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ABSTRACT
Discharges from manufacturing companies such as the textile industries, accounts globally for up
to 280,000 tons of dye wastes annually leading to a wide range environmental pollution and
health hazards. Due to the high costs of chemical treatment methods of these dyes, in Nigeria and
other African countries, these dye wastes remain in the environment endangering the lives and
health of aquatic animals and humans. Hence, there is need to develop a cheaper and efficient
means of decontamination. A green technology that rely on enzyme-mediated bioremediation of
dye pollutants is therefore considered. In this study, seven previously unexplored organisms
belonging to cyanobacteria and microalgae were screened for production of laccase, an enzyme
with established bioremediation activities. For the first time, it was reported herein that the
cyanobacteria Microcystis flos aquaeproduce a novel extracellular laccase. The laccase was
purified to homogeneity using a combination of ammonium sulphate precipitation, dialysis,
anion exchange and size exclusion chromatographic techniques. The yield for the laccase was
0.55% (w/w) with a purification fold of 10.21, and specific activity of 0.16 mmol/min/mg at 40
°C and pH of 4. The enzyme had an estimated molecularweight of ~66 kDa on SDS-PAGE.
Kinetic assessments using ABTS [2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid] as
substrate indicated that the laccase has Ky and Vima values of 51.71 mM and 5.02 pM.min™,
respectively. The activity of the enzyme is suppressed by the presence of EDTA and Fe®*
whereas Cu®* is needed by the enzyme to be functional. The bioremediation potential of the
laccase was assayed using 0.039¢g/L of Cibacron Brilliant Blue (CiBB) solution. The CiBB dye,
which is an azo dye was rapidly decolorized within 3 hours at 40 °C and pH 4. In conclusion, the
purified laccase from Microcystis flos aquae could be used for bioremediation of textile

effluents.

Vi
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CHAPTER ONE

1.0 INTRODUCTION
1.1 Background of the Study

Exploration for efficient and green oxidation technologies has increased interest in the use of
enzymes to replace conventional non-biological methods. Among these oxidant enzymes,
laccases have been the subject of study because of their important role in environmental
protection, where enzymatic catalysis could be more advantageous than the chemical process
(Baldrian 2006; Riva 2006; Rodriguez and Toca 2006, 2007). Laccases (EC 1.10.3.2,
benzenediol: oxygen oxidoreductases) are extracellular multicopper oxidases involved in the
breakdown of recalcitrant aromatic compounds, which result in the reduction of oxygen to water
after the oxidation of their substrates (Giardina et al.,2010).Molecular oxygen serves as the
terminal electron acceptor and is thus reduced to two molecules of water as shown in the

equation (i) below:
Oy +4e ~+4H T = 2Hy0 coneeee e (D)

ABTS (2,2’-Azino-bis-3-ethylbenzothiazo-line-6-sulfonic acid) is the commonly used substrate
in laccase activity assays, followed by 2,6-dimethoxyphenol (2,6-DMP), catechol, guaiacol, and
syringaldazine(Giardina et al., 2010). Reports have shown that laccases have wide range of
substratesusing molecular oxygen as the final electron acceptor, thus this contribute to their
widespread applications in various industries, such as textile, food, biofuel, organic synthesis,
bioremediation, paper and pulp, pharmaceutical, and cosmetic industries (Huang et al., 2011;
Pezzella et al., 2013; Viswanath et al., 2014; Senthivelan et al., 2018; Sitarz et al., 2016;
Upadhyay et al., 2016). Until recently, laccases and laccase-like multicopper oxidases were

found in higher plants, fungi, insects, prokaryotes and lichens (Claus 2004; Lisov et al., 2007).



As yet, indications for the occurrence of extracellular laccase-like phenol oxidases in algae are
limited to the demonstration of the oxidation of typical laccase substrates by cell-free culture
supernatants of green microalgae (La Russa et al., 2008), whereas information about structural or
catalytic properties of such enzymes is still missing.

While there has been more work done on the biotransformation of aromatic compounds by fungi
and bacteria, the ability of algae to degrade various phenolic and other aromatic compounds, like
synthetic dyes and polyaromatic hydrocarbons, is just in its early stage (Ghasemi et al., 2011;
Subashchandrabose et al., 2013). Phenol metabolism in algae may proceed via hydroxylation and
ring cleavage pathways. In view of the phylogenetic distribution of laccases, it could be expected
that these enzymes are present not only in higher, but in more ancestral plants as well (McCaig et
al., 2005).Ronnerstrand (1943) was the first to report laccase-like enzyme activity in red algae.
The presence of algal laccases has been discussed with respect to the evolution of lignin and
related polymers (Viswanath et al., 2014) and has also been proposed to contribute greatly in
rendering diverse phenolic pollutants harmless (Subashchandrabose et al., 2013; Chiaiese et al.,
2011; Kilig et al., 2011). In the last decade, various green algae were found to oxidize typical
laccase substrates extracellularly (La Russa et al., 2008; Otto et al., 2014; Chiaiese et al., 2011,
Kilig et al., 2011).

Green algae are traditionally recognized as important primary producers, the abilities of green
algae to biodegrade harmful environmental pollutants and complex natural compounds become
increasingly apparent (Ghasemi, Rasoul-Amini et al., 2011; Subashchandrabose et al., 2013).
For instance, micropollutants like the xenoestrogen 17a- ethinylestradiol (EE2) can be acted
upon by green microalgae (Greca et al., 2008). The algae play an important role in controlling

and biomonitoring of organic pollutants in aquatic ecosystems (Kaoutar et al., 2014). The use of



higher plants and bacteria for bioextraction and rendering heavy metals and organic pollutants
harmless have been extensively studied (Kaoutar et al., 2014). However, the use of microalgae in
bioremediating polluted aquatic environment is gaining attention. Several other green algae were
shown to oxidize typical laccase substrates (La Russa 2009; Chiaiese et al.,2011; Kilic, et
al.,2011).

Studies on bioaccumulation/biodegradation of organic xenobioticsin green algae is of great
importance from environmental point of view because of widespread distribution of these
compounds in agricultural applications, making them to be one of the major problems in aquatic
ecosystem (Jin et al., 2012). The algae haveproved to be effective in biosorption of heavy metals
as well as (Suresh and Ravishankar 2004) bioremediation of colored wastewater containing
triphenylmethane and azo dyes, p-nitrophenol and phenanthrene (Acuner and Dilek 2004; Lima
et al., 2003).These bioremediation capabilities of microalgae are useful for environmental
sustainability (Li et al.,2010; Ellis et al., 2012).

1.2 Statement of Research Problem

Industries such as textiles, tanneries, paper and pulp operate in Nigeria producing large volume
of liquid waste (effluent) containing these dyes and are released with little or no treatment and
little attention is paid by the government agencies. These effluents are discharged into nearby

surface water and channel into rivers/tributaries polluting water, soil and the environment.

The contamination of soil, water, and air by toxic chemicals has become one of the major
environmental problems faced by the world today. With industrialization the driving tool of the
modern world, the pollution of the environment with mandate organic compounds has become a

serious problem with an annual estimate of eighty billion pounds of hazardous organo-pollutants



produced in the United States and not more than 10% of these are disposed of safely (Viswanath

et al.,2014).

The accumulation of organic pollutants in the environment can cause serious problems to the
stability of many aquatic ecosystems and the resultant harmful effects on human health and the
environment (Kaoutar et al., 2014). Human activities involving these persistent organic

pollutants have adverse effects on environment and human health (Kaoutar et al., 2014).

Azo dyes represent up to 70% of dyestuff used in textile and other industries (Wang et al., 2017).
With about 280,000 tons of unbound xenobiotic dyes discharged annually as wastewater (Jin et
al., 2007). The synthetic dyes which are toxic, mutagenic and carcinogenic contains colored
components (Leechart et al., 2009), thus affect the balance of aquatic ecosystem and pose threat
to public health due to bioaccumulation and cause soil contamination (Sriram et al., 2013). In
addition, the reduced intermediates of azo dyes which are the aromatic amines, possess more

harmful effect than the dyes themselves (Gomi et al., 2011).

1.3 Justification of the Study

Bioremediation has served as a promising technology for removing unwanted xenobiotics
compared to the conventional physicochemical management practices (Sannino et al., 2016).
Investigation on organic xenobiotics bioaccumulation/biodegradation in green algae is of great
importance from environmental point of view.Wide spread of these organic xenobiotics has
become one of the major problems in aquatic ecosystem (Jin et al., 2007). In the past decade, the
use of microalgae in removing toxic and harmful substancesfrom colored wastewater has gained
a lot of interest in bioremediation related researches for environmental sustainability (Li et al.,

2010, Ellis et al., 2012).



Of the over one hundred laccases that have been isolated from different microorganisms, only
very few are of high enzymatic yield and activity, most of these laccases are ‘common’ with low
yield of enzymatic activity and tolerance to extreme conditions (Kim et al., 2012). Theabove-
namedlimitations hinder their large-scale commercial and industrial applications. Therefore, it is

necessary to search for other sources of laccases with higher yields and versatile properties.
1.4 Aim and Objectives

1.4.1 Aim of the Study
The aim of this work was to investigate different species of microalgae for laccase production,

biochemically characterize the enzyme, and examine its Azo dye bioremediation potential.

1.4.2 Specific Objectives

The specific objectives are:

I.  To screen different species of microalgae for laccase production.
ii.  Toisolate and purify the laccase from the selected microalgae.
iii.  To biochemically characterize the produced laccase.
iv. To determine the potential of the enzyme in the bioremediation of Azo dye

contaminated water.

CHAPTER TWO

2.0 LITERATURE REVIEW
2.1 Laccase (Overview)

Laccase (EC 1.10.3.2, benzenediol: oxygen oxidoreductases) is one of the few enzymes that have

been studied since the nineteenth century. Yoshida was the first to discover laccase and in 1883

5



he identified/isolated the enzyme from the exudates of the Japanese lacquer tree, Rhus
vernicifera. However, in 1896, for the first time, such enzyme laccase was illustrated by both
Laborde and Bertrand to be a fungal enzyme (Madhavi and Lele 2009). Laccases can be defined
as copper-containing enzymes that catalyze the oxidation of a wide variety of organic and
inorganic substrates, including mono-, di, and polyphenols, amino phenols, methoxy phenols,
aromatic amines and ascorbate which reduced concomitantly four electrons of oxygen to water
(Galhaup et al., 2001). Laccase belong to a group of a large blue copper proteins or blue copper
oxidases; other enzymes in this group are the plant ascorbate oxidases and the mammalian
plasma protein ceruloplasmin. The ability of laccase to reduce molecular oxygen to water as well
as their ability to oxidize phenolic compounds has led to intensive studies of the enzymes

(Madhavi and Lele 2009).

