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ABSTRACT 

The bacteriophage T4 utilizes at least three modes of initiation 

of replication, termed primary, secondary and tertiary (Mosig, 1983; 

Kreuzer and Alberts, 1985). Two origins of replication have been 

isolated that utilize the teritary mode of initiation. The DNA 

sequence requirements of the two tertiary origins have been 

characterized at the nucleotide level. Maximal replication of each 

origin-containing plasmid required both an intact gpmotA-dependent 

middle-mode promoter sequence and approximately 50 basepairs of the 

downstream region. In contrast, gpmotA-dependent transcription from 

the origin promoter was found to be independent of the downstream 

region. The requirement for a promoter element within the tertiary 

origins is striking, particularly since the replication of tertiary 

origin-containing plasmids is resistant to the RNA polymerase inhibitor 

rifampicin. 
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CHAPTER I 

INTRODUCTION 

The accurate and efficient replication of DNA is of vital 

importance to the survival of virtually all organisms. Many years of 

genetic examination of a variety of systems have defined genes 

implicated in the process of DNA replication. These studies provide a 

solid foundation for the identification and characterization of the DNA 

replication machinery at a molecular and biochemical level. The 

analysis of DNA replication at this level provides additional insights 

into the mechanisms of mutagenesis, recombination, and DNA repair. 

Classically, prokaryotic systems have been the most fruitful in serving 

to define the mechanism of DNA replication. Because these systems are 

easily manipulable, they have provided a wealth of information 

concerning the mechanistic details of DNA replication. 

The bacteriophage T4 is an excellent prokaryotic model system for 

the examination of DNA replication. The phage is a large lytic 

coliphage, which encodes almost all of the proteins necessary for its 

own replication. The genetics of T4 has been extensively studied. 

Beginning with the pioneering work of Epstein et al. (1964), at least 

20 T4 genes involved in DNA replication have been identified (Revel, 

1976). These genetic studies and the development of an in vitro 

replication system have allowed the identification and characterization 

of several important gene products required for DNA synthesis (for 
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review, see Nossal and Alberts, 1983). The in vitro replication 

reaction faithfully mimics many of the important aspects of replication 

fork movement in vivo, but is thus far unable to initiate DNA synthesis 

from a natural origin of phage replication. 

There are several inherent complexities of T4 DNA metabolism that 

have hampered the identification of an origin(s) of replication. The 

mature phage genome is a linear double-stranded DNA molecule of 170 kb 

in length. The genome is circularly permuted, and each packaged phage 

chromosome contains a 3-5% terminal redundancy. T4 also contains 

glucosylated hydroxymethyl modifications at each of the cytosine 

residues. The size of the genome makes it unwieldy to manipulate in 

vitro, and the cytosine modifications render T4 DNA refractory to most 

restriction enzymes. Thus, the techniques used in the identification 

of replication origins from other organisms cannot be easily applied to 

the intact T4 genome. In addition, the phage uses at least three 

distinct modes of initiation. These modes of initiation are referred 

to as primary, secondary and tertiary, and will be described in more 

detail below. Various groups have identified putative origins, yet 

there is still disagreement on the exact locations. 

Recent advances have allowed a detailed molecular analysis of T4 

origins of replication, using a plasmid model system developed by 

Kreuzer and Alberts (1985, 1986). In the work described here, two 

origins of replication were analyzed. The analysis of these origins 



15 

has focused on several different aspects of the initiation of DNA 

replication in T4. The origins have been defined at the nucleotide 

level to determine the minimal sequence requirements for origin 

activity, the role of a number of gene products in initiation, and the 

relationship between replication and transcription. 

A GENERAL MODEL OF DNA REPLICATION 

Although the mechanistic details of DNA replication vary among 

organisms, common requirements are shared (for review, see Kornberg, 

1980). The initiation of replication commonly occurs at one or 

several specific DNA sequences, termed origins of replication. The 

initiation event may include the binding of a specific initiation 

protein to the origin to facilitate association of the replication 

machinery at the origin. Initiation is followed by the production of a 

primer for leading strand synthesis. This primer can be DNA, RNA or in 

some cases a protein, and it provides a suitable terminus to be used 

for the chain extension of leading strand synthesis. The protein 

requirements for leading strand synthesis from the primer typically 

include a DNA polymerase, polymerase accessory proteins, and a helicase 

and single-stranded DNA binding protein to aid in denaturation of the 

helix at the fork, and to maintain the DNA in the denatured form. In 

contrast to leading strand synthesis which is generally thought to be 

continuous, the lagging strand must be synthesized in short 

discontinuous "Okazaki" fragments, due to the inherent directionality 
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of all known DNA polymerases. This requires the formation of separate 

RNA primers for each Okazaki fragment, and these primers are typically 

synthesized by a primase complex. The DNA polymerase is then capable 

of elongating the RNA primers to initiate Okazaki fragment synthesis on 

the lagging strand. In several instances, in vitro analysis of 

replication forks has indicated that the synthesis of leading and 

lagging strands are coupled by DNA/protein interactions at the fork 

(Romberg et al_., 1987; Alberts et al., 1983). This coupling allows 

the DNA polymerase molecule involved in lagging strand synthesis to 

remain associated with the replication complex, thus allowing the DNA 

polymerase to be "recycled". The RNA primers are eventually removed 

by nucleases, the remaining gap is filled in by DNA polymerase, and the 

nick is then sealed by a ligase. 

DM REPLICATION SYSTEMS 

The above summary of DNA replication mechanisms is somewhat 

misleading in its simplicity. Each system of DNA replication that has 

been studied introduces unique complexities to this general model. A 

useful system for examining the variations in replication systems is 

the enteric bacterium E_. coli. This bacterium is the host for several 

phage and plamids, each of which utilizes unique methods of replicating 

its genome. In some instances, protein components of the E. coli 

replication machinery are exclusively used to replicate either the 

phage or plasmid. At the other extreme, some phage encode essentially 
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all of their own replication machinery, and are completely independent 

of host proteins. A comparison of several of these well-defined 

systems provides a perspective on the variety of replication mechanisms 

available. 

Replication of the E. coli genome has been extensively examined 

(for review see Kornberg et al., 1987). This bacterium initiates 

replication at a unique site on its chromosome, near map position 83.5 

min (Louarn et al., 1974; Oka et al., 1980). Following initiation, 

replication proceeds bidirectionally around the circular chromosome 

(Bird el: al. , 1972; Masters and Broda, 1971). The origin of 

replication has been cloned into pBR322 plasmid vectors, and the 

minimal origin region has been determined (Hirota et al., 1978; Oka et^ 

al. , 1980). The minimal origin is approximately 245 bps and is 

referred to as oriC (Hiraga et al., 1976; Oka et al., 1984). The oriC 

directs autonomous replication of the recombinant plasmid under the 

same controls regulating DNA synthesis of E. coli, and is thus an ideal 

means of examining the initiation of replication in vitro (Yasuda and 

Hirota, 1977; Hirota et al^., 1978; von Meyenburg et al., 1978; Oka et 

al., 1980; Leonard and Helmstetter, 1986). 

A comparison of the E. coli origin with the origins of other 

enterobacteriacae has allowed the compilation of a consensus sequence 

for origin function (Zyskind et al_. , 1983). In addition, the 

examination of a variety of oriC mutants has established the regions 
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essential for origin function (Oka et al., 1980; Oka et al., 1984). 

The minimal origin consists of regions which are conserved, 

interspersed with regions of identical length but variable sequence. 

Within the conserved regions are four 9-bp repeats, arranged as two 

oppositely-oriented pairs. In addition there are three 13-bp repeats 

outside of the 9-bp repeat regions (Kornberg et: al, 1987). Each origin 

also contains between eight and fourteen 5'-GATC-3' repeats, the 

defined recognition sites for the dam methylase. Methylation of these 

dam recognition sites is required for efficient origin activity (Smith 

et al., 1985; Messer et al., 1985). 

The initiation of E. coli DNA replication both in vitro and in 

vivo requires the initiator protein dnaA (Hirota et a]L., 1970; Hirota 

et al., 1978; Fuller el: al.r 1981; Kaguni and Kornberg, 1984). The 

dnaA protein binds to the 9-bp repeats in the conserved region of the 

oriC sequence (Fuller et al., 1984; Matsui et al., 1985). The dnaA 

protein also binds to its own promoter, which contains the same 9-bp 

repeat, and autoregulates its own synthesis (Hansen and Rasmussen, 

1977; Braun et al., 1985; Atlung et al., 1985). Although dnaA protein 

is required for initiation, its exact role is as yet unclear. The in 

vitro binding of dnaA protein to the origin stimulates the further 

binding of the replication proteins encoded by dnaB and dnaC (van der 

Ende et al_., 1985). The addition of DNA gyrase and the E. coli 

single-stranded DNA-binding protein to this complex probably 
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facilitates denaturation of the helix, making it accesible to the 

replication machinery (Ogawa et al., 1985). 

The exact mechanism that forms the primers for leading strand 

synthesis is still uncertain. The in vivo replication of E. coli is 

sensitive to rifampicin, suggesting that RNA polymerase is required for 

initiation (Lark, 1972). It is possible that the RNA polymerase is 

providing the primer for leading strand synthesis. The oriC lies 

within a complex regulatory region on the genome, and there is evidence 

indicating that RNA transcripts are terminated within the oriC region 

(Messer et al., 1987; Rokeach and Zyskind, 1986; Junker et al., 1986). 

RNA-DNA copolymers have also been isolated which map within the oriC 

region (Kohara et al., 1985). This data would suggest that the RNA 

polymerase may be functioning to provide primers for leading strand 

synthesis. However, under certain in vitro conditions, DNA synthesis 

occurs efficiently in the absence of RNA polymerase (Ogawa et al., 

1985; van der Ende et al., 1985). The RNA polymerase-independent DNA 

synthesis requires the dnaG primase protein to form the primers for 

leading strand synthesis. This has led to the suggestion that 

transcription through the origin region by RNA polymerase may be acting 

to "transcriptionally activate" the origin region. The proposed 

transcriptional activation of the origin would allow the replication 

machinery access to the origin in some unspecified manner (Ogawa et 

al., 1985; van der Ende et al., 1985). 
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During the in vitro initiation reaction, a large protein complex 

is formed at oriC. Within this complex, DNA polymerase III catalyzes 

leading strand synthesis from the free 3'-0H terminus of the RNA 

primer. Replication of the leading strand continues, and lagging 

strand synthesis is initiated by the formation of short RNA primers at 

specific sites by the dnaG primase protein, also a member of the large 

complex (Seufert and Messer, 1987). The protein complex at the fork 

apparently serves to couple the leading and lagging strand synthesis, 

extablishing an intact replication fork. 

The ColEl family of plasmids effectively uses the host 

replication machinery, while utilizing a unique mechanism of 

initiation (Tomizawa and Itoh, 1982). The replication of these 

plasmids is sensitive to the RNA polymerase inhibitor rifampicin, both 

in vivo (Clewell et al., 1972) and in vitro (Sakakibara and Tomizawa, 

1974). The initiation of ColEl DNA replication occurs from a single 

unique origin, and requires only the host RNA polymerase, DNA 

polymerase I and RNase H (Tomizawa et al., 1977; Itoh and Tomizawa, 

1978). RNA polymerase directs the production of a short transcript 

(RNA II) that is initiated at a site 555 bases upstream from the site 

of DNA initiation and continues through the origin region (Itoh and 

Tomizawa, 1980). The formation of an RNA.DNA hybrid between the 

transcript and the DNA template at the origin occurs at a certain 

frequency; this hybridization has been termed coupling (Tomizawa and 

Itoh, 1982). RNase H then cleaves the hybrid at a specific location, 
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and DNA polymerase I initiates leading strand synthesis, utilizing the 

cleaved RNA as primer (Itoh and Tomizawa, 1978, 1980). Regulation of 

primer formation occurs by the production of an RNA transcript (RNA I) 

which is transcribed from the complementary strand from that of RNA II 

(Tomizawa and Itoh, 1981). The RNA I transcript is capable of forming 

an RNA.RNA hybrid with the RNA II species, preventing coupling of the 

RNA II to the DNA template, thereby preventing further initiation 

(Tomizawa and Itoh, 1981; Tomizawa, 1986). 

The commonly-used plasmid pBR322 is closely related to the ColEl 

family (Sutcliffe et al., 1978). A complete in vitro system of pBR322 

replication has been recently developed (Minden et al., 1987). 

Following initiation as described above, leading strand synthesis 

causes activation of a primosome assembly site (pas) downstream of the 

origin (Zipursky and Marians, 1980; Zipursky and Marians, 1981). 

Activation of this site directs the assembly of the host primosome, 

which contains the dnaG primase as well as several accessory proteins, 

and initiates lagging strand synthesis. In addition, the activation of 

a second pas site is believed to signal the leading strand to switch 

from synthesis using DNA polymerase I to DNA polymerase III holoenzyme 

(Marians et al^., 1982). 

The DNA replication of the bacteriophage -X. has been well 

characterized (Furth and Wickner, 1983). The phage genome consists of 

a linear, double-stranded DNA molecule that circularizes upon 
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infection into the host cell. DNA replication occurs in two distinct 

modes, forming either bidirectionally replicating circles (0 

intermediates) or rolling circles (a intermediates). It is generally 

believed that both types of replicating molecules initiate sythesis 

from a unique origin, mapping at approximately 80% on the physical map 

(Schnos and Inman, 1970). Bidirectional synthesis from this origin 

forms 0 structures, which are prominent early after infection. At late 

times of infection, replicating molecules are predominantly rolling 

circles. This mode of replication creates long linear concatemers 

which are the substrates for packaging. However, evidence indicates 

that rolling circles are also formed at early times after infection, 

and that they may initiate replication at the same origin as the theta 

forms (Bastia e£ al •» 1975; Takahashi e£ al. , 1974; Better and 

Friefelder, 1983). 

The replication origin of A. has been examined in detail (Moore et 

al., 1977; Furth el: al., 1977; Denniston-Thompson et al., 1977; Moore 

et a 1, 1979). The origin contains 4 tandemly-repeated 18-bp 

sequences, to the right of which is a highly A/T rich region (Moore et 

al, 1979;.. Grosschedl and Hobom, 1979). The origin is located within 

the open reading frame of the X 0 gene (Ogawa and Takahashi, 1968). 

Initiation in vivo requires RNA polymerase, as judged by rifampicin 

sensitivity (Inokue-hi and Dove, 1973), and also requires the products 

of the X. genes 0 and P (Ogawa and Takahashi, 1968; Takahashi, 1975). 
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The initiation of X replication has been reconstituted in vitro 

with purified proteins (Wold et al., 1982; LeBowitz et al., 1985; 

Dodson et al., 1985; Dodson et al., 1986; McMacken et al., 1987). The 

0 protein binds specifically to the 4 direct repeats in oriX. to 

generate a unique nucleoprotein structure, termed the O'some (Zahn and 

Blattner, 1985; Dodson et al., 1985). The X P protein.then binds to 

the O'some, and directs the binding of the host dnaB helicase to the 

O'some, to form a large, asymmetric complex at the origin (Dodson et 

al., 1985). Upon addition of the dnaJ, dnaK and ssb proteins, the dnaB 

helicase serves to locally unwind the helix at the origin, thereby 

making the origin accessible to the primase action of the dnaG protein 

for the formation of leading strand primers (Dodson et al., 1986). 

Another well-characterized replication system is that of the 

bacteriophage T7. The phage contains a linear double-stranded DNA 

molecule of approximately 40 kb in length (Richardson et , 1987). A 

primary origin of replication has been identified at approximately 17% 

from the genetic left end of the genome (Dressier et al., 1972). 

Following initiation, replication proceeds bidirectionally, forming 

Y-shaped intermediates (Masamune et .al^, 1971). At late times after 

infection, T7 DNA is present as long lineiar concatemers, which are 

packaged into unit length phage molecules. These concatemers are 

probably formed by annealing of the terminally-redundant 3' ends of the 

T7 chromosome (Serwere et al., 1982; Lee and Sadowski, 1985). If the 
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primary origin is deleted, several secondary origins are used to 

initiate replication (Tamanoi et^ al., 1980). 

The primary T7 origin of replication consists of two T7 RNA 

polymerase promoters, followed by a 61-bp, A/T rich region (Saito et 

al., 1980). Within the A/T rich region is a single binding site for 

the T7 primase protein, encoded by gene 4. T7 initiation has been 

reconstituted in vitro (Romano et al^, 1981; Fuller and Richardson, 

1985a; Fuller and Richardson, 1985b; Richardson et al., 1987). The 

reaction requires transcription from one of the two promoters found at 

the origin, which provides the primer for leading strand synthesis 

(Hinkle et al^, 1980; Matson el: al., 1983; Fuller and Richardson, 

1985a). Elongation of the leading strand from the RNA primer is then 

accomplished by the T7 DNA polymerase (gp5) and the host thioredoxin. 

The T7 gene 4 encodes the helicase/primase protein, and recognizes the 

gene 4 binding site downstream of the origin to form the primers for 

lagging strand synthesis. 

BACTERIOPHAGE T4 DNA REPLICATION 

A comparison between a variety of replication systems is helpful 

in establishing a general model of DNA replication. However, it is 

obvious that each organism has developed unique means of specifically 

replicating its own genome. The bacteriophage T4 has developed a 

complex system of DNA replication that has been extensively examined. 
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T4 DNA replication is intimately related to the processes of phage gene 

expression and recombination (for reviews see Mosig, 1983; Rabussay, 

1983). In order to provide an overview of these interrelationships, the 

life cycle of T4 will be briefly discussed before considering the 

details of DNA replication. 

Immediately after infection, the phage begins a prereplicative 

period with a duration of approximately 5 min at 30°C (Fig. 1). During 

this prereplicative period, two distinct classes of promoters are 

utilized by the host RNA polymerase for phage-specific transcription. 

The first class, termed early promoters, are identical in sequence to 

H" promoters, containing both the -10 and -35 consensus sequences 

(Brody et al^., 1983). Recognition of early promoters allows genes to 

be expressed by the unmodified host RNA polymerase immediately after 

infection. At this time, early promoters (P^) direct the transcription 

of immediate early (IE) genes. 

Middle-mode promoters constitute the second class of promoters 

recognized during the prereplicative period (Brody et: al^., 1983; Guild 

et al. , 1987). Transcription from this class of promoters 

characteristically requires the T4 transcriptional activator gpmotA 

(modulator of transcription; Mattson et al., 1974; Mattson et al., 

1978). Middle-mode promoters contain the consensus -10 sequence of 

typical E. coli promoters, but replace the -35 region with a consensus 

sequence assumed to be the binding site of gpmotA (Guild et al., 1987). 



26 

Genes transcribed by middle-mode promoters are always delayed early 

(DE). Many delayed early genes also contain an early promoter far 

upstream of the gene, and therefore early promoters can also contribute 

to the transcription of DE genes. 

DNA replication begins about 5 min post-infection. The 

transcription of late genes begins about 2 min after the onset of DNA 

replication, and many studies indicate that late gene transcription is 

dependent on DNA replication (for review see Geiduschek et al^, 1983). 

Late genes are directed by late promoters, that are characterized by 

the consensus sequence 5'-TATAAATA-3' in the region of the E. coli -10 

consensus sequence, but they do not share any homology with E_. coli 

promoters in the -35 region (Brody et al, 1983; Rabussay et al., 1983; 

Elliot et al., 1984). Transcription of these promoters is dependent on 

the T4 gene products 33 and 55, which bind to the RNA polymerase, 

rendering the enzyme capable of exclusive recognition of late 

promoters. The gp55 has been shown to be an analogue of the E. coli a 

factor (Williams e£ al_., 1987). 

At approximately the same time as the switch to late gene 

expression, T4 undergoes a switch to a late mode of DNA replication 

(Shah and Berger, 1971; Hosada et al_., 1971; Luder and Mosig, 1982). 

Late replication results in the formation of large, multibranched 

concatemers, which are the substrates for DNA packaging into phage 

heads. Packaging in T4 is by a headful mechanism, and every mature 
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virion contains approximately 105% of the circularly-permuted genome 

(Streisinger et al., 1964; Streisinger et al^, 1967). 

The examination of the requirements for T4 DNA synthesis began 

with the important genetic studies of Epstein el: al. (1964). A series 

of conditional lethal mutants deficient in DNA synthesis were 

isolated. The first class of mutants were designated "DO" (DNA 

negative), indicating that no DNA was synthesized under restrictive 

conditions. DO mutations occur in genes 32, 41, 42, 43, 44, and 45. 

The second class, "DD" (DNA delay), was defined as those mutants in 

which the onset of DNA synthesis was delayed, with subsequent 

replication occuring at essentially normal rates. The only DNA delay 

mutation initially identified was found in gene 39. The third class, 

"DA" (DNA arrest), were typified by mutants that initiate DNA 

synthesis at normal rates early in infection, but cease replication 

shortly thereafter. The two original DNA arrest mutations were 

isolated in genes 46 and 47. 

The identification of these, and subsequently several other, DNA 

deficient mutants has led to the characterization of important aspects 

of T4 DNA metabolism. T4 DNA replication has been reconstituted in 

vitro using purified T4 proteins (for review, see Alberts et al., 1983; 

Nossal and Alberts, 1983). Many- of the genes whose products are 

required for in vitro replication were initially characterized as 

either DNA negative or DNA delay. The T4 in vitro replication system 
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is capable of the accurate synthesis of DNA at in vivo rates. However, 

in vitro initiation from bona fide T4 origins has never been 

reproduced. 

