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Organization of replicating prokaryotic genomes requires architec-
tural elements that, similarly to eukaryotic systems, induce topo-
logical changes such as DNA supercoiling. Bacteriophage ϕ29
protein p6 has been described as a histone-like protein that com-
pacts the viral genome by forming a nucleoprotein complex and
plays a key role in the initiation of protein-primed DNA replication.
In this work, we analyze the subcellular localization of protein p6 by
immunofluorescence microscopy and show that, at early infection
stages, it localizes in a peripheral helix-like configuration. Later, at
middle infection stages, protein p6 is recruited to the bacterial nu-
cleoid. This migrating process is shown to depend on the synthesis
of components of the ϕ29 DNA replication machinery (i.e., terminal
protein and DNA polymerase) needed for the replication of viral
DNA,which is required to recruit the bulk of protein p6. Importantly,
the double-stranded DNA-binding capacity of protein p6 is essential
for its relocalization at the nucleoid. Altogether, the results disclose
the in vivo organization of a viral histone-like protein in bacteria.
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The genomes of eukaryotic and prokaryotic organisms are
packed and organized by architectural proteins with non-

sequence-specific DNA-binding properties that give rise to higher-
order nucleoprotein complexes mediating, in addition to control
of DNA structure and topology, the regulation of fundamental
processes such as DNA replication. Eukaryotic chromosomes are
packaged by histones into a periodic nucleoprotein complex,
known as chromatin (1). In Eubacteria, the term “histone-like”
refers to a number of nucleoid-associated proteins responsible for
genome organization, condensation, and DNA supercoiling (2). In
Bacillus subtilis, HBsu belongs to a conserved group of bacterial
histone-like proteins that distribute along the entire nucleoid and
are essential for cell viability (3, 4). HBsu contributes to the ex-
istence of discrete chromosomal domains, and its depletion leads
to strong chromosome decondensation (4). B. subtilis contains a
single circular chromosome (∼4,200 kb) that replicates bidirec-
tionally from a single origin (oriC). The replisome containing two
complexes, one for each replication fork, remains at midcell
positions whereas the newly synthesized DNA is extruded and
moves toward the cell poles (5). A prokaryotic condensin/cohesin-
like complex called SMC forms two subcellular centers that or-
ganize newly duplicated chromosome regions within each cell half
(2). SMC gives rise to DNA loops arranged in rosette-like super-
structures and is complexed with two other proteins, ScpA and
ScpB, which also contribute to the formation of superhelical
domains throughout the B. subtilis-replicated DNA (2).
B. subtilis phage ϕ29 has a linear, double-stranded DNA of

19,285 bp with a terminal protein (TP) (parental TP) covalently
linked to the 5′ ends. Initiation of ϕ29 DNA replication (see Fig.
S1 for details) takes place by a protein-priming mechanism (6, 7)
and starts with the formation of a heterodimer between the ϕ29
DNA polymerase and a free TP molecule (primer TP) that rec-
ognizes the origins of replication (containing the parental TP) at

both ends of the viral genome. The ϕ29 double-stranded DNA-
binding protein p6 (encoded by gene 6) forms a nucleoprotein
complex at the replication origins that has been proposed to open
the DNA ends, facilitating the initiation step of replication (8, 9).
Initiation of viral DNA replication requires the formation of a
covalent linkage between the first inserted nucleotide (dAMP)
and the hydroxyl group of serine 232 of the priming TP, catalyzed
by the ϕ29 DNA polymerase (10, 11). Protein p6 is essential for
phage DNA replication in vivo because a ϕ29 suppressor-sensi-
tive (sus) mutant in gene 6 is deficient in viral DNA synthesis (12,
13). Its small size and abundance in infected cells (about 700,000
copies/cell) (14) are features expected for proteins with archi-
tectural roles. Because ϕ29 DNA forms a right-handed toroidal
superhelix around a multimeric protein p6 core (15, 16), it has
been described as a histone-like protein adapted to package and
to organize the viral genome (9). In addition, protein p6 has been
shown to form dimers that bind cooperatively to DNA every 24
nucleotides (17) and to interact with the viral DNA through the
minor groove (15, 18). It possesses higher affinity for both ϕ29
DNA ends, but it is able to bind to most, if not all, the viral ge-
nome in vivo (19).
Although the intrinsic mechanisms governing DNA replication

