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Replication forks routinely encounter damaged DNA and tightly
bound proteins, leading to fork stalling and inactivation. To com-
plete DNA synthesis, it is necessary to remove fork-blocking lesions
and reactivate stalled fork structures, which can occur by multiple
mechanisms. To study the mechanisms of stalled fork reactivation,
we used a model fork intermediate, the origin fork, which is
formed during replication from the bacteriophage T4 origin,
ori(34). The origin fork accumulates within the T4 chromosome in
a site-specific manner without the need for replication inhibitors or
DNA damage. We report here that the origin fork is processed in
vivo to generate a regressed fork structure. Furthermore, origin
fork regression supports two mechanisms of fork resolution that
can potentially lead to fork reactivation. Fork regression generates
both a site-specific double-stranded end (DSE) and a Holliday
junction. Each of these DNA elements serves as a target for
processing by the T4 ATPase/exonuclease complex [gene product
(gp) 46/47] and Holliday junction-cleaving enzyme (EndoVII), re-
spectively. In the absence of both gp46 and EndoVII, regressed
origin forks are stabilized and persist throughout infection. In the
presence of EndoVII, but not gp46, there is significantly less
regressed origin fork accumulation apparently due to cleavage of
the regressed fork Holliday junction. In the presence of gp46, but
not EndoVII, regressed origin fork DSEs are processed by degra-
dation of the DSE and a pathway that includes recombination
proteins. Although both mechanisms can occur independently,
they may normally function together as a single fork reactivation
pathway.

2D gel electrophoresis � DNA replication � recombination � restart

Replication forks routinely encounter various lesions, ranging
from damaged nucleotide residues to covalent protein–DNA

complexes. The consequences of these encounters depend on the
type and position of the lesion (1). Although some lesions result
in fork breakage, many result in fork stalling and replisome
inactivation. Presumably, replisome disassembly is important for
the repair of the original DNA lesion. However, it is then
necessary to reactivate stalled forks to complete replication and
maintain genome stability. Therefore, it is critical to understand
the mechanisms of stalled fork resolution and reactivation.

To identify the pathways of stalled fork reactivation, we have
used a model fork intermediate that is formed during replication
from bacteriophage T4 origin, ori(34). Replication from ori(34)
occurs bidirectionally through a two-step process (Fig. 1) (2). A
middle-mode promoter and DNA unwinding element promote
the formation of an R loop that initiates the first replication fork
(3). The mechanism of T4 replication from an R loop has been
analyzed in vitro (4). Initially, the branch structure of the R loop
supports the binding of the replicative helicase loader [gene
product (gp) 59], which promotes removal of the ssDNA-binding
protein (gp32) in favor of the replicative helicase (gp41). Gp59
also functions as a gatekeeper, preventing uncoupled leading-
strand extension until gp41 is loaded (5, 6). When gp59 is absent,
replication proceeds at a slower rate before assembly of the
replicative helicase, but the helicase (and the associated primase)
does load onto the fork at a reduced efficiency (4). In either case

(presence or absence of gp59), when the initial replication fork
leaves the origin region, a site-specific branch is left behind at the
origin; we refer to this transient fork-shaped intermediate as the
origin fork (Fig. 1, gray box). After some delay, the origin fork
is converted into a functional retrograde replication fork by
unknown mechanisms. Presumably, gp59 could load gp41 di-
rectly onto fork intermediates to allow activation without fork
processing. However, the delayed activation of the origin fork
suggests that other mechanisms also are involved. We propose
that the origin fork is a useful model for studying the mechanisms
of stalled fork activation in a site-specific manner without the
need for replication inhibitors or DNA damage (which typically
are used to generate such models in vivo).

Bacteriophage T4 replication is tightly coupled to recombi-
nation. Although replication at early times of infection is origin-
dependent, late replication is driven by recombination proteins
in a process called recombination-dependent replication (RDR)
(7). Gp46/47, a member of the Rad50/Mre11 family, acts on
dsDNA ends (DSEs) that arise during T4 infection, promoting
end degradation and preparing ends for homologous recombi-
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Fig. 1. Replication of T4 origin ori(34). Wavy lines indicate the position of
ori(34) transcripts. Horizontal arrows indicate the direction of an active rep-
lication fork. The highlighted branched molecule is the origin fork, activation
of which (last step) is the subject of this study.
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nation (8, 9). In this regard, gp46/47 exhibits specific protein–
protein interactions with the T4 recombination mediator pro-
tein, UvsY (10). This interaction is thought to recruit UvsY to
newly generated ssDNA and to promote loading and filamen-
tation of the T4 strand-exchange protein, UvsX. The invasion of
a processed DSE into duplex DNA creates a D-loop structure,
which, like the R loops discussed in the previous paragraph, can
be used to initiate replication. During RDR, the invading 3� end
serves as the primer for leading-strand replication, whereas the
displaced ssDNA region facilitates gp59-mediated loading of
gp41 (11).

