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SUMMARY
A thermophilic microorganism, SBS-4S, was isolated from a hot spring located in Gilgit,
Bultistan, Pakistan. It was an aerobic, Gram-positive, rod-shaped, thermophilic bacterium that
grew on various sugars, carboxylic acids and hydrocarbons at temperatures between 45 and 75
ºC. Complete 16S rRNA gene sequence of the microorganism exhibited high homology to
various species of genus Geobacillus. A highest homology of 99.8% was found with Geobacillus
kaustophilus. A partial (0.7 kbp) DNA sequence of the chaperonin gene from this microorganism
also showed a highest homology of 99.4% to that of G. kaustophilus whereas biochemical
characteristics of the microorganism were more similar to Geobacillus uzenensis. Based on
biochemical characterization, 16S rRNA and chaperonin gene sequences, SBS-4S was identified
as a strain of genus Geobacillus. Strain SBS-4S produced several industrially important
extracellular enzymes including amylase, protease and lipase.
Among the industrially important enzymes, lipase and carboxypeptidase were studied
during the PhD research work. The lipase encoding gene was cloned, expressed in Escherichia
coli and the gene product was characterized. The recombinant lipase (LIPSBS) was optimally
active at 60 ºC with a stability at wide pH range (6-12). The enzyme activity was enhanced
remarkably in the presence of Ca2+. The Km and the Vmax for the hydrolysis of p-nitrophenyl
acetate were 3.8 mM and 2273 µmoles min-1 mg-1, respectively. The stability of the recombinant
enzyme at wide pH range makes it a potential candidate for use in industry. This
thermoalkalophilic lipase hydrolyzed a wide range of fatty acids at elevated temperatures and
pH. The crystal structure of this lipase was resolved at 1.6 A° resolution. The structure of the
lipase was determined by molecular replacement method using the lipase from Geobacillus
stearothermophilus L1 as a model. Zn2+ and Ca2+ atoms were found to be there in the structure.
Furthermore the activation of lipase was analyzed by using the hydrophobic octane molecules at
a constant temperature (310 K) and pressure (1 atm) at neutral pH by molecular dynamics (MD)
simulations studies using GROMACS software. The structure obtained after the MD simulation
studies, was compared with the lipase structure from X-ray crystallography. MD simulation
studies clearly demonstrated the movement of lid (close and open configuration) of the lipase.
iv

The carboxypeptidase gene from Geobacillus SBS-4S was cloned and sequenced. The
sequence analyses displayed that the gene consisted of an open reading frame of 1503
nucleotides encoding a protein CBPSBS consisting of 500 amino acids. The amino acid sequence
comparison revealed that CBPSBS exhibited a highest homology of 41.6% (identity) with
carboxypeptidase Taq from Thermus aquaticus among the characterized proteases. CBPSBS
contained an active site motif
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HEXXH269 which is conserved in family-M32 of

carboxypeptidases. A conserved active site motif found in family-M14 of carboxypeptidases was
also found in CBPSBS (275HXXE(X)129 H408) reflecting that the CBPSBS might be a prototype of
these two families (family-M14 and family-M32). The gene encoding CBPSBS was expressed
with His-Tag at the N-terminal utilizing E. coli expression system and purified to apparent
homogeneity. The purified His-CBPSBS showed highest activity at pH 7.5 and 70 °C. The
enzyme activity was metal-ion dependent. Among metal ions highest activity was found in the
presence of Co2+. Thermostability studies of His-CBPSBS by circular dichroism spectroscopy
demonstrated the melting temperature of the protein around 77 °C. The enzyme exhibited Km and
Vmax values of 14 mM and 10526 µmol min-1 mg-1 when carbobenzoxy-alanine-arginine was
used as substrate. kcat and kcat/Km values were 10175 s-1 and 726 mM-1 s-1. This is the highest ever
reported enzyme activity of a metallocarboxypeptidase and the first characterization of a
metallocarboxypeptidase from genus Geobacillus.
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1. INTRODUCTION
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Microorganisms have been found in almost every corner of the world. They live in the
oceans and lakes, where they provide a valuable food source for larger organisms. They live on
land where they may the decay of dead organic material, recycling valuable nutrients. Many even
live within other, larger organisms that they may help or hinder. They are divided into three
domains namely archaea, bacteria and eukaraya. Among the three domains bacteria are the
organisms present everywhere on the planet earth.
Bacteria can be divided into psychrophiles, mesophiles and thermophiles on the basis of
their habitats. Thermophilic bacteria prefer living at temperatures not commonly found in nature.
There has been increasing interest in thermophilic bacteria because of their thermostable
enzymes (Roger et al., 2002). Adaptation of these bacteria to hot environments (Danson et al.,
1992, Stetter, 1999), production of heat-stable enzymes (Huber and Stetter, 1998; Jakob, 1989;
Niehaus et al., 1999), structural and functional relationships of these enzymes (Zeikus et al.,
1998) and their biotechnological and industrial applications (Cowan, 1996; Eichler, 2001; Lasa
and Berenguer, 1993) are among the major areas of research on these microorganisms (Haki and
Rakshit, 2003). Thermophilic bacteria have been found in a variety of places including oceans,
hot springs and arctic regions.

1.1. Classification of Bacteria
Bacteria can be devided into two main groups mainly on the basis of gram staining. Gram
negative eubacteria stain negatively. Gram positive eubacteria that are able to retain the crystal
violet stain because of the high amount of peptidoglycan in the cell wall. Their cell walls
typically lack the outer membrane found in Gram-negative bacteria. The Bacillus group is a good
example of gram positive bacteria. Ash et al. (1991) reclassified the previously reported Genus
Bacillus into ten distinct genera namely Alicyclobacillus, Aneurinibacillus, Bacillus,
Brevibacillus, Geobacillus, Gracilibacillus, Paenibacillus, Salibacillus, Ureibacillus and
Virgibacillus on the basis 16S rRNA sequences (Fig. 1).
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Fig. 1. Classes of Bacillus group on the basis of 16S rRNA. Circles represent the genera of Bacillus as reported by Ash et al., 1991. The arrows
show the species belonging to genus Geobacillus.

Later in 2001, Nazina and coworkers reclassified aerobic thermophilic bacilli Bacillus
stearothermophilus,

Bacillus

thermocatenulatus,

Bacillus

thermoleovorans,

Bacillus

kaustophilus, Bacillus thermoglucosidasius, and Bacillus thermodenitrificans as members of
genus Geobacillus. DNA analyses shows the GC content of about 48-58 mol% (thermal
denaturation method) and 16S rRNA sequence identities higher than 96% among the members of
this genus.
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1.2. Geobacillus species
Geobacillus species are rod-shaped, occurring either singly or in short chains and motile
by means of peritrichous flagella. Their cell wall structure is Gram-positive, but the Gram-stain
reaction may vary between positive and negative. Aerobic or facultatively anaerobic. The growth
temperature for various species ranges from 37 to 75 °C with an optimum at 55 to 65 °C. They
have ability to grow at wide pH range of 6.0 to 8.5 with an optimum growth at pH 6.2 to 7.5.
Growth factors, vitamins, NaCl and KCl are not required by most of the species (Nazina et al.,
2001).
Industrial interests in Geobacillus species has arisen from their potential applications in
biotechnological processes, for example as sources of various thermostable enzymes, such as
proteases (Sookkheoet et al., 2000), amylases (Rao and Satyanarayana, 2003), lipases (Lee et al.,
2001), pullanases (Messaoud et al., 2002) and xylanase (Sharma et al., 2007).

1.3. Enzymes
Enzymes are the biocatalysts that speed up the chemical reaction by lowering the energy
of activation. In enzymatic reactions, the molecules at the beginning of the process are
called substrates, and the enzyme converts them into different molecules, called the products.
According to the International Union of Biochemistry and Molecular Biology (IUBMB)
enzymes can be classified into six classes on the basis of reactions they catalyzed. These are: a,
b, c, d, e and f.

a. Oxidoreductases (EC 1)
Oxidoreductases catalyze a variety of oxidation-reduction reactions. Common names
include dehydrogenase, oxidase, reductase and catalase.
A– + B

A + B–

In the above equation A is the reductant (electron donor) and B is the oxidant (electron acceptor)
or the oxidation of A and the reduction of B has taken place.
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b. Transferases (EC 2)
Transferases catalyze transfer of groups (acetyl, methyl, phosphate, etc.). Common
names include acetyltransferase, methyltransferase and Protein kinase (phosphatetransferase).
These three subclasses play major roles in the regulation of cellular processes.
AX + B

A + BX

In equation the group X would be transferred from the donor A to the acceptor B. Most oftenly coenzyme
acts as a donor.

c. Hydrolases (EC 3)
Hydrolases catalyze hydrolysis reactions where a molecule is split into two or more
smaller molecules by the addition of water.
AB + H2O

AOH + BH

The equation shows hydrolyses of substrate AB with the incorporation of water. The water split
into H+ and OH-. These finally reacted with the A and B to give the product AOH and BH.

d. Lyases (EC 4)
Lyases are enzymes which cleave C-C, C-O, C-N and other bonds, leaving double bonds or
rings, or conversely adding groups to double bonds.

ATP

cAMP + PPi

In the reaction mentioned above, a ring is introduced to form the cyclic AMP.

e. Isomerases (EC 5)
Isomerases catalyze atomic rearrangements within a molecule. Examples include
rotamase, protein disulfide isomerase, epimerase and racemase.
A

B

In the above reaction the A and B are the isomers that can be change from one form to another in
the presence of isomerase.
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f. Ligases (EC 6)
Ligases catalyze the reaction which joins two molecules. Examples include peptide
synthase, aminoacyl-tRNA synthetase, DNA ligase and RNA ligase.
Ab + C

A-C + b

or

Ab + cD

A-D + b + c

The new bond formation between A-C and A-D is resulted by the action of ligase.

1.3.1. Hydrolytic Enzymes
Hydrolytic enzymes catalyze the hydrolysis of compounds such as proteins, nucleic
acids, starch, fats, phosphate esters, and other macromolecular substances. Hydrolytic enzymes,
which cleave substrates with the incorporation of water, falls into the general categories of
glycosidases (amylases, xylanases and cellulases), lipases, esterases (including nucleases,
phosphatases, and kinases), polymerases, and proteases. Hydrolases can be further classified into
several subclasses, based upon the bonds they act upon:
EC 3.1: ester bonds (esterases: nucleases, phosphodiesterases, lipase, phosphatase)
EC 3.2: glycosidic bond (DNA glycosylases, glycoside hydrolase)
EC 3.3: ether bonds
EC 3.4: peptide bonds (Proteases/peptidases)
EC 3.5: carbon-nitrogen bonds, other than peptide bonds
EC 3.6: acid anhydrides (acid anhydride hydrolases, including helicases and GTPase)
EC 3.7: carbon-carbon bonds
EC 3.8: halide bonds
EC 3.9: phosphorus-nitrogen bonds
EC 3.10: sulfur-nitrogen bonds
EC 3.11: carbon-phosphorus bonds
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EC 3.12: sulfur-sulfur bonds
EC 3.13: carbon-sulfur bonds

1.3.2. Lipases (EC 3.1.1.3)
Lipases are the enzymes that catalyze the hydrolysis of fats and oils (monoglycerides,
diglycerides and triglycerides) to glycerol and fatty acids. Lipases are a specific group of
enzymes which are capable of degrading lipid molecules. Lipases are ubiquitous throughout
living organisms from bacteria to humen. A lipolytic enzyme can be classified as a “true” lipase
on the basis of two criteria (a) It should be activated by the presence of an interface, that is, its
activity should sharply increase as soon as the triglyceride substrate forms an emulsion. This
phenomenon was termed “interfacial activation”. (b) It should contain a “lid”, which is a surface
loop of the protein covering the active site of the enzyme and moving away on contact with the
interface (Derewenda et al., 1992). Lipases have ability to hydrolyze the both short chain (fatty
acids with aliphatic tails of less than six carbons) and long chain fatty acids. There is no strict
definition available for the term “long-chain,” but glycerolesters with an acyl chain length of 10
carbon atoms can be regarded as lipase substrates, with trioleoylglycerol being the standard
substrate (Jaeger et al., 1999).

1.4.1. Classification of lipases
A lot of work has been done on characterization of lipases from higher and lower
vertebrates, fungi and bacteria. Classification of lipolytic enzymes based on physiological
properties is difficult due to the reason that the physiological functions of many lipases are not
clear. This is attributed to the fact that many of them display wide substrate specificity (Jeager et
al., 1994) as a result it becomes difficult to assign them a specific physiological function.
Classification of lipolytic enzymes by sequence comparison is facilitated by the increasing
amount of sequence information on the public nucleotide databases. Comparison of amino acid
sequence gives an indication of the evolutionary relationships between enzymes from different
origins (Arpigny and Jeager, 1999) and reveals conserved sequence motifs which become
characteristic features on which the classifications are based. So, on the basis of sequence
homology and crystal structure, lipases can be classified into six families.
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Family I can be further divided into various subfamilies. Subfamilies 1.1 and 1.2 contain
the lipase belonging to Pseudomonas having molecular weights 30-32 kDa. These proteins
contain two aspartate residues involved in the Ca2+ binding and two cystine residues for the
formation of disulfide bridge (Kim et al., 1997a). Subfamily I.3 contains lipases from
Pseudomonas fluorescens and Serratia marcescens having higher molecular weights of 50 kDa
and 65 kDa as compared with subfamilies 1.1 and 1.2. Bacillus lipases belong to subfamilies 1.4
(lipases with smaller molecular masses like 19.6 kDa) and family 1.5 that are well suited for
biotechnological applications as is B. thermocatenulatus (Palomo et al., 2004).
Family II contains esterase from Pseudomonas aeruginosa. Three-dimensional structure
determination for esterase belonging to this family may be substantially different from α/ß
hydrolase fold found in most lipases (Jaeger et al., 1999). The members of family III contain
extracellular lipases from Streptomyces sp. and the psychrophilic strain of Moraxella sp.
Members of family IV belong to the group of the cold-adapted lipases exhibiting similarity to
mammalian hormone-sensitive lipases. They contain the active-site serine residue in a consensus
pentapeptide GDSAG, which is located close to the N terminus of the protein.
It is interesting that families IV and V contain lipases belonging to either psychrophilic or
thermophilic bacteria. The members of family V show structural similarities to dehalogenases,
haloperoxidases, and epoxide hydrolases presumably exhibiting α/ß hydrolase fold as the
characteristic tertiary structure. Family VI lists the smallest esterases with a molecular weight
ranges 23-26 kDa. Three dimensional structure of one of the member has been resolved (Kim et al.,
1997a).

1.4.2. Structure of Lipases
X-ray has resolved the structure of a number of lipases. Lipases from different families
show different sequence homologies but most of them share some common features. One of
these features is the common folding pattern which was named as α/ß hydrolase fold. The
canonical α/ß hydrolase fold consists of a central, mostly parallel ß-sheet of eight strands with
the second strand antiparallel (Fig. 2). The parallel strands 3 to 8 are connected by α helices,
which pack on either side of the central ß sheet. The ß sheet has a left-handed superhelical twist
such that the surface of the sheet covers about half a cylinder and the first and last strands cross
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each other at an angle of 90°. The bacterial lipase structures known so far obey α/ß hydrolase
fold with some variations. The lipases from Burkholderia glumae and Burkholderia cepacia,
have six parallel ß- strands in the central ß sheet of α/ß hydrolase fold. (Kim et al., 1997b; Noble
et al., 1993). However, greater variation may be expected, for instance, for the smaller lipases
from Bacillus (Ransac et al., 1994).

Fig. 2. Canonical fold of α/ß hydrolases. α-Helices are indicated by cylinders, and ß-strands are indicated by shaded arrows. The topological
position of the active-site residues is shown by a solid circle; the nucleophile is the residue after ß-strand 5, the Asp/Glu residue is after ß-strand
7, and the histidine residue is in the loop between ß-8 and α-F (Ollis et al., 1992).

The active site of α/ß hydrolase fold enzymes consist of three catalytic residues: a
nucleophilic residue (serine, cysteine, or aspartate), a catalytic acidic residue (aspartate or
glutamate), and a histidine residue, always in this order in the amino acid sequence (Ollis et al.,
1992). This order is different from that observed in any of the other proteins that contain
catalytic triads. In lipases the nucleophile has so far always been found to be a serine residue,
whereas the catalytic acid is either an aspartate or a glutamate residue. The nucleophilic serine
residue is located in a highly conserved Gly-X-Ser-X-Gly pentapeptide. Lipases from
thermophiles have a Glycine to Alanine substitution and have Ala-X-Ser-X-Gly pentapeptide.

1.4.3. Applications of lipases
Lipases are versatile biocatalysts. In addition to their hydrolytic activity on triglycerides,
they can catalyze other reactions such as esterification, interesterification, acidolysis, alcoholysis,
and aminolysis. Lipases have potential applications in the detergent, food, leather, textile, oil and
fat, cosmetic, paper, and pharmaceutical industries (Barras et al., 1994). Industrial applications
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remain limited owing to the high cost of some lipases, the low number of available lipases in
industrial amounts, and the low performance of some lipase-mediated processes. Nevertheless,
lipases are currently used mainly in the food industry, detergent industry and pharmaceutical
industry.
1.4.3.1. Biodegradable materials
Lipases have ability to catalyze the synthesis of biodegradable polymers, so in this way
they are environment friendly. Among biodegradable aliphatic polymers, poly (ε-caprolactone) is
one of the most utilized polymers because of its high mechanical compatibility with many
polymers and good adhesion to a broad spectrum of substrates. Preparation of poly (εcaprolactone) by lipase-catalyzed polymerization of ε-caprolactone in toluene has been reported.
Studies have also been carried out on enzymatic degradation of this polymer in aqueous media
and degradation in soils; however, the degradation products could not be recovered and reused to
synthesize new materials (Pastorino et al., 2004).
1.4.3.2. Food Industry
Lipases play very important role in the food industry. They are used in the conversion of
unsaturated to saturated fats. Human infants depend on breast milk in order to fulfill their energy
requirements in the early few years of life. Infant formula offers a good alternative to breast milk
and ideally tends to mimic human milk as much as possible. Milk fat represents the main source
of energy in human milk and provides the lipids required to build the structure of cell
membranes. The major triglyceride present in human milk is unsaturated at 1, 3 positions and
saturated at position 2 of triglycerides. The fat present in most infant formulas comes from
vegetable sources and has an unsaturated fatty acid usually located at position 2 of the
triglyceride. Modification of the triglyceride by lipase to increase the proportion of palmitic acid
at second position leads to a fat with an improved absorption capability in infants. Betapol™
(Loders Croklaan) was the first commercial product made by the 1,3-specific lipase treatment of
tripalmitin with unsaturated fatty acids that resulted in 1,3-diunsaturated-2-saturated triglycerides
intended for infant formula (Osborn and Akoh, 2002).
Consumers are now more aware of the nutritional quality of food, the energy content of
food, and the long-term effect of food on health. Although fats possess a high-calorie intake,
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their good taste and smoothness make them difficult to be circumvented. Reduced calorie and
substituted fats are now available. Akoh and Yee (1997) produced a low-calorie lipid by
interesterification of tristearin (C18:0) with either tricaprin (C10:0) or tricaprylin (C8:0) using an
immobilized lipase. Kanjilal and co-workers (1999) performed an interesterification of sunflower
oil with a lipase and incorporated behenic acid at the 1 and 3 positions. The resulting oil,
Bohenin, produced by Fuji Oil, is a commercial triglyceride containing behenic acid at the 1 and
3 positions with oleic acid at the second position.
Cheese ripening is composed of a complex sequence of events and is the result of many
transformation processes such as proteolysis and lipolysis in milk by indigenous microflora. The
attributes of texture, aroma, and visual appearance characterize the different types of cheeses. As
potential industrial application, the use of an encapsulated enzyme cocktail containing a lipase
and a protease results in a full-flavored cheese without a bitter taste even after 90 days of
ripening (Kheadr et al., 2003).
1.4.3.3. Detergent industry
The use of lipases in the detergent industry represents one of the main significant
applications of these enzymes. In 1995, detergent enzymes represented 30% of the total enzyme
market, estimated at US $30 million (Cowan, 1996). In 2000, this market reached US $1.5
billion. A number of enzymatic detergents are available in the market with different brand names
such as Surf Excel, Aerial and Bonus.
1.4.3.4. Pharmaceutical Industry
In the pharmaceutical industry, lipases offer numerous advantages over chemical synthesis,
thereby justifying the growing demands for enzymes. These advantages include enantio and
region-selectivity; mild conditions that avoid isomerization, racemization, epimerization, and
rearrangement reactions; overexpression of the enzymes; reuse of the immobilized biocatalysts;
economy of the process and mutagenesis of the enzymes for specific functions. In fact, only one
enantiomer of a drug is responsible for the desired therapeutic effect and milder or fewer side
effects are observed when using optically pure drug products compared with those found with
the use of racemic mixtures. The ability of lipases to resolve racemic mixtures by the synthesis
of a single enantiomer is currently exploited for drug production by the pharmaceutical industry.
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1.5. Proteases
Proteases (EC 3.4) are the enzymes that bring about the breakdown of proteins into
peptides or amino acids by hydrolysis. They are also called proteolytic enzymes or proteinases.
Proteases are present in variety of organisms ranging from bacteria (simplest) to humen
(complex) organisms. A variety of proteases are known that can cleave the same proteins in
different fashion.