2.2 Occurrence

Laccase is widely distributed in a wide range of higher plants and fungi (Benfield et al., 1964) as
well as in bacteria (Diamantidis et al., 2000).). Laccases in plants have been identified in trees,
cabbages, turnips, beets, apples, asparagus, potatoes, pears, and various other vegetables
(Madhavi and Lele 2009). Laccase is also found to be present in a dozen insects of genera that
includes Bombyx, Calliphora, Diploptera, Musca, Manduca, Lucilia, Papilio, Phormia,
Rhodnius, Sarcophaga, Schistocerca, and Tenebrio (Xu 1999). Most of the laccases described in
literature were isolated from higher fungi but very few studies have been carried out on algae.
Laccases have been isolated from Ascomycetes, Deuteromycetes, and Basidiomycetes fungi
(Assavanig et al., 1992). Laccase from Monocillium indicum was the first laccase to be
characterized from an ascomycete showing peroxidase activity (Thakker et al., 1992). Most

common laccase producers are the wood rotting fungi Trametes versicolor, Trametes hirsuta,



Trametes ochracea, Trametes villosa, Trametes gallica, Cerena maxima etc. (Morozova et al.,
2007). Although laccase enzymes are widely spread in plants and fungi, laccase activity has been

reported only in few bacteria and algae (Octavio et al., 2008).

2.3 Molecular Properties of Laccase

Laccase is a glycosylated monomer or homodimer protein generally having fewer saccharide
compounds (10-25%) in fungi, bacteria and algae than in the plant enzymes. The carbohydrate
moiety is made up of monosaccharides such as hexoamines, glucose, galactose, mannose, fucose
and arabinose (Rogalski and Leonowicz 2004). On SDS-PAGE, most laccases show mobilities
corresponding to molecular weight of 60-100 kDa, of which 10-50% may be attributed to
glycosylation. Mannose is one of the major components of the carbohydrates attached to laccase.
Glycosylation in laccase is responsible for secretion, proteolytic susceptibility, activity, copper

retention, and thermal stability (Xu 1999).

Most laccases studied are extracellular proteins, although intracellular laccases have been found
in several fungi and insects. Laccases from fungi, bacteria and algae have isoelectric points (pl)
ranging from 3-7, whereas plant laccases have pl values of up to 9. The low pH optima of the
microbial enzyme may be because they are well adapted to grow under acidic conditions, while
the plant laccase being intracellular have their pH optima nearer to the physiological
range(Benfield et al., 1964). Thus, the differences in pH optima may be because of the
dissimilarity in physiological functions. In addition to their pH variations, these enzymes also
differ in terms of their activity and functions. Laccases from algae, bacteria and fungi are
responsible for detoxification of phenolic compounds in the medium where these
microorganisms grow, while enzymes from plant sources are involved in synthetic processes

such as lignin formation (Benfield et al., 1964).



Purified laccases exhibit a characteristic blue appearance due to their electronic absorption
around 600nm. Typical UV-Visible spectra of laccase (at resting state) shows two maxima
around 280nm and 600nm and one shoulder around 330nm. The ratios of the absorbance at
280nm and 600nm are generally 14 to 30, and the ratio of the absorbance at 330nm to that at
600nm is 0.5 to 2(Leontievisky et al., 1997). In the holoenzyme form, most laccases have four
copper atoms per monomer. UV/visible and electron paramagnetic resonance (EPR)
spectroscopy are used to classify these copper atoms into three groups. The type | copper (T1)
which is responsible for the intense blue of the enzymes has a strong electronic absorption
around 600nm and is detectable by EPR. The type Il copper (T2) is colourless, but EPR-
detectable, and the type I11 copper (T3) which consists of a pair of copper atoms that give a weak
absorbance near the UV spectrum has no EPR signal. The binding dioxygen and four- electron
reduction to water occurs at the T2 and T3 copper sites which are closely together and form a

trinuclear centre (Leontievisky et al., 1997).

2.4 Classification According to Substrate Specificity

Laccases are associated with three (3) types of activities:

i.  Catechol oxidase or o- diphenol: oxygen oxidoreductases (EC 1.10.3.1)
ii.  Laccase or p- diphenol: oxygen oxidoreductases (EC 1.10.3.2)

iii.  Cresolase or monophenol monooxygenase (EC 1.18.14.1).

The above enzymes differ from one another on the basis of substrate specificity (Walker and
McCallion 1980). Because laccases have an overlapping range of substrate with tyrosinase, it
makes it difficult to define a particular one based on its substrate specificity. With more affinity
towards the second group, laccase has been well documented to have both ortho and

paradiphenol activity. While tyrosinases possess cresolase activity, laccases on the other hand
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can oxidize wide range of substrates such as syringaldazine (Thurston 1994, Eggert et al., 1996).
However, there has been only one report of an enzyme exhibiting both tyrosinase and laccase
activity (Madhavi and Lele 2009). Another obstacle in defining laccase according to substrate is
that the substrate varies from one organism to another. An immobilized commercial laccase was
able to degrade meta, ortho and para-substituted methoxyphenols, chlorophenols and cresols but
the substituted phenols from these three types of phenols are oxidized in different orders and to
different extents (Lante et al.,2000). Extensive research on laccase has shown that phenolic
compounds that were oxidized slowly by the enzyme can be used to increase the storage stability
of laccase in some microorganisms (Mai et al., 2000). As there are so many potential

applications of laccase, a highly stable laccase would be of tremendous benefit.

2.5 Mode of Action of Laccase
Laccase only attack the phenolic subunit of lignin, leading to alpha-carbon oxidation, alpha

carbon- beta carbon cleavage, and aryl-alkyl cleavage. Laccase activity involves:

i.  Reduction of the type 1 copper by a reducing substrate
ii.  Internal electron transfer from type 1 to the type 2 and type 3 copper

iii.  Reduction of oxygen to water at the type 2 and type 3 copper site.

The oxidation of a reducing substrate by laccase typically involves the loss of a single electron
and the formation of a free (cation) radical. The radical is in general unstable and may undergo
further laccase-catalyzed oxidation (e.g from quinone to phenol) or nonenzymatic reactions (e.g
hydration, disproportion or polymerization) (Xu 1999). The electron transfer from substrate to
type 1 copper is probably controlled by redox potential difference. A lower oxidation potential of
substrate or a higher redox potential of laccase (type 1 site) often results in a higher rate of

substrate oxidation (Madhavi and Lele 2009).



Different studies have shown that the binding pocket of type 1 copper site is quite shallow and
has limited stearic effect on simple phenol substrate. In contrast, the oxygen binding pocket of
the type 2 or type 3 copper sites appears to hinder the access of oxidizing agents other than
oxygen. Activation of oxygen occurs in the trinuclear copper cluster and it likely involves
chemical bond formation (Madhavi and Lele 2009). Solomon et al. (2008) proposed that under
turnover conditions, the share of electron from substrate to the type 1 site (the initial electron

acceptor from substrate) is the committed step.

2.6 Main Reaction of Laccase

During the catalytic processes of laccases, different free radical reactions are produced
depending on the substrate and reaction conditions. Among the various reactions of laccases,
coupling of free radicals that generate dimeric products or polymeric compounds and oxidative
carboxylations are the most frequent reactions(Rogalski and Leonowicz 2004). The oxidation of
substrates is coupled to reduction of molecular oxygen; generating two water molecules. For
each oxygen reduced, four molecules of substrate are oxidized without hydrogen peroxide

production:

4H % + 4 substrate + 0, —

2H,0 + 4 substrate T ......................(Solomon et al.,2005).

Consequently, laccases are considered “ideal green” catalysts because they employ O, as a co-

substrate and generate H,O as a byproduct as shown in Figure 2.1.
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OH o=

4 x

Figure 2.1: Laccase catalytic cycle(Baldrian, 2006).

Substrates are oxidized by the Cu-T1 center and electrons are transferred by a highly conserved motif: His-Cys-His
(HCH) to the T2 and T3 copper centers. This is where reduction of molecular oxygen to water takes place.

2.7 Factors Involved in Laccase Production

A number of studies have shown laccases to be intracellular enzymes, but most are extracellular
glycoproteins (Kunamneni et al., 2007), and their production usually occurs during the
secondary metabolism of different micro-organisms, and are affected by different factors such as
species, culture type (stationary or agitated), aeration and culture time (Brijwani et al., 2010;
Elisashvili and Kachlishvili, 2009; Kunamneni et al., 2007). More importantly, the major factors
are carbon, nitrogen, and inducerconcentrations (Majeau et al., 2010). These parameters are
considered limiting for laccase large-scale production. For example, fungi grown on wood or in
submerged culture results in low enzyme yield (Piscitelli et al., 2010). Microbial metabolism

may be “controlled” by environmental conditions and culture medium composition. Multiple
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DNA regulatory sites, such as Metal Responsive Elements (MREs), Xenobiotic Responsive
Elements (XREs) and Heat Shock Elements (HSEs) located 400 bp upstream of laccase gene
promoter regions can be activated by certain xenobiotic compounds, heavy metals or thermal
shock; influencing laccase expression (Faraco et al.,, 2002). Increase in biomass culture
concentration does not directly lead to an increase in laccase production or laccase activity.
However, higher concentrations can be obtained by the addition of aromatic compounds such as
2,5-xylidine; one of the most efficient inducers (Kunamneni et al., 2007; Tong et al., 2007).
Reports have shown that cultivation of P. cinnabarinus and Trametes versicolorfor 24 h,
followed by the addition of 2,5-xylidine at a concentration ranging from 0.01 mM to 1.25 mM
produces a maximum laccase activity, compared to culture without an inducing agent(Kollmann
et al., 2005). Copper being another important inducer for laccase production has shown that its
addition in low concentrations to culture media stimulates laccase production in white rot fungi
(Shutova et al., 2008). Palmieri et al.(2000) found that the addition of 150 mM of copper
sulphate gave an increase in laccase activity from 6 x10% to 30 x10® U'L™ compared to control
culture.

