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Protein p6 is a nonspecific DNA-binding protein occurring in high abundance in phage f29-infected cells.
Here, we demonstrate a novel role for this versatile histone-like protein: its involvement in regulating the
viral switch between early and late transcription. p6 performs this role by exhibiting a reciprocal functional
interaction with the regulatory protein p4, also phage encoded, which is required for repression of the early
A2b and A2c promoters and activation of the late A3 promoter. On the one hand, p6 promotes p4-mediated
repression of the A2b promoter and activation of the A3 promoter by enhancing binding of p4 to its
recognition site at PA3; on the other, p4 promotes p6-mediated repression of the A2c promoter by favoring the
formation of a stable p6–nucleoprotein complex that interferes with RNA polymerase binding to PA2c. We
propose that the observed interplay between proteins p6 and p4 is based on their DNA architectural
properties.
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The process of transcription, like other DNA transac-
tions such as replication and recombination, occurs on
an inherently stiff molecule (see Shore and Baldwin
1983; Wang and Giaever 1988). However, DNA must be
at least locally flexible for the appropriate nucleoprotein
complexes to assemble. This requirement is partially ful-
filled by the participation of DNA-binding proteins that
have the ability to remodel DNA (Nash 1990, 1996;
Grosschedl et al. 1994; Werner and Burley 1997). Such
architectural factors are found in both eukaryotes and
prokaryotes and include specific as well as nonspecific
DNA-binding proteins.

Nonspecific architectural factors presumably regulate
transcription by introducing conformational changes
that either hinder or assist DNA recognition by se-
quence-specific control proteins. In prokaryotes, there is
substantial evidence that factors capable of altering gen-
eral DNA flexibility such as the major histone-like pro-
teins HU and H-NS can also function as transcriptional
modulators. Thus, HU has been shown to stimulate lac
repressor–operator binding and CAP binding to lac DNA

(Flashner and Gralla 1988), to stabilize Mu repressor
binding to the Mu early operator (Betermier et al. 1995),
to aid in GalR-mediated repression of the gal operon (Aki
and Adhya 1997), and to displace the LexA repressor
from its DNA-binding sites (Preobrajenskaya et al. 1994).
Likewise, H-NS has been reported to influence transcrip-
tion of a number of genes involved in diverse biological
processes (Falconi et al. 1993; Zuber et al. 1994; Atlung
and Ingmer 1997; Williams and Rimsky 1997).

In eukaryotes, the abundant nonhistone chromosomal
protein HMG-1 (and the highly homologous protein
HMG-2) also functions as an architectural element in
the assembly of several transcriptional nucleoprotein
complexes (for review, see Grosschedl et al. 1994; Bustin
and Reeves 1996). Thus, HMG-1 and HMG-2 have been
shown to enhance the sequence-specific DNA binding of
a variety of proteins, such as steroid receptors (Oñate et
al. 1994; Verrier et al. 1997; Boonyaratanakornkit et al.
1998); the POU domain-containing proteins Oct1, Oct2,
and Oct6 (Zwilling et al. 1995); HOX proteins (Zappav-
igna et al. 1996); and the tumor suppressor p53 (Jayara-
man et al. 1998). The ability of HU, H-NS, and HMG-1 to
bind DNA nonspecifically but in a conformation-depen-
dent manner (Bianchi et al. 1989; Bracco et al. 1989; Ya-
mada et al. 1991; Pontiggia et al. 1993) and to bend DNA
on binding (Hodges-Garcia et al. 1989; Oñate et al. 1994;
Spurio et al. 1997) have been related to their effects as
transcriptional modulators (see Flashner and Gralla
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1988; Oñate et al. 1994; Atlung and Ingmer 1997; Wil-
liams and Rimsky 1997; Jayaraman et al. 1998).

Protein p6 from Bacillus subtilis phage f29 is an early
phage protein that resembles in various aspects the type
of general architectural factors described above. It is a
small DNA-binding protein, abundant in infected cells,
that binds DNA as a dimer and recognizes a structural
feature rather than a specific sequence in DNA (for re-
view, see Salas and Rojo 1993). Initial binding of p6 to
DNA occurs preferentially at DNA regions showing a
tendency to bend with a defined periodicity. Such a
structural feature is found at the ends of the phage ge-
nome, where p6 imposes bends on the DNA every 12 bp
forming a compact nucleoprotein complex that plays an
essential role in the initiation of f29 DNA replication.
In this complex the DNA forms a right-handed solenoid
wrapping around the multimeric p6 core (Serrano et al.
1993). Nevertheless, under conditions that favor binding
of p6 to DNA (low salt and saturating protein concen-
trations), p6–nucleoprotein complexes are observed cov-
ering most of the f29 genome, suggesting that p6 may
also have a structural role in organizing the genome
(Gutiérrez et al. 1994). In agreement with this hypoth-
esis, p6 concentrations at late times of infection can be
as high as 1 mM, an amount sufficient to saturate not
only the f29 replication origins but also the entire in-
tracellular viral DNA (Abril et al. 1997).

If p6 covers most of the f29 genome in vivo, it is likely
that the complex it forms with DNA affects other pro-
cesses besides the initiation of DNA replication. In fact,
binding of p6 to the right genomic end represses tran-
scription from the early C2 promoter (PC2) by blocking
access to RNA polymerase (RNAP) (Whiteley et al. 1986;
Barthelemy et al. 1989). Other f29 promoters, however,
appear to be less sensitive to repression by p6 (Barthe-
lemy et al. 1989). The highly dynamic nature of the p6–
DNA nucleoprotein complexes, with continuous assem-
bly and disassembly due to the low binding affinity of p6,
probably allows processes such as replication and tran-
scription to occur efficiently in the nucleoprotein com-
plex (see Gutiérrez et al. 1994). In fact, as with other
general architectural factors like HU, p6-induced DNA
distortions could even facilitate DNA recognition by the
specific proteins performing these DNA transactions.
With this in mind, we investigated whether p6 has any
effect on the transcriptional activity of the f29 regula-
tory protein p4.

