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ABSTRACT 

A small lipid-containing bacteriophage PRDl 

specifies its own DNA polymerase which utilizes terminal 

protein as a primer for DNA synthesis. The PRDl DNA 

polymerase gene has been sequenced and its amino acid 

sequence deduced. This protein-primed DNA polymerase 

consists of 553 amino acid residues with a calculated 

molecular weight of 63,300. Thus, it is the smallest DNA 

polymerase ever isolated from prokaryotic cells. Comparison 

of the PRDl DNA polymerase with other DNA polymerases whose 

sequences have been published, yielded segmental but 

significant homologies. These results strongly suggest that 

many prokaryotic and eukaryotic DNA polymerase genes 

regardless of size have evolved from a common ancestral 

gene. The results further indicate that those DNA 

polymerases which use either an RNA or protein primer are 

related. We propose to classify DNA polymerases on the basis 

of their evolutionary relatedness. 

x 



xi 

In order to overexpress PRDl DNA polymerase in ~ 

coli cells, the 2kb Hae II fragment was isolated from phage 

genomic DNA. This fragment was then cloned into pEMBLex3 

expression vector. Phagemid pEMBLex3 contains lambda pR 

promoter and c1857 gene as a repressor. A specific 57 bp 

deletion was performed by using uracil containing ss DNA and 

oligonucleotide spanning each region to remove an unwanted 

non-coding region. After this deletion, the PRD1 DNA 

polymerase gene is totally under the control of the vector 

promoter and SO sequence. Upon heat induction, a protein 

with an apparent size of 68 kdal was overexpressed as an 

active PHD! DNA polymerase. The expression of DNA polymerase 

was about 1% of total E. coli protein. 

The PRD1 DNA polymerase is a small multifunctional 

DNA polymerase and has three major conserved amino acid 

sequences which are shared among many DNA polymerases 

including human DNA polymerase alpha. Therefore,_ the PRD1 

DNA polymerase provides an useful model system ~o study 

structure-function analysis of DNA polymerases. Four 

specific amino acid changes generated in conserved regions 

by the site-directed mutagenesis, in order to investigate 

their functional roles. Based on complementation test, three 

conserved regions are functional domains of PRD1 DNA 

polymerase. 
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CHAPTER 1 

INTRODUCTION 

General Characteristics of Bacteriophage PRDI 

Bacteriophage PRD1 is a small icosahedral, lipid­

containing bacterial virus which infects E. coli, Salmonella 

typhimurium and a wide variety of gram-negative bacteria 

which harbor plasmids belonging to the P, N, or W 

incompatibility type (Olsen et al., 1974; Bamford et al., 

1981; Mindich et al., 1982). The receptors for PRD1 are 

believed to be plasmid-encoded pili (Bradley, 1976). This 

phage belongs to the tectiviridae family (International 

Committee on Taxonomy on Virus). PRD1 was isolated by Olsen 

et ale in Kalamazoo, Michigan (Olsen et al., 1974). 

Phage PRD1 has several advantages as a model system 

for studying linear DNA replication. Many nonsense mutants 

have already been lsolated from this phage and PRD1 grows in 

a variety of gram-negative host cells including the most 

well studied prokaryote, E. coli K-12. Since a great variety 

of genetic and biochemical techniques are available in the 



E. coli system, studies of PRDI can take full advantage of 

advanced molecular biological technology. 

PRDI Genome 

2 

The genome of PRDI is a linear, double-stranded DNA 

about 14,700 base pairs long (Bamford et al., 1983). A 29 kD 

terminal protein is covalently linked to the 5' ends of the 

PRDI DNA. The linkage between the terminal protein and the 

PRDI DNA is a phosphodiester bond between a tyrosine residue 

and dGMP, the terminal nucleotide of the ,PRDI genome 

(Bamford and Mindich, 1984). The PRDI genome contains 

perfect inverted terminal repeats of 110 to 111 base pairs. 

The GC content of the inverted terminal repeat is 55% 

(Savilahti and Bamford, 1986; Gerendasy and Ito, 1987). 

The terminal sequences of all replicating, 

nonredundant linear duplex DNAs that are covalently linked 

to terminal proteins contain inverted terminal ~epeats. The 

functional sign~ficance of these inverted repeats remains 

unclear. The terminal sequences from bacillus phage (029, 

015, Nf, M2Y, GAl and PZA), pneumococcus phage (Cp-l, Cp-5 

and Cp-7) and several adenovirus serotype have all been 

sequenced. Members of the same group (bacillus phages, 

pneumococcus phages and adenovirus) share homology in their 

terminal sequences. The terminal repeats of the PRDI DNA 

have little or no homology to those of any other linear DNAs 

mentioned above (Gerendasyand Ito, 1987). 



HaeII, MboI and MnlI restriction maps of the genome 

have been determined by McGraw et ale (1983) (Fi~. 1). The 

unusual migration pattern of two of the HaeII fragments on 

agarose gels suggested that the genome contained terminal 

proteins. This was confirmed by labeling infected cells 

3 

with ~S-methionine and finding that a labeled protein 

remained associated with the DNA after phenol extraction 

(Bamford et al., 1983). Infection by PRD1 results in the 

synthesis of at least 25 phage specific proteins, of which 

17 are components of the virion (Table 1). The temporal 

order of protein 'synthesis can be separated into three 

groups, named very early, middle early, and late (Mindich et 

al., 1982). Nonsense mutants which were isolated by the use 

of suppressor strains of S. typhimurium can be divided into 

19 groups on the basis of complementation (Mindich et al., 

1982). Most of these groups could be assigned to specific 

proteins on the basis of a correlation with missing bands on 

protein gels from nonsense mutants. Because the cloned 

fragments of the genome can complement the nonsense mutants, 

construction of a genetic map that is correlated with the 

physical map was possible (Fig. 1). The gene organization of 

PRD1 indicates that the early functions are located at the 

ends of the genome and the later products are at the center. 

The early gene products are involved in replication and 

transcriptional control and the late ones are structural or 

morphogenic proteins (Mindich et al.,1982). While the 
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Table 1 

PRD1 Genes, Time of Expression, Molecular Weight and Role 

Gene Time of Expression 

1 Early 

2 Late 

3 Late 

5 Late 

8 Early 

9 Late 

10 Late 

11 Late 

12 Early 

14 Late 

15 Middle early 

16 Late 

17 Late 

18 Late 

19 Middle early 

20 Late 

22 Late 

23 Late 

Mol. wt 
(KD) 

63 

68 

42 

30 

29 

28 

26 

23 

20 

17 

15 

11 

9 

Role 

DNA Polymerase 

Attachment to host 

Major capsid protein 

Minor capsid protein 

Terminal protein 

DNA packing 

Assembly 

Infectivity 

DNA synthesis 

Infevtivity 

Lysin 

Infectivity 

Assembly 

Infectivity 

Infectivity 
------------------------------------------------------------
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Fig. 1. Composite of genetic and physical maps of PRD1 
genome. From McGraw et ale (1983). 
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general genomic organization of PRD1 resembles that of 

adenovirus (Roberts et al., 1986) and Bacillus phage 029 

(Yoshikawa et al., 1981), this viral genome is the smallest 

linear duplex DNA oontaining terminal proteins. 

The left early mRNA is transcribed from left to 

right. The entire left and right early regions have been 

sequenced and the position of the mRNA start point for the 

left early region was determined using the primer-extension 

method (Savilahti and Bamford, 1987). This transcript 

encodes the PRDI DNA polymerase and terminal protein genes 

(Fig. 1). 

PRD1 Structure and Development 

6 

PRDl genomic DNA is located within a lipid­

containing membrane vesicle. The vesicle is covered by a 

protein capsid (Bamford and Mindich, 1982). During 

infection, the virion attaches to the pilus. Phage are 

adsorbed to the surface and inject DNA, leaving the capsid 

and membrane vesicle on the surface of the cell. Phage 

membrane proteins are found in the host cytoplasmic membrane 

shortly after infection, capsid proteins are £ound as· 

soluble multimers in the cytoplasm (Mindich et al., 1982). 

After DNA packaging, phage accumulate in the ribosome-rich 

cell periphery. Cell lysis is induced by the phase specific 

lytic enzyme about 1 hr after infection (Bamford et al., 

1981). 
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PRD1 DNA Replication 

A primer supplying a 3'-OH is needed for DNA 

synthesis by all known DNA polymerases (Kornberg, 1974). 

This primer is usually an RNA molecule, which is 

subsequently removed and the genome repaired by the DNA 

polymerase after initiation. Since all known DNA polymerases 

can synthesize DNA only in the 5'-3' direction, this mode of 

initiation creates a unique problem for the replication of 

linear DNA molecules. Upon removal of the RNA primer from 

these molecules, a gap is created that cannot be repaired by 

the DNA polymerase (Fig. 2). Watson (1972) suggested a new 

mechanis~ which would solve this problem of replication in 

these linear DNA molecules. The proposed mechanism is that 

these linear DNA molecules form circular or concatemeric 

replicative intermediates during replication, which would 

permit the synthesis of the 5' ends of the molecules. 

However this mechanism cannot explain the replication of 

linear molecules which lack terminal redundance. To 

circumvent this problem, a novel protein-primimg mechanism 

has been proposed for adenovirus DNA replication (Rekosh et 

al., 1977). According to this model, the 5' terminal 

nucleotide is covalently linked to the terminal protein. 

This first nucleotide can then act as a primer. This 

protein-priming (Fig. 3) model has also been proposed as a 

mechanism for DNA replication in small. Bacillus phage 

systems. In the case of 029, ira the presence of 029 DNA 
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Fi~. 2. 5' gap created after RNA-primed DNA synthesis of a 
linear molecule. 
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Fig. 3. Protein priming mechanism of PRDl DNA synthesis. 
Open circle represents genome-linked terminal 
protein and solid circle represents newly 
synthesized terminal protein. 
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protein complex as template and Mg++, newly synthesized 

terminal protein (gp3) interacts with dATP resulting in 

formation of gp3-dAMP. The gp3-dAMP complex will then 

provide the 3'-OH necessary for DNA elongation. Initiation 

starts at both ends of the genome, and elongation proceeds 

though a strand displacement mechanism (Harding and Ito, 

1980; Mellado et al., 1980). 

10 

An in vitro DNA synthesis system has been developed 

for 029 (Watabe et al., 1982; Penalva and Salas, 1982). The 

reaction uses DNA-protein complex as a template-and 029 

infected B. subtilis cell extracts as a source of enzymes. 

The system has since been refined, using DNA-protein 

complex, purified 029 DNA polymerase (gp2), and purified 

terminal protein (gp3) (Watabe et al., 1984; Blanco and 

Salas, 1985). 029 gp2 and gpa are the only phage encoded 

proteins necessary for the reaction. However, the elongation 

reaction is ,very inefficient in this system, indicating that 

some,other virally encoded proteins or host proteins are 

also i~volved in DNA replication in vivo. 

The function of the other early genes in 029 DNA 

replication is still unknown. Mutants defective in genes 

1,2,3,5 and 6 cannot synthesize DNA under non-permissive 

conditions (Carrascosa et al., 1976). Carrascosa et al. 

(1976) reported that DNA synthesis is impaired in 029 sus 17 

in non-permissive hosts. However, limited DNA synthesis for 

the same sus mutant was observed by Hagen et ale (1976). 
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Mellado et ale (1980) reported that a increase in 

temperature after DNA initiation in 029 mutants ts 2 and 3 

still yielded full length 029 DNA. No full length DNA was 

observed when 029 ts 5 and ts 6 were used in the same 

experiment. The above data collectively suggest that genes 2 

and 3 are absolutely necessary for DNA initiation,. and genes 

5, 6 and 17 may be involved in DNA chain elongation of 

bacteriophage 029. 

The current model for the replication of linear, 

non-redundant, duplex DNA with terminal protein is as 

follows; replication initiation starts at either end of the 

DNA molecule via protein-primed strand displacement. The 

subsequent chain elongation of the DNA chain displaces one 

parental strand. The displaced single-stranded DNA is then 

replicated by complementary DNA synthesis. At present, 

however, the mechanism of complementary strand synthesis is 

not yet clear. In the case of adenovirus DNA replication, it 

has been suggested that the displaced ~ingle-stranded DNA 

could ma~ea panhandle-shaped intermediate via hybridization 

of the complementary terminal repeats (Daniell, 1976; 

Lechner and Kelly,1977). Genetic studies supported the 

suggestion that panhandle-shaped circular molecules of 

adenovirus DNA may be the replicative intermediates in vivo 

(Stow, 1982). However no such molecules have yet been 

identified (Challberg and Kelly, 1982). In the case of 029 

DNA replication, it has been difficult to isolate 
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replicative intermediates in vivo perhaps due to the 

shortness of the inverted terminal repeats (only six base 

pairs). However, if this model is correct, then it is likely 

to apply to PRD1, which has termi.fial repeats of a length 

comparable to that of adenovirus. 

PRDI DNA replication is initiated at both ends of 

the DNA m~lecules and elongated toward the other end. 

Although the PRDI genome contains identical terminal ends, 

it is not known whether DNA replication starts at both ends 

simultaneously (Yoo and Ito, 1988). In the case of other 

viruses, adenovirus and phage ~29, simultaneous initiation 

at both termini does not take place (Lechner and Kelley, 

1977; Harding and Ito, 1980; Inciarte et al., 1980). 

