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Preface 
The mechanisms of DNA chain initiation and elongation have been 

intensively investigated using small DNA phages or small p1asmids as 

models of DNA replication in Escherichia coli. They studied these 

problems mainly by biochemical approaches, and resolved these mechanisms 

in molecular level (for a review, see Kornberg, 1978). We can imagine 

the feature of replicating DNA as below. At an unique origin site, 

primer RNA is formed by actions of dnaB protein (mobile replication 

promoter) and dnaG (primase) protein or RNA polymerase (Geider et al. 

1978; Itoh and Tomizawa, 1980), and the RNA is swiched to elongate DNA 

chain. Once the chain elongation initiates, the replication fork is 

advanced forming DNA chains discontinuously by dnaB protein, primase and 

DNA polymerase III holoenzyme. These are composed of multi-step 

reactions involving activities of many accessory replication proteins. 

In these reactions, the rate-limiting step is the initiation of 

replication, and its regulation controls overall replication process. 

Unless we understand how replication fork moves, the investigation of 

regulation at initiaton step is scarcely progressed. The reason is that 

the study of the regulation requires not only biochemical but also 

genetical and molecular biological informations. How is each replication 

unit regulated independently while maintaining its own copy number? 

Jacob et a 1 (1963) proposed one s imp 1 e model to answer thi s question. 

They assumed I rep 1icon" which consists of rep1icator (replication 

origin) and initiator. The initiator acts positively on rep1icator, 

allowing the initiation of replication from rep1icator. Actual 

mechanism of the regulation will be more complex, for example there 

would exist negative regulation mechanisms, but this model explains 

primary feature of the regulation on initiation. 

Bacteriophage A is a temperate phage which has a capacity either to 

replicate autonomously or to convert to a lysogenic (temperate) stage 

after the DNA enters I.co1i cells. A DNA is 48kb long and genes coding 

on this genome have been well ana1yzed (Szyba1ski and Szyba1ski 1979). 

Replication of A DNA has been intensively studied as a model of the 

complex process of regulation in replication, and it is showed that Adv, 

a plasmid derivative of bacteriophage A is a good model for studying 

I rep1icon" (Matsubara, 1981). Many investigators attempted to dessect 
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the biochemical process of the initiation reaction. But anyone did not 

success in purification of A. initiators nor in replication of A. ..:!...!! 

vitro. I also attempted to analyze the regulation mechanism existing in 

the A. DNA replication, and successfully purified A. initiators and 

demonstrated the molecular interaction between A. replicator and 

initiator. In addition, I constructed an ..:!...!! vitro replication system of 

A.dv plasmid. I believe that these works removed difficulties to study 

biochemically the regulation in A. replication, and the replication of A. 

will become the most advanced system to understand the regulation 

mechanism acting in replication. 
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I. Replication of Bacteriophage ~ 

The mechanism of bacteriophage ~ replication has been studied for a long 

time via genetic and molecular biological approaches (for a review, see 

Ska1ka 1977). The following features summarize our current 

understanding: 

1) Circular DNA molecules of bacteriophage ~ enter into the replication 

cycle. The rep1icative intermediates are in Q forms at an early stage 

of bacteriophage ~ growth (Tomizawza and Ogawa 1968), but they are in 

rolling circle forms at late stages (Skalka et al. 1972; Bastia et al. 

1975; Takahashi 1975). The switch from Q-type to rolling-circle-type 

replication has not been studied well. 

2) Replication is initiated at a unique site of DNA called ori (SchnBs 

and Inman 1970; Inman 1981). 

3) Replication proceeds bidirectionally (SchnBs and Inman 1970, Inamn 

1981). 

4) Two ~-coded initiator proteins, Q and f, are required for replication 

(Ogawa and Tomizawa 1968). There is evidence from genetic studies that 

ori is the action site of the Q protein (Furth et al. 1978). The 0 

protein interacts with f protein (Tomizawa 1971; Furth et al. 1978), 

which, in turn, is the target for action by host-coded proteins such as 

the dnaB product (Georgopoulos and Herskowitz 1971, Saito and Uchida 

1977, Klinkert and Klein 1979). The Q protein is unstable and is 

degraded within a few minutes after production (Wyatt and Inokuchi 1974; 

Kuypers et al. 1980; Lipinska et al. 1980, Gottesman et al. 1981). It is 

possible, therefore, that the rate of production of this protein 

controls the rate of replication. f protein, in contrust, is stable. 

5) The ori region or a DNA region nearby must be lIactivated ll by 

transcription prior to or during replication (Dove et al. 1969, 1971; 

Furth et al. 1982). This phenomenon, called transcriptional activation, 

is independent of the production of initiator proteins. Its implication 

is not clear. 

6) A 11 the genes and genet i c sites needed for ~ DNA rep 1 i cat i on are 

clustered in the so-called early region of the ~ genome. The cluster 

can be extracted as a DNA fragment and can be perpetuated in a p 1 asmi d 

state in Escherichia coli, since it can replicate autonomously. The 
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plasmid is called ~dv (Matsubara and Kaiser 1968; Matsubara 1981). The 

genetic structures of ~ and ~dv are shown in Figure 1. 

7) The entire genome of ~dv is transcri bed under the contro 1 of pRoR. 

The transcription is autoregu1ated and is kept at a low level (Murotsu 

and Matsubara 1980; Johnson et al. 1981; Matsubara 1981). Therefore, 

initiation of replication is under the control of this transcription, 

which simu1tanous1y activates ori and provides the unstable Q protein. 

8) The entire nucleotide sequence of ~dv has been elucidated (Moore et 

al. 1978, Schwarz et al. 1980; for a review, see Matsubara 1981), and 

part of it is reproduced in Figure 2. Around the replication-initiation 

site are four characteristic 19-bp repeating suecuences arranged 

tandem1y (hereafter referred to as ori-repeats). To the right of the 

ori-repeats is an A+T-rich segment whose sequence is reminiscent of that 

of the primase action site in the genome of bacteriophage G4. Several 

cis-acting replication-defective mutations map in the ori-repeats and 

the A+T -rich region (Hobom et al. 1978; Moore et al. 1978). Further to 

the right is a region with a long pa1indromic sequence. To the left of 

the ori -repeats is a 1 eftward codi ng sequence for an RNA with complete 

promoter and termi nator sequences. The product RNA is 78 bases long, 

and is called ~RNA (Hayes and Szyba1ski 1973). Its role is not clear. 

All these unique features are retained among the ~-re1ated phage 

genomes, although their sequences differ considerably. 

9) A regi on around SOO-bp to the 1 eft of the ori -repeats has been 

cloned. Under special circumstances this region replicated autonomously 

(Hobom et al. 1978; Lusky and Hobom 1979a,b). It was named ice, and 

was postulated to be a site of switching from primer RNA to DNA 

synthesis. However, further evidence to support this idea has not yet 

been obtained. 
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-200 -lS0 -100 - Cl gene t==!====i=====z. 

