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Analysis of the nucleotide sequence of the genome of the lactococcal bacteriophage r1t showed that it may
encode at least two proteins involved in DNA replication. On the basis of its similarity with the G38P protein
encoded by the Bacillus subtilis phage SPP1, the product of orf11 (Proll) is thought to be involved in the
initiation of phage DNA replication. This protein was overexpressed in Lactococcus lactis and partially purified.
Gel retardation analysis using various r1t DNA fragments indicates that Prol1 specifically binds to a sequence
located within its cognate gene. DNase I footprinting showed that Proll protects a stretch of DNA of 47 bp.
This region spans four 6-bp short direct repeats, which suggests that the region contains four binding sites for
Proll. 1,10-Phenanthroline-copper footprinting confirmed the protection of the hexamers. An asymmetric
protection pattern of each strand was observed, suggesting that Prol1l contacts each DNA strand separately at
contiguous hexamers. We propose a model for the binding of Prol1 to its target sites that may account for the
torsion strain required for strand opening at the origin of replication.

Lactococcus lactis is a gram-positive obligately fermentative
bacterium belonging to the group of lactic acid bacteria. Due
to its simple metabolism and the availability of advanced ge-
netic tools, it has been used in numerous basic studies. L. lactis
is extremely important in the dairy, and therefore, its bacte-
riophages have received considerable attention. These studies
have shown that many strains of L. lactis are lysogenic (18) and
are a likely source of bacteriophages in fermentation pro-
cesses. Research on lactococcal phages has been generally
focused on the development of phage resistance mechanisms
enabling the host strains to overcome an infection (for a re-
view, see reference 12). In recent years the study of the mo-
lecular genetics of lactococcal phages has also received con-
siderable attention. The complete nucleotide sequences of
several lactococcal phage genomes are currently available.
Moreover, the regulatory switches as well as the integrase
genes and the lytic cassettes of a number of phages have been
thoroughly studied.

Notwithstanding these advances, little is known about the
molecular events leading to the replication of lactococcal
phage DNA, a critical step in the phage life cycle and an
obvious target for the development of phage resistance strat-
egies. Several origins of replication from lactococcal phages
have been isolated on the basis of their ability, when cloned in
a high-copy-number vector, to confer enhanced resistance on
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the host cell against the phage from which the origin was
isolated (15, 24, 25, 27, 30). This Per (phage-encoded resis-
tance) phenotype is characterized by a low rate of phage DNA
replication. An origin of replication from the prolate phage c2
was able to drive DNA replication in L. lactis via a theta, and
another as-yet-uncharacterized mechanism (6, 44). Noticeably,
no phage-encoded protein was required to initiate DNA rep-
lication.

Phage rlt is a small isometric lysogenic bacteriophage from
L. lactis subsp. cremoris R1 (14, 23) that belongs to the lacto-
coccal phage species P335 (19). Phage rlt possesses a double-
stranded linear DNA genome with cohesive termini, and its
complete sequence has been previously determined (43). The
rlt genome is composed of 33,350 bp, and 50 open reading
frames (ORFs) have been identified. On the basis of sequence
comparisons, at least two of these ORFs are probably involved
in the replication of the phage DNA. orfl] encodes a protein
(Pro11) with significant similarity to G38P of the Bacillus sub-
tilis bacteriophage SPP1 (31) and Rep2009 of the lactococcal
phage Tuc2009 (27). G38P has been shown to be essential for
initiation of replication of phage DNA. It acts as a functional
analog of DnaA (29). Rep2009 has been shown to bind spe-
cifically to a DNA region within its cognate gene containing a
set of direct repeats (27). Several direct repeats within the
coding sequence of orfl1 share significant structural similarity
to theta-type iteron-containing origins of replication (8). The
product of orfI2 shares significant similarity with DnaC of
Escherichia coli. DnaC recruits the essential helicase DnaB and
loads it in the preprimosome complex formed by DnaA and
the origin of replication (4). DnaC is subsequently released
from the complex, whereupon DnaB is activated. The arrange-
ment of the Prol1 and Prol2 genes is similar to that found in
phage A, which encodes a DnaA analog (protein O) and a
DnaC analog (P). Among phage-encoded proteins, only O and
P are required for A DNA replication (for a review, see refer-
ence 40).
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TABLE 1. Strains and plasmids used in this study

Species or plasmid name Strain Relevant property(ies) Reference or source
L. lactis subsp. cremoris R1 rlt host strain 23
RI1K10 Phage-cured derivative of R1 43
MG1363 Plasmid-free derivative of NCDO712 13
NZ9000 Plasmid-free MG1363 derivative harboring nisK and nisR in the 9
chromosome
NZ9400 Nisin producer 9
E. coli C41 Mutant of E. coli BL21 with enhanced tolerance for toxic 28
proteins
XL1Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB lacl? Stratagene

ZAMI5 Tnl0 (Tet")]

pET32a Amp" E. coli expression vector containing the T7/ac promoter Novagen Inc.
pETorf11 pET32a containing orf11 cloned in frame with a thioredoredoxin This work

moiety and a His tag
pNG8048 Cm" Em" L. lactis expression vector containing the nis4 promoter Laboratory collection
pNG11 Cm"; pNG8048 containing orf11 This work

