents of wattle
seed, such as protease inhibitors.

2.9.1. Classification of phenolic compounds

The main classes of polyphenols are defined according to the nature of their carbon
skeleton: phenolic acids, flavonoids and the less common stilbenes and lignans (Bravo,
1998). They could be classified according to their number of carbon atoms in the
molecule, as shown in Table 2.2 (Vermerris & Nicholson, 2009).
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Table 2.2. Classification of phenolic compounds (Vermerris & Nicholson, 2009)
_________________________________________________________________________________________________________________________
Structure
Class
Examples
_________________________________________________________________________________________________________________________
C6

(a) Simple phenol

resorcinol

phloroglucinol

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C6-C1

(a) Phenolic acids

p-hydroxybenzoic acid

protocatechuic acid

(b) Hydroxybenzoic
aldehydes

vanillin
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gallic acid

salicylic acid

vanillic acid

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C6-C2

acetophenones

phenylacetic acids

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C6-C3

Cinnamic acids

cinnamic acid

p-coumaric acid

ferulic acid

5-hydroxyferulic acid

caffeic acid

sinapic acid

chlorogenic acid (ester of caffeic acid and quinic acid)
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-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C6-C3

coumarins

isocoumarins

chromones

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C15, C6-C3-C6
C15, C6-C3-C6

Flavonoids

(a) Chalcones

butein
(b) Dihydrochalcones

phloridzin
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(c) Aurones

cyclisation of chalcones
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C15, C6-C3-C6

Flavans

catechin

gallocatechin

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C15, C6-C3-C6

(a) Flavones

kaempferol

quercetin
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myricetin

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C15, C6-C3-C6

Flavanones

naringenin
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C15, C6-C3-C6

Flavanonols

taxifolin
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C15, C6-C3-C6

Leucoanthocyanidins

leucocyanidin

leucodelphinidin

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------48

C15, C6-C3-C6

(a) Anthocyanidins

aurantinidin

cyanidin

petunidin

(b) Deoxyanthocyanidins

apigeninidin
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C15, C6-C3-C6

Anthocyanins

glycosides of anthocyanidins, and it can be acylated with organic acids, e.g. petanin.

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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C30

Biflavonyls

dimers of flavones, e.g. ginkgetin.

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C6-C1-C6

benzophenones

xanthones

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C6-C2-C6

trans-stilbenes

cis-stilbenes

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------C6, C10, C14

Quinones

1, 2-benzoquinones

1, 4-benzoquinones

1, 4-naphthaquinones

9, 10-anthraquinones

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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C18

Betacyanins

betanin
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Lignans, neolignans

p-coumaryl alcohol

coniferyl alcohol

sinapyl alcohol

dimmers or oligomers of monolignols, e.g. p-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol.
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Lignin

polymers of monolignols, e.g. p-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol.

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Tannins

oligomers or polymers of gallic acids (hydrolysable tannins), flavones (non-hydrolysable or
condensed tannins) and phloroglucinol (phlorotannins), including condensed tannins, complex
tannins, hydrolysable tannins.

_________________________________________________________________________________________________________________________
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2.9.2. Extraction of phenolic compounds

Polyphenolic compounds are extracted from the milled leguminous seeds using organic
solvents, such as methanol, ethanol and acetone. The type of solvent used for the
extraction of biologically active phenolic compounds is important (Troszyska et al.,
2002). Soluble phenolic compounds mostly occur in plants naturally as glycosides and
thus generally extracted using the combination of water with organic solvents. In
contrast, less polar phenolics tend to be more soluble in non-aqueous solvent. A
comparative study of phenolic profiles of legumes, as affected by extraction solvents,
indicated that 50% (v/v) acetone extracts exhibited the highest total phenolic content for
yellow pea, green pea and chickpea (Xu & Chang, 2007). Also, greater quantities of
phenolic compounds were extracted from lentil seeds using aqueous acetone compared
with aqueous methanol and aqueous ethanol solvents (Amarowicz et al., 1995).

Phenolic compounds also exist in the free, soluble esters or conjugates and insolublebound forms, for example, 74% and 69% of total phenolics present in rice and corn,
respectively, are in the insoluble-bound form (Adom & Liu, 2002). This is because
phenolic acids have both carboxylic acid and hydroxyl groups which are capable of
forming both ester and ether bonds with other compounds, such as alcohols, other
phenolic acids, phenols, alkaloids and non-starch polysaccharides, leading to the
formation of linkages with cell wall polysaccharides (Madhujith & Shahidi, 2009; Yu et
al., 2001). The most common hydroxycinnamic acid derivatives, such as p-coumaric,
caffeic and ferulic acids, are usually found in foods as esters of quinic acid, shikimic
acid, tartaric acid and other organic acids or sugars. On the other hand, hydroxybenzoic
acid derivatives, such as p-hydroxybenzoic, vanillic and protocatechuic acids, are
mainly presented in the form of glucosides in foods (Vermerris & Nicholson, 2009).
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For the above reasons, several hydrolytic procedures have been described to quantify
total phenolic content. Most of these procedures are based on alkaline hydrolysis with
concentrated sodium hydroxide using incubation up to six hours, sometimes under
nitrogen or addition of ascorbic acid and ethylenediaminetetraacetic acid to prevent the
degradation of phenolic acids during hydrolysis (Madhujith & Shahidi, 2009; Nardini &
Ghiselli, 2004; Nardini et al., 2002). Generally, after extraction of phenolic compounds
several times using aqueous solvent, the supernatant is separated from the mixture by
centrifugation. The free phenolics are extracted from the supernatant directly with ethyl
acetate or diethyl ether at 1:1 (v/v) solvent to supernatant ratio. The ethyl acetate or
diethyl ether fraction is collected and evaporated to dryness under vacuum at 30 oC. The
remaining supernatant, which contains soluble conjugates, is subsequently hydrolysed
with sodium hydroxide and acidified using hydrochloric acid followed by extraction
with ethyl acetate or diethyl ether. After that, the ethyl acetate or diethyl ether fraction is
collected and evaporated to dryness under vacuum at 30 oC. The insoluble-bound
phenolics are hydrolysed from the leftover seed meal and extracted with ethyl acetate or
diethyl ether for several times. All evaporated dry fractions are subsequently dissolved
in organic solvent.

2.9.3. Total phenolic content and antioxidant analyses

Great attention has been given to food phenolic compounds owing to their strong in
vitro and in vivo antioxidant activities and their ability to scavenge free radicals, break
radical chain reactions and scavenging metals. According to literature, total phenolic
content is directly associated with antioxidant activity (Amarowicz et al., 2004). The
moderate consumption of legumes with high phenolic contents has been reported to
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have connection with reducing risk of many diseases, such as implication in the
prevention of oxidative damage associated with other diseases (Kris-Etherton et al.,
2002; Bazzano et al., 2001; Middleton et al. 2000; Anderson et al., 1999; Bravo, 1998).

Total phenolic content in leguminous seed or extract is determined using a
colourimetric assay under alkaline conditions between the phenolic constituents and
Folin-Ciocalteu’s phenol reagent (Xu & Chang, 2007; Amarowicz et al., 2004; Asami et
al., 2003). The measurement is usually monitored at −750
730 nm and the result is
reported as the quantity of equivalents of standard compounds, typically gallic acid, per
mass unit of seed material. However, it is important to note that Folin-Ciocalteu’s
phenol reagent is not specific but it reacts with all phenolic groups including those
found in the extractable proteins (Shahidi & Naczk, 2004). Therefore, the result might
be affected by the appearance of other reducing substances, such as ascorbic acid. On
the other hand, total flavonoid content in plant materials or extracts without hydrolysis
is also analysed using colourimetric assay under alkaline conditions (Michalska et al.,
2007). The analysis is usually monitored at 510 nm and the result is reported as the
quantity of equivalents of catechin per mass unit of seed material. Content of total
phenolics, phenolic acids, flavonoids and condensed tannins in various types of
legumes, such as green bean, black bean, faba bean, chickpea and lentil, and their
extracts were reported (Amarowicz & Pegg, 2008). The phenolic content of legumes is
generally relevant, so these analyses could be one of the main parameters for
understanding the wattle seed phenolics and indicating the potential antioxidant activity
of the wattle seed extracts. Due to the complexity of the composition in food, in vitro
total antioxidant capacity assays are generally employed instead of studying individual
antioxidant compound. This also can conserve the possibility of synergistic interactions
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among the antioxidants (Huang et al., 2005). These assays were generally classified into
two types based on the reactions involved (Table 2.3) (Huang et al., 2005).
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Table 2.3. Classification of antioxidant assays
_____________________________________________________________________
Chemical reaction

Assay

_____________________________________________________________________
Hydrogen atom transfer

Low-density lipoprotein autoxidation
Oxygen radical absorbance capacity (ORAC)
Total radical trapping antioxidant parameter (TRAP)
Crocin bleaching assays

Electron transfer

Total phenols assay by Folin-Ciocalteu reagent (FCR)
Trolox equivalence antioxidant capacity (TEAC)
Ferric ion reducing antioxidant power (FRAP)
Total antioxidant potential assay using Cu (II) complex
2, 2′-diphenyl-1-picrylhydrazyl (DPPH) assay

_____________________________________________________________________
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Generally, the hydrogen atom transfer reaction assays apply a competitive reaction
scheme, in which antioxidant and substrate compete for thermally generated peroxyl
radicals through the decomposition of azo compounds. On the other hand, the electron
transfer reaction assays are basically colourimetric assays, where the degree of colour
change indicates the reducing capacity of antioxidants (Huang et al., 2005; Friedman,
1997). To provide a more reliable assessment of antioxidant activity profiles of the
phenolic components, especially in plant-based foods, the combination of different
accepted and validated analyses have been suggested for a comprehensive study of
antioxidants (Arts et al., 2004; Re et al., 1999). FCR, TEAC and DPPH assays are
commonly used to quantify reducing capacity of antioxidant and ORAC assay, which
has broader application for plant materials and biological samples, is employed to
quantify peroxyl radical scavenging capacity (Huang et al., 2005).

2.9.4. Roles of phenolic compounds

Phenolics are mostly concentrated in leguminous seed coat, thus, legumes with high
phenolic content are generally the dark varieties, such as red kidney beans, black beans
(Phaseolus vulgaris) and black gram (Vigna mungo) (Bravo, 1998). The mechanisms of
resistance to pests and pathogens involve both the physical structure of the grain, such
as pericarp thickness and composition, endosperm texture, and various chemical
constituents, such as the hydroxycinnamic acid, ferulic acid, tannins, and various
endosperm proteins, that are involved in defence (Troszyska et al., 2002). For example,
a strong negative correlation between emergence of insects and high amount of tannins
and soluble phenolics were indicated in finger millet (McDonough et al., 1986) and
sorghum (Ramputh et al., 1999), respectively, and flavonol glycosides are good
fungistatic and fungitoxic substances (Shahidi & Naczk, 2004).
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The potential health benefits of legumes are attributed to the presence of secondary
metabolites such as phenolic compounds that possess antioxidant properties (Xu et al.,
2007; Adom & Liu, 2002). Consumption of foods with high phenolic content, such as
fruits, vegetables, cereals and legumes, could be responsible for 30
−60% reduction of
oxidative damage caused by reactive oxygen, nitrogen and chlorine species associated
with degenerative diseases (Shahidi & Naczk, 2004; Kris-Etherton et al., 2002; Bazzano
et al., 2001; Middleton et al. 2000; Anderson et al., 1999; Bravo, 1998). For example,
the formation of mutagenic and carcinogenic nitrosamines is usually observed in
processed foods when nitrites react with secondary amines. However, the emergence of
chlorogenic acid and other polyphenols could block the nitrosamine formation by
competitively reacting with the nitrite (Friedman, 1997). Furthermore, polyphenols in
potatoes, legumes and cereals were found to lower blood glucose owing to their ability
to inhibit amylases and proteolytic enzymes, or the direct complexation between the
polyphenols and starch (Friedman, 1997).

Flavones and isoflavones have been studied widely from the Leguminosae family. Soyfoods have received considerable attention for their potential role in reducing the risk of
cancer, heart disease and osteoporosis, and also help relieve menopausal symptoms
because of weak estrogenic properties of isoflavones (Messina, 1999). Daidzein and
genistein, which are isoflavones in soybean, have specific inhibition against tyrosine
kinase and powerful antioxidant activity as well as potent anti-proliferative and antiangiogenic effects in human (Agrawal, 2004). Other phytochemicals that may alter the
likelihood of carcinogenesis include saponins, phytosterols, glucoisonolates, indols,
lignans, tannins, terpenes, lycopenes, carotenoids, phenols and folates (Rao & Koratkar,
1997). Saponins are glycosides occurring primarily in plants and are lipid-soluble
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aglycones consisting of a sterol and a triterpenoid (Rao & Koratkar, 1997). An extracted
mixture of novel triterpenoid saponins from the seedpod of Acacia victoriae (Bentham)
was reported to have a role in protection against human cancer (Hanausek et al., 2001),
decreasing of tumour cell proliferation and induction of apoptosis (Mujoo et al., 2001).
In addition, the contents of alkaloids, saponins, tannins and flavonoids from methanolic
extracts of pods, leaves, bark and gums of other Acacia species, such as A. nilotica, A.
tortilis, A. senegal and A. catechu, were ethnomedicinally claimed to assert antifungal
and antibacterial activities (Saini et al., 2008). However, extracts from A. victoriae and
other acacia seeds are yet to be studied.

2.9.5. Effect of processing on phenolics

Legumes are very rarely consumed by humans without processing (Lajolo & Genovese,
2002). Generally, dehulling, soaking, germination, fermentation and heat treatment are
common practices to prepare legume-based foods for consumption. As noted
previously, phenolic compounds are present mainly in the seed coat, thus, the dehulling
process substantially reduce the phenolic compounds of leguminous seeds. Furthermore,
soaking and boiling resulted in partial leaching and thermal or oxidative deterioration of
phenolics in peas, chickpeas and lentils (Xu & Chang, 2008). Although the increase of
total phenolic content was observed in roasted common bean (Siddhuraju & Becker,
2007), kidney beans, pinto beans, black-eyed peas (Boateng et al., 2008) and barley
(Gallegos-Infante et al., 2010), suggesting the possible breakdown of bound
constituents (Boateng et al., 2008), their antioxidant capacity was lower after roasting.
On the other hand, a substantial elevated antioxidant capacity of phenolics by roasting
was indicated in dry heated sweet corn (Dewanto et al., 2002), moth bean (Siddhuraju,
2006) and cowpea (Siddhuraju & Becker, 2007). This suggests that the influence of heat
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processing depends on the type of processing as well as the specifics of the plant,
including maybe the initial phenolic composition.

Furthermore, fermentation and germination of leguminous seeds also can modify their
phenolic composition. For example, the increase of p-hydroxybenzoic, protocatechuic
acids and catechin, and the decrease of hydroxycinnamic acids and procyanidin dimers
were observed during the fermentation of lentils. The changes of the content of tyrosol,
quercetin and other phenolic acids were also indicated in the fermentation of cowpea
(Amarowicz & Pegg, 2008). However, the content of p-hydroxybenzoic, vanillic, pcoumaric, ferulic acids, isoflavones and kaempferol decreased after germination of pea,
bean and lentil seeds (Amarowicz & Pegg, 2008). These studies strongly suggest that
the technological processing methods as well as the plant species, cultivar features and
agro ecological conditions could alter the phenolic components and their antioxidant
capacities (Gallegos-Infante et al., 2010).

2.10. Conclusions

Majority of legumes that have been recognised as having antinutritional constituents,
have traditionally been an important part of the diets of many cultures throughout the
world for centuries. The nutritional profile of legumes shows that they are high in
protein, low in saturated fat, and high in complex carbohydrates and fibre; they are also
a good source of several micronutrients and phytochemicals. Literature shows that the
application of leguminous protease inhibitors and phenolic compounds may exert
beneficial health effects as well as other bioactive properties which could be exploited
in agriculture. However, the protease inhibitors and phenolic compounds of wattle seed
have not been previously characterised and there is also very little information on the
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bioactive properties of minor constituents which may be present in wattle seed, as is the
case in many other legumes. As stated in the thesis objectives, these two aspects will
form the focus of the current study.
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CHAPTER 3. PURIFICATION AND CHARACTERISATION OF A
KUNITZ-TYPE TRYPSIN INHIBITOR FROM ACACIA VICTORIAE
BENTHAM SEEDS

3.1. Introduction

Naturally widespread Australian species of Acacia subgenus Phyllodineae are among
the most common leguminous plants and most promising native plants in Australia due
to its extensive availability through cultivation and wild harvest (Seigler, 2002; Ahmed &

Johnson, 2000). The seeds from several species of Acacia, which were used
traditionally as a food source by Australian Aborigines, have been resurgent
economically as foods or versatile food additives, such as flavouring agents and
emulsifiers/stabilisers (Zhao & Agboola, 2007; Maslin & McDonald, 2004; Maslin et
al., 1998). The most common species, Acacia victoriae Bentham (prickly wattle), has
been recognised to have significant functional properties in food systems due to its high
amounts of water-soluble carbohydrates and proteins, including protease inhibitors (Ee
et al., 2008; Agboola et al., 2007).

Protease inhibitors (PIs) are small regulatory proteins generally present in high
concentration; plant PI contents can vary from 1 to >10% of their soluble proteins and
are especially well spread in virtually all of the Leguminosae, particularly in soybeans,
which contain Kunitz- and Bowman-Birk-type inhibitors (Bhattacharyya et al., 2006;
Mandal et al., 2002; Whitaker, 1997). PIs exhibit strong inhibitory activities by
intramolecular interactions such as disulphide bond, hydrogen bond, and hydrophobic
interaction, forming stable complexes with cognate proteases in the digestive tract, thus
reducing the ability of the body to utilise proteins in food (Iwanaga et al., 2005;
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Srinivasan et al., 2005; Bode & Huber, 1992; Norton, 1991). PIs are presently
recognised on the basis of the protein primary structure, that is, the active amino acid in
their reactive site, which are serine-, cysteine-, aspartic-, and metallo-PIs, with serinePIs being the most widely studied (De Leo et al., 2002; Shahidi, 1997; Richardson,
1991; Laskowski & Kato, 1980).

Plant serine-PIs are grouped into Kunitz, Bowman-Birk, potato I and II, and squash
families of inhibitors. Kunitz and Bowman-Birk families of PIs are found abundantly in
various leguminous plants (Liener, 1980); Kunitz inhibitors are usually−24
18 kDa
heterogeneous proteins consisting of a number of isoinhibitors, with two disulphide
linkages and a single trypsin reactive site (defined by an arginine residue) in one of the
protein loops, whereas Bowman-Birk inhibitors are smaller in size −10
(8 kDa), with
seven disulphide linkages, a high cysteine content, and two independent reactive sites
for trypsin and chymotrypsin (Norton, 1991; Richardson, 1991). Two polypeptide
chains (one major and one minor), linked by disulphide bonds, have been reported for
Kunitz-type trypsin inhibitors found in Mimosoidae subfamily of the Leguminosae,
such as seeds of Acacia elata (Kortt & Jermyn, 1981), Acacia confusa (Lin et al., 1991)
and Dimorphandra mollis (Mello et al., 2001).

The chemistry of wattle seed functional compounds, including protease inhibitors, is
worthy of investigation as they can have potential beneficial effects on human health
(Shahidi, 1997). They may also have significant applications in the biological control of
insects and fungal diseases in crops (Bhattacharyya et al., 2007; Oliveira et al., 2007;
Lawrence & Koundal, 2002; Ryan, 1990). Crude wattle seed extracts possess
significantly high level of trypsin and α-chymotrypsin inhibitor activities, especially in
the fraction precipitated with −50%
25
(w/v) ammonium sulphate solution,
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were

reported in the previous studies (Ee et al., 2008; Agboola et al., 2007). These inhibitors
were being also susceptible to inactivation by moist heat treatment. Current studies on
PIs, however, focus on the isolation and characterisation of various potent trypsin and
chymotrypsin inhibitors and their role in agriculture and human health (Bhattacharyya
et al., 2007; Srinivasan et al., 2005; Richardson, 1991). This chapter reports the
purification, characterisation, amino acid analysis, kinetic properties and partial Nterminal sequence of the major trypsin inhibitor from the seeds of A. victoriae Bentham.

3.2. Materials and methods

3.2.1. Materials

Whole wattle seeds (A. victoriae Bentham) were supplied by Outback Bushfoods, Alice
Springs, Australia. Chromatography media Fast Protein Q-Sepharose and Superdex 200
were obtained from GE Healthcare Life Sciences, Uppsala, Sweden. The Luna
analytical C18 HPLC column was purchased from Phenomenex, Torrance, CA.
GelCode® Glycoprotein Staining Kit (product NO. 24562) and Glycoprotein Detection
Reagent (product NO. 23260) were purchased from Pierce Biotechnology, Rockford,
Illinois. All other chemicals used were of analytical grade and purchased from SigmaAldrich, Castle Hill, NSW, Australia, or E. Merck, Darmstadt, Germany, unless stated
otherwise.

3.2.2. Isolation and purification of wattle seed protease inhibitors

Whole wattle seeds were ground into a fine meal using an IKA M20 universal mill
(IKA® Labortechnik, Staufen, Germany). Soluble proteins were extracted from milled
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whole wattle seeds in 10 volumes of deionised water with constant stirring at 4 oC for 2
hours. After centrifugation (Beckman Coulter, Inc.) for 10 min at 10000g at 4 oC, the
supernatant (crude extract) was precipitated with 25−50% (w/v) ammonium sulphate as
this fraction, designated AS-2, has been shown to possess the highest protease inhibitor
activity (Ee et al., 2008). This fraction was then dissolved in a minimal amount of
deionised water, dialysed (molecular weight cut-off 10 kDa) against cold (4 oC)
deionised water for 24 hours, lyophilised using Christ-Alpha 2-4 LDplus freeze dryer
(Biotech International, Germany), and subjected to protease inhibitor assays or stored at
-20 oC prior to further purification.