Transcription of phage f29 is subject to a gene expres-
sion program involving two stages (for review, see Salas
and Rojo 1993). The phage-encoded sequence-specific
DNA-binding protein p4 regulates the switch between
the early and late stages of transcription by repressing
the two main early promoters A2b (PA2b) and A2c
(PA2c), and activating the late A3 promoter (PA3) (see
Salas and Rojo 1993; Rojo et al. 1998). Protein p4 binds
upstream of RNAP at PA2c and PA3, and by interacting
with the carboxy-terminal domain of the RNAP a sub-
unit, it represses and activates transcription, respec-
tively (Mencı́a et al. 1996a,b; Monsalve et al. 1996a,b).
These activities of p4, whose binding to DNA is accom-

panied by a sharp bend in the DNA, could conceivably be
modulated by agents that promote changes in DNA to-
pology such as protein p6. We find that not only does p6
affect specific recognition by p4 but, even more interest-
ingly, p4 also modulates the DNA-binding specificity of
p6. At PA3, p6 favors binding of p4, thus having a posi-
tive effect on PA3 activation and PA2b repression. Bind-
ing of p4 to its site at PA3, in turn, promotes formation
of a stable p6–nucleoprotein complex at PA2c that pre-
vents RNAP from binding to this promoter. Therefore, in
the presence of p4 and high concentrations of p6, repres-
sion of PA2c is mediated directly by p6, and only indi-
rectly by p4. Overall, our results reveal a previously
unreported key role for the histone-like protein p6 in
regulating the early–late transcriptional switch in bacte-
riophage f29.

Results

Protein p6 forms a nucleoprotein complex of low
stability at the DNA region containing PA2b, PA2c,
and PA3

PA2b, PA2c, and PA3 are clustered in a small central
219-bp region of the f29 genome that contains two bind-
ing sites for protein p4 (see Fig. 1A). We examined the
binding pattern of protein p6 to this DNA region, prior to
analyzing whether p4 binding to any of its recognition
sites is influenced by p6. Figure 1B shows a DNase I
protection assay using a 366-bp DNA fragment (labeled
at the early strand) that includes PA2b, PA2c, and PA3 in
the presence of increasing amounts of p6 and in the ab-
sence or presence of RNAP. Under similar incubation
conditions, a multimeric p6–DNA complex is formed at
the right end of the f29 genome at a p6 concentration of
1.4 µM (Freire et al. 1994). Not surprisingly, given the
moderately higher specificity that p6 shows for the ge-
nome ends, the p6 concentration required for it to bind
to the DNA region containing PA2b, PA2c, and PA3 was
about 7- to 10-fold higher than that required at the ge-
nome ends (Fig. 1B, lanes 4,5). It should be noted that the
highest p6 concentration used (14.4 µM) is about seven
times greater than that required to cover all the DNA
molecules present in the reaction.

The nucleoprotein complex formed at the genome
ends in the presence of p6 generates a characteristic pat-
tern of DNase I hypersensitive bands regularly spaced
every 24 bp that are flanked by protected regions; occa-
sionally, unprotected or moderately hypersensitive sites
are also observed at the center of the protected regions
(Prieto et al. 1988). The DNase I footprint observed in
Figure 1B (lanes 4,5) shows slightly hypersensitive or
merely unprotected bands spaced about 24 bp apart, with
some unprotected or moderately hypersensitive sites in
the middle. This DNase I digestion pattern bears more
resemblance to the footprint observed at the genome
ends at high ionic strength (Prieto et al. 1988). These
results suggest that the complex formed by p6 with the
DNA fragment bearing PA2b, PA2c, and PA3 is similar
in structure to that formed at the DNA ends, although
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less stable. In agreement with the lower stability of this
p6–DNA complex, the 366-bp DNA fragment preincu-
bated with increasing concentrations of p6 and then in-
cubated with RNAP showed a footprint pattern (even at
the highest p6 concentration) that is characteristic of
RNAP bound to PA2b (hypersensitive band at −82 rela-
tive to the PA3 start site) and to PA2c (hypersensitive
band at −37 and protection from about −55 to +17 rela-
tive to the PA2c start site) (Fig. 1B, lanes 6–9). Under
these conditions, RNAP is not seen to be bound at PA3
as this requires the simultaneous presence of RNAP and
p4 (Rojo and Salas 1995; Rojo et al. 1998). Thus, at the p6
concentrations tested, p6 was displaced from the DNA
by RNAP molecules bound to PA2b and PA2c.

Figure 1C shows the differences in the p6-binding af-
finities between the DNA region containing PA2b,

PA2c, and PA3 and the right f29 genome end as reflected
in transcriptional repression. Whereas transcription
from the C2 promoter (located very close to the right end
of the genome) was completely inhibited at p6 concen-
trations of 3.6 µM, transcription from PA2b and PA2c
was not affected at any of the p6 concentrations shown,
as would be expected from the results presented in Fig-
ure 1B (lanes 6–9). Protein p6 concentrations as high as
20 µM are required to observe a slight inhibition of PA2b
and PA2c transcription (data not shown). We can there-
fore conclude that p6 by itself binds to the DNA region
where protein p4 exerts its regulatory effect, although it
shows a considerably lower affinity than for the genome
ends. Moreover, the p6–nucleoprotein complex formed
at the DNA region containing PA2b, PA2c, and PA3 is
not sufficiently stable to interfere with RNAP binding.

