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It is becoming clear that in vivo phage DNA ejection is not a mere passive process. In most cases, both phage
and host proteins seem to be involved in pulling at least part of the viral DNA inside the cell. The DNA ejection
mechanism of Bacillus subtilis bacteriophage �29 is a two-step process where the linear DNA penetrates the cell
with a right-left polarity. In the first step �65% of the DNA is pushed into the cell. In the second step, the
remaining DNA is actively pulled into the cytoplasm. This step requires protein p17, which is encoded by the
right-side early operon that is ejected during the first push step. The membrane protein p16.7, also encoded
by the right-side early operon, is known to play an important role in membrane-associated phage DNA
replication. In this work we show that, in addition, p16.7 is required for efficient execution of the second pull
step of DNA ejection.

Despite being a key step in the phage life cycle, the process
whereby phages eject their genome into the cell cytoplasm
during the early steps of infection has been one of the major
unsolved problems. The current understanding of the phage
DNA ejection process has recently been reviewed by Molineux
(29). The ejection process of phages that infect gram-negative
bacteria is now beginning to be understood at a detailed mo-
lecular level (24, 30, 33). This process is far from being a
passive mechanism, just driven by the release of the pressure
built inside the capsid. The cell cytoplasm has a pressure of
several atmospheres with respect to the external medium.
Therefore, the pressure-based mechanism would be responsi-
ble for ejection of only part of the phage genome; i.e., ejection
of phage DNA by pressure will stop when the decreasing pack-
ing forces in the mature virion equal those inside the cyto-
plasm. Thus, internalization of the remaining part of the phage
genome requires additional mechanisms, and diverse strategies
have been described for different phages. For instance, some
Escherichia coli phages eject their genomes into the cell largely
through enzyme-catalyzed, energy-requiring processes. Phage
T5 DNA ejection takes place in two steps (23). In the first step,
8% of the genome enters the cytoplasm. Then, there is a pause
of about 4 min during which two proteins encoded by this DNA
fragment, A1 and A2, are synthesized. The transfer of the
remaining DNA (92%) takes place in a second step only if
these proteins are synthesized. A2 is a DNA binding protein,
thought to pull DNA into the cell (39). Phage T7 is the only
one for which it has been clearly demonstrated that DNA
internalization is coupled to transcription (reviewed in refer-
ence 29). About 850 bp of the left end of the T7 genome are
ejected into the host (11). A molecular motor formed by viral

proteins gp16 and gp15 has been proposed to control the
amount of DNA that enters the cell (21). Transcription from
promoters located on this short DNA sequence by the host
RNA polymerase provides the force to internalize about 20%
of the genome into the cell. T7 RNA polymerase is then syn-
thesized and is responsible for transcription-driven internaliza-
tion of the remaining part of the phage genome.

