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Summary   

Laccases are multidomain copper containing proteins acting on phenolic and non-phenolic 

compounds. They are industrially relevant enzymes performing diverse oxidative functions 

including dye decolorization, food processing, organic synthesis and bio-remediation. Laccases 

exist in all domains of life. Laccases from fungal species are well characterized for industrial 

utilization. However, Laccases from bacterial genera are comparatively less characterized. In 

comparison with fungal laccases bacterial laccases are heat stable and halide tolerant, the 

properties desired for industrial applications. The present study describes the identification, 

cloning, gene expression and characterization of laccases from two sources (i) from thermophilic 

Geobacillus thermopakistaniensis and (ii) from mesophilic Bacillus subtilis strain R5.  

 

Genome search of Geobacillus thermopakistaniensis, formerly Geobacillus sp. SBS-4S, 

revealed the presence of an open reading frame (GenBank accession number ESU71923) 

annotated as laccase, (named as Gt-Lac). Gt-Lac gene was having 825 nucleotides, encoding a 

protein of 273 amino acids. The BLAST search showed that Gt-Lac does not display sequence 

similarity with characterized laccases of Bacillus subtilis, Streptomyces coelicolor and Thermus 

thermophilus. Gt-Lac shared highest homology with laccases of a new protein family, DUF152, 

like Kurthia huakuii (32%), RL5 laccase from bovine rumen metagenome (31%), and 

Thermobifida fusca (28%). To examine the properties of ESU71923, Gt-Lac was cloned in 

expression vector (pET-21a) and mobilized to E. coli for the production of recombinant enzyme. 

However, the purified recombinant protein did not exhibit any laccase-like activity even when 

produced in the presence of copper ions. Expression of Gt-Lac gene at low temperatures and in 

the presence of zinc also failed to produce an active enzyme. Atomic absorption spectroscopy 

could detect only zinc atom instead of four coppers that most laccases possess. Based on these 

results it was suggested that ESU71923 does not encode a functional laccase.   

The laccase activity was, therefore, purified from G. thermopakistaniensis cells and N-terminal 

amino acid residues of the enzyme were determined. These residues matched the N-terminal 

sequence of an open reading frame annotated as a copper oxidase (ESU72270). In order to 

characterize the enzyme, recombinant ESU72270 (named as Gt-Cuo) was prepared 

in Escherichia coli. Gt-Cuo gene encoded a protein of 503 amino acids with a molecular weight 
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of about 60 kDa. The recombinant protein was found to exhibit a negligible amount of laccase 

activity when produced in the absence of copper in the growth medium. However, the 

recombinant protein exhibited significantly high laccase activity when produced in the presence 

of copper. The recombinant enzyme showed highest activity at 60 °C and a pH of 7–7.5. Gt-Cuo 

was copper dependent and a five-fold increase in laccase activity was observed in the presence of 

100 μM copper sulfate. When using halide donors, a 7-fold and 5-fold increase in laccase 

activity was observed with 500 mM NaBr and NaCl, respectively. Gt-Cuo showed good stability 

towards organic solvents. Moreover Gt-Cuo was able to decolorize several synthetic dyes with 

highest rate of color removal observed for indigo caramine. In conclusion, this is the first report 

about the identification of gene, from genus Geobacillus, responsible for true laccase activity 

having potential to be used for biotechnological applications.  

The third gene of the study, (named as Bsu-Lac) laccase from Bacillus subtilis was composed of 

513 amino acids with calculated molecular weight of 58498.99 Da. When expressed in E. coli 

the recombinant Bsu-Lac was produced as inclusion bodies which were tried to refold by 

denaturing in urea but the refolded sample was inactive. Co-expression of Bsu-Lac gene with a 

chaperonin gene also failed to solubilize the inclusion bodies. Finally expression of Bsu-Lac 

gene was taken in pET-28a(+) at low temperature and the protein was purified by nickel affinity 

chromatography. The enzyme was found to function optimally at 55 °C and a pH of 7. The 

laccase activity of Bsu-Lac was dependant on copper only during protein production rather than 

adding in assay mixture, showing the importance of copper for proper protein folding. The 

enzyme was stable in 10% of all tested organic solvents. The Bsu-Lac activity was stable at 80 

°C for 150 min. When the protein was incubated with various concentrations of urea, structural 

stability was found even at 8 M urea. The recombinant protein was able to degrade various 

synthetic dyes with the highest rate of dye degradation for orange G, thus having potential for 

various industrial applications.  
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1. Introduction  

Copper-containing metalloproteins play a vital role in cellular metabolism of living organisms. 

Copper is an essential micro-nutrient and a key cofactor in biological oxidoreductions. Since 

copper can change its oxidation state from Cu1+ to Cu2+, it mediates various redox and electron 

transfer pathways including photosynthesis, oxidative phosphorylation, nitrogen fixation and 

metal homeostasis. 

 

Copper-binding proteins are characterized by having a cupredoxin fold, a common structural 

domain. This domain consists of an inflexible β-sandwich composed of seven strands arranged in 

a parallel and antiparallel conformation in 2 beta sheets. This fold can exist in mono-domain 

cuperdoxins (such as azurin, plastocyanin, and rusticyanin), or present in multi-domain proteins 

(such as laccase, ascorbate oxidase, ceruloplasmin and nitrite reductase). 

Multi-copper oxidases are a diverse class of enzymes which perform variety of functions ranging 

from copper and iron metabolism to polyphenol oxidation. They contain four copper ions 

arranged in two sites (Solomon et al., 1996):  

i. a type 1 (mononuclear) copper center (T1) and  

ii. a type 2/type 3 (trinuclear) copper cluster consisted of a type 2 copper center (T2) and 

dinuclear type 3 (T3) center.  

 

The superfamily of multi-copper oxidases include laccase, ascorbate oxidase, ceruluplasmin, 

bilirubin oxidase and nitrite reductase (Strong and Claus, 2011), each of them contain multiple 

cupredoxin domains. 

1.1. Oxidoreductases 

Oxidoreductases are enzymes that catalyzes the transfer of electrons from one molecule to 

another molecule. A typical oxidation-reduction reaction is represented by the following 

reaction: 

A– + B → A + B– 

Here, A is the reductant (electron donor) and B is the oxidant (electron acceptor).  

https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/Electron
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Oxidoreductases are divided into four subclasses: 

 

(a). Oxidases: They use oxygen as electron acceptor but do not incorporate it into the substrate 

e.g. glucose oxidase, NADPH oxidase, laccase, monoamine oxidase etc. 

(b). Dehydrogenases: They use nicotinamide adenine dinucleotide (NAD+) as an electron 

acceptor instead of oxygen e.g. alcohol dehydrogenase, pyruvate dehydrogenase, 

glyceraldehyde-3-phosphate dehydrogenase, lactate dehydrogenase etc. 

(c). Oxygenases: They directly incorporate oxygen into the substrate e.g. cytochrome P450 

monooxygenase, catechol 1,2-oxygenase, cysteamine dioxygenase, carotenoid oxygenase etc. 

(d). Peroxidases: They use hydrogen peroxide (H2O2) as electron acceptor e.g. horseradish 

peroxidase, cytochrome c peroxidase, thyroid peroxidase etc. 

1.2. Laccases 

The class of enzymes known as Laccases (EC 1.10.3.2) are multicopper-containing oxidases 

responsible for catalyzing the one-electron oxidation of four equivalents of a reducing substrate, 

while reducing the air dioxygen into water (Santhanam et al., 2011). Fig. 1.1 describes the 

overall reaction catalyzed by a laccase. 

 

 

 

 

 

 

Fig. 1.1:  General reaction mechanism for phenol oxidation by laccase (Karigar and Rao, 2011).  

Laccase substrates include both phenolic and non-phenolic compounds. Among phenolics, the 

range of reducing substrates includes phenols, methoxyphenol and polyphenol. The non-phenolic 

https://en.wikipedia.org/wiki/Pyruvate_dehydrogenase
https://en.wikipedia.org/wiki/Glyceraldehyde-3-phosphate_dehydrogenase
https://en.wikipedia.org/wiki/Cytochrome_c_peroxidase
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substrates of laccases are aromatic amines, such as anilines, aryl diamines, benzenethiols and 

hydroxyindoles. Several inorganic ions can also serve as laccase substrates (Morozova et al. 

2007).   

1.2.1. Laccases: prevalence and distribution 

Laccases are ubiquitous enzymes present in all the three domains of life. Laccases were first 

discovered in plants as demonstrated in the sap of Rhus vernicifera (Yoshida, 1883). Later on 

they were reported to be present in lacquer, mango, peach, pine, prune, mung-bean and sycamore 

(Dwivedi et al., 2011). The majority of plant laccases are known to be monomeric in nature, 

having subunit masses varying from 60 to 100 kDa (Jaiswal et al., 2015). Multimeric plant 

laccases with a molecular weight of 137 kDa are reported from xerophytic Opuntia vulgaris and 

Cereus pterogonus (Kumar and Srikumar, 2014). A laccase from Leucaena leucocephala is a 

heterodimer of two subunits of 100 and 120 kDa (Jaiswal et al., 2014). Plant laccases are known 

to be highly glycosylated and the glycosylation is expected to affect the secretion pattern, copper 

retention, stability due to altered temperatures and enzyme activity (Jaiswal et al., 2015). The 

natural role of plant laccases involves the radical-based lignin polymerization, wound healing 

and iron oxidation (Dwivedi et al., 2011).     

Laccases from fungal species are extensively characterized and majority of these have been 

derived from white-rot fungi (Viswanath et al., 2014). The most well-known fungal laccases 

include those from Agaricus bisporus, Botrytis cinerea, Coprinus cinereus, Neurospora crassa, 

Phlebia radiate, Pleurotus ostreatus, Picnoporus cinnabarius and Trametes Versicolor (Gochev 

and Krastanov, 2007; Sharma et al., 2007). The natural function of laccases in fungi includes 

delignification, sporulation, fruiting body formation, pigmentation, and plant pathogenesis 

(Thurston, 1994; Rivera-Hoyos et al., 2013). Laccases from fungal species are glycosylated with 

a carbohydrate content of 10 ̶ 25% (Dwivedi et al., 2011). Fungal laccases are mainly monomeric 

(Fernandes et al., 2014) and extracellular enzymes which are secreted out in medium (Pannu and 

Kapoor, 2015). Laccases are also reported from archaea. Till now, one archaeal laccase (LccA) 

from halophilic archaeon Haloferax volcanii has been characterized (Uthandi et al., 2009). 

Bacterial laccases, as compared to fungal laccases, are not well characterized, although previous 

reports demonstrated that laccases, among bacteria, are widely present (Alexandre and Zhulin, 

http://onlinelibrary.wiley.com/doi/10.1111/j.1574-4976.2005.00010.x/full#b1


5 

 

2000; Claus, 2003). The first report of a bacterial laccase was from a soil inhabited bacterium 

(Azospirillum lipoferum) by Givaudan et al. (1993). Afterwards laccase activity was detected in 

Bacillus sphaericus and subsequently the identification of a large number of multi-copper 

oxidase genes started with the use of computational and genome-mining approaches. 

The natural role of laccases in bacteria is not clear. They are reported to perform various 

functions including biosynthesis of melanin and spore pigment, processes of morphogenesis, 

maintenance of copper balance, and protection of spore coat from damaging effects of hydrogen 

peroxide and ultra violet rays (Santhanam et al., 2011; Strong and Claus, 2011). Bacterial 

laccases vary greatly in their sizes, oligomerization states, and structural composition. Generally 

laccases contain three protein structural domains but reports about the existence of laccases 

lacking one domain are also available.  

The distribution of laccases within a bacterial cell varies, notably across the species, depending 

on several parameters including gene expression patterns, bacterial growth stage, and/or presence 

of an external inducing agent. An up-regulated laccase activity was recorded, after 

supplementation of growth medium with copper, for laccases from Stenotrophomonas 

maltophilia, Bacillus subtilis, Streptomyces griseus and Thermus thermophilus. Among bacteria 

both intracellular and extracellular laccases are reported. 

Laccases have been reported from a variety of bacteria particularly in the gram-positive bacteria 

including the Bacilli, Streptomycetes, and Pseudomonads genera (Koschorreck et al., 2008). 

Comparison of sequence alignment of various laccases in Bacilli showed that laccase from B. 

subtilis is well characterized. Another most examined laccase is from Streptomyces coelicor. 

This small laccase is reported to oxidize phenolic compounds at unusual alkaline pH 

(Machczynski et al., 2004). Laccases have also been reported from gram negative bacteria as 

well, particularly from the genera of Pseudomonas, Escherichia and Xanthomonas. The laccases 

from these sources prefer metal ions instead of phenolic substrates and are generally known as 

metallo-oxidases. The members of metallo-oxidases include copper resistance PcoA and CueO 

from Escherichia coli and CopA from Xanthomonas campestris and Pseudomonas syringae. 

CumA, from Pseudomonas putida, is a metallo-oxidase involved in manganese oxidation 

(Alexandre and Zhulin, 2000). Another metallo-oxidase, McoA from Aquifex aolicus, catalyze 

http://www.sciencedirect.com/science/article/pii/S096085241201437X#b0070
http://www.sciencedirect.com/science/article/pii/S1749461313000432#bib118
http://www.sciencedirect.com/science/article/pii/S1749461313000432#bib130
https://en.wikipedia.org/wiki/Escherichia
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the oxidation of Cu2+ and Fe2+ and exhibits laccase activity (Fernandes et al., 2007). Table 1.1 

enlists all the characterized bacterial laccases till to date. 

Table. 1.1: Characterized laccases from bacterial sources 

 

    Organism                                                                   Reference 

Aquifex aeolicus (Fernandes et al., 2007) 

Azospirillum lipoferum (Diamantidis et al., 2000) 

Bacillus licheniformis (Koschorreck et al., 2008) 

Bacillus subtilis (Martins et al., 2002) 

Streptomyces griseus (Endo et al., 2003) 

Streptomyces cyaneus (Arias et al., 2003) 

Streptomyces psammoticus                                           (Niladevi et al., 2008) 

Thermus thermophilus (Miyazaki, 2005) 

γ-Proteobacterium                                                        (Singh et al., 2007) 

Stenotrophomonas maltophilia (Galai et al., 2009) 

Streptomyces coelicolor                                                (Machczynski et al., 2004) 

Streptomyces lavendulae                                               (Suzuki et al., 2003) 

Escherichia coli                                                            (Grass and Rensing, 2001) 

Bacillus halodurans                                                       (Ruijssenaars and Hartmans, 2004) 

Sinorhizobium meliloti (Castro-Sowinski et al., 2002) 

Bacillus sphaericus                                                       (Claus and Filip, 1997) 

Streptomyces ipomoea                                                   (Molina-Guijarro et al., 2009) 

Bovine rumen RL5                                                         (Beloqui et al., 2006) 

Pseudomonas desmolyticum                                          (Kalme et al., 2009) 

Pseudomonas extremorientalis                                      (Neifar et al., 2016) 

Streptomyces griseorubens                                           (Feng et al., 2015) 

Meiothermus ruber                                                      (Kalyani et al., 2016) 

Marimonas mediterranea                                             (Sanchez-Amat et al., 2001) 

Thermobaculum terrenum                                            (Brander et al., 2015) 

Bacillus amyloliquefaciens (Lončar et al., 2013) 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Lon%C4%8Dar%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23994699
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Pseudomonas putida                                                   (McMahon et al., 2007) 

Metagenomic source (Lac591)                                    (Ye et al., 2010). 

Streptomyces psammoticus                                          (Niladevi et al., 2008) 

Streptomyces sviceus                                                  (Gunne and Urlacher, 2012) 

Pantoea ananatis                                                            (Shi et al., 2015) 

Thioalkalivibrio sp.                                                        (Ausec et al., 2015) 

Pseudomonas syringae                                                  (Cha and Cooksey, 1991) 

Bacillus clausii                                                              (Brander et al., 2014) 

Klebsiella sp.                                                                 (Li et al., 2008) 

Streptomyces viridochromogenes                                 (Trubitsina et al., 2015) 

Bacillus cereus                                                             (Sowmya et al., 2014) 

Bacillus vallismortis                                                    (Zhang et al., 2013) 

Bacillus tequilensis                                                      (Sondhi et al., 2015) 

Bacillus thuringiensis                                                  (Olukanni et al., 2013) 

Xanthomonas campesteris                                           (Lee et al. 1994) 

1.2.2. Structural properties of laccases     

A functional and catalytically active laccase is dependent on the presence of four copper atoms. 

The laccase-associated copper atoms are categorized into three groups and have contrasting 

differences in terms of their environmental moieties and spectroscopic configurations 

(Messerschmidt and Huber 1990; Strong and Claus, 2011). The copper center, designated as type 

1, possesses a trigonal geometry and contains two histidines together with one cysteine residue 

as conserved copper binding ligands as well as one variable axial position (shown in Fig. 1.2). 

This axial position is occupied by a methionine ligand in bacterial and with axially non-

coordinating phenylalanine or leucine in fungal laccases (shown in Fig. 1.3). The correct 

positioning of axial ligand is required and has defining role in the redox potential capability of a 

laccase. Reduction potential defines the ability of a molecular entity to accept electrons. The 

redox ability of laccases depends on the reduction potential difference of the reducing substrate 

and the laccase type 1 copper center. On the basis of reduction potential, laccases have been 

grouped into two categories; low-medium and high redox potential laccases. Fungal laccases 

comes under the category of high redox potential laccases while bacterial laccases have low-

http://www.ncbi.nlm.nih.gov/pubmed/?term=Ausec%20L%5BAuthor%5D&cauthor=true&cauthor_uid=26227413
http://www.ncbi.nlm.nih.gov/pubmed/?term=Trubitsina%20LI%5BAuthor%5D&cauthor=true&cauthor_uid=25778839
http://www.sciencedirect.com/science/article/pii/S1749461313000432#bib130
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medium reduction potentials. Increase in redox potential by mutating the methioine (M502) with 

leucine or phenylalanine near type 1 copper center has been reported for the CotA laccase from 

spore coat of B. subtilis (Melo et al., 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2:  Structural representation of copper centers in spore -coat (CotA) laccase as observed in 

Bacillus subtilis  (Taken from, Enguita et al .,  2003).  

 

Type 1 copper gives a maxium absorbance at 600 nm and the blue color of the majority of 

laccases is due to covalent copper-cysteine bond. In terms of electron paramagnetic resonance 

(EPR), the paramagnetic properties of type 1 copper atom are very weak. The type 2 copper of 

laccases is liganded with two histidines. The absorption spectrum of type 2 copper atom is very 

weak in the visible wavelength. It displays paramagnetic properties in EPR studies. The type 2 

and type 3 copper atoms are present in close proximity. Type 3 copper atoms form a binuclear 

center which is spectroscopically characterized by an electron absorption at 330 nm (oxidized 

form) with no EPR signal. Type 3 copper center contains three histidines residues each.  
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Fig. 1.3(a): Type 1 site of CotA from B. subtilis  with axial methionine. (b):  Type 1 site of laccase 

from Trametes versicolor  without the axial methionine (Taken from, Jones and Solomon, 2015).  

 

The structure of CotA laccase from B. subtilis is best studied (Fig. 1.4). It is a monomeric three 

domain laccase. Type 1 Cu is present in domain 3, and type 2/type 3 Cu cluster is present at the 

interface of domain 1 and 3. Starting at the N-terminal end, the first domain contains an 8-

stranded β-barrel and a coiled subdomain that connects the first and second domain with 

hydrogen bonding. This coiled structure appears in bacterial but not fungal laccases, and may 

contribute to the thermal stability of bacterial laccases (Sharma et al., 2007). The second domain 

is a 12-strand β-barrel, with an extended loop that connects the second and third domains. The 

third domain contains the T1 copper site and is distinguished by an α-helix extended outward 

from the enzymatic center. This α-helix forms a “lid,” (Fig. 1.4) and may control substrate access 

to the active site.  
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Fig. 1.4:  Ribbon representation of CotA laccase. N terminus is shown in  blue  and C terminus 

in red. D1, D2 and D3 are representing domain 1, domain 2 and domain 3, respectively.  The 

localization of the copper atoms  within the structure is shown as orange balls. The lid -like 

structure (shown by arrow) over the putative substrate -binding site in CotA is visible to the 

right (Taken from, Enguita et al . , 2003). 

1.2.3. Laccase catalysis 

The laccases in their resting oxidized form possess four coppers (in oxidized state) which also 

include a hydroxide-bridged type 3 center with the spectroscopic properties depicted in Fig. 1.2.  

The catalysis reaction initiates once a compatible reductant contributes four electrons which 

results in reduction of all four Cu2+ atoms to Cu1+. The contributed electrons enter via type 1 

copper atom followed by their shifting to the trinuclear cluster.   

 

 

 

 

 

 

 

Fig. 1.5:  Change in oxidation state of copper during laccase catalysis.  
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In a laccase catalyzed reaction, oxidation of substrate takes place at type 1 copper site and 

oxygen binds at trinuclear site. The removal of electron from substrate is coupled with the 

formation of water molecule by reduction of oxygen which is achieved by internal shifting of 

electrons from type 1 to type 2/type 3 site. The reactive radicals produced as a result of substrate 

oxidation can undergo further non-enzymatic reactions (Claus, 2003).   

In addition to substrates of phenolic origin, laccases are also responsible in catalyzing the 

oxidation reactions involving non-phenolic substrates. However, laccases cannot oxidize the 

non-phenolic compounds alone. This limitation arises because the non-phenolic substrates are 

unable to interact (due to their large size) with the laccase active site and/or the redox potential 

difference of the enzyme and substrate is very high. So laccases need some helping compounds, 

known as mediators, to catalyze these oxidation reactions. Mediators are low molecular weight 

compounds acting as transitional substrates for certain laccase catalyzed reactions. Once the 

mediator is oxidized by a laccase, its oxidized radical state is then interacts with the substrates 

that are massive and/or have high redox potentials (Fig. 1.6). The first reported synthetic 

mediator, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS), was used for pulp 

delignification purpose (Riva, 2006).  

 

 

 

Fig. 1.6:  Schematic representation of a laccase catalyzed reaction in the presence of a chemical 

mediator.  

1.2.4. Applications of laccases   

Laccases are interesting enzymes which, due to their wide range of substrates, have a great 

potential to be used in biotechnological applications. The proposed applications of laccases 

include (but not limited to) environmental bioremediation, food, bio-technology, organic 

synthesis, paper industry, pharmaceuticals, pulp formation, textile. 
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1.2.4.1. Paper and pulp industry 

Lignin is in important component of wood pulp utilized as raw material in paper industry. The 

separation and breakdown of lignin present in wood pulp is an important step in paper synthesis. 

Laccases are able to de-lignify pulp, so they provide a substitute for the traditional chlorine-

based bleaching of pulp. The delignification of pulp is reported to be applicable in combination 

with redox mediators (Bourbonnais et al., 1997). Laccases from bacteria [Streptomyces cyaneus 

(Arias et al., 2003) and Pseudomonas stutzeri (Kumar et al., 2005)] have been exploited for bio-

bleaching of kraft pulps from eucalyptus in the presence of redox mediators. Laccases may also 

be employed for decolorizing and deinking a printed paper (Kunamneni et al., 2008). In addition, 

these are used for binding of fiber-, paper- and particle-boards (Gübitz and Paulo, 2003). 

1.2.4.2. Textile industry  

Chemical dyes used in textile industry are difficult to be degraded due to their synthetic nature 

and complex structures. Laccase has been shown to effectively decolorize commercial dyes such 

as congo red, crystal violet and bromophenol blue under slightly alkaline conditions (Mayer and 

Staples, 2002). Laccase from Stenotrophomonas maltophilia is found to remove synthetic toxic 

dyes of textile effluents (Galai et al., 2009). Laccases have also been reported for enhancing the 

cotton whiteness at commercial/industrial level (Tzanov et al., 2003) and in denim finishing for 

bleaching of indigo-dyed fabrics to various lighter shades (Rodríguez-Couto, 2012).  

1.2.4.3. Food industry 

Laccases also possess polymerization ability making it an important enzyme of the food industry. 

Laccases are reported to have a role as additives in food processing and wine and beer 

stabilisation (Osma et al., 2010). Laccases are involved in the removal of unwanted phenolics 

which, if remain present, may bring adverse changes (browning, haze formation and turbidity) in 

otherwise clear fruit juice/wine/beer. Currently, laccases find attraction in baking as the enzyme 

can cross-link bio-polymers. Laccases also have their potential applications in various other parts 

of food industry i.e. ascorbic acid determination, baking, beverage processing, bio-remediation, 

and sugar beet pectin gelation (Minussi et al., 2002). 
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1.2.4.4. Bio-remediation  

The involvement of laccases in bio-degradation processes makes them a potential candidate in 

biotechnology. Laccases can be utilized to degrade/remove a wide variety of harmful 

contaminates, plastic wastes, by-products or discarded materials. Laccases are also able to 

decolorize waste waters by removing phenolic chromophores discharged from textile, paper and 

olive oil mills. Laccases and laccase mediator systems are potentially involved in the 

bioremediation processes of contaminated soils containing various xenobiotics, chlorophenols, 

polycyclic aromatic hydrocarbons and other contaminants (Strong and Claus, 2011). 

1.2.4.5. Pharmaceutical field  

Due to the specific and biological nature, laccases have possible uses in the pharmaceutical 

sector. Pharmaceutical companies are using these enzymes in the synthesis of medically 

important complex compounds such as antibiotics, anesthetics, sedatives, anti-inflammatory 

drugs etc. (Pannu and Kapoor, 2014). Laccase-based enzymatic method has been reported to 

distinguish codeine and morphine in drug samples. Laccases can also be used in hair dyes and as 

deodorants for personal-hygiene products, such as mouthwash, tooth-paste, soap and detergent. 

1.2.4.6. Nanobiotechnology 

Since laccases participate in the transfer of electrons without requiring additional cofactor, they 

have been employed in biosensors used for the detection of phenolic compounds, azides or 

oxygen. Laccase-based biosensors have been developed for the detection of catecholamines, 

plant flavonoids and for electroimmunoassays. Laccases are also used in the construction of 

biofuel cells as they can be immobilized on cathode to provide power for small transmitter 

systems. 

1.2.4.7. Organic synthesis 

Laccases, being novel biocatalysts, find applications in organic synthesis. Laccases are known to 

have a role in polymerizing the amino and phenolic compounds to make polymeric compounds. 

Laccase may also be used in synthesis of several functional organic compounds like textile dyes, 
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flavor agents, pesticides, cosmetic pigments and polymers having particular mechanical and 

optical properties. 

1.3. Bacterial versus fungal laccases     

Laccases are an interesting group of polyphenol oxidases reported from all the three domains of 

life. To date, only fungal laccases having high redox potentials are being used for the above 

mentioned applications. However, the use of fungal laccases in biotechnological applications is 

limited due to several reasons. In industrial processes certain harsh conditions i.e. extreme 

temperature, high salts, high pressure, or extreme pH are needed, and thus robust enzymes are 

needed in helping to make the processes cost effective. Most fungal laccases show enzymatic 

activity in the temperature range of 30–55 °C with their optimal pH at acidic conditions. 

Moreover, fungal laccases are difficult to express in heterologous host organisms as the 

production level is hindered by post-translational modifications, such as intron processing and 

glycosylation. These shortcomings result in lowering their production level. As compared to 

fungi, bacteria typically have higher growth rates and are more compliant in making 

improvements in activity, selectivity and expression levels through protein engineering. Bacterial 

laccases are more advantageous as they are potentially easy to express hetrologously in 

Escherichia coli and can tolerate industrial environments. It has been observed that enzymes of 

prokaryotes have higher thermal as well as alkaline pH stability in comparison to enzymes from 

eukaryotes. The thermostable laccases have been found in B. subtilis, T. thermophilus, S. 

coelicor, Thermobaculum terrenum, Streptomyces lavendulae, Geobacillus thermocatenulatus 

MS5 (Verma and Shikot, 2014) and Meiothermus ruber (Kalyani et al., 2016). High salt- and 

pH-tolerant laccases can work efficiently in industrial applications. Laccase from Bacillus 

halodurans has been reported to exhibit such properties. Another salt tolerant and pH-stable 

novel laccase has been reported from metagenomic source with the ability to tolerate NaCl up to 

1M and can degrade several synthetic dyes (Fang et al., 2011).   

1.4. Classification of bacteria 

Bacteria can be divided into psychrophiles, mesophiles and (hyper) thermophiles on the basis of 

their optimal growth temperature. Psychrophiles are the organisms that prefer to live in cold 
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environments. A mesophile organism grows at moderate temperatures, in the range of 20 to 45 

°C. Thermophiles are the organisms that live at comparatively high temperatures i.e. in the range 

of 45 to 122 °C. Thermophilic organisms are reported to be present in geo-thermally heated areas 

of the planet (like deep sea hydrothermal vents, decaying plant matter and hot springs).  

As the number of characterized laccases from bacterial sources is limited so keeping in view the 

above mentioned potential of bacterial laccases for industrial applications, in this study two 

bacterial sources, the thermophilic Geobacillus thermopakistaniensis and mesophilic Bacillus 

subtilis strains, were chosen. I would like to describe them one by one. 