of viral genomes in bacteria have been extensively studied in vitro
(20), remarkably little is known about the subcellular organization
of proteins involved in this fundamental process. Recently, we
have provided insights into the in vivo organization of the ϕ29
DNA polymerase and TP (21). After ϕ29 TP-DNA injection takes
place, the viral genome associates with the B. subtilis nucleoid by
means of theDNA-binding capacity of the parental TP. Once both
ϕ29 primer TP and DNA polymerase are synthesized, they form
a heterodimeric complex that associates with the bacterial nucle-
oid through the DNA-binding domain of the priming TP. Hence,
the ϕ29 priming TP plays a role in recruiting the DNA polymerase
to the specific sites for the initiation of viral DNA replication (20)
and recognizes the replication origins at both DNA ends by means
of specific interactions with the parental TP (22, 23).
Here, we show that the ϕ29 histone-like protein p6 localizes in

a helix-like manner at the beginning of the phage infection cycle.
Later, the bulk of protein p6 is recruited to the bacterial nu-
cleoid, a migrating process that requires the accumulation of ϕ29
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genomes. The DNA-binding capacity of protein p6 is essential
for its subcellular relocalization. A model integrating the results
is discussed below.

Results
Subcellular Localization of ϕ29 Protein p6 in B. subtilis. To gain in-
sight into the subcellular distribution of essential components of
the ϕ29 DNA replication machinery, we first studied, by immu-
nofluorescence (IF) microscopy, the localization of protein p6 in
both infected and noninfected B. subtilis cells. Fig. 1A shows im-
munofluorescence, DAPI staining, phase contrast, and merged
images of cells at different times post infection with wild-type
phage ϕ29. Overlay of phase contrast and deconvolved IF images
at early times after infection (i.e., 10 min) shows that p6 localized in
a peripheral helix-like pattern that spanned the entire length of the
infected cell. Interestingly, at 20 min post infection, p6 started to
redistribute up to the central region of the cell, spanning the nu-
cleoid area. Overlay of DAPI staining and the p6 fluorescent signal
revealed a substantial colocalization. Later, at 30 and 40 min after
infection, protein p6 remained localized at the bacterial nucleoid.
To test whether the subcellular localization of protein p6

depends on other phage-encoded proteins, we used a B. subtilis
strain (IH-04) harboring episomal plasmid pNDH33-p6, which
contains an isopropyl β-D-1-thiogalactopyranoside (IPTG)-in-
ducible ϕ29 gene 6, and analyzed the distribution of protein p6 in
noninfected cells. As a control, the amount of protein p6 syn-
thesized was similar to that produced in a phage infection cycle
(Fig. S2A), and its expression did not have a significant effect in
the transcription of some B. subtilis essential genes such as dnaA,
ftsZ, gyrB, hbs, mreB, murB, rpoC, and smc (Fig. S2B). As shown
in Fig. 1B, IF microscopy images of IPTG-induced IH-04 cells

revealed that the ectopically expressed protein p6 localized in a
helix-like configuration at 30 min post induction, indicating that
its redistribution to the bacterial nucleoid depends on other ϕ29-
encoded protein(s) and/or viral DNA.

Protein p6 Colocalizes with the ϕ29 TP at the Bacterial Nucleoid. We
have recently shown that the ϕ29 TP associates with the host
bacterial nucleoid independently of other viral-encoded proteins,
recruiting the phage DNA polymerase to the active site of DNA
replication (21). Because protein p6 relocalizes to the bacterial
nucleoid region at middle infection times (see above), we ana-
lyzed simultaneously the subcellular localization of both ϕ29 TP
and protein p6 during this stage of the phage infection cycle. For
this, B. subtilis 110NA was infected with wild-type phage ϕ29 and
subjected to IF microscopy. As shown in Fig. 2A, at 30 min post
infection, both protein p6 and TP follow a similar localization
pattern in occupying the mass of the nucleoid. Superimposition
of the fluorescent signals revealed that protein p6 displays a high
degree of colocalization with the viral TP, which is also extended
to late times after infection (i.e., 40 min).
To test whether the ϕ29 TP directly recruits protein p6 to the

chromosomal region, we constructed a B. subtilis strain (IH-19)
able to express simultaneously ϕ29 TP and protein p6. Results in
noninfected cells show that, as expected, the TP localized at the
bacterial nucleoid region (21), whereas protein p6 remained
organized in a helix-like configuration (Fig. 2B). Hence, and
differently from the phage DNA polymerase (21), protein p6 is
not directly recruited by the viral TP to the nucleoid area.

