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ABSTRACf 

A cell-free system has been developed from cells of an Escherichia coli 

strain, carrying cloned genes 1 (DNA polymerase) and 8 (terminal protein) of 

bacteriophage PRDl, that catalyzes protein-primed DNA synthesis. DNA 

synthesis ill vitro is entirely dependent upon the addition of PRD1 DNA

terminal protein complex as template, Mg2+, and four deoxyribonucleoside 

triphosphates. 

12 

The origin and direction of PRD1 DNA replication in vitro were 

determined by restriction enzyme analysis of 32P-Iabeled PRD1 DNA synthesized 

in this system. Replication starts at either end of the linear PRD1 DNA 

template. Analysis by alkaline sucrose gradient centrifugation and alkaline 

agarose gel electrophoresis of DNA synthesized in vitro showed that full-length 

PRDI DNA is synthesized. DNA elongation in this system is inhibited by the 

drug aphidicolin. On the other hand, DNA initiation is inhibited by 

phenylglyoxal, an arginine-specific a-dicarbonyl reagent. 

III vitro Studies have also demonstrated that linear duplex, protein-free 

DNA molecules containing an inverted terminal repeat (ITR) sequence of the 

PRDI genome at one end can undergo replication by a protein-primed 

mechanism. No DNA replication was observed when the ITR sequence was 
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deleted or was not exposed at the terminus of the template DNA. The minimal 

origin of replication was determined by analyzing the template activity of 

various deletion derivatives. It was showed that the terminal 20 bp of ITR are 

required for efficient in vitro DNA replication. It was found that, within the 

minimal replication origin region, there are complementary sequences which can 

form a small panhandle structure. The analyses of the results obtained with 

synthetic oligonucleotides have revealed that the specificity of the replication 

origin is strand specific and even on a single-stranded template a particular 

DNA sequence including a 3' terminal C residue is required for the initiation of 

PRDl DNA replication in vitro. 
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CHAPTER 1 

INTRODUCTION 

An overview of linear DNA replication 

The replication of a linear DNA duplex, unlike a circular DNA duplex, 

has an intrinsic problem for completing the 5' ends of the nascent DNA 

strands. If a DNA polymerase uses short RNA polynuc1eotides as primers for 

the initiation of new DNA chains, removal of the RNA primer from the 5' end 

of the linear DNA molecule results in an irreparable gap (Fig. 1) since all 

known DNA polymerases synthesize only in a 5' to 3' direction and cannot 

initiate de novo synthesis of a new chain (Watson, 1972). Four models have 

been proposed as the resolutions of this unique problem of linear DNA 

replication: 

(1) the cohesive end model (i.e., phage A): A DNA has single-strand tails at 

each 5' end which are complementary and therefore cohesive. After the A DNA 

enters the cell, cohesion of the complementary sequences of the 5' DNA tails 

converts the linear duplex to circular form. This circularized A DNA then 

undergoes replication in the similar manner as circular chromosomal replication 
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Figure 1. 5' gap created after RNA-primed DNA synthesis of a linear 
molecule. 
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(Weigel et al., 1973). 

(2) the terminal redundant end model (Le., phage T7): T7 phage DNA has a 

stretch of several hundred nucleotides repeated at each end. Limited removal of 

3' terminal regions by exonuclease leaves 5' tails that behave as cohesive ends. 

The 5' tails exposed link intramolecularly to form circles, or link 

intermolecularly to form chains or concatemers. In an ana logo LIS manner 

incomplete 5' terminal regions in new DNA would leave 3' tails free for making 

concatemers by similar lap joints. The complete replication of 5' end of DNA is 

then accomplished through circular molecules or concatemers (Watson, 1972). 

(3) the palindromic end model (Le., parvovirus): The symmetry of a palindromic 

base sequence permits it to snap back and form a self-complementary hairpin 

loop. In the case of parvovirus, the unreplicated, single-stranded 3' end can fold 

back on itself to form a terminal base-paired loop. DNA replication can be 

initiated from the 3' end in base-paired region. After extention by polymerase, 

sealing by ligase, cleavage by endonuclease at the 5' end of the palindrome, 

and unfolding of the hairpin loop, the new gap at the 3' end can be filled by 

polymerase extention. Direct initiation of replication from the end of DNA 

molecule avoids RNA priming and the consequent complications of incomplete 

5' ends (Cavalier-Smith, 1974). 

(4) the cross-linked end model (Le., vaccinia virus): Vaccinia virus DNA has a 
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linear duplex genome which is continuous (cross-linked) at the ends. During 

vaccinia virus DNA replication, one end of the cross-linked viral DNA unwinds 

to form a single-stranded DNA bubble where initiation of DNA replication 

takes place. Replication progresses unidirectionally. Nicking at each looped end 

releases two linear genomes. The terminal palindrome sequences of the genome 

then form hairpin structure. Finally, gaps in hairpin structure is filled and 

ligated (Esteban et a/., 1977). 

However, none of the above models can resolve a problem of replication 

of linear, non-redundant DNA such as adenovirus, cp29, or PRD1 DNA because 

those genomes do not contain palindromic, or redundant sequences. The 

resolution of dilemma in linear, non-redundant DNA replication was revealed 

by the discovery of a new DNA polymerase which uses protein as a primer 

(Stillman et a/., 1981; Lichy et aI., 1981; Watabe and Ito, 1983; Watabe et (II., 

1984; BIanco and Salas, 1984). 

Protein-priming mechanism in linear duplex DNA replication 

The basic features of protein-primed initiation of DNA synthesis are now 

reasonably clear (Fig. 2), and the proteins involved in the replication process 

have been identified in several systems, although many of the molecular details 



0- G-G-G-G-A-T-A-C-G-5S DNA-terminal protein 
HO- C -c -c-c -T -A-T-G - C -) complex 

dGTP, .. J 
Mg INITIATION 

initiation 0- G -G complex ~ - G - G-A--T _ 
__ G-OH 

kO- C-C-C-C-T-A-

J ELONGATION 
0- G-G_ 

G-G-A_T_ - - "is 
G-G-G-G-

HO-C-C-C-C-T-A- - - "is 

Figure 2. Protein-priming mechanism of PRDI DNA replication. Open 
circles represent genome-linked terminal proteins and closed circles represent 
newly synthesized terminal proteins. 

18 



19 

remains to be elucidated (Watabe et al., 1984; Salas, 19HH; Challbel'g and Kelly, 

1989; Yoo and Ito, 1989; Hsieh et al., 1990). The first step of the protein

primed DNA replication is the formation of II phosphodiester bond between the 

,a-hydroxyl group of a specific amino acid residue of a terminal protein ami the 

first nucleotide in the new DNA chain (Fig. 2). This reaction is catalyzed by 

the viral encoded DNA polymerase in the presence of DNA-termil1al protein 

complex as a template. The nascent strand then grows by extension frol11 tlw 3' 

hydroxyl of the covalently bound, first nucleotide. Successive elongation by vim I 

DNA polymerase proceeds by concomitant displacement of the 5' ended stmnd 

of the parental DNA (Ito et al., 1979; I-larding ami Ito, 19HO; Incinrte el (//., 

1980; Stillman, 1983). Thus, the 5' ends of the linear DNA can be preserved by 

the protein-priming mechanism. At present, however, the mechanisl11 of 

replication of the displaced, complementary strand is 110t completely understoml. 

There are two possible modes for displaced strand DNA replication (Fig. 

3). In one mode, replication starts at either end of the DNA molecule. Tlw 

subsequent chain elongation results in complete displacement of OI1L~ purcntnl 

strand. After displaced stralld forms a panhandle structure thl'llugh the invcrll~d 

terminal repeats, DNA polymerase recognizes double-stranded regiol1 oj' 

panhandle structure as a replication origin. In the case of adenovirus DNA 

replication, it has been suggested that the displaced single-stranded DNA could 
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Figure 3. Model for protein-primed DNA replication. The 5'-linked terminal 
proteins are indicated as closed circles. Parental strands and newly synthesized 
progeny strands are indicated as solid lines (--) and dashed lines (------) 
respectively. Capital and lowercase letters indicate complementary sequences. 
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make a panhandle-shaped intermediate via the ITRs (Daniell, 1976; Lechner 

and Kelly, 1977). Although genetic studies suggested that panhandled circular 

molecules of adenovirus DNA may be the replicative intermediates ill vivo 

(Stow, 1982), such molecules have not yet been identified (Challberg and Kelly, 

1982). In the case of ¢29 DNA replication, it has been difficult to isolate 

replicative intermediates in vivo due perhaps to short inverted terminal repeats 

(only six base pairs). In the other mode, replication starts at both ends of the 

genome before one parental strand is completely displaced so that both 

parental strands are used as templates. Judging from the fact that the inverted 

terminal repeats are perfectly identical in many cases, the first mode of 

replication involving panhandle structure is favored. It is difficult to explain how 

the ITRs are conserved, if replication starts at both ends in a parental DNA 

molecule. There is a certain probability of mistake during replication. Therefore, 

misincorporations can take place in ITRs region, and those mismatches can be 

inherited to daughter strands unless those wrong information is somehow 

corrected. Mismatches in ITRs region of panhandle structure might be amended 

by the mismatch repair mechanism. 

Two DNA replication systems have been studied to understand protein

priming mechanism (Fig. 4). 

(1) adenovirus: The human adenovirus genome is a linear double-stranded 
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COMPARISON AMONG THE PROTEIN-PRIMED DNA REPLICATION SYSTEM 

No. OF VIRAL GENE DNA 
SYSTEM PRODUCTS REOUIRED POL. 

FOR DNA REPLICATION (KD) 

ADENOVIRUS (J6KB) 3 (DNA POL., DBP, pTP) 140 

°11111111 11111116 
102 102 

g29 (19KB) 6 (GP 1, 2, 3, 5, 6, 17) 68 

°111 lifo 
6 6 

PRD1 <14.7KB) 3 (GP 1, 8, 12) 63 

°11111111 111111110 
110 110 

Figure 4. Comparison among the protein-primed DNA replication systems. 
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DNA molecule of approximately 36 Kb (Roberts et al., 1986), flanked by ITRs 

of between 63 and 160 bp, the sizelTcpending on the serotype (Arrand and 

Roberts, 1979). A 55 Kd terminal protein is attached to the 5' end of the 

adenovirus type 2 genome. This 55 Kd terminal protein is generated late in 

infection by the action of a virus-specific protease on an 80 Kd precursor 

terminal protein (Challberg and Kelly, 1981). The linking site of terminal 

protein is serine. Three viral proteins (DNA polymerase, precursor terminal 

protein, and DNA binding protein) and three cellular proteins (NF-J, NF-II, 

and NF-III) are involved in adenovirus DNA replication. III vitro studies have 

demonstrated that three domains within the terminal 51 bp of the adenovirus 

type 2 genome contribute to the efficiency of replication. The first 18 bp of the 

genome is absolutely required (Tamanoi and Stillman, 1983; van Bergen et al., 

1983; Challberg and Rawlins, 1984; Lally et aZ., 1984). DNA sequences between 

nucleotides 19 and 39 stimulate replication tenfold and constitute the binding 

site for the cellular protein NF-1. A third domain in origin of replication exists 

between nucleotide 40 and 51 which increases initiation an additional threefold 

and serves as a binding site for the cellular protein NF-III (Pruijn et al., 1986). 