1.5. Geobacillus thermopakistanensis   

G. thermopakistanesis formerly known as Geobacillus sp. SBS-4S, was isolated from hot spring 

located in Gilgit, Pakistan. It is an aerobic, gram-positive, rod-shaped, thermophilic bacterium 

that grows between 45 and 75 °C. The optimum temperature and pH for the organism is 65 °C 

and 7, respectively. The 16S rRNA gene sequence of the G. thermopakistanesis revealed its 

99.8% homology with Geobacillus kaustophilus. The DNA sequence of Chaperonin gene also 

showed a maximum homology (99.4%) to that of G. kaustophilus. The biochemical attributes of 

the microorganism are similar to Geobacillus uzenensis. Hence, on the basis of bio-chemical 

attributes, 16S rRNA as well as chaperonin gene sequences, the strain was identified and 

reported as a member of genus Geobacillus (Tayyab et al., 2011). The full genome of G. 

thermopakistaniensis has been recently sequenced and available at GenBank database under 

accession no. AYSF00000000 (Siddiqui et al., 2014).   

1.6. Bacillus subtilis strain R5 

Bacillus subtilis starin R5 is an isolate from an oily mud from Osaka, Japan. It is a mesophilic 

strain that grows between 10 to 40 °C with optimal growth at 30 °C. The cells of strain R5 are 

small rods and show high motile nature. The full-length 16S rRNA sequence is 99% homologous 

to that of B. subtilis strain 168 whose complete genome has been sequenced (Harwood and 

Wipat, 1996). The optimum pH and NaCl concentration for growth of the strain are 7.0 and 3%, 

respectively. Based on the biochemical characteristics and 16S rRNA sequences, R5 was 

identified and reported as a strain of B. subtilis (Jalal et al., 2009).   

https://www.boundless.com/microbiology/definition/deep-sea/
https://www.boundless.com/microbiology/definition/hydrothermal-vent/
https://www.ncbi.nlm.nih.gov/nuccore/AYSF00000000
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Fig. 1.7: Bacillus subtilis  strain R5. Image (negatively stained) was captured by using 

transmission electron microscope.  

1.7. Objectives 

The bio-chemical properties of an enzyme vary with respect to its origin as the cellular 

conditions are not same in diverse organism groups. Laccases is an important group of enzymes 

with many industrial applications. Various laccase enzymes from fungi have been characterized. 

However, recently, laccases of bacterial origin have been characterized for subsequent use in 

industrial applications. The bacterial laccases are found to be more stable, as compared to 

laccases from fungi, under extreme conditions including very high or very low pH, very high 

temperature and in the presence of organic solvents. Keeping in view the above mentioned facts, 

a study was planned to compare and characterize the laccases of different bacterial origin i.e. one 

from mesophilic and one from a thermophilic bacterial source. The main objectives of the study 

were: 

1. Identification, cloning, gene expression and characterization of laccase from thermophilic 

G. thermopakistaniensis  

2. Identification, cloning, gene expression and characterization of laccase from mesophilic 

B. subtilis R5  

3. Comparative analysis of mesophilic and thermophilic laccases    
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2. Materials and Methods   

2.1. Restriction enzymes, reagents and chemicals   

All chemicals used in this study were of high grade purchased either from Fisher Scientific 

(Leicestershire, UK), or Fluka (Buchs, Switzerland), or Merck (Germany) or Sigma-Aldrich 

(USA). Restriction endonucleases (EcoRI, HindIII, NdeI, NcoI, XbaI, BamHI, SalI and XhoI), 

InsTAclone PCR cloning kit, DNA extraction kit, T4 DNA ligase, DNA and protein size 

markers, Taq DNA polymerase and dNTPs were purchased from Fermentas Life Sciences 

(Maryland, USA) or Qiagen (Hilden, Germany). Oligonucleotide primers were synthesized from 

Gene LinkTM (NY, USA) or OligoTM Macrogen (Seoul, Korea). 

2.2. Strains, media and plasmids 

Two bacterial strains Bacillus subtilis R5 and Geobacillus thermopakistaniensis MAS1 were 

used as source organisms for cloning and characterization of laccase genes. E. coli strains 

DH5α™ and BL21-CodonPlus (DE3)-RIL were used for cloning and expression purposes, 

respectively. Both strains were from Novagen (Merck, Germany). T/A cloning vector pTZ57R/T 

was from Thermo Scientific Inc. while expression vectors pET-21a(+), pETDuet-1 and pET-

28a(+) were from Novagen (Merck, Germany).  

 

For the growth of E. coli, B. subtilis R5 and G. thermopakistaniensis Lauria-Bertani (LB) 

medium (1% tryptone, 0.5% yeast and 0.5% sodium chloride) was used. The solid growth 

medium was prepared by adding 1.5% agar in LB broth. Growth medium was sterilized by 

autoclaving at 121 °C for 20 min. Stock solutions of ampicillin-sodium (100 mg/mL), 

kanamycin-sulphate salt (60 mg/mL) and isopropyl β-D-thiogalactoside (IPTG) (100 mM) were 

prepared in distilled water and sterilized by passing through 0.22 μm filter membrane. Stock 

solution of 5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-gal) was prepared in N,N’-dimethyl 

formamide (DMF) at a concentration of 20 mg/mL and covered with aluminum foil. Primers 

were dissolved in DNase free water to make a final concentration of 100 pmol/μL. All stocks 

were stored in 1 mL aliquots at -20 °C. 
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2.3. Cloning of laccase gene from G. thermopakistaniensis   

2.3.1. Growth conditions of G. thermopakistaniensis and Genomic DNA isolation  

G. thermopakistaniensis culture growth was initiated from glycerol stock (1 mL) by inoculating 

100 mL LB (prepared in tap water, pH adjusted to 7.0 with NaOH) in shaking incubator (120 

rpm) for overnight at 65 °C.  

For the isolation of genomic DNA G. thermopakistaniensis cells were harvested by 

centrifugation at 7000 × g and 4 °C for 10 min in a sterile 50 mL falcon tube. The supernatant 

was discarded and the pellet was resuspended in 20 mL of TEN buffer (10 mM Tris-HCl, 1 mM 

EDTA, 10 mM NaCl, pH 8.0) and again centrifuged at 7000 × g for 5 min at 4 °C. The pellet 

was resuspended in 10 mL of SET buffer (20% sucrose, 50 mM Tris-HCl, 50 mM EDTA, pH 

8.0). The resuspended pellet was treated with 1 mL of lysozyme (5 mg/mL, freshly prepared in 

TEN buffer) and kept at 37 °C for 40 min. This was followed by the addition of 10 mL of TEN 

buffer and 0.5 mL of 25% SDS (inverted the tube until lysis occured) and incubation at 60 °C of 

15 min. The mixture was then cooled and 0.5 mL of 5 M NaCl was added followed by treatment 

with equal volume of buffered phenol (0.1 M Tris-HCl pH 7.6) and chloroform (1:1). The 

mixture was then centrifuged at 7000 × g. The upper aqueous layer was taken in a new sterile 

falcon tube, and treated in the same manner with an equal volume of chloroform. Double volume 

of ice cold absolute ethanol was added to the aqueous layer from chloroform treatment and 

allowed to precipitate. The precipitated genomic DNA was then spooled out in a sterile 

microfuge tube and rinsed with 70% (v/v) ethanol, it was centrifuged again and the pellet was air 

dried and dissolved in 500 μL of TE buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0) by 

incubating at room temperature. The solution was treated with RNase A (50 μg/mL final 

concentration) at 37 °C for 30 min. The isolated genomic DNA was run on 1% agarose gel and 

analyzed under ultraviolet light after staining the gel with ethidium bromide. 

2.3.2. Purity and quantification of DNA 

The genomic DNA was quantified by taking the absorbance at 260 nm using Eppendorf AG 

22331 Biophotometer, Hamburg and the ratio of 260 and 280 nm was used to check purity of 

DNA. The quantity of DNA at any given absorbance was calculated by considering that 50 μg of 

DNA gives an OD of 1. DNA was quantified by using the following equation  
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DNA concentration (μg/mL) = 50 × OD260nm × dilution factor 

DNA concentration was also estimated on agarose gel by loading the known amount of DNA 

ladder along with unknown DNA sample and DNA concentration was estimated by comparing 

the fluorescence intensity. 

2.3.3. Identification of laccase gene in G. thermopakistaniensis and amplification by 

PCR 

The whole genome sequence of G. thermopakistaniensis has been sequenced. When searched 

within this genome, an open reading frame homologous to multi-copper polyphenol 

oxidoreductase laccase (NCBI accession no. ESU71923) was identified. The annotated laccase 

gene was named as Gt-Lac and amplified from G. thermopakistaniensis by using the sequence 

specific primers corresponding to the 5’- and 3’- end of the gene. The primers were designed by 

using online software (http://basic.northwestern.edu/biotools/oligocalc.html) with the 

introduction of NdeI restriction endonuclease site (CATATG) in the forward primer while the 

reverse primer did not contain any restriction site. The primers were commercially synthesized 

from the Gene LinkTM (USA). The sequences and properties of these primers are given in Table 

2.1.   

Table 2.1: Properties of primers used for amplification of annotated laccase gene from G. thermopakistaniensis.  

 

Name Sequence Length Tm (°C) GC content (%) 

Gt ̶ Lac ̶ F 5’-CATATGCCGGACATTTTTCAACAAGAAGCCCGC 33 73.7 48 

Gt ̶ Lac ̶ R 5’-TGTCGCGCACCGTCATGCCGTCTCCTC 27 76 67 

Underlined sequence is NdeI recognition site. 

The synthesized primers were dissolved in deionized water to make a stock solution of 100 

pmol/μL and stored at -20 °C till further use. The PCR reaction mixture (50 μL) consisted of 

genomic DNA of G. thermopakistaniensis (100 ng), forward and reverse primers (final 

concentration 2 pmol for both primers), deoxyribonucleoside triphosphates (dNTPs, 0.2 mM 

each), MgCl2 (1.5 mM), 1X PCR buffer (75 mM Tris-HCl pH 8.8 at 25 °C, 20 mM (NH4)2SO4 

and 0.01% Tween 20) and Taq DNA polymerase (5 U). DNA was amplified using Eppendorf 

Master Cycler. PCR conditions were: initial denaturation at 95 °C for 5 min followed by the 30 

cycles of denaturation at 95 °C for 45 seconds, annealing at 55 °C for 1 min, extension at 72 °C 

for 1 min, and after 30 cycles final extension at 72 °C for 15 min. After completion, the PCR 

http://basic.northwestern.edu/biotools/oligocalc.html
https://www.google.com.pk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&sqi=2&ved=0ahUKEwiTl8qZpOzQAhUL5xoKHamDC-kQFggmMAM&url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpmc%2Farticles%2FPMC3761580%2F&usg=AFQjCNGZx43GTS1et_IEOqQrqOJacwK3Fg&bvm=bv.141320020,d.d2s
https://www.google.com.pk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&sqi=2&ved=0ahUKEwiTl8qZpOzQAhUL5xoKHamDC-kQFggmMAM&url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpmc%2Farticles%2FPMC3761580%2F&usg=AFQjCNGZx43GTS1et_IEOqQrqOJacwK3Fg&bvm=bv.141320020,d.d2s
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product was analyzed by ethidium bromide stained agarose gel (1%) while the remaining PCR 

reaction mixture was stored at -20 °C till further use. 

2.3.4. Agarose gel electrophoresis  

DNA samples were analyzed by agarose gel. Agarose gel (1%) was prepared in 1X TAE buffer 

(40 mM Tris-acetate, 1 mM Na2EDTA, pH 8.0) prepared from a 50X stock (242g Trizma base, 

57.1 mL glacial acetic acid and 100 mL of 0.5 M Na2EDTA (pH 8.0) per liter of distilled water). 

The agarose (0.5 g) was weighed and added in 50 mL of buffer and heated in microwave oven 

for 3 ̶ 4 min with care until all the gel granules melted completely. After allowing it to cool at 60 

°C, it was poured in gel caster, appropriate comb was then inserted and the gel was allowed to 

solidify on a flat surface. The solidified gel (once washed with distilled water) was then 

transferred into the gel running horizontal tank filled with appropriate amount of 1X TAE buffer. 

For loading on agarose gel 6X agarose gel loading dye (5 ̶ 10 mg bromophenol blue and 4 mL 

glycerol/10 mL TE buffer, storage at 4 °C) was mixed with DNA sample (1:5 v/v). The DNA 

sample was then loaded on to the gel along with GeneRuler™ 1 kb DNA Ladder. Gel 

electrophoresis was carried out at 100 volts for 40 min. After electrophoresis the gel was briefly 

soaked in ethidium bromide solution (0.5 μg/mL in 10 mM TE buffer pH 8.0) rinsed well with 

tap water and viewed over 3UV™ Transilluminator. Gel images were captured by using 

Dolphin-DOC gel documentation system (Wealtec, USA). 

2.3.5. Purification of DNA from gel  

The amplified PCR product was loaded on agarose gel and observed carefully under UV 

illuminator by setting λ value 350-370 nm. DNA band was cut out of the gel with the help of 

sterile cutter and transferred in sterile pre-weighed microfuge tube. The gel slice was extracted 

and purified using DNA extraction kit (#K0513, Fermantas). Net weight of the excised slice was 

determined from the difference of the tube with and without gel slice. Now 3 volumes of binding 

solution (6 M sodium iodide) were added to the 1 volume of gel and incubated in water bath at 

55 °C for 5-10 min till the complete solubilization of the gel slice. Then added the milky silica 

powder suspension according to the DNA quantity in mixture (5 μL suspension/2.5 μg of DNA) 

again incubated the mixture at 55 °C with periodic vortexing to keep the silica suspended. The 

silica/DNA complex was centrifuged at 10,000 × g for 15 seconds at room temperature. The 
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pellet was washed three times by adding 500 μL chilled wash buffer (provided in the kit) and 

centrifuged each time at 10,000 × g for 30 seconds. The pellet was dried at room temperature and 

DNA was eluted from the silica by adding 50 μL of deionized filtered water by incubation at 55 

°C for 5 min. The eluted DNA was collected in a fresh sterile microfuge tube and the elution 

procedure was repeated once again to ensure maximum recovery. The eluted DNA was 

concentrated by Eppendorf concentrator 5301 at 60 °C for 10 ̶ 15 min. DNA quantification was 

done as described in the section 2.3.2. 

2.3.6. Ligation in pTZ57R/T vector 

The efficiency of the ligation depends greatly on the purity of the PCR product, after quantifying 

the purified PCR product it was subjected to ligation by using InsTAclone PCR cloning kit 

(#K1214, Fermantas). The amplified PCR product contains extra nucleotides (dA) at 3ʹ 

overhangs due to the terminal transferase activity of Taq DNA polymerase. These additional 

deoxyadenosine residues (dA) of amplified product help in its ligation in the cloning vector 

having dT overhangs. These 3ʹddT overhangs are present at both ends of the cloning vector 

which prevents its recircularization and gives maximum cloning yield. The cloning vector 

pTZ57R/T which has the 3ʹ-ddT overhangs at both ends was used for ligation. The Fig. 2.1 

shows map of pTZ57R/T vector along with positions of restriction enzymes. 
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Fig. 2.1: Map of pTZ57R/T cloning vector with unique restrictions sites (Taken from 

InsTAclone™ PCR Cloning Kit manual).  

The ligation mixture was prepared in a total volume of 30 μL including 1X ligation buffer (40 

mM Tris-HCl, 10 mM MgCl2, 10 mM DTT and 0.5 mM ATP, pH 7.8 at 25 °C), 180 ng of 

pTZ57R/T vector, approximately 600 ng of purified PCR product and 5 U of T4 DNA ligase. 

The reaction mixture was incubated in a water bath at 16 °C for overnight. 

 2.3.7. Preparation of competent cells  

Competent cells of E.coli (DH5α or BL21 CodonPlus (DE3)-RIL) were prepared by the method 

described in literature (Sambrook, 2001). To start preparing the competent cells they were 

streaked on LB agar plate from their respective glycerol stocks and incubated overnight at 37 °C. 

A single colony from a fresh plate was inoculated in LB broth (5 mL) in a test tube and 

incubated at 37 °C overnight with constant shaking. This overnight culture was then used to 

inoculate 100 mL broth contained in 250 mL sterile conical flask and allowed to grow for 

approximately 2 h at 37 °C till OD600 reached up to 0.3. The culture was then transferred in 

precooled sterile falcon tube (50 mL) and harvested by centrifugation at 7000 × g for 10 min at 4 
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°C in a Beckman Coulter AllegraTM 25R centrifuge. The broth medium was decanted and the 

pellet was resuspended in 20 mL of sterile ice cold CaCl2 and kept on ice for 40 min. The cells 

were again centrifuged and the harvested cells were resuspended in approximately 2 mL of ice 

cold CaCl2 under sterile conditions. The purity of competent cells was checked by streaking on 

LB and LB-ampicillin agar plates. Competent cells were stored at 4 °C till further use.  

2.3.7.1. Prolonged storage of the competent cells 

For the prolonged storage of prepared competent cells another protocol was followed by adding 

DMSO 120 μL/4 mL of competent cells and incubated them for 15 min on ice. After incubation 

added 100 μL more DMSO and transferred cells in small aliquots into sterile, chilled and pre 

labelled microfuge tubes. Cells were snap frozen by putting them in N2 gas chamber for 1 min. 

These frozen cells were then transferred to -80 °C till further use.    

2.3.8. Transformation of E.coli 

The DH5α competent cells were transformed with ligated DNA. The ligation mixture (5-10 μL) 

was added into 200 μL of suspended competent cells on ice and mixed by gentle swirling. The 

tube was then incubated on ice for 40 min and then a heat shock was given at 42 °C for 2 min. 

The tube was again placed on ice for 5 ̶ 10 min. Autoclaved LB medium (800 μL) was then 

added in this transformed mixture and incubated at 37 °C for 1 h. Following incubation, cells 

were harvested by centrifugation at 10,000 × g for 1 min and resuspended in 100 μL of the 

supernatant while the remaining supernatant was discarded. With the help of sterile glass 

spreader the mixture was spread on LB agar, X-gal, IPTG and ampicillin containing plates (in 

case of recombinant pTZ57R/T plasmid) or on LB agar ampicillin plates (in case of recombinant 

pET-21a(+) and pETDuet-1) or on LB agar kanamycin containing plates (in case of recombinant 

pET-28a(+)). The plates were then incubated at 37 °C for 16 h and a combination of blue-white 

colonies were appeared in case of recombinant pTZ57R/T plasmid while only white colonies 

were appeared in case of recombinant pET-21a(+) or recombinant pETDuet-1 or recombinant 

pET-28a(+). For the confirmation of the insert in plasmid DNA, restriction analysis of plasmid 

was required. So next step was the isolation of plasmid DNA.  
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2.3.9. Plasmid DNA isolation  

For small scale plasmid isolation the alkaline lysis method was followed (Sambrook, 2001). The 

isolation was started by the inoculation of the single transformed colony in 5 mL of LB broth 

containing ampicillin (100 μg/mL) and it was incubated at 37 °C with vigorous shaking (120 

rpm) for overnight. The 1.5 mL of the culture was poured in microfuge tube, centrifuged at 

12,000 rpm for 5 min at 4 °C. After centrifugation the growth medium was discarded and 

another 1.5 mL culture was added and centrifuged under same conditions. Supernatant was 

discarded and the pellet was dried with the help of aspirator. The remaining culture was stored at 

4 °C. The isolation of the plasmid DNA from the cell pellet was started by adding ice cold 100 

μL of solution I (50 mM glucose, 25 mM Tris-HCl pH 8.0 and 10 mM EDTA, sterilized by 

passing from the 0.45 μm filter membrane, stored at 4 °C) and resuspended the pellet by 

vortexing. Then 200 μL freshly prepared solution II (0.2 N NaOH and 1% SDS) was added and 

mixed by inverting tube up and down four to five times and kept on ice for 3 min. Then added 

150 μL ice cold solution III (60 mL of 5 M potassium acetate, 11.5 mL of glacial acetic acid and 

28.5 mL of deionized water), closed the tube and vortexed it gently in an inverted position for 10 

seconds to disperse solution III through the viscous bacterial lysate. Incubated the mixture on ice 

for 3 ̶ 5 min and then centrifuged it at 12,000 rpm for 10 min in precold rotor at 4 °C. Transferred 

450 μL supernatant carefully to the fresh microfuge tube and treated with an equal volume of the 

buffered phenol and chloroform (1:1 v/v), mixed the emulsion by vortexing and then centrifuged 

at 12,000 rpm for 5 min at 4 °C. The upper aqueous layer was transferred to the fresh microfuge 

tube and repeated the same steps after adding chloroform in equal volume. After chloroform 

treatment, transferred the DNA in fresh microfuge tube and precipitated by adding double 

volume of ice cooled absolute ethanol (850 μL), mixed properly by inverting the tube and 

incubated on ice or -20 °C for 30 min then centrifuged it at 12,000 rpm for 10 min at 4 °C to 

pellet down plasmid DNA. Centrifugation was done again (as described before) and left over 

ethanol was also removed. Washed the pellet by adding 1 mL 70% ethanol and again centrifuged 

the tube at 12,000 rpm for 5 min. Ethanol was discarded and air dried the pellet. The pellet was 

dissolved in 30 μL of deionized autoclaved water. RNase A was added (20 μg/mL final 

concentration) and tube was incubated at 37 °C for 1 h. Analysis of the plasmid was done by 

agarose gel electrophoresis (section 2.3.4.) and quantification of plasmid DNA was done as 

described in section 2.3.2. The recombinant plasmid was named as pTZ-Lac.  
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After plasmid isolation the positive clones were analysed by restriction analysis of isolated 

plasmid DNA with gene cutter or non-gene cutter endonucleases according to recommendations 

of the manufacturers. 

2.3.10. Analysis of recombinant plasmid (pTZ-Lac) by restriction digestion 

For confirmation of insertion and orientation of the gene restriction of the recombinant plasmid 

pTZ-Lac was carried out using 10 U of SalI in 1X Orange buffer (50 mM Tris-HCl (pH 7.5 at 37 

°C), 10 mM MgCl2, 100 mM NaCl, 0.1 mg/mL BSA) and incubated at 37 °C for 4 h. About 1 μg 

DNA was used in a reaction mixture of 20 μL.  

2.3.11. DNA Sequencing of Gt-Lac gene 

The recombinant plasmid construct pTZ-Lac was prepared at a final concentration of 

approximately 200 ng/μL and complete DNA sequence of the cloned gene was commercially 

determined by Macrogen (Korea) using M13 forward and M13 reverse sequencing primers.  

2.3.12. Expression of Gt-Lac gene in E. coli 

2.3.12.1. Selection of plasmid and host strain 

For the expression of Gt-Lac gene the expression vector pET-21a(+) containing T7 promoter and 

E.coli BL21 CodonPlus (DE3)-RIL host strain were selected. 

2.3.12.2. Construction of Gt-Lac expression plasmid                  

After confirmation of Gt-Lac cloning in pTZ57R/T, the gene was subcloned in pET-21a(+) 

expression plasmid. The recombinant plasmid was named pET21-Lac. The sequence map of 

pET-21a(+) is shown in Fig. 2.2. For the subcloning both pTZ-Lac and pET-21a(+) were 

individually digested with set of same restriction enzymes (NdeI and HindIII) and analysed on 

agarose gel. DNA extraction from the gel was done as described before in section 2.3.5 and gel 

purified DNA of Gt-Lac and pET-21a(+) plasmid were ligated by using DNA ligase (section 

2.3.6). E.coli DH5α competent cells were transformed using 10 μL of ligation mixture (section 

2.3.8). Plasmid isolation from transformed colony was done as described in section 2.3.9.  
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Fig. 2.2: Restriction map of the expression vector pET -21a(+). Multiple cloning site is indicated 

by filled arrow (Taken from http://www.helmholtz -

muenchen.de/fileadmin/PEPF/pET_vectors/pET -21a-d_MAP.pdf).  

2.3.12.3. Restriction analysis of pET21-Lac  

The recombinant plasmid (pET21-Lac) was confirmed by double restriction. The restriction was 

performed with HindIII and SalI in 2X Tango buffer (1X buffer composition; 33 mM Tris-

acetate (pH 7.9 at 37 °C), 10 mM magnesium acetate, 66 mM potassium acetate, 0.1 mg/ml 

BSA) and incubated at 37 °C for 4 h. The restriction pattern was analyzed by agarose gel 

electrophoresis. 

http://www.helmholtz-muenchen.de/fileadmin/PEPF/pET_vectors/pET-21a-d_MAP.pdf
http://www.helmholtz-muenchen.de/fileadmin/PEPF/pET_vectors/pET-21a-d_MAP.pdf
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2.3.13. Structure prediction of Gt-Lac by homology modeling 

For structure prediction the amino acid sequence of Gt-Lac was submitted to SWISS-MODEL 

expasy (https://swissmodel.expasy.org/) using 1T8H as template. 

2.3.14. Heterologous production of Gt-Lac    

Competent cells of E. coli BL21 CodonPlus (DE3)-RIL cells were individually transformed by 

recombinant plasmid pET21-Lac and pET-21a(+) as described in section 2.3.8. A colony of 

transformed cells was inoculated in LB broth (containing 100 μg/mL ampicillin) for 16 h at 37 

°C and then 2% inoculum was given to the ampicillin contaning LB broth and let it grew at 37 

°C and 100 rpm to reach the OD600 up to 0.4 ̶ 0.6. Once the desired OD600 had reached the 

protein expression was started by inducing the cell culture with 0.4 mM IPTG and culture was 

allowed to grow at 37 °C and 100 rpm for 4 ̶ 5 h. Cells were harvested by centrifugation at 

12,000 rpm for 10 min and obtained cell pellet was washed twice with the Tris-HCl buffer (pH 

8.0) and then resuspended in the same buffer. The expression profile of proteins was examined 

by 14% SDS-PAGE. Cell disruption was performed by 30 cycles of sonication using Bandelin 

SonoPlus HD 2070 sonication system. Each cycle consisted a burst of 30 sec of sonication with 1 

min of intermittent cooling interval. Soluble and insoluble fractions were separated by 

centrifugation at 12,000 rpm and analyzed by SDS-PAGE. 

2.3.15. Analysis of gene expression    

SDS-PAGE (14%) was performed to analyze recombinant proteins produced in E. coli. Samples 

containing 1X SDS-PAGE gel loading buffer (63 mM Tris-HCl, 10% Glycerol, 2% SDS, 

0.0025% Bromophenol blue, pH 6.8) were heated in boiling water for 3 min and then analyzed 

by SDS-PAGE. Vertical mini Electrophoresis system (C.B.S. Scientific Company, Inc., CA, 

USA) was used to perform SDS-PAGE as described by (LaemmLi, 1970). Acrylamide 

concentration for resolving gel was 14% and for stacking gel it was 5%. Gel was polymerized 

between two plates having a spacer of 1 mm. Reagents for SDS-PAGE include:  

Tris-glycine buffer (pH 8.3): Tris, 3 g; glycine, 18.7 g; sodium dodecyl sulfate (SDS), 1 g; 

distilled water up to 1L.  

https://swissmodel.expasy.org/
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Acrylamide solution (30%): Acrylamide, 29 g; bis-acrylamide, 1 g; distilled water up to 100 

mL.  

Resolving gel (12%): 2 mL of 30% acrylamide-bisacrylamide solution, 1.25 mL of 1.5 M Tris-

HCl pH 8.8, 1.5 mL of distilled water, 0.1 mL of 10% SDS, 0.1 mL of 10% ammonium per 

sulfate and 0.005 mL of TEMED.   

Stacking gel (5%): 0.5 mL of acrylamide-bisacrylamide solution, 0.38 mL of 1.5 M Tris-HCl 

pH 6.8, 2.1 mL of distilled water, 0.03 mL of 10% SDS, 0.03 mL of 10% ammonium per sulfate 

and 0.003 mL of TEMED.  

5X Gel loading buffer: 600 μL of 1 M Tris- HCl pH 6.8, 5 mL of 50% glycerol, 2 mL of 10% 

SDS, 500 μL of β-mercaptoethanol, 1 mL of 1% Bromophenol blue and distilled water up to 10 

mL.  

Staining solution: Coomassie brilliant blue (CBB) G250, 1.25 g; glacial acetic acid, 50 mL; 

methanol, 225 mL; and distilled water up to 500 mL.  

Destaining solution: Glacial acetic acid, 50 mL; methanol, 150 mL; and distilled water up to 

500 mL. A comb was inserted into the stacking gel to form wells for sample loading. 

Electrophoresis was performed at 2 mA/cm2 for 70 ̶ 80 min until bromophenol blue dye front 

reached the bottom of the gel. On completion, the gel was stained with staining solution for 30 

min. The gel was then destained with destaining solution in order to increase the visibility of 

protein bands. 

2.3.16. Conditions optimization for Gt-Lac expression  

The Gt-Lac expression was optimized using 0, 0.05, 0.1, 0.2, 0.5 and 1 mM IPTG concentrations 

at the time of induction. The expression conditions were same as described in section 2.3.14. The 

induced samples at different concentrations of IPTG were analyzed by SDS-PAGE. The 

expression level of Gt-Lac was also checked and compared by using lactose (10 mM) and IPTG 

(0.05 mM) as Gt-Lac inducers. The lactose and IPTG induced samples were analyzed by SDS-

PAGE. 

For optimization of laccase activity of Gt-Lac, expression was taken at 37 and 17 °C (120 rpm) 

with the addition of 0.5 mM copper and 0.05 mM IPTG at the time of induction. After 4 h of 
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post-induction time the static conditions were given at both temperatures to maximize the copper 

incorporation.  

2.3.17. Purification of recombinant Gt-Lac  

2.3.17.1. Partial purification by heat treatment 

The soluble fraction after centrifugation was taken in a new falcon tube and heated at different 

temperatures ranging from 60 to 80 °C for 30 min with gentle mixing of the falcon tube (two or 

three times). The tube was cooled on ice for 15 min and then centrifuged at 20,000 rpm for 10 

min at 4 °C to separate the heat denatured proteins. 

