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Summary 
 

This study is based on gene cloning and characterization of a thermostable DNA 

polymerase from the hyperthermophilic archaeon Pyrobaculum calidifontis. The gene 

encoding P. calidifontis DNA polymerase (Pca DNA polymerase) was amplified from 

the genomic DNA of the archaeon, cloned in a cloning vector and sequenced. The 2352 

bp gene coded for 783 amino acids. The deduced amino acid sequence of Pca polymerase 

showed high similarity to the archaeal family B DNA polymerases. Conserved motifs for 

polymerase and 3’-5’ exonuclease activities were also identified in the sequence.  

 

The Pca polymerase gene was expressed under the control of T7lac promoter using the 

expression vector pET-21a(+) in Escherichia coli BL21 CodonPlus (DE3)-RIL. The gene 

product was purified by heat treatment followed by ion exchange and hydrophobic 

interaction chromatographies. Activity gel analysis, after denaturing polyacrylamide gel 

electrophoresis, revealed a catalytically active polypeptide of approximately 90 kDa. The 

mass of the enzyme was found to be 89156.145 Da by Matrix Assisted Laser Desorption 

Ionization – Time of Flight Mass Spectrometry (MALDI-TOF MS) analysis. Gel 

filtration chromatography revealed the dimeric nature of the enzyme. Isoelectric point of 

Pca polymerase was found to be 6.13. 

 

The enzyme showed maximum activity at pH 8.5 in the presence of 4 mM magnesium 

chloride. The optimal temperature for enzyme activity was found to be 75 oC. DNA 

polymerase activity of Pca polymerase was inhibited in the presence of monovalent 

cations. The polymerase was moderately sensitive to aphidicolin and dideoxynucleotides. 

The half life of Pca polymerase at 95 oC and 100 oC was 4.5 hours and 30 minutes, 

respectively. The enzyme had a Km of 0.5 µM for TTP and activation energy of 65.7 kJ 

per mole. The polymerase possessed associated 3’-5’ exonuclease activity, which is 

consistent with its deduced amino acid sequence. The 3’-5’ exonuclease activity was 

found to be dependent on pH and magnesium chloride concentration. The processivity of 

the polymerase was calculated to be about 6 nucleotides per elongation event.  
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Optimization of polymerase chain reaction (PCR) application of Pca polymerase was 

done. Monovalent cations decreased the extent of amplification by Pca polymerase. Low 

concentrations of 2-mercaptoethanol, Triton X-100, Tween 20 and bovine serum albumin 

(BSA) enhanced the amplification efficacy of Pca DNA polymerase. The enzyme was 

able to amplify DNA fragments of up to 7.6 kb under suitable conditions. It was also able 

to incorporate biotin and digoxigenin (DIG) labeled nucleotides (which are both used for 

non-radioactive labeling of DNA). 
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1. INTRODUCTION 

1.1. DNA polymerase 
Being the genetic material, deoxyribonucleic acid (DNA) occupies a central position in 

the cell. It is the hereditary material which contains information about cellular functions. 

DNA is transcribed into ribonucleic acids (RNAs) i.e. messenger RNA, ribosomal RNA 

and transfer RNA. These RNAs contribute to the synthesis of proteins - the modulators of 

cellular functions. Hence DNA contains information required to maintain cellular 

integrity. DNA is a double stranded helical molecule which is maintained through 

successive cell divisions by the process of replication (Voet and Voet, 2004). 

 

DNA directed DNA polymerase (E.C. 2.7.7.7) catalyzes the synthesis of 

deoxyribonucleic acid from nucleoside triphosphates in the presence of template DNA, 

primer and accessory proteins. The synthesis of new DNA molecule is in 5’-3’ direction. 

DNA polymerase can also have exonuclease activity. This could be either 5’-3’ 

exonuclease or 3’-5’ exonuclease or both. Within the same organism, different DNA 

polymerases are involved in replication and repair (Voet and Voet, 2004). 

1.1.1. The replication machinery 
DNA polymerase is a component of replication machinery - which is a complex protein 

network. Replication is initiated at the origin of replication. Bacteria possess one origin 

of replication whereas eukaryotic chromosomes contain multiple origins of replication. A 

protein complex known as origin recognition complex (ORC) binds to the origin of 

replication and melts DNA strands. ORC recruits many proteins to the replication origin. 

Among this complex of proteins is present DNA helicase. Helicase unwinds the DNA 

duplex so that polymerase can work on separated strands. After strand separation, the 

newly exposed single stranded DNA is coated with single strand binding protein (SSB). 

This is done to keep the separated strands apart and prevent their re-annealing. DNA 

polymerase cannot initiate replication on its own. It can only elongate a primer annealed 

to a template. The primer is synthesized by primase which is a DNA dependent RNA 

polymerase. Replication is done by DNA polymerase which uses primed single stranded 

DNA to synthesize the complementary strand. An accessory factor required in this 
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process is the sliding clamp. Sliding clamp keeps the polymerase in proximity of DNA 

and prevents its dissociation. The clamp is loaded onto DNA by a clamp loader. The 

clamp can also interact with other proteins involved in the process of replication and 

repair like flap endonuclease and DNA ligase. During replication, DNA is positively 

supercoiled in front of and negatively supercoiled behind the replication fork. The level 

of DNA supercoiling is regulated by topoisomerases. They do so by making transient 

single or double strand nicks in the DNA molecule. Okazaki fragments are formed during 

lagging strand synthesis. RNA primers are removed by the action of flap endonuclease 

and RNase H or by 5’-3’ exonuclease activity of the polymerase. The gaps formed by the 

removal of primers are filled in by replicative DNA polymerase and nicks are sealed by 

the action of DNA ligase - hence completing the replication process (Grabowski and 

Kelman, 2003; Cann and Ishino, 1999; Bohlke et al., 2002; Barry and Bell, 2006). 

Different components of the replication machinery are summarized in Table 1.1. 

Table 1.1: Proteins involved in DNA replication (Grabowski and Kelman, 2003) 

 Bacteria Eukarya Archaea 

Origin recognition DnaA Origin recognition 
complex (ORC) 

ORC/cdc6 

Helicase DnaB/DnaC Minichromosome 
maintenance (MCM) 

MCM 

Single stranded DNA 
binding protein  

SSB Replication protein A 
(RPA) 

RPA/SSB 

Primase DnaG Polα/primase complex Primase homolog 

Polymerase/Exonuclease Pol III core Polδ PolB 

Clamp loader γ-complex Replication factor C 
(RFC) 

RFC 

Sliding clamp β-subunit Proliferation cell nuclear 
antigen (PCNA) 

PCNA 

Removal of primers Pol I / RNase H Flap endonuclease 
(Fen1) / RNase H 

Fen1 / RNase H 

Lagging strand 
maturation 
 

DNA ligase 
(NAD dependent) 

DNA ligase 
(ATP dependent) 

DNA ligase 
(ATP dependent) 
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1.1.2. Functions of DNA polymerases 

DNA polymerase functions to replicate DNA and maintain the genome through 

generations. Polynucleotide polymerase activity is perhaps the earliest enzymatic activity 

to appear in evolution because accurate genome replication is a requirement for evolution 

itself (Steitz, 1999). DNA polymerases not only replicate DNA but also ensure correct 

and accurate replication. Elongation of an annealed primer is done in 5’-3’ direction. In 

addition to the polymerase activity, the enzyme can also have exonuclease activity. This 

activity enables the polymerase to correct wrong incorporation of nucleotides. Different 

DNA polymerases can have either 3’-5’ or 5’-3’ exonuclease activities. Some 

polymerases, like E. coli polymerase I, have both of these exonuclease activities. 

Coexistence of polymerase and exonuclease activity allows the enzyme to work with high 

accuracy (Nelson and Cox, 2008). In addition to replicative DNA polymerases, there are 

other polymerases which are involved in replication of damaged DNA. Family Y DNA 

polymerases are involved in lesion bypass. They replace replicative polymerases at the 

site of unrepaired DNA damage. They are less processive and do not have an intrinsic 

exonuclease activity. They have less protein surface available to interact with DNA and 

hence can accommodate damaged DNA (Steitz and Yin, 2004). 

1.2. Classification of DNA polymerases 

Based on their amino acid sequence, DNA polymerases are divided into various families. 

These include family A, B, C, D and Y DNA polymerases. 

1.2.1. Family A, B and C DNA polymerases 

Family A polymerases are named so because of their homology to E. coli polymerase I 

which is encoded by gene polA. Similarly, DNA polymerases included in family B share 

sequence homology with the product of polB gene of E. coli i.e. polymerase II. Likewise, 

family C DNA polymerases share sequence homology to that of E. coli polymerase III - a 

product of polC gene (Braithwaite and Ito, 1993). Some of the DNA polymerases 

belonging to these families from bacteria, eukarya, archaea and viruses have been 

summarized in Table 1.2. 
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Table 1.2: DNA polymerases belonging to families A, B and C (Braithwaite and Ito, 1993) 

Family DNA polymerase No. of 
amino acids 

Molecular 
Weight 

(Da) 
Bacterial DNA polymerases   

E. coli polymerase I 928 103117 

Thermus aquaticus DNA polymerase I 832 93909 

Thermus flavus DNA polymerase I 831 93783 

Bacteriophage DNA polymerases   

T5 DNA polymerase 829 94410 

T7 DNA polymerase 704 79691 

Spo1 DNA polymerase 924 648 

 

 

 

 

Family 

A 

Yeast mitochondrial DNA polymerase 1254 143479 

Bacterial DNA polymerases   

E. coli polymerase II 783 90020 

Bacteriophage DNA polymerases   

PRD1 DNA polymerase 553 63336 

M2 DNA polymerase 572 66423 

T4 DNA polymerase 898 103609 

Archaeal DNA polymerases   

Thermococcus litoralis DNA polymerase 774 89913 

Pyrococcus furiosus DNA polymerase 775 90112 

Sulfolobus solfataricus DNA polymerase 882 101332 

Eukaryotic DNA polymerases   

Human DNA polymerase α 1462 165859 

Drosophila DNA polymerase α 1505 171167 

Trypanosoma DNA polymerase α 1339 151611 

Human DNA polymerase δ 1107 123634 

Bovine DNA polymerase δ 1106 123707 

Plasmodium falciparum DNA polymerase δ 1094 126883 

 

 

 

 

 

 

 

 

 

Family 

B 

 

 

 

 

 

 

 
(continued)
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Viral DNA polymerases   

Herpes Simplex type I DNA polymerase 1235 136547 

Human cytomegalovirus DNA polymerase 1242 137101 

 

 

Fowlpox virus DNA polymerase 988 116658 

E. coli DNA polymerase III α subunit 1160 129903 

Bacillus subtilis DNA polymerase 1437 162648 

Family 

C 

E. coli polymerase III ε subunit 243 27099 

 

1.2.2. Other families of DNA polymerases 

1.2.2.1. Family D DNA polymerases 
This type of DNA polymerase is found in Euryarchaeota, a subdomain of archaea. 

Euryarchaeotes possess DNA polymerases belonging to two families i.e. family B and D. 

The family D DNA polymerase consists of two subunits whose encoding genes are 

arranged in tandem. These genes are transcribed along with other genes involved in the 

process of genetic recombination. DNA polymerases of this family have been cloned 

from Pyrococcus furiosus (Uemori et al., 1997) and Methanococcus jannaschii (Ishino et 

al., 1998). Existence of similar polymerase has been shown in the genomes of other 

Euryarchaeotes (Cann et al., 1998). 

1.2.2.2. Family Y DNA polymerases 
Family Y DNA polymerases are mainly involved in DNA repair. Replicative DNA 

polymerases are highly accurate and replicate DNA with high fidelity. This is because 

their active sites have stringent requirement to accommodate only normal template and 

correct incoming bases. In contrast, the structure of family Y DNA polymerases is more 

open. This allows them to accommodate damaged bases in their active sites. Hence, these 

polymerases are error prone on undamaged templates. On the other hand, they are quite 

important in carrying out translesion synthesis past damaged bases in DNA. These 

polymerases are also involved in nucleotide excision repair (NER) and DNA replication 

under stressed conditions. Family Y DNA polymerases have been identified in all the 

three domains of life (Lehmann, 2006). 
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1.3. Domain organization and structure 

1.3.1. Conserved regions and modular organization 
Exonuclease activity resides on N-terminal region of the protein. There are three 

conserved regions which constitute the exonuclease domain and are designated as Exo I, 

Exo II and Exo III (Bernad et al., 1989). The sequence of these regions from pol I-like 

and α-like DNA polymerases is given in Fig. 1.1. 

 

Fig. 1.1: Conserved regions within DNA-dependent DNA polymerases. Group A, Pol I-like 
polymerases; Group B, viral α-like polymerases; Group C, cellular α-like polymerases; Group D, 
protein-primed α-like polymerases [Abbreviations: AcMNPV, Autographa californica 
mononuclear polyhedrosis virus; Bs(III), Bacillus subtilis DNA polymerase III; EBV, Epstein-
Barr virus; Ec esp, E. coli DNA polymerase III epsilon subunit; HCMV, human cytomegalovirus; 
HSV, herpes simplex virus; Pol I, E. coli DNA polymerase I; Spn, Streptococcus pneumoniae; 
Taq, Thermus aquaticus; VZV, varicella zoster virus] (Bernad et al., 1989). 

 

The polymerase activity lies on C-terminal part of the protein. Six conserved regions are 

found in this portion of the protein. They have been numbered as region 1, 2a, 2b, 3, 4 

and 5 (Bernad et al., 1989). Region 1 spans 30 amino acids. It has a conserved motif ‘D--

SLYP’. The serine residue in this motif is highly conserved in both pol I-like and α-like 

polymerases. Region 2a consists of 27 amino acids and contains a conserved motif ‘K---
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NS-YG’. Region 2b is 19 amino acids long. A conserved arginine residue is present in 

this region. Region 3 spans 27 amino acids and has a conserved motif ‘YGDTDS’. 

Region 4 has 24 amino acids. This region contains invariant lysine and tyrosine residues. 

The 19 amino acids long region 5 has a conserved motif ‘VHD’. These conserved regions 

are shown in Fig. 1.2. 

 

 
Fig. 1.2: Highly conserved C-terminal regions within DNA-dependent DNA polymerases. The 
polymerases have been grouped as described in Fig. 1.1 (Bernad et al., 1989). 
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The N and C-terminal conserved motifs of the protein are present in same linear 

arrangement in polymerases belonging to different families. This indicates that these 

regions form structurally and functionally conserved three dimensional domains. This 

linear arrangement of motifs in exonuclease and polymerase domains is conserved in 

polymerases suggesting that these two domains correspond to an evolutionary conserved 

Klenow-like DNA polymerase core. As shown in Fig. 1.3, Exo I and Exo II regions are 

absent in Spn and Taq polymerases. This correlates with the fact that these polymerases 

have very low, if any, 3’-5’ exonuclease activity (Bernad et al., 1989). 

 

Fig. 1.3: Modular organization of enzymatic activities in DNA-dependent DNA polymerases 
(Bernad et al., 1989). 

 

1.3.2. Structural features 
On the basis of amino acid sequence and crystallographic structure (Delarue et al., 1990; 

Joyce and Steitz, 1994), DNA polymerases are divided into various groups. The 

representatives of these groups are E. coli DNA polymerase I and Thermus aquaticus 

polymerase (family A), DNA polymerase α and phage RB69 polymerase (family B), HIV 

reverse transcriptase, and DNA polymerase β. Although their detailed structures are 
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different from each other, all polymerases of known structure appear to share a common 

overall architecture (Steitz, 1999).  

The structure of a DNA polymerase can be compared to the shape of right hand. The 

structural domains of the enzyme can be described as “thumb”, “palm” and “finger” 

domains. The palm domain is responsible for the catalysis of phosphoryl transfer 

reaction. The finger domain is important in interaction with template base and the 

incoming nucleoside triphosphate. Positioning of duplex DNA, processivity and 

translocation are brought about by the thumb domain. The palm domain is homologous 

among E. coli polymerase I, polymerase α and reverse transcriptase families. In contrast, 

the finger and thumb domains do not share much homology among these families 

(Brautigam and Steitz, 1998) as depicted by Fig. 1.4. 

 

 

Fig. 1.4: Comparison of structures of DNA polymerases (belonging to different families) in 
complex with primer-template. The structural domains are also shown (Steitz, 1999). 
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Despite the differences in their structures, the thumb domains of DNA polymerases from 

different families exhibit analogous features. They mainly constitute parallel or anti-

parallel α-helices which mediate interactions with the minor grove of primer-template. 

Likewise, the finger domains also show some structural analogies. In polymerase I, 

polymerase α and polymerase β, finger domain contains a conserved region whose side 

chains provide important orienting interactions with the incoming deoxyribonucleoside 

triphosphate. In case of reverse transcriptase, some of these functions are performed by β 

ribbon which occupies a similar structural position (Eom et al., 1996; Doublie et al., 

1998; Huang et al., 1998). 

 

1.4. Applications 

1.4.1. DNA amplification by PCR 
DNA polymerase catalyzes the formation of polynucleotide by addition of successive 

nucleotides to a template annealed primer. By virtue of the polymerase activity, the 

enzyme can synthesize DNA molecule. Polymerase chain reaction (PCR) is an important 

process in which repeated cycles of DNA synthesis take place in the presence of primer-

template. This produces multiple copies of same DNA (Saiki et al., 1988). The amplified 

DNA can be used for the purpose of cloning. In earlier procedures, DNA polymerase 

from E. coli was used (Mullis et al., 1986). Being a mesophilic enzyme, its activity was 

lost during repeated heating steps. Therefore, fresh polymerase has to be added. This 

drawback was overcome by the use of thermostable DNA polymerases. Among these, 

Taq polymerase was the first enzyme to be used for this purpose (Chein et al., 1976). 

Thermostable DNA polymerases can tolerate high temperature and hence became an 

important component of the procedure. The phenomenon of DNA amplification by PCR 

has a variety of applications e.g. use in genetic engineering, gene cloning, detection of 

microbes and diagnosis. Larger DNA fragments can also be amplified by this method 

(Barnes, 1994). Major steps of the polymerase chain reaction are shown in Fig. 1.5. 
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Fig. 1.5: Schematic representation of various steps involved in amplification of a DNA segment 
by polymerase chain reaction (Nelson and Cox, 2008). 

1.4.2. DNA amplification by strand displacement 
Amplification by PCR relies on polymerase activity of the enzyme. Although this 

procedure is widely used for DNA amplification by thermal cycling, the strand 

displacement activity can also be used for producing copies of DNA of interest. Strand 

displacement activity is a unique feature of some A and B family DNA polymerases. This 

activity involves unwinding of duplex DNA by the advancing polymerase itself without 

utilization of other protein factors (Hamilton et al., 2001). Because of this property of the 

enzyme, strand displacement amplification is isothermal (Walker et al., 1992 b). 

 

This process is initiated by creating a nick in one strand of DNA which serves as start for 

strand displacement. Amplification begins when displaced primer strand anneals to a 

template strand oligonucleotide and displaced template strand anneals to added primer 

strand oligonucleotide. After completion of a cycle, new nicks are produced and the 

process is repeated (Walker et al., 1992 a). Strand displacement activity has been shown 
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in E. coli polymerase I, Bacillus stearothermophilus polymerase I, Thermoanaerobacter 

thermohydrosulfuricus polymerase I (family A polymerases); and bacteriophage φ 29 and 

Thermococcus litoralis DNA polymerases (family B polymerases) (Hamilton et al., 

2001). The mechanism of strand displacement is shown in Fig. 1.6. 

 

Fig. 1.6: Diagrammatic representation of mechanism of strand displacement activity of DNA 
polymerase (Voet and Voet, 2004). 
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1.4.3. Mutagenesis 
Site specific mutation can be introduced into DNA by PCR. A mismatched primer 

containing required mutation can be annealed to a template molecule and extended by 

DNA polymerase. Repetitive cycling of DNA synthesis by PCR leads to the synthesis of 

DNA fragments containing mutation of interest as shown in Fig. 1.7. 

 

Fig. 1.7: Schematic representation of PCR mediated site directed mutagenesis (Garrett and 
Grisham, 1999). 

1.4.4. DNA Sequencing 
DNA sequencing is an important procedure which provides sequence information about 

DNA of interest. Chain termination sequencing makes use of polymerase activity of the 

enzyme (Sanger et al., 1977). The synthesis of DNA can be terminated prematurely by 

the incorporation of dideoxynucleotides in the growing DNA molecule. This results in 

formation of a collection of sequence-specific fragments of various lengths. Detection of 

newly formed DNA fragments can be done by using labels present either on the primer or 
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on the terminator. The information obtained by terminating the synthesis is compiled to 

produce the sequence of template DNA. Schematic diagram of automated sequencing is 

shown in Fig. 1.8. 

 

Fig. 1.8: Schematic representation of automated DNA sequencing (Nelson and Cox, 2008). 

 

1.4.5. Labeling of DNA 
DNA can be labeled by DNA polymerase in different ways. Both the 5’-3’ exonuclease 

and the polymerase activities can be used to label DNA by different methods. Labeling 

by nick translation can be done by using an enzyme having 5’-3’ exonuclease activity 

such as E. coli polymerase I. This activity is required during lagging strand synthesis for 

removal of primers. The polymerase binds to a nick in DNA. Action of polymerase will 

add new nucleotides and the 5’-3’ exonuclease will remove nucleotides ahead of the 

polymerase. Addition of labeled nucleotides (radioactive, biotinylated or fluorescent) in 
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reaction mixture will result in the incorporation of these labels in DNA by nick 

translation as illustrated in Fig. 1.9. 

 

Fig. 1.9: Schematic representation of nick translation by E. coli DNA polymerase I (Nelson and 
Cox, 2008). 

 
Another approach to label DNA is end labeling. This procedure relies on polymerase 

activity of the enzyme. In this process, DNA is digested with a restriction enzyme to 

produce protruding ends. The ends are then filled in by a polymerase in the presence of 

appropriate labeled nucleotides - hence adding the label to DNA – as described in Fig. 

1.10. 