Although many investigations have focused on testing different inducing agents to increase
laccase production. Tong et al. (2007) induced laccase production in Trametes sp., 420, by
addition of 0.5mM Cu*? and 6mM o-toluidine. In this study, laccase activity values ranged
approximately between 68.1 x 10° U'L™ and 78.8 x 10? U'L™%. Tinoco et al., (2001) incorporated
copper and lignin simultaneously and observed an increase in growth and volumetric activity of
laccase from 10° up to 12 x10° U'L?, these results open new paths towards more efficient

processes in the production of laccases from fungi, bacteria, and algae.
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Regarding the influence of carbon source, studies have shown that rapidly degraded substrates
such as glucose, mannitol and cellobiose, usually produce high laccase activities in comparison
to other substrates such as cellulose or lactose that are degraded more slowly (Mikiashvili et al.,
2006). In some cases, an increase in laccase activity occurs with a concomitant increase in fungal
growth. Some studies have shown that specific activities of laccases can be augmentedby the
appropriate carbon source. For example, Rivera-Hoyos et al.(2017) reported a laccase specific
activity increase when glucose was used in place of fructose. More also, Rodriguez-Couto and
Toca Herrera (2006) demonstrated in Trametes hirsuta that sequential addition of different
carbon sources, such as glucose followed by glycerol, resulted in a higher laccase production
rate, compared to cultures supplemented only with glucose or cellulose. For many species,
glucose is a typical repressor of laccase production. An optimal concentration of inducer agents
and carbon sources depends on organism species and strain. This suggests that carbon source or
inducer agent should not be assumed based on prior published experiments and the existence of
different mechanisms for laccase gene regulation. With regard to the influence of nitrogen, the
majority of authors report laccase production by nitrogen source exhaustion (Majeau et al.,
2010). Still others have found that for some strains, enzyme yield and activity does not directly
depend on nitrogen (Kunamneni et al., 2007). Furthermore, some authors have reported early
laccase production in nitrogen rich culture media, compared to cultures with low concentration
of nitrogen source (Elisashvili et al.,, 2008a, 2008b). These data display certain ambiguity
regarding the selection of nitrogen’s optimum concentration for laccase production. Some studies
report increases in laccase activity with low carbon-nitrogen ratio (Hou et al., 2004). In contrast,
other authors have reported higher laccase productions with high carbon-nitrogen ratio (Dong et

al., 2005).
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2.8 Laccases and Chemical Mediators: Mimicking Nature

Lignin is a structural component of plant cell walls. It is a complex and amorphous polymer of
aromatic nature, which comprises approximately 20-32% of the dry weight of wood (Ralph et
al.,2007). Monomers forming lignin are p-coumaril, conyferil, and sinapyl alcohols; they differ
from each other by the degree of methoxylation. These monomers produce phydroxyphenyl,
guaiacyl, and syringyl phenylpropanoid units, which are capable of generating electron
delocalized radicals that couple at various sites (Ralph et al., 2007; Widsten and Kandelbauer,
2008). While in plant wood-tissues laccases are part of the lignin synthesizing system. Laccase is
a large molecule (Rodgers et al., 2010) that cannot penetrate deep into wood and because it has a
low redox potential (<0.8 V) compared to ligninolytic peroxidases (>1 V), laccase can only
oxidize lignin phenolic fragments. However, the number and type of substrates oxidized by
laccase can be extended by a mechanism involving the participation of redox mediators.

These mediators are compounds with low molecular weight that can easily be oxidized by
laccase, producing highly reactive and unstable cationic radicals. However, at the same time
these cationic radicals can oxidize complex compounds (with the exclusion of phenolic
substrates) before returning to their original state (Torres et al., 2003). By this mechanism,
mediators act as diffusible electron transporters, allowing indirect oxidation of polymeric
substrates such as lignin, penetrating even to less accessible areas of its structure. Additionally,
because of mediator use, laccases are able to oxidize compounds with greater redox potential
than their own; an example of this is the oxidation mediated by polycyclic aromatic
hydrocarbons or PAHs (Riva, 2006). Since Bourbonnais demonstrated that mediator inclusion
expanded laccase’s catalytic activity toward non-phenolic substrates (Rivera-Hoyos et al., 2017),

more than 100 different mediators have been described with ABTS (2,2’- azino-bis (3-
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ethylbenzothiazoline-6-sulfonic  acid)) and the more commonly wused HBT (1-
hydroxybenzotriazole) (Solis-Oba et al., 2005). This laccase-mediator system is also commonly
used in pulp and paper bleaching industry as well as bioremediation of xenobiotic compounds
such as PAHs (Majcherczyk and Johannes, 2000; Alcalde et al., 2002; Rivera-Hoyos et al.,
2017). Furthermore, studies have shown that the combination of two or more mediators (e.g.,
ABTS and HBT) can generate a synergistic effect on oxidative activity (Rivera-Hoyos et al.,
2017). However, the elevated chemical mediator commercial costs, their high toxicity, and lack
of studies on derivative effects, in addition to inactivation caused by their cationic radical
exertion on laccases, makes the laccase-mediator system implementation still limited. For these
reasons, employment of natural mediators could have environmental and economic advantages.
Many compounds involved in natural degradation of lignin can act as mediators in an effective
manner. Such is the case for lignin degradation compounds derived from oxidized lignin units, or
those secreted by white rot fungi. In a similar way the natural mediators 4-hydroxybenzoic acid,
4-hydroxybenzilic alcohol, veratrilic alcohol, syringaldehyde, acetosyringone, vanillin, and p-
coumaric acid, among others, have been tested with different laccases with similar results to
those obtained with artificial mediators. A clear example is the recently PAHs described
degradation of benzo[a]pyrene, pyrene and anthracene using a laccase-mediator system from P.

cinnabarinus and p-coumaric acid (Cafas and Camarero, 2010).

2.9 Recombinant Laccases and Heterologous Production

Obtaining laccases from native sources does not provide sufficient yield to meet industrial
processes requirements. Furthermore, high cultivation and purification increase costs. For this
reason, heterologous laccase expression has become a promising alternative. With readily

available commercial hosts that are simple to manipulate genetically and cultivate; productivity
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can become more efficient, reducing production costs (Piscitelli et al., 2010). Until now results
obtained from laccase’s heterologous production are promising, however many difficulties
encountered are yet to be solved. Among the obstacles encountered are high expression levels in
combination with an optimal biological activity. The ability to produce laccases in heterologous
systems in an efficient manner depends largely on changes made to the original DNA
sequence(Nakamura and Goa, 2005). For example, an increase in secretion of recombinant
laccases has been obtained replacing the native signaling peptide by signal sequences present in
proteins with a high degree of secretion by the host ((Wang, 2004; Salony et al., 2008). Inducing
random mutagenesis and/or recombination to modify the protein’s characteristics was another
strategy employed (Rivera-Hoyos et al., 2017). Results regarding the production of heterologous
laccases imply that “the best host” or the “more promising” laccase still remains unknown.
Currently, as a result of great advances in molecular biology and recombinant DNA technology,

it is possible to explore new strategies aimed at producing laccases at industrial levels.

2.10 Potential Industrial and Biotechnological Applications of Laccase Enzyme
There have been numerous applications of laccases in the last two decades. Laccases find

applications within the following fields:

2.10.1 Food industry

Laccases can be applied to certain processes that enhance or modify the colour appearance of
food or beverage. In this way, an interesting application of laccases involves the elimination of
undesirable phenolics, responsible for the browning, haze formation and turbidity development
infruit juice, beer and wine (Minussi et al., 2002). Laccases are currently of interest in baking
due to their ability to cross-link biopolymers. Thus, Selinheimo et al., (2006) showed that a

laccase from the white-rotfungus Trametes hirsuta increased the maximum resistance of dough
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and decreased the dough extensibility in both flour and gluten dough.In the last decade, Minussi
et al. (2002) have described the potential applications of laccase in different aspects of the food
industry such as beverage processing, ascorbic acid determination, pectin gelation, baking

processes.

2.10.2 Pulp and paper industry

The industrial preparation of paper requires separation and degradation of lignin in wood pulp.
Environmental concerns stimulate the replacement of conventional and polluting chlorine-based
delignification/bleaching procedures. Oxygen delignification processes have been industrially
introduced, but pre-treatments of wood pulp with ligninolytic enzymes might provide milder and
cleaner strategies of delignification without affecting the integrity of cellulose (Susana et al.,
2006). Although extensive studies have been performed to develop alternative bio-bleaching
systems, few enzymatic treatments exhibit the delignification/brightening capabilities of modern
chemical bleaching technologies.

One of the few exceptions to this generalization is the development of LMS (Laccase Mediator
System) delignification technologies for Kraft pulps. In addition, laccase is more readily
available and easier to manipulate than both lignin peroxidase (LiP) and manganese-dependent
peroxidase (MnP) and LMS has already found practical applications such as the Lignozym®-
process (Susana et al., 2006). Several authors applied the LMS to pulp biobleaching.

However, all these biobleaching studies were focused on wood pulps and not much is known
about the efficiency of the LMS on non-wood pulps including those used for manufacturing
specialty papers (Giardina et al., 2010). Studies have shown the potential of LMS to remove
lignin-derived products responsible for colour from a high-quality flax pulp (Camarero et

al.,2004). They showed the feasibility of LMS to substitute chlorine-containing reagents in
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manufacturing of these high-price paper pulps. The capability of laccases to form reactive
radicals in lignin can also be used in targeted modification of wood fibers. For example, laccases
can be employed in the enzymatic binding of fibers in the production of lignocellulose based
composite materials such as fiberboards(Junghanns et al., 2009). Laccases have been proposed to
activate the fiber bound lignin during manufacturing of the composites, thus, resulting in boards
with good mechanical properties without toxic synthetic adhesives (Huttermann et al., 2001;
Susana et al., 2006). Another possibility of enhancing the chemical or physical properties of the
fiber products is by functionalizing lignocellulosic fibers by laccases. Preliminary results have
shown that laccases are able to graft various phenolic acid derivatives onto Kraft pulp fibers
(Lund and Ragauskas, 2001; Chandra and Ragauskas, 2002). This ability could be useful in the
future to attach chemically versatile compounds to the fiber surfaces, possibly resulting in fiber
materials with completely novel properties such as hydrophobicity or charge.

2.10.3 Textile industry

The textile industry accounts for two-third of the total dyestuff market and consumes large
volumes of water and chemicals for wet processing of textiles. The chemical reagents used are
very diverse in chemical composition, ranging from inorganic compounds to polymers and
organic products (Susana et al., 2006). There are more than 100,000 commercially available dyes
with over 7x10° tonnes of dyestuff produced annually (Zollinger, 2002). Due to their chemical
structure, dyes are resistant to fading on exposure to light, water and different chemicals and
most of them are difficult to decolourize due to their synthetic origin. Government legislation is
becoming more stringent, especially in the developed countries, regarding the removal of dyes
from industrial effluents. Concern arises, as several dyes are made from known carcinogens such

as benzidine and other aromatic compounds. Most currently existing processes to treat dye
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wastewater are ineffective and not economical (Susana et al., 2006). Therefore, the development
of processes based on laccases seems an attractive solution due to their potential in degrading
dyes of diverse chemical structure (Abadulla et al., 2000; Blanquez et al.,2004; Hou et al.,
2004), including synthetic dyes which are currently used in the industry (Rodriguez Couto et al.,
20044, 2005).

