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ABSTRACT 

Halothermothrix orenii, a gram negative strictly anaerobic thermohalophilic bacterium has been 

isolated from sediments of a Tunisian salt lake (Chott El Guettar). H. orenii grows optimally at 

60˚C with 10% NaCl. Phylogenetically, H. orenii is placed at the base of phylum Firmicutes, in 

the family Haloanaerobiaceae, order Haloanaerobiales, and is the only member of this order 

whose genome has been completely sequenced. The availability of the genome sequence will not 

only enhance our understanding of survival and adaptation strategies of microbes living under 

dual extremities of high salt and temperature, but will also provide information on novel 

biocatalysts which could have potential application in research, industrial and bioremediation 

processes. To date, our laboratory has studied a large number of genes that encode Glycosyl 

Hydrolases and Transferases from H. orenii, including AmyA and AmyB of the α-amylase family 

13, a sucrose phosphate synthase (SPS) and a Fructokinase (Frk). Biochemical analysis 

demonstrated that all these recombinant enzymes are optimally active between 55-65˚C and in 

addition, the extracellular amylases AmyA and AmyB are most active with NaCl concentration 

between 5-25%. All the recombinant enzymes have been crystallized and their structures solved, 

but their molecular basis of thermohalophilicity has yet to be determined.  

In the present study, data mining of the genome of H. orenii further identified six potential α-

amylase coding genes (designated Amy1, Amy2, Amy5, Amy6, Amy7 and Amy8). Primers were 

designed for cloning and overexpression of these genes into two vectors, namely flexi pFN6A 

and pET22b (+). Clones of Amy1, Amy6, Amy7 and Amy8 were discarded from the freezer by a 

member of the plant laboratory in my school, and therefore only clones Amy2 and Amy5 were 

available for studies. Amy5 clone has been studied in detail and forms the basis of this thesis. The 

Amy5 gene, which consists of 1701 nucleotides, was determined by BLAST analysis to code for 

an oligo-1,6-glucosidase, was cloned in pET22b (+) vector and the recombinant enzyme 

successfully over-expressed in the E. coli B strain (BL21 (DE3)). The recombinant enzyme 

(designated rAmy5) was purified to homogeneity using immobilized metal affinity 

chromatography (IMAC). The molecular weight of rAmy5 was determined by SDS to be 66kDa, 

which is close to the expected theoretical calculated value of 66.766kDa. The rAmy5 hydrolysed 

p-nitrophenyl-α-D-glucopyranoside (PNPG). The temperature optimum for enzyme activity was 
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60˚C (temperature activity range between 45-65˚C) and the pH optimum was between pH 6 and 

6.5 (pH activity range between pH 5.3-7). rAmy5 activity was inhibited by metal ions in the order 

Cd2+ > Cu2+ > Zn2+ > Fe3+ > Fe2+ > Ni2+ > NH4
+, but enhanced by Ca2+ and Mn2+ with Mg2+ and 

Co2+ having no effect. The recombinant enzyme was tolerant to proteolysis when tested in 

presence of various concentrations of Trypsin. DTT (Dithiothreitol) had no effect on enzyme 

activity suggesting that cysteine residues did not play any role in providing thermostability to the 

enzyme molecule. Activity of the enzyme against PNPG was completely inhibited by 100mM D-

glucose or 0.2mM PNP (p-nitrophenol). EDTA was found to have no effect on enzyme activity. 

The enzyme activity was enhanced in the presence of salts such as 0.5M NaCl and 1M KCl by 

22.5% and 45% respectively. Denaturants inhibited enzyme activity in the order SDS > Tris > 

Urea. Sugars inhibited the enzyme activity in the order D-glucose > D-fructose > Mannitol > 

Xylose > Cellobiose > Lactose > Cellobiose > Lactose > Mannose > Raffinose > Galactose. The 

enzyme displayed no activity when tested against the following PNP-based glycosides: 2-

Nitrophenyl-β-D-fucopyranoside, p-Nitrophenyl-α-L-arabinopyranoside, p-Nitrophenyl-α-D-

xylopyranoside, p-Nitrophenyl-β-D-xylopyranoside, 2-Nitrophenyl-β-D-glucopyranoside, p-

Nitrophenyl-β-D-fucopyranoside, 2-Nitrophenyl-1-thio-β-D-galactopyranoside, and p-

Nitrophenyl-β-D-glucuronide. The activation energy of enzyme was found to be 81.3kJ/mol. The 

enzyme was thermostabilized at 60˚C in the presence of salts and combination of metal ions in 

the following order: 0.5MNaCl > 0.5M NaCl + 25mM CaCl2 > 1M KCl > 1M KCl + 25mM 

CaCl2. Presence of 25mM CaCl2 alone was found to destabilize the enzyme at 60˚C. The half-life 

of the enzyme increased four times in presence of 0.5M (10%) NaCl at 60˚C. The enzyme 

followed Michaelis Menten kinetics for PNPG and was found to have a KM and VMAX of 1.3mM 

and 333.3mM PNPG/min per mg of enzyme respectively. The enzyme had a high specific 

activity and was found to be active against a variety of substrates. The probable order of its 

specificity was PNPG > dextrin > dextran > isomaltotriose > amylose > pullulan > palatinose > 

soluble starch > trehalose > maltotetraose > maltose > isomaltose > maltooligosaccharide > 

panose. The enzyme was more active against substrates containing (1→6)-α-D-glucosidic 

linkages.  

In silico analysis revealed that the Amy5 putative protein sequence consisted of a highly 

conserved ‘QpDln’ signature for oligo-1,6-glucosidase sub-family. The high thermostability of 

the rAmy5 enzyme could be correlated to an increased presence of prolines and preference for 
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glycine over alanine in the Amy5 sequence. A preference for charged residues over uncharged 

residues indicated the possible reason for the increased thermostability with NaCl of the rAmy5 

enzyme. The fact that the Amy5 gene sequence had a significant identity (63.7%) to the sequence 

of solved crystal structure of oligo-1,6-glucosidase (1UOK) from Bacillus cereus formed the 

basis for a comparative homology modelling of Amy5 protein and as result a 3-Dimensional 

model of the Amy5 protein could be predicted.  Comparative analysis of the predicted Amy5 

model with 1UOK revealed that the residues of deep catalytic cleft of the latter were found at the 

same positions (Asp199, His 328, and Asp329), except that the Glu255 residue of 1UOK aligned 

with position Glu256 of Amy5. These catalytic residues are considered necessary for enzyme 

function rather than enzyme substrate specificity. Study of crystal structures of various enzymes 

has revealed that there are various subsites (amino acid residues) which associate with catalytic 

residues to impart the character to the enzyme to act on specific substrates. In addition to the 

present study of comparative modelling and biochemical characterization of the rAmy5 enzyme, 

protein crystallography studies could add to our understanding of structure-function relationship. 

In our present study, an attempt to crystallize the rAmy5 protein was made using a hanging drop 

method by screening it against 240 different buffer conditions (using JBScreen Mixed 

Crystallography kit, Jena Biosciences, Germany), but crystals were not observed during the three-

month incubation period.     
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“Take up one idea. Make that one idea your life - think of it, dream of it, live on that idea. Let the 

brain, muscles, nerves, and every part of your body, be full of that idea, and just leave every other 

idea alone. This is the way to success.” 

Swami Vivekananda 
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1.1 INTRODUCTION 

Carbohydrate degrading enzymes such as those that act on starch have been a major focus of 

studies of newly discovered extremophiles. Fundamentally, studies on carbohydrate 

metabolizing enzymes provide an understanding of the metabolic characteristics of an organism 

and also give knowledge on the possible substrate utilization pathway used by the organism in 

extreme conditions. From an application point of view, knowledge of biochemical and structural 

characteristics of extremozymes also provides opportunities to design highly stable enzymes 

which can efficiently meet industrial requirements. To be able to study the structure of an 

enzyme it is important to first successfully express the enzyme in a suitable host (like 

Escherichia coli), then purify it, biochemically characterize it, and finally crystallize it. The 

crystallized enzyme thereby gives the opportunity to study its structural features in detail using 

sophisticated techniques such as X-ray crystallography, NMR (Nuclear Magnetic Resonance) 

and Synchrotron. Although many structures have been solved for enzymes from mesophilic 

organisms, very few have been solved for enzymes from extremophilic organisms such as 

thermophiles and halophiles. This is mainly because expression of extremozyme in a mesophilic 

host such as E. coli faces many incompatibility issues. Furthermore, even though the 

extremozyme is expressed in a mesophilic host, it is quite possible that it might not fold into its 

native stable conformation. To overcome these problems several attempts have been made to 

express extremozymes in the source organism itself; however, these have been unsuccessful 

mainly because extremophilic organisms require special conditions for growth, which are not 

always possible to establish in routine laboratories. In this scenario, bioinformatics tools provide 

the only effective option which could assist scientists to study extremozymes and their 

properties. Protein structure can now be predicted based on sequence homology of an unknown 

protein to a sequence of known structure (template). For protein structure, comparative 

homology modelling assignment is one of the major bioinformatics tools used in research to 

support experimental studies on enzymes. Predicted protein structure not only helps in 

identification of the residues involved in catalytic activity of the enzyme, but also helps to 

determine why a particular protein is stable under extreme conditions such as high temperature 

and/or high salt. The data revealed from the in silico analysis of a protein of unknown function 
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can especially be helpful in supporting the biochemical studies on the protein when its 

experimental structure is not available.  

In the present study, genes which putatively coded for Glycosyl Hydrolase and Transferase with 

starch degrading activity from Halothermothrix orenii genome were selected for investigation. 

H. orenii is an organism which is unique among extremophiles due to its ability to thrive under 

the dual extreme conditions of high temperature and high salinity. This chapter of the thesis 

introduces the reader briefly to the Glycosyl Hydrolase and Glycosyltransferase family of 

enzymes, and the α-amylase family of enzymes which acts on starch. I deal with the different 

sub-families of α-amylase in more depth, including their mechanism of action. One of the 

interesting research questions is why extremozymes are stable to extreme conditions. The answer 

may lie in protein structures and identifying signatures may provide some clues as to what 

enables them to remain stable under those extreme conditions. Consequently, I have briefly 

discussed the α-amylase enzymes from thermophilic and halophilic organisms and their different 

adaptations. Starch degrading enzymes are considered to have many applications in the 

biotechnology industry; industrial potential of enzymes from both halophilic and thermophilic 

organisms has thus also been discussed. Chapter 1 then concludes with an account of what is 

known about Halothermothrix orenii to date, and explains the aims of this project. 
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1.2 LITERATURE REVIEW 

1.2.1 Glycosyl Hydrolases (GH, E.C. 3.2.1.x) 

Glycosyl Hydrolases are key enzymes of carbohydrate metabolism that are found in the three 

major kingdoms (Domains Bacteria, Archaea, and Eucarya). This group of enzymes shares the 

ability to hydrolyze the glycosidic bonds between two or more carbohydrates or between a 

carbohydrate moiety and a non-carbohydrate moiety. The hydrolysis of the glycosidic bond is 

performed by two catalytic residues of the enzyme: a general acid (proton donor) and a 

nucleophile/base and depending on the spatial position of these catalytic residues, hydrolysis 

occurs via overall retention or overall inversion of the anomeric form.  

 Glycosyl Hydrolases have been generally classified by International Union of Biochemistry and 

Molecular Biology (IUB-MB) based upon the type of reaction the enzyme catalyzes and on their 

substrate-specificity. As with more research new sequences and proteins structures are made 

available. Therefore, CAZY (Carbohydrate Active Enzyme) database continuously updates the 

list of Glycosyl Hydrolase families with more available knowledge and now GH group is further 

classified into 45 families based on sequence similarities (Henrissat and Bairoch, 1993, 

Henrissat, 1991). Because there is direct relationship between sequence and folding similarities, 

such a classification reflects the structural feature of these enzymes, and therefore helps us reveal 

the evolutionary relationships between various members of this family. 

Because folds of proteins are better conserved than their sequences, some of the families were 

further grouped into ‘clans’. Clan is a group of protein families that are thought to have common 

ancestry and are recognized by significant similarities in tertiary structure together with 

conservation of the catalytic residues and catalytic mechanism. The growing number of three-

dimensional structures solved for Glycosyl Hydrolases and/or improved sequence comparison 

strategies have revealed the relationship between some Glycosyl Hydrolases families which 

could be grouped into clans (Henrissat and Bairoch, 1996).  

Glycosyl Hydrolases have a variety of uses including degradation of plant materials (e.g., 

cellulases used for degrading cellulose to glucose, and also in ethanol production), in the food 

industry (invertase used in making soft-centered chocolates), and in the paper industry 

(xylanases used for removing hemicelluloses from paper pulp). Some of the important members 
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of this group include enzymes like lactase, amylase, chitinase, sucrase, maltase, neuraminidase, 

hyaluronidase and lysozyme.  

1.2.2 Glycosyl Transferases (GT, E.C. 2.4.x.y) 

Glycosyl Transferases are enzymes which are involved in biosynthesis of disaccharides, 

oligosaccharides, and polysaccharides. They act as catalysts for transfer of a sugar moiety from 

an activated donor (“Glycosyl Donor”) to a specific acceptor molecule, thereby forming 

glycosidic bonds. GT have been classified according to the stereochemistry of the reaction 

substrates and products as either retaining or inverting enzymes (Sinnott, 1990). Analogous to 

glycosidases, inverting Glycosyl Transferases follow a single displacement catalytic reaction 

leading to inversion of anomeric configuration (for instance UDP-glucose → β-glucoside). On 

the other hand, unlike two-step retaining mechanism (with an intermediate) in glycosyl 

hydrolases, Glycosyl Transferase leads to retention of anomeric configuration in a single step 

process (UDP-glucose → α-glucoside) (Gibson et al., 2002). Glycosyl Transferases are usually 

metal ion dependent and metals such as magnesium or manganese have been found in the active 

site of the enzymes. 

The CAZY (Carbohydrate Active Enzyme) database presents a sequence based classification of 

Glycosyl Transferases into over 86 families (Campbell et al., 1997, Coutinho et al., 2003). 

Structural studies of enzymes from Glycosyl Transferase group have revealed that enzymes 

classified according to sequence similarity turn out to have similar 3-dimensional (3D) structure 

too.  But in contrast to the diversity of 3D structures observed for Glycoside Hydrolases, 

Glycosyl Transferases have a much smaller range of structures. In fact, according to the 

Structural Classification of Proteins (SCOP) database only three different folds have been 

observed for Glycosyl Transferases. 

Glycosyl Transferases have been widely used in the synthesis of glycoconjugates. Some of the 

important Glycosyl Transferases include phosphorylase like starch phosphorylase, glucose 

phosphorylase, glycogen branching enzyme, glycogen synthase and even contain debranching 

enzymes like 4-α-D-glucanotransferase and amylo-α-1,6-glucosidase. 
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1.2.3 Starch Industry 

Starch is composed of amylose (15%-25%) and amylopectin (75%-80%). Amylose is a linear 

polymer of glucose linked by α-1,4-glycosidic bonds, while on the other hand amylopectin is a 

highly branched polymer of glucose with inclusion of α-1,6-linked branches after every 25-30 

linear units of glucose linked by α-1,4 linkages. The hydrolysis of starch requires the coordinate 

action of several enzymes, such as α-amylase, β-amylase, glucoamylase, debranching enzymes 

(pullulanases), and α-glucosidase (oligo-1,6-glucosidase). 

Starch is used as raw material in many industry applications such as high-fructose corn syrup, 

glues sizing agents for paper industry, ethanol production and many other (van der Maarel et al., 

2002). 

1.2.3.1 α-amylase (1,4-α-D-glucan,4-glucanhydrolase, E.C. 3.2.1.1) 

The α-amylase family consists of a large group of starch hydrolases and related enzymes, 

currently known as glycosyl hydrolase family 13 (Henrissat, 1991). This endoacting enzyme 

produces oligosaccharides and glucose as end-products by randomly hydrolyzing the α-1,4-

glycosidic linkages of starch. 

During the last three decades, α-amylases have been exploited by starch processing industries as 

a replacement for acid hydrolysis in production of the starch hydrolysates. The major reason for 

this being, that the source of enzyme is biological and not chemical, and enzymes from 

biological source have high specific activity. Besides the most common role in saccharification 

or liquefaction of starch, α-amylase is also used in preparation of viscous, stable starch solutions 

used for wrap sizing of textile fibers (fill the pores on the surface and as a result stiffen the 

fabric), clarification of haze formed in beer or fruit juices, or pretreatment of animal feed to 

improve digestibility. α-amylase also has a major application in the fields of laundry or 

dishwashing detergents. Most of these enzymes work optimally at moderate temperature and 

alkaline pH which in turn actively removes starch from clothes and porcelain even when used in 

cold water, thereby making it compatible for the modern era. 

The most thermoactive α-amylases that have been purified and characterized are those from the 

archaeon Pyrococcus woesei (Koch et al., 1991) and P. furiosus (Laderman et al., 1993b, 

Laderman et al., 1993a, Koch et al., 1990, Brown et al., 1990). The extracellular enzyme from 
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Pyrococcus woesei was found active between 40-130°C, with an optimum at 100°C and pH 5.5 

and the intracellular enzyme from P. furiosus was active in the range 40-120°C with optimum at 

100°C and pH 6.5-7.5. An additional characteristic of this enzyme was that, unlike mesophilic α-

amylases, they did not required Ca2+ for activity or thermostability. The P. woesei α-amylases 

were found capable of hydrolyzing randomly the α-1,4-glycosidic linkages in various substrates 

such as starch, glycogen, amylopectin, and amylose. But unlike other α-amylases, glucose was 

not formed as an end-product. On the other hand, intracellular α-amylase of P. furiosus 

hydrolyzed starch to glucose and maltose in addition to mixture of oligosaccharides.  

1.2.3.2 β-Amylases (alternate names: 1,4-α-D-glucan maltohydrolase; glycogenase; 

saccharogen amylase) 

These are exo-acting amylases which work from the non-reducing ends of the sugar. β-amylase 

catalyzes the hydrolysis of the second α-1,4-glycosidic bond cleaving off two glucose units and 

thereby producing maltose (also used as sweetener). As compared to α-amylase, β-amylases are 

slow reacting because they cannot act anywhere on the substrate and therefore require longer 

time for catalyzing hydrolysis. Thermostable β-amylase from T. maritima and T. 

thermosulfurigenes, have a good potential in maltose syrup production industry but they still 

require a compatible debranching enzyme for breaking side products of starch degradation. 

1.2.3.3 Glucoamylase and α-glucosidases 

Hydrolysis of starch by α-amylase and pullulanases results in smaller products like 

oligosaccharides and others. Oligosaccharides then in turn are degraded further by intracellular 

action of α-glucosidases. Like β-Amylase, glucoamylases are rarely found in thermophiles and 

hyperthermophiles. Therefore, there is much research required in this area to find potential 

benefits for starch degradation industry. H. orenii genome database analysis depicts a putative 

oligo-1,6-glucosidase (refer to section 5.1.1 for detailed information) gene coding sequence 

(Amy5), which was cloned, expressed and purified in active form in present study (Chapter 3). 

As there is very less research in this enzymatic category from extremophiles, we believe that 

present study would provide new insights and better understanding of the activity of these 

enzymes. 
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1.2.3.4 Pullulanases and Amylopullulanases 

There are two types of pullulanases: Type I and Type II. Type I pullulanases which only 

hydrolyzes α-1,6-glucosidic linkages are used as debranching enzymes in starch saccharification. 

While, amylopullulanases or Type II pullulanases show dual specificity for starch α-1,4- and α-

1,6-glucosidic linkages. For this reason, they are recommended for use as debranching enzymes 

in maltose and glucose syrup productions. However, amylopullulanases have been suggested as 

an alternative of α-amylase for use during starch liquefaction in production of starch 

fermentation syrups. Since certain amylopullulanases specifically produce maltose, maltotriose, 

and maltotetraose (DP2 to DP4) as major end products of starch degradation, they have been 

suggested as catalysts in a one-step liquefaction-saccharification process for production of high-

DP2-to-DP4 syrups. However, amylopullulanases have been purified from hyperthermophiles 

and found to be active at high temperatures, still they are found very less active as compared to 

α-amylase. For example, from research it has been found that P. furiosus α-amylase was 

approximately 44 times more active on starch than the P. furiosus amylopullulanases (Dong et 

al., 1997b, Dong et al., 1997a). 

1.2.3.5 Cyclomaltodextrinase or cyclomaltodextrin-hydrolase (CDases) 

Unlike CGTase (Cyclomaltodextrin glycosyltransferase), Cyclomaltodextrinase are decyclizing 

enzymes. Three groups of the enzymes known as cyclomaltodextrinases (CDases; E.C. 3.2.1.54), 

maltogenic amylases (MAases; E.C. 3.2.1.133), and neopullulanases (NPases; E.C. 3.2.1.135) 

efficiently hydrolyze cyclomaltodextrins (CDs) which are cyclic oligomers of glucose, linked by 

α-D-(1,4)-glycosidic bonds. Comparatively, these enzymes hydrolyze starch and pullulan 

inefficiently. These enzymatic activities have been distinguished from that of typical smaller α-

amylases, e.g., TAKA-amylase A (TAA) of Aspergillus oryzae, which virtually are not able to 

hydrolyze CDs. 

Many enzymes denoted as CDase have been isolated from various microbial sources including 

Bacillus coagulans, Clostridium thermohydrosulfuricum 39E, Flavobacterium sp., and Bacillus 

sphaericus E-244 (Lee et al., 2002). 
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1.2.3.6 Cyclomaltodextrin glucanotransferases (alternate names: Cyclomaltodextrin 

glycosyltransferase or CGTases) 

CGTases (EC 2.4.1.19) attack α-1,4-linkages in polysaccharides in a random fashion and convert 

starch by an intramolecular transglycosylation reaction. As a result of its action on the non-

reducing ends of various polysaccharides, cyclization products like α-, β-, or γ-cyclodextrins 

(CDs), consisting of six, seven or eight glucose molecules respectively are produced.  

It is not surprising that, cyclodextrin glycosyltransferase (CGTases) as a starch-modifying 

enzyme has found its way to the commercial market, as CDs production being a special interest 

for major pharmaceutical, starch-degrading companies and others. The internal cavities of CDs 

are hydrophobic and are capable of encapsulating hydrophobic molecules. This property makes 

CDs suitable for numerous applications in food, cosmetics, and pharmaceutical industries, where 

they are used to capture undesirable tastes or odors, stabilize volatile compounds, increase a 

hydrophobic substance’s water solubility, and protect a substance against unwanted modification 

by preventing foreign interactions.   

CGTases are used in hydrolysis of starch during the saccharification process. However, the 

cyclodextrin production is a multi-stage process where starch is first liquefied at elevated 

temperature using heat stable amylase to simpler polysaccharides and then cyclization reaction is 

performed using CGTase from Bacillus species. As a downside, because the latter enzyme is not 

heat stable therefore the temperature of the reaction has to be dropped along with change in pH 

using chemicals. To overcome this situation scientists have screened many extreme organisms 

for potential heat-stable CGTases and tired to clone and express the proteins in a suitable 

mesophilic host. Out of these some have been successful in purifying the protein like a heat- and 

alkali-stable CGTase (optimum activity 65°C, pH 10) has been purified from Anaerobranca 

bogoriae which was isolated from Lake Bogoria, Kenya (Prowe et al., 1996). Other thermostable 

CGTase have already been found in Thermoanaerobacter sp. (Norman and Jorgensen, 1992, 

Pedersen et al., 1995) and Thermoanaerobacterium thermosulfurogenes (Wind et al., 1995). 
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1.2.3.7 Glucose or Xylose Isomerases 

Glucose isomerase is an enzyme (EC 5.3.1.9) that catalyzes the conversion of glucose into 

fructose. It is required in glycolysis pathway, where phosphoglucose isomerase reversibly 

converts glucose-6-phosphate to fructose-6-phosphate. As a major industrial enzyme glucose 

isomerase is used in production of High Fructose Corn Syrup (HFCS). In the industrial process 

polysaccharide like starch is first broken down by liquefaction and saccharification to produce 

glucose using enzymes which work at elevated temperature and then glucose isomerase is added 

to convert glucose to fructose. However, the presently used isomerase enzymes are moderately 

stable at 60°C and high pH. Therefore, it requires the industry to put extra cost to bring down the 

reaction temperature and increase pH of the reaction by adding chemicals. It has been found that 

enzyme reactions at high temperature and alkaline pH lead to unwanted side reactions. For this 

reasons, HFCS producers are interested in isomerase enzyme which concomitantly work at high 

temperature and low pH as required for the earlier part of the process, and thereby help in 

reducing cost and improving the quality of product. 

Glucose isomerases from highly thermophilic and thermostable organisms like Thermus 

thermophilus, T. aquaticus, Thermotoga maritima, and Thermotoga neapolitana have been 

characterized. Despite of their high catalytic activity at elevated temperatures (95-100°C) they 

are found to be active only at neutral pH which is thereby unsuitable for industries. Therefore, 

more research and discovery of novel isomerase enzymes is required, which can concomitantly 

match the industrial process requirement (Vieille and Zeikus, 2001). 

1.2.4 Thermophiles 

Thermophilic organisms are found to grow optimally between 60°C and 80°C, and have 

thermostability properties which fall between those of hyperthermophilic and mesophilic 

organisms (Figure 1.1).  
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Figure 1.1: Classification of thermophiles based on the temperature required for growth. 

Hyperthermophiles are organisms which are represented by archaeal and bacterial species, and 

grow optimally at temperatures between 80°C and 110°C. On the other hand, Halothermothrix 

orenii is a moderate thermophile which grows optimally at 60˚C (Figure 1.1). Hyperthermophiles 

have been isolated almost exclusively from environments with temperature in the range of 80 to 

115°C. Pyrolobus fumarii is the most thermophilic Archaea which was found to grow at a high 

natural temperature environment of 113°C. Hot natural environments include continental 

solfataras, deep geothermally heated oil-containing stratifications, shallow marine and deep-sea 

hot sediments, and hydrothermal vents located as far as 4000 meter below sea level. 

Thermophiles have also been isolated from hot industrial environments (e.g., the outflow of 

geothermal power plants and sewage sludge systems) and deep-sea hyperthermophiles have been 

found thriving in hydrostatic pressure ranging from 200 to 360 atm. 
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Of the more than 70 species, 29 genera, and 10 orders of hyperthermophiles that have been 

described (Stetter, 1996), most are Archaea. Thermotogales and Aquificales are the only bacteria 

which have been found to survive under these extreme temperatures and therefore they represent 

important members for phylogenetic and evolutionary studies. Hyperthermophiles communities 

are complex systems of primary producers and decomposer of organic matter. All 

hyperthermophilic primary producers are chemolithoautotrophs (i.e., sulfur oxidizers, sulfur 

reducers, and methanogens). They have adapted to extreme environments by using alternative 

source of energy and act on different substrates. Most hot natural environments have high 

content of sulfur, where facultative or obligate chemolithotrophic hyperthermophiles survive by 

either reducing S0 with H2 to produce H2S (the anaerobes) or oxidize S0 with O2 to produce 

sulfuric acid (the aerobes). While most heterotrophs are obligate sulfur reducers, all members of 

the Thermotogales and most members of the Pyrococcales and Thermococcales can grow 

independently of S0, obtaining their energy from fermentations. Because of the extremely low 

levels of organic matter in the submarine environments, hyperthermophilic heterotrophs typically 

obtain their energy and carbon from complex mixtures of peptides derived from the 

decomposition of primary producers (Vieille and Zeikus, 2001). 

Although, there is a huge diversity of temperature required for growth between extreme 

thermophiles and mesophiles which also reflects in their overall phylogenetic relationship, but at 

molecular level the sequences of enzymes from both groups have been found to be very similar 

(40 to 85%), and even the protein structure were found to superimpose each other with similar 

catalytic mechanisms. This means that there are very minor changes involved in the coding 

sequence of a protein to bring changes in expressed protein which provides them extra stability. 

Also, because of lack of research there is very less known about the mechanism of stability of 

mesophilic enzymes with changing temperature, therefore much research is required to be done 

on mesophilic enzymes and more structural data is required for enzymes of both groups to 

unravel the secrets of phenomenal stability of thermozymes (Thermostable enzymes). 

1.2.4.1 Adaptations of Thermophilic Enzymes 

Native, active proteins are held together by a delicate balance of non-covalent forces like 

hydrogen bonds, ion pairs, and hydrophobic and Vander Waals interactions. When high 

temperature is applied these non-covalent interactions are disrupted which leads to unfolding of 
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protein. Small monomeric proteins commonly unfold via a two-state transition, and some 

proteins might regain their native active conformation upon cooling which is also termed as 

thermodynamically reversible unfolding and some do not which irreversibly get inactive upon 

cooling. Most mesophilic proteins unfold irreversibly i.e., they unfold into an inactive but 

kinetically stable structure and often form aggregates. During aggregation the hydrophobic 

residues which are normally buried into the core of the native protein, become exposed to the 

solvent and interact with hydrophobic residues from other unfolding protein molecules to 

minimize their exposure to the solvent, and these aggregates finally gets precipitated. 

There are different stabilization strategies like better core packing, surface ion pairing, surface 

stabilization, and reduction of entropy of unfolding. Few of the mechanisms by which 

thermostability is achieved in enzymatic structure have been described below: 

1.2.4.1.1 Amino acid composition and intrinsic properties 

Out of all the properties, hydrophobic effect or core packing is considered the major driving 

force of protein folding and stabilization. It has been seen from site-directed mutagenesis studies 

that replacement of core hydrophobic residues was found to be more disruptive for protein 

structure than any other type of substitution. Thermostable enzymes are said to be rigid in 

structure at lower temperature, which results in their decreased activity. At optimum temperature 

the loops and overall structure of the enzyme becomes flexible and makes the catalytic site more 

available for reaction, which results in increased activity. Also, a preference for more charged 

amino acid residues have been seen in most of hyperthermophilic proteins as compared to 

mesophilic protein and these charged residues replace uncharged polar residues especially 

glutamine (Gln) for example. Hyperthermophilic proteins were also found to contain slightly 

more hydrophobic and aromatic residues than mesophilic proteins.  However, because this data 

was obtained from comparison of genomic data of sequenced organism and therefore cannot be 

generalized to make rules. Also, Aeropyrum pernix a hyperthermophilic Archaea whose genomic 

data when analyzed displayed that its protein pool was made of fewer charged residues 

(23.64%), fewer large hydrophobic residues (27%), and fewer aromatic residues (7.42%) which 

was even less than the amounts present in most of the mesophilic proteins (Kawarabayasi et al., 

1999, Vieille and Zeikus, 2001). Therefore, with the present data it would probably be more 

meaningful to consider the distribution of amino acids in a protein and study their interactions in 

the protein rather than make generalization based on amino acid composition.    
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1.2.4.1.2 Disulfide Bridges 

Disulfide bonds play an important role in folding and stability of some proteins, especially the 

one which are secreted in the extracellular medium. In chemistry, a disulfide bond (SS-bond) is 

said to be a single covalent bond derived from the coupling of thiol groups, which in turn are 

usually formed from the oxidation of sulfhydryl (-SH) groups (Figure 1.2, a). However, in 

proteins disulfide bonds are usually formed between the thiol groups of the cysteine residues 

(Figure 1.2, b). Methionine is also sulfur containing amino acid residue, but is unable to form a 

disulfide bond. A disulfide bond is typically denoted by hyphenating the abbreviations for 

cysteine, e.g., the "Cys26-Cys84 disulfide bond", or the "26-84 disulfide bond. 

 

Figure 1.2: The mechanism of disulfide bond formation. 

(a) Disulfide bonds formed from oxidation of sulfhydryl (-SH) groups, (b) Cystine formed by formation of disulfide 

bond between two cysteine molecules. 
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The disulfide bond stabilizes the folded form of a protein in several ways: 1) It holds two 

portions of the protein together, biasing the protein towards the folded topology. This is also 

related to the entropy effect, where entropy of the unfolded protein is decreased to stabilize the 

protein. 2) The disulfide bond may also form the nucleus of a hydrophobic core of the folded 

protein i.e., local hydrophobic residues may condense around the disulfide bond and onto each 

other through hydrophobic interactions. 3) Disulfide bonds may form between protein molecules 

in a protein chain, thereby increasing the local protein residue concentration which in turn 

reduces the local concentration of water molecules surrounding the protein molecule. Since 

water molecules are said to attack amide-amide hydrogen bonds and break the secondary 

structure, a disulfide bond stabilizes secondary structure in its vicinity. For example, researchers 

have identified several pairs of peptides that are unstructured in isolation, but adopt stable 

secondary and tertiary structure upon forming a disulfide bond between them. 

Disulfide bond may be destroyed in protein when exposed to alkaline conditions, which in turn 

happens by a reaction called β-elimination reaction where end products are dehydroalanine and 

thiocysteine. As a result, free thiols are produced which catalyze disulfide interchange and 

further inactivate the whole protein. Cysteines are also one of the most reactive amino acids in 

proteins, therefore their autooxidation especially when catalyzed in presence of metal cations 

like copper (Cu2+) can lead to formation of intramolecular and intermolecular disulfide bridges 

or to the formation of sulfuric acids. Also, when cysteine catalyzes disulfide interchange causing 

disulfide bond reshuffling, it can lead to major structural variations which can disrupt the activity 

of the protein. For example, in the case of the recombinant S. solfataricus 5’-

methylthioadenosine phosphorylase enzyme, which forms incorrect intersubunit disulfide 

linkage that make the protein less stable and less thermophilic than the native enzyme 

(Cacciapuoti et al., 1999). 

1.2.4.1.3 Ion Pairs 

Electrostatic interactions are a significant stabilizing force in folded proteins. As the ion pairs in 

the proteins are formed between fixed charges they are supposed to be much stronger than the 

solvent in which they are present, thereby leading to stability of protein. These electrostatic 

interactions have been proven to be responsible for thermostability of methyl aminopeptidase 

enzyme from P. furiosus, where the enzyme was found to contain more ion pairs and ion pair 

networks as compared to E. coli enzyme. Also, when the pH was decreased (leading to 
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protonation of acidic amino acid which thereby disrupts favorable ionic interaction) and high salt 

concentrations (salts are known to destabilize protein ion pairs) were applied the stability of 

protein was decreased. These results suggested the role of ion pairs in stabilizing protein at high 

temperature (Ogasahara et al., 1998). 

Although role of ion pairs for thermostability of protein has been proven in number of instances, 

but still a generalization cannot be made based on the known facts. Because ion pairs are usually 

present in small numbers in proteins and they are not highly conserved among the different 

proteins which leads to the drawback.     

1.2.4.1.4 Role of Proline in decreasing entropy of unfolding 

The amino acid proline (Pro) has been studied extravagantly and it has been found that as 

compared to other amino acids proline could adopt only few configurations and has lowest 

conformational entropy (Sriprapundh et al., 2000). Therefore, it means that when present in 

protein, proline also restricts the allowed configurations of preceding residue. This means that 

mutations like Gly→Xaa or Xaa→Pro (without unfavorable strain being incorporated) in protein 

should be able to decrease the entropy of unfolded state leading to stability of the overall protein. 

This technique has been successfully used to engineer enzymes like neutral protease enzyme 

from B. stearothermophilus which under native conditions gets inactivated by autolysis, where 

enzyme is targeted at a specific site in flexible surface loop structure, thereby making it unstable 

and inactive. But, when prolines were introduced in specific positions in the loop it made the 

protein stable from autolysis. Still no generalization could be made from the present research 

available because proline incorporated at random positions by site-directed mutagenesis have 

been found to be favorable but no specific region in the loop has been allocated for stabilization 

effect neither does incorporation of multiple proline residues in the protein has proven to be 

effective. Though the latter has been effective in few instances only like in case of oligo-1,6-

glucosidase from Bacillus cereus (Vieille and Zeikus, 2001).  

1.2.4.1.5 Metal Binding 

Metal binding has long been known to stabilize and activate enzymes (Vieille and Zeikus, 2001). 

Xylose isomerase has been found to bind two metals (chosen from Co2+, Mg2+, and Mn2+). One 

cation is directly involved in catalysis; and the second is mainly structural. The two metal 

binding sites have different specificities, and replacing one cation with another is deleterious as it 
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often significantly alters enzyme activity, substrate specificity, and thermostability. Although the 

role of metal binding sites have been easily proven in case of mesophiles, there has been 

difficulty encountered in case of hyperthermophilic proteins. The mesophilic α-amylase catalytic 

site is located in a cleft between two domains (an [α/β]8 barrel and a large loop) and coordinated 

by ligands belonging to these two domains, Ca2+ is found essential for the activity and 

thermostability of the enzyme. But in case of hyperthermophilic α-amylase from P. furiosus 

which was initially described to as a Ca2+ independent enzyme because EDTA treatment had no 

effect on enzyme’s activity, with further characterization of the enzyme it was revealed that 

enzyme consisted of at least two Ca2+ cations that could not be removed by EDTA treatment 

below 70°C temperature. A 30 minutes EDTA treatment at 90°C was found effective in removal 

of 60% to 70% of bound Ca2+ and thereby inactivated the enzyme. Similar results were obtained 

from characterization of α-amylase from Thermococcus profundus which leads to a conclusion 

that Ca2+ was in fact necessary for enzyme activity. 

1.2.4.1.6 Posttranslational Modifications 

Though protein glycosylation is widespread amongst eucaryate enzymes, a number of bacterial 

enzymes which are mostly extracellular, are also been found to be glycosylated.  It has been 

found that deglycosylation of enzymes lead to higher tendency of enzymatic aggregation during 

thermal inactivation, which also suggested that glycosylation may be involved in preventing 

partially folded or unfolded proteins from aggregating and thereby, resulting in inactivation. 

Unfortunately, only a few examples are known of hyperthermophilic proteins that are 

glycosylated and their carbohydrate moieties have also not been extensively characterized 

(Hettmann et al., 1998, Faguy et al., 1992). 

1.2.5 Industrial potential of enzymes from thermophilic organisms 

Thermostable enzymes from thermophiles find application in various biotechnological processes 

which are operated at high temperatures. For example, starch processing industry usually 

involves two step process for hydrolysis of starch into glucose, maltose or oligosaccharide syrups 

which run at high temperature and therefore require thermostable enzymes at each stage. Stage 

one is liquefaction of starch, in which starch granules are first gelatinzied by heat treatment at 

around 110˚C for 5minutes and then partially hydrolyzed at α-1,4-linkages using a thermostable 

α-amylase (from thermophiles: Bacillus licheniformis and B. stearothermophilus) at 95˚C for 2 



 
 

18 

to 3 hours. Stage two is a saccharification step, which takes place at 55 to 60˚C using either a 

combination of thermostable pullulanase and glucoamylase for glucose syrup production, or 

using a combination of thermostable pullulanase and β-amylase for maltose syrup production. 

The syrups produced as a result are then used as fermentable source to produce a variety of 

chemicals (e.g., ethanol, lysine, and citric acid) of commercial value. With an important 

application in paper production industry, thermostable endoxylanases (from Thermotoga 

thermarum, and Thermotoga sp. strain FjSS3-B.1) have been found capable of replacing 

conventionally used toxic chemicals (like chlorine and/or chlorine dioxide) for paper pulp 

bleaching process (run at elevated temperatures) for removal of lignin (Vieille and Zeikus, 

2001). Molecular biology techniques were revolutionized with the automation of PCR, which 

was facilitated only after the discovery of thermostable DNA polymerase. DNA polymerase I 

from the bacterium Thermus aquaticus, called Taq polymerase was the first thermostable DNA 

polymerase characterized and applied in PCR.  

1.2.6 Halophiles 

A Halophile (Salt-Lover) is an organism that requires higher than ‘normal’ levels of salt to grow. 

Halophiles are ubiquitous in their distribution and therefore can be found everywhere, like in 

natural brines in arid, costal and deep-sea locations, underground salt mines and in artificial 

salterns. Many exclusive halophilic organisms have been isolated from the Great Salt Lake, in 

the western United States, and the Dead Sea, in the Middle East, which are also two of the 

largest and most studied hypersaline lakes (DasSarma and DasSarma, 2006). Other regions 

include small evaporation ponds or sabkhas which are found near coastal areas like Solar Lake, 

Gavish Sabkha and Ras Muhammad pool near the Red Sea coast, where seawater is found to 

penetrate through seepage or via narrow inlets from the sea evaporation. Alkaline hypersaline 

soda brines like Wadi Natrun lakes of Egypt, Lake Magadi in Kenya and the Great Basin lakes of 

the western United States (Mono Lake, Owen Lake, Searles Lake and Big Soda Lake), have been 

found to lack in magnesium and calcium because divalent cation are less soluble at alkaline pH 

and also vary significantly with seasons. Solar salterns, which include natural or artificial 

salterns (exploited for production of sea salt) have also been found to be a rich source of 

halophiles (DasSarma and DasSarma, 2006).  



 
 

19 

There is a range of diversity of organisms, including mainly prokaryotes and eukaryotes that 

inhabit extremely salty environments and they survive mainly by having the capacity to balance 

the internal osmotic pressure to the external environment and thereby resist the denaturing 

effects of salts (Figure 1.3). As in brine where NaCl concentration can range anywhere between 

1M and 3.5M, dense algal population has been seen growing, and this in turn is a feed for brine 

shrimp and larvae of brine flies. Protozoa are also found in these locations along with yeast and 

fungi (DasSarma and DasSarma, 2006). Microbial mats, containing predominantly 

photosynthetic unicellular and filamentous cyanobacteria, and purple and green sulfur and non-

sulfur bacteria are seen covering the bottom of many hypersaline ponds. The anoxic zones of the 

mats and in the sediment below, a variety of sulfur oxidizing, sulfate reducing, homoacetogenic, 

methanogenic, and heterotrophic bacteria and Archaea are found to grow (DasSarma and 

DasSarma, 2006). From about 4M NaCl to saturation (≥5.2M NaCl), halophilic Archaea are 

found to dominate the brine pools, while at this extreme all other microbial activity ceases to 

grow. These halophilic Archaea form a dense bloom at highest salinity condition (3.4-5M NaCl), 

and result in the red color (because of presence of carotenoid pigments in the cells) of many 

brines. On the other hand, H. orenii is categorized as a slightly halotolerant bacterium because of 

it ability to optimally grow between 5-10% NaCl (Figure 1.3). 

