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ABSTRACT

The GILO1 bacteriophage is a temperate phage that
infects the insect pathogen Bacillus thuringiensis.
During the lytic cycle, phage gene transcription is
initiated from three promoters: P71 and P2, which
control the expression of the early phage genes in-
volved in genome replication and P3, which con-
trols the expression of the late genes responsible for
virion maturation and host lysis. Unlike most tem-
perate phages, GILO1 lysogeny is not maintained by
a dedicated phage repressor but rather by the host’s
regulator of the SOS response, LexA. Previously we
showed that the lytic cycle was induced by DNA
damage and that LexA, in conjunction with phage-
encoded protein gp7, repressed P1. Here we examine
the lytic/lysogenic switch in more detail and show
that P3 is also repressed by a LexA-gp7 complex,
binding to tandem LexA boxes within the promoter.
We also demonstrate that expression from P3is con-
siderably delayed after DNA damage, requiring the
phage-encoded DNA binding protein, gp6. Surpris-
ingly, gp6 is homologous to LexA itself and, thus,
is a rare example of a LexA homologue directly ac-
tivating transcription. We propose that the interplay
between these two LexA family members, with op-
posing functions, ensures the timely expression of
GILO1 phage late genes.

INTRODUCTION

Bacteriophages fall into two major types, depending on
their developmental programmes on infecting a bacterial
host cell. Lytic phages initiate the lytic cycle immediately
after infecting a cell, leading to host cell lysis and death,
whereas temperate phages (also referred to as lysogenic
phages) can immediately engage in the lytic cycle or lie dor-
mant inside the host for many generations. Dormant phages
retain the ability to initiate the lytic cycle, usually in re-
sponse to an external trigger that activates the phage reg-
ulatory machinery, e.g. DNA damage of the host’s chro-
mosome. The majority of known temperate phages insert
their genomes into the host chromosome during lysogeny,
where they are replicated at each cell division and are faith-
fully transmitted to progeny cells, whilst other lysogenic
phage exist as an autonomously replicating entity. To date
lysogeny has only been thoroughly studied in detail for a
handful of phages, and yet it is clear that temperate bacte-
riophages have a great impact on bacterial evolution, lead-
ing to the rearrangement of bacterial genomes and acquisi-
tion of potent virulence determinants (1).

The Tectiviruses are bacteriophages that share structural
similarities with several eukaryotic and archaecal viruses
(2,3). On account of these similarities, it has been suggested
that Tectiviruses have played an important role in early eu-
karyotic evolution, being the precursors of Polintons (large
eukaryotic DNA transposons), which are thought to have
evolved into most of the large double-stranded DNA eu-
karyotic viruses observed today (3). Tectiviral bacterio-
phages are characterized by a linear genome capped at both
extremities by covalently bound terminal proteins that act
as primers during DNA replication. In the mature phage
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particle, the linear genome is contained inside a protein-rich
lipid membrane that is surrounded by a rigid protein capsid
icosahedron with flexible spikes (4). Most of the Tectiviruses
characterized to date are lytic phages infecting enterobacte-
ria (e.g. Escherichia coli and Salmonella enterica) and their
genomes are highly similar, despite each phage originat-
ing from distinct geographical locations (5). However, re-
cent genomic analysis has indicated that the Tectiviridae
are widely distributed, with Tectivirus-related elements be-
ing present in the genomes of Streptococcus, Exiguobac-
terium, Clostridium, Brevibacillus and Rhodococcus species,
for example (6-8). Temperate Tectiviruses have so far only
been shown to infect the Bacillus cereus group, of which
the opportunistic pathogens B. cereus, Bacillus thuringien-
sis and Bacillus anthracis are the most notable members (9).
The Tectivirus phage GILOI infects the insect pathogen B.
thuringiensis and can establish a stable lysogenic state in-
side the cell, where it resides as a 15-kbp extrachromosomal
linear replicon (Figure 1A) (10). Lysogeny is stably perpetu-
ated over generations until the host cell experiences genomic
stress and DNA damage, and this is the inducer for GILO1
resurrection, with DNA replication, particle formation and
host cell lysis being initiated (10,11).

For GILO1, the decision to enter the lytic or lysogenic
life cycle is controlled by three promoter regions (P1, P2
and P3), which likely guide the transcription of all pre-
dicted 30 phage genes in the same direction (Figure 1A).
The tandem P/ and P2 promoters, at the extreme left of the
GILO1 genome, control the expression of the phage early
genes involved in genome replication and transcription reg-
ulation (Figure 1A) (11,12). In contrast to most temperate
phages, which encode their own repressor of the lytic cy-
cle, phage GILO1 exploits the host’s LexA repressor to regu-
late its lifestyle choices (11-13). LexA is the repressor of the
SOS response to DNA damage in bacteria and, in Gram-
positive bacteria, recognizes and binds to palindromic se-
quences at promoters controlling the expression of DNA
repair genes and of several other genes involved in bacte-
rial virulence and evolution (14,15). DNA damage, such
as that inflicted by genotoxic agents or caused by sponta-
neous DNA breaks during replication, triggers LexA self-
cleavage and the expression of the SOS regulon (13). In
phage GILO1, host LexA binds downstream of P/ to a site
named dinBox1, repressing the expression of genes involved
in phage genome replication. Previously, we demonstrated
that the small GILO1-encoded gp7 polypeptide formed a
complex with LexA, and enabled it to bind to a second low-
affinity LexA box, dinBox1b (12,13). In doing this gp7 stabi-
lized LexA binding to the promoter DNA, without binding
the DNA itself, and prevented LexA auto-cleavage and pre-
mature phage reactivation. The internal lytic promoter P3
controls the expression of the GIL01 capsid and lytic genes
(11,16). Like P1, P3 appears to be regulated by host LexA in
vivo, with LexA potentially binding to two proposed sites,
dinBox2 and dinBox3 (Figure 1A) (11,12). Here, we show
that LexA binds these sequences and that gp7 also forms a
complex with LexA, to alter repressor binding to these two
sites. We also show that DNA damage alone is not suffi-
cient to trigger expression from P3 and that P3 requires the
expression of a second small GILO1-encoded protein, gp6.
Using in vitro and in vivo approaches, we show that gp6 di-
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rectly activates transcription from P3 and identify its DNA
binding site within the P3 promoter. As gp6 is a truncated
homologue of LexA, this is the first example of a promoter
controlled by diverse LexA family members, with oppos-
ing functions. We, therefore, propose that the dependence
of P3 on both gp6 and LexA is a mechanism that ensures
that the expression of the GILO01 late genes, encoding capsid
and lytic proteins, is delayed and only occurs on the accu-
mulation of gp6 protein after sustained DNA damage.