The roles of eight T4 proteins involved in DNA replication have 

been defined (Fig. 2; Selick et al", 1987; Hinton et al., 1987; Nossal 

and Alberts, 1983; Alberts et al., 1983). Gene 43 encodes the DNA 

polymerase, which catalyzes the elongation of pre-existing primers in a 

5' to 3' direction. Three DNA polymerase accessory proteins, gp44/62 

and gp45, act in conjunction with gp43 to increase the processivity of 

the DNA polymerase. The accessory proteins have been referred to as 

the "sliding clamp", since they help keep the polymerase molecule bound 

to the 3' end of the growing chain. The product of gene 32 is a helix 

destabilizing protein, and binds to the single-stranded regions near 

the replication fork. These 5 proteins are sufficient to catalyze 

extensive leading strand synthesis. 

In order to assemble an intact replication complex, the products 

of genes 41 and 61 must be added. The gp41 protein alone has helicase 

activity, and is capable of unwinding the DNA helix in front of the 

replication complex. This helicase activity dramatically increases the 

rate of replication fork movement, and thus is required for efficient 

leading strand synthesis. The gp61 contains a primase activity for the 

formation of Okazaki fragment primers. Together, these two proteins 

form the T4 primosome. The primosome complex recognizes the 
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trinucleotide sequence 5'-GTT-3' on the lagging-strand template of T4-

modified DNA to initiate the formation of pentraribonucleotide primers 

(pppACNNN) for lagging-strand synthesis (Cha and Alberts, 1987; Hinton 

et al., 1987). 

The "trombone" model of replication has been proposed, in which 

leading and lagging strand synthesis is coupled by DNA/protein 

interaction of the replication machinery at the fork (Fig. 2; Alberts 

et al., 1983). The DNA polymerase molecule associated with lagging 

strand synthesis remains at the replication fork and is recycled 

through successive rounds of Okasaki fragment synthesis (Alberts et 

al., 1983; Selick et al_., 1987). The gp41 is required both for 

helicase activity of the leading strand and as a subunit of the T4 

primosome on the lagging strand (Liu and Alberts, 1981). The trombone 

model therefore suggests a mechanism by which these proteins can remain 

associated with the moving fork for leading strand synthesis, and be 

efficiently utilized for lagging strand DNA synthesis. 

Although these 7 proteins can catalyze both leading and lagging 

strand synthesis, they are only efficient if the DNA is not complexed 

with other proteins. The T4 DNA molecule in vivo has many proteins 

associated with it, RNA polymerase being one example. The T4 dda 

protein allows the replication fork to proceed past the proteins in the 

path of the DNA replication machinery (Jongeneel e£ al^., 1984; Bedinger 

et al., 1983). The dda protein contains a helicase activity, which 
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utilizes ATP hydrolysis to unwind the duplex DNA at the fork. In 

addition to the helicase activity, the dda protein is capable of acting 

as a "snowplow", pushing the replication complex past the bound RNA 

polymerase molecule. 

While the in vitro system has been extremely informative, it 

underrepresents the complexity of T4 DNA metabolism in vivo. Along 

with the eight proteins described above, there are at least 12 other 

genes known to be involved in T4 DNA replication (Revel, 1976). There 

are also many genes whose primary effects are in other metabolic 

processes, yet mutations in these genes also alter the process of DNA 

replication. 

The third class of replication mutants introduced above show the 

DNA arrest phenotype. T4 that contain mutations in genes 46 or 47 

initiate DNA synthesis normally, yet replication is aborted 

prematurely. Since these genes were identified, their roles have been 

defined. Studies indicated that mutations in genes 46 and 47 caused 

pleiotropic effects, and caused a reduced rate of recombination as well 

as the DNA arrest phenotype (Bernstein, 1968). The products of DNA 

synthesis in these mutants were compared to the DNA products of a 

wild-type infection (Shah and Berger, 1971; Hosada et al., 1971, 

Shalitin and Naot, 1971). In both wild-type and 46~47~ infections, 

DNA synthesis initiates at approximately 5 min post-infection. The 

early replicating DNA products sediment more rapidly than the mature 
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phage genome when analyzed on neutral sucrose gradients. In the 

wild-type infection, replication intermediates are formed that are 

longer than the mature phage genome. The production of these 

intermediates corresponds with the shift to late gene expression. In 

the. 46~47~ infection, replication is arrested following the shift to 

late gene expression, and no replication intermediates exceed unit 

length. The correlation between reduced replication and recombination 

in a 46~47~ infection suggested that the DNA molecules that exceeded 

unit length were created by recombination, and that the formation of 

the concatemeric structure was required for late replication. It was 

later determined that gp46 and gp47 encode a membrane-bound exonuclease 

involved in the formation of recombinational intermediates (Mickelson 

and Wiberg, 1981). 

Additional experiments demonstrated that in the absence of late 

gene expression, the DNA arrest phenotype of 46 and 47 was suppressed 

(Bolle, et al., 1968; Shah and Berger, 1971; Hosada et al., 1971). 

Late gene expression was abolished either by the addition of 

chloramphenicol after early gene expression had occurred, or by 

utilizing phage which contained mutations in gene 33 and/or 55, and 

were therefore deficient in late gene expression. These results 

suggest that if the host RNA polymerase remains unmodified, early 

replication can continue to overcome the DNA arrest defect of genes 

46/47. 
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The role of RNA polymerase in T4 DNA replication is still 

unclear. Although late gene expression was found to be sensitive to 

rifampicin (Haselkorn et al., 1969), late replication is completely 

resistant (Rosenthal and Reid, 1973; Melamede and Wallace, 1977). The 

involvement of RNA polymerase in early phage DNA replication was 

difficult to detect, primarily due to the fact that the addition of 

rifampicin at early times blocks the transcription of the replication 

machinery. A crucial experiment to test the role of RNA polymerase in 

early replication was devised by Luder and Mosig (1982), and 

demonstrated that at least two different modes of initiation are 

utilized by T4. 

Mosig and her group postulated that two distinct modes of 

initiation were utilized by T4. An early mode of initiation requires 

the unmodified host RNA polymerase. The modification of the RNA 

polymerase by gp33 and gp55 will block this early mode of replication, 

and allow the conversion to a late mode of initiation, that is 

dependent on the products of genes 46 and 47. In order to test this 

hypothesis, they constructed a phage with the genotype 46am 47am 33am 

55am. In a restrictive infection utilizing this phage, the 

recombination-dependent late mode, of initiation was abolished due to 

the absence of gp46 and gp47. However, replication continued by the 

early mode of initiation because the RNA polymerase remained unmodified 

(due to the absence of gp33 and gp55). When the RNA polymerase 

inhibitor rifampicin was added to the infection at times after the 
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replication proteins had been synthesized, this early mode of 

initiation was abolished and replication ceased. They observed that 

under these conditions, the addition of rifampicin resulted in a 

gradual arrest of DNA synthesis, reducing the total replicated product 

by approximately 2-3 fold. 

Kreuzer and Alberts (1985) have defined a third significant mode 

of replication. Using a multiply-mutant phage (33am 55am 46am 47am) 

similar to that of Luder and Mosig (1982), a series of experiments were 

undertaken. Again, infection into a non-suppressing host cell blocks 

the secondary mode of initiation (46~ 47") and allows the primary mode 

to continue. Infection into a non-suppressing host cell in the 

presence of rifampicin blocks both the primary and secondary modes of 

initiation. Total intracellular DNA was isolated following each of 

these infections, and was analyzed by agarose gel electrophoresis. In 

the absence of rifampicin, the phage underwent slightly more than 5 

rounds of replication. However, in the presence of rifampicin, where 

both the primary and secondary modes of initiation were blocked, the 

phage still underwent approximately four rounds of replication. This 

suggested that the phage uses a third mode of initiation that 

significantly contributes to T4 replication. This mode was thus both 

resistant to rifampicin, and independent of the T4 recombination 

functions encoded by genes 46 and 47. 
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These results suggest that T4 utilizes at least three modes of 

initiation in T4, that are referred to as primary, secondary and 

tertiary (Luder and Mosig, 1982; Kreuzer and Alberts, 1985). Primary 

initiation is presumed to begin from a unique origin of replication on 

the genome, and is dependent on the unmodified host RNA polymerase. It 

was postulated that the role of RNA polymerase in primary initiation is 

to provide the primer for leading-stand synthesis. It has been 

postulated that primary initiation proceeds bidirectionally, and 

continues to the ends of the chromosome (Mosig, 1983; see below). 

The 3'-0H terminus of the lagging strand will remain 

single-stranded, due to the difficulty of replicating the ends of a 

linear genome (Watson, 1972). These single-stranded termini are 

recombinogenic, and are free to invade a homologous region on the same 

or another phage chromosome in the presence of appropriate 

phage-induced proteins (gp46, gp47, gpuvsX, gpuvsY, T4 topoisomerase; 

see below). This recombinational intermediate is then used to initiate 

the secondary mode of replication, which hypothetically uses the 3'-0H 

terminus as primer for leading strand synthesis. Based on the circular 

permutation of the genome, the single-stranded 3'-0H termini will be 

random. Thus, according to the Mosig model, secondary initiation is 

non-specific. 

The tertiary mode of initiation is distinct from the primary and 

secondary modes of initiation in that it is resistant to rifampicin, 
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and is independent of gp46 and gp47. Two origins of replication were 

identified that utilized the tertiary mode of initiation (Kreuzer and 

Alberts, 1985, 1986), and these will be discussed in more detail below. 

A recombination-dependent mode of initiation has been 

reconstituted in vitro and involves a novel conservative form of DNA 

replication (Formosa and Alberts, 1986; Kodadek and Alberts, 1987). 

This mode of initiation requires the T4 polymerase "holoenzyme", the 

gp32 and dda, and also the product of the T4 gene uvsX. The uvsX 

protein has been implicated in secondary initiation (Mosig, 1983; 

Bernstein and Wallace, 1983), and mutations in the uvsX gene cause a 

3-fold decrease in total T4 DNA synthesized at late times (Bernstein 

and Wallace, 1983; Dewey and Frankel, 1983; Cunningham and Berger, 

1977). The uvsX gene product of T4 is the E. coli recA analogue, and 

it catalyzes homologous pairing of single-stranded DNA molecules 

(Hinton arid Nossal, 1986; Yonesaki and Minegawa, 1985; Formosa and 

Alberts, 1986). 

The in vitro recombination-dependent DNA replication reaction 

mimics some of the features proposed for secondary initiation. The 

uvsX protein catalyzes the invasion of a duplex region by a homologous 

single-stranded molecule, which forms a D-loop and provides the 3'-0H 

terminus for leading strand synthesis. However, in this in vitro 

reaction, DNA synthesis from the 3'-0H terminus displaces the D-loop in 

a manner similar to that of RNA polymerase during transcription. The 
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replicated molecule is displaced behind the D-loop, and is available 

for lagging-strand synthesis, leading to the conservative model of 

replication. It is presently not clear if such conservative DNA 

replication can occur in vivo. 

LOCALIZATION OF T4 REPLICATION ORIGINS 

The localization of in vivo TA origins of replication has been 

difficult. The structure of the TA genome presents inherent problems, 

which initially prevented progress. The phage DNA molecule is large 

(170 kb), and contains glucosylated hydroxymethylcytosine in its 

genome. These modifications make the chromosome refractory to most 

common restriction enzymes, preventing the detailed analysis of 

specific genomic fragments. This obstacle was overcome upon the 

development of a phage strain which efficiently incorporates unmodified 

cytosine into its genome (Snustad et al., 1983; Kutter and Snyder, 

1983). DNA from this multiply-mutant strain is cleaved by all common 

restriction enzymes, making the genome more amenable to molecular 

studies, and has led to the compilation of a detailed restriction map 

(Kutter and Ruger, 1983). Unfortunately, the absence of the cytosine 

modifications leaves one with a substrate which is not typical of the 

native T4 genome. It is possible that essential TA proteins have 

evolved to specifically recognize modified TA DNA, and that the use of 

unmodified DNA substrates may be misleading. 
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These obstacles have hindered progress towards an in vivo 

characterization of the T4 origins of replication. Various 

laboratories have identified putative origins in nearly a third of the 

phage genome using a range of experimental procedures (Fig. 3). The 

discrepancy in origin identification is probably due, in part, to 

differences in experimental procedures. 

Kozinski and his coworkers have identified several putative 

origins of replication by differential density and isotopic labeling 

(Delius et al_. , 1971; for review, see Kozinski, 1983). Parental 

32 phage, labeled with 5-BrdU and P, were infected into cells containing 

Q  
light medium and HdTMP. Shortly after infection, the samples were 

quickly chilled to abolish further DNA replication. The replicated 

products were then analyzed both by density gradient centifugation and 

by electron microscopy. These analyses indicated that T4 initiated 

from several regions of the genome, and that the replication from these 

origins is bidirectional. 

In later work from that laboratory, the early replication 

products were isolated and used as hybridization probes against cloned 

fragments of the T4 genome (Halpern et al., 1979). The hybridization 

patterns suggested that two distinct genomic regions contained origins 

of replication. The more prominent of the two origins was in the 

region between genes 50 and 5, while the second origin was in the area 

of genes uvsW-29. A third origin was later identified in the region of 
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genes 35-36, however this third origin was only detected when early 

replicative DNA was isolated from a 44" infection (gp44 is a DNA 

polymerase accessory protein) (Kozinski, 1983). 

Mosig and her coworkers have also identified at least two 

presumptive origins of replication (Mosig et al., 1981; Macdonald et 

al., 1983; Macdonald et al., 1984a, 1984b). They also utilized 

density and radioisotopic labeling to isolate early replication 

products after infection. The early replication products were used to 

probe restriction digests of cytosine-containing T4 DNA. One origin was 

mapped at approximately 16.0 kb on the genetic map, and is referred to 

as oriA. This origin first initiates unidirectional synthesis 

clockwise on the T4 map, in the direction of early gene 

transcription. Soon after, synthesis becomes bidirectional. However, 

in the absence of the T4 topoisomerase, only unidirectional synthesis 

was detected. This suggests that the topoisomerase is not required for 

initiation of replication, but rather for the establishment of 

bidirectional synthesis. A second origin was located in the vicinity 

of the uvsY gene, which is consistent with the second origin (uvsW-29) 

identified by Halpern et al^. (see above; Macdonald et al., 1983). The 

DNA sequence of the oriA region has been determined (Macdonald and 

Mosig, 1984a). The oriA is thought to overlap the newly-identified 

gene 69, that has been implicated as the initiator protein for that 

origin. (Macdonald et al., 1984a; Macdonald et al., 1984b; Mosig e£ 

al., 1987). 



39 

A third group of investigators have identified putative T4 

replication origins at map positions 29-34.5 kb (near genes 62-46), 

and 62-64 kb (King and Huang, 1982). Early replicating DNA was 

G O  
isolated by infecting cells in the presence of P, then isolating the 

fast-sedimenting membrane-bound DNA fraction. It has been suggested 

that the T4 replication complex is associated with the cellular 

membrane (Sigel and Schaechter, 1983), therefore they have postulated 

that the earliest replicative intermediates would be present in a 

membrane-bound fraction. King and Huang (1982) have observed that more 

than 60% of the newly-replicated DNA after phage infection is found in 

this fraction. The early DNA products were used as probes to 

restriction fragments of total T4 DNA. The two origins identified in 

this procedure apparently do not correspond to any of the origin 

described above. 

Using a completely different aproach, Kreuzer and Alberts (1985, 

1986) have identified two replication origins by developing a plasmid 

model system for the analysis of T4 origins. Unlike the methods 

described above, this plasmid model system allows in vitro 

manipulation of the origin DNA sequences, and the direct observation of 

the products of DNA replication. The plasmid model system was based on 

the observation of several groups, that demonstrated that T4 mutants 

deficient in host DNA breakdown are capable of transducing pBR322 

plasmid derivatives at a low frequency (Wilson et al., 1979; Takahashi 
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and Saito et al., 1982a, 1982b; Mattson et al., 1982a, 1982b). The 

plasmid DNA is converted into long, fully-modified concatemers 

(presumably via a rolling circle mode of replication), which contain 

the modifications characteristic of wild-type T4 DNA. The plasmid 

concatemers are packaged into phage particles, and are thereby capable 

of transducing the plasmid into suitable recipient cells. 

Kreuzer and Alberts (1985, 1986) reasoned that the ability of T4 

to transduce recombinant plasmids could be used to select for 

replication origins (Fig. 4). T4 DNA that did not contain the 

glucosylated hydroxymethylcytosine modifications was digested with the 

restriction enzymes EcoRI and Hindlll, and the DNA fragments were 

inserted into pBR322 vectors. It was possible that the presence of a 

T4 origin of replication cloned into a pBR322 vector would increase the 

transduction frequency of the plasmid, if the origin is capable of 

being recognized in the unmodified, circular state. A series of high-

frequency transducing plasmids were therefore isolated and analyzed for 

possible replication origins. A second strategy was based on the fact 

that the lysate produced following infection of the plasmid-bearing 

cells contains both transducing particles and intact phage. The 

transducing particles contain linear, fully modified plasmid 

concatemers that mimic in vivo T4 genomic substrates, and can thereby 

be used as "defective phage". The replication activity of these 

defective phage were then assayed by using this lysate for a second 

round of infection at a high muliplicity. The coinfecting T4 phage 



41 

particles act as helper phage to provide the necessary replication 

proteins. By performing several successive rounds of infection 

followed by transduction of plasmid-free host cells with the final 

lysate, plasmids can be isolated that contain origins that are 

replicated as fully-modified linear substrates. 

Two specific cloned fragments of T4 from the above selections 

behaved as if they contained origins of replication (Kruezer and 

Alberts, 1985). The fragments were mapped for their location on the T4 

genomic map. One plasmid (pKK405) contained a 1.4 kb Hindlll fragment 

which mapped in the region of the T4 gene uvsY. The second fragment 

(in plasmid pKK025) contained a 1.1 kb EcoRI fragment that was located 

within the coding sequence of the tail fiber gene 34. 

It was important to determine which of the three modes of 

replication is used in initiation from these two origins. As 

described above, the primary mode is dependent on the unmodified host 

RNA polymerase, the secondary mode is dependent on the recombination 

genes 46 and 47, and the tertiary mode is resistant to rifampicin and 

independent of gp46 and gp47. The two recombinant plasmids were tested 

for replication activity as defective phage, and results have shown 

that these two origins utilize the tertiary mode of initiation. 

The experiments to be described examine the two T4 tertiary 

origins on two levels. First, the origins will be characterized at 
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the nucleotide level, with a goal of determining the precise sequence 

requirements for tertiary initiation. Second, the origin-containing 

plasmids will be used to probe for possible protein requirements in 

tertiary initiation, focusing on the mechanisms of initiation and 

priming from the origins. 
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CHAPTER II 

CHARACTERIZATION OF T4 TERTIARY ORIGINS 

INTRODUCTION 

The bacteriophage T4 has provided an excellent model system for 

examining the mechanistic details of DNA replication (see Chap. I). 

Extensive genetic studies have identified many of the gene products 

necessary for the propogation of the replication fork. However, the 

identification and characterization of T4 replication origins has been 

more difficult, due to a number of complexities inherent in the T4 

genome (see Chap. I). A plasmid model system that overcomes many of 

the obstacles presented by the intact phage genome has been developed 

(See Chap. I; Kreuzer and Alberts, 1985; Kreuzer and Alberts, 1986). 

The use of this plasmid model system has made possible the analysis of 

T4 replication origins at the nucleotide level. 

Following T4 infection, plasmids with cloned tertiary origins are 

efficiently converted into long linear concatemers, presumably by 

rolling-circle replication (Kreuzer and Alberts, 1985, 1986). Plasmid 

replication is catalyzed by the T4 replicative machinery, since the 

resulting concatemers contain the cytosine modifications unique to 

T4-replicated DNA. The presence of the cloned tertiary origin 

increases plasmid pBR322 replication by about 100-fold, providing a 
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sensitive assay for the functional origin. 

Two tertiary origins were initially selected from libraries of T4 

genomic fragments (Kreuzer and Alberts, 1985, 1986). One origin 

[ori(34)] was isolated on a 1.1 kb EcoRI fragment that maps between 

150.75 and. 151.85 kb on the T4 genome, within the T4 late gene 34. 

The second [ori(uvsY)] was isolated on a 1.4 kb Hindlll fragment that 

maps between 113.1 and 114.5 on the T4 genome, near or within gene 

uvsY. 

In order to localize the tertiary origins more precisely, a 

series of restriction enzyme-generated deletions was tested for origin 

activity. The experiments presented in this chapter demonstrate that 

each minimal origin contains a T4 middle-mode promoter sequence. The 

promoter at ori (uvsY) is shown to be the middle-mode promoter for the 

uvsY protein, and data will be presented addressing the role of the 

uvsY protein in tertiary origin replication. 

EXPERIMENTAL PROCEDURES 

Materials. Restriction enzymes, DNA ligase, oligonucleotide linkers, 

T4 polynucleotide kinase, [a-^^P]dATP, [y-^^P]dATP, and 

dideoxynucleotide sequencing reagents were purchased from various 

commercial sources. T4 DNA polymerase and T4 uvsY protein were the 

generous gifts of H. Selick and B. Alberts (University of California, 
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Sari Francisco). The uvsY site primers were the generous gift of 

L. Gold (University of Colorado, Boulder). L broth contains NaCl (10 

g/liter), Bacto-tryptone (10 g/liter), and yeast extract (5 g/liter); 

it was supplemented with MgSO^ (0.1% w/v) and tryptophan (20 mg/liter) 

for T4 adsorption and/or with ampicillin (25 mg/liter in liquid or 40 

mg/liter in solid media) for selection of the pBR322-derived plasmids. 