The use of laccase in the textile industry is growing rapidly and in 1996, Novozyme (Novo
Nordisk, Denmark) launched a new industrial application of laccase enzyme in denim finishing:
DeniLite®, the first industrial laccase and the first bleaching enzyme with the help of a mediator
molecule. Also, in 2001 the company Zytex (Zytex Pvt. Ltd., Mumbai, India) developed a
formulation based on LMS capable of degrading indigo in a very specific way. The trade name

of the product is Zylite(Susana et al., 2006).

2.10.4 Nanobiotechnology

For the past two decades, bioelectrochemistry have been receiving increased attention. Progress
on bioelectrochemistry has been integrated into analytical applications, e.g. in biosensors
working as detectors in clinical and environmental analysis (Haghighi et al., 2003). Since
laccases are able to catalyze electron transfer reactions without additional cofactors, their use has
also been studied in biosensors to detect various phenolic compounds, oxygen or azides.
Moreover, biosensors for detection of morphine and codeine, catecholamines (Leite et al., 2003;
Ferry and Leech, 2005; Susana et al.,2006), plant flavonoids (Jarosz-Wilkoazka et al., 2004) and
also for electro immunoassay (Kuznetsov et al., 2001) have been developed. Nanotechnology
contributes to the development of smaller and more efficient biosensors through controlled
deposition and specific adsorption of biomolecules on different types of surfaces, achieving

micro and nanometer order. Regarding laccases, the immobilisation has an important influence
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on the biosensor sensitivity (Freire et al., 2001). Martele et al., (2003) have shown that
micropatterning is an efficient method for the immobilisation of laccases on a solid surface in
order to develop a multi-functional biosensor.Also, Roy et al., (2005) found that cross-linked
enzyme crystals (CLEC) of laccase can be employed in biosensor applications, this have great
advantage over the soluble enzyme. In addition, an enzyme electrode based on the co-
immobilization of an osmium redox polymer and laccase on glassy carbon electrodes has been
applied to ultrasensitive amperometric detection of the catecholamine neurotransmitters
dopamine, epinephrine and norepinephrine, attaining nanomolar detection limits (Ferry and
Leech, 2005). Laccase can also be immobilized on the negatively charged electrode (cathode) of
biofuel cells that could generate power, for example, for small transmitter systems (Chen et al.,
2001). Biofuel cells are extremely attractive from an environmental point of view because
electrical energy is generated without combusting fuel, thus, providing a cleaner source of
energy.

Flatpolyelectrolyte multilayers built by alternating adsorption of oppositely charged
polyelectrolytes have been used to recrystallize bacterial proteins making the building of
artificial cell walls possible (Toca-Herrera et al., 2005). Caruso et al., (2000) showed that the
encapsulated enzyme could retain 100% of its activity after incubation for 100 min with
protease. The permeability properties of the wall capsule are important for the proper function of
the encapsulated enzyme. Antipov et al., (2002) investigated the permeability properties of
hollow polyelectrolyte multilayer capsules as a function of pH and salt concentration. This
mechanism together with the LbL encapsulation technique permits the development of
microreactors. Also, colloidal particles covered with polyelectrolytes and phospholipids have

been used to host and activate rubella virus (Fischlechner et al., 2005).
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2.10.5 Other applications of laccase

2.10.5.1 Role in bioremediation

Bioremediation is the use of living microorganisms to degrade environmental pollutants or to
prevent pollution. In other words, it is a science for removing pollutants from the environment
thus restoring the original natural surroundings by making it harmless and preventing further
pollution (Sasikumar and Papinazath 2003). It can also be defined as the process that uses
microorganisms or their macromolecular components to return the environment altered by
contaminants to its original condition. Bioremediation may be in the bioremediation of some
contaminants, such as chlorinated pesticides that are degraded by bacteria, or a more general
approach may be taken, such as oil spills that are broken down using multiple techniques
including the addition of biosurfactant to facilitate decomposition of crude oil by bacteria.
Bioremediation may occur either in the presence of oxygen or in the absence of oxygen
(Komancova et al., 2003). Bioremediation can save life web and hinders the passage of
dangerous and risky contaminants from one ecosystem to the other. It is often carried out on site,
without causing a major disruption of normal activities. This also eliminates the need to transport
quantities of waste off site and the potential threats to human health and the environment that can
arise during transportation. Bioremediation has shown to be less costly than other technologies
used for clean-up of hazardous waste (Vidali 2001).

Synthetic dyes are being rapidly applied in the textile, paper, leather dyeing, color photography,
cosmetics, pharmaceutical, and food industries (Saratale et al., 2011, Forootanfer et al., 2012,
Rezaie et al., 2015,). These dyes are widely used in various industries across the world for
different purposes particularly for textile dyeing. Every year, more than 80,000 tons of reactive

dyes are produced and consumed for textile dyeing globally. Reactive dyes have been used
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extensively to dye more than half of the global production of cotton, this feat is achieved as a
result of their beneficial characteristic of bright colour, water-fast, and simple application
techniques with low energy consumption (Hessel et al., 2007). Azo dyes (contain the N = N
group in their structure) identified as one of the most popular synthetic coloring agents because
they could be easily and affordably synthesized and found to be stable (Maaley-Kammoun et al.,
2009, Shrimardi et al.,2012; Ashrafi et al., 2013). However, in the process of textile dyeing, 50 —
60% of these water-soluble dyes do not bind to the fiber and are lost into the effluent. In addition
to the high volume of water required, each year textile mills generate and discharge billions of
liters of wastewater effluent full of colours, salts, and organic chemicals which have harmful
effect to the environment (Hessel et al., 2007, Kant, 2012). Furthermore, more studies have been
carried out on the toxicity, mutagenicity, and carcinogenicity of synthetic azo dyes and/or their
metabolites (Pereira et al., 2009, Grassi et al., 2011, Mirzadeh et al., 2014). Similarly, extensive
work about the harmful effects of azo dyes on the germination and growth of many
environmentally important plants have been carried out (Saratale et al., 2011., Mirzadeh et al.,
2014). So, during the last decade, development of physicochemical (Mahvi et al., 2009, Maleki
et al., 2010) and/or biological techniques for bioremediation of wastewater rich in such complex
aromatic structures have received great attention among which enzymatic removal of such
pollutants is an economic and environmentally friendly procedure due to the low energy required
and the minimal effect on ecosystems (Mendes et al., 2011, Younes et al., 2012, Asadgol et al.,

2014).

2.10.5.1.1 Soil bioremediation
One of the major sources of contamination in soil is Polycyclic aromatic hydrocarbons (PAHS),

together with other xenobiotics therefore, their degradation is of great importance for the
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environment. The catalytic properties of laccases can be used to degrade such compounds. Thus,
laccases were able to mediate the coupling of reduced 2,4,6-trinitrotoluene (TNT) metabolites to
an organic soil matrix, which resulted in detoxification of the munition residue (Durén and
Esposito, 2000). Laccases however, were also found to degrade PAHSs, which arise from natural
oil deposits and utilization of fossil fuels. (Pointing, 2001).

2.10.5.1.2 Degradation of xenobiotics

Laccases exhibit a wide range substrate specificity which make them possible in oxidizing a
broad range of xenobiotic compounds including chlorinated phenolics (Torres et al., 2003),
pesticides (Pozdnyakova et al., 2004), and polycyclic aromatic hydrocarbons (Pointing, 2001).
Moreover, polycyclic aromatic hydrocarbons, which arise from natural oil deposits and
utilization of fossil fuels, were also found to be degraded by laccases (Pointing 2001). Laccase
purified from a strain of Coriolopsis gallica oxidized carbozole, N-ethylcarbozole, fluorine, and
dibenzothiophene in presence of 1-hydroxybenzotriazole and 2, 2’-azinobis (3-
ethylbenzothiazoline)-6-sulfonic acid as free radical mediators (Bressler et al., 2000). Laboratory
researches have shown that phenols and aromatic amines may be removed from water by the
application of laccase (Niku-Paavola and Viikari 2000). The underlying mechanism of the
removal involves enzymatic oxidation of the pollutants to free radicals or quinones that undergo
polymerization and partial precipitation (Buddolla et al., 2004). Laccase from white-rot fungus,
Trametes hirsuta, has been used to oxidize alkenes (Ahn et al., 2002). The oxidation is the effect
of a two-step process in which the enzyme first catalyzed the oxidation of primary substrate, a
mediator added to the reaction, and then the oxidized mediator oxidizes the secondary substrate,
the alkene, to the corresponding ketone or aldehyde(Buddolla et al., 2004). In addition to

substrate oxidation, laccase can also prevent soil pollutants by coupling to soil humic
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substances—a process analogous to humic acid synthesis in soils (Buddolla et al., 2004). The
xenobiotics that can be immobilized in this way include phenolic compounds such as chlorinated
phenols and anilines e.g. 3, 4-dichloroaniline or 2, 4, 6-trinitrotoluene (Buddolla et al., 2004). A
laccase produced in the yeast, Pichia pastoris, was engineered by site directed mutagenesis to
improve the rate of electron transfer between the copper-containing active site of laccase and an
electrode (Buddolla et al., 2004). Thus, laccase may be usefully engineered to improve the

efficiency of particular bioremediation processes.

2.10.5.1.3 Decolorization of dyes

Studies have shown that there were over 100,000 commercially available dyes with over 7 x
10°tonnes of dyestuff produced annually(Rajaguru et al., 2002). Globally, it is estimated that
over 280,000 tonnes of textile dyes are discharged in textile industrial effluent every year (Jin et
al., 2007). Originally dye agents are of two types, natural coloring agents and organic dyestuffs.
Natural colouring agents are mainly of inorganic origin (clays, earth, minerals, metal salts and
even semi-precious stones, such as malachite) or organic dyestuff traditionally divided into two
(2) groups, one of animal and the other of plant origin (Ackacha et al.,2003). Undoubtedly,
plants are the most important sources of dyes, but few other organisms like lichens, insects and
shellfish were also reported to be good sources of natural dyes(McMullan et al., 2001). Reactive
dyes cause asthma rhinitis and dermatitis, allergic contact dermatitis (Mathur et al., 2005b),
genotoxicity (Dogan et al., 2005), carcinogenicity (De Roos et al., 2005). Dyes have a very low
rate of removal ratio for Biological Oxygen Demand (BOD) to Chemical Oxygen Demand
(COD) (less than 0.1). Therefore, industrial effects containing dyes should be processed before
their discharge into the environment (Wong et al., 2003). (Enayatizamir et al., 2011) observed

degradation of 92% in the Azo Black Reactive 5 dye by P. chrysosporium after 3 days of
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treatment. P. chrysosporiumURM6181 and Curvularia lunataURMG6179 strains decolourize
effluent containing textile indigo dye by approximately 95% for 10 days of treatment (Miranda et
al., 2013). Laccase purified from the fungus Trametes hirsuta was able to degrade
triarylmethane, indigoid, azo, and athraquinonic dyes used in dyeing textiles (D’Annibale et al.,
2000) as well as 23 industrial dyes (Ying et al., 2002). Organic dyes present a wider spectrum of
compound with different physical and chemical properties (Indrani et al., 2016). However,
synthetic dyes have quickly replaced the traditional natural dyes. They are cheap to afford and
offered new colour varieties, as well as improved properties to the dyed material (Indrani et al.,
2016).