3.2.3. Fast-performance liquid chromatography (FPLC)

An aliquot (2 mg mL-1) of AS-2 was applied to anion exchange column HiPrep 16/10
Q-Sepharose Fast Flow, pre-equilibrated with 50 mM Tris-HCl buffer at pH 7.0.
Fractions (5 mL) were collected using a gradient 0.0−0.5 M NaCl at the flow rate of 2.0
mL min-1. The peaks obtained, designated fractions I-1−I-6 were collected, dialysed
(molecular weight cut-off 10 kDa), lyophilised, and subjected to protease inhibitor
assays individually. The ion exchange fractions (I-4, I-5, and I-6) showing high protease
inhibitor activity were pooled and applied (4 mg mL-1) to a HiLoad 26/60 Superdex 200
preparatory grade column pre-equilibrated with 50 mM Tris-HCl buffer at pH 7.0,
containing 50 mM NaCl. Fractions (5 mL) from the protein peak were collected at a
flow rate of 2.5 mL min-1. The peaks obtained, designated G-40m, G-50m, G-62m, G75m, G-90m, G-105m, and G-118m based on elution time in minutes, were collected,
dialysed (molecular weight cut-off 10 kDa), lyophilised, and subjected to protease
inhibitor assays individually.
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The gel permeation fraction (G-90m) with maximum inhibitory activity was applied
again to anion exchange column HiPrep 16/10 Q-Sepharose Fast Flow, pre-equilibrated
with 50 mM bis-Tris-HCl buffer at pH 6.0. The protease inhibitors were eluted with a
gradient of 0.0−0.5 M NaCl at the flow rate of 1.0 mL min -1. All peaks, designated S1−S-7, were collected, and the active fractions, S-5 and S-6, were dialysed (molecular
weight cut-off 10 kDa) individually against deionised water at 4 oC for 24 hours and
lyophilised for further analyses. Peak S-5, possessing a higher trypsin inhibitor activity
than S-6, was also re-chromatographed by using the same anion exchange column to
confirm purity.

3.2.4. Reverse phase-high performance liquid chromatography (RP-HPLC)

RP-HPLC of protein fraction S-5 was also carried out on a Luna analytical C18 RP
column (i.d. = 3.0 mm, length = 150 mm with a 10 μm particle size) using a Varian
HPLC system equilibrated with 0.1% (v/v) trifluoroacetic acid (TFA) in deionised
water. A 0.5 mg aliquot of lyophilised protein was injected onto the column, and
separation was achieved using an acetonitrile gradient (2−100 %, 60 min) in 0.1% (v/v)
TFA at a flow rate of 1 mL min-1. The eluent was monitored at 214 nm.

3.2.5. Protease inhibitor activity assays

Protease inhibitor activity assays were carried out, according to the methods described
by Beynon & Bond (2001) and Kollipara & Hymowitz (1992) with slight modifications
(Ee et al., 2008), by estimating the remaining esterolytic activity of trypsin and αchymotrypsin toward the substrate p-toluenesulphonyl-L-arginine methyl ester (TAME)
and N-benzoyl-L-tyrosine ethyl ester (BTEE), respectively. Because the hydrolysed
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product can be determined by using a spectrophotometric method, the inhibition can be
observed from the decrease of the ultraviolet (UV) light absorbance if the enzymatic
reaction is hindered. One trypsin unit (TU) or α-chymotrypsin unit (CU) is defined as 1
μmol of substrate hydrolysed per minute of reaction. One inhibition unit is defined as a
unit of enzyme inhibited. Trypsin and α-chymotrypsin inhibitor activity assays were
carried out in every step of purification to identify the specific activity of inhibitors.
Specific activity is defined as trypsin inhibition units (TIU) per milligram of protein.

3.2.5.1. Trypsin inhibitor activity assay

An inhibitor assay buffer was prepared which contained 10.3 mM CaCl2, 41.4 mM TrisHCl, at pH 8.1. TAME substrate (10 mM) was prepared fresh on the same day by
dissolving 37.9 mg TAME in 10 mL of assay buffer. An aliquot (2.6 mL) of assay
buffer and 0.3 mL of TAME substrate was measured into a quartz cuvette (10 mm path
length, 3.5 mL) after which 0.1 mL of bovine trypsin (20 µg mL-1 in 1 mM HCl) was
added and mixed. The absorbance at 247 nm (A247) was monitored immediately and
continuously on a Cary 50 UV-vis spectrophotometer (Varian, Inc., California). The
slope of enzyme activity was recorded as change in absorbance for 3 min and the linear
progression of the reaction curve was confirmed. A mixture of the assay buffer (2.6
mL), substrate (0.3 mL), and 0.1 mL 1 mM HCl without enzyme were used as a
reference blank. For inhibitor activity assay, 2–10 µL of each wattle seed extract
prepared above was mixed with 2.6 mL of assay buffer and 0.1 mL of bovine trypsin in
a quartz cuvette, and incubated at room temperature (25 oC) for 6 min. An aliquot (0.3
mL) of TAME substrate was added after the incubation period and the absorbance
reading was recorded at 247 nm (A247) immediately and continuously for at least 3 min.
Instead of 2–10 µL of samples, extraction buffer was used for negative control. The
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slope of inhibitor activity was recorded as change in absorbance for 3 min. The trypsin
inhibitor activity was calculated in trypsin inhibitor units per gram of protein of the
dried extract as follows:

[(TΔA247/min − IΔA247/min) × 3 × 1000]
TIU/g protein = _______________________________________ ---------------------[3.1]
540 × protein content (g) of dried seed extract

where TΔA247/min is the change in A247/min in the absence of inhibitor (substrate and
trypsin only), IΔA247/min is the change in A247/min in the presence of inhibitor. The
factor 540 is the molar extinction coefficient at A247, empirically estimated, given the
assay buffer composition and light path length of 10 mm in the cuvette. A trypsin unit
(TU) is defined as the amount of trypsin that catalyses the hydrolysis of 1 µmol of
substrate per min and a TIU is the reduction in activity of trypsin by 1 TU.

3.2.5.2. Chymotrypsin inhibitor activity assay

In this assay, 1 mM substrate solution was prepared fresh by dissolving 15.7 mg BTEE
in 50 mL of 50% (w/w) aqueous, spectral grade methanol. An aliquot (0.1 mL) of
bovine chymotrypsin (20 µg mL-1 in 1 mM HCl) was mixed with 1.4 mL assay buffer
(0.1 M CaCl2, 0.1 M Tris-HCl, pH 7.8) and 1.5 mL of substrate solution immediately
before the initiation of absorbance reading at 256 nm wavelength (A256). The progress of
the reaction was monitored continuously, as described above, for 3 min and the linearity
of the reaction curve was confirmed. The reference blank contained the same solutions
as above except that 0.1 mL 1 mM of HCl was used in place of the enzyme solution.
For inhibitor activity assay, 10–15 µL of each of the extract solutions was mixed with
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1.4 mL assay buffer and 0.1 mL of bovine chymotrypsin in a quartz cuvette, and
incubated at room temperature (25 oC) for 6 min. BTEE substrate (1.5 mL aliquot) was
added after the incubation period and the absorbance reading was recorded at 256 nm
(A256) immediately and continuously for at least 3 min. Instead of 10–15 µL of samples,
extraction buffer was used for negative control. The slope of inhibitor activity was
recorded as change in absorbance for 3 min. The chymotrypsin inhibitor activity was
calculated in chymotrypsin inhibitor units per gram of protein of the dried extract as
follows:

[(CΔA256/min − IΔA256/min) × 3 × 1000]
CIU/g protein = _______________________________________ ---------------------[3.2]
964 × protein content (g) of dried seed extract

where, CΔA256/min is the change in A256/min in the absence of inhibitor (substrate and
enzyme only), IΔA256/min is the change in A256/min in the presence of inhibitor. The
factor 964 is the molar extinction coefficient at A256, empirically estimated, given the
assay buffer composition and light path length of 10 mm in the cuvette. A chymotrypsin
unit (CU) is defined as the amount of chymotrypsin that catalyses the hydrolysis of 1
µmol of substrate per min and a CIU is the reduction in activity of chymotrypsin by 1
CU.

3.2.6. Determination of inhibition kinetics

A Lineweaver-Burk double reciprocal plot (Greco & Hakala, 1979; Lineweaver &
Burk, 1934) analysis was employed to determine the constants of inhibition for bovine
trypsin (EC 3.4.21.4) by pre-incubating the enzyme (0.1 mL of 0.84 mM bovine trypsin
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in 1 mM HCl) with increasing concentration of Acacia victoriae trypsin inhibitor
(AvTI) in 2.6 mL assay buffer (41.38 mM Tris-HCl, pH 8.1, with 10.34 mM CaCl2).
Enzyme inhibition was carried out using 0.3 mL of at least five different ptoluenesulphonyl-L-arginine methyl ester (TAME) concentrations (0.05−10.0 mM).
AvTI (13 KDa) was prepared to achieve final concentrations of: 0.00, 0.02, 0.04 and
0.06 µM. The molecular mass of AvTI was calculated based on its SDS-PAGE analysis
under reducing conditions. A mixture of the assay buffer (2.6 mL), TAME (0.3 mL) and
0.1 mL of 1 mM HCl without enzyme were used as a reference blank. The absorbance
at 247 nm (A247) was measured immediately and continuously for 3 min using a Cary 50
UV-vis spectrophotometer. The inhibition constant (Ki) was estimated by subjecting the
Michaelis-Menten constant (Km) and apparent Michaelis-Menten constant (Kmapp),
which were determined by Lineweaver-Burk double reciprocal plot, to the MichaelisMenten competitive inhibition equation (Dixon, 1953):

Ki = [Km] [Inhibitor] / [Kmapp - Km] ----------------------------------------------------------[3.3]

3.2.7. Estimation of proteins

Protein analysis for the purification test was carried out using a Biuret test kit (Sigma
Diagnostics, Micro Protein Determination, procedure 690) and following the instruction
in the manufacturer’s manual. Due to high sensitivity of the method, the sample was
diluted to a final protein concentration range of 150−1,000 μg ml-1 using 0.85% (w/v)
sodium chloride solution. The protein sample (0.2 mL) was mixed with the Biuret
reagent (2.2 mL) and was incubated at room temperature (25 oC) for 10 min. For blank,
0.85% (w/v) sodium chloride solution was used instead of the protein sample. After
that, 0.1 mL Folin and Ciocalteau's phenol reagent was added and mixed immediately.
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The mixture was incubated at room temperature (25 oC) for 30 min. The absorbance of
the sample was read at a suitable wavelength between 550 and 750 nm (maximum
colour was observed at 700–750 nm). A calibration curve was obtained by plotting the
absorbance values versus protein concentration of bovine serum albumin. A straight line
passing through the origin should be obtained to determine protein concentration (mg
dL-1 or μg mL-1) of the sample.

3.2.8. Polyacrylamide gel electrophoresis (PAGE)

SDS-PAGE (PhastGel gradient 10−15) and native-PAGE (PhastGel homogeneous 20)
of all stages of purified protease inhibitors were carried out using the Pharmacia Phast
System (GE Healthcare Life Sciences, Uppsala, Sweden). The protein samples were
treated with Laemmli’s buffer for both SDS-PAGE and native-PAGE. However, for
native-PAGE, SDS and β-mercaptoethanol (ME) were excluded from Laemmli’s buffer
(Laemmli, 1970). Samples for SDS-PAGE were incubated for 10 min at 100 oC before
resolving onto the gel along with a wide range of molecular mass markers
(SigmaMarker) ranging between 6.0 and 205 kDa. Samples for native-PAGE were
incubated at room temperature for 30 min before they were resolved on the gel. All gels
were stained by PhastGel blue R and analysed by using a Gel Doc 2000 Video Gel
Documentation System (Bio-Rad Laboratories, Pty., Ltd., Sydney, NSW, Australia).

3.2.9. Trypsin and α-chymotrypsin inhibitor activity gels

Native-PAGE gels (PhastGel homogeneous 20) were stained for trypsin and αchymotrypsin inhibitor activities as described in a previous study (Ee et al., 2008). The
principle behind this method relied on the separation of the seed extract into protein
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bands using native-PAGE. The inhibitor bands, on exposure to trypsin or αchymotrypsin, reacted with the respective enzyme and were depleted, showing up as
clear bands on the gel after staining and comparison with gels unexposed to the
enzymes. Immediately after separation, the gels were rinsed in deionised water to
remove excess chemical followed by incubation in assay buffer containing 2 mg mL-1
bovine trypsin or α-chymotrypsin for 20–30 min at room temperature. The gels were
rinsed in deionised water before incubation in staining solution for 20–30 min without
shaking. For each gel, the staining solution was prepared fresh by dissolving 17.5 mg of
N-acetyl-DL-phenylalanine β-naphthyl ester in 5 mL of N, N-dimethylformamide and
25 mg of tetrazoitised (zinc chloride complex) o-dianisidine (Fast blue B salt) in 50 mL
of assay buffer separately. These solutions were mixed immediately before they were
poured on the gel. The stained gels were rinsed in deionised water and stored in 7.5%
(w/v) acetic acid. The presence of trypsin or α-chymotrypsin inhibitors was visualised
as clear bands in a dark violet or pink background.

3.2.10. Isoelectric focusing (IEF)

Isoelectric points of purified inhibitors were determined by performing isoelectric
focusing using Phast System. PhastGel IEF 3−9, which operates in the pH range of 3−9,
was applied for analysis. An Amersham Biosciences broad-range pI calibration kit
containing various proteins with known isoelectric points ranging from 3 to 10 was
used. The protein bands were developed using the silver staining method according to
the manufacturer’s instructions (GE Healthcare Life Sciences, Uppsala, Sweden). Gel
was analysed by using Gel Doc 2000 Video Gel Documentation System.
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3.2.11. N-terminal amino acid sequencing

Partially purified fraction S-5 was electrophoresed on PhastGel homogeneous 20
(native-PAGE) as well as on PhastGel gradient 10−15 (SDS-PAGE). The separated
protein bands from both native- and SDS-PAGE gels were passively eluted to
polyvinylidene fluoride (PVDF) membrane overnight before the eluent was applied to
the sequencer. The first 10 amino acids from the N-terminal end of each protein were
sequenced by the Edman degradation method on an Applied Biosystems Procise HT
Protein Sequencer (Life Technologies Corp., Carlsbad, CA). Amino acid sequences of
AvTI were analysed with the sequences of other related proteins in the SWISSPROT/Protein Knowledgebase (UniProtKB) database (http://www.uniprot.org).

3.2.12. Amino acid analysis

Amino acid analysis was facilitated using infrastructure provided by the Australian
Government through the National Collaborative Research Infrastructure Strategy
(NCRIS). For high sensitivity amino acid analysis, purified samples of Acacia victoriae
trypsin inhibitor (AvTI) underwent 24-hour gas phase hydrolysis in 6 M HCl at

110

°C. Cysteine analysis was performed using performic acid oxidation followed by 24hour acid hydrolysis with 6 M HCl at 110 °C. The samples for tryptophan analysis were
subjected to 24-hour liquid hydrolysis in 5 M NaOH at 110 °C. After hydrolysis, amino
acid composition was determined using an ACQUITY ultra-performance liquid
chromatography (UPLC) system (Waters Corporation, Massachusetts) equipped with a
Waters AccQ-TagTM Ultra column.
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3.2.13. Glycoprotein carbohydrate analysis

SDS-PAGE (PhastGel gradient 10−15) of crude extract and protease inhibitors at all
stages of purification was carried out using the Pharmacia Phast System. The protein
samples (crude extract, AS-2, 3-I, G-90m and AvTI) with final concentration of 2−5
mg mL-1, plus a positive (horseradish peroxidase) and negative control (soybean trypsin
inhibitor) were treated with Laemmli’s buffer (Laemmli, 1970), incubated for 10 min at
100 oC before loading onto the gels. One of the gels was stained by PhastGel blue R and
the other gel was stained using the GelCode® Glycoprotein Staining Kit (Pierce
Biotechnology, Rockford, Illinois) according to the manufacturer’s instruction.

Glycoprotein carbohydrate estimation was carried out by using the Glycoprotein
Carbohydrate Estimation Kit (Pierce Biotechnology, Rockford, Illinois) and the degree
of glycosylation (%) was calculated according to the manufacturer’s instruction, in
comparison to the provided standards. The optical density of diluted protein sample
(1 mg mL-1) and standards was obtained using a FLUOstar Omega UV-vis
spectrophotometer (BMG Labtech, Offenburg, Germany) at 550 nm. Reported results
were based on triplicate measurements.

3.2.14. Statistical analysis

All extractions and analyses were carried out at least in triplicates and the means (with
standard deviations) reported. Data collected were subjected to analysis of variance, and
where applicable, means of treatments were subjected to Fisher’s least significant
difference test. Significant difference was reported at p ≤ 0.05.
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3.3. Results and discussion

3.3.1. Initial extraction and purification

Figure 3.1 shows the results of FPLC analysis of extracts obtained from ammonium
sulphate precipitate (AS-2) by ion exchange (Figure 3.1A) and after active ion
exchange fractions (I-4, I-5, and I-6) were pooled and loaded onto gel filtration
chromatography (Figure 3.1B). Additionally, the active gel filtration fraction (G-90m)
was re-chromatographed on ion exchange chromatography (Figure 3.1C) for further
purification. The bar chart insets in Figure 3.1 show protease inhibitor activity assays of
all protein fractions, and the data in Table 3.1 complement these results by tracking the
purification steps from crude wattle extracts through purified fractions. The crude water
extract showed a specific activity of 6.62 TIU mg-1 (Table 3.1), whereas the saltprecipitated fraction (AS-2) had a markedly increased specific activity of 11.72 TIU
mg-1, although the protein recovery was only about 55.44%. Three major protein peaks,
I-4 (0.28−0.34 M NaCl), I-5 (0.35−0.46 M NaCl), and I-6 (0.46−0.50 M NaCl), were
eluted when AS-2 was subjected to anion exchange chromatography, exhibiting trypsin
inhibitory activities of 0.382, 0.384, and 0.209 TIU mg-1 of seed extract, respectively
(Figure 3.1A). Low or no significant trypsin or α-chymotrypsin inhibitor activity was
observed in the other ion exchange fractions. These active fractions, when pooled,
dialysed (molecular weight cut-off 10 kDa), and lyophilised for further purification,
yielded a purification factor of 1.78% corresponding to 11.80 TIU mg-1 specific
activities, similar to results obtained for AS-2, albeit with a reduced quantity of its total
protein (Table 3.1).
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Figure 3.1. Elution profiles for the FPLC fractionation of wattle seed extracts (line chart) and protease inhibition analysis of the peaks (inset bar
charts). Ammonium sulphate precipitate (AS-2) was fractionated by ion exchange (A) from where the most active peaks were separated by gel
filtration (B) before the main active peak was re-chromatographed by ion exchange (C). See Materials and Methods for more details of FPLC and
inhibitor activity assays.
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Table 3.1. Purification of Acacia victoriae trypsin inhibitor (AvTI) from Acacia victoriae Bentham seeds
_________________________________________________________________________________________________________________________
Step/Characteristics

Total proteina (mg)

Specific activityb (TIU mg-1)

% Recoveryc

Purification factord

_________________________________________________________________________________________________________________________
Crude extract

1016.63 ± 2.77

5.70 ± 0.54

100.00

1.00

Ammonium sulphate precipitate (AS-2)

563.61 ± 0.82

11.72 ± 0.86

55.44

1.77

Pooled ion exchange fraction I-4 to I-6

292.40 ± 0.43

11.80 ± 0.83

28.76

1.78

Gel filtration fraction (G-90m)

243.10 ± 0.57

13.77 ± 0.07

23.91

2.08

S-5 (AvTI)

4.87 ± 0.14

138.99 ± 1.39

0.48

21.00

S-6

5.45 ± 0.18

69.45 ± 0.69

0.54

10.50

Re-chromatographed ion exchange fractions

_________________________________________________________________________________________________________________________
a

Based on extraction of 10 g of milled whole wattle seed. Total protein content was measured by using Biuret test kit (Sigma Diagnostics, Micro
Protein Determination, procedure 690). b One trypsin unit (TU) was defined as 1 μmol of substrate hydrolysed per minute of reaction, whereas one
trypsin inhibitor unit (TIU) was defined as unit of enzyme inhibited. Specific activity was defined as inhibition units per milligram of protein. c The
(protein) recovery was expressed as percentage of isolated inhibitor. d The purification factor was determined by using specific activity values.
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The pooled ion exchange fractions, when applied to gel filtration, showed three major
protein peaks (G-50m, G-62m, and G-90m) accompanied by four smaller ones (G-40m,
G-75m, G-105m, and G-118m), all designated by their elution time in minutes (Figure
3.1B). All of the protein peaks exhibited measurable trypsin inhibitory activity, but G90m (the fraction eluted at 90 min) was most active (and most abundant) at 0.357 TIU
mg-1 of seed extract. However, proteins from G-90m (constituting 23.91% of the total
proteins with 13.77 TIU mg-1 specific activities) yielded a purification factor of only
2.08. Therefore, G-90m was dialysed (molecular weight cut-off 10 kDa), lyophilised,
and reapplied on an anion exchange column (Figure 3.1C). Seven peaks were observed
(S-1−S-7), but only two major peaks (S-5 and S-6) were active as mainly trypsin
inhibitors, even though measurable α-chymotrypsin inhibitor activity was also recorded.
Peak S-5 corresponded to a 0.48% recovery with 138.99 TIU mg-1 specific activities
and a 21-fold purification, whereas S-6 constituted 0.54% recovery with 69.45 TIU mg-1
specific activities and a 10.5-fold purification (Table 3.1).

As previously reported (Ee et al., 2008), all wattle seed extracts exhibited trypsin
inhibitor activity with the exception of the alkali-soluble extract. Furthermore, saltsoluble extract showed bands of similar migration but lower inhibitor activity compared
to the water soluble extract. Most of the trypsin inhibitory activity from the crude seed
extract was thus obtained by precipitating the water extract with 25−50% (w/v)
(NH4)2SO4 to yield AS-2. AS-2 was then purified by anion exchange chromatography
mainly to eliminate carbohydrate residues and other contaminants that would not bind
to the media. Active fractions eluted as different peaks from ion exchange
chromatography are probably related to the degree of glycosylation, which is typical of
storage proteins from leguminous plants and cereals (Shewry, 2000).
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3.3.2. Molecular properties of wattle extract inhibitors

A native-PAGE gel obtained from AS-2, ion exchange fractions (I-4, I-5, and I-6), and
gel filtration fraction G-90m is shown in Figure 3.2A, whereas its activity gel
counterpart is shown in Figure 3.2B. Electrophoresis was performed on the two gels at
the same time to obtain protein bands, which aligned with each other. The trypsin
inhibitor activity gel (Figure 3.2B) revealed the presence of several inhibitor bands with
various intensities of clear bands against dark background in all of the fractions
examined. Although all fractions exhibited trypsin inhibitor activity corresponding to
the results of protease inhibitor activity assays (Figure 3.1A, B insets), fraction I-6 was
negative on the inhibitor activity gel (Figure 3.2B, lane 4). Fraction G-90m (lane 5)
showed up to six intensive trypsin inhibitory active bands, which were aligned with
many protein bands of similar migration in AS-2.