NF-II is required for the synthesis of full-length adenovirus DNA (Field el al., 

1984). 

(2) bacteriophage ¢29: The ¢29 genome is a linear double-stranded DNA 
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molecule of 19 Kb possessing a 30 Kd terminal protein covalently linked to the 

5' terminus (Ito, 1978). The linking site of the terminal protein is serine. The 

cp29 genome contains a 6 bp long ITR. However, in vitro studies have shown 

that the minimal origins of replication are comprised within the terminal 12 bp 

at each DNA end (Gutierrez et af., 1988). At least 6 viral gene products are 

involved in cp29 DNA replication (Salas, 1988). They are: PI, P2 (DNA 

polymerase), P3 (terminal protein), P5 (single strand binding protein), P6, and 

P17. PI is required for full-length DNA synthesis. P6 is known to possess 

positive gyrase activity and is reported to stimulate the initiation and the 

transition from initiation to elongation during ill vitro DNA replication with cp29 

chromosome as template. The function of P17 is not known. 

Molecular aspects of bacteriophage PRDI and its DNA replication 

Bacteriophage PRDI is a lipid-containing phage infecting E. coli, S. 

typlzirnllrillrn and other gram-negative bacteria which harbor plasm ids of the P, 

N, or W incompatibility types (Olsen et ai., 1974; Bradley and Rutherford, 

1975). The receptor for PRDI is believed to be plasmid coded pili (Bradley, 

1976). The genome of PRDI is a linear, double-stranded DNA of about 14,700 

base pairs (Bamford et a/., 1983). A 29 Kd terminal protein is covalently linked 



to the 5' ends of PRDI DNA. The linkage between the terminal protein and 

PRDI DNA is a phospho diester bond between a tyrosine residue and dGMP, 

the terminal nucleotide of the PRD1 genome (Bamford and Mindich, 1984). 

The PRDI DNA contains perfect ITRs of 110 to 111 base pairs (Fig. 5) 

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

25 

The genome of PRDI has been genetically well characterized (Mindich 

et al., 1982; Mcgraw et al., 1983). Up to 19 genes have been arranged in a 

linear genetic map by using a number of conditionally lethal mutants (Fig. 6). 

The PRDI phage induces the synthesis of at least 25 proteins (Table 1), 

including the products of gene 1 (DNA polymerase), gene 8 (terminal protein), 

and gene 12 (unknown function), which are involved in phage DNA replication 

(Mindich et al., 1982). 

Among the viral genomes covalently linked to terminal proteins, the 

PRDI genome is the smallest (Fig. 4). The general genomic organization of 

PRDl, however, is ,similar to those of adenovirus (Roberts et al., 1986) and 

Bacillus phage ¢29 (Yoshikawa et al., 1981; Escarmis and Salas, 1981). 

The PRDI is regarded as a very useful model system for understanding 

linear duplex DNA replication because 

(1) the PRDI genome is the smallest linear duplex DNA having perfect, long 

ITR sequences with terminal protein. 
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Figure 6. The genetic and physical maps of PRD1 genome. From McGraw 
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Table 1. PRDI 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 
Infectivity 
Lysin 
Infectivity 
Assembly 
Infectivity 

Infectivity 

28 



(2) the PRD1 phage can be propagated in E. coli, for which the genetics and 

biochemistry are relatively well understood. 
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(3) only three viral genes of the PRD1 (genes 1, 8, and 12) seem to be 

involved in DNA replication, while other systems may require more (Table 1). 

For example, phage cf;29 may require at least 6 genes (genes 1, 2, 3, 5, 6, and 

17) for its DNA replication (Salas, 1988). 

(4) recent DNA sequence analysis indicates that, while PR01 DNA polymerase 

is the smallest polymerase so far known, it has partial homologies with many 

other DNA polymerases including cf;29, T4, adenovirus, vaccinia virus, herpes 

virus and human DNA polymerase a (lung et al., 1987a; Savilahti and Bamford, 

1987; Wong et al., 1988; Spicer et al., 1988). 

Specific aims 

The natural template for PR01 DNA replication ill vivo as well as ill 

vitro is the viral chromosome with the covalently attached terminal protein 

(parental terminal protein). The parental terminal protein and ITR are both 

believed to play important roles in DNA replication as structural parts of the 

template. The parental terminal protein(s) probably interacts with the terminal 

protein-DNA polymerase complex which conducts the initiation of DNA 
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replication. The ITRs (or part of them) seem to function as a replication origin. 

A role of ITR in DNA replication has also been suggested in the case of 

adenovirus DNA replication that occurs by a similar protein-priming mechanism 

and has long ITR (102 bp)(Tamanoi and Stillman, 1983; van Bergen et al., 

1983; Challberg and Rawlins, 1984; Lally et al., 1984). 

Tamanoi and Stillman (1982) were the first to demonstrate that plasm ids 

containing the cloned adenovirus terminal sequence support protein-primed 

initiation of DNA replication in vitro, provided that the plasmid is cleaved with 

a restriction enzyme in such a way that the terminus is located near the end of 

the resulting linear DNA molecule. Their observation provided evidence that 

specific nucleotide sequence elements in the viral genome are recognized by the 

replication machinery. 

The nucleotide sequences of the genome termini of the closely related 

lipid-containing bacteriophages including PRD1 have been described (Savilahti 

and Bamford, 1986). Comparison of the virus ITRs has revealed two highly 

conserved regions and one variable region. It is known that nucleotide sequence 

conservations in regulatory regions are a consequence of their contribution to 

protein recognition or secondary structure formation. Whether the conserved 

nucleotide sequences of PRD1's ITR play an essential role in DNA replication 

remains to be seen. In order to understand molecular details of protein-primed 



DNA replication, one should characterize the origin of replication and 

determine the requirements for DNA replication. 
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The objectives of this dissertation are to establish an in vitro DNA 

replication system for PRD1 DNA and to study the sequence requirements for 

the protein-primed DNA replication of PRD1 genome. 
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CHAPTER 2 

MATERIALS AND METHODS 

Bacteria, bacteriophage and plasm ids 

Bacteriophage PRD1 was grown in S. typhimllrillm LT2 carrying a 

plasmid, pLM2 (Mindich and McGraw, 1983). E. coli HLB3 (pLM2, pLM3) 

which contains PRD1 gene 1 and 8, and HLB141 (pLM2, pLM141) which 

contains PRD1 gene 1, were used to prepare cell free extracts (Fig. 7)(Mindich 

and McGraw, 1983). E. coli HB94 (pLM2) was used to prepare control cell 

free extract. A mutant phage of PRD1 (sus 2), which lacks DNA polymerase, 

was used to prepare terminal protein. These strains were generously provided 

by Dr. Leonard Mindich at the Public Health Research Institute of the City of 

New York. E. coli RZ 1032 [Hfr KL16 pro/4S (Iys A (61-61))], dut1, ungJ, thi1, 

relA1, kindly provided by Dr. C. M. Joice, was used to prepare the uracil DNA 

template. E. coli NMS22 A(1ac-proAB), thi, AhsdS (r-, m-), supE, [F', proAB lac 

IqZAM1S] (Maniatis et al., 1982) was used for the transformation of the uracil

containing plasmid DNA. E. coli DHSa (Fcp80 dlacZllM1S11(IacZYA-argF)U169 

recAl endAl hsdR17 (rk-, mk+) sllpE44)'- thi-l gyrA relA1) was purchased from 
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Figure 7. Genetic and physical map of the region of PRD1 that contains the 
genes for DNA polymerase (gene 1) and terminal protein (gene 8). The genetic 
map was adapted from that of McGraw et al. (1983). The open circles at both 
ends of the genome indicate terminal protein. Fragments 3 and 141 were 
cloned into the Pst I site of plasmid pBR322 by homopolymer tailing with 
guanidylate tails on the plasmid and cytidylate tails on the phage DNA (plasmid 
pLM3 and pLM141). 



BRL and was used for the transformation of the plasmid DNA to prepare 

template DNA for double-strand DNA sequencing. 

The helper phage M13K07 (Vieira and Messing, 1987) was purchased 

from International Biotechnologies, Inc. The list of phage and bacterial strains 

used is shown in Table 2. The phagemid expression vector, pEMBLex3 was 

obtained from Dr. G. Cesarevi (Sollazzo et al., 1985). 

Enzymes and chemicals 
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Restriction endonucleases were purchased from Pharmacia am) New 

England Biolabs. Calf intestinal alkaline phosphotase (CAP), T4 polynucleotide 

kinase, T4 DNA ligase, RQ1 DNase, and proteinase K were obtained from 

sigma and Promega Corporations. [a-32P]dGTP and ['Y-32P]ATP were purphased 

from New England Nuclear. Sequenase kit were acquired from the United State 

Biochemical Corporation. In Vitro Muta-Gene Enzyme kit was obtained from 

Bio-RAD Corporation. Geneclean kit was purphased from BIO 101 Inc. 

Oligonucleotide synthesis chemicals was obtained from Biosearch Corporation. 

Preparation of phage PRD1 DNA 



Table 2. Phage and bacterial strains. 

Strain 

PRDI 

PRDI (sus2) 

M13K07 

S. typhimurillm LT2 (pLM2) 

S. typhimuriull DB7156 (pLM2) 

E. coli HLB3 (pLM2, pLM3) , 

E. coli HLB141 (pLM2, pLM141) 

E. coli HB (pLM2) 

E. coli NM522 

E. coli NM522 (pEMBLex3) 

E. coli NM522 (pEMBL 3K) 

E. coli NM522 (pEMBL SMA) 

E. coli RZ1032 

E. coli DH5a 

E. coli DH5a (pEMBL SMA) 
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Remarks 

wild type 

sus2 

helper phage 

wild type (PROI host) 

Slip (PROI slls2 host) 

cloned PROI genes 1 and 8 

cloned PRD 1 gene 1 

wild type (PRO 1 host) 

pEMBLex3 host 

Ampicillin resistant 

cloned PROI genes 1 and 8 

Sma I site on pEMBL SMA 

dllt wzg host 

recAl elldAl 

Sma I site on pEMBL SMA 
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The PRD1 DNA-protein complex was prepared according to the 

method of Sharp et al. (1976), which involves sucrose gradient centrifugation. 

Phage PRD1 were grown on S. typhimurium LT2 in LB medium contain 

kanamycin 50 J.Lg/ml at 37°C. Host cells were infected with PRD1 with an 

M.O'!. of 5 at a cell density of 100 kletts. After infection, the phage PRD1 

were allowed to absorb without shaking for 10 minutes and incubation was 

continued until host cells lyse occurred. The liberated PRD1 phages were 

concentrated using 12% PEG and 0.4 M NaCl and purified through a 5% to 

20% (WN) linear sucrose gradient. PRD1 DNA-terminal protein complex was 

prepared from purified phage particles. Purified phage particles were heated at 

60°C for 2 min and were disrupted with phenol. After centrifugation, interface 

between the aquaeous layer and phenol was removed. The DNA-terminal 

protein complex was precipitate with ethanol and collected by centrifugation. 