In order to determine the possible role of the orfll gene
product in phage DNA replication, the protein was overpro-
duced and partially purified, and its activity was studied. Re-
sults obtained show that Proll is a DNA-binding protein that
specifically binds to a set of direct repeats located within its
own coding sequence. Occupancy of all of the binding sites
leads to a major conformational change of the complex. We
propose a model for this complex that may account for the
driving force required for the melting of the rlt origin of
replication.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. L. lactis subsp. lactis strains were
grown at 30°C in twofold-diluted M17 broth (41) supplemented with 0.5%
glucose (G[1/2]M17). L. lactis subsp. cremoris was grown in M17 broth supple-
mented with 0.5% lactose (LM17). Erythromycin and chloramphenicol were
used at final concentrations of 5 and 10 pg/ml for L. lactis subsp. lactis and at 2.5
and 5 pg/ml for L. lactis subsp. cremoris strains. E. coli was grown in TY broth
(33) at 37°C with aeration. Chloramphenicol, ampicillin, and erythromycin were
used at final concentrations of 10, 100, and 100 wg/ml for E. coli, respectively.

Molecular cloning, transformation, and nucleotide sequencing and analysis.

DNA techniques were performed essentially as described by Sambrook et al.
(34). Enzymes were purchased from Roche Molecular Biochemicals (Indianap-
olis, Ind.) and were used according to the instructions of the supplier. DNA was
isolated as described before (2) or with the plasmid miniprep isolation kit of
Roche Molecular Biochemicals. Total DNA of L. lactis was obtained as de-
scribed before (22).

Electrotransformation of L. lactis was performed as described earlier (17). E.
coli was transformed as described by Mandel and Higa (26). Nucleotide se-
quences were determined using a Vistra DNA Labstation 625 in combination
with a Vistra DNA sequencer 725 (Amersham International, Little Chalfont,
United Kingdom). Similarity searches were performed using the Blastp algo-
rithm provided by the National Center for Biotechnology Information. Amino
acid sequences were aligned using CLUSTAL W (42).

Construction of plasmids. To overexpress Prol1 in E. coli under control of the
T7lac promoter, Ncol and Sacl restriction enzyme sites were introduced up-
stream and downstream of orflI, respectively, by PCR using the primers
ORF11-F2 and ORF11-R1 (Table 2) and Pwo polymerase (Roche Molecular
Biochemicals). The PCR product was digested with Ncol and Sall and cloned in
pET32a digested with the same enzymes, resulting in plasmid pET-ORF11. The
introduction of the Ncol site changed the GTG start codon present in orfl] into
ATG. The protein was overexpressed as a fusion with a thioredoxin moiety and
an internal histidine tag. To overexpress Proll in L. lactis under control of the
nisA promoter, plasmid pET-ORF11 was digested with Ncol and Sall. The
fragment spanning orf11 was isolated from an agarose gel using the QIAquick gel

TABLE 2. Primers used in this study

Primer name

Sequence (5’ to 3')*

ORFI11F9 ...
ORF11F10.
ORF11F11.

AATTTGAAATGGAACCGAAACGG
AATTTGAAACGGAACCAACTTGG
AATTTAACTTGGAACCTCAGATAAG
~AATTTGAAACGGAACCAACTTAACTTGGAACCTCAGATAAG
~AATTTGAAACGGAACCAACTTAACTTCAACTTGGAACCTCAGATAAG
AGGAGTATCCATGGCACAAAGAAG
CAAGAATTTCAGAATATG
CTAGCTTTATATCGATC

“ The hexamers are indicated in boldface type.
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vextraction kit (Qiagen GmbH, Hilden, Germany) and ligated to pNG8048
digested with the same enzymes. This resulted in the plasmid pNG11.

Purification of Proll fusion protein and production of antibodies against
Proll. E. coli C41(pET-ORF11) was grown at 37°C with vigorous shaking in TY
broth with ampicillin (100 wg/ml) until an optical density at 600 nm of 0.6 was
reached. Then, IPTG (isopropyl-B-D-thiogalactopyranoside) was added to 0.1
mM and incubation was continued for 2 h. All subsequent operations were
performed at 4°C. The culture was centrifuged, and the cells were resuspended
in TNM buffer (50 mM Tris HCI [pH 8.0], 200 mM NaCl, 5 mM MgCl,). Cells
were lysed by several passages through a French pressure cell, and the lysate was
centrifuged at 12,000 X g for 20 min. The supernatant was removed, and the
pellet was resuspended in TNM buffer containing 5% Triton X-100. The sus-
pension was centrifuged at 30,000 rpm in an SW50 rotor (Beckman Coulter Inc.,
Fullerton, Calif.) for 30 min. The pellet was resuspended in TNM buffer con-
taining 8 M urea (TNMU) and centrifuged under the same conditions. The
supernatant was applied to a Talon spin column (Clontech, Palo Alto, Calif.).
After passage of the sample, the column was washed with 1 volume of TNMU
and the protein was eluted with 1.5 volumes of TNMU containing 100 mM
imidazole. The eluant was dialyzed against PBS buffer (34). At this stage the
protein aggregated. The suspension was recovered from the dialysis bag and
centrifuged, and the pellet was used to raise polyclonal antibodies in New
Zealand White rabbits (Eurogentec Bel SA, Seraing, Belgium). The specificity of
the antiserum was demonstrated by Western hybridization using crude extracts
of E. coli and L. lactis and purified Prol1.

