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Bacteriophage GA-1 infects Bacillus sp. strain G1R and has a linear double-stranded DNA genome with a
terminal protein covalently linked to its 5� ends. GA-1 protein p6 is very abundant in infected cells and binds
DNA with no sequence specificity. We show here that it binds in vivo to the whole viral genome, as detected by
cross-linking, chromatin immunoprecipitation, and real-time PCR analyses, and has the characteristics of a
histone-like protein. Binding to DNA of GA-1 protein p6 shows little supercoiling dependency, in contrast to
the ortholog protein of the evolutionary related Bacillus subtilis phage �29. This feature is a property of the
protein rather than the DNA or the cellular background, since �29 protein p6 shows supercoiling-dependent
binding to GA-1 DNA in Bacillus sp. strain G1R. GA-1 DNA replication is impaired in the presence of the
gyrase inhibitors novobiocin and nalidixic acid, which indicates that, although noncovalently closed, the viral
genome is topologically constrained in vivo. GA-1 protein p6 is also able to bind �29 DNA in B. subtilis cells;
however, as expected, the binding is less supercoiling dependent than the one observed with the �29 protein
p6. In addition, the nucleoprotein complex formed is not functional, since it is not able to transcomplement the
DNA replication deficiency of a �29 sus6 mutant. Furthermore, we took advantage of �29 protein p6 binding
to GA-1 DNA to find that the viral DNA ejection mechanism seems to take place, as in the case of �29, with
a right to left polarity in a two-step, push-pull process.

A large variety of phages that infect bacteria of the genus
Bacillus have been characterized. Particular attention has been
given to the so-called �29 family of lytic phages that infect
different Bacillus species. They all possess a linear double-
stranded DNA genome of about 20 kb, with a terminal protein
covalently linked to the 5� ends. The terminal protein has a
dual function in priming the initiation of phage DNA replica-
tion at both genome ends (reviewed in reference 43) and in the
hydrolytic degradation of the host cell wall during the ejection
process (31). On the basis of serological properties, DNA phys-
ical maps, peptide maps, and partial or complete DNA se-
quences, the �29-like genus of bacteriophages has been clas-
sified into three groups (36, 52, 53). The first group includes
phages �29, PZA, �15, and BS32; the second group includes
B103, Nf, and M2Y; and the third group contains GA-1 as its
sole member. Phage �29 has been extensively characterized,
being one of the best-studied bacteriophages of gram-positive
bacteria. Its mechanism of DNA replication and its regulation
of transcription have been reviewed previously (39, 43). Within
this family of phages, GA-1 is the one most distantly related to
�29. Its genome is 1.8 kb larger than that of �29, although they
are similarly organized: the early genes are clustered in two
operons located at each end of the genome, while the late
genes are located in a single operon positioned at the central
part of the viral DNA. As in �29 and B103, the late GA-1
operon is flanked on its left side by an early operon that
contains genes required for DNA replication and for transcrip-
tional regulation (genes 6 through 2). These genes are ex-

pressed from the early tandemly organized promoters A2b and
A2c (22). The right region of the GA-1 genome contains open
reading frames (ORFs) whose deduced protein sequences are
homologous to those of the �29 early genes 17 and 16.7, which
are involved in DNA replication (12, 30) and genome inter-
nalization (3, 20). These genes are expressed from the early
promoter C2. However, both ends of the GA-1 genome con-
tain a number of sequences and ORFs that have no counter-
parts in �29 or in any of the other related phages characterized
(29). The putative proteins encoded by these ORFs could be
involved in as-yet-unknown aspects of the phage development,
and/or they may have a role in interaction with the infected
host. In fact, �29 infects Bacillus subtilis, while GA-1 infects
the poorly characterized Bacillus sp. strain G1R and is unable
to infect intact B. subtilis cells (4). The sequence analysis of
G1R 16S rRNA showed that Bacillus sp. strain G1R is more
than 99% identical to that of Bacillus pumilus, an evolutionary
distance that is small enough to consider them two strains of
the same species (21).

B. subtilis phage �29 protein p6 is a small and abundant
protein (about 700,000 copies per cell [2]) required for in vivo
viral DNA replication (10, 44) and has been shown to activate
in vitro the initiation step (6, 35). It is also involved in tran-
scription control, repressing early promoter C2 at the DNA
right end (9, 50) and, together with the viral protein p4, re-
pressing early promoters A2b and A2c and activating late pro-
moter A3 (15). In vitro, both the stimulation of the initiation of
DNA replication and the control of transcription require the
formation of a protein p6-DNA nucleoprotein complex, in
which the DNA adopts a right-handed toroidal, and therefore
positive, superhelical conformation, wrapping around a multi-
meric protein core (48). Protein p6 forms multimeric right-
handed helical filaments (1) similar to those described for
Escherichia coli dnaA (16) or eukaryotic origin recognition
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complex (11). Wrapping of replication origins around such
filaments has been proposed to be a general mechanism to
promote DNA unwinding and subsequent assembly of replica-
tion forks (33). �29 protein p6 restraining of positive super-
coiling implies that DNA binding is inversely proportional to
the degree of negative supercoiling, as shown in vivo and in
vitro (19). In addition, in vivo p6 binding to viral DNA in-
creases dramatically upon addition of novobiocin, which inhib-
its bacterial gyrase, producing a decrease in negative supercoil-
ing (34). Furthermore, novobiocin strongly impairs viral DNA
replication. These results demonstrated that �29 linear DNA,
although it has a terminal protein covalently linked to the ends
and therefore is not covalently closed, is topologically con-
strained (18). Protein p6 binds in vivo to most, if not all, of the
�29 DNA (19), so its functions in replication and transcription
could be functional outcomes of a more global role as a his-
tone-like protein, which participates in organization and com-
paction of the viral genome. Such pleiotropic effects are nor-
mal properties of this kind of protein and have been described
for the four major histone-like proteins of E. coli: HU, IHF,
Fis, and H-NS (13, 14, 23, 28, 42).