In contrast with the well-characterized internalization of the
DNA of some phages of gram-negative bacteria, little is known
about the mechanisms of DNA ejection by phages infecting
gram-positive bacteria. Bacillus subtilis phage �29 has a linear
double-stranded DNA with a terminal protein covalently
linked at each 5� end (35) (see Fig. 1 for a genetic and tran-
scriptional map). Phage �29 DNA transcription is time con-
trolled into an early and a late stage (reviewed in reference 26).
All late genes are clustered in a single, centrally located operon
that is transcribed by promoter A3. The early expressed genes
are present in two operons flanking the late operon. The one
located at the left side encodes all essential phage DNA rep-
lication proteins as well as the transcriptional regulator protein
p4 and is expressed from the promoters A2b and A2c orga-
nized in tandem. The other early operon, located at the right
side of the �29 genome, is under the control of the C2 pro-
moter. This operon contains genes 17 and 16.7 and four addi-
tional open reading frames. The abundantly synthesized �29
protein p6, encoded by the left-side early operon, is required
for activation of the initiation step of viral DNA replication
and is involved in transcriptional control as it represses early
promoter C2 and cooperates with phage protein p4 in the
repression of the early promoters A2b and A2c and in the
activation of the late promoter A3 (reviewed in reference 12).
Protein p6 binds DNA with little sequence specificity, com-
pacting and organizing the whole viral genome (15). We took
advantage of the DNA binding properties of p6 to monitor the
entry of �29 DNA into the cell and showed that the viral DNA
penetrates the cell with a right-to-left polarity (16), in agree-
ment with in vitro studies (4, 22). Furthermore, it was found
that the viral genome is ejected by a two-step process, de-
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scribed as a “push-pull” mechanism. During the first push step,
�65% of the genome enters the cell, most likely at the expense
of the packing pressure of DNA in the capsid. Entrance of the
remaining left part of the �29 genome requires viral protein(s),
as this second pull step is prevented in the presence of chlor-
amphenicol (16). Protein(s) involved in the pull step of ejec-
tion must be encoded by the right-side early operon (Fig. 1)
because this is the only operon present in the cell after the
push step. Protein p17, encoded by the first gene of the right-
side early operon, has been demonstrated to be important, but
not essential, for the second pull step of ejection (16). Thus,
although internalization is strongly impaired in the absence of
p17, some full genome entry can still be detected under these
conditions. In contrast, internalization is fully blocked when
protein synthesis is inhibited by chloramphenicol. This sup-
ports the idea that other phage protein(s) synthesized de novo
may be required for the efficient pull step of �29 DNA ejec-
tion.

Early reports showed that cells infected with sus17 mutant
phages produced reduced numbers of phage progeny and ap-
peared to be affected in their viral DNA synthesis (7, 20, 31).
As mentioned above, analysis of the �29 ejection process re-
vealed that p17 is important for the second pull step of this
process (16), which could account for the earlier observed
results. However, the absence of p17 was also shown to dras-
tically affect the level of �29 DNA replication once the entire
sus17 genome was internalized (14), demonstrating that p17
also is important for in vivo �29 DNA replication.

In addition to gene 17, gene 16.7, also located in the right-
side early operon, is highly conserved in all �29-related phages
(26). Protein p16.7 (130 residues) is a membrane protein that
plays an important role in membrane-associated in vivo �29
DNA replication (27, 28). Its first 20 residues constitute a
membrane anchor that is responsible for membrane localiza-
tion (28). Immunofluorescence studies showed that p16.7 is
required for efficient spreading of �29 DNA replication from
its initial to additional sites at the membrane of the infected
cell (27). In vitro analyses of a soluble p16.7 derivative lacking
the membrane anchor revealed that (i) it is a dimer with

unspecific DNA binding activity, (ii) it has affinity for the �29
terminal protein, and (iii) it is able to form higher-order mul-
timers upon DNA binding (36, 37). The solution and crystal
structures of the dimeric functional C-terminal half of p16.7,
p16.7C (residues 63 to 130) (32), as well as the crystal structure
of p16.7C complexed with double-stranded DNA have been
recently solved (1, 2). Based on its properties we considered
the possibility that p16.7 has a role in the pull step of DNA
ejection. Here, we show that p16.7 is required for efficient
implementation of the second pull step of �29 DNA ejection.
Thus, at least two proteins, p16.7 and p17, play a role in the
pull step of �29 DNA ejection. Interestingly, both p16.7 and
p17 also play a role in in vivo �29 DNA replication.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. B. subtilis 110NA strain (trpC2
spo0A3 su�) (31) harboring plasmid pPR55w6 or pPR55ow6 was used. Both
plasmids are pUB110 derivatives containing bacteriophage �29 gene 6 inserted
in its functional (pPR55w6) or in its opposite (pPR55ow6) orientation behind the
phage � PR promoter (5). Infections were carried out at multiplicity of 3 with
either of the following �29 phages: sus14(1242), a delayed lysis mutant with
otherwise wild-type phenotype (20); sus3(91), a replication null mutant (31);
sus17(112) (31); or sus16.7(48)/sus14(1242) (28). The genomes of these mutant
�29 phages contain a suppressible nonsense mutation in the gene(s) indicated.
For simplicity, these phages will be referred to as sus14, sus3, sus17, and sus16.7/
sus14, respectively. Besides the indicated exception, analyses were limited to
30-min postinfection times in the experiments presented to avoid possible inter-
ference of phage-induced cell lysis.