Redistribution of Protein p6 to the Bacterial Nucleoid Requires ϕ29
DNA Replication. To investigate whether the nucleoid association
of protein p6 depends on ϕ29 DNA replication, we infected the
nonsuppressor B. subtilis strain 110NA with the mutant phage
sus3(91), which is unable to synthesize primer TP and hence
to replicate its genome, and analyzed by IF microscopy the

Fig. 1. Subcellular localization of protein p6 in ϕ29-infected and non-
infected cells. B. subtilis 110NA and IH-04 (expressing p6) cells were grown at
37 °C in LB medium supplemented with 5 mM MgSO4. At an OD600 of 0.45–
0.5, the 110NA culture was infected with wild-type phage ϕ29 at a multi-
plicity of infection (MOI) of 5 (A), and IPTG was added to a final concen-
tration of 1 mM to the IH-04 culture (B). Samples were withdrawn at the
indicated times post infection or after IPTG addition and subjected to IF
microscopy using polyclonal antibodies against p6. For clarity, p6 and DAPI
fluorescent signals are false-colored red and green, respectively.

Fig. 2. Protein p6 colocalizes with TP at the cell nucleoid at middle post-
infection times. (A) B. subtilis 110NA cells were grown at 37 °C in LB medium
containing 5 mM MgSO4. At an OD600 of 0.45–0.5, the culture was infected
with wild-type phage ϕ29 at a MOI of 5. Samples were harvested at the
indicated times after infection and processed for IF microscopy using poly-
clonal antibodies against p6 and TP. (B) B. subtilis strain IH-19 (expressing
protein p6 constitutively and TP under an inducible IPTG promoter) was
grown at 37 °C in LB medium containing 5 mM MgSO4. At an OD600 of 0.4,
10 μM IPTG was added to induce expression of TP. Samples were harvested
at 30 and 40 min post induction.
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subcellular distribution of p6 at different post infection times.
Fig. 3A shows that, at 10 min post infection, protein p6 localized
in helix-like structures. Importantly, at late post infection times
(i.e., 40 min), p6 was not redistributed to the chromosomal site,
showing that its association with the bacterial nucleoid depends
on the synthesis of ϕ29 TP and supporting the possibility that the
accumulation of ϕ29 DNA genomes may be required for the
recruitment of the bulk of p6. Accordingly, when nonsuppresor
B. subtilis cells were infected with phage sus2(513), unable to
produce ϕ29 DNA polymerase, protein p6 did not relocalize to
the bacterial nucleoid (Fig. 3B).
It has been shown that the TP residue Ser232 establishes a co-

valent phosphoester bond between its −OH group and the first
dAMP incorporated at the initiation step of ϕ29 DNA replication
(10). A single mutation of Ser232 to Thr completely abolished the
TP-priming capacity, retaining its ability to interact with the ϕ29
DNA polymerase and viral DNA (24). To further unravel the
mechanism that gives rise to the p6 nucleoid association, we studied

the subcellular localization of protein p6 in cells expressing a S232T
mutant TP. In this scenario, the DNA polymerase/TP heterodimer
would efficiently recognize the origins of replication of the phage
TP-DNA at the bacterial nucleoid; however, ϕ29 DNA replication
cannot be initiated. We therefore engineered B. subtilis strains
expressing ectopically wild-type TP (IH-16) or S232T mutant TP
(IH-18) in an IPTG-dependent way, infected them with mutant
phage sus3(91), and subjected them to IF microscopy assays. As
shown in Fig. 3C, in cells producing S232T mutant TP, protein p6
was not recruited to the bacterial nucleoid and displayed a helix-
like configuration even at 40 min after infection. In a different way,
protein p6 relocalized to the bacterial nucleoid when wild-type TP
was ectopically provided. As an internal control, both wild-type TP
and S232T mutant TP were shown to be associated with the bac-
terial nucleoid (Fig. 3C). Altogether, these results show that ϕ29
DNA replication is required for the recruitment of the bulk of
protein p6 to the bacterial nucleoid.