The DNA-protein complex pellet was dissolved in TE buffer and dialyzed 

against Tris-HCI buffer (20 mM, pH 7.6) containing 1 mM EDT A. 

Deproteinized PRD1 DNA was prepared as described (Ito, 1978). 

Deproteinized PRD1 DNA was isolated by suspending PRD1 particles in 2% 

SDS, 400 J.Lg/ml proteinase K and heating for 2 min at 65 C. The DNA was 

then extracted with phenol/chloroform and precipiteted in 100% ethanol. 
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Preparation of 14C-Iabeled PRD1 DNA 

S. typhimurium LT2 (pLM2) was grown in L-Broth (500 ml). When the 

bacterial density reached about 2 X 108 cells/ml, the cells were collected by 

centrifugation and resuspended in 10 ml of phage adsorption medium (0.05 M 

Tris-HCI, pH 7.4, 0.1 M NaCI, 10 mM MgS04). Wild type PRD1 phage was 

added to the resuspended cells (MOI=20). After 5 min incubation at 25°C, the 

mixture of cells and phages was diluted into prewarmed L-Broth containing 0.1 

% glucose, 2 J.Lg/ml of thymidine and 0.34 J.LCi/ml of 14C-thymidine. After 2 

'hours incubation with shaking at 37°C, all debris were removed by 

centrifugation. HC-labeled PRD1 was collected from the supernatant and 

purified. 14C-labeled PRD1 DNA was prepared from phage particles as 

described previously (Kawamura and Ito, 1974 ; Ito et al., 1976) 

Preparation of cell extracts 

E. coli HLB3 (pLM2, pLM3) was grown at 37°C in 500 m) of L-Broth 

containing tetracycline (20 J.Lg/ml) to approximately 5 x 108 cells per ml. 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 m) of Tris-J-JCI 



buffer (50 mM, pH 7.6) containing 10 % (wt/vol) sucrose and 1 mM 

dithiothreitol. Egg lysozyme (Sigma) and EDTA were added to a final 

concentration of 300 JLg/ml and 1 mM, respectively. After 5 min incubation at 

O°C, nonionic detergent Brij 58 was added to the mixture to a final 

concentration of 0.1 %. The mixture was then incubated at O°C for an 

additional 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 NaCI and 

clarified by centrifugation at 220,000 x g for 90 min at O-SOC 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 1111 of buffer A 

(50 mM Tris-HCI, pH 7.6, 1 mM EDTA, 1 mM dithiothreitol). 
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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 NaC)' The flow-through 

and 0.4 M NaCI fractions were combined and adjusted to 50 % saturation in 

ammonium sulfate. After stirring for 20 min at O°C, the solution was 

distributed in 1.2 ml aliquots and centrifuged for 15 min in an Eppendorf 

micro centrifuge. The precipitate was stored at -80°C until used. Each pellet was 

suspended in 100 ul of 50 mM Tris-HCI (pH 7.6) before use (crude extracts). 



The crude cell extract contained 15 to 20 mg of protein per ml. Protein 

determinations were made by the method of Bradford (1976). 

Assay for DNA synthesis 
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The standard reaction mixture (50 J.d) contained 50 mM Tris-HCl (pH 

7.6), 10 mM MgCI2, 1 mM ATP, 40 uM dATP, 40 uM dCTP, 40 uM dGTP, 40 

uM [methyl-3H] dTTP (100 cpm per pmol of dTTP), 1 mM spermidine-3HCl, 

1mM dithiothreitol, 10 % (vol/vol) glycerol, 1 J.Lg of phage PRD1 DNA-protein 

complex, and 10 J.Ll of cell extract. After incubation at 2SOC, acid-insoluble 

radioactivity was determined as described previously (Watabe el al., 1982). The 

reaction mixture for DNA synthesis of terminal-protein free templates is the 

same as the standard reaction mixture with the exceptions of 40 J.LM dNTP, 1 

J.LM [a_32p] dGTP (3000 Ci/mmol), 1 pmol of template DNA, and 10 J.Ll of 

fraction from phospho-cellulose column. After incubation at 2SOC for ] hr, 

samples were treated with proteinase K and extracted with phenol. The DNA 

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

of 95% ethanol and then subjected to alkaline agarose gel electrophoresis. 

Analysis of DNA product synthesized in vitro 
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To analyze the DNA products of the reaction, samples were treated with 

proteinase K (200 JLg/ml) in the presence of 1 % NaDodS04 at 37°C for 30 

min. The DNA products were extracted with phenol. DNA was digested by Ban 

I restriction endonuclease and run through a 1.4 % agarose gel in TBE buffer. 

Gels were dried and autoradiographed. Each band was cut out and counted for 

radioactivity in a liquid scintillation counter. The ratio of radioactivity to the 

DNA length of each fragment was plotted. 

Alkaline sucrose gradient analysis of the replicated phage PRD1 DNA 

PRD1 DNA-protein complex was labeled with 0.5 JLM [a-3~P]-dGTP in 

the in vitro replication system for 2.5 min at 25°C and was chased for 20 min in 

the presence of 0.5 mM dGTP. After the pulse and chase, samples were 

treated with proteinase K and extracted with phenol. DNA was subjected to 

centrifugation for 4 hrs at 44,000 rpm in the SW 50.1 rotor in a 5-20 % 

(wt/vol) alkaline sucrose gradient (0.1 M NaOH, 0.9 M NaCl, 10 mM EDTA). 

14C-labeled PRD1 DNA was added to each sample as an internal marker. 

Fractions were collected from the bottom, directly onto filter papers (Whatman 

GF/C). Acid-insoluble radioactivity was determined as described previously 
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(Watabe et al., 1982). 

Alkaline agarose gel electrophoresis of DNA products synthesized in vitro 

A 1.2% agarose gel was prepared in a neutral, unbuffered solution (SO 

mM NaCl, 1 mM EDTA). Alkaline electrophoresis buffer (30 mM NaOH, 1 

mM EDTA) was added to soak into the gel. 32P-labeled PRD1 DNAs were 

dissolved in alkaline loading buffer (SO mM NaOH, 1 mM EDTA, 2.5 % Ficoll 

400) and were loaded on the gel. After electrophoresis, the gel was soaked in 7 

% trichloroacetic acid for 30 min at 25°C and then dried for autoradiography. 

Each band representing full-length DNA was cut out and counted for 

radioactivity in a liquid scintillation counter. 

Assay for PRDI terminal protein-dGMP complex formation 

The conditions for complex formation were basically the same as 

described previously (Watabe et al., 1983). The standard reaction mixture (SO 

ILl) contained 50 mM Hepes, pH 7.6, 3 mM dithiothreitol, 5 mM MgCI2, 2 mM 

ATP, 0.5 J,LM [a_32p] dGTP (3000 Ci/mmol), 1 pmol of template DNA, and 10 

J,Ll of fraction from phospho-cellulose column. After incubation at 25°C for 30 
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min, 5 units R01 DNase (Promega) was added to the reaction mixture. The 

mixture was incubated at 37°C for 30 min. The reaction was terminated by the 

addition of 50 ILl of stop solution (0.18 M sodium pyrophosphate, 0.05 M 

EDT A, and 20% trichloroacetic acid) and incubated on ice for 5 min. After 

centrifugation, the supernatant was discarded and the pellet was dissolved in 30 

ILl of sample buffer (0.1 M Tris-HCl, pH 6.8, 2% SDS, 20% glycerol, ] 0% (3-

mercaptoethanol, and 0.005% bromophenol blue). The reaction products were 

examined on a 12% SDSIPAGE followed by autoradiography. In studies with 

phenylglyoxal, cell extracts were preincubated in the presence of 10 mM 

phenylglyoxal for 30 min at 25°C. The cell extracts were then assayed for 

complex forming activity. 

Partial purification of PRD1 DNA polymerase-terminal protein complex 

A crude cell extract was prepared from a 14 liter culture of E. coli 

HLB3 (pLM2, pLM3) as described,previously (Yoo and Ito, 1989). After the 

extract had been passed through the DEAE-cellulose column, ammonium 

sulfate was added to 50% saturation and the resultant precipitate was 

suspended with 1 ml of buffer I (20 mM Tris-HCI, pH 7.0, 20% vol/vol 

glycerol, 5 mM MgCI2, 60 mM (NH4)2S04' 1 mM (3-mercaptoethanol). The 
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suspension was dialyzed against the buffer I for overnight. The dialyzed cell 

extract was applied to a phospho-cellulose column (80 ml) activated as 

described previously (Watabe et al., 1983). The column was eluted with a 400ml 

linear gradient of NaCl (0-0.7 M) in buffer 1. Polymerase and complex 

formation assay were performed to measure replication activity of fractions. 

Oligonucleotide synthesis 

All synthetic oligonucleotides used for site-directed mutagenesis, deletion, 

and DNA sequencing were synthesized on a Cyclone DNA synthesizer 

(MiIligenlBiosearch). Beta-amidite synthesis kits used for the syntheses were 

purchased from Biosearch company (San Rafael, CA). The oligonucleotides 

were removed from the CPG column by treating with 30% ammonium 

hydroxide which cleaves the oligonucleotides from the support and dissolves the 

released oligonucleotides. These were then incubated at 55°C for 5 hours, and 

dried in a heated Savant Speed Vac Concentrator. The crude synthetic 

oligonucleotides were suspended in 0.5 ml of 10 mM Tris-HCI (pH 8.0), ] mM 

EDTA (TE buffer), and purified by electrophoresis through a 20% 

acrylamide/7M urea gel, visualized by UV shadowing, excised, and eluted in TE 

buffer at room temperature overnight. The gel elute was cleaned by passage 



through a SEP-PAC column (Waters and Associates) to obtain the purified 

oligonucleotides. 

Cloning Strategy 

A 3 Kb DNA fragment containing the PRD1 left inverted terminal 

44 

repeat (I-ITR), terminal protein gene and DNA polymerase gene, was obtained 

from a recombinant plasmid pLM3 (Mindich and McGraw, 1983) by cleaving 

with restriction endonuclease Pst 1. The 3 Kb Pst I DNA was ligated into the 

Pst I cloning site of phagemid pEMBLex3 that had been digested with PsI I 

and dephosphorylated with calf intestinal phosphatase. The ligation mixtures 

were transformed into E. coli NM522 and screened by restriction enzyme and 

DNA sequence analysis. The recombinant clone (pEMBL 3K) was lIsed for site

directed mutagenesis experiments. 

Preparation of uracil-containing ss-DNA template 

RZ1032 cells harboring recombinant pEMBL 3K plasmid, were grown at 

30°C in 2X YT supplemented with 0.001% thiamine 150 ,uglml ampicillin, and 

0.25 J,£glml uridine. The early log phase culture is infected with helper phage 
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M13K07 at a M.O.l. of 20 and incubated at 37°C for 75 minutes in low rpm. 

Afterwards kanamycin was added to a final concentration of 70 ""g!ml for 

maintaining the M13K07 and the cells were incubate at 30°C with vigous 

shaking. After 20 hours, 1 ml of cell culture was centrifuged for 5 minutes and 

800 ""I of supernant was transfer to a new eppendorf tube. 50 ""I of 5 M NaCl 

and 50 ""I of 40% PEG were then added, mixed and placed at room 

temperature about 5 minutes. The viral pellet was obtained after 5 minutes 

centrifugation. 