Figure 3.3A showed the native-PAGE profile of ion exchange re-chromatographed
fractions (S-1−S-7), whereas Figure 3.3B showed their activity gel. All fractions
showed a significant number of protein bands, but only fractions S-5 (three active
bands) and S-6 (two active bands) showed some activity (Figure 3.3B), corresponding
to earlier results of trypsin activity assay (Figure 3.1C inset). As a result of its very
high specific activity and the strong intensity of its protein band, fraction S-5 was rechromatographed by ion exchange FPLC to enhance its purity (Figure 3.4A). This
fraction, designated Acacia victoriae trypsin inhibitor (AvTI), was thus selected for
further characterisation studies. It was also analysed by reverse phase HPLC (Figure
3.4B) to confirm its purity. Both HPLC and FPLC analyses showed a single peak. SDSPAGE profiles of all fractions under reducing and non-reducing conditions are shown in
panels A and B, respectively, of Figure 3.5. The total number of bands generally
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reduced in all fractions under reducing conditions. The protein bands also migrated
farther and large molecular mass moieties were broken down owing to the
disappearance of peaks greater than 60 kDa and the concomitant appearance of more
peaks in the molecular mass range of <10 kDa. It was also confirmed that the AS-2
(lanes 2 and 7) were made up of the ion exchange fractions (lanes 3−5), whereas the
sample obtained by gel chromatography (G-90m, lane 6) was largely based on a
concentration of some hitherto faint component of the salt-precipitated fraction. This
lane showed four faint inhibitor bands with molecular masses of 33.23, 28.98, 22.86,
and 22.11 kDa, and two very high intensity inhibitor bands with molecular masses of
16.42 and 13.30 kDa. The purified fraction S-5 exhibited only one protein band in SDSPAGE under non-reducing conditions (Figure 3.5A, lane 9), corresponding to an
apparent molecular mass of 18.30 kDa. After reduction with β-mercaptoethanol, also
one protein band with a molecular mass of 13 kDa was obtained (Figure 3.5B, lane 9).

There is a very large overlap among the peaks I-4, I-5, and I-6 (Figure 3.2A). In fact,
electrophoretic analysis of these fractions shows that their profiles shared several bands
and that most of these intense bands have strong antitryptic activity (Figure 3.5).
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Figure 3.2. (A) Native-PAGE profile of wattle seed extracts and (B) equivalent nativePAGE gel which showing trypsin inhibitor activity. Lanes: 1, 25−50% (w/v) ammonium
sulphate precipitated fraction (AS-2); 2−4, anion exchanged fractions I-4 (0.2−0.34 M
NaCl), I-5 (0.35−0.46 M NaCl), and I-6 (0.46−0.50 M NaCl), respectively; 5, gel
filtration fraction G-90m. Arrow indicates direction of protein migration.
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Figure 3.3. (A) Native-PAGE profile of re-chromatographed anion exchanged fractions
from gel filtration fraction G-90m and (B) equivalent native-PAGE gel showing trypsin
inhibitor activity. Lanes: 1–7, S-1−S-7, respectively. Arrow indicates direction of
protein migration.
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Figure 3.4. Elution profiles for (A) FPLC (240 nm) and (B) RP-HPLC (214 nm) analysis of Acacia victoriae trypsin inhibitor (AvTI).
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Figure 3.5. SDS-PAGE profiles of FPLC fractions of wattle seed trypsin inhibitors obtained under (A) non-reducing condition and (B) reducing
condition with β-mercaptoethanol (ME). Lanes: 1 and 8, Sigma wide-range molecular mass markers from 6.5 to 200 kDa as labelled; 2 and 7, 25−50%
(w/v) ammonium sulphate precipitated fraction (AS-2); 3, I-4; 4, I-5; 5, I-6; 6, G-90m; 9, S-5. Arrow indicates direction of protein migration.
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Comparatively, the protein peaks from gel filtration were quite well-defined and,
apparently, only one peak, which eluted at 90 min (G-90m), accounted for the major
active fraction in the wattle seed extract. This would suggest that the majority of active
protease inhibitors have a similar molecular mass range, typical of Kunitz-type serine
protease inhibitors (Liener, 1980).

The monomeric form of S-5 from anion exchange chromatography analysed by SDSPAGE without β-mercaptoethanol yielded a single protein band with an apparent
molecular mass of 18.30 kDa (Figure 3.5A). In the presence of reducing reagent,
however, S-5 was reduced to 13 kDa, suggesting that the purified fraction probably
comprised two polypeptide chains, linked by one or more disulphide bridges. The other
chain of polypeptide (about 5.3 kDa) was presumed to have run off the gel or was too
faint to be detected as it was not observed from SDS-PAGE analysis. Although both
identified sequences in this study have been shown to be part of a single (major)
polypeptide chain, the absence of another N-terminal sequence (for the minor chain)
could be due to the fact that the covalently (disulphide) bonded second chain was not
properly separated during preparation for sequencing the native protein.

Although, as shown in Figure 3.4B, a single peak was obtained with RP-HPLC analysis
of AvTI, native-PAGE and activity gels (Figure 3.6A) showed three very intense
protein bands with very strong trypsin inhibitory activity. The protein bands compared
very well with the S-5 fraction (Figure 3.3B, lane 5) but, as would be expected from the
extra purification step, were much clearer. Similarly, the activity bands did not merge
into each other as in the S-5 fraction, being better separated. These three bands
corresponded to the three pI values of 5.13, 4.76, and 4.27 as demonstrated by
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Figure 3.6. (A) Native-PAGE (and equivalent activity gel) profile and (B) isoelectric
focusing gel of re-chromatographed S-5 (AvTI). IEF was carried out on a PhastGel IEF
3-9 (pH range 3-9, Pharmacia) over a broad-range pI calibration kit containing proteins
with various isoelectric points ranging from 3 to 10. Lanes: 1, pI markers; 2, AvTI
isoinhibitors with pI at 5.13, 4.76, and 4.27, respectively. Arrow indicates direction of
protein migration.
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isoelectric focusing gel (Figure 3.6B), designated AvTI-1, AvTI-2, and AvTI-3,
respectively.

Although chromatography showed only one clean peak for AvTI, native-PAGE (Figure
3.6A) and isoelectric focusing (Figure 3.6B) exhibited three protein bands, indicating
the presence of three isoforms with separate pI values. In fact, the native-PAGE
resolves polypeptides as a result of differences in mass/charge (m/z) ratio and so the
isoforms with different pI values (and hence different m/z values) will migrate
separately. However, on SDS-PAGE, protein migration is solely based on mass because
all proteins have similar charge density, so the three isoforms will migrate as one
polypeptide band since they have similar weights. An acidic nature and the presence of
isoinhibitors are common characteristics of Kunitz-type inhibitors (Richardson, 1991).
For example, four isoinhibitors (pI 4.1, 4.55, 5.27, 5.65) were found in Archidendron
ellipticum seeds (Bhattacharyya et al., 2006), two (pI 4.6, 5.35) in Caesalpinia bonduc
seeds (Bhattacharyya et al., 2007), three (pI 6.4, 6.5, 6.7) in Dimorphandra mollis seeds
(Batista et al., 1996), and three (pI 4.85, 5.00, 5.15) in Bauhinia variegate var. candida
seeds (Ceiro et al., 1998). However, the physiological reasons for evolving two or more
isoforms remains to be determined. It has been suggested that this may be adopted by
the host plant to ensure synergism among isoforms to ensure its survival (Richardson,
1991).

The inhibitory activity of Kunitz-type protease inhibitors is varied. Some inhibitors of
this family are potent inhibitors for trypsin and do not inhibit chymotrypsin, but some
inhibitors inhibit chymotrypsin to various degrees (Ceiro et al., 1998). The AvTI, which
strongly binds trypsin, also reacts with α-chymotrypsin, but the inhibition is not
significant compared with trypsin. Inhibitors that stoichiometrically inhibited trypsin
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and α-chymotrypsin in a 1:1 molar ratio have been reported in a number of studies
(Bhattacharyya et al., 2007; Macedo et al., 2007; Bhattacharyya et al., 2006; Mello et
al., 2001; Batista et al., 1996). However, the binding of α-chymotrypsin by the AvTI
was weak; thus, the inhibitor-chymotrypsin complex probably dissociated during the
incubation period and showed insignificant activity compared with trypsin assay. In
addition, this indicated that both enzymes were probably inhibited at an identical
reactive site. Similar degrees of inhibition of chymotrypsin have been reported for a
number of other trypsin inhibitors that have a single reactive site, such as seeds of
Acacia elata (Kortt & Jermyn, 1981), Callian selloi Macbride (Yoshizaki et al., 2007),
Albizzia julibrissin (Odani et al., 1979), Amaranthus hypochondriacus (Valdes et al.,
1993), and Acacia confusa (Wu & Lin, 1993).

3.3.3. Kinetic properties of wattle protease inhibitors

Wattle seed protease inhibitors were found to specifically inhibit trypsin, but have very
low inhibitory activity towards α-chymotrypsin. Therefore, kinetic analysis was limited
to trypsin inhibition. Figure 3.7 shows the Lineweaver-Burk double reciprocal plots for
the inhibition of trypsin by AvTI. The inhibition was of the competitive type, as there
was an increase in Km with no change in Vmax compared to the reaction in the absence of
inhibitor. The Ki value for AvTI was also estimated to be 1.06 × 10-8 M. Compared with
trypsin inhibitor from other sources, AvTI was found to have a stronger affinity to
trypsin than Calliandra selloi Macbride Kunitz trypsin inhibitor (Ki 2.21 × 10-7 M)
(Yoshizaki et al., 2007), but weaker than other Kunitz trypsin inhibitors, such as those
obtained from other leguminous plants, including Archidendron ellipticum (Ki 2.46 ×
10-10 M) (Bhattacharyya et al., 2006), Dimorphandra mollis (Ki 1.70 × 10–9 M ) (Mello
et al., 2001), Glycine soja (Ki 3.20−6.20 × 10–9 M ) (Deshimaru et al., 2002),
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Figure 3.7. Kinetic analysis of AvTI trypsin inhibition using Lineweaver-Burk double
reciprocal plots. Trypsin activity was determined using various concentrations of
TAME as substrate in the absence (♦) or in the presence of 0.02 µM (□), 0.04 µM (∆)
and 0.06 µM (○) of AvTI.
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Caesalpinia bonduc (Ki 2.75 × 10−10 M) (Bhattacharyya et al., 2007) and Inga laurina
(Ki 6.00 × 10−9 M) (Macedo et al., 2007).

3.3.4. Determination of amino acid sequence of AvTI

The N-terminal amino acid sequence analyses of native (Figure 3.3A, lane 5) and
reduced (Figure 3.5B, lane 9) bands of AvTI are summarised in Table 3.2. Each band
gave three different sequences irrespective of whether they were obtained from native or
reduced polyacrylamide gels. Two major sequences were reported here as the third
sequence appeared to be a fragment of the second sequence. By comparison to the
sequences of other proteins in the database and literature (see references cited in Table
3.2), AvTI amino acid sequences were matched with Kunitz-type trypsin inhibitors from
positions 2 to 10 and from positions 65 to 75. Leucine, aspartate, glycine, isoleucine,
proline, and phenylalanine were the identical amino acids in all of the sequences.
Results indicated that these two sequences were principally from a single polypeptide
chain with a high degree of homology to the α-chain of a Kunitz-type trypsin inhibitor.

The homology of the amino-terminal sequences of trypsin inhibitors of A. victoriae
compared with those of others (Table 3.2) suggests that they originally evolved as
single-chain precursors, before being proteolytically cleaved at a susceptible bond
during synthesis (Odani et al., 1979). Some Kunitz-type inhibitors, such as those from
soybean (Liener, 1980), Pithecellobium dumosum seeds (Oliveira et al., 2007), and Inga
laurina seeds (Macedo et al., 2007), are, however, single polypeptide chains,
confirming the heterogeneous nature of this subclass of protease inhibitors. Conversely,
two polypeptide chains (one major, one minor), linked by disulphide bonds, have been
reported for other Kunitz-type trypsin inhibitors found in the Mimosoidae subfamily of
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Table 3.2. Comparison of the amino acid sequences of Acacia victoriae trypsin
inhibitor (AvTI) with other plant trypsin inhibitorsa

Source (reference)c

Amino acid residue numberd
1 2 3 4 5 6 7 8 9 10
______________________________________________________________________
AvTI sequence 1b
Y E L L D A D G E I
______________________________________________________________________
Acacia confusa (36)
K E L L D A D G D I
______________________________________________________________________
Albizzia julibrissin (34)
K E L L D A D G D I
______________________________________________________________________
Acacia elata (24)
K G L L D A D G N I
______________________________________________________________________
Prosopis juliflora (37)
G E L L D V D G E I
______________________________________________________________________
Adenanthera pavonina (38)
R E L L D V D G N F
______________________________________________________________________
Archidendron ellipticum (10)
K E L L D S D G I I
______________________________________________________________________
Enterolobium contortisiliquum (26)
K E L L D S D G D I
______________________________________________________________________
Glycine max (19)
D F V L D N E G N P

63 64 65 66 67 68 69 70 71 72 73 74 75
______________________________________________________________________
- - I A I L T P G F Y L N
AvTI sequence 2b
______________________________________________________________________
Acacia confusa (36)
P K I A I L T P G F Y L N
______________________________________________________________________
Prosopis juliflora (37)
P R I A I I R P G F S L N
______________________________________________________________________
Adenanthera pavonina (38)
P R I R Y I G P E F Y L T
______________________________________________________________________
Glycine max (19)
R I R F I A E G N P L R L

a

Residues identical to those of AvTI are shown in the corresponding sequences in bold
letters; -, residue not determined. b The amino-terminal sequences were determined
from elution of native and SDS-PAGE bands. The dotted lines indicate possible reactive
sites. c See literature cited list of this publication. d Residue symbols: A, Alanine; D,
Aspartic acid; E, Glutamine; F, Phenylalanine; G, Glycine; I, Isoleucine; K, Lysine; L,
Leucine; N, Asparagine; P, Proline; R, Arginine; S, Serine; T, Threonine; V, Valine; Y,
Tyrosine.
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the Leguminosae, such as seeds of Archidendron ellipticum (Bhattacharyya et al.,
2006), Enterolobium contortisiliquum (Batista et al., 1996), Acacia elata (Kortt &
Jermyn, 1981), Acacia confusa (Lin et al., 1991), Dimorphandra mollis (Mello et al.,
2001), Pithecellobium dulce (Vargas et al., 2004), and Callian selloi Macbride
(Yoshizaki et al., 2007). It has been suggested that the presence of cysteine and the
attendant intramolecular disulphide bridges may play important functional roles during
seed development. These include regulation of endogenous enzymes and the
stabilisation of Kunitz-type inhibitors as defensive agents against attack by pathogens
and pests (Lawrence & Koundal, 2002; Shewry, 2000; Richardson, 1991).

Comparison of the amino acid composition of the trypsin inhibitors of Acacia victoriae
with those of Acacia confusa (Wu & Lin, 1993), Albizzia julibrissin (Odani et al.,
1979), Acacia elata (Kortt & Jermyn, 1981), Prosopis juliflora (Negreiros et al., 1991),
Adenanthera pavonina (Macedo et al., 2004), Archidendron ellipticum (Bhattacharyya
et al., 2006), and Enterolobium contortisiliquum (Batista et al., 1996) shows the
similarity of the proteins (Table 3.2). It is clear that the Mimosoideae trypsin inhibitors
are homologous proteins which show considerable homology with Glycine max
(soybean) Kunitz-type trypsin inhibitor (Odani et al., 1979). Although the complete
amino acid sequence and the location of the reactive region of AvTI are yet to be
determined, research has shown that the active site of soybean Kunitz trypsin inhibitor
(Arg 63–Ile 64) can be cleaved and resynthesised under acidic conditions without loss
of inhibitory activity and that specificity toward enzyme is determined by the nature of
amino acid located at position 63 (Liener, 1980). On the basis of AvTI’s band 2
sequence alignments with Acacia confusa (Wu & Lin, 1993), Prosopis juliflora
(Negreiros et al., 1991), and Adenanthera pavonina (Macedo et al., 2004), its reactive
site is most likely located at positions 64 and 65 (Table 3.2).
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3.3.5. Amino acid composition

Table 3.3 shows the amino acid composition of AvTI. The major amino acids in the
purified AvTI are glutamine and glutamate (13.25%), asparagine and aspartate
(10.33%), leucine (7.62%) and lysine (7.01%) while the contents of sulphur-containing
amino acids, including cysteine (1.38%), methionine (0.75%), as well as tryptophan
(1.17%) are low. These results are consistent with other protease inhibitors from plant
sources which are generally deficient in sulphur-containing amino acids (Song & Suh,
1998; Richardson, 1991); some even containing only one disulphide bridge (2 cysteine
residues) (Macedo et al., 2007; do Socorro, et al., 2002). A cysteine content of only
1.38% suggests that AvTI is also in this category, based on a native protein molecular
mass of 18.3 kDa. The results are also broadly similar to those of the amino acid
analysis on the flour of A. victoriae (Agboola & Aluko, 2009), although some of the
aliphatic and polar uncharged amino acids, such as serine, glycine, valine and
methionine, are lower in AvTI. These differences were not surprising as the amino acid
analysis was performed on all the protein of the wattle seed flour in the previous study,
whereas in the current work it was performed on the AvTI fraction only. The current
results showed a relatively high amount of amide (glutamine, asparagine and arginine)
in AvTI, which is similar to other 7S globular storage proteins in legume seeds
(Shewry, 2000; Marcone, 1999; Wogan & Marletta, 1985).
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Table 3.3. Amino acid composition (g per 100 g protein) of AvTIa
______________________________________________________________________
Amino acid

Amino acid contentb

______________________________________________________________________
Isoleucine

3.82

Leucine

7.62

Lysine

7.01

Methionine

0.75

Phenylalanine

3.27

Threonine

3.34

Tryptophan

1.17

Valine

4.55

Arginine

5.98

Histidine

1.86

Alanine

3.58

Aspartic acidc
Cysteine
Glutamic acidd

10.33
1.38
13.25

Glycine

4.09

Proline

4.84

Serine

3.36

Tyrosine

3.44

______________________________________________________________________
a

Sample was analysed in duplicate and results are expressed as an average. b
Calculation based on amino acid residue mass in protein (molecular weight minus H2O).
c
Includes asparagine and aspartate. d Includes glutamine and glutamate.
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3.3.6. Glycoprotein carbohydrate analysis

Figure 3.8A shows the SDS-PAGE gel electrophretogram obtained for the crude extract
of wattle seed, AS-2, 3-I, G-90m and AvTI from ion exchange chromatography under
reducing condition with glycoprotein staining, while Figure 3.8B shows its Coomassiestained counterpart. Electrophoresis was performed on the two gels simultaneously to
ensure that the protein bands on the two gels aligned with each other. The glycoprotein
staining gel (Figure 3.8A) revealed a positive periodic acid-Schiff (PAS) reaction in all
fractions, showing the presence of glycoprotein, especially in the crude wattle extract,
fraction AS-2 and 3-I, all of which contained two glycosylated protein bands of high
molecular mass (between 45 and 60 kDa) and two faint glycosylated protein bands of
low molecular mass at the base of the gel (less than 20 kDa). Only the two faint low
molecular mass glycosylated proteins were observed in fraction G-90m which
corresponded with two high intensity protein bands in SDS-PAGE gel (Figure 3.8B).
Purified AvTI (Lane 7) showed only a single protein band in both gels. It is apparent
that AvTI is a glycosylated protein as evidenced by the appearance of a single magenta
band when Schiff’s aldehyde reagent was added, and the analysis of its carbohydrate
content revealed a 2.06% degree of glycosylation.

Glycosylation was observed for Kunitz-type serine protease iso-inhibitors in storage
proteins of leguminous plants, especially those that had similar molecular weight ranges
(Shewry, 2000; Liener, 1980). Our results here provide more evidence for the elution
pattern of the active peaks during purification of the wattle seed trypsin inhibitors using
FPLC. During the initial ion exchange step of the purification, active fractions were
eluted that almost overlapped; they also shared several common antitryptic protein
bands under activity gel electrophoresis (Ee et al., 2008).
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Figure 3.8. (A) SDS-PAGE profile (with glycoprotein staining) of wattle seed fractions
obtained from FPLC, and (B) their Coomassie-stained counterpart under reducing
conditions. Lane 1: positive control (horseradish peroxidase); lane 2: negative control
(soybean trypsin inhibitor); lanes 3–7: crude extract, AS-2, 3-I, G-90m and AvTI,
respectively; lane 8: Sigma wide-range molecular mass markers from 6.5 to 200 kDa as
labelled. Arrow indicates direction of protein migration.
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Furthermore, although a single peak was observed for the purified AvTI from FPLC and
RP-HPLC, three iso-inhibitors with extremely narrow range of molecular masses were
subsequently obtained from the isoelectric focusing (IEF) and native protein
polyacrylamide gel electrophoresis (PAGE) analyses. The glycoprotein analysis in this
study has thus confirmed the presence of carbohydrate moieties within the partially
purified protease inhibitors and the purified AvTI which were most likely responsible
for the observed FPLC elution pattern and trypsin activity gel electrophoresis (Ee et al.,
2008). Our results were also in agreement with other studies on protease inhibitors, such
as those from the seeds of Swartzia pickellii (do Socorro et al., 2002), Echinodorus
paniculatus (Paiva et al., 2003) and Peltophorum dubium (Macedo et al., 2003), which
reported the occurrence of varying degrees of glycosylation in the isoinhibitors.