Strains. E. coli host strain MCSl (supD) is described by Kreuzer et^ 

al. (1988a), and E. coli TabG, NapIV (sup0) and NapIV (supD) were from 

the collection of L. Gold (University of Colorado, Boulder; see 

Pulitzer et al., 1979 and Nelson et al., 1982). T4dC (56~ 42" denA-

denB ale ) is described by Snyder et al (1976). T4 I/S is described 

by Selick et al. (1987) and contains the following mutations: amB262 

(gene 38), amS29 (gene 51), nd28 (denA), rIIPT8 [an approximately 3-kb 

deletion of denB and rllB that also removes part of rllA and extends 

into and thereby inactivates the ndd gene). The ori(uvsY) deletion 

phages, T4 KK608 (uvsY^) and T4 KK116 (uvsY^) are isogenic to T4 I/S, 

except for the uvsY mutations [see Kreuzer and Menkens, 1987; Kreuzer 

et al. (1988a)]. 

Restriction enzyme-generated deletions of pKK405. Plasmid pKK405 is 

described by Kreuzer and Alberts (1986), and contains the 1.4 kb 

Hindlll fragment with ori(uvsY). From this plasmid, four deletion 

derivatives of the 1.4 kb Hindlll fragment were constructed. Each 

derivative was constructed by digesting pKK405 with a unique pair of 
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restriction enzymes, then treating the fragments with T4 polymerase in 

the presence of all four deoxyribonucleotides to generate blunt ends. 

EcoRI linkers were ligated to the fragments, and digested with EcoRI 

to remove excess linkers. The resulting DNA was then treated with 

Sail, Pvul, and Seal. Each of these three enzymes cleave the pBR322 

vector sequence, and serve to destroy the starting vector sequence. 

The digested fragments were next ligated into a second preparation of 

pBR322 which had been linearized with EcoRI. This ligation should 

select for only those fragments which have the EcoRI linkers. Each 

ligation reaction was transformed into competent cells of E. coli 

strain MCS1, selecting for the ampicillin-resistance determinant of 

the pBR322 vector. The resulting plasmids, with inserts indicated 

within parentheses (also see Fig. 5 ) are pGJA8 (Bglll to Clal 

fragment), pGJC8 (Clal to PstI fragment), pGJE3 and pGJE4 (SstI to 

PstI fragment in both orientations) and pGJG12 (SstI to Clal 

fragment). 

The plasmids pGJE3 and pGJE4 (SstI to PstI fragments) were then 

subjected to further restriction deletion. Each plasmid was partially 

digested with EcoRI, and the linear bands were electroeluted from 

agarose gels. The purified linear fragments were then digested to 

completion with Bglll, and treated with T4 polymerase in the presence 

of all four deoxyribonucleotides to generate blunt ends. Hindlll 

linkers were ligated to the fragments created by partial EcoRI 

digestion of pGJE3, then excess linkers were removed by digestion with 
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Hindlll. BamHI linkers were added to the fragments created by partial 

EcoRI digestion of pGJE4. The addition of multiple copies of BamHI 

linkers creates an intact SstI site, and the reaction was digested with 

SstI to remove excess linkers. The "DNA fragments of both reactions 

were then circularized with T4 ligase and transformed into competent 

cells of E. coli strain MCS1, selecting for the ampicillin-resistance 

determinant of the pBR322 vector. The resulting plasmids were pGJBl 

and pBJB3 (Bglll to PstI fragment in the two possible orientations), 

and pGJFl and pGJF4 (SstI to Bglll fragment in the two possible 

orientations). 

DNA sequencing. The DNA sequence of each of the plasmids containing 

restriction fragments of pKK405 were determined using the 

chain-termination method of Sanger et al. (1977) with either EcoRI 

and/or Hindlll Site Primers (New England Biolabs). 

DNA replication assays. Plasmid-bearing cells were grown at 37°C in L 

O  
broth to a cell density of 4 x 10 per ml and infected with either 

T4dC, T4 KK116 (uvsY1) or T4 KK608 (uvsYA) at a multiplicity of 3 

plaque-forming-units per cell. After a 1 h incubation at 37°C with 

vigorous shaking, the infected cells were chilled and treated with 

CHClg to complete lysis. "Packaged DNA" was prepared by collecting 

the phage particles by a 1 h centifugation in an Eppendorf 

microcentrifuge. The phage pellets were then resuspended in TE (10 mM 

Tris.HCl, pH 7.6/1 mM Na^EDTA, pH 8.0) by vortexing. The lysates were 
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then extracted sequentially with buffer-saturated neutralized phenol, 

an equal mixture of phenol and chloroform/isoamyl alcohol (24:1) and 

finally with choloroform/isoamyl alcohol alone. The samples were 

dialyzed overnight against TE, using a microdialyzer from Bethesda 

Research Laboratories. 

Analysis of DNA samples. Packaged DNA was digested with the indicated 

restriction enzymes, and the resulting fragments were separated by 

electrophoresis through 0.7% agarose in TBE buffer (90 mM Tris/90 mM 

boric acid/2.2 mM Na^EDTA, pH 8.0) and visualized by ethidium bromide 

staining. 

DNase I footprinting of uvsY protein. The procedure of Gralla (1985) 

for footprinting on supercoiled DNA templates was utilized. For each 

reaction, 1 ng of supercoiled pGJBl DNA was incubated for 10 min at 

30°C in TAX buffer (0.33 M potassium acetate/0.165 M Tris.acetate, pH 

7.8/50 mM magnesium acetate/2.5 mM dithioreitol/500 ng/ml BSA), either 

in the presence or absence of purified uvsY protein. Next, DNase I 

was added at a final concentration of 0.6 (ig/ml, and incubated for 1 

min at 30°C. An equal volume of cold buffer-saturated neutralized 

phenol and 0.025 volume of Na^EDTA (pH 8.0) was added, and the reaction 

incubated in ice water for at least 2 min. Each reaction was 

incubated at 90°C for 2 min, centrifuged in an Eppendorf centrifuge 

for 2 min, and the phenol layer was removed. The supernatants were 

extracted with an equal volume of chloroform/isolamyl alcohol (24:1), 
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and the DNA was precipitated in ethanol. The reaction products were 

subjected to the chain-termination protocol, using both Hindlll and 

EcoRI Site Primers that had been labeled with [y-^P]dATP using T4 

polynucleotide kinase. The DNA sequence reactions were performed 

exactly as described by Gralla (1985). 

Autoregulation of the uvsY gene. T4 KK116 and T4 I/S were used to 

infect NapIV host cells at a multiplicity of 3 plaque-forming-units 

per cell. Total in vivo RNA was isolated at 12-min post-infection as 

described by Guild et: aJL. (1987). The uvsY site primers 

(5 ' -TCTTCTAATCTCATATTGTTCTCT-3 1), labeled at their 5'-ends by 

phosphorylation with polynucleotide kinase, were used for the 

chain-extension analysis. Primer-extension reactions were performed 

by the procedure of Zaug et al. [1984, as modified by Guild et 

al. (1987)]. 

RESULTS 

Restriction deletion analysis of a T4 tertiary origin 

Previous studies had localized ori(uvsY) between the Clal and 

SstI sites in the 1.4kb Hindlll fragment (K. Kreuzer, unpublished 

results). In order to localize the tertiary origins more precisely, a 

series of restriction enzyme-generated deletions of origin containing 
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plasmids was tested for activity (Fig. 5). Lysates were prepared by 

infecting each plasmid-bearing strain with T4dC (56~ 42~ denA" denB-

alc~), a phage deficient in host DNA breakdown, and packaged DNA was 

then extracted and digested with restriction endonucleases Sspl and 

Haelll (as described in EXPERIMENTAL PROCEDURES). Sspl cleaves 

T4-modified DNA, including both phage genomic DNA and T4-replicated 

plasmids. Each plasmid generates an Sspl fragment of 4 to 6 kb that 

is easily distinguished from the smaller phage genomic restriction 

fragments (each less that 3.5 kb). Haelll produces small fragments 

because of its 4-bp recognition sequence but cleaves only unmodified 

DNA. Treatment with Haelll thereby eliminates the background of 

unreplicated plasmid DNA in the assay. 

The results of this deletion analysis demonstrated that the 

replication activity of plasmid pKK405 was conferred by a 118-bp Bglll 

to PstI segment (Fig. 5; see plasmid pGJBl). There is a small amount 

of replicated plasmid observed even when the 118-bp origin fragment was 

not included in the starting plasmid (Fig. 5, plasmids pGJC8 and 

pGJFl). Previous studies indicate that pBR322 vectors containing a T4 

DNA fragment can replicate by a mechanism that is dependent on 

homologous recombination with the phage genome (Mattson et al_., 1982a, 

1982b). Such non-origin containing plasmids have been shown to 

replicate via the secondary mode of initiation (see below; Kreuzer and 

Menkens, 1987; Kreuzer et al., 1988b). 
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The DNA sequence of the Bglll to PstI fragment containing 

ori(uvsY) has been determined using the chain-termination procedure 

(Sanger ej: al. , 1977). The DNA sequence of ori(34) had been 

previously determined (K. Kreuzer, unpublished results). The DNA 

sequence of the two tertiary origins reveals a very striking feature: 

each contains an apparent T4 middle-mode promoter (Fig. 6). T4 

middle-mode promoters are characterized by a -10 sequence similar to 

the corresponding E. coli consensus sequence 5'-TATAAT-3' and a 

putative consensus sequence [5'-(A/T)(A/T)TGCTT(T/C)A-31] in the -30 

region, presumed to be important for the binding of the T4 middle-

mode transcriptional activator, gpmotA (Brody et al., 1983; Guild et 

al. , 1987). The apparent promoter sequence within the 118-bp 

ori(uvsY) fragment is followed by an open reading frame beginning with 

the initiator codon (ATG) just prior to the Bglll restriction site 

(Fig. 6). This agrees with DNA sequence data from two other groups 

(Takahashi et al., 1985; Gruidl and Mosig, 1985), and complementation 

studies demonstrate that the open reading frame codes for the phage 

uvsY protein (Gruidl and Mosig, 1985). The 248 bp ori(34) sequence 

also contains an apparent middle mode promoter oriented in the 

opposite direction of the late gene 34 reading frame (Fig. 6). The 

middle-mode promoter within ori(34) is dependent on the action of 

gpmotA, although there is no evidence that this promoter is required 

for the production of any gene product (Guild et al., 1987) 
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Effect of gpuvsY on tertiary initiation 

T4 strains that contain mutations in the uvsY gene display a 

deficiency in phage DNA replication (Cunningham and Berger, 1977; 

Melamede and Wallace, 1980), and the uvsY protein has already been 

implicated in the secondary mode of initiation (Mosig, 1983; Bernstein 

and Wallace, 1983). The presence of the origin at a promoter for a 

gene implicated in replication suggested a direct interaction between 

the uvsY protein and the origin. One simple model to explain the 

coincidence of ori(uvsY) and the uvsY promoter is that the uvsY protein 

is a specific initiation protein required for tertiary origin 

function. An additional possibility is that the uvsY protein is also 

capable of autoregulation, again by binding to the promoter region, in 

a manner analogous to the E. coli dnaA protein (Braun et al., 1985; 

Matsui et al., 1985). 

One approach used to address this general model was the technique 

of DNase I footprinting (Fig. 7). If the uvsY protein binds 

specifically to the origin region, then those nucleotide residues 

bound by the enzyme should be protected from digestion by DNase I. 

The tertiary origin-containing plasmid pGJBl was used as the substrate 

for DNase I footprinting, using purified uvsY protein provided from the 

laboratory of B. Alberts. The origin-containing plasmid pGJBl was 

incubated with several different levels of the purified protein, 
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treated with DNase I, and then analyzed by DNA sequencing. It is 

evident that no specific regions were clearly protected from the DNase 

I treatment (Fig. 7, compare lanes 2 through 6). There were some 

alterations in the exact pattern of bands in the presence of the uvsY 

protein, but these alterations were not specific for the promoter 

region. A filter-binding assay confirmed these results, indicating that 

the uvsY protein binds DNA tightly but nonspecifically (K. Kreuzer, 

unpublished results). 

The possible requirement for the uvsY protein in tertiary origin 

activity has also been tested using a genetic approach (Kreuzer and 

Menkens, 1987; Kreuzer et al., 1988a; Kreuzer et al., 1988b). First, 

two unique phage strains were constructed using the insertion 

substitution (I/S) system developed by Selick et al. (1987). One 

strain is T4 KK608, which contains a deletion from the Bglll to PstI 

sites. This deletion removes the origin/promoter, as well as the first 

several codons of the uvsY reading frame (Fig. 8). The second phage 

is T4 KK116, which contains an EcoRV linker at the Bglll site 

downstream of the origin promoter (Fig. 8). This insertion leaves the 

origin promoter intact, but disrupts the uvsY reading frame. Thus, 

both phage strains are uvsY~, but one (T4 KK116) contains ori(uvsY), 

and the other (T4 KK608) does not. 

Host cells containing the tertiary origin plasmid pKK061 

[ori(34)] or pGJBl [ori(uvsY)] were infected with either T4 I/S, T4 
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KK116 (uvsY1) or T4 KK608 (uvsY^), and the products of replication 

were analyzed (Fig. 9). The phage genomic DNA produced was clearly 

reduced in the uvsY~ infections (Fig. 9, compare lane 1 with lanes 2 

and 3). However, the replication of the tertiary origin plasmid 

increased significantly in the uvsY~ infections. These results 

indicate that gpuvsY is not required for the replication of tertiary 

origin plasmids, and in fact reduces the yield of replicated plasmid 

by some mechanism. In addition, there is no requirement for homology 

between phage and plasmid for tertiary initiation. In the T4 KK608 

phage strain, the identical T4 DNA fragment cloned in the pGJBl 

plasmid is deleted from the phage genome, yet the plasmid is capable 

of extensive replication (Fig. 9, lane 2). This indicates that 

replication of tertiary origin-containing plasmids is not dependent on 

homologous recombination with the phage genome. 

Host cells containing the pKK405 deletion plasmids described 

above were infected with T4 KK116 (uvsY*). The phage genomic DNA 

produced was clearly reduced compared to the uvsY+ infection (compare 

Fig. 10 and 7), except in the case of the pI<K405 plasmid. This 

plasmid contains an intact uvsY gene, and complements the replication 

defect of the uvsY mutation in the pKK116 infection. The extent of 

tertiary origin plasmid replication was increased in the uvsY~ 

infections (compare Fig. 10 and Fig. 7, plasmids pGJA8, pGJBl, pGJE3 

and pGJG12). Plasmids which did not contain the tertiary origin were 

completely deficient in replication in a uvsY~ infection (Fig. 9, 
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plasmids pGJC8 and pGJFl). 

These results demonstrate that the uvsY gene product is not 

required for tertiary origin activity. In addition, there is no 

requirement for homology between plasmid and phage, since the pGJBl 

plasmid shares no homology with T4 KK608, yet it replicates 

extensively (Fig. 9; Kreuzer et al., 1988a). In striking contrast, 

the replication of non-origin plasmids requires both the uvsY protein 

and homology between the phage and plasmid (Fig. 10; Kreuzer et al., 

1988b). The replication of non-origin plasmids provides a plasmid 

model system for the examination of T4 secondary initiation. 

Regulation of the uvsY gene 

From the above results, it is apparent that the uvsY protein was 

not specifically required for origin activity. However, it was still 

possible that the uvsY protein autoregulated its own synthesis at the 

level of transcription. This hypothesis was tested by examining the 

production of mRNA from the uvsY promoter using the T4 KK116 phage 

strain described above (Fig. 11). This strain contains the intact 

ori(uvsY), but contains a linker-insertion at the Bglll site that 

interrupts the uvsY reading frame. After infection by T4 KK116, the 

promoter should still be capable of directing the transcription of 

mRNA, although no intact uvsY protein should be produced. If the uvsY 

protein regulates synthesis from that promoter, than the levels of 
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mRNA produced during a T4 KK116 infection should be much higher than 

that produced during a uvsY* infection. 

Total mRNA produced following infection with either TA I/S or T4 

KK116 was isolated at 12-min post-infection, and analyzed using the 

primer-extension assay of Guild et al. (1987). An oligonucleotide 

primer complementary to the uvsY sequence just downstream of the 

promoter region was annealed to the purified mRNA and elongated with 

reverse transcriptase. It is evident that the amount of mRNA produced 

from the uvsY promoter was equal in the uvsY+ and uvsY~ infections 

(Fig. 11, compare lanes 1 and 2). The DNA sequence of the EcoRV 

linker in the mRNA isolated from the T4 KK116 infection confirms that 

the mutation is present and results in a uvsY frameshift mutation 

(Fig. 11; T4 KK116, lanes A, C, G, T). These results indicate that the 

uvsY protein does not autoregulate its own synthesis at the level of 

transcription. 

DISCUSSION 

Two T4 tertiary origins were initially selected from T4 genomic 

libraries cloned in pBR322 vectors (Kreuzer and Alberts, 1986). The 

smallest cloned restriction fragments capable of maintaining tertiary 

origin plasmid replication activity have been determined. One origin 

[ori(uvsY)] is located on a 118-bp fragment containing the middle-mode 
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promoter for gene uvsY. The second origin [ori(34)3 is located within 

a 248 bp fragment which contains a middle-mode promoter, although 

there is no evidence that this promoter is required for the production 

of any gene product (Guild et al., 1987). 

The coincidence of tertiary origins and promoter sequences is 

quite suprising, since there are strong indications that transcription 

is not required for replication activity. First, tertiary replication 

is resistant to the RNA polymerase inhibitor rifampicin (Kreuzer and 

Alberts, 1985), but middle-mode transcription is sensitive (Haselkorn 

et al., 1969). Second, even though both origins displayed about the 

same level of replicative activity, the transcriptional activities of 

the two promoters are very different. The gene uvsY promoter is quite 

strong, whereas the promoter within ori(34) is extremely weak (Guild et 

al., 1987). 

Although both origins contain middle-mode promoters, not all 

middle-mode promoters act as tertiary origins (Kreuzer et al., 

1988b). Several middle-mode promoters have been tested for tertiary 

origin activity, and. did not replicate significantly in this assay. 

The relationship between DNA replication and transcription at the 

tertiary origin promoters will be examined more fully in the following 

chapters. 

The location of a tertiary origin at the promoter for the gene 
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uvsY suggested that this protein might be involved in tertiary origin 

replication. The uvsY gene is intimately involved in T4 

recombination, and numerous studies have implied that the 

recombination and replication of T4 are tightly coupled (see 

Chap. 1). However, several lines of evidence have demonstrated that 

gpuvsY is not required for tertiary initiation, nor does tertiary 

initiation require homology with the phage genome (Fig. 6 and 9; 

Kreuzer and Menkens, 1987; Kreuzer et al_., 1988a). In addition, 

gpuvsY does not autoregulate its own synthesis (Fig. 11), nor does it 

bind specifically to the promoter DNA in vitro (Fig. 7; K. Kreuzer, 

unpublished results). 

When the two tertiary origins were first isolated, their 

locations at recombination hotspots suggested that the mechanisms of 

replication and recombination at these origins were related (sr>e 

Chap. 1; Kreuzer and Alberts, 1985; Kreuzer and Alberts, 1986). One 

model proposed for this interrelationship was that tertiary initiation 

is a site-specific version of the recombination-dependent secondary 

initiation (Kreuzer and Alberts, 1985). This event would require both 

homology and gpuvsY, and it is evident that tertiary initiation does 

not require either. In fact, the replication of tertiary origin 

plasmids is increased approximately 10-fold in the absence of gpuvsY. 

It is possible that the replicative intermediate formed by tertiary 

initiation is capable of either recombination or replication. In the 

absence of the gpuvsY recombination product, the replication pathway 
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is favored. This would suggest that the uvsY gene product has a 

secondary effect on tertiary initiation, rather than being intimately 

involved in the process of initiation. 

Conversely, the replication of plasmids without origins is 

dependent on both homology with the phage genome and gpuvsY. This 

replication is also dependent on gp46, gpuvsX and the T4 topoisomerase, 

all of which have been implicated in the process of secondary 

initiation (Mosig, 1983; Kreuzer and Menkens, 1987; Kreuzer et al., 

1988b). These results have led to the development of a plasmid model 

system for secondary initiation. There are at least two models for the 

replication of non-origin plasmids. One model is that replication 

occurs via homologous recombination into the phage genome, and the 

plasmid sequence is passively replicated along with the phage. This 

would predict that the replicated plasmids would be present as simple 

integrants, with no more than a few copies present in each genome. A 

second model suggests that non-origin plasmid replication is an active 

process, and that secondary initiation would lead to rolling-circle 

replication of the plasmids. These two models have been distinguished 

using the technique of inverting field gel electrophoresis (Kreuzer et 

al. , 1988b). It was demonstrated that the products of non-origin 

plasmid replication are mainly in the form of long concatemers rather 

than simple integrants. This argues that the replication of the 

non-origin plasmids is an active event, and is a useful model for 

secondary initiation. 
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The results presented in this chapter raise several questions 

concerning the process of tertiary initiation. The presence of 

middle-mode promoters coincident with tertiary origins suggests that 

transcription and replication may be intimately involved. Although 

replication from these origins is resistant to the RNA polymerase 

inhibitor rifampicin, it is possible that the transcription machinery 

is involved in initiation. The minimal DNA sequence required for 

tertiary replication will be presented in the next chapter, and the 

relationship between replication and transcription will be more fully 

explored. 
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CHAFFER III 

MUTATIONAL ANALYSIS OF T4 TERTIARY ORIGINS 

INTRODUCTION 

The analysis of T4 tertiary origins has been facilitated by the 

cloning of these origins into plasmid vectors. The replication 

activities of the cloned plasmids can be assayed in at least two ways. 