Mindich et ale (1982) have previously determined that DNA 

polymerase, terminal protein and gene 12 product are 

involved in PRDI DNA replication. The DNA polymerase gene 

and the terminal protein gene are located at the left 

terminus, whereas gene 12 is mapped at the right end. 

Extracts prepared from E. coli cells containing cloned genes 

for PRDI DNA polymerase and terminal protein PRDI can 

synthesize PRDl DNA. DNA synthesis does not occur when 

either of these two gelle products is omitted. DNA synthesis 

is totally dependent upon exogenously added PRDl DNA-protein 

complex as template. Proteinase K-treated PRDI DNA does not 

function as a template (Yoo and Ito, 1988). From the above 

in vitro PRDI DNA replication study, Yoo and Ito suggest 
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that the PRD1 DNA polymerase has at least two functions, one 

is formation of the terminal protein-dGMP complex 

(initiation reaction) and the other is the DNA chain 

elongation reaction. This mechanism is similar to other 

protein~primed DNA replication systems such as adenovirus 

and 029 DNA replication in which only viral-encoded DNA 

polymerases catalyze both initiation and elongation (Field 

et al., 1984; Watabe et al., 1984; Blanco and Salas, 1984). 

The efficiency of DNA chain elongation in vitro was 

considerably lower than in vivo. This is probably due to a 

lack of other viral encoded proteins, including gene 12 

protein, which may be required for efficient chain 

initiation or elongation (Yoo and Ito, 1988). 

Since DNA contains the genetic information for an 

organism, accurate DNA replication is one of the most 

important events of the life cycle of an organism. DNA 

polymerases are the key enzymes catalyzing the accurate 

replication of DNA. The PRD1 gene 1 encodes a DNA polymerase 

that catalyzes the formation of the terminal protein-dGMP 

complex as well as DNA chain elongation, analog9US to the 

systems of adenovirus (Challberg and Kelly, 1979; Lichy et 

al., 1982) and 029 (Watabe et al., 1984; Blanco and Salas, 

1984). The PRD1 DNA polymerase has been isolated and shown 

to possess a 3'-5' exonuclease activity, generally known as 

the editing function. It has also been shown to be sensitive 

to the drug aphidicolin, which is a specific inhibitor of 
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eukaryotic DNA polymerase alpha and delta (Huberman, 1981). 

Though small in size, the PRDl DNA polymerase is a 

multifunctional enzyme. It has at least three enzymatic 

activities: (i) terminal protein-dGMP complex formation, 

(ii) a DNA chain elongation activity, and (iii) a 3'-5' 

exonuclease activity. In addition, this DNA polymerase is 

expected to have a DNA binding site, an association site for 

terminal protein, and a binding site for both a dNTP and 

pyrophosphate. The regions within PRDl polymerase which are 

responsible for its different activities have not yet been 

characterized. DNA sequence analysis indicates that, while 

PHD1 DNA polymerase is the smallest polymerase so far known, 

it has partial homologies with many other DNA polymerases 

including 029, T4, adenovirus, vaccinia virus, herpes virus 

and human DNA polymerase alpha (Jung et al., 1987a; 

Savilahti and Bamford, 1987; Wong et al., 1988; Spicer et 

al.,1988). 

The PHD1 terminal protein encoded by gene 8 is a . ' 

single polypeptide of molecular weight 29 kd (Hsieh et al., 

1987). In the case of 029 terminal protein, it,is also 

multifunctional. In addition to being a protein-primer, it 

is essential for encapsidation (Bjornsti et al., 1985) and 

is required for transfection (Kirokawa, i972). No 

substantial amino acid seque~ce homology was found when the 

deduced amino acid sequence of the PRD1 terminal protein was 

compared with those of terminal proteins of 029, Nf and 
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adenovirus (Hsieh et al., 1987). 

PROJECT 

DNA polymerase I of E. coli has long been 

considered to be the best model system for understanding the 

biochemical details and molecular mechanisms of DNA 

polymerase activity. It is also the first DNA polymerase to 

be cloned to overproduce enzymatically active protein (Joyce 

and Grindly, 1983). The Klenow fragment of Pol I is the only 

DNA polymerase for which high-resolution structural 

information is available (Ollis et al., 1985a). 

A combination of structural, biochemical and genetic 

studies have led to the conclusion that Pol I has three 

domains. Limited proteolysis of Pol I removes the 35K dalton 

amino-terminal domain which contains the 5'-3' exonuclease 

activi~y~ The remaining 68 kD large fragment has the 

polymerization and editing 3'-5' exonuclease activities 

(Klenow and Henningsen, 1970). Crystal structure analysis 

shows that the Klenow fragment is folded into two distinct 

structural domains (Ollis et al., 1985a). The amino terminal 

one-third can bind a molecule of dNMP. The larger carboxy­

terminal domain forms a structure that contains a deep cleft 

which can accommodate double-stranded B-DNA. The duplex DNA 

binding region and the polymerase and exonuclease active 

sites of Klenow fragment are also known from crystal 
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structure analysis of complexes between the enzyme and dTMP 

(Ollis et al., 1985a). 

A comparison of the amino acid sequence of Pol I 

with that of T7 DNA polymerase reveals strong sequence 

homology (Ollis et al., 1985b). Those regions showing strong 

amino acid homology were found to line the large cleft 

thought to bind duplex DNA. Side chains that are identical 

between T7 DNA polymerase and the Klenow fragment are 

clustered in the cleft and, specifically, within the region 

thought to contain the polymerase active site. 

Weaker amino acid sequence homologies have been 

found between the epsilon subunit of E coli DNA polymerase 

III and the small domain of the Klenow fragment of Pol I 

(Joyce et al., 1985). The epsilon subunit, which is 

specified by dna Q. contains the editing 3'-5' exonuclease 

activity. Some of the conserved amino acids within Klenow 

fragment and epsilon subunit are essential for binding 

metals and dNMP. 

From the structure-function studies of the large 

fragment of Pol I and the homology studies among Klenow 

fragment, T7 DNA polymerase and the epsilon subunit of E. 
" -

coli pol III, we can conclude that conserved regions are 

parts of functional domains of the enzymes. 

Recently, the carboxy-terminal portions ,of several 

prokaryotic and eukaryotic DNA polymerases have ,been shown 

to contain three highly conserved amino acid domains. These 
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domains are named 1, 2, and 3 (Fig. 9). Although the Klenow 

fragment of E. coli Pol I and T7 DNA polymerase are well 

characterized, these DNA polymerases do rtot have the three 

conserved amino acid regions described above. The highly 

conserved regions have been found among the major 

replicative DNA polymerases from human (polymerase alpha), 

yeast (Pol I), herpes family (Epstein-Barr virus, herpes 

simplex virus, human cytomegalovirus and Varicella-zoster 

virus), vaccinia family (vaccinia virus and fowl pox virus), 

adenovirus type 2, bacteriophages (PRD1, T4, 029, and PZA) 

and plasmids (pGKL1 and 8-1 DNA) (Jung et al., 1987aj Bernad 

et al., 1987j Wong et al., 1988). The order and spatial 

relationship of the three regions appears to be conserved in 

all DNA polymerases, regardless of size (Jung et al., 

1987a). Conservation of these regions among the distantly 

related DNA polymerases is likely to reflect the need to 

maintain function. This implies that these highly conserved 

regions are parts of functional domains of the DNA 

polymerases. 

It is interesting to note that those polymerases 

which have the three conserved regions are inhibited by 

aphidicolin and certain nucleotide analogues. In contrast, 

the E. coli pol I Klenow fragment, which does not have these 

conserved regions, is not sensitive to these same inhibitors 

(Bernad et al., 1987j Khan et al., 1984j Khan et al., 1985). 

The similarity observed within the DNA polymerases' 



structure may reflect similarities between molecular 

mechanisms within the enzymes. 
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A study of the location of eight mutations 

conferring resistance to dNTP analogues suggests that the C­

terminal half of HSV-l DNA polymerase contains the dNTP­

binding domain (Gibbs et al., 1985). Recently, the 

nucleotide sequence of four acyclovir resistant HSV-l 

mutants (Larder et al., 1987) and one HSV type 2 DNA 

polymerase mutant which confer aphidicolin resistance have 

been determined (Tsurumi et al., 1987). All mutations 

resulted in substitutions of amino acids in the conserved 

regions 2 and 3. Although many mutator and anti-mutator T4 

DNA polymerase mutants have been sequenced, none of the 

mutants isolated so far have contained lesions resulting in 

amino acid substitution within the three highly conserved 

regions (Reha-Krantz, 1988). Generally, mutator changes 

were found in the N-terminus and antimutator alterations 

were identified in the C-terminal portion. Thus, from the 

study of T4 and herpes DNA polymerases, two tentative 

conclusions about structure-function relationships among the 

DNApolym~rases within this group can be drawn: (1) The 

conserved regions A and B may represent dNTP-binding 

domains, and (2) polymerase activity appears to reside in 

the carboxy-terminus, while the editing function (3'-5' 

exonuclease) is located within the amino-terminus. 
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At present there is no direct evidence that any of 

these conserved amino acid regions oorrespond to functional 

parts of the DNA polymerases. The funotion of each of these 

conserved amino acid domains can be determined by site­

specific mutagenesis of the conserved residues and 

subsequent characterization of the mutant enzymes. 

PRDI DNA polymerase is the smallest enzyme among the 

DNA polymerases which have the conserved regions 1, 2, and 3 

and its host, E. coli, is the most commonly used host-system 

for expression and characterization of cloned genes (Jung et 

al., 1987a). Therefore, the stu~y of PRD1 DNA polymerase has 

major advantages not available with other members of this 

polymerase family. 

One goal of this work was to clone the PRDI DNA 

polymerase gene into an E. coli vector (pEMBLex3) which has 

a strong promoter and an origin of replication derived from 

the bacteriophage f1 (Sollazzo et al., 1985). Tpe properties 

of this vector allow overproduction of the enzyme and site­

specific mutagenesis of the cloned gene withoutsubcloning. 

This "phagemid" contains the bacteriophage lamb4a pR 

promoter and encodes the temperature-sensitive repressor 

01857. Alteration of amino acids within the conserved 

regions 1, 2, and 3 using site-specific mutagenesis 

generated mutants whioh can be used to evaluate the 

functions of each domain. 
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CHAPTER 2 

MATERIALS AND METHODS 

Bacterial, Phage and Plasmid Strains 

M13 phage was grown using E. coli JM101 [supE, thi, 

(lac-proAB), (F', tra D36, proAB, lacIq ZM15)] (Yanisch­

Perron et al., 1985) as the host in 2X YT broth. E. coli 

NM522 (lac-proAB), thi, hsd 5, supE, [F', proAB laclqZ M15] 

(Gough and Murray, 1983) and E. coli RZ1032 [HfrKL16 PO/45 

{lysA(61-61)}, dut1, ung1, thi1, relA1] (Kunkel, 1985) were 

the strains used as the hosts for all recombinant plasmids. 

These were grown in 2X YT or YT broth. Bacterial strain 

NM522 is an E. coli 71/18 mutant which lacks a restriction 

system. 71/18 is E.coli K-12 (lac-pro) [F'lacIqlacZ M15pro) 

supE (Messing et al., 1977). The phagemid expression vector 

pEMBLex3 (Sollazzo et al., 1985) was a generous gift of Dr. 

G. Cesareni of the European Molecular Biology Laboratory. ~ 

typhimurium DB7156(pLM2), s. typhimurium LT2, E. coli 

HB94(pLM2), E. coli HB94(pLM2, pLM3) , E. coli HB94(pLM2, 

pLM141), a phage PRDl and mutant PRD1(sus2) were generously 



provided by Dr. L. Mindich at the Public Health Research 

Institute of the City of New York (Table 2). The helper 

phage M13K07 (Vieira and Messing, 1987) was purchased from 

IBI. 

DNA Preparation 

21 

Phage were 'grown on S. typhimurium LT2 in L broth 

containing kanamycin 50 ug/ml at 37°C. At a cell density of 

about 1X109, cells were infected with phage using an m.o.i. 

between 5 and 10. After infection, the phage were allowed to 

adsorb without shaking for 5 min and incubation was 

continued until lysis occurred. The liberated phage were 

concentrated with polyethylene glycol 8000 and purified 

through a 5 to 20% (w/v) linear sucrose gradient, as 

described by Bamford et ale (1981). The phage DNA was 

isolated by phenol extraction after digestion with 

proteinase K in the presence of 0.2% SDS. Plasmi4 DNA was 

prepa~ed by the alkali lysis method (Maniatis et al., 1982) 

(Table 3). 

A Nested Set of Deletions 

The plasmid pLM3 which contains PRD1 gene 1 and gene 

8 was first cleaved with Pst I and the resulting DNA 

fragment containing genes 1 and 8 of PHD1 were recloned into 

the Pst I site of bacteriophage vector M13mp9 (Messing and 

Vieire, 1982). The transformants were obtained in strain 
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Table 2 

. Phage and Bacterial Strains 

Strain 

PRDl 

PRDl 

E. coli JM10l 

E. coli NM522 

E. coli RZ1032 

s. typhimurium LT2(pLM2) 

s. typhimurium DB7l56(pLM2) 

E. coli HB94(pLM2, pLM3) 

E. coli HB94(pLM2, pLM14l) 

E. coli HB94(pLM2, pEJ2) 

E. coli HB94(pLM2, pEJG) 

E. coli HB94(pLM2, pEJG1) 

E. coli HB94(pLM2, pEJG2) 

E. coli HB94(pLM2, pEJG3) 

E. coli HB94(pLM2, pEJGam) 

Relevant genotype Host 

Wild type LT2(pLM2) 

DB7l56(pLM2) 

M13 phage host 

pEMBLex3 host 

dut ung host 

PRDl host 

Cloned PRDl genes 1 and 8 

Cloned PRDl genel 

Carrying pEJ2 

Carrying pEJG 

Carrying pEJGl 

Carrying pEJG2. 