Colocalization Experiments of Protein p6 and ϕ29-Replicated DNA. To
gain further insight into the subcellular distribution of the ϕ29
DNA replication machinery, we analyzed simultaneously the lo-
calization of both ϕ29-replicated DNA and protein p6 in B.
subtilis-infected cells. Localization of ϕ29 DNA in infected cells
has been previously studied by IF (25) using incorporation of the
thymine analog 5-bromo-2′-deoxyuridine (BrdU) and simulta-
neous inhibition of the B. subtilis DNA polymerase III holoen-
zyme by 6-(p-hydroxyphenylazo)-uracil (HpUra) (26). Fig. S3
shows that, on initiation of phageDNA replication (at 10 min post
infection), ϕ29 DNA appeared to localize to a single focus within
the cell. At this time, almost all of the p6 fluorescent signal was
visualized as a peripheral helix-like structure. Later, during the
middle stage of infection, as the replicated ϕ29 DNA redis-
tributed and occupied the bulk of the nucleoid, protein p6 was
recruited to the central part of the cell and displayed a substantial
degree of colocalization with the replicated viral genomes.

Nucleoid-Associated Localization of Protein p6 Depends on Its
Double-Stranded DNA-Binding Capacity. As described before, pro-
tein p6 binds to most, if not all, the viral genome in vivo, although
with higher affinity for both DNA ends (19). Previous studies with
protein p6 N-terminal deletion mutants showed that the first 13
amino acids are essential for the p6DNA-binding capacity in vitro
(27). In fact, a p6R6A single-mutant protein failed to bind DNA
and did not show any activation of initiation of ϕ29 DNA repli-
cation in vitro (18). To determine whether the DNA-binding
capacity of protein p6 is important for its recruitment at the
bacterial nucleoid, we engineered B. subtilis strains expressing
ectopically wild-type p6, p6ΔN13, or p6R6A under an IPTG-in-
ducible promoter; they were infected with the replication-de-
ficient mutant phage sus6(626) and subjected to IF microscopy.
Complementation experiments by agarose gel electrophoresis
and real-time PCR confirmed that, differently from the wild-type
p6, when the p6ΔN13 and p6R6A variants were expressed, ϕ29
DNA replication was impaired (Fig. S4 A and B). Fig. S5 shows
that, when wild-type p6 was ectopically induced, it localized in
a helix-like pattern at 10 min after infection with the sus6(626)
mutant phage. Later on, protein p6 was seen relocalizing to the
bacterial nucleoid. In contrast, ectopically induced p6R6A and
p6ΔN13 mutants, even at late stages of infection with the sus6
(626) mutant, displayed a peripheral helix-like configuration.
These latter results were consistent with the view that the p6
DNA-binding capacity might play a role in allowing its nucleoid
recruitment. However, because ϕ29 DNA replication was im-
paired under p6R6A or p6ΔN13 expression, this possibility could
not be assessed. Therefore, we engineered B. subtilis strains
producing C-terminal c-Myc fusions of wild-type p6 (IH-10),
p6R6A (IH-12), or p6ΔN13 (IH-14) in an IPTG-dependent way.
Induced cultures were infected with wild-type phage ϕ29 (able to

Fig. 3. The nucleoidal localization of protein p6 depends on viral DNA
replication. (A and B) B. subtilis 110NA cells were grown at 37 °C in LB me-
dium supplemented with 5 mM MgSO4. At an OD600 of 0.45–0.5, the cultures
were infected with sus3(91) or sus2(513) mutant phages at a MOI of 5.
Samples were harvested at the indicated times post infection and processed
for IF microscopy using polyclonal antibodies against p6. For clarity, p6 and
DAPI fluorescent signals are false-colored red and green, respectively. (C)
Strains IH-16 (expressing TP wild type) and IH-18 (expressing TP-S232T mu-
tant) were grown at 37 °C in LB medium supplemented with 5 mM MgSO4.
At an OD600 of 0.45–0.5, the cultures were infected with sus3(91) mutant
phage at a MOI of 5, and 10 μM IPTG was added to the medium 10 min later.
Samples were withdrawn 30 or 40 min post infection and subjected to IF
microscopy using polyclonal antibodies against both proteins, p6 and TP.
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produce wild-type p6) and subjected to IF experiments by using
monoclonal antibodies against c-Myc to recognize the p6-c-Myc
fusion. Agarose gel electrophoresis and real-time PCR comple-
mentation experiments using mutant phage sus6(626) to infect
strains IH-10, IH-12, and IH-14 confirmed that p6-c-Myc was
functional, but differently from the p6R6A-c-Myc and p6ΔN13-c-
Myc variants (Fig. S6 A and B). In agreement with this, p6-c-Myc,
but not the p6R6A-c-Myc and p6ΔN13-c-Myc variants, was effi-
ciently redistributed at the bacterial nucleoid in a sus6(626) in-
fection (Fig. S7), similarly to the results obtained with the wild-
type protein p6 (Fig. S5). Under an active ϕ29 DNA replication
background (i.e., when cells were infected with a wild-type phage
ϕ29), the fluorescent signal corresponding to the p6-c-Myc fusion
was also observed to relocalize to the bacterial nucleoid (Fig. 4).
Importantly, neither the p6R6A-c-Myc nor the p6ΔN13-c-Myc
fusions relocalized to the host chromosomal site but displayed
a peripheral helix-like pattern throughout the infection cycle.
This result shows that the DNA-binding capacity of protein p6 is
essential for its migration toward the nucleoid and suggests that
the accumulation of replicated ϕ29 TP-DNA is required to cap-
ture the bulk of protein p6.