Although bacteriophage GA-1 protein p6 exhibits similar
functional properties than that of �29, that is, activation of
initiation of DNA replication (17) and repression of early
transcription from promoter C2 (21), and these properties are
the result of the formation of a multimeric complex with the
DNA, the structure of this complex differs substantially from
that of �29, as deduced from the different periodicity of DNA
binding. As in �29, the GA-1 protein p6 binds to DNA as a
dimer; however, GA-1 protein p6 dimers bind to DNA with a
periodicity of 22 bp (17), instead the 24-bp periodicity reported
for �29 (37). The binding of a single �29 p6 dimer to a co-
valently closed DNA has been estimated to increase the linking
number, and the path of the DNA in the �29 p6 complex has
been described as a right-handed toroidal supercoil with a
pitch of 63 bp (46). The different binding periodicity of the
GA-1 protein p6 suggests also the formation of a right-handed
DNA complex, but with a pitch larger than that of �29. In fact,
it has been shown that GA-1 protein p6 induces lower positive
supercoiling on plasmid DNA in comparison to �29 p6 (17).
Thus, the different properties found in vitro between the GA-1
and �29 proteins prompted us to study the in vivo GA-1 pro-
tein p6 binding to DNA and, in particular, how the different
structure of the nucleoprotein complex affects the supercoiling
binding dependency.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. The bacterial strains used were Ba-
cillus sp. strain G1R (4) and B. subtilis 110NA (trpC2 spo0A3 su�) (32). The
plasmids used were the pUB110 derivatives pPR55w6, pPR55ow6 (7), and
pPR54 (45). Plasmid pPR55w6 constitutively expresses bacteriophage �29 pro-
tein p6 from the phage � PR promoter; plasmid pPR55ow6 has gene 6 in its
opposite orientation. Plasmid pPR54 has an extra cassette that encodes a tem-
perature-sensitive repressor of the � PR promoter and was used to clone GA-1
gene 6. Infections were performed at multiplicity of 10 with either of the follow-
ing phages: GA-1 wild-type (4), �29 sus6(626), a replication-null mutant (38), or
�29 sus14(1242), a delayed lysis mutant with an otherwise wild-type phenotype
(26). The genomes of these mutant �29 phages contain a suppressible nonsense
mutation in the gene indicated.

Medium, enzymes, drugs, and reactives. Bacteria were grown in Luria-Bertani
(LB) medium supplemented with 5 mM MgSO4 and 1 �g of phleomycin (Cayla
S.A.R.L.)/ml. Micrococcal nuclease was from Amersham Pharmacia Biotech and

proteinase K from Boehringer Mannheim. Protein A-Sepharose CL-4B, ly-
sozyme, RNase A, chloramphenicol, and novobiocin were from Sigma-Aldrich.
Formaldehyde at 37% was from Calbiochem.

DNAs and oligonucleotides. Proteinase K-digested GA-1 and �29 DNA was
obtained as described previously (24). The sequences of the oligonucleotides
(Isogen) used for PCR amplification of GA-1 DNA regions (coordinates are
shown in parentheses) are as follows: region G1 (1 to 300), 5�-AAATAGAGT
CCACCCTTCCTCCCCT and 5�-GGCGCAATGAGAAACACCACAGCT; re-
gion G2 (6462 to 6823), 5�-GCAAATTTAGCCGTTGTTGTTGGG and 5�-AG
TTGTGCGTTGAACTCTTCTAAACTC; region G3 (10695 to 11001), 5�-TTC
TGCTCCTACTTATCAAAAGTC and 5�-ATCTGTGTTAAACTTTTTTACC
TGC; region G4 (16302 to 16567), 5�-GCTACTGATTTAGAGCTACTTAAG
and 5�-GGTATTTTAATAGTTTCTCCTGCG; and region G5 (20817 to 21129),
5�-CATGACATGCGTCAAGATATATCC and 5�-AAATAGATTCCCCATG
AACAAGCG. The sequences of the oligonucleotides used for amplification of
�29 DNA regions are as follows: region �1 (1 to 259), 5�-AAAGTAAGCCCC
CACCCTCACATG and 5�-GCCCACATACTTTGTTGATTGG; region �2
(4895 to 5257), 5�-GATTTCTCTCTGCATCATTTTTGC and 5�-CAAAATAT
CTTCGTGTTCTTCTGG; region �3 (7255 to 7528), 5�-GAAGTAGATGATA
TTAAGGACGCC and 5�-CTGACAGAAGACCAAGCACATCGG; region �4
(9507 to 9820), 5�-CTGACAACATCGGAAATTACAGCG and 5�-TTGTTGT
AAACGTCTCTCTGACCC; region �5 (11567 to 11778), 5�-GGATTCTCAAT
GACGGGTTAGA and 5�-CACATACACAGGAAAACCAGACTC; and re-
gion �6 (18998 to 19285), 5�-AAATAGATTTTCTTTCTTGGCTAC and 5�-A
AAGTAGGGTACAGCGACAACATAC. A DNA plasmid region present in
plasmids pPR55w6, pPR55ow6, and pPR54, named region P1 (2578 to 2873),
was amplified with the oligonucleotides 5�-GGGCACAAATCGCATCGTGG
AACG and 5�-TCTTGGTCGTCAGACTGATGGGCC.