First, host strains bearing origin containing plasmids are infected 

with T4, and the replicated plasmid DNA can be directly analyzed. In 

this assay, the replication activity of the tertiary origins is 

determined when the origin is present as an unmodified, circular DNA 

molecule. The replication of these origins can also be assayed in the 

form of long linear concatemers that contain all of the modifications 

typical of native T4 DNA. These concatemers are formed following 

infection of tertiary origin plasmid-bearing cells with T4 strains 

deficient in host DNA breakdown, and the concatemers are packaged as 

"defective phage" (Kreuzer and Alberts, 1985). The defective phage 

can then be used in a second round of infection in the presence of 

helper phage. In this assay, the tertiary origin plasmids are present 

as long linear substrates that accurately mimic the state of T4 DNA in 

vivo. 
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In this Chapter, both ori(uvsY) and ori(34) were examined to 

determine the minimal requirements for tertiary origin activity. This 

was accomplished by constructing series of exonuclease Bal31 deletions 

of each origin, and examining the effects of these deletions on 

tertiary origin initiation. In addition, the relationship between the 

tertiary origins and the overlapping promoters was explored. 

EXPERIMENTAL PROCEDURES 

Materials. Restriction enzymes, nuclease Bal31, DNA ligase, 

o 9 
oligonucleotide linkers, T4 polynucleotide kinase, [a P]dATP, 

o o 
[y P]dATP, dideoxynucleotide sequencing reagents, and AMV reverse 

transcriptase were purchased from commercial sources. T4 DNA 

polymerase was the generous gift of H. Selick and B. Alberts 

(University of California, San Francisco). T4 growth media was 

previously described (Chap. I, EXPERIMENTAL PROCEDURES). 

Strains. E. coli host strains CR63 (supD), Bg (sup°), MCS1 (supD) and 

AB1 (sup°) are described by Kreuzer e£ al. (1988a). E^ coli TabG and 

NapIV (sup0 or supD) were from the collection of L. Gold (Pulitzer et 

al. 1979; Nelson et al_., 1982, respectively). T4 AM8210 was isolated 

following a genetic cross between T4 KK608 [uvsY^ 38am 51am denA 

(denB-rll)^] and T4 amG^ (motA; see Mattson e£ al., 1978) with an input 

ratio of ten to one, respectively. The phage clones from that cross 
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were tested for the presence of the uvsYA denA, denB-rll^, 38am and 

51am alleles as described by Kreuzer et al. (1988a), and the motA 

allele was tested using the restrictive bacterial strain TabG 

(Pulitzer, et al., 1979). The multiple mutant phage strain (T4 AM8210) 

is denA (denB-rII)A 38am 51am uvsYA motAam 

Nuclease Bal31-generated origin deletions. The plasmids pGJBl and 

pGJB4 are pBR322 derivatives with ori (uvsY) in the two possible 

orientations, inserted either at the vector EcoRI site (pGJB4) or 

between the EcoRI and Hindlll sites (pGJBl). Both the PstI and Bglll 

sites flanking ori (uvsY) were destroyed during cloning manipulations, 

hence these two plasmids retain 118 of the 124 bp of ori(uvsY). 

Plasmids pKK061-l and pKK061-6 are the corresponding pBR322 derivatives 

with ori (34), each inserted at the vector EcoRI site. To generate the 

origin deletions, each parent plasmid was first linearized with a 

single restriction endonuclease as follows: pGJBl with Hindlll, pGJB4 

with EcoRI, and pKK061-l and pKK061-6 with Clal (see Fig. 12). The 

linear fragments were then treated with nuclease Bal31 for times 

ranging between 30 s and 20 min, and the reactions were terminated by 

adding 0.2 M EGTA. The pGJBl and pGJB4 DNA samples were next digested 

with Sail, treated with T4 DNA polymerase in the presence of all four 

deoxynucleotides to generate blunt ends, and the resulting fragments 

were circularized by blunt-end ligation. The pKK061-l and pKK061-6 DNA 

fragments were digested with either Sail or SphI and treated with T4 

DNA polymerase in the presence of all four deoxynucleotides to generate 
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blunt ends. The resulting fragments were ligated to Hindlll linkers, 

digested with Hindlll to remove excess linkers, and then circularized 

with T4 DNA ligase. The DNA samples were finally transformed into 

competent cells of E_^ col i strain MCS1, selecting for the 

ampicillin-resistance determinant of the pBR322 vector. 

DNA sequencing. The DNA sequences of the origin deletion plasmids 

were determined using the chain-termination method described by Sanger 

et al. (1977), with EcoRI site sequencing primers (New England 

Biolabs). 

DNA replication assays. Plasmid-bearing cells were grown at 37°C in L 

Q 
broth to a cell density of 4 x 10 cells per ml, infected with T4 

KK608 (uvsY^) at a multiplicity of 3 plaque-forming-units per cell, and 

were then incubated for 1 h at 37°C with vigorous shaking. "Total DNA" 

was prepared by centrifugation of 1.5 ml culture for 2 min in an 

Eppendorf microcentrifuge. The cell pellets were quick-frozen in dry 

ice/ethanol, and the supernatants centrifuged an additional 1 h to 

collect any phage particles in the culture fluid. The two pellets were 

pooled in lysis buffer (100 mM NaCl/50 mM Tris.HCl, pH 7.6/10 mM 

Na^EDTA, pH 8.0/0.2% SDS), and incubated with proteinase K (500 (ig/ml) 

at 65°C for 2 h. The extraction and purification of "Packaged DNA" 

samples was exactly as previously described (Chap. II, EXPERIMENTAL 

PROCEDURES). 
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Replication of defective phage DNA. The replication of defective 

phage requires two separate rounds of infection. The first-round 

lysates were prepared by infecting plasmid-bearing E^ coli MCS1 with T4 

KK608 at a muliplicity of 3 plaque-forming-units per cell. After a 1 h 

incubation at 37°C, the infected cells were chilled and treated with 

CHClg to induce lysis. Cell debris was eliminated by centrifugation at 

12,000g for 10 min, and the phage particles in the resulting 

supernatant were then concentrated by centrifugation at 23,500g' for 

1.5 h. Replication of the concatemeric plasmid DNA was then measured 

during a second cycle of infection. Host strain Bg was grown at 37°C 

O 
in L broth to a cell density of 4 x 10 cells per ml, and then infected 

with each first-round lysate at a multiplicity of 3 

plaque-forming-units per cell. After a 1 h incubation at 37°C with 

vigorous shaking, "total DNA" samples were prepared. 

In order to compare the starting DNA samples (t=0, Fig. 16) and the 

replicated DNAs following the second-round infection (t=60, Fig. 16), 

the infecting lysate was concentrated by centrifugation for 1 h in an 

Eppendorf microcentrifuge and "packaged DNA" was then isolated from 

the concentrated lysates as described above. 

Construction of plasmids used for the RNA assays. A functional 

tertiary origin [ori(34)] was added to several Bal31-generated 

deletion plasmids by the following procedure. Ndel linkers were first 

ligated to the 248-bp EcoRI-Hindlll restriction fragment containing 



66 

ori(34), and this fragment was ligated into the unique Ndel site of 

pBR322 (to generate plasmid pAM2297). The PstI- PvuII fragment of the 

plasmid pAM2297 contains ori(34), the pBR322 replication origin, and 

the carboxy-terminal portion of the vector bla gene. This fragment was 

purified and ligated to the other PstI- PvuII fragment of a subset of 

the ori(uvsY) deletion plasmids, thereby reconstructing a functional 

bla gene. Each plasmid was introduced into MCS1 cells by 

transformation (selecting for ampicillin resistance), and then tested 

for the presence of appropriate restriction sites. 

RNA assays. Total in vivo mRNA was isolated at 12-min postinfection as 

described by Guild et al. (1987), except that the NapIV host was 

infected at a multiplicity of 3 plaque-forming-units per cell. pBR322 

sequencing primers (New England Biolabs), labeled at their 5'-ends by 

phosphorylation with polynucleotide kinase, were used for the 

chain-extension analysis. The gpmotA-dependence of pGJBl transcription 

(Fig. 18) was tested using HindiII site primers that were extended in a 

counterclockwise direction (with respect to the standard pBR322 map). 

The RNA produced from the Bal31 deletion series (Fig. 19) was analyzed 

using Sail site primers (extending counterclockwise for the pGJBl 

series) and EcoRI site primers (extending clockwise for the pGJB4 

series). Primer extension reactions were performed by the procedure of 

Guild et al. (1987), with each of the four deoxyribonucleotides present 

at a concentration of 800 |iM (without any dideoxyribonucleotides). 
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RESULTS 

Replication of Tertiary Origin Deletion Plasmids 

In order to systematically delete bases from each side of the two 

cloned tertiary origins, four pBR322 derivatives were constructed as 

starting plasmids. Plasmids pGJBl and pGJB4 contain the PstI - Bglll 

fragment with ori(uvsY) (in different orientations), while plasmids 

pKK061-l and pKK061-6 contain the EcoRI - Hindlll fragment with ori(34) 

(in different orientations; see Fig. 12B). In each case, the origin 

was inserted either at the EcoRI site (pKK061-l, pKK061-6 and pGJB4) or 

between the EcoRI and Hindlll sites (pGJBl) of the pBR322 vector. All 

four plasmids demonstrated similar levels of replication after T4 

infection (data not shown). Nuclease Bal31 was used to generate 

deletions of the four plasmids as diagrammed in Figure 12A. Each 

plasmid was first linearized with a restriction endonuclease (either 

Hindlll, EcoRI or Clal) that cleaves just outside of the cloned origin 

region. The linear DNAs were then treated with Bal31 nuclease for 

varying amounts of time to generate a variety of deleted fragments. In 

order to standardize the vector end of the resulting set of fragments, 

each sample was further digested with either Sail or SphI prior to the 

final ligation (Fig. 12A; also see EXPERIMENTAL PROCECURES). Each 

resulting Bal31 deletion series therefore consists of a set of nested 

deletions which removed bases from a single side of one origin, with 
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the same vector DNA sequence brought into juxtaposition with the 

various deletion end points. 

Replication activites were assayed by infecting host cells 

containing the various origin deletion plasmids with T4 KK608 (see 

Chap. II). This phage strain carries mutations in the denA and denB 

genes, and therefore does not degrade host chromosomal or plasmid DNA. 

It also contains a uvsY deletion, which aids in the analysis of 

tertiary origin plasmid replication by both reducing the background of 

non-origin plasmid replication and increasing the yield of replicated 

tertiary origin plasmids (Chap. II; Kreuzer et al., 1988a). Further

more, the uvsY deletion mutation eliminates the homology between the T4 

genome and the various plasmids carrying ori (uvsY), insuring that any 

observable replication of ori (uvsY) is autonomous (see Kreuzer et al., 

1988a). DNA samples prepared from the T4 KK508 lysates of plas-

mid-bearing E. coli were treated with restriction endonucleases Sspl 

and Haelll, as described in Chapter II. 

Each tertiary origin contains a functional middle-mode promoter 

element, consisting of a -30 consensus sequence [5'-(A/T)(A/T)TGC-

TT(T/C)A-31 ] presumably recognized by gpmotA, and a -10 region 

consensus sequence recognized by RNA polymerase (indicated by boxes in 

Fig. 12 and 13; see INTRODUCTION). The replication activities of the 

ori(uvsY) and ori (34) deletions (Fig. 13 and 14, respectively) will be 

discussed with reference to those middle-mode promoter sequences. The 
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deletions of ori (uvsY) have been identified with the sequence number of 

the last base present in each plasmid, for ease of comparison with 

experiments to be shown below. 

Origin deletions which removed bases from the upstream side of the 

origin promoter elements showed an "all-or-nothing" pattern of 

replication. With the exception of plasmid pGJB4-29 (see below), there 

was a complete correspondence between plasmid replication activity and 

the presence of the gpmotA consensus sequence in the -30 region. Thus, 

full replication activity was maintained in those deletions which 

removed bases upstream of the presumptive gpmotA consensus sequence 

(Fig. 13, lanes 9, 24 and 25, Fig. 14, lanes 1-4), and every deletion 

that destroyed the gpmotA consensus sequence abolished tertiary origin 

plasmid replication (Fig. 13, lanes 33, 37, 39, 47 and 50, Fig. 14, 

lanes 5-11). Plasmid pGJB4-31 contains a deletion that removed the 

5'-terminal base of the gpmotA consensus sequence, but the vector 

sequence brought into juxtaposition with the deletion restored the 

deleted base. 

The results described above support the simple conclusion that the 

previously defined gpmotA consensus sequence is the only element in the 

-30 region required for tertiary origin activity. Only one deletion 

plasmid violated this simple conclusion; pGJB4-29 contains an intact 

gpmotA consensus sequence but did not replicate (Fig. 13, lane 29). In 

an experiment shown below (Fig. 19), the origin promoter within this 
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plasmid was also found to be unable to support gpmotA-dependent 

transcription. Therefore, the previously defined gpmotA consensus 

sequence (Guild et al., 1987) is apparently a close approximation of 

the DNA sequence required for gpmotA binding/activity, but is not 

sufficient to explain the properties of pGJB4-29 (see DISCUSSION). The 

presumptive gpmotA binding site includes additional sequence 

information not present in the previously-defined consensus 

sequence. This leads to the conculsion that the gpmotA binding site 

within each tertiary origin is required for tertiary initiation. 

The pattern of replication displayed by deletions that removed 

bases from the downstream region of the promoter was distinctly 

different from the "all-or-nothing" pattern seen above. As the 

downstream bases were sequentially removed, the level of activity of 

the deleted origins gradually decreased (Fig. 13, lanes 70 - 122; 

Fig. 14, lanes 15 - 22). A very minimal level of replication was 

maintained when only the intact promoter element was present (Fig. 13, 

lane 60; Fig. 14, lane 14). Upon deletion of any part of the -10 

region consensus sequence, replication activity was completely 

abolished (Fig. 13, lane 53; Fig. 14, lanes 12 and 13). These results 

complement those described above for the upstream deletions, and 

indicate that an intact middle-mode promoter element is required for 

tertiary origin replication activity (also see below). In addition, 

the gradient of activity displayed by the downstream deletions 
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demonstrates that the region downstream of the promoter also contains 

DNA sequence elements that are important for maximal levels of DNA 

replication (see DISCUSSION). 

Effects of the Origin Deletions on Defective Phage Replication 

In the assays described above, the in vivo replication activities 

of the deleted tertiary origins were determined using circular DNA 

substrates with unmodified cytosine residues. The relevance of those 

origin deletion experiments to the replication of T4 DNA is somewhat 

uncertain, since native T4 DNA is a linear molecule containing 

glucosylated hydroxymethylcytosine residues. Therefore, the in vivo 

replication activities of the origin deletion plasmids were also tested 

in the form of fully-modified, linear DNA substrates. This was 

accomplished by exploiting the fact that plasmids with origin activity 

can be efficiently converted into modified, linear DNA concatemers, and 

then packaged in the form of defective phage particles (Kreuzer and 

Alberts, 1985). The lysates produced from a first-round infection 

contain the defective phage (plasmid concatemers) and intact T4 phage 

particles. These first-round lysates were then used to infect 

plasmid-free host cells in a second-round infection, during which the 

replication of the defective phage was assayed (Fig. 15). The 

second-round infection was performed at a multiplicity of 3 

plaque-forming-units per cell, so that each cell infected with a 

defective phage particle was also coinfected with normal phage 
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particles. The normal phage supply all of the necessary replication 

machinery that allows plasmid concatemer replication to occur (Kreuzer 

and Alberts, 1985). The starting phage (T4 KK608) used for the 

first-round infection had an ori(uvsY) deletion, so that recombination 

between the plasmid and phage DNAs was not possible (Kreuzer et^ al., 

1988a). Therefore, any plasmid concatemer replication detected in the 

second-round infection must represent autonomous replication of the 

modified DNA substrates. 

Several of the ori(uvsY) deletion plasmids were tested for 

replication activity as modified concatemers (Fig. 16). Only plasmids 

that retained some replication activity in the first-round infection 

could be tested, since only those were converted into defective phage 

particles at some detectable frequency. For each deletion derivative 

shown in Figure 16, lane 0 is the packaged DNA prepared from the 

first-round lysate, while lane 60 is the total DNA prepared after a 1-h 

second-round infection. For ease of comparison, the sample loaded in 

lane A was exactly 5 times the equivalent amount of lysate used for 

each second round infection. The total amount of phage DNA observed in 

each pair of lanes (0 and 60) was similar. Assuming that all phage 

particles successfully infected host cells, this indicates that the 

uvsY~ phage DNA replicated about 5-fold in the second-round infections 

(Fig. 16). Plasmid concatemer bands of equal intensity in any pair of 

lanes (0 and 60) would likewise indicate that the defective phage DNA 

replicated about five-fold in the second round. 
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Three of the origin deletions that removed bases from the 

upstream side of ori (uvsY) were analyzed: pGJB4-9, pGJB4-25 and 

pGJB4-31 (the lane numbers in Fig. 13 and Fig. 16 correspond). All 

three plasmid concatemers displayed similar levels of replication 

(approximately 5 fold) during the second-round infection. Therefore, 

there is no indication that modification of the origin DNA imposes an 

additional DNA sequence requirement in the upstream region of the 

origin promoter. 

The replication of concatemers containing deletions that removed 

bases from the downstream region of ori(uvsY) showed a distinct pattern 

of replication. In the case of plasmids pGJBl-60, pGJBl-75, pGJBl-84 

and pGJBl-96, the concatemers replicated less well than the phage DNA, 

as evidenced by the relative decrease in plasmid DNA compared to phage 

DNA (Fig. 15; compare lane 60-0 with 60-60, 75-0 with 75-60, 84-0 with 

84-60 and 96-0 with 96-60). We estimate that the concatemers of 

plasmid pGJBl-60 and pGJBl-75 replicated approximately 1-2 fold. The 

concatemers of plasmid pGJBl-84 and pGJBl-96 replicated slightly 

better, approximately 2-3 fold as well as the phage DNA. Moving 

farther away from the promoter in the deletion series, it is not until 

plasmids pGJBl-106 and pGJBl-122 that the concatemeric DNA clearly 

replicated as well as the phage DNA, similar to the results seen with 

the upstream deletions described above. These results demonstrate that 

the deletion of the downstream region creates a gradient of replication 
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activity in the second-round infection, where the plasmid DNA substrate 

is in the T4-modified and linear state. If there were no gradient of 

activity in the second-round, then each of the plasmid concatemers 

would have replicated equally well. The combined results of Figures 12 

and 15 indicate that the state of the substrate DNA does not affect the 

DNA sequence requirements for tertiary origin activity. The promoter 

element and downstream region are both required for maximal replication 

activity with either unmodified circular or modified linear DNA sub

strates. 

Assay for Transcriptional Activity of Plasmid Concatemers 

In order to explore the relationship between transcription and 

replication from the tertiary origins, we have modified the 

transcription assay developed by Guild et al^ (1987). Their assay 

involved the isolation of total cellular mRNA after phage infection, 

with specific mRNA species being detected by reverse 

transcriptase-mediated extension of specific radioactively-labeled 

oligonucleotide primers. Using this assay, transcription from 14 

different T4 middle-mode promoters, including those at ori(uvsY) and 

ori(34), was shown to be dependent on the presence of the phage motA 

gene product (Guild et al., 1987). While the gpmotA dependence of 

middle promoters was essentially absolute when the promoters were 

present in the phage genome, gpmotA-independent transcription was 

evident when some of the same promoters [including the ori(uvsY) 
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promoter] were located on unmodified supercoiled plasmids. One model 

to explain these results is that the superhelical structure of the 

plasmid DNA is a suitable substitute for the function of gpmotA in 

transcription (Shinedling et al., 1986). The lack of gpmotA dependence 

for plasmid transcription from the ori (uvsY) promoter prevented a 

meaningful analysis of the origin deletion plasmids using this 

procedure (N. Guild, M. Gayle, and L. Gold, personal communication). 

The problem of assaying the transcriptional activity of the 

origin deletion plasmids was overcome by exploiting the fact that the 

unmodified plasmid DNA can be converted into fully-modified, concate-

meric DNA contained in defective phage particles. Since the 

concatemeric plasmid DNA mimics native T4 DNA (see above), we reasoned 

that these defective phage particles would provide suitable substrates 

for a transcriptional assay of gpmotA dependence (see Fig. 17). In 

order to test the validity of this assay, host cells containing pGJBl 

[ori(uvsY)] were infected with either T4 uvsY^ motA+ or T4 uvsY^ motAam 

phage. This first round infection was essentially identical for both 

phage, since the host cells contained an amber supressor gene that 

allowed the production of gpmotA. The important difference was that 

the resulting lysates contained modified plasmid concatemers in the 

presence of either motA+ or motAam phage particles. These lysates were 

then used to infect suppressor-free cells, allowing the motA phenotype 

in the latter phage to be expressed. Total mRNA from each infection 

was analyzed using the primer extension assay of Guild el: al_. (1987), 
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with an oligonucleotide primer complementary to the pBR322 sequence 

just downstream of the ori(uvsY) promoter on the plasmid DNA. As in 

the experiments described above, the uvsY deletion mutation in the two 

phage strains prevents any recombination between phage and plasmid DNA. 