Carrying pEJG3 

Carrying pEJGam 



Plasmid 

M13mp9 

pMJ3 

Table 3 
List of Plasmid 
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Characteristics Selective Marker Size(Kb) 

Filamentous phage vector 

M13mp9 derivative carrying 
the PRD1 DNA polymerase and 
terminal protein genes. 

Lac 7.2 

10.2 

pLM3 pBR322 derivative carrying Tet 7.3 
PRD1 DNA polymerase and 
terminal protein genes. 

pLM141 pBR322 derivative carrying Tet 6.8 
PRD1 DNA polymerase gene and 
part of terminal protein gene. 

pEMBLex3 Phagemid expression vector Lac, Amp 4.9 
carrying pR promoter. 

pEJ3 pEMBLex3 derivative carrying Amp 7.9 
PRDI DNA polymerase and 
terminal protein genes. 

pEJ2.5 pEMBLex3 derivative carrying Amp 7.5 
DNA polymerase gene and part 
of terminal protein gene. 

pEJ2 pEMBLex3 derivative carrying Amp 6.9 
DNA polymerase gene and part 
of terminal protein gene. 

pEJG pEMBLex3 derivative carrying' Amp 6.9 
only DNA polymerase gene. 

pEJG1 pEJG derivative carrying Amp 6.9 
mutation in region 1. 

pEJG2 pEJG derivative carrying Amp 6.9 
mutation in region 2. 

pEJG3 pEJG derivative carrying Amp 6.9 
mutation in region 3. 

pEJGam pEJG derivative carrying Amp 6.9 
amber mutation in region 1. 
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JM101 by selecting colorless plaques on X-gal containing 

plates. Among the colorless plaques, those harboring 

recombinant M13 phage (pEJ3) were selected by M13 RF DNA 

preparation and cutting with Pst I restriction enzyme. 

Single-stranded DNA was prepared from the recombinant M13mp9 

(pEJ3) as described by Dale et ale (1985). By the method of 

Dale et ale (1985), a sequential series of overlappin,g 

insert pEJ3 clones were made. 20 ul containing 1 ug of pEJ3' 

single-stranded DNA, 2 ul of lOX buffer (100 mM Tris-Hcl, pH 

7.4, 100mM MgCIZ), 1 ul RD 20 oligonucleotide (20 ug/ml), 

and distilled water was put in a beaker which contained 65°C 

water and allowed to cool to 30°C (about 1 hour). 10 units 

of EcoR I was added and incubated at 42°C for 1 hour. 2 ul 

lOX T4 DNA polymerase buffer (330 mM Tris-acetate, pH 7.8, 

660 mM K-acetate, 100 mM Mg-acetate), 2.5 ul 100 mM DDT, 1 

ul BSA (10 mg/ml), and 2 units T4 DNA polymerase were added 

to 20 ul. The reaction was incubated at 37°C. S~mples were 

taken out every 5 minutes and combined. Combined samples 

were heated for 10 minutes at 65°C to inactivate the enzyme. 

3 ul dGTP(50 uM), 1.5 ul water and 4 units terminal 

transferase were added to the 26-ul exonuclease reaction 

mixture. The solution was incubated for 20 minutes at 37°C 

and .heat inactivated for 10 minutes at 65°C. 1 ul of RD 20 

oligonucleotide (20 ug/ml) was added to 20 ul of the above 

reaction and annealed as before. After annealing, 3 ul ATP 

(10 mM), 4 ul water, and 3 units of T4 DNA ligase were added 
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and incubated at room temperature for 1 hour and transformed 

into competent JM101. 

For sizing of the subcloned insert fragment, 50 ul 

of the phage supernatant from each subclone was mixed with 

50 ul of phage supernatant from the clone which contains the 

complete insert in the opposite direction. The mixed phage 

supernatants were precipitated by the addition of PEG and 

ammonium acetate solutions. The phage pellet was resuspended 

in TE buffer and SDS was added to a final concentration of 

0.1%. Sl buffer (30mM Na acetate pH 4.8, 250 mM NaCI, 5mM Zn 

acetate) was added and incubated 65°0 for 1 hr. The sample 

was cooled to 37°0 and 10 units of Sl nuclease were added. 

After 30 min at 37°0 the sample was loaded onto a 1% agarose 

gel and electrophoresed along with size markers. This 

procedure allowed the sizing of inserts very accurately. 

DNA Sequencing 

Each set of deletions of both strands was sequenced 

by the dideoxy chain termination method (Sange~ et al., 

1977). A 10 ul reaction containing 2 ug single-s~randed 

template DNA, 1 ul universal primer (2.5 ug/ml), 1 ul lOX 

sequencing buffer (0.1 M Tris-Hcl, pH 7.5, 50 mM MgClZ' 75mM 

dithiothreitol) and distilled water was mixed iq a 0.5 ml 

microcentrifuge tube. The tube was closed tigh~ly and 

wrapped inparafilm several times to prevent evaporation. 

This was allowed to cool from 65° to 30°C in a small water 
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bath for 1 hr. 2ul of [alpha-35SJdATP (1300Ci/mM, 20mCi/ml 

NEN, Boston, MA or Amersham Corporation, Arlingto~ Heights, 

IL) and 2ul (5 units/ul).of Klenow fragment are used for one 

sequencing reaction. The rest of th~ procedures and reagents 

follow standard methods. For confirmation, some of the 

regions were sequenced by the method of Maxam and Gilbert 

(1980). To confirm mutants after site-specific mutagenesis, 

Sequenas~ (United States Biochemical, Cleveland, OH) was 

used for sequencing according to the manufacturer's 

recommendations. 

DNA Sequence Computer Analysis 

Determination of open reading frames, translation 

product sequences, amino acid composition, codon usage and 

restriction sites were analyzed using the microcomputer 

programs of Mount and Conrad (1984). 

NBRF (National Biomedical Research Foundation, 1986 

Release No.9) protein database searches were p~rformed by a 

FASTP micro computer program (Lipman and Pearson, 1985). 

DNA polymerase nucleotide sequences were obtained from the 

GENBANK (1987 Release No. 48.0) database and translated and 

screened against consensus sequences with the use of the IBI 

(International Biotechnologies, Inc.) sequence ~nalysis 

system program. The FASTP program was used to determine 

amino acid alignments between PRD1 and 029 DNA polymerases. 



Cloning the DNA Polymerase Gene into a Phagemid Expression 

Vector 
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The plasmids pLM3 and pLM141 contain the PRD1 DNA 

polymerase gene (McGraw et al., 1983). The plasmid inserts, 

3kb and 2.5kb from clones pLM3 and pLM141 respectively, have 

been isolated by Pst I digestion (Fig. 4) and were subcloned 

into the Pst I site of pEMBLex3. Plasmid pEMBLex3 carries 

the pR promoter of phage lambda and the N-terminal portion 

of the lac Z gene. The lac Z gene carries an insert 

containing three restriction endonuclease sites. Insertion 

of Pst I fragments into the cloning sites of this vector 

results in the loss of beta-galactosidase activity, thereby 

permitting the direct screening of recombinant vectors on 

plates containing the substrate X-gal (Sollazzo et al., 

1985). The orientation of the insert was d~termined by 

restriction enzyme analysis. The sequence of PRD1 DNA 

predicts that Hae II digestion can remove a 2 kb fragment 

which contains the DNA polymerase gene and a very small 

portion of the terminal protein gene. It is di(ficult to 

isolate this 2kb Rae II fragment from plasmids pLM3 and 

pLM141 due to co-migration of similar-sized HaeII fragments. 

Therefor~, the 2kb HaeII"fragment was isolated from genomic 

PRD1 DNA by preparative acrylamide gel electrophoresis. The 

purified fragment was made blunt-ended with T4 DNA 

polymerase'and Pst I linkers were added. This fragment was 

inserted into PstI-digested, dephosphorylated pEMBLex3 (Fig. 
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1) Clone 13 

3kb Frosm,nt T.P. DNA pol 
I I ) pEJ3 (pst I) Pst I Pst I 

Pst 

2) 

, 
T.P. DNA pol 

;Z.5kb Frn!111!fnt I I > pEJ2.5 (Pst I) Pst I Pst I 

3) 

PRO! genpmic UNA 

1 Hoe II digestion 

1 isolate 2kb fragment 
DNA pol 

1 T4 pol (create blent ends) 
Pst Pst I -->~ pEJ2 

1 Pst I linker/l~ 

Fig. 4. Construction of recombinant plasmidsj pEJ3, pEJ2.5 
and pEJ2. 
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4) and transformed into NM622 cells (Maniatis et al., 1982). 

The cloning of the DNA polymerase gene was verified by DNA 

sequencing using the dideoxy chain-termination method with a 

synthetic primer. 

Preparation of Uracil-containing ss-DNA 

A culture of RZ1032 cells which contains recombinant 

pEMBLex3 in 2X YT supplemented with 0.001% thiamine, 

150ug/ml ampicillin and 0.25ug/ml uri dine was grown to OD~O 

of 0.08 at 300e and incubated for 30 min at 37oe. This 

culture was then infected with M13K07 at a multiplicity of 

infection of 2-10 for 75 min at low rpm. Afterwards the 

cells was diluted to an ODSOO<2 and kanamycin was added to a 

final concentration of 70ug/ml. The culture was then grown 

for 20-24 hr at 30oe, 300 rpm. The cells were pelleted by 

centrifugation and supernatant was removed to a fresh tube. 

One quarter of the supernatant volume of 20% PEG and 3.5M 

ammonium acetate were then added, placed on ice, for 30 min. 

This yiral pellet was isolated by centrifugatio~ (12,000g, 

15 min). The supernatant was then discarded and the tube was 

tamped dry on tissues. The pellet was then resuspended in 

400 ul TE buffer by vortexing, then centrifuged 2 min to 

remove insolubles. 200ul of buffered phenol wa~ added, the 

solution was vortexed for 2 full min, and then centrifuged 

for 2 min. The aqueous layer was removed to a fresh tube and 

the extraction was repeated with phenol/chloroform until 
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only a slight interface was visible. The ss-DNA was then 

precipitated by adding 0.5 volume of 7.5 M ammonium acetate 

and 2 volumes of 95% ethanol. After the pellet dried, it was 

resuspended in TE buffer. 

Design of Synthetic Oligonucleotides for in vitro 

Mutagenesis 

Three factors were considered when oligonucleotides 

were designed. The first factor was the length of 

oligonucleotide. 25 or 29 mers were used for site-specific 

deletion and site-directed mutagenesis. The position of the 

mismatch was kept towards the middle of the oligonucleotide 

to protect the mismatched base from exonuclease activity of 

DNA polymerase. The possible alternative binding sites and 

secondary structure of the ss-DNA template were checked by 

computer analysis. Because the full sequences of both vector 

and insert were known, computer analysis was used to search 

for competing sites. All synthetic oligonucleot~des for in 

vitro mutagenesis were examined by sequencing the template 

using the oligonucleotide as a primer before performing the 

mutagenesis reaction (Table 4). 

Site-specific Deletion of pEJ2 

A region of 57 bp was deleted from the plasmid pEJ2. 

The specific 57 bp deletion was created by making uracil­

containing ss-DNA and utilizing an oligonucleotide spanning 
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Table 4 

Sequence of Synthetic Oligonucleotide 

Name Sequence(5'-3') Mutant Length 

For mutation 

G del TGTACTAAGGAGGTTTGATATGCCGCGCC pEJG 29 
A 

G1 TTTATTGTTATACTGATACCATTAT pEJG1 25 
G C T T 

G2 TATAAAAGTTTATGTTGTTAATAGTATGT pEJG2 29 
A 

G3 CAATATTTTTTATATACTGATTTTAAATA pEJG3 29 
A 

G am AAGGCCGCTTTAGTGTGACACTGAT pEJGam 25 
T 

For sequencing primer 

P1 ATAATGGTTGCATGT 15 

P2 TGGAATGCGCCTAACCA 17 

P3 TGTTAGGACTAAAACAG 17 

P4 GAAGGCTATGACGGCGAAG 19 

The nucleotide sequences are given for each mutant 
oligonucleotide. The nonmutant nucleotide is shown below 
each sequence. A is a deletion of a given nucleotide. 
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the desired deletion. The uracil-containing ss-DNA pEJ2 DNA 

(lug) and the 5' phosphorylated oligonucleotide were mixed 

in equimolarratio into a buffer containing 20mM Tris-HCl 

pH7.4, 2mM MgClz and 50mM NaCl. The mixture was then cooled 

gradually from 80° to 30°C over a period of 5 hr in a large 

waterbath. Synthesis of the second strand was done according 

to the method of Kunkel (1985). A 29 mer oligonucleotide, 

'5'TGTACTAAGGAGGTTTGATATGCCGCGCC3,' was synthesized 

chemically on an Applied Biosystems DNA synthesizer. The 

final 57 bp deletion removes a Pst I site from the vector 

(Fig. 5). Plasmids containing the deletion were identified 

by digesting DNA isolates with Pst I and analyzing the 

products by agarose gel electrophoresis. DNA sequencing was 

used for confirmation of this deletion. 