Partial purification of Proll. L. lactis NZ9000 (pNG11) was grown in G[1/
2]M17 at 30°C until an optical density at 600 nm of 0.6 was reached. Then,
1/1,000 volume of supernatant from an overnight culture of L. lactis NZ9400 (a
nisin producer) was added and incubation was continued for 2 h. Cells were
centrifuged, resuspended in TNM buffer, and lysed by several passages through
a French pressure cell. The lysate was centrifuged at 12,000 X g for 20 min. The
supernatant was removed, and the pellet was resuspended in TNM buffer and
centrifuged under the same conditions. This washing step was performed three
times, with increasing concentrations of NaCl (250 mM, 500 mM, and 1 M,
respectively). The pellet was resuspended in TNM containing 5% Triton X-100
and centrifuged at 30,000 rpm in an SW50 rotor (Beckman Coulter Inc.) for 30
min. The pellet was resuspended in TNMU and centrifuged under the same
conditions. The supernatant was dialysed against TNM containing 4 M urea and
then against several changes of 25 mM sodium phosphate buffer (pH 7.0) with 5
mM MgCl,, each wash containing increasing concentrations of NaCl and de-
creasing concentrations of urea (500 mM NaCl, 2 M urea; 750 mM NaCl, 1 M
urea; 750 mM NaCl, 0.5 M urea; 1 M NaCl, 0 M urea). The solution was
transferred to a 2-ml Eppendorf tube and centrifuged in a bench-top centrifuge
at maximum speed for 15 min at 4°C. One volume of 80% sterile glycerol was
added to the supernatant, which was subsequently divided into 100-pl aliquots
and stored at —20°C. This preparation was used for the DNA-binding assays
described below.

Preparation of cell extracts. Cells from a 100-ml culture were harvested at the
late exponential growth phase, unless otherwise stated, and washed twice with 1
volume of 0.9% NaCl. The pellet was resuspended in 700 pl of sample buffer (50
mM Tris HCI [pH 8.0], 0.3% sodium dodecyl sulfate [SDS], 20 mM dithiothreitol
[DTT]), and 7 pl of Prefabloc (Roche Molecular Biochemicals) was added. The
cell suspension was mixed with 1 g of glass beads (100-pm diameter) and lysed
in a BeadBeater (Biospec Products, Bartlesville, Okla.) for 8 min at 4°C. The
mixture was centrifuged at 12,000 X g for 5 min, and the supernatant was
recovered.

Protein electrophoresis and Western hybridization. Samples were prepared
for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) by diluting aliquots of
the suspensions twice in 2X sample buffer (20) containing 2.5% SDS and sub-
sequent boiling for 5 min. SDS-PAGE was carried out as described earlier (20).
SDS-PAGE gels were stained with Coomassie brilliant blue. The concentration
of protein was determined by the method of Bradford (3). Proteins were elec-
troblotted onto polyvinylidene difluoride membranes (Schleicher & Schuell,
Dassel, Germany) according to standard protocols (34). Monoclonal antibodies
against six-His tag were purchased from Clontech. Monoclonal horseradish per-
oxidase-conjugated anti-mouse and anti-rabbit antibodies were obtained from
Amersham International and detected using the ECL detection kit (Amersham
International).

Gel retardation analysis. PCR-generated DNA probes were end labeled with
[y->*P]ATP using T4 polynucleotide kinase. The specific activities of the probes
used in this study were similar. Unless otherwise stated, assays were performed
in binding buffer [20 mM bis-Tris HCI at pH 6.5, 250 mM NaCl, 5 mM MgCl,,
0.5 mM DTT, 10% glycerol, 0.05 mg/ml poly(I-C), bovine serum albumin (0.05
mg/ml)]. Binding reactions were performed using 5,000 cpm of radiolabeled
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probe. Since the actual amount of active protein after renaturation is unknown,
protein amounts are given in relative units (RU) throughout this study. 1 RU
corresponds to 0.8 g of protein. After 20 min of incubation at 30°C the samples
were loaded on a nondenaturing 4% polyacrylamide gel. Gels were run in either
TAE buffer (40 mM Tris-acetate, pH 8; 2 mM EDTA) or Tris-glycine buffer (50
mM Tris, 0.38 M glycine, 2 mM EDTA) at 100 V, dried, and subjected to
autoradiography. For detection of protein-DNA complexes by Western hybrid-
ization, PAA gels were incubated in 1% SDS for 15 min and washed several
times with water. Transfer of proteins to polyvinylidene difluoride membranes
and subsequent steps were performed as described above. To study the inhibition
by specific DNA-groove binding drugs, probes were incubated in binding buffer
with the indicated concentrations of actinomycin D, chromomycin A3, distamy-
cin A, or methyl-green for 20 min at room temperature prior to incubation with
Prol1. For assays with methyl-green, DTT was omitted from the reaction buffer
since it may interfere with the binding of the drug to DNA (Leendert Hamoen,
personal communication). After the addition of the protein, the complexes were
allowed to form for 30 min at room temperature.