2.10.5.1.4 Effluent treatment

Laccases offer numerous advantages of great interest to biotechnological applications of
industrial effluent treatment. Their ability to exhibit broad substrate specificity, make it possible
for them to be able to bleach Kraft pulp or detoxify agricultural byproducts including olive mill
wastes or coffee pulp (Heemken et al., 2001). The use of laccase in the textile industry is
growing very fast since, besides decolorizing textile effluents as commented above, laccase is
used to bleach textiles and even to synthesize dyes (Raghukumar 2000). Flavodon flavus
decolourized several synthetic dyes such as Azure B and Brilliant Blue R in low nitrogen
medium (Soares et al., 2001). Alternatively, laccase, along with stabilizers, may be suitable for
treatment of wastewater (Abadulla et al., 2000; Soares et al., 2001). Laccase isolated from the
fungus, Flavodonflavus, was shown to decolourize the effluent from a Kraft paper mill bleach
plant (Soares et al., 2001). Purified laccase from white rot basidiomycete, Trametes villosa,
degrades bisphenol A, an endocrine-disrupting chemical (Raghukumar et al., 2000).

Nonylphenols have increasingly gained attention because of their potential to mimic the action of
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natural hormones in vertebrates (Lyons et al.,2003). They result from incomplete biodegradation
of nonylphenol polyethoxylates (NPEOSs), which have been widely used as nonionic surfactants
in industrial processes. Both nonylphenols and NPEOs are discharged into the environment,
mainly due to incomplete removal of wastewater treatment facilities (Lyons et al.,2003).
Nonylphenols are more resistant to biodegradation than their parent compound and hence are
found worldwide in wastewater treatment plant effluents and rivers (Bermek et al., 2002). Due to
their hydrophobicity, they tend to be absorbed onto surface water particles and sediments and
accumulate in aquatic organisms. Consequently, nonylphenols represent a serious environmental
and human health risk. Laccases from aquatic hyphomycete, Clavariopsis aquatica, have proved

to degrade xenoestrogen nonylphenol (Buddolla et al., 2004).

2.10.5.2 Synthetic chemistry

In the near future, laccases may also be of great interest in synthetic chemistry, where they have
been proposed to be useful in oxidative deprotection (Susana et al., 2006) and production of
complex polymers and medical agents (Mai et al., 2000; Uyama and Kobayashi, 2002; Kurisawa
et al., 2003; Nicotra et al., 2004). In the last decade, Mustafa et al. (2005) synthesized phenolic
colorants by using an industrial laccase named Suberase® (Novo Nordisk A/S, Bagsvaerdt,
Denmark).For example, laccase-based hair dyes where H,O; as an oxidizing agent is replaced in
the dye formulation are less irritant and easier to handle than current hair dyes (Susana et al.,
2006). With the aid of laboratory experiments,cosmetic and dermatological preparations

containing proteins for skin lightening have been developed (Golz-Berner et al., 2004).
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CHAPTER THREE

3.0 MATERIALS AND METHODS
3.1 Source of Algae

Three microalgae (Chlorella sorokiniana, Chlorogonium sp, and Planktothrix sp) and four
cyanobacteria species (Oscillatoria sp,Microcystis auroginosa, Microcystis flos-aquae and
Microcystis wasenbergii) were obtained from the freshwater microalgae culture collection of

University of Texas, USA.

3.2 Collection and Identification of Algae specimen
The algae were identified on the basis of their morphological characteristics. These organisms

were further cultured in their respective culture media.

3.3 Preparation of Stock Culture for Media Cultivation

Nine (9) stock solutions with constituents as shown in Table 3.1 were prepared. For each of the
nine stock solutions, the salts were dissolved one after the other in the appropriate volume of
distilled water until all the salts were completely dissolved. The stock solutions were then stored

in the dark (Plastic bottles wrapped with aluminum foil) in the refrigerator, until required.

3.4 Preparation of Blue-Green-11 (BG-11) Media
Conical flask of 1000 mL was washed with detergent and rinsed with clean water. The flask was
rinsed again with distilled water and allowed to dry. After drying, the flasks werethen covered

with an aluminum foil paper and autoclaved at 121°C, 15 psi for 15 minutes.
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Table 3.1: BG-11 Medium stock composition for culturing of Algae

Stock Stock Solution Amount in  200ml Volume for 1lliter
No distilled water media
1 NaNO; 309 10mL
2 K2HPO, 8.0g ImL
3 MnS0,.7H,0 15¢ 1mL
4 CaCl,.2H,0 7.29 ImL
5 Citric Acid 1.29 1mL
6 Ammonium Ferric Citrate 1.29 ImL
7 EDTA NA; 0.29 ImL
8 Na,COs 4.09 1mL
9 Trace Metal ImL

i. HsBO; 1.43g

ii. NaCl,.4H,0 0.923¢g

iii. ZnSO,4.7H,0 0.11g

iv. NaMo00,4.2H,0 0.193¢g

v. CuSQO,.5H,0 0.04g

vi. Co(NO3),.6H,0 0.023g
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3.5 Cultivation of Algal Species

Ten milliliters of stock one was dispensed into an already autoclaved conical flask. One milliliter
each of stock two to nine were added to the same flask containing the stock one. Nine hundred
and eighty-two (982) milliliters of distilled water was then added to the resulting mixture of the
stock solutions to make up 1 litre. The mixture was then autoclaved at 121°C, 15 psi for
15minutes and allowed to cooled. The above procedure was replicated six times in six different
one-litre conical flasks. Two hundred and fifty mg/mL each of the seven microorganisms were
inoculated to the various conical flasks and placed under ideal conditions (air condition, specific
light intensity of 40 pmolm™s™, temperature of 23+1 °C, light and dark cycle of 16 & 8 hoursfor

optimum growth.

3.6Enzyme Purification

3.6.1 Ammonium sulphateprecipitation

After 15 days of growth, the culture was filtered through Whatman No.1 filter paper and
centrifuged at 20,000 rpm for 10 min to remove algal cells and undissolved material. After
centrifugation, the biomass was separated from the supernatant. The biomass was subjected to
cell lysis by sonication on ice to break cell wall and release cellular contents. Laccase activity
using ABTS as substrate was assayed for in the resulting supernatant after centrifugation. The
above procedures were repeated for all the microorganisms mentioned earlier, with Microcystis
flos aquae having the highest specific activity (15.55 pmol/mg.min) and was used for the entire
enzyme purification processes. The enzyme was purified by salting-out using an aliquot of 100
mL of crude solution which was precipitated with 90% (NH4),SO,4 (AS) at room temperature

under continuous stirring. After salt dissolution, the mixture was left for 20 min at room
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temperature (25°C) and was subsequently centrifuged at 20,000 rpm for 10 minutes. The
precipitate was removed, and the supernatant obtained was subsequently dialyzed. The
supernatant was desalted overnight at 4°C against distilled water in 3 kDa cutoff cellulose acetate
dialysis tubing (Sigma-Aldrich). Laccase activity assay as well as protein concentration were
estimated before and after dialysis by the Lowry assay method (1951s), using bovine serum
albumin as a standard. The obtained supernatant was used for chromatographic enzyme

purification.

3.6.2 DEAE-sephadex chromatography

The dialyzed sample was loaded on DEAE-Sephadex column already equilibrated with 25 mM
Tris—HCI (pH 7.5). The column was washed with two column volume of the same buffer. One
hundred milliliters of the adsorbed proteins were eluted from the column with a stepwise
gradient of 20 mL NaCl (0.2M, 0.4M, 0.6M, 0.8M and 1M). Fractions with higher activity were
pooled and re-concentrated. Laccase activity assay and total protein concentration were carried

out.

3.6.3 Gel filtration chromatography

Ten milliliters of the fractions pooled from DEAE-Sephadex chromatography containing laccase
activity were loaded on Sephadex G-100 column (1.5 cm x 30 c¢cm) equilibrated with 25 mM
Tris—HCI (pH 7.5). The enzyme was eluted with the same buffer and 3 ml fractions were
collected at a flow rate of 1 mL-min™. Laccase activity assay and total protein concentration
were carried out on each fraction according to Niku-Paavola et al.(1990) and Lowry’s method

(1951), respectively and the concentration of laccase enzyme was adjusted to 0.1 mg-mL™,
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3.6.4 Enzyme activity

Laccase activity was measured in a 1.0 mLreaction mixturecontaining 100 uM ABTS [2,2'-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid] in 50 mM glycine-HCI buffer (pH 3.0). The
reaction was started by the addition of 10 pL of enzyme solution. The substrate oxidation was
monitored at 420 nm (Extinction coefficiente= 29,300/M/cm). One unit of enzyme activity was
defined as the amount of enzyme required to produce 1 puM of oxidized product per min. The
protein concentration of the crude sample was determined by the Lowry method using bovine
serum albumin as a standard protein. The protein concentration of the collected fractions was
monitored based on the absorbance at 280 nm after anion-exchange and size exclusion

chromatography.

3.7 Molecular Weight Determination (SDS-PAGE) using ExpressPlusTM PAGE Gels

3.7.1 Preparation of gel buffer and gel tank

Sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) was done following
the method of Laemmli (1970), using 10% precast gels. One pack of MOPS running buffer
powder (Cat No. M00138) was dissolved in 1 L of deionized water to make 1 L of 1x running
buffer. ExpressPlusTM PAGE Gel was removed from the pouch and the sealing tape at the
bottom of the gel cassette was peeled off. The comb from the gel cassette was gently removed
and the gel was inserted into the gel running apparatus. Sufficient 1x MOPS running buffer was
poured into the inner tank of the gel running apparatus to cover the sample wells by 5-7 mm. The
outer tank was filled with 1x MOPS running buffer to ensure proper cooling. For best results, the
buffer in the outer tank was above the top level of the sample wells. The sample wells were
rinsed thoroughly with 1x running buffer to remove air bubbles and displace any storage buffer.

Protein sample buffer (x4) 8ul and 32ul of the sample was mixed and heated at 95 °C for
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5minutes. The protein sample was loaded directly into the wells as well as the protein standard.
The tank was closed and run at 140 volts for Lhour.Once the run is finished, the gel from the gel
tank was removed. The gel cassette was then opened by carefully inserting the cassette opener
into the gap between the two plates. The cassette opener was wiggled up and down gently to
separate the two plates. The operation was repeated along both sides of the cassette, until the two
plates are completely separated. Upon opening, the plate without the gel was removed and
discarded, and the gel was allowed to stay on the other plate. The gel was loosened from the

plate with water and gently removed.