Cloning and expression of bacteriophage GA-1 gene 6 and Bacillus transfor-
mation. The DNA fragment corresponding to GA-1 gene 6, including its own
ribosomal binding site, was obtained by PCR amplification from the viral genome
using two primers, primer 1 (5�-TGTTTCCTAGCGCTGCAGTTTAAAAT
TATA) and primer 2 (5�-GTATATCATAAGGGCTGCAGATTAACAAAC),
both containing a PstI site (underlined). The amplified fragment, 373 bp in
length, was digested with PstI, purified from agarose gel by using the QIAquick
gel extraction kit (QIAGEN) and inserted into the PstI site of the expression
vector pPR54. The ligation mixture was used to transform competent B. subtilis
YB886 cells (41, 51). Transformants were selected for phleomycin resistance (1
�g/ml). Recombinant plasmid was checked by PstI restriction analysis and DNA
sequencing and used to transform competent B. subtilis 110NA cells. B. subtilis
110NA harboring the recombinant plasmid were grown in LB medium at 30°C up
to 108 cells/ml and temperature shifted up to 40°C during 15 min. Cells were then
centrifuged and resuspended in LB medium at 30°C before infection. B. subtilis
110NA cells transformed by plasmids pPR55w6 and pPR55ow6 were treated in
the same way to ascertain the same infection conditions. Competent Bacillus sp.
strain G1R cells were also transformed with plasmids pPR55ow6 or pPR55w6 as
described previously (41, 51).

Cross-linking, immunoprecipitation, and DNA amplification. Bacteria were
grown at 30°C up to 108 cells/ml and infected according to the conditions
described above. Chloramphenicol (34 �g/ml) and novobiocin (500 �g/ml) were
added at the indicated times. Novobiocin, a gyrase inhibitor, was used to de-
crease negative supercoiling. Cross-linking and chromatin immunoprecipitation
(X-ChIP) was carried out essentially as described previously (20). Briefly, cells
were cross-linked with 1% formaldehyde for 5 min and lysed, and DNA was
sheared by sonication using a 150Watt Ultrasonic Disintegrator (MSE, UK).
Fragments with an average size of about 750 bp were obtained from 2-ml samples
after three pulses of 10 s at 15-�m amplitude, separated by at least 20-s intervals.
To avoid heating, samples were kept on ice. Cell debris was eliminated by
centrifugation. A 1/20 portion of each sample was kept for total DNA analysis (T
sample), and the remainder was split for immunoprecipitation overnight at 4°C
with either polyclonal antibodies anti-p6 (�p6 sample) or preimmune serum (pi
sample) (20 �l each) and processed as described previously (20). All samples
were incubated overnight at 65°C with shaking to reverse cross-links, and DNA
was purified by phenol and chloroform extraction, ethanol precipitated, and
finally resuspended in water. Analysis of DNA samples was performed by real-
time PCR in a LightCycler instrument using a Light Cycler-FastStart DNA
master SYBR Green I Hot-start reaction mix (Roche). Amplification conditions
included a preheating step of 10 min at 95°C to activate the Taq polymerase,
followed by 30 cycles comprising a denaturation step of 15 s at 95°C for all
regions. Hybridization or elongation temperature conditions used to amplify
GA-1, �29, and plasmid DNA regions (coordinates are shown in parentheses)
were as follows: G1 (1 to 300) and G5 (20817 to 21129), 10 s at 57°C and 40 s at
72°C; G3 (10695 to 11001) and G4 (16302 to 16567), 10 s at 60°C and 40 s at
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72°C; G2 (6462 to 6823), 10 s at 59°C and 40 s at 72°C; �1 (1 to 259) and �5
(11567 to 11778), 5 s at 53°C and 15 s at 72°C; �2 (4895 to 5257), �3 (7255 to
7528), and �4 (9507 to 9820), 10 s at 51°C and 30 s at 72°C; �6 (18988 to 19285),
5 s at 50°C and 40 s at 72°C; and region P1 (2578 to 2873) from plasmids
pPR55ow6, pPR55w6, and pPR54, 10 s at 50°C and 15 s at 72°C. Finally, a
melting analysis was performed by continuous fluorescence measurement from
65 to 95°C to ensure that a single product was amplified. Protein p6 binding
values were expressed as the immunoprecipitation coefficient (IC): [(�p6 �
pi)/T] � 106, where T stands for total DNA and where �p6 and pi represent
DNA immunoprecipitated with serum against p6 and preimmune serum, respec-
tively. Primer hybridization to bacterial DNA was previously ruled out in a
control with uninfected cells. The IC values shown in the present study corre-
spond to one representative experiment of at least two, which among themselves
differed less than 10%.

Western blot analysis. Cells were grown at 30°C up to a density of 108 cells/ml
and temperature shifted up to 40°C during 15 min. At the time indicated, 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% sodium dodecyl sulfate, 5% 	-mercapto-
ethanol, 30% glycerol), and disrupted by sonication. Samples were subjected to
sodium dodecyl sulfate–15% polyacrylamide gel electrophoresis, and proteins
were transferred by using a Mini-Trans-Blot apparatus (Bio-Rad) at 100 mA and
4°C for 60 min. Immobilon-P membranes (Millipore) were probed with 1:2,000-
diluted �29 �p6 or GA-1 �p6 polyclonal antibodies for 70 min. The membranes
were then washed twice and incubated with 1:4,000-diluted anti-rabbit horserad-
ish peroxidase-conjugated antibodies for another 70 min, and the immune com-
plexes were detected by using ECL detection reagents (Amersham). Films were
scanned, and bands were subjected to densitometry using ImageQuant software.