DNase I footprinting. DNase I footprinting was performed following the
description supplied with the Sure Track Footprinting kit (Pharmacia, Uppsala,
Sweden). The DNA probes were obtained by PCR using primers which were end
labeled with T4 polynucleotide kinase using [y->’P]ATP. Binding reactions were
performed as described for the gel retardation experiments except that the NaCl
concentration was 125 mM, in a total volume of 40 wl, and that 50,000 cpm of
radiolabeled probe was used. In order to determine whether Prol1 would ag-
gregate under our experimental conditions, a mock assay was performed in which
the concentration of protein remaining in the supernatant after centrifugation of
the mixture was determined for the highest concentration used in these assays (8
RU, corresponding to 160 wg/ml). No significant differences were observed
between the expected concentration and the actual measurements. Therefore,
we concluded that no significant aggregation occurred. Complexes were allowed
to form for 20 min at room temperature, after which 10 pl of 10 mM CaCl, and
0.1 U of DNase I were added. Digestion was allowed to proceed for 1 min, after
which the reactions were terminated by adding 140 pl of stop solution (192 mM
Na-acetate, 32 mM EDTA, 0.14% SDS, yeast tRNA [64 png/ml]). Samples were
extracted twice with phenol-chloroform, and the DNase I digestion products
were precipitated with ethanol. The precipitates were resuspended in 6 ul of
loading buffer and loaded on a 6% polyacrylamide-urea gel. A+G Maxam and
Gilbert reactions were run on the same gel to locate sequence positions and
protected regions (34).

Phenanthroline-copper footprinting. Binding reactions were performed as
described above for the DNase I footprinting. Phenanthroline-copper footprint-
ing was performed in solution as described by Sigman et al. (37) with some
modifications. Four microliters of 2 mM 1,10-phenanthroline-0.46 mM CuSO,
and 4 pl of 58 mM 3-mercaptopropinoic acid were added to 40 wl of Proll/
orfl1F5R2 mixture and incubated for 10 min at 37°C. The reaction was quenched
by adding 4 pl of 28 mM 2,9-dimethyl-phenanthroline. To precipitate DNA, 120
wl of water, 10 pl of 5 M NaCl, and 1 ul of yeast tRNA (10 mg/ml) were added,
and the total was mixed with 3 volumes of cold ethanol. Samples were incubated
at —20°C for 2 h, centrifuged, washed with 200 wl of ethanol, air dried, and
dissolved in 6 pl of loading buffer. Analysis of the digestion products was
performed as described above for the DNase I footprinting assays.

RESULTS

Partial purification of Proll. From the analysis of the DNA
sequence of the bacteriophage rlt it was inferred that orfl1
could encode a replisome organizer. This supposition comes
from both comparisons of the structural organization of the
genomes of other temperate bacteriophages (Fig. 1) and se-
quence similarities between the product of orfl1 and the pre-
viously characterized replisome organizer protein G38P of the
B. subtilis bacteriophage SPP1.

In order to obtain a relatively pure fraction of Prol1 protein
for protein-DNA interaction studies, the gene orf11 was cloned
in pNG8048 to overexpress the protein in L. lactis NZ9000.
Upon induction with nisin, Prol1 could be readily detected by
SDS-PAGE and Western hybridization. Fractionation studies
showed that Pro11 was mostly present in the insoluble fraction.
The protein could only be dissolved in 8 M urea, resulting in a
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FIG. 1. Structure of the replication modules of three lactococcal bacteriophages. ORFs are indicated as block arrows. Grey rectangles indicate
DNA regions with >90% sequence identity. Thin arrows above the nucleotide sequence indicate direct repeats.

fraction in which Proll accounted for approximately 95% of
the total protein (results not shown). In order to renature the
protein, the sample was dialyzed stepwise against buffers con-
taining decreasing amounts of urea and increasing amounts of
salt. The protein was finally obtained in a buffer containing 1 M
NaCl. Although further lowering of the salt concentration re-
sulted in aggregation of Proll, addition of 1 volume of 80%
glycerol was possible (final NaCl concentration, 0.5 M). At a
low NaCl concentration (100 mM) with or without glycerol,
protein concentrations higher than 40 to 50 pg/ml resulted in
protein aggregation.

Prol1 binds specifically to its own coding sequence. If Prol1
is the replisome organizer of the bacteriophage rl1t replication
apparatus the protein should bind to the putative origin of
replication identified in the orfll gene. In order to test this
possibility, gel retardation experiments were performed using a
PCR fragment spanning the entire orf/1 gene and several non-
specific DNA fragments. Proll was able to bind to its own
gene but did not bind to an unspecific fragment. Several partial
fragments of orfl1 were produced by PCR and tested in gel
retardation assays (Fig. 2A). Only those fragments spanning
the putative origin of rlt replication were retarded, further
demonstrating the specificity of the binding reaction. Similar
results were obtained when the 184-bp fragment orf11F3R2
was used (data not shown, but see Fig. 3). Therefore, the
binding site for Proll should lie within this nucleotide se-
quence of 184 bp.

When TAE buffer was used during electrophoresis, the re-
tarded complexes hardly entered the gel. A high-ionic-strength

Tris-glycine buffer allowed complexes to enter the gel and was
used for further assays.