The viral pellet was resuspended in 200 ""I TE buffer. 50 ""I of TE 

saturated phenol (pH7.0) was added and the suspension was vortexed for 2 

min, and then spun for 5 min at 10K rpm. The aqueous layer was removed to 

a fresh tube and phenol/chloroform extraction was repeated until the interphase 

was very clear. Finally, the uracil-containing ss-DNA template was precipitated 

with 0.5 volume of 7.5 M ammonium acetate and 2.5 volumes of 95% ethanol. 

The wild type ss-DNA template was prepared in same manner as the above 

description. 

Introduction of a Sma I restriction site into pEMBL 31< 

Uracil-containing, single-stranded pEMBL 31< DNA was prepared 
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according to the protocol of Kunkel et al. (1987). Uracil-containing DNA (1 /-£g) 

was mixed with phosphorylated mutagenic oligonucleotides (10 ng), T4 DNA 

polymerase (1 unit), and T4 DNA ligase (2-5 units). The mixture was incubated 

at 37°C for 90 min to synthesize the mutated strand. The resulting double

stranded DNA was used to transform E. coli NM522 competent cells. Colonies 

were selected at random and screened for the presence of Sma I site on the 

plasmid by restriction analysis. Mutation was confirmed by double-strand DNA 

sequencing. 

Deletion and site specific mutagenesis by polymerase chain reaction (PCR) 

Deletion resulted from fixation of add-on primers into the growing 

population of PCR product fragments. Add-on primers (Table 3), having the 

terminal base(s) of PRD1 ITR at the 5' end, were designed to hybridize to the 

internal region of PRD1 ITR. As strands initiated by these add-on primers were 

themselves copied, the added terminal sequence became incorporated into the 

PCR product fragments. Since the 5' region of the ITR was not amplified with 

the exception of the add-on sequence, the amplification product DNAs lacked 

the sequence between the add-on sequence and the hybridization sequence for -

add-on primers. 



Table 3. Sequences of synthetic oligonucleotides used for site-directed 
and deletion mutagenesis. 

oligonucleotide 

ITR SMA 

ITR lC 
ITR 2C 
ITR 3C 

ITR 4A 
ITR 5T 
ITR 8G 
ITR 9C 
ITR lOA 
ITR l.LA 
ITR 12G 
ITR 13G 
ITR 14G 
ITR 15G 
ITR 18G 

DEL 19-75 
DEL 21-112 
DEL 1-113 
DEL 2-113 
DEL 11-113 
DEL 16-113 

sequence 

S'-GTCGACCTGCAGGGCCCGGGGATACGTGCCCC-3' 

5 '-CGGGATACGTGCCCCTC-3 , 
S'-GCGGATACGTGCCCCTC-3' 
S'-GGCGATACGTGCCCCTCCC-3' 

S'-GCAGGGCCCGGGAATACGTGCCCCTCC-3' 
5 '-GCAGGGCCCGGGGTTACGTGCCCCTCC-3 , 
S'-GGGCCCGGGGATAGGTGCCCCTCCCCA-3' 
S'-GGGCCCGGGGATACCTGCCCCTCCCCA-3' 
5 '-GGGCCCGGGGATACGAGCCCCTCCCCACCTA-3 , 
S'-GGGCCCGGGGATACGTACCCCTCCCCACCT-3' 
5'-GGGCCCGGGGATACGTGGCCCTCCCCACCTACC-3' 
5 '-GGGCCCGGGGATACGTGCGCCTCCCCACCT-3 , 
5 '-GGGCCCGGGGATACGTGCCGCTCCCCACCTA-3 , 
5'-GGGCCCGGGGATACGTGCCCGTCCCCACCTA-3' 
5'-GGGCCCGGGGATACGTGCCCCTCGCCACCTACCCG-3' 

5'-GGGGATACGTGCCCGTCCATAGGCCCGAACTATCACAAAC-3' 
5'-GGGGATACGTGCCCC1CCCCCAAAACACTAAGCCCCTTTT-3' 
5'-AAAACACTAAGCCCC-3' 
5' -QAAAACACTAAGCCCC-3 ' 
5'-GGGGATACGTAAAACACTAA-3' 
S'-GGQGATACGTGCCCCAAAACACTAAGC-3' 

location 

-17-15 

1-17 
1-17 
1-19 

-9-18 
-9-18 
-6-21 
-6-21 
-6-25 
-6-24 
-6-27 
-6-24 
-6-25 
-6-25 
-6-29 

1-18/76-97 
1-20/113-132 
114-128 
1/114-128 
1-10/114-123 
1-15/114-125 

REVERSE PRIMER 1 5'-TCGCCATGTTTCCGCCTTC-3' 
REVERSE PRIMER 2 5 '-CGGGGTAGTCTTGCG-3 , 

221 camp. - 239 compo 
593 compo - 607 camp. 

Location numbers indicate distance from the left end of PROl genome. The positions 
of point mutation are marked with boldface. Add-on sequences are underlined. compo 
represents complementary strand. 

47 



48 

Site-specific mutagenesis also resulted from fixation of mutagenic 

oligonucleotide primer sequences into the amplification product DNAs. Each 

mutagenic primer was mismatched to the target sequence at a single base (see 

ITR 4A to ITR 18G in Table 3). The amplified DNAs bearing Sma I 

restriction site were digested with Sma I to expose the replication origin at the 

very end of the DNA molecules. Since Sma I digestion gave rise to two 

fragments (239 bp and 6 or 9 bp), the large fragment was purified by 

polyacrylamide gel electrophoresis and used as template. The substitution of G 

with C at the 1st, 2nd, and 3rd nucleotide of ITR destroyed the Sma I site. 

Therefore, primers ITR 1C, 2C, 3C (see Table 3), which hybridize to the very 

beginning sequence of ITR, were used for point mutations at first three Gs of 

ITR. 

The PCR reaction was carried out in a total volume of 100 I.d containing 

1 ng of template DNA (pEMBL SMA), 2.5 units Tag DNA polymerase, 100 

pmol of each primer, 200 J.LM dNTP, 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 

1.5 mM MgCI2, and 0.01% gelatin. The amplification was performed for 25 

cycles with an annealing temperature of 37°C. 

DNA sequencing 
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Plasmid DNA (3 J1.g) was alkali denatured and hybridized to 

oligonucleotide primers (1 pmol). Sequencing reactions were carried out at 

37°C in the presence of 5 J1.Ci of [a_35S] dATP and 2 units of sequenase llsing 

the dideoxynucleotide chain termination method (Sanger et al., 1977). 

In the case of PCR amplified DNAs, the heat-denaturation method was 

used instead of the alkaline-denaturation method. Oligonucleotide primers (2 

pmol) labeled by [r_32P] ATP and T4 polynucleotide kinase were mixed with 

template DNA (200 ng) and heated at 96°C for 6 min. The mixture was quickly 

cooled down on ice for 5 min. The annealing mixture was directly used for 

termination reaction. 
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CHAPTER 3 

RESULTS 

Properties of the PRD1 DNA replication system 

The cell extract prepared from E. coli cells containing cloned PRO 1 

genes 1 and 8 can catalyze the incorporation of dTMP into acid-insoluble 

materials with phage PRD1 DNA-protein complex (1 J..Lg) as a template. The 

kinetics of the dTMP incorporation is shown in Fig. 8. Under these conditions, 

DNA synthesis was almost linear for up to 10 minutes and then leveled off. 

This DNA synthesis is entirely dependent upon the PRDI DNA-protein 

complex added. No DNA synthesis was observed when protein free PRDI 

DNA was used as template. The incorporation of dTMP reached maximum 

level with 8 J..Ll of the cell extract (4 J..Lg of protein) under the standard 

condition (Fig. 9). Fig. 10 shows that the DNA synthesis is proportional to the 

amount of exogenously added template PRD1 DNA-terminal protein complex 

isolated from purified phage particles. 

The requirements for ill vitro DNA synthesis catalyzed by the crude 

extract are listed in Table 4. Incorporation was dependent on Mg~+, dNTP, and 
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containing 10 J.Ll of cell extract were incubated for the indicated times at 25°C. 
The templates used were; DNA protein complex (closed circle), deproteinized 
DNA (half closed circle), or no DNA (open circle). 
* 100 CPM corresponds to incorporation of 1 pmol dTMP. 
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Table 4. Requirements for ill vitro DNA replication of PRDI genome. 

Complete 
Lacking 

Conditions 

DNA protein complex 
DNA-protein complex but with deproteinized 

DNA 
ATP 
Mg2+ 
dNTP 
Extract 

dTMP 
incorporation 

(%) 

100 

o 

4 
94 
o 
6 
o 

Note. 100% corresponds to incorporation of 212 pmol dTMP. 
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exogenous PRDl DNA-protein complex. However, ATP was not required in 

this system. 

In order to show that ill vitro DNA synthesis is dependent on PRO! 

55 

gene 1 (DNA polymerase) and gene 8 (terminal protein), ill vitro 

complementation experiments were performed (Table 5). The cell extracts 

prepared from E. coli infected with PRDl sus 2 (DNA polymerase mutant) and 

from strain HLBl4l (contains PRDl DNA polymerase) were inactive when they 

were incubated separately in the presence of PRD! DNA-protein complex as 

template. However, when the two extracts were mixed, DNA synthesis was 

observed (Table 5). For comparison, extracts were prepared from PRDI 

infected cells. It is evident that reconstituted extract is about 2.7 fold higher in 

activity than wild type PRDl infected cell extract. On the other hand, extract 

prepared from HLB3 (see Table 2) showed about 34 fold increased activity 

over the infected cell extract. 

Origins and direction of the PRD! DNA replication 

In an attempt to obtain information on the origin and direction of the 

PRDl DNA synthesis, DNAs synthesized ill vitro under variolls conditions were 

analyzed by gel electrophoresis. The DNA synthesis was terminated after 2.5 



Table S. In vitro complementation experiment with various cell extracts. 

Extract 

HB94 infected with 
PRO 1 wild type 

HB94 
HB94 infected with 

PR01 sus 2 
HLB141 
HLB141 + HB94 

infected with 
PR01 sus 2 

HLB3 

dTMP 
incorporation 

(cpm) 

634 
o 

o 
o 

1,694 
21,262 

Specific 
activity 
(pmoll~g 

of protein) 

0.36 
o 

o 
o 

0.97 
12.15 

% 

100 
o 

o 
o 

269 
3375 

Note. Same amount (17.5 ~g of protein) of each cell extract was 
used for in vitro assay. Forthe complementation experiment, mixture 
of HLB141 extract and extract of HB94 infected with PR01 sus 2 
was used for assay (8.75 ~g each). Each reaction mixture was incu
bated at 25° for 20 min. Background was subtracted from each 
value. 
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min, 5 min, and 10 min and each DNA product was treated with proteinase K. 

The deproteinized DNAs were then digested with Ball I and subjected to 

agarG::e gel electrophoresis (Fig. llA). After 2.5 min incubation, Ball I fragment 

E which corresponds to the extreme left end of the PRD1 genome, and 

fragment G corresponding to the extreme right end, were predominantly 

labeled. After 5 min incubation, Ball I fragments A, C, F, and I were labeled. 

