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ABSTRACT 

A small lipid-containing bacteriophage PRDI encodes a DNA polymerase that 

utilizes a protein primer for the initiation of DNA replication. The purification of 

PRDI DNA polymerase has been hampered by the insolubility of the overexpressed 

enzyme in E. coli cells. A simple and rapid procedure for purification of the 

overexpressed PRDI DNA polymerase has been developed. This method is based on 

guanidine hydrochloride denaturation and renaturation of the insoluble PRDI DNA 

polymerase overexpressed in E. coli containing recombinant plasmid pEJG. The 

purified DNA polymerase was extensively characterized and found to be 

indistinguishable from the normal soluble PRD 1 DNA polymerase as judged by 

enzymatic properties. These properties include: protein-primed initiation of PRD I 

DNA replication, strand-displacement DNA synthesis, DNA polymerase processivity, 

3' to 5' exonuclease activity and filling-in repair type DNA synthesis. Furthermore, 

the kinetic parameters determined for dNTPs and primer-terminus were of the same 

order of magnitude. The availability of a simple purification procedure for PRD I 

DNA polymerase should permit detailed structure-function analysis of this enzyme. 

All known family B DNA polymerases contain a conserved region of amino 

acids, KX6.1YG, which appears to be correspond to the "finger" alpha helix O of the 

Klenow fragment of E.coli DNA polymerase I, a family A DNA polymerase. A site

directed mutagenesis study has been applied to access the functional role of the 
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invariant amino acid lysine-340 of PRDl DNA polymerase. Mutant DNA 

polymerases were overexpressed and purified to near homogeneity. The results 

showed that the modification of the lysine-340 of PRDl DNA polymerase abolishes 

the polymerase activity without affecting the 3' to 5' exonuclease activity. 

Site-directed mutagenesis studies revealed that residues important for the 3' to 

5' exonuclease activity, particularly metal binding ligands for the Klenow fragment, 

are all conserved in PRDl DNA polymerase as well. Although PRDl DNA 

polymerase has a smaller 3' to 5' exonuclease domain, active sites appear to be very 

similar to those of the Klenow fragment. Moveover, the metal binding ligands were 

also found to be important for the strand-displacement activity, a unique feature of 

PRD 1 DNA polymerase. 
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INTRODUCTION 

An overview of DNA polymerase 

Ever since the DNA molecule became the stable genetic informational carrier 

(the DNA world), its replication has been central to the life cycle of an organism. 

This DNA replication process is a complex and precisely controlled event where 

numerose protein-protein and protein-DNA interactions are required to copy the DNA 

accurately. Among the various proteins involved in the DNA replication machinary, 

DNA polymerases are the key enzymes responsible for this accurate replication of 

DNA. 

I) E. coli DNA polymerase I, A paradigm 

The best characterized DNA polymerase is the E. coli DNA polymerase I (Pol 

I). Biochemical, structural and genetic studies have revealed that this enzyme has 

three domains, each corresponding to a separate enzymatic activity. Limited 

proteolytic cleavage of Pol I produces a small N-terminal fragment of 35 KD and a 

large fragment of 68 KD. The small fragment contains the 5' to 3' exonuclease 

activity and the large one, called Klenow fragment, has the DNA polymerase and 3' 

to 5' exonuclease activities. 

The Klenow fragment is the model for DNA polymerase structure and function 
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studies because its three dimensional structure has been solved at high resolution 

(Ollis et al. 1985) (Fig. 1 ). The crystal structure of the Klenow fragment has shown 

that the polypeptide chain is folded into two separate domains. Site-specific 

mutagenesis experiments combined with crystallographic studies have convincingly 

revealed that the N-terminal approximately 200 amino acids domain contains the 3' 

to 5' exonuclease active site with the binding sites for two divalent metal ions, single 

stranded DNA and deoxynucleotide monophosphate (Derbyshire et al., 1988; Freemont 

et al., 1988; Beese and Steitz, 1991; Derbyshire et al., 1991). The C-terminal domain 

of approximately 400 amino acids is folded into a cleft like structure and the 

polymerase active site is located on this domain (Freemont et al., 1986). It has been 

proposed that the cleft is the region for holding double stranded B form DNA (Joyce 

and Steitz, 1987). The conclusion from the above studies is that the polymerase active 

site of the Klenow fragment is structurally separated from that of the 3' to 5' 

exonuclease active site. Furthermore, these studies also showed that the two separate 

active sites are functionally autonomous. 

II) Classification of DNA polymerases 

Recently, more than 70 different primary sequences of DNA polymerases have 

been described. These DNA polymerases, including some putative DNA polymerases 

deduced from nucleotide sequence data, have been classified into four families, A, B, 

C and X, based on amino acid sequence similarities (Ito and Braithwaite, 1991; 



15 

Braithwaite and Ito, 1992). 

Family A DNA polymerases are named for their sequence homology to E. coli 

DNA polymerase I (Pol I); Family B DNA polymerases are named for their sequence 

homology to E. coli DNA polymerase II (Pol II); Family C DNA polymerases are 

named for their sequence homology to E. coli DNA polymerase III (Pol III); The 

family X consists of eukaryotic DNA polymerase ~ and ~-like DNA polymerases. 

The family B DNA polymerases (also called a-like DNA polymerases) are quite 

extensive in number and variety (Table I). The major eukaryotic DNA polymerases, 

eukaryotic viruses (herpes, HCMV, adenovirus, etc.) and prokaryotic viruses (PRDl, 

<j>29, M2, T4, etc.) DNA polymerases and archaebacterial DNA polymerases belong 

to this family. Also protein-primed DNA polymerases all belong to this family. 

III) Family B DNA polymerases 

Several conserved amino acid sequence regions (region 1, 2, 3, 4) are located 

m the C-terminal portion of family B DNA polymerases in the same linear 

arrangement (Fig. 2). Region 2 containing YGDTDS motif is the most similar among 

various polymerases. Region 3 contains KX6YG motif and region 4 contains 

DXiSL YP motif. Such sequence similarities suggest the conservation during evolution 

and important functional roles for these regions. Evidence for the functional 

importance of these regions has been obtained from several studies of mutant viruses. 

Certain herpes viral DNA polymerase mutations, which render the viruses resistant to 
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particular nucleotide and pyrophosphate analogues, are often located within these three 

regions (Gibbs et al., 1988; Hall, et al., 1989). It has been proposed that these 

sequences form the three dimensional dNTP binding site function in polymerase 

catalysis (Gibbs et al., 1985; Earl et al., 1986; Larder et al., 1987). Moreover, site

specific mutagenesis studies have revealed that, indeed some of the conserved amino 

acids are important in the catalytic activities of family B DNA polymerases (Chen and 

Horwitz, 1989; Jung et al., 1990; Bernad et al., 1990). 

In N-terminal portion, family B DNA polymerases also contain three major 

conserved regions that are also present in family A and C DNA polymerases (Fig. 3). 

Based on structural studies of the Kienow fragment complexed with substrate DNA 

and dNMP at the 3' to 5' exonuclease active site, Steitz and his collegues (Freemont 

et al., 1988; Beese and Steitz, 1991) have proposed a two metal ion mechanism for 

the hydrolytic phosphoryltransfer reaction (Fig. 4). According to this mechanism, the 

roles of amino acid residues in the exonuclease domain are to bind and orient the two 

metal ions (A and B sites), the primer single-stranded DNA and the attacking water 

molecule in a proper configuration. One metal ion is oriented within the exonuclease 

domain by the carboxylate groups of Asp-355, Glu-357 and Asp-501, with the 5' 

phosphate of dNMP acting as a fourth ligand. On the other hand, the second metal 

ion binds to the carboxylate of Asp-424 and to the dNMP phosphate. Without dNMP 

phosphate, the second metal ion does not bind to the enzyme. 
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Protein-primed DNA replication 

The common characteristics of all known DNA polymerases so far isolated are 

1) the direction of DNA synthesis is only in 5' to 3' and 2) The synthesis of DNA by 

DNA polymerase requires a 3'-0H group as a primer, which means that DNA 

polymerase cannot initiate de nova synthesis of a new chain (Kornberg, 1980, 1982; 

Kornberg and Baker, 1991). Generally, small RNA molecules serve as primers. 

Linear DNA has posed an intrinsic problem regarding its replication. If short RNA 

molecules are used as primers for the initiation of new DNA synthesis, removal of 

RNA primer from the 5' end of the linear DNA molecule results in an irreparable gap 

(Fig. 5). This problem is overcome in nature by several mechanism. One form of 

linear DNA molecule has proteins covalently linked at the 5' termini. These 

molecules use a protein-primed mechanism in the initiation of replication, which 

ensures the maintenance of terminal sequences in the molecule during replication. 

Instead of an RNA molecule, a specific amino acid residue of the terminal protein 

(TP) is used as a primer in the initiation of DNA replication. This type of replication 

initiation is adopted by linear viral genome such as adenovirus, bacteriophages ~29 

and PRDl (Challberg and Kelly, 1979; Watabe et al., 1984; Bamford and Mindich, 

1984). 

There are several distinctive aspects that are unique for protein-primed DNA 

replication (for review: Challberg and Kelly, 1989; Salas, 1991). 1) The molecular 

structure of protein-primed dsDNA is characterized by 5' covalently linked terminal 
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proteins. 2) These DNA molecules also contain inverted terminal nucleotide 

sequences. 3) The DNA polymerase and terminal protein, which are essential for the 

replication of these molecules, both are encoded by their genomes. 4) Each DNA 

polymerase and the corresponding terminal protein seem to constitute a mutually 

evolving pair with specific protein-protein interactions. 

The mechanism of protein-primed DNA replication is also unique (Fig. 6). In 

the replication initiation, a deoxynucleotide monophosphate is linked to the P-hydroxyl 

group of a specific amino acid residue of terminal protein via a phosphodiester bond. 

This reaction is catalyzed by the viral specific DNA polymerase in the presence of 

DNA-terminal protein complex as a template (Hermoso and Salas, 1980; Desiderio 

and Kelly, 1981; Smart and Stillman, 1982; Yoo and Ito, 1989; Hsieh et al. 1990). 

The replication origins are located at both genome ends and replication can start from 

either of the genome termini (Ito et al., 1979; Harding and Ito, 1980; Yoo and Ito, 

1989). The chain elongation continues in the 5' to 3' direction from the replication 

initiation complex with simultaneous strand displacement of the parental strand 

(Harding and Ito, 1980; Inciarte et al. 1980; Stillman, 1983). Single stranded DNA 

binding proteins are thought to bind to the displaced parental strand. 
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Bacteriophage PRDl, A model system to study the protein-primed DNA replication 

mechanism 

Bacteriophage PRD 1 is a lipid-containing phage infecting Escherichia coli, 

Salmonella typhimurium and other Gram negative bacteria which harbor plasmids of 

the P, N, or W incompatibility types (Olsen et al., 1974). The genome of PRDl is a 

linear dsDNA of 14,925 bp (Bamford et al. 1991). A 28 KD terminal protein is 

covalently linked to the 5' ends of DNA. The linkage between the terminal protein 

and PRDl DNA is a phosphodiester bond between tyrosine residue at 190 position 

and the terminal nucleotide dGMP of the genome (Shiue et al., 1991). The genome 

DNA contains perfect inverted terminal repeats (ITRs) of 110 to 111 bps (Savilahti 

and Bamford, 1986; Gerendazy and Ito, 1987). 

The early proteins of PRD 1 are encoded by the genes located at both genome 

ends (McGraw et al., 1983; Pakula et al., 1989; Gerendazy and Ito, 1990;) (Fig. 7). 