3.4. Conclusions

Our results demonstrate that AvTI is most likely composed of a two-chain protein
belonging to the Kunitz-type trypsin inhibitor family. AvTI was purified in a group of
three isoforms, which were not isolated individually due to the extremely narrow range
of molecular masses, owing to different degrees of glycosylation. Results obtained in
this study showed that AvTI is a glycosylated protein containing 2.06% carbohydrate. It
is rich in glutamate, aspartate, leucine and lysine, but low in sulphur-containing amino
acids, possibly containing only two cysteinyl residues. The inhibitor is of a competitive
type with a dissociation constant (Ki) of 1.06 × 10-8 M which indicates a slightly lower
affinity for trypsin compared to most other plant-based trypsin inhibitors. Protease
inhibitors in legumes have attracted a great deal of interest not only because of their
nutritional importance, but also increasingly due to their protective biochemical
properties with potential benefits to human health. For these reasons and also because
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most wattle seed products in Australia are consumed in the roasted form, research is
continuing to analyse the potential health-promoting properties of wattle seed extracts
obtained from both raw and roasted wattle seeds.
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CHAPTER 4. EFFECTS OF ROASTING ON THE
CHARACTERISTICS OF AUSTRALIAN WATTLE (ACACIA
VICTORIAE BENTHAM) SEED AND EXTRACTS

4.1. Introduction

Acacia victoriae Bentham (prickly wattle) is one of the most economically viable
indigenous leguminous plants in Australia (Maslin & McDonald, 2004) and ground
wattle seed is recognised as having significant commercial potential due to its high
levels of proteins and carbohydrates, which can be used as ingredients for the
manufacture of many food products (Forbes-Smith & Paton, 2002; Seigler, 2002; Brand
et al., 1985). Several studies have investigated processing-related functionality of raw
wattle seed extracts, including their protein profile and emulsifying properties (Agboola
et al., 2007), and their foaming and gelling characteristics (Ee et al., 2009a). The
nutritional qualities, especially amino acid profile, as well as the influence of
environmental factors on the structural properties of the major protein fraction of A.
victoriae have also been reported (Agboola & Aluko, 2009). These studies focused on
the beneficial properties of wattle seed components as innovative food ingredients, in an
attempt to enhance their commercial uptake by the industry.

It is well established that antinutrients in leguminous seeds or cereals are generally
denatured by heat treatments such as roasting and cooking (Soetan & Oyewole, 2009).
Antinutrients that can be easily destroyed by heat include protease inhibitors (PIs),
amylase inhibitors and haemagglutinins. We have previously reported the effect of
moist heat treatment on wattle seed PIs, suggesting that boiling for 30 s is sufficient to
reduce both trypsin and α-chymotrypsin inhibitor activity to negligible values (Ee et al.,
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2008). Meanwhile, processed Acacia seeds, obtained by roasting at very high
temperatures mainly to develop nutty flavour and aroma (Hegarty et al., 2001), are
currently being used as a food flavouring agent in commercial dairy products and as an
ingredient in beverages (Maslin & McDonald, 2004). The roasting process is assumed
to be adequate for inactivating PIs before being incorporated into foods, but
experimental evidence is needed to verify the assumption.

Many studies on the chemical composition and characteristics of raw and processed
edible seeds have been published. For example, velvet beans (Siddhuraju et al., 1996),
jack-beans (Seena et al., 2006), wattle seeds (Agboola et al., 2007) and cashew nuts
(Vincent et al., 2009) were analysed for their proximate composition, as well as for the
changes in colour and other characteristics after roasting (Mridula et al., 2007).
However, a perusal of the literature reveals that there is little information on the
chemical composition and other characteristics of roasted wattle seed or flour, and no
scientific study confirming time/temperature requirements for dry heat inactivation of
its PIs is currently available. In order to establish roasted Australian wattle seed as a
viable food ingredient, so that the significant amount of protein and carbohydrate
contained in the raw material can be utilised, it is imperative to evaluate antinutrients,
including PI activity after roasting. Therefore, in this study, we investigated the effect of
roasting time on wattle seed characteristics and composition, including the residual
content of PIs, and compared the results with those of a commercially roasted wattle
seed product. This study is expected to provide valuable information regarding the
minimum roasting conditions necessary for inactivation of PIs and the effect of roasting
on the nutritional and other technological qualities of extracts obtained from roasted
wattle seeds.
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4.2. Materials and methods

4.2.1. Materials

Acacia victoriae Bentham seeds were supplied by Outback Bushfoods, Alice Springs,
Australia. Commercially roasted and ground wattle seed product was purchased from
Vic Cherikoff Food Services Pty. Ltd., NSW, Australia. All other chemicals used were
of analytical grade and purchased from Sigma-Aldrich, Castle Hill, NSW, Australia, or
Merck, Darmstadt, Germany, unless stated otherwise.

4.2.2. Roasting of wattle seeds

Whole wattle seeds (500 g) were spread out in an aluminium tray and roasted using a
Premium Laboratory Oven (Thermoline Scientific, NSW, Australia). The tray was
covered with aluminium foil to prevent the seeds popping out from the tray during
roasting. The seeds were roasted at 200 oC for 5, 10, 20 and 30 min, cooled immediately
at room temperature and they were ground twice at a constant time (3 min) into a fine
meal using an IKA M20 universal mill (IKA® Labortechnik, Staufen, Germany).

4.2.3. Colour measurements

The colour of raw and roasted whole wattle seeds and their corresponding flours were
analysed using a Minolta CR-310 chroma meter (Minolta, Japan) equipped with an
illuminator C and a processor for the statistical analysis of data. According to the
manufacturer’s instructions (Anonymous, 1991), the instrument was calibrated before
each series of measurements using a white tile reflector plate (Y = 93.6; x = 0.3134; y =
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0.3195). Colour is defined by the L*, a* and b* tristimulus system (CIELAB) which
includes hue, chroma and lightness coordinates. L* value represents lightness (0 =
black, 100 = white), a* value measures redness and greenness (+60 = red, –60 = green)
and b* value denotes yellowness and blueness (+60 = yellow, –60 = blue) (Nasar-Abbas
et al., 2009). In order to ascertain the practical significance of overall changes in colour
of wattle seed and flour before and after roasting at various periods of time, colour
difference index (ΔE*ab) was calculated from L*, a* and b* colour coordinates using the
following equation (Anonymous, 1991):

ΔE*ab = 0.5 × [(Δ L*)2 + (Δ a*)2 + (Δ b*)2] -----------------------------------------------[4.1]

where Δ L* = L*0 – L*1, Δ a* = a*0 – a*1 and Δb* = b*0 – b*1. Initial L*, a* and b*
values (subscript 0) and values at each roasting interval (subscript 1) were used to
develop ΔE*ab values.

4.2.4. Proximate analysis and estimation of water soluble carbohydrates

Moisture content of roasted seed flour was determined by oven-drying at 102 oC for
three hours using a Premium Laboratory Oven (Thermoline Scientific, NSW, Australia).
Ash content was evaluated gravimetrically, based on the weight of the sample after
burning at 550 oC for 24 hours in a muffle furnace (Ceramic Engineering, Sydney,
Australia). Total protein, crude fibre and fat were analysed using standard Association
of Official Analytical Chemists methods (AOAC, 1996), while total carbohydrates were
estimated by difference. Water soluble carbohydrates (WSC) were determined using the
alkaline ferricyanide discolouration method. Samples (0.5 g) were extracted in 20 mL of
cold 0.2% (w/v) benzoic acid solution for one hour and the filtrates were loaded into a
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Lachat flow injection analyser 8000 series (Lachat Instruments, Loveland, Colourado).
Sucrose solution [0.025−1.25% (w/v) sucrose in 0.2% (w/v) benzoic acid], was used as
working standards and monitored at 420 nm and WSC (%) was calculated using the
following equation:

% WSC = [(sample – blank) × 20] × (sample weight)-1 ----------------------------------[4.2]

4.2.5. Extraction of water soluble matter from wattle seed flour

Soluble matter was extracted from raw and roasted wattle seed flour in 10 volumes of
deionised water with constant stirring at room temperature (25 oC) for two hours. After
centrifugation at 2,147g for 10 min at 4 oC, the supernatant (crude extract) was collected
and filtered through Whatman No. 1 filter paper prior to lyophilisation using ChristAlpha 2-4 LDplus freeze dryer (Biotech International, Germany). The total yield was
obtained by weighing the freeze-dried extracts and the protein content of the extract
determined by Leco CNS analysis (AOAC, 1996). WSC content of seed extract was
determined using the method outlined earlier.

4.2.6. Polyacrylamide gel electrophoresis (PAGE) of wattle seed extracts

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (PhastGel
gradient 10−15) and native-PAGE (PhastGel homogeneous 20) of all extracts were
carried out using the Pharmacia Phast System (GE Healthcare Life Sciences, Uppsala,
Sweden). Samples were treated with Laemmli’s buffer (Laemmli, 1970) for both SDSPAGE and native-PAGE. However, for native-PAGE, SDS and β-mercaptoethanol
(ME) were excluded from Laemmli’s buffer. Samples for SDS-PAGE were incubated
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for 10 min at 100 oC before resolving onto the gel along with a wide range of molecular
mass markers (SigmaMarker), ranging between 6.0 and 205 kDa. Samples for nativePAGE were incubated at room temperature for 30 min before they were resolved on the
gel. All gels were stained by PhastGel blue R and analysed using a Gel Doc 2000 Video
Gel Documentation System (Bio-Rad Laboratories Pty., Ltd., Sydney, NSW, Australia).

4.2.7. Reverse phase-high-performance liquid chromatography (RP-HPLC) of
wattle seed extracts

RP-HPLC of wattle seed extracts was carried out on a Luna analytical C18 RP column
(i.d. = 3.0 mm, length = 150 mm, 10 μm particle size) mounted on a Varian HPLC
system and equilibrated with 0.1% (v/v) trifluoroacetic acid (TFA) in deionised water.
Lyophilised extracts (20 mg) were suspended in one mL of 0.05 M Tris-HCl-6 M urea
buffer (pH 8.0), and centrifuged at 10,000g for 10 min at room temperature (25 oC). An
aliquot (5 µL) of the supernatant was injected onto the column, and separation was
achieved using an acetonitrile linear gradient (2−50%, 30 min) in 0.1% (v/v) TFA at a
flow rate of 1 mL min-1. The eluent was monitored at 214 and 280 nm.

4.2.8. Assay of protease inhibitor activity

Protease inhibitor activity was assayed as described in a previous study by measuring
the remaining esterolytic activity of trypsin towards its substrate p-toluenesulphonyl-Larginine methyl ester (TAME) (Ee et al., 2008). The inhibition was observed from the
decrease in the ultraviolet (UV) light absorbance. One trypsin unit (TU) was defined as
one µmol of substrate hydrolysed per minute of reaction. One inhibition unit is defined
as a unit of enzyme inhibited. Gel electrophoresis was carried out on a native-PAGE gel
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(PhastGel homogeneous 20) that was stained for trypsin inhibitor activity as described
in previous studies (Ee et al., 2009b; Ee et al., 2008). The α-chymotrypsin inhibitor
activity following roasting was not determined in this study due to the relatively low
activity reported previously (Ee et al., 2008) for the crude extracts from raw wattle seed.

4.2.9. Statistical analysis

All extractions and analyses were carried out at least in triplicates and the means (with
standard deviations) reported. Means of collected data were subjected to analysis of
variance (ANOVA) and t-test. Significant difference was reported at p ≤ 0.05.

4.3. Results and discussion

4.3.1. Effect of roasting on the colour of wattle seed and flour

When examined visually, the colour of wattle seeds was observed to change gradually
from initial beige to dark brown during the 30 min of roasting (Figure 4.1). However,
results obtained from instrumental measurements showed that roasting at 200 oC for up
to 20 min had no significant impact on the L*, a*, b* and ΔE*ab values of wattle seeds,
and changes were registered only after roasting for 30 min (Figure 4.2). Similar results
have been reported for roasted soybeans (Mridula et al., 2007) where colour changed
insignificantly with roasting time at 180
−200

o

C. In contrast to the relatively minor

colour change in whole wattle seeds as a result of roasting, colour change in the seed
flour was much more pronounced (Figure 4.2). Throughout the 30-min period of
roasting, continuous decreases in L* value in seed flour were recorded as the overall
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Figure 4.1. (A) The seeds of Acacia victoriae (Bentham) and (B) the corresponding ground flour after the seeds were roasted at 200 oC for (i) 0 min,
(ii) 5 min, (iii) 10 min, (iv) 20 min and (v) 30 min, in contrast with (vi) commercial product.
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Figure 4.2. Effect of roasting (200 oC) on (A) L*, (B) a* and (C) b* colour coordinates and (D) ΔE*ab values of wattle seeds (×) and flour (□).
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colour changed from beige to reddish-brown and finally to almost black. The a* values
increased sharply from -0.75 to 4.09 between 0 and 5 min, indicating the formation of a
deep red colour. Between 5 to 10 min, the a* values of the flour were steady, but began
a steady rise after that until reached the apex at 20 min, and then started to decline with
further roasting. The b* values of the wattle seed flour also rose significantly (from
15.75 to 21.64) in the initial 5 min of roasting, suggesting the formation of yellow hue.

The b* values were steady between 5 and 10 min, and then started to decline with
further roasting. The colour difference index (ΔE*ab) increased over the entire 30 min
roasting process for both the wattle seeds and flour (Figure 4.2D); however, the
changes occurred to whole seeds were significantly smaller than those to the
corresponding seed flour at any given time (Figure 4.2D inset). For the flour, the most
significant changes in its colour occurred between 10 min to 20 min when the colour
difference index (ΔE*ab) increased almost seven times and the L* value decreased by
almost 50%. For the whole seed, the most significant change in its colour occurred
between 20 min to 30 min when the ΔE*ab values increased by almost four times. The
commercial roasted wattle seed flour had similar L* (40.50), a* (7.65), b* (16.05) and
ΔE*ab (641.09) values to the wattle seed flour roasted for slightly over 20 min.

4.3.2. Effect of roasting on the proximate composition of wattle seed

Processing of food materials may cause a reduction in the quality of the constituent
proteins and carbohydrates. The nature and degree of this effect depend on the original
composition of the food item, the type and the duration of treatment (Buckholz et al.,
1980). Table 4.1 shows the proximate composition of wattle seeds over the 30-min
period of roasting. As expected, roasting caused significant moisture losses from the
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Table 4.1. Proximate composition of raw and roasted wattle (Acacia victoriae Bentham) seedsa
____________________________________________________________________________________________________________________
Roasting time (min)
___________________________________________________________________
Components

0

5

10

20

30

Commercial product

____________________________________________________________________________________________________________________
Water
Protein (g N × 6.25)
Crude fat
Crude fibre

6.34 ± 0.14
18.56 ± 0.03
5.60 ± 0.03b
17.00 ± 0.34

Carbohydrate (by difference) 48.47 ± 0.76b

4.39 ± 0.01
22.00 ± 0.04

4.24 ± 0.03

3.92 ± 0.07
b

20.19 ± 0.03

2.85 ± 0.03
b

20.44 ± 0.03

5.80 ± 0.03b

4.95 ± 0.04
b

19.94 ± 0.03b

6.30 ± 0.03c

6.80 ± 0.03c

21.44 ± 0.03

6.70 ± 0.03c

5.90 ± 0.03b

16.00 ± 0.32b

16.00 ± 0.32b

23.00 ± 0.46

29.00 ± 0.58

25.00 ± 0.50

46.82 ± 0.64

49.55 ± 0.59b

42.55 ± 0.95

35.94 ± 0.96

38.87 ± 0.85

Water soluble carbohydrate

4.20 ± 0.02

4.80 ± 0.02

5.00 ± 0.03

2.50 ± 0.01b

2.20 ± 0.01b

2.30 ± 0.01b

Ash

4.03 ± 0.00

4.09 ± 0.05b

4.12 ± 0.01b

4.29 ± 0.08

4.47 ± 0.01c

4.44 ± 0.00c

____________________________________________________________________________________________________________________
a

Based on 100 g wattle seed flour. b, c Data in row with the same superscripts are not significantly different while data with different or without
superscripts are significantly different at 95% confidence level.
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seeds, with the initial 5 min being the period when most (more than 30%) of the
moisture loss occurred. Thereafter, moisture loss continued but became more gradual,
with about 45% of the initial moisture remaining after 30 min. The levels of the nonmoisture components, except carbohydrate and crude fibre, showed a general increase,
after an initial 5 min of roasting, which could partly be attributed to the concentration
effects of corresponding decrease in moisture. With further roasting, however, changes
in the proximate composition became more complicated. The level of protein decreased
slightly after 10 min of roasting, while the levels of both carbohydrate and water soluble
carbohydrate rose a little further after 10 min, but decreased significantly with further
roasting. These results strongly suggest the possibility of Maillard reaction between
amino groups and reducing sugars (Chukwumah et al., 2007; BeMiller & Whistler,
1996; Deshpande, 1992; Walker & Kochar, 1982) with resultant reduction in the level
of proteins and carbohydrates. Furthermore, the substantial reduction in WSC and total
carbohydrates after roasting for more than 20 min also suggest possible occurrence of
caramelisation with prolonged roasting (Chukwumah et al., 2007; BeMiller & Whistler,
1996). The crude fibre content increased significantly at later stages of roasting, rising
from the initial 17.0% to 29.0% at 30 min. This result appears to suggest that some
indigestible products were produced as a result of prolonged roasting of wattle seeds at
the high temperature. Decreased moisture and protein contents as a result of roasting
have also been reported in similar studies on the seed of mangrove legume (Seena et al.,
2006), Sesamum indicum and Vigna subterranean (Yusuf et al., 2008). As with the
results of colour analysis outlined above, the commercial product was found to contain
similar amounts of protein, carbohydrate, crude fibre and ash to wattle seeds roasted for
20−30 min.
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4.3.3. Effect of roasting on the water soluble matter of wattle seed

Table 4.2 shows the yield of water soluble matter, WSC and water soluble proteins, as
well as the activity of trypsin inhibitor in wattle seeds roasted for different times. The
yield of water soluble materials increased significantly during the first 20 min of
roasting, rising from the initial 16.3% to 25.67% of the seed dry matter. This suggests
that roasting might have caused thermal breakdown of the cellular structure of the seeds
with consequent formation and release of water soluble material. Further roasting the
seeds to 30 min, however, resulted in a slight decrease in the yield, possibly due to
volatilisation of some of the seed components and breakdown products (Mason et al.,
1969; Mason et al., 1967).

In contrast to the overall increase in water soluble materials, roasting caused significant
decreases in the amount of WSC and water soluble protein present in the extracts of
wattle seeds, with the level of WSC dropped by more than 67% and that of water
soluble protein by almost 70% after 20 min of roasting. Analysis of protein solubility
(proportion of soluble protein in total protein) showed that it dropped sharply in the
initial 5 min; further roasting, however, only caused slight decreases in protein
solubility (Figure 4.3). Commercial product was found to have 11.84 ± 0.42% soluble
protein. This seems to suggest that roasting might have altered the structure of some of
the proteins present in wattle seeds, with consequent reductions in solubility. When
taken together, these results strongly suggest that the soluble materials formed during
roasting of wattle seeds were non-protein and carbohydrate in nature. Rather, they were
more likely products of Maillard reaction and caramelisation, as well as cellular
materials such as phenolic compounds, released by the heat treatment.
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Table 4.2. Effect of roasting on water soluble matter and trypsin inhibitor activity of wattle (Acacia victoriae Bentham) seed extracts
_________________________________________________________________________________________________________________________
Roasting time

Yielda (%)

WSCb

(min)

Protein contentc

Total activityd

(TIU g-1 flour)

(TIU mg-1 protein)

Specific activitye

_________________________________________________________________________________________________________________________
0

16.13 ± 1.47

19.80 ± 0.30

33.25 ± 0.14

618.69 ± 3.16

11.54 ± 0.04

5

19.94 ± 2.06g

14.40 ± 0.22g

15.94 ± 0.07g

184.10 ± 6.33

5.79 ± 0.25

g

g

15.53 ± 0.06

g

139.81 ± 5.20

4.58 ± 0.13

10.13 ± 0.04

3.37 ± 0.22

0.13 ± 0.00

10

19.82 ± 1.54

20

25.67 ± 0.29

6.50 ± 0.10h

30

22.66 ± 0.69

6.60 ± 0.10h

9.63 ± 0.04h

0.00 ± 0.00

0.00 ± 0.00g

CPf

24.89 ± 0.19

7.30 ± 0.11

9.50 ± 0.04h

0.53 ± 0.03

0.02 ± 0.00g

14.20 ± 0.21

_________________________________________________________________________________________________________________________
a

Based on 100 g wattle seed flour. b Water soluble carbohydrate (g per 100 g extract). c N × 6.25 (g per 100 g extract). d One trypsin unit (TU) was
defined as 1 μmol of substrate hydrolysed per minute of reaction while one trypsin inhibitor unit (TIU) was defined as unit of enzyme inhibited. Total
activity of trypsin inhibitor was expressed as TIU per gram of flour. e Specific activity was defined as inhibition units per mg of protein. f Commercial
product. g, h Data within the same column with the same superscripts are not significantly different while data with different or without superscripts are
significantly different at the 95% confidence level.
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Figure 4.3. Effect of roasting (200 oC) on the protein solubility (% soluble protein in
total protein) of wattle seeds.
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4.3.4. Molecular properties of soluble proteins extracted from roasted wattle seeds

Figures 4.4A and 4.4B show the SDS-PAGE gel electrophoretograms of extracts from
raw wattle seeds and those roasted for 5, 10, 20 and 30 min as well as the commercial
product, obtained under non-reducing and reducing conditions, respectively. For raw
wattle seed extracts (lane 2), fewer protein bands appeared under reducing conditions
than under non-reducing conditions, and large molecular mass molecules (greater than
60 kDa) were broken down. Overall, the results suggest that water soluble proteins from
raw wattle seeds were predominantly polypeptides with molecular weight lower than 66
kDa, which was in agreement with the findings reported in a previous study (Agboola et
al., 2007). After 5 min of roasting, proteins with molecular weight lower than 36 kDa
were mostly degraded into lower molecular weight peptides or amino acids, and only
three faint protein bands remained (Figure 4.4, lane 3). With further roasting, no protein
band was visible, suggesting that the heat treatment had caused the soluble proteins in
wattle seeds to breakdown into fragments at least smaller than 6.5 kDa. Such thermal
breakdown of protein has also been suggested by other studies (Mugendi et al., 2010;
Ejigui et al., 2005; Deshpande, 1992; Walker & Kochar, 1982). On the other hand, it
could also be that heating led to excessive production of high molecular weight protein
aggregates that are too big to enter the gel or be solubilised by the SDS reagent.
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Figure 4.4. SDS-PAGE profiles of wattle seed extract obtained under (A) non-reducing
condition and (B) reducing condition with β-mercaptoethanol (ME). Lanes 1 and 8:
Sigma wide-range molecular mass markers from 6.5 to 200 kDa as labeled; lane 2:
crude extract from wattle seeds without roasting; lanes 3–6: crude extract from wattle
seeds after roasting for 5, 10, 20, 30 min, respectively; lane 7: commercial product.
Arrow indicates direction of protein migration.
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4.3.5. Reverse phase-high performance liquid chromatography (RP-HPLC) of
wattle seed extracts

To confirm the changes observed in the PAGE analysis, extracts obtained from raw and
roasted wattle seeds were analysed by RP-HPLC (Figure 4.5). Most of the peaks were
resolved within 15 min, with well separated peaks observed in raw seeds and samples
roasted for 5 min and 10 min. However, the samples treated for 20 and 30 min, as well
as the commercial product, exhibited broader peaks. A peak, which was eluted at about
24 min in the raw sample, was not observed in any of the roasted samples. Significantly,
as the roasting time progressed, more peaks were eluted in the early parts of the
chromatograms. Since polar compounds tend to be eluted earlier than non-polar ones in
RP-HPLC, this appears to suggest that the polypeptides and their derivatives in wattle
seeds became increasingly more hydrophilic with roasting time, possibly due to thermal
fragmentation of the protein molecules (Walker & Kochar, 1982).