The T4 Holliday junction-cleaving enzyme (EndoVII), the
product of gene 49, is a structure-specific endonuclease and was
the first enzyme shown to resolve Holliday junctions (12).
EndoVII-deficient infections accumulate an abundance of
heavily branched intermediates (13). The major function of
EndoVII appears to be the resolution of branched molecules
before packaging of DNA into phage heads. In contrast to some
other resolvases, such as RuvC, EndoVII can act on a broad
range of DNA structures in vitro, including fork-shaped struc-
tures (14–16).

To analyze the replication and recombination intermediates
produced during T4 infection, we have used 2D agarose gel
electrophoresis. 2D gels allow separation and visualization of
different DNA intermediates based on their size and shape (17).
Restriction fragments containing a single replication fork mi-
grate along the Y arc of 2D gels, and the origin fork forms a
comet-like shape along the Y arc (2). Recently, several labora-
tories have reported the appearance of a cone-shaped region that
migrates above the Y arc in 2D gels (18–20). The intermediates
within this diffuse cone region were assigned as regressed fork
intermediates, but this assignment has been challenged. Fierro-
Fernandez et al. (21) demonstrated that the 2D gel-migration
pattern of simple fork regression does not match the observed
cone shape. In addition, several different types of replication
intermediates also have been shown to migrate within the cone
region (5, 19, 22).

Using 2D agarose gel electrophoresis, we report here that the
T4 origin fork undergoes fork regression in vivo and that
regression supports two separate mechanisms of origin fork
processing. Regression occurs when the newly formed leading
and lagging strands of a fork become dissociated from their
templates and hybridize to each other (23). This reaction creates
a new DSE in the extruded DNA and a Holliday junction at the
fork. We find that these two DNA elements serve as targets for
processing by gp46/47 and EndoVII, respectively. In addition, we
describe the appearance of a modified cone region that results
from gp46/47-mediated degradation of the regressed origin fork
DSE, explaining how regression can contribute to the formation
of a cone region similar to those described previously (18–20).

Results
T4 Origins Provide a Model for Stalled Fork Processing. Replication
of ori(34) involves the formation of a transient fork-shaped
intermediate, which we call the origin fork (Fig. 1) (2). Origin
forks accumulate at early times of infection and disappear as the
infection progresses. Origin replication is repressed at late times
by UvsW, an RNA–DNA helicase that displaces the ori(34)
transcript from the R loops (24). The disappearance of the origin
fork as new initiation is repressed implies processing and reso-
lution of the origin fork.

Several reports have described the appearance of DSEs
(and/or broken chromosomes) in association with replication
fork stalling (15, 25–28). DSEs could be created from stalled
forks by several possible mechanisms, including fork breakage
during inactivation, fork cleavage by endonucleases, head-to-tail
fork collisions, and fork regression. If the origin fork is a good

model for stalled forks, we would expect DSE formation at
ori(34).

Although we did not detect DSE formation in a wild-type
infection, we readily detected a 1.48-kb DSE fragment from the
ori(34) region in a 46� mutant infection (after digestion with
AseI) (Fig. 2B, open arrow). DSEs are stabilized in 46� infec-
tions due to the absence of end processing (29). The ori(34) DSE
fragment length is equal to that of one of the newly replicated
arms of the origin fork. Furthermore, the 1.48-kb DSE fragment
was detected with a probe downstream of ori(34) but not with an
upstream probe (Fig. 2 B and C), and the DSE fragment
accumulation depends on the presence of a functional ori(34)
(Fig. 2D) (30). These results argue strongly that the ori(34) origin
fork leads to specific DSE formation. Although the mecha-
nism(s) of DSE formation at ori(34) remain unclear, the ap-
pearance of DSE fragments argues that origin forks are subject
to the processing pathways invoked for stalled replication forks.