The genome left end codes for the terminal protein (PS), DNA polymerase (Pl) and 

protein Pl 5 which is tentatively assigned for the phage lytic function (McGraw et al., 

1983). The right end of the genome codes for two small proteins P12 and P19 

(Pakula et al., 1989; Gerendazy and Ito, 1990). Both P12 and P19 are the single

stranded DNA binding protein (Pakula et al., 1990; Pakula et al. 1993). The 

replication of the phage genome is to use a protein-primed mechanism similar to that 

of adenovirus and ~29 (Bamford and Mindich, 1984). It has been demonstrated that 

the only phage encoded proteins needed to synthesize genome-length replication 
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products in vitro are the terminal protein and DNA polymerase (Yoo and Ito, 1989; 

Savilahti et al., 1991). However, the possibility of indispensable host factors 

participating in the replication cannot be ruled out. It has also been shown that PRD 1 

replication can start from both ends of the genome (Yoo and Ito, 1989). Recently, the 

minimal origin of replication has been identified (Yoo and Ito, 1991). The terminal 

20 bps of the ITR are required for in vitro replication. There are complementary 

sequences within the minimal origin. A site-specific mutagenesis analysis showed that 

the sequence of the origin is highly specific (Yoo and Ito, 1991 ). This implies that 

the interactions between the replication origin and DNA polymerase-terminal protein 

complex are highly specific. 

Phage PRD 1 is regarded as a very useful system for understanding linear 

duplex DNA replication because 1) the genome is the smallest linear duplex DNA 

having perfect, long inverted terminal repeat sequences with terminal proteins. 2) 

phage PRD 1 can be propagated in E. coli whose genetics and biochemistry are 

relatively well understood. 3) only three viral genes of PRDl (gene 1,8 and 12) are 

invovled in DNA replication, while other systems may require more. 4) PRDl DNA 

polymerase is the smallest DNA polymerase from prokaryote so far known. This viral 

specific DNA polymerase consists of 553 amino acid residues with a calculated 

molecular weight of 63,300 dalton (Savilahti and Bamford, 1986; Jung et al. 1987). 

It belongs to family B DNA polymerases and has the major conserved regions among 

this family DNA polymerases. 5) since high frequency electrotransfer of PRDl DNA 

into E. coli cells has recently been established (Lyra et al., 1991), it is possible to alter 
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the phage genome in vitro and then introduce the altered molecules into host cells. 
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Specific aims 

PRDl DNA polymerase is the smallest known member of family B DNA 

polymerases (Ito and Braithwaite, 1991 ). Because of its small size and because of the 

amenability to genetic and biochemical manipulations, the PRD 1 DNA polymerase 

provides a useful model system with which to study structure-function relationship of 

the DNA polymerase molecules. The overexpression and the purification of PRD 1 

DNA polymerase has been hampered by the insolubility of the enzyme in an 

overexpressed system (Savilahti et al., 1991; Jung et al., 1990). One of the objectives 

of this dissertation is to develop a rapid and efficient procedure for the purification of 

PRD 1 DNA polymerase. 

The family B DNA polymerases share several colinear regions of highly 

conserved amino acid sequences (Wang et al., 1989; Ito and Braithwaite, 1991 ). One 

of such conserved sequence motifs is KX6 YG, in which lysine, tyrosine and glycine 

residues are invariant in all family B DNA polymerases (Ito and Braithwaite, 1991 ). 

The lysine residue at position 340 of PRD 1 DNA polymerase corresponds to this 

conserved motif. Therefore, the lysine-340 of PRDl DNA polymerase is absolutely 

invariant among all known family B DNA polymerases. Moveover this region 

resembles the conserved RX2KX1YG motif of the family A DNA polymerases (Fig. 

18). Recently, Delarue et al. (1990) proposed a unified structure of all polymerases 

including RNA polymerases and reverse transcriptases. In their structural alignment, 

the motif B contains the KX6.1YG sequence, which is the major portion of the alpha 



23 

helix O of the Kienow fragment of E. coli DNA polymerase I. Toward the general 

goal of establishing the evolutionary relationship in DNA polymerase subfamilies, site

specific mutagenesis is employed to determine the importance of the lysine-340 

residue of PRDl DNA polymerase. 

Since the Kienow fragment of E. coli DNA polymerase I (family A DNA 

polymerase) is the only DNA polymerase for which three-dimensional structure 

information is available (Ollis et al., 1985), many of the conserved sequences shared 

by DNA polymerases have been assigned to the corresponding locations in the three 

dimensional domain structure of the Kienow fragment (Delarue et al., 1990). It is 

shown that three conserved regions in N-terminal portion of DNA polymerase are 

shared by family A, B and C DNA polymerases (Ito and Braithwaite, 1991). 

Therefore, this hypothetical uniform structure of DNA polymerases maybe applicable 

to family B DNA polymerases to understand the structure and the mechanism of 3' 

to 5' exonuclease of family B DNA polymerases. Another major objective of this 

dissertation is to apply the systemic site-specific mutagenesis to the N-terminal portion 

of PRD 1 DNA polymerase to test this hypothesis. 
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MATERIALS AND METHODS 

Bacteria, phages and plasmids 

Escherichia coli JL 2443 [11(/ac-pro AB), thi, hsd D5, Sup E, F'(tra D36, pro 

AB, lac fl lac Z /::J.Ml 5)], obtained from Dr. J. W. Little of the University of Arizona, 

was used as the host strain for the overproduction of PRDl DNA polymerase. E. coli 

CJ 236 [dut-1, ung-1, thi-1, relA-1, pCJ107 (Cm')] (Bio-rad) was used to prepare the 

uracil single-stranded DNA template. Plasmid pEJG containing the PRDl DNA 

polymerase gene was derived from phagemid pEMBLex3, obtained from Dr. G. 

Cesarevi of the European Molecular Biology laboratory (Sollazzo et al., 1985), which 

carries a strong lambda phage pR promoter and a temperature sensitive repressor 

cl857 gene (Jung et al., 1990). Bacteriophage PRDl was kindly provided by both R. 

Olsen of the University of Michigan and L. Mindich of the Public Health Research 

Institute of the City of New York. Bacteriophage PRDI was grown in S. typhimurium 

L T2 carrying a plasmid pLM2 (Mindich and McGraw, 1983). 

Enzymes, nucleotides and other chemicals 

T7 DNA Sequencing kits (Version 2.0), T4 polynucleotide kinase, T4 DNA 

polymerase, E. coli DNA polymerase I Kienow fragment, T4 DNA ligase and T4 

gp32 were purchased from United States Biochemical Co. (Cleveland, OH). RQI 
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DNase and proteinase K were obtained from Promega Corporations (Madison, WI) 

and Sigma (St. Louis, MO). The purified PRDl terminal protein was kindly provided 

by Shih-Yi S. Chang. 

Ultra pure, unlabeled deoxyribonucleoside 5' -triphosphates, poly( dC)

oligo( dG)12-1s were purchased from Pharmacia P-L Biochemicals (Piscataway, NJ). 

NEN DuPont (Wilmington, DE) was the supplier for all radioactive labeled 

deoxyribonucleoside 5'-triphosphates. M13mp18 ssDNA and the universal sequencing 

primer (17mer) were from United States Biochemical Co. 

Aphidicolin and N' -ethylmaleimide were from Sigma. 

Column supports 

Sephacryl S-200 were purchased from Pharmacia LKB. DEAE-cellulose DE 

52 was from Waterman (Hillsboro, OR). Hydroxylapatite was from Bio-Rad 

(Richmond, CA). Heparin-agarose was obtained from Sigma. 

Preparation of phage PRDl DNA 

Phage PRD 1 was grown in S. typhimurium L T2 (pLM2) in LB medium 

containing kanamycin at a concentration of 70 µg/ml at 37°C. Host cells were 

infected with PRDl at a multiplicity of infection (M.O.I.) of 5 at a cell density of 100 

kletts and grown overnight. After lysis, phage particles were precipitated with 12% 
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polyethylene glycol (PEG) and 0.4 M NaCl and purified through a 5% to 20% (WN) 

linear sucrose gradient. The PRDl DNA-terminal protein complex was prepared from 

purified phage particles. Purified phage particles were heated at 60°C for 2 min and 

were disrupted with phenol. After centrifugation, the interface between the aqueous 

layer and phenol layer was collected. The DNA-terminal protein complex was 

precipitated with ethanol and collected by centrifugation. The DNA-protein complex 

pellet was dissolved in 20 mM Tris-HCl pH 7.6/1 mM EDTA (TE) buffer and 

dialyzed against TE buffer. Deproteinized PRDl DNA was isolated according to Ito 

(1978) by suspending PRDl particles in 10 mM Tris-HCl pH 7.5, 2% SDS, 10 mM 

EDTA, 200 µg/ml proteinase K at 37°C for 3 hours and heating for 2 min at 65°C. 

The DNA was then extracted with phenol/chloroform and precipitated with ethanol. 

Oligonucleotide synthesis 

All the synthetic oligonucleotids used for the site-specific mutagenesis and the 

DNA sequencing were synthesized on a Cyclone DNA Synthesizer 

(Milligen/Biosearch). Beta-amidite synthesis kits used for the synthesis were 

purchased from Milligen/Biosearch Co. (San Rafael, California). The synthetic 

oligonucleotides were purified by electrophoresis through a 20% acrylamide/7M urea 

gel, followed by passage through a SEP-PAK column (Waters & Associate). The 

oligonucleotides designed to generate the site-specific mutations were summarized in 

Table II. 
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Preparation of uracil-containing single-stranded DNA template 

Uracil-containing, single-stranded pEJG DNA was prepared according to the 

protocal of Kunkel et al. (1987). A single colony of E. coli CJ236 cells, harboring 

the recombinant plasmid pEJG, was inoculated into 3 ml 2x YT medium 

supplemented with 0.001 % thiamine, 100 µg/ml ampicillin, and 0.25 µg/ml uridine. 

Cells were grown at 30°C overnight with vigorous shaking. 0.1 ml of the culture was 

inoculated into 10 ml 2x YT medium supplemented with thiamine, ampicillin, and 

uridine. The culture was grown at 30°C with vigorous shaking, to an 0Ds9o of 0.08. 

For making pili, the temperature was shifted to 37°C for 30 min. Then the culture 

was infected with helper phage M13K07 at a M.O.I. of 10 and incubated at 37°C for 

75 min with low shaking (10 rpm). Afterwards kanamycin was added to a final 

concentration of 70 µg/ml to maintain the M13K07. The culture was incubated at 

30°C with vigorous shaking for 20 hours and centrifuged at 5000 rpm in a GSA rotor 

for 10 min twice to remove the cell pellet. The supernatant was brought to 4% 

polyethylene glycol, 0.7 M ammonium acetate, and held on ice for 1 hour. The viral 

pellet was obtained after 20 min of centrifugation at 10,000 rpm in a GSA rotor. The 

viral pellet was resuspended in TE buffer(pH 7.5) and subjected to phenol/chloroform 

extraction until the interphase was disappeared. Finally, the uracil-containing ssDNA 

template was precipitated with 0.5 volume of 7.5 M ammonium acetate and 2.5 

volumes of 95% ethanol. The mutant ssDNA templates for sequencing were prepared 

in the same manner as described above, except no uridine was added. 
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Site-specific mutagenesis 

The standard site-specific mutagenesis reaction conditions were described 

previously (Shiue et al., 1991). The uracil-containing single stranded pEJG DNA (0.1 

pmol) was mixed with 2 pmol of phosphorylated mutagenic oligonucleotides, and 1 

µl lOx annealing buffer (200 mM Tris-HCl pH 7.4, 20 mM MgCh, 500 mM NaCl). 

The reaction mixture was heated to 70°C and was allowed to cool in the water bath 

at a rate of 1 °C/min to 30°C over a 40 min period. The complementary DNA strand 

was synthesized by adding lOx synthesis buffer, T4 DNA ligase (2-5 units), T4 gp 32 

(5 µg), and T4 DNA polymerase (1 unit). The final reaction conditions used for DNA 

synthesis were 23 mM Tris-HCl pH 7.4, 5 mM MgCh, 35 mM NaCl, 1.5 mM DTT, 

0.4 mM of each dNTPs, 0.75 mM ATP plus the nucleic acids and enzymes as given. 