1.5.1. Classification of proteases
Proteases can be classified on different bases into different groups. These can be classified
on the basis of active site residue, cutting position, pH at which they like to work or their
dependency on the metal ions. The most common type of classification used is the one based
upon the active site residue used for catalysis. On this basis proteases can be divided into six
groups which are as follows:
1. Serine proteases
2. Threonine proteases
3. Cysteine proteases
4. Aspartate proteases
5. Metalloproteases
6. Glutamic acid proteases

The mechanism used to cleave a peptide bond involves making an amino acid residue
(serine, cysteine or threonine proteases) or a water molecule (aspartic acid, metallo and glutamic
acid peptidases) nucleophilic so that it can attack the peptide carboxyl group. In some cases
histidine residues take part in the activation of nucleophile (serine, cysteine, or threonine).
Metalloproteases are the enzymes that depend on metal ion in order to show their activity. In
most of the cases the metal ion may be Zn2+ or Co2+. In the presence of chelating agents like
EDTA they are unable to catalyze the hydrolysis of protein due to the unavailability of metal ion.
These can further be divided into exopeptidases (EC 3.4.17) and endopeptidases (EC 3.4.24).
Endopeptidases hydrolyze the proteins from the interior rather than from the terminal amino
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acids as in case of exopeptidases. Exopeptidases can be divided into aminopeptidases and
carboxypeptidases.

1.5.2. Carboxypeptidases
These are the exopeptidases that can hydrolyze the proteins by removing amino acids
from its carboxyl terminal (C-terminal). Humen, animals, and plants contain several types of
carboxypeptidases with diverse functions ranging from catabolism to protein maturation. Some
not all carboxypeptidases are produced in the zymogen (or proenzyme) form. A zymogen
requires a biochemical change (such as a hydrolysis reaction revealing the active site, or
changing the configuration to reveal the active site) for it to become an active enzyme. So
cleavage of pro-region is required for the conversion of zymogen to active enzyme.
1.5.2.1. Classification of carboxypeptidase
Carboxypeptidases can be divided into different families on the basis of their active
residue. Most commonly carboxypeptidases can be divided into three families which are as
follows:
1. Serine carboxypeptidases (EC 3.4.16)
2. Metallo carboxypeptidases (EC 3.4.17)
3. Cysteine carboxypeptidases (EC 3.4.18)

1.5.2.2. Metallocarboxypeptidases
Carboxypeptidases which require metal ions for their activity are known as
metallocarboxypeptidases. They may contain HEXXH or HXXE(X)123–132H active site motif that
is involved in the binding of metal ions. Zn2+ or Co2+ is the most common metal ions required by
most of the metallocarboxypeptidases. Most of the carboxypeptidases from thermophilic bacteria
are metallocarboxypeptidases.
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1.5.2.3. Structure and catalytic mechanism of metallocarboxypeptidases
Most of the carboxypeptidases from thermophilic bacteria have HEXXH active site
domain. Five conserved sequences (DXRXT, HPF, HESQ, IRXXAD and GXXQDXHW) are
also present in addition to the characteristic metal binding HEXXH domain. The histidine amino
acids present in the HEXXH motif are involved the binding of the metal ions. Here the metal
serves to stabilize the bound water/hydroxide and/or activate the carbonyl group of substrate by
serving as a Lewis acid. The active site glutamate of the HEXXH motif assists in the
nucleophilic attack of the activated water/hydroxide on the carbonyl to form the tetrahedral
intermediate, by acting as a general acid/base that can shuttle the hydrogen atom from the
activated water to the scissile amide nitrogen of the substrate. Protonation of this amide nitrogen
makes it a better leaving group, thereby facilitating cleavage of the amide bond. The hydrogen
and proline of the HPF signature sequence may play a role in orienting the amide nitrogen to
accept this hydrogen and in stabilizing the proper transition state. The carbonyl oxygen of
proline forms a hydrogen bond with the scissile N-H of the substrate to position it for protonation
by the proton shuttle glutamic acid. The IRXXAD and GXXQDXHW signature sequences are
proposed to work in concert to bind the substrate C-terminal carboxylate and promote release of
the cleaved amino acid product. In the absence of substrate, R and D from the IRXXAD and
GXXQDXHW motifs, respectively, forms an intrasubunit salt bridge.

1.5.3. Applications of carboxypeptidases
1.5.3.1. Protein C-terminal sequencing
Protein sequencing is an integral component of modern biochemical research. Edman
degradation is useful for N-terminal sequencing, but it fails when the amino terminus is
chemically protected. Another way to obtain sequence information from proteins is to sequence
from the C-terminus. Various C-terminal sequencing methods have been developed which
includes chemical cleavage analogous to Edman degradation (Hardeman et al., 1998) and
enzymatic digestion by carboxypeptidases (Thiede et al., 1997). The limited specificities of a
given carboxypeptidase toward the 20 common amino acids and the resistance of native protein
molecules to digestion at mesophilic temperatures are the main problems that one has to face.
Both of these problems can be overcome by the use of a thermostable carboxypeptidase in C24

terminal sequencing of proteins. First, a thermostable carboxypeptidase is catalytically active at
temperatures where the tertiary structures of most mesophilic proteins are denatured. Second,
there is evidence that specificities of thermophilic carboxypeptidases are broader than their
mesophilic counterparts (Colombo et al., 1992; Lee et al., 1992).
1.5.3.2. Detergent industry
The use of proteases to remove stains make them very important by industrial point of
view. These enzymes are environment friendly so there use will not show any kind of adverse
affects. A large amount of work is going on in order to get thermostable, detergent resistant
recombinant enzymes in order to fulfill the requirements of the industry. Protein engineering can
also be used in order to enhance the stability and activity of the protein (Vieille and Zeikus,
2001).
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2. MATERIALS AND METHODS
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2.1. Strain isolation
2.1.1. Sample collection and isolation
Water samples were collected in sterile conical tubes (Sterilin, U.K.) from a hot spring
located in Gilgit, Pakistan. The collected samples were transported to the laboratory and kept at 4
C prior to the isolation procedure. For isolation of microorganisms, samples were spread on
solidified Luria Bertani (LB) (1% tryptone, 0.5% yeast extract, 0.5% NaCl and 2.5% agar) plates
after making appropriate dilutions. Plates were incubated at 55 C for 48 hours. The single
colonies were again streaked to the fresh LB plates to get the pure culture.

2.1.2. Growth conditions for the isolate
2.1.2.1. Growth media
The growth of the microorganism was compared on various media (Zeigler, 2001) as
shown in the Table 1. The pH of the media was adjusted to 7.0 prior to autoclaving and the
growth was analyzed at 65 °C. All the experiments were done in triplicate.
Table 1. Composition of growth media used for the growth of strain
*Luria-Bertani Medium

1% Tryptone, 0.5% Yeast Extract, 0.5% NaCl solidified with 2.5% Agar

*Nutrient Broth

0.1% Tryptone, 0.1% Yeast Extract, 0.05% NaCl

*Modified L-Broth

0.1% Tryptone, 0.5% Yeast Extract, 0.5% NaCl

*Trypton Salt Medium

0.4% Tryptone and 0.05% NaCl

*°Minimal Glucose Medium

2.6% K2HPO4, 1.13% KH2PO4, 2.5% NH4NO3

*Autoclaved, cooled to 55 °C and then added 1 ml of each of the following sterile stocks:
1.05 M Nitrilotriacetic acid; 0.59 M MgSO4. 7H2O; 0.91 M CaCl2. 2H2O; 0.04 M FeSO4 .7H2O
° 2.5 mL of sterilized 20% glucose solution was also added
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2.1.2.2. Optimum growth temperature
Growth curves of the bacterial isolate were determined in 100 mL LB broth in 1 liter
flasks. The culture was inoculated with 1% inoculum from overnight grown culture. The flasks
were incubated in shaking incubators at 45, 50, 55, 60, 65, 70 and 75 C. The aliquots (2 mL) of
incubated medium were taken out at regular interval of two hours and bacterial growth was
determined by taking optical density (OD) at 660 nm by using UTECH UT 1104 RS
spectrophotometer. Growth curves were prepared by plotting graph between time of incubation
and OD660. The values used for plotting the growth curve were the average of three independent
experiments.
2.1.2.3. Optimum pH for the growth
For examination of the pH optima, LB broth (10 mL) was prepared in conical flasks (100
mL) by using various buffers with pH ranging 4 to 12. The medium was autoclaved and
inoculum was made with 100 µL of log phase growing cells and incubated at 65 °C for 16-18
hours. For each pH, duplicate flasks were used. Growth was assessed by measuring absorbance
at 660 nm with the help of a spectrophotometer. Following buffers were used to prepare LB
medium: sodium acetate buffer (pH 4-6); sodium phosphate buffer (pH 6.5-7.5); Tris-HCl (pH 89) and Tris-Glycine buffer (pH 9.5-12).
2.1.2.4. Effect of salt on growth
The effect of salt concentration on growth of the microorganism was analyzed in TY
medium (tryptone 1% and yeast extract 0.5%) with the addition of 0, 0.5, 1, 2, 3, 4 and 5% (final
concentration) of NaCl in triplicate. The medium was inoculated with 100 µL of log phase
growing cells and incubation was done at 65 °C.
2.1.2.5. Antibiotic sensitivity
In order to examine the sensitivity/resistance against antibiotics, the isolate was grown in
LB medium containing ampicillin, amoxicillin, carbenicillin, choloramphenicol, gentamycine,
kanamycin, rifampicine, streptomycine, spectenomycine and tetracycline. All antibiotics were
tested at a final concentration of 50 µg/mL except for tetracycline which was used at a final
concentration of 12.5 µg/mL in three independent experiments. Cultures were inoculated in
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duplicate for all the experiments and incubated for 48 h at 55 °C. The reading in all the cases was
taken after 24 and 48 h.

2.2. Characterization of the microorganism
Identification of the microorganism was done on the basis of biochemical characteristics.
As biochemical tests alone are not sufficient for the identification of microorganisms, so
identification was also done on the basis of 16S rRNA and chapronin gene sequences because
these gene sequences are conserved among the groups of microorganisms.

2.2.1. Biochemical Characterization
Biochemical characterization was performed by using QTS-24 miniaturized identification
system (DESTO Laboratories, Karachi, Pakistan). All methods and reagents preparations were
carried out according to the instructions of the manufacturer. This system contains a number of
biochemical tests to examine the production of acids from various sugars, hydrolysis of
substrates, presence of various enzymes involves in the oxidation, deamination, decarboxylation,
detoxification and denitrification reactions.

2.2.2. Characterization on the basis of 16S rRNA
2.2.2.1. Genomic DNA isolation
Genomic DNA was isolated by the method as described by Kronstad et al., (1983) with a
slight modification. A single colony was picked and inoculated in 100 mL of LB medium. The
culture was allowed to grow overnight at 37 oC and 120 rpm. The overnight grown culture was
centrifuged at 8000 x g for 10 min at 4 oC. The supernatant was discarded and the pellet was
suspended in 10 mL of a TEN buffer (10 mM Tris-HCl pH 7.6 containing 10 mM NaCl, and 1
mM EDTA). The suspension was centrifuged at 8000 x g for 10 min at 4 oC. The supernatant
was discarded and the pellet was resuspended in 5 mL of SET buffer (50 mM Tris-HCl pH 7.6
containing 20% sucrose and 50 mM EDTA). 0.5 mL of lysozyme (10 mg/mL) and 5 µL of
DNase free pancreatic RNase (20 mg/mL) were added and the preparation was incubated at 37
°C for 30 min. To lyse the cells, 0.5 mL of 10% SDS was added and mixed gently by inverting
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the tube four to five times. The preparation was incubated at 60 °C until a clear lysate was
obtained (after about 30 min). An equal volume of phenol: chloroform (1:1) was added to the
preparation, mixed thoroughly and centrifuged at 8000 x g for 10 min at 4 oC. After
centrifugation, the aqueous layer was transferred to a fresh tube. Equal volume of cold
isopropanol was added to the aqueous phase after final extraction and kept at -80 oC for about 30
min. DNA was spooled out with a glass rod and rinsed with 70% ethanol. DNA was dissolved in
5 mL of 10 mM Tris-HCl buffer pH 7.5 containing 1 mM EDTA. DNA sample was resolved on
1% agarose gel and analyzed under ultra violet light after staining with ethidium bromide.
2.2.2.2. Agarose gel electrophoresis
In order to check the presence of DNA, agarose gel electrophoresis was performed. 0.5 g
agarose was taken in 50 mL of 1 X TAE (25 mM Tris, 5 mM NaOAc and 1 mM EDTA pH 8.0)
and dissolved by heating in a microwave oven until a clear transparent solution was achieved.
After cooling to about 50 oC the melted agarose was poured into a flat bed gel tray. An
appropriate comb was selected for forming the sample wells in the gel. The gel was allowed to
solidify completely at room temperature. Gel tray was shifted to the electrophoresis tank
containing sufficient 1 X TAE after removing the comb carefully. DNA samples were mixed
with 1/6 (v/v) volume of 6 X DNA loading buffer (0.4% bromophenol blue, 0.4% xylene cyanol
FF and 25% Ficoll 400) which acted as a migrating marker. DNA samples and standard marker
were loaded into the wells of the solidified gel submerged in 1 X TAE. Gel electrophoresis was
carried out at 100 volts until the bromophenol blue dye reached at the end of the gel. The gel was
stained in 0.01% ethidium bromide (v/v) for 5 min and then destained in distilled water for 1
min. The DNA bands in the gel were visualized using short wave ultraviolet light provided by a
transilluminator and photographed using Dolphin-DOC gel documentation system (WEALTEC).
2.2.2.3. Quantification of DNA
DNA quantification was done by spectrophotometerically as well as by comparing the
intensity of the DNA bands with the known amount of the standard. Spectrophotometic
estimation of DNA concentration was done by taking the absorbance of the DNA sample at 260
nm using TE buffer as blank. The quantity of DNA was calculated by applying the following
formula.
30

Amount of DNA/mL = 50 X OD260 X dilution factor
1 OD260 = 50 µg/mL of DNA
2.2.2.4. Cloning of 16S rRNA gene
Full length 16S rRNA was amplified by the polymerase chain reaction (PCR) by using
the

FGPS4-281

(5’-AGAGTTTGATCCTGGCTCAG–3')

and

FGPS1509-153

(5’–

AAGGAGGTGATCCAGCCGCA–3’) as forward and reverse primers. The 50 μL PCR
reaction mixture contained: 5 μL of 10 X PCR buffer with (NH4)2SO4, 5 μL of 2.5 mM dNTP
mixture, 4 μL of 25 mM magnesium chloride, 1 μL of 100 picomolar of each primer, 2.5 units of
Taq DNA polymerase, 1 μg of genomic DNA and finally water was added to make volume up to
50 μL. The reaction mixture was incubated in a thermal cycler at 94 °C for 5 min and then it
underwent 30 amplification cycles of 30 sec at 94 °C, 30 sec at 55 °C and 45 sec at 72 °C,
followed by a final extension time of 10 min at 72 °C. The PCR product was analyzed on 1%
agarose gel. The PCR product was purified from the agarose gel using DNA extraction kit
(Fermentas) and was cloned into pTZ57R/T (Fig. 3) using Insta T/A clone PCR product cloning
kit according to manufacturer’s recommendations. The positive colonies were selected on the
basis of blue/ white screening (Sambrook and Rusell, 2001). The colonies were inoculated and
overnight cultures were used to isolate plasmid DNA by alkaline lysis method as reported by
Birnboim and Doly (1979). The presence of insert was confirmed by restricting the recombinant
plasmid DNA with EcoR1 and HindIII with an incubation of 3 h at 37 °C and analyzed by 1 %
agarose gel electrophoresis.
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Fig. 3. Restriction map of vector pTZ57R/T.

2.2.2.5. Sequence analyses of 16S rRNA
The recombinant plasmid DNA containing 16S rRNA gene was utilized for DNA
sequencing by using ABI-310 single capillary automated DNA sequencer (Applied Biosystems,
Foster City, USA). Database homology searches were performed by using Basic Local
Alignment Search Tool (BLAST) programme (Altschul et al., 1990). Multiple sequence
alignment and phylogenetic analyses were performed by using ClustalW programme (Thompson
et al., 1994) provided by DNA Data Bank of Japan.
2.2.2.6. Nucleotide sequence accession number
The sequence of 16S rRNA gene is available under the accession number AB306519 in
the GenBank/EMBL/DDBJ databases.
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2.2.3. Characterization on the basis of chapronin gene sequence
2.2.3.1. PCR amplification and sequence analyses of chapronin gene
A

part

of

chapronin

gene

was

amplified

by

PCR

using

H729

CGCCAGGGTTTTCCCAGTCACGACGAIIIIGCIGGIGAYGGIACIACIAC–3’)

(5’–
and

H730 (5’–AGCGGATAACAATTTCACACAGGAYKIYKITCICCRAAICCIGGIGCYTT–
3’) primers as priming strands and the genomic DNA of the isolate as a template. The primers
H729 and H730 contained M13 forward and reverse sequencing primers sequence (underlined),
respectively. Therefore, the PCR product was directly sequenced and the resulting DNA and
amino acid sequences were used for alignment, homology search and constructing a
phylogenetic tree.
2.2.3.2. Nucleotide sequence accession number
The sequence of chapronin gene is available under the accession number AB465597 in
the GenBank/EMBL/DDBJ databases.

2.3. Cloning and characterization of Lipase
2.3.1. PCR amplification of the lipSBS gene
Full

length

lipase

gene

was

amplified

by

using

the

SBS-LIP-N

(5’–

CATATGGCGGCTTCGC GAGCCAACGATGCGCC–3’) as forward and SBS-LIP-C (5’–
TTAAGGTTGCAAGCTCGCCAACTGCTCG–3’) as reverse primers. These primers were
designed on the basis of DNA sequence of lipase from Geobacillus kaustophilus whose complete
genome has been determined (Takami et al., 2004). Forward primer contained the site for
restriction enzyme NdeI. The PCR reaction mixture and amplification procedure were same as
explained above in section 2.2.2.4. The PCR product was analyzed by 1% agarose gel
electrophoresis and the appropriate band was cut and DNA was purified from the gel by using
the DNA purification kit (Fermentas).
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2.3.2. Ligation of the lipSBS gene in pTZ57R/T
The purified PCR amplified lipSBS gene fragment was quantified and ligated into
pTZ57R/T by using T4 DNA ligase (Fermentas). The 15 μL ligation reaction mixture contained:
1.5 μL of 10 X ligation buffer (40 mM Tris-HCl pH 7.8 at 25 oC, 10 mM MgCl2, 10 mM DTT
and 5 mM ATP), 0.3 μg of pTZ57R/T vector, 1 μg purified lipase gene that was amplified by
PCR and 5 units of T4 DNA ligase. The ligation mixture was incubated overnight at 22 oC. E.
coli DH5α cells were transformed by using this ligation mixture. The resulting recombinant
plasmid was named pTZ-lip.

2.3.3. Restriction analyses of pTZ-lip
Plasmid DNA was isolated from transformants and the presence of insert in the
recombinant plasmid was confirmed by restriction digestion with NdeI and HindIII. The reaction
mixture was incubated at 37 oC and the pattern was analyzed by 1% agarose gel. DNA
sequencing, database homology, multiple sequence alignment and phylogenetic analyses were
performed as described above in section 2.2.2.5.