Although, there are number of classification systems which have been put forth to categorize 

halophiles, the most accepted and widely used is that of Kushner (1978). Though, this system 

takes into consideration the range of salt tolerance and the optimum salt concentrations required 

for the growth of the organism (Table 1.1), it does not consider other growth factors such as 

temperature and medium composition which can vary halotolerance level. 

Halotolerant organisms can grow in both high salinity and in absence of a high concentration of 

salt, contrastingly halophiles are incapable of growth in absence of salt (Table 1.1). Among 

halophilic microorganisms there are a variety of heterotrophic, phototrophic and methanogenic 

Archaea, photosynthetic, lithotrophic, and heterotrophic bacteria and photosynthetic and 

heterotrophic eukaryotes. Some of the well adapted and widely distributed halophilic 

microorganisms include archaeal Halobacterium species, Cyanobacteria such as Aphanothece 

halophytica and the green alga Dunaliella salina. 
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Figure 1.3: The figure displays the salt tolerance of halophilic organisms.  

The relative growth rate is plotted against both percent salinity and NaCl concentration 

(this figure was adapted from DasSarma and DasSarma, 2006). The five microorganisms 

depicted here are Synechococcus sp. PCC7002 (PR-6), a slightly halotolerant 

cyanobacterim, Fabrea salina (Fs), a moderately halophilic protozoan, Dunaliella salina 

(Ds), a halophilic green algae,  Aphanothece halophytica (Ah), an extremely halophilic 

cyanobacterium and  Halobacterium sp. (H), an extremely halophilic archaeon. The salinity 

of seawater and the hatch range for brine shrimp are also noted in the figure. 
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Table 1.1: Classification of halophiles based on optimum salt concentration and salt ranges 

for growth. 

Classification 
Salt Concentration (M) 

Range Optimum 

Non-halophile 0 - 0.1 < 0.2 

Slight halophile 0.2 – 2.0 0.2 – 0.5 

Moderate halophile 0.4 – 3.5 0.5 – 2.0 

Borderline extreme 

halophile 

1.4 – 4.0 2.0 – 3.0 

Extreme halophile 2.0 – 5.2 > 3.0 

Halotolerant 0 – 1.0 < 0.2 

Haloversatile 0 – 3.0 0.2 – 0.5 

1.2.6.1 Adaptation strategies of Halophiles 

The extremely halophilic Archaea dominate the extreme salt environments (≥5.2M NaCl). They 

are well adapted to saturating NaCl concentrations and have developed some novel molecular 

characteristics. For example: acidic proteins which resist precipitation in saturated salts; 

development of purple membrane (specialized regions of cell membrane that contain a two-

dimensional crystalline lattice of a chromoprotein, bacteriorhodopsin) which develops a 

membrane potential in response to light and which is enough to drive ATP synthesis and support 

a phototrophic growth; presence of huge amount of red-orange carotenoids in halobacteria has 

also been shown necessary for stimulating an active photorepair system to repair thymine 

dimmers resulting from UV (Ultraviolet) radiation; and development of gas vesicle in 

halobacteria to promote cell flotation and in turn provide oxygenated growth to aerobes. 

Most halophilic and all halotolerant organisms expend energy (ATP) to exclude salts from their 

cytoplasm to avoid protein aggregation (‘salting out’). Because in presence of high salts the 
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hydrophobic residues which are normally buried in the core of protein become exposed to 

surface and lead to non-specific interactions among different proteins and as a results become 

destabilized. In order to survive extreme salinity conditions, halophiles have been found to 

basically employ two different strategies to prevent desiccation through osmotic movement of 

water out of the cytoplasm. Both of these strategies work by increasing the internal osmolarity of 

the cell: 

1.2.6.1.1 ‘Salt-in’ strategy  

Most of the organisms have adapted to extreme salt environment by maintaining a low 

concentration of Na+ ions inside the cell for maintaining the turgor pressure. Members of 

Bacterial order Haloanaerobiales consisting of fermentative or homoacetogenic anaerobes and 

aerobic halophilic Archaea of the order Halobacteriales have been shown to accumulate high 

concentration of K+ and Cl- ions inside the cell which balances the high concentration of Na+ 

ions outside the cell. For achieving this adaptation the organism cell membrane is specially 

designed and contains transport mechanisms, generally based on Na+/ H+ antiporters and K+ 

uniporters, to expel the sodium ions from the interior of the cell. For example, the intracellular 

salt concentration of haloarchaea has been found to be extremely high with K+ ions, which are 

accumulated up to 5M using electrogenic Na+/ H+ antiporter and two K+ uniporter (Roberts, 

2005). Although, pumping Na+ ions out of the cell is at the expense of energy, but bioenergetic 

calculations have shown that this mode of osmotic adaptation costs relatively little energy. High 

concentration of KCl inside the cell have a far reaching effect on the stability of the proteins and 

enzymes inside the cell, therefore these proteins require special molecular adaptation to 

overcome the deleterious effect and thereby to make them active in high salt (Oren, 2002).   

Both genome sequencing and proteome analysis of Haloarchaea have shown that they contain 

an excess proportion of acidic to basic amino acids, a feature which is likely to be used for 

protein activity at high salinity (Joo and Kim, 2005). Generally hydrophobic residues are in the 

core of the protein, while only loops and other small regions are exposed to the surface. The 

presence of negative charge or acidic amino acid in the loop and surface of protein is accredited 

to the repulsive force which is involved in prevention of the association of one protein with 

another and thereby preventing denaturation, aggregation, and precipitation of proteins when 

exposed to high salt environment.  
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1.2.6.1.2 ‘Salt-out’ strategy or accumulation of organic (compatible) solutes 

The second strategy of osmotic adaptation involves the synthesis and/or accumulation of high 

concentration of organic compounds or compatible solutes inside the cell, presence of which is 

compensated by removal of salts from the cell and thereby relieving the cell from high osmotic 

pressure. Most of the halophiles accumulate these solutes from the surrounding environment or 

rarely synthesize the same in the cell using storage material, as in case of the extreme halophile, 

Halorhodospira halochlori which was isolated from Wadi Natrun and was the first bacterium 

shown to synthesize and accumulate ectoine, a cyclic amino acid which it uses along with 

glycine betaine and trehalose as compatible solutes. 

The most common compatible solutes or osmolytes are neutral or zwitterionic and usually 

include amino acids, sugars, and polyols, like glycine betaines and ectoine, sucrose, trehalose 

and glycerol. The most widely used osmotic solutes within the domain Bacteria include ectoine 

and glycine betaine, like in case of halophilic purple sulfur bacteria such as Halochromatium 

glycolicum, which grows photoorganotropically using glycolate and glycerol, and synthesize N-

acetylglutamiylglutamine amide as a minor component of their compatible solute and use 

sucrose and glycine betaine from the environment. Among anaerobic Archaea, halophilic 

methanogens have been shown to use β-amino acids (β-glutamine, N-ε-acetyl-β-lysine) as 

compatible solutes and also play an important role in the anaerobic degradation of glycine 

betaine in their environment (DasSarma and DasSarma, 2006).  2-sulfotrehalose, an organic 

osmolyte have been detected in Archaea like Natronococcus occultus, Natronobacterium 

gregoryi, Natrialba magadii and Natronomonas pharaonis, which are all members of 

Halobacteriales. The accumulation of compatible solutes as an added advantage does not require 

much intracellular adaptation of enzymatic machinery as compared to accumulation of KCl. 

However, as a downside production of compatible solutes by cell requires expenditure of more 

energy as compared to KCl accumulation (salt in strategy). A gene coding for sucrose phosphate 

synthase (SPS), possibly involved in sucrose production, has been cloned and characterized from 

H. orenii in a previous study (Huynh et al., 2005). The study suggested that the presence of SPS 

gene in H. orenii may play a role in accumulation of sucrose for maintaining osmotic balance 

inside the cell, similar to that proposed for plants and cyanobacteria.     
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1.2.7 Industrial applications of Halophiles 

Currently halophiles and enzymes from it, have a significant commercial application in 

fermentation of soy and fish sauce, β-carotene production and aquaculture (DasSarma and 

DasSarma, 2006). The unique properties of halophilic organism are not limited and advancing 

research may provide evidence that there may be a great potential of these organisms for 

biotechnology in future. As extreme halophiles have been isolated from extreme hypersaline 

environment, there is a possibility of their use in bioremediation of hypersaline brines 

contaminated by release from industrial processes. Also, halophilic organisms have been found 

to produce a large variety of stable and unique biomolecules including many hydrolytic enzymes 

like DNAses, lipases, amylases, gelatinases and proteases which are capable of functioning 

under conditions which leads to precipitation or denaturation of most other “normal proteins”, 

therefore, providing a useful practical application. Halophilic proteins compete effectively with 

salts of hydration, a property which results in resistance to the low water activity environment, 

such as presence of organic solvent, thereby providing a front for application in biological-

treatment of effluents from agro-food, petroleum and leather industries, and thereby treating 

organic pollution effectively (Lefebvre and Moletta, 2006).  

Novel halophilic biomolecules recently have found there way for specialized application like 

bacteriorhodopsin used in biocomputing for data storage (because of the capacity of 

bacteriorhodopsin to convert light to energy and also stabilizes easily on glass plates), gas 

vesicles for use in production of bioengineered floating particles, pigments for food coloring, and 

compatible solutes as stress protectants (DasSarma and DasSarma, 2006). Compatible solutes 

like ectoine and hydroxyectoine which accumulate in halophiles in high concentration are now 

being commercially produced and used as stabilizers of otherwise labile enzymes, thereby 

increasing product shelf-life and activity. For example, Halomonas elongata is used 

commercially for production of ectoine and Marinococcus M52 for hydroxyectoine (Oren, 

2002). Nucleic acids are stabilized by ectoines and it has also found application in cosmetics 

industry where it is used for increasing the moisturizing activity of skin creams. Other 

compatible solutes like trehalose are used as cryoprotectant for the freeze-drying of biomolecules 

and diglycerol phosphate is also used as a potential protein stabilizer. Halophilic archaeon, 

Haloferax mediterranei has been found to accumulate high concentration of a copolymer of β-

hydroxybutyrate and β-hydroxyvalerate, which in turn can be exploited by plastic industries to 
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make thermoplastics from biological source which would also have similar properties as 

polypropylene and is biodegradable. In addition, membrane lipids of this archaeon may act as 

biosurfactant, and can be used in improving the oil-carrying properties of water. As halophiles 

can tolerate multiple environmental stresses, therefore they have been accredited to be perfect 

candidates for exophiles. According to DasSarma (2006) ‘Exophile’ are organisms which might 

survive on mars or other planets. He also describes Halobacterium sp. NRC-1 as model organism 

for astrobiology, because it can withstand multiple environmental stresses and also withstand 

desiccation and UV radiation, as found in laboratory studies. These factors were similar to those 

prevalent in mars and other planet, therefore using microarray, gene knockout studies and other 

advanced technologies the proteome of the organism is being studied and one day might soon be 

tested in space exploration experiment for its survival under real conditions (DasSarma and 

DasSarma, 2006, Oren, 2002).     

Adaptation of halophiles to hypersaline conditions gives a hint of evolutionary background of 

these organisms. Also, accordingly halophilic and methanogenic Archaea are placed as members 

of the archaeal branch of the phylogenetic tree, which likely appeared very early on in evolution. 

Therefore, future studies on these organisms would provide even greater insights on evolution 

and help in unraveling unanswered questions of evolution.    

1.3 RELATIONSHIP OF HALOTHERMOPHILES WITH THERMOPHILES AND 

HALOPHILES 

To date, only two species of extremophiles have been found to withstand the extreme conditions 

of high salt and high temperature simultaneously, and this includes Halothermothrix orenii H168 

and Thermohalobacter berrens. Halothermothrix orenii H168 has been classified in the order 

Haloanaerobiales and has been found to grow optimally at 60°C with 10% NaCl, whereas 

Thermohalobacter berrenis is a member of the order Clostridiales, and has been found to grow 

optimally at 65°C with 5% NaCl, making them phylogenetically distinct organisms. This is 

surprising, because it was hypothesized that an inverse relationship exists between halophilicity 

and thermophilicity i.e., the increase in NaCl concentration should limit the growth of 

thermophiles and favor only mesophiles, whereas a rise in temperature would favor thermophiles 

(Figure 1.4) at the expense of halophilicity. However, the discovery of halothermophiles brings 

in new information to fill the gaps in lack of our information and thereby, pushes the research 
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community to revise their earlier hypothesis and put in new concepts to their knowledge that life 

is possible at dual extremities.     

 

Figure 1.4: Inverse relationship between halophilicity and thermophilicity. 

The ♦ in the figure represent different organisms. 

1.3.1 Studies on Halothermothrix orenii strain H 168 

Halothermothrix orenii H168 is a gram negative, rod shaped, anaerobic, moderate halophilic 

bacteria related to group Clostridia. It is a halothermophile which grows optimally at 60°C 

(maximum of 70°C) with 10% NaCl (NaCl growth rate between 4-20%) and is capable of 

fermenting glucose into acetate, ethanol, H2, and CO2. 

The genome size of the H. orenii is 2.57 Mbp with a G+C content of 37.78%. The genome has 

been sequenced in collaboration with JGI (Joint Genome Institute) - DOE (U.S. Department of 

Energy). The total number of protein coding genes estimated are 2,342, and have a G+C content 

range between 31% and 43%. The, H. orenii genome has been analyzed, and attempts to 

correlate thermophilic and halophilic strategies of the organism has been investigated 

(Mavromatis et al., 2009). H. orenii genomic data is now available from NCBI (National Center 

for Biotechnology Information) at the url: 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genome&Cmd=ShowDetailView&TermToSearch

=23674.   
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1.3.1.1 Cloning of genes from H. orenii into mesophilic host 

Extremophilic organisms may require special conditions for growth which are either difficult or 

practically impossible to achieve under general laboratory conditions. Extremophilic organisms 

have been tried earlier for expression of their native enzymes under general laboratory conditions 

but experiments have been unsuccessful because of the complexity of the organism at molecular 

level or practical conditions required which demand high cost inputs. Therefore, mesophilic host 

are the only alternative under these circumstances. E. coli has been a model organism for cloning 

and expression of gene coding proteins of foreign organisms. This is mainly for the reason 

because E. coli has been studied a lot and also proved be successful in expression of enzymes 

from extremophiles in their native form. Also, some E. coli have been specially designed to 

overproduce and express a cloned protein under study and still be economical for laboratory 

conditions which do not require any special equipments or substrate to grow the same.  

Expression of extremophilic proteins in mesophilic host (E. coli) also provide an additional 

benefit over its extremophilic counterparts, as purification of the expressed protein sometimes is 

just a one step process. For example in case of H. orenii enzymes like amylase A and B have 

been purified earlier by Ben Mijts et. al., 2001 in a one step heat denaturation process, where the 

contaminating mesophilic host enzymes were denatured at high temperature while expressed 

extremophilic protein remained stable. With these positive attributes of mesophiles to act as host, 

the number of genes from thermophiles which have been cloned and expressed in mesophiles has 

increased sharply (Ciaramella et al., 1995). 

Apart from these merits E. coli was found unsuitable for expression of extremophilic proteins in 

some occasions where protein from extremely halophilic organism were tried to express in E. 

coli. Because of the requirement of growth of E. coli in low salt environment which sometime 

makes the halophilic protein irreversibly inactive and insoluble. Often, the archaeal genes 

express in low levels in mesophilic E. coli due to a significantly different codon usage in the 

expressed gene. Also, archaeal transcription systems (including promoter sequences) are more 

closely related to eucaryal than to bacterial systems, which may also be a reason for low 

expression, but strong promoters like plac, ptac, or T7 RNA polymerase can be used to overcome 

this problem. 
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1.3.1.2 Enzymes of Halothermothrix orenii H 168 

The 3D structure of two recombinant extracellular thermoactive and halophilic amylases (AmyA 

and AmyB) and a sucrose phosphate synthase (SPS) have been solved till now (Mijts and Patel, 

2002, Tan et al., 2003, Li et al., 2002, Mijts and Patel, 2001). Structural studies have revealed a 

lack of positively charged amino acids in these proteins and also in the H. orenii genome. Lack 

of acidic amino acids suggest that H. orenii might use a “salt out” strategy by producing 

compatible solutes instead, and this also seems to be true as from comparison studies with 

halophiles and thermophiles, H. orenii genome was confirmed with presence of pathways using 

trehalose and glycine-betaine as solutes. Surprisingly, a SPS (Sucrose Phosphate Synthase) gene 

was found in H. orenii genome and has been cloned, overexpressed and studied (Huynh et al., 

2005, Chua et al., 2008). SPS gene is an exception to H. orenii because it has so far only been 

found in photosynthetic organisms (plants and cyanobacteria) where it is attributed to play a role 

in sucrose formation and act as an osmoregulator (as in case of plants). Phylogenetic studies 

revealed that AmyA was closely related to amylases of the thermophilic bacteria, Dictyoglomus 

thermophilium and Thermotoga maritima, and AmyB was found closely related to amylase of 

mesophilic Bacillus species. This was also concurrent with the biochemical studies, which 

revealed that AmyA had high level (90%) of activity at 65°C and 25% NaCl concentration, while 

on the other hand AmyB retained only 15% of activity at 65°C and 25% NaCl. Also, AmyA was 

found to form a unique reversible oligomeric, thermostable protein which was resistant to boiling 

in absence of NaCl but presence of as little as 5mM NaCl or CaCl2 decreased the thermostability 

dramatically. Unlike AmyA, studies on AmyB revealed that it had a monomeric form at normal 

temperature levels and NaCl concentration, but in adverse conditions the structure changed to a 

reversible oligomeric form. 

Conservation of buried amino acids in AmyA has been revealed from comparative analysis with 

structure of amylases from other halophiles and thermophiles. This indicates that thermostability 

and halophilicity is associated with surface residues, but the limited protein structures available 

from halothermophiles have hindered the pinpointing study. Therefore, to provide further insight 

in the structural mechanism of proteins which make them stable at dual extremities of high NaCl 

concentration and temperature there is a need for more protein structures from halothermophiles. 

Aim of the study presented in this thesis is to determine H. orenii proteins and make their 

structures available for further studies. The task of purifying H. orenii proteins seems to be easy 
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if they purify with same ease as AmyA protein, which was purified in a single step of heat 

precipitation (Li et al., 2002). 

1.4 AIM AND IMPORTANCE OF PRESENT RESEARCH 

Halothermothrix orenii, a thermophile, is unique among extremophiles in its ability to thrive 

under the extreme conditions viz high temperature and high salinity. Studies on H. orenii will 

provide important information on the mechanism of its adaptation under dual extremities and as 

a part of ongoing studies in our lab, 6 putative α-amylase coding genes, namely Amy1, Amy2, 

Amy5, Amy6, Amy7 and Amy8 were mined from the genome data. The present study began with 

investigation of all these 6 genes and ultimately focused on one gene namely, Amy5. The aim of 

the present study was to clone the putative genes in a suitable cloning vector and then transform 

them into a mesophilic expression host cell such as BL21 (DE3) (E. coli). The cloned genes 

which expressed protein/s were then to be biochemically characterized using suitable enzyme 

assay. The results obtained from the biochemical characterization of protein/s would further be 

supported by in silico analysis using advanced bioinformatics tools. 

1.5 ORGANIZATION OF THE THESIS 

The thesis consists of six chapters. Chapter 1 (this chapter) is an introductory review chapter. 

Chapter 2 (Materials and Methods) presents the details of the experimental work conducted in 

this research. Chapter 3 describes how the H. orenii genome was mined for α-amylase coding 

genes and on the basis of preliminary in silico analysis, six genes were selected and cloned into 

two different vectors namely, pFN6A flexi vector and pET22b (+) vector. Chapter 3 describes an 

oligo-1,6-glucosidase expressing clone (Amy5), the screening and purification of the recombinant 

protein. The biochemical characterization of the purified H. orenii recombinant Amy5 (rAmy5) 

oligo-1,6-glucosidase using PNPG (p-nitrophenyl-α-D-glucosidase) enzyme assay is discussed in 

chapter 4. The results of biochemical analysis of Amy5 recombinant protein were further 

supported by in silico analysis using bioinformatics tools. The methods and results of in silico 

analysis for Amy5 protein have been described in chapter 5. Conclusion, future directions leading 

from this study are discussed in chapter 6.  
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2 MATERIALS AND METHODS 

2.1 REAGENTS AND CHEMICALS 

Unless otherwise specified, all reagents and chemicals were of analytical or molecular biology 

grade and purchased from Sigma-Aldrich (St Louis, MO, USA), Chem-Supply, ICN 

Biochemicals or Fluka. 

Luria-Bertani (LB) medium and bacteriological agar were purchased from Oxoid Ltd 

(Basingstroke, Hampshire, England) and prepared according to the manufacturer’s instructions. 

2.2 CULTURING OF HALOTHERMOTHRIX ORENII   

Halothermothrix orenii was grown anaerobically in a modified tryptone-yeast extract-glucose 

(TYEG) medium called as Patel Lab Media (PLM) (Appendix 7) (Patel et al., 1985a, Patel et al., 

1985b). 50ml serum bottles containing PLM were inoculated aseptically with H. orenii and 

incubated at 60°C until turbidity appeared (indicator for growth).  

2.3 GENOMIC DNA EXTRACTION AND PURIFICATION 

A modified Marmur (1961) method was used to extract genomic DNA of H. orenii. All cultures 

in mid-log phase were harvested by centrifugation and pellets which were collected, were 

washed with 7.5% sterile NaCl and lysed with lysozyme and achromopeptidase at a final 

concentration of 0.8 mg/ml and 0.3 mg/ml respectively. Protein contaminants present in the lysed 

cells were inactivated and degraded by adding Proteinase K and SDS (Sodium dodecyl sulfate) 

to a final concentration of 0.1 mg/ml and 1% respectively.  

An equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added, the suspension was 

thoroughly mixed and centrifuged at 18000 x g for 15 minutes. The upper aqueous layer obtained 

as a result was collected and mixed in 100% ethanol. The slimy clear layer of DNA observed 

between the interphase of two liquids was spooled using sterile toothpick and transferred into 

sterile TE buffer for long storage. If DNA could not be spooled, then the suspension was 

centrifuged after the ethanol precipitation was performed and genomic DNA pelleted. 

2.4 PRIMER DESIGN 

Six pairs of forward and reverse primers specific for flexi vector pFN6A were designed for all 

the six H. orenii genes with help of online flexi vector primer designing tool 
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(http://www.promega.com/techserv/tools/flexivectortool/default.aspx) (for details refer to section 

3.2.3 and Appendix 4).  

Other than this, six pairs of forward and reverse primers specific for pET22b (+) vector were also 

designed manually, taking in consideration of general primer designing rules (refer to section 

3.2.3 and Appendix 4 for detailed information). 

2.5 DNA QUANTITATION BY AGAROSE GEL ELECTROPHORESIS 

1% gel Agarose gels were prepared by dissolving DNA-grade Agarose powder in 1X TAE buffer 

(Appendix 2) in a microwave oven. The gel was cooled to approximately 50°C before addition of 

ethidium bromide to a final concentration of 0.1µg/ml. The molten gel was poured in a plastic 

casting tray and allowed to set. Once set, the gel was placed in a horizontal electrophoresis unit 

and submerged in 1X TAE buffer. Samples were mixed with 6X DNA loading dye (Appendix 2) 

and poured into the wells using micropipette. Electrodes were attached and 5V/cm voltage was 

set and current was allowed to pass until the dye reached the two-third length of the gel. DNA 

bands were visualized under long wavelength ultraviolet radiation and digital images were 

captured using UVP GDAS Gel Documentation System (Pathtech Pty. Ltd, Australia).  

The above standard agarose gel electrophoresis was used for quantitation of DNA (using a 

standard marker HINDIII digested λDNA from Fermentas, details can be found in Appendix 6), 

screening of PCR amplified products based on molecular size differences, quantitating plasmid 

DNA and screening of restriction enzyme digested samples. 

2.6 PCR (POLYMERASE CHAIN REACTION) AMPLIFICATION 

Standard PCR reaction mixture (50μl final volume) (Table 2.1) consisted of Taq polymerase 

(Promega Corp. Madison, USA), Taq buffer, MgCl2, forward and reverse primers, dNTPs, 

sterile water (Nuclease free), and H. orenii DNA. All the reactions were overlaid with 40μl of 

sterile mineral oil and thermal cycling was performed on Corbett Research Thermal Cycler 

(Milton, Cambridge, UK). The standard reaction conditions for PCR set on the cycler were as 

following: 1 cycle of 95°C for 3 mins; 30 cycles of 50°C for 2mins, 72°C for 4 mins, 95°C for 1 

min; 1 cycle of 50°C for 2mins; 1 cycle of 72°C for 20 mins; 1 cycle of 22°C for 1min and 

finally the reaction was stored on ice until further use.  
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This standard PCR amplification procedure was used for amplification of genomic DNA specific 

regions, screening of recombinant plasmids for presence of gene inserts and for DNA sequencing 

(with minor modification). 

Table 2.1: List of ingredients used in preparation of PCR master mix. 

Reaction Component Volume per reaction 

50µM Forward Primer 1µl 

50µM Reverse Primer 1 µl 

25 mM dNTPs 0.5 µl 

10X Taq Buffer (NH4Cl) 5 µl 

MgCl2 (25mM)  4 µl 

Taq Polymerase 0.2 µl 

sterile distilled water 36.3 µl 

Total 48 µl 

2.7 ISOLATION AND PURIFICATION OF DNA FRAGMENTS FROM AGAROSE 

GELS 

Agarose gels containing DNA were visualized under a UV wavelength transilluminator, with 

minimal exposure the band of interest excised using a sterile scalpel blade, transferred into a 

sterile pre-weighed 1.5ml microcentrifuge tube and DNA fragment in the agarose gel slice 

purified using QIAquick Gel Extraction kit (QIAGEN Inc., USA) as per the manufacturers 

recommendations. The results of the purification were confirmed by electrophoresis. 

2.8 RESTRICTION ENZYME DIGESTION 

All restriction enzyme (RE) reactions were performed using restriction endonucleases purchased 

from commercial sources and used according to reaction conditions specified by the 

manufacturer (Fermentas UAB, Vilinus, LT). Following treatment, the restriction endonucleases 

were heat inactivated by 65˚C heat treatment for 10 minutes. 
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2.9 CLONING VECTORS 

In the present research, two different vectors were used namely, flexi vector and pET vector for 

cloning of H. orenii genes. Flexi vector, a highly efficient but a fairly new system was chosen 

initially for cloning all the H. orenii genes used in this study (refer to section 3.2.5 for detailed 

information), based on the manufacturers’ provided protocol (Promega, USA). Although, all the 

genes were cloned successfully into the vector, expression in the E. coli host failed due to 

incompatibility issue (discussed in detail in section 3.4). Therefore, pET vector, a much well 

studied vector and more commonly used to clone genes of thermophilic organisms was also 

selected (refer to section 3.2.6 for detailed information on pET vector cloning), gene/s were 

cloned based on manufacturers’ recommended protocol (Novagen, Germany).   

2.10 LIGATION 

Ligation reaction was assembled according to the manufacturers’ instruction using T4 DNA 

ligase (Promega, US). 20μl reaction mixture with insert:vector DNA molar ratios of 3:1 was set 

up and allowed to proceed at room temperature for 1hr or at 4˚C overnight. The ligation reaction 

was either used immediately for transformation or stored at -20° to use later. 

2.11 PREPARATION OF CHEMICAL COMPETENT BL21 DE3 CELLS 

(EXPRESSION HOST) 

E. coli strain BL21 (DE3) genotype: F-ompT hsdSB (rB-,mB-) gal dcm (DE3), was supplied by 

Dr. Christopher Love (BPS, Griffith University). The DE3 designation means that the strain 

contains the λDE3 lysogen that carries the gene for T7 RNA polymerase under the control of the 

lacUV5 promoter. IPTG is required to induce expression of the T7 RNA polymerase. The 

bacterial strain is also devoid of lon protease and the outer membrane OmpT protease. The lack 

of these two key proteases reduces the degradation of heterologous proteins expressed in the 

strains. These cells were made competent using a modified Hanahan (1983) protocol, where 

CCMB80 buffer (stock preparation described in Appendix 2) was used to chemically treat the 

cells. Transformation efficiency was tested using pGEM 3Zf(+) vector as control plasmid DNA 

and aliquots of competent cells were stored at -80°C for future use. 
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2.12 JM109 

All high efficiency (>108 cfu/µg) JM109 competent cells were bought from Promega 

Corporation, USA with the following genotype: endA1, recA1, gyrA96, thi, hsdR17 (rk-, mk+), 

relA1, supE44, Δ(lac-proAB), [F′, traD36, proAB, laqIqZΔM15].  

2.13 CHEMICAL TRANSFORMATION 

100μl of E. coli strain JM109 or BL21 (DE3) competent cells were carefully transferred into a 

chilled and iced 15ml polypropylene tube and 1.7µl of the β-mercaptoethanol (β-ME, 1:10 

diluted and freshly prepared) was added to it. The mixture was incubated on ice for 10 minutes 

with gentle swirling after every 2 minutes and 1µl of transformant mixture (1-50ng) added. The 

reaction was incubated on ice for a further 30 minutes and then heat-pulsed in a 42°C water bath 

for 45 seconds. The heat treated cells were incubated on ice for 2 minutes, 0.9 ml of SOC 

medium added to the transformation reaction, and incubated at 37°C for 1 hour with shaking at 

225-250rpm. Finally, 200µl of transformed cells were spread on LB agar plates containing 

100μl/ml ampicillin and the plates were incubated overnight at 37°C. Ampicillin resistant 

recombinant clones were selected, picked up and the protein was expressed. 

2.14 PLASMID EXTRACTION AND PURIFICATION 

5ml LB broth supplemented with 100μg/ml ampicillin was inoculated with recombinants and 

incubated overnight at 37˚C with shaking. The cells were harvested by centrifugation at 5000rpm 

for 10minutes and plasmid DNA was extracted and purified from the pelleted cells using 

QIAprep Spin MiniPrep Kit as per the manufacturer’s instruction (QIAGEN Inc., USA). The 

purified plasmid DNA was quantitated on agarose gels and further screened either by PCR 

screening or by restriction digest or both.  

2.15 RECOMBINANT ENZYME PURIFICATION 

2.15.1 Expressing the recombinant cells  

E. coli strain BL21 (DE3) expression host cells containing the recombinant flexi vector (pFN6A) 

or pET22b (+) vector with the insert of right size were expressed based on the standard protocol 

recommended by the manufacturer (Stratagene, USA). A pure colony of recombinant cell was 

isolated and used to inoculate 100ml of LB broth media containing 100μg/ml ampicillin. The 

inoculated media was incubated overnight at 37˚C and used as a starter culture. The starter 
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culture was diluted 1 in 10 in LB/Ampicillin (100μg/ml) and incubated with shaking (180rpm). 

Once the OD600 reached near to 0.6, the culture was induced with isopropyl-β-D-1-

thiogalactopyraniside (IPTG) to a final concentration of 1mM and incubated further for 4hours. 

1ml samples of culture were collected pre- and post-induction and stored at 4˚C for further use in 

protein analysis by SDS PAGE. Post induction the culture was placed on ice for 20 minutes and 

the cells were harvested by centrifugation at 5000xg, 4˚C for 20 minutes. The supernatant was 

discarded and the pellets collected were stored at -20˚C until further use.   

2.15.2 Protein extraction 

Cell pellets collected from harvesting were weighed and resuspended in 5ml BugBuster master 

mix reagent per gram of cells (wet weight). BugBuster is a Tris-buffer based protein extraction 

reagent which consists of benzonase, nuclease and lysozyme. Manufacturers’ instructions 

(Novagen, Germany) were followed and accordingly the cell suspension was incubated on a 

shaking platform at slow setting for 10-20minutes. Final cell disruption was achieved by 

sonication on ice for 2minutes, in 15 second burst with 1minute cooling in between. The cell 

lysate was cleared by centrifugation at 14,000 x g, 4˚C for 20 minutes and the soluble fraction 

was collected, which was further cleared using a 0.45 μm low protein binding PVDF membrane 

filter (Millex-GV, Millipore, USA). The soluble fraction was stored at 4˚C until used. 

2.15.3 Protein purification 

The immobilized metal ion affinity chromatography (IMAC) technique was used to purify the 

6XHis-tagged protein. Chelating Sepharose Fast Flow medium (Amersham Biosciences, 

Sweden) was used to trap the histidine-tagged protein from the soluble fraction of extracted 

Amy5 protein. Following manufacturer’s instruction (Instructions 71-5001-87, GE, Sweden) 5ml 

of the sepharose medium was packed in a 20ml column. The column was then charged with Ni2+ 

ions, equilibrated with equilibration buffer (100mM HEPES, 10mM Imidazole, pH 7.5) and 

made ready for protein binding. To four parts of protein containing solution one part of 

equilibration buffer was added and the diluted solution was passed through the column under 

gravitational force. The flow through was collected and the column was washed 6 times with two 

column volumes (10mls) of wash buffer (100mM HEPES, 10mM Imidazole, pH 7.5). The 

recombinant his-tagged protein was eluted with 100mM HEPES, pH 7.5 containing a stepwise 
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gradient of imidazole, pH 7.5 ranging from 50mM to 500mM. Fractions were analysed by SDS-

PAGE and the samples containing the recombinant protein were pooled together.     

2.15.4 Final Purification, concentrating and desalting 

The protein in the pooled fractions was concentrated by bringing down the volume of the 

solution from 40mls to 1ml without loss of desired protein. This was achieved using a 6ml 

capacity U-Tube concentrator (Novagen, Germany) with a molecular weight cut-off membrane 

of 30,000 Dalton. Based on manufacturer’s instruction the protein solution was filtered by 

centrifugation at 8000rpm, 4˚C for 10minutes. The filtrate obtained as a result contained all the 

unnecessary proteins of molecular weight more than 30,000dalton, while the retentate or 

concentrate left over contained the desired protein. The filtrate was discarded and the concentrate 

was desalted to lower the high concentration of imidazole. For desalting the concentrate was 

diluted with 100mM HEPES, pH 7.5 buffer and filtered again through the U-Tube concentrator 

following the same procedure as used for concentrating protein. Desalting procedure was 

repeated until the imidazole concentration was brought down to at least 10mM. The quality of 

purified protein obtained as a result was analysed by SDS-PAGE analysis.  

2.16 STARCH PLATE ASSAY 

The clones of glycosyl hydrolase homologs were screened for thermostable amylase activity 

based on the method described by Aiba et. al., (1983). For this, LB-agar plates containing 

recombinant clones were exposed to chloroform vapors for 25 minutes and then overlaid with 

10mls of LB media supplemented with 1% soluble starch and 1.5% (wt/vol) agar. After the agar 

had solidified, the plates were sealed in plastic bags and incubated for 8 to 16 hours at 55°C. 

After which, the plates were flooded with iodine reagent (0.01M I2-KI) and colonies with clear 

halos were regarded as α-amylase-producing (Amy+) strains. 

2.17 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS-PAGE) 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 

ready-made NuPAGE Novex Bis-Tris mini gels designed for XCell SureLock system 

(Invitrogen, USA). Manufacturer’s instructions were followed to separate proteins on the gel 

based on their size.  Samples were loaded in the wells located on the 4% stacking gel region and 

proteins were resolved on 10% polyacrylamide separating gel region in presence of 10% MOPS 
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buffer. Prior to electrophoresis, samples were mixed with 5X SDS-PAGE sample buffer (0.225 

M Tris-HCl, pH 6.8, 50% (v/v) glycerol, 5% (w/v) SDS, 0.05 % (w/v) bromophenol blue, 0.25 

M dithiothreitol (DTT)), boiled for 5 minutes and cooled on ice. Standard marker was used 

according to the manufacturer’s instruction (Fermentas prestained marker) and electrophoresis 

was performed at 200V until the dye had reached the bottom of the gel. 

Polyacrylamide gels containing the resolved proteins were stained using SimplyBlue SafeStain, a 

Coomassie G-250 stain of Invitrogen (Invitrogen, USA). The staining procedure was based on 

the manufacturer’s instruction. 

2.18 PROTEIN ESTIMATION 

The Bradford dye assay (Bradford, 1976) was used to estimate the protein concentration in 

unknown samples (method is described in detail in section 4.2.1). A microplate assay, suitable 

for 96 wells microtiter plate was performed where a standard reaction consisted of 10μl of 

protein sample and 200μl of diluted dye reagent. The reactions were incubated for 5 minutes at 

room temperature and then OD was read at 590nm on an Emax microplate reader (Molecular 

Devices, USA). The concentration of unknown protein was estimated using the known protein 

concentration of BSA (Bovine serum albumin) as a standard.   

2.19 BIOCHEMICAL METHODS 

2.19.1 PNPG Assay 

p-Nitrophenyl-α-D-glucosidase assay was used to gather important biochemical data relating to 

H. orenii oligo-1,6-glucosidase (rAmy5) enzyme which included studies for pH optimum (as 

described in section 4.2.4), temperature optimum (as described in section 4.2.5), effect of metal 

ion, inhibitors and activators (as described in section 4.2.6), testing enzyme activity against 

various substrates and effect of sugars (as described in section 4.2.7), testing enzyme activity 

against various PNP-based glycosides (as described in section 4.2.8), enzyme kinetics (as 

described in section 4.2.11), and thermostability of enzyme (as described in section 4.2.12). The 

standard reaction mixture for PNPG assay was a modification of Suzuki et. al., (1976). Capped 

tubes contained the standard reaction mixture in total volume of 76.6μl:  30 mM Bis-Tris HCl 

buffer (pH 6.0), 1 mM PNPG and 0.015-0.03U rAmy5 enzyme (equivalent to 50-100ng pure 

enzyme). The reaction proceeded at 60˚C for 10 minutes and then the enzyme activity was 
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terminated by adding Na2CO3 to a final concentration of 0.5M. All reactions were performed in 

triplicates and transferred to 96 well microtiter plates post reaction for spectrophotometric 

measurements at 405nm. One unit (U) of oligo-1,6-glucosidase activity was defined as the 

amount of enzyme catalyzing the hydrolysis of 1 mM of p-nitrophenyl-α-D-glucosidase in one 

minute under conditions just described.    

2.19.2  DNS assay 

Amount of reducing sugars produced by the action of rAmy5 enzyme on substrates was estimated 

using DNS reaction method, which was a modified form of one used by Miller (1959). The 

standard DNS reaction mixture was miniaturized to fit 96 wells microtiter plate and it consisted 

of 100μl Sample/Glucose/Blank, 100μl DNS-Solution A and 33.3 μl Solution B (Potassium 

Sodium Tartarate) (Preparation of these solutions has been described in Appendix 2). 100μl 

sample was prepared by incubating 100ng enzyme at 60˚C with selected substrate contained in 

Bis-Tris HCl, pH 6.0 buffer for 10 minutes. Triplicates of each reaction were performed in 1.5 

ml centrifuge tubes and were incubated in 90˚C water bath for 15minutes before adding solution 

B. Post addition of solution B the temperature of the reaction was brought to room temperature 

by incubating on ice for 5 minutes. 200μl of each reaction was transferred to microtiter well and 

the absorbance at 590nm was measured. Amount of reducing sugar produced was estimated by 

comparing OD of the reaction with DNS standard curve for glucose.    

2.20 BIOINFORMATICS TOOLS 

The method used for application of various bioinformatics tools is described in Chapter 5 and the 

website links used for these softwares and tools are mentioned below.  

2.20.1 Primary sequence analysis tools 

Various bioinformatics tools were used to analyze nucleotide or protein sequences which 

included: 

1. BLAST and PSI-BLAST (NCBI url: http://blast.ncbi.nlm.nih.gov/Blast.cgi),  

2. FASTA (EBI url: http://www.ebi.ac.uk/Tools/fasta33/index.html),  

3. KEGG Pathway (Url: http://www.genome.jp/kegg-bin/show_organism?org=hor),  

4. ORF finder (NCBI url: http://www.ncbi.nlm.nih.gov/projects/gorf/),  
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5. ProtParam (SWISSPROT url: http://au.expasy.org/tools/protparam.html),  

6. SAPS (EBI url: http://www.ebi.ac.uk/Tools/saps/),  

7. LALIGN (EBI url: http://www.ch.embnet.org/software/LALIGN_form.html),  

8. PRINTS (http://www.bioinf.manchester.ac.uk/dbbrowser/PRINTS/QuizPRINTSSQ.php), 

9. BLOCKS (Url: http://blocks.fhcrc.org/blocks/blocks_search.html),  

10. Pfam domain search (Url: http://pfam.sanger.ac.uk/search),  

11. Hydrophobic cluster analysis (HCA url: http://mobyle.rpbs.univ-paris-diderot.fr/cgi-

bin/portal.py?form=HCA), 

12. CLUSTALW (EBI url: http://www.ebi.ac.uk/Tools/clustalw2/index.html),  

13. ESPRIPT 2.2 (Url: http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi),  

14. PRATT (EBI url: http://www.ebi.ac.uk/Tools/pratt/index.html),  

15. ScanProsite (EXPASY url: http://www.expasy.ch/tools/scanprosite/) and, 

16. PROTDIST, BioNJ and Phylip drawtree (Url: http://mobyle.pasteur.fr/cgi-

bin/MobylePortal/portal.py?form=dnapars).  

17. SPRINTS (Url: http://www.bioinf.manchester.ac.uk/cgi-

bin/dbbrowser/sprint/sprint_search.cgi) 

2.20.2 Secondary structure prediction tools 

PSIPRED was the primary tool used for secondary structure prediction where input was a protein 

sequence (Url: http://bioinf.cs.ucl.ac.uk/psipred/psiform.html).  