The mixture was incubated for 5 min at 0°C, 5 min at room temperature, and finally 

for 90 min at 3 7°C. The resulting double-stranded DNA was used to transform E. coli 

JL2443 competent cells. Colonies were selected at random and directly sequenced to 

screen for mutations. 

Expression and purification of PRDl DNA polymerase 

a) Purification of the soluble form of PRDI DNA polymerase 

E. coli JL2443 (pEJG) was grown in LB-broth containing ampicillin (100 

µg/ml) at 30°C until ODs90=0.3. The culture temperature was shifted up to 40°C. 
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After 2 hours of heat induction, the cells were collected by centrifugation (Sorvall 

GSA, 10 min, 5000 rpm at 4°C) and total cells from 50 liters of cell culture were 

lysed according to the procedure of Burgess and Jendrisak (1975). The cell lysing 

buffer contained 50 mM Tris-HCl pH 8.0, 2 mM EDTA, 0.1 mM DTT, 1 mM 13-

mercaptoethanol. Lysozyme was added to 300 µg/ml and phenylmethylsulfonyl 

fluoride (PMSF) was added to 1 mM. After 30 min of vigorous stirring at 25°C, 

sodium deoxycholate was added to 0.05%, and PMSF was added again to a final 

concentration of 1.5 mM. The lysate was stirred at 25°C for 10 min, and then placed 

on ice for another 20 min. The lysate was then sonicated at 4°C for 5 min (Branson 

sonifier, set 4) and centrifuged (Sorvall SS-34, 2 hours, 15,000 rpm at 4°C). The 

supernatant was brought up to 35% ammonium sulfate saturation by adding of 

powdered ammonium sulfate with constant stirring. The precipitable material was 

removed by centrifugation and the supernatant was bought up to 70% ammonium 

sulfate saturation and centrifuged. The pellet was disolved in 2,000 ml DEAE buffer 

(20 mM Tris-HCl pH 7.6, 2 mM 13-mercaptoethanol, 1 mM EDTA, 10% glycerol and 

0.1 M NaCl) and dialyzed twice against 20 liters of the same buffer. DEAE cellulose 

chromatography: The dialyzed sample was applied to a DE52 column (5x20 cm, I 00 

ml/hr) preequilibrated with DEAE buffer. The column was washed with 1,000 ml of 

DEAE buffer and the bound proteins were eluted with a 2,000 ml linear gradient from 

0.1 to 1.0 M NaCl in the same buffer. Fractions of 10 ml were collected. Both 

protein-primed initiation complex formation activity and DNA polymerase activity 

were measured and positive fractions were pooled (fractions #60-#110 eluting from 
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0.43 to 0.59 M NaCl). The sample was then dialyzed aganist 4 liters of heparin-

agarose buffer (50 mM Tris-HCl pH 7.6, 2 mM 13-mercaptoethanol, 0.5 mM EDTA, 

10% glycerol, 0.1 M NaCl, 5 mM MgCh). Heparin-agarose Chromatography: The 

DE52 pool was applied to a heparin-agarose column (1.5x6 cm, 10 ml/hr) 

preequilibrated with the heparin-agarose buffer. The column was washed with 100 

ml heparin-agarose buffer and eluted with a 100 ml linear gradient from 0.1 M to 1.5 

M NaCl in the same buffer. Fractions of 2 ml were collected. The assay positive 

fractions were pooled (fractions #11-#25 eluting from 0.4 M to 0.8 M NaCl) and 

dialyzed against 1 liter of hydroxylapatite buffer (10 mM sodium phosphate pH 6.8, 

2 mM 13-mercaptoethanol, 0.5 mM EDTA, 10% glycerol, 0.1 M NaCl). 

Hydroxylapatite column chromatography: The sample was applied to 5 ml 

hydroxylapatite column (1.lx5 cm, 10 ml/hr) preequilibrated with the hydroxylapatite 

buffer. The column was washed with 50 ml of 0.5 M NaCl in the same buffer and 

eluted with a linear gradient from 10 mM to 400 mM of sodium phosphate in the 

same buffer. Fractions of 1 ml were collected and the assay positive fractions were 

pooled (fractions #8-#17 eluting from 75 mM to 145 mM sodium phosphate). 

Sephacryl S-200 chromatography: The hydroxylapatite pool was concentrated to 3 ml 

by Centriprep Concentrator 30 (Amicon) and loaded to Sephacryl S-200 (1.6x100, 15 

ml/hr) preequilibrated with hydroxylapatite buffer. The column was eluted with 200 

ml of the same buffer. Fractions of 1 ml were collected and the assay positive 

fractions were analyzed in a 10% SDS-PAGE with Coomassie blue staining. Purified 

DNA polymerase fractions were dialyzed to enzyme storaging buffer ( 40 mM 
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potassium phosphate pH 7.0, 2 mM DTT, 0.5 mM EDTA, 50% glycerol, 0.1 M NaCl) 

and stored at -20°C. 

b) Purification of the insoluble form of PRDl DNA polymerase 

250 ml of E. coli JL 2443 (pEJG) was grown and lysed as described above. 

The lysate was centrifuged and the pellet was washed three times with cell lysing 

buffer. Then the pellet was resuspended in 10 ml of denaturing buffer (50 mM Tris

HCl pH 8.0, 5 mM DTT, 6 M GuHCI) and stirred at 4°C for 30 min. The suspension 

was then centrifuged (Sorvall SS-34, 30 min, 10,000 rpm at 4°C). The supernatant 

was saved and pumped (at a speed of 5 ml/hr) to 200 ml of heparin-agarose buffer 

which was under constant stirring. The flocculant precipitate was removed by 

centrifugation. The supernatant was dialyzed against 2 liters of heparin-agarose buffer 

and then subjected to heparin-agarose column chromatography and subsequently to 

hydroxylapatite column chromatography. The procedures for heparin-agarose and 

hydroxylapatite column chromatography were described above. After these two 

column chromatographic steps, the enzyme was found to be near homogeneity and the 

purified fractions were stored under the same conditions as that of the soluble 

preparation. 

DNA polymerase assay 
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The standard assay for DNA polymerase was performed as described 

previously (Watabe et al., 1984). The reaction mixture of 40 µl containing 50 mM 

Tris-HCl pH 7.6, 5 mM MgCh, I mM DTT, 0.5 mg/ml BSA, 5% glycerol, 0.3 µM 

of poly(dC)-oligo(dG)12-1s, 30 µM [3H]dGTP (500 cpm/pmole). The Km values for 

primer terminus and dGTP were determined as described (Bryant et al., 1983), using 

a homopolymer substrate poly(dC)-oligo(dG)12-1s at an equal molar ratio of template 

to primer. A series of six concentrations of dGTP or poly(dC)-oligo(dG)12-1s were 

used, chosen so as to bracket the expected Km values. Triplate reactions were carried 

out for each substrate concentration. The reaction rate (v) measured at a series of 

substrate concentrations (S) were plotted using the Lineweaver-Burk plot (1/v plotted 

against 1/S), allowing the determination of Km and VMAx. For each Km, the final 

concentration of 10 nM of purified DNA polymerase was added so that the amount 

of template-primer or dGTP substrate was sufficient to saturate the enzyme. The 

inhibitor studies were performed using the standard DNA polymerase assay except that 

the dGTP concentration was reduced to IO µM and 5 nM DNA polymerase was in the 

reaction mixture. Inhibition curves were plotted and data were also presented as 

concentration of each inhibitor that causes 50% inhibition. All the DNA polymerase 

assays were carried out at 30°C. One unit of DNA polymerase activity was defined 

as the amount of DNA polymerase that incorporates I nmole of labeled dGMP into 

acid-insoluble DNA at 30°C in 30 min under standard assay conditions. 

Exonuclease assay 
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The 50 µ1 reaction mixture contained 50 mM Tris-HCl pH 7.6, 10 mM MgCl2, 

1 mM DTT, 0.5 mg/ml BSA, 5% glycerol. The labeled substrate was prepared by 

incubating poly(dC)-oligo(dG)12-1s with Sequenase (Exo· T7 DNA polymerase, from 

USB) and [3H]dGTP. The substrate was added to the reaction mixture at 10 µg/ml 

(30,000 cpm total). The double-stranded DNA was heat denatured for the exonuclease 

assay on single-stranded DNA. After incubation of the reaction mixture at 30°C for 

30 min, the ethanol soluble materials were measured for their radioactivity. One unit 

of exonuclease was defined as the amount of DNA polymerase required to catalyze 

the release of 1 nmole of labeled dGMP to ethanol soluble form in 30 min at 30°C 

under standard assay conditions. 

DNA polymerase strand-displacement assay 

The DNA polymerase strand-displacement assay was carried out as described 

by Blanco et al. (1989). A 25 µl sample of the reaction mixture contained 50 mM 

Tris-HCl pH 7.6, 10 mM MgCh, 1 mM DTT, 0.5 mg/ml BSA, 5% glycerol, 150 µM 

of each dATP, dCTP and TTP, 30 µM of a 32P-dGTP (5 µCi), 0.5 µg primed

M13mp18 ssDNA and 100 ng of purified DNA polymerase. After incubation for the 

indicated times at 30°C, the reaction was stopped by adding 20 mM EDTA. The 

samples were ethanol precipitated and subjected to electrophoresis in a 0.7% alkaline 

agarose gel along with a 32P labeled DNA length marker and then the labeled DNA 

was visualized by autoradiography. The activity was judged by comparing the size 
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of replication products of the PRDl DNA polymerase mutants to those of the Klenow 

fragment and the wild type PRDl DNA polymerase. The Klenow fragment was a 

negative reference. 

In vitro replication of PRDl DNA with purified components 

In vitro replication of PRDl DNA with purified components was carried out 

as described (Yoo and Ito, 1989). The reaction mixture (200 µl) contained 50 mM 

Tris-HCl pH 7.6, 7.5 mM MgCh, 1 mM DTT, 0.5 mg/ml BSA, 10 mM (NH4)2S04, 

100 µM of each dATP, dCTP and TTP, 10 µM of [a.-32P]dGTP (5 µCi), 1 µg of the 

purified PRDI terminal protein, 100 ng of PRDl DNA polymerase and 1 µg of the 

PRDl DNA-terminal protein complex as template. The reaction was carried out at 

3 7°C and samples of 25 µl were withdrawn at the indicated times. The samples were 

treated with proteinase K (200 µg/ml, 37°C, 30 min), extracted with phenol and 

analyzed by alkaline agarose gel electrophoresis. The assay conditions and unit 

definition for DNA polymerase activity on TP-DNA complex was the same as that on 

the poly(dC)-oligo(dG) synthetic template except that 3H-dCTP was used. 

PRDl terminal protein-dGMP complex formation assay 

The conditions for PRD 1 terminal protein-dGMP complex formation were the 

same as described (Shiue et al., 1991). The reaction mixture (50 µl) contained 50 mM 
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Hepes (pH 7.5), 5 mM MgCh, 3 mM DTT, 2 mM ATP, 0.13 µM [a.-32P]dGTP (3000 

Ci/mmole ), 1 µg DNA-protein complex, and 100 ng of PRD 1 DNA polymerase and 

1 µg of PRDl terminal protein. After incubation at 30°C for 30 min, 5 units of RQl 

DNase I (Promega) was added to the reaction mixture. The mixture was incubated 

at 37°C for 30 min and stopped by the addition of 50 µl stop solution (0.05 M EDTA 

and 20% trichloroacetic acid). The mixture was chilled on ice for 30 min. After 

centrifugation for 10 min, the supernatant was discarded and the pellet was washed 

once with 1/2 X stop solution. The pellet was then dissolved in 50 µl of sample 

buffer (0.1 M Tris-HCl, pH 6.8, 2% SDS, 20% glycerol, 10% 2-mercaptoethanol and 

0.005% bromophenol blue). The sample was applied to a 12.5% SDS-PAGE followed 

by autoradiography. The activity was determined by excising the radioactive bands 

from the gel and counting the Cerenkov radiation. One unit of the initiation activity 

was defined as the formation of 1 pmole of terminal protein-dGMP complex under the 

standard conditions. 