2.3.17.2. Anion exchange chromatography  

Partially purified Gt-Lac, after heat treatment, was further purified by anion exchange 

chromatography using HiTrap QFF (5 mL) and Resource Q (6 mL) columns on Fast Protein 

Liquid Chromatography system (FPLC), Äkta Purifier. Buffer A (50 mM Tris-HCl, pH 8.0) and 

buffer B (buffer A containing 1 M NaCl), deionized water and 20% ethanol were filtered through 

0.45 μm filter units using the vacuum filter assembly. Protein was quantified (Bradford method) 

and filtered by passing from 0.45 μm filter unit. The chromatography column was first washed 

with buffer A and buffer B (manual gradient 0 ̶ 100%) to remove already bound impurities and 

then equilibrated with buffer A (with 10 column volumes). After loading the protein any 

unbound fractions were collected by washing the column with buffer A (3 column volumn) and 

then bound proteins were eluted by a linear gradient of 0 ̶ 100% of 1 M NaCl (buffer B) at a flow 

rate of 1 mL/min and collected in microfuge tubes. Eluted fractions were quantified by taking 

absorbance at 260/280 nm and further analyzed on SDS-PAGE. Fractions containing Gt-Lac 

were combined and dialysed against 50 mM Tris-HCl pH 8.0. The purified protein was used for 

further studies.   

2.3.18. Estimation of protein concentration  

For estimation of protein concentration, Coomassie dye-binding assay was used (Bradford, 

1976). To make a standard curve 1 mL of Bradford reagent (Sigma-Aldrich) and various 

concentrations of BSA ranging from 0.2 to 1 mg/mL were used. 1X Bradford reagent was added 

in an eppendorf tube and allowed to warm at room temperature. BSA solution (20 μL) of each 
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known concentration was added to the reagent and mixed by inverting the tube. After 10 min of 

incubation at room temperature absorbance of the solution was measured at 595 nm and a 

standard graph was plotted. Same sample volume was used for protein solution whose 

concentration was to be determined.  

2.3.19. Molecular mass determination 

The molecular mass of recombinant Gt-Lac was determined by gel filtration chromatography. 

For this purpose Superdex 200 10/300 GL (GE Healthcare) gel filtration column was 

equilibrated with 150 mM NaCl in 50 mM Tris-HCl (pH 8.0). In order to calculate the molecular 

mass a standard curve was plotted using proteins of known molecular masses against their 

retention volumes. The standard curve was obtained with ferritin (440 kDa), phosphorylase B 

(195 kDa), lactate dehydrogenase (140 kDa), malate dehydrogenase (70 kDa), BSA (66 kDa), 

myoglobin (17 kDa) and lysozyme (14 kDa). Solutions of the standard and sample proteins were 

prepared in 50 mM Tris-HCl (pH 8.0) containing 150 mM NaCl and the protein was eluted in 50 

mM Tris-HCl pH 8 containing 150 mM NaCl. The eluted protein was analyzed by 14% SDS-

PAGE.  

2.3.20. Biochemical characterization  

2.3.20.1. Activity assay of purified recombinant Gt-Lac 

Laccase activity was measured by following the rate of oxidation of syringaldazine (SGZ) at 530 

nm. SGZ solution was prepared in absolute ethanol. The assay mixture contained 30 μL SGZ 

(stock solution 0.2 mM), 950 μL of 50 mM Tris-HCl buffer pH 7.5 and 20 μL (10 ̶ 20 μg) 

enzyme preparation in a 1 mL reaction volume. The molar extinction coefficient of the oxidation 

product, ε = 65,000 M−1 cm−1, was used to calculate laccase activity. All enzyme activity 

measurements were performed by continuous rate determination using a Shimadzu UV-1601 

spectrophotometer equipped with a thermoelectric cell. 

Enzyme activity of the Gt-Lac was also examined with other typical laccase substrates including 

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS), 2,6- Dimethoxyphenol (DMP) 

and guaiacol. The oxidation of ABTS (1 mM) was measured at 420 nm and DMP (1 mM) or 

guaiacol (0.5 mM) at 470 nm in a 50 mM Tris-HCl buffer. One unit of the enzyme activity was 
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defined as the amount of enzyme required to oxidize 1 μmol of substrate per minute. All assays 

were conducted in triplicate. 

2.3.20.2. Atomic absorption spectroscopy 

The metal ion contents of the purified recombinant Gt-Lac were analyzed by an inductively 

coupled plasma-atomic absorption mass spectrometry (ICP-MS) using Elemental SOLAAR M6 

AA Atomic absorption Spectrophotometer (Thermo Scientific, USA). Zinc ions are also present 

in the active site of some of the laccases (Palmieri et al., 1997; Chen et al., 2013) therefore the 

purified protein (2 mg/mL) was analyzed for both copper and zinc ions. Standards of copper (10-

120 μM) and zinc (0 ̶ 30 μM) were run before sample analysis. All solutions were prepared in 

deionized double distilled water. 

2.4. Estimation of laccase activity in G. thermopakistaniensis 

For the estimatation of laccase activity in G. thermopakistaniensis, cells were grown using the 

same conditions as described in 2.3.1. Copper or zinc was individually added in the growth 

media at a final concentration of 25 μM. The overnight grown cells were harvested and 

resuspended in Tris-HCl pH 8.0 and sonicated to get the soluble lysate. To optimize laccase 

activity in G. thermopakistaniensis different concentrations of copper, i.e., 0.025, 0.1, 0.25, 0.5, 

0.75 and 1 mM were used in the growth medium. Time course of the laccase activity was studied 

by growing G. thermopakistaniensis for 8, 16, 24, 32, 40 and 48 h, respectively.  

2.4.1. Zymogram analysis 

The zymogram analysis was done to check the in-gel laccase activity of soluble lysate of G. 

thermopakistaniensis. For zymogram analysis the protein samples were prepared in 1X loading 

dye (without reducing agent) and after boiling and centrifugation loaded on 12% SDS-PAGE. 

The bands were resolved in the gel and after electrophoresis the gel was washed for 10 min with 

distilled water and then gel was soaked with SGZ solution (with gentle shaking) to observe the 

color change of phenolic substrate on gel.  

2.4.2. Purification of laccase activity from G. thermopakistaniensis  

In order to purify the laccase activity from G. thermopakistaniensis, cells were grown overnight 

in LB medium. Since laccases are copper dependent, the cells were grown in the presence or 
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absence of 25 μM copper sulfate. The overnight culture was centrifuged at 6000 × g and cell 

pellet was resuspended in Tris-HCl buffer pH 8.0. The soluble fraction, after the sonication, was 

used for laccase activity assay and purification of the protein.  

For purification fractional ammonium sulfate (20, 40, 60 and 80%) precipitation was done. The 

precipitates were dissolved in Tris-HCl buffer pH 8.0 and dialyzed against the same buffer to 

remove the salt. The dialyzed sample was loaded on Resource Q column (GE Healthcare), 

equilibrated with 50 mM Tris-HCl pH 8.0. The protein fractions were eluted using a linear 

gradient of 0-1 M NaCl in 50 mM Tris-HCl. The fractions, after Resource Q column, showing 

laccase activity were further purified by gel filtration chromatography using Superdex G-200 

(GE Healthcare) column. 

2.4.3. N-terminal amino acid sequence determination 

The purified protein was analyzed by 12% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis. The protein band was cut out of the gel and N-terminal amino acid sequence was 

commercially determined by Alta Biosciences, UK. 

2.5. Cloning and characterization of copper oxidase gene from G. 

thermopakistaniensis 

2.5.1. PCR amplification  

The copper oxidase gene from G. thermopakistaniensis showing laccase activity was named as 

Gt-Cuo. The Gt-Cuo gene was amplified by PCR using the sequence specific forward (5’-

TCTTCCATGGAGGGACACGACATGTCCGGC) and reverse (5'- 

AAAACTCGAGGGTCAGCCCCTTCAGCTTTTTTATTCACC) primers. NcoI and XhoI 

recognition sites (underlined sequences in Table 2.2) were introduced in the forward and reverse 

primers, respectively. PCR reaction mixture was prepared in the same way as given in 2.3.3. 

PCR conditions were: initial denaturation at 95 °C for 5 min followed by 30 cycles of 

denaturation at 95 °C for 45 seconds, annealing at 58 °C for 1 min, extension at 72 °C for 1 min, 

and after 30 cycles final extension at 72 °C for 15 min. The amplified PCR product was then 

analyzed by 1% agarose gel electrophoresis. 
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Table 2.2: Properties of primers used for amplification of Gt-Cuo gene. 

 

Name Sequence Length Tm (°C) GC content (%) 

Gt-Cuo-F   5’-TCTTCCATGGAGGGACACGACATGTCCGGC 30 76.2 60 

Gt-Cuo-R 5'-CTCGAGGGTCAGCCCCTTCAGCTTTTTTATTCACC 35 76.4 51 

2.5.2. Ligation of amplified Gt-Cuo in pTZ57R/T 

The PCR amplified Gt-Cuo gene was extracted from agarose gel and ligated in pTZ57R/T. 

Ligation reaction was carried out using same conditions as described in section 2.3.6. Competent 

cells of DH5α were transformed (as given in section 2.3.8) using this ligation mixture. The 

transformed cells were spread on kanamycin LB-agar plate and kept at 37 °C for overnight. 

Colonies were screened by colony PCR.  

2.5.2.1. Colony PCR  

Colony PCR was done to quickly screen the positive clones. A 50 μL PCR reaction mixture was 

prepared in the same way as described above in section 2.5.1. A small amount of colony was 

added in the reaction mixture with the help of a sterile white tip. Sufficient mixing was done by 

moving pipette up and down several times. PCR conditions were same as given in 2.5.1. After 

completion of PCR the amplicons were observed on 1% ethidium bromide stained agarose gel. 

The plasmids were isolated by the same procedure given in 2.3.9 from PCR positive colonies and 

the resulting plasmid was named as pTZ-Cuo.  

2.5.2.2. Restriction analysis of pTZ-Cuo   

Approximately 1.5-2 μg of plasmid DNA was used for restriction analysis. Recombinant plasmid 

was digested with 10 U of BamHI in 2X Tango buffer according to the instructions of the 

manufacturer. 

2.5.3. Cloning of Gt-Cuo in pET-28a(+)   

The desired Gt-Cuo gene has one NcoI and two NdeI restriction sites within the sequence, 

therefore a two-step strategy of cloning was designed. The schematic representation of cloning is 

shown in Fig. 2.4. As a first step pTZ-Cuo plasmid was cut with NcoI and BamHI and 

approximately 200 bp frgment was ligated in double digested (with NcoI and BamHI) pET-

28a(+) vector. The restriction map of pET-28a(+) vector is shown in Fig. 2.3. Ligation mixture 

was transformed in DH5α cells and spread on kanamycin containing LB-agar plate. Colony PCR 
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was done to screen for positive clones. Plasmid DNA was isolated from positive colonies and the 

presence of 200 bp fragment in pET-28a(+) was further confirmed by doing PCR with the 

isolated plasmids using the same PCR conditions as described in section 2.5.1. The resulting 

plasmid was named as pET28-Cuo(H). In the second step, BamHI and XhoI restricted fragment 

was liberated from pTZ-Cuo and ligated with the recombinant pET28-Cuo(H), also digested with 

BamHI and XhoI. The DH5α host cells were transformed using this ligation mixture. 

Transformed cells were spread on kanamycin containing LB-agar plates. After overnight 

incubation at 37 °C a single colony was seen on plate. The colony was checked by colony PCR 

using the same procedure described in 2.5.2.1. The plasmid was isolated and the recombinant 

plasmid (containing the full length gene) was named as pET28-Cuo(F). The recombinant plasmid 

pET28-Cuo(F) was further confirmed by restriction with NcoI. 

  

 

Fig. 2.3:  Map of pET-28a(+) (Taken from Novagen Inc.).   
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Fig. 2.4:  Schematic representation of cloning of Gt-Cuo gene in pET-28a(+).  

2.5.4. Production of recombinant Gt-Cuo   

E. coli BL21-CodonPlus(DE3)-RIL cells were transformed using pET28-Cuo(F) recombinant 

plasmid and the gene expression was induced with 0.2 mM IPTG. Copper sulfate at a final 

concentration of 500 μM was added in the growth medium. After 4 h of post-induction growth, 

the cells were harvested and centrifuged at 6000 × g. Cell pellet was resuspended in 50 mM Tris-

HCl (pH 8.0) and lysed by sonication. After cell lysis, soluble and insoluble fractions were 

separated by centrifugation at 6000 × g. The laccase activity in soluble lysate was checked by 

zymogram analysis with SGZ as described in section 2.4.1.  

In order to optimize the production of recombinant Gt-Cuo in soluble form, gene expression was 

carried out at 37, 30, 25 and 17 °C using fixed concentration of copper sulfate (500 μM) and 

IPTG (0.2 mM). After 4 h of induction in shaking incubator, the shaking was turned off and 
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incubation was carried out for another 20 h at the respective temperature. After temperature 

optimization, concentration of copper sulfate (0 ̶ 2.5 mM) was optimized by keeping all the other 

parameters constant. The laccase activity was also optimized by taking expression in the 

presence of different metals i.e. Co2+, Mn2+, Fe3+ and Zn2+. Each metal was used at 0.5 mM 

concentration in the growth medium. 

2.5.5. Purification of recombinant Gt-Cuo  

The recombinant Gt-Cuo was partially purified by heat treatment at 60 °C for 30 min. The heat-

labile proteins of the host were separated by centrifugation at 20,000 × g. The supernatant, after 

centrifugation, was further purified by the same protocol as described in section 2.4.2 for the 

purification of native Gt-Cuo from G. thermopakistaniensis. 

2.5.6. Characterization of Gt-Cuo   

2.5.6.1. Effect of temperature and pH on Gt-Cuo activity and calculation of activation 

energy 

Optimum temperature for the enzyme activity was determined using SGZ as substrate. Activity 

was examined at various temperatures ranging from 35 to 75 °C and keeping the other 

parameters unchanged. Similarly, effect of pH on the enzyme activity was examined by varying 

the pH (6.3 ̶ 8.5) and keeping the other parameters constant.  

The activation energy for recombinant Gt-Cuo was determined from Arrhenius plot for activity 

of the enzyme at temperatures between 35 ̶ 75 °C. Logarithm of reaction rates were plotted 

against reciprocal of temperatures in Kelvin (1/K). Slopes for plots were determined and 

activation energy was calculated using following equation:  

Slope = - Ea / R  

Where Ea is activation energy and R is universal gas constant.   

2.5.6.2. Buffer optimization 

In order to examine the activity in different buffers at a fixed pH, seven different buffers of pH 

7.0 including Sodium phosphate, Tris-HCl, Bis-Tris, MOPS, HEPES, Britton-Robinson and 
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Imidazole-HCl at a final concentration of 0.1 M were used in the assay mixture and assay was 

performed as described previously in 2.3.20.1. 

2.5.6.3. Effect of pH on stability of Gt-Cuo    

The stability of Gt-Cuo was examined in the pH range 5 ̶ 10. Buffers Sodium acetate (pH 5.0), 

MES (pH 6.0), Tris-HCl (pH 7-8) and Glycine-NaOH (pH 9 ̶ 10), were used for stability studies. 

The protein was incubated at room temperature for 30 min in the respective buffer and the 

residual activity was then measured using SGZ as substrate. 

2.5.6.4. Effect of metal ions   

Effect of various metal ions including Co2+, Mg2+, Cu2+, Ca2+, Hg2+, Mn2+, Zn2+, Fe3+, K+, Na+, 

Ni2+ and Li+ was examined at a fixed concentration of 100 μM. The activity assays were 

performed at 60 °C and pH 7.5. The assays were performed in triplicate and the reaction mixture 

without any metal ions was used as control.  

As highest activity was observed in the presence of copper sulfate therefore the activity assay 

was optimized using various concentrations of copper sulfate (0 ̶ 10 mM) in assay mixture.   

2.5.6.5. Effect of halides and organic solvents 

Effect of various halides including NaCl, NaBr (0 ̶ 2 M) and NaF (0 ̶ 1 M) was examined at 60 

°C using SGZ as substrate. The activity was assayed as described in section 2.3.20.1. 

Effect of organic solvents was examined at 60 °C and pH 7.5. Water miscible organic solvents 

(10% v/v) including acetone, ethanol, methanol, propanol, isopropanol and dimethyl sulfoxide 

were added in the reaction mixture and activity was examined as described above in section 

2.3.20.1.   

2.5.6.6. Effect of various chemicals on Gt-Cuo activity 

To find the effect of various detergents and chemicals, Triton X-100, Tween-20, Tween-80, 

glycerol and imidazole were used at 1% and imidazole (100 mM) concentration in the assay 

mixture. The assay was performed as described in section 2.3.20.1.   
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2.5.6.7. Effect of inhibitors 

The effect of different inhibitors including NaN3, L-cysteine, EDTA, DTT and SDS was 

examined on Gt-Cuo activity. All inhibitors were used at a final concentration of 0.1, 1 and 5 

mM in the assay mixture. The activity assay using SGZ as substrate was performed in the same 

way as described in section 2.3.20.1. 

2.5.6.8. Kinetic analysis 

Steady state enzyme kinetics for oxidation of SGZ was measured in triplicates in 50 mM Tris-

HCl buffer (pH 8.0) by varying the concentrations of substrate, SGZ, from 0 to 40 μM. The 

kinetic parameters, Km, Vmax and kcat were calculated from the Michaelis-Menten plot. 

2.5.6.9. Circular dichroism analysis 

Structural stability of recombinant Gt-Cuo was analyzed by circular dichroism (CD) 

spectroscopy using Chirascan-plus CD Spectrometer (Applied Photophysics, UK). The protein 

samples were incubated at various temperatures ranging from 20 to 90 °C. The CD spectrum of 

the protein solution was recorded in 50 mM Tris-HCl pH 7.5 in the far UV range (200 ̶ 260 nm). 

Solvent spectra were subtracted from those of the protein sample. 

2.5.6.10. Decolorization of synthetic dyes   

Decolorization of synthetic dyes was performed in 2 mL eppendorf tubes containing the 

appropriate buffer, dye and Gt-Cuo in 50 mM Tris-HCl (pH 8.0). Each dye solution (stock 

concentration 200 mg/L) was prepared in distilled water. The reaction mixture was incubated at 

60 °C. Decolorization percentage was determined by monitoring absorbance of sample using a 

UV-vis spectrophotometer at the maximum absorbance of each dye. The following equation was 

used to estimate the percentage of decolorization: 

Decolorization (%) = [Ai–At/Ai]×100 

Where Ai is the initial absorbance of the reaction mixture and At is the absorbance after 

incubation time. The negative control was prepared by adding the heat-inactivated enzyme to the 

dye solution. All experiments were performed in triplicate. 
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2.6. Cloning and characterization of laccase, Bsu-Lac, from B. subtilis R5 

2.6.1. Growth and genomic DNA isolation of B. subtilis R5 

For isolation of genomic DNA, B. subtilis R5 culture growth was initiated from glycerol stock (1 

mL) by inoculating 100 mL LB in shaking incubator (120 rpm) for overnight at 30 °C. 

Genomic DNA of B. subtilis R5 was isolated by the same protocol as described in section 2.3.1. 

2.6.2. PCR amplification of laccase gene from B. subtilis  

Since the whole genome sequence of B. subtilis R5 is not determined, therefore I designed 

primers based on the sequence of its closest homologue, B. subtilis strain 168. In this organism 

the open reading frame of 1542 bp encoding for laccase (BSU06300) was identified. The 

homologue gene encoding laccase (BSU06300) was amplified from B. subtilis strain R5 by using 

the Bsu-R5-F as forward and Bsu-R5-F as reverse primers. Forward primer contained the site for 

restriction enzyme NdeI. The sequence and properties of synthesized primers are given in Table 

2.3. 

Table 2.3: Properties of primers used for amplification of Bsu-Lac gene.  

 

primer Sequence (5’          3’) Length Tm (°C) GC content (%) 

Bsu-R5-F CATATGACACTTGAAAAATTTGTGGATGCTCTCC 34 70.4 38 

Bsu-R5-R      CTTGCCTGCTAGAGGCAAGTTTGTCG 26 69.5 54 

 

The PCR reaction mixture and amplification procedure were same as explained in section 2.3.3. 

The amplified PCR product was analyzed by 1% agarose gel electrophoresis. The appropriate 

band was cut and DNA was purified from the gel by using the same method as described in 

section 2.3.5. 

2.6.3. Ligation of the Bsu-Lac gene in pTZ57R/T  

The purified PCR amplified Bsu-Lac gene was quantified and ligated into pTZ57R/T by using 

T4 DNA ligase (Fermentas). The 30 μL ligation reaction mixture contained 1X ligation buffer 

(40 mM Tris-HCl, 10 mM MgCl2, 10 mM DTT and 0.5 mM ATP, pH 7.8 at 25 °C) , 82.5 ng of 

pTZ57R/T vector, 133 ng purified laccase gene that was amplified by PCR and 5 U of T4 DNA 

ligase. The ligation mixture was incubated overnight at 22 °C. E. coli DH5α cells were 

transformed by using this ligation mixture. The resulting plasmid was named pTZ-Bsu-Lac. 
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Screening was done on the basis of blue/white color of the transformants (Sambrook and Rusell, 

2001).   

2.6.4. Restriction analysis of pTZ-Bsu-Lac  

Plasmid DNA was isolated from transformants and the presence of insert in the vector was 

confirmed by restriction digestion with XbaI. The reaction mixture was incubated at 37 °C for 4 

h and the restriction pattern was analyzed by 1% agarose gel. 

2.6.5. DNA sequencing of pTZ-Bsu-Lac 

The complete sequence of the cloned gene was commercially determined by DNA sequencing 

(First BASE Laboratories, Malaysia) using M13 forward and M13 reverse sequencing primers.  

2.6.6. Cloning and restriction analysis of Bsu-Lac gene in pET-21a(+) 

The restriction enzyme NdeI cuts Bsu-Lac gene at position 924 bp and NcoI restricts Bsu-Lac 

gene at two positions, 92 and 467 bp. As EcoRI cuts Bsu-Lac gene at position 867 bp, so in order 

to clone Bsu-Lac gene in pET-21a(+) expression vector, I designed two-step cloning strategy. 

The schematic representation of the cloning is shown in Fig 2.5. In the first step recombinant 

pTZ-Bsu-Lac was double digested with NdeI and EcoRI to excise the 0.9 kb DNA fragment from 

5’ end of the gene. The restricted insert was purified from the agarose gel and ligated into pET-

21a(+), also restricted with same pair of restriction enzymes (NdeI and EcoRI). The resulting 

plasmid (containing half gene fragment) was named pET21-Bsu-Lac(H). E. coli DH5α cells were 

transformed using pET21-Bsu-Lac(H). The presence of half gene fragment was confirmed by 

digesting the purified recombinant plasmid pET21-Bsu-Lac(H) with NdeI and EcoRI. The second 

step of cloning was the double digestion of pTZ-Bsu-Lac with EcoRI and HindIII. The 

recombinant plasmid pET21-Bsu-Lac(H) was also double digested with same restriction enzymes 

(EcoRI and HindIII). Both of the double restricted insert and vector were purified from gel, 

ligated and used to transform E.coli cells. Transformants were screened by colony PCR. The 

positive colonies after colony PCR were subjected to plasmid isolation and the recombinant 

plasmid (having full gene fragment) was named pET21-Bsu-Lac(F).  
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Fig. 2.5:  Schematic representation of cloning of Bsu-Lac gene in pET-21a(+).   

2.6.7. Expression of Bsu-Lac gene in E. coli 

After confirmation of the positive clone, E. coli BL21 CodonPlus (DE3)-RIL cells were 

transformed using pET21-Bsu-Lac(F). Expression at 37 °C was taken using same conditions as 

described in 2.3.14. Protein pattern analysis was done by 12% SDS-PAGE. The expression of 

Bsu-Lac was further optimized at 17 °C with and without heat shock at 45 °C (prior to 

induction). 

2.6.8. Solubilization and refolding of inclusion bodies 

After cell lysis the insoluble fraction containing recombinant Bsu-Lac was resuspended in 50 

mM Tris-HCl having 10% Triton X-100. The mixture was sonicated for 1 min, kept on ice for 30 

min and then centrifuged at 12000 rpm. The pellet after centrifugation was dissolved in 8 M 

urea. The sample was heated in boiling water for 5 min and centrifuged again. The supernatant 

was subjected to fractional dialysis against 6, 4, 3, 2, 1, 0.5 and 0 M urea in 50 mM Tris-HCl pH 
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8.0. After dialysis protein suspension was centrifuged at 20,000 × g to remove precipitates and 

aggregated protein.   

2.6.9. Co-expression with chaperonin gene cloned in pET-Duet1 vector   

In order to get Bsu-Lac expression in the soluble form, expression of the gene was analyzed in 

the presence of molecular chaperonin. GroEL gene, encoding chaperonin, from G. 

Thermopakistaniensis was cloned in pET-Duet1 expression vector kindly provided by Ms Raza 

Ashraf and this recombinant plasmid was named as pETDuet-GroELGt. pET-Duet1 contains 

GroELGt gene at multiple cloning site 1 (MCS1) of pET-Duet1 (Fig. 2.6). So I decided to clone 

Bsu-Lac gene at MCS2. For this purpose pET21-Bsu-Lac(F) was subjected to double digestions 

with NdeI and EcoRI (liberating fragment of 0.9 kb) and EcoRI and XhoI (liberating a fragment 

of 0.7 kb). Both these restricted fragments were purified from the gel and ligated together at 4 °C 

for overnight. Ligation was checked by 1% agarose gel electrophoresis. On the other side 

pETDuet-GroELGt was restricted with NdeI and XhoI and purified from agarose gel. The two 

ligated fragments of the gene were further ligated with double digested pETDuet-GroELGt. 

Transformation was done using ligation mixture and spread on ampicillin containing LB agar 

plates. Colonies were screened through colony PCR and further confirmed by restriction 

digestion with EcoRI. The recombinant plasmid was named Bsu-pETDuet-GroELGt. The 

schematic representation of the cloning is shown in Fig. 2.7.   
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Fig. 2.6:  Restriction map of pET-Duet1 (Taken from Novagen Inc.).  
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Fig. 2.7: Schematic representation of cloning of Bsu-Lac gene in pETDuet-GroELGt.  

2.6.10. Bsu-Lac gene expression in E.coli   

E. coli BL21 CodonPlus(DE3)-RIL cells were transformed using plasmid Bsu-pETDuet-

GroELGt. The co-expression of Bsu-Lac in the presence of chapronin was examined at 37 °C in 

the same way as explained in the section 2.3.14. The co-expression was also analyzed at 17 °C 

with the post induction time of 20 h and protein analysis was done by 12% SDS-PAGE. 

2.6.11. Cloning and expression of Bsu-Lac in pET-28a(+)   

For the cloning of Bsu-Lac gene in pET-28a(+), the same two-step cloning strategy was followed 

as described to clone Bsu-Lac gene in pET-21a(+)  (described in section 2.6.6). In the first step 

pET21-Bsu-Lac(F) was double digested with NdeI and EcoRI. The double restricted insert was 

extracted from the agarose gel and ligated into NdeI and EcoRI digested pET-28a(+). The 

resulting plasmid was named pET28-Bsu-Lac(H). E. coli DH5α cells were transformed using 
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pET28-Bsu-Lac(H). The presence of half of the gene fragment was confirmed by digesting the 

purified recombinant plasmid pET28-Bsu-Lac(H) with NdeI and EcoRI. The second step of 

cloning was the double digestion of pET21-Bsu-Lac(F) with EcoRI and HindIII. The recombinant 

plasmid pET28-Bsu-Lac(H) was also double digested with the same restriction enzymes (EcoRI 

and HindIII). The double restricted insert and the vector were purified from gel, ligated and used 

to transform E.coli cells. Screening was done by colony PCR. The positive colonies after colony 

PCR were subjected to plasmid isolation and the recombinant plasmid (having full gene 

fragment) was named pET28-Bsu-Lac(F). The recombinant plasmid pET28-Bsu-Lac(F) was 

further confirmed by restriction analysis with XbaI.  

2.6.12. Optimization of gene expression  

Expression conditions were same as described in section 2.6.7. Gene expression was taken at 37 

and 17 °C with and without heat shock at 45 °C. Expression level was also optimized by taking 

gene expression in the presence of various concentrations of copper (0 ̶ 1 mM). 

2.6.13. Purification of recombinant Bsu-Lac 

2.6.13.1. Partial purification by heat treatment 

Soluble fraction of recombinant Bsu-Lac was partially purified by heat treatment at 60 °C for 45 

min. Heat liable proteins of E. coli host were denatured by heat treatment. The precipitated 

proteins were separated by centrifugation and soluble fraction was used for nickel affinity 

chromatography.  

2.6.13.2. Nickel affinity chromatography   

The supernatant after heat treatment, containing Bsu-Lac, was dialyzed against 0.5 M NaCl and 

25 mM imidazole made in 50 mM Tris-HCl pH 8 buffer for overnight and then applied to high 

capacity nickel chelate affinity matrix Ni-CAM HC Resin (Sigma) column which was 

equilibrated with the same buffer. The bound proteins were gradually eluted with 25, 50, 75, 100, 

150, 200, 250 and 300 mM imidazole concentrations. The eluted protein samples were dialyzed 

and further analyzed by SDS-PAGE.   
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2.6.13.3. Ion-exchange chromatography  

The dialyzed protein after Ni2+ affinity column was further purified by HiTrap QFF column 

using same protocol as described in section 2.3.17.2.  