Discussion
DNA-binding proteins that display the essential function of or-
ganizing and compacting chromosomes have been described from
higher eukaryotes to prokaryotes. In Eubacteria, these architec-

tural factors are commonly known as “histone-like” proteins (28),
which share some basic features such as high levels of expression,
nonsequence-specific DNA-binding capacity, and the induction of
pleiotropic effects. Phage ϕ29 protein p6 is one of the most
abundant viral proteins in B. subtilis-infected cells, constituting
about 4% of the total bacterial proteins. It has been estimated that
protein p6 reaches intracellular concentrations around 1 mM,
which would give rise to the formation of oligomers (14). Protein
p6 has a small size (103 amino acids) and reaches abundant levels
inB. subtilis (about 700,000 copies/cell), which represents 1.4 times
the amount necessary to cover all of the ϕ29 TP-DNA molecules
present at middle-infection times (14). In comparison, HBsu
reaches about 50,000 copies per cell in B. subtilis, and the
Escherichia coli histone-like proteins Dps and HU reach 180,000
and 60,000 copies/cell, respectively (29, 30). Hence, protein p6
possesses the expected features of a histone-like protein and
resembles these architectural proteins in bacteria, which have
been found to be uniformly distributed within the entire nucleoid
contributing to the maintenance of superhelical density (2).
The results described in this paper, together with those obtained

previously (19, 21, 31), allow us to propose a comprehensivemodel
about the in vivo organization of protein p6 and its role in ϕ29
DNA replication, which is illustrated schematically in Fig. 5. By
using IF microscopy, we here provide direct evidence that the bulk
of protein p6 displays a peripheral helix-like localization at 10 min
after infection, whereas at this post infection time the replicated-
ϕ29 DNA was observed as a single focus in the central part of the
cell. Due to the fact that protein p6 is essential to initiate ϕ29
DNA replication, a small amount of protein p6 must be recruited
early at the bacterial nucleoid, establishing the appropriate con-
ditions at the phage DNA ends to achieve the first rounds of
replication. As more de novo-synthesized ϕ29 genomes are gen-
erated during the phageDNA replication cycle, the bulk of protein
p6 is recruited to the bacterial nucleoid (Fig. 5A). This result fits
well with the view that high numbers of replicated ϕ29 genomes
are required as a target for the high levels of protein p6 that are
synthesized. Accordingly, this migrating process requires synthesis
of ϕ29 TP and DNA polymerase, essential components of the
phage DNA replication machinery. When initiation of ϕ29 DNA
replication was abolished by using a S232T mutant TP, protein p6
did not migrate to the bacterial nucleoid and displayed a periph-
eral helix-like localization.
In a more detailed view, after ϕ29 TP-DNA injection takes

