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ABSTRACT

Oxalate Oxidase (EC 1.2.3.4) catalyzes the oxidative cleavage of oxalate to carbon
dioxide with the reduction of molecular oxygen to hydrogen peroxide. Oxalate Oxidase
(OxO) finds application in clinical assay for oxalate in blood and urine, apart from
several potential industrial applications. This research work is about isolation of
endophytic bacteria from the tubers of the plants Colocasia esculenta, Beta vulgaris,
Ipomoea batatas and peel of Musa paradisiaca fruit for screening of OxO producing
strain. A total of 49 endophytes were isolated and out of which, 4 were OxO producing
strains. Based upon the OxO activity produced in nutrient medium, one strain CL6
isolated from tubers of C. esculenta was selected and identified as Ochrobactrum
intermedium by 16 S rDNA sequencing. The effect of media components and process
variables on the growth kinetics of the O. intermedium CL6 and on the production of
the enzyme OxO showed that production is inducible and requires manganese ions in
the medium, and very low fill-up volume is beneficial. Characterization of the partially
purified OxO revealed many intriguing characteristics. The enzyme is thermostable and
remains active for 6 h in the temperature range of 4-80°C. This enzyme is the only
known OxO which did not show substrate inhibition up to a substrate concentration of
50 mM. The enzymatic activity was not adversely affected by most of the metal ions
and biochemical agents (K*, Na*, Zn?*, Fe**, Mn?*, Mg?*, Glucose, Urea, and Lactate).
The enzyme appears to be a metalloprotein stimulated by Ca?* and Fe?*. It’s Km and
kcat for oxalate was found to be 0.45mM and 85 s* respectively. Chemical modification
of OxO revealed that cysteine, carboxylates, histidine and tryptophan residues are part
of the active site. A two-fold increase in Oxalate Oxidase activity was observed when
histidine residues were modified with 15mM diethylpyrocarbonate. Application studies
on the development of a novel enzymatic treatment method to reduce total oxalate
content of the extracted starch from Taro flour resulted in 97% reduction and this

treatment did not alter any of the desirable physico-chemical properties of the starch.

Keywords: Oxalate  Oxidase, Endophytes, Ochrobactrum intermedium,

Thermostable, Taro, Starch
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CHAPTER 1

INTRODUCTION

Oxalate Oxidase (oxalate: oxygen oxidoreductase, EC 1.2.3.4) catalyzes the oxidative
cleavage of oxalate to carbon dioxide with the reduction of molecular oxygen to
hydrogen peroxide. Cupins, functionally diverse proteins that includes seed storage
proteins, germins, germin-like proteins and auxin-binding proteins of higher plants,
concerned with cell wall, fungal defense, salt tolerance, and floral induction, exhibit
Oxalate Oxidase (OxO) activity. Zaleski and Reinhard in 1912 described Oxalate
Oxidase for the first time from studies of powdered wheat grains. Since then OxO
activity has been detected in several plants viz., Barley (Chiriboga 1966), Beet
(\Varalakshmi and Richardson 1992), Maize (Vuletic and Sukalovic 2000), Sorghum
(Satyapal and Pundir 1993), rice (Dunwell 1998) and in white rot basidiomycete,
Ceriporiopsis subvermispora (Aguilar et al. 1999) and a bacterium, Pseudomonas sp.
OX-53 (Koyama 1988) as well.

Among all the physiological importance of Oxalate Oxidase in nature, the most
intriguing is its role in coordination of defense responses in plants. The recent
demonstration of an Oxalate Oxidase activity for wheat germin suggested specific
molecular mechanisms by which the germins might participate in plant defense and
development (Dumas et al. 1993; Lane et al. 1993; Lane 1994). Increased Oxalate
Oxidase activity has also been found in response to salt stress and fungal infection
(Dumas et al. 1995; Hurkman et al. 1991) in plants. This increased activity can result
in sustained H20- production (Zhang et al. 1995), which induces the plants to produce
peroxidase enzyme. Peroxidase, in the presence of H>O, catalyses the oxidation of
monolignols to free radicals which polymerise to give lignin (Mensen et al. 1998;
Kristensen et al. 1999). Lignification of plant cell wall is thus a response to the damage
caused by pathogens in plants, which gets initiated by expression of Oxalate Oxidase
gene. Thus, high Oxalate Oxidase activity perhaps reveals the close association of the

Oxalate Oxidase with development of the cell wall (Sathisraj and Augustin 2012).



Oxalate Oxidase is being extensively used in clinical assays for the estimation of
oxalate content in blood and urine (a major component of kidney stones) (Godara and
Pundir 2008). Regular assessment of oxalate levels in urine helps to monitor and control
hyperoxaluria and Urolithiasis (Dunwell 1998). Removal of oxalic acid from bleaching
filtrates using the enzyme Oxalate Oxidase is a potential solution for scaling problem
in the pulp and paper industry (Sjode et al. 2008). Oxalate Oxidase has also potential
uses in improving disease resistance in plants, reducing oxalate levels in food crops,
the bioremediation of oxalate wastes (Dunwell et al. 2000; Escutia et al. 2005).
Packaging materials having immobilized OxO and catalase were found effective in
scavenging oxygen molecules in packed foods (Winestrandet al. 2013).

Among all, OxO found in barley (Hordeum vulgare) and wheat (Triticum aestivum)
seedlings are extensively studied and most of the commercially available OxO is
purified from barley and wheat plants. However all the reported OxO enzymes showed
substrate inhibition and Barley root OxO was the only enzyme, which could show
activity in oxalic acid concentration as high as 4mM (Kotsira and Clonis 1997).
Interestingly both Costus pictus OxO and sorghum leaves OxO showing very high
affinity for the substrate (K value of 0.065 mM and 0.024 mM respectively) showed
substrate inhibition at 0.8 mM and 0.25 mM substrate concentration respectively.
Industrial application of this enzyme demands operation in conditions close to 70°C
(Cassland et al. 2010) and none of the OxO from barley, wheat and any other plant or
microbial sources exhibit the property of thermo stability (Kotsira and Clonis 1997,
Vuletic and Sukalovic 2000; Aguilar et al. 1999; Koyama 1988). Therefore finding new
source of the enzyme having diverse characteristics could be worthwhile in view of

expanding the scope and potential of OxO.

An alternative source of OxO can be of microbial origin and microbial sources are
preferred over plants because of technical and economic reasons. Absence of seasonal
variation, bulk production, and short generation time in microbes favours their selection
over their plant counterpart (Panesar et al. 2010). In addition to this, use of plant species
for extracting Oxalate Oxidase enzyme is ecologically unsuitable, as it requires
sacrificing the whole plant. In this work, a proposition is made to search an Oxalate

Oxidase producing microbial strain from plants abundant in oxalic acid, so that the



enzyme from such microbial sources would have industrially favourable physico-

chemical and kinetic properties.

Oxalic acid and its salts are metabolic end product that accumulate in a number of plant
tissues (Morrison and Savage 2013). Insignificant amount of oxalic acid is found in
most of the plants but few tropical plants have high amount of oxalates in their living
tissue as a component of grains, vegetables, tubers, nuts, and fruits (Lane et al. 1993).
Highest level of oxalates are found in following families: arum family, for example
Xanthosoma (caladium) and Colocasia (taro); amaranth family, for example
Amaranthus; ice plant family, for example Tetragonia (NZ spinach); goose foot family,
for example Beta ( beet or beet root) and Spinacia (spinach); wood sorrel family, for
example Oxalis ( sorrel, yam); buckwheat family, for example Rhubarb and Sorrel; and
the purslane family, for example Purslane (Morrison and Savage 2013). So, some of
these plants possessing substantial amount of oxalates in their living tissue might be

harbouring endophytes capable of producing oxalic acid degrading OxO.

In general, microbes inhabiting plants have been termed as endophytes and they are
more specifically considered as endosymbionts as they do not have any pathogenic
effects on plants even after colonizing the interior organs of host plants. The term
endophyte denotes to a fungal or a bacterial microorganism (Gunatilaka 2006). The
symbiotic association of plant and endophyte is beneficial to both of them. The
endophyte produces bioactive metabolites to augment the growth and competitiveness
of the plant as well as guards the plant against plant pathogens and grazing herbivores,
and in return the host plant gives shelter and nourishes the endophyte (Dreyfuss and
Chapela 1994). Endophyte-plant symbiotic associations may have evolved from the
time higher plants first appeared on the earth as evident from the fossilized tissues of
stems and leaves (Redecker et al. 2000). Endophytes were described for the first time
in the Darnel (Lolium temulentum) (Freeman 1904) and since then, they have been
successfully isolated from different organs of various lower as well as higher plant
species, above ground tissues of hornworts, liverworts, lycophytes, mosses, ferns,
equisetopsids, and spermatophytes from the tropics to the arctic, and from the wild to
domesticated ecosystems (Arnold 2007). All plant species studied till date has been

found to harbor at least one endophyte (Kusari et al. 2012).
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Endophytes are the chemical producers inside plants (Owen and Hundley 2004). The
Endophytes associated with medicinal plants produce different spectrum of secondary
metabolites that can be harnessed for the remedy of many ailments (Tejesvi et al. 2007).
The unique structures and biological activities possessed by the natural products from
endophytic fungi offers a tremendous potential for exploitation in industries as well as
in different domains of agriculture (Tan and Zou 2001). These natural products can be
classified into several groups including; alkaloids, steroids, terpenoids, glycosides,
flavonoids, xanthones, quinones, isocoumarins, lignans, phenyl propanoids, lactones,
aliphatic metabolites etc. (Zhang et al. 2006). Fermentative production of bioactive
compounds from endophytic microorganisms has numerous advantages, like reliable
and reproducible productivity. These bioactive compounds can be exploited
commercially by growing them in fermenters for their inexhaustible supply. Production
of derivatives and analogues of novel compounds by fermentation requires optimizing
various biosynthetic pathways by direct changes in the culture conditions (Strobel et al.
2004).

Endophytes usually produce the enzymes required for the invasion of plant tissues.
Several reports propose that most endophytes possess the ability to exploit, at least in
vitro, most plant cell components. Most of investigated endophytes produce xylanase
and pectinase to utilize complex compounds like xylan and pectin respectively.
Production of glucanase (Moy et al. 2002), chitinase (Li et al. 2004) and non-specific
peroxidases and laccases (Sieber et al. 1991; Leuchtmann et al. 1992) have also been

reported by these endosymbionts of plants.

It is now a well-established fact that all plants harbour at least one endophyte and the
potential of these endophytes to produce metabolites of commercial importance has
been proved time and again. Hence, it is not unreasonable to hypothesize that oxalic
acid rich tropical plants contains endophytes, capable of producing OxO. It is also well
established that microbes isolated from ecological niche tend to produce enzymes with
novel characteristics. Considering all these factors, this work proposed to isolate
bacterial endophytes from oxalic acid rich tropical plants, enhance the production of
OxO, characterize the OxO thus produced, and utilize OxO for the production of oxalate

free Taro starch.



The research work on OxO was taken up with the following objectives,

e To isolate, select, and identify OxO positive bacteria.

e To study the effect of media components and process variables and optimize
OxO production in shake flasks.

e To purify the enzyme and determine its kinetic properties, Thermo — physical
properties and biochemical and molecular properties.

e To develop methodology to produce oxalate depleted starch from Taro flour by
OxO treatment and study physico-chemical properties of the starch thus

produced.

The stated objectives have been addressed in this doctoral work and are being reported
in the following chapters:

CHAPTER 1: Introduction

This chapter introduces the research work, discusses the background, and significance
of the proposed work. The chapter highlights the importance of Oxalate Oxidase in
plants and its potential application in industries. The chapter also stresses out the
possibility of finding an endophyte which could produce Oxalate Oxidase. The scope
and the rationale of the work have been mentioned, and the formulated objectives have

been presented.

CHAPTER 2: Review of literature

The chapter comprehensively covers a detailed review of the literature pertaining to the
research work. Physical, Biochemical, molecular and kinetic characteristics of the
enzyme Oxalate Oxidase from different sources have been discussed in detail. Potential
application of the enzyme in starch processing industries has been highlighted and the

relevant published research works of the field have been summarized.



CHAPTER 3: Isolation and screening of endophytes for Oxalate Oxidase
production and medium and process optimization for enhanced yield by one factor

approach

This chapter gives an account of the isolation of endophytic microorganisms from the
tubers of the plants Colocasia esculenta, Beta vulgaris, Ipomoea batatas and peel of
Musa paradisiaca fruit. It also summarizes the details of screening of the isolated
endophytes for their ability to produce Oxalate Oxidase, and of selecting a suitable
endophyte for further studies. The effect of media components and process variables
on the growth kinetics of the selected microorganisms and on the production of the

enzyme Oxalate Oxidase has also been explained in details.

CHAPTER 4: Purification, Characterization and Chemical modification of

Oxalate Oxidase from Ochrobactrum intermedium CL6

This chapter elucidates the strategies employed for purification of Oxalate Oxidase
using conventional methods of precipitation and chromatography. This section also
deals with the characterization of the partially purified Oxalate Oxidase involving
estimation of the molecular weight, studying the influence of various biochemical
molecules on functional properties and determination of the kinetic parameters of
Oxalate Oxidase. This section in addition to purification and characterization also
describes the use of chemical modifications to identify important amino acid residues,
which are crucial for the catalytic activity of Oxalate Oxidase produced from the novel
endophytic bacterium Ochrobactrum intermedium CL6, isolated from Colocasia

esculenta tubers.

Chapter 5: Production of oxalate depleted starch from Taro flour by enzymatic
treatment and evaluating physico-chemical properties of the starch

This section reports development of a novel enzymatic treatment scheme to reduce total
oxalate content in the extracted starch from Taro flour and evaluating physico-chemical

properties of the starch thus produced.



Chapter 6: Summary and Conclusion

This section offers a brief summary of the presented research. The findings of the
research work on studies on Oxalate Oxidase production, purification, characterization

and a novel application are concluded with some recommendations for the future work.
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REVIEW OF LITERATURE



CHAPTER 2

REVIEW OF LITERATURE

This section broadly covers a detailed review of the literature relating to the research
work. Physical, Biochemical, molecular and kinetic characteristics of the enzyme
Oxalate Oxidase from different sources have been discussed in detail. Potential
application of the enzyme in starch processing industries has been underlined and the
relevant published research works of the field have been summarized.

2.1 OXALATE RICH PLANTS

Plants rich in oxalates are few. Most of the plants synthesize oxalic acid but in small
quantity (Bennet-Clark 1933; Olsen 1939). Oxalate may be present as the free oxalic
acid, as soluble sodium and potassium salts or as insoluble calcium oxalate crystals
(Caliskan 1998). Morrison and Savage (2003) in their brief review on oxalates
documented on oxalates level of some oxalate rich plants (Table 2.1). Taro (Colocasia
esculenta) and sweet potato (Ipomoea batatas) were reported to contain 278-574 mg/
100 g fresh weight (FW) and 470 mg/100 g, respectively. Oxalate levels in yam
(Dioscorea alata) tubers may not be of dietary concern since three-fourth of the
oxalates were present in the water-soluble form and therefore may leach out during
cooking. The total oxalate content in yam were in the range 486-781mg /100 g DW.
Oca or New Zealand yam (Oxalis tuberose Mol.) contains 80-221 mg/ 100 g FW
soluble oxalate. Leaves of these root crops have higher levels of oxalates and the skin
of these tropical root crops have highest concentrations of oxalate. Coriander leaf
(Coriandrum sativum) contains oxalates around 1268 mg /100 g; Santhi (Boernavia
diffusa) and horsegram (Macrotyloma uniflorum) contain 3800 mg/ 100 g and 508 mg/
100 g respectively. Peanut greens, usually consumed in tropical climates, are reported
to contain 407 mg /100 g. Nuts such as cashews, peanuts and pecans are relatively high
in oxalates. Sesame seeds have been reported to contain high quantities of oxalate,
ranging from 350 to 1750 mg/ 100 g FW. Some cultivars of spinach (Universal, Winter

Giant) have oxalate content approximately 400-600 mg /100 g, while in others varies



from 700 to 900 mg /100 g, which suggests oxalic acid content varies within same plant
species Plants, especially during dry condition accumulates oxalates. Comparison of
oxalate content between two cultivars of spinach, Magic (summer) and Lead (autumn),
showed that the summer cultivar contained greater amounts of oxalate (740 mg/ 100 g
FW) than the autumn cultivar (560 mg/ 100 g FW). Age and ripening stages have been
found to affect the accumulation of oxalates in plants. Ripening of the fruits of the
goosefoot family increases the proportion of oxalic acid in their leaves. However, in
tomatoes, breakdown of oxalic acid takes place during ripening leading to decrease in

the total oxalate content.

Table 2.1 Oxalate levels of some tropical and sub - tropical oxalate rich plants

Food stuffs Oxalate
(mg/100g FW)

Taro (Colocasia esculenta) 278-574
Sweet potato (Ipomoea batatas) 470
Yam (Dioscorea alata) 486-781
New Zealand yam (Oxalis tuberose) 80-221
Red beetroot (Beta vulgaris) 121-450
Spinach (Spinacia oleracea) 400-900
Amaranth (Amaranthus polygonoicles) 1586
Tomato (Lycopersicum esculentum) 5-35
Parsley (Petroselinum sativum) 140-200
Peanut greens (Arachis hypogaea) 407
Coriander leaf (Coriandrum sativum) 1268
Horsegram (Macrotyloma uniflorum) 508
Santhi (Boernavia diffusa) 3800
Sesame seeds (Sesamum indicum) 350 - 1750
Coffee (Coffea arabica) 50-150
Cashew (Anacardium occidentale) 231
Tea (Thea chinensis) 300-2000




2.2 ROLE OF OXALATES IN PLANTS

A number of pathways have been proposed for oxalate production in plants. These
pathways include the breakdown of isocitrate, oxaloacetate hydrolysis, oxidation of
glycolate/glyoxylate, and/or oxidative breakdown of L-ascorbic acid (Hodgkinson
1977). Many researchers find the breakdown of ascorbic acid for oxalate production as
the most interesting among all the proposed pathways (Yang and Loewus 1975; Nuss
and Loewus 1978; Li and Franceschi 1990; Keates et al. 2000). Calcium oxalate
generated by the combination of oxalate with calcium appears in plants in variety of
observed crystal shapes and sizes (Nakata and McConn 2000). Although crystal
formation has brought interests among scientists for many years, information about
crystal development is still incomplete. So far, studies into crystal development and
crystal function have depended primarily on cellular (Franceschi et al. 1993; Webb et
al. 1995) and biochemical approaches (Arnott and Pautard 1970; Franceschi and Horner
1980; Zindler-Frank 1987; Webb 1999). Cellular and biochemical approaches have
provided valuable information about the developmental stages of crystal formation and
their ultrastructure. Small number of crystal idioblasts (specialized cells harboring
calcium oxalates) present in a given tissue and the technical difficulties connected with
isolating intact crystal idioblasts in adequate quantities for experimental study have
impeded the current investigation on crystal growth and crystal function (Nakata and
McConn 2000). These calcium oxalate crystals often account for a significant portion
of the plant’s dry weight (McNair 1932). Caliskan (1998) in his review on Metabolism
of oxalic acid has stated that both calcium and oxalic acid have a toxic effect when
accumulates in excess quantities and insoluble calcium oxalate formation enables plants
to remove excess ionically active oxalic acid or calcium. In addition to this, rapid
induction of calcium oxalate crystal formation also serves as a storage form for calcium

for future needs as evident in Lemma plants (Helper and Wayne 1985).

During calcium deficient conditions in some plants, crystals appear to be dissolved
presumably to supply calcium for growth and cell maintenance (Franceschi 1989).
Further support for this came from the observation that in some plants calcium is
required for the stabilization and activation of certain enzymes; for example release of

peroxidase in plant cells depends upon calcium. Peroxidase control cell elongation
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since they can rigidify cell walls by their crosslinking activity and their ability to
contribute in the formation of lignin and thus calcium has an indirect role in
lignification. Thus, for this role they are under the control of cellular calcium levels
(Sticher et al. 1981). One of the important roles of calcium in plant cells has been
established in the formation of the middle lamella where Ca?* ions form ionic bridges
between pectin chains. Many plants are able to hold high concentrations of soluble and
free oxalic acid inside their vacuoles suggests that oxalic acid may not be particularly
toxic to plant tissues, although it has been indicated that calcium oxalate crystals are a
means of detoxifying surplus oxalic acid. However, retention of oxalic acid may have
some lethal effect (for example in causing osmotic problems and destabilization of
cells), unless it is readily metabolized (Raven and Smith 1976). It has been found that
a number of factors play a major role in crystal shape and growth. These factors include
macromolecules such as polysaccharides, proteins and lipids as well as macromolecular
membrane structures (Arnott and Webb 1983; Horner and Wagner 1980; Webb 1999).
More broad analysis is necessary to explain the functional roles of calcium oxalate

formation in plants.

2.3 OCCURRENCE OF OXALATE OXIDASE IN DIFFERENT ORGANISMS

Zaleski and Reinhard, 1912 for the first time reported the presence of Oxalate Oxidase
in nature. According to Lane et al. 1993, Oxalate Oxidase (OxO, EC 1.2.3.4) catalyzes
the oxidative cleavage of oxalate and may regulate the liberation of Ca?*and H20.. Both
are vital signal molecules in plants (Hu and Guo 2009). Oxalate Oxidase is mostly
found in plants, although there are few reports of its presence in microbes also (Table
2.2). Oxalate Oxidases of wheat (Triticum aestivum) and barley (Hordeum vulgare)
belong to the germin family and have been well characterized. Chiriboga 1963; Sugiura
etal. 1979 and Pietta et al. 1982 supported the presence of barley Oxalate Oxidase. The
recent description of an Oxalate Oxidase activity for wheat germin (Lane et al. 1993;
Dumas et al. 1993;) proposed characteristic molecular mechanisms by which the
germins might participate in plant defense and development. Barley OxO has been well
characterized and work carried out by Gane et al. 1998; Bernier and Berna 2001; Woo
et al. 2000; Requena and Bornemann 1999 confirmed that Oxalate Oxidase is a

homohexameric glycoprotein and each subunit, consisting of a -barrel fold followed
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by three o helices in C-terminal, contains one Mn atom which is ligated by three
histidine residues, one glutamate residue and two water molecules (Hu and Guo 2009).
Kotsira and Clonis (1997) purified the enzyme to homogeneity and found by chemical
modification studies that lysine residue, a carboxylate residue and cysteine residues are
crucial for its activity. The active site is connected with a channel containing two
glutamate residue and one aspartic acid residue to the p-barrel fold (Hu and Guo 2009).
Oxalic acid is allowed to enter the channel at optimum pH of 3.8 (Requena and
Bornemann 1999; Woo et al. 1998, 2000).

Wheat Oxalate Oxidase exists in three isoforms G, G’ and WG. The two forms G and
G’ are present in the root and leaf sheaths of germinated embryos. The third isoform is
a pseudogermin and is found in the epidermis and bracts that surround mature grains
(Lane et al 1991, 1993). The genetic information for G and G' is encoded by the gene,
gf-2.8 (Berna and Bernier 1997). The expressed protein contains a mature peptide with

201 amino acid residues and a putative signal peptide of 23 amino acids (Lane 2000).

The carbohydrate moiety present in G and G' is consisting of xylose and fucose
respectively, while the glycan of G' is a paucimannosidic type (Jaikaran et al. 1990;
Lerouge et al. 1998). Lane 1994 proposed that wheat Oxalate Oxidase is an oligomeric
glycoprotein which shows resistance to proteases and can withstand heat, detergents

and extreme pH.

Koyama, 1987 identified the enzyme Oxalate Oxidase in soil bacterium Pseudomonas
sp. OX- 53. This report of the isolated enzyme from a microbe was probably the first
of its kind (Koyoma 1988).

Graz et al. 2008 have reported that in wood rotting fungi, Abortiporus biennis, oxalic
acid degradation was accomplished by Oxalate Oxidase. When A. biennis was
cultivated in media containing Cu20, ZnO and MnO3, an increased level of OxO was

observed.

All the reported OxO enzymes showed substrate inhibition and barley root OxO was
the only enzyme which could show activity in oxalic acid concentration as high as 4mM

(Kotsira and Clonis 1997). Interestingly both Costus pictus OxO and sorghum leaves
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Ox0O showing very high affinity for the substrate (Km value of 0.065 mM and 0.024

mM respectively) showed substrate inhibition at 0.8 mM and 0.25 mM substrate

concentration respectively (Sathisraj and Augustin 2012, Pundir et al. 1984).

Table 2.2 Kinetic properties and inhibitory concentration of substrates for

Oxalate Oxidase

OX-53

Source Km Turn over Inhibitory concentration
(mM) number (Kcat) | of substrate (mM)
Hordeum vulgare 0.27 2251 4
(Barley)
Sorghum bicolor 0.024 0.25
(Sorghum)
Triticum aestivum 0.21
(Wheat)
Oryza sativa (Rice) ND
ND

ND
Zea mays (Maize) 1.31
Costus pictus 0.065 0.8
Beta Vulgaris 0.07
Musa acuminate 1.88
Amaranthus spinosus 2.16 ND
Bougainvillea glabra 1.6 ND
Pseudomonas sps. 95
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Ceriporiopsis 0.1 88 st 2.5

subvermispora

Abortiporus biennis ND ND ND

* ND- Not determined
2.4 APPLICATION OF OXALATE OXIDASE

Oxalate Oxidase has established uses in clinical assays for oxalate in blood and urine
(a major component of kidney stones) (Godara and Pundir 2008). Regular assessment
of oxalate levels in urine helps to monitor and control hyperoxaluria and Urolithiasis
(Dunwell 1998). Oxalate Oxidase has also potential uses in improving disease
resistance in plants, reducing oxalate levels in food crops, and bioremediation of oxalate
wastes (Dunwell et al. 2000 and Escutia et al. 2005); moreover, structural modelling
and docking studies of Oxalate Oxidase (Khobragade 2011) reveals the possible

implication in enzyme supplementation therapy for urolithiasis.

Oxalic acid and calcium occur in wood but formation of oxalic acid also takes place
during oxidative bleaching of wood polymer in paper and pulp industry. Higher
concentration of oxalic acid and calcium leads to the problem of calcium oxalate scaling
in pipe work, washing filters, and heat exchangers. Removal of oxalic acid from
bleaching filtrates using the enzyme Oxalate Oxidase has a prospect to prevent
problems with scaling in the pulp and paper industry (Larsson et al. 2003).

Oxalic acid in plasma and urine can be measured by Oxalate Oxidase. This method of
diagnosis is widely used as a medical tool in determining the oxalate concentration in
cases of hyperoxaluria. Oxalic acid retention also results in urinary stone formation,
which leads to other renal disorders (Hodgkinson 1977). Many of the Oxalate Oxidases
identified from moss (Laker et al. 1980), beet stem (Obzansky and Richardson 1983)
and barley root (Ichiyama et al. 1985) have been examined with respect to their
suitability for measuring urinary oxalic acid. More recently Godara and Pundir, 2007

have found that immobilization of Amaranthus leaf Oxalate Oxidase on to affixed glass
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beads provided enormous ease in its reuse for determination of oxalate in urinary and

serum samples.
2.5 ENDOPHYTES

It is speculated that the relationship of the endophyte to the host plant may have begun
to grow from the time of appearance of higher plants on the earth, hundreds of millions
years ago (Strobel 2003). Fossilized tissues of stems and leaves gives an evidential
argument for plant associated microbes. It is likely to imagine that some of these
endophytic microorganisms may have developed genetic systems allowing for the
transfer of genetic material between themselves and the higher plants as a result of this
long held associations. Endophytes invade specifically to selective plant and exhibits
host specificity (Strobel 2003). Such plant specificity indicates that the host and its
associated microorganism interact with each other through complex biochemical
interactions. A comprehensive investigation of such interactions can provide direction
to which endophyte might be carefully chosen in the search for novel medicinal natural
products (Strobel 2003; Strobel et al. 2004).

Kusari et al. (2012) and Firakova et al. (2007) have reported in their reviews that nearly
all plant species inspected to date were found to harbour endophytic bacteria and/or
fungi. Moreover, the invasion of endophytes in bryophytes, mosses and ferns has been
also reported by Arnold in 2007. Endophytes are present in almost all organs of a given
plant host, and some of them transfer from seeds to next generation plants. (Firakova et
al. 2007). For instance asexual Acremonium grass endophytes are spread solely through
the seeds of their hosts (Read et al. 2000; Tan and Zou 2001).

Bioactive metabolites of therapeutic use are produced by many endophytes. Many
researchers have tapped these microbial resources and exploited them for the
production of multifarious known and new biologically active secondary metabolites.
These secondary metabolites have antibiotic activity, some examples include
Brefeldine A, Phomol (Weber et al. 2004a), Ambuic acid (Li et al 2001); anti-
inflammatory activity, one such example is Mevinic acid (Weber et al. 2004b).

Pestalotiopsis microspora isolated from Terminalia morobensis produced isopestacin
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and pestacin which have antibiotic and antioxidant activity respectively as reported by
Harper et al. (2003) and Strobel et al. (2002). Anti-cancer activity of podophyllotoxin,
campothecin produced by endophytes isolated from Podophyllum hexandrum and
Nothapodytes foetida respectively has been reported by Puri et al. (2005).
Deoxypodophyllotoxin has been reported by Kusari et al. 2009. Reports of bioactive
natural product production by endophytes raises interesting questions regarding the
original source of these bioproducts. This bio products were once considered to be
synthesized exclusively by plants as plant metabolites. In fact, it is likely that various
so-called “‘plant metabolites’’ could actually be the biosynthetic products of their
endophytes (Kusari et al.2012). Antitumor maytansinoid ansamitocin, originally
isolated from higher plants has now been reported to be produced by the Actinomycete
Actinosynnema pretiosum ssp. auranticum (Yu et al. 2002), proves the remark made by

Kusari et al (2012) in their review text.
2.6 PLANT — ENDOPHYTE INTERACTIONS

The fact that endophytes reside within plants and are continuously interacting with their
hosts encouraged researchers to consider that plants would have a major influence on
the in planta metabolic processes of the endophytes. For example it has been found that
biosynthesis of lolitrem in endophytic Neotyphodium lolii resident in perennial
ryegrass is exceptionally high in planta, but low to undetectable in fungal cultures
grown in vitro. This observation offers support to the impression that plant signaling is
essential to induce expression (Young et al. 2006). Synthesis of ergoline alkaloids by
clavicipitaceous fungi which remains in a symbiotic association with dicotyledonous
plants (Convolvulaceae) is another convincing example, and therefore doubt the origin
of these compounds in plants (Kucht et al. 2004; Steiner et al. 2006; Leistner and Steiner
2009). F. solani, an endophytic fungi from C. acuminata produces the anticancer
compound camptothecin in planta, however the organism could indigenously only
produce the precursors of camptothecin when grown in vitro (Kusari et al. 2009).
Absence of strictosidine synthase gene in the genetic constituents of the organism
prevented the fungi to produce the compound camptothecin. Supplementation of
strictosidine synthase in culture media influenced the production of active camptothecin
(Kusari et al. 2011).
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Endophytes can also be influenced to produce some important commercial enzymes.
Endophyte are good producers of xylanase (Suto et al. 2002). Extracellular cellulase
and hemicellulases are also produced but usually restricted to organisms derived from
selected hosts or even host tissues (Leuchtmann et al. 1992). Thermostable amylolytic
enzymes which have immense potential in industrial processes of starch degradation
are being currently investigated among endophytes. The endophytic actinomycete,
Streptosporangium sp isolated from leaves of maize (Zea mays L.) exhibited
glucoamylase production which demonstrated thermostable properties (Stamford et al.
2002). The endophyte Neotyphodium from Poa ampla was found to produce chitinase
enzyme (Li et al. 2004).

2.7 PURIFICATION OF ENZYMES

The introduction of enzymology brings an important revolution in the biotechnology
industry, with the global usage of enzymes being nearly U.S. $ 1.5 billion in 2000. The
major share of the industrial enzyme market is occupied by hydrolytic enzymes (Begam
etal. 2012; Kirk et al. 2002). Purification of these enzymes becomes very important for
their application in industries. Characterization of an enzyme’s property can be studied
accurately in its purest form. Once an enzyme is purified, it is possible to understand
its affinity for particular substrates, or dissect its ability to catalyze enzymatic reactions.
Such methods have allowed us to understand how biological molecules can act as
catalysts in metabolic processes. Proteins with high purity are required in order to
determine amino acid sequences and biochemical functions. Moreover, crystals of
protein can be grown with pure protein and with such crystals; x-ray data can be
obtained that will provide us with the actual functional unit of the protein (Berg et al.
2002).

Physico-chemical properties such as miscibility, mass, ionic charges, and specificity
towards ligands of proteins have been exploited to get several thousand proteins
purified in active form. Generally, mixtures of protein are subjected to a sequences of
purification strategies to produce protein of exceptional purity. At the end of each
purification stage, protein concentration and the level of purity is estimated. Sizeable

amount of purified proteins are required to fully characterize the molecular structure of
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the protein and other physico-chemical properties. Therefore, the most important aspect
of any purification strategy is overall yield. Common techniques of purification
employed to get proteins of exceptional purity are salting out, dialysis, and
chromatography techniques like gel filtration chromatography, ion exchange
chromatography, adsorption chromatography, affinity chromatography. High
performance liquid chromatography enhances the resolving power of these
conventional chromatography techniques. The basic principles of these techniques are

mentioned below.

Salting out is a phenomenon of reduction in solubility of proteins at high salt
concentration. Salting out is used to fractionate proteins. The most common salt used
for this purpose is ammonium sulphate. The salt concentration at which precipitation
of proteins takes place differs from one protein to another. For example, Fibrinogen and
serum albumin are both proteins of blood but require ammonium sulphate of different
concentration to precipitate out. High salt content in concentrated protein fractions
obtained after ammonium sulphate precipitation can be removed by Dialysis (Berg et
al. 2002).

Dialysis is a method for removal of small molecules from bulk protein molecules
through the pores of a semi permeable membrane, such as a cellulose membrane. The
membrane acts as a boundary between two solutions of different concentration (Craig
1960).

The concept of size-based separations by chromatography for the first time was
speculated by Synge and Tiselius based on their observation that small molecules could
be excluded from the small pores of zeolites on the basis of their molecular size. The
term ‘‘molecular sieve,”” was coined by J. W. McBain to describe this property of
zeolites, and this technique was later used to describe the size-exclusion or gel filtration
chromatography (Hong et al. 2012). Gel filtration chromatography column consists of
porous beads made of an insoluble but highly hydrated polymer such as agarose or
dextran or polyacrylamide. Sepharose, Sephadex and Bio-gel are the commonly used
commercial preparations of these porous beads, which are typically 0.1 mm in diameter.

The sample is applied on the top of the drained pre equilibrated column, molecules of
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small size can enter into these beads, but large ones fail to do so. Large molecules
emerge first as they flow more quickly through the column length (Berg et al. 2002).
Small molecules take a longer circuitous path and emerge out last from the column.
Intermediate size molecules flow from the column at a midway position and
occasionally enter a bead. The first biomolecules to get separated by size-exclusion
process were peptides from amino acids. The column used for the purpose was packed
with starch (Lindqgvist and Storgards 1955).

Proteins are separated by lon-exchange chromatography on the basis of their net
charge. A column of beads containing carboxylate groups at pH 7 will repel proteins
with negative charge, whereas a positively charged protein will bind to the column.
Elution of positively charged protein bound to such a column can be achieved by elution
buffer of high concentration of salt like sodium chloride. In general, two types of ion

exchange chromatography system are employed based on the criteria of separation.
1. Cation exchange Chromatography

2. Anion exchange chromatography

Negatively charged proteins (anionic proteins) can be separated by chromatography on
positively charged diethyl amino ethyl-cellulose (DEAE-cellulose) columns. On the
other hand, negatively charged columns like carboxy methyl-cellulose (CM-cellulose)
is frequently used to separate positively charged cationic proteins (Berg et al. 2002).

The liquid chromatography that makes use of biological interactions for the efficient
separation of sample components is called as affinity chromatography. Some of the
traditional applications of this approach for the direct quantification of solutes include
lectin, boronate, protein A or protein G, and immune affinity supports. Antibody-
antigen, enzyme-substrate, and enzyme-inhibitor interactions is considered for
separation by this technique. With more advancement in the years to come, researchers
in this field will become more familiarized with affinity chromatography and more
information and applications for this method on clinical samples will appear in clinical
chemistry (Hage 1999).
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High Performance liquid chromatography has an exceptional capacity of enhancing the
resolving power of all the existing conventional chromatography under the influence of
high pressure. A combination of factors like finely divided column material and high
pressure results in more interaction sites and thus improved resolving power and rapid

separation (Berg et al. 2002).

