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Bacteriophage T4 DNA replication initiates from origins at early times of infection and from recombinational
intermediates as the infection progresses. Plasmids containing cloned T4 origins replicate during T4 infection,
providing a model system for studying origin-dependent replication. In addition, recombination-dependent
replication can be analyzed by using cloned nonorigin fragments of T4 DNA, which direct plasmid replication
that requires phage-encoded recombination proteins. We have tested in vivo requirements for both plasmid
replication model systems by infecting plasmid-containing cells with mutant phage. Replication of origin and
nonorigin plasmids strictly required components of the T4 DNA polymerase holoenzyme complex. Recombi-
nation-dependent plasmid replication also strictly required the T4 single-stranded DNA-binding protein (gene
product 32 [gp321), and replication of origin-containing plasmids was greatly reduced by 32 amber mutations.
gp32 is therefore important in both modes of replication. An amber mutation in gene 41, which encodes the
replicative helicase of T4, reduced but did not eliminate both recombination- and origin-dependent plasmid
replication. Therefore, gp4l may normally be utilized for replication of both plasmids but is apparently not
required for either. An amber mutation in gene 61, which encodes the T4 RNA primase, did not eliminate
either recombination- or origin-dependent plasmid replication. However, plasmid replication was severely
delayed by the 61 amber mutation, suggesting that the protein may normally play an important, though
nonessential, role in replication. We deleted gene 61 from the T4 genome to test whether the observed
replication was due to residual gp6l in the amber mutant infection. The replication phenotype of the deletion
mutant was identical to that of the amber mutant. Therefore, gp6l is not required for in vivo T4 replication.
Furthermore, the deletion mutant is viable, demonstrating that the gp6l primase is not an essential T4 protein.

Bacteriophage T4 uses multiple interdependent pathways
of replication and recombination during its infection cycle.
T4 mutants deficient in replication and/or recombination
pathways were isolated beginning in the early 1960s with the
classic study of Epstein et al. (20). In particular, mutations in
genes 32, 41, 43, 44, 45, and 62 were classified as DNA
negative because they exhibited no DNA synthesis, while
gene 61 mutations caused a DNA delay phenotype (18, 20).
Mutations in several other genes (e.g., 46, 47, 59, uvsX, and
uvsY) result in a DNA arrest phenotype, with normal levels
of early replication but an abrupt cessation of replication
when late gene expression is activated (13, 18, 20). Muta-
tions in many of the above-mentioned genes also reduce or
alter phage recombination processes (for a review, see
reference 45).
The products of many replication/recombination genes

have been purified and studied extensively in vitro (for
reviews, see references 46 and 50). Replication forks have
been reconstituted on artificially primed templates with the
DNA polymerase (gene product 43 [gp43]), DNA polymer-
ase accessory proteins (gp45 and gp44/62), single-stranded
DNA-binding protein (gp32), and helicase-primase complex
(gp4l/61). In the absence of other proteins, the T4 DNA
polymerase catalyzes nucleotide polymerization with a very
low processivity on primed single-stranded DNA templates
(9, 19, 49). The polymerase accessory proteins greatly stim-
ulate the processivity of the T4 DNA polymerase and have
therefore been referred to as a sliding clamp (1, 53). The T4
gene 32 protein plays a central role in phage DNA replica-
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tion, recombination, and repair (20, 59, 64). gp32 protects
single-stranded DNA from nucleases, participates in DNA
denaturation and renaturation, and interacts directly with
many phage-encoded proteins (for a review, see reference
16). gp32 is required for replication of nicked-duplex tem-
plates by the DNA polymerase holoenzyme (37, 51) unless
the template has a special structure that allows loading of the
T4 replication helicase (gp4l) (7). Either in the presence or
absence of gp32, gp4l stimulates DNA synthesis by opening
the parental helix ahead of the replication fork (60). To
complete the fork, lagging-strand synthesis depends on the
pentaribonucleotide primers synthesized by the T4 RNA
primase (gp6l) in conjunction with gp4l (6, 8, 26).
T4 DNA replication initiates by two different strategies as

the infection proceeds (31, 38). At early times, replication
begins at any of several origins, three of which have been
analyzed at the level of nucleotide sequence (31, 39, 40, 42;
also see references 23, 24, 28, and 66). Origin-dependent
replication becomes repressed at about the time when late
gene expression is activated (38; also see reference 11). At
late times of infection, replication initiates by a recombina-
tion-dependent strategy that does not use specific origin
sequences (38). The T4 in vitro replication system described
above does not initiate replication from T4 origins; however,
the addition of T4-encoded recombination proteins allows in
vitro recombination-dependent DNA synthesis (21, 43).
Two T4 origins [ori(uvsY) and on (34)] have been shown to

direct autonomous replication during phage infection when
cloned in a pBR322 vector (31-33). This in vivo plasmid
replication allows a direct analysis of the proteins and DNA
sequences necessary for the function of an individual T4
origin (33, 35, 42). The replication of plasmids containing
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ori(uvsY) or oni(34) is independent of T4 recombination
proteins (e.g., UvsY) and does not require homology with
the phage genome (33). Deletion analyses defined minimal
origin sequences of less than 100 bp that include two
elements (42). The first is a T4 middle-mode promoter
sequence, which implicates Eschenchia coli RNA polymer-
ase in origin initiation. The second is the region just down-
stream of the promoter, which is required for optimal
replication but not for transcription. This downstream region
probably acts as a DNA-unwinding element, because a
functional origin was maintained when the native down-
stream region was replaced with a pBR322 DNA-unwinding
element (54a; also see reference 29). The precise roles of the
middle-mode promoter and downstream region in the initia-
tion of replication have not been elucidated.
Recombination-dependent replication initiation requires

several T4-encoded proteins, including a synaptase (UvsX),
a synaptase accessory protein (UvsY), an exonuclease
(gp46/47), a type II DNA topoisomerase (gp39/52/60), and
the product of gene 59 (for reviews, see references 44 and
45). This strategy of initiation is believed to involve the
conversion of recombinational intermediates into replication
forks (38). A plasmid model system for the analysis of T4
recombination-dependent replication has been established:
any non-origin-containing fragment of T4 DNA allows plas-
mid replication following phage infection, but this replication
is blocked when the phage is deficient in any of the recom-
bination proteins listed above (35). Furthermore, no T4
sequence is required on the plasmid as long as the plasmid
and phage genomes contain homologous sequences (19a).
The recombination-dependent replication of nonorigin plas-
mids should be useful in determining the mechanism by
which recombination triggers DNA synthesis.

In this study, we further analyze the in vivo requirements
for both origin-dependent and recombination-dependent rep-
lication. Both plasmid model systems are shown to require
components of the T4 replication machinery, providing
further evidence that these model systems mimic T4 strate-
gies of replication initiation. In addition, we describe a novel
T4 strain with a nearly complete deletion of gene 61. The
viability of the gene 61 deletion mutant demonstrates that the
primase is not essential for T4 growth and allows analysis of
gp6l-independent replication.

MATERIALS AND METHODS

Materials. Restriction enzymes, oligonucleotides, T4
DNA ligase, a random-primed DNA labelling kit, and
[x-32P]dATP were purchased from commercial sources. T4
DNA polymerase was the generous gift of B. M. Alberts
(University of California, San Francisco). Plasmids pGJB1,
pKKO61, and pKK467 are described elsewhere (34, 35). L
broth contains NaCl (10 g/liter), Bacto Tryptone (10 g/liter),
and yeast extract (5 g/liter) and was supplemented with
ampicillin (25 mg/liter in liquid or 40 mg/liter in solid media)
for selection of pBR322-derived plasmids.