2.6.14. In-gel activity assays  

The zymogram analysis of purified Bsu-Lac was examined in 50 mM Tris-HCl (pH 8.0) using 

SGZ, 2,6-DMP and guaiacol. The in-gel activity of Bsu-Lac with ABTS was performed in 

Sodium acetate buffer (pH 4.0). Zymogram analysis was performed in the same way as described 

in section 2.4.1. 

2.6.15. Biochemical characterization of Bsu-Lac 

2.6.15.1. Effect of pH, temperature and metal ions on Bsu-Lac activity  

To determine optimum pH for Bsu-Lac activity, assays were performed at various pH in different 

buffers but fixed temperature (55 °C). The pH of all buffers used in the assay was adjusted at 

room temperature. The buffers used were: MES (5.5‒6.0), sodium phosphate (6.0‒7.5) and Tris-

HCl (7.5‒8.5). The pH stability of Bsu-Lac was examined by incubating the protein in 50 mM 

buffer of the pH range of 3 ̶ 12 for 30 min. The relative activity was examined at 55 °C and pH 

7.0. 

The effect of temperature on the Bsu-Lac activity was determined at various temperatures 

ranging from 30 to 70 °C at pH 7. The mixture was kept for 3 min at the desired temperature 

before the addition of substrate. The assay was performed using SGZ as substrate. 

The effect of various metal ions on Bsu-Lac activity was determined by adding Fe2+, Co2+, Cu2+, 

Ni2+, Mg2+, Mn2+, Hg2+, and Zn2+ in the assay reaction mixture at a final concentration of 100 

μM. Activity without the addition of any metal ion was considered as 100%.  

2.6.15.2. Effect of inhibitors, organic solvents, halides and various chemicals/detergents on 

laccase activity 

Effect of various inhibitors (NaN3, L-cysteine, EDTA, DTT and SDS) was examined in the same 

way as described in section 2.5.6.7. Effect of organic solvents (methanol, ethanol, acetone, 
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propanol, 2-propanol and DMSO at a final concentration of 10 and 20%) on Bsu-Lac enzyme 

activity was studied using SGZ as a substrate.  

Effect of various halides including NaCl, NaBr (0 ̶ 2 M) and NaF (0 ̶ 1 M) was examined at 55 

°C using SGZ as substrate. Enzyme activity was also checked in the presence of various 

chemicals/detergents (Triton X-100, Tween 20, Tween 80, ß-mercaptoethanol, glycerol, and 

imidazole). Activities assayed were performed at 55 °C and pH 7.0. The activity in the absence 

of any reagent was considered 100%. 

2.6.15.3. Kinetic studies   

Steady state enzyme kinetics for oxidation of SGZ was measured in triplicates in 50 mM Tris-

HCl buffer (pH 8.0) by varying the concentrations of substrate from 0 to 40 μM. The kinetic 

parameters were calculated in the same way as described in section 2.5.6.8. 

2.6.15.4. Thermostability analysis of Bsu-Lac 

Thermostability of Bsu-Lac was examined at 60 and 80 °C. The Bsu-Lac was heated at 

respective temperatures for 0 ̶ 150 min and residual activity was measured at 55 °C and pH 7.0.  

2.6.16. Atomic absorption spectroscopy  

The metal content of Bsu-Lac was measured by atomic absorption spectroscopy as described in 

section 2.3.20.2. The purified protein was used at a final concentration of 1.5 mg/mL. 

2.6.17. Circular dichorism analysis 

For stability studies the far-UV CD spectrum of purified Bsu-Lac was analyzed at 50, 60, 70, 80 

and 90 °C at a wavelength range of 200 ̶ 280 nm. The protein used for thermostability studies 

was in 50 mM Tris-HCl buffer pH 8.0 with a concentration of 0.7 mg/mL. 

2.6.18. Urea-based stability studies of Bsu-Lac 

For denaturation studies, purified protein samples at a final concentration of 0.2 mg/mL, 

prepared in different concentrations of urea (0 ̶ 8 M final concentration) were incubated at room 

temperature for 4 h or overnight. Fluorescence of the samples was recorded as an emission scan 
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from 300 ̶ 400 nm with excitation monochromator set at 280 nm in a 1 cm quartz cuvette using 

PerkinElmer LS45 fluorescence spectrometer. The data were analyzed using PerkinElmer FL 

WinLab v4.00.03 software.  

2.6.19. Dye decolorization studies using Bsu-Lac 

Decolorization reaction of several dyes (methyl red, crystal violet, bromophenol blue, orange G, 

congo red) was performed in the same way as described in section 2.5.6.10.  
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Chapter 3: Gt-Lac   

3.1. DNA sequence retrieval from NCBI    

The whole genome sequence of G. thermopakistaniensis has been sequenced and available at 

DDBJ/EMBL/GenBank database under the accession number AYSF00000000. Genome search 

of G. thermopakistaniensis revealed the presence of an open reading frame (GenBank accession 

number ESU71923) annotated as laccase, therefore it was named as Gt-Lac. Using BLAST 

search ESU71923 was found as a member of protein family pfam PF02578 belonging to the 

superfamily of Cu-oxidase_4 (Fig. 3.1).   

 

 

 

Fig. 3.1: Analysis of ESU71923 (Gt-Lac) using BLAST search. Results of BLAST search showed 

that ESU71923 is a laccase domain containing protein and belongs to the copper oxidase_4 

superfamily.  

 

So the next step was to clone and characterize ESU71923 (Gt-Lac).  

 

3.2. Cloning and characterization of Gt-Lac gene  

 

3.2.1. Genomic DNA isolation of G. thermopakistaniensis  

The isolated genomic DNA was dissolved in TE buffer and analyzed by 1% agarose gel (Lane 1, 

Fig. 3.2). After staining with ethidium bromide, the isolated genomic DNA was seen as a thick 

band at around 30 kbp. The isolated genomic DNA had a concentration of approximately 1 μg 

/μL. 

  

https://www.ncbi.nlm.nih.gov/nuccore/AYSF00000000
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Fig. 3.2:  Ethidium bromide stained 1% agarose gel demonstrating the genomic DNA of G. 

thermopakistaniensis . M, GeneRuler™ DNA ladder mix (SM0331); lane 1, genomic DNA of G. 

thermopakistaniensis.    

3.2.2. PCR amplification of Gt-Lac gene   

The isolated genomic DNA of G. thermopakistaniensis was used as a template for the 

amplification of Gt-Lac using the self designed primers (Lac-4S-F as forward and Lac-4S-R as 

reverse primer) as described in section 2.3.2. The resulted PCR product was analyzed by agarose 

gel electrophoresis. The PCR resulted in the amplification of 0.8 kb DNA fragment matching the 

size of the Gt-Lac gene (lane 2, Fig. 3.3). The negative control, devoid of template, did not 

produce any DNA band. 

 

 

Fig. 3.3:  Ethidium bromide stained 1% agarose gel demonstrating the PCR amplification of Gt-

Lac gene . M, GeneRuler™ DNA ladder mix (SM0331); lane 1, negative control; lane 2, PCR 

amplified Gt-Lac gene.   
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3.2.3. Extraction of PCR product from agarose gel      

The 0.8 kbp amplified PCR product band was excised from agarose gel and eluted as described 

in section 2.3.5. The gene cleaned product was analyzed by 1% agarose gel (Fig. 3.4). The 

approximate concentration of the purified DNA was 70 ng/μL.   

 

Fig. 3.4:  Ethidium bromide stained 1% agarose gel demonstrating the gene cleaned Gt-Lac. M, 

GeneRuler™ DNA ladder mix (SM0331); lane 1, purified PCR product of Gt-Lac.  

3.2.4. Cloning of Gt-Lac in pTZ57R/T     

The purified PCR product was ligated in cloning vector, pTZ57R/T. E. coli DH5α host cells 

were transformed using ligation mixture and they were spread on the LB-agar plates containing 

X-gal, IPTG and ampicillin. After overnight incubation 6 white and 3 blue colonies appeared on 

the selection plates. As white color was an indication of positive transformation, 4 white colonies 

were picked and inoculated in LB media containing ampicillin (100 μg/mL). Plasmid DNA was 

isolated from all the four colonies as described in section 2.3.9. The recombinant plasmid was 

named as pTZ-Lac. Agarose gel electrophoresis demonstrating the isolated DNA of pTZ-Lac 

from 4 colonies is shown in Fig. 3.5.  
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Fig. 3.5: Ethidium bromide stained 1% agarose gel demonstrating isolated DNA constructs of 

pTZ-Lac. M, GeneRuler™ DNA ladder mix (SM0331); lanes 1 ̶ 4, isolated DNA of pTZ-Lac 

obtained from four different colonies.  

3.2.5. Restriction analysis of pTZ-Lac 

To confirm the cloning, digestion of pTZ-Lac (from two isolated plasmids) was performed with 

SalI.  The restriction site for SalI (G   T   C   G   A   C) is present in Gt-Lac gene (at 316 bp 

position) as well as in the multiple cloning site of pTZ57R/T. The digestion of pTZ-Lac with 

SalI resulted in the libration of 0.55 kb DNA fragment (lanes 1 and 2, Fig. 3.6 A) from the 

recombinant plasmid. The schematic representation of pTZ-Lac is shown in Fig. 3.6 B. 

 

Fig. 3.6 A: Ethidium bromide stained 1% agarose gel demonstrating the liberation of 0.5 kb DNA 

fragment after digestion with SalI. M, GeneRuler™ DNA ladder mix (SM0331); lanes 1 ̶ 2, 

restriction of pTZ-Lac from two different colonies with SalI.   
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Fig. 3.6 B: Schematic representation of map of recombinant plasmid pTZ -Lac.  

3.2.6. DNA sequencing of pTZ-Lac 

The recombinant plasmid pTZ-Lac was used for DNA sequencing of Gt-Lac gene. Sequencing 

was done from both the strands by using M13 forward and reverse primers. The resultant DNA 

sequencing is shown in Fig. 3.7.   

NNCNGNNCNCGCGATGCATCTAGATTCATATGCCGGACATTTTTCAACAAGAAGCCCGCGGCTGGCTCCGCTGCGGTGCGCCTCC

GTTTGCTGGAGCCGTCGCTGGATTGACGACGAAACATGGCGGGGAGAGCAAAGGGCCGTTCGCTTCGCTGAATATGGGGCTGCAC

GTCGGCGACGATCGCACGGTTGTTGTCGCCAACCGCGGGCGTTTGGCGCAATGGCTCTCATTCCCGCTTGAGCGATGGGTATGTTG

TGAACAAGTGCATGGCGCCGACATTCGGAAGGTGACGAAAAACGAACGGGGGAACGGAGCGCAAGATTTCGCCACGGCGGTTCC

AGGGGTCGACGGGTTGTATACAGACGAAGCGGAGGTGTTGCTCGCGCTTTGTTTTGCCGATTGTGTGCCCATTTATTTTGTGGCGC

CATCTGCTGGGTTAGTCGGCCTTGCTCATGCCGGGTGGCGGGGAACGGCCGGCGGCATCGCTGGTCACATGGTGCGGCTTTGGCA

AACGCGCGAACACATCGCGCCGAGCGACATCTATGTTGCCATCGGACCTGCCATCGGTCCGTGCTGTTATACGGTTGACGACCGT

GTCGTGGACAGTCTGCGCCCGACGCTTCCTCCGGAAAGCCCGTTGCCATGGCGGGAAACAAGCCCAGGGCAATATGCGCTCGACT

TAAAGGAAGCCAATCGGCTTCAGTTGATCGCGGCTGGCGTTCCGAACAGCCATATTTATGTGTCAGAACGCTGTACAAGCTGTGA

GGAAGCGTTGTTTTTTTCCCATCGCCGCGACCGCGGAACGACTGGAAGGATGTTGGCGTTTATCGGCCGAAGGGAGGAGACGGCA

TGACGGTGCGCGACAAATCGGATCCCGGGCCCGTCGACTGCAGAGGCCTGCATGCAAGCTTTCCCTATAGTGA 

 

Fig. 3.7: Nucleotide sequence of Gt-Lac. Complete DNA sequence of the cloned gene was 

confirmed by DNA sequencing (First BASE Laboratories, Malaysia).  
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3.2.7. Cloning of Gt-Lac gene in expression vector pET-21a(+)   

In order to clone Gt-Lac gene in expression vector pET-21a(+) both plasmids (pTZ-Lac and 

pET-21a(+)) were individually double digested with same pair (NdeI and HindIII) of restriction 

enzymes (Fig. 3.8). Ligation of liberated Gt-Lac gene and pET-21a was carried out after gel 

elution. E. coli DH5α competent cells were transformed using ligated mixture and were spread 

on LB agar plates containing ampicillin and incubated for overnight. After overnight incubation 

ten white colonies appeared on selection plates, seven of them were randomly selected and 

inoculated in LB medium containing ampicillin and incubated for overnight for plasmid 

isolation. Isolated plasmids DNA were analyzed by 1% agarose gel electrophoresis. Fig. 3.9 

shows different forms of isolated plasmid DNA. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8:  Ethidium bromide stained 1% agarose gel showing restriction analysis of pET -21a(+) 

and recombinant pTZ-Lac. M, GeneRuler™ DNA ladder mix (SM0331); lane 1 and 3, uncut pET -

21a(+) and pTZ-Lac, respectively; lane 2 and 4, NdeI+HindIII digested pET-21a(+) and pTZ-Lac, 

respectively.  
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Fig. 3.9:  Ethidium bromide stained 1% agarose gel showing plasmid DNA preparations. M, 

GeneRuler™ DNA ladder mix (SM0331); lanes 1 ̶  7, isolated plasmids from colonies 1 ̶  7, 

respectively.  

The insertion of the Gt-Lac gene in pET-21a(+) vector was examined by digesting the 

recombinant plasmid pET21-Lac isolated from colony no. 6 with HindIII and SalI which resulted 

in the liberation of 0.5 kb DNA fragment from vector as demonstrated in Fig. 3.10. E. coli 

BL21CodonPlus (DE3)-RIL cells were transformed using this construct for the production of 

recombinant protein. The schematic representation map of recombinant pET21-Lac is shown in 

Fig. 3.11.   

 

 

 

 

 

 

 

 

 

 

Fig. 3.10: Ethidium bromide stained 1% agarose gel demonstrating th e liberation of 0.5 kb DNA 

fragment from pET21-Lac. M, GeneRuler™ DNA ladder mix (SM0331); lane 1, uncut pET21 -Lac; 

lane 2, digested pET21-Lac with HindIII and SalI.  
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Fig. 3.11:  Schematic representation of map of recombinant plasmid pET21 -Lac. 

3.2.8. Computational analysis of Gt-Lac gene 

3.2.8.1. Nucleotide and protein sequence analysis 

Gt-Lac gene consisted of 825 nucleotides and encoded a protein of 273 amino acids. The 

assigned accession number of the gene is ESU71923. Gene occupies a complement position from 

4984 to 5808 nucleotides on genome of G. thermopakistaniensis. The nucleotide sequence of Gt-

Lac gene and its deduced amino acid sequence are shown in Fig. 3.12. 
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ATGCCGGACATTTTTCAACAAGAAGCCCGCGGCTGGCTCCGCTGCGGTGCGCCTCCGTTT 60   

 M  P  D  I  F  Q  Q  E  A  R  G  W  L  R  C  G  A  P  P  F  
 

GCTGGAGCCGTCGCTGGATTGACGACGAAACATGGCGGGGAGAGCAAAGGGCCGTTCGCT 120  

 A  G  A  V  A  G  L  T  T  K  H  G  G  E  S  K  G  P  F  A  
 

TCGCTGAATATGGGGCTGCACGTCGGCGACGATCGCACGGTTGTTGTCGCCAACCGCGGG 180  

 S  L  N  M  G  L  H  V  G  D  D  R  T  V  V  V  A  N  R  G  
 

CGTTTGGCGCAATGGCTCTCATTCCCGCTTGAGCGATGGGTATGTTGTGAACAAGTGCAT 240  

 R  L  A  Q  W  L  S  F  P  L  E  R  W  V  C  C  E  Q  V  H  
 

GGCGCCGACATTCGGAAGGTGACGAAAAACGAACGGGGGAACGGAGCGCAAGATTTCGCC 300  

 G  A  D  I  R  K  V  T  K  N  E  R  G  N  G  A  Q  D  F  A  
 

ACGGCGGTTCCAGGGGTCGACGGGTTGTATACAGACGAAGCGGAGGTGTTGCTCGCGCTT 360  

 T  A  V  P  G  V  D  G  L  Y  T  D  E  A  E  V  L  L  A  L  
 

TGTTTTGCCGATTGTGTGCCCATTTATTTTGTGGCGCCATCTGCTGGGTTAGTCGGCCTT 420  

 C  F  A  D  C  V  P  I  Y  F  V  A  P  S  A  G  L  V  G  L  
 

GCTCATGCCGGGTGGCGGGGAACGGCCGGCGGCATCGCTGGTCACATGGTGCGGCTTTGG 480  

 A  H  A  G  W  R  G  T  A  G  G  I  A  G  H  M  V  R  L  W  
 

CAAACGCGCGAACACATCGCGCCGAGCGACATCTATGTTGCCATCGGACCTGCCATCGGT 540  

 Q  T  R  E  H  I  A  P  S  D  I  Y  V  A  I  G  P  A  I  G  
 

CCGTGCTGTTATACGGTTGACGACCGTGTCGTGGACAGTCTGCGCCCGACGCTTCCTCCG 600  

 P  C  C  Y  T  V  D  D  R  V  V  D  S  L  R  P  T  L  P  P  
 

GAAAGCCCGTTGCCATGGCGGGAAACAAGCCCAGGGCAATATGCGCTCGACTTAAAGGAA 660  

 E  S  P  L  P  W  R  E  T  S  P  G  Q  Y  A  L  D  L  K  E  
 

GCCAATCGGCTTCAGTTGATCGCGGCTGGCGTTCCGAACAGCCATATTTATGTGTCAGAA 720  

 A  N  R  L  Q  L  I  A  A  G  V  P  N  S  H  I  Y  V  S  E  
 

CGCTGTACAAGCTGTGAGGAAGCGTTGTTTTTTTCCCATCGCCGCGACCGCGGAACGACT 780  

 R  C  T  S  C  E  E  A  L  F  F  S  H  R  R  D  R  G  T  T  
 

GGAAGGATGTTGGCGTTTATCGGCCGAAGGGAGGAGACGGCATGA                825  

 G  R  M  L  A  F  I  G  R  R  E  E  T  A  - 

 

Fig. 3.12: Nucleotide sequence of Gt-Lac gene (above) along with its deduced amino  acid 

sequence (below). The numbers on the right shows nucleotide numbering.  

3.2.8.2. Amino acid composition of Gt-Lac   

The results of ProtParam showed that Gt-Lac consisted of 273 amino acids with a calculated 

molecular weight of 29696.78 Da and a theoretical pI of 6.24. About 57% residues are charged. 

Total number of negatively charged residues (Asp + Glu) is 30 and total number of positively 

charged residues (Arg + Lys) is 27. Table 3.1 is shows the amino acid composition of Gt-Lac 

gene. 
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Table. 3.1. Amino acid composition of Gt-Lac. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.9. Structural studies of Gt-Lac    

3.2.9.1. Secondary structure prediction of Gt-Lac  

The location of the α-helix and β-strand in Gt-Lac amino acid sequence was predicted by using 

Chou-Fasman method, Garnier-Osguthorpe-Robson method, and Neural Network method 

(http://cib.cf.ocha.ac.jp/bitool/MIX). The helix regions were 26%, β-strands were 14.3% and 

loops were 59.7% in Gt-Lac sequence. The helix regions are shown by letter H, β-strands are 

marked by letter E and coiled by letter C, in Fig. 3.13. 

  

 

Amino acid 

 

 

Total No. 

 

 

Percentage (%) 

 

Ala (A) 31 11.3  

Arg (R) 22 8.0  

Asn (N) 6 2.2  

Asp (D) 14 5.1  

Cys (C) 9 3.3  

Gln (Q) 8 2.9  

Glu (E) 16 5.8  

Gly (G) 29 10.6  

His (H) 8 2.9  

Ile (I) 11 4.0  

Leu (L) 23 8.4  

Lys (K) 5 1.8  

Met (M) 4 1.5  

Phe (F) 10 3.6  

Pro (P) 18 6.6  

Ser (S) 12 4.4  

Thr (T) 15 5.5  

Trp (W) 6 2.2  

Tyr (Y) 6 2.2  

Val (V) 21 7.7  
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AAseq.     1 MPDIFQQEARGWLRCGAPPFAGAVAGLTTKHGGESKGPFASLNMGLHVGDDRTVVVANRG 

Joint        CCCCHHHHHCCEECCCCCCCCCCCCCEECCCCCCCCCCHHHHHCCEECCCCEEEEECCCH 

 

 

AAseq.    61 RLAQWLSFPLERWVCCEQVHGADIRKVTKNERGNGAQDFATAVPGVDGLYTDEAEVLLAL 

Joint        HHHHCCCCCCHHHHHHHCCCCHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCHHHHHHHHH 

 

 

AAseq.   121 CFADCVPIYFVAPSAGLVGLAHAGWRGTAGGIAGHMVRLWQTREHIAPSDIYVAIGPAIG 

Joint        HHCCCCCEEECCCCCCEECCCCCCCCCCCCCCCCCEEHHHHHHCCCCCCCEEEECCCCCC 

 

 

AAseq.   181 PCCYTVDDRVVDSLRPTLPPESPLPWRETSPGQYALDLKEANRLQLIAAGVPNSHIYVSE 

Joint        CEEEECCCCEECCCCCCCCCCCCCCCCCCCCCCCHHHHHHHHHHHHHHCCCCCCEEEEEE 

 

 

AAseq.   241 RCTSCEEALFFSHRRDRGTTGRMLAFIGRREETA 

Joint        CCCCHHHHHHHHCCCCCCCCCCEEEEEHHHHCCC 

 

Fig. 3.13: Prediction of the secondary structure of Gt-Lac by using online software 

http://cib.cf.ocha.ac.jp/bitool/MIX/MIX.php. H represents helix region; E represents β-strands and C represents 

coils. 

3.2.9.2. Three dimensional structure prediction    

The homology comparison has shown that Gt-Lac was 96% identical with 1T8H whose complete 

structure has been determined (PDB id 1T8H; Minasov G, Shuvalova L, Mondragon A, Taneja 

B, Moy SF, Collart F, Anderson WF; to be published). Therefore, the 3-D structure was 

predicted by Swiss-model server (https://swissmodel.expasy.org) using 1T8H as a template. The 

structure of 1T8H is known and contains one zinc atom in its structural architecture. Gt-Lac also 

contained one zinc atom (Fig. 3.14 A). Four cysteine residues were coordinating zinc atom (Cys 

182, Cys183, Cys 242, Cys 245) as shown in Fig. 3.14 A.   

  

https://swissmodel.expasy.org/
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Fig. 3.14A:  Geometry and predicted 3D structure of Gt-Lac. (A): Geometry of Zn binding is 

shown. Four cysteine residues are shown to coordinate one Zn atom; (B):  Monomeric structure of  

Gt-Lac Geometry of Zn binding is shown. Four cysteine residues are shown to coordinate one Zn 

atom.  

 

The predicted model contained 13 helices, 3 sheets and 26 beta-turns. No hydrogen 

bonds or disulphide bridge is present in the predicted model. Ramachandran plots of 

the predicted structure indicated that 91% of the residues were in the most favorable 

regions and 0.4% was in the disallowed region which reflects the accuracy of  the 

predicted structure (Fig. 3.14 B).  

 

 

 

 

 

 

 

 

http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=t686&pdb_type=UPLOAD&code=214313&template=protein.html&o=HELICES&r=psplot&l=1&s=1&c=6&pdb_type=UPLOAD&code=214313&chain=A
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Fig. 3.14 B: Ramachandran diagram of predicted structure of Gt-Lac. Red colour region is the 

most favorable region. Blue dots indicate the amino acids accumulated in the most favorable 

region of the predicted structure.  

3.2.10. Multiple sequence alignment of Gt-Lac  

The Gt-Lac sequence was utilized for analyzing the homology with the already reported laccases 

using Clustal W programme. It exhibited an identity of 100% with a putative laccase from 

Geobacillus thermoleovorans (accession # WP_068895357) and 95% with the hypothetical 

protein from Bacillus stearothermophilus (accession # 1T8H-A). No significant homology was 

found with any of the characterized laccases, except the members of a new family of laccases 

(DUF 152). Highest similarity of 32% was found with a copper oxidase LaclK from Kurthia 

huakuii, 31% with polyphenol oxidase, exhibiting laccase activity, from bovine rumen 

metagenome (RL5 laccase), 28% with Thermobifida fusca, and 27% with both YfiH protein of 

Escherichia coli and BT4389 protein of Bacteroides thetaiotaomicron. An amino acid sequence 

alignment of Gt-Lac and DUF 152 members exhibiting laccase activity is shown in Fig. 3.15.  
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Gt-Lac            ---MPDIFQQEARGWLRCGAPPFAGAVAGLTTKHGGESKGPFASLNMGLHVGDDRTVVVA 57 

1T8H              SNAMPDIFQQEARGWLRCGAPPFAGAVAGLTTKHGGESKGPFASLNMGLHVGDDRTDVVN 60 

YfiH              ---MSK--------LIVPQWPLPKGVAACSSTRIGGVSLPPYDSLNLGAHCGDNPDHVEE 49 

BT_4389           ---MISITKDK-RMLGYESLSSYSNISHFVTTRQGGCSEGNYASFNCTPYSGDEAEKVRR 56 

Tfu_1114          --------------MTGTVVELAPGIHAGFTGRAGGVSGEPYATLNLGDHVGDDPAAVAE 46 

WP_029500662      --------------MTTTIYTNNEQVLMGISL----QDDTRPEKNNMALHVCENPETIIQ 42 

Rl5               ---MIELEKLD-------FAKSVEGVEAFSTTRGQVDGRNAYSGVNLCDYVGDDALRVLD 50 

                                                                 * *                                           

Gt-Lac            NRGRLAQWLSFPLERWVCCEQVHGADIRKVTKNERGNGAQDFATAVPGVDGLYTDEAEVL 117 

1T8H              NRRRLAEWLAFPLERWVCCEQVHGADIQKVTKSDRGNGAQDFATAVPGVDGLYTDEAGVL 120 

YfiH              NRKRL-FAAGNLPSKPVWLEQVHGKDVLNLTGEPY---------ASKRADASYSNTPGRV 99 

BT_4389           NQTLLMEGMSQIPEELVIPVQTHETNYLLIGDAYLSASSQQRQEMLHGVDALITREPGYC 116 

Tfu_1114          NRRRAALGFGISPDRVVWMNQVHGATAVTVTGSGQ---------AGD-VDAVVTPEAGLA 96 

WP_029500662      NREHLAASIGHSLQDFVCANQTHSATYYKVTAADKGRGTLRADDAIPATDALYTFEPNIV 102 

Rl5               ARLTLAMQLGVDLDDLVMPRQTHSCRVAVIDERFRALDIDEQEAALEGVDALVTRLQGIV 110 

                                                        *    ▲ ▲ 

Gt-Lac            LALCFADCVPIYFVAPSAGLVGLAHAGWRGTAGGIAGHMVRLWQTREHIAPSDIYVAIGP 177 

1T8H              LALCFADCVPIYFVAPSAGLVGLAHAGWRGTAGGIAGHMVWLWQTREHIAPSDIYVAIGP 180 

YfiH              CAVMTADCLPVLFCNRAGTEVAAAHAGWRGLCAGVLEETVSC----FADNPENILAWLGP 155 

BT_4389           LCISTADCVPVLVYDKKHGAIAAIHAGWRGTVAYIVRDTLLRMEKEFGTSGEDVVACIGP 176 

Tfu_1114          LAVLVADCLPLLVADAAAGVIGAAHAGRPGMAAGVVPALVAEMAR-HGARPERCVALLGP 155 

WP_029500662      LSSFTADCVPVLFYATDSTLIGAIHSGWQGTVKEISLKTFTHLKEHEHVDLTNVRVQIGT 162 

Rl5               IGVNTADCVPIVLVDSQAGIVAVSHAGWRGTVGRIAKAVVEEMCR-QGATVDRIQAAMGP 169 

                     *   ▲         ▲ 

 

Gt-Lac            AIGPCCYTVDDRVVDSLRPTLPPESPLPWRETSPGQYALDLKEANRLQLIAAGVPNSHIY 237 

1T8H              AIGPCCYTVDDRVVDSLRPTLPPESPLPWRETSPGQYALDLKEANRLQLLAAGVPNSHIY 240 

YfiH              AIGPRAFEVGAEVREAFMAVDAEASTAFIQ--HGDKYLADIYQLARQRLANVGVE--QIF 211 

BT_4389           SISLASFEVGEEVYEAFQKNGFDMPRISIRKEETGKHHIDLWEANRMQILAFGVPSGQVE 236 

Tfu_1114          AICGRCYEVPRDLQDRVARTVPEARCTTA---EG-TPGLDIRAGVTAQLTNLGVT--NIT 209 

WP_029500662      ALSQEKFEVDEDVYTKFKTLGYANDWMYF-KDATQKYHIDNQQTVKKQCELAGIPAENIT 221 

Rl5               SICQDCFEVGDEVVEAFKKAHFNLNDIVVRNPATGKAHIDLRAANRAVLVAAGVPAANIV 229 

                                  ●  ● 

Gt-Lac            VSERCTSCEEALFFSHRRDRGTTGRMLAFIGRREETA 274 

1T8H              VSERCTSCEEALFFSHRRDRGTTGRMLAFIGRREEWT 277 

YfiH              GGDRCTYTENETFFSYRRDK-TTGRMASFIWLI---- 243 

BT_4389           LARICTYIHHDEFFSARRLGIKSGRILSGIMIHK--- 270 

Tfu_1114          HDSRCTR-ESADLFSYRRDA-TTGRFAGYVWRVP--- 241 

WP_029500662      IENVCTF-KSDSGFSYRQHK-QAGRHLSFIVRK---- 252 

Rl5               ESQHCSRCEHTSFFSARRLGINSGRTFTGIYRK---- 262 

                                        ●  ● 

 

Fig. 3.15:  Multiple sequence alignment of Gt-Lac with selected Gt-Lac-related proteins.  Amino 

acid sequences were retrieved from NCBI or the UniProt database . Gt-Lac, multicopper 

polyphenol oxidoreductase laccase in this study (accession no. ESU71923); 1T8H, an 

uncharacterized protein from  Bacillus stearothermophilus  (UniProt accession no. P84138); YfiH, 

a laccase from E .  coli  (UniProt accession no. P33644); BT_4389, multicopper oxidase from 

Bacteroides thetaiotaomicron  (NCBI accession no. NP_813300);  Tfu1114, a copper oxidase 

from Thermobifida fusca  NTU10-1 (NCBI accession no. WP_011291561);  LaclK, a copper oxidase 

from Kurthia huakuii  (NCBI accession no. WP_029500662); RL5, a laccase from the bovine 

rumen metagenome (NCBI accession no.  CAK32504). The amino acid residues binding to the 

three copper sites in RL5 (Beloqui et al ., 2006) are indicated with *, ▲, and ●.   
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3.2.11. Expression analysis of Gt-Lac gene      

In order to express the Gt-Lac gene, E. coli BL21 CodonPlus(DE3)-RIL cells containing pET21-

Lac were induced with 0.4 mM IPTG for expression analysis. The expression of recombinant Gt-

Lac (lane 2, Fig. 3.16) was examined by making a comparison with expression of cell carrying 

pET-21a (lane 1, Fig. 3.16). The analysis of soluble and insoluble fractions on SDS-PAGE 

demonstrated that the recombinant pET21-Lac was mainly (90%) produced in the soluble form 

(lane 4, Fig. 3.16). 

