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ABSTRACT

Recombination hotspots have previously been discovered in bacteriophage T4 by two different ap-
proaches, marker rescue recombination from heavily damaged phage genomes and recombination during
co-infection by two undamaged phage genomes. The phage replication origin ori(34) is located in a region
that has a hotspot in both assays. To determine the relationship between the origin and the two kinds of
hotspots, we generated phage carrying point mutations that should inactivate ori(34) but not affect the
gene 34 reading frame (within which ori(34) is located). The mutations eliminated the function of the
origin, as judged by both autonomous replication of plasmids during T4 infection and two-dimensional
gel analysis of phage genomic replication intermediates. As expected from past studies, the ori(34) mutations
also eliminated the hotspot for marker rescue recombination from UV-irradiated genomes. However, the
origin mutations had no effect on the recombination hotspot that is observed with co-infecting undamaged
phage genomes, demonstrating that some DNA sequence other than the origin is responsible for inflated
recombination between undamaged genomes. The hotspots for marker rescue recombination may result
from a replication fork restart process that acts upon origin-initiated replication forks that become blocked
at nearby DNA damage. The two-dimensional gel analysis also revealed phage T4 replication intermediates

not previously detected by this method, including origin theta forms.

ECOMBINATION hotspots provide useful win-
dows into the detailed mechanisms of recombina-
tion. Study of meiotic recombination hotspots in yeast
led to the identification of the causative double-strand
breaks that are induced by SPOI11 and processed by
RAD51 and other yeast recombination proteins (re-
viewed by STAHL 1996; PAQUES and HABER 1999). Analy-
ses of x-sites in Escherichia coli have likewise been in-
strumental in understanding the major mechanism of
conjugal recombination in bacteria (KOWALCZYKOWSKI
et al. 1994; MYERs and STAHL 1994) and have recently
led to insight concerning the fate of broken replication
forks (KuzMmiNoV et al. 1994; Kuzminov 1999; KowALczy-
kowskI 2000). Although much remains to be learned
about the mechanisms of these and other pathways of
recombination, the hotspots themselves facilitate prog-
ress by focusing homologous recombination into a more
or less site-specific event.

Bacteriophage T4 provides one of the best-developed
systems for studying recombination and particularly the
relationships between recombination and DNA replica-
tion (MosiG 1998; Kreuzer 2000). Recombination hot-
spots were first recognized in phage T4 during studies
of the process of marker rescue, which involves the recov-
ery of genetic alleles from heavily irradiated genomes into
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unirradiated co-infecting genomes (WoMAck 1965).
The frequency of marker rescue was found to vary across
the genome, with three strong peaks where marker res-
cue was several-fold higher than elsewhere. Enhanced
marker rescue has been detected from phage DNA dam-
aged by UV, X rays, or *P decay (WoMack 1965; CAmP-
BELL 1969; LEVY 1975). The peak of each hotspot maps
very near a well-characterized phage replication origin,
ori(uvsY), ori(34), or orill (KREUZER and ALBERTS 1985;
KrEUZER and MoRrricaL 1994; Mosic 1994). Further-
more, deletion of ori(uvsY) eliminated the hotspot nor-
mally found in its vicinity, and insertion of ori(uvsY) or
ori(34) transformed a coldspot into a hotspot (YAP and
KrEUZER 1991). Thus, the replication origin or an ele-
ment within the origin must be responsible for generat-
ing the marker rescue recombination hotspot.

At least one recombination hotspot has also been de-
tected during genetic crosses involving two undamaged
phage chromosomes (Mosi1G 1966, 1968; BECKENDORF
and WiLsoN 1972; LEvy and GoLDBERG 1980). The
gene 34-35 region has a higher frequency of recombina-
tion per unit length DNA than other regions, and this
hotspot overlaps with the hotspot for marker rescue
recombination at ori(34) [ori(34) is located within gene
34]. Although it is tempting to assume that the hotspot
with undamaged DNA is related to the hotspot for
marker rescue, the other two origin regions did not
appear to exhibit enhanced recombination when tested
in simple phage crosses with undamaged DNA. There-
fore, either the ori(34) region has additional sequence
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element(s) necessary to activate a hotspot with undam-
aged DNA or the two kinds of hotspots are mechanisti-
cally unrelated.

T4 replication origins were first localized by hybridiza-
tion analyses of early replicating DNA, although techni-
cal difficulties and other complexities led to imprecision
and a certain amount of controversy over origin locations
(for reviews, see Kozinskl 1983; MosiGc 1983; KREUZER
and MoRrriIcaL 1994). Two of the regions implicated as
origins by this approach later were found to contain
sequences capable of driving autonomous replication,
ori(uvsY) and ori(34) (KREUZER and ALBERTS 1985). By
analyzing replication of plasmids containing these ele-
ments and various mutant derivatives, both ori(uvsY)
and ori(34) were found to consist of two elements that
together are sufficient for replication (MENKENS and
KrREUZER 1988). The first is a middle-mode promoter
containing a binding site for the MotA transcriptional
activator in the —30 region (the mot box) and a consen-
sus —10 sequence. The second element is a region of
~50 bp downstream of the promoter. The downstream
region behaves like a DNA-unwinding element in vitro,
in that single-strand specific nucleases can cleave this
region within supercoiled DNA (CARLES-KINCH and
Kreuzer 1997). Furthermore, in vivo replication was
maintained when the downstream region was replaced
with a heterologous DNA-unwinding element. An un-
derstanding of the relationship between the promoter
and the DNA-unwinding element emerged when in vivo
chemical probing strongly suggested that a persistent
RNA-DNA hybrid (R-loop) forms in the downstream
region (CARLES-KINCH and KrREUZER 1997). The sim-
plest model is that the RNA within the R-loop serves
as the primer for leading-strand replication, and the
displaced DNA strand serves as the loading site for the
replicative helicase. Consistent with this model, putative
RNA-DNA copolymers have been reported in the region
downstream of the ori(uvsY) promoter (MoOSIG et al.
1995; VAISKUNAITE et al. 1999).

The mechanism of replication initiation at ori(uvsY)
was recently probed by identifying replicative intermedi-
ates using two-dimensional (neutral-neutral) gels (BELL
and ByErs 1983; BREWER and FANGMAN 1987; FRIED-
MAN and BREWER 1995). In this method, restriction
enzyme-digested DNA is subjected to first-dimension
electrophoresis that separates DNA only on the basis of
total mass and then second-dimension electrophoresis
that separates on the basis of both mass and shape.
Replicative intermediates, containing one or more
branches, form unique arcs depending on their struc-
ture. A series of simple Y molecules was found in the
ori(uvsY) region of the T4 genome, with the branch
points mapping to the region that encodes the ori(uvsY)
transcript (BELANGER and KREUZER 1998). On the basis
of the appearance of the arc containing these Y mole-
cules, it was dubbed a “comet.” Several results argued
strongly that the Y molecules within the comet were
intermediates in which unidirectional replication had

progressed from the origin region out of the restriction
fragment, but in which the second direction of replica-
tion had not yet begun. These experiments also provided
additional evidence that the RNA within the R-loop serves
as a primer for leading-strand replication (BELANGER
and KrREUZER 1998).