 

Fig. 1.10: End labeling by restriction endonuclease and polymerase (Strachan and Read, 1999). 
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1.4.6. Reverse transcription 
Some family A DNA-dependent DNA polymerases have been shown to have reverse 

transcriptase activity (i.e. RNA-dependent DNA polymerase activity) under certain 

conditions. The examples include E. coli polymerase I (Karkas et al., 1972), Thermus 

thermophilus polymerase I (Myers and Gelfand, 1991) and the DNA polymerase I of T. 

thermohydrosulfuricus (Mamone et al., 1998). An application of such enzymes is reverse 

transcriptase PCR. In this process, RNA template is used to generate cDNA which is then 

amplified by PCR. Thermostable DNA-dependent DNA polymerases which can also use 

RNA templates allow RT-PCR to be carried out by a single enzyme. Therefore, this 

procedure will require fewer manipulations than those in the traditional process. Another 

important aspect of using such polymerases is cDNA labeling. The RNase H activity of 

reverse transcriptase can degrade RNA and result in the formation of truncated products. 

This problem can be resolved by using DNA polymerases with reverse transcriptase 

activity (Hamilton et al., 2001). 

 

1.5. Archaea 

1.5.1. The three domains of life 

Living organisms are classified into three main groups or domains. These include 

Eukarya, Bacteria and Archaea (Woese and Fox, 1977; Woese et al., 1990). ‘Eukarya’ 

has origin from Greek words “εύ” (good, true) and “καρον” (nut or kernel – referring to 

the nucleus). Their membrane is composed of lipids predominantly glycerol fatty acyl 

diesters. Their ribosomes contain eukaryotic type of rRNA. ‘Bacteria’ originated from 

Greek word “βακτηριον” (small rod). They are prokaryotic organisms. The membrane 

lipids are predominantly diacyl glycerol diethers. Their ribosomes contain bacterial type 

of rRNA.  The word ‘Archaea’ originated from Greek adjective “αρχαιος” (ancient or 

primitive). Like bacteria, they are also prokaryotes. The membrane lipids are 

predominantly isoprenoid glycerol diethers or diacyl glycerol tetraethers. Their ribosomes 

contain archaeal type of rRNA (Forterre et al., 2002). A universal phylogenetic tree 

describing these three domains of life is shown in Fig. 1.11. 
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Fig. 1.11: A universal phylogenetic tree (Olsen and Woese, 1997). 

1.5.2. Taxonomy and classification 

Archaea have been divided into two main phyla namely Euryarchaeota and 

Crenarchaeota (Woese et al., 1990). Other archaeal phyla include Nanoarchaeota and 

Korarchaeota. Nanoarchaeota contains Nanoarchaeum equitans which has genome size 

less than 0.5 Mb and lives in association with hyperthermophile of the genus Ignicoccus 

(Huber et al., 2002). Phylum Korarchaeota contains Candidatus korarchaeum 

cryptofilum which has ultra thin filamentous morphology (Elkins et al., 2008). 

The orders included in Euryarchaeota are Methanobacteriales, Methanomicrobiales, 

Methanococcales, Methanosarcinales and Methanopyrales (methanogens); 

Halobacteriales (halophiles); Thermoplasmatales (thermoacidophiles); Thermococcales 

and Archaeoglobales (hyperthermophiles). The cultured Crenarchaeotes have been 

divided into orders Thermoproteales, Desulfurococcales (anaerobic hyperthermophiles 

living at neutral pH) and Sulfolobales (living at low pH, either aerobic or anaerobic) 
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(Forterre et al., 2002). Fig. 1.12 describes representative organisms from these orders of 

archaea. 

 

 

Fig. 1.12: Phylogeny of archaeal domain based on concatenated ribosomal protein sequences. 
Representative organisms of each order are shown (Forterre et al., 2002). 
 

1.5.3. Archaea, Bacteria and Eukarya – Similarities and differences 
Like bacteria, archaea are also prokaryotes. They are different from bacteria in some 

aspects and share similarities with eukaryotes in others. Archaea have some 

morphological features which are not found in bacteria e.g. polygonal shape in halophilic 

archaea or very irregular cocci. Archaea are predominant over bacteria in high 

temperature environments (Forterre et al., 2002). In other environmental conditions (high 

salt, low or high pH, low temperature, high pressure) bacteria are found together with 

archaea and eukarya (Rothschild and Mancinelli, 2001). 

 

Similarities of metabolic diversity are also found between archaea and bacteria. They 

could be either heterotrophs or autotrophs and use a variety of electron donors and 

acceptors. However, methanogenesis is only found in archaea and is not known to exist in 

bacteria (Huber et al., 2000 a). Chlorophyll based photosynthesis has not been found in 

archaea. On the other hand, photosynthesis based on bacteriorhodopsin exists in both 

archaea and bacteria (Beja et al., 2001). 
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Archaeal rRNA is different from that found in bacteria. Archaea are also different from 

bacteria by the nature of their membrane glycerolipids. Those found in archaea are ethers 

of glycerol and isoprenol. But bacterial and eukaryal lipids are esters of glycerol and fatty 

acids (Kates, 1993). Also, the configuration of glycerolphosphate backbone of 

glycerolipids in archaea is the mirror image of the configuration found in bacteria and 

eukarya. Murein, found in the cell wall of most bacteria, is absent in archaea. Archaea 

exhibit a great diversity of cell envelops (Kandler and Konig, 1998). Moreover, archaea 

are resistant to most antibiotics active on bacteria (Zillig, 1991). 

 

Archaeal proteins share more similarity to other archaeal homologues as compared to 

their similarity to those of bacteria or eukarya. This can be noted specially in the case of 

informational proteins (proteins involved in DNA replication, transcription and 

translation). Also archaeal genomes code for many informational proteins that have 

homologues in eukarya but not in bacteria (Forterre et al., 2002). This is also evident in 

the case of replication proteins. Archaeal genomes code for homologues of nearly all 

eukaryal DNA replication proteins but only one homologue of a bacterial DNA 

replication protein (Edgell and Doolittle, 1997; Forterre, 1999; Leipe et al., 1999). 

Informational proteins reflect actual history of the organism because they are less subject 

to lateral gene transfer (Jain et al., 1999). Except the case of amino-acyl tRNA 

synthetases, few lateral gene transfers of informational proteins have been identified 

between archaea and bacteria (Woese et al., 2000; Wolf et al., 1999). Although lateral 

gene transfer has been discovered within bacteria and archaea, no lateral gene transfer is 

found between archaeal and bacterial ribosomal proteins (Brochier et al., 2002; Brochier 

et al., 2000; Matte-Tailliez et al., 2002). In contrast to informational proteins, most 

operational proteins in archaea are bacterial-like. These proteins include enzymes related 

to metabolism, membrane receptors, transporters and some cell division proteins (Jain et 

al., 1999; Koonin et al., 1997). Phylogenetic and genomic analyses suggest lateral gene 

transfer between hyperthermophilic bacteria and archaea (Gribaldo et al., 1999; Forterre 

et al., 2000; Nesbo et al., 2001). However, a supertree inferred only on operational 

proteins is very similar to the one inferred from informational proteins showing that 

lateral gene transfers are not so frequent for operational genes (Daubin and Gouy, 2001). 
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1.5.4. Thermophilic archaea 
The cultivated thermophilic Crenarchaeota are assigned to a single class Thermoprotei 

(Lebedinsky et al., 2007). The orders Desulfurococcales and Thermoproteales contain 

anaerobic hyperthermophiles. They include both organotrophs and lithoautotrophs. 

Elemental sulfur is important in their metabolism (Bonch-Osmolovskaya, 1994). The 

order Sulfolobales mainly contains aerobic thermophilic organisms that oxidize sulfur as 

the energy substrate (Brock et al., 1972). Euryarchaeota contains eight classes. 

Thermococci, Archaeoglobi and Methanopyri contain exclusively hyperthermophiles. 

Thermococci are anaerobic organotrophs (Bertoldo and Antranikian, 2006). Methanopyri 

contains Methanopyrus kandleri which has optimal growth temperature of 105 oC (Kurr 

et al., 1991). Archaeoglobi contains species of sulfate and iron reducers. The class 

Thermoplasmata has moderately thermophilic organisms. The class Halobacteria contains 

organisms growing under high salinity. Representative organisms of these classes are 

shown in Fig. 1.13. 

 

Fig. 1.13: Phylogenetic tree of archaea based on 16S rRNA gene sequence (Lebedinsky et al., 
2007). 
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1.6. Archaeal DNA polymerases 

DNA polymerases are classified into various families. Archaea possess DNA 

polymerases belonging to family B and family D. Like other organisms, members of 

archaea can have multiple DNA polymerases e.g. existence of three family B DNA 

polymerases has been reported in Sulfolobus solfataricus (Edgell et al., 1997). 

Crenarchaeota possess only family B DNA polymerases whereas members of phylum 

Euryarchaeota have family D polymerases in addition to polymerases of family B. 

1.6.1. Crenarchaeal DNA polymerases 

Organisms belonging to archaeal phylum Crenarchaeota possess family B DNA 

polymerases. These polymerases share sequence homology with that of DNA polymerase 

α. Crenarchaeota has only one class Thermoprotei. DNA polymerases from various 

members of different orders of this class have been characterized. From the order 

Sulfolobales, DNA polymerases of S. solfataricus (Pisani et al., 1992) and S. 

acidocaldarius (Elie et al., 1989; Klimczak et al., 1985) have been studied. Three family 

B DNA polymerases have been described in S. solfataricus (Edgell et al., 1997). Several 

DNA polymerases from the species of order Desulfurococcales have also been reported. 

DNA polymerases from Sulfophobococcus zilligii (Lee et al., 2006) and Staphylothermus 

marinus (Song et al., 2007) have been characterized. Aeropyrum pernix (Cann et al., 

1999) and Pyrodictium occultum (Uemori et al., 1995) both have been shown to possess 

two family B DNA polymerases. DNA polymerases from two species of genus 

Pyrobaculum (belonging to order Thermoproteales) have been characterized i.e. 

Pyrobaculum islandicum (Kahler and Antranikian, 2000) and Pyrobaculum arsenaticum 

(Shin et al., 2005). 

1.6.2. Euryarchaeal DNA polymerases 

Unlike Crenarchaeotes, Euryarchaeotes have DNA polymerases belonging to two 

different families i.e. family B and D. Initially only family B DNA polymerases were 

known in Euryarchaeotes. But later a new type of polymerase was found in these 

organisms. This polymerase was of a new kind and was assigned to a new family - family 

D. 
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1.6.2.1. Euryarchaeal family B polymerases 
Many of the characterized family B Euryarchaeal DNA polymerases are from the 

members of class Thermococci. The order Thermococcales contains the genera 

Thermococcus and Pyrococcus. Family B DNA polymerases from Pyrococcus furiosus 

(Uemori et al., 1993) and Pyrococcus abyssi (Gueguen et al., 2001) have been reported. 

DNA polymerases have also been cloned from several species of genus Thermococcus. 

These include Thermococcus thioreducens (Marsic et al., 2008), Thermococcus litoralis 

(Slobodkina et al., 2005), Thermococcus kodakaraensis (Takagi et al., 1997), 

Thermococcus fumicolans (Cambon-Bonavita et al., 2000), Thermococcus marinus (Bae 

et al., 2009), Thermococcus sp. NA1 (Kim et al., 2007) and Thermococcus sp. TY 

(Niehaus et al., 1997). Organisms belonging to other classes of Euryarchaeota whose 

family B DNA polymerases have been characterized include Thermoplasma acidophilum 

(Hamal et al., 1990) and Methanobacterium thermoautotrophicum (Kelman et al., 1999) 

from classes Thermoplasmata and Methanobacteria, respectively. A unique feature of 

Euryarchaeal family B polymerases is the presence of intervening sequences in the 

coding region. These are removed by the process of protein splicing. The split nature of 

DNA polymerases have been shown in various reports (Takagi et al., 1997; Bae et al., 

2009; Marsic et al., 2008; Kelman et al., 1999; Perler et al., 1992; Cambon and 

Querellou, 1996). 

1.6.2.2. Euryarchaeal family D polymerases 
DNA polymerases of family D are exclusive to Euryarchaeotes. Before the discovery of 

this polymerase, Euryarchaeotes were known to possess only one DNA polymerase 

which was of family B type. Crenarchaeotes also possess family B DNA polymerase, 

however, they have more than one family B polymerases. So the presence of only one 

DNA polymerase in Euryarchaeotes was surprising (Ishino and Cann, 1998). Family D 

DNA polymerase was first discovered in P. furiosus (Uemori et al., 1997) and then later 

was also reported in Methanococcus jannaschii (Ishino et al., 1998). This type of DNA 

polymerase is encoded by two genes. The polymerase is composed of two protein 

components namely DP1 and DP2. Together they form the active polymerase. These 

polymerases do not show sequence homology to other polymerases. The two protein 

components DP1 and DP2 interact with each other but not with family B DNA 
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polymerase. Existence of such DNA polymerase has also been shown in other 

Euryarchaeotes i.e. Methanobacterium thermoautotrophicum, Archaeoglobus fulgidus 

and Pyrococcus horikoshii (Cann et al., 1998). Both family B and D DNA polymerases 

have also been characterized from Pyrococcus abyssi (Gueguen et al., 2001). 

1.6.3. Nanoarchaeal DNA polymerase 
Nanoarchaeum equitans is a member of phylum Nanoarchaeota. It lives in association 

with the hyperthermophile of the genus Ignicoccus (Huber et al., 2002). N. equitans 

possesses a family B DNA polymerase. The polymerase is encoded by two separate 

genes. Trans-splicing of protein is found in this polymerase. Temperature influences the 

process of trans-splicing, which is inhibited in the presence of zinc (Choi et al., 2006). 

Another unique feature of this polymerase is the ability to utilize deaminated bases such 

as uracil and hypoxanthine during PCR (Choi et al., 2008). 

1.7. Pyrobaculum calidifontis 
Pyrobaculum calidifontis is a hyperthermophilic and facultative aerobic archaeon. The 

name has Latin origin – Pyrobaculum means ‘fire stick’ and calidifontis means ‘hot 

spring’. The organism was isolated from hot spring in Laguna, the Philippines. P. 

calidifontis forms round colonies on solid medium with a diameter of approximately 1 

mm. The cells of the organism are rod-shaped with a length of 1.5 to 10 µm and a width 

of 0.5 to 1 µm (Amo et al., 2002). Scanning electron micrograph of the cells is shown in 

Fig. 1.14. 

 
Fig. 1.14: Scanning electron micrograph of P. calidifontis (Amo et al., 2002). 
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Under aerobic conditions, P. calidifontis grows optimally between 90 oC to 95 oC with a 

doubling time of 5.5 hours. Although it can grow in a pH range of 5.5 to 8, the optimal 

pH for growth is around 7. It is resistant to chloramphenicol, penicillin, streptomycin and 

vancomycin. However, it is sensitive to rifampicin (Amo et al., 2002). 

 

P. calidifontis has been placed in phylum Crenarchaeota, class Thermoprotei, order 

Thermoproteales, family Thermoproteaceae. Several other species of Pyrobaculum have 

been identified. These include Pyrobaculum islandicum (Huber et al., 1987), 

Pyrobaculum organotrophum (Huber et al., 1987), Pyrobaculum aerophilum (Volkl et 

al., 1993), Pyrobaculum arsenaticum (Huber et al., 2000 b) and Pyrobaculum oguniense 

(Sako et al., 2001). The 16S rRNA sequence of P. calidifontis shows 97.9% similarity to 

P. oguniense, 97.7% to P. aerophilum, 97.6% to P. arsenaticum, 97.5% to P. islandicum 

and 96.4% to Thermoproteus tenax (Amo et al., 2002). Phylogenetic position of P. 

calidifontis is shown in Fig. 1.15. 

 
Fig. 1.15: Phylogenetic tree based on 16S rRNA gene sequences showing the position of P. 
calidifontis (Amo et al., 2002). 
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P. calidifontis is a facultative aerobe that can utilize oxygen (under aerobic conditions) 

and nitrate (under anaerobic conditions) as electron acceptors. The mode of nutrition is 

heterotrophic. Elemental sulfur inhibits and thiosulfate enhances cell growth. The G+C 

content of genomic DNA is about 51% (Amo et al., 2002). Various characteristics of P. 

calidifontis are described in Table 1.3. 

 
Table 1.3: Characteristics of P. calidifontis (Amo et al., 2002). 

 

Characteristic Description 

Morphology Rod shaped 

Range 75-100  
Temperature (oC) Optimal 90-95 

Range 5.5-8.0  
pH Optimal 7 

Range 0-0.8  
Salt concentration (%) Optimal 0 

Oxygen requirement Facultative aerobic 

Nutrition Heterotrophic 

Electron acceptors Oxygen, Nitrate 

G+C content (mol %) 51 

 
 
 
This study is based on cloning and characterization of the DNA polymerase from P. 

calidifontis. It is expected that study of properties of this polymerase may have both 

academic and economic benefits. 
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2. MATERIALS AND METHODS 

2.1. Chemicals, reagents and enzymes 
All chemicals used in this study were of high quality and were purchased either from 

Fisher Scientific (Leicestershire, UK), or Fluka (Buchs, Switzerland), or Merk (Germany) 

or Sigma (USA). Restriction endonucleases, InsTAclone PCR cloning kit, DNA 

extraction kit, T4 DNA ligase, DNA and protein size markers, Taq DNA polymerase, Pfu 

DNA polymerase, E. coli DNA polymerase I, Klenow fragment, calf intestinal alkaline 

phosphatase, protinase K, dNTPs and ddNTPs were from Fermentas Life Sciences 

(Maryland, USA). Aphidicolin, agarose and scintillation fluid were from Sigma (USA). 

Medium components for growth of P. calidifontis were from Nacalai Tesque Inc. (Kyoto, 

Japan). TTP [methyl-3H] tetraethyl ammonium salt was purchased from MP Biomedicals 

(USA). DE-81 filters were from Whatman (Germany). Oligonucleotide primers were 

synthesized by Gene Link™ (NY, USA). All other bulk chemicals and reagents were 

purchased either from Difco Laboratories or US Biological (CA, USA) unless mentioned 

otherwise. 

2.2. Strains, plasmids and media 

Archaeon P. calidifontis, used as a donor for cloning of DNA polymerase gene, was a gift 

from Prof. Tadayuki Imanaka (Department of Synthetic Chemistry and Biological 

Chemistry, Graduate School of Engineering, Kyoto University, Kyoto, Japan). E. coli 

strains DH5α and BL21 CodonPlus (DE3)-RIL were from Novagen. pUC18 and TA 

cloning vector pTZ57R/T were from Fermentas Life Sciences (Maryland, USA), plasmid 

pET-21a(+) was from Novagen (Merk, Germany). 

Growth medium for P. calidifontis contained 1% tryptone, 0.1% yeast extract and 0.3% 

sodium thiosulfate (adjusted to pH 7 with NaOH). Strains of E. coli were grown in LB 

medium (1% tryptone, 0.5% yeast extract, 0.5% sodium chloride; adjusted to pH 7 with 

NaOH). For preparation of solid medium, 1.5% agar was added to LB broth. After 

dissolving the solutes, media were sterilized by autoclaving at 121 oC, 15 psi for 15 

minutes. 
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Stock solutions of ampicillin - sodium salt (100 mg/mL) and isopropyl β-D-

thiogalactoside (IPTG) (100 mM) were prepared in distilled water and sterilized by 

filtration through 0.22 µm filter membrane. Stock solution of 5-bromo-4-chloro-3-

indolyl-β-D-galactoside (X-gal) was prepared in N, N’- dimethyl formamide at a 

concentration of 20 mg/mL. All stocks were stored in aliquots at -20 oC. For preparing 

LB agar ampicillin plates, sterile solution of ampicillin was added to autoclaved LB agar 

at a concentration of 100 µg/mL. The LB agar ampicillin IPTG X-gal plates contained 0.1 

mM IPTG and 80 µg/mL X-gal in addition to 100 µg/mL ampicillin in autoclaved LB 

agar. 

2.3. Growth of P. calidifontis and isolation of genomic DNA  

Glycerol stock of P. calidifontis was inoculated in liquid medium. Cells were grown in 25 

mL in screw capped bottles at 90 oC with shaking at 100 rpm. This pre-culture was used 

to inoculate 200 mL medium and grown under same conditions. Cells were harvested in 

50 mL falcon tubes by centrifugation at 6500 rpm for 10 minutes at 4 oC. 

Genomic DNA of P. calidifontis was isolated according to standard procedure (Sambrook 

and Russell, 2001). The cell pallet was washed with TEN buffer (10 mM Tris-Cl pH 8.0, 

100 mM NaCl, 1 mM EDTA pH 8.0) and centrifuged at 6500 rpm for 10 minutes at 4 oC. 

The supernatant was discarded and cells were again suspended in TEN buffer. Lysozyme 

solution (10 mg/mL in TEN buffer) was added to cell suspension and incubated at 37 oC 

for 30 minutes. A 25% solution of sodium dodecyl sulfate (SDS) was added followed by 

addition of protinase K (20 mg/mL). The mixture was incubated at 60 oC for 30 minutes. 

After incubation, an equal volume of phenol:chloroform mixture (1:1) was added and 

mixed well. After centrifugation, aqueous phase was transferred to a new tube. Equal 

volume of chloroform was added, mixed well and centrifuged. The aqueous phase was 

separated and twice volume of cold ethanol was added to it. The solution was stored at -

20 oC for half an hour. DNA was recovered by centrifugation. Precipitated DNA was 

washed with 70% (v/v) ethanol and dried by inverting the tube at room temperature. 

DNA pallet was dissolved in sterile water. RNase A (10 mg/mL) was added and 

incubated at 37 oC for 30 minutes. DNA was analyzed by agarose gel electrophoresis and 
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quantified by measuring absorbance at 260 nm wavelength. Genomic DNA was stored in 

aliquots at -20 oC. 

2.4. Cloning of DNA polymerase coding gene 

2.4.1. Identification of DNA polymerase gene and PCR amplification of 
the gene 

The genome of P. calidifontis was sequenced by DOE Joint Genome Institute (NCBI 

Accession No. NC_009073). A 2352 bp open reading frame (ORF) coding for a family B 

DNA directed DNA polymerase was identified. 

For PCR, primers were designed corresponding to the DNA polymerase gene. Primers 

were designed by using Amplify software (http://engels.genetics.wisc.edu/amplify/) and 

were analyzed for melting temperature (Tm), GC content, dimer formation, hairpin 

formation and stability. Primers were commercially synthesized by Gene Link™ (USA). 