Medium, enzymes, drugs, and reactives. Bacteria were grown in LB medium
supplemented with 5 mM MgSO4. Phleomycin (Cayla S.A.R.L.) was added at a
final concentration of 0.8 �g/ml. Micrococcal nuclease was from Amersham
Pharmacia Biotech, and proteinase K was from Boehringer Mannheim. Protein
A-Sepharose CL-4B, lysozyme, RNase A, chloramphenicol, and novobiocin were
from Sigma-Aldrich. Formaldehyde at 37% was from Calbiochem.

DNAs and oligonucleotides. Proteinase K-digested �29 DNA was obtained as
described previously (18). The sequences of the oligonucleotides used for PCR
(Isogen) are given, together with the coordinates of the DNA sequence they
amplify (U, upper strand; L, lower strand). �29 DNA region L, comprising the
259-bp left terminal region, was amplified with oligonucleotides (U-1) 5�-AAA
GTAAGCCCCCACCCTCACATG and (L-259) 5�-GCCCACATACTTTGTTG
ATTGG. �29 DNA region R, comprising the 298-bp right terminal region, was
amplified with oligonucleotides (U-18988) 5�-AAAGTAGGGTACAGCGACA
ACATAC and (L-19285) 5�-AAATAGATTTTCTTTCTTGGCTAC.

FIG. 1. Genetic and transcriptional map of the 19.3-kbp linear phage �29 DNA (adapted from reference 13). The main early promoters A2b,
A2c, and C2 and late promoter A3 are boxed. The directions of transcription and lengths of the transcripts are indicated by arrows. The positions
of genes are indicated with numbers. The early genes 6, 16.7, and 17, relevant for this work, are shown in bold. Note that whereas gene 6 is present
in the early left-side operon, genes 17 and 16.7 are located in the early right-side operon. Black circles represent the terminal protein attached to
the 5� DNA ends. L and R indicate the left and right end of the �29 genome, respectively.
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Cross-linking, immunoprecipitation, and DNA amplification. Bacteria were
grown at 30°C up to 108 cells/ml and infected at a multiplicity of 3. Drugs (34
�g/ml chloramphenicol and 500 �g/ml novobiocin) were added at the indicated
times, and cross-linking was performed 10 min later. Chloramphenicol was added
to prevent expression of p6, and novobiocin was used to enhance protein p6
binding (16). Cross-linking and chromatin immunoprecipitation (X-ChIP) were
carried out essentially as described previously (25). Culture samples, 20 ml each,
were treated with 1% formaldehyde, together with 10 mM sodium phosphate,
pH 7.2. After 5 min at room temperature without shaking, reactions were
stopped by the addition of 125 mM glycine. Cells were harvested by centrifuga-
tion, washed twice with phosphate-buffered saline buffer, and resuspended in 1
ml of buffer A (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 10 mM EDTA) con-
taining 3 mg/ml lysozyme. Samples were incubated for 30 min at 37°C prior to
lysis by the addition of 1 ml of 2� immunoprecipitation buffer (100 mM Tris-
HCl, pH 7.0, 300 mM NaCl, 2% Triton X-100) and 0.1% sodium dodecyl sulfate
(SDS). Then, samples were subjected to mild digestion with micrococcal nucle-
ase (0.05 U in the presence of 13 mM CaCl2 for 10 min at 37°C), and the
reactions were stopped with 20 mM EDTA. DNA was sheared by sonication
using a 150-W Ultrasonic Disintegrator (MSE, United Kingdom). Fragments
with an average size of about 750 bp were obtained by sonicating samples (2 ml)
during three separate pulses of 10 s at an amplitude of 15 �m. To avoid heating,
samples were packed with crushed ice during the entire sonication procedure,
and sonication pulses were separated by at least 20-s intervals. Next, cell debris
was eliminated by centrifugation. Part (1/20) of each sample was kept for total
DNA analysis, and the remainder was split to immunoprecipitate overnight at
4°C with either anti-p6 polyclonal antibodies (	p6 sample) or preimmune serum
(20 �l each), followed by incubation for 2.5 h at 4°C with 120 �l of a 25% protein
A-Sepharose slurry. Complexes were collected by centrifugation and washed
twice with 1� immunoprecipitation–0.1% SDS buffer, three times with 1� im-
munoprecipitation buffer, and twice with TE buffer (10 mM Tris-HCl, pH 7.5, 1
mM EDTA). The slurry was resuspended in 150 �l of TE buffer containing 1%
SDS to disrupt immune complexes. Total DNA samples were also brought to a
total volume of 150 �l of TE containing 1% SDS. All samples were incubated
overnight at 65°C with shaking to reverse cross-links. Slurry was removed by
centrifugation, and the supernatant was transferred to a fresh tube. DNA was
purified by phenol and chloroform extraction, ethanol-precipitated, and finally
resuspended in water. Analysis of DNA samples L and R from left and right �29
ends, respectively, was performed by real-time PCR in a Light-Cycler instrument
using a Light Cycler-FastStart DNA Master SYBR Green I hot-start reaction
mixture (Roche). Amplification conditions included a preheating step of 20 min
at 95°C to activate the polymerase, followed by 30 cycles comprising a denatur-
ation step of 15 s at 95°C for both regions, a hybridization step of 5 s at 53°C for
region L and 50°C for R, and an elongation step at 72°C lasting 15 s for L and
40 s for R. Finally, a melting analysis was performed by continuous fluorescence
measurement from 65°C to 95°C to check that a single product was amplified.
Protein p6 binding values were expressed as the immunoprecipitation coefficient,
or IC: [(amount of 	p6 DNA � amount of PI DNA)/amount of T DNA] � 106,
where T stands for total DNA and 	p6 and PI values are for DNA immunopre-
cipitated with serum against p6 and preimmune serum, respectively.