3.7.2 Staining and drying gels

Coomassie Staining- The staining solution was made by dissolving 0.1% Coomassie R-250 in a
40% ethanol, containing 10% acetic acid solution. Also, destaining solution was prepared using
10% ethanol, 7.5% acetic acid solution. Thereafter, the gel cassette was opened, the gel was
taken out gently after electrophoresis, and placed in a staining container of 100mL staining
solution. The staining container was covered and heated in a microwave oven at full power for 8
minutes. The solution was not allowed to boil, this is to prevent hazardous, flammable vapours
from forming. The staining container was removed from the microwave oven and the gel was
shaken gently for 5 minutes at room temperature on an orbital shaker. The staining solution was
later drained and the gel was rinsed with deionized water. The stained gel was then placed in 100

mL destaining solution.

3.8 Catalytic Property of Laccase/Laccase Characterization

3.8.1 Effect of pH on activity and stability of purified laccase.
The optimum pH of the purified laccase from Microcystis flos-aquae was determined with

ABTS substrate prepared at varying pH range from 2.0 to 11.0at room temperature. The buffer
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systems used were 100 mM of Glycine-HCI (2.0- 4.0), sodium-acetate (5.0-7.0) and Tris-HCI
(8.0-11.0). For pH stability, purified laccase was pre-incubated at pH 2.0-11.0 for 120 minutes
and the residual activity was determined using ABTS as substrate. All experiments were run in

triplicates and average values were calculated.

3.8.2 Effect of temperature on activity and stability of purified laccase

The optimum temperature of the purified laccase from Microcystis flos-aquae was carried out by
measuring the laccase activity at optimum pH and temperatures from 20°C to 80°C. Thermo
stability of the purified laccase was determined by incubating the enzyme at temperature from
20°C to 80°C with the increment of 10°C for 120 minutes and residual activity was determined
using ABTS as the substrate. All experiments were run in triplicates and average value was

calculated.

3.8.3 Effect of inhibitor and metal ions on activity of purified laccase

The effects of a potential inhibitor (EDTA) and divalent metal ions i.e. Calcium (Ca®*), Copper
(Cu?"), Magnesium (Mg?"), Iron (Fe®*) and Zinc (Zn**) at 1 mM and 5 mM concentrations on the
enzyme activity were determined using the optimum pH (4.0) and temperature (40°C). The
purified laccase was pre-incubated with inhibitor and metal ions for 20 min respectively before
assaying with ABTS and relative activity was measured. All experiments were run in triplicates

and average value was calculated.

3.8.4 Kinetic studies

The kinetic constants (Kn, and Vmax) for the purified laccase were determined using ABTS as
substrate at 40 °C and pH 4.0. Michaelis-Menten (K,,) parameter representing the affinity of
laccase to its substrate and Vmax value which linked to the maximum rate of the reaction was

calculated by measuring the enzymatic activity at differentconcentrations of the substrate
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(ABTS)(10 pM-50 pM). The assays were carried out in triplicate. Ky, and Vmax values were

calculated using the Lineweaver—Burk plots of the Michaelis—Menten equation.

3.9 Dye Decolorization Studies

3.9.1 The effect of pH and temperatureon laccase-mediated decolorization

In order to investigate the influence of pH on laccase mediated decolorization, 0.039g/L CiBB
(Cibacron Brilliant blue) dye solution was prepared at varying pH (2.0-11.0) at room
temperature. The buffer systems used were 100 mM of Glycine-HCI (2.0- 4.0), sodium-acetate
(5.0-7.0) and Tris-HCI (8.0-11.0). and the purified laccase was consequently added to the
reaction mixture which was then monitored for decolorization as previously described by Ashrafi
et al., (2013) using ABTS as substrate. At the optimum pH of decolorization, the dye solution
containing purified laccase was incubated at different temperatures (20°C-80°C) and
decolorization percent was then determined after 1 hour at 580 nm. Three independent

experiments were conducted and means of decolorization percent was calculated.

3.9.2 Dye decolorization

In order to assess the decolorization potential of the purified laccase from Microcystis flos-
aquae, the previously described method of Ashrafi et al., (2013) was used. The dye solution was
prepared by dissolving the synthetic azo dye (Cibacron Brilliant Blue; CiBB) in sodium-acetate
buffer (100 mM, pH 7.0). Thereafter, the purified enzyme (10 pl) was added into the dye
solution and the reaction mixture was incubated at 40°C and 50 rpm for 3 hours. At intervals of
30 minutes, samples were taken and the absorbance was measured at 580 nm. The decolorization

percent was calculated using the equationbelow:

Ai—At

Decolorization (%) = (T) x 100
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where “Ai” and “At” are the initial absorbance and the absorbance after incubation time of the
reaction mixture, respectively (Couto et al., 2007; Khlifi et al., 2010). Three independent

experiments were conducted and the mean value for decolorization percent was calculated.

3.10 Statistical Analysis

3.10.1 Screening for laccase production by various algal species

Triplicate samples were collected and analyzed each for the various species, and mean +
standard deviation was recorded. Data was analyzed using Between-Within ANOVA (Split-Plot

ANOVA) and homogeneity of Variance was tested using Tukey post-hoc test.

3.10.2 Effect of pH on activity and stability of purified laccase

Triplicate samples were collected and analyzed each for the effect of pH on enzyme activity and
stability. Mean + standard deviation was calculated. Data was analyzed using ONE WAY
ANOVA (Split-Plot ANOVA) and homogeneity of Variance was tested using Tukey post-hoc

test.

3.10.3 Effect of temperature on activity and stability of purified laccase

Triplicate samples were collected and analyzed each for the effect of temperature on enzyme
activity and stability. Mean + standard deviation was calculated. Data was analyzed using ONE
WAY ANOVA (Split-Plot ANOVA) and homogeneity of VVariance was tested using Tukey post-

hoc test.

3.10.4 Effect of inhibitor and metal ions on activity of purified laccase
Triplicate samples were collected and analyzed for the effect of inhibitor and the various metal

ions used in this study on the activity of the purified laccase. Mean + standard deviation was
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calculated. Data was analyzed using ONE WAY ANOVA (Split-Plot ANOVA) and

homogeneity of Variance was tested using Tukey post-hoc test.

3.10.5 Effect of pH and temperature on laccase-mediated decolourization

Triplicate samples were collected and analyzed each for the effect of pH and temperature on
laccase-mediated decolourization. Mean + standard deviation was calculated. Data was analyzed
using ONE WAY ANOVA (Split-Plot ANOVA) and homogeneity of Variance was tested using

Tukey post-hoc test.
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CHAPTER FOUR

4.0 RESULTS

4.1 Screening forLaccase Production by various Algal Species

In this study, seven (7) microorganisms belonging to cyanobacteria and green microalgae were
screened for the production of laccase. Although all the organisms produced laccase
extracellularly, Microcystis flos-aquae produced the highest in terms of yield and specific
activity. The maximum production of laccase from Microcystis flos-aquaewas obtained at day15
having specific activity of 0.33 £0.003 pumol/mgminwith a reduction at days 18 and 21with
specific activities of 0.29 +0.005 pmol/mgminand0.28 £0.002 umol/mgminrespectivelyFigure

4.1).

4.2 Percentage Saturation of Ammonium Sulphate Precipitation

The high laccase production observed from the cyanobacteria Microcystis flos-aquae led to
thepurification of the enzyme using ammonium sulphate precipitation. Low activity of laccase
was observed using 10% saturated ammonium sulphate which remained unchanged in 20% and
30% saturation (Figure 4.2). There was an increase in activity from 40%saturation
(2.21umol/min) until 90%saturation (11.76umol/min) where the maximum laccase activity was
obtained. At 100% saturation, there was a decrease in the activity of laccase (11.43pmol/min)

(Figure 4.2).
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Data was analyzed using SPLIT PLOT ANOVA followed by Tukey’s multiple post-hoc test. Bars with different
superscripts (a-e) are considered statistically significantly (p<0.05) different across the days and between the
organisms. (n=3). The arrow in the figure indicate day with the highest yield of laccase production by Microcystis
flos-aquae.
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4.3 Purification of Microcystisflos-aquael.accase on DEAE Sephadex

Twenty milliliters of the dialyzed sample from Microcystis flos-aquaewas subjected to anion
exchange chromatography using DEAE-Sephadex exchanger, and this led to the collection of
thirty (30) fractions (Figure 4.3). Exactly, three (3) milliliters of eluate was collected for each
fraction at a flow rate of 10 drops per minute. Assay of laccase activity using ABTS as
substratein the fractions revealed that fraction eleven (11) showed/had the highest specific
activity (118.6 pmol/mgmin) with total protein concentration of 3.8mg/mL and the enzyme was

purified to 7.6-fold with a yield of 1.41% (Table 4.1).

4.4: Purificationof Microcystis flos-aquaelLaccase on Sephadex G-100

Ten milliliters of partially purified laccase from anion exchange chromatography was further
subjected to size exclusion chromatography using Sephadex G-100 exchanger which led to the
collection of twenty-five (25) fractions (Figure 4.3). Exactly, three (3) milliliters of eluate was
collected for each fraction at a flow rate of 10 drops per minute. Investigation of laccase activity
using ABTS as substrate in the fractions revealed that fraction six (6) showed/had the highest
specific activity (158.73umol/mgmin) with total protein concentration of 0.11mg/mL and the

enzyme was purified to 10.21-fold with a yield of 0.55% (Table 4.1)
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4.5 Purification Table of Laccase from Microcystis flos-aquae

The laccase isolated and purified from Microcystis flos-aquae was purified using a combination
of ammonium sulphate precipitation, dialysis, anion exchange and size exclusion
chromatographic methods (Table 4.1). with each purification steps, there is a decrease in total
activity, this could be as a result of separation of our enzyme of interest from cluster of other
proteins that might be present at each purification step. Furthermore, there is an increase in
specific activity across the purification steps with approximately 0.16mmol/min/mg obtained at
the end of the purification. The purity (purification fold) of the laccase increases also at each
purification step from 1-fold until 10.21-fold purification was obtained, and a decreased in yield

of 0.55% obtained (Table 4.1).