 

Fig. 3.16:  Coomassie brilliant blue stained 14% SDS -PAGE demonstrating the production of Gt-

Lac. M, prestained protein marker; lane 1, cells carrying pET -21a(+); lanes 2, 3 and 4 are showing 

total cell lysate, insoluble and soluble fractions of cells carrying pET21 -Lac vector, respectively.    

 

The expression of Gt-Lac gene was optimized using different IPTG concentrations ranging from 

0.05 to 1 mM. The analysis of expression levels at various IPTG concentrations was performed 

by 14% SDS-PAGE. The results showed that at all IPTG concentrations no significant difference 

in expression was found (Fig. 3.17).    
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Fig. 3.17: Coomassie Brilliant Blue stained 14% SDS -PAGE demonstrating the Gt-Lac gene 

expression at different IPTG concentrations. Lane 1, cells carrying pET -21a(+); lanes 2 ̶  7, 

expression at 0, 0.05, 0.1, 0.2, 0.5 and 1mM IPTG, respectively.  

 

IPTG is an expensive chemical, therefore expression of Gt-Lac was examined by inducing with 

Lactose. Gt-Lac gene expression was compared with 10 mM lactose (for overnight) and 0.05 

mM IPTG (for 4 h). By comparison, it was found that expression level in the soluble fractions 

was almost same (Fig. 3.18).  

 

 

 

 

 

 

   

 

 

Fig. 3.18: Coomassie Brilliant Blue stained  14% SDS-PAGE demonstrating the Gt-Lac gene 

expression using IPTG and lactose as inducers. Lane 1, soluble fraction of cells carrying pET -

21a(+), lane 2, soluble fraction of cells carrying pET21 -Lac induced in the presence of IPTG; lane 

3, soluble fraction of cells carrying pET21-Lac induced in the presence of Lactose.  
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3.2.12. Purification of Gt-Lac   

As Gt-Lac is from a thermostable starin so the recombinant protein was purified initially by 

heating at high temperature. In order to remove the heat-labile proteins of E. coli, heat treatment 

of recombinant Gt-Lac was optimized by heating at 60, 70, 75 and 80 °C for 20 min (Fig. 3.19).   

 

 

Fig. 3.19: Coomassie Brilliant Blue stained 14% SDS-PAGE demonstrating the partial purification of Gt-Lac by 

heat treatment. Lanes 1 and 2, supernatant and pellet after heat treatment at 60 °C, respectively;  lanes 3 and 4, 

supernatant and pellet after heat at 70 °C, respectively; lanes 5 and 6, supernatant and pellet after heat at 75 °C, 

respectively; lanes 7 and 8, supernatant and pellet after heat at 80 °C, respectively. 

 

As the Gt-Lac after heat treatment at 70 °C was more pure so that condition was chosen for 

further purification. The soluble fraction of Gt-Lac protein after heat treatment, at 70 °C for 20 

min, was dialyzed against Tris-HCl (50 mM) buffer (pH 8.0) and loaded to QFF (anion 

exchange) column. Protein fractions were eluted from column by applying 0 ̶ 1 M NaCl gradient. 

Gt-Lac was eluted between 35 to 45% NaCl gradient. Elution pattern of proteins is shown in Fig. 

3.20A. The collected fractions were analyzed by 14% SDS PAGE (Fig. 3.20A, inner pannel). 

The relatively purified fractions after QFF column were dialyzed against Tris-HCl buffer (pH 

8.0) and loaded on another anion exchange column (Resource Q). Now the bound protein was 

eluted at 45 ̶ 50% using linear gradient of 0 ̶ 1M NaCl. The chromatogram of eluted fractions and 

their SDS-PAGE analysis are shown in Fig. 3.20 B.    
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Fig. 3.20: Anion exchange chromatography of Gt-Lac showing elution pattern and SDS-PAGE 

analysis. (A):  Chromatogram showing the purification pattern by HiTrap Q. (B):  Chromatogram 

showing the elution pattern by Resource Q column.  
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Gt-Lac after various steps of purification was analyzed by SDS-PAGE as shown in Fig. 3.21. 

 

 

 

Fig. 3.21: Coomassie Brilliant Blue stained SDS -PAGE analyzing the purification status of Gt-

Lac at various stages. M, protein marker,  lane 1: total lysate of cells containing pET -21a(+); lane 

2, the total lysate of cells containing pET21 -Lac; lane 3, partially purified laccase after heat 

treatment at 65 °C; lane 4, purified protein after HiTrap Q column; lane 5, purified protein after 

Resource Q column.   

3.2.13. Standard curve for protein quantification 

The protein concentration of purified Gt-Lac was checked using Bradford reagent. A standard 

curve was drawn using BSA as standard (Fig. 3.22). 

 

 

Fig. 3.22: Standard curve for protein quantification by using various concentration of BSA.  
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3.2.14. Molecular mass determination of Gt-Lac   

Molecular mass of the purified Gt-Lac was determined by gel filtration chromatography. When 

passed through a gel filtration column, Gt-Lac eluted at a retention volume of 16.6 mL 

corresponding to a molecular weight of 30 kDa indicating that recombinant Gt-Lac was in the 

monomeric form. The chromatogram showing elution pattern of purified Gt-Lac through gel-

filtration is shown in Fig. 3.23.  

 

 

Fig. 3.23: Gel filtration chromatogram of Gt-Lac.  (A): Chromatogram showing the elution pattern 

of Gt-Lac  (shown by arrow) from gel filtration column. Y -axis, optical density at 280 nm; X -axis,  

retention volume (mL). (B): Coomassie Brilliant Blue stained 14% SDS -PAGE showing purified 

Gt-Lac after gel filtration. Lane 1, purified protein after gel filteration; lane 2, protein marker.  

 

The standatd curve was plotted by using log of molecular mass versus retention volume (mL) 

obtained from eluted standard proteins from gel filtration column (Fig. 3.24).  Retention volume 

of each of the protein is shown in Table 3.2.   

  



71 

 

Table 3.2: Retention volumes of standard proteins used to plot standard curve. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.24: Standard curve to determine molecular mass of standard proteins by gel filtration 

column (Superdex 200 10/300 GL).  

3.2.15. Laccase activity assays  

Enzyme activity of Gt-Lac was examined with typical laccase substrates by continuous 

spectrophotometric measurements as described in section 2.3.20.1. The purified protein did not 

exhibit any detectable amount of laccase activity in the absence or presence of copper ions. 

Similarly, the protein produced with the addition of copper and zinc ions in the growth medium 

also did not show any laccase-like activity. 
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Ferritin 440000 5.6 11.454 

Phosphorylase B 194578 5.3 12.3 

Lactate dehydrogenase 140000 5.15 14 

Bovine serum albumin 66777 4.8 14.72 

Malate dehydrogenase 70000 4.845 15.43 

Myoglobin 16900 4.2 17 

Lysozyme 14305 4 21 
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3.2.16. Estimation of metal ions  

As recombinant Gt-Lac did not show any laccase activity, the metal ions content of the purified 

enzyme was determined by atomic absorption spectroscopy. No copper ions could be detected in 

the protein produced in the absence or presence of 25 μM copper sulfate. However, the purified 

protein contained 0.6 mole of zinc per mole of Gt-Lac produced either in the presence or absence 

of 25 μM zinc sulfate. A standard curve for both copper and zinc was drawn (Fig. 3.25). 

 

 

Fig. 3.25: (A): Standard curve drawn for Zn2 + for the estimation of zinc content of purified Gt-

Lac. (B): Standard curve drawn for various copper concentrations.  

3.2.17. Conclusion about Gt-Lac 

Gt-Lac gene was successfully cloned and expressed in E. coli and expression was found in 

soluble form. But I failed to get any laccase activity in crude as well as purified Gt-Lac, in the 

presence or absence of Cu2+ ions in the assay mixture or during production of Gt-Lac. 

Furthermore the copper was also not detected in purified Gt-Lac, a property of laccase. Therefore 

it is concluded that Gt-Lac is not a true laccase and might belong to some other family.   
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Chapter 4: Gt-Cuo   

4.1. Estimation of laccase activity in G. thermopakistaniensis cells  

As the recombinant Gt-Lac did not show any laccase-like activity so in order to estimate the 

laccase activity in G. thermopakistaniensis, cells were grown in the absence or presence of 25 

μM copper or zinc. The cells were harvested and resuspended in Tris-HCl pH 8.0 and sonicated 

to get the soluble lysate. Laccase activity was only found in the cells grown in the presence of 

copper. No activity could be detected in the cells grown in the presence of zinc or absence of any 

metal ion. These results indicated that copper ions are necessary for the production of active 

protein. The cell lysate exhibiting the laccase activity was subjected to zymogram analysis and a 

60 kDa protein, instead of 30, exhibited the laccase activity (Fig. 4.1). In order to optimize the 

laccase activity in G. thermopakistaniensis, cells were grown in the presence of various 

concentrations of copper ranging from 25 μM to 1 mM. Highest activity was found when cells 

were grown in the presence of at 500 μM copper. The time course of laccase production 

exhibited highest intracellular laccase activity after 16-18 h of cultivation at 60 °C. 

 

Fig. 4.1: Coomassie Brilliant Blue stained 12% SDS -PAGE analyzing the laccase activity in G. 

thermopakistaniensis . M, protein marker; lane 1, soluble lysate of G. thermopakistaniensis  cells 

(sample prepared in reducing SDS dye); lane 2, soluble lysate of G. thermopakistaniensis  cells 

(sample prepared in non-reducing SDS dye); lane 3, zymogram analysis of laccase activity using 

SGZ as phenolic substrate.  
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4.2. Purification of laccase activity from G. thermopakistaniensis 

In order to purify the laccase activity from G. thermopakistaniensis, cells were cultivated in the 

presence of 500 μM copper sulfate for 18 h at 60 °C. The laccase activity was subjected to 

fractional ammonium sulfate precipitation. Most of the laccase activity was found in the 30‒40% 

ammonium sulfate fraction which was loaded onto Resource Q column (Fig. 4.2 A) and different 

fractions eluted between 25 ̶ 50% of linear gradient were checked for laccase activity and it was 

found that fractions eluted between 27 ̶ 36% of 1 M NaCl contained laccase activity. The protein 

after ion exchange was further purified by gel-filtration column chromatography. The laccase 

activity was eluted at a retention volume of 15 mL through gel filtration column (Fig. 4.2 B), 

equivalent to a molecular mass of about 60 kDa. Analysis of the purified laccase activity by 

SDS-PAGE as well as by zymography (Fig. 4.3) demonstrated a molecular mass of 60 kDa 

indicating that the protein exhibiting laccase activity is monomeric in nature.   

 

 

Fig. 4.2:  Purification of laccase activity from G. thermopakistaniensis .  (A):  Chromatogram 

showing results of Resource Q column. (B): Elution pattern of laccase activity (peak encircled) by 

gel filteration chromatography.   
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Fig. 4.3:  Coomassie Brilliant Blue stained 12% SDS -PAGE analysis of purification of laccase 

activity from G. thermopakistaniensis. (A): M, protein marker; lane 1, purified protein. (B): Lane 

1, zymogram analysis of laccase  activity using SGZ as substrate.    

4.3. N-terminal amino acid sequence of the laccase activity   

N-terminal amino acid sequencing could identify three amino acid residues, QGH. Keeping in 

view the copper dependency of the laccase activity and the three N-terminal amino acid residues 

of the purified protein, the complete genome sequence of G. thermopakistaniensis was analyzed. 

The analysis revealed the presence of an open reading frame annotated as multi-copper oxidase 

encoding a protein of approximately 60 kDa. The above determined three N-terminal amino 

acids, QGH, were found at position 27 indicating that the protein may possess a signal sequence 

consisting of 26 amino acids. Analysis of the open reading frame for signal prediction using 

SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/) has also shown a signal sequence 

of 26 amino acids (Fig. 4.4). 
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Fig. 4.4:  Signal sequence prediction in multi -copper oxidase by signalP 4.1 server.  

 

After the confirmation of signal sequence at the N-terminus of protein the laccase activity was 

checked in extracellular medium. Laccase activity in the extracellular medium was not dectected 

even for 48 h of cultivation. As the signal sequence consisted of hydrophobic amino acids, so 

there is a greater possibility that this protein (showing laccase activity) might be a membrane 

embedded protein and therefore its signal sequence might have cleaved. While using various 

online softwares the laccase active protein was found in contact with a hydrophobic region of the 

membrane as was confirmed by PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/), PROSITE 

(http://prosite.expasy.org/) and TMpred (http://embnet.vital-it.ch/software/TMPRED_form.html) 

server for the prediction of transmembrane helix. The PSIPRED results for the prediction of 

transmembrane helix are shown in Fig. 4.5. 

 

 

http://prosite.expasy.org/
http://embnet.vital-it.ch/software/TMPRED_form.html
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Fig. 4.5: Psipred prediction of transmembrane helix.   

The membrane bound nature of laccase active protein was further confirmed by ultracentrifuging 

the soluble cell lysate of G. thermopakistaniensis. When centrifuged at 1000000 × g to separate 

the soluble and insoluble fraction, most of the laccase activity was found in pellet fraction. 

4.4. Cloning, expression and characterization of Gt-Cuo gene  

4.4.1. PCR amplification of Gt-Cuo gene   

A gene specific forward (Gt-Cuo-F) and reverse (Gt-Cuo-R) primers for multicopper oxidase 

gene were designed (sequences are given in section 2.5.1). Forward primer was 30 nucleotides 

long, having a melting temperature of 76.2 °C and NcoI restriction site. Reverse primer was 35 

nucleotides long, having a melting temperature of 76.6 °C and XhoI restriction site. Keeping in 

mind the melting temperature of forward and reverse primers the annealing temperature was 

adjusted to 55 °C. The template was the genomic DNA of G. thermopakistaniensis. PCR resulted 

in the production of a 1.6 kb DNA fragment (Fig. 4.6).   
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Fig. 4.6: Ethidium bromide stained  1% agarose gel demonstrating the PCR amplification of Gt-

Cuo. M, GeneRuler™ DNA ladder mix (SM0331); lane 1, PCR product.  

   

PCR amplified DNA was eluted from agarose gel pieces using Fermentas DNA extraction kit. 

The purity and concentration of the PCR product was estimated by 1% agarose gel 

electrophoresis (Fig. 4.7). 

 

Fig. 4.7: Ethidium bromide stained 1% agarose gel demonstrating the purified PCR amplified Gt-

Cuo gene. M, GeneRuler™ DNA ladder mix (SM0331); lane 1, purified PCR product of Gt-Cuo 

gene.  
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4.4.2. Construction of pTZ-Cuo 

After extraction from the gel, the PCR amplified Gt-Cuo gene was ligated into pTZ57R/T. The 

ligation mixture was used to transform E.coli strain DH5α competent cells and transformed cells 

were spread on LB agar plates containing ampicillin, IPTG and X-gal. The targeted PCR 

fragment was ligated with 50% efficiency, since approximately half of the colonies were blue 

and half were white on the LB-ampicillin, IPTG, X-gal agar plate. Eight of the white colonies 

were randomly picked and used as template for colony PCR (Fig. 4.8).   

 

 

Fig. 4.8:  Ethidium bromide stained 1% agarose gel demonstrating the results of colony PCR. M, 

GeneRuler™ DNA ladder  mix (SM0331); lanes 1 ̶  8, colony PCR from eight different colonies.  

 

All of the eight colonies were found positive and five of them were selected for 

plasmid DNA isolation. The plasmid DNA was isolated and its quality and quantity 

were checked by 1% agarose gel electrophoresis (Fig. 4.9 A).     

4.4.3. Restriction analysis of pTZ-Cuo 

Gt-Cuo gene contains a BamHI restriction site at 186 bp position. Restriction of the isolated 

plasmid with BamHI gave a fragment of approximately 1.4 kb, confirming the presence and 

orientation of Gt-Cuo gene in pTZ-Cuo (Fig. 4.9 B).   
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Fig. 4.9:  Ethidium bromide stained 1% agarose gel showing plasmid isolation and restriction 

analysis of pTZ-Cuo. (A) Plasmid isolation from five positive colonies. M, GeneRuler™ DNA 

ladder mix (SM0331); lanes 1 ̶ 5, isolated plasmids from five different transformants. (B) 

Restriction digestion of pTZ-Cuo. M, GeneRuler™ DNA ladder mix (SM0331); lane 1, uncut pTZ -

Cuo; lane 2, pTZ-Cuo digested with BamHI.   

4.4.4. Sequence analysis of Gt-Cuo     

Gt-Cuo, having the accession number ESU72270 in the GenBank/EMBL/DDBJ database, 

occupies a position from 11391 to 12977 nucleotides on the genome of G. thermopakistaniensis. 

Gt-Cuo belongs to Cu ̶ oxidase_4 superfamily. The gene was 1512 nucleotides long and encoded 

a protein of 503 amino acids with a molecular mass of 60 kDa and a theoretical PI value of 5.67. 

The second codon of Gt-Cuo gene was CAG which was converted to GAG during PCR by 

sequence specific N-terminal primer for the introduction of NcoI restriction site. The protein is 

translated using the BioEdit Sequence Alignment Editor (Fig. 4.10).  

 

        ATGGAGGGACACGACATGTCCGGCATGAATATGGAAAAAGAAAATACTTCCGCTGAAACG 60    

         M  E  G  H  D  M  S  G  M  N  M  E  K  E  N  T  S  A  E  T  

 

        AGCAAGCAGCAATTGCCTTTAGCAACCAATACAGAAGTATTATCCGGGAAAGAAATTCAC 120   

         S  K  Q  Q  L  P  L  A  T  N  T  E  V  L  S  G  K  E  I  H  

 

        CTTACTGCGAAGGAAGCGTTATTACCCATTAATGGTCAAATCAAACTCCCGGTATACACG 180   

         L  T  A  K  E  A  L  L  P  I  N  G  Q  I  K  L  P  V  Y  T  

 

        TATAATGGATCCGTGCCTGGTGCACAAATCCGCGTGAAGCAAGGAGACAAAGTAAAAATC 240   

         Y  N  G  S  V  P  G  A  Q  I  R  V  K  Q  G  D  K  V  K  I  
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        GTAGTAAAAAATGAATTGCCGGAACCGACAACGATTCACTGGCACGGCTACCCTGTTCCA 300   

         V  V  K  N  E  L  P  E  P  T  T  I  H  W  H  G  Y  P  V  P  

 

        AATAACCAAGATGGAGTACCGGGTGTCACGATGGACGCCATTAAACCGGGTGAAACGTTT 360   

         N  N  Q  D  G  V  P  G  V  T  M  D  A  I  K  P  G  E  T  F  

 

        ACGTATGAATTTACAGCAACCGTGCCGGGAACGTATTGGTATCATTCCCATCAAAAAAGC 420   

         T  Y  E  F  T  A  T  V  P  G  T  Y  W  Y  H  S  H  Q  K  S  

 

        GCCGAGCAAGTGGACAAGGGATTATACGGTACATTAATCGTAGAACCGAAAAATGAAGAA 480   

         A  E  Q  V  D  K  G  L  Y  G  T  L  I  V  E  P  K  N  E  E  

 

        AAAGTCGATCGAGATTACACGCTTGTATTAGATGAATGGATGAGCGACCCGGACGCCGAA 540   

         K  V  D  R  D  Y  T  L  V  L  D  E  W  M  S  D  P  D  A  E  

 

        AGCCATATGGACATGAATATGAGCGGCATGGATCATAGTAATATGAATAATGGAAATAGC 600   

         S  H  M  D  M  N  M  S  G  M  D  H  S  N  M  N  N  G  N  S  

 

        TCTGATAATCAACAAATGGATATGAGCAGCATGGGCCATGATATGAATATGTATGATATT 660   

         S  D  N  Q  Q  M  D  M  S  S  M  G  H  D  M  N  M  Y  D  I  

 

        TTCACGATTAACGGGAAAAGCGGTTCCGCTGTCAAACCTTTAAAAGTGAAGAAAGGCGAA 720   

         F  T  I  N  G  K  S  G  S  A  V  K  P  L  K  V  K  K  G  E  

 

        AAGGTGCGGCTTCGCCTTGTAAACGCAGGATACATGGCCCACAAACTTCACCTGCATGGT 780   

         K  V  R  L  R  L  V  N  A  G  Y  M  A  H  K  L  H  L  H  G  

 

        CATGAGTTTAAAATTGTCGCAACTGACGGGCAGCCGTTAAAAGATCCGCAACCAATCAAA 840   

         H  E  F  K  I  V  A  T  D  G  Q  P  L  K  D  P  Q  P  I  K  

 

        GATGAACTTTTAAATATTGCTCCGGGTGAACGTTATGATATTGAATTTATCGCGAATAAC 900   

         D  E  L  L  N  I  A  P  G  E  R  Y  D  I  E  F  I  A  N  N  

 

        CCGGGTGAATGGTTATTAGAATGTCATGGTGATATGGAAGGTACCGATGGCATGAAAGTG 960   

         P  G  E  W  L  L  E  C  H  G  D  M  E  G  T  D  G  M  K  V  

 

        AAAATTCAATACGAAGACCAGACAAACAATACGGATAAAGAAAATGCAAAAGAAAACCTC 1020  

         K  I  Q  Y  E  D  Q  T  N  N  T  D  K  E  N  A  K  E  N  L  

 

        CCTGTTGTGGATATGACAACATACGGAAAATATGAAGTAGGTCAATTTACACTAGACCAA 1080  

         P  V  V  D  M  T  T  Y  G  K  Y  E  V  G  Q  F  T  L  D  Q  

 

        AAATATGATGTAGAGTACACAATGGATTTAGGAACAGCCATGGGCAAAGATGGCATGGTC 1140  

         K  Y  D  V  E  Y  T  M  D  L  G  T  A  M  G  K  D  G  M  V  

 

        TACACGATTAATGGGAAAACGTATCCTGACACAGCGCCGATCAATGTGAAGACAGGAGAT 1200  

         Y  T  I  N  G  K  T  Y  P  D  T  A  P  I  N  V  K  T  G  D  

 

        TTAGTAAAAGTAAAAATAGTGAACAATTCACCTATGGATGTACATCCGATGCATTTACAC 1260  
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         L  V  K  V  K  I  V  N  N  S  P  M  D  V  H  P  M  H  L  H  

 

        GGCCATTTCTTCCAAGTGTTAAGCAAAAACGGCAAGCCGGTCACAGGCTCTCCATTGATA 1320  

 

         G  H  F  F  Q  V  L  S  K  N  G  K  P  V  T  G  S  P  L  I  

 

        AAGGATTCCTTAAATGTAAACCCTGGTGAAGAATATGTCGTCGCGTTTAAAGCGGATAAT 1380  

         K  D  S  L  N  V  N  P  G  E  E  Y  V  V  A  F  K  A  D  N  

 

        CCGGGAAATTGGATGTTCCATTGCCATGACTTGCACCATGCTTCAGCCGGAATGGTGACA 1440  

         P  G  N  W  M  F  H  C  H  D  L  H  H  A  S  A  G  M  V  T  

 

        GAAGTAAAATATACCGACTACAAATCGGACTATACTCCAGATCCGAATGACACAACCAAT 1500  

         E  V  K  Y  T  D  Y  K  S  D  Y  T  P  D  P  N  D  T  T  N  

 

        AAAGGTGAATAA 1512  

         K  G  E  -  

 

Fig. 4.10: Nucleotide (above) and deduced amino acid (below) sequences of Gt-Cuo. Numbers on 

the right indicate the nucleotide numbering.  

4.4.5. Cloning of Gt-Cuo in Expression vector pET-28a(+)    

In order to clone Gt-Cuo into expression vector pET-28a(+) the strategy described in section 

2.5.3 was followed. The 186 bp DNA fragment liberated by the digestion of pTZ-Cuo with NcoI 

and BamHI (Fig. 4.11 A) was purified and ligated with the purified pET-28a(+) digested with 

same pair of restriction enzymes (Fig. 4.11 B).     

 

Fig. 4.11: Ethidium bromide stained 1% agarose gel demonstrating the cloning of Gt-Cuo in pET-

28a(+). (A): Restriction analysis of pTZ-Cuo. M, GeneRuler™ DNA ladder mix (SM0331); lane 1, 

uncut pTZ-Cuo; lane 2, pTZ-Cuo digested with NcoI and  BamHI. (B): Restriction analysis of pET-

28a(+). M, GeneRuler™ DNA ladder mix (SM0331); lane 1, uncut pET -28a(+); lane 2, pET-

28a(+) digested with NcoI and  BamHI.       
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4.4.6. Construction of pET28-Cuo(H)    

Ligation mixture from section 4.4.5 was used to transform DH5α cells which resulted in 

appearance of white colonies on kanamycin plate, eleven of them were randomly selected for 

colony PCR. Three of the colonies showed positive result (lane 7, 8 and 9; Fig. 4.12). Plasmid 

DNA from three positive colonies was isolated (Fig. 4.13 A) and was used as template for PCR 

using Gt-Cuo-F as forward and T7 terminator as reverse primer. A 186 bp DNA fragment was 

amplified in all the three cases indicating the presence of 186 bp gene fragment of Gt-Cuo in 

recombinant plasmid, pET28-Cuo(H) (Fig. 4.13 B).   

 

 

 

Fig. 4.12: Ethidium bromide stained 1% agarose gel demonstrating the colony PCR of 186 bp gene 

fragment cloned in pET-28a(+). M, GeneRuler™ DNA ladder mix (SM0331); lanes 7, 8 and 9 

showing amplification of 186 bp DNA fragment indicating the positive transformants.  
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Fig. 4.13: Ethidium bromide stained 1% agarose gel demonstrating the  plasmid isolation and PCR 

results.  (A):   Plasmid isolation pET28-Cuo (H). M, GeneRuler™ DNA ladder  mix (SM0331); lanes 

1 ̶ 3, isolated plasmids from three different transformants.  (B): M, GeneRuler™ DNA ladder mix 

(SM0331); lanes 1 ̶  3, PCR amplification from isolated plasmids.  

4.4.7. Restriction of pTZ-Cuo and pET28-Cuo(H) with BamHI and XhoI 

In order to clone the other half of Gt-Cuo, recombinant plasmids pTZ-Cuo and pET28-Cuo(H) 

were individually digested with BamHI and XhoI (Fig. 4.14 A). Both restricted DNA were 

purified from the gel (Fig. 4.14 B) and ligated together. The ligation mixture was used to 

transform E. coli DH5α cells and after spreading it on kanamycin containing LB agar plate kept 

at 37 °C for overnight. Next day, twenty one colonies appeared on plate and all the colonies were 

screened by colony PCR. Only one colony no. 6, was found positive (Fig. 4.15).  
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Fig. 4.14:  Ethidium bromide stained 1% agarose gel demonstrating the double digestion of 

pET28-Cuo (H ) and pTZ-Cuo with BamHI and XhoI and purification of the restricted fragments.  