Electrophoresis is a technique by which a complex combination of proteins can be
separated under the influence of constant electric field. Sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) is a technique used to move charged
molecules through the sieving action of the gel by means of an electric current. This
procedure is frequently used to find out total number of individual protein subunits,
confirm the purity of protein samples and determine the molecular weight of the desired
protein. The rate of movement of the proteins during SDS-PAGE is determined by the
intrinsic charge, molecular weight, and shape of the protein and pore size of the gel
matrix (Manns 2005).

The Electrophoretic set up consists of thin, vertical slab of two glass plates and the
polyacrylamide gel is carefully casted between the narrow spaces of the glass slab
formed by spacers. The samples are loaded on the wells made on the gel and the whole
set up is fixed in a tank of buffer. The separation is carried out under the influence of

electric current where current flows through the top of the gel to the bottom.

The electrophoretic mobility of protein chains in SDS-PAGE is directly proportional to
the logarithm of their molecular mass. Proteins of large size retain at uppermost, near
the loading point of the protein mixture, whereas small proteins move quickly through
the gel. SDS-PAGE is highly sensitive, fast, and resolve proteins with efficacy. Proteins
in the range of micrograms give clear and distinct band when stained with Coomassie
blue. Silver stain can detect nano grams of protein in gels. Proteins molecules having
molecular weight difference by 2% can usually be distinguished by SDS-PAGE (Berg
et al. 2002).

All purification strategies can be examined by studying each fraction obtained from
different methods by SDS-PAGE. The first few fractions will display many discrete
bands which represents lots of proteins. With each purification step, contaminant
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protein will be removed which would be reflected in SDS-PAGE with fewer number of
bands in samples from such purification steps when loaded into the gel. Intensity of one

of the bands increases and this band will represent protein of interest.
2.7.1 Protein Purification scheme

Success of a protein purification scheme is determined by measuring the specific
activity and by performing an SDS-PAGE analysis. The following parameters are

calculated at each step:
Total Protein = Protein concentration of each fraction x Total volume

Total activity = Enzyme activity of each fraction X Total volume

Specific activit Total activity
pecific activity = ——————
Total Protein

) Residual enzyme activity after each step
Yield =

Enzyme activity in the initial step
The amount of activity in the initial extract is considered to be 100%.

Specific activty after each step

Purification level = — : —
Specific activty of initial extract

2.8 CHARACTERIZATION OF ENZYMES
2.8.1 Influence of the pH on enzyme assays

The activity of enzymes depends strictly on the pH in the assay mixture. The activities
of most enzymes follow a bell- shaped curve, increasing from zero in the strong acid
region up to a maximum value, and decreasing to zero to the strong alkaline region.
Two different effects are responsible for this behaviour: (i) the state of protonation of
functional groups of amino acids and cofactors involved in the catalytic reaction and
(ii) the native, three-dimensional protein structure of the enzyme (Bisswanger 2011).
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The pH optima of some enzymes, however, are far away from the usual physiological
range. A prominent example is pepsin, the protease of the stomach, with a pH optimum
of 2, the optimum of the acid phosphatase is at pH 5.7, that of the alkaline phosphatase
at pH 10.5 (Brenda database). Normally the enzyme is fairly stable at its own pH
optimum, and so this is recommended not only for testing, but also for storage. This is
also of some importance for the performance of enzyme assays, since addition of an
aliquot of the enzyme stock solution to the assay mixture will not affect the assay pH.
Sometimes, however, the stock solution of the enzyme possesses a different pH, like
trypsin, which should be stored at a strong acid pH of 3.0 although it’s alkaline pH
optimum of 9.5, in order to suppress autolysis (unlike most other enzymes, trypsin

tolerates this extreme pH) (Bisswanger 2011).
2.8.2 Dependence of the enzyme activity on the temperature

The temperature dependence of the activity of enzymes resembles in some respect the
pH dependence increasing with rising temperature, passing a maximum, followed by a
decrease. Therefore this behaviour is frequently described as temperature optimum,
although an optimum temperature for the enzyme activity does not necessarily exist at
all. Indeed, two counter-acting processes are responsible for this behaviour. The
velocity of any chemical reaction increases with temperature, according to an empirical
rule two to three times every 10°C. This holds also for enzyme reactions and only
boiling of water limits this progression. On the other hand the three-dimensional
structure of enzymes is thermo-sensitive and becomes destabilized at high temperature
causing denaturation. This process opposes the acceleration of the reaction velocity and

is responsible for its decline at high temperature (Bisswanger 2011).
2.8.3 Metal ions in biological catalysis

Metal ions have crucial role in all biological activities (Bertini et al. 2006, Frausto da
Silva and Williams 2001). The functional relevance of the metal ions in living systems
can be speculated from the fact that majority of enzyme systems require metals for their
catalytic activity. The fundamental biological processes of respiration, photosynthesis
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and nitrogen fixation require different classes of metal-dependent enzymes (Bertini et
al. 2001).

The role played by metals in biochemical reactions catalyzed by enzymes can be mostly
classified into two groups. Metal is either involved in non-redox catalysis or it functions
as a redox center in the catalysis. In non-redox catalysis, metal functions in the
stimulation of reacting species, and in the electrostatic stabilization of intermediates
and transition states. Metal induced activation leads to the increase of electrophilicity
of a substrate or cofactor; increase the acidity of a substrate or cofactor, which can be
involved either in the polarized bond or in a bond adjacent to it. One of the important
roles of metal is the generation of both a nucleophile and an electrophile which react
with each other. Metal binding brings about the cleavage of a bond involving the ligand
atom. The metal ion property of Lewis acidity is exploited here when the substrate or
cofactor coordinates the metal; the metal withdraws electrons from the ligand atom,

inducing polarization of the bonds involving the ligand atom (Andreini et al. 2008).

Metals are either directly involved in catalytic reaction or perform an auxiliary role in
redox catalysis of substrates by enzymes (e.g. copper in superoxide dismutase) (Tainer
et al. 1983; Hart et al. 1999) by typically concerned in electron transfer to the active
site or from the active site (e.g. the FesSs4 cluster of trimethylamine dehydrogenase
(Scrutton 1999). Electrons are therefore either donated to reacting species or accepted
from reacting species by the redox-active metal ion and thus takes part in one or more

very crucial steps of the enzymatic reaction.
2.8.4 Kinetic Properties

The mechanism of an enzyme catalyzed reaction is understood by studying the rate of
the reaction and how it changes in response to changes in experimental conditions. This
central approach of determining the rate of enzyme catalyzed reaction in order to
understand the mechanism of reaction is called as enzyme kinetics. This central
approach is the oldest and the most important approach for understanding the enzyme
mechanisms. Most enzymes are believed to have one substrate binding site and have

kinetic properties in common. When substrate (S) is brought in the vicinity of an
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enzyme, the reaction speedily reaches a steady state in which the rate at which the ES
complex forms balances the rate at which it dissociates into product. As S, increases,
the steady-state activity of a fixed concentration of enzyme increases in a hyperbolic
fashion to reach a characteristic maximum rate, Vmax, at which essentially the entire
enzyme is bound in ES complex. The substrate concentration at which rate of enzyme
catalyzed reaction is half the maximum, Vmax is the Michaelis constant Km, which is

unique for each enzyme acting on a specific substrate (Nelson and Cox 2005).

The Michaelis-Menten equation

VmaX [S]
Km+[S]

Vo =
explains the relationship between initial velocity, vo to S and Vmax through the
Michaelis-Menten constant Km. Michaelis-Menten kinetics is also called
steady-state kinetics. Different enzymes have different K and Vmax values. The
limiting rate of an enzyme-catalyzed reaction at saturation is described by the
constant Kcat, the turnover number. Turnover number is defined as number of
substrate molecule converted to product by each molecule of enzyme per
second. The ratio kcat/Km provides a good measure of catalytic efficiency of an

enzyme.
2.9 PURIFICATION OF OXALATE OXIDASE

Oxalate Oxidase (OXOQ) from roots of barley seedlings was purified in 3 steps. The
purification process consisted: (i) Heat treatment at 60°C for 10 min, (ii) Dye- affinity
chromatography and (iii) affinity chromatography on immobilized lectin concanavalin
A. The over-all performance of this three step purification strategy led to 1096-fold
purification and recovery of 42%. The specific activity of the purified enzyme was 34
Umg* at 25°C, and it has five equal subunits of total Mol. wt. 125 kDa (HPLC analysis)
showing a single band on SDS-PAGE with a Mol. wt. of 26 kDa after staining the gel

with silver nitrate (Kotsira and Clonis 1997).

Oxalate Oxidase (OxO, EC 1.2.3.4.) from wheat (Triticum aestivum) seedlings was

purified by 4 steps comprising of thermal treatment, ultrafiltration, Sephadex G-100
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gel filtration and affinity chromatography with concanavalin A. 66.11-fold fold
purification was achieved with a 21.97 % recovery by the 4 sequential steps. The
enzyme has five equal subunits of total Mol. wt. of 170 kDa as determined by Sephadex
G-150 filtration and showing a single band on SDS-PAGE with a Mol. wt. of 32.6 kDa
(Hu and Guo 2009).

Four sequential steps comprising ammonium sulphate precipitation, DEAE Sephacel,
Sephadex G-200 and ultrafiltration was adopted to purify Oxalate Oxidase (OxO, EC
1.2.3.4.) from Sorghum seedlings. The enzyme was purified to 109-fold with a total
yield of 10%. The native molecular mass of the enzyme was 124 kDa on Sephadex G-
200 filtration. The subunit molecular mass of 62 kDa on SDS-PAGE suggested that the
enzyme was a dimer of equal molecular weight (Kumar et al. 2011).

The enzyme Oxalate Oxidase of the basidiomycete Ceriporiopsis subvermispora was
identified in the mycelial extracts of the organism and purified by 3 steps consisting of
Q-Sepharose chromatography, precipitation at pH 3.0, and phosphocellulose
chromatography. Gel permeation in Sephadex G-200 and SDS—polyacrylamide gel
electrophoresis suggested that the enzyme is a 400-kDa hexamer of equal subunits
(Aguilar et al. 1999).

Pseudomonas sp. OX- 53 OxO was purified to homogeneity. The native molecular
mass of the enzyme was 320 kDa on Sephadex G-200 filtration. The subunit molecular
mass of 38 kDa on SDS-PAGE suggested that the enzyme was a homo octamer
(Koyoma 1988).

2.10 KINETIC AND BIOCHEMICAL CHARACTERIZATION OF OXALATE
OXIDASE

The Michaelis Menten constant Ky, of the purified enzyme from barley roots for oxalate
was 0.27 mM and the turnover number, ke was 22 s (37°C). The phenomenon of
substrate inhibition was witnessed at oxalate concentration of 4 mM or above.
Riboflavin and FAD have no impact on its activity and therefore the enzyme contains
no non-protein group absorption of light at 370 or 450 nm. Ca?* and Pb?* at 1 mM each

had stimulatory effect on the enzyme (Kotsira and Clonis 1997).
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The optimum pH for wheat OxO activity was 3.5. Its Km for oxalate was 0.21 mM (Hu
and Guo, 2009).

Oxalate Oxidase in C. pictus has very high affinity for oxalate with a Km 20 times
lesser than the OxO from barley seedling (Sathisraj and Augustin 2012).

Cell wall fraction isolated from maize roots (Zea mays L.) also has Oxalate Oxidase
activity. The maximum enzyme activity of Oxalate Oxidase from maize was found at
pH 3.2 and the enzyme was active at acidic pH. The enzyme was thermostable and
unaffected to high salt concentration, anionic detergent (SDS) and proteolytic enzyme
(pepsin). The Oxalate Oxidase activity was insensitive to EDTA, KCN and metal ions,
but was inhibited by sulfhydryl reagents N-ethyl maleimide (NEM), 2-mercaptoethanol
(2-ME), and dithiotreitol (DTT) (Vuletic and Sukalovic 2000).

Sorghum seedlings OxO had an optimum pH of 4.5 and optimum temperature of 37
degrees C for maximum activity. Enzyme Kinetics study of the OxO from Sorghum
seedlings suggested that the first order kinetics of enzyme catalyzed reaction progressed
up to 7 min. Km value of the enzyme was 0.22 mM. The enzyme was activated by Cu?*
and inhibited by diethyldithiocarbamate, NaCN, EDTA, Na>SOa, but sodium chloride
at 0.1 mM concentration had no impact on the enzyme. The enzyme activity was
enhanced by flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD)
(Kumar et al. 2011).

Pseudomonas sp. OX- 53 Oxalate Oxidase contained 1.12 and 0.36 atoms of manganese
and zinc per subunit respectively. The enzyme was able to oxidize malic acid and
glyoxylic acid at lower reaction rates, besides oxalic acid. However, the enzyme
exhibited a high Michaelis constant of 9.5 mM for oxalic acid. The maximum activity
of the enzyme was at optimal pH 4.8 and the enzyme exhibited stability from pH 5.5 to
7.0. The enzyme was stimulated by phenylhydrazine, O-phenylenediamine, and flavins
and inhibited by B, semicarbazide, and hydroxylamine (Koyoma 1988). The isoelectric

point of the enzyme was 4.7 as evident from isoelectric focusing studies.

The enzyme Oxalate Oxidase obtained from the extracts of the basidiomycete

Ceriporiopsis subvermispora mycelium had optimal activity at pH 3.5 and at 45°C.
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Isoelectrofocusing revealed a pl of 4.2. The Michaelis-Menten constant of the purified
enzyme was 0.1 mM and a turnover number of 88 s™* was found for the enzyme. A low
Km suggests that the enzyme is highly specific for oxalate, although it has exhibited
substrate inhibition at 2.5 mM concentrations of oxalic acid (Aguilar et al. 1999).

2.11 CHEMICAL MODIFICATION OF AMINO ACID RESIDUES OF
ENZYMES

The design of new biocatalysts is of major significance for biotechnological as well as
pharmaceutical applications such as the discovery of biological analytes or the study of
complex biomolecular interactions. Covalent modification of these biomolecules can
change their native physico-chemical and functional properties (Walsh 2005). For
example, alteration at some positions of an enzyme may amend substrate specificities,
product distribution, and stereo selectivity or even switch the enzyme’s central catalytic
action (Diaz-Rodriguez and Davis 2011). There are many reports where chemical
modifications of enzymes have blocked the active site essential amino acid, which has
led to loss of enzyme activity. Chemical modification have also enhanced the enzyme
activity in many cases, below are some of the reviews which will highlight the above

statements.

Incorporation of 2 moles of N-ethylmaleimide (NEM), a specific reagent for cysteine
modification into TPN-dependent isocitrate dehydrogenase from pig heart leads to
inactivation and altered Michaelis constants for the substrate isocitrate and

oxalosuccinate (Colman and Chu 1969).

Incubation of Estradiol 17P-dehydrogenase from human placenta with I-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), a specific reagent for modification of
carboxyl group in a protein led to the inhibition of enzyme activity (Inano and Tamaoki
1984). Similarly NADPH-cytochrome P-450 reductase (EC 1.6.2.4) purified from rat
hepatic microsomal fraction was also inactivated by the carboxyl group specific

modifier (Inano and Tamaoki 1985).
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2, 4, 6-trinitrobenzenesulfonic acid (TNBS) and phenylglyoxal (PG) were used to
modify lysine and arginine residues respectively. This modification inactivated alkaline

phosphatases from Pinctada fucata (Hong et al. 2005).

Modification of both histidine and tyrosine residues of RrFr-ATPase from the
photosynthetic bacterium Rhodospirillum rubrum by 5 mM diethyl pyrocarbonate
(DEPC) at pH 6.0 and 22 °C rapidly and completely inactivated the enzyme. DEPC-
modified RrFr-ATPase showed a decrease in absorption at 280 nm and increase in
absorption at 242 nm, which suggested modification of both histidine and tyrosine

residues (Khananshvili and Gromet-Elhanan. 1983)

Adenosine deaminase enzyme from bovine spleen and cerebral hemisphere (white and
gray matter) was treated with N-bromosuccinimide, a modifier known to oxidize
specific tryptophan residues of proteins. Spectroscopy studies confirmed tryptophan

modification and enzyme inactivation (Mardanyan et al. 2001).

Porcine pancreatic a-amylase (1, 4- o -n-glucan glucanohydrolase) has both amylase
activity (hydrolysis of a -1, 4-D-gluooside bond of starch) and maltosidase activity
(hydrolysis of p-nitro phenyl- a -D-maltoside to p-nitrophenol and maltose). By the
modification of histidine residues of porcine pancreatic o -amylase with
diethylpyrocarbonate (DEP), both amylase and maltosidase activities were decreased
in the absence of chloride ion. In the presence of chloride ion, however, maltosidase
activity of the modified enzyme was increased to more than 260% of that of the native

enzyme (Yamashita et al. 1991).

Modification of histidine residues resulted in enhancement of two fold increase in
activity in glutamate dehydrogenase (Wallis and Holbrook 1972). There are few reports
of activation of enzyme by sulfhydryl reagents. Activation of rabbit liver fructose 1, 6
diphosphatase by sulfhydryl reagents enhanced the enzyme activity. It was found that
for every sulfhydryl group modified, different sulfhydryl reagents stimulated the
enzyme to different extents (Little et al. 1968).
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2.12 MECHANISM OF OXALATE OXIDASE CATALYSIS

In order to understand the functioning of Oxalate Oxidase action, Opaleye (2006) shed
light on the mechanism of Oxalate Oxidase by structural and spectroscopic studies.
Glycolate was used as a structural analogue of oxalate to investigate substrate binding
in the crystalline enzyme. In this mechanism organization of the substrates (oxalate and
dioxygen) and transient reduction of dioxygen is served by the metal ion. The two
asparagine and one glutamine residues in the active site of the enzyme are meant to
imply important roles in correctly orientating the substrates and reaction intermediates
for catalysis. Combined spectroscopic, biochemical, and structural analyses of mutants
has confirmed the importance of the asparagine residues in organizing a functional
active site complex. Opaleye (2006) provided the basis for understanding a novel
mechanism of Oxalate Oxidase catalysis by incorporating the new understandings into
carboxylate coordination modes and functions of specific catalytic residues through
these combined structural and biochemical studies. According to their work, oxalate is
bound to Oxalate Oxidase in its singly ionized monoanionic form as substrate at the
optimum pH for the enzymatic reaction (pH 3.5-4), which lies between the two pKa
values for oxalic acid dissociation (pKal-1.25, pKa2 - 4.14) (Figure. 2.2). They
expected the singly charged oxalate to bind to OXO in the same fashion as glycolate
with an additional minor rotation of oxalate to accommodate the additional oxygen
atom of the non-coordinated carboxyl group of oxalate. A possible dioxygen binding
site is created in the active site, comprising the reduced Mn(11) metal ion and the GIn139
side chain because of such geometry. Monodentate coordination of oxalate displaces
one solventmolecule from the Mn(ll) centre and allows dioxygen to bind in the inner
sphere of the Mn(l1l) (Figure 2.2 step 1) (W1 in Figure 2.1) to form a Mn(l11) superoxide
metalloradical complex, stabilized by GIn139., thus stabilizing reduced oxygen species
that are predicted to occur as reaction intermediates during turnover through direct
coordination to the metal ion.(Figure 2.2, step 2). A hydrogen bonding network
anchored on the amide side chains of Asn75, Asn85, and GIn139 appears to be essential
for correctly orienting dioxygen and oxalate substrates relative to the manganese ion.
This nucleophilic superoxide metalloradical generated in this reaction is added to the

proximal carboxyl

29



a P -.wf- 2 b

A . H=i
15 Lt 1 ‘.|.;.
&

wr ' Mnii)--- 5 0 ':'IH"_':'."D HH;

' L& - N N
W3 . , 5 L : :.-I 16 .I}f glycolase
Chyocieie ' Aen 75 (A) '*-‘f:" T N .

R
Iillll’i'\-I

o,

Courtesy: Journal of Biological chemistry

Figure 2.1 (a) Difference map revealing monodentate binding of glycolate to the
active site manganese and movement of Asn75. Positive electron density (+1c ) is
shown in blue and negative density (-1 6) inred. Asn75 (A) labels the conformation
present in native crystals, and Asn75 (B) labels the conformation seen in the
glycolate complex. Additional changes in density are due to the movement of water
molecules. There is clear evidence for the binding of glycolate and the expulsion
of two waters from the active site (labeled W2 and W3), W1 remains bound to the
manganese ion. (b) Schematic drawing of the network of interactions between
Oxalate Oxidase and glycolate, distances are given in A units.

Mﬂ?ﬁ-
.-"'-' + g
Mnu —II- Ml:l

'u,
Gin138
E}*SHQ‘O.-H;D:.QW; i‘-l

ﬂ

o—0

e
Gin139 Gma.a .u.nss Gintas™

Figure 2.2 Proposed catalytic mechanism for Oxalate Oxidase
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group of oxalate (step 3), activating the substrate by hydrogen atom transfer for C-C
bond cleavage (step 4). The substrate free radical is thus rearranged with homolytic C—
C bond cleavage and reduction of Mn (111) to Mn (1) (step 5). This leads to formation
of peroxycarbonate as an initial product of the reaction. Release of CO. and
percarbonate, or a second molecule of CO, and hydrogen peroxide formed by

subsequent hydrolysis of percarbonate, completes the turnover cycle.

2.13 STARCH AND ITS INDUSTRIAL APPLICATION

Starch is a major component in many staple foods from cereals to tubers and roots, and
its characteristics and interactions with water and lipids in particular, have found
significance in the food industry and for human nutrition (Copeland et al. 2009). At
present starch is being extracted and processed from various cereal, tuber and root crops
worldwide. The annual production of processed starch accounts for 60 million tonnes
annually. Of which approximately three- fifth is used in foods (bakery and
confectionery products, Dairy products, Drinks and beverages. sugar syrups, Processed
meat, snack foods,) and two-fifth in pharmaceuticals (such as antioxidants, colorants,
flavours as well as pharmaceutically active proteins) and non-edible purposes, such as
in textiles, adhesives, fertilisers, packing material, seed coatings, paper, fabrics,
cardboard, bio plastics, diapers, building materials, cement, and oil drilling (Table 2.3)
(Burrell 2003, Copeland et al. 2009). Starches from a range of biological origins, such
as potato, corn, rice and wheat have gained widespread attention in relation to

functional and physico-chemical properties (Madsen and Christensen 1996).

Starches from these cereals, such as various types of rice, wheat, corn, and from tubers
or roots, such as potato and cassava (or tapioca) have been commercialized and
generates revenue worth of billions of USD (Press release by Market and Market).
The main botanical source of starch is maize, accounting for about 80% of the world
market. Maize starch is an important ingredient in the production of foodstuffs, and has
been widely used as a thickener, stabilizer, colloidal gelling agent, water retention agent
and as an adhesive (Zhu and Wang 2013).
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The function and behaviour of starch in various food uses can be interpreted by
understanding the fundamental concepts of starch chemistry. Starches are used in the
food industry as thickening agents, gel formers, and colloidal emulsifiers. Preferred
characteristics can often be enhanced by selection of an appropriate modified starch
(Santana and Meireles 2014). Both linear and branched polysaccharides are present in
most native starches. The linear polysaccharide is responsible for gel formation and for
various syneresis effects, the branched fraction for high colloidal stability and good
suspending qualities. The characteristics of modified starches depend on granule

structure and on specific size and shape of the component molecules.

Starches, starch derivatives and starch saccharification products are converted as per
the requirements of the food industry by hydrolysis. The products obtained from starch
hydrolysis are used in a broad range of food products due to both their unique functional

and nutritional properties in the food industry (Bertolini 2010).

The physico-chemical properties of starches command their functionality in various
applications. Starches with desirable functional properties play important role in
improving the quality of different food products and are therefore in great demand in
the food industry. These starches with unique desirable properties could replace
chemically amended starches that are at present being used in a number of food
products (Singh et al. 2003)

The spectrum of desired functional properties of starch can be broadened by the use of
new starches from alternative sources which could provide choices for added-value
food product development programme. Such alternative sources can be those extracted

from roots and tubers (Perez-Pacheco et al. 2014).

With the increasing interest in using native starch for food production in substitute of
chemically amended starches in order to meet the industry demand for new
technological properties, several non-conventional starch sources, with different
properties have been studied (Albano et al. 2014). Currently, during the isolation and
separation of small molecule bioactive compounds from different genotypes, these
native starches are usually being overlooked and wasted (Yuan et al. 2007). The global
starch and starch products market can be influenced with the introduction of novel
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starch sources with industrially appealing properties. Such possibility has been drawing
the attention of industrialists worldwide (Leonel et al. 2003), though modified native
starches are currently being used as an alternative. Thus interest in new value added
starch and its products has also encouraged researches towards investigating the
physico-chemical and functional properties of starches extruded from different

genotypes and botanical sources to meet new processor and consumer market demands.

Table 2.3 Examples of the use of starch

Industries Applications

Food and drinks | Mayonnaise, Baby food, Bread, Soft drinks, Meat products,
Confectionery

Animal feed Pellets
Agriculture Seed coating, Fertilizer
Plastic Biodegradable plastics
Pharmacy Tablets, Dusting powder
Building Mineral Fibre, Gypsum board, Concrete
Textile Warp, Fabrics, Yarns
Paper Corrugated board, Cardboard Paper
Various Oil drilling, Water treatment, Glue

Courtesy: Journal of experimental Botany

Physicochemical (e.g., Retrogradation and gelatinization) and functional (e.g., water
absorption, swelling, solubility, amylase content and paste clarity) properties of
starches determine their potential uses in food systems and other industrial applications
(Table 2.4). These properties depend on the molecular structural composition of

amylose and amylopectin and their arrangements in starch granules. In food products,
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the functional roles of starch could be as an emulsifier, binding agent, thickener, gelling

agent or clouding agent (Santana and Meireles 2014).

It is generally beneficial if starches for industrial applications are composed of either
amylose or amylopectin. The physicochemical properties of amylopectin and amylase
are contrasting, and therefore starches with one or the other are in great demand in
industries. Many mutants of cereals and legume species contain starches composed of

only amylopectin or very high proportion of amylose (Zeeman et al. 2010)

Industrial processing of native starches at high temperature and excess of water brings
physical changes of gelatinization. Starch granules usually swell up during such
treatment which primarily also solubilize amylose and amylopectin. Diffusion of
amylose out of the swollen granule leads to the formation of continuous gel phase. At
the same time aggregation of swollen amylopectin-enriched granules into gel particles,
generates a viscous solution forming a two-phase structure, called starch paste. It is
desirable for many applications in which processed starches are used as binders or
thickeners (Santelia et al. 2011).

2.13.1 Starch from Taro

Colocasia esculenta is a tropical crop generally cultivated for its underground tuber and
consumed in tropical and sub-tropical zones of the world. Taro (Colocasia esculenta)
has been reported to have 70-80% starch with small granules (Aboubakar et al. 2008;
Jane et al. 1992). Colocasia tuber starches have never been commercialized for lack of
considerable information of their properties as compared to other tuber starches, like
potato (Table 2.5). A substantial amount of work has to be done on the specific and
unique properties of Colocasia. It is therefore required to characterize physico-chemical
and functional properties of Colocasia, along with its proximate composition before
considering it as prospective source of starch to use in food and non — edible purposes
(Deepika et al. 2013). Deepika et al. (2013) isolated starch from Colocasia tubers
collected from different geographical locations of Jharkhand, North Eastern State of
India. The morphological, physicochemical, structural properties of these starches were
studied. The productivity of starches was low and was found in the range of 6.46-
13.75%. The starches granules were irregular in shape with a diameter of 5-10 um. The
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physico-chemical properties like amylose content, swelling and solubility power, water
hydration capacity showed significant variations among different cultivars of
Colocasia. Studies by Deepika et al. (2013) revealed that these starches have possible
applications for pharmaceutical industries. In vitro studies revealed the delayed release
of all tablets made from these starches when compared with maize starch and therefore
could be used as drug excipient in continuous release dosage form with minimum
modification (Deepika et al. 2013) and thus holds huge potential to be used in
pharmaceutical industries.

Hawaiian and Cameroonian varieties of Taro flour and starches has been extensively
studied for their physical, chemical and functional properties (Jane et al. 1992;
Sugimoto et al. 1986; Mbofung et al. 2006; Njintang et al. 2007a). The microscopic and
thermal properties of some Hawaiian taro flours and starches have also been reported
by Jane et al. (1992). In addition, the functional properties of raw and precooked taro
flours have been reported by Tagodoe and Nip (1994). The effect of pre-cooking time
and drying temperature on the physico-chemical characteristics and in vitro
carbohydrate digestibility of Cameroonian taro flour has been inspected by Njintang
(2003) and Mbofung et al. (2006). More recently, the relationship between the
biochemical characteristics of taro flour and creep recovery, colour and sensory
characteristics of the paste made from it has been investigated by Njintang et al. (2007a,
2007Db). In the same vein, the influence of taro flour reconstitution on the texture profile
of achu was evaluated by Njintang et al. (2007c). The functional and alveographic
properties of wheat flour and dough was also studied in details on addition of taro flour.
Regardless of growing interest in taro, studies on the properties of its flour and starch
continued to remain limited. Aboubakar et al. (2013) prepared Taro flour from six
varieties of taro corms from Ngaoundere, West central Africa and coded as CE, CN,
KW1, KW2, RIN and RIE. The Starch yields percentages prepared from the flours were
in concordance with previous reports of Jane et al. (1992) and varied between 66.5%
for KW2 to 86.6% for RIE. The proteins content of the sample flour varied from 2.9%
for KW1 to 4.9% for CN. The small granular sizes, common characteristics of Taro
starches were also found in these varieties. Differential scanning calorimetry (DSC)
method was used to estimate the total amylose contents and it varied from 14.7 £ 1.64%
to 30.85 + 0.63%.
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Table 2.4 Important physico-chemical properties of few commercial starches

Starch | Amylose Amylopectin | Rate of | Size (um) Total | Solubility | WBC
Type content content (%) | granular | and shape lipid (%)
(%) swelling (%)

Potato 20-211 79-80* Fast' | 15-110, 0.19* | 82* 83*
Oval and
spherical®

Wheat 25-30* 70-75! Slow! - 152 -

Tapioca 16-17* 83-84! Fast' | 5.4, round* 0.14 26*

Corn 25-281 72-751 Slow! 11.4-11.7, 0.67- 6-8° 101-
oval to 0.69° 110°
polyhedral®

Rice 17-301 70-831 Slow! 5.2-5.7, 0.25- 2-43 107-
Polyhedral® 0.33° 1153

Yam 21-29* - - 6-100, oval* 0.05* 7.8-16.8* | 103°

1 Gregorova and Bohacenko, 2005
2 Charles et al. 2007

3Alietal. 2014
4 Hoover 2000
5 Huang et al. 2016
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The granular diameter of each of the starch samples and between the samples were
irregular and showed wide variations. The lipid content and ash recovery were also
found as a part of proximate estimation, and were 0.2—0.6% and 2% respectively. The
onset gelatinisation temperatures of the Taro flours varied from 55.2 to 65.49 °C,
whereas those of the starches are between 48.08 + 2.46 for KW2 and 64.37 £ 2.35 °C
for KW1. A water absorption capacity of Taro flour and Taro starch was found to be
very high. It was evaluated to be 240% to 470% for Taro flour and 60% to 250% for
Taro starch. Taro starches had lower solubility index than their flour counterparts.
Among the varieties, CE and RIN starches had the highest solubility whereas KW1
starch had the lowest (Aboubakar et al. 2013).

Table 2.5 Physico-chemical properties of Taro starch from Africa and India

Geographical | Amylose | Water Swelling | Solubility | Granular | References
Location content | Binding | Power (%) Size (um)
(%) capacity | (9/9)
(%)

Ngaoundere, 250" 27-37" 1-5 Aboubakar

West central et al. 2008

Africa

Jharkhand, 13.5-27.6 | 328-506" | 0.89- 42-48"™ 5-10 Deepika et

India 1.4 al. 2013

Ghana, West 0.23-0.25 | Sefa-Dedeh

Africa and Sackey,
2002

Punjab, India | 20.4 70.14* 12.47* 7.42" Pramodrao
and Riar,
2014

Experiment were carried out at 60°C (*) and 90-100°C (**)
2.13.2 Anti-nutritional factors present in food crops

One of the concerns that revolve round the beneficial effect of the nutrients in food crop
is presence of anti-nutrients which masks the nutritional quality of food crop. When

plants containing these compounds are consumed by humans, adverse physiological
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and biochemical effect such as pancreas enlargement and growth inhibition results
(Alonso et al. 2000), and oxalate is one such anti-nutrient (Almanza and Begum 1996).
Oxalate are strong cheaters (Anju et al. 2015) which interact with minerals like calcium,
magnesium, zinc, copper, and therefore these minerals cannot be absorbed during the
course of digestion and assimilation in the intestine. Such complexes are excreted, thus
reducing the bioavailability of minerals to the body (Kelsey 1987). Oxalises, a
condition of calcium oxalate deposits in body tissues can be fatal to humans and other
animals on consumptions of foods rich in oxalates. A central role in calcium oxalate
kidney stone disease in humans is consumption of more moderate amounts of oxalate.
Such moderate amount of consumptions lead to absorption in intestines and excretion
in urine (Holmes and Kennedy 2000). So removal of such anti-nutrients from our food
crop will enhance the quality and possibility of consumer acceptance of processed food

products from such food crops.
2.13.3 Strategies to reduce oxalate content in Taro flour

Published literature suggests that several methods are available for reducing oxalate
content in food materials. Boiling, blanching with hot water, steeping with sodium
bicarbonate and subsequent water leaching are some of the popular methods to reduce

oxalate content in food materials (Table 2.6).

Oxalic acid and its salts are metabolic end product that accumulates in number of plant
tissues. High levels of soluble and insoluble oxalates were markedly found in some
leafy plants and some root crops. Studies on oxalate content in food crops has been
extensively done by Savage et al. (2000) for different root and leafy vegetables of New
Zealand. Among all the vegetables grown in New Zealand, roots and brassicas appear
to contain relatively low levels of oxalates whereas leafy vegetables such as NZ spinach
and silver beet seems to approach and exceed levels found in rhubarb stalks. Rhubarb
stalks contains highest level of oxalates among all the vegetables. Savage et al. (2000)
quantified oxalate content in cooked vegetables commonly consumed in New Zealand
and found that the oxalate content of the cooked food is drastically reduced by leaching

losses into the cooking water (Savage et al. 2000)
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Mukpo” (Mauna flagellates) seed flour is one of the soup thickeners used in most rural
Igbo-speaking communities of Southern Nigeria. Preparation of this soup thickener is
usually associated with long cooking time which is required to soften the cotyledon
before grinding as well as reduce the anti-nutritional components like oxalic acids of
the seed. Oneugbu et al. 2013 therefore aimed at determining the effect of boiling time
on reduction of oxalic acid in addition to some functional properties and other anti-
nutritional properties of theukpo seed flour. The oxalate reduced from value of 0.838%
in the raw sample to low values of 0.140% after 60 min boiling. This is as a result of
thermal breakdown of these compounds and subsequent leaching of soluble

components into the boiling medium (Oneugbu et al. 2013).

Colocasia esculenta (Taro) tubers from different cultivars of the world also contains
substantial amount of oxalates in their tissues, which have been reported by researchers
worldwide. The chemical composition of cocoyam (Colocasia and Xanthosoma sps)
corms and cormels and the effect of processing and particle size on the physicochemical
and organoleptic properties of the flours for use as soup thickener were examined by
James et al. 2013 for few African varieties. Fresh cocoyam corms and cormels were
peeled, sliced, washed, and divided into four parts that were variously blanched,
sulphited and sulphited/blanched. The proximate composition, ascorbic acid,
anthocyanin and oxalic acid contents, pH, bulk density, water and oil absorption
capacities and the sensory properties of colour and texture of the flour was analyzed
before and after various treatment. Ascorbic acid, anthocyanin and oxalic acid contents
were respectively reduced from averages of 30.35, 31.58 and 173.88 mg/ 100 g (dry
weight) in the corm/cormel to ranges of 8.95-16.28, 9.58-15.90 and 141.69-160.68 mg/
100 g in the flours. Bulk density was enhanced by blanching and particle size. The water
and oil absorption capacities were increased by blanching. Sulphiting, blanching and
decreasing particle size improved the colour preference. Acceptability of soups from

flours were not affected by treatments and particle sizes (James et al. 2013).