In this article, we investigate the relationship between
the hotspots for recombination with damaged vs. un-
damaged DNA by constructing phage with point muta-
tions that inactivate ori(34). We use both plasmid replica-
tion assays and two-dimensional gel analysis of phage
replicative intermediates to confirm the replication de-
fect of the origin mutant and in the process uncover 6
replication intermediates in the wild-type ori(34) region.

MATERIALS AND METHODS

Materials: Oligonucleotides were synthesized by the Duke
University Botany Department Oligonucleotide Facility. Re-
striction enzymes, random-primed labeling kit, and radiola-
beled nucleotides were purchased from commercial sources.
L broth contained NaCl (10 g/liter), Bacto Tryptone (10 g/
liter), and yeast extract (5 g/liter) and was supplemented with
ampicillin (25 mg/liter) for plasmid-bearing strains. Hershey
agar plates contained Bacto Tryptone (13 g/liter), agar (10 g/
liter), NaCl (8 g/liter), sodium citrate (2 g/liter), and glucose
(1.3 g/liter).

Strains: E. coli strains CR63 (supD) and By (nonsuppressing)
were the permissive and restrictive hosts for amber mutant
phage, respectively. E. coli MCS1 (supD) and AB1 (nonsup-
pressing) are transformation-competent strains described by
KREUZER ef al. (1988a). The restrictive host for selecting r/I*
phage was a A" lysogen of strain MCS1 (which also carried
plasmid pKK467, which is irrelevant for this experiment).

T4"D (wild type) was originally from the collection of B. M.
Alberts (University of California, San Francisco). T4 strain
K10-uvsY (KREUZER et al. 1988a) carries the following muta-
tions: uvsYAl (uvsYdeletion), amB262 (gene 38), amS29 (gene
51), nd28 (denA), and rIIPT8 (rll-denB deletion). T4 strains
carrying a mutation in r/JA (A250) and in rIIB (UV232) were
obtained from Carolina Biological Supply Co. (Burlington,
NC). T4 23", which carries the amBI7 mutation in gene 23,
was originally from the collection of W. B. Wood (University
of Colorado, Boulder). T4 35*, which carries the amB252
mutation in gene 35, was obtained from B. Kutter (Evergreen
State College, Olympia, WA).

Sequences of T4 mutations: The nucleotide sequences of
amB252 in gene 35, rIIA A250, and rIIB UV232 were deter-
mined by automated sequencing at the Duke University Com-
prehensive Cancer Center Facility, using appropriate PCR
fragments from the T4 genome as templates. The amB252
mutation was found to be a C to T transition at position
155,398 in the T4 genome (all genome coordinates in this
article are from the 10/98 release), which alters codon 162
(CAG, encoding Q) to the amber codon TAG. The »/IA A250
mutation was found to be a 39-bp deletion that removes nucle-
otides 1289 to 1327 of the T4 genome (creating the new se-
quence 5-TGCTTAGAGTG-3' with " indicating the location of
the deletion). The »/IB UV232 mutation, which was previously
known to be a frameshift, was found to be an insertion of an
additional T in a run of two T’s that are located at 168,468
and 168,469 in the genome (creating the new sequence 5'-
AAGCTTTCCACG-3").

Plasmids: Plasmid pKK025 is a pBR322 derivative with a
1.05-kb T4 DNA fragment (map coordinates 152,883-153,935
bp) cloned at the vector EcoRI site (KREUZER and ALBERTS
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1985, 1986). This EcoRI fragment of the T4 genome is an
internal fragment of gene 34 and contains the intact ori(34).

Plasmid pPLD2, which carries the ori(34) and gene 34amber
mutations, was constructed as follows: pKK025 was first cleaved
with Dralll and BamHI to excise part of the T4 insert [includ-
ing ori(34)] and adjacent vector sequence. The large linear
fragmentwas ligated to a duplex oligonucleotide that recapitu-
lated the native T4 sequence except for the indicated muta-
tions (see Figure 1; the mutations also introduced diagnostic
restriction sites). The duplex oligonucleotide (ends compati-
ble with the Dralll and BamHI sticky ends) had the following
sequence: 5'-GTGTACCACGTTGTGTCTCATTTGCCTCGA
GAATATTTAACGTGTAATGGTCCCAGAGAGTTCCTGATT
CAACTAATCCAGATAGAGCAACAACCTAG-3' / 5'-GATCCT
AGGTTGTTGCTCTATCTGGATTAGTTGAATCAGGAACTC
TCTGGGACCATTACACGTTAAATATTCTCGAGGCAAATG
AGACACAACGTGGTACACTTGC-3'. The insert in the resulting
plasmid, pPLD1, was verified by DNA sequencing. A second
segment of homology to the T4 genome was inserted beyond
the origin and amber mutations to allow efficient transfer of
the mutations into the T4 genome (see below). In this step,
pPLD1 was cleaved with Avrll (cleaves near the end of the
insert from the above step) and Sall (cleaves in the vector),
and the large linear fragment was ligated to the following
duplex oligonucleotide: 5-CTAGGTACGATCAGTACTATT
AAATCTGGTTTTAATTTTTAATGGTGTAGAGATACGAGT
ATCG-3'/5-TCGACGATACTCGTATCTCTACACCATTAAA
AATTAAAACCAGATTTAATAGTACTGATCGTAC-3'. The in-
sert in the resulting plasmid, pPLD2, was verified by DNA
sequencing.

Construction of new T4 strains: A T4 strain carrying the
ori(34) mutations and the nearby 34" mutation (S721am, alter-
ing serine-721 of gp34 to amber) was generated by marker
rescue from plasmid pPLD2. Cells carrying pPLD2 were in-
fected with T4*D, and plaque-purified progeny were screened
for amber mutants. Amber mutants were then tested for the
presence of the diagnostic restriction sites after PCR amplifi-
cation of the gene 34 region, using PCR primers 5'-GCGGCC
AATGAACCACCA-3" and 5'-CCAACACAGCAAGGTGCAG-3’
(amplifies T4 map coordinates 152,616-153,607 bp). We found
several progeny that carried all three restriction sites (T4 34"
ori(34°)] and one that carried only the AvrdI site [T4 34 (wild
type for ori(34)); resulting from crossover between the origin
and amber mutations].

A phage strain carrying the ori(34) mutations without the
amber mutation was generated by a second round of plasmid
marker rescue. In this case, T4 34" ori(34)~ was used to infect
cells carrying a plasmid with wild-type gene 34 sequence, and
progeny without the amber mutation were selected by plating
on nonsuppressing cells. PCR analysis identified a progeny
phage that had lost the Awll restriction site (diagnostic of
the amber mutation) but maintained the two sites diagnostic
of the origin mutations [T4 ori(34)” (gene 347)].