Strains. E. coli host strains BE (nonsuppressing [supo]) and
CR63 (carrying a supD amber suppressor) were described by
Edgar et al. (17). MCS1 (supD and transformation compe-
tent) and AB1 (nonsuppressing and transformation compe-
tent) were described by Kreuzer et al. (33). EST2764 (C1412
ssb+) and EST2765 [C1412 ssb-l(Ts)] were a generous gift
from I. Tessman (Purdue University). DG76 (leuB6 thyA47
deoC3 rpsL153) and PC3 [leuB6 thyA47 deoC3 rpsL153
dnaG3(Ts)] were from the E. coli Genetic Stock Center
(Yale University).

T4 strain K10, which is considered the wild-type control in
this study, has the following mutations: amB262 (gene 38),
amS29 (gene 51), nd28 (denA), and rIIPT8 (rII-denB dele-
tion) (55). The absence of rIl proteins has no apparent effect
on origin- or recombination-dependent plasmid replication
or on phage genomic replication, as judged by experiments
with a K10-rII+ derivative (4a). Strain K10-uvsYA is isogenic
except for the presence of a 0.12-kb deletion that removes
oni(uvsY) and renders the phage uvsY mutant (33); K10-
uvsYA has also been referred to as K10-608 by Derr and
Kreuzer (11). Phage strains with the following mutations
were from the collection of B. M. Alberts: amA453 (gene
32), amN81 (gene 41), amE4332 (gene 43), amN82 (gene 44),
amElO (gene 45), amHL627 (gene 61), and amE1140 (gene
62). The T4 K10 (and K10-uvsYA) derivatives of each amber
mutant were generated by two successive crosses with an
unequal parental input (1 am:10 K10) (see reference 33 for
analogous constructions). The presence of the uvsY muta-
tion in the K10-uvsYA derivatives was tested by complemen-
tation of the small-plaque phenotype by a plasmid that
produces UvsY protein.

Construction of gene 61 deletion mutant phage. The gene 61
deletion mutation was generated by in vitro construction of
plasmid pKB16 and then deposited in the T4 genome by
using the insertion/substitution system (55). Plasmid pKB16
incorporates an upstream and a downstream fragment
cloned from the gene 61 region, without an intervening
969-bp region that contains most of the gene 61 coding
sequence. The upstream fragment consisted of a 400-bp
TaqI-StyI fragment with KRnI linkers attached at the StyI
site. This fragment was ligated to the T4 insertion/substitu-
tion vector pBSPLO- (55), which had been treated with ClaI
and KpnI and then with alkaline phosphatase, to generate
plasmid pKB615. The downstream fragment consisted of a
304-bp BstNI-NdeI fragment with KjpnI linkers attached at
the BstNI site. This fragment was ligated to plasmid
pKB615, which had been treated with KpnI and NdeI and
then with alkaline phosphatase, to generate plasmid pKB16.
A phage with integrated pKB16 was obtained by selecting
for homologous recombination between the plasmid and the
phage K10 genome. Because T4 K10 contains 38 amber and
51 amber mutations, only phage with integrated supF-con-
taining plasmid were able to grow on a nonsuppressing host
(55). Such integrants were then grown in suppressing cells,
allowing propagation of plasmid-free segregant phage that
resulted from a second homologous recombination event.
Segregant phage containing the 61A mutation were identified
by finding segregants that were unable to form 61+ recom-
binants when crossed with a 61 amber mutant. The presence
of the 61A mutation was confirmed by extracting DNA from
a plaque-purified lysate and digesting it with Pacl, which
cleaves T4-modified DNA. The K10-61A mutant lacks a 5-kb
PacI fragment and displays a novel 4-kb band, as predicted
by the size and location of the deletion mutation.
DNA replication assays. E. coli MCS1 or AB1 containing

the indicated plasmid was incubated with vigorous shaking
at 37°C in L broth to a density of 4 x 108 cells per ml and
then infected with the indicated T4 strain at a multiplicity of
3 PFU per cell. After a 3-min incubation without shaking to
allow phage adsorption, the infected cultures were incubated
for the indicated times with vigorous shaking (the 3-min
adsorption period is not included in the stated times of
infection). Total DNA was then prepared as previously
described (33). Briefly, the infected cells and any released
phage particles were collected by centrifugation and pooled,
treated with sodium dodecyl sulfate-proteinase K, extracted
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FIG. 1. Replication of origin-containing plasmid by DNA poly-
merase mutant. E. coli MCS1 (supD; a and c) and AB1 (supo; b and
d) with the origin-containing plasmid pGJB1 were infected with T4
K10 (lanes 1), K10-43 (lanes 2), K10-uvsYA (lanes 3), or K10-43
uvsYA (lanes 4). Samples were harvested at 60 min postinfection,
and total DNA was cleaved with SspI and HaeIII. The resulting
fragments were separated by agarose gel electrophoresis and visu-
alized by staining with ethidium bromide (a and b). The same gel was
subjected to Southern hybridization, using a radioactively labelled
pBR322 probe to reveal more clearly the extent of plasmid replica-
tion (c and d). Phage DNA is indicated by a brace, and plasmid DNA
is indicated by an arrow. The size scale was generated from the
migration ofXbaI fragments of unmodified T4 DNA (36).

sequentially with phenol, phenol-chloroform-isoamyl alco-
hol, and chloroform-isoamyl alcohol, and finally dialyzed
against 10 mM Tris [pH 7.8]-0.5 mM Na3EDTA. The DNA
samples were digested with SspI and HaeIII, and the result-
ing DNA fragments were resolved by electrophoresis
through 0.8% agarose gels and visualized by ethidium bro-
mide staining. Quantitative estimates of fold reduction in
plasmid replication were determined by performing serial
dilutions of restriction digests and matching the band inten-
sities between the two relevant samples. Southern hybrid-
ization was performed as described by Maniatis et al. (41).
The probe for the Southern blots was EcoRI-linearized
pBR322, labelled by the random-primed method (Boehringer
Mannheim kit).

RESULTS

Replication of plasmid models requires T4 DNA polymerase
and accessory proteins. Plasmid model systems for T4 repli-
cation strategies are valid only if the plasmid replication
depends on the T4 DNA polymerase (gp43), which is re-

quired for all phage genomic replication (12, 20, 61). We
therefore tested whether replication of an origin-containing
plasmid (pGJB1) requires the T4 DNA polymerase. Repli-
cated DNA was examined following infection of plasmid-
bearing cells by the control T4 strain K10 (Fig. 1, lanes 1) or

by a K10 derivative with the gene 43 amber mutation

amE4332 (lanes 2). To verify the importance of the amber
allele, each infection was carried out in a suppressing host
(MCS1; Fig. la and c) and in a nonsuppressing host (ABl;
Fig. lb and d). The DNA samples were digested with SspI,

which cleaves T4 DNA into a series of fragments that are

approximately 3 kb and smaller while cleaving replicated
plasmid DNA into an approximately 4.5-kb fragment. HaeIII