Studies on the reduction of calcium oxalate content from taro corms of Semarang,
Indonesia through soaking and boiling of taro corm chips in baking soda solution has
been carried out. Soaking and boiling of taro corm chips in baking soda solution was

still unable to reduce the calcium oxalate content to safe level. From the technical and
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economics point of views, soaking taro corm chips in 10 % w/w baking soda solution
at ratio 1:4 (w/v) for 10 hours at ambient temperature followed by boiling at 98 °C for
60 minutes was relatively good condition to reduce calcium oxalate content to obtain
taro flour with similar functional properties of American wheat flour (Kumoro et al.
2014).

Steeping at 30°C, boiling at 90°C and roasting at 165°C of flours from three cultivars
of Colocasia sps. (coca-india, ede-ofe and inimbu) and one Xanthosoma sp. (ede-uhie)
of Imo State, Nigeria were compared with those of untreated flours for oxalate
reduction and physic-chemical properties. Results showed that 40 min of boiling
brought highest rate of change of oxalate reduction in inimbu. The three different
treatments had decreased the gelatinization temperature, but water and oil absorption
capacities were subsequently improved. Boiling and roasting affected reduction in cold-
paste viscosity and on the other hand steeping led to an inconsistent trend (Iwuoha and
Kalu 1995).

Another study of chemical composition as well as the effect of processing on the
cormels of Colocasia esculenta and two Xanthosoma sagittifolium species from Ghana,
West Africa was carried out by Sefa-Dedeh and Sackey (2002). Standard analytical
methods were employed to assess the oxalate content of various cormels before and
after processing of the tubers. The apical portion of all the species had high protein
while the distal region had high levels of ash, fibre and minerals. Thus the results
showed that the chemical composition were considerably different among the different
sections of the cocoyam cormels. Potassium was the most abundant mineral (763-1451
mg/100 g). The concentration of magnesium (46.7-85.0 mg/100 g), phosphorus (41.6—
63.1 mg/100 g) and zinc (17-51.1 mg/100 g) was also substantial. Oxalate compositions
of the fresh samples were in the range of 328-460 mg/100 g for the Colocasia
esculenta, 254-381 mg/100 g for the X. sagittifolium (red-flesh), and 302-323 mg/100
g for the X. sagittifolium (white-flesh). Oven-drying and solar-drying samples could not
bring any significant differences in oxalate content of the samples. However, oxalate
levels were reduced to approximately 50% by drum drying (Sefa-Dedeh and Sackey,
2002).
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Several attempts have been made to reduce oxalate content in Taro. Although it has
been reported that traditional methods of drying reduce oxalate content, it does not
eliminate completely (Sefa-Dedeh and Agyir-Sackey 2004). Soaking and blanching of
Taro tuber flour could reduce oxalate content by 18% (James et al. 2013). Substantial
reduction in oxalate content (around 80%) has been reported by cooking for 40 minutes
at 90°C (lwuoha and Kalu 1995).

The present doctoral work also aims at producing oxalate free starch from taro flour,
which would add value to the processed starch. However, if the objective is to extract
oxalate free starch, the methods employed by previous researchers is unacceptable as
cooking and other stringent treatment conditions may compromise with the quality of
the extracted starch (Liu et al. 2013). Native starches cannot withstand the harsh
processing conditions of high temperature, which lead to abundant granule disruption
and detrimental product properties. When heated in the presence of water, starch
undergoes an irreversible order disorder transition termed gelatinization and leads to
decomposition of glucose rings (Liu et al. 2013), formation of lumping and affects the
physical properties like expansion ratio, water absorption, water solubility (Dunford
2012), and also affect the mouth feel property of the starch (BeMiller and whistler
2009).

Therefore, alternative method to reduce oxalate content of Taro starch, which would
not compromise with the quality, will certainly encourage food industry to explore the
possibility of utilizing this cheap and abundant source. This research was therefore
aimed at developing an enzymatic treatment to reduce oxalate content in the extracted
starch and evaluating physico-chemical properties of the starch thus produced. Absence
of reliable information on the characteristics of these starches has contributed to
restricted utilization of these starches in industry. Information on characteristics of the
starches from these crops therefore would unravel the prospects offered by these root

crops and help their utilization.
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Table 2.6 Total oxalate content of few food stuffs and % reduction of oxalate

content after treatment

Food stuffs Total % Reduction of | Method References
oxalate total oxalate employed for
content content after reduction
(mg/100 g | treatment
WM)
Silverbeet leaves | 525.5 44 Cooked by | Savage et al.
Spinach 329.6 53 boiling in 2000
Rhubarb stalk 986.7 23.3 water
Beetroot tubers 45.6 Increment in
oxalate content
after treatment
Broccoli 16.1 37
Colocasia corms 17388 |75 Sun Dried James et al.
and cormels 9.8 Blanching for | 2013
5 minin
boiling water
9.9 Soaking in
250 ppm
sodium
metabisulphite
solution for 4h
18.5 Sodium meta
bisulphite
treatment and
blanching
(combination
of 3 and 4%
treatment)
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Food stuffs

Total
oxalate
content
(mg/100 g
WM)

% Reduction of
total oxalate
content after

treatment

Method
employed for

reduction

References

Taro Corms

770

61

Soaking in
10%
(w/w) baking

soda solution
for 2 hours
followed by
boiling at 90
°C for 60

minutes

Kumoro et
al. 2014

Cocoyam flour

691

82.1

Boiling at
90°C for 40

minutes

46.5

Roasted at
165°C for 40-

45 minutes

lwuoha and
Kalu (1995)
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CHAPTER 3

ISOLATION AND SCREENING OF ENDOPHYTES FOR OXALATE
OXIDASE PRODUCTION AND MEDIA AND PROCESS OPTIMIZATION
FOR ENHANCED YIELD BY ONE FACTOR APPROACH

Judging from the fact that more than one endophyte often inhabits a single plant, new
and interesting endophytic microorganisms are likely to be found from the nearly
300,000 plant species that inhabit the diverse environments and ecosystems of the earth
(Kusari et al. 2012). The endophytic microorganisms were thus explored from tubers
of plants which possess abundant oxalic acid. The isolated endophytic population
exhibited different morphology, which were screened for Oxalate Oxidase production

and identified by molecular characterization technique.

The use of plant species for extracting Oxalate Oxidase enzyme is ecologically
unsuitable as it requires sacrificing the whole plant. Over these many years, no other
renewable sources have been found which account for the commercial scale Oxalate
Oxidase production. In order to meet the high demand for the enzyme in future for its
potential in different industries, a novel process for the production of Oxalate Oxidase
by a cheaper fermentation method has been studied, which would pave way for
initiating commercial production of the enzyme in large scale. Kinetics of Oxalate
Oxidase production as a function of culture growth conditions was also investigated

and is being reported in this section.
3.1 MATERIALS AND METHODS

3.1.1 Selection of plants

Plants selected for the study were Taro, Banana, Sweet Potato and Beet root. The reason
behind selecting these plants was presence of appreciable amount of oxalic acid in the

stem, leaves and tubers of these plants.
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3.1.2 Isolation of endophytes

Bacterial endophytes were isolated from the four different plant sources. Tubers of
Taro, Sweet Potato, and Beet root and peel of Banana fruit was taken for the isolation
of Oxalate Oxidase producing endophytes.

The respective parts of the sample plants were cut into small pieces of approximate 1.5
cm length. The explants were washed with distilled water and surface sterilized by
dipping the explants in 70% (v/v) ethanol for 5 minutes, followed by 5% (w/v) sodium
hypochlorite solution for 5 minutes, and 70% (v/v) ethanol for 30 s. The surface
sterilized samples were washed in sterile distilled water three times to remove surface
sterilization agents (Araujo 2002).The explants were then cut into small pieces of 0.5
cm length with a flame sterilized scalpel and transferred to sterilized tryptic soy agar
medium supplemented with antibiotic cyclohexamide of 10 ppm concentration for the
isolation of bacteria. To check the efficacy of surface sterilization, the water from the
final rinse was inoculated in tryptic soy agar plates. All the Petri plates were then
incubated at 30° C for 7 — 20 days.

3.1.3 Screening of Oxalate Oxidase positive endophytes

Isolates were screened for Oxalate Oxidase activity by streaking the isolates on
solidified basal mineral medium (Appendix I). Basal mineral media was autoclaved at
a pressure of 15psi for 15 minutes in an autoclave. The media was then poured in 90mm
Petri plates. Solidified plates were then streaked with the isolates and incubated at 30°

C for 3- 4 days. Control plate was kept to avoid any false result.
3.1.4 Maintenance and preservation methods

The positive isolates after the screening stages are maintained in tryptic soy slants and
the organisms are being preserved for long storage in 20% glycerol stock supplemented
with 1% host plant extract (v/v). The host plant extract was prepared by crushing 1g of
small pieces of tubers of Colocasia esculenta in a mortar and pestle with 10mL of

distilled water. The homogenate was centrifuged for 10 min at 8,000 RPM in a
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refrigerated centrifuge and the recovered supernatant was filter sterilized using 0.2 um

filter membrane.

Table 3.1 Lists of plants utilized for the present work

Image of the plant

S.No | Plant Common
name

1. Colocasia Taro
esculenta

2. Beta vulgaris | Beet root

3. Ipomoea Sweet
batatas Potato

4, Musa Banana
paradisiaca

Image of the plant
parts used for the

study.
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3.1.5 Physical and molecular characterization of the positive strain

The colony morphology of the organism was studied on TSA agar plates and cell wall
composition was determined by Gram's Method of differential staining.The phylogeny
and taxonomy of the organism was determined by 16S rRNA gene sequencing.Samples
were sent to IMTECH Chandigarh for molecular identification by 16 S rRNA gene

Sequencing
3.1.6 Inoculum medium

Inoculum for all the shake flask studies was prepared in tryptic soy broth supplemented
with 2.5 gL™! sodium oxalate having an initial medium pH of 6.5. The medium was
inoculated with a loop full of culture from slant, incubated at 30° C in an incubator
shaker at 150 rpm. The culture was harvested after 18 h of growth, added as inoculum
at the rate of 2 % (v/v).

3.1.7 Media design for production of Oxalate Oxidase

All the shake flask trials were conducted in 250 ml Erlenmeyer flasks, incubated at 30°
C in an incubator shaker at 150 rpm, unless otherwise stated. The unoptimized medium
had the following (gL™": KH2POs— 3, NazHPO4 — 6, NaCl — 5, NH4Cl — 2, MgSQ4. 7H20
— 0.1, MnSO4 — 0.05, Disodium oxalate- 5 and Biotin- 0.0015, with the initial pH of
6.5. Samples were taken at definite time intervals to analyse cell growth and Oxalate
Oxidase production. Growth was monitored by measuring the optical density at 600 nm
and the cell free supernatant obtained after centrifugation (Remi coolong centrifuge, C-
24 BL) at 8,000 RPM for 15 min in a refrigerated centrifuge, was analyzed for Oxalate
Oxidase activity. The obtained optical density values were converted to dry cell weight

(gL™) using a calibration curve (Prabha et al. 2014).

3.1.8 Enzyme Assay procedure

3.1.8.1 Principle

Oxalate Oxidase will be assayed by 3-Methyl-2-Benzothiazolinone Hydrazone

(MBTH) method (Laker et al. 1980). The Hydrogen peroxide produced by the oxidation
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of oxalate by Oxalate Oxidase enzyme combines with MBTH and DMA (N, N-
Dimethylaniline) in the presence of peroxidase to form purple colour indamine dye.
The concentration of indamine dye is directly proportional to the concentration of
hydrogen peroxide which in turn proportional to the activity of Oxalate Oxidase
enzyme. The colour produced due to indamine dye formation will be read at 600 nm.

Oxalate +O2 Oxalate Oxidase H202 + 2CO3

="

H> O + MBTH + DMA Peroxidase Indamine dye dye + 2H, O

[=——p—

3.1.8.2 Reagents

A. 50 mM Succinate buffer: It is prepared 100 ml in deionized water using Succinic
Acid, and adjusted to pH 3.8 at 30°C with 1 M NaOH.

B. 200 mM Oxalic Acid Solution, pH 3.8 at 30°C: It is prepared 10 ml in deionized
water using Oxalic Acid, Free Acid, and adjusted to pH 3.8 at 30°C with 1 M NaOH.)

C. 100 mM Ethylenediaminetetraacetic Acid Solution (EDTA): It is prepared 10 ml in

deionized water using Ethylenediaminetetraacetic Acid, Disodium Salt, Dihydrate).

D. Colouring reagent: 50 mM Succinate buffer, with 0.79 mM N,NDimethylaniline and
0.11 mM 3-Methyl-2- Benzothiazolinone Hydrazone, pH 3.8 at 30°C (MBTH): It is
prepared 100 ml in deionized water using Succinic Acid, 3-Methyl-2
Benzothiazolinone Hydrazone, Hydrochloride and N,N-Dimethylaniline, and adjusted
to pH 3.8 at 30°C with 1 M NaOH).

E. Peroxidase Enzyme Solution (POD): It is prepared immediately before use

containing 1 mg/ml of Peroxidase, in cold deionized water.

3.1.8.3 Procedure

The assay of Oxalate Oxidase was carried out in tubes wrapped with aluminium foil.
To each tube 1.7 ml succinate buffer (Reagent A, 0.05 M, pH 3.8.0), 0.04 ml oxalic
acid solution (Reagent B, 0.2 M) and 1 ml fermentation broth were added. The reaction
mixture was incubated at 55°C for 30 min. After incubating it at 55°C for 30 min, 0.1
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ml of 100 mM EDTA (Reagent C) was added. The tubes were vortexed and 1.0 ml
colour reagent (Reagent D) and 3U of 0.02 ml of peroxidase enzyme (Reagent E) was
added to each tube and kept at room temperature for 15 min in dark to develop the
colour. The reaction was stopped by the addition of 0.5 ml of 10% (w/v) TCA
(Trichloro acetic acid) solution. Absorbance was read at 600 nm against the zero setting
blank of 0.05 M succinate buffer pH 3.8. A control was maintained which contains all
the reagents except the substrate solution. One unit of Oxalate Oxidase was defined as
the amount of enzyme required to produce 1 umol of H20 per min at 55°C. Standard
curve was prepared using commercially available hydrogen peroxide solution dissolved
in succinate buffer 0.05 M, pH 3.8.0. The amount of hydrogen peroxide produced from
the sample due to Oxalate Oxidase activity on oxalic acid was determined by
extrapolating the standard curve prepared using hydrogen peroxide in the range of
0.001-0.030 mmol.

3.1.9 Effect of nutritional parameters on Oxalate Oxidase production
3.1.9.1Effect of different carbon sources

The effect of different carbon sources on the production of Oxalate Oxidase and
biomass were investigated in shake flasks containing above explained nutrient medium
supplemented with 20 gL' carbon sources (sucrose, glucose, glycerol). Once the best
carbon source was determined, the effect of supplemented carbon source concentration
was determined by varying the selected carbon source (sucrose) in the range of 20-60
gL,

The condition maintained were incubation at 30°C, RPM 150, initial medium pH of 6.5
and one-half fill up volume of shake flask.

3.1.9.2 Effect of different nitrogen sources

The effect of nitrogen sources was determined using the nutrient medium explained
above supplemented with 20 gL' sucrose and 2 gL' of various organic and inorganic
nitrogen sources (Yeast extract, peptone, casein hydrolysate, Ammonium chloride,
sodium nitrate). Once the best nitrogen source was selected, the effect of concentration
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of selected nitrogen source (NH4ClI) on enzyme production was determined by varying

its concentration in the range of 2-8 gL
3.1.9.3 Effect of Mn?* ions

Several reports suggest presence of Mn?* ions is important for functional Oxalate
Oxidase enzyme production in plants (Kotsira and Clonis 1997) and in fungus
Ceriporiopsis subvermispora (Aguilar et al. 2009). So the effect of Mn?>* was studied
for its role in the production of functional Oxalate Oxidase by incorporating MnSO4
(0.025 - 0.1gL"") in the media.

3.1.10 One factor study of Non-nutritional parameters
3.1.10.1 Temperature

Effect of temperature on the growth of the organism and production of enzyme was
studied. The temperature range was kept between 20°C to 35°C.

3.1.10.2 pH

Effect of pH on the growth of the organism and production of enzyme was also studied.
The pH range was kept 5 to 8. Medium pH was adjusted using either dilute HCI or
dilute NaOH before autoclaving the medium.

3.1.10.3 Fill up volume

Effect of fill up volume on the overall growth and enzyme production was studied. Fill
up volume of one-half, one-fourth, one-fifth, one-tenth were maintained in different
flasks and the biomass and enzyme production was estimated for each of the flasks.

3.1.10.4 Agitation speed

Effect of agitation speed for 150,175,200 RPM on the growth and enzyme production

was determined.
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3.1.10.5 Inoculum age

Effect of Inoculum from inoculum age of 12, 18 and 24 h was studied for enhanced

production of enzyme.
3.2 RESULTS AND DISCUSSION

3.2.1 Isolation of endophytes

A total of 49 endophytic bacteria were isolated from tubers of Colocasia esculenta,
Beta vulgaris, Ipomoea batatas and peel of Musa paradisiaca after implanting the
surface sterilized tubers and peel of approximately 0.5 cm x 0.5 cm size in growth
medium as explained in section 3.1.2. Some of the strains were pigmented- yellow, red
and pink colonies. Some of the bacteria formed very minute colonies and were slow
growing (Table 3.2). The isolates were subjected to screening minimal mineral medium
(Appendix I) agar plates containing 0.5 % calcium oxalate as the only source of carbon.
Colonies which were able to solubilize calcium oxalate in screening medium were
selected for further studies. Solubilisation of calcium oxalate was evidenced by the

formation of clear zones around the colonies due to dissolution of calcium oxalate.

Seven bacterial cultures were selected for shake flask studies based on their ability to
form clear zones by dissolution of calcium oxalate during primary screeningon minimal
mineral medium agar plates supplemented with 5 gL' calcium oxalate. These were one
from Musa paradisiaca (Banana), two from Beta vulgaris (Beet root) and four from
Colocasia esculenta (Taro). These seven bacterial isolates were grown in the
production media supplemented with 0.5 % sodium oxalate and the cell free supernatant
was assayed for Oxalate Oxidase activity. Out of these seven, four isolates were Oxalate
Oxidase positive strains. OxO positive strains were one from Musa paradisiaca
(Banana), two from Beta vulgaris (Beet root) and one from Colocasia esculenta (Taro)
(Table 3.3). One isolate, CL6 exhibited large clear zone on screening plate (Figure 3.2)
and good growth and noticeable Oxalate Oxidase production on sodium oxalate
supplemented production medium in initial shake flask studies. The activity of the
enzyme produced by CL-6 was better than all other strains and therefore the strain CL-

6 was chosen for rest of the study.
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C D

Figure 3.1 Bacterial endophytes growing out on TSA plates from explants of
Banana peel (A), Colocasia (B), Beet root (C) and Sweet Potato (D)
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Figure 3.2 Screening plate of Ochrobactrum intermedium CL6 showing clear zone

due to dissolution of calcium oxalate
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Table 3.2 Endophytic isolates from the explants of studied plant sources and their

morphology
Isolate source Microorganism Total no of Bacterial Isolates
type isolates Characters
Colocasia Bacteria 17 Creamish,

esculenta yellowish coloured
Beta vulgaris Bacteria 05 colonies, slightly

raised, colonies,
Musa paradisiacal Bacteria 10 Few were bordered
with pink pigment,

Ipomoea batatas Bacteria 17 Few were minute
colonies and slow

growing

Table 3.3 Preliminary

Oxalate Oxidase activity observed in few bacterial

endophytes
S.No | Isolates Name Source Activity(U/ml)
1 BN'1 Peel of Musa paradisiaca 0.05
2 BR 2 Tuber of Beta vulgaris 0.06
3 BR 4 Tuber of Beta vulgaris 0.02
4 CL6 Tuber of Colocasia esculenta 0.1
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3.2.2 Physical and molecular characterization

The colony morphology of CL-6 showed creamish colonies, which were oval in shape
and slightly raised. Differential staining showed that the organism is Gram negative and
small rod shaped (Figure 3.3).

Figure 3.3 Differential staining of CL-6

The 16S rRNA gene sequencing and phylogenetic analysis result showed the test
organism  belongs to rhizobiales order of alphaproteobacteria. The 16S rRNA
sequencing result showed that the query sequence obtained from amplification and
sequencing of the hypervariable region of 16S rRNA has 99.86 % similarity with the
16S rRNA nucleotide sequence of Ochrobactrum intermedium and the number of
mismatch of nucleotide between the total 16S rRNA nucleotide of the test organism
and Ochrobactrum intermedium is 2 (Table 3.4). The number of mismatch between
the total 16S rRNA nucleotide of the test organism and all other closely related
organisms of rhizobiales order is higher, which is evident from the table below. Hence
the test organism has been identified as Ochrobactrum intermedium.
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TACCTTGTTACGACTTCACCCCAGTCGCTGACCCTACCGTGGTCGCCTGCC
TCCTTGCGGTTAGCACAGCGCCTTCGGGTAAAACCAACTCCCATGGTGTG
ACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGCGGCATGCTGAT
CCGCGATTACTAGCGATTCCAACTTCATGCACTCGAGTTGCAGAGTGCAA
TCCGAACTGAGATGGCTTTTGGAGATTAGCTCACACTCGCGTGCTCGCTGC
CCACTGTCACCACCATTGTAGCACGTGTGTAGCCCAGCCCGTAAGGGCCA
TGAGGACTTGACGTCATCCCCCACCTTCCTCTCGGCTTATCACCGGCAGTC
CCCTTAGAGTGCCCAACTGAATGCTGGCAACTAAGGGCGAGGGTTGCGCT
CGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAGCCAT
GCAGCACCTGTCTCCGATCCAGCCGAACTGAAGGATAGTGTCTCCACTAA
CCGCGATCGGGATGTCAAGGGCTGGTAAGGTTCTGCGCGTTGCTTCGAAT
TAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTT
TTAATCTTGCGACCGTACTCCCCAGGCGGAATGTTTAATGCGTTAGCTGCG
CCACCGAAGAGTAAACTCCCCAACGGCTAACATTCATCGTTTACGGCGTG
GACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGCACCTCAGC
GTCAGTAATGGTCCAGTGAGCCGCCTTCGCCACTGGTGTTCCTCCGAATAT
CTACGAATTTCACCTCTACACTCGGAATTCCACTCACCTCTACCATACTCA
AGACTAACAGTATCAAAGGCAGTTCCGGGGTTGAGCCCCGGGATTTCACC
CCTGACTTATTAGCCCGCCTACGTGCGCTTTACGCCCAGTAAATCCGAACA
ACGCTAGCCCCCTTCGTATTACCGCGGCTGCTGGCACGAAGTTAGCCGGG
GCTTCTTCTCCGGTTACCGTCATTATCTTCACCGGTGAAAGAGCTTTACAA
CCCTAGGGCCTTCATCACTCACGCGGCATGGCTGGATCAGGCTTGCGCCC
ATTGTCCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCT
CAGTCCCAGTGTGGCTGATCATCCTCTCAGACCAGCTATGGATCGTCGCCT
TGGTAGGCCTTTACCCCACCAACTAGCTAATCCAACGCGGGCCGATCATTT
GCCGATAAATCTTTCCCCTTTCGGGCTCATACGGTATTAGCACAAGTTTCC
CTGAGTTATTCCGTAGCAAATGGTACGTTCCCACGCGTTACTCACCCGTCT
GCCGCTCCCCTTGCAGGGCGCTCGACTTGCATGTGTTAAGCCTGCCGCCAG
CGTTCGTTCTGAGCCAGGATCAAACTCT

Figure 3.4: 16S rRNA gene sequencing of Ochrobactrum intermedium
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Figure 3.5: Phylogenetic position of Ochrobactrum intermedium
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Table 3.4 Pairwise similarity index of test organism and other organisms of

rhizobales
Rank  Name Pairwise Diff/Total Completeness
Similarity nt (%)
(%)

1 Ochrobactrum 99.86 2/1443 100
intermedium

2 Ochrobactrum 99.38 9/1442 100
ciceri

3 Brucella inopinata  99.03 14/1443 100

4 Brucella abortus 98.68 19/1443 100

5 Brucella canis 98.68 19/1443 100

6 Brucella suis 98.68 19/1443 100

7 Brucella microti 98.68 19/1443 100

8 Brucella ovis 98.68 19/1443 100

9 Brucella melitensis  98.68 19/1443 100

10 Brucella neotomae  98.61 20/1443 100

11 Brucella ceti 98.60 20/1430 100

12 Brucella 98.60 20/1430 100
pinnipedialis

13 Ochrobactrum 98.21 25/1397 98.04
tritici
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Rank | Name Pairwise Diff/Total Completeness
Similarity | nt (%)
(%)
14 Ochrobactrum 98.07 26/1345 95.73
daejeonense
15 Ochrobactrum 97.99 29/1441 100
cytisi

Differential staining of the test microorganism revealed that it is Gram negative and
small rod shaped. The work carried out by Wackerow-Kouzova, 2006 and Velasco et
al. 1998 suggests that Ochrobactrum intermedium is Gram negative and small rod
shaped. It is clear from table 3.5 that the test organism is also closely related to
Ochrobactrum ciceri. Ochrobactrum species have been found to be associated with
rhizosphere and root nodules of many plants. There are also reports of Ochrobactrum
being inhabitated within the internal tissues of some plants. Imran et al. 2010 reported
the isolation of Ochrobactrum cicerifrom nodules of chickpea (Cicer arietinum). An
endophyte, Ochrobactrum oryzae, a type strain, designated as MTCC 4195T was
isolated from surface-sterilized seeds and plant tissue from deep-water rice (Oryza
sativa) cultivated in Suraha Tal Lake in northern India by Tripathi et al. 2006.
Ochrobactrum tritici, a type species has been isolated from wheat rhizoplane by Lebuhn
et al. 2000. Ochrobactrum intermedium has also been reported by Faisal and Hasnain
2006 for promoting the growth of mung bean, Vigna radiata. The endophytic
colonization of Ochrobactrum anthropi Mnl strain was investigated microscopically
using green fluorescent protein in Jerusalem artichoke tissues through the root, and was
found to possess plant growth-promoting (PGP) effects of symbiotic nitrogen fixation,
root morphological optimization and enhanced nutrient uptake (Meng et al. 2014).
Another strain of Ochrobactrum anthropi was isolated from (rice) Oryza sativa as an
endophyte by Mano & Morisaki (2008). Nitrogenase activity was observed in
endophytes from wild sugarcane plants, which had close genetic makeup with that of

Ochrobactrum intermedium (Muangthong et al. 2015)

The taxonomy of Ochrobactrum reveals that it belongs to the order rhizobiales, which

also comprises of bacteria of rhizosphere. The test organism Ochrobactrum
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intermedium has been isolated from the tubers of Colocasia as endophyte, so it can be
stated that the test organism Ochrobactrum intermedium might have invaded the
colocasia plant tissue over a period of time from its rhizosphere to the internal tissues
of colocasia tuber. Literature suggests that microbial flora of rhizosphere can be
endosymbionts or endophytes of plants. It has been speculated that endophytic root
bacterial communities comprise a subset of colonists originating from the surrounding
rhizosphere soil (Cocking 2003 & Hallmann 1997), and the resulting community
composition is affected by the surrounding soil and environmental properties. Nitrogen-
fixing bacteria are able to enter into roots from the rhizosphere, particularly at the base
of emerging lateral roots (Cocking 2003). Endophytic bacteria originate from the
epiphytic bacterial communities of the rhizosphere (Hallmann 1997). The work of Hui
et al. 2014 reveals that the bacterial community structure and diversity of the
rhizosphere and endophytic bacteria in Stellera chamaejasme compartments were
dominated by the members of the Proteobacteria (43.2%), Firmicutes (36.5%) and
Actinobacteria (14.1%) in both samples (Jin et al. 2014).

During the colonization of plant roots by soil bacteria, microorganisms from the bulk
soil undergo selective enrichment in the plant rhizosphere in response to different root
exudate components. Because different plant species release different types and
quantities of exudates, plants exert species-specific effects on the soil microbial
community that result in broad spectrum of microflora (Lynch 1990). Different plant
species select different bacterial communities in the proximity of their roots and that
these plant-specific enrichments can be increased by repeated cultivation of the plant

species in the same field (Smalla 2001).

The oxalate-degrading bacteria form a close association with plant roots that are rich in
oxalic acid, where the oxalate exudates form a source of carbon for a variety of
microorganisms in the rhizosphere (Sahin 2005). The yam (Dioscorea alata,
Typhonium trilobatum and Amorphophallus) tubers are one such example. A new type
of oxalate-utilizing Paracoccus sp. was isolated from Amorphophallus rhizoplane
(Kolandaswamy et al. 2007). Oxalic acid is often accumulated as a metabolic end
product in plant tissues or is released by root systems as a free organic acid or mineral

salts such as calcium, iron, or magnesium oxalate (Cailleau et al. 2005).
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Rhizobacteria like Pseudomonas and Rhizobium follow Entner-Doudoroff pathway for
glucose catabolism and prefer organic acids over glucose by repressing enzymes of
glucose utilization (Collier et al. 1996; Mandal and Chakrabartty 1993).

It can be argued that endophytic microbial community of C. esculenta might have also
been influenced by high amount of oxalate in its living tissue. It appears that O.
intermedium CL6 isolated from Colocasia tuber have evolved the enzyme system,

Oxalate Oxidase in order to utilize oxalate available in host plant tissues.

In order to understand the revealing role of the Ochrobactrum intermedium as an
endophyte in Colocasia esculenta and a competent source of Oxalate Oxidase, a strong
relationship between role of an endophyte and Oxalate Oxidase with evidential
argument has to be highlighted. Ochrobactrum intermedium and other species of the
genus Ochrobactrum from previous works has been established as an endophyte (Faisal
and Hasnain 2006). Endophytes enhance the growth and competitiveness of the host
plant and protect it from herbivores and plant pathogens apart from producing diversity
of natural bioactive products (Gunatilaka et al., 2006). Hydrogen peroxide which gets
generated by the catalytic action of Oxalate Oxidase (OxO, EC 1.2.3.4) on oxalate in
presence of Oz in all tropical and subtropical plants has several defensive roles . These
defensive roles for H2O in plants have been proposed and proved time and again.
(Lamb and Dixon 1997). For example, H202 in plant tissues may reach levels that are
directly toxic to microbes (Peng and Kuc 1992). H>O> may contribute to the structural
reinforcement of plant cell walls (Bolwell et al. 1995) and trigger lipid peroxide and
salicylic acid (SA) synthesis (Leon et al. 1995). Moreover, H>O; appears to have roles
in signal transduction cascades that coordinate various defense responses, such as
induction of HR (hypersentivity reaction) and synthesis of pathogenesis-related (PR)
proteins and phytoalexins (plant physiology). Thus Ochrobactrum intermedium CL6 in
this report might have the capability of rendering support for fight against pathogens in
Colocasia esculenta plants in the capacity of an endophyte by triggering its Oxalate
Oxidase gene to produce H2O: in response to attack from an invading pathogenic
microorganism. This finding reinforces the fact that endophytes do have a significant

role in plant defense.
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3.2.3 Effect of nutritional parameters
3.2.3.1 Effect of different carbon sources

Initially the maximum biomass of the strain Ochrobactrum intermedium CL6 obtained
with sodium oxalate as an only source of carbon was 0.3 gL' after 120 h of incubation
but a comparative higher growth was obtained with sucrose as well as with glucose as
additional carbon sources within 48 h of incubation (Figure 3.6). Sucrose as a carbon
source exhibited maximum enzyme activity for Oxalate Oxidase at 48 h of cultivation
time. However, glucose as a carbon source was not very effective for enzyme
production as it took 60 h to exhibit the maximum enzyme activity for Oxalate Oxidase.
There was no change in biomass content and enzyme activity with glycerol as a carbon
source. Sucrose was therefore selected for further study as it could reduce the
fermentation time from 120 h to 48 h. The Oxalate Oxidase production with different
concentrations of sucrose was also tested. Sucrose at 20 gL' exhibited the maximum
Oxalate Oxidase activity 0.128 U mL™* (Figure 3.7). Presence of organic acid like oxalic
acid in the fermentation broth may lead to catabolite repression of glucose and therefore
glucose, being a readily available source of carbon did not contribute much to biomass
of the organism (Singh et al. 2008; Bruckner and Titgemeyer 2002). Similar
phenomenon have been reported in rhizobacteria like Pseudomonas and Rhizobium,
both follow Entner-Doudoroff pathway for glucose catabolism and prefer organic acids
over glucose by repressing enzymes of glucose utilization (Collier et al. 1996; Mandal
and Chakrabartty 1993). Succinate is one of the major organic acids present in root
exudates of plants in rhizosphere and repression of glucose utilization by succinate is
termed as succinate-mediated catabolite repression (SMCR) (Bringhurst and Gage
2002).

The result showed that test organism was utilizing sucrose. In most bacteria, the uptake
of sucrose is mediated via the phosphoenolpyruvate-dependent carbohydrate:
phosphotransferase system (PTS), yielding sucrose 6-phosphate, which is cleaved by
an intracellular hydrolase into glucose 6-phosphate and fructose (Reid and Abratt 2005)
and glucose 6-phosphate and fructose can be directly assimilated by contemporary
pathways inside the cell. Ochrobactrum anthropi, a close relative of Ochrobactrum
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intermedium also utilize sucrose by phosphotransferase system yielding sucrose 6-

phosphate (Courtesy KEGG pathway).
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Figure 3.6 Effect of various sugars in medium on biomass growth (EZZ4) and
enzyme activity ([___]). Medium contains 20 gL-tcarbon source, 5 gL! Sodium
oxalate and 2 gL* NH4Cl along with basal salts. The peak biomass concentration
and enzyme activity in the figure is after 120 h, 48 h, 60 h and 120 h of cultivation
time for sodium oxalate (sole source of carbon), sodium oxalate + sucrose, sodium

oxalate + glucose, and sodium oxalate + glycerol respectively.
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Figure 3.7 Effect of sucrose concentration on the enzyme activity was studied by
changing its concentration in the medium having 5 gL* Sodium oxalate and 2 gL-
1 NH4Cl along with basal salts

3.2.3.2 Effect of different nitrogen sources

NH4Cl was found to be the best for the maximum production of Oxalate Oxidase.
NH4Cl at 2 gL' exhibited an Oxalate Oxidase activity of 0.128 UmL"!. Enhancement
of enzyme activity was low in case of Yeast extract and Peptone. The only organic
nitrogen source which showed some enzyme production was casein hydrolysate (Figure
3.8). NH4Cl was selected for further study. Varied concentration of NH4Cl didn’t
contribute in further improving the Oxalate Oxidase activity. The enzyme activity
remained same for NH4ClI concentration of 2-6 gL™t. However, as the nitrogen source
concentration increased, peak enzyme activity got shifted from 48 to 84 h. At NH4CI
concentration of 8 gL, reduction in peak enzyme activity was observed at 84 h (Figure
3.9).

The reason behind good enzyme activity with NH4Cl as nitrogen source could be traced
from the available literature on the active site composition of Oxalate Oxidase. Many
literature has documented the presence of glutamate and glutamine at the active site of
the functional enzyme. (Bernier and Berna 2001; Gane et al. 1998; Requena and

Bornemann 1999; Woo et al. 2000).Reduced nitrogen in the form of NH4" is assimilated
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into amino acids and then into other nitrogen-containing biomolecules. Two amino
acids, glutamate and glutamine, provide the critical entry point. The most important
pathway for the assimilation of NHs'into glutamate requires two reactions. First,
glutamine synthetase catalyzes the reaction of glutamate and NH4" to yield glutamine.
In bacteria and plants, glutamate is produced from glutamine in a reaction catalyzed by
glutamate synthase (Patriarca et al. 2002). The result also showed that the organism
couldn't utilize organic nitrogen to produce the enzyme in high concentration. The
reason could be because of the fact that organic nitrogen contains a rich source of
different amino acids and these pools of amino acids allosterically inhibit glutamine
synthetase, which indirectly aid in the production of glutamate. Thus decrease in the
glutamate concentration from the pool of the amino acid may prevent the organism to
incorporate glutamate in the active site of the enzyme Oxalate Oxidase. Alanine,
glycine, histidine and at least six end products of glutamine metabolism are allosteric

inhibitors of the enzyme glutamine synthetase (Nelson and Cox. 2005).
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Figure 3.8 Effect of various nitrogen sources in medium on enzyme production.
The medium contains 20 gL of sucrose as carbon source, 2 gL nitrogen source
and 5 gL sodium oxalate as inducer along with basal salts. The peak enzyme

activity for all nitrogen sources was obtained at 48 h of cultivation time.
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Figure 3.9 Effect of NH4Cl Concentrations on Oxalate Oxidase activity was
studied by changing its concentration in the medium having 20 gL of sucrose and

5 gLt sodium oxalate along with basal salts
3.2.3.3 Effect of Mn?*

Mn?* ions were found to be extremely important for active form of enzyme production.
There was no activity of Oxalate Oxidase, when source of Mn?* jons in the form of
MnSO4 was not supplemented in the production media. The concentration of MnSQO4
was varied from 0.025gL ! to 0.1gL"!. Optimum concentration of MnSO4 was found to
be 0.05 gL™!. Higher concentration of the MnSO. supplementation in the media was
leading to lower activity of the enzyme (Figure 3.10). Manganese sulphate
concentration of 0.05 gL' was selected for further study. There are reports where
presence of manganese at the active site of the enzyme Oxalate Oxidase has been
documented. Ceriporiopsis subvermispora Oxalate Oxidase was the first bicupin
enzyme identified that exhibit manganese dependent oxidation of oxalate (Moomaw et
al. 2013).Barley Oxalate Oxidase, a homohexameric glycoprotein, contains one Mn
atom which is ligated by three histidine residues, one glutamate residue and two water
molecules (Requena and Bornemann 1988, Woo et al. 2000, Gane et al. 1998).Koyama

has reported the presence of 1.12 atoms of manganese and 0.36 atoms of zinc per
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subunit in Oxalate Oxidase produced from the soil bacterium Pseudomonas sp. OX- 53
(Koyoma 1988).
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Figure 3.10 Effect of Mn?* ions on the activity of the Oxalate Oxidase in the
medium containing20 gL of sucrose as carbon source, 2 gL *of NH4Cl as nitrogen

source and 5 gL-*sodium oxalate as inducer along with other basal salts. The peak
enzyme activity was obtained at 48 h of cultivation time.