Although most of the new peaks that appeared in the water extracts of roasted samples
were likely from the thermal breakdown products of protein as shown by previous
studies (Mason et al., 1969; Mason et al., 1967; Newell et al., 1967), browning
products, such as tetrahydrofuran, melanoidins, pyrazines and their derivatives could
also be formed from reactions including pyrolysis, caramelisation and Maillard reaction
(Chukwumah et al., 2007). However, due to their complexity (Chukwumah et al.,
2007), these compounds could not be characterised in the present study. Nevertheless,
these compounds not only would contribute significantly to the colour and aroma of the
roasted product, but also appear as additional peaks and hence contribute to an increase
in the total peak area of the chromatograms. Similar conclusions were also drawn in
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Figure 4.5. Reverse phase-high performance liquid chromatography (RP-HPLC, absorbance at 214 and 280 nm) profiles of extracts from raw wattle
seeds (A) and after roasting the seeds for 5 min (B), 10 min (C), 20 min (D), 30 min (E) and commercial product (F).
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other studies (Rodriques et al., 1989; Basha & Young, 1985) where significant changes
in protein composition and structure could be observed even though the total protein
content may not be greatly affected during roasting. The RP-HPLC profile of the water
extract from 20-min roasted seeds was close to that of the commercial product.

4.3.6. Trypsin inhibitor activity

A native-PAGE gel and its activity gel counterpart obtained from raw and roasted wattle
seed extracts are shown in Figures 4.6A and 4.6B, respectively. Electrophoresis was
performed simultaneously on the two gels to align protein bands with each other. The
trypsin inhibitor activity gel (Figure 4.6B) revealed the presence of several inhibitor
(clear) bands with different levels of intensity against a dark background only in the
extract of non-roasted wattle seeds. This suggests that roasting for even 5 min at 200 °C
was adequate to destroy the trypsin inhibitor activity. Previous studies have shown that
elimination of trypsin inhibitor activity was achieved after dry heating of velvet bean
(Siddhuraju et al., 1996), peanuts, kidney bean (Ejigui et al., 2005), Dolichos Lablab
bean (Osman, 2007) and mucuna bean (Mugendi et al., 2010). Chemical assay using
spectrophotometer, however, revealed that considerable residual inhibitor activity was
still present in the extracts after the seeds were roasted for 5 and 10 min, which became
greatly diminished only after the seeds were roasted for up to 20 min and beyond
(Table 4.2). It is possible that this residual trypsin inhibitor activity was due to the
presence of non-protein components, such as non-enzymatic browning products or
phenolics and phytates (Mugendi et al., 2010), in wattle seed either before or after
roasting. It had been reported that polyphenolic compounds had a major contribution to
residual trypsin inhibitor activity in heated winged beans (Deshpande, 1992). It may
also be possible that the activity gel method was not as sensitive as the
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Figure 4.6. (A) Native-PAGE profile of wattle seed crude extracts and (B) equivalent
native-PAGE gel showing trypsin inhibitor activity. Lane: 1, extract from wattle seeds
without roasting; lanes: 2–5, extracts after roasting for 5, 10, 20, 30 min, respectively;
and lane: 6, commercial product. Arrow indicates direction of protein migration.
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spectrophotometric method for evaluating residual trypsin inhibitor activity in this
particular food system.

Compared to dry heat, our earlier studies showed that soaking wattle seeds overnight
followed by boiling at 100 oC for 30 s was sufficient to eliminate the trypsin and αchymotrypsin inhibitor activities (Ee et al., 2008). This is similar to results obtained for
pre-soaked velvet beans (Udedibie & Carlini, 1998). Apparently, moist heat treatment is
a more effective method to eliminate PIs compared to dry roasting. However, the
effective elimination of trypsin inhibitor activity in roasted wattle seed under conditions
necessary to develop a commercially acceptable flavour profile is very encouraging.

4.4. Conclusions

In summary, processing wattle seeds by roasting at a constant temperature for different
time regimes affected both the chemical and physical properties of the seeds, flour and
extracts. In general, moisture content decreased with concomitant increase in the
concentration of some of the major components at the commencement of roasting.
However, longer roasting led to a substantial lowering of the carbohydrate and protein
contents and enhanced the colour intensity. The trypsin inhibitor activity decreased
progressively with roasting time and was virtually eliminated after 20 min. The physical
and chemical characteristics of the sample roasted for 20 min was most similar to those
of the commercial roasted wattle product investigated in the present study.

Apart from the effects of processing on the wattle seed characteristics and protease
inhibitors, phenolic compounds in plant foods, especially in legumes, have attracted lots
of attention increasingly due to their nutritional importance with potential benefits to
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human health. However, there is no scientific literature of phenolic compounds from
Acacia victoriae seed currently available. For these reasons, research is continuing to
characterise the phenolic components in raw wattle seeds, and also to study the effects
of roasting on the phenolic extracts.
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CHAPTER 5. EFFECTS OF ROASTING ON THE PHENOLIC
COMPONENTS OF WATTLE (ACACIA VICTORIAE BENTHAM)
SEEDS

5.1. Introduction

The leguminous plant, prickly wattle (Acacia victoriae Bentham), has long been a food
source for the Australian aborigines, and is regarded as one of the most economically
viable native plants in Australia due to the high concentrations of protein and other
nutrients in its seeds (Seigler, 2002; Ahmed & Johnson, 2000; Brand et al., 1985).
Today, the seeds are collected mostly from plantations and are commonly processed by
roasting at high temperatures to develop a nutty flavour and aroma. The roasted seeds
are usually ground to flour and used as an ingredient in foods such as condiments, dairy
products and baked goods, and as a coffee analogue (Maslin & McDonald, 2004;
Hegarty et al., 2001; Maslin et al., 1998).

Whole wattle seed contains about 18.2% proteins, gluten-free, and the flour has a low
glycemic index (Hegarty et al., 2001). The aqueous extract of the seed has been shown
to have good emulsifying properties, especially at low pH levels (Ee et al., 2009a;
Agboola et al., 2007). Furthermore, extracts of wattle seeds have also been reported to
confer a number of health benefits, such as in vitro tumour inhibitory activity
(Jayatilake et al., 2003; Mujoo et al., 2001) and anticancer properties (Li et al., 2005;
Haridas et al., 2001). These reports suggest that wattle seed flour or extracts could be a
promising food ingredient for its nutritional value, processing functionality and
potential health-promoting properties.
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Phenolic compounds, including phenolic acids, flavonoids and high molecular weight
tannins, are a group of natural antioxidants found in many legumes (Messina, 1999;
Bravo, 1998). High concentrations of these compounds, present mainly in the seed coat,
are believed to play a major role in the physical and chemical defence system of the
seed (Troszyska et al., 2002). Due to the positive correlation between polyphenolic
contents and colour intensity, legumes with high polyphenolic contents are generally
dark varieties, such as red kidney beans, black beans (Phaseolus vulgaris) and black
gram (Vigna mungo) (Bravo, 1998). Interestingly, wattle seeds also possess a dark
colouration in its seed coat.

Natural phenolic compounds in plant foods, including cereal grains, legumes, fruits and
vegetables, contribute to their beneficial health effects mainly through their antioxidant
activities and mediation of hormones (Adom & Liu, 2002). Epidemiological studies
have established an inverse correlation between the intakes of legumes or foods
containing high phytochemicals and the occurrence of oxidative damage and associated
diseases such as cardiovascular diseases (Anderson et al., 1999), cancer and
inflammation (Middleton et al., 2000). However, little is known about the composition
and properties of phenolic components in wattle seeds. Furthermore, it is unclear as to
how the phenolic components and their antioxidant activities may change after roasting
at high temperatures for varying lengths of time. Therefore, the objectives of the present
study were to investigate the antioxidant activity of both raw and roasted wattle seeds,
and to identify the major antioxidant constituents by reverse phase-high performance
liquid chromatography (RP-HPLC) coupled with an on-line post-column reaction
system, and by gas chromatography-mass spectrometry (GC-MS).
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5.2. Materials and Methods

5.2.1. Materials

Whole wattle seeds (Acacia victoriae Bentham) were supplied by Outback Bushfoods,
Alice Springs, Australia. Commercially ground wattle seed product was purchased from
Vic Cherikoff Food Services Pty. Ltd., NSW, Australia.
′
2, 2 -Azinobis-(3ethylbenzothiazoline-6-sulphonic

acid)

diammonium

salt

(ABTS),

potassium

persulphate (di-potassium peroxodisulphate), (±)-catechin, Folin-Ciocalteu reagent,
gallic acid, succinic acid and the derivatising reagent, N, O-bis (trimethylsilyl)
trifluoroacetamide (BSTFA) were obtained from Sigma-Aldrich, Castle Hill, NSW,
Australia. All other chemicals and reagents used were of analytical grade and were
obtained from Merck, Darmstadt, Germany, unless stated otherwise.

5.2.2. Roasting of wattle seeds

Wattle seeds were roasted according to the method described in Chapter 4 section 4.2.2.

5.2.3. Extraction of soluble phenolic compounds

The soluble phenolic compounds were extracted twice from the ground whole wattle
seeds with 10 volumes of 70% (v/v) aqueous acetone or 80% (v/v) aqueous methanol
under constant stirring at room temperature (25 oC) for 2 hours. After each extraction,
the mixture was centrifuged at 2,147g for 10 min and the supernatants of the two
extractions were pooled. The pooled supernatant was filtered through a 0.45 µm nylon
membrane filter prior to evaporation under vacuum at 40 oC, followed immediately by
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lyophilisation using a Christ-Alpha 2-4 LDplus freeze dryer (Biotech International,
Germany). This material was used to determine the mass recovery, total soluble
phenolics and flavonoids in wattle seeds.

5.2.4. Hydrolysis of phenolic compounds

Hydrolysates of wattle seed flour and acetone extracts were prepared according to
Madhujith & Shahidi (2009) and Nardini & Ghiselli (2004) with slight modifications.
Two grams of the wattle seed flour or lyophilised acetone extract were hydrolysed in 60
mL of 2 M NaOH with constant stirring for 2 hours at room temperature (25 oC). The
resultant hydrolysate was acidified to pH 2.0 using 6 M HCl. After that, 60 mL of ethyl
acetate was added and vigorously mixed for 5 min followed by centrifugation using
Centrifuge 5810R (Eppendorf AG, Hamburg, Germany) at 2147g at 4 oC for 10 min.
This step was repeated thrice and the ethyl acetate extracts were pooled and evaporated
to dryness under vacuum at 40 oC. The extract was then reconstituted in minimal
deionised water and lyophilised using Christ-Alpha 2-4 LDplus freeze dryer.

5.2.5. Assay of total soluble phenolics and flavonoids

Total phenolics in the acetone extracts and the hydrolysed samples, obtained as
described above, were determined using the Folin-Ciocalteu procedure as described by
Asami et al. (2003). Briefly, 5 mL of deionised water, 0.5 mL of the lyophilised extract
containing 2−20 mg mL -1 of dry matter in deionised water and 1.0 mL of FolinCiocalteu reagent were mixed in a 25 mL volumetric flask and allowed to stand for 5–8
min at room temperature (25 oC). After that, 10 mL of 7% (w/v) Na2CO3 solution was
added, followed by deionised water to the final volume of 25 mL. After standing at
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room temperature (25 oC) for 2 hours, absorbance of the mixture at 750 nm was
measured using a Helios UV-vis spectrophotometer (Thermo Scientific, Massachusetts).
This assay was standardised against a calibration curve of gallic acid (0.5–3.0 mM) in
80% (v/v) aqueous ethanol. The results were expressed as milligrams of gallic acid
equivalents (GAE) per gram of flour. The linearity of the standard curve was
determined to be R2 = 0.9984, giving an absorbance range of 0.120–0.757 AU.

Total flavonoids were determined according to the procedure of Michalska et al. (2007).
Briefly, 0.25 mL of the acetone extract (containing 4−20 mg mL -1 of dry matter in
deionised water), 1.25 mL of deionised water and 75 µL of a 5% (w/v) NaNO2 solution
was sequentially added to a 10 mL volumetric flask. After standing at room temperature
(25 oC) for 6 min, 150 µL of a 10% (w/v) AlCl3·6H2O solution was added, and the
mixture was stood at room temperature for a further 5 min, followed by the addition of
0.5 mL of 1 M NaOH. The absorbance was measured immediately at 510 nm using a
Helios UV-vis spectrophotometer (Thermo Scientific, Massachusetts), and the
concentration of flavonoids was obtained by referring to a standard curve of (±)catechin (0.05–0.30 mM) in 80% (v/v) aqueous methanol (with a linearity of R2 =
0.9990). Total flavonoids were expressed as milligrams of catechin equivalents (CE) per
gram of flour.

5.2.6. Separation and activity of phenolic compounds

Separation of the phenolic compounds was done in a Varian ProStar HPLC system
consisting of a Model 410 autosampler, a Model 335 personal digital assistant (PDA)
detector and a Model 240I pump. The lyophilised acetone extracts (20 mg mL-1) were
dissolved in 2.0% (v/v) acetic acid in deionised water (Solvent A) and 25 µL aliquots
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were injected onto a Luna analytical C18 RP column (5 µm particle size, 150 mm × 3.0
mm i.d.). The separation was achieved using a gradient elution system with the
proportion of Solvent B (water/acetonenitrile/acetic acid at 78:20:2) increasing from 0
to 80% in the first 30 min and to 100% over the next 10 min at a flow rate of 1 mL
min-1. The detection of peaks was carried out at 280 nm. After exiting the PDA detector,
the HPLC-separated analytes reacted post column with a diluted solution of ABTS
stable free radicals (A734 = 0.7 ± 0.02), prepared from a 7 mM stock of ABTS in
deionised water, in a 500 mm × 3.0 mm i.d. tubing (analyte passage time: 30 s) encased
in a MetathermTM HPLC column temperature controller at 37 oC to detect peaks with
antioxidant (free radical scavenging) activity. The post-column derivatisation (PCD)
system is illustrated in Figure 5.1. The flow of the ABTS reagent solution was
maintained at 0.7 mL min-1 by a Model 250 binary LC pump (PerkinElmer,
Massachusetts) and the induced bleaching (free radical scavenging activity) was
detected by a Model 9050 detector as a negative peak at 414 nm, which was inversed to
a positive peak by a Model 800 interface box. Concentrations of succinic and gallic
acids (identified by GC-MS as described below) in the extracts were determined by
referring their peak areas to the standard curves of the two compounds analysed under
the same conditions.
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Figure 5.1. Instrumental setup for the RP-HPLC-post column derivatisation (PCD) analysis of antioxidant compounds using an on-line reaction with
ABTS solution.
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5.2.7. Preparative scale reverse phase-high performance liquid chromatography
(RP-HPLC)

The major and active peaks (against ABTS free radicals) were collected using a
preparative scale Varian ProStar HPLC system consisting of a Model 335 PDA detector
and a Model 701 fraction collector. The lyophilised aqueous acetone extract was
dissolved in 2.0% (v/v) acetic acid in deionised water and injected onto an equilibrated
Varian dynamax microsorb 100-5 C18 RP column (250 mm × 21.4 mm i.d.). The
separation of antioxidative components was achieved using the same gradient elution
program as in the analytical HPLC system describes above, at a flow rate of 10 mL
min-1. Peaks were detected at 280 nm and the collected fractions were pooled and
concentrated by evaporation under vacuum at 40 oC, followed immediately by
lyophilisation.

5.2.8. Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS analysis of the collected fractions was carried out on an Agilent 7890A gas
chromatograph coupled with a 5975C VL MSD mass spectrometer (Agilent
Technologies, Inc., California) according to the derivatisation method of Wu et al.
(1999). The preparation of samples and derivatisation process were carried out under
anhydrous conditions due to the high sensitivity of trimethylsilyl (TMS) derivatives
towards moisture. The calibration standards and lyophillised samples (0.1 mg) were
incubated in a desiccator for one hour prior to silylation. The silylation of calibration
standards and the collected fractions (0.1 mg) was accomplished by the addition of 0.5
mL of N, O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) at 60 oC for 30 min.
Silylated samples or standard compounds were introduced via an Agilent 19091S-433
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HP-5 MS 5% phenyl methyl siloxane capillary column of 30 m × 0.25 mm i.d., with a
stationary phase thickness of 0.25 µm (Agilent Technologies, Inc., California). Column
temperature was initially held at 80 oC for 1 min, and then programmed to 160 oC at a
rate of 10 oC min-1, from 160 oC to 235 oC at 5 oC min-1, and from 235 oC to 280 oC at
50 oC min-1, with a final holding time of 5 min (total run time, 29.9 min). Helium was
used as the carrier gas at a linear velocity of 34 cm s-1. The injector and transferred line
temperatures were maintained at 280 oC and 250 oC, respectively, and 1 µL sample or
standard was injected in the splitless mode. Each analysis was 3-min solvent-delayed to
avoid the large solvent peak signal. The TMS derivatives of samples or standard
compounds were identified by comparing their retention times and the mass spectral
data with MS libraries.

5.2.9. Statistical analysis

All extractions and analyses were carried out at least in triplicates and the means (with
standard deviations) reported. Data collected were subjected to analysis of variance, and
where applicable, means of treatments were tested using ANOVA. Significant
difference was reported at p ≤ 0.05.

5.3. Results and discussion

5.3.1. Total phenolic and flavonoid content of wattle seeds

Table 5.1 shows the dry mass recovery, contents of soluble phenolics and flavonoids in
wattle seeds roasted for different times. No significant difference was found in the
amount of dry matter extracted by aqueous acetone for seeds roasted for various times
134

up to 10 min. However, the amount of extracted dry matter decreased slightly when the
seeds were roasted for longer times, indicating roasting may have reduced the solubility
of some of the materials in wattle seeds in aqueous acetone. We have also used 80%
(v/v) aqueous methanol to extract phenolics from wattle seed flour, but the dry mass as
well as total phenolics recovered were considerably less than obtained with 70% (v/v)
aqueous acetone. The 70% (v/v) aqueous acetone was chosen ultimately for the majority
of the tests due to higher yield even though the RP-HPLC profiles of both extracts were
identical (Figure 5.2). The dry mass recovery of wattle seeds obtained by aqueous
extraction was much higher when compared with other legumes, such as moth beans
(12.42%) (Siddhuraju, 2006), brown (4.45%) and black (5.45%) horse gram (Siddhuraju
& Manian, 2007) and cowpea (4.92%) (Siddhuraju & Becker, 2007), indicating that
wattle seeds contain considerably more materials soluble in aqueous acetone.

Roasting had a remarkable impact on the total phenolics recovered by the acetone
extraction (Table 5.1). The content of total phenolics rose steadily with increasing time
of roasting, and the content in seeds roasted for 30 min was almost 10 times higher than
in raw seeds. These results could indicate two things. Firstly, roasting may have
partially destroyed the cell structure of the seeds, resulting in the release of some of the
phenolics bound to the cell walls, which otherwise would be insoluble in aqueous
acetone. Secondly, the roasting may have led to the formation of heat-induced and
extractable phenolics as shown by Manzocco et al. (1998). Heat-induced increase in
total phenolics has also been reported in roasted cowpea (Siddhuraju & Becker, 2007),
kidney and pinto beans, black-eyed peas (Boateng et al., 2008) and barley (GallegosInfante et al., 2010). In contrast, other processing methods, such as soaking and boiling,
have been shown to result in partial leaching and thermal or oxidative degradation of
phenolics in peas, chickpeas and lentils (Xu & Chang, 2008).
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Table 5.1. Dry mass recovery, total phenolic and flavonoid contents of acetone extract
of wattle seed roasted for different timesa
______________________________________________________________________
Roasting

% Dry mass

Total phenolic
b

time (min)

Total flavonoid
contentc

content

______________________________________________________________________
0

15.33 ± 0.31e

1.19 ± 0.04

0.40 ± 0.02

5

15.49 ± 0.84e

3.53 ± 0.05

0.23 ± 0.01

10

15.24 ± 0.47e

4.18 ± 0.05

0.33 ± 0.02

20

14.04 ± 0.30f

11.00 ± 0.11

1.14 ± 0.02

30

f

CPd

13.96 ± 0.03

11.78 ± 0.31

e

1.67 ± 0.01

14.32 ± 0.12f

12.19 ± 0.37e

1.93 ± 0.02

______________________________________________________________________
Data are means of three determinations with standard deviations. b Milligram gallic
acid equivalent per gram of flour (mg GAE g-1). c Milligram catechin equivalent per
gram of flour (mg CE g-1). d Commercial product. e, f Data within the same column with
the same superscripts are not significantly different while data with different or without
superscripts are significantly different at the 95% confidence level.

a
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A

B

Figure 5.2. RP-HPLC (absorbance at 280 nm) – PCD (absorbance at 414 nm) profiles of (A) aqueous methanol (80%)-extractable phenolics and (B)
aqueous acetone (70%)-extractable phenolics of raw wattle seeds. Peaks identification: 1, succinic acid; 2, gallic acid.
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Raw wattle seeds contained about 0.40 mg g-1 of flavonoids (Table 5.1), which was
much lower than the level found in a number of other legumes such as lentils, common,
kidney and soy beans, which contained 0.85−1.14 mg g -1 of flavonoids, but higher than
that in yellow and green peas (Xu et al., 2007). Compared to the relatively high level of
total phenolics present in wattle seeds, flavonoids were minor phenolics in these seeds,
accounting for only about 30% of the extractable total phenolics in the raw seeds.