CATCCCCATCTTGTCTGCGACAGATTCCTGGGATAAGCCAAC;HCATTTTTCTTTTTTTCATAAATTGCTTTAAGGCGACGTGCGTCCTCAAGCTGCTCTTGTGTTAATGGTTTCTTTTTTGTGCTCA cCiTTAAAT ATCACCG pRoR) 

==="",,"F _~fLrer~moier J..~ tof gene- S 

CMGGGATrMTATC!rAACAtCGTr,cruuOOcTATTlIrACCTCTGGCGGTGAT4TGGTTGt}TGTACT~G TGGAACAACGCATAACCCTcAAAGATTATGCAATGCGCrrTGGGCAAACCAAGACAGCTWGA 

200 

tof TCTCGGCGA TT ATCAAAGCGCGATCAACAAGGCCATTCATGCAGGCCGAAAGA TTTTrrT MCTAT ~CGCTGA TGGAAGCGTTT ATGCGGAAGAGGT AAAGCCCnCCCGAGTAACAAAAAAACAACAGCAT A 

tR1 ClIgene---------, • ... i L T&;lOP~ • l. . . lSt> • • 
CTT ACACATTCC. e~§~"""a .TCAAA TT AAACCACACCTATGG{ GTATGCPj' , ,A ~CA T AL CAATCAA TTlrTATC~CTT ACA TGGTTCGTGCAAACAAACGCAACGAGGCTCTACGAATCG 

AGAGTGCGTTGCTTAACAAAATCGCAATGCTTGGAACTGAGAAGACAGCGGAAGCTGTGGGCGTTGATAAGTCGC ATCAGCAGGTGGAAGAGGGAGTGGATrCCAAAGTTCTCAATGCTGCTTGCTGTTCTrGAATGGGG' TCG 

SSO to.. 60.0. • •• 6SJ1. 
TTGGCGCGACAAGTTGCTGCGA TTcTCACC AAAAAACGCCCGGCGGCAACCGAGCGTTCTGAACAAATCCAGA TGGAGTTCT GTCA TT ACTGGA TCTATCAA GGAGTCA T 

7S0 
TACAGCAAAAA TACTCAACTTCGGCAGAGGT AACTTTGCCGGACAGGAGCGT AA TGTGGCAGA TCTCcA TGA TGGTTACGCCAGACT ATCAAATATGCTGCTTGAGGCTT A TTCGGGCGCAGA TCTGACCAAGCGACAimT AAAGT 

• • • 8)0 • • • • 9QO • • • • 9~0 • 
GCTGCTTGCCA TTCTGCGT AAAACCTATGGGTGGAAT AAACCAA TGGACAGAATCACCGA TTCTCAACTT AGCGAGA TTACAAAGTTACCTGTCAAACGGTGCAA TGAAGCCAAGTT AGAACTCGTCAGAATGAATATT ATCAAGCA 

ori-repeats 
• • • 1000 .FF====i=="""'lifF===:;===UlI~(O ~F"'F===:-=-;F'F.==""'i===~100 ===:===1 

GCAAGGCGGCATGTTTGGACCAAATAAAAACATCTCAGAATGGTG TCCCTCAAAACGAGG ACAAAAGACAcTAT 

AT-rich palindromlc 1 
O . . . lljU ., 12QO . ' 12)0 

TACAAAAGAAAAAAGAAAAGATTATTCGTCAGAGAATTCTGGCGAATCCTCTGACCA CAGAAAACGACCmCTGTGGTGAAACCGGATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAAGACCTGACCGCCGCAGA 

p 

• • • • 13CO • • • • 13:0 • • • • 14~0 
GTGGATGTTTGACArGGTGAAGACTATCGCACCATCAGCCAGAAAACCGAATTTTGCTGGGTGGGCT'lACGATATCCGCCTGATGCGTGAACGTGACGGACGTAACCACCGCGACATGTGTGTGCTGTTCCGCTGGGCATGCCAGGA 

• • • • 14)0 • • • • 1SQO • • • • 1S~0 
CAACTTCTGGTCCCGT AACGTGCTGAGCCCGGCCAAACTCCGCGAT AAGTGGACCCAACTCGAAATCAACCGT AACAAGCAACAGGCAGGCGTGACAGC CAGCAAACCAAAACTCGACCTGACAAACACAGA CTGGA TTTACGGGGT 

p gen: - • • 1600 '. • • • 16?0 • • • • 17DO 
!;;;;;; ..... +--' AAACATCGCCGCACAGA TG~TT AACTTTGACCGTGAGCAGA TGCGTCGGATCGCCAACAACATGCCGGAACAGTACGACGAAAAGCCGCAGGTACAGCAGGTAGCGCAGA TCATCAACGGTGTGTTCAGCCAGTT A 

1750 1800 
CTGGCAACTTTCCCGGC5AGCCTGGCTAACCGTGACCAGAACGAAGTGAACGAAATCCGTCGCCAGTGGGTTCTGGCTTTrCGGGAAAACGGGATCACCACGATGGAACAGGTTAACGCAGGAATGCIiCGTAGCCCGTCGGCAGAAT 

18~0 • • • • 19~0 • • • • 19~0 ... • • • 
CGACCATTTCTGCCATCACCCGGGCAGTTTGTTGCATGGTGCCGGGAAGAAGCATCCGTTACCGCCGGACTGCCAAACGTCAGCGAGCTGGTTCATGTGGTTTACCAGTA TTGC CGGAAGCGAGGCCTGTATCCGGATGCGGAGTCT 

2000 2050 2100 

TATCCGTGGAAATCAAACGCGCACTACTGGCTGGTTACCAACCTr.TATCAr.AACATGCGGGCCAATGCGCTTACfGATGCGGAATTACGCCG'TAAGGCCGCAGATGAGCTTGTCCATATGACTGCGAGAATTAACCGTGGTGAG~ 

21~0 2200 .22S0 
ATCCCT GAACCAGTAAAACAACTT CCTG T CAT GGGCGcT AGACCTCT AAATCGTGCACAGGCTCTGGCGAAGATCGCAGAAATCAAAGCTAAGTTCGcACTGAAAGGAGCAAGTGTAT' • GGGCAAAGA 

Figure 2. The nuc10tide sequence covering ~dv genome (Schwarz et al. 
1980; Matsubara, 1981). 
The genes, tof, cll, 
double lines at the 
repeats, 
represent 

A+T-rich 
the 

o and P are boxed. The genetic sites are boxed with 
top and bottom. Parti cu1 ar origin structures, ori

and pa1indromic are indicated. Heavy underlines 
(Shine-Da1garno) sequences. ribosome-binding 

those used by Schwarz 
Position 

numbers are 
system corresponds 
a 1. (1980) • 

to position no. 
et al. 
38,844 
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11. Purification of ~ Q and f proteins 

Purification of a ~ori-binding protein from ~dv carrier cells. By 

genetical evidence, ~ 0 prtein was predicted to bind to ~ ori sequence 

(Furth et al. 1978). I searched such an activity that binds to ~ ori 

among proteins from I.coli cells carrying ~dvAj5 (Tsurimoto and 

Matsubara 1981a). ~dvAj5 is a copy-mutant ~dv which accumulates 500-1000 

copies/cells, and it was expected that proteins coded for by the genes 

of ~dv would accumulate in its carrier cells (Murotsu et al. 1977). 

One protein fraction contained the activity to bind specifically to ~dv 

DNA or dv-DNAs from ~-re 1 ated phages, ~ imm434 and ~ imm21 (Matsubara and 

Otsuji 1978), whose ori region is the same as that of~. It does not 

bind to other DNAs, e. g., ~80dv or pBR322. I conc 1 uded that the ~ or i 

binding protein is the Q protein from following lines of evidence: 1) 

The protein could be purified from cells carrying ~dv or a recombinant 

plasmid coding the intact Q protein but not from cells without plasmids 

or carrying a recombinant plasmid coding the incomplete Q protein. 2) 

The most purified ~ ori binding protein from ~dv carrier cells showed a 

molecular weight of 32,000 that is in good agreement with the value 

previously reported for the Q protein made in an in vitro protein 

synthesizing system (Yates et ale 1977), or in minicells carrying ~dv 
or those infected with ~ phage (Lipinska et al. 1980). 