4.6 SDS-PAGE for Determination of Purity and Calculation of Molecular Weight of
Laccase

In the present study, the laccase from Microcystis flos aquae was purified to near homogeneity
and was estimated to be approximately 66 kDa in size on SDS-PAGE as indicated in figure 4.5.
The purified laccase showed a single band on the SDS-PAGE when stained with Coomassie
brilliant blue R-250, indicating the purity of the enzyme sample, thus suggesting the monomeric

nature of the enzyme.
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Table 4.1: Purification Table of Laccase from Microcystis flos-aquae

Purification Volume Protein Laccase Total Total Specific Purification Yield

steps (ml) concentration activity activity protein activity fold (%)
(mg/mL) (umol/min) (umol/min) (g/mL) (umol/mgmin)

Crude 950 2.16 33.58 31901 2052 15.55 1 100

enzyme

Ammonium 100 1.08 27.71 2771 108 25.66 1.65 8.69

sulphate

precipitation

Dialysis 50 0.73 24.99 1249.5 36.5 34.23 2.2 3.92
DEAE- 20 0.19 22.45 449 3.8 118.16 7.6 1.41
Sephadex

(IEC)

Sephadex G- 10 0.11 17.46 174.6 1.1 158.73 10.21 0.55
100 (SEC)

Enzyme unit (U) is the micromole of substrate converted per minute (umol/min) under the assay conditions.
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Figure 4.5: SDS-PAGE for depicting the purity and molecular weight of laccase from
Microcystis flos-aquae

(Lane M: Protein molecular weight marker (kDa), Lane 2E: Partially purified laccase of Microcystis flos aquae
eluted from Gel filtration chromatography)
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4.6a Effect of pH on Activity and Stability of Purified Laccase

In order to characterize the purified laccase, the optimum pH of the enzyme was determined by
measuring the relative activity at different pH. The relative activity of laccase at pH 2 and 3 was
67% and 71% respectively, which increases to 81% at pH 4. A reduction in the relative activity

was observed from pH 5 to pH 11. (Figure 4.6a).

In the same instance, the stability of the enzyme was high at pH 2 and 3 with the enzyme being
more stable at pH 4 with residual activity of 77%. There is significant decrease (p = 0.01) in

stability from pH5 to pH 11 (Figure 4.6b).

4.6b Effect of Temperature on Activity and Stability of Purified Laccase

Similarly, the optimum temperature of the enzyme was determined by measuring the relative
activity at different temperatures. The relative activity of laccase at 20°C was 42%. Significant
increase (p=0.01) in activity was obtained at temperatures of 30°C and 40°C with relative activity
of 80% and 86% respectively(Figure 4.7a).75% of the residual activity was retained at
temperature 30°C to 40°C respectively. In the same instance, there is drastic reduction in

temperature stability of 40% to 16% from 60°C to 80°C (Figure 4.7b).
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Figure 4.6a: Effect of pH on activity of purified laccase.

Data was analyzed using ONE-WAY ANOVA followed by Tukey’s multiple post-hoc test. Bars with different
superscripts (a-f) are considered statistically significantly (p=0.01) different across the pH. (n=3)
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Figure 4.6b: Effect of pH on stability of purified laccase.

Data was analyzed using ONE-WAY ANOVA followed by Tukey’s multiple post-hoc test. Bars with different
superscripts (a-d) are considered statistically significantly (p=0.01) different across the pH. (n=3)
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Figure 4.7a: Effect of temperature on activity of purified laccase.

Data was analyzed using ONE-WAY ANOVA followed by Tukey’s multiple post-hoc test. Bars with different
superscripts (a-d) are considered statistically significantly (p=0.01) different across the temperatures. (n=3)
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Figure 4.7b: Effect of temperature on stability of purified laccase.

Data was analyzed using ONE-WAY ANOVA followed by (Tukey’s multiple post-hoc test). Bars with different
superscripts (a-€) are considered statistically significantly (p=0.01) different across the temperatures. (n=3)
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4.8 Effect of Metal ions and Inhibitor on Laccase Activity
The relative activity of the purified laccase was statistically increased (p=0.01-0.02) using 5mM
of the metals Ca®*, Mg?*, and Cu?* respectively. However, there is statistically decrease (p=0.01)

in activity in the presence of Fe?*or EDTA (Figure 4.8).

4.9Kinetics of Purified Laccase
The kinetic assessments using ABTS (2,2-azinobis-3-ethylbenzothiozoline-6-sulfonic acid) as
substrate indicated that the laccase has both K, and Vmax values of 51.71 mM and 5.02 pumol/min

respectively (Figure 4.9).

51



140.00

Control H1mM H5mM
120.00

M
o

a,b
100.00

80.00 =

60.00 =

Relative activity (%)

40.00 +

20.00 «

0.00

Ca Mg Zn Fe Cu EDTA

Metal ions and inhibitor

Figure 4.8: Effect of metal ions and inhibitor on laccase activity.
Data was analyzed using ONE-WAY ANOVA followed by Tukey’s multiple post-hoc test. Bars with different

superscripts (a-c) are considered statistically significantly (p=0.01-0.02) different across the metal ions and inhibitor.
(n=3)
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Figure 4.9: Lineweaver-Burk plot with ABTS as substrate

The kinetics of laccase enzyme (maximum velocity and Michaelis Menten's constant of 5.02 pmol'min™ and 51.71
mM respectively)
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4.10Effect of pH and Temperature on Laccase-catalyzed Decolorization

The effect of pH on laccase-mediated decolorization was determined by measuring the
decolorization percent of Cibacron Brilliant Blue (CiBB) dye at various pHs (2-11). Sixty five
percent (65%) decolorization was obtained at pH 2 with increase in decolorization at pH 3 (68%)
and pH 4 (78%). Furthermore, increase in pH led to decrease in dye decolorization where 40%

was recorded for both pH10 and pH11 (Figure 4.10a).

Similarly, the effect of temperature on laccase-mediated decolorization was determined by
measuring the decolorization percent of CiBB at temperatures of 20°C to 80°C. At 20°C, 41% of
the dye was decolorized. There was significant (p < 0.01) increase in decolorization at 30°C
(69%) to 40°C (73%), after which a decrease in decolorization was observed from 50°C (62%) to

80°C (11%) (Figure 4.10Db).

4.11 Bioremediation (decolorization) Potential of Crude Laccase and Partially Purified
Laccase on Decolorization of Cibacron Brilliant Blue (CiBB) Azo Dye

The bioremediation (decolorization) potential of the purified laccase was assayed at pH 4 and
temperature of 40°C using 0.039g/I of Cibacron Brilliant Blue (CiBB) solution. In the presence
of ABTS as substrate, significant (p=0.01) increase in decolorization was evident throughout the
time intervals. The purified laccase in the presence of ABTS was able to decolorize 50% of the
dye compared to 13% by the crude laccase after 30 minutes. At the end of 180 minutes, it was
observed that the purified laccase reduces Cibacron Brilliant Blue (CiBB) dye by 90% while
only 39% decolorization was observed using the crude enzyme, this showed the high potential

and efficiency of the purified laccase compare to its crude(Figure 4.11).
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Fig. 4.10a: The effect of pH on laccase-catalyzed decolorization.

Data was analyzed using ONE-WAY ANOVA followed by Tukey’s multiple post-hoc test. Bars with different
superscripts (a-e) are considered statistically significant (p=0.01) across the pH. (n=3)
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Figure 4.10b: The effect of temperature on laccase-catalyzed decolorization.

Data was analyzed using ONE-WAY ANOVA followed by Tukey’s multiple post-hoc test. Bars with different
superscripts (a-e) are considered significantly (p=0.01) different statistically across the temperatures. (n=3)
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Figure 4.11: Time-dependent bioremediation (decolorization) potential of crude laccase
and partially purified laccase on decolorization of Cibacron Brilliant Blue (CiBB) azo dye
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CHAPTER FIVE

5.0 DISCUSSION
In this study, seven (7) microorganisms belonging to cyanobacteria (Microcystis aurogenosa,
Microcystis flos-aquae, Microcystis wasen bergii and Oscillatoria) and green microalgae
(Chlorogonium, Chlorella sorokiniana, and Planktothrix) were screened for production of
laccase for a period of three (3) weeks. Although all the organisms produced laccase
extracellularly, Microcystis flos-aquae producedthe highest throughout the period of
experimentation. In all the organisms, there was decrease in laccase activity in the cyanobacteria
after day fifteen (15) and after day eighteen (18) in the green microalgae, this could be as a result
of depletion in medium contents/nutrients utilized by the organisms for their growth/and

metabolism.

The extracellular laccase obtained from Microcystis flos-aquae was purified using ammonium
sulphate precipitation, ion exchange chromatography on DEAE-Sephadex followed by gel
filtration chromatography. Microcystis flos-aquae laccase was purified from the culture filtrate.
The results showed a downhill slope of concentration and total protein with each of the passing
purification step whereas an increase in specific activity and fold purification was observed, this
is because our protein (enzyme) of interest is been purified from other cluster of proteins present

at each purification step, thus an increase in specific activity.

The purification of laccase obtained in the present study is comparable with that of Chaurasia et
al., (2014) who reported a 10.42 purification fold with 12.57 % yield of laccase from Trametes
hirsutaMTCC-1171 using DEAE cellulose column chromatography. However, Yan et al. (2014)

reported 1.37and 4.07-fold purifications with 5.78 and 11.64 % yields of laccase from T. trogii
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S0301 using anionic exchange chromatography followed by Sephadex G-75 chromatography,

respectively.

Previously, laccase purification was reported from fungi; Pleurotus sajorcaju MTCC 141 with a
10.71-fold increment in activity and 3.46% yield; while in bacteria, 28.46-fold purification of
laccase from Bacillus tequilensis SN4 with 13.34% vyield was reported (Sahay et al., 2008,
Sondhi et al., 2014). However, in green algae Tetracystis aeriawhich was 120-fold purified had a
low vyield of 2.5% (Otto et al., 2014). Mostly, laccase purification has been done from fungal
sources till date which includes, Trametes gibbosa, Trametes hirsuta, Trametes versicolor,
Pleurotus ostreatus, and Phellinus igniarius etc. (Baldrian P. (2006)) and only one laccase has
been purified and characterized in a green alga (Otto et al., 2014). Presence of laccase was
reported in Oscillatoria boryana and Phormidium valderianum but there are no reports on the
purification of laccase from cyanobacteria (Palanisami et al., 2010). The most commonly used
method for laccase purification is salt elution from an anion-exchange resin due to higher
stability at neutral to alkaline pH (Patel et al.,2014). The extracellular cyanobacterial laccase
from Microcystis flos-aquae exhibit strong binding with DEAE cellulose column and eluted
fraction with peak activity at 0.2 M NaCl gradient elution. Laccases show variable binding and
many studies have also reported the elution from 0.1 M to 0.3 M NaCl gradient (Binz et al.,

1996).