2.20.3 Tertiary structure prediction tools 

Swiss-PDB Viewer 3.7 program was downloaded from EXPASY server (Url: 

http://au.expasy.org/spdbv/text/getpc.htm) and used for prediction of tertiary structure of Amy5 

enzyme based on comparative homology modelling. KINGS 2.12 secondary structure viewer 

software was downloaded (Url: http://en.bio-soft.net/3d/KiNG.html) and used for creating 

secondary structure representation of 3D-structure of protein. Finally, YASARA PDB file viewer 

was downloaded (Url: http://www.yasara.org/viewdl.htm) and used for creating different 3-D 

structure representations of tertiary structure of protein.   
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2.21 CRYSTAL SCREENING  

To obtain protein crystals, the hanging drop vapour diffusion technique using JBScreen Mixed 

crystallography reagent kit (Jena Bioscience GmbH, Jena, Germany) was used. Plastic coverslips 

(Hampton Research Corp., Aliso Viejo, CA, USA) were washed in 100% ethanol and thoroughly 

rinsed in double distilled H2O before the addition of 1-2μl of purified protein (10mg/ml) on 

coverslip surface. 0.75ml of crystallography reagents were dispensed into 24-well Linbro plates 

and 1:1 volume of reservoir solution was mixed with the protein sample. The coverslips were 

immediately inverted and placed over their respective well whose edges were pre-lubricated with 

vacuum grease and a firm seal was established. Crystallography plates were maintained a 20˚C 

in a constant-temperature incubator (Sanyo MIR-153, SANYO Scientific, Bensenville, IL, USA) 

and observed once a day for the first week and once a week thereafter using inverted microscope 

fitted with a polarized lens (Nikon SMZ1000, Nikon Corp, Tokyo, Japan).  
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3 SELECTION, CLONING, EXPRESSION OF PUTATIVE H. ORENII ΑLPHA-

AMYLASE CODING GENES AND PURIFICATION OF AMY5 RECOMBINANT 

PROTEIN 

This chapter describes data mining, cloning and expression of six H. orenii putative α-amylase 

coding genes. The H. orenii genome was sequenced before this project commenced, and 

therefore its genomic data could be mined using basic bioinformatics tools to obtain useful data. 

In this case the genes coding for α-amylase family were mined based on sequence similarity 

searches. Initially these genes had been loosely called α-amylase coding genes, based on the 

criteria used for genome mining, but later, with sequence similarity searches, they were 

categorized into specific enzyme families; i.e. either Glycosyl Hydrolase or Glycosyl Transferase 

(described in section 3.3.1). Both pFN6A flexi vector and pET22b (+) vector were used for 

cloning genes and, as a result, oligo-1,6-glucosidase coding H. orenii gene designated as Amy5 

could successfully be cloned in pET22b (+) vector and expressed in BL21 (DE3) expression 

host. The expressed recombinant Amy5 protein was purified in its fully functional form, and this 

also forms a part of this chapter.  

3.1 INTRODUCTION 

Major advances in genomic sequencing have been made in the past few years and a large number 

of organisms have been sequenced (Table 3.1). The available genomic data has provided an 

important resource and an avenue for using bioinformatics tools, and using the information about 

proteins present in the genome of a new organism to improve our knowledge on organism’s 

biology and provide an opportunity to exploit certain protein coding genes of sequenced 

organisms which might have industrial application.    

To obtain protein of interest from its coding sequence the primary requirement is to clone and 

overexpress the gene in a suitable host such as E. coli. Although Bacillus subtilis and yeasts have 

been used successfully as hosts for expressing protein coding genes of other mesophiles 

Escherichia coli is found to be the most preferable and suited choice, especially if the coding 

gene is for an enzyme (extremozyme) from extremophiles. This is because the E. coli expression 

system is the most well studied and its genetic tools for expression are very well developed. E. 

coli also has many well characterized plasmid vectors and inducible gene expression systems 

available. Moreover, it has a specific growth rate five- to ten-fold higher than most of the 
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extremophilic organisms and therefore is easily cultivated in a laboratory, yielding enough 

biomass and product even in simple shake flask growth. The E. coli cloning systems also provide 

the option of tagging the recombinant enzyme with a 6XHistidines (His-Tag) on its N-terminal 

or C-terminal. His-tag is an ‘epitope tag’, which are short sequence motifs having affinity for 

metal ions such as nickel, cobalt, and zinc and when present on the recombinant enzyme can be 

exploited to aid in affinity based column purification processes. In general, epitopes have little or 

no effect on the activity of recombinant proteins and they can be removed subsequent to 

purification using site specific proteases.  

Table 3.1: Summary of microbial genome database* 

Organism Complete Draft Totals 

Bacteria 404 17 421 

Archaea 31 0 31 

Viruses 3 0 3 

Total 438 17 455 

*Information obtained from TIGR-CMR (The Institute of Microbial Genome Research - Comprehensive Microbial 

Resource) website, which was last updated in January 2009. 

Although it is generally accepted that genes from thermophiles and hyperthermophiles can be 

expressed successfully in a mesophilic host such as E. coli, there are still many incompatibility 

issues related to the heterologous system. This occurs especially when certain recombinant 

proteins require specific cofactors or metal ions for stability which the mesophilic host cannot 

provide. Expression of halophilic enzymes is a much more complex problem in every way than 

expression of thermophilic enzymes. Halophilic enzymes are produced in presence of high salt 

concentration and most of them require this concentration for proper folding. On the other hand, 

heterologous expression of genes from halophiles in a non-halophilic host such as E. coli takes 

place in a low ionic strength environment that would lead to inactivation of halophilic enzymes 

in most cases. Non-native conditions of expression of recombinant enzyme can also lead to 

formation of inclusion bodies and inactivity of enzyme. Another major factor of incompatibility 

is the presence of rare codons in the recombinant gene. Most amino acids are represented by 
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more than one codon, and analysis of E. coli codon usage has revealed that several codons are 

underrepresented. The tRNA population closely reflects the codon bias of the mRNA population 

and when the mRNA of heterologous target genes is overexpressed in E. coli, differences in 

codon usage can possibly impede translation due to demand for one or more tRNAs that may be 

rare, or lacking, in the population. Although the presence of a small number of rare codons often 

does not severely depress protein synthesis, excessive rare codon usage in the target gene has 

been implicated as a cause for low expression (Sørensen et al., 1989, Zhang et al., 1991) as well 

as truncated products. A combination of different mesophilic host strains of E. coli with certain 

plasmid vectors has often been found to be successful for extremozyme expression. One such 

combination is the use of a mutant E. coli strain BL21 (DE3) with pET vector and this approach 

has been used in the present study.  

3.2 METHODS 

3.2.1 Halothermothrix orenii genome data mining for α-amylase coding genes  

The H. orenii genome had just been sequenced before the project was initiated and its genome 

was analyzed using KEGG Pathway database search tool using a criterion for carbohydrate 

metabolism enzymes. All the H. orenii genes encoding α-amylase family genes and displaying 

high similarity to annotated sequences of bacterial species were selected for further work. 

3.2.2 In silico analysis of selected H. orenii α-amylase coding genes   

Using nucleotide BLAST (Basic Local Alignment Search Tool) and non-redundant database at 

NCBI (National Centre for Biotechnology Information), nearest relatives to the selected H. 

orenii nucleotide gene sequences (H. orenii gene sequences can found in the Appendix 1 section) 

were analyzed. In all cases, H. orenii putative genes were pulled back from database and 

matched to full identity to the query sequence. These sequences were then used to perform a 

BLASTx (translated nucleotide against non-redundant protein database) at NCBI and as a result 

the protein sequences for each of the putative sequence were retrieved. Further, each of the H. 

orenii protein coding sequence (H. orenii protein coding sequences can be found in the 

Appendix 1 section) retrieved from BLASTx were now used to perform a BLASTp (protein 

sequences against non-redundant protein database such as swissprot) at NCBI and 6-8 high 

scoring matches were selected for each query. Fasta format of sequences for all the high scoring 

matches were retrieved from the NCBI database and used to make a multiple alignment using 
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CLUSTALW from EBI (European Bioinformatics Institute). Finally, multiple sequence 

alignment files were used to create phylogenetic trees using neighbor joining method (NJ) from 

PHYLIP-protdist program.  

3.2.3 Selection of vector and host for cloning  

In the present study two vectors were used for cloning namely, flexi vector pFN6A and pET22b 

(+) vector. Flexi vector had been introduced at the time of the initiation of this project, and due to 

its simplicity and the presence of two rare restriction sites (SgfI and PmeI) allowing directional 

cloning, pFN6A flexi vector was regarded as a good choice for rapid and simple cloning for 

overexpression of the H. orenii genes. All six H. orenii genes were incorporated into flexi vector 

following the method described in section 3.2.3.1. The recombinant vector was transformed into 

E. coli strain JM109 competent cells and a library of clones was obtained. Upon screening for 

positive clones they were then sub-cloned into E. coli strain BL21 (DE3) competent cells. Low 

level expression of Amy2 and Amy5 genes could be traced to a technical fault in the company 

made flexi vector pFN6A (as discussed in section 3.4) which hindered the expression. Therefore, 

pET22b (+) an alternative vector was chosen, which was based on its wide usage for cloning and 

expression of genes of thermophiles into mesophilic hosts. Using pET vector Amy5 gene of H. 

orenii was cloned and expressed in BL21 (DE3) host cells (as described in section 3.2.3.2). The 

expressed recombinant Amy5 protein prepared in Dr. Christopher Love laboratory (Griffith 

University) was purified further in its fully functional form as described in section 3.2.3.3.   

3.2.3.1 pFN6A flexi vector cloning 

3.2.3.1.1 Primer design 

Flexi vector primer designing tool available from the Promega website 

(http://www.promega.com/techserv/tools/flexivectortool/default.aspx) was used to design all the 

forward and reverse primers for six putative gene sequences of H. orenii (primers for flexi vector 

can be found in Appendix 4 section). The TM and length of the primers were taken into 

consideration for choosing the most appropriate primer pair (between Tm of 55° and 65C°) and 

all the primers were analyzed for possibility of formation of primer dimers using an online 

primer dimer detection tool as described in Appendix 4. All primers were ordered and obtained 

from GeneWorks Pty. Ltd. (Thebarton, SA, Australia). Once received, the primers were diluted 
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to approximately 50 µM using TE buffer (10mM Tris-HCl, 1mM EDTA pH 7.4) and stored in 

aliquots of 1ml at -20°C, to prevent multiple freeze thawing, which degrades primers.  

3.2.3.1.2 PCR amplification and purification 

Using forward and reverse primers in a PCR reaction (method described in section 2.6) all the 

six H. orenii genes were amplified for cloning into pFN6A flexi vector. The molecular size of 

the amplified genes was confirmed by analyzing on a DNA agarose gel by electrophoresis 

(section 2.5 describes DNA agarose gel electrophoresis method). The DNA band of amplified 

PCR products were excised from the agarose gel and further purified to remove contaminating 

dNTPs and oligos (Section 2.7). The quality of the purified PCR products was again analyzed on 

DNA agarose gel by electrophoresis.     

3.2.3.1.3 Ligation, cloning and screening of clones  

Purified PCR products and pFN6A flexi vector with an insert:vector DNA molar ratios of 3:1 

respectively were digested with flexi enzyme blend (SgfI and PmeI) based on the manufacturer’s 

(Promega Corp., Madison, USA) flexi vector system protocol and then ligated using T4 DNA 

ligase (as described in Section 2.10). The ligation reactions were used to transform E. coli strain 

JM109 competent cells as described in section 2.13. All the recombinant clones obtained on LB 

agar/ampicillin plates were replica plated and screened for any possible activity on starch, based 

on starch plate assay method (section 2.16 for details). All the clones displaying activity on 

starch were labeled as α-amylase-producing (Amy+) strains. 

3.2.3.1.4 Purification of recombinant plasmid DNA and sub-cloning into BL21 (DE3) 
expression host cells 

Recombinant plasmid DNA was extracted and purified from α-amylase-producing (Amy+) 

clones based on the method described in section 2.14. The recombinant plasmid DNA containing 

Amy2 and Amy5 inserts extracted and purified from JM109 cells were used for chemical 

transformation into BL21 (DE3) cells (section 2.13 for methodology involved).  

3.2.3.1.5 Analysis of recombinant BL21 (DE3) clones by SDS PAGE 

BL21 (DE3) recombinant clones containing the Amy5 and Amy2 inserts were expressed by 1mM 

IPTG induction (Section 2.15.1). Samples collected at different time points pre- and post-

induction of clone were analyzed on SDS PAGE gel (section 2.17 for electrophoresis method 

involved).  
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3.2.3.2 pET22b (+) vector cloning, expression of Amy5 gene and purification of 

recombinant Amy5 protein 

3.2.3.2.1 Primers for pET22b (+) vector 

All pET22b (+) vector primers (primers designed for pET22b (+) vector can be found in 

Appendix 4) were manually designed. Forward primers were designed in such a way that they 

appended a NdeI restriction site upstream of 5’-end of complementary sequence. Reverse 

primers were designed in such a way that they appended a XhoI restriction site downstream of 

the 3’ end of the complementary sequence, which was followed by a lysine residue and six 

histidine residues. To achieve a TM of primers between the range of 55-65˚C, extra residues were 

added to the 5’ end of the forward and reverse primers. Care was taken to incorporate the extra 

residues and primers were analyzed for any primer dimer formation using online primer dimer 

detection tool (Url: http://www.basic.northwestern.edu/biotools/OligoCalc.html) (data of primers 

analysis for can be found in Appendix 4). All primers were synthesized by GeneWorks Pty. Ltd. 

(Thebarton, SA, Australia). On receipt, the primers were diluted to approximately 50 µM in TE 

buffer (10mM Tris-HCl, 1mM EDTA pH 7.4) and stored at -20°C.   

3.2.3.2.2 PCR amplification and purification  

Forward and reverse primers for pET22b (+) vector were used to amplify Amy5 gene in a PCR 

reaction (refer to section 2.6 for detail). The molecular size of the amplified gene was confirmed 

by analyzing on a DNA agarose gel by electrophoresis (section 2.5 for DNA agarose gel 

electrophoresis method). The DNA band of amplified PCR products were excised from the 

agarose gel and further purified to remove contaminating dNTPs and oligos (Section 2.7). The 

quality of the purified PCR products was again analyzed on DNA agarose gel by electrophoresis.     

3.2.3.2.3 Construction of recombinant pET vector containing the Amy5 gene 

The PCR amplified and gel purified Amy5 gene confirmed by DNA agarose gel analysis was 

digested with NdeI and XhoI restriction enzymes (method described in section 2.8). pET22b (+) 

vector (which was supplied by Dr. Christopher Love) was also digested with the same restriction 

enzymes and ligated with the Amy5 digest using T4 DNA ligase (ligation method is described in 

section 2.10). The cloned product was finally transformed into BL21 (DE3) competent cells 

(method described in section 2.13). Several clones were picked and the plasmid was screened for 
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the Amy5 insert of correct size by restriction digest analysis with use of NdeI and XhoI. The 

clone with the insert of right size was used for expression and purification of protein.  

The same experiment was also performed by another group working in Dr. Christopher Love’s 

(Lecturer and academic staff in the School of Biomolecular and Physical Sciences, Griffith 

University, Nathan Campus, Australia) laboratory, with an aim to select and work with the clone 

which had higher expression rate for Amy5 gene. 

3.2.3.3 Expression and Purification Hexa-Histidine tagged recombinant Amy5 

The recombinant clone containing the Amy5 insert with high expression rate was supplied by Dr. 

Christopher Love and used for purification of rAmy5 protein. For this, the recombinant clone 

with the correct Amy5 insert size was grown in 1liter LB broth containing 100μg/ml ampicillin 

and expressed by 1mM IPTG induction (method described in section 2.15.1). Samples were 

taken before and post induction, and amount of protein produced was analysed on SDS-PAGE 

gel (method described in section 2.17). Expressed Amy5 protein was extracted from the cells by 

lysing them with BugBuster master mix and sonication treatment (method described in section 

2.15.2). Hexa-Histidine tagged Amy5 protein was purified by the affinity chromatography 

technique (IMAC) where it was made to bind a Nickle metal ion on a Chelating Sepharose 

matrix (section 2.15.3). Amy5 protein was released in presence of 100-500mM imidazole. 

Samples were taken at each step of purification and the quality of protein was analyzed on SDS-

PAGE gels. The Amy5 protein containing fractions (positive fractions) were pooled together and 

the protein solution was concentrated and desalted to remove excess imidazole, using U-Tube 

concentrator (Novagen, Germany) (method described in section 2.15.4). The purified protein was 

analysed on SDS-PAGE gel and the amount of protein was estimated by Bradford protein 

concentration assay (Biorad, US) (section 4.2.1 for detailed information). 

3.3 RESULTS  

3.3.1 H. orenii genome mining 

Using the KEGG pathway search tool, six gene sequences from H. orenii genome displaying 

high similarity to α-amylase sequences belonging to Glycosyl Hydrolase family were selected 

(Table 3.2). These genes were designated as: Amy1, Amy2, Amy5, Amy6, Amy7 and Amy8. 
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Table 3.2: The table below displays the six putative H. orenii genes analogous to glycosyl 

hydrolase family obtained from genome mining. 

Number Putative Protein Length 

(bp) 

Coding Protein 

Sequence (aa) 

Amy1 α-amylase 1281 426 

Amy2 cyclomaltodextrinase 1776 582 

Amy5 Oligo-1,6-glucosidase 1701 562 

Amy6 Oligo-1,6-glucosidase 1692 563 

Amy7 α-amylase precursor 1557 515 

Amy8 α-amylase precursor 1329 442 

3.3.2 In silico analysis of six putative α-amylase coding genes of H. orenii  

Phylogenetic relationship of H. orenii with other bacterial species was revealed by comparing the 

H. orenii genes with it close relatives on a phylogenetic tree. The phylogenetic tree depicted a 

close relationship of Amy1 (Figure 3.1) and Amy8 genes (Figure 3.6) with alpha-amylase proteins 

from mesophilic to extreme thermophilic bacterial species. Amy2 gene was found to have a close 

relationship with neopullulanase and cyclomaltodextrinase enzyme sequences from thermophilic 

bacterial species (Figure 3.2). On the other hand, Amy5 (Figure 3.3) and Amy6 (Figure 3.4) gene 

sequences were found to have a close relationship with oligo-1,6-glucosidase enzyme from 

mesophilic to thermophilic bacterial species. Surprisingly, Amy7 (Figure 3.5) gene was found to 

be identical to the protein sequence of already crystallized H. orenii α-Amylase A gene and 

therefore was not used for protein expression studies. All other results gave a clear indication of 

presence of thermophilic signatures in the putative H. orenii genes. Therefore, preliminary 

bioinformatics studies on putative H. orenii genes gave a solid basis to further clone and express 

these genes in a suitable host. 
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Figure 3.1: A phylogenetic tree showing the relationship between H. orenii putative alpha 

amylase gene (Amy1) and alpha-amylase from other bacterial species. 

TB (Thermophilic Bacterium), MB (Mesophilic Bacterium), ETB (Extremely Thermophilic 

Bacterium). 
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Figure 3.2: A phylogenetic tree showing the relationship between H. orenii putative 

cyclomaltodextrinase gene (Amy2) and enzymes from other bacterial species. 

TB (Thermophilic Bacterium) 
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Figure 3.3: A phylogenetic tree showing the relationship between H. orenii putative oligo-

1,6-glucosidase gene (Amy5) and oligo-1,6-glucosidases from other bacterial species. 

TB (Thermophilic Bacterium), MB (Mesophilic Bacterium), OTB (Obligate Thermophilic 

Bacterium). 
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Figure 3.4: A phylogenetic tree showing the relationship between H. orenii putative oligo-

1,6-glucosidase gene (Amy6) with oligo-1,6-glucosidase from other bacterial species. 

TB (Thermophilic Bacterium), MB (Mesophilic Bacterium), OTB (Obligate Thermophilic 

Bacterium). 
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Figure 3.5: A phylogenetic tree showing the relationship between H. orenii putative alpha-

amylase precursor gene (Amy7) and alpha-amylase from other organisms. 

TB (Thermophilic Bacterium), MB (Mesophilic Bacterium), HTB (Halothermophilic 

Bacterium). 
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Figure 3.6: A phylogenetic tree showing the relationship between H. orenii putative alpha-

amylase precursor gene (Amy8) and alpha-amylase from other organisms. 

MB (Mesophilic Bacterium), HTB (Hyperthermophilic Archaea). 

3.3.3 Results of cloning and expression of H. orenii genes into pFN6A flexi vector  

Flexi vector pFN6A, an N-terminal His-Tag vector from Promega Corporation, United States 

was chosen as a suitable vector for cloning all six putative H. orenii α-amylase coding genes. 

The pFN6A vector contains a lethal barnase gene in the cloning region which is lethal for hosts 

(like E. coli strain JM109) if cloning was unsuccessful. Also, at the ends of barnase gene two 
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rare restriction sites are present; SgfI restriction site on the 5’ prime end produces a sticky end 

after RE digestion and a PmeI restriction site on 3’ end produces a blunt end. Both these 

restriction sites (SgfI and PmeI) are rarely found in prokaryotes and on analysis of H. orenii 

genes it was found that they also lacked these rare restriction enzyme sites (data not presented). 

3.3.3.1 PCR amplification and purification 

Designed forward primers appended a SgfI restriction site upstream of 5’ complementary 

sequence and reverse primers appended a PmeI restriction site to the 3’ end of the 

complementary sequences. The H. orenii genes; namely, Amy1 Amy2 Amy5 Amy6 Amy7 and 

Amy8 were PCR amplified using primers specific for flexi vector and then gel-purified, displayed 

bands of expected size on DNA agarose gel (Figure 3.7).  

 

Figure 3.7: A photograph of DNA agarose gel showing gel-purified PCR amplified H. orenii 

gene products specific for pFN6A flexi vector cloning.  

Lane 1 is λ HindIII DNA size standard. Lane 2-7 display bands for purified PCR amplified 

Amy1 (1.2Kb), Amy2 (1.7Kb), Amy5 (1.7Kb), Amy6 (1.6Kb), Amy7 (1.5Kb) and Amy8 

(1.3Kb) genes respectively.   

3.3.3.2 Cloning of H. orenii genes into JM109 cells 

All the purified PCR amplified H. orenii genes were ligated to the pFN6A flexi vector and then 

chemically transformed into E. coli strain JM109 competent cells. As a result of transformation, 

a number of recombinant clones were produced for each H. orenii gene (Table 3.3). 
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Table 3.3: Results of cloning H. orenii putative genes into JM109 cells.  

H. orenii putative gene 
Number of 

Clones 

Amy1 48 

Amy2 48 

Amy5 48 

Amy6 88 

Amy7 18 

Amy8 136 

3.3.3.3 Screening of JM109 recombinant clones for activity on starch 

Recombinant clones obtained for Amy2 and Amy5 genes were replica plated on LB 

agar/Ampicillin plates and screened for activity on starch using starch plate assay. As a result, a 

clone each of Amy2 and Amy5 was found to display slight activity on starch (Figure 3.8).   
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Figure 3.8: A photograph of petri plate showing the activity of α-amylase-producing 

thermostable recombinant clones against starch.  

Label 1 is negative control colony of E. coli (with no recombinant clone) showing no activity 

against starch; Label 2 and Label 3 are colonies of Amy5 and Amy2 containing 

recombinant clones respectively showing zone of clearance for activity against starch; 

Label 4 is positive control showing zone of clearance against the activity of α-amylase on 

starch. 

3.3.3.1 Sub-cloning and expression of α-amylase-producing (+) clones 

Plasmid DNA of α-amylase positive recombinant clones containing Amy2 and Amy5 inserts was 

extracted and purified, and then sub-cloned into BL21 (DE3) cells. BL21 (DE3) recombinant 

clones were expressed by IPTG induction and screened on SDS PAGE gel (Figure 3.9). As a 

result, a recombinant clone expressing Amy5 gene was obtained, but no expression of Amy2 gene 

was found.  

Amy5 gene was expressed in very low amounts and was not found to suitable for purification of 

protein. Therefore, Amy5 gene was cloned and expressed using pET22b (+) vector and the details 

of the same has been provided in the next section.    
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Figure 3.9: A photograph of SDS PAGE gel showing the results of expression of 

recombinant Amy2 and Amy5 genes in BL21 (DE3) cells.  

Lane 1, 5μl of protein pre-stained molecular weight marker; Lane 2, 10μl cell lysate of 

uninduced Amy2 clone containing 2μg protein; Lane 3, 10μl cell lysate of induced Amy2 

clone containing 2μg protein; Lane 4, 10μl cell lysate of uninduced Amy5 clone containing 

2μg protein; Lane 5, 10μl cell lysate of induced Amy5 clone containing 2μg protein.  

3.3.4 Results of cloning and expression of H. orenii Amy5 gene into pET22b (+) vector and 

purification of rAmy5 protein   

The pET22b (+) vector, a product of Novagen, Germany was chosen for cloning of H. orenii 

Amy5 gene. The operating principle of the pET Expression system is the tight regulation of the 

target gene, which is not transcribed unless the T7 RNA polymerase is induced. A compatible 

host such as E. coli strain BL21 (DE3) has a T7 RNA polymerase gene in its chromosome which 

has an inducible promoter activated by IPTG. The expression plasmid contains several important 

elements namely: a lacI gene which codes for the lac repressor protein, a T7 promoter which is 

specific to only T7 RNA polymerase (not bacterial RNA polymerase), a lac operator which can 

block transcription, a polylinker, an f1 origin of replication, an ampicillin-resistance gene for 

selection and an origin of replication. Control of the pET expression system is accomplished 

through the lac promoter and operator. T7 RNA polymerase induction is so much powerful that 
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almost all of the cell’s resources are converted to target gene expression; the desired product can 

comprise more than 50% of the total cell protein a few hours after induction.  

3.3.4.1 PCR amplification and purification  

As a result of PCR amplification H. orenii Amy5 gene was amplified using primers specific for 

pET22b (+) vector. The forward primer incorporated a NdeI restriction site upstream of 5’-end of 

Amy5 complementary sequence and reverse primer incorporated a XhoI restriction site 

downstream of the 3’ end of the complementary sequence which was followed by a lysine 

residue and six histidine residues. Histidine residues were added, so as to aid in purification of 

expressed recombinant protein, while a lysine residue (site for protease cleavage) was introduced 

just before them in case the removal of histidine residues was required post purification of 

recombinant enzyme. The amplified genes were gel purified and displayed bands of expected 

size on DNA agarose gel (Figure 3.10). 

 

Figure 3.10: A photograph of DNA agarose gel showing PCR amplified and gel-purified 

Amy5 gene specific for pET22b (+) vector cloning.  

Lane 1 is λ HindIII DNA size standard. Lane 2 displays the band for PCR amplified Amy5 

gene (1.7Kb) and lane 3 displays the band for the gel-purified Amy5 gene.   
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3.3.4.2 Cloning of Amy5 gene into pET22b (+) vector 

1701base pairs Amy5 gene was successfully cloned into the pET22b (+) vector. The insert of 

right size in the recombinant vector was confirmed by restriction digestion analysis by digesting 

the vector with NdeI and XhoI and analysing the result on DNA agarose gel. The recombinant 

vector digest produced two bands: one was 5.4 kilo base pair band and the other was 1.7 kilo 

base pair band which was exactly of the same size as of the PCR amplified Amy5 gene (Figure 

3.11). 

 

Figure 3.11: A photograph of DNA agarose gel showing restriction enzyme digest analysis 

of the Amy5 gene-containing expression vector, using NdeI and XhoI.  

Lane 1, λ/HindIII molecular weight markers; Lane 2, expression vector digested with NdeI 

and XhoI; Lane 3, PCR amplified and gel purified Amy5 gene. 

3.3.4.3 Expression of Amy5 gene in BL21 (DE3) cells 

In the present study, the Amy5 gene cloned by the a research group in Dr. Christopher Love’s 

laboratory was found to have a higher expressing level as compared to the one cloned in our 

laboratory. Therefore, all the studies performed were using the Amy5 expression clone supplied 

by Dr. Christopher Love.  

The recombinant cloned vector containing the Amy5 gene was successfully transformed into 

BL21 (DE3) expression host cells. One hour post induction with 1mM IPTG, the cells started 
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expressing Amy5 protein and the cells were cultured for another three hours for the cells to reach 

the maximum capacity of recombinant protein production. The cell culture samples collected at 

every hour of pre- and post-induction were analysed on SDS-PAGE gel and they clearly 

displayed the Amy5 protein of 66KDalton size which was also comparable to 66.7KDalton 

theoretical predicted weight of protein (Figure 3.12).  

 

Figure 3.12: A photograph of SDS PAGE gel showing results of expression of Amy5 gene in 

BL21 DE3 cells.  

Lane 1, 5μl protein pre-stained molecular weight marker; Lane 2, 10μl cell lysate of 

uninduced Amy5 clone containing 2.5μg of protein; Lane 3, 10μl cell lysate of Amy5 clone 0 

hours post induction containing 2.5μg protein; Lane 4, 10μl cell lysate of Amy5 clone 1 hour 

post induction containing 2.5μg protein; Lane 5, 10μl cell lysate of Amy5 clone 2 hours post 

induction containing 2.5μg protein; Lane 6, 10μl cell lysate of Amy5 clone 3 hours post 

induction containing 2.5μg protein; Lane 7, 10μl cell lysate of Amy5 clone 4 hours post 

induction containing 2.5μg protein. 
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3.3.4.4 Purification of 6x His tagged Amy5 

The Amy5 protein was purified by the immobilized metal affinity chromatography (IMAC) 

technique, making use of the His-Tag the Amy5 protein was first bound to the Nickle (Ni2+) ions 

present on the Chelating Sepharose Fast flow column and the unnecessary proteins were 

removed by washing the column several times with wash buffer. The desired Amy5 protein was 

eluted at a gradient of increasing imidazole concentration and maximum protein concentration 

was obtained in the fraction eluted with 200mM and 500mM imidazole (Figure 3.13). All the 

positive fractions of 100mM to 500mM imidazole were pooled together.     
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Figure 3.13: A photograph of SDS PAGE gel showing results of purification of Amy5 

recombinant protein using IMAC technology.  

Lane 1, 5μl protein pre-stained molecular weight marker; Lane 2, 2μg cell lysate of 

expressed Amy5 clone containing 2μg protein; Lane 3, 10μl flow through of column 

purification containing 2μg protein; Lane 4, 10μl wash 1 with 10mM imidazole containing 

2μg protein; Lane 5: 10μl wash 2 with 10mM imidazole containing 2μg protein; Lane 6, 

10μl wash 3 with 10mM imidazole containing 2μg protein; Lane 7, 10μl wash 4 with 10mM 

imidazole containing 2μg protein; Lane 8, 10μl wash 5 with 10mM imidazole containing 

2μg protein; Lane 9, 10μl wash 6 with 10mM imidazole containing 2μg protein; Lane 10: 

10μl Elution 1 with 50mM imidazole containing 2μg protein; Lane 11, 10μl Elution 2 with 

50mM imidazole containing 2μg protein; Lane 12, 10μl Elution 3 with 100mM imidazole 

containing 2μg protein; Lane 13, 10μl Elution 4 with 100mM imidazole containing 2μg 

protein; Lane 14, 10μl Elution 5 with 200mM imidazole containing 2μg protein; Lane 15, 

10μl Elution 6 with 200mM imidazole containing 2μg protein; Lane 16, 10μl Elution 7 with 

500mM imidazole containing 2μg protein; Lane 17, 10μl Elution 8 with 500mM imidazole 

containing 2μg protein, Lane 18, 5μl protein pre-stained molecular weight marker. 

Amy5 
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3.3.4.5 Concentrating and Desalting of Amy5 recombinant protein 

The pooled fractions of Amy5 protein obtained from column chromatography were concentrated 

using a U-tube concentrator (30,000Dalton cut-off). The recombinant protein contained in 30ml 

volume of pooled fractions was brought down to 1ml by concentrating. As a result of 

concentration procedure all the proteins of molecular weight less than 30Kilo Dalton were 

removed and a highly pure grade of protein was obtained (Figure 3.14). The filtrate was also 

analysed and it displayed a loss of very little amount of Amy5 protein in concentration procedure. 

The high concentration of imidazole was removed from the concentrated protein by washing the 

buffer several times with 100mM HEPES buffer until the concentration of imidazole was 

brought down to approximately 10mM. The quantity of protein obtained as a result was 

estimated by Bradford’s assay and found to be 10mg/ml in 1ml of concentrated protein. This 

purified protein was further stored at 4˚C and used for biochemical characterization and 

crystallization screening.   

 
Figure 3.14: A photograph of SDS PAGE gel showing results of desalting and 

concentrating Amy5 recombinant protein.  

Lane 1, 5μl protein pre-stained molecular weight marker; Lane 2, 10μl of desalted, purified 

and concentrated Amy5 protein (5μg); Lane 3, 10μl filtrate. 
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3.4 DISCUSSION 

In this study, six putative alpha amylase coding genes selected from the genome mining data of 

H. orenii were successfully cloned into flexi vector (pFN6A). pFN6A vector was specifically 

chosen for this study mainly for the reason because it provided a very efficient mechanism for 

transfer of gene sequences into the vector without creating any orientation problems. The 

recombinant vectors were then transformed into JM109 competent cells and a library of clones 

was obtained. Using replica plating technique all the clones were screened for possible activity 

on starch in starch plate assay, and as a result Amy2 and Amy5 genes containing clones were 

found to be positive. Both clones were sub-cloned from JM109 cells into BL21 (DE3) expression 

host cells and analyzed for expression of genes. SDS PAGE gel analysis displayed a low level of 

expression of Amy5 gene, while for Amy2 gene there was not a noticeable expression.  

Although, at this point of the time there was an option to screen recombinant clones containing 

rest of the H. orenii genes (Amy1, Amy6, Amy7 and Amy8) with a specific enzyme assay 

technique and further sub-clone them into an expression host, they could not screened because 

original stocks of all these clones stored in -80˚C were thrown away by plant research group in 

the university without any reasonable justification. Left with Amy5 gene-containing recombinant 

clone, a possible reason for its low level expression was found by troubleshooting and in-depth 

studies on the make-up of pFN6A flexi vector. I showed that the flexi vector had a shorter T7 

promoter sequence (5’-TAATACGACTCACTATAGG- -3’) than the standard T7 promoter 

sequence and had a missing G-base pair on the -3’ end of the sequence.  As T7 RNA polymerase 

is extremely promoter specific, therefore change in the promoter sequence could be attributed to 

the fact that T7 polymerase had difficulty in binding to the promoter sequence thereby leading to 

the low expression of recombinant Amy5 protein in host BL21 (DE3) cells. Additionally, the H. 

orenii putative alpha-amylase genes displayed a high use of rare codons (Table 3.4). Especially 

the use of arginine amino acid codons AGG and AGA was seen in all the genes. In a previous 

study, codon bias of H. orenii sugar and polysaccharide metabolizing genes has been analyzed 

(Mijts and Patel, 2001). When compared to codon bias of Clostridium thermocellum and E. coli, 

H. orenii codon bias was found to be quite distinct from them. The overall G+C content of H. 

orenii coding sequences (42.9%) was also found to be much higher than of above mentioned 

organisms. The distinct codon bias of H. orenii α-amylase coding genes together with the 
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incompatibility of the flexi vector were considered to be the prime reasons for low level 

expression in the mesophilic host (E. coli).  

Given the problems with the flexi vector, a different vector system (pET) was chosen for cloning 

of Amy5 gene. The pET vector system has been successfully used in the past to clone and express 

many genes from thermophiles into the mesophilic E. coli host (Studier et al., 1990). The same 

was a result in the present study, and H. orenii Amy5 gene (1701bp) coding for a putative oligo-

1,6-glucosidase enzyme was successfully cloned into pET22b (+) expression vector. The 

recombinant vector with the insert of right size was confirmed by restriction digestion analysis 

and then transformed into BL21 (DE3) competent host cells.  As a result, a recombinant clone 

was obtained which could over-express the gene to produce recombinant protein under the 

control of IPTG induction. SDS-PAGE gel analysis confirmed that the expressed protein was of 

66KDalton and was comparable to the theoretically predicted size of the protein. Large scale 

expression of Amy5 gene was performed in one liter culture volume. The property of having a 

hexa-histidine tag on the C-terminal of the recombinant protein was exploited for purification of 

recombinant protein by immobilized metal affinity chromatography (IMAC). Although using 

affinity chromatography most of the unnecessary host proteins were removed, the purified 

protein was eluted along with high concentration of imidazole (200-500mM). Therefore, to 

remove the imidazole the recombinant protein was desalted, purified and concentrated by 

ultrafiltration using a 30,000dalton cut-off membrane. A yield of 10mg highly pure grade of 

recombinant protein contained in one milliliter solution was obtained ultimately from one liter 

culture, which displayed single band of 66Kdalton on SDS-PAGE gel. This purified protein was 

further used in biochemical characterization work and crystallography screening.  
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Table 3.4: Comparison of rare codon usage between H. orenii genes under investigation 

and Bacillus cereus oligo-1,6-glucosidase. 

Amino Acid 
Rare 

Codon 

Frequency of Occurrence 

Bacillus cereus 
oligo-1,6-

glucosidase 
(558aa) 

H. orenii putative alpha-Amylase genes 

Amy5 
(glucosidase) 

(562aa) 

Amy1 
(427) 

Amy2 
(592aa) 

Amy6 
(564aa) 

Amy7 
(519aa) 

Amy8 
(443aa) 

Arginine 

CGA 4 2 2 2 2 0 2 

CGG 0 7 2 8 5 4 0 

AGG 1 11 10 14 8 11 5 

AGA 3 5 6 10 7 5 3 

Glycine 
GGA 16 6 6 15 11 11 9 

GGG 4 13 11 9 7 11 11 

Isoleucine AUA 10 4 12 7 11 8 7 

Leucine CUA 1 3 3 2 3 1 1 

Proline CCC 0 16 3 14 11 10 3 

Threonine ACG 7 0 0 1 0 2 0 

TOTAL (%) 8 12 13 14 11 12 9 

* Data obtained using Rare Codon Caltor program (Url: http://www.doe-mbi.ucla.edu/~sumchan/caltor.html)      

Due to constraint of time in the present study, only the Amy5 gene could be cloned and expressed 

using pET vector system. It is presumed that using the same system it would be quite possible to 

clone and express other H. orenii alpha-amylase coding genes. 
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4 BIOCHEMICAL CHARACTERIZATION OF H. ORENII OLIGO-1,6-

GLUCOSIDASE (AMY5) 

In this chapter the results of the biochemical characterization of a recombinant oligo-1,6-

glucosidase cloned from H. orenii and designated as Amy5 will be described.  

4.1 INTRODUCTION 

Oligo-1,6-glucosidases (E.C. 3.2.1.10 ) belong to glycosyl hydrolase family 13 of proteins (α-

amylase family) and play an important role in starch and sucrose metabolism pathway. They 

catalyse the hydrolysis of non-reducing terminal 1,6-alpha-D-glucosidic linkages of some 

oligosaccharides for example isomaltosaccharides, panose and α-limit dextrin, produced from 

starch and glycogen by action of alpha-amylase, and of isomaltose (Watanabe et al., 2002). 

BRENDA (Schomburg, 2002) (a comprehensive enzyme information database) at the url 

http://www.brenda-enzymes.info lists all the oligo-1,6-glucosidases that have been studied and 

isolated from eukaryotes and prokaryotes. It also lists substrates found to be active against 

various oligo-1,6-glucosidase variants, which were selected from the database and used in the 

present study. Following this, a list of various metal ions, activators and inhibitors were also 

available from the database and used in the present study. Most of the oligo-1,6-glucosidases 

known (Plant et al., 1988, Suzuki et al., 1982, Suzuki et al., 1987, Suzuki and Tomura, 1986, 

Watanabe et al., 1989, Yamamoto and Horikoshi, 1990), have been found to show activity 

against PNPG (p-nitrophenyl-α-D-glucopyranoside), an artificially produced substrate in which 

glucose has 1-6-linkage with p-nitrophenol (a yellow coloured compound). PNPG is colourless 

when intact but when cleaved by the action of α-glucosidase it produces a coloured reaction 

(yellow colour) which can be spectrophotometrically estimated. Therefore, a PNPG assay can be 

designed in a way which could be used to estimate important enzymatic data such as the pH 

optima, temperature optima, activators, inhibitors, thermostability, enzyme kinetics and various 

substrates on which the enzyme acts against. The amount of reducing sugars produced by the 

action of enzyme against various substrates can be estimated based upon the DNS 

(Dinitrosalicylic acid) assay. Eventually, using the data obtained from this study the enzyme 

could be biochemically characterized. The same was found to be the case with rAmy5 protein 

which displayed activity against PNPG and based on the same important biochemical data could 

be collected for the recombinant enzyme and this has been revealed in this section of the study.      
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4.2 METHODS 

4.2.1 Bradford protein concentration assay 

The Bio-Rad Protein Assay (USA), based on Bradford dye assay (Bradford, 1976) was used for 

estimating protein concentration. The Biorad dye reagent concentrate (Biorad catalogue number 

500-0006) which consists of Coomassie Brilliant Blue G-250, phosphoric acid and methanol was 

diluted as per manufacturer’s instructions before use and the assay performed in 96 wells 

microtiter plates. A standard reaction mixture consisted of 10μl of protein sample and 200μl of 

diluted dye reagent per well. The reactions were incubated for 5 minutes at room temperature 

and then OD was read at 590nm on an Emax microplate reader. All reactions were performed in 

triplicates. A standard curve was prepared using Bovine Serum Albumin (BSA) in the range of 

0.17 mg/ml and 0.010 mg/ml.  

4.2.2 p-nitrophenyl-α-D-glucopyranoside (PNPG) assay 

Oligo-1,6-glucosidase (rAmy5) enzyme activity was assayed spectrophotometrically by 

measuring the increase in absorbance at 405nm due to release of p-nitrophenol from p-

nitrophenyl-α-D-glucopyranoside (Figure 4.1) based on the method described in section 2.19.1.             

 

Figure 4.1: Action of α-glucosidase on PNPG (substrate). 