Roasting also had a marked impact on the flavonoid content of wattle seeds recovered
by aqueous acetone extraction. Interestingly, raw wattle seeds had a higher flavonoid
content than seeds roasted for 5 and 10 min. However, as the roasting time was
increased further, the flavonoid content began to rise above the level found in raw seeds.
For seeds roasted for 30 min, the flavonoid content rose to 1.67 mg g-1, which was more
than four times higher than the level in raw seeds. The likely causes of these results are
two-fold. Firstly, when the seeds were roasted for a short time, some of the flavonoids
were destroyed by the heat treatment. However, the treatment was not yet severe
enough to cause thermal decomposition of the cell walls with consequent release of the
bound flavonoids. Prolonging the roasting time further, however, might have resulted in
the release of some of the bound flavonoids and the formation of heat-induced
flavonoids. Increased levels of total flavonoids as a result of heat treatment have also
been reported for black-eyed peas, kidney and pinto beans (Boateng et al., 2008).

In hydrolysed extract, on the other hand, the dry mass increased with roasting and
correlated with the hydrolysed flour (r = 0.99) (Table 5.2). Total phenolic content of the
hydrolysed raw wattle seed flour is approximately two fold that of the hydrolysed
acetone extract. The total phenolic contents of hydrolysed extracts and flours also
gradually increased (r = 0.96) with roasting time after initial decreased on roasting for 5
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min. The acetone extract and hydrolysed extract of the commercial sample have dry
masses closer to 20-min roasted samples, but the highest recovery of dry mass was
found in the hydrolysed flour. Hydrolysates of commercial product also contained total
phenolic content similar to 20−30-min roasted samples.

The deduction of the dry mass of hydrolysed extract from the dry mass of hydrolysed
flour estimates the percentage of bound phenolic acids. The dry mass recovery of
hydrolysed flour and hydrolysed extract of raw wattle seeds suggested that wattle seed
might contain approximately 99.7% bound phenolic acids. However, bound phenolic
acids were reduced from 99.7 to 63.8% due to heat treatment for up to 30 min. On the
other hand, our results indicated that roasting might improve the dry mass recovery of
the hydrolysed samples as the dry masses of hydrolysed flours and extracts were
gradually increased with roasting. The yield of dry mass and total phenolic contents
could be increased or reduced by heat treatment. For example, higher yield but lower
phenolic contents were indicated in moth bean (Siddhuraju, 2006) and cowpea
(Siddhuraju & Becker, 2007) after heat treatment. On the other hand, there was a
positive correlation between dry mass and phenolic content in horse gram (Siddhuraju
& Manian, 2007) and barley grain (Gallegos-Infante et al., 2010) after roasting. These
differences can be attributed to the plant species, cultivar features, agro ecological
conditions and the processing methods (Gallegos-Infante et al., 2010).
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Table 5.2. Dry mass recovery and total phenolic content of raw and roasted wattle seed
after hydrolysisa
______________________________________________________________________
Sample

Total phenolic contentb

% Dry mass

______________________________________________________________________
Roasting
time (min)

Hydrolysed
extractc

Hydrolysed
flourd

Hydrolysed
extractc

Hydrolysed
flourd

______________________________________________________________________
0

0.02 ± 0.00

5.87 ± 0.33f

0.62 ± 0.03

1.06 ± 0.14f

5

0.79 ± 0.02

5.02 ± 0.37

0.08 ± 0.00

0.71 ± 0.01

10

1.21 ± 0.03

5.35 ± 0.37

0.14 ± 0.00

0.83 ± 0.02

20

1.66 ± 0.06f

5.71 ± 0.32f

0.26 ± 0.00

0.93 ± 0.02f

30

2.17 ± 0.13

5.99 ± 0.24f

0.38 ± 0.01

0.99 ± 0.02f

CPe

1.86 ± 0.09f

6.91 ± 0.31

0.31 ± 0.01

1.18 ± 0.02

______________________________________________________________________
Data are means of three determinations with standard deviations. b Milligram gallic
acid equivalent per gram of flour (mg GAE g-1). c Alkaline hydrolysate of aqueous
acetone extract. d Alkaline hydrolysate of whole wattle seed flour. e Commercial
product. f Data in column with the same superscripts are not significantly different while
data with different or without superscripts are significantly different at 95% confidence
level.

a
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5.3.2. Separation, activity detection and identification of phenolic compounds

The phenolic compounds in the aqueous acetone extracts of wattle seeds were separated
by RP-HPLC coupled with a post column reaction system to detect the peaks with
antioxidant activity. Figure 5.2 and Figure 5.3 show the chromatograms obtained from
the extracts of raw and roasted wattle seeds, respectively, as well as phenolic standards
(Figure 5.3A). The chromatograms (Figure 5.2 and Figure 5.3) of the wattle seed
extracts were dominated by one major peak eluted at 1.29 min (Peak 1), but it had a
relatively low antioxidant activity. Peak 2 (2.09 min), on the other hand, exhibited much
greater activity although it was considerably smaller in the normal chromatogram. The
chromatogram of the roasted seed extract (Figure 5.3) contained few more peaks with
antioxidant activities that were not seen in the raw seed extract (Figure 5.2). However,
the identity of these additional peaks could not be properly determined in the present
study, except small peaks of inosine (Peak 3), vanillic acid (Peak 7), caffeic acid (Peak
8) and sinapinic acid (Peak 12) which were indicated by using retention time compared
with standard (Figure 5.3A). Nevertheless, the peak areas in the roasted seed extracts
were much greater than those in the raw seed extracts, indicating increase in the amount
of phenolic compounds with increasing roasting time, thereby confirming the result
presented in Table 5.1.
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B

142

Continued
C

D

Figure 5.3. RP-HPLC (absorbance at 280 nm) – PCD (absorbance at 414 nm) profiles of phenolic standards (A), aqueous acetone extracts of wattle
seeds after roasting for 10 min (B), 20 min (C) and 30 min (D). Peaks: 1, succinic acid; 2, gallic acid; 3, inosine; 4, protocatechuic acid; 5, ρhydroxybenzoic acid; 6, catechin; 7, vanillic acid; 8, caffeic acid; 9, syringic acid; 10, ρ-coumaric acid; 11, ferulic acid; 12, sinapinic acid; 13, ellagic
acid; 14, o-coumaric acid; 15, naringin.
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The hydrolysed acetone extracts (Figure 5.4) and the hydrolysed flour (Figure 5.5) of
raw and roasted wattle seeds have similar RP-HPLC-PCD chromatographic profiles but
relatively higher antioxidant activity peaks are shown in hydrolysed wattle seed flour. A
higher major peak (Peak 2) with two fold increase in activity was eluted at 2.09 min
from hydrolysed non-roasted flour (Figure 5.5A) in comparison with hydrolysed extract
(Figure 5.4A). Furthermore, all roasted samples presented similar chromatographic
profiles but the highest peaks were observed in the profiles of samples roasted for 10
min (Figures 5.4B and 5.5B). Although lower peaks were indicated in both hydrolysed
extracts and flours after further roasting up to 30 min, the overall antioxidant activities
against ABTS free radicals increased. Several major antioxidant active peaks and a
number of less active peaks were identified, especially after roasting, according to the
retention time of each standard. These include succinic acid (Peak 1), gallic acid (2),
inosine (3), as well as protocatechuic (4), ρ-hydroxybenzoic (5), vanillic (7), caffeic (8),
ρ-coumaric (10), ferulic (11), sinapinic (12) and ellagic acids (13). The antioxidant
activities of Peaks 1 and 2 were apparently sustained after roasting up to 30 min. The
results of RP-HPLC-PCD analysis of roasted commercial sample (Appendix 2) indicate
very similar chromatographic profiles with the 20-min roasted sample.
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D

Figure 5.4. RP-HPLC (absorbance at 280 nm) – PCD (absorbance at 414 nm) profiles of hydrolysed aqueous acetone extracts of raw wattle seeds (A)
and after roasting the seeds for 10 min (B), 20 min (C) and 30 min (D). Peaks: 1, succinic acid; 2, gallic acid; 3, inosine; 4, protocatechuic acid; 5, ρhydroxybenzoic acid; 7, vanillic acid; 8, caffeic acid; 10, ρ-coumaric acid; 11, ferulic acid; 12, sinapinic acid; 13, ellagic acid.
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Figure 5.5. RP-HPLC (absorbance at 280 nm) – PCD (absorbance at 414 nm) profiles of hydrolysed flour of raw wattle seeds (A) and after roasting
the seeds for 10 min (B), 20 min (C) and 30 min (D). Peaks: 1, succinic acid; 2, gallic acid; 3, inosine; 4, protocatechuic acid; 5, ρ-hydroxybenzoic
acid; 7, vanillic acid; 8, caffeic acid; 10, ρ-coumaric acid; 11, ferulic acid; 12, sinapinic acid; 13, ellagic acid.
148

Since peak 1 was the highest peak and peak 2 exhibited the highest antioxidant activity,
these two peaks were purified by preparative HPLC and collected for further
identification by GC-MS. The MS spectra of peaks 1 and 2 are shown in Figures 5.6A
and 5.6B and matched those of the standard succinic and gallic acid at the 91.2% and
98.2% probability, respectively. The concentrations of succinic and gallic acids in the
wattle extracts were determined by RP-HPLC and the results are presented in Table 5.3.
Extracts of raw wattle seeds had a low level of both phenolic acids, but their
concentrations increased steadily during roasting. After roasting for 30 min, the
concentration of succinic and gallic acids rose by more than five and 10 times,
respectively. These results are consistent with those presented in Table 5.1 and further
indicated that roasting may have caused the degradation of the cellular structure of the
seeds, with resultant release of conjugated bound phenolic compounds, including
phenolic acids. Similar increases in phenolic acids as a result of thermal treatments of
plant products have also been reported for gallic acid from oak acorns (Rakic et al.,
2007) and ferulic and p-coumaric acids from common beans (Galvez Ranilla et al.,
2009).
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A

B

Figure 5.6. Mass spectra of fractions collected from Peak 1 (A, top half) and Peak 2 (B,
top half) compared with those of succinic acid (A, bottom half) and gallic acid (B,
bottom half) standards. The mass spectra of Peaks 1 and 2 matched those of the
standard succinic and gallic acid at the 91.2% and 98.2% probability, respectively.
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Table 5.3. Concentration of major phenolic acids (mg mL-1) in the acetone extract of
wattle seedsa
______________________________________________________________________
Roasting time (min)

Succinic acid

Gallic acid

______________________________________________________________________
0

0.06 ± 0.00

0.01 ± 0.00

5

0.12 ± 0.00

0.02 ± 0.00

10

0.14 ± 0.01

0.03 ± 0.00

20

0.28 ± 0.00c

0.07 ± 0.01

30

0.32 ± 0.03

0.11 ± 0.01c

CPb

0.27 ± 0.01c

0.10 ± 0.01c

______________________________________________________________________
a

Data are means of three determinations with standard deviations. b Commercial
product. c Data within the same column with the same superscripts are not significantly
different while data with different or without superscripts are significantly different at
the 95% confidence level.
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5.4. Conclusions

Results obtained in the present study showed that roasting of wattle seed significantly
increased its soluble phenolic content including both phenolic acids and flavonoids
extracted by aqueous acetone. Compared to the methanol extract, the acetone extract
contained higher levels of phenolic compounds. Bound phenolic acids were the source
of most of the total phenolic content. Furthermore, roasting, and especially a
combination of roasting and hydrolysis of the extract, increased the number of peaks
with antioxidant activity. This increase in soluble phenolic content could be a result of
thermal dissociation of conjugated and bound phenolics, creation of new phenolic
compounds by thermally-induced chemical reactions or a combination of both. The
increase in soluble phenolic content, with the corresponding rise in the antioxidant
activity of the wattle seed extract, indicated that roasting has the potential to
significantly improve the nutritional value and health benefits of wattle seed products.
The major phenolic acids present in wattle seeds were found to be succinic and gallic
acids, and the concentration of both acids in wattle seed extract increased several fold as
a result of roasting. Furthermore, when examined by RP-HPLC, coupled with a postcolumn reaction, it was found that roasting caused the formation of a number of
compounds with relatively strong antioxidant activities, which were not present or were
present at undetectable concentrations in the raw seeds. Further research could be
directed at identifying these compounds and characterising their antioxidant and other
functional properties.
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CHAPTER 6. IN VITRO ANTIOXIDANT AND BIOACTIVE
PROPERTIES OF RAW AND ROASTED WATTLE (ACACIA
VICTORIAE BENTHAM) SEED EXTRACTS

6.1. Introduction

The seeds of prickly wattle (Acacia victoriae Bentham) have been traditionally
consumed by Australian Aborigines for thousands of years (Maslin & McDonald,
2004). Today, the seeds are commonly processed by roasting at high temperatures to
develop a nutty flavour and aroma, then ground to flour before being used as an
ingredient in foods, such as condiments, dairy products and baked goods, and also as a
coffee analogue (Maslin & McDonald, 2004; Hegarty et al., 2001). There have been a
number of studies on the nutritional and food-functional properties of raw prickly wattle
seeds which suggested that emulsifying, gelling and foaming properties can be
attributed to their high level of soluble carbohydrates and proteins (Agboola & Aluko,
2009; Ee et al., 2009a; Agboola et al., 2007).

In recent years, the important physiological roles and potential beneficial functions of
food-derived minor constituents, such as phenolic compounds and protease inhibitors,
have been attracting increasing attention. Antioxidant properties of phenolic compounds
in leguminous seeds have been implicated in the prevention of oxidative damage
associated with inflammation, heart disease, cancer (Middleton et al., 2000),
cardiovascular disease (Anderson et al., 1999) and hypertension (Actis-Goretta et al.,
2006). Specifically, studies of saponins isolated from different parts of A. victoriae were
shown to suppress skin carcinogenesis (Hanausek et al., 2001), exert in vitro tumour
inhibitory activity (Jayatilake et al., 2003) and have anticancer properties (Haridas et
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al., 2001). The results of recent study (Chapter 5; Ee et al., 2011) on the characteristics
of phenolic constituents obtained from raw and roasted wattle seed extracts, justified
further study on the potential health functional properties of wattle seed phenolics.

Apart from phenolic compounds, inhibitors of serine proteases, trypsin and
chymotrypsin, commonly found in leguminous seeds, have also been studied
extensively due to their detrimental role in human and animal nutrition (Belitz &
Weder, 1990). Protease inhibitors (PIs) play an essential role during seed development
and in defence against pests (Bhattacharyya et al., 2007) and fungi (Lopes et al., 2009).
In addition, several studies have shown that some PIs isolated from legumes have
antiproliferative, antitumour, immunomodulatory and other antipathogenic activities
(Ho & Ng, 2008; Wang et al., 2006; Kobayashi et al., 2004). Previously, we have
identified protease inhibitory activities in water extract and crude protein fractions of
wattle (A. victoriae) seed (Ee et al., 2008). Consequently, a Kunitz-type trypsin
inhibitor (AvTI) was isolated from crude active fractions, using chromatographic
methods (Ee et al., 2009b). However, the potential health benefits of wattle seed
extracts and the purified inhibitor have yet to be investigated.

Wattle seeds are commonly roasted to develop their typical flavour and aroma before
incorporation into food. Furthermore, the majority of phenolic constituents are bound in
legumes and could only be released on processing or hydrolysis (Madhujith & Shahidi,
2009; Adom & Liu, 2002). Therefore, such technological processing could influence
their nutritional values and their potential health benefits. Moreover, limited research
has been undertaken to examine the combined effects of phenolic compounds and PIs
on in vitro antioxidant and other bioactive properties. We hereby report the potential
health-enhancing properties of PIs and phenolic compounds obtained from raw and
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roasted wattle seeds. This study was focused on antihypertensive, cytotoxic, antitumour
and antioxidant properties, as well as antimicrobial, parasiticidal and insecticidal
activities of the phenolic compounds alone, and in combination with partially purified
protease inhibitor.

6.2. Materials and Methods

6.2.1. Materials

Acacia victoriae Bentham seeds were supplied by Outback Bushfoods, Alice Springs,
Australia. Commercially ground wattle seed product was purchased from Vic Cherikoff
Food Services Pty. Ltd., NSW, Australia. Nutrient broth, nutrient agar and technical
agar were obtained from Oxoid, UK and Amyl Media, Australia. Chemicals and
reagents, such as angiotensin-converting enzyme (ACE; EC 3.4.15.1) from rabbit lung,
captopril, N-[3-(2-furyl) acryloyl]-L-phenylalanyl-glycyl-glycine (FA-PGG), 2, 2′ azinobis-(3-ethylbenzothiazoline-6-sulphonic

acid)

diammonium

salt

(ABTS),

potassium persulphate (di-potassium peroxodisulphate), 2, 2′-diphenyl-1-picrylhydrazyl
(DPPH), 6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid (Trolox) and
Folin-Ciocalteu reagent were purchased from Sigma-Aldrich, Castle Hill, NSW,
Australia. All other chemicals used were of analytical grade and purchased from E.
Merck, Darmstadt, Germany, unless stated otherwise.

6.2.2. Roasting of wattle seeds

Wattle seeds were roasted according to the method described in Chapter 4 section 4.2.2.
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6.2.3. Extraction and purification of protease inhibitor

Crude water extract and purified isolates rich in protease inhibitory activities were
prepared according to the method described previously (Ee et al., 2009b). Briefly,
soluble matter was extracted from the ground raw wattle seeds with 10 volumes of
deionised water under constant stirring at room temperature (25 oC) for 2 hours. After
centrifugation at 2,147g for 10 min at 4 oC, the supernatant (crude extract) was
precipitated with 25−50% (w/v) ammonium sulphate, as this fraction, designated AS-2,
has been shown to possess the highest protease inhibitory activity of all salt precipitates
(Ee et al., 2008). Sample AS-2 was applied onto an anion exchange column (HiPrep
16/10 Q-Sepharose Fast Flow), eluted these active peaks that were then collected and
labelled 3-I. Sample G-90m was collected from further purification of sample 3-I using
a preparatory grade HiLoad 26/60 Superdex 200 gel permeation column. The purest
form of Acacia victoriae trypsin inhibitor (AvTI) was obtained from G-90m using an
additional anion exchange column. All samples were dialysed (molecular weight cut-off
10 kDa) against cold (4 oC) deionised water for 72 hours and lyophilised (Christ-Alpha
2-4 LDplus freeze dryer, Biotech International, Germany).

6.2.4. Extraction and hydrolysis of phenolic compounds

The soluble phenolic compounds were extracted twice from the milled raw and roasted
wattle seeds with 10 volumes of either 70% (v/v) aqueous acetone or 80% (v/v) aqueous
methanol under constant stirring at room temperature (25 oC) for 2 hours. After each
extraction, the mixture was centrifuged at 2,147g for 10 min and the supernatants of the
two extractions were pooled. The pooled supernatants were filtered through 0.45 µm
nylon filter membrane prior to evaporation under vacuum at 40
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C, followed

immediately by lyophilisation. Hydrolysates of the wattle seed extracts were prepared
according to the method described previously (Chapter 5). Briefly, two grams of the
wattle seed flour or lyophilised acetone extract were hydrolysed with 60 mL of 2 M
NaOH under constant stirring for 2 hours at room temperature (25 oC). The resultant
hydrolysate was acidified to pH 2.0 using 6 M HCl and was mixed vigorously with 60
mL of ethyl acetate for 5 min, followed by centrifugation at 2,147g at 4 oC for 10 min.
This step was repeated thrice and the ethyl acetate extracts were pooled, evaporated and
dried completely under vacuum at 40 oC. The extract was then reconstituted in minimal
deionised water and lyophilised.

6.2.5. Trolox equivalent antioxidant capacity (TEAC) assay

The antioxidant activity of wattle seed extracts was determined in terms of measurement
of percentage inhibition of peroxidation of ABTS using a radical cation decolourisation
assay (Arts et al., 2004). A 7 mM ABTS diammonium salt solution was prepared with
deionised water. The oxidant was generated immediately after addition of 2.45 mM
potassium persulphate into the solution. The mixture was allowed to stand in the dark at
room temperature for 12–16 hours to produce a dark blue solution with a maximal and
stable absorbance. This stock solution was diluted with deionised water (1:90 v/v) to
reach an absorbance of 0.7 (± 0.02) at 734 nm, and then filtered through 0.45 µm nylon
membrane filter. The resulting solution (1 mL) was added to 100 µL of wattle seed
extract containing 0.1−2.0 mg mL

-1

of dry matter in deionised water, followed by

mixing for 45 s and incubating at room temperature (25 oC) for 5 min before reading the
absorbance. The absorbance of the ABTS radical cation without sample, i.e. the control,
was measured before every analysis. The Trolox standard solution (20–100 µM) in 80%
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(v/v) ethanol was prepared and assayed at the same conditions. Results were reported as
mM of Trolox equivalent (TE) per gram of wattle seed flour (R2 = 0.9988).

6.2.6. Determination of oxygen radical absorbance capacity (ORAC)

Oxygen radical absorbance capacity assay, based on the inhibition of the peroxyl
radical-induced oxidation initiated by thermal decomposition of
′ 2, 2 -azobis (2methylpropionamidine) dihydrochloride (AAPH), was carried out using the ORAC
Assay Kit (Cell Biolabs, Inc., California) by following the manufacturer’s instructions.
Briefly, wattle seed extract containing 0.01
−0.10 mg mL

-1

of dry matter was

reconstituted in diluted assay buffer (1:4 with deionised water) and centrifuged at
10,000g for 10 min. The sample supernatant or standard (25 µL) was pipetted into the
appropriate wells of a black 96-well microtiter plate with transparent flat bottom. For
the blank, 25 µL of diluted assay buffer was used. Diluted fluorescein working solution
(150 µL, 1:100 with deionised water) was added into each well and the plate was
incubated in a FLUOstar Omega UV-vis spectrophotometer (BMG Labtech, Offenburg,
Germany) at 37 oC for 30 min. An aliquot (25 µL) of pre-warmed (37 oC) free radical
initiator was injected into each well using the plate reader handling system, followed by
mixing at 500 rpm for 5 s before the first cycle of reading at an excitation wavelength of
485 nm and an emission wavelength of 520 nm (Madhujith & Shahidi, 2009). The plate
was read for 60 cycles with 90 s cycle-1 and 10 flashes well-1. The degree of inhibition
in time was achieved by measuring the average area under the kinetic curve (AUC) of
60 cycles and the net AUC was calculated by subtracting the AUC of the blank. Results
were reported as mM of Trolox equivalent (TE) per gram of wattle seed flour (R2 =
0.9974).
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6.2.7. DPPH radical scavenging assay

Free radical scavenging activities of wattle seed extracts were measured using the
procedure described by Michalska et al. (2007). The DPPH radical solution was
prepared by dissolving 10 mg of DPPH in 25 mL of 80% (v/v) methanol. The control
was prepared with 250 µL of DPPH solution and 2.1 mL of 80% (v/v) methanol. For the
assay, 100 µL of wattle seed extract containing 0.1
−10.0 mg mL

-1

of dry matter in

deionised water was added to 250 µL of DPPH solution and 2 mL of 80% (v/v)
methanol. The mixture was shaken vigorously and incubated at room temperature (25
o

C) in the dark for 20 min prior to the measurement of absorbance at 515 nm using

Helios UV-vis spectrophotometer (Thermo Scientific, Massachusetts). The Trolox
standard solution (0.0–0.6 mM) in 80% (v/v) methanol was assayed at the same
conditions. Results were reported as mM of Trolox equivalent (TE) per gram of wattle
seed flour (R2 = 0.9927).