After 10 min incubation, Ball I fragments B, D, and H, which are the internal 

fragments, became radioactive. These results clearly indicate that PRDI DNA 

synthesis starts at or near the ends of the DNA molecules and proceeds toward 

the other end of the molecule. Fig. 11B demonstrates the distribution of 

radioactivity in the 2.5 min labeled DNA. It is evident that both termini are 

preferentially labeled. 

Synthesis of full-length PRD1 DNA 

The foregoing experiments clearly indicated that PRD1 DNA synthesis 

starts at the ends of the genome and that after 10 min incubation, the middle 

part of DNA is also synthesized. To examine whether full-length PRD] DNA is 

synthesized in this ill vitro system, labeled DNA products were analyzed by 

alkaline sucrose gradient centrifugation and alkaline agarose gel electrophoresis. 
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Figure 11. Product analysis of in vitro DNA replication. After 2.5 min (c,±), 5 
min (b,e) or 10 min (a,d) of incubation of reaction mixtures, DNAs were 
treated with proteinase K and extracted with phenol. DNA was digested by Ban 
I and electrophoresed through a 1.4 % agarose gel in Tris/borate/EDTA buffer 
for 6 hr at 5 V/cm. Gels were photographed (a,b,c), and autoradiographed 
(d,e,±) (A). Each band of lane c was cut out and its radioactivity was measured 
in a liquid scintillation counter. The specific radioactivity (radioactivitylDNA 
length) were plotted (B). The specific radioactivity of the fragment E was 
arbitrarily set as 1.0, and the other values were normalized to it. The abscissa 
represents the Ban I restriction map of phage PRDI DNA. The actual 
radioactivity for fragment E was 20381 cpm. The Ban I restriction map of 
phage PRD1 DNA is from Gerendasy, Yoo, and Ito (unpublished data). 
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The DNA labeled with [a-32P]-dGTP during 2.5 min incubation ill vitro 

was chased with an excess of cold dGTP for 20 min. The samples were then 

treated with SDS-proteinase K, followed by phenol extraction and by ethanol 

precipitation. The sample DNAs were then mixed with 14C-labeled PRD1 DNA 

as reference and the mixture was analyzed by alkaline sucrose gradient 

centrifugation (Fig. 12). The DNA labeled during 2.5 min incubation sedimented 

much slower than that of 14e-labeled PRD1 DNA (Fig. 12A). On the other 

hand, after a chase of 20 min, the majority of the 32P-Iabeled DNA 

co-sedimented with 14C-labeled PRD1 DNA (Fig. 12B). 

The in vitro synthesized DNAs were also examined by alkaline agarose 

gel electrophoresis (Fig. 13). While the 2.5 min labeled DNA samples migrated 

faster than the mature PRD1 single-stranded DNA indicated by the arrow, the 

20 min labeled DNA samples co-migrated with the marker PRD1 DNA. All 

these results suggest that full-length PRD1 DNA is synthesized in the ill vitro 

system. 

Effect of aphidicolin and DMSO on PRDt DNA synthesis ill vitro 

Aphidicolin is a specific inhibitor of DNA polymerases a and 8 of 

eukaryotes (Huberman, 1981). This drug has also been shown to inhibit ¢29 
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Figure 12. Alkaline sucrose gradient sedimentation profiles of PRD1 DNA 
synthesized in vitro. The PRD1 DNA labeled with [a-32P]-dGTP during 2.5 min 
pulse in in vitro system was chased for 20 min in the presence of 0.5 mM 
dGTP. 14e-Iabeled PRD1 AND was used as reference marker. The sample 
mixtures were layered on 5 to 20 % alkaline sucrose gradients and centrifuged 
at 44,000 rpm in an SW 50.1 rotor for 4 hrs at 20°C, (A) 2.5 min pulse-labeled 
32P-DNA (open circle) and 14C-Iabeled PRD1 DNA (closed circle); (B) 2.5 min 
pulse labeled and 20 min chased 32P_DNA (open circle) and HC-labeled PRDI 
DNA (closed circle). 
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Figure 13. Alkaline agarose gel electrophoresis of PRDI DNA synthesized ill 
vitro. DNA samples synthesized ill vitro were treated with proteinase K and 
precipitated with ethanol. (A) 2.5 min pulse labeled 32P-DNA. (B) 10 min 
labeled np-DNA. (C) 20 min labeled 32P-DNA. The arrow indicates the position 
of l4e-labeled PRDI DNA. 



DNA synthesis both ill vivo and ill vitro (Hirokawa et aI., 1982; Matsumoto ef 

ai., 1986; Blanco and Salas, 1986), although it does not inhibit host bacterial 

DNA polymerases. The effect of aphidicolin on the ill vitro PRDI DNA 

replication was examined. As shown in Fig. 14, aphidicolin does inhibit PRO 1 

DNA synthesis ill vitro. Under the standard condition, more than 85 % of the 

activity was inhibited by 1 mM aphidicolin. 

62 

To determine whether aphidicolin inhibits initiation or elongation in the 

PRD1 DNA synthesis, the effect of aphidicolin on the formation of the PRO] 

DNA-terminal protein complex was examined. Aphidicolin up to 1 mM did not 

inhibit PRD1 DNA-terminal protein complex formation (Fig. 15). In fact, at 0.4 

mM and 1.0 mM concentrations, this drug stimulated the initiation complex 

formation. Thus, the inhibition of ONA synthesis by aphidicolin must be at 

DNA chain elongation. 

Since aphidicolin is not water-soluble, it is generally dissolved in a polar 

solvent such as dimethyl sulfoxide (DMSO). Recently OMSO has been shown to 

inhibit the activity of DNA polymerase a, but to stimulate greatly the activity of 

DNA polymerase 0 (Lee and Toomey, 1986). When OMSO was added to the 

ill vitro DNA replication system, PROI DNA synthesis was significantly 

stimulated (Fig. 16). In contrast, bacterial DNA polymerase activities are 

inhibited by DMSO (Lee and Toomey, 1986; unpublished data). 
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Figure 14. Inhibition of the in vitro PRDI DNA synthesis by aphidicolin. 
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Figure 15. Effect of aphidicolin on ill vitro complex formation between PRDl 
terminal protein and dGMP. (A) PRDl terminal protein-dGMP complex 
marker. Lane (B) to (G) represent 0, 200, 400, 600, 800, and 1000 I.dv[ of 
aphidicolin respectively. 
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Figure 16. Effect of concentration of dimethyl sulfoxide (DMSO) on ill vitro 
PRDI DNA synthesis. 
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Inhibition of the ill vitro complex formation between PRD1 terminal protein 

and dGMP by phenyl glyoxal, an arginine-specific a-dicarbonyl reagent 

66 

An arginine residue can serve as the binding site for anionic 

phosphorylated ligands as well as for anionic nucleotide coenzymes (Daemen 

and Riordan, 1974; Viale and Vallejos, 1988). Thus, arginines are critical for 

substrate binding to a wide range of enzymes. In many enzyme systems, the 

guanidino groups of functional arginine residues can be specifically modified by 

a-dicarbonyl compounds such as phenylglyoxal (Takahashi, 1968). Hsieh et al. 

(1990) reported that a short stretch of amino acid sequences was conserved 

among the terminal proteins from the six different sources and that arginine at 

position 174 (arginine-174) of the PRD1 terminal protein in the conserved 

sequence plays a crucial role in the initiation of PRD1 DNA replication. To see 

if arginine-174 of the PRD1 terminal protein is a binding site for dGTP, the 

effect of phenyl glyoxal on initiation complex formation was examined. As shown 

in Fig. 17, this reagent strongly inhibits PRD1 terminal protein-dGMP complex 

formation. This result is consistent with the hypothesis that arginine-174 of the 

PRD1 terminal protein is a critical binding site for a phosphate group of dGTP. 

Partial purification of PRD1 DNA polymerase-terminal protein complex bv 
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Figure 17. Inhibition of the ill vitro complex formation between PRDI 
terminal protein and dGMP by phenylglyoxal, an arginine-specific a-dicarbonyl 
reagent. (A) control; no phenylglyoxal treatment. (B) phenylglyoxal treatment. 
(C) PRD! terminal protein-dGMP complex marker. 
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phospho-cellulose column chromatography 

In order to purify PRD1 DNA polymerase-terminal protein complex, 

phospho-cellulose column chromatography was performed (Fig. 18). Active 

fractions were found by polymerase assay with PRDI natural template. The 

presence of polymerase-terminal protein complex was confirmed by initiation 

complex formation assay (Fig. 19). PRD1 DNA polymerase-terminal protein 

complex was eluted by approximately 0.225 M of NaCI and used for ill vitro 

DNA replication experiments to study sequence requirements for PR01 DNA 

replication. 

Construction of plasmid DNA pEMBL SMA 

68 

It is known that terminal protein-free duplex templates containing a 

protein-primed replication origin are capable of supporting replication by an ill 

vitro DNA replication system (Tamanoi and Stillman, 1982; Gutierrez et al., 

1986). Plasmids having protein-primed replication origin have been used to 

produce deleted and point-mutated derivatives of replication origin sequences. 

The analyses of those mutated plasmids have been useful for defining the 

nucleotide sequences required for DNA replication (van Bergen et al., J 983; 
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Figure 18. Partial purification of PRD1 DNA polymerase-terminal protein 
complex by phospho-cellulose column chromatography. Open circles represent 
polymerase activity. Small closed circles represent absorbance at 595 nm. Prtein 
concentration was measured by Bradford method (1976). Straight line indicates 
NaCl gradient. 
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Figure 19. Initiation complex formation assay for fractions of phospho
cellulose column chromatography. (A) fraction 54. (B) fraction 58. (C) fraction 
62. (D) fraction 66. (E) fraction 70. 
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Challberg and Rawlins, 1984; Wides et al., 1987; Gutierrez et al., 1988). To 

generate various mutant DNA templates, the I-ITR of PRD1 DNA was cloned 

into phagemid vector pEMBLex3 (Fig. 20). The resulting recombinant, circular 

DNA is not an active template. In order to be an active template it should be 

linear and have ITR at one end. Therefore, a Sma I restriction site was created 

at the junction of I-ITR and pEMBLex3 (Fig. 20). 

Previous sequence data (unpublished) indicated that pEMBL 3K has 10 

consecutive G residues in the junction of l-ITR and pEMBLex3. Possibly the 

first 6Gs are from G tailing and next 4 Gs are from the l-ITR of the PRD1 

genome. To generate a Sma I restriction site (5'-CCCGGG-3'), the 4th, 5th, 6th 

Gs of the lOG region had to be changed to Cs by site-directed mutagenesis. 

Uracil-containing, single-stranded pEMBL 3K DNA was hybridized to mutagenic 

oligonucleotide primers (32mer) whose sequence contained a Sma I restriction 

site (Table 3). After elongation and ligation, the resulting double-stranded DNA 

was used to transform E. coli NM522 competent cells. DNA sequence and 

restriction analysis clearly showed that the plasmids obtained from transformants 

have a Sma I restriction site. These plasm ids were named pEMBL SMA. 