Accumulation and Resolution of Origin Forks in Various Mutant
Infections. We sought to identify genes that might be involved in
the activation of the T4 origin fork. Using 2D agarose gel
electrophoresis to visualize replication intermediates, we
screened different mutant infections for increased levels of
origin fork accumulation. Fig. 3A summarizes the maximum
accumulation of origin forks relative to the background level of
fork structures present along the Y arc for each of the mutants
tested [complete 2D gel time courses can be seen in supporting
information (SI) Fig. S1]. Mutational inactivation of several
genes reproducibly resulted in a marked increase in maximum
origin fork accumulation (46, 49, uvsX, and uvsY). However, the
accumulation of origin forks would depend on their rates of
formation and resolution. Therefore, any one of these mutations
could potentially be increasing origin fork formation (e.g., by
stabilizing the R loop) or decreasing fork resolution. Interest-
ingly, mutation of gene 59 did not result in an increase of origin
forks during infection. The simplest interpretation is that direct
loading of gp41 by gp59 is not a major pathway of origin fork
activation.

We next asked whether any of the mutants show a deficiency
in origin fork resolution over time by estimating the intensity of
origin forks at different times of infection (Fig. 3B and Fig. S1).
We also normalized the time courses for maximum accumulation
to allow a direct comparison of the different infections (Fig. 3C
and Fig. S1). Despite the increased accumulation seen in several
mutants, only one phage strain, the double mutant 46�/49�,
showed a striking delay in origin fork resolution. Interestingly,

Fig. 2. Accumulation of DSEs within the ori(34) region. Total DNA from the
indicated T4 infections was digested with AseI and separated by agarose gel
electrophoresis. DNA was visualized by Southern blot with a probe specific to
the DNA region either upstream (C) or downstream (A, B, and D–F) of ori(34).
Full-length restriction fragments and the 1.48-kb DSE fragment are indicated
by a closed and open arrow, respectively. Note that incomplete digestion of
T4-modified DNA results in two full-length linear bands. T4 incorporates
5-hydroxymethylcytosine residues that are further modified with glucosyl
groups after replication, which blocks the action of most restriction enzymes.
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both 46 and 49 single-mutant infections displayed near wild-type
rates of resolution. These results indicate that the products of
genes 46 and 49 can resolve origin forks through two separate
mechanisms and that either mechanism is sufficient for wild-type
rates of resolution.

Regressed Fork Intermediates Are Stabilized in 46�/49� Infections.
The double 46�/49� mutant infections showed a striking accu-
mulation of a replication intermediate that was barely detectable
in wild-type or single-mutant infections; this intermediate is
indicated by the arrow in Fig. 4D (also see Fig. S1). The
intermediate formed an arc with a migration pattern similar to
that seen for X-shaped molecules, which consist of two full-
length restriction fragments connected by a Holliday junction.
However, the molecules in the arc are smaller in total size than
X-shaped molecules, and the arc appears to originate from the
origin fork position. The arc is very similar to arcs described by
Fierro-Fernandez et al. (21), which were shown to contain
regressed replication fork molecules (see Fig. 4F).

The plasmid-based model fork analyzed by Fierro-Fernandez
et al. (21) was shown to undergo regression in vitro after
restriction enzyme digestion. However, we found that the accu-
mulation of the intermediate was specific to particular infections
(e.g., 46�/49� infections), whereas the origin fork accumulated
without the arc in various other infections (Fig. S1). These results
argue that the putative regressed forks are forming in vivo in the
46�/49� infections, not during extraction or DNA processing. To
test this inference more directly, we analyzed DNA from a
46�/49� infection that had undergone interstrand cross-linking
before cell lysis and DNA preparation (Fig. S2 C and D).

Cross-linking was confirmed by heat-treating a portion of the
sample to 100°C for 5 min, followed immediately by electro-
phoresis (Fig. S2 B and D). Most of the cross-linked DNA
migrated as duplex (i.e., had rapidly renatured because of the
cross-links). Moreover, the melted and rapidly renatured DNA
still showed the arc, indicating that all of the arms had been
cross-linked in vivo. These results strongly argue that fork
regression occurred in vivo.