Site-directed Mutagenesis 

Uracil-containing single-stranded pEJG DNA (200ng) 

and the phosphorylated oligonucleotide were mixed in a 1:20 

ratio in ~ buffer containing 20mM Tris-HCI pH 7~4, 2mM 

MgCIZ' and 50mM NaCl. The mixture was then cooled gradually 

from 65° to 30°C over a period of 1 hr. Synthesis of the 

second strand was done according to the method of Kunkel 

(1985) and the mixture was used to transform competent cells 

(NM522). Plaques were selected at random and directly 

sequenced to screen for mutants. 
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Functional Expression of the Cloned DNA Polymerase Gene 

Expression, from pEJ3, which contains PRD1 DNA 

polymerase and terminal protein genes, was monitored by DNA 

synthesis and DNA-terminal protein complex formation (Watabe 

et al., 1982), in collaboration with S. Yoo in our 

laboratory. NM522 carrying pEJ3 was grown in 100 ml of LB 

medium containing 100ug/ml ampicillin at 28°C. At mid-log 

phase, an equal volume of LB, prewarmed to 54°C, was added. 

The culture was incubated at 42°C for 4 hr. The cells were 

collected at 5°C. Cell extracts were prepared essentially as 

described by Watabe et al. (1982). The cells were 

resuspended in 6 ml of Tris-HCl buffer (50 mM, pH 7.6) 

containing 10% (wt/vol) sucrose and 1 mM dithiothreitol. 

Lysozyme (Sigma) and EDTA were added to a final 

concentration of 300 ug/ml and 1 mM, respectively. After 5 

min incubation at OoC, non-ionic detergent Brij 58 was added 

to the mixture to a-final concentration of 0.1~~ The 

mixture was then incubated at OoC for an additi.onal 40 min. 

The resulting lysate was quickly frozen in a liquid nitrogen 

bath and thawed rapidly at 30°C. The lysate was adjusted to 

0.8 M NaCl and clarified by centrifugation at 220,000 x g 

for 90 min at 0-50C in a Beckman rotor SW 50.1 • Ammonium 

sulfate was added slowly to the supernatant to adjust to 50% 

saturation. After stirring for 20 min, the precipitates were 

collected by centrifugation. The pellets were resuspended in 



3 ml of buffer A (50 mM Tris-HCI, pH 7.6, 1 mM EDTA, 1 mM 

dithiothreitol). 

To remove nucleic acids from the extracts, the 

solution was passed through a DEAE-cellulose column (1.8 x 

20 cm) equilibrated with buffer A. The column was eluted 

with buffer A containing 0.4 M NaCI. The flow-through and 

0.4 M NaCI fractions were combined and adjusted to 50% 
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saturation in ammonium sulfate. After stirring for 20 min at 

ODC, the solution was distributed in 1.2 ml aliquots and 

centrifuged for 15 min in an Eppendorf microcentrifuge. The 

precipitate was suspended in 100 ul of 50 mM Tris-HCI (pH 

7.6). This crude extract was used for DNA synthesis assays. 

The standard reaction mixture (60 ul) contained 50 mM Tris-

HCI (pH 7.6), 10 mM MgCIZ' 1 mM ATP, 40 uM dATP, 40 uM dCTP, 

40 uM dGTP, 40 uM [methyl-3H1 dTTP (100 cpm per pmol of 

dTTP), 1 mM spermidine-3HCI, 1mM dithiothreitol, 10 % 

(vol/vol) glycerol, 1 ug of phage PRD1 DNA-protein complex, 

and 10 ul of cell extract. After incubation at 25°C, acid-

insoluble radioactivity was determined as described 

previously (Watabe et al., 1982). 

Analysis of Cloned PRD1 Protein 

A 1 ml of LB with ampicillin (100ug/ml) was 

inoculated with an overnight culture of NM522 containing a 

recombinant expression vector to a final dilution of 1:200. 

This 1ml culture was induced at mid-log phase by increasing 
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the temperature to 42°C for 4 hr. 100 or 200ul of the oell 

oulture was oentrifuged and the oell pellet was resuspended 

and boiled in. 20 ul of a gel loading buffer (50mM Tris-HCI, 

pH 6.8, 10% glyoerol, 5% 2-mercaptoethanol, 2% SDS and 0.05% 

bromophenol blue). This sample was loaded on a 10% SDS­

polyaorylamide gel. The total cellular protein was 

visualized by staining the gel with Coomassie Blue. 

Complementation 

Recombinant pEMBLex3 plasmids were transformed into 

competent E. coli HB94 (pLM2) cells. Cells whioh oontained 

both pLM2 and the recombinant pEMBLex3 plasmids were 

screened on plates containing kanamycin (lOOug/ml) and 

ampicillin (lOOug/ml). To test the ability of recombinant 

pEMBlex3 to oomplement PRD1 (sus2), either PRDl wild-type or 

PRDl (sus2) were plated on host oells (HB94), whioh 

oontained pLM2 and various reoombinant pEMBLex3 plasmids. 

All plates oontained kanamyoin (lOOug/ml) and ampioillin 

(lOOug/ml). 



CHAPTER 3 

RESULTS 

Nucleotide Sequence and Predicted Amino Acid Sequence of 

PRDI DNA Polymerase 
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In agreement with genetic studies by McGraw et ale 

(1983), nucleotide sequence analysis revealed that there are 

only two major open reading frames at the left end of the 

PRDI genome (Fig. 6). One open reading frame corresponds to 

gene 8, the terminal protein gene consisting of 260 codons. 

The other one is gene 1, the DNA polymerase gene which 

consists of 554 codons (Fig. 6). The nucleotide sequence of 

the PRDI DNA polymerase gene along with the predicted amino 

acid sequence and the flanking sequences are shown in Figure 

7. The molecular weight of PRD1 DNA polymerase is 63,300 

daltons which is in rough agreement with the reported size 

(Mindich et al., 1982). This protein contains an 

approximately equal number of acidic (14.2%) and basic 

(15.7%) amino acid residues with 41.2% of the residues being 

hydrophobi~ (Table 5,6). The initiation codon ATG for the 
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Table 5 

Amino Acid Composition of PRDI DNA Polymerase 

-------------------------------------
Ala A: 44 8.0%) Arg R: 28 5.1%) 

GIn Q: 12 2.2%) Glu E: 42 7.6%) 

Iso I: 45 8.1%) Leu L: 34 6.1%) 

Phe F: 38 6.9%) Pro P: 23 4.2%) 

Cys C: 8 1. 4%) Trp W: 8 1. 4%) 

Asn N: 25 4.5%) Asp D: 36 6.5%) 

Gly G: 45 8.1%) His H: 15 2.7%) 

Lys K: 44 8.0%) Met M: 12 2.2%) 

Ser S: 18 3.3%) Thr T: 24 4.3%) 

Tyr Y: 28 5.1%) Val V: 24 4.3%) 
-------------------------------------
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Table 5 

Codon Usage in f!llU IlliA PolYmerase 

---------------------------------------------------------------------------------
TTT-Phe 271 4.9'" TCT-Ber 21 0.4", TAT-Tyr 211 3.8", TGT-Cys 21 0.4'" 

TTC-Phe 111 2.0'" TCC-Ber 21 0.4%' TAC-Tyr 71 1.3" , TGC-Cys 61 1.1'" 

TTA-Leu 141 2.6", TCA-Ber 31 0.5'" TAA-TER 01 0.0%, TGA-TER O( 0.0", 

TTG-Leu 51 0.9'" TCG-Ber O( 0.0", TAG-TER 01 0.0%, TGG-Trp 81 1 • ~'" 

CTT-Leu 61 0.9%' CCT-Pro 7( 1. 3", CAT-His 101 1.8" , CGT-Arll 81 1. 4'" 

CTC-Leu 11 0.2%' CCC-Pro 5( 0.9%' CAC-His 51 0.9%, CGC-Arll 91 1.6", 

CTA-Lsu 31 0.5%, CCA-Pro O( 0.0%, CAA-Gln 61 1.1%, CGA-Arll 21 0.4%' 

CTG-Leu 61 1.1" , CCG-Pro 111 2.0%, CAG-Gln 61 1.1% , CGG-Arll 31 0.5", 

ATT-Ile 261 4.7% , ACT-Thr 61 1.1%' AAT-Asn 201 3.6%, AGT-Ser 61 1 • 1'" 

ATC-Ue 71 1. 3", ACC-Thr 6( 1.1", AAC-Asn 51 0.9%, AGC-Ser 6 ( 0.9'" 

ATA-Ile 12( 2.2%' ACA-Thr 81 1. 4", AAA-Lys 291 5.2%, AGA-Arj( O( 0.0'" 

ATG-MET 12 ( 2.2%, ACG-Thr 4( 0.7'" AAG-Lys 151 2.7%, AGG-Arll 6 ( 1 • I'" 

GTT-Val 101 1. 8'" GCT-Ala 111 2.0'" GAT-Asp 24( 4. 3", GGT-Gly 9( 1. 6%, 

GTC-Val 01 0.0", GCC-Ala 111 2.0", GAC-Asp 121 2.2", GGC-Gly 261 4.7'" 

GTA-Val 51 0.9'" GCA-Ala 101 1.8", GAA-Glu 381 6.9%, GGA-Gly 4 ( 0.7%' 

GTG-Val 9( 1.6", GCG-Ala 121 2.2", GAG-Glu 4 ( 0.7", GGG-Gly 6 ( 1. 1'" 
---------------------------------------------------------------------------------
Numbers indicate the frequency of codons used in the PRDI DNA polymeralle. 
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Fig. 7. The nucleotide sequence and predicted amino acid 
sequence of the DNA polymerase. The Shine-Dalgarno 
sequence is underlined. Start and termination codons 
are boxed. Amino acid number is designated in the 
left side of the Figure. 
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PRDI DNA polymerase gene is preceded by a region 

complementary to the 3' terminus of E. coli 16S ribosomal 

RNA (Shine and Dalgarno, 1974). 

Comparison of Amino Acid Sequences between PRDI and 029 DNA 

Polymerases 

Studies in this lab have shown that PRDI and 029 DNA 

polymerases are the smallest known enzymes which possess 3' 

to 5' exonuclease activity. Moreover, these two DNA 

polymerases utilize terminal proteins as primers for the 

initiation of DNA synthesis (Bamford and Mindich, 1984; 

Watabe et al., 1984). While 029 infects gram-positive 

bacteria, PRDI grows on gram-negative bacteria. Therefore, 

it was of considerable interest to compare amino acid 

sequences of these two DNA polymerases to discern the 

possible evolutionary relationship between these proteins. 

Although the overall sequences are not strikingly 

homo~ogouS, ,three regions are highly conserved between the . ' 

two DNA polymerases (Fig. 8). To understand whether these 

localized homologies are specific for protein-primed DNA 

polymerases, we compared these amino acid sequences with 

that of another DNA polymerase which has a similar molecular 

weight. The Bacillus temperate phage SP02 is known to 

specify its own DNA polymerase (Raden and Rutberg, 1984). 

This phage DNA polymerase gene has been cloned and sequenced 

by Raden and Rutberg (1984). The SP02 DNA polymerase has a 
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8. Alignment of PRDl (top) and 029 (bottom) DNA 
polymerase amino acid sequences. The amino acid 
sequence of the 029 DNA polymerase was deduced from 
DNA sequence data. Dashed lines indicate gaps. Each 
consensus region is included in a box and numbered 
in the right-hand margin. 
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molecular weight of 72,000 and does not initiate DNA 

synthesis by a protein-priming mechanism. No substantial 

amino acid homology is found when the SP02 DNA polymerase is 

compared with either 029 or PRD1 DNA polymerases. 

Homology to the Other DNA Polymerases 

Recently, several laboratories h~ve noted partial 

homologies among various viral DNA polymerases (Jung et 

al., 1987a; Bernad et al., 1987; Wong et al., 1988; Larder 

et al., 1987). When the amino acid sequence of PRD1 DNA 

polymerase is compared with that of other viral DNA 

polymerases, three partially homologous regions are again 

evident. Figure 9 shows the amino acid sequence alignment of 

the three conserved regions. As noted by Larder et al. 

(1987), the order and spatial relationship of the three 

homologous regions appear to be conserved in all DNA 

polymerases compared, regardless of size (Fig. 10). Our 

computer search revealed that phage T4 DNA polymerase also 

contains three conserved regions (Fig. 9, 10). 

Since the DNA polymerases of T4, herpes virus, and 

vaccinia virus are not protein-primed DNA polymerases, these 

conserved regions are clearly not unique to the DNA 

polymerases which use protein primers. Rather, it is likely 

that these 3 conserved regions represent domains which 

perform important functions common to many DNA polymerases. 