MATERIALS AND METHODS
Bacterial strains and culture conditions

All strains and plasmids used in the study are presented in
Supplementary Table S1. The B. thuringiensis serovar israe-
lensis GILO1-lysogenic host, GBJ338, and the GILO1-cured
strain, GBJ002 (11,17), were grown aerobically in L-broth
at 30°C. Derivatives of the lacZ reporter plasmid pHT304-
18Z, pDinl, carrying the Pl-lacZ promoter fusion and
pDin3, carrying the P3—lacZ promoter fusion (11), were
maintained in B. thuringiensis by supplementing media with
25 pg/ml erythromycin. To express gp6 in B. thuringiensis,
GBJ002 cells, carrying plasmid pDin3 and the gp6 over-
expression plasmids pDG6 or pDG6 K38A, were grown
in L-broth supplemented with 25 pg/ml erythromycin and
25 pg/ml kanamycin, and expression was induced with 0.1
mM isopropyl B-D-1-thiogalactopyranoside (IPTG) 1 h af-
ter sub-culturing cells into fresh L-broth (1:100). To induce
DNA damage, 50 ng/ml mitomycin C was added 3 h after
inoculation to exponentially growing B. thuringiensis cul-
tures. At selected time points, 20 pl of each culture was as-
sayed for B-galactosidase activity as described in (11). Plas-
mid pSR/GIL01 P3 and pETS8c¢ derivatives pgp6 and pgp6
K38A were maintained in E. coli cells by the addition of 100
wg/ml ampicillin to cultures.

Plasmid construction

ORF6 from phage GILO1 (coordinates 4350 through 4550;
GenBank accession number AJ536073) was polymerase
chain reaction (PCR) amplified, using Vent DNA poly-
merase (NEB) with primers gp6_u and gp6_d flanked by
BamHI and Mlul sites (oligonucleotides are listed in Sup-
plementary Table S2). Purified PCR product was digested
with BamHI and Mlul and cloned into expression vec-
tor pETS8c (Novagen), generating plasmid pgp6, which was
used to overexpress gp6 protein carrying an N-terminal
hexahistidine-tag (Hisg) and a thrombin cleavage site. To
create the pgp6 K38A plasmid, which overexpresses the
gp6 K38A mutant protein, substitutions were introduced in
plasmid pgp6 using the QuikChange site-directed mutagen-
esis kit (Stratagene) with primer pair K38A_u and K38A_d
and pgp6 as a template, according to manufacturer’s in-
structions. To construct plasmid pDG6 for IPTG-induced
expression of gp6 in B. thuringiensis, ORF6 was PCR am-
plified using primers gp6BT_u and gp6BT_d flanked by
Xbal and Sphl sites and cloned into Xbal- and Sphl-
digested pDG148 plasmid. To construct plasmid pDG6
K38A, the pDG6 plasmid was amplified using Phusion
high-fidelity DNA polymerase (NEB) with a pair of com-
plementary primers carrying the K38A mutation, K38A u
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Figure 1. An uncharacterized phage-encoded factor controls the activity of the P3 lytic promoter. (A) A schematic representation of the GIL0O1 genome with
the P3 promoter sequence enlarged below. The putative —35 and —10 core promoter elements are highlighted in black, LexA-binding sites are highlighted
in orange and the transcription start site (+1) is shown in bold. The GIL0O1 genome sequence coordinates are indicated. The figure also shows measured
B-galactosidase activities of (B) the Bacillus thuringiensis GILO1 lysogenic strain, GBJ338, carrying a promoter P/-lacZ fusion and (C) GBJ338 and its
GILO1-cured derivative, GBJ002, each carrying a promoter P3-lacZ fusion. Where indicated, a sub-inhibitory concentration of mitomycin C (MMC50,
50 ng/ml) was added at time 0. Each value represents the mean + standard deviation of three independent measurements.

and K38A_d. Amplification was carried out for 16 cycles of
95°C for 30 s, 53°C for 60 s and 72°C for 180 s. The resulting
DNA was Dpnl-treated to digest away the methylated tem-
plate DNA and the newly synthesized pDG6 K38A mutant
DNA was propagated in the E. coli dam™ strain JW3350
before being electroporated into B. thuringiensis GBJ002
cells. The GILO1 P3 promoter fragment, which carries the
GILO1 P3 promoter, was amplified using primers GILp3
(up) and GILp3 (down) with GILOI DNA as template.
Purified PCR was restricted with EcoRI and HindIII and
cloned into plasmid pSR to generate pSR/GILO1 P3. Plas-
mid DNA was then used as template for in vitro transcrip-
tion assays and as a source of GILO1 P3 promoter fragment
DNA for both electrophoretic mobility shift assay (EMSA)
and DNase I footprinting analysis.