Thus, any transcripts detected must have originated from the promoter 

on the plasmid concatemers. 

This novel assay demonstrated the same gpmotA-dependent 

transcription pattern that has previously been observed for T4 genomic 

promoters (Fig. 18). When the infecting lysates contained modified 

plasmid concatemers and uvsY^ motA+ coinfecting phage, RNA was 

generated from the plasmid uvsY promoter either in the presence or 

absence of the host amber suppressor (Fig. 18, lanes 1A and IB). 

However, when the infecting lysates contained modified plasmid 

concatemers and uvsY^ motAam phage, specific transcripts were produced 

only when the host cells contained the amber suppressor and thereby 

allowed the production of gpmotA (Fig. 18, lanes 2A and 2B). We 

conclude that middle-mode transcription from the ori(uvsY) promoter is 

dependent on gpmotA when the promoter is present on modified plasmid 

concatemers. 

Transcriptional Activites of the ori(uvsY) Deletion Plasmids 

In order to test the ori (uvsY) deletion plasmids for 

transcriptional activity, it was necessary to insure that even those 
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plasmids with deletions that destroyed replication activity would be 

present as defective phage after the first-round infection. This was 

accomplished by inserting the other tertiary origin [ori(34)] at the 

Ndel site of each plasmid. Although some of the resulting plasmids now 

contained two functional origins, analysis of the packaged DNA from the 

first round of infection showed that the total amount of plasmid DNA in 

the various lysates differed by at most 2-fold (data not shown). Thus, 

each lysate contained fulljr-modified concatemers of the various 

Bal31-deleted origins, regardless of whether the deleted ori(uvsY) was 

functional for replication. 

The transcriptional activities of the upstream deletions of 

ori(uvsY) exactly corresponded with their ability to replicate. Each 

deletion plasmid that was capable of replication (plasmids pGJB4-9, 

pGJB4-25 and pGJB4-31) was also competent for transcription (compare 

Fig. 13 and Fig. 19). The RNA produced from these plasmids were the 

same size, since the Bal31 deletion mutations were located upstream of 

the promoter. Three deletions that destroyed replication activity 

(plasmids pGJB4-29, pGJB4-33 and pGJB4-39) similarly abolished trans

cription (compare Fig. 13 and Fig. 19). The conclusion is that the DNA 

sequence requirements for replication and transcription are identical 

for the upstream side of the ori(uvsY) promoter. 

Considering the downstream side of the ori(uvsY) promoter, full 

transcription was observed in all deletion plasmids with an intact -10 
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consensus sequence (Fig. 19, lanes 60 through 122). Since the 

deletions removed bases that are normally part of the transcript, each 

deletion plasmid produced a transcript of a different size. As 

demonstrated by the properties of deletion plasmid pGJBl-53 (see 

Fig. 13 and 19), the -10 consensus sequence appears to be essential for 

both replication and transcription. However, since several deletions 

of the region downstream of the -10 consensus sequence markedly reduced 

replication (Figs. 13 and 16) but did not affect transcription 

(Fig. 19), the downstream region must contain sequence elements that 

are uniquely required for replication. 

DISCUSSION 

The DNA sequence requirements for the activity of two T4 tertiary 

replication origins have been analyzed. The results show that a 

fully-functional tertiary origin consists of a gpmotA-dependent 

middle-mode promoter and about 50 bp of the region downstream from the 

promoter. As bases were sequentially removed from the downstream 

region, replication activity decreased in a somewhat continuous 

fashion. Thus, the downstream region may contain multiple DNA sequence 

elements that are involved in the initiation of replication, or form 

some unique DNA structure dependent on a relatively large stretch of 

sequence. Although maintenance of full replication activity required 
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that both the promoter and downstream region remained intact, a trace 

of replication was observed with only the promoter element. 

The presence of a middle-mode promoter within each tertiary 

origin led to an analysis of the transcription activities of the 

ori(uvsY) deletion plasmids. Using a novel assay, we have 

demonstrated that transcription from the uvsY promoter is 

gpmotA-dependent when the promoter is contained on fully-modified 

plasmid concatemers. This gpmotA-dependence mimics that seen when the 

promoter is located on T4 genomic DNA (Guild et al., 1987), but the 

same promoter was functional in the absence of gpmotA when it was 

present on unmodified supercoiled plasmids (N. Guild , M. Gayle, and 

L. Gold, personal communication). 

The previously-defined consensus sequence for middle-mode 

promoters consists of a -10 region indistinguishable from that of E. 

c ol i promoters, and a -30 region with a unique consensus of 

(A/T) (A/T)TGCTT(T/C)A (Guild et al^, 1987; Brody et aU, 1983). By 

analogy with the phage lambda ell activator protein (Ho et al., 1983), 

T4 gpmotA has been proposed to bind to the unique -30 region and 

thereby facilitate RNA polymerase recognition of middle promoters 

(Guild et al., 1987). Our results support this general model. 

Deletion of bases from the downstream region of the uvsY promoter did 

not abolish transcription until the -10 consensus sequence was mutated, 

demonstrating an essential role of that sequence element in 
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transcription. In addition, upstream deletions that destroyed the -30 

consensus sequence also abolished transcription. However, the 

previously-defined -30 consensus sequence is not sufficient to explain 

all of our deletion results. Plasmid pGJB4-29 contains the -30 

consensus sequence, and yet concatemers of this plasmid did not 

transcribe (Fig. 19 and Table 2). The DNA sequences of several 

relevant deletion plasmids are aligned in Table 2. Within this 

deletion series, the presence of the -30 consensus sequence and two 

additional residues (G and T, indicated by asterisks) 5' to that 

consensus are sufficient to explain the observed transcriptional 

activities. However, these two additional nucleotide residues are not 

conserved in several other middle-mode promoters of T4 (see Guild et 

al., 1987). Therefore, an assignment of the precise DNA sequence 

requirements for the activity of the motA protein must await further 

analysis. The previously-defined -30 consensus sequence is clearly a 

close approximation of the DNA sequence required for gpmotA activity. 

We have established that the two T4 tertiary origins and the 

coincident middle-mode promoters are intimately related. Every 

deletion that abolished transcription from the ori(uvsY) promoter also 

abolished replication. However, the replication of tertiary origins 

has been shown to be rifampicin resistant (Kreuzer and Alberts, 1985), 

but middle-mode transcription is sensitive to this RNA polymerase 

inhibitor (Haselkorn el: al., 1969; O'Farrell and Gold, 1973). 

Therefore, the production of long RNA transcripts from the tertiary 
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origin promoters is apparently not required for replication activity. 

Several other replication origins are associated with promoters, 

including coli oriC (Lark, 1972; Romberg et al., 1987; Rokeach 

et al., 1987), the phage lambda (Inokuchi et al., 1973; Furth and 

Wickner, 1983), T7 (Richardson et al., 1987), and plasmid ColEI origins 

(Clewell et al., 1972; Sakakibara and Tomizawa, 1974; Minden et al., 

1987), and the primary origin of T4 (Luder and Mosig, 1982, Macdonald 

and Mosig, 1985, Mosig et al., 1987). In each of the systems that 

utilize the host RNA polymerase, replication is rifampicin sensitive 

and transcription is necessary either to provide RNA primers for 

leading strand synthesis, or for transcriptional activation of the 

origin. 

The rifampicin resistance of tertiary initiation suggests that RNA 

polymerase plays a different role in tertiary initiation. At least two 

other models can be considered. First, it has been shown that 

rifampicin does not abolish the binding of RNA polymerase to the 

promoter, nor does it interfere with the isomerization of the "closed" 

to the "open" complex (Johnston and McClure, 1976; McClure and Cech, 

1978). Thus, the role of RNA polymerase in tertiary initiation could 

be simply to locally denature the helix and make the DNA accessible to 

another priming mechanism, for example that of the T4 primase (see 

below). Another interesting possibility is based on the fact that RNA 

polymerase has been shown to undergo oligonucleotide cycling while 

bound at promoter sequences (McClure and Cech, 1978; Carpousis and 
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Gralla, 1980). This cycling causes the production of "reiterative" or 

"abortive" transcripts, ranging from 2-11 nucleotides long, in a molar 

excess over the number of full-length transcripts produced (McClure and 

Cech, 1978; Carpousis and Gralla, 1980; Kunson and Reznikoff, 1981). 

At least some of these reiterative transcripts are produced in the 

presence of rifampicin, although their lengths may be shortened 

(Carpousis and Gralla, 1980; Carpousis and Gralla, 1985). It is 

thereby possible that reiterative transcripts function as primers for 

leading strand synthesis from tertiary origins. 

The promoter within ori(uvsY) produces abundant transcripts in 

T4-infected cells, whereas the promoter within ori(34) appears to be 

extremely weak (Guild et al., 1987). How are two promoters with such 

different transcriptional potentials so similar in terms of the 

replication activity they confer? The relative strengths of these two 

promoters have been defined in terms of the total amount of full-length 

transcripts detected in vivo. Although at this level the promoters are 

very different, they may be quite similar for either the initial 

binding of RNA polymerase, the overall rate of production of open 

complexes, and/or the production of reiterative transcripts. It is 

also possible that the two RNA products are produced at the same rate, 

but differ in their in vivo rates of degradation. In vitro analyses of 

the promoters within ori(34) and ori(uvsY) will be required to approach 

these issues. 
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Promoters that are dependent on gpmotA have been extensively 

characterized, and we have determined that two of these promoters are 

active as tertiary origins. Several other gpmotA— dependent promoters 

are unable to function as tertiary replication origins (Kreuzer et al., 

1988b). A DNA sequence comparison shows no striking differences 

between the promoters within the tertiary origins and other 

gpmotA-dependent promoters of T4. However, the region downstream of 

the tertiary origin promoter appears to be uniquely important for 

replication activity. This region may function as a binding site for 

another initiation protein, particularly if the role of RNA 

polymerase/gpmotA is to locally denature the tertiary origin DNA. Both 

downstream regions contain directly-aligned repeats of the nucleotide 

sequence 5'-AAC-3', which is recognized by the T4 primase to initiate 

the formation of pentaribonucleotide primers in vitro (Cha and Alberts, 

1986; Nossal, 1980; Liu and Alberts, 1980). Perhaps the binding of RNA 

polymerase/gpmotA facilitates the utilization of these potential 

primase sites for the initiation of leading strand synthesis. Alter

natively, if the model involving reiterative transcripts is correct, 

the downstream region could play an important role in the production or 

utilization of these transcripts as primers for leading strand 

synthesis. 

Since phage T4 utilizes multiple modes of initiation and multiple 

origins, it seems likely that these modes are regulated to modulate the 

amount and perhaps the exact structure of the intracellular DNA during 
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infection. The phage-encoded motA gene product could play a critical 

role in such regulation. Mutations in the motA gene have previously 

been shown to both decrease the extent and delay the time course of 

phage DNA synthesis (Mattson et al., 1978). The replication defect of 

motA mutants could result from the role of gpmotA in the 

transcriptional activation of genes whose products are involved in 

phage replication. In addition, the deletion analysis presented here 

strongly suggests that gpmotA is directly required for replication 

initiated at the tertiary origins located in the phage genome. 

Experiments to assess the possible effects of motA mutations on 

tertiary origin plasmid replication will be summarized in Chapter V. 

In summary, the tertiary origins of phage T4 require both an 

intact middle-mode promoter element and a downstream region of about 50 

bp for maximal activity. The requirement for an intact promoter, 

together with the rifampicin resistance of tertiary initiation, 

suggests that the mechanism of tertiary initiation is unique. 



85 

CHAPTER 17 

PRELIMINARY STUDIES OK THE PROTEIN REQUIREMENTS OF T4 TERTIARY 

INITIATION 

INTRODUCTION 

The coincidence of T4 tertiary origins to middle-mode promoters 

suggests that the transcriptional machinery is involved in the 

initiation of replication from these origins. Both the RNA polymerase 

and the gpmotA proteins are implicated by this association (see 

Chap. Ill, DISCUSSION). The T4 primase complex of gp41 and gp61 has 

also been implicated in tertiary origin initiation by the preponderance 

of primase recognition sites directly downstream of each origins (see 

Fig. 6). The requirements of these four proteins in tertiary 

initiation will be addressed in this Chapter. The plasmid model system 

which is being utilized provides a simple means of determining the 

protein requirements for tertiary origins, since different phage 

mutants can be used to infect cells carrying a tertiary origin plasmid. 
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EXPERIMENTAL PROCEDURES 

Materials. Restriction enzymes and rifampicin were purchased from 

various commercial sources. L-broth was described in Chapter II 

(EXPERIMENTAL PROCEDURES). Selection for rifampicin-resistant colonies 

was performed by adding rifampicin (100 mg/liter) to L-broth solid 

plates. 

Strains. E. coli host strains MCS1 (supD) and AB1 (sup0) were 

described by Kreuzer et al. (1988a), and E^_ coli TabG is from the 

collection of L. Gold (University of Colorado, Boulder; see Pulitzer et 

al. 1979). The ori(uvsY) deletion mutant phage T4 KK608 is described 

by Kreuzer et al. (1988a), and the construction of the uvsY^ motam 

phage strain (T4 AM8210) is described in Chapter III (EXPERIMENTAL 

PROCEDURES). The T4 mutants amHL627 (gene 61) and am41 (gene 41) were 

from the collection of B. Alberts (University of California, San 

Francisco). T4 AM861 was isolated following a genetic cross between 

T4 KK608 [uvsYA, 38am, 51am, denA, (denB-rII)A] and T4 HL627 (61am) 

with an input ratio of ten to one, respectively. The phage clones from 

that cross were tested for the presence of the uvsYA, 38am, 51am, denA, 

and (denB-rII)A alleles as described by Kreuzer et al. (1988a), and the 

presence of the 61am allele was tested at 25°C as described by Mufti 

and Bernstein (1974). The T4 strain T4 AM539 was isolated exactly as 

described above, except that the T4 strain am41 was crossed to T4 
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KK608. The presence of the 41 allele was screened by complementation 

with the parental strain. 

DNA replication assays. "Total DNA" was isolated as described in 

Chapter IV (EXPERIMENTAL PROCEDURES). The DNA products were digested 

with restriction enzymes Sspl and Haelll, and analyzed by agarose gel 

electrophoresis as described in Chapter II (EXPERIMENTAL PROCEDURES). 

Isolation of rifampicin-resistant AB1 host strains. Single colonies of 

AB1 (sup°) were grown in L-broth at 37°C with vigorous shaking to a 

Q 

cell density of 2 x 10 per ml (Leive, 1965). The cell cultures were 

then centrifuged at 4°C for 10 min at 8,000g, and the cell pellets were 

rinsed with cold TE (10 mM Tris.HCl, pH 7.6/1 mM Na^EDTA, pH 8.0) and 

pelleted again. The final pellets were resuspended at a density of 5 x 

109 cells/ml in 33 mM Tris.HCl, pH 8.0/0.1 mM Na^EDTA, incubated at 

37°C for 2 min with shaking, and then diluted with L broth and 

incubated for an additional 13 min at 37°C with shaking. The final 

cultures were plated on L-broth agar containing rifampicin 

(lOOmg/liter in solid L media), and incubated overnight at 37°C 

(Schlief, 1969). No more than 2 rifampicin-resistant colonies were 

tested from each original culture. 

DNA replication of defective phage in rifampicin-resistant host 

cells. E. coli MCSl host cells containing pGJBl were infected with T4 

KK608 at a multiplicity of 3 plaque-forming-units per cell. Following 



88 

a 3 min preadsorption, the infected culture was incubated for 1 h at 

37°C with aeration. The infected cells were chilled and treated with 

CHClg to complete lysis. Cell debris was pelleted by centrifugation in 

a Sorvall SS34 rotor for 10 min at 8,500 rpm, and the phage in the 

resulting supernatant were concentrated by centrifugation in the same 

rotor for 1.5 h at 14,000 rpm. The resulting lysate included both 

intact T4 KK608 and defective phage containing modified concatemers of 

pGJBl. This lysate was used to infect each rifampicin-resistant host 

strain at a multiplicity of 3 plaque-forming-units per cell, allowing a 

three min preadsorption period at 37°C. The infected culture was 

incubated for 1 h at 37°C, and "total DNA" samples were then isolated 

as described in Chapter III (EXPERIMENTAL PROCEDURES). 

RESULTS 

The effect of a motA mutation on tertiary origin plasmid replication 

The mutational analyses in the previous chapters suggest that 

gpmotA is required as an initiator protein for tertiary origins. The 

prediction from this model is that in the absence of gpmotA, tertiary 

replication would be abolished. Indeed, phage DNA replication is 

reduced in the absence of gpmotA (Mattson et al., 1978). 
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To test the gpmotA requirement of tertiary origin activity, 

either MSC1 (supD) or AB1 (sup°) host cells containing pGJBl were 

infected with the T4 uvsY^ motAam phage described in Chapter III. The 

absence of gpuvsY during the infection insures that only tertiary 

origin activity will be detected. "Total" DNA was isolated at 0, 12, 

25 and 60 min post-infection, and analyzed as described in Chapter III 

(EXPERIMENTAL PROCEDURES). The total amount of both phage genomic DNA 

and replicated plasmid DNA recovered after infection of the suppressor-

containing host by uvsYA motAam phage (Fig. 20, lanes OA through 60A) 

was comparable to that observed after a uvsY^ infection (data not 

shown). However, following infection of the suppressor-free host by 

the uvsY^ motAam phage, the levels of both phage genomic DNA and 

replicated plasmid DNA were reduced (Fig. 20, compare lanes OA through 

60A with lanes OB through 60B). This result confirms the 

replication-deficient phenotype of motA~ alleles demonstrated by 

Mattson et al. (1978), and indicates some role of gpmotA in tertiary 

initiation. The presence of the motAam allele was also confirmed by 

the transcriptional assays (see Chap. III). Possible explanations for 

the residual plasmid replication will be considered below (see 

DISCUSSION). 



90 

The effect of gene 41 and gene 61 mutations on tertiary origin plasmid 

replication 

An identical approach has been used to examine the requirements 

for the gpAl and gp61 in tertiary origin activity. The 41 and 61 

genes encode the T4 primase/helicase complex, and are required for 

efficient in vitro replication (Hinton et al^., 1987; Selick et al., 

1987). In the two tertiary origin DNA sequences, the primase 

recognition site GTT was found in a directly-aligned fashion, three and 

four times in the region immediately downstream of the promoter (see 

Chap. II and Fig. 6). The results of the Bal31 deletion analysis 

indicated that the removal of potential priming sequences may have 

resulted in a decrease in origin activity. Thus, recognition of the 

GTT sites by the T4 primase complex could provide the primer for 

leading strand synthesis from the origins. 

Two phage strains were constructed, one with the relevant 

genotype of 41am uvsY^, the other with the genotype 61am uvsy\ Each 

phage was used to infect pGJBl-containing host cells, and the DNA was 

isolated and analyzed as previously described. 

The absence of gp41 markedly reduced, but did not eliminate, 

tertiary origin plasmid replication (Fig. 21, compare lane IB with lane 

2B). In contrast, the absence of gp61 during an infection actually 

increased the amount of replicated tertiary origin plasmid DNA that was 
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recovered (Fig. 22, compare lane 60A with lane 60B). The time course 

of phage DNA replication in the 61" infection indicates a DNA-delay 

phenotype, consistent with published reports (Yegian et al, 1971). In 

the absence of gp61, the replication of phage genomic DNA was delayed 

compared to that of the 61am phage infection in a suppressing host 

strain (Fig. 22, compare lanes OA through 60A with lanes OB through 

60B). 

The effects of mutations in genes 41, 61 and motA on defective phage 

replication 

In the results presented above, mutations in the genes motA, 41 

and 61 each affect tertiary origin replication in some manner. 

However, the results are somewhat difficult to interpret at present. 

The primase complex encoded by genes 41 and 61 is required for in vitro 

lagging strand synthesis, and has some stimulatory effect on leading 

strand sythesis as well (Selick et al., 1987; Hinton et aJL., 1987). 

When the tertiary origin is located on a plasmid, the initiation event 

is followed by a conversion of the circular plasmid to a rolling-circle 

mode of replication. The conversion to rolling-circle replication is 

an important point to be considered. There is evidence that 

initiation from a tertiary origin is bidirectional (K. Kreuzer, 

unpublished results). The initiation event would thus create a 0 

intermediate, with replication forks proceeding in opposite directions 

around the circular plasmid. Single-stranded regions are inherently 
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produced near the replication fork due to the delay of lagging-strand 

synthesis in relation to leading-strand synthesis. These 

single-stranded regions may be the substrates for nucleolytic 

cleavage, creating a rolling-circle intermediate. The motA, 41 and 61 

mutations under consideration could each have an effect on the 

generation of rolling-circle intermediates, which would obscure the 

role of the corresponding proteins in the actual initiation event. 

Tertiary origin concatemers were therefore produced in the 

presence of each of the motAam uvsY^, 41am uvsY^ and 61am uvsY^ phage 

strains, in a manner identical to that described for the 

transcriptional assays (Fig. 19). Each starting phage was used to 

infect pGJBl-containing host cells with an amber suppressor gene, to 

allow the production of the appropriate gene product. The resulting 

lysates contained modified plasmid concatemers in the presence of the 

mutant phage. These lysates were then used to infect suppressor-free 

cells, allowing the amber mutation to be expressed. In each case, DNA 

was isolated at 0 and 60 min after infection. 