T4 35" ori(34)” was constructed by a genetic cross, using
an equal multiplicity of T4 ori(34)” and T4 35". Individual
plaques were first screened for amber mutants, and then a
progeny phage with the origin mutations was identified using
PCR and the two restriction sites diagnostic for ori(34)". T4
34" yIIA and T4 34" vIIA ori(34)” were generated by genetic
crosses between T4 A250 (rIIA) and either T4 34" or T4 34
ori(34)”, respectively. The r/IJA mutation was recognized by
failure to grow on a A-lysogen, and the amber and origin
mutations were verified by the diagnostic restriction sites in
the gene 34 PCR fragment. Similarly, T4 35" v/IB and T4 35™
rIIB ori(34)” were generated by genetic crosses between T4
UV232 (vIIB) and either T4 35" or T4 35 ori(34)".

Plasmid replication assay: MCSI cells carrying either plas-
mid pPLD2 or pKK025 were grown at 37° in L broth to an
Az of 0.5 (~4 X 10° cells/ml) and then infected with T4

K10-uvsY at a multiplicity of 3 pfu per cell. After a 3-min
attachment period without shaking, the infected cells were
incubated with shaking at 37° for 1 hr. Total nucleic acids
were prepared as described by KREUZER et al. (1988a). The
purified DNA was digested with Haelll and Sspl, and the re-
sulting fragments were separated on a 0.8% agarose gel and
visualized by ethidium bromide staining.

Two-dimensional agarose gel analysis of phage chromo-
somal origin activity: Replication intermediates were visualized
on two-dimensional gels, essentially as described by BELANGER
and KreuzeRr (1998). Host ABI was grown to an As of 0.4
and infected with phage T4 34" or T4 34" ori(34)” at a multi-
plicity of 6 pfu per cell. At the indicated time after infection,
DNA was purified and cleaved with Pad, generating a 6203-
bp ori(34)-containing fragment (T4 map coordinates 147,877—
154,079 bp; see Figure 1). The fragments were resolved in a
first-dimension 0.4% agarose gel run with 1X TBE (89 mwm
Tris base, 89 mm boric acid, 2 mMm Na;EDTA) at 15 V for 29
hr. DNA lanes were cut out from the first-dimension gel and
cast across the top of a second-dimension 1% agarose gel
containing ethidium bromide (0.3 pg/ml), which was run
with 0.5X TBE at 150 V for 15 hr. Replication intermediates
of the Pad restriction fragment were visualized by Southern
blotting using a radiolabeled probe prepared from the 1.05-
kb EcoRI fragment of pKK025 (T4 map coordinates 152,883—
153,935 bp).

UV marker rescue: The procedure for marker rescue from
UV-irradiated phage was essentially as described by Yapr and
KreuzER (1991). Briefly, donor phage with or without the
ori(34) mutations were irradiated with enough UV light to
cause ~~50 lethal hits. E. coli CR63 (supD) was grown in L
broth at 37° to an Ay of 0.125 (~10° cells/ml) and then
infected with donor phage at a multiplicity of 2.4 pfu per cell
and amber mutant helper phage (either 34™ or 23™) at a
multiplicity of 5 pfu per cell. The infection and subsequent
steps were conducted under yellow light to prevent photo-
reactivation. After a 10-min attachment, the infected cells were
diluted 25-fold with L broth, shaken for 70 min at 37°, chilled,
lysed with chloroform, and subjected to centrifugation to re-
move cell debris. The total phage titer was measured by plating
on CR63 and the recombinant phage titer (34" or 23%) by
plating on By, in each case using the average of duplicate
dilution series. The starting lysates of amber mutant phage
contained revertants at frequencies of 107° or less, at least
1000-fold lower than the measured marker rescue recombina-
tion frequencies.

Recombination frequencies in crosses between undamaged
phage: E. coli CR63 was grown in L broth at 37° to an Ay of 0.5
(~4 X 108 cells/ml) and then infected with the two indicated
phage strains, each at a multiplicity of 3 pfu per cell. In parallel
experiments with related phage strains, the efficiency of ad-
sorption was >0.95. The infected cells were incubated for 70
min at 37° and then chilled and lysed by the addition of
chloroform. After centrifugation to remove cell debris, the
total phage titer was measured by plating on CR63, am* (34"
35%) recombinant phage titer by plating on By, and »/I" recom-
binant phage titer by plating on MCS1 pKK467 \* (averages
of duplicate dilution series). In all cases, the frequency of
revertants (am® or rII") in the starting lysates was at least 1000-
fold lower than the measured recombination frequencies from
the crosses.

RESULTS

Construction of T4 with mutations in ori(34): The T4
replication origin ori(34) lies within the coding region
of gene 34, which encodes an essential tail fiber protein
(Figure 1A). To inactivate ori(34) without destroying
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the function of gp34, we introduced base substitution
mutations within the ori(34) promoter that did not alter
the amino acid sequence of gp34. A total of six base
substitutions were introduced within and between the
consensus —10 and mot box elements of the ori(34)
promoter, and these were designed so that they also
introduced diagnostic AfIIII and Xhol restriction sites
(Figure 1B). These mutations would very likely abolish
origin function, on the basis of previous deletion and
base-substitution analyses of origin function (MENKENS
and KREUZER, 1988; A. MENKENS and K. KREUZER, un-
published results).

In addition to the origin mutations, we also intro-
duced a triple mutation ~50 bp downstream of the
origin promoter, changing the S721 codon of gene 34
into an amber codon and introducing a diagnostic AvrIl
site in the DNA (Figure 1B). This amber mutation was
important for introducing the origin mutations into
the phage genome and was also useful as a marker in
recombination experiments. All nine mutations were
generated within synthetic oligonucleotides and cloned
into a plasmid (see MATERIALS AND METHODS).

The final plasmid, pPLD2, carries the origin and
amber mutations within a region of just over 1 kb of
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T4 sequence (Sall-EcoRI insert diagrammed in Figure
1A). Phage T4 undergoes recombination with plasmids
carrying such homologous segments, generating both
plasmid-phage co-integrants and phage that have under-
gone a gene conversion event without acquiring the
plasmid. For plasmid pPLD2, the co-integrants would be
lethal due to interruption of gene 34. Gene convertants
carrying the engineered amber mutation were obtained
at a frequency of ~1%. By screening PCR-amplified
DNA from these amber mutant phage with the diagnos-
tic restriction enzymes, strains with and without the
ori(34) mutations were obtained [T4 34 ori(34)” and
T4 34°"]. A phage strain carrying the ori(34) mutations
without the amber mutation [T4 ori(34)"] was also gen-
erated by a second round of marker rescue from a plas-
mid with the wild-type sequence.