3.2.4 One factor study of physical parameters
3.2.4.1 Effect of fill up volume

Fill up volume of one-half, one-fourth, one-fifth, one-tenth of shake flask was tried in
four different experiments. The observations revealed that fill up volume of one-fifth
and one- tenth gave higher biomass in short duration (Figure 3.11). There was a
progressive increase in enzyme activity as the fill up volume is reduced from one- half
to one-tenth. An Oxalate Oxidase activity of 0.5 UmL™ was obtained at one-tenth of
fill up volume. From this we can infer that oxygen requirement of Ochrobactrum
intermedium CL6 is high and meeting the requirement is crucial. Higher oxygen
requirement could be attributed to the fact that oxygen is a co-substrate utilized during
oxalate catabolism (Opaleye et al. 2006). Moreover it is the proved fact that in shake
flasks, the oxygen transfer rate (OTR) is reversely proportional to the volume of culture
(Maier and Buchs 2001).Higher OTR is obtained in flasks with less culture volume or

by increasing the agitation rate, however one should take in account that very low
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amounts can only be used for short-term fermentations otherwise the medium will

evaporate (Machado et al. 2013).

Regarding bacterial cell growth, lower volume of medium in the flasks resulted in
higher cell density as determined by the optical density at 600 nm. For all the cases, the
OD increased with increasing volume ratios with values of 1.1, 1.4, 1.8 and 2.2 for
volume ratios of 1:2, 1:3, 1:4 and 1:5, respectively (Machado et al. 2013)
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Figure 3.11 Effect of fill up volume of the culture flask on the growth {777)) of the
microorganism and activity of Oxalate Oxidase ([ ])

3.2.4.2 Effect of temperature on biomass and enzyme production

Temperature of incubation during growth had a significant influence on the enzyme
production. Observation suggests that the organism was growing very well at
temperature of 35°C during the first few hours after inoculation. But after 24 h, the
growth profile of the organism at 35°C and 30°C was almost same. Temperature of
25°C was suboptimal for enzyme production. The peak enzyme activity observed at
30°C and 35°C was almost similar (Figure 3.12)
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Figure 3.12 Effect of temperature on the growth of the organism (|72 ) and
activity of the enzyme Oxalate Oxidase ([ ])

3.2.4.3 Effect of pH on the growth of the organism and activity of the enzyme

It was observed that the growth pattern of the organism was almost similar in initial
medium pH range of 6.5, 7.5 and 8. However, the activity of the enzyme was relatively
higher in pH 6.5 (Figure 3.13). The result showed that the yield of the enzyme Oxalate
Oxidase by strain Ochrobactrum intermedium CL6 was relatively less at initial medium
pH 7.5. The enzyme activity profile revealed that maximum activity of 0.2 UmL"! was
obtained for initial medium pH 8, which is very similar to the observations of Koyoma
(1988), while studying production of Oxalate Oxidase in Pseudomonas sp. OX-53.The
optimum pH of 6.5 for maximum production of enzyme is an advantage as it is nowhere
close to the optimum pH of enzyme activity which is 3.8. This optimum pH of enzyme
activity prevents the rapid formation and thereby accumulation of the hydrogen
peroxide in the fermentation medium during the incubation period, which otherwise
would have affected the growth of the microorganism and production of Oxalate
Oxidase as well. Hydrogen peroxide is known to have bactericidal effect. It is thus
beneficial to have a system which will give an edge over suppressing the inhibitory

factors and improves the prospect of production of Oxalate Oxidase.
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Figure 3.13 Effect of pH on the growth of the organism (ZZ7]) and activity of the
enzyme Oxalate Oxidase (__])

3.2.4.4 Effect of Agitation speed and Inoculum age

There was an increase in biomass content as the agitation speed was increased from of
150 to 200 RPM. However there was no significant increase in Oxalate Oxidase
production with increase in agitation speed (Figure 3.14). Higher agitation rates did not
bring about the increase in production, probably because at a high agitation rate, the
structure of enzyme would be altered (Roychoudhury et al. 1988).

It has been found in many fermentation process that agitation mode gives significant
increase in biomass and product formation as compared to stationary condition.
Although increase in agitation may provide better mixing and mass transfer effects, an
excess might result in high shear stress and in turn lead to many adverse effects. Lipase
production from Pseudomonas sp. BWS-5 showed a progressive increase with the
increase in agitation rate up to 150 RPM and thereafter, a decrease in enzyme activity
was recorded (Sooch and Kauldhar 2013). Pabai et al. (1996) also witnessed that 150
RPM agitation rate as the best for lipase production by Pseudomonas fragi, P.
putida and P. fluorescens. Both oxygen availability and availability of other nutrients
in the medium is affected by agitation rate. Low enzyme activity at higher agitation
rates may be credited to the effect of shear stress on microbial cells as well as on the
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enzyme structure (Calderbank and Moo-Young 1959). The effects of agitation rate on
the production of protease and bacterial growth were investigated. The highest protease
production and bacteria growth were obtained when agitated at 200 RPM. At this speed,
the aeration of the culture medium was increased, and this further led to a sufficient
supply of dissolved oxygen in the media. The production of protease was found to
decrease when shaken at 250 RPM, and even the static condition almost inhibited its
production (Abhusham et al. 2009).

Yield of Oxalate Oxidase was found to be dependent on inoculum age. Inoculum of
age 24 h exhibited poor production in comparison to 18 h old inoculum (Figure 3.15).
Initial growth studies of the organism Ochrobactrum intermedium CL6 in inoculum
medium exhibited onset of stationary phase before 24 h, and the cells were in
exponential phase during 16-22 h (Appendix IlI). Studies demonstrated the importance
of inoculum age on bio product production by bacterial cultures. Improper starter
culture age leading to reduced product formation has been observed in many
fermentation process (Prabha et al. 2014). Cell growth and product formation is limited
in few cases where late inocula are used. This is because of the inability of late inocula
containing a high proportion of spores to return to the vegetative cell cycle. On the other
hand overall fermentation time is prolonged due to insufficient activated cells of lag
phase of seed culture. Therefore bacterial inocula must be transferred in the log phase
of growth, during which cells are still metabolically active (Gurung et al. 2013). Similar
observations were made by Wang and Shih (1999), while studying in the production of
keratinase yield by B. licheniformis. Fermentation cycle duration for Clavulanic acid
production by Streptomyces clavuligerus was reduced from 139 h to 96 h when
younger and more active inocula was used (Neves et al. 2000).
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Figure 3.15 Effect of inoculum age on activity of the enzyme Oxalate Oxidase
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3.2.5 Time course study of Oxalate Oxidase production

Enzyme activity with the present optimized condition of 20 gL' sucrose as additional
carbon source, 5 gL sodium oxalate as inducer, 2 gL' NH4Cl as nitrogen source, 0.05
gL' MnSOy, fill up volume of one-tenth, pH of 6.5, fermented with inoculum age of
18 h, 30°C at 150 RPM showed maximum activity of 0.5 UmL"! after 65 h of
fermentation (Figure 3.16). The 25 mL culture supernatant yielded 27.5 mg of protein
with total Oxalate Oxidase activity of 12.5 U and specific activity of 0.454 Umg™.
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Figure 3.16 Time course study of Oxalate Oxidase production in optimized
medium and conditions. Medium having 20 gL of sucrose, 5 gL sodium oxalate
and 2 gL* NH4Cl, 0.05 gLt MnSOa4 along with basal salts was used. Experiments
were conducted at 30°C, fill up volume of one-tenth, agitation rate of 150 RPM

and initial medium pH of 6.5 with inoculum age of 18 h
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Comparison of specific activity of Oxalate Oxidase from O. intermedium CL6 and other
sources suggests that specific activity of Oxalate Oxidase obtained in the present study
was 0.454 Umg™ (Table 3.5), which is much higher than that of other microbial sources
(Koyoma 1988) as well as plant sources (Kotsira and Clonis 1997, Hu and Guo 2009,
Sathishraj and Augustin, 2012).The total enzyme activity from wheat seedling and
barley roots was also lower than the total enzyme activity obtained from the culture
supernatant of O. intermedium CL6. Higher specific activity in the cell free broth also
indicates that the enzyme purification could be relatively easy.

Table 3.5 Comparison of Oxalate Oxidase activity from Ochrobactrum

intermedium CL6 and other sources

Culture supernatant /crude | Specific activity
extract (Umg™)
Ochrobactrum intermedium CL6 0.454
Pseudomonas sps. OX-53 0.29
Barley roots 0.031
Wheat seedlings 0.107
Costus pictus leaves 0.0374
3.3 SUMMARY

A growing body of evidence suggests that the plant-associated microorganisms,
especially endophytic and rhizosphere bacteria and fungi, represent a huge and largely
untapped resource of natural products with chemical structures that have been
optimized by evolution for biological and ecological relevance (Gunatilaka 2006,
Kusari et al. 2012). Since endophytes were first described in the Darnel (Lolium
temulentum) (Freeman 1904), they have been isolated from various organs of different
plant species, above ground tissues of liverworts, hornworts, mosses, lycophytes,

equisetopsids, ferns, and spermatophytes from the tropics to the arctic, and from the
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wild to agricultural ecosystems (Arnold 2007) and to date, all plant species studied have
been found to harbour at least one endophyte (Kusari et al. 2012).Endophytes usually
produce the enzymes necessary for the colonization of plant tissues. It was
demonstrated that most endophytes are able to utilize most plant cell components at
least in vitro. As Colocasia esculenta tubers were found to contain large amount of
oxalate crystals; it was hypothesized that at least few endophytes inhabiting tuber will
have the ability to produce oxalate degrading enzyme, Oxalate Oxidase. Successful
isolation of four bacterial strains supports our hypothesis. Presence of substantial
amount of oxalic acid in the tubers of Colocasia might have put selective pressure on
these endophytes to develop a means to use these energy rich molecules. This first
report of isolation of O. intermedium, a novel Oxalate Oxidase producing bacterium
from Colocasia esculenta also reiterate the fact that plants harbour endophytes that

have the potential to produce many novel metabolites of human importance.

Four Oxalate Oxidase producing bacteria were isolated as result of our effort. The
bacterium which showed highest Oxalate Oxidase activity was identified as
Ochrobactrum intermedium. The nutritional and non-nutritional factors were optimized
in shake flasks. Sucrose at 20 gL, NH4Cl at 2 gL', MnSO, at 0.05 gL 'and sodium
oxalate as inducer at 5gL"!, fill up volume in shake flask at one — tenth, incubation
temperature of 30°C and initial medium pH of 6.5 and inoculum age of 18 h was found
to be optimum. Oxalate Oxidase activity of 0.5UmL™" and specific activity of 0.454
Umgwas recorded in fermentation broth after 65h of fermentation under optimal

conditions.
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CHAPTER 4

PURIFICATION, CHARACTERIZATION AND CHEMICAL
MODIFICATION OF OXALATE OXIDASE FROM OCHROBACTRUM
INTERMEDIUM CL6

Purification of enzymes becomes very important for their application in industries.
Characterization of an enzyme’s property can be studied accurately in its purest form.
Once an enzyme is purified, it is possible to understand its affinity for natural substrates,
or scrutinize its ability to catalyze enzymatic reactions. Such methods have allowed us
to understand how molecules of biological origin can act as catalysts in metabolic
processes. Starting from pure proteins, we can determine amino acid arrangements and
evolutionary relationships between proteins in diverse organisms and we can inspect a

protein's biochemical function.

In this chapter, the candidate endophytic bacterium selected by the screening process
in chapter 3 was cultured in optimized medium in order to obtain target putative novel
Oxalate Oxidase. Herein, the purification, characterization, possible amino acid
composition at the active site of the enzyme Oxalate Oxidase from Ochrobactrum
intermedium CL 6 and influence of various biochemical molecules on functional

properties of the enzyme are described
4.1 MATERIALS AND METHODS

4.1.1 Purification of Oxalate Oxidase

The enzyme Oxalate Oxidase (OxQO) was produced by the Ochrobactrum intermedium
CL®6, an endophytic bacterium isolated from Colocasia esculenta. The organism was
cultured in the optimized medium containing the following components (gL%): sucrose
- 20; NH4CI - 2; sodium oxalate - 5;KH2PO4 - 3;Na2HPO4 - 6; NaCl - 5;NH4CI -
2;M@gS04.7H20 - 0.1; MnSO4 - 0.05; biotin- 0.0015, with an initial pH of 6.5 and 2%

(v/v) inoculum volume. Sterilized medium (25 mL) in 250 mL Erlenmeyer flasks was
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incubated at 30 °C, 150 rpm in an incubator shaker for 65 h. Cell free broth was

collected by centrifugation at 8000 RPM for 10 min for enzyme recovery.

Extra cellular Oxalate Oxidase in the culture supernatant was concentrated by
precipitation techniques. Common precipitation techniques of ammonium sulphate
precipitation, precipitation by non-ionic polymers like polyethylene glycol and organic
solvent precipitation were tried out to concentrate our protein of interests. Enzyme
precipitation was followed by gel filtration chromatography to elute Oxalate Oxidase
of relatively high purity. Enzyme purity and molecular weight were determined using
10% polyacrylamide SDS-PAGE, as described previously by Laemmli (1970).
Samples for SDS PAGE were run under denaturing and reducing conditions. Proteins
gels were stained with Silver nitrate method (Chevallet et al. 2006). The enzyme
activity in all steps of purification were estimated according to the protocol mentioned
in section in 3.1.8.3. The total protein content was calculated by Lowry’s assay

(Appendix I1) with bovine serum albumin as standard.
4.1.1.1 Precipitation of Oxalate Oxidase
4.1.1.1.1 Ammonium sulphate precipitation

Oxalate Oxidase in the crude culture was precipitated down by ammonium sulphate
method using different concentrations (0-100%). 100 mL of crude fermentation broth
was taken and centrifuged at 8000 RPM to obtain cell free supernatant. The supernatant
was then transferred to 500 mL beaker with a magnetic bead and kept over a magnetic
stirrer. The stirring was maintained at a slow speed. Amount of ammonium sulphate
for different salt cuts (0-25%, 25-50%, 50-80%, 80-100%) was calculated, weighed and
ground to powder using a mortar and pestle. The required amount of ammonium
sulphate was gradually added to the enzyme sample while maintaining cold condition
and gentle agitation. After each salt cut, the supernatant was centrifuged at 10,000 RPM
to get pellet from each concentration. The sediment was re-suspended in buffer solution
(pH 3.8). The protein contents and enzyme activity of both the supernatant and
precipitate for all the fractions obtained after each salt cut were measured to decide the

next set of experiments.
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4.1.1.1.2 Precipitation by non —ionic polymer

Precipitations were carried out by mixing 10mL of enzyme supernatant and 10 mL of
PEG 6000 solutions to make a final concentration of 25% PEG in the solution. The
mixture was kept in an ice bath for 30 min and then centrifuged at 10,000 rpm. The
supernatant was separated and the sediment was dissolved in 2 mL of 50 mM succinate
buffer, pH 3.8. Enzyme activity and protein concentration were measured in both

dissolved pellets and supernatants.
4.1.1.1.3 Organic solvent precipitation

Organic solvent precipitation of enzyme was accomplished by absolute acetone and

ethanol in strictly cold condition (0-4°C).
4.1.1.1.3.1 Acetone precipitation

10mL of crude enzyme supernatant was poured in a beaker, immersed in an ice bath
and stirred until the temperature reaches 4°C. 6 mL of precooled acetone was added to
the enzyme supernatant drop wise with constant stirring and at such a rate that the
temperature doesn’t rise above 4°C. After the addition of acetone, stirring for 10
minutes was continued with constant control of temperature. The precipitated protein
was removed by centrifugation at 4°C for 10 minutes at 10,000 RPM using precooled
centrifuge tubes. The volume of the combined supernatant was measured and poured
back into the beaker in the ice bath. Further 0.25mL of acetone/mL of protein solution
was added with all the precautions described above. After further saturation of solution
with acetone, the precipitated protein was recovered by centrifugation and the
supernatant was poured off and the centrifuge tubes were inverted over filter paper to
drain and completely blot any drops of solution adhering to the walls of the tubes. The
pellet was suspended in 50 mM succinate buffer of pH 3.8. The enzyme activity and

protein content for the different pellets and final supernatant were assayed.
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4.1.1.1.3.2 Ethanol precipitation

100 mL of crude enzyme supernatant was poured in a beaker, immersed in an ice bath
and stirred until the temperature reaches 4°C. 60 mL of precooled ethanol was added
to the enzyme supernatant drop wise with constant stirring and at such a rate that the
temperature doesn’t rise above 4°C. After the addition of ethanol, the solution was
allowed to stand overnight at 4°C. Precipitated protein was collected after
centrifugation at 10,000 RPM at 4 °C for 15 min with pre cooled centrifuge tubes. The
supernatant was poured off and the centrifuge tubes were inverted over filter paper to
drain and completely blot any drops of solution adhering to the walls of the tubes. The
pellet was suspended in 50 mM succinate buffer of pH 3.8. The enzyme activity and

protein content for both the pellets and final supernatant were assayed.
4.1.1.2 Reverse dialysis and dialysis

Cellulose dialysis tubing was pre-treated with sodium bicarbonate and EDTA before
use. The ends of the tubes were clipped with adjustable clips after loading 5 mL of
sample. The dialysis bag with the sample was laid onto bed of PEG (polyethylene
glycol) and covered with PEG. Continuously, tubing was checked until desired
reduction in volume is achieved. Standard dialysis against 0.1 M phosphate buffer

was carried out to remove PEG.
4.1.1.3 Gel filtration chromatography
4.1.1.3.1 Preparing the gel

Sephadex G 100 from Sigma Aldrich was procured for the gel filtration
chromatography. 1 g of the sephadex G100 was weighed and was allowed to swell in
excess of 50 mM succinate buffer (pH3.8). The slurry was kept in a water bath at 90°C
for 5 h to completely swell up and occasionally given gentle stirring. During swelling
excessive stirring was avoided as it would have broken the beads. Succinate buffer used

for the swelling of sephadex beads was degassed in an ultra sonicator.
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4.1.1.3.2 Filling the column

The suspension of gel was adjusted to make fairly thick slurry. Fine particles were
removed by decantation. The column of 1 cm diameter was mounted on a stable
laboratory stand. The column was tilted and poured with the well-mixed gel suspension
down the inside wall of the column in a single operation. Immediately the column was
readjusted to vertical position. The flow was started soon after filling the column to

obtain even sedimentation.
4.1.1.3.3 Equilibrating the bed

Two or three column volumes of eluent was passed through the column in order to

stabilize the bed and the column was equilibrated with the same eluent buffer.
4.1.1.3.4 Sample application and fraction collection

The column bed height after the equilibration process was found to be 20 cm. The total
volume of the column bed was 15.7 mL. The volume of the precipitated enzyme sample
loaded was 2.5% of the column bed volume and was loaded on a drained column bed
surface. The sample was allowed to drain into the bed and enough precautions were
taken to prevent the bed from drying. Immediately the sample on the bed surface and
on the column wall was washed into the bed with a small amount of eluent. The column
was refilled with eluent and a constant head on top of the gel was maintained. The
bound proteins were eluted by the same 50 mM sodium succinate buffer (pH 3.8) at a
flow rate of 0.5 mL min~*. Each fraction of 3 mL volume was collected and those with

high activity were pooled.
4.1.1.4 Protein purity and molecular mass estimation

Enzyme purity and molecular weight were determined using 10% polyacrylamide SDS-
PAGE, as described previously by Laemmli (1970). Samples for SDS-PAGE were run
under denaturing and reducing conditions, and non-reducing conditions. Proteins gels

were stained with Silver nitrate method (Chevallet et al. 2006).
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4.1.2 Characterization of Oxalate Oxidase
4.1.2.1 Effects of pH and temperature on enzymatic activity

The effect of pH on enzymatic activity was assayed at 55°C in a 50 mM sodium
succinate buffer (pH 3.0-6.0). To investigate the optimum temperature for enzymatic
activity, enzymatic activity was measured across a temperature range of 25-100°C in
the same sodium succinate buffer (pH 3.8). With respect to pH stability, the purified
enzyme was diluted in following buffers at 0.1 M concentration: glycine- HCI buffer
(pH 2.2), citrate buffer (pH 4.0), acetate buffer (pH 6.0), phosphate buffer (pH 8.0), and
sodium carbonate — Bicarbonate buffer (pH10.0). The diluted enzyme solutions were
incubated at room temperature and aliquots were taken at every 2 h for 6 h, and then
the activity was measured under standard conditions as described above. The thermal
stability of the purified enzyme was determined by incubating enzyme samples across
a 4°C-100°C temperature range at pH 3.8 and aliquots were taken every 2h for 6h.
After incubation, enzyme solutions were cooled immediately, and activity was assayed
under standard conditions as mentioned in section 3.1.8.3. Data shown in the results are
mean + standard error of three replicates.

4.1.2.2 Effects of different metal ions and biochemical reagents on enzymatic

activity

Oxalate Oxidase is being used in estimating oxalate content in serum and urine. Serum
and urine contains many metal ions and other biochemical. It is expected that those
biochemical and metal ions which exist in appreciable quantity will affect the enzyme
activity. Hence experiments were designed to assess the effect of prominent metal ions
and biochemical of serum and urine on OxO activity. Therefore the metal ions,
biochemical and their concentration range were chosen based on their concentration in
serum and urine for the experiments. The effects of metal ions ( Ca*, Cu?*, Fe3*, Fe?*,
Mg?*, Mn?* and Zn?*) at 1mM concentration on enzymatic activity were investigated.
Furthermore, the concentration of K*, Na* at 50 mM and 150mM respectively were
considered for examining their influence on OxO activity. In addition, the effects of

biochemical reagents EDTA, glucose, xylose and urea at 1, 2.5, 5 and 10 mM

81



concentration on enzymatic activity was also determined. The additives were added to
the reaction mixture in a sodium succinate buffer (pH 3.8) and enzymatic activity was
determined according to the standard methods in section 3.1.8.3. Here, the activity
assayed in the absence of metal ions or reagents was defined as 100%.

4.1.2.3 Effect of different carboxylic acids on enzyme activity

Carboxylic acids (Glutaric acid, Malonic acid, Succinic acid, Malic acid, Pyruvic acid,
Citric acid and lactic acids) were added in reaction mixture at 2.5-20 mM concentration
in presence of oxalic acid to analyze their potential role in activating or inhibiting the
enzyme by competing with oxalic acid for active site or binding to one or other sites on
the enzyme. Effect of succinic acid was checked only in 0.1M citrate buffer (pH 3.8)
and for all other organic acids, sodium succinate buffer was used. Experiments were
also carried out with these Carboxylic acids as only source of substrates in absence of
oxalic acid to check the oxidizing power of the enzyme Oxalate Oxidase for these
organic acids. The additives were added to the reaction mixture in a sodium succinate
buffer (pH 3.8) and enzymatic activity was determined according to the standard
methods described in section 3.1.8.3. Here, the activity assayed in the absence of other

carboxylic acids was defined as 100%.
4.1.2.4 Effect of substrate analogue

The catalytic prowess of the enzyme Oxalate Oxidase in presence of glycolic acid, a
substrate analogue for oxalic acid was checked for four different concentrations 0.1,
0.5, 1land 3 mM in 50 mM sodium succinate buffer (pH 3.8). In another experiment
glycolic acid was used as the only source of substrate and enzymatic activity was

determined according to the standard methods described in section 3.1.8.3.
4.1.2.5 Effect of Riboflavin

0.1 — 1umoles/L of different concentrations of riboflavin were used to determine their
effect on the catalysis of oxalic acid. The additive was added to the reaction mixture in

a sodium succinate buffer (pH 3.8) and enzymatic activity was determined according
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to the standard methods in section 3.1.8.3. Here, the activity assayed in the absence of

riboflavin was defined as 100%.
4.1.2.6 Effect of bleaching agents

The effect of bleaching agents like chlorate, sulphite on Oxalate Oxidase was also
studied. Previous studies have ascertained the application of Oxalate Oxidase in paper
and pulp industry. Processing of raw materials in this industry requires the use of
bleaching agents and combined effect of pulping and bleaching result in the formation
of low molar mass lignin-oxidation compounds from lignins. It is expected that those
bleaching agents and Low molar mass lignin-oxidation compounds which exist in the
process water will affect the enzyme activity. Hence experiments were designed to
assess the effect of Chlorate, sulfite and lignin model vanillin on OxO activity. Sodium
salts of chlorate (ClO3") and sulfite (SO3?") were used for the study with concentrations
chosen emanate from earlier results (Cassland et al. 2009). The effect of chlorate was
studied at 0.1, 1 and 5 mM, while the effect of sulfite was studied at 0.01, 0.1, and 1
mM. The lignin model vanillin was studied at 0.1, 1.0, and 5.0 mM.

4.1.2.7 Determination of Kinetic parameters

Various oxalate concentrations (0.09-10.0 mmol/L) were used to determine the initial
reaction rates. Enzyme reactions were conducted in optimum conditions (pH 3.8 and
55°C), Michaelis—Menten constant (Km) and rate of reaction (Vmax) were determined
according to Lineweaver—Burk plot (Nelson and Cox 2005). Turnover number (Kcat) of
the enzyme was also calculated from Vmax values. Turnover number (Kca) was
calculated by the equation, Keat = Vmax/ [Eo], Where [Eq] is the molar concentration of

enzyme in the reaction mixture.
4.1.2.8 Substrate inhibition of Oxalate Oxidase

The effect of high substrate concentration on the catalytic ability of the enzyme was

studied with substrate concentration in the range of 0.09-50 mM.
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4.1.3 Chemical modification on Oxalate Oxidase

Purified OxO was taken for chemical modifications. Cysteine, carboxylates, histidine,
serine and tryptophan residues were subjected to modifications in five different sets of
experiment and their effect on enzyme activity was studied. Modification reactions
were carried out in a reaction volume of 1 mL and incubated at 37°C. Strength of
important reagents used in each reaction and reaction time were varied to find the
optimum reaction conditions. The modified enzymes were then assayed for activity at
optimum temperature of 80°C as per the method described in section 3.1.8.3 and
compared with the activity of the native enzyme. Data shown in the results are mean +

standard error of three replicates.
4.1.3.1 Modification of cysteine residues

Cysteine residues of OxO were modified using 5, 5-dithio-bis-(2-nitrobenzoic) acid
(DTNB) as described by Hu and Guo (2009). A stock of 10 mM DTNB solution was
prepared fresh in 100 mM phosphate buffer (pH 8.0) for use. The modification reaction
mixture had comprised of 20 mM phosphate buffer of pH 8, with 0.017 U OxO and
0.2-0.8 mM DTNB. Modified OxO activity was then estimated at two different
temperatures (55° and 80°C).

4.1.3.2 Modification of carboxylates

The importance of carboxylate groups in the activity of OXO was investigated by
modifying them using 1- ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC)
(Kotsira and Clonis 1998). Freshly prepared stock of 500 mM 1- ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC) in ethanol was used for the reaction. The
modification reaction was carried out in 10 mM potassium acid phthalate/NaOH buffer
of pH 4.1 containing 0.017 U OxO and 10-100 mM EDAC in 1 ml reaction volume.
Modified OxO activity was then estimated at 80°C.

4.1.3.3 Modification of histidine residues

Histidine residues were modified using 150 mM diethylpyrocarbonate (DEPC) stock
solution prepared in ethanol. The reaction was carried out by incubating 0.017 U OxO
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with 1-15 mM DEPC in 20 mM phosphate buffer of pH 8 in a reaction volume of 1mL
(Hu & Guo 1999). Modified OxO activity was then estimated at two different
temperatures (55°C and 80°C).

4.1.3.4 Modification of serine residues

For modification of serine residues, a stock of 150 mM phenylmethane sulfonyl fluoride
(PMSF) prepared in ethanol was used. The reaction was conducted at 37°C by
incubation of 0.017 U OxO with 1-30 mM PMSF in 20 mM phosphate buffer of pH 8
in a reaction volume of 1 mL (Hu and Guo 1999). Modified OxO activity was then
estimated at 80°C.

4.1.3.5 Modification of tryptophan residues

For modification of tryptophan residues, a stock of ImM N-bromosuccinimide (NBS)
was prepared in 100 mM phosphate buffer (pH 8.0). The reaction was carried out at
37°C by incubation of 0.017 U OxO with 0.01-0.05 mM NBS in 20 mM phosphate
buffer of pH 8 in a reaction volume of 1 mL (Wen et al. 1999; Hu and Guo 1999). OxO
activity was then estimated at 80°C.

4.1.3.6 Estimation of Kinetic parameters after modification

The kinetic parameters Km and Vmax were determined by Lineweaver-Burk double
reciprocal plot and the turnover number (kcat) were calculated for native OxO and
histidine-modified OxO. Oxalic acid in the range of 0.09-10.0 mM was used as the
substrate for native enzyme whereas 0.025-10.0 mM oxalic acid was used for histidine-
modified enzyme under optimal assay conditions (pH 3.8 and 80° C). The concentration
of enzyme was maintained at 0.073uM for the entire assay. The catalytic efficiency of
native and histidine modified enzyme was calculated by computing the ratio of Kcat to
Km.
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4.2 RESULTS AND DISCUSSION

4.2.1 Purification of Oxalate Oxidase

The enzyme was purified by sequential steps of precipitation and gel filtration
chromatography.

4.2.1.1 Precipitation

Precipitation techniques like ammonium sulphate precipitation, precipitation by non-

ionic polymer and organic solvent precipitation was employed as part of this strategy.
4.2.1.1.1 Ammonium sulphate precipitation

The enzyme Oxalate Oxidase could not be precipitated by ammonium sulphate method
even at 100% saturation of the supernatant with ammonium sulphate. Only 4.5 % of the
total units of enzyme could be precipitated out. The result was completely unexpected
as it is one of the most common methods of precipitation and is widely used in enzyme
purification strategies. Though it was found that there was an increase in enzyme
specific activity of the supernatant as 25 % of contaminant protein was precipitated out
at 100 % ammonium sulphate saturation (Table 4.1). This report of solubility of Oxalate
Oxidase from Ochrobactrum intermedium CL 6 in 100% saturated ammonium sulphate
solution is first of its kind among the different proteins from prokaryotes, though such
proteins are present in humans and in other vertebrates. These solubilized proteins in
humans and other vertebrates are grouped as S-100 proteins, and are so called because
of their solubility in 100% saturated solution of (NH4)2SO4 (Schaub and Heizmann
2008) These proteins are acidic and have different metal ion-binding properties. It was
further decided that since the specific activity of the supernatant has increased two fold,

reverse dialysis of the supernatant would be taken up to concentrate the supernatant.
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Table 4.1 Summary of Ammonium sulphate precipitation

Stages Total activity Total Protein Specific activity
(V) (mg) (U/mg)
Before 47.5 101.4 0.468
Precipitation
After Precipitation
Supernatant 44.69 75.6 0.5911
Pellet 2.81 25.8 0.1089

4.2.1.1.2 Reverse dialysis

Reverse dialysis of the supernatant was carried out to further concentrate the
supernatant. After the process of reverse dialysis, the initial volume of 5 mL of sample
was reduced to 1 mL, but there was unexpectedly 80% loss of enzyme activity. In many
instances, significant loss of enzyme activity occurs during the process of dialysis if the
enzyme concentration is low. Some researchers claim that non-specific adsorption of
the targeted analyte to the dialysis membrane is the primary cause for observation of

decreased recovery for some proteins (Ller 2012).
4.2.1.1.3 Precipitation by non- ionic polymer

Precipitation by PEG 6000 also couldn’t yield better result as bulk of the enzyme

Oxalate Oxidase remained in the supernatant.

4.2.1.1.4 Organic solvent precipitation

Acetone precipitation led to the complete denaturation of the enzyme and no activity
was seen in the pellet as well as in the supernatant, on the other hand the ethanol
precipitation effectively separated the enzyme from most cellular proteins, and
increased the specific activity 14.60 fold, resulting in a yield of 89 %. The notable part
of this purification was precipitation of the most of the desired protein by 30% ethanol

saturation of the fermentation broth was attained; leaving behind 94% of the
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contaminant proteins in the supernatant and a purification fold of 14.60 was achieved
after the precipitation step (Table 4.2). The result indicated that the enzyme Oxalate
Oxidase was very efficiently being precipitated out by ethanol. Acetone on the other
hand was ineffective and caused complete denaturation. It was expected that the system
may behave in a similar fashion as both the organic solvent has different properties and
are placed far by in order of polarity. In other words it can also be stated that acetone
has strong destabilizing effect, and on other hand ethanol has stabilized the enzyme.
Some organic solvents exhibit a strong stabilizing effect, while others show either no
effect or a strong destabilizing effect on an enzyme (Toshio et al. 1977 and Ogino and
Ishikawa 2001). Toshio (1977) reported in his work that the addition of ethanol (2.5%,
v/v) totally inhibited the denaturation of HbS, while the addition of toluene (0.25%,
v/v) increased the rate of denaturation 4-fold. Acetone denaturation of the enzyme could
be because of binding of ketone group to the active site of the enzyme. Organic
molecules bind to specific sites in enzymes such as an active site, and then the enzymes

lose their activity (Ogino and Ishikawa 2001).
4.2.1.2 Gel filtration Chromatography

After gel permeation chromatography step, the enzyme was purified 58.74 fold, with a
protein yield of 83%. The specific activity increased from 0.456 U/mg in the crude
supernatant to 26.78 U/mg in the chromatography step (Table 4.2). The total activity
and protein content of the pooled fraction was 1.125 U and 0.042 mg for 400 pL of
crude precipitated sample loaded onto the column. This accounts to 93.6% and 25 % of
the total units of enzyme and protein loaded onto the column respectively. After gel
filtration on sephadex G-100 column, two peaks of proteins, one large peak followed
by a small peak, were eluted from the column (Figure 4.1). The enzyme activity was
detected in the first peak, indicating lots of proteins were removed by the gel filtration
(A total of 75% of the total protein loaded was removed). The final yield and
purification fold of these two steps purification is better than many other purification
strategies where there was considerable loss of product with each purification step (Guo
and Hu 2009 and Aguilar et al. 1999). On the other hand, Kotsira and Clonis (1997)
and Koyoma (1988) were also able to get higher yield in two step of purification.
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Table 4.2 Summary of the purification steps

Purification step Total Total Specific | Purification | Yield
activity | Protein | activity fold %
(V) (mg) (U/mg)
Crude supernatant 47.5 104 0.456 1 100
Ethanol Precipitation 42 6.3 6.66 14.60 89
Gel-filtration 39.375 1.47 26.78 58.74 83
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Figure 4.1 Chromatography of Ochrobactrum intermedium OxO on sephadex G-
100. Four hundred micro litre of enzyme solution was applied on a column
(Lemx20cm). The column was equilibrated and eluted with 50 mM succinic
acid/NaOH buffer (pH 3.8)
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4.2.1.3 Protein purity and molecular mass estimation

Pure enzyme showed two bands on SDS-PAGE. On the basis of molecular weight
marker ran parallel with proteins during each purification steps in SDS-PAGE, target
protein was found to have two sub units under reducing and denaturing conditions, and
molecular weight of the subunits were found to be 102 and 89 kDa (Figure 4.2) . The
figure also shows the level of purity at each stage of purification. Many discrete bands
of different intensity were observed in the crude supernatant. The gel image of the
resolved protein of first stage of purification exhibited fewer bands than the crude
supernatant. The lane containing purified protein had two bands which are the subunits
of the purified enzyme (Figure 4.2). Literature suggests that mostly Oxalate Oxidase is
a pentamer with subunits of equal molecular weight (Kotsira and Clonis 1997 & Hu
and Guo 2009) which is contrary to our result. C. subvermispora OxO is a
homohexamer of molecular weight of 400 kDa (Aguilar et al. 1999). Pseudomonas ox-
53 OxO has molecular weight of 320 kDa.