Restriction site of enzyme NdeI (CATATG) was added in the forward primer. The 

sequence and properties of primers used for amplification of P. calidifontis DNA 

polymerase gene are shown: 

Table 2.1: Sequence and characteristics of primers used to amplify P. calidifontis DNA 
polymerase gene. Restriction site of NdeI is underlined (primer Pol2N). 

Primer Sequence GC 
content 

Tm 

Pol2N CATATGAGGTTTTGGCCTCTAGACGCCACGTAC

TCTG 

51 % 69.7 oC 

Pol2C 
 

GCAGAAACTAGCCTAGGAAGTCCAAGAGTG 50 % 65.4 oC 

PCR mixture (50 µL) composed of P. calidifontis genomic DNA (100 ng), 1X PCR 

buffer (75 mM Tris-Cl pH 8.8, 20 mM (NH4)2SO4, 0.01% Tween 20), 2 mM MgCl2, 200 

µM deoxyribonucleoside triphosphates (dNTPs i.e. dATP, dGTP, dTTP and dCTP), 2 

µM each forward and reverse primer, and 5 units of Taq DNA polymerase. DNA was 

amplified on Eppendorf Master Cycler. PCR conditions were: initial denaturation at 95 
oC for 3 minutes; followed by 30 cycles of: denaturation at 95 oC for 30 seconds, 

annealing at 55 oC for 30 seconds, extension at 72 oC for 90 seconds; and final extension 
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at 72 oC for 15 minutes. After completion of PCR, the product was analyzed by agarose 

gel electrophoresis. 

2.4.2. DNA quantification 

2.4.2.1. Spectrophotometric quantification 

Nucleic acids have absorbance maxima at 260 nm wavelength. After appropriate dilution, 

the absorbance of DNA solution was measured at 260 nm wavelength. A 50 µg/ mL 

solution of double stranded DNA has an optical density (OD) of 1 absorbance unit at 260 

nm wavelength. So, the concentration of DNA solution was calculated as: 

DNA concentration (µg/mL) = OD260 x 50 x dilution factor 

Purity of DNA solution was assessed by taking the ratio of absorbance at 260 nm to that 

at 280 nm.  

2.4.2.2. Gel quantification of DNA 

DNA purity and quantity were also analyzed by agarose gel electrophoresis. DNA to be 

quantified was run on agarose gel along with a known quantity of DNA of similar size. 

DNA quantity was estimated by comparing the fluorescence of DNA of interest to that of 

the known quantity of DNA. 

2.4.3. Analysis and purification of amplicon 

After PCR, amplified product was analyzed by agarose gel electrophoresis. Agarose gel 

(0.8%) was prepared by dissolving 0.4 g of agarose in 50 mL of 1X TAE buffer (40 mM 

Tris-acetate, 1 mM ethylenediaminetetraacetate (EDTA) pH 8). The suspension was 

heated to dissolve agarose, cooled to approximately 55 oC and poured into gel casting 

tray. A comb was inserted and the gel was allowed to solidify at room temperature. The 

PCR product was mixed with 6X agarose gel loading buffer (0.25% bromophenol blue, 

0.25% xylene cyanol FF, 30% glycerol in water) in a 5:1 (v/v) ratio and loaded onto the 

gel. Electrophoresis was carried out at 100 volts in 1X TAE buffer for 30 minutes. The 

gel was stained in a solution of ethidium bromide (0.5 µg/mL). After rinsing with water, 
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image of the gel was captured and saved by using Dolfin-DOC gel documentation system 

(Wealtec).  

A slice of gel containing the fragment of interest was excised and transferred to a sterile 

microfuge tube. DNA was eluted from gel by using DNA extraction kit (Fermentas Life 

Sciences). The gel slice was weighed. Three volumes binding solution (6 M NaI) was 

added to the tube containing gel slice and incubated at 55 oC for 5 minutes in a water 

bath. After the gel was dissolved, re-suspended silica solution was added to it (2 µL/µg of 

DNA) and incubated again at 55 oC for 5 minutes. Silica was kept suspended during 

incubation by inverting the tube time to time. After that, DNA bound to silica was 

sedimented by centrifugation at 13,000 rpm for 15 seconds at room temperature. Silica 

pallet was then washed with the wash buffer (provided in the kit) and centrifuged as 

described previously. Washing step was repeated twice. After final centrifugation, the 

supernatant was discarded and pallet was air dried to remove the entire wash buffer. The 

pallet was then suspended in sterile water by brief vortexing. The tube was then 

incubated at 55 oC for 5 minutes. During incubation, DNA was eluted into water. 

Centrifugation was done as described earlier. The supernatant (containing eluted DNA) 

was transferred to a new tube. Elution step was repeated two times to obtain maximum 

yield of DNA. Eluted DNA was then concentrated on Eppendorf concentrator 5301 at 45 
oC for about half an hour. DNA was quantified by taking absorbance at 260 nm 

wavelength on a Shimadzu Biospec 1601 spectrophotometer. 

2.4.4. Ligation of PCR amplified DNA in pTZ57R/T 

PCR amplification of DNA was done by using Taq polymerase. By virtue of terminal 

transferase activity of the enzyme, additional nucleotides were added at 3’ end of 

amplified DNA during PCR. Amplified product containing deoxyadenosine residues (dA) 

at 3’ end can be ligated into vector having dT overhangs. After elution from gel, the PCR 

product was ligated into pTZ57R/T (2886 bp) cloning vector (InsTAclone PCR cloning 

kit, Fermentas Life Sciences). The cloning vector pTZ57R/T is constructed on the 

backbone of the pTZ57R vector. The 3'-ddT overhangs at both ends of the cloning site 

prevent re-circularization of the vector during ligation, resulting in high cloning yield and 

low background. The ligation mixture, in 30 µL, contained 1X ligation buffer (40 mM 
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Tris-Cl pH 7.8, 10 mM MgCl2, 10 mM DTT, 5 mM ATP), 200 ng of pTZ57R/T vector, 

about 500 ng of gel eluted PCR product and 5 units of T4 DNA ligase. The contents were 

mixed, briefly centrifuged and kept overnight at 22 oC in a temperature controlled water 

bath. The restriction map of pTZ57R/T is shown in Fig. 2.1. 

 

Fig. 2.1: Map of pTZ57R/T. Multiple cloning site is also shown. 

2.4.5. Competent cell preparation and transformation of E. coli 

Competent cells of E. coli were prepared by the method of Cohen et al., 1972. E. coli 

cells (either DH5α or BL21 Codon Plus (DE3)-RIL) from glycerol stock were streaked 

on an LB agar plate and incubated overnight at 37 oC. A single colony from plate was 

transferred to 5 mL of LB broth in test tube and grown overnight at 37 oC with shaking at 

100 rpm in an orbital shaker. This overnight grown culture was used to inoculate (1% 

v/v) 100 mL LB broth in a conical flask. The flask was incubated at 37 oC with shaking at 

100 rpm in an orbital shaker. Cells were grown till OD600 reached 0.3 and were harvested 

in a cold sterile 50 mL falcon tube. Centrifugation was done at 6500 rpm for 10 minutes 

at 4 oC in Beckman Coulter Allegra™ 25R centrifuge. The supernatant (medium) was 

discarded and cell pallet was suspended in 20 mL of sterile ice cold 50 mM CaCl2 

solution. The cell suspension was stored on ice for 40 minutes. Cells were again 

harvested by centrifugation as mentioned above. The cell pallet was then suspended in 2 
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mL of sterile ice cold 50 mM CaCl2 solution and streaked on LB agar plates with and 

without ampicillin. The plates were incubated overnight at 37 oC. The competent cell 

suspension in CaCl2 was stored at 4 oC until further use. 

For transformation, 30 µL of ligation mixture was added to 200 µL of competent cell 

suspension in a sterile microfuge tube. The tube was stored on ice for 40 minutes. After a 

heat shock at 42 oC for 2 minutes, the tube was again placed in ice for 5 minutes. LB 

broth (0.8 mL) was added to the transformation mixture. Cells were allowed to grow by 

incubating the tube at 37 oC at 100 rpm in an orbital shaker for an hour. After incubation, 

cells were spread on LB agar ampicillin IPTG X-gal plate (in case of recombinant 

pTZ57R/T plasmid) or LB agar ampicillin (in case of recombinant pET-21a). The plates 

were incubated overnight at 37 oC. Positives transformants were identified by appearance 

of white colonies in case of recombinant pTZ57R/T. Plasmid DNA was isolated from 

transformants and the presence of insert in plasmid was confirmed by digestion with 

suitable restriction enzymes. Positive transformants were grown in LB broth and 20% 

glycerol stocks were prepared. Glycerol was mixed by vortexing. The stock was frozen in 

liquid nitrogen and stored at -80 oC. 

2.4.6. Isolation of plasmid DNA 
Plasmid DNA was isolated by alkaline lysis method (Brimboim and Doly, 1979). A 

single colony of transformed cells was inoculated in 5 mL of LB broth (containing 100 

µg/mL ampicillin) and grown overnight at 37 oC with shaking at 100 rpm in an orbital 

shaker. Cells were harvested from overnight grown culture by centrifugation at 12000 

rpm for 2 minutes at 4 oC. Medium was discarded and bacterial cell pallet was dried by 

inverting the tube. The pallet was suspended in 100 µL solution I (50 mM glucose, 25 

mM Tris-Cl pH 8.0, 10 mM EDTA pH 8.0) and incubated at room temperature for 5 

minutes. Solution II (0.2 N NaOH, 1% (w/v) SDS) was added (200 µL) and the solution 

was mixed by gently inverting the tube. After 5 minutes, 150 µL of ice cold solution III 

(60 mL of 5 M potassium acetate, 11.5 mL of glacial acetic acid, 28.5 mL of water) was 

added. The solution was mixed immediately by inverting the tube several times and 

stored on ice for 10 minutes. Precipitated genomic DNA was separated by centrifugation 

at 12000 rpm for 5 minutes at 4 oC. Clear supernatant was transferred to a new microfuge 
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tube. An equal volume of phenol:chloroform mixture (1:1) was added to the supernatant 

and mixed well. Centrifugation was done as mentioned earlier. Aqueous layer was 

transferred to a new tube. An equal volume of chloroform was added and mixed well. 

The tube was centrifuged as described previously. Plasmid DNA was precipitated by 

addition of two volumes of cold ethanol, storing on ice for 10 minutes followed by 

centrifugation as described above. The supernatant was discarded and DNA pallet was 

washed with 70% (v/v) ethanol. After centrifugation, supernatant was discarded and 

pallet was air dried. Plasmid DNA was dissolved in sterile water, analyzed by agarose gel 

electrophoresis and quantified. Presence of insert in recombinant plasmid was confirmed 

by digestion with appropriate restriction enzymes. The recombinant plasmid was named 

pol-pTZ57. 

2.4.7. Restriction analysis of recombinant plasmid 

Approximately 1 µg DNA (pol-pTZ57) was used for each digestion. All digestions were 

done at 37 oC. Recombinant plasmid was digested with 10 units of EcoRI for single 

digestion in EcoRI buffer. For double digestion, plasmid was restricted with 10 units each 

of EcoRI and HindIII in 2X Tango buffer. Digested DNA was analyzed by agarose gel 

electrophoresis. 

2.5. Expression of polymerase gene and purification of 
recombinant Pca polymerase 
2.5.1. Plasmid and host strain for expression 
pET expression vector i.e. pET-21a(+) containing T7 promoter was used to construct 

recombinant plasmid for expression of DNA polymerase gene. E. coli BL21 CodonPlus 

(DE3)-RIL was the host strain for gene expression. Recombinant plasmid was named as 

pol-pET21a. This recombinant plasmid was used to transform the expression host.  

2.5.2. Construction of recombinant plasmid for expression 
Restriction site of NdeI was added in forward primer (Pol2N) used to amplify the 

polymerase gene. In order to check the orientation of insert in recombinant plasmid pol-

pTZ57, the plasmid was digested with two different pairs of restriction enzymes i.e. NdeI 

– EcoRI and NdeI – BamHI. Insert was excised from the recombinant plasmid by NdeI - 
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BamHI. Expression vector pET-21a(+) (5443 bp) was also digested with the same 

restriction enzymes. Electrophoresis of both digested plasmids was done. The double 

digested insert (polymerase gene) and pET-21a(+) were eluted from agarose gel and 

ligated. This plasmid was named as pol-pET21a. E. coli DH5α competent cells were 

transformed with this recombinant plasmid and plated on LB agar ampicillin plates. The 

plates were incubated overnight at 37 oC. The colonies obtained by this transformation 

were inoculated in 5 mL LB broth and plasmid DNA was isolated. The recombinant 

plasmid was analyzed by digestion with restriction enzymes followed by agarose gel 

electrophoresis. Plasmid pol-pET21a was then used to transform expression host E. coli 

BL21 CodonPlus (DE3)-RIL. The map of expression plasmid pET-21a(+) is shown in 

Fig. 2.2. 

 
Fig. 2.2: Map of expression vector pET-21a(+). 
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2.5.3. DNA sequencing and sequence analysis 

The sequence of cloned gene was determined by using pol-pET21a plasmid as template. 

Sequencing was performed on CEQ800 Beckman Coulter Sequencing System. Complete 

sequence of the cloned gene was determined by primer walking. After DNA sequencing, 

the amino acid sequence of the encoded protein was elucidated. Multiple sequence 

alignment was done by MUSCLE (Edgar, 2004). Codon usage analysis was performed by 

Graphical Codon Usage Analyzer (Fuhrmann et al., 2004). Phylogeny.fr (Dereeper et al., 

2008) and TreeDyn (Chevenet et al., 2006) were used for phylogenetic analysis. 

ProtParam (Gasteiger et al., 2005) was used for the analysis of properties of the protein. 

2.5.4. Optimization of IPTG concentration and analysis of protein 
production 

E. coli BL21 CodonPlus (DE3)-RIL cells were transformed with recombinant plasmid 

pol-pET21a. A colony of transformed cells was inoculated in LB broth (containing 100 

µg/mL ampicillin) and grown overnight. This overnight grown culture was inoculated 

(1%) in 10 mL LB broth (containing 100 µg/mL ampicillin). Cells were grown till an 

OD600 of 0.4. Various concentrations of IPTG (0.2, 0.5 and 1 mM) were used for 

induction of gene expression. After 4 hours of induction, cells were harvested from 1 mL 

medium and suspended in 25 mM Tris-Cl pH 8.5. An equal volume of 2X 

polyacrylamide gel loading buffer (100 mM Tris-Cl pH 6.8, 4% (w/v) SDS, 0.2% (w/v) 

bromophenol blue, 20% (v/v) glycerol, 200 mM dithiothreitol) was added and kept in 

boiling water for 3 minutes. Synthesis of the protein (90 kDa) was analyzed by 12% 

sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE). 

Cells were harvested from remaining medium and sonicated by Bandelin SonoPlus HD 

2070 sonication system. After centrifugation of lysate at 15000 rpm for 10 minutes at 4 
oC, supernatant was collected. This supernatant was heated at 80 oC for 20 minutes in a 

water bath and centrifuged again. Host cell proteins were denatured by heating and 

separated by centrifugation. Supernatant obtained by this centrifugation was also 

collected. All of these fractions were analyzed by SDS-PAGE. 
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For large scale production of protein, all procedures were the same except the volume of 

medium for cell growth. Induction of gene expression was done by using a 0.2 mM final 

concentration of IPTG. After 4 hours of induction, cells were harvested by using 

Beckman Coulter Avanti™ J26 XP centrifuge. Cell pallet was suspended in 25 mM Tris-

Cl pH 8.5, sonicated, heated at 80 oC, centrifuged and supernatant was collected. Nucleic 

acids in heat stable fraction were precipitated by the addition of polyethylenimine (0.3% 

final concentration). After stirring at 4 oC for 30 minutes, the fraction was centrifuged 

and DNA was precipitated. All fractions obtained from this large scale culture were 

analyzed by SDS-PAGE. 

Solutions used for SDS-PAGE were as under: 

Tris-glycine buffer (pH 8.3): 
Tris      3 g 
Glycine     18.7 g 
Sodium dodecyl sulfate (SDS)  1 g 
Distilled water     up to 1L 
 
30% Acrylamide solution: 
Acrylamide     29 g 
Bis-acrylamide    1 g 
Distilled water     up to 100 mL 
 
Staining solution: 
Coomassie brilliant blue (CBB) G250 1.25 g 
Glacial acetic acid    50 mL 
Methanol     225 mL 
Distilled water     up to 500 mL 
 
Destaining solution: 
Glacial acetic acid    50 mL 
Methanol     150 mL 
Distilled water     up to 500 mL 
 
2X Gel loading buffer: 
Tris      0.12 g 
SDS      0.4 g 
Glycerol     2 mL 
Dithiothreitol (DTT)    0.3 g 
Bromophenol blue    0.02 g 
Distilled water     up to 10 mL 
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12% Resolving gel: 
Acrylamide-Bisacrylamide sol.  2 mL 
1.5 M Tris-Cl pH 8.8    1.25 mL 
Distilled water     1.5 mL 
10% SDS     0.1 mL 
10% Ammonium per sulfate   0.1 mL 
TEMED     0.005 mL 
 
 
5% Stacking gel 
Acrylamide-Bisacrylamide sol.  0.5 mL 
1.5 M Tris-Cl pH 6.8    0.38 mL 
Distilled water     2.1 mL 
10% SDS     0.03 mL 
10% Ammonium per sulfate   0.03 mL 
TEMED     0.003 mL 

2.5.5. Estimation of protein concentration 

Protein concentration was estimated by Bradford method (Bradford, 1976). Bovine serum 

albumin (BSA) was used as a protein concentration standard. The dye binding reagent 

and BSA protein standard solution were purchased from Bio-Rad. Dye binding reagent (1 

mL) was added in a cuvette and allowed to warm at room temperature. BSA solution (20 

µL) of each known concentration was added to the reagent and mixed by inverting. After 

10 minutes, absorbance of the solution was measured at 595 nm wavelength and a 

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

concentration was to be determined. 

2.5.6. Purification of protein 

The supernatant obtained after heating step was used to purify the polymerase by using 

Äkta purifier FPLC system (GE Healthcare). Protein solution was fractionated by anion 

exchange and hydrophobic interaction chromatographies. 

The protein solution was filtered through 0.4 µm filter and applied to anion exchange 

column (Resource Q - 6 mL column). The flow rate for chromatography was 1 mL/min 

throughout the procedure. Before loading the protein solution, the column was 

equilibrated with five column volumes of 25 mM Tris-Cl pH 8.5. The protein was then 

loaded onto the column and washed with two column volumes of equilibration buffer. 
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Proteins bound to the column were eluted by a linear gradient of 0 to 1 M sodium 

chloride solution (prepared in equilibration buffer). Fractions were collected with Frac 

950 fraction collector (GE Healthcare). Absorbance of fractions at 280 nm was examined. 

Fractions were analyzed by SDS-PAGE. The fractions containing the polymerase were 

pooled and dialyzed against 50 mM sodium phosphate buffer pH 7.0. 

After dialysis, fractions pooled from anion exchange column were subjected to 

hydrophobic interaction chromatography (Resource PHE – 1 mL). Ammonium sulfate 

was added gradually to protein solution till a final concentration of 1 M, stirred well and 

filtered through 0.4 µm filter. Chromatography was done at a flow rate of 1 mL/min. The 

column was equilibrated with ten column volumes of 50 mM sodium phosphate buffer 

pH 7.0 containing 1 M ammonium sulfate. Protein solution was loaded onto the column 

and washed with five column volumes of equilibration buffer. Proteins were eluted by a 

linear gradient of 1 to 0 M of ammonium sulfate in equilibration buffer. Absorbance of 

eluted fractions was monitored at 260 nm and 280 nm wavelengths. Fractions obtained 

were analyzed by SDS-PAGE and those containing the polymerase were pooled, dialyzed 

against 25 mM Tris-Cl pH 8.5, and assayed for DNA polymerase activity. 

2.6. Determination of molecular mass and isoelectric point 

SDS-PAGE of the purified DNA polymerase was done. Molecular mass of the purified 

polymerase was estimated from comparison of its migration rate on denaturing 

polyacrylamide gel with that of proteins of known mass. Molecular mass analysis of the 

recombinant protein by Matrix Assisted Laser Desorption Ionization – Time of Flight 

Mass Spectrometry (MALDI-TOF MS) was also performed. The purified enzyme was 

desalted by Sephadex G-25 column (GE Healthcare). 1 µL of salt free protein solution (5 

mg/mL) was mixed with 10 µL of 3,5-dimethoxy-4-hydroxycinnamic acid (10 mg/mL) 

prepared in 1/3 of acetonitrile, 2/3 of 0.1% trifluoroacetic acid (TFA) in water and 1 µL 

was applied to target plate (Bruker, USA). The sample was allowed to dry at room 

temperature for 15 - 20 minutes. Spectrum was obtained by striking 3000 shots in an 

acquisition mass range of 60,000 – 120,000 Da. Final spectrum was subjected to 

smoothing, baseline subtraction and centroiding 
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Gel filtration chromatography was done to analyze the oligomeric state of the protein by 

using Superdex 200 10/300 GL column on Äkta Purifier FPLC system (GE Healthcare). 

Chromatography was performed in 50 mM Tris-Cl buffer pH 8.0. The flow rate during 

the procedure was 0.5 mL/min. Proteins of known molecular mass were used as 

standards. Mass of the polymerase was estimated by its retention volume. 

For determination of isoelectric point of the polymerase, isoelectric focusing was done. 

SERVA precast IPG strip of linear pH gradient from pH 4 to 7 was used. Electrophoresis 

was performed on 2D-IEF-SYS (Scie-Plas, UK). Isoelectric point of the polymerase was 

determined by its migrated distance. 

2.7. Activity gel analysis 

Activity gel analysis was done to monitor polymerase activity in polyacrylamide gel. 

SDS containing polyacrylamide gel was prepared as mentioned in Section 2.5.4 except 

that the resolving gel also contained 100 µg per mL of activated calf thymus DNA. 