Replication is abolished by the origin mutations: We
began to assess the impact of the origin mutations on
ori(34) function by measuring plasmid replication.
Phage T4 shuts off the replication of pBR322-based plas-
mids from the ColEl origin shortly after infection
(MATTSON et al. 1983). However, plasmids that contain a
cloned ori(34) replicate extensively after infection, using
the T4 replication machinery (KREUZER and ALBERTS
1985). For this experiment, we used a wvsY-mutant
phage so that the plasmid could not replicate by the
recombination-dependent mechanism that operates
with any plasmid that has homology to the phage ge-
nome (KREUZER et al. 1988b). DNA purified from the
infections was cleaved with restriction enzymes Sspl and
Haelll, which permits visualization of T4-replicated plas-
mid DNA without any unreplicated plasmid. This assay
takes advantage of the fact that T4 incorporates modi-
fied 5-hydroxymethyl dCMP residues during DNA repli-
cation (these residues are further modified with glucosyl
groups after replication). T4-replicated plasmid DNA
containing these modified dCMP residues is resistant
to Haelll, which cleaves unreplicated plasmid DNA into
many small fragments that run off the agarose gel. Sspl
is one of the few enzymes that cuts T4-modified DNA,
cleaving the plasmids used in this experiment into two
fragments, the larger of which is easily separated from all
T4 Sspl restriction fragments. As expected, the control
plasmid with intact ori(34) generated large amounts of
T4-replicated plasmid DNA (Figure 2, lane 1). However,
plasmid pPLD2, with the origin point mutations, was
completely inactive (Figure 2, lane 2). We conclude
that the origin point mutations abolish replication from
ori(34), at least in the context of the plasmid.

Two-dimensional agarose gel analysis with Southern
blotting was recently used to visualize replication inter-
mediates formed within phage chromosomal DNA at
the T4 origin ori(uvsY) (BELANGER and KREUZER 1998).
As described above (see Introduction), a comet was
attributed to intermediates in which unidirectional rep-
lication had progressed from the origin region out of
the restriction fragment, but in which the second direc-

FIGure 2.—The ori(34) mutations abolish origin-directed
plasmid replication in T4-infected cells. Cells carrying plasmid
pKKO25 [wild-type ori(34); lane 1] or pPLD2 [mutated ori(34);
lane 2] were infected with T4 strain K10-uvsY. After a 1-hr
infection, total nucleic acids were purified from each infec-
tion. DNA was digested with Sspl and Haelll, subjected to
electrophoresis through a 0.8% agarose gel, and visualized by
ethidium bromide staining. The replicated plasmid pKK025
restriction fragments (4.31 and 1.10 kb) are indicated by
arrows, and the other bands are phage genomic restriction
fragments. Plasmid pPLD2 lacks a small (15-bp) segment of
T4 DNA contained within pKK025 (T4 genome coordinates
152,883-153,935 bp for pKK025 and 152,898-153,935 bp for
pPLD2), but the minimal ori(34) sequence lies completely
within the pPLD2 fragment (MENKENS and KrREUZER 1988).
As a result of the construction steps, plasmid pPLD2 is also
missing the vector sequence from EcoRI to Sall and generates
Sspl fragments of 3.65 and 1.10 kb (deletion of this segment
of vector was previously shown to have no effect on T4 origin-
directed replication; see MENKENS and KrREUZER 1988). The
size scale was generated from the migration of Xbal fragments
of T4 dC DNA.

tion of replication had not yet begun. We applied this
assay to the ori(34) region to determine whether the
origin mutations abolish origin function within the con-
text of the phage chromosome.

As with ori(uvsY), the wild-type ori(34) generated a
prominent spot along the Y arc, analogous to the pre-
viously defined comet nucleus (Figure 3). The comet
nucleus at ori(34) was produced at similar times of infec-
tion as the one previously detected at ori(uvsY), consis-
tent with the time period during which T4 origins are
active. The position of the comet nucleus with ori(34)
is different than that with ori(uvsY) because the origin
is in a different location with respect to the restriction
sites used to cleave the DNA (see Figure 3 legend). The
size of the intermediates within the comet nucleus can
be estimated from their migration in the first dimension
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(albeit with relatively low precision). As in the case of
ori(uvsY), the molecules within the ori(34) comet nucleus
have a size consistent with Y-branched DNA with the
branch point located at the 5’ end of the origin tran-
script (see Figure 4). The comet detected at ori(uvsY)
also contained a tail, consistent with molecules that have
branch points downstream of the 5’ end of the origin
transcript (BELANGER and KrREUZER 1998). However, a
tail was not obvious in the comet at ori(34) in these blots
(Figure 3; see DISCUSSION).

The ori(34) region also generated two arcs that were
not evident in the previous study of ori(uvsY), a bubble
arc and an X arc (Figure 3). A bubble arc is diagnostic
of origin-containing restriction fragments, being com-
posed of bubbles generated by either uni- or bidirec-
tional replication from an internally located replication
origin (BREWER and FANGMAN 1987; FRIEDMAN and
BrREWER 1995; KuzmIiNov et al. 1997). The X arc de-
tected at ori(34) seems to merge with the comet nucleus
(Figure 3), suggesting that the X-arc molecules are re-
lated to the comet molecules (Figure 4). The origin
mutations abolished the comet nucleus, the bubble arc,
and the X arc (Figure 3), providing very strong evidence
that the mutations obliterate origin function in the
phage chromosome. The nature of the bubble and X
arcs and possible reasons why the two origins differ in
these forms are discussed below (see DISCUSSION).

The ori(34) mutations eliminate the hotspot for
marker rescue recombination: As described in the Intro-
duction, deletion of ori(uvsY) eliminated a hotspot for
marker rescue recombination, and insertion of either
ori(uvsY) or ori(34) into a coldspot created a new hotspot
for this type of recombination (YAp and KREUZER 1991).
We therefore had a strong expectation that the ori(34)
mutations would eliminate the hotspot for marker res-
cue recombination in the gene 34 region.

Gene 34" phage strains with and without the origin
mutations were irradiated with UV at a dose that causes
~50 lethal hits per phage particle. These heavily irradi-
ated donor phage were then co-infected with nonirradi-
ated helper phage that carry an amber mutation in
cither gene 23 (coldspot control) or gene 34 (tested
hotspot), and marker rescue was measured as the fre-
quency of 23* or 34" recombinants in the progeny.

As expected from the original Womack (1965) study,
the frequency of marker rescue recombination from
the ori(34)" irradiated phage for the gene 34 amber
mutation was about fourfold higher than that for the
gene 23 mutation (Figure 5A). This inflation in recom-
bination was abolished by the origin mutations (Figure
5A), consistent with the previous conclusion that T4
origins create hotspots for marker rescue recombina-
tion (YAp and KREUZER 1991).