Template activity of Sma I-linearized pEMBL SMA 
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Figure 20. Schematic outline of the construction of plasmid pEMBL SMA. 
DNA sequence of Sma I restriction site is shown in inset. 
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pEMBL SMA molecules containing the entire I-ITR (110 bp) sequence 

were tested for their ability to support protein-primed DNA replication. When 

these plasmids were linearized by Sma I to expose the l-ITR, these terminal 

protein-free linear DNAs could support initiation complex formation similarly as 

PRDI DNA-terminal protein complex. However, the efficiency was much lower 

than that of PRDI DNA-terminal protein complex (Fig. 21). Under the 

conditions used here, 1 pmol of linear pEMBL SMA (5J..Lg) was enough to 

demonstrate positive template activity for protein-primed DNA replication. This 

result indicates that a terminal protein-free, linear duplex DNA template having 

a copy of ITR at one end of it can be recognized and duplicated by ill vitro 

DNA replication system. Therefore, plasmid pEMBL SMA was used for 

producing various template DNAs mutated by deletion or site-specific 

mutagenesis to study the template requirements of the protein-primed PRDI 

DNA replication. 

Replication of terminal protein-free templates with various deletions 

The nucleotide sequence analysis of the ITRs (110-111 bp long) of 

PRDI family members has revealed three distinctive regions (Savilahti anel 

Bamford, 1986). The first 18 bp and the last 35 bp of the ITRs are tot(llly 
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Figure 21. Terminal protein-dGMP complex forming activity of Sma 1-
linearized pEMBL SMA. (A) PRDI DNA-terminal protein complex (natural 
template). (B) Sma I-linearized pEMBL Si\IA. One pmol of each template was 
used for the complex formation assay. Arrow indicates terminal protein-dGMP 
complex. 
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conserved in all PRDI family members examined. Between these conserved 

nucleotide sequences, there is a variable sequence. Since the ITRs (or part of 

them) were believed to function as replication origin, the nucleotide sequence 

requirements of these three regions for replication was examined. Three 

different linear templates were made by deletion mutagenesis using PCR (Fig. 

22) and used for ill vitro replication. As shown in Fig. 23, template B, which 

has only the first 20 bp of the ITR, was as good a template as wild type 

template (D), implying the rest of the ITR was not necessary for replication. 

Template A, which has all of the conserved regions (1-18 and 76-110 bp) but 

lacks the variable region (19-75 bp), showed about 85% of the template activity 

of wild type's. To define the template requirement further, five different 

deletion derivatives were prepared and tested for template activity. The results 

clearly showed (Fig. 24) that the templates without terminal nucleotides 

(template A) or with only the first nucleotide G (template B) did not support 

replication. Thus, the presence of the terminal nucleotide sequence (10-20 bp) 

was absolutely required for replication to occur (template C, D, and E). The 

template activity reached maximum with template E which contains terminal 20 

bp. These results suggested that the minimal replication origin of PRDI 

genome exists within the terminal 20 bp of the ITR. 
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Figure 22. Diagrammatic representation of mutagenesis by the polymersse 
chain reaction (peR). (A) site-specific mutagenesis. The site of point mutation 
is represented by x. (B) deletion mutagenesis. ab, add-on sequence; cd, 
sequence to be deleted; ef, hybridization sequence. 
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Figure 23. The nucleotide sequence requirements for ill vitro DNA replication. 
(I) Agarose gel electrophoresis of linear duplex DNAs amplified by PCR. The 
template A and B were amplified off the plasmid DNA pE),'IBL SMA by PCR 
in the presence of reverse primer 1 and one of the add-on primers (DEL 19-
75 for A, DEL 21-112 for B). The wild type template (D) was amplified in the 
presence of wild-type primer (5'-GGGGATACGTGCCCCTCCC-3') ancl reverse 
primer 1. lane A, template A (182bp) containing two conserved regions; lane B, 
template B (147 bp) containing first 20 bp of ITR; lane D, template D (239 
bp) containing the intact ITR; lane C, cf>X174Hnclll DNA (marker DNA). The 
hatched areas in diagram represent the ITR region. 
(II) Alkaline agarose gel electrophoresis of DNA products synthesized ill vitm. 
Arrows indicate the position of the full-length DNA of each template. 
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Figure 24. The required nucleotide sequence of terminal base pairs of the ITR 
for in vitro DNA replication. 
(I) Agarose gel electrophoresis of linear, duplex DNAs amplified by PCR. 
Linear, duplex DNAs (template A, B, C, D, and E) were amplified off the 
pEMBL SMA by PCR in the presence of reverse primer 2 and one of add-on 
primers (DEL 1-113, DEL 2-113, DEL 11-113, DEL 16-113, and DEL 21-112). 
Lane A, template A (494 bp) lacking the entire ITR; lane B, template B (495 
bp) containing the first nucleotide of ITR; lane C, template C (504 bp) 
containing the terminal 10 bp of ITR; lane D, template D (509 bp) containing 
the terminal 15 bp of ITR; lane E, template E (515 bp) containing the terminal 
20 bp of ITR; lane F, ¢X17411aelll DNA (marker DNA). The hatched areas in 
diagram represent the ITR region. 
(II) Alkaline agarose gel electrophoresis of DNA products synthesized ill vi/m. 
Arrow indicates the positions of the full-length DNA of the templates. 
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Replication of terminal protein-free templates with various point mutations at 

the replication origin 

The minimal replication origin of PRD1 genome should be specifically 

recognized by DNA replication proteins. To examine the sequence specificity 

involved in recognition we have carried out base substititions at the minimal 

replication origin and observed the relationship between the location of point 

mutations and the template activity. Of 20 nucleotides in the replication origin, 

14 bases were substituted by other nucleotides respectively through site-specific 

mutagenesis using PCR (Fig. 22). Fig. 25 shows that all 14 mutagenic 

oligonucleotide primers were fixed into the amplification product DNAs. The 

template DNAs (239 bp long), prepared as described in Materials and Methods, 

were used for in vitro replication. The template activity varied over a wide 

range depending on the position of point mutation (Fig. 26). For example, the 

mutations at the 8th and 12th position of the ITR did not seem to affect the 

template activity, while the mutations at 4th, 11th, 14th, and 18th position 

drastically reduced the template activity. 

It was noted that first 5 (GGGGA) and last 5 nucleotides (TCCCC) or 

first 4 (GGGG) and 4 consecutive Cs (CCCC) starting from 12th nucleotide 

could make loop structures. When the effect of point mutation on l1ucleoticles 
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Figure 25. Production of point mutated linear, duplex DNAs by PCR. For 
amplification, reverse primer 1 and mutagenic primers (see Table 1) were used. 
Wild-type template was amplified in the presence of wild type primer (ITR 
SMA) and reverse primer 1. After the PCR reaction, the amplified DNA 
products were subjected to 1.4 % agarose gel electrophoresis. Lane A, wild
type template (256 bp); lane D, 4A (248 bp); lane E, 5T (248 bp); lane F, 8G 
(245 bp); lane G, 9C (245 bp); lane H, lOA (245 bp); lane I, llA (245 bp); 
lane J, 12G (245 bp); lane K, 13G (245 bp); lane L, 14G (245 bp); lane M, 
15G (245 bp); lane N, 18G (245 bp); lane 0, lC (239 bp); lane P, 2C (239 
bp); lane Q, 3C (239 bp); lane B, AHindl1l DNA; lane C, ¢X174Haclll DNA. 
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Figure 26. Replication of terminal protein-free templates with various point 
mutations at the replication origin. 
(I) Alkaline agarose gel electrophoresis of DNA products synthesized ill vitro. 
Lane A, undigested wild type template (256 bp, negative control); lane B, 4A; 
lane C, 8G; lane D, 13G; lane E, 15G; lane F, 18G; lane G, phage Nt' DNA 
(254 bp, negative control); lane Hand P, Sma I digested wild type template 
(239 bp, positive control); lane I and Q, Sma I digested wild type template 
labeled by [r_32P] ATP and T4 kinase (239 bp, molecular weight marker); lane 
J, 5T; lane K, 9C; lane L,lOA; lane M, llA; lane N, 120; lane 0, 140; lane 
R, lC; lane S, 2C; lane T, 3C. 
(II) Summary of point mutation experiments. Bold-faced letters show the 
positions of point mutation. Symbols (+ + +), (+ +), (+), and (-) represent 
replication activities 81-100 %, 61-80 %, 41-60 %, and <40 %, respectively. 
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involved in possible secondary structure formation was tested, 8 out of 10 of 

the point mutations showed a significant decrease of template activity. However, 

3 out of 4 point mutations of nucIeotides not involved in possible secondary 

structure formation showed little change in template activity. These observations 

suggest that formation of a unique structure in the replication origin region may 

be crucial for protein-primed replication. Although all of the mutated DNAs 

were less active templates than wild type, none of the point mutants are 

completely devoid of the template activity. 

Template activity of synthetic oligonucleotides 

To examine whether the specificity of the PRDl DNA replication origin 

was strand specific, synthetic oligonucleotides which corresponded to the 3' 

strand of PRDl DNA replication origin were utilized. A 27-base oligonucleotide 

containing the 20 bases of the 3' end of the PRDl genome flanked by 

additional 7 residues supported the formation of a terminal protein-dGMP 

complex in the presence of more than 100 pmol of oligonucleotide (Fig. 27). 

This result showed that the 3' strand of PRDl DNA is a template for protein

primed DNA replication and also confirmed that the minimal replication origin 

resides in the terminal 20 bases of the PRDl DNA genome. On a molar basis 
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Figure 27. Template activity of synthetic oligonucleotides. Oligonucleotides 
(27mer, 3'-CCCCTATGCACGGGGAGGGGTGGATGG-S') containing the 
terminal 20 nucIeotides from the 3' end of the genome were synthesized and 
increasing amounts (0, 10, 100, and 1000 pmol, lanes A to D, respectively) were 
added to a standard initiation reaction for terminal protein-dGMP complex 
formation assay. The reaction products were examined on a 12% SDSIP AGE 
followed by autoradiography. 
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the template efficiency of the synthetic oligonucleotide was about 100-fold less 

than that obtained with plasmid templates (Sma I-linearized pEMBL SMA). 

However, significant transfer of dGMP on to terminal protein was observed 

when 1000 pmol of oligonucleotide was added (Fig. 27). It has been reported 

that during the initiation of adenovirus 4 DNA replication ill vitro the 3' strand 

is active, while 5' strand is not (Harris and Hay, 1988). 