In order to optimize the binding reaction, the effects of
several variables were studied. No significant differences were
observed over a range of pH values and different buffering
compounds employed, using four different buffers: 20 mM
bis-Tris HCI (pH 6.5), 20 mM sodium phosphate (pH 7.0), 20
mM HEPES (pH 7.5), and 20 mM Tris HCI (pH 8.0). As less
label was retained in the well and a sharper band was observed
in the gel with bis-Tris (pH 6.5), this buffer was used through-
out the rest of the study.

The effect on the binding reaction of divalent cations such as
Ca®?* and Mg>* was subsequently studied. Increasing the
CaCl, concentration had a moderate inhibitory effect on the
binding of Proll as judged from the increasing signal of free
probe. Moreover, at concentrations ranging from 10 to 50 mM
(the highest concentration assayed) the band corresponding to
the retarded complex became less sharp and more signal was
observed in the well. The effect of MgCl, was different: con-
centrations of up to 5 mM favored the binding of Pro11, while
higher concentrations were slightly inhibitory. Only some
smearing of the retarded band was observed at 100 mM MgCl,
(data not shown).

NaCl concentration had a major effect on Proll binding
under our experimental conditions (Fig. 2B). Optimal binding
was observed at 250 mM of NaCl, a concentration that was
used in all further assays unless otherwise noted. Higher con-
centrations resulted in a less effective binding, while the re-
tarded band became less sharp. At 1 M NaCl, a smear from the
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FIG. 2. Proll binding to orfl1 DNA. (A) Schematic representation of the different probes used in band mobility shift assays and the different
primers used to obtain the DNA probes for the experiments presented in this study. Hexamers and A+T-rich repeats are indicated. The position
of the first hexamer in primers ORF11F10 and ORF11F11 is likewise indicated. Solid circles represent DNA fragments retarded by Prol1; empty
circles indicate DNA probes not bound by Prol1. (B) Effect of NaCl concentration on Prol1 binding of the probe orfl1F2R2. Reactions were
performed as described in Materials and Methods except that the NaCl concentration was varied as indicated. The gel was run in Tris-glycine
buffer. Lanes: 1, 25 mM NaCl; 2, 125 mM; 3, 250 mM; 4, 500 mM; 5, 750 mM; 6, 1 M; 7, free probe (at 500 mM NaCl). Arrows indicate additional
retarded bands detected at low NaCl concentrations. (C) Gel mobility shift assay using increasing amounts of DNA. Complexes (indicated by
arrows) were detected by Western blotting using rabbit polyclonal antibodies raised against His-tagged Proll. The standard binding buffer was
used (NaCl: 25 mM; 1 RU of Proll; probe: orfl1F3R2). The gel was run in Tris-glycine buffer. Lanes, 1, no probe DNA; 2, 0.01 g of probe; 3,

0.05 pg; 4, 0.1 pg; 5, 0.5 pg; 6, 1 pg; 7, 2.5 pg; 8,5 pg; 9, 10 pg.

well to the expected position of the band was observed, sug-
gesting that additional subunits of Prol1 bind to the complex
under these conditions. Prol1 binding was also less efficient at
NaCl concentrations lower than 250 mM. Additional retarded
bands were detected under these conditions, suggesting that
more than one Proll binding site is present in the orfl IF2R2
DNA fragment. The band corresponding to the free probe was
less sharp, indicating that some dissociation of Prol1 occurred
during electrophoresis.

In order to investigate the latter point further, gel retarda-
tion was done using decreasing amounts of protein. At low
protein concentrations, additional retarded bands are observed
using the DNA fragment orfl1F2R2. Moreover, these bands

appear both above and below the single band observed at high
protein concentrations. Similar results were obtained with
DNA fragments orfl1F3RI or orfl1F3R2 (data not shown). As
the number of different complexes could not be estimated
under the conditions used in these assays, gel retardation as-
says were performed using a great excess of DNA. Unlabeled
DNA fragment orfl1F3R2 was used in Western hybridization
to detect Prol1-DNA complexes (Fig. 2C). Without the DNA
fragment, Proll does not enter the gel, although a smear
throughout the lane was observed. After incubation of Proll
with the DNA fragment, five distinct bands were detected upon
electrophoresis. One band migrated slower than the major
band and disappeared as the amount of DNA became limiting.
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FIG. 3. Effects in gel mobility shift assays of different DNA-binding drugs on Proll binding to the DNA fragment orfl1F3R2 (Fig. 2A).
(A) Chromomycin A3. Lanes: 2 to 8, 0.5, 1, 2.5, 5, 12.5, 50, and 75 pM, respectively. (B) Methyl-green. Lanes 2 to §, 1, 2, 5, 10, 25, 50, 100, and
125 uM, respectively. (A and B) Lanes 1, no drug; lanes 9, free probe (no protein or drug added).

These observations are in agreement with the results previ-
ously obtained using labeled probe. The results show that
Proll is present in the complexes, and that the DNA binding
activity is not caused by a contaminant protein in the sample.