place, the ϕ29 genome associates with the B. subtilis nucleoid by
the nonsequence-specific DNA-binding capacity of the parental
TPs covalently linked to the phage 5′ DNA ends (21) (Fig. 5B, i).
In this way, and despite its linear conformation, the ϕ29 TP-DNA
may be topologically constrained in vivo. Binding of protein p6 to
the viral DNA ends forms a nucleoprotein complex by which
a right-handed superhelix of DNA wraps tightly around a multi-
meric p6 core that was proposed to open theDNA ends facilitating
initiation of ϕ29 DNA replication (15, 16, 32) (Fig. 5B, ii). This
multimeric nucleoprotein complex, in which the protein p6 re-
peated motif is formed by protein dimers bound to 24-bp DNA
segments, originates a nucleation-dependent oligomerization
process to cover most, if not all, of the ϕ29 genome (19), thereby
displaying a key role as an architectural protein in organizing the
viral DNA (Fig. 5B, iii). The ϕ29 primer TP and DNA polymerase
form a heterodimeric complex that associates with the bacterial
nucleoid and recognizes the viral replication origins through spe-
cific contacts with the parental TP (22, 23) (Fig. 5B, iv). Enabled by
the p6 nucleoprotein complex, the DNA polymerase then cata-
lyzes the addition of the first dAMP and, after a transition step, it
dissociates from the primer TP and continues processive elonga-
tion coupled to strand displacement and the simultaneous removal
of protein p6 from the viral DNA (Fig. 5B, v). Continuous elon-
gation by the DNA polymerase completes replication of the pa-
rental strand (Fig. 5B, vi), and the generated full-length ϕ29 DNA

Fig. 4. Protein p6 mutants in DNA binding are not distributed at the bac-
terial nucleoid. B. subtilis strains IH-10 (expressing p6-c-Myc), IH-12
(expressing p6R6A-c-Myc), and IH-14 (expressing p6ΔN13-c-Myc) were grown
at 37 °C in LB medium containing 5 mMMgSO4. At an OD600 of 0.45–0.5, cells
were infected with wild-type phage ϕ29 at a MOI of 5, and 50 μM IPTG was
added to the medium 5 min later. Samples were withdrawn at the indicated
times post infection and subjected to IF microscopy using polyclonal anti-
bodies against p6. For clarity, p6 and DAPI fluorescent signals are false-col-
ored red and green, respectively.

5726 | www.pnas.org/cgi/doi/10.1073/pnas.1203824109 Holguera et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203824109/-/DCSupplemental/pnas.201203824SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203824109/-/DCSupplemental/pnas.201203824SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203824109/-/DCSupplemental/pnas.201203824SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1203824109


molecules then would be ready for successive rounds of replication
by recruiting protein p6 at the DNA ends (Fig. 5B, vii). In the
course of the late stages of the phage DNA replication cycle, the
viral DNA accumulated is packaged inside the viral particle with
a left-to-right polarity (33). The ϕ29 assembled particles are dis-
tributed mainly throughout the bacterial nucleoid as shown by
electron microscopy (34).
The results obtained in this work illustrate that the DNA-

binding capacity of protein p6 is essential to its recruitment at
the nucleoid environment. Indeed, we exclude the possibility of
a direct recruitment by the ϕ29 TP or by any other B. subtilis
protein. Taking into account that protein p6 does not recognize
any specific DNA sequence, it could be expected to recognize
bacterial DNA with the same affinity as phage DNA. However,
in the absence of ϕ29 DNA replication (i.e., no ϕ29 replicated
genomes are available), protein p6 is not recruited to the bac-
terial nucleoid, and hence it is able to discriminate the bacterial
DNA. It has been proposed that the negative supercoiling of
bacterial DNA would strongly impair protein p6 complex for-
mation and that the presumably lower negative superhelicity of
ϕ29 DNA likely makes the viral genome an appropriate target
for the binding of p6 (9, 19). In fact, protein p6 is able to restrain
positive supercoiling of the DNA in vitro (16, 17) and binds all
along ϕ29 DNA in vivo with a much higher affinity than for
plasmid DNA (19), which, similarly to the bacterial chromo-
some, consists of a circular DNA molecule. In addition, protein
p6 binding to plasmid DNA is enhanced by decreasing its neg-
ative supercoiling with novobiocin, a DNA gyrase inhibitor (19).
On the other hand, the p6 binding to plasmid DNA was not
enhanced by adding nalidixic acid, which also inhibits the DNA
gyrase but has no topological effects. On the basis of these
results, the DNA supercoiling is proposed to play an important

role in the recognition of phage DNA by protein p6. A topologic-
dependent viral DNA binding of protein p6 may constitute
a sophisticated strategy to avoid its sequestration by the higher
volume of the bacterial DNA.
In conclusion, the results presented in this paper provide

further insights into the dynamic organization of the ϕ29 DNA
replication machinery and lead us to disclose, both spatially and
temporally, the subcellular localization of a viral histone-like
protein in bacteria.