Protein solution was mixed with an equal volume of 2X gel loading buffer (25 mM Tris-

Cl pH 8.5, 3 mM MgCl2 and 10% glycerol) and was loaded onto gel. Electrophoresis was 

done at a constant current of 25 mA for 30 minutes. The gel was then immersed in SDS 

removal buffer (25 mM Tris-Cl pH 8.5, 2 mM β-mercaptoethanol, 1 mM EDTA and 5% 

glycerol). The gel was rocked gently in this buffer for an hour at room temperature. Three 

more washings were done in the same buffer (one hour for each washing). After removal 

of SDS, the gel was kept overnight at 4 oC in renaturation buffer (SDS removal buffer 

containing 3 mM MgCl2 and 1 µM dATP). The gel was then incubated at 72 oC for 30 

minutes in pre-incubation buffer (25 mM Tris-Cl pH 8.5, 2 mM β-mercaptoethanol, 1 

mM DTT, 3 mM MgCl2 and 5% glycerol). DNA polymerase reaction was initiated by the 

addition of 5 µM each of dATP, dCTP, dGTP, 0.65 µM dTTP and 0.35 µM Biotin-11-

UTP to pre-incubation buffer. The gel was incubated at 72 oC for 3 hours in this reaction 

buffer. DNA from polyacrylamide gel was blotted onto Hybond N+ nylon membrane 

(GE Healthcare) by using XCell Sure LockTM electro-blotting unit (Invitrogen) according 

to the instructions of the manufacturer. Detection of incorporated Biotin-11-UTP was 

done by using biotin chromogenic detection kit according to the instructions provided by 

the manufacturer (Fermentas Life Sciences). 
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2.8. Assay for DNA polymerase activity 

Polymerase activity was measured by incorporation of the radiolabeled nucleotide during 

DNA synthesis. The labeled nucleotide used in the experiment was thymidine 

triphosphate (tetraethyl ammonium salt [methyl-3H]). The reaction mixture in 20 µL 

contained 25 mM Tris-Cl pH 8.5, 4 mM MgCl2, 25 µM each dATP, dGTP, dCTP, dTTP 

and 0.5 µCi TTP [methyl-3H], 0.2 mg/mL BSA, 0.1% Tween 20 and 5 µg activated calf 

thymus DNA. The polymerase activity was monitored at 75 oC. Enzyme fraction to be 

assayed was added after addition of all other components in the reaction mixture. Assay 

mixture was pre-incubated at 75 oC for 5 minutes before addition of the enzyme. Aliquots 

of reaction mixture were taken at various intervals of time and spotted on DE-81 filter 

disc. The disc was air dried and washed with 0.5 M sodium phosphate pH 7.0. Washing 

was done three times in sodium phosphate buffer. Finally, the disc was washed with 70% 

ethanol. Only incorporated label remained on the filter and unbound was washed away. 

The disc was then air dried and put in a scintillation vial. Scintillation fluid (2 mL) was 

added to the vial containing the disc. Incorporated radioactivity was measured as counts 

per second (cps) in Raytest Malisa scintillation counter. One unit of polymerase activity 

is defined as the amount of enzyme required to incorporate 10 nmol of labeled dNTP into 

DNA. 

2.9. Optimal conditions for polymerase activity 

Working conditions for the polymerase were optimized. Assay for polymerase activity 

was done at various concentrations in different buffers. Effect of buffer pH on 

polymerase activity was analyzed. DNA polymerase assay was carried out in 25 mM 

Tris-Cl buffer (pH 6, 7, 7.5, 8, 8.5, 9, 9.5 and 10 at 25 oC) and 10 mM sodium phosphate 

buffer (pH 6, 7 and 8 at 25 oC). Concentration of MgCl2 required for maximal enzyme 

activity was also investigated. The concentrations of magnesium chloride used were 1, 2, 

3, 4, 5, 6, 7, 8, 9 and 10 mM. Effect of monovalent cations (ammonium sulfate and 

potassium chloride) was studied. All assays were performed at 75 oC except temperature 

optimization assays. Optimal temperature for the polymerase assay was also determined 

in 25 mM Tris-Cl buffer of pH 8.5. 
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2.10. Effect of inhibitors 

Effect of aphidicolin and dideoxynucleotide (ddTTP) was analyzed. Both of these act as 

competitive inhibitors. Tolerance to these inhibitors at various concentrations was 

studied. Enzyme assay was performed by standard procedure in the presence of various 

concentrations of these inhibitors. Various concentrations of aphidicolin were used in 

assays (0, 100, 200, 500, 1000 µM). Effect of ddTTP was studied as a function of ratio of 

its concentration to that of TTP. A ddTTP:TTP of 0, 1, 2, 5, and 10 was studied in the 

assay. 

2.11. Thermostability of recombinant Pca polymerase 

The enzyme was investigated for its tolerance to high temperature i.e. thermostability. 

The enzyme solution was incubated at 95 oC and 100 oC in water bath. After incubation 

for various intervals of time at these temperatures, DNA polymerase activity assay was 

performed by standard procedure. The activity before incubation at these temperatures 

was taken as maximal activity. Residual activity after incubations was calculated as a 

percentage of this maximal activity. 

2.12. Analysis of kinetic parameters 

Kinetic parameters were analyzed according to standard procedures. Polymerase assay 

was done using various concentrations of either template DNA or that of TTP [methyl-
3H]. Double reciprocal plots for both substrates were constructed and used to calculate 

maximal enzyme activity (Vmax) and Km. DNA polymerase activity was also examined at 

various temperatures and this data was used for the calculation of energy of activation of 

the enzyme. 

2.13. Assay for exonuclease activity 

Exonuclease activity was measured by removal of terminal labeled nucleotides from a 

template DNA. The labeled substrate for monitoring 3’-5’ exonuclease activity was made 

from lambda phage DNA. The DNA was digested with HindIII. The resulting overhang 

was filled in by exonuclease deficient Klenow fragment in the presence of 100 µM each 

of dATP, dGTP, dCTP and 2 µCi of labeled TTP [methyl-3H]. The reaction mixture was 
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incubated overnight at 37 oC. DNA labeled with TTP was extracted with phenol and 

precipitated by two volumes of ethanol in the presence of 2 M ammonium acetate. The 

DNA pallet was washed with ice cold 70% (v/v) ethanol, air dried and dissolved in sterile 

water. Hence, unincorporated label was removed. The exonuclease reaction mixture for 

Pca polymerase contained labeled DNA in the presence of 25 mM Tris-Cl pH 8.5, 4 mM 

MgCl2, and enzyme fraction. The mixture was pre-incubated at 75 oC before the addition 

of the enzyme. Exonuclease activity was examined at the same temperature. After 

incubation with enzyme, the mixture was spotted on to DE-81 filter disc. Washing of the 

filter was done as mentioned in case of assay for polymerase activity. Exonuclease 

activity was measured as a function of decrease in radioactivity bound to filter. 

2.14. Analysis of processivity 
Processivity was analyzed by the method described by Bambara and coworkers (Bambara 

et al., 1978). The method is based on the measurement of ratio of rates of polymerization 

in the presence of complete and incomplete set of nucleotides. During this reaction, the 

polymerase was used at a low concentration as compared to primer-template 

(approximately one tenth of maximal polymerase activity). The concentration of the 

polymerase was adjusted so that each polymerase molecule virtually initiates an 

extension event on a new primer-template complex. Equations 11, 18 and 28 from the 

paper were used to calculate processivity. The method is summarized briefly as below: 

 

The rate of polymerization in the presence of ‘x’ number of nucleotides can be expressed 

as 

                 Px =  E Nx  . 
                            Tx 
 

where ‘Px’, is the rate of polymerization, ‘E’ is the  number of active enzyme molecules, 

‘Nx’ is the average number of nucleotides incorporated per polymerization cycle, and ‘Tx’ 

is the cycling time. This is a general expression applied to both synthesis with a limited 

complement of dNTPs (x = 1, 2, or 3 for native DNA) and synthesis with a complete set 

of dNTPs (x = 4 for native DNA). Now, the ratio of rates of polymerization with a 

limited to complete set of nucleotides is expressed as 
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                  Px:4 =  PX    =  E NX T4                         So,      Px:4 = Nx T4  
                             P4         E N4 Tx                                               N4Tx  

The ratio of cycling time in the presence of incomplete set of nucleotides to complete set 

of nucleotides is calculated by the respective rates of polymerization in the presence of an 

inhibitor DNA – DNA in which the labeled nucleotide is not incorporated. Hence, the 

inhibitor DNA contributes only to increase the cycling time but it does not contribute to 

polymerization rate measurement. In this experiment, pUC18 digested with MspI was 

used as inhibitor DNA. The restriction site of MspI is 5’ C/CGG 3’. This digestion 

produced an overhang to which DNA polymerase can bind and incorporate G and C 

nucleotides. No thymidine residue (labeled nucleotide) was incorporated into inhibitor 

DNA. Therefore, inhibitor DNA did not contribute to rate measurement. The ratio of 

cycling time in the presence of incomplete set of nucleotides (Tx) to that in the presence 

of complete set of nucleotides (T4) is describe by the expression:  
 
                                 P4  - 1     
                                 P4,i 
                   Tx =   
                   T4           Px  - 1 
                                 Px,i 

In this equation, P4 is the rate of polymerization in the presence of complete set of 

nucleotides, P4,i is the rate in the presence of complete set of nucleotides in addition to 

inhibitor DNA, Px is the rate of polymerization in the presence of incomplete set of 

nucleotides, Px,i is the rate of polymerization in the presence of incomplete set of 

nucleotides in addition to inhibitor DNA. 

 

The ratio of rates of incorporation in the presence of incomplete to complete set of 

nucleotides (R’x:4) is given by the equation:  

 
                  R’x:4  =  Rx:4    Tx 
                                          T4 

 
Where Rx:4 is the ratio of label incorporated in limited as compared to complete set of 

nucleotides. Processivity (N - the number of nucleotides incorporated per elongation 

event) is then calculated by an equation as described in the paper: 
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                  R’x:4  =  L      Sx          1 – e N(Sx – 1) 
                                N  1 – Sx   

In this equation, ‘L’ is the correction factor. Values of ‘L’ and ‘Sx’ are also given in the 

paper for every set of incomplete nucleotides (x = 1, 2 or 3). Therefore, this equation can 

be used to calculate the value of ‘N’ i.e. processivity of the enzyme by measuring rates of 

reaction. 

2.15. Optimization of PCR parameters 

PCR was performed by using Pca DNA polymerase. A 1.7 kb DNA fragment was 

amplified during PCR. The PCR mixture contained in 20 µL: 10 mM Tris-Cl pH 8.5, 4 

mM magnesium chloride, 2 µM each forward and reverse primer, 200 µM dNTPs, 20 ng 

template DNA and 2 units Pca DNA polymerase. Only the component being analyzed 

was changed and all other PCR components and conditions were the same. The reaction 

conditions were: initial denaturation at 95 oC for 2 minutes; followed by 30 cycles of: 

denaturation at 95 oC for 30 seconds, annealing at 52 oC for 30 seconds, extension at 72 
oC for 1 minute; and final extension at 72 oC for 2 minutes. Effect of various parameters 

on amplification was analyzed. These included various buffer pH values, concentration of 

magnesium chloride, effect of salts, detergents and reducing agents.  

2.16. Analysis of performance of Pca polymerase in PCR 

Performance of the enzyme in PCR was analyzed by amplification of various target 

lengths. DNA fragments of various lengths cloned in pTZ57R/T or pET-22b were used as 

templates for amplification in PCR. The reaction mixture, in 20 µL, contained: 10 mM 

Tris-Cl pH 8.5, 4 mM magnesium chloride, 200 µM each dATP, dGTP, dCTP and dTTP, 

2 µM each forward and reverse primer, 20 ng template DNA, 0.2 mg/mL BSA, 0.1% 

Tween 20 and 2.5 U Pca DNA polymerase. PCR conditions were: initial denaturation at 

95 oC for 2 minutes; followed by 30 cycles of: denaturation at 95 oC for 30 seconds, 

annealing at 52 oC for 30 seconds, extension at 72 oC (45 seconds per kb of target length); 

and final extension at 72 oC for 10 minutes.  
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3. RESULTS 

3.1. Growth of P. calidifontis and isolation of genomic DNA  
P. calidifontis was grown in liquid medium. Cells were harvested at an optical density of 

0.6 at 600 nm wavelength. Genomic DNA was isolated from these harvested cells by the 

procedure described in Materials and Methods (Section 2.3). Isolated genomic DNA was 

visualized by agarose gel electrophoresis as shown in Fig 3.1. 

                                                                   1    2 

 
Fig. 3.1: Ethidium bromide stained agarose gel showing isolated genomic DNA from P. 
calidifontis. Lane 1, isolated genomic DNA; Lane 2, molecular mass marker. 
 

3.2. Cloning of DNA polymerase gene 

3.2.1. Amplification of the polymerase gene 

The polymerase gene was amplified by using primers Pol2N and Pol2C. Restriction site 

of endonuclease NdeI was added in primer Pol2N. This resulted in change of start codon 

GTG (coding for valine) to ATG (coding for methionine). PCR was carried out as 

described in Materials and Methods (Section 2.4.1). PCR resulted in the amplification of 

approximately 2.4 kb DNA fragment (Lane 2 in Fig. 3.2). Quantification of the product 

was done. The product was then subsequently eluted from gel. After elution, DNA 

concentration was measured by taking absorbance at 260 nm wavelength. 
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             1   2 

 
Fig. 3.2: Ethidium bromide stained agarose gel demonstrating the PCR amplified P. calidifontis 
DNA polymerase gene. Lane 1, molecular mass marker; Lane 2, amplified DNA polymerase gene 
(2352 bp). 

3.2.2. Cloning of polymerase gene in pTZ57R/T 
After elution from gel, the gene was ligated into TA cloning vector pTZ57R/T. When 

transformed E. coli cells transformed with the recombinant plasmid pol-pTZ57 were 

spread on LB agar plates containing ampicillin, IPTG and X-gal, 25 white and 7 blue 

colonies appeared on selection plate. One white colony was randomly picked, grown in 

LB broth containing ampicillin and plasmid DNA was isolated. Digestion of the isolated 

plasmid with EcoRI resulted in a DNA of 5.2 kb which corresponded to the linear size of 

the recombinant plasmid (Lane 2 in Fig. 3.3). When the same DNA was cut with 

restriction enzymes EcoRI and HindIII (double digestion), a 2.35 kb DNA band 

(corresponding to the polymerase gene) was seen along with 2.86 kb DNA band of vector 

(Lane 3 in Fig. 3.3). 

           1   2   3  

 
Fig. 3.3: Ethidium bromide stained agarose gel showing digested recombinant plasmid pol-
pTZ57. Lane 1, molecular mass marker; Lane 2, digestion of plasmid with EcoRI; Lane 3, 
digestion of plasmid with EcoRI and HindIII. 
 

In order to check the orientation of insert in pol-pTZ57, the plasmid was double digested 

with NdeI - EcoRI and NdeI - BamHI. When the recombinant plasmid was digested with 

NdeI – EcoRI, only a single band of 5.2 kb could be seen on agarose gel (Lane 1 in Fig. 

2.5 kb 

5.2 kb 
 
 

2.86 kb 
2.35 kb 

Pca polymerase gene 
(2.35 kb) 
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3.4). Whereas, when digestion was done with NdeI – BamHI, a 2.35 kb insert and a 2.86 

kb vector could be seen on agarose gel (Lane 3 in Fig. 3.4). 

          1   2    3 

 
Fig. 3.4: Ethidium bromide stained agarose gel showing double digestion of plasmid pol-pTZ57 
with NdeI - EcoRI (Lane 1) and NdeI – BamHI (Lane 3). Lane 2, molecular mass marker. 
 
Hence, the orientation of insert (polymerase gene) in pol-pTZ57, as depicted by double 

digestion, is shown in Fig. 3.5. 

 
Fig. 3.5: Schematic representation of map of recombinant plasmid pol-pTZ57. Restriction 
enzymes having recognition site inside the polymerase gene are also shown. 

pTZ57R/T (2.86 kb) 
 
Insert (2.35 kb) 

Linear pol-pTZ57 (5.2 kb) 
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3.2.3. Cloning of polymerase gene in expression vector pET-21a(+) 
The gene coding for Pca DNA polymerase was digested from plasmid pol-pTZ57 by 

NdeI and BamHI. After digestion, agarose gel electrophoresis was done and the gene was 

eluted from gel. Expression vector pET-21a(+) was also digested with the same 

restriction enzymes, run on agarose gel and was also eluted from the gel. This eluted 

polymerase gene was then ligated with the double digested pET-21a(+). After ligation, E. 

coli DH5α competent cells were transformed with the recombinant plasmid pol-pET21a. 

Transformed cells were spread on LB agar ampicillin plates and allowed to grow 

overnight. 28 colonies appeared on the plate. 6 of these colonies were inoculated 

separately in LB broth (containing 100 µg ampicillin/mL of medium) and grown 

overnight. Plasmid DNA was isolated from these cultures and was analyzed for the 

presence of insert (i.e. the polymerase gene). Linear recombinant plasmid (7.8 kb) was 

obtained by restriction with EcoRI (Lane 1 in Fig 3.6). The plasmid was digested with 

NdeI and BamHI which resulted in the removal of 2.35 kb insert (Lane 2 in Fig 3.6). 

Presence of the polymerase gene was also confirmed by digestion with restriction enzyme 

HindIII which has a recognition site in the Pca DNA polymerase gene (at position 1036 

of the gene) in addition to a site in the plasmid. So, this digestion resulted in liberation of 

approximately 1.3 kb fragment (Lane 4 in Fig. 3.6). Similarly, SalI has recognition sites 

at positions 70, 826 and 2203 in the gene. Digestion of the plasmid with this restriction 

enzyme liberated DNA fragments of approximately 1.3 kb and 0.75 kb (Lane 5 in Fig. 

3.6). Therefore, these results confirmed the cloning of the DNA polymerase gene. 

                                                            1       2       3      4      5 

 
Fig. 3.6: Ethidium bromide stained agarose gel demonstrating digested plasmid pol-pET21a. 
Lane 1, linear plasmid digested with EcoRI; Lane 2, double digestion with NdeI and BamHI; 
Lane 3, molecular mass marker; Lane 4, digestion with HindIII; Lane 5, digestion with SalI. 

                Linear pol-pET21a (7.8 kb) 
 

                              pET-21a (5.4 kb) 
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Restriction map of the recombinant plasmid pol-pET21a is shown in Fig. 3.7. 

 
Fig. 3.7: Schematic representation of map of recombinant plasmid pol-pET21a. Restriction 
enzymes having recognition site inside the polymerase gene are also shown. 

 

3.3. Computational analysis of DNA polymerase sequence 

3.3.1. Nucleotide and protein sequence 
After cloning, the gene was sequenced by using Beckman Coulter CEQ™ 8000 Genetic 

Analysis System. The gene consisted of 2352 nucleotides and encoded a protein 

comprising of 783 amino acids with a calculated molecular mass of 89.15 kDa. 

Nucleotide and deduced amino acid sequences of the polymerase are given in Fig. 3.8. 
 
 
       1 gtgaggttttggcctctagacgccacgtactctgtggttggcggggtgcctgaggtgagg 
       1 V  R  F  W  P  L  D  A  T  Y  S  V  V  G  G  V  P  E  V  R   
 
      61 gtcttcggcgtcgacggcgagggtcggagggttgttctcgtcgataggcgttttaggccg 
      21 V  F  G  V  D  G  E  G  R  R  V  V  L  V  D  R  R  F  R  P   
 
     121 tacttctacgccaagtgtgacaagtgcgacgcctctttggccaagtcgtatctttcccgt 
      41 Y  F  Y  A  K  C  D  K  C  D  A  S  L  A  K  S  Y  L  S  R   
 

(Continued) 
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     181 gtggctcctgtggaggccgtggaggtggtggagcggcggtttttcggcaggcccacgatc 
      61 V  A  P  V  E  A  V  E  V  V  E  R  R  F  F  G  R  P  T  I   
 
     241 tttctaaaggtggtggctaaggtgcctgaggatgtgcggaagttgcgggaggcggccttg 
      81 F  L  K  V  V  A  K  V  P  E  D  V  R  K  L  R  E  A  A  L   
 
     301 ggagcccccggcgtcgtagacgtgtacgaggccgatattaggtactacatgcgttacatg 
     101 G  A  P  G  V  V  D  V  Y  E  A  D  I  R  Y  Y  M  R  Y  M   
 
     361 atagataagggagttgtcccctgcgcttggaacgtggtagaggcgagagaggcgggcaag 
     121 I  D  K  G  V  V  P  C  A  W  N  V  V  E  A  R  E  A  G  K   
 
     421 ctcggccctctgccgttgtacgaagttgtggagtgggccggcgttgaggagggctttccg 
     141 L  G  P  L  P  L  Y  E  V  V  E  W  A  G  V  E  E  G  F  P   
 
     481 ccccctcttcgcgtcttggccttcgacatagaggtgtacaacgagagggggagcccagac 
     161 P  P  L  R  V  L  A  F  D  I  E  V  Y  N  E  R  G  S  P  D   
 
     541 ccgcttcgcgatcccgtggtgatgctcgctgtcaagaccagcgacggccgcgaggaggtc 
     181 P  L  R  D  P  V  V  M  L  A  V  K  T  S  D  G  R  E  E  V   
 
     601 ttcgaggcggagggcagagacgacaggagggtcattagggggtttgtggattttgtaaaa 
     201 F  E  A  E  G  R  D  D  R  R  V  I  R  G  F  V  D  F  V  K   
 
     661 gagtttgaccccgatgtaatagttggctacaactccaacggctttgactggccttacctc 
     221 E  F  D  P  D  V  I  V  G  Y  N  S  N  G  F  D  W  P  Y  L   
 
     721 tccgagagggctaaggcgttgggtgttccgctgagggtggataggctgggcggcgtgcct 
     241 S  E  R  A  K  A  L  G  V  P  L  R  V  D  R  L  G  G  V  P   
 
     781 cagcagagtgtctacggccactggtctgtggtaggcagggcgaacgtcgacttgtacaac 
     261 Q  Q  S  V  Y  G  H  W  S  V  V  G  R  A  N  V  D  L  Y  N   
 
     841 atagtggacgagtttccagagattaaggtgaagactctggaccgcgtggctgagtacttc 
     281 I  V  D  E  F  P  E  I  K  V  K  T  L  D  R  V  A  E  Y  F   
 
     901 ggcgtcatgaagaggagtgagcgcgtgttaatacctggccacaaggtgtatgagtattgg 
     301 G  V  M  K  R  S  E  R  V  L  I  P  G  H  K  V  Y  E  Y  W   
 
     961 aacgaccctgcgaagaggcccacgcttatgcgctacgtcctcgacgacgttagatccact 
     321 N  D  P  A  K  R  P  T  L  M  R  Y  V  L  D  D  V  R  S  T   
 