Prol1 binds through the minor groove. The effects of several
major- and minor-groove-specific binding ligands on DNA
binding of Proll were examined in gel mobility shift assays
(Fig. 3 and results not shown). Methyl-green, which binds to
the major groove, did not significantly affect Prol1 binding at
concentrations up to 100 pM. On the other hand, all three
minor-groove-binding molecules affected the binding of Prol1
to the orfl1F3R2 fragment, albeit to different extents. Chro-
momycin A; at 2.5 uM inhibited Prol1 binding, while a 5 uM
concentration almost prevented Prol1 binding. Actinomycin D
was less effective: at 10 uM some binding was still detected,
while a concentration of 25 pM completely prevented Proll
binding. Distamycin A was the least effective inhibitor. Prol1l
was still able to bind to the orflIF3R2 fragment even at a
distamycin A concentration of 100 wM. These results indicate
that Prol1 binds through the minor groove and probably does
not make contact in the major groove.

Mapping of the Proll binding sites indicates that Proll
recognizes the region containing the four hexamers GGAACC.
DNase I footprinting on DNA fragment orfl11F5R2 was carried
out to determine the sequences recognized by Prol1. Figure 4
shows that Proll protects a single region of 47 bp within
orfl1F5R2. This region contains four repeats of the hexamer
GGAACGC, each separated from the next one by 5 bp (see also
Fig. 6B). The protected area does not extend to the A+T-rich
region located immediately downstream of the four hexamers.
Different amounts of Proll did not result in the preferential
loss of protection of any site (Fig. 4). Binding of DNase I to its
target requires contacts in the DNA backbone extending two
steps upstream and downstream of the cleavage site in the
same strand and two phosphate groups three and four steps
upstream of the cleaved bond in the opposite strand (39).
Taking into account the contacts required by DNase I to cut

the DNA at a certain position, it can be inferred that Proll
protects one step upstream of the first hexamer, since the step
AT (positions 7206 to 7207 [see Fig. 6B]) is protected in the
coding strand, and the protection extends to the step CT (po-
sitions 7205 to 7204) in the noncoding strand. On the 3’ side
the protection extends at least five steps downstream of the last
hexamer in the forward strand, since the step TA at positions
7254 to 7255 is protected, while three steps are protected in the
opposite strand (until step TG, positions 7253 to 7252). These
data indicate that both strands are unequally protected on this
side of the binding region.

Two properly positioned Proll binding sites are required
for stable binding of Prol1. In order to determine the minimal
number of Proll sites required to form a stable complex, a
series of fragments containing four, three, two or one hexamer
of the binding region were prepared using the primers
ORF11-F6 to ORF11-F9, respectively, in combination with
primer ORF11-R2 (Fig. 2A). Results of gel retardation assays
(Fig. 5) show that Proll fails to bind to a DNA fragment
harboring only one binding site. When two binding sites were
present, a band corresponding to a retarded complex was de-
tected, while binding was increasingly more effective as more
binding sites were present in the DNA fragment. As this effect
could also result from complex dissociation during electro-
phoresis, a series of binding reactions were performed using
increasing amounts of protein (from 0 to 8 RU) and the frag-
ment orfl IFIR2 in TAE buffer. Again, no retarded complexes
could be detected (data not shown). NaCl concentrations of up
to 500 mM enhanced the binding of Prol1 for all fragments
except orfl 1FIR2. Interestingly, only with fragment orfl I/F6R2
(four hexamers) did we observe a smear at 500 mM NaCl. This
suggests that binding of additional Prol1 subunits to the com-
plex requires at least four binding sites, and shows that this
smearing is not due to unspecific binding of Pro11 to DNA. To
determine the effect of the relative position of the binding sites
on Proll binding activity, binding of Proll to fragments
orfl1IFI0R2 and orfl1F11R2 was examined. Both fragments
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FIG. 4. DNase I footprinting analysis of the Prol1-orf11F5R2 complex. The left panel shows complementary strand, and the right panel shows
coding strand. A dash above a lane indicates no Prol1 added. The triangles indicate the increase in the amounts of Prol1 present in the binding
reaction (0.5, 1, 2, 4, and 8 RU). A+G: lane with the A+G Maxam and Gilbert reaction products of the same DNA fragment. Grey bars indicate

the protected regions. Empty bars indicate the position of hexamers.

harbor two binding sites for Proll. In orfl1F10R2 10 bp have
been inserted between the two hexamers, thus positioning
them on opposite sides of the double helix, whereas they are
one helix turn apart and on the same side of the helix in
orfl1F11R2. Since additional contacts within the intervening
sequence between hexamers cannot be ruled out, the inser-
tions consisted of repeats of the intervening sequence (Table
2). Binding of Prol1 is abolished in both cases, indicating that
proper spacing of the hexamers (5 bp in the wild-type situa-
tion) is essential for the stability of the complex (results not
shown).

Phenanthroline-copper footprinting reveals an asymmetric
protection pattern of each DNA strand. In order to examine
the Prol1-DNA complex in more detail, phenanthroline-Cu
footprinting was carried out. The 1,10-phenanthroline-copper
complex is a chemical nuclease that nicks DNA and RNA
under physiological conditions (32, 37). The reaction occurs in
the minor groove, so that only if access to the C-1 of the ribose
ring is blocked (either directly or indirectly), protection will be

observed. Moreover, the small size of the reactant allows map-
ping the binding site for a protein with greater detail. The
results (Fig. 6A) reveal a stretch of protected sequence span-
ning the four binding sites plus one base at each end in the
coding strand. This suggests that the binding site for each
monomer spans eight base pairs centered around the GGA
ACC hexamer. This result is supported by the fact that the C
in position 7240 (Fig. 6A) is unprotected; in fact this position
is more sensitive to the reactant than in the control. The
footprint of the opposite strand shows a shorter protected
area, from position 7240 to position 7209, leaving the fourth
hexamer fully unprotected. These results suggest that every
Proll subunit makes asymmetrical contacts with the DNA
backbone.