DNA replication. Cells were grown and infected as described earlier. At the
times indicated, 1-ml aliquots were collected, and cells were washed and lysed as
previously described (7). Samples were treated with proteinase K (50 �g/ml), and
DNA was extracted with phenol and chloroform, ethanol precipitated, and re-
suspended in water. The amount of DNA from the left terminal sequence either
from �29 (�1) or from GA-1 (G1) was quantified by real-time PCR, using the
amplification protocol described above.

Fluorescence measurements. Fluorescence measurements were performed es-
sentially as described previously (18) in a Variant Cary Eclipse spectrofluorom-
eter and monitored in a 2-mm path length cell at 15°C. The tryptophan residue
of �29 protein p6 was excited at a wavelength of 290 nm, and fluorescence was
measured at 350 nm.

RESULTS

Bacteriophage GA-1 protein p6 binding to viral DNA in
Bacillus sp. strain G1R. To determine whether p6 binds GA-1
DNA in vivo, Bacillus sp. strain G1R cells were infected with
phage GA-1, and DNA binding was measured by X-ChIP.
Cells were cross-linked with formaldehyde, and DNA was son-
icated and immunoprecipitated with �p6 antibodies. Selected
sequences, 300 bp on average, were amplified and quantified
by real-time PCR, and protein p6 binding was expressed as IC,
as described in Materials and Methods. Figure 1A indicates
the location of the five GA-1 DNA regions analyzed, named
G1 to G5, scattered along the viral genome. Regions G1 and
G5 correspond to the left and right GA-1 DNA ends, respec-
tively, that contain the replication origins; G5 also comprises
the early promoter C2. Region G2 includes the central tran-
scriptional control region, with the early promoters A2b and
A2c and the late promoter A3. Regions G3 and G4 correspond
to the late genes 10 and 15, respectively. Protein p6 binding
was measured 15 min postinfection, where the p6/DNA ratio is
higher than at later times (results not shown). Figure 1B shows
the protein p6 binding to the five GA-1 DNA regions in GA-
1-infected Bacillus sp. strain G1R cells. Protein p6 binds to all
of the five regions studied, which comprise 
25% of the total
GA-1 DNA (see Fig. 1A); thus, it is likely that protein p6 binds
most, if not all, of the viral genome. The highest binding affinity
corresponds to regions G1 and G5 located at both DNA ends.

As a control, binding to a region, named P1, from plasmid
pPR55ow6, a pUB110 derivative (45), was lower than that to
any of the GA-1 DNA regions analyzed.

Although phage GA-1 DNA has a terminal protein, and
therefore it is not covalently closed, it could be topologically
constrained, as has been described for phage T4 (49) or �29
(18). To test this possibility, protein p6 binding was also mea-
sured in the presence of novobiocin, a gyrase inhibitor that
generates a loss of DNA negative supercoiling. As a result, if
GA-1 DNA were topologically constrained, we would expect
an increase of p6 binding. As a control, we used nalidixic acid,
which also inhibits gyrase but has no topological effects as it
inhibits the topoisomerase nicking-closing activity. As also
shown in Fig. 1B, binding to all five GA-1 DNA regions was
not significantly increased in the presence of novobiocin. Sim-
ilarly, the presence of nalidixic acid produced essentially no
change in the IC values. This result could be explained if GA-1
DNA were not topologically restricted, if novobiocin and
nalidixic acid were not inhibiting gyrase under these condi-
tions, or both. To analyze these possibilities, we studied the
effect of both drugs on GA-1 DNA replication. Since the ori-
gins of DNA replication in GA-1 DNA are located at the ends
of the linear genome, progression of the two replication forks
would generate positive supercoiling ahead, due to DNA un-
winding that would greatly impair replication if DNA were not
allowed to rotate freely. Thus, in a topologically restricted
DNA, gyrase would be required for efficient replication. We
added novobiocin or nalidixic acid 25 min postinfection, once
phage GA-1 DNA replication had started, and measured DNA
synthesis. Samples were taken 35 and 45 min postinfection and,
using real-time PCR, we quantified accurately the amount of
DNA from the left GA-1 DNA terminus (L; shown in black in
Fig. 1A). Figure 2 shows that both inhibitors, especially novo-
biocin, produced a significant impairment in DNA replication,
indicating not only that novobiocin and nalidixic acid are func-
tional but that the phage GA-1 genome is topologically con-
strained in vivo and therefore cellular gyrase activity is re-
quired for viral DNA replication. Hence, the results shown in
Fig. 1B indicate that GA-1 protein p6 binding to the GA-1
genome or to plasmid DNA is not supercoiling sensitive under
the experimental conditions used, in contrast to the results
observed in �29 (18).