DNA polymerase filling-in assay 

DNA polymerase filling-in assay was carried out according to Bernad et al. 

(Bernad et al., 1989). A 25 µl reaction mixture contained 50 mM Tris-HCl pH 7.6, 

10 mM MgCh, 1 mM DTT, 0.5 mg/ml BSA, 5% glycerol, 150 µM of each dATP, 

dCTP and TTP, 30 µM of [a.-32P]dGTP (5 µCi), 0.5 µg of the Ban I digested PRDl 

DNA and 100 ng of PRDl DNA polymerase. After incubation at 30°C for 30 min, 
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the reaction was stopped and the samples were filtered though Sephadex G-50 spin 

columns. The Cerenkov radiation was counted and one unit of filling-in activity 

represented the incorporation of 1 nmole of dGMP under the conditions described. 

DNA polymerase exchange replacement reaction 

The reaction mixture (25 µl) contained 100 mM Tris-HCl pH 7.6, 20 mM 

MgCh, 1 mM DTT, 0.5 mg/ml BSA, 5% glycerol, 0.5 µg of the Dra I digested PRDl 

DNA, 100 µM of each dATP, dGTP, dCTP and 0.25 µM of [a.-32P]TTP (5 µCi), 100 

ng of the PRDl DNA polymerase. The reaction mixture was incubated at 30°C for 

20 min and stopped by adding 20 mM EDT A. The samples were processed and 

counted as that of the filling-in assay. 

The gel assay for DNA polymerase and exonuclease activities 

The gel assay for simultaneous detecting DNA polymerase and 3'-5' 

exonuclease activities was carried out according to Peck et al. (1992). An 

oligonucleotide 17-mer (Universal DNA sequencing primer from USB) was 5' end

labeled with [y-32P]ATP (Amersham) by T4 polynucleotide kinase (USB). The labeled 

17-mer was then annealed to the M13mp18 ssDNA (USB) at the indicated 

template:primer ratios. A 10 µl of reaction mixture contained 50 mM Tris-HCl pH 

7.6, 20 mM MgCh, 1 mM DTT, 1 mg/ml BSA, 100 µM of each dNTP, 0.1 pmole of 
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template-primer and 100 ng of the purified PRD 1 DNA polymerase. The reaction was 

incubated at 30°C for the times indicated and stopped by adding EDT A to 20 mM. 

The samples were treated with proteinase K (200 µg/ml) for 1 hour and subjected to 

phenol-chloroform extractions. The samples were then run on a 20% 

polyacrylamide/7M urea gel and visualized by autoradiography. 

Two dimensional gel electrophoresis 

Two dimensional gel electrophoresis was carried out according to O'Farrell 

(1975) with 3/10 Biolyte (Bio-Rad) in the first dimension and 10% polyacryamide 

uniform gel in the second dimension. Isoelectric focusing was run at 1000 V for 4 

hours. The slab gel electrophoresis was run at 20 mA. The gels were stained with 

Coomassie Brillant Blue R250 (0.05% in 50% methanol/I 0% acetic acid) and 

destained with several changes of a 5% methanol/7% acetic acid solution. 

Protein assay 

Protein concentration was determined according to Bradford (1976). 
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RESULTS 

Part I Purification and characterization of PRD 1 DNA polymerase 

Expression and solubility of the recombinant PRDl DNA polymerase in E. coli cells 

The PRD 1 DNA polymerase gene was cloned into the expression vector 

pEMBLex3 (Jung et al. 1990). The recombinant was designated as pEJG (Fig. 8). 

The expression of the PRD 1 DNA polymerase gene is under the control of lambda pR 

promotor and the temperature sensitive repressor gene cl857. To analyze the levels 

of expression and the solubility of the recombinant PRD 1 DNA polymerase, an E. coli 

strain JL 2443 carrying plasmid pEJG was grown at 28°C to mid-log phase and then 

transfered to 42°C to derepress the pR promoter. Aliquots were removed at different 

time intervals and total cellular proteins were analyzed by SDS-polyacryamide gel 

electrophoresis. Electrophoretic patterns of the insoluble and the soluble proteins are 

shown in figure 9 (Panel A and B). A protein band corresponding to PRDl DNA 

polymerase could be observed after 60 min of heat induction (Fig. 9, panel A). The 

PRDl DNA polymerase was estimated to comprise approximately 30% of the total 

insoluble protein after 120 min at 42°C. On the other hand, only a small amount of 

the soluble PRDl DNA polymerase could be detected after 45 min at 42°C and this 

reached a maximum level of about 1 % of the total soluble fraction of cellular proteins 

after 60 min of heat induction (Fig. 9, panel B). The amount of the soluble form 
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PRDI DNA polymerase decreased after 90 min at 42°C, due probably to aggregation 

as the concentration of the protein increased following the induction. 

In an attempt to overcome the aggregation problem, several methods were tried. 

These include: induction at 38°C instead of 42°C, subcloning the PRDI DNA 

polymerase gene into other expression vectors such as pTZ18u, pKK223-3 and 

pUC19. However, none of these approaches helped to solve the problem. Attempts 

to extract the PRD 1 DNA polymerase in the precipitate with various salts or by using 

detergents such as Tween 20, Briji 58, Sarkosyl or Triton X-100 were also 

unsuccessful. 

Purification of PRDI DNA polymerase 

The foregoing results indicated that a large portion of PRDI DNA polymerase 

was in the cell pellet. A preliminary experiment suggested that the insoluble PRD 1 

DNA polymerase could be extracted from the pellet by protein-denaturing agents, such 

as 6M guanidine hydrochloride or 8M urea and that the denatured protein could be 

renatured by dilution to form active enzyme. Therefore, a simple, rapid procedure for 

the purification of PRDI DNA polymerase was developed based on 6M GuHCl 

denaturation and renaturation. 

The detailed procedure was described under materials and methods (Fig. 10). 

Briefly, an E. coli JL 2443 (pEJG) was grown in 250 ml LB at 28°C to mid-log phase 

and the cell cultures were transfered to 42°C and shaken for 120 min. The cells were 
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collected and lysed. The insoluble fraction of the cell lysate was washed three times 

with cell lysing buffer. Judging from SDS-polyacryamide gel electrophoresis, the 

washed material contained the PRDl DNA polymerase that was approximately 50% 

pure, although inactive. The washed proteins were resuspended in 6M GuHCl 

solution containing Tris-HCI buffer at pH 7.6 and the suspension was centrifuged to 

remove the insoluble materials. The supernatant was diluted with renaturation buffer 

containing Tris-HCI pH 7.6, 5 mM MgCh and 0.1 M NaCl. At this stage, the PRDl 

DNA polymerase was found to be active in both protein-primed initiation reaction and 

DNA polymerization. The active PRDl DNA polymerase was then purified to near 

homogeneity using heparin-agarose and hydroxylapatite column chromatography as 

described under materials and methods. 

Comparison between the soluble and the insoluble preparations of 

PRDl DNA polymerase 

The soluble PRDl DNA polymerase was uesd as a reference protein to 

characterize the PRDl DNA polymerase purified from the insoluble materials. The 

soluble PRDl DNA polymerase was purified from a large amount of materials using 

several columns for chromatography as described under materials and methods (Fig. 

11 ). Thses steps include ammonium sulfate phase separation, DE 52, Heparin-agarose, 

Hydroxylapatite and Sephacryl-S200 column chromatographies. 

First, the purity and the two-dimensional electrophoretic behavior of the two 
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PRDl DNA polymerase preparations were compared. The purity of the PRDl DNA 

polymerase was determined by SDS-polyacrylamide gel electrophoresis followed by 

Coomassie Brilliant Blue staining. The purity of both PRD 1 DNA polymerase 

preparations was over 95%. The insoluble PRDl DNA polymerase preparation was 

somewhat purer than the reference soluble enzyme preparation. The two dimensional 

gel electrophoresis patterns of the soluble and the insoluble PRDl DNA polymerase 

are shown in figure 12. As can be seen from the figure, both soluble and insoluble 

preparations are indistinguishable. The apparent molecular weights of both proteins 

were 63 KD, in good agreement with the predicted molecular weight of 63,336 from 

the sequencing data (Jung et al., 1987; Savilahti and Bamford, 1987). The isoelectric 

points of both proteins were 6.55 which were also similar to the predicted pl value of 

6.68 (Braithwaite and Ito, 1992). 

Next, various kinetic parameters and enzymological properties were compared 

between the two DNA polymerase preparations. The results are summarized in Table 

III. The steady-state kinetic parameters, Km for dNTP, Keat for DNA polymerase 

reaction and Km for primer terminus were measured for both DNA polymerase 

preparations using a homopolymer poly( dC)-oligo( dG) as the substrate. Although the 

Km value for primer terminus of the insoluble PRDl DNA polymerase were 

somewhat higher than that of the soluble enzyme, the values were of the same order 

of magnitude. 

Since the protein-primed initiation of DNA synthesis involves the highly 

specific protein-protein and the protein-DNA interactions, it is expected to provide a 
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sensitive assay for structural and conformational changes of the protein. There is no 

appreciable difference in the formation of covalent linkage of a dGMP to the terminal 

protein between the two DNA polymerase preparations (Table III). Likewise, the 

filling-in activities were the same between these enzyme preparations. This evidence 

implies that the structure of the PRDl DNA polymerase after denaturation-renaturation 

is virtually identical to that of the soluble DNA polymerase. 

Like many family B DNA polymerases, PRDl DNA polymerase contains an 

intrinsic 3' to 5' exonuclease activity which is believed to increase the accuracy of 

DNA replication by removing misincorporated nucleotides (Savilahti et al., 1991). 

The PRDl DNA polymerase can hydrolyze both single and double stranded DNAs. 

However, as is the case of a proofreading 3' to 5' exonuclease, single-stranded DNA 

is the optimal substrate for PRD 1 DNA polymerase. The comparative studies have 

shown that the insoluble preparation has somewhat higher exonuclease activity than 

the soluble preparation (Table III). 

The PRDl DNA polymerase 1s also capable of performing "exchange 

replacement reaction", analogous to the T4 DNA polymerase (Englund, 1971). This 

activity is due to two catalytic activities, the 3' to 5' exonuclease and the 5' to 3' 

DNA polymerase activities. This reaction consists of cycles of removal and 

replacement of the 3' terminal nucleotides from the blunt ended DNA substrate. 

The template-primer preference was also compared. As shown in Table III, 

PRD 1 DNA polymerase was more active on poly( dC)-oligo( dG) than the native 

template of the PRDl genome with terminal proteins. Specific activities of the 
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enzyme prepared by denaturation-renaturation procedure were usually higher than the 

soluble PRD 1 DNA polymerase. This was probably due to the fact that the insoluble 

preparation was actually purer than the soluble preparation. 

The sensitivities of two PRD 1 DNA polymerase preparations to various 

inhibitors and salt concentrations were compared (Fig. 13 and Table III). As shown 

in panel A, B and C in the figure 13, KCl, NaCl and NH4Cl have dual effects on 

PRDl DNA polymerase activity. At lower concentration (<150 mM), these salts 

stimulate PRDl DNA polymerase activity. However, at higher concentration (>200 

mM), they inhibit the activity. Under the same conditions, these salts have little effect 

on the activity of the Klenow fragment of E. coli DNA polymerase I. 