2.3.4. Expression of the lipSBS gene
For expression, the gene fragment was cleaved from pTZ-lip utilizing the NdeI and
HindIII restriction enzymes and ligated in pET-21a (Fig. 4) expression vector that was
previously digested with the same restriction enzymes. The resulting plasmid was named as pETlip. This recombinant plasmid was used for the expression of the LIPSBS in E. coli BL21 (DE3).
Cells carrying recombinant vector were grown for 16 h at 37 °C in LB medium containing
ampicillin (100 μg/mL). The preculture was inoculated (1%) into fresh LB medium containing
ampicillin and cultivation was continued until the optical density at 660 nm reached 0.4. The
gene

expression

was

induced

with

0.1

mM

(final

concentration)

isopropyl-β-D-

thiogalactopyranoside (IPTG) and incubation was continued for another 4.5 h at 37 °C. Cells
were harvested by centrifugation at 6,000 x g for 10 min and washed with 50 mM Tris-HCl
buffer (pH 8.0). The cell pellet was resuspended in the same buffer, and the cells were then
disrupted by sonication for 10 min (with a pulse of 20 s and cooling for 1 min each time on ice)
using Ultrasonic Processor (Sonics). Soluble and insoluble fractions were separated by
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centrifugation (15,000 x g for 30 min). Protein pattern analyses was done by 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

2.3.5. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Bio-Rad mini gel vertical electrophoresis apparatus was used to perform sodium dodecyl
sulphate poly acrylamide gel electrophoresis as described by Laemmli, 1970. Acrylamide
concentration for resolving gel was 12% and for stacking gel 5%. Gel was polymerized between
two plates having a spacer of 1 mm. The 10 mL of resolving gel was prepared by mixing 5 mL
of 30% acrylamide solution (acrylamide 29% and bisacrylamide 1%), 2.5 mL of 1.5 M Tris-HCl
buffer (pH 8.8), 0.1 mL of 10% SDS, 0.1 mL of 10% ammonium persulphate and 0.004 mL of
TEMED where as the 3 mL of stacking gel was prepared by mixing 0.5 mL of 30% acrylamide
solution (acrylamide 29% and bisacrylamide 1%), 0.38 mL of 1.5 M Tris-HCl buffer (pH 6.8),
0.03 mL of 10% SDS, 0.03 mL of 10% ammonium persulphate and 0.003 mL of TEMED. A
comb was inserted into stacking gel to form wells for sample loading. Electrophoresis was
performed at 2 mA/cm2 for 60-80 min until bromophenol blue dye front completely left the
bottom of gel. 1X Tris-glycine buffer (Trisma base 0.3%, Glycine 1.87%, Sodium dodecyl
sulphate 0.1%) with pH 8.3 was used to run the gel. Samples were loaded on the gel after mixing
with the 2X sample buffer (Trisma base 1.2%, SDS 4%, Glycerol 20% (v/v), Dithiothreitol 3%,
Bromophenol blue 0.2 % and pH was adjusted to 6.8).
On completion, the gel was stained with staining solution (coomassie brilliant blue
0.25%, glacial acetic acid 10% (v/v) and methanol 45% (v/v) for 30 min (Sambrook and Russel,
2001). Extra stain was removed with de-staining solution (Glacial acetic acid 10%, methanol
30% and water 60%) in order to increase the visibility of protein bands.

2.3.6. Estimation of protein concentration
Protein concentration was estimated either by absorption measurements at 280 nm or
dyebinding method of Bradford using BSA as standard (Bradford, 1976). The dye-binding
reagent was prepared by dissolving 100 mg of Coomassie brilliant blue G250 in 50 mL ethanol
and 100 mL Ortho-phosphoric acid. Volume was made up to 1 liter with distilled water and the
reagent was filtered twice before use. For assay, appropriately diluted protein sample was mixed
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with 5 mL dye-binding reagent and incubated at room temperature for 10-15 min prior to
absorbance measurements at 595 nm. A standard curve was thereafter plotted with known
concentrations of BSA and used to calculate the concentration of protein in the test samples.

Fig. 4. Restriction map of vector pET21a(+)

2.3.7. Solubilization and refolding of LIPSBS
The recombinant LIPSBS was expressed in insoluble form as inclusion bodies. The protein
was denatured and refolded to get functionally active protein. The expressed LIPSBS inclusion
bodies were washed with 50 mM Tris-HCl buffer (pH 8.0) containing 1% Triton X-100. Centrifugation
was done and the pellet was rinsed with the same buffer without detergent. The denaturation of LIPSBS
was done by solubilizing the inclusion bodies in 8 M urea. Soluble/denatured protein was separated from
the rest portion by centrifugation at 15,000 x g for 30 min at 4 °C. Refolding was done by fractional
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dialysis against 6, 4, 2, and 0 M urea in 50 mM Tris-HCl (pH 8.0) at 4 °C. The dialyzed sample
was centrifuged to separate the insoluble protein from the refolded one at 15,000 x g for 30
minutes at 4 °C and the soluble portion was purified by column chromatography.

2.3.8. Purification of the LIPSBS
Purification of the refolded lipase was done by ion exchange chromatography (by using
Resource Q column) and gel filtration by using the Superdex 200 10/300 GL column. In the first
case the equilibration of the column was done by using 20 mM Tris-HCl buffer (pH 8.0)
containing 0.01% Triton X-100 and the bound protein was eluted by making a gradient with the
same buffer containing 1M NaCl. In case of gel filtration the buffer used was 50 mM Tris-HCl
(pH 8.0) containing 150 mM NaCl. The purified LIPSBS was used for further studies.

2.3.9. Lipase activity assay
Lipase activity was examined by the spectrophotometeric method using p-nitrophenyl
acetate as a substrate (Caro et al., 1986). The assay reaction was performed at 60 °C in 50 mM
Tris-HCl buffer (pH 8) and increase in absorbance due to liberation of p-nitrophenol was
measured at 400 nm. The reaction mixture (1 mL), contained 50 mM Tris-HCl buffer (pH 8.0), 2
mM substrate, 10 mM CaCl2 and 1 μg of the enzyme. One unit of activity was defined as the
amount of enzyme required to release 1 μmol of p-nitrophenol per min. The control experiment
contained all the components except the enzyme. For kinetic studies the substrate concentration
was varied between 0 and 15 mM.
Lipase activity was also examined by titrating free fatty acids liberated from olive oil
with alkali. The assay mixture (6 mL), containing 50 mM Tris-HCl buffer (pH 8), 8% (v/v)
substrate (olive oil), 10 mM CaCl2, and 8 μg of enzyme, was incubated at 60 °C for 30 min with
stirring in the shaker at 150 rpm. The enzymetic reaction was stopped by the addition of 20 mL
of ethanol. The amount of fatty acids released during the incubation was determined by titrating
the mixture with 50 mM KOH to pH 10 (Rashid et al., 2001). One unit of lipase activity was
defined as the activity required, to release 1 μmol of fatty acids per min under the above
conditions.
37

2.3.10. Molecular mass determination
Mass spectrum of purified recombinant LIPSBS was acquired on 6224 TOF LC/MS
equipped with a dual electrospray ionization source. Positive ions were generated using a dual
ESI voltage of 3.5 kV with the gas temperature at 325 °C, drying gas flow 5 L/min, and a
nebulizer pressure of 30 psig. Data were collected at a scan rate of 1.03 spectra/s. The flow
injection analyses was performed by injecting 20 μL of LIPSBS (6 μg of protein/μL of 10 mM
Tris-HCl pH 8.0) at a rate of 0.2 mL/min, using a gradient of 70% of 0.1% formic acid and 30%
acetonitrile in 0.1% formic acid. Typically TIC (total ion current) chromatogram was generated,
calibrated with an ESI-L Low concentration tuning mix (as provided with the instrument).
Multiply charged spectrum was extracted from TIC in Agilent MassHunter Qualitative Analyses
software and processed for deconvolution.
Molecular mass of the purified protein was also determined by gel filtration
chromatography using Superdex 200 10/300 GL column (GE Healthcare).

2.3.11. Characterization of LIPSBS
Purified LIPSBS was used for its characterization. Regarding the characterization optimum
temperature, thermostability, optimum pH and pH stability studies were done. Effect of various
metals ions on the activity of LIPSBS was also analyzed.
2.3.11.1. Effect of temperature on the LIPSBS activity
The optimum temperature for the activity of LIPSBS was determined by conducting assay
at 40, 45, 50, 55, 60 and 65 °C. The 50 mM Tris-HCl buffer (pH 8.0) was used for the activity
assay. In order to check thermostability of lipase, protein was incubated for 30 min at 40, 50, 55,
60 and 70 °C in the presence of 10 mM calcium chloride and activity assay were done at 60 °C
by using the 8 mM p-nitrophenyl acetate (substrate) as mentioned above in section 2.3.9.
2.3.11.2. Effect of pH on the LIPSBS activity
Activity assay were done at different pH in order to find the optimum pH for the activity
of LIPSBS. Olive oil was used as a substrate in the activity assay. The assay mixture (5 mL)
containing 50 mM Tris-HCl buffer pH 8, 10 mM calcium chloride, 0.5 mL of olive oil and 8 µg
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of LIPSBS) at each pH were incubated at 60 °C in the shaker with 150 rpm shaking for 30 min
and reaction was stopped by the addition of 20 mL of absolute ethanol. Hydrolysis of fatty acids
by LIPSBS was analyzed by titrating the assay mixture against the 50 mM KOH. The blank
contained all but enzyme. The buffers used were: sodium acetate (pH 5-6), sodium phosphate
(pH 6-7), Tris-HCl (pH 8-9) and glycine-NaOH (pH 9-10).

2.3.11.3. pH stability of the LIPSBS
In order to examine the pH stability of lipase the protein was diluted 10 times with
different buffers followed by 30 min incubation at room temperature in the presence of 10 mM
calcium chloride and the activity assay were done at 60 °C by using the p-nitrophenyl acetate as
substrate with Tris-HCl buffer pH 8.0. Following buffers were used: sodium acetate (pH 4-6),
sodium phosphate (pH 6-7), Tris-HCl (pH 8-9), glycine-NaOH (pH 9-11) and KCl-NaOH (pH
13).
2.3.11.4. Effect of metal ions and detergents on the activity of the LIPSBS
Activity assay were done in the presence of various metals and detergents in order to
observe their effect on the activity of LIPSBS. Divalent cations (Ca2+, Mn2+, Mg2+, Zn2+, Ni2+,
Co2+ and Cu2+) and detergents (SDS, Tween-20, Tween-80 and Triton X-100) with final
concentration of 1 mM of each was used in the assay separately. Assays were conducted as
described in section 2.3.9. using p-nitrophenyl acetate as substrate with Tris-HCl buffer pH 8.0.
2.3.11.5. Degradation of oils by LIPSBS
In order to check the degradation of long chain fatty acids by the LIPSBS, various oils
were used. The oils used were: olive oil, corn oil, sunflower oil, soybean oil, kalonji oil, mustard
oil, almond oil and caster oil. The assays were done in the same way as mentioned in the in
section 2.3.9.
2.3.11.6. Kinetic studies of LIPSBS
Regarding kinetic studies, activity assays were performed at 60 °C using 0-15 mM pnitrophenyl acetate in 50 mM Tris-HCl buffer (pH 8.0) containing 10 mM CaCl2 and 1 μg of the
enzyme. Kinetic parameters were calculated from lineweaver burk plot.
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2.3.12. X-Ray crystallographic studies of the LIPSBS
2.3.12.1. Crystallization and data collection
The purified monomeric protein was utilized for the screening of crystal by using crystal
screen (Hampton Research) and wizard (Emerald BioSystems) crystallization kits. The screening
was done at temperatures ranging 277-293 K and various concentrations (5-10 mg/mL) of
LIPSBS.
The crystals were then mounted on a cryoloop (Hampton Research) and flash-frozen in a
stream of nitrogen gas at -173°C. The synchrotron radiation experiments were performed by
using the Quantum 210 CCD (ADSC) image plate detector with an oscillation of 1° per image at
the beam line BL38B1 and BL44XU in the SPring-8 with the approval of the Japan Synchrotron
Radiation Research Institute (JASRI) (Proposal No. 2008A1106, No. 2008B6909, No.
2009A1357, and No. 2009B6915). The data sets were indexed, integrated, and scaled using
HKL2000 suite (Otwinowski and Minor, 1997).
2.3.12.2. Structure determination and refinement
Initially processed data was further analyzed by using the Collaborative Computational
Project Number 4 (CCP4) package (1994). The structure of LIPSBS was developed by using
MOLREP (Vagin and Teplyakov, 1997) from CCP4, lipase from Bacillus stearothermophilus L1
was used as a model (PDB code 1KU0). Initial electron density map was generated using CNS
(Brunger et al., 1998). Several cycles of structure refinement were done using Refmac
(Murshudov et al., 1997) and Coot (Emsley and Cowtan, 2004). Progress in the structural
refinement was evaluated by the free R-factor, Procheck (Laskowski et al., 1993) and Rampage
(Lovell et al., 2003) were used for inspection of stereochemical parameters. The PyMol was used
for the preparation of figures (DeLano Scientific, http://www.pymol.org). The water molecules
were added where needed.
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2.3.13. Molecular Dynamics (MD) simulation studies of the LIPSBS
MD simulation studies were done by using LIPSBS data from X-ray crystallographic
studies. PDB coordinates for octane were generated using Coot from their SMILES specification
(Weininger, 1988). MD simulation studies were done using Gromacs ver. 3.3.316 utilizing the
GROMOS G53a6 forcefield on a DELL DPeR900 server (HPC echnologies) running on CentOS
4. For MD simulation studies LIPSBS was packed in the box (X=55 A°, Y= 55 A° and Z= 58 A°)
with 439 or 130 hydrophobic octane molecules around LIPSBS lid (Fig. 5). Packmol program
(Martinez et al., 2009) was used for packing the LIPSBS with octane molecules and these
hydrophobic molecules were placed in such a way that these can interact with lid during the
simulation studies.

Fig. 5. The packing of LIPSBS with the hydrophobic octane molecules. The lines present the octane molecules where as the lipase is shown by
cartoon model. The packing was done by using the Packmol program.

A hypothetical box of water molecules was created around the already packed protein
with octane molecules, with the addition of sodium ions to neutralize the overall charge of the
system (Fig. 6).
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Fig. 6. Packing of protein with octane molecules in the box of water. The spheres represent the sodium ions and lipase is shown by cartoon
model. GROMOS software was used to fix the protein in the box of water.

Energy minimization was done using steepest descents method such that the maximum
force on any atom (Fmax) was less than 1000 kJ, followed by position restrained simulation at 310
K for 100 ps to equilibrate water molecules. MD simulation was performed for 20 ns for the
closed conformation in the presence of octane molecules at constant temperature of 310 K and
pressure of 1 atm. The simulation trajectories were analyzed using several auxiliary programs
provided with the GROMACS package, using g_rms and g_dist utilities to compute the root
mean square deviances (rmsd) of atomic positions and atom-atom distances, respectively. The
rmsd of the lids and entire protein atoms were calculated following least-square fitting of the
backbone atoms of trajectories. VMD was used to generate simulation movies (Humphrey et al.,
1996).

2.3.14. Nucleotide sequence accession number
The sequence of the LIPSBS gene was submitted under the accession number BAH28804 in the
GenBank/EMBL/DDBJ databases.
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2.4. Cloning and characterization of carboxypeptidase
2.4.1. PCR amplification of the cbpSBS gene
The gene encoding CBPSBS was amplified by PCR by using genomic DNA of SBS-4S as

a template and CBP-F (5’-CATATGAAACCAATCGAAGCGCAG) and CBP-R (5’CTATAATCGATAAAGCGCC) as forward and reverse primers, respectively. These primers
were designed on the basis of DNA sequence of carboxypeptidase from Geobacillus
kaustophilus whose complete genome has been determined (Takami et al., 2004). The forward
primer contained NdeI restriction site. The 50 μL PCR reaction mixture contained: 5 μL of 10 X
PCR buffer with (NH4)2SO4, 5 μL of 2.5 mM dNTP mixture, 4 μL of 25 mM magnesium
chloride, 1 μL of 100 picomolar of each primer, 2.5 units of Taq DNA polymerase, 1 μg of
genomic DNA and finally water was added to make volume up to 50 μL. The reaction mixture
was incubated in a thermal cycler at 94 °C for 5 min and then it underwent 30 amplification
cycles of 30 sec at 94 °C, 30 sec at 55 °C and 45 sec at 72 °C, followed by a final extension time
of 10 min at 72 °C. The amplified PCR product was analyzed on agarose gel. The gel band was
cut and gene was purified from the gel by DNA purification kit (Fermentas).

2.4.2. Ligation of the cbpSBS gene
The purified cbpSBS gene was ligated in pTZ57R/T using T4 DNA ligase (Fermentas).
The 15 μL ligation reaction mixture contained: 1.5 μL of 10 X ligation buffer (40 mM Tris-HCl
pH 7.8 at 25 oC, 10 mM MgCl2, 10 mM DTT and 5 mM ATP), 0.4 μg of pTZ57R/T vector, 1.5
μg purified cbpSBS gene that was amplified by PCR and 5 units of T4 DNA ligase. The ligation
mixture was incubated overnight at 22 oC. E. coli DH5α cells were transformed by using this
ligation mixture. The resulting plasmid was named pTZ-cbp. Screening was done on the basis of
blue/white colour of the transformants (Sambrook and Rusell, 2001).
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2.4.3. Restriction analyses of pTZ-cbp
Plasmid DNA was isolated from transformants and the presence of insert in the vector
was confirmed by restriction digestion with NdeI and HindIII. The reaction mixture was
incubated at 37 oC and the restriction pattern was analyzed by 1% agarose gel.

2.4.4. DNA sequencing and phylogenetic analyses of cbpSBS gene
DNA sequencing of the cloned gene was performed using ABI-310 single capillary
automated DNA sequencer (Applied Biosystems, Foster City, USA). Database homology
searches were performed by using Basic Local Alignment Search Tool (BLAST) programme
(Altschul et al., 1990). Multiple sequence alignment and phylogenetic analyses were performed
by using ClustalW programme (Thompson et al., 1994) provided by DNA Data Bank of Japan.

2.4.5. Expression of the cbpSBS gene
In order to clone the gene in expression vector, recombinant pTZ-cbp was double
digested with NdeI and HindIII. The restricted insert was purified from the agarose gel and
ligated into pET-21a(+). The resulting plasmid was named pET21-cbp. E. coli DH5α cells were
transformed using pET21-cbp. The presence of gene was confirmed by digesting the purified
recombinant plasmid pET21-cbp with restriction enzymes NdeI and HindIII. After confirmation,
E. coli BL21 CodonPlus(DE3)-RIL cells were transformed using pET21-cbp. Cells carrying
recombinant vector were grown for 16 h at 37 °C in LB medium containing ampicillin (100
μg/mL). The preculture was inoculated (1%) into fresh LB medium containing ampicillin and
cultivation was continued until the optical density at 660 nm reached 0.4. The gene expression
was induced with 0.1 mM (final concentration) isopropyl-β-D-thiogalactopyranoside (IPTG) and
incubation was continued for another 4.5 h at 37 °C. Cells were harvested by centrifugation at
6,000 x g for 10 min and washed with 20 mM Tris-HCl buffer (pH 8.0). The cell pellet was
resuspended in the same buffer, and the cells were then disrupted by sonication for 10 min (with
a pulse of 20 s and cooling for 1 min each time on ice) using Ultrasonic Processor (Sonics).
Soluble and insoluble fractions were separated by centrifugation (15,000 x g for 30 min). Protein
pattern analyses was done by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
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(SDS-PAGE). The expression of the gene was also examined at 25 °C in the same way as
described above except for the post induction time that was 20 h.

2.4.6. Production of the CBPSBS in the presence of a chapronin
CBPSBS expression was also analyzed in the presence of chapronin. GroES/EL gene from
E. coli in pET-28a was kindly provided by Dr. Yuichi Koga (Kanaya labs, Graduate School of
Engineering, Osaka University, Japan) and this recombinant plasmid was named pET28-gro. E.
coli BL21 CodonPlus(DE3)-RIL cells were transformed using plasmids pET28-gro (containing
GroES/EL gene) and pET21-cbp (containing cbpSBS gene) one by one. Ampicillin and kanamycin
(50 µg/mL each) were used in the medium to make sure the presence of both plasmids. The coexpression of CBPSBS in the presence of chapronin was examined at 37 °C in the same way as
explained in the section 2.4.5. The co-expression was also analyzed at 25 °C with the post
induction time that was 20 h to observe the effect of temperature on the solubility of CBPSBS and
protein analyses was done by 15% SDS-PAGE.

2.4.7. Solubilization and refolding of CBPSBS
For refolding the recombinant CBPSBS, the inclusion bodies were solubilized in 6 M
guanidinium hydrochloride (Gdn-HCl). Soluble and insoluble fractions were separated by
centrifugation at 20,000 x g for 20 min. The soluble fraction after centrifugation was either
diluted 100 times in the presence or absence of additives or salt was removed by fractional
dialysis. Ionic (SDS) and non-ionic (Tween-20, Tween-80, Triton X-100, Brij-35 and Brij-58)
detergents with a final concentration of 1% each, divalent cations (Ca2+, Mg2+, Zn2+, Co2+ and
Mn2+) at a final concentration of 1 mM each, arginine 0.5 M, glycerol 2% and oxidized/reduced
glutathione at 1/0.2 mM concentrations, respectively, were used independently as additives in 20
mM Tris-HCl buffer pH 8.0 in order to refold the solubilized CBPSBS.