Bacteriophage �29 protein p6 binding to GA-1 DNA in
Bacillus sp. strain G1R. The lack of sensitivity to novobiocin of
GA-1 protein p6 binding to GA-1 DNA in Bacillus sp. strain
G1R could be due to an intrinsic property of the protein or of
the DNA or may even depend on the intracellular background.
To discriminate between these possibilities, we expressed �29
protein p6 in Bacillus sp. strain G1R and analyzed the effect of
novobiocin on the protein binding to GA-1 and to plasmid
DNA. For this purpose, we transformed G1R cells with plas-
mid pPR55w6 containing �29 gene 6. These cells were grown
and chloramphenicol was added before GA-1 infection to pre-
vent GA-1 protein p6 synthesis, along with novobiocin, and
formaldehyde cross-linking was performed 20 min postinfec-
tion. We measured �29 p6 binding to region G5 and G1 lo-
cated at the right and left termini, respectively, of GA-1 DNA
(see Fig. 1A). Figure 3A shows that under these conditions,
novobiocin stimulated fivefold �29 p6 binding to region G5, in
contrast to the result obtained with the GA-1 protein p6 (see
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Fig. 1B). �29 protein p6 binding to plasmid DNA was also
supercoiling dependent (Fig. 3B) since a 10-fold increase in
binding to region P1 from plasmid pPR55w6 was obtained in
the presence of novobiocin, again in contrast to the result
obtained with the GA-1 protein (see Fig. 1B). These results
indicate that the different dependency on supercoiling found
for GA-1 and �29 p6 proteins is a feature that depends on the
protein rather than on the DNA or the intracellular back-
ground. The failure to detect binding to region G1 (see Fig.
3A) does not seem to be due to a particularly low affinity of
�29 protein p6 for this region, since the affinities of �29 pro-
tein p6 for both GA-1 genome ends in vitro, as measured by
fluorescence quenching, were almost identical (with effective

binding constant values of about 1.2 � 106 �M�1; result not
shown). The absence of in vivo binding to the left terminal
region would rather reflect the lack of internalization of the
left terminus of the GA-1 genome, strongly suggesting that, as
previously described for phage �29 (20), the ejection mecha-
nism of phage GA-1 is a two-step process in which the entrance
of the left (second) part of the viral genome requires the
synthesis of proteins encoded by the right genome end and
therefore is prevented in the presence of chloramphenicol.

Bacteriophage GA-1 protein p6 binding to the �29 right
DNA end in B. subtilis 110NA cells. To further study the prop-
erties of GA-1 protein p6, we measured its binding to DNA in B.
subtilis 110NA cells and performed a direct comparison with the

FIG. 1. (A) Genetic and transcriptional map of the phage GA-1 linear DNA, showing the regions used to measure protein p6 binding by
X-ChIP. Since DNA is sheared by sonication to an average size of 
750 bp, each region would then comprise all of the overlapping DNA fragments
that contain the amplified sequence (black boxes). According to the average size of the amplified sequences (
300 bp) and that of the sonicated
DNA (
750 bp), every DNA region analyzed has 
1,200 bp (gray boxes). This value would be only 
750 bp for regions G1 and G5, since the
amplified sequences are located at the ends of the linear DNA. The arrows point in the direction of transcription: the early promoters C2, A2b,
and A2c transcribe leftward, and the late promoter A3 transcribes rightward. Genes that are conserved in comparison with phage �29 are indicated
with numbers. ORFs located at both genome ends that may encode several proteins, counterparts of which are not present in the genome of �29,
are indicated with letters. Circles represent the terminal protein attached to the 5� DNA ends. L and R indicate the left and right ends of the GA-1
genome, respectively. (B) Protein p6 binding to GA-1 and plasmid DNA in the absence or presence of novobiocin and nalidixic acid. Bacillus sp.
strain G1R cells harboring plasmid pPR55ow6 were grown, infected with GA-1 and, after 15 min, the untreated aliquot (C) was cross-linked and
processed as described in Materials and Methods; the other two aliquots were treated with 34 �g of chloramphenicol/ml together with 500 �g of
novobiocin/ml (�Nov) or nalidixic acid (�Nal) and cross-linked 10 min later. Protein p6 binding is expressed as the IC (see Materials and
Methods). The IC values for each region are as follows (C, �Nov, �Nal): G1 � 4,864, 5,419, and 4,700; G2 � 3,242, 3,703, and 3,002; G3 � 2,659,
2,898, and 2,515; G4 � 3,123, 3,659, and 2,993; G5 � 4,553, 4,732, and 4,453; and P1 � 450, 511, and 420.
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�29 ortholog. To accomplish this, we cloned the GA-1 gene 6 into
the pPR54 plasmid, which allows the temperature-dependent
protein expression driven under the control of phage � PR pro-
moter (45) and transformed B. subtilis 110NA cells (see Materials
and Methods). Thus, two different strains were available: one
producing GA-1 protein p6 and the other producing �29 protein
p6. To compare the properties of both proteins, induction condi-
tions were found in which the amount of GA-1 protein p6 syn-
thesized was equivalent to the amount of �29 protein p6 consti-
tutively expressed from plasmid pPR55w6, as determined by
Western blot analysis (results not shown). Both strains were in-
fected with �29 sus14(1242) in the presence of chloramphenicol
to prevent exogenous p6 expression. It should be noticed that
under these conditions only the 
65% right part of �29 DNA
penetrates in the cell, since viral proteins are required for com-
plete ejection (20). Thus, we measured the binding of both p6
proteins to the �29 DNA right terminus (�6, see Fig. 5A), that
penetrates in the first (push) step of ejection, and to the plasmid
region P1. Cross-linking was performed 40 min postinfection to
maximize DNA internalization. Figure 4A (left panel) shows the
binding of the �29 protein p6 in the absence or presence of
novobiocin. The presence of novobiocin increased binding to �29
and plasmid DNA regions 13.5- and 19.9-fold, respectively (Fig.
4A, right panel). In contrast, the GA-1 protein p6 results show
only a small increase (Fig. 4B, right panel). These results, ob-
tained with �29 DNA and B. subtilis, confirm those found with
GA-1 DNA and Bacillus sp. strain G1R and further indicate that
GA-1 protein p6 binding to DNA has a very low supercoiling
dependency, in contrast to the �29 ortholog.