The nucleotide sequence requirements of the 3' terminal bases for 

initiation of DNA replication ill vitro 

To define the nucleotide sequence requirements of 3' terminal bases and 

the initiation site for protein-priming ill vitro, oligonucleotides containing various 

deletions were synthesized and tested for template activity (Fig. 2R). Deletion of 

more than 1 base from the 3' end completely demolished the template activity 

(Fig. 28-1, lane B to E). Oligonucleotides missing the first C residue at the 3' 

end supported a lower level of initiation (35%) than wild type oligonucleotides 

(Fig. 28-1, lane F and G). These observations suggest that the intact DNA 

sequence of 3' end even on a single-stranded template is required for the 

initiation of PRD1 DNA replication ill vitro and that the initiation takes place 

at 1st C residue of 3' end. The nucleotide sequence of the ITR of the PRD1 
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SEQUENCE 

A 3t-CGGGCGCGGGGGGG~GCGCGGGGCGGG-5' 
B 3' -CCCCCCCCCCCCCCCCCCCCCCCCCCC-S' 
C J'-CCCCT&TgCACGGqGAGQGGTGGATGG-S' 
OJ' -CCCCCTATgCl\CGGGGJ\GGGqI'GGATGG-5 I 

A B c D 

• 
Figure 28. The nucleotide sequence requirement of 3' terminal bases for 
initiation of DNA replication ill vitro. One nmol of each oligonucleotide was 
incubated under standard reaction conditions. An autoradiograph of the gel 
containing the terminal protein-dGMP complex, together with the sequences of 
the oligonucleotides is presented. Bold-faced, underlined letters indicate 
nucleotides derived from the minimal replication origin (terminal 20 
nucleotides). Location numbers indicate distance from the left, 3' end of PRDI 
genome. Oligonucleotides poly A27, poly G27, and poly C27 (27mers) were 
used as negative controls. 
(I) Initiation with synthetic oligonucleotides containing various deletions. 
(II) Effect of one additional C residue on initiation of DNA replication ill vitro. 
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genome has been reported by two groups (Savilahti and Bamford, 1986; 

Gerendasy and Ito, 1987). The sequences reported are identical, with the 

exception that Savilahti and Bamford (1986) noted 4 C residues at the extreme 

3'-termini while Gerendasy and Ito (1987) found 5 C residues. To investigate 

this discrepancy a 28-base oligonucleotide containing the 20 bases of the 3' end 

of the PRDI genome flanked by an additionaI3'-C was synthesized and tested 

for template activity (Fig. 28). Compared to oligonucleotide with 4 Cs, 

oligonucleotide having 5 Cs has about 70% template activity in vitro (Fig. 28-II, 

lane C and D), while oligonucleotides poly G27 and poly C27 show no activity 

(Fig. 28-II, lane A and B). The decrease in template activity (30%) with 5 Cs 

implies that the natural template might have 4 C residues at the extreme 3'

termini. 
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CHAPTER 4 

DISCUSSION 

The development of ill vitro DNA replication system for PROl genome 

It was shown that extracts prepared from E. coli cells containing cloned 

genes 1 (DNA polymerase gene) and 8 (terminal protein gene) of the PROl 

can synthesize PRD1 DNA. No DNA synthesis was observed when either one 

of two gene products was omitted. DNA synthesis was totally dependent lipan 

exogenously added PRD1 DNA-protein complex as template. Proteinase 

K-treated PRD1 DNA has no template activity. 

In vitro DNA replication system using cell extracts showed clear 

evidences which suggest that full-length PROl DNA is synthesized in the ill 

vitro system. Alkaline sucrose gradient centrifugation and alkaline agarose gel 

electrophoresis experiments showed that 2.5 min labeled ONA can be elongated 

to the full-length PRD1 DNA molecules by the chase with an excess of cold 

dGTP, or by further incubation. 

Mindich et al. (1982) have previously described that three viral genes (], 

8, and 12) are involved in the PRDl DNA replication. Of these, two genes 
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(DNA polymerase gene and terminal protein gene) are located at the left 

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

have confirmed the gene organization of the PRD1 DNA (Jung et al., 1987a; 

Savilahti and Bamford, 1987; Hsieh et al., 1987). Since the ill vitro system 

described here contains only two viral gene products, it can be suggested that 

the PRD1 DNA polymerase catalyzes both terminal protein-dGMP complex 

formation (initiation reaction) and DNA chain elongation reaction. These results 

are analogous with other protein-primed DNA replication systems such as 

adenovirus and cP29 DNA replication in which only viral-encoded DNA 

polymerases catalyze both initiation and elongation reaction (Field et al., 1984; 

Watabe et al., 1984; Blanco and Salas, 1984). The efficiency of DNA chain 

elongation is considerably lower in the system using crude cell extracts. This is 

probably due to a lack of an other viral protein, gene 12 protein, which may be 

required for efficient initiation or chain elongation. 

It is of considerable interest to compare the PRD1 system with 

gram-positive bacillus phage cP29 system. For ¢29 DNA (19 Kb) replication, at 

least 6 viral-encoded proteins (products of gene 1, 2, 3, 5, 6, and 17) are 

required, whereas, for PRD1 DNA (14.7 Kb) replication, only three 

viral-encoded proteins are necessary. Clearly, the PRD1 system is a simpler 

protein-primed DNA replication system. Therefore, it is likely that PRDl DNA 



89 

replication depends on host cell proteins. 

Origins and direction of the PRD1 DNA replication 

The origin of in vitro PRD1 DNA replication was determined by 

analyzing the pulse-labeled DNA products. Analysis clearly showed that the 

PRD1 DNA replication starts at either end of the DNA molecules and 

proceeds toward the other ends. Although PRD1 genome contains identical 

terminal ends, it is not known whether DNA replication starts at both ends 

simultaneously. In the cases of adenovirus and phage cp29 DNA replication, 

simultaneous initiation at both termini did not take place (Lechner and Kelley, 

1977; Harding and Ito, 1980; Inciarte et ai., 1980). Electron microscopic analysis 

of in vitro synthesized DNA products should resolve this question. 

Nucleotide recev.tor site of the primer protein 

Hsieh et ai. (1990) reported that site-specific mutagenesis and functional 

analysis of PRD1 terminal protein clearly indicated that Arg-174 is a critical 

amino acid for the initiation of complex formation. Replacement of Arg-174 

with glycine, serine, or leucine resulted in a nonfunctional terminal protein. 



Surprisingly, replacement of the neighboring arginine residue, Arg-175, with 

glycine resulted in increased activity. Since Arg-175 also appears to be highly 

conserved among all terminal proteins, this result was unexpected. 
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It has been well documented that arginine, as a positively charged amino 

acid, is an important binding site for anionic ligands in a wide variety of 

enzymes. Examples are the nucleotide binding site of E. coli adenylate kinase 

(Reinstein et aI., 1989), the ATP-binding site of glutamine synthetase and 

carbamoyl-phosphate synthetase (Powers and Riordan, 1975), the phosphate 

binding site of alkaline phosphatase (Daemen and Riordan, 1974), and the 

pyrophosphate binding site of yeast inorganic pyrophosphatase (Cooperman and 

Chiu, 1973). 

Functionally important arginine residues can be specifically modified by 

a-dicarbonyl compounds such as phenylglyoxal (Takahashi, 1968). Therefore, the 

effect of phenylglyoxal on the ill vitro complex formation was examined. As 

shown in Fig. 17, phenylglyoxal does indeed strongly inhibit PRDl terminal 

protein-dGMP complex formation. It was also found that once the initiation 

complex was formed, phenlyglyoxal did not inhibit DNA chain elongation 

(unpublished results). These results are consistent with the hypothesis that Arg-

174 participates in binding to dGTP. Why then is Arg-175 not a critical amino 

acid for initiation complex formation? It seems that a high degree of selectivity 
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in the modification of arginine residues in proteins is a general phenomenon 

(Borders and Riordan, 1975; Powers and Riordan, 1975). Borders and Riordan 

(1975) showed that only 1 of 18 arginine residues per subunit of creatine kinase 

was modified by a-dicarbonyl reagents. They compared the rate of modification 

of the essential arginine residue of creatine kinase by phenylglyoxal with that of 

free arginine under the same condition. The essential arginine residue reacted 

about 15 times faster than free arginine. Furthermore, most or all of the 17 

other arginine residues reacted at a rate significantly slower than that of free 

arginine. It is possible that Arg-l74 of the PRDl terminal protein is different 

from Arg-l75 and other arginine residues in terms of reactivity. This can be 

tested by using radioactive phenlglyoxal and peptide analysis. It is plausible that 

the guanidinium group of Arg-l74 provides a positive charge for an ionic 

interaction with the phosphate moiety of dGTP. This electrostatic binding of 

phosphate group(s) might be important for stabilizing the complex and 

facilitating deoxynucleotidylation of Tyr-l90 (linking site) of the PROl termined 

protein, which is catalyzed by DNA polymerase. The resulting covalent complex 

between the terminal protein and dGMP would then be used as the primer for 

DNA chain elongation by the same DNA polymerase molecule. 

One interesting question is " Does terminal protein (primer protein) have 

an intrinsic ability of selecting a nucleotide for priming? " This question has not 
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been clearly answered. Challberg and Rawlins (1984) reported that in 

adenovirus in vitro replication system, protein-nucleotide joining is highly specific 

for dCfP when templates containing all four deoxynucleotides are used to 

support preterminal protein-nucleotide formation. In the case of adenovirus, 

initiation complex is preterminal protein-dCMP. However, they also showed that 

a synthetic single-strand template (dA)12-1B could support the complex formation 

between adenovirus preterminal protein and dTMP. The fact that the other 

nucleotide (dTMP) than dCMP was covalently bound to the preterminal protein 

suggests that nucleotide selection by terminal protein, if involved, is not strict. 

Replication of terminal protein-free templates 

It was shown that linear duplex,. protein-free DNA molecules containing 

the ITR sequence of PRD1 at one end could undergo replication by a protein

priming mechanism. No DNA replication was observed when the ITR sequence 

was deleted or was not exposed at the terminus of the template DNA. These 

observations indicate that specific nucleotide sequence elements in the ITR are 

recognized by the replication machinery. 

Sequence requirements for protein-primed DNA replication of PRDl 
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The minimal origin of replication was determined by analyzing the 

template activity of various deletion derivatives. It was revealed that the 

terminal 20 bp of ITR were required for efficient ill vitro DNA replication. The 

presence of the last 35 bp long conserved region of ITR did not seem to 

increase the template activity ill vitro. The template having G at the 5' end of 

the DNA but missing the rest of ITR was inactive, excluding the possibility of 

random priming at any 5' terminal G residue (actually C residue at 3' end) of 

non-specific, linear DNA molecules. On the other hand, when the first 5' G 

residue was substituted with a C residue, template activity was detectable. This 

observation indicates that the second nucleotide, as well as the first terminal 

nucleotide, might be used for positioning the incoming dGTP molecule which is 

to be covalently bound to terminal protein by DNA polymerase's catalytic 

activity. The fact that a single-stranded, synthetic oligonucleotide which lacks the 

first C residue at the 3' end was partially active in the initiation complex 

formation assay suggested that the second residue at the 3' end of the ITR can 

be used as an initiation site. However, the possibility that the 5' terminal C 

residue (actually G residue at 3' end) is used for pairing with an incoming 

nucleotide (a cold dCfP molecule) cannot be ruled out. Whether PRDI 

terminal protein prefers dGTP to dCfP in the initiation step is to be 

determined. 
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The fact that the first 20 nucleotides of PRDI family DNAs' ITRs are 

completely conserved (with the exception of the 19th) suggests that this region 

is strictly required for recognition. However, we found that crucial nucleotides 

for template activity are not clustered, but rather scattered. This result indicates 

that recognition of the origin by protein(s), if involved, is not simple. 