The results of this experiment are shown in Figure 23. In each 

case, the effect observed with the unmodified plasmid assay (Fig. 20, 

motAam; Fig. 21, 41am; Fig. 22, 61am) was identical to that seen in the. 

modified concatemer assay (Fig. 23). In the absence of gpmotA, both 

phage and tertiary origin plasmid DNA replication were reduced, but not 

abolished, compared to the uvsY^ control (Fig. 23D2 and Fig. 23A2 
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respectively). In the absence of gp41, both plasmid and phage DNA 

replication were severely reduced (Fig. 23B2 and Fig. 23A2 

respectively). The 41am mutation reduced plasmid replication more 

severely than did the motAam mutation (Fig. 23B2 and Fig. 23D2, 

respectively). In the case of gp61 replication of the plasmid 

concatemer was actually increased with respect to the parental control 

(Fig. 23C2 and Fig. 23A2, respectively). The phage genomic DNA 

replication in the 61am infection reached levels comparable to that of 

the uvsY control infection, consistent with the DNA-delay phenotype 

described above (Fig. 23C2 and Fig. 23A2, respectively). 

Isolation of rifampicin-resistant host cells 

It has been postulated that RNA polymerase provides the primer for 

leading strand synthesis from the tertiary origins (See Chap. Ill, 

DISCUSSION). However, tertiary initiation is rifampicin-resistant, 

indicating that transcription is not required for tertiary initiation. 

A straightforward method to examine the role of RNA polymerase is to 

isolate host polymerase mutants which are deficient in tertiary origin 

replication. One direct way to isolate RNA polymerase mutants is to 

select host strains that are resistant to the RNA polymerase inhibitor, 

rifampicin (Tocchini-Valentini et al., 1968; Exekiel and Hutchins, 

1968). The E. coli RNA polymerase consists of four major subunits (a, 

P, P" and a ; Yura and Ishihama, 1979). The p subunit is encoded by 
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the host rpoB gene, and is the subunit involved in promoter binding 

(von Hippel et aJL., 1984). This subunit is also the target for 

rifampicin. 

p 
Approximately 35 independent Rif colonies were isolated and 

assayed for tertiary origin plasmid replication (Fig. 24, also see 

EXPERIMENTAL PROCEDURES). In each case, the mutant cells were infected 

with a lysate containing pGJBl concatemers in the presence of uvsY^ 

phage. DNA was isolated at 0 min (Fig. 24, lanes A) and 60 min 

(Fig. 24, lanes B) after infection, and compared, to evaluate the 

•p 
extent of concatemer replication. In all but one case, Rif host cells 

replicated tertiary origin concatemers at least as well as the Rif 

host (Fig. 24, compare lanes 2, 11, 15s and 17 with AB1). In every 

case, the phage genomic DNA was replicated as well as the host control. 

•D 
In one Rif host strain, concatemer replication was decreased 

approximately 2 fold, yet the phage genomic DNA replicated at levels 

comparable to replication in the Rif host (Fig. 24, compare AB1 and 

151). Duplicate experiments consistently showed this plasmid 

replication defect. It is possible that this strain contains a 

mutation in the RNA polymerase that is directly affecting tertiary 

origin initiation, without interfering with transcriptional activity. 

Further studies are necessary to examine the nature of the replication 

defect in mutant RNA polymerase. 
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DISCUSSION 

The analysis of T4 tertiary origins at the nucleotide level has 

suggested that at least four proteins are involved in the tertiary 

initiation reaction. Tertiary origins map at gpmotA-dependent 

middle-mode promoters, suggesting that the transcriptional machinery is 

involved in initiation. In addition, the region downstream of the 

tertiary origins contain multiple recognition sites for the T4 

primase/helicase complex, suggesting that gp41 and gp61 may also have a 

role in initiation. 

A mutation in the motA gene decreased the amount of tertiary 

origin replication (see Fig. 20 and Fig. 24). This result can be 

interpreted in at least two ways. The motA gene product is a 

transcriptional activator of middle-mode promoters (Mattson et al., 

1978; Brody et al., 1983; Guild et al^, 1987). Mattson et al^ (1978) 

have isolated two conditional motA mutations, tsGl and amGl. In both 

of these mutants, the production of a number of early gene products are 

altered, as monitored by SDS-polyacrylamide gel electrophoresis. The 

altered early genes are mainly replication genes, and so the reduction 

in both phage and plasmid DNA replication could be due to a lack of 

available replication proteins (Brody et al., 1983). However, the 

pattern of early gene expression following infection by motA~ mutant 

phage are only slightly altered. The expression of several immediate 
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early genes (transcribed from early promoters) are extended in the 

absence of gpmotA. Delayed-early genes, which are directed by 

middle-mode promoters, typically also have an early promoter farther 

upstream from the gene. In the absence of gpmotA, transcription of 

these genes can be continued from the early promoters, and the 

corresponding protein is still produced. 

A second possibility is that gpmotA is directly involved in 

initiation of the tertiary origins. In the motAam mutant infection, 

tertiary origin plasmid replication was only partially reduced. 

However, Matt son e_t aL. (1978) have shown that the DNA synthesis 

defects of the two known motA mutants are distinctly different. Under 

restrictive condition, DNA synthesis in a tsGl infection was 

approximately 5 fold lower than DNA synthesis in the wild-type 

infection, while replication in the amGl infection was reduced by less 

than 2 fold. Although the DNA synthesis defects are quite different 

for these two mutations, the transcriptional defects seem identical. 

There is some evidence that the amGl mutant protein contains an intact 

DNA binding domain that is destroyed in the tsGl protein (Brody, 

unpublished data). It is possible that this DNA binding domain is 

involved in tertiary initiation, and that the amGl mutant protein is 

capable of replication but not transcription. The tsGl protein may be 

deficient in both activities. Experiments are in progress to test the 

effect of the tsGl mutant phage on tertiary initiation. 
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The roles of the 41/61 primase complex in tertiary origin 

initiation has also been examined. Tertiary origin plasmid 

replication was reduced in a gene 41 mutant infection., while the yield 

of replicated plasmid was markedly increased in the gene 61 mutant 

infection (Fig. 25, 26 and 27). At this point, it is difficult to 

determine whether the observed results are due to a direct effect on 

tertiary origin initiation, or whether they are secondary effects 

caused by a deficiency in priming of the lagging strand. 

The 41/61 primase complex can be divided into its two 

components. The product of gene 41 encodes a helicase which 

hydrolyzes GTP providing the energy to unwind the DNA helix in front of 

the replication fork (Nossal, 1981; Liu and Alberts, 1981). However, 

this activity is stimulated 30 fold in the presence of the T4 gene 61 

protein (Hinton et al_., 1987). Conversely, the 61 protein encodes the 

primase function, and high concentrations of 61 protein in vitro can 

catalyze some primer synthesis on single-stranded DNA templates. As 

expected, the addition of the 41 protein greatly increases the 

production of primers (Hinton et^ al_., 1987). 

The genetics of these two genes have also been examined in some 

detail. The phenotype of 41" phage strains was initially 

characterized as DO (no DNA synthesis; Epstein et al., 1964). In the 

absence of gp41, a small amount of DNA is synthesized, but it contains 

a large amount of single-stranded regions (Oishi, 1968). This 
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presumably results both from the lack of the helicase activity of gp41 

alone, and the reduction of primosome activity when associated with 

gp61. The phenotype of gene 61 mutants is more complex. Phage 

strains containing mutations in gene 61 are DD (DNA delay; Yegian et 

al., 1971; Mufti and Bernstein, 1974). Following infection under 

restrictive conditions, 61" mutants produce a substantial number of 

progeny phage. In addition to the DNA-delay phenotype, the absence of 

gp61 during an infection also causes an increased amount of 

recombination, and an increased formation of single-stranded DNA 

(Hamlett and Berger, 1975; Yegian, et al^, 1971). There is evidence 

that the dnaG host primase can partially compensate for the 61 primase 

activity (Lilien, 1982). 

In the experiments described above (Fig. 21, Fig. 22 and 

Fig. 24), the results can be explained in at least two ways. If these 

two gene products are providing the primers for leading strand 

synthesis, than one would expect that tertiary origin plasmid 

replication would be abolished in 41" or 61" mutant infections. This 

is clearly not the case. In the 41 mutant infection, plasmid 

replication was decreased but not abolished. In a 61" infection, the 

total yield of replicated plasmid was actually increased. Therefore, 

unless both the 41~ and 61- mutants are leaky, the gp41/61 primase 

cannot be required for leading strand primer synthesis at the tertiary 

origins. 
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A second possibility is that priming of the leading strand is 

directed by a different mechanism, and the effects of gene 41 and 61 

mutants on the tertiary origin plasmids was due to an alteration in 

lagging-strand synthesis. The absence of gene 41 could reduce 

replication more severely than 61, simply due to the fact that its 

helicase activity is important for both leading and lagging strand 

synthesis. 

The precise role of RNA polymerase in tertiary initiation is, as 

yet, uncertain. Tertiary initiation is resistant to the RNA polymerase 

inhibitor rifampicin, yet both origins require a functional promoter 

for activity. Since the T4 primase is apparently not required for 

tertiary origin plasmid replication, reiterative oligonucleotides 

synthesized by RNA polymerase may provide the primers for leading 

strand synthesis (See Chap III, DISCUSSION). One way of dissecting the 

role of RNA polymerase in tertiary replication is to isolate an RNA 

polymerase mutant which is defective in tertiary origin activity. 

Several host strains that are resistant to rifampicin have been 

D 
isolated. In one of the Rif host strains, the replication of tertiary 

origin plasmids was reduced but not abolished. This result suggests a 

direct role of RNA polymerase in tertiary initiation, but further 

studies are required to characterize the mutant RNA polymerase. 

In summary, the effects of gpmotA, gp41, gp61 and RNA polymerase 

on tertiary initiation has been examined. Each of these four proteins 
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had been implicated in tertiary initiation. Although the results 

provided by these experiments do not fit a simple model for tertiary 

initiation, each protein has some effect on tertiary origin plasmid 

replication. These experiments provide a valuable basis for further 

examination of the roles of these four important proteins. 
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CHAPTER V 

SATURATION MUTAGENESIS OF A TERTIARY ORIGIN 

INTRODUCTION 

In the previous chapter, two T4 tertiary origins have been 

analyzed in detail. Restriction deletion analysis localized the 

origins to relatively small segments of DNA sequence, and Bal31 

deletion analysis has defined the minimal fragments necessary to 

maintain replication activity. Each tertiary origin consists of a T4 

middle-mode promoter and approximately 50 bp of the downstream 

region. In this Chapter, the precise nucleotide sequence requirements 

of a tertiary origin will be determined using oligonucleotide-directed 

saturation-mutagenesis. The plasmid model system for T4 tertiary 

origins is an excellent system for such an analysis, as has been 

demonstrated in the Bal31 deletion analysis previously described. 

Random mutations which are generated in the cloned origin can be 

directly analyzed, both for DNA sequence and replication activity. 

The procedure of oligonucleotide-directed saturation-mutagenesis 

provides an efficient means of mutating every base within a defined 

region (Derbyshire e_t a_l. , 1986; Oliphant et a_l. , 1986). 

Oligonucleotides are synthesized in the presence of a contaminating 
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pool of all four deoxyribonucleotides, at a concentration which favors 

a single base change per oligonucleotide. The mutated 

oligonucleotides are then used to replace the wild-type sequence. 

There are several advantages to this type of procedure. Mutagenesis is 

so efficient that each recombinant plasmid can be screened directly by 

determining its nucleotide sequence, without any preliminary genetic 

selection. This method insures that every base change is equally 

represented in a pool of mutants, since there is no selection against 

formation of mutations in critical regions. Conversely, mutants can be 

obtained that have "silent" mutations, thereby identifying bases that 

are not required for the relevant phenotype. 

The saturation mutagenesis of ori(uvsY) has been accomplished in 

two separate stages. Initially, additional restriction sites were 

necessary for the convenient insertion of the mutated oligonucleotide. 

For this purpose, we designed a "synthetic origin" that is a direct 

derivative of the ori(uvsY) sequence. The synthetic origin contains 

convenient restriction sites and was constructed by oligonucleotide 

substitution (Derbyshire et al_., 1986). The next stage was the actual 

mutagenesis of the origin region, using the new restriction sites to 

introduce the mutant oligonucleotide. Using these procedures, bases 

crucial for origin function have been determined. 
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EXPERIMENTAL PROCEDURES 

Materials. Restriction enzymes, .DNA ligase, T4 polynucleotide kinase, 

O O Q O 
[a- P]dATP, [y- P]dATP, and dideoxynuceotide sequencing reagents 

were purchased from various commercial sources. Deoxyoligonucleotides 

were synthesized on an Applied Biosystems 381A DNA synthesizer, in the 

laboratory of Dr. P. Modrich. Bacteriophage T4 growth media has been 

described in Chapter II (EXPERIMENTAL PROCEDURES). 

Strains. E. coli host strain MCS1 (supD) and the ori (uvsY) deletion 

phage, T4 KK608, are described by Kreuzer et al. (1988a). 

Construction of synthetic origin. The vector used to clone the 

synthetic oligonucleotide was a pBR322 derivative. The plasmid 

pKK448 contains the 1.4 kb Hindlll fragment with ori(uvsY). This 

plasmid was digested with the restriction endonucleases Bglll and Sail, 

and treated with T4 DNA polymerase in the presence of all four 

deoxynucleotide triphosphates to generate blunt ends. The resulting 

fragments were then circularized with T4 DNA ligase and transformed 

into competent cells of E_^ coli strain MCS1, selecting for the 

ampicillin-resistance determinant of the pBR322 vector. The resulting 

plasmid (pAM448A) was then digested with Ddel and Avail, and the 0.7 

kb fragment containing the Bglll/Sail junction was purified after 

polyacrylamide gel electrophoresis. pBR322 DNA was digested with Aatll 

and Aval, and the 2.8 kb fragment containing the pBR322 origin and bla 
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gene was purified after polyacrylamide gel electrophoresis. The two 

purified DNA fragments were then ligated together using T4 DNA ligase, 

digested with Aatll to destroy any multimers that were formed, and the 

intact 3.5 kb fragment was purified from a polyacrylamide gel. 

The 69-mer synthetic oligonucleotide was purified from an 8% 

denaturing polyacrylamide gel using the procedure of Lloyd 

al. (1986). The final ligation of the oligonucleotide into the vector 

was performed at a molar ratio of 10:1 (oligonucleotide to vector). 

The ligation reaction was transformed into competent cells of E;_ coli 

strain MCS1, selecting for the ampicillin-resistance determinant of the 

pBR322 vector. The resulting plasmid (pYO) contained the intact 

69-basepair fragment inserted between the vector Aatll and Ddel 

restriction sites. 

DNA replication assays. E. coli MCS1 containing the appropriate 

plasmid was grown at 37°C in L broth to a cell density of 4 x 10® per 

ml, and then infected with T4 KK608 at a mutiplicity of 3 plaque-

forming-units per cell. After a 3 min incubation without shaking (for 

phage adsorption), the infected cultures were incubated for 1 h with 

vigorous shaking at 37°C. "Total DNA" was prepared as described in 

Chapter III (EXPERIMENTAL PROCEDURES) 

01igonucleotide-directed mutagenesis of ori(uvsY). A 56-mer 

oligonucleotide (containing a low frequency of random mutations) was 
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purified from an 8% denaturing polyacrylamide gel using the procedure 

of Lloyd et al^. (1986). The conversion of the original single-stranded 

oligonucleotide to a double-stranded molecule is as described by 

Oliphant et al^. (1986; also see Fig. 27). 5 |ig of oligonucleotide was 

incubated at 37°C for 1.5 h in 3X buffer (30 mM Tris.HCl, pH 7.6/150 

mM NaCl/30 mM MgC^/lS mM DTT/0.1 ing/ml gelatin), and then at 25°C for 

0.5 h to promote annealing. The buffer concentration was then 

decreased to IX, and the annealed oligonucleotide was treated with DNA 

polymerase I (Klenow fragment) in the presence of all four 

deoxyribonucleotides, to generate a double-stranded DNA fragment (see 

Fig. 22). The fragment was next digested with restriction 

endonucleases Xbal and Nsil, and the resulting duplex restriction 

fragment purified from a polyacrylamide gel. The plasmid pYO was also 

digested with Xbal and Nsil and gel purified. The final ligation was 

performed at a 5 fold molar excess of oligonucleotide to vector. The 

ligated molecules were transformed into competent cells of E^_ coli 

MCS1, selecting for the ampicillin-resistance determinant of the pBR322 

vector. 

DNA sequencing. All mutant plasmids were sequenced using the modified 

T7 DNA polymerase "Sequenase" (United States Biochemical Corp.). 
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RESULTS 

Construction of a "synthetic" tertiary origin 

The oligonucleotide-directed mutagenesis procedure used in the 

analysis of a tertiary origin required that a pair of restriction 

enzyme sites flank the DNA sequence that will be mutated (Derbyshire et 

al., 1986; Oliphant et al^, 1986). The region of interest is deleted 

by cleavage with this pair of enzymes, and is replaced by a synthetic 

oligonucleotide. Neither ori(uvsY) nor ori(34) contained such 

convenient sites. A "synthetic origin" was therefore constructed to 

incorporate the necessary restriction sites into the ori(uvsY) region. 

There were several important considerations involved in designing 

a synthetic origin for use in saturation mutagenesis (Fig. 25). First 

and most important, any base changes introduced should not affect the 

replication activity of the origin. The Bal31 deletion analysis 

(Chap. Ill) had defined important regions in the origin sequence. 

Therefore, it was possible to predict base changes that would not 

affect replication activity. 

Second, it was necessary to introduce restriction sites that could 

be used in the actual mutagenesis procedure. Again, the Bal31 deletion 

analysis indicated that there were two distinct regions important for 

tertiary origin function, the promoter and the downstream region. 
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Mutagenesis of each region separately would be practical and provide 

the most information, so it was important to flank each region by a 

different pair of restriction sites. An Xbal site was introduced in 

the region upstream of the gpmotA consensus sequence by changing 2 

bases from the wild-type sequence. This region was not required for 

replication activity, and so any changes would probably be 

acceptable. An Nsil site was introduced into the region near the -10 

consensus sequence. This site was created by changing only 1 base 

from the wild-type sequence, and this base was outside of the -10 

consensus sequence (see Fig. 25). This region is important for 

replication activity, but we hoped that the change would be 

acceptable. By introducing these two new restriction sites, the origin 

was conveniently divided into two "modules". The promoter region is 

bounded by the Xbal and Nsil sites, and the downstream region is 

bounded by the Nsil site of the "synthetic" origin and the Bglll site 

of the downstream region (Fig. 25; also see Fig. 6). Since each pair 

of sites can be used to generate one 5' and 3' extension, they allow 

separate mutagenesis of each module. Note that the downstream region 

sequence is not shown in Fig. 25; the wild-type version of this region 

is located downstream of the Ddel site in the final construct. 

The third consideration was the recreation of the PstI site 

upstream of the gpmotA consensus sequence. A system for shuttling 

mutations into the T4 phage genome has been developed by Selick et 

al. (1987). This system could be used to replace the wild-type genomic 
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origin region with any pertinent, cloned ori(uvsY) mutations 

generated. In order to accurately interpret the mutant function in 

vivo, it was imperative to restore the wild-type region as completely 

as possible. The PstI site is therefore restored in the synthetic 

origin, and the Bglll site is already present in the starting vector 

sequence. 

Lastly, an Ndel restriction site was created upstream of the 

gpmotA consensus sequence. When mutations are shuttled back into the 

phage genome, it would be advantageous to have a unique restriction 

marker to identify that the mutant region has actually been integrated 

into the phage chromosome. The restriction enzyme Ndel is one of the 

few enzymes that cleave T4 modified DNA, and is thus a useful marker 

for integration of the mutant sequence into the phage genome. 

The procedure used for cloning the synthetic origin is described 

by Derbyshire et al_. (1986; see Fig. 26). The starting plasmid vector 

must be digested with a pair of restriction enzymes, one that generates 

a 3' extension, and the other that generates a 5' extension. A 

single-stranded oligonucleotide that contains termini complementary 

to the termini of the digested vector was ligated to the vector, and 

the molecules were transformed into competent host cells. The vector 

used to clone the "synthetic" origin contained the ori(uvsY) downstream 

region, from the Ddel site to the Bglll site (Fig. 26). The Ddel 

restriction enzyme site provided the 5' overhang, while an Aatll site 
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in the vector sequence provided the 3' overhang. As required, the 

oligonucleotide contained the termini complementary to these two ends. 

The ligation of the single-stranded oligonucleotide to the vector 

sequence was performed at a 10-fold molar excess (oligonucleotide to 

vector), and the ligated molecules were transformed into competent MCS1 

host strains. The resulting plasmids were screened for the presence of 

the appropriate restriction sites, and a plasmid (pYO) that contained 

the cloned synthetic origin was isolated. The DNA sequence of the 

origin region of this plasmid was also determined to confirm the 

presence of the cloned oligonucleotide. The pYO plasmid is capable of 

replication activity at levels comparable to the ori(uvsY) parent 

plasmid pGJBl (data not shown). This indicates that the base changes 

introduced into the synthetic origin do not affect replication 

activity. The synthetic origin construct could therefore be utilized 

for saturation mutatgenesis of the origin region. 