2.4.8. Cloning of the cbpSBS gene in pET-28a
The carboxypeptidase gene in pET21-cbp was digested using NdeI and HindIII restriction
enzymes and ligated in the pET-28a (Fig. 7) previously digested with the same enzymes. The
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restriction mixture consisted of 5 µg of pET21-cbp, 5-10 units of each of NdeI and HindIII and
2x tango buffer. The reaction mixture was incubated at 37 °C for four hours and restriction
pattern was analyzed by 1% agarose gel electrophoresis. The purified cbpSBS gene was ligated in
the pET-28a and the recombinant plasmid was named pET28-cbp. E. coli DH5α cells were
transformed by recombinant pET28-cbp.

Fig. 7. Restriction map of vector pET-28a

2.4.9. Colony PCR of the transformants
Colony PCR was done to find the positive transformants. The 25 μL PCR reaction
mixture contained: 1X PCR buffer with (NH4)2SO4, 1.5 mM magnesium chloride, 0.04 mM
dNTP mixture, 4 pM of each primer (T7 promoter and T7 terminator), 2 U of rTaq DNA
polymerase (BioReadyTM) and finally water was added to make volume up to 25 μL. The colony
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was mixed to the reaction mixture and this PCR mixture was incubated in a thermal cycler at 94
°C for 5 min and then it underwent 35 amplification cycles of 45 sec at 94 °C, 45 sec at 50 °C
and 1.5 mins at 72 °C, followed by a final extension time of 10 min at 72 °C. The PCR product
was then analyzed on 1% agarose gel.

2.4.10. Restriction analyses of pET28-cbp
Restriction analyses of pET28-cbp was done using Nde1 and HindIII restriction
endonucleases as explained above in the section 2.4.8. The restriction pattern was analyzed by
the 1% agarose gel electrophoresis.

2.4.11. Production of the CBPSBS with 6x-His-Tag (His-CBPSBS)
E. coli BL21 CodonPlus(DE3)-RIL cells were transformed using pET28-cbp.
Heterologous expression of the gene was induced with IPTG. In order to find the optimum
expression of His-CBPSBS, the expression was analyzed by inducing the cells carrying pET28cbp with various concentrations of IPTG. Expression of the gene was analyzed by SDS-PAGE as
described above.

2.4.12. Purification of His-CBPSBS
The soluble portion after cell lyses was loaded into the HiTrap Sepharose column (GE
Healthcare) charged with Ni2+ and equilibrated with 20 mM Tris-HCl pH 8.0 containing 150 mM
NaCl and 5 mM imidazole. After loading the column was washed with the same buffer to
remove all the unbound proteins. The bound protein was eluted by linearly increasing the
concentration of imidazole to 500 mM. The purity of the protein was analyzed by SDS-PAGE.
The fractions containing the protein were mixed and concentrated by using amicon ultra (30,000
MWCO) filter assembly (Millipore, MA, USA). The concentrated protein was further purified by
HiLoad 16/60 Superdex-200 (GE Healthcare) gel filtration column equilibrated with 20 mM
Tris-HCl buffer pH 8.0.

47

2.4.13. Molecular mass determination
Matrix-assisted laser desorption-ionization/time-of-flight mass spectrometry (MALDITOF MS) was used for molecular mass determination of recombinant His-CBPSBS. Salts present
in the protein sample were removed and 2.5 µL (2.5 µg) was mixed with 10 µL of 3, 5dimethoxy-4-hydroxycinnamic acid (10 mg/mL in acetonitrile and 0.1% TFA water, in a ratio of
2:1). 1 µL of this mixture was applied to the plate and dried at room temperature for 15-25 min.
Spectrum was observed using Voyager (ABI) in positive ion mode, by striking 200 shots in a
acquisition mass range of 20,000-80,000 Da. Final spectrum was subjected to smoothing,
baseline subtraction and centroiding.

2.4.14. Enzyme activity assay
The activity of His-CBPSBS was determined by using the carbobenzoxy-alanine-arginine
(Cbz-Ala-Arg) as a substrate. The standard activity assay was done by using 20 mM Tris-HCl
pH 8.0 with 1 mM Co2+ and 8 mM substrate. The reaction mixture (250 µL) had a composition
of 2.5 µg His-CBPSBS, 20 mM Tris-HCl buffer pH 8.0, 8 mM substrate and 1 mM cobalt
chloride. This assay mixture was incubated at 70 °C for 10 min followed by quenching on ice.
The color was developed by the addition of 700 µL of Cd2+ ninhydrin reagent (Lee et al, 2006)
with an incubation of 5 min at 80 °C. Finally the samples were put on ice and optical density was
measured at 500 nm. Enzyme activity was calculated by using L-arginine standard curve. The
blank contained all the reagents except His-CBPSBS. One unit of the activity was defined as the
amount of enzyme that librates 1 µmol of L-arginine from Cbz-Ala-Arg per min at 70 °C.

2.4.15. Characterization of His-CBPSBS
2.4.15.1. Effect of temperature on His-CBPSBS activity
Effect of temperature on His-CBPSBS activity was examined at pH 8.0 in 20 mM TrisHCl by incubating the assay mixture at various temperatures ranging from 40 to 80 °C.
Thermostability and denaturation studies of His-CBPSBS were done by activity assay as
well as circular dichroism (CD) spectroscopy. For thermostability analyses, the protein (0.7
mg/mL) was incubated at 70 °C in the presence and absence of various concentrations of Co 2+.
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Samples were withdrawn after every 15 min, quenched on ice and the remaining enzyme activity
was examined as described above.
For stability studies in the presence or absence of Co2+, the CD value of the protein was
analyzed at various temperatures ranging from 20–90 °C at a wavelength of 222 nm. During
these studies, an increase of 1 °C/min was maintained. The far-UV CD spectrum of His-CBPSBS
was analyzed at 20, 50, 70 and 90 °C at a wavelength range of 200–260 nm. The protein used for
thermostability/denaturation studies was in 20 mM Tris-HCl buffer pH 8.0 with a concentration
of 0.7 mg/mL.
2.4.15.2. Effect of pH, detergents and metal ions on the activity of His-CBPSBS
For optimum pH, the enzyme activity was analyzed at 70 °C and various pH in the
presence of 100 mM of following buffers: sodium acetate (pH 4-6), sodium phosphate (pH 6-7)
Tris-HCl (pH 7-9) and CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) buffer (9-10). In
order to examine the pH stability of His-CBPSBS, 10 µL of the protein sample was diluted 10
times in 100 mM of various buffers as mentioned above for optimal pH of the enzyme activity
and incubated at 25 °C for one hour prior to the activity measurements. Activity assay was done
by taking 10 µL of the above diluted sample and measuring the enzyme activity in 100 mM TrisHCl buffer pH 8.0 at 70 °C.
The effect of divalent metal ions on the enzyme activity was analyzed in the presence of
1 mM of each metal ions examined. Chloride salts of Ca2+, Co2+, Cu2+, Fe2+, Mg2+, Mn2+, Ni2+
and Zn2+ were used in the activity assay.
In order to examine the effect of ionic (SDS) and nonionic (Tween-20, Tween-80 and
Triton X-100) detergents on His-CBPSBS, activity assays were done with final concentration of
1% of each in the assay separately.

2.4.15. Nucleotide sequence accession number
The sequence of cbpSBS gene was submitted under the accession number BAH28805 in the
GenBank/EMBL/DDBJ databases.
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3. RESULTS
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3.1. Strain isolation
The spreading of diluted water samples on LB plates gave single colonies after 48 h,
when plates were incubated at 55 °C. The colonies were further purified by repeated streaking.
The isolated microorganism was named as SBS-4S.

3.2: Growth conditions for the isolate
3.2.1. Growth media
Various media were used to examine the growth of the microorganism as mentioned in
the materials and methods (2.1.2.1). Maximum growth was recorded in the presence of TS
medium with an optical density (OD) of 1.8 at 660 nm after 22 h of incubation at 65 °C. Where
as in the presence of mLB, LB, NB and GM media the OD recorded at 660 nm was 1.6, 1.4, 1.2
and 0.4 after an incubation of 22 h at 65 °C (Fig. 8).

Fig. 8. Effect of growth media on the growth of SBS-4S. The pH of the growth medium was adjusted to 7.0 and cultivation was carried out at 65
C in triplicate. Symbols used are: close circles, growth in TS medium; open circles, growth in mLB medium; close triangles, growth in LB
medium; open triangles, growth in NB medium; crosses, growth in GM medium.
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3.2.2. Optimum growth temperature
In order to find the optimum temperature for the growth of strain SBS-4S, the
microorganism was grown at various temperatures that were 55, 60, 65 and 70 °C. The growth
rate was increased with the increase in temperature and the maximum growth was found at 65 °C
with an optical density of 2.0 at 660 nm after 20 h of incubation. In case of 55, 60 and 70 °C the
optical densities recorded after 20 h of incubation were 1.1, 1.5 and 1.79 respectively (Fig. 9).

Fig. 9. Optimum growth temperature of SBS-4S. The growth was examined at various temperatures at pH 7. Symbols used are: open triangles,
growth at 55 °C; close triangles, growth at 60 °C; close circles, growth at 65 °C and open circles, growth at 70 °C.

3.2.3. Optimum pH for the growth
In order to check the optimum growth of SBS-4S at different pH, the growth rate was
analyzed in the presence of buffers with various pH as mentioned in the section 2.1.2.3. The
microorganism has the ability to grow in a pH range of 5.5 to 9.5 with optimum growth in
sodium phosphate buffer at pH 7 (Fig. 10). The optical density recorded at 660 nm in the
presence of phosphate buffer pH 7 was 1.49 after an incubation of 18 h at 65 °C.
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Fig. 10. Optimum pH for the growth of SBS-4S. The growth was analyzed by using various buffers: sodium acetate (pH 5.5-6); sodium
phosphate (pH 6.5-7.5) and Tris-HCl (pH 8-9.5) at 65 °C. The optical density was recorded at 660 nm after an incubation of 18 h.

3.2.4. Salt tolerance
The growth of microorganism was also studied in the absence and presence of salt in TY
medium. Highest growth was achieved in the absence of salt. It was observed that increase in salt
concentration retarded the growth of the microorganism (Fig. 11).

Fig. 11. Effect of salt on the growth of SBS-4S. The growth was examined at 65 °C in the absence and presence of various concentration of
sodium chloride. The symbols used are: close circles, growth without salt; open circles, growth with 1% salt; close triangles, growth with 2% salt;
open triangles, growth in the presence of 3% salt; open squares, growth with 4% salt and cross, growth with 5% salt in TY medium.
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3.2.5. Antibiotic sensitivity
In order to find the resistance/sensitivity of microorganism against antibiotics, the growth
was analyzed in the presence of various antibiotics. The growth of microorganism in the
presence of rifampicin, streptomycine and spectinomycin confirms the resistance of
microorganism against these antibiotics where as SBS-4S was found to be sensitive to ampicillin,
amoxicillin, carbenicillin, choloramphenicol, gentamycine, kanamycin and tetracycline.

3.3. Identification of SBS-4S
The identification of the microorganism was done on the basis of biochemical
characteristics as well as 16S rRNA and chapronin gene sequences.

3.3.1. Biochemical characterization
Biochemical characterization was performed by using QTS-24 miniaturized identification
system. Gram staining of the microorganism indicated that the cells were Gram-positive rods
with a tendency to decolorize it easily. It exhibited oxidase, catalase activities and could produce
nitrogen gas from nitrate. It produced acid from various sugars including glucose, arabinose,
inositol, maltose, raffinose, melibiose, and rhamnose. It could hydrolyze starch, gelatin, malonate
and o-nitrophenyl-β-D-galactopyranoside. It was unable to produce acid from adonitol, sorbitol,
mannose and sucrose. It could not hydrolyze urea and citrate. It did not show decarboxylase
activity, indole and H2S production. A comparison of the biochemical characteristics of SBS-4S
with reported strains are shown in Table 2.
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Table 2: Biochemical characteristics of newly isolated microorganism and its comparison with the reported strains.

Characteristics

Microorganisms

SBS-4S

1

2

3

4

5

6

7

8

9

Motility
Production of Acid from

+

+

+

+

+

-

ND

ND

+

+

Adonitol

-

-

v

-

-

v

+

ND

-

-

L-Arabinose

+

-

-

-

-

-

-

+

+

-

Inositol

+

-

-

-

-

-

+

ND

-

-

Rhamnose

+

-

-

-

+

-

-

V

-

-

Sorbitol

-

-

-

+

+

-

-

ND

-

-

Glucose

+

ND

ND

ND

ND

ND

ND

ND

ND

ND

Mannose

-

ND

ND

ND

ND

ND

ND

ND

ND

ND

Maltose

+

ND

ND

ND

ND

ND

ND

ND

ND

ND

Sucrose

-

ND

ND

ND

ND

ND

ND

ND

ND

ND

Melibiose

+

ND

ND

ND

ND

ND

ND

ND

ND

ND

Raffinose

+

ND

ND

ND

ND

ND

ND

ND

ND

ND

+

+

+

+

+

+

+

V

+

+

+

-

-

-

Hydrolysis of
Starch
Gelatin

+

-

+

-

-

-

+

ND

Urea

-

-

-

-

+

ND

-

-

Citrate

-

-

v

+

-

+

+

V

-

-

Malonate

+

ND

ND

ND

ND

ND

ND

ND

ND

ND

o-nitro-phenyl--D-galactopyranoside

+

ND

ND

ND

ND

ND

ND

ND

ND

ND

Lysine Decarboxylase

-

ND

ND

ND

ND

ND

ND

ND

ND

ND

Arginine Decarboxylase

-

ND

ND

ND

ND

ND

ND

ND

ND

ND

Ornithine Decarboxylase

-

ND

ND

ND

ND

ND

ND

ND

ND

ND

Tryptophan Deaminase

-

ND

ND

ND

ND

ND

ND

ND

ND

ND

H2S Production

-

ND

ND

ND

ND

ND

ND

ND

ND

ND

Indole Production

-

ND

ND

ND

ND

ND

ND

ND

ND

ND

Voges-Proskauer Test

-

-

-

-

-

-

-

-

-

-

Gas from Nitrate

+

-

v

+

-

-

-

+

-

+

Oxidase

+

ND

V

+

ND

+

+

ND

+

ND

Catalase Test

+

ND

v

+

ND

+

+

ND

+

ND

NaCl Range (, w/v)

0-4

0-1

0-5

0-4

0-1.5

ND

0-5

0-3

0-4

0-5

pH Range

6-9

5.5-8.5

6-8

ND

6.5-8.5

6.2-7.5

6-8

6-8

6.2-7.8

6-7.6

The numbers given at the top of each column are:
1, G. gargensis strain GaT; 2, G. stearothermophilus; 3, G. thermocatenulatus; 4, G. thermoglucosidasius; 5, G.
thermoleovorans; 6, G. kaustophilus; 7, G. thermodenitrificans; 8, G. uzenensis; 9, G. subterraneus. Symbols are: +,
growth/activity observed; -, no growth/activity observed; ND, not determined; V, variable within group. Data are
from the present study or from the following references: Lee et al., 2001; Manachini et al., 2000; Nazina et al., 2001
and Suzuki et al., 1983.
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These characteristics indicated that newly isolated microorganism belongs to genus
Geobacillus and among various Geobacillus species it was more similar to Geobacillus
uzenensis.

3.3.2. Characterization on the basis of 16S rRNA sequence
3.3.2.1. Genomic DNA isolation
The genomic DNA of the newly isolated microorganism was examined by agarose gel
electrophoresis (Fig. 12). The isolated genomic DNA (1000 µL) had a concentration of 1 µg/µL
and was used for further studies.

Fig. 12. Ethidiumbromide stained 1% agarose gel demonstrating the genomic DNA. Lane 1 shows the molecular weight marker and lane 2 shows
the genomic DNA isolated from strain SBS-4S. 3 µg of genomic DNA was loded on the gel.

3.3.2.2. Cloning of 16S rRNA gene
The 16S rRNA gene was amplified by PCR using the genomic DNA of SBS-4S as
template. The PCR product was analyzed by gel electrophoresis (Fig. 13) which showed an
amplification of 1.5 kbp DNA fragment.

Fig. 13. Ethidiumbromide stained 1% agarose gel demonstrating the PCR amplified DNA fragment of 16S rRNA gene. Lane 1 shows the
molecular weight marker and lane 2 shows the PCR amplified 16S rRNA gene.
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The PCR product was purified from the gel and used for ligation in pTZ57R/T. The
recombinant plasmid was named as pTZ-16. Single and double digestion of pTZ-16 was done to
find the positive clones. The EcoRI linearized pTZ-16 gave a single band of 4.5 kbp (lane 1, Fig.
14) where as double digestion with EcoRI and HindIII resulted in the libration of 1.5 kbp DNA
fragment from the vector (lane 2, Fig. 14).

Fig. 14. Ethidiumbromide stained 1% agarose gel demonstrating the restriction analyses of recombinant plasmid containing 16S rRNA gene.
Lane 1 is linearized pTZ-16 by EcoRI, lane 2 shows double digestion of pTZ-16 with EcoRI and HindIII. Lane 3 is standard molecular weight
marker.

The recombinant plasmid pTZ-16 was sequenced from both the strands by using M13
sequencing primers. The sequencing was done in triplicate in order to get the correct sequence.
The nucleotide sequence of 16S rRNA (Fig. 15) was submitted in the GenBank/EMBL/DDBJ
databases under the accession number AB306519.
agagtttgatcctggctcaggacgaacgctggcggcgtgcctaatacatgcaagtcgagc
ggaccaaatcggagcttgctctggtttggtcagcggcggacgggtgagtaacacgtgggc
aacctgcccgcaagaccgggataactccgggaaaccggagctaataccggataacaccga
agaccgcatggtctttggttgaaaggcggcctttggctgtcacttgcggatgggcccgcg
gcgcattagctagttggtgaggtaacggctcaccaaggcgacgatgcgtagccggcctga
gagggtgaccggccacactgggactgagacacggcccagactcctacgggaggcagcagt
agggaatcttccgcaatgggcgaaagcctgacggagcgacgccgcgtgagcgaagaaggc
cttcgggtcgtaaagctctgttgtgagggacgaaggagcgccgttcgaagagggcggcgc
ggtgacggtacctcacgaggaagccccggctaactacgtgccagcagccgcggtaatacg
tagggggcgagcgttgtccggaattattgggcgtaaagcgcgcgcaggcggttccttaag
tctgatgtgaaagcccacggctcaaccgtggagggtcattggaaactgggggacttgagt
gcaggagaggagagcggaattccacgtgtagcggtgaaatgcgtagagatgtggaggaac
accagtggcgaaggcggctctctggcctgcaactgacgctgaggcgcgaaagcgtgggga
gcaaacaggattagataccctggtagtccacgccgtaaacgatgagtgctaagtgttaga
ggggtcacaccctttagtgctgcagctaacgcgataagcactccgcctggggagtacggc
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cgcaaggctgaaactcaaaggaattgacgggggcccgcacaagcggtggagcatgtggtt
taattcgaagcaacgcgaagaaccttaccaggtcttgacatcccctgacaacccaagaga
ttgggcgttcccccttcggggggacagggtgacaggtggtgcatggttgtcgtcagctcg
tgtcgtgagatgttgggttaagtcccgcaacgagcgcaaccctcgcctctagttgccagc
acgaaggtgggcactctagagggactgccggcgacaagtcggaggaaggtggggatgacg
tcaaatcatcatgccccttatgacctgggctacacacgtgctacaatgggcggtacaaag
ggctgcgaacccgcgagggggagcgaatcccaaaaagccgctctcagttcggattgcagg
ctgcaactcgcctgcatgaagccggaatcgctagtaatcgcggatcagcatgccgcggtg
aatacgttcccgggccttgtacacaccgcccgtcacaccacgagagcttgcaacacccga
agtcggtgcggtaacccttacgggagccagccgccgaaggtggggcaagtgattggggtg
aagtcgtaacaaggtagccgtaccggaaggtgcggctggatcacctcctt
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Fig. 15. Nucleotide sequence of 16S rRNA from SBS-4S. The DNA sequencing was done by using ABI-310 single capillary automated DNA
sequencer (Applied Biosystems, Foster City, USA).

3.3.2.3. Sequence analyses of 16S rRNA
The DNA sequence of 16S rRNA gene was compared with DNA sequences available in
various databases. It was revealed that 16S rRNA gene sequence of SBS-4S exhibited highest
homology (an identity of 99.8%) to 16S rRNA gene sequence of Geobacillus kaustophilus. A
phylogenetic tree was constructed by using 16S rRNA sequence of various microorganisms
which demonstrated that the closest neighbor of SBS-4S was G. kaustophilus (Fig. 16).