Interesting features of the minimal replication origin of PRDI include; 

first, 15 out of 20 bp are GC. This aspect is unusual for a replication origin 

because many DNA replication origins have AT rich regions where unwinding 

for the access of replication proteins and primers takes place (Fuller el al., 

1984; Bramhill and Kornberg, 1988); second, within the minimal replication 

origin region, there are complementary sequences by which a small panhandle 

structure can be formed. The idea that secondary structure formation may be 

involved in DNA replication is supported by the fact that most point mutations 

disturbing possible secondary structure markedly reduced the template activity; 

third, the specificity of the replication origin is strand specific and even on a 

single-stranded template a particular DNA sequence is required for the 

initiation of DNA replication ill vitro. 

It is believed that the origin of replication should be recognized by the 

terminal protein-DNA polymerase complex before the 3' terminal nucleotide is 

used as the initiation site. For ¢29 DNA replication, it has been suggested that 
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the association of the terminal protein and the DNA polymerase was needed 

for recognition of the replication origins based on the evidence that interaction 

of cp29 terminal protein with both DNA and the cp29 DNA polymerase were 

required to start cp29 DNA replication (Zaballos and Salas, 1989). Work with 

adenovirus systems has shown that the complex of preterminal protein (pTP) 

and adenovirus polymerase interact with sequence elements in the origin and 

these interactions are highly efficient when two host factors (NF I and NF III) 

facilitate the binding or positioning of the pTP and adenovirus DNA 

polymerase on the DNA template (Pruijn et al., 1986; Rosenfeld et al., 1987). 

A plausible order of events in PRD1 DNA replication 

It is reasonable to think that the most critical step for protein-primed 

DNA replication is the arrangement of primer protein (free terminal protein), 

DNA polymerase, and incoming nucIeotide(s) on the specific nucleotide 

sequences (origin of replication). The most plausible order of arrangement in 

the PRD1 system (Fig. 29) based on the information gained in this study is 

i) the primer protein is associated with the DNA polymerase. 

ii) the primer protein-DNA polymerase complex recognizes the 



96 

~ 8!111! 
or;gin 

j 

~l. 
190~ 'G 

U.J,...I-I-".........,'vr'-l...l...L1 , 
,.. G 
"I 'G 
OH 

174 NH, 0 0 0) 
A'1I )-N-C.N-O-~-o-~~-o-cH 0 G 

H' Hz I I I ~-"-,I 
o 0 OH '1--11 
\( OH I 

\ 3' Olt-C-C-C 

Figure 29. A plausible order of events in PRDI DNA replication. Closed 
circles represent genome-linked terminal proteins. Small open circles represent 
free-terminal proteins (TPs, primer proteins). Large open circles represent DNA 
polymerase (Pol). At the bottom of the figure, DNA polymerase, which 
catalyzes the protein-priming reaction, is not shown. The linking amino acid of 
the PRDl terminal protein is Tyr-190. 



replication origin directly or binds to DNA and reaches replication 

origin. 

iii) the replication origin is partially unwound by binding of the primer 

protein-DNA polymerase complex or by the action of unknown host 

factor(s). 

iv) unwinding is completed by forming a unique secondary structure. 
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v) a particular DNA sequence exposed on the 3' strand is used for correct 

positioning of the primer protein-DNA polymerase complex. 

vi) a dGTP molecule is selected based on the template information (3'-e 

residue) and located properly in the nucleotide receptor site of the 

primer protein (Arg-174). 

As the result of the above process, the linking site of primer protein (Tyr-190) 

and the dGTP molecule are arranged to be close to the catalytic site of DNA 

polymerase. Finally, initiation takes place, followed by elongation. 

Evolution of DNA polymerases 

In this study, it has been demonstrated that the PRDI DNA synthesis ill 

vitro is inhibited by aphidicolin. This results suggest that aphidicolin inhibition is 

at the DNA chain elongation rather than the initiation of PRDI DNA synthesis. 
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Therefore, results showed here are consistent with those obtained with the cp29 

system (Hirokawa et aZ., 1982; Matsumoto et aZ., 1986; Blanco and Salas, 1986). 

The drug aphidicolin is known as an inhibitor of the eukaryotic DNA 

polymerase a, 8 and a-like DNA polymerases from many sources (reviewed by 

Huberman, 1981). Recent DNA sequence analyses showed that, while PRD1 

DNA polymerase is the smallest known prokaryotic DNA polymerase, it has 

significent amino acid sequence homology with many otDer DNA polymerases 

including ¢29, T4, herpes virus, yeast DNA polymerase I and human DNA 

polymerase a (Jung et al., 1987a; Savilahti and Bamford, 1987; Jung el al., 

1987b; Spicer et al., 1988; Wong et al., 1988). All these DNA polymerases 

belong to family B DNA polymerases (Jung et al., 1987b) and appear to be 

sensitive to aphidicolin (Bernad et al., 1987). Some of the archaebacterial DNA 

polymerases are also inhibited by aphidicolin (Nakayama and Kohiyama, 1985; 

Zabel et aZ., 1985). On the other hand, family A polymerases including E. coli 

DNA polymerase I and phage T7 DNA polymerases are not sensitive to this 

drug. These observations suggest that family A and B DNA polymerases may 

have diverge well before the separation of eubacteria and archaebacteria. 
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Perspectives 

The genome-linked proteins of viruses were discovered in the late 1970s. 

These proteins are all bound via a phosphodiester bond to the 5'terminal 

nucleotide of the genome, an observation that immediately suggested the 

involvement of the protein in viral genomic replication, possibly at the stage of 

initiation. Recent evidence has convinced us that this hypothesis (protein

priming mechanism) is the case. 

The protein-priming mechanism is regarded as a novel way to preserve 

the 5' ends of linear DNA during replication. Three DNA virus groups 

(adenovirus, cfJ29, and PRD1) have been extensively studied to understand the 

events that occur during protein-primed DNA replication. It is of interest to 

point out that each system has its own unique characteristics, although all three 

systems have so much in common. It is important to compare these three virus 

systems in order to gain greater insight into the molecular basis of the 

replication process, the ultimate purpose of which is the preservation of the 

entire genetic information throughout propagation. 

(1) Origin of DNA replication: The nucleotide sequences of the minimal 

replication origins are known. These are 



5' -CATCATCAAT AATATACC-3' 

5'-AAAGTAGGGTAC-3' 

(adenovirus) 

(¢29) 

5'-GGGGATACGTGCCCCTCCCC-3' (PRD1) 
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These three origins do not show any sequence homology. Furthermore, each 

nucleotide sequence contains unique features. The adenovirus origin contains 

two short repeat sequences (CAT and ATA). Whereas the PRD1 origin has 

two complementary sequences. In contrast, the ¢29 origin shows neither repeat 

nor complementary sequences. The sequence requirements for DNA replication 

differ considerably between the systems. For adenovirus DNA replication, the 

core sequence (9-18 bp) is absolutely required. The first three A residues are 

important for ¢29 DNA replication. The complementary sequences seem to be 

required for efficient PRDI DNA replication. The GC/AT content of the 

adenovirus origin is opposite to PRD1's. Thirteen out of 18 nucleotides in the 

adenovirus origin are AT base pairs while 15 out of 20 nucleotides in PRDl's 

are GC base pairs. 

The aspects described above suggest that the molecular basis of 

recognition for DNA replication origins may be different for each system. 

(2) DNA replication proteins and host factors: A viral coded DNA polymerase 

and terminal protein are required for all three systems. A viral coded, single-
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strand binding protein is also needed for adenovirus and ¢29 DNA replication. 

The product of PRDI gene 12 is believed to be a single-strand binding protein. 

Interestingly, a few more viral proteins are required for ¢29 DNA replication. 

One of them is gene product 6 (p6). It has positive gyrase activity. The p6 

forms a nucleoprotein complex at the viral replication origin and seems to 

change the DNA conformation. In addition to p6, two other viral proteins (p17 

and pI) are necessary for ¢29 DNA replication. Why does ¢29 need extra viral 

proteins for DNA replication? One reasonable answer would be that the short 

ITRs (6 bp) of ¢29 DNA are not long enough to have all the necessary 

elements for recognition. Probably the activity of p6 and/or p17 compensates 

for the short ITRs. Adenovirus requires three host factors (NF T, II, ane! III). 

Since the adenovirus DNA is a long molecule (36 Kb), its DNA replication 

requires a tension-relieving enzyme such as NF II (topoisomerase). NF I ane! III 

may be involved in recognizing the complicated origin during the initiation. 

It seems reasonable to expect that host factor(s), if required for PRDl 

DNA replication, would be quite different from those of other systems because 

the origin, DNA polymerase, and terminal protein of each system are different. 

What kind of host factor(s) are necessary for PRDI DNA replication? If the 

PRDI DNA polymerase and terminal protein have difficulty opening the GC 

rich origin, it would definitely need some host factors which may destabilize the 
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DNA structure. 

(3) Strand specificity: Based on the protein-priming mechanism, the 3' strand is 

a true template and the 5' strand is simply displaced during chain elongation. 

However, several ill vitro experiments have shown contradictory results. It has 

been reported that the synthetic oligonucleotides corresponding to the 5' and 3' 

ends (18 bases) of the adenovirus 4 genome were tested for initiation ill vitro 

and the 3'end, but not the 5' end, was recognized as a template for initiation. 

This finding is consistent with the protein-priming mechanism whereby the 

daughter strand synthesis occurs at the 3'end of the parental strand and 

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

template strand. III vitro studies have demonstrated that efficient initiation 

requires a linear duplex DNA molecule with the terminal 18 bp of the 

adenovirus type 4 genome at one end. Therefore, the observation that the 

synthetic oligonucleotides containing the 3' terminal 18 bases of adenovirus 4 

support the initiation reaction ill vitro is not surprising. On the contrary, 

adenovirus 2 needs the terminal 51 bp as weIl as two host factors (NF I and 

NF III) for its efficient DNA replication and the strand specificity has yet to be 

shown. 

Another protein-primed DNA replication system, ¢29, supported different 

theory for recognition of origin. It has been suggested that in the case of ¢29 
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the recognition of origin sequence occurs on the double-stranded template. This 

theory is based on two observations; first, the separated strands of the terminal 

fragment (HindIII L) of the ¢29 genome showed lower activity than the 

protein-free double-strand DNA fragment. Second, the single-strand 

corresponding to the 3' end of ¢29 DNA is less active than the one 

corresponding to the 5' end, indicating that the initiation on single-stranded 

DNA is not specific. 

The PRDI system, similar to that of adenovirus 4, clearly revealed that 

the origin of PRDI DNA replication has strand specificity. The discrepancies in 

regard to the strand specificity of protein-primed DNA replication systems can 

be explained by a simple assumption wherein the recognition occurs on double

stranded DNA much more effectively than on single-stranded DNA, and the 

priming event takes place on single-stranded DNA only. The single-stranded, 

synthetic oligonucleotides containing the origin of adenovirus 4 DNA or PROI 

DNA may be recognized by their DNA replication proteins with sufficient 

efficiency, followed by the priming event. If the single-stranded ONAs having 

the origin of adenovirus 2 DNA or ¢29 DNA is not efficiently recognized, the 

priming event would not occur. In vivo, theoretically, the origins of protein

primed DNA replication systems bear similar strand specificity. 

Currently, the number of protein-linked genomes known is growing. It 



will be interesting to study the molecular details of the DNA replication 

mechanism in various systems and perceive how living organisms in nature 

accomplish the ultimate goal for their survival with different strategies. 
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