was included in the digests to increase the sensitivity of the

replication assay. This enzyme cleaves unreplicated (un-

modified) plasmid DNA into a series of much smaller frag-
ments but does not cleave T4-replicated (T4-modified) plas-
mid DNA. The resulting DNA fragments were separated by
electrophoresis and visualized by ethidium bromide staining
(Fig. la and b) and by Southern hybridization with a pBR322
probe (Fig. lc and d). Mutational inactivation of the phage
DNA polymerase completely eliminated replication of both
the phage genomic and origin-containing plasmid DNA (Fig.
lb and d, lanes 2). As expected, suppression of the 43 amber
mutation restored both phage and plasmid DNA replication
(Fig. la and c, lanes 2). Surprisingly, the suppressed amber
mutant consistently demonstrated increased replication of
both phage and plasmid DNA compared with the 43+ control
(compare lanes 1 and 2 in Fig. la and c). It appears that
suppression of the 43 amber mutation by supD creates a
missense protein with properties different from those of the
wild-type polymerase.
The origin on plasmid pGJB1 [oni(uvsY)] has approxi-

mately 120-bp homology to the K10 phage genome, which
could allow recombination-dependent replication of the plas-
mid (35). We limited the T4-induced replication of this
plasmid to origin-dependent initiation by infection with T4
strain K10-uvsYA. This phage carries a precise deletion of
the T4 restriction fragment present in pGJB1 and therefore
presents no homology to the plasmid. In addition, the
deletion eliminates the production of UvsY protein, which is
required for recombination-dependent initiation of plasmid
and phage genomic DNA synthesis (33, 35). As expected
from the results with the uvsY+ strains, the double mutant
K10-43 uvsYA induced no genomic or plasmid DNA replica-
tion (Fig. lb and d, lanes 4). The single uvsYA mutant
showed reduced genomic replication and enhanced plasmid
replication (Fig. lb and d, lanes 3) compared with the K10
control (Fig. lb and d, lanes 1). The reduction in genomic
replication is due to the involvement of UvsY in phage
recombination-dependent replication (33, 35). The enhanced
replication of origin-containing plasmids by uvsY mutants is
not understood but could arise either from an increased
initiation frequency or from an enhanced transition to roll-
ing-circle forms that produce many copies of product per
initiation event (see Discussion and reference 33). The main
conclusion from the results shown in Fig. 1, however, is that
a plasmid model system for origin-dependent replication
requires the T4 DNA polymerase.

Replication of plasmids that incorporate nonorigin frag-
ments of T4 DNA (nonorigin plasmids; e.g., pKK467) re-
quires T4 recombination proteins, including UvsY, UvsX,
and gp46 (35). To determine whether the T4 DNA polymer-
ase is also required for recombination-dependent replication
of a nonorigin plasmid, pKK467-bearing host cells were
infected by K10 (Fig. 2, lanes 1) or by K1043 (lanes 2). The
suppressed 43 amber mutant again produced elevated levels
of replicated plasmid and phage genomic DNA (Fig. 2a and
c, lanes 2), and the nonsuppressed 43 amber mutant failed to
replicate either the plasmid or the phage DNA (Fig. 2b and d,
lanes 2). As expected, the nonorigin plasmid did not repli-
cate in a uvsYA infection, regardless of the presence of the 43
mutation and amber suppressor (data not shown; also see
reference 35). These results demonstrate that the plasmid
model system for T4 recombination-dependent initiation of
replication requires the T4 DNA polymerase.

Mutations in T4 genes 45, 44, and 62 also eliminate phage
genomic replication (18, 20); the corresponding gene prod-
ucts constitute the T4 DNA polymerase accessory proteins
(for a review, see reference 50). Replication of both plasmid
model systems was found to depend on the polymerase
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FIG. 2. Replication of nonorigin plasmid by T4 DNA polymerase
mutant. E. coil MCS1 (supD; a and c) and AB1 (supo; b and d) with
the nonorigin plasmid pKK467 were infected with K10 (lanes 1) or
K10-43 (lanes 2). Samples were harvested at 60 min postinfection,
and total DNA was isolated and cleaved with SspI and HaeIII. The
resulting fragments were separated by agarose gel electrophoresis
and visualized by staining with ethidium bromide (a and b). The
same gel was subjected to Southern hybridization, using a radioac-
tively labelled pBR322 probe (c and d). Plasmid DNA is indicated by
an arrow on the right, and the size scale on the left was generated as
for Fig. 1.

accessory proteins. The 45 amber and 44 amber mutations
eliminated replication of both the origin-containing and
nonorigin plasmids (data not shown). The 62 amber mutation
greatly reduced but did not eliminate plasmid replication; the
very low level of replication observed could be due to
ribosomal suppression of the amE1140 allele (65).

Replication of plasmid models by a gene 32 amber mutant.
Gene 32 mutants are deficient in phage DNA replication,
recombination, and repair (20, 59, 64). However, a small
amount of phage DNA synthesis has previously been de-
tected in gene 32 mutant infections, suggesting that one or
more pathways of T4 replication can operate, albeit ineffi-
ciently, in the absence of gp32 (5, 48). We therefore tested
the involvement of gp32 in the replication of origin and
nonorigin plasmid models systems. A very low level of
replication of the oni(uvsY)-containing plasmid (pGJB1) was
detected in the uvsYA 32 (amA453) double-mutant infec-
tion of nonsuppressing cells (Fig. 3a and b, lanes 2). Com-
parison of serial dilutions of the uvsYA digest with the uvsYA
32 digest revealed that the 32 amber mutation reduced
replication of the origin-containing plasmid by about 60-fold.
A different gene 32 amber mutation (amE315) gave similar
results, and a plasmid incorporating ori(34) instead of
on(uvsY) replicated to a similar level (data not shown). In
addition, the same low level of plasmid replication was
observed with a uvsY+ 32 infecting phage (data not shown);
apparently, the enhancement of origin-containing plasmid
replication by a uvsYmutation does not occur in the absence
of gp32.
The small amount of residual replication in the 32 amber

mutant infections could be due to substitution by the host
SSB protein. Therefore, infections were carried out in iso-
genic, nonsuppressing ssb+ and ssb-l(Ts) host strains (58).
The same level of plasmid replication occurred during 32
amber mutant infections of the ssb+ or ssb-1 host cells at
high temperature (data not shown), indicating that the host
SSB protein is not responsible for the low level of replica-

(a) (bJ IC: /da
ori ron-ori

FIG. 3. Replication of origin-containing and nonorigin plasmids
by the gene 32 mutant. E. coli AB1 (supo) with the origin-containing
plasmid pGJB1 (a and b) or the nonorigin plasmid pKK467 (c and d)
was infected with K10-uvsYA (a and b, lanes 1), K10-32 uvsYA (a
and b, lanes 2), K10 (c and d, lanes 1), or K10-32 (c and d, lanes 2).
Samples were harvested at 60 min postinfection, and total DNAwas
isolated and cleaved with SspI and HaeIII. The resulting fragments
were separated by agarose gel electrophoresis and visualized by
staining with ethidium bromide (a and c). The same gel was
subjected to Southern hybridization, using a radioactively labelled
pBR322 probe (b and d). Plasmid DNA is indicated by an arrow on
the right, and the size scale on the left was generated as for Fig. 1.

tion. The residual replication of the origin-containing plas-
mids may depend on a low level of read-through of the gene
32 amber mutations or on some residual activity of the amber
peptides, which are believed to retain the DNA-binding
domain of gp32 (22, 57). Alternatively, gp32 may not be
strictly required for origin-dependent plasmid replication.