All the family B DNA polymerases so far tested, are sensitive to aphidicolin, 

although the degree of sensitivity varies (Kornberg and Baker, 1991). It has been 

shown that in vitro PRD 1 DNA replication was inhibited by aphidicolin (Yoo and Ito, 

1989). In agreement with the in vitro DNA synthesis, PRDl DNA polymerase is 

sensitive to aphidicolin (Fig. 13-D). Under the same conditions, the Klenow fragment 

of E. coli DNA polymerase I is insensitive. These inhibition studies were consistent 

with the evidence that the PRDl DNA polymerase prepared by denaturation

renaturation was very similar to that of the soluble enzyme. 

The efficiency of a protein-primed genome DNA replication was next 

compared between two DNA polymerase preparations. Figure 14 demonstrates that 

both preparations can efficiently synthesize the unit length of PRDl DNA. For both 

preparations, the unit length PRD 1 DNA was reached after 7 .5 min incubation and 
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plateaued during further incubation at 37°C. This rate is nearly comparable to that 

obtained in the cell-free replication system for the PRDl genome (Yoo and Ito, 1989). 

Protein-primed DNA replication initiates at one end of the genome and 

proceeds in the 5' to 3' direction with concomitant displacement of the parental 5' 

strand (Harding and Ito, 1980). Blanco et al. (1989) have shown that $29 DNA 

polymerase is also capable of catalyzing strand-displacement DNA synthesis without 

any other protein factors. Having confirmed that the purified PRDl DNA polymerase 

is capable of performing strand-displacement synthesis, two PRD 1 DNA polymerase 

preparations as to their ability to catalyze strand-displacement DNA synthesis were 

compared. Figure 15 shows that both preparations are quite capable of performing 

strand-displacement synthesis. Under the same conditions, the Kienow fragment of 

E. coli DNA polymerase I could not. 

Finally, the processivity of PRDl DNA polymerase was compared between two 

preparations. For the processivity assay, the primed M13 ssDNA was used as 

template and DNA synthesis was measured by increasing the ratio of primer-template 

to DNA polymerase. Figure 16 illustrates that the molar ratio of primer-template to 

DNA polymerase ranges from 1:4 to 8:1. Under these conditions, a distributive DNA 

polymerase would give a decreased size of replication products. Conversely, the size 

of replication products should remain the same for a processive DNA polymerase. As 

can be seen from figure 16, the size of the replication products does not decrease as 

the ratio of primer-template to DNA polymerase increases. 
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Part II Mutagenesis of the highly conserved lysine 340 of PRDl DNA polymerase 

Lysine 340 is highly conserved among family A and family B DNA polymerases 

Based on amino acid sequence similarity, PRDl DNA polymerase has been 

classified as a family B DNA polymerase (Ito and Braithwaite, 1991; Braithwaite and 

Ito, 1992). There are several highly conserved regions among family B DNA 

polymerase. It has been shown that the lysine residue at the position 340 and the 

tyrosine residue at the position 34 7 of PRD 1 DNA polymerase are highly conserved 

among family B DNA polymerases. Moreover, both of these amino acid residues 

appear to be conserved among family A DNA polymerases also (Fig. 17). The K340 

and the Y347 of PRDl DNA polymerase are aligned to the K758 and the Y766 in 

alpha helix O of the E. coli pol I Kienow fragment. 

Previous study has shown that the mutant K340I (lysine to Isoleucine) of PRD 1 

DNA polymerase could not complement the PRDl sus 2 mutant which is defective 

in DNA polymerase gene by genetic complementation (Jung et al., 1990). This 

suggested that the mutant DNA polymerase is not functional. In order to evaluate the 

functional and the structural role of the K340 in PRD 1 DNA polymerase, three 

additional mutants was constructed by substituting the lysine 340 of PRD 1 DNA 

polymerase with histidine, asparagine and glutamic acid, respectively. The asparagine 

changes the positively charged side chain to a neutral one and should cause the least 

disruption of the secondary structure of the protein. The glutamic acid changes the 
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positively charged side chain to the negative one. The histidine substitution, on the 

other hand, might be predicted to perturb structurally the PRDl DNA polymerase. All 

these mutant DNA polymerases were overexpressed and purified to near homogeneity 

(more than 95% pure by judging from SDS-polyacryamide gels) (Fig. 18). 

The highly conserved lysine residue is required for protein-primed initiation and 

polymerization by PRDl DNA polymerase 

Since PRD 1 DNA polymerase is a protein-primed DNA polymerase, the ability 

of mutant DNA polymerases to catalyze covalent complex formation between the 

PRD 1 terminal protein and the dGMP, the first nucleotide of the PRD 1 genome, was 

first tested (Fig. 19, A). It is evident that all mutants are incapable of catalyzing the 

initiation complex formation. In addition to the protein-primed DNA synthesis, PRDl 

DNA polymerase can catalyze a repair-type filling-in reaction and a T4 DNA 

polymerase exchange replacement type reaction. Using Ban I-digested PRDl DNA 

fragments as templates, DNA polymerase filling-in assay was performed (Fig. 19, B). 

For the base exchange replacement assay, Ora I digested PRDl DNA fragments which 

are blunt ended were used as templates (Fig. 19, C). All these results indicate that 

mutant DNA polymerases are devoid of polymerization activities. On the other hand, 

when the 3' to 5' exonuclease activities were compared, all mutant PRDl DNA 

polymerases exhibit normal level of activities (Table IV). 

To exclude the possibility that in mutant enzymes newly synthesized DNA 
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chains may be somehow rapidly degraded by the 3' to 5' exonuclease, a highly 

sensitive gel assay system was employed. In this system, single-stranded Ml 3 mp 18 

DNA annealed with a 5' end 32P-labeled 17-mer was used as substrate for DNA 

polymerase activity and for 3' to 5' exonuclease activity. Figure 20 shows the time 

course of the simultaneous detection of DNA polymerase activity and 3' to 5' 

exonuclease activity of the wild type PRDl DNA polymerase. Since the wild type 

PRDl DNA polymerase is a highly processive DNA polymerase and its specific 

activity for 5' to 3' polymerization is higher than that of 3' to 5' exonuclease 

degradation, the large DNA replication products can be detected upon one minute 

incubation under the standard reaction conditions, as shown on the top of figure 20, 

Lane 2. While the primers were extended by DNA polymerase activity, some primers 

were generally degraded by the 3' to 5' exonuclease activity in a 3' to 5' direction 

(Fig. 20, Lanes 2-8 lower part). After 20 min reaction, the major degradation products 

were mono- and di- nucleotides. Since the 5' end of the primer was labeled, the 

degradation pattern shown on figure 20 rules out the possible activities of a 5' to 3' 

exonuclease and other endonucleases. Therefore, this assay provides the sensitive way 

to detect the DNA polymerase activity and 3' to 5' exonuclease activity 

simultaneously. 

Figure 21 illustrates the results of above mentioned sensitive assay for both the 

wild type and mutant PRDl DNA polymerases. Two molar ratios of template to 

primer of the substrate were tested. Under the conditions of the template:primer molar 

ratio at 0.8:1, the 3' to 5' exonuclease activity could be readily detected because of 
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the existance of some free primers. As shown in figure 21, panel A, the 3' to 5' 

exonuclease activity of three mutant PRDl DNA polymerases remained active 

compared to that of the wild type DNA polymerase. When the molar ratio of 

template:primer was increased to 3:1, the condition favored DNA polymerase activity, 

the DNA polymerase activities of the three mutants were inactive as shown in figure 

21, panel B. 

Both panels A and B demonstrate that the substitution of the lysine-340 causes 

the loss of DNA polymerase activity with no apparent effect on the 3' to 5' 

exonuclease acitivity. In fact, as presented in Table IV, the mutant DNA polymerases 

have relatively higher 3' to 5' exonuclease activity than that of the wild type enzyme, 

especially the mutant K340H (Fig. 21, panel B). This is probably due to the 

imbalance between the polymerase and 3' to 5' exonuclease activity. However, the 

sensitive assay also shows that it is unlikely that the newly synthesized DNA would 

be degraded by a stronger exonuclease activity. 
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Part III Identification of critical amino acids for the 3' to 5' exonuclease activity of 

PRD 1 DNA polymerase 

Sequence similarities and site-directed mutagenesis in the 3' to 5' exonuclease domain 

of PRD 1 DNA polymerase 

The amino acid residues 1-168 of PRDl DNA polymerase can be aligned with 

residues 338-531 of E. coli DNA polymerase I (Pol I) (Fig.22). Clearly, the 3' to 5' 

exonuclease domain of PRDl DNA polymerase is smaller (about 9%) than that of Pol 

I. As can be seen from figure 22, the amino acid residues corresponding to those 

metal binding ligands of the Kienow exonuclease domain appear to be all conserved 

in PRDl DNA polymerase as well. To test the possibility that these conserved amino 

acid residues are the active sites for the 3' to 5' exonuclease of PRDl DNA 

polymerase, a series of mutant proteins were constructed by in vitro site-specific 

mutagenesis. All the amino acid residues that are changed in this study are indicated 

in figure 22. Each mutant DNA polymerase was purified to apparent homogeneity 

(Fig. 23) and assayed for various enzymatic activities. Table V summarizes the 

effects of mutations on the various catalytic activities of PRDl DNA polymerase. It 

is evident from Table V, that mutations D17A, E19A, D76A, D107H and Dl49A 

affected severely the 3' to 5' exonuclease activity. These mutations reduced the 

exonuclease activity by at least five orders of magnitude. On the other hand, these 

mutants, except for D 107H which showed about 7 .5% of the wild type level, showed 
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nearly normal level of the DNA polymerase activity, suggesting that these proteins are 

not drastically affected structurally by the mutations. Assuming that the Klenow 

fragment and PRDI DNA polymerase are structurally homologous for this region, the 

residues Asp-17, Glu-19 and Asp-149 of PRDI DNA polymerase are the metal A 

binding ligands, while Asp-17 and Asp-76 are the metal B binding ligands. 

Asp-107 appears to be highly conserved among the family A, B and C DNA 

polymerases (Braithwaite and Ito, 1992) and is aligned to Asp-459 of the Klenow 

fragment (Fig. 24). Histidine substitution of the Asp-I 07 affected severely not only 

the 3' to 5' exonuclease activity but also entire DNA polymerase function. Since the 

histidine substitution changes the negative charged side chain to the positive one, it 

is likely to cause disruption of the secondary structure of the protein. Therefore, three 

additional mutants have been constructed by substituting the Asp-107 of PRDI DNA 

polymerase with alanine, asparagine and glutamic acid, respectively. Our functional 

analysis of these mutant DNA polymerases indicated that glutamic acid and asparagine 

substitutions were better tolerated than alanine substitution, suggesting that, as the side 

chain at the position 107 of PRD 1 DNA polymerase, charge and ligand geometry are 

important (Table V). 

Mutations N71D and Y145F reduced the exonuclease activity to 13% and 47% 

of the wild type level, respectively (Table V). Asn-71 is highly conserved and aligned 

to Asn 420 of the Klenow fragment. It is known that the 8-amino group of Asn-420 

forms a hydrogen bond with the 4'-oxygen of the deoxyribose in the 3' penultimate 

nucleotide of the DNA template. Therefore, this residue is involved in the interaction 
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between the single-stranded substrate DNA and the enzyme. Replacement of Asn-71 

with Asp would disrupt the hydrogen bond, thus affecting substrate binding. The Phe-

75 of PRDI DNA polymerase is highly conserved among the family B DNA 

polymerases. However, since it corresponds to Tyr-423 of the Klenow fragment, 

mutation F75Y does not affect appreciably the exonuclease activity of PRDl DNA 

polymerase, although it affected the protein-primed initiation activity considerably 

(Table V). 