6.2.8. Angiotensin-converting enzyme (ACE) inhibitory activity assay

Angiotensin-converting enzyme (ACE; EC 3.4.15.1) inhibitory activity was analysed
using the spectrophotometric method (Shalaby et al., 2006) with slight modifications.
The ACE solution (0.25 units mL-1) was freshly prepared by adding deionised water
into a vial containing 0.25 units of enzyme. Substrate, N-[3-(2-furyl) acryloyl]-Lphenylalanyl-glycyl-glycine (FA-PGG), was dissolved in 50 mM Tris-HCl buffer, pH
7.5, with 0.3 M NaCl to a final concentration of 0.88 mM. For each assay, 10 µL of test
sample (1 mg mL-1 in 50 mM Tris-HCl buffer, pH 7.5) or standard captopril (0.04−0.40
µM) and 10 µL of ACE solution were pipetted separately in a 96-well microtiter plate
(Cell Biolabs, Inc., California). Tris-HCl buffer was used as negative control. The
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microtiter plate was then transferred into FLUOstar Omega UV-vis spectrophotometer
(BMG Labtech, Offenburg, Germany) which was set at 37 oC. An aliquot (150 µL) of
preheated (37 oC) substrate solution was injected into each well using the plate reader
handling system and mixed at 500 rpm for 5 s after injection cycle (10 samples, 60
cycles with 30 s cycle-1 and 1 flash well-1), followed by reading at 340 nm. The ACE
activity was expressed as the slope of the decrease in absorbance at 340 nm (ρA), and
the ACE inhibition (%) was calculated from the ratio of the slope in the presence of
inhibitor to the slope obtained in the absence of inhibitor, according to the formula:

Percent ACE inhibition = [1 – (ρAinhibitor / ρAcontrol)] × 100% ---------------------------[6.1]

6.2.9. Brine-shrimp lethality assay

The cytotoxicity of the acetone extract from raw and roasted wattle seed was studied
using brine-shrimp lethality assay (Rahman et al., 2001; Meyer et al., 1982). Brineshrimp (Artemia salina) eggs (Aquafauna Bio-marine, Inc., California) were hatched
overnight in aerated artificial sea water (40 g sea salt L-1) with 12 mg L-1 of dried yeast
at 26 oC under illumination. Sea salt was obtained from the local Coles supermarket.
After 48 hours, brine-shrimp larvae (nauplii) were transferred to vials (10 larvae per
vial) containing 5 mL artificial sea water with 1000, 100, 10 and 1 µg mL-1 final
concentrations of each wattle seed extract taken from their stock solutions of 10 mg
mL-1 in deionised water. Control was prepared without sample to observe the viability
of nauplii. The vials were placed under illumination at 26 oC. The number of survivors
was counted after 24 hours. Data was obtained from mean value of three replicates for
each concentration and was analysed using Reed-Muench plot (Reed & Muench, 1938)
to determine 50% of lethality dose (LD50).
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6.2.10. Potato disc antitumour assay

Crown gall tumour inhibition assay (Rahman et al., 2001) was performed for all wattle
seed extracts. Agrobacterium tumefaciens strain K198 (Department of Horticulture,
Viticulture and Oenology, Plant Research Centre, Adelaide University, South Australia)
was grown for 48 hours in nutrient broth medium at 25 oC. Fresh organic red skinned
potatoes (Desiree potatoes) were surface sterilised in 0.1% liquid hypochloride bleach
for 10 min and thoroughly washed with autoclaved deionised water. A core cylinder of
tissue was removed from surface sterilised potatoes using a metal cork borer (8 mm).
Both ends (20 mm) of each potato cylinder were discarded and the potato discs (5 mm
thickness) were obtained by using scalpel under complete aseptic conditions. Five
potato discs were placed on Petri plates each containing 1.5% technical agar, and three
plates were used for each test sample along with same number of plates for control.
Each sample (10 mg mL-1) was dissolved in autoclaved deionised water in separate test
tubes as a stock solution. Then stock solution of the test sample (500 µL, 50 µL and 5
µL) was added to a broth culture of Agrobacterium tumefaciens (K198, 2 mL, a 48-hour
culture containing about 5×109 cells mL-1) and topped up with autoclaved deionised
water to give 1000, 100 and 10 µg mL-1 final concentration in volume of 5 mL,
respectively. The positive control was prepared by mixing broth culture of A.
tumefaciens (2 mL) with deionised water instead of test sample and only deionised
water was used as negative control. These cultures (50 µL) were applied on the surface
of each potato disc. The entire circumference of the Petri plates lids were wrapped with
Parafilm and incubated at 27 oC. After 21 days incubation, the numbers of tumours were
counted using dissecting microscope after staining with Lugol’s solution (10% KI and
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5% I2 in deionised water). Percent inhibition for each concentration was determined by
the formula given below:

Percent inhibition = 100 – [(Number of tumours of sample/ Number of tumours of
positive control) × 100] -----------------------------------------------------------------------[6.2]

Significant value of inhibition must be higher than 20%.

6.2.11. Antibacterial assay

Wattle seed extracts were assayed against the following microorganisms: Gram positive
bacteria – Bacillus cereus, Staphylococcus aureus (ATCC 25923), Enterococcus
faecalis (ATCC 19433), clinical Methicillin-resistant Staphylococcus aureus (MRSA)
and Vancomycin-resistant enterococci (VRE); Gram negative bacteria – Escherichia
coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853) and Salmonella enterica
monschaui (IMVS 100). These organisms were obtained from David Morell Research
Laboratory of School of Biomedical Science, Charles Sturt University, Wagga Wagga,
Australia. They were grown in nutrient broth and the growth was evaluated by growth
on 38 g L-1 Mueller-Hinton agar at appropriate conditions (37 oC, aerobic or anaerobic
as required) for 16–18 hours in the absence of test substances.

Wattle seed extracts in 10 µL of different concentration (10000 ppm, 5000 ppm, 3000
ppm, 1000 ppm and 100 ppm) in sterile deionised water were tested for antibacterial
activity using the disc diffusion assay (Bauer et al., 1966). Overnight broth cultures (18hour culture; 37 oC with shaking 120 rpm) were freshly prepared for each assay and
vortexed for 30 s before spreading the cultures (250 µL of 1 × 106 cells mL-1) over the
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surface of Mueller-Hinton agar and then they were surface dried at 37 oC for 15 min. An
aliquot (10 µL) of test sample was pipetted onto a 6 mm sterile disc (Oxoid
Antibacterial Susceptibility Blank Test Discs). The disc was transferred onto the agar
plates containing test cultures with sterile forceps. Following 24-hour incubation at 37
o

C the diameters of the zone of inhibition for each dilution were then recorded in mm

(including disc). The standard commercial antibiotic agents Methicillin (10 µg disc-1),
Vancomycin (30 µg disc-1), Metronidazole (50 µg disc-1), Ceftazidime (30 µg disc-1)
were used as positive control and blank disc impregnated with 10 µL of sterile
deionised water was used as negative control. Assays were completed in triplicate and
repeated independently three times.

6.2.12. Antifungal assay

Antifungal screening of wattle seed extracts was carried out against eight fungi:
Greeneria uvicola (GR 13), Colletotrichum acutatum (CA 3), Colletotrichum
gloeosporioides (CG 86), Botrytis cinerea (TN 43), Neofusicoccum australe (79
DNW8),

Microsporum

gyspeum,

Trichophyton

tonsurans

and

Trichophyton

mentagrophytes. These organisms were provided by David Morell Research Laboratory
of School of Biomedical Science, Charles Sturt University, and National Wine and
Grape Industry Centre, Wagga Wagga, Australia. They were sub-cultured in 60 mL
Sabouraud dextrose agar slope in 100 mL Schotte bottles at 27 oC for 72 hours in the
absence of test substances. Solution A was prepared in 200 mL of deionised water with
two drops of Tween 80. Twenty milliliter of Solution A was dispensed into each
McCartney bottle (contained 20–30 glass beads) and autoclaved. The spores on the
Sabouraud dextrose agar slope were washed off using Solution A with glass beads and
they were poured back into McCartney bottle. All stock solutions were stored at 4 oC.
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In vitro antifungal screening on wattle seed extracts in 10 µL of different concentration
(10000 ppm, 5000 ppm, 3000 ppm, 1000 ppm and 100 ppm) in Solution A was carried
out by disc diffusion method (Bauer et al., 1966). Each fungal culture was freshly
prepared for each assay and vortexed for 30 s before spreading the cultures (200 µL of 2
× 104 cells mL-1) over the surface of Sabouraud dextrose agar. Sterile discs (Oxoid
Antibacterial Susceptibility Blank Test Discs, 6 mm) impregnated with various
concentration of extract were placed on test organism-seeded plates. The standard
commercial antifungal agent Nystatin (100 units disc-1) was used as positive control and
blank disc impregnated with 10 µL of sterile Solution A was used as negative control.
Assays were completed in triplicate and repeated independently three times.

6.2.13. Antiparasitic assay

Parasiticidal properties of wattle seed extracts was studied against Giardia lamblia lines
1279 and Trichomonas vaginalis lines B7708 which were provided by Queensland
Institute of Medical Research, Australia. Metronidazole (AUST R 129476, Hospira
Australia Pty. Ltd.) in concentration of 500 mg 100 mL-1 was used as positive control.

The parasite culture media, TYI-S-33, was prepared as follows (Moon et al., 2006):

Solution A contained 20 g of Trypton (Bacto), 10 g of yeast extract, 10 g of glucose, 2 g
of NaCl, 1 g of K2HPO4, 0.6 g of KH2PO4, 1 g of L-cysteine (or L-cysteine HCl), 0.2 g
of ascorbic acid and 22.8 mg of ferric ammonium citrate dissolved in 870 mL of sterile
nanopure water. Solution A was adjusted to pH 6.8 using 2 M NaOH. The media was
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then filtered through a 0.22 µm membrane filter and dispensed, in 87 mL volumes, into
sterile 100 mL Schott bottles.

Solution B contained 500 mL of NCTC-135 culture media was mixed with 2.6 mL of
Solution C [20 mg of DL-6, 8 thioctic acid (α-lipoic acid), 0.55 mg of methyl linoleate, 5
mg of methyl arachidonate and 10 mg of cholesterol in 20 mL ethanol] and 2.6 mL of
50% Tween 80 in ethanol, which made up to a final volume of 780 mL in sterile
nanopure water. The solution was filtered through a 0.22 µm membrane filter and
dispensed, in 30 mL volumes, into sterile tubes, wrapped in aluminium foil and stored at
-20 oC or used immediately.

To each bottle of Solution A was then added 3 mL of Solution B and 10 mL of heattreated foetal bovine serum (Giardia lamblia media designated TYI-S-33G and
Trichomonas vaginalis media designated TYI-S-33T). One milliliter of 100 mg mL-1
bile in sterile nanopure water was also added to TYI-S-33G media. All media were
dispensed into sterile 5 mL or 10 mL tubes and stored at -20 oC or used immediately.

One millilitre of 48-hour stock cultures in 9.0 mL of fresh TYI-S-33 media was
prepared as subcultures. Each 24-hour culture was counted for live parasites using
Haemacytometer and diluted in the appropriate TYI-S-33 media to give a final count of
1 × 106 cells mL-1 for G. lamblia and T. vaginalis. An aliquot (100 µL) of 10 mg mL-1
wattle seed extracts were added to give a final concentration of 500 ppm with an
equivalent volume of sterile nanopure water added to negative control to give a final
volume of 2 mL. Positive control was prepared by adding 40 µL of Metronidazole (5
mg mL-1) into the culture to give a final concentration of 100 ppm in 2 mL. The tubes
were incubated for 96 hours at 37 oC. The cultures were observed for the presence of
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live parasites using an inverted microscope and they were counted using a
haemacytometer every 24 hours. Each assay was repeated thrice independently.

6.2.14. Insecticidal assay

Insecticidal properties of wattle seed flours and extracts were studied against three
species of stored grain insects: Rhyzopertha dominica (NNRD815), Sitophilus oryzae
(NSO301) and Tribolium castaneum (NNTC7518), using a feeding method (Collins,
1998) with slight modification.

For control, 20 R. dominica and 20 S. oryzae were placed separately in two 60 mL
container with 5 g of whole wheat grain in each container; similarly, 20 T. castaneum
were placed in a 60 mL container with mixture of 5 g of whole wheat grain and 5 g of
wheat flour.

This assay was carried out using whole wattle seeds, wattle seed flour and freeze dried
wattle seed extracts (crude water extract, AS-2, 3-I, G-90m, AvTI). For T. castaneum, a
mixture of 5 g of grain, 0.5 g of wattle seed flour and 5 g of wheat flour was prepared.
For R. dominica, S. oryzae and T. castaneum, 0.6 mL of 1 mM crude water extract (40
mg mL-1), AS-2 (38.92 mg mL-1), 3-I (38.92 mg mL-1), G-90m (18.52 mg mL-1) and
AvTI (13 mg mL-1) in deionised water were filtered through a 0.45 µm membrane filter
individually and were pipetted separately onto 60 g of grain, so that every 5 g of grain
were mixed with 50 μL of sample. This corresponded to 2 mg, 1.95 mg, 1.95 mg, 0.93
mg and 0.65 mg of extract in 5 g of whole wheat grain, respectively. In addition, three
replicates of R. dominica were set up on wattle seeds only to observe if they can feed.
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Similarly, an assay was also carried out using freeze dried methanol extract and acetone
extract of wattle seeds. For R. dominica, S. oryzae and T. castaneum, 0.6 mL of 50 mg
mL-1 of the extracts in deionised water were filtered through a 0.45 µm membrane filter
individually and were pipetted separately onto 60 g of grain, so that every 5 g of grain
were mixed with 50 μL of sample. This corresponded to 2.5 mg of extract in 5 g of
whole wheat grain each.

The treated grains were mixed thoroughly in a jar by rolling around to ensure all grains
evenly coated. For T. castaneum, 15 g of treated grain was ground into flour. Twenty
insects were placed on 5 g of each treated wheat grains and incubated in a controlled
temperature cabinet at 25 °C with 60% relative humidity. Assessment was made daily
for the first week and then fortnightly for the following four weeks.

6.2.15. Studies on the combination of purified AvTI and acetone extract

Based on the individual results of the antioxidant and bioactivity assays, purified AvTI
and acetone extract were combined at different ratios and assayed for ACE inhibition,
cytotoxicity and antioxidant activity (TEAC and ORAC) as previously described.
Experimental results and estimated data based on the percentage of activities and the
ratio of samples were presented.

6.2.16. Statistical analysis

All extractions and analyses were carried out at least in triplicates and the means (with
standard deviations) reported. Data collected were subjected to analysis of variance, and
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where applicable, means of treatments were subjected to ANOVA test and t-test.
Significant difference was reported at p ≤ 0.05.

6.3. Results and discussion

6.3.1. Antioxidant activities of protease inhibitors

Antioxidant activities (TEAC and ORAC) of lyophilised extracts with increasing purity
of protease inhibitory activity are shown in Table 6.1. Results are also summarised in
Appendix 3. In the TEAC assay, antioxidant activity gradually decreased with the
progress of purification from crude water extract to AvTI. However, in the ORAC
assay, the highest level of antioxidant activity was found in the extract obtained from
gel permeation chromatography (G-90m), with similar antioxidant activity being
observed in the crude extract and the extract obtained from ion exchange
chromatography (3-I). Although G-90m was found to have the highest value in ORAC
assay among other samples, it was not a significant outcome. The least antioxidant
activity was found in AvTI using both assay methods. The DPPH assay was found to be
unsuitable for analysis of wattle seed extracts due to precipitation and cloudiness of the
mixture.

The antioxidant activity of crude extract in both TEAC and ORAC assays may be
attributed to water soluble phenolics because the reduction in activity was indicated
with the higher degree of purification. There are limited studies on the antioxidant
activity of protease inhibitor from plant storage proteins. For example, a study of Hou et
al. (2001) claimed that a purified trypsin inhibitor with molecular weight of 33 kDa
from sweet potato (Ipomoea batatas Lam.) had scavenging activity against DPPH free
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Table 6.1. Antioxidant activities of crude and purified wattle seed protease inhibitorsa
_____________________________________________________________________
Sample

TEACb

ORACc

_____________________________________________________________________
Water extract

14.54 ± 0.87

4.32 ± 0.27

AS-2d

3.21 ± 0.55

1.30 ± 0.15

3-Ie

1.28 ± 0.11

3.48 ± 0.45

1.66 ± 0.12

6.66 ± 0.12

0.07 ± 0.00

0.04 ± 0.00

G-90mf
AvTI

g

_____________________________________________________________________
a

Data are means of three determinations with standard deviations and are expressed as
mM Trolox equivalent (TE) per gram of flour. b Trolox equivalent antioxidant capacity.
c
Oxygen radical absorbance capacity. d 50% (w/v) ammonium sulphate precipitate. e
Pooled ion exchange fraction I-4 to I-6. f Gel filtration fraction. g Acacia victoriae
trypsin inhibitor.
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radicals. It might play a role as an antioxidant in roots and might have beneficial health
effects to human. Moreover, a study of Tsoi et al. (2005) stated that a chymotrypsinspecific potato type I inhibitor from Momordica cochinchinensis seeds possessed
antioxidative activity as well as some of the pharmacological effects. However, all
wattle seed protease inhibitors were found to have very low antioxidant activities.

The use of protein hydrolysates or peptides as antioxidants has attracted particular
interest. Many food proteins, including milk proteins, such as lactoferrin, βlactoglobulin and casein (Le Tien et al., 2001), histidine-containing peptides in soybean
hydrolysates (Chen et al., 1998), lysine and histidine residues in lupin protein
hydrolysates (Khalil et al., 2006), were reported to have antioxidant activity. These
proteins owe their antioxidant activities to their constituent amino acids as well as to the
different degrees of availability of aromatic amino acid residues which have been
reported as making significant contributions to antioxidant activity (Chen et al., 1998).
Similarly, the low values for antioxidant activity of wattle seed protease inhibitors could
be due to the globular nature of the seed protein where the hydrophobic side chains of
aromatic amino acids, such as phenylalanine, tyrosine, tryptophan and histidine, were
not usually exposed. Furthermore, the low level of aromatic amino acids in AvTI was
possibly another negative factor for the antioxidant properties (Chapter 3, Table 3.3).

6.3.2. Antioxidant activities of phenolic extracts and hydrolysates

Table 6.2 shows the antioxidant activities of 70% (v/v) aqueous acetone extracts and
hydrolysates obtained from raw and roasted wattle seeds, including the commercial
sample. Results are also summarised in Appendices 3 and 4. Due to lower antioxidant
values obtained from methanol extract (TEAC, 6.96 mM TE g-1 flour; ORAC, 19.57
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mM TE g-1 flour; DPPH, 3.72 mM TE g-1 flour) of raw wattle seed compared to the
acetone extract counterparts as shown in the table and the identical RP-HPLC profiles
(Chapter 5, Figure 5.2) of extracts obtained using both solvents, acetone was used for
the extraction of the roasted samples. Generally, the antioxidant activities of all samples
increased with processing at 200 oC for up to 30 min, with the highest being found in
hydrolysed roasted wattle seed flour irrespective of the assaying method. The
antioxidant activities of aqueous acetone extract and its hydrolysates obtained from the
commercial product were close to those obtained in the 20−30-min roasted samples.

Although the ORAC assay exhibited the higher antioxidant activity compared to the
TEAC and DPPH assays, our study showed that the results obtained from ORAC assay
were highly correlated to those from both TEAC (r = 0.93) and DPPH (r = 0.99) assays.
This indicates the potential antioxidant activities of wattle seed extracts could be
attributed to the combination of reducing power and free radical scavenging capacity
(Huang et al., 2005). Furthermore, the substantial increase in phenolic antioxidant
activity produced by roasting shown in the present study was similar to results obtained
from dry heated sweet corn (Dewanto et al., 2002), moth bean (Siddhuraju, 2006) and
cowpea (Siddhuraju & Becker, 2007). This increase in antioxidant activity could be a
result of thermal dissociation of conjugated and bound phenolics (Dewanto et al., 2002),
creation of new phenolic compounds by Maillard reaction, such as melanoidins
(Yanagimoto et al., 2004) and 5-hydroxymethyl-2-furfuraldehyde (Siddhuraju, 2006),
or a combination of both.