Western blot analysis. Cells were grown at 30°C up to 108 cells/ml and infected
at a multiplicity of 3. At the times indicated in Fig. 2 and 4, 1.5-ml aliquots were
transferred to ice-cold tubes, concentrated 7.5-fold in loading buffer (60 mM
Tris-HCl, pH 6.8, 2% SDS, 5% 
-mercaptoethanol, 30% glycerol), and disrupted
by sonication. Samples were subjected to SDS-polyacrylamide gel electrophore-
sis on a 15% polyacrylamide gel, and proteins were transferred using a Mini
Trans Blot apparatus (Bio-Rad) at 100 mA and 4°C for 60 min. Immobilon-P
membranes (Millipore) were probed with 	p6 or 	p16.7 polyclonal antibodies
diluted 1:2,000 and 	p17 polyclonal antibodies diluted 1:4,000 for 70 min. Then,
membranes were washed twice and incubated with anti-rabbit horseradish per-
oxidase-conjugated antibodies (dilution, 1:4,000) for another 70 min, and the
immune complexes were detected by ECL detection reagents (Amersham).

DNA replication. B. subtilis cells were grown and infected as described above.
At the times indicated in Fig. 5, cells corresponding to 1-ml aliquots were
sedimented, washed, and lysed as previously described (5). Samples were treated
with proteinase K (50 �g/ml), and DNA was extracted with phenol. The amount
of DNA from L sequence was quantified by real-time PCR, using the amplifi-
cation protocol described above.