DISCUSSION

Comparative genomics has evidenced the modular genetic
organization of bacteriophages infecting gram-positive and
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FIG. 5. Formation of complexes between Proll and DNA fragments containing different numbers of Prol1 binding sites. (A) Lanes 1 to 4,
DNA fragment orfl 1F6R2 (four binding sites); lanes 5 to 8, DNA fragment orf11F7R2 (three binding sites). (B) Lanes 1 to 4, fragment orfl1FSR2
(two binding sites); lanes 5 to 8, fragment orf11F9R2 (one binding site). The binding reactions were carried out with 1 RU of Prol1 in standard
buffer containing increasing amounts of NaCl (50, 125, 250, and 500 mM), as indicated by the triangles.

gram-negative bacteria. Chopin et al. (7) reported that L. lactis
bacteriophages belonging to the species P335 share the same
modular genetic organization. In this way, a set of gene mod-
ules encoding proteins putatively involved in replication of
bacteriophage DNA could be identified within the genomes of
these bacteriophages. Interestingly, a similar organization can
be found in several bacteriophages infecting other lactic acid
bacteria as well as in bacteriophages from streptococci (5, 10).
These modules typically specify a single strand binding protein
and a putative replisome organizer (bIL285, BKS-T, TP901-1,
and Tuc2009), a DnaC analog and a putative replisome orga-
nizer (r1t and bIL309), or all three genes (bIL286). They are
located in the same region within the genomes of these tem-
perate bacteriophages (7, 10). Most putative replisome orga-
nizers described in lactococcal bacteriophages contain a set of
direct repeats structurally similar to iteron-containing origins
of replication. Moreover, indirect evidence of the presence of
functional iteron-containing origins of replication, based on
the so-called Per effect, has been reported for some of these
bacteriophages (24, 25, 27, 30). In bacteriophage TP901-1,
mutational analysis of orf13 has shown that both the product of
orfl3 and the repeats located within orfl3 are essential for
replication of DNA in vivo (30). Bacteriophage rlt protein
Prol1l shares significant similarity with previously character-
ized (putative) replisome organizers. The N-terminal of Prol1l
is significantly similar to the N-terminal part of Rep2009, the
presumed replisome organizer of the lactococcal bacterio-
phage Tuc2009 (27), and to that of G38P (Fig. 1). In its C-
terminal part it is also similar to G38P. G38P binds to two
regions within the genome of the bacteriophage SPP1, one
located within the coding sequence of G38P and the other one
in a noncoding region between late structural genes (29, 31).
These regions share significant structural similarity to that
found in r1t within orfl1: they all consist of two sets of directly
repeated sequences termed Box AB and a 70-bp A+T-rich
region. The repeat units are ten bp in length and separated by
one bp, so that a binding site is placed every 11 bp. This
arrangement is also found in rlt.

The results presented in this work show that Proll binds

specifically to target sites in its own gene, orfl1. On the basis of
band mobility shift assays using probes containing different
numbers of binding sites, as well as footprinting analysis of the
Pro11/DNA complex, it was shown that Proll recognizes a
region in orflI containing a quadruplet of the hexamer GGA
ACC that is present four times in orfl1. The combined results
of the DNase I and phenanthroline-copper footprinting are
presented in Fig. 6B.

Binding of Proll to its target was less stable at low NaCl
concentrations, so that several complexes were observed in gel
mobility shift assays due to dissociation during electrophoresis,
while only one complex could be detected at 250 mM NaCl
(saturated complex). This effect was exploited to estimate the
number of Proll binding sites by using limiting amounts of
DNA or protein. The results suggested that there are four
binding sites for Proll. Moreover, the saturated complex mi-
grates faster than some of the intermediates. This observation
can be explained by assuming that a conformational change
takes place in the complex that leads to a more condensed
form that would migrate faster. Similar results have been pre-
viously reported for HMf, a DNA binding protein from Meth-
anothermus fervidus, which were explained by protein-induced
DNA condensation (35).

The effects that different groove-specific DNA binding drugs
have on the binding of Prol1 to its binding site indicate that
Prol1-DNA contacts are limited to the minor groove. This is
further substantiated by the phenanthroline-copper footprint-
ing data, since the nick reaction occurs in the minor groove
(37).