    1021 ctgggcctcgccgagaagcttctcccattcttaatccagctctcctccgtgtctggactg 
     341 L  G  L  A  E  K  L  L  P  F  L  I  Q  L  S  S  V  S  G  L   
 
    1081 ccgctcgaccaagtggccgcggccagcgttgggaatagagtggagtggatgcttttgcgc 
     361 P  L  D  Q  V  A  A  A  S  V  G  N  R  V  E  W  M  L  L  R   
 
    1141 tacgcctaccgcatgggcgaggtggcgccgaatagggaggagagggagtacgagccttac 
     381 Y  A  Y  R  M  G  E  V  A  P  N  R  E  E  R  E  Y  E  P  Y   
 
    1201 aagggggcgattgtgctagagccaaagcccgggctgtacagcgacgtgcttgtgttagac 
     401 K  G  A  I  V  L  E  P  K  P  G  L  Y  S  D  V  L  V  L  D   
 
    1261 ttctcctcaatgtaccccaacataatgatgaagtacaacctctcgcccgatacttacttg 
     421 F  S  S  M  Y  P  N  I  M  M  K  Y  N  L  S  P  D  T  Y  L   

 

(continued) 
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    1321 gagccgcatgagccagatcccccggagggggtagtggtggcgcccgaggtggggcaccgc 
     441 E  P  H  E  P  D  P  P  E  G  V  V  V  A  P  E  V  G  H  R   
 
    1381 tttagaaaggctccaaccggctttatccccgccgtgttgaagcacttagtggagcttaga 
     461 F  R  K  A  P  T  G  F  I  P  A  V  L  K  H  L  V  E  L  R   
 
    1441 agggcggttagagaggaggcgaagaagtatccccccgactcgcctgagtaccgactcttg 
     481 R  A  V  R  E  E  A  K  K  Y  P  P  D  S  P  E  Y  R  L  L   
 
    1501 gacgagaggcagagggctctcaaggtcatggcaaacgccatgtacggctacttaggctgg 
     501 D  E  R  Q  R  A  L  K  V  M  A  N  A  M  Y  G  Y  L  G  W   
 
    1561 gttggtgcgcggtggtacaagaaagaggtcgcggagtccgttacggcgtttgcgcgggcc 
     521 V  G  A  R  W  Y  K  K  E  V  A  E  S  V  T  A  F  A  R  A   
 
    1621 attctactcgacgtggtggagtacgcgaagaggcttggcatcgaggtgatatacggcgac 
     541 I  L  L  D  V  V  E  Y  A  K  R  L  G  I  E  V  I  Y  G  D   
 
    1681 acggacagcctcttcgttaagaagagcggggcggtggacaggctggtgaaatatgtggaa 
     561 T  D  S  L  F  V  K  K  S  G  A  V  D  R  L  V  K  Y  V  E   
 
    1741 gagcggcacggcattgagattaaggtggataaggactatgagagagtgttgtttactgag 
     581 E  R  H  G  I  E  I  K  V  D  K  D  Y  E  R  V  L  F  T  E   
 
    1801 gctaagaagaggtacgccgggttgttgagagatgggagaatagacatcgtggggtttgaa 
     601 A  K  K  R  Y  A  G  L  L  R  D  G  R  I  D  I  V  G  F  E   
 
    1861 gtagttaggggggactggtgcgagttggccaaggaggtccagctgaacgtggtggaactt 
     621 V  V  R  G  D  W  C  E  L  A  K  E  V  Q  L  N  V  V  E  L   
 
    1921 attcttaagtcgaagagcgtgggcgaggccagggagcgggttgtgaaatatgtccgcgaa 
     641 I  L  K  S  K  S  V  G  E  A  R  E  R  V  V  K  Y  V  R  E   
 
    1981 gtagttgagcgcctaaaggcgtataaattcgacttagacgacttgatcatctggaagacg 
     661 V  V  E  R  L  K  A  Y  K  F  D  L  D  D  L  I  I  W  K  T   
 
    2041 ttggacaaggagctggatgagtacaaggcctatggcccccacgtccacgccgcgttggag 
     681 L  D  K  E  L  D  E  Y  K  A  Y  G  P  H  V  H  A  A  L  E   
 
    2101 cttaagaggaggggctacaaagtgggtaaggggaccactgtggggtatgtgatagtgagg 
     701 L  K  R  R  G  Y  K  V  G  K  G  T  T  V  G  Y  V  I  V  R   
 
    2161 gggcccggcaaggtttctgaacgcgccatgccctacatattcgtcgacgacgcgagtaaa 
     721 G  P  G  K  V  S  E  R  A  M  P  Y  I  F  V  D  D  A  S  K   
 
    2221 gtggacgtggactactacattgagaagcaagttatcccagccgcgctcagaatagcagag 
     741 V  D  V  D  Y  Y  I  E  K  Q  V  I  P  A  A  L  R  I  A  E   
 
    2281 gtcctcggcgtaaaagagagcgacttgaagacaggcagagtcgaaaaatcactcttggac 
     761 V  L  G  V  K  E  S  D  L  K  T  G  R  V  E  K  S  L  L  D   
 
    2341 ttcctaggctag 
     781 F  L  G  *  
 
Fig. 3.8: DNA (top) and deduced amino acid (below) sequences of DNA polymerase from P. 

calidifontis. 
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3.3.2. Multiple sequence alignment 
Multiple sequence alignment of DNA polymerases was done by using MUSCLE (Edgar, 

2004). The amino acid sequence of P. calidifontis was aligned with those originated from 

other organisms. Significant homology was found among polymerases from the species 

of genus Pyrobaculum. Multiple sequence alignment of these polymerases is shown in 

Fig. 3.9. Conserved residues were identified in DNA polymerases from both 

Crenarchaeotes and Euryarchaeotes (shown in white, highlighted in black).  

 
Pca         ----MRFWPLDATYSVVGGVPEVRVFGVDGEGRRVVLVDRRFRPYFYAKCDK--CDA--- 51 
Pae         --MKFKLWPLDATYSVVGGVPEVRIFGISESGDRVVVVDRRFRPYFYADCPA--CDP--- 53 
Pis         --MELKVWPLDITYAVVGSVPEIRIFGILSSGERVVLIDRSFKPYFYVDCAV--CEP--- 53 
Afu         -MERVEGWLIDADYETIGGKAVVRLWCKDDQGIFVA-YDYNFDPYFYVIGVD—EDILKN  56 
Ape         ---------------MRGSTPVIILWGRGADGSRVVVFYGEFRPYFYVLPDG—SVGLDQ  43 
Pfu         ------------------------------------------------------------ 
Poc         MTETIEFVLLDSSYEILGKEPVVILWGITLDGKRVVLLDHRFRPYFYALIARGYEDMVEE 60 
Tko         -------MILDTDYITEDGKPVIRIF-KKENGEFKIEYDRTFEPYFYALLKD--DSAIEE 50 
 
 
 
Pca         --SLAKSYLSRVAPVEAVEVVERRFFGRPTIFLKVVAKVPEDVRKLREAALGAPGVVDVY 109 
Pae         --ESVRSQLGRVAPVEEVVAVERRYLGRPRSFLKIVARVPEDVRKLREAAAALPGVSGVY 111 
Pis         --AALKTALSRVAPIDDVQIVERRFLGRSKKFLKVIAKIPEDVRKLREAAMSIPRVSGVY 111 
Afu         AATSTRR---EVIKLKSFEKAQLKTLGREVEGYIVYAHHPQHVPKLRDYLSQFG---DVR 110 
Ape         laamirrlsrpsspilsvervrrrfigrevealkvttlvpasvreyreavrrlggvrdvl 103 
Pfu         ------------------------------------------------------------ 
Poc         IAASIRRLSVVKSPIIDAKPLDKRYFGRPRKAVKITTMIPESVRHYREAVKKIEGVEDSL 120 
Tko         VKKITAERHGTVVTVKRVEKVQKKFLGRPVEVWKLYFTHPQDVPAIRDKIREHPAVIDIY 110 
 
 
 
Pca         EADIRYYMRYMIDKGVVPCAWNVVEAREAG-KLGPLPLYEVVEWAGVEE--------GFP 160 
Pae         EADIRFYMRYMLDMGVVPCSWNTVDAEATGEKLGNLPVYKVAEWGGVTE--------GFP 163 
Pis         EADIRFYMRYMIDMGVVPCSWNVAEVEEGG-RLGGIPTYVVSQWYGIDE--------GFP 162 
Afu         EADIPFAYRYLIDKDLACMDGIAIEGEKQG---GVIRSYKIEKVERIPR-------MEFP 160 
Ape         KADIPFALRFIIDFNLYPMRWYVAEVREVA-VPHGYSVDRAYTLSGDIR--EDETRIQED 160 
Pfu         ------------------------------------------------------------ 
Poc         EADIRFAMRYLIDKRLYPFTVYRIPVEDAG-RNPGFRVDRVYKVAGDPEPLADITRIDLP 179 
Tko         EYDIPFAKRYLIDKGLVPM-------------------------EGDEE----------- 134 
 
 
 
Pca         P--PLRVLAFDIEVYNERGSPDPLRDPVVMLAVKTSDGREEV--------FEAEGRDDRR 210 
Pae         P--PLRVLAFDIEVYNERGTPDPLRDPVILLAVQASDGRVEV--------FEASGRDDRS 213 
Pis         P--SLKVMAFDIEVYNERGSPDPIRDPVVMLAIKTNDGHEEV--------FEASGKDDRG 212 
Afu         E---LKMLVFDCEMLSSFGMPEPEKDPIIVISVKTNDDDEII-----------LTGDERK 206 
Ape         PLKGLRVMAFDIEVYSKMRTPDPKKDPVIMIGLQQAGGEIEI--------LEAEDRSDKK 212 
Pfu         ------------------------------------------------------------ 
Poc         P---MRLVAFDIEVYSRRGSPNPARDPVIIVSLRDSEGKERL--------IEAEGHDDRR 228 
Tko         ----LKMLAFDIETLYHEGE-EFAEGPILMISYADEEGARVITWKNVDLPYVDVVSTERE 189 
 
 

(continued) 
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Pca         VIRGFVDFVKEFDPDVIVGYNSNGFDWPYLSERAKALGVPLRVDRL-GGVPQQSVYGHWS 269 
Pae         VLRSFIDFVREFDPDVIVGYNSNQFDWPYLAERARALGIPLKVDRV-GGAPQQSVYGHWS 272 
Pis         VVRAFVDFIRSYDPDVIVGYNSNGFDWPYLVERAKAVGVPLKVDRL-SNPPQQSVYGHWS 271 
Afu         IISDFVKLIKSYDPDIIVGYNQDAFDWPYLRKRAERWNIPLDVGRDGSNVVFR--GGRPK 264 
Ape         VIAGFVERVKSIDPDVIVGYNQNRFDWPYLVERARVLGVKLAVGRR-SVEPQPGLYGHYS 271 
Pfu         ---------------------------------------------------MQRIGDMTA 249 
Poc         VLREFVEYVRAFDPDIIVGYNSNHFDWPYLMERARRLGIKLDVTRRVGAEPTTSVYGHVS 288 
Tko         MIKRFLRVVKEKDPDVLITYNGDNFDFAYLKKRCEKLGINFALGRDGSEPKIQRMGDRFA 249 
 
 
 
 
Pca         VV--GRANVDLYNIVDEFPEIKVKTLDRVAE-YFGVMKRSERVLIPGHKVYEYWNDPAKR 326 
Pae         VT--GRANVDLYNIVDEFPEIKLKTLDRVAE-YFGVMKREERVLVPGHKIYEYWRDQGKR 329 
Pis         IV--GRANVDLYNIVEEFPEIKLKTLDRVAE-YFGVMKREERVLIPGHKIYEYWKDPNKR 328 
Afu         IT--GRLNVDLYDIAMRISDIKIKKLENVAE-FLGT--KIEIADIEAKDIYRYWSRGEK- 318 
Ape         VS--GRLNVDLLDFAEELHEVKVKTLEEVAD-YLGV-------------VREYWDDPSKR 315 
Pfu         VEVKGRIHFDLYHVITRTINLPTYTLEAVYEAIFGK----PKEKVYADEIAKAWESGENL 305 
Poc         VQ--GRLNVDLYDYAEEMPEIKMKTLEEVAE-YLGVMKKSERVIIEWWRIPEYWDDEKKR 345 
Tko         VEVKGRIHFDLYPVIRRTINLPTYTLEAVYEAVFGQ----PKEKVYAEEITTAWETGENL 305 
 
 
 
 
Pca         PTLMRYVLDDVRSTLGLAEKLLPFLIQLSSVSGLPLDQVAAASVGNRVEWMLLRYAYRMG 386 
Pae         PLLRQYVIDDVKSTYGLAEKLLPFLIQLSSVSGLPLDQVAAASVGNRVEWMLLRYAYRLG 389 
Pis         PLLKRYVLDDVRSTLGLADKLLPFLIQLSSVSGLPLDQVAAASVGNRVEWMLLRYAYRLG 388 
Afu         EKVLNYARQDAINTYLIAKELLPMHYELSKMIRLPVDDVTRMGRGKQVDWLLLSEAKKIG 378 
Ape         EILRKYLRDDVRSTMGLAEKFLPFGAQLSQVSGLPLDQVMAASVGFRLEWRLIREAAKLG 375 
Pfu         ERVAKYSMEDAKATYELGKEFLPMEIQLSRLVGQPLWDVSRSSTGNLVEWFLLRKAYERN 365 
Poc         QLLERYALDDVRATYGLAEKMLPFAIQLSTVTGVPLDQVGAMGVGFRLEWYLMRAAYDMN 405 
Tko         ERVARYSMEDAKVTYELGKEFLPMEAQLSRLIGQSLWDVSRSSTGNLVEWFLLRKAYERN 365 
 
 
 
 
Pca         EVAPNREERE------YEPYKGAIVLEPKPGLYSDVLVLDFSSMYPNIMMKYNLSPDTYL 440 
Pae         EVAPNREERE------YEPYKGAIVLEPRPGLYSDVLALDFSSMYPNIMMKYNLSPDTYL 443 
Pis         EVAPNREERE------YEPYKGAIVLEPKPGMYEDVLVLDFSSMYPNIMMKYNLSPDTYL 442 
Afu         EIAPNPPEHA-------ESYEGAFVLEPERGLHENVACLDFASMYPSIMIAFNISPDTY- 430 
Ape         ELVPNRVERS------EGRYAGAIVLRPKPGVHEDIAVLDFASMYPNIMVKYNVGPDTLV 429 
Pfu         EVAPNKPSEEEYQRRLRESYTGGFVKEPEKGLWENIVYLDFRALYPSIIITHNVSPDTLN 425 
Poc         ELVPNRVERR------GESYKGAVVLKPLKGVHENVVVLDFSSMYPSIMIKYNVGPDTIV 459 
Tko         ELAPNKPDEKELARR-RQSYEGGYVKEPERGLWENIVYLDFNSLYPSIIITHNVSPDTLN 782 
 
 
 
 
Pca         EPHEPDPP-EGVVVAPEVGHRFRKAPTGFIPAVLKHLVELRRAVREEAKKYPPDSPEYRL 499 
Pae         ERGEPDPP-GGVYVAPEVGHRFRREPPGFIPLVLRQLIELRKRVREELKKYPPDSPEYRV 502 
Pis         EPGEPDPP-EGVNVAPEVGHRFRRSPPGFVPQVLKSLVELRKAVREEAKKYPPDSPEFKI 501 
Afu         -----GCR-DDCYEAPEVGHKFRKSPDGFFKRILRMLIEKRRELKVELKNLSPESSEYKL 484 
Ape         RPGEEYGE-EEVYTAPEVGHKFRKSPPGFFKKILERFLSWRRQIRSEMKKHPPDSPEYKL 488 
Pfu         ---LEGCK--NYDIAPQVGHKFCKDIPGFIPSLLGHLLEERQKIKTKMKE-TQDPIEKIL 479 
Poc         DDPSECPKYGGCYVAPEVGHRFRRSPPGFFKTVLENLLKLRRQVKEKMKEFPPDSPEYRL 519 
Tko         ---REGCK--EYDVAPQVGHRFCKDFPGFIPSLLGDLLEERQKIKKKMKA-TIDPIERKL 836 
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Pca         LDERQRALKVMANAMYGYLGWVGARWYKKEVAESVTAFARAILLDVV-EYAKRLGIEVIY 558 
Pae         LDERQRALKIMANAMYGYTGWVGARWYKKEVAESVTAFARAILKDVI-EYARKAGIVVIY 561 
Pis         LDERQRALKVMANAIYGYLGWVGARWYKREVAESVTAFARAILKDVI-EQARRLGIVVVY 560 
Afu         LDIKQQTLKVLTNSFYGYMGWNLARWYCHPCAEATTAWGRHFIRTSA-KIAESMGFKVLY 543 
Ape         LDERQKAIKLLANASYGYMGWPHARWYCRECAEAVTAWGRSIIRTAI-RKAGELGLEVIY 547 
Pfu         Ldyrqkaikllansfygyygyakarwyckecaesvtawgrkyielvwkeleekfgfkvly 539 
Poc         YDERQKALKVLANASYGYMGWSHARWYCKRCAEAVTAWGRNLILTAI-EYARKLGLKVIY 578 
Tko         LDYRQRAIKILANSYYGYYGYARARWYCKECAESVTAWGREYITMTIKEIEEKYGFKVIY 1435 
 
 
 
 
Pca         GDTDSLFVKKSG----AVDR----LVKYVEERHG--IEIKVDKDYERVLFTEAKKRYAGL 608 
Pae         GDTDSLFVKKSG----DVEK----LVKYVEEKYG--IDIKIDKDYSTVLFTEAKKRYAGL 611 
Pis         GDTDSLFVKKHG----DVDK----LIKYVEEKYG--IDIKVDKDYAKVLFTEAKKRYAGL 610 
Afu         GDTDSIFVTKAGMTKEDVDR----LIDKLHEELP--IQIEVDEYYSAIFFVE-KKRYAGL 596 
Ape         GDTDSLFVKNDP---EKVER----LIRFVEEELG--FDIKVDKVYRRVFFTEAKKRYVGL 598 
Pfu         IDTDGLYATIPGGESEEIKKKALEFVKYINSKLPGLLELEYEGFYKRGFFVT-KKRYAVI 598 
Poc         GDTDSLFVVYDK---EKVEK----LIEFVEKELG--FEIKIDKIYKKVFFTEAKKRYVGL 629 
Tko         SDTDGFFATIPGADAETVKKKAMEFLKYINAKLPGALELEYEGFYKRGFFVT-KKKYAVI 1494 
 
 

 
 
 

Pca         LRDGRIDIVGFEVVRGDWCELAKEVQLNVVELILKSKSVGEARERVVKYVREVVERLKAY 668 
Pae         LRDGRIDIVGFEVVRGDWSELAKEVQLRVIELILTSRDVSEARQKVVKYVRGVIDKLRNY 671 
Pis         LRDGRIDIVGFEVVRGDWSELAKDVQLRVIEIILKSRDIVEARHGVIKYIREIIERLKNY 670 
Afu         TEDGRLVVKGLEVRRGDWCELAKKVQREVIEVILKEKNPEKA----LSLVKDVILRIKEG 652 
Ape         TVDGKIDVVGFEAVRGDWSELAKETQFKVAEIVLKTGSVDEA----VDYVRNIIEKLRRG 654 
Pfu         DEEGKVITRGLEIVRRDWSEIAKETQARVLETILKHGDVEEA----VRIVKEVIQKLANY 654 
Poc         LEDGRIDIVGFEAVRGDWCELAKEVQEKAAEIVLNTGNVDKA----ISYIREVIKQLREG 685 
Tko         DEEGKITTRGLEIVRRDWSEIAKETQARVLEALLKDGDVEKA----VRIVKEVTEKLSKY 1550 
 
 
 
 
Pca         KFDLDDLIIWKTLDKELDEYKAYGPHVHAALELKRRGYKVGKGTTVGYVIVRGPGKVSER 728 
Pae         EVDLDDLIIWKTLDKELDEYKAYPPHVHAAILLKKRGYKVGKGTTIGYVVVKGGEKVSER 731 
Pis         KFNIDDLIIWKTLDKELDEYKAYPPHVHAAQILKRHGYRVGKGTTIGYVIVKGGEKVSER 730 
Afu         KVSLEEVVIYKGLTKKPSKYESMQAHVKAALKAREMGIIYPVSSKIGYVIVKGSGNIGDR 712 
Ape         QVDMRKLVIWKTLTRPPSMYEARQPHVTAALLMERAGIKVEPGAKIGYVVTKGSGPLYTR 714 
Pfu         EIPPEKLAIYEQITRPLHEYKAIGPHVAVAKKLAAKGVKIKPGMVIGYIVLRGDGPISNR 714 
Poc         KVPITKLIIWKTLSKRIEEYEHDAPHVMAARRMKEAGYEVSPGDKVGYVIVKGSGSVSSR 745 
Tko         EVPPEKLVIHEQITRDLKDYKATGPHVAVAKRLAARGVKIRPGTVISYIVLKGSGRIGDR 1610 
 
 
 
 
Pca         AMPYIFVDD---------------ASKVDVDYYIEKQVIPAA-LRIAEVLGVKESDLKTG 772 
Pae         AVPYIFIDD---------------IEKIDLDYYVERQVIPAA-LRIAEVIGIKEGDLKTG 775 
Pis         ALPYILLDD---------------IKKIDIDYYIERQIIPAA-LRIAEVIGVKESDLKTG 774 
Afu         AYPIDLIEDFDGENLRIKTKSGIEIKKLDKDYYIDNQIIPSV-LRILERFGYTEASLKGS 771 
Ape         AKPYFMASK----------------EEVDVEYYVDKQVVPAASAHTSSNFGVIEKRLKGG 758 
Pfu         AILAEEYDP--------------KKHKYDAEYYIENQVLPAV-LRILEGFGYRKEDLRYQ 759 
Poc         AYPYFMVDP----------------STIDVNYYIDHQIVPAA-LRILSYFGVTEKQLKAA 788 
Tko         AIPFDEFDP--------------TKHKYDAEYYIENQVLPAV-ERILRAFGYRKEDLRYQ 1655 

(continued) 
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Pca         RV-EKSLLDFLG---- 783 
Pae         RS-ERTLLDFF----- 785 
Pis         RM-ERSLLDFLS---- 785 
Afu         S--QMSLDSFFS---- 781 
Ape         GR-QSTLLDFMRRGK- 772 
Pfu         KTRQVGLTSWLNIKKS 775 
Poc         ATVQRSLFDFFASKK- 803 
Tko         KTRQVGLSAWLKPKGT 1671 
 
Fig. 3.9: Alignment of P. calidifontis DNA polymerase with other archaeal family B DNA 
polymerases. (Gaps are shown by dashes. Conserved residues are shown in white with black 
background. The sequences used in alignment were: Pca, P. calidifontis accession number 
NC_009073; Pae, P. aerophilum accession number NP_559770; Pis, P. islandicum accession 
number NP_559770; Afu, A. fulgidus accession number NP_069333; Ape, A. pernix accession 
number BAA75663; Pfu, P. furiosus accession number NP_577941; Poc, P. occultum accession 
number BAA07580; Tko, T. kodakaraensis accession number BAD84190). 