RESULTS

Ectopically expressed protein p6 decreases synthesis of pro-
teins under the control of promoter C2. Previous studies on

�29 DNA ejection were based on the �29 DNA binding prop-
erties of protein p6. Thus, entry of �29 DNA into the cell was
monitored by measuring binding of p6, constitutively expressed
from plasmid pPR55w6, to various �29 DNA regions by X-
ChIP and real-time PCR (16, 17). Under these conditions,
protein p16.7, in contrast to p17, did not seem to play a sig-
nificant role in the pull step of ejection. However, protein p6
represses the �29 promoter C2 that drives expression of the
right-side early operon containing genes 17 and 16.7 (3, 40),
which is ejected during the first step of �29 DNA ejection. The
ectopically expressed protein p6 may therefore impair tran-
scription of the promoter C2-driven operon immediately upon
ejection of the right half of the �29 genome. This might result
in levels of p16.7 that are insufficient to exert a function in the
pull step of DNA ejection. In addition, it has been reported
that the presence of p6 before infection causes a delay of at
least 20 min in the ejection process (16).

To study if the plasmid-encoded protein p6 affects expres-
sion of the �29 right-side operon, the kinetics of p16.7 and p17
synthesis were compared in cells producing or not producing
protein p6. Thus, cells harboring the p6-producing plasmid
pPR55w6 or a derivative containing gene 6 in the opposite
orientation, pPR55ow6, were infected with �29, and samples
withdrawn at different times after infection were processed and
subjected to Western blot analysis using antibodies against
p16.7 and p17. Phage �29 sus14, containing a suppressor mu-
tation in gene 14 encoding the holin protein (20), was used in
these experiments. As shown in Fig. 2, in the absence of ec-
topically synthesized protein p6, proteins p17 and p16.7 were
detected at 10 min after infection, their levels increased greatly
during the next 10 min (time � 20), and their further increase
leveled off during the next 10 min (time � 30) (Fig. 2, 110NA/
pPR55ow6). However, the amounts of proteins p17 and p16.7
were drastically reduced in the presence of ectopically synthe-
sized protein p6. Thus, faint and barely detectable signals were
obtained for p17 and p16.7, respectively, at 30 min after infec-
tion (Fig. 2, 110NA/pPR55w6). These results demonstrate that
plasmid-encoded p6 protein strongly represses expression of
these proteins.

Protein p16.7 is required for efficient implementation of the
pull step of �29 DNA ejection. The results presented above
show that the experimental setup in which protein p6 is present

FIG. 2. Time course synthesis of early proteins p17 and p16.7 in p6-
producing (110NA/pPR55w6) and nonproducing (110NA/pPR55ow6)
cells infected with phage sus14 at a multiplicity of infection of 10. Samples
taken at the indicated postinfection times were analyzed by Western
blotting using antibodies against p17 or p16.7.
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in the cell before infection causes a strong and immediate
repression of the right-side early operon, which may mask a
possible involvement of protein p16.7 in the pull step of DNA
ejection. To test this possibility, the �29 ejection process was
studied in non-p6-producing B. subtilis cells. Whereas the ma-
jor aim was to study whether p16.7 plays a role in the second
pull step of �29 ejection, we also analyzed the effects of the

absence of p17 under these conditions. This allows comparison
to the situation in which wild-type levels of p17 are synthesized
as well as possible differential effects on the ejection process in
the absence of either p16.7 or p17.

As a first approach we monitored the entrance of the �29
genome in non-p6-producing cells infected with �29 mutant
phage sus16.7/sus14 or sus17 using X-ChIP (see Materials and