If the intermediate is formed by origin fork regression, then it
should only be detected with a functional ori(34). We therefore
introduced an ori(34) mutation (30) into the 46�/49� phage
background. As predicted, the 46�/49�/ori(34)� phage infections
did not lead to the appearance of regressed fork molecules
(Fig. 4E).

As a final test for the structure of the intermediate, we used
a variant of 2D gel electrophoresis that allows some spontaneous
branch migration in between the first and second dimensions
(21). Extensive branch migration of a regressed fork can result
in complete extrusion of the regressed arm and generation of the
full-length restriction fragment. The resulting 2D gel of DNA
from 46�/49� infections (9 min after infection) showed the loss
of both X-shaped molecules (which contain Holliday junctions)
and the regressed fork intermediate, whereas fork-shaped mol-
ecules (including the origin fork) were not resolved (Fig. S3).
This result was accompanied by the appearance of full-length
linear fragments and a spot that migrates at the expected
position for an extruded 5.2-kb regressed arm (Fig. S3, dotted
circle). Taken together, these results argue strongly that origin

Fig. 3. Accumulation and resolution of origin forks. Total DNA from the
indicated T4 infections was digested with PacI and separated by 2D gel
electrophoresis. Gels were visualized by Southern blot with a probe specific to
the ori(34) region. The level of origin forks in each 2D gel is expressed as the
fold excess of origin forks relative to the background level of fork structures
along the Y arc (measured at a site adjacent to the origin fork). The complete
2D gel time courses are shown in Fig. S1. (A) Maximum origin fork accumula-
tion from each phage infection (not always the same time point). (B) Origin
fork accumulation throughout time course of the infections. (C) Origin fork
accumulation throughout infection, but with each curve normalized to one at
the maximum accumulation. For each affected mutant, a relative increase at
the maximal time point was seen in at least one additional experimental
replicate. We also quantitated three repeats of the wild-type and five repeats
of the 46�/49� double mutant, finding the following values (average �
standard deviations): 2.46 � 0.84 (wild type) and 8.77 � 1.63 (46�/49�). The
functions of the T4 proteins are indicated in A. gp59, replicative helicase
loading protein; gp49, EndoVII (cleaves branched DNA); UvsY, recombination
mediator (loads UvsX); UvsX, strand exchange protein; gp46, component of
the gp46/47 recombination exonuclease (Rad50/Mre11homolog).

Fig. 4. Replication intermediates from mutant infections. (A–E) The 2D gel
image with maximum origin fork accumulation (9 min after infection) is
shown for each phage infection indicated. Complete 2D gel time courses are
shown in Fig. S1. (F and G) The 2D gel diagrams show the migration of origin
forks undergoing regression (F) and regressed origin forks undergoing DSE
degradation (G). The structures of different intermediates are shown with the
corresponding 2D gel migration position indicated.
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forks are processed into regressed fork intermediates in vivo,
which are stabilized by mutational inactivation of gp46 and gp49.

The Role of EndoVII in Regressed Fork Cleavage. In the presence of
EndoVII, but not gp46 (46�/49� infections), we detected �2-
fold less regressed origin forks (as a fraction of total replication
intermediates) compared with 46�/49� infections (compare Fig.
4 B and D). This decrease is consistent with EndoVII-mediated
cleavage of the regressed fork Holliday junction. However,
previous reports have suggested that EndoVII also cleaves
Y-shaped molecules, such as the origin fork, in vivo (14, 15).
Direct cleavage of the origin fork junction by EndoVII would
decrease the number of origin forks available for regression,
indirectly decreasing the accumulation of regressed origin forks.
Contrary to this theory, we found nearly identical amounts of
origin forks (as a fraction of total replication intermediates)
from the 46� and 46�/49� infections (Fig. 3A). We also analyzed
the cleavage products produced during these infections. Direct
cleavage of the origin fork junction by EndoVII would produce
DSE fragments of the same size as those seen in Fig. 2 (1.48 kb).
However, the same size fragment also could be generated by
branch migration of the Holliday junction in the regressed fork
past the restriction enzyme site regardless of whether the
junction is cleaved. We detected a very modest decrease in the
generation of the 1.48-kb band in the 46�/49� infection com-
pared with the 46� infection (average of �15% decrease), but
this small decrease was not statistically significant. Particularly
because the 1.48-kb fragment can be potentially generated by
multiple pathways, further analysis is required to determine
which origin fork structure(s) are cleaved by EndoVII in vivo.