Most bacterial and fungal laccases have molecular weights of proteins ranging from 43 kDa to
110 kDa (Yaropolov et al., 1994; Madhavi and Lele 2009). In this study, the approximate
molecular mass of the purified laccase from Microcystis flos-aquae was found to be 66 kDa,
which resembles the molecular mass of most fungal laccases (Yang et al., 2013). The purified

laccase showed single band on the SDS-PAGE, when stained with Coomassie blue R-250,

59



indicating the purity of the enzyme sample, thus suggesting the monomeric character of the

enzyme.

The effect of pH and temperature on the activity of the purified laccase was also investigated.
Laccases have different pH optima, which are dependent on the particular substrate used.
(Robles et al., 2000). The effect of pH on enzyme activity was analyzed by carrying out enzyme
assays at different pH. The optimum pH of the purified laccase from Microcystis flos-aquae was
4.0 with ABTS as substrate.The enzyme was able to hold back its activity in a long range of pH,
from 2.0 to 8.0 after 2 hours of incubation and found to be most stable at the optimum pH (pH
4.0). The activity of the enzyme was drastically reduced and inactivated at pH 10 and pH 11.0
which might be due to the binding of a hydroxide anion to the trinuclear coppers of laccase that
interrupts the internal electron transfer from T1 to trinuclear centre and ionization of pl
(Gholami-Borujeni et al., 2011). It was reported that the oxidation rate of different substrate
gradually decreased at higher pH which might be due to ionization of critical amino acids (Asp
and Glu) (Gholami-Borujeni et al., 2013). Similar results were obtained with laccase of Cerrena
unicolor strain 137, Peniophora sp, Carica papaya and y-proteobacterium JB (Paavola et al.,

2004; Michniewicz et al., 2006; Sharma et al., 2007; Nivedita et al., 2015).

Temperature effect showed bell shaped graph. Maximum activity of purified laccase from
Microcystis flos-aquae was recorded at 40°C, beyond which the activity of the enzyme started
decreasing. At 40°C, 86% laccase activity was retained. Further increase in temperature resulted
in drastic decrease in enzyme activity which might be as a result denaturation of the enzyme.
Youn et al.(1995) reported that laccase from Pleurotus ostreatus showed an optimum
temperature of 30°C, whereas 50°C was observed as optimal temperature in Pleurotus florida

and Pleurotus pulmonarius (Youn et al., 1995; De-Souza et al., 2003). Thermal stability study
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with the purified laccase was carried out at 20°C to 80°C for 180 minutes and it was found that
the laccase was quite stable at 30°C to 40°C, retaining over 70 % of its residual activity after 180
minutes of incubation. While the enzyme was able to retained over 50% of its residual activity at
30°C to 50°C after 180 minutes of incubation, the enzymes lost most of its residual activity at
70°C and 80°C, with less than 20 % recorded at 70°C and 80°C. Increase in temperature resulted
in decreased stability of enzyme. The thermal stability of enzymes may be influenced by the
presence of hydrophobic or charged residues, which increase enzyme rigidity and restrict

conformational changes during substrate binding (Somero et al., 2004).

Attala et al., (2015) reported the effect of metal ions on laccase activity which was found to be
greatly dependent on its source as well as the type of metals used that strongly affects the
catalytic activity of the enzyme. In the present study, effect of Cu**, zn**, Ca?*, Fe?* and Mg**
metals at 1mM and 5mM respectively was observed for the characterization of Microcystis flos-
aquae laccase. Other scientists also reported the stimulatory effect of Cu**and Zn?*on laccase
activity in Cladosporium cladosporioides and Streptomyces psammoticus (Niladevi et al., 2008).
Similarly, Lorenzo et al. (2005) reported that addition of Cu?* to the reaction mixture enhanced
laccase activity at concentrations lower than 1.0 mM and that Mn?* and Zn?* did not affect the
enzyme activity at any of the concentrations tested (0.5 mM to 80 mM). The filling of the Type |
Copper binding site by Cu?* could be responsible for this increased laccase activity (Shekher et
al., 2011; Sondhi et al., 2014). EDTA was reported to be an inhibitor of metallo-enzymes due to
its tendency of forming inactive complexes with inorganic prosthetic cofactors of the enzyme
(Sadhasivam et al., 2008). In the present study, laccase activity was significantly inhibited in the
presence of 1 mM and 5mM EDTA with 23% and 79% inhibition respectively compared to

controlwhich was similar to previously reported results (Sadhasivam et al., 2008). Phenol
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degrading laccase from the Trichoderma atroviride was also significantly inhibited in the
presence of sodium azide, EDTA and L-cysteine (Chakroun et al., 2010). The inhibitory effect of
EDTA on laccase activity was also reported by many researchers (De-Souza et al., 2003; Liu et

al.,2010).

The Kinetic parameters Vmax and Knpwere determined using ABTS as the substrate. Lineweaver—
Burk plot confirmed that the Ky, and Vax values of the purified Microcystis flos-aquae laccase
were 51.71 mM and 5.02 pmol'min™ respectively. Values obtained were similar to previously
reported results. Vantamuri et al., (2016) reported the Ky, and Vmax of purified laccase from

Marasmius sp. BBKAV79 to be 3.03 mM and 5 umol'min™, respectively.

Maximum decolorization of the CiBB dye occurred at pH 4.0 which is the optimum pH of the
enzyme. Alteration from the optimum pH of laccase negatively affected decolorization of all
synthetic dyes. In the study of Ashrafi et al. (2013) and Mirzadeh et al. (2014) laccase mediated
decolorization of all applied dyes was maximally achieved at acidic pH of 5. It was demonstrated
that most of laccases of fungal origins maximally work at acidic pH and the enzyme activity at
higher pH is decreased due to binding of hydroxide anion to the T2/T3 coppers of laccase and as
a result interrupting with the internal electron transfer from T1 to T2/T3 centers (Baldrian, 2006).
In the present study, the purified laccase from Microcystis flos aquae was able to withstand and
retained most of its activity at acidic pH range, while activity with respect to decolorization was
drastically reduced at a very high pH or alkaline pH. Decolorization percent of Cibacron
Brilliant Blue (CiBB) dye was gradually increased by enhancing the reaction temperature from
20°C—-40°C and maximum decolorization (73%) was observed at the temperature of 40 °C. The

amount of decolorization of the studied dye was dropped drastically (11 % decolorization) by
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elevating temperature to 80 °C which was in agreement with the findings of Ashrafi et al. (2013)

who observed that maximum dye decolorization occurred between the temperatures of 40-60°C.

The effect of crude and purified laccase from Microcystis flos-aquae on decolorization of
Cibacron Brilliant Blue (CiBB)was investigated in the presence of ABTS. Samples were taken at
specific intervals from the reaction medium during 180 minutes of reaction and
spectrophotometric measurements were performed at wavelength where the dye exhibit a
maximum absorbency. The purified laccase in the presence of ABTS was able to decolorize 50%
of the dye compared to 13% by the crude laccase after 30 minutes. At the end of 180 minutes, it
was observed that the purified laccase reduces Cibacron Brilliant Blue (CiBB) dye by 90% while
only 39% decolorization was observed using the crude enzyme. Like many fungal laccases
(Soares et al., 2001; Zille et al., 2004; Camarero et al., 2005; Pereira et al., 2009) the Trametes
aeria laccase is unable to effectively decolorize the highly recalcitrant dyes RBBR (Reactive
Brilliant Blue R) and RB5 (Reactive Black 5) in the absence of redox mediators, but substantial
decolorization of these dyes is achieved in the presence of ABTS. The present study suggest that
the pure laccase mostly decolorizes the Cibacron Brilliant Blue (CiBB) dye compared to the
crude enzyme and that the dye decolorization potential of the purified laccase was much higher
in terms of extent as well as time. Many scientists have reported that the methyl or methoxy
groups bound on the phenolic groups in the azo dye structure donate electrons and hence
increase the activity of laccase enzyme, whereas the nitro groups in the structure attract electrons
and hence inhibit the oxidation reaction catalyzed by the laccase enzyme (Chivukula et al., 1995;

Xu F. 1996).
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CHAPTER SIX

6.0 CONCLUSION AND RECOMMENDATIONS
6.1 Conclusion

The study demonstrated that a 66 kDa extracellular-copper-dependent laccase from Microcystis
flos-aquaewas purified and characterized. Seven (7) organisms belonging to the micro-algae and
cyanobacteria were screened for production of laccase, with Microcystis flos-aquae been the best
producer with optimum activity on day 15. The partially purified laccase from Microcystis flos-
aquae has an enzyme yield of 0.55% at fold-purification of 10.21 and specific activity of
approximately 0.16 mmol/min/mg at which the enzyme was purified using a combination of
ammonium sulphate precipitation, dialysis, anion exchange and size exclusion chromatographic
methods. At optimum pH and temperature of 4.0 and 40°C, respectively, the enzyme has a Km of
51.71 mM and Vmax of 5.02 uMmin™ with high potential for azo dye oxidation. Furthermore,
the Cibacron Brilliant Blue which is an azo dye was rapidly decolorized up to 90% within 3
hours, implying the bioremediation (decolorization) potential of the partially purified laccase on

synthetic (azo) dyes.

6.2 Recommendation
Cloning and overexpression of the Microcystis flos-aquaein E. coli may result in higher yield
and cost-effective production.
Toxicity studies should also be performed to determine the safety level of these decolorized

compounds.
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APPENDICES
Appendix |
Formulas used during preparation of Reagents
For solid compounds, the grams needed for a particular compound was calculated using;

Amount (g) = Molar concentration X Molar mass X Required volume (m/s)
1000
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For liquid samples prepared from the stock, the concentration of the stock was calculated using;

Concentration (M1) = % Purity X Specific gravity X 10
molecular weight

Thereafter, the volume (V) required from the amber to prepare the solution was calculated by the
formula;

Volume of stock (V) = Needed concentration (M2) X Volume to be prepared (V2)
Stock concentration (M1)

Appendix 11
Formula for Calculating Purification of an Enzyme
During the purification profile, Total Protein (mg/ml) was determined using;

Total protein (mg/ml)= Total activity
Specific activity

However, purification fold was calculated as;

Purification fold = Specific activity of protein at a purification step
Crude specific activity
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% vyield and Enzyme activity were calculated using the following formulas respectively;

% Yield = Total activity of a protein at a step X 100
Total activity of crude

Enzyme activity (mol/mins) = Absorbance
Incubation time

Appendix 111
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(A) initial dye concentration (B) Decolorization at 30 minutes

(C) Decolorization at60 minutes(D) Decolorization at90 minutes

Pictorial representation of Bioremediation (decolorization) potential of crude laccase and
partially purified laccase on decolorization of Cibacron Brilliant Blue (CiBB) azo dye
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(E) Decolorization at120 minutes(F) Decolorization at180 minutes

Pictorial representation of Bioremediation (decolorization) potential of crude laccase and
partially purified laccase on decolorization of Cibacron Brilliant Blue (CiBB) azo dye
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