In contrast, replication of the nonorigin plasmid in a
nonsuppressing host was abolished by the 32 amber muta-
tion (Fig. 3c and d; compare lanes 1 and 2). Thus, T4
single-stranded DNA-binding protein is strictly required for
recombination-dependent replication of a plasmid, indicating
that recombination-dependent initiation is more critically
dependent on gp32 than is origin-directed initiation.

Replication of plasmid models by a T4 helicase mutant.
Amber mutants deficient in the T4 helicase (gp4l) were
originally classified as DNA negative (20). However, 41
amber mutants produce a low level of newly replicated
DNA, some of which consists of single-stranded fragments
(52, 62). As in the case of gp32 deficiency, one or more
pathways of T4 replication may have some function in the
absence of gp4l. An amber mutation in gene 41 was there-
fore assayed for its effect on the replication of the phage
genome and plasmid model systems. The 41 amber mutation
substantially reduced, but did not eliminate, T4 genomic
replication in either the uvsY' (Fig. 4a and b, lanes 2) or
uvsYA (Fig. 4a, lane 4) genetic background. The 41 amber
mutation reduced the replication of the origin-containing
plasmid by less than 2-fold in the uvsY+ (Fig. 4a, lanes 1 and
2) background and by about 10-fold in the uvsYA (Fig. 4a,
lanes 3 and 4) background. The relatively large reduction in
the uvsYA background could be explained, at least in part,
by proposing that gp4l is necessary for the enhancement of
plasmid replication in the absence of UvsY (see Discussion).
This explanation is supported by the similar levels of plasmid
replication in the 41 and 41 uvsYA infections (Fig. 4a, lanes
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FIG. 4. Replication of origin-containing and nonorigin plasmids
by a gene 41 mutant. E. coli AB1 (supo) with the origin-containing
plasmid pGJB1 (a) or the nonorigin plasmid pKK467 (b) was
infected with K10 (lanes 1), K10-41 (lanes 2), K10-uvsYA (lane 3), or
K10-41 uvsYA (lane 4). Samples were harvested at 60 min postin-
fection, and total DNA was isolated and cleaved with SspI and
HaeIII. The resulting fragments were separated by agarose gel
electrophoresis and visualized by staining with ethidium bromide.
Plasmid DNA is indicated by an arrow on the right, and the size
scale on the left was generated as for Fig. 1.

2 and 4). With respect to recombination-dependent replica-
tion, the single 41 amber mutation reduced the replication of
the nonorigin plasmid by approximately sixfold (Fig. 4b).
These results indicate that replication of both plasmids
normally utilizes gp4l when it is available but that significant
amounts of plasmid replication can occur in the amber
mutant infections (see Discussion).
A T4 primase deletion mutant is viable and displays a DNA

delay phenotype. Mutations in gene 61 cause a DNA delay
phenotype, with most phage genomic replication occurring
at an unusually late time of infection (18, 62, 67). Unlike the
T4 amber mutations analyzed above, unsuppressed gene 61
amber mutations do not normally cause lethality although
they do reduce the burst and plaque sizes (20, 67). The
relatively modest growth defect of a 61 amber mutant is
difficult to understand, because gp6l is the only known RNA
primase that functions with the T4 replication machinery (6,
26; for a review, see reference 50). To further investigate the
phenotype of a 61 amber mutant, we conducted replication
experiments of the type described above. The 61 amber
mutant was found to replicate both origin-containing and
nonorigin plasmids, with-the same delayed kinetics as for the
mutant's genomic DNA synthesis (46; see below).
These results imply that either the gp6l primase is not

strictly required for T4 replication or the amber mutant
produces a low level of functioning protein (by read-through
of the stop codon, a partially functional amber peptide, or an
internal restart codon following the amber codon). To ensure

the complete absence of gp6l and to ascertain whether the
primase is strictly required for T4 replication, a novel phage
strain was created by deleting nearly the entire gene 61. This
was accomplished by constructing a recombinant plasmid
with the deletion mutation and then substituting the deletion
into the T4 genome by using the T4 insertion/substitution
system (see Materials and Methods) (55). The 61A mutation
removes 969 bp of the 1,029-bp gene 61 coding region and

FIG. 5. Replication of phage and origin-containing plasmid DNA
by gene 61 mutants. E. coli AB1 (sup') with the origin-containing
plasmid pGJB1 was infected with K10 (a), K10-61 (b), or K10-61A
(c). Samples were harvested at the indicated times postinfection,
and total DNA was isolated and cleaved with SspI and HaeIII. The
resulting fragments were separated by agarose gel electrophoresis
and visualized by staining with ethidium bromide. Plasmid DNA is
indicated by an arrow on the right, and the molecular size scale on
the left was generated as for Fig. 1.

causes a small-plaque phenotype resembling that of a 61
amber mutant. Because the deletion mutant is viable, gp6l is
not an essential phage protein.
The replication phenotype of the 61A mutant was com-

pared with that of the 61 amber mutant and the 61 + control
(K10) by isolating DNA samples at various times after
infection of host cells that carried an origin-containing plas-
mid (pGJB1; Fig. 5). T4 61+ genomic replication was de-
tected by 10 min postinfection and continued until at least
the 30-min time point (Fig. 5a). In contrast, most of the
genomic replication by the 61 amber or 61A mutant occurred
in the period between 30 and 60 min postinfection (Fig. 5b
and c, respectively). By 60 min, each mutant had replicated
nearly as much DNA as had the 61+ control phage, clearly
demonstrating that T4 DNA replication does not require the
gp6l primase. Nonetheless, the T4 replication machinery
presumably utilizes gp61 when it is available, as indicated by
the severe delay in replication when the protein was absent.
The phage DNA replication observed in the 61A mutant
infection apparently does not require the host DnaG pri-
mase, because a dnaG(Ts) mutation did not affect 61A
genomic replication (data not shown; also see reference 47).
As in the case of the phage genome, the origin-containing

plasmid replicated at relatively early times in the 61+ control
infection (Fig. 5a) but at very late times in the 61 mutant
infections (Fig. Sb and c). gp6l is therefore not required for
plasmid replication directed by ori(uvsY), although the pri-
mase is apparently utilized when it is available, and replica-
tion is severely delayed when it is not.
The genomic replication of the 61A mutant is unusual

because it does not utilize the gp6l primase and because it
occurs mostly at very late times. Extensive genomic repli-
cation begins after the onset of late protein synthesis, which
is itself delayed by the 61A mutation (data not shown). Why
is the 61A mutant replication delayed, and what are the
requirements for genomic replication in the absence of the
gp6l primase? Previously, genomic replication by a 61
amber mutant was shown to require gp46, suggesting that it
is a form of recombination-dependent replication (25). We
therefore tested the requirement for gp46 in a 61A mutant
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FIG. 6. Evidence that 61A phage and nonorigin plasmid DNA
replication requires UvsY and gp46. E. coli AB1 (sup') with the
nonorigin plasmid pKK467 (a) or the origin-containing plasmid
pGJB1 (b) was infected with K10 (lanes 1), K10-61A (lanes 2),
K10-uvsYA (lanes 3), K10-61A uvsYA (lanes 4), K1046 (lanes 5), or

K10-61A 46 (lanes 6). Samples were harvested at 60 min postinfec-
tion, and total DNA was isolated and cleaved with SspI and HaeIII.
The resulting fragments were separated by agarose gel electropho-
resis and visualized by staining with ethidium bromide. Plasmid
DNA is indicated by an arrow on the right, and the size scale on the
left was generated as for Fig. 1.

infection by constructing a double 61A 46 mutant. Because
UvsY is also involved in recombination-dependent replica-
tion, a 61A uvsYA double mutant was also generated. The
two double mutants, each single mutant, and the nonmutant
control (K10) were used to infect nonsuppressing host cells
containing either a nonorigin plasmid (pKK467; Fig. 6a) or
an origin-containing plasmid (pGJB1; Fig. 6b). As expected,
genomic replication was markedly reduced in the uvsYA or
46 amber single-mutant infections (Fig. 6, lanes 3 and 5,
respectively) but not in the 61A single-mutant infections
(lanes 2). The extensive genomic replication by the 61A
mutant (lanes 2) was markedly reduced in either the 61A
uvsYA (lanes 4) or 61A 46 (lanes 6) infections. Therefore,
much T4 genomic replication in the absence of gp6l occurs
via recombination-dependent initiation.