These functions could include DNA chain elongation, the 3' 
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PRDI 2 3 1 (553) 

029 2 3 1 (575) 

T4 2 3 1 (896) 0 0-0 

Vaccinia 2 3 1 (938) 0-0-0 

£BV 2 3 1 (1015 ) 0--0-0 

Ad 2 2 3 1 (1056) 0 0 0 

He rpes 2 3 1 (1235) 0-0-0 

Fig. 10. Spatial relationship among the DNA polymerase 
consensus sequences. The location of the conserved 
regions 1-3 (Fig. 9) are depicted by an open circle 
and number correspondingly. Polymerase sizes are 
proportional to the length of line. The total amino 
acid residues in each polymerase is shown on the 
right. 



to 5' exonuclease activity, DNA binding, nucleotide 

triphosphate binding or pyrophosphate binding. 
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Cloning PRDI DNA Polymerase Gene into the Expression Vector 

pEMBLex3. 

Sufficient quantities of homogeneous PRDl DNA 

polymerase are required to perform detailed biochemical 

studies of the enzyme. The major difficulty in purifying 

this enzyme is its naturally low abundance. To overcome this 

problem, two approaches may be taken. One is to find a 

relatively abundant source. The other is to clone the DNA 

polymerase gene into an expression vector and overproduce 

the enzyme within a suitable host. Although, the natural 

abundance of a virus-encoded polymerase is high compared to 

DNA polymerase III of E. coli and mammalian polymerases, 

cloning of the PRD1 DNA polymerase gene into an expression 

vector will make isolation of PRD1 DNA polymerase much 

easier. This approach has been used successfully with the 

Klenow fragment of Pol I (Joyce and Grindley, 1983). The 

large quantities of the protein generated in this way have 

facilitated subsequent biochemical and crystallographic 

studies (Ollis et al., 1985a). 

In order to overexpress PRD1 DNA polymerase in ~ 

coli cells, the gene was cloned into pEMBLex3. Nucleotide 

sequence analysis revealed that the 3 kb PR01 insert within 

pLM3 contains complete open reading frames for PROl DNA 



polymerase and terminal protein (Jung et al., 1987a; Hsieh 

et al., 1987). Therefore, the 3kb Pst I fragment was 

isolated and inserted into the Pst I site of pEMBLex3 
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(Sollazzo et al., 1985) (Fig. 4). pEMBLex3 has a single Pst 

I site located downstream from a lambda pR promoter. 

Transcription of a gene inserted at this site will be under 

the control of the pR promoter of the vector. The PRD1 

terminal protein and the DNA polymerase gene constitute an 

operon. Transcription initiate upstream of the terminal 

protein gene and proceeds through both genes and terminates 

at some point downstrearu of the DNA polymerase gene 

(Savilahti and Bamford, 1987). When cloned in the correct 

orientation, the 3kb Pst I fragment from pLM3 will 

synthesize PHDl terminal protein and DNA polymerase using 

both the vector and viral promoter. Plasmid isolates 

containing 3kb insert in the correct orientation were 

identified by restriction enzyme analysis. This plasmid was 
;' 

designated pEJ3. Another plasmid which carried the insert in 

the reverse orientation was designated pEJ3R. T~e 

orientation of the 3kb insert was further verified by DNA 

sequence analysis using single-stranded DNA obtained from 

pEJ3 and the helper phage M13K07. The vector pEMBLex3 

contains the lambda pR promoter and the temperature 

sensitive repressor gene (cI857). When growing cells 

containing the above plasmids are shifted from 30°C to 

42°C, the repressor is inactivated and the pR promoter on 
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the plasmid is derepressed. To determine if PRD1 DNA 

polymerase is expressed from pEJ3, cells containing pEJ3 or 

pEJ3R were grown at 28°C to mid-log phase and then rapidly 

shifted to 42°C. After 3hr incubation, 0.2 ml were removed 

and total protein was analyzed on SDS-polyacrylamide gels, 

as described in Materials and Methods. 

As shown in Figure 11, cells transformed with the 

recombinant plasmid pEJ3 produce two new protein bands with 

approximate molecular weights of 68kD and 28kD. The other 

cells, containing either plasmid pEMBLex3 or pEJ3R, do not 

synthesize these two proteins. The molecular weights of the 

two new proteins which were produced at 42°C are consistent 

with the reported values for PRDI DNA polymerase and 

terminal protein (Mindich et al., 1982), and roughly agree 

with the 63kD and 29kD values deduced from the nucleotide 

sequence (Jung et al., 1987a; Hsieh et al., 1987). 

To ,determine if active PRDI DNA polymer~se was 

produced by pEJ3, crude extracts of induced cel~s harboring 

either pEJ3, pLM3 or no plasmid were prepared. DNA 

synthesis and dGMP-protein complex formation were' then 

analyzed as described in Materials and Methods. When the 

PRDI DNA-protein complex is used as template DNA in vitro, 

DNA synthesis is entirely dependent on the presence of PRDI 

DNA polymerase. pLM3 produces PRD1 DNA polymerase solely 

from its PRDI promoter and is known to synthesize 100 times 

more DNA polymerase than PRDI infected cells (Bamford and 
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Mindich, 1984). The amount of DNA synthesis oocurring in ~ 

coli extracts harboring pEJ3 was found to be five times 

higher than that found in E. coli extracts harboring pLM3. 

The expression of cloned genes was also analyzed by 

characterization of dGMP-terminal protein complex formation. 

This reaction is very specific to the protein-primed PRD! 

DNA polymerase. E. coli DNA polymerases cannot catalyze this 

reaction. Based on autoradiographic results, E. coli 

harboring pEJ3 has much more PRD1 terminal protein than ~ 

coli harboring pLM3. These results indicate that PRD1 DNA 

polymerase and terminal protein are functionally expressed 

in cells containing pEJ3. 

Two other DNA fragments containing the PRD1 DNA 

polymerase gene were obtained (described in Materials and 

Methods). These fragments, 2.5kb and 2.0kb in size, each 

contain the PRD1 DNA polymerase gene and part of the 

terminal protein gene. Both fragments were cloned into Pst I 

site of pEMBLex3 in order to create a vector which 

synthesizes only PRD1 DNA polymerase (Fig. 4). The plasmids 

which contain the 2.5 kb and 2.0 kb inserts are designated 

pEJ2.6 and pEJ2, respeotively. Expression of the cloned gene 

from pEJ2.5 and pEJ2 was very low, based on analysis of 

coomassie blue-stained SDS polyacrylamide protein gels (Fig. 

11). 
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Site-specific Deletion of pEJ2. 

Because synthesis of PRDl DNA polymerase from pEJ2 

and pEJ2.5 was very low, a new plasmid construction was 

prepared. 57 bp of pEJ2 DNA was deleted. This deletion 

removes a small segment of 3' end coding sequence for 

terminal protein, the ribosome binding site of the DNA 

polymerase gene, and the small N-terminal sequence of the 

lac Z gene of pEMBLex3 (Fig. 5). After this specific 

deletion, the PRDl DNA polymerase gene remained under the 

control of the lambda pR promoter and utilized the ribosome­

binding site of the lambda cro gene. The specific 57 bp 

deletion was created by making uracil-containing single 

stranded DNA and utilizing a 29-mer oligonucleotide which 

spanned the desired deletion. The first 16bp of the 

oligonucleotide corresponded to vector sequence including 

the ribosome binding site (SD) of pEMBLex3. The remaining 

nucleotides represent the PRDI DNA polymerase gene. The 

distance between the vector SD sequence and the initiation 

codon of the PRDI DNA polymerase gene was 6 nucleotides long 

(Fig. 5). Details of the procedure used to create the 

deletion are described in Materials and Methods. 

The 57 bp deletion removes a Pst I site from pEJ2. 

Plasmids containing the deletion were identified by 

digestion with Pst I. The efficiency of deletion mutagenesis 

was 63%. Several plasmids were checked for expression of DNA 

polymerase on SDS polyacrylamide protein gels. Every clone 
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except one expressed the 68kD PRD1 DNA polymerase well and 

no expression of terminal protein was observed (Fig. 12). 

The plasmid created by specific deletion which has only the 

PRD1 DNA polymerase gene was named pEJG. The expression 

level of DNA polymerase fro~ pEJG was slightly better than 

that observed in pEJ3. Further confirmation of the deletion 

was obtained by producing pEJ2 and pEJG single-stranded DNA 

using the helper phage M13K07. The single-stranded DNAs were 

used to sequence the deleted region by the dideoxy chain­

termination method (Fig. 13). Unexpectedly, nucleotide 

sequence analysis revealed that the vector used'in these 

experiments, pEMBLex3, deviates from the published sequence 

(Sollazzo et al., 1985) at three positions located between 

the pR promoter and the start codon of the lac Z' gene. The 

published nucleotide sequence adjacent to the ribosome 

binding site is given as AGGAGGTTTTTTATG and the vector used 

here contained the sequence AGGAGGTTGTATG, where the 

underlined bases represent the Shine-Dalgarno sequence and 

the start codon for lac Z', respectively. The 29 mer 

oligonucleotide used to create a deletion in these 

experiments, was designed based on the published sequence, 

but fortunately contained enough homology in the region of 

the altered bases to anneal properly. It is likely that the 

published sequence of pEMBLex3 is incorrect because further 

investigation revealed that the sequence obtained in this 

work is identical to that published for the lambda pR region 
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-97 

DP+ -68 

-43 

-26 

12. Expression of PRD1 DNA polymerase (DP) after 
specific 57 bp deletion (pEJG). Lanes from 1 to 6 
represent the different clones of cells harboring 
pEJG plasmid. Lane 7 and 8 represent the samples of 
cells harboring pEMBLex3 and pEJ3, respectively. 
Lane 9 contains standard protein molecular markers. 
Numbers indicate sizes in kDa. 



G A T C 
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Fig. 13. Autoradiogram showing nucleotide sequence of the 
re~ion that has been deleted. 1 represent before 
deletion (pEJ2) and 2 represent after deletion 
(pEJG). ATG indicates start codon of PRD1 DNA 
polymerase ~ene and arrow represent the direction 
of gene. 
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including the ~isputed base pairs (Sanger et al., 1982). As 

described earlier, one plasmid derived from the deletion 

mutagenesis appeared to contain the 57 bp deletion, but did 

not make significant amounts of PRDI DNA polymerase. Single 

stranded DNA obtained from this clone was sequenced to 

reveal that there is a one base-pair alteration (G-A) 

located between the ribosome-binding site and the ATG start 

codon of the DNA polymerase gene (Fig. 14). The clone which 

produces large amounts of PRDI DNA polymerase, pEJG, does 

not have this base change. It is interesting that a 

nucleotide difference at one position between the ribosome 

binding site and the start codon appears to decrease 

expression of PRDI DNA polymerase significantly. 

Site-specific Mutagenesis of Regions 1, 2 and 3 within the 

PRDI DNA Polymerase. 

A major goal of this research has been to identify 

functional roles of the highly conserved regions 1, 2, and 

3. Knowledge of the PRDI DNA polymerase gene sequence and , . 

the use of ssDNA produced from the recombinant pEMBLex3 

expression vector make it possible to change precisely the 

most conserved amino acid residues of the PRDI DNA 

polymerase. There are several highly efficient. in vitro 

site-directed mutagenesis methods. Kunkel's method was used 

because it is simple, rapid and efficient. The basis of this 

method is the use of a ssDNA template containing a small 
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1 2 

Fig. 14. Autoradio~ram showing nucleotide sequence of pEJG 
plasmids which show different expression. 1 
represents the clone which shows poor expression 
and 2 represent clone which shows higher 
expression. Double-headed arrow indicates the base 
difference between two these clones~ 
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number of uracil residues in place of thymine. The uracil­

containing DNA is produced within a dUTPase-deficient (dut-

1, uracil N-glycosylase-deficient (ung-) E. coli strain 

RZ1032 (Kunkel, 1985). pEJG was grown in host RZI032 to 

prepare uracil-containing DNA templates for site-directed 

mutagenesis. 

This DNA was used in vitro as a template for the 

production of a complementary strand with synthetic 

oligonucleotide which contained the desired DNA sequence 

alteration. By introducing the duplex DNA into wild type ~ 

coli NM522 cells, the original DNA template which contains 

uracil was preferentially destroyed. The resulting high 

efficiency of mutant production allowed screening for 

mutation by DNA sequence analysis, thus identifying mutants 

and confirming the alteration in a single step. 

In order to evaluate the function of the conserved 

regions, one of the most highly conserved amino ,acid 

residues within each domain was changed: (1) I~ domain 2, 

asparti~ acid and tyrosine residues are present ,in all 

members of the group (Fig. 9). Initially, we focused on the 

negat~vely charged aspartic acid-219. The codon for this 

amino acid is GAT. Alteration of a nucleotide at any of the 

three possible positions can generate 8 differ~nt amino acid 

substitutions. Among these 8 amino acids, only valine is 

hydrophobic. Conversion of aspartic acid to valine will 

result in a change in charge and hydrophobicity. To make 
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this change, GAT was converted to GTT in domain 2 (Fig. 15). 

(2) In domain 3, lysine, aspartic acid and glycine are 

conserved in each polymerase. Based on the above idea, 

lysine-340 was converted to isoleucine in domain 3 (Fig. 

16). (3) In domain 1, tyrosine, serine, and aspartic acids 

at two positions are 100 percent conserved. Aspartic acid-

428 and serine-432 were changed to tyrosine and threonine, 

respectively, in mutant pEJGl (Fig. 17). In mutant pEJGam, 

tyrosine was changed to an amber codon (Fig. 18). 