Mutational affection on the strand-displacement DNA synthesis 

PRDl DNA polymerase can catalyze strand-displacement DNA synthesis 

without any other protein factors, similar to ~29 DNA polymerase. These studies 

revealed that mutants D17A, E19A, D76A, D107H and D149A were all incapable of 

catalyzing the strand-displacement DNA synthesis (Fig. 25, Table V). Furthermore, 

protein-primed DNA replication which requires absolutely strand-displacement were 

all drastically reduced compared to the DNA polymerase elongation activity. All these 

mutants, except for D 107H, are expected to be involved in metal binding. Mutants 

N71D, D107A and D107N have lower 3' to 5' exonuclease activity, yet they appear 

to be normal in strand-displacement DNA synthesis. 
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DISCUSSION 

Rapid purification of PRD 1 DNA polymerase 

A rapid and efficient purification procedure for PRDl DNA polymerase is 

discribed. This procedure is based on the property of PRDl DNA polymerase that it 

is highly sensitive to the denaturing agent, but becomes fully active by dilution of the 

denaturing agent. 6M guanidine hydrochloride has been used to solublize the 

insoluble PRDl DNA polymerase and renatured the enzymatic activity by dilution. 

This method has been used successfully with a variety of enzymes including sigma 

factor of E. coli RNA polymerase (Gribskov and Burgess, 1983), rho factor (Hager 

and Burgess, 1980), Bacillus subtilis sigma factor (Haldenwang et al., 1981; Wiggs 

et al., 1981 ), p-galactosidase and alkaline phosphatase (Hager and Burgess, 1980). 

Compared to the procedure used for preparing the soluable form of PRDl DNA 

polymerase, this method is simple, rapid, high yielding and purity. 

To determine that the PRDl DNA polymerase after denaturation and 

renaturation is similar to the native soluble enzyme, two preparations have been 

compared extensively. These include: kinetic parameters, various enzymatic activities 

such as 3' to 5' exonuclease activity, repair type DNA polymerase activity, exchange 

replacement activity, strand-displacement activity and sensitivities to various salts and 

inhibitors. All properties compared are indistinguishable between these two 

preparations of PRDl DNA polymerase. Perhaps, the most significant test for 
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conformational changes of the two forms of PRD 1 DNA polymerase is the protein-

primed DNA replication test. Since protein-primed DNA synthesis requires specific 

interactions between DNA polymerase, terminal protein, template DNA and substrate 

nucleotides, it provides a highly sensitive assay for comparing the two preparations. 

It has been showed that the rate of protein-primed DNA synthsis of both enzyme 

preparations in the presence of purified PRDl terminal protein and intact PRDl DNA

terminal protein complex as template, were virtually identical (24-26 nucleotides per 

second at 37°C). These results were very similar to the other protein-primed DNA 

replication systems. The rate of the protein-primed $29 DNA syntesis was about 10 

nucleotides per second at 30°C (Blanco and Salas, 1985). In the case of adenovirus 

DNA replication in vitro, the value of 10-20 nucleotides per second at 30°C was 

described (Nagata et al., 1983). Bodnar and Pearson (1980) reported that the rate of 

adenovirus DNA replication in infected cells was 1600±170 nucleotides per minute 

at 32°C. This value would be equivalent to 26 nucleotides per second. All of these 

results indicate that the PRD 1 DNA polymerase prepared by the denaturation

renaturation procedure is indistinguishable from the soluble PRDl DNA polymerase. 

Several unique properties of PRD 1 DNA polymerase 

The studies presented here identify several unique properties of PRDl DNA 

polymerase which make it suited for its role in protein-primed, strand-displacement 

DNA replication. The PRDl DNA polymerase is highly processive and is capable of 
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performing strand-displacement DNA synthesis without any other protein factors. 

These properties are reminiscent of the DNA polymerase encoded by Bacillus phage 

~29 (Blanco et al., 1989). In addition to catalyze the filling-in repair type DNA 

synthesis, PRDl DNA polymerase is also able to catalyze exchange replacement 

reaction. This suggests that PRDl DNA polymerase is capable of editing its own 

DNA replication. Provided with the purified terminal protein and PRDl terminal

protein complex as template, PRDl DNA polymerase can replicate the full length of 

genome in vitro without other protein factors, although the speed is relatively slow. 

This also confirms that PRD 1 DNA polymerase and terminal protein are essential and 

sufficient for the phage DNA replication. The availability of a simple purification 

procedure for PRDl DNA polymerase, in addition to its amenability to genetic 

manipulation, should facilitate detailed biochemical and structural studies of the 

mechanism of protein-primed, strand-displacement DNA synthesis. Since the in vitro 

reconstitution system has been established, it is also possible to study the roles of 

other phage specified factors such as P 12 and P 19 as well as host cofactors which 

involved in in vivo replication to increase the replication efficiency. 

The K340 of PRDl DNA polymerase is critical to the DNA polymerase catalysis 

The present studies demonstrate that modification of the lysine-340 of PRDl 

DNA polymerase abolishes the polymerization as well as protein-primed initiation 

activity without affecting the 3' to 5' exonuclease activity. Amino acid sequence 
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alignment indicates that the lysine 340 residue of PRDl DNA polymerase is invariant 

in all the family B DNA polymerases (Ito and Braithwaite, 1991). Moreover, the 

lysine-340 of PRDl DNA polymerase appears to be analogous to the lysine-758 of E. 

coli DNA polymerase I (Fig. 17). Therefore, the results, although not proven, support 

the proposal made by Delarue et al. (1990) that all polymerases including DNA 

dependent RNA polymerases and RNA-dependent DNA polymerases are at least 

locally, if not globally, related. 

The crystal structure of the Kienow fragment of E. coli DNA polymerase I 

indicates that the lysine-758 is in a domain spaning residues 756-775 of the alpha 

helix O (Ollis et al., 1985). The alpha helix O contains another invariant amino acid 

tyrosine-766 and forms a part of the active-site cleft of the Kienow fragment. The 

tyrosine-766 has been implicated by chemical modification and site-sepecific 

mutagenesis studies as the reactive residue for dNTP substrate binding (Rush and 

Konigsberg, 1990; Polesky et al., 1990). Therefore, the alpha helix O has been 

generally considered as the dNTP binding site (Joyce, 1991). It is interesting to note 

that Mullen et al. (Mullen et al., 1989) have shown that a peptide consisting of 

residues 728-777 (alpha helices N and 0) of E. coli DNA polymerase I is able to bind 

both dNTP and duplex DNA. However, the crystal structure of the HIV reverse 

transcriptase does not contain an alpha helix corresponding to the O helix in the 

Kienow fragment (Kohlstaedt et al., 1992). Accordingly, Kohlstaedt et al. ( 1992) 

suggested an alternative role for the "finger" subdomain of the Kienow fragment: it 

forms the binding site for the template DNA strand in the region of the primer 
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terminus. According to their proposal, only the DNA-dependent DNA polymerases 

and DNA-dependent RNA polymerases have a sequence that is similar to the O helix 

of the Kienow fragment. It is interesting to note that numerous enzymes which bind 

to DNA contain the KX6-1YG motif. These include: DNA ligase, DNA topoisomerase, 

gyrase etc. (Ito, unpublished). 

Basu and Modak (1987) pointed out that lysine-758 and tyrosine-766 are 

separated by a span of seven amino acid residues in the primary structure, but 

considering the alpha-helical structure, they may be much closer. According to the 

crystal structure of the Kienow fragment of E. coli DNA polymerase I, the lysine-758 

and the tyrosine-766 are relatively close to each other, align to the same side of the 

a-helix and the side chains branch into the "cleft" structure of the polymerase domain. 

Conserved lysine residue may be important in ionic bonding with the phosphate 

backbone of the template-primer, while the adjacent tyrosine could be involved in 

hydrophobic interactions with the base moeity in the template-primer. 

The active site of 3' to 5' exonuclease are conserved among family A and family B 

DNA polymerases 

The X-ray crystal structure, at 3.3 A resolution, showed that the Kienow 

fragment of E. coli DNA polymerase I is folded into two distinct structural domains 

(Ollis et al., 1985). A combination of structural and molecular genetic studies have 

clearly established that the smaller amino-terminal domain contains the active sites for 
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the 3' to 5' exonuclease activity while the C-terminal region contains the catalytic 

center for the DNA polymerization reaction. The two domains are separated by 35 

A and have separate binding sites for DNA. Based on the refined crystal structures 

of the substrate single-stranded DNA and product dNMP complexes with the 3' to 5' 

exonuclease active site, Steitz and coworkers (Freemont et al., 1988; Beese and Steitz, 

1991) have proposed that the hydrolytic phosphoryltransfer reaction is catalyzed by 

two divalent metal ions (Fig. 4). According to this mechanism, a nucleophilic attack 

on the phosphorous atom of the scissile phosphate is carried out by a hydroxide ion 

that is activated by metal A (probably Zn++), while the second metal ion B (probably 

Mg++) stabilizes the transition state (Beese and Steitz, 1991). One of the pivotal 

findings was that the mutant D424A protein of the Kienow fragment, which showed 

no measurable exonuclease activity, but had a nearly identical structure for the product 

dNMP complex, could no longer bind metal B. 

The sequence alignment suggested that the N-terminal portion of PRDl DNA 

polymerase can be aligned with the 3' to 5' exonuclease domain of the Kienow 

fragment. While PRDl DNA polymerase has a smaller 3' to 5' exonuclease domain, 

all active sites appear to be conserved. Site-directed mutagenesis studies confirmed 

that all the putative ligands, except for Tyr-145, are functionally critical for the 3' to 

5' exonuclease activity. When Tyr-145 was changed to Phe, the level of 3' to 5' 

exonuclease activity was not drastically affected (Table V). The Y145F mutant 

retained about 47% of the wild type 3' to 5' exonuclease activity. Somewhat similar 

effects have been described previously for the Kienow fragment and the ~29 DNA 
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polymerases (Derbyshire et al., 1988; Soengas et al., 1992). However, there are some 

clear differences between PRDl DNA polymerase and the Kienow fragment. In the 

case of the Klenow fragment, the bases on either side of the scissile phosphate are 

positioned by interactions with the side chains of Phe- 473 and Leu-361. The PRDI 

DNA polymerase has none of these amino acid residues at the corresponding 

positions. Recent sequence alignment of more than 60 different 3' to 5' exonuclease 

domains indicated that the Leu-361 and Phe-473 are not highly conserved amino acid 

(Ito, unpublished data). 

The D 107 of PRD 1 DNA polymerase is an important residue for both 3' to 5' 

exonuclease activity and DNA polymerase activity. 

The site-directed mutagenesis studies showed that the Asp-107 of PRD 1 DNA 

polymerase could be an important residue in not only the 3' to 5' exonuclease activity 

but the DNA polymerase activity as well. This amino acid residue appear to be highly 

conserved among family A, Band C DNA polymerases (Fig. 24). In the case of the 

Klenow fragment, the corresponding residue is the Asp-459 which is located in the 

a. helix E (Ollis et al., 1985). Amino acid substitution studies indicated that the Asp-

107 of PRDl DNA polymerase can be replaced at least partially with glutamic acid 

and asparagine suggesting that charge and ligand geometry could be important as the 

side chain at this position. It is of significant to note that mutations in the 3' to 5' 

exonuclease domain of the herpes simplex DNA polymerase severely impaired DNA 
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polymerase activitiy and viral DNA replication in vivo (Gibbs et al., 1991). 

Metal binding sites are also important for the strand-displacement activity of PRD 1 

DNA polymerase. 