KDa

3 4

1 2

97.4 |
66

43

29

20

(A) (B)
Figure 4.2 SDS-PAGE of the purified Oxalate Oxidase from Ochrobactrum
intermedium CL6. (A) SDS-PAGE under reducing and denaturing conditions.
Molecular weight marker (lane 1), crude enzyme in culture supernatant (lane 2),
crude enzyme in precipitate (lane 3), active fractions after sephadex G-100 gel
filtration chromatography (lane 4). (B) SDS-PAGE under non-reducing
conditions showing a single band of purified OXO from Ochrobactrum

intermedium CLG6.
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On the other hand when purified enzyme sample was run under non-reducing condition
(without BME), SDS-PAGE exhibited single band of undissociated enzyme subunits
(Figure 4.2 (B))

4.2.2 Characterization of Oxalate Oxidase

4.2.2.1 Effect of pH and temperature on enzyme activity and stability

Optimum pH for enzyme activity was found to be 3.8. There was a sudden drop in
enzyme activity at pH above 5 (Figure 4.3). This enzyme was stable in the pH range of
2.0 to 8.0 and no loss of activity was found for 2 h (activity at pH 3.8 for succinate
buffer was considered to be 100%). However, considerable loss of activity was
observed in next 4 h at various pH. Beyond pH 8.0, there was a sharp decline in activity

and the enzyme almost lost 80% of its residual activity (Figure 4.4).

The OxO had maximum activity at pH 3.8 which is similar to the optimum pH 3.8 or
4.0 of barley root OxO (Kotsira and Clonis 1997 & Requena and Bornemann 1999) and
3.5 for wheat OxO (Hu and Guo 2009). The pseudomonas sp. OxO has pH optimum at
4.8 (Koyoma 1988). Oxalate Oxidase binds the singly ionized oxalate monoanion as
substrate at the optimum pH for the enzymatic reaction (pH 3.8), which lies between
the two pKa values for oxalic acid dissociation (pKa, 1 - 1.25, pKa,2 - 4.14). Several
researchers have reported that binding of the singly charged oxalate to Oxalate Oxidase
favours catalysis (Moomaw et al. 2013 and Moussatche et al. 2011). Moreover the
carboxylate residues present at the active site need to be unprotonated for enhanced
catalysis. The pH of 3.8 is close to the pKa value of side chain COOH group of asparatic
and glutamic acids. The pH dependence of this reaction suggests that the dominant
contribution to catalysis comes from the monoprotonated form of oxalate binding to a
form of the enzyme in which an active site carboxylic residue must be unprotonated
(Moussatche et al. 2011).
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Figure 4.3 Effects of pH on the activity of the purified enzyme OxO
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Figure 4.4 Effects of pH on the stability of the purified enzyme OxO
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Optimum activity of the purified enzyme was found at 80°C (Figure 4.5) and it
remained active over a temperature range of 25-80°C, retaining almost 100% of its
residual activity (activity at optimum temperature was considered to be 100%) (Figure
4.6). Thermal stability profile of Oxalate Oxidase in form of relative activity has been
presented in Figure 4.6. The enzyme showed no loss of activity after incubating the
enzyme at 4 - 80°C for 6 h and retained more than 80% activity at 85 °C for 4 h
incubation. At 100°C a sharp fall in residual activity was observed with increase in pre-
incubation time. Maize Oxalate Oxidase was also found to retain 100 % activity at 80°C
(Vuletic and Sukalovic 2000).The thermal stability of this enzyme will broaden its
industrial application as using ordinary thermo labile enzyme as a catalyst in chemical
reactions has been very cost ineffective, due to its low stability. Pseudomonas sp. OX
53 Oxalate Oxidase has low stability at a temperature above 65°C (Koyoma 1988)
whereas barley roots and Costus pictus OxO has low thermal stability above 50°C when
incubated for more than 30 minutes (Kotsira and Clonis 1997 & Satishraj and Augustin
2011). Perhaps this is the first report of any OxO showing complete thermal stability in
arange of 4 - 80°C for 6 h. A combination of different factors leads to thermostability
of enzymes. Thermophilic proteins can exhibit higher core hydrophobicity (Schumann
et al. 1993), greater numbers of ionic interactions (Vetriani et al. 1998), increased
packing density (Russell et al. 1997), additional networks of hydrogen bonds (Jaenicke
and Bohm 1998), decrease in solvent-exposed hydrophobic surface, and anchoring of
“loose ends” (i.e., the N and C termini and loops). Metals have long been known to
stabilize and activate enzymes at high temperatures. Xylose isomerases have two metal
binding site and possess high thermal stability (Marg and Clark1990 &Whitlow 1991).
Thermoactinomyces vulgaris subtilisin-type serine-protease thermitase contains three
Ca?* binding sites; one of them is not present in its mesophilic homologues (Frommel
et al. 1990). The ferredoxin from Sulfolobus sp. strain 7 contains an extra 40-residue
N-terminal extension that is linked to the protein core by a Zn binding site (Fujii et al.
1997). These observations suggest that major stabilizing forces are associated with the

presence of metal in the holoenzyme
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Figure 4.6 Effects of temperature on the stability of the purified enzyme OxO

94



4.2.2.2 Kinetic determinations

Michaelis—-Menten constant (Km) and rate of reaction (Vmax) were determined
according to Lineweaver—Burk plot (Nelson and Cox 2005). Apparent Km and Vmax
values, determined for Oxalate Oxidase by using oxalic acid as substrate were 0.45 mM

(Figure 4.7) and 28 U mg* proteins respectively.

Barley root OxO had Km at 0.27 and 0.42 mM, respectively, in two different
investigations (Chiribogal966 and Kotsira and Clonis 1997). In contrast, OxO from
barley seedlings had Km at 1.3 mM (Requena and Bornemann 1999). Pseudomonas
Ox0 had Kn of 9.5 mM (Koyoma 1988). A high K, indicates low affinity of the
enzyme towards the substrate. The Kn of C. subvermispora was 0.1 mM (Aguilar et al.
1999). The Kcat of Ochrobactrum intermedium CL6 OxO was found to be 85 s, which
is similar to the keat of C. subvermispora OxO (88 s*) (Aguilar et al. 1999) and four
times higher than the barley OxO (22 s™) (Kotsira and Clonis 1997). The low Kcat

indicates that Oxalate Oxidase is not a fast catalyst.
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Figure 4.7 Lineweaver — Burk Plot (1/S vs 1/V)
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4.2.2.3 Effect of metal ions, inhibitors and other significant chemicals

Metal ions present in blood, urine, grains and vegetables samples may have profound
effect on the activity of Oxalate Oxidase if such samples are being used for monitoring
the oxalate content. The effect of different metal ions was thus studied to investigate
their possible influence of on Oxalate Oxidase activity. Effect of different metal ions
studied on enzyme activity is shown in Table 4.3. Cu?" has considerable inhibitory
effect on the enzyme Oxalate Oxidase. Contrary to this, the Oxalate Oxidase from
sorghum leaves and roots (Pundir and Nath 1984 & Pundir and Kuchhal 1989) required
Cu?* for maximal activity whereas Pseudomonas sp. OX 53 OxO (Koyoma 1988) also
got inhibited with 0.1 mM CuSO4 concentration. 80% of residual activity was found
with Mg?*, whereas 60% increase in activity was observed when Ca?*and Fe?* at 1 mM
concentration was added to the reaction mixture in two different experiments indicating
stimulatory effect of Ca?* and Fe?* (Table 4.3). It was also found that the enzyme is

stable at very high concentration of sodium and potassium ions (Table 4.4).

EDTA has complete inhibitory effect at a minimum concentration of 2.5 mM in the
enzyme substrate reaction mixture (Table 4.3) indicating that OxO of O. intermedium
CL6 is a metalloprotein. Sorghum leaves and roots OxO were also inhibited by EDTA
(Pundir and Nath 1984 & Pundir and Kuchhal 1989). Glucose at 10mM and xylose at
5mM concentration has 30% inhibitory effect. Urea at 10 mM concentration has 40%

inhibitory effect.

Thus it is evident from the published reports that OxO in general is a metalloprotein
inhibited by metal chelating molecules such as EDTA. There are quite a few reports
available indicating stimulatory role played by few metal ions such as Ca?*, Cu®* , Fe?*
and Mn?* in case of Barley root OxO, Sorghum leaves OxO and Pseudomonas sp. OxO
respectively. In general the effect of various metal ions on activity is highly variable
and differs for OxO purified from different sources.
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Table 4.3 Effect of different metal ions and other agents on the activity of the
Oxalate Oxidase purified from Ochrobactrum intermedium CL6

Metal ions and Relative activity (%0)
other agents

Ca* 160

Mg?* 83.3

Mn?2* 95

Fe* 160

Fe®* 80

Zn* 90

Na* 100

K* 100

Cu?* 44

Glucose 70

Xylose 70

Urea 60

EDTA Complete inhibition
Riboflavin 200
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Table 4.4 Effect of various concentration of sodium and potassium ions on the
activity of the Oxalate Oxidase purified from Ochrobactrum intermedium CL6

Concentration (mM) Relative activity (%)
Na* K*
1 100 100
2 100 100
5 100 100
10 100 100
25 100 75
50 85 75
100 85 -
150 85 -

4.2.2.4 Effect of different tricarboxylic and dicarboxylic acid on enzyme activity

Succinic acid and its structural analogue malonic acid have profound effect on
increasing the activity of the enzyme to 200% of the residual activity. 75% residual
activity was seen when citric acid at 10 mM was added as an additive to the enzyme
substrate reaction mixture whereas in presence of pyruvic acid at 20mM, the enzyme
activity decreased to 28% of the residual activity. Other organic acids have no effect on
Oxalate Oxidase (Table 4.5). The enzyme could not oxidize any of the organic acids,
when these organic acids were replaced with oxalic acid in the reaction mixture as a
source of substrate indicating the enzyme does not have broad substrate specificity and
is highly specific to oxalate only. Activation of the Ochrobactrum intermedium CL6
OxO by succinate and its structural analogue indicates that both bind to a specific
common site on the enzyme. Koyoma (1988), on the other hand reported that besides
oxalic acid, the enzyme Oxalate Oxidase from Pseudomonas sps. OX 53 oxidized

glyoxylic acid and malic acid at lower reaction rates.
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Table 4.5 Effect of different carboxylic acids on the activity of Oxalate Oxidase
purified from Ochrobactrum intermedium CL6

Carboxylic | Relative activity (%)
acids 10mM 20mM
Malonic acid 150 200
Glutaric acid 100 100
Succinic acid 177 200
Malic acid 100 100
Pyruvic acid 71.7 28
Citric acid 75 70
Lactic acid 100 100

4.2.2.5 Substrate inhibition of Oxalate Oxidase

The effect of high substrate concentration on the catalytic ability of the enzyme was
studied with substrate concentration in the range of 0.09-50 mM (Figure 4.8). High
oxalate concentration up to 50 mM in the enzyme substrate reaction mixture was not
detrimental for Ochrobactrum intermedium CL6 Oxalate Oxidase. The result is in
contrast to many plant Oxalate Oxidase where substrate inhibition of Oxalate Oxidase
is reported. Barley root Oxalate Oxidase showed substrate inhibition when oxalic acid
concentration reached to 4 mM (Chiribogal966 and Kotsira and Clonis 1997). In
contrast, Oxalate Oxidase from barley seedling did not show substrate inhibition even
at 200 mM substrate concentration (Requena and Bornemann 1999) but the enzyme
from barley seedling has very high Kn, of 1.3 mM. Interestingly both Costus pictus OxO
and sorghum leaves OxO showing very high affinity for the substrate (Km value of
0.065 mM and 0.024 mM respectively) showed substrate inhibition at 0.8 mM and 0.25
mM substrate concentration respectively (Sathisraj and Augustin 2012; Pundir and
Nath 1984).

Oxalate Oxidase from C. subvermispora, was inhibited at concentrations of substrate
above 2.5 mM. In comparison to the Kinetic characteristics reported so far,

Ochrobactrum intermedium CL6 enzyme is the only OxO showing such a high affinity
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for Oxalic acid (Km value of 0.45 mM) without being inhibited by the substrate, oxalic

acid up to 50mM concentration.
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Figure 4.8 Effect of substrate concentration on the activity of OxO
4.2.9 Effect of glycolic acid

Enzyme activity was studied for different concentrations of glycolic acid as shown in
the figure 4.9. Results showed that glycolic acid has no inhibitory role on Oxalate
Oxidase for any of the concentrations used in the experiments. An experiment was also
carried out to check the oxidizing ability of the enzyme Oxalate Oxidase for glycolic
acid, where glycolic acid was used as an only source of substrate. The enzyme Oxalate
Oxidase showed negligible activity for the substrate analogue glycolic acid, which
resembles oxalic acid structurally. The oxidizing ability of the enzyme Oxalate Oxidase
for glycolic acid was thus neglected in the present study and the enzyme is specific to
oxalic acid. However previous reports showed marginal enzyme activity in case of
Pseudomonas OX-53 Oxalate Oxidase (Koyoma 1988). Glycolate did not work as a
substrate and did not inhibit turnover when included in the assay at equimolar (3mM)
concentrations of oxalate, implying that glycolate is bound less tightly than the
substrate. Opaleye et al. 2005 have demonstrated in crystallography studies, glycolate

as a structural analogue of oxalate to investigate substrate binding in the crystalline
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enzyme. The monodentate binding of glycolate to the active site manganese ion of
Oxalate Oxidase is consistent with mechanism involving C-C bond dissociation driven

by superoxide anion attack on a monodentate coordinated substrate.

Most substrate analogues have been reported to be potent inhibitors of enzyme activity
(Berg et al. 2002). For eg., Tosyl-L-phenylalanine chloromethyl ketone (TPCK) is a
substrate analog for chymotrypsin and inhibits the enzyme by binding at the active site
and reacts irreversibly with a histidine residue at that site. The compound 3 bromoacetol
mimics the normal substrate, dihydroxyacetone phosphate for the enzyme triose
phosphate isomerase (TIM) and binds at the active site; Then it covalently modifies the

enzyme such that the enzyme is irreversibly inhibited (Berg et al, 2002).

However few enzymes are not susceptible to inhibition by their substrate analogues like
the one in the present study. Succinate, fumarate, maleate and 3- and y-hydroxybutyrate
which are the structural analogues of L-malate, had no effect on the enzyme activity of
NADP-malic enzyme purified from Zea mays L. leaves (Spampinato et al. 1994).
Likewise, mushroom tyrosinase cannot catalyze the oxidation of 3,4-
dihydroxybenzonitrile (a), 3,4-dihydroxybenzaldehyde (b), 3,4-dihydroxybenzoic acid
(c) and 2,3- dihydroxybenzoic acid (d). On the contrary, compounds a, b and ¢ can
inhibit the activity of tyrosinase for the oxidation of DOPA, while compound d had no

effects on enzyme activity (Xie et al (2007).
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Figure 4.9 Effect of substrate analogue, Glycolate on Oxalate Oxidase
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4.2.2.7 Effect of Riboflavin

Riboflavin has considerable enhancing effect on the enzyme Oxalate Oxidase activity.
There was increase in two fold activity at 0.1 pmolar riboflavin concentration (Table
4.3). Studies carried out at higher concentration of riboflavin had no positive effect.
Enhancement of the activity by riboflavin suggests that the enzyme could be a
flavoprotein. Few classical examples of enhancement of enzyme activity by riboflavin
are methylenetetrahydrofolate reductase, glutathione reductase.5-
methyltetrahydrofolate which serves as a methyl group donor in the conversion of
homocysteine to methionine is produced from 5, 10-methylenetetrahydrofolate by the
flavoenzyme methylenetetrahydrofolate reductase (MTHFR). In rats, experimental
riboflavin deficiency led to low MTHFR activity and reduced levels of 5-
methyltetrahydrofolate. The mutant MTHFR in humans has lower affinity for its flavin
cofactor than the wild-type enzyme, and exhibited reduced enzyme activity. Reddi
(1986) has demonstrated that riboflavin-deficient diabetic rats were found to have
reduced glutathione reductase activity. The activity of the enzyme augmented
dramatically in the presence of flavin-adenine dinucleotide (FAD) to 72%. Moreover
all enzyme activities were normalized after riboflavin treatments which suggested that
riboflavin enhanced the synthesis of erythrocyte and hepatic FAD and riboflavin

deficiency decreased erythrocyte and hepatic flavoprotein enzyme activities.

These results advocate that the activity of flavo enzymes is enhanced by riboflavin.
Flavoproteins are known to have maxima absorbance peaks at 370 and 450 nm (Rider
et al. 2009), but the enzyme Oxalate Oxidase in the current work showed no noticeable
absorbance peaks at 370 and 450 nm. Therefore the enzyme in our study cannot be
considered as a flavoenzyme though it has tremendous enhancement in activity by
riboflavin. This result is in agreement with Pseudomonas Oxalate Oxidase (Koyoma
1988), however riboflavin was found to have no effect on barley Oxalate Oxidase
(Kotsira and Clonis 1997).

4.2.2.8 Effect of bleaching agents and lignin model compound

Chlorate inhibited Oxalate Oxidase from Ochrobactrum species of the present study at
a concentration of 0.1 mM to around 45 % of control. No strong inhibition was observed
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on further increasing the concentration of sodium chlorate to 5 mM in the reaction
mixture (Figure 4.10). In contrast, filtrates from Swedish pulp mills containing 1.5 mM
chlorate almost completely inhibited Oxalate Oxidase (97% inhibition) from barley
(Cassland et al. 2010). In another study, chlorates present in paper and pulp filtrates
severely decreased the Oxalate Oxidase activity at 1.5 mM (Larsson et al. 2003).
Winestrand et al. (2009) reported 92% decline in activity of barley Oxalate Oxidase in
a reaction mixture containing 1 mM chlorate. All these previous studies suggest that
chlorate is a strong inhibitor for barley Oxalate Oxidase and probably cannot be used
for breaking down oxalate in those filtrates, which have been extracted after bleaching

with chlorate in the paper and pulp industries.
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Figure 4.10 Effect of sodium chlorate on Oxalate Oxidase

The activity of Oxalate Oxidase decreased to 50 % and 34% of the original when the
concentration of sulfite was 0.01 and 1 mM, respectively in the reaction mixture (Figure
4.11). Earlier, it has been shown that 0.1 mM sulfite extinguishes the activity of Oxalate
Oxidase (Larsson et al. 2003). Sulfite at a concentration of 1 mM completely inhibited
Oxalate Oxidase from barley (Winestrand et al. 2009). It is clear that sulfite strongly
inhibits Oxalate Oxidase. Fortunately, sulfite is in general not a significant component
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in filtrates, except when mechanical pulp is reductively bleached with dithionite
(Cassland et al. 2010).
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Figure 4.11 Effect of sodium sulphite on Oxalate Oxidase

Lignin model compound vanillin had strong inhibitory effect on Oxalate Oxidase and
the residual activity was observed to be around 19% for 0.1 mM vanillin in the reaction
mixture. On further increase in vanillin concentration to 5mM, the residual activity
came down to 13 % of the original (Figure 4.12). Cassland et al. (2010) selected four
frequently occurring lignin model compounds vanillic acid, vanillin, acetovanillone,
and syringol, and tested them as inhibitors for Barley Oxalate Oxidase. No inhibition
was observed at 5 mM for any of the lignin models with Oxalate Oxidase. Oxalate
Oxidase from Ochrobactrum intermedium showed considerable loss of activity for
lignin model compound, which may restrict its application in paper and pulp industry.
But the concentration of lower molar mass lignin- oxidation compounds are strongly
diminished as bleaching continues, and the amount of monomeric phenols are low in
the in Kraft pulp bleaching filtrates (Liukko et al. 1999; Fuhrmann al. 2000; Dahlman
et al. 1995). Extraction of acidified filtrates by Methyl tertiary butyl ether, followed by
silylation and analysis by Gas Chromatography (Cassland et al. 2010), revealed only
low concentrations. Thus the laboratory results may be dissatisfactory for lignin models

but in situ use of the Ochrobactrum intermedium Oxalate Oxidase may not possess any

104



undesirable threat as long as concentration of lignin oxidised compounds are low in the

final processed filtrates after completion of bleaching.
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Figure 4.12 Effect of Lignin model compound Vanillin on Oxalate Oxidase

Application of enzyme-based control of oxalic acid in mills would be eased by
operation of enzymes that are active at temperatures close to 70°C in order to avoid the
need for cooling of filtrates and the risk for further precipitation of calcium oxalate
(Cassland et al. 2010). Barley, Costus pictus or wheat Oxalate Oxidase (Kotsira and
Clonis 1997; Sathishraj and Augustin 2012; Hu and Guo 2009) may not find application
in paper pulp industry, as all this Oxalate Oxidase from different sources are not
thermostable to find use in industry, which demands high temperature of 70°C for
processing of raw materials. High thermostability of Oxalate Oxidase from
Ochrobactrum intermedium at a temperature of 80°C for 6 h could be a desirable
property to be exploited in these industries and improves its prospect of utilization in
paper and pulp industry in spite of inhibition by lignin model compounds. Moreover,
this enzyme from Ochrobactrum intermedium unlike other Oxalate Oxidase does not
get completely inhibited by 5mM chlorate concentration and retains near to 50% of the
original activity, which is otherwise not observed in barley Oxalate Oxidase, where

complete inhibition was observed at 1.5 mM concentration of Chlorate.
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Some bleaching filtrates from kraft pulp mills have a pH that is more suitable for the
Oxalate Oxidase. Filtrates with pH as high as 11 will probably need dilution or
neutralization before the enzymatic treatment (Cassland et al. 2010).

4.2.3 Chemical modifications of amino acid residues of enzyme
4.2.3.1 Modification of cysteine residues

Modification of cysteine residues of Ochrobactrum intermedium CL6 OxO resulted in
the slight increase in activity. Modification carried out by using different concentrations
of DTNB (0.2-0.8 mM) for different time intervals (0-40 min) showed that 0.4 mM of
DTNB with incubation for 20 min was optimum, which resulted in an increase in
activity by 10% when assayed at 55°C (Figure 4.13). However, modified enzyme did
not show any enhancement of activity when assayed at 80°C (as compared to native
enzyme), indicating modified enzyme is not thermostable unlike its native form. The
increase in activity and loss of thermostable property could be attributed to considerable
changes in conformation of the enzyme. This could be possible due to the reaction
between thiol groups of proteins and DTNB leads to the formation of mixed disulphide
(Riddles et al. 1983). The mixed disulphide formed are themselves highly reactive
compound (Garman 1997), and might have been used to link to other thiols to form a
new disulphide. Some reversible thiol-disulphide interchange reactions among proteins
precede via mixed disulphide intermediates and can lead to migration of disulphide
bonds to other locations in the same or separate protein which further forms disulphide
linkages with other free thiols in a protein (Klomsiri et al. 2011). Formation of new
disulphide bonds might bring functional change through a conformational change or
steric blockage (Nagy 2013) and might have enhanced the activity of the enzyme
Oxalate Oxidase towards the substrate oxalate, and this change in conformation might
have contributed to its loss of thermostability. A similar phenomenon was reported in
the case of Fructose 1, 6-Diphosphatase, where modification of the enzyme by DTNB

led to the increase in enzyme activity (Little et al. 1969).
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Figure 4.13 Effect of 5, 5-dithio-bis-(2-nitrobenzoic) acid (DTNB) concentration
and reaction time on the activity of Oxalate Oxidase(OxO) of Ochrobactrum
intermedium CL6

4.2.3.2 Modification of carboxylate residues

The modification of carboxylate residues of OxO using 10-100 mM1- ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC) resulted in complete loss of activity
(Figure 4.14). The result indicated that with an increase in the concentration of EDAC,
there is a progressive decrease in activity of Oxalate Oxidase. The enzyme lost its
complete activity at 100mM of EDAC with 30 minutes of reaction time. Complete loss
of activity was also observed with 30mM EDAC with 90 min reaction time. The result
points to the fact that carboxylate residues are essential for OxO activity, which is in
agreement with wheat and barley, root OxO (Kotsira and Clonis 1998; Hu & Guo
1999). In the initial reaction, carbodiimide reacts with the carboxyl group of a protein
to form an intermediate compound, O-acylisourea complex, subsequent reaction of the
intermediate with amine forms an amide linkage (Wong and Jameson 2011). This
reaction causes inactivation of the modified proteins and decreases the catalytic

efficiency.
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Figure 4.14 Effect of 1- ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC)

concentration and reaction time on the activity of enzyme
4.2.3.3 Modification of histidine residues

There was an enhancement of catalytic activity of OxO when diethylpyrocarbonate
(DEPC) at 1-15mM concentration was used to modify the enzyme’s histidine residues.
A two-fold increase in OxO activity was observed when the enzyme was reacted with
15mM concentration of DEPC for 60 min (Figure 4.15). Interestingly the modified
enzyme showed same activity at 55°C and 80 °C, the trend seen in its native form.
Oxalate Oxidase purified from wheat seedlings and barley root, on chemical
modification of their histidine residues were also found uninhibited (Kotsira and Clonis
1998; Hu and Guo 1999) but unlike Ochrobactrum intermedium, such modification
didn’t lead to any improvement of enzyme’s catalytic prowess. Modification
of histidine by DEPC results in carbethoxylated derivatives (Mendoza and Vachet
2009), which may lead to loss of acid — base behaviour of histidine, and the ability of
imidazole ring to coordinate with metal ions (Jr 1990; Zhao and Hutchens 1994; Eren
et al. 2006). The OxO from Ochrobactrum intermedium CL6 might be having Mn?*
incorporated in the active site of the enzyme like most other Oxalate Oxidases (Opaleye
et al. 2006). Modification of histidine prevents the coordination of Mn?* with its

imidazole ring and thus Mn?* becomes partially free to interact more effectively with
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the substrate oxalic acid. It has been reported that Mn?* takes part in catalytic interaction
with the substrate during the catalysis process by Oxalate Oxidase (Opaleye et al. 2006).
Modification of histidine resulted in the two-fold increase in activity in glutamate
dehydrogenase (Wallis & Holbrook 1973) and 2.6 fold increase in pancreatic a-amylase
(Yamashita et al. 1991) to that of native form.
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Figure 4.15 Effect of diethylpyrocarbonate (DEPC) concentration and reaction
time on the activity of enzyme

4.2.3.4 Modification of serine residues

Modification of Serine residues by reacting OxO with Phenyl methanesulfonyl fluoride
(PMSF) did not result in any loss of activity. At the same time, no enhancement and
reduction in enzyme activity were noticed even after changing PMSF concentration and
reaction time (Figure 4.16). This shows that Serine residue is not a part of the active
site of OxO.
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Figure 4.16 Effect of sulfonyl fluoride (PMSF) concentration and reaction time on

the activity of enzyme

4.2.3.5 Modification of tryptophan residues

Tryptophan residues of Ochrobactrum intermedium CL6 OxO was modified by
reacting with N-bromosuccinimide (NBS) of varying strength (0.01-0.05 mM). About
65 % of native activity was inhibited within 15 min of reaction time with 0.05 mM
NBS. The enzyme lost its activity completely when it was reacted with 0.025 mM NBS
for 45 min (Figure 4.17). The result shows that tryptophan residues are essential as they
could be present at the active site of the enzyme. There are no reports on inhibition of

OxO by modification of tryptophan residues of OxO.
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Figure 4.17 Effect of N-bromosuccinimide (NBS) concentration and reaction time

on the activity of enzyme.
4.2.3.6 Kinetic studies of native OxO and histidine modified enzyme

The Kn value obtained from the Lineweaver-Burk plot for native and histidine modified
enzyme was found to be 0.45 mM and 0.68 mM respectively and Vmax was 413 pMmin
Land 625 pMmin respectively (Figure 4.18). There is a slight decrease in the affinity
of the histidine modified enzyme towards its substrate oxalic acid, as evident from the
increase in Km value. The turnover numbers (kcat) of native and histidine-modified
enzyme were 91 s and 140 s respectively. The catalytic efficiency of histidine-
modified enzyme was found to be 20.59x10* M1S?, against 20.22x10* M-S of native
enzyme. Thus, the chemical modifications of histidine residues lead to the increase in
turnover number (Kcat) Which was however counteracted by increase in Ki, value. As a
result, a marginal increase (1.82%) in catalytic efficiency was found due to chemical
modification. Nevertheless, the catalytic efficiency recorded here is 2.5 times that of
OxO from Barley roots (Kotsira and Clonis 1997) indicating its better catalytic prowess.
Moreover, the Ochrobactrum intermedium CL6 OxO, which is studied here, had
exhibited no substrate inhibition up to 50 mM concentration making it an interesting

enzyme for commercial applications.
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Figure 4.18 Kinetic studies of native and histidine modified Oxalate Oxidase
(Ox0) of Ochrobactrum intermedium CL6. Lineweaver — Burk Plot for (a) native

enzyme. (b) Histidine-modified enzyme
4.3 SUMMARY

In this study, OxO produced by a bacterial endophyte, Ochrobactrum intermedium CL6
was purified from fermentation broth by a two-step process, involving ethanol
precipitation followed by gel filtration chromatography. The purified enzyme showed
remarkable pH stability (pH 2 - 8) and thermostability (4 - 80°C) with a pH and
temperature optima of 3.8 and 80°C respectively. The enzymatic activity was not
adversely affected by most of the metal ions and biochemical agents (K*, Na*, Zn?*,
Fe3*, Mn?*, Mg?*, Glucose, Urea, Lactate), with Cu?* being the exception. Interestingly,
Ca?* and Fe?* showed stimulatory effect on the enzyme. Complete inhibition observed
in the presence of EDTA proves that enzyme is a metalloprotein like already reported
OxO of barley and wheat. Bleaching agents like chlorate and sulphite had inhibitory
effect on the enzyme. Enzyme exhibited high affinity for substrate and absence of

substrate inhibition up to 50 mM substrate concentration. High thermostability, good

112



kinetic parameters and absence of substrate inhibition shown by this enzyme make it
interesting from commercial application point of view. Chemical modification of amino
acid residues of enzyme revealed that cysteine; carboxylates, histidine and tryptophan
residues are part of the active site and modification of cysteine and histidine residues
had resulted in the enhancement of enzyme activity. Kinetic studies revealed that
chemical modification of histidine residues resulted in the enhancement of turnover
number (kcat) by 1.53 times compared to native enzyme. The catalytic efficiency was
2.5 times higher than the OxO from Barley roots showing the potential of this enzyme
for clinical and industrial applications. Hence, it is worthwhile improving catalytic
efficiency of OxO produced from Ochrobactrum intermedium CL6 by site directed

mutagenesis.

The enzyme was almost soluble in 100% ammonium sulphate saturated solution, and
this characteristic of the enzyme could be attributed to its thermo stable properties. It
was found that some of the thermostable enzyme do not possess any surface
hydrophobic groups unlike other thermolabile proteins as all their hydrophobic amino
acids are tightly packed into the core of the protein and gives necessary rigidity to
withstand high temperature. It is possible that Oxalate Oxidase from Ochrobactrum
intermedium CL6, which also has thermostable attributes may not possess surface
hydrophobic patches, and it is because of this that the enzyme remained soluble at 100%
ammonium sulphate solution and could not be precipitated by ammonium sulphate.
Precipitation by ammonium sulphate actually takes place because of hydrophobic
interaction between hydrophobic patches. The enzyme maintains its activity at high Na*
and K* concentration which brightens the prospect of application of this enzyme in
diagnosis of hyperoxaluria and treatment of urolithiasis. The enzyme has narrow
substrate specificity and oxidizes oxalic acid specifically. The oxidizing ability of the
enzyme Oxalate Oxidase for even the substrate analogue, glycolic acid was thus

neglected in the present study and the enzyme is specific to oxalic acid.
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CHAPTER 5

PRODUCTION OF OXALATE DEPLETED STARCH FROM TARO FLOUR
BY ENZYMATIC TREATMENT AND EVALUATING PHYSICO-CHEMICAL
PROPERTIES OF THE STARCH

Interest in new value added starch products has encouraged researches towards
investigating the Physico-chemical and functional properties of starches produced from
different genotypes and botanical sources to meet food industry demands. Modification
of native starches are an alternative which have been used for some time, however, the
possibility of introducing novel starch raw material sources with industrially interesting
characteristics, has been drawing the attention of industrialists as it could influence the
global market (Leonel et al. 2003). Finding new starch sources, developing process
technology to extract starch, knowledge on physico-chemical and functional properties

of the starches from these crops therefore would benefit food industry immensely.

Taro (Colocasia esculenta) is one such starch sources finds less usage in food industry
due to reasons, including lack of considerable information on its physico-chemical and
functional properties and presence of oxalate crystals, which is an antinutritional factor.
Taro is a tropical tuber crop mostly produced for its underground corms and consumed
in tropical and sub-tropical zones of the world. The total taro production in the world
is about 9.22 million tons from an area of 1.57 million hectares (Ammar et al. 2009).
Taro has been reported to have 70-80% starch with small granules (Jane et al. 1992).
Substantial amount of work remains to be done to understand Physico-chemical and
functional properties of Taro before considering it as potential source of starch to use
in food and non - food industries (Deepika et al. 2013). Moreover, the presence of
oxalates in Taro, limit its widespread usage. The oxalate present in Taro imparts acrid
taste or cause irritation when foods prepared from them are eaten. Ingestion of foods
containing oxalates has also been reported to cause caustic effects, irritation to the
intestinal tract and absorptive poisoning. Oxalates are also known to interfere with the
bio-availability of calcium (Sefa-Dedeh and Agyir-Sackey 2004). Oxalates interact
with minerals like calcium, magnesium, zinc, copper, and therefore these minerals

cannot be absorbed during the course of digestion and assimilation in the intestine. Such
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complexes are excreted, thus reducing the bioavailability of minerals to the body
(Kelsay 1987). The consumption of large amounts of plant oxalate and its absorption
can be fatal to humans and other animals because of oxalosis, a condition of calcium
oxalate deposits in body tissues. The consumption of more moderate amounts of oxalate
appears to play a central role in calcium oxalate kidney stone disease because of its
absorption and excretion in urine (Holmes and Kennedy 2000). Therefore, removal of

oxalate from Taro starch is crucial to make it acceptable for food industry applications.

Several attempts have been made to reduce oxalate content in Taro. Although it has
been reported that traditional methods of drying reduce oxalate content, it does not
eliminate completely (Sefa-Dedeh and Agyir-Sackey 2004). Soaking and blanching of
Taro tuber flour could reduce oxalate content by 18% (James et al. 2013). Substantial
reduction in oxalate content (around 80%) has been reported by cooking for 40 minutes
at 90°C (Iwuoha and Kalu 1995). However, if the objective is to extract oxalate free
starch, the methods is unacceptable as cooking may compromise with the quality of the
extracted starch (Liu et al. 2013). Therefore, alternative method to reduce oxalate
content of Taro starch, which would not compromise with the quality, will certainly
encourage food industry to explore the possibility of utilizing this cheap and abundant
source. This doctoral work was therefore also aimed at finding a solution by developing
an enzymatic treatment to reduce oxalate content in the extracted starch and evaluating
physico-chemical properties of the starch thus produced. This section reports the
treatment of the Taro tuber flour after processing in laboratory with purified Oxalate
Oxidase from Ochrobactrum intermedium CLS6, the test organism of the present study.
Thereafter physico-chemical properties of the starch extracted after treatment was

evaluated.

5.1 MATERIALS AND METHODS
5.1.1 Collection and Processing of Taro tubers

Colocasia esculenta (Taro) tubers were purchased from the local market of Mangalore,
India. The tubers were thoroughly washed with tap water, peeled, and sliced into pieces.