The binding of the Q protein can be observed with DNA in the linear 

duplex form or in closed circular form, as long as it carries ~ ori 

region. Figure 3 shows mapping of the binding si'te among ~dv restriction 

fragments. ~dv021 DNA was digested with AvaIl and EcoRI, and 51 ends of 

the di gests were 1 abe 1 ed with 32p. TheseDNA fragments were mi xed wi th 

the Q protein and filtered through a nitrocellulose filter. Only a 164-

bp fragment (AvaIl at position 983 to EcoRI at position 1147) which 

carries ori-repeats, A+T-rich strech, and part of a palindromic 

structure was trapped on the filter mediated by the Q protein. ~dv DNAs 

carrying other regions, such as g and pRoR, ice and .222., did not show 
this interaction. 

The Q protein is extremely unstable in vivo and scarce amounts of 

it accumulates in cells. This point prevented us from obtaining large 

amounts of the 0 protei n needed for further ana lyses. I could prepare 

only 5~g of near homogeneous Q protein (the purity is 65%) from 50g of 
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a-

c
b-

1 2 3 

Figure 3 Autoradiogram showing that the purified 0 protein 

specifically interacts with ~ ori fragment. 

~dv02 1 DNA, digested with AvaIl and EcoRI, and 5'-end-labe1ed with 32p 

(1. Ox 10-3pmo 1 each fragmen0. was mi xed with the Q protei n fract ion 

(which possessed binding activity to 1.5x10-3 pmol DNA carrying ori 

site) in 200~1 of BufferB ( 10mM Tris-HC1 [pH? .4]. 10mM Mg(CH 3COO)2' 20mM 

KC1, O.lmM EDTA, 6mM 2-mercaptoethano1, and 50~g/m1 BSA) and incubated 

at O'C for 30 min. The reaction mixture was filtered through a 

nitroce11 u1 ose filter, and the fi ltrate was co11 ected. The retai ned DNA 

was recovered from the filter by washing with 1m1 of 1 M NaC1. The DNAs 

were precipitated with ethanol and analyzed by polyacrylamide gel 

e 1 ectrophores i sand aut orad i ographed. A control samp 1 e fi ltered in the 

absence of protein was made, and treated Similarly. (1) Control sample, 

all the fragments produced by AvaIl and EcoRI digestion exist. a:2.8-kb 

fragment carrying from AvaII (1453) to AvaIl (983); b: 164-bp from AvaII 

(983) to EcoRl (1147); c: 269-bp from EcoRl (1147) to AvaII (1416); d: 

42-bp from AvaII (1416) to AvaII (1453). (2) Filtrate with the 0 

protein. (3) The DNA retained on filter with the Q protein. 
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A.dvAj5 carrier cells using this system. Therefore, it was desirable to 

improve the effi cency of its production, and I constructed a system 

overproducing the Q and f proteins as described in the next section. 

The 0, P overproducer system. To prepare the Q and f proteins in large 

quantities, I constructed a pBR322-based recombinant plasmid (Fig. 4) 

that carries the Q and f genes under direct transcriptional control by 

two tandemly arranged promoters, ~ and Bb. (Tsurimoto et al. 1982). 

These two promoters are repressed at low temperature (32·C) by a 

thermosensitive repressor ~857, whereas at high temperature (42·C) they 

are active. The structure of this recombinant plasmid may be 

reminiscent to that of A.dv. However, it does not carry an autorepressor 

gene tof (Murotsu and Matsubara 1980), or the transcriptional 

termination signal tRl (Rosenberg et al. 1978), both of which are 

located in between the pRoR and the 0 gene in A.dv, modulating 

transcription of Q and f genes. Thus, the recombinant plasmid allows 

strong express i on of the Q and f genes upon transfer the carri er ce 11 s 

from low to high temperature (thermal induction). 

Figure 5A shows the time course of change in bulk cellular proteins 

upon thermal induction. Two proteins with molecular weights 34,000 and 

26,000 accumulated noticeably; these are the Q and f proteins. Each 0 

and f proteins accounts for 2-3% of the bulk cellular proteins at 2 

hours after induct ion. No such protei n bands were detected in induced 

cells that did not carry the recombinant plasmid (Fig. 5B). The 

overproduced Q protein was stable in vivo (its half-life was more than 

30 min; data not shown), which was unexpected in view of the short ha1f

life of Q protein (1.5 min; Gottesman et al. 1981) that has been 

observed with A. phage-i nfected cells or A.dv carri er. The stabil ity may 

have been instrumental in the accumulation of this protein. It could be 

that proteinases that degrade Q protein are insufficent or that such 
proteinases are inactive in the thermoinduced cells. 

Purification of 0 and P proteins. I purified the 0 and f proteins 

from an induced bacterial strain usig electrophoresis to monitor purity 

(Tsurimoto et al. 1982). Cells were lysed in Buffer 0 (50mM Tris-HC1 

[pH7.4J, 0.3M KC1, O.lmM EDTA, 12mM 2-mercaptoethanol) in the presence 

of EDTA (5mM), lysozyme (125Ilg/m1) and Triton X-lOO (l%) at O·C, and 

then sonicated and centrifuged at high speed. The supernatant 
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Figure 4. 

pMY17-3. 

PLpromoter 

pMY17-3 
p 

Structure of an Q, f.-overproducing recombinant plasmid, 

Origins of DNA segments:(---) from pBR322; ( ... ) fragment carrying the 0 

and f. genes from A.dv021; (c::::J) fragment of A. carrying.£!.857 and the £B. 
promoter; (.) fragment of A. carrying the .2!:. promoter •. (c::::=-) Location 

of £B. and its transcriptional orientation; orientation of transcription 

from .2!:. is also shown by its tapered end. Arrowheads indicate the 
cutting sites of BamHI (Ba), ~II (Bg), EcoRI (E), HindIII (H), and 

PstI (Ps). The locations of Q, f. and the truncated cII gene (cII I
) are 

shown outside of the A.dv sequence. pMY17-3 was selected as a plasmid 

conferring A.-immunity to its carrier cell, Km723 (Tsurimoto and 

Matsubara 1981a). Construction of the plasmid is described in Tsurimoto 

et ale (1982). 
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Fi gure 5. A: Accumulation of 0 and P proteins in induced 
overproducing cells. 