Soengas et al. (Soengas et al., 1992) have recently described three $29 DNA 

polymerase mutants, which are all located in the region of the "Exo III motif' of the 

3' to 5' exonuclease domain, which cannot perform strand-displacement DNA 

synthesis. They have suggested that the strand-displacement domain of $29 DNA 

polymerase may overlap with the 3' to 5' exonuclease domain. This study clearly 

suggested that for the strand-displacement synthesis, all the metal binding ligands are 

absolutely essential (Table V, Fig. 25). It has been shown that the exonuclease active 

site can melt duplex DNA and bind single rather than double stranded DNA 

(Freemont et al., 1988; Beese and Steitz, 1991). Therefore, it is reasonable that the 

3' to 5' exonuclease domain is involved in the strand-displacement DNA synthesis. 

It is somewhate paradoxical, however, that both T4 and T7 DNA polymerase mutants 

lacking the 3' to 5' exonuclease activity can perform the strand-displacement synthesis 

at nicks, but wild type DNA polymerase cannot (Tabor and Richardson, 1989; Reha

Krantz et al., 1991 ). In contrast, wild type PRD 1 and $29 DNA polymerases are quite 

capable of perfoming the strand-displacement synthesis, but the 3' to 5' exonuclease 

mutants are not. 

Evolutionary implications 
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The purpose of the present study was to gain clear evidence indicating that the 

family A DNA polymerases including E. coli DNA polymerase I are structurally and 

evolutionarily related to the family B DNA polymerases. Sequence alignments and 

site-directed mutagenesis studies with various systems have shown that the family A 

and family B, and possibly family C, DNA polymerases are all related. Our results 

showed that the 3' to 5' exonuclease domain of PRDl DNA polymerase is smaller 

than that of the Klenow fragment, but the active sites are colinearly arranged with 

those of the Klenow exonuclease domain. Furthermore, metal binding ligands are 

totally conserved, suggesting that these exonucleases share a common ancestor. The 

importance of the highly concerved lysine residue among family A and family B DNA 

polymerases also support the notion that these two family DNA polymerases are 

related. 
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Figure 1. A schematic three dimensional structure of the Klenow fragment 
Regions of polypeptide that form a helix are represented by cylinders and 

those that form ~ sheet by arrows (from Joyce and Steitz, 1987). 
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Figure 2. A schematic representation of the domain structure of PRD 1 DNA 
polymerase (top) and the conserved regions in C-terminal portion of family B DNA 
polymerases 
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COOH 

Figure 3. A schematic representation of the domain structure of PRDl DNA 
polymeras (top) and the conserved regions in N-terminal portion of family A, B and 
C DNA polymerases 
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Figure 4. The proposed two metal ion mechanism for the 3' to 5' exonuclease reaction 
of the Klenow fragment 

Metal A ia proposed to facilitate the formation of an attacking hydroxide ion. 
Metal B is hypothesized to facilitate the leaving of the 3' hydroxyl group and stablize 
the o-p-o bond angle (from Beese and Steitz, 1991). 
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Figure 5. 5' gap created after RNA-primerd DNA synthesis of a linear DNA molecule 
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Figure 6. Model of the protein primed initiation mechanism for PRD 1 DNA 
replication 
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Figure 7. Genome organization of PRD 1 and the functions of some gene products 
The top end represents the genome left end and the bottom for the right end. 

The scale of genome length is also presented. 
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Figure 8. Diagram of pEMBLex3 used for the expression of PRDl DNA polymerase 
The recombinant expression vector is designated pEJG. 

..Ii. 
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Figure 9. Time course and solubility of PRDl DNA polymerase expression 
The E. coli JL 2443 cells harboring recombinant plasmid . pEJG were cultured 

and samples were taken at time intervals of 15 min after heat induction at 42°C. The 
cells were lysed as described under "Methods". The total cell lysate was centrifuged 
for 1 hour at 15,000 rpm in a Sorvall SS-34 centrifuge at 4°C. The soluble 
supernatant as well as the insoluluble pellet were separated and disolved in 2X SDS
P AGE sample loading buffer. Equal amount of samples· were loaded onto 10% SDS
PAGE followed by 5 min at 100°C. The gels were stained with Coomassie Blue. In 
panel A and B, lanes ~ to 10 represent the times of heat induction from 0, 15, 30, 45, 
60, 75, 90, 105, 120 to 135 min respectively. Panel A represents the insoluble 
fraction of cellular proteins and Panel B for the soluble fraction. The position of 
PRD 1 DNA polymerase is indicated by arrows. 
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Add 2.5 ml overnight culture to 250 ml LB 
-1, 

Incubate at 30°C to 0Ds9o = 0.3 
-1, 

Incubate at 42°C for 2 hrs 
-1, 

Collect cells by centrifugation (250 ml total) 
-1, 

Lyse cell pellet with lysozyme 
-1, 

Homogenize with Sonifier 
-1, 

Centrifuge at 15,000 rpm in the SS-34 rotor for 1 hr 
-1, 

Wash the pellet three times with the cell lysing buffer 
-1, 

Resuspend the pellet in 10 ml of 6M GuHCl denaturation buffer 
-1, 

Dilute the sample to 200 ml renaturation buffer 
-1, 

Dialyze and apply the sample to Heparin-agarose column (5 ml) 
-1, 

Apply the assay positive fractions to Hydroxylapatite column (2 ml) 
-1, 

Analyze by 10% SDS-P AGE 

Figure 10. The purification procedure for the insoluable form of PRDl DNA 
polymerase 



Add 100 ml overnight culture to 10 liter LB 
.J, 

Incubate at 30°C to 0Ds9o = 0.3 
.J, 

Incubate at 40°C for 2 hrs 
.J, 

Collect cells by centrifugation (50 liter total) 
.J, 

Lyse cell pellet with lysozyme 
.J, 

Homogenize with Sonifier 
.J, 

Centrifuge at 15,000 rpm in the SS-34 rotor for 2 hrs 
.J, 

The supernatant was brought to 35% (NH4)2S04 saturation 
.J, 

Centrifuge and the supernatant was brought 
to 70% (NH4)2S04 saturation 

.J, 
Centrifuge and the pellet was disolved in DE52 buffer 

.J, 
Dialyze and apply to 400 ml DE 52 column chromatography 

.J, 
Apply the assay positive fractions to 10 ml Heparin-agarose 

.J, 
Apply the assay positive fractions to 5 ml Hydroxylapatite column 

.J, 
Collect assay positive fractions and concentrate 

sample by Amicon concentrator 
.J, 

Apply to 200 ml Sephacryl S-200 gel filtration column 
.J, 

Analyze by 10% SDS-PAGE 
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Figure 11. The purification procedure for the soluable form of PRDl DNA polymerase 
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Figure 12. Two-dimensional gel electrophoresis of the purified PRDl DNA 
polymerases 

The protein purification procedures were described under "Methods". The first 
dimension was IEF with 3/10 Biolyte (Bio-Rad) and the· second dimension was 10% 
SDS-PAGE indicated by long arrows. The gels were stained with Coomassie Blue. 
The corresponding pl and molecular weight are indicated by small arrows. Panel A: 
10 µg of the soluble preparation; Panel B: 10 µg of the insoluble preparation; Panel 
C: 5 µg of both soluble and insoluble preparations. 
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Figure 13. Effects of different compounds on DNA polymerase activities of PRD 1 
DNA polymerase and the Kienow enzyme 

The DNA polymerase assay was performed as described under "Methods" with 
poly(dC)-oligo(dG)12-1s as template. Different compounds were added at the 
concentrations indicated. Relative DNA polymerase activity as a function of 
concentration of different compounds are shown. (e): the PRDl DNA polymerase 
soluble preparation; ( 0 ): the PRD 1 DNA polymerase insoluble preparation; ( .6.. ): the 
Kienow enzyme. 
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Figure 14. In vitro replication of PRD 1 genome with purified DNA polymerase and 
terminal protein 

The reaction mixture was as described under "Methods". After incubation at 
3 7°C for the times indicated., the samples were withdrawn and treated with proteinase 
K. Alkaline agarose gel electrophoresis was performed as described (Yoo and Ito, 
1989). Both [32P] labeled PRDl DNA marker and DNA length markers are also 
shown. For the 45 min lanes, half amount of the total samples were loaded. 
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Figure 15. Strand-displacement synthesis of primed M13 DNA by PRDl DNA 
polymerase 

The reaction mixture was as described under "Methods" which contained 100 
ng of the purified PRD 1 DNA polymerase, either the soluble preparation or the 
insoluble preparation, or 5 units of the Kienow enzyme (from New England Biolab, 
Inc.). The reactions were carried out at 30°C for 5, 10, 15, 30 and 60 min and 
stopped by adding EDT A. Samples were processed and analyzed by alkaline agarose 
gel electrophoresis along with DNA length markers. Lane A: Kienow enzyme 
incubated for 30 min. Lanes b to f represent the soluble preparation and lanes g to 
k represent the insoluble preparation of the PRD 1 DNA polymerase. Lanes b and g, 
lanes c and h, lanes d and i, lanes e and j, lanes f and k correspond to the times of 5, 
10, 15, 30, 60 min, respectively. The size of DNA length and M13 DNA are shown 
on the right side by arrows. 
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Figure 16. Processive synthesis of primed M13 DNA by PRDl DNA polymerase 

76 

The processivity assay was carried out under the same conditions as the strand
displacement assay described under "Methods". The template-primer to DNA 
polymerase ratios are indicated. The reactions were carried out at 30°C for 30 min. 
The samples were processed and analyzed by alkaline agarose gel electrophoresis. 
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Figure 17. A Schematic representation of the PRD 1 DNA polymerase domain 
structure and the sequence alignment of conserved region 3 among family B DNA 
polymerases with family A DNA polymerases 

The enlarged portion of the conserved region contains lysine residue 340 and 
tyrosine residue 34 7, which are highly conserved among both family B and family A 
DNA polymerases as indicated by vertical bars. The amino acid sequence alignment 
is according to Ito and Brathwaite (1991). 
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Figure 18. SDS-PAGE of the purified wild type and K340 mutant PRDi DNA 
polymerases 
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Figure 19. Effects of the K340 mutations on PRDl DNA polymerase 
Panel A: PRDl terminal protein-dGMP complex formation assay. The assay 

was carried out under the standard reaction conditions as described under "Methods". 
Panel B: DNA polymerase filling-in assay. The assay conditions were 

described under "Methods". The Ban I digested PRDl DNA served as a template
primer with a 5' extension of 5' -CPuPyG-3 ' . 

Panel C: DNA polymerase exchange-replacement assay. The reaction 
conditions were as described under "Methods". The Dra I digested PRDl DNA was 
used · 5'-TTT-3' as template with a blunt end of 3' -AAA-S ' · 

. 
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Figure 20. Time course of simultaneous detection of DNA polymerization and 3 '-5' 
exonuclease activities 

The assay was carried out as described under "Methods". The PRD 1 wild 
type DNA polymerase was assayed and the template:primer molar ratio was 0.8:1. 
Lane 1 is the 17-mer marker. Lane 2 to Lane 8 represent reaction incubation times 
of 1, 2.5, 5, 7.5, 10, 15, and 20 min. respectively. 
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Figure 21. Analysis of the mutational effects of K340 on the polymerization activity 
and the 3 '-5' exonuclease activity 

A 5' -end labeled 17-mer primer was annealed to a M13 mp18 single-stranded 
circular DNA template in different template:primer molar stoichiometries. The 
reaction mixture of 10 µl contained: 50mM Tris-HCl pH 7.6, 20mM MgC12, lmM 
DTT, 1 mg/ml BSA, 150µM of each dNTP, 0.1 pmol of template-primer, and lOOng 
DNA polymerase. The reaction mixture was incubated at 30°C for 15 min. The 
products were heated to 90°C for 2 min and subjected to 20% polyacrylamide/7M urea 
denatured gel and autoradiography. Panel A shows the template:primer at a molar 
ratio of 0.8: 1. Panei B shows the template:primer at a molar ratio of 3: 1. The 
mobility of the 17-mer is as indicated and the top band indicates the synthesized M13 
DNA. 
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Figure 22. A Schematic representation of the PRD 1 DNA polymerase domain 
structure and the sequence alignment of the N-terminal portion of PRDl DNA 
polymerase with that of the Klenow fragment of E. coli DNA polymerase I 

The top bar represents PRDl DNA polymerase. The N-terminal portion is 
enlarged and the amino acid residues 1-168 are aligned to amino acid residues 338-
531 of E. coli DNA polymerase I. Conserved amino acid residues are indicated by 
black boxes. The amino acid residues of PRDl DNA polymerase subjected to 
mutagenesis are indicated by arrows. The amino acid residues involved in the 3' to 
5' exonuclease active site of the Klenow fragment are indicated by asterisks and the 
positions are noted. 
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Figure 23. SDS-PAGE of the purified wild type and mutants in the N-terminal of 
PRDI DNA polymerase 
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Figure 24. The sequence alignment of conserved D 107 among family B as well as 
family A and C DNA polymerases 
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Figure 25. Mutational effect on the strand-displacement activity of PRDl DNA 
polymerase 

Lane 1 represents the Klenow fragment of E. coli DNA polymerase I. Lane 
2 represents the wild type PRDl DNA polymerase. Lanes 3 to 8 represent PRDl 
DNA polymerase exonuclease mutants: Dl 7A, E19A, N71D, F75Y, D76A, D149A, 
respectively. The DNA length markers are indicated as well. 
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Table I List of family B DNA polymerases (from Braithwaite and Ito, 1992) 

Amino acids Mol. Wt. Isoelectric pt. 
(No.) 