FIG. 3. Efficiency of �29 DNA ejection in cells infected with �29 mutants sus3, sus14, sus16.7/sus14, or sus17. A culture of non-p6-producing
cells (110NA/pPR55ow6) grown at 30°C was split into four when a density of 108 cells/ml was reached, and cells were infected with phage sus3,
sus14, sus16.7/sus14, or sus17. At the indicated times after infection, aliquots of 20 ml, incubated with chloramphenicol and novobiocin during 10
min, were cross-linked with formaldehyde, and ChIP was performed as described in Materials and Methods. (A) Protein p6 binding to DNA
fragments corresponding to the left and right �29 genome end are expressed as the IC. The value of the total DNA, T (in ng/ml), is shown within
brackets below each IC together with the standard deviation. Besides internalized DNA, the T value also includes DNA from adsorbed phages that
have not (yet) ejected their DNA. ND, not detected. (B) Graphic representation of the ICL/ICR ratios for phages sus3, sus14, sus16.7/sus14, and
sus17 at different postinfection times; data are taken from panel A. Values are the average of (at least) three independent experiments, which
among themselves differed less than 10%. The mean values of the IC ratios together with the standard deviation are presented.
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Methods). Infections with phage sus14 or sus3 served as wild-
type and replication-deficient controls, respectively. A logical
consequence of this experimental setup is that p6-DNA com-
plexes can only be formed after �29-encoded p6 is synthesized.
Binding of protein p6 to the �29 left (L) and right (R) DNA
end regions was measured by quantitative PCR on the immu-
noprecipitated DNA using appropriate primers and expressed
as the IC (see Materials and Methods). The ratio of the IC
values, ICL/ICR, indicates the degree of internalization of the
left end. Since the intrinsic affinity of p6 for the left-end �29
DNA region is about twofold higher than that for the right-end
�29 DNA region (13), completion of �29 DNA ejection is
reflected by ICL/ICR ratios of about 2. The calculated IC val-
ues corresponding to the L and R regions at different times
after infection for each phage analyzed are given in Fig. 3A. To
visualize internalization efficiencies, the ICL/ICR ratios were
plotted at different postinfection times for each mutant (Fig.
3B). ICL/ICR ratios of about 2 were observed 15 min after
infection for phages sus14 and sus3. This indicates that, in the
absence of promoter C2 repression, internalization of the en-
tire genome of these phages takes less than 15 min. The situ-
ation was very different though for �29 phages sus16.7/sus14
and sus17. Immunoprecipitation of substantial amounts of the
left genome end in mutant sus16.7/sus14 was not detected until
minute 25. Complete ejection, an ICL/ICR ratio close to 2, was
not reached until minute 30 postinfection, indicating a delay in
the pull step of the ejection process of this mutant of at least 15
min with respect to the wild-type situation. In the case of phage
sus17, DNA fragments corresponding to the left genome end
region were first detected by immunoprecipitation 25 min after
infection. However, the ICL values obtained for the 25- and
30-min postinfection times were lower than the corresponding
ones for sus16.7/sus14 (Fig. 3A). Moreover, the maximum ICL/
ICR ratio obtained at 30 min postinfection was still less than 1,
indicating that only about 50% of the sus17 phage genomes
had been fully internalized at this time. These results corro-
borate earlier findings that protein p17 is required for efficient
ejection of the left half of the �29 genome (16, 17). Impor-
tantly, these results strongly indicate that protein p16.7 is also
required for efficient execution of the pull step of DNA ejec-
tion, although its absence affects this step less severely than the
absence of protein p17.

The absence of p16.7 leads to a delay in protein p6 synthesis
and onset of phage DNA replication. Genes 16.7 and 17 are
located at the right-side early operon that is injected during the
first push step. Gene 6 is located in the left-side early operon
that is ejected during the second pull step of infection, implying
that protein p6 synthesis will not occur until the DNA region
containing gene 6 is present in the cell. Hence, impairment of
the pull step of DNA ejection will cause a delay in the synthesis
of protein p6. Analysis of the kinetics of protein p6 synthesis
serves, therefore, as an additional method to study the effi-
ciency of the pull step of ejection. In addition, the analysis of
the pull step by X-ChIP described above is an indirect method
with the limitation that the efficiency of the immunoprecipita-
tion may be affected by different p6/�29 DNA ratios that are
likely to occur during the progress of the infection cycle. Thus,
the kinetics of protein p6 synthesis in cells infected with mutant
phage sus3, sus16.7/sus14, or sus17 were studied by Western
blot analysis. The same samples were also used to analyze the