Km723(pMY17-3) was grown in PBB medium (Ts urimoto and Matsubara, 1981a) 

at 32·C to 00660=0.4 and then transferred to 42·C (time 0). Samples 
(0.25ml ) were taken at the times indicated (in hours), cells were 
collected by centrifugation at 10,000g f or 3 min, suspended with 10ul of 

sample buffer (62.5mM Tris-HCl [pH6.8], 2% 50S, 0.07M 2-mercaptoethanol, 
0.5mg/ml bromophenol blue and 10% glycerol) and heated at 100· C for 2 
min. Proteins were separated on a 15% polyacrylamide gel containing 0.1% 
50S and stained with Coomassie blue. B: Comparison of proteins from 

Km723 cell s with or without pMY17-3. Cell s that had been incubated at 
42·C for 2 hours were treated as in A. Arrowheads indicate the 0- and p_ 
protein bands (34 ,000 mw. and 26,000 mw., respectively). 
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containing some Q protein was saved, and the precipitate was extracted 

with Buffer D containing 2M urea. The combined extracts contained most 

of the Q protein. The f protein was extracted from the 2M urea-extracted 

residue with Buffer D containing 4M urea. Both initiator proteins were 

hydrophobic and this three-step extraction using denaturing 

reagents,viz. Triton X-lOO and urea were necessary for effective 

extraction. These results suggest that the initiator proteins of A. may 

be bound to the cell membrane (Kuypers et ale 1980, Zylicz and Taylor, 

1981) and replicating A. DNA become associated with the bacterial 

membrane. 
The 0 protein was purified by column chromatography using DEAE

cellulose, hydroxyapatite, phenyl-Sepharose, and CM-Sephadex. The P 

protein was purified by column chromatography using Bio-Gel P-6, DEAE

cellulose, phosphocellulose, and hydroxyqpatite. These purification 

schemes yeilded homogeneous Q and f proteins· (the purity of each 

proteins is more than 95%, respectively), as shown in Figure 6. I 

prepared 3mg of the Q protein and lmg of the f protein from 19 of the 
thermoinduced Km723(pMY17-3). This recovery of the Q protein means that 

this protein was amplified to 1-10 thousand-fold from A.dv system by this 

overproduing system. 

Genes coding for the 0 and P proteins. I determi ned the ami no ac id 

compositions and the amino- and carboxyl-terminal sequences of the 

purified Q and f proteins (Tsurimoto et al. 1982). The observed 

compos it i on of each protei n (Table 1) agrees well with that predi cted 

from the nuc 1 eot i de sequences. The ami no-termi na 1 sequences were 

determined up to the 4th residue by Edman degradations and were found to 

be Thr-Asp-Thr-Ala- for Q protein, and Met-Lys-Asn-Ile- for f protein. 
The carboxyl-termi na 1 sequecnes, determi ned by carboxypept i dase A 

digestion are Leu and Val for Q and f proteins, respectively. These 
sequences agree perfectly with those predicted by nucleotide seuqnece 

analyses (Fig. 7). The first fMet in the Q protein is missing, possibly 

as a result of processing. In f protein, the first f-Met is 

deformylated. The termination cod on for the Q protein and initiation 

codon for the f protein overlapped. This may mean a cooperative 

translation of these closely related initiation proteins. From the amino 
acid sequence and the nucleotide sequence data, the precise molecular 
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1 2 

.... 0 

Figure 6. E1ectronphoretic profiles of purified Q protein (lane 1) 

and f protein (lane 2). 

Purifi cati on procedures are descri bed in the text and Tsurimoto et al. 

(1982). Each protein (3I1g) was subjected to SOS-polyacrylamide gel 

e 1 ectrophores is. Note that no extra bands are detectable under these 

conditions. 
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Table 1. Amino acid compositions of the purified Q and f proteins 

Q protein f protein 
Residue 

predicteda) observedb) predicteda) observedb) 

Asp 45 45.0 25 25.8 
Thr 18 17.3 7 7.35 
Ser 20 19.2 8 8.11 
G1u 28 28.8 34 33.8 
Pro 12 11 .9 13 13.0 
G1y 20 20.6 11 11.8 
Ala 21 20.6 28 28.5 
Va1 11 11.3 18 19.0 
Met 9 7.16 10 8.88 
Ile 14 13.5 10 9.88 
Leu 25 25.3 18 17.4 
Tyr 6 5.87 7 7.11 
Phe 8 7.26 7 6.38 
Lys 28 28.9 10 9.96 
His 1 1. 17 2 2.29 
Arg 19 19.7 21 21.6 

a) Amino acid compositions predicted from nucleotide sequences 

(Denniston-Thompson et al. 1977; Scherer 1978; Schwarz et al. 1980) 
b) Amino acid compositions obtained for the purified proteins (Tsurimoto 
et al. 1982). Each value represents the average of two determinations 
after 24 and 72 hr hydrolysis. Values represent residues per molecule. 
Asn, Gln, Trp and eyc were not determined. 
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(A) 

(6) 

(C) 

o P gene--------_ 
660 ~ gene -----fsSO 2250 

5'---CATT ACAAATACAGCAAAA-----GGGGTGGATCT ••• AACATCGCC-----GCAAGTGTATGACGGG---3' 
3'---GTAA TGTTTATGTCGTTTT-----CCCCACCTAGA TTTGTAGCGG-----CGTTCACATACTGCCC---S' 

fMetThrAsnThrAlaLys-----GlyValAspLeu 
fMetLysAsnIleAla-----AlaSerVal 

ThrAsnThrAla-----------------Leu 
MetLysAsnIle----_-•• __ ~-_·Val , 

298 amino acids 
MW. 33,700 

, 
233 amino acids 

MW. 26,500 

Figure 7. Comparison of terminal amino acid sequences of 0 and P 

protei ns pred i cted from DNA sequence and determi ned from ami no ana lyses 

of the purified proteins. 

(A) Part of the A. DNA sequence covering the amino- and carboxyterminal 

regions of the Q and f. genes. (-) Start codons (ATG); ( ... ) stop 

codons (TGA). Numbers above the sequence are explained in Fig. 2. (B) 

Partial amino acid sequences predicted from the nucleotide sequence. 

Upper and lower rows are Q-protein and f.-protein sequences, 

respectively. (C) Partial amino acid sequences determined by analyses of 

the purified proteins. Upper and lower rows are the Q-protein and f.

proteins, respectively. The total number of amino acid residues and 

molecular weights calculated from these data are shown. Locations of the 

Q and f. genes in the A. nucleotide sequecne are indicated at the top. 

-15-



weights of the Q and f proteins are caluculated to be 33,700 and 26,500, 
respectively. 
Binding of 0 protein to the ori-repeats. Purified Q protein binds 
specifically to a 164-bp fragment that coding ~ ori sequence. I studied 
further the interaction of 0 protein and ~ ori fragment using a 
footprinting assay (protection against DNase I digestion) and a 
protection assay against exonuclease III (ExoIII). The results of these 
experiments demonstrate that the binding site of the Q protein consists 
of the four ori-repeats. 

A 387 -bp ~ fragment carryi ng the ori -repeats was 1 abe 1 ed with 32p 
at the 51 end of the left-hand side (AvaIl; 983) of the molecule (the 51 
end of the right-hand side [TacI; 1370] is unlabeled). It was mixed 
with different concentrations of 0 protein, and treated with low 
concentration of DNase I. As DNase I randomly cuts DNA, the resulting 
set of fragments form a 1 adder in gel electrophoreses (F i g. 8 1 ane 1). 
In the presence of the Q protein, region 1 is covered and thus protected 
from DNase I attack (1 ane 4). Upon addi t i on of more Q protei n (1 ane 5), 
the protected regi on is further expanded (regi on 2). The protected 
regions 1 and 2 correspond precisely to the inner two ori-repeats and 
all four ori-repeats, respectively (Fig. 11). 