To further investigate the possible role of EndoVII in fork
processing, we created a gene 49hairpin mutation. The 49hairpin

mutation disrupts the formation of a hairpin on the gene 49
transcript that is believed to prevent expression of full-length
EndoVII at early times of infection (31). The 49hairpin mutation
should therefore result in unusually early expression of EndoVII
during infection. The 49hairpin mutation dramatically increases
sensitivity to two different inhibitors that block replication forks:
4�-(9-acridinylamino) methanesulfon-m-anisidide (m-AMSA)
and hydroxyurea (HU) (Fig. 5). These inhibitors block fork
progression by inducing topoisomerase cleavage complexes and
limiting deoxynucleotide production, respectively (32, 33). The
hypersensitivity phenotypes suggest that stalled fork intermedi-
ates or their byproducts are cleaved by EndoVII when it is
expressed at early times of infection. We also introduced the
49hairpin mutation into a 46� background to see whether it would
lead to increased production of the ori(34) DSE fragment but
failed to find a significant change (Fig. 2F).

Taken together, these results suggest that EndoVII cleaves, at
most, a limited amount of origin forks directly in vivo. Never-
theless, the hypersensitivity phenotypes of the 49hairpin mutant
and the decrease in regressed origin forks in EndoVII-proficient
infections suggest that EndoVII cleaves the Holliday junction of
regressed forks in vivo.

Gp46/47 and Regressed Fork Degradation. In the presence of gp46,
but not EndoVII (46�/49� infections), the regressed fork arc is
absent. Nonetheless, we detect a transient accumulation of
intermediates that form a modified cone shape, rather than a
discrete arc (compare Fig. 4 C and D). The modified cone region
forms a heavy smear that extends from the regressed arc position
down to the Y arc. This pattern is consistent with gp46/47-
mediated degradation of the DSE produced by origin fork
regression (see Fig. 4G).

According to this interpretation, the cone region consists of
intermediates that have undergone differing amounts of branch
migration and DSE degradation. If the regressed DSE is com-
pletely degraded by gp46/47, then it should produce a simple
Y-shaped molecule that is smaller in total size than the origin
fork (i.e., migrating above and to the right of the origin fork along
the Y arc). Consistent with this prediction, we detected an
increased accumulation in this region of the Y arc in 46�

infections (both wild-type and 49� infections) (Fig. 6). The
simplest interpretation is that regressed DSE degradation is
responsible for this increased Y-arc accumulation. However, we
cannot rule out an alternate possibility (i.e., that the leading and
lagging strands of the origin fork are degraded without regres-
sion by some gp46/47-dependent process).

Discussion
The phage T4 ori(34) origin fork provides a useful model for
studying the mechanisms of replication fork reactivation. The
position of the origin fork is set by the origin sequence, which
generates a site-specific fork intermediate that is formed natu-
rally without the use of replication inhibitors or DNA damage.
However, it is important to stress that the origin fork is not a
bona fide stalled replication fork, and these studies analyze fork
activation rather than reactivation. This study does not address
the immediate consequences of fork stalling per se on the
replication machinery or stalled fork structure. Instead, the
uniform nature of the origin fork allows for focused analysis of
the mechanisms that contribute to fork processing and
activation.

Although T4 DNA replication is origin-dependent at the
earliest times of infection, late replication occurs in a recombi-
nation-dependent fashion. Our results argue that even the early
intermediates of replication at the T4 origins can be processed
by recombination proteins, including gp46/47 and EndoVII.
Although some origin forks might be activated directly by
gp59-dependent loading of the replisome (6), the persistence of
origin forks in the 46�/49� double mutant argues that a signif-
icant fraction are normally processed by recombination proteins.
Given the tight link between T4 replication and recombination,
it is perhaps not surprising that recombination and regression

Fig. 5. 49hairpin mutation causes hypersensitivity to m-AMSA and HU. Lawns
of E. coli MCS1 were prepared on square Petri dishes with a gradient of
m-AMSA �75 �g/ml or HU �2.25 mg/ml (direction of concentration gradient
indicated at top). Aliquots of �300 plaque-forming units of wild-type or
49hairpin� phage were spotted six times across the gradient. Note that growth
of the MCS1 cells is prevented at the highest HU concentrations.