kinetics of synthesis of proteins encoded by genes present in
the right-side early operon (i.e., p17 or p16.7). The results of
these experiments are presented in Fig. 4. As expected, pro-
teins encoded by the right-side operon (p17 or p16.7) were
detected for all three mutant phages as soon as 10 to 15 min
after infection (Fig. 4A), indicating that the mutations do not
affect the push step. However, protein p6 encoded by the
left-side operon was first detected at 15, 20, and 25 min after
infection with the mutant phages sus3, sus16.7/sus14, and
sus17, respectively (Fig. 4B). In addition, although for all three
phages the amount of p6 increased with time, clear differences
were observed even at 30 min after infection. At this postin-
fection time the highest amount of p6 was detected in cells
infected with phage sus3. Furthermore, the amount of p6 in
sus16.7/sus14-infected cells was significantly higher than that
detected in sus17-infected cells. It is worth mentioning that the
amount of protein p6 detected at 25 and 30 min postinfection
may be overestimated in cells infected with phage sus16.7/
sus14, as the amount of sus16.7/sus14 DNA at 25 and 30 min
postinfection is 1.3- and 2-fold higher, respectively, than that of

FIG. 4. Synthesis of �29 early proteins encoded by the left- and
right-side early operon in sus3-, sus16.7/sus14-, or sus17-infected cells.
Time course synthesis of right-side operon-encoded proteins p17 and
p16.7 (A) and left-side operon-encoded protein p6 (B) in non-p6-
producing cells (110NA/pPR55ow6), infected with �29 mutants sus3,
sus16.7/sus14, or sus17. Samples taken at the indicated postinfection
times were analyzed by Western blotting using antibodies against pro-
teins p17 and p16.7 (A) or p6 (B). Note that higher amounts of p16.7
and p17 were detected at 20 and 30 min after infection in sus17- and
sus16.7/sus14-infected cells with respect to sus3-infected cells. Most
probably this is due to a delayed synthesis of protein p6 in the sus16.7/
sus14- and sus17-infected cells, causing a delayed and/or less efficient
repression of the C2 promoter.
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sus3 DNA due to replication of sus16.7/sus14 DNA (not
shown). These results confirm that (i) both p16.7 and p17 are
required for efficient internalization of the left early operon
(pull step) and (ii) the absence of p16.7 affects the pull step less
drastically than the absence of p17.

Protein p6, together with other proteins encoded by the
left-side early operon, is essential for �29 DNA replication.
Therefore, it is expected that impairment of the pull step will
also delay the onset of phage DNA replication. To test this
prediction, we used real-time PCR to quantify the amount of
accumulated �29 DNA at different times after infection with
phage sus14, sus16.7/sus14, or sus17. As shown in Fig. 5, while
the onset of DNA replication is observed 15 min after infection
for phage sus14, it is delayed for phage sus16.7/sus14 and sus17
to at least 20 and 30 min after infection, respectively.

DISCUSSION

A critical step during the early stages of phage infection is
the DNA ejection from the virion capsid into the cytosol of the
host. In the case of B. subtilis phage �29, the linear genome
penetrates with a right-to-left polarity by a two-step push-pull
mechanism (16). During the first push step, about 65% of the
right-side �29 genome is ejected into the host. This step does
not require an external energy source and is probably driven by
the high packing pressure of the DNA inside the phage head
(16, 17, 38). The �29 right-side early operon, which is under
the control of the strong C2 promoter, is ejected during this
push step. The finding that the DNA ejection process is com-

pletely stalled after the push step when cells are infected in the
presence of chloramphenicol indicated that one or more pro-
teins encoded by the right-side early operon is required to pull
the remaining part of the �29 genome into the host (16). The
capacity of protein p6 to bind �29 DNA was used to develop
an X-ChIP assay combined with real-time PCR to monitor the
�29 ejection process. This approach provided conclusive evi-
dence that protein p17 plays an important role in the pull step
of ejection (16). In those experiments, �29 protein p6 was
produced ectopically in B. subtilis cells before infection upon
constitutive expression from a high-copy-number plasmid. Un-
der these conditions, protein p16.7 did not seem to play a
significant role in the pull step of DNA ejection.