Experiments of a protection assay against ExoIII were carried out 
using 51-end-labeled ~ ori fragments: AvaIl (983) to EcoRI (1147) 
labeled at the EcoRI end; and AvaIl (983) to HinfI (1157) labeled at the 
AvaIl end. Without Q protein, these fragments were digested by ExoIII to 
some points that stopped the nuclease naturally (Fig. 9, lane 2 and Fig. 
10, lane 3). When the Q protein binds to these fragments, the digestion 
of ExoIII was stopped at 31 border of the binding sites and generated 
two protected bands on each strand (Fig. 9, lane 3,4,5 and Fig. 10, lane 
6,7). These results show that 31borders of the binding- on r- and 1-
strands were determined to locate at left ends of ori-repeats 1 and 2, 
and at right ends of ori-repeats 3 and 4, respectively. At a low 
concentration of Q protein, ExoIII did not digest the region covered by 
ori-repeats 2 and 3, and outer two repeats also protected in increasing 
Q protein amounts (Fig. 11). 

Experiments of these two types of protection assays gave exactly 
the same result. The Q protein binds to a 19-bp ori-repeats covering 
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intact 
165 

exo 
stop 

1 

--

62-
60-

55-

2 3 4 5 

protected 

- -2 142 

_oa- .... ~ -1 122 

Figure 9. The 0 protein protects r - strand against ExoIII' digestion. 

Approximately 3xlO-1Smols of 165 -b~ f r agment (AvaIl [983 ) to EcoR I 
[ 1147] and 32P - end - labe l ed at the EcoR ! terminus) was i ncubated in 1Oo~' 
of Buffer B at 37 ' C with vary; n9 amou nts of Q prote i n f or 12 mi nand 

then digested with ExoIII (60units/ml) at 37'C for 5 mi n. After 

digestion the samp les were electrophoresed and autoradiographed as Fig . 

8 . Lane " undigested fragmen t . Lane 2 . digested with ExoIII ; n the 

absence of a protein . lanes 3, 4, 5 , digested with the same amount of 

ExoIII after incuba t ion of the DNA with 3, 6 and 120g of Q pro t e in . 

respec ti vely . Numbers rep r esent fragment s iz es expressed in nuc leot ides 

from the EcoR I terminus. 
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1 2 3 4 5 6 7 

intact -- protected 
174 

- _ ... - 2 119 

110 ~- 1 --- 9 6 -85 ~-
exo 

~.--- -stop 
63 

~t! 

Figure 10. The 0 protein protects l - strand agains t ExoIII di gest on. 
Experiments were d;ne as Fig. 9, exc;pt that approximate ly 2xlO· 15mols 

of 174- bp fragment (Avail [983] to Hinf! [1157] and 32P-end-labeled at 

the AvaIl termi nus) and 180units/ml of Exa l I! were used . Lane 1. 
undigested fragment. Lane 2, length standard same as that used in Fig.S 

lane 3. l ane 3, ExoIII diges t ion of the fragment without Q prot ein. lane 
4, 5, 6 and 7 , Exo III digestions of the fragment after incuba tion with 

1.5, 3, 6 and 1209 of Q protei n, respectivel y. Numbers indi cate f ra gment 

sizes exp r essed in nuc leoti des from the AvaIl t erminus. Arrowheads 
indicate G-clusters exist in ori-repeats. 
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r----t--- 2 ---+-----., 
prolected 2 

~"a repeat 1 repeat 2 E 
I#J.c.CWTAAAAACATCTCAGA.I.TGG!~==C=~AAA'CCf ==~~C==: foRllJ41 JI"'GGTTTATTTTTGTI'''''''ZCj:I TTTGt! "CACTATTACAAAAGAAAAAAGAAAAGAJTA TTCGT"G"" ~ 

Prob!cIL.../ _ed_2 __ protecI_ed_l__ 3 _re_pe_81_3 __ r_epe_8_14--.JfTTTTCTGTGAT .... TGTTTTCTTTTTTCTTTTCT .... TAAGCAGmCTT 

Figure 11. Sequence of the or i reg i on of A. DNA protected by the Q 
protein against digestion by DNase I and exonuclease Ill. 

Upper and lower rows of nuc 1 eot i de sequences represent the 1- and r-

strands of A. DNA, respectively,' from AvaIl (983) to EcoRI (1147). 

Sl anted arrows indi cate the boundaries 'Of the regi on protected against 

exonuc 1 ease II I di gest ion. Protected 1 and protected 2 correspond to 

protection boundaries by low and high concentrations, respectively, of Q 
protein. Brackets 1 and 2 indicate regions of the .!-strand protected 

against. DNase I cleavage. Bracket 3 indicates region of the r-strand 

protected against DNase I cleavage at high concentration of 0 protein 

(data not shown). The four boxes represent the 19-bp ori-repeats 

(repeats 1 through 4). Note that the boundaries of the ori-repeats match 

well with the boundaries of the region protected by the Q protein. 
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both }- and I.-strands. The Q protein preferencially binds to the inner 
two ori-repeats when its concentration is low. At high concentration, 
all four ori-repeats are bound. 

I next constructed a series of deletion derivatives from a pBR322-
based recombinant plasmid pOA-4 (Fig. 12) that carries the ice-oop-ori 
region of A. but not the palindromic region (see also Fig. 2). In these 
derivatives, the A+T-rich region and some of the ori-repeats in the 
cloned A. DNA fragment have been deleted to various extents by 
progressive digestion with BAL31 exonuclease. Figure 12 shows the 
deletion end points and the ability of these derivatives to bind to the 
Q protein (Tsurimoto and Matsubara 1981c). Deletion of the palindromic 
and A+T-rich regions did not affect the binding ability. Deleting the 
right-most repeat did not affect the result, but loss of two repeats 
lowered the binding activity to 38 % of normal. Deletion of all but one 
unit practically abolished the binding activity. These observations are 
in accord with the previous observation that among the four ori-repeats, 
the inner two are the preferential sites of Q-protein binding. The 
palindromic and A+T-rich regions apparently do not affect the binding 
activity. 

The molecular events involved in the sequencetial binding of Q 
proteins and the structure of Q protein-DNA complex are not yet clear. 
Interaction of P protein with danB protein. Genetic studies have shown 
that A. f protein interacts with dnaB protein of the host (Georgopoulos 
and Hershowitz 1971). This was confirmed ~ vitro by wickner (1978) who 
showed that a DNA-independent ATPase activity of dnaB protein is 
inhibited by the f protein. Klein et al. (1980) demonst~ated the 
physical interaction between the f and dnaB proteins. Figure 13 shows 
that my purified f protein inhibits the ATPase activity of purified dnaB 
protein, in confirmation of Wickner's observation. The inhibition of 
dnaB ATPase activity by the f protein depended on the molar ratio of f 
protein to dnaB protein; at a ratio of 2, complete inhibition was 
attained. No inhibition was observed with the Q protein, and the P 
protein did not bind to the ori-repeats. I have tried to demonstrate 
molecular interactions between the purified Q and f proteins, but so far 
no evidence has not been obtained. 

-21-



relative binding 
.ctlYltyof Oprote;rl 

~~...o e pOA-4 1.0 a 
,.,'" d" ....... 