4.2.3 p-nitrophenol (PNP) Standard curve  

Reaction product of PNPG assay was determined from absorbance using the p-nitrophenol 

standard. To prepare the standard curve a serial dilution of PNP solution ranging between 0.0001 

and 0.1mM was prepared. These dilutions replaced PNPG in the standard reaction mixture and 

instead of enzyme sterile distilled water was used. All the reactions were prepared in triplicates 

and performed in similar way as described in section 2.19.1.  
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4.2.4 pH Optimum estimation 

Theoretical pI of Amy5 was calculated to be 5.08, based on the method described in section 

5.4.1.2 and the effect of pH on enzyme activity was tested by changing the pH in the standard 

reaction mixture. To achieve the desired pH different buffers stocks i.e., 100mM Bis-Tris HCl 

buffer for pH 5.3-7.0, 100mM Tris HCl for pH 7.5-8.5 and Glycine-NaOH buffer for pH 9.0-

10.0 stocks (preparation of stocks has been described in Appendix 2), replaced the 100mM Bis-

Tris HCl pH 6 buffer in the standard reaction mixture. A separate blank reaction without enzyme 

was taken for each pH condition and all reactions were performed in triplicates. The mean OD of 

the triplicate reactions were converted into relative activity percentage by dividing the OD 

obtained at particular pH by the highest OD and then multiplying by 100.  

4.2.5 Temperature Optimum estimation 

The effect of different temperatures i.e., 22, 37, 45, 50, 55, 60, 65, 70, 75 and 80˚C on enzyme 

activity was tested by modifying the standard PNPG assay reaction. Water baths (Thermoline, 

Australia) were set at selected temperature and the standard reaction mixture was equilibrated on 

them for 10 minutes before adding the enzyme. The mean OD of the triplicate reactions were 

converted into relative activity percentage by dividing the OD obtained at particular temperature 

by the highest OD and then multiplying by 100.   

4.2.6 Effect of metal ions, inhibitors and activators on Amy5 

To test the effect of various metal ions, inhibitors and activators on enzyme activity following 

were selected from the BRENDA database: NH4Cl, Trypsin, DTT, CuCl2, CdCl2, ethanolamine, 

CoCl2, glucose, CaCl2, FeCl2, EDTA, NiCl2, NaCl, MgCl2, MnCl2, KCl, FeCl3, SDS, Urea, 

Tris, and ZnCl2, and stocks were prepared in distilled water (as described in Appendix 3). These 

stocks were used as a supplement in standard PNPG assay reaction mixture where the volume of 

the metal ion supplement was maintained below 46μl. A negative blank was also prepared for all 

the metal ions which produced colour in solution (FeCl3, NiCl2, FeCl2, CoCl2 and CuCl2), 

which consisted of metal ion supplement in the standard reaction mixture with no enzyme. The 

readings of negative blank reactions were subtracted from their respective sample reactions 

which consisted of enzyme, thereby removing all the errors. All the reactions were performed in 

triplicates and the mean of their OD was converted into relative activity percentage by dividing 
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them by the OD of the standard reaction mixture (without any added supplement) and then 

multiplying by 100.       

4.2.7 Effect of substrates and sugars on Amy5 

To test the effect of various substrates and sugars on enzyme activity, their stocks (as described 

in Appendix 3) were used to supplement the standard reaction mixture to a final concentration of 

2mM or 0.1% and in a volume maintained below 46μl. All reactions were performed in 

triplicates and mean of the OD of all the reactions was divided by the OD of the standard 

reaction mixture (without any added supplement) and then multiplied by 100 to obtain the 

relative activity percentage.  

4.2.8 Comparison of activity of Amy5 against different p-nitrophenyl based glycosides  

Activity of enzyme against various PNP-glycosides other than PNPG was tested against the 

enzyme by replacing 1.0mM PNPG with 2mM of selected PNP-based glycoside in the standard 

reaction mixture and performing the reaction in a similar way as described in section 2.19.1 

(Preparation of PNP-based glycosides stocks has been described in Appendix 3). 

4.2.9 Dinitrosalicylic acid (DNS) colorimetric method to test reducing sugars 

Dinitrosalicylic acid assay was performed to test the amount of reducing sugar released when 

rAmy5 enzyme acted upon various substrates, based on the method described in section 2.19.2. 

4.2.10 DNS standard curve for glucose 

Reaction product of DNS assay (figure 4.2) was determined from absorbance at 590nm using 

glucose standard. To prepare the standard curve a serial dilution of glucose ranging between 

0.17mg/ml and 2mg/ml were made. These dilutions replaced the sample in the standard DNS 

reaction mixture and triplicates if each reaction was performed in a similar way as described in 

section 2.19.2. 



 
 

75 

 

Figure 4.2: Dinitrosalicylic acid reaction scheme. 

4.2.11 Enzyme kinetics studies 

4.2.11.1 KM and VMAX of enzyme 

Enzyme was assayed against a range of PNPG concentration between 0.1 and 6mM PNPG, as 

used in a standard reaction mixture. The data obtained as a result was used to plot a Lineweaver-

Burk plot between 1/v (reciprocal of reaction rate) vs. 1/[s] (reciprocal of substrate 

concentration). The graph obtained as a result was a representation of the double reciprocal form 

of Michaelis-Menten equation as following: 

1/v = (KM/VMAX) 1/[s]  +  1/VMAX 

Where, 

  v = is the reaction velocity or the reaction rate, 

  KM= is the Michaelis-Menten constant, 

  VMAX= is the maximum reaction velocity and, 

  [S]= is the substrate concentration 

The data obtained from the Lineweaver-Burk plot was used to calculate KM and VMAX. As the y-

intercept of linear equation was equivalent to the inverse of VMAX and slope of the line was 

equivalent to KM/VMAX. 
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4.2.11.2 Activation energy of enzyme 

Using the standard reaction mixture, enzyme was assayed at different temperatures between 22 

to 80˚C. The data obtained was used to plot an Arrhenius plot between log of rate of reaction 

against inverse of temperature (measured in Kelvin). A straight line curve equation could then be 

obtained from the Arrhenius plot, which was used to gather data for Arrhenius Equation: 

k = Ae-Ea/RT 

This can also be represented as following: 

 ln (k) = ln(A) - Ea/R (1/T) 

Where, 

 k = Rate constant 

 A = Pre-exponential factor 

 Ea= Activation energy 

 R= Gas constant (8.314472 J*K-1*mol-1) 

 T= Absolute temperature, K 

According to Arrhenius plot, the value of y-intercept corresponded to ln(A) and the gradient of 

the line (slope) was equal to -Ea/R. Therefore, substituting these values in Arrhenius equation, 

activation energy (Ea) of enzyme was calculated. 

4.2.12 Thermostability studies 

To study the effect of various temperatures on stability of H. orenii oligo-1,6-glucosidase, the 

enzyme was pre-incubated at defined temperatures with or without additional factors (0.5M 

NaCl, 1M KCl and 25mM CaCl2) contained in a volume maintained under 10μl for specified 

period of time on pre-set thermoline water-baths. The residual enzyme activity was determined 

using the standard PNPG assay procedure, where the treated enzyme was added to the standard 

reaction mixture. All reactions were performed in triplicates and the mean of OD was divided by 

the OD of the reaction where untreated enzyme was used and then multiplied by 100 to get the 

value of residual enzyme activity.  
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4.3 RESULTS 

4.3.1 Bradford Assay standard curve 

When the BSA protein concentration was plotted against the mean OD obtained by Bradford 

assay, a straight line was obtained (Figure 4.3). Using the data obtained from the BSA standard 

curve a straight line equation was obtained “y = 2.8565x + 0.0481” (where, y is equal to mean 

OD at 590nm and x is the unknown protein concentration). This straight line equation was used 

for calculating the unknown concentration of protein in a sample based on Bradford assay.     

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: A graph displaying the BSA standard curve. 

4.3.2 p-nitrophenol (PNP) Standard Curve 

Increasing concentration of PNP produced a straight line when plotted against the absorbance 

reading at 405nm (Figure 4.4). Using the data of the standard curve a straight line equation was 

obtained as “y = 38.06x + 0.037” (where y is equal to the OD obtained and x is equal to the 

corresponding PNP concentration in mM). This equation was used to find the amount of PNPG 

broken down by enzyme in certain time and thereby helped in calculating the specific activity 

and reaction rate of the enzyme (H. orenii oligo-1,6-glucosidase).    
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Figure 4.4: A graph displaying PNP standard curve. 

4.3.3 PNPG enzyme assay validation 

The purified H. orenii oligo-1,6-glucosidase enzyme was a concentrated stock of 10mg/ml (as 

estimated by Bradford assay) and a dilution of 0.005mg/ml (containing 50ng enzyme) was found 

to be enough for use in a standard reaction mixture as described in section 2.19.1, as compared to 

other dilutions (Figure 4.5). Therefore, in all PNPG assay reactions 50ng or 0.005mg/ml dilution 

of enzyme was used unless otherwise specified.    

 

Figure 4.5: A graph displaying the effect of different enzyme dilutions on PNPG assay. 
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4.3.4 pH optimum 

The pH at which enzyme is found to be most active on PNPG is called as the pH optimum for the 

enzyme.  H. orenii oligo-1,6-glucosidase displayed a broad peak of enzyme activity between pH 

5.3 and pH 7.0 and its pH optimum was found to be between 6.0 and 6.5 (Figure 4.6). No 

enzyme activity was found to occur at or above pH 7.5. Based on these results all the further 

standard enzyme assay reactions were performed at pH 6 by using Bis-Tris HCl, pH 6.0 buffer.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: A graph displaying the effect of different pH on recombinant H. orenii oligo-

1,6-glucosidase (rAmy5) enzyme activity. 

4.3.5 Temperature optimum 

The temperature at which enzyme is found to be most active on PNPG is called as the 

temperature optimum for the enzyme. H. orenii oligo-1,6-glucosidase was found to be fairly 

active between a broad range of temperatures from 45˚C to 65˚C and its temperature optimum 

was found to be at 60˚C. Enzyme had very little activity below 45˚C and its activity decreased 

sharply above 60˚C with loss of 50% activity at around 67˚C. Considering the optimum activity 

of enzyme at 60˚C, all standard enzyme assay reactions were performed at 60˚C unless otherwise 

specified. 
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Figure 4.7: A graph displaying the temperature optimum for recombinant H. orenii oligo-

1,6-glucosidase. 

4.3.6 Effect of metal ions on Amy5 activity 

Metal ions at different concentration used in PNPG enzyme assay produced very interesting 

results (Figure 4.8) when were compared to positive control reaction (without any metal 

supplement). ZnCl2 (1mM and 2mM), FeCl3 (2mM and 5mM), NiCl2 (2mM and 5mM), FeCl2 

(2mM and 5mM), CdCl2 (2mM and 5mM), CuCl2 (1mM, 2mM and 5mM) and NH4Cl (5mM) 

acted as inhibitor and inhibited enzyme activity by 77%, 77%, 58%, 70%, 98.4%, 97.4% and 

16% respectively. Enzyme activity was tolerant to MgCl2 (2mM and 5mM), and CoCl2 (2mM 

and 5mM) with loss of no activity in the presence of these metal ions. Interestingly, enzyme 

activity was increased in presence of MnCl2 (2mM and 5mM) and CaCl2 (2mM and 5mM) by 

14% and 35% respectively. Although, increasing concentration of MnCl2 had little effect on 

enzyme activity which rather decreased but increasing concentration of CaCl2 enhanced the 

enzyme activity. 25 mM CaCl2 was found to be the most suitable for enzyme activity and at this 

concentration the enzyme activity almost doubled (Figure 4.9).     
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Figure 4.8: A graph displaying the effect of various metal ions and chemicals on the rAmy5 

enzyme activity. 
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Figure 4.9: A graph displaying the effect of increasing concentration of CaCl2 on rAmy5 

enzyme activity. 

4.3.7 Effect of various chemicals and salts on enzyme activity 

4.3.7.1 Effect of Trypsin 

Resistance to proteolysis has been found to be a characteristic of thermophilic exo-oligo-1,6-

glucosidase, which was also reported at least in one study (Suzuki et al., 1982). Therefore, effect 

of various amount of trypsin (a serine protease) on enzyme activity was tested. The enzyme was 

found to be tolerant to the presence of 60ng, 100ng or 1000ng trypsin in the standard PNPG 

reaction with negligible loss of activity (Figure 4.8).   

4.3.7.2 Effect of Dithiothreitol (DTT) on enzyme activity 

Increase in enzyme activity in presence of 1mM DTT or 2-mercaptoethanol was reported in a 

study on oligo-1,6-α-glucosidase from thermophilic anaerobic bacterium, Thermoanaerobium 

Tok6-B1 (Plant et al., 1988). This increase was found to be directly related to the presence of 

oxidation-sensitive thiol groups (Cysteine residues) in the enzyme. H. orenii oligo-1,6-

glucosidase (Amy5) gene consists of two cysteine residues, therefore to test their possible role in 

making the enzyme thermostable this experiment was performed. Presence of DTT was found to 

have negligible effect on enzyme activity (Figure 4.8).   
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4.3.7.3 Effect of Ethanolamine (Et-amine) on enzyme activity 

In presence of 50mM ethanolamine or monoethanolamine the enzyme lost almost 85% of its 

activity (Figure 4.8).  

4.3.7.4 Effect of increasing concentration of glucose on enzyme activity 

Increasing concentration of D-glucose had an inhibitory effect on enzyme activity (Figure 4.8). 

At 1, 5, 10 and 110mM D-glucose the enzyme lost 10, 25, 50 and 95% activity respectively 

(Figure 4.10). D-glucose is also an end product of PNPG breakdown by enzyme (Figure 4.1).  

 

Figure 4.10: A graph displaying the effect of increasing concentration of D-glucose on 

rAmy5 enzyme activity. 

4.3.7.5 Effect of increasing p-nitrophenol (PNP) concentration on enzyme activity 

PNP is also an end product of PNPG degradation (Figure 4.1). 0.01, 0.05, 0.1 and 0.2mM PNP 

inhibited standard PNPG assay reaction by 10, 60, 90, and 100% respectively (Figure 4.11). 
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Figure 4.11: A graph displaying the effect of increasing PNP concentration on rAmy5 

enzyme activity. 

4.3.7.6 Effect of EDTA on enzyme activity 

Ethylenediaminetetraacetic acid (EDTA) is a common chelating agent. Effect of 1mM and 2mM 

EDTA was tested on enzyme activity and inhibition of 13% and 9% respectively was found 

(Figure 4.8). Negligible loss of enzyme activity in presence of EDTA indicated that H. orenii 

oligo-1,6-glucosidase might not require any metal ion for its activity.      

4.3.7.7 Effect of NaCl and KCl 

0.5M and 1M KCl was found to enhance the activity of enzyme by 2% and 5% respectively 

(Figure 4.8). 0.5M NaCl was found to enhance the enzyme activity, but 1M NaCl had negligible 

effect (Figure 4.8). To test the best concentration of KCl and NaCl required for optimum activity 

of enzyme another experiment was performed. Presence of 1mM, 5mM, 10mM, 100mM, and 

500mM NaCl enhanced enzyme activity by 6%, 1%, 4%, 14%, and 22.5% respectively, but in 

presence of 1000mM NaCl the enzyme activity was inhibited by 5%. On the other hand, in 

presence of 1mM, 5mM, 10mM, 100mM, 500mM, 1000mM, 2000mM and 3000mM KCl the 

enzyme activity was enhanced by 3%, 1%, 5%, 9%, 22%, 45%, 22% and 20% respectively 

(Figure 4.12). Therefore, the optimum enzyme activity was found to be in presence of 0.5M 

NaCl or 1M KCl.   
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Figure 4.12: A graph displaying the effect of different concentrations of NaCl and KCl on 

rAmy5 enzyme activity. 

4.3.7.8 Effect of denaturants and chemical compounds on enzyme activity 

SDS (Detergent) was found to be the most effective inhibitor of enzyme activity. Even at a low 

concentration of 3.5mM and 10mM SDS respectively, enzyme lost its complete activity (Figure 

4.8). Enzyme was quite tolerant to urea at low concentration, with loss of 13% activity only at 

4mM Urea. But, at a high concentration of 1420mM Urea enzyme lost almost 60% of its activity 

(Figure 4.8). Tris was also found to be an effective inhibitor of enzyme activity. Enzyme lost 

84% and 92% of its activity in presence of 5mM and 10mM Tris respectively (Figure 4.8).    

4.3.8 Effect of Sugars and Substrates on enzyme activity 

H. orenii oligo-1,6-glucosidase enzyme was found to be active against range of different substrates 

(Figure 4.13(A)). Out of all the substrates the enzyme was found to be most active against dextrin as 

it inhibited the PNPG assay reaction the most. Panose on the other hand was not a substrate for the 

enzyme as it did not inhibit the PNPG reaction at all.  

Out of all the sugars D-glucose was found to have the inhibitoriest effect on enzyme activity (Figure 

4.13(B)). Presence of D-fructose, xylose, mannitol and to some extent cellobiose had an inhibitory 

effect on enzyme activity. On the other hand, presence of raffinose or galactose had little or no effect 

on enzyme activity. 
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Figure 4.13: A graph displaying the effect of different substrates and sugars on rAmy5 enzyme activity.  

(A) Substrates at 2mM or 0.1% concentration inhibiting standard PNPG assay. (B) Inhibition of PNPG assay 

reaction by various sugars at 2mM concentration. (Some substrates labeled with ‘*’ in the figure were used in 

0.1% concentration in standard reaction mixture, while all other were used in 2mM final concentration). 

(A) 

(B) 
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4.3.9 Effect of PNP-based glycosidase substrates on enzyme activity 

Results displayed that enzyme was inactive on all other PNP-based substrates except PNPG 

(Table 4.1). 

Table 4.1: Test for activity of rAmy5 enzyme against various PNP-based substrates. 

Compound (2mM) Activity (%) 

4-Nitrophenyl-α-D-glucopyranoside 
(PNPG) 

100 

2-Nitrophenyl-β-D-fucopyranoside 0 

p-Nitrophenyl-α-L-arabinopyranoside 0 

p-Nitrophenyl-α-D-xylopyranoside 0 

p-Nitrophenyl-β-D-xylopyranoside 0 

2-Nitrophenyl-β-D-glucopyranoside 0 

p-Nitrophenyl-β-D-fucopyranoside 0 

2-Nitrophenyl-1-thio-β-D-
galactopyranoside 

0 

p-Nitrophenyl-β-D-glucuronide 0 

4.3.10 DNS standard curve for glucose 

Glucose standard curve was obtained by plotting the mean of OD of all the reaction against 

glucose concentration (Figure 4.14). Based on the standard curve a straight line equation was 

obtained “y = 0.4327x + 0.0026” (where, y is the mean OD obtained and x is the corresponding 

glucose concentration). This straight line equation was further used to calculate the amount of 

glucose produced when enzyme acted upon the substrate in a DNS assay.  
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Figure 4.14: A graph displaying DNS glucose standard curve. 

4.3.11 DNS enzyme assay 

All the substrates which inhibited the PNPG enzyme assay reaction were selected for use in DNS 

assay. Post 10 minute reaction period, the rAmy5 enzyme was found to be most active against 

dextrin and released 1.7mM glucose from 2mM substrate used in the reaction (Figure 4.15). 

Enzyme had almost similar activity on starch, maltooligosaccharide, maltotetraose, 

isomaltotriose, and isomaltose and released 1.3, 1.3, 1.5, 1.5 and 1.4mM glucose respectively 

from them. While, on the other hand the enzyme had little or no activity against panose, 

palatinose, maltotriose, amylopectin and amylose.    



 
 

89 

 

Figure 4.15: A graph displaying amount of glucose released by the action of rAmy5 enzyme on 

various substrates as estimated by DNS enzyme assay.  

0.1% of Starch, amylose and amylopectin were used in each reaction. While, 2mM of rest of the 

substrates were used in each reaction. 

4.3.12 Enzyme kinetic studies 

4.3.12.1 KM and VMAX of rAmy5 enzyme 

VMAX represents the maximum velocity of the enzyme which is achieved when the enzyme 

molecules are saturated, and Km represents the affinity of an enzyme for a particular substrate 

and is numerically equal to the substrate concentration at which the reaction velocity has attained 

half of its maximum value (Mathews, 2000). Generally an enzyme which has a large KM for a 

particular substrate indicates that it binds to the substrate very weakly and vice versa.  

A Lineweaver-Burk or double reciprocal plot of reciprocal of varying concentration PNPG 

(1/[S]) against reciprocal of reaction velocity of enzyme was plotted (Figure 4.16). The straight 

line equation was obtained from the curve “y = 0.0039x + 0.003” (where, 0.0039 was the slope 

of the line and 0.003 was the y-intercept). These values were substituted in the reciprocal form of 

Michaelis-Menten equation and VMAX and KM for rAmy5 enzyme were calculated to be as 333.4 

mM PNPG/min per mg and 1.3 mM respectively. 
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(A) 

 

(B) 

Figure 4.16: Graphs displaying the enzyme kinetics data for recombinant H. orenii oligo-

1,6-glucosidase.  

(A) Reaction velocity versus varying concentration of PNPG, (B) Lineweaver-Burk plot or 

double reciprocal plot of the reciprocal of reaction velocity (1/v) versus reciprocal of 

varying PNPG substrate concentrations (1/[S]). 
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4.3.12.2 Activation energy of rAmy5 enzyme (Ea) 

Activation energy is the minimum energy necessary for a specific chemical reaction to take 

place. It is usually denoted by Ea and given in units of kilojoules per mole.  The Arrhenius 

Equation gives a quantitative basis of the relationship between activation energy and the rate at 

which a reaction proceeds. 

An Arrhenius plot of log of initial velocity (v) was plotted against the inverse of temperature 

(Figure 4.17). The log of initial velocity decreased in a linear fashion above 60˚C and a straight 

line equation was obtained as “y = 9.7869x - 27.176” (where 9.7869 is the value for slope of 

line). The value of slope of the line was substituted in to the Arrhenius equation and the 

activation energy (Ea) was calculated to be 81.373 kJ/mol.    

 

Figure 4.17: An Arrhenius plot of log [initial velocity (v)] against the inverse of 

temperature for p-Nitrophenyl-α-D-glucosidase in 30mM Bis Tris-HCl buffer, pH 6.0. 

4.3.13 Thermostability studies 

Post temperature treatment the residual activity of H. orenii oligo-1,6-glucosidase with and 

without additional factors was plotted against time (Figure 4.18 and Figure 4.19). The enzyme 

was found to lose almost all its activity after incubation at 60˚C for 80minutes. On the other 

hand, presence of all additional factors (0.5M NaCl or (0.5M NaCl and 25mMCaCl2) or 1M KCl 



 
 

92 

or (1M KCl and 25mM CaCl2)) except 25mM CaCl2 improved the thermostability of enzyme at 

60˚C. Although, in presence of 25mM CaCl2 the enzyme initially displayed an increased activity 

but its stability decreased drastically on incubation at 60˚C. In combination of 25mM CaCl2 with 

either 0.5M NaCl or 1M KCl the enzyme stability improved as compared to presence of 25mM 

CaCl2 alone. The presence of 0.5M NaCl alone was found to be most effective in increasing the 

stability of enzyme at 60˚C. The half life of enzyme increased from 40 minutes to 143 minutes 

without and with 0.5M NaCl respectively (Table 4.2).   

The enzyme was found to be fairly stable below 60˚C but drastically lost stability above this 

temperature. At 65˚C and 70˚C enzyme lost almost 80% and 100% activity respectively, after 5 

minutes incubation (Figure 4.19 A). However, in presence of 0.5M NaCl the half life of enzyme 

increased at all the temperatures (Table 4.3). Interestingly, the half life of enzyme increased 

almost by four times from 9 minutes (without NaCl) to 39 minutes (in presence 0.5M NaCl) at 

65˚ (Figure 4.19 B), thereby making the enzyme more stable at this temperature.  
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Figure 4.18: A graph displaying the effect of additional factors on thermostability of H. orenii oligo-

1,6-glucosidase at 60˚C.  

Residual activities are expressed as percentage of activity and this was obtained by converting the 

mean OD of the reactions. 50μg enzyme was used per reaction to obtain the above data.  

Table 4.2: Half life of H. orenii enzyme at 60˚C in presence or absence of additional factors. 

Reaction Type Half Life at 60˚C (Minutes) 
Enzyme 40 

Enzyme + 0.5 NaCl 143 
Enzyme + 0.5M NaCl + 25mM 

CaCl2 
83 

Enzyme + 25mM CaCl2 28 
Enzyme + 1M KCl 83 

Enzyme + 25mM CaCl2 + 1M KCl 58 
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(A) 

 

(B) 

Figure 4.19: Thermostability graphs.  

(A) Effect of temperature treatment on enzyme stability, and (B) Effect of temperature 

treatment on enzyme stability in presence of 0.5M NaCl. Residual activities are expressed 

as percentage of activity and this was obtained by converting the mean OD of the reactions. 

100μg enzyme was used per reaction to obtain the above results.   
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Table 4.3: Comparison of half life of H. orenii rAmy5 enzyme at various temperatures in 

presence or absence of 0.5M NaCl. 

Temperature 
(˚C) 

Half Life (Minutes) 

Enzyme Enzyme + 0.5M NaCl 

37 514 708 

45 2667 16996 

50 375 2353 

55 194 360 

60 40 143 

65 9 39 

70 2 3 

4.4 DISCUSSION 

The present study confirms the presence of a third functional halo-thermophilic enzyme (rAmy5) 

from H. orenii belonging to the α-amylase family. In the past, from random genome sequence 

analysis of H. orenii by Mijts and Patel (2001) presence of a large number of α-Amylase family 

genes was demonstrated. Given the important role played by α-amylase family genes in 

carbohydrate metabolism pathway of organism, two of the genes (AmyA and AmyB) of H. orenii 

were expressed and the proteins characterized (Mijts and Patel, 2002, Tan et al., 2008, Tan et al., 

2003). Both AmyA and AmyB were found to display optimum activity between 65-70˚C and 5-

10% NaCl concentration. This was close to the optimum conditions of growth (60˚C and 10% 

NaCl) required by H. orenii (Cayol et al., 1994). H. orenii oligo-1,6-glucosidase (Amy5) reported 

in the present study displayed an optimum activity at 60˚C and in presence of 0.5M NaCl (~10% 

salt) (Table 4.5). Although, the rAmy5 enzyme was fairly active in absence of NaCl, the presence 

of NaCl had a major effect on thermostability of enzyme at 60˚C and the half life of enzyme 

increased from 40 minutes to 143 minutes in presence of 10% NaCl. Amy5 protein had an excess 

of acidic amino acid residues which was common to AmyB and a characteristic feature of 

halophilic enzymes which provides them activity and stability at high salt concentrations (Table 

4.4). A possible explanation for the thermostability of Amy5 enzyme is the increased use of 
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prolines residues, which is a characteristic feature of thermophilic enzymes (Watanabe and 

Suzuki, 1998, Watanabe et al., 1994, Watanabe et al., 1991, Suzuki et al., 1987). Common to 

AmyA and AmyB, H. orenii oligo-1,6-glucosidase (Amy5) also required Ca2+ ions (1-5mM) for 

optimum activity. Although, higher concentration of CaCl2 (25mM) enhanced the activity of 

rAmy5 enzyme, but it had a negative effect on the thermostability of the enzyme. A possible 

explanation is that, the presence of excess of Ca2+ ions might block the catalytic site of the 

enzyme if incubated along with enzyme for longer periods. The rAmy5 enzyme lost 85% of its 

activity in presence of 50mM ethanolamine and this feature was also found common with 

isomaltase of human (Kano et al., 1996).             

Table 4.4: Comparison of type of amino acid usage in characterized α-Amylase genes of H. 

orenii. 

H. orenii 
Genes 

Negatively 
charged 
residuesa 

Positively 
charged 
residuesb 

Acidic 
amino 
acid 

excessc 

Percentage 
of prolines 

(%) 

Sequence 
length 
(aa) 

Molecular 
weight 

(Dalton) 

AmyA 71 70 1 5 515 59,855 

AmyB 102 59 43 3 623 71,315 

Amy5 96 84 12 5.29 562 66,766 

a negatively charged residues calculated according to: Asp + Glu  

b negatively charged residues calculated according to: His + Lys + Arg 

c acidic amino acid excess calculated according to: (Asp + Glu) - (His + Lys + arg) 

In a recent study, the genome of H. orenii was analysed and amino acid composition of its 

proteins was found to resemble the profile of thermophilic organisms and which was quite 

distinct from that of the salt-in halophilic profiles, suggesting that its proteins might have been 

adapted to a salt-out strategy of thermophiles (Mavromatis et al., 2009). Supporting the salt-out 

strategy a sucrose phosphate synthase (SPS) enzyme, commonly found to be present in 

photosynthetic organism was detected in H. orenii genome (Mijts and Patel, 2001). The same 

enzyme could be expressed in a mesophilic host and its functionally active form was 

characterized (Huynh et al., 2005). Based on studies and presence of SPS (a non-halophilic 
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protein) in H. orenii, it was postulated that H. orenii rather than relying on salt-in strategy for 

osmoregulation under high salt environments might depend upon salt-out strategy and produce 

compatible solutes such as sucrose. But present research on H. orenii oligo-1,6-glucosidase 

(Amy5) clearly demonstrates the dependence of enzyme on 0.5M NaCl for optimum activity and 

thermostability (Table 4.3) which thereby contradicts the past postulation of salt-out strategy. 

The present research postulates that because of the fluctuating salt and temperature conditions of 

the place from where H. orenii has been isolated from (Tunisian salt lake) it is quite possible that 

the organism might opportunistically switch to either conventional salt-in strategy (for example 

by using a Na+/K+ pump, refer to section 1.3.7.1.1 for more information) or salt-out strategy 

(refer to section 1.3.7.1.2 for more information) by producing a compatible solute such as 

sucrose for adaptation. Biochemical characterization and crystallographic studies of more 

number of proteins of H. orenii needs to be done before it can be confirmed whether H. orenii 

depends on the above mentioned systems for osmoregulation or there is a totally different system 

altogether which it depends on.    

The biochemical characteristics of recombinant Amy5 enzyme were compared with oligo-1,6-

glucosidase enzyme from other bacterial species which have been well characterized (Table 4.5). 

The native molecular weight of Amy5 (66kDa) was found to be very similar to enzymes from 

other species, especially those which have been studied well on structural level (i.e., oligo-1,6-

glucosidase of B. cereus and B. thermoglucosidasius). The optimum temperature and pH 

requirement for Amy5 activity were 60˚C and 6-6.5 respectively, which was very similar to 

enzyme from B. thermoglucosidasius and Bacillus sp. KP 1071. A trend of increasing optimum 

temperature required for enzyme activity was found to coincide with increasing proline residues. 

Thermophilic B. thermoglucosidasius enzyme was found to contain the maximum number of 

proline residues while on the other hand the mesophilic B. cereus enzyme consisted of least 

number of proline residues. Amy5 enzyme activity was inhibited by most of the metal ions expect 

Mn2+ and Ca2+ in whose presence the enzyme activity was enhanced. Recombinant Amy5 

enzyme required either 0.5M NaCl or 1M KCl for optimal activity while enzyme from other 

organisms did not require salt for activity and in one case (not included in the present study) 

presence of salt even inhibited enzyme activity (Schonert et al., 1998). This clearly demonstrates 

that while being thermostable none of the enzyme can tolerate high salt concentration at the same 

time except H. orenii Amy5. The thermostability of Amy5 enzyme was found to be an 
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intermediate between its mesophilic and thermophilic counterparts. Interestingly, presence of 

10% NaCl increased the half life of Amy5 enzyme by almost four times at 60˚C which was an 

uncommon feature for the enzyme from other organisms. Presence of D-glucose and PNP 

displayed an end-product inhibition of PNPG enzyme assay reaction in all the cases studied 

herein. Amy5 recombinant enzyme was found to tolerate the presence of DTT (Dithiothreitol) in 

PNPG enzyme assay reaction that clearly demonstrated that cysteine played no role in providing 

thermostability to the enzyme.  

Table 4.5: Physical and kinetic properties of recombinant H. orenii oligo-1,6-glucosidase as 

compared to the same enzyme from other bacterial species. 

Property 

Oligo-1,6-glucosidase 

H. orenii B. cereus 
Alkalophilic 
Bacillus sp. 

B. 
coagulans 

B. sp. KP 
1071 

Thermoanaerobium 
Tok6-B1 

B. 
thermoglucosidasius 

Molecular 
Weight (by 

SDS) 
66kDa 66kDa 59.9 kDa 60kDa 62kDa 29.5 kDa 66.5kDa 

Protein 
Sequence (aa) 

562 558 509 555 - - 562 

Number of 
Prolines 

30 19 22 24 29 - 32 

Percentage of 
Prolines 

5.29 3.4 4.3 4.3 5.6 - 5.69 

Optimum 
Temperature 

60˚C 41˚C 45˚C 62˚C 74˚C 65˚C 70-75˚C 

Optimum pH 6-6.5 6.7 6-6.5 5.2 5.9 6.5 - 

Effect of metal ions and denaturants on enzyme activity 

ZnCl2 INTR TOLT INTR TOLT - - - 

FeCl3 INTR - - - - - - 

NiCl2 INTR - - INTR - - - 

FeCl2 INTR TOLT INTR INTR - - - 

CdCl2 INTR - - TOLT - - - 

CuCl2 INTR INTR TOLT INTR - - - 

NH4Cl INTR INTR - INTR - - - 

MnCl2 ACTR ACTR INTR - - - - 
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CaCl2 ACTR - - ACTR - - - 

MgCl2 TOLT ACTR TOLT ACTR - - - 

CoCl2 TOLT ACTR INTR TOLT - - - 

SDS INTR - - - - INTR - 

Tris INTR INTR - INTR - - - 

Urea INTR - - - - INTR - 

Effect of salts (%age of increase in enzyme activity) 

0.5 NaCl 22.5 - - - - - - 

1M KCl 45 - - - - - - 

Effect of Sugars on enzyme activity 

D-glucose  INTR INTR - INTR - INTR - 

D-fructose INTR - - INTR - - - 

Xylose INTR INTR - INTR - - - 

Mannitol INTR - - TOLT - - - 

Cellobiose INTR INTR - TOLT - TOLT - 

Activity of enzymes on various substrates (Yes/No) 

Dextrin YES YES - YES - - - 

Dextran YES - - NO - NO - 

Trehalose YES - - NO - - - 

Sucrose YES - - YES - - - 

Soluble Starch YES - - NO - - - 

Pullulan YES - - - - NO - 

Palatinose YES - - - - YES - 

Maltotriose YES - YES - YES - - 

Maltotetraose YES - - - - - - 

Maltose YES - YES NO YES - - 

Isomaltotriose YES YES YES YES YES YES YES 

Isomaltose YES YES YES YES YES YES YES 

Amylopectin YES - - - - - - 

Amylose YES - - - - NO - 
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Panose YES YES YES YES YES YES YES 

Thermostability
( Half life of 

enzyme) 

40mins at 
60˚C and 

143mins in 
presence of 
0.5M NaCl 

10mins at 
48.5˚C 

- 
10minutes at 

60˚C 
10mins at 

70˚C 

1000mins at 70˚C, 
4mins at 76˚and 

14mins in presence of 
Ca2+, Mn2+ or Mg2+ 

10mins at 71˚C 

Activation 
Energy 

81.3kJ/mol 
at 60-80˚C, 

pH6 

29kJ/mol at 
30-41˚C  - 25kJ/mol at 

54-62˚C 

17kJ/mol 
at 65-
75˚C  

109kJ/mol at pH5.6, 
and 65˚C - 

KM 1.3mM 0.81mM - 0.17mM - 0.51mM 0.24mM 

Specific Activity 
333mM/mi

n/mg for 
PNPG 

218μmol/m
in/mg for 

PNPG 

33.8μmol/min/m
g of protein for 

panose 

229μmol/mi
n/mg for 
PNPG 

- 5.19μmol/min/mg for 
PNPG 

313μmol/min/mg 
for PNPG 

INTR: Inhibitor;  

ACTR: Activator 

TOLT: Tolerant  

- : Information not available  

Oligo-1,6-glucosidase are known as enzymes which hydrolyse (1→6)-α-D-glucosidic linkages in 

some oligosaccharides produced from starch and glycogen by the activity of α-amylase, and in 

isomaltose. rAmy5 enzyme was found active against a wide range of substrates (Table 4.5). The 

order of activity on different substrates was as following: Dextrin> isomaltotriose> 

maltotetraose> isomaltose. Dextrin was found to be the substrate on which enzyme displayed 

maximum activity after PNPG. The profile of the substrate specificity for recombinant Amy5 

enzyme displayed the characteristics of oligo-1,6-glucosidase and was found to be fairly 

comparative with profile of enzyme from other species. rAmy5 enzyme was found to have a very 

high specific activity of 333mM/min/mg (i.e., one mg of enzyme breaks down 333mM of PNPG 

into PNP and D-glucose in one minute) as compared to rest of the bacterial oligo-1,6-glucosidase 

which ranged between 5.19 and 313μmol PNPG/min/mg of enzyme. The KM for Amy5 was 

1.3mM, which was very low and meant that the enzyme binds quite efficiently with PNPG.  

The results of this study confirms that the H. orenii Amy5 is an oligo-1,6-glucosidase enzyme 

which takes part in the starch and sucrose metabolism pathway by acting on dextrin and 

isomaltose which are the end-products of digestion of starch (acted upon by alpha-amylase). The 

high specific activity and characteristic ability of the Amy5 enzyme to sustain the dual conditions 

of high salts (or its absence) and high temperature support the saying that it can act as a good 

model for its industrial application and production. To understand the mechanism of action of 
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enzyme and the properties which make it thermostable and halotolerant it is important to study 

the enzyme at structural level. For this, the pivotal requirement is to crystallize the protein and 

then analyse its structure by various techniques (for example: X-ray diffraction and synchrotron). 

Although, in the present research an attempt to crystallize Amy5 protein was made by using the 

JBScreen Mixed crystallography reagent kit but crystals were not observed during the three 

month incubation period. Therefore, using an alternative approach it was decided to perform a 

comparative homology modelling of Amy5 protein. In the next chapter, the Amy5 sequence is 

analysed based on its sequence similarity with oligo-1,6-glucosidase sequences of different 

bacterial species.  
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CHAPTER 5 COMPARATIVE HOMOLOGY MODELLING OF 

H. ORENII AMY5 ENZYME  



 
 

103 

 

5 COMPARATIVE HOMOLOGY MODELLING OF H. ORENII AMY5 ENZYME   

This chapter describes how a 3-Dimensional model of Amy5 enzyme was created based on 

sequence similarity. Further analysis of this 3-D model helped in supporting the results obtained 

from the biochemical analysis as discussed in the last chapter.  

5.1 INTRODUCTION   

Recent advances in genomics and sequencing efforts has lead to an exponential increase in 

numbers of nucleotide sequences, but less efforts are being directed towards solving protein 

structures. This is mainly for the reason because there are multiple challenges faced in 

purification and crystallization of proteins, which has lowered the success rate of solving a 

structure. In this scenario of unavailability of protein’s crystal structure, important information 

can be deduced from the primary structure of protein by exploiting biological databases and 

using various biological computation tools.  

Amino acid sequence of protein is solely responsible for its folding and proteins with substantial 

similarity in their primary structure are known to have very similar folded conformation 

(Watanabe et al., 1990). Further, if the protein under investigation is found to have a significant 

match to protein or proteins of known structure, then it is quite possible to predict its 3-

dimensional structure using various computational tools. This technique of constructing protein 

3-dimensional model from amino acid sequence with the assistance of homologous template of 

solved protein structure is called as comparative protein modeling. The fact that structures are 

more conserved than protein sequences increases the reliability of protein structures produced 

from modeling, as high levels of sequence similarity usually imply significant structural 

similarity.  

Solving protein structure is important as it provides information on protein structure-function 

relationships which could be used to improve protein stability and function. The structure of an 

enzyme not only provides detailed information about its mechanism of action but also provides 

knowledge on its specificity for different substrates, and important phylogenetic information 

useful in determining how protein evolution occurs. 
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In the present study the alpha-amylase coding Amy5 gene from H. orenii was found to have a 

significant similarity with oligo-1,6-glucosidase sequence of a solved protein structure from 

Bacillus cereus. This lead to the motivation that sequence based analysis of Amy5 sequence 

might help in predicting its structure by comparative homology modelling. To start with, 

knowledge of the protein which Amy5 found high similarity with i.e., oligo-1,6-glucosidase is 

really important. Therefore, I start with a brief description of the enzyme and its mechanism of 

action on different substrates. Proteins can be studied at three levels of increasing complexities: 

primary, secondary, and tertiary structure, therefore the present study on H. orenii oligo-1,6-

glucosidase (Amy5) is divided into these three main sections and best effort has been made to 

place the appropriate information under each heading. At the end, results have been summarized 

and future directions have been mentioned as an outcome of this work. 

5.2 OLIGO-1,6-GLUCOSIDASE (E.C. 3.2.1.10) IS A MEMBER OF GLYCOSYL 

HYDROLASE ΑLPHA-AMYLASE FAMILY 

Oligo-1,6-glucosidases together with α-glucosidase, dextran glucosidase and trehalose 6-

phosphate hydrolase enzymes show strong sequence similarities with each other, therefore they 

have been categorized to belong to the Glycosyl Hydrolase α-amylase family 13.  Oligo-1,6-

glucosidase hydrolyze non-reducing terminal of α-1,6-glucosidic bonds of isomaltosaccharides, 

panose and an α-limit dextrin (Watanabe et al., 2002).  Several bacillary oligo-1,6-glucosidases 

(EC 3.2.1.10, dextrin 6-α-glucanohydrolase) have been studied extensively, with focus on 

protein-thermostabilization by proline substitution, protein structure and catalytic mechanism  

(Oslancová and Janeček, 2002, Suzuki et al., 1997, Suzuki and Tomura, 1986, Takii et al., 1996, 

Watanabe et al., 2002, Watanabe et al., 1997, Watanabe et al., 1989, Watanabe et al., 1990, 

Watanabe et al., 1994, Watanabe and Suzuki, 1998).  