The slices were dried in a hot air oven at 60° C for overnight. The dried slices were
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ground to powder in a mortar and pestle and passed through 500 um screen to get fine

flour.
5.1.2 Treatment of Taro tubers flour

Known weight of Taro tuber flour was taken (0.125 g), mixed with OxO enzyme
solution (6 mL), incubated at 55° C in an incubator shaker. The OxO solution was
prepared by dissolving known quantity of lyophilized enzyme in 6 mL of 50 mM
sodium succinate buffer of pH 3.8. To study the effect of incubation period on the
reduction in oxalic acid, Taro flour was mixed with 2 Units of OxO activity and
incubated for varying period of incubation (15-120 min). Similarly, the effect of
enzyme loading on the reduction in oxalic acid content was assessed by mixing Taro
flour with increasing activity of enzyme (1-10 Units) and incubated for 120 min. After
optimizing the enzyme load, trials were conducted to ascertain the effect of peroxidase
enzyme (Sigma-Aldrich) on oxalate reduction kinetics. Two different concentrations of

peroxidase enzyme (5 and 10 units) were used for the study.

5.1.3 Determination of oxalic acid content

The oxalic acid is found to exist in both soluble and insoluble forms in the plant
materials. The soluble oxalic content and total oxalic acid content were determined as
described below and the insoluble oxalic acid content was calculated by subtracting
soluble oxalic acid content from total oxalic acid content.

To calculate soluble oxalic acid content, 0.125 g of sample of Taro tuber flour was
weighed and dispersed in 6 mL of distilled water. The slurry was incubated on a water
bath at 80°C for 15 min. The extract was allowed to cool and then volume of mixture
was made to 12.5 mL with distilled water and left undisturbed for 30 minutes prior to
oxalate estimation (Savage et al 2000). For determining total oxalic acid content, 0.125
g of sample of Taro tuber flour was weighed and suspended in 6 mL of 2M HCL. The
slurry was incubated on a water bath at 80°C for 15 min. The extract was allowed to
cool and then volume of mixture was made to 12.5 mL with 2M HCL and left

undisturbed for 30 minutes prior to oxalate estimation.
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The extracts were centrifuged at 3000 RPM for 10 minutes and 10mL of the supernatant
was filtered through a 0.45 um cellulose acetate membrane. 20 uL filtrate was analyzed
using a HPLC system (Shimadzu, Japan), and UV/ VIS detector set at 254 nm. Data
capture and processing were carried out using the Lab Solution software. The
chromatographic separation was carried out using an RP C18 (4.6 mm [.Dx250mm)
analytical column attached to a guard column, using an isocratic elution at 0.5 mL/min
with 0.3% acetic acid as a mobile phase. The analytical column was held at 30°C and
the column was equilibrated at a flow rate of 0.5mL/min prior to use and in between
sample sets. The oxalic acid peak was identified by comparison of the retention time to

a range of oxalic acid standards.
5.1.4 Production and Partial purification of the enzyme Oxalate Oxidase

The enzyme Oxalate Oxidase (OxQO) was produced by the Ochrobactrum intermedium
CL®6, the endophytic bacterium isolated from Colocasia esculenta and partially purified

by two step method as previously described in chapter 4

5.1.5 Extraction of starch

Starch was extracted from Taro flour by the method of Aboubaker et al. (2008) with
modifications. After incubation with OxO, the suspension was centrifuged at 5000
RPM for 10 min. The supernatant was discarded and sediment was washed twice in
distilled water and dried at 60 °C for 12 h. The dried sediments were collected and
steeped in (5mL) distilled water at 35 °C overnight. The slurry obtained was
homogenized for 15 minutes using a commercial blender. The suspension obtained was
filtered using a filter medium having pore size of 150 um. The filter cake was discarded
and filtrate was allowed to sediment for 24 h. The sediment was then collected and
washed twice with water, dried for 48h at 60 °C and stored in air tight container. Starch
was also extracted from Taro tuber flour in a similar fashion without the addition of

enzyme as mentioned above.
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5.1.6 Studies on physico-chemical properties of starch
5.1.6.1 Water binding capacity (WBC)

WBC of starches was determined, using the method described by Huang et al. (2016)
with some modifications. A suspension of 0.2 g starch (dry weight) in 5 mL distilled
water was agitated at regular intervals for 1 h at four different temperatures (30°C,
65°C, 80°C and 100°C). After centrifugation at 5000 RPM for 10 min, the supernatant
was removed carefully and drained for 10 min. then the wet starch in the sediment was
weighed.

5.1.6.2 Determination of paste clarity

Paste clarity of the starch suspension was determined by measuring light transmittance
of the starch paste using the method of Correia et al. (2012). Starch aqueous suspension
(2% w/v) was heated in a boiling water bath with stirring for 1 h. After cooled to room
temperature, the light transmittance of the starch paste was determined at 640 nm with

a UV-Vis spectrophotometer.
5.1.6.3 Swelling power and solubility

The swelling power and solubility were measured by stirring an aqueous suspension of
starch (2% wi/v) in a water bath kept at 65 °C, 80°C, 100 °C for 1 h, respectively. The
suspension were cooled to room temperature and centrifuged at 5000 RPM for 10 min.
The liquid supernatant was decanted out carefully and evaporated overnight at 100 °C.
The swollen starch residue was weighed. Swelling power and solubility were calculated
using the method described in Gomand et al. (2010).

Swelling power and solubility were calculated as follows:

Swelling power (g/g) = (SWx100)/Starchaws % (100% - %SOL) Q)
Solubility (SOL %) = Weight of dried supernatantx100/Starchgws (2
Where, SW is weight of wet sediment, and starchaws is the dry water basis starch weight.
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5.1.6.4 Determination of amylose content

The blue value and amylose content of isolated starches was determined following the
colorimetric method described by Morrison and Laignelet (1983). 70 mg of starch
sample was placed in a test tube and 10 mL of urea (6 M)-DMSO solution (1:9) was
added with continuous stirring. The samples were heated for 10 min in boiling water
and kept in an oven at 100 °C for 1 h and then cooled at room temperature. Then 0.5
mL of the solution was taken into volumetric flask containing 25 ml distilled water +1
ml of 12/KI (100 mg I2 and 1000 mg K1 in 50 ml distilled water) and final volume was
made up to 50 mL using distilled water and mixed thoroughly.

The absorbance of the samples was measured at 635 nm in a UV spectrophotometer,
against a blank (prepared by allowing chemicals and distilled water to stabilize for 15
min).

Blue value = (Absorbance/2 x g solution x mg starch) x100

% Amylose = Blue valuex 28.414

5.1.6.5 Microscopical examination of starch granules

Starch granule morphology was studied by using Scanning electron microscope. For
Scanning electron microscopy, samples were scattered on the double sided adhesive
tape mounted on metal stub and it was then coated with gold to make the sample

conductive and images were examined at an accelerating potential of 10 kV.
5.1.6.6 X-ray diffraction (XRD)

X- ray diffraction of starches were recorded by Rigaku miniflex 600 X- ray powder
diffraction (Rigaku, Tokyo, Japan) with Nickel filtered Cu Ka radiation (A = 1.54056
A) at a voltage of 40 kV and current 15 mA. The scattered radiation was detected in the
angular range of 3-40° (20), with a scanning speed of 2° (20)/min and step size of 0.02°
(20). The degree of crystallinity was calculated approximately by the software origin
8.5 based on the method reported by Nara and Komiya (1983).

For each of the treatments and measured parameters, observations were made for three

replicates and thus the resultant values were the mean (£SE) of 3 replicates. In each

119



characterization study, a commercially available laboratory starch was taken as a

control for comparison of results.
5.2 RESULTS AND DISCUSSION

Oxalate Oxidase (OxO) catalyzed the oxidative cleavage of oxalate of Taro flour to
carbon dioxide with the reduction of molecular oxygen to hydrogen peroxide (Kotsira
and Clonis 1997). Hydrogen peroxide, which is relatively unstable molecule
subsequently, decomposed into water and molecular oxygen leaving behind no
undesirable residues. In the current study, initially the Taro flour was produced from
Taro tubers and then taro flour was treated with OxO. The incubation time and OxO
load was optimized by one-factor-at-a-time method to achieve maximum oxalate
reduction in Taro flour. Then starch was extracted from enzyme treated Taro flour.
Various physico-chemical properties of starch thus produced was studied.

5.2.1 Effect of incubation period, Oxalate Oxidase load and peroxidase enzyme

The effect of incubation period on the oxalate content of Taro flour is presented in Table
5.1. The result shows that with the increase in incubation time, the oxalate content
decreased progressively. After 2 h of incubation with 2 Units of OxO, a reduction of 23
% oxalate content was noticed. However, about 20% oxalate reduction was achieved
within 45 minutes and rest in remaining 75 minutes. The results indicate that there is a
scope to enhance oxalate reduction by increasing enzyme load. Moreover, the slowing
down of oxalate conversion during the later stage of incubation suggests that OxO is
being inhibited by one or the other component of either Taro flour or the products of
enzymatic conversion. However, the addition of peroxidase enzyme to the slurry of
Taro flour and OxO enzyme could not alter oxalate reduction kinetics, ruling out the
possibility of feedback inhibition. Further, addition of Taro tuber water extract (freshly
prepared from wet tuber) to the OxO solution quickly diminished the enzyme activity
indicating the presence of inhibitors in the Taro flour. The reduction in oxalate
conversion rate during the last phase of incubation suggests the presence of either small
quantity of inhibitors or slower inhibition kinetics. To enhance the oxalate conversion
further, increased OxO load was tried in the next set of experiments. With the increase
in OxO load from 1-10 Units of activity, progressive reduction in oxalate content was
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observed (Table 5.1). About 65% oxalate conversion was observed with the enzyme
load of 6 Units, and further increase in enzyme load to 10 units, increased the oxalate
conversion by another 4%.

After treating the Taro flour with 6 Units of OxO for 120 minutes, the starch was
extracted and the oxalate content was estimated (Table 5.2). Total oxalate content was
reduced by 97% in the extracted starch. Both soluble and insoluble oxalates got reduced
due to enzymatic processing.

Published literature suggests that several methods are available for reducing oxalate
content in food materials. Boiling, blanching with hot water, steeping with sodium
bicarbonate and subsequent water leaching are some of the popular methods to reduce
oxalate content in food materials. Cooking reduces the oxalate content of common
foodstuffs like Silverbeet, Spinach, Rhubarb, Beetroot, Broccoli and Mucuna seeds by
leaching losses into the cooking water in the range of 15 % to 83% for different cooking
time (Savage et al. 2000 and Oneugbu et al. 2013). In case of Taro, soaking and
blanching was not found to be suitable method to reduce total oxalate content above
18% (James et al. 2013). Stringent treatment conditions of Taro flour with sodium
bicarbonate could reduce the oxalate content to 61% (Kumoro et al. 2014). However, a
substantial reduction of around 80% was achieved by Iwuoha and Kalu (1995), by
cooking Taro slices for 40 minutes at 90°C. Reduction of 80% oxalate content of Taro,
by cooking looks attractive, but the methods is unacceptable as cooking will affect
quality of the extracted starch if the objective is to extract oxalate free starch from Taro
flour. Native starches cannot withstand the stringent processing conditions of high
temperature, which lead to abundant granule disruption and undesirable product
properties. When heated in the presence of water, starch undergoes an irreversible order
disorder transition termed gelatinization and leads to decomposition of glucose rings
(Liu et al. 2013), formation of lumping and affects the physical properties like
expansion ratio, water absorption, water solubility (Dunford 2012), and also affect the
mouth feel property of the starch (BeMiller and whistler 2009). Under this scenario,
oxidative cleavage of oxalate in Taro flour by OxO is worthwhile, which would prevent

detrimental physical modifications of starch.
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Table 5.1 Effect of incubation time and Oxalate Oxidase load on the oxalate

reduction in Taro flour

% Reduction of

Total oxalate

oxalic acid (ma/100g DW)
Incubation time
0 min 0 790+5.77
15 min 6.76+1.13 736.4+5.99
45 min 20£1.15 631.8+4.503
75 min 21.06£1.55 623.2+8.22
120 min 23.73+£0.635 602.44+2.14
Enzyme load (U)
0 0 790+5.77
1 6.86+1.07 736.4+5.99
2 21.37£1.62 620.66+13.48
4 50.83+£1.92 388.48+16.34
6 64.83+0.440 277.83+2.68
8 68.66%0.66 247.6+6.86
10 69.33+1.33 242.4+12.03

Table 5.2 Oxalate content of Taro flour, Starch extracted from Oxalate Oxidase

treated Taro flour

Sample Total oxalate Soluble oxalate | Insoluble oxalate
(mg/100g DW) (mg/100g DW) | (mg/100g DW)

Taro flour 790+5.77 639+5.8 150+11.56

Extracted starch 24.2+0.2 22.42+0.02 1.78+0.21

after enzymatic

treatment
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5.2.2 Studies on physico-chemical properties of starch
5.2.2.1 Water binding capacity (WBC) and paste clarity

Water binding capacity (WBC) of NT was highest at every temperature (30-100 °C)
measured, compared to ET and control. Interestingly the WBC profile of ET starch was
also showed a similar trend (Figure 5.1). However, the WBC of ET was less than NT
indicating, small changes occurred in the starch during enzymatic treatment. The WBC
of control was same as ET till 65 °C, diminished linearly with the increase in
temperature beyond 65 °C, unlike ET and NT.

Interestingly the WBC determined here for Taro starch (ET & NT) is almost half the
value reported by Deepika et al. (2013). While working on Colocasia species of
Jharkhand, India. The loose association of amylose and amylopectin molecules in the
native starch granules has been studied to be responsible for high WBC (Soni et al.
1987).

Water binding capacity is extremely important for thickening properties of starch, and
thereby influences the quality of food products. High water binding capacity of starch
molecule is a desirable characteristic as it stabilizes food products against effects such
as syneresis and thus offers resistance to undesirable starch retrogradation (Baker et
al.1994).

The Paste clarity (% Transmittance) was 9.38+0.19 % and 10.44+0.79% for ET and NT
respectively (Figure 5.4) indicating marginal increase in opaqueness due to enzymatic
treatment. Compared to control, taro starch in general showed very low transmittance
indicating higher opaqueness. Paste clarity obtained here for Taro starch (ET & NT)
found to be in agreement with the findings of Deepika et al. (2013).
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Figure 5.1 Effect of temperature on Water binding capacity of untreated (NT),

treated (ET) and control starch

5.2.2.2 Swelling power and solubility

Swelling power of NT increased almost linearly with the increase in temperature from
65 °C to 100 °C (Figure 5.2). In case of ET, Swelling power did not change from 65°C
to 80 °C, increased linearly though, from 80 °C onwards. Control showed low swelling
power of 8.17+0.09 at 100 °C as against 20.66+0.84 and 15.32+0.37 for NT and ET
respectively. The swelling power of NT and ET increased with temperature, signifying
their hydrating ability under different temperature and excess water, which was
otherwise not seen with the control. Solubility of NT was quite low at a temperature of
65°Cand was comparable with ET only at 100°C (Figure 5.3). Control however showed
a linear increase in solubility with temperature reaching 83 % at 100 °C, which was
about 4 times higher than ET and NT.

In general, swelling power and solubility of starches and fibre residues increases
gradually with the increase in temperature in a particular range. Perhaps, this
temperature range signifies the onset of gelatinization. Indeed, gelatinization promotes
hydrogen bond cleavage as well as irreversible progressive relaxation in the bonding

forces within granules leading to water absorption (Carcea and Acquistucci 1997).
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5.2.2.3 Amylose content

The amylose content of the three varieties of starches calculated from blue value is
represented in Figure 5.4. Both treated and untreated starch has similar but low amylose
content of around 7% which is three times less than that of the control (Figure 5.4). The
low amylose content of the starch from Taro tubers corroborates the results of water
binding capacity and swelling power of the starch varieties. The high water binding
capacity of the starch in the present study can be attributed to low amylose content
(Arendt and Bello 2011). Comparison of the swelling power and amylose content of
Taro tuber starch and control suggests that swelling power is negatively correlated to
amylose content. Amylose acts as both a diluent and an inhibitor of swelling (Tester
and Morrison 1990). It has been suggested that amylose plays a role in restricting initial
swelling, but swelling proceeds rapidly after leaching of amylose molecules. The extent
of leaching of amylose mainly depends on the lipid content of the starch and the ability
of the starch to form amylose—lipid complexes. The amylose-lipid complexes are
insoluble in water and require higher temperatures to dissociate (deWilligen (19764,
1976b), Raphaelides and Karkalas 1988; Singh et al. 2003). Therefore in the present
study increase in water binding capacity and swelling power with increasing
temperature could be phenomena of low amylose content and progressive dissociation
of insoluble amylose-lipid complex if any with rise in temperature. Such low amylose
starch has excellent solution stability, including freeze-thaw stability, and prevents
retrogradation. The starch is useful in a wide variety of food, pharmaceutical, and
industrial applications, either with or without chemical modification (Jeffcoat et al.
2003). Low amylose starch increases the shelf life of products in bread making industry,
improve the texture of noodles and common Chinese sphageti. In addition to this low
amylose starch finds application in textile, paper and adhesive industry (Tuberosa et al.
2013).
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Figure 5.4 Physicochemical properties: Amylose % and paste clarity of untreated
(NT), treated (ET) and control starch

5.2.2.4 Crystalline properties

The starch crystalline information is obtained by the x-ray diffraction patterns in Figure
5.5, in the diffraction spectra of the treated as well as untreated starch; there were three
strong diffraction peaks (20) at 15°, 17.8°, 23.2°, and an additional sharp peak at 26°
for untreated sample. Figure 5.5 show a typical A-type pattern of starch granular
arrangement, with strong reflections at 26, 15° and 23° and an unresolved doublet 17°,
18°20. A-type crystals tend to be more resistant to enzyme digestion than the B-crystal
form (Copeland et al. 2009). Starch that is not degraded rapidly by human digestive
enzymes in the upper gut has been associated with health benefits due to a slower
release of glucose into the blood stream resulting in reduced postprandial glycemic and
insulin responses (Copeland et al. 2009). The corresponding crystallinity levels
calculated from the ratio of diffraction peak area and total diffraction area starches were
about 9.63%, 10% and 15% for treated, untreated and control, respectively.

Additional sharp peaks in NT (indicated by arrows in Figure 5.5) are characteristics
peaks of calcium oxalate monohydrate crystals (Okada et al. 2008). This strongly
suggests that insoluble crystalline calcium oxalate remains as contaminant in the

processed starch and necessary treatment is required to obtain oxalate free starch.
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Absence of characteristics peaks of calcium oxalate in case of ET gives a qualitative
insight of the whole strategy of insoluble crystalline calcium oxalate reduction in the
present study.

The reduction of insoluble crystalline calcium oxalates in ET due to enzymatic
treatment of Taro flour followed by extraction is quite unusual. The enzymes are
expected to attack only soluble substrates. However, it is rarely found that an enzyme
can bound to its crystalline substrate. There are few reports of crystalline cellulose
being hydrolyzed by cellulase enzyme (Gao et al. 2013). We suspect a similar
mechanism could be responsible for the reduction in insoluble crystalline calcium
oxalates to a small extent. The major reason for the reduction in insoluble crystalline

calcium oxalates could be due to the starch extraction procedure.
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Figure 5.5 XRD patterns of Taro tuber starch. Untreated native starch (NT,
Treated starch (ET) and control (Commercial starch). Peaks with arrow in case
of NT represent characteristics peaks of the calcium oxalate.
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The calcium oxalate crystals might be bound to the fibres of Taro (Savage et al. 2000)
which remained entangled with the discarded filtrate. The XRD spectra proves that
insoluble crystalline calcium oxalate content was significantly low in ET also
corroborates the HPLC analysis (Table 5.2).

5.2.2.5 Scanning electron micrograph

The morphological characteristics of treated, untreated and control starches using
scanning electron microscopy are represented in Figure 5.6, 5.7 and 5.8 respectively.
The SEM of both treated and untreated starch starch showed the smooth surface and
irregular shapes of granules without any damage or fissures. The starch granules of
control were observed to be round, elliptical and possessed rough surface. The mean
diameter of both the treated and untreated starch granules were approximately 1-2 um,
whereas that of control ranging from 5-15 pm. The variation in starch granule
morphology may be due to the biological origin and physiology of the plant and the
biochemistry of the amyloplast. This may be also due to the variations in the amylose
and amylopectin content and its structure, which in turn play an important role in the
control of the starch granule size and shape (Kaur et al. 2007). The granule size is
variable and ranges from 1 — 120 um among starches from different cultivars (BeMiller
and Whistler 2009). Variation in the size of the granules influence light transmittance,
water holding capacity and swelling power of the starch molecules (Badenhuizen
1969). The granule size from other sources of Taro tubers as reported in literature also
varied from 1-10 um in diameter (Deepika et al. 2013 and Aboubaker et al. 2008). The
Small granule size of starch from Taro tubers in the present investigation possess large
surface area and therefore exhibit higher water holding capacity (Arendt and Zannini
2013)
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Figure 5.7 SEM micrographs of untreated starch, NT (4000x magnification)
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Figure 5.8 SEM micrographs of Control (2000x magnification)

Table 5.3 Comparison of physicochemical properties of starches from different

genotypes
Starch | Water” Amylose | Swelling | Solubility” | Paste clarity | Granule | size
Source | binding content | ™ power (%) (% T) pattern | (um)
capacity (%) (9/9)
(%)
Taro 202.33+5.0 | 7.52+0.04 | 3.19+0.1 | 9.02+0.26 | 9.38+0.198 A 1-2
starch 4 9 53 8
Present
Study
Taro 328- 5062 13.5- 0.89- 7.42° 10.6° - 5-10
Starch 27.662 1.402 a
Potato 83.05° 20.1-31.0° | 19.39° 6.3° 96° B 1-
Starch 110¢
Sweet 80.52" - 15.48° 6.47° 8.0° BC -
Potato

2 Deepika et al. 2013 "Pramodrao and Riar, 2013

¢Singh et al. 2003

“Water binding capacity was estimated at 30°C. ™ Swelling power and solubility %
were estimated at 65°C for the present study and at 60 °C for all other reported study.
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5.3 SUMMARY

From the Taro tuber (Colocasia esculenta), flour was produced, was then treated with
OxO enzyme and subsequently the starch was extracted. Oxalate content reduced from
79015.77 mg to 24.2+0.2 mg in 100 g starch (dry weight basis), due to this novel
strategy. Total oxalate level obtained here (24.2+0.2 mg in 100 g starch) is less than 71
mg/ 100 g, which is the permissible oxalate levels in food (Sefa-Dedeh and Agyir-
Sackey 2004; Kumoro et al.2014). Several physico-chemical properties such as water
binding capacity, paste clarity, swelling power, solubility, amylose content, granule
pattern and size of starch produced out of enzyme treatment (ET) and without enzyme
treatment (NT) were studied. The data suggests that all the studied parameters of ET
closely resembled NT, indicating minor changes. All the studied parameters were
compared with the physico-chemical properties of potato and sweet-potato starch
(Table 5.3). The starch produced out of enzyme treatment showed higher water binding
capacity, very low transmittance indicating higher opaqueness, high swelling power,
very low solubility, and low amylose content at a temperature range of 80 — 100 ° C, as
compared to potato and sweet-potato starch. Moreover the starch possesses A-

crystalline form, unlike B-crystalline form found in potato and sweet-potato starch.

Some of the desirable properties of Taro starch are high water binding capacity, low
amylose content, and high swelling power. These properties are desirable from food
industry perspective as well, because these properties impart higher shelf life, higher
solution stability, including freeze-thaw stability, and prevent retrogradation to the
food. A-type crystal structure of Taro starch is another most desirable unique property
known to be associated with health benefits due to a slower release of glucose into the
blood stream resulting in reduced postprandial glycaemic and insulin responses. Thus,
oxalate depleted Taro starch produced by Oxalate Oxidase enzyme treatment could be

another source of starch for many food-processing industries.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The extensive demand of vast and diverse assortment of new substances for various
human applications has led to continuous screening for novel chemical structures.
Natural products produced by microorganisms have aided as potential resources to
accomplish this important demand, because they are highly effective, possess low
toxicity, and have a negligible environmental impact. Nevertheless, the coherent
selection of high-quality screening sources is essential for further efficient screening of
bioactive compounds for the benefit of human race. On this logical context, present
work was taken up to identify a defining source of Oxalate Oxidase, which would meet
up the future demand of the enzyme world.

This doctoral work on “Studies of Oxalate Oxidase from endophytes” has been

described in the thesis in five chapters. Following is the summary of the study.
6.1 SUMMARY

Four oxalate degrading endophytic bacteria were isolated from oxalate rich tubers of
Colocasia esculenta, Beta vulgaris and Ipomoea batatas, and peel of Musa paradisiaca.
Based upon the Oxalate Oxidase (EC 1.2.3.4) production in screening medium, one
bacterium was selected and identified as Ochrobactrum intermedium by 16 S rRNA

gene sequencing.

Studies on effect of nutritional and non-nutritional parameters showed that Oxalate
Oxidase production is inducible and requires manganese ions in the medium, and very
low fill-up volume is beneficial. The medium comprising of sucrose, ammonium
chloride, sodium oxalate along with basal salts gave 0.5 UmL™' Oxalate Oxidase

activity and 0.454 Umgspecific activity after 65 h of fermentation in shake flasks.

Oxalate Oxidase produced by this endophytic bacterium, Ochrobactrum intermedium

CL6 was purified by ethanol precipitation followed by gel filtration chromatography.
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This approach resulted in 58.74-fold purification with 83% recovery. Specific activity
of the final purified enzyme was 26.78 U/mg protein. Characterization studies revealed
some fascinating characteristics of enzyme. The enzyme displayed an optimum pH and
temperature of 3.8 and 80°C respectively and high stability at 4°C to 80°C for 6 h. The
enzymatic activity was not influenced by metal ions and chemical agents (K*, Na*,
Zn?*, Fe**, Mn?*, Mg?*, Glucose, Urea, Lactate) commonly found in serum and urine,
with Cu?* being the exception. The enzyme was stimulated by Ca?*, Fe?* and riboflavin.
Complete inhibition observed in the presence of EDTA proves that enzyme is a
metalloprotein like already reported OxO of barley and wheat. The enzyme was
partially inhibited to nearly 50% by chlorate and sulphite ions. Model lignin compound
also inhibited the enzyme and reduced the activity to 19% of the original. Substrate
analogue glycolic acid did not cause any inhibition. It's Ky and ket for oxalate was
found to be 0.45mM and 85 s respectively. This enzyme is the only known Oxalate
Oxidase which did not show substrate inhibition up to a substrate concentration of 50
mM. Chemical modifications of Oxalate Oxidase using amino-acid specific reagents
revealed that cysteine, carboxylates, histidine and tryptophan residues are part of the
active site. Moreover, modification of cysteine and histidine residues had resulted in
the enhancement of enzyme activity. A two-fold increase in Oxalate Oxidase activity
was observed when histidine residues were modified with 15 mM diethylpyrocarbonate
for 60 min. Histidine-modified enzyme exhibited ks value of 140 s against 91 s of
native enzyme. However, catalytic efficiency did not increase substantially (1.82%) due

to the counteracting increased Km value.

The novel Oxalate Oxidase enzyme produced by the endophyte, Ochrobactrum
intermedium CL6 was used to treat Taro tuber flour. Novel process comprising
treatment of Taro tuber flour with Oxalate Oxidase enzyme, and subsequent extraction
of starch resulted in 97% reduction in total oxalate content. Further, several physico-
chemical properties such as water binding capacity, paste clarity, swelling power,
solubility, amylose content, granule size of starch produced out of enzyme treatment
were studied and compared with properties of Taro starch produced without Oxalate
Oxidase treatment. Comparison study revealed that enzyme treatment did not bring

appreciable changes in the studied parameters. The Taro starch produced out of enzyme
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treatment showed higher water binding capacity (673.83+£38.55%), very low paste
clarity (9.38+0.19 %), high swelling power (15.32+0.37 g/g), low solubility
(21.66+0.66 %), and low amylose content (7.52+0.049 %) at 100 °C in comparison to

potato and sweet-potato starches. X-ray diffraction data revealed that taro starch

possesses A-crystalline form, unlike B-crystalline form found in potato and sweet

potato starch. To the best of our knowledge, this is the first work reporting the use of

Oxalate Oxidase to produce oxalate free Taro starch.

6.2 SIGNIFICANT FINDINGS

X/

Oxalate rich tropical plants harbour many endophytic bacteria capable producing
appreciable amount of Oxalate Oxidase. An endophytic strain Ochrobactrum
intermedium CL6 isolated from the tuber of Colocasia esculenta was found to be a
novel source of Oxalate Oxidase enzyme.

Oxalate Oxidase from Ochrobactrum intermedium CL6 possesses many intriguing
characteristics. The enzyme is thermostable showed negligible loss of activity after
6 h of incubation at 80°C. Enzyme exhibited absence of substrate inhibition up to
50 mM substrate concentration. The enzymatic activity was not adversely affected
by most of the metal ions and biochemical agents (K*, Na*, Zn?*, Fe*, Mn?*, Mg?*,
Glucose, Urea, and Lactate).

There was two-fold increase in Oxalate Oxidase activity on modification of
histidine residues on Oxalate Oxidase enzyme with 15 mM diethylpyrocarbonate.
The treatment of Taro tuber (Colocasia esculenta) flour with Oxalate Oxidase
enzyme and subsequent extraction of starch led to 97% reduction of Oxalate content
(790+5.77 mg to 24.2+0.2 mg in 100 g starch). The physico-chemical properties of
oxalate-depleted starch were found to be highly desirable from food industry
perspective. The Oxalate depleted starch is expected to impart higher shelf life,
higher solution stability, including freeze-thaw stability, and prevent retrogradation
to the food.
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6.3 CONCLUSIONS

R/
A X4

R/
A X4

Oxalate rich tropical plants harbour endophytes capable of producing Oxalate
Oxidase enzyme.

Oxalate Oxidase produced by the endophytic bacterium Ochrobactrum
intermedium CL6 is a novel enzyme possessing several intriguing characteristics.
This vindicated the theory that enzymes produced by microbes isolated from
ecological niche possess novel characteristics.

Chemical modifications of amino acid residues of enzyme could serve as a tool to
explore the importance of various amino acid residues in catalysis. Chemical
amendment of the residues showed enhancement of Turnover number.

Usage of Oxalate Oxidase to deplete oxalate content in Taro starch was found to be
beneficial. No adverse change in the desirable properties of Taro starch was

evidenced.

6.4 SCOPE FOR FUTURE WORK

*
A X4

7
A X4

*
A X4

The significant variables influencing the production of Oxalate Oxidase obtained
by one-factor approach can be used to optimize the media composition by design
of experiments

The amino acid sequence of the enzyme can be elucidated by proteomic studies.
Use of enzyme as a therapeutic agent for treating conditions of hyperoxaluria and

Urolithiasis can also be studied.

136



REFERENCES



REFERENCES

Aboubakar, Njintang, Y.N., Scher, J. and Mbofung, C.M.F. (2008).
“Physicochemical, thermal properties and microstructure of six varieties of taro
(Colocasia esculenta L. Schott) flours and starches.” J. Food Eng., 86(2), 294-305.

Abusham, R.A., Rahman, R.N.Z.R., Salleh, A.B. and Basri, M. (2009). “Optimization
of physical factors affecting the production of thermo-stable organic solvent-tolerant
protease from a newly isolated halo tolerant Bacillus subtilis strain Rand.” Microb.
Cell Factories, 8, 20.

Aguilar, C., Urzua, U., Koenig, C. and Vicuna, R. (1999). “Oxalate oxidase from
Ceriporiopsis subvermispora: biochemical and cytochemical studies.” Arch. Biochem.
Biophys., 366(2), 275-282.

Ali, A., Wani, T. A., Wani, I. A. and Masoodi, F. A. (2016). “Comparative study of
the physico-chemical properties of rice and corn starches grown in Indian temperate
climate.” J. Saudi Soc. Agric. Sci., 15(1), 75-82.

Almazan, A.M. and Begum, F. (1996). “Nutrients and Antinutrients in Peanut
Greens.” J. Food Compos.Anal., 9(4), 375-383.

Alonso, R., Aguirre, A. and Marzo, F. (2000). “Effects of extrusion and traditional
processing methods on antinutrients and in vitro digestibility of protein and starch in

faba and kidney beans.” Food Chem., 68(2), 159-165.

Ammar, M.S., Hegazy, A.E. and Bedeir, S.H. (2009). “Using of taro flour as partial
substitute of wheat flour in bread making.” World J. Dairy Food Sci., 4(2), 9-99.

137



Andreini, C., Bertini, 1., Cavallaro, G., Holliday, G.L. and Thornton, J.M. (2008).
“Metal ions in biological catalysis: from enzyme databases to general principles.” J.

Biol. Inorg. Chem., 13(8), 1205-1218.

Anjum, N.A., Hasanuzzaman, M., Hossain, M.A., Thangavel, P., Roychoudhury, A.,
Gill, S.S., Rodrigo, M.A.M., Adam, V., Fujita, M., Kizek, R., Duarte, A.C., Pereira,
E. and Ahmad, 1. (2015). “Jacks of metal/metalloid chelation trade in plants - an
overview.” Front. Plant Sci., 6, 1-17

Arendt, E. and Bello, F.D. (2011). Gluten-Free Cereal Products and Beverages.
Academic Press.

Arendt, E.K. and Zannini, E. (2013). Cereal Grains for the Food and Beverage

Industries, Elsevier.

Arnold, A.E. (2005). “Diversity and ecology of fungal endophytes in tropical forests.”
Current Trends in Mycological Research, D. Deshmukh, ed., Oxford & IBH
Publishing Co. Pvt. Ltd, New Delhi, India., 49-68.

Arnold, A.E. (2007). “Understanding the diversity of foliar endophytic fungi:
progress, challenges, and frontiers.” Fungal Biol. Rev., 21(2-3), 51-66.

Arnold, A.E. (2008). “Endophytic fungi: hidden components of tropical community
ecology.” Tropical Forest Community Ecology, W.P. Carson and S.A. Schnitzer, eds.,
Wiley-Blackwell West Sussex, UK, 254-271.

Arnott, H.J. and Pautard, F.G.E. (1970). “Calcification in plants.” Biological
Calcification: Cellular and Molecular Aspects, H. Schraer, ed., Appleton-Century-
Crofts, New York, 375-446.

Arnott, H.J. and Webb, M.A. (1983). “Twin crystals of calcium oxalate in the seed
coat of the kidney bean.” Protoplasma, 114(1), 23-34.

138



Badenhuizen, N.P. (1969). The biogenesis of starch granules in higher plants,
Appleton-Century-Crofts, New York.

Baker, R.C., Wong, H.P. and Robbins, K.R. (1994). Fundamental of new food

products development, Elsevier Science, Amsterdam.

Beck-Sickinger, A.G. and Morl, K. (2006). “Posttranslational Modification of
Proteins. Expanding Nature’s Inventory.” Angew. Chem. Int. Ed., 45(7), 1020-1020.

Begam, M. S., Pradeep, F. S., and Pradeep, B. V. (2012). “Production, Purification,
Characterization and applications of Lipase from Serratia marcescens
MBBO05.” Asian J. Pharm. Clin. Res., 5(4), 235-47.

BeMiller, J.N. and Whistler, R.L. (2009). Starch: Chemistry and Technology,
Academic Press.

Bennet-Clark, T.A. (1933). “The role of the organic acids in plant metabolism.” New
Phytol., 32(1), 37-70.

Berg, J.M., Tymoczko, J.L., Stryer, L. (2002). Biochemistry, W H Freeman, New
York.

Berna, A. and Bernier, F. (1997). “Regulated expression of a wheat germin gene in
tobacco: oxalate oxidase activity and apoplastic localization of the heterologous

proteins.” Plant Mol. Biol., 33(3), 417-429.

Bernier, F. and Berna, A. (2001). “Germins and germin-like proteins: plant do-all
proteins. But what do they do exactly?”” Plant Physiol. Biochem., 39(7-8), 545-554.

Bertini, 1., Sigel, A. and Sigel, H. (2001). Handbook on metalloproteins, Marcel
Dekker, New York.

139



Bertini, 1., Gray, H.B., Stiefel, E.I. and Valentine, J.S. (2006). Biological inorganic

chemistry. University Science Books, Sausalito.

Bertolini, A.C. Starches : Characterization, Properties and Applications, CRC Press
New York, 2010.

Bisswanger, H. (2011). “General Aspects of Enzyme Analysis”. Practical
Enzymology., Wiley-VCH Verlag GmbH & Co. KGaA., 5-91.

Bolwell, G.P., Davies, D.R., Gerrish, C., Auh, C.K. and Murphy, T.M. (1998).
“Comparative biochemistry of the oxidative burst produced by rose and french bean

cells reveals two distinct mechanisms.” Plant Physiol., 116(4), 1379-1385.

Bringhurst, R.M. and Gage, D.J. (2002). “Control of Inducer Accumulation Plays a
Key Role in Succinate-Mediated Catabolite Repression in Sinorhizobium meliloti.” J.
Bacteriol., 184(19), 5385-5392.