Purified proteins

Purified Bacillus subtilis RNA polymerase holoenzyme,
complexed with the SigA sigma factor in 50 mM Tris—HCI
(pH 8.0), 100 mM NaCl, 3 mM B-mercaptoethanol and
50% glycerol (18), was kindly donated by Dr Libor Krasny
(Chech Academy of Sciences, Chech Republic). Note that
the corresponding RNA polymerase subunits from B. sub-
tilis and B. thuringiensis are highly similar and that B.
subtilis RNA polymerase holoenzyme can transcribe B.
thuringiensis genes (19). Recombinant B. thuringiensis LexA
(coordinates 3 624 082 through 3 624 714; GenBank acces-
sion number: CP_001186) and GILO1 gp7 (coordinates 4564
through 4716; GenBank accession number AJ536073), car-

rying N-terminal Hisg-tags, were overexpressed in E. coli
strain M 15 from plasmids pQELexA and pQE7 and puri-
fied as previously described in (12). To overexpress recom-
binant gp6 and gp6 K38A proteins, carrying N-terminal
Hisg-tags and the thrombin cleavage site, BL21(DE3) pL-
ysE cells, carrying either pgp6 or the pgp6 K38A plasmid,
were grown aerobically at 37°C in 500 ml of L-broth sup-
plemented with ampicillin (100 pg/ml) and chlorampheni-
col (25 pg/ml) to an optical density at 600 nm (ODgg) of
0.5. The culture was cooled to 20°C and 0.6 mM IPTG
was added to the culture. After 4 h of growth at 20°C,
with shaking at 180 rpm, cells were harvested and the N-
terminally Hisg-tagged gp6 and Hisg-gp6 K38A were affin-
ity purified by Ni-chelate chromatography (Qiagen), with
columns pre-equilibrated, washed and proteins eluted with
buffer A (50 mM NaH,PO,4, 0.3 M NaCl, pH 8.0) contain-
ing 10, 20 or 250 mM imidazole, respectively. A Slide-A-
Lyzer dialysis cassette with 3.5-kDa molecular weight cut-
off (Thermo Scientific) was used to exchange the elution
buffer directly into 20 mM Tris—HCI (pH 7.3), 140 mM
NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 2
pM dithiothreitol (DTT) and stored at —80°C. For simplic-
ity, all the tagged proteins will be referred to in future with-
out reference to the Hisg moiety (e.g. LexA, gp6, gp6 K38A
and gp7). The concentration of the recombinant LexA, gp7,
gp6 and gp6 K38A proteins was determined using Nan-
oDrop1000 (Thermo Scientific) and the extinction coeffi-
cients at 280 nm used were 7450, 2980, 4470 or 4470 M~!
cm™!, respectively.
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EMSA analysis

For EMSA experiments, involving P3 promoter fragments
that carried dinBox2 and/or dinBox3 in various combina-
tions, DNA probes were generated using PCR with oligonu-
cleotides EMSA7 to EMSA10. Products were purified, P*
end-labelled and the interaction of LexA and complexed
gp7 was assayed as described in (12). EMSA experiments in-
vestigating the interaction of LexA, gp6 and gp6 K38A used
purified Aatll-HindIII GILO1 P3 promoter fragment, ob-
tained from pSR/GILO1 P3. Purified DNA fragment was
again P3? end-labelled and EMSA analysis was carried out
asin (20). Data from experiments were visualized and quan-
tified using a Bio-Rad Molecular Imager FX and Quantity
One software.

DNase I footprint analysis

To assay the interaction of LexA and gp7 with the GILO1 P3
promoter region using DNase I footprinting, EMSA7 and
EMSAI10 oligonuleotides, flanking P3, were used to am-
plify the 200 bp probe and the upper DNA strand was P
end-labelled. DNase I footprinting experiments were per-
formed as detailed in (12). For experiments investigating
the interaction of LexA and gp6, purified AatIl-HindIII
GILO1 P3 promoter fragment was P32 end-labelled on the
bottom strand and DNase I footprinting was performed as
in (21). Samples were analyzed by gel electrophoresis using
denaturing polyacrylamide gels, containing 1 x Tris-borate-
EDTA (TBE), and were calibrated with Maxam-Gilbert
‘G+A’ sequencing reactions of the labelled fragment. Gels
were analyzed and quantified using a Bio-Rad Molecular
Imager FX and Quantity One software (Bio-Rad).

In vitro transcription assays

In vitro transcription assays were carried out as detailed
in (22) using purified gp6 and LexA proteins, purified B.
subtilis RNA polymerase and pSR/GIL01 P3 plasmid as
template. Samples were loaded onto a denaturing polyacry-
lamide gel, containing 1 x TBE, which was calibrated using
P32 end-labelled 100 bp ladder (NEB). Gels were analyzed
using a Bio-Rad Molecular Imager FX and Quantity One
software (Bio-Rad).