Figure 1. (A) Graphic illustrating the rela-
tive location of PA2c, PA2b, and PA3 and
the positions of the two p4 binding sites in
the 366-bp fragment used in B. The tran-
scription initiation sites for these promoters
are located 77 bp (PA2c), 174 bp (PA2b), and
298 bp (PA3) from the left end of the DNA
fragment. The p4-binding site at PA3 is cen-
tered at position −82 relative to the tran-
scription start site, at PA2c it is centered at
position −71. The A3 promoter lacks a dis-
tinct −35 box, and the p4-binding site at PA3
overlaps with the −35 box of PA2b. (B) Bind-
ing pattern of protein p6 to the DNA region
containing PA2c, PA2b, and PA3. DNase I
footprinting was performed with a 366-bp
DNA fragment including the three promot-
ers labeled at the early strand (see Materials
and Methods). The locations of the p4- and
RNAP-binding sites are marked with lines.
The broken vertical line spans a region
where the footprint observed with RNAP
alone and with RNAP plus p4 differ (Mon-
salve et al. 1996a). The DNA was incubated
with the indicated amounts of p6 (lanes 1–5)
or preincubated with those amounts of p6
prior to addition of RNAP (20 nM) (lanes
6–9). The arrows in the left panel indicate
the positions that become either hypersen-
sitive or unprotected in the presence of p6
(numbered relative to the transcription start
site at PA2c). The positions marked by ar-
rows in the right panel are indicative of
RNAP binding to PA2b (hypersensitivity at
position −82 relative to the transcription
start site at PA3) and to PA2c (hypersensi-
tivity at position −37 relative to the tran-
scription start site at PA2c and protection
from this position to +17). (C) Expression of
PA2b and PA2c in the presence of p6. Tran-
scripts were detected by primer extension
using complete f29 DNA as template for in
vitro transcription. Transcription from the
C2 promoter, whose expression is subject to
repression by p6, was followed as control.
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Repression of PA2c and activation of PA3 is more
efficient in the presence of protein p6

Protein p4 regulates expression from the early A2c and
A2b promoters and the late A3 promoter in vitro by bind-
ing to two DNA recognition sites: the sequence 58-
CTTTTT-(N15)-AAAATG-38 upstream of PA3, and the
sequence 58-CAAAGT-(N15)-TAAAAG-38 upstream of
PA2c (see Monsalve et al. 1998; Rojo et al. 1998). The
target site at PA3 is a high-affinity binding site that over-
laps with the −35 region of PA2b (see Fig. 1A). Binding of
p4 to this site has a dual effect: On the one hand, it
results in repression of PA2b due to the exclusion of
RNAP from this promoter; on the other, it leads to the
activation of PA3 due to interactions between p4 and
RNAP and the further stabilization of the holoenzyme at
this promoter lacking a consensus −35 box (Salas and
Rojo 1993; Rojo and Salas 1995; Mencı́a et al. 1996a,b).
Stable binding of p4 to the low-affinity target site at
PA2c (centered at position −71 from the PA2c transcrip-
tional start site) requires the interaction of p4 with
RNAP. This interaction causes repression of PA2c by an
overstabilization of RNAP at the promoter that prevents
promoter clearance (Monsalve et al. 1996a,b). Figure 2A
is a primer extension assay that shows the behavior of
these promoters as a function of p4 concentration (lanes

3–8). For simplicity, only expression from PA2c and PA3
is shown. Expression from PA2b is omitted because its
repression is regulated by the same p4-binding event as
the activation of PA3, the two promoters showing pre-
cisely inverse expression patterns. Transcription from
the C2 promoter, whose expression is affected by p6 but
not by p4, was also followed as a control. Activation of
PA3 was lost when p4 concentrations lower than 160 nM

were used. Similarly, repression of the A2c promoter by
at least 50% was observed only at p4 concentrations
$160 nM.

To investigate whether protein p6 has any effect in
modulating the transcriptional activities of protein p4,
we followed expression of PA2c and PA3 in the presence
of p6 and the same range of p4 concentrations used above
(Fig. 2A, lanes 9–14). The concentration of p6 added was
14.4 µM, a concentration at which it is able to form com-
plexes with DNA without affecting expression of PA2c
(Fig. 1B,C; Fig. 2A, lane 2). As expected, transcription
from PC2 was repressed in all of the reactions containing
p6. Differences in the expression from both PA2c and
PA3 were observed in the reactions containing p6 rela-
tive to those lacking it (Fig. 2A, cf. lanes 3–8 and lanes
9–14; see also Fig. 2B). First, in the presence of p6, sig-
nificant repression of PA2c was observed at concentra-

Figure 2. (A) Effect of p6 on activation of
PA3 and repression of PA2c by p4. The
complete f29 genome was used for in
vitro transcription reactions including
RNAP (20 nM) and p4 (at the indicated
concentrations) or p4 and p6 (14.4 µM). In
reactions containing p6, the template
DNA was preincubated with the protein
for 10 min at 37°C. Transcripts corre-
sponding to PA2c, PA3, and PC2 (as con-
trol for p6 activity) were detected by
primer extension. (B) Quantitative repre-
sentation of the data shown in A. PA2c
repression is expressed as percent activity
remaining in the presence of p4 (m) or p4
and p6 (h). PA3 activation refers to the
levels of transcription observed in the
presence of p4 (m) or p4 and p6 (h) relative
to those obtained in their absence. Num-
bers for PA2c and PA3 transcription ob-
tained from lanes 1-8 were corrected using
PC2 transcription as a standard.
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tions of p4 that by themselves had negligible or no effect
(Fig. 2A, cf. lanes 6,7 and lanes 12,13; Fig. 2B). Second, at
concentrations of p4 that produce some degree of PA2c
repression, the level of repression was much stronger
when p6 was also present. Thus, whereas full repression
of PA2c was never observed even at the highest p4 con-
centration used in reactions lacking p6, the activity of
PA2c was completely blocked at p4 concentrations rang-
ing from 160 to 660 nM when p6 was also included (Fig.
2A,B). Third, in the presence of p6, activation of PA3
occurred at p4 concentrations where no activation was
observed when p6 was absent (Fig. 2A, cf. lanes 6–8 and
lanes 12–14; Fig. 2B). These results suggest that the pres-
ence of protein p6 may indeed stabilize or facilitate DNA
binding of protein p4 or its interaction with RNAP, be-
cause the effective concentrations of p4 required for its
transcriptional activities are at least eightfold lower
when p6 is also present.