In order to characterize products each of the four 

mutagenesis experiments (Table 7), five transformants each 

were selected randomly from ampicillin plates. Single­

stranded DNA was produced from each transformant as 

described in Materials and Methods. The single-stranded DNA 

was used for DNA sequencing to confirm the base changes 

introduced. The efficiency of mutation was 60%, 80% and 20% 

for pEJG2, pEJG3 and pEJG1, respectively. A reason for the 

low efficiency of pEJGl may be that the G1 oligonucleotide 

that was used for pEJG1 is shorter than the others used 

(Table 4). The oligonucleotide which was used for pEJG1 was 

a "doped" oligonucleotide. Fifteen positions in this 25 mer 

were synthesized on a DNA synthesizer as non-equal mixtures 

such that many base-changes were possible in domain 1 (Ner 

et al., 1988). The screening of pEJGam was performed using 

SDS-polyacrylamide protein gel analysis first because the 

pEJGam (amber mutant) should produce a truncated PRD1 DNA 



Table 7 

Nucleotide and Amino Acid Change in Mutant 

Mutant Change 
Nucleotide(base) Amino Acid(residue) 

G-T(1282) 
Asp-Tyr(428) 

C-T(1284) 
pEJGl 

T-A(1291) 
Ser-Thr(431) 

T-C(1293) 

pEJG2 A-T(659) Asp-Val(220) 

pEJG3 A-T(1019) Lys-Ile(340) 

pEJGam T-G(1278) Tyr-Amber(426) 
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Conserved 
Region 
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2 

3 

1 



Met 
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Tyr 

Val 

Lys 
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Glu 

lie 

lie 

G A T c 

WILD TYPE 

61 

G A T C 

Val 

MUTANT 

Fig. 15. DNA sequence of mutant (pEJG2) and wild-type clones 
in the region of mutation. Arrow indicates the 
mutated sequence 
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C T -A G C T A G 

lie 

MUTANT WILD TYPE 

Fig. 16. DNA sequence of mutant (pEJG3) and wild-type clones · 
in the region of mutation. Arrow indicates the 
mutated sequence 
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G A T C G A T C 

Thr 

Tyr 

WILD TYPE MUTANT 

Fig. 17. DNA sequence of mutant (pEJGl) and wild-type clones 
in the re~ion of mutation. Arrow indicates the 
mutated sequence. 
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polymerase protein. About 65% of the clones expressed the 51 

kD protein but not the 68 kD wild-type protein (Fig. 19). 

The estimated size of the mutant protein derived from 

protein gel electrophoresis was in excellent agreement with 

that predicted from the nucleotide sequence. After initial 

protein gel screening, two clones which produced the 51 kD 

protein were used to make single-stranded DNA with M13K07 as 

a helper phage. Sequencing of these single-stranded DNAs 

confirmed that both clones have an amber mutation in region 

1 at Tyr-426 (Fig. 18). Thus, these clones produced a 

truncated PRDI DNA polymerase containing the first 425 amino 

acids of the protein. Surprisingly, the expression level of 

pEJGam protein was very high. In gel stained with Coomassie­

Blue the 51 kD band produced from pEJGam was the second most 

intensely stained protein (Fig. 19). 

Complementation 

PRDI can infect only those host cells which contain 

the plasmid pLM2. The receptor for the PRDI virion is 
, . " 

believed to be encoded on this plasmid. To test the function 

of the cloned PRDl polymerase generated in this work, the 

ability of various recombinant pEMBLex3 plasm ids to 

complement PRD1(sus2) mutants was tested. This mutant strain 

of PRDl has an amber mutation which has been mapped within 

the DNA polymerase gene (Mindich and McGraw, 1983). In a 

host which does not contain a tRNA suppressor for this 



G A T C G A T C 

Amber 

MUTANT WILD TYPE 

Fig. 18. DNA sequence of· mutant (pEJGam) and wild-type 
clones in the region of the mutation. Arrow 
indicates the mutated sequence. 
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1 2 3 4 56 kDa 

DP+ 

Fig. 19. Protein gel screenin~ of pEJGam. · Lane 1 and 4 
represent samples containing 63 kD PRD1 DNA 
polymerase (DP), lane 2, 3, 5 and 6 represent 
samples containing 51 KD truncated DNA polymerase 
( 51 ) . 
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phage, viral replication will only occur if PRDI DNA 

polymerase is supplied in trans. The E. coli host cell HB94 

(pLM2) was transformed with various pEMBLex3 plasmids 

isolated from plates containing kanamycin and ampicillin at 

42°0. In initial control experiments, it was determined that 

PRDl(sus2) could produce plaques efficiently on a sus+ host 

(S. Typhimurium DB7156) but gave only a very low background 

of revertant plaque formation on the non-permissive sus­

host HB94(pLM2) (Table 8). The PRD1 (sus2) mutant formed a 

large number of plaques only on E. coli HB94(pLM2) which 

contained pEJG and pEJG2, but not pLM3, pEJGl, pEJG3 or 

pEJGam (Table 8). Although the plasmid pEJ2 contains the DNA 

polymerase gene, it cannot complement the mutant PRD1(sus2). 

It is possible that pEJ2 cannot produce PRDI DNA polymerase; 

An analysis of an ~coli strain containing this plasmid 

using SDS polyacrylamide gel electrophoresis revealed that 

no PRDI DNA polymerase band was detectable. Although pEJG2 

can compliment PRD1(sus2), the number of plaque~ obtained 

was 1% of that obtained with pEJG. To confirm the presence 

of the pLM2 plasmids, wild type PRDI phage was ,also used. 

Wild type PRD1 formed plaques efficiently on all host cells 

which were used in these experiment. 
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Table 8 

Complementation of PRDl (sus2) Mutant Infection 

Strain (Plasmid) Number of Plaque 
-----------------------------------------------------------
E. coli HB94(pLM2) 6 

s. typhimurium DB7156(pLM2) 4.1 X 106 

E. coli HB94(pLM2, pLM3) 14 

E. coli HB94(pLM2, pEJ2) 21 

E. coli HB94(pLM2, pEJG) 5.3 X 107 

E. coli HB94(pLM2, pEJGl ) 4 

E. coli HB94(pLM2, pEJG2) 3.8 X 105 

E. coli HB94(pLM2, pEJG3) 6 

E. coli HB94(pLM2. pEJGam) 9 
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CHAPTER 4 

DISCUSSION 

Primary Structure of the PRDl DNA Polymerase 

The nucleotide sequence of the PRD! DNA polymerase 

has been determined by the chain termination method in the 

first part of this dissertation. The predicted amino acid 

sequenoe indicates that this polymerase contains 553 amino 

acids. To our knowledge, this is the smallest DNA polymerase 

ever isolated from prokaryotic cells. Though small in size, 

the PRDl DNA polymerase is a multifunctional enzyme (Yoo and 

Ito, 1988). It has at least three enzymatic activities; (a) 

terminal protein-dGMP covalent complex formation, (b) a DNA 

chain elongation activity and (c) a 3' to 5' exonuclease 

activity. In addition, this polymerase is expeoted to have a 

DNA binding site, an association site for terminal protein, 

and both a dNTP and a pyrophosphate binding site. 

Several groups have recently reported partial amino 

acid homologies among various DNA polymerases. A comparative 

amino acid sequence analysis between the PRDl DNA polymerase 
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and other DNA polymerases was performed. These results are 

consistent with others and showed that PRDI DNA polymerase 

share three highly conserved homologous regions with the 

other DNA polymerases. This suggests that neither insertion 

nor frameshift mutations have occurred within these regions 

since the separation of eukaryotes from prokaryotes more 

than 2 billion years ago. This also implies that both 

protein-primed and RNA-primed DNA polymerases share a common 

ancestor. 

It must be stressed here that E. coli DNA polymerase 

I, which is the most well studied DNA polymerase, does not 

share any strong homology with any DNA polymerase described 

above (Ollis et al., 1985b). Similarly bacteriophage T7 DNA 

polymerase, which has extensive homology with DNA polymerase 

I, does not have homology with PRDI DNA polymerase (Ollis et 

al., 1985b). Therefore, these two DNA polymerases appear to 

have evolved via a different evolutionary route~ Also the 

SP02 DNA polymerase does not have any significant homology 

with either PRDI DNA polymerase, or E. coli DNA polymerase I 

and T7 DNA polymerase. 

Based on evolutionary relatedness, we propose to 

classify DNA polymerases as follows. Adopting Doolittle's 

terminology (Doolittle, 1981), we designate E. coli DNA 

polymerase I and T7 DNA polymerase to be DNA polymerase 

family A. All DNA polymerases carrying the three conserved 

regions described above are designated family B. It is 
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possible that there are other families of DNA polymerases 

(i.e.; a family including SP02 DNA polymerase), which do not 

have any homology with family A or B enzymes. Such DNA 

polymerases can' be classified in families C, D, .and so on. 

Based on sequence comparisons of the three conserved 

regions in DNA polymerase family B, it was postulated that 

open reading frame 1 of pGKL1, which is a linear plasmid 

found in yeast, encodes a DNA polymerase. Furthermore, 

although two conflicting DNA sequences were originally 

reported for open reading frame 1, one of them was selected 

to be correct (Jung et al., 1987b). This conclusion was 

later confirmed by Stark (1988). 

Cloning and Overexpression of the PRD! DNA Polymerase 

Many processes contribute to the level of protein 

synthesis inside cells. The initial rate of protein 

syntl:lesisis determined by the :rate of transcription, mRNA 

stability. and translation efficiency. The final steady-state 

level ,of a protein inside the cell also depends.on its turn 

over rate. The strength of a promoter is. probably the most 

important factor in transcription. 

The lac, trp, lambda pL and tac promoters have been 

used most often for the construction of expression vectors. 

The lambda pL promoter is the strongest in this group. The 

lambda pR promoter is as strong as the pL promoter. pR and 

pL are not only strong promoters but also can be regulated 
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by a repressor (cI) and thus transcription of a gene, cloned 

downstream of either promoter, can be turned on after a 

bacterial cell culture has reached the desired density. This 

regulation is particularly important when the expressed 

protein is lethal to the cell when overproduced. Regulation 

is also important when the cloned gene must be expressed to 

a.high level in the cell, because cells devote a large 

portion of their energy to the synthesis of the cloned gene 

when it is overexpressed from a multicopy plasmid. 

Furthermore, if the presence of the cloned gene on a 

multicopy plasmid is deleterious to cell growth, then 

faster-growing segregants may eventually comprise a large 

fraction of a cell culture. 

The mutant repressor lambda cI857 is a temperature 

sensitive repressor which becomes non-functional at 42°C. 

Thus expression-of a cloned gene transcribed from a pR or a 

pL can be regulated by a change in temperature when c1857 is 

present. c1857 repressor can be supplied in two different 

ways. In one scheme, the expression vector contains the 

c1857 gene and in the second the host strain carries the 

c1857 gene on the bacterial chromosome. If the expression 

vector used is a high copy number plasmid, then the amount 

of repressor from the single chromosomal copy of c1857 may 

not be enough to repress the promoter in the expression 

vector. Queen (1983) constructed the plasmid vector pCQV2 by 

inserting the c1857 gene into the plasmid pCQVO. This was 
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done because cI regulated genes cloned into pCQVO were 

incompletely repressed by c1857 on the bacterial chromosome 

at non-inducing temperatures. 

Colasanti and Denhardt (1985) could not clone the 

A* gene of 0X174 into pPLc24 or pKC30 (which contains the pL 

promoter) because high levels of the A* gene product are 

lethal to cells and the repression of the pL promoter was 

not sufficiently stringent. However, the A* gene was 

successfully cloned into pCQV2 which contains the lambda pR 

promoter and c1857. Lambda pR promoter and ribosome binding 

site of pCQV2 has been used to create an improved cloning 

vector designated pEMBLex3 (Sollazzo et al., 1985). pCQV2 

vector has been used to express beta-galactosidase and SV40 

small T antigen to levels as high as 5-10% of total E.coli 

protein (Queen, 1983). The other part of pEMBLex3 is derived 

from the high copy number plasmid pUC9 and the DNA 

replication origin of bacteriophage fl. 

The 3 kb PRD1 insert which was used in the 

construction of pEJ3 was also cloned into other expression 

vectors such as pPLc236, pKK233-2, and pT7-6. pPLc236 is a 

derivative of pBR322 and carries the lambda pL promoter 

(Remaut et al., 1981). This vector requires host strains 

which carry the cI857 gene on the bacterial chromosome. 

pKK233-2 is also a pBR322 derivative carrying the trc 

promoter and a lac Z' ribosome binding site (Amann and 

Brosius, 1985). The trc promoter is a trp and lac fusion 
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promoter. The pT7-6 plasmid contains a T7 RNA promoter, 010. 

A compatible plasmid placed in cells containing pT7-6 

provides the T7 RNA polymerase which specifically 

transcribes the T7 RNA promoter (Tabor and Richardson, 

1985). A gene cloned into pT7-6 can be expressed exclusively 

by inhibiting E. coli RNA polymerase with rifampicin. 

Although the 3 kb PRD1 insert was cloned into 

several expression vectors, pEMBLex3 was the only vector 

which could produce enough PRDl DNA polymerase to visualize 

distinctly as a protein band on SDS-polyacrylamide protein 

gels. Although the reason that only pEMBLex3 can produce 

enough PRDl polymerase protein for gel analysis is not 

clear, pEMBLex3 has a major difference from the other 

plasmids used for cloning the 3 kb insert. pEMBLex3 is a pUC 

plasmid derivative and the others are pBR322 derivatives. 