All members of the family α-amylase are believed to have similar mechanism of action and 

hence the catalytic residues are thought to be common to all the enzymes. An anomeric 

configuration is retained when the substrate is converted to product, i.e., the enzymes acts on α-

linked products. The reaction is believed to proceed by double displacement mechanism (Figure 

5.1). Taka-Amylase, was the first protein of the family α-amylase to be examined by X-ray 

crystallography, and three acidic acid residues, i.e., one glutamic and two aspartic acids were 

found at the centre of its active site (Matsuura et al., 1984), and subsequent mutational studies 
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proved that these residues were essential for its catalytic action (Janecek, 1997). Oligo-1,6-

glucosidase is also believed to share the five catalytic residues (two aspartic acid, one glutamic 

acid and two histidines) with rest of the members of α-amylase family. Although, there is an 

evidence that these residues play an important role in catalytic action of the enzyme, the 

differences in specificity of substrates for the oligo-1,6-glucosidase sub-family remains 

unresolved. It is believed that with help of discovery of more crystal structures from this sub-

family it would be possible to reveal the catalytic sites or subsites essential for oligo-1,6-

glucosidase function. 

 

Figure 5.1: The above figure displays the catalytic steps involved in glycoside bond cleavage 

in retaining enzymes.  

(This figure was obtained from CAZY website url: 

http://www.cazy.org/fam/ghf_INV_RET.html)  

The proton donor protonates the glycosidic oxygen and the catalytic nucleophile attacks at 

C1 leading to formation of the first transition state. The catalytic base promotes the attack 

of the incoming molecule ROH (water in hydrolysis or another sugar molecule in 

transglycosylation) on the formation of the covalent intermediate resulting in a second 

transition state, leading to hydrolysis or transglycosylation. 
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Crystal structure studies of many enzymes from the glycosyl hydrolase family 13 (α-amylase 

family) have revealed that they are multidomain proteins which share a common catalytic 

domain in the form of a (β/α)8-barrel, i.e., a barrel of eight β-strands surrounded by eight helices, 

the so-called domain A and usually the loops that link β-strands to the adjacent helices carry 

amino acid residues of the active site which are sometimes are long enough to form a separate 

domain, domain B. A vast majority of members of enzyme family have another domain, Domain 

C following the catalytic β/α-barrel. Domain C is followed by additional β-sheet domains, 

domains D and E. While, no role has been assigned to domain C, domain E is found to occur in a 

variety of other starch degrading enzymes and is believed to be important for binding granular 

starch and has also been proposed to provide an extension to the active site in cyclodextrin 

glucanotransferases (Janecek et al., 2003). Although, other domains have been identified quite 

frequently in different enzymes but much of the enzyme specificity is defined by amino acid 

residues of domain A and B.  

5.3 PLAN OF IN SILICO STUDIES ON OLIGO-1,6-GLUCOSIDASE (AMY5) FROM 

H. ORENII 

Revealing protein structure from its sequence is an important milestone in the process of 

revealing its function. The way in which information at each level (sequence, structure, and 

function) correlates with each other forms the real central dogma of protein biology. Protein 

structure can be divided into a hierarchy of four levels: primary which is simply the amino acid 

sequence, secondary which is small scale patterns of main-chain hydrogen-bonded contacts, 

tertiary which describes the set of global contacts between residues far apart in a single protein 

molecule, and quaternary which describes the arrangement of multiple protein molecules into 

larger complexes (Todd and Iosif, 2007). Therefore, based on the increasing level of molecular 

complexity, proteins structure can be studied at different levels i.e., from primary structure level 

to more complex tertiary and quaternary (Gagneux, 2004) (Figure 5.2). Each level has its own 

significance and provides different information which is useful in understanding the protein 

function and 3-D structure. Therefore, I have divided this study into three parts: primary, 

secondary and tertiary structure. At each level related information synthesized by computational 

analysis of Amy5 protein sequence is presented. The facts revealed from this study are then used 

in refining the comparative model of Amy5, created based on homology modeling.  
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Figure 5.2: The structure hierarchy of proteins (from the National Human Genome 

Research Institute).  

5.4 METHODS 

5.4.1 Methods used for analysis of primary structure of Amy5 

Proteins are polymers of 20 different amino acids joined by peptide bond. Each amino acid type 

has a different side chain which imparts that type its particular chemical property. The many 

amino acids with varying chemical properties arranged in a specific way in space in a protein 

molecule can perform very complicated chemical functions. The 20 amino acids have been 

grouped into three categories based on their electrostatic properties and affinity for water when 

in solution. Hydrophobic (H) residues are non-polar and tend to aggregate together in the interior 
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of the molecule away from water. Both polar (P) residues, which posses a dipole moment but no 

net charge, and charged (C) residues tend to be on the surface of the protein molecule where they 

can hydrogen bond with the surrounding water molecule. To be able to perform their biological 

function, proteins fold into one or more specific spatial conformations, driven by a number of 

non-covalent interactions such as hydrogen bonding, ionic interactions, Van der Waals’ forces 

and hydrophobic packing. 

The primary structure of the protein is a sequence of different amino acids which can be directly 

determined from the sequence of nucleotides in the gene encoding it. In general, primary 

structure is the simplest form of representing a protein sequence which in turn is made up of a 

chain of amino acid residues interlinked with each other through peptide bonds, thereby forming 

a linear chain. There is a lot of information which can be deduced from a nucleotide gene 

sequence after it is translated to protein sequence, if the right approach is used. 

Keeping above in mind, the primary structure of Amy5 sequence was analysed using various 

methods and tools. These included use of sequence alignment based tools such as ORF finder, 

BLASTp, PSI-BLAST, LALIGN, motif search using SPRINT and BLOCKS, and Pfam search. 

Multiple sequence alignment based tools such as CLUSTALW2, PRATT, and ScanProsite. 

Other methods included use of Protparam tool for computing physico-chemical properties of 

protein from its sequence, detection of hydrophobic clusters using HCA tool, amino acid 

composition analysis using SAPS, and finally creating a phylogenetic distance tree using 

PHYLIP package. All these methods and tools have been described in the following sections:     

5.4.1.1 Open reading frame detection 

ORF finder (at NCBI) is a tool used to find all possible open reading frames in a sequence. The 

nucleotide sequence of Amy5 obtained from the genome mining of H. orenii was 1701 base pair 

in length and belonged to the -ve strand region between 2455649 and 2457337 base pair of the 

chromosome (Appendix 1). This sequence was analyzed for open reading frames presence using 

ORF finder tool (for url refer to section 2.20.1).    

5.4.1.2 Composition analysis of the Amy5 protein sequence using ProtParam 

Protparam (Gasteiger et al., 2005) is a tool which computes various physico-chemical properties 

of a protein sequence. The computed parameters include the molecular weight, theoretical pI, 
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amino acid composition, atomic composition, extinction coefficient, estimated half-life, 

instability index, aliphatic index and grand average of hydropathicity. The Amy5 sequence was 

analyzed using ProtParam and parameters considered were molecular weight, theoretical pI, and 

total number of positively and negatively charged residues. The composition of amino acids was 

statistically analyzed using SAPS and has been listed in table 5.4. 

5.4.1.3 Analysis based on sequence alignment 

5.4.1.3.1 BLAST (Basic Local Alignment Search Tool) 

BLASTp is a protein sequence alignment program where a protein sequence is aligned against a 

non-redundant protein sequence database and the best matches are selected based on a heuristic 

approach that approximates Smith-Waterman algorithm (Altschul et al., 1990). Different 

conditions can be set in the program to perform specific type of search. For example, PAM50 or 

BLOSUM50 matrices can be chosen to perform search for distant homologs (sequences) while 

on the other hand, PAM120 or BLOSUM80 can be very helpful for performing search for 

closely related sequences.  

The Frame +1 translated Amy5 amino acid sequence of 562 residues (Appendix 1) from H. orenii 

gene sequence was used as an input in BLASTp program (for url refer to section 2.20.1) and the 

conditions were set to default. BLASTp search was first performed against a non-redundant (NR) 

database, which consisted of computationally annotated sequences from Trembl and manually 

annotated sequences from Swissprot. To get more accurate results, BLASTp search was again 

performed selecting only Swissprot database instead of non-redundant database.    

5.4.1.3.2 PSI-BLAST (Position Specific Iterative BLAST) 

PSI-BLAST is a dynamic program that creates a profile of sequences obtained from results of 

BLASTp and uses this profile to search the database for any distant homologs.  

Sequences obtained from BLASTp search results of Amy5 were used to create a profile by PSI-

BLAST and several iterations were performed until no new sequence was obtained. 

5.4.1.3.3 LALIGN 

LALIGN is a sequence alignment program (Myers, 1989) used to create an alignment between 

two different protein or DNA sequences. Sequences homologs from different organisms differ 

from each other as insertion and/or deletions might have occurred in the sequence during the 
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process of evolution, therefore it is important to consider the application of gap penalty and 

choice of appropriate matrix for alignment of two or more sequences. It has been deduced that 

PAM40 and BLOSUM80 matrices should be used for making alignment between short stretches 

of protein sequences (50-85aa in length) while on the other hand, PAM250 and BLOSUM50 

have been found useful for making alignment between protein sequences longer than 300aa.   

Oslancová and Janeček (2002) performed a study to demarcate the evolutionary relatedness of α-

amylase sub-families and as an outcome identified a conserved region (motif) ‘QpDln’ for oligo-

1,6-glucosidase and ‘MPKln’ for neopullulanase sub family. Amy5 sequence was analyzed for 

presence of ‘QpDln’ or ‘MPKln’ using LALIGN sequence alignment program. Conservation of 

active site residues is a very significant signature for a protein to belong to a particular family. 

Similarly, Amy5 to be able to belong to α-amylase family should have certain residues conserved 

at its active site responsible for its activity. Taka-amylase was the first member of the α-amylase 

family whose structure was solved and examined by X-ray crystallography. Three acidic acid 

residues, i.e., one glutamic and two aspartic acids were found at the centre of the active site 

(Matsuura et al., 1984; Matsuura, 1984) and subsequent mutational studies confirmed that these 

residues were essential for its catalytic activity (Janecek, 1997). Since then, presence of these 

three active site residues has become mandatory requirement for a new enzyme to be able to 

belong to α-amylase family. To check the presence of these active site residues in the Amy5 

sequence a global alignment was made between the Amy5 protein sequence and 478aa long 

Taka-amylase sequence (page H, Appendix 1).  

5.4.1.4 Motif search  

Protein sequences belonging to a particular family share regions of similarities among them and 

depending on the size these regions are categorized as domains and motifs. A protein sequence 

usually has one domain (which are large conserved regions) but can have more than one domain 

(as in multi-domain enzyme) in its sequence. Each domain might represent a separate function in 

a protein sequence but they can also fold together to impart single function. Motifs on the other 

hand, are small conserved stretches in a protein sequence. Domains are more effective in 

prediction of protein function based on its sequence but if there is no strong similarity available 

for an unknown protein sequence in the protein sequence database then motifs can help in 

prediction of function.  
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A fingerprint or a group of conserved motifs was searched in the Amy5 protein sequence using 

SPRINT tool (which relies on PRINTS database). The motifs found were individually aligned 

with Amy5 sequence using LALIGN to mark the boundary of the conserved regions.  

5.4.1.5 BLOCKS search 

BLOCKS (Henikoff and Henikoff, 1994) is a database which has been build by multiple aligning 

of highly conserved ungapped regions of protein sequences from InterPro (Protein Family 

Database). Using BLOCKS search tool, the Amy5 sequence was analyzed for conserved regions 

(also called as BLOCKS).  

5.4.1.6 Pfam search  

Pfam (Finn et al., 2006) is a database which has a large collection of protein families, each 

represented by multiple sequence alignments and Hidden Markov Models (HMMs). Pfam 

database search is the most effective and reliable way of searching major domains present in a 

protein sequence with unknown function. This is because, the Pfam search uses structural based 

information of proteins and ties it up with the multiple alignment, using the most effective 

algorithm, the Hidden Markov Model (HMM). Pfam produces results in two forms: Pfam-A and 

Pfam-B. Pfam-A entries are produced using manually curated families while Pfam-B entries are 

produced using a general database i.e., PRODOM (Protein Family database).  

The Amy5 protein sequence and oligo-1,6-glucosidase sequence (1UOK) of Bacillus cereus were 

analysed using the Pfam database search tool. 

5.4.1.7 Hydrophobic cluster analysis of Amy5 

Hydrophobic Cluster Analysis (HCA) (Gaboriaud et al., 1987) is a program to analyze the shape, 

size, and orientation of the clusters of hydrophobic residues based on alpha-helical representation 

of the sequence. HCA treats I (Isoleucine), L (Leucine), F (Phenylalanine), W (Tryptophan), M 

(Methionine), Y (Tyrosine), and V (Valine) as hydrophobic amino acids, whereas P (Proline) is 

primarily considered as a breaker of these clusters, and A (Alanine) and C (Cysteine) as mimetic, 

i.e., hydrophobic only in a hydrophobic environment.  

Hydrophobic cluster analysis of Amy5 and 1UOK from Bacillus cereus were performed to find 

out the difference in clustering pattern of hydrophobic amino acids in the two sequences.      



 
 

112 

5.4.1.8 Analysis based on multiple sequence alignment 

5.4.1.8.1 CLUSTALW2 based alignment 

CLUSTALW2 (Larkin et al., 2007) is a multiple sequence alignment program for DNA and 

proteins. It calculates the best match for the selected sequences, and lines them up so that the 

identities, similarities and differences can be seen. Determining such relation between sequence 

homologs can be really helpful in accounting for any evolutionary relatedness among the source 

organisms or even identify any orthologs. Not only this, multiple alignments can also be used for 

identification of any conserved regions across a family of proteins and thereby help in justifying 

the reason for an enzyme to belong to a particular family. 

The Amy5 sequence belongs to H. orenii, a thermophilic and halophilic organism, therefore its 

comparison with sequences of thermophilic organisms can reveal some interesting facts relating 

to thermophilicity. Keeping this in mind, the PSI-BLAST results for Amy5 sequence were used 

as a database to select all sequences of thermophilic microorganisms which had similarity with 

the Amy5 sequence. The selected sequences were used as an input for the CLUSTALW2 

program and a multiple sequence alignment was created. 

5.4.1.8.2 Forming a pattern and scanning it using ScanProsite 

PRATT (Jonassen, 1997, Jonassen et al., 1995) is a tool used to discover patterns that are 

conserved in a set of protein sequences. PRATT was used to interactively generate conserved 

patterns from the multiple sequence alignment file of thermophilic sequences and Amy5 

sequence.  

ScanProsite (de Castro et al., 2006) tool was then used to scan the created pattern against the 

PROSITE (Protein Family Database containing domains, protein families and functional sites) 

database for possible matches.  

5.4.1.9 Phylogenetic analysis of Amy5 using PHYLIP 

PHYLIP (Phylogeny Inference Package) is a package of programs used for inferring 

evolutionary trees. The various methods are available in this package include parsimony, 

distance matrix, and likelihood methods, including bootstrapping and consensus trees.  

Phylogenetic relationship of Amy5 with the sequences of thermophiles might reveal some 

interesting evolutionary information. With the same intention a phylogenetic analysis of Amy5 
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sequence by comparison with thermophilic sequences from BLASTp and six best PDB matches 

was done using PHYLIP. The CLUSTALW2 multiple sequence alignment file served as an input 

for PROTDIST (protein sequence distance calculator) on the MOLBYLE software package. The 

distance file obtained as a result was then run on a BioNJ (Neighbor Joining program) and the 

tree file obtained was further used as an input for DrawTree tool to finally obtain a tree. 

5.4.2 Methods used for secondary structure prediction  

Primary structure of protein is formed of peptide bonds between the amino acid residues. These 

peptide bonds are in turn resonance hybrid of the two Lewis structures (Figure 5.3). The 

polypeptide chain is believed to stabilize itself mainly through regular hydrogen bonding 

between N-H and C=O groups in the invariant parts of the amino acids (Petsko, 2004). 

 

 

Figure 5.3: Lewis structure displaying the resonance hybrid of peptide bond. 

Linus Pauling and Robert Corey discovered two ways in which a polypeptide chain could 

maximize the hydrogen bonds between peptides (Pauling and Corey, 1951, Pauling et al., 1951). 

One of these structures included the α-helix, where the hydrogen bonds between the adjacent 

peptide bonds allowed polypeptides to form a right-handed helix containing 3.6 residues per 

turn. The other structure was a β-pleated sheet, where the polypeptide chain folded back on itself 

to form a structure which looked something like a pleated sheet. Two different forms of β-

pleated sheets have been found to exist in nature that depends on whether the adjacent 

polypeptide chain runs in the same or opposite direction. α-helix and β-strands together form the 

elements of secondary structure of protein. 

Prediction of the location of secondary structure elements from the amino-sequence alone is 

accurate to only about 70%. Such prediction is useful because the pattern of the secondary 

structure elements along the chain can be characteristic of certain protein fold. For example, a 
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beta-sheet strand followed by an alpha helix, repeated eight times, usually signifies a type of fold 

called a TIM (Triose phosphate isomerase) barrel. All TIM barrels known to date are enzymes, 

so recognition of a TIM-barrel fold in a sequence suggests that the protein has a catalytic 

function. However, enzymes catalyze many different functions therefore recognition of a specific 

function cannot be determined by identification of TIM barrel fold alone. On the other hand, 

secondary structure prediction still can act as an effective tool when comparing the topology of a 

known protein structure with an unknown protein sequence (given to the fact that unknown 

protein shares high sequence similarity with known structure). Secondary structure of protein not 

only gives information about the way in which each element (α-helix, β-strands etc) might be 

spread across the protein sequence but further comparison with secondary structure of protein of 

known 3-D structure and function enable us to predict how the protein might fold into a 3-D 

structure.         

PSIPRED was used to predict the secondary structure of Amy5. This structure was then 

compared to secondary structure of 1UOK (Bacillus cereus oligo-1,6-glucosidase). 

5.4.2.1 PSIPRED  

There are many secondary structure prediction methods which are available online and all of 

them use the DSSP algorithm (Kabsch and Sander, 1983) to define the different states of the 

secondary structure (α-helix, β-strand, coils, loops etc), out of all PSIPRED is rated to be the 

most effective and widely used. PSIPRED works in three stages: generation of a sequence profile 

(using PSI-BLAST for creating multiple sequence alignment), prediction of initial secondary 

structure, and finally the filtering of the predicted structure (Jones, 1999, McGuffin et al., 2000).  

PSIPRED was used to predict the secondary structure of Amy5 and the results were compared 

with secondary structure of 1UOK. 

5.4.3 Methods used for tertiary structure prediction 

The individual secondary structure elements (α-helix, β-strands, loops and turns) in a protein 

pack together in parts to bury hydrophobic side chains, forming a compact molecule which has 

very little empty space in the interior and this is called as tertiary structure of a protein molecule. 

The interactions that hold these elements together are the weak interactions such as polar 

interactions between hydrophilic groups and van der Waals interactions between non-polar 
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groups. Close packing of atoms maximizes both the probability that these interactions will occur 

and their strength. It is known that if a protein sequence of unknown structure and function has a 

greater than 40% amino acid identity with sequence of known structure then it is possible to 

predict its structure using computational modelling techniques. It is also postulated that if the 

template (protein of known structure) has been found to have a significant identity with target 

(protein sequence with unknown function) protein sequence, then it quite possible to refine the 

predicted structure to a resolution of 1Å. Prediction of protein structure based on homologous 

sequence is called as comparative homology modelling. Prediction of tertiary structure is useful 

because it gives a direct picture of how the protein will fold in space and using this information it 

is quite possible to predict which residues would be involved in providing stability to the protein. 

Folded protein also helps in predicting the possible active sites present on its surface and the 

binding region for its substrate. Protein structure also tells us about all the type of amino acids 

which would preferably be present on the surface of the protein and would get involved in 

various interactions.  

The crystal structure of Bacillus cereus oligo-1,6-glucosidase enzyme (PDB ID = 1UOK) was 

found to be 63% identical to the Amy5 protein sequence. Therefore it could be used as a template 

for homology modelling of Amy5. Before performing homology modelling an amino acid 

composition analysis of Amy5 sequence was done using SAPS (Statistical analysis of protein 

sequence). Further, six best PDB (Protein Databank) matches of solved protein structure to Amy5 

sequence were selected to create a multiple alignment using CLUSTALW2. The multiple 

sequence alignment was further used to create a pattern of conserved regions among these 

sequences. This pattern was then used to search ScanProsite and result as oligo-1,6-glucosidase 

pattern was taken to be positive. Once confirmed, a modelling software was used to predict the 

3-Dimensional structure of Amy5. 

5.4.3.1 Protein sequence analysis of Amy5 using SAPS 

The distribution of hydrophilic and hydrophobic amino acids determines the tertiary structure of 

a protein, and their physical location on protein structure influences their quaternary structure. 

Study of distribution of amino acids in a protein sequence is important as it may reveal some 

interesting facts like whether the protein is acid or basic in character, membrane bound or 
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soluble. Therefore, a study was performed to list all the amino acid in a protein sequence based 

on its character (hydrophobic or hydrophilic) and compared with sequences of known structures. 

SAPS (statistical analysis of protein sequence) a statistics based computational tool was used to 

determine the composition of amino acids based on sequence analysis. With the help of SAPS, 

percentage of different type of amino acid residues present in protein sequences of PDB (Protein 

Data Bank) matches for Amy5 were calculated.  

5.4.3.2 Comparative modelling of Amy5 

Approaches to determine and predict the protein 3-D structure are classified on the basis of the 

predominant information that is used to calculate a model. The experimental methods include X-

ray crystallography and multi-dimensional nuclear magnetic resonance (NMR) techniques while 

on the other hand, theoretical approaches are divided into physical and empirical methods. The 

physical prediction methods are based on interactions between atoms and energy minimization, 

whereas the empirical methods depend on the protein structures that have already been 

determined by experiment.  

Comparative modelling uses experimentally determined protein structures to predict 

conformation of putative proteins with similar amino acid sequences. This is possible because a 

small change in the sequence usually results in a small change in the 3-Dimensional structure. 

Comparative method produces models with an r.m.s. (Root mean square deviation) error as low 

as 1 Ǻ for sequences that have sufficiently similar homologues with known 3D structures. The 

comparative method is not as accurate as X-ray crystallography or NMR, which can determine 

protein structures with an r.m.s. (root mean square deviation) error of approximately 0.3 and 0.5 

Ǻ, respectively (Sali and Blundell, 1993).  

Homology modelling assignment for the Amy5 sequence was divided into four steps: (1) 

Template selection, (2) Target-template alignment, (3) Model construction and (4) Model 

assessment. 

5.4.3.2.1 Template selection 

A BLASTp (protein BLAST) against the Amy5 protein sequence was performed using the PDB 

database. A list of high scoring matches were produced as a result and out of these, the top 6 

matches were selected for multiple sequence alignment. Fasta format of protein sequences were 
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retrieved for the selected PDB matches from NCBI database. These sequences were then used to 

create a multiple sequence alignment on CLUSTALW2 program. The multiple alignment file 

was used to create a pattern of conserved regions using PRATT tool. The created pattern was 

then submitted with ScanProsite tool for search of patterns against PROSITE database and the 

best pattern hit was selected as a template.  

5.4.3.2.2 Target-Template Alignment 

A global alignment was made between Amy5 (Target) and 1UOK (Template) using LALIGN. 

Template (1UOK) was studied at structural level with the help of published results (Kizaki et al., 

1993, Watanabe et al., 1997) to gain understanding of the secondary structure and the residues 

involved in it loops. This involved three major studies: 

5.4.3.2.2.1 Study of crystal structure of 1UOK 

The crystal structure of 1UOK was studied on basis of published results and a summary of 

information was collected which included information on the catalytic site residues and essential 

structural elements. The secondary structure of 1UOK was predicted using PSIPRED and 

compared with secondary structure predicted by original work of Kizaki et al., 1993. 

5.4.3.2.2.2 Inter-atomic distance calculation  

Swiss-PDBViewer 3.7 (Nicolas Guex, 1997) was used to compute the hydrogen-bond distances 

between the catalytic residues of 1UOK.   

5.4.3.2.2.3 Sequence based comparison of 21 critical proline substitution sites between 1UOK 
and Amy5 

Sequence comparison among three Bacillus oligo-1,6-glucosidases with different 

thermostabilities helped in revealing 21 protein-substitution sites which were expected to be 

critical in providing thermostabilization to 1UOK structure. These sites were found to be present 

in the loops, β-turns, and α-helices. Out of the 21 sites, nine proline substitution sites were 

predicted to be most beneficial for imparting thermostability to the protein. The residues in β-

turns (Lys121, Glu208, Pro257, Glu290, Pro443, Lys457, and Glu487) were all found to occur at 

their second positions, and those in α-helices (Asn109, Glu175, Thr261, and Ile403) were present 

at the N1 positions of the first helical turns. Mutated models of 1UOK revealed that the 

substitution or replacement of Lys121 or Asn109 with proline was the most effective in 

imparting thermostabilization to 1UOK protein molecule (Watanabe et al., 1997). Three cysteine 
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residues were found at positions 69, 399, and 515 in 1UOK, but none of them were found to be 

involved in formation of disulfide-bridges (Kizaki et al., 1993). 

Sequence based comparison were made between Amy5 and 1UOK to locate the presence and 

position of these 21 proline substitution sites. 

5.4.3.2.3 Amy5 model construction 

SWISS-MODEL (Nicolas Guex, 1997) automated comparative modelling server was utilized to 

create a Model of Amy5 based on its sequence similarity with 1UOK. The relative mean square 

deviation (r.m.s.d.) of Cα coordinates for protein core sharing more than 50% residue identity is 

expected to be 1Å. This fact led to the development of comparative modelling methods where 

the structure of a new sequence is extrapolated from the use of a known 3-D structure of related 

family members. The automated process initiates with creation of a sequence alignment between 

the target and template sequence using SIM. The generation of model coordinates is automated 

in ProdMod and the process includes the following steps: (i) an average framework is 

constructed from the superimposed template structures; (ii) atomic coordinates are generated and 

derived from the average framework based on the alignment provided as input, (iii) non-

conserved loops are rebuild (with use of insertions and deletions) from their “stems” by 

automated structural homology searches through the Brookhaven Data Bank, (iv) the main chain 

is completely developed using library of backbone elements derived from the best X-ray 

structures (<2Å resolution), and (v) the incomplete side chains are reconstituted and corrected by 

comparing with the existing ones present in the library of allowed rotamers. The quality of model 

is then assessed by computing 3D-1D profile and using ProsaII. Force field package CHARM is 

then used for optimization of bond geometry and minimization of unfavorable non-bonded 

contacts between the atomic residues. As a result, computationally optimized 3-D structure 

model of the unknown sequence is obtained.    

Typically Amy5 model was constructed stepwise in the following way: (i) raw protein sequence 

(Amy5) was loaded on the Swiss-PDBViewer 3.7 version, (ii) template (1UOK) sequence was 

loaded and aligned with Amy5 using “Magic Fit” tool, and subsequently improved by using 

“Improve fit” tool. (iii) using energy map of residues alignment was checked for it efficiency and 

any need for manual alteration, however in the present case because 1UOK was found very 

similar to Amy5 sequence therefore a good alignment was sought automatically and no 
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requirement was found to make changes to the sequence alignment, (iv) finally this alignment 

was submitted to the SWISS-MODEL for automated process. The predicted model was finally 

received through email. 

5.4.3.2.4 Amy5 model assessment 

The Amy5 model assessment included the following: comparison of bond length distances of 

catalytic site residues of Amy5 model with 1UOK, superimposition of predicted Amy5 model 

over 1UOK, and use of Swiss-PDBViewer 3.7 to calculate the root mean square (r.m.s.) of Cα 

bonds.  

5.5 RESULTS - MOLECULAR ANALYSIS OF AMY5 

5.5.1 Primary Structure Analysis  

5.5.1.1 Results of ORF detection 

ORF finder converted the Amy5 nucleotide sequence into six frames of translated protein 

sequences. Out of these six frames ORF finder detected that the largest ORF (open reading 

frame) was present in frame +1. This ORF was found to be of 562 amino acids in length 

(Appendix 1). The same was confirmed using BLASTp (using SwissProt non-redundant 

database) software on NCBI website and as a result top five matches were found to be oligo-1,6-

glucosidase enzymes from different species of bacteria. This protein sequence was therefore 

taken as a standard for further analysis. 

5.5.1.2 Compositional analysis of the Amy5 protein sequence 

Using Protparam tool (Gasteiger et al., 2005) the molecular weight of 562 amino acids long 

Amy5 sequence was predicted to be 66 Kilo Dalton and its theoretical pI was calculated to be 

5.08. The total number of negatively charged residues i.e., aspartic acid (Asp) and glutamic acid 

(Glu) were found to be 96 (17%) and the total number of positively charged residues i.e., 

Arginine (Arg) and Lysine (Lys) were found to be 74 (13%).  

5.5.1.3 Analysis based on sequence alignment 

5.5.1.3.1 BLASTp results 

BLASTp of Amy5 protein sequence displayed a 100% identical match to Alpha amylase catalytic 

region of H. orenii H 168 strain. Top ten matches (data not shown) from non-redundant protein 
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database quite efficiently gave an indication that the gene sequence belonged to oligo-1,6-

glucosidase sub-family of α-Amylase. BLASTp search performed again using SwissProt 

database displayed consistent results to one performed with non-redundant database and the top 

five matches this time were found to be oligo-1,6-glucosidase from five different bacterial 

species namely: Bacillus subtilis, Bacillus coagulans, Bacillus cereus, Bacillus halodurans and 

Bacillus (Geobacillus) thermoglucosidasius (Table 5.1). 

Table 5.1: BLASTp results for Amy5 translated protein sequence. 

Type Length Identity Similarity Score 

Bacillus 
thermoglucosidasius 

562aa 385/563 (68%) 450/563 (79%) 814 bits 

Bacillus halodurans 561aa 358/560 (63%) 429/560 (76%) 758 bits 

Bacillus cereus 558aa 359/563 (63%) 439/563 (77%) 753 bits 

Bacillus subtilis 561aa 319/562 (56%) 402/562 (71%) 654 bits 

Bacillus coagulans 555aa 326/566 (57%) 398/566 (70%) 652 bits 

5.5.1.3.2 PSI-BLAST results 

After four iterative searches, no more new sequences were identified by PSI-BLAST that 

matched Amy5 sequence. As a result, a list of sequences obtained, served as a repertoire for 

making evolutionary prediction based on sequence similarity. It was interesting to be able to find 

out what all enzymes or sequences of enzymes from different organisms shared whole or parts of 

sequence and based on the same a list of all the enzymes was made and which are included in 

table 5.2.  
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Table 5.2: List of enzymes representing all the sequences in the repertoire of PSI-BLAST 

results for Amy5 sequence similarity search. 

No. Enzyme Synonyms EC No. Family-Sub 
Family Reaction 

1.  Oligo-1,6-
glucosidase 

Limit dextrinase 
(erroneous); 
isomaltase; 

sucrase-isomaltase; 
exo-oligo-1,6-
glucosidase; 

dextrin 6alpha-
glucanohydrolase 

3.2.1.10 
Glycosyl 

Hydrolase- 
GH13 

Hydrolysis of 1,6-alpha-D-
glucosidic linkages in some 
oligosaccharides produced 
from starch and glycogen 

by EC 3.2.1.1 
(alpha-amylase), and in 

isomaltase 

2.  Alpha glucosidase 
(Maltase) 

Glucoinvertase; 
Glucosidosucrase; 
Maltase; Maltase-

glucoamylase. 

3.2.1.20 
 

Glycosyl 
Hydrolase- 

GH13 

Hydrolysis of terminal, 
non-reducing 1,4-linked 
alpha-D-glucose residues 
with release of alpha-D-

glucose 

3.  
Trehalose-6-

phosphate 
hydrolase 

alpha,alpha-
phosphotrehalase; 
phosphotrehalase; 

alpha,alpha-trehalose-6-
phosphate 

phosphoglucohydrolase 

3.2.1.93 
Glycosyl 

Hydrolase- 
GH13 

alpha,alpha-trehalose 6-
phosphate + H2O = D-
glucose + D-glucose 

6-phosphate 

4.  Glucan 1,6-alpha-
glucosidase 

Exo-1,6-alpha-
glucosidase; 

Glucodextranase 
3.2.1.70 

Glycosyl 
Hydrolase- 

GH13 

Hydrolysis of (1->6)-
alpha-D-glucosidic 

linkages in 1->6-alpha-
D-glucans and derived 

oligosaccharides 

5.  Trehalose 
synthase 

Maltose alpha-D-
glucosyltransferase; 

Maltose 
glucosylmutase 

5.4.99.1
6 

Isomerases 
 

maltose = alpha,alpha-
trehalose 

6.  4-alpha-glucano 
transferase 

D-enzyme; 
debranching enzyme 

maltodextrin 
glycosyltransferase; 

2.4.1.25 
Glycosyl 

Transferase- 
GH13 

Transfers a segment of a 
1,4-alpha-D-glucan to a 

new position in an 
acceptor, which may be 

glucose or a 1,4-alpha-D-
glucan 

7.  
Neopullulanase 2 
(Alpha-amylase 

II) 

neopullulanase; 
pullulanase II; pullulan 4-

D-glucanohydrolase 
(panose-forming) 

3.2.1.13
5 

Glycosyl 
Hydrolase- 

GH13 

Hydrolysis of pullulan to 
panose (6-alpha-D-
glucosylmaltose) 

8.  Maltogenic alpha 
amylase 

glucan 1,4-alpha-
maltohydrolase; 

maltogenic alpha-
amylase; 1,4-alpha-D-

glucan alpha-
maltohydrolase 

3.2.1.13
3 

Glycosyl 
Hydrolase- 

GH13 

hydrolysis of (1->4)-alpha-
D-glucosidic linkages in 

polysaccharides 
so as to remove successive 

alpha-maltose residues 
from the 

non-reducing ends of the 
chains 
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9.  Cyclomaltodextrin
ase (CDase) 

cycloheptaglucanase; 
cyclohexaglucanase; 

cyclomaltodextrin 
dextrin-hydrolase 

(decyclizing) 

3.2.1.54 
Glycosyl 

Hydrolase- 
GH13 

cyclomaltodextrin + H2O = 
linear maltodextrin 

10.  Amylosucrase sucrose-1,4-alpha-glucan 
glucosyltransferase 2.4.1.4 

Glycosyl 
Transferase- 

GH13 

sucrose:1,4-alpha-D-glucan 
4-alpha-D-

glucosyltransferase 

11.  Amylo pullulanase 
precursor 

pullulanase; 
limit dextrinase 

(erroneous); 
amylopectin 6-

glucanohydrolase; 
bacterial debranching 

enzyme; 
 alpha-dextrin endo-1,6-

alpha-glucosidase; 
R-enzyme 

3.2.1.41 
Glycosyl 

Hydrolases- 
GH13 

Hydrolysis of (1->6)-alpha-
D-glucosidic linkages in 

pullulan [a 
linear polymer of alpha-(1-

>6)-linked maltotriose 
units] and in 

amylopectin and glycogen, 
and the alpha- and beta-

limit dextrins of 
amylopectin and glycogen 

12.  Beta/alpha-
amylase precursor 

glycogenase; 
beta amylase, beta-

amylase; 1,4-alpha-D-
glucan maltohydrolase 

3.2.1.2 
Glycosyl 

Hydrolase 
GH13 

Hydrolysis of 1,4-alpha-D-
glucosidic linkages in 

polysaccharides so 
as to remove successive 

maltose units from the non-
reducing ends of 

the chains 

13.  
Cyclomaltodextrin 
glucanotransferase 

precursor 

alpha-1,4-glucan 4-
glycosyltransferase, 

CGTase; 
 1,4-alpha-D-glucan 4-
alpha-D-(1,4-alpha-D-
glucano)-transferase 

(cyclizing) 

2.4.1.19 
Glycosyl 

Transferases- 
GH13 

Cyclizes part of a 1,4-
alpha-D-glucan chain by 

formation of a 
1,4-alpha-D-glucosidic 

bond 

14.  Iso amylase 
precursor 

isoamylase; 
debranching enzyme; 
glycogen alpha-1,6-
glucanohydrolase 

3.2.1.68 
Glycosyl 

Hydrolases- 
GH13 

Hydrolysis of (1->6)-alpha-
D-glucosidic branch 
linkages in glycogen, 

amylopectin and their beta-
limit dextrins 

15.  1,4-alpha-glucan-
branching enzyme 

amylo-(1,4->1,6)-
transglycosylase; 

 glycogen branching 
enzyme; 

alpha-1,4-glucan;alpha-
1,4-glucan-6-

glycosyltransferase 

2.4.1.18 
Glycosyl 

Transferases- 
GH13 

Transfers a segment of a 
1,4-alpha-D-glucan chain to 

a primary 
hydroxy group in a similar 

glucan chain 
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5.5.1.3.3 LALIGN results 

‘QpDln’ aligned with the Amy5 sequence in the region from 167-171aa (Figure 5.4). On the 

other hand, no significant similarity was found for ‘MPKln’ motif. This result is very useful in 

the terms that it gives solidarity to the fact that Amy5 sequence is a member of oligo-1,6-

glucosidase family and not neopullulanase. Therefore, neopullulanase match for Amy5 sequence 

found in PSI-BLAST results (marked in bold face, Table 5.2) can be said to have occurred by 

chance.    

 

Figure 5.4: Local alignment of oligo-1,6-glucosidase signature (‘QpDln’) with Amy5 

sequence. 

A global alignment (made using LALIGN) between the Amy5 protein sequence and 478aa long 

Taka-amylase sequence (page H, Appendix 1) produced an identity of 19.6% and clearly 

depicted a conservation of active site residues (as seen in Figure 5.5). The active site residue 

positions Asp206, Glu-230, and Asp-297 in Taka amylase were correspondingly found existing 

at Asp-199, Glu-256, and Asp-329 positions respectively, in the Amy5 sequence.  
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Figure 5.5: Local alignment between Amy5 and Taka-Amylase.  

Active site residues can be seen in bold face. 

5.5.1.4 Motif search results 

Using SPRINT tool for motif search the Amy5 sequence was found to contain three motifs 

namely: motif number 2, 3 and 5. Roger (1985) has already elucidated the importance of these 

motifs for α-amylase family members. When aligned with the Amy5 sequence using LALIGN 

motif 2 ‘GMKLIMDLVVNH’ aligned in the region 92-104, motif 3 ‘IDGFRMDVINMI’ aligned 

in the region 193-204 and motif 5 ‘GWNSLYMNNHDQP’ aligned in the region 319-331 

(Figure 5.6). Motif regions are usually conserved and have great significance with evolutionary 

point of view, therefore identification of these regions in Amy5 sequence is of great importance 

in present research. These regions can be used to study the 3-D structure of Amy5, where one can 

relate to how these regions behave in the space or when protein fold to enhance its activity.        
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Figure 5.6: Amy5 sequence alignment with motifs using LALIGN. 

 (A) Motif 2 aligned with Amy5, (B) Motif 3 aligned with Amy5, and (C) Motif 5 aligned 

with Amy5. 

5.5.1.5 BLOCKS search results 

BLOCKS search of Amy5 sequence displayed presence of 4 out of 8 high scoring BLOCKS for 

glycoside hydrolase, family 13, N-terminal Ig-like domain (Figure 5.7). BLOCKS results prove 

that Amy5 has a hydrolyzing activity as it belongs to Glycosyl Hydrolase family 13 which is 

more reliable result as compared to SPRINTS results which only categorized the Amy5 enzyme 

to be member of α-amylase family. 

 



 
 

126 

 

Figure 5.7: Results of BLOCKS search for Amy5 sequence. 

5.5.1.6 Pfam search results for Amy5 and 1UOK 

The Amy5 protein sequence and oligo-1,6-glucosidase sequence (1UOK) of Bacillus cereus were 

found to share two major domains in their sequence namely: Alpha-Amylase, catalytic domain 

N-terminal domain and Alpha-amylase, C-terminal all-beta domain (Figure 5.8).  Based on these 

results, 1UOK sequence can be said to be a good choice of template for comparative 3-D 

modelling of Amy5.   
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(A)

(B)
 

Figure 5.8: Pfam sequence search results for Amy5 sequence and 1UOK. 

 (A) Two potential domains in Amy5 namely: N-terminal catalytic and C-terminal all-beta 

domain are circled in red (B) Two potential domains of Bacillus cereus oligo-1,6-

glucosidase structure 1UOK are circled in red. 

5.5.1.7 Hydrophobicity Plot of Amy5 and 1UOK 

Hydrophobic cluster analysis of Amy5 and 1UOK from Bacillus cereus displayed some striking 

features (Figure 5.9). The prolines in Amy5 were present more in number between large 

hydrophobic clusters as compared to 1UOK (Regions 1 and 2 highlighted in red in figure 5.9). 

Also, more number of glycines were present between two large hydrophobic clusters in Amy5 as 

compared to 1UOK (Regions 2 and 3 highlighted in red in figure 5.9). Both glycine and proline 

residues are known to play a role in thermostability of protein, therefore this finding is important.  
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Figure 5.9: Hydrophobic Cluster Analysis. 

(A) Hydrophobicity Plot for Amy5 and (B) Hydrophobicity Plot for 1UOK. Here ◙ is 

glycine, * is proline, C is cysteine and hydrophobic amino acids are encircled. 

5.5.1.8 Analysis based on multiple sequence alignment 

5.5.1.8.1 CLUSTALW2 results 

PSI-BLAST results displayed a range of sequences from thermophilic microorganisms which 

had similarity with the Amy5 sequence (Table 5.3).  

Table 5.3: List of thermophilic organisms selected from the list of PSI-BLAST result 

analysis for Amy5. 