BamHI ~ /" 1 2 3 4 i" eccr1t 
-J.TccfcT~'rT!;Ar""'f ___ GC4CCWTAAAMCA'CTCAGAATc>(;T""f'TCCCTc.u.u.C~'~~~ , .w.c~'J'AA'ICJ'TcccTcMAm;.-G"fGC"fcccTc..v.u.ut":d,,·cU·Hi·C.l(T.nAC"·Hi"u,·C"'I(U' ... nCfH~"c 

"r~CCC~T.lTtA ____ CCTGGnUTnTT'T"""TCtT.I(tI,crfrAl".r.r,M;TTm:cHtCTt.t~."TTGCTCCCT.'TTet,.. Tlr.l.ACet:'c r.+cgtAlhGAf,TTTT;TCcccc*r rnTCTUGAT.u.Y;TTfmTTTTTcnncTMI'MGCA&TCTCTT""'-

pSR3221 A A I pBR322 

pOri-D1 1.1 

pOriD-4510 0.92 

pOriD-9010 0.38 

pOriD-9011 0.08 

Figure 12. Structure and Q-protein-binding activity of a set of 

deletion derivatives of pOA-4. 

pOA-4 is the parental plasmid that carries the :\ ori fragment (AluI at 

position 432 to EcoRI at position 1147; see Fig. 2) in place of the 

smaller EcoRI-BamHI segment of plasmid pBR322 (Tsurimoto et al. 1982). 

Only the sequence of the inserted :\ DNA fragment is shown. Boxed areas 1 

through 4 indiucate the ori-repeats. Four deletion derivatives, pOri-Dl, 

pOriD-4510, pOriD-9010 and pOriD-9011, were constructed from pOA-4 by 

BAL31 digestion starting from EcoRI site (Tsurimoto and Matsubara, 

1981c). The deletion endpoint of each plasmid is indicated by an arrow, 

and the region to the right of the arrow is deleted. These plasmid.DNAs 

were labeled with [3HJthymidine and linearized by AvaI digestion. Each 

3H-labeled linear DNA (25ng) was mixed with 8, 16 and 24ng of purified 0 

protein in lml of Buffer B (see Fig. 3). The mixture was incubated at 

37· C for 15 mi nand fil tered through a nitroce 11 u lose fi lter. The 0-

protein-binding activity to each plasmid DNA was measured by counting 

the amount of 3H retai ned on the fi lter. The results were avaraged and 

expressed as relative values to that observed with intact pOA-4 (=1.0). 
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Figure 13. 

0-0 

O~O~.5~1~--~2~--~3~ 

molar ratio P/dnaB 

Inhibition of dnaB ATPase activity by purified P protein. -- -
The assay was carried out essentially as described by Wickner and 

Hurwitz (1975). The assay mixture· (30~1) contained 20mM Tris-HCl 
(pH7.9), 0.4mM MgC1 2, lmM dithiothreitol, 30mM KC1, 0.5mM [1_32pJATP 

(4xl03cpm/nmol; Amersham), 50~g/ml bovine ser~m albumin, and 9.3~g/ml 
dnaB protein was incubated at 30·C for 30 min. The purified dnaB protein 
was a gift from N. Nakayama and Y. Kajiro (Tokyo University). Inorganic 
phosphate released from ATP by dnaB protein was determi ned by assayi ng 
charcoal-nonadsorbing 32p in the presence of 10mM HCl and 2mM potassium 
phosphate (Tsurimoto et al, 1982). Under my assay conditions, the dnaB 
protein released 4nmol of inorganic phosphate. To examine the inhibition 
by f protein, various amounts of f protein or heated f protein were 
added to the mixture. (); intact f protein, ~ f protein heated at 65·C 
for 5 min. 
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Ill. ~ vitro replication of ~dv DNA 
The in vitro replication system. The purified Q and f. proteins 
initiate ~dv DNA synthesis ~ vitro when combined with an ammonium 
sulfate fraction (fraction II) of I.coli lysate developed by Fuller et 
al. (1981). Their system allowed ~ vitro replication of an oriC plasmid 
bearing the chromosomal origin in the presence of fraction II, along 
with hydrophilic polymers and an ATP-regeneration system. I prepared 
fraction II from I.coli YSl (Tomizawa et al. 1975) that did not carry 
bacteriophage ~ or ~dv. ~dv was inactive when the template added to the 
assay mixture without Q and f. proteins, but addition of Q and f. proteins 
to this system promoted its DNA synthesis (Fig. 14). The same system 
synthes i zes DNA when pBR322 is added. In thi s case, however, the DNA 
synthesis is not dependent on the Q and f. proteins. Omission of one of 
the two initiators from the reaction mixture lost the activity of ~dv 

DNA synthesis (Table 2). Therefore, both Q and f. proteins are absolutely 
required for the activity. Figure 15 shows that the level of DNA 
synthesis increased when the Q protein concentration was increased and 
that it reached a plateau at 20~g/ml, when the molar ratio of ~dv DNA to 
the Q protein is about 1/100. Binding studies have shown that under 
these conditions, the Q protein saturates the binding sites of ~ DNA. 
When Q protein was added at 10~g/ml, maximal DNA synthesis was attained 
at a concentration of about 8~g/ml of f. protein, where the Q:f. ratio is 
about equal. 

Table 2 demonstrates requirements of this system which is fortified 
with the hydrophylic polymer polyethylene glycol (PEG) 20,000 and an 
ATP-regeneration system. Nalidixic acid and novobiocin, which inhibit 
DNA gyrase, inhibited the reaction. Chloramphenicol, an inhibitor of 
protein synthesis, showed no effect, and rifampicin, which inhibits RNA 
polymerase, showed an intermediate effect. I studied further the 
intermediate effect of the drug on ~dv replication. Rifampicin was added 
at various times after initiation of the reaction of ~dv and pBR322. 
Figure 16 demonstrates that the template-dependent pBR322 DNA synthesis 
was inhibited by the addition of rifampicin at any stage, as was 
previously shown for ColEl (Sakakibara and Tomizawa 1974). These 
plasmids require an RNA-polymerase-dependent primer RNA synthesis for 
replication. ~dv DNA synthesis, on the other hand, was inhibited by 
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Figure 14. Kinetics of Adv and pBR322 DNA synthesis with and without 

Q and f proteins. 

The reactions were carried out in a standard reaction mixture (25)11) 

containing 40mM HEPES (pH8.0); 80mM KC1: 2mM ATP; 0.5mM each of GTP, CTP 

and UTP; 50)1g/m1 bovine serum albumin; 21.6mM creatine phosphate; llmM 

Mg(CH3COO)2; 100)1g/m1 creatine kinase; 6% (W/V) po1yethy1ene glycol 

(PEG) 20,000; O.lmM each of dATP, dGTP, dTTP and dCTP with [a-32PJdCTP 

(Amersham) at 1 OOcpm/pmo 1 of dCTP; 8)1g/ml Adv021 DNA (0,.) or pBR322 

DNA (0,.); and 120)1g of I.co1i YS1 (Tomizawa et al. 1975) protein 

fraction (fraction 11) prepared according to the method of Fuller et al. 

(1981). The mixture was incubated at 30·C. Open symbols represent the 

activies with a combination of Q protein (20)1g/ml) and f protein 

(16)1g/m1); solid symbols represent activities without the proteins. The 

extent of DNA synthesis was expressed as total dNMP incorporated. 
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Table 2. Requirements for ~ vitro replication of Adv DNA. 