Turning to the plasmid models, the nonorigin plasmid
replicated to similar levels in the 61A mutant infection and
the nonmutant control infection (Fig. 6a, lanes 1 and 2). As
in the case of phage genomic replication, nonorigin plasmid
replication occurred at much later times in the 61A than in
the 61+ infection (data not shown). As previously observed
(35), nonorigin plasmid replication was greatly reduced or
abolished by a mutation in gene uvsY (lane 3) or 46 (lane 5).
The delayed nonorigin plasmid replication in the absence of
gp6l also required both UvsY and gp46, as indicated by the
lack of replication in the 61A uvsYA and 61A 46 infections
(lanes 4 and 6, respectively). We conclude that recombina-
tion-dependent replication of nonorigin plasmids does not
require gp6l, although plasmid replication is severely de-
layed in its absence. The delayed nonorigin plasmid replica-
tion that occurs in the absence of gp6l still requires UvsY
and gp46.
To summarize, in the absence of gp6l, nonorigin plasmids

and the phage genome both exhibit a delayed form of
recombination-dependent replication. However, an origin-
containing plasmid also exhibited delayed replication in the

TABLE 1. Summary of plasmid replication results

Plasmid replicationa

Mutation Origin dependent Recombination

uvsY+ uvsY dependent

None + + + +
43, 44, 45, or 62 - - -
32 _b _b
41 +/- + +/_
61 +C +C +C

a +, normal wild-type level; ++, enhanced over wild-type level; +/-,
modest reduction from wild-type level; -, 50-fold or greater reduction from
wild-type level.

b Approximately 2% of the wild-type level of replicated plasmid.
c Delayed plasmid replication.

61 mutant infections (Fig. 5). Is the delayed replication of the
origin-containing plasmid also recombination dependent?
Apparently not, because this plasmid replicated as exten-
sively in the 61A uvsYA and 61A 46 double-mutant infections
as in the 61A single-mutant infection (Fig. 6b, lanes 4, 6, and
2, respectively). We conclude that bona fide origin-depen-
dent replication can occur in an infection lacking gp6l.
Interestingly, the enhanced replication of the origin-contain-
ing plasmid in the uvsYA mutant background did not occur in
the 61A uvsYA double mutant (Fig. 6b, lanes 3 and 4).

DISCUSSION
Plasmid model systems for T4 origin- and recombination-

dependent initiation of replication are shown here to involve
phage-directed replication, using all seven T4 replication
fork proteins for normal levels and/or timing of DNA syn-
thesis (Table 1). These results thus support the use of
plasmid models to aid analysis of the multiple strategies of
T4 replication initiation. As expected, the T4 DNA polymer-
ase and at least two of its accessory proteins (gp45 and gp44)
are required for any T4-related DNA synthesis. An amber
mutation in gene 62, which encodes the third accessory
protein, greatly reduced but did not completely eliminate
replication of both plasmid models. Either gp62 is not strictly
required for plasmid replication or the residual replication in
the 62 amber infection is dependent on a low level of gp62
produced in the amber mutant infection.

Origin- and recombination-dependent plasmid replication
both showed strong requirements for the T4 single-stranded
DNA-binding protein, gp32. However, while either of two 32
amber mutations eliminated replication of a nonorigin plas-
mid, both left approximately 2% of the normal level of
replication of an origin-containing plasmid. The stricter
requirement for gp32 in recombination-dependent replica-
tion is likely to reflect a required role of the protein in the
generation or stability of recombinational intermediates
prior to replication fork assembly, since gene 32 mutations
markedly reduce genetic recombination (59). In addition,
Mosig et al. (48) have previously presented evidence that
gp32 is strictly required for recombination-dependent initia-
tion of T4 genomic DNA replication.
A small amount of replication from a plasmid-borne origin

apparently occurs in the absence of gp32, unless both amber
mutants produce a partially functional fragment of gp32 or a
low level of complete protein by read-through of the amber
codons. The small amount of replication does not depend on
the analogous E. coli SSB protein, as judged by the lack of
effect of a host ssb mutation. Therefore, T4 origins may be
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capable of directing inefficient replication in the absence of
host or phage single-stranded DNA-binding protein. Recent
experiments with the in vitro T4 replication system have
shown that gp32 is not required for a functional replication
fork, as long as a single-stranded region is provided for the
loading of the gp4l helicase (8). If the replication fork can
function in the absence of gp32, then why did both 32 amber
mutations markedly reduce replication of the origin-contain-
ing plasmid? One possible explanation is that gp32 assists in
the proper assembly of replication complexes at the origin, a
process that is not required in the in vitro replication system.
Another possibility, suggested by Mosig et al. (48), is that
replicative intermediates and/or products are degraded by
nucleases in the absence of gp32. Yet another possible
explanation is that, in the case of origin-containing plasmids,
gp32 is required for a transition from bidirectional to rolling-
circle replication. A T4 origin [oni(34)] cloned into the lac
operon of E. coli induced replication in both directions,
indicating that replication is initially bidirectional (30a).
However, a major product of plasmid replication is long
plasmid concatemers, indicating that plasmid rolling circles
can be formed (35). Because rolling circles generate many
more product strands than do bidirectional forms, even a low
frequency of conversion from bidirectional to rolling-circle
replication could account for most of the product DNA in
wild-type infections. A block in this conversion could there-
fore considerably reduce the level of replicated origin-
containing plasmid.

In the in vitro replication system, gp4l serves as the
replicative DNA helicase activity and is necessary for gp6l
primase activity (6-8, 26, 27, 54, 60). Furthermore, 41 amber
mutations block most T4 DNA synthesis and cause lethality
(20, 62). The slight amount of phage genomic DNA replica-
tion by 41 amber mutants could be due to residual gp4l
activity (e.g., due to read-through of the amber codon), or
alternatively, limited genomic replication may be possible in
the absence of gp4l. In the latter case, an alternate helicase
(30) could be involved in phage replication. In this study, a
gene 41 amber mutation was found to reduce, but not
eliminate, plasmid replication initiated by either an origin- or
recombination-dependent mechanism. Preliminary results
indicate that plasmid replication in the 41 mutant infections
is delayed, as in 61 mutant infections. The reduction in
replication of both plasmid models indicates that gp4l is
normally utilized in both modes of replication, but the
residual replication suggests that gp4l may not be strictly
required for either. The residual replication could be due to
leakiness of the amber mutation, as discussed above for the
gene 32 mutations. A second possibility is that some other
phage- or host-encoded helicase can substitute for gp4l in
T4-directed plasmid replication. A final possibility is that
replication can occur in the absence of a helicase. In any
case, the possible gp4l-independent replication of the origin-
containing plasmid is of particular interest. Loading of the
replication fork helicase has been shown to be one of the
earliest steps in the initiation of replication at diverse origins,
including those of simian virus 40, E. coli, and phage X (2, 3,
10, 14, 15, 63). If the origin-dependent replication in the 41
amber mutant infection is not due to leakiness of the amber
mutation, then initiation from T4 origins may be mechanis-
tically distinct from those systems.