Fig. 16. Phylogenetic tree constructed on the basis of 16S rRNA sequence information. Calculations were performed by the ClustalW program
provided by DNA Data Bank of Japan (DDBJ). Segments corresponding to an evolutionary distance of 0.01 are shown. Each name at the termini
represents the species from which the 16S rRNA originated. The accession numbers for each sequence are as follows: Geobacillus sp. SBS-4S,
AB306519; Geobacillus stearothermophilus BGSC 9A19, AY608930; Geobacillus kaustophilus HTA 426, AY608934; Geobacillus
thermoleovorans BGWSC 96A6, AY608939; Geobacillus uzenensis BGSC 92A2, AY608959; Geobacillus subterraneus BGSC 91A2,
AY608957; Geobacillus thermoparaffinivorans IT 12, EU214615; Geobacillus lituanicus BGSC W9A89, AY608945; Geobacillus zalihae T1,
AY166603; Geobacillus vulcani BCRC 17563, EU484349; Bacillus thermoleovorans, AJ536599.
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Although strain SBS-4S was more close to G. uzenensis on the basis of biochemical
characterization, it was quite far in the phylogenetic tree constructed on the basis of 16S rRNA
genes (Fig. 16).

3.3.3. Characterization on the basis of chapronin sequence
3.3.3.1. PCR amplification of chapronin gene
A partial (0.7 kbp) chaperonin gene was amplified by PCR using the genomic DNA of
SBS-4S as a template. The PCR was resulted in the amplification of 0.7 kbp DNA fragment (Fig.
17). The PCR product on agarose gel was extracted from the gel and directly sequenced by using
the M13 sequencing primer.

Fig. 17. Ethidiumbromide stained 1% agarose gel demonstrating the PCR amplified chapronin gene. Lane 1 shows the molecular weight marker
and lane 2 shows the PCR amplified partial chapronin gene.

DNA sequencing resulted in 0.52 kbp chapronin gene sequence. The partial sequence of
chapronin gene along with the deduced amino acids from SBS-4S is shown in Fig. 18. The
nucleotide sequence for chapronin was submitted in the GenBank/EMBL/DDBJ databases under
the accession number AB465597.
gtattggctcaagcgatgatccgcgaaggcttgaaaaacgtagcagctggtgccaacccg
V L A Q A M I R E G L K N V A A G A N P
atgggcatccgtcgcggtatcgaaaaagcggttgctgttgcggttgaagaattgaaagcc
M G I R R G I E K A V A V A V E E L K A
atctccaaaccgattaaaggaaaagagtcgatcgcccaagttgctgcgatctcggctgct
I S K P I K G K E S I A Q V A A I S A A
gacgaagaagtcggccaattgatcgctgaagcgatggaacgcgttggcaatgatggcgtt
D E E V G Q L I A E A M E R V G N D G V
atcacgcttgaagagtcgaaaggcttcacgacggaactcgacgttgtcgaagggatgcaa
I T L E E S K G F T T E L D V V E G M Q
ttcgaccgcggttacgtttcaccgtacatgattacggatacggaaaaaatggaagctgtc
F D R G Y V S P Y M I T D T E K M E A V
cttgaaaatccgtacatcctcatcacggacaaaaaagtatcgagcattcaagaactgttg
L E N P Y I L I T D K K V S S I Q E L L
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ccggtcttagaacaagtcgtccaacaaggccgtccgctcctgatcattgcggaagatgtt
P V L E Q V V Q Q G R P L L I I A E D V
gaaggcgaagcattggcgacgcttgttgtcaacaaactgcgcggcacgttcaatgcggtt
E G E A L A T L V V N K L R G T F N A V
gctgtcaaggcccccggcttcggcgac
A V K A P G F G D

460
500
527

Fig. 18. Nucleotide and deduced amino acid sequence of partial chapronin gene from SBS-4S. The DNA sequencing was done by using ABI-310
single capillary automated DNA sequencer (Applied Biosystems, Foster City, USA).

3.3.3.2. Sequence analyses
The comparison of sequence revealed that it exhibited highest chapronin gene identity of
99.4% at DNA level and 100% at amino acid level to that of G. kaustophilus. When the
phylogenetic tree was constructed based on the amino acid sequence of chaperonin from various
species of Bacillus and Geobacillus, this microorganism clustered with various Geobacillus
strains. G. kaustophilus was found to be the closest neighbor (Fig. 19).

Fig. 19. Phylogenetic tree constructed on the basis of chapronin gene sequence information. Calculations were performed by the ClustalW
program provided by DNA Data Bank of Japan (DDBJ). Segments corresponding to an evolutionary distance of 0.1 are shown. Each name at the
termini represents the species from which the chapronin originated.

Based on the biochemical characteristics, 16S rRNA and chaperonin gene sequences
SBS-4S was identified as a strain of genus Geobacillus.

60

3.4. Gene cloning and characterization of LIPSBS
3.4.1. PCR amplification of lipSBS gene
Full length lipase gene consisting of 1170 bp with an open reading frame of 390 amino
acids was amplified by PCR. The PCR product (lane 2, Fig. 20) was analyzed by agarose gel
electrophoresis.

Fig. 20. Ethidiumbromide stained 1% agarose gel demonstrating the PCR amplified lipase gene. Lane 1 shows the molecular weight marker and
lane 2 shows the PCR amplified lipase gene.

The

PCR product was purified from the gel and ligated in pTZ57R/T cloning vector.
The resultant recombinant plasmid was named pTZ-lip.

3.4.2. Restriction analyses of pTZ-lip
The ligation mixture was used for transformation of E. coli DH5α cells. After screening
the positive clones, presence of the gene in the pTZ57R/T was demonstrated by restriction
digestion with NdeI and HindIII which resulted in the liberation of 1.17 kbp DNA fragment (lane
3, Fig. 21).

Fig. 21. Ethidiumbromide stained 1% agarose gel demonstrating the digestion pattern of pTZ-lip. Lane 1 shows the molecular weight marker;
lane 2 shows the single digestion with NdeI and lane 3 shows the double digestion with NdeI and HindIII.
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3.4.3. Sequence analyses of lipSBS gene
The recombinant plasmid pTZ-lip was used for sequencing of lipSBS gene. The nucleotide
sequence of lipase gene and its deduced amino acid sequence are shown in Fig. 22. The lipase
gene sequence was utilized for analyzing the homology with the already reported lipases. The
closest homologue of LIPSBS, contained a signal sequence of 30 amino acids at its N-terminal
with a cleavage site between the two alanine amino acids (SignalP 3.0 software). Therefore
primers were constructed for cloning of the gene without the signal peptide and with the addition
of ATG at the start of the gene.
atggcggcttcgcgagccaacgatgcgccgattgtacttctccatggctttactggctggggaaga
M A A S R A N D A P I V L L H G F T G W G R
gaagaaatgtttgggttcaagtactggggcggcgtgcgcggcgatatcgaacaatggctgaacgac
E E M F G F K Y W G G V R G D I E Q W L N D
aacggttatcgaacttatacgctggcggtcggaccgctctcgagcaactgggaccgggcgtgtgaa
N G Y R T Y T L A V G P L S S N W D R A C E
gcgtatgctcagcttgtcggcgggacggtcgattatggggcagcccatgcggcaaagcacggccat
A Y A Q L V G G T V D Y G A A H A A K H G H
gcgcggtttggccgcacttatctcggcctgttgccggaattgaaaaggggtggccgcatccatatc
A R F G R T Y L G L L P E L K R G G R I H I
atcgcccacagccaaggggggcagacggcccgcatgcttgtctcgctcctagagaacggaagccaa
I A H S Q G G Q T A R M L V S L L E N G S Q
gaagagcgggagtacgccaaggcgcacaacgtgtcgttgtcaccgttgtttgaaggtggacatcat
E E R E Y A K A H N V S L S P L F E G G H H
tttgtgttgagtgtgacgaccatcgccactcctcatgacgggacgacgcttgtcaacatggttgat
F V L S V T T I A T P H D G T T L V N M V D
ttcaccgatcgcttttttgacttgcaaaaagcggtgttggaagcggcggctgtcgccagcaacgtg
F T D R F F D L Q K A V L E A A A V A S N V
ccgtacacgagtcaagtatacgattttaagctcgaccaatggggactgcgccgccagccgggtgaa
P Y T S Q V Y D F K L D Q W G L R R Q P G E
tcgttcgaccattattttgaacggctcaagcgctcccctgtttggacgtcgacagataccgcccgc
S F D H Y F E R L K R S P V W T S T D T A R
tacgatttatccgtttccggagctgagaagttgaatcaatgggtgcaagcaagcccgaatacgtat
Y D L S V S G A E K L N Q W V Q A S P N T Y
tatttgagctttgccacagaacggacgtatcgcggagcgctcacaggcaactattatcccgaactc
Y L S F A T E R T Y R G A L T G N Y Y P E L
ggaatgaatgcattcagcgcggtcgtatgcgctccgtttctcggttcgtaccgcaatccgacgctc
G M N A F S A V V C A P F L G S Y R N P T L
ggcattgacgaccgctggcttgaaaacgatggtattgtcaatacggtttccatgaacggtccaaag
G I D D R W L E N D G I V N T V S M N G P K
cgtggatcaagcgatcggatcgtaccgtatgacggggcgttgaaaaaaggggtttggaatgacatg
R G S S D R I V P Y D G A L K K G V W N D M
ggaacgtacaatgtcgaccatttggaaatcatcggcgttgacccgaatccgtcatttgatattcgc
G T Y N V D H L E I I G V D P N P S F D I R
gccttttatttgcgacttgccgagcagttggcgagcttgcaaccttaa
A F Y L R L A E Q L A S L Q P -
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Fig. 22. Nucleotide sequence of lipase gene along with its deduced amino acid sequence from SBS-4S. The DNA sequencing was done by using
ABI-310 single capillary automated DNA sequencer (Applied Biosystems, Foster City, USA).
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A phylogenetic tree was constructed using the amino acid sequence of lipase from this
strain and sequences available in various databases. In the phylogenetic tree lipase from strain
SBS-4S clustered with lipases from various species of genus Geobacillus and Bacillus (Fig. 23).
Homology comparisons demonstrated that the lipSBS showed 99.4% identity with the
G.stearothermophilus (AAX11388) and G. thermoleovorans (AAD30278) where as 98.4%
homology was found with G. zalihae (AAO92067) and 97% with G. kaustophilus (YP_147839).
The primary structure of the lipase from strain SBS-4S was also compared with lipases whose
crystal structures have been resolved. Among them the closest homologue was the lipase from G.
stearothermophilus L1 (AAC12257) with a 92.8% identity.

Fig. 23. Phylogenetic tree constructed on the basis of lipase gene sequence information. Calculations were performed by the ClustalW program
provided by DNA Data Bank of Japan (DDBJ). Segments corresponding to an evolutionary distance of 0.1 are shown.

3.4.4. Expression of the lipSBS gene
The lipase gene fragment (after restriction of pTZ-lip) was ligated in already restricted
pET-21a (Fig. 24) expression vector utilizing NdeI and HindIII restriction enzymes.

Fig. 24. Ethidiumbromide stained 1% agarose gel demonstrating the digestion pattern of pET-21a. Lane 1 shows the molecular weight marker;
lane 2 shows the double digestion of pET-21a with NdeI and HindIII.
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The insertion of the lipase gene in pET-21a vector was examined by digesting the
recombinant plasmid (pET-lip) with the above mentioned two enzymes which resulted in the
liberation of 1.17 kbp DNA fragment from vector (Lane 3, Fig. 25).

Fig. 25. Ethidiumbromide stained 1% agarose gel demonstrating the digestion pattern of pET-lip. Lane 1 shows the molecular weight marker;
lane 2 shows the single digestion with NdeI and lane 3 shows the double digestion with NdeI and HindIII.

E. coli BL21 CodonPlus(DE3)-RIL cells containing pET-lip were induced with 0.1 mM
IPTG for expression analyses. The expression of recombinant LIPSBS (lane 2, Fig. 26) was
examined by making a comparision with expression of cell carrying pET-21a (lane 1, Fig. 26).
SDS-PAGE analyses of soluble or insoluble fractions demonstrated that the recombinant pET-lip
was produced in the insoluble form (lane 4, Fig. 26).

Fig. 26. Coomassie brilliant blue stained SDS-PAGE demonstrating the production and purification of the lipase. Lane M: molecular weight
marker; lane 1, cell lysate carrying pET-21a plasmid; lane 2, cell lysate carrying pET-lip plasmid; lane 3, soluble portion of the sample in lane 2;
lane 4, insoluble portion of the sample in lane 2; lane 5, purified lipase after the column chromatography.
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3.4.5. Refolding of LIPSBS
Upon dialyses against 0 M urea 10-15% of the protein became precipitated. The soluble
portion, after gradual dialyses contained the refolded LIPSBS. The refolded protein was seprated
from the aggregates by centrifugation and was analyzed by SDS-PAGE.

3.4.6. Purification of the LIPSBS
The refolded lipase was purified by Resource Q and salts were removed by gel filtration
column. The refolded protein was loaded on Resource Q column, already equilibrated with 20
mM Tris-HCl buffer (pH 8.0) containing 0.01% Triton X-100 and the elution was done by
making a gradient with the same buffer containing 0-1M NaCl. The LIPSBS was eluted at 0.7-0.8
M NaCl. Fig. 27 shows the elution pattern of lipase from the Resource Q column.

Fractions
Fig. 27. The chromatograph showing the elution pattern of lipase by resource Q column.

Fractions containing the protein were analyzed by SDS-PAGE and those with pure
protein (38-45) were mixed, concentrated by Millipore filtration assembly and loaded on the
Superdex 200 10/300 GL column equilibrated with 20 mM Tris-HCl buffer (pH 8). Dextran blue
(2,000 kDa) was used to find the void volume of the gel filtration column. The chromatogram
(Fig. 28) shows two peaks after the gel filtration column. In case of peak I (fractions 40-46)
recombinant lipase was eluted at a retention volume similar to dextran blue. The elution of lipase
65

at the void volume indicated the existence of the lipase in the oligomeric form. Where as in case
of peak II (fractions 85-95) that is present almost around 43,000 Da indicates the existence of
recombinant lipase in monogenic form.
The purity of the fractions was analyzed by SDS-PAGE. Fig. 29 shows the purity of
fractions (85-95) from peak II. Both the oligomeric as well as monogenic form of LIPSBS were
found to be active, the monomeric form of recombinant LIPSBS was used for further studies.

Fig. 28. The chromatograph showing the elution pattern of LIPSBS by gel filtration using Superdex 200 10/300 GL column.

Fig. 29. Coomassie brilliant blue stained SDS-PAGE demonstrating the purity of fractions after gel filtration column of lipase. The numbers 1-11
corresponds to the fraction 85-95 from gel filtration.
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3.4.7. Molecular mass determination
Mass spectrum of the recombinant lipase showed that the molecular weight of the protein
was 43397±1 Da (Fig. 30), which matches the mass (43414 Da) calculated from the amino acid
sequence.

Fig. 30. Mass spectrum of the purified recombinant lipase. The counts are shown on the Y-axis, and the X-axis shows the deconvoluted mass in
daltons. Molecular mass of the recombinant lipase is written at the top of the peak.

3.4.8. Characterization of LIPSBS
3.4.8.1. Effect of temperature on LIPSBS activity
The enzyme activity of LIPSBS examined at various temperatures between 40-70 °C. The
activity of LIPSBS increased with the increase in temperature till 60 °C. The optimum temperature
for the activity was recorded as 60 °C. Beyond this temperature a decline in the activity was
observed (Fig. 31).
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Fig. 31. Optimum temperature for the activity of LIP SBS. The activity assays were done in Tris-HCl buffer pH 8.0 containing 1mM Ca2+ at various
temperatures ranging 40-70 °C.

Thermostability studies of LIPSBS demonstrated that it was quite stable at 50 °C retaining
a 95% of the enzyme activity even after 80 min of incubation. As the optimal temperature for the
enzyme activity was 60 °C, therefore, the thermostability of the protein was examined at this
temperature (Fig. 32). Half-life of the enzyme was 20 min at 60 °C.

Fig. 32. Thermostability of the LIPSBS. For thermostability analyses, the enzyme was incubated at 50 and 60 ºC, samples were withdrawn after
specific interval of time and the residual activity was examined at 60 ºC. Activity assays were done in 50 mM Tris-HCl buffer at pH 8.0. Symbols
used were: close circles, residual activity, when LIPSBS was incubated at 50 ºC and open circles, residual activity, when LIPSBS was incubated at
60 ºC.
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3.4.8.2. Effect of pH on LIPSBS activity
When the effect of pH on the enzyme activity was examined it came out that the enzyme
exhibited highest activity at pH 9. Above pH 9.0 the enzyme activity gradually decreases with
the increase in pH (Fig. 33). LIPSBS displayed relatively higher enzyme activity in Tris-HCl
buffer compared to others.

Fig. 33. Effect of pH on the enzyme activity. Activity assay was performed with various buffers at 60 ºC using olive oil as a substrate. Buffers
used for the assays were: 50 mM sodium acetate buffer (pH 4 to 6; close squares), 50 mM potassium phosphate buffer (pH 6 to 8; open squares),
50 mM Tris-HCl buffer (pH 8 to 9; close circles) and 50 mM glycine-NaOH buffer (pH 9 to 12; open circles).

3.4.8.3. pH stability of LIPSBS
Regarding the pH stability studies, the results demonstrated that lipase was stable at the
broad range of pH (6-12) with the highest stability at pH 11 (Fig. 34).

Fig. 34. pH stability studies of LIPSBS. Appropriate dilutions of LIPSBS were prepared with various buffers followed by 30 min incubation at room
temperature in the presence of 10 mM Ca2+ and the remaining activity was examined at 60 °C by using the p-nitrophenyl acetate as substrate in
Tris-HCl buffer pH 8.0. Buffers used for incubation were: 50 mM potassium phosphate buffer (pH 6 to 8; open squares), 50 mM Tris-HCl buffer
(pH 8 to 9; open circles) and 50 mM glycine-NaOH buffer (pH 9 to 12; close circles).
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3.4.8.4. Effect of metal ions on activity of LIPSBS
The effect of various metal ions was examined on the enzyme activity. The lipase showed
a 2.5-fold increase in activity in the presence of 1 mM Ca2+. Therefore, the enzyme activity was
examined in the presence of various concentrations of Ca2+ and found that the enzyme exhibited
highest activity in the presence of 10 mM Ca2+. Presence of Mn2+ in the reaction mixture also
enhanced the activity but to a lesser extent. No change in the activity was observed in the
presence of other metal ions except Zn2+. There was a 50% decrease in enzyme activity in the
presence of 1 mM Zn2+ (Fig. 35).

Fig. 35. Effect of metal ions on the activity of LIPSBS. The activity was analyzed in Tris-HCl buffer pH 8.0 in the presence of 1 mM of the various
metal ions. Chloride salts were used for the analyses.

3.4.8.5. Effect of detergents on the activity of LIPSBS
The enzyme activity was also examined in the presence of various detergents. In the
presence of 1 mM SDS, an ionic detergent, negligible amount of enzyme activity could be
detected, whereas a 60% decrease in enzyme activity was observed when non ionic detergents
such as Tween 20 or Tween 80 were present in the reaction mixture at the same concentration
(Fig. 36).
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Fig. 36. Effect of detergents on the activity of LIPSBS. The activity was analyzed in Tris-HCl buffer pH 8.0 in the presence of 1 mM of the various
ionic and non-ionic detergents.

3.4.8.6. Degradation of oils by LIPSBS
LIPSBS activity was also analyzed by using various oils as substrates, the recombinant
lipase exhibited the ability to hydrolyze a broad range of oils. Highest activity was found when
Kalvangi oil (Nigella sativa) was used as substrate. Among the substrates used in this study
Kalvangi oil was the only substrate that contained medium chain fatty acids (with a 12 carbon
chain length), though a low percentage (0.6%), along with long chain (with 16-20 carbon chain
length) fatty acids (Fig. 37).

Fig. 37. Activity of LIPSBS using various oils as substrates. LIPSBS activity was analyzed in the presence of various oils by the standard assay
method as mentioned in the materials and methods (2.3.9).