Materials and Methods
General Methods and DNA Techniques. Because phage ϕ29 DNA replication is
inhibited by Spo0A (35), spo0A deletion strains were used when indicated.
All DNA manipulations were carried out according to standard methods (36).

Phages, Bacterial Strains, and Growth Conditions. Phages and bacterial strains
used are listed in Tables S1 and S2. E. coli strain XL1-Blue, used for cloning,
was grown in Luria–Bertani (LB) medium containing ampicillin (100 μg/mL).
B. subtilis strains were grown at 37 °C in LB medium containing 5 mMMgSO4

and supplemented with chloramphenicol (5 μg/mL) and/or kanamycin (5 μg/
mL), as indicated. Generally, overnight cultures were diluted 1/100 in fresh
medium and incubated at 37 °C for 2–3 h to re-establish exponential growth
before manipulation. Ectopically expressed proteins were induced by addi-
tion of IPTG.

Bacterial Transformation and DNA Labeling. B. subtilis cells were transformed
by standard procedures (37, 38). Selection for B. subtilis transformants was
carried out in LB-agar plates, supplemented with chloramphenicol (5 μg/mL)
and/or kanamycin (5 μg/mL).

In DNA-labeling experiments, the thymine analog BrdU (Sigma) was added
to the growth medium at a final concentration of 150 μM. Incorporation of
BrdU into chromosomal DNA of B. subtilis was inhibited by the addition of
75 μM of HpUra (26) to the growth medium 3 min before the BrdU addition.

Fig. 5. Model of nucleoid-associated ϕ29 DNA replication and recruitment of protein p6 to the viral genome. (A) Once ϕ29 infection takes place, the TP-DNA
genomes (green circles) are recruited to the bacterial nucleoid. Soon after the injection process, early promotersmediate a rapid expression of protein p6 (orange
ovals). At 10 min post infection, p6 is shown to distribute following a peripheral helix-like pattern. Later, and simultaneously with the generation of new rep-
licated ϕ29 genomes, the bulk of protein p6 is recruited to the bacterial nucleoid. (B, i) A ϕ29 TP-DNAmolecule (linear dsDNA drawn as a double helix) is shown
attached to the bacterial nucleoid surface (gray mass at bottom) by the parental TPs (green). Protein p6 (orange circles) is recruited to the bacterial nucleoid by
binding to the viral DNA. (B, ii) Protein p6 binds the origins of replication of the ϕ29 genome through its DNA-binding domain, forming a nucleoprotein complex
that helps to open the DNA ends, facilitating the initiation step of replication. (B, iii) The p6-bound origins act as a nucleation site fromwhichmore p6molecules
bind to the rest of the viral genome. (B, iv) The heterodimer formed by TP and DNA polymerase (cyan) recognizes the p6-bound replication origins and initiates
DNA replication. (B, v) After a transition step, theDNA polymerase dissociates and continues processive elongation of the nascent DNA strands (red lines) coupled
to strand displacement, removing p6 molecules from the viral genome during the polymerization process. (B, vi and vii) Once DNA replication is completed, two
ϕ29 TP-DNA molecules are ready for another round of replication. Proteins, viral DNA, and bacterial nucleoid are not drawn to scale.
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Analysis of Viral DNA Synthesis by Gel Electrophoresis. Analysis of viral DNA
synthesis in vivo was carried out as described (39). Basically, total intracellular
DNA was isolated at different times post infection and analyzed in 0.6%
agarose gels.

Real-Time PCR. Aliquots of 1 mL of B. subtilis cultures were withdrawn at the
indicated times after infection, processed, and analyzed by real-time PCR
essentially as described (40). The primer sets R-25 and R-OUT-SUPER were
used to amplify a 297-bp fragment corresponding to the right end of the
ϕ29 genome (Tables S3 and S4). The data obtained were interpolated to
standard curves constructed with known amounts of phage DNA.

Immunofluorescence Microscopy. For IF microscopy, overnight cultures were
diluted in LB medium containing 5 mM MgSO4 and grown at 37 °C to early
exponential phase. At an OD600 of 0.45–0.5, the culture was infected with

the indicated ϕ29 phage at a multiplicity of infection (MOI) of 5. Samples
were fixed after the indicated times of infection and processed essentially as
described (41). See SI Materials and Methods for details.
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