Bacteriophage GA-1 protein p6 binding to the �29 genome
in B. subtilis 110NA cells. The phage GA-1 protein p6 binding
studies to �29 DNA described above were restricted to the
right DNA end, since they were performed in the presence of
chloramphenicol. We further extended these studies measur-
ing the binding to the whole �29 DNA. As before, we made
use of the X-ChIP technique in �29 sus6(626)-infected B.
subtilis 110NA cells producing either GA-1 or �29 protein p6.
However, since the �29 p6-producing cells support the growth
of �29 sus6(626) phage (7), cross-linking was performed 20

FIG. 2. Effect of novobiocin and nalidixic acid on GA-1 DNA rep-
lication. Bacillus sp. strain G1R cells were infected with phage GA-1,
and 25 min later the culture was divided into three aliquots and further
grown in the presence of novobiocin (�Nov) or nalidixic acid (�Nal)
(500 �g of each/ml) or with no addition (C). Aliquots were obtained at
the indicated times after infection, and the DNA was purified by
phenol extraction and ethanol precipitation. The amount of GA-1
DNA was calculated by real-time PCR of the left terminal sequence
(L; see Fig. 1A). The data are expressed as nanograms of full-length
GA-1 DNA per milliliter of culture.

FIG. 3. �29 protein p6 binding to GA-1 right terminus (G5) and
plasmid region P1 in Bacillus sp. strain G1R. Cells harboring plasmid
pPR55w6 were grown, and the culture was treated with 34 �g of chlor-
amphenicol/ml and infected with phage GA-1. The culture was divided
into two aliquots and, after 20 min, one aliquot was cross-linked (C), and
the other was treated with 500 �g of novobiocin/ml (�Nov) and cross-
linked 10 min later. �29 protein p6 binding is expressed as the IC. (A) IC
values for regions G1 and G5 (GA-1 left and right genome ends, respec-
tively) are as follows: G1, not detected (ND); G5, 25.8 (C) and 130
(�Nov). (B) IC values for plasmid region P1 are as follows: 89.4 (C) and
911.9 (�Nov). The binding increase in the presence of novobiocin, ex-
pressed as the IC�Nov/IC�Nov ratio, is shown in the right panel.

8028 ALCORLO ET AL. J. BACTERIOL.



min postinfection, just before the onset of viral DNA replica-
tion takes place. Thus, the results obtained with GA-1 and �29
proteins could be compared under similar protein/DNA ratios.
Binding, both in the absence and in the presence of novobio-

cin, was measured to the �29 DNA regions shown in Fig. 5A.
The �29 protein p6 binding pattern to regions �1 to �6, shown
in Fig. 5B, left panel, is in agreement with the one previously
described (18, 19) despite the fact that, under these conditions,
20 min after infection, viral DNA ejection is not completed,
since synthesis of p17 and p16.7 proteins from promoter C2,
required for the second (pull) step of ejection, is strongly
repressed in vivo in protein p6-producing cells (3). This is
reflected by the IC value for region �1 lower than that for
region �6, despite the fact that the in vivo intrinsic affinity of
�29 protein p6 for region �1 is about twofold higher than that
for region �6 (18). Also, as described, �29 p6 binding values
for each region are highly increased in the presence of novo-
biocin (18), except for region �2 (Fig. 5B, right panel). On the
other hand, although GA-1 protein p6 is able to bind to all �29
DNA regions analyzed (Fig. 5C, left panel), it generated a
binding pattern different from the one obtained with �29 pro-
tein p6 (Fig. 5B, left panel) and also different from the one
obtained with GA-1 DNA in Bacillus sp. strain G1R, where the
highest binding corresponds to both viral genome ends (see
Fig. 1B). The DNA-binding increase in the presence of novo-
biocin is shown in Fig. 5C, right panel, where the IC ratios
plotted for each �29 DNA region show much lower values than
in the case of the �29 p6, the highest one being only 3.7-fold
for the �4 region. These results clearly indicate that the two
viral proteins have a very different binding behavior with re-
spect to DNA topology. Furthermore, although not as much as
for GA-1 DNA in G1R cells (see Fig. 1B), GA-1 protein p6
binding to �29 DNA displays a lower supercoiling dependency
than the �29 counterpart.

Bacteriophage GA-1 protein p6 complex with �29 DNA is
not functional. Since GA-1 protein p6 was able to bind to �29
DNA, and the formation of the nucleoprotein complex was a
requirement for �29 DNA replication, we studied the func-
tionality of the GA-1 p6-�29 DNA complex in a transcomple-
mentation assay. For this, GA-1 and �29 protein p6-producing
B. subtilis 110NA cells were infected with �29 sus6(626), and
viral DNA replication was measured by real-time PCR. While,
as previously described (7), �29 sus6(626) DNA can replicate
in the �29 p6-producing cells, the GA-1 protein p6-producing
cells fail to support DNA replication (Fig. 6). Therefore, we
conclude that the nucleoprotein complex formed by GA-1 pro-
tein p6 with �29 DNA has no biological activity. If GA-1
protein p6 is not forming a functional nucleoprotein complex
with �29 DNA, either it is not repressing in vivo the �29 C2
promoter, or repression is weaker than the one observed with
the �29 protein. Therefore, the �29 ejection process in GA-1
p6-producing cells should be little or not delayed. In agree-
ment with this, the difference between the IC values obtained,
either in the absence or in the presence of novobiocin, for
regions �1 and �6 (Fig. 5C, left panel) is lower than the one
obtained for the same regions in �29 p6-producing cells (Fig.
5B, left panel).