Saturation mutagenesis of a "synthetic" tertiary origin 

The pYO plasmid was utilized to mutagenize the promoter region of 

the tertiary origin according to the procedure outlined by Oliphant et 

a 1. (1986, Fig. 26). Single-stranded oligonucleotides were 

synthesized, and then converted into double-stranded fragments 

containing the appropriate restriction sites. Cleavage of this 
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fragment by the relevant restriction enzymes then generated duplex DNA 

fragments containing the mutations. The use of duplex fragments rather 

than single-stranded oligonucleotides greatly increases the ligation 

efficiency of the mutant fragments into the double-stranded vector. 

The mixed single-stranded oligonucleotides synthesized for 

mutagenesis of the promoter region were 56 bases long (Fig. 27A). At 

the 5' terminus, A bases (5'-TATC-3') preceded a 6-base (5'-TCTAGA-3') 

Xbal site. These 10 bases were synthesized without the introduction of 

random mutations. The following 30 bases contained the promoter 

region, and these bases were synthesized in the presence of a 

contaminating mixture of all four deoxyribonucleotides. The 

contaminating mixture was present at a concentration that would favor 

the incorporation of a single random base change per oligonucleotide. 

This region included the entire gpmotA consensus sequence as well as 3 

bases of the upstream sequence, and extended to include A of the 6 

bases of the -10 consensus sequence. The last 16 bases of the 

oligonucleotide were also synthesized without the introduction of 

random base mutations. These 16 bases included a 6-base Nsil site 

(5'-ATGCAT-31), followed by a A-base spacer (5'-CGCG-3') and another 

6-base Nsil site. 

The mixed oligonucleotides were then annealed via interstrand 

basepairing of the 3'-0H termini (Fig. 27B). The 3'-0H termini 

provided by the annealed oligonucleotide is elongated by DNA 
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polymerase I (Klenow fragment) in the presence of all four 

deoxyribonucleotides. This generated a double-stranded fragment 

containing Xbal and Nsil sites. The fragment was digested with the 

pair of enzymes, and purified by polyacrylamide gel electrophoresis. 

The resulting product was a duplex DNA fragment with Xbal and Nsil 

cohesive ends. Separately, the pYO vector was digested with the same 

pair of restriction enzymes to remove the wild-type region, and the 

pool of oligonucleotide fragments were then ligated into the vector. 

In a ligation reaction containing 8 fold excess of oligonucleotide to 

vector, the transformation efficiency increased approximately 50 fold, 

as compared to ligated vector alone. This indicated that 98% of the 

selected colonies contained cloned oligonucleotides. 

The high efficiency of oligonucleotide ligation allowed mutant 

plasmids to be directly screened by DNA sequencing. A set of plasmids 

containing single basepair changes was compiled and assayed for 

replication activity as described in EXPERIMENTAL PROCEDURES 

(Fig. 28). 

The mutant plasmids exhibited a range of replication activities. 

There were at least four general classes of replication levels 

observed. First, a majority of the mutations had no effect on 

replication activity, and were capable of maintaining tertiary origin 

plasmid replication at levels comparable to the parent plasmid 

(Fig. 28, compare lane V (pYO) with lanes 1, 3, 14, 16a, 16b, 17, 18, 
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19a, 19b, 20a, 20b, 21a, 21b, 22, 23, 25, and 26a, 26b). The mutations 

of this class apparently define nucleotide positions that are not 

crucial for origin function. 

A second class of mutants reduced origin activity between 2 and 3 

fold, in comparison to the starting plasmid (Fig. 28, compare lane V 

with lanes 6, 13, 15a, 15b, 15c, 24a, 24b, and 29). In two cases, the 

exact same mutation was isolated in two plasmids, and the replication 

activity of each member of the pair was identical (Fig. 28, lanes 15b 

and 15c; lanes 24a and 24b). 

A third class of mutants reduced origin activity between 5 and 10 

fold in comparison with the starting plasmid (Fig. 28, compare lane V 

with lanes 5, 9a, 9b, 9c, and 30). In the case of the mutants shown in 

lanes 9a, 9b and 9c, the wild type C residue was replaced by each of 

the other three possible nucleotides. Each of the mutant sequences 

reduced replication activity by a comparable amount, indicating a 

strong preference for the wild-type C residue at position 9. 

The fourth class of mutants were those that completely abolished 

replication activity (Fig. 28, compare lane V with lanes 2 and 27). 

These mutants define nucleotide positions that are crucial for tertiary 

origin activity. The four classes of mutants will be discussed in more 

detail below. 
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DISCUSSION 

The saturation mutagenesis of ori(uvsY) has led to a more precise 

definition of the nucleotide requirements of a functional tertiary 

origin. The Bal31 deletion analysis of ori(uvsY) and ori(34) 

(Chap. Ill) had defined the boundaries of an intact tertiary origin. 

These analyses indicated that an intact middle-mode promoter and a 

unique downstream region were both required for maximal tertiary origin 

activity. An intact middle-mode promoter consists of the E. coli -10 

consensus sequence (5'-TATAAT-3*) and an intact gpmotA binding site. 

The gpmotA consensus sequence compiled by Guild et al. (1987) 

[5'-(A/T) (A/T)TGCTT(T/C)A-3'] is a very close approximation to the 

gpmotA binding region, but it is not completely sufficient for 

transcriptional activity (see Chap. III). 

The mutational analysis of ori(uvsY) can now be used to define the 

tertiary origin at two different levels. First, important regions for 

origin activity can be determined by examining the grouping of 

mutations that affect replication activity. Second, the mutations 

within these important regions can be examined specifically to 

determine the exact base requirements for tertiary origin activity. 

At the first level, two distinct regions within the promoter 

region were identified as being required for tertiary origin 
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activity. The two required regions centered around either the -10 or 

the gpmotA consensus sequence. Each mutation isolated in either of 

these two regions decreased replication activity (Fig. 28, lanes 5, 6, 

9a, 9b, 9c and 13 within the gpmotA consensus sequence; lanes 27, 29 

and 30 within the -10 consensus sequence). However, mutations outside 

of either of these two regions can also have a deleterious effect on 

replication activity (Fig. 28, lanes 2, 15a, 15b, 15c, 24a and 24b). 

One of these positions (lane 2) is 3 bases upstream of the previously-

defined gpmotA consensus sequence, and had also been implicated in 

replication activity by the Bal31 deletion analysis (see Chap. III). 

The other mutations that affect replication activity lie within the 

region between the defined gpmotA and -10 consensus sequences. 

The observation that mutations outside of the previously-defined 

-10 and gpmotA consensus region altered tertiary origin replication can 

be interpreted in at least two ways. First, it is possible that the 

region between the two consensus sequences defines a third separate DNA 

sequence element essential for tertiary origin activity. However, a 

total of 15 different mutations were isolated in this region (Fig. 28, 

lanes 14-26) and only 3 of them had an effect on replication (Fig. 28, 

lanes 15a, 15b/15c, and 24a/24b). If the exact DNA sequence of this 

region was required for tertiary origin function, it is likely that 

more of the isolated mutants would have affected replication activity, 

and that the three affected mutants would have much lower levels of 

activity. 
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Another possibility had been previously suggested by the results 

of the Bal31 deletion analysis of ori(uvsY). These results indicated 

that bases upstream of the previously-defined gpmotA consensus sequence 

were required for replication activity, and it was suggested that the 

binding of the gpmotA protein may require additional sequence (see 

Chap. Ill, DISCUSSION). The results of the saturation mutagenesis 

completely support these observations. The mutations outside of the 

gpmotA and -10 regions are within 3 bases of each element. It is 

possible that both the previously-defined -10 and gpmotA regions 

require sequences in addition to the minimal sequences defined by the 

consensus region, and that the actual required sequences are "expanded" 

versions of the known consensus sequences. 

At the second level, it is possible to examine the specific base 

changes within each of the two consensus sequences to infer the 

requirements for replication activity. This analysis must necessarily 

be somewhat incomplete, since every base in the wild-type sequence was 

not mutated into each of the remaining three nucleotides. However, the 

information gained at this level is extremely valuable. 

The mutations in the previously-defined gpmotA consensus sequence 

will be discussed first. Every base change in this region decreased 

replication activity to some extent. The two wild-type A residues at 

positions 5 and 6 were each replaced with a C residue in one of the 
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mutant origins (Fig. 28). The replacement at position 5 results in a 

more severe decrease in replication activity than does the mutation at 

position 6. At position 9, the wild-type C residue was replaced by all 

three of the remaining nucleotides. In every case, replication was 

severely reduced, clearly indicating that the C residue at position 9 

must be conserved for the maintainence of replication activity. At 

position . 13, the wild-type A residue was replaced with a C residue, 

resulting in a mild decrease in replication activity. 

Several mutations that were just outside of the 

previously-defined gpmotA consensus sequence also had an effect on 

replication (see above). One of the two mutations that completely 

abolished replication (Fig. 28, lane 2) is located three bases upstream 

of the previously-defined gpmotA consensus sequence, and substitutes 

the wild-type T residue with an A. It is informative to compare these 

sequences with that of two of the Bal31 deletion plasmids (Table 2). 

The deletion plasmid pGJB4-29 replaced the wild-type T residue with a G 

(position 2), and restored the adjacent wild-type sequence of A and T 

(positions 3 and 4). The mutations in this plasmid completely 

abolished tertiary origin activity. In the plasmid pGJB4-31, the T 

residue at position 2 remained intact, but the wild-type A and T 

residues at positions 3 and 4 were replaced with C and G, 

respectively. This plasmid maintained full replication activity. In 

addition, the' A residue at position 3 was replaced by a T, with no 

effect on replication activity (Fig. 28, lane 3). It can be concluded 
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that a T in position 2 is critical for replication activity, and that 

the two adjacent bases can be mutated with no effect on origin 

activity. 

Another mutation that reduced replication is located 2 bases 

downstream of the previously-defined gpmotA consensus sequence 

(Fig. 28, lanes 15a, 15b and 15c). At this position, the wild-type G 

residue was replaced by either a T or C. In both cases, replication 

activity was mildly reduced. It can be concluded that a G residue at 

this position is also required for maximal tertiary origin activity. 

Mutants isolated in positions 16 through 23 did not affect 

tertiary replication activity (Fig. 28). These mutations included two 

T to A transversions (Positions 16 and 17), four A to C transversions 

(positions 18, 19, 20 and 21), one A to T transversion (position 19), 

one C to T transition (position 22), and one G to A transition 

(position 23). The mutations induced in this region were all "silent", 

indicating that the exact nucleotide residues are unimportant. 

However, this region may well define a spacer region that must be 

maintained at a certain size. Since no deletions or insertions were 

isolated in this region, further work is necessary to test this 

hypothesis. 

The last element to be defined is the region centered around the 

previously-defined -10 consensus sequence. Several mutants were 
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isolated that contained mutations within the -10 region. The 

replacement of the wild-type T with an A at position 27 completely 

abolished replication activity (Fig. 28, lane 27). A comparison of a 

number of E. coli promoters indicated that this particular base (A) is 

present in only 1 out of 46 promoters compared (Rosenberg and Court, 

1979). Therefore, the wild-type T is probably critical for both 

replication activity and promoter activity. Mutations at positions 29 

and 30 either mildly or severely reduced replication (Fig. 28, lanes 29 

and 30). In one case, a mild reduction is seen by replacing the 

wild-type T with an A at position 29. This particular base (A) is 

observed in about 20% of E. coli promoters compared, and is thus likely 

to be acceptable for promoter activity (Rosenberg and Court, 1979). 

The other change severely reduced activity, and replaced the wild type 

A with a C at position 30. In about 15% of the E. coli promoters 

compared, a C residue is observed (Rosenberg and Court, 1979). 

A mutation at position 24, 3 bases upstream from the -10 

consensus sequence mildy reduced replication activity (Fig. 28, lanes 

24a and 24b). In this case, the wild-type T residue was replaced with 

a C. However, mutations at positions 25 and 26 did not affect 

replication activity (Fig. 28, lanes 25 and 26). Again, it is possible 

that the consensus sequence defines a critical element for replication 

activity, but that there are additional sequences required. 
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The oligonucleotide-directed saturation mutagenesis of ori(uvsY) 

has further defined the nucleotide elements crucial to tertiary origin 

activity (Table 2). This analysis indicates that at least two regions 

within the promoter are critical for replication activity. These two 

regions are "expanded" versions of the previously-defined gpmotA and 

-10 consensus sequences. The expanded version of the gpmotA consensus 

sequence includes an additional 5 bases, and extends from position 2 to 

position 15 (Fig. 28; Table 2). The expanded version of the -10 

consensus sequence extends at least three bases upstream of the 

previously-defined consensus sequence. The region downstream of the 

-10 consensus sequence was not subjected to mutagenesis using this 

procedure, thus it was not possible to determine whether additional 

downstream sequences are required for tertiary origin activity. It is 

important to determine the transcriptional activities of the 

newly-generated point mutations. Such an analysis will further define 

whether both activities are completely coincident, or whether elements 

necessary for replication are somewhat different than those required 

for transcription (See Chap. Ill, DISCUSSION). 

The procedure of oligonucleotide-directed saturation-mutagenesis 

can now be utilized to define the nucleotides of the downstream region 

that are critical for tertiary initiation activity. In addition, any 

pertinent mutations can be "shuttled" into the phage genome, using the 

procedure developed by Selick et al. (1987). 
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There are many parameters involved in the recognition of a 

specific DNA sequence by a DNA-binding protein. The protein must 

contact the helix by specific chemical interactions that depend on the 

secondary and tertiary structures of the protein, and on the base 

sequence of the DNA. Several protein-DNA interactions have been 

analyzed in great detail (for review see Pabo and Sauer, 1984). 

Mutations within the defined DNA sequence adversely affect binding of 

the specific protein. In the analysis presented above, it is likely 

that the effects on replication due to the induction of mutations are a 

reflection on the ability of specific DNA-binding proteins to interact 

with the sequence. 
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CONCLUSIONS 

The T4 tertiary origins discussed in the previous Chapters are 

intriguing. For many years, the analysis of T4 replication origins has 

been difficult due to the inherent complexities of the T4 genome. 

However, the development of a plasmid model system for T4 tertiary 

replication origins has allowed the characterization of these origins 

at the nucleotide level. This analysis has led to a clear definition 

of the sequence requirements of a T4 tertiary origin, and has suggested 

at least two possible mechanisms for the initiation of DNA synthesis. 

Also, it is now possible to directly compare and contrast a T4 origin 

of replication with the replication origins of other organisms. 

Each T4 tertiary origin consists of a T4 gpmotA-dependent 

middle-mode promoter and a downstream region of about 50 basepairs. A 

relationship between replication and transcription has been observed in 

other systems as well. In the T7 and ColEl replication systems, the 

primer for leading-strand synthesis is provided by an RNA transcript. 

In the E. coli and X replication systems, transcription is required to 

"activate" the origin, probably to provide the replication machinery 

access to the DNA helix. In these cases, the primer for leading-strand 

synthesis is produced by the host dnaG primase protein. Although T4 
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tertiary origins coincide with middle-mode promoters, the mechanism of 

initiation is distinct from either of these two mechanisms mentioned 

above. The replication activity of tertiary origins is resistant to 

the RNA polymerase inhibitor rifampicin, indicating that a full-length 

RNA transcript is not required for initiation. Also, it has been 

demonstrated that in T4 gene 41 and 61 mutant infections, tertiary 

initiation continues. This result indicates that the primer for 

leading strand synthesis is probably not formed by .the action of the T4 

primosome complex. A novel mechanism of initiation has been proposed, 

in which the RNA polymerase provides the primers for leading-strand 

synthesis in the form of short, reiterative transcripts. This model 

consolidates many of the seemingly contradictory observations of T4 

tertiary initiation, and suggests experiments to test this 

hypothesis. It is possible to purify T4-modified RNA polymerase, and 

this purified protein can be used to examine the production of 

reiterative transcipts from the tertiary origins in vitro. In 

13 
addition, a Rif host strain has been isolated that is deficient in 

tertiary origin replication. It is likely that this host strain 

encodes a mutant RNA polymerase. This mutant protein can also be 

purified and its in vitro activities compared to those of the wild-type 

host. 

The involvement of the T4 transcriptional activator gpmotA in 

tertiary initiation remains to be resolved. It is quite possible that 

gpmotA acts as an initiation protein at tertiary origins, in manner 
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analogous to the E. coli dnaA protein (Kornberg et al., 1987), or the 

X 0 and P proteins (McMacken et al., 1987). There is genetic evidence 

that in the absence of gpmotA, the levels of phage DNA produced 

following infection is decreased (Mattson et al., 1982). Although this 

decrease could be partially due to an alteration of early gene 

expression, this cannot completely explain the reduction in DNA 

synthesis. Several approaches are being used to examine the role of 

gpmotA in tertiary replication. A genetic approach has been discussed 

in Chapter IV. A molecular approach, involving the cloning of the motA 

gene and overproduction and purification of the motA protein is also 

underway in the Kreuzer laboratory. 

Although T4 tertiary origins are located at T4 middle-mode 

promoters, not all T4 middle-mode promoters are tertiary origins 

(Kreuzer et al., 1988b). This result indicates that there are 

elements of the tertiary origins that make them unique. The most 

likely element is the region downstream of the promoter element. The 

Bal31 deletion analysis has demonstrated that the removal of the 

downstream region results in a gradual loss of tertiary replication 

activity, and that this region is not required for transcription from 

the promoter. One possibility is that this region contains multiple 

binding sites for an initiation-specific protein. The removal of one 

or more of these putative binding sites would thus gradually decrease 

replication activity. The most direct way of analyzing this 
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possibility is by saturation-mutagenesis of the downstream region. 

These experiments are in progress. 

Now that a detailed DNA sequence analysis of the T4 tertiary 

origins has been accomplished, it is possible to discuss the tertiary 

origins on a broader scale. The relationship between replication and 

transciption has been established. There is also an important 

relationship between replication and recombination coincident with 

these origins. Each of the tertiary origins maps at the peak of a T4 

recombination hotspot. In addition, one of the origins [ori (uvsY)] 

also maps at the promoter for the T4 recombination protein uvsY, 

although the uvsY protein is not required for tertiary replication 

activity. It is possible that a replication intermediate formed at 

these two origins is highly recombinogenic, and creates the 

recombination hotspot. In the absence of the uvsY protein, 

recombination is severely reduced, although the replication activity 

remains unaffected. Experiments are in progress to further delineate 

the relationship between recombination and replication from these 

origins (Wendy Yap, unpublished results). A genetic approach is being 

used to determine if the removal of a tertiary origin concommitantly 

destroys the recombination hot spot. Complementary to this approach, a 

tertiary origin is being inserted into another region of the T4 genome 

to determine if a recombination hotspot can be established. In a 

system that may have analogies with T4 tertiary origins, a yeast 
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promoter has recently been implicated in the function of a yeast 

recombination hot spot (Voelkel-Meiman et al^, 1987). 

There is clear evidence that tertiary initiation is an important 

mode of initiation for the T4 genome. In the absence of the primary 

and secondary modes of initiation, the phage is still able to replicate 

to a significant extent (Kreuzer and Alberts, 1985). Also, there is 

evidence that upon deletion of ori (uvsY) from the genome, phage 

replication is greatly reduced following infection at elevated 

temperatures (Wendy Yap, unpublished results). 

The fact that T4 utilizes at least three modes of initiation is 

interesting in itself. This particular bacteriophage is extremely 

complex. Although T4 has been extensively examined at both the genetic 

and molecular levels, it continues to provide many surprises. In fact, 

the bacteriophage T4 has some striking similarities to eukaryotic DNA 

systems. It was recently discovered that several T4 genes contain 

introns, a phenomenon previous1y ascribed to eukaryotic genomes (Chu et 

al. , 1984; Chu et al^., 1986; Belfort et al., 1985). The T4 DNA 

polymerase and the T4 type II topoisomerase have both been shown to be 

more similar to eukaryotic proteins than to their prokayotic 

counterparts ( ). The T4 bacteriophage system may therefore provide 

lessons that are uniquely valuable for understanding more complex 

eukaryotic systems. 
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The ultimate goal of this research is to reconstitute T4 DNA 

initiation in vitro. The elegant T4 in vitro system is currently used 

to study the properties of a functional replication fork, but cannot 

initiate DNA synthesis from in vivo T4 origins. The plasmid model 

system of T4 tertiary origins provides the first analysis of T4 

replication origins at the nucleotide level. This analysis is thus 

invaluable to the progress of the reconstitution of T4 initiation in 

vitro. 
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TABLE 1. DNA sequences of ori (uvsY)deletions.a 

PLASMID ACTIVITY DNA SEQUENCE 

** mot 

pGJB4 + AAGTAATAGAGTATAATGCTTCACGTTAAAA 

pGJB4-24 + TCGGTCGAGAGTATAATGCTTCACGTTAAAA 

pGJB4-25 + ATCGGTCGAAGTATAATGCTTCACGTTAAAA 

pGJB4-29 - GGGCATCGGTCGATAATGCTTCACGTTAAAA 

pGJB4-31 + AAGGGCATCGGTCGAATGCTTCACGTTAAAA 

pGJB4-33 - TCAAGGGCATCGGTCGAGCTTCACGTTAAAA 

pGJB4-37 - GCTCTCAAGGGCATCGGTCGACACGTTAAAA 

^he DNA sequence of a portion of the intact ori(uvsY) (plasmid 

pGJB4) is shown in relation to several of tlie Bal31 deletion 

derivatives. The replicational and transcriptional activities of 

each plasmid are indicated by a (-I-) or (-) (see Fig. 2 and Fig. 