B. Family B DNA polymerases 

1. Bacterial DNA polymerase 
E.coli DNA polymerase II 783 90.020 6.85 

2. Bacteriophage DNA polymerases 
al PRD1 DNA polymerase"' 553 63.336 6.68 

b) ¢29 DNA polymerase"' 575 66.714 8.83 

C) M2 DNA polymerase"" 572 66.423 7.69 

d ) T4 DNA polymerase 898 103.609 6.20 

3. . .\rchaebacterial DNA polymerases 
1 1 Thermococcus Litoraiis DNA polymerase (Yentl 774 89.913 8.29 

'::1) Pyrococcus Juriosus DNA polymerase 775 90.112 7.92 

..: J Suifoiobus solfataricus DNA polymerase 382 101.332 9 .72 

~- Eukaryotic Cell DNA polymerases 
1 1) DNA polymerase aipha 

a) Human DNA polymerase (alpha) 1.462 165.859 5.7 1 

b) S.cerevisiae DNA polymerase I (alpha) 1.468 166.776 6.14 

cl S.pombe DNA polymerase I (alpha) 1.-+05 159.348 6.85 
d ) Drosophila meianogasrer DNA polymerase <alpha) 1.505 171.167 8.22 

c) Trypanosoma brucei DNA polymerase talphal 1.339 151.611 6.39 

, 2) DNA polymerase delta 
a) Human DNA polymerase (delta) 1.1 07 123.634 6.94 

b) Bovine DNA polymerase (delta) 1.106 123.707 7.52 

c) S.cerevisiae DNA poiymerase ill (deltal 1.097 124.6 18 7. 96 

d) S.pombe DNA polymerase ill (delta) 1.084 123.211 7.63 

c) Piasmodium falciparum DNA polymerase (delta) 1.094 126.883 8. 76 

· 3) DNA polymerase epsilon 
S. cerevisiae DNA polymerase il (epsilon) 2.222 255.669 6.92 

, ..i) Other eukaryotic DNA polymerases 
S.cerevisiae DNA polymerase Rev3 1.504 172.956 8. 86 

-· Yiral DNA polymerases 
.l l Herpes Simpiex virus cype I DNA polymerase 1. 235 136.547 7. 35 

J ) Equine herpes virus cype I DNA polymerase l.220 135.955 6.67 

..::1 Yaricella-Zoster virus DNA polymerase l.194 134.047 7.80 

j I Epstein-Barr virus DNA polymerase 1.0 15 l 13.417 7.38 

-= 1 Herpesi·irus saimiri DNA polymerase 1.009 113.934 7. 31 

;·1 Human cytomegalovirus DNA polymerase 1.2-+2 137 .101 7.25 
i! Murine cytomegalovirus DNA polymerase l .097 [23 .573 6.68 

11 Human herpes virus type 6 DNA polymerase 1.0 12 115.819 7. 11 

; 1 Channel Catfish virus DNA polymerase 985 113.468 7. 98 

• 1 Chlorelia vi rus DNA poiymerase 9 13 104.955 6. 66 

:<1 Fowlpox vi rus DNA polymerase 988 116.658 8. 11 

: i Vaccinia virus DNA polymerase 937 108.564 7.50 

:11 1 Choristoneura bienrus DNA polymerase 964 I l-+ .8 18 7.95 

1.) Autographa californica nuclear polyhedrosis 
virus (AcMNPY) D~A polymerase 984 1 l.+ .337 8.35 

,) ) Lymantna dispar nuciear polyhedrosis \·irus 
DNA polymerase 1.0 13 115 .92 1 9 .08 

p) Adenovirus-2 DNA polymerase* 1.056 120.431 6.65 

q) Adenovirus-7 DNA polymerase"' 1. 122 128.648 6.73 

r) Adenovirus-12 DNA polymerase* l.053 120.863 6.86 

6. Eukaryotic linear DNA plasmid encoded DNA polymerases 
3. ) S-1 maize DNA polymerase* 917 105.935 8.62 

b) kalilo neurospora inrermedia DNA polymerase" 970 112.902 9.7 1 

C) pAll Ascobolus immersus DNA polymerase"' i .202 138.279 10.10 

J) pCLKl Claviceps purpurea DNA polymerase" 1.097 126.627 8.76 

e l maranhar neurospora crassa DNA polymerase"' 1.021 119.074 9.62 

t) pEM Agaricus bitorquis DNA polymerase"' · 797 "9 1.922 '8.24 

g l pGKLl Kluvveromvces factis DNA polymerase"' 995 116.345 8.04 

h) pGKL2 Kluvveromyces iactis DNA polymerase"' 994 117.560 8.33 

i) pSKL Saccharomyces kluvveri DNA polymerase"' 999 117,544 9.79 
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Table II. Sequences of synthetic oligonucleotides used for site-directed mutagenesis 

Mutations Oligonucleotide sequence 

1 (K340H) 5'-CAATA TTTTTTATCATCTGATTTTAAA-3' 

2 (K340N) 5' -T ATTTTTT ATCAACTGATTTT-3' 

3 (K340E) 5' -TATTTTTTATGAACTGATTTT-3' 

4 (D17A) 5' -GCCGCCTTTGCCTTTGAAACTGAC-3' 

5 (E19A) 5' -TTTGACTTTGCAACTGACCCTTTC-3' 

6 (N71D) 5' -TACGCTCATGACGGCGGCAAGTTTG-3' 

7 (F75Y) 5' -GGCGGCAAGTATGATTTTCTTTTTCTC-3' 

8 (D76A) 5 '-GGCAAGTTTGCTTTTCTTTTTCTC-3' 

9 (D107H) 5' -AATTCCGCCATAGTTATG-3' 

10 (D107A) 5'-AAATTCCGCGCTAGTTATGCA-3' 

11 (D107N) 5' -AATTCCGCAATAGTTATG-3' 

12 (D107E) 5' -TTCCGCGAAAGTTATGCA-3' 

13 (Y145F) 5'-ATTTTAGAATTCCTGAAAGGCGAT-3' 

14 (D149A) 5' -CTGAAAGGCGCTTGTGTAACCCTG-3' 

* The mutagenic oligonucleotide corresponds to respective mutants shown m 
parentheses(). The position of point mutation is marked with underline. 
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Table III Comparison of the soluble and the insoluble preparations of PRD 1 DNA 
polymerase 

Activities 

Km ( dNTP), µM 
K -1 cat, S 

KcaJKm, s·1 ·µM· 1 

Km (primer terminus), nM 

5 '....+3' Polymerase activity: 

Soluble preparation Insoluble preparation 

1.3 
2.5 
2.0 
11.0 

1.8 
4.0 
2.2 
31.0 

Initiation complex forming activity, 
(units/mg) 

Elongation filling-in activity, 
(units/mg) 

3'....+5' Exonuclease activity: 
on single-stranded DNA, (units/mg) 
on double-stranded DNA, (units/mg) 
Replacement reaction, (units/mg) 

DNA replication on different templates: 
poly(dC) ·oligo(dG)12-1s, 

(units/mg) 
primed MB single-stranded DNA, 

(units/mg) 
activated calf thymus DNA, 

(units/mg) 
PRDl DNA-TP complex, (units/mg) 

Inhibitions: 
KCl, (Iso, mM) 
NaCl, (Iso, mM) 
NH4Cl, (Iso, mM) 
Aphidicolin, (Iso, µM) 
N-Ethylmaleimide, (Iso, mM) 
dideoxy-GTP, (Iso, µM) 

38.2 

3.98 

118.5 
69.9 
3.6 

970.0 

225.1 

175.4 
482.9 

266 
256 
253 
335 
0.75 
48 

41.9 

3.93 

177.3 
104.9 
5.1 

1299.4 

188.8 

169.0 
522.7 

268 
257 
251 
350 
0.6 
45 



89 

Table IV. Effects of K340 mutations on the catalytic activities of PRDl DNA 
polymerase 

Wild Type K340H K340N K340E 

DNA polymerase 
activity (%) 100 <0.01 <0.01 <0.01 

Protein-primed 
initiation (%) 100 <0.01 <0.01 <0.01 

Filling-in 
activity (%) 100 <0.01 <0.01 <0.01 

Replacement 
activity (%) 100 <0.01 <0.01 <0.01 

3 '-5' exonuclease 
activity (%) 100 129.7 103.5 87.6 



0 
0\ 

Wild type 

D17A 
E19A 
N71D 
F75Y 
D76A 

D107H 
D107A 
D107N 
Dl07E 

Yl45F 
D149A 

Table V Effects of mutations in N-terminal portion on the catalytic activities of PRDI DNA polymerase 

Replication on Ratio of3'-5' Replication on Strand 
3'-5' Exo poly(dC)-oligo(dG) Exo to replication Filling-in Initiation TP-DNA complex displacement 
U/mg(%) U/mg(%) % U/mg(%) U/mg(%) U/mg(%) 

177.4( I 00) 1307.1(100) 100.0 2.70(100) 6.05(100) 519.0(100) +++ 

<0.01(<0.0l) 1529.3(117) <0.01 2.78(103) 5.26(86.9) 17.6(3.4) +/-
<O.Ol(<0.01) 1261.4(96.5) <0.01 2.38(88. l) 4.15(68.6) 14.0(2.7) 
23.1(13.0) 1288.8(98.6) 13.2 3.83(88.1) 1.28(21.2) 325.9(62.8) +++ 
168.2(94.8) 1269.2(97.1) 97.6 4.64(172) 3.61(59.6) 353.4(68.1) ++ 
<0.01(<0.0l} 1211.7(92.7) <0.01 2.24(83.0) 4.73(78.2) 9.3( 1.8) 

<0.01(<0.0I) 98.0(7.5) <13.3 0.08(3.0) 0.25(4.1) 0.5(0.1) 
6.6(3.7) 474.5(36.3) 10.2 N.D. N.D. N.D. +++ 
2 l.3(12.0) 766.0(58.6) 20.5 N.D. N.D. N.D. +++ 
44.4(25.0) 1141.1(87.3) 28.6 N.D. N.D. N.D. +++ 

83.6(47.l) 1281.0(98.0) 48.l 2.35(87.l) 7.50(124) 183.7(35.4) ++ 
<0.01(<0.0l) 949.0(72.6) <0.01 4.94(183) 6.96(115) 3.6(0.7) 
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