The ori(34) mutations do not affect recombination
between undamaged phage genomes: The frequency of
homologous recombination between undamaged phage
genomes was measured during co-infections of two

85’

X-arc —_—

comet
nucleus

ori(34)t

ori(34)”

Ficure 3.—The ori(34) mutations abolish phage genomic
replication intermediates. DNA was purified after 6.0, 8.5, and
10.5 min of infection with either T4-34* [ori(34)"] (left) or
T4-34" ori(34) (right). The DNA was digested with Pad,
which cleaves at genome coordinates 147,877 and 154,079 bp
(see map in Figure 1A). The resulting fragments were sepa-
rated by two-dimensional gel electrophoresis as described by
BELANGER and KREUZER (1998) and visualized by Southern
blotting with an ori(34) probe (T4 genome coordinates
152,883-153,935 bp). The positions of the comet nucleus,
bubble arc, and X arc are indicated in the bottom left. Note
that the position of the comet is much farther along the Y
arc (more than half replicated) than in most of the gels of
BELANGER and KrREUZER (1998) due to the location of restric-
tion sites relative to the origin. The arrangement of restriction
sites and origin is most similar to the analysis of ori(uvsY)
in Figure 5D of the aforementioned study [although that
restriction fragment was ~~1.6 kb larger than the ori(34) restric-
tion fragment analyzed here].

phage that differ in both the gene 34-35 region and the
rll region, i.e., T4 34* 7vl[A X T4 35" vlIB. The fre-
quency of recombination between the 34 and 35 amber
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Pacl

comet
nucleus

Ficure 4.—Interpretation of branched molecules at ori(34).
The map at the top indicates the Pad sites used in the digest
and the relative location and direction of ori(34) within the
region (also see Figure 1A). The proposed structures of
branched DNA within the bubble arc, comet nucleus, and X
arc are indicated below the map. The simplest model is that the
bubble arc contains the early intermediates of unidirectional
replication from the origin, the comet nucleus contains mole-
cules in which this unidirectional fork has exited the restric-
tion fragment, and the X arc contains molecules in which
another replication fork has entered the fragment from the
right flank.

mutations, measured by plating on a nonsuppressing
host, should reflect the recombination hotspot pre-
viously measured with undamaged phage genomes (see
Introduction). The frequency of recombination be-
tween the 7/ alleles, measured by plating on a (sup-
pressing) phage A-lysogen, provides a control for
coldspot recombination. By measuring both hotspot
and coldspot recombination within the very same cross,
any experimental variations that artificially alter recom-
bination frequencies should be canceled out. The cross
was performed with two pairs of phage, one wild-type
for ori(34) and one carrying the ori(34) mutations.

In this case, the origin mutations caused no significant
effect on the frequency of recombination in the gene
34 region (Figure 5B). It was important to establish
that we were measuring inflated hotspot recombination,
since we were using different alleles from those used
in the previous studies of this recombination hotspot
(Mosic 1966, 1968; BECKENDORF and WiLsoN 1972;
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Frcure 5.—Effect of the origin mutations on hotspot recom-
bination. The effect of the ori(34) mutations on the hotspot
for marker rescue recombination is shown in A. Phage with
awild-type ori(34) (ori™) and the ori(34) mutations (ori~) were
irradiated with 50 lethal hits of UV. The irradiated donor
phage were co-infected with undamaged helper phage that
carry an amber mutation in gene 34 (hotspot) or gene 23
(coldspot control). The average frequencies of marker rescue
from three infections (with standard deviations) are shown as
am® (34" or 23%) phage over total progeny. The effect of the
ori(34) mutations on the hotspot for recombination between
undamaged phage genomes is shown in B. The two co-infect-
ing phage genomes had the genotypes 34** r[IA and 35" vIIB;
in one case both phage had the wild-type ori(34) (ori"), and
in the other case, both had the ori(34) mutations (ori”). Re-
combination in the gene 34-35 hotspot was measured as the
frequency of am® (347 35") over total progeny and that in
the coldspot region as 7l over total progeny. The average
frequencies of recombination from three infections (with stan-
dard deviations) are shown.
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Levy and GoLDBERG 1980). The previously unse-
quenced alleles were therefore sequenced, and we
found that 2431 bp separates the 34" and 35" muta-
tions, whereas 1724 bp separates the rITA and rIIB muta-
tions (see MATERIALS AND METHODS). On the basis of
these distances, the measured frequency of recombina-
tion per kilobase pair was 93% higher for the gene 34-
35interval than for the rl/interval [ori(34)* phage]. This
comparison argues that the hotspot for recombination
between undamaged phage genomes was indeed having
asignificant effect on the gene 34-35recombination that
we measured. We conclude that the ori(34) mutations
do not affect the hotspot for recombination between
undamaged phage genomes.

DISCUSSION

In this study, we constructed point mutations in the
promoter elements of the phage T4 origin ori(34) and
introduced these into the phage genome. As intended,
the mutations abolished all replication function. Thus,
autonomous replication was eliminated in a plasmid
containing the origin mutations. Also, the origin muta-
tions eliminated three different kinds of phage genomic
replication intermediates relating to origin function.
Although the mutations eliminated the hotspot for
marker rescue recombination from damaged genomes,
they did not affect the hotspot for recombination be-
tween undamaged genomes.

Replicative intermediates at ori(34): As in the past
study of ori(uvsY) (BELANGER and KREUZER 1998), two-
dimensional gel analysis of the ori(34) region revealed
a prominent comet nucleus along the Y arc. The mole-
cules in the comet nucleus apparently consist of inter-
mediates in which the origin has triggered replication
in only one direction, with leading-strand replication
being primed from the origin transcript. The molecules
are in the Y form because the replication fork has exited
the restriction fragment being analyzed (see Figure 4).
Several results, including a relatively short half-life of the
comet, indicate that the second direction of replication
from ori(uvsY) is induced after a short delay (BELANGER
and KrREUZER 1998). These results suggest that assembly
of the two different replication complexes for bidirec-
tional replication is uncoupled and mechanistically dis-
tinct.

The comets formed at ori(uvsY) and ori(34) differ
somewhat in shape, with only the former displaying a
prominent tail (BELANGER and KrReuzer 1998; Figure
3). The molecules in this comet tail apparently result
when the 5" end of the origin transcript is processed
before the branch point from the first direction of repli-
cation is established, because mutational inactivation of
RNaseH activities resulted in an ori(uvsY) comet without
a tail (BELANGER and KrREUZER 1998). Therefore, the
absence (or shortening) of a tail at ori(34) could be
explained by a lack of 5’ end processing at this origin.

Alternatively or in addition, the ori(34) transcript may
be much shorter than the ori(uvsY) transcript, limiting
all branch points to a smaller region.