Furthermore, antioxidant assays of the hydrolysed wattle seed flours, which contains
free, soluble conjugated and insoluble bound phenolic acids, were significantly (p <
0.05) higher than those which only contain soluble counterparts in acetone extract. This
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Table 6.2. Antioxidant activities of raw and roasted wattle seed extractsa
_________________________________________________________________________________________________________________________
Roasting

DPPH radical scavenging activity

Trolox equivalent antioxidant capacity

Oxygen radical absorbance capacity

time (min)
_________________________________________________________________________________________________________________________
Acetone

Hydrolysed

Hydrolysed

Acetone

Hydrolysed

Hydrolysed

Acetone

Hydrolysed

Hydrolysed

extract

extractb

flourc

extract

extractb

flourc

extract

extractb

flourc

_________________________________________________________________________________________________________________________
0

6.87 ± 0.12

0.02 ± 0.00

8.82 ± 0.30

8.17 ± 0.16

0.02 ± 0.00

8.63 ± 0.19

31.61 ± 1.27

0.10 ± 0.00

42.55 ± 0.20

5

10.90 ± 1.77

17.23 ± 0.86

224.58 ± 7.32e

11.81 ± 0.36e

4.50 ± 0.18 45.20 ± 2.79

50.87 ± 5.84 19.54 ± 1.10 124.45 ± 5.40

10

14.62 ± 1.16

30.38 ± 1.04

227.84 ± 5.29e

11.86 ± 0.51e

7.35 ± 0.26 54.72 ± 1.22e

54.45 ± 7.40 31.44 ± 1.85 139.85 ± 5.59

20

27.89 ± 2.58e

53.48 ± 1.83

232.44 ± 4.08e

21.70 ± 0.19 13.58 ± 0.20 54.48 ± 0.85e

142.76 ± 9.81e 51.87 ± 1.85 182.66 ± 8.32

30

30.13 ± 1.29e

81.15 ± 1.39

238.82 ± 4.72e

22.49 ± 0.28 20.40 ± 0.21 56.21 ± 0.82

164.76 ± 9.18 73.05 ± 3.50 220.56 ± 4.72

CPd

31.22 ± 1.74e

61.96 ± 2.51

261.14 ± 5.64

23.59 ± 0.42 15.92 ± 0.38 67.07 ± 0.87

148.98 ± 8.35e 58.98 ± 3.84 202.57 ± 5.76

_________________________________________________________________________________________________________________________
a

Data are means of three determinations with standard deviations and are expressed as mM trolox equivalent (TE) per gram of flour. b Alkaline
hydrolysate of aqueous acetone extract. c Alkaline hydrolysate of whole wattle seed flour. d Commercial product. e Data in column with the same
superscripts are not significantly different while data with different or without superscripts are significantly different at 95% confidence level.
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finding suggested that the release of phenolic acids from soluble conjugated and from
insoluble bound phenolics into free phenolic acids via hydrolysis increases the
antioxidant activity. This is in agreement with other similar studies, such as antioxidant
activities of barley (Madhujith & Shahidi, 2009), corn, wheat, oat and rice phenolic
hydrolysates (Adom & Liu, 2002). The increase in the antioxidant activity of the wattle
seed extract by both roasting and hydrolysis has the potential to significantly improve
the nutritional value and health benefits of wattle seed products (Actis-Goretta et al.,
2006; Middleton et al., 2000; Anderson et al., 1999).

6.3.3. ACE inhibitory activity

Table 6.3 shows the ACE inhibitory activity and cytotoxicity of crude extract, purified
PIs, and acetone extracts. The highest ACE inhibitory activity was found in AS-2,
followed by crude extract, G-90m, AvTI and 3-I. The acetone extract of raw wattle seed
has the lowest ACE inhibitory activity. In comparison with standard captopril (IC50
0.028 µg mL-1), the wattle seed protease inhibitor and phenolic compounds exhibited
very low antihypertensive activity based on the concentrations used in the assay. The
possible factors affecting the in vitro ACE inhibitory potency of wattle seed extracts
could be the amino acid sequence and the size of protein (Erdmann et al., 2008). It has
been reported that short peptides with usually−52 amino acids and with C

-terminal

proline, lysine or arginine residues contribute most strongly to ACE inhibitory effect
(Erdmann et al., 2008). However, larger peptides or proteins, such as wattle seed
protease inhibitor in present study, may possess little ACE inhibitory potency. Similar
studies have shown that peptides and protein hydrolysates, such as those from soybean
(Mallikarjun Gouda et al., 2006), chickpea (Barbana & Boye, 2010) and peanuts (Quist
et al., 2009), showed significant in vitro antihypertensive activity.
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Table 6.3. ACE inhibitory activity and cytotoxicity of wattle seed extractsa
_____________________________________________________________________
Sample

ACE inhibitionb (%)

LD50 valuec (µg mL-1)

_____________________________________________________________________
Water extract

18.89 ± 1.92

1226.47 ± 5.32

AS-2d

30.00 ± 3.33

851.14 ± 4.57

3-Ie

13.33 ± 3.33

794.33 ± 4.27

17.78 ± 1.92

575.44 ± 4.90

15.56 ± 1.02

239.88 ± 4.57

G-90mf
AvTI

g

_____________________________________________________________________
a

Data are means of three determinations with standard deviations. b Angiotensinconverting enzyme inhibition, 10 µL of test sample (1 mg mL-1 in 50 mM Tris-HCl
buffer, pH 7.5). c 50% of lethality dose. d 50% (w/v) ammonium sulphate precipitate. e
Pooled ion exchange fraction I-4 to I-6. f Gel filtration fraction. g Acacia victoriae
trypsin inhibitor.
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Figure 6.1 shows the changes of ACE inhibitory activity of acetone extract, hydrolysed
extract and hydrolysed flour obtained from raw and roasted wattle seeds. Results
showed that hydrolysis of acetone extract and flour increased the ACE inhibitory
activity, apparently attributable to low molecular weight phenolic residues. However, a
significant reduction was indicated after the first 5 min of roasting and insignificant
change was observed thereafter. Acetone extract, hydrolysed acetone extract and
hydrolysed flour of commercial product were found to have 19.78 ± 4.38%, 14.89 ±
3.93% and 37.33 ± 5.77% ACE inhibitory activity. Thermal processing, which induces
phenolic oxidation and other chemical changes, seemed to have eliminated ACE
inhibitory activity of hydrolysed wattle seed samples. In contrast, extracts from both
raw and roasted seeds of Cassia tora were found to have similar ACE inhibitory
activities (Hyun et al., 2009). This is probably due to species-specific phenolic
compounds in different varieties of plants or the different processing conditions
employed, which may alter the characteristics of the functional groups. A further study
could be focused on distinguishing between the active phenolic groups to confirm the
potential functionality.
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Figure 6.1. Effect of roasting on angiotensin-converting enzyme inhibitory activity of
one mg mL-1 of acetone extract (♦), hydrolysed extract (■) and hydrolysed flour (▲) of
wattle seed. ACE, angiotensin-converting enzyme.
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6.3.4. Cytotoxicity

Table 6.3 shows that AvTI exhibits the highest level of cytotoxicity against the larvae
of Artemia salina, which is followed by G-90m, 3-I, AS-2 and the lowest level was
found in the crude water extract. Among the protein fractions tested, all samples were
considered active as 50% of the nauplii survived at concentrations lower than 1000 µg
mL-1 (Meyer et al., 1982), with the most active being found in the purified Kunitz type
trypsin inhibitor (AvTI). This toxic potency was however lower than the protein extract
of Phaseolus acutifolius (LD50 3.0 µg mL-1) which was found to have trypsin inhibitory
effect as well as cytotoxicity on human colon cancer cells (Lopez-Martinez et al., 2008).
On the other hand, roasting, especially for up to 20 min and further, significantly
decreased the cytotoxicity of acetone extracts (Figure 6.2), where the lowest level was
found in the commercial product (2951.21 ± 89.40 µg mL-1). Similarly, the reduction in
cytotoxicity by roasting in a similar study on heat processed Mucuna jaspada (Udensi et
al., 2008) has been reported.

In spite of cytotoxicity, however, no corresponding in vitro antitumour, antibacterial,
antifungal, parasiticidal and insecticidal activities were observed in all samples. It has
been reported that different bioactive proteins with different structures may share the
general function of defence with other specific functions, such as antifungal,
antibacterial, antiviral and protease inhibitory activities (Wang & Ng, 2006; Wang et
al., 2006). Our studies show that the PIs from A. victoriae had specific functionality in
terms of ACE inhibition and cytotoxicity but did not translate into more broad-based
functionality. Other extracts from Acacia family, such as A. plumosa (Lopes et al.,
2009) showed protease inhibitors with antifungal properties, and those from A. nilotica
showed antitumour and antiproliferative activities (Meena et al., 2006).
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Figure 6.2. Effect of roasting on cytotoxicity of acetone extract of wattle seed. LD50,
50% of lethality dose; CP, commercial product.

178

Although the acetone extract from raw wattle seed exhibited relatively highly
cytotoxicity, no corresponding antitumour, antibacterial, antifungal and parasiticidal
activities were similarly indicated. Furthermore, due to considerable reduction of
cytotoxicity in wattle seed by roasting (Figure 6.2), these biological analyses were not
performed on roasted samples. Our results suggested that because of low diversity of
phenolic constituents (Chapter 5, Figure 5.2), wattle seed extracts were not as versatile
in their biological activities in comparison to extracts from other parts of Acacia
species. For example, the alkaloids, saponins, tannins and flavonoids contained in
methanolic extracts of pods, leaves, bark and gums of other Acacia species, such as A.
nilotica, A. tortilis, A. senegal and A. catechu, were ethnomedicinally claimed to assert
antifungal and antibacterial activities (Saini et al., 2008).

6.3.5. Studies on combination of purified AvTI and acetone extract

By considering the ease of extraction, yield (Chapter 5, Table 5.1) and the nature of
phenolic compounds obtained from raw wattle seed, acetone extract was selected for
analyses. All analyses were carried out using different ratio combinations of the acetone
extract and the purest form of protease inhibitor, AvTI, in the same concentration, to
study the synergistic or antagonistic effects of the combinations. Figure 6.3 presents the
results of ACE inhibition, antioxidant activity and cytotoxicity for the combinations of
AvTI and acetone extract. Results exhibited insignificant changes in ACE inhibitory
activity (Figure 6.3A) for the various combinations of AvTI and acetone extract
compared with the results when analysed individually. Both TEAC and ORAC assays
showed constant rise of antioxidant activities (Figure 6.3B) with increasing ratio of
acetone extract, and the highest value found in 100% acetone extract. Similarly, the
LD50 value for cytotoxicity (Figure 6.3C) increased with increasing ratio of acetone
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A

B

C

Figure 6.3. Experimental data (−) and calculated data (− −) of synergy in (A)
Angiotensin-converting enzyme (ACE) inhibitory activity, (B) antioxidant activity and
(C) cytotoxicity between Acacia victoriae trypsin inhibitor (AvTI) and acetone extract.
TEAC, Trolox equivalent antioxidant capacity; ORAC, oxygen radical absorbance
capacity; LD50, 50% of lethality dose.
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extract, with a sharp rise being indicated from 20% to 40% of acetone extract, but
insignificant changes were recorded thereafter. It should be noted that bioactive
components may act in combination with related compounds or with other components
to produce synergistic or antagonistic effects (Niki & Noguchi, 2000). Synergisms
occur when a mixture of two components produce greater activity than the sum of the
activities of the components when tested individually. Conversely, lower or negative
activity will result in antagonism. It had been suggested that the wide range of bioactive
secondary metabolites in whole seeds of some legumes might be engaged in synergistic
biological activities (Slavin, 2003). Our study, however, did not indicate any obvious in
vitro synergistic or antagonistic effects between AvTI and phenolic compounds of
wattle seed on the measured functional properties. Results also suggested that while
antioxidant activity was biased toward the phenolic extracts, cytotoxicity was biased
toward the protease inhibitor of wattle seed.

6.4. Conclusions

Results obtained in the present study showed that compared to their phenolic extract
counterparts, wattle seed protease inhibitors had an insignificant level of antioxidant
activity. Although protease inhibitors and phenolic compounds exhibited reasonable
cytotoxicity, they did not show significant in vitro antibacterial, antifungal,
antiparasitic, antitumour or insecticidal activities. Roasting and hydrolysis of wattle
seed phenolic extracts, however, significantly increased their antioxidant properties but
destroyed their ACE inhibitory activity and reduced the level of cytotoxicity. Further
study should be directed to the enzymatic hydrolysis of wattle seed protein into peptides
and characterising their antioxidant and bioactive properties, and possibly synergism
with the phenolic compounds, including their hydrolysates.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER STUDIES

In this study, protease inhibitors and phenolic components in wattle (Acacia victoriae
Bentham) seeds were extracted and characterised with quantitative and qualitative
analyses. Furthermore, the effects of roasting on the physical and chemical
characteristics of wattle seed, flour and corresponding extracts were also analysed. In
addition, the bioactive properties of wattle seed extracts were studied, focusing
particularly on antihypertensive, cytotoxic, antitumour and antioxidant properties, as
well as antimicrobial, parasiticidal and insecticidal activities of the phenolic
compounds, and in combination with partially purified protease inhibitors.

Our study indicates that the nature of wattle seed protease inhibitors is very similar to
other legume PIs. The results in Chapter 3 suggest that the majority of active protease
inhibitors have a similar molecular mass range, isoelectric point, active site and
inhibition mechanism, which are the typical characteristics of Kunitz-type serine
protease inhibitors. However, the amount of protease inhibitors and their rate of
inhibition against particular enzyme as well as the possibility of glycosylation may
depend on the particular variety of the plant. Furthermore, amino acid analysis in this
study suggests that the purified AvTI can be categorised in 7S globular protein group
which is a typical storage protein in legumes.

Processing wattle seeds by roasting at a constant temperature for different time regimes
affected the physical and chemical attributes of the seeds, flour and extracts. In general,
the results in Chapter 4 suggest that roasting led to a substantial lowering of the
carbohydrate and protein contents but enhanced the physical characteristics of wattle
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seed. Since the wattle seed has very hard and thick outer coat, roasting should improve
the grinding efficiency to produce a consistency in particle size, improving its
processing and quality parameters. The development of a dark brownish colour and a
typical nutty flavour after roasting may possibly increase the popularity of wattle seed
as a food ingredient.

Our study also confirms the fact that commercial products have been generally
processed adequately to eliminate protease inhibitors. The physical and chemical
characteristics of wattle seed roasted for 20 min is most similar to those of the
commercially roasted wattle seed product investigated in present study. Apart from that,
our study (Chapter 5) on phenolic components of raw and roasted wattle seed indicates
that more than 90% of phenolic components in wattle seed are in the bound form and
most of them are freed after roasting. In addition, the increase in soluble phenolic
content, with the corresponding rise in the antioxidant activity of the wattle seed extract,
show that roasting has the potential to significantly improve the nutritional value and
health benefits of wattle seed products. Significantly, for the first time, succinic and
gallic acids were identified to be the predominant and the active (antioxidant) phenolic
acids in wattle seed, respectively.

In vitro bioactive properties of wattle seed protease inhibitors and phenolic compounds
are not very high compared to other legume seeds, such as Acacia plumosa (Lopes et
al., 2009), soybean (Ho & Ng, 2008; Kennedy, 1998a), Phaseolus acutifolius (LopezMartinez et al., 2008), Caesalpinia bonduc (Bhattacharyya et al., 2007), Acacia nilotica
(Meena et al., 2006) and mung bean (Wang et al., 2006). The antioxidant and
angiotensin-converting enzyme (ACE) inhibitory activities of wattle seed protease
inhibitors decreased while their cytotoxicity increased with purity. Furthermore, the
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bioactive properties of wattle seed extracts were greatly affected by various processing
treatments during flour preparation. Roasting and hydrolysis of wattle seed phenolic
extracts significantly increased their antioxidant properties but destroyed their ACE
inhibitory activity and reduced the level of cytotoxicity. These results suggested that
while antioxidant activity was biased toward the phenolic extracts, cytotoxicity was
biased toward the protease inhibitors of wattle seed. These extracts, however, did not
show significant in vitro antibacterial, antifungal, antiparasitic, antitumour or
insecticidal activities. In general, the strongest bioactive properties were attributable to
the phenolic compounds whose extractability was increased by increased roasting time.
Consequently, the loss of protease inhibitors in the roasted wattle seed is not regarded as
important.

In summary, this study presents information mainly on the characteristics of protease
inhibitors and phenolic compounds in an Australian wattle (Acacia victoriae Bentham)
seed. Furthermore, this pioneering work on wattle seed attempts to scientifically
document the possible bioactive and health functional properties of a novel plant food.
However, more extensive work on wattle seed should be done to further confirm and
explore the potential properties, for example in vivo studies to confirm some of the in
vitro results described in this study. A positive outcome could potentially increase the
value of wattle seed products in the market and provide better social and economical
returns for the Australian wattle growing regions.

Further study could also be directed towards the enzymatic hydrolysis of wattle seed
protein into peptides and characterising their antioxidant and in vivo bioactive
properties, as well as possible synergism with the phenolic compounds, including their
basic hydrolysates. In addition, the evidence of the abundance of small molecular
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weight proteins after roasting in this study suggest that this reduction can possibly
improve the food technological functional properties, such as emulsification, foaming
and gelling ability. Furthermore, the development of new phenolic components from
roasting wattle seed is very interesting and; therefore, it is imperative to identify them
and to discover their potential bioactivities.

Incorporation of raw or roasted wattle seed flour or its extract into the food system can
also be another area of study. This will require an investigation of the sensory
acceptability, such as appearance, taste, flavour and the overall acceptability of the final
products. A marketing study can also be conducted to analyse the perception of
consumers in different age groups for the introduction of a new native ingredient(s). In
addition, a more intense study in the production and the cost of wattle seed as well as
the ecological impact on the wild harvesting or large-scale cultivation in Australia is
necessary. This could also involve the issue of quality of the seed with respect to pest
infestation, since the current study indicates that naturally occurring wattle seed
antinutrients have little effect on some insect pests. Profitability for the farmers and the
food manufacturers are the crucial factors in the establishment of an innovative wattle
seed industry and good quality seeds need to be reliably sourced.
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APPENDIX 1
Raw wattle seeds

Roasting
Raw milled seed
for analysis

Milling

Roasted milled
seed for analysis

Milling

Water extract of
raw milled seed
for analysis

Water
extraction

Water
extraction

Water extract of
roasted milled
seed for analysis

Acetone extract
of raw milled
seed for analysis

Acetone
extraction

Acetone
extraction

Acetone extract
of roasted milled
seed for analysis

Hydrolysis

Hydrolysis

Hydrolysis

Hydrolysis

Hydrolysed
acetone extract of
raw milled seed
for analysis

Hydrolysed raw
milled seed for
analysis

Hydrolysed
roasted milled
seed for analysis

Hydrolysed
acetone extract of
roasted milled
seed for analysis
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APPENDIX 2
Reverse phase-high performance liquid chromatography (absorbance at 280 nm) – post column derivatisation (absorbance at 414 nm) profiles of
(A) acetone extract and (B) hydrolysed flour of commercial wattle seed product

A

B
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APPENDIX 3
Trolox equivalent antioxidant capacity (TEAC) of raw wattle seed extracts

45.00
ORAC assay

TEAC value (mM TE/g)

40.00
35.00

DPPH assay

30.00

TEAC assay

25.00
20.00
15.00
10.00
5.00
0.00
Water
extract

AS-2

3-I

G-90m

AvTI

Sample

Note: mM TE/g, milli Molar of Trolox equivalent (TE) per gram of wattle seed flour.
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APPENDIX 4
Trolox equivalent antioxidant capacity (TEAC) of roasted wattle seed extracts

300.00

TEAC value (mM TE/g)

ORAC assay
250.00

DPPH assay

200.00

TEAC assay

150.00
100.00
50.00

RCF

R30F

R20F

R10F

R5F

RCT

R30T

R20T

R10T

R5T

RCAC

R30AC

R20AC

R10AC

R5AC

0.00

Sample

Note: mM TE/g, milli Molar of Trolox equivalent (TE) per gram of wattle seed flour. R5, R10, R20 and R30 are wattle seed roasted for 5, 10, 20 and
30 min, respectively; RC, commercially roasted product; AC, acetone extract; F, hydrolysed acetone extract; T, hydrolysed flour.
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APPENDIX 5
Assay

Method
described

Results given in
6.3.1 – protease inhibitors
Table 6.1

TEAC assay

6.2.5

6.3.2 – phenolic extracts and hydrolysates
Table 6.2
Appendix 3
Appendix 4
6.3.1 – protease inhibitors
Table 6.1

ORAC assay

6.2.6

6.3.2 – phenolic extracts and hydrolysates
Table 6.2
Appendix 3
Appendix 4
6.3.1 – protease inhibitors
Table 6.1

DPPH assay

6.2.7

6.3.2 – phenolic extracts and hydrolysates
Table 6.2
Appendix 3
Appendix 4
6.3.3 – protease inhibitors
Table 6.3

ACE inhibitor assay

Brine-shrimp (Artemia salina)
lethality assay

Antitumour assay
(Agrobacterium tumefaciens)

Antibacterial assay
Bacillus cereus
Staphylococcus aureus
Enterococcus faecalis
MRSA

6.2.8
6.3.3 – phenolic extracts and hydrolysates
Figure 6.1
6.3.4 – protease inhibitors
Table 6.3
6.2.9

6.2.10

6.2.11
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6.3.4 – phenolic extracts
Figure 6.2
6.3.4 – protease inhibitors and phenolic
extracts
“In spite of cytotoxicity, however, no
corresponding in vitro antitumour,
antibacterial, antifungal, parasiticidal and
insecticidal activities were observed in all
samples.”
6.3.4 – protease inhibitors and phenolic
extracts
“In spite of cytotoxicity, however, no
corresponding in vitro antitumour,

VRE
Escherichia coli
Pseudomonas aeruginosa
Salmonella enterica
Antifungal assay
Greeneria uvicola
Colletotrichum acutatum
Colletotrichum gloeosporioides
Botrytis cinerea
Neofusicoccum austral
Microsporum gyspeum
Trichophyton tonsurans
Trichophyton mentagrophytes
Antiparasitic assay
Giardia lamblia
Trichomonas vaginalis

Insecticidal assay
Rhyzopertha dominica
Sitophilus oryzae
Tribolium castaneum

antibacterial, antifungal, parasiticidal and
insecticidal activities were observed in all
samples.”

6.2.12

6.2.13

6.2.14
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6.3.4 – protease inhibitors and phenolic
extracts
“In spite of cytotoxicity, however, no
corresponding in vitro antitumour,
antibacterial, antifungal, parasiticidal and
insecticidal activities were observed in all
samples.”
6.3.4 – protease inhibitors and phenolic
extracts
“In spite of cytotoxicity, however, no
corresponding in vitro antitumour,
antibacterial, antifungal, parasiticidal and
insecticidal activities were observed in all
samples.”
6.3.4 – protease inhibitors and phenolic
extracts
“In spite of cytotoxicity, however, no
corresponding in vitro antitumour,
antibacterial, antifungal, parasiticidal and
insecticidal activities were observed in all
samples.”