Omission and Additions DNA synthesis 

pmol % 

complete 221.2 100 

- Mg(CH3COO)2 4.4 2.0 
- ATP, creatins phosphate 

and creatine kinase 0.6 0.3 
- creatine phasphate and 

cratine kinase 99.8 45.1 
- PEG 20,000 28.5 12.9 
- Adv DNA 8.5 3.8 
- Q protein 2.0 0.9 
- f protein 5.3 2.4 
+ Nalidixic aci d (500Ilg/ml) 18.8 8.5 
+ Novobiocin (20Ilg/ml) 8.0 3.6 
+ Chloramphenicol (2OOllg/ml) 187.2 84.9 
+ Rifampicin (20Ilg/ml) 42.4 19.2 

The react ions were carri ed out in the standard react ion mi xture 
(described in Fig. 14) with 20llg/ml Q protein and 16llg/ml f protein. 
Inhibitors were added at the indicated concentrations just prior to 
starting the reaction. 
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Figure 15. Requirement for the exogenously added Q and f proteins in 

the replication of ~dv DNA in vitro. 

The reactions were carried out in a standard reaction mixture with 

8J.1g/ml of ~dv DNA at 30·C for 30 min. (A) DNA synthesis in the presence 

of 9J.1g/ml f protein and various amounts of Q protein as indicated. (8) 
DNA synthes is in the presence of 10J.lg/ml 0 protei n and v ari ous amounts 

of f protein as indicated. 
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Figure 16. Effect of rifampicin on the kinetics of DNA synthesis in 

vitro with pBR322 (A) or Adv (B). 

Plasmid DNA was incubated beginning at -10min under the standard 

conditions described in Fig. 14, except that dNTPs and 0 and P proteins 

were omitted. At time 0, dNTPs with [a._32p]dCTP were ~dded in (A) and 

dNTPs with [a._32p]dCTP, 20)lg/m1 Q protein, and 16)lg/m1 f. protein were 

added in (B). The mixtures were incubated up to 30 min. (0), no 

rifampicin addition; (.), rifampicin (20)lg/m1) added at various times 

as indicated. 
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rifampicin only when this drug was added at the preincubation stage. 

Rifampicin added at later times exerted almost no effect. In Table 2, 

rifampicin and initiators were added together at the time of starting 

the reaction without prei ncubat ion. These observat ions suggest strongly 

that RNA synthesis by RNA polymerase effective for A. replication is 

limited only at a stage prior to, or at the onset of, A.dv replication. 

However, the role of the rifampicin-sensitive reaction on A.dv. 

replication must be analyzed further. 

The products of in vitro DNA synthesis. From the amount of 

radiolabeled precursors incorporated, I caluculated that the amount of 

DNA synthesized is equal to 80 % of the exogenously added A.dv DNA. The 

products were analyzed by gel electrophoresis (data not shown). Most of 

the molecules were found in open circular form and limited amount was in 

covalently closed circular form. This may indicate low activities of DNA 

ligase or DNA gyrase in fraction 11. Small fractions migrated behind the 

covalently closed circular form and at position of catenate. These 

presumably represent replicative intermediates. 
To analyze the products of in vitro DNA synthesis, I used 3H_ 

labeled A.dv DNA as template and 32P-labeled BrdU triphosphate as one of 

the four deoxyribonucleoside triphosphates for incorporation (Fig. 17). 

The pruducts were centrifuged in a neutral CsCl-density gradient. About 

86% of added template A.dv DNA (3H) and all the newly synthesized DNA 

(32p) were in the half-heavy position. No full-heavy 32p was detected. 

Upon denaturation, all of the 3H and 32p were recovered as fully light 

and fully heavy single-stranded DNA, respectively. These observations 

indicate that in my l!:!. vitro system, DNA synthesis represents 

repl ication and that the externally added A.dv DNA carries out one round 
of replication. 
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IV. Site of replication initiation and the minimal region required for 

initiation 
The ori-repeats or a near-by region is the site for initiation of Adv 

DNA replication. To investigate the initiation site of Adv DNA, I used 

the "ddCTP method" which blocks chain elongation at an early phase of 

replication (Conrad et al. 1979). Adv DNA was synthesized in the 

presence of [a-32PJdCTP, and ddCTP. The DNA was purified, cleaved with 

DdeI or DdeI plus EcoRI, and then analyzed by electrophoresis in a 

polyacrylamide gel. The result of autoradiography is shown in Figure 

18A, and the cleavage map of Adv is shown in Figure 18B. At a 

concentration of 25~M ddCTP, the isotope was incorporated almost 

uniformly into each fragment. However, at a concentration of 100~M 

ddCTP, some fragments were '1 abe 1 ed . speci fi ca 11 y. Re 1 at i ve 

radioactivities among these fragments were measured by scanning the 

intensity of radioactivity and dividing by the number of nucleotides, 

followed by normalization as descrived in Figure 18B. The result 

clearly demonstrates that some fragments located in the Q gene are 

preferentially labeled at 100~M ddCTP. Since DNA elongation is halted 

randomly by ddCTP, the relative amount of radioactivity in a fragment 

should reflect its distance from the starting point of DNA synthesis. 

Thus, I can conclude that DNA synthes is of Adv starts at a poi nt in, or 

very closed to, the 112-bp fragment, which is located to the left of the 

ori-repeats. The gradual decrease of radioactivity on both sides of the 

starting point indicates that DNA synthesis proceeds bidirectionally. 

This result is in good agreement with those obtained from ~ vivo study 

(SchnBs and Inman 1970, Inman 1981). It should be noted' that the result 

of th is experi ment shows the DNA e 1 ongat ion occured in popu 1 at i on of 

replicated DNA molecules. To analyze the DNA elongation process in each 

molecule, other experiments, such as an electron microscope analysis, 

would be necessary. 

Minimal DNA structure for initiation of Adv replication. To 

determine the essential region for replication, I uesd the following 

pBR322-based recombinant plasmids, which carry all or part of the 

replication origin: pOri-l carries the four ori-repeats and the A+T-rich 

region (Tsurimoto and Matsubara 1981a), pOA-4 carries the ice and oopRNA 

region in addition to the pOri-l, and pOri-Dl is similar to pOA-4, but 
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Figure 18. Determination of the initiation site in A.dv DNA using 

ddCTP method. 

(A) Distribution of newly incorporated radioactivity among various 
cleavage fragments from Adv021 DNA. The standard reaction mixture (25~1) 