Surface plasmon resonance assays

The surface plasmon resonance (SPR) measurements were
performed on a Biacore T100 (GE Healthcare) at 25°C. Ap-
proximately 30 response units (RU) of 3’-biotynilated S1
primer was immobilized on the flow cells of a streptavidin
chip previously equilibrated in running buffer (25 mM Tris—
HCl(pH 7.4), 140 mM NaCl, 5mM EDTA, 2 mM DTT, 0.1
mg/ml bovine serum albumin, 0.005% surfactant P20). To
prepare double-stranded DNA fragments carrying the pu-
tative LexA or gp6 target sequences within the P3 promoter,
complementary primers (denoted as primer name_u and
primer name_d) (Supplementary Table S1) were annealed
using a temperature gradient as described in (12). The re-
sulting DNA probes were 36-89 bp long and carried a 15 nt
overhang complementary to the SPR chip-immobilized S1
primer at their 5’-end. A total of 30-100 RU of each DNA
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probe was immobilized onto each flow cell 2 at 2 wl/min, as
detailed in the figure legends. The interaction between chip-
immobilized DNAs and gp6, gp7, and LexA in different
combinations was studied by injecting solutions at the de-
sired protein concentration in running buffer at a rate of 100
wl/min. Regeneration of the sensor surface was performed
with 50 mM NaOH for 10 s. SPR experiments were per-
formed at the Infrastructural Centre for Analysis of Molec-
ular Interactions at the Department of Biology, University
of Ljubljana.

Bioinformatics

Clustal Omega (23) was used to align nucleotide and
amino acid sequences and figures were created using
BoxShade (https://embnet.vital-it.ch/software/BOX _form.
html). To construct the homology model of GILO1 gp6, we
used SWISS-MODEL (24) and the crystal structure of the
Thermotoga maritima LexA repressor as a template (PDB
ID: 3k2z). Visualization and superposition of gp6 model
and the crystal structure of the DNA bound E. coli LexA
repressor (PDB ID: 3jso) (25) were performed using the Vi-
sual Molecular Dynamics program (26).

RESULTS

The P3 lytic promoter is repressed by a LexA—gp7 complex
and requires a phage-encoded factor for induction

Previously, we investigated the regulation of the GILO1 P/
promoter and demonstrated that expression from this pro-
moter was induced by DNA damage and that P/ was co-
ordinately regulated by LexA and the small GILOI phage-
encoded protein, gp7 (Figure 1A) (11). To investigate the
regulation of the GILO1 P3 promoter, a 227-bp DNA frag-
ment, carrying the P3 promoter region, was cloned into
the low-copy-number lacZ reporter plasmid pHT304-18Z
and B-galactosidase expression was determined in the B.
thuringiensis strain GBJ338 (a GILO1 lysogen) after mito-
mycin C-induced DNA damage. Expression from P3 was
compared to a P/-lacZ promoter fusion in the same strain
background over time (12). Results in Figure 1 show that
while P/ was induced in the lysogenic strain after 30 min
of exposure to mitomycin C (Figure 1B), P3 expression was
also induced by DNA damage but induction was delayed
by 1 h (Figure 1C). Interestingly, when P3 expression was
examined in the B. thuringiensis strain GBJ002, which has
been cured of GILO1, mitomycin C-induced DNA dam-
age failed to stimulate expression from P3, suggesting that
phage-specific factors might also control the P3 promoter
(Figure 1C).

Inspection of the DNA sequence downstream of the P3
—35 promoter element revealed two putative targets for
the LexA repressor, which were previously designated din-
Box2 and dinBox3 (Figure 1A). As this suggested that LexA
might directly control P3 in response to DNA damage, we
investigated whether LexA bound to these targets using
EMSA with purified LexA and radiolabelled DNA frag-
ments that carried either the dinBox2 and dinBox3 LexA
sites individually or in combination. Results in Figure 2 re-
veal that LexA could bind to all DNA fragments tested, sug-
gesting that LexA can bind independently to each LexA op-
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Figure 2. Phage-encoded gp7 protein modulates the binding of LexA to the P3 SOS operator sequences. (A—C) The binding of purified LexA and gp7
protein to various P32 end-labelled P3 promoter fragments was assayed by EMSA. Above each gel is a schematic representation of the P3 promoter
fragment used. The corresponding GILO1 genome coordinates are also given, with LexA protein binding sites shown as orange boxes and the —10 and
—35 promoter elements boxed in black. The concentration of LexA in panels (A) and (B) in lanes 2-6 was 0.17, 0.32, 0.66, 1.33 and 13.28 nM, respectively.
The concentration of LexA in panel (C) in lanes 2-7 was 0.08, 0.17, 0.32, 0.66, 1.33 and 13.28 nM, and in lanes 9-13 was 0.17, 0.32, 0.66, 1.33 and 13.28
nM, respectively. The concentration of gp7 in lanes 813 in panel (C) was 17 nM. The location of free DNA and the position of various LexA-gp7-DNA
complexes are indicated. (D) DNase I footprint analysis showing the effect that gp7 has on LexA binding to its tandem operators. A DNA fragment
extending from position 4801 to 5000 relative to the GILO1 genome sequence (as in panel C) was 32P-labelled, incubated with either LexA or LexA and
gp7, and digested with DNase I. The gel was calibrated using Maxam-Gilbert G+A sequencing reactions of the labelled fragment (designated as GA), and
selected positions are indicated. The concentration of LexA in lanes 1-5 and 6-10 was 0, 20, 80, 320 and 480 nM, respectively. In lanes 6-10, 340 nM gp7
was also added to the reaction mixtures. LexA operators and the promoter elements are indicated to the right of the gel and LexA-induced hypersensitive

sites are indicated by black dots.

erator (Figure 2A and B) and occupy both sites simultane-
ously (Figure 2C). DNase I footprinting analysis of the radi-
olabelled P3 promoter region, using purified LexA protein,
also confirmed that LexA bound to these sites (Figure 2D).
Additional experiments, using SPR analysis, indicated that
the LexA repressor bound to these sites in a concentration-
dependent manner and that LexA DNA binding was partic-
ularly stable (Supplementary Figure S1), implying that din-
Box2 and dinBox3 are high-affinity operators, which is the
characteristic of SOS genes expressed late in the DNA dam-
age response (27). Furthermore, the mutation of these LexA
boxes completely abolished LexA binding in SPR analysis,
confirming that LexA specifically recognizes dinBox2 and
dinBox3 (Supplementary Figure S1D). Thus, we conclude
that LexA binds specifically to two high-affinity sites within
the GILO1 P3 promoter, dinBox2 and dinBox3.