Along with the comet nucleus, we also detected two
kinds of ori(34) replication intermediates that were not
observed in the previous analysis of ori(uvsY). A promi-
nent bubble arc and X arc were both detected in DNA
fragments containing the wild-type ori(34) but not in
the corresponding fragments when they contained the
origin mutations. Bubble arcs are characteristic of ori-
gin-containing restriction fragments (BREWER and
FaNGMAN 1987; FRIEDMAN and BREWER 1995) and can
be generated with either bidirectional or unidirectional
replication. The molecules within the bubble arc had
a total size less than that of the molecules in the comet
nucleus, as judged by their position in the first-dimen-
sion gel, which separates molecules on the basis of size.
Therefore, these molecules could be generated by uni-
directional replication from the origin. One likely possi-
bility is that these molecules are the precursors to the
comet nucleus, i.e., the intermediates of replication be-
fore the first replication fork exits the restriction frag-
ment (Figure 4). Why were 6 molecules not seen in the
previous study of ori(uvsY)? One possibility is that the
forks initiated at ori(34) initially travel slower, perhaps
because replicative helicase loading is delayed at ori(34).
More experiments are necessary to distinguish between
this and other possibilities.

The X arc detected in the ori(34) region is also depen-
dent on the origin. One end of this arc appears to be
very near or at the nucleus of the comet, which we
infer to contain DNA molecules with a Y branch at the
position of the 5’ end of the origin transcript (see
above). The simplest explanation is that the X arc con-
sists of comet-like molecules in which a second replica-
tion fork has entered the restriction fragment (from
the end opposite to the one in which the initial unidirec-
tional fork exited; see Figure 4). The X arc again appears
to be unique, or at least more prominent, with ori(34)
[compared to ori(uvsY)]. Perhaps another active T4 rep-
lication origin is closer, in the upstream direction, to
ori(34) than to ori(uvsY). Alternatively or in addition, the
second direction of replication from ori(34) might be
more delayed than that from ori(uvsY). The presence
of the X arc even raises the possibility that ori(34) is a
strictly unidirectional origin.

Recombination hotspot with undamaged DNA: Al-
though the origin mutations abolished both DNA repli-
cation from the origin and the hotspot for marker res-
cue recombination from damaged DNA, they had no
effect on the hotspot for recombination between two
undamaged phage genomes. Therefore, ori(34) is not
involved in the generation of the hotspot with undam-
aged DNA. This explains the long-standing mystery of
why the other two hotspots for marker rescue recombi-
nation are not also hotspots for recombination between
undamaged genomes. The two kinds of hotspots are
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mechanistically distinct, and the fact that they both exist
in the gene 34-35 region is apparently a coincidence.

What causes the gene 34-35 hotspot for recombina-
tion between undamaged genomes? One clue is that
the hotspot requires the T4-directed glucosylation of
DNA (LEvy and GOLDBERG 1980). Another is that the
gene 34 region of phage T2 is not normally a hotspot,
but induces a hotspot when it is introduced into the
homologous location in phage T4 (BECKENDORF and
WiLsoN 1972). Therefore, T2 DNA must have the neces-
sary DNA sequence, but either the different glucosyla-
tion pattern or the lack of some other necessary compo-
nent prevents it from being active in the context of a
T2 infection. One reasonable model is that the hotspot
with undamaged genomes results from double-strand
breaks introduced by a T4-encoded site-specific endonu-
clease that is not also encoded by T2. Phage T4 encodes
a family of site-specific endonucleases, some of which
are involved in the process of intron mobility (SHARMA
et al. 1992; CLYMAN et al. 1994). Since the phage has
a very efficient system of double-strand break-directed
recombination, a recombination hotspot could result if
there is indeed a strong cleavage site in the vicinity of
gene 34-35. Further experiments are clearly necessary
to deduce the mechanism of inflated recombination
between undamaged genomes.

Recombination hotspot with DNA damage: The major
conclusion of this work is that ori(34) induces a recombi-
nation hotspot only with damaged DNA. What is the
mechanism of this hotspot recombination? YAr and
KrEUZER (1991) showed that marker rescue recombina-
tion was observed only when the origin was on the dam-
aged genome, and the presence or absence of the origin
on the undamaged genome was irrelevant. Similarly, we
found that ori(34) mutations in the UV-damaged donor
phage eliminated the marker rescue hotspot even
though the recipient amber-mutant phage still carried
an intact ori(34) (Figure 5). Therefore, it seems very
likely that marker rescue recombination involves the
encounter of an origin-generated replication fork with
DNA damage. Presumably, the high level of DNA dam-
age within the irradiated genomes prevents origin-initi-
ated replication forks from traveling very far from the
origins, leading to the localized stimulation of recom-
bination. Similar results were obtained in studies of
marker rescue recombination from UV-damaged phage
T7 DNA (Burck and MiLLER 1978). In this case, dele-
tion of the primary T7 replication origin shifted the
peak of recombination from the location of the primary
origin to the region near the secondary replication ori-
gin (at the left end of the genome). Furthermore, the
T7 recombination hotspot region was preferentially rep-
licated when cells were infected with UV-irradiated T7
phage (and no unirradiated helper phage; Burck and
MILLER 1978). For both the T4 and T7 systems, inflated
recombination in the hotspot could depend on in-
creased copy number of DNA near the origin and/

or recombinogenic structures created when replication
forks meet DNA damage.

The blockage of replication forks by bound proteins,
RNA, or DNA damage has been shown to lead to homol-
ogous recombination in a variety of systems (Burck and
MiLLER 1978; VOELKEL-MEIMAN et al. 1987; HORIUCHI
et al. 1994; HorrucHI and Fujimura 1995). Therefore,
a simple model for the T4 hotspots of marker rescue
recombination is that the origins trigger replication
forks, which are blocked soon after leaving the origin
when they encounter DNA damage. The molecular
pathway for activating recombination at a blocked fork
is uncertain, but may well involve the induction of a
double-strand break at the fork (HorrucHr and Fujr-
MURA 1995; KuzmiNov 1995; MICHEL et al. 1997; SEIG-
NEUR et al. 1998). If so, the newly generated end would
presumably feed into the very active pathway of recombi-
nation-dependent DNA replication (RDR) in T4. T4
RDR can be efficiently triggered by double-strand ends,
and DNA replication has been shown to be very tightly
connected to the repair of double-strand breaks in this
system (KREUZER ¢/ al. 1995; GEORGE and KREUZER 1996;
MUELLER et al. 1996). In those events measured geneti-
cally as marker rescue recombination, the broken end
of the damaged DNA (at the blocked fork) would invade
an undamaged genome (originally containing the amber
mutation), presumably triggering a new replication fork
on that genome by RDR.

Recent work with inhibitors of the phage T4 type II
DNA topoisomerase suggest a similar mechanism for
processing and repair of antitumor drug-induced pro-
tein-DNA crosslinks. A variety of antitumor agents trap
the phage T4 (and mammalian) topoisomerase in the
cleavage complex, a covalent protein-DNA complex in
which the DNA contains an enzyme-bridged DNA break
(reviewed by KrREUZER 1998). The damage caused by
the antitumor agents is likely related to the cleavage
complex, and a pathway of recombinational repair can
mitigate the toxicity (NEECE et al. 1996). A recent analy-
sis of plasmid replication intermediates demonstrated
that T4 replication forks are blocked when they reach
covalent topoisomerase-DNA complexes in vivo (HoNG
and Kreuzer 2000). Interestingly, the fork blockage
persists even after the drug-induced cleavage complexes
reverse, indicating that the forks have been temporarily
or permanently disabled. Although the events subse-
quent to fork blockage are currently unknown, a reason-
able model is that the blocked forks are cleaved (e.g.,
by arecombinational endonuclease; see KREUZER 2000),
opening up the RDR pathway in which double-strand
ends trigger new DNA synthesis.