Bacteria 
Optimum 

Temperature for 
Growth 

Optimum 
pH for 
Growth 

Optimum 
NaCl for 
Growth 

Aerobic/anaerobic Gram 

Geobacillus 
thermoglucosidasius 

45-70oC 
(Thermophilic) 

7.5 
(Optimum) 

0-3% Aerobic + 

Halothermothrix 
orenii 

>60oC 

(Thermohalophile) 
6.5-7 >5%, 4-20% Anaerobic - 

Geobacillus 
stearothermophilus 

55°C NA NA Aerobic + 

Geobacillus 
kaustophilus 

60°C (Optimum) 

(Thermophilic) 
NA NA Aerobic + 

Geobacillus 
thermodenitrificans 

65°C (Optimum) 6.5-7.5 NA Aerobic + 

Thermotoga lettingae 
65 °C 

(Thermophilic) 
7 1% Anaerobic - 

Thermus thermophilus 65°C 3.4-9 NA Aerobic - 

Thermus caldophilus 
75 °C (Extreme 

thermophile) 
NA NA Aerophilic - 

Roseiflexus 50°C 7.5-8 NA Anaerobic  

Deinococcus 
geothermalis 

47°C 6.5 NA NA + 
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Rubrobacter 
xylanophilus 

60°C NA <7% NA + 

Deinococcus 
radiodurans 

30°C NA NA Aerobe + 

Chlorobium 
phaeobacteroides 

40-50°C 4.5-6 NA Anaerobic - 

Multiple sequence alignment of Amy5 with sequences of thermophilic organisms revealed some 

interesting facts relating to thermophilicity (Figure 5.10). A conservation of variable number of 

amino acid residues was clearly visible and this included a large number of hydrophobic residues 

tyrosine (Y), tryptophan (W), glycine (G), aspartic acid (D), leucine (L), alanine (A), valine (V), 

and phenylalanine (F) calculated to be 8, 12, 14, 13, 4, 1, 2, and 5 respectively in number. 

Glycine is found to be a preferable choice over alanine in thermostable proteins as it provides 

more stable conformation, therefore increased use and conservation of glycine (G) residues over 

alanine (A) i.e., 14 over 1 residue respectively is quite evident. Aspartic acid (D), is an important 

residue in terms of acting as a catalytic residue in α-amylase family enzymes and being a 

charged residue when present on the surface of the enzyme it has been proven to have a 

stabilizing effect by enhancing the solvent-enzyme interaction. Therefore conservation of 

aspartic acid among thermophilic sequences is justified, although residues in positions other than 

catalytic region still need to be confirmed from its 3-Dimensional structure. Proline (P) which 

has already been detected to be present in high number in the Amy5 sequence was found to be 

conserved in five positions among the sequences of thermophiles. 

Other than this, five clusters of amino acid residues were found to be conserved between 1-200aa 

of the thermophilic sequences. The first cluster ‘DFGYDV’ located between ‘58-63’ residue 

region was found to be hydrophobic, although in some instances ‘N’ and ‘I’ were used instead of 

‘F’ and ‘V’ respectively. The second cluster ‘NHTS’ was also hydrophobic and could be located 

in the position ‘100-103’. The third cluster ‘PNNW’ in position ‘136-139’ was found to be a 

variable hydrophobic cluster with ‘P’ in position one and ‘T’ in position 2 instead of ‘N’. The 

fourth but the most important cluster ‘QpDlnW’ in position ‘166-171’ acted as the signature for 

the oligo-1,6-glucosidase sub-family of the α-amylase family. Although instead of proline (P) at 

position 167, alanine (A) was used in three instances where all the sequences were either from 

trehalose synthase or α-glucosidase family. The last cluster ‘GVDGFRVD’ in position ‘191-198’ 
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was one of the biggest hydrophobic cluster found in the alignment. Although, instead of ‘V’ at 

position ‘192’ ‘I’ was preferred and instead of ‘V’ at position ‘197’ ‘F/L/M/I’ were preferred in 

many instances, but the overall character of the cluster still remained hydrophobic. Overall, from 

the multiple sequence alignment results it can be said that hydrophobic residues are an important 

part of sequences from thermophiles and they might play a role in imparting thermostability.  
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Figure 5.10: Multiple alignment of protein sequences of thermophilic organisms with Amy5 

sequence. 

Amy5 is compared to oligo-1,6-glucosidase of Thermus thermophilus (O16G_THET8),  

alpha-glucosidase of Thermus caldophilus (A_Gluco_THECA), alpha amylase, catalytic 

region of Deinococcus geothermalis (A_Amy_DEIGD), alpha amylase, catalytic region of 
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Roseiflexus sp. (A_Amy_ROSS1), alpha amylase, catalytic region of Rubrobacter 

xylanophilus (A_Amy_RUBX), alpha amylase, catalytic region of Thermotoga lettingae 

(A_Amy_THELT), alpha amylase, catalytic region of Chlorobium phaeobacteroides 

(A_Amy_CHLBPHAE), oligo-1,6-glucosidase of Bacillus thermoglucosidasius 

(O16G_BACTR), alpha amylase, catalytic region of H. orenii (A_Amy_Horenii), alpha-

phosphotrehalose of Geobacillus kaustophilus (A_PTrehalo_GEOKA), alpha-glucosidase 

Geobacillus thermodenitrificans (A_Gluco_GEOTN), Trehalose-6-phosphate hydrolase of 

Bacillus stearothermophilus (Treh_hydro_BACST), alpha-glucosidase Geobacillus sp. 

(A_gluco_GeoBAC). Conserved regions are highlighted in red color. 

5.5.1.8.2 Forming a Pattern and scanning it using ScanProsite 

Although from the multiple sequence alignment of thermophilic sequences (Figure 5.10) certain 

conserved regions could be located, but there was a certain form of pattern that existed in the 

alignment depending upon the preference for certain amino acids at particular position. Using 

PRATT tool this conserved pattern was generated: 

D-[AST]-[NST]-[GN]-[DN]-G-[IV]-G-D-[IL]-x-G-[IV]-x(2)-[KR]-L-[DP]-Y-[FILV]-x(2)-L-G-

[IV]-[DES]-[AIV]-[FILV]-W-[IL]-[CNST]-P-[FIV]-[FY]-x-[ST]-P-x(2)-D-x-G-Y-D-[IV]-x-

[DN]-[HY]. 

With help of ScanProsite tool the above pattern was searched in PROSITE database and the 

results (Figure 5.11) confirmed B. cereus oligo-1,6-glucosidase as a high scoring match. 
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Figure 5.11: Results of pattern search using ScanProsite depicting the oligo-1,6-glucosidase 

from B. cereus as a high scoring sub-family match for Amy5 sequence. 

5.5.1.9 Results of phylogenetic analysis of the Amy5 sequence 

A phylogenetic tree was obtained for Amy5 using PHYLIP program (Figure 5.12). It is 

interesting to note from phylogenetic analysis that the Amy5 sequence had a close relationship 

with all the PDB matches, especially with 1UOK (oligo-1,6-glucosidase from Bacillus cereus). 

This is also very obvious because clans or fold are more conserved in evolution as compared to 

sequences (Henrissat and Davies, 1997). Amy5 formed a cluster with crystal structure of oligo-

1,6-glucosidase from B. cereus, and oligo-1,6-glucosidase of Bacillus thermoglucosidasius. 

Clearly, Amy5 seems to be a case of divergent evolution and possibly the thermostable oligo-1,6-

glucosidase of thermophilic organisms such as H. orenii or B. thermoglucosidasius might have 

diverged to a less thermostable one as present in mesophilic organisms like Bacillus cereus and 

B. subtilis.     
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Figure 5.12: Phylogenetic tree of Amy5 displaying comparison with thermophilic sequences 

made using BioNJ tool. 

The red circle depicts the cluster of H. orenii Amy5, 1UOK B. cereus (1UOK_Bcer), and oligo-1,6-

glucosidase of Bacillus thermoglucosidasius (O16G_BACTR). The other acronyms stand for oligo-1,6-

glucosidase of Thermus thermophilus (O16G_THET8),  alpha-glucosidase of Thermus caldophilus 

(A_Gluco_THECA), alpha amylase, catalytic region of Deinococcus geothermalis (A_Amy_DEIGD), 

alpha amylase, catalytic region of Roseiflexus sp. (A_Amy_ROSS1), alpha amylase, catalytic region of 

Rubrobacter xylanophilus (A_Amy_RUBX), alpha amylase, catalytic region of Thermotoga lettingae 

(A_Amy_THELT), alpha amylase, catalytic region of Chlorobium phaeobacteroides 

(A_Amy_CHLBPHAE), oligo-1,6-glucosidase of Bacillus thermoglucosidasius (O16G_BACTR), alpha 

amylase, catalytic region of H. orenii (A_Amy_Horenii), alpha-phosphotrehalose of Geobacillus 

kaustophilus (A_PTrehalo_GEOKA), alpha-glucosidase Geobacillus thermodenitrificans 

(A_Gluco_GEOTN), Trehalose-6-phosphate hydrolase of Bacillus stearothermophilus 

(Treh_hydro_BACST), alpha-glucosidase Geobacillus sp. (A_gluco_GeoBAC). 
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5.5.2 Secondary Structure Prediction 

5.5.2.1 PSIPRED secondary structure prediction results 

PSIPRED predicted the secondary structure of Amy5 and the results were compared with 

secondary structure of 1UOK (Figure 5.13). Although, from the comparison it appeared that both 

structures are very similar, an increase in alpha helix content and introduction of new alpha helix 

content was found in Amy5 as compared to 1UOK (areas circled in red in the Figure 5.13). The 

significance of increase in alpha helix content in Amy5 is not direct but studies on protein 

thermostability mechanism based on comparison of thermophilic and mesophilic organisms have 

shown that thermophiles tend to stabilize their proteins by increasing helical content (Ibrahim 

and Pattabhi, 2004, Vogt et al., 1997). PSIPRED results strengthen the fact that Amy5 enzyme is 

more thermostable as compared to 1UOK, which is also evident from the origin of these 

sequences as 1UOK comes from B. cereus (a mesophile) while Amy5 comes from H. orenii 

(thermophile). 
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Amy5 1UOK
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Amy5 1UOK

 

Figure 5.13: Comparison of Amy5 and 1UOK secondary structures predicted using 

PSIPRED. 

Areas circled in red display the difference between the two structures. 



 
 

140 

5.5.3 Tertiary Structure Prediction 

5.5.3.1 SAPS analysis 

With the help of the SAPS tool the percentage of different type of amino acid residues present in 

the protein sequences of PDB (Protein Data Bank) matches for Amy5 was calculated and then 

listed in a tabular form (Table 5.4). Analysis of this tabulated observation revealed some 

interesting facts about the importance of different amino acid residues in Amy5 sequence and this 

has been described as follows:   

5.5.3.1.1 Preference for Aspartic Acid in Amy5 (Asp) 

Aspartic acid is an acidic amino acid that plays an important role in imparting hydrophilic 

character to a protein and is mostly found conserved in the outer region of the protein structure 

which interacts with solvent. Apart from this, aspartic acid has also been found important to 

provide structural stability to enzyme when present in its hydrophobic interior (Nobbs et al., 

1994). An increased preference for aspartic acid residue was found in the Amy5 sequence and its 

usage was found to be similar to sequence of Pseudomonas sp.. Therefore, it is predicted that its 

preference might be the reason which make the enzyme thermostable. 

5.5.3.1.2 Preference for Tryptophan (Tyr) and Tyrosine (W) in Amy5 

Tyrosine (Tyr) and tryptophan (W) are aromatic amino acids and important members of the 

hydrophobic group of amino acids. Although, being hydrophobic tyrosine has been categorized 

as weaker as compared to tryptophan. Hydrophobic residues mostly form the hydrophobic core 

of a soluble protein molecule and are therefore responsible for a stable backbone of protein. 

Given to the amphipathic nature of the tyrosine and tryptophan residues, they are variably 

distributed among different enzymes.  

The Amy5 sequence was found to display a preference for tyrosine and tryptophan which was 

similar to that in thermostable oligo-1,6-glucosidase from Geobacillus sp. and Bacillus cereus. 

Proteins behave differently in nature and as Amy5 belongs to H. orenii, which is known to 

inhabit thermophilic and halophilic environment, therefore this preference might play a role in 

providing thermostability.        
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Table 5.4: Results from statistical analysis of protein sequences using SAPS. 

Type Protein Sequence 
 Amy5 

H. orenii 
1UOK 

B. cereus 
2ze0 

Geobacillus 
sp. 

1M53 
Klebsiella 

sp. 

2PWG 
Pseudomonas 

sp. 

1WZA 
H. orenii 

Number of Residues 562aa 558aa 555aa 570aa 556aa 488aa 
Molecular Weight 66.2 KD 60.0 KD 65.2KD 67.2KD 63.7KD 56.7KD 

Hydrophilic Amino 
Acid 

      

Acid D (Asp) 48 (8.5%) 38 (6.8%) 43 (7.7%) 46 
(8.1%) 

49 (8.8%) 35 (7.2%) 

Amide N (Asn) 32 (5.7%) 37 (6.6%) 31 (5.6%) 39 (6.8%) 25 (4.5%) 31 (6.4%) 
Acid E (Glu) 47 (8.4%) 62 (11.1%) 38 (6.8%) 28 (4.9%) 31 (5.6%) 35 (7.2%) 

Amide Q (Gln) 13 (2.3%) 15 (2.7%) 18 (3.2%) 32 (5.6%) 19 (3.4%) 11 (2.3%) 
Polar 

Positively 
Charged 

H (His) 10 (1.8%) 16 (2.9%) 11 (2.0%) 14 (2.5%) 13 (2.3%) 14 (2.9%) 
K (Lys) 44 (7.8%) 41 (7.3%) 27 (4.9%) 29 (5.1%) 29 (5.2%) 32 (6.6%) 
R (Arg) 30 (5.3%) 20 (3.6%) 45 (8.1%) 39 (6.8%) 32 (5.8%) 21 (4.3%) 

Hydroxyl 
Polar 

S (Ser) 27 (4.8%) 28 (5.0%) 28 (5.0%) 34 (6.0%) 31 (5.6%) 17 (3.5%) 
T (Thr) 19 (3.4%) 23 (4.1%) 24 (4.3%) 29 (5.1%) 37 (6.7%) 23 (4.7%) 

Hydrophobic Amino 
Acid 

      

Non Polar 

G (Gly) 43 (7.7%) 36 (6.5%) 41 (7.4%) 28 (4.9%) 39 (7.0%) 43 (8.8%) 
A (Ala)  15 (2.7%) 14 (2.5%) 31 (5.6%) 32 (5.6%) 43 (7.7%) 23 (4.7%) 
V (Val) 32 (5.7%) 32 (5.7%) 28 (5.0%) 29 (5.1%) 25 (4.5%) 30 (6.1%) 
L (Leu) 44 (7.8%) 39 (7.0%) 44 (7.9%) 36 (6.3%) 38 (6.8%) 31 (6.4%) 
I (Ile) 33 (5.9%) 37 (6.6%) 33 (5.9%) 30 (5.3%) 22 (4.0%) 33 (6.8%) 

Aromatic 
Non Polar 

Y (Tyr) 38 (6.8%) 35 (6.3%) 31 (5.6%) 35 (6.1%) 31 (5.6%) 38 (7.8%) 
W (Trp) 18 (3.2%) 16 (2.9%) 22 (4.0%) 16 (2.8%) 14 (2.5%) 12 (2.5%) 
F (Phe) 29 (5.2%) 19 (3.4%) 22 (4.0%) 30 (5.3%) 33 (5.9%) 27 (5.5%) 

Sulfur 
Non Polar 

M (Met) 19 (3.4%) 28 (5.0%) 14 (2.5%) 14 (2.5%) 12 (2.2%) 7 (1.4%) 
C (Cys) 2 (0.4%) 3 (0.5%) 1 (0.2%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Ambivalent Cyclic       
Non Polar P (Pro) 29 (5.2%) 19 (3.4%) 23 (4.1%) 30 (5.3%) 33 (5.9%) 25 (5.1%) 
Negatively charged 

residues (Asp + Glu) 
95 (17%) 100 (18%) 81 

(14.5%) 
74 (13%) 80 (14.3%) 70 

(14.3%) 
Positively charged 

residues (Arp + Lys) 
74 (13%) 61 (11%) 72 (13%) 68 (12%) 61 (11%) 53 (11%) 

*The bold faced numbers indicate preference, while light faced numbers indicate lower than expected use of amino 

acid. 

5.5.3.1.3 Preference for Proline (Pro) residues in Amy5 

Proline is the only cyclic amino acid and because of its ambivalent nature it is found to exist 

inside or outside of a protein molecule. Proline in a polypeptide chain has less conformational 

freedom than other amino acids, as the presence of pyrrolidine ring imposes rigid constraints on 
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the N-Cα rotation. The pyrrolidine ring also restricts the available conformation space of the 

residue preceding proline. These theoretical indications imply that proline when introduced in 

the polypeptide chain can reduce the backbone entropy of folding, which is accounted for its 

high prevalence in the proteins of thermophilic organisms. Various studies have been performed 

to study the effect of increasing proline residues on the protein structure of oligo-1,6-

glucosidase. In a study by Suzuki et al., 1987, oligo-1,6-glucosidase from five different bacteria 

were compared to find out the effect of proline content on thermostability. A comparison of 

amino acid composition showed that the proline content increased greatly in the linearity with 

the rise in thermostability in the order, Mesophile (oligo-1,6-glucosidase from Bacillus cereus) 

→ Facultative thermophile (oligo-1,6-glucosidase from Bacillus coagulans ATCC 7050) → 

Bacillus sp. KP 1071 (growth temperature between 30°-60°C) → Obligate thermophile (oligo-

1,6-glucosidase from Bacillus thermoglucosidasius KP 1006) → Extreme thermophile (Bacillus 

flavocaldarius ATCC 7050) (Suzuki et al., 1987).  

In yet another study, a gene encoding for an extremely thermostable oligo-1,6-glucosidase of B. 

thermoglucosidasius (Extreme thermophile) was compared with a thermolabile oligo-1,6-

glucosidase from Bacillus cereus ATCC7064 (mesophile) (Watanabe et al., 1991). Interestingly 

18 out of the total 19 prolines of Bacillus cereus were found to be conserved at equivalent 

positions of B. thermoglucosidasius enzyme. In addition the thermostable enzyme of B. 

thermoglucosidasius contained 14 extra prolines. The majority of these extra prolines of B. 

thermoglucosidasius replaced polar or charged residues (Glu, Thr, or Lys) of Bacillus cereus at 

equivalent positions. On the other hand, the substitutions from Asn→Pro, Ile → Pro, and Cys 

→Pro were found to be less frequent (Watanabe et al., 1991). The proline rule of 

thermostabilization was further experimentally proven when nine out of the 21 theoretically 

identified residues in the oligo-1,6-glucosidase structure of B. cereus were cumulatively 

substituted with proline residues. It was deduced that proline substitution at second positions of 

β-turns and at N1 position of α-helix were effective in refining the thermolabile enzyme to a 

thermostable structure (Watanabe et al., 1997). 

Presence of high number of proline residues in the Amy5 sequence indicated that it might play a 

role in providing thermostability to enzyme. Although, proline rule seems quite effective at this 

stage but exact reason for high number of proline residues in Amy5 sequence can only be found 

after locating its relative position in 3-Dimensional structure of enzyme.  
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5.5.3.1.4 Preference for Glycine (Gly) over Alanine (Ala) in Amy5 provides thermostability 

Thermostability studies on three-dimensional structure of protein have revealed some interesting 

facts which relates to the entropic effects of certain amino acids on protein stability. For 

example, replacing Glycine with an Alanine provided a more stable structure. As Glycine which 

lacks a β-Carbon has more backbone conformational flexibility than alanine, therefore backbone 

of glycine residue in solution has greater conformational entropy than alanine. So, in practice if 

glycine is replaced with alanine it may thereby decrease the entropy or energy required to 

prevent the conformational changes (Matthews et al., 1987, Suzuki, 1989).    

The Amy5 sequence analysis (Table 5.4) displayed that there was a marked use of glycine in the 

sequence as compared to alanine (which was least preferred). Although, both B. cereus structure 

and Amy5 make use of less number of alanine, but Amy5 was found to use more number of 

glycine in its sequence which theoretically accounts for improved stability of structure, but again 

the relative position of the glycine needs to be deduced first from its 3-D structure before any 

conclusions.  

5.5.3.1.5 Reduced use of thermolabile residues in Amy5 

Of the 20 amino acids, Asn, Gln, Met, and Cys have been classified as thermolabile due to their 

tendency to undergo deamidation (asparagine and glutamine) or oxidation (methionine and 

cysteine) at high temperature and therefore they may be naturally discriminated against in 

thermostable proteins. This trend was consistently found in two different studies: crystal 

structure of citrate synthase from the hyperthermophilic archaeon Pyrococcus furiosus and effect 

of amino acid composition on thermostability of Bacillus licheniformis xylose isomerase. These 

studies also revealed that thermolabile amino acids that might be present in thermophiles are 

usually buried (Russell et al., 1997, Todd and Iosif, 2007, Vieille et al., 2001, Vieille and Zeikus, 

2001).  

Similar trend of reduction in number of thermolabile residues in Amy5 sequence was found in 

comparison to other sequences (Table 5.4). This reduction can be correlated to the presumption 

that Amy5 might use this as a major mechanism for making its folded protein structure 

thermostable.   
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5.5.3.1.6 Decreased use of Glutamine (Gln), Histidine (His), Alanine (Ala) and Cysteine 
(Cys) 

Farias and Bonato did comparative proteome analysis using 28 complete genomes from 18 

mesophiles, 4 thermophiles, and 6 hyperthermophiles (Farias and Bonato, 2003). Interestingly, 

they found that whenever the percent of glutamate (E) and lysine (E) increased in the 

hyperthermophiles, the percent of glutamine (Q) and histidine (H) decreased. Overall they came 

to a conclusion that glycine, lysine, tyrosine, and isoleucine were preferred in thermophilic 

organisms while glutamine, histidine, alanine, and cysteine were preferred in mesophiles. 

Similar results were found from the sequence analysis of Amy5 i.e., an increased use of Glycine 

(7.7%), Lysine (7.8%), and Tyrosine (6.8%), while on the other hand a reduced used of 

Glutamate (2.3%) and Histidine (1.8%) was found as compared to other sequences (Table 5.4). 

This analysis essentially supports the phylogenetic evidence (figure 5.12) that Amy5 sequence 

comes from a thermophilic organism.  

5.5.3.1.7 Preference for charged residues on surface  

Camillau and Claverine have reported that thermophilic proteins have less number of glutamine, 

alanine, and histidine on their surface as compared to mesophilic proteins, while on the other 

hand thermophilic proteins have more charged residues on their surface, particularly lysine and 

glutamic acid (Cambillau and Claverie, 2000). 

Although an increased preference for lysine was found in the Amy5 sequence, but number of 

glutamic acid were found to be less than in oligo-1,6-glucosidase sequence of B. cereus (Table 

5.4). Overall, an increased preference for acidic residues in the Amy5 sequence indicated that 

there might be a role which they played in imparting thermostability to the enzyme.  

5.5.3.1.8 Halophilicity of Amy5 

Moderately halophilic proteins usually lack the striking structural features expected to occur in 

extremely halophilic proteins. The most notable feature for halophilicity in moderately halophilic 

proteins is the presence of clusters of non-interacting negatively charged residues. Such clusters 

have been found to be associated with unfavorable electrostatic energy at low concentration, and 

may account for the instability of protein at salt concentration lower than optimum.  

Analysis of the Amy5 protein sequence depicted an increased use of charged residues (Aspartic 

acid and glutamic acid) as compared to positively charged residues i.e., 17% as compared to 13% 
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respectively. This further postulates that if charged residues are present on surface of Amy5 

folded protein structure then they might enhance solvent based interactions and thereby might 

play a role in stabilizing protein at high salt concentration environment. 

5.5.3.2 Comparative modelling of Amy5 

5.5.3.2.1 Template selection 

A BLASTp (protein BLAST) against the Amy5 protein sequence produced a list of high scoring 

PDB matches and out of them, the top 6 matches were selected for multiple sequence alignment 

(Table 5.5). A multiple sequence alignment of these sequences was created using CLUSTALW2 

program and the alignment was printed using ESPRIPT2.2 software (Figure 5.14).  
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Table 5.5: Top six PDB structure matches for Amy5 sequence. 

Type PDB ID Identity Score Length 

H. orenii Amy5  Unknown 100% Maximum 562aa 

B. cereus oligo-1,6-glucosidase 1UOK 
359/563 
(63%) 

732bits 
558aa 

Geobacillus sp. 

Alpha-glucosidase 
2ze0 

302/562 

(53%) 
627bits 555aa 

Klebsiella sp. Isomaltulose 
Synthase  

1M53 
263/560 
(46%) 

555bits 570aa 

Pseudomonas mesoacidophila Mx-
45 Trehalulose Synthase 

2PWG 
258/559 
(46%) 

533bits 556aa 

H. orenii Alpha-amylase  1WZA 
171/536 
(31%) 

234bits 488aa 

Thermotoga maritime 4-Alpha-
glucanotransferase 

1LWH 
76/190 
(40%) 

144bits 441aa 
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Figure 5.14: Multiple alignment of high scoring PDB matches against the Amy5 sequence 

using CLUSTALW2. 

The file was printed using ESPript 2.2, conserved regions are highlighted in red color. 

The following pattern was obtained from the multiple sequence alignment file using PRATT 

tool: 

Y-x(3)-F-x(4)-P-D-L-N-[WY]-[DEN]-[NT]-[EPS]-x-[LV]-x-[DEQ]-x-[LMV]-x(2)-[ILM]-x(2)-

[FHWY]-x-L-[DEK]-x-G-[IV]-[DS]-G-[FM]-R-[FILM]-D-[AGTV]-[AIV] 

Two pattern hits were obtained for the above pattern when searched against PROSITE database 

(Figure 5.15). The first one was a 4-alpha-glucanotransferase (conserved pattern from 

Thermotoga maritima) and the second hit was oligo-1,6-glucosidase (conserved pattern from 

Bacillus cereus). 

From the multiple sequence alignment it was depicted that Thermotoga maritima (1LWH) and 

H. orenii (1WZA) protein structure sequences displayed absence of ‘QpDln' motif as compared 

to other structures. Therefore, the pattern of oligo-1,6-glucosidase was considered as a 

significant match for Amy5 and 4-alpha-glucantransferase was neglected.  

 

Figure 5.15: Pattern hits obtained by ScanProsite for Amy5. 
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5.5.3.3 Target-Template Alignment 

A global alignment was made between Amy5 and 1UOK using LALIGN (Figure 5.16). The 

alignment between template (1UOK) and target (Amy5) sequence displayed a high level of 

similarity but there were some gaps at certain positions in the alignment. Because divergent 

evolution leads to deletion/insertions in the ancestral sequence, therefore it is possible to refine 

the alignment before making a comparative model. Unfortunately, making changes in the 

alignment can bring drastic conformational changes to the backbone of protein. On the brighter 

side, if these changes (insertion/deletion) were made out of the helices and strands region by 

placing them in loops and turns then it is quite possible to get a better structure. However, a good 

understanding of the secondary structure and the residues involved in it loops would be quite 

beneficial to start with, therefore 1UOK was studied at structural level with the help of published 

results (Kizaki et al., 1993, Watanabe et al., 1997) and the same has been presented in the next 

section. 
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Figure 5.16: Global alignment between Amy5 and 1UOK protein sequence. 
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5.5.3.3.1 Crystal Structure of template-1UOK 

The crystal structure of oligo-1,6-glucosidase from Bacillus cereus ATCC7064 has been refined 

to 2.0Å resolution (Watanabe et al., 1997). Analysis of the structure depicted that it consisted of 

three main domains: The N-terminal domain (residues 1 to 104 and 175 to 480), the sub-domain 

(residues 105 to 174) and the C-terminal domain (residues 481 to 558). The N-terminal domain 

was sandwiched between the sub-domain and the C-terminal domain. The secondary structure of 

1UOK revealed the corresponding positions of the domains in its sequence (Figure 5.17). These 

features were found to be quite similar to the secondary elements regions which were originally 

calculated by the work of Kizaki et al., 1993 (Figure 5.18). 
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Area spanning N-terminal domain

Area spanning Sub-domain

Area spanning C-terminal domain
 

Figure 5.17: The secondary structure of 1UOK (B. cereus oligo-1,6-glucosidase) as 

predicted using PSIPRED. 

The region spanning N-terminal domain (1 to 104 and 175 to 480) is marked below the 

sequence with red left-right arrow, the region spanning sub-domain (105-174) is marked 

below the sequence with black left-right arrow and the region for C-terminal domain (481 

to 558) is marked with blue left-right arrow. 
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Figure 5.18: The alignment of amino acid sequences of B. thermoglucosidasius (Bth), B. 

coagulans (Bco), and B. cereus (Bce) oligo-1,6-glucosidases.  

(The above figure was adapted from the work published by Watanabe et al., 1997) 

Secondary structure elements of Bce are shown with arrows in the lowest line. The 

elements of secondary structure have the nomenclature Nβ1 to Nβ8 for β-strands and Nα1 

to Nα8 for α-helices of the N-terminal domain, Sα1 for an α-helix and Sβ1 to Sβ3 for β-
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strands of the subdomain, and Cβ1 to Cβ8 for β-strands of the C-terminal domain. The 

twenty one proline substitution sites critical for protein thermostabilization are marked by 

filled black circles. 

The topology of N-terminal domain of 1UOK was found to be a modified (β/α)8-barrel or TIM-

barrel with additions of an α-helix between the sixth strand and sixth helix, an α-helix between 

the seventh strand and the seventh helix and three helices between the eighth strand and eighth 

helix. The subdomain was found to be composed of an α-helix, a three-stranded anti-parallel β-

sheets, and long intervening loops. The C-terminal domain was a β-barrel structure composed of 

eight anti-parallel β-strands folded in double Greek key motif and which was distorted in the 

sixth strand. Three catalytic residues, Asp199, Glu255 and Asp329 are located at the bottom of 

the deep cleft formed between the sub-domain and a cluster of the two additional α-helices in the 

(β/α)8-barrel. In addition histidines which are conserved among α-amylases were found 

conserved at positions 103 and 328 in 1UOK and structural analysis showed that they were 

located around the active site (Figure 5.19). These two histidine residues were predicted to be 

critical for binding the glycon glucose residue adjacent to the scissile bond in the substrates 

(Svensson, 1994).  
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Figure 5.19: 3-D representation of 1UOK structure. 

(A) Secondary Structure representation of 3-D structure in a Ribbon form produced using 

KINGS 2.12 viewer (where, red coils are helices and arrows are β-strands), (B) Secondary 

structure representation of 1UOK 3-D structure in the same orientation as above (Green 

color represents α-helices, yellow color represents β-strands, red color represents the 

catalytic residues, and black color represents histidine residues) made using Swiss-

PDBViewer 3.7 and (C) The residues representing the catalytic region can be seen in red, 

located in the deep cleft formed between the sub-domain and cluster of two α-helices in 

(β/α)8-barrel. 

(A)

C-terminal β-barrel 
structure 

   
 

N-Terminal Domain

Sub Domain

(B) 

(C) 

Cleft containing the catalytic site 

C-Terminal 

N-Terminal 
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5.5.3.3.2 Inter-atomic distance calculation of catalytic residues 

With the help of Swiss-PDBViewer 3.7 the hydrogen-bond distances between the catalytic 

residues of 1UOK were computed (Figure 5.20). The calculated distances for 1UOK (Table 5.6) 

were then compared with the catalytic site of the predicted model of Amy5. Because the catalytic 

site is most conserved in terms of evolution, therefore it is predicted that the distance between 

the catalytic residues should be the same in the Amy5 protein also and together they should make 

up the same catalytic site.   
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Figure 5.20: A picture displaying the catalytic site of 1UOK. 

The green dotted lines depict the distance between the catalytic residues. 

Table 5.6: Bond distance between catalytic residues in 1UOK. 

Number Bond Distance 

1. His328 and Gln13  2.94Å 

2. Asp329 and Arg415 2.84Å and 2.96 Å 

3. Asp199 and Leu99 2.92Å 

4. Asp199 and Arg197 2.78Å 

5. Glu255 and Asp199 2.78Å 
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5.5.3.3.3 Sequence based comparison of 21 critical proline substitution sites between 
1UOK and Amy5 

Sequence based comparison of Amy5 and 1UOK revealed that some of the 21 sites predicted to 

be critical for thermostabilization by proline substitution were conserved at the same positions in 

the Amy5 sequence (Table 5.7). These sites included substitution of Lys121 → Pro121, Pro257 

→ Pro258, Pro443 → Pro442 in second site of β-turn, Asn109 → Pro109, Glu175 → Pro175, 

Thr261→ Pro261 in N1 position of the α-Helix turn, and Glu136 → Pro136, Pro331 → Pro331 

in Amy5 sequence. Out of these sites, five i.e., Lys121 → Pro121, Pro443 → Pro442, Asn109 → 

Pro109, Glu175 → Pro175, and Thr261→ Pro261 were found at positions which could bring 

drastic increase in protein thermostability. Interestingly, Glu216 position in 1UOK was aligned 

with Tyr216 position in Amy5, but a Proline was found at position 217 in Amy5, therefore it is 

assumed that aligning Pro217 with Glu216 of 1UOK can improve the alignment for structure 

prediction.  

Preference for prolines in Amy5 sequence and natural conservation of these residues at critical 

sites thereby confirms that Amy5 would fold into a more thermostable protein. 
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Table 5.7: Sequence based comparison of 21 critical proline substitution sites between 

1UOK and Amy5. 

Structure 
Residue Position in 

1UOK 
Residue Position 

in Amy5 

Β-Turn 
(Second Site) 

Lys121 Pro121 

Glu208 Lys208 

Pro257 Pro258 

Glu290 Leu291 

Pro443 Pro442 

Lys457 Gln456 

Glu487 Glu486 

α-Helix (N1 of 
first turn) 

Asn109 Pro109 

Glu175 Pro175 

Thr261 Pro261 

Ile403 Glu403 

Loop 

Lys132 Lys132 

Glu136 Pro136 

Glu216 Tyr216 

Glu270 Tyr271 

Pro331 Pro331 

Glu378 Asp378 

Thr440 Lys339 

Pro541 Asp541 

Lys558 Leu561 

Β-Strand Cys515 Val518 

*Residues in bold face font were predicted to be most effective in providing thermostability to enzyme. 
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5.5.3.4 Amy5 Model Construction 

SWISS-MODEL automated comparative modeling server produced an all-atom model of the 

Amy5 sequence (Figure 5.21).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21: Amy5 model predicted from SWISS MODEL. 

The green color residues represented the alpha-helix region, yellow residues were beta-

strand regions, and red color (Asp199, Glu256 and Asp329) residues together with the 

black colored (His103 and His328) residues formed the catalytic cleft of the molecule. 

C-Terminal 

N-Terminal 

Amy5 Model 

Catalytic Cleft 
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5.5.3.5 Model Assessment 

Superficial analysis of the predicted Amy5 structure displayed very similar folds to 1UOK. A 

deep catalytic cleft formed by the His103, Asp199, Glu256, His328 and Asp329 residues 

behaved exact in the same way as in 1UOK. Distance analysis of the bond lengths between the 

catalytic residues of Amy5 showed that there were similar bond lengths between catalytic 

residues of 1UOK (Table 5.8) (Figure 5.22).  

Distance Map of Catalytic 
residues 

1UOK Amy5 Model

 

Figure 5.22: Comparison of the distance between the residues in Amy5 model and 1UOK 

catalytic cleft. 
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Table 5.8: Comparison of bond distance of catalytic site residues between 1UOK and Amy5 

predicted structure. 

Type of Bond in 
1UOK structure Distance  

Type of Bond in 
Amy5 predicted 

structure 
Distance 

His328 and Gln13  2.94Å His328 and Gln13  2.93Å 

Asp329 and 
Arg415 

2.84Å and 2.96 Å 
Asp329 and 

Arg414 
3.08Å and 2.92 Å 

Asp199 and Leu99 2.92Å Asp199 and Leu99 2.92Å 

Asp199 and 
Arg197 

2.78Å 
Asp199 and 

Arg197 
2.77Å 

Glu255 and 
Asp199 

2.78Å 
Glu255 and 

Asp199 
2.77Å 
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Superimposition of Amy5 predicted model over 1UOK revealed that the model aligned perfectly 

with 1UOK and folding pattern was also the same (Figure 5.23). The number of domains were 

also found to be the same in both the structures i.e., an N-terminal (β/α)8 or TIM barrel domain 

sandwiched between a subdomain and an all β-strand C-terminal domain (Figure 5.24). 

Swiss-PDBViewer 3.7 calculated the r.m.s. (root mean square) of the Cα bonds between 496 

atoms and the backbone of 1984 atoms to be 0.23Å and 0.26 Å respectively. These calculations 

showed that the Amy5 predicted structure folded with negligible errors and was as good as an X-

ray crystallography model.  

 

 

 

 

 

 

 

 

 

Figure 5.23: Superimposition of 1UOK over predicted Amy5 model. 

Green backbone chain is of Amy5 model and blue backbone chain is of 1UOK, the red 

residues depict the catalytic residues. 
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Figure 5.24: Comparison of catalytic cleft between Amy5 model and 1UOK using YASARA 

(Krieger et al., 2002). 

Top figures represent the secondary structure ribbon form of 3D-structure and the bottom 

figures are a ball representation of the same. 

5.6 SUMMARY OF RESULTS 

Starting with the nucleotide sequence of Amy5 retrieved from the genome mining of H. orenii to 

finally predicting a 3-Dimensional protein model of the same involved many sequence based 

studies. All these studies sum up to build the confidence in the predicted comparative model of 

Amy5. The results can mainly be summarized into three main sections (Figure 5.25) based on the 

increasing level of complexity of protein structure: (1) Primary Structure Based Predictions, (2) 

Secondary Structure Prediction, and (3) Tertiary or 3-D model prediction of Amy5 protein based 

on sequence homology with 1UOK. 
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Figure 5.25: A flowchart diagram depicting Amy5 sequence based analysis 

1 refer to point 1 of section 2.20.1 for url, 2 refer to point 8 of section 2.20.1 for url, 3 refer to point 9 of section 

2.20.1 for url, 4 refer to point 10 of section 2.20.1 for url, 5 refer to point 15 of section 2.20.1 for url, 6 refer to 

point 4 of section 2.20.1 for url, 7 refer to point 7 of section 2.20.1 for url, 8 refer to point 12 of section 2.20.1 

for url, 9 refer to point 16 of section 2.20.1 for url, 10 refer to point 5 of section 2.20.1 for url, 11 refer to point 6 

of section 2.20.1 for url, 12 refer to point 11 of section 2.20.1 for url, 13 refer to section 2.20.2 for url used, 14 

refer to section 2.20.3 for urls used. 

Amy5 Nucleotide 
Sequence 

 
ORF 

Search6 

Database 
Search 

Motif Search2 
BLASTp1 

Sequence 
Alignment 

Sequence 
Analysis 

 

PSI BLASTp1 
BLOCKS Search3 

Pfam Search4 
Thermophilic 

Sequences   

PDB Matches 

SAPS Analysis11 

LALIGN7 

CLUSTALW28 

Protein Family 
Databases 

Protein Sequence 
Database 

Multiple 
Alignment 

Phylogenetic 
Analysis9 

PROSITE 
Search5 

Secondary Structure 
Prediction13 

3-Dimensional Model 
of Amy514 

ProtParam 
Analysis10 

Hydrophobic 
Cluster Analysis 

Search12 



 
 

168 

5.6.1 Primary Structure based prediction 

Using ORF finder it was found that the 1701 base pairs nucleotide sequence of Amy5 contained a 

potential coding sequence of 562 amino acids in the frame +1 of translated protein sequence. 

BLASTp (protein BLAST) search against non-redundant protein sequence database showed that 

the Amy5 sequence significantly matched to oligo-1,6-glucosidase enzyme sequence of different 

bacterial species. BLASTp results were further refined using PSI-BLAST and as a result all 

possible sequences which were distantly related to Amy5 could be identified. From the repertoire 

of sequences significant matches from thermophilic organisms were selected and used in making 

multiple sequence alignment with CLUSTALW2 tool. The alignment revealed some 

thermophilic signatures which were common to all thermostable enzymes. These signatures 

mainly included large number of conserved hydrophobic residues which were found to be 

present in clusters largely made up of tryptophan (W), tyrosine (Y), glycine (G), leucine (L), 

alanine (A), valine (V), phenylalanine (F) and hydrophilic charged aspartic acid (D). The 

signature for oligo-1,6-glucosidase sub-family i.e., a ‘QpDln’ cluster was found conserved 

among all oligo-1,6-glucosidase sequences including Amy5. Also, use of large number of 

prolines (P) was found to be common among all thermophilic sequences. A pattern of conserved 

residues in the multiple sequence alignment was created using PRATT tool and then searched 

against PROSITE database. As a result, sub-family oligo-1,6-glucosidase was found to be a high 

scoring match for the pattern. BLASTp against the PDB database for Amy5 sequence provided a 

list of structural matches and out of them six best matches were selected and pooled together 

with thermophilic sequences to create a multiple sequence alignment using CLUSTALW2 tool. 

This alignment was used to form a phylogenetic distance tree based on neighbor joining 

methods. In the tree, Amy5 was found to cluster together with structural sequences of oligo-1,6-

glucosidase enzyme from Bacillus cereus and Bacillus thermoglucosidasius. Close relationship 

of Amy5 with structural sequences justified that folds or clans are more conserved than sequences 

in evolution.  

Amy5 sequence was then searched against protein family databases such as PRINTS, Pfam, 

BLOCKS and PROSITE. PRINTS search identified the presence of three motifs in Amy5 

sequence and which thereby provided the evidence that Amy5 sequence belonged to α-amylase 

family. BLOCKS search identified the presence of four BLOCKS in the Amy5 sequence which 

further provided the evidence that Amy5 was a member of Glycosyl Hydrolase sub-family 13 of 
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proteins. Using the Pfam database search it was found that the Amy5 sequence consisted of two 

large structural domains i.e., an Alpha-Amylase, catalytic domain N-terminal domain and Alpha-

amylase, C-terminal all-beta domains. 