Bruckner, R. and Titgemeyer, F. (2002). “Carbon catabolite repression in bacteria:
choice of the carbon source and autoregulatory limitation of sugar utilization.” Fems

Microbiol. Lett., 209(2), 141-148.

Burrell, M. M. (2003). “Starch: the need for improved quality or quantity--an
overview.” J. Exp. Bot, 54(382), 451-456.

Caliskan, M. (2000). “The Metabolism of Oxalic Acid.” Turk. J. Zool., 24, 103-106
Caliskan, M. and Cuming, A.C. (1998). “Special specificity of H202- generating

oxalate oxidase gene expression during wheat embryo germination.” Plant J., 15 (2),
165-171.

140



Cailleau, G., Braissant, O., Dupraz, C., Aragno, M. and Verrecchia, E.P. (2005).
“Biologically induced accumulations of CaCOs in orthox soils of Biga, Ivory Coast.”
Catena 59, 1-17.

Calderbank, P.H. and Moo-Young, M.B. (1959). “The prediction of power
consumption in the agitation of non-newtonian fluids.” Trans. Inst. Chem. Eng., 37,
26-33.

Carcea, M. and Acquistucci, R. (1997). “Isolation and Physicochemical
Characterization of Fonio (Digitaria exilis Stapf) Starch.” Starch, 49, 131-5.

Carroll, G.C. (1991). “Beyond pest deterrence—alternative strategies and hidden costs
of endophytic mutualisms in vascular plants.” Microbial Ecology of Leaves, J.A.
Andrews and S.S. Hirano, eds., Springer- Verlag, New York, 358-375.

Cassland, P., Sjode, A., Winestrand, S., Jonsson, L.J. and Nilvebrant, N.O. (2009).
“Evaluation of Oxalate Decarboxylase and Oxalate Oxidase for Industrial
Applications.” Appl. Biochem. Biotechnol., 161, 255-263.

Chevallet, M., Luche, S. and Rabilloud, T. (2006). “Silver staining of proteins in
polyacrylamide gels.” Nat. Protoc. 1(4), 1852-1858.

Chiriboga J. (1966). “Purification and properties of oxalic acid oxidase.” Arch.
Biochem. Biophys., 116(1), 516-523.

Cocking, E. C. (2003). “Endophytic colonization of plant roots by nitrogen fixing
bacteria.” Plant Soil, 252(1), 169-175.

Colman, R.F. and Chu, R. (1970). “The Role of Sulfhydryl Groups in the Catalytic

Function of Isocitrate Dehydrogenase — Effect of N-Ethylmaleimide on Chemical and
Physical Properties.” J. Biol. Chem., 245(3), 608-615.

141



Copeland, L., Blazek, J., Salman, H. and Tang, M. C. (2009). “Form and functionality
of starch.” Food Hydrocoll., 23(6), 1527-1534.

Correia, P.R., Nunes, M.C. and Beirdo-da-Costa, M.L. (2012). “The effect of starch
isolation method on physical and functional properties of Portuguese nuts starches. |.
Chestnuts (Castanea sativa Mill. var. Martainha and Longal) fruits.” Food Hydrocoll.,
27(1), 256-263.

Craig, L.C. (1960). “Fractionation and Characterization by Dialysis.” The Separation

and Isolation of Proteins, P. Block and J. A lexanderr, eds., Pergamon, 103-119.

Dahlman, O., de Sousa, F. and Ljungqvist, P. (1995). “Analysis of organic
compounds in effluents from TCF- bleaching of softwood and hardwood kraft pulps.”
Proc. 8th Int. Symp. Wood Pulp. Chem. (ISWPC), Helsinki, 729-736.

De Bary, A. (1866). Morphologie und Physiologie der Pilze, Flechten, und
Myxomyceten. Hofmeister’s Handbook of Physiological Botany, Engelmann, Leipzig,

Germany.

Deepika, V., Jayaram Kumar, K. and Anima, P. (2013). “Isolation and partial
characterization of delayed releasing starches of Colocasia species from Jharkhand,
India.” Carbohydr. Polym., 96(1), 253-258.

Dewilligen, A.H.A. (1976a). “The rheology of starch” Examination and analysis of
starch and starch products, J.A. Radley, ed., Applied Science Publishers Ltd.,
London, 61-90.

Dewilligen, A.H.A., 1976b. “The manufacture of potato starch” Starch Production
Technology, J.A. Radley, ed., Applied Science Publishers Ltd., London, 135-154.

Diaz-Rodriguez, A. and Davis, B.G. (2011). “Chemical modification in the creation of
novel biocatalysts.” Curr. Opin. Chem. Biol., 15(2), 211-2109.

142



Dreyfuss, M.M. and Chapela, 1.H. (1994). The Discovery of Natural Products with
Therapeutic Potential, V.P. Gullo, ed., Butterworth-Heinemann Boston, 49-79.

Dunford NT (2012). Food and Industrial Bioproducts and Bioprocessing, John Wiley
& Sons, Oxford.

Dumas, B., Sailland, A., Cheviet, J.P., Freyssinet, G. and Pallett, K. (1993).
“Identification of barley oxalate oxidase as a germin-iike protein.” C. R. Acad. Sci.
Paris, Science de la vie/Lifen Sciences., 316, 793-798.

Dunwell, J.M. (1998). “Cupins: A New Superfamily of Functionally Diverse Proteins
that Include Germins and Plant Storage Proteins.” Biotechnol. Genet. Eng. Rev.,
15(1), 1-32.

Dunwell, J.M., Khuri, S. and Gane, P.J. (2000). “Microbial relatives of the seed
storage proteins of higher plants: conservation of structure and diversification of

function during evolution of the cupin superfamily.” Microbiol. Mol. Biol. Rev.,
64(1), 153-179.

Escutia, M.R., Bowater, L., Edwards, A., Bottrill, A.R., Burrell, M.R., Polanco, R.,
Vicun., R. and Bornemann, S.(2005). “Cloning and Sequencing of Two Ceriporiopsis
subvermispora Bicupin Oxalate Oxidase Allelic Isoforms: Implications for the
Reaction specificity of Oxalate Oxidases and Decarboxylases.” Appl. Environ.
Microbiol., 71(7), 3608 — 3616.

Faisal, M. and Hasnain, S. (2006). “Growth stimulatory effect of Ochrobactrum

intermedium and Bacillus cereus on Vigna radiata plants.” Lett. Appl. Microbiol.,
43(4), 461-466.

143



Firakova, S., Sturdikova, M. and Muckova, M. (2007). “Bioactive secondary
metabolites produced by microorganisms associated with plants.” Biologia Bratisl.,
62(3), 251-257.

Franceshi, V.R. and Horner, Jr. H.T. (1980). “Calcium oxalate crystals in plants.” Bot.
Rev., 46(4), 361-427.

Franceschi, V.R. (1989). “Calcium oxalate formation is a rapid and reversible process
in Lemna minor L.” Protoplasma., 148(2), 130-137.

Franceschi, V.R., Li, X., Zhang, D. and Okita, T.W. (1993). “Calsequestrin-like
calcium binding protein is expressed in calcium accumulating cells of Pistia stratiotes
L.” Proc. Natl. Acad. Sci. USA. 90(15), 6986—6990.

Frank, E.Z. (1987). “Calcium oxalate in legumes.” Advances in Legume Systematics,
E. Stirton, ed., Royal Botanic Gardens, Kew, UK, 3, 279-316.

Frausto da Silva, J.J.R. and Williams, R.J.P. (2001). “The biological chemistry of the

elements: the inorganic chemistry of life.” Oxford University Press, New York.

Freeman, E.M. (1904). “The Seed-Fungus of Lolium temulentum, L., the Darnel.”
Philos. Trans. R. Soc. Lond. B Biol. Sci., 196, 1-27.

Frommel, W. E., Hohne and Wilson, K.S. (1990). “Crystal structure of thermitase at
1.4 A° resolution.” J. Mol. Biol., 214(1), 261-279.

Fuhrmann, A., Kleen, M., Jansson, M., Nilvebrant, N.-O., Marklund, A. and Ala-
Kaila, K. (2000). Keys to closing the bleaching loops — final report, SCAN Forsk.

Fujii, T., Hata, Y., Oozeki, M., Moriyama, H., Wakagi, T., Tanaka, N. and Oshima, T.

(1997). “The crystal structure of zinc-containing ferredoxin from the

144



thermoacidophilic archaeon Sulfolobus sp. strain 7.” Biochemistry, 36(6), 1505—
1513.

Gane, P.J., Dunwell, J.M. and Warwicker, J. (1998). “Modeling based on the structure
of vicilins predicts a histidine cluster in the active site of oxalate oxidase.” J. Mol.
Evol., 46(4), 488-493.

Gao, D., Chundawat, S.P.S., Sethi, A., Balan, V., Gnanakaran, S. and Dale, B.E.
(2013) “Increased enzyme binding to substrate is not necessary for more efficient
cellulose hydrolysis.” Proc. Natl. Acad. Sci. USA, 110, 10922-7.

Garman, A.J. (1997). Non-Radioactive Labelling: A Practical Introduction. Academic

Press.

Godara, S. and Pundir, C.S. (2008). “Urinary & serum oxalate determination by
oxalate oxidase immobilized on to affixed arylamine glass beads.” Indian. J. Med.
Res., 127(4), 370-376.

Gomand, S.V., Lamberts, L., Visser, R.G.F. and Delcour, J.A. (2010).
“Physicochemical properties of potato and cassava starches and their mutants in

relation to their structural properties.” Food Hydrocoll., 24(4), 424-33.

Graz. M., Wilkolazka, A.J. and Pawlega, B.P. (2009). “Abortiporus biennis tolerance
to insoluble metal oxides: oxalate secretion, oxalate oxidase activity, and mycelial
morphology.” Biometals, 22(3), 401-410.

Gregorova E., Pabst, W. and Bohacenko, 1. (2006). “Characterization of different

starch types for their application in ceramic processing.” J. Eur. Ceram. Soc., 26(8),
1301-1309.

145



Gunatilaka, A.A.L. (2006). “Natural Products from Plant-Associated Microorganisms:
Distribution, Structural Diversity, Bioactivity, and Implications of Their Occurrence”.

J. Nat. Prod., 69(3), 509-526.

Gurung, N., Ray, S., Bose, S. and Rai, V. (2013). “A broader view: microbial
enzymes and their relevance in industries, medicine, and beyond.” Biomed. Res. Int.,

2013.

Hage, D.S. (1999). “Affinity chromatography: a review of clinical applications.” Clin.
Chem., 45(5), 593-615.

Hallmann, J.A., QuadtHallmann, Mahaffee, W.F., Kloepper, J.W. (1997). “Bacterial
endophytes in agricultural crops.” Can. J. Microbiol., 43(10), 895-914.

Harper, J.K., Arif A.M., Ford, E.J., Strobel, G.A., Porco, J.A., Tomer, D.P., Oneill,
K.L., Heider, E.M. and Grant, D.M. (2003). “Pestacin: a 1,3-dihydro isobenzofuran
from Pestalotiopsis microspora possessing antioxidant and antimycotic activities.”
Tetrahedron, 59(14), 2471-2476.

Hart, P.J., Balbirnie, M.M., Ogihara, N.L., Nersissian, A.M., Weiss, M.S., Valentine,
J.S. and Eisenberg, D. (1999). “A structure-based mechanism for copper-zinc

superoxide dismutase.” Biochemistry (Mosc.), 38(7), 2167-2178.

Hepler, P.K. and Wayne, R.O. (1985). “Calcium and plant development.” Ann. Rev.
Plant Physiol., 36, 397-439.

Hodgkinson, A. (1977). “Oxalic acid metabolism in higher plants.” Oxalic Acid
Biology and Medicine, A. Hodgkinson, ed., Academic Press, New York., 131-158.

Holmes, R.P. and Kennedy, M. (2000). “Estimation of the oxalate content of foods
and daily oxalate intake.” Kidney Int., 57(4), 1662—-1667.

146



Hong, P., Koza, S. and Bouvier, E.S.P. (2012). “Size-Exclusion Chromatography for
the Analysis of Protein Biotherapeutics and their Aggregates.” J. Lig. Chromatogr.
Relat. Technol., 35(20), 2923-2950.

Hong Tao Chen, L.P.X. (2005). “Chemical modification studies on alkaline
phosphatase from pearl oyster (Pinctada fucata): A substrate reaction course analysis

and involvement of essential arginine and lysine residues at the active site.” Int. J.

Biochem. Amp Cell Biol., 37(7), 1446-57.

Horner, H.T. and Wagner, B.L. (1980). “The association of druse crystals with the
developing stomium of Capsicum annuum (Solanaceae) anthers.” Am. J. Bot., 67(9),
1347-1360.

Hu, Y. and Guo, Z. (2009). “Purification and characterization of oxalate oxidase from

wheat seedlings.” Acta. Physiol. Plant, 31(2), 229-235.

Huang, H., Jiang, Q., Chen, Y., Li, X., Mao, X., Chen, X., Huang, L. and Gao, W.
(2016). “Preparation, physico—chemical characterization and biological activities of
two modified starches from yam (Dioscorea Opposita Thunb.).” Food Hydrocoll., 55,
244-253.

Hurkman, W. J., Tao, H. P. and Tanaka, C. K. (1991). “Germin-like polypeptides
increase in barley roots during salt stress.” Plant Physiol., 97(1), 366-374.

Ichiyama, A., Nakai, E., Funal, T., Oda, T. and Katafuchi, R. (1985).
“Spectrophotometeric determination of oxalate in urine and plasma with oxalate
oxidase.” J. Biochem., 98(5), 1375-1385.

Imran, A., Hafeez, F.Y., Fruhling, A., Schumann, P., Malik, K.A. and Stackebrandt,
E. (2010). “Ochrobactrum ciceri sp. nov., isolated from nodules of Cicer arietinum.”
Int. J. Syst. Evol. Microbiol., 60(Pt7), 1548-1553.

147



Inano, H. and Tamaoki, B. (1984). “The reaction of 1-ethyl-3-(3
dimethylaminopropyl) carbodiimide with an essential carboxy group of human
placental estradiol 17B-dehydrogenase.” J. Steroid Biochem., 21(1), 59-64.

Inano, H. and Tamaoki, B. (1985). “The Presence of Essential Carboxyl Group for
Binding of Cytochrome c in Rat Hepatic NADPH-Cytochrome P-450 Reductase by
the Reaction with 1-Ethyl-3-(3-Dimethylaminopropyl)-Carbodiimide.” J. Enzym.
Inhib., 1(1), 47-59.

Iwuoha, C.I. and Kalu, F.A. (1995). “Calcium oxalate and physico-chemical
properties of cocoyam (Colocasia esculenta and Xanthosoma sagittifolium) tuber
flours as affected by processing.” Food Chem., 54(1), 61-66.

Jaenicke, R. and Bohm, G. (1998). “The stability of proteins in extreme
environments.” Curr Opin Struct Biol., 8(6), 738-748.

James, E.O., Peter, .A., Charles, N.I. and Joel, N. (2013). “Chemical Composition
and Effect of Processing and Flour Particle Size on Physicochemical and Organoleptic
Properties of Cocoyam (Colocasia esculenta var. esculenta) Flour.” Niger. Food J.,
31(2), 113-122.

Jaikaran ,A.S.1., Kennedy, T.D., Dratewka, K. E. and Lane, B.G. (1990). “Covalently
bonded and adventitious glycans in germin.” J. Biol.Chem., 265(21), 12503-12512.

Jane, J., Shen, L., Lim, S., Kasemsuwantt, T. and Nip, W.K. (1992). “Physical and

chemical studies of taro starches and flours.” Cereal Chem., 69, 528-535.

Jeffcoat, R., Hanchett, D., Tayal, A. and Merk, A. (2003). “Solution stable low
amylose tapioca starch and its use.” US20030108649 Al.

Jin, H., Yanga, X., Yana, Z., Liua,Q. and Lia,X. (2014). “Characterization of

rhizosphere and endophytic bacterial communities from leaves, stems and roots of

148



medicinal Stellera chamaejasme. L.” Systematic and Applied Microbiology, 37(5),
376-385.

Jr, J.R. (1990). “On the structure of histidine and its role in enzyme active sites.”

Struct. Chem., 1(1), 129-131.

Kaur, L., Singh, J., McCarthy, O.J. and Singh, H. (2007). “Physico-chemical,
rheological and structural properties of fractionated potato starches.” J. Food Eng.,
82(3), 383-394.

Keates, S.E., Tarlyn, N.M., Loewus, F.A. and Franceschi, V.R. (2000). “L-Ascorbic
acid and L-galactose are sources for oxalic acid and calcium oxalate in Pistia
stratiotes.” Phytochemistry, 53(4), 433-440.

Kelsay, J.L. (1987). “Effects of fiber, phytic acid, and oxalic acid in the diet on
mineral bioavailability.” Am. J. Gastroenterol., 82(10), 983-986.

Khananshvili, D. and Zippora, G.E. (1983). “Modification of histidine residues by
diethyl pyrocarbonate leads to inactivation of the Rhodospirillum rubrum RrF1-
ATPase.” Febs Lett., 159(1), 271-274.

Khobragade, C.N., Beedkar, S.D., Bodade, R.G. and Vinchurkar, A.S. (2011).
“Comparative structural modeling and docking studies of oxalate oxidase: Possible

implication in enzyme supplementation therapy for urolithiasis.” Int. J. Biol.

Macromol., 48(3), 466-473.

Kirk, O., Borchert, T.V. and Fuglsang, C.C. (2002). “Industrial enzyme applications.”
Curr. Opin. Biotechnol., 13(4), 345-351.

Klomsiri, C., Karplus, P.A. and Poole, L.B. (2011). “Cysteine-based redox switches
in enzymes.” Antioxid. Redox Signal, 14(6), 1065-1077.

149



Kolandaswamy, A., Chelliah, E.Raja. and Govindan, S.S. (2007). “Oxalotrophic
Paracoccus alcaliphilus isolated from Amorphophallus sp. Rhizoplane.” World J.
Microbiol. Biotechnol., 23(11), 1529-1535.

Kotsira, V.P. and Clonis, Y.D. (1997). “Oxalate oxidase from barley roots:
purification to homogeneity and study of some molecular catalytic, and binding
properties.” Arch. Biochem. Biophys., 340(2), 239-249.

Kotsira, V.P. and Clonis, Y.D. (1998). “Chemical modification of barley root oxalate
oxidase shows the presence of a lysine, a carboxylate, and disulfides, essential for

enzyme activity.” Arch. Biochem. Biophys., 356(2), 117-126.

Koyama, H. (1988). “Purification and characterization of oxalate oxidase from
Pseudomonas sp. OX-53.” Agric. Biol. Chem., 52(3), 743-748.

Kristensen, B. K., Bloch, H. and Rasmussen, S. K. (1999). “Barley Coleoptile
Peroxidases. Purification, Molecular Cloning, and Induction by Pathogens.” Plant

Physiol., 120(2), 501-512.

Kucht, S., Gross, J., Hussein, Y., Grothe, T., Keller, U., Basar, S., Konig, W.A.,
Steiner, U., and Leistner, E. (2004). “Elimination of ergoline alkaloids following
treatment of Ipomoea asarifolia (Convolvulaceae) with fungicides.” Planta, 219(4),
619-625.

Kumoro, A.C., Putri, R.D.A., Budiyati, C.S., Retnowati, D.S. and Ratnawati. (2014).
“Kinetics of Calcium Oxalate Reduction in Taro (Colocasia esculenta) Corm Chips
during Treatments Using Baking Soda Solution.” Procedia Chem., Int. Con.
Workshop Chem. Eng. UNPAR 2013 (ICCE UNPAR 2013) 9, 102-112.

Kusari, S., Lamshoft, M. and Spiteller, M. (2009a). “Aspergillus fumigatus Fresenius,

an endophytic fungus from Juniperus communis L. Horstmann as a novel source of

150



the anticancer pro-drug deoxypodophyllotoxin.” J. Appl. Microbiol., 107(3), 1019-
1030.

Kusari, S., Kosuth, J., Cellarova, E. and Spiteller, M. (2011). “Survival-strategies of
endophytic Fusarium solani against indigenous camptothecin biosynthesis.” Fungal
Ecol. 4(3), 219-223.

Kusari, S., Hertweck, C. and S. Michael. (2012). "Chemical Ecology of Endophytic
Fungi: Origins of Secondary Metabolites.” Cell Press, 19(7), 792 — 798.

L. Santana, A., Angela A. and Meireles, M. (2014). “New Starches are the Trend for
Industry Applications: A Review.” Food Public Health, 4(5), 229-241.

Laker, M. F., Hofmann, A.F. and Meeuse, B.J.D. (1980). “Spectrophotometric
determination of urinary oxalate with oxalate oxidase prepared from moss.” Clin.
Chem., 26 (7), 827-830.

Laemmli, U.K. (1970). “Cleavage of Structural Proteins during the Assembly of the
Head of Bacteriophage T4.” Nature, 227(5259), 680—685.

Lamb, C. and Dixon, R.A. (1997). “The oxidative burst in plant disease resistance.”

Annu. Rev. Plant Physiol. Plant Mol. Biol., 48, 251-275.

Lane,B.G., Bernier, F., Dratewka, K.E., Shafai, R., Kennedy, T.D and Pyne, C.
(1991). “Homologies between members of the germin gene family in hexaploid wheat
and similarities between these wheat germins and certain Physarum spherulins.” J.
Biol.Chem., 266(16), 10461-10469.

Lane, B.G., Dunwell, J.M., Ray, J.A., Schmitt, M.R. and Cuming, A.C. (1993).

“Germin, a protein marker of early plant development, is an oxalate oxidase.” J. Biol.
Chem., 268 (17), 12239-12242.

151



Lane, B.G. (1994). “Oxalate, germin, and the extracellular matrix of higher plants.”
Faseb. J., 8(3), 294-301.

Lane, B.G. (2000). “Oxalate oxidases and differentiating surface structure in wheat:
germins.” Biochem. J., 349(Pt1), 309-321.

Larsson, S., Cassland, P., Jonsson, L.J. and Nilvebrant, N.-O. (2003). “Treatment of
Pulp and Paper Industry Process Waters with Oxalate Oxidase: Compounds
Interfering with the Activity, in: Applications of Enzymes to Lignocellulosics”. ACS.

Symp. Series. American Chemical Society, 81-92.

Lebuhn, M., Achouak, W., Schloter, M., Berge, O., Meier, H., Barakat, M.,
Hartmann, A. and Heulin, T. (2000). “Taxonomic characterization
of Ochrobactrum sp. isolates from soil samples and wheat roots, and description
of Ochrobactrum tritici sp. nov. and Ochrobactrum grignonense sp. nov.” Int J Syst
Evol Microbiol., 50, 2207-2223.

Leistner, E. and Steiner, U. (2009). “Fungal origin of ergoline alkaloids present in
dicotyledonous plants (Convolvulaceae).” The Mycota. Physiology and Genetics XV:
Selected Basic and Applied Aspects, T. Anke and D. Weber, eds., Springer-Verlag,
Berlin, 197-208.

Leon, J., Lawton, M.A. and Raskin, 1. (1995). “Hydrogen Peroxide Stimulates
Salicylic Acid Biosynthesis in Tobacco.” Plant Physiol., 108(4), 1673-1678.

Leonel, M., Sarmento, S. B. S. and Cereda, M. P. (2003). “New starches for the food
industry: Curcuma longa and Curcuma zedoaria.” Carbohydr. Polym., 54(3), 385-
388.

Lerouge, P., Macheteau, M.C., Rayon, C., Laine, A.C.F., Gomord, V. and Faye. L.
(1998). “N-glycoprotein biosynthesis in plants: recent development and future
trends.” Plant. Mol. Biol., 38(1-2), 31-48.

152



Leuchtmann, A., Petrini, O., Petrini, L.E. and Carroll, G.C. (1992). “Isozyme
polymorphism in six endophytic Phyllosticta species.” Mycol. Res., 96(4), 287-294.
Li, H.M., Sullivan, R., Moy, M., Kobayashi, D.Y. and Belanger, F.C. (2004).
“Expression of a novel chitinase by the fungal endophyte in Poa ampla.” Mycologia.,
96(3), 526-536.

Li, J.-Y. and Yeh, A.-l. (2001). “Relationships between thermal, rheological
characteristics and swelling power for various starches.” J. Food Eng., 50(3), 141-
148.

Li, J.Y., Harper, J., Grant, D.M., Tombe, B.O., Bashyal, B., Hess, W.M. and Strobel,
G.A. (2001). “Ambuic acid, a highly functionalized cyclohexenone with antifungal
activity from Pestalotiopsis spp and Monochaetia sp.” Phytochemistry., 56(5), 463-
468.

Li, X.X. and Franceschi, V.R. (1990). “Distribution of peroxisomes and glycolate
metabolism in relation to calcium oxalate formation in Lemna minor L.” Eur. J. Cell.
Biol., 51(1), 9-16.

Lindgvist, B. and Storgards, T. (1955). “Molecular-sieving Properties of Starch.”
Nature, 175, 511-512.

Little, C., Sanner, T., Pihl, A. (1969). “Stimulation of Fructose 1, 6-Diphosphatase by
Sulfhydryl Reagents and Interaction between the Different Enzymic Sites in the
Molecule.” Eur. J. Biochem., 8(2), 229-230.

Liu, X., Wang, Y., Yu, L., Tong, Z., Chen, L., Liu, H. and Li, X. (2013). “Thermal

degradation and stability of starch under different processing conditions.” Starch,

65(1-2), 48-60.

153



Liukko, S. and Poppius-Levlin, K. (1999). “Characteristics of dissolved organic
material in total chlorine free bleach plant and laboratory effluents.” Water Sci.
Technol. Forest Industry Wastewaters VI, 40, 249-258.

Ller, M.M. (2012). “Microdialysis in Drug Development.” Springer Science &
Business Media, 248.

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951). “Protein
Measurement with the Folin Phenol Reagent.” J. Biol. Chem., 193(1), 265-275.

Lynch, J.M. (1990). The rhizosphere, Wiley Interscience, Chichester.

Machado, R., Azevedo-Silva, J., Correia, C., Collins, T., Arias, F.J., Rodriguez-
Cabello, J.C. and Casal, M. (2013). “High level expression and facile purification of
recombinant silk-elastin-like polymers in auto induction shake flask cultures.” Amb

Express., 3, 11.

Madsen, M. H. and Christensen, D. H. (1996). “Changes in Viscosity Properties of
Potato Starch During Growth.” Starch, 48(7-8), 245-249.

Maier, U. and Biichs, J. (2001). “Characterisation of the gas-liquid mass transfer in
shaking bioreactors.” Biochem. Eng. J., 7(2), 99-106.

Malliopoulou, T.B. and Rakitzis, E.T. (1982). “Effect of diethylpyrocarbonate on

human gastric mucosa acid proteinases: zymogen activation.” Enzyme, 28(4), 294
299.

Mandal, N.C. and Chakrabartty, P.K. (1993). “Succinate mediated catabolite

repression of enzymes of glucose metabolism in root-nodule bacteria.” Curr.
Microbiol., 26(5), 247-251

154



Manns, J.M. (2005). “SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) of

Proteins.” Current Protocols in Microbiology, John Wiley & Sons, Inc.

Mano, H. and Morisaki, H. (2008). “Endophytic bacteria in the rice plant.” Microbes
Environ. Jsme., 23(2), 109-117.

Mardanyan, S., Sharoyan, S., Antonyan, A., Armenyan, A., Cristalli, G. and Lupidi,
G. (2001). “Tryptophan environment in adenosine deaminase. I. Enzyme modification

with N-bromosuccinimide in the presence of adenosine and EHNA analogues.”

Biochim. Biophys. Acta, 1546(1), 185-195.

Marg, G. A, and D. S. Clark. (1990). “Activation of the glucose isomerase by
divalent cations: evidence for two distinct metal-binding sites.” Enzyme Microb.
Technol., 12(5), 367-373.

Mbofung, C. M. F., Aboubakar, N. Y., Njintang, Y. N., Abdou, B. and Balaam, F.
(2006). “Physicochemical and functional properties of six varieties of taro (Colocasia
esculenta L. Schott) flour.” J. Food Technol., 4(2), 135-142.

McNair, J.B. (1932). “The interrelations between substances in plants: essential oils
and resins, cyanogen and oxalate.” Am.J. Bot., 19(3), 255-271.

Mendoza, V.L. and Vachet, R.-W. (2009). “Probing protein structure by amino acid-
specific covalent labeling and mass spectrometry.” Mass Spectrom. Rev. 28(5), 785—
815.

Meng, X., Yan, D., Long, X., Wang, C., Liu, Z. and Rengel, Z. (2014). “Colonization

by endophytic Ochrobactrum anthropi Mnl promotes growth of Jerusalem
artichoke.” Microb. Biotechnol., 7(6), 601-610.

155



Mensen, R., Hager, A. and Salzer, P. (1998). “Elicitor-induced changes of wall-bound
and secreted peroxidase activities in suspension-cultured spruce (Picea abies) cells

are attenuated by auxins." Physiologia Plantarum, 102(4), 539-546.

Moomaw, |.W., Hoffer, E., Moussatche,P., Salerno, J.C.,Grant, M., Immelman, B.,
Uberto,R., Ozarowski,A. and Angerhofer, A.(2013). “Kinetic and Spectroscopic
Studies of Bicupin Oxalate Oxidase and Putative Active Site Mutants.” Plos one,
8(3), 1-10.

Morrison, S.C. and Savage, G.P. (2003). “Oxalates.” Encyclopedia of Food Sciences
and Nutrition, 4282-4287.

Morrison, W.R. and Laignelet, B. (1983). “An improved colorimetric procedure for
determining apparent and total amylose in cereal and other starches.” J. Cereal Sci.,

1(1), 9-20.

Moussatche, P., Angerhofer, A., Imaram, W., Hoffer, E., Uberto, K., Brooks, C.,
Bruce, C., Sledge, D., Richards, N.G.J. and Moomaw, E.W. (2011). “Characterization
of Ceriporiopsis subvermispora Bicupin Oxalate Oxidase Expressed in Pichia
pastoris.” Arch. Biochem. Biophys., 509(1), 100-107.

Moy, M., Li, H.J.M., Sullivan, R.,White, J.F. and Belanger F.C. (2002). “Endophyte
fungal B — 1, 6 — glucanase expression in the infected host grass.” Plant Physiol.,
130(3), 1298-1308.

Muangthong, A., Youpensuk, S. and Rerkasem, B. (2015). “Isolation and
Characterisation of Endophytic Nitrogen Fixing Bacteria in Sugarcane.” Trop. Life
Sci. Res. 26(1), 41-51.

156



Nagy, P. (2013). “Kinetics and Mechanisms of Thiol-Disulfide Exchange Covering
Direct Substitution and Thiol Oxidation-Mediated Pathways.” Antioxid. Redox Signal,
18(13), 1623-1641.

Nakata, P.A. and McConn, M.M. (2000). “Isolation of Medicago truncatula Mutants
Defective in Calcium Oxalate Crystal Formation.” Plant Physiol., 124(3), 1097 —
1104.

Nara, S. and Komiya, T. (1983). “Studies on the Relationship between Water-satured
State and Crystallinity by the Diffraction Method for Moistened Potato Starch.”
Starch, 35(12), 407-410.

Nelson, D.L and Cox, M.M. (2005). Lehninger principles of biochemistry, W.H.
Freeman, New York., 190 — 233.

Neves, A.A., Vieira, L.M. and Menezes, J.C. (2001). “Effects of preculture

variability on clavulanic acid fermentation.” Biotechnol. Bioeng., 72(6), 628-633.

Njintang, Y. N. (2003). Studies on the production of taro (Colocasia esculenta) flour
for use in the preparation of achu — a taro based food, Ph.D thesis, Univ. Ngaoundere
(UN), Cameroon.

Njintang, Y.N., Mbofung, C.M.F., Moates, G.K., Parker, M.L., Craig, F., Smith, A.C.
and Waldron, W.K. (2007a). “Functional properties of five varieties of taro flour, and

relationship to creep recovery and sensory characteristics of achu (taro based paste).”

J. Food Eng., 82(2), 114-120.

Njintang, N.Y., Bouba, A.A., Mbofung, C.M.F., Aboubakar, N.Y.N., Bennett, R.N.,
Parker, M., Faulds, C.M., Smith, A. and Waldron, W.K. (2007b). “Biochemical
characteristics of taro (Colocasia esculenta) flour as determinant factors of the extend

of browning during Achu preparation.” Am. J. Food Tech., 2(2), 60-70.

157



Njintang, Y.N., Mbofung, C.M.F. and Kesteloot, R. (2007¢). “Multivariate analysis of
the effect of drying method and particle size of flour on the instrumental texture
characteristics of paste made from two varieties of taro (Colocasia esculenta L.
Schott) flour.” J. Food Eng., 81, 250-256.

Nuss, R.F. and Loewus, F.A. (1978). “Further studies on oxalic acid biosynthesis in

oxalate-accumulating plants.” Plant. Physiol., 61(4), 590-592.

Obzansky, D.M. and Richardson, K.E. (1983). “Quantification of urinary oxalate with
oxalate oxidase from beet stems.” Clin. Chem., 29 (10), 1815-1819.

Ogino, H. and Ishikawa, H. (2001). “Enzymes which are stable in the presence of
organic solvents.” J. Biosci. Bioeng., 91(2), 109-116.

Onuegbu, N.C., Nworah, K.O., Essien, P.E., Nwosu, J.N. and Ojukwu, M. (2013).
“Proximate, Functional and Anti-Nutritional Properties of Boiled Ukpo Seed (Mucuna
flagellipes) Flour.” Niger. Food J., 31(1), 1-5.

Opaleye, O., Rose, R.-S., Whittaker, M.M., Woo, E.J., Whittaker, J.W. and
Pickersgill, R.W. (2006). “Structural and Spectroscopic Studies Shed Light on the
Mechanism of Oxalate Oxidase.” J. Biol. Chem., 281(10), 6428-6433.

Okada, A., Nomura, S., Saeki, Y., Higashibata, Y., Hamamoto, S., Hirose, M. and
Kohri, K. (2008). “Morphological conversion of calcium oxalate crystals into stones
is regulated by osteopontin in mouse kidney.” J. Bone Miner Res., 23(10), 1629—
1637.

Oke, 0. L. (1969). “Oxalic acid in plants and in nutrition.” World Rev. Nutr. Diet, 10,
262-303.

Olsen, C. (1939). “Absorption of calcium and formation of oxalic acid in higher green
plants.” C. R. Trav. Lab. Carlsberg., 23, 101-124.

158



Owen, N.L and Hundley, N. (2004). “Endophytes—the chemical synthesizers inside
plants.” Sci. Prog., 87(2), 79-99.

Pabai, F., Kermasha, S. and Morin, A. (1996). “Use of continuous culture to screen
for lipase-producing microorganisms and interesterification of butter fat by lipase
isolates.” Can. J. Microbiol., 42(5), 446-452.

Panesar, P.S., Kumari, S. and Panesar, R. (2010). “Potential Applications of

Immobilized B-Galactosidase in Food Processing Industries.” Enzyme Res., 2010.

Patriarca, E.J., Tate, R. and laccarino, M. (2002). “Key role of bacterial NH4
metabolism in Rhizobium-plant symbiosis.” Microbiol. Mol. Biol. Rev., 66, 203—
22.

Peng, M. and Kuc, J. (1992). “Peroxidase-generated hydrogen peroxide as a source of
antifungal activity in vitro and on tobacco leaf disks.” Phytopathology, 82(6), 696-
699.

Perez-Pacheco, E., Moo-Huchin, V. M., Estrada-Leon, R. J., Ortiz-Fernandez, A.,
May-Hernandez, L. H., Rios-Soberanis, C. R. and Betancur-Ancona, D. (2014).
“Isolation and characterization of starch obtained from Brosimum alicastrum Swarts
seeds.” Carbohydr. Polym., 101, 920-927.

Pietta, P.G., Calatroni, A., Agneliini, D. and Pace, M. (1982). “Improved purification
protocol for oxalate oxidase from barley roots.” Prep. Biochem., 12 (4), 341-353.

Prabha, M.S., Divakar, K., Priya, J.D.A., Selvam, G.P., Balasubramanian, N. and

Gautam, P. (2014). “Statistical analysis of production of protease and esterase by a
newly isolated Lysinibacillus fusiformis AUOL: purification and application of

protease in sub-culturing cell lines.” Ann. Microbiol., 65(1), 33-46.

159



Pramodrao, K.S. and Riar, C.S. (2014). “Comparative study of effect of modification
with ionic gums and dry heating on the physicochemical characteristic of potato,
sweet potato and taro starches.” Food Hydrocoll., 35, 613-9.