This model could also provide a simple mechanism
for explaining the fascinating process of multiplicity
reactivation (Luria 1947; RayssiGUIER and VIGIER
1977; KREUZER and DRAKE 1994). In multiplicity reacti-
vation, two or more heavily irradiated phages are able
to reconstitute viable progeny by recombination during
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a co-infection. Since each infecting genome has many
lethal hits of damage, the molecular process that occurs
must somehow actively avoid incorporating DNA dam-
age into the progeny genomes. Perhaps the process
begins much the same way as marker rescue recombina-
tion, with a replication fork being initiated at an origin
but then stopping soon thereafter when it encounters
damage. In this model, the blocked fork is then cleaved,
and the resulting double-strand end triggers a new
round of replication on another template (which is un-
likely to be damaged in the same location). Repeated
rounds would allow replication to traverse the entire
genome, avoiding damage when necessary by jumping
to a new template in the process of RDR.

These pathways are reminiscent of recent proposals
for reactivating replication forks in E. coli after they
have been blocked by damage or otherwise aborted
(KuzmiNov 1995, 1999; Cox et al. 2000; MariaNs 2000;
MicHEL 2000). In this view, the major function of recom-
binational repair is to reconstitute broken or otherwise
damaged replication forks. Evidence suggests that many,
perhaps most, forks initiated at E. coli oriC never make
it to the terminus, but instead need to be reconstituted
by pathways that involve recombination. Because of
their site-specific nature, the T4 hotspots for marker
rescue recombination could provide a productive sys-
tem for analyzing the molecular mechanism of replica-
tion fork reactivation.

We thank Kathy Dudas for help in amplifying and sequencing T4
mutations. This work was supported by grant GM-34622 from the
National Institutes of Health. P.L.D. was supported in part by the
Howard Hughes Forum at Duke University, and K.G.B. by National
Research Service Award 5 T32 CA09111.

LITERATURE CITED

BECKENDORF, S. K., and J. H. WILsON, 1972 A recombination gradi-
ent in bacteriophage gene 34. Virology 50: 315-321.

BELANGER, K. G., and K. N. KrREUZER, 1998 Bacteriophage T4 initi-
ates bidirectional DNA replication through a two-step process.
Mol. Cell 2: 693-701.

BrrL, L., and B. Byers, 1983 Separation of branched from linear
DNA by two-dimensional gel electrophoresis. Anal. Biochem. 130:
527-535.

BREWER, B. J., and W. L. FANGMAN, 1987  The localization of replica-
tion origins on ARS plasmids in S. cerevisiae. Cell 51: 463—-471.

BURrck, K. B., and R. C. MILLER, JRr., 1978 Marker rescue and partial
replication of bacteriophage T7 DNA. Proc. Natl. Acad. Sci. USA
75: 6144-6148.

CaMPBELL, D. A, 1969 On the mechanism of the recombinant in-
crease in X-irradiated bacteriophage T4D, Ph.D. Thesis. Univer-
sity of Washington, Seattle.

Carres-KincH, K., and K. N. KrREUZER, 1997  RNA-DNA hybrid for-
mation at a bacteriophage T4 replication origin. J. Mol. Biol.
266: 915-926.

CLYMAN, J., S. QUIRK and M. BELFORT, 1994 Mobile introns in the
T-even phages, pp. 83-88 in Molecular Biology of Bacteriophage T4,
edited by J. D. KArRam. ASM Press, Washington, DC.

Cox, M. M., M. F. GoopmaN, K. N. KREUZER, D. ]J. SHERRATT, S. J.
SANDLER ¢t al., 2000  The importance of repairing stalled replica-
tion forks. Nature 404: 37-41.

FriepmaN, K. L., and B. J. BREWER, 1995 Analysis of replication
intermediates by two-dimensional agarose gel electrophoresis.
Methods Enzymol. 262: 613-627.

GEORGE, J. W., and K. N. KrREUZER, 1996 Repair of double-strand
breaks in bacteriophage T4 by a mechanism that involves exten-
sive DNA replication. Genetics 143: 1507-1520.

GuILp, N., M. GAYLE, R. SWEENEY, T. HOLLINGSWORTH, T. MODEER et
al., 1988  Transcriptional activation of bacteriophage T4 middle
promoters by the motA protein. J. Mol. Biol. 199: 241-258.

Hong, G., and K. N. KrREUZER, 2000 An antitumor drug-induced
topoisomerase cleavage complex blocks a bacteriophage T4 repli-
cation fork in vivo. Mol. Cell. Biol. 20: 594-603.

Horiuchr, T., and Y. FujiMmura, 1995 Recombinational rescue of
the stalled DNA replication fork: a model based on analysis of
an Escherichia coli strain with a chromosome region difficult to
replicate. J. Bacteriol. 177: 783-791.

HoriucHr, T., Y. Fujimura, H. NisarTani, T. Kopayasar and M.
Hipaka, 1994 The DNA replication fork blocked at the Tersite
may be an entrance for the RecBCD enzyme into duplex DNA.
J. Bacteriol. 176: 4656-4663.

KowaLczykowskr, S. C., 2000 Initiation of genetic recombination
and recombination-dependent replication. Trends Biochem. Sci.
25: 156-165.

KowaLczykowskl, S. C., D. A. DixonN, A. K. EGGLESTON, S. D. LAUDER
and W. M. REHRAUER, 1994 Biochemistry of homologous re-
combination in Escherichia coli. Microbiol. Rev. 58: 401-465.

Kozinskr, A., 1983 Origins of T4 replication, pp. 111-119 in Bacterio-
phage T4, edited by C. K. MATHEWS, E. M. KUTTER, G. Mos1G
and P. B. BERGET. American Society for Microbiology, Washing-
ton, DC.

KRrEUZER, K. N., 1998 Bacteriophage T4, a model system for under-
standing the mechanism of type II topoisomerase inhibitors. Bio-
chim. Biophys. Acta Gene Struct. Expression 1400: 339-347.

Kreuzer, K. N, 2000 Recombination-dependent DNA replication
in phage T4. Trends Biochem. Sci. 25: 165-173.

KRrEUZER, K. N., and B. M. ALBERTS, 1985 A defective phage system
reveals bacteriophage T4 replication origins that coincide with
recombination hot spots. Proc. Natl. Acad. Sci. USA 82: 3345—
3349.

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.

KrEUZER, K. N.,and J. W.DRAKE, 1994 Repair of lethal DNA damage,
pp- 89-97 in Molecular Biology of Bacteriophage T4, edited by J. D.
Karam. ASM Press, Washington, DC.