3.3.3. Amino acid composition and conserved regions 
Analysis of primary structure of the protein was done by using ProtParam (Gasteiger et 

al., 2005). The protein consisted of 783 amino acids with a calculated molecular mass of 

89156.9 Da and a theoretical pI of 6.57. Almost 31% amino acid residues in the protein 

were charged (122 negatively charged i.e. aspartate and glutamate; 120 positively 

charged i.e. arginine and lysine). Amino acid composition of the protein is shown in 

Table 3.1. 

Table 3.1: Amino acid composition of P. calidifontis DNA polymerase. 
 

Amino 
Acid 

Total 
number 

Percentage  Amino 
acid 

Total 
number 

Percentage 

Ala (A) 58 7.4%  Arg (R) 67 8.6% 

Asn (N) 13 1.7%  Asp (D) 53 6.8% 

Cys (C) 4 0.5%  Gln (Q) 7 0.9% 

Glu (E) 69 8.8%  Gly (G) 57 7.3% 

His (H) 8 1.0%  Ile (I) 28 3.6% 

Leu (L) 71 9.1%  Lys (K) 53 6.8% 

Met (M) 14 1.8%  Phe (F) 27 3.4% 

Pro (P) 46 5.9%  Ser (S) 30 3.8% 

Thr (T) 15 1.9%  Trp (W) 11 1.4% 

Tyr (Y) 45 5.7%  Val (V) 107 13.7% 
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DNA polymerases contain various conserved regions - both in polymerase and 

exonuclease domains. The conserved domains in Pca DNA polymerase were identified 

and compared to various archaeal polymerases as shown in Fig. 3.10. 

 
               Exo I                                           Exo II                                                 ExoIII 
Pca   LRVLAFDIE           DPDVIVGYNSNGFDWPYLSERA           LMRYVLDDVRSTLGLA 
Pae   LRVLAFDIE           DPDVIVGYNSNGFDWPYLSERA           LRQYVIDDVKSTYGLA 
Pis   LKVMAFDIE           DPDVIVGYNSNGFDWPYLVERA           LKRYVLDDVRSTLGLA 
Afu   LKMLVFDCE           DPDIIVGYNQDAFDWPYLRKRA           LRNYARQDAINTYLIA 
Ape   LRVMAFDIE           DPDVIVGYNQNRFDWPYLVERA           LRKYLRDDVRSTMGLA 
Poc   MRLVAFDIE           DPDIIVGYNSNHFDWPYLMERA           LERYALDDVRATYGLA 
Tko   LKMLAFDIE           DPDVLITYNGDNFDFAYLKKRC           VARYSMEDAKVTYELG 
 
 
                                     Pol IV                                                             DNA-binding motif 
Pca   DDRRVIRGFVDFVKEFDPDVIVGYNSNGFDWP                        YKGA 
Pae   DDRSVLRSFIDFVREFDPDVIVGYNSNQFDWP                        YKGA 
Pis   DDRGVVRAFVDFIRSYDPDVIVGYNSNGFDWP                        YKGA 
Afu   DERKIISDFVKLIKSYDPDIIVGYNQDAFDWP                        YEGA 
Ape   SDKKVIAGFVERVKSIDPDVIVGYNQNRFDWP                        YAGA 
Poc   DDRRVLREFVEYVRAFDPDIIVGYNSNHFDWP                        YKGA 
Tko   TEREMIKRFLRVVKEKDPDVLITYNGDNFDFA                        YEGG 
 
 
                                       Pol II                                                                        Pol VI 
Pca   GAIVLEPKPGLYSDVLVLDFSSMYPNIMMKYNLSPDT          GFIPAVLKHLVELRRAVREEAKK 
Pae   GAIVLEPRPGLYSDVLALDFSSMYPNIMMKYNLSPDT          GFIPLVLRQLIELRKRVREELKK 
Pis   GAIVLEPKPGMYEDVLVLDFSSMYPNIMMKYNLSPDT          GFVPQVLKSLVELRKAVREEAKK 
Afu   GAFVLEPERGLHENVACLDFASMYPSIMIAFNISPDT          GFFKRILRMLIEKRRELKVELKN 
Ape   GAIVLRPKPGVHEDIAVLDFASMYPNIMVKYNVGPDT          GFFKKILERFLSWRRQIRSEMKK 
Poc   GAVVLKPLKGVHENVVVLDFSSMYPSIMIKYNVGPDT          GFFKTVLENLLKLRRQVKEKMKE 
Tko   GGYVKEPERGLWENIVYLDFNSLYPSIIITHNVSPDT          GFIPSLLGDLLEERQKIKKKMKA 
 
 
                                           Pol III                                                                       Pol I 
Pca   RQRALKVMANAMYGYLGWVGARWYKKEVAESVTAFARAIL             GIEVIYGDTDSLFV 
Pae   RQRALKIMANAMYGYTGWVGARWYKKEVAESVTAFARAIL             GIVVIYGDTDSLFV 
Pis   RQRALKVMANAIYGYLGWVGARWYKREVAESVTAFARAIL             GIVVVYGDTDSLFV 
Afu   KQQTLKVLTNSFYGYMGWNLARWYCHPCAEATTAWGRHFI             GFKVLYGDTDSIFV 
Ape   RQKAIKLLANASYGYMGWPHARWYCRECAEAVTAWGRSII             GLEVIYGDTDSLFV 
Poc   RQKALKVLANASYGYMGWSHARWYCKRCAEAVTAWGRNLI             GLKVIYGDTDSLFV 
Tko   RQRAIKILANSYYGYYGYARARWYCKECAESVTAWGREYI             GFKVIYSDTDGFFA 
 
 
                           Pol V 
Pca   RDGRIDIVGFEVVRGDWCELAK 
Pae   RDGRIDIVGFEVVRGDWSELAK 
Pis   RDGRIDIVGFEVVRGDWSELAK 
Afu   EDGRLVVKGLEVRRGDWCELAK 
Ape   VDGKIDVVGFEAVRGDWSELAK 
Poc   EDGRIDIVGFEAVRGDWCELAK 
Tko   EEGKITTRGLEIVRRDWSEIAK 
 
 
Fig. 3.10: Conserved amino acid residues found in exonuclease and polymerase domains of 
archaeal family B DNA polymerases (Accession numbers are same as shown in Fig. 3.9) 
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3.3.4. Analysis of codon usage 
Codon usage analysis was done by using Graphical Codon Usage Analyzer (GCUA) 

(Fuhrmann et al., 2004). Codon usage for all amino acids in P. calidifontis polymerase 

gene was similar to that found in the genome of the organism as shown in Fig. 3.11 

 
 

Fig. 3.11: Analysis of codon usage in DNA polymerase gene of P. calidifontis. 

 
3.3.5. Phylogenetic analysis and sequence comparison 
Based on amino acid sequence, a phylogenetic tree of archaeal DNA polymerases was 

constructed. Phylogeny.fr (Dereeper et al., 2008) and TreeDyn (Chevenet et al., 2006) 

were used for phylogenetic analysis and tree construction. The DNA polymerase of P. 

calidifontis clustered with other Crenarchaeal polymerases especially those belonging to 
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the order Thermoproteales (i.e. members of genus Pyrobaculum and Thermoproteus). 

The phylogenetic relationship among archaea based on 16S rRNA appeared to be similar 

when DNA polymerase sequence was the basis of analysis as evident from Fig 3.12. 

 

   
 
 
Fig. 3.12: Phylogenetic tree based on amino acid sequence of archaeal family B DNA 
polymerases. (Pca, P. calidifontis accession number NC_009073; Pae, P. aerophilum accession 
number NP_559770; Pis, P. islandicum accession number NP_559770; Tne, Thermoproteus 
neutrophilus accession number YP_001794693; Ape, A. pernix accession number BAA75663; 
Sma, S. marinus accession number YP_001040896; Szi, S. zilligii accession number AAX97697; 
Poc, P. occultum accession number BAA07580; Pfu, P. furiosus accession number NP_577941; 
Pab, P. abyssi accession number NP_127396; Tko, T. kodakaraensis accession number 
BAD84190; Tli, T. litoralis accession number AAA72101; Mth, Methanothermobacter 
thermautotrophicus accession number AAB85697; Cko, C. korarchaeum accession number 
YP_001737626; Neq, N. equitans accession number AAR38923). Phyla, to which these 
organisms belong, are also shown. 

Euryarchaeota 

Crenarchaeota 

Nanoarchaeota 

Korarchaeota 
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The DNA polymerase of P. calidifontis showed maximal homology to those of other 

species of genus Pyrobaculum. Protein identity of Pca polymerase with other archaeal 

family B DNA polymerases is shown in Table 3.2. 

 
Table 3.2: Percentage identity between P. calidifontis DNA polymerase and other archaeal 

family B DNA polymerases. 
 

Organism Amino Acids Accession No. Percent identity 
(identical/common 

length) 
Pyrobaculum arsenaticum 786 YP_001154087 79 

(620/783) 
Pyrobaculum aerophilum 785 NP_559770 79 

(624/783) 
Thermoproteus neutrophilus 784 YP_001794693 79 

(619/782) 
Pyrobaculum islandicum 785 YP_930480 78 

(618/783) 
Pyrodictium occultum 803 BAA07580 53 

(425/801) 
Sulfophobococcus zilligii 797 AAX97697 53 

(432/798) 
Staphylothermus marinus 801 YP_001040896 51 

(415/800) 
Aeropyrum pernix 772 BAA75663 50 

(394/784) 
Archaeoglobus fulgidus 781 NP_069333 39 

(317/803) 
Pyrococcus furiosus 775 NP_577941 35 

(288/802) 
Thermococcus litoralis 774 AAA72101 35 

(286/813) 
Thermococcus kodakaraensis 774 BAD84190 35 

(284/800) 
Pyrococcus abyssi 771 NP_127396 35 

(288/809) 
Candidatus korarchaeum 726 YP_001737626 31 

(232/743) 
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3.4. Expression of polymerase gene and purification of the gene 
product 

3.4.1. Optimization of IPTG concentration for induction of gene 
expression 
The recombinant plasmid pol-pET21a was used to transform expression host E. coli 

BL21 CodonPlus (DE3)-RIL. A colony of transformed cells was added in LB broth, 

grown overnight, and inoculated (1%) in 10 mL of LB broth. Gene expression was 

induced at an OD600 of 0.4 by the addition of isopropyl-β-D-thiogalactoside (IPTG). 

Various concentrations of IPTG were used for induction (0.2 mM, 0.5 mM and 1 mM). 

Cells were harvested after 4 hours of induction and suspended in 25 mM Tris-Cl pH 8.5. 

After addition of SDS-PAGE gel loading buffer, denaturing polyacrylamide gel 

electrophoresis was carried out. Almost same extent of protein synthesis was observed in 

cells induced at all IPTG concentrations as shown in Fig. 3.13. Therefore, IPTG was used 

at a concentration of 0.2 mM for the expression of the polymerase gene at large scale. 

 

                                                                1        2        3        4 

 
 

Fig. 3.13: Coomassie blue stained denaturing polyacrylamide gel showing synthesis of 
polymerase by induction with IPTG. Lane 1, un-induced cells (0 mM IPTG); Lane 2, cells 
induced with 0.2 mM IPTG; Lane 3, cells induced with 0.5 mM IPTG; Lane 4, cells induced with 
1 mM IPTG. Position of the polymerase is marked with an arrow. 

 
 

3.4.2. Production of protein and partial purification 
After screening for optimal IPTG concentration, protein synthesis was done at large 

scale. Gene expression was induced by the addition of 0.2 mM IPTG. Cells were 

harvested after 4 hours of induction. About 2 g wet cell mass was obtained per liter of the 

growth medium. After washing with 25 mM Tris-Cl pH 8.5, harvested cells were 
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disrupted by sonication in the same buffer. The sonicated cell extract was centrifuged and 

supernatant was collected. This supernatant was then heated at 80 oC for 30 minutes 

followed by centrifugation. The supernatant obtained after heating was then stored at -20 
oC until required. SDS-PAGE of all these fractions was done. After heating step, most of 

the host cell proteins were precipitated and the polymerase remained in the soluble 

fraction. The resulting protein solution contained partially purified enzyme as shown in 

Fig. 3.14 (Lane 5).  

 
                                                        1      2     3     4     5 

 
Fig. 3.14: Coomassie blue stained denaturing polyacrylamide gel demonstrating partial 
purification of Pca DNA polymerase. Lane 1, cell extract after sonication; Lane 2, precipitate 
after sonication; Lane 3, supernatant after sonication; Lane 4, precipitate after heating step; Lane 
5, supernatant obtained after heating step. 

 
 

3.4.3. Purification of polymerase by FPLC 

3.4.3.1. Anion Exchange chromatography 

The supernatant obtained after heating step contained mainly the polymerase. This 

supernatant was applied to Resource Q anion exchange column. Chromatography was 

done as described in Materials and Methods (Section 2.5.6). The pH of protein solution 

was 8.5. The protein, being negatively charged at this pH, was bound to the column. 

Elution of proteins from the column was done by a linear gradient of sodium chloride 

(i.e. 0 to 1 M) in the equilibration buffer. The chromatogram demonstrating protein 

elution profile is shown in Fig. 3.15.  
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Fig. 3.15: Chromatogram showing elution pattern of Pca polymerase from anion exchange 
column Resource Q. [X-axis, volume of buffer (mL); Left Y-axis optical density at 280 nm 
(mAbs units); Right Y-axis, concentration of elution buffer (%)]. 
 
 
 
The protein fractions obtained after anion exchange chromatography were subjected to 

denaturing polyacrylamide gel electrophoresis. The polymerase was eluted in fractions 

which corresponded to peak 1 in Fig. 3.15. Elution of the polymerase was observed at a 

sodium chloride concentration of 0.3 to 0.45 M. SDS polyacrylamide gel of these 

fractions is shown in Fig. 3.16. 
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                                           1       2    3      4      5      6      7      8 

 
 

Fig. 3.16: Coomassie blue stained SDS-polyacrylamide gel showing distribution of Pca 
polymerase in various fractions obtained after Resource Q. Lane 1, sample loaded onto column; 
lane 2, flow through after protein loading; Lane 3, fraction prior to peak 1 (in Fig. 3.15); Lane 4-
6, fractions corresponding to peak 1 of the chromatogram; Lane 7, fraction from peak 2; Lane 8, 
fraction from peak 3. 
 

3.4.3.2. Hydrophobic interaction chromatography 

Fractions of peak 1 from Resource Q column were pooled together and dialyzed against 

50 mM sodium phosphate buffer pH 7.0. After dialysis, ammonium sulfate was added to 

protein solution to a final concentration of 1 M. This protein solution was then loaded 

onto hydrophobic column Resource PHE equilibrated with 50 mM sodium phosphate 

buffer pH 7.0 containing 1 M ammonium sulfate. The elution buffer used was 50 mM 

sodium phosphate pH 7.0. The protein was eluted by elution buffer by removal of 

ammonium sulfate from the protein solution in a linear gradient thus reducing the 

hydrophobicity of the protein and eluting it from the column. 

 

A single peak of eluted protein was obtained by Resource PHE hydrophobic column. 

Two fractions (A1 and A2, each of 1 mL) were collected from this peak. The protein 

peak appeared at an elution buffer concentration of 100% (0 M ammonium sulfate). The 

chromatogram describing protein elution profile from Resource PHE column is shown in 

Fig. 3.17. 
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Fig. 3.17: Chromatogram showing elution pattern of Pca polymerase from hydrophobic column 
Resource PHE. [X-axis, volume of buffer (mL); Left Y-axis optical density at 280 nm in blue, at 
256 nm in red (mAbs); Right Y-axis, concentration of elution buffer (%)]. 
 
SDS-PAGE of the collected fractions was performed. Major quantity of the polymerase 

was eluted in later part of the peak as demonstrated by Fig. 3.18.  

                                                            1     2      3     4 

 
Fig. 3.18: Coomassie blue stained SDS-polyacrylamide gel showing distribution of Pca 
polymerase in fractions obtained after Resource PHE hydrophobic interaction chromatography. 
Lane 1, sample before loading onto the column; Lane 2, flow through after protein loading; Lane 
3, fraction A1 (in Fig. 3.17); Lane 4, fraction A2 (in Fig 3.17). 
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3.4.3.3. Standard curve for protein quantification 
Standard curve for protein quantification was prepared by using bovine serum albumin 

(BSA). Various concentrations of BSA were incubated with dye binding reagent. Optical 

density at 595 nm wavelength was noted and a graph of protein concentration against 

optical density was plotted. This standard curve was then used to find the concentration 

of all protein solutions. The standard graph for protein concentration estimation is shown 

in Fig. 3.19. 

 

 

 
 

Fig. 3.19: Standard curve for protein quantification by using bovine serum albumin (BSA) as a 
standard. 

 



 

66 

3.4.3.4. Analysis of degree of purification 
The protein was purified to a specific activity of 1133 U/mg with a recovery of 29.3%. 

The fold purification achieved after FPLC was 16.7 times. The activity, specific activity 

and protein concentration of the polymerase at various stages of purification are 

summarized in Table 3.3. 

Table 3.3: Purification of Pca polymerase. 

Purification 
step 

Total 
protein 

(mg) 

Total 
activity 

(U) 

Specific 
activity 
(U/mg) 

Fold 
Purification 

Recovery 
(%) 

 
Crude extract 

 

 
368.23 

 
24990 

 
67.86 

 
1 

 
100 

Heat 
denaturation 

 

 
212.1 

 
19140 

 
90.24 

 
1.33 

 
76.59 

Anion exchange 
chromatography 

 

 
38.22 

 
15060 

 
394.03 

 
5.81 

 
60.26 

Hydrophobic 
interaction 

chromatography 

 
6.46 

 
7332 

 
1133.58 

 
16.7 

 
29.34 

 
Protein fractions after various steps of purification are shown in Fig. 3.20. 

                                                    1        2         3       4        5     

 
Fig. 3.20: Coomassie blue stained polyacrylamide gel demonstrating various fractions obtained 
during purification of Pca DNA polymerase. Lane 1, sonicated extract of transformed host cells; 
Lane 2, supernatant after heating step; Lane 3, protein after ResQ anion exchange 
chromatography; Lane 4, protein after ResPHE hydrophobic interaction chromatography; Lane 5, 
molecular mass marker (mass is indicated in kDa). 
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3.5. N-terminal sequencing of Pca polymerase 
In order to know that the correct protein was produced and purified, N-terminal sequence 

analysis of the protein was performed. Denaturing polyacrylamide gel electrophoresis of 

the purified protein was performed. The gel was stained with coomassie blue. Gel slice 

containing the polymerase was excised from the gel. This gel slice was then used for 

protein elution and N-terminal sequence analysis. The sequence of first five amino acids 

was determined (Alta Biosciences, UK). The sequence obtained by N-terminal 

sequencing was identical to the amino acid sequence deduced from gene sequence. 

3.6. Determination of molecular mass 

3.6.1. Estimation from denaturing polyacrylamide gel 
After purification of the polymerase, denaturing polyacrylamide gel electrophoresis was 

done along with protein molecular mass marker. The mass of Pca polymerase was 

estimated by comparing its mobility on denaturing polyacrylamide gel with that of other 

proteins of known molecular mass. The mass of Pca polymerase was estimated to be 

about 90 kDa (Fig. 3.21). This observation was in agreement to the theoretically 

calculated mass of the enzyme by using ProtParam (Gasteiger et al., 2005) which was 

89156.9 Da. 

 
                                                                1          2 

 
Fig. 3.21: Coomassie blue stained denaturing polyacrylamide gel demonstrating approximate 
molecular mass of purified Pca DNA polymerase. Lane 1, molecular mass marker; Lane 2, 
Purified Pca polymerase. (Molecular mass is indicated in kDa). 
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3.6.2. Determination of molecular mass by MALDI-TOF MS 
Molecular mass of Pca DNA polymerase was also determined by using MALDI-TOF 

mass spectrometry. For this analysis, purified polymerase at a concentration of 5 mg/mL 

was used. The mass of Pca polymerase observed by MALDI-TOF MS was found to be 

89157.145 (peak marked [M+H]+1 in Fig. 3.22) which also included the mass of an 

additional proton. Therefore, mass of the protein was calculated to be 89156.145 (by 

subtracting the mass of proton). This mass is nearly the same as calculated theoretically 

by ProtParam. Other charged species of the same molecule were also observed i.e. doubly 

charged (peak marked [M+2H]+2 in Fig. 3.22) and triply charged (peak marked [M+3H]+3 

in Fig. 3.22). This is because of the production of multiple charged states of the protein 

during the process of ionization. 

 

 
Fig. 3.22: Determination of molecular mass of Pca polymerase by MALDI-TOF MS. [X-axis, 
mass to charge ratio (m/z); Y-axis, relative abundance (in arbitrary units) of various charged 
species]. 
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3.6.3. Determination of mass by gel filtration chromatography 
Mass of the polymerase and its oligomeric state were analyzed by gel filtration 

chromatography using the Superdex 200 10/30 column. A standard curve for protein 

elution was prepared as a function of molecular mass. The proteins used for standard 

curve included ferritin, lactate dehydrogenase, human serum albumin, xylanase and 

myoglobin. The retention volumes of these proteins are shown in Table 3.4. Standard 

curve was plotted by taking log of molecular mass (in kDa) on Y-axis and retention 

volume (in mL) on X-axis. The standard curve is shown in Fig. 3.23. 