In the work presented here we show that the plasmid-ex-
pressed p6 protein strongly represses the C2 promoter, causing
a drastic reduction in the synthesis of proteins encoded by the
right-side early operon. This result, together with the fact that
whereas the pull step was fully blocked by chloramphenicol, it
was only impaired in sus17-infected cells (16), prompted us to
reassess a possible role of p16.7 in the pull step. The efficiency
of the pull step was therefore determined using non-p6-pro-
ducing B. subtilis cells in which the right-side early operon
becomes expressed at wild-type levels. As a first approach, the
entrance of viral DNA of various mutant phages was moni-
tored by the X-ChIP assay combined with real-time PCR by
measuring binding of phage-encoded protein p6 to the left and
right �29 DNA ends at different times after infection. These
results showed that protein p16.7 is required for efficient exe-

FIG. 5. Determination of the onset of DNA replication of mutant phages sus14, sus16.7/sus14, and sus17. Non-p6-producing cells (110NA/
pPR55ow6) were infected with the indicated mutants. Aliquots were taken at the indicated times after infection, and the DNA was purified by
phenol extraction and ethanol precipitation as described in Materials and Methods. The amount of �29 DNA at each postinfection time was
calculated by real-time PCR of the left terminal sequence (L), and divided by the input amount of infecting DNA (determined at minute 10
postinfection).
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cution of the pull step (Fig. 3). This conclusion was confirmed
by another approach in which the kinetics of protein p6 syn-
thesis was studied in cells infected with different �29 mutant
phages. Thus, synthesis of protein p6, whose gene is located in
the left-side early operon that is internalized during the pull
step, is delayed in the absence of protein p16.7 (Fig. 4B).
Finally, the fact that the onset of �29 DNA replication was
delayed in the absence of p16.7 (Fig. 5) is in agreement with
the conclusion that p16.7 is required for efficient execution of
the pull step.

In order to compare the effects of p16.7 and p17 in the pull
step, these experiments were performed in parallel using mu-
tant phages sus17 and sus16.7/sus14. The results obtained by
different approaches congruently showed that the absence of
p17 affected the efficiency of the pull step more severely than
the absence of p16.7. Altogether, the results presented in this
work demonstrate that at least two proteins encoded by the
right-side operon, p17 and p16.7, are required for an efficient
pull step of DNA ejection, although the absence of p17 affects
this step more drastically than the absence of p16.7.

Available data (see introduction) indicate that the native
dimeric DNA binding protein p16.7 is responsible for attaching
�29 DNA to the membrane of the infected cell. Interestingly,
16.7 appears to be the only gene present in the right-side
operon to encode a membrane protein (10, 28; also our un-
published results). In prokaryotes, transcription, translation,
and membrane insertion of membrane proteins are coupled
processes, referred to as transertion (8, 9, 34, 41). The tran-
sertion process of p16.7 will position the right half of the �29
DNA, ejected during the push step, at or near the membrane
where it is subsequently bound by the p16.7 protein. We envi-
sion that p16.7-mediated association of this part of the �29
genome at the membrane contributes to the formation and/or
organization of a functional complex, including at least protein
p17, that is responsible for internalization of the remaining
part of the �29 genome via an active process, known to require
energy (17). This view implies that the pull step of �29 DNA
ejection is a membrane-associated process, which is supported
by the following observations. Although linear, the �29 DNA
is topologically constrained in vivo (13), and alteration of the
topological conformation of the �29 DNA upon the addition
of novobiocin abruptly blocks the pull step (17). In vivo �29
DNA replication occurs at the membrane of the infected cell
(6, 19, 27). Interestingly, both p16.7 and p17 are required for
efficient membrane-associated �29 DNA replication (14, 27,
28). Thus, proteins p16.7 and p17 are involved in (i) active
internalization of the left part of the �29 DNA during ejection
and (ii) membrane-associated in vivo DNA replication. To our
knowledge, this is the first example for which it has been shown
that phage-encoded proteins are involved in these two different
aspects of the phage life cycle.
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