Pundir, C.S. and Kuchhal, N.K. (1989). “Detection of an oxalate oxidase in grain
Sorghum roots.” Phytochemistry, 28(11), 2909-2912.

Pundir, C.S. and Nath, R. (1984). “Occurrence of an oxalate oxidase in Sorghum
leaves.” Phytochemistry, 23(9), 1871-1874.

Puri, S.C., Verma, V., Amna, T., Qazi, G.N. and Spiteller, M. (2005). “An endophytic
fungus from Nothapodytes foetida that produces camptothecin.” J. Nat. Prod., 68(12),
1717-1719.

Raphaelides, S. and Karkalas, J. (1988). “Thermal dissociation of amylose-fatty acid
complexes.” Carbohydr. Res., 172(1), 65-82.

Raven, J.A. and Smith, F.A. (1976). “Nitrogen assimilation and transport in vascular

land plants in relation to intracellular pH regulation.” New Phytol., 76, 415-431.
Read, D.J., Ducket, J.G., Francis, R., Ligron, R. and Russell, A. (2000). “Symbiotic
fungal associations in 'lower' land plants.” Philos. Trans. R. Soc. Lond. B. Biol. Sci.,

355, 815 — 830.

Reddi, A.S. (1986). “Riboflavin nutritional status and flavoprotein enzymes in
streptozotocin-diabetic rats.” Biochim. Biophys. Acta, 882(1), 71-76.

Reid, S.J. and Abratt, V.R. (2005). “Sucrose utilisation in bacteria: genetic
organisation and regulation.” Appl. Microbiol. Biotechnol., 67(3), 312-321.

160



Requena, L. and Bornemann, S. (1999). “Barley (Hordeum vulgare) oxalate oxidase is

a manganese-containing enzyme.” Biochem. J., 343,185-190.

Redecker, D., Kodner, R. and Graham, L.E. (2000). "Glomalean fungi from the
Ordovician." Science, 289, 1920-1921.

Riddles, P.W., Blakeley, R.L. and Zerner, B. (1983). “Reassessment of Ellman’s
reagent.” Methods Enzymol., 91, 49-60.

Rider, L.W., Ottosen, M.B., Gattis, S.G. and Palfey, B.A. (2009). “Mechanism of
Dihydrouridine Synthase 2 from Yeast and the Importance of Modifications for
Efficient tRNA Reduction.” J. Biol. Chem., 284(16), 10324-10333.

Roychoudhury, S., Parulekar, S.J. and Weigand, W.A. (1989). “Cell growth and
alpha-amylase production characteristics of Bacillus amyloliquefaciens.” Biotechnol.
Bioeng., 33(2), 197-206.

Russell, R.J., Ferguson, J.M., Hough, D.W., Danson, M.J. and Taylor, G.L. (1997).

“The crystal structure of citrate synthase from the hyperthermophilic archaeon

Pyrococcus furiosus at 1.9A ° resolution.” Biochemistry, 36, 9983-9994.

Sahin, N. (2005). “Isolation and characterization of a diazotrophic, oxalate-oxidizing

bacterium from sour grass (Oxalis pes-caprae L.)." Res Microbiol., 156(3), 452-456.

Santelia, D. and Zeeman, S. C. (2011). “Progress in Arabidopsis starch research and

potential biotechnological applications.” Curr. Opin. Biotechnol., 22(2), 271-280.

Sathishraj, R. and Augustin, A. (2012). “Oxalic acid and oxalate oxidase enzyme in
Costus pictus D. Don.” Acta Physiol. Plant., 34(2), 657—667.

Satyapal and Pundir, C.S. (1993).” Purification and properties of an oxalate oxidase
from leaves of grain sorghum hybrid CSH-5.” Biochim. Biophys. Acta, 1161(1), 1-5.

161



Savage, G.P., Vanhanen, L., Mason, S.M. and Ross, A.B. (2000). “Effect of Cooking
on the Soluble and Insoluble Oxalate Content of Some New Zealand Foods.” J. Food
Compos. Anal. 13, 201-206.

Schaub, M.C. and Heizmann, C.W. (2008). “Calcium, troponin, calmodulin, S100
proteins: from myocardial basics to new therapeutic strategies.” Biochem. Biophys.

Res. Commun. 369(1), 247-264.

Schumann, J., Bohm, G., Schumacher, G., Rudolph, R. and Jaenicke, R. (1993).
“Stabilization of creatinase from Pseudomonas putida by random mutagenesis.”
Protein Sci., 2, 1612-1620.

Scrutton, N.S., Basran, J., Sutcliffe, M.J. (1999). “New insights into enzyme
catalysis.” Eur. J. Biochem., 264(3), 666—671.

Sefa-Dedeh, S. and Agyir-Sackey, E.K. (2004). “Chemical composition and the effect
of processing on oxalate content of cocoyam Xanthosoma sagittifolium and Colocasia
esculenta cormels.” Food Chem., 85(4), 479-487.

Sieber, T.N., Canavesi, F. S. and Dorworth, C.E. (1991). “Endophytic fungi of red
alder (Alnus rubra Bong) leaves and twigs in British Columbia.” Can. J. Bot., 69,
407-411.

Singh, K.D., Schmalisch, M.H., Stulke, J. and Gorke, B. (2008). Carbon Catabolite
Repression in Bacillus subtilis: Quantitative Analysis of Repression Exerted by
Different Carbon Sources. J. Bacteriol., 190(21), 7275-7284.

Singh, N., Singh, J., Kaur, L., Singh Sodhi, N. and Singh Gill, B. (2003).

“Morphological, thermal and rheological properties of starches from different

botanical sources.” Food Chem., 81(2), 219-231.

162



Sjode, A., Winestranda, S., Nilvebrant, N.O. and Jonsson, L.J. (2008). “Enzyme-
based control of oxalic acid in the pulp and paper industry.” Enzyme Microbial
Technol., 43(2), 78-83.

Smalla, K., Wieland,G., Buchner, A. and Berg,G.(2001). “Bulk and Rhizosphere Soil
Bacterial Communities Studied by Denaturing Gradient Gel Electrophoresis: Plant-
Dependent Enrichment and Seasonal Shifts Revealed.” Appl. Environ. Microbiol., 67,
4742-4751.

Soni, P.L., Sharma, H.W., Bisen, S.S., Srivastava, H.C. and Gharia, M.M. (1987).
“Unique Physico-chemical Properties of Sal (Shorea robusta) Starch.” Starch, 39(12),
411-3.

Sooch, B.S. and Kauldhar, B.S. (2013). “Influence of multiple bioprocess parameters
on production of lipase from Pseudomonas sp. BWS-5.” Braz. Arch. Biol. Technol.,
56(5), 711-721.

Spampinato, C.P., Colombo, S.L. and Andreo, C.S. (1994). “Interaction of analogues
of substrate with NADP-malic enzyme from maize leaves.” Photosynth., Res. 39(1),
67-73.

Steiner, U., Muller, M.A., Markert, A., Kucht, S., Gross, J., Kauf, N., Kuzma, M.,
Zych, M., Lamshoft, M. and Furmanowa, M. (2006). “Molecular characterization of a
seed transmitted clavicipitaceous fungus occurring on dicotyledoneous plants
(Convolvulaceae).” Planta, 224, 533-544.

Sticher, L., Penel, C. and Greppin, H. (1981). “Calcium requirement for the secretion
of peroxidases by plant cell suspensions.” J. Cell.Sci. 48, 345-353.

Strobel, G.A. (2002). “Microbial gifts from rain forests.” Can. J. Plant Pathol. 24:
14-20.

163



Strobel, G.A. (2003). “Endophytes as sources of bioactive products.” Microbes
Infect., 5, 535-544.

Strobel, G.A., Daisy, B., Castillo, U. and Harper, J. (2004). “Natural products from
endophytic microorganisms.” J. Nat. Prod., 67(2), 257-268.

Sugimoto, Y., Nishihara, K. and Fuwa, H. (1986). “Some Properties of Taro
(Ishikawa-wase and Takenokoimo) and Yam (Iseimo and Nagaimo) Starches.” J. Jpn.
Soc. Starch Sci. 33(3), 169-176.

Sugiura, M., Yamamura, H., Hirano, K., Sasaki, M., Morikawa, M. and Tsuboi, M.
(1979). “Purification and properties of oxalate oxidase from barley seedlings.” Chem.
Pharmol. Bull., 27 (9), 2003-2007.

Tagodoe, A. and Nip, W.-K., (1994). “Functional properties of raw and precooked
taro (Colocasia esculenta) flours.” Int. J. Food Sci. Technol., 29(4), 457—-462.

Tainer, J.A., Getzoff, E.D., Richardson, J.S. and Richardson, D.C. (1983). “Structure
and mechanism of copper, zinc superoxide dismutase.” Nature, 306(5940), 284-287.

Tan, R.X. and Zou, W.X. (2001). “Endophytes: a rich source of functional
metabolites.” Nat. Prod. Rep. 18, 448-459.

Tejesvi, M.V., Nalini, M.S., Mahesh, B., Parkash, S.H., Kinni, R.K., Shetty, H.S. and
Subbiah, V. (2007). “New hopes from endophytic fungal secondary metabolite.” Bol.

Soc. Quim. Mex., 1, 19-26.

Tester, R.F. and Morrison, W.R. (1990). “Swelling and gelatinization of cereal
starches.” Cereal Chem., 67, 558-563.

164



Tripathi, A.K., Verma, S.C., Chowdhury, S.P., Lebuhn, M., Gattinger, A. and
Schloter, M., (2006). Ochrobactrum oryzae sp. nov., an endophytic bacterial species

isolated from deep-water rice in India.” Int. J. Syst. Evol. Microbiol., 56, 1677-1680.

Tuberosa, R., Graner, A. and Frison, E. (2013). “Genomics of Plant Genetic
Resources” Crop productivity, food security and nutritional quality. Springer Science

& Business Media.

Varalakshmi, P. and Richardson, K.E. (1992). “Studies on oxalate oxidase from beet

stems upon immobilization on concanavalin A.” Biochem. Int. 26(1), 153-162.

Velasco, J., Romero, C., Lopez-Goni, I., Leiva, J., Diaz, R. and Moriyon, I. (1998).
“Evaluation of the relatedness of Brucella spp. and Ochrobactrum anthropi and
description of Ochrobactrum intermedium sp. nov., a new species with a closer

relationship to Brucella spp.” Int. J. Syst. Bacteriol., 48, 759-768.

Vetriani, C., Maeder, D.L., Tolliday, N., Yip, K.S., Stillman, T.J., Britton, K.L., Rice,
D.W., Klump, H.H. and Robb, F.T. (1998). “Protein thermostability above 100
degrees C: a key role for ionic interactions.” Proc Natl Acad Sci USA., 95, 12300-
12305.

Vuletic, M. and Sukalovic, V.H.T. (2000). “Characterization of cell wall oxalate
oxidase from maize roots.” Plant Sci., 157(2), 257-263.

Wackerow-Kouzova, N.D. (2007). “Ochrobactrum intermedium ANKI, a nitrogen-
fixing bacterium able to decolorize azobenzene.” Appl. Biochem. Microbiol. 43, 403—

406.

Wallis, R.B. and Holbrook, J.J. (1973). “The reaction of a histidine residue in
glutamate dehydrogenase with diethyl pyrocarbonate.” Biochem. J., 133(1), 183-187.

165



Walsh, C.T., Garneau Tsodikova, S. and Gatto, G.J. (2005). “Protein Posttranslational
Modifications: The Chemistry of Proteome Diversifications.” Angew. Chem. Int. Ed.,
44(45), 7342-7372.

Wang, J.J. and Shih, J.C.H. (1999). “Fermentation production of keratinase from
Bacillus licheniformis PWD-1 and a recombinant B. subtilis FDB-29.” J. Ind.
Microbiol. Biotechnol. 22(6), 608-616.

Weber, R.W., Stenger, E., Meffert, A. and Hahn, M. (2004a). “Brefeldin A production
by Phoma medicaginis in dead pre-colonized plant tissue: a strategy for habitat
conquest." Mycol.Res., 108, 662—671.

Weber, D., Sterner, O., Anke, T., Gorzalczancy, S., Martino, V. and Acevedo, C.
(2004b). “Phomol, a new antiinflammatory metabolite from an endophyte of the
medicinal plant Erythrina crista-galli.” J. Antibiot. (Tokyo), 57, 559-563.

Webb, M.A., Cavaletto, J.M., Carpita, N.C., Lopez, L.E. and Arnott, H.J. (1995).
“The intravacuolar organic matrix associated with calcium oxalate crystals in leaves
of Vitis.” Plant.J., 7, 633-648.

Webb, M.A. (1999). “Cell-mediated crystallization of calcium oxalate in plants.”
Plant Cell, 11, 751-761.

Wen, L., Miao, ZW. and Qing, W.D. (1999). “Chemical Modification of Xylanase
from Trichosporon cutaneum shows the Presence of Carboxyl Groups and Cysteine
Residues Essential for Enzyme Activity.” J. Protein Chem., 18(6), 677—686.

Whitlow, M., Howard, A. J., Finzel, B. C., Poulos, T. L., Winborne, E. and Gilliland.
G. L. (1991). “A metal-mediated hydride shift mechanism for xylose isomerase based
on the 1.6A° Streptomyces rubiginosus structures with xylitol and D-xylose.”
Proteins, 9,153-173.

166



Winestrand, S., Johansson, K., Jarnstrom, L. and Jonsson, L.J. (2013). “Co-
immobilization of oxalate oxidase and catalase in films for scavenging of oxygen or
oxalic acid.” Biochem. Eng. J., 72, 96-101.

Wong, S.S. and Jameson, D.M. (2011). Chemistry of Protein and Nucleic Acid Cross-
Linking and Conjugation, Second Edition. CRC Press.

Woo, E., Dunwell, J.M., Goodenough, P.W. and Pickersgill, R.W. (1998). “Barley
oxalate oxidase is a hexameric protein related to seed storage proteins: evidence from
X-ray crystallography.” FEBS. Lett. 437(1-2), 87-90.

Woo, E., Dunwell, J.M., Goodenough, P.W., Marvier, A.C. and Pickersgill, R.W.
(2000). “Germin is a manganese containing homohexamer with oxalate and
superoxide dismutase activities.” Nat. Struct. Biol., 7(11), 1036-1040.

Xie, J.-J., Song, K.-K., Qiu, L., He, Q., Huang, H. and Chen, Q.-X. (2007).
“Inhibitory effects of substrate analogues on enzyme activity and substrate

specificities of mushroom tyrosinase.” Food Chem., 103(4), 1075-1079.

Yamashita, H., Nakatani, H. and Tonomura, B. (1991). “Substrate-selective activation
of histidine-modified porcine pancreatic alpha-amylase by chloride ion.” J. Biochem.,
110(4), 605-607.

Yang, J. and Loewus, F.A. (1975). “Metabolic conversion of L-ascorbic acid in

oxalate-accumulating plants.” Plant Physiol., 56, 283-285.

Young, C.A., Felitti, S., Shields, K., Spangenberg, G., Johnson, R.D., Bryan, G.T.,
Saikia, S. and Scott, B. (2006). “A complex gene cluster for indole-diterpene
biosynthesis in the grass endophyte Neotyphodium lolii.” Fungal Genet. Biol., 43(10),
679-693.

167



Yu, TW., Bai, L., Clade, D., Hoffmann, D., Toelzer, S., Trinh, K.Q., Xu, J., Moss,
S.J., Leistner, E. and Floss, H.G. (2002). “The biosynthetic gene cluster of the
maytansinoid antitumor agent ansamitocin from Actinosynnema pretiosum.” Proc.
Natl. Acad. Sci. USA., 99(12), 7968-7973.

Zaleski, W. and Reinhard, A. (1912). “Uber die fermentative Oxydation der
Oxalsaure.” Biochem. Z., 33, 449 — 455,

Zeeman, S. C., Kossmann, J. and Smith, A. M. (2010). “Starch: Its Metabolism,
Evolution, and Biotechnological Modification in Plants.” Annu. Rev. of Plant Biol.,
61(1), 209-234.

Zhang, H.W., Song, Y.C. and Tan, R.X. (2006). “Biology and chemistry of
endophytes.” Nat. Prod. Rep., 23(5), 753-771.

Zhao, X.Y. and Hutchens, T.W. (1994). “Proposed mechanisms for the involvement
of lactoferrin in the hydrolysis of nucleic acids.” Adv. Exp. Med. Biol., 357, 271-278.

Zindler-Frank E. (1987). “Calcium oxalate in legumes.” Advances in Legume
Systematics, E. Stirton, ed., Part 3. Kew, UK: Royal Botanic Gardens, 279-316.

Zhu, F. and Wang, Y.-J. (2013). “Characterization of modified high-amylose maize

starch-a-naphthol complexes and their influence on rheological properties of wheat
starch.” Food Chem., 138(1), 256-262.

168



APPENDICES



APPENDIX |

SCREENING MEDIUM COMPOSITION

Composition (gL ™)
KH2PO4 3
NazHPO4 6
NaCl 5
NHCI 2
MgSO4. 7H20 0.1
MnSO4 0.05
Calcium Oxalate 5
Biotin 0.0015
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APPENDIX 11

BACTERIAL BIOMASS ESTIMATION

Bacterial growth in shake flask was monitored by measuring the optical density at 600
nm. The obtained optical density values were converted to dry cell weight (gL™) using
a calibration curve. For calibration curve, bacterial cultures from log phase of their
growth were diluted to different dilutions with sterile growth medium and the
absorbance was measured. The same diluted known quantity was centrifuged at 8,000
rpm for 10 minutes to get pellets and the pellets were kept in hot air oven for 12 h for

dry weight measurement.
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Figure A 1l (A) Calibration plot for bacterial biomass estimation
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Figure A 11 (B) Growth curve of Ochrobactrum intermedium CL6 in growth
medium
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Figure A 11(c) Growth curve of Ochrobactrum intermedium CL6 in production
medium
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APPENDIX 111

STANDARD CURVES FOR QUANTITATIVE ESTIMATION

Standard curve of hydrogen peroxide

Standard curve was prepared using commercially available hydrogen peroxide
solution dissolved in succinate buffer 0.05 M, pH 3.8.0. Addition of 1 mL of
colouring reagent comprising 0.1 mM MBTH (3-Methyl-2-Benzothiazolinone
Hydrazone) and 0.72 mM DMA (N, N-Dimethylaniline) along with 3 U of 20 pL of
peroxidase (Sigma Aldrich) solution in the test tubes containing hydrogen peroxide
solution results in formation of purple colour indamine dye. The colour produced due
to indamine dye formation was read at 600 nm. The amount of hydrogen peroxide
produced from the different samples due to oxalate oxidase activity on oxalic acid
was determined by extrapolating the standard curve prepared using hydrogen peroxide
in the range of 0.001-0.030 mmol.
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R? =0.9968

Absorbance at 600nm
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Figure A 111 (A) Standard graph of hydrogen peroxide
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Standard protein curve for total protein estimation of unknown samples

Bovine serum albumin (BSA) was used to prepare the standard stock solution (500
ug/mL). A series of BSA solutions in the concentration range of 0-500 pg/mL was
prepared by mixing BSA stock solution with 0.05 M sodium succinate buffer (pH3.8)
in different test tubes. This standard curve for protein estimation of unknown samples

was made by using Folin- Lowry’s method.
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0.8 RZ = 0.9995
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Figure A 111 (B) Standard protein curve by Folin- Lowry’s method.

Standard oxalic acid curve

The range of oxalic acid standards (0.0125 — 0.05 mg/mL) was prepared in distilled
water and filtered through a 0.45 pum cellulose acetate membrane. 20 pL filtrate was
analysed using a HPLC system (Shimadzu, Japan), and UV/ VIS detector set at 254
nm. Data capture and processing were carried out using the Lab Solution software.
The chromatographic separation was carried out using an RP C18 (4.6 mm
1.Dx250mm) analytical column attached to a guard column, using an isocratic elution
at 0.5 mL/min with 0.3% acetic acid as a mobile phase. The analytical column was
held at 30°C and the column was equilibrated at a flow rate of 0.5mL/min prior to use

and in between standard sample sets. The oxalic acid peak and the retention time were
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compared for the entire range of oxalic acid standards. The standard oxalic acid curve

was plotted with area under the peak and concentration of oxalic acid.
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Figure A 111 (C) Standard oxalic acid curve by HPLC method

Standard curve for molecular weight determination by SDS page

Standard proteins run in SDS PAGE were of medium range (97.4 — 20KDa). On the
basis of molecular weight marker ran parallel with proteins during each purification
steps in SDSPAGE, target protein molecular weight was calculated with the help of
standard curve generated from log molecular weight of standard proteins and their
corresponding relative mobility. The protein markers and their corresponding

molecular weight are tabulated below.
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Table A 111 (A) Standard proteins and their molecular weight

Protein marker Molecular weight (kDa)
Phosphorylase b 97.4

Bovine Serum Albumin 66

Ovalbumin 43

Carbonic Anhydrase 29

Soyabean Trypsin Inhibitor 20
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Figure A 111 (D) Standard curve for molecular weight determination by SDS
PAGE

175



APPENDIX IV

DETERMINATION OF PROTEIN CONTENT BY USING FOLIN-LOWRY
METHOD

Reagents
A. 2% Na,COs in 0.1N NaOH
B. 0.5% CuSOasin 1% Na-K Tartarate solution
C. Solutions A and B are mixed in the ratio 50:1 just before use.
D. Commercially available Folin-Ciocalteau reagent diluted with distilled water

in the ratio 1:1 just before use.

To 1 ml of sample, 5.5 ml of solution C was added and incubated at room temperature
for 10 minutes followed by the addition of 0.5 ml of solution D and it was incubated

in the dark for 30 minutes.

SDS-PAGE OF PROTEINS FOR THE DETERMINATION OF THE
MOLECULAR WEIGHT

SDS-PAGE is a routine method used for qualitative characterization of proteins in
biological preparations and for the estimation of protein molecular weight.

A strong anionic detergent sodium dodecyl sulphate (SDS) is used in combination
with heat to dissociate the proteins before they are loaded on the gel. The denatured
protein binds to SDS and become negatively charged while exhibiting a consistent
charge to mass ratio. The SDS - polypeptide complexes migrate through
polyacrylamide gels with mobilities dependent on the size of the polypeptide.

Assembling the gel moulding cassette for the SDS-PAGE

The glass plates along with the comb and spacers were cleaned thoroughly and rinsed
with deionised water followed by ethanol and was dried under dust free conditions.

The glass plates were aligned in the holders while achieving a leak proof condition.
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Preparation of the gel

The resolving gel was prepared according to the recipe mentioned in section 2 below
and the contents were mixed thoroughly before dispensing it into the gap assembled
glass cassette with care as to not form any air bubbles. Enough space was left for
casting the stacking gel and water was poured over the edge of the gel to prevent
dehydration of the gel. The gel was left undisturbed in a vertical position for
polymerization to occur.

The stacking gel was prepared according to the recipe mentioned in section 3 below
and mixed thoroughly and carefully poured till the edge of the casting gel without the
formation of any air bubble. The comb was inserted carefully into the stacking gel.

The gel was left undisturbed in a vertical position for polymerization to occur.

Mounting the gel in the electrophoresis apparatus and electrophoretic separation

After the polymerization was complete, the comb was carefully removed from the
polymerized gel and the wells were washed with the SDS-PAGE running buffer
(section 4) to remove any unpolymerized acrylamide. The gel assembly was removed
from the clamp and placed onto the electrophoresis unit. The electrophoresis buffer
was added to the unit till the edge of the gel cassette was completely immersed in it.
The samples were loaded into the wells ensuring that the samples did not overflow
from the respective wells. The electrical connections were made according to the
manufacturer’s specification.

The electrophoresis was performed at a constant voltage of 50 V till the dye front
reached the end of the gel. The process was stopped once the dye front reached the
edge of the gel and the assembly was removed from the unit. The glass cassette
containing the gel was separated and the gels were stained.

Preparation of the samples (under denaturing and non-reducing conditions)

Before loading the sample on the SDS-PAGE, 50-100 pL of the sample buffer with an
equal volume of each sample was mixed and denatured by heating at 100 °C for 3

min.
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Silver nitrate staining

The gel after electrophoresis of samples was stained by silver nitrate method as

described in next section.

Composition of gels and buffers used for SDS-PAGE
1. Acrylamide-bis —acrylamide solution
e 30% acrylamide

e 0.8% bisacrylamide

2. Resolving gel (10%), 20 mL
e 6.6 mL Acrylamide-bis —acrylamide solution
e 5mL1.5M Tris- HCI, pH 8.8
e 0.2mL 10% SDS
e 0.1 mL 10% APS
e 10 uL TEMED

e Rest deionised water

3. Stacking gel (5%), 10 mL
e 1.66 mL Acrylamide-bis —acrylamide solution
e 25mL 0.5M Tris- HCI, pH 6.8
e 0.1 mL 10% SDS
e 0.05mL 10% APS
e 4uL TEMED

e Rest deionised water

4. Running buffer (0.025M Tris pH 8.3, 0.192 M glycine, and 0.1 % SDS)
e 3gtris
e 14.4gqglycine
e 10mL 10% SDS
The reagents were mixed in 500 mL distilled water and made up the final volume to 1

liter after adjusting the final pH to 8.3 using conc. HCI.
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5. Sample buffer, 2X (20 mL)
e 5 mL stacking gel buffer
e 8 mL 10% SDS
e 4mL Glycerol
e 0.8 mL 1% Aqueous bromophenol blue

e Rest distilled water

SILVER NITRATE STAINING METHOD
1. The gel was fixed in 10% methanol, 10% acetic acid for 30 minutes.
2. The gel was washed 4 times in water for 5 minutes per wash.
3. The gel was incubated in 0.02% sodium thiosulfate solution for one minute.
4. The gel was again washed 3 times quickly with water.

5. 0.2% silver nitrate solution was used to impregnate the washed gel from step 4
for 20 minutes.

6. The gels was then immersed in a tray containing water for 1 minute and
quickly transferred into developer solution (10 g potassium carbonate, 20 ml
sodium thiosulfate solution from step 3, and 250 pl 40% formaldehyde in 500

ml).

7. When adequate degree of staining was achieved, the gel was transferred to the

Tris stop solution (4% wi/v Tris and 2% Acetic acid) for atleast 30 minutes.

8. Finally the gel was washed again in water and stored in water for several days.
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APPENDIX V

ENZYME ACTIVITY AND RELATIVE ENZYME ACTIVITY OF OXALATE

OXIDASE (OXO)

Table AV (A) Effect of various sugars in medium on biomass growth and

Oxalate Oxidase activity

Carbon sources Enzyme activity (U/mL) Biomass (g/L)

Sodium oxalate 0.06733 0.304
Sodium oxalate +Sucrose 0.12833 0.826
Sodium oxalate +Glucose 0.08833 0.819
Sodium oxalate + Glycerol 0.09667 0.31133

Table AV (B) Effect of sucrose concentration on the Oxalate Oxidase activity

Sucrose Concentration Enzyme activity (U/mL)
(mM)
20 0.128
40 0.125
60 0.0955
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Table AV (C) Effect of various nitrogen sources in medium on Oxalate Oxidase

production
Nitrogen sources Enzyme activity (U/mL)
Ammonium Chloride 0.12833
Sodium Nitrate 0.00767
Yeast extract 0.03733
Peptone 0.02833
Casein Hydrolysate 0.1

Table AV (D) Effect of NH4CIl Concentrations on Oxalate Oxidase activity

Ammonium Enzyme activity Time of Peak
Chloride (U/mL) Enzyme activity
Concentration (h)
(mM)
2 0.128 48
4 0.128 65
6 0.128 84
8 0.065 84

Table AV (E) Effect of Mn?* ions on the activity of the Oxalate Oxidase

Manganese Enzyme activity
concentration (g/L) (U/mL)
0.025 0.10333
0.05 0.15033
0.075 0.095
0.1 0.08
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Table AV (F) Effect of fill up volume of the culture flask on the growth of the
microorganism and activity of Oxalate Oxidase

Fill up volume Enzyme activity (U/mL) Biomass (g/L)
One-half 0.06333 0.4595
One-fourth 0.23667 7.25
One-fifth 0.33333 8.08
one-tenth 0.48333 9.08

Table AV (G) Effect of pH on the growth of the organism and activity of the

enzyme Oxalate Oxidase

pH Enzyme activity (U/mL) Biomass (g/L)
5 0 0.63333
6.5 0.493 8.78667
7.5 0.125 5.90067
8 0.20 7.5

Table AV (H) Effect of temperature on the growth of the organism and activity
of the enzyme Oxalate Oxidase

Temperature Enzyme activity (U/mL) Biomass (g/L)
25°C 0.05183 5.45833
30°C 0.48333 8.23133
35°C 0.49833 7.79867
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Table AV (I) Effect of agitation speed on the growth of the organism and

activity of Oxalate Oxidase

RPM Enzyme activity (U/mL) Biomass (g/L)
150 0.05183 8.21467
175 0.48333 9.49067
200 0.49833 10.734

Table AV (J) Time course study of Oxalate Oxidase production in optimized

medium and conditions

Incubation Period Oxalate Oxidase activity (U/mL)
0 0
12 0.027
24 0.117
36 0.202
48 0.26
60 0.456
65 0.503
72 0.420
84 0.253
96 0.213
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Table AV (K) Effects of temperature on the stability of the purified Oxalate
Oxidase

Temperature Relative activity (%)
Time (h)

0.5 2 4 6
4°C 100.20 96.47 102.23 98
30°C 100.33 100.45 105.43 98.66
60°C 102.32 105.21 98.27 101.66
80°C 105.54 98.33 10.09 100.33
85°C 100.33 95.17 80.05 70
100°C 40.45 30.43 20.26 14

Table AV (L) Effect of temperature on the activity of the purified Oxalate
Oxidase

Temperature | Enzyme Relative
activity activity (%)
(U/mL)

25°C 0.108 27.33

30°C 0.156 39

45°C 0.372 93.33

50°C 0.376 94.33

60 °C 0.392 98.33

80°C 0.41 102.66

85°C 0.384 96.66

100°C 0.06 15.33
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Table AV (M) Effects of pH on the stability of the purified Oxalate Oxidase

pH Relative activity (%)
Time (h)
0.5 2 4 6

2.2 100.05 100.17 95.5 95
4 100.32 100.23 88.4 84

6 100.45 100.29 80.37 75

8 100.23 100.21 65 62.5
10 60 50.86 25 23

Table AV (N) Effects of pH on the activity of the purified Oxalate Oxidase

pH Enzyme Relative
activity activity (%)
(U/mL)

3 0.308 77

3.4 0.336 84

3.6 0.36 90

3.8 0.4 100

4.0 0.36 90

4.2 0.34 85

5 0.252 63

5.5 0.24 60

6 0.208 52.33
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Table AV (O) Data for Lineweaver — Burk Plot (1/S vs 1/V)

Substrate Enzyme activity,V 1/[S] 1/[V]
concentration,S (U/mL)
(mM)
0.093 0.0625 10.75 16
0.15 0.1 6.66 10
0.186 0.125 5.37 8
0.373 0.1875 2.68 5.33
0.74 0.2 1.35 5
1.45 0.25 0.689 4
2 0.285 0.5 3.5
2.9 0.375 0.344 2.66
5.8 0.375 0.172 2.66
11.6 0.375 0.086 2.66

Table AV (P) Effect of substrate analogue, glycolate on Oxalate Oxidase

Glycolate concentration Enzyme activity (U/mL) | Relative activity (%)
(mM)
0.1 0.375 100
0.5 0.349 93.33
1 0.38 101.33
3 0.371 99
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Table AV (Q) Effect of sodium sulphite on Oxalate Oxidase

Sulphite concentration Enzyme activity (U/mL) | Relative activity (%)
(mM)
0.01 0.1875 50.33333
0.1 0.190 50.9
1 0.126 34

Table AV (R) Effect of sodium chlorate on Oxalate Oxidase

Chlorate concentration Enzyme activity (U/mL) | Relative activity (%)
(mM)
0.1 0.167 44.77
1 0.169 45.26
5 0.168 45.03

Table AV (S) Effect of Lignin model compound Vanillin on Oxalate Oxidase

Vanillin concentration Enzyme activity (U/mL) | Relative activity (%)
(mM)
0.1 0.073 19.76
1 0.0718 19.16
5 0.049 13.33
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Table AV (T) Effect of 5, 5-dithio-bis-(2-nitrobenzoic) acid (DTNB)
concentration and reaction time on the activity of Oxalate oxidase(OxO) of
Ochrobactrum intermedium CL6

Concentration

Pre incubation Time (min)

of DTNB
10 20 30 40
0.2 mM Enzyme activity (U/mL) 0.4 0.36 0.4 0.36
Relative activity 100 90 100 90
(%)
0.4 mM Enzyme activity (U/mL) 0.45 0.46 0.44 0.448
Relative activity 112.5 115 110 112
(%)
0.6 mM Enzyme activity (U/mL) | 0.424 0.44 0.4 0.4
Relative activity 106 110 100 100
(%)
0.8 mM Enzyme activity (U/mL) 0.36 0.36 0.34 0.4
Relative activity 90 90 85 100

(%)
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Table AV (U) Effect of diethylpyrocarbonate (DEPC) concentration and
reaction time on the activity of Oxalate Oxidase

Concentration Pre incubation Time (min)
of DEtPC
30 60 90
1mM Enzyme activity (U/mL) 0.4 0.36 0.4
Relative activity 100 90 100
(%)
5mM Enzyme activity (U/mL) 0.6 0.58 0.56
Relative activity 150 145 140
(%)
10 mM Enzyme activity (U/mL) 0.8 0.8 0.74
Relative activity 200 200 185
(%)
15 mM Enzyme activity (U/mL) 0.8 0.84 0.76
Relative activity 200 210 190
(%)
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Table AV (V) Effect of 1- ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDAC) concentration and reaction time on the activity of Oxalate Oxidase

Concentration

Pre incubation Time (min)

of EDAC
30 60 90
10 mM Enzyme activity (U/mL) 0.4 0.2 0.2
Relative activity 100 50 50
(%)
30 mM Enzyme activity (U/mL) 0.1 0.1 0.048
Relative activity 25 25 12
(%)
60 mM Enzyme activity (U/mL) 0.1 0.1 0.008
Relative activity 25 25 2
(%)
100 mM Enzyme activity (U/mL) 0.008 0.016 0.008
Relative activity 2 4 2
(%)

Table A V (W) Effect of N-bromosuccinimide (NBS) concentration and reaction
time on the activity of Oxalate Oxidase

Pre Concentration of NBS
incubation
Time 0.01 mM 0.025 mM 0.05 mM
(min) 0.02
Enzyme | Relative | Enzyme | Relative | Enzyme | Relative
activity | activity | activity | activity | activity | activity
(U/mL) (%) (U/mL) (%) (U/mL) (%)
15 0.3 75 0.15 375 0.14 35
30 0.25 62.5 0.15 37.5 0.12 30
90 0.1 25 0.05 12.5 0.048 12
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Table AV (X) Effect of sulfonyl fluoride (PMSF) concentration and reaction
time on the activity of Oxalate Oxidase

Pre incubation Time (min)

Concentration

Relative activity

(%)

of PMSF
30 60 90
1mM Enzyme activity (U/mL) 0.4 0.388 0.4
Relative activity 100 97 100
(%)
5mM Enzyme activity (U/mL) 0.38 0.42 0.412
Relative activity 95 105 103.5
(%)
15 mM Enzyme activity (U/mL) 0.408 0.42 0.392
Relative activity 102 105 98
(%)
30 mM Enzyme activity (U/mL) 0.4 0.412 0.392
100 103 98
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Table A V (Y) Physicochemical properties of treated (ET) and untreated (NT)
Taro starch

Water binding capacity (%)

Samples 65°C 80°C 100°C
ET 282.33+2.33 551+15.57 673.83+26.07
NT 413.33+10.03 727+13.86 869.33+24.77

Swelling power (g/g)

ET 3.19+0.153 3.43+0.233 15.32+0.376

NT 4.06+0.144 8.32+0.230 20.66+0.837

Solubility (%)

ET 9.02+0.268 9.56+0.348 21.66+0.66
NT 3.03+0.257 17.66+1.76 22.66+1.45
% Amylose content Paste clarity Granule size (um)
ET 7.52+0.049 9.38+0.198 1-2
NT 6.81+0.083 10.44+0.79 1-2
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APPENDIX VI

HPLC CHROMATOGRAM
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Figure A VI (A) Chromatogram of standard oxalic acid
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Figure A VI (B) Chromatographic separation of samples made out from Taro
flour. Arrow indicates the peak of oxalic acid eluted out from the column.
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