 
Table 3.4: Molecular mass and retention volumes of proteins used to plot standard curve. 

 

Standard protein Molecular mass
Mr (kDa) 

Log (Mr) 
(kDa) 

Retention volume
(mL) 

Myoglobin 16 1.204 17.1 

Xylanase 38 1.580 15.9 

Human serum albumin 69 1.839 13.9 

Lactate dehydrogenase 140 2.146 12.6 

Ferritin 440 2.643 10.5 

 

 
Fig. 3.23: Standard curve for protein elution from gel filtration column. [X-axis, retention 
volumes of standard proteins (mL); Y-axis, log of molecular mass of standard proteins (mass in 
kDa was used for calculation)]. 



 

70 

Gel filtration chromatography of Pca polymerase was performed. Elution of the protein 

from the column was done in 50 mM Tris-Cl pH 8.0. The protein was eluted from the 

column at an elution volume of 12.4 mL. This corresponded to a log(Mr) value of 2.215. 

The molecular mass calculated from this value was 164.05 kDa. This observed mass 

corresponded to the mass of protein dimer. This result indicated that the Pca polymerase 

existed as a homodimer. The elution profile of the enzyme from gel filtration column is 

shown in Fig. 3.24. 

 

 

 
 

Fig. 3.24: Elution profile of Pca DNA polymerase from Superdex 200 10/30 gel filtration 
column. [X-axis, retention volume (mL); Y-axis, optical density at 280 nm wavelength (mAbs)]. 
 
 
 
It was observed that polymerase activity of the enzyme decreased in the presence of 

ammonium sulfate. The effect of this salt on oligomeric state of the protein was studied. 

Gel filtration chromatography of Pca polymerase was also performed in the presence of 
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200 mM ammonium sulfate – a concentration at which no polymerase activity could be 

detected. It was observed that in the presence of 200 mM ammonium sulfate, the protein 

elution profile was not changed. The protein was eluted at the same volume of 12.4 mL 

(Fig. 3.25) which corresponded to the mass of protein dimer. Therefore, the decrease 

observed in polymerase activity in the presence of ammonium sulfate does not seem to 

operate through abolishing interactions between protein dimer components. The elution 

profile of the enzyme from gel filtration column in the presence of 200 mM ammonium 

sulfate is shown in Fig. 3.25. 

 

 

 
 

Fig. 3.25: Elution profile of Pca DNA polymerase from Superdex 200 10/30 gel filtration column 
in the presence of 200 mM ammonium sulfate. [X-axis, retention volume (mL); Y-axis, optical 
density at 280 nm wavelength (mAbs)]. 
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3.7. Determination of isoelectric point  
Theoretical estimation of isoelectric point of Pca polymerase was done by using “MW, 

pI, Titration curve” tool on ExPASy website. Net charge on protein was plotted as a 

function of pH. The calculated pI of the protein, based on its amino acid sequence, was 

6.42 as shown in Fig. 3.26.  

 

 
 

Fig. 3.26: Graph showing net charge on Pca polymerase as a function of pH. The pI of the 
protein was calculated to be 6.42. [X-axis, pH; Y-axis, net charge on protein at a particular pH]. 
 

In order to estimate the pI experimentally, isoelectric focusing (IEF) was performed. IEF 

was done as described in Materials and Methods (Section 2.6). After electrophoresis, the 

IPG strip was stained with Coomassie blue. The isoelectric point of Pca polymerase was 

found to be 6.13 as shown in Fig. 3.27. 

 

 

 
 

Fig. 3.27: Coomassie blue stained IPG strip demonstrating isoelectric focusing of the Pca 
polymerase. pH is shown on the top of the gel strip. Position of the polymerase is marked with an 
arrow. 
 

pH    5.5                                                         6.0                                                          6.5 
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3.8. Activity gel analysis 
Pca polymerase, Taq DNA polymerase and E. coli Klenow fragment were loaded onto 

SDS-polyacrylamide gel and electrophoresis was performed. After SDS removal and 

protein renaturation, the gel was transferred to activity buffer containing Biotin-11-UTP. 

Incorporation of biotin label was detected. Taq polymerase was used as a positive 

control. Klenow fragment, being a mesophilic enzyme, was inactive at 72 oC and hence 

served as a negative control in the experiment. Incorporation of biotin was observed at a 

position corresponding to Pca polymerase on the gel (Fig. 3.28, Lane 1). This was further 

established by the use of Taq DNA polymerase which is a heat stable enzyme and has a 

molecular mass similar to that of Pca polymerase (Fig. 3.28, Lane 3). 

                                         1                           2                           3 

 
Fig. 3.28: Activity gel analysis of Pca DNA polymerase. Nylon membrane is shown after 
detection for biotin-UTP incorporation. Lane 1, Pca polymerase; Lane 2, Klenow fragment; Lane 
3, Taq polymerase. The position of label incorporation is marked by an arrow. 
 

3.9. Optimization of assay conditions for polymerase activity 

3.9.1. Standard curve for TTP [methyl-3H] 
In order to determine the relationship between concentration of TTP [methyl-3H] and 

counts per second (cps), a standard curve was plotted. The specific activity of TTP 

[methyl-3H] was 85 Ci/mmol. Therefore 1 µCi corresponds to 11.76 pmol of TTP 

[methyl-3H]. 

 

Known amounts of TTP [methyl-3H] were spotted onto DE-81 filters and air dried. The 

filters were transferred to scintillation vials. After addition of 2 mL of scintillation fluid 
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to each vial, counts per second (cps) were measured for each particular amount of 

radioactivity. A graph of cps against amount of TTP [methyl-3H] in nmol was plotted. 

This graph was used to calculate the amount of radiolabel incorporated during the 

experiment. The cps observed by using various concentrations of TTP [methyl-3H] are 

described in Table 3.5. The standard curve is shown in Fig. 3.29. 

 

Table 3.5: cps observed at various concentrations of TTP [methyl-3H]. 

TTP [methyl-3H] 
(µCi) 

 

TTP [methyl-3H] 
(nmol x 10-3) 

Observed counts per second 
(cps) 

0.01 0.1176 34 

0.02 0.2353 66 

0.05 0.5882 157 

0.1 1.1765 298 

0.15 1.7647 425 

0.2 2.3529 636 

 

 
Fig. 3.29: Standard curve showing relationship between amount of TTP [methyl-3H] and 
corresponding counts per second (cps). 
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3.9.2. Optimal buffer concentration 
DNA polymerase assay was performed as described in materials and methods. Enzyme 

assays were carried out at various concentrations of Tris-Cl buffer pH 8.5. Equal amount 

of the polymerase was used in all the assays. The incorporation of TTP [methyl-3H] in 

terms of cps per 30 minutes and relative polymerase activity are shown in Table 3.6. 

 
Table 3.6: DNA polymerase activity at various buffer concentrations. 

Buffer concentration 
(mM) 

TTP incorporation 
(cps) 

Relative activity 
(%) 

10 101 39 

20 220 84.94 

25 259 100 

30 238 91.89 

50 185 71.43 

75 175 67.57 

100 70 27.03 

 

The optimal buffer concentration for DNA polymerase activity was found to be 25 mM 

as shown in Fig. 3.30. 

 

 
Fig. 3.30: Graph showing optimal buffer concentration for DNA polymerase activity. 
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3.9.3. Optimal pH for enzyme activity 
In order to determine optimal buffer pH, DNA polymerase assays were performed in 

either 10 mM sodium phosphate or in 25 mM Tris-Cl buffer of various pH values (at 25 
oC). The polymerase activity in terms of cps obtained per 30 minutes is described in 

Table 3.7. 

 
 

Table 3.7: DNA polymerase activity at various buffer pH values. 

 
Buffer used pH TTP incorporation (cps) Relative Activity (%) 

6 258 51.39 

7 177 35.26 

 

Sodium phosphate 
(10 mM) 

8 54 10.76 

6 224 44.62 

7 407 81.08 

7.5 460 91.63 

8 480 95.62 

8.5 502 100 

9 414 82.47 

9.5 348 69.32 

 

 
 
 

Tris-Cl 
(25 mM) 

10 320 63.75 

 

 

The optimal pH for polymerase activity was found to be dependent on the type of buffer 

used. In case of sodium phosphate buffer the optimal activity was observed at a pH of 6. 

Whereas, for Tris-Cl, this value was 8.5 as shown in Fig. 3.31. 
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Fig. 3.31: Graph showing relative activity of DNA polymerase in 10 mM sodium phosphate 
buffer (open squares) and 25 mM Tris-Cl buffer (closed squares) of various pH values. The 
optimal buffer pH for polymerase activity was 6 and 8.5 in sodium phosphate and Tris-Cl buffers, 
respectively. 

 
 
 

3.9.4. Optimal magnesium chloride concentration 
As the polymerase activity was metal ion dependent, therefore, optimal concentration of 

magnesium chloride was determined. For determination of optimal magnesium chloride 

concentration, the reaction was carried out in the presence of different concentrations of 

magnesium chloride. All other reaction conditions were kept same. The polymerase 

activity in terms of cps incorporation per 30 minutes at various concentrations of 

magnesium chloride is shown in Table 3.8.  

 

The enzyme was active over a wide range of magnesium chloride concentration. Nearly 

80% of maximal enzyme activity was observed at a concentration range of 2 mM to 6 

mM of the divalent cation. The enzyme showed maximum polymerase activity when the 

concentration of magnesium chloride was 4 mM in the reaction mixture. The enzyme 

activity as a function of magnesium chloride concentration is shown in Fig. 3.32. 
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Table 3.8: DNA polymerase activity in the presence of various concentrations of magnesium 
chloride. 
 

[MgCl2] (mM) TTP incorporation 
(cps) 

Relative activity 
(%) 

1 177 45.97 

2 310 80.52 

3 320 83.12 

4 385 100 

5 302 78.44 

6 300 77.92 

7 256 66.49 

8 245 63.64 

9 235 61.04 

10 195 50.65 

 

 
 

 
Fig. 3.32: Graph showing DNA polymerase activity of Pca polymerase at various 
concentrations of magnesium chloride. 
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3.9.5. Effect of ammonium sulfate and potassium chloride 
Effect of monovalent cations i.e. ammonium and potassium on DNA polymerase activity 

was also analyzed. Both ammonium sulfate and potassium chloride tend to decrease the 

activity of the enzyme. Enzyme activity in terms of cps incorporation per 30 minutes at 

various concentrations of these salts is described in Table 3.9. Maximal enzyme activity 

was observed in the absence of these salts. The extent of inactivation with ammonium 

sulfate was more as compared to that observed at same concentration of potassium 

chloride as demonstrated in Fig. 3.33 

 
Table 3.9: DNA polymerase activity in the presence of ammonium sulfate and potassium 
chloride. 

Salt Concentration 
(mM) 

TTP incorporation 
(cps) 

Relative activity 
(%) 

0 240 100 

10 65 27.08 

25 23 9.58 

 

Ammonium 
sulfate 

50 8 3.33 

0 240 100 

10 112 46.67 

25 75 31.25 

 

Potassium 
chloride 

50 17 7.08 

 
 

 
Fig. 3.33: Effect of ammonium sulfate (closed squares) and potassium chloride (open squares) on 
DNA polymerase activity of Pca DNA polymerase. 
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3.9.6. Optimal temperature for polymerase activity 
DNA polymerase activity was monitored according to the standard assay procedure 

except the incubation temperature. Reaction mixture was pre-heated for 5 minutes at a 

particular temperature before addition of the enzyme. Polymerase activity was measured 

at different temperatures. Highest incorporation of radioactivity was observed at 75 oC as 

shown in Fig. 3.34. Rate of polymerization at different temperatures in terms of cps 

incorporation in 30 minutes is described in Table 3.10. This observed temperature is not a 

true reflection of optimal temperature for enzyme activity because the stability of 

substrate (primer-template) decreases at elevated temperature. 
 

Table 3.10: DNA polymerase activity at various temperatures. 
Temperature (oC) TTP incorporation (cps) Relative activity (%) 

0 1 0.18 

20 4 0.72 

37 12 2.16 

50 78 14.03 

60 335 60.25 

70 502 90.29 

75 556 100 

80 320 57.55 

85 130 23.38 
 

 
Fig. 3.34: Graph showing optimal temperature for DNA polymerase activity. 
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3.10. Effect of inhibitors 

3.10.1. Effect of aphidicolin on DNA polymerase activity 
Aphidicolin is a tetracyclic diterpene antibiotic. It is a reversible inhibitor of DNA 

polymerase α (a family B DNA polymerase). Activity of Pca DNA polymerase was 

analyzed in the presence of various concentrations of aphidicolin in the standard assay 

mixture. DNA polymerase activity in terms of cps incorporation in 30 minutes is 

described in Table 3.11. 

 
Table 3.11: DNA polymerase activity in the presence of various concentrations of aphidicolin. 

Aphidicolin 
(µM) 

TTP incorporation  
(cps) 

Relative activity 
(%) 

0 98 100 

100 92 93.88 

200 89 90.82 

500 79 80.61 

1000 42 42.86 

 
The Pca polymerase was moderately tolerant to aphidicolin. The concentration of this 

inhibitor required to inhibit 50% of the enzyme activity (IC50) was found to be 900 µM as 

shown in Fig. 3.35. 

 

 
Fig. 3.35: Graph showing DNA polymerase activity in the presence of different concentrations of 
aphidicolin. 
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3.10.2. Effect of dideoxyTTP on DNA polymerase activity 
Dideoxynucleoside triphosphates (ddNTPs) are used for DNA sequencing by chain 

terminator method. Enzyme activity of Pca DNA polymerase was monitored in the 

presence of various concentration ratios of ddTTP to TTP (up to a ratio of 10). The 

polymerase activity at these ratios in terms of TTP [methyl-3H] incorporation (cps 

obtained in 30 minutes) is described in Table 3.12. 

 
Table 3.12: DNA polymerase activity in the presence of different concentration ratios of ddTTP 
to TTP. 
 

[ddTTP] : [TTP] TTP incorporation 
(cps) 

Relative activity 
(%) 

0 643 100 

1 635 98.76 

2 565 87.87 

5 420 65.32 

10 352 54.74 

 

Pca polymerase was moderately tolerant to ddTTP (in the presence of TTP). The ratio of 

ddTTP concentration to that of TTP required to inhibit 50% of the enzyme activity (IC50) 

was found to be 10 as shown in Fig. 3.36 

 

 
Fig. 3.36: Graph showing DNA polymerase activity in the presence of various concentration 
ratios of ddTTP to TTP. 
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3.11. Thermostability 
Thermostability of Pca polymerase was determined at 95 oC and 100 oC. After incubation 

of the enzyme solution at these temperatures, DNA polymerase activity was monitored. 

Enzyme activity in terms of TTP [methyl-3H] incorporation (cps obtained in 30 minutes) 

is described in Table 3.13. The half life of Pca polymerase was observed to be 4.5 hours 

at 95 oC and 30 minutes at 100 oC as shown in Fig. 3.37. 
 

Table 3.13: DNA polymerase activity after incubation at 95 oC and 100 oC. 

Temperature (oC) Time (hours) TTP incorporation (cps) Relative activity (%) 

0 58 100 

1 50 86.21 

2 47 81.03 

3 40 68.97 

4 35 60.34 

5 22 37.93 

 

 

 

95 oC 

6 18 31.03 

0 58 100 

0.25 45 77.59 

0.5 28 48.28 

1 20 34.48 

 

 

100 oC 

2 5.8 10 

 

 
Fig. 3.37: Thermostability of Pca DNA polymerase at 95 oC (closed squares) and 100 oC (open 
circles). 
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3.12. Analysis of kinetic parameters 

3.12.1. Determination of Km for DNA 
The Km of the enzyme towards calf thymus DNA was determined by double reciprocal 

plot. For calculation of molar concentration of calf thymus DNA, average molecular mass 

(i.e. 8580 kDa) of this DNA was used (Porsch et al., 2009). DNA polymerase assay was 

performed with different concentrations of calf thymus DNA. All other reaction 

conditions were kept constant. Enzyme activity in terms of TTP incorporation (nmoles 

per 30 minutes) is described in Table 3.14. 
 

Table 3.14: Enzyme activity with various concentrations of calf thymus DNA. 

DNA 
(µg/20 µL) 

[DNA] 
(µM) 

1 / [DNA] 
(µM)-1 

Enzyme activity 
(nmoles / 30 min)

1 / Activity 
(nmoles / 30 min)-1 

0.5 0.0029 344.828 3.25 0.308 

1 0.0058 172.414 7.3 0.137 

1.5 0.0087 114.943 8.25 0.121 

2 0.0116 86.207 13.2 0.076 

2.5 0.0145 68.966 14.6 0.068 

 
Double reciprocal plot was plotted with [DNA]-1 on X-axis and activity-1 on Y-axis. 

Intercept on X-axis was 17.02 and that on Y-axis was 0.0143 which corresponded to a Km 

of 0.05 µM and Vmax of 69.7 nmoles per 30 minutes as shown in Fig. 3.38. 

 
 

Fig. 3.38: Double reciprocal plot for determination of Km of Pca polymerase for calf thymus 
DNA. 
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3.12.2. Determination of Km for TTP 
In order to calculate Km of the enzyme for nucleotide (TTP [methyl-3H]), DNA 

polymerase activity was monitored in the presence of different concentrations of TTP 

[methyl-3H]. Substrate DNA concentration and other parameters were kept constant as in 

standard assay procedure. DNA polymerase activity, measured in nmoles of TTP 

[methyl-3H] incorporated in 30 minutes, at these concentrations of TTP is described in 

Table 3.15. 

Table 3.15: Enzyme activity with various concentrations of TTP [methyl-3H]. 

TTP [methyl-3H] 
(µM) 

1 / [TTP] 
(µM)-1 

Enzyme activity 
(nmoles / 30 min) 

1 / Activity 
(nmoles / 30 min)-1 

0.05 20 5.8 0.172 

0.2 5 18.4 0.054 

0.3 3.3 27.8 0.036 

0.4 2.5 28 0.036 
 

Double reciprocal plot was plotted with [TTP- methyl-3H]-1 on X-axis and enzyme 

activity -1 on Y-axis. Intercept on X-axis was 1.98 and that on Y-axis was 0.0157 which 

corresponded to a Km of 0.505 µM and Vmax of 63.3 nmol per 30 minutes as shown in Fig. 

3.39. 

 
 

Fig. 3.39: Double reciprocal plot for determination of Km of Pca polymerase for TTP. 
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3.12.3. Determination of activation energy of Pca polymerase 
Activation energy of the enzyme was calculated by Arrhenius plot. DNA polymerase 

assay was performed at different temperatures by standard procedure. Rate of reaction 

was measured as incorporation of TTP [methyl-3H] in terms of moles per liter per minute. 

Logarithm of reaction rate was plotted against reciprocal of temperature in Kelvin. The 

rate of reaction obtained (at various temperatures) is described in Table 3.16. 

 
Table: 3.16: Rate of reaction at various temperatures. 

 
Temperature 

(K) 
1 / Temperature 

(K)-1 x 103 
Reaction rate 

(moles / L/ min) x 106 
log (reaction rate) 

273 3.663 0.029 -7.544 

293 3.413 0.114 -6.942 

310 3.226 0.285 -6.544 

323 3.096 1.741 -5.759 

343 2.915 11.074 -4.955 

348 2.874 12.244 -4.912 

 

The slope of this graph was 3436. Hence the activation energy as calculated by Arrhenius 

equation was found to be 65.7 kJ per mole (15.7 kCal per mole) as shown in Fig. 3.40. 

 

 
 

Fig. 3.40: Arrhenius plot for calculation of activation energy of Pca polymerase. 
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3.13. Assay for exonuclease activity 

3.13.1 Effect of magnesium chloride concentration 
The substrate for measuring 3’-5’ exonuclease activity was 3’ 3H labeled phage lambda 

DNA. DNA polymerase was incubated with this substrate for 1 hour at various 

concentrations of magnesium chloride. After incubation, decrease in radioactivity bound 

to filter was noted. This value was used to determine the percentage of radiolabel 

removed from the substrate DNA as described in Table 3.17. 
 
Table 3.17: Radioactivity released by 3’-5’ exonuclease activity of Pca DNA polymerase in the 
presence of various concentrations of magnesium chloride. 
 
[MgCl2] 
(mM) 

Total 
radioactivity 

(cps) 

Remaining 
radioactivity 

(cps) 

Remaining 
radioactivity

(%) 

Released 
radioactivity 

(%) 

Relative 
exonuclease 
activity (%) 

1 15 8 53.33 46.67 70 

2 15 7 46.67 53.33 79.9 

3 15 6 40 60 89.9 

4 15 5 33.33 66.67 100 
 

Among the concentrations of magnesium chloride examined, highest percentage of 

radioactivity released by 3’-5’ exonuclease activity of Pca polymerase was observed at 4 

mM magnesium chloride concentration as shown in Fig. 3.41. 

 
Fig. 3.41: Effect of concentration of magnesium chloride on the 3’-5’ exonuclease activity of Pca 
DNA polymerase. 
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3.13.2. Effect of pH on exonuclease activity 

Exonuclease activity of Pca DNA polymerase was analyzed at various pH values 

(measured at 25 oC). All assay parameters were constant except the pH of 25 mM Tris-Cl 

buffer added to each reaction mixture. The substrate was incubated with Pca polymerase 

for 40 minutes and the mixture was spotted onto DE-81 filter disc. The filter was then 

washed and decrease in radioactivity bound to the filter was noted. This value was used 

to calculate the percentage of radiolabel removed from the substrate DNA as described in 

Table 3.18. 
 

Table 3.18: Radioactivity released by 3’-5’ exonuclease activity of Pca DNA polymerase in 25 
mM Tris-Cl buffer of various pH values. 

 
pH of  

25 mM 
Tris-Cl 

Total 
radioactivity 

(cps) 

Remaining 
radioactivity 

(cps) 

Remaining 
radioactivity 

(%) 

Released 
radioactivity 

(%) 

Relative 
exonuclease 
activity (%) 

6.5 32 32 100 0 0 

7.5 32 31 96.88 3.13 7.15 

8.5 32 20 62.50 37.50 85.71 

9.5 32 18 56.25 43.75 100 
 
The amount of radioactivity released from the substrate molecule was greater at basic pH 

indicating that the 3’-5’ exonuclease of Pca polymerase is more active at basic pH as 

shown in Fig. 3.42. 
 