3.4.8.7. Kinetic studies of LIPSBS
For the kinetic studies p-nitrophenyl acetate was used as substrate. The substrate
concentration in the assay mixture was varied from 0-15 mM (Fig. 38A). The Km and the Vmax
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values for the hydrolysis of p-nitrophenyl acetate were calculated from the Lineweaver Burk plot
(Fig. 38B). The enzyme exhibited a Km value of 3.84 mM and a Vmax of 2273 μmol min-1 mg-1.
A

B

Fig. 38. Effect of substrate concentration on the activity of LIPSBS. A) In order to examine the effect of substrate on the activity, the activity was
analyzed by varying the substrate concentration from 0-15 mM. B) Linewearver burk plot showing the 1/substrate along the X-axis and
1/velocities along the Y-axis.
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3.4.9. X-Ray crystallographic studies of LIPSBS
3.4.9.1. Crystallization of LIPSBS
The screening of LIPSBS was done at temperatures ranging 277-293 K using 5-10 mg/mL
of the protein. LIPSBS crystals with nice diffraction pattern were obtained in wizard 1 (0.1 M
imidazole pH 8.0 with a precipitant 10% polyethylene glycol 8000 and 0.2 M calcium acetate) at
a concentration of 7 mg/mL with an incubation of 72 h at temperature of 293 K (Fig. 39). The
dimentions of crystal analyzed were recorded to be 0.65 mm and 0.3 mm.

Fig. 39. Crystals appeared when the protein in Tris-HCl pH 8.0 was incubated with 0.1 M imidazole pH 8.0 with a precipitant 10% polyethylene
glycol 8000 and 0.2 M calcium acetate in a ratio 1:1.

3.4.9.2. Structure determination and refinement
The crystals were cryo-protected by soaking in the mother liquor with 18% ethylene
glycol. The structure of LIPSBS was resolved at 1.6 A° resolution. Excellent density maps were
obtained for LIPSBS and the structure was developed by the molecular replacement method. The
data collection and refinement statistics are shown in Table 3. The LIPSBS crystal belonged to
orthorhombic P212121 space group (a= 55.118, b= 71.741, c= 126.242). One atom of each of
Zn2+ and Ca2+ were also found in the structure of LIPSBS. The structure contained the α/β
hydrolase fold that is the characteristic of lipases (Fig. 40).
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Table 3. Data collection and refinement statistics of LIPSBS

Data collection and refinement statistics
Data collection statistics
Space group
Unit cell parameters
a, Å
b, Å
c, Å
T (K)
Wavelength (Å)
Resolution (Å)
Total no. of reflections
No. of unique reflections
Redundancy
I/ (I)
Rmerge b

P212121
55.118
71.741
126.242
100
1.0
50.00-1.66 (1.72-1.66)
161207
46581
2.0 (1.9)
15.15 (1.97)
0.054 (0.341)

Refinement statistics
Resolution range (Å)
Protein non-hydrogen atoms
Water molecules
Metal ions
Rfactor (%)
Rfree (%)
R.m.s.d. bond length (Å)
R.m.s.d. bond angles (°)
Average B-factor (Å2)

27.14 – 1.66 (1.70-1.66)
3055
319
2
18.7
21.9
0.01
1.22
20.9
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Fig.40. Crystal structure of LIPSBS by X-ray crystallography. Helixes are shown by blue color, β-sheets are shown by red color, loops are shown
by green color, Ca2+ and Zn2+ are shown by red and light blue colored spheres respectively. Active site residues are shown by sticks. Amino and
carboxyl termini are shown by N and C in the figure.

The active site of LIPSBS involved Ser114, Asp318 and His359 amino acids (Fig. 41A). The
active site serine was found to be present in the pentapeptide Ala-X-Ser-X-Gly motif as reported
previously (Jeong et al., 2002). Asp62, His82, His88 and Asp239 are responsible for incorporation
of Zn2+ (Fig. 41B) where as Gly287, Glu361, Asp366 and Pro367 are involved in the binding of Ca2+.

Fig. 41. Density maps of different motifs present in the structure of LIPSBS. A) Density map of active site motif showing the active site residues.
B) Density map of metal binding motif showing the amino acids involved in the binding of Zn2+.
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A large lid/flap consisting of two helixes along with the long loop (Fig. 42) that covered
the active site residues Ser114, Asp318 and His359. Helix I consist of 16 amino acids (177-192),
helix II consist of 10 amino acids (222-231) and a long loop consist of 29 amino acids (193-221).
The structure obtained from X-ray data was found to be in close configuration, the lid covered
the active site.

Fig. 42. Structure of flap/lid in the LIPSBS. The lid consisted of two helixes, the first one is presented in orange colour ranged 177-192 amino acids
and the second helix consisted of 222-231 amino acids as shown by green colour. The cyan colour in the figure presents the long loop (193-221).
The amino and carboxy termini are shown by N and C respectively.

The crystal I got were in close confirmation. Attempts were made to get the crystal in
open configuration. Use of various concentrations of Triton X-100 (1-5%) was unable to open
the lid of LIPSBS. I therefore, decided to get the open configuration by the molecular dynamics
simulation studies.

3.4.10. Molecular dynamics simulation studies of LIPSBS
The molecular dynamics (MD) simulation studies clearly demonstrated the movement of
the lid. The movement of the lid resulted in exposing the active site residues (Ser114, Asp318 and
His359). As a result of MD simulation the protein lid amino acids interacted with the hydrophobic
octane molecules and this resulted in the opening of the lid of LIPSBS. Fig. 43, the line model of
LIPSBS clearly demonstrated the movement of the lid when we compared the close and MD
simulated open form of LIPSBS (MDLIPSBS). When the lid was open in case of MDLIPSBS the
Ser114 was available for activity.
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Fig. 43. The line model presentation of close and simulated open configuration. A) Line model presentation of close configuration of LIP SBS (data
from crystal analyses). B) Line presentation of open configuration of LIP SBS (data from Molecular dynamics simulation studies). The lines in the
figure represent the amino acids. The lines in orange colour indicate the position of the lid. The active site serine carbons are shown by green
spheres and hydroxyl group by red sphere in the figure.

3.4.11. Configurational comparison of helical lid of LIPSBS
A comparison of lid movement of the close form of LIPSBS (data from X-ray analyses)
was made with the MD simulated open form of LIPSBS (MDLIPSBS) as well as with the already
reported open form of lipase from G. stearothermophilus, closest homologue of LIPSBS. Fig. 44
clearly demonstrates the movement of two helixes from close to open (C-I to O-I or C-II to O-II)
and close to MD simulated open (C-I to MD-I or C-II to MD-II) structures of LIPSBS. During the
MD simulation studies, no difference was observed in the movement of lid when the number of
hydrophobic octane molecules was reduced from 439 to 130.
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Fig. 44. The comparative analyses of movement of lid of LIPSBS. Two helixes of the lid are shown in orange and green colours. The symbols used
are as follows: C-I and C-II are the first and second helixes from close configuration (data from crystal); O-I and O-II are the first and second
helixes from open configuration (data from G. stearothermophilus, PDB code 1KU0) and MD-I and MD-II are the first and second helixes from
open configuration (data from moleculr dynamics simulation studies of LIPSBS).

The root mean square deviation (Rmsd) analyses were also done in order to confirm the
movement of various domains of the protein. MD simulation studies clearly showed the
movement of lid in 20 ns. It was found that the protein remained intact before and after the MD
simulation studies except for the lid (presented by purple color in Fig. 45) that showed a clear
movement. From the figure it is clear that at zero time, the Rmsd value for the protein was 0.2
but with the increase in time there was an increase in the Rmsd value upto 2 in the lid portion
(177-231) after 7000 ps (Fig. 45).

Fig. 45. The root mean square deviation studies of LIPSBS. X-axis shows the time in pico seconds where as the Y-axis present the Rmsd values in
neno meters.
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X-ray crystallographic studies demonstrated the 3D structure for LIPSBS, that was in close
confirmation. The activation studies by MD simulation gave the open confirmation of LIPSBS
(Fig. 43, 44), which was in good agreement with the structural change during Rmsd studies (Fig.
45).

3.5. Gene cloning and characterization of CBPSBS
3.5.1. PCR amplification of cbpSBS gene
In order to clone cbpSBS gene, PCR was performed using a set of primers as described
in Materials and Methods section as priming strands (2.4.1) and genomic DNA of strain SBS-4S
as template. The PCR resulted in the amplification of 1.5 kbp DNA fragment (lane 2, Fig. 46)
when analyzed on the 1% agarose gel after mixing the product with 1x DNA loading buffer.

Fig.46. Ethidiumbromide stained 1% agarose gel demonstrating the PCR amplified cbpSBS gene. Lane 1 shows the molecular weight marker and
lane 2 shows the PCR amplified cbpSBS gene.

3.5.2. Ligation and restriction analyses of pTZ-cbp
The gel purified cbpSBS gene was ligated in pTZ57R/T. Plasmid DNA was isolated from
the transforments and the positive clones were confirmed by the restriction analyses. The
restriction mixture after incubation at 37 °C was analyzed by 1% agarose gel. Single restriction
with NdeI confirmed the exact size of the recombinant pTZ-cbp (lane 2, Fig. 47). The presence
of insert was confirmed by double digestion with NdeI and Hind III. As a result of double
digestion a fragment of 1.5 kbp was released in addition to the 2.8 kbp fragment of pTZ57R/T
(lane 3, Fig. 47).
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Fig. 47. Ethidiumbromide stained 1% agarose gel demonstrating the digestion pattern of pTZ-cbp. Lane 1 shows the molecular weight marker;
lane 2 shows the single digestion with NdeI and lane 3 shows the double digestion with NdeI and HindIII.

3.5.3. Sequence analyses of cbpSBS gene
DNA sequencing of the cloned gene was performed from both the strands. The open
reading frame encoding cbpSBS gene consisted of 1503 nucleotides and a protein CBPSBS
composed of 500 amino acids. The nucleotides and deduced amino acid sequences are shown in
Fig. 48.
atgaaaccaatcgaagcgcagtttttgcaatacgtgaaaaaaatgacgggctaccgcgaagcgatt
M K P I E A Q F L Q Y V K K M T G Y R E A I
ggcctcatgtattgggatttgcggactggcgccccgaaaaaaggggtcgagcagcgatcagaagtg
G L M Y W D L R T G A P K K G V E Q R S E V
atcggcatgctgtcagaagaagtgtttcgcatgtcgacatccgaggagatggcagcctttatcgcc
I G M L S E E V F R M S T S E E M A A F I A
aagctgtcgcccaaagccgtctacgagcagctgaatgacgtgacaaagaaaacgcttgatgaatgc
K L S P K A V Y E Q L N D V T K K T L D E C
aaaaaagaatacgagcgcaataaaaaaattccagcggatgaatacaaagagtttgtcgtgctttgt
K K E Y E R N K K I P A D E Y K E F V V L C
tccaaagcggaaagcgtttgggaagaagcgaaagcggctgctgatttcgcccggtttcgcccgtat
S K A E S V W E E A K A A A D F A R F R P Y
ttggagcaaatcatcgagtttcagcgccgctttatccgttattgggggtatgaaggacacccgtac
L E Q I I E F Q R R F I R Y W G Y E G H P Y
aatacgctgctcgatcaatacgagccgggcatgaccgtcgatttgcttgacgaactgttcagccgc
N T L L D Q Y E P G M T V D L L D E L F S R
ctgcgcgaacgcatcgtcccgcttgtgcacgccatttccgccgcgtccgacaagccggacacgtcc
L R E R I V P L V H A I S A A S D K P D T S
tttttgttcgcgccgtttccaaaagaaaagcagcgcgcttttctgcttgagttgcttaaagagctc
F L F A P F P K E K Q R A F L L E L L K E L
ggctatgattttggcaaggggagacttgatgagacggtccatccatttgcgatcgggctcaacccg
G Y D F G K G R L D E T V H P F A I G L N P
aacgatgtgcgcattacgacgcgctacgacgagcgcgacttccgcaccgcggtgtttggcacgatc
N D V R I T T R Y D E R D F R T A V F G T I
catgaatgcggccatgcgctgtatgaacaacacatttccgaggcgcttgtcggcactccgcttgca
H E C G H A L Y E Q H I S E A L V G T P L A
agcggggcgtcgatgggcattcatgaatcgcagtcgctcttttttgaaaatatgatcggacgccac
S G A S M G I H E S Q S L F F E N M I G R H
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tatgcgttttggaagcggcattacccgcgcctgcagcaatacgcgcccacgcagttcgccgacgtt
Y A F W K R H Y P R L Q Q Y A P T Q F A D V
tcgcttgatgcgttttaccgggcgatcaatgaagcgaagccgtcgctcattcgtattgaagcggac
S L D A F Y R A I N E A K P S L I R I E A D
gaactgacgtatccgctccatattatcatccgctatgaaatcgaaaagcagctgtttgctggggag
E L T Y P L H I I I R Y E I E K Q L F A G E
ctggaagcgatcgacttgccggatgtatggaatgagaaatatgaacaataccttggcatccgcccg
L E A I D L P D V W N E K Y E Q Y L G I R P
cacaacgatgcggtcggcgtgttgcaggacgtccattggtccggcggcagcttcggctatttccca
H N D A V G V L Q D V H W S G G S F G Y F P
tcgtatgcgctcggctatatgtatgcggcgcaattcaagcaagcgatggaaaaagagttggatgta
S Y A L G Y M Y A A Q F K Q A M E K E L D V
gctgggctgcttgaagaggggaacatcgcaccgatccgtgaatggctgaccgttcatatccaccag
A G L L E E G N I A P I R E W L T V H I H Q
tttggaaaaatgaaaaagccgctcgaacttgtgcgcgatgcgacgggcgaaacgctgaaagccgat
F G K M K K P L E L V R D A T G E T L K A D
tatcttattcaatatttagaagaaaaatataaggcgctttatcgattatag
Y L I Q Y L E E K Y K A L Y R L -
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Fig. 48. Nucleotide sequence of cbpSBS gene along with its deduced amino acid sequence from SBS-4S.

The amino acid sequence was utilized for homology comparison and phylogenetic tree
construction. The phylogenetic tree was constructed by using the already reported
carboxypeptidase sequences from four different families of carboxypeptidases as shown by the
circles in Fig. 49. CBPSBS shared 100 % homology on the basis of amino acid sequence with
uncharacterized carboxypeptidase from Geobacillus kaustophilus. Among the characterized
carboxypeptidases, CBPSBS shared a highest homology of 41.6% with carboxypeptidase Taq
from Thermus aquaticus YT-1 (CBP-Taq) (Lee et al., 1994), 34.6% with carboxypeptidase
PfuCP from Pyrococcus furiosus (Cheng et al., 1999), 33.4% with carboxypeptidase 1 from
Thermococcus NA1 (Lee et al., 2006), 12.8% with carboxypeptidase A from bovine pancreas
(Goo et al., 1995), 12.4% with aminoacylase/carboxypeptidase from Deinococcus radiodurans
(Lin et al., 2007), 12.2% with carboxypeptidase PP from Pyrococcus horikoshii (Ishikawa et al.,
2001), 11.4% with carboxypeptidase B from bovine pancreas (Titani et al., 1975), 11.2% with
carboxypeptidase A1 from human (Pallares et al., 2008), 10.4% with aminoacylase from
Geobacillus stearothermophilus (Weiss et al., 1995), 10% with carboxypeptidase A from
Sulfolobus solfataricus (Colombo et al., 1995) and 10% with carboxypeptidase Z from Cyprinus
carpio (Kao and Huang, 2008).
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Fig. 49. Phylogenetic tree of CBPSBS. The tree was constructed by using the already reported protein sequences available in various data bases.
Following are the sequences with accession numbers used for the alignment in order to construct phylogenetic tree: SBS-4S from present study
(BAH28805); P. horikoshii (AB009503); Deinococcus radiodurans R1 (AE001867); Cyprinus carpio (AY949988); T. aquaticus (P42663);
Thermococcus sp. NA1 (DQ144135); Sulfolobus solfataricus (Z48497); Homo sapiens (AAH05279); Takifugu rubripes (NP_001163829); Bos
taurus (P00730); Bos taurus (P00732); G. stearothermophilus (P37112) and P. furiosus (1K9X_C).

3.5.4. Expression of cbpSBS gene
The cbpSBS gene was inserted into pET-21a expression vector and the resulting plasmid
was named as pET21-cbp. The presence of cbpSBS gene in expression vector was confirmed by
the single and double restriction analyses of pET21-cbp. Single digestion linearized the DNA
and the size of the linearized plasmid was 6.9 kbp (lane 2, Fig. 50). Double digestion with NdeI
and HindIII, librated a 1.5 kbp DNA fragment that confirmed the presence of cbpSBS gene in
pET21-cbp (lane 3, Fig. 50).
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Fig. 50. Ethidiumbromide stained 1% agarose gel demonstrating the digestion pattern of pET21-cbp. Lane 1 shows the molecular weight marker;
lane 2 shows the single digestion with NdeI and lane 3 shows the double digestion with NdeI and HindIII.

For expression analyses of CBPSBS, E. coli BL21 CodonPlus(DE3)-RIL cells containing
pET21-cbp were induced by 0.1 mM IPTG. After expression the cells were lysed by sonication,
the soluble and insoluble fractions were separated and analyzed by SDS-PAGE. The analyses
showed that almost 90-95% of recombinant CBPSBS was in insoluble fraction as inclusion bodies
(lane 4, Fig 51) where as 5-10% was produced as soluble form (lane 3, Fig. 51).

Fig. 51. Coomassie brilliant blue stained SDS-PAGE demonstrating the production of CBPSBS. Lane M: molecular weight marker; lane 1, cell
lysate carrying pET-21a plasmid; lane2, cell lysate carrying pET-cbp plasmid; lane 3, soluble portion of the sample in lane 2; lane 4, insoluble
portion of the sample in lane 2.

Attempts were made to get the recombinant CBPSBS in soluble form by growing the host
cells at lower temperature (25 °C). The expression was analyzed by inducing the cells with 0.1
mM IPTG with a post induction period of 20 h. The production of soluble form of CBPSBS at 25
°C was unsuccessful.
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3.5.5. Production of CBPSBS in the presence of a chapronin
To get CBPSBS in soluble form, E. coli BL21 CodonPlus(DE3)-RIL cells were
transformed simultaneously with pET21-cbp (carrying the cbpSBS gene) and pET28-gro (carrying
the GroES/EL gene) with the assumption that the presence of recombinant chapronin GroES/EL
from E. coli might help CBPSBS in proper folding. The expression of CBPSBS (lane 2, Fig. 52)
was analyzed in the presence of chapronin at 37 °C. The soluble (lane 3, Fig. 52) and insoluble
(lane 4, Fig. 52) portions were separated and analyzed. The soluble portion could not show
carboxypeptidase activity. The expression of CBPSBS (lane 5, Fig. 52) in the presence of
chapronin was also examined at 25 °C. Although soluble (lane 6, Fig. 52) and insoluble (lane 7,
Fig. 52) fractions contained the expressed protein at appropriate place corresponds to 58 kDa but
that might be the chapronin because these fractions also failed to show carboxypeptidase activity.
The presence of chapronin could not solubilize CBPSBS at 37 °C as well as 25 °C (Fig. 52).

Fig.52. Coomassie brilliant blue stained SDS-PAGE demonstrating the production of CBPSBS in the presence of chapronin. Lane 1: molecular
weight marker; lane 2, cell lysate carrying pET21-cbp and pET28-gro plasmid at 37 °C; lane 3, soluble portion of the sample in lane 2; lane 4,
insoluble portion of the sample in lane 2; lane 5, cell lysate carrying pET21-cbp and pET28-gro plasmid at 25 °C; lane 6, soluble portion of the
sample in lane 5; lane 7, insoluble portion of the sample in lane 5.

3.5.6. Solubilization and refolding of CBPSBS
After failures in producing recombinant CBPSBS in the soluble and enzymatically active
form, I tried to solubilize the inclusion bodies by completely denaturing the recombinant protein
and refolding it in the absence or presence of various additives as given in the materials and
methods section (2.4.7). Among the additives used, presence of 1% Brij-35 keeps the protein
soluble but Brij-35 was found to be the strong inhibitor of carboxypeptidases. The removal of
Brij-35 from the protein solution by ordinary methods like dialysis and gel filtration was
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unsuccessful. The unavailability of affinity columns, for the removal of Brij-35, forced to stop
further work on refolding of CBPSBS.

3.5.7. Cloning of cbpSBS in pET-28a
As mentioned above (lane 3, Fig. 51) that about 5–10% of the recombinant CBPSBS was
produced in E. coli in the soluble form. In order to facilitate the purification of enzymatically
active protein from the soluble fraction of E. coli cells, a vector (pET-28a) was used which added
6 His before the required protein. The cbpSBS gene after double digestion of pET21-cbp was
ligated in pET-28a that was already restricted with the same restriction enzymes. The
recombinant plasmid was named as pET28-cbp. E. coli BL21 CodonPlus(DE3)-RIL cells were
transformed using pET28-cbp. The positive transformants were screened by colony PCR as well
as by restriction analyses.

3.5.8. Colony PCR of the transformants
The colony PCR showed the amplification of 1.5 kbp fragment in the positive
transformants (Fig. 53).