Protein p6 enhances binding of protein p4 to PA3
whereas protein p4 favors the formation of a stable
p6–nucleoprotein complex at PA2c

To investigate how protein p6 exerts its effect on the
transcriptional regulation of PA2c and PA3 by protein
p4, we performed DNase I footprinting over a range of p4
concentrations, and in the absence or in the presence of
p6 (Fig. 3). The same DNA fragment as in Figure 1 was
used (also labeled at the early strand). As expected, when
RNAP was the only protein incubated with the DNA
fragment, binding of RNAP to PA2b and PA2c was de-
tected (Fig. 3, lane 2; Rojo and Salas 1995; Monsalve et al.
1996a). When p4 (330 nM) and RNAP were simulta-
neously present, the set of hypersensitive bands that
characterize binding of p4 immediately upstream of
RNAP at PA2c and PA3 was observed; in addition, the
−82 hypersensitive band at PA2b was lost as a conse-

Figure 3. Effect of p6 on the binding of p4
and RNA polymerase to PA2c and PA3. In the
reactions with p6, the 366-bp DNA fragment
was preincubated with the protein (14.4 µM)
for 10 min at 37°C. Protein p4 was present at
the indicated concentrations and RNAP at 20
nM. The binding sites for p4, RNAP, and p6
are indicated by lines. Broken lines indicate
regions where footprints overlap. Binding of
RNAP to PA2c generates hypersensitivity at
position −37 and protection from about −55 to
+17 (numbered relative to the transcription
start site at PA2c). Binding of p4 to PA2c gen-
erates the set of hypersensitivities marked
above the RNAP-binding site at this pro-
moter. For simplicity, the hypersensitivity at
position −82 (relative to the transcription
start site at PA3) indicative of RNAP binding
to PA2b is not marked. The −64, −75, −85, and
−97 hypersensitivities (relative to the tran-
scription start site at PA3) originate from
binding of p4 to its site at PA3. Binding of
RNAP to PA3 generates protection of a DNA
region immediately downstream of the p4-
binding site. Arrows at right indicate DNase I
hypersensitivities created on binding of pro-
tein p6 (numbered relative to the transcrip-
tion start site at PA2c) and binding of protein
p4 to PA3 (numbered relative to the transcrip-
tion start sites at PA2c/PA3). Numbers in
boxes are the specific bands that were densi-
tometrically scanned to obtain data presented
in Table 1.
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quence of p4 binding at PA3 (Rojo and Salas 1995; Mon-
salve et al. 1996a). Because the presence of p4 is required
for stabilization of RNAP at PA3, protection down-
stream of the p4-binding site at this promoter was now
observed because of the binding of RNAP to PA3. These
footprint features were gradually lost as the p4 concen-
tration decreased and, at 80 nM p4, the DNase I digestion
pattern was almost the same as that obtained with
RNAP alone (Fig. 3, lanes 4–8; Table 1). These results are
consistent with the transcription data shown in Figure 2,
where no effect on transcription of PA2c and PA3 was
detected at p4 concentrations <80 nM.

Unexpectedly, when the DNA fragment was preincu-
bated with protein p6 prior to the addition of p4 and
RNAP, we observed a footprint pattern substantially dif-
ferent from that obtained when the DNA fragment was
incubated only with RNAP and p4. Most remarkably,
the footprint features indicative of p4 and RNAP binding
to PA2c, which were quite evident at 330 nM and 160 nM

of p4 with p6 absent, disappeared (Fig. 3, cf. lanes 4–8 and
lanes 9–13; see also Table 1). Instead, a pattern of DNase
I protection with the characteristics of p6 binding was
observed extending from a DNA region immediately up-
stream of the p4 recognition site at PA3. The positions of
the hypersensitive and the unprotected sites basically
coincide with those observed when this DNA fragment
was incubated with p6 alone (see Fig. 1B, lanes 4,5), in-
dicating that p6 binds with the same phase irrespective
of the presence or absence of p4. Nevertheless, some of
the bands become more protected whereas some others
become more hypersensitive, pointing to slight changes
in the nucleoprotein complex formed in the presence of
p4. In fact, our data indicate that the p6–nucleoprotein
complex formed is more stable in the presence of protein
p4 than in its absence. Thus, whereas p6 alone was un-
able to block binding of RNAP to PA2c, p6 was able to do
so in the presence of p4. Even when the DNA fragment
was preincubated with p4 (660 nM) and RNAP prior to
adding p6, the footprint pattern observed was that char-
acteristic of p6 binding upstream of PA3 and extending

through PA2c (not shown). Thus, the p6–DNA complex
formed under these conditions is sufficiently stable to
even displace a prebound p4–RNAP complex from PA2c.
It should be noted that although the footprint assay pre-
sented here was performed in the absence of nucleotides
(to visualize binding of RNAP to PA3, which would oth-
erwise escape the promoter), the same results regarding
PA2c were obtained in the presence of nucleotides. Ba-
sically, the footprint that characterizes protein p4 hold-
ing the RNAP at PA2c (Monsalve et al. 1996a) was re-
placed by that of protein p6 bound to this promoter (data
not shown).