This report describes the generation of a deletion mutation
that removes almost all of T4 gene 61. The 61A strain
replicates DNA, though in a delayed fashion, and generates
a productive infection. Thus, the gp6l primase is not an
essential T4 protein. The severe delay in both plasmid and

phage genomic replication clearly indicates that gp6l is
normally utilized for T4 replication. Previous studies have
shown that 61 amber mutants generate single-stranded prod-
ucts early in infection and duplex products at much later
times (25, 47, 67). The similar replication of an amber and a
deletion mutant (Fig. 5) demonstrates that the delayed
production of duplex DNA occurs in the complete absence
of gp6l.
What is the nature of the delayed DNA synthesis in the

absence of gp6l? A 61 amber mutation eliminated detectable
T4-induced RNA primase activity (37, 56), and the host
DnaG primase apparently does not substitute for gp6l. Much
of the 61A delayed genomic replication requires UvsY and
gp46, indicating that it involves a form of recombination-
dependent replication. In addition, nonorigin plasmid repli-
cation, though delayed, maintains its requirement for recom-
bination proteins. In contrast, the delayed replication of an
origin-containing plasmid in a 61A infection does not require
UvsY and gp46. These results demonstrate that gp6l-inde-
pendent replication can occur by at least two strategies, and
these appear to be modifications of the wild-type recombi-
nation- and origin-dependent initiation strategies. gp6l-inde-
pendent replication may require a late protein that substi-
tutes for the gp61 primase, as indicated by the delay in T4
61A replication until after the onset of late protein expres-
sion. Mosig et al. (47) have recently presented evidence for
a role of a specific late protein in gp6l-independent replica-
tion. A mutation in gene 49, which is expressed mainly late
in infection (4), abolished replication in a 61 amber mutant
infection. This result led to a model in which gp6l is
necessary for lagging-strand but not leading-strand replica-
tion from T4 origins at early times; as the infection
progresses, the recombination endonuclease encoded by
gene 49 provides primers for lagging-strand replication. In
this model, gp49 cleaves recombinational intermediates
formed by invasive single-stranded ends which are generated
by origin-directed replication in the absence of lagging-
strand synthesis (47). Perhaps this model can be adapted to
explain the delayed replication of both origin-containing and
nonorigin plasmids; long single-stranded concatemers might
be generated by rolling-circle plasmid replication in the
absence of gp6l, and cleavage of a recombination interme-
diate involving the 5' end of the concatemer might allow
replication of the single-stranded product into a duplex.
The extensive replication of an origin-containing plasmid

in the complete absence of gp6l demonstrates that gp6l
primase is not required for the priming of leading-strand
replication from the origin. Both ori(uvsY) and oni(34) con-
tain a middle-mode promoter, which could allow priming by
an RNA polymerase transcript, and multiple copies of the
sequence required for priming by gp6l (42). The gp6l-
independent origin replication therefore strongly suggests
that E. coli RNA polymerase can provide the primer for
leading-strand synthesis from the origins. However, it is still
possible that gp6l provides the primer when the primase is
available; use of the RNA polymerase transcript in the
absence of gp6l could be very inefficient, explaining the
delay in origin-containing plasmid replication in the 61A
infection. Alternatively, initiation of leading-strand replica-
tion may always utilize the RNA polymerase transcript, and
the delay in plasmid replication could result from a defi-
ciency in lagging-strand replication caused by an inability to
prime Okazaki fragment synthesis.

Mutations in the uvsY gene lead to enhanced levels of
replicated origin-containing plasmid (33). As explained
above, an increased production of plasmid rolling circles
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could be responsible for the enhanced replication, or alter-
natively, the absence of UvsY may cause an increase in the
frequency of origin initiation. Although we cannot now
distinguish between these two models, the results presented
here provide clues to the enhanced plasmid replication of
uvsY mutants. Most importantly, mutations in genes 32, 41,
and 61 each blocked the enhanced plasmid replication of a
uvsYmutant. Thus, important components of the replication
machinery are involved in the overreplication phenomenon.
Furthermore, a suppressed 43 amber mutation also led to
enhanced replication of plasmids, although perhaps by a
different mechanism.

In summary, plasmid model systems for two distinct
modes of T4 DNA replication utilize the seven T4 replication
fork proteins for the normal amount and/or timing of DNA
replication. However, mutations in genes 41 and 61 do not
abolish either mode of replication, implying that the replica-
tive helicase/primase complex of T4 is not strictly required
for origin-dependent or recombination-dependent DNA rep-
lication. Alternate bypass mechanism(s) of replication may
operate when the replicative helicase/primase complex is
unavailable.

ACKNOWLEDGMENTS
We thank Marion Saunders for technical assistance and Anne

Menkens for preliminary analysis of 41 amber and 61 amber mu-
tants.

This work was supported by grant GM34622 from the National
Institutes of Health. K.H.B. was supported by National Research
Service Award 5T32 CA09111. This work was done during the
tenure of an Established Investigatorship from the American Heart
Association to K.N.K.

REFERENCES
1. Alberts, B. M., J. Barry, P. Bedinger, R. L. Burke, U. Hibner,

C.-C. Liu, and R. Sheridan. 1980. Studies of replication mech-
anisms with the T4 bacteriophage in vitro system, p. 449-471. In
B. M. Alberts (ed.), Mechanistic studies ofDNA replication and
recombination. Academic Press, Inc., New York.

2. Alfano, C., and R. McMacken. 1989. Ordered assembly of
nucleoprotein structures at the bacteriophage lambda replica-
tion origin during the initiation of DNA replication. J. Biol.
Chem. 264:10699-10708.

3. Baker, T. A., K. Sekimizu, B. E. Funnell, and A. Kornberg.
1986. Extensive unwinding of the plasmid template during
staged enzymatic initiation of DNA replication from the origin
of the Escherichia coli chromosome. Cell 45:53-64.

4. Barth, K. A., D. Powell, M. Trupin, and G. Mosig. 1988.
Regulation of two nested proteins from gene 49 (recombination
endonuclease VII) and of a A RexA-like protein of bacterio-
phage T4. Genetics 120:329-343.

4a.Benson, K. H. Unpublished data.
4b.Benson, K. H., A. E. Menkens, and K. N. Kreuzer. Unpublished

data.
5. Breschkin, A., and G. Mosig. 1977. Multiple interactions of a

DNA-binding protein in vivo. I. Gene 32 mutations of phage T4
inactivate different steps in DNA replication and recombination.
J. Mol. Biol. 112:279-294.

6. Cha, T.-A., and B. M. Alberts. 1986. Studies of the DNA
helicase-RNA primase unit from bacteriophage T4. A trinucle-
otide sequence on the DNA template starts RNA primer syn-
thesis. J. Biol. Chem. 261:7001-7010.