Fig. 53. Ethidiumbromide stained 1% agarose gel demonstrating the amplification of 1.5 kbp DNA fragment by colony PCR of the transformants.
Lane 1 shows the molecular weight marker; lane 2-6 shows the positive transformants containing the cbpSBS gene and lane 7 shows the
transformant that does not contain the clone gene.
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3.5.9. Restriction analyses of pET28-cbp
The positive transformants were further confirmed by double digestion with NdeI and
HindIII endonucleases, which resulted in the liberation of 1.5 kbp DNA fragment (lane 3, Fig.
54)

Fig. 54. Ethidiumbromide stained 1% agarose gel demonstrating the digestion pattern of pET28-cbp. Lane 1 shows the molecular weight marker;
lane 2 shows the single digestion with NdeI and lane 3 shows the double digestion with NdeI and HindIII.

3.5.10. Production of CBPSBS with 6x-His-Tag
E. coli BL21 CodonPlus(DE3)-RIL cells containing pET28-cbp were used for expression
analyses. The very low level of expression of His-CBPSBS was achieved at 37 °C (lane 2, Fig.
55). When His-CBPSBS was produced in E. coli at 25 °C (lane 4, Fig. 55), relatively higher
amount was produced in soluble (lane 5, Fig. 55) and active form compared to 37 °C (lane 3,
Fig. 55).
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Fig.55. Coomassie brilliant blue stained SDS-PAGE demonstrating the production of His-CBPSBS at 25 as well as at 37°C. Lane M: molecular
weight marker; lane 1, cell lysate carrying pET28a plasmid at 37 °C; lane 2, cell lysate carrying pET28-cbp plasmid at 37 °C; lane 3, soluble
portion of the sample in lane 2; lane 4, cell lysate carrying pET28-cbp plasmid at 25 °C; lane 5, soluble portion of the sample in lane 4; lane 6,
insoluble portion of the sample in lane 4.

When His-CBPSBS expression was analyzed after induction with various concentrations
of IPTG, it was found that the change in concentration did not put a significant effect on the
expression (Fig. 56).

Fig. 56. Coomassie brilliant blue stained SDS-PAGE demonstrating the effect of increasing concentration of IPTG on the production of HisCBPSBS at 25 °C. Lane M: molecular weight marker; lane 1 shows the expression when the cells were induced with 0 mM IPTG; lane 2 with 0.1
mM IPTG; lane 3, 0.2 mM IPTG; lane 4, 0.3 mM IPTG; lane 5, 0.4 mM IPTG; lane 6, 0.5 mM IPTG; lane 7, 0.6 mM IPTG; lane 8, 0.7 mM
IPTG; lane 9, 0.8 mM IPTG; lane 10, 0.9 mM IPTG and lane 11, when the cells were induced with 1 mM IPTG.

3.5.11. Purification of His-CBPSBS
The soluble part after cell lyses was loaded into the Ni2+ charged HiTrap Sepharose
column already equilibrated with 20 mM Tris-HCl (pH 8.0) containing 150 mM NaCl and 5 mM
imidazole. The elution of bound protein was done by linearly increasing concentration of
imidazole to 500 mM. The elution pattern of His-CBPSBS from the Ni2+ affinity column showed
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two peaks. The peak I consisted of fraction 59 to 63 where as the peak II consisted of fraction 63
to 70.

Fig. 57. The chromatograph showing the elution pattern of His-CBPSBS by Ni2+ affinity column chromatography.

The fractions from both the peaks were examined by SDS-PAGE to check the purity
(Fig. 58). From Fig. 58, it is clear that peak I (lane 1-7, Fig. 57) contained the impurities where
as peak II (lane 8-13, Fig. 57) contained the partially purified His-CBPSBS.

CBPSBS

Fig. 58. Coomassie brilliant blue stained SDS-PAGE demonstrating the purity of His-CBPSBS after Ni2+ affinity column. Lane M, shows the
molecular weight marker; lanes 1-7 correspond to the fractions from peak I and lanes 8-13 corresponds to the fractions from peak II of
chromatogram after Ni2+ affinity column.

The fractions from the peak II (lane 8-13 from Fig. 58) were mixed and loaded on the gel
filtration column after concentrating by Millipore filter assembly. Fig. 59 demonstrats the elution
pattern of His-CBPSBS after gel filtration column. The gel filtration chromatograph shows three
peaks. Peak I and III crossponds to the fraction 42 to 58 and 112 to 116 respectively. The major
peak was peak II consisted of fractions 65 to 75 (Fig. 59).
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Fig. 59. The chromatograph showing the elution pattern of His-CBPSBS using HiLoad 16/60 Superdex-200 gel filtration column.

The purity of the fractions was analyzed by the SDS-PAGE. The peak I and III contained
the impurities. Fig. 60 shows the purity of salt free His-CBPSBS eluted as peak II after gel
filtration chromatography (Fig. 59).

CBPSBS

Fig. 60. Coomassie brilliant blue stained SDS-PAGE demonstrating the purity of His-CBPSBS after gel filtration column. Lane M shows the
molecular weight marker; Lane 1, shows the sample loaded on the gel filtration column obtained after Ni2+ affinity column. Lanes 1-12 show the
purity of various fractions from peak II after gel filtration column.

3.5.12. Molecular mass determination
As demonstrated by SDS-PAGE analyses, His-CBPSBS had a molecular weight of 58 kDa
(Fig. 60). Molecular weight of recombinant His-CBPSBS was found to be 58.464 kDa when
determined by MALDI-TOF spectrometery (Fig. 61) which agreed well with the molecular
weight of 58.8 kDa calculated based on the amino acid sequence of the protein. When passed
through gel filtration column (HiLoad 16/60 Superdex-200) His-CBPSBS eluted corresponding to
a molecular weight of 120 kDa indicating that His-CBPSBS exists in a dimeric form in solution.
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Fig. 61. MALDI-TOF mass spectrum of the purified recombinant His-CBPSBS. The counts are shown on the Y-axis, and the deconvoluted mass in
daltons x 10 on X-axis. Molecular mass of the recombinant His-CBPSBS is written at the top of the peak.

3.5.13. Characterization of His-CBPSBS
3.5.13.1. Effect of temperature on His-CBPSBS
When the enzyme activity assays were performed at various temperatures at pH 8.0, the
activity of His-CBPSBS increased with the increase in temperature and the highest activity was
found between 60-70 °C. The activity sharply decreases beyond 70 °C. Activities of 15 and 20%
were observed at 50 and 75 °C compared to 100% at 70 °C (Fig. 62).

Fig. 62. Effect of temperature on His-CBPSBS activity. The activity assays were done at various temperatures (40 to 80 °C) by using Cbz-Ala-Arg
as substrate in 20 mM Tris-HCl buffer at pH 8.0 containing 1 mM Co2+.
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3.5.13.2. Thermostability analyses of His-CBPSBS
Thermostability of His-CBPSBS was analyzed by incubating His-CBPSBS at 70 °C in the
absence or presence of Co2+. There was no significant difference of thermostability with or
without the addition of 100 µM Co2+. Half-life of His-CBPSBS without the addition of any metal
ion was 110 min at 70 °C. In the presence of >100 µM Co2+, the thermostability of His-CBPSBS
decreased gradually with the increase in Co2+ concentration and only 5% of the activity remained
after an incubation of 120 min at 70 °C in the presence of 500 µM Co2+.
The melting temperature and thermostability of His-CBPSBS were also analyzed in the
absence and presence of Co2+ by CD spectroscopy. The melting temperature in the absence of
Co2+ was found to be 76.9 °C. There was no significant difference in the melting temperature in
the presence or absence of Co2+. The reversibility of heat-induced denaturation was also
analyzed and it was found that the protein denatured irreversibly and unable to refold on
decreasing the temperature from 90 to 20 °C (Fig. 63).

Fig. 63. Circular dichroism studies on His-CBPSBS. Thermostability and melting temperature of His-CBPSBS. Thermostability was analyzed from
20–90 °C at a wavelength of 222 nm in the absence (crosses) or presence of 100 µM (open circles), 200 µM (close circles) and 500 µM (open
triangles) Co2+. The reversibility of denaturation (close triangles) was analyzed by decreasing the temperature from 90–20 °C.

Moreover far-UV spectra for His-CBPSBS were also analyzed at various temperatures.
The molecular ellipticity gradually shifted towards zero with the increase in temperature
indicating either conformational or secondary structural changes at high temperature rendering
the protein inactive as demonstrated in Fig. 64.
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Fig. 64. Far-UV spectrum of His-CBPSBS. The denaturation of His-CBPSBS was analyzed by examining the absorption spectra from 200–260 nm at
20 °C (open circles), 50 °C (close circles), 70 °C (open triangles) and 90 °C (close triangles).

3.5.13.3. Effect of pH on the activity of His-CBPSBS
Optimal pH for the His-CBPSBS activity was found to be 7.5 in Tris-HCl. A sharp decline
in activity was observed before pH 7 and after pH 8. Approximately 45-50% of the enzyme
activity was observed at pH 6 and 9 compared to 100% at pH 7.5 (Fig. 65).

Fig. 65. Effect of pH on activity of His-CBPSBS. Activity assays were performed in 100 mM phosphate buffer (open circles) or Tris-HCl buffer
(closed circles) at 70 °C.

Regarding the pH stability, it was found that His-CBPSBS was quite stable at a wide pH
range 6-10 and the highest residual activity was observed when the protein was incubated at pH
9. A residual activity of 80% was examined at pH 10 compared to 100% at pH 9. His-CBPSBS is
an alkaline protease as this is quite stable at alkaline pH (10).

92

Fig. 66. pH stability of His-CBPSBS. For pH stability studies the enzyme was incubated at 25 °C with 100 mM of following buffers: sodium
phosphate (close squares), Tris-HCl (open squares) and CAPS buffer (close circles). Final activity assays were done in 100 mM Tris-HCl buffer
pH 8.0 at 70 °C.

3.5.13.4. Effect of detergents on the activity of His-CBPSBS
The effect of ionic and non ionic detergents on His-CBPSBS enzyme activity was also
examined. The enzyme activity was totally abolished in the presence of 1% SDS. Among the
non-ionic detergents Tween-20, Tween-80 and Brij-58 did not show any significant effect. Brij35 showed an inhibitory effect. A 3-fold enhancement in the enzyme activity was observed in the
presence of 1% Triton X-100 compared to 100% in the absence of detergent (Fig. 67).

Fig. 67. The effect of detergents on the activity of His-CBPSBS. The activity assays were done in Tris-HCl buffer pH 8.0 containing 1% of ionic or
non-ionic detergents separately.
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3.5.13.5. Effect of metal ions on the activity of His-CBPSBS
The effect of divalent cations on the activity of His-CBPSBS was also analyzed. The
presence of Zn2+, Ni2+, Cu2+ or Fe2+ at a final concentration of 1 mM showed an inhibitory effect.
The enzyme activity was remarkably enhanced in the presence of Co2+ (12-fold) and Mn2+ (7fold) at a final concentration of 1 mM (Fig. 68). No activity could be detected when enzyme
assay was performed in the presence of 1 mM EDTA indicating that the enzyme activity was
metal ion(s) dependent.

Fig. 68. The effect of EDTA and divalent cations on the activity of His-CBPSBS. The activity assays were done in Tris-HCl buffer pH 8.0
containing 1 mM of EDTA or various ions seperatly. Metal chlorides were used for analyzing the effect on activity.

The enzyme activity remarkably enhanced in the presence of 1 mM Co 2+. The activity
was examined in the presence of various concentrations of Co2+ and the highest activity was
recorded in the presence of 100 µM Co2+. Above 100 µM the enzyme activity gradually
decreased with the increase in Co2+ concentration and there was a 40% reduction in enzyme
activity at 1 mM compared to 100% at 100 µM (Fig. 69).
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Fig. 69. Optimum Co2+ required for the activity of His-CBPSBS. The activity assays were performed in Tris-HCl buffer pH 8.0 containing various
concentrations of cobalt ranging 0 to 1000 µM.

3.5.13.6. Kinetic studies of His-CBPSBS
For examining the kinetic parameters various concentrations of carbobenzoxy-alaninearginine ranging from 1 to 50 mM were used and assay were conducted under optimal conditions
(Fig. 70A).
Km and Vmax values were calculated from Lineweaver burk plot (Fig. 70B) and were
found to be 14 mM and 10526 µmol min-1 mg-1, respectively. kcat was calculated on the basis of
monomeric form of His-CBPSBS. kcat and kcat/Km valves were 10175 s-1 and 726 mM-1 s-1,
respectively.
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A

B

Fig. 70. Kinetic studies of His-CBPSBS. A) The effect of substrate on the activity of His-CBPSBS was analyzed using various concentrations of
carbobenzoxy-alanine-arginine (1-50 mM). B) Kinetic parameters were calculated from lineweaver burk plot, X-axis shows the 1/substrate and
Y-axis shows the 1/velocities.
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4. DISCUSSION
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The number of microorganisms on Earth is estimated to be 5 × 1030 (Whitman et al.,
1998). Although a lot of microorganisms have been isolated and characterized but still there is
need to explore the novel microorganisms. In order to isolate a novel thermophile, the samplying
was done from the hot spring located in Gilgit, Pakistan. The comparison of the strain SBS-4S
with the already reported species of genus Geobacillus showed a number of differences. Most of
the members of Geobacillus were sensitive to streptomycine, spectinomycin and rifampicin
(Romano et al., 2005) whereas strain SBS-4S has the ability to resist these antibiotics. Most of
the members of Geobacillus are unable to produce acid from various sugars including arabinose,
inositol and rhamnose whereas strain SBS-4S can perform this job (Nazina et al., 2004; Romano
et al., 2005). Majority of Geobacillus members are unable to grow at pH 9.0 whereas strain SBS4S could grow at this pH. This thermophile, SBS-4S grew quite well upto 75 °C and has
produced a number of extracellular enzymes. The present studies covered the cloning, expression
and characterization of two of the enzymes produced by the SBS-4S.
First enzyme that was cloned and characterized in this study was lipase. When strain
SBS-4S was grown at 65 °C for 24 h and lipase activity of the cell free supernatant was
examined, it was found that strain SBS-4S produced remarkably high amount of lipase activity
(1.64 U/mL) which was more than 10-folds higher as reported for Geobacillus strain T1 (0.15
U/mL) (Leow et al., 2007).
The gene encoding for lipase was cloned and sequenced. A comparison of the primary
structure of the lipase sequence with the already reported lipases from various microorganisms
confirmed the presence of various conserved domains required for the activity or involved in the
binding of metal ions (Fig. 71). The lipases and serine proteases in the genus Bacillus have a
catalytic serine buried in the pentapeptide (Gly-X-Ser-X-Gly). In case of the thermophilic lipases
there is a Gly to Ala substitution in the pentapeptide (Ala-X-Ser-X-Gly). The presence of alanine
in the pentapeptide stabilizes the catalytic loop that finally contributes in the stability of the
enzyme (Jeong et al., 2002). All the five lipases have the same consereved pentapeptide with a
substitution of Gly to Ala. Apart from the catalytic loop there is another loop (residues 193-204)
that is involved in the protection of active site of G. stearothermophilus L1 lipase (Jeong et al.,
2002). Three substitutions (Ala197 to Val, Glu202 to Gln and Ile203 to Val) were observed in this
loop in the four lipase sequences compared to G.stearothermophilus L1 lipase (Fig. 71). The
substitutions of Ala and Ile to Val are simply the replacement of nonpolar neutral amino acids by
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the same group. The substitution of Glu to Gln is the conversion of polar negative to polar
neutral amino acid.
G.thermoleovorans
SBS-4S
G.zalihae T1
G.kaustophilus
G.stearothermophilus L1

AASRANDAPIVLLHGFTGWGREEMFGFKYWGGVRGDIEQWLNDNGYRTYTLAVGPLSSNW
AASRANDAPIVLLHGFTGWGREEMFGFKYWGGVRGDIEQWLNDNGYRTYTLAVGPLSSNW
ASLRANDAPIVLLHGFTGWGREEMFGFKYWGGVRGDIEQWLNDNGYRTYTLAVGPLSSNW
AASRANDAPIVLLHGFTGWGREEMFGFKYWGGVRGDIEQWLNDNGYRTYTLAVGPLSSNW
ASPRANDAPIVLLHGFTGWGREEMLGFKYWGGVRGDIEQWLNDNGYRTYTLAVGPLSSNW
* ********************** ***********************************
_____
DRACEAYAQLVGGTVDYGAAHAAKHGHARFGRTYPGLLPELKRGGRIHIIAHSQGGQTAR
DRACEAYAQLVGGTVDYGAAHAAKHGHARFGRTYLGLLPELKRGGRIHIIAHSQGGQTAR
DRACEAYAQLVGGTVDYGAAHAAKHGHARFGRTYPGLLPELKRGGRIHIIAHSQGGQTAR
DRACEAYAQLVGGTVDYGAAHAAKHGHARFGRTYPGLLPELKRGGRIHIIAHSQGGQTAR
DRACEAYAQLVGGTVDYGAAHAANDGHARFGRTYPGLLPELKRGGRVHIIAHSQGGQTAR
*********************** ********* *********** *************

60
60
60
60
60

G.thermoleovorans
SBS-4S
G.zalihae T1
G.kaustophilus
G.stearothermophilus L1

MLVSLLENGSQEEREYAKAHNVSLSPLFEGGHHFVLSVTTIATPHDGTTLVNMVDFTDRF
MLVSLLENGSQEEREYAKAHNVSLSPLFEGGHHFVLSVTTIATPHDGTTLVNMVDFTDRF
MLVSLLENGSQEEREYAKAHNVSLSPLFEGGHHFVLSVTTIATPHDGTTLVNMVDFTDRF
MLVSLLENGSQEEREYAKAHNVSLSPLFEGGHHFVLSVTTIATPHDGTTLVNMVDFTDRF
MLVSLLENGSQEEREYAKEHNVSLSPLFEGGHRFVLSVTTIATPHDGTTLVNMVDFTDRF
****************** ************* ***************************

180
180
180
180
180

G.thermoleovorans
SBS-4S
G.zalihae T1
G.kaustophilus
G.stearothermophilus L1

FDLQKAVLEAAAVASNVPYTSQVYDFKLDQWGLRRQPGESFDHYFERLKRSPVWTSTDTA
FDLQKAVLEAAAVASNVPYTSQVYDFKLDQWGLRRQPGESFDHYFERLKRSPVWTSTDTA
FDLQKAVLEAAAVASNVPYTSQVYDFKLDQWGLRRQPGESFDHYFERLKRSPVWTSTDTA
FDLQKAVLEAAAVASNVPYTSQVYDFKLDQWGLRRQPGESFDHYFERLKRSPVWTSTDTA
FDLQKAVLEAAAVASNAPYTSEIYDFKLDQWGLRREPGESFDHYFERLKRSPVWTSTDTA
**************** **** ************ ************************

240
240
240
240
240

G.thermoleovorans
SBS-4S
G.zalihae T1
G.kaustophilus
G.stearothermophilus L1

RYDLSVSGAEKLNQWVQASPNTYYLSFATERTYRGALTGNYYPELGMNAFSAVVCAPFLG
RYDLSVSGAEKLNQWVQASPNTYYLSFATERTYRGALTGNYYPELGMNAFSAVVCAPFLG
RYDLSVSGAEKLNQWVQASPNTYYLSFSTERTYRGALTGNHYPELGMNAFSAVVCAPFLG
RYDLSVPGAEKLNQWVKASPNTYYLSFATERTYRGALTGNYYPELGMNAFSAVVCAPFLG
RYDLSVPGAETLNRWVKASPNTYYLSFSTERTYRGALTGNYYPELGMNAFSAIVCAPFLG
****** *** ** ** ********** ************ *********** *******

300
300
300
300
300

G.thermoleovorans
SBS-4S
G.zalihae T1
G.kaustophilus
G.stearothermophilus L1

SYRNPTLGIDDRWLENDGIVNTVSMNGPKRGSSDRIVPYDGALKKGVWNDMGTYNVDHLE
SYRNPTLGIDDRWLENDGIVNTVSMNGPKRGSSDRIVPYDGALKKGVWNDMGTYNVDHLE
SYRNPTLGIDDRWLENDGIVNTVSMNGPKRGSSDRIVPYDGTLKKGVWNDMGTYNVDHLE
SYRNATLGIDDRWLENDGIVNTFSMNGPKRGSTDRIVPYDGTIKKGVWNYMGTYNVDHLE
SYRNAALGIDSHWLGNDGIVNTISMNGPKRGSNDRIVPYDGTLKKGVWNDMGTYKVDHLE
**** **** ** ******* ********* ******** ******* **** *****

360
360
360
360
360

G.thermoleovorans
SBS-4S
G.zalihae T1
G.kaustophilus
G.stearothermophilus L1

G.thermoleovorans
SBS-4S
G.zalihae T1
G.kaustophilus
G.stearothermophilus L1

IIGVDPNPSFDIRAFYLRLAEQLASLRP
IIGVDPNPSFDIRAFYLRLAEQLASLQP
IIGVDPNPSFDIRAFYLRLAEQLASLQP
VIGVDPNPLFDIRAFYLRLAEQLASLQP
VIGVDPNPSFNIRAFYLRLAEQLASLRP
******* * ************** *

120
120
120
120
120

388
388
388
388
388

Fig. 71. Sequence comparison of LIPSBS with its closest homologues. Lipase sequences were from present study (G. SBS-4S) or from G.
stearothermophilus (AAX11388), G. thermoleovorans (AAD30278), G. zalihae (AAO92067) and G. kaustophilus (YP_147839). Comparison
was done by the ClustalW program provided by DNA Data Bank of Japan (DDBJ). The open and close circles represent the amino acids involved
in the binding of calcium and zinc, respectively. The squares show the variation in the loop region.