DNase I footprinting assays showed that Proll protects a
single region of 47 bp spanning the four hexamers GGAACC
but did not protect the A+T-rich region located immediately
downstream thereof, indicating that Prol1l does not interact
with this region, at least when a linear substrate is used. The
DNase I digestion pattern showed an appreciable asymmetry
between the two strands. The coding strand was relatively
resistant to digestion when compared with the other regions of
the molecule, but four positions were highly sensitive. These
positions were located two steps downstream of each hexamer.
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FIG. 6. (A) Phenanthroline-copper footprinting analysis of the Prol1-orf11F5R2 complex. The left panel shows noncoding strand (inverted in
order to facilitate the comparison); the right panel shows coding strand. + and —, presence or absence of Proll, respectively; A+G, lane
containing the products of an A+G Maxam and Gilbert sequence reaction; grey bars, protected regions; empty bars, position of hexamers; asterisk,
hypersensitive residue C7240. (B) Summary of DNase I and phenanthroline-copper footprinting results. The sequence of orf11 from position 7189
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This pattern was not observed in the noncoding strand where,
instead, a more even digestion pattern was obtained. DNase I
is particularly sensitive to structural variations of DNA and
there is evidence that the intrinsic bendability of DNA is a
major factor determining DNase I rate of cleavage (16, 38).
Resolution of the structure of DNase I-DNA complexes has
shown that the enzyme distorts the DNA structure upon bind-
ing, widening the minor groove and bending the DNA towards
the major groove. A major contribution to the alteration on the
DNA structure comes from the stacking interaction between a
tyrosine and the base located two positions upstream of the
cleaved bond (39). Our results suggest that the step C-C in the
hexamer is intrinsically but not freely flexible and should have
a preferred direction of bending in order to explain the differ-
ences observed in the digestion pattern of each strand.

Phenanthroline-copper footprints displayed a remarkably
asymmetric pattern. While the four hexamers GGAACC were
protected in the coding strand, the complementary sequence of
the fourth hexamer was completely unprotected in the non-
coding strand. These results indicate that Proll contacts the
DNA backbone at a hexamer in the coding strand but can also
contact the DNA backbone on the minor groove side in the
noncoding strand at the complementary sequence of the next
upstream hexamer. In this way, the Prol1 molecule bound to
the first hexamer would contact only this hexamer, while the
other three would contact two hexamers each. This could ex-
plain why at least two properly spaced hexamers are needed to
form a stable complex and how Proll can specifically recog-
nize its target sequence from the minor groove. Such an ar-
rangement of binding sites is found only once in the entire rlt
genome, namely, in orfll. Although detailed structural data
are not available, it seems reasonable to assume that in order
to establish such an array of contacts, the DNA must be heavily
distorted to avoid steric hindrance of the protein molecules
bound to adjacent hexamers. Several minor-groove-binding
proteins, such as HMG box proteins, IHF, or HU induce se-
vere distortions on the DNA structure within their cognate
sequences (for a review, see reference 1). The enhanced sen-
sitivity of C at position 52 provides evidence for an alteration
of the DNA structure. The asymmetry of the DNase I foot-
print, albeit to a lesser extent due to the bulkiness of the
protein, provides some additional evidence to support the
model. Moreover, the DNase I digestion pattern of the binding
region indicates that the step CC of the hexamers possesses an
intrinsic directed high bendability, allowing for the suggested
bending of the DNA.

The Prol1/DNA complex put forward here has an asymmet-
ric structure. We propose that this asymmetry induced by
Proll binding is propagated directionally, i.e., towards the
AT-rich region immediately downstream of the binding site,
which could result in destabilization of the double helix struc-
ture there. Such origin melting by the putative replisome or-
ganizer Prol1 would subsequently allow the loading of addi-
tional proteins required for the initiation of rlt DNA
replication. Considerable work has to be done in order to
confirm the model. The effect of supercoiling has not been
addressed at all in this study. Our footprinting data indicate
that Prol1 does not interact directly with the AT-rich region,
and no significant alterations of the secondary structure in this

LACTOCOCCAL BACTERIOPHAGE r1t REPLISOME ORGANIZER

10243

region are evidenced either by DNase I or phenanthroline-
copper footprinting.

This picture may change considerably when a supercoiled
DNA is considered. Schnoss et al. (36) have shown that bind-
ing of lambda protein O to its target site leads to the destabi-
lization of the adjacent AT-rich region, but this structural
transition was absolutely dependent on supercoiling of the
DNA substrate. Electron microscopy data indicated that the
G38P protein of phage SPP1 bends DNA, although no data are
available regarding the effect of supercoiling (29). Interest-
ingly, G38P forms a complex in which the DNA apparently is
not wrapped around the G38P particle (29). Protein O forms a
nucleoprotein complex, the O-some. Dodson et al. (11) pro-
posed a structure of four dimers of protein O with the DNA
wrapped around this protein core. Evidence for this model
relied on electron microscopic observations and has not been
confirmed by other experimental approaches. A comparative
study between these three analogous proteins, lambda O,
G38P, and Prol1l, may provide a more detailed picture of the
steps leading to the initiation of the replication in this kind of
replicons. Although the initiation of replication of phages
lambda and SPP1 has received considerable attention, a de-
tailed characterization of the DNA-protein complexes formed
by their initiation proteins is lacking. This is partly due to the
fact that replisome organizer proteins are not easily studied by
band mobility shift assays; the complexes they form with DNA
do not enter the gel under the usual conditions employed for
these assays (21, 29). Most knowledge about these proteins has
come from footprinting assays and electron microscopy. The
gel retardation conditions employed in this work have made
Proll amenable for gel retardation analysis. Results obtained
by this technique, combined with the footprinting evidence,
have allowed proposing a preliminary model to explain how
binding of Proll protein may provide the driving force for
phage rlt origin melting
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