Fig. 6. Accumulation of fork-shaped molecules along the Y arc of 2D gels
during infection. The intensity of the Y arc was measured in progressive circles
for the 2D gels of wild-type, 46�, 49�, and 46�/49� infections (from Fig. 4 A–D,
respectively). To compare fork accumulation among gels, values were nor-
malized for maximum intensity at the position of the unprocessed origin fork.
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play a prominent role in the activation of stationary fork
structures at T4 origins.

A number of fork reactivation models have invoked a re-
gressed fork intermediate (1). Fork regression involves the
formation of a DSE and a Holliday junction, and we have shown
here that these two DNA elements serve as targets for resolution
by gp46/47 and EndoVII, respectively. When both mechanisms
of resolution are disabled (during 46�/49� infections), regressed
origin forks are stabilized throughout infection, suggesting that
regression is a dominant pathway of fork reactivation in T4.
Although 46�/49� infections accumulate a large population of
regressed origin forks, a limited accumulation also is seen in
wild-type infections at early times (Fig. 4A and Fig. S1). There-
fore, regressed forks are formed naturally during wild-type
infections and are merely stabilized by gene 46 and 49 mutations.
Although the mechanisms of fork resolution supported by
gp46/47 and EndoVII can occur independently of each other
(46�/49� and 46�/49� infections), both proteins might normally
function together in a single recombination-dependent fork
reactivation pathway (see Fig. 7).

Degradation of a regressed DSE by gp46/47 may be coupled
to strand invasion and homologous recombination because
gp46/47 prepares broken ends for strand invasion (9). Formation
of a D loop could thereby trigger a localized RDR event near the
origin, which would indeed represent a simple mechanism of
origin fork activation. Because T4 infections can involve numer-
ous chromosome copies from both coinfection and previous
rounds of replication, DSE invasion could in theory favor either
intra- or intermolecular recombination. Particularly if Holliday
junction cleavage (at the regressed fork) is delayed until after
strand invasion, then the regressed DSE may favor intramolec-
ular recombination (i.e., formation of a D loop just ahead of the
regressed fork). The ori(34) region is not a recombination
hotspot when the DNA is undamaged (30), arguing against high
levels of intermolecular DSE invasion.

Previous Escherichia coli studies suggest coordination be-
tween fork regression and Holliday junction cleavage (34). Thus,
Holliday junction cleavage might be directly influenced by
interactions with factors that promote fork regression. In addi-
tion, Donaldson et al. (35) have proposed that fork regression
and DSE degradation are coordinated in E. coli. In their model,
degradation of the regressed duplex is coupled to regression,
which limits its length and likely discourages intermolecular
recombination.

Several laboratories have recently reported the appearance of
a cone-shaped region in 2D gels. Although this collection of
intermediates has been attributed as regressed forks, Fierro-
Fernandez et al. (21) showed that the migration pattern expected
from simple regression differs from that of the cone shapes
reported (also see the Introduction). Our data provide a possible
explanation for this discrepancy: The cone shapes reported
recently are consistent with regressed fork intermediates that
have undergone DSE degradation (Fig. 4 C and G).

Many of the T4 proteins analyzed in this study have both
bacterial and eukaryotic counterparts that could serve similar
functions following fork regression in other systems. In E. coli,
both RusA (36) and RuvC (37) are Holliday junction-cleaving
enzymes, and RuvC has been proposed to cleave Holliday
junctions generated by fork regression (38). In Schizosaccharo-
myces pombe and Saccharomyces cerevisiae, Mus81 complexes
have recently been shown to promote Holliday junction resolu-
tion in vitro (39), although their role in vivo is less understood.
As mentioned earlier, gp46/47 is a member of the Rad50/Mre11
family, which includes SbcCD in E. coli. Gp46/47 also shares
functional similarities with RecBCD (40) in E. coli. All three
protein complexes appear to play important roles in DNA
processing dependent on the target DNA structure. Interest-
ingly, Rad50/Mre11 has been shown to interact with stalled
replication forks (41) and could well play a similar role in
processing DSEs generated by fork regression.