The presence of α-amylase catalytic sites residues in Amy5 was confirmed by making a local 

alignment with taka amylase sequence of Aspergillus oryzae, using LALIGN. Amy5 sequence 

was aligned with oligo-1,6-glucosidase enzyme sequence of Bacillus cereus and presence of 

‘QpDln’ motif in Amy5 confirmed that it was a potential member of oligo-1,6-glucosidase family 

enzymes. Hydrophobic cluster analysis of Amy5 sequence and comparison with 1UOK (Bacillus 

cereus) depicted the presence of high number of prolines in the regions between secondary 

structure elements, which thereby indicated that prolines might play a role in imparting 

thermophilic characteristic to the Amy5 protein. Also, a presence of large number of glycines 

present in between the hydrophobic clusters further indicated that they might play a role in 

providing a stable confirmation state of 3-Dimensional structure of Amy5. A detailed amino acid 

composition analysis of the Amy5 sequence was done using SAPS (Statistical analysis of protein 

sequence) tool and a preference for aspartic acid, tryptophan, tyrosine, proline, glycine and 

decreased use of asparagine, glutamine, methionine, cysteine, histidine, and alanine in Amy5 

sequence indicated that its protein would have a thermostable character. Also, a preference for 

charged (especially aspartic acid) over uncharged residues indicated why Amy5 protein tolerates 

high salt environment along with high temperature.                

5.6.2 Secondary Structure prediction of Amy5 

Secondary structure of Amy5 was predicted using PSIPRED prediction tool. Although, when 

compared to secondary structure of 1UOK (oligo-1,6-glucosidase of Bacillus cereus) the Amy5 

sequence was found to contain same number of secondary structure elements, but an increased 

helical content in Amy5 indicated that it might play a role in providing thermostability to its 

folded protein structure. 

5.6.3 3-D Structure prediction of Amy5 based on comparative modelling 

The 3-Dimensional structure of Amy5 protein was predicted following a stepwise process of 

comparative modelling assignment. First, the six top PDB oligo-1,6-glucosidase structure 

matches for Amy5 sequence were used to create multiple sequence alignment. This alignment 

was further used to create a pattern of conserved residues and searched against PROSITE 
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database to find any significant matches. The pattern search resulted in two matches: (1) oligo-

1,6-glucosidase and (2) 4-alpha-glucanotransferase. Out of these matches 4-alpha-

glucanotansferase was rejected as it did not contained the ‘QpDln’ signature, while oligo-1,6-

glucosidase was found to be a significant result for Amy5 and 1UOK structure was considered to 

be the best match for Amy5 sequence. Second, a sequence alignment was made between 1UOK 

and Amy5 sequence using LALIGN. A sequence identity of 63% between the two sequences 

indicated that 1UOK can act as a good template for 3-D modelling of Amy5. An analysis of 

available data on 3-D structure of 1UOK helped in locating the boundaries of all the major 

domains in 1UOK structure. Prolines substitution sites identified to be important for 

thermostabilization of 1UOK structure were found to be naturally present at most of the sites in 

Amy5, thereby indicating to play an important role in folded protein structure of Amy5. Also, 

catalytic residues found essential for the function of 1UOK were located and the bond distances 

were calculated between them using Swiss PBDViewer. Third, a 3-D model of Amy5 was 

constructed using the best alignment produced using SIM tool and based on automated method 

of Swiss PDBViewer automated online prediction facility. Finally, this model was assessed by 

comparing it with the 1UOK structure. Using Swiss PDBViewer it was found that the bond 

distances between the catalytic residues in Amy5 were identical to 1UOK. Essentially when the 

Amy5 3-D model was superimposed on 1UOK structure the same number of folds were found 

and predicted protein structure was found to be composed of three main domains: (1) N-terminal 

(β/α)8 TIM barrel domain, (2) A sub-domain and (3) a all β-strand C-terminal domain as in 

1UOK structure. Overall, Amy5 3-D model was found to be a good model with negligible errors 

in folding. As a result, biochemical characteristics of Amy5, (as mentioned in chapter 4) acting as 

a halo-thermostable oligo-1,6-glucosidase enzyme could be justified based on comparative 

homology modelling.   



 
 

171 

5.7 DISCUSSION 

Extremophiles represent an important group of microorganisms that are a valuable source of 

novel enzymes (Extremozymes). Most of these enzymes are tolerant and active at the same 

environmental extremes to which the source organism is naturally subjected to. The extreme 

conditions can be referred to physical extremes of temperature, pressure, or radiation and geo-

chemical extremes of salinity and pH. These properties make extremozymes extremely valuable 

for industrial applications. Many biotechnological processes running today involve multi-step 

bio-chemical reactions where reaction temperature has to be brought down, pH and salinity 

levels are controlled by addition of chemicals before the mesophilic enzyme is added. But with 

extremozyme available there is no need to alter temperature or pH of the bio-chemical reaction 

mixture as they can tolerate the harsh conditions that prevail in industrial processes and still 

remain active. This not only reduces extra energy-taking steps involved in the industrial 

processes but also provides economical benefits to the industries.  

Unfortunately, very limited number of extremozymes are commercially available for industrial 

use. The extreme conditions required for growth of many extremophiles are difficult to maintain 

in laboratory conditions, therefore extremozyme production is mostly not possible by cultivating 

extremophiles. With the advent of genomic technologies there has been an increase in number of 

extremophile genomes being sequenced recently. Cloning and in silico methods have further 

provided the capability to select and clone a putative functional gene of extremophile and 

express it in a mesophilic host such as E. coli, making commercial production of extremozyme 

possible. But expressing an extremophilic gene in mesophilic host does not always work because 

there are compatibility issues. For instance, some halophilic proteins would not fold properly 

when expressed in E. coli because the later cannot provide the required highly saline interior 

conditions of cell, while some proteins from thermophiles require metal ions and co-factors for 

proper folding which a mesophilic host like E. coli cannot provide. These along with many other 

challenges sometimes create difficulties to express an extremophilic protein in its native form, 

which can then be crystallized and used to study 3-Dimensional structure of protein. At this 

stage, comparative homology modelling can be very helpful to reveal structural information of 

proteins whose experimental 3-D model could not be obtained. Comparative homology 

modelling is an in silico technique used to create a 3-D model of protein by comparison of amino 

acid sequence of protein under question with an amino acid sequence of a protein whose 
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experimental 3-D structure is available. The primary requirement in this technique is the 

availability of an experimental 3-D protein structure which has a significant similarity with the 

protein sequence under question. Using comparative homology modelling detailed structural 

information of extremophilic proteins can be obtained. This would not only reveal the hidden 

facts of the amazing stability of proteins under extreme conditions but also provides the 

knowledge that can be used to enhance the stability of mesophilic enzymes by protein 

engineering. Extremozymes that can tolerate and work at high temperature or high salinity 

conditions are considered to have a great industrial potential especially in cellulosic ethanol 

producing industries. Therefore more research has been focused towards solving protein 

structures from thermophiles, hyperthermophiles and halophiles.    

Organisms that thrive in very high temperature have been actively studied since the discovery of 

Thermophilus aquaticus in the hot springs of Yellowstone in the 1960s. Many contemporary 

authors now separate heat tolerant organism into two classes: thermophiles which have optimum 

growth temperature (OGT) in the range 45-80°C and hyperthermophiles with OGTs above 80°C. 

Mesophilic organisms are defined as those with OGTs between 15°C and 45°C, while 

psychrophiles have OGTs no greater than 15°C. Hyperthermophiles come mostly from the 

kingdom Archaea, but there are two genera of hyperthermophilic Eubacteria i.e., Thermotogales 

and Aquifex. Thermophiles are more phylogenetically diverse and include Eubacteria, Archaea, 

and some Fungi. In addition to providing insights into the principle of protein folding and 

stability, understanding what makes some proteins more thermostable than others is of interest to 

industry. Increasing temperature enhances solubility of many reaction components and 

consequently, the substrate is more accessible to the action of thermophilic protein. Thermophilic 

proteins are also more resistant to degradation from both heat and chemical agents, hence there is 

an interest in engineering hyperstable biocatalysts with the same mechanisms nature uses (Todd 

and Iosif, 2007).  

There are many mechanisms/indicators which have been studied and believed to be responsible 

for protein thermostability. Some of these include: a more highly hydrophobic core, tighter 

packing, or compactness, deleted or shortened loops, greater rigidity (for example through 

increased Proline content in loops), higher secondary structure content, greater polar surface 

area, fewer and/or smaller voids, smaller surface area to volume ratio, fewer thermolabile 

residues, increased hydrogen bonding, higher isoelectric point, and more salt bridges/ion pairs 
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and networks of salt bridges (Nesper et al., 1998, Vieille and Zeikus, 2001, Britton et al., 1995, 

Auerbach et al., 1998, Chan et al., 1995, Russell et al., 1997, Macedo-Ribeiro et al., 1996, de 

Bakker et al., 1999). Presence of few of these protein thermostablization mechanisms were also 

found to exist in Amy5 protein when its protein sequence was examined by in silico techniques. 

Conservation of hydrophobic residues such as glycine, tryptophan, tyrosine, aspartic acid, 

leucine, valine and phenylalanine was found in Amy5 sequence when aligned with closely related 

sequences from thermophilic organisms. The protein sequence of 1UOK, an experimental 

protein structure of Bacillus cereus whose protein sequence found a high similarity to Amy5 

protein sequence was used to perform hydrophobic cluster analysis (HCA). The results displayed 

that apart from conservation of most hydrophobic residues a presence of more number of glycine 

residues in Amy5 as compared to its mesophilic counterpart 1UOK. Most of the hydrophobic 

residues were present in small clusters in the Amy5 sequence and four out of these clusters 

namely: ‘DFGYDV’, ‘NHTS’, ‘PNNW’ and ‘GVDGFRVD’ were also found to be conserved in 

thermophilic organisms. Other than this a reduced use of thermolabile residues (Asparagine, 

Glutamine, Methionine and Cysteine) in Amy5 sequence also supported a possible mechanism 

for providing thermostability to folded protein. Higher alpha helix content was found in Amy5 

sequence as compared to 1UOK. This could mean a possible existence of thermostabilzation 

mechanism in Amy5 where the protein stabilizes by increasing its helical content (Vogt et al., 

1997). Presence of large number of proline residues was found in Amy5 sequence. Most of these 

proline residues were also found conserved at similar positions in other thermophilic relatives 

and were considered to be important in imparting thermostability character to protein.   

Halophiles are salt loving organisms that have adapted to live in extremely saline conditions. 

Many halophiles have been found to exist and isolated from hypersaline environments, such as in 

the Dead Sea and in the Great Saline Lake. They have been classified according to their salt 

requirement: slight halophiles grow optimally at 0.2-0.85M (2-5%) NaCl, moderate halophiles 

grow optimally at 0.85-3.5M (5-20%) NaCl and extreme halophiles grow optimally above 3.4-

5.1M (20-30%) NaCl (DasSarma and DasSarma, 2006). In contrast, nonhalophiles grow 

optimally at less than 0.2M NaCl. Halotolerant organisms can grow in both high salinity and in 

the absence of a high concentration of salts. A high osmotic potential is created in high salt 

environments and halophiles accumulate high intracellular solute concentrations to maintain the 

osmotic balance. They do this by either producing compatible solutes such as amino acids and 
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polyols or accumulate KCl equal to the external concentration of NaCl (DasSarma and 

DasSarma, 2006). Halophilic enzymes have adapted to function in high salt environment and so 

have potential application as biocatalyst in low water and non-aqueous systems (Ryu et al., 

1994). Most proteins of halobacteria have been found to contain an excess of acidic as compared 

to basic amino acids (Joo and Kim, 2005). The negative charges or acidic amino acids surface 

the protein and balance the effect of high cation concentration within the cell and also prevent 

the protein from denaturation or aggregation. Amy5 protein sequence contained higher proportion 

of charged or acidic acid residues (Aspartic acid and Glutamic acid) as compared to positively 

charged residues. This indicated use of a possible mechanism for providing halophilic character 

to the Amy5 protein.   

Although, salt bridges existence is not a major mechanism of stabilization to occur in Amy5 of H. 

orenii which was found consistent with biochemical characterization. As the number of cysteines 

in the protein sequence of Amy5 is only two, therefore salt-bridges mechanism of protein 

thermostabilization should have been replaced by some other mechanism to stabilize the protein 

in the conditions of high salt and high temperature environment. Knowledge of structure of 

enzymes or proteins from the extreme organisms like H. orenii is the only way in which one can 

exactly tell how the organism may behave in its natural environment. Therefore, a low number of 

cysteines in the Amy5 protein sequence suggests that stability due to salt bridges between 

cysteine residues is not been shown; rather than new or that protein usually relies on different 

mechanism when surviving in dual conditions of extremities. This observation does not 

necessarily challenge the theory of ‘salt bridge’ stabilization by cysteines residues rather it 

attempts to add new information in regards to revealing the mechanisms which might exist in 

dual extreme conditions and are responsible for the stability of protein structure. 

As the environmental conditions in Tunisia Salt Lake (Kbir-Ariguib et al., 2001), from where 

Halothermothrix orenii has been isolated are known to fluctuate from high salt to low salt and 

high to low temperature, therefore it is quite possible that the organism depends on isoforms of 

enzyme which are regulated by on and off mechanism depending upon the type of the 

environment condition the organism has to adapt to. This may also be the reason why several α-

amylase family members were detected from the genome mining of H. orenii (Mijts and Patel, 

2001).  
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The rigid specificity of oligo-1,6-glucosidase towards the α-1,6-glucosidase is distinct from those 

of α-amylase, cyclodextrin glucanotransferase and other α-glucosidases that act on the α-1,4-

glucosidic bond. The five catalytic residues (Asp199, Glu256, Asp329, H103, and H328) in 

Amy5 sequence were found to be important for the hydrolysis of α-1,6-glucoside bonds but they 

were also found in enzymes which had a specificity for α-1,4-glucosidic bonds. Therefore, it is 

evident that there must be some other structural determinants in oligo-1,6-glucosidase which are 

essential for its substrate specificity, and thereby differentiate it from α-glucosidases. These 

structural determinants include residues that take part in catalytic activity and are unique for 

every enzyme. The broad specificity of Amy5 enzyme for a range of substrates (as seen in 

biochemical characterization chapter - section 4.3.8) can be attributed to the fact that there are 

more that five residues which take part in catalytic activity. In spite of some information on 

enzymes displaying dual activity towards α-1,4- and α-1,6-glucosidic bonds (Svensson, 1994) as 

with Amy5, the structural basis for the unique specificity of oligo-1,6-glucosidases has not been 

elucidated. Altogether, the versatile character of rAmy5 enzyme makes it a good candidate for 

industrial applications. 

The rAmy5 enzyme has a great application in animal feedstock industry where it can be added as 

a supplement for example in shrimp feed production. Shrimp cultures feeds usually contain 

protein formulation which have a very high production cost. Carbohydrate feed has been found 

to be a cheaper alternative to protein formulation without decreasing the growth of shrimp (Le 

Chevalier and Van Wormhoudt, 1998). For complete breakdown of carbohydrate, α-1,4-

glucosidase and α-1,6-glucosidase enzymes are required and shrimp only produces α-1,4-

glucosidase (Le Chevalier and Van Wormhoudt, 1998). Therefore carbohydrate feed needs to be 

supplemented with α-1,6-glucosidase enzyme before it can be fed to shrimp. Past studies have 

demonstrated the potential of marine Bacillus sp. as a good source for commercial production of 

α-1,4- and α-1,6-glucosidase but there are no reports of them being produced commercially 

(Arellano-Carbajal and Olmos-Soto, 2002). The pH optimum and temperature optimum of 

shrimps α-1,4-glucosidase has been found to be 6 and 50°C respectively, which falls under the 

activity range of the rAmy5 enzyme (Le Chevalier and Van Wormhoudt, 1998). In this scenario, 

rAmy5 enzyme brings a great hope for use in shrimp feed industry as it has been demonstrated to 

act on a range of carbohydrate substrates with its capability to break down α-1,4- and α-1,6-
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glucosidic bonds and remain active at high temperature and high salt conditions. The rAmy5 

enzyme can also be used by starch bioprocessing industry for production of glucose or high-

fructose syrup. In this process, starch is first liquefied at high temperature by the action of 

thermostable α-amylase into simpler forms such as amylose and amylopectin. The liquefied 

starch is further broken down in a process of saccharification by action of pullulanase and oligo-

1,6-glucosidase into low molecular saccharides and glucose (glucose syrup). As saccharification 

takes place at high temperature therefore rAmy5 enzyme is believed to have a good potential for 

application in this industry (Vieille and Zeikus, 2001).  

The sequence of Amy5 was found to be very similar to 1UOK therefore with crystal structure 

determination and further mutational based analysis it would be quite possible to determine the 

residues which are involved in the catalysis of oligo-1,6- and 1,4-glucosidic bonds and thereby 

help in determining the reason for its broad substrate specificity. I hope that the information 

provided herein would help in understanding and relating to the information produced from the 

crystal structure of Amy5, if crystallized and solved.  
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6 CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

Halothermothrix orenii is a gram negative strictly anaerobic thermohalophilic bacterium whose 

genome has been completely sequenced. Genomic analysis revealed that H. orenii genome 

contained a large number of genes coding for α-amylase family and which are known to 

participate in starch and sucrose metabolism pathway of organism. Study of these enzymes can 

provide a better understanding on survival mechanisms of H. orenii, living in the dual extreme 

conditions of high salt and high temperature. Therefore 6 six putative α-amylase coding genes 

(designated Amy1, Amy2, Amy5, Amy6, Amy7 and Amy8) were selected for study in the present 

research from the genome mining data of H. orenii. Preliminary in silico analysis of all the genes 

using BLAST revealed that they contained signatures for thermophilicity, as all the high scoring 

sequence matches were found to be from thermophiles. With a high confidence level build on the 

selected genes, an attempt to clone them was made to make further experimental studies 

possible. Out of the six genes, an oligo-1,6-glucosidase coding gene (Amy5) could be cloned and 

expressed using a vector - host combination of pET22b (+) vector and E. coli strain BL21 (DE3) 

host, and a high expression clone of Amy5 was obtained. Biochemical characterization and 

comparative homology modelling studies were performed on Amy5 protein and this also formed 

the basis of this thesis. 

The Amy5 gene was expressed and the recombinant protein (designated as rAmy5) was purified 

in fully functional form. The rAmy5 protein was found to be of 66 KDa in size by SDS PAGE 

analysis, which was close to its theoretically predicted weight of 66.76 KDa. Based on the rAmy5 

enzyme activity on PNPG an assay could be designed for its biochemical characterization. As a 

result, the enzyme was found to have an optimum activity at 60˚C in presence of 0.5M NaCl 

(~10%) and this was similar to the optimum conditions of growth for H. orenii. Although, the 

rAmy5 enzyme was fairly active in absence of NaCl, its presence had a major effect on 

thermostability of enzyme at 60˚C and the half life of enzyme increased from 40 minutes to 143 

minutes in presence of 10% NaCl. The rAmy5 enzyme dependence on 0.5M NaCl for optimum 

activity and thermostability suggested that H. orenii might depend on salt-in strategy to remain 

stable under high salt environment. This also seems to correspond to genomic analysis results 

obtained for H. orenii where presence of V-type ATPase (known to fuel the active transport of 

ions including Na+) in the genome suggested that there might be a use of ‘salt-in’ for 

maintaining stability under high salt environment (Mavromatis et al., 2009). The rAmy5 enzyme 
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required calcium ions (1-5mM) for optimum activity, but higher concentration (25mM) of the 

same were found to have a negative effect on the thermostability of the enzyme. The rAmy5 

enzyme was found to be resistant to proteolysis as it tolerated range of trypsin concentrations. No 

role of cysteine residues in providing thermostability to the rAmy5 enzyme could be shown, 

based on the fact that enzyme activity was not inhibited in presence of DTT. On the other hand, 

the rAmy5 was found to be active against a wide range of substrates and displayed high activity 

against substrates with -1-6 glucosidic linkages such as PNPG, dextrin, isomaltotriose, 

maltotetraose and isomaltose. Based on its substrate preference it was postulated that the rAmy5 

enzyme participated in starch and sucrose metabolism pathway. rAmy5 enzyme also had a very 

high specific activity of 333mM PNPG/min/mg and a Km of 1.3mM for PNPG therefore it could 

act as a perfect model for its industrial application and production.  

In absence of a crystal structure, biochemical characterization results for rAmy5 enzyme were 

supported by comparative homology modelling studies using its protein sequence. 63% identity 

of the Amy5 protein sequence with sequence of solved crystal structure of oligo-1,6-glucosidase 

from Bacillus cereus formed the basis of this study. Before predicting the 3-Dimensional model 

the Amy5 sequence was analyzed at three levels namely primary, secondary and tertiary structure 

level. Primary structure based prediction revealed the presence of clusters formed of large 

number of conserved hydrophobic residues such as aspartic acid, phenylalanine, glycine, valine, 

tryptophan and tyrosine in the Amy5 sequence, which was found common in other thermostable 

enzymes. Also, a presence of large number of conserved prolines residues in Amy5 sequence 

suggested that they might play a role in imparting thermostability to the enzyme by reducing the 

entropy of folding. Using motif search and sequence alignment the presence of a ‘QpDln’ motif 

was found in the Amy5 sequence which suggested that its sequence coded for oligo-1,6-

glucosidase enzyme. Further analysis depicted a preference for charged residues, especially 

aspartic acid over uncharged residues in Amy5 sequence, which indicated why rAmy5 enzyme 

was active and stable in high salt and high temperature conditions. Secondary structure 

predictions suggested that thermophilic character of rAmy5 enzyme might be because of 

increased helical content when compared to the 1UOK of Bacillus cereus. Finally, based on 

tertiary structure predictions a 3-Dimensional model of Amy5 was generated using 1UOK as a 

template. Structure comparison revealed that the catalytic sites were located in the same position 
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in the folded structure of Amy5 when compared to 1UOK which suggested why Amy5 had 

similar catalytic characteristics when compared to oligo-1,6-glucosidases from other organisms. 

Although, the halo-thermophilic character of rAmy5 enzyme could easily be justified from the 

present research study, its specificity for a wide range substrates including the ones with 1,4-

glucosidic linkages could not be explained. This is mainly for the reason because other than the 

catalytic site residues, there are subsite residues which associate with them to impart a particular 

catalytic characteristic to enzyme and this can only be revealed from the crystal structure studies. 

Therefore, further attempts to crystallize the rAmy5 enzyme would be beneficial and would add 

to the present research for greater advantage. It is suggested that the hexa histidine tag appended 

on the rAmy5 enzyme should be removed by lysing with protease and crystal screen repeated. 

Other than this mutagenesis studies can also be performed on the rAmy5 enzyme to reveal the 

residues involved in catalysis and substrate binding.  

I hereby conclude by saying that more information can be gained on the characteristics of rAmy5 

enzyme by performing more research following the above mentioned directions. Also, using the 

primers designed (as mentioned in Appendix 4) for other H. orenii α-amylase coding genes 

including Amy1, Amy2, Amy6, Amy7 and Amy8 could be cloned and expressed in pET22b (+) 

vector and E. coli strain BL21 (DE3) expression host combination. This would further help in 

revealing the metabolic characteristics of H. orenii, growing in dual extreme conditions of high 

salt and high temperature.   
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APPENDIX 1 - SEQUENCES 

Sequences used in this study: 

Nucleotide Sequences: 

>Amy1 1275 bp  

ACTATTAAGACATCCGACTGGCTAAAATCAGCTATTATTTATGAGGTGTTTCCACGAAAC 

CATACACAAGAAGGAAATATTCAGGGGATAACCAGGGACCTGGAAAGAATAAGGGAACTG 

GGGGTTGATATCGTCTGGTTAATGCCTGTATATCCTGTCGGCAGGAAAGGAAGAAAAGGC 

AAAGAGGGAAGTCCCTATGCTATAAGGGATTACAGGTCTATTGATCCGGCTCTGGGAACA 

TCTGAGGATTTTAAAAAATTGGTAGATAAGGCCCATCGACTCAAATTAAAAGTTATAATT 

GATGTTGTATTCAATCATACAGCTATTGATTCGGTACTGGTTAAAAAGCATCCAGAGTGG 

TTTTATAAAACACCAGAGGGGGAGATATCAAGAAAAATTGATGACTGGTCAGATATCGTT 

GACCTTGATTTTTCCAGTTCTAAATTAAAAGAGTATTTAATTGATACCCTCCAGTACTGG 

GTAGACCTGGGGGTTGATGGGTTCAGGTGTGATGTAGCAGCATTGGTTCCATTAAGCTTC 

TGGAAAGAAGCCAGAGAACAAATTAAAACCGACAGGGAAATTATATGGCTAGCTGAAAGT 

GTTGAAAAATCTTTTGTTAAATTTTTGAGGGAGTCAGGATATGTATGCCATTCAGATCCC 

GAGCTCCATGAGGTTTTTGACCTGACTTATGATTATGATGGTTTTGAATATCTTAAATCT 

TACTTTAAAGGGCAGGGACAAATACATGATTATATAAATCACCTTTATATTCAGGAAACT 

TTGTACCCGGAAAATGCCATCAAGATGCGTTTTCTGGAAAATCATGATAATGTAAGGATT 

GCTTCTATTATTAAAGATAAAACCCGTTTAAAAAACTGGACTGCTTTTTATCTTCTTTTA 

CCTGGTGCTTCTTTAATATATTCTGGTCAGGAGTACGGGATCGATAATACACCTGATTTA 

TTTAACCAGGATCCTATTGACTGGGAAACTGGTGATCCTGATTTTTATTCATATATGAAA 

AGACTGGTCAGTATTGCGAGAAAAATAAAGTCTAACTGTTACCGGTTCAGTATTAAAGAA 

ATCGTTAAGGGGATTATTGAAATAAAATGGCAGGGTCGTGAGGACTGTTATCTGTCTCTC 

CTGAATCTTGAAGACAGGTATGGGTATCTTGACTGTAATAGTGTTTATTCCGGGTATGAT 

ATGTTAAACGACCGGGTATATGAATCAGGGGAAAAAATGAAAATAGAGAAAAATCCCCTT 

ATTTTAAAGCTAAAA 

>Amy2 1770 bp  

CTAAAGGTTAAGGAGCTGAGGGACATGAATAGAGCTGCTATATATCATGTATGTGGAGGC 



 
 

B 

AGTTATGCCTTTCCCGTTAATAAAAATACACTGCGGATCAGGTTGCGGGCTGCACGAAAT 

GACCTTGACAGGGTTGTAGTTGTATATGGAACAAGATACCCCGGAGATGGAGAAGATCCA 

TACTTAAGTCAGGAGATGGAACTGGTGGCTTGTGATGAGCTTCACGATTATTATGAAGCC 

GATATTAGACTTGATGATGCCAGATTCAGGTACCATTTTTACCTGGAAGACGTTCAGGAA 

AGCCTGTGGTTAAATGAAAAGGGTTTTTTTGAGGAAAGGCCCAGGGGTTTCTTCTCTGGG 

TTTTTCCAGTACCCTTTAATTAATTATGCCGATATTTTCAGTACTCCGGACTGGGTAAAA 

GATGCTGTTTTTTATCACATATTTCCGGAAAGGTTTTATAACGGGGATCCATCCAATGAC 

CCCCGTGGAGTTTCCCCCTGGGGTGGGAAACCCGGTAGAAAATCATTTTTTGGTGGTGAT 

TTAGAGGGGATTATTAAAAAACTCGATTACATAGAAAGCCTCGGGGTAAAGGCCATTTAC 

CTTACACCTGTGTTTAAATCACCCAGTAACCATAAGTATAATATTGATGACTATTTCCAG 

ATAGACCCCCATTTTGGAGACCTTGAAACAGCAAGAAGGATGGTCATAGAAGCCCACAGG 

CGTGGAATTAAAATTATTTTTGATGCGGTATTTAACCATTGTGGTTATGATTTCTTTGCT 

TTCAAGGATGTTCGTCAAAAGGGGGAGAAGTCACAGTATAAAGACTGGTTTGAAATTGAA 

AGCTTTCCTGTGCAGACGGATCCCACAAATTATAGAACCTTTGCCAATAATATTGCCCGG 

ATGCCCAAGTTAATGACCGGAAATCCTGAGGTCAGGGAATATTTGATTAACGTGGCAACT 

TACTGGATTAAAGAACTTGATATTGATGGATGGCGGCTGGATGTTGCTGATGAGGTCGAC 

CATCATTTCTGGCGGGAGATGCGTAAAGCTGTTAAGGAAATTAAAGAGGATGCCTACATT 

GTTGGAGAAGTATGGCATAATTCTGAAGACTGGCTTCAGGGTGATCAATTTGATGCTATT 

ATGAATTATCCCTTTACCTATGCTGTAATTGACTTTTTTGCCCGGAACAGAATTGATGCG 

GGCACTTTTGATGCCCAGCTGGCTAAAAACAGGATGTTATATCAGGATAGTGTTAATTAT 

GTAATGTTGAATCTTCTTGATAGTCATGATACCCCCAGGGCCCTTCATTTTTTTGAAGGA 

AACAAGGAAAAATTCAAACTGGCTGTTTTGTTCCAGATGACATACCTTGGGGCCCCCATG 

GTCTATTACGGTGATGAACTCGGTATGACCGGGGGTGAAGAACCGGCATCACGTGGTTGC 

ATGGTCTGGGATAAAGAAAATCAGGATCAAAACTTATTAGATTATTATAAAAAACTGATA 

TCAATAAGGAATAAGCTAACCCCTTTACTCCGGGGTAATTATAAAACAATTTTAGTAGAC 

AATATCAGAAATATTTATGGATTTACACGACATTACAGGGGGCAGTCAGTTATGGTCATT 

ATTAATAATAGTCCCCGGCCACAGCAGGTTAAAATTAAAAAGTTTAAAAACAGAGGAACT 

ATTACAGACCATCTGAGTGGACAGACATACAATACCACAGATGGTTATTACCTCCTTGAC 



 
 

C 

TTATTACCATATCAGGGATTAATCCTGGAA 

>Amy5 1701 bp  

GAGGGATGGCCTATGGAAAGAAAATGGTGGAAAGAAGGGGTGGTTTATCAAATTTAC 

CCCAGGAGTTTCAATGATAGTAATGGTGATGGTATCGGTGACCTGCCGGGTATTATCGAA 

AAACTGGATTACTTAAAGGAGCTGGGGGTAGATATTATTTGGTTATGCCCTGTTTATAAA 

TCCCCCAATGATGATAATGGTTATGATATCAGTGATTATTATGATATTATGGATGAGTTC 

GGAACAATGGAGGATATGGATAAACTAATTGAAGGGGTCCATAAGCGGGGCATGAAGTTA 

ATTATGGACCTGGTGGTCAACCATACCTCTGATGAACACCCCTGGTTTCAGGAGTCGAAA 

TCATCTAAAGATAACCCTTATCGCGACTTTTATATCTGGCGAAAGGGTAAAAACGACGGG 

CCGCCCAATAACTGGGGTTCTGCCTTCAGTGGCTCTGCCTGGGAATATGATGAAAAAACC 

GGGGAGTATTACCTTCACCTTTTCTCTAAAAAGCAGCCTGACCTGAACTGGGAAAACCCC 

CGGGTCAGGGAAGAGGTTTACAAAATGATGAGATGGTGGCTTGATAAAGGTATTGACGGT 

TTCCGGATGGATGTAATTAATATGATCTCCAAGGTAAAGGGACTACCGGATGGTAAGGTA 

TACCCCGGGGCCAAATATGGTGATGGCAGCCCTTATTATCTGAATGGTCCCAGGGTTCAT 

GATTATCTACAGGAGATGAACAGGGAGGTTCTCTCGAAATATGATGTCATGACCGTCGGG 

GAGACCCCGGGGGTTACCCCTGAGATTGCCAGAAAGTATGTTGGTTATGACCGAAATGAA 

CTTAATATGGTCTTCCAGTTTGAGCTGATGGGGATTGACTGCGGGTTAAGTAAATGGGAT 

AAAAAAGACTGGAAGCTTACCGAGTTTAAAAGAATTTTCAATAGATGGTATGAGGGATTA 

AAAGAGAAAGGCTGGAACAGTCTTTATATGAATAACCATGACCAACCGAGGATGGTTCCC 

CGCTTTGGTAATGATAAGGAATACCGGGTAGAATCGGCGAAACTGCTGGCAACCCTGCTC 

CATACCTTTCCCGGTACCCCCTATATTTACCAGGGTGAAGAGATCGGGATGACCAATGTG 

GCTTTTGACAGTATCGAAGACTACCGGGATATTGAGACCCTCAACTGGTATAGGGAACAG 

ATAGAAGAGGGAAGGACTGAGGCAGAAGTTATGGAAGCAATCCACTGGGCCAGCCGTGAT 

AATGCCCGGACTCCCATGCAGTGGGATGATAGTCCCCATGCCGGTTTTACCACAGGTACC 

CCCTGGGTTAAGGTAAACCCCAATTATAAAGATATCAATGTTGCTAAAGCCCGTAAAGAC 

CAGGATTCCATCTTCCATTATTACCGGAGGTTAATTCAGTTAAGGAAGGAAAATCCCGTA 

ATTGTCTACGGTGATTACAGGCCTATCCTTGAAGATGATGAAAAGCTCTTTTCCTATCTC 

AGGACCCTTAATGAAGATGGGGAAGAAAGCCGCCTTCTGGTTATACTCAATTTCTCGGAA 



 
 

D 

GAAGAGGTTAAATTTAAATTACCGGAAGGTATTGGTTACAGCGATAAAAAGATATTGATT 

GGAAATTACCCGGTTGGGTTACAGAAGGATTTATCCAATTTAACCCTGAAGCCCTATGAG 

GCTCTTGTTTACCAGTTAATA 

>Amy6 1689 bp  

ATGACTAAAAAAGAGAAAAGCTGGTGGAAAGAGGCGGTAGTTTATCAAGTATACCCGCGT 

TCTTTTAATGATACTACTGGTAATGGTATCGGGGACTTAAGGGGTATTATTGAAAAGCTC 

GATTATATAAAAGACCTTGGTGTTGATGTTATCTGGTTAAATCCCGTTTACGAGTCTCCA 

TGTGATGACATGGGGTATGATATTAGCAATTATAGAAAAATATTACCCCAGTTTGGCACC 

ATGGAGGATTTTGATCTTCTCCTCTCTGAAATGCATAAGCGGGGATTAAAACTTGTCATG 

GATCTGGTAGTGAATCATACTTCTGATGAACATCGCTGGTTTGTTGAGTCCAGGAAGTCC 

AAAGATAATCCCTACCGGGATTATTATATCTGGAAAAAGCCAAAAGCTGATGGTAGCCCT 

CCCAACAACTGGGTTTCCTATTTCGGGGGTTCTGCCTGGGAGTATGATGAACAAACCGGT 

GAATATTATCTCCATCTGTTTTCCAAAAAACAGCCTGATTTGAACTGGGAAAACCCAAAG 

GTCAGAGAAGAAGTAAAGGATATAATGCGTTTCTGGCTTGATAAAGGTGTCGATGGATTT 

AGAATGGATGTTATTGGATTTATTTCAAAGGATCCTGATTTTGAAGATTTTCCAACTGAT 

AATCCCAGTGGGAAGGATCTTGGTGATAAATATGCCAATGGGCCCAGATTACATGAATTT 

TTACAGGAACTCCATGATGATGTTCTTAGTCACTATGACTGTATGACCGTTGGAGAATGC 

CCCGGAGTATCACCTGAAGATGCCCTGTTAATAGTTGGTAAAGACAGGCGAGAACTCCAG 

ACTCTCTTTCAATTTGAGGGAATGGACATTGATTATGGTAAAAATGGAAGCCGCTTCAGT 

ATAGGTAACTGGGATGTTCATGGTTTTAAAAAAGTATATACAAAATGGCATAAAAAGTTA 

TATGGTAAGGCCTGGAACAGTATTTATCTTATGAACCATGACCAACCACGGGCAGTGTCC 

AGGTTTGGTGATGATAAAAAATACCGCAAAGAATCTGCTAAAATGTTAGCAACCTTCCTG 

CTGTCTATGTGGGGTACCCCCTATATCTATCAGGGGGAAGAAATAGGTATGACAAATTGC 

CCCTTTGAAGGTGTGGAAGAATTCCGGGATATTGAAATGATTAATTATTATAATGAACAG 

ATAAGTAAGGGTAAAACTAAGGAAGAAATAATGCCCGGATTATTATACAGAGGACGGGAT 

AATTCCAGGACTCCAATTCAATGGAATGACTCCAGAAATGCAGTTTTTTCTGATGCTGAA 

GAGACCTGGATAAAGGTAAACCCCAATTATACTGAAATTAATGTTGAAGAAGCTGAAAAA 

GACCCTGATTCAATTCTCCATTATTTCCGTCGTATGATTAAAACCAGGAAAGATAATGAT 



 
 

E 

GTTCTAATATATGGTGACTATGAACTGGTAGATGAAGGAAATGACGATGTGTATGCCTAT 

CGAAGATTTCTAGACAATGAAGAAATGCTTGTTCTTCTAAACTTTACAGATAAAGAGACA 

AGCTGTGATGTTAGCCCTTATAACTTAGAAGATAAAGAGCTGATTATCTCTAATTATAAG 

GGGGGTCAAAAGGTCAAAGGAACTGAAGTGACTTTAAGGCCTTATGAAGCCAGGATCTAT 

AAGATAAAA 

>Amy7 1551 bp  

AGATATGTGAAGCTAAAACGCTTGTCTTTCTTCATGTTTGTTACCTTACTGGTATTTATA 

TCTGTTTTTCCTGTTTATGCAAACGATTTCGAAAAACATGGTACATATTATGAAATTTTT 

GTCAGGTCTTTTTATGACTCTGATGGTGACGGAATAGGGGATTTGAAAGGTATAATAGAA 

AAACTGGATTATCTTAATGATGGAGACCCTGAAACCATTGCTGATCTGGGGGTTAATGGT 

ATCTGGTTAATGCCTATCTTTAAATCTCCCTCCTATCATGGCTATGATGTAACCGATTAT 

TATAAGATTAATCCTGACTACGGGACTCTGGAAGACTTCCATAAGCTTGTTGAGGCTGCC 

CATCAAAGGGGAATCAAGGTTATAATTGATTTACCCATCAATCATACCAGTGAAAGACAT 

CCCTGGTTTCTCAAGGCTTCCCGGGATAAGAATAGTGAATACAGGGATTATTATGTCTGG 

GCTGGCCCCGATACCGATACCAAAGAAACCAAGTTAGATGGAGGCCGGGTCTGGCATCAT 

TCCCCGACCGGTATGTATTATGGGTATTTCTGGAGTGGCATGCCTGATTTAAACTATAAT 

AACCCTGAAGTTCAGGAAAAGGTTATTGAGATAGCAAAATACTGGTTAAAACAGGGGGTT 

GATGGTTTCAGGCTTGATGGAGCCATGCATATCTTCCCACCGGCCCAGTATGATAAAAAC 

TTTACCTGGTGGGAGAAGTTCCGTCAGGAAATTGAAGAGGTAAAACCCGTTTACCTGGTG 

GGTGAGGTCTGGGATATTTCGGAAACGGTAGCTCCTTACTTCAAATATGGTTTTGATTCT 

ACCTTTAACTTTAAACTGGCAGAGGCAGTTATCGCTACGGCTAAAGCTGGATTTCCCTTT 

GGTTTTAATAAAAAGGCAAAACATATTTACGGGGTATATGACAGGGAGGTTGGATTTGGG 

AATTATATCGATGCTCCCTTCCTGACCAACCATGATCAGAACCGGATTTTGGACCAGCTT 

GGGCAGGATCGTAATAAGGCCAGGGTTGCTGCCAGTATTTATTTGACCTTGCCTGGTAAT 

CCCTTTATTTACTATGGTGAAGAAATCGGTATGAGGGGGCAGGGGCCCCATGAAGTTATC 

AGGGAGCCCTTCCAGTGGTATAATGGATCCGGGGAGGGAGAAACATACTGGGAGCCAGCC 

ATGTATAATGATGGCTTTACTTCTGTTGAACAGGAAGAAAAGAATCTCGATTCCCTCTTA 

AATCACTACAGGAGGTTAATCCATTTCCGGAACGAAAATCCTGTCTTTTATACCGGTAAG 



 
 

F 

ATTGAGATTATAAATGGAGGATTAAATGTAGTTGCATTTAGAAGATATAATGATAAGAGG 

GATTTATATGTCTACCATAACCTGGTAAACAGACCGGTTAAAATAAAAGTGGCTAGTGGT 

AACTGGACCTTATTGTTTAATTCAGGTGATAAGGAAATTACCCCTGTTGAAGATAATAAT 

AAACTTATGTATACTATCCCTGCTTATACTACCATTGTTCTGGAAAAGGAG 

>Amy8 1326 bp  

ATGAAGGTTTTTAGAAGGCGTCTTTTCATTGTTTTGTTCAGTCTGCTTCTGTTGATTTCA 

GTTATTACTTCTGCAAGGGCCGGGGTGTTGATGCAAGGGTTTTACTGGGATACTCCATAT 

CAGGGAGAGTGGTATGACCATATAGCCTCCAAAGCTGAAGAACTTTCAAATGCTGGATTT 

ACTGCAATATGGTTTCCTTCGCCATGTAAAGGTGATAGTGGCGGTTATTCCATGGGTTAT 

GACGTTTTTGATCATTATGACCTGGGGAATTATTACCAGCAGGGGACTACTGAAACCCGA 

TTTGGGAGTAAAAATGAACTGTTAAATGCAATCAATGCTTACCACAGTGAAGGAATGCAG 

GTGTATGTTGATACTGTCATGAACCACATGATGGGTGGTGAACAGGAATGGAATCCGAAT 

ACAAATTCGTATACATATACCAGGTTTGATTACCCCCACGATACTTTTGAAAAGAATTAT 

AAACATTTTCATCCAAATTATACCCACCCAGATAATGACCCCCCTTATCATAGTAAAGAA 

TTTGGCGAAGATGTCTGTTATTATAATGACTATAACTATATGGGGAATGGGTTAAAAAAT 

TGGGCAGCCTGGTTAAAGAATAATATTGGATTTGATGGGTATAGATTAGATTTTGTTAAA 

GGTATAGAACCTGATTATATTAAATCCTGGAAACAAACTTCTCCAATGAGTAGTAGTTTT 

GTCGTGGGTGAATACTGGGATGGTAACAGGGATACCCTGGATTGGTGGGCAAATTATACT 

GGTTGTCATGTTTTTGACTTTGCATTATTTTACACATTAAAAGATATGTGTAATAGCGAC 

GGCTACTATGATATGAGAGGGCTACAGGATGCAGGGTTGGTGGAAATAAACCCTTACAGG 

GCGGTAACATTTGTAGAAAACCATGATACAGATGAACATGACCCGGTAACAAAAAATAAA 

TTAATGGCCTATGCTTATATTTTAACCCATGAGGGTTATCCTACAGTATTTTGGAAAGAT 

TATTATGTATATGATTTAAAGGATGAAATAAATAACCTGGTCTGGATACATGAGAACCTG 

GCCTCAGGAACTACCAGTAATCTTTACGCTGATGATAGTTTGTATATTGCCCAACGAAAT 

GGTAATCCCGGACTTGTGGTCGGGCTCAACGATAGTTCCAGTTGGAAGAGTAAATGGGTT 

CAAACTAAATGGAGTAATGTTACTTTACATGACTATACCGGACAGGCCGGAGATGTATAT 

GTGGATAGTAACGGCTGGGTAGAAATTTCAATACCACCAAAAGGATATAGTGTCTACTCT 

CCATAT 
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Protein Sequences: 