(A):  M, GeneRuler™ DNA ladder mix (SM0331); lane 1, uncut pET28 -Cuo (H); lane 2, double cut 

pET28-Cuo (H ) with BamHI and XhoI; lane 3, uncut pTZ-Cuo; lane 4, double cut pTZ-Cuo with  

BamHI and XhoI. (B): M, GeneRuler™ DNA ladder mix (SM0331); lane 1, gene cleaned 1.3 kb 

DNA fragment liberated from double cut pTZ -Cuo with BamHI and XhoI; lane 2, gene cleaned 

double digested pET28-Cuo ( H) with BamHI and XhoI. 

 

 

Fig. 4.15:  Ethidium bromide stained 1% agarose gel showing colony PCR for Gt-Cuo gene cloned 

in pET-28a(+). M, GeneRuler™ DNA ladder mix (SM0331); lane 6 shows amplification of 1.5 kb 

DNA fragment indicating positive clone; lane 22 showing positive control.    
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4.4.8. Restriction analysis of pET28-Cuo(F) 

The recombinant plasmid pET28-Cuo(F) was isolated (Fig. 4.16 A)  from above mentioned 

colony 6 and the presence of full gene fragment was confirmed by restriction with NcoI 

liberating a fragment of almost 1.2 kb (Fig. 4.16 B). 

 

Fig. 4.16:  Ethidium bromide stained 1% agarose gel showing plasmid isolation and restriction 

analysis of pET28-Cuo ( F ).  (A): M, GeneRuler™ DNA ladder mix (SM0331); lane 1, isolated 

plasmid. (B): M, GeneRuler™ DNA ladder mix (SM0331), lane 1, uncut pET28 -Cuo (F )  , lane 2, 

pET28-Cuo (F )  digested with NcoI.   

4.4.9. Amino acid composition of Gt-Cuo   

The total number of amino acids in Gt-Cuo is 503 with a calculated molecular weight of 

56159.06 Da and a theoretical pI of 5.23. Total number of negatively charged residues (Asp + 

Glu) is 73 and total number of positively charged residues (Arg + Lys) is 47. Amino acid 

composition of Gt-Cuo is given in Table 4.1. 
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                                          Table 4.1: Amino acid composition of Gt-Cuo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Amino acid 

 

 

Total No. 

 

 

Percentage (%) 

 

Ala (A) 22 4.4 

Arg (R) 5 1.0 

Asn (N) 36 7.2 

Asp (D) 39 7.8 

Cys (C) 2 0.4 

Gln (Q) 17 3.4 

Glu (E) 34 6.8 

Gly (G) 42 8.3 

His (H) 22 4.4 

Ile (I) 20 4.0 

Leu (L) 31 6.2 

Lys (K) 42 8.3 

Met (M) 27 5.4 

Phe (F) 10 2.0 

Pro (P) 30 6.0 

Ser (S) 23 4.6 

Thr (T) 36 7.2 

Trp (W) 5 1.0 

Tyr (Y) 22 4.4 

Val (V) 38 7.6 
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4.4.10. Secondary structure prediction of Gt-Cuo   

The secondary structure of Gt-Cuo was predicted using Chou-Fasman, GOR and Neural network 

method which shows that 22% residues are like α-helical, 15% residues are forming β-strands 

and remaining residues are in coil configuration (Fig. 4.17). 

 

 

AAseq.     1 MEGHDMSGMNMEKENTSAETSKQQLPLATNTEVLSGKEIHLTAKEALLPINGQIKLPVYT 

Joint        CCCCCCCHHHHHHCCHHHHCCCCCCCCCCCCHHHHHHHHHHHHHHHHCCCCCCEEEEEEE 

 

                    

AAseq.    61 YNGSVPGAQIRVKQGDKVKIVVKNELPEPTTIHWHGYPVPNNQDGVPGVTMDAIKPGETF 

Joint        CCCCCCCCEECCCCCCCCEEEECCCCCCCEEEECCCCCCCCCCCCCCCCCCCCCCCCCCE 

 

               

AAseq.   121 TYEFTATVPGTYWYHSHQKSAEQVDKGLYGTLIVEPKNEEKVDRDYTLVLDEWMSDPDAE 

Joint        EEEEEECCCCEEEECCCHHHHHHHHCCEEEEEECCCCHHHHHCCCCEEHHHHHCCCCHHH 

 

                  

AAseq.   181 SHMDMNMSGMDHSNMNNGNSSDNQQMDMNSMGHNMNMYDIFTINGKSGAAVQPLKVKKGE 

Joint        HHHHHHHCCCCCCCCCCCCCCCCCHHHHHHCCCCCCCCEEEEECCCCCCCCCHHHHHCCH 

 

                 

AAseq.   241 KVRLRLINAGYMSHKLHLHGHEFKIVATDGQPLKNPQPIKDELLNIAPGERYDIEFIANN 

Joint        HHHHCHHHHHHHHHHHHHCCCCCEEECCCCCCCCCCCCCCCCCCCCCCCCCCCCEECCCC 

 

               

AAseq.   301 PGEWLLECHGNMKGTDGMKVKIQYEGQANNTDKANAKENLPVVDMTTYGKYETGPFTLDQ 

Joint        CCCHHHHHCCCCCCCCCCCEEECCCCCCCCHHHHHHCCCCCEEEEEECCCCCCCCCCCCC 

 

               

AAseq.   361 KYDVEYTMDLGTAMGKNGMIFTINGKTYPDTAPIHVKTGDFVKVKIVNNSPMDVHPMHLH 

Joint        CCCCCCCCCCCCCCCCCCEEEEECCCCCCCCCCEEECCCCCEEEEECCCCCCCHHHHHHC 

 

                     

AAseq.   421 GHFFQVLSKNGKPVTGSPLIKDSLNVNPGEEYVVAFKADNPGNWMFHCHDLHHASAGMVT 

Joint        CCCCEECCCCCCCCCCCCCCCCCCCCCCCCCEEECCCCCCCCCHHHHHHHHHHHHCCCCC 

 

                  

AAseq.   481 EVKYTDYKSDYTPDPNDTTNKGE 

Joint        CEECCCCCCCCCCCCCCCCCCCC 

 

Fig. 4.17: Secondary structure prediction of Gt-Cuo.   
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4.4.11. Multiple sequence alignment of Gt-Cuo   

Gt-Cuo gene consisted of 1512 nucleotides encoding a polypeptide of 503 amino acids having a 

theoretical molecular mass of 58.5 kDa. Very similar polypeptides, with more than 90% identity, 

are found in the genome sequence of other Bacilli including Geobacillus thermoleovorans 

(GAJ59782), Geobacillus subterraneus (WP_063166537), Geobacillus stearothermophilus 

(WP_061580721), Geobacillus thermocatenulatus (WP_025948610), Geobacillus kaustophilus 

(WP_044731970), Geobacillus thermoleovorans (WP_068895751), Aeribacillus pallidus 

(WP_063388937), Anoxybacillus ayderensis (WP_042535811), Geobacillus subterraneus 

(WP_063166558), Geobacillus jurassicus (WP_066233231), Anoxybacillus flavithermus 

(WP_064220543), Anoxybacillus amylolyticus (WP_066324233), Anoxybacillus thermarum 

(WP_043968399), and several other Geobacillus species. The open reading frame exhibited a 

highest homology of 32% with the characterized enzyme from Thermus thermophilus (Miyazaki, 

2005) followed by 31% with Lac15 from metagenomic source (Fang et al., 2011), 27% with 

Marinomonas mediterranea (Sanchez-Amat et al., 2001), 26% with Meiothermus ruber (Kalyani 

et al., 2016), 24% with Bacillus subtilis (Martins et al., 2002), and 22% with Streptomyces 

coelicolor (Machczynski et al., 2004). Although having low sequence homology with known 

laccases, Gt-Cuo contained all the essential copper-binding sites. Similar to the characterized 

laccases, four copper binding regions were found in Gt-Cuo. A multiple sequence alignment of 

Gt-Cuo with characterized bacterial laccases demonstrating the four copper binding sites has 

been given in Fig. 4.18.    
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                                                                                  I          II           III              IV 

G. thermopakistaniensis       115 TTIHWHGYP 157YWYHSHQKS 437MDVHPMHLHGHF 491FHCHDLHHASAGMV 

B. halodurans                 102 TALHLHGFP 144YWYHSHQDG 410DFDHPMHLHGDF 464FHCHEFHHASGGMV 

B. licheniformis              100 TVVHLHGGC 148LWYHDHAMA 415RAIHPIHLHLVQ 489WHCHILEHEDYDMM 

B. subtilis                   102 TVVHLHGGV 150LWYHDHAMA 416RGTHPIHLHLVS 490WHCHILEHEDYDMM 

B. clausii                    99  TVVHLHGSE 147LWYHDHAMG 407NVPHPMHIHLVQ 481WHCHILEHEDYDMM 

B. amyloliquefaciens          102 TVVHLHGGA 150LWYHDHAMA 416GGTHPIHLHLVS 490WHCHILEHEDYDMM 

S. coelicolor                 99  ASLHVHGLD 153WHYHDHVVG 228EYYHTFHMHGHR 286YHCHVQSHSDMGMV 

s. ipomoeae                   99  ASLHVHGLD 153WHYHDHVVG 228EYYHTFHMHGHR 286YHCHVQSHSDMGMV  

S. griseus                    99  ASLHVHGVD 153WHYHDHVVG 228EFYHTFHIHGHR 286YHCHVQSHSDMGMA 

S. lavendulae                 142 TVTHLHGAQ 182WWYHDHAMN 508PVVHPMHIHLAD 588YHCHLLEHEDMGMM 

S.cyaneus                     142 SVTHLHGAQ 182WWYHDHAMN 505PIVHPMHIHLAD 585YHCHLLEHEDMGMM 

S. viridochromogenes        96  ASLHVHGLD 148GYWHYHDHV 225EYYHTFHMHGHR 283YHCHVQSHSDMGMV 
S. araujoniae                 99  VSLHVHGVD 153WHYHDHVVG 218EFYHTFHIHGHR 286YHCHVQSHSDMGMA 

M. mediterranea               195 TNFHTHGLW 238FWYHAHVHG 580APMHPYHIHVNP 655LHCHILDHEDQGMM 

T. thermophilus               92  TNLHWHGLP 132FWYHPHLHG 390DMDHPFHLHVHP 443FHCHIVEHEDRGMM 

M. ruber                      102 TNLHLHGLH 142YWYHPHIHG 424DMDHPFHLHTYP 478YHCHIVEHEDRGMM 

S. meliloti                   151 TNLHSHGLW 194FWYHPHLHG 538FVSHPFHIHVNP 617LHCHILDHEDQGMM 

T. terrenum                   133 TVVHLHGGK 191LWYHDHRMD 461NVHHPVHLHLAH 517FHCHNLEHEDMAMM 

Lac591                        102 KTLHVHGEP 144YWYHSHQDP 410DFDHPMHLHGPF 464FHCHDIHHASNTMV   

E. coli                       98  TTLHWHGLE 138CWFHPHQHG 440MMLHPFHIHGTQ 498AHCHLLEHEDTGMM 

P. ananatis                   98  TTLHWHGLD 138CWYHPHLHG 456SMLHPFHIHGTQ 514AHCHLLEHEDTGMM 

Thioalkalivibrio sp.          112 TIIHWHGLH 152YWYHTHAHH 437SMPHPMHIHGFS 508FHCHNLEHEDNDMM 

P. syringae                   97  TSIHWHGII 139YWYHSHSGF 539MMTHPIHLHGMW 589YHCHLLYHMEMGMF 

X. campestris                 114 TSIHWHGIL 156YWYHSHSAF 565MMSHPIHLHGMW 615YHCHLLYHMEAGMM 

A. aeolicus                   115 SIIHWHGFR 156YFYHPHPHG 448GMYHPMHIHGFQ 507LHCHILEHHDEGMM 

Klebsiella sp.                98  TTLHWHGLE 138CWFHPHQHG 460MMLHPFHIHGTQ 518AHCHLLEHEDTGMM 

 

 

Fig. 4.18:  Alignment of copper binding domains among Bacilli, Streptomyces,  and other 

characterized bacterial laccases. Four copper binding regions are shown with I, II, III and IV. The 

position of the first residue of each region in the polypeptide chain is mentioned. Geobacillus 

thermopakistanesis  (WP_023633954); Bacilli are:  B. halodurans  (AAP57087); B. licheniformis  

(WP_011197606); B. subtilis  (NP_388511);  Bacillus clausii (AHW46916);  Bacillus 

amyloliquefaciens  (GU972593). Streptomyces  are: S. coelicolor  (CAB45586); S. ipomoea  

(ABH10611); S. griseus  (BAB64332); S. lavendulae  (BAC16804), S. cyaneus  (ADX97492); S.                                                                                            

viridochromogenes  (JX393082);  S araujoniae  (AHN65367). Other bacteria;( Marinomonas  

mediterranea  (AAF75831); Thermus thermophilus (BAE16261); Meiothermus ruber  (ADD27082);  

Sinorhizobium meliloti  (AJT55525);  Thermobaculum terrenum  (WP_012874485); Lac 591 from 

metagenomic source (ACV83921); E. coli  (NP_414665); Pantoea ananatis  (WP_028724718); 

Thioalkalivibrio sp.  (CCV01628); Pseudomonas syringae  (P12374); Xanthomonas campestris  

(AAA72013); Aquifex aeolicus  (NP_213770); Klebsiella sp.  (ABY56791).   
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4.4.12. Expression of Gt-Cuo gene in E. coli BL21 CodonPlus (DE3)-RIL cells 

E. coli BL21 CodonPlus (DE3)-RIL competent cells were transformed with pET28-Cuo(F). 

Induction of E. coli harboring pET28-Cuo(F) with 0.2 mM IPTG and 0.25 mM copper sulfate 

resulted in expression of the cloned gene and production of recombinant protein was monitored 

by 12% SDS-PAGE (Fig. 4.19). 

 

Fig. 4.19:  SDS-PAGE (12%) demonstrating the expression and zymogram analysis of Gt-Cuo. 

(A): M, protein marker; lane 1, total cell lysate carrying pET -28a(+); lane 2, total cell lysate 

carrying pET28-Cuo ( F) .  (B):  Lane 1, soluble lysate of cells carrying pET -28a(+); lane 2, soluble 

lysate of cells carrying pET28-Cuo (F ) (sample prepared in reducing SDS dye); lane 3, soluble 

lysate of cells carrying pET-Cuo ( F) (sample prepared in non-reducing SDS dye); lane 4, zymogram 

analysis.   

4.4.13. Optimizations of cultivation conditions of Gt-Cuo gene    

Expression of Gt-Cuo gene was compared at 17, 25, 30 and 37 °C. There was approximately 

equivalent level of expression at 25, 30 and 37 °C. However, a 3-fold higher activity was found 

in the protein produced at 25 °C compared to that produced at 37 °C (Fig. 4.20 A). Similarly the 

expression of the gene and enzyme activity of the gene product was optimized by growing the 

host cells in the presence of various concentrations of copper sulfate (0 ̶ 2.5 mM). Highest 

activity was observed when host cells were grown in the presence of 500 μM copper sulfate (Fig. 

4.20 B), although expression was slightly low to that of in the presence of 0 or 0.25 mM copper 

sulfate (Fig. 4.21).  

Gt ̶ Cuo

M     1      2           1       2       3       4           
A B
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Fig. 4.20 (A): Expression optimization of Gt-Cuo at different temperatures after IPTG induction . 

(B):  Expression optimization of Gt-Cuo at various copper sulfate concentrations ranging from 0 ̶ 

2.5 mM. 

 

 

 

Fig. 4.21:  Coomassie Brilliant Blue stained 12% SDS -PAGE demonstrating the expression 

optimization of Gt-Cuo at various copper concentrations. M, protein marker; lane 1, expression 

without copper sulfate; lanes 2 ̶ 7, expression in the presence of 0.25, 0.5, 1, 1.5, 2 and 2.5 mM 

copper sulfate, respectively.    
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Expression of Gt-Cuo gene was also taken in the presence or absence of other metal ions 

including Co2+, Mn2+, Fe2+ and Zn2+. The recombinant protein produced in the presence or 

absence of metal ions, Co2+, Mn2+ and Fe3+ but not Zn2+, displayed laccase activity only when 

copper ions were present in the reaction mixture. However, there was no effect of copper ions on 

the activity of the recombinant protein produced in the cells grown in the presence of zinc. The 

possible reason might be that the atomic radii along with coordination geometry of copper and 

zinc sites are similar, and hence zinc ions occupied the copper sites in the recombinant protein. 

When the recombinant protein produced in the presence of zinc ions was heated at 60 °C in the 

presence of 2 mM EDTA for 10 min in order to chelate the zinc ions and then copper ions were 

added in excess, the enzyme activity was restored. This result supported the assumption that zinc 

ions occupy the copper sites in the recombinant protein produced in cells grown in the presence 

of zinc ions. 

4.4.14. Purification of Gt-Cuo  

Recombinant Gt-Cuo was subjected to heat treatment at various temperatures ranging from 60 to 

85 °C and centrifugation was done to get soluble and insoluble fractions. The recombinant 

protein was thermally stable upto 80 °C as shown in Fig. 4.22. When laccase activity was 

checked with the soluble lysates after heat treatment, it was found that at temperatures above 60 

°C laccase activity decreased with the increase in temperature, which might be associated with 

loss of copper from the protein.  
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Fig. 4.22:  Coomassie Brilliant Blue stained 12% SDS -PAGE demonstrating the heat treatments of 

Gt-Cuo at various temperatures. M, protein marker, lane 1, non heat -treated Gt-Cuo; lanes 2, 4, 6 

8, 10 and 12 show soluble fractions after heat treatments at 60, 65, 70, 75, 80 and 85 °C, 

respectively; lanes 3,5, 7, 9, 11 and 13 show insoluble fractions after heat treatments at 60, 65, 

70, 75, 80 and 85 °C, respectively.  

The soluble fraction after heat treatment at 60 °C was further fractionated using ammonium 

sulfate precipitation. Pellet fraction from 40% ammonium sulfate saturation was applied to 

hydrophobic column, Phenyl HP. The protein fractions eluted with decreasing concentrations of 

ammonium sulfate were analyzed on SDS-PAGE (Fig. 4.23). Purified protein was dialyzed 

against 50 mM Tris-HCl pH 8.0 to completely remove ammonium sulfate. The protein was 

further loaded on anion exchange column, HiTrap QFF to ultimately remove any contaminating 

protein. The purified protein after hydrophobic and ion exchange chromatographies is shown in 

Fig. 4.24.  
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Fig. 4.23: Coomassie Brilliant Blue stained 12% SDS -PAGE showing  the purification of  

recombinant Gt-Cuo by Phenyl HP column. Lane  1, protein loaded on the column; lanes 2 ̶ 10 

show various fractions eluted with decreasing ammonium sulfate gradient.   

 

 

Fig. 4.24:  Coomassie Brilliant Blue stained 12% SDS -PAGE showing the purification of 

recombinant Gt-Cuo. M, protein marker; lane 1, purified Gt-Cuo.   
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4.5. Characterization studies of Gt-Cuo 

4.5.1. Effect of pH and temperature on Gt-Cuo activity     

Laccase activity of the recombinant protein was examined by keeping the temperature constant 

and varying the pH in the range of 6.5 ̶ 8.5 using sodium phosphate (6.5 ̶ 7.0) and Tris-HCl (7.0 ̶ 

8.5) buffer systems. The recombinant protein displayed highest enzyme activity at pH 7.0 ̶ 7.5 

(Fig. 4.25 A). 

Effect of temperatures was examined by keeping the pH constant at 7.0 and changing the 

temperatures from 35 ̶ 75 °C. The optimum temperature for the enzyme activity was 60 °C (Fig. 

4.25 B) which matched the optimal growth temperature of G. thermopakistaniensis. 

 

Fig. 4.25: Effect of temperature and pH on Gt-Cuo enzyme activity using SGZ as substrate. (A): 

Effect of pH on the enzyme activity of Gt-Cuo. Symbols are: closed circles (sodium phosphate) 

and closed squares (Tris -HCl). (B):  Optimal temperature for enzyme activity. The activity assays 

were conducted at various temperatures (35‒75 °C) in 50 mM Tris -HCl buffer of pH 7.0.   
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The activation energy of Gt-Cuo catalyzed reaction was calculated by Arrhenius plot and it was 

found to be 27.5 kJ mol-1 (Fig. 4.26). 

 

Fig. 4.26: Arrhenius plot (Ln k versus reciprocal absolute temperature) of recombinant Gt-Cuo. 

The data are average values of three independent experiments.  

4.5.2. Buffer optimizations 

As Gt-Cuo was optimally active at pH range of 7 ̶ 7.5, so in order to optimize the activity various 

buffers of pH 7 were used. The highest laccase activity was found in Tris-HCl buffer, with 

comparable activities in both Imidazole-HCl and Britton-Robinson buffers (Fig. 4.27).  
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Fig. 4.27:  Optimization of Gt-Cuo activity in various buffers of pH 7.0. Enzyme activity was 

measured at 60 °C and pH 7.0 in the respective buffer.  

4.5.3. Effect of pH stability on Gt-Cuo activity 

When the stability of Gt-Cuo was examined at various pH it was found that Gt-Cuo was stable in 

the pH range of 5 ̶ 8 (Fig. 4.28). Activity was sharply decreased when Gt-Cuo was incubated at 

pH above 9.0. A 70% residual activity was found at pH 9.0. Protein precipitated below pH 5 and 

displayed negligible residual activity.   
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Fig. 4.28: pH stability of Gt-Cuo. The protein was incubated at various pH for 30 min on ice and 

residual activity was examined at 60 °C and pH 7.5.   

4.5.4. Effect of metal ions on laccase activity 

When effect of various metal ions on the enzyme activity was examined it was found that only 

copper ions enhanced the enzyme activity. All the metal ions were used at a fixed concentration 

of 100 μM because a protein precipitation was observed at higher concentrations of some of the 

metals. Fe2+ and Zn2+ decreased the enzyme activity upto 40% and in the presence of Hg2+ 50% 

of the enzyme activity was lost. All other metals except Cu2+ did not have any increasing effect 

on the laccase activity of Gt-Cuo. A five-fold enhancement in the enzyme activity was found in 

the presence of 100 μM copper sulfate (Fig. 4.29).    
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Fig. 4.29: Effect of various metal ions on Gt-Cuo activity. Assays were conducted in triplicate in 

50 mM Tris-HCl buffer of pH 7.5 at 60 °C.   

In order to optimize the copper concentration, enzyme activity was examined by changing the 

copper concentration and fixing all other parameters. More than ten-fold higher activity was 

observed in the presence of 2 mM copper sulfate. The enzyme activity decreased gradually as the 

copper concentration increased above 2 mM and there was only 20% enzyme activity in the 

presence of 10 mM copper sulfate (Fig. 4.30). 

 

 

 

 

 

 

 

 

 

 

Fig. 4.30:  Effect of various concentrations of copper on the enzymatic activity of Gt-Cuo. Assays 

were conducted in triplicate in 50 mM Tris -HCl buffer of pH 7.5 at 60 °C.  
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4.5.5. Effect of halides and organic solvents  

In order to examine the effect of halides on the recombinant Gt-Cuo, NaF, NaCl, and NaBr were 

used as halide donors, respectively. Both NaCl and NaBr enhanced the activity of the enzyme 

when their concentrations were below 1 M. There was a 7-fold and 5-fold increase in enzyme 

activity in the presence of 500 mM NaBr and NaCl, respectively. Higher concentrations 

negatively affected the enzyme activity. Furthermore, enzyme activity was decreased in the 

presence of NaF. There was a 50% decrease in activity in the presence of 100 mM NaF. These 

results indicated that halides with smaller molecular radii were most effective inhibitors (Fig. 

4.31). 

When the effect of water-miscible organic solvents including methanol, ethanol, propanol, 

isopropanol, acetone, and dimethyl sulfoxide was examined, a slight increase in enzyme activity 

was found in the presence of these organic solvents. Highest activity (140%) was observed in the 

presence of 10% methanol (Fig. 4.32).   

 

 

Fig. 4.31: Effect of various concentrations of halides on the activity of Gt-Cuo. Assays were conducted in 

triplicate in 50 mM Tris-HCl buffer of pH 7.5 at 60 °C. Symbols are: open circles (NaF), closed circles (NaCl) and 

closed squares (NaBr).  
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Fig. 4.32: Effect of various water -miscible organic solvents on the activity of Gt-Cuo. Assays 

were conducted in triplicate in 50 mM Tris -HCl buffer of pH 7.5 at 60 °C.  

4.5.6. Effect of various chemicals on Gt-Cuo activity 

Gt-Cuo activity was significantly reduced in the presence of detergents (1% each of triton X-100, 

tween 20 and tween 80) but remained unchanged in the presence of glycerol and imidazole (Fig. 

4.33).     
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Fig. 4.33: Effect of various detergents/chemicals on Gt-Cuo activity. These chemicals were added 

in the assay mixture and laccase activity of Gt-Cuo was measured using SGZ as substrate.  

4.5.7. Effect of chemical inhibitors  

Enzyme activity of Gt-Cuo was examined in the presence of various inhibitors including NaN3, 

L-cysteine, SDS, EDTA and DTT. All inhibitors were used at a final concentration of 0.1, 1 and 

5 mM. The original activity was retained in the presence of 0.1 mM NaN3, while 30% activity is 

lost at 5 mM concentration. All other inhibitors displayed significant effect only at higher 

concentrations (Fig. 4.34). No activity was found in the presence of DTT which might be due to 

reduction of one disulphide bond present in Gt-Cuo.   
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Fig. 4.34:  Effect of various laccase inhibitors on Gt-Cuo activity. Activity assays were performed 

in 50 mM Tris-HCl at 60 °C.  

4.5.8. Kinetic parameters 

Kinetic parameters of the purified protein were determined at 60°C and pH 7.0 by plotting the 

initial velocities towards various concentrations of syringaldazine (Fig. 4.35). The purified 

enzyme followed the Michaelis–Menten equation and exhibited Km and Vmax values of 6.8 μM 

and 7.4 μmol min−1 mg−1, respectively. From the data, a kcat value of 481 min−1 was calculated 

which is comparable with kcat value of the laccase from Streptomyces sviceus (3.47/min using 

SGZ as substrate). Catalytic efficiency (kcat/Km) was found to be 1179 mM−1 s−1. 
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Fig. 4.35: Michaelis-Menten plot of Gt-Cuo enzyme activity. Initial velocities for laccase activity 

were plotted against syringaldazine measured by spectrophotometric assay.  

4.5.9. Structural stability by CD spectroscopy 

The structural stability of the purified recombinant protein was analyzed at different 

temperatures (20 ̶ 90 °C) by circular dichroism spectroscopy. The comparison showed that there 

was no significant change in the spectrum up to 90 °C (Fig. 4.36), indicating the stability of the 

secondary structure elements of the enzyme at high temperatures. 
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Fig. 4.36: Circular dichroism studies of Gt-Cuo. Far-UV spectrum of purified Gt-Cuo was 

analyzed by examining the CD from 200 ̶ 260 nm at 50, 60, 70, 80 and 90 °C.   

4.5.10. Decolorization of synthetic dyes  

The decolorization of 11 synthetic dyes was examined in the presence and absence of copper 

sulfate. All dyes were used at a fixed concentration of 40 μg/mL. No decolorization was 

observed in the absence of copper. All dyes were decolorized except reactive orange 16 and 

bromophenol blue as shown in Fig. 4.37.   

  

-35

-30

-25

-20

-15

-10

-5

0

5

10

200 210 220 230 240 250 260

M
o
le

cu
la

r 
el

li
p

ti
ci

ty
 ₓ

 1
0

ˉ3

(d
eg

 c
m

2
d

m
o
lˉ

1
)

Wavelength (nm)

50 60 70 80 90



107 

 

 

Fig. 4.37: Decolorization of various synthetic dyes dyes by  Gt-Cuo. The dye decolorization assays 

were performed in 50 mM Tris -HCl containing 1 mM Cu2 + at 60 °C.  A:  Graph showing dyes 

decolorization by Gt-Cuo. B: Decolrization of synthetic dyes by Gt-Cuo laccase enzyme 

preparations. a, methyl red decolorization; b, crystal violet decolorization; c, congo red 

decolorization; d, bromophenol blue decolorization; e, oran ge G decolorization; f,  acid violet 

decolorization; g, reactive orange decolorization ; h, RBBR decolorization ; i, acid red 1 

decolorization ; j , indigo caramine decolorization ; k, malachite green decolorization.  

 

The highest rate of decolorization was observed against indigo caramine so the decolorization of 

indigo caramine was optimized at various copper concentrations. It was found that with increase 

in copper concentration the decolorization efficiency increased and highest rate of indigo 

caramine decolorization was observed at 0.8 ̶ 1 mM copper concentration (Fig. 4.38). 
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Fig. 4.38: Decolorization of indigo caramine by  Gt-Cuo using different copper concentrations. 

The dye decolorization reaction was performed in 50 mM Tris -HCl at 60 °C. The decolor ization of 

control experiment (without Gt-Cuo) was subtracted from the experimental values.  

4.5.11. Optimization of decolorization of dyes in the presence of various copper 

concentrations 

The decolorization of various dyes was tested in the presence of different copper concentrations 

(0 ̶ 1 mM). With increasing copper concentration, the decolorization increased and highest 

decolorization rate was observed for acid violet 7 using 1 mM copper (Fig. 4.39). 
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Fig. 4.39:  Optimization of decolorization using di fferent copper concentrations.  
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Chapter 5: Bsu-Lac   

5. Cloning and characterization of laccase from B. subtilis strain R5 

5.1. Growth of B. subtilis and isolation of genomic DNA    

The genomic DNA of B. subtilis strain R5 was isolated from cell culture grown for overnight at 

30 °C as described in section 2.6.1. Analysis by 1% agarose gel electrophoresis (Fig. 5.1) 

demonstrated approximately 30 kbp DNA fragment after staining with ethidium bromide.  