KRrREUZER, K. N.,and S. W. MORRICAL, 1994 Initiation of DNA replica-
tion, pp. 28-42 in Molecular Biology of Bacteriophage T4, edited by
J. D. Karam. ASM Press, Washington, DC.

KRrEUZER, K. N., H. W. EN6GMAN and W. Y. YaP, 1988a  Tertiary initia-
tion of replication in bacteriophage T4: deletion of the overlap-
ping uvsY promoter/replication origin from the phage genome.
J. Biol. Chem. 263: 11348-11357.

KRrEUZER, K. N., W. Y. Yapr, A. E. MENKENS and H. W. ENcMAN, 1988b
Recombination-dependent replication of plasmids during bacte-
riophage T4 infection. J. Biol. Chem. 263: 11366-11373.

KRrEUZER, K. N., M. SAUNDERS, L. J. WEIsLo and H. W. E. KREUZER,
1995 Recombination-dependent DNA replication stimulated by
double-strand breaks in bacteriophage T4. J. Bacteriol. 177: 6844—
6853.

KuzmiNnov, A., 1995  Collapse and repair of replication forks in Esche-
richia coli. Mol. Microbiol. 16: 373-384.

KuzmiNov, A., 1999 Recombinational repair of DNA damage in
Escherichia coli and bacteriophage lambda. Microbiol. Mol. Biol.
Rev. 63: 751-813.

KuzMminov, A., E. ScHABTACH and F. W. StaHL, 1994 x sites in
combination with RecA protein increase the survival of linear
DNA in Escherichia coli by inactivating exoV activity of RecBCD
nuclease. EMBO ]J. 13: 2764-2776.

KuzmiNov, A., E. ScnastacH and F. W. Stanr, 1997  Study of plas-
mid replication in Escherichia coli with a combination of 2D gel
electrophoresis and electron microscopy. J. Mol. Biol. 268: 1-7.

Levy,].N., 1975 Effects of radiophosphorus decay in bacteriophage
T4D. II. The mechanism of marker rescue. Virology 68: 14-26.

LEvy, J. N, and E. B. GOLDBERG, 1980 Region-specific recombina-
tion in phage T4. I. A special glucosyl-dependent recombination
system. Genetics 94: 519-530.

Luria, S., 1947 Reactivation of irradiated bacteriophage by transfer
of self-reproducing units. Proc. Natl. Acad. Sci. USA 33: 253-264.



Recombination Hotspots in Phage T4 1087

Mari1ans, K. J., 2000  PriA-directed replication fork restart in Esche-
richia coli. Trends Biochem. Sci. 25: 185-189.

MaTTson, T., G. VAN Houwe, A. BoLLE and R. EpsTEIN, 1983 Fate
of cloned bacteriophage T4 DNA after phage T4 infection of
clone-bearing cells. J. Mol. Biol. 169: 343-355.

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

MicHEL, B., 2000 Replication fork arrest and DNA recombination.
Trends Biochem. Sci. 25: 173-178.

MicHEL, B., S. D. EnrLIcH and M. UzesT, 1997 DNA double-strand
breaks caused by replication arrest. EMBO ]J. 16: 430-438.
Mosig, G., 1966 Distances separating genetic markers in T4 DNA.

Proc. Natl. Acad. Sci. USA 56: 1177-1183.

Mosic, G., 1968 A map of distances along the DNA molecule of
phage T4. Genetics 59: 137-151.

Mosic, G., 1983  Relationship of T4 DNA replication and recombina-
tion, pp. 120-130 in Bacteriophage T4, edited by C. K. MATHEWS,
E. M. KUTTER, G. MosiG and P. B. BERGET. American Society
for Microbiology, Washington, DC.

Mosig, G., 1994 Homologous recombination, pp. 54-82 in Molecular
Biology of Bacteriophage T4, edited by J. D. Karam. ASM Press,
Washington, DC.

Mosic, G., 1998 Recombination and recombination-dependent
DNA replication in bacteriophage T4. Annu. Rev. Genet. 32:
379-413.

Mosic, G., N. E. CoLowick, M. E. GrRuipL, A. CHANG and A. HARVEY,
1995 Multiple initiation mechanisms adapt phage T4 DNA repli-
cation to physiological changes during T4’s development. FEMS
Microbiol. Rev. 17: 83-98.

MUELLER, J. E., T. CLymaN, Y. J. HuaNG, M. M. PARKER and M.
BELFORT, 1996 Intron mobility in phage T4 occurs in the con-
text of recombination-dependent DNA replication by way of mul-
tiple pathways. Genes Dev. 10: 351-364.

MyERrs, R. S., and F. W. StaHL, 1994 X and the RecBCD enzyme of
Escherichia coli. Annu. Rev. Genet. 28: 49-70.

NEECE, S. H., K. CARLES-KINCH, D. J. ToMmso and K. N. KREUZER, 1996
Role of recombinational repair in sensitivity to an antitumor
agent that inhibits bacteriophage T4 type II DNA topoisomerase.
Mol. Microbiol. 20: 1145-1154.

PAques, F., and J. E. HABER, 1999 Multiple pathways of recombina-
tion induced by double-strand breaks in Saccharomyces cerevisiae.
Microbiol. Mol. Biol. Rev. 63: 349-404.

RAYSSIGUIER, C., and P. R. R. VIGIER, 1977 Genetic evidence for
the existence of partial replicas of T4 genomes inactivated by
irradiation under ultraviolet light. Virology 78: 442—452.

SEIGNEUR, M., V. BIDNENKO, S. D. EHRLICH and B. MicHEL, 1998
RuvAB acts at arrested replication forks. Cell 95: 419-430.

SHARMA, M., R. L. ErL1s and D. M. HinTON, 1992 Identification of
a family of bacteriophage T4 genes encoding proteins similar to
those present in group I introns of fungi and phage. Proc. Natl.
Acad. Sci. USA 89: 6658-6662.

StaHL, F., 1996 Meiotic recombination in yeast: coronation of the
double-strand-break repair model. Cell 87: 965-968.

VAISKUNAITE, R., A. MILLER, L. DAVENPORT and G. MosIG, 1999 Two
new ecarly bacteriophage T4 genes, repl’/A and repEB, that are
important for DNA replication initiated from origin E. J. Bacte-
riol. 181: 7115-7125.

VOELKEL-MEIMAN, K., R. L. KeiL and G. S. ROEDER, 1987 Recombina-
tion-stimulating sequences in yeast ribosomal DNA correspond
to sequences regulating transcription by RNA polymerase I. Cell
48: 1071-1079.

Womack, F. C., 1965  Cross reactivation differences in bacteriophage
T4D. Virology 26: 758-761.

Yar, W. Y., and K. N. KREUZER, 1991 Recombination hotspots in
bacteriophage T4 are dependent on replication origins. Proc.
Natl. Acad. Sci. USA 88: 6043-6047.

Communicating editor: R. MAURER