The copy number of pUC plasmids is approximately 200 

plasmids per cell '(Balbas et al., 1988), while that of 

pBR322 is approximately 20 copies per cell (Balbas and 

Soberon, 1988). Human terminal deoxynucleotidyl transferase 

has been cloned into pUC19 which expresses the protein to 

high,levels as an active enzyme (Peterson et al., 1986). 

As noted earlier, higher expression of ,PRDl DNA 

polymerase in pEMBLex3 than other plasmid vecto~s may be due 

to the difference in copy number. The high copy number of 

this plasmid also makes the manipulation of DNA easier 

because of the high yields obtained during mini-plasmid 
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preparation. Another difference is that pEMBLex3 is the only 

vector among those tested which contains a gene for c1857 on 

the plasmid. This characteristic provides stringent 

repression of the cloned genes in the uninduced state. The 

other plasmids used repressor supplied from a single copy of 

a lysogenic phage or a regulation mechanism which uses IPTG. 

It is well known that the lac and trp promoters are leaky 

even in the uninduced state (Shirakawa et al., 1984). Since 

there is no indication that PHD! DNA polymerase 

overexpression is lethal to the cell, between these two 

differences, the first one involving higher copy number for 

pEMBLex3 is a more likely cause of the different levels of 

expression. 

DNA polymerase is one of the most important and 

presumably one of the oldest enzymes, because its function 

is genetic information transmission from one generation to 

the next. Despite the importance of this enzyme" only a few 

DNA polymerase genes have been sequenced,· and very few DNA 

polymerases have been cloned into expression sy~tems for 

subsequent study. The low natural abundance of this enzyme 

in the cell is one of t~e most important problems 

encountered in studying DNA polymerase. Up to this time only 

the Klenow fragment of E. coli DNA polymerase I (Joyce and 

Grindley, 1983), which is the most intensively studied DNA 

polymerase, phage T4 DNA polymerase (Lin et al., 1987), 

phage subunit of T7 DNA polymerase (Tabor and Richardson, 
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(Blanco et al., 1984) have been cloned and the proteins 

purified for study from overexpressing cells. 
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The lac promotor and the lambda pL promoter in 

conjunction with c1857 provided from a lysogenic prophage 

have been used for overproduction of the Klenow fragment of 

E. coli. The level of expression was a few percent of the 

total host protein when the cloned gene was regulated by the 

lac promotor. Expression was increased 2-4 fold when the 

lambda pL promotor was used. T4 DNA polymerase has been 

cloned into two different expression vectors. One of them 

contains· lambda pL and the c1857 gene. The second vector 

contains the tac (trp and lac fusion) promotor which can be 

regulated by 1PTG. Both plasmids produced T4 DNA polymerase 

at levels of up to 10% of total E. coli protein. The 

cloning of the phage subunit of T7 DNA polymerase was done 

by two research groups. The first group used pBR322 and 

achieved ~% of total cellular protein using a T7 phage 

promotor (Reutimann et al., 1985). The second group used a 

T7 RNA polymerase/promotor system and obtained up to 30% of 

the cellular protein (Tabor and Richardson, 1985). The DNA 

polymerase of Bacillus phage 029 was cloned into the plasmid 

pPLc28 under the control of the lambda pL· promotor. 

Expression levels were very low. 

Three DNA polymerases (Klenow fragment, T4 and T7) 

were synthesized to more than 10% of total cellular protein 
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under the best conditions. Expression of PRDI DNA polymerase 

in pEJ3 was low, about 1% or less of total protein. This is 

better than the results obtained with the 029 DNA polymerase 

expression system. 

High level expression of the Klenow fragment, the T4 

DNA polymerase and the T7 subunit of DNA polymerase was 

achieved by placing a strong promoter upstream of the 

ribosome binding site and start codon of each gene. 

Therefore, the wild type translational regulatory sequence 

were present in these constructions. 

Expression of a cloned gene is not limited solely by 

the rate of transcription initiation. After transcription" 

the mRNA structure determines its stability and influences 

translational efficiency. Also, the initiation codon, which 

is generally AUG or GUG, the Shine-Dalgarno (SD) sequence 

and the distance between these two sites are very important 

factors in,determining the rate of translation.,:Jhe 

nucleotide sequence composition from about -20 ~o +15 (with 

respect to the start codon) are also important factors 

(Stormo et al., 1982). The nucleotide sequence encompassing 

the ribosome-binding site and adjacent base-pairs of 

pEMBLex3 is derived from the lambda Oro gene, whose product 

is known to be translated very efficiently. Thus the reason 

that low expression of pEJG is observed may be due to a 

characteristics of the nucleotide sequences after the ATG 

start codon. 
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It is well known that mRNA secondary structure 

around the Shine-Delgarno sequence and/ or the start codon 

can inhibit translation initiation (Buell et aI, 1985), but 

computer analysis predicts no secondary structure around 

this region of pEJG. mRNA stability is also a very important 

factor in determining gene expression. Most E. coli 

messenger RNA's have a half-life of about one to two 

minutes. Therefore gene expression might be drastically 

increased by enhancing the half-life of an mRNA, but the 

factors which determine mRNA stability are not known. 

There exists a controversy over the correlation 

between codon usage and gene expression. Williams et ale 

(1988) have shown that a synthetic gene whose codon bias 

resembled that found in highly expressed E. coli genes 

(high codon preference) was expressed at levels 16 times 

higher than that of the native gene. They also confirmed 

that this higher expression was a direct result ?f the high 

codon pr~ference, and was not due to altered promoter 

efficiency, mRNA secondary structure or mRNA stability. The 

PRD1 PNA polymerase gene was examined using a 

Codonpreference program (The University of Wisconsin 

Genetics Computer group) and was shown to have low codon 

preference. The low level of PRD1 DNA polymerase expression, 

in comparison to other DNA polymerases, is quite possibly a 

result of poor codon usage. 



Mutational Analysis of the Functional Domains of the PHDl 

DNA Polymerase 
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DNA polymerases are large and multifunctional 

enzymes. Many DNA polymerases contain two distinct enzymatic 

functions: a 5'-3' polymerizing activity and a 3'-5' 

exonuclease function. A detailed structure study of a DNA 

polymerase has been performed using the large fragment of ~ 

coli DNA polymerase I. Although the large fragment of DNA 

Polymerase I (Pol I) has been cloned and a high-resolution 

structure for the protein has been determined, this enzyme 

does not belong to the DNA polymerase family B. This means 

that conclusions drawn from studies of the large fragment of 

Pol I cannot be directly extrapolated to other DNA 

polymerases. To understand structure-function relationships 

within this new DNA polymerase group, a member of this group 

will need to be studied in detail to generate a model 

syste~. Bacteriophage PHDl DNA polymerase is a small 

multifunctional DNA polymerase which also has the three 

highly conserved amino acid domains. Therefore,! ~he PHDl DNA 

polym~rase.provides an excellent model system to study 

struc~ure-function relationships among the DNA polymerases 

within thi~ ~roup. 

A major goal of this dissertation was to examine 

structure-function relationships of PRDl DNA polymerase. As 

a result of several studies, two tentative conclusions 

related to localizing the enzymatics activities of the DNA 



80 

polymerase family B have been drawn: one is that oonserved 

region 2 and 3 may repres~nt dNTP binding sites. Reoently 

more supporting evidenoe for this has oome out. Gibbs et ale 

(1988) sequenoed nine herpes simplex virus DNA polymerase 

mutants. They found that all nine mutations occur within 

four small regions. Two of the four regions are the 

conserved regions 2 and 3. Six of the nine mutations are 

located in regions 2 and 3. Because the chemicals which were 

used for screening these mutants mimic natural dNTP's and 

pyrophosphate substrate, the altered polymerase activity of 

these mutants can be expected to involve alteration of amino 

acids involved in recognition of dNTP's and pyrophosphate. 

Including four acyclovir resistant HSV-1 mutants and one 

HSV-2 aphidicolin resistant mutant, five mutations have been 

identified in region 2 and six mutations in regions 3. The 

large number of sequenced mutants which exhibit changes in 

regions 2 and 3 and the different methods of isolation used 

by each researoh group imply very strongly that regions 2 

and 3 are substrate binding domains. 

The second conclusion drawn from past studies is 

that the polymerase activity appears to reside in the 

carboxy-terminus and the 3'-5' exonuclease function is 

located within the'amino-terminus. A new conserved region 

between DNA polymerase family A and B in the N-terminal 

portion has been identified which contains four highly 

conserved amino acids (Fig. 20) known to be involved in the 
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3'-5' exonuclease active site of klenow fragment of E. coli 

polymerase I (Ollis et al., 1985a). This strongly supports 

the idea that the 3'-5' exonuclease activity is located 

within the amino terminus. Moreover, missense mutants 

generated by in vitro mutagenesis of aspartic acid-355 and 

glutamic acid-357 destroy the exonuclease activity of Klenow 

fragment of E. coli DNA polymerase I but retain the 

polymerase activity (Derbyshire et al., 1988). ~he T4 amB22 

mutant, which has an amber mutation in the C-terminus, 

produces a peptide that has exonuclease activity but not 

polymerase activity (Reha-Krantz, 1988). Weisshart and Knopf 

(1988) have produced separate polyclonal antibody 

preparations which specifically react with the N-terminal, 

central or C-terminal polypeptide domains of HSV-1 DNA 

polymerase. Antibody directed against the central and c­

terminal domains decrease polymerase activity to 30 and 10%, 

respectively. Antibodies specific for the N-terminal 

portion bind to the DNA polymerase without altering 

polymerase activity. 

There exists no experimental evidence c~ncerning the 

function of region 1, and no mutant has ever been isolated 

in this region. It may be that mutant cannot be isolated 

within this region because any amino acid substitution is 

lethal. It seems likely that the function of region 1 will 

be different from that of regions 2 and 3 because more than 

ten mutants have been isolated in region 2 and 3 from random 
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screening but none were found which mapped to region 1. 

Argos (1988) proposes that the amino ~cid sequence (YGDTDS) 

of region 1 is very similar to the RNA directed polymerase 

core sequence (YGDD-), including the two five-residues 

hydrophobic flanking spans and secondary structure of this 

region. The major difference between the enzymes is the 

presence of a threonine between two aspartic acids in the 

conserved region 1 sequence of DNA polymerase family B. He 

also suggests that the two conserved aspartates may bind 

magnesium cation as well as act catalytically in the 

polymerization reaction. According to the Argos idea, the 

amino acid sequence of region 1 is conserved among DNA­

directed DNA polymerases, RNA-directed DNA polymerases and 

RNA-directed RNA polymerases. 

To determine the function of region 1, in vitro 

site-directed mutagenesis may be the only way to get mutants 

in this region. Although chemical modification methods have 

been used for structure-function relationship studies of 

enzymes, in vitro site-directed mutagenesis appears to be a 

more powerful method. Through the use of an expression 

vector, a cloned gene containing the specific amino acid 

change, generated by site-directed mutagenesis, can produce 

mutant protein in large amounts. Because amino acid changes 

are limited to a very specific position, the differences 

between native and mutated enzyme are very subtle. Three 

dimensional structure data, sequence homology studies and 



84 

classical chemical methods can provide information about 

amino acids that may be part of functional groups in 

enzymes. Because a large number of nucleotide sequences are 

available for analysis, conserved amino acid sequences can 

be identified by comparing a number of proteins which have 

the same function. Once a change has been created in a 

conserved amino acid, the function of the changed amino acid 

can be assessed by comparing the activities of the wild-type 

enzyme to those of the mutant enzyme. To do structure-

function relationship studies with an enzyme, the gene 

should be cloned, sequenced and ultimately cloned into an 

expression vector. 

In vitro site-directed mutagenesis has certain 

limitations for studying structure-function relationship. It 

is often very difficult to determine whether a change in 
" 

enzymatic function results from the alteration of an 

essential amino acid or from a global three dimensional 

structure change. Because modifications by sit~~directed 

mutagenesis are subtle and specific, global structural 

changes are unlikely to occur. X-ray crystallographic 

studies of mutant dihydrofolate reductase(Howell et al., 

1986) and trypsin (Sprang et al., 1987) enzymes revealed 

that structural changes induced the mutagenesis were limited 

to the mutated site. Another possible problem is the 

degradation of mutant proteins after they are produced in 

host cells. 
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The in vitro mutagenesis experiments performed here 

generated four PRD1 DNA polymerase mutants (Fig. 21). One is 

an amber mutation at region 1 (pEJGam). Two are missense 

mutations in region 2 and 3 (pEJG2and pEJG3). The last 

mutant (pEJG1) has two missense mutations in region 1 (Fig. 

21). pEJG1 and pEJGam are the first mutants which have been 

isolated which contain a mutation in region 1. From the 

complementation test data (Table 8), it is conc~uded that 

pEJG1, pEJG3 and pEJGam produced mutant DNA polymerases 

which are not functional. Because all amino acids changed 

are highly conserved among many DNA polymerases, it was 

predicted that the mutant polymerases would not be 

functional. This expectation is based on the concept that 

conserved amino acids are likely to be involved in essential 

functions. That prediction was true except for one mutant 

(pEJG2). Although pEJG2 can complement PRD1(sus2) the number 

of plaques obtained was 1% of that obtained wit~ pEJG (Table 

8). This indicate that pEJG2 mutant polymerase is a 

partially functional enzyme. One acyclovir-resistant mutant 

which contains an alteration of a highly conserved amino 

acid in region 3 has been isolated (Larder et al., 1987). 