Materials and Methods
Bacterial Phage and Strains. The bacterial host for phage infections is a
derivative of E. coli CAG12135 with the following additional mutations:
acrA::Tn10-kan, recA::Tn10-cam, and recD. E. coli strain MCS1 (42) was used to
produce a lawn on the gradient plates. The phage T4 strains used in this study
are all derivatives of the K10 strain [amB262 (gene 38), amS29 (gene 51), nd28
(denA), and rIIPT8 (rII-denB deletion)], which is considered wild type for this
study (43). The additional phage T4 mutations used in this study include
different combinations of amB14 (gene 46), amE727 (gene 49), amHL628
(gene 59), am11 (uvsX), uvsY� (also referred to as K10-608) (42), gene 49hairpin�

(GG3TT mutation at T4 coordinates 46880–46881), and ori(34)� (six-point
mutations at T4 coordinates 153017–153035) (30).

T4 Infection and DNA Preparation. Bacterial cells were grown with vigorous
shaking at 37°C to a cell density of 4 � 108 per ml (OD560 � 0.5) and infected
with the indicated phage strain at a multiplicity of six plaque-forming units
per cell. After 4 min at 37°C without shaking (for adsorption), incubation was
continued with shaking for the indicated time. For each time point, infected
cells from 1 ml of culture were collected by centrifugation at 15,800 � g for 2
min and resuspended in 300 �l of lysis buffer [50 mM Tris�HCl (pH 7.8), 10 mM
disodium EDTA, 100 mM NaCl, and 0.2% SDS]. Proteinase K was added to 0.5
mg/ml, and the resuspension was incubated at 65°C for 2 h. Total nucleic acid
was extracted sequentially with phenol and chloroform-isoamyl alcohol (24:1)
and then dialyzed overnight at 4°C against TE buffer [10 mM Tris�HCl (pH 7.8)
and 1 mM disodium EDTA].

2D Agarose Gel Electrophoresis. Total DNA from infected cells was treated with
restriction endonuclease PacI (New England Biolabs) before analysis by 2D
agarose gel electrophoresis according to Friedman and Brewer (17). Addi-
tional details about 2D gel electrophoresis conditions, including the modified
extrusion method, are found in Figs. S1 and S3.

Southern Blots. Agarose gels were transferred to a 0.45-�m Nytran transfer
membrane (Whatman) by the downward sponge method (44). After transfer,
the DNA was cross-linked to the membrane with a 120 mJ/cm2 UV exposure.
Radiolabeled probes were generated by using a PCR fragment and the Ran-
dom-Primed DNA Labeling kit (Roche). All blots were visualized by using the
Storm 860 PhosphorImager (Molecular Dynamics) and quantitated with
ImageQuant software (Molecular Dynamics).

DSE Accumulation Assay. Total DNA from infection was treated with restriction
endonuclease AseI (New England Biolabs) before separation on a 1% agarose
gel run in 0.5� TBE buffer for 12 h at 2 V/cm at room temperature. The gel was
visualized by Southern blot with a probe that is specific to a region either

Fig. 7. Pathways of fork processing and activation. Holliday and double-
Holliday junctions are abbreviated HJ and DHJ, respectively. In the T4 system,
EndoVII could catalyze fork cleavage and HJ/DHJ cleavage/resolution, UvsX
catalyzes the strand invasion or reinvasion (assisted by UvsY), and the gp46/47
complex participates in DSE degradation. Direct fork activation could poten-
tially be promoted by the helicase-loader gp59, and the mechanism of fork
regression is still unknown.
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upstream (T4 coordinates 153195–153783) or downstream (T4 coordinates
151767–152688) of ori(34). Quantitation of DSE accumulation is expressed as
a fraction of total linear molecules present at each time point.

Drug-Sensitivity Gradient Plates. Phage sensitivity to m-AMSA and HU was
analyzed by using gradient plates as described by Woodworth and Kreuzer
(45). First, 25 ml of T4 agar (13 g of Bactotryptone, 8 g of NaCl, 2 g of sodium
citrate dihydrate, 1.3 g of glucose, and 10 g of agar per liter) with 75 �g/ml
m-AMSA or 2.25 mg/ml HU was poured into a square Petri plate with one edge

elevated. Once solidified, the plate was leveled and another 25 ml of T4 agar
(without drug) was added. A lawn of E. coli was produced by growing MCS1
to a cell density of 4 � 108 per ml and then plating 500 �l of cells in 5 ml of
drug-free T4 top agar (same as T4 agar except with 4 g of agar per liter).
Aliquots of �300 T4 plaque-forming units were then spotted across the
gradient plate.
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