>Amy1 translated protein sequence 426aa 

MTIKTSDWLKSAIIYEVFPRNHTQEGNIQGITRDLERIRELGVDIVWLMPVYPVGRKGRK
GKEGSPYAIRDYRSIDPALGTSEDFKKLVDKAHRLKLKVIIDVVFNHTAIDSVLVKKHPE
WFYKTPEGEISRKIDDWSDIVDLDFSSSKLKEYLIDTLQYWVDLGVDGFRCDVAALVPL
SFWKEAREQIKTDREIIWLAESVEKSFVKFLRESGYVCHSDPELHEVFDLTYDYDGFEYL
KSYFKGQGQIHDYINHLYIQETLYPENAIKMRFLENHDNVRIASIIKDKTRLKNWTAFYL
LLPGASLIYSGQEYGIDNTPDLFNQDPIDWETGDPDFYSYMKRLVSIARKIKSNCYRFSIK
EIVKGIIEIKWQGREDCYLSLLNLEDRYGYLDCNSVYSGYDMLNDRVYESGEKMKIEKN
PLILKLK  

>Amy2 translated protein sequence 582aa 

MLKVKELRDMNRAAIYHVCGGSYAFPVNKNTLRIRLRAARNDLDRVVVVYGTRYPGD
GEDPYLSQEMELVACDELHDYYEADIRLDDARFRYHFYLEDVQESLWLNEKGFFEERP
RGFFSGFFQYPLINYADIFSTPDWVKDAVFYHIFPERFYNGDPSNDPRGVSPWGGKPGRK
SFFGGDLEGIIKKLDYIESLGVKAIYLTPVFKSPSNHKYNIDDYFQIDPHFGDLETARRMV
IEAHRRGIKIIFDAVFNHCGYDFFAFKDVRQKGEKSQYKDWFEIESFPVQTDPTNYRTFA
NNIARMPKLMTGNPEVREYLINVATYWIKELDIDGWRLDVADEVDHHFWREMRKAVK
EIKEDAYIVGEVWHNSEDWLQGDQFDAIMNYPFTYAVIDFFARNRIDAGTFDAQLAKN
RMLYQDSVNYVMLNLLDSHDTPRALHFFEGNKEKFKLAVLFQMTYLGAPMVYYGDEL
GMTGGEEPASRGCMVWDKENQDQNLLDYYKKLISIRNKLTPLLRGNYKTILVDNIRNIY
GFTRHYRGQSVMVIINNSPRPQQVKIKKFKNRGTITDHLSGQTYNTTDGYYLLDLLPYQ
GLILE 

>Amy5 Translated Protein sequence 562aa 

MEGWPMERKWWKEGVVYQIYPRSFNDSNGDGIGDLPGIIEKLDYLKELGVDIIWLCPV
YKSPNDDNGYDISDYYDIMDEFGTMEDMDKLIEGVHKRGMKLIMDLVVNHTSDEHPW
FQESKSSKDNPYRDFYIWRKGKNDGPPNNWGSAFSGSAWEYDEKTGEYYLHLFSKKQP
DLNWENPRVREEVYKMMRWWLDKGIDGFRMDVINMISKVKGLPDGKVYPGAKYGDG
SPYYLNGPRVHDYLQEMNREVLSKYDVMTVGETPGVTPEIARKYVGYDRNELNMVFQ
FELMGIDCGLSKWDKKDWKLTEFKRIFNRWYEGLKEKGWNSLYMNNHDQPRMVPRF
GNDKEYRVESAKLLATLLHTFPGTPYIYQGEEIGMTNVAFDSIEDYRDIETLNWYREQIE
EGRTEAEVMEAIHWASRDNARTPMQWDDSPHAGFTTGTPWVKVNPNYKDINVAKARK
DQDSIFHYYRRLIQLRKENPVIVYGDYRPILEDDEKLFSYLRTLNEDGEESRLLVILNFSEE
EVKFKLPEGIGYSDKKILIGNYPVGLQKDLSNLTLKPYEALVYQLI 
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>Amy6 translated protein sequence 563aa 

MTKKEKSWWKEAVVYQVYPRSFNDTTGNGIGDLRGIIEKLDYIKDLGVDVIWLNPVYE
SPCDDMGYDISNYRKILPQFGTMEDFDLLLSEMHKRGLKLVMDLVVNHTSDEHRWFVE
SRKSKDNPYRDYYIWKKPKADGSPPNNWVSYFGGSAWEYDEQTGEYYLHLFSKKQPD
LNWENPKVREEVKDIMRFWLDKGVDGFRMDVIGFISKDPDFEDFPTDNPSGKDLGDKY
ANGPRLHEFLQELHDDVLSHYDCMTVGECPGVSPEDALLIVGKDRRELQTLFQFEGMDI
DYGKNGSRFSIGNWDVHGFKKVYTKWHKKLYGKAWNSIYLMNHDQPRAVSRFGDDK
KYRKESAKMLATFLLSMWGTPYIYQGEEIGMTNCPFEGVEEFRDIEMINYYNEQISKGK
TKEEIMPGLLYRGRDNSRTPIQWNDSRNAVFSDAEETWIKVNPNYTEINVEEAEKDPDSI
LHYFRRMIKTRKDNDVLIYGDYELVDEGNDDVYAYRRFLDNEEMLVLLNFTDKETSCD
VSPYNLEDKELIISNYKGGQKVKGTEVTLRPYEARIYKIK 

>Amy7 translated protein sequence 515aa 

MRYVKLKRLSFFMFVTLLVFISVFPVYANDFEKHGTYYEIFVRSFYDSDGDGIGDLKGII
EKLDYLNDGDPETIADLGVNGIWLMPIFKSPSYHGYDVTDYYKINPDYGTLEDFHKLVE
AAHQRGIKVIIDLPINHTSERHPWFLKASRDKNSEYRDYYVWAGPDTDTKETKLDGGRV
WHHSPTGMYYGYFWSGMPDLNYNNPEVQEKVIEIAKYWLKQGVDGFRLDGAMHIFPP
AQYDKNFTWWEKFRQEIEEVKPVYLVGEVWDISETVAPYFKYGFDSTFNFKLAEAVIAT
AKAGFPFGFNKKAKHIYGVYDREVGFGNYIDAPFLTNHDQNRILDQLGQDRNKARVAA
SIYLTLPGNPFIYYGEEIGMRGQGPHEVIREPFQWYNGSGEGETYWEPAMYNDGFTSVE
QEEKNLDSLLNHYRRLIHFRNENPVFYTGKIEIINGGLNVVAFRRYNDKRDLYVYHNLV
NRPVKIKVASGNWTLLFNSGDKEITPVEDNNKLMYTIPAYTTIVLEKE 

>Amy8 translated protein sequence 442aa 

MKVFRRRLFIVLFSLLLLISVITSARAGVLMQGFYWDTPYQGEWYDHIASKAEELSNAG
FTAIWFPSPCKGDSGGYSMGYDVFDHYDLGNYYQQGTTETRFGSKNELLNAINAYHSE
GMQVYVDTVMNHMMGGEQEWNPNTNSYTYTRFDYPHDTFEKNYKHFHPNYTHPDND
PPYHSKEFGEDVCYYNDYNYMGNGLKNWAAWLKNNIGFDGYRLDFVKGIEPDYIKSW
KQTSPMSSSFVVGEYWDGNRDTLDWWANYTGCHVFDFALFYTLKDMCNSDGYYDMR
GLQDAGLVEINPYRAVTFVENHDTDEHDPVTKNKLMAYAYILTHEGYPTVFWKDYYV
YDLKDEINNLVWIHENLASGTTSNLYADDSLYIAQRNGNPGLVVGLNDSSSWKSKWVQ
TKWSNVTLHDYTGQAGDVYVDSNGWVEISIPPKGYSVYSPY 

>gi|223586|prf||0901305A amylase A,Taka 

ATPADWRSQSIYFLLTDRFARTDGSTTATCNTADQKYCGGTWQGIIDKLDYIQGMGFTA
IWITPVTAQLPQDCAYGDAYTGYWQTDIYSLNENYGTADDLKALSSALHERGMYLMV
DVVANHMGYDGAGSSVDYSVFKPFSSQDYFHPFCFIQNYEDQTQVEDCWLGDNTVSLP
DLDTTKDVVKNEWYDWVGSLVSNYSIDGLRIDTVKHVQKDFWPGYNKAAGVYCIGEV
LDGDPAYTCPYQNVMDGVLNYPIYYPLLNAFKSTSGSMDDLYNMINTVKSDCPDSTLL
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GTFVENHDNPRFASYTNDIALAKNVAAFIILNDGLPIIYAGQEQHYAGGNDPANREATW
LSGYPTDSELYKLIASANAIRNYAISKDTGFVTYKNPYIKDDTTIAMRKGTDGSQIVTILS
NKGASGDSYTLSLSGASYTAGQQLTEVIGCTTVTVGSDGNVPVPMAGGLPRVLYPTEKL
AGSKICSDSS 
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APPENDIX 2 - MEDIA AND SOLUTIONS 

DNS Reagent solutions: 

Solution A: 1gram of 3,5-dinitrosalicylic acid (1%), 200μl of Phenol, 0.05gram sodium sulfite, 

1gram of sodium hydroxide (NaOH) and finally milli Q water was added to make up the volume 

to 100ml. 

Solution B: 40grams of Potassium Sodium Tartrate (Rochelle Salt) and Milli Q water was added 

to make up the volume to 100mls. 

CCMB80 buffer: 10mM KOAc (Potassium acetate) pH 7.0, 80mM CaCl2.2H2O, 20mM 

MnCl2.4H2O, 10mM MgCl2.6H2O, 10% glycerol, pH was adjusted to 6.4 with 0.1N HCl and 

medium was finally filter sterilized and stored at 4°C for long term storage. 

SOB Medium: 0.5% (w/v) Yeast Extract, 2% (w/v) Tryptone, 10mM NaCl, 2.5mM KCl. 

Luria-Bertani Media: Ready-made LB Broth was purchased from Oxoid Ltd (Basingstroke, 

Hampshire, England) and prepared according to manufacturer’s instructions.  

100 mM IPTG (isopropyl β-D-thiogalactopyranoside): 

Dissolved 0.238 g IPTG (FW 238.3 g/mol) in 10 ml ddH2O, filter sterilized using a 0.45μm 

syringe filter and stored in 1ml aliquots at -20°C. 

1 M Tris-HCl, pH 8.0 (per liter of deionized distilled H2O):  

121 g Tris base, concentrated HCl (~ 70 ml). 

TE Buffer, pH 8.0:  

10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0). 

50 X TAE Buffer, pH ~8.0 (per liter of ddH2O):  

242 g Tris Base, 57.1 ml glacial acetic acid, 100 ml 0.5 M EDTA (pH 8.0). 

1X TAE Buffer, 100ml: 

Dissolved 2ml of 50X TAE buffer in 98ml of distilled water.  

0.5 M EDTA, pH 8.0 (per liter of ddH2O):  

186.1 g Na2EDTA.2H2O, 10 M NaOH (~ 50 ml). 



 
 

K 

100mM PMSF: 

17.42mg of PMSF was added to 1ml of ethanol (100%) in an eppendorf  tube, mixed and stored 

at -20˚C. 

10mg /ml BSA stock: 

100mg of Bovine Serum Albumin was mixed in 10ml of sdH20 and aliqots were made and 

stored at -20˚C. 

SOB Medium (For competent cell preparation), 1Lt.: 

5gram yeast extract, 20 gram tryptone, 0.584 gram NaCl, 0.186 KCl, 2.4 gram MgSO4, pH 

adjusted to 7.5 using approximately 20ml 1M NaOH, final volume made up to 1lt. using dd H2O.   

6X Sample Buffer: 

6ml 100% glycerol, 3ml 1M Tri 6.8, 240μl 0.5M EDTA, 1.2 gram SDS, 600μl 2-

mercaptoethanol, 0.005 gram Bromophenol Blue Dye or just a pinch, added all the above 

contents in a 100ml Schott Bottle and mixed them, made 1ml aliquots and stored them at -20˚C. 

6X DNA loading dye: 

10 mM Tris-HCl (pH 7.6), 0.03% bromophenol blue, 0.03% xylene cyanol FF, 60% glycerol, 

60 mM EDTA. 

10mg/ml Ampicillin Stock: 

Added 100mg of ampicillin in 10ml of sd H2O and after filter sterilization made aliquots of it in 

1.5 ml microfuge tube and stored at -20˚C. 

SOC Medium, 100ml: 

Added 2 grams bactotryptone, 0.5gram bacto-yeast extract, 1ml NaCl and 0.25ml 1M KCl t0 

97ml of dd H2O. Adjusted pH to 7 and autoclaved it. Added 1ml of 2M MgSO4 after filter-

sterilization to the cooled autoclaved media and 1ml of 2M glucose (filter sterilized) also. 

HEPES buffer, 1M stock, pH 7.5 (50ml): 

Weighed 12 grams of HEPES and made final volume to 50ml with sd H2O and adjusted pH to 

7.5 with KOH. 



 
 

L 

Equilibrium/Wash/Binding Buffer, as used for IMAC: 

100mM HEPES, 10mM Imidazole, pH 7.5 

Acidic Buffer (for recharging sepharose chelating column) 

0.02M Sodium acetate or 0.082 grams, 0.5M NaCl or 1.461 grams, made the final volume to 
50ml with milliQ water, adjusted pH to 4.0 with HCl. 

NuPAGE MOPS SDS Running Buffer, 20X, 500ml: 

50mM MOPS or 104.6 grams, 50mM Tris Base or 60.6 gram, 0.1% SDS or 10 grams, 1mM 
EDTA or 3 grams, made final volume to 500ml with sd water and checked pH 7.7 (Don’t adjust 
pH with acid or base). 

0.8M Na2CO3, 100ml: 

8.47 grams of Na2CO3 was weighed and volume was made up to 100ml with distilled water. The 
solution was mixed using a magnetic stirrer and filtered through a 0.45μm filter membrane.   

0.2M Glycine, 100ml: 

1.5 gram of glycine was weighed and the volume was made up to 100ml with distilled water. 

The solution was mixed using a magnetic stirrer and filtered through a 0.45μm filter membrane. 

0.2M NaOH 100ml: 

0.8grams of NaOH pellets were weighed and the volume was made to 100 ml with deionized 

water. The solution was mixed using a magnetic stirrer and then filtered through a 0.45μm filter 

membrane. 
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Bis-Tris HCl 100mM Buffer Stock, pH 5.3-7.0, 20ml: 

Bis-Tris 
(grams) 1M HCl (ml) pH 

Total volume 
adjusted with 
sterile water 

(ml) 

0.418 1.5 5.3 20 

0.418 1.0 6.0 20 

0.418 0.5 6.5 20 

0.418 10 drops 7.0 20 

Tris-HCl 100mM Buffer Stock, pH 7.5-8.5, 20ml: 

 Tris (grams) 0.1M HCl (ml) pH 

Total volume 
adjusted with 
sterile water 

(ml) 

0.242 9 7.5 20 

0.242 3 8.0 20 

0.242 1 8.5 20 

Glycine-NaOH 100mM Buffer Stock, pH 8.6-10, 5ml: 

0.2M Glycine 0.2M NaOH (ml) pH 
Total volume 
adjusted with 

sterile water (ml) 

2.5 0.2 8.6 5 

2.5 0.44 9.0 5 

2.5 1.12 9.6 5 

2.5 1.36 9.8 5 

2.5 2.275 10.0 5 

*pH of the above buffer stocks was confirmed using a calibrated T.P.S Digital pH meter (Model 

No. 1852, Made in Australia). 
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APPENDIX 3 - CHEMICALS AND REAGENTS 

Substrate/Sugar Stock 
Concentration 

Company Molecular 
Weight 

Amount 
required to 
make 10ml 

stock in 
distilled 
water 

Amylose 0.5% Sigma - 0.05grams 

Amylopectin 1.0% Sigma - 0.1grams 

α-cyclodextrin 10mM Sigma 972.9 0.0972 grams 

β-cyclodextrin 10mM Sigma 1135 0.0113 grams 

γ-cyclodextrin 5mM ICN 
Biomedicals 

1297.14 0.648 grams 

D-(+)-Cellobiose 100mM Sigma 342.3 0.342grams 

Dextran 2000 1% Amersham 
Biosciences 

- 0.1grams 

Dextrin (Type 1) 1% - - 0.1 grams 

D(-)Fructose 100mM Sigma 180.2 0.180 grams 

D(+)Galactose 100mM Sigma 180.2 0.180 grams 

D-Glucose 100mM Chem-Supply 180.16 0.180 grams 

D(+)Glucosamine 
hydrochloride 

100mM Sigma 215.6 0.215 grams 

Isomaltotriose 10mM Sigma 504.4 0.0504 grams 

α-Lactose (Milk Sugar) 100mM Sigma 342.3 0.342 grams 

Methyl-β-D-
glucopyranoside 

10mM Sigma 194.2 0.0194 grams 

Maltose (4-O-α-D-
glucopyranosyl-D-

100mM Sigma 360.3 0.36 grams 
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glucose) 

D-Mannitol 100mM Chem-Supply 182.17 0.184 grams 

D(+)Mannose 100mM Sigma 180.16 0.180 grams 

Malto-oligosaccharide 
mixture 

100mM ICN 
Biomedicals 

- 0.1grams 

4-methylum belliferone 10mM Sigma 176.2 0.01762 
grams 

Maltotriose 20mM Sigma 504.4 0.1008 grams 

Palatinose (6-O-α-D-
glucopyranosyl-D-

fructofuranose) 

10mM Sigma 342.3 0.0342 grams 

Pullulan 1% Sigma - 0.1 grams 

D(+)Raffinose 100mM Sigma 594.5 0.594 grams 

Soluble Starch  1% Chem-Supply - 0.1 grams 

Sucrose 100mM Chem-Supply 342.3 0.342 grams 

D(+)Trehalose 
Dihydrate 

100mM Fluka 378.3 0.3783 grams 

D(+)Xylose 20mM Sigma 150.1 0.03 grams 

Maltotetraose 10mM Sigma 666.6 0.0666 grams 

L-Histidine 100mM Sigma 155.16 0.1551 grams 

L-Alanine 100mM Sigma 89.1 0.0891 grams 

NH4Cl 100mM Banksia 
Scientific 

53.49 0.0534 grams 

Isomaltose 10mM Sigma 342.3 0.0342 grams 

Panose 10mM Sigma 504.4 0.0504 grams 
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Metal Ions/Inhibitors Stock 
Concentration 

Company Molecular 
Weight 

Amount 
required in 
grams for 

10ml 

ZnCl2 100mM - 136.3 0.136 

Tris 100mM - 121.14 0.121 

Urea 6.3M - 60.06 3.783 

SDS 100mM - 288.38 0.288 

FeCl3 100mM - 162.21 0.162 

KCl 5M - 74.55 3.727 

MnCl2 100mM - 197.9 0.197 

MgCl2 100mM - 203.30 0.203 

NaCl 5M - 58.44 2.922 

NiCl2 100mM - 237.71 0.237 

EDTA 100mM - 372.24 0.372 

FeCl2 100mM - 198.80 0.198 

CaCl2 100mM - 147.02 0.147 

D-glucose 100mM - 180.16 0.180 

Cobalt Chloride 100mM - 237.93 0.237 

Ethanolamine 0.5M - 61.08 0.305 

Cadmium Chloride 100mM - 228.36 0.228 

CuCl2 100mM - 170.48 0.170 
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PNP-Glycosides Stock 
Concentration 

(mM) 

Company Molecular 
Weight 

Amount 
required in 
grams for 
10ml stock 

2-Nitrophenyl-β-D-
glucopyranoside  

10  301.26 0.0301 

4-Nitrophenyl-α-D-
xylopyranoside 

10  271.2 0.0271 

4-Nitrophenyl-β-D-
xylopyranoside 

10  271.2 0.027 

2-Nitrophenyl-1-thio-β-
D-galactopyranoside 

10  317.32 0.0317 

4-Nitrophenyl-β-D-
fucopyranoside 

10  285.26 0.0285 

2-Nitrophenyl-β-D-
fucopyranoside 

10  285.3 0.0285 

4-Nitrophenyl-β-D-
glucuronide 

10  315.2 0.0315 

4-Nitrophenyl-α-L-
arabinopyranoside 

10  271.2 0.0271 
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APPENDIX 4 - PRIMERS 

Primers for flexi vector pFN6A: 

Primer Sequence 
Restriction 

site 
Tm GC% Length 

Amy1 

Forward 
GGCTGCGATCGCCATGACTATTAAGACATCCGACTGG SgfI 68 54 37 

Amy1 

Reverse 
ACAGGTTTAAACTTTTAGCTTTAAAATAAGGGGATTTTTC PmeI 68 28 40 

Amy2 

Forward 
AGGAGCGATCGCCATGCTAAAGGTTAAGGAGCTGAG SgfI 68 53 36 

Amy2 

Reverse 
GATGGTTTAAACTTCCAGGATTAATCCCTGATA PmeI 68 36 33 

Amy5 

Forward 
CGAAGCGATCGCCATGGAGGGATGGCCTATGGAAAG SgfI 70 58 36 

Amy5 

Reverse 
TTGTGTTTAAACTATTAACTGGTAAACAAGAGCCTCATAGGG PmeI 70 36 42 

Amy6 

Forward 
GGGTGCGATCGCCATGACTAAAAAAGAGAAAAGC SgfI 65 47 34 

Amy6 

Reverse 
GATTGTTTAAACTTTTATCTTATAGATCCTGGC PmeI 65 30 33 

Amy7 

Forward 
CACCGCGATCGCCATGAGATATGTGAAGCTAAAACGCTTG SgfI 68 50 40 

Amy7 

Reverse 
CCTGGTTTAAACCTCCTTTTCCAGAACAATGGTA PmeI 68 41 3 

Amy8 

Forward 
GCGTGCGATCGCCATGAAGGTTTTTAGAAGGCGT SgfI 68 53 34 

Amy8 

Reverse 
GGTTGTTTAAACATATGGAGAGTAGACACTATATCCT PmeI 68 35 37 

*Restriction sites are underlined. 

*Primer designing tool used: Flexi vector primer designing tool (Url: http://www.promega.com/techserv/tools/flexivectortool/default.aspx) 
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Expected PCR Amplified Products:  

Glycosyl 

Hydrolase 

Homologs of H. 

orenii 

Size after PCR 

amplification 

with primers 

(base pairs) 

Size after 

digestion with 

SgfI and PmeI 

primers 

(base pairs) 

Amy1 1303 1288 

Amy2 1798 1783 

Amy5 1726 1711 

Amy6 1714 1699 

Amy7 1579 1564 

Amy8 1351 1336 
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Primers for pET22b (+) vector: 

PRIMER SEQUENCE Restriction 
Site 

Amy1 
Forward 5’-GCGCTTCATATGACTATTAAGACATCCGACTG NdeI 

Amy1 
Reverse 

5’-
GCGGTACTCGAGTCAATGATGGTGATGGTGATGCTTTTTTAGCTTTAA

AATAAG 
XhoI 

Amy2 
Forward 5’-GCGCTTCATATGCTAAAGGTTAAGGAGCTG NdeI 

Amy2 
Reverse 

5’-
GCGGTACTCGAGTCAATGATGGTGATGGTGATGCTTTTCCAGGATTA

ATC 
XhoI 

Amy5 
Forward 5’-GCGCTTCATATGGAGGGATGGCCTATG NdeI 

Amy5 
Reverse 

5’-
GCGGTACTCGAGTCAATGATGGTGATGGTGATGCTTTATTAACTGGT

AAACAAG 
XhoI 

Amy6 
Forward GCGCTGCATATGACTAAAAAAGAGAAAAG NdeI 

Amy6 
Reverse 

GCGGTACTCGAGTTAATGATGGTGATGGTGATGCTTTTTTATCTTATA
GATCCTGGCTTCA XhoI 

Amy7 
Forward GCGCTGCATATGAGATATGTGAAGCTAAAACG NdeI 

Amy7 
Reverse 

GCGGTACTCGAGTTAATGATGGTGATGGTGATGCTTCTCCTTTTCCAG
AACAATG XhoI 

Amy8 
Forward GCGCTACATATGAAGGTTTTTAGAAGGCG NdeI 

Amy8 
Reverse 

GCGCTGCTCGAGTTAATGATGGTGATGGTGATGCTTATATGGAGAGT
AGACACT XhoI 

*Stop codon is bold faced, restriction sites are underlined, lysine is bold underlined, and histidine residues 

italicized. 
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pET22b (+) vector primer analysis: 

PRIMER Length MW GC% Tm Hair Pin 
Amy1 Forward 32 9783 44 63 no 
Amy1 Reverse 54 16776 39 71 no 
Amy2 Forward 30 9286 47 64 no 
Amy2 Reverse 50 15502 46 71 no 
Amy5 Forward 27 8371 56 63 no 
Amy5 Reverse 54 16795 43 71 no 
Amy6 Forward 29 9001 38 60 no 
Amy6 Reverse 61 18867 41 73 no 
Amy7 Forward 32 9921 44 65 1 Hair Pin 
Amy7 Reverse 55 17002 45 72 no 
Amy8 Forward 29 8996 45 62 no 
Amy8 Reverse 54 16827 46 74 no 

*Tool used for primer analysis: Primer Dimer detection tool (Url: 

http://www.basic.northwestern.edu/biotools/OligoCalc.html) 
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APPENDIX 5 - PET22B (+) VECTOR SEQUENCE AND MAP 

pET22b (+) Vector Sequence (5493bp) and Map: 

       1  ATCCGGATAT AGTTCCTCCT TTCAGCAAAA AACCCCTCAA GACCCGTTTA  
 
      51  GAGGCCCCAA GGGGTTATGC TAGTTATTGC TCAGCGGTGG CAGCAGCCAA  
 
     101  CTCAGCTTCC TTTCGGGCTT TGTTAGCAGC CGGATCTCAG TGGTGGTGGT  
 
     151  GGTGGTGCTC GAGTGCGGCC GCAAGCTTGT CGACGGAGCT CGAATTCGGA  
 
     201  TCCGAATTAA TTCCGATATC CATGGCCATC GCCGGCTGGG CAGCGAGGAG  
 
     251  CAGCAGACCA GCAGCAGCGG TCGGCAGCAG GTATTTCATA TGTATATCTC  
 
     301  CTTCTTAAAG TTAAACAAAA TTATTTCTAG AGGGGAATTG TTATCCGCTC  
 
     351  ACAATTCCCC TATAGTGAGT CGTATTAATT TCGCGGGATC GAGATCTCGA  
 
     401  TCCTCTACGC CGGACGCATC GTGGCCGGCA TCACCGGCGC CACAGGTGCG  
 
     451  GTTGCTGGCG CCTATATCGC CGACATCACC GATGGGGAAG ATCGGGCTCG  
 
     501  CCACTTCGGG CTCATGAGCG CTTGTTTCGG CGTGGGTATG GTGGCAGGCC  
 
     551  CCGTGGCCGG GGGACTGTTG GGCGCCATCT CCTTGCATGC ACCATTCCTT  
 
     601  GCGGCGGCGG TGCTCAACGG CCTCAACCTA CTACTGGGCT GCTTCCTAAT  
 
     651  GCAGGAGTCG CATAAGGGAG AGCGTCGAGA TCCCGGACAC CATCGAATGG  
 
     701  CGCAAAACCT TTCGCGGTAT GGCATGATAG CGCCCGGAAG AGAGTCAATT  
 
     751  CAGGGTGGTG AATGTGAAAC CAGTAACGTT ATACGATGTC GCAGAGTATG  
 
     801  CCGGTGTCTC TTATCAGACC GTTTCCCGCG TGGTGAACCA GGCCAGCCAC  
 
     851  GTTTCTGCGA AAACGCGGGA AAAAGTGGAA GCGGCGATGG CGGAGCTGAA  
 
     901  TTACATTCCC AACCGCGTGG CACAACAACT GGCGGGCAAA CAGTCGTTGC  
 
     951  TGATTGGCGT TGCCACCTCC AGTCTGGCCC TGCACGCGCC GTCGCAAATT  
 
    1001  GTCGCGGCGA TTAAATCTCG CGCCGATCAA CTGGGTGCCA GCGTGGTGGT  
 
    1051  GTCGATGGTA GAACGAAGCG GCGTCGAAGC CTGTAAAGCG GCGGTGCACA  
 
    1101  ATCTTCTCGC GCAACGCGTC AGTGGGCTGA TCATTAACTA TCCGCTGGAT  
 
    1151  GACCAGGATG CCATTGCTGT GGAAGCTGCC TGCACTAATG TTCCGGCGTT  
 
    1201  ATTTCTTGAT GTCTCTGACC AGACACCCAT CAACAGTATT ATTTTCTCCC  
 
    1251  ATGAAGACGG TACGCGACTG GGCGTGGAGC ATCTGGTCGC ATTGGGTCAC  
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    1301  CAGCAAATCG CGCTGTTAGC GGGCCCATTA AGTTCTGTCT CGGCGCGTCT  
 
    1351  GCGTCTGGCT GGCTGGCATA AATATCTCAC TCGCAATCAA ATTCAGCCGA  
 
    1401  TAGCGGAACG GGAAGGCGAC TGGAGTGCCA TGTCCGGTTT TCAACAAACC  
 
    1451  ATGCAAATGC TGAATGAGGG CATCGTTCCC ACTGCGATGC TGGTTGCCAA  
 
    1501  CGATCAGATG GCGCTGGGCG CAATGCGCGC CATTACCGAG TCCGGGCTGC  
 
    1551  GCGTTGGTGC GGATATCTCG GTAGTGGGAT ACGACGATAC CGAAGACAGC  
 
    1601  TCATGTTATA TCCCGCCGTT AACCACCATC AAACAGGATT TTCGCCTGCT  
 
    1651  GGGGCAAACC AGCGTGGACC GCTTGCTGCA ACTCTCTCAG GGCCAGGCGG  
 
    1701  TGAAGGGCAA TCAGCTGTTG CCCGTCTCAC TGGTGAAAAG AAAAACCACC  
 
    1751  CTGGCGCCCA ATACGCAAAC CGCCTCTCCC CGCGCGTTGG CCGATTCATT  
 
    1801  AATGCAGCTG GCACGACAGG TTTCCCGACT GGAAAGCGGG CAGTGAGCGC  
 
    1851  AACGCAATTA ATGTAAGTTA GCTCACTCAT TAGGCACCGG GATCTCGACC  
 
    1901  GATGCCCTTG AGAGCCTTCA ACCCAGTCAG CTCCTTCCGG TGGGCGCGGG  
 
    1951  GCATGACTAT CGTCGCCGCA CTTATGACTG TCTTCTTTAT CATGCAACTC  
 
    2001  GTAGGACAGG TGCCGGCAGC GCTCTGGGTC ATTTTCGGCG AGGACCGCTT  
 
    2051  TCGCTGGAGC GCGACGATGA TCGGCCTGTC GCTTGCGGTA TTCGGAATCT  
 
    2101  TGCACGCCCT CGCTCAAGCC TTCGTCACTG GTCCCGCCAC CAAACGTTTC  
 
    2151  GGCGAGAAGC AGGCCATTAT CGCCGGCATG GCGGCCCCAC GGGTGCGCAT  
 
    2201  GATCGTGCTC CTGTCGTTGA GGACCCGGCT AGGCTGGCGG GGTTGCCTTA  
 
    2251  CTGGTTAGCA GAATGAATCA CCGATACGCG AGCGAACGTG AAGCGACTGC  
 
    2301  TGCTGCAAAA CGTCTGCGAC CTGAGCAACA ACATGAATGG TCTTCGGTTT  
 
    2351  CCGTGTTTCG TAAAGTCTGG AAACGCGGAA GTCAGCGCCC TGCACCATTA  
 
    2401  TGTTCCGGAT CTGCATCGCA GGATGCTGCT GGCTACCCTG TGGAACACCT  
 
    2451  ACATCTGTAT TAACGAAGCG CTGGCATTGA CCCTGAGTGA TTTTTCTCTG  
 
    2501  GTCCCGCCGC ATCCATACCG CCAGTTGTTT ACCCTCACAA CGTTCCAGTA  
 
    2551  ACCGGGCATG TTCATCATCA GTAACCCGTA TCGTGAGCAT CCTCTCTCGT  
 
    2601  TTCATCGGTA TCATTACCCC CATGAACAGA AATCCCCCTT ACACGGAGGC  
 
    2651  ATCAGTGACC AAACAGGAAA AAACCGCCCT TAACATGGCC CGCTTTATCA  



 
 

X 

 
    2701  GAAGCCAGAC ATTAACGCTT CTGGAGAAAC TCAACGAGCT GGACGCGGAT  
 
    2751  GAACAGGCAG ACATCTGTGA ATCGCTTCAC GACCACGCTG ATGAGCTTTA  
 
    2801  CCGCAGCTGC CTCGCGCGTT TCGGTGATGA CGGTGAAAAC CTCTGACACA  
 
    2851  TGCAGCTCCC GGAGACGGTC ACAGCTTGTC TGTAAGCGGA TGCCGGGAGC  
 
    2901  AGACAAGCCC GTCAGGGCGC GTCAGCGGGT GTTGGCGGGT GTCGGGGCGC  
 
    2951  AGCCATGACC CAGTCACGTA GCGATAGCGG AGTGTATACT GGCTTAACTA  
 
    3001  TGCGGCATCA GAGCAGATTG TACTGAGAGT GCACCATATA TGCGGTGTGA  
 
    3051  AATACCGCAC AGATGCGTAA GGAGAAAATA CCGCATCAGG CGCTCTTCCG  
 
    3101  CTTCCTCGCT CACTGACTCG CTGCGCTCGG TCGTTCGGCT GCGGCGAGCG  
 
    3151  GTATCAGCTC ACTCAAAGGC GGTAATACGG TTATCCACAG AATCAGGGGA  
 
    3201  TAACGCAGGA AAGAACATGT GAGCAAAAGG CCAGCAAAAG GCCAGGAACC  
 
    3251  GTAAAAAGGC CGCGTTGCTG GCGTTTTTCC ATAGGCTCCG CCCCCCTGAC  
 
    3301  GAGCATCACA AAAATCGACG CTCAAGTCAG AGGTGGCGAA ACCCGACAGG  
 
    3351  ACTATAAAGA TACCAGGCGT TTCCCCCTGG AAGCTCCCTC GTGCGCTCTC  
 
    3401  CTGTTCCGAC CCTGCCGCTT ACCGGATACC TGTCCGCCTT TCTCCCTTCG  
 
    3451  GGAAGCGTGG CGCTTTCTCA TAGCTCACGC TGTAGGTATC TCAGTTCGGT  
 
    3501  GTAGGTCGTT CGCTCCAAGC TGGGCTGTGT GCACGAACCC CCCGTTCAGC  
 
    3551  CCGACCGCTG CGCCTTATCC GGTAACTATC GTCTTGAGTC CAACCCGGTA  
 
    3601  AGACACGACT TATCGCCACT GGCAGCAGCC ACTGGTAACA GGATTAGCAG  
 
    3651  AGCGAGGTAT GTAGGCGGTG CTACAGAGTT CTTGAAGTGG TGGCCTAACT  
 
    3701  ACGGCTACAC TAGAAGGACA GTATTTGGTA TCTGCGCTCT GCTGAAGCCA  
 
    3751  GTTACCTTCG GAAAAAGAGT TGGTAGCTCT TGATCCGGCA AACAAACCAC  
 
    3801  CGCTGGTAGC GGTGGTTTTT TTGTTTGCAA GCAGCAGATT ACGCGCAGAA  
 
    3851  AAAAAGGATC TCAAGAAGAT CCTTTGATCT TTTCTACGGG GTCTGACGCT  
 
    3901  CAGTGGAACG AAAACTCACG TTAAGGGATT TTGGTCATGA GATTATCAAA  
 
    3951  AAGGATCTTC ACCTAGATCC TTTTAAATTA AAAATGAAGT TTTAAATCAA  
 
    4001  TCTAAAGTAT ATATGAGTAA ACTTGGTCTG ACAGTTACCA ATGCTTAATC  
 
    4051  AGTGAGGCAC CTATCTCAGC GATCTGTCTA TTTCGTTCAT CCATAGTTGC  



 
 

Y 

 
    4101  CTGACTCCCC GTCGTGTAGA TAACTACGAT ACGGGAGGGC TTACCATCTG  
 
    4151  GCCCCAGTGC TGCAATGATA CCGCGAGACC CACGCTCACC GGCTCCAGAT  
 
    4201  TTATCAGCAA TAAACCAGCC AGCCGGAAGG GCCGAGCGCA GAAGTGGTCC  
 
    4251  TGCAACTTTA TCCGCCTCCA TCCAGTCTAT TAATTGTTGC CGGGAAGCTA  
 
    4301  GAGTAAGTAG TTCGCCAGTT AATAGTTTGC GCAACGTTGT TGCCATTGCT  
 
    4351  GCAGGCATCG TGGTGTCACG CTCGTCGTTT GGTATGGCTT CATTCAGCTC  
 
    4401  CGGTTCCCAA CGATCAAGGC GAGTTACATG ATCCCCCATG TTGTGCAAAA  
 
    4451  AAGCGGTTAG CTCCTTCGGT CCTCCGATCG TTGTCAGAAG TAAGTTGGCC  
 
    4501  GCAGTGTTAT CACTCATGGT TATGGCAGCA CTGCATAATT CTCTTACTGT  
 
    4551  CATGCCATCC GTAAGATGCT TTTCTGTGAC TGGTGAGTAC TCAACCAAGT  
 
    4601  CATTCTGAGA ATAGTGTATG CGGCGACCGA GTTGCTCTTG CCCGGCGTCA  
 
    4651  ATACGGGATA ATACCGCGCC ACATAGCAGA ACTTTAAAAG TGCTCATCAT  
 
    4701  TGGAAAACGT TCTTCGGGGC GAAAACTCTC AAGGATCTTA CCGCTGTTGA  
 
    4751  GATCCAGTTC GATGTAACCC ACTCGTGCAC CCAACTGATC TTCAGCATCT  
 
    4801  TTTACTTTCA CCAGCGTTTC TGGGTGAGCA AAAACAGGAA GGCAAAATGC  
 
    4851  CGCAAAAAAG GGAATAAGGG CGACACGGAA ATGTTGAATA CTCATACTCT  
 
    4901  TCCTTTTTCA ATATTATTGA AGCATTTATC AGGGTTATTG TCTCATGAGC  
 
    4951  GGATACATAT TTGAATGTAT TTAGAAAAAT AAACAAATAG GGGTTCCGCG  
 
    5001  CACATTTCCC CGAAAAGTGC CACCTGAAAT TGTAAACGTT AATATTTTGT  
 
    5051  TAAAATTCGC GTTAAATTTT TGTTAAATCA GCTCATTTTT TAACCAATAG  
 
    5101  GCCGAAATCG GCAAAATCCC TTATAAATCA AAAGAATAGA CCGAGATAGG  
 
    5151  GTTGAGTGTT GTTCCAGTTT GGAACAAGAG TCCACTATTA AAGAACGTGG  
 
    5201  ACTCCAACGT CAAAGGGCGA AAAACCGTCT ATCAGGGCGA TGGCCCACTA  
 
    5251  CGTGAACCAT CACCCTAATC AAGTTTTTTG GGGTCGAGGT GCCGTAAAGC  
 
    5301  ACTAAATCGG AACCCTAAAG GGAGCCCCCG ATTTAGAGCT TGACGGGGAA  
 
    5351  AGCCGGCGAA CGTGGCGAGA AAGGAAGGGA AGAAAGCGAA AGGAGCGGGC  
 
    5401  GCTAGGGCGC TGGCAAGTGT AGCGGTCACG CTGCGCGTAA CCACCACACC  
 
    5451 CGCCGCGCTT AATGCGCCGC TACAGGGCGC GTCCCATTCG CCA 



 
 

Z 

 
 
pET22b (+) vector map: 

 



 
 

AA 

APPENDIX 6 - DNA AND PROTEIN MARKERS 

Lambda DNA/HindIII Marker, 2 (Fermentas catalog #SM0101/2/3):  

 
Range 

8 fragments (in bp): 23130*, 9416, 6557, 4361*, 2322, 2027, 564, 125. 

Fermentas PageRuler™ Prestained Protein Ladder Plus (#SM1811): 

 



 
 

BB 

APPENDIX 7 - PATEL LAB MEDIA 

Patel Lab Media (PLM): A modified version of tryptone-yeast extract-glucose (TYEG) 

medium: 

Number Component Amount (grams/liter) 

1. NH4Cl 1.0 

2. K2HPO4 0.6 

3. KH2PO4 0.3 

4. MgCl2.6H2O 0.1 

5. CaCl2.2H2O 0.1 

6. NaCl 75 

7. Na2S (Reducing Agent) 
1.0 (Added after mixing and 

autoclaving) 

8. Yeast Extract 10.0 

9. Tryptone 5.0 

10. Peptone 5.0 

11. Resazurin 1.0 

12. 
Wolin’s Reagent (Vitamin 

solution) 
1.0 

13. 
Zeikus Solution (Trace 

Elements) 
2.0 
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