As we previously showed that the phage-encoded gp7
protein forms a complex with LexA and enables the repres-
sor to occupy sites at the P/ promoter to establish the lyso-
genic cycle (11,12), we examined if gp7 could also modulate
LexA binding at the P3 promoter. This was initially inves-

tigated using EMSA analysis, which demonstrated that gp7
protein could bind to this LexA—-DNA complex by gener-
ating a shift of higher molecular weight (Figure 2C). The
association of gp7 with the LexA-DNA complex was also
confirmed using SPR analysis (Supplementary Figure S2).
Note that gp7 alone does not bind to the DNA (Figure
2C and Supplementary Figure S2) (12). DNase I footprint
analysis was also used to study LexA—gp7 binding to the
P3 promoter and indicated that gp7 altered the interaction
of LexA with the P3 promoter region, as the DNase I hy-
persensitive sites observed immediately downstream of the
—10 promoter element were altered (Figure 2D). This is in-
dicative of a local narrowing of the DNA minor groove and
stabilization of the DNA helix by LexA in conjunction with
gp7(28,29). Thus, we conclude that the phage-encoded pro-
tein gp7 modulates the binding of LexA to dinBox2 and din-
Box3 by altering the architecture of the LexA—DNA com-
plex.

As dinBox?2 and dinBox3 are separated by approximately
two DNA helix turns, it is possible that this sequence orga-
nization is required for gp7 to interact with both dimers of
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Figure 3. Gp6 activates transcription from the P3 lytic promoter. (A) The panel shows measured B-galactosidase activities from Bacillus thuringiensis
GBJO002 cells, which have been cured of GILO1, and carry a P3—lacZ transcriptional fusion. Cells also carried plasmid pDG6, which expresses gp6 from an
IPTG-inducible promoter. To induce the SOS response, a sub-inhibitory concentration of mitomycin C (MMC50, 50 ng/ml) was added to exponentially
growing cells at time 0. Expression of gp6 was induced 2 h before mitomycin C exposure by the addition of 0.1 mM IPTG. Each value is the mean + SD
of three independent measurements. (B) The panel shows an in vitro transcription assay using plasmid pSR/GILO1 P3, which carries the P3 promoter.
Transcription was initiated from P3 by the addition of purified Bacillus subtilis RNA polymerase, carrying the SigA sigma factor, and proceeds to the
strong Aoop transcription terminator within pSR/GILO1 P3, producing a single 156-nt long transcript (indicated by an arrow). The concentration of gp6
in lanes 1-4 was 0, 0.3, 0.6 and 1.35 pM, respectively. All lanes contain 30 nM B. subtilis RNA polymerase. A representative gel is shown and experiments
were performed in triplicate. Note that the large transcripts at the top of the gel result from RNA polymerase initiating transcription from other promoter
sites on the pSR plasmid, which is used as a template. These produce larger transcripts than the P3 transcript and so have more radioactivity incorporated
and are more prominent. In the presence of gp6, RNA polymerase is directed to the P3 promoter, leaving less RNA polymerase to initiate transcription

from other promoter sites on the plasmid (lane 4) and this results in a decrease in the level of these larger transcripts.

LexA, when bound to the DNA. To investigate this, we in-
serted either five or ten nucleotides between the two LexA
operators, separating LexA repressor molecules by a half-
or one-DNA helical turn, respectively, and examined the
binding of LexA and gp7 using SPR. Results showed that
gp7 protein was able to complex with LexA bound to each
of the DNA fragments tested, regardless of operator spac-
ing (Supplementary Figure S3). Thus, our data suggest that
at the P3 promoter gp7 acts on individual LexA repressor
dimers.

The small phage protein gp6 activates expression from the P3
Iytic promoter

Of the 8 early genes involved in GILO1 regulation and repli-
cation (Figure 1A), ORFI1 and ORF6 are the only genes
with predicted regulatory functions, as their products pos-
sess obvious DNA binding motifs (10,16). Since ORF1 has
been linked to establishing and maintaining the lysogenic
cycle (11), we examined the role of the ORF6 gene prod-
uct, gp6, in the GILOI lytic/lysogenic switch. To investi-