DISCUSSION

Bacteriophage GA-1 protein p6 activates the initiation of
GA-1 DNA replication (17) and represses transcription from
the right early C2 promoter (21). Both biological functions
require the formation of a nucleoprotein complex with the

FIG. 4. (A) �29 protein p6 binding to the �29 right terminus (�6)
and plasmid region P1. B. subtilis 110NA cells producing �29 protein
p6 were grown and treated with 34 �g of chloramphenicol/ml together
with or without 500 �g of novobiocin/ml. Cells were infected with �29
sus14(1242) and cross-linked 40 min later. IC values for each DNA
region in the absence or presence of novobiocin are shown in the left
panel. The binding increase in the presence of novobiocin, expressed
as the IC�Nov/IC�Nov ratio, is shown in the right panel. (B) GA-1
protein p6 binding to the �29 right terminus (�6) and plasmid region
P1. GA-1 protein p6 synthesis was induced in B. subtilis 110NA cells as
described in Materials and Methods. Cells processed as before were
infected with �29 sus14(1242) and cross-linked 40 min later. IC values
in the absence or presence of novobiocin are shown in the left panel.
The binding increase in the presence of novobiocin, expressed as the
IC�Nov/IC�Nov ratio, is shown in the right panel.
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FIG. 5. (A) Genetic and transcriptional map of phage �29 linear DNA. The sequences selected for PCR amplification are shown in black and
the regions analyzed for protein p6 binding, �1-�6, are shown in gray, as explained in Fig. 1A. The position of genes 1 to 17 and 56 is indicated.
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DNA; therefore, we studied the in vivo DNA- binding prop-
erties of GA-1 protein p6 by means of X-ChIP coupled to
real-time PCR. GA-1 protein p6 binding was detected to all of
the GA-1 DNA regions analyzed, suggesting that GA-1 p6 has
a role in the organization of the viral chromosome, in the
manner of a histone-like protein, as previously described for
phage �29 protein p6 (19). The binding of p6 was highest at
both genome ends (regions G1 and G5), where the origins of
replication are located, which may be related to the require-
ment for protein p6 in GA-1 DNA replication (17).

Previous results showed that GA-1 protein p6 induced lower
positive supercoiling on plasmid DNA than the �29 protein
(17), suggesting that DNA binding to negative supercoiled
DNA could be less restricted than with �29 p6. Indeed, in
contrast to the results obtained with the �29 protein, GA-1 p6
binding to GA-1 DNA was not substantially increased in
the presence of novobiocin, that is, under these conditions the
GA-1 protein p6 binding was not significantly affected by the

DNA topology. This finding was unexpected since it has been
proposed for �29 protein p6 that supercoiling is the main
factor that rules protein p6 binding specificity in vivo (18, 19).
Thus, we tested the effect of novobiocin and nalidixic acid by
measuring viral DNA replication. Both drugs arrested replica-
tion, indicating that gyrase is required for GA-1 DNA replica-
tion and that the GA-1 genome is topologically constrained,
most probably due to membrane attachment through the ter-
minal proteins, as it has been previously described for phage
�29 (18). To discriminate among protein, DNA, or intracellu-
lar environment as factors that could be responsible for the low
supercoiling dependency of GA-1 p6 binding to the viral ge-
nome in Bacillus G1R cells, we constructed �29 p6-producing
Bacillus sp. strain G1R cells that were infected with phage
GA-1, and we measured �29 p6 binding to DNA. The binding
was found to increase 5- to 10-fold in the presence of novo-
biocin. Thus, the low supercoiling dependency binding to DNA
seems to be an intrinsic protein property. Since infection with
GA-1 was performed in the presence of chloramphenicol, no
viral proteins could be synthesized. In these conditions, protein
p6 binds to the right (G5 region) but not to the left DNA end
(G1 region). This strongly suggests that the GA-1 DNA ejec-
tion mechanism is a two-step process in which the second step
requires viral proteins to pull inside the cell the DNA left end
(20).

To further study GA-1 protein p6 binding to DNA, B. subtilis
cells producing GA-1 protein p6 were infected with �29, and
the binding was measured to six different regions of �29 DNA.
Under this cellular background, GA-1 protein p6 was able to
bind all of the �29 DNA regions analyzed. The particularly low
affinity of �29 p6 protein in vivo and in vitro for the transcrip-
tional control region �2 was shown to be due to the presence
of an intrinsic curvature (18) located at the promoter A2b (5,
40). GA-1 protein p6 lowest affinity was also detected for
region �2, indicating that the rigidity of this DNA sequence
may also impair GA-1 p6 binding. However, in Bacillus sp.
strain G1R, the lowest GA-1 p6 affinity was not detected for
the GA-1 transcriptional control region, G2, but for the inter-
nal region G3, located in late gene 10. These differences could
indicate that the intrinsic curvature found in �29 is not present
in the analogous GA-1 transcriptional control region, since no
impairment in p6 binding is detected in comparison with other
GA-1 DNA regions. Thus, in phage GA-1, the switch from
early to late transcription mechanism would have differences in
comparison with phage �29, in agreement with previous results
(22). Although GA-1 protein p6 binds in vivo to �29 DNA, the