7. Cha, T.-A., and B. M. Alberts. 1989. The bacteriophage T4
DNA replication fork. Only DNA helicase is required for
leading strand DNA synthesis by the DNA polymerase holoen-
zyme. J. Biol. Chem. 264:12220-12225.

8. Cha, T.-A., and B. M. Alberts. 1990. Effects of the bacterio-
phage T4 gene 41 and gene 32 proteins on RNA primer synthe-
sis: coupling of leading- and lagging-strand DNA synthesis at a
replication fork. Biochemistry 29:1791-1798.

9. Das, S. K., and R. K. Fujimura. 1979. Processiveness of DNA
polymerases, a comparative study using a simple procedure. J.
Biol. Chem. 254:1227-1232.

10. Dean, F. B., P. Bullock, Y. Murakami, C. R. Wobbe, L.
Weissbach, and J. Hurwitz. 1987. Simian virus 40 (SV40) DNA
replication: SV40 large T antigen unwinds DNA containing the
SV40 origin of replication. Proc. Natl. Acad. Sci. USA 84:16-
20.

11. Derr, L. K., and K. N. Kreuzer. 1990. Expression and function
of the uvsW gene of bacteriophage T4. J. Mol. Biol. 214:643-
656.

12. de Waard, A., A. V. Paul, and I. R. Lehman. 1965. The
structural gene for deoxyribonucleic acid polymerase in bacte-
riophage T4 and T5. Proc. Natl. Acad. Sci. USA 54:1241-1248.

13. Dewey, M. J., and F. RI Frankel. 1975. Two suppressor loci for
gene 49 mutations of bacteriophage T4. I. Genetic properties
and DNA synthesis. Virology 68:387-401.

14. Dodson, M., R. McMacken, and H. Echols. 1989. Specialized
nucleoprotein structures at the origin of replication of bacterio-
phage lambda. Protein association and disassociation reactions
responsible for localized initiation of replication. J. Biol. Chem.
264:10719-10725.

15. Dodson, M., J. Roberts, R. McMacken, and H. Echols. 1985.
Specialized nucleoprotein structures at the origin of replication
of bacteriophage X: complexes with X 0 protein and with X 0, X
P and Escherichia coli DnaB proteins. Proc. Natl. Acad. Sci.
USA 82:4678-4682.

16. Doherty, D. H., P. Gauss, and L. Gold. 1982. The single-
stranded DNA binding protein of bacteriophage T4, p. 45-72. In
J. F. Kane (ed.), Multifunctional proteins. CRC Press, Cleve-
land.

17. Edgar, R. S., G. H. Denhardt, and R. H. Epstein. 1964. A
comparative study of conditional lethal mutations of bacterio-
phage T4D. Genetics 49:635-648.

18. Edgar, R. S., and W. B. Wood. 1966. Morphogenesis of bacte-
riophage T4 in extracts of mutant-infected cells. Proc. Natl.
Acad. Sci. USA 55:498-505.

19. Englund, P. T. 1971. The initial step of in vitro synthesis of
deoxyribonucleic acid by T4 deoxyribonucleic acid polymerase.
J. Biol. Chem. 246:5684-5687.

19a.Engman, H. W., and K. N. Kreuzer. Unpublished data.
20. Epstein, R. H., A. Bolie, C. M. Steinberg, E. Kellenberger, E.

Boy de la Tour, R. Chevalley, R. S. Edgar, M. Susman, G. H.
Denhardt, and A. Lielausis. 1963. Physiological studies of con-
ditional lethal mutants of bacteriophage T4D. Cold Spring
Harbor Symp. Quant. Biol. 28:375-392.

21. Formosa, T., and B. M. Alberts. 1986. DNA synthesis depen-
dent on genetic recombination: characterization of a reaction
catalyzed by purified T4 proteins. Cell 47:793-806.

22. Gauss, P., K. B. Krassa, D. S. McPheeters, M. A. Nelson, and L.
Gold. 1987. Zinc(II) and the single-stranded DNA binding
protein of bacteriophage T4. Proc. Natl. Acad. Sci. USA
84:8515-8519.

23. Halpern, M. E., T. Mattson, and A. W. Kozinski. 1979. Origins
of phage T4 DNA replication as revealed by hybridization to
cloned genes. Proc. Natl. Acad. Sci. USA 76:6137-6141.

24. Halpern, M., T. Mattson, and A. W. Kozinski. 1982. Late events
in T4 bacteriophage DNA replication. III. Specificity of DNA
reinitiation as revealed by hybridization to cloned genetic frag-
ments. J. Virol. 42:422-431.

25. Hamlett, N. V., and H. Berger. 1975. Mutations altering genetic
recombination and repair ofDNA in bacteriophage T4. Virology
63:539-567.

26. Hinton, D. M., and N. G. Nossal. 1987. Bacteriophage T4 DNA
primase-helicase. J. Biol. Chem. 262:10873-10878.

27. Hinton, D. M., L. L. Silver, and N. G. Nossal. 1985. Bacterio-
phage T4 DNA replication protein 41: cloning of the gene and
purification of the expressed protein. J. Biol. Chem. 260:12851-
12857.

28. King, G. J., and W. M. Huang. 1982. Identification of the origins
of T4 DNA replication. Proc. Natl. Acad. Sci. USA 79:7248-
7252.

29. Kowalski, D., D. Natale, and M. J. Eddy. 1988. Stable DNA

VOL. 66, 1992



6968 BENSON AND KREUZER

unwinding, not "breathing", accounts for single-strand-specific
nuclease hypersensitivity of specific A+T-rich sequences. Proc.
Natl. Acad. Sci. USA 85:9464-9468.

30. Krell, H., H. Durwald, and H. Hoffmann-Berling. 1979. A
DNA-unwinding enzyme induced in bacteriophage-T4-infected
Escherichia coli cells. Eur. J. Biochem. 93:387-395.

30a.Kreuzer, K. N. Unpublished data.
31. Kreuzer, K. N., and B. M. Alberts. 1985. A defective phage

system reveals bacteriophage T4 replication origins that coin-
cide with recombination hot spots. Proc. Natl. Acad. Sci. USA
82:3345-3349.

32. Kreuzer, K. N., and B. M. Alberts. 1986. Characterization of a
defective phage system for the analysis of bacteriophage T4
DNA replication origins. J. Mol. Biol. 188:185-198.

33. Kreuzer, K. N., H. W. Engman, and W. Y. Yap. 1988. Tertiary
initiation of replication in bacteriophage T4. Deletion of the
overlapping uvsY promoter/replication origin from the phage
genome. J. Biol. Chem. 263:11348-11357.

34. Kreuzer, K. N., and A. E. Menkens. 1987. Plasmid model
systems for the initiation of bacteriophage T4 DNA replication,
p. 451-471. In R. McMacken and T. J. Kelly (ed.), DNA
replication and recombination. Alan R. Liss, Inc., New York.

35. Kreuzer, K. N., W. Y. Yap, A. E. Menkens, and H. W. Engman.
1988. Recombination-dependent replication of plasmids during
bacteriophage T4 infection. J. Biol. Chem. 263:11366-11373.

36. Kutter, E., B. Guttman, G. Mosig, and W. Ruger. 1990. Ge-
nomic map of bacteriophage T4, p. 1.24-1.51. In S. J. O'Brien
(ed.), Genetic maps. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, N.Y.