gate whether gp6 regulates the P3 promoter, we examined
the expression from the P3—lacZ construct in B. thuringien-
sis strain GBJ002, which has been cured of GILO1, when
gp6 was expressed from an IPTG-inducible promoter. Fig-
ure 3A shows that gp6 expression alone was insufficient to
induce transcription from P3. However, when coupled with
DNA damage, induced by mitomycin C exposure, gp6 ex-
pression dramatically triggered transcription from P3 by up
to 11-fold. To confirm that phage-encoded gp6 directly ac-
tivates transcription at the P3 promoter, we purified recom-
binant gp6 protein and performed in vitro transcription as-
says, catalyzed by the B. subtilis RNA polymerase holoen-
zyme, carrying the SigA sigma factor (18). Results in Figure
3B show that the expected 156-nt transcript was generated
from P3 in the presence, but not in the absence, of gp6, con-
firming that gp6 is a direct activator of transcription at P3.
Thus, our data indicate that expression from the P3 lytic
promoter requires two signals, DNA damage, which relieves
LexA binding, and expression of gp6, which is required to
activate transcription initiation at P3.
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Figure 4. LexA and gp6 can simultaneously bind to the P3 promoter region. (A) The binding of purified LexA and gp6 protein to a P32 end-labelled
P3 promoter fragment was assayed using EMSA. The concentration of LexA used was 0.2, 0.4 and 0.8 .M in lanes 6-8 and 11-13, respectively. The
concentration of gp6 used was 0.3, 0.6, 1.35 wM in lanes 2-4 and 1.35 M in lanes 10-13. The location of free DNA and the gp6, LexA and LexA-gp6—
DNA complexes is marked. Above the EMSA is a schematic representation of the P3 promoter fragment used for this EMSA analysis. The promoter
elements are marked with black boxes, orange boxes show the position of LexA dinBox2 and dinBox3, and the green pentagon represents the gp6-binding
site. The GILO1 genome coordinates of this fragment are also given. (B) A DNase I footprint experiment investigating the binding of gp6, in the presence
or absence of LexA, to a P32 end-labelled P3 promoter fragment (GILO1 genome coordinates 4801-5000). The gel was calibrated using Maxam-Gilbert
G+A sequencing reactions of the labelled fragment (designated as GA), and selected positions are indicated. The concentration of gp6 used in lanes 2—4
and 6-8 was 0.3, 0.6 and 1.35 wM and the concentration of LexA used in lanes 5-8 was 0.8 wM. The location of the gp6 and LexA-binding sites and the

P3 promoter elements are shown.

The gp6 activator binds to a DNA site overlapping the —35
promoter element

To investigate the interaction of gp6 with the P3 promoter
region, we examined the binding of purified gp6 and LexA
proteins to a 240-bp P3 promoter fragment, using EMSA
analysis. Results in Figure 4A show that gp6 bound to the
P3 promoter DNA and that both gp6 and LexA can bind to
the promoter simultaneously as super-shifted species were
detected (Figure 4A: lanes 11-13). To identify the gp6-
binding site at the P3 promoter, we used DNase I footprint-
ing with an end-labelled P3 promoter fragment and puri-
fied gp6 and LexA protein. Results in Figure 4B show that
gp6 binds to a sequence overlapping with the potential —35
element (lanes, 2-4), which is a typical location for a class
II activator to bind and interact directly with RNA poly-
merase (30). Furthermore, when LexA was present (lanes,

5-8) it protected both dinBox2 and dinBox3 and did not
appear to interfere with gp6 association. It is of note that
the LexA-induced hypersensitive bands observed between
dinBox2 and dinBox3 are altered by the inclusion of gp6,
suggesting that gp6 might subtly alter LexA binding to the
P3 promoter. In addition, we used SPR analysis to examine
the concurrent binding of gp6 and LexA to a DNA probe,
carrying the P3 —35 element and the downstream dinBox2
and dinBox3 boxes (Figure 5SA-C). Data in Figure 5 con-
firm that when saturating concentrations of both gp6 and
LexA were present, the two proteins simultaneously bound
P3 without interference, as traces for concurrent binding are
the sum of the values when each protein was present indi-
vidually.

Inspection of the region protected by gp6 in our foot-
print analysis (Figure 4B) identified a palindromic sequence
(GaCACACGTGTGaC), centered at position —43.5 up-
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Figure 5. Real-time analysis of LexA and gp6 binding to the P3 promoter. The figure shows SPR sensorgrams of (A) LexA, (B) gp6 and (C) LexA and gp6
binding to an immobilized P3 promoter fragment. Sensorgrams are also shown of gp6 binding a shorter 36 bp DNA fragment, carrying the (D) wild-type
and (E) a mutated gp6 target site. Proteins were injected over the immobilized DNA (~30 RU) for 120 s at 100 pl/min. The DNA fragments used in these
experiments are schematically represented above the graphs. The promoter elements are marked with black boxes, orange boxes show the position of LexA
dinBox2 and dinBox3, and the green pentagon represents the gp6-binding site. The GILO1 genome coordinates of fragments are also given. In panels (D)
and (E) the gp6-binding site, as determined by DNase I footprint analysis, is shown boxed, and in (E), base substitutions are shown in red. In each case,
representative sensorgrams are shown and the experiments were performed in duplicate.

stream of the P3 transcription start site (+1) (Figure 1A).
Therefore, to identify important bases in the gp6-binding
site, we introduced three substitutions into this region and
monitored their effect on gp6 binding, using SPR analysis
(Supplementary Figure S4; Figure 5D and E). Our results
show that single point mutations decreased the stability of
gp6 binding and that combining all three substitutions com-
pletely abolished binding. Thus, we have identified crucial
sequences for the interaction of gp6 with the P3 promoter
region.