.5 to .9 stands for 16.5 to 16.9, respectively. Circles represent the terminal protein attached to the 5� DNA ends. L and R indicate the left and right
ends of the �29 genome, respectively. The arrows point the direction of transcription: the early promoters C2, A2b, and A2c leftward and the late
promoter A3 rightward. (B) �29 protein p6 binding to �29 DNA. B. subtilis 110NA cells producing �29 protein p6 were infected with �29 sus6(626)
and, 20 min later, an aliquot (c) was cross-linked as described in Materials and Methods; another aliquot (�Nov) was treated with 34 �g of
chloramphenicol/ml together with 500 �g of novobiocin/ml and cross-linked 40 min later. Protein p6 binding for each region is shown in the left
panel. The IC values (c and �Nov) are as follows: �1, 60.5 and 590; �2, 18.5 and 18.6; �3, 55.8 and 527.7; �4, 50.1 and 834.4; �5, 44.4 and 548.5;
�6, 134.9 and 1791; and P1, 205.9 and 767.5. Binding increase for each �29 DNA region in the presence of novobiocin, expressed as IC�Nov/IC�Nov
ratio, is shown in the right panel. (C) GA-1 protein p6 binding to �29 DNA. B. subtilis 110NA cells producing GA-1 protein p6 were infected with
�29 sus6(626) and aliquots (c) and (�Nov) were obtained as described above. Protein p6 binding for each region is shown in the left panel. The
IC values (c and �Nov) are the following: �1, 303.7 and 805.9; �2, 162.9 and 245.3; �3, 613.4 and 1,216; �4, 515.7 and 1,885.5; �5, 607.3 and
1,681.8; �6, 585.4 and 1,325; and P1, 586.3 and 975. The binding increase for each �29 DNA region in the presence of novobiocin, expressed as
the IC�Nov/IC�Nov ratio, is shown in the right panel.

FIG. 6. Transcomplementation of �29 DNA synthesis in B. subtilis
110NA cells producing �29 or GA-1 protein p6. B. subtilis 110NA cells
producing �29 or GA-1 protein p6 were infected with �29 sus6(626),
aliquots were taken at the indicated times after infection, and the DNA
was purified by phenol extraction and ethanol precipitation. The
amount of �29 DNA was measured by real-time PCR of the left
terminal sequence (L). The data are expressed as nanograms of full-
length �29 DNA per milliliter of culture.
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nucleoprotein complex formed does not have the proper struc-
ture to complement in trans the DNA replication deficiency of
�29 sus6(626). This lack of biological activity of the GA-1
p6-�29 DNA nucleoprotein complex may not prevent the in
vivo transcription from the right �29 DNA early promoter, and
thus ejection of �29 DNA in GA-1 protein p6-producing cells
would not be so delayed as in the case of �29 p6-producing
cells.

The low supercoiling dependency of the GA-1 protein p6
observed with GA-1 DNA is in contrast to the described high
supercoiling dependency of the �29 protein p6 binding to �29
DNA (18). This is reflected by the fact that when the �29 DNA
negative supercoiling was decreased in the presence of novo-
biocin, the binding of the �29 protein increased more than that
of the GA-1 protein. This lower dependency on supercoiling of
GA-1 p6 with respect to �29 p6 could be explained by the
different structure of the nucleocomplex formed by each pro-
tein. In the case of �29, p6 monomers bind DNA every 12 bp
(48), while GA-1 p6 monomers bind to DNA every 11 bp (17).
Thus, for �29 p6 the surface-related DNA helical repeat, hc, is
12, and the protein forms a right-handed superhelix, restrain-
ing positive supercoiling in a covalently closed DNA, implying
that the binding increases as negative supercoiling is de-
creased. On the other hand, the GA-1 protein p6 hc is lower
(11 bp) than the �29 protein p6 hc (12 pb) (47) but, in any case,
higher than the absolute DNA helical repeat (hc � 10.5 bp), so
the supercoiling restrained per unit length would be lower and
the DNA affinity of GA-1 protein p6 should be less supercoil-
ing dependent. Nevertheless, these arguments would only ap-
ply provided other parameters that define DNA topology, such
as twist, remain constant.

It has been proposed that the �29 protein p6 preferential
binding to viral DNA in vivo is mainly based on its lower
negative superhelicity (18, 19). Since phage GA-1 protein p6
displays a much lower dependency on supercoiling, other fac-
tors may be involved in the viral DNA-binding specificity. For
instance, architectural proteins present in the nucleoid may
prevent protein p6 binding to bacterial DNA when the viral
infection takes place. It should be also noted that �29 DNA
replication is membrane associated (8, 25), and when protein
p6 is synthesized around the periphery of the cell, where ribo-
somes have been shown to localize (27), it could predominantly
bind to the adjacent viral DNA, decreasing the opportunities
to interact with the nucleoid. In addition, GA-1 protein p6-
DNA interaction may be regulated by other viral proteins such
as those encoded by the different ORFs located at both GA-1
genome ends that are not present in phage �29.

The present comparative study of �29 and GA-1 protein p6
in DNA binding has shown that, whereas the main character-
istics of these proteins are conserved, interesting differences
are also found. These differences will be important tools in
further unraveling the molecular mechanism by which these
proteins act and in understanding in more detail the evolution-
ary adaptation of these proteins with respect to their function
for their specific phage.
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