Very interestingly, our results reveal that the en-
hanced repression of PA2c observed in the presence of
both p4 and p6 is not due to the stabilization of the
p4–RNAP–DNA complex but, rather, to the direct re-
pression of PA2c by p6. The higher levels of PA2c repres-
sion achieved when not only p4 but also p6 was present
(see Fig. 2) would then indicate that the complex formed
by p6 at PA2c is more effective in blocking RNAP bind-
ing than is p4 in retaining RNAP at the promoter. The
finding that this nucleoprotein complex forms even at
low p4 concentrations explains why repression of PA2c
in the presence of both p4 and p6 was observed at p4
concentrations at which p4 alone did not produce any
significant effect (i.e., 80 and 40 nM; see Fig. 2).

In contrast to the effect of protein p6 at PA2c, the
DNase I digestion pattern at PA3 suggested an increased
binding affinity of protein p4 for its site at PA3 in the
presence of p6 (Fig. 3; Table 1). In the absence of p6, the
features accompanying p4 binding at PA3 (DNase I hy-
persensitivities at positions −64, −75, −85, and −97, lack
of hypersensitivity at position −82, and protection by
RNAP of PA3) were lost at ∼80 nM (or less) of p4, in
agreement with the drop in PA3 activity observed previ-
ously at this protein concentration (see Fig. 2). In the
presence of p6, however, these features were maintained
at lower p4 concentrations, explaining why activation of
the A3 promoter persists under these conditions. The
data presented in Table 1 would indicate that p6 en-
hances the binding affinity of p4 for its site at PA3 by at
least fourfold. The hypersensitivities observed when p4
binds to PA3 are thought to be a consequence of the
strong bend induced on the DNA on binding by p4 (see
Rojo and Salas 1995). In the presence of p4 and p6, the
−97 hypersensitive position, located at the side of the p4
recognition sequence from which binding of p6 is de-
tected, became weaker. This suggests that a small
change in the curvature induced by p4 probably occurs so
as to adapt to the structural changes associated with
binding of p6 to this DNA region.

Binding of protein p4 to its site at PA3 is required for
p6 to form a stable nucleoprotein complex at PA2c

Although the experiments that revealed the effect of p4
on the binding of p6 to PA2c included RNAP, the simul-
taneous presence of RNAP is not necessary. Figure 4
shows the DNase I digestion pattern of reactions con-
taining the 366-bp DNA fragment, increasing concentra-

Table 1. Binding of protein p4 and RNA polymerase to PA3
and PA2c in the absence or presence of protein p6

Protein p4 (nM)

330 160 80 40 20 330 160 80 40 20

− protein p6 + protein p6

RNAPA3 100 89 25 0 0 100 100 96 91 66
p4A3 100 85 17 0 0 100 100 100 89 43
RNAPA2c 100 100 100 100 100 0 0 5 10 35
p4A2c 100 90 14 0 0 0 0 0 0 0

Data were obtained by densitometric scanning of the specific
bands at positions marked in boxes in Fig. 3. The numbers rep-
resent relative percentages obtained after correcting for sample
loading variations and background. A value of 100 was arbi-
trarily assigned to the maximum binding (maximum protection
for the +3 band for RNAPA3; maximum hypersensitivities for
the bands at −75 for p4A3, −56/−57 for p4A2c, and −37 for RNAPA2c).
0 corresponds to no binding, i.e., values equal to background.
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tions of p6, and a fixed amount of p4 (80 nM) but no
RNAP. In the absence of p4, as much as 14.4 µM p6 was
required for efficient binding of p6 to this DNA (see Fig.
1B). In contrast, under similar incubation conditions but
when p4 was also present, binding of p6 was detected at

p6 concentrations about eightfold lower (1.8 µM) (Fig. 4).
This concentration is close to that required for p6 to
form the characteristic nucleoprotein complex at the ge-
nome ends (1.4 µM) (Freire et al. 1994). Moreover, the
nucleoprotein complex formed in the presence of both p4
and p6 produced the same DNase I digestion pattern as
that observed when RNAP was also included. Thus, the
presence of RNAP is not essential for p4 to exert its
effect on the binding of p6 to this DNA region. Because
p4 binds with very low affinity to its site at PA2c and
with high affinity to its site at PA3 in the absence of
RNAP (Rojo and Salas 1995; Monsalve et al. 1996a),
these observations suggest that it is the binding of p4 to
the latter site that is important in facilitating binding
of p6.

To address this question more directly, we have com-
pared the transcription and DNase I footprinting pat-
terns of the 366-bp DNA fragment containing the PA3
and PA2c p4-binding sites with those observed for an
analogous 198-bp DNA fragment lacking the PA3 p4-
binding site (Figs. 5,6). As a control, a DNA fragment
containing PC2 was also included in the transcription
reactions. Figure 5 (lanes 1–4) shows that the DNA frag-
ment containing PA2c and PA3 behaved like the full-
length f29 genome from a transcriptional point of view.
Thus, at 80 nM p4, repression of PA2c and activation of
PA3 was only noticeable when both p4 and p6 were pres-
ent. In contrast, when the DNA fragment lacking the p4
recognition site at PA3 was used (lanes 5–8), no change
in the activity of PA2c was observed when both p4 and
p6 were present (Fig. 5, cf. lanes 4 and 8). In agreement
with the transcriptional results, p6 lost the ability to
displace the p4–RNAP complex from PA2c when the p4-
binding site at PA3 was lacking (Fig. 6, cf. lanes 5 and 10).
It should be noted that, in the absence of p4, p6 will bind
with the same affinity and phasing to both DNA frag-
ments (data not shown). These results further support
that the only requirement for protein p6 to form a stable
nucleoprotein complex at PA2c is that protein p4 be able
to bind to its recognition site at PA3.