contained 20~g/ml Q protein, 16~g/ml 1: protein; 500cpm per pmol [:1-

32p]dCTP and 25~M ddCTP (lane 1) or 100~M ddCTP (lanes 1,2). After 
incubation, DNA was purified as described in Fig. 16, precipitated with 
70% ethanol three times and digested with OdeI (lanes 1, 2), or DdeI 
plus EcoRI (1 ane 3). The di gested fragments were electrophoresed in 8% 
polyacrylamide gel with Tris-borate buffer containing 8M urea, and 
autoradiographed. Numbers at the side of the bands indicate their size 
(bp). Locations of these fragments along the A.dv genome are shown in B. 
(B) Relative intensity of radioactivity. The intensity of each band in A 
was measured by scanning, divided by the size of the fragment; each 
value was then normalized by taking the value for 383-bp fragment, 
located around g and £8., as 1.0. (9) 25~M ddCTP; (0) 100~M ddCTP. 
In A, two 315-bp bands overlap, and the relative intensities of these 
two fragments were taken to be equivalent. In lane 3, 150-bp and 280-bp 
fragments were generated by EcoRI cleavage of the 430-bp fragment on 
lane 2. The 150-bp fragment overlaps the 157-bp fragment and the 
intensity of this fragment was determined by subtracting the value of 
the 157-bp fragment in lane 2 from that of the overlapped bands in lane 
3. The sites of the genet i c markers g, tof, ill, £8., or i, Q and 1: are 
indicated below the graph (see Fig. 2). 
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lacks the A+T-rich region (see Fig. 12 and Table 3). pBR322 was used as 
a contol. These DNAs were added to the in vitro replication system in 
the presence or absence of Q and ~ proteins. The results are summarized 
in Table 3. Without Q and ~ proteins, A.dv was not able to synthesize 
DNA, but the pBR322-based recombinant plasmids allowed incorporation to 
some extent. Addition of the 0 and I proteins stimulated DNA synthesis 
of pOA-4 and pOri-l, but not of pBR322 or pOri-Dl. The initiation 
position of these plasmids was assayed using the ddCTP method as in 
Figure 18 (Figs 19A,B). The DNA synthesis of pOA-4 and pOri-l is 
initiated from a position near the ori-repeats, as observed with intact 
A.dv. In both cases where lOOIlM ddCTP was used, DNA synthesis initiated 
from the pBR322 origin was minimal, if any. On the other hand, pOri-Dl 
initiated its DNA synthesis only at a low ddCTP concentration apparently 
from pBR322 origin (Sutcliffe 1978), as its profile was the same as that 
of pBR322. These results demonstrate that a minimal A. structure 
necessary for the Q- and I-dependent i nit i at i on of rep 1 i cat i on resi des 
in the 350-bp fragment of pOri-l, which carries the ori-repeats together 
with an A+T-rich strech. Deleting a 46-bp A+T-rich region abolished the 
initiation ability, even though the remaining region retains the ability 
to bind the Q protein (Fig. 12). 
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Table 3. Structure of hybrid plasmids containing A. ori fragments and 

Their replication activities in vitro. 

plasmids Structure of cloned A. fragment 

A433 733B . B793 E1l47 

pOA-4 T ( ) <, ~~ •••• T 
ice oop ori-repeats 

A433 EllOl 

pOri-Dl T () <J ••• 1 
B793 E1l47 

pOri-l T IIII T 

pBR322 

A.dv021 

DNA synthesis (pmoles) 

o and P proteins 

+ 

74.4 150.4 

80.8 89.6 

58.4 134.4 

72.0 80.8 

1.1 248.0 

As indicated, A. fragments were inserted in pBR322 by substituting 

the BamHI-EcoRI region. A, Band E represent cutting sites of AluI, 

~II and EcoRI on the A. fragment, and the numbers indicate their 

positions on the A. DNA sequence (see Fig. 2). DNA structure of the ice 

(0), EQQ.RNA-coding region (<::J), and ori-repeats (o::D) are 

indicated. DNA synthesis was measured as described in legend to Fig. 

11, using 8ug/ml of each plasmid DNA in the presence or absence of 0 

(20ug/ml) and f (16ug/ml) proteins. Results are expressed as total dNMP 
incorporated. 
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Discussion 
In this paper I reported purification and some properties of the 

two ~-coded initiator proteins, Q and f, and in vitro initiation of ~dv 
DNA replication in the presence of these initiator proteins. 

The initiation site for DNA replication in vitro was shown to be 
located at, or very close to, the four 19-bp ori-repeats in the ~ 

genome. An another site, named ice, was once proposed as a possible site 
for switching from primer RNA to DNA synthesis (Lusky and Hobom, 
1979a,b); however, this was not found to be the case. 

The minimal region of ~ DNA that can replicate covers the ori
repeats and A+T-rich segment to the right of it. The ori-repeats 
comprise the site of Q-protein binding. The A+T-rich segment has a 
nucleotide sequence similar to that found in the primase action site in 
the bacteriophage G4 genome. No region further to the right of it, 
including the pa1indromic structure (see Fig. 2), was necessary for 
replication, nor was the region covering ice and .QQ£.. This does not 
necessarily mean, however, that such structures are unnecessary for ~ 
vivo replication. It is possible that an autonomously replicating DNA 
carri es many accessory structures that enhance or control rep 1 i ocat i on 
of the genome. 

The I.co1i extract used in the ~ vitro replication system 
(fraction 11) allows replication of oriC DNA, a minichromosome of 
I.co1i. Addition of the ~-coded Q and f proteins diverts this system to 
act upon ~ DNA, in analogy with the event occurring in vivo. Since ~ DNA 
rep 1 i cat i on depends on all the known host funct ions needed for I. co 1 i 
chromosome replication, except for dnaA and dnaC functions (for review, 
see ska1ka 1977), there is a good possibility that the ~-coded Q and f 
proteins substitute for the dnaA and dnaC functions. Further studies on 
the functions of these proteins will clarify this point. Among the 
complex host factors, DNA gyrase and RNA polymerase have been shown to 
play a role in ~ replication by this work. 

The Q protein interacts with the 19-bp ori-repeats located at, or 
very close to, the initiation site of ~dv DNA synthesis. The ratio of 
added Q protein to ori DNA needed to maxima11y initiate DNA replication 
was approximately the same as that needed to saturate the four ori
repeats in binding studies. Genetic data suggest that the Q and f 
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proteins carry out molecular interactions. I have not been able to 
demonstrate physically the Q-f interaction, nor to obtain any sign of 
such an interaction by adding f protein to the Q-A.ori binding system or 
by adding Q protein to the f-dnaB interaction. Thus, the Q-f interaction 
does not seem to be stable even if it occurs. I found that approximately 
equal amounts of the Q and f proteins were needed for maximal 
replication in vitro. The f protein interacts with dnaB protein. 
Further studies, including detection of complex formation, and analyses 
of their functions, are awaited. 

A rifampicin-sensitive reaction, RNA polymerase action, was shown 
to be involved in the early stage of ~ replication initiation in vitro. 
The rifampicin sensitivity is lost during a short preincubation before 
the addition of Q and f proteins and nucleoside triphosphates. If the 
reaction involves an indispensable RNA synthesis, the product must be a 
very efficient RNA molecule or its promoter must have higher affinity to 
RNA polymerase than that of primer RNA in ColEl. Alternatively, if it 
represents formation of a rifampicin-resistant complex, it must be more 
stable than the complex used for primer RNA synthesis in ColEl. The RNA
polymerase-dependent RNA synthesis is not a prerequisite for the Q 
protein and ori-repeats interaction. On the other hand, we do not know 
whether or not the binding of the Q protein and ori-repeats influences 
RNA synthesis. It must be noted that the origin region of the ~ DNA in 
the recombinant plasmids (e.g., pOA-4 and pOri-l) studied in this work 
are transcribed only by readthrough transcription originating from the 
vector DNA reg i on. These p 1 asmi ds carry a promoter of the {3-1 actamase 
gene at about l80-bp apart from the EcoRI site corresponding to the 
position 1320 on ~dv DNA sequence. The transcription proceed away from ~ 
sequence and does not pass through ori region. However, these 
conformation is analogous to the ricSb mutant in which a new promoter is 
formed by mutations located within the Q gene at position 1246 and 1270 
(Furth et al. 1982). This is a replication-active mutant, even when ~ 
promoter is inactive. The relation ship between primer RNA synthesis, 
transcriptional activation, and the complex formation around ori region 
of DNA is an important problem that awaits further elucidation. 
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