 

 

 

Fig. 5.1: Ethidium bromide stained 1% agarose gel demonstrating the isolated genomic DNA from 

B. subtilis  strain R5. M, GeneRuler™ DNA ladder mix (SM0331); lane 1, isolated genomic DNA 

from B. subtilis  strain R5.       

5.2. PCR amplification Bsu-Lac gene 

The Bsu-Lac gene was amplified by using the genomic DNA of B. subtilis strain R5 as template 

and sequence specific forward primer Bsu-R5-F (having the NdeI site at the first ATG codon of 

the DNA sequence) and reverse primer Bsu-R5-R. PCR was carried out as described in materials 

and methods 2.6.2. As a result of PCR a ~
 1.6 kbp DNA fragment was seen when analyzed by 1% 

agarose gel electrophoresis (Fig. 5.2).  
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Fig. 5.2: Ethidium bromide stained 1% agarose gel demonstrating the PCR amplified Bsu-Lac 

gene. M, GeneRuler™ DNA ladder mix (SM0331); lane 1, negative control (without template 

DNA); lane 2, PCR amplified Bsu-Lac gene (with B. subtilis  R5 genomic DNA as template).  

5.3. Purification of Bsu-Lac amplified gene  

The PCR amplified 1.6 kb gene fragment was eluted from the agarose gel and the gene cleaned 

product was analyzed by 1% agarose gel as shown in Fig. 5.3. 

 

Fig. 5.3: Ethidium bromide stained 1% agarose gel showing the purified PCR Bsu-Lac gene. M, 

GeneRuler™ DNA ladder mix (SM0331); la ne 1, purified PCR amplified Bsu-Lac gene.   

5.4. Construction of pTZ-Bsu-Lac 

The purifed PCR product was ligated with cloning vector pTZ57R/T and this ligation mixture 

was used to transform freshly prepared competent cells of DH5α. The transformed culture was 

spread onto the X-gal, IPTG and ampicillin containing LB agar plates and incubated overnight at 

37 °C. The mixture of blue and white colonies appeared on the plate. Five white colonies were 

randomly selected for plasmid isolation and culture was grown in LB broth containing 100 
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μg/mL ampicillin for 16 h at 37 °C. After RNase treatment the isolated plasmids were analyzed 

by 1% agarose gel (Fig. 5.4). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4:  Ethidium bromide stained agarose gel demonstrating the isolated plasmid DNA of pTZ -

Bsu-Lac. M, GeneRuler™ DNA ladder mix (SM0331); lanes 1 ̶ 5, plasmid DNA preparations from 

five white colonies.  

Selection of the positive transformants was done after restriction analysis. 

5.5. Restriction analysis of pTZ-Bsu-Lac  

The presence and orientation of the cloned gene was confirmed by restriction with XbaI whose 

restriction site is present both in the gene and the plasmid. The digestion with XbaI resulted in 

the release of 1.6 kb gene fragment from the vector (Fig. 5.5). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5:  Restriction digestion analysis of pTZ-Bsu-Lac with  XbaI. M, GeneRuler™ DNA ladder 

mix (SM0331); lane 1, pTZ-Bsu-Lac digested with XbaI; lane 2, uncut pTZ-Bsu-Lac. 
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5.6. Sequence analysis of Bsu-Lac gene 

Recombinant pTZ-Bsu-Lac was sequenced by using M13 primers. The DNA and amino acids 

sequences are shown in Fig. 5.6. 

          ATGACACTTGAAAAATTTGTGGATGCTCTCCCAATCCCAGATACACTAAAGCCAGTACAG 60    

           M  T  L  E  K  F  V  D  A  L  P  I  P  D  T  L  K  P  V  Q  
 

 

          CAATCAAAAGAAAAAACATACTACGAAGTCACCATGGAGGAATGCACTCATCAGCTCCAT 120   

           Q  S  K  E  K  T  Y  Y  E  V  T  M  E  E  C  T  H  Q  L  H  

 

          CGCGATCTCCCTCCAACCCGCCTGTGGGGCTACAACGGCTTATTTCCGGGGCCGACCATT 180   

           R  D  L  P  P  T  R  L  W  G  Y  N  G  L  F  P  G  P  T  I  

 

          GAGGTTAAAAGAAATGAAAACGTATATGTAAAATGGATGAATAACCTTCCTTCCACGCAT 240   

           E  V  K  R  N  E  N  V  Y  V  K  W  M  N  N  L  P  S  T  H  

 

          TTCCTTCCAATTGATCACACCATTCATCACAGTGACAGCCAGCATGAAGAGCCCGAGGTA 300   

           F  L  P  I  D  H  T  I  H  H  S  D  S  Q  H  E  E  P  E  V  

 

          AAGACTGTTGTTCATTTACACGGCGGCGTCACGCCAGATGATAGTGACGGGTATCCGGAG 360   

           K  T  V  V  H  L  H  G  G  V  T  P  D  D  S  D  G  Y  P  E  

 

          GCTTGGTTTTCCAAAGACTTTGAACAAACAGGACCTTATTTCAAAAGAGAGGTTTATCAT 420   

           A  W  F  S  K  D  F  E  Q  T  G  P  Y  F  K  R  E  V  Y  H  

 

          TATCCAAACCAGCAGCGCGGGGCTATATTGTGGTACCACGATCACGCCATGGCGCTCACC 480   

           Y  P  N  Q  Q  R  G  A  I  L  W  Y  H  D  H  A  M  A  L  T  

 

          AGGCTAAATGTCTATGCCGGACTTGTCGGTGCTTATATCATTCATGACCCAAAGGAAAAA 540   

           R  L  N  V  Y  A  G  L  V  G  A  Y  I  I  H  D  P  K  E  K  

 

          CGCTTAAAACTGCCTTCAGACGAATACGATGTGCCGCTTCTTATCACAGACCGCACGATC 600   

           R  L  K  L  P  S  D  E  Y  D  V  P  L  L  I  T  D  R  T  I  

 

          AATGAGGATGGTTCTTTGTTTTATCCGAGCGCACCGGAAAACCCTTCTCCGTCACTGCCT 660   

           N  E  D  G  S  L  F  Y  P  S  A  P  E  N  P  S  P  S  L  P  

 

          AATCCTTCAATCGTTCCGGCTTTTTGCGGAGAAACCATACTTGTCAACGGGAAGGTACGG 720   

           N  P  S  I  V  P  A  F  C  G  E  T  I  L  V  N  G  K  V  R  

       

          CCATACTTGGAAGTCGAGCCAAGGAAATACCGATTCCGTGTCATCAACGCCTCCAATACA 780   

           P  Y  L  E  V  E  P  R  K  Y  R  F  R  V  I  N  A  S  N  T  

 

          AGAACCTATAACCTGTCACTCGATAATGGCGGAGAGTTTATTCAGATTGGTTCAGATGGA 840   

           R  T  Y  N  L  S  L  D  N  G  G  E  F  I  Q  I  G  S  D  G  

 

          GGGCTCCTGCCGCGATCTGTTAAACTGAATTCTTTCAGCCTTGCGCCTGCTGAACGTTAT 900   

           G  L  L  P  R  S  V  K  L  N  S  F  S  L  A  P  A  E  R  Y  

 

          GATATCATCATTGACCTCACAGCATATGAAGGAGAATCGATCATTTTGGCAAACAGCGCG 960   

           D  I  I  I  D  L  T  A  Y  E  G  E  S  I  I  L  A  N  S  A  

 

          GGCTGCGGCGGTGACGTCAATCCTGAAACAGATGCGAATATCATGCAATTCAGAGTCACA 1020  

           G  C  G  G  D  V  N  P  E  T  D  A  N  I  M  Q  F  R  V  T  
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          AAACCATTGGCACAAAAAGACGAAAGCAGAAAGCCGAAGTACCTCGCCTCATACCCTTCG 1080  

           K  P  L  A  Q  K  D  E  S  R  K  P  K  Y  L  A  S  Y  P  S  

 

          GTACAGCATGAAAGAATACAAAACATCAGAACGATAAAACTGGCAGGCACCCAGGACGAA 1140  

           V  Q  H  E  R  I  Q  N  I  R  T  I  K  L  A  G  T  Q  D  E  

 

          TACGGCAGACCCGTCCTTCTGCTTAATAACAAACGCTGGCACGATCCCGTCACAGAAGCA 1200  

           Y  G  R  P  V  L  L  L  N  N  K  R  W  H  D  P  V  T  E  A  

 

          CCAAAAGTCGGCACAACTGAAATATGGTCCATTATCAACCCGACACGCGGAACACATCCG 1260  

           P  K  V  G  T  T  E  I  W  S  I  I  N  P  T  R  G  T  H  P  

 

          ATCCACCTGCATCTAGTCTCCTTCCGTGTATTAGACCGGCGGCCGTTTGATATCGCCCGT 1320  

           I  H  L  H  L  V  S  F  R  V  L  D  R  R  P  F  D  I  A  R  

 

          TATCAAGAAAGCGGGGAATTGTCCTATACCGGTCCGGCTGTCCCGCCGCCGCCAAGTGAA 1380  

           Y  Q  E  S  G  E  L  S  Y  T  G  P  A  V  P  P  P  P  S  E  

 

          AAGGGCTGGAAAGACACCATTCAAGCGCATGCAGGTGAAGTCCTGAGAATCGCGGCGACA 1440  

           K  G  W  K  D  T  I  Q  A  H  A  G  E  V  L  R  I  A  A  T  

 

          TTCGGTCCGTACAGCGGACGATACGTATGGCATTGCCATATTCTAGAGCATGAAGACTAT 1500  

           F  G  P  Y  S  G  R  Y  V  W  H  C  H  I  L  E  H  E  D  Y  

 

          GACATGATGAGACCGATGGATATAACAGATCCCCATAAATAA 1542  

           D  M  M  R  P  M  D  I  T  D  P  H  K  - 

 
Fig. 5.6:  Sequence analysis of Bsu-Lac. Nuclotide sequence (above) and protein sequence 

(below).  

5.7. Amino acid composition of Bsu-Lac   

The amino acid composition of Bsu-Lac was calculated by using ProtParam (Gasteigeretal., 

2005). The protein was composed of 513 amino acids with calculated molecular weight of 

58498.99 Da and a theoretical pI of 5.91. About 23% of total amino acid residues were charged 

(53 positively charged and 67 negatively charged). Percentage of amino acid residues in Bsu-Lac 

is shown in Table 5.1.  
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Table 5.1: Amino acid composition of Bsu-Lac. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.8. Secondary structure prediction 

The location of the α-helix and β-strand in Bsu-Lac amino acid sequence was predicted by using 

Chou-Fasman method, Garnier-Osguthorpe-Robson method, and Neural Network method 

(http://cib.cf.ocha.ac.jp/bitool/MIX). The helix regions were 16%, β-strands were 23% and loops 

were 61% in Bsu-Lac sequence. The helix regions are shown by letter H, β-strands are marked 

by letter E and coiled by letter C (Fig. 5.7).      

 

 

 

 

Amino acid 

 

 

Total No. 

 

 

Percentage (%) 

 

Ala (A) 25 4.9 

Arg (R) 28 5.5 

Asn (N) 23 4.5 

Asp (D) 32 6.2 

Cys (C) 4 0.8 

Gln (Q) 15 2.9 

Glu (E) 35 6.8 

Gly (G) 32 6.2 

His (H) 23 4.5 

Ile (I) 32 6.2 

Leu (L) 41 8.0 

Lys (K) 25 4.9 

Met (M) 8 1.6 

Phe (F) 16 3.1 

Pro (P) 46 9.0 

Ser (S) 29 5.7 

Thr (T) 33 6.4 

Trp (W) 9 1.8 

Tyr (Y) 26 5.1 

Val (V) 31 6.0 
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AAseq.     1 MTLEKFVDALPIPDTLKPVQQSKEKTYYEVTMEECTHQLHRDLPPTRLWGYNGLFPGPTI 

Joint        HHHHHHHCCCCCCCCCCCCCCCCCCCEEEEHHHHHHHCCCCCCCCCEEECCCCCCCCCCC 

 

                

AAseq.    61 EVKRNENVYVKWMNNLPSTHFLPIDHTIHHSDSQHEEPEVKTVVHLHGGVTPDDSDGYPE 

Joint        CCCCCCCCEECCCCCCCCCCEEEEEEEECCCCCCCCCHHHHEEEEEECCCCCCCCCCCCC 

 

              

AAseq.   121 AWFSKDFEQTGPYFKREVYHYPNQQRGAILWYHDHAMALTRLNVYAGLVGAYIIHDPKEK 

Joint        CCHHHHHCCCCCCCEEEEECCCCCCCCEEEEHHHHHHHHHHHHEECCEEEEEECCCHHHH 

 

                    

AAseq.   181 RLKLPSDEYDVPLLITDRTINEDGSLFYPSAPENPSPSLPNPSIVPAFCGETILVNGKVW 

Joint        HCCCCCCCCCCCEEEEEEECCCCCCEECCCCCCCCCCCCCCCCEEEECCCCEEEECCCCC 

 

                   

AAseq.   241 PYLEVEPRKYRFRVINASNTRTYNLSLDNGGDFIQIGSDGGLLPRSVKLNSFSLAPAERY 

Joint        CCCCCCCCCCEEEEECCCCCCEEEECCCCCCCEEEECCCCCCCEEECCCCCCCCCCCCCC 

 

                

AAseq.   301 DIIIDFTAYEGESIILANSAGCGGDVNPETDANIMQFRVTKPLAQKDESRKPKYLASYPS 

Joint        EEEEECCCCCCCEEEEECCCCCCCCCCCCCHHHHHHHHHCCCHHHHHHCCCCCEECCCCC 

 

               

AAseq.   361 VQHERIQNIRTIKLAGTQDEYGRPVLLLNNKRWHDPVTETPKVGTTEIWSIINPTRGTHP 

Joint        CHHHHHHCCEEEECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCEEEEEEECCCCCCCC 

 

                  

AAseq.   421 IHLHLVSFRVLDRRPFDIARYQESGELSYTGPAVPPPPSEKGWKDTIQAHAGEVLRIAAT 

Joint        EEEEEEEEEECCCCCCCCCCCCCCCCEEECCCCCCCCCCCCCCCCCHHHHHHHHHHEEEE 

 

                  

AAseq.   481 FGPYSGRYVWHCHILEHEDYDMMRPMDITDPHK 

Joint        CCCCCCEEEEEEHHHHHHHHHHHCCCCCCCCCC 

 

 

Fig. 5.7: Prediction of the secondary structure of Bsu-Lac by using online software 

http://cib.cf.ocha.ac.jp/bitool/MIX/MIX.php. H represents helix region; E represent β-strands and 

C represents coils. 
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5.9. Cloning of Bsu-Lac gene in pET-21a(+)    

The cloning of Bsu-Lac gene in cloning vector pET-21a(+) was a two-step strategy as given in 

materials and methods section 2.6.6. The recombinant plasmid pTZ-Bsu-Lac was double 

digested with NdeI and EcoRI to excise 900 bp of gene fragment. The digested gene product was 

separated on agarose gel and purified (Fig. 5.8 A). The expression vector pET-21a (+) was also 

digested with the same pair of restriction enzymes and purified from the agarose gel as shown in 

Fig. 5.8 B. 

 

 

Fig. 5.8: Ethidium bromide stained 1% agarose gel demonstrating the double digesed pTZ -Bsu-

Lac and pET-21a(+) with NdeI and EcoRI. (A): M, GeneRuler™ DNA ladder mix (SM0331); lane 

1, purified gene product after digestion of pTZ-Bsu-Lac  with NdeI  and EcoRI. (B):  M, 

GeneRuler™ DNA ladder mix (SM0331), lane 1, uncut pET -21a(+); lane 2, pET-21a(+) restricted 

with NdeI and EcoRI.   

 

Ligation was carried out in order to subclone the 900 bp fragment of Bsu-Lac gene. The ligation 

mixture was used to transform DH5α competent cells. Transformed cells were spread on LB agar 

plates containing ampicillin and incubated for overnight. Eleven colonies appeared on the 

selection plate after overnight incubation. Seven of them were inoculated independently in LB 

medium containing ampicillin and incubated at 37 °C for overnight. Next day, plasmid DNA 

were isolated and analyzed on agarose gel (Fig. 5.9).  
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Fig. 5.9: Ethidium bromide stained 1% agarose gel demonstrating the  plasmid isolation from 

seven different colonies. M, GeneRuler™ DNA ladder mix (SM0331); lanes 1 ̶ 7, plasmid 

preparations from seven different transformants.   

5.9.1. Restriction analysis of pET21-Bsu-Lac(H)   

The positive clone containing the 0.9 kb inserted gene was confirmed by double digestion with 

NdeI and EcoRI (Fig. 5.10). The recombinant plasmid was named pET21-Bsu-Lac(H). 

 

 

 

Fig. 5.10: Ethidium bromide stained 1% agarose gel demonstrating the double restricted pET21 -

Bsu-Lac ( H) with NdeI and EcoRI to confirm 0.9 kb gene fragment in pET-21a(+) vector. M, 

GeneRuler™ DNA ladder mix (SM0331); lane 1, double digested pET21 -Bsu-Lac (H ) with NdeI and 

EcoRI; lane 3, uncut pET21-Bsu-Lac ( H).    
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In order to clone the other half of the Bsu-Lac gene, double restriction pTZ-Bsu-Lac was 

performed with EcoRI and HindIII which resulted in the release of 0.7 and 0.9 kb gene fragments 

as shown in Fig. 5.11. As the desired gene fragment is of 0.7 kb so this fragment was eluted from 

agarose gel and ligated with pET21-Bsu-Lac(H) restricted with same restriction enzymes. 

Ligation mixture was used to transform DH5α competent cells. The transformed cells were 

spread on agar plates containing ampicillin. Next day, twenty colonies appeared on ampicillin 

plate. To confirm for positive clone, colony PCR was done for fifteen colonies and all colonies 

were found positive (containing the full gene fragment) as shown in Fig. 5.12. 

 

 

Fig. 5.11: Ethidium bromide stained 1% agarose gel demonstrating the 0.9 and 0.7 kb DNA 

fragments liberated after restriction digestion of pTZ -Bsu-Lac with EcoRI  and HindIII. M, 

GeneRuler™ DNA ladder mix (SM0331); lane 1, uncut pTZ -Bsu-Lac; lane 2, double cut pTZ-Bsu-

Lac with EcoRI  and HindIII.     
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Fig. 5.12: Ethidium bromide stained 1% agarose gel demonstrating the colony PCR to confirm 

Bsu-Lac gene in pET-21a(+). M, GeneRuler™ DNA ladder mix (SM0331); lanes 1 ̶ 15, positive 

clones after colony PCR.  

 

Four of the above positive colonies were grown by inoculating in LB broth (ampicillin 100 

μg/mL) for 16 h at 37 °C and plasmids DNA were isolated and analyzed by agarose gel 

electrophoresis (Fig. 5.13). The recombinant plasmid was named pET21-Bsu-Lac(F).   

 

 

Fig.5.13:  Ethidium bromide stained 1% agarose gel demonstrating the plasmids isolated from 

positive clones of colony PCR. M, GeneRuler™ DNA ladder mix (SM0331); lanes 1 ̶ 4, plasmid 

preparations from four different transformants.   
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5.9.2. Restriction analysis of pET21-Bsu-Lac(F) 

The recombinant plasmid pET21-Bsu-Lac(F) was subjected to digestion with XbaI, restriction site 

of XbaI is present in gene as well as in the vector. So as a result of restriction digestion a 1.6 kb 

DNA fragment was liberated, confirming the presence of full gene fragment in pET21-Bsu-Lac(F) 

as shown in Fig. 5.14.   

 

Fig. 5.14: Ethidium bromide stained 1% agarose gel demonstrating the restriction analysis of 

pET21-Bsu-Lac ( F) with XbaI. M, GeneRuler™ DNA ladder mix (SM0331); lane 1, pET21-Bsu-

Lac (F ) digested with XbaI; lane 2, uncut pET21-Bsu-Lac (F ).   

5.10. Expression of Bsu-Lac in E. coli 

Recombinant plasmid pET21-Bsu-Lac(F) was used to transform E. coli BL21 CodonPlus (DE3)-

RIL cells. A positive transformant was used for the expression of Bsu-Lac gene with 0.2 mM 

IPTG induction at 37 °C. Recombinant Bsu-Lac was produced majorly in the insoluble fraction 

under these conditions (Lane 5, Fig. 5.15).  
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Fig. 5.15:  Coomassie brilliant blue stained 12% SDS -PAGE showing the production of  Bsu-Lac in  

E. coli .  Lane 1, control (total lysate of cells containing pET -21a); lane 2, total lysate of cells 

containing pET21-Bsu-Lac (F) ; lane 3, soluble fraction of sample in lane 1; lane 4, soluble fraction 

of sample in lane 2; lane 5, insoluble fracti on of sample in lane 2.     

5.10.1. Expression optimization to get Bsu-Lac in soluble form  

In order to get Bsu-Lac in soluble form, expression conditions were optimized. Prior to induction 

a heat shock was given to cells at 45 °C in order to induce heat shock proteins of the host and 

expression was taken at 17 °C for overnight. When analyzed on SDS-PAGE the recombinant 

protein was still found in the insoluble fraction (Fig. 5.16).   

 

Fig. 5.16: Coomassie brilliant blue stained 12% SDS -PAGE showing express ion of Bsu-Lac at low 

temperature. Lane 1, cells containing pET -21a(+); lane 2, soluble fraction of cells containing 

pET21-Bsu-Lac ( F) ; lane 3, insoluble fraction of cells containing pET21 -Bsu-Lac (F ).    
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5.11. Solubilization and refolding of inclusion bodies 

As Bsu-Lac was produced in insoluble fraction so the next step was to solubilize and refold it. 

Inclusion bodies contain a certain amount of interchain and intrachain disulphide bonds which 

are formed naturally within the cell or by air oxidation during the isolation procedures. 

Solubilization of inclusion bodies requires denaturants such as 6 ̶ 8 M urea. Urea is a common 

chaotrope used in the solublization and denaturation of proteins. Here 8 M urea in 50 mM Tris-

HCl pH 8.0 was used for the solubilization of inclusion bodies followed by removal of urea by 

fractional dialysis. Under the conditions used in the present work, Bsu-Lac was found in soluble 

but inactive form.   

5.12. Co-expression of Bsu-Lac and GroELGt for in vivo refolding of Bsu-Lac 

As all attempts to get Bsu-Lac in soluble form were unsuccessful, therefore co-expression of 

Bsu-Lac and GroELGt was tried for proper folding of Bsu-Lac at the time of production. GroELGt 

gene was cloned in pETDuet-1 using NcoI and BamHI sites, by my colleague, Raza Ashraf. The 

recombinant plasmid was named as pETDuet-GroELGt. For cloning of Bsu-Lac gene into MCS2 

of recombinant pETDuet-GroELGt, both pETDuet-GroELGt and pET21-Bsu-Lac(F) were prepared 

in ample amounts for further studies (Fig. 5.17).  

 

Fig. 5.17:  Ethidium bromide stained 1% agarose gel demonstrating the isolated pET21 -Bsu-Lac (F )  

and pETDuet-GroELGt plasmids. M, DNA marker; lanes 1 and 2, plasmid preparations for pET21 -

Bsu-Lac ( F) and pETDuet-GroELGt,  respectively.   

  



124 

 

In the first step pET21-Bsu-Lac(F) was double digested with NdeI and EcoRI (0.9 kb fragment) 

and the other half fragment was liberated by digesting the pET21-Bsu-Lac(F) with EcoRI and 

XhoI (0.7 kb fragment) as shown in Fig. 5.18. Double digested DNA bands corresponding to two 

half the gene fragments were cut from the gel and purified as shown in Fig. 5.19 A. The purified 

digested fragments were ligated together and ligation was analyzed by 1% agarose gel 

electrophoresis. A DNA band of 1.6 kb was appeared on gel (Fig. 5.19 B), showing successful 

ligation of two DNA fragments.    

   

 

 

Fig. 5.18:  Ethidium bromide stained 1% agarose gel demonstrating the double restriction of 

pET21-Bsu-Lac ( F) releasing the 0.9 and 0.7 kb gene fragments of Bsu-Lac gene. M, DNA marker; 

lanes 1 ̶  3, restriction of pET21-Bsu-Lac ( F) with EcoRI and XhoI; lanes 4 ̶ 6, restriction of pET21-

Bsu-Lac ( F) with NdeI and EcoRI.   
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Fig. 5.19:  Ethidium bromide stained 1% agarose gel showing purification of 0.9 and 0.7 kb DNA 

fragments of Bsu-Lac gene and their ligation. (A): Analysis of 0.9 and 0.7 kb DNA fragments 

purified from  Fig. 5.18. M, DNA ladder; lanes 1 ̶  3; purified gene fragment cut with NdeI and 

EcoRI; lanes 4 ̶  6, purified gene fragment cut with EcoRI and XhoI.  (B):  Ligation of the two (NdeI  

and EcoRI) and (EcoRI and XhoI) digested gene fragments.  

  

The pETDuet-GroELGt was also digested with NdeI and XhoI (Fig. 5.22 A), purified from the gel 

and ligated with the full Bsu-Lac gene having NdeI and XhoI ends. This ligation mixture was 

used to transform DH5α competent cells. As a result of transformation fifteen colonies appeared 

on selection plate. Randomly nine colonies were screened by colony PCR. The three of them 

found positive (Fig. 5.20 B).  
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Fig. 5.20: Ethidium bromide stained 1% agarose gel showing restriction analysis of pETDuet -

GroELGt  and colony PCR results.  (A): Restriction analysis of  pETDuet-GroELGt. M, DNA marker; 

lane 1, uncut pETDuet-GroELGt; lane 2, pETDuet-GroELGt cut with NdeI and XhoI . (B): Colony 

PCR of full Bsu-Lac gene cloned in pETDuet -GroELGt. M, DNA marker; lanes 4, 7 and 9 showing 

positive colony PCR.  

 

Plasmid DNA was isolated by the same method as described in section 2.3.9 (Fig. 

5.21 A). Restriction of plasmid DNA isolated from colony no. 2 with EcoRI 

resulted in liberation of almost 1.1 and 0.55 kb DNA fragments (Fig. 5.21 B).  
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Fig. 5.21: Ethidium bromide stained 1% agarose gel showing plasmid isolation and restriction 

analysis of Bsu-pETDuet-GroELGt.  (A): Plasmid preparation from three different transformants. 

(B): Recombinant Bsu-pETDuet-GroELG t digested with EcoRI. M, DNA marker; lane 1, uncut  

Bsu-pETDuet-GroELGt ; lane 2, Bsu-pETDuet-GroELGt digested with EcoRI.   

5.12.1. Expression of Bsu-Lac in E. coli   

When the gene expression was taken at 37 °C, GroELGt produced in soluble form but the Bsu-

Lac in the soluble fraction was very low. When cultivation temperature after induction was 

decreased to 17 °C with and without heat shock of 45 °C prior to IPTG induction, still the Bsu-

Lac produced in the insoluble form. The expression analysis of Bsu-Lac gene at 37 °C and 17 °C 

is shown in Fig. 5.22.    
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Fig. 5.22:  Coomassie brilliant blue stained 12% SDS -PAGE showing expression, in E. coli , of 

Bsu-Lac cloned in pETDuet-GroELGt. Lane 1, uninduced cells; lane 2, soluble fraction of cells 

carrying pETDuet-GroELGt induced at 37 °C; lane 3, soluble fraction of cells carrying Bsu-

pETDuet-GroELG t expressed at 37 °C; lane 4, soluble fraction of cells carrying pETDuet -GroELGt  

expressed at 17 °C; lane 5, soluble fraction of Bsu-pETDuet-GroELG t expressed at 17 °C.   

 

As the expression of Bsu-Lac gene in soluble form was very low therefore, it was decided to 

clone Bsu-Lac gene in pET-28a(+). In this case the expression of the gene will result in a fusion 

protein containing six additional Histidine amino acids at the N-terminal which will facilitate the 

purification of the protein using Nickel affinity column. 

5.13. Cloning of Bsu-Lac gene in pET-28a(+) 

Cloning of the Bsu-Lac into expression vector pET-28a(+) was planned by the same strategy as 

explained for cloning in pET-21(a) (section 2.6.6). Plasmid pET21-Bsu-Lac(F) was used for the 

release of Bsu-Lac gene. For this purpose pET21-Bsu-Lac(F) was double digested with NdeI and 

EcoRI to release the 0.9 kb gene fragment. Vector pET-28a(+) was also digested with NdeI and 

EcoRI. Both the restricted gene and vector were purified from gel and ligated together. Ligation 

mixture was spread on kanamycin containing LB agar and incubated for overnight. Plasmid 

DNA was isolated from 6 white colonies appeared on the kanamycin plate and analyzed by 

agarose gel electrophoresis (Fig. 5.23 A). The recombinant plasmid was named pET28-Bsu-

Lac(H). The insertion of the 0.9 kb gene fragment was confirmed by restriction with NdeI and 

EcoRI as shown in Fig. 5.23 B.         
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Fig. 5.23:  Ethidium bromide stained 1% agarose gel showing plasmid isolation and restriction 

analysis of pET28-Bsu-Lac (H ).  (A): Plasmid isolated from six different transformants.  (B): 

Restriction of pET28-Bsu-Lac (H ) with NdeI and EcoRI to confirm half gene fragment in pET-

28a(+).     
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5.13.1. Restriction of pET21-Bsu-Lac(F) and pET28-Bsu-Lac(H) with EcoRI and 

HindIII    

After confirmation of presence of 0.9 kb gene fragment pET21-Bsu-Lac(F) was double digested 

with EcoRI and HindIII restriction enzymes to release the other half (0.7 kb) of the Bsu-Lac gene 

(Fig. 5.24). pET28-Bsu-Lac(H) was also digested with same restriction enzymes. Digested DNA 

fragments of gene and vector were eluted from agarose gel and ligated. The ligation mixture was 

used to transform E. coli DH5α cells and transformed cells were spread on the kanamycin (60 

μg/mL) containing plates and incubated at 37 °C. Next day sixteen colonies were appeared on 

the plate and nine of them were tested for colony PCR. All of them showed the amplification of 

1.6 kb DNA fragment when analyzed by agarose gel electrophoresis (Fig. 5.25 A). Plasmid DNA 

was isolated from four positive colonies (Fig. 5.25 B).   