Figure 4. Complex formation by p6 in the presence of p4 but in
the absence of RNA polymerase. DNase I footprinting was per-
formed using the 366-bp DNA fragment. Protein p6 was present
at the indicated concentrations and p4 was present at 60 nM.
The locations of the p4- and RNAP-binding sites are indicated
by lines. Arrows at right indicate DNase I hypersensitivities
created on binding of p4 to PA3 numbered relative to the tran-
scription start sites at PA2c/PA3 (the −58 hypersensitivity ap-
pears when p4 binds PA3 in the absence of RNAP) and upstream
binding of p6 (positions −107 to +41, numbered relative to the
transcription start site at PA2c).

Figure 5. Effect of p6 on expression of PA2c in the absence of
the p4-binding site at PA3. All of the transcription reactions
included a 258-bp DNA fragment containing the C2 promoter
(0.5 nM) and B. subtilis sA–RNA polymerase at 20 nM. Reactions
1–4 also included the 366-bp f29 DNA fragment (1 nM) used in
the above DNase I footprinting experiments. In reactions 5–8,
the 366 bp was substituted by a shorter DNA fragment (198 bp)
that lacks PA3 and the associated p4-binding site. Proteins p4
and p6 were present at 60 nM and 14.4 µM, respectively.

Elı́as-Arnanz and Salas

2508 GENES & DEVELOPMENT



Specificity of the functional interactions
between proteins p6 and p4

Nf and GA-1 are two f29-related phages whose protein
p6 counterparts have recently been purified (Freire et al.
1996). Nf is evolutionarily more related to f29 than is
GA-1, as inferred from a number of relevant properties
(see Freire et al. 1996): (1) the p6 proteins of f29 and Nf
show a higher sequence homology (73%) than do the f29
p6 and its GA-1 counterpart (58%); (2) the nucleoprotein
complexes formed at the genome ends by the f29 and Nf
p6 proteins are structurally very similar but different
from that formed by the GA-1 p6. We analyzed the abil-
ity of the two heterologous proteins to form nucleopro-
tein complexes with the 366-bp f29 DNA fragment in
the presence and in the absence of the f29 protein p4
(Fig. 7). The experiments performed with the Nf p6 gave

results very similar to those discussed above for its coun-
terpart in f29. Thus, when both f29 protein p4 and the
Nf p6 were present, the p4–RNAP complex at PA2c was
displaced by p6. By contrast, the binding of the GA-1 p6
to the f29 DNA fragment was equally inefficient in the
presence or absence of the f29 p4. In agreement with the
DNase I footprinting results, primer extension analysis
showed that the Nf p6 protein enhanced PA2c repression
and PA3 activation by the f29 protein p4 as efficiently as
its f29 counterpart (data not shown). These observations
lead to the conclusion that the mutually cooperative ef-
fects observed between the f29 proteins p6 and p4 re-
quire that p6 and, consequently, its nucleoprotein com-
plex, be specific.

Figure 7. Complex formation by p6 proteins from related
phages in the absence and presence of f29 p4 protein. The lo-
cations of the p4- and RNAP-binding sites are marked with
lines. DNase I footprinting reactions included the 366-bp f29
DNA fragment, B. subtilis sA–RNA polymerase (20 nM), protein
p4 from f29 (330 nM), and the p6 proteins (14.4 µM) from f29,
Nf, or GA-1, as indicated.

Figure 6. Complex formation by p6 in the absence of the p4-
binding site at PA3. DNase I footprinting reactions 1–5 were
performed with the 366-bp DNA fragment used in experiments
above. In reactions 6–10, the 366-bp fragment was substituted
by the 198-bp DNA fragment lacking PA3 and its associated
p4-binding site. RNAP, protein p4, and protein p6 were present
at 20 nM, 60 nM, and 14.4 µM, respectively. The locations of the
p4- and RNAP-binding sites are indicated by lines.
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Discussion

Protein p6 belongs to a class of dsDNA-binding proteins
that, like the prokaryotic HU protein and the HMG-1/
HMG-2 protein family, bind DNA through the minor
groove with low sequence specificity and act as architec-
tural elements in various DNA processes. Protein p6 is
involved in the initiation of f29 DNA replication, in the
repression of the early C2 promoter, and in the com-
paction of the viral genome (see Salas and Rojo 1993;
Gutiérrez et al. 1994). Here we provide evidence for yet
another crucial role for p6: its collaboration with the
regulatory protein p4 to repress the two main early pro-
moters, PA2b and PA2c, and to activate the late pro-
moter, PA3, thereby regulating the early-to-late tran-
scriptional switch of the viral life cycle.

The interplay between p6 and p4 in DNA binding
and transcriptional regulation

The binding of p4 to its site at PA3 is essential for p6 to
exert its effect on PA2c transcription because p6 alone
binds with a low affinity to this DNA region. With p4
bound to its PA3 site, p6 binds to the upstream DNA
region forming a nucleoprotein complex stable enough
to block PA2c–RNAP binding and thereby, to repress
transcription from PA2c. This complex, in turn, pro-
motes PA2b repression and PA3 activation by increasing
the binding affinity of p4 for its PA3 site.