The gp6 activator protein is a truncated homologue of the
LexA repressor

Bioinformatic analysis of gp6 indicated that it is a truncated
LexA homologue, primarily consisting of the LexA DNA-
binding domain, and alignment of gp6 with the correspond-
ing region of B. thuringiensis LexA revealed that the two
proteins possess 44% sequence identity in this region (Fig-

ure 6A) (31). Therefore, to gain more insight into the struc-
ture of gp6, we generated a homology model of GILOI1 gp6,
using the crystal structure of Thermotoga maritima Lex A re-
pressor (PDB ID: 3k2z). This model was then superimposed
onto the structure of E. coli LexA bound to DNA (PDB
ID: 3jso) (25), with the backbone trace of gp6 overlaid with
LexA DNA-binding domain (Figure 6B). This gp6 homol-
ogy model suggests that similar to LexA, gp6 is composed
of a helix-turn-helix (HTH) motif containing three a-helices
followed by a 14-residue C-terminus extension that folds
into two-strand B-sheet to form the characteristic LexA
winged HTH motif. It is of note that the side chain of ly-
sine 38 (K38), within the gp6 HTH recognition helix, would
be potentially positioned to protrude into the DNA major
groove and make contacts with the target DNA sequence
(Figure 6B). Therefore, to investigate this and gain support
for our gp6 structural model we performed site-directed mu-
tagenesis on gp6, changing the lysine at position 38 to ala-
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Figure 6. The GILOI bacteriophage gp6 protein is homologous to the DNA-binding domain of the Bacillus thuringiensis LexA repressor. (A) The panel
shows an amino-acid sequence alignment of the B. thuringiensis subsp. israelensis LexA sequence (Uniprot ID: AOA160LCWS5) with the GILO1 gp6 protein
sequence (Uniprot ID: Q5ILC6). Identical residues are shaded black and similar residues are in grey. Only the first 75 amino acids of the B. thuringiensis
LexA repressor are shown. (B) The panel shows a three-dimensional structural model of gp6 (red) superimposed onto the crystal structure of the Escherichia
coli LexA repressor (blue) in complex with its DNA site (PDB ID: 3jso) (25). Dashed lines between the E. coli LexA N- and C-terminal domains represent
the flexible linker region that was not resolved in the crystal structure. For gp6, Lys38 is shown in green, protruding deep into the DNA major groove. (C)
EMSA analysis investigating the binding of wild-type gp6 and the gp6 K38A mutant with a P3 promoter region fragment (see Figure 4). The concentration
of proteins used was 0, 0.15, 0.3, 0.6, 1.2 and 2.4 .M in lanes 1-6 and in lanes 7-12 for the gp6 and gp6 K38A, respectively. The location of free DNA and
the gp6-DNA complex is marked. (D) The panel shows the SPR sensorgram of an experiment investigating the interaction of wild-type gp6 and the gp6
K38A protein with a 36 bp DNA fragment carrying the gp6 target site (see Figure SD). The protein concentrations tested were 2.34, 4.69, 9.4, 18.8, 37.5,
75 or 150 nM for both proteins. Proteins were injected over the immobilized DNA (~100 RU) for 120 s at 100 pl/min and dissociation was followed for
240 s. Representative sensorgrams are shown and the experiments were performed in duplicate. (E) B-Galactosidase activities from B. thuringiensis GBJ002
carrying a P3-lacZ transcriptional fusion and either plasmid pDG6 or pDG6 K38A, which express gp6 or the gp6 K38A derivative, respectively, from an
IPTG-inducible promoter. To induce the SOS response, a sub-inhibitory concentration of mitomycin C (MMC50, 50 ng/ml) was added to exponentially
growing cells at time 0. Expression of gp6 was induced 2 h before mitomycin C exposure by the addition of 0.1 mM IPTG. Each value is the mean + SD
of two independent measurements.

nine to generate the gp6 K38 A mutant protein. The overex-
pression and purification of soluble gp6 K38A protein was
similar to that experienced for wild-type protein; however,
EMSA and SPR analysis clearly indicated that gp6 K38A
was unable to interact with its binding site at the P3 pro-
moter (Figure 6C and D). In support of this, the expression
of gp6 K38A in B. thuringiensis GBJ002 cells failed to acti-
vate transcription from P3, even when coupled with DNA
damage (Figure 6E). Thus, our data strongly suggest that
like LexA, gp6 is a member of the ‘winged helix’ family of
DNA binding proteins and that residue K38 is important
for its DNA binding site recognition.

DISCUSSION

On infection of B. thuringiensis, phage GILO1 can establish
a lysogenic state, which is stably maintained until its host ex-
periences severe DNA damage (10,11). This process is con-
trolled by the host’s SOS regulator, LexA, which represses
the PI promoter that is responsible for driving the expres-

sion of the GILO1 early genes. To gain more insight into
the biology of GILO1, we investigated the lytic/lysogenic
switch in more detail by examining the regulation of the
P3 lytic promoter, which controls the expression of GILO1
capsid and host lysis genes. We show that like P/, the P3
promoter is switched on by DNA damage, but that expres-
sion from P3 is delayed in comparison. We show that this
regulation is achieved by the coordinated interplay between
host-encoded LexA and two small phage proteins, gp7 and
gp6, at the P3 promoter region and propose that this com-
plex regulation is required to ensure timely expression of the
GILO1 late genes.