 

 

Fig. 5.24:  Ethidium bromide stained 1% agarose gel showing restriction analysis of pET21 -Bsu-

Lac (F ) with EcoRI and HindIII. M, DNA ladder; lane 1, uncut pET21-Bsu-Lac (F ); lane 2, EcoRI 

and HindIII cut pET21-Bsu-Lac (F).   
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Fig. 5.25:  Ethidium bromide stained 1% agarose gel demonstrating the colony PCR and plasmid 

isolation results. (A): Colony PCR of different transformants containing pET28 -Bsu-Lac ( F). M, 

DNA ladder; lanes 1 ̶ 9, colony PCR of 9 different transformants. (B):  Plasmid preparation from 

four of the 9 transformants. M, DNA marker; lanes 1 ̶ 4, plasmid isolated from 4 transformants.   

5.13.2. Restriction analysis of pET28-Bsu-Lac(F) 

To confirm the presence of full 1.6 kb gene in pET-28a(+) vector, digestion of pET28-Bsu-Lac(F) 

was performed with XbaI (restriction site of which is present in gene as well as in vector), 

releasing 1.6 kb gene (Fig. 5.26). 

 

 
 

Fig. 5.26:  Ethidium bromide sta ined 1% agarose gel showing restriction with XbaI to confirm the 

presence of full Bsu-Lac gene in pET-28a(+) vector. M, DNA ladder; lane 1, uncut pET28 -Bsu-

Lac (F ); lane 2, pET28-Bsu-Lac (F ) digested with XbaI. 
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5.14. Expression of Bsu-Lac cloned in pET-28a(+) 

The expression of Bsu-Lac gene was studied in E.coli BL21 (DE3) codon Plus-RIL cells using 

0.2 mM of IPTG. Induced bacterial samples containing pET28-Bsu-Lac(F) or empty vector pET-

28a(+) were analyzed by 12% SDS-PAGE. A protein band equivalent to 65 kDa was observed in 

the cells carrying pET28-Bsu-Lac(F). This protein band was missing in the cells carrying the 

pET-28a(+) vector indicating the production of recombinant Bsu-Lac (Fig. 5.27).  

 

 

Fig. 5.27:  Coomassie brilliant blue stained 12 % SDS-PAGE demonstrating the production of Bsu-

Lac in E. coli . M, protein marker; lane1, control (total lysate of cells containing pET28a(+)); lane 

2, Total lysate of cells containing pET28-Bsu-Lac ( F).    

5.14.1. Comparison of expression of Bsu-Lac at 37 and 17 °C 

The expression of Bsu-Lac was examined at 37 and 17 °C and laccase activities of the protein 

produced at these temperatures were also compared. At 37 °C all the expressed protein was 

found in insoluble fraction, while at 17 °C, about 30% of the total recombinant protein was 

found in the soluble fraction (Fig. 5.28). The effect of heat shock at 45 °C prior to expression at 

37 or 17 °C was also compared (Fig. 5.29). It was found that there was no effect of heat shock on 

laccase activity whether expressed at 37 or 17 °C. Only low temperature (17 °C) is responsible 

for the active soluble fraction of Bsu-Lac. 
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Fig. 5.28:  Coomassie brilliant blue stained 12 % SDS -PAGE comparing the expression levels at 

37 and 17 °C. Lanes 1 ̶ 3, total cell lysate, supernatant and pellet, respectively, expressed at 37 

°C; lanes 4 ̶  6, total cell lysate, supernatant and pellet, respectively, expressed at 17 °C.   

 

Fig. 5.29:  Effect of heat shock at 45 °C  on the Bsu-Lac activity. The laccase activity of the 

soluble lysates expressed at 37 and 17 °C  was compared in both heat and non -heat shocked 

samples.            

5.14.2. Expression at 17 °C using different copper concentrations 

Expression of Bsu-Lac was optimized using different concentrations of copper ranging from 0 ̶ 1 

mM. Although the expression level from 250 μM to 1 mM copper was same but the activity was 
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greater at 500 μM as compared to 250 μM (Fig. 5.30). At 500 μM and 1 mM copper 

concentration, equal activity was observed as are their levels of expression (Fig. 5.31).   

 

Fig. 5.30:  Coomassie brilliant blue stained 12 % SDS -PAGE showing expression levels at 17 °C  

using various concentrations of copper. Lanes 1 ̶  5, soluble lysates of the cells grown in the 

presence of 0, 0.1, 0.25, 0.5 and 1 mM copper, respectively.  

 

 

 

 

 

 

Fig. 5.31:  Graph showing relative activity of Bsu-Lac produced in the cells grown in the presence 

of different copper concentrations.   
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5.15. Purification of Bsu-Lac 

5.15.1. Heat treatment 

Heat treatment of soluble fraction of E. coli cell lysate was performed at 60 °C for 30 min which 

resulted in precipitation of several proteins of the host. The precipitated proteins were removed 

by centrifugation. Soluble fraction was used for further purification.  

5.15.2. Ni-affinity chromatography  

The soluble fraction after heat treatment was loaded onto the Ni2+ charged HiTrap Sepharose 

column already equilibrated with 50 mM Tris-HCl (pH 8.0) containing 0.5 M NaCl and 25 mM 

imidazole. The elution of bound protein was done by linearly increasing the concentration of 

imidazole to 150 mM. The various fractions eluted after Ni2+ affinity column were analyzed by 

SDS-PAGE. Bsu-Lac eluted between 75 to 100 mM imidazole as shown in lanes 7 ̶ 14 in Fig. 

5.32.  

 

 

 

Fig. 5.32:  Coomassie brilliant blue stained 12% SDS -PAGE showing purification of Bsu-Lac by 

Ni-affinity chromatography. Lane 1, protein loaded on column; lane 2, flow through fraction; lane 

3, washout fraction; lanes 4 ̶ 6, fractions eluted between 25 ̶ 75 mM imidazole; lanes 7 ̶  14, 

fractions eluted between 75 to 100 mM imidazole concentrations.   

5.15.3. HiTrap QFF   

Fractions containing partially purified Bsu-Lac after Ni2+ affinity column were mixed, dialyzed 

against 50 mM Tris-HCl (pH 8.0) and loaded on anion exchange column (HiTrap QFF). The 
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protein fractions were eluted by using NaCl in 50 mM Tris-HCl. The elution pattern of purified 

protein is shown in Fig. 5.33.  

 

Fig. 5.33:  Anion exchange chromatography showing elution pattern of  Bsu-Lac; Y-axis,  

absorbance (mAU); X-axis, volume (mL).  

 

The fractions collected after QFF column were analyzed by 12% SDS-PAGE to analyze their 

purification pattern (Fig. 5.34). 

 

 

 

Fig. 5.34: Coomassie brilliant blue stained 12% SDS -PAGE demonstrating purification of Bsu-Lac 

by HiTrap QFF column. Lanes 1 ̶  10, purified fractions eluted between 20 ̶ 50% NaCl gradient.  
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5.16. Zymogram analysis of purified protein 

Protein samples were prepared in non-reducing SDS gel-loading buffer, centrifuged and loaded 

in five different wells in 12% SDS-PAGE. Gel lanes were cut washed with distilled water and 

one piece was stained with ABTS, other with DMP, third with guaiacol, fourth with SGZ and 

fifth with CBB (Fig. 5.35). Bsu-Lac was found active with all tested substrates.   

 

 

 

 

 

 

 

 

 

 

Fig. 5.35:  In-gel activity assays with various laccase substrates. Lanes 1 ̶ 4, in-gel activity assays 

of Bsu-Lac with SGZ, guaiacol, ABTS and DMP, respectively. Lane 5, Coomassie brilliant blue 

stained Bsu-Lac.  

5.17. Characterization of Bsu-Lac  

5.17.1. Optimum pH for Bsu-Lac activity 

The enzyme activity was examined in different buffers of various pH. Bsu-Lac was found to be 

active in broad range of pH with the highest activity at pH 7 (Fig. 5.36) in sodium phosphate 

buffer. Determination of optimum pH was carried out at 55 °C using SGZ as phenolic substrate. 
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Fig. 5.36:  Effect of pH on the activity of Bsu-Lac in various buffers.  Activity assays were 

conducted at 55 °C using MES buffer (pH 5.5 ̶ 6.0, closed circles); sodium phosphate buffer (pH 

6.0 ̶ 7.5, closed squares) and Tris -HCl buffer (pH 7.5 ̶ 8.5, closed triangles).   

5.17.2. Buffer optimization for Bsu-Lac activity   

To check the effect of various buffer systems, activity of Bsu-Lac was examined in sodium 

phosphate, Tris-HCl, Bis-Tris, MOPS, HEPES, Britton-Robinson and Imidazole-HCl buffers of 

pH 7.0 and keeping all other factors unchanged. Bsu-Lac exhibited comparable activity in 

sodium phosphate and Britton-Robinson buffer (Fig. 5.37).  
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Fig. 5.37: Graph showing the effect of different buffers of same pH on the enzyme  activity of 

Bsu-Lac.  

5.17.3. Optimum temperature for Bsu-Lac activity    

To determine the optimum temperature for Bsu-Lac, the enzyme activity assays were conducted 

in 50 mM Tris-HCl buffer at various temperatures ranging from 30 to 70 °C. The reaction 

mixture containing Bsu-Lac as well as the control (without Bsu-Lac) was incubated at respective 

temperature for 5 min then SGZ was added to start the reaction and change in OD530nm per min 

was observed. The activity of the enzyme gradually increased with the increase in temperature 

till it reached highest at 55 °C (Fig. 5.38). The enzyme activity decreased above 55 °C.    
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Fig. 5.38:  Effect of temperature on the Bsu-Lac activity. Activity assays were performed in 50 

mM sodium phosphate (pH 7.0) buffer at 30 ̶  70 °C. 

5.17.4. Effect of metal ions on Bsu-Lac activity   

Bsu-Lac activity assay was performed in the presence of 100 μM of various divalent metal ions 

at 55 °C and pH 7.0 (Fig. 5.39). There was no significant change in Bsu-Lac activity as 

compared to control demonstrating that activity of Bsu-Lac is not dependent on any metal ion. 

The control  experiment was without the addition of any metal ion. Chloride salt of each metal 

ion was used. 
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Fig. 5.39:  Comparison of enzyme activity of  Bsu-Lac in the presence of various metal ions. Each 

metal ion was used at a final concentration of 100 μM.  

5.17.5. Effect of organic solvents on Bsu-Lac activity 

Effect of various organic solvents was examined on the activity of Bsu-Lac. All solvents were 

water-miscible and used at a final concentration of 10 or 20% (v/v) independently in the assay 

mixture. No significant effect was found at 10% concentration of all tested organic solvents, but 

at 20% concentration, except methanol, all solvents decreased the enzyme activity (Fig. 5.40). 

Highest decrease in activity was observed in the presence of 20% propanol.  
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Fig. 5.40: Effect of various water -miscible organic solvents on the activity of Bsu-Lac. Activity 

assay was performed in 50 mM sodium phosphate at 55 °C.  

5.17.6. Effect of chemical inhibitors on Bsu-Lac activity   

Effect of various chemical inhibitors such as EDTA, SDS, DTT, L-cysteine and sodium azide 

was examined at 55 °C and pH 7.0. All inhibitors were used at 0.1, 1 and 5 mM concentrations in 

the assay mixture. Results were expressed in percentage, and values without addition of inhibitor 

were taken as 100%. The results showed that L-cysteine and DTT completely inactivated the 

enzymatic activity even at 0.1 mM concentration. There was a slight but equivalent inhibition in 

activity in the presence of 0.1, 1 and 5 mM EDTA. SDS and NaN3 inhibited activity only at 

higher concentrations and at 5 mM only 20% activity was left in the presence of both the 

inhibitors (Fig. 5.41).   

0

20

40

60

80

100

120

R
el

a
ti

v
e 

a
ct

iv
it

y
 (

%
)

10% 20%



143 

 

 

 

Fig. 5.41: Effect of various chemical inhibitors on  Bsu-Lac activity. All inhibitors were  used at 

0.1, 1 and 5 mM concentrations. Activity assays were conducted in 50 mM sodium phosphate 

buffer at 55 °C.  

5.17.7. Effect of various chemicals/detergents on laccase activity 

Bsu-Lac activity was decreased up to 20% in the presence of tested detergents (Triton X-100, 

Tween 20 and Tween 80). Glycerol did not have significant effect on Bsu-Lac activity but 

imidazole decreased the activity upto 50%. In the presence of ß-mercaptoethanol no activity 

could be found (Fig. 5.42). 
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Fig. 5.42: Effect of various chemicals/detergents on Bsu-Lac activity. Activity assays were 

performed at 55 °C using SGZ as substrate.  

5.17.8. pH stability of Bsu-Lac  

Bsu-Lac stability was measured by incubating Bsu-Lac in universal buffer of different pH value 

(3 ̶ 12 pH range) for 30 min on ice. The protein was found stable at pH 6 to 12 as shown by 

activity profile (Fig. 5.43). 

 

 

Fig. 5.43: pH stability of Bsu-Lac. Activity assays were performed at 55 °C using SGZ as 

substrate.  
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5.17.9. Effect of halides    

Enzyme activity of Bsu-Lac was inhibited by the presence of halides. The activity gradually 

decreased with the increase in concentration of halides. A 50, 17 and 13% activity was lost in the 

presence of 0.1 M NaF, NaCl and NaBr, respectively. At 1 M NaF only 8% activity was present 

while 60% and 50% of Bsu-Lac activity was present at 2 M NaBr and NaCl, respectively (Fig. 

5.44). NaF was the most potent inhibitor of Bsu-Lac.    

 

Fig. 5.44: Effect of halides on Bsu-Lac activity. Activity assays were performed at 55  °C using 

SGZ as substrate.  

5.17.10. Thermostability studies at various temperature       

Thermostability experiments were performed by incubating the protein at 60 and 80 °C in 

sodium phosphate buffer at pH 7.0 for various intervals of time. The enzyme activity was 

examined at 55 °C. Bsu-Lac was thermally stable upto 200 min at 60 °C while half of the activity 

was retained even after 150 min incubation at 80 °C (Fig. 5.45).  
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Fig. 5.45: Thermostability of Bsu-Lac at 60 and 80 °C. Activity assays were per formed at 55 °C 

using SGZ as substrate.  

5.17.11. Atomic absorption spectroscopy  

For atomic absorption spectroscopy, 10 ppm stock solution of copper sulfate pentahydrate was 

made in deionized water and further dilutions were made (8, 6, 4 and 2 ppm). A standard curve 

was drawn for all these concentrations (Fig. 5.46). The Bsu-Lac was found to have 3.5 

Cu/protein molecule. 
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Fig. 5.46: Standard curve for copper .  

5.17.12. Kinetic studies 

Kinetic parameters of the purified Bsu-Lac were determined at 55 and pH 7.0 using various 

concentrations of SGZ. The enzyme activity with various concentration of the substrate was 

determined and Michaelis-Menten plot was made to determine Km and Vmax values (Fig. 5.47). Km 

and Vmax values calculated from the plot were 12.72 μM and 11.59 μmol/min/mg, respectively. 
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Fig. 5.47: Michaelis-Menten plot of Bsu-Lac enzyme activity. Initial velocities for laccase 

activity were plotted against syringaldazine measured by spectrophotometric assay. 

5.18. Structural studies by CD spectroscopy  

CD spectrum of Bsu-Lac was analyzed at temperatures ranging from 50 to 90 °C with every 10 

degree difference and 1 min heating at each temperature using 0.5 mg/mL protein. No significant 

change in the spectrum was observed up to 90 °C. It indicated that the Bsu-Lac maintained its 

secondary structure up to 90 °C (Fig. 5.48). 
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Fig. 5.48:  CD spectrum of Bsu-Lac. Far-UV spectrum of purified Bsu-Lac was analyzed by 

examining the absorption spectra from 200 ̶ 260 nm at 50, 60, 70, 80 and 90 °C.  

5.19. Urea-induced unfolding studies   

In order to examine the effect of urea on Bsu-Lac, 0.1 mg/mL protein was used in 2 mL reaction 

mixture containing 0 ̶ 8 M urea (made in 50 mM Tris-HCl pH 8.0) and incubated at room 

temperature for 4 h or overnight and measured the fluorescence. There was no significant change 

in spectra after 4 h or overnight incubation with urea till 8 M, suggesting that Bsu-Lac is 

structurally stable in 8 M urea (Fig. 5.49 A and B). 
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Fig. 5.49A:  Fluorescence spectrum of Bsu-Lac after 4 h of incubation with various concentrations 

of urea at room temperature.  

 

 

 

Fig. 5.49B:  Fluorescence spectrum of Bsu-Lac after overnight incubation with various 

concentrations of urea at room temperature.  



151 

 

5.20. Decolorization of dyes using Bsu-Lac   

Usually laccase needs copper ions for decolorization of dyes. Addition of copper contaminates 

the environment. In order to examine whether Bsu-Lac can decolorize the pollutant dyes, I 

performed decolorization assays in the absence of any additional copper ions. Bsu-Lac was able 

to decolorize tested dyes without additional copper. Highest rate of color removal was found for 

orange G (Fig. 5.50). 

 

 

 
Fig. 5.50: Decolorization of various synthetic dyes by Bsu-Lac. A:  Graph showing dye 

decolorization using Bsu-Lac in the absence of any additional copper. B: Decolrization of 

synthetic dyes by laccase enzyme preparations. a, methyl red decolorization; b, crystal violet 

decolorization; c,  congo red decolorization; d, bromophenol blue decolorization; e, orange G 

decolorization.  
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6. Discussion   

Laccases are of versatile nature and perform diverse oxidative functions. They are encoded in the 

genomes of organisms present in all the domains of life. Laccases in fungi are widely studied but 

the knowledge about bacterial laccases is scanty in comparison with fungal laccases. So there is a 

need to find and characterize laccases from bacterial origins as they are more useful in terms of 

their thermostability and thermotolerance. Bacterial laccases are now frequently being 

investigated because of the availability of their sequenced genomes and advanced computational 

approaches. At present, no laccase from genus Geobacillus has been characterized. The selected 

PhD study is about bacterial laccases of thermophilic G. thermopakistaniensis and mesophilic B. 

subtilis strain R5 origins.     

G. thermopakistaniensis is a gram positive rod shaped bacterium whose complete genome 

sequence has been determined (Siddiqui et al., 2014). Genome search has revealed the presence 

of an open reading frame annotated as multi-copper polyphenol oxidoreductase laccase 

(accession no. ESU71923). BLAST search showed that ESU71923 exhibits high similarity with 

laccases from Geobacillus species. Therefore ESU71923 was considered for cloning and 

characterization in order to reveal its industrial applications. A primer pair, corresponding to 

ESU71923 sequence, was designed. The laccase gene (named as Gt-Lac) from G. 

thermopakistaniensis was cloned followed by sequencing from First BASE Laboratories, 

Malaysia. The cloned gene was then ligated in expression vector (pET-21a) and mobilized to E. 

coli for the production of recombinant enzyme. Subsequently, the enzyme was purified.  

However, the recombinant protein did not exhibit any laccase-like activity even when produced 

in the presence of copper ions. Expression of Gt-Lac gene was tried at low temperatures and also 

with zinc during expression as well as in assay mixture, but no laccase activity could be detected. 

Although the open reading frame was annotated as multi-copper polyphenol oxidoreductase 

laccase, it lacked the conserved copper binding residues and did not display a significant 

homology with the characterized laccases (Martins et al., 2002; Machczynski et al., 2004; 

Miyazaki, 2005). Among the characterized laccases, it displayed a 32% homology with multi-

copper polyphenol oxidoreductase laccase from Kurthia huakuii (Guo et al., 2016), 31% with 

RL5 laccase from bovine rumen metagenome (Beloqui et al., 2006), 28% with Thermobifida 
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fusca (Chen et al., 2013), and 27% with the enzymes from E. coli and Bacteroides 

thetaiotaomicron (Beloqui et al., 2006). Among uncharacterized members, Gt-Lac exhibited 

100% homology with hypothetical conserved laccase from Geobacillus kaustophilus (accession 

no. BAD75415) and 95% with the hypothetical protein from Bacillus stearothermophilus whose 

crystal structure (PDB code 1T8H) has been determined but the protein has not yet been 

characterized.  

When the copper content of purified Gt-Lac was examined by atomic absorption spectroscopy, 

no copper was detected in purified Gt-Lac in contrast to other laccases which usually contain 

four copper atoms (Beloqui et al., 2006). However, one zinc atom was found per molecule of the 

protein. Similar to Gt-Lac, 1T8H contains one zinc atom in its active center. Since 1T8H is 

uncharacterized, some functional evidence, instead of structural data, is required to characterize 

these zinc containing hypothetical proteins. Based on the results obtained in this study it seems 

likely that Gt-Lac (accession no. ESU71923) is not a laccase but belongs to some other family. 

Another evidence that Gt-Lac was not a laccase came by growing the native host, G. 

thermopakistaniensis, in the presence of copper and analyzing the proteins in the cell free extract 

by zymography. In the zymogram, the laccase activity was not found equivalent to a 30 kDa 

protein, but detected at 60 kDa position in 12% SDS-PAGE. The laccase activity was 

successfully purified and the three N-terminal amino acid residues of the purified protein 

matched with N-terminal amino acids of the mature copper oxidase (accession no. ESU72270). 

Determination of N-terminal amino acid residues of the purified protein, exhibiting laccase 

activity, enabled us to identify the gene encoding the laccase in G. thermopakistaniensis. 

Homologues of this protein, with 99–100% identities, are present in the genome sequences of 

other species of genus Geobacillus, indicating that this may be the bona fide laccase in this 

genus. The gene encoding mature copper oxidase was then cloned and expressed in E. coli. 

Enzyme activity of Gt-Cuo was strictly copper dependent (during expression). When the protein 

was heated at 60 °C in the presence of EDTA the laccase activity was totally abolished and it 

was restored by removal of EDTA and addition of copper. These results indicated that Gt-Cuo is 

a true laccase.     

Characterization studies of recombinant Gt-Cuo revealed that the enzyme showed highest 

activity at 60 °C (optimum temperature) and a pH of 7.0 (optimum temperature). This was in 
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harmony with the temperature as well as pH conditions required by the bacterium for its optimal 

growth (Tayyab et al., 2011). When the effect of metals was checked, the Gt-Cuo exhibited a 

five-fold increase on enzyme activity. Addition of EDTA abolished the enzyme activity showing 

complete dependency of Gt-Cuo on copper.   

 

Gt-Cuo showed good stability in the presence of organic solvents as reported for other bacterial 

laccases (Guo et al., 2016). Gt-Cuo laccase activity in the presence of 10% methanol increased 

up to 140% which is higher than laccase activity of Kurthia huakuii which was 102% in 10% 

methanol (Guo et al., 2016). Moreover in the presence of reducing agent, DTT, no activity with 

Gt-Cuo was found. As Gt-Cuo contains 2 cysteines, so in the presence of DTT they got reduced. 

Laccases have considerable industrial utilizations and can potentially be employed in bio-

treatments of waste-waters having dyed textile effluents. But, the waste-water also contains high 

quantities of various halides and most of the available laccases are sensitive to halides. This in 

turn reduces the laccases efficiency for removal of dyes from textile effluents. Reduction in the 

enzyme activity was recorded in the laccases from Trametes villosa and Trametes versicolor in 

the presence of 40 mM NaCl (Xu, 1996; Enaud et al., 2011). Similarly, the laccase from Bacillus 

tequilensis lost 25% of its original activity in the presence of 500 mM NaCl and NaBr, 

respectively (Sondhi et al., 2014). In contrast to these laccases, Gt-Cuo is highly resistant to 

halides particularly NaBr and NaCl. At lower concentrations, below 500 mM, of NaCl and NaBr 

there was a 5 to 7-fold increase in enzyme activity instead of a decrease. No decrease in enzyme 

activity was observed in the presence of NaCl at or below 2 M. To the best of my knowledge this 

is the most halide tolerant laccase reported till now.  

 

Gt-Cuo was able to decolorize several industrial dyes at alkaline pH. 100% decolorization of 

indigo caramine was observed in the presence of copper. Gt-Cuo was able to degrade dyes in the 

absence of a mediator (ABTS), only copper was necessary as Gt-Cuo is dependent on copper for 

its activity.   

 

In conclusion, a novel laccase from genus Geobacillus was identified and characterized. Gt-Cuo 

is a novel multicopper laccase and can be a potential candidate for industrial applications due to 

its thermostability and high salt tolerance.  
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The third enzyme, I studied in the present work, was the laccase from B. subtilis (Bsu-Lac). The 

recombinant Bsu-Lac, produced in bacterial expression system, was found to be as inclusion 

bodies instead of soluble fraction. The formation of laccase from Bacillus species as insoluble 

inclusion bodies has been previously reported (Martins et al., 2002; Mollania et al., 2013).  

We attempted to synthesize a soluble, active recombinant enzyme by making changes in 

temperature (low vs ambient) and without or with heat treatment (45 °C). However, all the 

approaches remain ineffective. Similar reports are present about unsuccessful production of 

laccase in soluble fraction from B. subtilis (Martins et al., 2002). Chaperonins, a class of 

proteins, are required for precise protein folding and are important tool for production of 

properly folded and active recombinant proteins. Hence, another strategy, use of co-expression 

system, was employed for production of soluble recombinant Bsu-Lac in E. coli expression 

system. The Bsu-Lac gene was successfully cloned at MCS2 in the recombinant plasmid, 

pETDuet-GroELGt, having GroELGt (encoding chaperone) gene at the MCS1 of pETDuet-1 

vector. When expression was tried at 37 or 17 °C, the expression level was not enhanced in the 

soluble fraction. The final strategy was to clone Bsu-Lac gene in pET-28a(+) vector so that the 

soluble fraction, though in low amount, could easily be purified by His-tagged purification 

column. The Bsu-Lac gene was successfully expressed and purified by Ni-chelating 

chromatography.    

The enzyme activity of Bsu-Lac was highly dependent on copper and limited oxygen conditions 

during protein production. Laccase production under microaerobic conditions to yield a fully 

copper-loaded enzyme has been reported (Mohammadian et al., 2010; Gunne et al., 2013). Bsu-

Lac was not dependant on additional copper in assay mixture, but it needs copper only during the 

production stage which reflects that copper ions have a role in proper refolding of Bsu-Lac 

during protein production similar to other laccases (Hoshida et al., 2005). The Bsu-Lac activity 

was completely diminished in the presence of thiol containing compounds i.e. DTT and ß-

mercaptoethanol. These compounds contain –SH group which can interact with the disulphide 

bond in protein structure and reduce them. Bsu-Lac contains two disulphide bonds so the 

possible reason of abolished activity might be the reduction of these disulphide bonds in the 

presence of these reducing agents. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mohammadian%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20473548
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Presence of higher levels of denaturant urea (a chaotropic reagent) may negatively modulate the 

natural protein/enzyme structure which in turn results in reduced enzyme activity. But, it has 

been observed that enzymes from hyperthermophilic microorganisms have substantial ability to 

sustain against the urea induced negative effects and, thus, enzymes remain active even in the 

presence of denaturants (Chohan and Rashid, 2013; Rasool et al., 2010). In the present study it 

was observed that Bsu-Lac was active with no significant reduction in activity up till addition of 

8 M urea. The results were further confirmed by observing fluorescence spectra where we 

observe no differences between the recombinant Bsu-Lac produced in the absence or presence of 

urea, highlighting that urea did not induce conformational changes in the enzyme structure. 

Structural stability at higher temperature was examined by CD spectroscopy as well as activity 

measurements. Bsu-Lac, though originating from mesophilc host, was highly thermostable. The 

high thermostability may be attributed to the presence of large number of proline residues which 

provide compactness to protein structure. 

 

In conclusion, the thermostable bacterial laccases from G. thermopakistaniensis and B. subtilis 

can be potential sources for use at commercial level for the removal of colors of synthetic dyes 

used in various industrial applications.     

 

6.1. Future prospects   

Laccases are multi-domain oxidases which contain 4 copper binding regions in their sequences. 

The Type1 copper is reported to ligate with 2 histidine and one cysteine and an axial position 

which is occupied by methionine in bacterial, and leucine or phenylalanine in fungal laccases. 

The methionine to leucine, or methionine to phenylalanine substitutions are considered to affect 

the catalytic activity of laccases (Durao et al., 2006; Osipov et al., 2014). The site directed 

induction of mutations in Gt-Cuo may help in better understanding of the mutation-induced 

modulations in enzyme structure as well as activity.    
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