The observed cooperativity between p6 and p4 in DNA
binding and transcriptional regulation is probably based
on their DNA architectural properties. Protein p6 bends
the DNA on binding, and DNA sequence bendability
influences p6–DNA complex formation (see Salas and
Rojo 1993). Protein p4, on the other hand, requires the
specific DNA conformation adopted by A tracts (Koo et
al. 1986) for efficient binding (Nuez et al. 1994) and also
curves DNA on binding (see Rojo and Salas 1995; Rojo et
al. 1998). Transient flexing of DNA by p6 may help p4 in
creating curvature both by promoting interactions be-
tween two p4 dimers (each bound to one inverted recog-
nition sequence at the target site), and between these and
the DNA backbone, thereby enhancing p4–PA3 binding
affinity. The p4-induced DNA curvature could then al-
low stable binding by the first p6 dimer, followed by
additional p6 dimers propagating along the DNA in a
cooperative fashion, as occurs at the genomic ends (Pri-
eto et al. 1988; Gutiérrez et al. 1994). Unlike other DNA-
bending proteins, p6 does not appear to bind preferen-
tially to prebent DNA. This, and the fact that the foot-
print of p4 bound to PA3 barely changes in the presence
of p6, makes it unlikely that the latter colocalizes with
p4 at its PA3 site in the final nucleoprotein complex.
The footprints generated by p4 and p6 are contiguous,
consistent with a model in which p4 would promote
binding of the first p6 dimer immediately upstream of its
binding site at PA3 (see Fig. 8). Our proposed model,
where p4 and p6 localize next to one another, does not
exclude the possibility that interactions between the
two proteins also play a role in stabilizing the DNA–
protein complexes.

The transcriptional consequences of the cooperativity
between p4 and p6 coincide with those observed previ-
ously in the presence of p4 alone (see Rojo et al. 1998).
However, whereas PA2b repression and PA3 activation
occur by the same p4-mediated mechanism regardless of
whether only p4 or both p4 and p6 are present, the
mechanism underlying PA2c repression is different in
each case (see Fig. 8). When p6 is absent, binding of p4 to
its PA2c site causes repression by preventing RNAP pro-
moter clearance (Monsalve et al. 1996a). However, in the
presence of both p4 and p6, it is p6 that directly represses
PA2c by blocking access to RNAP. The opposite regula-
tory outcomes at PA2c and PA3 by p4 alone are ex-
plained in terms of the strength of the RNAP–promoter
interactions involved, strong at PA2c and weak at PA3
for lack of a distinct −35 box (Monsalve et al. 1997).
When both p4 and p6 are present, the same opposite
regulatory outcomes at PA2c and PA3 could be more
related to the differences between the two p4-binding
sites and, in particular, the affinity of p4 for each of the
binding sites. First, the formation of a stable p6–nucleo-
protein complex is driven by the binding of p4 to its
high-affinity site at PA3, a process unaffected by the
presence of RNAP. Second, although RNAP by itself
binds more strongly to PA2c than to PA3, p6 displaces a
p4–RNAP complex from PA2c while enhancing its bind-
ing to PA3. It is thus remarkable how the phage exploits

Figure 8. Two different strategies for regulating the early–late
transcriptional switch of phage f29 in vitro. (A) In the absence
of protein p6, repression of the early A2b and A2c promoters and
activation of the late A3 promoter is directly mediated by pro-
tein p4 and its physical interaction with RNAP. Protein p4 ac-
tivates PA3 by binding to its site at this promoter and stabiliz-
ing RNAP at PA3 as a closed complex. Binding of p4 to this site
also entails repression of PA2b, whose −35 region overlaps with
the p4-binding site at PA3. Repression of PA2c, on the other
hand, stems from p4 binding to its site at PA2c and holding the
RNAP at the promoter (for review, see Rojo et al. 1998). (B) In
the presence of p6 and p4, p6 appears as the direct mediator of
PA2c repression by forming a nucleoprotein complex that pre-
cludes RNAP binding to this promoter. Moreover, in the pres-
ence of p6, binding of p4 to its site at PA3 is enhanced, as is PA3
activation and PA2b repression. The cartoon shows RNAP as a
large light gray protein; the small dark gray spheres depict pro-
tein p4 dimers, and the unshaded oblate ellipses represent pro-
tein p6 dimers. For simplicity, the complexed DNA is drawn as
a straight rod.
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two alternative mechanisms for regulating the early–late
transcriptional switch, by combining a high-affinity
binding site for p4 with a low-affinity binding site for
RNAP at PA3, and vice versa at PA2c.

Protein p6 as a mediator of the switch between
the early and late stages of f29 transcription in vivo

A direct assessment of our results in vivo is difficult
because protein p6 is essential in viral DNA replication
(for review, see Salas and Rojo 1993). However, several
lines of evidence provide support for p6 involvement in
regulating the phage early–late transcriptional switch in
vivo. Protein p6 is very abundant in f29-infected cells,
its intracellular concentration reaching values as high as
1 mM at late times of infection, an amount estimated to
be almost twice that required to complex all the f29
DNA molecules present at that time (Abril et al. 1997).
The p6/DNA molar ratios at which p6 affects transcrip-
tion from PA2c, PA2b, and PA3 in vitro are in this same
range. Various observations indicate that p4 is far less
abundant in f29-infected cells (Monsalve et al. 1995).
The phage would economize on p4 levels by exploiting
the high abundance of p6 and its DNA-binding proper-
ties, in a process that physically links binding of p4 to
PA3 with the stable binding of p6 to PA2c. It seems
likely that the p6-independent mechanism of PA2c re-
pression will prevail at intermediate times of infection,
when the p6 concentration is still not very high. As in-
fection proceeds and p6 levels build up, the p6-dependent
repression mechanism would become increasingly im-
portant, eventually becoming the predominant one.
Nevertheless, given the dynamic nature of the p6–nu-
cleoprotein complexes, it is conceivable that both
mechanisms of PA2c repression coexist in the cell, act-
ing on different DNA molecules.