37. Liu, C. C., R. L. Burke, U. Hibner, J. Barry, and B. Alberts.
1979. Probing DNA replication mechanisms with the T4 bacte-
riophage in vitro system. Cold Spring Harbor Symp. Quant.
Biol. 43:469-487.

38. Luder, A., and G. Mosig. 1982. Two alternative mechanisms for
initiation ofDNA replication forks in bacteriophage T4: priming
by RNA polymerase and by recombination. Proc. Natl. Acad.
Sci. USA 79:1101-1105.

39. Macdonald, P. M., and G. Mosig. 1984. Regulation of a new
bacteriophage T4 gene, 69, that spans an origin of replication.
EMBO J. 3:2863-2871.

40. Macdonald, P. M., R. M. Seaby, W. Brown, and G. Mosig. 1983.
Initiator DNA from a primary origin and induction of a second-
ary origin of bacteriophage T4 DNA replication, p. 111-116. In
D. Schlessinger (ed.), Microbiology-1983. American Society
for Microbiology, Washington, D.C.

41. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

42. Menkens, A. E., and K. N. Kreuzer. 1988. Deletion analysis of
bacteriophage T4 tertiary origins. A promoter sequence is
required for a rifampicin-resistant replication origin. J. Biol.
Chem. 263:11358-11365.

43. Morrical, S. W., and B. M. Alberts. 1990. The uvsY protein of
bacteriophage T4 modulates recombination-dependent DNA
synthesis in vitro. J. Biol. Chem. 265:15096-15103.

44. Mosig, G. 1983. Relationship of T4 DNA replication and recom-
bination, p. 120-130. In C. K. Mathews, E. M. Kutter, G.
Mosig, and P. B. Berget (ed.), Bacteriophage T4. American
Society for Microbiology, Washington, D.C.

45. Mosig, G. 1987. The essential role of recombination in phage T4
growth. Annu. Rev. Genet. 21:347-371.

46. Mosig, G., and F. Eiserling. 1988. Phage T4 structure and
metabolism, p. 521-606. In R. Calendar (ed.), The bacterio-
phages, vol. 2. Plenum Press, New York.

47. Mosig, G., A. Luder, A. Ernst, and N. Canan. 1991. Bypass of a
primase requirement for bacteriophage T4 DNA replication in
vivo by a recombination enzyme, endonuclease VII. New Biol.
3:1-11.

48. Mosig, G., A. Luder, G. Garcia, R. Dannenberg, and S. Bock.
1979. In vivo interactions of genes and proteins in DNA
replication and recombination of phage T4. Cold Spring Harbor
Symp. Quant. Biol. 43:501-515.

49. Newport, J. W., S. C. Kowalczykowski, N. Lonberg, L. S. Paul,

and P. H. von Hippel. 1980. Molecular aspects of the interac-
tions of T4 coded gene 32 protein and DNA polymerase (gene 43
protein) with nucleic acids, p. 485-505. In B. M. Alberts (ed.),
Mechanistic studies of DNA replication and genetic recombina-
tion. Academic Press, Inc., New York.

50. Nossal, N. G., and B. M. Alberts. 1983. Mechanism of DNA
replication catalyzed by purified T4 replication proteins, p.
71-81. In C. K. Mathews, E. M. Kutter, G. Mosig, and P. B.
Berget (ed.), Bacteriophage T4. American Society for Microbi-
ology, Washington, D.C.

51. Nossal, N. G., and B. M. Peterlin. 1979. DNA replication by
bacteriophage T4 proteins. The T4 43, 32, 44-62 and 45 proteins
are required for strand displacement synthesis at nicks in duplex
DNA. J. Biol. Chem. 254:6032-6037.

52. Oishi, M. 1968. Studies of DNA replication in vivo. III. Accu-
mulation of a single-stranded isolation product of DNA replica-
tion by conditional mutant strains of T4. Proc. Natl. Acad. Sci.
USA 60:1000-1006.

53. Piperno, J. R., and B. M. Alberts. 1978. An ATP stimulation of
T4 DNA polymerase mediated via T4 gene 44/62 and 45 pro-
teins. The requirement for ATP hydrolysis. J. Biol. Chem.
253:5174-5179.

54. Richardson, R. W., and N. G. Nossal. 1989. Characterization of
the bacteriophage T4 gene 41 DNA helicase. J. Biol. Chem.
264:4725-4731.

54a.Schmidt, R. P., A. E. Menkens, and K. N. Kreuzer. Unpublished
data.

55. Selick, H. E., K. N. Kreuzer, and B. M. Alberts. 1988. The
bacteriophage T4 insertion/substitution vector system. A
method for introducing site-specific mutations into the virus
chromosome. J. Biol. Chem. 263:11336-11347.

56. Silver, L. L., and N. G. Nossal. 1979. DNA replication by T4
bacteriophage proteins: role of the DNA-delay gene 61 in the
chain-initiation reaction. Cold Spring Harbor Symp. Quant.
Biol. 43:489-494.

57. Sinha, N. K., and D. P. Snustad. 1971. DNA synthesis in
bacteriophage T4-infected Escherichia coli: evidence support-
ing a stoichiometric role for gene 32-product. J. Mol. Biol.
62:267-271.

58. Tessman, E., and P. Peterson. 1982. Suppression of the ssb-1
and ssb-113 mutations of Escherichia coli by a wild-type rep
gene, NaCl, and glucose. J. Bacteriol. 152:572-583.

59. Tomizawa, J., N. Anraku, and Y. Iwama. 1966. Molecular
mechanisms of genetic recombination in bacteriophage. VI. A
mutant defective in the joining of DNA molecules. J. Mol. Biol.
21:247-253.

60. Venkatesan, M., L. L. Silver, and N. G. Nossal. 1982. Bacterio-
phage T4 gene 41 protein, required for the synthesis of RNA
primers, is also a DNA helicase. J. Biol. Chem. 257:12426-
12434.

61. Warner, H. R., and J. E. Barnes. 1966. Deoxyribonucleic acid
synthesis in Eschenichia coli infected with some deoxyribonu-
cleic acid polymerase-less mutants of bacteriophage T4. J.
Virol. 28:100-107.

62. Warner, H. R., and M. D. Hobbs. 1967. Incorporation of
uracil-C14 into nucleic acids in E. coli infected with bacterio-
phage T4 and T4 amber mutants. Virology 33:376-384.

63. Wiekowski, M., P. Droge, and H. Stahl. 1987. Monoclonal
antibodies as probes for a function of large T antigen during the
elongation process of simian virus 40 DNA replication. J. Virol.
61:411-418.

64. Wu, J., and Y. Yeh. 1973. Requirements of a functional gene 32
product of bacteriophage T4 in UV repair. J. Virol. 12:758-765.

65. Wu, R., and E. P. Geiduschek. 1975. The role of replication
proteins in the regulation of bacteriophage T4 transcription. I.
Gene 45 and hydroxymethyl-C-containing DNA. J. Mol. Biol.
96:513-538.

66. Yee, J. K., and R. C. Marsh. 1985. Locations of bacteriophage
T4 origins of replication. J. Virol. 54:271-277.

67. Yegian, C. D., M. Mueller, G. Selzer, V. Russo, and F. W. Stahl.
1971. Properties of DNA-delay mutants of bacteriophage T4.
Virology 46:900-919.

J. VIROL.