6). The underlined sequences indicate the segment of ori (uvsY) 

remaining in each deletion plasmid. The sequences which are not 

underlined correspond to th epBR322 DNA brought into justapositi-

on with the remaining ori(uvsY). The asterisks indicate the two 

bases, in addition to the previously defined gpmotA consensus 
\ 

sequence, which are conserved in each plasmid capable of transcr

iption and replication. 
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TABLE 2. DNA sequences of pYO point mutants 

PLASMID ACTIVITY * DNA SEQUENCE 

pYO + GTATAATGCTTCACGTTAAAA 

pGJB4-29 - CGATAATGCTTCACGTTAAAA 

pGJB4-31 + GTCGAATGCTTCACGTTAAAA 

pYO-1 + CTATAATGCTTCACGTTAAAA 

pYO-2 - GAATAATGCTTCACGTTAAAA 

pYO-3 + GTTTAATGCTTCACGTTAAAA 

The DNA sequence of a protion of the intact pYO origin region is 
shown in relation to several of the point mutants and two of the Bal31 
deletion derivatives. THe replicational activities of each plasmid are 
indicated by a (+) or (-) (see Fig. 28 and Fig. 13. The astrisk 
indicates the T residue which is conserved in each plasmid that is 
capable of replication (see text) 



129 

EARLY PERIOD 
Ml001.£ P6AI00 

LATE P6RI00 I 

a*? X' coli A P LATE PSRIOO II 

L_1 
altarcd ftN AP 

modi f i*d ANAP 

III* modified ANAP 

20 — I  mm, jn*r ml« c l i o n l  

, I£ tr«nterioit (from Pgl 

.3E irsnacMpti (from Pe orPuj 

L UiflKfioi) (from P^ ) 
OH A ACPOCATION 

FIGURE 1. Promoter usage during T4 
1983). 

development (From Rabussay, 



130 

O Helix«aestaoili2ing protein |gp 32) 
<3) DNA polymerase hofoenzyme igp 43.4^/62:451 

Prtmosome (go 61.411 

LAGGING STRANO 

LEADING STRAND 
TERMINATE SYNTHESIS 

ON LAGGING STRANG 

CONTINUE SYNTHESIS 
ON LEAOING STRANO 

RELEASE OF LAGGING STPANO ONA 

FIGURE 2. A model for DNA synthesis at the T4 replication fork (From 
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FIGURE 5. Restriction enzyme deletion analysis of ori(uvsY). E. 
coli MCSl containing pBR322 with the indicated restriction fragment 
insert was grown and infected with T4dC at a multiplicity of 
infection of 3. Packaged DNA" was isolated as described in 
EXPERIMENTAL PROCEDURES, and digested with Sspl and Haelll. The 
resulting DNA fragments were then subjected to agarose gel 
electrophoresis and visualized by staining with ethidium bromide. 
Plasmid restriction fragments are larger than 3.5 lcb and are 
referred to with an arrow; all phage DNA restriction fragments are 
smaller than 3.5 kb. Plasmid pKK405 contains the 1.4 kb Hindlll 
restriction fragment mapping from 113.1 - 114.5 kb on the T4 genome 
(see Kutter and Ruger for complete T4 map). 



Clal 
Pstl/Pvull 

Bglll 

Hindlll -

Figure 5. Restriction enzyme deletion analysis of ori(uvsY) 



FIGURE 6. DKA. sequence of T4 tertiary origins. The DNA sequences 
of both ori(uvsY) and ori(34) were determined by the Sanger dideoxy 
chain termination method (Sanger 'et al., 1977). The DNA sequence of 
ori(uvsY) (A) and ori(34) (B) and the consensus sequence of T4 
middle-mode promoters (C) are shown. 
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FIGURE 7. DNase I "footprinting" of gpuvsY on ori(uvsY). 1 |ig of 
supercoiled ori (uvsY)-containing plasmid pGJBl was incubated in the 
absence (lanes 1 and 2) or presence [lanes 3 (0.12(ig), 4 (0.025[ig), 
5 (0.005|ig) and 6 (O.OOlug)] of purified gpuvsY. The DNA in lanes 2 
- 6 were then treated with DNasel, and all of the DNA templates were 
subjected to primer extension analysis as described by Gralla 
(1985). Lanes A.C.G and T were generated by the chain-termination 
sequencing procedure of Sanger e£ al. (1977). 
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Figure 7. DNase I "footprinting" of gpuvsY on ori(uvsY) 



FIGURE 8. Map of wild-type and mutant ttvsY regions. A schematic 
map of the uvsY region of the T4 genome is shown in (A). The cloned 
genomic fragment used in the T4-I/S construction extended from an 
EcoRV site at 113.4 kb to a Hindlll site at 114.5 kb. The middle-
mode promoter for gene uvsY is indicated as "Pjyf". the large leftward 
arrow indicates the uvsY reading frame, and the filled box labeled 
"ori" represents the minimal tertiary origin between the Bglll site 
at 114.0 kb and the PstI and PvuII sites at 114.1 kb. (B) shows the 
same wild-type segment of T4 DNA. This segment was inserted in the 
T4-I/S vector pBSE3 (Selick el: al., 1987) to form plasmid pKK822. 
pKK1860 is an origin/promoter deletion plasmid that was generated by 
treating pKK822 with Bglll (cleavage at 114.0 kb) and PvuII 
(cleavage at 114.1 kb), followed by linker insertion and resealing 
(C). Plasmid pKK1811 contains an 8-basepair linker insertion that 
destroys the uvsY reading frame, but leaves the origin and promoter 
intact (D). It was constructed by treating pKK822 with Bglll 
(cleavage at 114.0 kb), removing the 4-base (5') Bglll extensions 
with mung bean nuclease, and inserting an EcoRV linker (obtained 
from H. Selick and B. Alberts) T4 strains KK608 and KK116 were then 
generated from plasmid pKK1860 and pKK1811, respectively. 
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FIGURE 9. Replication of tertiary origin plasiaids during T4 ttvsY 
mutant infection. E. coli MCS1 (supD) carrying either plasmid 
pKK061 [ori(3'4)] in (A) or pGJBl [ori (uvsY) ] in (B) was grown and 
infected with the indicated phage as described in EXPERIMENTAL 
PROCEDURES. "Packaged" DNA was isolated, and digested with Sspl. 
The resulting fragments were separated by agarose gel 
electrophoresis; modified plasmid is indicated by arrows. With the 
exception of two partial digestion products in lane 1, all phage DNA 
restriction fragments are smaller than 3.5 kb. The infecting phage 
were T4 I/S ("vsY"1") in lane 1, T4 KK116 (uvsY insertion mutant) in 
lane 2, and T4 KK608 (uvsY promoter deletion mutant) in lane 3. 
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FIGURE 10. Restriction enzyme deletion analysis of ori(avsY). E. 
coli MCSl containing pBR322 with the indicated restriction fragment 
insert was grown and infected with T4 KK608. The isolation and 
analysis of restriction fragments is exactly as described in Fig. 8. 
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Figure 10. Restriction enzyme deletion analysis of ori(uvsY) 



FIGURE 11. The effect of gpuvsY on transcription from the uvsY 
promoter. T4 I/S or T4 KK116 (as indicated) was used to infect 
NapIV host cells, and total RNA was isolated at 12-min 
post-infection. The resulting RNA was analyzed by in vitro 
extension of a radioactively-labeled primer specific to the uvsY 
sequence downstream of the promoter region. The RNA from each 
infection was analyzed in the absence [lane 1 (T4 I/S) and lane 2 
(T4 KK116)] of dideoxyribonucleotides, and the band corresponding to 
the full-length transcript is indicated by an arrow. The base 
sequence of each RNA was also determinined (lanes A, C, G, T). The 
samples were subjected to electrophoresis through 8% denaturing 
polyacrylamide at 53 W for 1.5 h. A photograph of the resulting 
autoradiogram is shown. 
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Figure 11. The effect of gpuvsY on transcription from the 
uvsY promoter. 



FIGURE 12. Construction of origin deletion plasmids. Each series 
of deletions was constructed in a manner similar to that shown in 
(A) for plasmid pGJBl. Origin-containing plasmids were first 
linearized with a unique restriction enzyme and treated with 
nuclease Bal31 for various periods of time. Cleavage with a second 
restriction enzyme was then performed to standardize the vector 
sequences, and the samples were finally ligated and transformed (see 
EXPERIMENTAL PROCEDURES). Plasmids depicted in (B) represent the 
starting plasmids (top row) and the constructed deletion series 
(bottom row). The asterisks indicate restriction enzyme recognition 
sites that were destroyed during cloning manipulation. 
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FIGURE 13. In vivo replication of the ori(uvsY) deletion plasmids. 
Host cells containing each Bal31-generated deletion plasmid were 
infected with T4 KK608 (uvs¥^) at a multiplicity of 3 plaque-
forming-units per cell. Following a 1-h incubation at 37°C, the 
packaged DNA from the resulting lysates was isolated and digested 
with Sspl and Haelll. The DNA fragments were then subjected to 
agarose gel electrophoresis and visualized by staining with ethidium 
bromide. Lanes 9 through 50 represent deletion derivatives of 
pGJBA, with the direction of Bal31 deletion from left to right. 
Lanes 50 through 122 result from deletion derivatives of plasmid 
pGJBl, with the direction of Bal31 deletion from right to left. The 
lanes designated V contain control DNA samples prepared from host 
cells with only the pBR322 vector. The extent of each ori(uvsY) 
deletion is indicated by a line originating from the last base 
present in the DNA of that particular plasmid. Each lane is also 
numbered with that last base, for ease of comparison with 
experiments to be presented below. The molecular weight scales on 
the left were generated from the migration of Xbal fragments of T4 
dC DNA (Kutter and Ruger, 1983). 
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FIGURE 14. In vivo replication of the ori(34) deletion plasmids. 
The replication activities of plasmids containing deletions of 
ori(34) were determined as described above for the ori(uvsY) 
deletion plasmids. Lanes 1 through 11 represent deletion 
derivatives of plasmid pKK061-l, with the direction of Bal31 
deletion being from left to right. Lanes 12 through 22 result from 
deletion derivatives of plasmid pKK061-6, with the direction of 
Bal31 deletion being from right to left. The lanes designated V 
represent the pBR322 control samples. The extent of each ori(34) 
deletion is indicated by a line originating from, the last base 
present in the DNA sequence of that particular plasmid. The 
molecular weight scale on the left were generated from the migration 
of Xbal fragments of T4 dC DNA (Kutter and Ruger, 1983). 
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FIGURE 15. Defective phage replication assay. MCSl host cells 
containing a functional origin plasmid were first infected with T4 
KK608 (uvsY^). Tertiary origin activity results in the conversion 
of the origin-containing plasmid into fully-modified linear 
concatemers that are packaged as defective phage. The resulting 
lysate from this first-round infection thereby contains a mixture of 
defective and intact phage particles. This first-round lysate was 
then used to infect plasmid-free host cells at a multiplicity of 3 
plaque-forming-units per cell. Relative amounts of replication in 
the second-round infection were determined by comparing the packaged 
DNA present in the starting phage lysate (t=0) with the total DNA 
isolated after a 1-h infection (t=60). 
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Figure 15. Defective phage replication assay 



FIGURE 16. Replication of defective phage containing ori(uvsY) 
deletions. A subset of oyi(uvsY) deletion plasmids were assayed for 
replication as defective phage, following the procedure outlined in 
Figure 4. The lanes designated (0) contain the t=0 DNA samples, 
prepared from the lysates used for the second-round infections. 
Each sample contains the DNA from 5 times the relative amount of 
lysate used for the second-round infection. The lanes designated 
(0) contain the t=60 DNA samples isolated following the second-round 
infection. Each DNA sample was digested with Sspl and Haelll. The 
resulting fragments were separated by agarose gel electrophoresis 
and visualized by staining with ethidium bromide. The phage genomic 
DNA fragments smaller than 3.5 kb have a similar intensity in lanes 
0 and 60, indicating that the phage chromosome replicated 
approximately 10 fold. The relative amounts of plasmid concatemer 
replication were estimated by comparing serial dilutions of the DNA 
samples (see text). 
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Figure 16 . Replication of defective phage containing ori(uvsY) 
deletions. 



FIGURE 17. Defective pliage transcription assay. MCS1 host cells 
containing a tertiary origin plasmid were infected with either T4 
KK608 (uvsY^ motA+) or T4 AM8210 (uvsY^ mot3™). The lysates 
produced from this first-round infection contained both intact phage 
of the appropriate genotype and defective phage (plasmid 
concatemers). The first-round lysates were used to infect plasmid-
free host cells at a multiplicity of 3 plaque-formingunits per 
cell. The transcriptional activity of the plasmid concatemers in 
the second-round infection was then assayed by primer-extension 
analysis of the total RNA isolated at 12-min post-infection (Guild 
et al., 1987). 
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Figure 17. Defective phage transcription assay. 



FIGURE 18. gpmotA-dependence of the ori(uvsY) promoter. Following 
the procedure outlined in Figure 6, defective phage containing 
modified concatemers of pGJBl were produced in the presence of 
either T4 KK608 (uvsY^ motA+) (lanes 1) or T4 AM8210 (uvsY^ motAam) 
(lanes 2). Each lysate was then used to infect both NapIV (supD; 
lane A) or NapIV (sup0 lanes B). Total RNA was isolated at 12-min 
post-infection, and analyzed by in vitro extension of a 
radioactively-labeled primer specific to the pBR322 vector sequence 
downstream of the promoter. The samples were subjected to 
electrophoresis through 8% denaturing polyacrylamide at 53 W for 1.5 
h. A photograph of the resulting autoradiogram is shown. The DNA 
sequence of a portion of the promoter is shown on the left. The 
indicated locations of the reference sequence were determined by 
co-electrophoresis of standard chain-termination sequencing 
reactions, using the same primer and RNA templates as above. 
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Figure 18. gpmotA-dependence of the ori(uvsY) promoter. 



FIGURE 19. Transcription from defective phage containing ori(uvsY) 
deletions. MCS1 host cells harboring the ori(uvsY) deletion 
plasmids were infected with T4 KK608 (uvsY^ motA+). Each plasmid 
also contained an intact ori(34) at the vector Ndel site, so that 
all origin deletion plasmids would be converted into defective phage 
particles during this first-round infection. The first-round 
lysates were then used to infect NapIV (supD) host cells, and total 
RNA was isolated at 12-min post-infection. The transcripts were 
analyzed using radioactively-labeled primers, either EcoRI site 
primers (clockwise) for the pGJB4 series, or Sail site primers 
(counterclockwise) for the pGJBl series (see EXPERIMENTAL 
PROCEDURES). Primer extensions of the pGJB4 deletion series are 
shown in A. All transcripts were the same size, since no bases from 
the transcript-coding region were removed during the generation of 
the corresponding Bal31 deletions. Primer extensions of the pGJBl 
deletion series are shown in B. The transcripts in B were 
different sizes, since the pGJBl deletions removed bases from the 
region between the promoter and the hybridization site of the pBR322 
primer. Samples were subjected to electrophoresis through an 8% 
denaturing polyacrylamide gel, and a photograph of the resulting 
autoradiogram is shown. 



A B 
9 25 29 3133 39 53 60 75 84 96106122 
1 1 1  i l l  I  I  l  I  I  i  l  

Figure 19. Transcription from defective phage containing 
ori(uvsY) deletions. 



FIGURE 20. Effect of a motA mutation on tertiary origin plasmid 
initiation. E. coli MCS1 (supD; in A lanes) and AB1 (sup0); in B 
lanes), each bearing pGJBl, were infected with T4 AM8210 (uvsY^ 
motAam) at a multiplicity of infection of 3 plaque-forming-units per 
cell, and incubated for 0, 12, 25 and 60 min at 37°C. Total DNA 
samples were then prepared and digested with Sspl and Haelll and the 
resulting fragments were separated by agarose gel electrophoresis. 
A photograph of the ethidium bromide-stained gel is shown. The 
molecular weight scale on the left was generated from the migration 
of Xbal fragments of T4 dC DNA (Kutter and Ruger, 1983). 
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Figure 20. Effect of a motA mutation on tertiary origin 
plasmid initiation. 



FIGURE 21. Effect of a gene 41 mutation on tertiary origin plasraid 
replication. E. coli MCS1 (supD; 1 lanes) and ABl (sup0; 2 lanes), 
each bearing pGJBl were infected with either T4 KK608 (uvsY ) or T4 
AM539 (uvsYA 41st11) at a multiplicity of 3 plaque-forming-units per 
cell. "Total DNA" samples were prepared after 60 min at 37° and 
analyzed exactly as described in legend Fig. 24. 



149 

A. UVSYA B. 41amuvsYA 

Figure 21. Effect of a gene 41 mutation on tertiary origin 
plasmid replication. 



FIGURE 22. Effect of a gene 61 mutation on tertiary initiation. 
E. coli MCS1 (supD) or AB1 (sup0) each bearing pGJBl were infected 
with T4 AM861 at a multiplicity of infection of 3 
plaque-forming-units per cell and incubated for 1, 12, 25 and 60 min 
at 37°C. Total DNA samples were prepared and analyzed exactly as 
described in the legend to Fig. 20. 
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Figure 22. Effect of a gene 61 mutation on tertiary initiation. 



FIGURE 23. Effect of motA, 41 and 61 mutations on defective phage 
replication. Lysates were prepared by infecting MCS1 (supD) host 
cells containing pGJBl were infected with either T4 KK608 (uvsY^), 
T4 AM8210 (uvsY motAam), T4 AM539 (uvsYA 41am) or T4 AM861 (uvsYA 

61am) and the phage lysate was isolated after a 60 min infection at 
37°C. Each resulting lysate contains pGJBl plasmid concatemers in 
the presence of the corresponding intact phage (see Fig. 10). This 
lysate was then used for a second-round of infection, either into 
plasmid-free MCS1 (supD) or plasmid-free AB1 (sup0) at a 
multiplicity of 3 plaque-forming-units per cell, and total DNA was 
isolated at 0 and 60 min. post infection. The resulting DNA was 
analyzed exactly as described in the legend of Fig. 20. 
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Figure 23. Effect of motA, 41 and 61 mutations on defective 
phage replication. 
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FIGURE 24. Replication of defective phage in Rif host strains. 
E_. coli AB1 mutants resistant to rifampicin were selected as 
described in EXPERIMENTAL PROCEDURES. Each mutant was then infected 
with a lysate containing pGJBl defective phage in the presence of 
intact T4 KK608 phage, and total DNA was isolated at 0 min (lanes,0) 
and 60 min (lane 60) post-infection. The resulting DNA was analyzed 
exactly as described in Fig. 24. 
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Figure 24. Replication of defective phage in Rif host strains 



FIGURE 25. DNA sequence comparison of "synthetic" tertiary origin 
(pYO) with ori(uvsY). The DNA sequence of ori(uvsY), from the PstI 
to Ddel restriction sites is shown in comparison to the DNA sequence 
of the "synthetic" origin. Three unique restriction sites have been 
created in the synthetic origin, and the DNA sequence of the 
designated restriction sites is underlined. The new restriction 
sites created in pYO indued an Nsil site, an Xbal site and an Ndel 
site (see text). 
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FIGURE 26. The cloning of the "synthetic" tertiary origin. The 
starting plasmid vector contained the region downstream of 
ori(uvsY), from the Ddel site to the Bglll restriction site (solid 
bar). This vector was digested with Aatll to generate a 3' 
extension (5'-ACGT-3') and with Ddel to generate a 5' extension 
(5'-TAA-3'). The single- stranded synthetic oligonucleotide was 
ligated to the vector at a molar excess of 10 (oligonucleotide to 
vector). The ligated molecules were then transformed into competent 
MCS1 host cell, and the resulting conlonies were screened both by 
restriction enzyme digestion and DNA sequencing. 
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Figure 26. The cloning of the "synthetic" tertiary origin. 



FIGURE 27. Mutagenesis of "synthetic" tertiary origin. A. A 
single-stranded oligonucleotide of the indicated seqeunce was 
synthesized. The interior 30 bases (labeled "mutated region") were 
synthesized in the presence of a contaminating mixture of all four 
deoxyribonucleotides at a final ratio of 1/27 (Oliphant et^ al., 
1986) to favor the incorporation of one random base change per 
oligonucleotide. B. The single-stranded oligonucleotides were 
annealed, and the 3'-0H termini were elongated by DNA polymerase I 
(Klenow fragment) in the presence of all four dNTPs. The 
double-stranded fragment was then digested with Xbal and Nsil. The 
final fragment used for mutagenesis was a double-stranded DNA 
fragment with the corresponding Xbal and Nsil cohesive ends. 
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Figure 27. Mutagenesis of "synthetic" tertiary origin. 



FIGURE 28. In vivo replication of the point mutants of ori(uvsY). 
E. coli MCS1 host cells containing the mutated-origin plasmids were 
infected with T4 KK608 (uvsY^) at a multiplicity of 3 
plaque-forming-units per cell. Following a 1-h incubation at 37°C, 
total DNA from the resulting lysates was isolated, and digested with 
Sspl and Haelll. The resulting DNA fragments were then subjected to 
agarose gel electrophoresis, and visualized by staining with 
ethidium bromide. Lanes 1-30 represent point mutations of pYO. 
Lane V contained control DNA samples prepared from host cells with 
the intact pYO vector. The mutated base is indicated above each 
lane number, and a line extends to the corresponding base in the 
intact sequence. The molecular weight scales on the left were 
generated from the migration of Xbal fragments of T4dC DNA (Kutter 
and Ruger, 1983). 
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