Comparison with other systems

In most cases where HU and HMG-1 and HMG-2 pro-
mote assembly of higher-order structures, the nonspe-
cific architectural protein appears to be recruited to the
nucleoprotein complex whose formation it stimulates.
Thus, binding of HU within the final complex has been
observed in the Mu transpososome (Lavoie and Chaco-
nas 1993, 1994), the l intasome (Segall et al. 1994), the
Mu early operator–Mu repressor complex (Betermier et
al. 1995), the replication origin of pKYM (Yasukawa et al.
1997), and GalR bound to gal operators (Aki and Adhya
1997). A model has been proposed to reconcile the non-
specific DNA binding and bending properties of HU with
its site-specific binding in these higher-order complexes.
First, random binding of HU to DNA would promote
association of spatially separated specific elements by
bending the intervening DNA region; once the control
protein forms the right protein–protein or protein–DNA
contacts, HU would be specifically directed to the inter-
vening loop through its high affinity for bent DNA. The
nonspecific bending protein is thus ‘trapped’ and contrib-

utes to the overall stabilization of the higher-order com-
plex (see Grosschedl et al. 1994; Lavoie and Chaconas
1994; Segall et al. 1994; Betermier et al. 1995; Aki and
Adhya 1997; Yasukawa et al. 1997). In the case of
HMG-1 and HMG-2, both DNA-mediated and protein–
protein interactions have been implicated in the syner-
gistic stimulation between HMG-1 and HMG-2 and the
specific control protein (Zappavigna et al. 1996; Boon-
yaratanakornkit 1998; Jayaraman et al. 1998). The p6–p4
protein pair resembles the above systems in the recipro-
cal nature of their functional interactions. However, the
f29 system would be novel in at least two respects. First,
the nonspecific protein in f29 (p6) is not trapped in the
complex formed by the control protein (p4) and its spe-
cific recognition site but, rather, it is specifically tar-
geted to the adjacent DNA region. Second, the functional
consequence of the mutual stabilization between the
two proteins is to regulate not one but three different
processes simultaneously, namely, transcriptional acti-
vation of one promoter and repression of two neighbor-
ing promoters.

Materials and methods

DNA substrates

The 366-bp end-labeled DNA fragment containing PA2c, PA2b,
and PA3 was obtained by PCR amplification from f29 DNA
with primers 58-GATTTCTCTCTGCATCA-38 (primer 1) and
58-CAAAATATCTTCGTGTTC-38 (primer 2). The shorter
DNA fragment (198 bp) containing only PA2c and part of PA2b
was generated by PCR amplification using primers 1 and 3 (58-
ATACAGGTGTGGTTAAA-38). To label these two DNA frag-
ments at only one of the ends (the 58 end) for DNase I footprint-
ing, primer 1 was treated with polynucleotide kinase and
[g-32P]ATP prior to the amplification reaction. A DNA fragment
(258 bp) containing the C2 promoter was obtained by PCR using
oligonucleotides 58-GTGTTTGTGTTGATGATG-38 and 58-
AAAGTAGGGTACAGCGACAAC-38. DNA templates for in
vitro transcription reactions were full-length f29 DNA with the
terminal protein covalently attached to each 58 end (TP-DNA)
or any of the PCR-generated DNA fragments described above
(amplified using unlabeled primers).

Proteins and nucleotides

B. subtilis sA RNA polymerase was purified as described previ-
ously (Sogo et al. 1979). Protein p6 was purified essentially as
described by Pastrana et al. (1985). Purification of protein p4 was
as described (Mencı́a et al. 1993). Unlabeled nucleoside triphos-
phates (ultrapure) and deoxynucleoside triphosphates were pur-
chased from Pharmacia, [a-32P]dATP (3000 Ci/mmole) and
[g-32P] ATP (3000 Ci/mmole) were obtained from Amersham
International.

In vitro transcription assays

Transcription reactions were performed in a total volume of
25 µl containing 1 nM of template DNA, 50 mM ammonium
sulfate, 25 mM Tris-HCl at pH 7.5, 10 mM MgCl2, 1 µg of
poly[d(I-C)], 2 mM dithiothreitol, RNasin ribonuclease inhibitor
(7.5 units), 0.2 mM each ATP, CTP, GTP, and UTP, and 20 nM

B. subtilis sA RNA polymerase; where indicated, different
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amounts of protein p6 (1.8–14.4 µM) and/or protein p4 (660–20
nM) were also included. Unless otherwise stated, in reactions
containing p6 the template DNA was preincubated with the
protein at 37°C for 10 min prior to addition of RNA polymerase
and/or p4. Mixtures were incubated in the absence of NTPs for
10 min at 37°C, and transcription was started by addition of the
NTPs. After 15 min at 37°C, the reactions were stopped with
EDTA (20 mM final concentration) and the transcripts were ana-
lyzed by primer extension as described (Monsalve et al. 1995).
The primers were selected to produce a 68-, 78-, 98-, and 184-
nucleotide product for PA3, PA2c, PC2, and PA2b, respectively.

DNase I footprinting

DNase I footprinting (Galas and Schmitz 1978) was performed
with the end-labeled DNA fragments described above. In a total
volume of 25 µl, the DNA fragment (in 25 mM Tris-HCl at pH
7.5, 10 mM MgCl2, 1 µg of poly[d(I-C)] as nonspecific competitor
DNA) was incubated in the absence or presence of the following
proteins: B. subtilis sA RNA polymerase (20 nM), protein p4
(660–20 nM), protein p6 (1.8–14.4 µM). In reactions containing
p6, the DNA fragment was preincubated with p6 at 37°C for 10
min prior to the addition of DNase I or any other protein, unless
otherwise stated. Incubation of DNA with p4 and/or RNAP was
for 10 min at 37°C. The footprinting reaction was initiated by
the addition of 2 ng of DNase I, the digestion was then allowed
to proceed for 2 min at 37° C and finally stopped by the addition
of EDTA (20 mM final concentration). The DNA was precipi-
tated with ethanol in the presence of 10 µg of carrier tRNA and
analyzed by 8 M urea–6% PAGE. Chemical sequencing reac-
tions of the same DNA fragment used to obtain the DNase I
footprint were run in parallel as size standards.
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