 
Fig. 3.42: Effect of buffer pH on 3’-5’ exonuclease activity of Pca polymerase. 
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3.13.3. Effect of ammonium sulfate on exonuclease activity 
Exonuclease activity of Pca DNA polymerase was analyzed in the presence of 

ammonium sulfate. All assay parameters were kept constant during the experiment. 

Reaction was carried out either in the absence or presence of 10, 25 and 50 mM 

ammonium sulfate. The substrate was incubated with Pca polymerase for 40 minutes and 

the mixture was spotted onto DE-81 filter disc. The filter was then washed and decrease 

in radioactivity bound to the filter was noted. This value was used to calculate the 

percentage of radiolabel removed from the substrate DNA as described in Table 3.19. 
 

Table 3.19: Radioactivity released by 3’-5’ exonuclease activity of Pca DNA polymerase in the 
absence and presence of ammonium sulfate. 

 

Ammonium 
sulfate 
(mM) 

Total 
radioactivity 

(cps) 

Remaining 
radioactivity

(cps) 

Remaining 
radioactivity

(%) 

Released 
radioactivity 

(%) 

Relative 
exonuclease
activity (%) 

0 44 27 61.36 38.64 100 

10 44 29 65.91 34.09 88.22 

25 44 30 68.18 31.82 82.34 

50 44 40 90.91 9.09 23.52 
 

The presence of ammonium sulfate decreased the extent of radioactivity released from 

the substrate DNA. Maximum exonuclease activity was observed in the absence of 

ammonium sulfate. Hence, similar to the polymerase activity, the exonuclease activity is 

also inhibited in the presence of ammonium sulfate as shown in Fig. 3.43. 

 
Fig. 3.43: Effect of ammonium sulfate on 3’-5’ exonuclease activity of Pca polymerase. 
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3.13.4. Temperature dependence of exonuclease activity 
In order to investigate the effect of temperature on exonuclease activity of Pca 

polymerase, exonuclease assay was performed at various temperatures. All assay 

parameters were same except the incubation temperature. Incubation was done for 40 

minutes and the mixture was spotted onto DE-81 filter disc. The filter was then washed 

and decrease in radioactivity bound to filter was noted. This value was used to calculate 

the percentage of radiolabel removed from the substrate DNA as described in Table 3.20. 

 
Table 3.20: Radioactivity released by 3’-5’ exonuclease activity of Pca DNA polymerase at 
various temperatures. 

 

Temperature 
(oC) 

Total 
radioactivity 

(cps) 

Remaining 
radioactivity

(cps) 

Remaining 
radioactivity

(%) 

Released 
radioactivity 

(%) 

Relative 
exonuclease

activity 
(%) 

50 44 41 93.18 6.82 11.54 

60 44 32 72.73 27.27 46.14 

70 44 20 45.45 54.55 92.31 

80 44 18 40.91 59.09 100 

 
Like the polymerase activity, 3’-5’ exonuclease activity of Pca polymerase was 

dependent on temperature. Among the temperatures studied, maximum exonuclease 

activity was observed at 80 oC as shown in Fig. 3.44.  

 

 
Fig. 3.44: Dependence of 3’-5’ exonuclease activity of Pca polymerase on incubation 
temperature. 



 

91 

3.13.5. Effect of presence of deoxyribonucleotides 
The 3’-5’ exonuclease activity of Pca DNA polymerase was also analyzed both in the 

absence and presence of dNTPs (100 µM). The substrate DNA labeled with 3’ 3H was 

incubated with the enzyme in PCR buffer containing 4 mM MgCl2. An aliquot was 

removed from the reaction mixture after the time interval indicated (Table 3.21). The 

percent of radiolabel removed was calculated from the amount of radioactivity remaining 

on filter. The exonuclease activity of the enzyme in absence and presence of dNTPs is 

described in Table 3.21. 
 

Table 3.21: 3’-5’ Exonuclease activity of Pca polymerase in the absence and presence of dNTPs. 
 

Without dNTPs With dNTPs (100 µM)  
Time 

(minutes) Remaining 
radioactivity 

(cps) 

Released 
radioactivity (%) 

Remaining 
radioactivity 

(cps) 

Released 
radioactivity (%)

0 26 0 26 0 

15 24 7.69 24 7.69 

30 17 34.62 23 11.54 

45 12 53.85 20 23.08 

60 9 65.38 17 34.62 
 

Removal of almost half of the radiolabel was observed from the substrate DNA in the 

presence of 100 µM dNTPs as compared to that obtained in the absence of dNTPs as 

shown in Fig. 3.45. 
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Fig. 3.45: Exonuclease activity of Pca DNA polymerase in the absence (closed squares) and 
presence (open squares) of 100 µM dNTPs. 

3.14. Determination of processivity of Pca polymerase 
Processivity is defined as the number of nucleotides incorporated by a DNA polymerase 

molecule into a substrate DNA in one catalytic cycle before dissociating from it. The 

rates of reactions were measured as described in Materials and Methods. MspI digested 

pUC18 was used as an inhibitor DNA in this experiment. The rates of reaction were 

measured by monitoring TTP [methyl-3H] incorporation in substrate DNA (activated calf 

thymus DNA). Rates of reaction were measured at various intervals of time and the initial 

linear rate of each type of reaction was used for further calculations. Three independent 

experiments were carried out for calculation of processivity. Rates of reaction under the 

four experimental conditions (i.e. in the presence of complete set of nucleotides, N4; in 

the presence of complete set of nucleotides and inhibitor DNA, N4,i; in the presence of 

limited set of nucleotides, N3; and in the presence of limited set of nucleotides and 

inhibitor DNA, N3,i) and calculated processivity are described in Table 3.22. 

 
Table 3.22: Calculation of processivity by reaction rates obtained from four reaction conditions. 

 
TTP incorporation 
after time intervals 

(cps) 

No. 
of 

obs. 

Reaction 
condition 

2 
min 

4 
min 

6 
min 

Linear 
reaction

rate 
(cps per 

min) 

Ratio of 
cycling 
times 

(Tx/T4) 

Ratio of 
reaction 

rates 
(R’x:4) 

Processivity
(N) 

N4 18 36 50 9 

N4,i 10 23 33 5.5 

N3 8 16 21 4 

 
 
1 

N3,i 5 9 13 2.5 

1.06 

 

 

0.47 

 

 

6.31 

 

 

         

 1 
min 

2 
min 

3 
min 

    

N4 4 8 13 4 

N4,i 3 6 9 3 

N3 3 6 9 3 

 
 
 
2 

N3,i 2 4 7 2 

0.66 

 

 

0.5 

 

 

5.73 
 

(continued) 
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 1 
min 

2 
min 

3 
min 

    

N4 7 13 13 7 

N4,i 4 9 14 4.6 

N3 3 6 8 3 

 
 
 
3 

N3,i 2 5 6 2 

1.04 

 

 

0.44 

 

 

6.84 

 

 

 

The mean value of processivity of the enzyme was calculated to be 6.29 + 0.55. Hence 

the processivity of Pca polymerase was about 6 nucleotides per primer elongation event. 

3.15. Optimization of PCR parameters 
In order to use the enzyme for carrying out PCR, various parameters regarding enzyme 

activity were optimized. PCR was performed with Pca DNA polymerase under different 

conditions. The template used for amplification in all the PCR optimization experiments 

was 1.7 kb gene coding for DNA ligase from P. calidifontis which was cloned in 

pTZ57R/T. Gene specific primers were used for amplification. The PCR conditions were: 

initial denaturation at 95 oC for 3 minutes; followed by 30 cycles of: denaturation at 95 
oC for 30 seconds, annealing at 54 oC for 30 seconds, extension at 72 oC for 60 seconds; 

and a final extension step at 72 oC for 2 minutes. 

 

3.15.1 Effect of buffer and salt concentration 
The effect of concentration of Tris-Cl buffer, magnesium chloride, ammonium sulfate 

and potassium chloride was independently examined on PCR amplification by Pca DNA 

polymerase. PCR was carried out at various concentrations of the above mentioned 

components. The standard PCR mixture contained in 20 µL: 10 mM Tris-Cl pH 8.5, 4 

mM magnesium chloride, 200 µM dNTPs, 2 µM each forward and reverse primer. Only 

the component whose effect was to be monitored was varied. All other reaction 

conditions were kept constant. For analyzing the effect of salts, the composition of 

reaction mixture was the same except the addition of indicated concentrations of 

ammonium sulfate or potassium chloride. 30 cycles of amplification were carried out. 

The extent of amplification observed in each case is shown in Fig. 3.46. 
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Fig. 3.46: Effect of buffer and salt concentration on PCR amplification of Pca polymerase. 

 
The extent of amplification was greater when 10 mM Tris-Cl was used in PCR (Fig. 3.46 

a). The enzyme showed amplification over a range of magnesium chloride concentration 

of 3 - 7 mM, optimal being 4 mM (Fig. 3.46 b). Both ammonium sulfate (Fig. 3.46 c) and 

potassium chloride (Fig. 3.46 d) had an inhibitory effect on PCR performance of Pca 

polymerase. The salts of these monovalent cations tend to decrease the degree of 

amplification by the enzyme. 

3.15.2. Effect of detergents, reducing agents and BSA 
PCR performance of the enzyme was also analyzed in the presence of different detergents 

and reducing agents. Addition of low concentrations of these components in reaction 

mixture improved PCR amplification of Pca polymerase. Bovine serum albumin (BSA) 

also enhanced amplification at a low concentration as shown in Fig. 3.47. 

 
Fig. 3.47: Effect of detergents, reducing agents and BSA on PCR amplification of Pca 
polymerase. 
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2-Mercaptoethanol tends to increase the performance of the enzyme in PCR. At a 

concentration of 2 mM of this reducing agent, significant increase in amplification was 

observed (Fig. 3.47 a). Addition of detergents Triton X-100, Tween 20 and Nonident P40 

increased the extent of amplification at a concentration of 0.5%, 0.1% and 0.5 %, 

respectively (Fig. 3.47 b, c and d, respectively). Presence of BSA also enhanced PCR 

amplification over a range of 0.2 - 2 mg/mL (Fig. 3.47 e). 

3.16. Application of Pca polymerase in PCR 
The Pca polymerase was also applied for carrying out PCR. The reaction mixture (in 20 

µL) contained: 10 mM Tris-Cl pH 8.5, 4 mM magnesium chloride, 200 µM each dATP, 

dGTP, dCTP and dTTP, 2 µM each forward and reverse primer, 100 nmol template DNA 

(DNA fragments of various lengths cloned in pTZ57R/T or pET-22b), 0.2 mg/mL BSA, 

0.1% Tween 20 and 2.5 U Pca DNA polymerase. PCR conditions were: initial 

denaturation at 95 oC for 2 minutes; followed by 30 cycles of: denaturation at 95 oC for 

30 seconds, annealing at 52 oC for 30 seconds, extension at 72 oC (45 seconds per kb); 

and final extension at 72 oC for 10 minutes. The enzyme was able to amplify DNA 

fragments of various lengths in PCR i.e. 1.3 kb, 1.7 kb, 2.56 kb, 5.4 kb, 6.56 kb and 7.65 

kb (Lanes 1, 2, 3, 4, 5 and 6 in Fig. 3.48, respectively). Amplification of up to 7.65 kb 

DNA fragment was observed in PCR as demonstrated in Fig. 3.48. 

                                        1          2          3            4           5           6 

.  

Fig. 3.48: Ethidium bromide stained agarose gel showing amplified fragments produced by Pca 
DNA polymerase during PCR. Lane 1, amplification of 1.3 kb DNA fragment; Lane 2, 
amplification of 1.7 kb DNA fragment; Lane 3, amplification of 2.56 kb DNA fragment; Lane 4, 
amplification of 5.4 kb DNA fragment; Lane 5, amplification of 6.56 kb DNA fragment; Lane 6, 
amplification of 7.65 kb DNA fragment. 



 

96 

3.17. Incorporation of modified nucleotides by Pca polymerase 
Pca DNA polymerase was analyzed for its ability to incorporate modified nucleotides for 

non-radioactive labeling of DNA. PCR was carried out by using Pca polymerase as 

described previously (Section 3.15) except the reaction mixture contained either Biotin-

UTP (Fermentas) or DIG-UTP (Roche Applied Science) in addition to other components 

of the reaction mixture. Both types of labeling were done by using either Pca polymerase 

or Taq polymerase or E. coli Klenow fragment. Taq polymerase was used as a positive 

control in the experiment. Klenow fragment, being from mesophilic origin, served as a 

negative control. After completion of PCR, an aliquot from each reaction mixture was 

spotted on Hybond N+ membrane (GE Healthcare). Detection for Biotin-UTP and DIG-

UTP was done according to the instructions of the manufacturers. Both Pca (marked as P 

in Fig. 3.49) and Taq (marked as T in Fig. 3.49) polymerases were able to incorporate 

Biotin-UTP (Fig. 3.49 a) and DIG-UTP (Fig. 3.49 b). Klenow fragment (marked as K in 

Fig. 3.49), on the other hand, was not able to incorporate these labeled nucleotides at high 

temperature in PCR. 

 

 
 

Fig. 3.49: Dot blot demonstrating the incorporation of modified nucleotides by Pca polymerase. 
(a) incorporation of Biotin-UTP; (b) incorporation of DIG-UTP. (P, Pca polymerase; T, Taq 
polymerase; K, Klenow fragment). 
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4. DISCUSSION 
 
Gene cloning and characterization of a novel thermostable DNA polymerase from the 

hyperthermophilic archaeon P. calidifontis were performed. Homology analysis revealed 

that the Pca polymerase is an α-like DNA polymerase belonging to family B. The 

conserved regions, typical of family B polymerases, were also identified in the 

exonuclease and polymerase domains of the enzyme. Based upon the amino acid 

sequence of the protein, a phylogenetic tree was constructed. This analysis showed that 

the Pca polymerase grouped together with other crenarchaeal family B polymerases 

including P. islandicum, P. aerophilum and T. neutrophilus DNA polymerases. 

 

The gene was cloned in expression vector and expressed in E. coli BL21 CodonPlus. 

After sonication and heating to remove host proteins, the enzyme solution was subjected 

to anion exchange chromatography followed by hydrophobic interaction 

chromatography. During the process, bacterial cell lysate was a source of contaminant 

DNA in the enzyme preparation. Presence of this contaminant DNA affected yield of 

purified enzyme because the binding and elution pattern of the protein from the column 

was influenced by the binding and elution pattern of DNA (since it is a DNA binding 

protein). This resulted in a decrease in binding of the polymerase to the column. This was 

because most of the polymerase was quenched away by contaminant DNA during post-

loading column washing. This problem was resolved by precipitation of the contaminant 

DNA by polyethylenimine. This precipitated DNA was easily separated from protein 

solution by centrifugation. Any excess of polyethylenimine in protein solution was 

removed during anion exchange chromatography – the column matrix and 

polyethylenimine both being positively charged. Purity of the protein was evident from 

its high specific activity and its purification pattern on denaturing polyacrylamide gel.  

 

Analysis by denaturing polyacrylamide gel electrophoresis showed that the molecular 

mass of Pca polymerase was approximately 90 kDa. This observation was supported by 

the mass obtained from MALDI-TOF mass spectrometry. In order to examine the 

oligomeric state of the protein, gel filtration chromatography was done. The mass 
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obtained by this method corresponded to the mass of protein dimer. Hence, the enzyme 

was a dimer.  

 

Many of the related DNA polymerases are active at or near neutral pH (Elie et al., 1989; 

Kelman et al., 1999; Hamal et al., 1990; Song et al., 2007; Lee et al., 2006). The Pca 

polymerase has a basic optimal pH in Tris-Cl buffer. The optimal pH for enzyme activity 

was found to be dependent on the type of buffer used. In 25 mM Tris-Cl buffer, the 

optimal pH was 8.5. In case of 10 mM sodium phosphate buffer, this value was 6. Some 

other archaeal polymerases show similar variation with respect to the type of buffer used. 

T. aquaticus DNA polymerase (Chein et al., 1976), P. occultum DNA polymerase I 

(Uemori et al., 1995) and S. acidocaldarius DNA polymerase (Klimczak et al., 1985) 

have different optimal pH in Tris-Cl and phosphate buffers as observed in the case of Pca 

polymerase. P. islandicum (Kahler and Antranikian, 2000) and P. arsenaticum (Shin et 

al., 2005) have optimal pH of 7.3 and 7.5 in Tris-Cl buffer, respectively. 

 

DNA polymerases require divalent cations for their activity. Magnesium plays an 

important role in the activity of DNA polymerase. Different DNA polymerases require 

different magnesium concentration for their activity. Pca DNA polymerase has an 

optimal magnesium concentration of 4 mM. DNA polymerases from other members of 

this genus have different optimal magnesium chloride concentrations i.e. 0.5 mM for P. 

islandicum and 5 mM for P. arsenaticum. Optimal concentration of magnesium chloride 

reported for various other archaeal polymerases ranges from 2 to 15 mM (Hamal et al., 

1990; Elie et al., 1989; Gueguen et al., 2001; Lee et al., 2006; Song et al., 2007). 

 

Pca DNA polymerase activity was inactivated by the presence of ammonium sulfate and 

potassium chloride. This is in agreement with the observation that P. islandicum and P. 

arsenaticum DNA polymerases are also sensitive to the presence of these salts. Some 

other archaeal family B DNA polymerases have also been reported to be inactivated in 

the presence of these monovalent cations (Elie et al., 1989; Lee et al., 2006). 
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Gel filtration chromatography revealed that the Pca DNA polymerase existed as a dimer 

and it was observed that the enzyme was inactivated in the presence of monovalent 

cations. Therefore, gel filtration chromatography of the protein was done either in the 

absence or presence of 200 mM ammonium sulfate in order to know if the loss of enzyme 

activity was due to the loss of dimeric state of the protein. In both cases, the elution 

profile obtained was unchanged and the observed mass corresponded to the mass of 

protein dimer. Therefore, inactivation of the enzyme by ammonium sulfate did not seem 

to be mediated by abolishing interactions between dimeric constituents. 

 

The DNA polymerase was quite stable at high temperatures. Half of the maximum 

enzyme activity was observed even after incubation of the enzyme solution at 95 oC and 

100 oC for 4.5 hours and 30 minutes, respectively. The thermostability of Pca polymerase 

was intermediate among archaeal family B DNA polymerases - S. acidocaldarius (Elie et 

al., 1989), T. litoralis (Slobodkina et al., 2005) and S. zilligii (Lee et al., 2006) having 

lesser, and Thermococcus NA1 (Kim et al., 2007) and S. marinus (Song et al., 2007) 

having greater thermostability. 

 

Like other thermostable DNA polymerases, the optimal temperature for activity of Pca 

polymerase was found to be around 75 oC. This observation did not truly reflect the 

enzyme’s working temperature because of the decreased stability of the substrate (i.e. 

primer-template) at higher temperatures. So, it was not practical to accurately measure 

the optimal working temperature of the enzyme – although the protein was stable at 

temperatures higher than 75 oC. 

 

Effect of inhibitors (aphidicolin and ddTTP) on polymerase activity of the enzyme was 

also analyzed. The value of IC50 of aphidicolin for Pca polymerase was about 900 µM. In 

case of ddTTP, this value was at a ddTTP to TTP ratio of 10. These values reported in 

case of P. islandicum were 500 µM for aphidicolin and 20 for ddGTP:dGTP. Pca 

polymerase has greater tolerance to aphidicolin as compared to that of DNA polymerases 

from T. acidophilum (Hamal et al., 1990), S. acidocaldarius (Elie et al., 1989) and P. 

abyssi polI (Gueguen et al., 2001). On the other hand, some of the archaeal family B 
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DNA polymerases are reported to be unaffected by aphidicolin (Uemori et al., 1995; 

Cann et al., 1999). 

 

The proofreading ability of a DNA polymerase is manifested by the 3’-5’ exonuclease 

activity of the enzyme. Almost all family B DNA polymerases are known to have 

associated 3’-5’ exonuclease activity. By sequence comparison, conserved regions 

corresponding to the exonuclease domain were identified in Pca polymerase. Assay for 

exonuclease activity showed that the Pca polymerase possessed 3’-5’ exonuclease 

activity. The enzyme was able to release 65% of the total radioactivity from a 3’ labeled 

DNA in an hour – which is comparable to that of Pfu DNA polymerase in its PCR buffer. 

No released radioactivity was detected when Taq DNA polymerase was used. This is in 

agreement with the fact that this enzyme does not contain 3’-5’ exonuclease activity.  

 

Processivity is an important parameter in evaluating the performance of a DNA 

polymerase. It is the number of nucleotides added to the growing DNA strand per 

elongation cycle by a single DNA polymerase molecule. The processivity of Pca 

polymerase was also analyzed and was found to be about 6 nucleotides. 

 

Although many thermostable DNA polymerases have been characterized from the 

members of domain archaea, but not all have been evaluated for use in PCR. The Pca 

polymerase was able to amplify DNA fragments up to 7.65 kb. On the other hand, DNA 

polymerase from P. islandicum has been shown to amplify DNA fragments of up to 1.5 

kb (Kahler and Antranikian, 2000). PCR amplification of only 0.5 kb DNA fragment was 

reported in case of P. arsenaticum DNA polymerase (Shin et al., 2005). Therefore, as 

compared to DNA polymerases of other members of the genus, Pca polymerase showed 

amplification of longer DNA fragments. PCR amplification ability of several other 

archaeal family B DNA polymerases has been reported. These include 0.5 kb 

amplification by S. zilligii DNA polymerase (Lee et al., 2006), up to 1.7 kb by T. litoralis 

DNA polymerase (Slobodkina et al., 2005), up to 6 kb by S. marinus DNA polymerase 

(Song et al., 2007) and up to 15 kb by Thermococcus NA1 DNA polymerase (Kim et al., 

2007). 
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In conclusion, Pca DNA polymerase can be a good enzyme for PCR amplification of 

DNA fragments of up to around 7 kb. Because of its associated proofreading ability (3’-

5’ exonuclease activity), the error rate in PCR is expected to be lower as compared to that 

of Taq polymerase. The enzyme is reasonably tolerant to aphidicolin and 

dideoxynucleotides. It is a thermostable enzyme – having greater half life at 95 oC than 

that of Taq polymerase. The enzyme can incorporate modified nucleotides and hence can 

also be used in the process of DNA labeling.  
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