From the primary amino acid sequence homology 

revealed within many DNA polymerases, some clues regarding 

DNA polymerase evolution may be obtained. First, DNA 

polymerase family B appears to be a more primitive group 

than family A, because region 1 of family B is similar to 
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Fig. 21. The locations of three conserved regions and 
potential 3'-5' exonuclease domain on PRD1 DNA 
polymerase. Highly conserved amino acids are shown 
under the each region. Arrows indicate the amino 
acid changes of each mutant. Nand C represent the 
N-terminus and C-terminus of PRD1 DNA polymerase, 
respectively. 
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the core region found in RNA polymerase and RNA is believed 

to have been the first replicating nucleic acid (Cech, 

1986). Second a 3'-5' exonuclease domain become fused to the 

polymerase domain either before or after polymerase had 

separated to form families A and B. 



LIST OF REFERENCES 

Amann, E. and Brosius, J. (1985) Gene 40, 183-190. 

Argos, P. (1988) Nucleic Acids Res. 16, 9909-9916. 

Argos, P., Tucker, A.D. and Philipson, L. (1986) Virol. 
149, 208-216. 

Balbas, P., Soberon, X., Bolivar, F. and Rodriguez, R.L. 
(1988). In "Vectors" (Rodriguez, R.L. and Denhardt, D.T. 
eds.). PP. 5-42. Butterworths, Stoneham, MA. 

Bamford, D., McGraw, T., Mackenzie, G. and Mindich, L. 
(1983) J. Virol. 47, 311-316. 

88 

Bamford, D. and Mindich, L. (1982) J. Virol. 44, 1031-1038. 

Bamford, D. and Mindich, L. (1984) J. Virol. 50, 309-315. 

Bamford, D., Rouhiainen, Takkinen, K. and Soderlund, H. 
(1981) J. Gen. Virol. 57, 365-373. 

Bernad, A., Zaballos, A., Salas, M. and Blanco, L. (1987) 
EMBO J. 6, 4219-4225. 

Bjornsti, M.A., Reilly, B.E. and Andersohn, D.L. (1985) J. 
Virol. 53, 858-861. 

Blanco, L., Garcia, J.A. and Salas, M. '(1984) Gene 29, 33-
40. 

Blanco, L. and Salas, M. (1984) Proc. Natl. Acad. Sci. USA 
82, 5325-5329. 

Bradley, D.E. (1976) J. Gen. Microbiol. 95, 181-185. 

Bradley, D.E., and Rutherford, E.L. (1975) Canad. J. 
Microbiol. 21, 152-163. 

Buell, G.N., Schulz, M.F., Selzer, G., Chollet, A., Movva, 
N.R., Senon, D., Escanez, S. and Kawashima, E. (1985) 
Nucleic Acids Res. 13, 1923-1938. 



Carrascosa, J.L., Camacho, A., Moreno, F., Jimenez, F., 
Mellado, R.P., Vinuela, E. and Salas, M. (1976) Eur. J. 
Biochem. 66, 299-341. 

89 

Cech, T.R. (1986) Proc. Natl Acad. Sci. USA 83, 4360-4363 

Challberg, M.D. and Kelly, T.J.Jr (1979) Proc. Natl. Acad. 
Sci. USA 7S, 655-659. 

Challberg, M.D. and Kelly, T.J. (1982) Ann. Rev. Biochem. 
51, 901-934. 

Colasanti, J. and Denhardt, D.T. (1985) J. Virol. 53, 807-
813 

Dale, R.M.K., McClure, B.A. and Houchins, J.P. (1985) 
Plasmid 13, 31-40. 

Daniell, E. (1976) J. Virol. 19, 685-708. 

Derbyshire, V., Freemont, P.S., Sanderson, M.R., Beese, L., 
Friedman, J.M., Joyce, C.M. and Steitz, T.A. (i988) 
Science 240, 199-201. 

Doolittle, R.F. (1981) Science 214, 149-159. 

Field, J., Gronostajski, R.M. and Hurwitz, J. (1984) J. 
BioI. Chern. 259, 9487-9495. 

Gerendasy, D.D. and Ito, J. (1987) J. Virol. 61, 594-596. 

Gibbs, J.S., Chiou, M.C., Bastow, K.F., Cheng, V-C. and 
Coen, D.M. (1988) Proc. Natl. Acad. Sci. USA 85, 6672-6676. 

, , , 
Gibbs, J.S., Chiou, M.C., Hall, J.D., Mount, D.W., Retondo, 

M.J., Weller, S.K. and Coen, D.M. t1985) Proc. Natl. 
Acad. Sc~. USA 82, 7969-7973. 

Hagen, E.W., Reilly, B.E., Tosi, M.E. and Anderson, D.L. 
(1976) J. Virol. 19, 501-517. 

Harding, N.E. and Ito, J. (1980) Virol. 104, 323-338. 

Howell, E.E., Villafranca, J.E., Warren, S.J., Oatley, S.J. 
and Kraut, J. (1986) Science 231, 1123. 

Hsieh, J., Jung, G., Leavitt, M.C. and Ito, J. (1987) 
Nucleic Acids Res. 15, 8999-9009. 

Huberman, J.A. (1981) Cell 23, 647-648. 



90 

Inciarte, M.R., Salas, M. and Sogo, J.M. (1980) J. Virol. 
34, 187-199. 

Joyce, C.M. and Grindly, N.D.F. (1983) Proc. Natl. Acad. 
Sci. USA 80, 1830-1834. 

Joyce, C.M., Ollis, D.L., Rush, J., Steitz, T.A., 
Konigsberg, W.H. and Grindly, N.D.F. (1985) in Protein 
Structure, Folding and Design (UCLA Symposia on Molecular 
and Cellular Biology, Vol. 32). pp.197-205, Alan R. Liss 

Jung, G., Leavitt, M.C., Hsieh, J.-C. and Ito, J. (1987a) 
Proc. Natl. Acid. Sci. USA 84, 8287-8291. 

Jung, G., Leavitt, M.C. and Ito, J. (1987b) Nucleic Acids 
Re s • 1 5, 9088. 

Khan, N.N., Wright, G.E., Dudycz, L.W. and Brown, N.C. 
(1984) Nucleic Acids Res. 12, 3695-3706. 

Khan, N.N., Wright, G.E., Dudycz, L.W. and Brown, N.C. 
(1985) Nucleic Acids Res. 13, 6331-6342. 

Kirokawa, H. (1972) Proc. Natl. Acad. Sci. USA 69, 1555-
1559. 

Klenow, H. and Henningsen, I. (1970) Proc. Natl. Acad. Sci. 
USA 65, 168-175. 

Kornberg, A. (1974) "DNA Synthesis" Freeman, San 
Fransisco, Calif. 

Kunkel, T.A. (1985) Proc. Natl. Acad. Sci. USA 82, 488-
492. 

Kun~~l, T.A., Robert, J.D. and Zakour, 'R.A. (1987) Methods 
Enzymol·. 154, 367-382. 

Larder, B.A., Kemp, S.D. and Darby, G. (1987) EMBO 6, 169-
175. 

Lechner, R.L. and Kelly, T.J. (1977) Cell 12, 1007-1020. 

Lichy, J.H., Field, J., Horwitz, M.S. and Hurwitz, J. (1982) 
Proc. Natl. Acad. Sci. USA 79, 5225-5229. 

Lin, T.-C., Rush, J., Spicer, E.K. and Konigsberg, W.H. 
(1987) Proc. Natl. Acad. Sci. USA 84, 7000-7004. 

Lipman, D.J. and Pearson, W.R. (1985) Science 227, 1435-
1441. 



Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982) 
"Molecular Clotig: A Laboratory Manual" Cold Spring Harbor, 
New York. 

Maxam, A.M. and Gilbert, W. (1980) Methods Enzymol. 65, 
499-560. 

McGraw, T., Yang, H., and Mindich, L. (1983) Mol. Gen. 
Genet. 190, 237-244. 

91 

Mead, D.A. and Kemper, B. (1988). In "Vectors" (Rodriguez, 
R.L. and Denhardt, D.T. eds.). PP. 85-102. Butterworths, 
Stoneham, MA. . 

Mellad~, R.P., Penalva, M.A., Incarte, M.R. and Salas, M. 
(1980) Virol. 104, 84-96. 

Messing, J., Gronenborn, B., Muller-Hill, B. and 
Hofschneider, P.H. (1977) Proc. Natl. Acad. Sci. USA 74, 
3642-3646. 

Messing, J. and Vieira, J. (1982) Gene 19, 269-276. 

Mindich, L., Bamford, D.H., Goldthwarte, D., Laverty, M and 
Mackenzie, G. (1982) J. Viol. 44, 1013-1020. 

Mindich, L. and McGraw, T. (1983) Mol. Gen Genet. 190, 233-
236. 

Mount, D.W. and Conard, B. (1984) Nucleic Acids Res. 12, 
811-817. 

Ner, S.S., Goodin, D.B. and Smith, M. (1988) Dl':1A 7, 
127-134. 

Ollis, D.L., Brick, P., Hamlin, R., Xuong, N.G. and Steitz, 
T.A. (1985a) Nature 313, 762- 766. 

Ollis, D.L., Kline, C. and Steitz, T.A. (1985b) Nature 313, 
818-819. 

Penalva, M.A. and Salas, M. (1982) Proc. Natl. Acad. Sci. 
USA 79, 5522-5526. 

Peterson, R.C., Cheung, L.C., Mattaliano, R. J., White, 
S.T., Chang, L.M.S. and Bollum, F.J. (1985) J. BioI. Chern. 
260, 10495-10502. 

Queen, C. (1983) J. Mol. Appl. Gen. 2, 1-10. 



92 

Quinn, J.P. and McGeoch, D.J. (1985) Nucleic Acids Res. 13, 
8143-8163. 

Raden, B. and Rutberg, L. (1984) J. Virol. 52, 9-15. 

Reha-Krantz, L.T. (1988) J. Mol. BioI. 202, 711-724. 

Rekosh, D.M.K., Russel, W.C., Bellet, A.J.D. and Robinson. 
A.J. (1977) Cell 11, 283-295. 

Remaut, E., Stanssens, P. and Fiers, W. (1981) Gene 15, 81-
93. 

Reutiman, H., Sjoberg, B.-M. and Holmgren, A. (1985) Proc. 
Natl. Acad. Sci. USA 82, 6783-6787. 

Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Froc. 
Natl. Acad. Sci. USA 74, 5463-5467. 

Savilahti, H. and Bamford, D. (1987) Gene 57, 121-130. 

Shine, J. and Dalgarno, L. (1974) Froc. Natl. Sci. Acad. 
USA 71, 1342-1346. 

Shirakawa, M., Tsurimoto, T. and Matsubara, K. (1984) Gene 
28, 127-132. 

Sollazzo, M., Frank, R. and Cesareni, G. (1985) Gene 37, 
199-206. 

Spicer, E.K., Rush, J., Fung, C., Reha-krantz, L.J., Karan, 
J.D. and Konigsberg, W.H. (1988) J. BioI. Chern. 263, 7478-
7486. 

Sprang, S., Standing, T., Fletterick, R.J., Stroud, R.M., 
Finer-Moore, J., Xuong, N.-H.,Hamlin, R., Rutter, W.J. and 
Craik, C.S. (1987) Science 237, 905. 

Stark, M.J.R. (1988) Nucleic Acids Res. 16, 771. 

Stormo, G.D., Schneider, T.D. and Gold, L.M. (1982) 
Nucleic Acids Res. 10, 2971-2996. 

Stow, N.D. (1982) Nucleic Acids Res. 10, 5105-5119. 

Tabor, S. and Richardson, C.C. (1985) Proc. Natl. Acad. 
Sci. USA 82, 1074-1078. 

Tsurumi, T., Maeno, K. and Nishiyama, Y. (1987) J. Viol. 
61, 388-394. 



93 

Vieira, J. and Messing, J. (1987) Methods Enzymo!. 153, 3-
11. 

Watabe, K., Leusch, M. and Ito, J. (1984) Biochem. Biophys. 
Res •. Commun. 123, 1019-1026. 

Watabe, K., Leusch, M. and Ito, J. (1984) Proc. Natl. Acad. 
Sci. USA 81, 5374-5378. 

Watabe, K., Shih, M. and Ito, J. (1982) Proc. Natl. Acad. 
Sci. USA 79, 5245-5248. 

Watson, J.D. (1972) Nature New BioI. 239, 197-201. 

Weisshart, K. and Knopf, C.W. (1988) Eur. J. Biochem. 174, 
707-716. 

Williams, D.P., Regier, D., Akiyoshi, D., Genbauffe, F. and 
Murphy, J.R. (1988) Nucleic Acids Res. 16, 10453-10467. 

Wong, S.W., Wahl, A.F., Yuan, P., Arai, N., Pearson, B.E., 
Arai, K., Korn, D., Hunkapiller, M.W. and Wang, T.S. 

(1988) EMBO J. 7, 37-47. 

Yanisch-Perron, C., Vieira, J. and Messing, J. (1985) Gene 
33, 103-119. 

Yoo, S. and Ito, J. (1989) Virol. (in press). 

Yoshikawa, H., Friedman, T. and Ito, J. (1981) Proc. Natl. 
Acad. Sci. USA 78, 1336-1340. 