Previously, we demonstrated that at the P/ promoter,
LexA formed a complex with GILOI-encoded gp7 to en-
able LexA to bind to the poorly conserved, low-affinity
LexA box dinBox1b and, thus, repress transcription (12).
Our SPR analysis and DNase I footprint experiments at the
P3 promoter indicate that gp7 can also interact with LexA
at high-affinity sites (i.e. dinBox2 and dinBox3) (Figure 2
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Figure 7. Regulation of the lytic/lysogenic switch in the Bacillus thuringiensis temperate phage GILO1. The figure shows the genetic map of GILO1, high-
lighting key genes and regulatory sites. (A) Maintenance of the GILO1 lysogenic state. Host LexA protein, in conjunction with the product of ORF7,
gp7, represses the expression of phage functions directed from the P/, P2 and P3 promoters to maintain lysogeny. (B) The lytic cycle. Upon persistent
DNA damage, LexA undergoes auto-cleavage and its cellular concentration drops below a threshold level, which results in derepression of P/ and P2,
and high-level expression of the replication and regulatory genes to initiate the lytic cycle. Substantial intracellular accumulation of gp6 protein activates
transcription from P3, (located between ORF8 and ORF9), resulting in the expression of the downstream phage structural and lysis genes and eventual

host cell lysis and death.

and Supplementary Figure S2). Experiments in which the
spacing between dinBox2 and dinBox3 was altered, moving
these sites around the DNA helix (Supplementary Figure
S3) had no effect on the binding of the LexA—gp7 com-
plex and indicated that complex formation is independent
of operator spacing. Since gp7 has been shown to also in-
teract with the well conserved lexA and recA promoters in
B. thuringiensis, this suggests that such a LexA—gp7 com-
plex likely affects all LexA-regulated promoters within the
cell (12). Interestingly, gp7 is found in the genomes of many
Tectiviruses (Supplementary Figure S5), some of which are
carried by important human pathogens (e.g. B. cereus, B. an-
thracis and Streptococcus pneumoniae). Thus, it is possible
that gp7 modulation of LexA binding is a common mech-
anism used by this family of phage to modify the SOS re-
sponse of their host.

Experiments with a P3—/acZ fusion in the GILO1-cured
host (Figures 1 and 3) demonstrated that, in addition to
DNA damage, the phage-borne factor, gp6, was required to
directly activate transcription from the P3 promoter. Anal-
ysis of gp6 and LexA binding (Figures 4 and 5) indicated
that both proteins could bind to P3 simultaneously, without
interference, and that gp6 binds to an upstream sequence
overlapping the proposed P3 —35 element sequence, cen-
tered at position —43.5. The positioning of this motif sug-
gests that gp6 activates transcription by interacting directly
with RNA polymerase to aid recruitment of polymerase

to the promoter DNA, as is observed for other transcrip-
tion factors (30). Intriguingly, gp6 is homologous to the N-
terminal DNA binding domain of LexA (Figure 6). Thus,
at the P3 promoter two LexA family members, with op-
posing functions, control transcription. Like gp7, gp6 ho-
mologues are found in a number of Tectiviruses genomes
(Supplementary Figure S6), suggesting that the gp6 cod-
ing sequence was originally acquired from a bacterial host
and evolved to recognize a distinct nucleotide sequence at
P3 and activate transcription. It is of note that although
LexA represses transcription at the majority of promoters,
examples of LexA-mediated activation have been observed
(32-34). The widespread occurrence of gp6 in various Bacil-
lus species (Supplementary Figure S6) also suggests that
the activation of late gene expression by gp6 homologues
may be a common mechanism of regulation in temperate
Tectiviruses. In accordance with this, the gp6 palindromic
binding sequence identified at P3 (GaCACAnnTGTGaC)
is conserved in many Tectiviruses (35) (Supplementary Fig-
ure S7) as is the lysine at position 38 (K38) in gp6, which
we demonstrate is important for gp6 binding to P3 (Figure
6 and Supplementary Figure S6).

Based on our data, we propose a regulatory model to ex-
plain how GILO1 is able to switch from a dormant lysogen
into the lytic cycle (Figure 7). We propose that in unstressed
cells, low-level expression from the P/ promoter, and possi-
bly P2, leads to the expression of gp7 and other early gene
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products. However, the association of gp7 with LexA fur-
ther represses P/ and keeps levels of gp6 below the thresh-
old required for P3 induction, maintaining lysogeny (Figure
7A). After significant and sustained DNA damage (Figure
7B), intracellular levels of LexA drop considerably, leading
to the dissociation of LexA from the P/ and P3 promoter
regions. The P/ promoter is now fully active and high-level
expression and accumulation of gp6 ensue. Once gp6 lev-
els are sufficient, gp6 can directly activate transcription at
P3, resulting in the expression of GILOI late genes and the
eventual lysis and death of the host cell.

The delayed expression of the GILO1 late genes from P3
is reminiscent of the expression profile observed for the col-
icin E8 (cea8) and colicin K (cka) genes in E. coli (13,36,37).
For both the GILO1 late genes and colicin operons, prod-
uct expression is suicidal for the host bacterium and so,
the promoters controlling their expression are tightly re-
pressed. In the case of colicins, expression is delayed due
to co-regulation by LexA and an additional host repres-
sor (e.g. AsnC or IscR), which ensures that their produc-
tion only occurs after prolonged DNA damage and nutri-
ent starvation (13,36,37). For the GILO1 P3 promoter an
alternative mechanism has evolved, which ensures that late
gene expression is dependent both on DNA damage, via
LexA, and expression of an early phage gene, gp6. In ad-
dition to this, GILO1 deploys gp7 to directly modulate the
host’s response to DNA damage, to affect both phage and
host LexA-promoters alike. Recently, it has been shown that
the modulation of LexA can affect the response of bacte-
ria to certain antibiotics (38). Thus, the widespread occur-
rence of virally encoded gp7 homologues in the genomes
of various human pathogens could mean that lysogeny by
Tectiviruses has important implications for antibiotic resis-
tance in these important bacterial species.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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