X-ray crystallographic structure of LIPSBS has been resolved in close configuration. The
structure clearly shows the three dimentional view of various conserved domains as discussed in
Fig. 40. The active site of LIPSBS consisted of Ser114, Asp318 and His359 amino acids. The active
site of the thermostable lipases mostly covered by a helical structure called lid. Hydrophobic
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interactions between the lid and hydrophobic molecules (substrate) are responsible for the
opening of the lid of the lipase (Lopez et al., 2009). In order to get the crystal of lipase in open
configuration the screening was done in the presence of 1-5% triton X-100. But the presence of
triton X-100 failed to open the lid. The presence of quite high amount of detergent can develop
sufficient amount of interactions with the hydrophobic residues of helixes but the failure in
opening the lid indicated that there might be certain other factors involved in addition to the
hydrophobic interactions for opening of the lid. Molecular dynamics simulation studies were
performed to examine the activated form of LIPSBS (Fig. 44). More over the comparison of close
and MD simulated model very clearly demonstrated the movement of lid (Fig. 44).
The complete characterization of LIPSBS was done by examining the effect of various
parameters on the activity. During the studies of effect of divalent metal cations, it was found
that the presence of Zn2+ shows an inhibitory effect on the activity of LIPSBS. A slight
precipitation was observed in the reaction mixture containing Zn2+ which might have resulted in
the decrease in enzyme activity. The presence of EDTA totally inhibited the lipase activity
indicating that the enzyme activity was metal ion dependant (Fig. 35). There was no significant
effect of denaturing agent urea or serine protease inhibitor PMSF on the enzyme activity when
used at a final concentration of 1 mM. These results were similar as reported previously (Li and
Zhang, 2005).
The second enzyme that was cloned and characterized from this strain was
carboxypeptidase. The nucleotide sequence of cbpSBS was translated into amino acid sequence
His-CBPSBS. On

homology

comparsion

it

was

found

that

CBPSBS

belonged

to

metallocarboxypeptidases. Metal dependent carboxypeptidases may belong to M-14 or M-32
family, among the reported families of carboxypeptidases. The M-14 or M-32 families of
metallocarboxypeptidases contains HEXXH or HXXE(X)123–132H active site motif for binding of
metal cations. The sequence of His-CBPSBS was compared with the sequences from both the
families, seperately.
Several conserved domains including HEXXH, DXRXT, HPF, HESQ, IRXXAD and
GXXQDXHW, proposed to be involved in metal ion and substrate binding or activity of
thermostable carboxypeptidases belongs to family-32 (Lee et al., 2006) were also found in the
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His-CBPSBS sequence. The sequence alignment demonstrated that in His-CBPSBS

265

HECGH269

constituted the conserved HEXXH domain found in family-M32 carboxypeptidases (Fig. 72).
Pyrococcus furiosus
Thermococcus NA1
SBS-4S
Thermus aquaticus

MEEVFQNETIKQILAKYRRIWAIGHAQS-VLGWDLEVNMPKEGILERSVAQGELSVLSHE
MEEVFQNETIKQILAKYRRIWAISHARS-VLGWDMEVNMPREGIFERSVAQGELSVLSQE
----MKPIEA-QFLQYVKKMTGYREAIG-LMYWDLRTGAPKKGVEQRSEVIGMLSEEVFR
----MTPEAAYQNLLEFQRETAYLGSLGALAAWDQRTMIPRKGHGHRARQMAALARLLHE
* *
**
* *
*
*
Pyrococcus furiosus LLLHPEFVNLVEKAKG---LENLNEYERGIVRVLDRSIRIARAFPPEFIREVSETTSLAT
Thermococcus NA1
FLLKPEFVELVEKAKG---IEDLNEYERGVVRVLDRSIRISKSFPPEFLREMSEVTSQAT
SBS-4S
MSTSEEMAAFIAKLSPKAVYEQLNDVTKKTLDECKKEYERNKKIPADEYKEFVVLCSKAE
Thermus aquaticus
RATDPRIGEWLEKVEGSSLVEDPLSDAAVNVRAWRRAYERARAIPERLAVELAQARSEGE
*
*
*
*
*
Pyrococcus furiosus KAWEEAKAKDDFSKFEPWLDKIISLAKRAAEYLGYEE---------EPYDALLDLYEEGL
Thermococcus NA1
KAWEEAKRTNDYSKFEPWLDRIIDLAKRAADYLGYED---------EPYDALLDLFEEGT
SBS-4S
SVWEEAKAAADFARFRPYLEQIIEFQRRFIRYWGYEG---------HPYNTLLDQYEPGM
Thermus aquaticus
TAWEALRPRDDWQGFLPYLKRLFALAKEEAEILMAVGPDPLDPPYGELYDALLDGYEPGA
**
*
* * *
* *** **
Pyrococcus furiosus RTRDVEKMFEVLEKKLKPLLDKILEEGKVPREHPLEKEKYEREWMERVNLWILQKFGFPL
Thermococcus NA1
TTRDVERMFKKLEKELKPLLEKIMDEGKVPQSHPLEKEKYKREQMERVNLWILEKFGFPL
SBS-4S
TVDLLDELFSRLRERIVPLVHAISAASDKPDTSFLFAP-FPKEKQRAFLLELLKELGYDF
Thermus aquaticus
RARDLEPLFRELSSGLKGLLDRILGSGRRPDVGVLHRH-YPKEAQRAFALELLQACGYDL
* *
*
*
*
*
*
* **
Pyrococcus furiosus GTRARLDVSAHPFTTEFGIRDVRITTRYEGYDFRRTILSTVHEFGHALYELQQDERFMFT
Thermococcus NA1
GVRSRLDVSAHPFTTEFGIRDVRITTRYEGYDFRRTILSTVHEFGHALYELQQDERFMFS
SBS-4S
GK-GRLDETVHPFAIGLNPNDVRITTRYDERDFRTAVFGTIHECGHALYEQHISEALVGT
Thermus aquaticus
EA-GRLDPTAHPFEIAIGPGDVRITTRYYEDFFNAGIFGTLHEMGHALYEQGLPEAHWGT
***
***
********
*
* ** ******
*
Pyrococcus furiosus PIAGGVSLGIHESQSRFWENIIGRSKEFVELIYPVLKENLPF-MSNYTPEDVYLYFNIVR
Thermococcus NA1
PIAGGVSLGIHESQSRFWENVIGRSREFAELIHPVLKENLPF-MANYTPEDVYLYFNMVR
SBS-4S
PLASGASMGIHESQSLFFENMIGRHYAFWKRHYPRLQQYAPTQFADVSLDAFYRAINEAK
Thermus aquaticus
PRGEAASLGVHESQSRTWENLVGRSLGFWERFFPRAKEVFSS-LADVRLEDFHFAVNAVE
*
* * *****
** **
*
*
*
Pyrococcus furiosus PDFIRTEADVVTYNFHILLRFKLERLMVSEEIKAKDLPEMWNDEMERLLGIRPRKYSE-Thermococcus NA1
PDFIRTESDVVTYNFHILLRFKLERMMLNEGVKAKDLPELWNEEMERLLGIRPKTYAE-SBS-4S
PSLIRIEADELTYPLHIIIRYEIEKQLFAGELEAIDLPDVWNEKYEQYLGIRPHNDAV-Thermus aquaticus
PSLIRVEADEVTYNLHILVRLELELALFRGELFLEDLPEAWREKYRAYLGVAPRDYKD-* ** * * ** ** *
*
*** *
** *
Pyrococcus furiosus GILQDIHWAHGSIGYFPTYTIGTLLSAQLYYHIKKDIPDFEEKVAKAEFDPIKAWLREKI
Thermococcus NA1
GILQDIHWAHGTVGYFPTYSIGTLLSAQIYYHMKRDIPDFEEKVARAEFEPIKAWLREKI
SBS-4S
GVLQDVHWSGGSFGYFPSYALGYMYAAQFKQAMEKELD-VAGLLEEGNIAPIREWLTVHI
Thermus aquaticus
GVMQDVHWSGGMFGYFPTYTLGNLYAAQFFAKAQEELGPLEPLFARGEFTPFLDWTRRKI
* ** ** * **** * *
**
*
*
*
Pyrococcus furiosus HRWGSIYPPKELLKKAIGEDMDAEYFVRWVKEKYL----Thermococcus NA1
HRWGSIYPPKDLLKKAIGEELNPEYFVRWVKERYL----SBS-4S
HQFGKMKKPLELVRDATGETLKADYLIQYLEEKYKALYRL
Thermus aquaticus
HAEGSRFRPRALVERVTGSPPGAQAFLRYLEAKYGALYGF
* *
* *
**
*

59
59
54
56
116
116
114
116
167
167
165
176
227
227
224
235
287
287
283
294
346
346
343
353
404
404
401
411
464
464
460
471
499
499
500
511

Fig. 72. Sequence comparison of His-CBPSBS with members from family-M32 of carboxypeptidases. Identical amino acids are shown by asterisks
below the sequence. The names at the left hand side indicate the organism from which the sequence originated. The conserved domains are
shown by bold letters. The active site motif belonging to family-M32 of carboxypeptidases is under lined. Gaps are shown by dashes. The
accession numbers are: SBS-4S from present study (BAH28805); T. aquaticus (P42663); Thermococcus sp. NA1 (DQ144135) and P. furiosus
(1K9X_C).

The second family of metallocarboxypeptidases, M14-like superfamily contains
HXXE(X)123–132H motif responsible for metal binding and the activity. When the sequence of
His-CBPSBS was compaired with the carboxypeptidases from M14-like superfamily, the
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sequences did not showed significant level of similarities but surprisingly the active site motif
HXXE(X)123–132H present in M14-like superfamily of carboxypeptidases was also found in HisCBPSBS (275HXXE(X)129 H408) (Fig. 73). This motif was completely conserved in His-CBPSBS
whereas H275 in this motif has been replaced by G275 in case of T. aquaticus and Q275 in case of
P. furiosus and Thermococcus sp. NA1 (Fig. 72).
B.taurus
D.radiodurans
H.sapiens
R.norvegicus
SBS-4S
B.taurus
D.radiodurans
H.sapiens
R.norvegicus
SBS-4S
B.taurus
D.radiodurans
H.sapiens
R.norvegicus
SBS-4S
B.taurus
D.radiodurans
H.sapiens
R.norvegicus
SBS-4S
B.taurus
D.radiodurans
H.sapiens
R.norvegicus
SBS-4S
B.taurus
D.radiodurans
H.sapiens
R.norvegicus
SBS-4S
B.taurus
D.radiodurans
H.sapiens
R.norvegicus
SBS-4S
B.taurus
D.radiodurans
H.sapiens
R.norvegicus
SBS-4S

--MQGLLILSVLLGAALGKEDFVGHQVLRITAADEAEVQTVKELED-LEHLQLDFWRGP--MKRLLVLIALFVAVFGKKTFEGDQVFRITPKDEAQIDLLKELTEEGEHLGLSVWMEPMLALLVLVTVALASAHHGGEHFEGEKVFRVNVEDENHINIIRELAS---TTQIDFWKPDS
--MLLLLALVSVALAHASEEHFDGNRVYRVSVHGEDHVNLIQELAN---TKEIDFWKPDS
YERNKKIPADEYKEFVVLCSKAESVWEEAKAAADFARFRPYLEQIIEFQRRFIRYWGYEG
*
*
---GQPGSPIDVRVPFPSLQAVKVFLEAHGIRYRIMIEDVQSLLDEEQEQMFASQSRARS
---ILESLPLDLHVPFHSLQAVRAFLAYNQIPYHIMIENVQELLDDEQRDMVKYRGLARS
VTQIKPHSTVDFRVKAEDTVTVENVLKQNELQYKVLISNLRNVVEAQFDSRVRATG---ATQVKPLTTVDFHVKAEDVADVENFLEENEVHYEVLISNVRNALESQFDSHTRASG------HPYNTLLDQYEPGMTVDLLDELFSRLRERIVPLVHAISAASDKPDTSFLFAPFPKEK
*
TNTFNYATYHTLDEIYDFMDLLVAEHPQLVSK-LQIGRSYEGRPIYVLKFSTGGSNRPAI
TDDFVYTTYHDLNSINSFMDMLVAENRNMVSK-VVIGQSYEKRPLNVLKFSTG-ANRPGI
---HSYEKYNKWETIEAWTQQVATENPALISR-SVIGTTFEGRAIYLLKVGKAGQNKPAI
---HSYTKYNKWETIEAWIQQVATDNPDLVTQ-SVIGTTFEGRNMYVLKIGKTRPNKPAI
QRAFLLELLKELGYDFGKGRLDETVHPFAIGLNPNDVRITTRYDERDFRTAVFGTIHECG
WIDLGIHSREWITQATGVWFAKKFTEDYGQDPSFTAILDSMDIFLEIVTNPDGFAFT--WIDTGIHSREWVTQASGVWFAKKIVKDYGRDPVLTDILNSHDIFLEIVTNPDGFVYT--FMDCGFHAREWISPAFCQWFVREAVRTYGREIQVTELLDKLDFYVLPVLNIDGYIYT--FIDCGFHAREWISPAFCQWFVREAVRTYNQEIHMKQLLDELDFYVLPVVNIDGYVYT--HALYEQHISEALVGTPLASGASMGIHESQSLFFENMIGRHYAFWKRHYPRLQQYAPTQFA
* *
*
HS-QNRLWRKTRSVTSSSLCVGVDAN-RNWDAGFGKAGASSSPCSETYHGKYANSEVEVK
HT-KDRMWRKTRKPNPGSSCVGVDPN-RNWDAGFGGGGSSNNPCTETYRGPSAHSEPEVK
WT-KSRFWRKTRSTHTGSSCIGTDPN-RNFDAGWCEIGASRNPCDETYCGPAAESEKETK
WT-KDRMWRKTRSTMAGSSCLGVRPN-RNFNAGWCEVGASRSPCSETYCGPAPESEKETK
DVSLDAFYRAINEAKPSLIRIEADELTYPLHIIIRYEIEKQLFAGELEAIDLPDVWNEKY
*
*
*
SIVDFVKDHG-NFKAFLSIHSYSQLLLYPYGYTTQSIPDKTELNQVAKSAVAALKSLYGT
AIVDFVKSHG-KIKAFVSIHSYSQMLLYPYGYTYTAAKDKAELHEVARKAITSLQSLYNT
ALADFIRNKLSSIKAYLTIHSYSQMMIYPYSYAYKLGENNAELNALAKATVKELASLHGT
ALADFIRNNLSTIKAYLTIHSYSQMMLYPYSYDYKLPENYEELNALVKGAAKELATLHGT
EQYLGIRPHNDAVGVLQDVHWSGGSFGYFPSYALGYMYAAQFKQAMEKELDVAGLLEEGN
*
*
*
SYKYGSIITTIYQASGGSIDWSYNQGIKYSFTFELRDTGRYGFLLPASQIIPTAQETWLG
RYTYGSIITTIYQASGGTIDWTYNQGIKYSYTFELRDTGRYGFILPANQIVPTAEETWLA
KYTYGPGATTIYPAAGGSDDWAYDQGIRYSFTFELRDTGRYGFLLPESQIRATCEETFLA
KYTYGPGATTIYPAAGGSDDWSYDQGIKYSFTFELRDTGFFGFLLPESQIRQTCEETMLA
IAPIREWLTVHIHQFG-----------KMKKPLELVRD-ATGETLKADYLIQYLEEKYKA
*
*
**
* *
*
VLTIMEHTVNNLY
LMAIMEHTKNNPY
IKYVASYVLEHLY
VKYIANYVREHLY
LYRL---------

56
57
57
55
151
113
114
113
111
208
172
172
169
167
268
229
229
226
224
328
287
287
284
282
388
346
346
344
342
448
406
406
404
402
496
419
419
417
415
500

Figure 73: Sequence comparison of His-CBPSBS with members from family-M14 of carboxypeptidases. Identical amino acids are shown by
asterisks below the sequence. Active site motif belonging to M14-like superfamily is highlighted by bold letters. Gaps are shown by dashes. The
accession numbers are: SBS-4S from present study (BAH28805); B. taurus (CAA83955); D. rerio (NP_954965); H. sapiens (NP_001862) and R.
norvegicus (AAA40872).
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CBPSBS is a novel carboxypeptidase that contains two active site motifs and both the
motifs were found to be conserved. At present it is difficult to say whether the second motif
(275HXXE(X)129 H408) is really a conserved motif found in M14-like superfamily or it is formed
accidentally. In order to know, if this motif is important for enzyme activity mutational studies in
this region particularly at H275 are required.
When the expression of CBPSBS was examined, CBPSBS was expressed in the form of
inclusion bodies. CBPSBS production was also examined in the presence of chapronin GroES/EL,
to examine whether chapronin could fold the CBPSBS. The production of active form of CBPSBS
in the presence of chapronin was unsuccessful.
To facilitate the purification of CBPSBS, the cbpSBS was expressed under His-tag. Purified
His-CBPSBS was used for the characterization. The kinetic studies of His-CBPSBS exhibited a km
and Vmax value of 14 mM and 10526 µmol min-1 mg-1 respectively. The kinetic parameters of
His-CBPSBS were compared with other characterized carboxypeptidases in Table 4. Among the
closest homologues of His-CBPSBS highest enzyme activity (3000 U/mg) has been reported for
carboxypeptidase Taq when Cbz-Phe-Tyr was used as a substrate (Lee et al., 1994).
Carboxypeptidase from P. furiosus, the second closest homologue of His-CBPSBS, displayed a
Vmax value of 2300 U/mg using the same substrate (Cbz-Ala-Arg) as was used in case of HisCBPSBS (Cheng et al., 1999). Although His-CBPSBS exhibited a much higher value of Vmax
compared to P. furiosus carboxypeptidase, catalytic efficiency (kcat/Km) of both the enzymes was
similar (around 700 mM-1 s-1). The third closest homologue of His-CBPSBS was carboxypeptidase
from Thermococcus sp. NA1 and it had 87-fold lower catalytic efficiency (8.3 mM-1 s-1)
compared to His-CBPSBS. The higher enzyme activity of His-CBPSBS might be correlated with
the presence of two active site motifs. Further work on mutational studies in the active site
domains and crystallographic analysis will shed light whether both the domains are responsible
for the observed activity or not.
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Table 4. Comparison of kinetic parameters of various carboxypeptidases.

Substrate

Specific activity
(U mg-1)

Km
(mM)

kcat (s-1)

Temperature
(°C)

Geobacillus SBS-4S

Cbz-Ala-Arg

9383

14

10175

70

Thermus aquaticus

Cbz-Phe-Tyr

3000

NA

NA

70

Pyrococcus furiosus

Cbz-Ala-Arg

1,391

0.9

600

80

Thermococcus sp. NA1

Cbz-Ala-Arg

NA

1.6

12.8

70

Deinococcus
radiodurans

Cbz-Gly-Ala

15.15

4.3

28

40

Pyrococcus horikoshii

Cbz-Gly-Phe

119

7.35

91.4

85

Origin

The comparsion of kinetic parameters of SBS-4S with already reported strains. The substrates used were Carbobenzoxy-alanine-arginine (CbzAla-Arg), Carbobenzoxy-phenyl-tyrosine (Cbz-Phe-Tyr), Carbobenzoxy-glycine-alanine (Cbz-Gly-Ala) and Carbobenzoxy-glycinephenylalanine (Cbz-Gly-Phe). The parameters not available in the literature are shown by NA. The data was taken from the present study or from
Thermus aquaticus (Lee et al., 1994), Pyrococcus furiosus (Cheng et al., 1999), Thermococcus sp. NA1 (Lee et al., 2006), Deinococcus
radiodurans (Lin et al., 2007) and Pyrococcus horikoshii (Ishikawa et al., 2001).

In this study, a novel thermophile Geobacillus SBS-4S was identified. The genes
encoding lipase and carboxypeptidase form SBS-4S have been cloned and characterized. Both
the enzymes were stable at wide pH and temperature ranges that make them suitable candidates
for use in various industrial applications.
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